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Resumen 

Staphylococcus aureus y Streptococcus pneumoniae son dos 
patógenos humanos Gram-positivos capaces de ocasionar 
enfermedades infecciosas que pueden llegar a ser un riesgo para la 
vida. Streptococcus pneumoniae puede causar alta morbilidad y 
mortalidad. Por otro lado, Staphylococcus aureus  es un patógeno 
que suele ocasionar enfermedades que varían en gravedad, desde 
una leve infección en piel hasta graves enfermedades como lo son 
bacteriemia, septicemia o síndrome del shock tóxico. Su incidencia 
en los hospitales aumenta con los años y su sensibilidad a los 
antibióticos se ha visto reducida con el paso del tiempo. Esto trae 
consigo una disminución en el número de alternativas en el 
tratamiento de infecciones ocasionadas por estos microorganismos. 
Actualmente existen dos vacunas comerciales frente al neumococo, 
desarrolladas contra la cápsula polisacarídica del patógeno 
(Pneumovax y Prevenar). En el caso de S. aureus, no existe ninguna 
vacuna equivalente. Por esta razón, en esta tesis se planteó la 
aplicación de diferentes herramientas multi-ómicas con el fin de 
obtener nuevas moléculas para pronóstico, diagnóstico, desarrollo 
de una vacuna o tratamiento frente a infecciones causadas por estos 
patógenos.  

i) Se realizó la búsqueda de candidatos vacunales frente a 
infecciones estafilocócicas utilizando dos conjuntos de aislados 
clínicos de pacientes infectados con S. aureus. El primer grupo 
incluyó aislados tanto sensibles como resistentes a la meticilina. 
Dichos aislados fueron genotipados sin encontrar una clara 
diferencia entre los tipos de secuencias, de acuerdo a la 
susceptibilidad a dicho antibiótico. Mediante la digestión 
tríptica de S. aureus, se obtuvieron proteínas de superficie 
como candidatos vacunales. Por inmunoproteómica se 
identificaron aquellas proteínas inmunorreactivas tanto de 
extracto celular como de secreción que fueron reconocidas por 
sueros de pacientes que cursaron con infección estafilocócica. 
Con respecto al segundo conjunto de aislados clínicos, en este 
se incluyeron 58 cepas de S. aureus resitentes a la meticilina y 
se seleccionaron 18 proteínas de superficie, identificadas en 
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más del 50% de los aislados, como potenciales candidatos 
vacunales. 

 

ii) Otro abordaje consistió en estudiar el proteoma, metaboloma y 
transcriptoma de S. pneumoniae en cultivos en medio líquido 
en condiciones de deprivación de hierro, fenómeno que ocurre 
en condiciones naturales durante el proceso infeccioso causado 
por esta bacteria. No solo se identificaron moléculas con 
posible uso como biomarcadores, sino que el análisis másivo 
de datos permitió identificar aquellos procesos metabólicos 
alterados en la deprivación de este metal.  

 

iii) Se desarrolló una herramienta serológica multiplexada de 
diagnóstico de infección mediante el uso de sueros de 
pacientes infectados por neumococo que reaccionaron con 64 
proteínas recombinantes de S. pneumoniae. Títulos de Anti-IgG 
específicos a estas proteínas fueron encontrados tanto en 
sueros de niños sanos como en suero de niños enfermos. Del 
total de antígenos proteicos evaluados, los títulos frente a las 
proteínas RrgC, PrsA, y RrgB fueron más bajos en pacientes que 
padecían neumonía. RrgB resultó ser el mejor discriminante de 
enfermedad en niños menores de 4 años- 

 

iv) Por último, se estudió el efecto de la rodomirtona sobre un 
conjunto de 76 aislados clínicos de pacientes infectados por 
MSSA y MRSA. A pesar de que la farmacodinámica y 
farmacocinética de este compuesto no han sido estudiadas, las 
concentraciones mínimas tanto inhibitorias como bactericidas 
resultaron en valores comparables a los de otros antibióticos de 
referencia, como la vancomicina. Además, se observó una 
disminución en la producción de vesículas de membrana en 
relación directamente proporcional a la dosis aplicada del 
compuesto. 

 

En conclusión, en este trabajo de tesis un conjunto de herramientas 
multi-ómicas fueron exitosamente aplicadas a la selección e 
identificación de nuevas moléculas con finalidades de diagnóstico, 
pronóstico, vacuna o tratamiento, resultando en la obtención de un 
amplio número de nuevos candidatos a vacuna o como 
biomarcadores. 
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Summary 

Staphylococcus aureus and Streptococcus pneumoniae are two 
Gram-positive human pathogens. Streptococcus pneumoniae 
colonizes the human nasopharynx and causes high morbidity and 
mortality rate. On the other hand, Staphylococcus aureus causes a 
wide spectrum of infections ranging from mild to life-threatening 
diseases such as bacteremia, sepsis and toxic shock syndrome. In 
recent years, nosocomial infections caused by this pathogen have 
increased. Moreover, its sensitivity to antibiotics has been reduced 
over time reducing the number of alternatives for the treatment of 
infections caused by this microorganism. Currently, there are two 
commercial vaccines against the pneumococcal polysaccharide 
capsule (Pneumovax and Prevnar). However, in regard to S. aureus, 
there is not an equivalent vaccine. Therefore, in this thesis several 
multi-omic approaches were applied for the selection of molecules 
with medical purposes such as biomarkers, vaccine candidates, or 
treatment for those infections caused by these pathogens. To 
address this goal the following studies were performed: 
 

i) The selection of vaccine candidates against staphylococcal 
infections was performed using two sets of staphylococcal 
clinical isolates. In the first study, both methicillin-sensitive and 
methicillin-resistant clinical isolates were genotyped by MLST. A 
mixed pattern of sequence types was identified among both 
groups of clinical isolates. Tryptic digestion on the S. aureus 
surface lead to the identification of surface- exposed proteins as 
vaccine candidates. Immunoproteomics was applied in order to 
identify those immunorreactive proteins from both cell extract 
and secretion fraction. Protein antigens recognized by infected-
patient sera were identified. In the second study, 58 MRSA 
clinical isolates were subjected to tryptic digestion. 18 
staphylococcal proteins were considered as vaccine candidates 
as they were identified in >50% of the clinical isolates. 

 

ii)  A multi-omic approach was applied to study the proteome, 
transcriptome and metabolome of S. pneumoniae cultured in 
liquid medium under iron starvation conditions, which occurrs 
during the infectious process. The molecules, identified by the 
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data analysis may be applied both as biomarkers and contribute 
to describe those altered metabolic processes in the iron 
deprivation. 

iii) A multiplexed serological tool was developed using 
pneumococcal- infected patient sera. IgG titers against 64 S. 
pneumoniae recombinant proteins were measured. Protein 
specific anti-IgG levels were identified in sera from both healthy 
children and pneumococcal infected children. IgG titers to 3 
protein antigens (i.e. RrgC, PrsA, and RrgB) were lower in 
patients suffering pneumonia than in healthy children. RrgB was 
the best discriminant of disease in children younger than 4 
years. 

 

iv) The rhodomyrtone effect was assessed on 76 clinical isolates of 
MSSA and MRSA infected patients. Although the 
pharmacodynamics and pharmacokinetics of this compound 
have not been evaluated, both minimum inhibitory 
concentrations as bactericides resulted in comparable values to 
other reference antibiotics such as vancomycin. In addition, the 
membrane- derived vesicles production was reduced in a dose- 
dependent manner by this compound. 

 

In conclusion, in this thesis several multi-omics approaches were 
successfully applied to the selection and identification of new 
molecules for diagnosis, prognosis, vaccine or treatment purposes 
because a large number of new vaccine candidates or biomarkers 
were obtained. 
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1. The importance of bacterial infections in human 
life and its impact on the health-care system 

Infectious diseases can sometimes compromise human life. Around 
50% of human infections worldwide are caused by bacteria1. Some 
Gram- positive bacteria are life-threatening human pathogens which 
disrupt the host environment and produce infections associated to a 
high incidence of community-acquired diseases and hospital 
admissions2. The huge amount of money expenditure by the public 
health system to keep such bacteria under control is a major 
concern. Among those Gram-positive bacteria, pathogens such as 
Streptococcus pneumoniae and Staphylococcus aureus cause high 
morbidity and mortality rates2,3. Both microorganisms are 
commensal species that asymptomatically colonize the anterior 
nares or the nasopharynx of up to a third of the population, but they 
can be pathogenic and cause a wide spectrum of infections ranging 
from mild to life-threatening diseases4,5. S. aureus is responsible of 
surface skin infections, endocarditis, pneumonia, bacteremia, and 
toxic shock syndrome6, while S. pneumoniae causes mucosal or 
invasive diseases such as otitis, sinusitis, pneumonia/pleural 
empyema,  meningitis,  bacteremia and  sepsis7. Factors such as 
carriage status and age may increase the risk to develop infections 
caused by these pathogens5,8,9. Furthermore, time spent in intensive 
care, older age, prior hospitalizations, invasive procedures, 
catheterization and intubation are also risk factors for acquiring 
antibiotic resistant strains10,11. 

It has been estimated that over 1.4 million people worldwide has 
hospital-acquired infectious complications, and they are favoured by 
factors such as the disruption of epithelial barrier by surgical 
procedures, intravascular catheters, or trauma4. S. aureus is a major 
pathogen clinically associated with severe diseases and it is also a 
leading cause of community-acquired infectious diseases in 
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humans. Although this microorganism is found as a frequent (20–
30% of the healthy human population) asymptomatically colonizer of 
the mucosal surfaces, it is a leading cause of bacteremia, being  the 
third most commonly isolated bacteria from bloodstream according 
to  surveillance data from Spain (5.7%)4,10,11,15. Moreover,  S. aureus 
was the second microorganism (12.3%) most frequently isolated 
from hospital-acquired pneumonia episodes in the intensive care 
units (ICU)12. As previously stated, nares are the main reservoir, but  
other body regions such as throat, armpit, groin, and rectum are 
sometimes colonized by manual spread13,14. Since the emergence of 
the first methicillin-resistant Staphylococcus aureus (MRSA) isolate in 
1961, resistant strains against multiple and new antibiotics have 
appeared, which has caused major concern15,16. Recent data from 
the  European Union (EU) reported  high rates  (41.2 %) of  MRSA 
strains associated to  hospital-acquired and community-acquired 
infections. Figure 1 shows the epidemiological distribution of S. 
pneumoniae and S. aureus. Over the last decade, worldwide 
epidemiology of MRSA has changed due to the increase of 
community acquired MRSA (CA-MRSA) infections in certain 
countries6,17,18,19. Multifaceted epidemiology of MRSA is a 
consequence of the changes in the MRSA genome, which has been 
modified by the global dissemination of this pathogen in hospital 
and community environments20. Molecular typing techniques such 
as pulsed- field gel electrophoresis and multilocus sequence typing 
(MLST) revealed that 80% of intermittent and persistent carriers 
harbor genotypically similar strains8,13. 

Despite the progress against multidrug-resistant microbes, MRSA 
remains a major public health concern18. The treatment used to 
combat MRSA usually involves second-line antibacterial drugs such 
as vancomycin, linezolid and daptomicin as well as  topical 
application of  mupirocin  at the catheter exit site that has preventive 
effects on Gram-positive infections20,21. Although antibiotic regimes 
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based on these second-line drugs have proved effective in the 
eradication of infections caused by resistant strains, they are more 
expensive than treatments commonly used to treat  infections 
caused by susceptible strains partly related to side-effects of drugs, 
monitoring during treatment, long term complications, and 
mortality18,22,26. Besides their preventive effects on diseases, 
vaccines may alter ecological niches and promote co-colonization 
with more than one bacterial species. S. pneumoniae and S. aureus 
frequently co-colonize, the carriage status of both species may be 
modified by their interaction23,24. In fact, carriage of S. pneumoniae 
is inversely correlated with carriage of S. aureus in healthy children. 

!
 

Figure 1. Epidemiological distribution of S. pneumoniae and S. aureus. A) 
Worldwide prevalence of S. pneumoniae. B) European distribution of Methicillin-
resistant S. aureus. Adapted from Schranz, 2009 and Ecdc, 201212,25. 
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S. pneumoniae (also known as "pneumococcus”) asymptomatically 
colonizes the upper respiratory tract in up to 50% children26. The 
carriage status is a pre-requisite for pneumococcal disease infection 
in the pediatric population27. Pneumococcal community-acquired 
pneumonia (CAP)  is a significant cause of morbidity and potential 
mortality in young children, even on industrialized countries2,28. The 
nasopharynx is the primary reservoir of S. pneumoniae with high  
prevalence in upper-middle and high-income countries that reaches 
58% of the population5. A total of 20,260 cases of invasive 
pneumococcal disease (IPD) were reported to the European 
surveillance system that comprised 27 countries, during 201112. 
Incidence rates of IPD in Spain were 90.6 per 100,000 children 
younger than 5 years between 2002 and 200429. Global estimates of 
the death rates due to pneumococcal infections, mainly associated 
to pneumonia cases in low income countries, was as high as 826,000 
children fatalities  in children aged 1 - 59 months annually18.  

Certain pneumococcal serotypes are associated with increased risk 
of complicated pneumonia with pleural empyema (5-10% of 
pneumonia patients)30. Polysacharide-based pneumococcal 
vaccines are now used to prevent pneumococcal diseases, but they 
may cause emergence and dissemination of nonvaccine serotypes 
due to serotype replacement in the NP after vaccination31. Ongoing 
epidemiological surveillance studies to monitor  vaccine 
replacement is needed27. Conjugated pneumococcal vaccines 
(PCVs) have proven to be safe, highly immunogenic, able to prime 
immunological memory, and effective at reducing disease due to 
vaccine serotypes. After the introduction of PCV7 (2000); PCV10 
(2009) and PCV13 (2011), carriage of non-vaccine serotypes have 
increased (e.g. non-PCV13 serotypes represented 86% of the overall 
isolates in the post-PCV13 period)31. Serotype 19A incidence rates 
increased significantly in IPD after the introduction of PCV7, as well 
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as it occurred, to a lesser extent,  with the serotype 24 and serotype 
3, associated to  increased risk of mortality5,27,32,33. 

 In developing countries, malnutrition, intra-household transmission, 
seasonality, age (≤ 5 years and ≥ 60 years), and co-morbid 
conditions are established risk factors for pneumococcal disease 
acquisition5,34,35. On the other hand, high coverage immunization, 
improved hygiene, reduced contact between individuals, and 
boosting of the immune system are protective factors against 
pneumococcal infections in adults5,36. Antibiotic resistance is also an 
area of concern in pneumoccocal epidemiology that can be 
influenced by vaccination as it has been shown with the appearance 
of non-vaccine resistant or non-susceptible serotypes to both 
penicillin and macrolide antibiotics 2,37,38,42,. Thus, new strategies for 
preventing, diagnosing and treating infections caused by these 
Gram-positive pathogens are needed. 

2. Biology of Gram-positive bacteria  

In 1884, Christian Gram discovered a differential stain method 
based on physicochemical properties of the  bacterial cell envelope. 
According to this,  Gram-positive bacteria define a group of 
microorganisms which retain the crystal violet dye. Gram-positive 
bacteria are simple cells in which the following compartments can 
be distinguished morphologically: the cytosol, a single cytoplasmic 
membrane, and the surrounding cell wall which is composed 
predominantly of peptidoglycan, associated polysaccharides and 
polymers such as teichoic acid39. If a Gram-positive bacterium is 
compared to its Gram-negative counterpart, a clear defined 
periplasmic space is not observed. Many of the functional 
periplasmic components can be closely associated with the fabric of 
the cell wall40. Some Gram-positive bacterial species undergo cell 
division without separating their cell walls and thus continue 
growing as cell chains, as is the case of the Streptococcus genus 



Ph. D. Thesis  Irene Jiménez Munguía 

  8 

(e.g. S. pneumoniae) or as clusters such as staphylococci (e.g. S. 
aureus). S. aureus is a bacterial species discovered in 1880 by the 
surgeon Alexander Ogston41. By virtue of the yellow color of its 
colonies on solid culture media, a few years later, the word “aureus” 
(from the latin, meaning “golden”) was added to the name42. S. 
aureus cells are cocci about 0.5 – 1.0 µm in diameter which produce 
catalase. On the other hand, S. pneumoniae is a non-motile, non-
spore forming, catalase negative, capsule-forming, α-hemolytic 
species,  presented as cocci or diplococci43. In  1933, Lancefield 
demonstrated a specific carbohydrate “group” antigens associated 
with the streptococcal hemolytic strains44. As pneumococcus lacks a 
specific antigen, no Lancefield classification was assigned45. 

2.1 Surface and surface-derived bacterial components 

related to host immune response 

Pathogenic bacteria possess a broad range of attacking possibilities 
against the host involving several cell wall-decorating compounds 
such as teichoic acids, teichuronic acids, lipoteichoic acids, surface 
associated structures, lipopolysaccharides, lipoproteins, membrane 
proteins, iron acquisition proteins, surface enzymes, and 
fimbriae/pili46. Heterogeneity is assumed as not all the pathogenic 
cells cause alterations in the host physiology. To this regard, the 
expression of virulent molecules is not homogeneous in the 
population47. Pathogenic bacteria may display several antigenic 
alternatives, some of them are surface-located, by on/off switching 
the expression of one or more genes at specific times according to 
the bacterial growth phase48. 

i) Capsule 

Gram-positive bacteria possess polysaccharide capsules that 
enhance virulence and promote resistance against phagocytosis 
mediated by neutrophils and macrophages, which allows bacteria to 
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remain in the bloodstream of infected hosts49,50. Polyssacharide 
capsule enhances the bacterial pathogenicity by escaping 
complement-mediated opsono-phagocytosis51. The capsular 
surface negative charge is related to a decrease in antibacterial 
phagocytic activity52 because low levels of bacterial surface bound 
Immunoglobulin G (IgG) and reactive C Protein (RCP) are 
observed53. Pneumococci exhibit more than 90 capsular types 
chemically differentiated54 whereas encapsulated S. aureus display 
11 putative capsule types42. Each serotype is defined by the 
expression of a specific capsular polysaccharide55. The 
polyssacharide composition differs between species56,57. In regard 
to S. pneumoniae serotype replacement occurred by both 
homologous recombination events, within the same species and 
also between different species58,59, and by capsular switching 
mechanisms. Such serotypic switch involves large loci that are 
responsible for capsular polysaccharide synthesis58. 

ii) Cell wall 

The cell wall is the main biological structure that defines Gram-
positive bacteria. It is predominantly composed by peptidoglycan 
(PG) which constitutes the main bacterial defense barrier against 
environmental conditions. This compound is a virulence factor that 
contributes to the rigidity of bacterial cells because it maintains high 
turgor pressure within these cells60. Layers of this compound are 
built of repeating units of N-acetyl glucosamine and of N-
acetylmuramic acid, all connected through β (1→4) glycosidic 
linkages. Each single layer is cross-linked by covalent linkages to 
individual N-acetyl muramyl residues and to pentaglycine bridges 
specific for S. pneumoniae and S. aureus, respectively42,61. The 
bacterial cell wall is modified in order to avoid the entry of 
antimicrobial molecules and to prevent future damage62. After PG 
synthesis, plasticity process takes place at different stages63. S. 
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pneumoniae modifies this compound by acetylation and 
deacetylation to evade the host immune system64,65 while S. aureus 
possesses a PG plasticity mechanism at the fifth position of the 
muropeptides that confers resistance to vancomycin66,67. The PG is 
also important because it plays a role in the pathophysiology of  
some diseases68. 

iii) Surface polymers 

Lipoteichoic acids (LTA) and Teichoic acids (TA) are polyanionic and 
anionic polymers, respectively, covalently attached to the 
peptidoglycan42,69. Staphylococcal lipoteichoic acids are composed 
of polyglycerol phosphate (poly-Gro-P), which can be modified at 
the 2´-hydroxyl position with either N- acetylglucosamine (GlcNAc) 
or esterified D-Ala. The lipoteichoic acid moiety of S. aureus is 
attached to Glc(1-4)Glc(1-3)diacylglycerol40. In pneumococcus, a 
tetrasaccharide, glycosidically linked to the carbon atom C-1 of 
ribitol, forms the repeating unit which is positively charged by the 
amino group of the 2-acetamido-4-amino-2,4,6-trideoxygalactose 
(AATGal) residue. Repeating units are linked to each other by 
phosphodiester bonds between the C-5 of the ribitol and the C-6 of 
the glucosyl residue of adjacent repeating units70. During infection, 
this compound regulates autolytic enzymes such as muramidases 
and binds membrane phospholipids to target cells71. 

On the other hand, teichoic acids are polymers constituted by 
polyglycerol phosphate (Gro-P), poly-ribitol phosphate (Rit-P), or 
poly-glucosyl phosphate (Glc-P)62. As LTA, this polymer differs 
among species70. S. aureus synthesizes teichoic acid rich on poly-Rit-
P subunits. This compound is modified at the 2´ and 4´ hydroxyl with 
GlcNAc and D-Ala40. LTA captures divalent cations and provides a 
biophysical barrier to prevent the diffusion of substances. Cell wall 
teichoic acids are targets for binding enzymes that cleave the 
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bacterial peptidoglycan40. The amount of cell-associated teichoic 
acid may be critical in the ability of the pathogen to cause systemic 
infection and sepsis72. Antibodies to teichoic acid lack opsonic 
activity and fail to protect animals against bacterial challenge51. 

iv) Surfaceome 

Gram-positive pathogens have a subset of surface molecules with a 
wide variety of functions, among them adhering to or degrading 
host tissue components, modulation and evasion of the host 
immune system. Surfaceome (also referred to as “surfome”) is the 
total set of cell surface-exposed protein domains34,73. Surface 
exposed proteins in Gram-positive bacteria can be classified into 
four categories: (i) those that anchor covalently to the cell-wall 
peptidoglycan at their C-terminal ends, normally via a consensus 
LPXTG motif, (ii) those that bind by means of charge or hydrophobic 
interactions, (iii) those that bind the underlying plasma membrane 
via their N-terminal region (lipoproteins), and (iv) those that possess 
transmembrane domains (TMD) to cross once or more the plasma 
membrane. The high conservation degree of the LPXTG motif 
suggests that this element must be involved in the surface anchor 
mechanism40. Sortase cleaves the LPXTG motif between threonine 
(T) and glycine (G), and links the threonine residue of the cleaved 
polypeptide to the amino group of peptidoglycan cross-bridges74. 
All the proteins which experience membrane translocation have a 
“signal” sequence that contains information in a discrete portion of a 
newly synthesized peptide75. Signal peptides are removed by 
peptidases once secreted proteins have been translocated through 
the cytoplasmic membrane. Cleavage is not required for 
translocation across the membrane but the uncleaved hydrophobic 
signal peptide may act as membrane anchor76. Signal peptides of 
Gram-negative secreted proteins are shorter compared to those of 
their Gram-positive counterparts77.  
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Another class of surface proteins are lipid-modified periplasmic 
proteins, which uptake and deliver substrates to transport systems 
embedded into the cytoplasmic membrane40. Not all the surface-
localized proteins play a role on nutrient acquisition, some surface 
proteins are involved in modulation and evasion of host immune 
system4. Some surface proteins prevent the neutrophil recruitment 
by degradation of chemoattractant molecules and also contribute to 
bacterial aggregation when they bind to serum immunoglobulins or 
extracellular matrix (ECM) proteins40. Microbial surface components 
may recognize adhesive matrix molecules (MSCRAMMs) such as 
fibronectin, or fibrinogen78. Hyauronate lyase (Hyal) and 
neuraminidase are two of the major essential surface proteins for full 
virulence produced by both S. pneumoniae and S. aureus61. Hyal 
degrades several host ECM components such as hyaluronan (HA) 
and chondroitins (CHs) and provides organic carbon as energy 
source79. During the invasive process, part of Hyal plays a role in the 
bacterial translocation through the host tissues80. On the other 
hand, neuraminidases are associated with the recognition and the 
union to host proteins81. Moreover, this enzyme probably "unmasks" 
carbohydrate ligands and enables the bacterial internalization 
through the respiratory tract40. 

Many surface proteins are species-specific. Proteins such as choline-
binding proteins (CBPs) are found in Streptococcus spp. 
Pneumococcus produces 13 to 16 of these proteins which are 
anchored to the cell wall by non-covalent interactions82. Such 
proteins play a role in the colonization step, inhibit activation and 
deposition of human complement C3 and prevent the killing of 
pneumococci (e.g. PspA, PspC, LytA, B, C)81,83. Other CBPs such as 
CbpG and CbpD, support the major autolysin LytA in competence-
induced cell lysis84. CbpA (also known as PspC, SpsA, PbcA, and 
Hic) is another CBP which contributes to sepsis in mice85,86. 
According to the number of repeated choline-binding domains, 
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proteins are weakly or strongly attached to the cell surface87,88. In a 
similar way, S. aureus produces specific immunomodulatory surface 
proteins which interfere with neutrophil recruitment89. One of this 
proteins is the adenosine synthase A (AdsA) which contributes to 
the escape of leukocytes90.  

A high number of staphylococcal MSCRAMM molecules participate 
in the attachment process to host cells and to the synthetic surfaces 
of medical devices91. Clumping factor A (ClfA) and B (ClfB) are 
virulence factors expressed by S. aureus. Both ClfA and ClfB are 
MSCRAMM molecules which are related to the fibrinogen 
immobilization on those medical devices92. 

v) Toxins 

Pneumolysin (Ply) is one of the most important virulence factors 
secreted by pneumococcus. Ply is a cytoplasmic protein that plays a 
role during the infection process87, in which host cells undergo lysis 
due to Ply cytotoxic activity80,93. This toxin is a member of the 
cholesterol-dependent cytolysins (CDC) family which form pores in 
the lipid- bilayer of the target cell membranes, leads to cell lysis and 
facilitates the invasive process61. Moreover, Ply induces an acute 
inflammatory response during pneumococcal pneumonia when is 
directly applied into the lungs of rats94. As Ply lacks a signal peptide, 
its release is cell lysis-dependent. To this regard, pneumococcal 
fratricide takes place in order to release their cytoplasmic content95. 
Concerning S. aureus, major virulence factors of this pathogen 
include enterotoxins that cause toxic shock syndrome96. Pyrogenic 
toxin superantigens (PTSAgs) are a family of multifunctional proteins 
secreted by this pathogen. Some proteins exhibit lethal activity, or 
superantigenicity capacity97. TSST-1, as an effector molecule, causes 
toxic shock syndrome98 while Panton-Valentine leukocidin (PVL) is 
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the pore-forming leukotoxin mostly transferred among CA-MRSA 
strains99. 

vi) Pili and adhesins  

Cell-surface adhesins recognize and bind to a wide variety of serum 
proteins such as albumin, complement factors, or proinflammatory 
molecules. These surface proteins contribute to either adherence or 
invasion and facilitate colonization of host tissues100. Serine-rich 
repeat proteins (SRRPs) are a family of adhesins in Gram-positive 
bacteria that mediate the adherence to several host surfaces101. 
Gram-positive bacteria produce pili formed by long stalks of SRRPs. 
SRRPs may supply a different adhesin protein at the end of each 
long hairlike structure102. Gram-positive bacteria assemble pili by 
different mechanisms that involve a transpeptidase (sortase). 
Individual monomers are linked covalently to the cell-wall 
peptidoglycan74.  

vii) Membrane-derived vesicles (MVs) 

Until recently, it was assumed that only Gram-negative bacteria 
produced MVs. However, globular intracellular bodies such as 
chondrioids, mesosomes, or vesiculotubular bodies, similar to 
membraneous organelles, were described in Gram-positive 
bacteria103. MVs from Gram-positive bacteria such as Bacillus 
anthracis, S. pneumoniae and S. aureus have been reported104,105. In 
2009, MVs from cultures of S. aureus were found106. These 
membraneous structures are released from the outer surface in 
response to physiological or environmental stress. Many pathogenic 
microorganisms produce MVs in order to secrete and release 
virulence factors. These structures are produced and secreted into 
the extracellular milieu during in-vivo infection107. Recently, MV 
formation was related to plasma membrane, not as a product of cell 
lysis104. Intact MVs induce cell death because of the toxic effect of 
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some effector proteins which are transferred into the host cells108. 
Due to the MVs role in virulent events, these structures could be a 
target for antimicrobial therapy. 

viii) Siderophores and hemophores 

Once bacteria have infected host cells, iron starvation is one of the 
host-defense mechanism to inhibit bacterial growth. In response to 
iron limitation, pathogens secrete low molecular weight iron-
binding complexes (siderophores). Siderophores remove iron from 
transferrin, lactoferrin, or ferritin. Available iron concentration is 
related to the amount of siderophores secreted by a neighborhood 
of bacteria. These molecular complexes remove iron from ferritin 
and lactoferrin proteins, but are unable to uptake iron from heme 
proteins109,110. Then, some pathogenic bacteria secrete heme-
scavenging molecules (hemophores) that remove heme from host 
hemoproteins111. Hemophores are specialized secreted molecules 
broadly distributed in the Streptococcus spp.112. 

3. Host immune response 

Immune system homeostasis can be disturbed by the presence of  
pathogenic microorganisms. Host-pathogen interaction triggers 
important physiological changes in both bacteria and host because 
of several bacterial components113. Both S. pneumoniae and S. 
aureus may form biofilms on host mucosal epithelium which lead to 
persistent or chronic bacterial infections26,114,115. Biofilm formation 
process is regulated through a chemical communication system 
called “quorum sensing”. Adherence to host tissues is the first step 
in the establishment of an infection. Several cell types express 
receptors on their surface as a pathogen-interaction result116. 
Carbohydrate residues from the glycocalix probably play an 
important role because it is the outermost portion of the epithelial 
lining, as mucosal ephitelium represents the site of infection or 
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access route for the majority of bacteria that cause human infectious 
diseases117. 

During staphylococcal and streptococcal infections, endothelial cells 
exhibit Fc receptors and adhesion molecules (i.e. intercellular 
adhesion molecules, ICAM; or vascular-cell adhesion molecules, 
VCAM) in their surfaces116. Within the neutrophils, S. aureus may 
remain alive during days and cause cell lysis in order to escape 
towards the surrounding tissue118. In the early stages of infection, 
the complement cascade is activated on the surface of the 
pathogen. The classical pathway involves the complement 
activation. Humoral immunity is also important to combat bacterial 
infections. Helper T cells activate B cells in order to produce 
immunoglobulins119. The secretion of immunoglobulin molecules 
contributes to eradicate bacterial cells and offers protection to 
several organisms. Human sera contain a high titer of antibodies 
against several pathogenic bacterial proteins, many of which are 
expressed during in-vivo infections and can be novel candidates for 
new vaccine formulations120. 

Another defense mechanism against bacterial infections is the iron 
starvation, because this element is a vital nutrient for bacterial cells. 
Host cells modulate the amount of internal iron through Nramp1 
and Nramp2 proteins produced by macrophages110. Another 
protein that is altered by human cells is the Human lactoferrin (HLf) 
protein (Figure 2). HLf is a glycoprotein that acts in the iron 
recruitment and storage process. This protein is a mucosal secretion 
component. Its structure has two domains, the C and N domains 
with one iron-binding site. In its Apo form, the iron-binding sites are 
empty while, in its Holo form only one iron molecule (usually as Fe3+) 
is bound to each domain121,122.  Bacterial pathogens are probably 
unable to obtain iron from iron-saturated hololactoferrin. Lactoferrin 
in its Apo form is a pneumococcal PspA protein ligand which could 
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mimic iron. Apo lactoferrin has a bactericidal capacity  because its 
charge may destabilize negatively charged bacterial membranes. In 
humans, the membrane cholesterol protects cells from the 
lactoferrin action61. 

 In many different ways human cells make the bacterial iron uptake 
difficult: (i) the extracellular iron is insoluble as a consequence of the 
aerobic environment and neutral pH; (ii) the free iron available is low 
since transferrin iron association constant is approximately 1036. 
Therefore, bacterial replication is avoided and bacteria are not able 
to cause disease.  

!
Figure 2. Iron uptake. In order to bind iron, host cells use proteins such as 
lactoferrin and hemopexin (V and H, respectively) for mantaining low Fe-
circulating levels. Bacterial pathogens produce siderophores  (pentagon) to 
recruit the maximum iron available. Adapted from Díaz-Ochoa et al. 2014123. 
 

 

In the iron starvation process, some pathogens use an heme-
sensing system to sense when the host tissues are rich in heme 
group111. The human immune system combats siderophores by the 
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production of the immunoprotein siderocalin. Siderocalin is part of 
the lipocalin family proteins which disable the bacterial iron 
uptake124. 
 

4. Diagnosis of diseases caused by Staphylococcus 

aureus and Streptococcus pneumoniae  

Microbial detection in clinical laboratories has been based on cell 
cultures for many years. Currently, culture in a laboratory is still used 
but it is time-consuming (18 – 48 h). The major drawback is the delay 
in the pre-analytical phase. Moreover, bacterial cultures has a low 
yield because most of the biological samples produce negative 
results. For example, the rate of positivity of blood culture in 
pneumococcal pneumonia is only 10-20 % (< 3% in children) for 
several reasons such as low density of bacteria in blood, prior 
antibiotic treatment, or insufficient blood volumes54. 
Immunochromatographic tests (ICT) are used in order to improve 
the diagnosis of severe diseases caused by some pathogens, 
including S. pneumoniae. ICT are easy to use and non-invasive 
because they are performed in urine samples. Although the 
specificity is very high, around 97% in adult  patients, sensitivity is 
limited because the antigen is detected only in 43.7% with a 
diagnosis of presumptive pneumococcal pneumonia125.  

Molecular techniques such as the polymerase chain reaction (PCR) 
have been used in the detection and the identification of bacterial 
strains involved in infectious diseases. S. aureus may be identified 
from blood samples by PCR with a specificity of <93%126. The 
application of this rapid technique to diagnose  pneumococcal 
pneumonia is not widespread because colonizing strains may 
produce false positives in nasopharyngeal specimens and sputum. 
Although PCR offers advantages in comparison  to classical cultures, 
PCR needs to be simpler and more robust. Commercially, the Gen-
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eXpert  system of Cepheid integrates reagents that prevent 
contamination from sample preparation to multiplex detection of 
PCR products. In comparison to classical microbiologic cultures, 
PCR-based detection involves higher costs due to instrument and  
infrastructure requirements  as well as technical skills among 
personnel127. 

Nowadays, multi-detection based assays that identify some 
respiratory bacteria have been developed. These tests include 
multiplex real time PCR (Fast-track Diagnostic, Luxembourg); PCR 
followed by detection with beads (xMAP; Luminex, Austin, TX, USA); 
mass spectrometry (MassTag); size fractionation on a capillary 
electrophoresis system (RespiFinder; Life technologies, Carlsbad, 
CA, USA); or microarrays. Unfortunately, all these techniques are 
associated with  high unitary cost.  New technologies for specimen 
processing, marker detection and typing should be implemented in 
order to improve the patient management and pathogen 
surveillance. Novel and less costly diagnostic tests may be 
developed by using high-throughput techniques. In fact, Matrix-
assisted laser desorption ionization time–of-flight mass spectrometry 
(MALDI-TOF/MS) which is considered as a high-throughput 
technology is already used in clinical microbiology laboratories 
routinely in order to identify bacterial colonies128. As regard 
serotyping, MALDI-TOF/MS as well as PCR also provide information. 
This technology reduces the analysis costs and time to produce 
bacterial identifications but due to the close relation between some 
subspecies, the identification might be weakly assigned54. The 
reference pneumococcal standard is the Quellung reaction which is 
used only by a few laboratories worldwide, because not all 
laboratories have a 90 antisera collection to the known 
pneumococcal capsular serotypes129. Multibead inhibitions 
immunoassays (flow cytometer, Luminex, etc.) are approaches used 
to identify the bacterial serotype. These approaches have a high 
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concordance with the Quellung assay. MLST-based methods 
applied for genotyping are also concordant. However, in 
developing countries these approaches should be further 
standardized and validated130. 

Similarly, proteomic and genomic tools are being used to find new 
biomarkers for several purposes. Some pneumococcal and 
staphylococcal proteins have been tested as biomarkers. Some 
antigens could be used to validate an antigen assay because the 
expression could be associated to an specific condition. They could 
even be a promising target for any disease when their expression 
may distinguish between carriers and non-carriers131,132.   

5. Available vaccines to prevent staphylococcal and 
streptococcal carriage 

Treatment of infections caused by multidrug-resistant S. aureus and 
S. pneumoniae is becoming more difficult and therefore effective 
treatment strategies could be helpful to reduce the burden of these 
diseases. To this regard, vaccination programs reduce morbidity 
and mortality rates caused by many infectious agents. Nowadays, 
effective glycoconjugate vaccines against several pathogens are 
available, but unfortunately their effectiveness is reduced as they 
have some limitations. Although infectious diseases caused by S. 
aureus might be prevented by vaccination, there is no available 
vaccine currently133. Fattom et al.134 developed a staphylococcal 
conjugate vaccine, but it only prevented bacteremia for a short term 
period in a phase III clinical study. This staphylococcal vaccine 
included the two most prevalent staphylococcal capsular 
polysaccharide types, 5 and 8, conjugated with the non toxic 
recombinant exotoxin A of Pseudomonas aeruginosa.  Vaccines for 
preventing streptococcal and staphyloccocal diseases are also 
needed to prevent the development of resistance to antibiotics.  
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Reverse vaccinology may reduce the time required for the 
identification of candidate vaccines and provides new solutions for 
those vaccines which have been difficult or impossible to develop 
(Figure 3)135. Sophisticated technologies can facilitate the 
identification of novel protective antigens by using high-throughput 
techniques. One of these techniques used in the screening of 
surface molecules is the "shaving" of intact cells. This technique is 
one of the best ways of accessing to those cell surface proteins. 
Moreover, this technique has improved the ability to detect surface 
antigenic proteins136.  

!
Figure 3. Reverse vaccinology strategy. Some antigenic proteins are identified as 
vaccine candidates. A) Surface- exposed proteins are choosen experimentaly 
through high-throughput technology. B) Screenig of vaccine candidates “In-silico”. 
Adapted from Delany et al., 2014 and Bensi et al, 2012 133,138. 
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Surface exposed proteins are targets for the immune system and 
therefore could be promising candidates for the development of 
new preventive or diagnostic tools4. Unfortunately, some 
disadvantages must be considered for vaccine development, such 
as the variable protein expression throughout clinical stages of the 
infectious diseases and the distribution among S. aureus clinical 
isolates137. 

Another concern to be consider in the vaccine field, is the non- 
vaccine serotype replacement observed after vaccination. The 
protection given by vaccines is still limited because the replacement 
of circulating serotypes34. Regarding S. pneumoniae, four 
polysaccharide-based vaccines have been used during  recent years 
(7-,10, 13- conjugated polysaccharide vaccines and 23-valent plain 
polysaccharide vaccine)133 but after vaccination, new clones have 
emerged by capsule switching from the non-vaccine serotypes. The 
evolution of S. pneumoniae occurs by lateral gene transfer in the 
human nasopharynx. Such gene transfer requires multiple 
colonization or co-colonization139. Conjugated vaccines (i.e. 
polysaccharides chemically conjugated to non-pneumococcal 
proteins) are expensive to produce, making them less affordable for 
the population140. An optimal alternative for reducing costs, is the 
use of surface exposed proteins as novel vaccines candidates87. 
Different preparations using conjugated capsular polysaccharide- 
proteins have been developed141. 

6. Current treatments against staphylococcal and 
streptococcal infections 

Antibiotic resistance is an important issue to consider in the 
treatment of streptococcal and staphylococcal infections, which may 
be challenging, particularly for S. aureus, due to the emergence of  
drug-resistant strains. A major part of the bacterial genome consists 
of the so-called backbone sequence or core genome. The core 
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genome is composed of genes whose products are essential for the 
metabolism, ribosomes or as cell wall components142. Bacterial 
genomes also harbor a so-called flexible gene pool which consists 
of DNA sequences that have a gene transfer capacity. This gene 
pool plays a role in the bacterial adaptation to specific conditions 
and may increase the strains fitness in order to survive in specific 
habitats (e.g. presence of antibiotics)143. In this manner, antibiotic 
resistance is associated with large islands from bacterial genomes; 
some of them are laterally transferred as super-integrons and may 
confer resistance to different antibiotics144,145. Acquisition of 
antibiotic resistance of many pathogenic bacteria has drawn interest 
in generating vaccines to cure or prevent diseases146. 

Invasive diseases had generally a fatal outcome prior to the 
widespread use of penicillin. S. pneumoniae remained susceptible 
to this antibiotic until 1960s in contrast to S. aureus which rapidly 
acquired resistance. Only two years after the introduction of 
penicillin the first S. aureus resistant strain was observed147. The 
antibiotics to which S. pneumoniae and S. aureus frequently 
generated resistance were penicillin and methicillin, respectively. 
The semisynthetic penicillin was introduced to overcome the 
increasing prevalence of penicillinase produced by penicillin G- and 
V- resistant S. aureus strains148. The mechanism by which 
streptococci generates penicillin resistance involves alterations of 
proteins that play a role in the peptidoglycan biosynthesis (penicillin 
binding proteins). Penicillin binding proteins are enzymes located in 
the cytoplasmic membrane that confer resistance to penicillin (i.e. β-
lactamase)149. Penicillin-resistant S. pneumoniae strains have 
increased globally due to the widespread use of β-lactam 
antibiotics150 . 

Vancomycin has been used as an alternative drug to treat diseases 
caused by S. aureus after the methicillin-resistant S. aureus (MRSA) 
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strains emerged in 1960148. Unfortunately, vancomycin-intermediate 
(VISA) and vancomycin-resistant (VRSA) S. aureus strains have been 
reported15. In addition, glycopeptides-resistant strains have 
appeared in countries such as USA16. Nowadays, new therapeutic 
anti-staphylococcal drugs to treat MRSA strains are therefore 
needed151. Development of new antibiotics (i.e. daptomycin, 
linezolid, telithromycin, ceftaroline) have been sluggish in the more 
recent years. Some of the new formulations have derived from 
modifications of the existing drugs, but novel drug-resistant strains 
have appeared152, for that reason the use of new formulations 
should be practiced with caution15. A new strategy to treat bacterial 
infections involves the combination of antibiotics, and although the 
combination of different drugs has been successful, it is still 
necessary to have more drugs to treat infections caused by resistant 
microorganisms. Furthermore, the anti- streptococcal and anti-
staphylococcal treatment designs should consider the ability of the 
pathogen to generate antibiotic resistance. Unfortunately,  licensure 
of new formulations is a difficult and expensive task because drug 
approval by regulatory agencies is a time-consuming process153. 
Traditional plant medicine has been used as antimicrobial therapy 
based in antimicrobial properties of some plants. Some modern 
drugs have been isolated from these natural resources. Roughly, 
25% of the prescription drugs contain active ingredients extracted 
from plants154,155.  

For many years the drug production from plants was not exploited 
because of problems during the active ingredient purification. 
Nowadays, modern medicine attempts to produce cutting-edge 
formulations by using natural products which are a promising 
source of chemical compounds with relevant antimicrobial and 
chemotherapeutic properties. The demand for an appropriate 
antibacterial therapy involves an extensive research in the discovery 
of new effective and non-toxic compounds. Rhodomyrtone is a 
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recently discovered compound with antimicrobial properties against 
Gram-positive and Gram-negative bacteria156,157. This organic 
compound belongs to the acylphloroglucinols family, originally 
extracted from the plant Rhodomyrtus tomentosa.  

7. Molecular biomarkers and the role of "omics" 
technologies in human health 

Currently, it is possible to measure a wide number of  cell molecules 
through new technologic tools. There has been an important 
progress in the high-throughput technologies and the platforms to 
assay DNA, RNA, protein and metabolite cell profiles158. Altogether, 
these technologies are referred to as "omics" (e.g. Genomics, 
Transcriptomics, Metabolomics, Proteomics, etc.). Omics are used to 
explain biological events at different molecular levels. Omics-based 
discoveries translated into clinically useful tests are time-consuming 
because computational steps are needed for data access, as these 
approaches provide huge information to be analyzed. During the 
process, rigorous statistical methods and bioinformatic analysis are 
needed.  The information obtained from each omic approach is only 
one out of many pieces in the puzzle that shape biological 
systems159.  

One of the omics applications is to provide information about the 
molecular constituents of cells and tissues in a specific disease160. 
Biomedical disciplines demand new biomarkers able to improve the 
diagnosis and the prognosis for many diseases. The early detection 
of fatal diseases is needed to extend the window time for an 
effective treatment161. In the post-genomic era, one of the main 
strengths of proteomics lies in allowing proteins to be placed in 
functional classes by following changes in their expression and post-
translational modification levels162. Nowadays, proteomic provides 
the possibility to  measure and to identify peptides from thousands 
of sequences with high sensitivity, even at femtomolar 
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concentrations163,164. Many expectations in these technologies have 
been followed by later disappointments in the actual progress in the 
field of biomarker discovery161 due to some challenges that have 
been involved such as the great inter-individual variability, making 
the design experiment an enormous challenge (Figure 4).  

Although omics approaches have been already used for biomarker 
discovery of several diseases165,166, the verification and clinical 
applications of proteomics applied on the biomarker selection in 
human populations is in early developmental stages. Although It will 
be some time before significant results can be expected, some of 
these biomarkers will hopefully develop into full clinical 
appplications 159. Nowadays, around 200 proteins are under 
consideration to be approved by the FDA167. Since Rodríguez-
Ortega et al. in 2006, introduce the “shaving” proteomic approach 
applied to the identification of vaccine candidate proteins of the 
group A streptococcus surface proteome136, surface- exposed 
proteins may be easily identified from a wide variety of 
microorganisms including pathogenic bacteria4,34,73,147. 

In our laboratory, high-throughput techniques have been widely 
used for the vaccine candidate identification against Gram-positive 
bacteria34,73. During the “shaving”, whole cells are treated with 
proteases (e.g. trypsin) to digest protruding proteins. Some proteins 
are  selected to be evaluated as vaccine candidates or diagnostic 
biomarkers34. Another proteomic tool currently used consists of the 
protein-based array technology.  

Although the current interpretation of protein arrays involves 
microarray grids of proteins or ligands attached on glass slides or 
chips, 2-D gels and Luminex-based array are technically macro- and 
microarrays of authentic proteins. These tools also allow the direct 
analysis of protein involved in metabolic or disease processes169. 
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!
Figure 4. Biomarker discovery process.  Three general steps are involved in the 
discovery of new biomarkers. Omics approaches are needed actively during the 
development of  phase I. Adapted from Pitarch and Nombela168. 

 
The classical ProteinChip® Array technology uses various 
chromatography surfaces chemically different (e.g. Hydrophobic 
and hydrophilic compounds,  immobilized metal, etc.). The 
activated surfaces are in contact  with proteins from biological 
mixtures, then the unbound proteins and mass spectrometric 
interfering compounds are washed away. Finally, the proteins 
retained on the array surface are analyzed and detected by surface- 
enhaced laser desorption/ionization time-of-flight mass 
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spectrometry (SELDI-TOF-MS)170. In regard to Luminex-based array, 
the proteins are attached to the surface polymer of microbeads, 
several microspheres colors allow the simultaneous determination 
of multiple antigens on particle-based flow cytometric assays by 
measuring the median fluorescence intensity171. 

In general terms, omics integration provides a comprehensive 
approach to the discovery of protein biomarkers as well as to the 
elucidation of molecular mechanisms leading to qualitative or 
quantitative changes161. A cell culture-based approach for 
biomarker discovery relies on the identification of disease-
associated proteins from the cell lysate or the cell secretome. 
Molecular candidates obtained from several experimental 
conditions may extend the possibilities to find biomarkers of 
diseases such as bacterial infection. As iron starvation is a natural 
phenomenon observed during this pathologic process, omics 
approaches may contribute to find biomarkers related to this 
condition. From an in vitro model, which is still far from the real 
infection process, omics may provide information in order to unravel 
the pathogenicity mechanism. 
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Infections by S. aureus and S. pneumoniae cause high morbidity and 
mortality rates. The main goal of this doctoral thesis was to 
contribute to the study of these human pathogens from a multi-omic 
view following several guidelines. Such guidelines involved the 
identification of novel proteins as vaccine candidates, diagnostic 
and/or prognostic biomarkers against S. aureus. Simultaneously, to 
assess the effect of the iron starvation on S. pneumoniae, a 
phenomenom that occurs during in vivo infections as well as to 
develop a serological diagnostic tool against this pathogen. Finally, 
to investigate the antimicrobial power of new organic compounds 
as alternatives to treat infections caused by S. aureus. Establishing 
the following specific 
 

OBJECTIVES 
 

1. Immunodetection- based screening of protein antigens as 
vaccine candidates from  a collection of S. aureus clinical 
isolates. 
 

2. Defining the “pan-surfome” of methicillin- resistant S. aureus 
clinical isolates by the “shaving” proteomic approach  for 
prognostic purposes. 

 
3. Studying the effect of iron deprivation in cultures of S. 

pneumoniae by a multi-omics approach at proteomic, 
transcriptomic and metabolomic levels.  

 
4. To develop a multiplexed serological tool for diagnostic or 

epidemiological survilleance of community-acquired 
pneumonia. 

 
5. To assess the effect of rhodomyrtone on S.aureus. 
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A. BIOLOGICAL SAMPLES 

1. Bacterial strains 

1.1. Streptococcus pneumoniae 

1.1.1. Bacterial growth conditions 
Reference strains of S. pneumoniae R6 and TIGR4 were cultured in 
Todd Hewitt Broth (THB). Once cultures reached the mid-
exponential phase (OD600=  0.25 and OD6oo= 0.30 for S. 
pneumoniae R6 and TIGR4, respectively), cultures were aliquoted in 
1 mL fractions and kept at -80 ºC with 20% glycerol and thawed 
prior each assay.   

1.1.2. Iron-depleted cultures 
One mL of aliquoted bacteria was added to 10 mL of THB. Iron-
depleted cultures were prepared by adding deferoxamine (DFO) to 
a final concentration of 100 µM in order to induce iron starvation. 
Control samples were pneumococcal cells cultured in the absence 
of the iron chelator compound in broth. Incubation was carried out 
at 37 ºC until mid-exponential phase was reached. Then, cells were 
harvested by centrifugation (5,000 x g for 7 min) and supernatants 
were collected for further experiments. The final culture �all�do was 
20 mL, 100 mL, and 200 mL in order to perform transcriptomic, 
metabolomic, and proteomic assays, respectively. 

 

1.2. Staphylococcus aureus 

1.2.1. Reference strain S. aureus COL 
The reference strain (S. aureus COL) was gently provided by Dr. 
Willem van Wamel from the Microbiology and Infectious Diseases 
Department of the Erasmus Medical Center (Rotterdam, The 
Netherlands).
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1.2.2. Clinical isolates collection 

18 clinical isolates (Group 1) of Staphylococcus aureus were 
collected from staphylococcal-infected patients at the Hospital 
Universitario Reina Sofía (Córdoba, Spain). Nine strains were 
identified as methicillin-sensitive (MSSA) and the other nine were 
classified as methicillin-resistant (MRSA).  Other 58 MRSA clinical 
isolates (Group 2) were provided by the Spanish Network Research 
In Infectious Diseases (REIPI) from several Spanish hospitals (Table 
1). 

1.2.3 Culture conditions 

Staphylococcus aureus clinical isolates were plated on Trypticase 
soy agar (TSA) blood base containing 5% (v/v) sheep blood and 
grown in Trypticase soy broth (TSB) at 37 ºC until the OD600= 0.45 
(mid-exponential phase) was reached. Bacterial strains were 
aliquoted and kept at -80 ºC with 20% glycerol. Samples were 
thawed prior to each assay.   

According to the conducted experiment, 1 mL of thawed bacteria 
was added in several volumes of TSB. Staphylococcal clinical 
isolates (Group 1) were cultured in 50, 100, and 500 mL of TSB in 
order to carry out molecular genotyping, surface “shaving” and both 
total cell and surface protein extraction, respectively (Ch. I). Group 2 
clinical isolates were cultured in 100 mL of TSB in order to perform 
the surface “shaving” technique (Ch. II). All the clinical isolates (n= 
76) were grown in the presence of rhodomyrtone. Nine MSSA and 
the other 67 MRSA clinical isolates were routinely plated on TSA and 
sub-cultured in Mueller-Hinton Broth (MHB) prior to each assay (Ch. 
V). 

!
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Table 1. Staphylococcal clinical isolates provided by Spanish hospitals 

No. Source Group Disease Methicillin 
Recurrent 

bacteremia Fatality 
1 Urinary tract 1 Sepsis Resistant N/A N/A 
2 Urinary tract 1 Sepsis Resistant N/A N/A 
3 Urinary tract 1 Unknown Resistant N/A N/A 
4 N/A 1 Sepsis Resistant N/A N/A 
5 Urinary tract 1 Unknown Resistant N/A N/A 
6 N/A 1 Sepsis Resistant N/A N/A 
7 Urinary tract 1 Sepsis Resistant N/A N/A 
8 Urinary tract 1 Sepsis Resistant N/A N/A 
9 N/A 1 Sepsis Resistant N/A N/A 

10 N/A 1 N/A Sensitive N/A N/A 
11 N/A 1 N/A Sensitive N/A N/A 
12 N/A 1 N/A Sensitive N/A N/A 
13 N/A 1 N/A Sensitive N/A N/A 
14 N/A 1 N/A Sensitive N/A N/A 
15 N/A 1 N/A Sensitive N/A N/A 
16 N/A 1 N/A Sensitive N/A N/A 
17 N/A 1 N/A Sensitive N/A N/A 
18 N/A 1 N/A Sensitive N/A N/A 
19 Unknown 2 Bacteremia Resistant Yes Yes 
20 Respiratory infection 2 Bacteremia Resistant Yes Yes 
21 Endocarditis 2 Bacteremia Resistant Yes Yes 
22 Urinary tract 2 Bacteremia Resistant Yes Yes 
23 Vascular catheter 2 Bacteremia Resistant No No 
24 Respiratory infection 2 Bacteremia Resistant No No 
25 Skin and soft tissue 2 Bacteremia Resistant No No 
26 Vascular catheter 2 Bacteremia Resistant No No 
27 Vascular catheter 2 Bacteremia Resistant Yes Yes 
28 Nosocomial infection 2 Bacteremia Resistant No No 
29 Urinary tract 2 Bacteremia Resistant No No 
30 Skin and soft tissue 2 Bacteremia Resistant No No 
31 Skin and soft tissue 2 Bacteremia Resistant No No 
32 Skin and soft tissue 2 Bacteremia Resistant No No 
33 Endocarditis 2 Bacteremia Resistant No No 
34 Vascular catheter 2 Bacteremia Resistant Yes Yes 
35 Vascular catheter 2 Bacteremia Resistant Yes Yes 
36 Endocarditis 2 Bacteremia Resistant Yes No 
37 Skin and soft tissue 2 Bacteremia Resistant Yes Yes 
38 Vascular catheter 2 Bacteremia Resistant No No 

(continued on next page)!
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Table 1. (continued) 

No. Source Group Disease Methicillin 
Recurrent 

bacteremia Fatality 
39 Bone disease 2 Bacteremia Resistant No No 
40 Endocarditis 2 Bacteremia Resistant No No 
41 Endocarditis 2 Bacteremia Resistant No Yes 
42 Vascular catheter 2 Bacteremia Resistant No No 
43 Vascular catheter 2 Bacteremia Resistant Yes Yes 
44 Vascular catheter 2 Bacteremia Resistant Yes Yes 
45 Skin and soft tissue 2 Bacteremia Resistant Yes Yes 
46 Vascular catheter 2 Bacteremia Resistant No No 
47 Respiratory infection 2 Bacteremia Resistant No No 
48 Unknown 2 Bacteremia Resistant No No 
49 Endocarditis 2 Bacteremia Resistant Yes Yes 
50 Endocarditis 2 Bacteremia Resistant Yes Yes 
51 Respiratory infection 2 Bacteremia Resistant Yes Yes 
52 Vascular catheter 2 Bacteremia Resistant Yes Yes 
53 Endocarditis 2 Bacteremia Resistant Yes No 
54 Skin and soft tissue 2 Bacteremia Resistant Yes Yes 
55 Endocarditis 2 Bacteremia Resistant Yes Yes 
56 Endocarditis 2 Bacteremia Resistant N/A Yes 
57 Endocarditis 2 Bacteremia Resistant N/A Yes 
58 Vascular catheter 2 Bacteremia Resistant Yes Yes 
59 Endocarditis 2 Bacteremia Resistant No No 
60 Respiratory infection 2 Bacteremia Resistant No No 
61 Endocarditis 2 Bacteremia Resistant No No 
62 Endocarditis 2 Bacteremia Resistant No No 
63 Endocarditis 2 Bacteremia Resistant Yes No 
64 Endocarditis 2 Bacteremia Resistant N/A Yes 
65 Vascular catheter 2 Bacteremia Resistant Yes Yes 
66 Vascular catheter 2 Bacteremia Resistant Yes Yes 
67 Vascular catheter 2 Bacteremia Resistant Yes Yes 
68 Endocarditis 2 Bacteremia Resistant N/A Yes 
69 Vascular catheter 2 Bacteremia Resistant No No 
70 Endocarditis 2 Bacteremia Resistant Yes Yes 
71 Vascular catheter 2 Bacteremia Resistant No No 
72 Skin and soft tissue 2 Bacteremia Resistant Yes Yes 
73 Urinary tract 2 Bacteremia Resistant No No 
74 Vascular catheter 2 Bacteremia Resistant No No 
75 Endocarditis 2 Bacteremia Resistant No N/A 
76 Endocarditis 2 Bacteremia Resistant Yes No 

N/A: not assigned 

!
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2. Sera collection and study population 

2.1. Pneumococcal pneumonia infected patients 

All human sera were collected from children <14 years old at 
Hospital Universitario Virgen del Rocío (HUVR), Seville (Spain) from 
January 2011 through December 2013. Sera were drawn from 
patients with a diagnosis of pneumococcal pneumonia and from a 
control group of healthy children and patients with non-
pneumococcal infectious diseases. Diagnosis of pneumococcal 
pneumonia was established based on clinical features, radiological 
imaging and isolation of the microorganism from a sterile site 
(blood or pleural fluid) or positive results in PCR testing of pleural 
fluid. All sera were obtained within ten days of hospital admission 
and were stored at -80 ºC until they were assayed. Written informed 
consent was obtained from parents or legal guardians of 
participating children and the Hospital Ethic Committee approved 
the study (code numbers: 010470 and PI/195). 

2.2. Staphylococcal infected patients 

Four samples of human sera were obtained from pediatric patients 
admitted to Hospital Universitario Infantil Virgen del Rocío (HUIVR) 
in Seville, Spain. Two sera samples were collected from patients 
suffering staphylococcal infection and two from healthy children. 
Written informed consent was obtained from parents or legal 
guardians of participating children and the Hospital Universitario 
Virgen del Rocío Ethic Committee approved the study. 

3. Pneumococcal surface antigens 

Pneumococcal protein antigens most commonly identified in a 
subset of clinical isolates with different genetic backgrounds were 
selected for recombinant production. Surface “shaving” on this 
collection of pneumococcal clinical isolates allowed to identify the 
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surface- exposed proteins. The most conserved proteins, identified 
in at least 50% of pneumococcal clinical isolates, were considered 
for being produced as GST-tag recombinant fragments using the 
pSpark® vector, Canvax Biotech, Córdoba, Spain, and expressed in 
Escherichia coli BL21 (Table 2). According to its functional 
annotation these proteins encompassed 15 cell wall anchored 
proteins, 12 secreted proteins, 20 lipoproteins, and 37 membrane 
proteins. In addition, 9 cytosolic proteins were also included in this 
set of recombinant proteins172. 

B. MICROBIOLOGICAL TESTS 

1. Reagents 

1.1. Iron chelator 

A stock solution of deferoxamine was prepared by dissolving 
deferoxamine mesylate salt (DFO) in distilled water at a final 
concentration of 200 mM. It was filtered with 0.22 µm membrane 
filters (Millipore) and stored at -20 ºC. 

1.2. Antimicrobial agents 

Rhodomyrtone (Sigma-Aldrich) was dissolved in dimethyl sulfoxide 
at a final concentration of 2 mg/mL. The solution was sterilized 
through 0.22 µm membrane filters (Millipore) and stored at -20 ºC. 
Stocks were thawed prior to use and diluted as required.  

2. Growth curves 

Streptococcal strains R6 and TIGR4, and the S. aureus clinical 
isolates were cultured at 37 ºC either in Todd Hewitt Broth (THB) or 
Trypticase soy broth (TSB), respectively. Growth curves were 
determined by measuring the optical density of culture aliquots at 
600 nm each hour.  
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Three different biological replicates were measured at least 3 times. 
The first bacterial inoculum was considered the initial starting point 
and the last one was the sampling when the cultures reached the 
stationary phase. In the case of S. pneumoniae, growth curves were 
also performed in the presence of the iron chelator compound to a 
final concentration of 100 μM while in the case of S. aureus, it was 
also in the presence of 0.5 × MIC of rhodomyrtone. 

3. Determination of MIC, MBC and MIC50/90, MBC50/90 

Minimum inhibitory concentration (MIC) of synthetic rhodomyrtone 
was determined by broth micro-dilution method according to the 
Clinical and Laboratory Standards Institute specifications (CLSI, 
2009). MIC is considered as the lowest concentration able to inhibit 
the visible growth of a microorganism. Serial two-fold dilutions of 
rhodomyrtone were carried out in 96-well plate at a final 
concentration ranged between 0.125 and 4 µg/mL. 100 µL of 
staphylococcal suspension, corresponding to 5×105 CFU, was 
added to each well. Microplates were incubated at 37 ºC for 16 h 
prior adding sodium resazurin salt (Sigma-Aldrich) and 3 h later MIC 
values were measured. 

Minimum Bactericidal Concentration (MBC) was defined as the 
lowest concentration that makes impossible bacterial growth. MBC 
was determined by sub-culturing 5 µL of the broth from each 
negative well on TSA. TSA plates were incubated at 37 ºC for 24 h. 
Both experiments were performed in triplicate. Bacterial suspension 
and broth were used as positive and negative control, respectively. 
Vancomycin was used as antibiotic control and it was run alongside 
each batch of tests at the same final concentration range as 
rhodomyrtone. Once MIC and MBC values were obtained for all the 
staphylococcal strains, MIC50/90 and MBC50/90 values were calculated. 
50 and 90 reflect the percentage of total clinical isolates that are 
affected by the antimicrobial compound. 
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According to CLSI interpretation, clinical isolates of S. aureus were 
classified as susceptible or resistant to vancomycin (≤2, susceptible; 
4-8, intermediate; and ≥ 16 resistant). Similarly, the staphylococcal 
samples treated with rhodomyrtone were classified. 

4. Time-kil l  study 

To measure the bactericidal activity of rhodomyrtone, S. aureus was 
cultured in TSB and inoculated at a final concentration of 1×106 
CFU/mL. Initial antimicrobial concentration was 2 µg/mL and four 
steps of serial two-fold dilutions were performed. Cultures were 
incubated at 37 ºC and sampled to viable counts performed at 
different times (0, 2, 4, 8, 12 and 24 h) on TSA. At each time point, 
broth was sampled three times and serial dilutions on saline solution 
were carried out to plate in triplicate each dilution. Viable counts 
were read after incubation for 24 h at 37 ºC. Controls were prepared 
by culturing the bacteria in broth with 1% DMSO. To estimate the 
effect of compound concentration, rhodomyrtone-untreated 
bacteria were used as survival control at each different time point. 

C. NUCLEIC ACIDS 

1. DNA isolation 

Chromosomal DNAs of S. aureus and S. pneumoniae R6 and TIGR4 
were isolated. In brief,  5 mL of bacterial cultures were centrifuged at 
5,000 rpm (Eppendorf, 5418R) for 5 min. Bacterial pellets were 
resuspended in 2 mL of lysis buffer (2% Triton X-100, 1% SDS, 100 
mM NaCl, 10 mM Tris-HCl pH 8.0, and 1 mM EDTA pH 8.0). 
Incubation at 37 ºC for 1 h with top-down agitation was carried out. 
Afterwards, supernatant was collected by centrifuging (5,000 rpm 
for 10 min) (Eppendorf, 5418R) and the DNA was extracted adding 
phenol: chloroform:isoamyl alcohol (25:24:1)  solution (1:1) and 
vortexed for 1 min. The aqueous phase was recovered after 
centrifugation (14,500 x g, 15 min, 4 ºC). 15 µL of 5 M potassium 
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acetate and cold isopropanol (1:1) were added to precipitate the 
DNA. Samples were kept during 1 h at -20 ºC. Then, DNA was 
recovered by centrifuging for 5 min at 14,500 x g. DNA samples 
were air-dried and resuspended in 50 µL of distilled water. 

2. RNA isolation 

Cell pellets were immediately resuspended in 1 mL of Tri-reagent 
(SIGMA-ALDRICH) and 0.5 g of glass beads were added (SIGMA-
ALDRICH). Samples were vortexed during 20 min to release the RNA 
from cells. After centrifuging (1 min, 12,000 x g, 4 ºC), RNA was 
isolated by adding 200 µL of chloroform to the supernatant. 
Centrifugation at 12,000 x g for 15 min at 4 ºC was carried out. RNA 
was precipitated from the aqueous phase by addition of 500 µL of 
Isopropanol. After 15 min incubation (4º C), samples were 
centrifuged (30 min, 12,000 x g, 4 ºC)  to recover the RNA and then 
samples were washed with 500 µL of 70% ice-cold ethanol and air-
dried. RNA samples were resuspended in 40 µL of distilled water 
previously treated with 1% of diethylpyrocarbonate (DEPC). 
Afterwards, samples were treated with DNAse (Ambion) according 
to manufacturer´s instructions. RNA samples were quantified using a 
Nanodrop(Thermo Scientific).  Sample impurities were measured to 
different wave lenghts, the A260:A280 and A260:A230. Ratios of 
approximately 2.0 were used for subsequent experiments. 
Furthermore, RNA samples quality also was measured and 
evaluated using an ABI Prism bioanalyzer equipment (Applied 
Biosystems). The RNA integrity number (RIN >7.0) was associated 
with high quality. 

3. Polymerase chain reaction (PCR) 

3.1. PCR to obtain allelic profiles 

PCRs were carried out in 20 µL reaction volume containing 2 µL of 
chromosomal DNA, 0.5 mM of each primer, 1 U Taq DNA 
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polymerase (Qiagen, Crawley, United Kingdom), 2 µL of 10X buffer 
(supplied with the Taq polymerase), and 0.1 mM deoxynucleoside 
triphosphates (5 Prime) in a BIORAD thermocycler. PCR was 
performed to obtain the allelic profile of the staphylococcal clinical 
isolates (Group 1). Seven housekeeping genes (Table 3) were 
evaluated according to Enright, et al. 2000130. PCR conditions 
included an initial step of 5 min denaturation at 95 ºC, followed by 
30 cycles of annealing at 55 ºC for 1 min, extension at 72 ºC for 1 
min and denaturation at 95 ºC for 1 min, followed by a final 
extension step of 72 ºC for 10 min.   

 

 

!

 

 

 

 

 

 

 

 

3.2. RNA quality control  

Quality of RNA samples used for the transcriptomic approach of 
pneumococcal iron starvation was verified through PCR with minor 
modifications. In brief, PCR was carried out using the following 
conditions: denaturation step (94 ºC, 5 min), 30 cycles of annealing 

Table 3.  Sequences of primers used in PCR 

No. Gene Primer Sequence (5´- 3´) 
1 Carbamate kinase 

 (arcC) 
arcC- Up 
arcC- Dn 

TTGATTCACCAGCGCGTATTGTC 
AGGTATCTGCTTCAATCAGCG 

    2 Shikimate dehydrogenase  
(aroE) 

aroE- Up 
aroE- Dn 

ATCGGAAATCCTATTTCACATTC 
GGTGTTGTATTAATAACGATATC 

    3 Glycerlo kinase 
 (glpF) 

glpF- Up 
glpF- Dn 

CTAGGAACTGCAATCTTAATCC 
TGGTAAAATCGCATGTCCAATTC 

          4 Guanylate kinase  
(gmk) 

gmk- Up 
gmk- Dn 

ATCGTTTTATCGGGACCATC 
TCATTAACTACAACGTAATCGTA 

    5 Phosphate acetyltransferase  
(pta) 

pta- Up 
pta- Dn 

GTTAAAATCGTATTACCTGAAGG 
GACCCTTTTGTTGAAAAGCTTAA 

    6 Triosephosphate isomerase  
(tpi) 

tpi- Up 
tpi- Dn 

TCGTTCATTCTGAACGTCGTGAA 
TTTGCACCTTCTAACAATTGTAC 

    7 Acetyl coenzyme A 
acetyltransferase (yqiL) 

yqiL- Up 
yqiL- Dn 

CAGCATACAGGACACCTATTGGC 
CGTTGAGGAATCGATACTGGAAC 

 

!
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(55 ºC, 1.5 min), extension (70 ºC, 2 min) and denaturation (94 ºC, 1 
min) followed by a final extension step (70 ºC, 10 min).  Primers of 
the GSP gene were used to confirm DNA-free RNA samples.  
Chromosomal DNA samples of Streptococcus pneumoniae R6 and 
TIGR4 were used as positive controls. 

4. Agarose gel electrophoresis 

4.1. DNA samples 

Agarose gel electrophoresis was performed using PCR-product 
samples of the 7 housekeping genes of each 18 clinical isolates, 
used for determining the allelic profile. 1% agarose gels embedded 
in TBE Buffer were used in the electrophoresis (100 V, 30 min). 
Seven different sizes of visible bands showed the different length of 
each housekeeping gene (Table 4). 

Table 4. Sequence size of the seven loci 
involved  in MLST analysis 

Gene Primer (bp) 
arcC 456 
aroE 456 
glpF 465 
gmk 429 
pta 474 
tpi 402 

yqiL 516 
 

4.2. RNA samples 

Similarly, RNA samples (pre/post-DNAse treatment samples and 
PCR-product samples) were separated in an agarose gel. Double 
visible band in the lane of DNAse-treated RNA samples and any 
visible band in PCR-product samples were indicative of RNA purity. 
GSP gene was used as positive control.  
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5. Purification and Sequencing of PCR product 

The amplified genes were purified using the GenElute extraction kit 
(SIGMA-ALDRICH) according to the manufacturer´s instructions. In 
brief, bands were excised from the electrophoresis gel using an UV 
light source. Excised bands were incubated (60 ºC, 10 min) in 
solubilization solution. One gel volume of isopropanol was added. 
Solubilized-gel mixture was loaded into a binding column formerly 
prepared. After 1 min of centrifugation, two washes (700 µL of wash 
solution) were carried out. Then DNA was eluted in a fresh collection 
tube by adding 50 µL of distilled water (16,000 x g, 1 min). Purified-
DNA samples were analyzed at the Genomic Facility of the SCAI, 
University of Córdoba.  

6. Determination of sequence type by MLST 

Sequence type analysis was carried out on 18 S. aureus strains 
provided by the Hospital Universitario Reina Sofía (Córdoba). Multi-
locus sequence typing (MLST) protocol was performed using a 
standard methodology for molecular genotyping130. In brief, internal 
fragments of 7 S. aureus housekeeping genes were amplified by 
using the primers shown in Table 3: carbamate kinase (arcC), 
shikimate dehydrogenase (aroE), glycerol kinase (glpF), guanylate 
kinase (gmk), phosphate acetyltransferase (pta), triosephosphate 
isomerase (tpi), and acetyl coenzyme A acetyltransferase (yqiL). For 
each clinical isolate, alleles were assigned by comparing the 
sequence of each gene product regarding to the overall of known 
alleles for that locus. The combination of the 7 loci defined the 
allelic profile that corresponded to its sequence type (ST). Allele and 
ST designations were carried out by using the MLST website 
(http://www.mlst.net), hosted at Imperial College London, and 
funded by the Wellcome Trust.  
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7. RNA amplification, labeling and hybridization to 
Agilent microarrays 

RNA quality was assessed using a TapeStation (Agilent 
Technologies). RNA concentration and dye incorporation was 
measured using a UV-VIS spectrophotometer (Nanodrop 1000, 
Agilent Technologies, Wilmington, DE, USA). Custom 8x15K Gene 
Expression Microarrays (ID 044371, Agilent Technologies) included 
the whole genome of both streptococcal strains (S. penumoniae R6 
and TIGR4). Hibridization was conducted following manufacturer’s 
protocol (Two-Color Microarray-Based Gene Expression Analysis v. 
6.5, Agilent Technologies), and dye swaps (Cy3 and Cy5) were 
performed for RNA amplified from each simple (Figure 1). 
Immediatelly, after amplification, microarrays were washed and 
scanned using a DNA Microarray Scanner (Model G2505C, Agilent 
Technologies). 

!
Figure 1. Experimental design of the DNA microarray. Each group, indicated in 
color blue, included 4 biological replicates with dye swaps (Cy3 and Cy5). The 
Green arrows indicate the biological sample to be analyzed while A-H mean the 
array position in which those samples were hybridized. 
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8. Gene expression analysis 

Microarray data were feature-extracted using Feature Extraction 
Software (v. 10.7) available from Agilent, using the default variables. 
Outlier features on the arrays were flagged by the same software 
package. Data analysis was performed using the Bioconductor 
package, under R environment. Data preprocessing and differential 
expression analysis was performed using Limma package, and 
functional annotation was done using the Blast2GO program. Raw 
feature intensities were background corrected using Normexp 
background correction algorithm. Within-array normalization was 
done using spatial and intensity-dependent Loess. Aquantile 
normalization was used to normalize between arrays. The 
expression of each gene is reported as the base-2 logarithm of the 
ratio of the value obtained of each condition compared to control 
condition. A gene is considered differentially expressed if it displays 
an adjusted p-value less than 0.05 by a parametric test. Finally, over 
and under expressed genes were analyzed in terms of gene 
ontology by using a hypergeometric analysis (package GOStats). 

D. PROTEINS  

1. Protein extraction 

1.1. Cell protein extraction 

Bacterial cells were harvested (5,000 x g, 7 min) from cultures 
performed in triplicate. Cell pellets were rapidly washed three times 
in sterile phosphate buffered saline (PBS) pH 7.4. Pellets were 
resuspended in 800 µL of lysis buffer and 100 U mutanolysin were 
added to digest the cell wall. Samples were then incubated 
overnight at 37 ºC with top-down agitation. Protoplasts were 
resuspended in 4 mL of rehydration buffer (7 M urea, 2 M thiourea, 
4% CHAPS, 0.5% Triton X-100, 0.005% bromophenol blue, 0.5% 
Bio-lyte 3-10 ampholyte (Bio Rad)). After rehydration, bacterial cells 
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were disrupted by 6 cycles (20 s pulses; 90% amplitude) of 
sonication. Proteins were recovered by centrifugation at 5,000 x g 
during 7 min. Proteins were dialyzed and concentrated to a final 
volume of 500 µL using a centrifugal filter device (Amicon Ultra15, 
10 kDa; Millipore). Protein concentrations were determined using 
the Bradford assay173. 

1.2. Secreted proteins 

Secreted proteins were recovered from the supernatant. Cell debris 
was  removed through filter devices (0.22 µm, Millipore). Proteins 
were precipitated from the supernatants overnight with 
trichloroacetic acid (10%) at 4 ºC. Protein pellets obtained after cold 
centrifugation (30 min at 14,500 x g) were washed twice with 1 mL of 
ice-cold absolute ethanol (15 min at 14,500 x g) and protein 
samples were air-dried. Afterwards, proteins were resuspended in 
rehydration buffer; 500 µL were used to resuspend pneumococcal 
proteins and 600 µL to staphylococcal proteins. Protein 
concentrations were determined using the Bradford assay173. 

2. Two-dimensional polyacrylamide gel 
electrophoresis (2D-PAGE)  

2.1. Sample preparation 

Protein samples were cleaned using 2-D clean up kit (GE Healthcare 
Life Sciences). For experiments performed with S. pneumoniae, 
aliquots of 200 µL of each biological replicate were treated 
according to manufacturer´s instructions. In brief, protein samples 
were precipitated with 300 µL of precipitant solution and 300 µL of 
co-precipitant solution. After incubation on ice, protein samples 
were centrifuged (12,000 x g, 5min) and the supernatant was 
removed. The pellet was washed with a mixture of wash buffer and 
additive, centrifuged and air-dried. Finally, proteins were 
resuspended with 200 µL of rehydration buffer and then quantified 
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by the Bradford assay. Using the same procedure, 600 µL of each 
staphylococcal protein sample was cleaned. After the impurities 
were removed, four analytical replicates were obtained from each 
clinical isolate. 

2.2. First dimension 

The first-dimension isoelectric focusing (IEF) was performed using a 
Protean IEF cell (Bio Rad). The proteomic analysis of the iron 
starvation experiments was carried out on 18-cm Immobiline 
DryStrips immobilized pH gradient (IPG) gel strips of linear pH 
range of 4 – 7 while immunoproteomic assays of staphylococcal 
extracts were performed using 7-cm Immobiline DryStrips of the 
same pH range (GE Healthcare Life Sciences). The procedure is 
detailed briefly: DTT (20 mM) and ampholyte (1.6%) were added to 
the rehydration buffer just at the time of started the first dimension. 
IPGs were rehydrated with the protein solution. Protein samples 
were focused at 20 ºC under a protective layer of mineral oil using 2 
h of passive rehydration and 10 h of active rehydration at 50 V prior 
to a voltage-ramp program (Table 5). 

RT: room temperature; O/N: overnight. 

 Table 5. First and second dimension conditions   

Immobiline 
DryStrip® 

First dimension Second dimension 

Rehydration 
buffer (μL) 

Protein 
(μg) IEF conditions 

Protein 
standard 

(μL) 
 2D conditions 

7 cm 125 100 250 V 30 min 5 RT  
   4,000 V 2 h  90 V 10 min 
   4,000 V 17,000 Vh  150 V 1.5 h 

   500 V Hold    
        18 cm 340 500 250 V 15 min 12 9 ºC O/N 

   500 V 30 min  90 V  
   1,000 V 1 h    
   2,000 V 1 h    
   5,000 V 1 h    
   8,000 V 2 h    
   8,000 V 70,000 Vh    
   500 V Hold    
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2.3. Second dimension 

Prior to SDS-PAGE the IPG gel strips were gently shaken in distilled 
water. DTT (2%) and iodoacetamide (135 mM) were added to the 
first and second equilibration buffer (50 mM Tris- HCl pH 8.8, 6 M 
urea, 20% glycerol, and 2% SDS), respectively. IPG strips were 
equilibrated for 15 min with each solution at room temperature 
under shaking. The IPG strips were quickly loaded on the top of the 
12% polyacrylamide gels. Molecular weight standards were run 
along side to each IPG strip. 12 pre-stained proteins covering a 
broad range of molecular weight (245 kDa, 180 kDa, 135 kDa, 100 
kDa, 75 kDa, 63 kDa, 48 kDa, 35 kDa, 25 kDa, 20 kDa, 17 kDa, and 
11 kDa) were used as molecular mass standards (gTPbio). The 
equilibrated immobiline strips were overlaid with molten agarose 
solution (25 mM Tris- HCl pH 8.3, 192 mM glycine, 0.1% SDS, 0.5% 
agarose, and 0.01% bromophenol blue). Protein pattern was 
resolved by SDS-PAGE carried out either in a MiniProtean system (7 
cm IPG strips) or in a Protean plus Dodeca Cell system (18 cm IPG 
strips) (Bio Rad). Proteins were fixed with a fixing solution (40% 
methanol, 7% glacial acetic acid) for 1 h. Afterwards, 18-cm 
polyacrylamide gels and one of each analytical replicate of the 7-cm 
polyacrylamide gels were stained with brilliant blue G-colloidal 
solution according to manufacturer’s instructions (SIGMA-ALDRICH).   

3. Western Blot analysis 

Two polyacrylamide gels (IPG 4 -7, 7cm) of each analytical replicates 
(four of total extract and four of secreted proteins) were prepared 
clinical isolate. One out of 2 gels was transferred to nitrocellulose 
membranes (Life Sciences). Non-specific sites were blocked by 
incubation with 5% non-fat milk in T-TBS for 1 h. After two washes 
with T-TBS, a second 1-h incubation of the membranes with patient 
sera, diluted 1:500 in T- TBS for IgG detection was carried out. Each 
of the 4 membranes was incubated with human sera at 1:500 
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dilution. Two out of 4 were incubated with infected-patient sera and 
two were incubated with sera from healthy donors. Secondary 
antibodies consisted of rabbit anti-human IgG (SIGMA-ALDRICH), 
diluted 1:10,000 in TBS, respectively, for 1 h. Afterwards,  the 
membranes were washed three times with TBS and developed with 
ECL Plus Western Blotting Detection System (GE Healthcare) 
according to the manufacturer’s instructions by using the ChemiDoc 
system (Bio Rad). 

4. “Shaving” of l ive staphylococcal cells with trypsin 

“Surfomes” of 76 clinical isolates were obtained through “shaving” 
live staphylococcal cells with trypsin. Once bacterial cells were 
collected by centrifugation from their respective cultures, pellets 
were washed twice with sterile PBS pH 7.4 (5,000 x g, 7 min), and 
then resuspended in 800 µL of trypsin digestion buffer (PBS pH 7.4, 
30% sucrose). Surface “shaving” was carried out by incubation with 5 
µg of modified porcine trypsin (sequencing grade; Promega) (37 ºC, 
30 min) with top-down agitation. Peptides corresponding to 
bacterial cell surface proteins were recovered by centrifugation 
(10,000 x g, 10 min). “Surfomes” were re-digested by adding 1 µg of 
trypsin (37 ºC, overnight) with top-down agitation. The peptide 
fractions were kept at -20 ºC.   

5. Solid phase extractions 

200 µL of each surfome sample were previously diluted (1:3) in PBS.  
Salts were removed from the sample through reversed-phase 
extraction using Oasis HLB cartridges (Waters). Conditioning of the 
column was conducted by the addition of 600 µL of 80% acetonitrile 
(ACN) and the column equilibration was carried out adding 600 µL 
of 0.1% formic acid (FA). Peptides were washed twice with 600 µL of 
washing solution (2% ACN, 0.1% FA) and recovered by gradient-
elution of ACN (20-50%)/ 0.1% FA solutions. Peptide fractions were 
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concentrated with a vacuum concentrator (Eppendorf) up to dryness 
and peptides were resuspended with 60 µL of a mixture (5% ACN, 
0.1% FA).  

6. Image and statistical analysis 

6.1. Polyacrylamide gels digitizing and 2D-PAGE protein 

analysis 

Polyacrylamide gels were scanned using a GS-800 densitometer 
(Bio-Rad). Digitized images of the 18-cm gels were analyzed (spot 
finding, matching and quantification) by using PD-Quest v8.1.0 
software (Bio Rad). The matching procedure consisted of assigning 
and selecting spots manually. Proteins of known molecular mass 
were used as standards to generate values for all the spots in the 
matched gels. Isoelectric points (pI) were estimated by comparing 
the position of the protein spot of interest to the position of known 
proteins or standards separated across the same pH gradient. To 
this regard, the pI of unknown proteins can be estimated by linear 
interpolation compared to proteins of known pI. Intensity table 
reports were generated for all the matched spots. Data were 
normalized according to the total intensity of valid spots. Statistical 
analysis was carried out using the NIA array analysis tool 
(http://lgsun.grc.nia.nih.gov/ANOVA/). The consistent spots were 
those whose presence or absence remained constant in the overall 
replicates. Qualitative analyses considered spots that appeared or 
disappeared in the overall treatment or control gels. Only spots 
showing a consistent change in the intensity value of at least 2-fold 
change were included in the quantitative analysis. False discovery 
rate values (FDR) lower than 0.05 were considered to ensure the 
validity of spots. 
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6.2. Immunoreactive antigens 

Digitized images obtained from the 7 cm- gels and membranes 
were adjusted at the same size and overlapped using the Image J 
software. The matching procedure consisted of assigning the 
membrane spot pattern to the gel spot distribution.  Consistent 
spots to be identified were those whose presence or absence 
remained constant in overall replicas of each group.  

7. Proteomic tools for protein identification 

7.1. Spot detection and protein identification by 

MALDI/TOF/TOF 

Protein spots differentially expressed, after treatment with 
deferoxamine as well as the staphylococcal candidate biomarkers 
were automatically excised from the polyacrylamide gels and 
digested automatically employing an Investigator Propic and 
ProGest robotic Workstations (Genomic Solutions; Proteomics 
Facility of the University of Córdoba). 

After the excision, spots were transferred to multiwell 96 plates and 
digested with modified porcine trypsin (sequencing grade; 
Promega) by using a ProGest (Genomics Solution) digestion 
station174. Briefly, gel pieces were destained by two washes at 37 ºC 
for 30 min with 200 mM ammonium bicarbonate in 40% (v/v) ACN. 
Slices were then washed twice, first with 25 mM ammonium 
bicarbonate for 5 min and later with 25 mM ammonium bicarbonate 
in 50% (v/v) ACN for 15 min, dehydrated with 100% ACN and finally 
dried at room temperature for 10 min. 20 µL of trypsin solution in 25 
mM ammonium bicarbonate (12.5 ng/µL) was added to the dry gel 
pieces. Afterwards, the digestion proceeded at 37 ºC overnight. 
Digestion was stopped by adding 10 μL of 0.5% trifluoroacetic acid 
(TFA) solution in water; peptides were desalted using a C18 resin 
micro column (ZipTip, Millipore) and then were eluted directly with a 
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matrix solution (α-cyanohydroxycinnamic acid at a concentration of 
5 mg/mL in 70% ACN/ 0.1% TFA) onto a MALDI plate using the dry 
droplet method. The mass spectra were acquired in a 4800 
Proteomics Analyzer MALDI-TOF/TOF Mass Spectrometer (Applied 
Biosystems), in the m/z range from 800 to 4000, with an accelerating 
voltage of 20 kV in reflectron mode and with a delayed extraction 
set to “on” and an elapsed time of 120 ns. Spectra were internally 
calibrated using peptides from trypsin autolysis (M+H+= 842.509, 
M+H+= 2211.104) with an m/z precision of ± 20 ppm. The most 
abundant peptide ions were subjected to MS/MS analysis, providing 
information to retrieve the peptide sequence. A combined search 
(MS plus MS/MS) was performed against UniProtKB/TrEMBL 
database using MASCOT searching engine (Matrix Science Ltd., 
London; http://www.matrixscience.com) with the following 
parameters: taxonomy restrictions to “Streptococcus pneumoniae”, 
“Staphylococcus aureus”, respectively; and “Other firmicutes” for 
public database, two missed cleavages, 0.6 Da mass tolerance in MS 
and 1.2 Da for collision-induced dissociation (CID) data, cysteine 
carbamidomethylation as a fixed modification and both methionine 
oxidation and asparagine and glutamine deamidation  as  variable 
modifications. The confidence in the peptide mass fingerprinting 
matches (p-value< 0.05) was based on the MOWSE score (higher 
than 70), further confirmed by the accurate overlapping of the 
matched peptides with the major peaks of the mass spectrum.  

7.2. Protein identification by LC/MS/MS  

“Surfome” fractions after cleaning by Oasis-HLB cartridges were 
analyzed by LC/MS/MS. The analyses were performed with a 
Surveyor HPLC System in tandem with an LTQ-Orbitrap mass 
spectrometer (Thermo Fisher Scientific, San Jose, USA) equipped 
with nanoelectrospray ionization interface (nESI). The separation 
column was 150 mm x 0.150 mm ProteoPep2 C18 (New Objective, 
USA) at a post split flow rate of 1 mL/min. For trapping of the digest, 
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a 5 mm  x 0.3 mm pre-column Zorbax 300 SB-C18 (Agilent 
Technologies, Germany) was used. One fourth of the total sample 
volume, i.e. 5 µL, was trapped at a flow rate of 10 mL/min for 10 
minutes and 5% ACN/0.1% FA. After that, the trapping column was 
switched on-line with the separation column and the gradient was 
started. Peptides were eluted with a 60-min gradient of 5–40% of 
acetonitrile/0.1% formic acid solution at a 250 nL/min flow rate. All 
separations were performed using a gradient of 5–40% solvent B for 
60 minutes. MS data (Full Scan) were acquired in the positive ion 
mode over the 400–1,500 m/z range. MS/MS data were acquired in 
dependent scan mode, selecting automatically the five most intense 
ions for fragmentation, with dynamic exclusion set to on. In all cases, 
a nESI spray voltage of 1.9 kV was used. A combined search (MS 
plus MS/MS) was performed against UniProtKB/TrEMBL, database 
using the SEQUEST software with the following parameters: 
template of a unified S. aureus database in local from the 
UniProtKB/TrEMBL, UniProtKB/SwissProt (two missed cleavages for 
trypsin digestion, 0.8 Da mass tolerance in MS and 10 ppm for any 
activation dissociation type data and both methionine oxidation and 
asparagine and glutamine deamidation as variable modifications. 
The confidence in the peptide mass fingerprinting matches was 
established by the FDR < 0.05 and searching against the decoy 
database was carried out. 

8. Luminex assay 

8.1. Coupling antigens  

Uncoupled microspheres (Luminex) were resuspended by 20 s 
vortex and 20 s sonication. 4 x106 microspheres were transferred 
into a microcentrifuge tube. After pelleting (15,000 x g, 5 min) 
microspheres were washed with 100 µL of distilled water by vortex 
and sonication for 20 s. Microspheres were pelleted through 
microcentrifugation (15,000 x g for 5 min). The supernatant was 
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removed and the microspheres were resuspended in 80 µL of 100 
mM monobasic sodium phosphate, pH 6.2 by vortex and sonication 
for approximately 20 s. Microcentrifuge tubes were mixed by gently 
vortexing after adding 10 µL of 50 mg/mL N-
hydroxysulfosuccinimide sodium salt (Sulfo-NHS). 10 µL of 50 
mg/mL 1-ethyl-3-(3-dimethylaminoppropyl)carbodiimide hydro-
chloride (EDC) were also added to the microspheres that were 
gently vortexed for 20 s. Incubation at 20 ºC was carried out with 
gentle mixing at 500 rpm. Activated microspheres were pelleted 
(15,000 x g for 2 min) and washed twice, resuspended in 250 µL of 
50 mM MES, pH 5.0 by vortex and sonication for 20 s. 
Microcentrifugation (15,000 x g, 2 min) was carried out after each 
wash step. Activated microspheres were resuspended in 100 µL of 
50 mM MES, pH 5.0 by vortex and sonication for approximately 20 s. 
20 µg of each antigen were added to the 4 x106 microspheres filled 
to 500 µL with 50 mM MES, pH 5.0. Mix coupling reaction was 
carried out through incubation for 2 h with gentle mixing (500 rpm) 
at room temperature. Coupled microspheres were pelleted through 
microcentrifugation (15,000 x g, 2 min).  Coupled microspheres 
were washed twice with 1 mL of PBS-TBN by centrifugation (15,000 
x g, 2 min). Washed microspheres were resuspended in 800 µL of 
phosphate-buffered saline (PBS)- BN by vortex and sonication for 20 
s. Coupled microspheres suspension was counted and stored at 4 
ºC in the dark.  

8.2. Counting coupled microsphere suspension 

Counting of beads was done using a Hycor glasstic 10 with grids 
slide (Kova®) and a microscope at 100x. 10 µL of diluted 1:10 
coupled bead suspension were added to the chamber. The 
suspension volume was adjusted in order to have a final 
concentration of 3,000 beads/µL. 
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8.3. Determination of IgG antibody levels 

The antigen-coupled microspheres were randomly selected to be 
analyzed in 5 sets. A microsphere color antigen-free was used as 
internal control in the assay included in each well. The microspheres 
were resuspended by vortex and sonication for 20 s. Working 
microsphere mixtures were prepared by diluting the coupled 
microsphere stocks to a final concentration of 3,000 microspheres of 
each set/well in PBS-BN. Filter plates (Millipore) were pre-wet with 
100 µL/well of PBS-BN and aspirated by vacuum manifold 
(Millipore). Aliquots of 50 µL of the working microsphere mixtures 
were transferred into the wells of the filter plate. 50 µL of diluted 
serum (1:100) were added to each well. Filter plates were covered 
to avoid the light, and then incubated for 35 min at room 
temperature (800 rpm) on a plate shaker. After aspirating the 
supernatant by vacuum manifold, two washes with 200 µL of PBS-BN 
were carried out. Microspheres were resuspended in 50 µL of PBS-
BN by gently pipetting up and down 5 times with a multi-channel 
pipettor. Diluted Phycoerythrin-anti IgG (1:5,000 in PBS-BN) was 
used as detection antibody. 50 µL of the diluted detection antibody 
were added into the appropriate wells of the filter plate. Filter plates 
were covered and incubated 35 min at room temperature on a plate 
shaker (800 rpm). Supernatant was aspirated by vacuum manifold. 
One wash with 200 µL of PBS-BN and aspirated by vacuum manifold 
was carried out. Finally, microspheres were resuspended in 100 µL 
of PBS-BN by gently pipetting up and down 5 times with a multi-
channel pipet. A sample of pooled human sera (PHS) was used as 
positive control and PBS was used as blank, both control positive 
and blank were run alongside the assay. Total volume per well was 
analyzed on the Luminex® analyzer according to the system manual. 
Measurements were performed in duplicate. 
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8.4. Statistical analysis of Luminex 

IgG levels were measured by Luminex®. Median Fluorescence 
Intensity values (MFI) were obtained for each single antigen-
antibody reaction. The internal control added per well was used to 
measure the non-specific binding. Measurements were carried out 
in duplicate. Quality control was done calculating the coefficient of 
variation (CV). Results were considered invalid if the CV was higher 
than 25%. Two groups were considered for the statistical analysis, 
those samples from children younger than 48 months (Group 1) and 
those from children older than 48 months.  Mann-Whitney U tests 
were performed to compare anti-pneumococcal antibody levels 
between the 2 groups of children and between vaccination status. In 
order to obtain pneumonia biomarkers, statistical analyses were 
adjusted according to the age and vaccination status. The p-values 
<0.05 were considered statistically significant. The statistical analysis 
was performed using the Statistical Package of Social Sciences 
version 21.0 for Windows (SPSS Inc., Chicago, II). 

E. METABOLITES  

1. Metabolite samples preparation 

Cell pellets were washed twice with PBS and finally suspended in 
lysis buffer (PBS and 30% sucrose). Mutanolysin was added (100 U, 
37 ºC) to disrupt bacterial cells. Metabolic quenching was achieved 
by the addition of ice-cold 50% methanol. Cell disruption was 
achieved by 6 cycles of sonication (20 s, 90% amplitude). After 7 min 
of centrifugation, cells were rapidly separated of the supernatant 
using 0.22 µm membrane filters (Millipore). Supernatant was 
ultracentrifuged (100,000 x g; 1.5 h, 4 ºC) and then metabolite 
samples were kept at -80 ºC before analysis. 
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2. Analysis of intracellular metabolites 

Intracellular metabolite samples were measured by LC-QTOF 
MS/MS analysis. An Agilent 1200 Series LC system (consisting of a 
binary pump, a vacuum degasser, an autosampler and a 
thermostated column compartment) coupled to an Agilent 6540 
UHD Accurate-Mass QTOF hybrid mass spectrometer equipped 
with dual electrospray (ESI) source (Santa Clara, CA, USA) was used. 
The chromatographic elution was monitored in high-resolution 
mode. Chromatographic separation was performed using a C18 
reverse-phase analytical column (Mediterranean, 50 mm x 0.46 mm 
i.d., 3 µm particle size, Teknokroma, Barcelona, Spain), which was 
thermostated at 25 °C. The mobile phases were 5% ACN (phase A) 
and 95% ACN (phase B) both with 0.1% formic acid as ionization 
agent. The LC pump was programmed with a flow rate of 0.8 
mL/min with the following elution gradient: 3% phase B was kept as 
initial mobile phase constant from min 0 to 1; from 3 to 100% of 
phase B from min 1 to 13. A 5-min post-time was set to equilibrate 
the initial conditions for the next analysis. The injection volume was 
3 µL and the injector needle was washed 10 times between 
injections with 80% methanol. Furthermore, the needle seat back 
was flushed for 10 s at a flow rate of 4 mL/min with 80% methanol to 
avoid cross contamination. 

The parameters of the electrospray ionization source, operating in 
negative and positive ionization mode, were as follows: the capillary 
and fragmentor voltage were set at ±3.5 kV and 175 V, respectively; 
N2 in the nebulizer was flowed at 40 psi; the flow rate and 
temperature of the N2 as drying gas were 8 L/min and 350  °C, 
respectively. The instrument was calibrated and tuned according to 
the procedures recommended by the manufacturer. MS and MS/MS 
data were collected in both polarities using the centroid mode at a 
rate of 2.6 spectrums per second in the extended dynamic range 
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mode (2GHz). Accurate mass spectra in auto MS/MS mode were 
acquired in MS m/z range 60-1,100 and MS/MS m/z range 60-1100. 
The instrument gave typical resolution 15,000 FWHM (Full Width at 
Half Maximum) at m/z 118.086255 and 30,000 FWHM at m/z 
922.009798. To assure the desired mass accuracy of recorded ions, 
continuous internal calibration was performed during analyses by 
using the signals at m/z 121.0509 (protonated purine) and m/z 
922.0098 [protonated hexakis (1H,1H,3H-tetrafluoropropoxy) 
phosphazine or HP-921] in positive ion mode; while in negative ion 
mode ions with m/z 119.0362 (proton abstracted purine) and m/z 
966.0007 (formate adduct of HP-921) were used. The auto MS/MS 
mode was configured with 2 maximum precursors per cycle and an 
exclusion window of 0.25 min after 2 consecutive selections of the 
same precursor. The collision energy selected was 20 V. 

F. BIOCHEMICAL TECHNIQUES 

1. Staphylococcal membrane vesicles (MVs) 
production 

MVs production was assesed for two staphylococcal clinical isolates 
and the reference strain S. aureus COL. MVs were collected as 
described by Gurung et al., 2011107 with minor modifications. 
Samples were cultured in triplicate (OD600= 0.9). Cells were 
removed by pelleting at 5,000 × g for 15 min. The supernatants 
were filtered through 0.22 µm membrane filters (Millipore) to 
remove cell debris. Supernatants were further ultracentrifuged at 
100,000 × g for 1.5 h at 4 ºC, in order to get MVs fraction. 
Membrane-derived vesicle samples were resuspended in PBS and 
were further concentrated by ultracentrifugation (100,000 × g, 1 h). 
The effect of rhodomyrtone treatment on MV production was 
determined by weighting air-dried MVs pellets. 
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2. MVs hemolytic assay 

Semi-quantitative hemolytic analysis was carried out as previously 
described by Thay et al., 2013175 with some modifications. 25 µL of 
5% sheep red blood cell suspension was mixed with 25 µL of MVs 
sample in 96-well microtiter plates. Aliquots of MVs were disrupted 
by 2 min sonication (25-s pulses; 60% amplitude) prior to being 
used in the hemolysis assay. Samples were incubated at 37 ºC for 1 
h, afterwards 150 µL of ice-cold PBS was added. Thereafter, the 96-
well plate was centrifuged at 400 × g, for 15 min at 4 ºC. Then, the 
hemolytic activity was evaluated by the release of hemoglobin 
measured with a spectrophotometer at 540 nm. 5% red blood 
suspension in saline solution was included as non-hemolytic control. 
The assay was conducted in triplicate. 

G. BIOINFORMATIC TOOLS 

1. BLAST against non-redundant (nr) protein database 

The algorithm basic local alignment search tool (BlastP) of the 
National Center for Biotechnology Information against the non-
redundant protein database (NCBI) 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&PAGE_T
YPE=BlastSearch&LINK_LOC=blasthome) was used for annotating 
those proteins identified on different strains to the reference. 

The identified proteins from pneumococcal experiments were 
annotated according to the reference strains S. pneumoniae R6 and 
TIGR4, while proteins identified from staphylococcal experiments 
were annotated according to the reference strain S. aureus COL. 
Such protein hits were considered those proteins with alignment 
values of e-value < 10-10 and identity ≥ 98%. 
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2. pI/MW Prediction 

Theoretical molecular weights and pI of the identified proteins were 
calculated using the Compute pI/MW of the ExPASY, Bioinformatics 
Resource Portal (http://www.expasy.org/proteomics).  

3. Prediction of transmembrane domains 

The prediction of transmembrane helixes of surface- exposed 
protein sequences was carried out using the HMMTOP 
(http://www.enzim.hu/hmmtop/html/adv_submit.html) and the 
TMHMM v2.0 algorithm (http://www.cbs.dtu.dk/services/TMHMM-
2.0/). Transmembrane protein display topology was performed with 
the web-based TOPO2 software (http://www.sacs.ucsf.edu/cgi-
bin/open-topo2.py).  

4. Subcellular location prediction 

Sub-cellular location (SCL) of pneumococcal and staphylococcal 
proteins as well as the statistically different genes from the 
transcriptome analysis were predicted by LocateP algorithm in 
which our reference strains are completely annotated, further it is 
able to distinguish 7 different SCL within Gram-positive bacteria: 
intracellular, multi-transmembrane, N-terminally membrane 
anchored, C-terminally membrane anchored, lipid-anchored, 
LPxTG-type cell wall anchored, and secreted/released proteins176 
and by the Psortb algorithm (http://www.psort.org/psortb/).  Signal 
peptide was confirmed by two algorithms, Signal P 
4.1(http://www.cbs.dtu.dk/services/SignalP/) for those type-I signal 
peptides (i.e. those proteins containing only a cleavable type-I signal 
peptide as featured sequence were classed as secreted) and LipoP 
1.0 (http://www.cbs.dtu.dk/services/LipoP/) for identifying type-II 
signal peptides, which are characteristic of lipoproteins.  
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5. Functional analysis 

Functional analysis was carried out using the BLAST2GO software. 
Settings such as the Gene Onthology (GO), InterPRO annotation 
and pathways from The Kyoto Encyclopedia of Genes and Genomes 
(KEGG) were used to decipher the molecular interactions. 
Annotation was performed using the following settings: e-value hit 
filter 10-6 , annotation cut off of 60, GO weigth of 10.  Combined 
graphs were carried out using sequence filter of two, coloured by 
node score, score alpha of 0.6, and node score filter of 1. Using 
these set parameters, three cathegories (i.e. biological process, 
molecular function and cellular component) where explored. 

6. Vaccine candidates prediction and protein 
interactions  

In silico prediction of protein vaccine candidates was done using the 
protein vaccine design server Jenner-Predict which is based on 
protein location prediction, topology prediction, pfam 
domain/family prediction. Furthermore, conservation in different 
strains, known epitopes mapping and human homolog search were 
also considered to be in silico explored  
(http://14.139.240.55/vaccine/job_submission.html). Direct (physic) 
and indirect (functional) interactions among protein vaccine 
candidates (PVCs) were assessed by String 10 which quantitatively 
integrates interaction data (http://string-db.org). 

7. Data processing and statistical analysis of 
metabolome 

MassHunter Workstation software (version 5.00 Qualitative Analysis, 
Agilent Technologies, Santa Clara, CA, USA) was used to process all 
data obtained by LC-QTOF in auto MS/MS mode. The MS/MS 
METLIN Personal Compound and Database Library (PCDL) were 
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used to identify compounds using both MS and MS/MS information 
to assure metabolite identification. To identify compounds with no 
MS/MS information in the METLIN Database, MetaCyc database, the 
Human and Metabolome Database (HMDB) and in the MassBank 
database have been used. After identification, a database was 
created with all compounds identified and launched to integrate 
their area in each sample. Principal component analysis (PCA) was 
carried out by the NIA array analysis tool using the default settings: a 
false discovery rate threshold (FDR) of 0.05, a covariance matrix 
type, 2- fold change threshold and correlation threshold of 0.7 
(http://lgsun.grc.nia.nih.gov/ANOVA/). 
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1 Screening of protein antigens as vaccine candidates 
against Staphylococus aureus 

1.1 Population study and growth conditions 

For this study, 18 clinical isolates of S. aureus were provided by the 
Microbiology and Infectious Diseases Department from Hospital 
Reina Sofía, Córdoba. 50% corresponded to methicillin- resistant 
strains isolated from patients suffering septic shock syndrome and 
the other 50% were methicillin- sensitive strains.  

1.2 Serotype distribution of Staphylococcus aureus 

Multilocus sequence typing (MLST) has been developed for the 
identification of the hypervirulent lineages of pathogenic bacteria 
such as Neisseria meningitis, S. pneumoniae  and S. aureus130,177,178. 
In this study, a MLST pattern was generated for the 18 S. aureus 
clinical isolates to identify already established clones. Nine different 
allelic profiles were identified (Table 1), 3 clonal lineages were 
represented by at least two isolates (Figure 1). The most 
predominant genotypes were the ST146 and the ST398, found in 4 
and 3 out of 18 isolates, respectively.  The ST146 was not identified 
in the MSSA clinical isolates, however it was represented only in 4 
out of 9 of the MRSA isolates. Methicillin- resistant clinical isolates 
displayed 4 different allelic profiles. The ST125 was identified in 2 
out of 9 isolates while the ST398 was identified in 2 out of 9 isolates 
but it was also identified in one MSSA clinical isolate. In regard to 
the multilocus sequence type of MSSA strains, 4 out of 9 were not 
determined because the identified allelic combination was not 
associated with any sequence type from the MLST web server. For 
the remaining 5 isolates, five different genotypes were identified 
(Table 1).  Clones of MSSA and MRSA have been identified from 
patients with serious community-acquired and hospital-acquired 
infections by this technique17,179. 
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Figure 1. Dendrogram showing the genetic relationship of the 18 S. aureus isolates. 
The STs represented in multiple isolates are shown by the open rectangles and are 
labeled on the left with the ST number. 9 methicillin- sensitive and 9 methicillin- 
resistant clinical isolates are indicated such as MSSA or MRSA and the 
corresponding number, respectively. 

Other studies have characterized MSSA and MRSA isolates6,180. 
However, in general terms for this study, the identification of MSSA 
and MRSA clinical isolates were indistinguishable by MLST. 
Similarities among MRSA and MSSA strains were found. The close 
similarity among the MSSA clones was identified in six clinical 
isolates corresponding to the STs 194 and 5. It could be explained 
because genotypes with the same allelic profile are very closely 
related. It is unclear whether some MSSA clones that are circulating 
within the community (or in hospital) have a particular ability to 
cause serious infections (hypervirulent clones) and have an 
international distribution. The acquisition of the methicillin 
resistance cassette (mec) by horizontal gene transfer into new MSSA 
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lineages could explain the fact to find similar allelic profiles among 
the MRSA and MSSA strains130. Several studies have been carried 
out in order to establish a relationship between pathogenicity and 
MLST profiles. The ST5 has been related to MRSA strains181 and it is 
a genotype wideworld distributed, frequently identified in isolates 
from patients of countries such as China and Brasil. However in this 
study the unique isolate identified as ST5 corresponded to one of 
the MSSA strains which had been previously described182. 

Table 1. MRSA and MSSA allelic profiles  identified by MLST from 
a collection of clinical isolates 
    Allelic profile   
No. Clinical isolate arcC aroE glpF gmk pta tpi yqil ST 

1 MRSA1 1 43 1 4 12 1 10 146 
2 MRSA2 1 43 1 4 12 1 10 146 
3 MRSA3 1 43 1 4 12 1 10 146 
4 MRSA4 1 43 1 4 12 1 10 146 
5 MRSA5 7 6 1 5 8 8 6 22 
6 MRSA6 3 35 19 2 20 26 39 398 
7 MRSA7 3 35 19 2 20 26 39 398 
8 MRSA8 1 4 1 4 12 1 54 125 
9 MRSA9 1 4 1 4 12 1 54 125 

10 MSSA2 13 13 1 1 12 11 13 15 
11 MSSA3 10 14 8 6 10 3 2 45 
12 MSSA6 1 43 1 4 12 1 1 194 
13 MSSA8 3 35 19 2 20 26 39 398 
14 MSSA9 1 4 1 4 12 1 10 5 

 

Despite it has been described a correlation between the resistance 
to antibiotics and the genotype associated to infections181, in this 
study the allelic profile was indistinguishable. Some genotypes such 
as the ST398 were identified in both MRSA and MSSA strains. This 
genotype has been associated with animal contact contributing to 
the dissemination of certain strains in the community- acquired 
infections. Similarly, workers of the health care system  may 
contribute to the dissemination of these kind of diseases in the 
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community183. Although some studies did not find that MRSA 
genotypes differ in their ability to cause invasive infections, others 
did184, thereby indicating a possible relationship between certain 
MRSA clones and some virulence factors. Furthermore, certain 
clones might have an independent relationship with mortality185. 
Several studies have identified the ST30 as one of the most 
prevalent genotypes around the world181,182,. However, in this study 
the ST146 was the most prevalent genotype for this subset of 
Spanish clinical isolates which corresponded to MRSA strains, 
although this fact has to be confirmed with a wider collection of 
clinical isolates. 

1.3 Surface- exposed proteins and their potential as vaccine 

candidates 

Proteomics and immunoproteomics tools have been applied for the 
discovery of new antigens as vaccines186,187. Some pathogens may 
alter the capsular antigen expression causing non-vaccine serotype 
replacement34. To this regard, conserved surface- exposed proteins 
may offer a wide coverage protection. For this study, the surface 
proteome of 18 clinical isolates was obtained by surface tryptic 
digestion. The MS analysis resulted in the identification of 103 
surface- exposed proteins, of which 64 were identified in the COL 
strain while the other 39 were identified among 9 different strains, 
such as MRSA252, Mu50, RF122, and USA300 (Table 2). From these 
103 surface- exposed proteins, 31.1% have an LPXTG motif for 
covalent cell wall attachment, 28.2% were predicted to be secreted 
proteins via Sec-pathway188, 33% were predicted to be attached to 
the membrane, 16 of these proteins by one TMD and the remaining 
18 by more than one trans-membrane domains. Finally 7.8% were 
identified as lipoproteins. As a result of the predominant protein 
identification in S. aureus COL (Table 3), the pansurfome was 
represented according this reference strain.   
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The identified proteins described only the 8.1% of the surface-
exposed proteins annotated for S. aureus COL. However, the 
“shaving” approach is an useful strategy for the screening of 
exposed molecules because 12 out of 16 cell wall proteins were 
identified through this approach. This fact could be because this 
class of proteins represents the most surface-exposed portion of the 
surfaceome189. Likewise, 18 out of 49 secreted proteins were 
identified. Interestingly, proteins such as SACOL0118, SACOL0127 
and SACOL1610 predicted as cytoplasmic proteins by LocateP were 
predicted to be secreted by SignalP. In the case of membrane 
proteins only 3.9% was identified. The low rate for the membrane- 
exposed proteins identification can be explained by the fact that 
proteins with some TMD are more embedded in the bacterial 
surface and are therefore less exposed and less accesible to 
proteases190. On the other hand, membrane proteins are less 
abundant compared to other classes of proteins. Another factor to 
be considered when the “shaving” approach is applied, is the 
identification of cytoplasmic proteins because of the release of inner 
cellular content to the extracelular milieu147. However, this study is 
focused exclusively on the surfaceome because it is assumed that 
the surface-exposed proteins have the highest chances to interact 
with host cells triggering an immune response.  

In this study, the shaving procedure was used for the identification 
and selection of the most predominant surface protein antigens in 
the staphylococcal strains with different genetic backgrounds. 

Table 3. Summary of identified surface proteins in S. aureus clinical isolates 
regarding  S. aureus COL reference strain 

Protein category 
# Identified 

proteins 
# Predicted proteins in  
S. aureus COL genome 

Identified/ predicted 
 (%) 

Cell wall 12 16 75 
Membrane (1TMD) 14 160 8.9 
Membrane (> 1TMD) 12 503 2.4 
Secretory 18 49 36.7 
Lipoproteins  8 62 12.9 
 

!
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Predominant antigens were considered those identified in at least 
50% of the clinical isolates. None protein antigen was identified in 
the overall collection of clinical isolates but three proteins (i.e. 
SACOL0095, SAV011 and SACOL1062) were identified in 17 out of 
18 clinical isolates (Table 4). In vitro protein selection has 
demonstrated that some these protein antigens are 
immunoreactive120. 25 surface proteins composed the subset of 
antigens considered for further in silico analysis to assess their 
potential as vaccine candidates. At least 50% of those most 
abundant antigens belong of the multifunctional ‘microbial surface  
components recognizing adhesive matrix molecules’ (MSCRAMMs). 
Such molecules are anchored to the cell wall peptidoglycan, and 
recognize and bind to human extracelular matrix components such 
as fibrinogen or elastin191. The pathogenicity of some of these 
antigens has been previously assesed78,192,193. In this study, protein 
interactions among these surface- exposed proteins were evaluated 
by the Search Tool for the Retrieval of Interacting Genes (STRING) 
database. An interaction network was created for these 25 protein 
antigens. 13 antigens displayed strong associations. A second 
network was performed using the Kmean analysis with 15 protein 
clusters. Strong protein interactions were found in 5 out of 15 
analyzed clusters (Figure 2). Bonferroni test was applied for the 
selection of those statistically significant interactions (p< 0.05). 
According to the Gene Ontology, three categories were evaluated, 
no molecular function term was statistically significant, while 8 
biological processes terms (Table 5) and 6 celular components 
terms were identified. The main three biological processes were 
involved in nucleotide and nucleoside catabolic processes as well as 
cell adhesion (GO:0009166, GO:1901292 and GO:0007155, 
respectively). In regard to the subcellular location, as expected, the 
main GO term involved the extracelular region (GO:0005576) 
(Figure 3).  
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Figure 2. Network of protein interactions. A) Interactions of 25 staphylococcal 
proteins were assessed by STRING. Solid blue lines indicate the association among 
antigens. B)  Interaction of 25 staphylococcal antigens after the Kmeans analysis. 
Solid blue lines indicate strong interactions of staphylococcal antigens. 

 

In silico bioinformatic analyses may contribute to a better selection 
of vaccine candidates194. Abundant information about the structure 
and composition of proteins antigens is required to improve the 
vaccine design. Because of this, protein families were investigated in 
order to identify characteristic regions among this subset or 
antigens. Five protein families were found to be statistically 
significant.  
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The most statistically significant families (PF04650, PF02872 and 
PF00746) included proteins which possess the YSIRK type signal 
peptide, 5’ nucleotidase activity in the C-terminal domain or 
possesing a Gram-positive anchor. These families have been 
previously related with the patogenicity of S. aureus in humans195,196. 
Data information was confirmed by the functional analysis carried 

!
   BP: Biological process; CC: Cellular protein. 

!
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out through the InterPro (EMBL-EBI) which identifed those families 
previously described and provided other 7 GO terms that describe 
the subset being studied. GO terms such as IPR01266, IPR008966 
and IPR011252 represent fibrinogen-binding and adhesion 
domains. Such domains are constituents of some proteins 
encompassed in the MSCRAMMs100. The enrichment of pathways 
based on the KEGG was assessed by displaying the bacterial 
invassion of epithelial cells (GO:05100) as the only statistically 
significant identified pathway involving 2 genes after the Bonferroni 
correction. Staphylococcal protein antigens were analyzed by the 
Jenner predicter service to select those surface proteins with 
potential as vaccine candidates. 12 out of 25 proteins were 
predicted as possible vaccine candidates (Table 6). 

 However some factors have to be taken into account to decide in 
silico which of these potential antigens are promising candidates to 
be tested experimentally. T- cell epitopes were found only in two 
proteins predicted as cell wall-anchored proteins (SACOL0024 and 
SAR2580), 7 out of 12 possessed recognition sequences to B-cells of 
which SACOL1522 and SACOL0024 own a single type of sequence, 
SACOL1062 own two repeated recognition sequences while the 
remaining  4 antigens display >100 epitopes from the immune 
epitope database (IEDB) of variable lenghts of more than 40 non- 
overlapping sequences. The absence of homology with the human 
proteome must be considered. To this regard, 2 antigens (i.e. 
SACOL0095 and SACOL0024) presented alignment with one 
different human protein while 4 staphylococcal antigens presented 
alignment (35% identity) with more than 10 human proteins in 80 
amino acid lentgh (Table 6). 
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Figure 3. Networks of functional enrichment analysis. The most statistically 
significant terms are displayed according to 4 categories: Biological process (BP), 
Cellular component (CC), Protein families (Pfam) and InterPRO analysis. BP1 and 
BP2 indicate proteins that participate in the nucleotide and nucleoside catabolic 
process; CC1, CC2 and CC3, indicate terms of extracellular proteins mainly those 
cell wall- anchored proteins. Finally, Pfam1/InterPRO1, InterPRO2, 
Pfam2/InterPRO3 and Pfam3 highlight  YSIRK sequence, 5´-nucleotidase family and 
the Gram-positive anchor, respectively. Red circles indicate the protein antigens of 
each term. 
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Although staphylococcal infections fail to induce protective 
responses, prior infection with certain attenuated strains may elicit 
protective immunity in animal models197. Reverse vaccinology allows 
to predict B- and T-cell epitope candidates as well as detection of 
epitopes to stimulate both B- and/or T-cell mediated immunity and 
detection of those conserved among the different S. aureus 
genomes. The protection against S. aureus infections seems to 
require antibody responses to the wide repertoire of antigens/ 
virulence factors198. 12 protein antigens predicted as potential 
vaccine candidates were conserved in more than ten S. aureus 
genomes being two cell wall proteins (i.e. SACOL0609 and 
SACOL0610) identified in 15 genomes of the NCBI GenBank (Table 
6).  
The best candidate to be selected in silico for further experiments 
must enclose a vast majority of typical features involved in the 
development of a good vaccine. To this regard, the surface-exposed 
protein SACOL0024 from the 5’- nucleotidase family is suggested to 
be experimentally tested in animal models of infection because B- 
and T-cell epitopes were predicted. Moreover, this antigen is highly 
conserved throughout 14 S. aureus genomes. On the other hand, it 
was identified as homologous of only one fragment (CD73) of the 
Q5JRQ1 human protein. The 5’-nucleotidase activity contributes to 
evade clearance by the host immune system of this life-threatening 
bacterium although protection from staphylococcal strains still 
remains unknown195. Other candidates to consider are SACOL1522 
and the bifunctional autolisyn (SACOL1062) which was previously 
identified from shaving approach and also suggested as vaccine 
candidate199. However, recognition sequences to T cells were not 
identified from these antigens. Through this proteomic approach it 
was possible to identify and select potential vaccine candidates 
against infections caused by both MSSA and MRSA.  
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However, it is worth mentioning that immunoproteomics based 
approaches may contribute in the selection of more S. aureus 
vaccine candidates.  

 1.4 Immunoproteomics applied to the screening of vaccine 

antigens 

In this study, immunoproteomics was applied to search for 
immunoreactive proteins. Staphylococcal proteins were recovered 
from two different cellular fractions (i.e. cellular proteins and 
secreted proteins) of 18 clinical isolates. Gels were stained with 
Coomassie brilliant blue in order to select those proteins with high 
chances to be identified by MALDI-TOF MS. The distribution of 
major protein spots in both protein fractions was markedly different. 
Immunoreactivity of staphylococcal proteins was assessed by 2D-
Western blotting analysis with human sera from both staphylococcal 
infected (n=2) and healthy children (n=2) (Figure 1S). Those 
immunoreactive proteins recognized by the infected children sera 
but not by the healthy children sera were considered in the analysis 
to decide their potential as vaccine candidates. Proteins to be 
considered for further identification were those whose recognition 
remained constant by the total sera samples of each biological 
condition.

!
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 Moreover, those proteins were different after comparison between 
the healthy and infected groups. Proteins recognized by antibodies 
from both the healthy and the infected children ranged from 4 to 24.  
Protein recognition by healthy children sera may be explained by 
the fact that anti-staphylococcal antibodies are developed probably 
because the staphylococcal carriage or because previous 
encounters either with this pathogenic bacteria or with a close- 
related strain triggering specific antibody response200. 
Unfortunately, the staphylococcal carriage in the healthy children 
was not assessed in this study. The susceptibility to methicillin was 
not taken into account for this analysis because the sequence type 
of the staphylococcal strains were not identified as specific of each 
MSSA or MRSA strains. To this regard, 7 immunoreactive proteins 
were succesfully identified by MALDI-TOF MS, 4 were recognized by 
the infected patient sera from the cellular protein extract and 3 from 
the secretion protein content  (Table 7). The subcellular location 
prediction was assessed by the LocateP algorithm and confirmed by 
Psortb. 6 out of 7 immunogenic proteins were identified as 
cytoplasmic proteins and 1 out of 7 was described as both 
cytoplasmic and cell wall- anchored protein. As it was expected such 
subcellular location prediction may describe the cellular content 
fraction. 

 
However, in regard to the secretome fraction such locations seem to 
describe another cellular fraction but the presence of cytoplasmic 
proteins in the secreted fraction may be explained by cell lysis or by

!
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mechanical cell disruption during the experimental procedure201. 
The functional analysis of these staphylococcal antigens described 
primary metabolic processes such as cell division, glycolytic process 
and even pathogenic process (SACOL0842). The protein interactive 
network revealed that the protein antigen SACOL2173 was not 
related with other immunogenic staphylococcal antigens identified 
in this study. The main family identified in this protein sequence is 
the DUF322 which is related to cell envelope functions. Asp23 is 
one of the most abundant proteins in the cytosolic protein fraction 
and is related to the staphylococcal cell membrane. Deletion of this 
protein leads to upregulation of cell wall stress genes in S. aureus202. 
For the remaining immunogenic proteins, Eno was the main node 
associated with other immunogenic proteins identified in this study 
such as SACOL1722, SACOL0840 and SACOL0594 (Figure 4). 

!
Figure 4.! Interactive Network of immunogenic staphylococcal antigens. Protein 
network was created for those protein antigens identified by infected children sera 
but not by healthy children sera from both cellular extract and secreted protein 
extract. Pink sphere represents Eno protein as fixed node for stablishing protein 
interactions. 
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Because of the multiple functions in which this protein is involved, 
Eno could be a promising drug target. Its protective capacity was 
assessed in mice using a recombinant antigen displaying high titers 
of specific antibodies as well as opsonization activity was evaluated 
for a subset of anchored- less cell wall proteins in which this antigen 
was included186. To this regard, the combination of proteomics- and 
immunoproteomics- driven  techniques  may  contribute to the 
screening of protein antigens as potential vaccine candidates to 
develop new formulations against staphylococcal burden in the 
population preventing carriage and avoiding infections caused by 
this pathogen. 
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2 Definition of MRSA “pan-surfome” as source of 
surface protein antigens 

2.1 Study population 

58 samples of MRSA were provided by the Spanish Network 
Research in Infectious Diseases (REIPI). Bacterial strains were 
isolated from patients with diverse clinical conditions that included 
endocarditis (31%), catheter-related bacteremia (31%), skin and soft 
tissue infections (13.8%),  respiratory tract infections (8.6%), others 
(12.2%) and in 3.4% of the patients the source of infection was not 
specified. Overall,  54 (93.2%) of the 58 isolates  were collected from 
blood, of  wich 27 (50%) were collected from patients with recurrent 
bacteremia and 28 (48.3%) isolates were drawn  from  subjects who 
had   a fatal outcome. 

2.2 Culture in vitro of Staphylococcus aureus clinical isolates 

Staphylococcal strains were cultured in TSB at 37ºC. For our 
collection the mid-exponential phase was established at OD600= 
0.45. As expected, although 1x106 CFU were inoculated of each 
clinical isolate samples were collected at different time points 
(Figure 1). 
 

2.3 Surface digestion of staphylococcal clinical isolates 

Surface proteins are potential targets for drugs, prognostic 
biomarker or vaccine development, as they have the highest 
chances to interact with the immune system73,203. In this study, we 
defined the “surfome” of 58 clinical isolates after bacterial digestion 
with trypsin. This proteomic strategy has been previously applied to 
define the “pan-surfome” (i.e. the overall surface protein content 
found in the whole collection of several pathogenic 
microorganisms)34. The established criteria for peptide quality was 
based on an strict FDR value of 0.01 and a relaxed FDR value of 0.05 
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for high and medium peptide confidence, respectively. To this 
regard, protein species identified by only one peptide were also 
considered. 

  

!
Figure 1. Growth curves of staphylococcal clinical isolates. 58 samples were 
randomly distributed into three groups (A, B, C) to show bacterial growth. Red 
dotted line indicates the mid-log value. The strain with stunted growth is drawn in 
orange. 

An average of 520 proteins were identified per isolate. Mucous 
strands were observed in some cell pellets of a few strains, which 
experimentally was related to a low digestion rate probably because 
trypsin was not able to access the cell surface avoiding the release 
of digested peptides. One concern of this proteomic approach is 
the presence of cytoplasmic proteins, which have been previously 
identified from surfome analysis. Several hypotheses involve cell 
disruption by either mechanical manipulation during the enzymatic 
digestion procedure or autolysis because fratricide may be 
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committed by several pathogens95. Less than 2% of autolysis is 
enough to contaminate surfome samples with cytoplasmic 
content204,205. In any case, the inner content is released out of the 
cells and thus proteins are identified in surfome preparations. In this 
study the average of cytoplasmic proteins per isolate was 50% which 
were not considered for further analysis. 
 
The global staphylococcal “pan-surfome” included 147 proteins 
identified from the whole collection of clinical isolates (Table 1), of 
which 23 corresponded to cell wall protein category, 28 proteins 
were theoretically secreted. 47.6% were predicted as membrane 
proteins of which 42 possess one TMD and 28 more than one TMD. 
Trans-membrane helixes were not found by either TMHMM or 
HMMtop in five proteins previously predicted as membrane 
proteins by LocateP algorithm. Both algorithms predict those 
proteins as secreted type-I signal peptide proteins. Finally, 21 
proteins were predicted as lipoproteins.  

In agreement with the S. aureus COL genome annotation, the pan-
surfome previously mentioned described 93.8% of cell wall proteins 
(15 out of 16 predicted in the S. aureus COL genome), 9.1% 
membrane proteins (60 out of 663), 42.9% secreted proteins (21 out 
of 49) and 27.4% of lipoproteins (17 out of 62) (Table 2). 34 proteins 
were annotated according to other Staphylococcus aureus strains 
different to S. aureus COL. Taking into account that the S. aureus 
genus genome encodes around 25% of membrane proteins, this 
makes the probability to identify these proteins in experimental 
assay increases.  However, the fact to be embedded into the 
cytoplasmic membrane makes them less accessible to the trypsin 
action201, 206,. In regard to cell wall proteins, as expected, the 
identified proteins defined 93.8%  of the cell wall proteins of S. 
aureus COL considering these proteins are those most protruding 
and exposed on the surface34.  
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According to the topology of identified regions experimentally 
(Figure 2S) those proteins with one TMD were mostly identified by 
“shaving” of living cells, probably because their large surface 
exposed-domains. For most of the membrane proteins, peptides 
identified by LC/MS/MS analysis corresponded to domains localized 
on the extracellular side. However, discrepancies in the topology for 
some proteins were found when the identified peptides fell into 
theoretical cytoplasmic domains (Figure 2S and 2) because 
sometimes algorithms fail to predict correctly the protein 
topology136,199. 

 

2.4 Surface proteins as vaccine candidates 

Surface proteins are considered as potential vaccine candidates 
because the subcellular location makes more accessible the host-
pathogen interaction, triggering immunogenic responses201. 
Currently, reverse vaccinology has been widely used to predict 
protective and broadly cross- reactive vaccine candidates against 
several pathogens138,207,208. The staphylococcal “pan-surfome” was 
obtained experimentally from a clinical isolate collection of 
methicillin- resistant strains applying a tryptic digestion to obtain 
those surface-exposed proteins. The first criterium to select vaccine 
candidates was to define those antigens identified at least in 50% of 
such collection. 18 out of 147 surface- exposed proteins were 
considered for further bioinformatic analysis (Table 3).  

 

Table 2. Summary of identified surface proteins in S. aureus clinical isolates 
regarding   S. aureus COL reference strain 

Protein category 
# Identified 

proteins 
# Predicted proteins in  
S. aureus COL genome 

Identified/ predicted 
 (%) 

Cell wall 15 16 93.8 
Membrane (1TMD) 47 160 29.4 
Membrane (> 1TMD) 28 503 5.6 
Secretory 22 49 44.9 
Lipoproteins 18 62 29.0 
 

!
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Figure 2. Topology of membrane– exposed proteins identified in more than 50% of 
clinical isolates from a MRSA collection. A) Membrane proteins with only one trans-
membrane domain (TMD). B) Membrane proteins with more than one trans-
membrane domains (>1 TMD). Peptides identified by LC-MS/MS are shown in 
orange. 

The vaccine candidate subset encompassed 2 cell wall proteins, 5 
secretory proteins, only 2 lipoproteins whose signal peptide type II 
was confirmed by lipoP algorithm, and 9 membrane proteins; 6 out 
of 9 possess 1 TMD and 3 were multi-membrane proteins (>1 TMD). 
The protein distribution along the cytoplasmic membrane is 
important because proteins with >1 TMD have been associated with 
a high probability of failure to express by DNA recombinant 
techniques209. To this regard, 6 out of 9 membrane candidates 
theoretically may be expressed on experimental assays because 
they possess only one trans-membrane domain being considered as 
PVCs against methicillin–resistant S. aureus  (Figure 2A). 
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The knowledge of host pathogen interactions related to bacterial 
pathogenesis could be used to improve the vaccine candidate 
prediction208. The interactive network of our 18 most predominant 
antigens was assessed using the Search Tool for the Retrieval of 
Interacting Genes (STRING) database. After the automatic addition 
of nodes (Shown as white nodes) to expand interacting partners, 
strong associations were observed in three cluster networks (Figure 
3A), of which one displayed a high number of interactions using a 
highly stringent threshold of 0.9 confidence score. Such obtained 
networks were analyzed for the enrichment of pathways based on 
KEGG database, displaying four functional modules. The Gene 
Ontology terms identified with p< 0.05 after Bonferroni correction 
corresponded to “Fructose and mannose metabolism” 
(GO:0000051), “beta- lactam resistance (GO:0000312), and 
“Phosphotransferase system (PTS)” (GO:0002060) involving 5 genes 

Table 3. Surface proteins identified in >50% clinical isolates by "shaving" 
staphylococcal cells followed by LC/MS/MS analysis 

No. Locus Protein name Location # Isolates 
1 SACOL1062 bifunctional autolysin Secretory 53/58 
2 SACOL1490 penicillin-binding protein 2 Membrane 33/58 
3 SACOL2291 staphyloxanthin biosynthesis protein Secretory 57/58 
4 SACOL0610 sdrE protein Cell Wall 41/58 
5 SACOL2412 amino acid ABC transporter, amino 

acid-binding protein 
Lipoprotei
n 

40/58 

6 SACOL0024 5'-nucleotidase family protein Cell Wall 40/58 
7 SACOL0033 penicillin-binding protein 2' Membrane 38/58 
8 SACOL2584 immunodominant antigen A Membrane 56/58 
9 SACOL2088 sceD protein, putative Secretory 49/58 

10 SACOL2365 hypothetical protein Lipoprotei
n 

48/58 
11 SACOL0778 sulfatase family protein Membrane 41/58 
12 NWMN_066

9 
fructose specific permease Membrane 39/58 

13 SACOL0742 hypothetical protein Membrane 37/58 
14 SACOL0669 hypothetical protein Secretory 34/58 
15 SACOL0555 cell division protein FtsH, putative Membrane 34/58 
16 SACOL0969 signal peptidase IB Membrane 34/58 
17 SACOL0263 peptidoglycan hydrolase Secretory 32/58 
18 SACOL0985 surface protein, putative Membrane 32/58 
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and the last two GO terms 4, respectively. The most significative 
identified GO term involved 6 genes, containing components of the 
peptidoglycan biosynthesis (Figure 3B). This analysis was performed 
for a better understanding of those protein antigens evaluated as 
potential vaccine candidates suggesting in a near future as part of 
multi-subunit vaccine formulations.  

!
Figure 3.! Interactive protein antigen network . A) Interplay of 18 staphylococcal 
antigens, blue lines show strong interaction among the antigens. B) Enrichment 
pathway KEGG- based analysis, four functional modules (i- iv) p< 0.05 are 
displayed; white nodes were included to expand interacting partners. 
 

Recently, an approach combining immunoinformatics tools was 
implemented to identify vaccine candidates in a less time-
consuming and less-expensive way in E. coli208. In our study, the 
subset of vaccine candidates was bioinformatically explored to 
predict the vaccine potential of PVCs. T-cell epitopes were 
predicted by the IEDB Analysis resource while continues B-cell 
epitopes were predicted by the BcePerd Prediction Server, in which 
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several methods were considered (i.e. the protein accessibility, 
surface exposure and antigenic propensity), such epitopes are 
specific regions of an antigenic surface protein. Recognized regions 
for T- cells were identified for 18 protein antigens in a range of 2 to 
41 corresponding to SACOL0985 and SACOL1062, respectively. In 
regard to B-cell epitopes, 18 predominant antigens possess 
accessible regions for B-cells according to the method described by 
Janin and Wodak210. 4 out of 18 displayed epitopes when the 
method described by Kolaskar et al.211 and Emini et al.212 were used 
in which antigenic propensity and exposure of surface residues were 
evaluated, respectively (Table 4). The residues of each amino acid 
were evaluated and only 1 residue, the valine 1042-positioned of 
SACOL1062 was showed as epitope with score >2 when the 
previous criteria were  combined. 

Table 4. B-cell and T-cell epitopes of  surface- exposed proteins predicted in silico. 

  B-cell epitopes T-cell epitopes 

No. Locus Accesibility 
Surface 

exposure 
Antigenic 

propensity 
# predictive 

peptide  
Top 

epitope 
Overall 
score 

1 SACOL1062 5 0 0 41 QIDKSIYLY 
 

3.9323 
 2 SACOL1490 26 0 0 24 FYEHGALD

Y 
 

2.7032 
 3 SACOL2291 8 0 0 20 ASEQDNY

GY 
 

4.2242 
4.2242 

 
4 SACOL0610 30 0 0 30 FTDLDNGN

Y 
 

5.1251 
 5 SACOL2412 10 0 0 6 GTFNDSLS

Y 
 

3.1011 
 6 SACOL0024 34 17 13 13 ISDSIRVYY 

 
4.9083 

 7 SACOL0033 27 0 0 21 SYDVYPFM
Y 
 

3.8993 
 8 SACOL2584 9 0 0 6 FSNVAGAD

Y 
 

3.4958 
 9 SACOL2088 9 0 0 7 PTSGAAGK

Y 
 

3.0242 
 10 SACOL2365 4 0 0 4 KSSYVAPYY 

 
3.5002 

 11 SACOL0778 21 15 15 24 KSDVMHG
DY 
 

5.2124 
 12 NWMN_066

9 
18 11 14 9 SSKQSNEP

Y 
 

2.9339 
 13 SACOL0742 3 0 0 4 NTASDVKE

Y 
 

2.0817 
 14 SACOL0669 6 0 0 11 LTKYKNPM

Y 
 

3.1233 
 15 SACOL0555 23 0 0 5 DSEFNDGK

F 
 

1.3508 
 16 SACOL0969 8 0 0 2 KQDEPYLN

Y 
 

2.9461 
 17 SACOL0263 10 2 6 20 QSQQHIN

QY 
 

3.6015 
 18 SACOL0985 6 0 0 2 EVDLKKDS

Y 
 

2.6711 
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To assure  the potency of our vaccine candidates, the subset of 
staphylococcal antigens was evaluated by the Jenner-Predict server. 
7 out of 18 vaccine candidates were considered as potential PVCs. 
The PVCs rank was based on possible immunogenicity, absence of 
autoimmunity, and conservation across different pathogenic and 
non-pathogenic strains of the same bacteria. To this regard, proteins 
identified in a high number of clinical isolates offer higher chances 
when lack of homology in humans and possess recognition 
epitopes on B or T cells (Table 5).  

Table 5. Surface proteins identified as potential vaccine 
candidates (PVCs) by Jenner- predict server. 
Rank Locus IEDB Human homolog Conserved in bacteria 

1 SACOL1062 1 0 14/15 
2 SACOL1490 2 0 14/15 
3 SACOL2291 0 0 14/15 
4 SACOL0610 0 0 14/15 
5 SACOL2412 0 0 14/15 
6 SACOL0024 2 1 14/15 
7 SACOL0033 3 2 10/10 

 

According to Pfam 25 families were identified for 15 out of 18 
antigens. Protein families were not assigned for 3 out of 18 protein 
antigens. Such families were associated with 14 clan codes (Table 6), 
of which some domains have been related to immunogenicity (i.e. 
CL0386, superantigen toxins; CL0013, serine β- lactamase- like 
superfamily and CL0287, collagen- binding surface protein). Some 
protein  families identified in this study have previously been 
associated with bacterial pathogenicity213-216. Beside the use as 
vaccines, these surface proteins may be used as drug targets. 

The protein composition was evaluated, the analysis revealed that 
39% of our most predominant antigens are rich in lysine.  
Tryptophan and cysteine were less abundant amino acids in this 
subset (Figure S3). In regard to the secretory proteins that 
encompass the most predominant antigens subset (5 out of 18), 4 
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proteins are rich in alanine (6.5 – 16.5%) although this amino acid is 
not the major component (Figure 4). For this group proline ranged 
from 1.8% to 4.9%. The amino acid composition was assessed as it 
has been related to immunogenicity. Proline and alanine enriched 
secreted proteins have been associated with higher immunogenic 
properties217. To this regard these 4 PVCs may trigger a strong 
specific seroresponse against MRSA acquisition because are 
enriched in these amino acids.  

 
Figure 4. Amino acid composition of most predominants secretory proteins. The 
amino acid composition of 5 secretory proteins was evaluated, amino acids are 
indicated by the standard nomenclature one-letter code. 
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Despite an exhaustive in silico analysis, PVCs identified 
experimentally and characterized bioinformatically must be 
validated in animal models to evaluate the protection against S. 
aureus infections. To this regard, some of our PVCs have been 
previosly assayed obtaining high titers of specific antibodies207,218. 
However, protein antigens such as SACOL0024 have been 
associated with invasive disease isolates192  but it has not been 
evaluated as vaccine candidates. Similarly, SACOL1062 has been 
previously identified by "shaving" of living cells but its protective 
capacity has not been still evaluated199. Therefore, the next step is 
testing those protein antigens whose protective capacity has not yet 

Table 6. Protein families identified in 18 of most predominant surface 
antigens 
        HMM 
No. Locus Family Clan  From  To 

1 SACOL1062 Glucosaminidase CL0037 3 134 
    Amidase_2 n/a 4 98 

2 SACOL1490 Transgly n/a 2 177 
    Transpeptidase CL0013 2 281 

3 SACOL2291 CHAP CL0125 5 83 
4 SACOL0610 Cna_B CL0287 3 66 

    SdrG_C_C n/a 5 156 
    YSIRK_signal n/a 1 26 
    Gram_pos_anchor n/a 3 38 

5 SACOL2412 SBP_bac_3 CL0177 1 225 
6 SACOL0024 5_nucleotid_C n/a 10 156 

    Metallophos CL0163 1 195 
7 SACOL0033 Transpeptidase CL0013 2 298 

    PBP_dimer n/a 3 176 
    MecA_N CL0051 2 117 

8 SACOL2584 SLT CL0037 4 45 
9 SACOL2088 Transglycosylas CL0037 2 77 

10 SACOL0778 Sulfatase CL0088 1 308 
11 NWMN_0669 PTS_EIIA_2 CL0340 1 143 

    PTS_IIB n/a 2 90 
12 SACOL0555 Peptidase_M41 CL0126 2 211 

    AAA CL0023 1 131 
    FtsH_ext n/a 2 104 

13 SACOL0969 Peptidase_S24 CL0299 1 70 
14 SACOL0263 Peptidase_M23 CL0105 2 90 
15 SACOL0985 MAP domain CL0386 48 135 

!
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been evaluated. Nowadays, multiple antigens are combined in 
order to trigger a strong immune response219. Vaccine formulations 
against S. aureus have failed in clinical trials198. An effective vaccine 
that elicits antibody production is needed to avoid the colonization 
by methicillin resistant S. aureus. The lack of an effective vaccine 
against this pathogen entails a high rate of colonization which is a 
risk for developing severe diseases185 causing a high death rate. 

2.5 Discriminating proteins of recurrent bacteremia or 

fatality caused by Staphylococcus aureus 

Around 30% of patients suffering serious diseases such as 
bacteremia have fatal outcome220. The aim of this study was to 
assess the “pan-surfome” as a source of biomarkers to predict 
recurrent bacteremia caused by MRSA. To identify discriminating 
proteins from the surfome profile of 58 clinical isolates associated to 
this complication a logistic regression analysis was performed. Out 
of 147 surface- exposed proteins identified after tryptic digestion 
from genetically different staphylococcal strains, four novel antigens 
(SACOL1071, SACOL2298, SACOL2665 and SACOL2365) were 
found as potential biomarkers of increased risk of recurrent 
bacteremia (p< 0.05) and only one antigen (SACOL2665) was 
theoretically identified as potential biomarker that would anticipate 
an increased fatality risk (p= 0.005). After prediction of protein- 
protein interactions, no interplays were found among these 
antigens. Moreover, the gene ontology annotation revealed that 
these antigens are involved mainly in metabolic processes, 
SACOL2298 plays a role in amino acids metabolism. Risk factors for 
MRSA- bacteremia at hospital admission have been established221. 
In addition, predictive factors for mortality among patients with 
MRSA bacteremia have been studied including several variables 
such as age, associated diseases, acquisition (i.e. nosocomial, 
healthcare- related bacteremia, and community- acquisition), and 
initial antibiotic treatment185. However, proteomic-derived 
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information has not been included in 
those predictions. Therefore, these 
proteins have not been previously 
related to predict recurrent bacteremia. 
To approach the risk to develop 
recurrent bacteremia in our study group,  
the odds ratio (OR) was calculated for 
this subset of antigens selected as 
biomarkers. SACOL2665 increased the 
risk to have a fatal outcome more 
thanfour fold and the identification of 
SACOL2298 was associated with the 
highest risk for developing recurrent 
bacteremia with an OR= 10.9 (Table 7). 
Individual ROC curves for each 
discriminating protein were performed, 
the AUC ranged from 0.611 to 0.733. 
The highest sensitivity value was 88.9% 
with specificity= 57.8% for SACOL 2298. 
In order to improve the prediction, the 
combination of these 4 antigens was 
used to assess the ROC curves, 
obtaining an AUC of 0.778 (0.645 – 
0.880). Therefore, the probability to 
predict correctly recurrent bacteremia 
increased up to 77.8% using the antigen 
combination. Future experimental 
validation could determine the utility of 
this potential vaccine candidate in the 
prevention of infections caused by 
Staphylococcus aureus, specially 
methicillin –resistant strains. 

!
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3 Multi-omic profil ing of iron deprivation in 
Streptococcus pneumoniae  

3.1 Effect of iron starvation on pneumococcal growth in 

vitro 

In order to perform the further transcriptomic, proteomic and 
metabolomic analyses, we firstly monitored the growth of both R6 
and TIGR4 strains in the presence of 100 µM DFO. As described 
with other microorganisms, iron depletion did not cause a lag phase 
in the growth of pneumococcus,  however a decrease in the OD at 
the plateau phase for both strains was observed (Figure 1). We 
chose the mid-exponential phase for sampling RNA, proteins and 
metabolites in curve points such that almost no delays in the time 
points of collecting cultures took place. These corresponded to 
OD600 = 0.15 for R6, and OD600 = 0.3 for TIGR4. We chose the 
culture points at which almost no alterations in the growth were 
observed, as described for other studies in bacteria in which this or 
other similar iron chelator was used222,223. These conditions were 
applied to obtain transcriptome, proteome and metabolome 
preparations of two different reference pneumococcal strains: the 
virulent TIGR4 and the avirulent R6. 

3.2. Transcriptomics 

We used a microarray containing the whole genomes of both S. 
pneumoniae TIGR4 and R6 strains, designed in a customized way for 
our project by Agilent Technologies (Figure 1 materials and 
methods, p. 54).  The RNAs of each strain for each experimental 
condition were hybridized in an independent way. Samples were 
grouped by Principal component analysis, samples of Streptococcus 
pneumoniae R6 was discriminated from samples of Streptococcus 
pneumoniae TIGR4. At the same time, TIGR4 control samples were 
clearly separated from DFO-treated samples. However, R6 DFO-



Ph. D. Thesis  Irene Jiménez Munguía 

   116 

treaed samples were not differentiated from the untreated samples 
(Figure S4). 

!
Figure 1. Effect of Deferoxamine (DFO) on streptococcal growth. A) Growth of 
avirulent reference strain Streptococcus pneumoniae R6. B) Growth of the virulent 
strain Streptococcus pneumoniae TIGR4. Each determination represents the mean 
of three different biological replicates. Solid circles indicate the mean ± standard 
deviation (SD) of untreated cultures; solid squares indicate the mean ± SD of DFO-
treated cultures. 

After within- and between- array normalization (Figure S5), a 
number of genes significantly changed their expression when 
comparing for each strain the DFO treatment with its control 
(Tables S1- S4): for TIGR4, 338 genes changed significantly after 
DFO exposure, of which 118 genes increased their expression and 
220 were down-expressed. For R6, genes changing significantly 
their expression were only 29, of which 15 were over-expressed 
and 14 diminished their expression after DFO treatment. All the 
differentially expressed genes in R6 had homologues in TIGR4. 
However, when we mapped the 338 differentially expressed genes 
of TIGR4 onto the R6 genome, we found 20 genes that were absent 
in R6, i.e. are exclusive of TIGR4 (Table S5).  Figure 2 shows the 
differentially expressed genes in both strains as a Volcano plot, with 
those being statistically significant coloured in green. 
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The log2 fold change values, resulting from averaging four 
independent biological replicates for each condition, ranged 
between 1.78 and -2.13 for TIGR4, and between 2.14 and -1.18 for 
R6. From the TIGR4 data, we observed that the changes in gene 
expression were quite consistent and meaningful, as the over- or 
down-expression changes did not take place at “random”, isolated 
genes that could be nevertheless functionally related, but instead 
all (or most of) the genes belonging to a regulated operon 
changed in the same trend and even experienced almost identical 
log2 fold change values. We grouped the genes into operons 
according to the DOOR database (Tables S1- S4).  
 

!
Figure 2. Gene expression of Streptococcus pneumoniae under iron deprivation 
conditions. A and B) Down and up- regulated  genes of Streptococcus pneumoniae 
R6 and TIGR4 by DFO, respectively. Gene expression is represented by Volcano 
plots, green circles indicate the statistically significant genes (p< 0.05). 
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Our transcriptomic analysis showed very consistent and 
reproducible results between the biological replicates. The first 
surprising result was the great difference in changing genes (both 
up- and down-regulated) between the two studied strains. These 
differences regarding the total number of changes were also 
observed at proteomic and metabolomic levels, although they were 
not as big as in the case of differently expressed genes. As for each 
type of “ome” an independent culture was made to prepare the 
corresponding biological replicate, we discard any kind of artifact 
for explaining the reluctance of R6 to respond to iron starvation, at 
least to the extension to which TIGR4 does.  
 
The transcriptomic analyses were validated by RT-qPCR, obtaining 
for all the genes the same trend of change in both techniques 
(either over- or down-expression). The range of log2 fold changes 
was apparently low, ranging between 2.14 and -2.13 if we consider 
the two strains, but the figures obtained were in general quite 
similar to those observed for transcriptomic analyses of iron 
starvation in other microorganisms224-225. However, very interestingly 
the changes observed in our work were in most cases for genes 
grouped in operons, and genes belonging to the same operon 
underwent, as expected, almost identical fold change values. This is 
another argument that confirms the validity of our microarray 
results, as already described in similar works224,226,227. For TIGR4, 29 
operons were clearly up-regulated, including the iron-compound 
ABC transporter system (genes SP_1869, SP_1870 and SP_1871, 
with log2 FC 1.50, 1.49 and 1.51 respectively), the closely neighbor 
one-gene operon containing the iron-compound ABC transporter 
SP_1872 (log2 FC 1.01), the manganese ABC transporter system 
(genes SP_1648, SP_1649 and SP_1650, with log2 FC 0.67, 0.72 and 
0.70 respectively), the ATP synthase complex (genes SP_1509 to 
SP_1513), and others including several transporter systems.  
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Table  1. Operon distribution of differentially expressed genes in iron starvation 

ID Operon Strain Locus Expressed genes 
41942 SpR6 spr0087, spr0088              2/3 
42115 SpR6 spr0812, spr0813             2/2 
42117 SpR6 spr0820, spr0821, spr0822             3/5 
42320 SpR6 spr1703, spr1705, spr1706                 3/5 
41967 SpR6 spr0184, spr0185, spr0186             3/3 
38501 SpTIGR4 SP_0175, SP_0176, SP_0177, SP_0178 4/4 
38508 SpTIGR4 SP_0202, SP_0203 2/2 
38509 SpTIGR4 SP_0204, SP_0205, SP_0206, SP_0207 4/4 
38541 SpTIGR4 SP_0385, SP_0386 2/3 
38567 SpTIGR4 SP_0515, SP_0516 2/2 
38588 SpTIGR4 SP_0599, SP_0600, SP_0601 3/4 
38589 SpTIGR4 SP_0603, SP_0604 2/2 
38594 SpTIGR4 SP_0622, SP_0623, SP_0624 3/4 
38595 SpTIGR4 SP_0627, SP_0628 2/3 
38600 SpTIGR4 SP_0661, SP_0662 2/2 
38642 SpTIGR4 SP_0868, SP_0869 2/5 
38672 SpTIGR4 SP_0999, SP_1000 2/2 
38738 SpTIGR4 SP_1340, SP_1341, SP_1342, SP_1343, SP_1344 5/5 
38776 SpTIGR4 SP_1509, SP_1510, SP_1511, SP_1512, SP_1513 5/8 
38789 SpTIGR4 SP_1566, SP_1569 2/6 
38795 SpTIGR4 SP_1591, SP_1592 2/2 
38805 SpTIGR4 SP_1648, SP_1649, SP_1650 3/3 
38808 SpTIGR4 SP_1662, SP_1665 2/8 
38809 SpTIGR4 SP_1669, SP_1670 2/3 
38833 SpTIGR4 SP_1774, SP_1775 2/3 
38839 SpTIGR4 SP_1802, SP_1803, SP_1804 3/4 
38854 SpTIGR4 SP_1860, SP_1861, SP_1862, SP_1863 4/4 
38857 SpTIGR4 SP_1869, SP_1870, SP_1871 3/3 
38862 SpTIGR4 SP_1906, SP_1907 2/2 
38884 SpTIGR4 SP_2001, SP_2002 2/6 
38896 SpTIGR4 SP_2070, SP_2071 2/3 
38917 SpTIGR4 SP_2174, SP_2175, SP_2176 3/5 
38922 SpTIGR4 SP_2196, SP_2197 2/4 
38930 SpTIGR4 SP_2239, SP_2240 2/2 
38468 SpTIGR4 SP_0021, SP_0022 2/2 
38469 SpTIGR4 SP_0024, SP_0025, SP_0026 3/3 
38472 SpTIGR4 SP_0042, SP_0043 2/2 
38476 SpTIGR4 SP_0053, SP_0054, SP_0055 3/4 
38486 SpTIGR4 SP_0119, SP_0120 2/2 
38495 SpTIGR4 SP_0151, SP_0152 2/3 
38498 SpTIGR4 SP_0164, SP_0165 2/2 
38510 SpTIGR4 SP_0220, SP_0221, SP_0222 3/14 
38529 SpTIGR4 SP_0321, SP_0322, SP_0323, SP_0324, SP_0325, 

SP_0326 
6/6 

        

 

!

  (Continued on next page)!
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 Forty-three operons were down-regulated in TIGR4, including the 
branched-chain amino acid transporter system (genes SP_0750 to 
SP_0753) and the large operon of 13 genes (SP_0419 to SP_0431) 
involved in fatty acid biosynthesis.  

Table 1.  (continued) 

ID Operon Strain Locus Expressed genes 
38533 SpTIGR4 SP_0352, SP_0354 2/9 
38546 SpTIGR4 SP_0412, SP_0413 2/2 
38547 SpTIGR4 SP_0416, SP_0417 2/2 
38533 SpTIGR4 SP_0352, SP_0354 2/9 
38546 SpTIGR4 SP_0412, SP_0413 2/2 
38547 SpTIGR4 SP_0416, SP_0417 2/2 
38548 SpTIGR4 SP_0419, SP_0420, SP_0421, SP_0422, SP_0423, 

SP_0424, SP_0425, SP_0426, SP_0427, SP_0428, 
SP_0429, SP_0430, SP_0431 

13/13 
38571 SpTIGR4 SP_0526, SP_0527 2/3 
38610 SpTIGR4 SP_0701, SP_0702 2/2 
38617 SpTIGR4 SP_0737, SP_0738 2/2 
38620 SpTIGR4 SP_0750, SP_0751, SP_0752, SP_0753 4/4 
38624 SpTIGR4 SP_0768, SP_0770 2/4 
38627 SpTIGR4 SP_0785, SP_0786, SP_0787 3/3 
38655 SpTIGR4 SP_0918, SP_0919, SP_0920, SP_0921, SP_0922 5/5 
38665 SpTIGR4 SP_0963, SP_0964 2/2 
38674 SpTIGR4 SP_1013, SP_1014 2/2 
38682 SpTIGR4 SP_1069, SP_1070, SP_1071 3/6 
38684 SpTIGR4 SP_1079, SP_1080 2/2 
38726 SpTIGR4 SP_1276, SP_1277, SP_1278 3/3 
38731 SpTIGR4 SP_1294, SP_1295 2/3 
38751 SpTIGR4 SP_1402, SP_1404, SP_1405 3/4 
38757 SpTIGR4 SP_1428, SP_1429 2/2 
38763 SpTIGR4 SP_1460, SP_1461 2/2 
38764 SpTIGR4 SP_1462, SP_1463, SP_1464 3/3 
38765 SpTIGR4 SP_1465, SP_1466 2/2 
38778 SpTIGR4 SP_1522, SP_1523 2/7 
38815 SpTIGR4 SP_1686, SP_1687, SP_1688, SP_1689 4/4 
38822 SpTIGR4 SP_1724, SP_1725 2/2 
38840 SpTIGR4 SP_1809, SP_1810 2/2 
38867 SpTIGR4 SP_1920, SP_1922 2/3 
38868 SpTIGR4 SP_1923, SP_1924, SP_1925, SP_1926 4/4 
38873 SpTIGR4 SP_1948, SP_1949 2/2 
38874 SpTIGR4 SP_1951, SP_1952, SP_1953, SP_1954 4/5 
38898 SpTIGR4 SP_2085, SP_2086, SP_2087, SP_2088 4/4 
38906 SpTIGR4 SP_2115, SP_2117 2/3 
38907 SpTIGR4 SP_2118, SP_2119 2/3 
38929 SpTIGR4 SP_2235, SP_2236 2/3 

!
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For R6, 4 operons were up-regulated that included 10 out of the 16 
over-expressed genes; and only one operon containing 3 genes was 
down-regulated. In all the cases, the log2 FC values were almost 
identical for all the genes of the same operon. Table 1 summarizes 
the main operons that were differentially regulated. Among those 
being over-expressed, we found two operons coding for iron-
compound ABC systems, both of them localizing together in the 
genome: the operon 38857 (genes SP_1869 to SP_1871) and the 
1446903 (gene SP_1872). The first one was the operon for which we 
found all the genes changing in their expression with the highest 
log2 FC values (around 1.50).  The TIGR4 genome has other operon 
(no. 38677 according to the DOOR database) containing four genes 
(SP_1032 to SP_1035) participating in a third iron-compound ABC 
system, but this operon was not found differentially expressed in our 
study. The up-regulation of the manganese ABC transporter system 
(operon 38805, genes SP_1648 to SP_1650) would indicate that the 
chelator used is not completely specific for iron, as already known, 
but it cannot be ruled out that this operon might have a function 
related to iron uptake. Among the down-expressed operons, we 
found some transporter systems, as the branched-chain amino acid 
ABC transporter system (operon 38620, genes SP_0750 to 
SP_0753), a fluoride ion transporter system (genes SP_1294 and 
SP_1295) or a phosphate ABC transporter system (genes SP_2085 
to SP_2088). We ignore the meaning of these changes, but this work 
opens new possibilities to explore the role of these genes in the iron 
uptake. Some genes coding for ribosomal proteins were also down-
regulated by iron depletion, as already described for other bacterial 
species228,229. Other regulated operons exclusively contained genes 
coding for hypothetical proteins (e.g. operon 38469, genes 
SP_0024 to SP_0026). Whether these functions might be involved in 
iron homeostasis is unknown, but this work sheds light into future 
targets to be studied. 
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The differentially expressed genes were annotated according to 
Gene Ontology terms, using Blast2GO (Figure 3). According to the 
molecular function level, in the TIGR4 strain the most enriched term 
among the over-expressed genes corresponded to “ion binding” 
(GO:0043167), representing around 25% of the genes. At the 
biological process level, the most enriched term was “cell metabolic 
process” (GO:0044237). For down-expressed genes, the most 
enriched term at the biological process level was the same as for 
over-expressed genes, i.e. “cell metabolic process”, and at the 
molecular function level, 4 different terms represented around 14% 
each (Figure S6). For R6, although the GO annotation was carried 
out the GO terms may not be plenty enriched  because of the low 
number of differentially expressed genes. 

 
We validated the results obtained in the microarrays by using RT-
qPCR on a subset of 16 differentially expressed genes of both 
pneumococcal strains, representing a wide range of log2 fold 
change values. For all the genes, there was the same trend (either 
over- or down-expression) in the fold changes measured at both the 
microarray and the RT-qPCR, thus confirming that the microarray 
data were reliable (Table S6). 
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!

Figure 3. Functional analysis of genes regulated by iron deprivation. Gene 
onthology (GO) terms of those statistically significant genes (p< 0.05) is shown for 
two streptococcal reference strains, the avirulent R6 and the virulent TIGR4. Three 
cathegories A) Biological process; B) Molecular function; and C) Cellular 
component were represented. 
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3.3 Proteomics 

We compared the proteomes of two different protein fractions, cell 
extracts and secreted proteins, by 2D under iron deprivation 
conditions (Figure 4). This was conducted on both pneumococcal 
strains, as in the case of transcriptomic analysis. For cell extracts, we 
detected after Coomassie staining and PD-Quest image analysis 
around 690 proteins. For the secretome fraction, approximately 772 
were counted.  

We then analyzed both the qualitative (i.e. absolute appearance or 
disappearance of a protein in a condition compared to the other 
one) and quantitative (i.e. changes in protein abundance on spots 
present in both conditions) changes when comparing for each strain 
and protein fraction the iron starvation condition with its non-iron 
deprived control (Tables 2, 3, S7 and S8). In the case of the TIGR4 
total cell extract, we detected 4 qualitative and 4 quantitative 
changes; for TIGR4 secretome, the changes were 23 for those 
qualitative and 8 for the quantitative ones. For the R6 strain, the 
number of changes in the total cell extract were 1 qualitative and 8 
quantitative. For the secreted fraction, we detected 10 qualitative 
and 8 quantitative changes. As in the transcriptomic analysis, the 
number of changes was higher for TIGR4 than for R6, although the 
differences were not so huge as for changing genes. For both the 
two analyzed strains and the two analyzed protein fractions, most of 
the changes corresponded to predicted cytoplasmic proteins, 
mainly affecting enzymes of the primary metabolism. Some of the 
changes were consistent between both TIGR4 and R6 strains. 
Glyceraldehyde-3-phosphate dehydrogenase was less abundant 
under iron deprivation. This enzyme was absent in gels of R6 total 
cell extracts, and strongly reduced in TIGR4 total extracts (fold-
change decrease >4), as well as not detected in the TIGR4 
secretome fraction of DFO-exposed culture (but detected in the 
TIGR4 control secretome). 
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!
Figure 4.! Pneumococcal protein profiles obtained after treatment with 
deferoxamine. Pneumococcal  strains are shown in 4 panels; S. pneumoniae R6 (A-
D) and S. pneumoniae TIGR4 (E-H). Two different samples were analyzed; Total 
extract (A-B, E-F) and secreted proteins (C-D, G-H). Each control (A, C, E and G) was 
compared with its corresponding treated sample (B,D,F and H). Differential 
proteins are indicated by arrows: Red, inhibited proteins; Green, induced proteins; 
and Black, induced (line) or inhibited (dotted line) proteins at least two fold-change. 
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Another enzyme of the glycolysis pathway that also decreased its 
abundance was the phosphoglycerate kinase, both in R6 total 
extract and secretome fractions. Other two Mg2+-depending 
enzymes of the glycolysis pathway, enolase and pyruvate kinase, 
also decreased their abundances in TIGR4 secretomes, although 
surprisingly in R6 total extract, enolase was more abundant under 
iron-deprived conditions. Interestingly, two enzymes of the fatty acid 
biosynthesis pathway were more abundant under iron deprivation: 
the 3-oxoacyl-[acyl-carrier protein] reductase in TIGR4 total extracts 
(fold change around 7), and the enoyl-acyl carrier protein (ACP) 
reductase, which was present in R6 iron-deprived secretomes but 
absent in the control. 

Other cation-containing or dependent enzymes decreased their 
abundance under iron deprivation conditions. Thus, in TIGR4 lower 
levels of zinc-containing alcohol dehydrogenase and manganese-
dependent inorganic pyrophosphatase were detected. However, 
the manganese ABC transporter substrate-binding lipoprotein 
(Spr1494) was more abundant in R6 secretomes. Interestingly, the 
PcsB protein, a known pneumococcal secreted protein, increased 
their abundance in R6 DFO-exposed secretomes (almost 9 fold-
change), but disappeared in TIGR4 under iron deprivation. 

In previous works, we have analyzed the surface proteome 
(“surfome”) of pneumococcus specifically targeting the discovery of 
vaccine or diagnostic candidates34,190. In this study, we searched for 
global changes at the protein level using 2-D gel-based analysis on 
total cell extract and secretome fractions. As in the case of the 
transcriptomic analysis, we detected more changes in TIGR4 than in 
R6. As expected, most of the changes were in the cytoplasmic 
proteins, as these are the most abundant in the bacterial cells. 



Results and Discussion                                                         Chapter III 

   127 
 

 
   

Sp
ot

s w
er

e 
an

no
ta

te
d 

ac
co

rd
in

g 
to

 th
e 

fo
llo

w
in

g:
 R

, S
tre

pt
oc

oc
cu

s p
ne

um
on

ia
e 

R6
; T

, S
tre

pt
oc

oc
cu

s p
ne

um
on

ia
e 

 T
IG

R4
; E

, T
ot

al
 e

xt
ra

ct
 fr

ac
tio

n;
   

 a
nd

  S
: S

ec
re

to
m

e 
fra

ct
io

n.
  

!



Ph. D. Thesis  Irene Jiménez Munguía 

   128 

  
Sp

ot
s 

w
er

e 
an

no
ta

te
d 

ac
co

rd
in

g 
to

 th
e 

fo
llo

w
in

g:
 R

, S
tre

pt
oc

oc
cu

s 
pn

eu
m

on
ia

e 
R6

; T
, S

tre
pt

oc
oc

cu
s 

pn
eu

m
on

ia
e 

 T
IG

R4
; E

, T
ot

al
 e

xt
ra

ct
 fr

ac
tio

n;
 a

nd
 S

: 
Se

cr
et

om
e 

fra
ct

io
n.

  
!



Results and Discussion                                                         Chapter III 

   129 

This class of proteins were also found in the secretome fractions, as 
has been extensively reported for numerous works in a wide variety 
of microorganisms (for an extensive review about the presence and 
role of cytoplasmic proteins in extracellular and/or surface protein 
preparations, see204. 

Many of the changes observed in our work are coincident with other 
results already described in pneumococcus and other 
microorganisms. In the present study, the enzyme G3PDH was less 
abundant in iron-depleted protein fractions, as reported for 
pneumococcus230 and Staphylococcus aureus231. We also detected 
decreases in the abundance of uracil phosphoribosyltransferase and 
the EF-Tu, as also reported230. The zinc-containing alcohol 
dehydrogenase has been also described to be less abundant in 
iron- depleted S. aureus protein fractions231. We found a decrease in 
the abundance of some Mg2+-dependent glycolytic enzymes 
(phosphoglycerate kinase, enolase, pyruvate kinase), which might 
be due to the partially non-specific sequestration of other cations by 
the chelator. We also observed an increase in the abundance of the 
lipoprotein PsaA (Spr1494), a manganese ABC transporter whose 
increase was also reported previously230. This could be due to the 
necessity of the bacterium to increase the ion uptake under the 
limitation conditions, perhaps because of the previously cited not 
totally specific sequestration by the chelator. A homolog protein 
also increased its abundance in Yersinia pestis232. 

3.4 Metabolomics 

Finally, we studied the changes in the metabolic profile of 
intracellular metabolite fractions from both pneumococcal strains, 
by using LC/MS/MS. The technique detected  different 
chromatographic peaks, of which 28 (35%) were positively identified 
by database search. We first carried out a multivariate statistical 
analysis to evaluate whether the iron deprivation treatment had an 
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effect on the metabolite profile. Figure 5 shows a clear distinction by 
principal component analysis (PCA) between iron-depleted and 
non-depleted cultures for both strains, revealing that the first 
principal component (X-axis) separated the sample populations 
(except for the third biological replicate of TIGR4 iron-depleted 
sample, which was in the same semi-axis than the controls). This 
indicates that the DFO treatment lead to an alteration of the 
metabolite profile in the two studied strains. Then, we searched for 
individual metabolites that changed significantly their relative 
abundance between treated and non-treated samples. We detected 
69 in TIGR4 and 11 in R6, of which we unambiguously identified 17 
and 11, respectively (Table 4). Although the number of changing 
metabolites positively identified was low, we clearly found an 
increase in the concentration of intermediate metabolites involved 
in the cell wall peptidoglycan biosynthesis: in TIGR4, there was an 
increase in uridine-5’-diphosphoglucuronic acid, UDP-N-
acetylmuraminate, UDP-N-acetylglucosamine and tri-N-
acetylchitotriose; in R6, the UDP-N-acetylmuramoyl-L-alanyl-gamma-
glutamyl increased 8.3-fold. 

There are very few studies on metabolomics in bacteria, and a total 
lack in pneumococcus. In our metabolomic analysis, we 
unambiguously detected only a few compounds. However, the 
principal component analysis clearly discriminated between iron-
depleted and non-depleted metabolite extracts. Most of the 
changes detected were in metabolites related to peptidoglycan 
biosynthesis. Whether these results have a biological meaning or 
not, must be elucidated in further studies. 



Results and Discussion                                                         Chapter III 

   131 

Figure 5. Exploratory data analysis to asses the data distribution of metabolite 
samples. A,B) Cluster analysis at 95% specificity of metabolite samples of S. 
pneumoniae TIGR4 and R6, respectively. C)  Principal component analysis plot; 
Left: the virulent S. pneumoniae TIGR4; Right: avirulent strain S. pneumoniae R6. C, 
control samples; and D, samples treated with 100 µM of deferoxamine. 
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In summary, a global multi-omic analysis has been carried out to 
study the effect of iron limitation in pneumococcus, similarly to what 
occurs during in vivo infection within the host. The TIGR4 strain was 
especially sensitive to this deprivation, whereas R6 was more 
reluctant. A significant number of genes changed in their 
expression, many of them were involved in ion binding functions. 
Proteomics revealed changes in enzymes participating in the 
primary metabolism, some of them being cation-dependent. The 
metabolomic analysis revealed some changes in the levels of 
intermediates involved in the peptidoglycan biosynthesis. The 
different “omics” show sets of changing biomolecules that can 
complement themselves to provide a global insight into the 
adaptation of pneumococcus to iron starvation. 

 

Table 4. Metabolites changing (>2 fold change) by iron deprivation 

 Increased abundance   Decreased abundance  
Metabolite FC RT Metabolite FC RT 

Streptococcus pneumoniae TIGR4 
C-di-AMP 3.9 5.86 dTMP 12.6 5.98 
Uridine-5’-diphosphoglucuronic acid 2.2 6.22 Adenosine 5-monophosphate 17.9 5.80 
UDP-N-acetylmuraminate 20.2 1.50 GDP-glucose 2.5 6.44 
UDP-N-acetylglucosamine 2.4 2.02 GDP 2.1 3.04 
cAMP 3.4 5.94 deoxyAMP 10.5 5.06 
Tri-N-acetylchitotriose 2.3 6.04 Guanine 8.5 5.96 
Purine 10.1 2.37 deoxyGMP 12.0 5.88 

   GluMet 2.4 6.16 

   Metionine 2.4 6.16 

   
N-acetylglucosamine 3.8 6.29 

Streptococcus pneumoniae R6 
CoA-glutathione 2.1 6.60 Hypoxanthine 2.4 3.34 
dTDP 2.7 5.50 FMN 2.4 7.79 
Guanosine diphosphate adenosine 5.6 5.97 CMP 6.3 1.58 
UDP-N-acetylmuramoyl-L-alanyl-
gamma-glutamyl 

8.3 6.5 GMP 5.5 4.28 
   Guanine 2.6 1.8 
   UMP 5.1 2.60 
   Dephospho-CoA 11.2 6.76 
FC: Fold change; RT: Retention time 
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Multi-omic studies are applied more often in microorganisms to 
comprehend how a perturbation, stress, treatment or any given 
condition can affect the global behavior at the molecular level. We 
approached a multi-omics strategy to understand the changes 
occurring in the pneumococcus during iron deprivation, similar to 
what theoretically happens during an in vivo infection. To our 
knowledge, this is the unique study carried out so far for iron 
deprivation in this human pathogen using three different “omics” 
(transcriptomics, proteomics and metabolomics). Previously, it had 
been approached using only proteomics230. A combination of 
transcriptomics and proteomics had been used for studying the 
effect of manganese limitation in the D39 strain233. However, there is 
a lack of metabolomic studies in pneumococcus, as well as 
integrative studies on any biological variable involving these three 
key “omics”. We selected as iron chelator the DFO, which has been 
described to have high iron chelation affinity, although it can also 
sequester other divalent cations222.  



 

!



 

!

 

 

 

 

 

 

 

 

 

   CHAPTER IV 

Mult ip lex assay to assess seroresponses 
in ch i ldren with commun i ty-acqu ired 

pneumon ia  
 



 

!

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Results and Discussion                                                        Chapter IV                                     

   137 

4 Multiplex assay  to assess seroresponses in children 
with community-acquired pneumonia 

4.1 Demographic characteristics 

A total of 106 children were enrolled in the study. Fifty-two (96%) of 
the 54 patients with microbiologically proven pneumococcal 
pneumonia had associated pleural empyema. Controls included 31 
healthy children and 21 patients with infectious diseases of non-
pneumococcal etiology. There were no significant differences 
between pneumococcal pneumonia patients and controls with 
regard to the median (range) age in months (48 (6 - 112) vs 59 (7 - 
144) p= 0.21), gender (M/F, 0.64 vs 1.08, p= 0.17) and conjugated 
pneumococcal immunization rates (54% vs 35%, p= 0.06). 

4.2 Pneumococcal protein antigens 

Ninety-four pneumococcal protein antigens were selected for 
recombinant production (Table 2 materials and methods, p. 45-47). 
The protein selection was based on their experimental identification 
by “shaving” of living cells with trypsin followed by LC/MS/MS 
analysis, of a collection of pneumococcal invasive isolates from 
children172. The streptococcal antigens chosen were those most 
identified for a subset of clinical isolates. These antigens were more 
abundant and conserved among clones with different genetic 
backgrounds. Selected proteins were produced as GST-tag 
recombinant fragments using the pSpark® vector, Canvax Biotech, 
Córdoba, Spain, and expressed in E. coli BL21. According to its 
functional annotation, these proteins encompassed 19 cell wall 
anchored proteins, 9 secreted proteins, 21 lipoproteins, and 36 
membrane proteins. In addition, it is worth noting that 9 cytosolic 
proteins were also included in this set of produced proteins, as for 
some of them, like Eno234 or GAPDH187, surface localization and 
immunogenicity/protective activity have been reported. 
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4.3 Coupling of pneumococcal protein antigens to 

microspheres 

Three of these proteins were randomly selected to be coupled to 
the SeroMapTM microspheres which are carboxylated polystyrene 
micro-particles that reduce the non-specific binding in serological 
assays. Three different protein concentrations (5 µg, 10 µg and 20 
µg) were coupled to 1x106 beads. The coupled antigens were 
detected by three different concentrations of pooled human serum 
(PHS) (1:50, 1:100, and 1:200) (Figure 1). Antiprotein- IgG levels 
were determined by measuring the median fluorescence intensity 
(MFI) values of each antigen concentration which correspond to the 
serological antibody level of each serum sample. Despite some 
differences in anti-IgG levels were found, the anti-IgG level ranged 
in a non-linear manner. Therefore, the optimal concentrations of 
both antigen and antibody in this analysis were established as 5 µg  
and 1:100, respectively.  
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Figure 1. Optimal serum concentrations. A) 5 µg of antigen. B) 10 µg of antigen. C) 
20 µg of antigen. White bar, PHS diluted 1:50; Gray bar, PHS diluted 1:100; Dark 
bar, PHS diluted 1:200. 
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90 of the 94 pneumococcal antigens were coupled successfully. The 
anti-protein IgG levels were measured in duplicate. Non-coupled 
microspheres were used as  internal control to assess the 
background of non-specific IgG binding to the microspheres. MFI 
values against the microsphere polymer were measured because 
some people may develop anti-polymer antibodies that bind 
directly to the carboxylated surface of the microspheres235. MFI 
values of non-coupled microspheres were subtracted to the total 
MFI values obtained of each measured antigen. In this study MFI 
values of  the non-coupled beads ranged from 2 to 100. The 
coefficient of variation was calculated in order to obtain consistent 
MFI measurements. To assure the inter-assay reproducibility, MFI 
measurements of antigens with CV< 25% were only included in the 
evaluation of antibody responses in patients with pneumococcal 
pneumonia and controls. To this regard, 26 antigens were not 
further considered in the statistical analysis because they showed 
poor reproducibility as >25% of the samples had marked inter-assay 
variation. Also, 800 (11.8%) measurements of the 64 proteins were 
excluded because of non-concordant results.  
 

4.4 Validation of the multiplex assay and reproducibility 

The multiplex assay was validated through the comparison of 
measurements of  MFI values obtained from 14 randomly chosen 
antigens tested with PHS by the multiplex assay and the 
measurements of those antigens obtained by the singleplex assay 
which differs from the multiplex one because each antigen is 
individually analyzed per well instead of being co- analyzed with 
more antigens in the same well. MFI values obtained for the 
multiplex assay showed a strong correlation to MFI values in the 
singleplex assay (r2= 0.9688) (Figure 2).  
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Figure 2. Correlation between results with singleplex assay and the Median 
Fluorescence Intesity values obtained with the Multiplex assay for 14 randomly 
chosen protein antigens. 

MFI values obtained for the multiplex assay were between 80% and 
120% of those obtained for the singleplex assay for IgG Levels 
>1000 MFI. This range is similar to that previously described by 
Shoma et al.236 who also indicated a variable level of non-specific 
binding. As differences between both procedures were quite 
similar, the multiplex assay was considered an appropriate 
approach to determine the level of several anti-pneumococcal 
antigens. 

4.5 Effect of pneumococcal proteins subcellular location on 

the anti-protein IgG level 

The effect of the subcellular location of 64 pneumococcal proteins 
on the antigen specific antibody level was assessed. The subset of 
antigens encompassed 13 cell wall anchored proteins, 14 
lipoproteins, 24 membrane proteins, 6 cytosolic proteins and finally, 
7 secretory proteins (Figure 3). MFI values were log transformed 
(log base 10) to obtain normal distributions. Student t-test was used 
for the comparison between control and pneumococcal pneumonia 
groups. To determine whether the subcellular location influenced 
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the anti-pneumococcal IgG titres a p≤ 0.05 was considered to be 
statistically significant. In this study, the antibody level to 
pneumococcal proteins was not related to the protein location 
because no significant differences in the anti-IgG antibody level 
were found, contrarily to what happens in other diseases237 where 
significantly lower titers to membrane proteins were previously 
described in HIV-uninfected children compared to HIV-infected 
children.  
 

!
Figure 3. Classification by the subcellular location of 64 recombinant proteins. 
Subcellular locations are indicated by different colors: Blue, cell wall anchored 
proteins; Red, cytosolic proteins; Green, lipoproteins; Gray, membrane proteins; 
and Pink, secretory proteins. 

 

4.6 Imunoglobulin G antibodies to 64 pneumococcal 

protein antigens in children with community-acquired 

pneumonia 

Little is known about the role of antigen-specific antibodies in 
(prevention of) infection. To this regard, Luminex assay may facilitate 
multiple analysis by reducing errors caused by sample 
manipulation. In this study, the immunogenicity of 64 S. 
pneumoniae proteins in 54 children with pneumococcal pneumonia 
and 52 controls, was investigated. There were marked variations 
both among individual proteins and among inter-individual 
determinations. Median MFI values ranged from 37 (range 3.5 to 
498) for SpxB to 17889 (range 267 to 22664) for PspC. The ten most 

11!%!

38!%!

20!%!

9!%!

22!%!



Ph. D. Thesis  Irene Jiménez Munguía 

 142 

immunodominant proteins are shown in Table 1 and were similar in 
children with pneumonia and controls, except for minor differences 
in rank order.  

Protein antigens could be classified in three groups according to the 
degree of interindividual variability in the MFI values of IgG 
responses: 31 antigens had extensive variability (MFI value >10000); 
18 antigens displayed reduced variability (MFI value <2000) and the 
remaining 15 antigens were considered as having intermediate 
variability (2000< MFI value <10000) (Figure 4). 

A

sp
r12

16

sp
r03

27

sp
r17

07

sp
r10

36

sp
r03

29

sp
r01

21

sp
r06

42

sp
r19

03

sp
r03

04

sp
r18

87

SP_0
34

8

sp
r18

25

sp
r08

68

sp
r18

23

sp
r01

74

sp
r12

21

sp
r14

18

sp
r13

70
0

500

1000

1500

2000

M
FI

 v
al

ue
  (

Ig
G

 le
ve

l)

Table 1.  Immunodominant pneumococcal protein antigens 
  
Accessi
on 

  
Locus 

Overall Control Pneumonia  

Rank Median (Range) Rank Median (Range) Rank Median (Range) 

Q8DN05 spr1995 1 17889 (267 - 22664) 2 18031 (377 - 21612) 1 17330 (267 - 22664) 

Q97P71 SP_1772 2 16741 (165.5 - 22617) 1 18919 (165.5 - 22309) 2 14979 (1452.5 - 22617) 
Q8CWR4 spr1060 3 13069 (80 - 20032) 3 13020.5 (301 - 18093) 4 13082 (80 - 20032) 
Q8DPQ2 spr1061 4 12902 (19 - 17921) 4 12440.5(19 - 17921) 3 13144 (73 - 17352) 
Q8DQF9 spr0693 5 11227 (43.5 - 20650) 5 11807 (70.5 - 20650) 6 10493 (43.5 - 19414) 
Q8DQP7 spr0561 6 11038 (138.5 - 20918) 7 9841 (221 -20910) 5 11877 (138.5 - 20918) 
Q8DMY4 spr2021 7 10251 (217 - 21735) 6 10873 (217 - 18714) 7 10210 (243.5 - 21217) 
P0A4G3 spr1494 8 8982.8 (924 - 21735) 8  8240.8 (924 - 18854) 9 9257.5 (1140 - 21735) 
Q8DPY6 spr0934 9 8308.8 (13 - 17991) 10 7705.8 (41 - 17319) 8 9821.8 (13- 17991) 
Q8CWU3 spr0286 10 7354.8 (72.5 - 18847) 9 7766.8 (72.5 - 18546) 10 7056.5 (571 - 18847) 
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Figure 4. Variability of inter-individual response to pneumococcal protein antigens. 
A) Extensive variability; B) Intermediate variability; and C) Reduced variability. 
Median fluorescence intensity (MFI) values indicate the antiprotein- IgG levels. 
Green open circles indicate anti-IgG level of control sera and a solid pink circles 
indicate anti-IgG level of patient sera. 
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The inter-individual variability may be associated with previous host-
pathogen encounters with streptococcal strains antigenically 
different. Such is a case of a short dynamic range (less-
interindividual variability group) related to a few number of host-
pathogen encounters or to the low pathogenicity of the strains with 
whom it has been in touch238. To study whether antibody responses 
against Streptococcus pneumoniae protein antigens could be useful 
for the microbiological diagnosis of pediatric pneumococcal 
community-acquired pneumonia, acute serum IgG titers of 54 
children with microbiologically proven pneumococcal pneumonia 
were compared with those of 52 control children. When we 
examined the individual responses for the children with 
pneumococcal pneumonia compared to controls a mixed pattern of 
IgG responses was obtained. We observed higher antibody titers in 
pneumonia patients against 40 (63%) of 64 proteins and lower IgG 
titers for the remaining 24 antigens, but only the humoral immune 
response against three protein antigens differed significantly 
between both groups (Figure 5). Median acute IgG titers for PrsA 
(MFI, 1727 versus 3068: p= 0.013), and RrgB (MFI, 307 versus 1171:, 
p= 0.002) and RrgC (MFI, 402 versus 1210; p= 0.016) were lower in 
pneumonia patients than in control children.  
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Figure 5. Serum IgG antibodies to pneumococcal surface proteins discriminating 
for dhildren with community-acquired pneumoniae  and healthy children (p-value < 
0.05) . 



Results and Discussion                                                        Chapter IV                                     

   145 

IgG titers in healthy children were illustrated for these 3 
pneumococcal protein antigens. In order to compare the antibody 
level to these pneumococcal antigens between the control and the 
patient group over time, the geometric mean of serum IgG antibody 
titers (GMT) was plotted (Figure 6). Mixed patterns of immune 
response were observed over time for these pneumococcal 
antigens. 
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Figure 6. Serum IgG antibodies (GMT) to pneumococcal antigens in children 
younger than 10 years old. A) RrgB, cell wall surface anchor family protein; B) PrsA, 
foldase protein prsA/ppmA; and C) RrgC, cell wall surface anchor family protein. 
Green line indicates MFI values of control sera; and pink line indicates MFI values of 
pneumococcal pneumonia sera. 
!
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The discriminatory power of the multiplex assay for the diagnosis of 
pneumococcal pneumonia in children was very limited in this pilot 
study based on probing single acute phase sera. Nevertheless, we 
have found in the present work that acute serum IgG levels against 
RrgB were significantly lower in children ≤3 years-old. In addition, 
using the stringent Bonferroni correction to adjust for multiple 
testing, there was a small trend toward slightly lower antibody levels 
in the pneumonia group  for PrsA, RrgC and RrgB in the all age 
group. These findings should be validated and expanded to identify 
more potential protein biomarkers n larger studies with increased 
numer of patients and paired sera, respectively. 
 
Differences in antibody titers against these three proteins remained 
after adjusting for age and PCV vaccination status. ROC curves were 
generated for each of these protein candidates and were stratified 
in age groups associated to epidemiological differences in 
pneumococcal disease and nasopharyngeal carriage (≤4 years and 
>4 years), due to antibody titers increased with age.  RrgB was 
discriminatory in the group of children ≤4 years old, with significant 
lower immune responses in pneumonia patients than in controls  
(p= 0.0006).  The use of this protein as a biomarker was associated 
with an area under the curve of 0.82, a sensitivity of 0.75 and 
specificity of 0.81 to discriminate between pneumococcal 
pneumonia patients and control children ≤4 years old (Figure 7). 
The significance of low RrgB antibody titres in the acute phase 
serum response to pneumococcal pneumoniae remains speculative 
and could be due either to consumption or reduced preexisting 
antibody levels, which in turn would suggest a protective role of 
naturally induced antibodies against this protein in pneumococcal 
pneumonia. 
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 !
Figure 7. ROC curves of pneumococcal proteins as pneumonia biomarkers. A) 
Group of children younger than 4 years old. B) Group of children older than 4 
years old. Pneumococcal proteins are represented by lines: Green, RrgB; Orange, 
PrsA; and Pink, RrgC; The threshold is represented by a blue line. 
 
Finally, the influence of pneumococcal conjugate vaccines in the 
antibody responses to S. pneumoniae protein antigens was 
investigated. Vaccinated children were significantly younger than 
unvaccinated children (p= 0.001). Significant differences in antibody 
titers adjusted for age were detected after comparing the 
vaccinated and unvaccinated children for Spr0747 (MFI, 2672 versus 
3678: p= 0.015), Spr0693 (MFI, 8598 versus 11652: p= 0.013) and 
Ply (MFI, 3770 versus 5830: p= 0.003). Global distribution of these 
pneumococcal proteins is displayed in the Figure 8 considering 
both age and disease status. However, there were no other 
differences in IgG levels for the remaining pneumococcal proteins 
between both groups. In this work it is described the development 
of a multiplex Luminex assay to measure, simultaneously and in 
small-volume serum samples, the humoral immune responses to 64 
pneumococcal protein antigens. Some benefits obtained through 
this techinique are multiple antigen measurements with less time 
consumed. 
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Figure 8.  Distribution of the significant pneumococcal protein samples for 
vaccination status adjusted by age. Group 0 represents the control group; Group 1 
represents pneumococcal patients group. Age of 1 and 2 indicate children ≤ 4 
years old and > 4 years old, respectively. The protein range indicates MFI values. 
Vaccination status is indicated by circles; Purple, vaccinated children; and  Clear, 
unvaccinated children. 
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This methodology could be useful in vaccine studies and for 
investigating etiological diagnosis. The use of multiplexed bead-
based immunoassays has recently been reported to evaluate 
immunogenicity of a limited number of pneumococcal surface 
proteins in children and their association with carriage and otitis 
media193,237,239 and for the diagnosis of pneumococcal disease200,236. 
The multiplexed immunoassay described here allows the detection 
of antibody reponses to a larger and extensive collection of 
pneumococcal protein antigens, based on their experimental 
identification on the surface of relevant clinical isolates172 which 
included most of the protein protective antigens reported so far240. 

There was a large interindividual variability in the levels of many of 
the antipneumococcal antibodies, as previously reported, which 
have to be taken into account for the interpretation of serological 
tests based on pneumococcal proteins200,236,241. Differences in 
colonization rates, age and the ability to mount humoral immune 
responses as well as degree of protein expression might be factors 
that influence the differences in immunogenicity of pneumococcal 
proteins among individual children 193,242,243. 

Natural antibodies to S. pneumoniae protein antigens raise in the 
first years of life with differences in kinetics and among different 
proteins and correlates with colonization and AOM241,244,245. The 
most immunodominat proteins included several putative protein 
vaccine candidates, such as PspC, PsrP, PhpA, PhtA, PsaA and PiaA, 
with protective efficacy in animal studies 86,246,247. However, these 
high natural antibody titers might not be fully protective against 
pediatric pneumonia because no differences in IgG levels were 
found between pneumonia patients and control groups. To this 
regard, experimental murine models suggest that immunity elicited 
by natural exposure to S. pneumoniae is more dependent in CD4+ 
TH17 cell-mediated immunity than in antibody responses248. 



Ph. D. Thesis  Irene Jiménez Munguía 

 150 

Furthermore, longitudinal studies in children have only 
demonstrated limited evidence of protection of naturally induced 
antiprotein antibodies against upper respiratory tract infections and 
no clear protective effect on pneumococcal colonization239,241,249,250. 

Development of protein-based pneumococcal vaccines has 
renewed the interest in the serological immunoassays using surface 
protein- based tests. The capacity of antiprotein responses to 
identify children with pneumococcal diseases are insufficiently 
validated. Epidemiological studies based on reduced sets of 
proteins with mixed patterns of antibody responses in 
heterogeneous cohorts of patients as well as the study venue, timing 
of sampling and the size and type of test panel used have been 
carried out236,251,252.  

Most of these studies relied on significant increases in antibody 
titres to a single protein (Ply or PsaA) between acute-phaase and 
convalescent- phase samples253,254. The use of multiple antigens 
could improve markedly the performance of serological assays in 
pediatric pneumococcal pneumonia as it has been shown in a study 
that compared the seroresponses to four pneumococcal surface 
proteins (PhtD, PhtE, LytB and PcpA) to Ply alone255. Interestingly, in 
this study, PcpA IgG titres were three times lower in the acute phase 
in children admitted for pneumococcal pneumonia and therefore it 
would be desirable to assess whether any additional protein antigen 
could also discriminate between pneumonia patients and controls in 
the acute phase response.  

The use of multiplexed immunoassays to a limited number of 
pneumococcal surface proteins has recently been reported to 
evaluate ther immunogenicity and for the diagnosis of 
pneumococcal disease in children which is usually challenging due 
to limited sensitivity of current diagnostic tests and interference with 
colonization236,241. We have found in the present work that acute 
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serum IgG levels to PrsA, RrgB and RrgC were significantly lower in 
children with microbiologically confirmed pneumococcal 
pneumonia, mostly empyema cases, than in healthy children and 
patients with non-pneumocococal infectious diseases. RrgB was the 
best discriminatory antigen in children ≤4 years, an age group 
associated to the highest rates of pneumococcal invasive diseases 
and pneumococcal colonization which markedly interferes with the 
performance of current diagnostic tests. This finding suggests that 
the use of this serological marker as a diagnostic tool could improve 
the capacity to diagnose pediatric pneumonia and should be 
validated in larger prospective studies. In addition, the high-
throughput capacity and small volume of sera required in the assay 
are an important advantage for the diagnosis of pneumococcal 
pneumonia in epidemiological studies. The multiplexed 
immunoassay described in this thesis allowed the detection of 
antibody responses to a much larger and extensive collection of 
pneumococcal protein antigens than previously described 
serological assays. This platform included most of the protective 
protein antigens reported so far and would be useful for high-
throughput screening of immune responses to protein vaccine 
candidates in future studies. 

The low PrsA,  RrgB and RrgC antibody titres in the acute phase 
serum response to pneumococcal pneumonia is an unusual finding, 
but it was not completely unexpected because similar results have 
been reported recently for PcpA and in an earlier study with a small 
group of children for PspA252,253,255,. Their significance remains 
speculative and could be due either to consumption or reduced 
preexisting antibody levels, which would suggest a protective role 
of naturally induced antibodies against those proteins in 
pneumococcal pneumonia. RrgB is the backbone subunit of S 
pneumoniae pilus 1, which has been found to be present in 30% of 
pathogenic strains and influences virulence and host inflammatory 
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responses256,257. A fusion protein containing the three RrgB variants 
induced protection by active immunization against sepsis and 
pneumonia in murine models and a recent study has found higher 
serum anti-RrgA and anti-RrgB titres in carriage-negative children 
than in those who were carriage-positive, suggesting that pilus-1 
proteins may induce protective immunity against pneumococcal 
carriage or colonization in humans258,259. Conversely, titres of natural 
antibodies against RrgB raise slowly in young children and this 
might be caused by low immunogenicity of the protein, but it might 
also be explained because the pilus is only expressed in a minority 
of colonizing strains and the bacteria can modulate pilus expression 
during colonization to avoid host immune response239,259,260. 
Interestingly, transcription of genes encoding rrgA, rrgB, and rrgC 
as well as several outer surface proteins, including pcpA, is 
negatively regulated by Mn2+ concentration that is 1,000-fold 
higher in saliva than in lung and therefore level of expression of 
these proteins differs markedly between colonizing strains and 
those causing pneumonia131. 

The introduction of pneumococcal conjugate vaccines has had a 
significant impact on the capsular serotype distribution of colonizing 
strains, which may in turn influence the gene frequencies of specific 
pneumococcal proteins and their level of expression261,262. We 
assessed the effect of PCVs on humoral responses to pneumococcal 
proteins and found only significant differences for three proteins, 
Spr0747, Spr0693 and Ply with lower IgG titers in vaccinated 
children. These data suggest that the impact of PCV on antiprotein 
natural immune responses seems to be modest and agrees with two 
previous studies which did not find significant differences in 
seroresponses between control and vaccines, but with a trend 
toward lower antibody levels against several proteins in 
vaccines193,237. 
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The study has several limitations. Sampling of pneumococcal 
pneumonia patients was not performed at fixed time points and only 
single sera were drawn. Specifically, patients had a variable duration 
of symptoms prior to hospital admission and for ethical reasons sera 
collection was done when the patient was in a stable condition and 
once microbiological diagnosis was established. Nevertheless, sera 
were drawn within the first few days of hospital admission during the 
acute phase of pneumococcal pneumonia. We also did not assess 
the nasopharyngeal carriage status in control group which might 
have influenced the antiprotein levels. Paired sera assess changes in 
seroresponses and provide evidence of recent pneumococcal 
exposure. They would have allowed to identifying a higher number 
of serodiagnostic markers. However, it can be argued that 
serodiagnostics based in paired sera do not impact clinical practices 
and convalescent sera are difficult to obtain. In addition, many 
patients are referral from district hospitals and are not available for 
follow-up visit, as happened in our case.  

Luminex-based methodology may assess simultaneously the 
humoral responses to a large collection of pneumococcal proteins 
based on the selection of experimentally identified proteins. This 
platform proved to be comparable to ELISA and detected sensitively 
a wide range of antibody concentrations in children sera from 
pneumonia patients and controls and three proteins, which should 
be validated in larger studies, discriminated seroresponses between 
them. The significance of lower antibody titers to RrgB, PrsA and 
RrgC in pneumonia patients warrants further studies to determine if 
natural antibody titres against them are markers of protection 
against pneumonia in children. 
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5 The effect of rhodomyrtone on staphylococcal 
cultures 

5.1 Vancomycin sensitivity evaluation 

Due to the fact that most of the clinical isolates used in this study 
were methicillin-resistant, the effectiveness of vancomycin, a 
second-line antimicrobial drug recommended for the treatment of 
MRSA infections was evaluated on the collection of clinical isolates. 
MIC and MBC values were determined on 76 clinical isolates and 
the reference strain. Only one clinical isolate was resistant to this 
drug (Table 1). 

5.2 In vitro anti-staphylococcal activity of rhodomyrtone 

MIC and MBC values for rhodomyrtone were determined on the 
same clinical isolate collection of S. aureus and the reference strain 
COL by broth micro-dilution method. Overall, 9 clinical isolates were 
sensitive to methicillin whilst the other 67 were MRSA strains. The in 
vitro concentration of this compound and rhodomyrtone required to 
exert a similar effect on bacterial growth was compared, although 
this has limitations because rhodomyrtone pharmacokinetics and 
pharmacodynamics is still unknown and nothing can be inferred 
about the basis of the mechanism of antibacterial activity of 
rhodomyrtone. MIC values for rhodomyrtone were lower than those 
of vancomycin for most of the tested isolates. The lowest 
concentration of rhodomyrtone necessary to inhibit staphylococcal 
growth was 0.25 µg/mL and corresponded to 2 isolates (isolates 1 
and 2) that had a MIC value of 0.5 µg/mL for vancomycin (Table 1). 
Since 2002 when Salni et al. isolated rhodomyrtone from R. 
tomentosa156 several studies have reported strong antibacterial 
activity against some Gram-positive microorganisms including S. 
aureus263,264. These results support the powerful anti-microbial 
activity of rhodomyrtone (which is now commercially available) since 
very low values of MIC were detected for the largest collection of 
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analyzed staphylococcal strains. MIC interpretative standards for 
vancomycin were assigned according to CLSI guidelines for S. 
aureus265. Sensitive (s) or resistant (r) strains are shown in Table 1. As 
there is no a specific interpretation of MIC values for rhodomyrtone 
and despite this compound is not related to vancomycin (i.e. even 
though strength and capacity of these compounds might be 
different) for this study strains with MIC values higher than 16 µg/mL 
were considered as resistant to rhodomyrtone. From the overall 
clinical isolates, only one, isolate 10, was classified as vancomycin 
(MIC > 32 µg/mL) and rhodomyrtone (MIC > 32 µg/mL) resistant. 
Although the chemical structures of both compounds are not similar 
(Figure 1), it is unknown whether some similarities could exist in 
their resistance mechanisms, knowing that the vancomycin 
resistance mechanism in enterococci is produced by the formation 
of peptidoglycan receptors with reduced glycopeptide affinity266. 

On the other hand, good bacteriostatic activity of the tested 
compound was evidenced. MIC values of both rhodomyrtone and 
vancomycin ranged from 0.25 to 8 µg/mL and 0.5 to 8 µg/mL, 
respectively. The MIC90 values were the same for both antimicrobial 
compounds (1 µg/mL), but MIC50 of rhodomyrtone was half of that 
of vancomycin. Considering that the rhodomyrtone concentration 
required to inhibit growth of 50% of clinical isolates analyzed is half 
vancomycin concentration needed to exert the same effect, high 
effectiveness is suggested. However, there were no differences in 
the range of MBC values for both substances (from 0.5 to 8 µg/mL), 
as well as for the MBC50 and the MBC90 values (Table 2). These data 
are encouraging and suggest that rhodomyrtone is a potential 
agent to increase the armamentarium against MRSA infections and 
should be evaluated in future studies.  
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Table 1. Minimal inhibitory concentration (MIC) and minimal bactericidal 
concentration (MBC) of rhodomyrtone against S. aureus clinical isolates 

Bacterial strain MIC/MBC (µg/mL) 
Sample Rhodomyrtone Vancomycin Sample Rhodomyrtone Vancomycin 
COL 0.5/1(s) 2/2(s) 39 1/2(s) 1/1(s) 

1 0.25/1(s) 0.5/2(s) 40 1/2(s) 1/1(s) 
2 0.25/1(s) 2/2(s) 41 1/1(s) 1/2(s) 
3 0.5/2(s) 2/2(s) 42 1/2(s) 1/1(s) 
4 0.5/2(s) 1/4(s) 43 1/4(s) 1/2(s) 
5 0.5/4(s) 1/4(s) 44 1/1(s) 1/4(s) 
6 0.5/1(s) 1/2(s) 45 1/2(s) 1/1(s) 
7 0.5/4(s) 1/2(s) 46 1/1(s) 1/1(s) 
8 0.5/2(s) 1/1(s) 47 1/1(s) 1/1(s) 
9 0.5/4(s) 0.5/1(s) 48 0.5/2(s) 1/2(s) 

10 >32/>32(r) >32/>32(r) 49 0.5/2(s) 1/2(s) 
11 0.5/4(s) 1/1(s) 50 0.5/4(s) 1/2(s) 
12 0.5/4(s) 1/1(s) 51 0.5/1(s) 2/4(s) 
13 0.5/4(s) 1/1(s) 52 0.5/0.5(s) 0.5/0.5(s) 
14 0.5/8(s) 1/4(s) 53 0.5/4(s) 1/1(s) 
15 1/4(s) 1/1(s) 54 0.5/2(s) 1/1(s) 
16 0.5/4(s) 1/2(s) 55 0.5/1(s) 1/4(s) 
17 1/4(s) 1/1(s) 56 0.5/2(s) 1/1(s) 
18 1/2(s) 1/4(s) 57 0.5/2(s) 1/2(s) 
19 1/4(s) 1/2(s) 58 0.5/1(s) 1/1(s) 
20 1/4(s) 1/2(s) 59 0.5/4(s) 1/2(s) 
21 1/4(s) 1/2(s) 60 0.5/4(s) 1/2(s) 
22 1/4(s) 1/4(s) 61 0.5/2(s) 1/2(s) 
23 1/4(s) 0.5/2(s) 62 0.5/4(s) 1/2(s) 
24 1/2(s) 1/2(s) 63 0.5/2(s) 1/2(s) 
25 1/4(s) 1/2(s) 64 0.5/2(s) 0.5/8(s) 
26 1/4(s) 1/4(s) 65 0.5/2(s) 1/1(s) 
27 1/4(s) 1/4(s) 66 0.5/4(s) 1/1(s) 
28 1/2(s) 1/1(s) 67 0.5/4(s) 0.5/2(s) 
29 1/4(s) 2/4(s) 68 0.5/1(s) 1/4(s) 
30 1/1(s) 1/1(s) 69 0.5/4(s) 1/2(s) 
31 1/1(s) 1/1(s) 70 0.5/2(s) 1/2(s) 
32 1/4(s) 1/2(s) 71 0.5/2(s) 1/2(s) 
33 1/4(s) 1/2(s) 72 0.5/4(s) 1/2(s) 
34 1/2(s) 1/2(s) 73 0.5/2(s) 1/2(s) 
35 1/2(s) 1/4(s) 74 2/4(s) 1/1(s) 
36 1/2(s) 2/4(s) 75 0.5/4(s) 1/1(s) 
37 1/2(s) 0.5/1(s) 76 0.5/4(s) 1/4(s) 
38 1/8(s) 1/4(s)    

(s) sensitive and (r) resistant strains to rhodomyrtone. 
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Figure 1. Chemical structures of the antimicrobial compounds. A) Chemical 
structure of vancomycin. B) Chemical structure of rhodomyrtone. 
  

Regarding rhodomyrtone, the concentration required for being able 
to kill 50% of the isolates was four fold higher than those required 
for inhibiting the growth of the same percentage of strains. The 
clinical isolate 10 was not included for determining MIC50/90 and 
MBC50/90 because of its outlying values.  Notwithstanding that MBC50 

and MBC90 of rhodomyrtone were the same as those of vancomycin, 
good bactericidal activity could be predicted because 
concentrations remained low (2 and 4 µg/mL, respectively). The MIC 
and MBC values obtained here were nearly two fold higher than 
those previously described 267,264,157.  
 

Table 2. Minimal inhibitory concentration (MIC50/90) and minimal bactericidal 
concentration (MBC50/90) of rhodomyrtone against S. aureus clinical isolates  
 

Antibacterial 
agents 

Antibacterial activity  (µg/mL) S. aureus COL 

MIC50 MIC90 MIC 
range MBC50 MBC90 MBC 

range MIC MBC 
Rhodomyrtone 
(n=75) 0.5 1 0.25 – 8 2 4 0.5 – 8 0.5 1 
Vancomycin 
(n=75) 1 1 0.5 – 8 2 4 0.5 – 8 2 2 

 

Although the rhodomyrtone effect has been previously tested on 
Staphylococcus aureus, in this study a large cohort of clinical isolates 
was evaluated. Differences between the MIC and MBC values 
obtained in this study with those previously reported could be 
based on the compound origin. One possible explanation may 
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consider the commercial rhodomyrtone as a racemic mixture of left- 
and right- handed enantiomers. This hypothesis assumes that the 
chiral molecule is involved in the mechanism of action that leads to 
rhodomyrtone antibacterial activity. In this way, the rhodomyrtone 
used could be less effective than the rhodomyrtone used in other 
experiments, purified from the plant. Another potential explanation 
could be related to source of the clinical isolates used in this study. 
Previous studies used reference strains of S. aureus or clinical 
isolates from acne lesions263 whose serotypes could be different and 
less pathogenic those associated to invasive diseases and 
bacteremia such is a case in this study6. Due to its high effectiveness 
to inhibit the growth of MRSA clinical isolates this compound should 
be considered as a potential alternative to treat MRSA-infections.  
 

5.3 Effect of rhodomyrtone on staphylococcal growth and 

survival 
 

Bacterial growth was determined by measuring OD600 at different 
time points. For the COL strain, the culture treated with 0.5 × MIC of 
rhodomyrtone experienced a marked extension of the lag phase. 
After 26 hours, the rhodomyrtone-treated culture showed an 
increase in the OD600. Late exponential phase was observed after 34 
hours incubation at 37 ºC, 26 hours later than the control (Figure 
2A). The same effect was observed for the sensitive isolate 52 
(Figure 2C). Interestingly, the isolate 10 was not affected by the 
action of rhodomyrtone (Figure 2B).   

Anti-biofilm activity of both R. tomentosa ethanol extract and 
rhodomyrtone was demonstrated against S. aureus264. Previous 
proteomic analysis of rhodomyrtone-treated S. aureus revealed 
alterations on pathways such as cell wall biosynthesis, cell division 
and oxidative stress268, mechanisms possibly related to a delayed 
growth. 



Ph. D. Thesis  Irene Jiménez Munguía 

 162 

  
A

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46
0.0

0.2

0.4

0.6

0.8

1.0

1.2

Control
0,5MIC

Time (h)

O
D

6
0

0
n

m

 

B

0 2 4 6 8 10 12 14 16 18 20 22 24
0.0

0.2

0.4

0.6

0.8

1.0

1.2

Control
0,5MIC

Time (h)

O
D

60
0n

m

 

C

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46
0.0

0.2

0.4

0.6

0.8

1.0

Control
0,5MIC

Time (h)

O
D

60
0n

m

!
 

Figure 2.  Effect of the rhodomyrtone on bacterial growth. A) S. aureus COL. B) 
Clinical isolate 10. C) Clinical isolate 52.  Open circle, staphylococcal cultures under 
1%DMSO; dark circle, rhodomyrtone treated cultures. 
!
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Time-kill curves were performed to measure the antimicrobial 
effectiveness of rhodomyrtone against two sensitive staphylococcal 
strains, the reference strain COL and the isolate 52. Although a clear 
effect was observed in both strains, cell viability of isolate 52 was 
strongly affected (Figure 3). The COL strain showed growth 
inhibition the first 12 h after exposure to 1 × MIC but normal growth 
after 24 h of incubation with this antimicrobial compound. 
Nevertheless, more pronounced effects were observed when higher 
concentrations of this compound were tested. A greater effect of the 
rhodomyrtone was exhibited on isolate 52 after 8-h treatment, with a 
decrease in 2 logs.  

Additionally, after 24 h incubation with 4 × MIC rhodomyrtone, more 
than 90% of CFU from COL were reduced (Figure 3). To assess the 
direct effect of rhodomyrtone on cell survival, 4 × MIC and 2 × MIC 
rhodomyrtone-treated cells were counted. Percentage of cell 
survival was calculated at each different time. The untreated 
staphylococcal culture was considered 100% of live cells. Decrease 
in counted CFU was observed after 12 h incubation with 4 × MIC: 
only 1% of surviving cells was found on the isolate 52 culture. 
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Figure 3. Time-kill curves of S. aureus after treatment with rhodomyrtone. A) S. 
aureus COL; B) Isolate 52 at 4x (▲), 2x (●), 1x (♦), and 0.5x (■) MIC. 1% DMSO (o) 
was used as a control. Each symbol indicates the mean ± SD. 
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The S. aureus growth of was clearly reduced under 0.5 × MIC 
rhodomyrtone. This antimicrobial compound is associated with the 
protein expression inhibition such as the fibronectin-binding protein 
GADPH in S. pyogenes, which may affect the ability to adhere to 
mammalian cells269. Antibiotic exposure constitutes an efficient 
source of changes in the bacterial physiology. Although its 
mechanism of action still remains unknown, rhodomyrtone may 
affect cell viability probably due to aberrant cell septum or delay in 
cell division268. However, an overview reveals those disturbances in 
some metabolic pathways may be involved, such as cell division, 
glycolysis, or gluconeogenesis cycle269. Transcriptome analysis has 
revealed alterations on metabolism, nucleic metabolism or 
membrane functions268. Secretomic analysis has revealed alterations 
in the proteins secreted by S. aureus267. 

5.4 Reduction of staphylococcal MVs production by 

rhodomyrtone 

Gram-negative bacteria produce outer membrane vesicles (OMVs), 
which are released for offensive and/or defensive purposes270. Until 
few years ago, it was thought that Gram-positive microbes did not 
produce any equivalent structures. However, membrane vesicles 
(MV) production and release from Gram-positive bacteria as Bacillus 
anthracis, S. pneumoniae and S. aureus has been reported 
recently106,104,105. S. aureus produces MVs in natural conditions107 To 
evaluate the effect of rhodomyrtone on MV production, the 
reference strain COL was cultured in triplicate with two different 
concentrations of this compound. MV fractions from staphylococcal 
cultures treated and untreated with rhodomyrtone were obtained. 
MV samples were air-dried and weighted. As expected, this 
antimicrobial compound affected MV production in a dose-
dependent manner (Figure 4). 



Results and Discussion                                                         Chapter V                                     

   165 

 !

Figure 4. Dose effect of rhodomyrtone on MVs production. Decrease on MVs 
production from S. aureus COL after exposure with different concentrations of 
rhodomyrtone. A) White bar, MVs from S. aureus COL after exposure with 1% 
DMSO; grey bar, MVs from S. aureus COL after exposure with 0.25 x MIC; and dark 
bar, MVs from S. aureus COL after exposure with 0.5 x MIC. B) White bar indicate 
control cultures and Black bar indicate cultures treated with 0.5 x MIC. 
 
In the present work, the capacity of rhodomyrtone to reduce the MV 
release in treated staphylococcal cultures was demonstrated. S. 
aureus produces MVs possessing antigenic properties (i.e. deliver 
toxic bacterial components to host cells and induce apoptotic cell 
death)107,175. The inhibition rate of MV production was assessed. 
According to the results previously shown, two representative 
strains were selected: isolate 52 (MIC = 0.5 µg/mL), classified as 
sensitive, and isolate 10, which was classified as rhodomyrtone-
resistant (MIC > 32 µg/mL) (Table 1). These two isolates and the 
COL strain were cultured in triplicate with 0.5 × MIC rhodomyrtone. 
Among MVs samples obtained from the three strains in absence of 
rhodomyrtone, the highest yield was obtained from isolate 52 (27.2 
mg ± 2.9 mg/L). Although treated and untreated-rhodomyrtone 
cells produced MVs, a strong reduction on MVs production in the 
rhodomyrtone-treated sensitive strains after exposure with 0.5 × MIC 
of this compound was observed (Figure 4). The decrease in the 
amount of MVs was highly pronounced in the isolate 52 (86.7 % ± 
3.8%).  Notoriously, the slight reduction of MV production in the 
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rhodomyrtone-resistant isolate 10 was not statistically significant. 
Interestingly, the MV production by the rhodomyrtone-resistant 
isolate 10 was not affected after the exposure to the antimicrobial 
compound. These results show that the reduction in the amount of 
MVs shed from rhodomyrtone-sensitive strains is a direct effect 
caused by this compound. MVs composition remain unknown. 
Recently, Olaya-Abril et al. demonstrated that MVs from 
pneumococcal strains derived from the bacterial plasma membrane 
and consequently, the composition is quite similar, although some 
features differentiate them104. Despite some MV components are 
known in staphylococcal MVs, there is no an exact form to quantify 
this structures. 
 

5.5 Reduction of staphylococcal MVs hemolytic activity by 

rhodomyrtone exposure 

In Gram-negative bacteria, hemolytic antigens are also contained 
inside OMVs. Intact MVs possess hemolityc activity, which is 
enhanced when MVs are disrupted271. In this study, the effect of 
rhodomyrtone-treated and non-treated MVs on erythrocyte cell lysis 
was carried out. 25 µL of 5% sheep red blood cells solution was 
incubated with equal volumes of intact and disrupted MVs samples. 
Staphylococcal MVs samples were obtained from control and 0.5 × 
MIC-treated cultures. After 1 h incubation at 37 ºC, free hemoglobin 
was measured at 540 nm. Both untreated and rhodomyrtone-
treated MV samples showed hemolytic activity (Figure 5).  

Free hemoglobin was measured after incubation of intact and lysed 
MVs. Clearly, intact blebs possessed lytic activity, which is enhanced 
when the content inside MVs interacts with red cells after their 
release by sonication disruption. In this experiment, the isolate 52 
under normal culture conditions produced higher amounts of 
vesicles, for that reason the observed hemolytic activity was higher. 
These data support other results previously reported175. Although 
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rhodomyrtone-treated cells also produced membrane-derived 
vesicles, an effect on attenuation of hemolytic capacity was 
observed. This compound significantly reduced the hemolytic 
activity of MVs. Because of this, the hemolysis caused by 
staphylococcal MVs obtained from rhodomyrtone-treated cultures 
was considerably reduced compared to those from control cultures. 
As previously said, the action mechanism of rhodomyrtone is still 
unknown. However, because MVs are formed by a membraneous 
structure, decrease in MVs shed after treatment could suggest that 
the membrane is one possible target of this compound. 

!

Figure 5. Effect of rhodomyrtone on MVs hemolytic activity. Reduction on MVs-
hemolytic activity after treatment with 0.5 x MIC of rhodomyrtone. Open circle, 
intact MVs from control cultures (1%DMSO); black circle, lysed MVs from control 
cultures (1%DMSO); open triangle, intact MVs from rhodomyrtone- treated 
cultures; black triangle lysed MVs from rhodomyrtone- treated cultures. 

Some advantages of this antimicrobial compound have been 
reported for being used as a safe drug. Low cytotoxicity on 
fibroblasts264 and no toxicity tested on human erythrocytes have 
been observed after incubation with rhodomyrtone; also no 
resistance developed in vitro after 45 passages has been found for 
S. aureus157. To this regard, the results shown in this thesis 
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encourage and support the effectiveness of this compound as an 
antibiotic. Having another option to treat staphylococcal infections, 
especially those by MRSA, is very important due to resistant 
bacterial strains emerged in the last years, which limit the use of 
conventional antibiotics272. Moreover, it might be considered as part 
of clinical therapy in the fight against infections caused by this 
pathogen, although further research is needed to understand its 
possible secondary effects, bioavailability in the organism and the 
molecular mechanism of action.  
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GENERAL DISCUSSION 

This thesis is focused on the identification of new molecules, mainly 
proteins with prognosis, diagnosis or treatment purposes against 
two human pathogenic bacteria, Staphylococcus aureus and 
Streptococcus pneumoniae.  These pathogens cause life-
threatening diseases related to a high death rate30,273 and have the 
ability to generate resistance to drugs easily or have the capacity to 
alter their structure to avoid immune system58,274,. Currently, 
vaccines to prevent carriage of S. aureus are not available despite 
new strategies involving protein combination have been 
evaluated198 because the humoral immune response has not been 
triggered properly. To this regard the screening and selection of 
new molecules have to be improved. For this thesis, the approach 
used for the identification of novel molecules was a combination of 
high-throughput techniques involving severeal “Omics”, 
bioinformatic tools and statistical analysis, as well as classical 
microbiological and molecular biology techniques.  
 
This discussion attempts to explain the importance of a multi-
disciplinary approach to addressing large- scale identification of 
new biomarkers. Throughout the discussion data will aid to indicate 
the contribution of each discipline in the identification or selection 
of those candidates. The proteomic approach on these two 
pahogens involved, for S. aureus, the surface- exposed proteins 
analysis as vaccine candidates and the screening of biomarker 
predictors of bacteremia (Ch I and II). Given the plenty information 
obtained, some protein antigens are suggested as potential 
biomarkers or vaccine candidates whose protection capacities need 
to be assayed. In case of S. pneumoniae  surface- exposed proteins 
selected by proteomics were applied to assess the seroresponse in 
children with community- acquired pneumonia. From this approach, 
discriminatory power was identified for one antigen with lower anti- 
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protein antibody titer. Such antigen discriminates between healthy 
and infected children younger than 4 years (Ch IV). Moreover, 
through proteomics, changes in the proteome of S. pneumoniae 
were also evaluated after iron deprivation (Ch III). Pneumonoccal 
protein expression was modified by the chelator. Those proteins 
mostly affected, beside to elucidate the mechanisms involved in the 
iron starvation process, can be used as drug targets to treat 
infections caused by pneumococcus. Particularly, an integrative 
“omics” approach was necessary to assess the iron starvation at 
different levels. Gene expression was assessed by a transcriptomic 
approach using DNA microarrays. The comparison between two 
pneumococcal strains suggests that 20 genes absent in the avirulent 
strain may be involved in triggering the response to iron shortage. 
Metabolomics view displayed the lack of appropriate metabolite 
identification based on developing entries but in parallel those 
successfully identified metabolites provide information of the 
metabolic processes affected by the iron scarcity. 
 
Finally, classical molecular biology techniques were used  to 
establish the allelic profile of staphylococcal strains to know the 
serotype distribution of this pathogen (Ch I). Moreover, these 
techniques are usefull in the validation of  those holistic methods. 
Classical microbiological and biochemical techniques were used to 
address  the latter approach. A novel antimicrobial compound, 
rhodomyrtone, was evaluated on a collection of clinical isolates. 
Although bioavailability or toxicity assays are needed, this 
compound reduces cell viability and exerts effects on membrane 
vesicles production which are a vehicle for the delivery of antigenic 
molecules inside the host107. Considering the limitations of these 
techniques, the success of its application in the search and selection 
of biomarkers is proved when a collection of new vaccine 
candidates or candidate biomarkers is obtained. 
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CONCLUSIONS 
!

1. The combination of the “shaving” approach and patient sera-
based immunoproteomics provides new insights to the 
discovery of protein antigens as potential vaccine candidates 
against S. aureus. In this study, 4 proteins identified using both 
strategies are the best candidates from the collection of 
studied clinical isolates (Ch. I). 

2. “Shaving” of living cells combined with bioinformatics tools 
identified seven protein antigens from the staphylococcal pan-
surfome as potential vaccine candidates to be experimentally 
validated in cases of bacteremia caused by  MRSA strains (Ch. 
II). 

3. Iron starvation altered the expression and/or regulation of 
genes, proteins and metabolites involved in primary metabolic 
proceses. This effect is more pronounced in the virulent 
streptococcal strain TIGR4. The different “omics” show sets of 
changing biomolecules that can complement themselves to 
provide a global insight into the adaptation of pneumococcus 
to iron starvation (Ch. III). 

4. A bead-based pneumococcal platform assessed 
simultaneously seroresponses in children with community-
acquired pneumonia finding significantly lower titres to three 
protein antigens (RrgB, PrsA and RrgC) which opens a gap 
about the importance of natural antibodies as markers of 
protection against pneumonia (Ch. IV). 

5. Rhodomyrtone retards the growth of S. aureus displaying a 
good antibacterial activity and affects the membrane- derived 
vesicle production in a dose-dependent manner (Ch. V). 
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APPENDIX I: TABLES 

 

Table S2.  Down-expressed genes of Streptococcus pneumoniae R6  grown under iron 
deprivation by deferoxamine 
No. Accession (GI) Description Location Log2 FC FDR 

1 15457601 Hypothetical protein Cytoplasmic -0.88 0.037 
2 15457728 Hypothetical protein Cytoplasmic -0.59 0.027 
3 15457729 Anaerobic ribonucleoside-triphosphate 

reductase activating protein 
Cytoplasmic -0.61 0.025 

4 15457730 Hypothetical protein spr0186  Cytoplasmic -0.65 0.025 
5 15458044 ABC transporter ATP-binding protein Membrane -0.50 0.034 
6 15458106 Oxidoreductase Membrane -0.64 0.045 
7 15458470 Dihydroorotate dehydrogenase 1B Cytoplasmic -0.66 0.036 
8 15458508 Hypothetical protein Membrane -0.47 0.047 
9 15459299 Transcriptional regulator Cytoplasmic -0.59 0.032 

10 15459581 DNA mismatch repair protein MutS Cytoplasmic -0.50 0.027 

11 15457727 Hypothetical protein Membrane -0.58 0.027 

12 15459643 Choline binding protein PcpA Membrane -1.18 0.050 

13 15459681 D-alanine transfer from undecaprenol-
hosphate to the poly(glycerophosphate) 
chain 

Membrane -0.80 0.037 
14 15459686 Hypothetical protein Membrane -0.64 0.030 

!

Table S1.  Over-expressed genes of Streptococcus pneumoniae R6  grown under iron 
deprivation by deferoxamine 
No. Accession (GI) Description Location Log2 FC FDR 

1 15457621 Hypothetical protein spr0086  Membrane 1.06 0.035 
2 15457622 Hypothetical protein Membrane 1.05 0.046 
3 15457623 Hypothetical protein spr0088  Membrane 1.04 0.026 
4 15457749 50S ribosomal protein L6 Cytoplasmic 0.50 0.034 
5 15458412 ABC transporter ATP-binding protein Cytoplasmic 1.37 0.027 
6 15458413 ABC transporter permease Membrane 1.24 0.026 
7 15458421 Hypothetical protein Cytoplasmic 0.55 0.044 
8 15458422 Carboxynorspermidine decarboxylase Cytoplasmic 0.64 0.023 
9 15458423 Agmatine deiminase Cytoplasmic 0.60 0.027 

10 15459379 ATP-binding protein AmiF Cytoplasmic 0.46 0.039 
11 15459381 Oligopeptide ABC transporter, permease 

AmiD 
Membrane 0.56 0.027 

12 15459382 Oligopeptide ABC transporter, permease 
AmiC 

Membrane 0.50 0.034 

13 15459694 Glycerol kinase Cytoplasmic 2.14 0.049 
14 15459700 Hypothetical protein Membrane 0.77 0.025 
15 15459706 ABC transporter ATP-binding protein Cytoplasmic 0.71 0.027 
!
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                                              Table S3.  Over-expressed genes of Streptococcus pneumoniae TIGR4  grown under 
iron deprivation by deferoxamine 
No. Accession 

(GI) 
Description Location Log2 FC FDR 

1 15899975 Uncharacterized protein Cytoplasmic 0.46 0.04 
2 15899980 UPF0324 membrane protein SP_0034 Membrane 0.53 0.02 
3 15900028 Histidine kinase  Membrane 0.32 0.04 
4 15900059 Pneumococcal surface protein A Membrane 0.80 0.02 
5 15900111 Uncharacterized protein Cytoplasmic 1.00 0.01 
6 15900112 6,7-dimethyl-8-ribityllumazine synthase  Cytoplasmic 1.13 0.01 
7 15900113 Riboflavin biosynthesis protein RibBA Cytoplasmic 1.19 0.01 
8 15900114 Riboflavin synthase, alpha subunit  Cytoplasmic 1.13 0.01 
9 15900115 Riboflavin biosynthesis protein RibD Cytoplasmic 1.13 0.01 

10 15900138 Anaerobic ribonucleoside-triphosphate 
reductase  

Cytoplasmic 0.61 0.01 

11 15900139 Uncharacterized protein Cytoplasmic 0.43 0.03 
12 15900140 Acetyltransferase, GNAT family Cytoplasmic 0.66     

0.01 13 15900141 Anaerobic ribonucleoside-triphosphate 
reductase-activating protein  

Cytoplasmic 0.64 0.01 

14 15900142 Uncharacterized protein Cytoplasmic 0.61 0.01 
15 15900143 Conserved domain protein Cytoplasmic 0.52 0.01 
16 15900215 Aminopeptidase C  Cytoplasmic 0.92 0.01 
17 15900298 6-phosphogluconate dehydrogenase, 

decarboxylating  
Cytoplasmic 0.41 0.02 

18 15900308 Uncharacterized protein Membrane 0.44 0.05 
19 15900309 Putative sensor histidine kinase Membrane 0.60 0.02 
20 15900312 Choline binding protein G Cytoplasmic 0.43 0.03 
21 15900429 Heat-inducible transcription repressor 

HrcA 
Cytoplasmic 0.84 0.04 

22 15900430 Protein GrpE  Cytoplasmic 0.80 0.04 
23 15900432 Uncharacterized protein Cytoplasmic 1.05 0.02 
24 15900507 Transmembrane protein Vexp1 Membrane 0.79 0.01 
25 15900508 ABC transporter, ATP-binding protein 

Vexp2 
Cytoplasmic 0.80 0.01 

26 15900509 Transmembrane protein Vexp3 Membrane 0.80 0.01 
27 15900511 DNA-binding response regulator VncR Cytoplasmic 0.66 0.01 
28 15900512 Histidine kinase  Membrane 0.53 0.02 
29 15900513 Fructose-bisphosphate aldolase  Cytoplasmic 0.58 0.02 
30 15900524 Beta-lactam resistance factor Cytoplasmic 0.49 0.02 
31 15900525 Conserved domain protein Membrane 0.56 0.02 
32 15900530 Nitroreductase family protein Cytoplasmic 0.89 0.02 
33 15900531 Dipeptidase Cytoplasmic 0.52 0.02 
34 15900532 Uncharacterized protein Cytoplasmic 0.43 0.02 
35 15900534 Uncharacterized protein Cytoplasmic 0.59 0.03 
36 15900535 HIT family protein Cytoplasmic 0.71 0.01 
37 15900547 Serine protease, subtilase family Cell Wall 1.03 0.01 
38 15900561 Peptide methionine sulfoxide reductase 

MsrA/MsrB   
 
Cytoplasmic 

0.46 0.04 

                                                                                                                                                     (Continued on next page)!
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 Table S3.  (continued) 
No. Accession (GI) Description Location Log2 FC FDR 

39 15900562 DNA-binding response regulator Cytoplasmic 0.60 0.02 
40 15900563 Putative sensor histidine kinase Membrane 0.50 0.02 
41 15900677 Glutathione reductase  Cytoplasmic 0.75 0.03 
42 15900691 Transcriptional regulatory protein CiaR Cytoplasmic 0.71 0.03 
43 15900751 Uncharacterized protein Cytoplasmic 0.44 0.03 
44 15900752 Cysteine desulfurase  Cytoplasmic 0.40 0.04 
45 15900782 Uncharacterized protein Cytoplasmic 0.62 0.02 
46 15900786 Uncharacterized protein Membrane 0.52 0.03 
47 15900858 Foldase protein PrsA  Lipoprotein 0.95 0.01 
48 15900868 Exonuclease Cytoplasmic 0.30 0.04 
49 15900872 Cytochrome c-type biogenesis protein 

CcdA 
Membrane 0.60 0.01 

50 15900873 Thioredoxin family protein Lipoprotein 0.47 0.03 
51 15900898 Uncharacterized protein Secretory 0.97 0.03 
52 15900963 Ribose-phosphate pyrophosphokinase 2  Cytoplasmic 0.41 0.03 
53 15901082 L-lactate dehydrogenase  Cytoplasmic 0.64 0.04 
54 15901144 LemA protein Membrane 0.36 0.03 
55 15901192 Uncharacterized protein Membrane 0.72 0.02 
56 15901194 Uncharacterized protein Membrane 0.66 0.02 
57 15901195 ABC transporter, ATP-binding protein Cytoplasmic 0.75 0.02 
58 15901196 Drug efflux ABC transporter, ATP-

binding/permease protein 
Membrane 0.82 0.02 

59 15901197 Prolyl oligopeptidase family protein Cytoplasmic 0.95 0.01 
60 15901198 Uncharacterized protein Cytoplasmic 0.88 0.02 
61 15901324 Glycine--tRNA ligase beta subunit  Cytoplasmic 0.42 0.04 
62 15901351 TPR domain protein Cytoplasmic 0.29 0.04 
63 15901356 ATP synthase gamma chain  Cytoplasmic 0.47 0.03 
64 15901357 ATP synthase subunit alpha  Cytoplasmic 0.36 0.04 
65 15901358 ATP synthase subunit delta  Cytoplasmic 0.49 0.02 
66 15901359 ATP synthase subunit b  Membrane 0.48 0.03 
67 15901360 ATP synthase subunit a  Membrane 0.36 0.03 
68 15901409 UPF0042 nucleotide-binding protein 

SP_1566 
Cytoplasmic 0.34 0.04 

69 15901412 ATP-dependent Clp protease ATP-
binding subunit ClpX 

Cytoplasmic 0.46 0.02 

70 15901430 Oxidoreductase, pyridine nucleotide-
disulfide, class I 

Cytoplasmic 0.89 0.02 

71 15901433 Proline dipeptidase  Cytoplasmic 0.73 0.02 
72 15901434 Conserved domain protein Membrane 0.67 0.02 
73 15901484 Manganese ABC transporter, ATP-binding 

protein 
Cytoplasmic 0.67 0.02 

74 118090037 Putative manganese ABC transporter, 
permease protein 

Membrane 0.72 0.01 

75 15901485 Manganese ABC transporter substrate-
binding lipoprotein  

Lipoprotein 0.70 0.03 

             (Continued on next page)!
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(Continued on next page)!
Table S3.  (continued) 

No. Accession (GI) Description Location Log2 FC FDR 

76 255964977 Probable thiol peroxidase  Cytoplasmic 0.53 0.03 
77 15901497 YlmH protein Cytoplasmic 0.42 0.01 
78 15901500 YlmE protein Cytoplasmic 0.31 0.04 
79 15901504 MutT/nudix family protein Cytoplasmic 0.49 0.03 
80 15901505 UDP-N-acetylmuramoyl-tripeptide--D-

alanyl-D-alanine ligase  
Cytoplasmic 0.47 0.02 

81 15901530 Uncharacterized protein Cytoplasmic    0.86 0.05 
82 15901549 ABC transporter, ATP-binding protein Membrane 0.95 0.01 
83 15901603 Putative transcriptional regulator Cytoplasmic 0.57 0.03 
84 15901604 Conserved domain protein Cytoplasmic 0.67 0.02 
85 15901630 Uncharacterized protein Membrane 0.73 0.01 
86 15901631 Uncharacterized protein Membrane 0.65 0.02 
87 15901632 Uncharacterized protein Membrane 0.59 0.04 
88 15901633 Putative general stress protein 24 Cytoplasmic 0.67 0.03 
89 15901637 Putative type IV prepilin peptidase Membrane 0.73 0.02 
90 15901679 Uncharacterized protein Cytoplasmic 0.41 0.05 
91 15901684 Transcriptional regulator, MerR family Cytoplasmic 0.58 0.04 
92 15901685 Cation efflux system protein Membrane 1.44     

0.01 93 15901688 Choline transporter Membrane 0.53 0.04 
94 15901689 Choline transporter Cytoplasmic 0.57 0.03 
95 15901690 Uncharacterized protein Cytoplasmic 0.40 0.04 
96 15901691 Transcriptional regulator, MarR family Cytoplasmic 0.49 0.02 
97 15901697 Iron-compound ABC transporter, 

permease protein 
Membrane 1.50 0.01 

98 15901698 Iron-compound ABC transporter, 
permease protein 

Membrane 1.49 0.01 

99 15901699 Iron-compound ABC transporter, ATP-
binding protein 

Cytoplasmic 1.51 0.02 

100 15901700 Iron-compound ABC transporter, iron-
compound-binding protein 

Lipoprotein 1.01 0.04 

101 15901732 60 kDa chaperonin  Cytoplasmic 0.81 0.02 
102 15901733 10 kDa chaperonin  Cytoplasmic 0.75 0.03 
103 15901764 Protein RecA  Cytoplasmic 0.40 0.05 
104 15901824 Putative sensor histidine kinase Membrane 0.39 0.02 
105 15901825 Uncharacterized protein Membrane 0.45 0.02 
106 15901835 Glyceraldehyde-3-phosphate 

dehydrogenase  
Cytoplasmic 0.77 0.03 

107 15901888 Glutamate--tRNA ligase  Cytoplasmic 0.34 0.02 
                                                                                                                                                 (Continued on next page)!
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Table S3.  (continued) 
No. Accession (GI) Description Location Log2 FC FDR 
108 15901889 Glucose-6-phosphate isomerase  Cytoplasmic 0.64 0.02 
109 15901890 Uncharacterized protein Cytoplasmic 0.74 0.02 
110 15901984 D-alanine--poly(phosphoribitol) ligase 

subunit 2 
Cytoplasmic 0.66 0.02 

111 15901985 DltB protein Membrane 0.64 0.02 
112 15901986 D-alanine--poly(phosphoribitol) ligase 

subunit 1 
Membrane 0.69 0.03 

113 15901993 Glycerol kinase  Cytoplasmic 1.78 0.02 
 
 
 
 

114 15901994 Conserved domain protein Cytoplasmic 0.70 0.03 
115 15902003 ABC transporter, ATP-binding protein Cytoplasmic 0.61 0.01 
116 15902004 Putative ABC transporter, substrate-

binding protein 
Lipoprotein 0.58 0.03 

117 15902042 Serine protease Membrane 1.64 0.01 
118 15902043 SpspoJ protein Cytoplasmic 1.49 0.02 

Operons are indicated in color blue 
!
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Table S4. Down-expressed genes of Streptococcus pneumoniae TIGR4  grown under iron 
deprivation by deferoxamine 
No. Accession (GI) Description Location Log2 FC FDR 

1 330689322 Sialidase A  Unknown -0.82 0.01 
2 15899952 Uncharacterized protein Cytoplasmic -0.81 0.01 
3 15899953 Ribosome-binding ATPase YchF Cytoplasmic -0.49 0.02 
4 15899966 Uncharacterized protein Cytoplasmic -0.64 0.02 
5 15899968 tRNA-specific adenosine deaminase  Cytoplasmic -0.87 0.00 
6 15899969 Putative deoxyuridine 5'triphosphate 

nucleotidohydrolase 
Cytoplasmic -0.54 0.02 

7 15899970 Uncharacterized protein Cytoplasmic -0.49 0.02 
8 15899971 Uncharacterized protein Cytoplasmic -0.59 0.02 
9 15899972 Uncharacterized protein Membrane -0.67 0.03 

10 15899973 Uncharacterized protein Membrane -0.88 0.02 
11 15899987 Transport/processing ATP-binding 

protein ComA  
Membrane -0.60 0.02 

12 15899988 Transport protein ComB Membrane -0.78 0.01 
13 15899989 Phosphoribosylaminoimidazole-

succinocarboxamide synthase  
Cytoplasmic -0.88 0.02 

14 15899995 Bifunctional purine biosynthesis protein 
PurH [Includes: 
Phosphoribosylaminoimidazolecarboxami
de formyltransferase  

Cytoplasmic -0.54 0.01 

15 15899996 Phosphoribosylamine--glycine ligase  Cytoplasmic -0.73 0.01 
16 15899998 N5-carboxyaminoimidazole 

ribonucleotide mutase  
Cytoplasmic -0.52 0.02 

17 15899999 N5-carboxyaminoimidazole 
ribonucleotide synthase  

Cytoplasmic -0.68 0.02 

18 15900000 Uncharacterized protein Cytoplasmic -0.49 0.05 
19 15900020 Phosphorylase, Pnp/Udp family Cytoplasmic -0.56 0.02 
20 15900044 Putative transporter Membrane -0.61 0.05 
21 15900060 tRNA-specific 2-thiouridylase MnmA  Cytoplasmic -0.72 0.00 
22 15900061 MutT/nudix family protein Cytoplasmic -0.81 0.01 
23 15900062 tRNA uridine 5-

carboxymethylaminomethyl modification 
enzyme MnmG  

Cytoplasmic -0.71 0.02 

24 15900084 Uncharacterized protein Membrane -0.28 0.03 
25 15900089 Methionine import ATP-binding protein 

MetN  
Cytoplasmic -0.31 0.05 

26 15900090 Putative ABC transporter, permease 
protein 

Membrane -0.46 0.02 

27 15900101 Putative transcriptional regulator PlcR Cytoplasmic -0.45 0.03 
28 15900102 Uncharacterized protein Membrane -0.97 0.00 
29 15900103 Flavoprotein Cytoplasmic -0.58 0.02 
30 15900156 50S ribosomal protein L24 Cytoplasmic -0.45 0.03 
31 15900157 50S ribosomal protein L5 Cytoplasmic -0.39 0.04 
32 15900158 30S ribosomal protein S14 Cytoplasmic -0.37 0.05 
33 15900161 50S ribosomal protein L6 Cytoplasmic -0.40 0.03 
34 15900176 Phosphoglycerate mutase family protein  Cytoplasmic -0.35 0.04 

(Continued on next page) 
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 Table S4. (continued) 
No. Accession (GI) Description Location Log2 FC FDR 

35 15900201 Putative oxidoreductase Cytoplasmic -0.64 0.01 
36 15900221 Xanthine/uracil permease family protein Membrane -1.03 0.01 
37 15900222 Uncharacterized protein Membrane -0.98 0.00 
38 15900246 Glutathione peroxidase Cytoplasmic -0.36 0.03 
39 15900250 Carbohydrate kinase, PfkB family Cytoplasmic -0.73 0.02 
40 15900253 PTS system, IIA component Cytoplasmic -1.23 0.01 
41 15900254 Glucuronyl hydrolase Cytoplasmic -0.84 0.01 
42 15900255 PTS system, IIB component Cytoplasmic -0.68 0.03 
43 15900256 PTS system, IIC component Membrane -0.99 0.02 
44 15900257 PTS system, IID component Membrane -0.88 0.01 
45 15900258 Preprotein translocase, YajC subunit Membrane -0.85 0.01 
46 15900269 Putative ATP-dependent Clp protease, 

ATP-binding subunit 
Cytoplasmic -1.13 0.05 

47 15900281 Capsular polysaccharide biosynthesis 
protein Cps4G 

Cytoplasmic -0.67 0.02 

48 15900283 Putative membrane protein Membrane -0.53 0.02 
49 15900290 Oligopeptide-binding protein AliA  Lipoprotein -0.62 0.02 
50 15900327 Sodium:alanine symporter family protein Membrane -0.58 0.01 
51 15900331 Uncharacterized protein Cytoplasmic -0.64 0.01 
52 15900332 Aspartokinase  Cytoplasmic -0.59 0.01 
53 15900334 Enoyl-CoA hydratase/isomerase family 

protein 
Cytoplasmic -0.54 0.03 

54 15900335 Transcriptional regulator, MarR family Cytoplasmic -0.55 0.01 
55 15900336 3-oxoacyl-[acyl-carrier-protein] synthase 3  Cytoplasmic -0.64 0.01 
56 15900338 Enoyl-(acyl-carrier-protein) reductase Cytoplasmic -1.07 0.01 
57 15900339 Malonyl CoA-acyl carrier protein 

transacylase  
Cytoplasmic -1.22 0.01 

58 15900340 3-oxoacyl-[acyl-carrier protein] reductase  Cytoplasmic -1.22 0.01 
59 15900341 3-oxoacyl-[acyl-carrier-protein] synthase 2  Cytoplasmic -1.33 0.01 
60 15900342 Acetyl-CoA carboxylase, bitoin carboxyl 

carrier protein 
Cytoplasmic -1.33 0.01 

61 15900343 3-hydroxyacyl-[acyl-carrier-protein] 
dehydratase FabZ  

Cytoplasmic -1.41 0.01 

62 15900344 Acetyl-CoA carboxylase, biotin 
carboxylase  

Cytoplasmic -1.41 0.01 
63 15900345 Acetyl-coenzyme A carboxylase carboxyl 

transferase subunit beta  
Cytoplasmic -1.52 0.01 

64 15900346 Acetyl-coenzyme A carboxylase carboxyl 
transferase subunit alpha  

Cytoplasmic -1.62 0.01 

65 15900347 Uncharacterized protein Cytoplasmic -1.27 0.02 
66 15900348 Uncharacterized protein Cytoplasmic -0.86 0.04 
67 15900349 Uncharacterized protein Membrane -1.10 0.01 
68 15900350 Conserved domain protein Membrane -1.04 0.01 
69 15900368 Uncharacterized protein Cytoplasmic -0.41 0.03 
70 15900380 Cell wall surface anchor family protein Cell Wall -0.53 0.02 
71 15900384 Putative sortase Membrane -0.62 0.01 

             (Continued on next page) 
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Table S4.  (continued) 

No. Accession (GI) Description Location Log2 FC FDR 
72 15900390 Uncharacterized protein Cytoplasmic -0.57 0.02 
73 15900391 PTS system, lactose-specific IIA 

component 
Cytoplasmic -0.88 0.02 

 
 

74 15900397 UPF0397 protein SP_0482 Membrane -0.32 0.04 
75 15900410 Na/Pi cotransporter II-related protein Membrane -0.45 0.01 
76 15900420 Integrase/recombinase, phage integrase 

family 
Cytoplasmic -0.37 0.04 

77 15900440 Response regulator BlpR Cytoplasmic -0.38 0.02 
78 15900441 Putative sensor histidine kinase BlpH Membrane -0.44 0.02 
79 15900444 Bacteriocin BlpI Secretory -0.59 0.04 
80 15900445 Bacteriocin BlpJ Secretory -0.60 0.02 
81 15900447 Uncharacterized protein Membrane -0.54 0.03 
82 15900457 Immunity protein BlpX Membrane -0.42 0.02 
83 15900460 Conserved domain protein Membrane -0.48 0.01 
84 15900462 Uncharacterized protein Cytoplasmic -0.47 0.04 
85 15900514 Putative oxidoreductase Membrane -1.34 0.00 
86 15900552 Uncharacterized protein Membrane -0.38 0.03 
87 15900581 Pseudouridine synthase  Cytoplasmic -0.75 0.04 
88 15900600 Orotidine 5'-phosphate decarboxylase  Cytoplasmic -0.85 0.01 
89 15900601 Orotate phosphoribosyltransferase  Cytoplasmic -0.94 0.00 
90 15900626 Cation-transporting ATPase, E1-E2 family Membrane -0.43 0.03 
91 15900632 Sodium-dependent transporter Membrane -0.73 0.02 
92 15900633 Uncharacterized protein Cytoplasmic -0.72 0.01 
93 15900637 DegV domain-containing protein SP_0742 Cytoplasmic -1.23 0.00 
94 15900644 Branched-chain amino acid ABC 

transporter, amino acid-binding protein 
Lipoprotein -0.45 0.02 

95 15900645 Branched-chain amino acid ABC 
transporter, permease protein 

Membrane -0.46 0.02 

96 15900646 Branched-chain amino acid ABC 
transporter, permease protein 

Membrane -0.44 0.01 

97 15900647 Branched-chain amino acid ABC 
transporter, ATP-binding protein 

Cytoplasmic -0.41 0.03 

98 15900648 Branched-chain amino acid ABC 
transporter, ATP-binding protein 

Cytoplasmic -0.43 0.02 

99 15900662 Probable dual-specificity RNA 
methyltransferase RlmN  

Cytoplasmic -0.39 0.03 

100 15900664 ABC transporter, ATP-binding protein Cytoplasmic -0.42 0.02 
101 15900678 Uncharacterized protein Membrane -0.53 0.02 
102 15900679 ABC transporter, ATP-binding protein Cytoplasmic -0.56 0.02 
103 15900680 Uncharacterized protein Membrane -0.50 0.02 
104 15900683 Conserved domain protein Membrane -0.58 0.02 
105 15900693 Uncharacterized protein Membrane -0.72 0.00 
106 15900736 Glycerol-3-phosphate acyltransferase  Membrane -0.64 0.01 
107 15900756 Membrane protein Membrane -0.44 0.03 
108 15900772 Uncharacterized protein Cytoplasmic -0.49 0.03 
109 15900796 Lysine decarboxylase  Cytoplasmic -0.61 0.03 

                (Continued on next page)!
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 Table S4.  (continued) 
No. Accession (GI) Description Location Log2 FC FDR 
110 15900798 Polyamine aminopropyltransferase  Cytoplasmic -0.64 0.01 
111 15900799 Uncharacterized protein Cytoplasmic -0.47 0.04 
112 15900800 Carboxynorspermidine decarboxylase Cytoplasmic -0.47 0.01 
113 15900801 Putative agmatine deiminase  Cytoplasmic -0.57 0.02 
114 15900802 Carbon-nitrogen hydrolase family protein Cytoplasmic -0.82 0.03 
115 15900818 Ribosomal RNA small subunit 

methyltransferase I  
Cytoplasmic -0.50 0.01 

116 15900819 Uncharacterized protein Cytoplasmic -0.44 0.04 
117 15900840 Dihydroorotate dehydrogenase electron 

transfer subunit 
Cytoplasmic -0.76 0.01 

118 15900841 Dihydroorotate dehydrogenase 1B  Cytoplasmic -0.83 0.00 
119 15900876 Uncharacterized protein Membrane -0.52 0.05 
120 15900878 Uncharacterized protein Membrane -0.49 0.03 
121 15900885 Aspartate-semialdehyde dehydrogenase  Cytoplasmic -0.38 0.05 
122 15900886 4-hydroxy-tetrahydrodipicolinate synthase  Cytoplasmic -0.44 0.02 
123 15900910 Uncharacterized protein Cytoplasmic -0.50 0.02 
124 15900928 Uncharacterized protein Membrane -1.41 0.00 
125 15900929 Uncharacterized protein Cytoplasmic -1.09 0.00 
126 15900930 Uncharacterized protein Cytoplasmic -0.54 0.02 
127 15900938 Uncharacterized protein Secretory -0.69 0.01 
128 15900939 Uncharacterized protein Membrane -0.62 0.01 
129 15900940 ABC transporter, ATP-binding protein Cytoplasmic -0.62 0.03 
130 15900948 GTPase ObgE Cytoplasmic -0.5 0.03 
131 15900949 Uncharacterized protein Cytoplasmic -0.48 0.04 
132 15900986 Glyceraldehyde-3-phosphate 

dehydrogenase, NADP-dependent  
Cytoplasmic -0.52 0.02 

133 15901005 Uncharacterized protein Cytoplasmic -0.45 0.05 
134 15901008 Uncharacterized protein Cytoplasmic -0.57 0.01 
135 15901091 Formate--tetrahydrofolate ligase  Cytoplasmic -0.63 0.01 
136 15901135 Carbamoyl-phosphate synthase large 

chain  
Cytoplasmic -0.69 0.02 

137 15901136 Carbamoyl-phosphate synthase small 
chain  

Cytoplasmic -0.75 0.03 
138 15901137 Aspartate carbamoyltransferase  Cytoplasmic -0.81 0.03 
139 15901138 Bifunctional protein PyrR [Includes: 

Pyrimidine operon regulatory protein] 
Uracil phosphoribosyltransferase  

Cytoplasmic -0.79 0.04 

140 15901154 Putative fluoride ion transporter CrcB 1 Membrane -0.53 0.03 
141 15901155 Putative fluoride ion transporter CrcB 2 Membrane -0.46 0.02 
142 15901245 Uncharacterized protein Membrane -0.42 0.05 
143 15901247 Uncharacterized protein Cytoplasmic -0.45 0.03 
144 15901248 Amino acid ABC transporter, amino acid-

binding protein 
Lipoprotein -0.46 0.02 

145 15901256 NOL1/NOP2/sun family protein Cytoplasmic -0.51 0.04 
146 15901258 UPF0223 protein SP_1404 Cytoplasmic -0.42 0.03 
147 15901259 Regulatory protein Spx Cytoplasmic -0.72 0.01 
148 15901280 Peptidase, U32 family Cytoplasmic -0.95 0.01 

                                      Continued on next page)!
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Table S4.  (continued) 
No. Accession (GI) Description Location Log2 FC FDR 
149 15901281 Uncharacterized protein Cytoplasmic -0.85 0.01 
150 15901282 Peptidase, U32 family Cytoplasmic -0.79 0.01 
151 15901285 Transcriptional regulator, AraC family Cytoplasmic -0.57 0.02 
152 15901309 Uncharacterized protein Membrane -0.60 0.03 
153 15901310 Amino acid ABC transporter, ATP-binding 

protein 
Cytoplasmic -0.97 0.01 

154 15901311 Amino acid ABC transporter, permease 
protein 

Membrane -0.86 0.02 
155 15901312 Uncharacterized protein Cytoplasmic -0.94 0.01 
156 15901313 Methylated-DNA--protein-cysteine S-

methyltransferase  
Cytoplasmic -1.08 0.02 

157 15901314 Acetyltransferase, GNAT family Cytoplasmic -1.01 0.02 
158 15901315 Uncharacterized protein Cytoplasmic -2.10 0.01 
159 15901316 Hemolysin Membrane -2.13 0.01 
160 15901368 Conserved domain protein Cytoplasmic -0.38 0.02 
161 15901369 Snf2 family protein Cytoplasmic -0.41 0.02 
162 15901429 Oxalate:formate antiporter Membrane -0.90 0.00 
163 15901440 Putative membrane protein Membrane -0.59 0.02 
164 15901441 Uncharacterized protein Membrane -0.49 0.04 
165 15901450 SAM-dependent methyltransferase Cytoplasmic -0.38 0.02 
166 15901459 Probable cation-transporting ATPase 

exp7  
Membrane -0.50 0.04 

167 15901470 Uncharacterized protein Cytoplasmic -0.36 0.04 
168 15901480 D-aminoacyl-tRNA deacylase  Cytoplasmic -0.38 0.04 
169 15901521 Uncharacterized oxidoreductase SP_1686  Cytoplasmic -1.08 0.00 
170 15901522 Sialidase B  Membrane -0.85 0.01 
171 15901523 ABC transporter, permease protein Membrane -0.95 0.01 
172 15901524 ABC transporter, permease protein Membrane -0.84 0.01 
173 15901557 Sucrose-6-phosphate hydrolase  Cytoplasmic -0.49 0.03 
174 15901558 Sucrose operon repressor Cytoplasmic -0.54 0.03 
175 15901569 DNA-directed RNA polymerase subunit 

omega  
Cytoplasmic -0.54 0.04 

176 15901638 Transcriptional regulator Cytoplasmic -0.57 0.01 
177 15901639 Uncharacterized protein Cytoplasmic -0.72 0.01 
178 15901650 Sugar-binding transcriptional regulator, 

LacI family 
Cytoplasmic -0.52 0.02 

179 15901721 Sucrose phosphorylase  Cytoplasmic -0.65 0.02 
180 15901725 Alpha-galactosidase  Cytoplasmic -0.54 0.05 
181 15901744 Transcriptional regulator, MarR family Cytoplasmic -0.56 0.03 
182 15901746 Probable transcriptional regulatory 

protein SP_1922 
Cytoplasmic -0.84 0.01 

183 15901747 Pneumolysin  Cytoplasmic -1.37 0.02 
184 15901748 Uncharacterized protein Cytoplasmic -1.29 0.02 
185 15901749 Uncharacterized protein Cytoplasmic -1.19 0.02 
186 15901750 Uncharacterized protein Membrane -1.04 0.02 

       (Continued on next page) 
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Table S4. (continued) 
No. Accession (GI) Description Location Log2 FC FDR 
187 15901766 Putative transcriptional regulator Secretory -0.29 0.05 
188 15901770 Putative transcriptional regulator PlcR Cytoplasmic -0.58 0.02 
189 15901772 Conserved domain protein Cytoplasmic -0.76 0.04 
190 15901773 Uncharacterized protein Cytoplasmic -0.75 0.03 
191 15901774 Putative bacteriocin formation protein Cytoplasmic -0.51 0.03 
192 15901775 Uncharacterized protein Cytoplasmic -0.61 0.04 
193 15901776 Uncharacterized protein Membrane -0.71 0.03 
194 15901777 Toxin secretion ABC transporter, ATP-

binding/permease protein 
Membrane -0.70 0.01 

195 118090034 Serine protease, subtilase family Secretory -0.54 0.02 
196 15901782 Nucleoside diphosphate kinase  Cytoplasmic -0.46 0.02 
197 15901785 Uncharacterized protein Cytoplasmic -1.42 0.00 
198 15901834 Pseudouridine synthase  Cytoplasmic -0.43 0.03 
199 15901849 Phosphotyrosine protein phosphatase Membrane -0.48 0.03 
200 15901862 Membrane protein insertase YidC 2  Membrane -0.39 0.05 
201 15901874 Uncharacterized protein Cytoplasmic -0.67 0.02 
202 15901880 Pyrrolidone-carboxylate peptidase 2  Cytoplasmic -0.37 0.04 
203 118090038 LysM domain protein Membrane -0.77 0.04 
204 15901886 Uncharacterized protein Cytoplasmic -0.59 0.01 
205 15901894 Arginine repressor Cytoplasmic -0.60 0.01 
206 15901900 Phosphate-binding protein PstS 2  Lipoprotein -1.06 0.01 
207 15901901 Phosphate ABC transporter, permease 

protein 
Membrane -0.78 0.02 

208 15901902 Phosphate ABC transporter, permease 
protein 

Membrane -0.74 0.02 

209 15901903 Phosphate import ATP-binding protein 
PstB 3  

Cytoplasmic -0.87 0.01 

210 15901904 Phosphate-specific transport system 
accessory protein PhoU homolog  

Cytoplasmic -0.93 0.01 

211 15901930 Uncharacterized protein Membrane -0.51 0.02 
212 15901932 Uncharacterized protein Membrane -0.48 0.02 
213 15901933 Uncharacterized protein Membrane -0.45 0.03 
214 15901934 Putative transcriptional regulator Cytoplasmic -0.60 0.02 
215 15901947 Conserved domain protein Cytoplasmic -0.58 0.01 
216 15902021 Putative rod shpae-determining protein 

MreD 
Membrane -0.31 0.05 

217 15902036 Uncharacterized protein Cytoplasmic -1.84 0.00 
218 15902038 Response regulator ComE Cytoplasmic -0.98 0.00 
219 15902039 Putative sensor histidine kinase ComD Membrane -0.64 0.01 
220 15902041 Ribosomal RNA large subunit 

methyltransferase H  
Cytoplasmic -0.42 0.01 
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Table S5. Differentially expresed genes of TIGR4 absent in the R6 genome 
Gene Locus Accession Description Subcellular location 

1 SP_0117 GI15900059 surface protein A Membrane 
2 SP_0164 GI15900102 hypothetical protein Membrane 
3 SP_1059 GI15900929 hypothetical protein Cytoplasmic 
4 SP_1058 GI15900928 hypothetical protein Membrane 
5 SP_1142 GI15901008 hypothetical protein Cytoplasmic 
6 SP_0165 GI15900103 Flavoprotein Cytoplasmic 
7 SP_0531 GI15900444 bacteriocin BlpI Secretory 
8 SP_0468 GI15900384 sortase Lipoprotein 
9 SP_0352 GI15900281 capsular polysaccharide biosynthesis 

protein Cps4G 
Cytoplasmic 

10 SP_0532 GI15900445 bacteriocin BlpJ Secretory 
11 SP_0146 GI15900084 hypothetical protein Membrane 
12 SP_0544 GI15900457 immunity protein BlpX Membrane 
13 SP_0527 GI15900441 sensor histidine kinase BlpH Membrane 
14 SP_1139 GI15901005 hypothetical protein Cytoplasmic 
15 SP_0163 GI15900101 transcriptional regulator PlcR Cytoplasmic 
16 SP_0889 GI15900772 death on curing familiy protei Cytoplasmic 
17 SP_0354 GI15900283 hypothetical protein Membrane 
18 SP_0464 GI15900380 cell wall surface anchor family protein Cell Wall 
19 SP_0534 GI15900447 hypothetical protein Membrane 
20 SP_1060 GI15900930 hypothetical protein Cytoplasmic 

!

Table S6.  Microarray validation by RT-qPCR 
 

 Log2 FC 
Locus RT-qPCR Microarray 
pcpA -0.39 -0.99 

spr0088 0.28 0.98 
spr0098 0.31 1.06 
spr0086 0.67 1.15 
spr0913 0.25 1.31 
spr0912 0.45 1.34 
spr0097 0.40 1.15 

ABCMSD 0.31 1.25 
ABCNBD 0.58 0.72 
SP_1466 -0.48 -1.45 
SP_1857 0.13 1.54 
SP_2233 -0.15 -2.05 
SP_0427 -0.86 -1.37 
SP_0426 -0.21 -1.26 

sphtra 0.23 1.87 
gklp 1.93 2.05 
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  Table S7.  !Peptides identified by LC-MS/MS of proteins changing qualitatively after 
bacterial exposure to DFO 

 
   Mass Sequence  
No. Spot Locus Calculated  Observed  Start  End  Sequence 

1 RE1 spr1825 1739.9789 1739.9856 235 251 VPTPTGSVTELVAVLEK 

   
1811.881 1811.8865 54 70 FDGTVEVKEGGFEVNGK 

   
1951.097 1951.1021 216 234 AIGLVIPELNGKLDGSAQR 

   
2060.9746 2060.9795 309 325 VVSWYDNEMSYTAQLVR 

   
2076.9695 2076.9753 309 325 VVSWYDNEMSYTAQLVR + Oxi (M9) 

        
2 RS1 spr0441 1013.589 1013.5856 54 62 AILFSHLGR 

   1287.7056 1287.7096 85 96 LGQDVVFPGVTR 

   1327.6277 1327.631 272 238 EANAFAGYTEVR 

   1542.8234 1542.8292 350 366 SIIGGGDSAAAAINLGR 

   1933.9388 1933.9409 284 302 DTEGEAVSEGFLGLDIGPK 

   2425.2568 2425.25 97 119 GAELEAAINALEDGQVLLVENTR 

        
3 RS2 spr0362 1073.599 1073.5997 235 243 FVTTIHEVK 

   1276.6644 1276.6719 317 327 SVNEFLGNLQR 

   2060.1023 2060.104 13 30 GVLTFTISQDQIKPELDR 

        
4 RS3 spr1707 1236.5643 1236.5735 219 229 NFTSGAYSYAR 

   1550.8213 1550.8302 321 334 NLFVKPDFVSAGEK 

   1917.944 1917.9591 98 116 GLADYLSGTSTDFSTVGVK 

   2035.0494 2035.0604 481 499 TYLGFDNPNSPSVVQVGLK 

   2349.2085 2349.2249 379 400 ALEADGVQFPIHLDVPVDQASK 

   2381.2388 2381.2522 155 176 GSDFAKPTDPTSLLYNGPFLLK 

   2932.4321 2932.439 240 266 VAEEYKDNIYYTQSGSGIAGLGVNIDR 

        
5 RS4 spr1841 833.4628 833.4645 401 407 NIQFGVR 

   1952.942 1952.949 253 272 QGTNAVHGAPLGADETASTR 

        
6 RS5 spr0764 1070.5153 1070.5232 149 157 FVGQEFDTK 

   1149.5898 1149.5984 120 130 GGLSVEFEGVR 

   1207.614 1207.6221 131 141 GFIPASMLDTR 

   1764.8398 1764.8462 49 63 ELTNDRDADINDFVK 

   1870.9141 1870.9216 349 364 ALEERPAQEEGQKEEK 

        
7 RS6 spr1460 1279.6641 1279.6678 249 261 GSGLNVYNLGTGK 

   1520.7162 1520.7245 288 301 RPGDIAACYSDPAK + Carb (C8) 

   1539.7723 1539.778 262 274 GYSVLEIIQNMEK + Oxi (M11) 

   1622.8424 1622.8501 44 57 ITGVEIPFYEADIR 

   2243.0098 2243.0178 208 227 LEQVQVFGDDYDTEDGTGVR 

        
8 RS7 spr1722 1520.6937 1520.7 196 208 GYLSQYMVTDSEK 

   1619.8639 1619.8695 42 57 SFGSPLITNDGVTIAK 

   1670.7867 1670.7968 349 362 SQIETTTSEFDREK 

        
9 RS8 SPG_1413 1336.6016 1336.606 49 60 DYASIDAAPEER 

   1621.7452 1621.7509 49 62 DYASIDAAPEERER 

   1668.8915 1668.8986 269 284 QLDEGLAGDNVGVLLR 

   1796.9865 1796.9845 268 284 KQLDEGLAGDNVGVLLR 
(Continued on next page) 
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 Table S7.  !(continued) 

    Mass Sequence  
No. Spot Locus Calculated  Observed  Start  End  Sequence 
   1860.9449 1860.9513 63 78 GITINTAHVEYETEKR 
   2033.9769 2033.983 324 338 HTPFFNNYRPQFYFR 

   2115.1333 2115.1333 209 227 DTDKPLLLPVEDVFSITGR 

        
10 RS9 spr0764 1070.5153 1070.5114 149 157 FVGQEFDTK 

   1149.5898 1149.588 120 130 GGLSVEFEGVR 

   1207.614 1207.6144 131 141 GFIPASMLDTR 

   1540.739 1540.7437 145 157 NAERFVGQEFDTK 

   1764.8398 1764.842 49 63 ELTNDRDADINDFVK 

   1870.9141 1870.916 349 364 ALEERPAQEEGQKEEK 

        
11 RS10 spr0379 1181.6636 1181.6576 35 48 AGGLGIIGGGNAPK 

   1767.8773 1767.8799 215 230 DIDTTISAQHFGHAVR 

   1995.0155 1995.0211 213 230 ARDIDTTISAQHFGHAVR 

        
12

1 
TE1 SP_1284 1377.6532 1377.6571 123 134 AADFLQTPEEEK 

   1527.7802 1527.7856 94 106 QLYNSVVSNYNVK 

   1723.8901 1723.8906 55 70 QVSGIFAVAESYPDLK 

   1924.9611 1924.9668 78 93 LQEELTNTENKISYSR 

        
13

2 
TE2 SP_1271 1061.5878 1061.5824 40 48 FVLEPSIEK 

   1249.6898 1249.6913 2 14 IYAGILAGGTGTR 

   1396.7253 1396.7264 1 14 MIYAGILAGGTGTR + Oxi (M1) 

   1546.7761 1546.7809 162 174 AHLYQGQTPQTFR  

        
14

1 
TE3 SP_0845 1427.6801 1427.6818 196 209 VQVDYAGSFGDAAK 

   1493.7998 1493.803 301 314 GEFPGGQVIVYSLK 

   1576.8329 1576.8395 164 178 QVGFVGGIESEVISR 

   1736.9218 1736.9215 301 316 GEFPGGQVIVYSLKDK 

   1805.9756 1805.976 162 178 TKQVGFVGGIESEVISR 

   2158.1025 2158.0916 119 136 EHTDLNYVLIDDVIKDQK 

        
15 TE4 SP_1362 1128.6088 1128.6034 109 117 FLGFEQIFK 

   1233.615 1233.6112 176 185 EIGYLYGQYK 

   1253.7001 1253.6945 98 108 FHPTVNQGILK 

   1389.7161 1389.7236 176 186 EIGYLYGQYKR 

   1592.8542 1592.856 83 97 VQFNSAVGPYKGGLR 

   1716.9027 1716.9086 158 175 HIGPSLDVPAGDIGVGGR 

   1961.9708 1961.9778 371 390 AANAGGVAVSALEMSQNSLR             
+ Oxi (M14) 

        
16

1 
TS1 SP_1004 1165.5485 1165.5507 274 283 ELYDSPSAQR 

   1797.8514 1797.8527 606 622 NSTFNNQNFTLANGQK 

   1959.8871 1959.8922 743 758 VFDEFHGNAYLENNYK 

   2134.0061 2134.0122 709 726 MASQTIFYPFHAGDTYLR + Oxi (M1) 

        
17

2 
TS2 SP_0341 1229.7252 1229.7296 255 264 DIEIFPVLKR 

   1419.7267 1419.7278 133 144 NGIDSYLHYPIK 
 (Continued on next page) 
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Table S7.  !(continued) 

    Mass Sequence  
No. Spot Locus Calculated  Observed  Start  End  Sequence 

   1464.7329 1464.7367 85 97 GDLGISYDQEVLR 
   1562.9515 1562.9531 401 414 LIEPEVVKPIQGLK 

   1583.7812 1583.7856 4 16 QAFSSEQYLNLQR 

   1863.8911 1863.8961 476 490 LGINVTFDPYYQYDR 

   1991.9861 1991.9908 475 490 KLGINVTFDPYYQYDR 

        
18

3 
TS3 SP_0012 966.6346 966.6252 35 43 NPILVGILK 

   1191.6442 1191.6398 44 54 GSIPFMAELVK 

   1212.6947 1212.6925 125 135 IATLLDKPEGR 

   1500.8784 1500.877 30 43 DYAGKNPILVGILK 

   1737.9058 1737.9032 166 180 NLPYIGVLKEEVYSN 

   1827.9851 1827.984 94 109 HVLFVEDIIDTGQTLK 

        
19

4 
TS4 SP_1229 1018.6043 1018.6057 207 215 LANIVIGYR 

   1345.6594 1345.665 331 342 DALTEENVEAVR 

   1486.8489 1486.8558 164 178 HVTVGLGGPLNGIPR 

   1593.921 1593.9219 44 59 LILVTAINPTPAGEGK 

   1693.8643 1693.87 425 438 LYDNDLSVQEKIEK 

        
20 TS5 SP_0027 1314.7416 1314.7397 310 320 RPLSPLFDIEK 

   1402.7358 1402.7302 113 125 LVANMLEVAGVDR + Oxi (M5) 

   1559.8679 1559.8678 273 285 LVVLDTIYLPEER 

   1863.9083 1863.9087 36 51 QFSDGEIQVNIEESIR 

   1876.8898 1876.8918 82 98 ASAESVNVVMPYYGYAR 

   1947.9229 1947.92 161 179 GMVGSDYVVVSPDHGGVTR                
+ Oxi (M2) 

   2217.2964 2217.2988 286 305 LIDKIEQISIAHLLGDAIVR 

        
21 TS6 SP_0746 903.4207 903.4212 15 21 SYDIYSR 

        
22 TS7 SP_2190 1720.7772 1720.778 473 487 AEKPADQQAEEDYAR 

   3600.7563 3600.762 455 487 AEKPAPAPKPENPAEQPKAEKPADQ
QAEEDYAR 

        
23 TS8 SP_0715 1088.6099 1088.6078 285 294 VPIVFDSGVR 

   1244.7109 1244.7131 284 294 RVPIVFDSGVR 

   1553.7495 1553.7522 361 373 HNPYNPTFPVDPR 

   1653.8456 1653.8551 246 262 SLAAGASGIWVTNHGGR 

   1789.8755 1789.8794 31 47 AAFGYIASGAEDTFTLR 

   2188.0515 2188.0615 263 283 QIDGGPAAFDSLQEVAEAVDR 

        
24 TS9 SP_2216 1840.9512 1840.9463 165 181 QVANNDAINTVIANQQK 

   1968.0033 1967.9966 110 128 SAQTNGAVTSYINTIVNSK 

   2841.3608 2841.3657 54 78 QVDQIQEQVSAIQAEQSNLQAENDR 

   3097.5872 3097.5957 243 273 ASQQQSVLASANTNLTAQVQAVSES
AAAPVR 

   3497.7102 3497.6956 54 84 QVDQIQEQVSAIQAEQSNLQAENDR
LQAESK 

 (Continued on next page) 
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Table S7.  !(continued) 

    Mass Sequence  
No. Spot Locus Calculated  Observed  Start  End  Sequence 

        
25 TS10 SP_1456 1397.7206 1397.7242 10 21 AAHLIDMNDIIR + Oxi (M7) 

   1481.8434 1481.8483 69 83 GGVGLAAPQLDISKR 

        
26 TS11 SP_0459 1271.7358 1271.7352 276 286 VPIVLDIFAER 

        
27 TS12 SP_1534 1163.5803 1163.5781 208 217 TFELNGNNVR 

   1203.6104 1203.6016 197 207 SAEELIDIDAK 

   1377.7372 1377.7296 115 127 LEPVGSASSIVYR 

   1498.7761 1498.7737 284 297 LENNHAFLAGAVSR 

   1655.8962 1655.8965 218 232 VAQVNTVDIAEVLER 

        
28 TS13 SP_0516 1240.6896 1240.6875 78 88 AILPSLDNLER 

        
29 TS14 SP_2012 1708.9302 1708.9301 32 46 INDLTDPVMLAHLLK + Oxi (M9) 

   1739.9789 1739.9766 235 251 VPTPTGSVTELVAVLEK 

   1951.097 1951.0947 216 234 AIGLVIPELNGKLDGSAQR 

   2060.9746 2060.9817 309 325 VVSWYDNEMSYTAQLVR 

        
30 TS15 SP_1445 1152.6523 1152.6683 389 399 QPFPGPGLAIR 

   1173.6011 1173.6244 177 186 HSVYGNDILR 

   1882.0068 1882.0139 7 22 IIVLDYGSQYNQLISR 

   1940.0422 1940.0647 241 257 AIGDQLICIFVDHGLLR + Carb (C8) 

   3286.5586 3286.5359 148 176 TGTSADCPYAAIENPDKHIYGIQFHPE
VR + Carb (C7) 

        
31 TS16 SP_0236 1002.5618 1002.557 21 28 FVIEPLER 

        
32 TS17 SP_1922 1096.6036 1096.5958 26 35 FGVEIYVAAK 

   1833.8071 1833.8066 117 134 NGGNMGASGSVSYLFDNK                   
+ Oxi (M5) 

   2384.155 2384.156 84 105 YEGFGPNGSMLIVDTLTSNVNR 

   2400.1499 2400.1519 84 105 YEGFGPNGSMLIVDTLTSNVNR          
+ Oxi (M10) 

        
33 TS18 SP_0435 1422.7587 1422.7581 173 185 LVINTAEGTYVSR 

   1617.7391 1617.7412 47 60 TGSTFDTSYRPEEK 

   1913.0055 1913.0071 61 76 FEQAIIETVPAQYLYK 

        
34 TS19 SP_2084 1149.6514 1149.6351 12 22 GAFTEITGILK 

   1277.7463 1277.7307 12 23 GAFTEITGILKK 

   1391.7318 1391.7227 105 116 LGQDFISFIHSK 

   1655.7944 1655.7849 230 245 ASQVSMAELADVFSGK + Oxi (M6) 

   2179.1353 2179.1331 209 229 SLTHDAIALDGIAVVVNNDNK 

   3176.6797 3176.6812 35 66 TAVIQNSTEGVLSAVQGNANAIGYISL
GSLTK 

        
35 TS20 SP_1999 1263.7056 1263.7029 319 329 EVLLPHGLTER 

   1422.6172 1422.6266 224 235 YSYDDGYALAER 

   1544.8319 1544.8273 183 197 IAFVSGPLVDDINGK 

 (Continued on next page) 
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Table S7.  !(continued) 

    Mass Sequence  
No. Spot Locus Calculated  Observed  Start  End  Sequence 

   1599.7319 1599.7261 1 14 MNADDTVTIYDVAR + Oxi (M1) 
   1999.1083 1999.1107 41 57 VLEVIDRLDYRPNAVAR 

   2194.051 2194.0537 263 282 GVSVPEDFEIITSDDSQISR 

        
36 TS21 SP_1508 1435.7539 1435.7545 254 267 FTQAGSEVSALLGR 

   2014.1331 2014.1351 331 349 KLVQLGIYPAVDPLASSSR 

        
37 TS22 SP_0745 1305.6871 1305.681 157 168 FVCLVSAPEGVK + Carb (C3) 

   1562.7948 1562.7858 105 117 DEETLQPVEYLVK 

   1711.9 1711.894 47 61 DLPLEDVEIETPITK 

   1782.877 1782.8777 188 204 LNEHGYIVPGLGDAGDR 

   2125.0559 2125.0559 169 187 ALQEAHPDVEIFTAALDER 

        
38 TS23 SP_0862 1070.5153 1070.512 149 157 FVGQEFDTK 

   1149.5898 1149.5833 120 130 GGLSVEFEGVR 

   1764.8398 1764.8406 49 63 ELTNDRDADINDFVK 

Dotted red lines indicate proteins whose abundance decreased by DFO;dotted green lines 
indicate proteins whose abundance increased by DFO. Post-translational modifications 
such as Oxidation (Oxi) or Carbamidomethylation (Carb) are also indicated. 
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Table S8.  !Peptides identified by LC-MS/MS of proteins changing quantitatively   (> 2 
Fold change) after bacterial exposure to DFO 

 
   Mass Sequence  

No. Spot Locus Calculated  Observed  Start  End  Sequence 
1 

 

RE2 spr0530 1807.8755 1807.8757 229 244 VNVNTECQIAFANATR 

        2 RE3 spr1036 806.4518 806.4487 407 412 YNQLLR 

   
1189.5959 1189.5974 362 372 EAGYTAVVSHR 

   
1276.7048 1276.7054 181 191 YGAEIFHALKK 

   
1421.6907 1421.7124 413 424 IEDQLGEVAEYR 

   
1704.8228 1704.8302 255 269 VYDYTKFEGEGAAVR 

   
1925.924 1925.9244 17 34 GNPTLEVEVYTESGAFG 

   
2073.0288 2073.0237 313 330 VQLVGDDFFVTNTDYLAR 

        3 RE4 SP70585_
1527 

1336.6016 1336.6083 49 60 DYASIDAAPEER 

   
1621.7452 1621.7489 49 62 DYASIDAAPEERER 

   
1668.8915 1668.8945 269 284 QLDEGLAGDNVGVLLR 

   
1860.9449 1860.9465 63 78 GITINTAHVEYETEKR 

   
2115.1333 2115.1326 159 180 DTDKPLLLPVEDVFSITGR 

        
4 RE5 spr0441 1013.589 1013.5982 54 62 AILFSHLGR 

   1287.7056 1287.7225 85 96 LGQDVVFPGVTR 
   1542.8234 1542.8372 350 366 SIIGGGDSAAAAINLGR 
   1556.8894 1556.8961 205 218 VSDKIGVIENLLEK 
   1844.064 1844.0731 37 53 ITAALPTIKYIIEQGGR 
   1915.9872 1916.0023 20 36 VDFNVPLKDGVITNDNR 
   2128.113 2128.1267 235 254 AQGIEIGNSLVEEDKLDVAK 
        

5 RE6 spr0261 1049.5262 1049.5381 301 309 DLGVEFDVR 
   1336.6677 1336.6823 299 309 MRDLGVEFDVR 
   1352.6627 1362.6749 299 309 MRDLGVEFDVR 
   2022.9841 2022.9949 31 48 VQVVTFMPNEGPDDLYAK 
   2038.979 2038.9896 31 48 VQVVTFMPNEGPDDLYAK               

+ Oxi (M7) 
   2038.0654 2058.0767 240 257 FGETHALILFETPQDALR 
   2156.0791 2156.0847 280 298 TLVNTVLSMDKEDVATFEK 
        6 RE7 spr1272 819.4974 819.4552 15 21 VAFEILKEK 
   2135.1606 2135.1707 109 127 YNQILADHPVDLQILGIGR 
   3494.657 3494.6082 128 159 NGHIGFNEPGTPFDSQTHLVELDQS

TIEANAR 
        7 RE8 spr1994 1432.7107 1432.7225 184 194 DYFQVISYLER 

        8 RE9 spr0455 965.505 965.5106 273 280 AKFDDLTR 
   1144.5156 1144.5201 99 108 GYAEDYLGEK 
   1228.6685 1228.6754 427 437 FQLTDIPAAPR 
   1471.7267 1472.7352 99 111 GYAEDYLGEKVTK 
   1564.8118 1564.8185 112 125 AVITVPAYFNDAQR 
        9 RS11 spr1036 1421.6907 1421.7135 413 424 IEDQLGEVAEYR 
   1925.924 1925.9557 17 34 GNPTLEVEVYTESGAFGR 

 (Continued on next page) 
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 Table S8.  ! (continued) 

 

 

 

 

 

 

/MS of proteins changing quantitatively          (> 2 Fold change) after bacterial exposure 
to DFO 

 

   Mass Sequence  
No. Spot Locus Calculated  Observed  Start  End  Sequence 

   2011.0052 2011.0375 344 361 VNQIGTLTETFEAIEMAK                    
+ Oxi (M16) 

   2059.0818 2059.1157 67 85 AVDNVNNIIAEAIIGYDVR 
   2073.0288 2073.0601 313 330 VQLVGDDFFVTNTDYLAR 
   2206.1067 2206.1399 121 140 AAADYLEIPLYSYLGGFNTK 
   2885.4751 2885.5242 67 92 AVDNVNNIIAEAIIGYDVRDQQAIDR 
        10 RS12 spr2033 1412.7743 1412.787 114 126 ISGVPVVETLENR 
   1518.8097 1518.8221 423 437 GAAADIVFQMIGGIR 
   1592.8066 1592.8186 201 214 VIEFPNAAKDEFGR 
   2041.144 2041.1448 306 326 VIAGVGVPQVTAIYDAAAVAR 
   2081.0886 2081.0835 263 282 AHFPDRTLIAGNIATAEGAR 
   2207.1091 2207.1003 399 418 YFQGSVNEANKLVPEGIEGR 
        11 RS13 spr1494 1334.7314 1334.7335 298 309 YNLDKIAEGLAK 
   2868.4778 2868.4626 54 78 IDLHSIVPIGQDPHEYEPLPEDVKK 
        12 RS14 spr2021 1840.9512 1840.9542 151 167 QVANNDAINTVIANQQK 
   2473.1816 2473.178 262 283 VRPTYSTNASSYPIGECTWGVK        

+ Carb  (C17) 
   3097.5872 3097.5718 229 259 ASQQQSVLASANTNLTAQVQAVSE

SAAAPVR 
        13 RS15 spr1100 1293.7048 1293.7048 107 118 SIVTQVVESGFK 
   1325.7212 1325.7319 233 245 GATYYGIAVALAR 
   1453.8162 1453.8196 232 245 KGATYYGIAVALAR 
   1812.949 1812.9514 47 64 AVGDALDLSHALAFTSPK 
   2090.04 2090.0396 205 222 DTQNVQEAELIELFEGVR 
   3208.5942 3208.572 65 94 KIYAAQYSDCADADLVVITAGAPQK

PGETR + Car C(10) 
        14 RS16 spr0250 1590.8274 1590.8308 520 534 GFEFENAIVGGVVPR 
   1693.8544 1693.8599 140 154 IGADFLYSVSTLHDR 
   1800.9353 1800.9407 643 658 AYVPLAEMFGYATVLR 
   1933.845 1933.8508 565 581 LYDGSYHDVDSSETAFK 
   1963.9971 1963.9994 229 245 YLEGEEITNEELKAGIR 
   2121.0723 2121.0713 155 173 LQANAHPIQLPIGSEDDFR 
   2803.342 2803.3262 289 314 GINPDTDAEEIRPASDEEPFAALAFK 
        15 RS17 spr1777 927.5985 927.5946 72 79 IIVSQLVR 
   1074.667 1074.6683 128 136 KIPFTTLVR 
   1130.5629 1130.5645 483 491 YGFVQTPYR 
   1169.6637 1169.6653 354 364 AVGELLANQVR 
   1508.8583 1508.8628 1051 1064 GKPIPKPGVPESFR 
   1723.8802 1723.89 22 36 IHDASYSAPIFVTFR 
        16 RS18 spr0327 978.5254 978.5248 103 111 AQDFVTGLK 
   1024.521 2024.5194 326 334 QAIAFGFDR 
   1455.7366 1455.743 262 274 LYPTSASFAELEK 
   1751.9214 1751.9351 193 208 ATDPSSLLYNGPYLLK 

 (Continued on next page) 
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 Table S8.  ! (continued) 

 

 

 

 

 

 

/MS of proteins changing quantitatively          (> 2 Fold change) after bacterial exposure 
to DFO 

 

   Mass Sequence  
No. Spot Locus Calculated  Observed  Start  End  Sequence 

        17 TE5 SP_1220 967.4995 967.4871 142 149 FSGFPKER 
   1293.7048 1293.692 111 122 SIVTQVVESGFK 
   1325.7212 1325.7151 237 249 GATYYGIAVALAR 
   1812.949 1812.9386 51 68 AVGDALDLSHALAFTSPK 
   1941.0439 1941.0349 51 69 AVGDALDLSHALAFTSPKK 
        18 TE6 SP_0421 806.477 806.4718 158 165 AGLIGFTK 
   994.5316 994.5292 7 15 NIFITGSSR 
   1360.7332 1360.7351 25 37 FAQAGANIVLNSR 
   1519.7638 1519.7686 55 69 VVPISGDVSDFADAK 
   1675.865 1675.8718 55 70 VVPISGDVSDFADAKR 
        19 TE7 SP_2055 899.5308 899.5303 24 31 KPTDAIVR 
   1081.516 1081.5118 228 236 EIYDLTDGR  
   1266.6003 1266.6002 82 92 VLISCVCACGK + Carb (C5,7,9) 
   2338.2805 2338.2815 3 23 AYTYVKPGLASFVDVDKPVIR 
   2613.4109 2613.4075 1 23 MKAYTYVKPGLASFVDVDKPVIR + 

Oxi (M1) 
        20 TE8 SP_2012 1223.7357 1223.7277 208 219 AIGLVIPELNGK 
   1239.9789 1739.9803 227 243 VPTPTGSVTELVAVLEK 
   1951.097 1951.1031 208 226 AIGLVIPELNGKLDGSAQR 
        21 TS24 nanA 956.52 956.5219 422 428 TYQILYR 
   1285.7626 1285.7626 527 539 FLGVGPGTGIVLR 
   1462.6923 1462.6918 391 402 IFSIYDMFPEGK 
   1602.8162 1602.8146 126 140 APAFYNLFSVSSATK 
   1618.7933 1618.7948 390 402 RIFSIYDMFPEGK + Oxi (M8) 
   1930.8929 1930.895 160 176 GSDGKQFYNNYNDAPLK 
   2239.0334 2239.0371 141 159 KDEYFTMAVYNNTATLEGR 
   2301.1833 2301.1846 547 567 ILIPVYTTNNVSHLDGSQSSR 
        22 TS25 SP_0338 1253.7576 1253.7598 201 212 GLADILKPALSR 
   1377.6433 1377.6464 28 38 EVTPEEFAHYR 
   1509.7697 1509.7727 279 291 AAVDYSVQYIPQR 
   1546.8071 1546.8159 89 101 NKEIQETSEILSR 
   1569.743 1569.7446 334 347 AVEAEDFEAALNYK 
   1652.8126 1652.8171 213 227 GELTVIGATTQDEYR 
   2260.0728 2260.0789 483 503 LIGTTAGYVGYDDNSNTLTER 
        23 TS26 SP_0273 1590.8274 1590.8177 520 534 GFEFENAIVGGVVPR 
   1693.8544 1693.8475 140 154 IGADFLYSVSTLHDR 
   1800.9353 1800.9347 643 658 AYVPLAEMFGYATVLR 
   1841.9253 1841.9213 60 76 GITITSAATTAQWNNHR 
   2053.0713 2053.0759 77 94 VNIIDTPGHVDFTIEVQR 
   2121.0723 2121.0784 155 173 LQANAHPIQLPIGSEDDFR 
        24 TS27 SP_0897 1013.5778 1013.5758 193 201 IPFPALAER 
   1687.7207 1687.7223 55 68 FNFSHGDHQEQGER 
   1773.8588 1773.8599 233 248 AICEETGNGHVQLFAK + Carb (C3) 

(Continued on next page) 
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Table S8. ! (continued) 

 

 

 

 

 

 

/MS of proteins changing quantitatively          (> 2 Fold change) after bacterial exposure 
to DFO 

 

   Mass Sequence  
No. Spot Locus Calculated  Observed  Start  End  Sequence 

        25 TS28 SP_2056 1336.6433 1336.6628 7 17 ADQFFYPHGVR 
   1398.6794 1398.6906 343 354 SVHIDDVCGQIR + Carb (C8) 
   1686.8809 1686.8926 167 181 IALAPERDGVEDFVR 
   1714.7999 1714.8083 124 137 GIYYEGPYFTETFK 
   1951.9813 1952.02 2 17 PNYIKADQFFYPHGVR 
   2331.178 2332.1755 182 203 TVTGEGVTVALGHSNATFDEAKK 
        

26 TS29 SP_1128 1421.6907 1421.6914 413 424 IEDQLGEVAEYR 
   2059.0818 2059.0637 67 85 AVDNVNNIIAEAIIGYDVR 
   2073.0288 2073.0005 313 330 VQLVGDDFFVTNTDYLAR 
        

27 TS30 SP_1541 1154.584 1154.5817 48 56 LAYEIKDFR 
        

28 TS31 SP_1910 1362.7012 1362.7048 63 74 GQVFLTDEQVAR 

Dotted red lines indicate protein whose abundance decreased by DFO; dotted green lines 
indicate proteins whose abundance increased by DFO. Post-translational modifications such as 
Oxidation (Oxi) or Carbamidomethylation (Carb) are also indicated. 
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Figure S3. Amino acid composition of surface- exposed proteins. Chemical 
composition of 13 out of 18 most predominant antigens antigens identified at least 
in 50% of clinical isolates (n=58) of methicillin- resistant S. aureus. 
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Figure S4. Exploratory data analysis to asses the data distribution of S. pneumoniae 
gene expression. Cluster analysis to group DFO-treated and un-treated samples of 
S. pneumoniae TIGR4 and R6, respectively.  
 

 
Figure S5. Array normalization. A) Within- array normalization; Correction on the 
bias labeling. B) Between- array normalization to generate comparable data. 
Position A- H indicate Cy5/Cy3 labeling; A, R6DFO1/R6Control1; B, 
R6Control2/R6DFO2; C, R6DFO3/TIGR4DFO2; D, TIGR4DFO1/R6DFO4, E, 
TIGR4DFO4/TIGR4Control1; F, TIGR4Control2/TIGR4DFO3; G, 
TIGR4Control4/R6Control4; and H, R6Control3/TIGR4Control3.  
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Figure S6. Gene Ontology terms for Down- and up- regulated streptococcal genes 
under iron starvation. Functional analysis performed by Blast2GO indicating the BP, 
biological process ;and MF, molecular function for each strain of S. pneumoniae. 
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Pneumococcal surface proteins are potential candidates for the development of protein-based vaccines and sero-
logical assays. The objective of the study was to develop a multiple bead-based immunoassay using Luminex
xMAP® technology for the quantitation of natural antibodies against Streptococcus pneumoniae proteins and
the characterization of the acute serum response following pneumococcal pneumonia in children. Sixty-four
recombinantly produced pneumococcal proteins, which were selected based on their proteomic experimental
identification by “shaving” live cells with trypsin followed by LC/MS/MS analysis, were coupled to fluorescent
SeroMAP® beads and anti-pneumococcal specific IgG levels were determined in sera. Multiplex assay was vali-
dated through comparison of IgG levels to 14 randomly chosen pneumococcal antigens by using multiplex and
singleplex assays. Acute serum IgG levels against RrgB were significantly lower in children ≤4 years old with
pneumococcal pneumonia than those in controls. In addition, there was a small trend toward slightly lower an-
tibody levels for PrsA, RrgC and RrgB in pneumonia patients of the all age group.

© 2015 Elsevier B.V. All rights reserved.

Conjugated pneumococcal vaccines have significantly reduced
the incidence of pneumococcal invasive disease and pneumonia but
they present limitations because coverage is serotype-dependent [1].
Protein-based vaccines target conserved antigens in a serotype-
independent way and theoretically offer advantages over those based
on the capsule polysaccharides [2]. Our group has optimized in Strepto-
coccus pneumoniae the “shaving strategy”, consisting of treating live
cells with proteases, followed by LC/MS/MS analysis of the generated
peptides, for maximizing the identification of surface proteins that
could enter in the pipeline of protein vaccine candidates [3]. Based on
this experimental approachwe describe in this report the development
of amultiple bead-based immunoassay using Luminex xMAP® technol-
ogy for evaluation of humoral immune responses to pneumococcal sur-
face proteins. This methodology could be useful for etiological diagnosis
in clinical settings, epidemiological surveillance, and vaccine studies
andwas probed in a pilot study characterizing the acute serum response
in children with microbiologically proven pneumococcal pneumonia
and controls.

The protein antigen selectionwas based on their experimental iden-
tification by “shaving” live cells with trypsin followed by LC/MS/MS

analysis, of a collection of pneumococcal invasive isolates from children.
In previousworks, we have optimized this procedure for pneumococcus
in the reference strain R6 [3], which was then applied to a collection of
clinical isolates from adults [4]. In the present report, we analyzed as de-
scribed in detail in Text S1 a large collection of pediatric clinical isolates
to define the “pediatric pneumococcal pansurfome”, i.e. the set of sur-
face proteins, either common or exclusive for each strain (Table S1).
Briefly, 100 ml of each strain were grown in a chemically-defined
medium (CDM) supplemented with 20 μg/ml ethanolamine. Bacterial
pellets were washed twice with PBS and resuspended in 1 ml of PBS
containing 30% sucrose (pH 7.4), digested with 5 μg trypsin (Promega)
for 30 min at 37 °C and redigested with 2 μg trypsin overnight at
37 °C. Samples were cleaned using Oasis HLB extraction cartridges
(Waters). Then, the resulting peptides were analyzed by LC/MS/MS
using a Surveyor HPLC System in tandem with an LTQ-Orbitrap mass
spectrometer (Thermo Fisher Scientific, San Jose, USA) equipped with
nanoelectrospray ionization interface (nESI). The raw data generated
from the MS/MS spectra were searched against an in-house joint data-
base containing 30,673 protein sequences from all the 17 full sequenced
and annotated S. pneumoniae strains available at the UniProtKB site at
the moment of the database construction. Proteins were accepted if
they were identified from two or more peptides. Strain R6 was used as
reference for providing the accession numbers of the identified proteins;
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whenever a protein belonging to another strain was found, homology
with a corresponding protein of strain R6 was given by using protein-
BLAST. If homology with R6 was not observed, then the protein acces-
sion numbers of other strains were used.

A total of 602 proteins defined the common pansurfome of the pedi-
atric pneumococcal isolates (Table S1). Most of the proteins were pre-
dicted as cytosolic according to LocateP [5], with a yield of predicted
surface proteins (cell wall-attached, transmembrane, secreted or lipid-
anchored proteins) ranging between 20 and 40% depending on the
strain, very similar to that obtained for adult clinical isolates [4]. The
presence of cytoplasmic proteins on the surface is not surprising, as
pneumococcus has been described to be especially prone to autolysis
[3]. In addition, many cytosolic proteins have been reported on the sur-
face of a wide variety of microorganisms, exhibiting immunogenic and
protective activities (for an extensive review, see [6]).

Ninety-four pneumococcal protein antigenswere selected for recom-
binant production and further coupling to the Luminex beads (Table 1).
All of themwere present in at least 3 clinical isolates, and 37 were found
in ≥50% of the isolates. Only two proteins were not experimentally iden-
tified (SP_1772 and SP_2093), but they were included from in silico
selection to test their antigenicity. According to their localization predic-
tion these proteins encompassed 19 cellwall anchoredproteins, 9 secret-
ed proteins, 21 lipoproteins, and 36 membrane proteins. In addition, 9
cytosolic proteins were also included in this set of produced proteins,
as for some of them, like Eno [7] or GAPDH [8], surface localization and
immunogenicity/protective activity have been reported.

Selected proteins were produced as double GST-fusion/His-tag re-
combinant fragments using the pSpark® vector, Canvax Biotech,
Córdoba, Spain, and expressed in Escherichia coli BL21 as described in
Text S1. After Ni2+-agarose affinity purification, purity levels for most
of them were N95%, as estimated from SDS-PAGE gels (results not
shown). Coupling reactions between pneumococcal antigens and fluo-
rescent SeroMAP®beadswere carried out according to themethodology
previously described and validated for themeasurement of antibodies to
pneumococcal proteins in serum [9,10], and described in detail in Text
S1. Human pooled sera were used as positive control and PBS was used
as blank. Antibodies to pneumococcal proteins were measured on the
Luminex® 100/200 System analyzer according to the system manual.
Measurements were performed in duplicate (details in Text S1). All
human sera were collected from children b14 years old admitted to
the Hospital Universitario Virgen del Rocío, Seville (Spain). Sera were
drawnwithin 10 days of hospital admission frompatientswith a diagno-
sis of pneumococcal pneumonia, and from a control group of healthy
children and patients with non-pneumococcal infectious diseases.
Written informed consent was obtained from parents or legal guardians
of participating children and the Hospital Ethic Committee approved the
study (code numbers: 010470 and PI/195).

IgG levels to 14 randomly chosen pneumococcal antigensweremea-
sured by usingmultiplex and singleplex assays. Themultiplex assaywas
performed as described above. In the singleplex assay, the humoral re-
sponse toward each antigen was evaluated separately by adding 3000
microspheres per well. After determining the humoral response toward
the different antigens in both the multi and the singleplex assay, inter-
assay variation was calculated from the Median Fluorescence Intensity
(MFI) values of pooled human sera run twice on different days and av-
eraged per protein. A coefficient of variation (CV) ≤ 25%was considered
acceptable for inter-assay variation [10].

Median Fluorescence Intensity (MFI) values were obtained for each
single antigen–antibody reaction. The Mann–Whitney U-test was used
to compare differences in anti-IgG levels to 64 proteins in control and
test group, both in the all age group and in the group of children
≤4 years of age, an age group associated to higher incidence of pneumo-
coccal disease and more limited ability of diagnostic tests to diagnose
pneumococcal pneumonia due to the interference of nasopharyngeal car-
riage. In this analysis a Bonferroni correction was applied to adjust for
multiple testing analysis with a statistically significant p-value ≤ 0.0008.

A total of 106 children were enrolled in the study. Controls included
31 healthy children and 21 patients with non-pneumococcal infectious
diseases. There were no significant differences between pneumococcal
pneumonia patients and controls with regard to the median (range)
age in months (48 (6–112) vs 59 (7–144), p = 0.21), gender (M/F,
0.64 vs 1.08, p = 0.17) and conjugated pneumococcal immunization
rates (54% vs 35%, p = 0.06).

MFI values obtained for the multiplex assay showed a strong corre-
lation to MFI values in the singleplex assay (r2 = 0.97) (Fig. 1). Inter-
assay variation was calculated from the MFI values of pooled human
sera run twice on different days and averaged per protein. Twenty-six
proteins showed poor reproducibility in the interassay reproducibility
because N30% of the samples had a CV N 25% andwere consequently ex-
cluded from analyses (Table 1). In total 64 proteins were finally includ-
ed in these analyses.

There were marked variations among IgG seroresponses to individ-
ual proteins in pneumonia patients and controls (Fig. 2). MFI values
ranged from 37 (range 3.5 to 498) for SpxB to 17889 (range 267 to
22664) for PspC. The top-5 proteinswithmore seroprevalent antibodies
responses were similar in both groups, except for minor differences in
rank order, and included PspC, PsrP, PhpA, PhtA with protective efficacy
in animal studies [11–14] and the hypothetical protein Spr0693.

There were no significant differences in immune response against
the 64 proteins when we compared the all age group of children with
pneumococcal pneumonia and controls. Nevertheless, we observed a
small trend toward slightly lower antibody levels in the pneumonia
group for PrsA (MFI, 1727 vs 3068: p = 0.013), RrgC (MFI 402 vs
1210, p = 0.016) and RrgB (MFI, 307 vs 1171: p = 0.002). RrgB was
discriminatory in the group of children ≤4 years old, with significant
lower immune responses in pneumonia patients than in controls (p =
0.0006). The use of this protein as a biomarker was associated with an
area under the curve of 0.82, a sensitivity of 0.75 and specificity of
0.81 to discriminate between pneumococcal pneumonia patients and
control children ≤4 years old.

Development of protein-based pneumococcal vaccines has renewed
the interest in the serological immunoassays using surface proteins-
based tests. The use of multiplexed immunoassays to a limited number
of pneumococcal surface proteins has recently been reported to evalu-
ate their immunogenicity and for thediagnosis of pneumococcal disease
in children which is usually challenging due to limited sensitivity of
current diagnostic tests and interference with colonization [9,15,16].
The multiplexed immunoassay described in this report allowed the
detection of antibody responses to a much larger and extensive collec-
tion of pneumococcal protein antigens than previously described sero-
logical assays. This platform included most of the protective protein
antigens reported so far and would be useful for high-throughput
screening of immune responses to protein vaccine candidates in future
studies.

The capacities of antiprotein responses to identify children with
pneumococcal pneumonia are insufficiently validated and have been
assessed in studies with mixed patterns of antibody responses [9,17,
18]. Differences are dependent on the study venue, timing of sampling
and the size and type of test panel used. Most of these studies relied
on significant increases in antibody titres to a single protein (Ply or
PsaA) between acute-phase and convalescent-phase samples [18,19].
The use of multiple antigens could improve markedly the performance
of serological assays in pediatric pneumococcal pneumonia as it has
been shown in a study that compared the seroresponses to four pneu-
mococcal surface proteins (PhtD, PhtE, LytB and PcpA) to Ply alone
[17]. Interestingly, in this study, PcpA IgG titres were three times
lower in the acute phase in children admitted for pneumococcal pneu-
monia and therefore it would be desirable to assess if any additional
protein antigen could also discriminate between pneumonia patients
and controls in the acute phase response.

The discriminatory power of themultiplex assay for the diagnosis of
pneumococcal pneumonia in children was very limited in this pilot
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Table 1
List of pneumococcal protein antigens selected for recombinant production and coupling to SeroMAP® beads.

No. Accession Locus Short name Description Location

1 Q97SJ6 SP_0348 cps4C Capsular polysaccharide biosynthesis protein Cps4C Membrane
2 Q97SC3 SP_0462 – Cell wall surface anchor family protein Cell wall
3 Q97SC2 SP_0463 rrgB Cell wall surface anchor family protein Cell wall
4 Q97SC1 SP_0464 – Cell wall surface anchor family protein Cell wall
5 Q97P71 SP_1772 psrP Cell wall surface anchor family protein Cell wall
6 Q97NF0 SP_2093 – Hypothetical protein Membrane
7 P59652 spr0012 ftsH Cell division protein FtsH Membrane
8 P59653 spr0043 comA Competence factor transporting ATP-binding/permease ComA Membrane
9 P59654 spr0044 comB Competence factor transport protein ComB Membrane
10 Q8DRL6 spr0057 strH Beta-N-acetylhexosaminidase Cell wall
11 Q8DRK2 spr0075 – Cell wall surface anchor family protein Cell wall
12 Q8CZB7 spr0096 lysM LysM domain protein Secretory
13 Q8DRI6 spr0101 ABC-SBP Amino acid ABC transporter substrate-binding protein Lipoprotein
14 Q8DRI0 spr0121 pspA Surface protein pspA precursor Membrane
15 Q8DRG2 spr0146 ABC-SBP Amino acid ABC transporter substrate-binding protein Lipoprotein
16 Q8CZ90 spr0174 – Hypothetical protein Lipoprotein
17 Q8DRA6 spr0247 pulA Alkaline amylopullulanase Cell wall
18 Q8CWU3 spr0286 hysA Hyaluronate lyase precursor (hyaluronidase/hyase) Cell wall
19 P59676 spr0304 pbpX Penicillin-binding protein 2X Membrane
20 Q8DR61 spr0327 aliA ABC transporter substrate-binding protein — oligopeptide transport Lipoprotein
21 Q8DR60 spr0328 – Cell wall surface anchor family protein Cell wall
22 Q8DR59 spr0329 pbpA Penicillin-binding protein 1A Membrane
23 Q8DR55 spr0334 mapZ Hypothetical protein Membrane
24 Q8DR52 spr0337 cbpF Choline-binding protein F Membrane
25 Q8CZ52 spr0440 – Endo-beta-N-acetylglucosaminidase Cell wall
26 Q8DQP7 spr0561 prtA Cell wall-associated serine proteinase precursor PrtA Cell wall
27 Q8DQP4 spr0565 bgaA Beta-galactosidase precursor Cell wall
28 Q8DQN5 spr0581 zmpB Zinc metalloprotease Cell wall
29 Q8DQM4 spr0601 – Hypothetical protein Membrane
30 Q8DQJ4 spr0642 spxB Pyruvate oxidase Cytosolic
31 P63788 spr0656 clpP ATP-dependent Clp protease proteolytic subunit Cytosolic
32 Q8DQG5 spr0679 ppiA Peptidyl-prolyl cis-trans isomerase, cyclophilin-type Lipoprotein
33 Q8DQF9 spr0693 – Hypothetical protein Membrane
34 Q8DQE5 spr0716 ezrA Septation ring formation regulator EzrA Membrane
35 Q8DQC2 spr0747 – Hypothetical protein Lipoprotein
36 Q8DQ87 spr0794 pepXP x-Prolyl-dipeptidyl aminopeptidase Membrane
37 Q8DQ40 spr0857 celB Competence protein CelB Membrane
38 P59206 spr0867 lytB Endo-beta-N-acetylglucosaminidase Secretory
39 Q8DQ36 spr0868 flpA Adherence and virulence protein A Cytosolic
40 Q8DQ24 spr0884 prsA Foldase PrsA Lipoprotein
41 Q8DQ09 spr0906 lmb Adhesion lipoprotein Lipoprotein
42 Q8DQ08 spr0907 phtD Pneumococcal histidine triad protein D precursor Membrane
43 Q8DQ07 spr0908 phtE Pneumococcal histidine triad protein E precursor Secretory
44 Q8DPY8 spr0931 – Hypothetical protein Secretory
45 Q8DPY6 spr0934 ABC-SBP Iron-compound ABC transporter, iron compound-binding protein Lipoprotein
46 Q8DPS0 spr1036 eno Enolase Cytosolic
47 Q59947 spr1042 iga Immunoglobulin A1 protease Cell wall
48 Q8CWR4 spr1060 phpA Histidine motif-containing protein Membrane
49 Q8DPQ2 spr1061 phtA Pneumococcal histidine triad protein A precursor Lipoprotein
50 Q8DPM3 spr1098 srtA Sortase Membrane
51 Q8DPK5 spr1120 glnP Amino acid ABC transporter substrate-binding protein Membrane
52 Q8DPE2 spr1216 ABC-N/P ABC transporter ATP-binding protein/permease Membrane
53 Q8CYN1 spr1221 – Hypothetical protein Membrane
54 Q8DPC5 spr1243 potD Spermidine/putrescine ABC transporter spermidine/putrescine-binding protein Membrane
55 Q8DPB7 spr1251 glnH Amino acid ABC transporter amino acid-binding protein Lipoprotein
56 Q8DPB1 spr1257 pstS1 Phosphate ABC transporter phosphate-binding protein Lipoprotein
57 Q8DP63 spr1333 pgdA Peptidoglycan GlcNAc deacetylase Membrane
58 Q8CYJ8 spr1370 – Hypothetical protein Membrane
59 P0A4G1 spr1382 aliB Peptide ABC transporter substrate-binding protein Lipoprotein
60 Q8CYI8 spr1403 – Hypothetical protein Cell wall⁎

61 Q8DP15 spr1418 – Hypothetical protein Membrane
62 Q8DP08 spr1430 dpr Non-heme iron-containing ferritin Cytosolic
63 Q8DP07 spr1431 lytC 1,4-Beta-N-acetylmuramidase Secretory
64 P0A4G3 spr1494 psaA Manganese ABC transporter substrate-binding protein Lipoprotein
65 Q8CYG6 spr1496 – Hypothetical protein Membrane⁎
66 Q8DNU8 spr1527 ABC-SBP Sugar ABC transporter, sugar-binding protein Lipoprotein⁎

67 Q8CWP8 spr1531 nanB Sialidase B precursor (neuraminidase B) Membrane
68 P62576 spr1536 nanA Sialidase A precursor (neuraminidase A) Cell wall
69 Q8DNS0 spr1577 pkn2 Serine/threonine protein kinase Membrane⁎

70 P67283 spr1584 rny Ribonuclease Y Membrane
71 Q8DNM0 spr1645 ABC-SBP ABC transporter substrate-binding protein Lipoprotein
72 Q8CYC9 spr1652 pfbA Cell wall surface anchor family protein Cell wall
73 Q8DNJ2 spr1687 fatB Iron-compound ABC transporter, iron-compound-binding protein Lipoprotein
74 Q8DNI1 spr1707 amiA ABC transporter substrate-binding protein — oligopeptide transport Lipoprotein
75 Q8DNH8 spr1712 msmE Sugar ABC transporter, sugar-binding protein Lipoprotein
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study based on probing single acute phase sera. Nevertheless, we have
found in the present work that acute serum IgG levels against RrgB
were significantly lower in children ≤4 years old with confirmed
pneumococcal pneumonia than in the control group. In addition, using
the stringent Bonferroni correction to adjust for multiple testing,
there was a small trend toward slightly lower antibody levels in the
pneumonia group for PrsA, RrgC and RrgB in the all age group. These
findings should be validated and expanded to identify more potential
protein biomarkers in larger studies with increased number of patients
and paired sera, respectively. The high-throughput capacity and
small volume of sera required in the assay are important advantages
for the diagnosis of pneumococcal pneumonia in epidemiological
studies.

The significance of lowRrgB antibody titres in the acute phase serum
response to pneumococcal pneumonia remains speculative and could
be due either to consumption or reduced preexisting antibody levels,
which in turn would suggest a protective role of naturally induced anti-
bodies against this protein in pneumococcal pneumonia. RrgB is the

backbone subunit of S. pneumoniae pilus 1, which has been found to
be present in 30% of pathogenic strains and influences virulence and
host inflammatory responses [20,21]. A fusion protein containing the
three RrgB variants induced protection by active immunization against
sepsis and pneumonia in murine models and a recent study has found
higher serum anti-RrgA and anti-RrgB titres in carriage-negative chil-
dren than in those who were carriage-positive, suggesting that pilus-1
proteins may induce protective immunity against pneumococcal car-
riage or colonization in humans [22,23]. Interestingly, transcription of
genes encoding rrgA, rrgB, and rrgC as well as several outer surface pro-
teins, including pcpA, is negatively regulated by Mn2+ concentration
that is 1000-fold higher in saliva than in lung and therefore level of ex-
pression of these proteins differs markedly between colonizing strains
and those causing pneumonia [24].

The study has limitations. Sampling of pneumococcal pneumonia
patients was not performed at admission and was only done for ethical
reasons when the patient was in a stable condition and once microbio-
logical diagnosis was established. Nevertheless sera were drawnwithin
the first few days of hospital admission during the acute phase of pneu-
mococcal pneumonia. We also did not assess the nasopharyngeal car-
riage status in control group which might have been influenced the
antiprotein levels.

In conclusion, we have developed a Luminex-based methodology to
assess simultaneously the humoral responses to the largest collection of
pneumococcal proteins based on the selection of experimentally identi-
fied proteins. This platform was comparable to ELISA and detected a
wide range of antibody concentrations in children sera frompneumonia
patients and controls and RrgB discriminated seroresponses between
them in younger children, which should been validated and expanded
in larger studies. The significance of lower antibody titers to RrgB in
pneumonia patientswarrants further studies to determine if higher nat-
ural antibody titres against this protein are markers of protection
against pneumonia in children.

This research was funded by Project Grants FIS-P12/01259
(Spanish Ministry of Economy and Competitiveness), P09-CTS-
4616 from Consejería de Innovación, Ciencia y Empresa (Junta de
Andalucía), to MJRO. IJM was recipient of a Ph.D. fellowship from
Junta de Andalucía.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jprot.2015.06.011.

Table 1 (continued)

No. Accession Locus Short name Description Location

76 Q7ZAK5 spr1739 ply Pneumolysin Cytosolic
77 Q7ZAK4 spr1754 lytA N-acetylmuramoyl-L-alanine amidase Cytosolic
78 Q8DNF3 spr1771 nisP Subtilisin-like serine protease Cell wall
79 Q8DNB6 spr1823 pbp2a Penicillin-binding protein 2A Membrane
80 Q8CWN6 spr1825 gapA Glyceraldehyde-3-phosphate dehydrogenase Cytosolic
81 Q8DN78 spr1875 – Hypothetical protein Membrane
82 Q8DN70 spr1887 ABC-NP ABC transporter ATP-binding protein/permease Membrane
83 Q8DN58 spr1903 galU UTP-glucose-1-phosphate uridylyltransferase Secretory
84 Q8DN55 spr1906 hipO Hippurate hydrolase Cytosolic
85 Q7CRA4 spr1909 pbp1b Penicillin-binding protein 1B Membrane
86 P59214 spr1918 malX Maltose/maltodextrin ABC transporter, maltose/maltodextrin-binding protein Lipoprotein
87 Q8DN38 spr1945 pcpA Choline binding protein PcpA Membrane
88 Q8CWN2 spr1975 adcA Zinc ABC transporter zinc-binding protein Lipoprotein
89 Q8DN05 spr1995 pspC Choline binding protein A Secretory
90 Q8DMY4 spr2021 gsp-781 General stress protein GSP-781 Secretory
91 Q8DMW2 spr2045 sphtra Serine protease Membrane
92 C1CGE9 SPJ_1852 TMP TMP repeat family Membrane
93 C1CB04 SP70585_2286 – Blood group A- and B-cleaving endo-beta-galactosidase Secretory
94 E0STZ5 Sph_0062 – PblB, putative Cell wall

In bold, pneumococcal antigens statistically analyzed. The rest of the proteins had CV N 25%. Proteins were annotated according to the homology to reference strains. Loci correspond to
strain R6 except for those proteins SP_XXXX, SPJ_1852, SP70585_2286 and Sph_0062 which correspond to S. pneumoniae TIGR4, S. pneumoniae JAA, S. pneumoniae 70585 and
S. pneumoniae Hungary 19A-6, respectively. Subcellular location was predicted using the LocateP algorithm.
⁎ Proteins uncoupled to the microspheres.

Fig. 1. Correlation between results with the singleplex and themultiplex assay for 14 ran-
domly chosen protein antigens.
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Fig. 2. Serum IgG antibodies to 64 pneumococcal proteins. Median fluorescence intensity (MFI) values indicate the antiprotein-IgG level. Open circle indicates anti-IgG level of control sera
and solid circle indicates anti-IgG level of patient sera.
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