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Biofilm is ubiqutoius; dental plaques, as well as the “gunk” that clogs 
drainage system, are examples of normal biofilm that we find in our day-
to-day lives. Today, biofilm is considered the most prevalent mode of mi-
croorganism growth. Biofilm forms when planktonic bacteria adheres to 
surfaces and begins to excrete a slimy, glue-like substance that anchors 
them to all kinds of material—metals, paper, plastics, tissue, soil parti-
cles, food processing equipments, medical implant materials, and even 
artworks. Microbial biofilms on surfaces cost billions of dollars yearly 
in equipment damage, product contamination, energy losses, and medical 
infections; this is part of the reason why biofilm research is becoming so 
important.

Conventional methods for removing biofi lm bacteria consist mainly 
of mechanical forces, such as scrubbing, heating, sonication, use of ul-
trasound, high pressure, and chemicals like ozone, hypochlorite, hypo-
bromite, chloramines, tributylin, copper compounds, and antimicrobials 
such as antibiotics and disinfectants. However, mechanical, chemical, or 
antimicrobial approaches are often ineffective and are not able to success-
fully prevent or control the formation of unwanted biofi lms without caus-
ing deleterious side effects. Mechanical forces are sometimes destructive 
towards the surface being treated and can be very expensive. On the other 
hand, the high dose of antimicrobials required to get rid of biofi lm bacteria 
are environmentally undesirable, medically impractical, and sometimes 
pose serious health problems. In addition, repeated use of antimicrobial 
agents on biofi lms can cause bacteria within the biofi lm to develop an 
increased resistance to antimicrobial agents.

To discover novel, safe, and long-term solutions to the challenge im-
posed by biofi lm, it is necessary to further understand the biofi lm growth 
and detachment. Factors that lead to biofi lm growth inhibition, biofi lm dis-
ruption, or biofi lm eradication are important for controlling biofi lm.  This 
book highlights some of the exciting research that has recently been done, 

INTRODUCTION



xxiv Introduction

although it necessarily contains only a sample of all the recent insights that 
have been gained in this fi eld.

Chapter 1, by Pompilio and colleagues, focuses on the use of biofi lm in 
the treatment of cystic fi brosis. Treatment of cystic fi brosis-associated lung 
infections is hampered by the presence of multi-drug resistant pathogens, 
many of which are also strong biofi lm producers. Antimicrobial peptides, 
essential components of innate immunity in humans and animals, exhibit 
relevant in vitro antimicrobial activity although they tend not to select 
for resistant strains. Three α-helical antimicrobial peptides, BMAP-27 and 
BMAP-28 of bovine origin, and the artifi cial P19(9/B) peptide were test-
ed, comparatively to Tobramycin, for their in vitro antibacterial and anti-
biofi lm activity against 15 Staphylococcus aureus, 25 Pseudomonas aeru-
ginosa, and 27 Stenotrophomonas maltophilia strains from cystic fi brosis 
patients. All assays were carried out in physical-chemical experimental 
conditions simulating a cystic fi brosis lung. All peptides showed a potent 
and rapid bactericidal activity against most P. aeruginosa, S. maltophilia 
and S. aureusstrains tested, at levels generally higher than those exhibited 
by Tobramycin and signifi cantly reduced biofi lm formation of all the bac-
terial species tested, although less effectively than Tobramycin did. On the 
contrary, the viability-reducing activity of antimicrobial peptides against 
preformed P. aeruginosa biofi lms was comparable to and, in some cases, 
higher than that showed by Tobramycin. The activity shown by α-helical 
peptides against planktonic and biofi lm cells makes them promising “lead 
compounds” for future development of novel drugs for therapeutic treat-
ment of cystic fi brosis lung disease.

Nijland and colleagues explain in chapter 2 that microbial biofi lms are 
composed of a hydrated matrix of biopolymers including polypeptides, 
polysaccharides and nucleic acids and act as a protective barrier and mi-
croenvironment for the inhabiting microbes. While studying marine bio-
fi lms, the authors observed that supernatant produced by a marine isolate 
of Bacillus licheniformis was capable of dispersing bacterial biofi lms. 
They investigated the source of this activity and identifi ed the active com-
pound as an extracellular DNase (NucB). The authors have shown that this 
enzyme rapidly breaks up the biofi lms of both Gram-positive and Gram-
negative bacteria. They demonstrate that bacteria can use secreted nucle-
ases as an elegant strategy to disperse established biofi lms and to prevent 
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de novoformation of biofi lms of competitors. DNA therefore plays an im-
portant dynamic role as a reversible structural adhesin within the biofi lm.

Transition from planktonic cells to biofi lm is mediated by produc-
tion of adhesion factors, such as extracellular polysaccharides (EPS), and 
modulated by complex regulatory networks that, in addition to control-
ling production of adhesion factors, redirect bacterial cell metabolism to 
the biofi lm mode. In chapter 3, Carzaniga and colleagues found that dele-
tion of the pnp gene, encoding polynucleotide phosphorylase, an RNA 
processing enzyme and a component of the RNA degradosome, results 
in increased biofi lm formation in Escherichia coli. This effect is particu-
larly pronounced in the E. coli strain C-1a, in which deletion of the pnp 
gene leads to strong cell aggregation in liquid medium. Cell aggregation is 
dependent on the EPS poly-N-acetylglucosamine (PNAG), thus suggest-
ing negative regulation of the PNAG biosynthetic operonpgaABCD by 
PNPase. Indeed, pgaABCD transcript levels are higher in the pnp mutant. 
Negative control of pgaABCD expression by PNPase takes place at mRNA 
stability level and involves the 5’-untranslated region of the pgaABCD 
transcript, which serves as a cis-element regulating pgaABCDtranscript 
stability and translatability. The authors' results demonstrate that PNPase 
is necessary to maintain bacterial cells in the planktonic mode through 
down-regulation of pgaABCD expression and PNAG production.

Wang and colleagues study Streptococcus suis (SS) in chapter 4: a zoo-
notic pathogen that causes severe disease symptoms in pigs and humans. 
Biofi lms of SS bind to extracellular matrix proteins in both endothelial 
and epithelial cells and cause persistent infections. In this study, the differ-
ences in the protein expression profi les of SS grown either as planktonic 
cells or biofi lms were identifi ed using comparative proteomic analysis. 
The results revealed the existence of 13 proteins of varying amounts, 
among which six were upregulated and seven were downregulated in the 
Streptococcus biofi lm compared with the planktonic controls. The conva-
lescent serum from mini-pig, challenged with SS, was applied in a West-
ern blot assay to visualize all proteins from the biofi lm that were grown 
in vitro and separated by two-dimensional gel electrophoresis. A total of 
10 immunoreactive protein spots corresponding to nine unique proteins 
were identifi ed by MALDI-TOF/TOF-MS. Of these nine proteins, fi ve 
(Manganese-dependent superoxide dismutase, UDP-N-acetylglucosamine 
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1-carboxyvinyltransferase, ornithine carbamoyltransferase, phosphoglyc-
erate kinase, Hypothetical protein SSU05_0403) had no previously re-
ported immunogenic properties in SS to our knowledge. The remaining 
four immunogenic proteins (glyceraldehyde-3-phosphate dehydrogenase, 
hemolysin, pyruvate dehydrogenase and DnaK) were identifi ed under both 
planktonic and biofi lm growth conditions. In conclusion, the protein ex-
pression pattern of SS, grown as biofi lm, was different from the SS grown 
as planktonic cells. These fi ve immunogenic proteins that were specifi c 
to SS biofi lm cells may potentially be targeted as vaccine candidates to 
protect against SS biofi lm infections. The four proteins common to both 
biofi lm and planktonic cells can be targeted as vaccine candidates to pro-
tect against both biofi lm and acute infections.

Secondary metabolites ranging from furanone to exo-polysaccharides 
have been suggested to have anti-biofi lm activity in various recent stud-
ies. Among these, Escherichia coli group II capsular polysaccharides were 
shown to inhibit biofi lm formation of a wide range of organisms and more 
recently marine Vibrio sp. were found to secrete complex exopolysac-
charides having the potential for broad-spectrum biofi lm inhibition and 
disruption. In chapter 5, Abu Sayem and colleageus report that a newly 
identifi ed ca. 1800 kDa polysaccharide having simple monomeric units 
of α-D-galactopyranosyl-(1→2)-glycerol-phosphate exerts an anti-biofi lm 
activity against a number of both pathogenic and non-pathogenic strains 
without bactericidal effects. This polysaccharide was extracted from a Ba-
cillus licheniformis strain associated with the marine organism Spongia 
offi cinalis. The mechanism of action of this compound is most likely in-
dependent from quorum sensing, as its structure is unrelated to any of the 
so far known quorum sensing molecules. In their experiments the authors 
also found that treatment of abiotic surfaces with their polysaccharide 
reduced the initial adhesion and biofi lm development of strains such as 
Escherichia coli PHL628 and Pseudomonas fl uorescens. The polysaccha-
ride isolated from sponge-associated B. licheniformis has several features 
that provide a tool for better exploration of novel anti-biofi lm compounds. 
Inhibiting biofi lm formation of a wide range of bacteria without affecting 
their growth appears to represent a special feature of the polysaccharide 
described in this report. Further research on such surface-active com-
pounds might help developing new classes of anti-biofi lm molecules with 



Introduction xxvii

broad spectrum activity and more in general will allow exploring of new 
functions for bacterial polysaccharides in the environment.

Combating dental biofi lm formation is the most effective means for the 
prevention of caries, one of the most widespread human diseases. Among 
the chemical supplements to mechanical tooth cleaning procedures, non-
bactericidal adjuncts that target the mechanisms of bacterial biofi lm for-
mation have gained increasing interest in recent years. Milk proteins, such 
as lactoferrin, have been shown to interfere with bacterial colonization 
of saliva-coated surfaces. Schlafer and colleagues study the effect of bo-
vine milk osteopontin (OPN) in chapter 6, a highly phosphorylated whey 
glycoprotein, on a multispecies in vitro model of dental biofi lm. While 
considerable research effort focuses on the interaction of OPN with mam-
malian cells, there are no data investigating the infl uence of OPN on bac-
terial biofi lms. Biofi lms consisting of Streptococcus oralis, Actinomyces 
naeslundii, Streptococcus mitis, Streptococcus downei and Streptococcus 
sanguinis were grown in a fl ow cell system that permitted in situ micro-
scopic analysis. Crystal violet staining showed signifi cantly less biofi lm 
formation in the presence of OPN, as compared to biofi lms grown with-
out OPN or biofi lms grown in the presence of caseinoglycomacropeptide, 
another phosphorylated milk protein. Confocal microscopy revealed that 
OPN bound to the surface of bacterial cells and reduced mechanical sta-
bility of the biofi lms without affecting cell viability. The bacterial com-
position of the biofi lms, determined by fl uorescence in situ hybridization, 
changed considerably in the presence of OPN. In particular, colonization 
of S. mitis, the best biofi lm former in the model, was reduced dramatical-
ly. OPN strongly reduces the amount of biofi lm formed in a well-defi ned 
laboratory model of acidogenic dental biofi lm. If a similar effect can be 
observed in vivo, OPN might serve as a valuable adjunct to mechanical 
tooth cleaning procedures.

In chapter 7, Lubarsky and colleagues argue that the accumulation of 
the widely-used antibacterial and antifungal compound triclosan (TCS) 
in freshwaters raises concerns about the impact of this harmful chemi-
cal on the biofi lms that are the dominant life style of microorganisms in 
aquatic systems. However, investigations to-date rarely go beyond effects 
at the cellular, physiological or morphological level. The chapter focuses 
on bacterial biofi lms addressing the possible chemical impairment of their 
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functionality, while also examining their substratum stabilization potential 
as one example of an important ecosystem service. The development of 
a bacterial assemblage of natural composition—isolated from sediments 
of the Eden Estuary (Scotland, UK)—on non-cohesive glass beads (<63 
μm) and exposed to a range of triclosan concentrations (control, 2–100 μg 
L−1) was monitored over time by Magnetic Particle Induction (MagPI). 
In parallel, bacterial cell numbers, division rate, community composition 
(DGGE) and EPS (extracellular polymeric substances: carbohydrates and 
proteins) secretion were determined. While the triclosan exposure did not 
prevent bacterial settlement, biofi lm development was increasingly inhib-
ited by increasing TCS levels. The surface binding capacity (MagPI) of 
the assemblages was positively correlated to the microbial secreted EPS 
matrix. The EPS concentrations and composition (quantity and quality) 
were closely linked to bacterial growth, which was affected by enhanced 
TCS exposure. Furthermore, TCS induced signifi cant changes in bacte-
rial community composition as well as a signifi cant decrease in bacterial 
diversity. The impairment of the stabilization potential of bacterial biofi lm 
under even low, environmentally relevant TCS levels is of concern since 
the resistance of sediments to erosive forces has large implications for 
the dynamics of sediments and associated pollutant dispersal. In addition, 
the surface adhesive capacity of the biofi lm acts as a sensitive measure of 
ecosystem effects.

Machado and colleagues work aim to characterize endoscope biofi lm-
isolated (PAI) and reference strain P. aeruginosa (PA) adhesion, biofi lm 
formation and sensitivity to antibiotics in chapter 8. The recovery ability 
of the biofi lm-growing bacteria subjected to intermittent antibiotic pres-
sure (ciprofl oxacin (CIP) and gentamicin (GM)), as well as the develop-
ment of resistance towards antibiotics and benzalkonium chloride (BC), 
were also determined. The capacity of both strains to develop biofi lms 
was greatly impaired in the presence of CIP and GM. Sanitization was 
not complete allowing biofi lm recovery after the intermittent cycles of 
antibiotic pressure. The environmental pressure exerted by CIP and GM 
did not develop P. aeruginosa resistance to antibiotics nor cross-resistance 
towards BC. However, data highlighted that none of the antimicrobials led 
to complete biofi lm eradication, allowing the recovery of the remaining 
adhered population possibly due to the selection of persister cells. This 
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feature may lead to biofi lm recalcitrance, reinforcement of bacterial at-
tachment, and recolonization of other sites.

Development of biofi lm is a key mechanism involved in Staphylococ-
cus epidermidis virulence during device-associated infections. Chusri and 
colleagues aimed to investigate antibiofi lm formation and mature biofi lm 
eradication ability of ethanol and water extracts of Thai traditional herbal 
recipes including THR-SK004, THR-SK010, and THR-SK011 against S. 
epidermidis in chapter 9. A biofi lm forming reference strain, S. epidermidis 
ATCC 35984 was employed as a model for searching anti-biofi lm agents 
by MTT reduction assay. The results revealed that the ethanol extract of 
THR-SK004 (THR-SK004E) could inhibit the formation of S. epidermidis 
biofi lm on polystyrene surfaces. Furthermore, treatments with the extract 
effi ciently inhibit the biofi lm formation of the pathogen on glass surfaces 
determined by scanning electron microscopy and crystal violet staining. 
In addition, THR-SK010 ethanol extract (THR-SK010E; 0.63–5 μg/mL) 
could decrease 30 to 40% of the biofi lm development. Almost 90% of a 
7-day-old staphylococcal biofi lm was destroyed after treatment with THR-
SK004E (250 and 500 μg/mL) and THR-SK010E (10 and 20 μg/mL) for 
24 h. Therefore, the results clearly demonstrated THR-SK004E could pre-
vent the staphylococcal biofi lm development, whereas both THR-SK004E 
and THR-SK010E possessed remarkable eradication ability on the mature 
staphylococcal biofi lm.

Gingivitis is a preventable disease characterised by infl ammation of 
the gums due to the buildup of a microbial biofi lm at the gingival mar-
gin. It is implicated as a precursor to periodontitis, a much more serious 
problem which includes associated bone loss. Unfortunately, due to poor 
oral hygiene among the general population, gingivitis is prevalent and re-
sults in high treatment costs. Consequently, the option of treating gingi-
vitis using functional foods, which promote oral health, is an attractive 
one. Medicinal mushrooms, including shiitake, have long been known for 
their immune system boosting as well as antimicrobial effects; however, 
they have not been employed in the treatment of oral disease. In chapter 
10, Ciric and colleagues explore the effectiveness of shiitake mushroom 
extract compared to that of the active component in the leading gingivitis 
mouthwash, containing chlorhexidine, in an artifi cial mouth model (con-
stant depth fi lm fermenter). The total bacterial numbers as well as numbers 
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of eight key taxa in the oral community were investigated over time us-
ing multiplex qPCR. The results indicated that shiitake mushroom extract 
lowered the numbers of some pathogenic taxa without affecting the taxa 
associated with health, unlike chlorhexidine which has a limited effect on 
all taxa.

Couroupita guianensis Aubl. (Lecythidaceae) is commonly called Aya-
huma and the Cannonball tree. It is distributed in the tropical regions of 
northern South America and Southern Caribbean. It has several medici-
nal properties. It is used to treat hypertension, tumours, pain, infl amma-
tory processes, cold, stomach ache, skin diseases, malaria, wounds and 
toothache. In chapter 11, Al-Dhabi and colleagues extracted the fruits of 
Couroupita guianensis with chloroform. Antimicrobial, antimycobacterial 
and antibiofi lm forming activities of the chloroform extract were investi-
gated. Quantitative estimation of Indirubin, one of the major constituent, 
was identifi ed by HPLC. Chloroform extract showed good antimicrobial 
and antibiofi lm forming activities; however it showed low antimyco-
bacterial activity. The zones of inhibition by chloroform extract ranged 
from 0 to 26 mm. Chloroform extract showed effective antibiofi lm activ-
ity against Pseudomonas aeruginosa starting from 2 mg/mL BIC, with 
52% inhibition of biofi lm formation. When the chloroform extract was 
subjected to HPLC-DAD analysis, along with Indirubin standard, in the 
same chromatographic conditions, the authors found that Indirubin was 
one of the major compounds in this plant (0.0918% dry weight basis). 
The chloroform extract showed good antimicrobial and antibiofi lm prop-
erties. Chloroform extract can be evaluated further in drug development 
programmes.

Yersinia pestis synthesizes the attached biofi lms in the fl ea proventric-
ulus, which is important for the transmission of this pathogen by fl eas. The 
hmsHFRS operons is responsible for the synthesis of exopolysaccharide 
(the major component of biofi lm matrix), which is activated by the signal-
ing molecule 3′, 5′-cyclic diguanylic acid (c-di-GMP) synthesized by the 
only two diguanylate cyclases HmsT, and YPO0449 (located in a putative 
operonYPO0450-0448). Sun and colleagues found in chpater 12 that the 
phenotypic assays indicated that the transcriptional regulator Fur inhibited 
the Y. pestisbiofi lm production in vitro and on nematode. Two distinct Fur 
box-like sequences were predicted within the promoter-proximal region 
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of hmsT, suggesting that hmsT might be a direct Fur target. The subse-
quent primer extension, LacZ fusion, electrophoretic mobility shift, and 
DNase I footprinting assays disclosed that Fur specifi cally bound to the 
hmsT promoter-proximal region for repressing the hmsT transcription. In 
contrast, Fur had no regulatory effect on hmsHFRS and YPO0450-0448 
at the transcriptional level. The detection of intracellular c-di-GMP levels 
revealed that Fur inhibited the c-di-GMP production. Y. pestis Fur inhib-
its the c-di-GMP production through directly repressing the transcription 
ofhmsT, and thus it acts as a repressor of biofi lm formation. Since the rel-
evant genetic contents for fur, hmsT, hmsHFRS, and YPO0450-0448 are 
extremely conserved between Y. pestis and typical Y. pseudotuberculosis, 
the above regulatory mechanisms can be applied to Y. pseudotuberculosis.

Fungal biofi lms are a major cause of human mortality and are recal-
citrant to most treatments due to intrinsic drug resistance. These complex 
communities of multiple cell types form on indwelling medical devices 
and their eradication often requires surgical removal of infected devices. 
In chapter 13, Robbins and colleagues implicate the molecular chaperone 
Hsp90 as a key regulator of biofi lm dispersion and drug resistance. They 
previously established that in the leading human fungal pathogen, Candi-
da albicans, Hsp90 enables the emergence and maintenance of drug resis-
tance in planktonic conditions by stabilizing the protein phosphatase cal-
cineurin and MAPK Mkc1. Hsp90 also regulates temperature-dependent 
C. albicans morphogenesis through repression of cAMP-PKA signalling. 
Here we demonstrate that genetic depletion of Hsp90 reduced C. albicans 
biofi lm growth and maturation in vitro and impaired dispersal of biofi lm 
cells. Further, compromising Hsp90 function in vitro abrogated resistance 
of C. albicans biofi lms to the most widely deployed class of antifungal 
drugs, the azoles. Depletion of Hsp90 led to reduction of calcineurin and 
Mkc1 in planktonic but not biofi lm conditions, suggesting that Hsp90 reg-
ulates drug resistance through different mechanisms in these distinct cel-
lular states. Reduction of Hsp90 levels led to a marked decrease in matrix 
glucan levels, providing a compelling mechanism through which Hsp90 
might regulate biofi lm azole resistance. Impairment of Hsp90 function ge-
netically or pharmacologically transformed fl uconazole from ineffectual 
to highly effective in eradicating biofi lms in a rat venous catheter infection 
model. Finally, inhibition of Hsp90 reduced resistance of biofi lms of the 
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most lethal mould, Aspergillus fumigatus, to the newest class of antifun-
gals to reach the clinic, the echinocandins. Thus, the authors establish a 
novel mechanism regulating biofi lm drug resistance and dispersion and 
that targeting Hsp90 provides a much-needed strategy for improving clini-
cal outcome in the treatment of biofi lm infections.

Biofi lms defi ne mono- or multispecies communities embedded in a 
self-produced protective matrix, which is strongly attached to surfaces. 
They often are considered a general threat not only in industry but also 
in medicine. They constitute a permanent source of contamination, and 
they can disturb the proper usage of the material onto which they develop. 
Chapter 14, by Tournu and Van Dijck, relates to some of the most recent 
approaches that have been elaborated to eradicate Candida biofi lms, based 
on the vast effort put in ever-improving models of biofi lm formation in vi-
tro and in vivo, including novel fl ow systems, high-throughput techniques 
and mucosal models. Mixed biofi lms, sustaining antagonist or benefi cial 
cooperation between species, and their interplay with the host immune 
system are also prevalent topics. Alternative strategies against biofi lms in-
clude the lock therapy and immunotherapy approaches, and material coat-
ing and improvements. The host-biofi lm interactions are also discussed, 
together with their potential applications in Candida biofi lm elimination.

In the fi nal chapter, chapter 15, Taraszkiewicz and colleagues review 
the recent literature concerning the effi ciency of antimicrobial photody-
namic inactivation toward various microbial species in planktonic and 
biofi lm cultures. The review is mainly focused on biofi lm-growing micror-
ganisms because this form of growth poses a threat to chronically infected 
or immunocompromised patients and is diffi cult to eradicate from medical 
devices. We discuss the biofi lm formation process and mechanisms of its 
increased resistance to various antimicrobials. We present, based on data 
in the literature, strategies for overcoming the problem of biofi lm resis-
tance. Factors that have potential for use in increasing the effi ciency of the 
killing of biofi lm-forming bacteria include plant extracts, enzymes that 
disturb the biofi lm structure, and other nonenzymatic molecules. We pro-
pose combining antimicrobial photodynamic therapy with various antimi-
crobial and antibiofi lm approaches to obtain a synergistic effect to permit 
effi cient microbial growth control at low photosensitizer doses.
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2 Biofilm Control and Antimicrobial Agents

1.1 BACKGROUND

Physicians treating patients with cystic fibrosis (CF) are increasingly faced 
with infections caused by multidrug-resistant strains. Pseudomonas aeru-
ginosa and Staphylococcus aureus are the most common bacterial patho-
gens isolated from the CF respiratory tract where they cause persistent in-
fections associated with a more rapid decline in lung function and survival 
[1,2]. In recent years, however, there has been an increasing number of re-
ports on potentially emerging and challenging pathogens, probably due to 
improved laboratory detection strategies and to selective pressure exerted 
on bacterial populations by the antipseudomonal antibiotic therapy [2]. 
In this respect, both the overall prevalence and incidence of intrinsically 
antibiotic-resistant Stenotrophomonas maltophilia isolations from CF re-
spiratory tract secretions have been recently reported [3-5].

Efforts to treat CF infections are also hampered by the high microbial 
adaptation to the CF pulmonary environment, resulting in an increased 
ability to form biofi lms intrinsically resistant to therapeutically important 
antibiotics such as aminoglycosides, fl uoroquinolones, and tetracycline 
[6-10].

Novel antimicrobial agents that could replace or complement cur-
rent therapies are consequently needed to fi ght chronic infections in CF 
patients.

Antimicrobial peptides (AMPs) are naturally occurring molecules of 
the innate immune system that play an important role in the host defence 
of animals and plants [11-13]. Over the last years, natural AMPs have at-
tracted considerable interest for the development of novel antibiotics for 
several reasons [14,15]: i) the broad activity spectrum, comprised multiply 
antibiotic-resistant bacteria; ii) the relative selectivity towards their targets 
(microbial membranes); iii) the rapid mechanism of action; and, above all, 
iv) the low frequency in selecting resistant strains. Although the antimicro-
bial activity of AMPs has been extensively reported in literature [13-17], 
only few studies have been reported with respect to CF pathogens [18-21].

Hence, in an attempt to evaluate the therapeutic potential of AMPs 
in the management of CF lung infections, for the fi rst time in the present 
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study three cationic α-helical AMPs - two cathelicidins of bovine origin 
(BMAP-27, BMAP-28) and the artifi cial peptide P19(9/B) - were tested 
for their in vitro antibacterial effectiveness, as well as their in vitro anti-
biofi lm activity, against selected S. aureus, P. aeruginosa, and S. malto-
philia strains collected from CF patients. The effi cacy of the AMPs was 
compared to that of Tobramycin, selected as the antibiotic of choice used 
for chronic suppressive therapy in CF patients.

Since the conditions present in the CF patients’ airway surface liquid 
could counteract the potency of antibiotics such as Tobramycin [22,23], in 
the present study all in vitro antimicrobial assays were carried out under 
experimental conditions simulating the physical-chemical properties ob-
served in CF lung environment [24-26].

1.2 RESULTS

1.2.1 PHENOTYPIC FEATURES AND CLONAL RELATEDNESS
OF CF STRAINS

A total of 9 out of 25 P. aeruginosa strains tested showed mucoid pheno-
type on MHA, while 3 exhibited SCV phenotype. Among 15 S. aureus 
isolates tested, 7 were methicillin-resistant.

PFGE analysis showed 8, 21, and 12 different pulsotypes among S. 
aureus, S. maltophilia, and P. aeruginosa isolates, respectively. Among 
S. aureus isolates, only the PFGE type 1 was shared by multiple strains, 
which comprised 8 isolates and 7 PFGE subtypes. Among S. maltophilia 
isolates, 2 multiple-strains PFGE types were observed: PFGE type 23 (5 
isolates, 2 PFGE subtypes), and PFGE type 73 (2 isolates with identical 
PFGE profi le). Among P. aeruginosa isolates, 5 multiple-strains PFGE 
types were observed: PFGE type 5 (6 isolates, 2 PFGE subtypes), PFGE 
type 1 (4 isolates with indistinguishable PFGE profi le), PFGE types 9 and 
11 (3 isolates each, with identical PFGE pattern), and PFGE type 8 (2 iso-
lates, one PFGE subtype) (data not shown).
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TABLE 1: In vitro activity of BMAP-27, BMAP-28, P19(9/B), and Tobramycin against P. 
aeruginosa, S. maltophilia and S. aureus CF strains

Bacterial strains (n) Test agent:

BMAP-27 BMAP-28 P19(9/B) TOBRAMYCIN

P. aeruginosa (25)

MIC50
a 8 16 8 16

MIC90
b 16 32 32 >64

MICrange 4-16 4–32 4–32 2- > 64

MBC50
c 8 16 16 32

MBC90
d 16 32 64 >64

MBCrange 4–16 4–64 4- > 64 2- > 64

MBC/MIC 1.3 1.2 1.9e 1.5f

S. maltophilia (27)

MIC50
a 4 4 4 >64

MIC90
b 8 4 16 >64

MICrange 4-8 2–8 4–32 4- > 64

MBC50
c 8 4 8 >64

MBC90
d 16 8 32 >64

MBCrange 4–32 2–16 4–64 8- > 64

MBC/MIC 1.9 1.3 1.7 1.3g

S. aureus (15)

MIC50
a 64 8 64 >64

MIC90
b >64 32 >64 >64

MICrange 32- > 64 4–32 32- > 64 4- > 64

MBC50
c >64 8 >64 >64

MBC90
d >64 32 >64 >64

MBCrange 64- > 64 4–32 32- > 64 4- > 64

MBC/MIC 1.2h 1.2 1.2i 1.0l

Total (67)

MIC50
a 8 4 8 >64

MIC90
b >64 16 64 >64

MICrange 4->64 2–32 4- > 64 2- > 64
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Bacterial strains (n) Test agent:

BMAP-27 BMAP-28 P19(9/B) TOBRAMYCIN

MBC50
c 8 8 16 >64

MBC90
d >64 16 >64 >64

MBCrange 4- > 64 2–64 4- > 64 2- > 64

MBC/MIC 1.5m 1.2 1.7n 1.4o

a, bMIC50 and MIC90: MIC (μg/ml) inhibiting 50 and 90% of the strains tested, respectively. c, d MBC50 
and MBC90: MBC (μg/ml) eradicating 50 and 90% of the strains tested, respectively. Only isolates 
exhibiting in range MIC values were considered for killing quotient calculation (MBC/MIC): en = 24; 
fn = 12; gn = 3; hn = 6; in = 2; mn = 58; nn = 57;on = 17.

1.2.2 IN VITRO ACTIVITY OF AMPS AND TOBRAMYCIN 
AGAINST PLANKTONIC CELLS: MIC, MBC

In order to determine the efficacy of AMPs, the antimicrobial activity was 
measured against 67 CF clinical isolates, and results are summarized in 
Table 1. Overall, BMAP-28 showed the widest activity spectrum among 
AMPs tested, as suggested by MIC90 and MBC90 values (16 μg/ml, for 
both), although all of them exhibited a species-specific activity. In fact, al-
though AMPs showed comparable activity against P. aeruginosa, BMAP-
28 was found to be more active than P19(9/B) against S. maltophilia, 
and resulted the best active AMP against S. aureus (MIC90: 32 μg/ml; 
MBC90: 32 μg/ml). Compared to AMPs, Tobramycin exhibited a lower 
activity (MIC90 and MBC90: >64 μg/ml) regardless of the species con-
sidered. Killing quotient values, calculated as MBC/MIC ratio, were < 4 
for all AMPs, as well as for Tobramycin, clearly suggesting a bactericidal 
activity. No differences in susceptibility levels to AMPs were found with 
regard to phenotype (mucoid, SCV, MRSA), pulsotype, or susceptibility 
to Tobramycin (data not shown).

TABLE 1: Cont.
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TABLE 2: Antimicrobial activity of BMAP-27, BMAP-28, P19(9/B) and Tobramycin 
evaluated under different experimental conditions: “CF-like” (5% CO2, pH 6.8, SCFM) 
and “standard CLSI-recommended” (aerobiosis, pH 7.2, CAMHB)
Bacterial strains Susceptibility (MICCF-like/MICCLSI) to:

BMAP-27 BMAP-28 P19(9/B) TOBRAMYCIN

P. aeruginosa

Pa1 8/4 8/8 4/16 4/0.25

Pa5 8/4 16/16 8/8 16/2

Pa6 8/8 16/16 16/8 8/8

Pa9 8/4 16/16 16/8 64/1

Sm109 4/8 4/16 4/8 128/64

Sm126 8/16 8/32 4/32 256/64

Sm143 8/8 4/8 4/4 8/2

S. aureus

Sa1 128/64 8/16 128/16 256/64

Sa3 64/64 4/32 64/16 256/16

Sa4 64/64 4/16 32/8 32/2

Sa7 64/16 4/16 64/8 256/2

Mean MICCF-like/MICCLSI 1.5 0.5 2.8 23.9

P. aeruginosa

Pa1 8/8 8/16 16/32 4/1

Pa5 16/8 16/32 16/16 16/4

Pa6 16/8 16/16 16/32 8/8

Pa9 8/8 16/32 64/16 128/2

Sm109 8/16 8/16 8/8 256/128

Sm126 8/32 16/32 8/32 256/64

Sm143 16/8 8/8 4/4 8/8

Sa1 128/64 8/16 128/16 256/64

Sa3 64/64 4/32 64/16 256/32

Sa4 64/64 8/32 32/8 32/2

Sa7 64/NDa 8/16 64/8 256/4

Mean MBCCF-like/MBCCLSI 1.2 0.5 2.9 15.6

a ND, not determined.
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MIC and MBC values obtained under CLSI-recommended or “CF-
like” experimental conditions (see Materials and Methods section) are 
shown in Table 2. Comparative evaluation of these values showed that 
mean MICCF-like/MICCLSI and MBCCF-like/MBCCLSI values ob-
tained for Tobramycin (23.9 and 15.6, respectively) were signifi cantly 
higher than those observed for BMAP-27 (1.5 and 1.2, respectively; 
p < 0.001), BMAP-28 (0.5 and 0.5, respectively; p < 0.001), and P19(9/B) 
(2.8 and 2.9, respectively; p < 0.001), regardless of species tested, indicat-
ing a reduced antibiotic activity of Tobramycin in CF-like conditions.

1.2.3 BACTERICIDAL KINETICS

Time-killing results have been summarized in Figure 1. BMAP-27, 
BMAP-28, and P19(9/B) exerted a rapid bactericidal activity against P. 
aeruginosa, reducing the number of viable bacterial cells of at least 3 logs 
within 60 min of exposure. However, the bactericidal effect of BMAP-28 
against P. aeruginosa was incomplete for two (Pa6 and Pa22) of the three 
strains tested, allowing bacterial regrowth after 24-h incubation, although 
at levels lower than those observed for untreated control. In parallel ex-
periments, Tobramycin showed only a bacteriostatic effect against P. ae-
ruginosa, causing no more than 1-log reduction in viable count after 24 h.

BMAP-27, BMAP-28 and P19(9/B) exerted bactericidal activity also 
against S. maltophilia, although with streaking strain-specifi c differences. 
Particularly, BMAP-28 exhibited only bacteriostatic effect against Sm192 
strain, while P19(9/B) showed a rapid bactericidal effect against Sm138 
strain, causing more than a 4-log reduction in viable count after 10 min-
exposure. Tobramycin exhibited a late (after 24-h exposure) bactericidal 
effect only against Sm138 strain.

AMPs activity against S. aureus was signifi cantly strain-specifi c, rang-
ing from the rapid bactericidal activity of BMAP-28 against Sa10 strain, to 
the bacteriostatic effect of P19(9/B) and BMAP-28 against Sa4 strain. To-
bramycin showed a bactericidal effect against all S. aureus strains tested, 
although allowing bacterial regrowth of Sa4 strain after 2-h exposure.
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