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Abstract

Background: The persistent colonization of paranasal sinus mucosa by microbial biofilms is a major factor in the 
pathogenesis of chronic rhinosinusitis (CRS). Control o f microorganisms within biofilms is hampered by the presence of 
viscous extracellular polymers of host or microbial origin, including nucleic acids. The aim of this study was to investigate 
the role of extracellular DNA in biofilm formation by bacteria associated with CRS.

Methods/Principal Findings: Obstructive mucin was collected from patients during functional endoscopic sinus surgery. 
Examination of the mucous by transmission electron microscopy revealed an acellular matrix punctuated occasionally with 
host cells in varying states of degradation. Bacteria were observed in biofilms on mucosal biopsies, and between two and six 
different species were isolated from each of 20 different patient samples. In total, 16 different bacterial genera were isolated, 
of which the most commonly identified organisms were coagulase-negative staphylococci, Staphylococcus aureus and a- 
haemolytic streptococci. Twenty-four fresh clinical isolates were selected for investigation of biofilm formation in vitro using 
a microplate model system. Biofilms formed by 14 strains, including all 9 extracellular nuclease-producing bacteria, were 
significantly disrupted by treatment with a novel bacterial deoxyribonuclease, NucB, isolated from a marine strain of Bacillus 
licheniformis. Extracellular biofilm matrix was observed in untreated samples but not in those treated with NucB and 
extracellular DNA was purified from in vitro biofilms.

Conclusion/Significance: Our data demonstrate that bacteria associated with CRS form robust biofilms which can be 
reduced by treatment with matrix-degrading enzymes such as NucB. The dispersal of bacterial biofilms with NucB may offer 
an additional therapeutic target for CRS sufferers.
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Introduction

C hronic rhinosinusitis (CRS) is one of the m ost com m on upper 
respiratory tract diseases, affecting approxim ately 10% o f the adult 
E uropean  population  [1]. Rhinosinusitis is an  inflam m ation of the 
paranasal sinuses that is alm ost always accom panied  by in ­
flam m ation o f the nasal airw ay and  is classified as ‘chronic’ if it 
lasts a t least 12 consecutive weeks [2]. T h e  symptoms of C R S 
include blockage or congestion of the nasal passages, nasal 
discharge, facial pain  or pressure a n d /o r  a  reduction  or loss o f 
sense o f smell. T h e  m ajority o f cases o f C R S are trea ted  with 
m edical therapy  consisting of topical steroids and  nasal douching 
[3]. Antibiotics such as clarithrom ycin o r amoxicillin m ay be used 
at the outset o f  therapy  or for acute exacerbations o f disease. In 
cases o f C R S that are recalcitrant to m edical treatm ent, surgical

techniques m ay be w arran ted  to im prove the drainage pathw ay of 
the sinuses and  to rem ove polyps an d  obstructive m ucin. Non- 
invasive surgical interventions, know n collectively as functional 
endoscopic sinus surgery (FESS), are now  widely used, although 
there  is lim ited evidence to support their efficacy [4]. T he 
successful treatm ent o f  C R S is ham pered  by the heterogeneity  o f 
the disease. C hronic rhinosinusitis is a  spectrum  o f diseases with 
a  variety o f  causes o r contributing  factors including smoking, 
allergies, underlying systemic diseases, invasive or non-invasive 
fungal infections, viruses and  bacteria  [2,5,6], Increasingly, it is 
becom ing clear that m icrobial biofilms are  associated with m any 
cases o f C R S. T h e  grow th of m icroorganism s w ithin biofilms 
presents unique problem s for the m anagem ent o f C R S. W ithin 
biofilms, m icro-organism s are up to 1,000-fold m ore resistant to
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antibiotics th an  free-living cells o f the same species [7]. Increased 
resistance is due to m any factors, including the presence of 
a  viscous polym eric m atrix  th a t restricts the penetration  of 
antim icrobials, slow grow th of bacteria , resistant phenotypes, 
and  altered  chem ical m icroenvironm ents [8—11]. In  keeping with 
these observations, there is lim ited evidence th a t either topical or 
systemic antibiotics im prove the outcom e o f C R S infections 
[12,13] underlining the need for new  therapeutic  approaches.

T h e  role o f biofilms in the initiation o f C R S an d  their 
recalcitrance to trea tm en t has received a  great deal o f attention  
over the last few years. A recent review of the literature identified
11 studies reporting  the analysis o f  biofilms on sinus m ucosa in 
C R S patients [14], Several different techniques w ere em ployed to 
visualise biofilms. A rguably the m ost convincing m ethod was 
fluorescence in situ hybridization, since this provides contrast 
betw een bacterial D N A  and  host cells. Biofilms on mucosal 
surfaces appear as punctate  staining (bacterial cells), occasionally 
with some diffuse coloration, suggestive o f  extracellular nucleic 
acids [9], All studies detected biofilms in a  p roportion  o f C R S 
patients, w ith prevalence varying from  25%  to 100%. In  contrast, 
only three o f the eight studies th a t also analysed non-C R S controls 
identified biofilms on the non-C R S sinus m ucosa, an d  these 
involved small num bers o f patients. Collectively, these da ta  clearly 
po in t to an  association betw een biofilms on sinus m ucosa and  
C R S. In  addition, biofilms or biofilm -forming bacteria  have been 
associated with unfavourable outcom es following FESS. For 
exam ple, the presence o f biofilms on paranasal sinus m ucosa 
was correlated  with persistent m ucosal inflam m ation and  requ ire­
m ents for lengthy post-surgical follow-up periods [15]. In  a  large 
cross-sectional study involving 518 C R S patients, the presence of 
sinus biofilms was significantly correlated  w ith p rio r experience of 
sinus surgery, indicating either th a t biofilms contribute to C R S 
recurrence, o r th a t FESS m ay prom ote the form ation o f biofilms 
[16]. Further, the capacity o f paranasal sinus isolates o f 
Staphylococcus aureus o r Pseudomonas aeruginosa to form  biofilms in vitro 
has been  associated w ith the recurrence o f C R S symptoms in the
12 m onth  period  following FESS [17].

T h ere  is strong evidence th a t the m icroflora o f the m axillary 
sinus changes during  acute sinusitis, tow ards a predom inance of 
Streptococcus pneumoniae, Haemophilus influenzae and, less frequently, 
Moraxella catarrhalis [18,19]. How ever, the m icrobial population 
present in  C R S m ore closely resem bles th a t in non-inflam ed 
paranasal sinuses. T h e  m ost com m on organisms b o th  in  C R S and  
in healthy patients include Staphylococcus aureus, coagulase-negative 
staphylococci, a-haem olytic streptococci, Corynebacterium spp. and  
strict anaerobes such as Prevotella spp., Peptostreptococcus spp. and  
Propionibacterium spp. [19-22]. T herefore, the developm ent o f 
biofilms w ithin the paranasal sinuses, and  the subsequent host 
responses to biofilms, m ay be m ore im portan t for the pathogenesis 
o f  C R S than  the de novo colonization of the upper respiratory tract 
by specific pathogens.

In  light o f the resistance of biofilm bacteria  to conventional 
antibiotics, a  num ber o f novel approaches for treating  biofilms 
have been  proposed, including interfering w ith chem ical com m u­
nication betw een m icro-organism s or degrading the biofilm  m atrix  
with enzym es [23,24], Biofilms associated with C R S are extremely 
heterogeneous, w ith m any different organisms playing a  role, and  
therefore any strategy to clear biofilms w ould need to target 
a  com ponent th a t is widely utilised by different m icroorganism s in 
the biofilm  m atrix. O ne possible target th a t has received 
significant interest in recent years is extracellular D N A  (eDNA). 
T h e  m atrices o f a  m any different bacterial and  fungal biofilms 
contain eDNA , and  this molecule has been  shown to serve several 
critical functions including stabilising the bio film structure [25—

28], enhancing initial adhesion to surfaces [29,30], prom oting  the 
exchange o f genetic inform ation [31], an d  acting as a  nu trien t 
store th a t can be utilised during  nu trien t depletion [32]. Recently, 
we have identified an  extracellular bacterial deoxyribonuclease, 
NucB, from  a  m arine isolate o f Bacillus licheniformis strain E l-34-6 
th a t can  disperse biofilms by degrading eD N A  [33]. T he 
exogenous addition  of NucB to biofilms form ed by Escherichia coli, 
Bacillus subtilis or Micrococcus luteus resulted in alm ost com plete 
rem oval o f bacterial cells from  surfaces. H ence, NucB has the 
potential to rem ove biofilms form ed by Gram -positive o r G ram - 
negative bacteria . It is anticipated th a t the developm ent o f new 
m ethods for disrupting viscous biofilm  m atrices will im prove the 
post-surgical outcom es of FESS. In  addition, such approaches m ay 
facilitate the surgery itself if the obstructive m ucin is also targeted. 
This study therefore aim ed to characterise the potential o f NucB to 
disperse biofilms form ed by m icroorganism s associated w ith CRS.

Materials and Methods

Ethics Statement
Ethical approval for the study was g ran ted  by the N ational 

R esearch Ethics Service C om m ittee (North East -  Sunderland) 
and  each p a tien t gave inform ed consent before enrolm ent.

Collection o f Specimens
A total o f 20 patients undergoing FESS for the trea tm en t o f 

C R S a t the Freem an H ospital, Newcastle upon Tyne, were 
recruited to this study. All patients m et the C R S diagnosis criteria 
published by the C hronic Rhinosinusitis Task Force [2]. Patients 
were recruited to the study only if  obstructive m ucin was observed 
during  the surgical procedure. D uring  FESS, obstructive m ucin 
th a t was dislodged surgically was collected with m ucous traps 
(Sigma Aldrich) and  im m ediately placed into sterile reduced 
transport fluid (RTF) [34], Specim ens were transferred to the 
laborato ry  and  stored a t 4°C . All samples were processed within 
24 h.

Transmission Electron Microscope Analysis o f Obstructive 
Mucin

Sam ples o f obstructive m aterial rem oved from  patients during 
FESS were cu t into ~ 1  m m 3 pieces an d  p laced into 2% 
glutaraldehyde im m ediately after surgery. T hese samples were 
dehydrated  th rough  a  series o f e thanol washes, em bedded and  
sectioned a t E lectron M icroscopy R esearch Services, Newcastle 
University. Sections were analysed in a  transm ission electron 
m icroscope (Philips, CM 100).

Visualisation o f Bacteria on the Surface o f Sinus Mucosa
Fluorescence in situ hybridisation (FISH) was perform ed using 

a peptide nucleic acid (PNA) probe corresponding to the well- 
characterised EU B 338 probe [35]. T h e  probe  was synthesized as 
a  fluorescein am idite (FAM) conjugate by  Panagene. M ucosal 
biopsy specimens were fixed in 10% form alin directly after 
surgery, an d  stored a t 4°C for up  to one m onth . For PN A -FISH  
analysis, specimens were transferred to 50% ethanol and  in ­
cubated  for 16 h  a t —20°C. Biopsy m aterial was transferred to 
1 ml perm eabilization buffer (10 m g /m l lysozyme in PBS) and  
incubated  a t 37°C for 30 m in. Sam ples were im m ersed in 1 ml 
pre-w arm ed wash buffer (10 m M  T ris-H C l p H  9.0, 1 m M  
EDTA) for 30 m in a t 55°C. Pre-w arm ed hybridization buffer 
(25 m M  T ris-H C l p H  9.0, 100 m M  N aC l, 0.5% SDS, 30% 
form am ide) contain ing  150 pm ol per ml o f the PN A  probe was 
added  to samples and  incubated  in darkness for 90 m in a t 55°C. 
U nbo u n d  PN A  probe was rem oved by incubating  in pre-w arm ed

PLOS ONE I www.plosone.org 2 February 2013 | Volume 8 | Issue 2 | e55339

http://www.plosone.org


Efficacy o f Nuclease against CRS Biofilms

wash buffer for 30 m in a t 55°C. Eukaryotic cells w ere counter- 
stained by  im m ersing the specimens in 1 ml PBS containing 2 fig 
m l-  4 ',6-diam idino-2-phenylindole (DAPI) in darkness a t 20°C 
for 15 m in. Sam ples were g lue-m ounted onto a  plastic surface and  
im m ersed in 2 ml PBS. V isualisation o f surface bacteria  and  
eukaryotic cells was perform ed using a  Leica T C S  SP2 m icroscope 
with an  a rg o n /n e o n  laser for im aging FAM  conjugates (excitation 
495 nm , emission 520 nm), an d  D A PI (excitation 358 nm , 
emission 461 nm). Im ages were converted into z-stacks using 
Im age J  software [36].

Isolation and Culture o f Micro-organisms
A variety o f grow th m edia were em ployed for the isolation and  

routine culture o f m icro-organism s. Blood agar contained (per 
litre) 37 g Brain H e a rt Infusion (Oxoid), 5 g Yeast Extract 
(Merck), and  15 g Bacteriological Agar. After sterilization, 5% 
(v/v) defibrinated horse blood (TCS Biosciences) was added. 
C hocolate agar was p rep ared  using the same recipe except that, 
after the addition of horse blood, the m edium  was heated  to 70°C 
for 10 m in. Fastidious A naerobe A gar (FAA) was purchased  from 
L abM  and  Sabouraud  D extrose A gar was from  Oxoid.

For isolation o f m icro-organism s, a  portion  of sinus aspirate 
from  each pa tien t was hom ogenized in sterile phosphate buffered 
saline (PBS) an d  inoculated onto blood agar, chocolate agar, FAA 
and  two plates o f Sabouraud  D extrose agar. Blood and  chocolate 
agar plates were incubated  in 5% C 0 2 a t 37°C. P re-reduced FAA 
plates were incubated  a t 37°C anaerobically (Ruskinn, Bugbox 
Plus) in a  gas m ix consisting o f 10% C 0 2, 10% H 2 and  80% N 2. 
T h e  Sabouraud  D extrose agar plates were incubated  aerobically, 
one a t 37°C an d  the o ther a t 30°C. Plates were exam ined every 
24—48 hours for a t least seven days. Individual colonies were 
picked and  sub-cultured three times to obtain pure  isolates. Strains 
were stored a t — 80°C in BH Y  m edium  [Brain H eart Infusion 
37 g /L  (Oxoid) and  Yeast E xtract 5 g /L  (Merck)] diluted to 50% 
strength by the addition  o f glycerol.

Identification o f Isolates
All isolates were initially characterized by G ram  staining, 

inspection of colony m orphology and  testing for catalase p ro ­
duction, haemolysis and  ability to grow aerobically o r anaerob i­
cally. A single thick streak o f each isolate was p lated  onto D N ase 
agar (Oxoid) to test for extracellular nuclease activity. Plates were 
incubated  aerobically o r anaerobically a t 37°C for betw een 2 4 -  
96 h. O nce colonies had  grown, plates were flooded with 4 ml o f 
0.1%  (w/v) toluidine blue (Sigma) to highlight nuclease p ro ­
duction. T h e  m ajority o f clinical isolates were fu rther identified to 
species level using a  M atrix  Assisted Laser D esorp tion /Ion iza tion  
T im e-of-Flight (M A LD I-TO F) M ass Spectrom eter (Bruker, M i­
croflex) [37]. Isolates w ere streaked onto blood agar, incubated  
under 5% C 0 2 or in the absence of oxygen, a t 37°C for 24 h  and  
transferred to the Pathology D epartm ent, F reem an Hospital, 
Newcastle upon  Tyne, for identification.

In  cases w here M A L D I-T O F analysis yielded am biguous 
results, for exam ple the m ajority o f a-haem olytic streptococci, 
bacterial identification was confirm ed by  analysis o f  the 16S rR N A  
gene. Bacteria were cultured in BH Y  broth , an d  harvested by 
centrifugation a t 4,000 g. Cells were resuspended in 150 (Xi 
spheroplasting buffer [26% (w/v) raffinose, 10 m M  M gC l2, 
20 m M  T ris-H C l, p H  6.8] supplem ented w ith 37.5 pg  lysozyme 
(Sigma) an d  50 U  m utanolysin (Sigma), an d  incubated  a t 37°C for 
30 m in. Following incubation, D N A  was extracted  using the 
M aste rP u re™  G ram  Positive D N A  Purification K it (Epicentre® 
Biotechnologies) in  accordance w ith m anufactu rer’s instructions.

T h e  D N A  was suspended in 25 pi elution buffer (10 m M  Tris 
p H  8.5).

T h e  gene encoding 16S rR N A  was am plified from  2 pi o f 
extracted D N A  in a  reaction th a t also contained 5 pi (25 pmol) 
each o f oligonucleotide prim ers 0063F an d  1387R [38], 25 pi 
R eddyM ix Extensor P C R  M aster M ix (Therm o Scientific) and  
13 pi d H 20. P C R  reactions were run  using a  G eneA m p P C R  
System 9700 (Applied Biosystems) with steps as follows: dé­
na tu ra tion  a t 94°C, 2 m in, followed by 35 cycles o f  (i) 94°C, 
10 sec, (ii) 55°C, 30 sec, (iii) 68°C, 1 m in and  a  final elongation at 
68°C, 7 m in. P C R  products were checked on a  1% agarose gel, 
and  fragm ents o f the expected size were sequenced by M W G  
Eurofins. Forw ard and  reverse sequences were aligned and  
sequence m atched  using the R ibosom al D atabase Project website 
(h t tp : / /rd p .c m e .m su .e d u /).

Purification o f B. licheniformis NucB
NucB was p roduced  using a previously described m ethod [33]. 

Bacterial strain Bacillus subtilis N Z8900 containing plasm id 
pN Z8901 was inoculated into 5 ml sterile L uria B ertani b ro th  
(Sigma) containing 5 m g 1 1 chloram phenicol an d  cultured 
aerobically a t 37°C for 18 h. T h e  culture was adjusted to an 
optical density (O D 60o) o f 1.0, and  100 pL  w ere transferred to 
10 ml o f sterile LB contain ing  chloram phenicol and  incubated  
aerobically a t 37°C for 3 h  until O D 600 ~ 1 .0  was reached. A t this 
point, 5% v /v  cell free supernatan t o f an  overnight B. subtilis 
A T C C 6633 culture was added  to provide the subtilin required  to 
induce NucB production, an d  this was incubated  for a  further 
2.5 h. Cells were rem oved by centrifugation a t 6000 g for 20 m in 
and  the supernatan t was sterilized by passing th rough  a 0.2 pm  
syringe filter. T he concentration  o f NucB was estim ated by 
com parison w ith bovine serum  album in standards on  a SDS- 
PA G E gel. NucB was stored a t 4°C for up to 3 m onths. NucB was 
purified from  the supernatan t using trichloroacetic acid (TCA) 
precip itation  followed by S uperóse™  12 gel filtration. Proteins in 
the active fractions were further concen tra ted  by T C A  pre ­
cipitation again an d  analysed by SD S-PAGE. T h e  concentration 
o f pro tein  was estim ated by  densitom etry analysis, in com parison 
with standards o f know n concentration  [33].

Growth and Biofilm Formation by CRS Isolates
Planktonic grow th kinetics in ba tch  culture w ere m easured in 

BH Y  broth . Stock cultures o f C R S isolates (see above) were diluted 
in BH Y  to a  starting O D 60o o f ~ 0 .1 . Cultures were incubated  at 
37°C and  a t hourly intervals, 1 ml samples w ere rem oved and  
ODgoo was determ ined. For biofilm assays, 8 p i o f C R S isolate 
stock cultures (see above) were added  to triplicate wells o f  a  sterile 
polystyrene 96-well p late  (C orning 3595) containing 200 pi BHY 
broth . T h e  lid was replaced and  plates were w rapped  in parafilm  
and  incubated  w ithout shaking aerobically a t 37°C for 18 h. 
Following growth, 150 pi o f  the non-adheren t planktonic cells 
were rem oved an d  transferred to a  clean 96-well p late an d  the 
ODgoo was read  in a  m icroplate reader (BioTek Synergy H T ) to 
quantify grow th in the planktonic phase. T o  quantify biofilm 
extent, 100 pi o f  0.5% (w/v) crystal violet were added  to each well 
and  incubated  a t 20°C for 15 m in. Wells w ere rinsed 3 times with 
200 p i PBS. R esidual crystal violet was dissolved in  100 p i 7% 
acetic acid and  the A 570 was read  in a  m icroplate reader (BioTek 
Synergy H T ). E ach assay was perform ed three  times indepen­
dently. T o  assess the efficacy o f NucB for dispersing biofilms, 
biofilms w ere cultured  as above, and  washed three times w ith PBS. 
Purified NucB (3 p g  m l-1 ) o r PBS alone was added  to wells and  
incubated  for 1 h  a t 37°C. R em aining biofilms were quantified by 
staining w ith crystal violet.
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Growth and Visualization o f Biofilms on Glass Surfaces
T h e  effect o f  NucB on biofilm architecture was visualized by 

confocal laser scanning m icroscopy (CSLM) or by  scanning 
electron m icroscopy (SEM), using biofilms cultured on  glass 
surfaces. Sterile 13 m m  diam eter glass coverslips were p laced in 
wells o f a  six-well tissue culture plate contain ing  3 ml BHY. Wells 
were inoculated with 50 ftl o f  stock bacterial cultures and  
incubated  statically in air a t 37°C for 18 h. Coverslips were 
rem oved an d  rinsed three  times w ith PBS, and  1 ml NucB (3 pig 
ml *) o r 1 ml PBS (control) was added  an d  incubated  for 1 h  at 
37°C. For C SLM , coverslips were inverted onto a rubber O -ring  
th a t had  been  p laced on a  m icroscope slide and  filled w ith L ive / 
Dead® RflcLight™  stain (M olecular Probes). Biofilms were 
exam ined using a  Leica T C S  SP2 confocal m icroscope with an 
a rg o n /n e o n  laser for visualisation of SYTO® 9 (excitation 
485 nm , emission 519 nm), an d  propidium  iodide (excitation 
536 nm , emission 617 nm). For SEM , coverslips were fixed in  2% 
(v/v) glutaraldehyde a t 4°C  for 16 h. Specim ens w ere rinsed twice 
in PBS and  dehydrated  th rough  a  series o f e thanol washes as 
follows: 25% ethanol 30 m in, 50%  ethanol 30 m in, 75% ethanol 
30 m in, an d  two washes for 1 h  in 100% ethanol. Sam ples were 
d ried  in a  critical po in t dryer (Bal-tec), m ounted  on alum inium  
stubs and  sputter coated with gold a t E lectron M icroscopy 
R esearch Services, Newcasde University. Biofilms were visualised 
using a  scanning electron m icroscope (Cam bridge Stereoscan 240).

Extraction and Analysis o f eDNA in Biofilms Formed In 
vitro

Bacterial isolates w ere cultured in 6-well tissue culture dishes 
(Greiner) containing 3 ml o f B H Y  b ro th  for 72 h  aerobically at 
37°C. D uring  this time, b ro th  was carefully rem oved every 24 h 
and  replaced with fresh m edium . A t the end o f the 72 h 
incubation, m edium  was rem oved and  PBS (1.5 ml) was added. 
Biofilms were gendy rem oved from  the surface o f the wells using 
a  plastic tissue culture cell scraper. Cells from  four wells were 
com bined together, and  eD N A  was purified by  a  m odification of 
the m ethod  o f K re th  et al. [39]. Briefly, cells were m ixed by 
vortexing for 20 s, an d  incubated  a t 37°C for 1 h  in the presence 
o f 5 |lg  ml 1 o f Proteinase K  (Sigma Aldrich). Cells were 
separated from  the supernatant, contain ing eDNA , by centrifuga­
tion a t 16,000 g for 2 m in. Extracellular D N A  in the supernatant 
was extracted w ith phenol:chloroform :isoam yl alcohol (25:24:1). 
Samples w ere centrifuged a t 16,000 g for 5 m in  to separate the 
phases, an d  the aqueous phase was collected. D N A  was p re ­
c ipitated by  the addition  o f isopropanol. T h e  D N A  was pelleted by 
centrifuging a t 16,000 g for 10 m in, air dried, and  re-suspended in 
50 (ll o f  10 m M  Tris p H  8.5. For intracellular DN A, pelleted cells 
were resuspended in 150 (ll spheroplasting buffer, and  D N A  was 
purified using the m ethod  described above.

T h e  concentration  and  purity  o f D N A  in each fraction was 
determ ined using a  N anoD rop  spectrophotom eter. In  addition, 
double stranded D N A  (dsDNA) was quantified using the Pico- 
G reen  dsD N A  reagent (M olecular Probes) and  com paring with 
standards o f know n concentration  according to the m anufacturer’s 
instructions. Intracellular and  extracellular D N A  was visualized by 
agarose gel electrophoresis.

Results

Microscopic Analysis o f Obstructive Mucin and Mucosal 
Biopsies from CRS Patients

O bstructive m ucin is sometimes observed in the paranasal 
sinuses o f C R S patients w ith o r w ithout polyps in the absence of 
o ther symptoms th a t w ould indicate fungal rhinosinusitis. T he

rem oval o f this m ucin from  the paranasal sinuses is the 
cornerstone o f surgical trea tm en t o f C R S [40]. T his m aterial is 
extrem ely tenacious and  rem oving it significantly extends the 
length o f tim e requ ired  in the operating  theatre. T o  investigate the 
structure o f the obstructive m ucin, a  portion  o f the m aterial from 
two different C R S patients was cu t into small pieces (~ 1  m m 3) 
im m ediately after surgery an d  fixed in glutaraldehyde. T h e  m ucin 
was em bedded and  sectioned for T E M  analysis (see M aterials and  
M ethods). T h e  m aterial from  the two patients appeared  similar in 
structure, and  consisted predom inantly  o f  an  acellular m atrix  
either w ith a  striated appearance punctua ted  by occasional 
degraded host cells and  cell debris (Figure 1A), o r w ith little 
structure and  m any pockets (Figure IB). Erythrocytes were 
sometimes observed (not shown). How ever, areas contain ing large 
num bers o f eosinophils were no t observed in any field o f view. 
Additionally, bacterial cells and  fungi were no t seen w ithin the 
m atrix.

T h e  possibility th a t m icrobial cells were p resent bu t no t directly 
observed could no t be  discounted. Therefore, m ucosal biopsies 
were also collected from  C R S patients, and  analysed by  confocal 
scanning laser m icroscopy (CSLM). Initially, prop id ium  iodide was 
em ployed to stain bacteria . H ow ever, it was difficult to identify 
m icro-organism s with confidence due to the lack o f contrast 
betw een bacteria  and  host cells. Therefore, in subsequent samples 
bacteria  were selectively stained by PN A -FISH  w ith the EU B338 
probe, an d  host cells were counterstained w ith DA PI. U sing this 
approach, m icrobial cells were clearly identified on the mucosal 
surface (Figure 2). I n y z  and  xz projections, it appeared  th a t m ost 
o f  the m icro-organism s w ere p resent in regions above the tissue 
surface or in a  layer w ithin the top 10 (Im o f the tissue. A three- 
dim ensional representation  o f this im age is shown in Figure S I. 
T h e  EU B338 PN A  probe targets bacterial 16S ribosom al R N A  
(rRNA) w ithin m etabolically active cells [41]. T h e  detection o f 
punctate  staining with the EU B338 probe is indicative o f m icrobial 
cells th a t w ere live p rio r to fixation. In  addition to the sharp 
staining o f cells, there w ere also patches o f fluorescence from  the 
PN A -FISH  probe th a t were m ore diffuse (Figure 2B, arrows). 
Since PN A  probes can hybridize w ith com plem entary D N A  in 
addition to R N A  [42], it is likely th a t this fluorescence represents 
extracellular m icrobial nucleic acids such as R N A  or single 
stranded DNA.

Isolation and Identification o f Micro-organisms 
Associated w ith CRS

Overall, 75 strains o f bacteria  were isolated from  obstructive 
m ucin, com prising a  total o f 16 different genera and  32 separate 
species (Table 1). T h e  m ost prevalent organism  associated with 
C R S aspirates was Staphylococcus epidermidis, w hich was isolated 
from  15 o f 20 specimens (75%). Staphylococcus aureus an d  Streptococcus 
spp. were each isolated from  7 patients (35% o f samples), 
Corynebacterium spp. were isolated from  6 patients (30%), and  
Propionibacterium spp. from  5 patients (25%). O th e r organisms that 
were less frequently isolated included Haemophilus influenzae, 
Moraxella catarrhalis, Neisseria spp., Finegoldia magna, and  Enterobacter 
aerogenes. T h e  m ajority o f isolated bacteria  were facultative 
anaerobes. How ever, bo th  obligate aerobes (for exam ple, Neisseria 
spp. and  M . catarrhalis) and  obligate anaerobes (F. magna, 
Propionibacterium spp.) were also com m only isolated. No fungi were 
isolated from  any of the pa tien t specimens.

T h e  p roduction  of extracellular D N ase enzymes by clinical 
isolates was assessed using D N ase test agar and  staining with 
toluidine blue. In  total, 13 o f the 75 isolates (17%) produced  
extracellular D N ase (Table 1). All S. aureus isolates produced  
extracellular DN ase, and  o ther producers were Streptococcus
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Figure 1. Transmission electron microscopy of obstructive mucin from CRS aspirates. In so m e  c ase s  (A), th e  m ucin  e ith e r  fo rm ed  a layered  
s tru c tu re , w ith  relatively  in tac t cells to w a rd s  th e  o u te r  layers (black arrow ) an d  m o re  d e g ra d e d  cellu lar m ateria l fu r th e r  in (w hite  arrow ). (B) 
A lternatively, s am p les  had  little c lear s tru c tu re  an d  th e  m ucin  w as p u n c tu a te d  by  p o c k e ts . T he o u te rm o s t layer o f  e ach  sam p le  is in d ica ted  by  dark  
a rro w h e ad s .
do i:10 .1371/jo u rn a l.pone.0055339 .g001

anginosus group (.S', anginosus/S. constellatus/S. intermedius) strains (80% 
o f strains), Staphylococcus lugdunensis (33% of strains) an d  Streptococcus 
salinarius (33% o f strains). Extracellular nuclease producers were 
isolated from  11 ou t o f  20 (55%) patients. In  only two cases, m ore 
th an  one nuclease p roducing organism  was isolated from  the same 
patien t sample.

Efficacy o f NucB against Biofilm Forming Isolates
Tw enty-four bacteria, isolated from  patien t specimens, were 

grown in 96-well m icrotiter plates to assay for biofilm form ation. 
Representative strains o f all species that p roduced  extracellular 
D N ase were selected for these studies, along with a  similar num ber 
o f non-producing organisms. Following incubation  for 20 h  in 
m icrotitre wells, all isolates h ad  grown in the planktonic phase to

50 pM

Top

Figure 2. Confocal laser scanning microscopy of surface associated bacteria on mucosa removed from patients diagnosed with  
CRS. Bacterial DNA (g reen ) w as v isualized  using  an  EUB338 PNA-FISH p ro b e , an d  ep ithe lia l cell nucle i (blue) w e re  c o u n te rs ta in e d  w ith  DAPI. 
M axim um  p ro jec tio n  im ag es  a re  sh o w n . In s o m e  fields, ep ithe lia l cells w e re  o b se rv e d  in th e  a b se n c e  o f b ac te r ia  (A), an d  in o th e r  fields bacterial 
biofilm  w as e v id e n t (B). B inc ludes  z -stacks o rie n te d  from  th e  o u ts id e  o f  th e  m ucosa l b io p sy  sp ec im e n  (labelled  'to p ')  to  th e  d e e p e r  layers (ind ica ted  
by  a th ick  w h ite  arrow ). Small w h ite  a rrow s in d ica te  p a tc h es  o f d iffuse  s ta in in g , co n s is te n t w ith  th e  p re sen c e  o f  ex tracellu lar nucleic  acids. 
do i:10 .1371/jo u rn a l.p o n e .0055339 .g002
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T a b l e  1 . Bacteria isolated from CRS aspirates.

Patient Microbial Species Present3
Total num ber of 
isolates

1 Enterobacter aerogenes, Staphylococcus epidermidis, Streptococcus sp., Streptococcus pneumoniae, Streptococcus salivarius 5

2 Haemophilus influenzae, Microccus luteus, Staphylococcus epidermis, Staphylococcus hominis, Streptococcus pneumoniae 5

3 Moraxella catarrhalis, Staphylococcus aureus, Streptococcus anginosus 3

4 Klebsiella rhizophila, Staphylococcus epidermidis, Streptococcus constellatus, Streptococcus intermedius, Streptococcus salivarius 5

5 Esherichia coli, S taphylococcus aureus, Staphylococcus epidermidis 3

6 Corynebacterium pseudodiphtheriticum, Finegoldia magna, Klebsiella pneumoniae, Moraxella catarrhalis, Staphylococcus epidermidis, 
Staphylococcus lugdunensis

6

7 Staphylococcus aureus, Staphylococcus epidermidis, Staphylococcus warneri, Streptococcus constellatus 4

8 Corynebacterium propinquum, Staphylococcus epidermidis, Staphylococcus lugdunensis 3

9 E. aerogenes, Finegoldia magna, Propionibacterium sp., Streptococcus pneumoniae 4

10 Haemophilus influenzae, Moraxella catarrhalis, Staphylococcus epidermidis, Streptococcus pneumoniae 4

11 Staphylococcus epidermidis, Staphylococcus warneri 2

12 Citrobacter koseri, Staphylococcus epidermidis, Propionibacterium sp., Pseudomonas aeruginosa 4

13 Corynebacterium pseudodiphtheriticum, Propionibacterium granulosum, Staphylococcus aureus 3

14 Staphylococcus epidermidis, Staphylococcus pasteuri, Staphylococcus warneri 3

15 Staphylococcus epidermidis, Staphylococcus lugdunensis, Propionibacterium acnes, Propionibacterium granulosum 4

16 Corynebacterium propinquum, Neisseria meningitidis, Staphylococcus aureus 3

17 Neisseria sp., Staphylococcus epidermidis, Streptococcus anginosus, Streptococcus parasanguinis, Streptococcus salivarius 5

18 Staphylococcus aureus, Staphylococcus epidermidis 2

19 Corynebacterium pseudodiphtheriticum, Propionibacterium avidium, Staphylococcus aureus, Staphylococcus epidermidis 4

20 Corynebacterium accolens, Corynebacterium pseudodiphtheriticum, Lactobacillus sp. 3

aStrains highlighted in bold text produced extracellular deoxyribonuclease. 
doi:10.1371 /journal.pone.0055339.t001

O D 60o> 0 . 1  with the exception of three  strains: S. anginosus FH 19, 
S. constellatus F H 2 1 and  .S', pneumoniae FH 26 (Table 2). Nevertheless, 
all o f  these strains p roduced  biofilms that were detectable by 
crystal violet staining. In  fact, S. pneumoniae FF126 produced  
a  relatively strong biofilm  (T570 = 1.87). G row th rates o f each strain 
in BF1Y m edium  w ere determ ined in planktonic cultures (Table 2). 
No correlation was seen betw een the m axim um  grow th rate o f 
strains an d  the capacity to form  biofilms. Generally, there was 
extensive variation in the extent o f biofilm form ation betw een 
different species and  betw een different strains o f the same species. 
For exam ple, M . catarrhalis FF13 p roduced  a  very weak biofilm 
(T570 = 0.77), w hereas M . catarrhalis FF14 form ed extensive biofilms 
(As70 = 2.78). O f  the strains tested, Streptococcus anginosus FF119 
p roduced  the least ab u n d an t biofilms (A570 = 0.22). T h e  m ean 
extent o f biofilm form ation by non-nuclease producers 
(A570 = 1.51, S.E. 0.19, 11= 15) was no t significantly different from 
that o f  nuclease producers (A570 = 1.48, S.E. 0.32, 11 = 9).

T o  assess the im portance o f eD N A  in m aintain ing the structural 
integrity o f biofilms, pre-form ed biofilms were incubated  for 1 h  in 
the presence of the m icrobial D N ase NucB (Table 2). Biofilms 
form ed by  9 out o f  9 (100%) nuclease producing  strains were 
significantly reduced by  NucB (T test com paring  NucB treatm ent 
with buffer control, /)<().05, n  = 3). By contrast, only 5 out o f 15 
(33%) o f the biofilms p roduced  by non-nuclease p roducing 
bacteria  were dispersed by NucB. In  addition, 2 out o f  15 (13%) 
non-nuclease producers had  slightly increased levels o f biofilm 
following incubation with NucB than  w ithout the enzym e. T o 
assess w hether NucB had  detrim ental effects on the cells 
themselves, four different isolates, S. aureus FH 7, S. constellatus 
FH 20, S. salinarius FH 29 and  M . catarrhalis FH 4, were cultured to

m id-exponential phase in T H Y E  b ro th  an d  challenged with 5 fig 
m l-  NucB. T hese isolates were selected as representative G ram - 
positive and  G ram -negative organism s to assess the general 
toxicity o f NucB for bacterial cells. Since the p roduction  of 
extracellular nucleases by  bacteria  is w idespread, it seemed 
unlikely that D N ase activity itself w ould be toxic to bacteria. 
Nevertheless, it was im portan t to assess w hether the NucB protein  
could inhibit the grow th o f bacteria. No effects w ere observed on 
the grow th ra te  o f cells following the challenge (data no t shown). 
T h e  num ber o f viable cells in each culture continued to increase 
following NucB addition, an d  1 h  after adding NucB there  was no 
difference in the num ber o f viable cells in cultures containing 
NucB com pared with control cultures w ithout the enzym e. 
Overall, these da ta  suggest that eD N A  is an  im portan t com ponent 
o f  the EPS for over 50% o f the C R S isolates, including strains that 
produce extracellular D N ase enzymes, and  that addition o f NucB 
dislodges cells w ithout killing or inhibiting bacteria.

Microscopic Analysis of in vitro Grown Biofilms
T o obtain m ore detailed inform ation about the effects o f NucB, 

biofilms o f selected organism s were cultured  on  glass coverslips 
and  analysed by C LSM  and  SEM . T his work focussed on 
staphylococci an d  streptococci, since these were the genera most 
com m only isolated from  C R S patients. In  the absence of NucB 
treatm ent, biofilms form ed by S. constellatus FH 20 w ere relatively 
th in  and  consisted prim arily  o f a  single cell layer that covered most 
o f  the surface (Figure 3). In  places, clusters o f cells pro jected  from 
the surface to a  dep th  o f ~ 1 2  pm . ETsing BacLight L iv e /D ead  
stain, bo th  live cells (green) and  dead  cells (red) were observed in 
biofilms. Biofilms that had  been treated  w ith NucB were clearly
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Table 2. Biofilm formation and NucB sensitivity of selected isolates from CRS aspirates.

Planktonic Growth Remaining Biofilm
yield O D 600 Mean Doubling Time Biofilm Growth A570 Nuclease after NucB Addition

Strain (S.E.) (min) Mean (S.E.) Mean (S.E.) Production3 (%) P-value

Corynebacterium propinquum  FH1 0.39 (0.06) 235 (11) 1.79 (0.78) - 105 0.558

Corynebacterium pseudodiphtheriticum FH2 0.86 (0.24) 129 (2) 2.61 (0.43) - 92 0.577

Moraxella catarrhalis FH3 0.39 (0.07) 232 (6) 0.77 (0.21) - 127 0.349

Moraxella catarrhalis FH4 0.42 (0.14) 155 (5) 2.78 (0.21) - 124 0.032

Staphylococcus aureus FH5 0.40 (0.11) 62 (3) 1.84 (0.34) + 77 0.003

Staphylococcus aureus FH6 0.50(0.08) 74(0.02) 0.71(0.12) + 59 0.000

Staphylococcus aureus FH7 0.79 (0.26) 61 (3) 1.23 (0.22) + 40 0.000

Staphylococcus epidermidis FH8 0.27 (0.09) 81 (6) 2.29 (0.41) - 114 0.077

Staphylococcus epidermidis FH10 0.48 (0.06) 90 (1) 1.59 (0.22) - 67 0.001

Staphylococcus epidermidis FH11 0.54 (0.13) 104 (4) 1.52 (0.24) - 74 0.010

Staphylococcus lugdunensis FH12 0.74 (0.03) 73 (4) 1.16 (0.23) - 49 0.001

Staphylococcus lugdunensis FH13 0.78 (0.05) 70 (0.2) 0.57 (0.10) - 66 0.001

Staphylococcus lugdunensis FH14 0.78 (0.13) 73 (16) 0.53 (0.05) + 69 0.001

Staphylococcus warneri FH15 0.59 (0.18) 72 (4) 0.89 (0.25) - 126 0.005

Staphylococcus warneri FH17 0.88 (0.16) 65 (3) 2.40 (0.55) - 90 0.319

Streptococcus anginosus FH18 0.16 (0.05) 54 (3) 1.16 (0.07) + 34 0.000

Streptococcus anginosus FH19b 0.07 (0.00) 90 (15) 0.22 (0.02) + 59 0.015

Streptococcus constellatus FH20 0.22 (0.04) 103 (28) 1.90 (0.39) + 44 0.001

Streptococcus constellatus FH21b 0.04 (0.03) NDC 0.31 (0.05) - 39 0.001

Streptococcus intermedius FH22 0.19 (0.02) 67 (2) 3.07 (0.80) + 46 0.000

Streptococcus pneumoniae FH26 0.07 (0.03) 56 (1) 1.87 (0.31) - 123 0.585

Streptococcus salivarius FH27 0.20 (0.06) 37 (3) 0.99 (0.04) - 92 0.240

Streptococcus salivarius FH28 0.32 (0.04) 111 (29) 2.67 (0.96) + 66 0.002

Streptococcus salivarius FH29 0.23 (0.03) 39 (0.7) 1.08 (0.04) -  96 0.692

Production of nuclease was measured on DNase agar, and is indicated by a '+' sign, 
iso la tes  grew poorly in both the planktonic and biofilm phase.
CND, not determined.
doi:10.1371 /journal, pone.0055339.t002

less extensive th an  the un treated  controls, and  consisted o f sparsely 
distributed single cells o r very small aggregates o f < 1 0  cells 
(Figure 3B). T o  obtain  h igher resolution images, similar biofilms 
were analysed by SE M  (Figure 4). Again, in the absence of NucB, 
cell aggregates were evident and  a relatively large p roportion  of 
the surface was covered by m icro-organism s (Figure 4A). By 
contrast, N ucB -treated biofilms alm ost exclusively contained 
isolated cells o r small clusters o f cells (Figure 4B). In  addition, 
extracellular m aterial was apparen t in un treated  biofilms under 
high resolution SE M  (Figure 4C), that was no t seen in biofilms 
incubated  with NucB (Figure 4D). Biofilms form ed on  glass 
surfaces by  S. aureus FF17 or S. intermedius FF122 were also visualised 
by SEM  (not shown). As with S. constellatus FF120, biofilms that 
were treated  with NucB contained far less biomass th an  those 
incubated  in buffer alone. Flowever, extracellular polym ers were 
not observed in these organisms.

Quantification o f eDNA in Model Biofilms
T o quantify levels o f  eD N A  in m odel biofilms, eD N A  and  

intracellular D N A  (iDNA) was extracted  from  biofilm  cultures o f ,S'. 
aureus FF17, S. constellatus FF120 and  S. salinarius FF129. T h e  eD N A  
was analysed by agarose gel electrophoresis (Figure 5). Sharp 
bands m igrating at an  ap p aren t size o f 30 kbp w ere observed in 
eD N A  fractions o f  ,S'. aureus FF17 and  S. constellatus FF120. Flowever,

no high m olecular eD N A  bands were seen in S. salinarius FF129. 
Intracellular D N A  from  all three  organism s appeared  as a  sm ear o f 
high m olecular weight fragm ents, p robably  due to b inding of 
chrom osom al D N A  to cell wall fragm ents. In  addition  to the high 
m olecular weight fragm ents, small fragm ents o f D N A  or R N A  
were seen at the bo ttom  of the gel. Nucleic acids in each fraction 
were quantified using the N anodrop  spectrophotom eter 
(Figure 5B). For each strain, eD N A  represented  approxim ately 
5 -10%  of the total D N A  present in the biofilm. T o  account for the 
possibility that samples m ay have contained R N A  in addition  to 
DN A, nucleic acids were also quantified using PicoG reen dye, 
w hich is strongly selective for double stranded DNA. No 
significant differences were observed betw een the total am ount 
o f  eD N A  in S. salinarius FH 29 biofilms and  eD N A  in biofilms 
form ed by the o ther two strains. Therefore, despite the lack o f 
a  clear b an d  by agarose gel electrophoresis, it appears that eD N A  
was present in S. salinarius FH 29 biofilms.

T o  assess w hether eD N A  was present in biofilms form ed by 
o ther C R S isolates, biofilms o f each strain were cultured in 6-well 
plastic dishes an d  eD N A  was purified as described in the M ethods 
section. O nly  two strains were om itted from  this analysis: S. 
constellatus FH21 grew very poorly in biofilms and  it was not 
possible to extract eDNA , and  S. salinarius FH 28 was prone  to 
contam ination  and, after several attem pts, it was decided no t to
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Figure 3. Confocal laser scanning microscopy of S tr e p to c o c c u s  c o n s te l la tu s  FH20 biofilms with or w ithout NucB treatm ent. Biofilms 
w e re  fo rm ed  on  g lass su rfaces  a n d  w e re  v isualised  w ith  CLSM using  BacLight LIVE/DEAD sta in , w h ich  s ta in s  co m p ro m ise d  (dead) cells red  a n d  live 
cells g re e n . (A) Biofilms t re a te d  w ith  bu ffer a lone , an d  (B) biofilm s t re a te d  w ith  NucB. 
do i:10 .1371/jo u rn a l.p o n e .0055339 .g003

pursue D N A  purification from  this strain. By agarose gel 
electrophoresis, sharp bands corresponding to high m olecular 
weight eD N A  products were observed in all Staphylococcus spp., S. 
constellatus FH 20 an d  in S. intermedius FH 22 (Figure 5C). By 
contrast, similar bands were no t detected from  Corynebacterium spp., 
S. anginosus o r S. pneumoniae. O nly A4, catarrhalis and  S. salinarius had  
inter-strain  differences in the p roduction  o f eDNA . T hus, eD N A  
was not visualised in A4, catarrhalis FF13 biofilm  extracts, whereas 
eD N A  was clearly present in A4, catarrhalis FF14 (Figure 5C). 
Similarly S. salinarius FF129 did no t produce a  b an d  o f eD N A  on  an 
agarose gel, w hereas a  sharp b an d  was seen in S. salinarius FF127. 
T h e  concentrations o f eD N A  in samples were determ ined using 
the N anodrop  spectrophotom eter. C oncentrations o f eD N A  in the 
extracts ranged from  206 ng  p i-1 to 917 ng p i-1 (Figure 5C). 
Interestingly, there  appeared  to be little correlation betw een the 
concentration  o f eD N A  and  the presence or absence o f a  b an d  on 
the agarose gel. For exam ple, A4, catarrhalis FF13 produced  one of 
the highest concentrations o f eDNA , bu t no ban d  on  the gel. 
Conversely, the eD N A  concentration  from  S. intermedius FF122 was 
ju st 325 ng p i-1 even though this strain clearly p roduced  a  b and  
o f eD N A  on  a gel. T h e  p roduction  o f an  extracellular nuclease did 
not correlate with the presence o f a  ban d  o f eD N A  on  a  gel. All 
strains o f S. aureus (nuclease-positive) and  S. epidermidis (nuclease- 
negative) p roduced  clear bands o f eDNA , for exam ple. W ith  the 
exception of S. anginosus FF118 and  S. anginosus FF119, all strains 
that failed to produce a clear b an d  o f eD N A  on an  agarose gel 
were insensitive to NucB treatm ent.

Discussion

T h ere  is m ounting evidence that m icrobial biofilms growing 
w ithin paranasal sinuses are a  m ajor factor in the pathogenesis o f 
C R S [14], Bacterial biofilms have been m ost com m only detected 
on  the sinus m ucosa, w hereas fungi tend  to be m ore easily detected 
w ithin the sinonasal m ucous. Fungal grow th is often accom panied  
by m ucous secretions containing large num bers o f intact or 
degraded eosinophils, know n as ‘eosinophilic m ucin’ or ‘allergic 
m ucin’ [43-45]. T h e  eosinophils appear to m igrate intact from  the 
tissues, an d  degrade or degranulate upon  reaching the m ucin, 
possibly in o rder to target fungi grow ing w ithin the m ucin. Allergic 
m ucin m ay be present in the absence o f fungi [46], In  our

experience, a  num ber o f patients present w ith thick, tenacious 
m ucin obstructing the paranasal sinsues, bu t w ithout other 
evidence o f fungal rhinosinusitis. W e hypothesized that bacterial 
biofilms m ay contribute to the pathogenesis o f C R S in these 
patients. T h e  aim  of this study was to characterize the m icroflora 
in paranasal sinuses o f patients with obstructive m ucin, and  to 
assess the potential o f a  novel deoxyribonuclease enzym e for 
degrading biofilms form ed by isolated m icro-organism s.

Initially, the structure o f obstructive m ucin was investigated 
using T E M . This m aterial contained relatively small num bers o f 
degraded host cells. T herefore, this structure appears to be 
different from  eosinophilic m ucin [44], In  addition, fungi w ere not 
observed either by  high-resolution T E M  o f obstructive m ucin or 
by culture. T h e  role o f fungi in C R S is currently  unclear. Culture- 
based studies have reported  very low rates o f isolation o f fungi 
from  C R S samples [20,22], whereas the direct m icroscopic 
analysis o f eosinophilic m ucin in some cases detects fungi in 
100% o f patien t samples [45]. In  the pa tien t cohort analysed here, 
C R S appeared  to be  o f a  non-fungal aetiology. Bacterial cells were 
also no t detected w ithin the obstructive m ucin. How ever, bacteria  
do not generally produce filam entous structures such as hyphae 
and  can  be difficult to detect in th in  sections. By carefully 
exam ining the m ucosal surfaces, bacterial biofilms could be 
observed. Bacteria appeared  to be  localised on  top o f the tissue 
or w ithin the ou ter layer o f epithelial cells. It is likely that the 
dehydration  steps involved in sample processing for F IS H  w ould 
have com prom ised the outer b a rrie r o f  the tissue, leading to an 
irregular surface and  the appearance of bacterial nucleic acid 
staining in regions slightly below the surface o f the tissue. 
Alternatively, a  p roportion  o f the bacterial cells m ay have been 
present w ithin the host cyt°plasm i as llas previously been 
described for S. aureus [47]. Nevertheless, the structure o f biofilms 
was consistent w ith those previously described in C R S patients [9]. 
In  addition, m ore th an  one species o f bacterium  was isolated from 
each o f the 20 samples tested.

In  total, 75 strains o f bacteria  were isolated from  20 C R S 
patients. O n  the whole, the organism s identified in this study were 
very similar to those identified in previous culture-based investiga­
tions into the m icroflora o f C R S patients. Thus, staphylococci 
(both S. aureus an d  coagulase-negative staphylococci) an d  a- 
haem olytic streptococci were the m ost com m only isolated
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Figure 4. Scanning electron microscopy of S tr e p to c o c c u s  c o n s te l la tu s  FH20 biofilms treated with NucB or buffer control. Biofilms w ere  
v isualised  w ith  SEM a fte r t re a tm e n t  fo r 1 h w ith  bu ffer (A) o r w ith  NucB (B). At h ig h e r m agn ifica tion , ex tracellu lar m ateria l (w hite arrow ) w as o b se rv ed  
in th e  a b se n c e  o f NucB tre a tm e n t  (C), b u t w as n o t see n  in N ucB -treated  biofilm s (D). 
do i:10 .1371/jo u rn a l.pone .00 5 5 3 3 9 .g 0 0 4

organisms, in agreem ent with published reports [18,20-22]. 
C orynebacteria  were isolated from  seven C R S patients, and  
several potential pathogens were identified, including M . catarrhalis, 
Meissseria spp. and  H. influenzae. All o f these species have been 
isolated from  C R S cases. How ever, their contribution  to disease 
pathogenesis is unclear [20,22]. Enterobacteriaciae have been 
frequently isolated from  C R S patients [20-22], and  this group 
o f organism s was represented  here by C. koseri, E. aerogenes, E. coli, 
and  K. pneumoniae. T here  has been some debate about the presence 
o f obligate anaerobes in paranasal sinuses o f  C R S patients. T hus, 
Doyle et al. [22] did no t isolate anaerobes from  chronic ethm oid 
sinusitis, whereas Brook [21] found that obligate anaerobes form ed 
the m ajority  o f  the bacteria  isolated from  chronic m axillary 
sinusitis. It is possible th a t the m axillary sinuses provide a  m ore 
conducive environm ent for the growth an d  survival o f anaerobes

th an  the ethm oid  sinuses. H ere, samples were collected from 
a m ixture o f  maxillary, sphenoid and  ethm oid sinuses, and  
obligate anaerobes (Propionibacterium spp. or F. magna) were isolated 
from  6 o f the 20 patients. T h e  m icro-organism s isolated and  
identified in this investigation are representative o f the culturable 
m icroflora com m on in C R S patients. Recently, it has been  shown 
that culture-independent, pyrosequencing analysis o f  the C R S 
m icroflora identifies a  very similar m icroflora to that found by 
culture, a lthough pyrosequencing has greater sensitivity for 
detecting difficult-to-culture or low -abundance m icro-organism s 

[ 4 8 ] -T h e  capacity o f  m icro-organism s to form  biofilms is likely to be 
im portan t for the colonization o f paranasal sinuses. Several studies 
have now  provided direct evidence that bacteria  are com m only 
present in biofilms on  sinus m ucosa in C R S patients [14],
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Figure 5. The visualization and quantification of eDNA from CRS isolates. (A) Intracellu lar DNA (i) o r  eDNA (e) w as  purified  from  bacterial 
b iofilm s o f S. aureus FH7, S. constellatus FH20 o r S. salivarius FH29, an d  ana ly sed  by a g a ro se  gel e le c tro p h o re s is . High m o lecu lar w e ig h t ch ro m o so m a l 
DNA is in d ica ted  by  a b lack  b racket; low  m o lecu lar DNA o r RNA is h ig h lig h ted  a t  th e  b o tto m  o f  th e  gel by  a b lack  arrow . M; size m arker. (B) The 
c o n ce n tra tio n  o f DNA in th e  in tracellu lar (g rey  bars) an d  ex tracellu lar (w hite  bars) frac tio n s  from  bacterial b iofilm s w as m e a su re d  by  N anoD rop  
s p e c tro p h o to m e try . Bars re p re s e n t m e a n s  o f th re e  in d e p e n d e n t ex trac ts , a n d  SEs a re  in d ica ted . (C) Extracellular DNA c o n c e n tra tio n  in b iofilm s w as 
a lso  v isualised  fo r a n o th e r  19 iso la tes (see Table  1 fo r sp ec ie s  n am es). In m an y  cases, d is tin c t b a n d s  w ere  o b se rv ed  w ith  an  a p p a re n t m ig ra tio n  a t 
ap p ro x im a te ly  30  kbp . T he to ta l DNA c o n ce n tra tio n  w as m e a su re d  by  N anoD rop  s p e c tro p h o to m e try , b a rs  re p re s e n t th e  av e rag e  o f  th re e  rep lica tes  
an d  erro r bars  a re  S.E. 
do i:10 .1371/jo u rn a l.p o n e .0055339 .g005

Nevertheless, little is know n about w hether these organisms are 
particularly  well-suited to form ing biofilms. T he ability o f biofilm 
bacteria  on sinus m ucosa to produce biofilms in vitro has been 
assessed by directly inoculating m ucosal swabs into a  Calgary 
biofilm device m odel [49]. P. aeruginosa biofilm-defective m utants 
(sad-31 and  sad-36) w ere separately set up  in the m odel to set the 
threshold value, below w hich samples were designated as non­
biofilm form ers. Using these criteria, 28.6%  o f 157 sinus aspirate 
samples p roduced  biofilms. How ever, this is likely to be 
a  significant underestim ate o f the total biofilm -form ing capacity 
o f  m ucosal bacteria  since the biofilm  experim ents used only Luria- 
B ertani b ro th  incubated  aerobically, an d  therefore anaerobic or 
fastidious m icro-organism s w ould no t have grown. T he capacity o f 
clinical isolates o f P. aeruginosa, S. aureus an d  coagulase-negative 
staphylococci, isolated > 1  year post-FESS treatm ent, to form 
biofilms has been assessed as a  possible p red ic tor o f the long-term

outcom es o f treatm ent [17]. O ver 50% o f strains tested produced  
biofilms, and  the ability o f  P. aeruginosa or S. aureus to form  biofilms 
appeared  to be correlated w ith a  poor clinical evolution o f disease. 
T o  the best o f our knowledge, there have been  no investigations 
into the biofilm -form ing ability o f bacteria  freshly isolated from 
patients during  C R S treatm ent. W e aim ed to establish w hether 
isolated C R S bacteria  form  biofilms in vitro and , further, w hether 
eD N A  contributes to the integrity o f the biofilm.

In  total, 24 isolated strains were tested for biofilm form ation in 
a  m icroplate m odel system, and  all strains p roduced  biofilms to 
some extent. T h e  ability to form  biofilms was not closely related to 
the grow th rate o r yield in planktonic cultures. T hese da ta  are in 
line with previous studies on  Listeria monocytogenes o r Salmonella 
enterica strains, w hich also found no correlation betw een the growth 
ra te  or yields o f individual strains and  their capacities to form 
biofilms in m icroplate m odel systems [50,51]. R epresentative
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strains o f  m any of the species found in this study have been  shown 
to produce D N ase I-sensitive biofilms including, for exam ple, S. 
aureus [52,53], S. pneumoniae [54,55], Neisseria spp. [56,57], P. 
aeruginosa [29] and  E. coli [53]. W e have recendy identified a  novel 
D N ase enzym e, NucB, from  a  m arine strain o f Bacillus licheniformis 
th a t has po ten t anti-biofilm  activity against a  num ber o f bacteria  
including E. coli and  M . luteus [33]. T his enzym e is smaller in size 
(—12 kDa) than  m any o ther nucleases, including D N ase I, and  
appears to be  well adap ted  to breaking up bacterial biofilms even 
a t low concentrations [33]. A key goal o f this study was to establish 
w hether freshly isolated CRS-associated bacteria  p roduce biofilms 
th a t are sensitive to NucB. Overall, > 5 0 %  o f the strains tested 
p roduced  biofilms th a t were reduced upon  trea tm en t with NucB. 
In  fact, the vast m ajority o f staphylococci (8 o f 10 strains tested) 
and  streptococci (6 o f 9 strains) p roduced  NucB-sensitive biofilms. 
In  contrast, two Corynebacterium spp. an d  two M . catarrhalis strains 
m ade biofilms th a t were no t rem oved by NucB. In  one case the M . 
catarrhalis biofilm was slightly, b u t significantly, increased by NucB 
treatm ent. W hilst eD N A  com m only prom otes adhesion and  
biofilm form ation by bacteria , in ra re  cases eD N A  has been 
shown to inhibit bacterial setüem ent [58]. It is possible th a t eD N A  
m ay be inhibitory to M . catarrhalis adhesion and  th a t NucB- 
m ediated  eD N A  degradation  w ould therefore prom ote  adhesion 
by this organism . This hypothesis requires further investigation.

T h e  production  of extracellular D N ase enzym es by bacteria  
m ay influence the structure o f biofilms. For exam ple, isogenic 
nuclease-deficient m utants o f S. aureus, Neisseria gonorrhoeae o r Vibrio 
cholerae form  thicker biofilms th an  their wild-type progenitor strains 
[57,59,60]. How ever, using in vitro o r in vivo m odels o f catheter 
biofilms, Beenken e t al. [61] found th a t the total num ber o f viable 
cells in biofilms o f the clinical osteomyelitis isolate S. aureus UAM S- 
1 was no t affected by  m utation  in either o f two extracellular 
nuclease-encoding genes. T herefore, it is no t clear w hether 
m icrobial nucleases contribute to the gross biofilm  structure in 
clinically relevant situations. Production  o f extracellular D N ase 
enzymes has been reported  for several o f the genera isolated here. 
S. aureus is well-known to produce DNases, and  D N ase production  
is often used as a  phenotypic test to differentiate S. aureus from 
coagulase-negative staphylococci. How ever, the test m ust be 
in terpreted  w ith caution, since some coagulase-negative staphylo­
cocci such as S. lugdunensis can produce nucleases [62]. In  fact, one 
o f the S. lugdunensis strains isolated here was found to produce 
D N ase. Corynebacterium diphtheriae an d  N. gonorrhoeae have also been 
reported  to be able to produce extracellular D N ase enzymes 
[57,63], bu t D N ases were no t detected  in any o f the Corynebacterium 
spp. o r Neisseria spp. identified in this study. Production  o f DNases 
is variable in a-haem olytic streptococci [64], and  5 o f  the 9 
streptococci isolated here p roduced  D N ase activity. R epresenta­
tive strains o f all species th a t p roduced  nuclease were tested in 
biofilm assays. Interestingly, all 9 nuclease-producing strains m ade 
biofilms th a t were reduced by trea tm en t w ith the exogenous 
addition o f NucB. These da ta  provide clear evidence th a t the 
ability o f a  strain to produce extracellular nucleases does not 
preclude the form ation o f biofilms th a t are stabilised by eDNA. 
T h e  p roduction  o f extracellular D N ases is tightly regulated in 
bacteria. For exam ple, in S. aureus, nuclease p roduction  is 
regulated by  the stress response sigma factor B [59]. W ithin 
biofilms, nucleases m ay be p roduced  a t low levels o r by only a  small 
p roportion  of the cells.

H ere, direct evidence for the presence o f eD N A  in biofilms 
form ed by 22 C R S isolates was provided by  extraction and  
quantification o f eDNA . All strains p roduced  significant am ounts 
o f  eD N A  th a t could easily be m easured in the N anodrop  
spectrophotom eter. A m ore detailed analysis was conducted  on

three  different C R S isolates, including two th a t produce nucleases 
(S. aureus FH 7 and  S. constellatus FH20). In  S. constellatus FH 20 
biofilms, extracellular m aterial was observed by SEM  (Figure 4). 
Extracellular D N A  purified from  S. aureus FH 7 and  S. constellatus 
FH 20 biofilms was visualised as sharp high m olecular weight 
bands on agarose gels with an  ap p aren t m igration similar to th a t o f 
intracellular chrom osom al DN A. H ow ever, eD N A  from  S. 
salivarius FH 29 was no t detected by this technique. Nevertheless, 
quantitative m easures indicated th a t extracellular nucleic acids 
were p resent in S. salivarius FH 29 biofilms. Interestingly, in 
contrast to S. aureus FH 7 an d  S. constellatus FH 20, S. salivarius FH 29 
biofilms were no t sensitive to NucB. Therefore, it appears th a t S. 
salivarius FH 29 does no t rely on  large fragm ents o f  eD N A  to 
stabilise biofilms. A b ro ad er analysis o f the C R S isolates identified 
six o ther strains th a t did no t produce defined bands o f eD N A  
w hen analysed on agarose gels. O f  these, four strains were 
insensitive to NucB indicating that, like S. salivarius FH 29, these 
strains do no t utilise large eD N A  fragm ents for biofilm stabilisa­
tion. T h e  two strains o f S. anginosus d id  no t produce visible bands o f 
eD N A  on gels, even though bo th  strains w ere sensitive to NucB. It 
is possible th a t eD N A  from  S. anginosus was partially degraded, to 
the po in t w here it d id  no t form  a defined b an d  on  a  gel, b u t was 
still p resent in sufficient quantities to be  utilised for m aintain ing  
the biofilm structure.

Im proving the surgical trea tm en t o f C R S requires new  m ethods 
for controlling m icrobial biofilms in the paranasal sinuses. T he 
da ta  presented  here dem onstrate th a t m any CRS-associated 
bacteria  produce biofilms th a t can be reduced by trea tm en t with 
a  m icrobial nuclease NucB in vitro. G iven the high prevalence of 
C R S, even a  50% reduction in  the colonization o f sinus m ucosa by 
m icro-organism s w ould be  predicted  to have significant clinical 
benefits on  a  population  level. O f  course, the curren t study has 
focussed on  in vitro w ork and  it is acknowledged th a t translating the 
findings to the clinic will require further investigations in anim al 
models and  ultim ately in patients. Before this can be done, the 
safety o f NucB for clinical use m ust be established. W e are 
currently  in the process o f testing the safety o f NucB w ith a view to 
conducting clinical trials in future. In  addition, it w ould be 
interesting to determ ine w hether m atrix-degrading enzymes act 
synergistically w ith antibiotics to control biofilm  grow th since this 
w ould present additional therapeutic  possibilities. U ltim ately, the 
utility o f D N ase enzymes to aid  the trea tm en t o f C R S will depend 
upon in vivo data. Nevertheless, we have shown th a t NucB has 
clear potential for the control o f biofilms form ed by clinically 
im portan t strains o f bacteria.

Supporting Information

F ig u r e  S I  T hree-dim ensional ro tation  showing m icro-organism s 
associated with the ou ter layer o f a  m ucosal biopsy. Bacterial DN A  
was hybridized w ith the EU B 338 PN A -FISH  probe, and  appears 
green in the image. H ost cell nuclei were counterstained blue. 
Bacterial cells (punctate green staining) are seen interacting with 
cells on  the surface o f the biopsy.
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