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Abstract  28 

In the cystic fibrosis (CF) lung the presence of bacteria and fungi in the airways 29 

promotes an inflammatory response causing progressive lung damage, ultimately 30 

leading to high rates of morbidity and mortality. We hypothesised that polymicrobial 31 

interactions play an important role in promoting airway pathogenesis. We therefore 32 

examined the interplay between the most commonly isolated bacterial CF pathogen 33 

Pseudomonas aeruginosa, and the most prevalent filamentous fungi, Aspergillus 34 

fumigatus, to test this. Co-culture experiments showed that in the presence of A. 35 

fumigatus the production of P. aeruginosa elastase was enhanced. This was 36 

confirmed by the presence of zones of clearance on Elastin-Congo Red (ECR) agar, 37 

which was identified as elastase by mass spectrometry. When P. aeruginosa were 38 

grown in a co-culture model with mature A. fumigatus biofilms, 60% of isolates 39 

produced significantly more elastase in the presence of the filamentous fungi than in 40 

its absence (p<0.05). The expression of lasB also increased when P. aeruginosa 41 

isolates PA01 and PA14 were grown in co-culture with A. fumigatus. Supernatants 42 

from co-culture experiments were also significantly toxic to a human lung epithelial 43 

cell line (19-38% cell cytotoxicity) in comparison to supernatants from P. aeruginosa 44 

only cultures (p<0.0001). Here we report that P. aeruginosa cytotoxic elastase is 45 

enhanced in the presence of the filamentous fungi A. fumigatus, suggesting that this 46 

may have a role to play in the damaging pathology associated with the lung tissue in 47 

this disease. This indicates that patients who have a co-colonisation with these two 48 

organisms may have a poorer prognosis.    49 
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Introduction 50 

There is a growing awareness of the importance of polymicrobial infections to human 51 

health.1 An inclusive view that infectious agents do not act independently, but 52 

influence disease pathology as a result of interactions with other organisms and 53 

components of the host immune response, is contributing to the better understanding 54 

of microbial disease.2 In the case of patients with cystic fibrosis (CF), it has been 55 

widely accepted that the altered ion transport associated with this disease gives rise 56 

to a viscous pulmonary mucous layer and impaired ciliary clearance, which 57 

compromises the host immune response and permits polymicrobial colonisation of 58 

the lungs.3 Common opportunistic pathogens that infect the CF lungs, as identified 59 

by traditional culture methods from sputum samples, include Staphylococcus aureus, 60 

Haemophilus influenza, Pseudomonas aeruginosa and Burkholderia species.4,5 The 61 

most commonly isolated pathogen is P. aeruginosa, which has been reported to 62 

colonise the airways of up to 75% of adult patients with CF.6 However, recent 63 

advances in culture-independent, deep-sequencing technologies have revealed that 64 

the microbiome of the CF lung is much richer than previously appreciated comprising 65 

of a diverse range of bacterial and fungal pathogens,7-9 of which Aspergillus 66 

fumigatus is the most prevalent filamentous fungi.10 The propensity for chronic 67 

infection is aided further by polymicrobial biofilm formation, which protects the 68 

encased cells from antimicrobial therapy and the host immune response.11 In 69 

addition, direct physical contact between organisms or indirect molecular signalling 70 

within the biofilm may influence microbial pathogenicity, which in turn could affect the 71 

disease outcome.12,13 72 

CF airway disease is characterised by periods of stability punctuated by acute 73 

exacerbations. These are typified by decreased lung function, changes in cough, 74 
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sputum production, decreased energy levels and weight loss.14 The ensuing 75 

inflammatory response causes progressive lung damage and is the primary cause of 76 

CF morbidity and mortality.15 The microbes present in the lower airways promote this 77 

disease pathology, and a major contributing factor to P. aeruginosa virulence is 78 

attributed to the production of secreted virulence factors. These include exotoxin A, 79 

exoenzyme S, phospholipase C, alkaline protease, LasA, and elastase.16 80 

Pseudomonas elastase is a metalloprotease, which is thought to damage host 81 

tissues through hydrolysis of the proteins of the extracellular matrix (elastin and 82 

collagen) and by attacking intercellular tight junction proteins and breaching epithelial 83 

barriers.17 Elastase also has the ability to degrade numerous components of the 84 

innate and adaptive immune response, including lysozyme and proteins involved in 85 

the opsonisation of pathogens.18-21 86 

The interplay between the pathogens residing in the lung may be responsible 87 

for the acute exacerbations associated with CF, where the balance is tipped towards 88 

an environment with excess inflammatory, oxidative and proteolytic activity.22 In fact, 89 

it has been reported that the lung function in patients co-infected with A. fumigatus 90 

and P. aeruginosa has been shown to decline,12 a phenomenon that has also been 91 

shown with Candida spp and P. aeruginosa in the CF lung.14 Therefore, we 92 

hypothesised that the interactions between these two organisms positively influences 93 

virulence factor production by P. aeruginosa. In this study we examined the 94 

relationship between the presence of A. fumigatus and the production of the key 95 

virulence factor, elastase, by P. aeruginosa. Determining the interactions between 96 

these two important organisms may result in new therapeutic strategies and improve 97 

the prognosis for patients with CF. 98 

 99 

100 
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Materials and Methods 101 

Microbial isolates and growth conditions 102 

The laboratory strains of P. aeruginosa PA01 and PA14 were used along with two 103 

mucoid and non-mucoid clinical isolate pairs (a mucoid and a non-mucoid variant of 104 

72707 and a mucoid and a non-mucoid variant of 64531) collected from children with 105 

CF (Royal Hospital for Sick Children, Glasgow), and two environmental strains of P. 106 

aeruginosa (DSM-6279 and DSM-8924), isolated from sewage and water 107 

respectively (DSMZ, Braunschweig, Germany). All strains were stored in Microbank 108 

vials (Pro-Lab Diagnostics, Cheshire, UK) at -80°C until required. P. aeruginosa 109 

isolates were sub-cultured from frozen stocks on Luria broth (LB) agar plates and 110 

grown in liquid culture in L-broth. The A. fumigatus isolate Af293 (MYA-4609, ATCC, 111 

Teddington, UK) was selected for this study and was cultured from frozen stocks on 112 

Sabouraud’s dextrose (SAB) agar (Sigma-Aldrich, Dorset, UK) at 37°C for 72 h at 113 

which point the SAB agar was washed with 5 ml of sterile PBS containing 0.025% 114 

(v/v) Tween 20 to harvest the conidia. A stock solution of 1 x 108 conidia/ml was 115 

prepared in PBS and stored at 4°C for use in experiments.  116 

 117 

P. aeruginosa and A. fumigatus agar plate interaction assay 118 

To investigate the interactions between P. aeruginosa and A. fumigatus, two sterile 6 119 

mm Whatman filter discs (Thermo Fisher Scientific, Loughborough, UK) were added 120 

at three different spacing distances (5, 10 and 20mm apart) to SAB agar plates. A 121 

5µl volume of an overnight P. aeruginosa culture, adjusted in PBS to 1 x 105 cfu/ml, 122 

was added to one of the filter paper discs and a 5µl volume of A. fumigatus, 123 

standardised in PBS to 1 x 105 conidia/ml, was added to the other disc on each 124 

plate. The plates were incubated at 37°C and examined after 24 and 48 h to assess 125 
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whether growth of either isolate was inhibited. This experiment was performed with 126 

A. fumigatus Af293 and all P. aeruginosa isolates included in this study. Assays were 127 

performed in triplicate and repeated on at least one further occasion.  128 

 129 

Elastase-Congo Red agar plate assay 130 

To assess if the P. aeruginosa virulence factor elastase had a role to play in the 131 

inhibition of the growth of A. fumigatus, a stock solution of 20 mg/ml Elastin-Congo 132 

Red (ECR) (Sigma-Aldrich, UK) solution was prepared in 0.1mM Tris-HCl (pH 8.0) 133 

and this was added to molten LB agar to give a final concentration per plate of 134 

2mg/ml (modified from a previously published method).23,24 Two 6mm Whatman filter 135 

discs at spacing configurations of 5, 10 and 20mm apart were inoculated with 5µl of 136 

P. aeruginosa (1 x 105 cfu/ml) and 5µl A. fumigatus (1 x 105 conidia/ml), as 137 

described previously. The plates were incubated at 37°C for 24 h, following which 138 

they were examined for zones of clearing around the filter paper discs. This assay 139 

was performed with A. fumigatus Af293 and all P. aeruginosa isolates included in 140 

this study. Controls of P. aeruginosa only with 5µl of PBS instead of A. fumigatus on 141 

the adjacent disc were included in every experiment. Assays were performed in 142 

triplicate. 143 

 144 

Protein isolation and identification 145 

Total excreted protein was isolated from P. aeruginosa following a method adapted 146 

from a previously published method.25 Briefly, isolate PA01 was grown at 37°C on 147 

twenty filter paper discs on ECR agar (LB agar/10mg/ml ECR) for 48 h, as described 148 

above. Following incubation, the agar was excised from the zones of clearing and 149 

suspended in 10ml of sterile deionised water for 72 h at 4°C to allow the protein to 150 
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diffuse into solution. This was then filtered (0.2µm filter) to remove bacterial cells, an 151 

equal volume of 100% trichloroacetic acid was added and incubated for 2 h at 4°C. 152 

The protein solution was centrifuged at 13,000 rpm for 1 h at room temperature, the 153 

pellet was then washed with acetone, centrifuged again for 10 min and re-suspended 154 

in 100µL of deionized water. To determine whether the isolated protein sample 155 

contained elastase, 5µl was spotted in triplicate onto an LB-ECR agar plate and 156 

incubated at 37°C for 24 h.  157 

 158 

Peptides in the sample were separated by polyacrylamide gel electrophoresis on 1 159 

mm NuPAGE 10% Bis-Tris gels using a BenchMark™ protein ladder (molecular 160 

weight (MW) 10-222kDa) (both Life Technologies, Paisley, UK) according to 161 

manufacturers’ instructions. Proteins were silver stained to allow them to be 162 

identified using the SilverQuest™ Silver Staining Kit (Life Technologies). A protein 163 

band corresponding to the MW of elastase was identified and excised from the gel. 164 

The protein was then identified by the Glasgow Polyomics Facility (University of 165 

Glasgow). Briefly, peptides were solubilised in 0.5% formic acid and fractionated on 166 

a nanoflow uHPLC system (UltiMate™ RSLCnano, Thermo Scientific) before online 167 

analysis by electrospray ionisation (ESI) mass spectrometry on an Amazon ion trap 168 

MS/MS (Bruker Daltonics, Coventry, UK). Peptide separation was performed on a 169 

Pepmap C18 reversed phase column (Dionex/LC Packings, Thermo Scientific), 170 

using a 5 - 85% v/v acetonitrile gradient (in 0.5% v/v formic acid) run over 45 min at 171 

a flow rate of 0.2 µl/min. Mass spectrometric (MS) analysis was performed using a 172 

continuous duty cycle of survey MS scan followed by up to ten MS/MS analyses of 173 

the most abundant peptides, choosing the most intense multiply charged ions with 174 

dynamic exclusion for 120 s. The Matrix Science Mascot Daemon server (v2.1.06) 175 
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was used to search for matches to peptide sequences on the NCBI Genbank 176 

database.  177 

 178 

P. aeruginosa and A. fumigatus co-culture model 179 

A suspension of A. fumigatus Af293 conidia was prepared from refrigerated stocks to 180 

give a final concentration of 1 x 105 per ml in RPMI-1640 media (Sigma-Aldrich, UK). 181 

A 1ml volume of this suspension was added to the wells of a 12-well flat bottom 182 

tissue culture plate and incubated for 24 h at 37°C to form mature fungal biofilms.26 183 

Following incubation, the biofilms were rinsed twice with PBS to remove loosely 184 

attached cells. A. fumigatus has the ability to produce low levels of elastase 185 

therefore, for the purpose of this assay to detect only elastase produced by P. 186 

aeruginosa, the A. fumigatus biofilms were treated with 1ml of 100% methanol for 30 187 

min to kill the biofilm-associated cells. Overnight cultures of all P. aeruginosa isolates 188 

were grown in 10ml of LB at 37°C and 180 rpm and adjusted to 1 x 105 cfu/ml with 189 

LB. The bacterial suspensions were added to the A. fumigatus biofilms and 190 

incubated at 37°C for 24 h. Control cultures of P. aeruginosa only and A. fumigatus 191 

biofilms only were included in each assay. All co-culture conditions were performed 192 

in triplicate and repeated on two further occasions. Following incubation the 193 

supernatants were collected from each well and filtered using a 0.2µm filter unit 194 

(Millipore, UK) to remove bacterial or fungal cells. The filtered supernatants were 195 

then stored at 4°C until use in the elastase activity assay.  196 

 197 

Elastase activity assay 198 

A 100µl volume of ECR stock (20 mg/ml in 0.1 mM Tris-HCl buffer [pH 8.0]) was 199 

added to each well of a round bottom 96-well plate. To this, 100µl of P. aeruginosa 200 
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supernatant was added to give a final well concentration of 10mg/ml ECR and the 201 

plate was incubated for 6 h at 37°C and 250 rpm.24 A dilution series of porcine 202 

elastase (Sigma-Aldrich), from 64µg/ml to 0.125µg/ml, was prepared in sterile water 203 

and added to each plate, to construct a standard curve. Following incubation, the 204 

sample in each well was re-suspended by pipetting and the plate was centrifuged for 205 

3 min at 500 rpm to pellet the undigested ECR and allow 100µl of each supernatant 206 

to be transferred to a 96-well flat bottom plate. The absorbance of each sample was 207 

read at 495nm on a FLUOstar Omega plate reader (BMG Labtech). The standard 208 

curve was plotted to show the concentration of elastase versus activity and this 209 

allowed the concentration of elastase present in each P. aeruginosa supernatant 210 

sample to be calculated. 211 

  212 

Detection of lasB expression under co-culture conditions by RT-PCR 213 

RNA was extracted from P. aeruginosa isolates PA14 and PA01 grown on filter 214 

paper discs from the agar plate co-culture proximity assay and from the biofilm co-215 

culture experiments. To extract RNA from the cells grown on the filter paper discs, 216 

each disc was placed in 1ml of RNA Protect (Qiagen, Crawley, UK) and sonicated 217 

for 5 min in a water bath then vortexed for 10 s to remove bacterial cells from the 218 

surface. The cells were pelleted by centrifugation at 10,000 rpm for 5 min and the 219 

RNA Protect solution was removed. Cells were lysed using 200µl lysozyme at 220 

1mg/ml in TE buffer and RNA was extracted from cells using the RNeasy mini kit 221 

(Qiagen) following the manufacturers’ instructions. For P. aeruginosa cells grown in 222 

liquid culture with A. fumigatus biofilms, following incubation the P. aeruginosa cells 223 

were centrifuged at 10,000 rpm for 5 min and the cell pellet was resuspended in 1ml 224 

of RNA Protect for 5 min. Cells were re-centrifuged and the RNA Protect was 225 
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removed. The cell pellet was then treated with lysozyme solution and RNA was 226 

extracted using the RNeasy mini kit as above. RNA quantity and integrity was 227 

assessed using the NanoDrop 1000 Spectrophotometer (Thermo Scientific).  228 

 229 

From each sample, 300ng of RNA was converted to cDNA using the High-Capacity 230 

RNA-to-cDNA™ Kit (Applied Biosystems, Paisley, UK) following the manufacturers’ 231 

instructions. Real time quantitative PCR reactions were set up in a MicroAmp™ Fast 232 

Optical 96-Well Reaction Plate (Applied Biosystems) and contained 10µl of Fast 233 

SYBR® Green Master Mix (Applied Biosystems), 1µl of forward and 1µl of reverse 234 

primer at a concentration of 10 µM (primers for target gene lasB (this study); lasB-F’ 235 

TGATCGGCTACGACATCAAG, lasB-R’ ATTGGCCAACAGGTAGAACG or the 236 

internal control rpoD,27 rpoD-F’ GGGCGAAGAAGGAAATGGTC, rpoD-R’ 237 

CAGGTGGCGTAGGTGGAGAA), 2µl of cDNA for each sample (final concentration 238 

of 100ng) and 6µl of molecular grade water, to give a total reaction volume of 20µl. 239 

The reactions were performed on an One Step Plus instrument (Applied Biosystems) 240 

using the conditions; on step of 95°C for 20 sec, then 40 cycles of 95°C for 3 sec and 241 

60°C for 30 sec. Melting curve analysis displayed a single specific product was 242 

observed for each primer pair. Reactions were performed in triplicate and repeated 243 

on one further occasion. Gene expression was calculated using the ∆ΔCt method 244 

where the expression of lasB was normalised to the housekeeping gene rpoD. 245 

 246 

The effect of co-culture supernatants on human lung epithelial cells 247 

The human lung adenocarcinoma epithelial cell line A549 was used to examine the 248 

toxicity of the products of A. fumigatus and P. aeruginosa co-culture on the human 249 

host. From stocks stored in liquid nitrogen, A549 epithelial cells were cultured in 250 
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Dulbecco's Modified Eagle Medium (DMEM) (Sigma-Aldrich) with 10% Fetal Bovine 251 

Serum (FBS) (Sigma-Aldrich) and 1% penicillin-streptomycin solution (x100) (Sigma-252 

Aldrich) in a 75cm2 tissue culture flask (Cellstar, Greiner Bio-One, UK) at 37°C and 253 

5% CO2 to achieve 70-80% confluency and then seeded at a density of 1 x 105 cells 254 

per well of a 24-well tissue culture plate. Cells were cultured in DMEM + 10% FBS 255 

for 24 h and then rinsed twice with sterile PBS. The P. aeruginosa filtered 256 

supernatants from the 24 h co-culture experiment were diluted 10-fold in cell culture 257 

medium and 1ml was added to each well of the tissue culture plate. Each sample 258 

was tested in triplicate and on each plate porcine elastase (10µg/ml and 1µg/ml), 259 

media only and 1% Triton X-100 (Sigma-Aldrich) were added to triplicate wells as 260 

controls (positive elastase control, negative control (live epithelial cells), 100% dead 261 

epithelial cells, respectively). Cells were incubated for 4 h at 37°C and 5% CO2. The 262 

experiment was repeated on one further occasion. Following incubation the A549 263 

cell supernatant from each well was collected and cell cytotoxicity was assessed 264 

using the Lactate Dehydrogenase (LDH) Activity Assay Kit (BioVision, Cambridge 265 

Biosciences, UK), following the manufacturers’ instructions.  266 

 267 

Statistical Analysis 268 

Graph production and statistical analysis were performed using GraphPad Prism 269 

(version 4; La Jolla, CA, USA). Un-paired, two-tailed student t-tests were used to 270 

measure statistical differences between two independent groups in co-culture 271 

experiments, the LDH assay and in gene expression studies. Statistical significance 272 

was achieved if p < 0.05. 273 

 274 
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Results 275 

A. fumigatus growth is inhibited by P. aeruginosa on solid agar 276 

To investigate the interactions between P. aeruginosa and A. fumigatus a known 277 

concentration of P. aeruginosa PA14 and A. fumigatus Af293 was used to inoculate 278 

filter paper discs in decreasing proximity to each other (5, 10 and 20mm spacing). 279 

Following the incubation period, the radial growth pattern of A. fumigatus was 280 

inhibited in close proximity to the P. aeruginosa cells on the discs that were placed at 281 

5 and 10mm apart, (Figure 1Ai, ii). With increasing distance between the filter paper 282 

discs (20mm spacing) A. fumigatus growth returned to normal (Figure 1Aiii). This 283 

phenomenon was observed for A. fumigatus using all isolates of P. aeruginosa 284 

included in this study (PA01, non-mucoid and mucoid clinical isolates (72707 and 285 

64531), and environmental isolates (DSM-6279 and DSM-8924). Interestingly, at the 286 

5mm spacing arrangement the growth of all P. aeruginosa isolates also appeared to 287 

be slightly reduced by the presence of A. fumigatus in comparison to growth of the 288 

pseudomonad at 10 and 20mm spacing, suggesting the complex interplay between 289 

these two species.  290 

 291 

P. aeruginosa releases an inhibitory protease on solid media 292 

Next, to determine whether the inhibition of radial growth was related to a secreted 293 

P. aeruginosa virulence factor within the SAB agar, we focussed on the 294 

metalloprotease elastase, which enables this bacterium to degrade host proteins and 295 

those of competing organisms, using an ECR agar plate assay. In the presence of 296 

elastase the red-pigmented ECR compound is degraded producing a zone of 297 

clearance of approximately 20mm (Figure 1B). Following incubation zones of 298 

clearance were observed by all strains of P. aeruginosa in the presence of A. 299 



 13 

fumigatus at 5, 10 and 20mm apart. This would suggest that elastase, or a similar 300 

metalloprotease, is in fact produced by P. aeruginosa in the presence of A. 301 

fumigatus. The zones of clearance were measured for the 5, 10 and 20mm spacing 302 

intervals for all isolates and there was no significant difference in the size of zones 303 

produced at each of the distances, for example for isolate PA14 clearance zones 304 

measured 20.30, 20.33, 20.87mm, respectively (Figure 1C). The size of zones of 305 

clearance produced by all other isolates was similar to PA14 and this data is not 306 

shown. Moreover, the P. aeruginosa-only control produced a similar sized zone of 307 

clearance (20.90mm), suggesting that elastase is produced constitutively and not as 308 

a direct result of stimulus from this fungal pathogen. However, this may be due to the 309 

diffusion limitations of elastase through the agar and highlights a possible 310 

disadvantage of this assay.  311 

 312 

P. aeruginosa releases elastase in solid agar media 313 

To confirm the hypothesis that elastase production was responsible for the zone of 314 

clearing in the ECR-LB agar assay, the total protein was extracted from the zone of 315 

inhibition. A 5µl volume of the protein extract was spotted in triplicate onto an LB-316 

ECR agar plate to determine if it retained activity and zones of clearing were 317 

produced. The protein extract was separated by polyacrylamide gel electrophoresis 318 

to identify the dominant proteins present. Silver staining revealed that there was 319 

principally a large dense negatively stained band on the gel with a molecular weight 320 

of approximately 30kDa, which corresponds to the molecular weight of extracellular 321 

P. aeruginosa elastase (33kDa) 28. This band was excised from the gel and identified 322 

by electrospray ionisation (ESI) mass spectrometry on an Amazon ion trap MS. The 323 

Matrix Sciences Mascot report produced following a NCBI Genbank database search 324 
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showed that the top match for peptide sequences in the preparation excised from the 325 

zone of clearing on ECR agar, with 34 matching peptide sequences and a score of 326 

522 (significance threshold of p<0.05), was elastase LasB (P. aeruginosa UCBPP-327 

PA14, gi|116051721). This protein has a mass of 53.79-kDa on the database and 328 

contains a 20-kDa signal sequence and propeptide which precede the mature 33-329 

kDa extracellular elastase protein [28]. This suggests that P. aeruginosa elastase 330 

was involved in producing the zones of clearance on ECR agar and further 331 

investigation of the expression of this protease in liquid co-culture conditions with A. 332 

fumigatus is warranted. 333 

 334 

A. fumigatus biofilms enhance P. aeruginosa elastase production in co-culture  335 

All P. aeruginosa isolates included in this study were incubated for 24 h in the 336 

presence of mature, methanol-killed A. fumigatus biofilms. The relative concentration 337 

of elastase in each of the filtered P. aeruginosa supernatants was detected by ECR 338 

assay with a standard curve created using a dilution series of porcine elastase. To 339 

establish a baseline for elastase production the supernatant from each isolate grown 340 

in the absence of A. fumigatus was tested (Table 1). The constitutive production of 341 

elastase varied between each of the isolates. There did not appear to be a 342 

correlation between the production of elastase and phenotype (mucoid or non-343 

mucoid) or source of the isolate (clinical or environmental). In the presence of 344 

methanol-killed A. fumigatus, there was an overall trend towards the increased 345 

production of elastase in comparison to the Pseudomonas-only control. For isolates 346 

PA14, PA01, non-mucoid clinical isolate 72707, non-mucoid isolate 64531 and 347 

environmental isolate 8924 the increase in elastase production in the presence of A. 348 

fumigatus biofilms was statistically significant (p=0.0089, p<0.0001, p=0.04, p=0.033 349 
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and p<0.0001, respectively) (Figure 2). There was no significant change in elastase 350 

production in the other three P. aeruginosa isolates (mucoid isolate 72707, mucoid 351 

isolate 64531 and environmental isolate 6279) included in this study (data not 352 

shown).  353 

 354 

A. fumigatus biofilms differentially induce expression of lasB in P. aeruginosa  355 

To examine the influence of A. fumigatus on the transcription of lasB, which encodes 356 

the elastase protein, fluorescent RT-PCR was performed using primers specific for 357 

the lasB gene and an internal reference gene rpoD. The specificity of these primers 358 

was confirmed by performing melt-curve analysis, for each gene of interest, and 359 

observing a single peak. The expression of lasB was determined in the well-360 

characterised laboratory strains of P. aeruginosa, PA01 and PA14. The isolates were 361 

grown on filter paper discs opposite A. fumigatus at spacing intervals of 5, 10 and 362 

20mm, as described above. Following incubation, RNA was isolated from the cells 363 

on the filter paper disc and RT-PCR was performed. P. aeruginosa grown on a filter 364 

paper disc in the absence of A. fumigatus was included in each experiment as a 365 

control. The relative expression of lasB was compared to the constitutively 366 

expressed internal control gene rpoD (Figure 3). For isolate PA14, the expression of 367 

lasB increased by 1.7-fold (SD +/-0.38) in cells incubated in closest proximity to A. 368 

fumigatus (5mm) in comparison to the PA14-only control. At 10mm and 20mm 369 

spacing distances, lasB expression was down-regulated by 0.76-fold (SD +/-0.28) 370 

and 0.62-fold (SD +/-0.11), respectively which was significantly less than the 371 

expression at 5mm (p=0.03 and p=0.03, unpaired, two-tailed t-test). For isolate 372 

PA01, the expression of lasB increased by 1.57-fold (SD +/-0.49) and 1.05-fold (SD 373 

+/-0.16) at 5mm and 10mm intervals from A. fumigatus and expression of lasB was 374 
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down-regulated at the 20mm spacing interval by 0.355-fold (SD +/-0.2). The 375 

difference in expression of lasB in PA01 at 5mm and 20mm spacing was significant 376 

(p=0.036, unpaired, two-tailed t-test).  377 

 378 

When the expression of lasB was examined in PA14 and PA01 cells grown in the A. 379 

fumigatus biofilm co-culture model a trend of increased expression when the two 380 

species were in close contact was also observed. PA14 cells incubated in the 381 

presence of methanol-killed Af293 24 h biofilms increased the expression of lasB by 382 

7.43-fold (SD +/-1.87) and the PA01 cells expressed 8.73-fold (SD +/-2.17) more 383 

lasB than Pseudomonas only control cultures. This data correlates with the results of 384 

the ECR assay (Figure 2) which showed that in the presence of A. fumigatus there 385 

was an increased concentration of elastase detected in P. aeruginosa supernatants, 386 

and suggests that the presence of the fungi stimulates the production of this 387 

important virulence factor in P. aeruginosa.  388 

 389 

The effect of co-culture supernatants on a lung epithelial cell line 390 

The human lung adenocarcinoma epithelial cell line A549 was cultured to a density 391 

of 1 x 105 cells/per well in a 24 well plate and exposed for four hours to supernatants 392 

from the co-culture experiment. These included supernatants from PA01 only 393 

cultures, PA01 + methanol-killed A. fumigatus (Af293) co-culture, PA14 only culture, 394 

PA14 + methanol-killed Af293 co-culture, and Af293 methanol-killed biofilms only. 395 

Porcine elastase at a concentration of 10µg/ml (E10) and 1µg/ml (E1) were added to 396 

the plate as elastase controls, and A549 cells with media only and A549 cells treated 397 

with 1% Triton-X were added as negative (untreated cells) and positive (100% killed 398 

cells) controls, respectively. Following exposure to the co-culture samples, the A549 399 
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cell supernatants were removed from the culture plates and used in the LDH 400 

cytotoxicity kit (BioVision). Cell cytotoxicity (%) was calculated by comparing the 401 

presence of LDH in supernatants from A549 cells treated with co-culture 402 

supernatants to those of the positive and negative control (Figure 4).  A549 cell 403 

viability was significantly reduced in cells treated with PA14 and PA01 grown in co-404 

culture with methanol-killed A. fumigatus biofilms (killing 37.46% of cells (SD +/-405 

7.495) and 19.36% of cells (SD +/-0.6215), respectively) in comparison to P. 406 

aeruginosa-only controls (p<0.0001 for both). Elastase at 10µg/ml and 1µg/ml was 407 

significantly cytotoxic to A549 cells (37.96% killed (+/- SD 5.275) and 13.67% killed 408 

(+/- SD 4.271), (p=0.0007 and p=0.015, respectively)) and the presence of PA14, 409 

PA01 and Af293 alone was not significantly cytotoxic to this human lung 410 

adenocarcinoma epithelial cell line. 411 

  412 

  413 
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Discussion 414 

The morbidity and mortality associated with CF is linked to the irreversible decline in 415 

lung function caused by microbial colonisation of the airways and the resulting 416 

overactive neutrophilic immunological response.15 Infection of the lower airways by 417 

the important opportunistic bacterial pathogen P. aeruginosa correlates with a more 418 

rapid decline in pulmonary function, worsening nutritional status, frequent hospital 419 

admissions and a shorter life expectancy.29,30 P. aeruginosa is the most commonly 420 

isolated organism in CF,6 however patients are rarely colonised by one single 421 

pathogen and it is now widely recognised that the CF lung has a rich polymicrobial 422 

microbiome,31-33 which influences the stability of the condition of the patient and can 423 

cause an inflammatory exacerbation.8 It is therefore imperative that the interplay 424 

between P. aeruginosa and other common CF-related pathogens is studied to better 425 

understand the impact co-culture has on the production of inflammatory mediators 426 

and virulence factors.  427 

Several studies have previously examined lung function in CF patients 428 

colonised by Aspergillus alone and found that although patient age and antibiotic use 429 

are risk factors for airway colonisation by this fungi, its presence did not have a 430 

significant impact on the decline of lung function.34,35 However, Amin et al discovered 431 

in a retrospective study of CF patients that there was a statistically significant 432 

relationship between A. fumigatus and P. aeruginosa co-colonisation and lower 433 

pulmonary function (p <0.0006).36 Within the CF lower airway polymicrobial infections 434 

can persist in the form of mixed species biofilms. Both P. aeruginosa and A. 435 

fumigatus possess the ability to form multi-cellular biofilm consortia, making it 436 

inherently difficult to eradicate the infection, but additionally the direct physical 437 

contact between the organisms or indirect molecular interactions may influence 438 
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microbial pathogenicity.12,36 One study previously carried out in our laboratory 439 

examined direct and indirect interactions between these two important pathogens 440 

and discovered that P. aeruginosa could significantly impede filamentous growth and 441 

biofilm formation in A. fumigatus, possibly through the release of small diffusible 442 

molecules involved in inter-cellular communication.13 443 

Although there are limited reports investigating the interaction between P. 444 

aeruginosa and A. fumigatus, significant work has been carried out with P. 445 

aeruginosa and the polymorphic fungus Candida albicans. One important study by 446 

Hogan et al. showed that P. aeruginosa can interfere with germination of C. albicans 447 

by secretion of the molecule 3-oxo-C12 homoserine lactone.37,38 Pseudomonas can 448 

also attach to localised areas of the hyphal surface and induce cell lysis, but are 449 

unable to attach to or kill the yeast form of C. albicans. Trejo-Hernandez and co-450 

workers also recently compared the proteome of these two organisms in mixed 451 

culture and found that there was differential expression of virulence proteins, 452 

multidrug resistance-associated proteins, and proteases in both pathogens when 453 

cultured together.39 This highlights the importance of microbial interactions in relation 454 

to the progression of disease within the host and suggests that co-infection with 455 

Pseudomonas spp. and Aspergillus spp. may have a negative impact on the health 456 

of the patient and merits further investigation. 457 

One important virulence factor produced by P. aeruginosa which exhibits 458 

toxicity towards host cells is the metalloprotease elastase. This protease is thought 459 

to hydrolyse proteins of the extracellular matrix and degrade components of the host 460 

immune response, including lysozyme and proteins involved in bacterial 461 

opsonisation.17-21 Elastase has also recently been implicated in the pathology of 462 

chronic rhinosinusitis through the disruption of tight junctions and increased 463 
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permeability of human nasal epithelial cells.40 This virulence factor may also have a 464 

role to play in another chronic inflammatory condition – microbial infection of the CF 465 

lung. In our initial experiments, when P. aeruginosa was grown adjacent to A. 466 

fumigatus at increasing spacing intervals it was clearly observed that P. aeruginosa 467 

had an inhibitory effect on the growth of A. fumigatus at the closest spacing intervals 468 

and this effect was reduced in a distance dependant manner (Figure 1A). The same 469 

inhibitory effect was observed for all isolates of P. aeruginosa included in this study. 470 

The presence of elastase in the secreted products of P. aeruginosa in this assay was 471 

confirmed by growing the two organisms on ECR-LB agar and observing zones of 472 

clearance and degradation of the red ECR compound (Figure 1B). The protein was 473 

extracted from zones of clearing and the presence of P. aeruginosa elastase was 474 

confirmed by electrospray ionisation (ESI) mass spectrometry (MS) (Figure 1D).  475 

The production of elastase by P. aeruginosa in overnight cultures was then 476 

examined using the liquid ECR assay to monitor degradation of the ECR compound 477 

over a 4 h period. The activity of the culture supernatants was compared to a 478 

standard curve of known concentrations of this protease to estimate the 479 

concentration of elastase produced by each P. aeruginosa isolate. A range of 480 

isolates including laboratory strains, clinical isolates and those found in 481 

environmental sources were used to examine whether expression of this protease is 482 

specific to strains from a particular source or phenotype. One early study by Nicas 483 

and Iglewski (1986) reported that >85% of clinical and environmental strains in their 484 

collection of 113 isolates had the ability to produce elastase.41 In our study, the 485 

concentration of elastase produced in overnight cultures varied between each 486 

isolate. Clinical isolate 72707 and environmental isolate 8924 constitutively produced 487 

significant levels of elastase, similar to PA01 and PA14, while clinical isolate 64531 488 
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and environmental isolate 6279 produced very low amounts of elastase. 489 

Interestingly, when the concentration of elastase was compared between non-490 

mucoid and mucoid paired clinical isolates, the non-mucoid phenotype of 72707 491 

produced significantly more elastase than the paired mucoid phenotype (p=0.04), but 492 

for clinical isolate 64531 the non-mucoid phenotype produced significantly less 493 

elastase than the mucoid phenotype (p<0.05), however the concentration of elastase 494 

produced by 64531 in general was extremely low. In CF pathology, patients initially 495 

become colonised by P. aeruginosa isolates with a non-mucoid phenotype which 496 

appears to switch over time to a mucoid phenotype as a result of environmental cues 497 

within the CF lung.42 The fact that non-mucoid isolate 72707 produced significantly 498 

more elastase than its mucoid counterpart may indicate that elastase plays a role in 499 

early colonisation of the airways, and merits further study with a larger collection of 500 

non-mucoid/mucoid paired isolates.  501 

To better understand the influence of a competing organism on the production 502 

of elastase by P. aeruginosa in the CF lung, a biofilm co-culture model with A. 503 

fumigatus was employed. A. fumigatus biofilms were formed for 24 h and then killed 504 

with methanol to eliminate the possibility of fungal proteases interfering with the 505 

results of the assay. Supernatants were tested with the liquid ECR assay as before 506 

and the concentration of elastase produced was compared to P. aeruginosa only 507 

controls. Five isolates including PA14, PA01, non-mucoid clinical isolate 72707, non-508 

mucoid clinical isolate 64531 and environmental isolate 8924, produced a 509 

significantly higher concentration of elastase in the presence of methanol-killed A. 510 

fumigatus biofilms, than the P. aeruginosa isolates alone. There was no statistically 511 

significant change in the production of elastase by the other three isolates. When the 512 

expression of the lasB gene, which encodes elastase, was analysed in isolates PA14 513 
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and PA01 it increased significantly in close proximity to A. fumigatus in the disc 514 

spacing and co-culture assays (1.7-fold and 1.57-fold [5mm disc spacing], 7.43-fold 515 

and 8.73-fold [co-culture], respectively). The gene expression data corresponds with 516 

the results of the ECR assay and shows that the presence of A. fumigatus has the 517 

ability to alter the transcriptome of P. aeruginosa with a possible impact on the 518 

virulence of this microbe within the CF lung.  519 

To examine the possibility that polymicrobial infections enhanced virulence, 520 

the human lung adenocarcinoma epithelial cell line A549 was used to examine the 521 

potential consequence of a bacterial/fungal co-infection with P. aeruginosa and A. 522 

fumigatus in the CF lung. The A549 cells were exposed to supernatants from the co-523 

culture experiments and an LDH assay was used to measure cell cytotoxicity. The 524 

supernatants produced by PA14 and PA01 co-cultured with methanol-killed A. 525 

fumigatus biofilms were significantly cytotoxic to the A549 cell line, killing 37.46% of 526 

cells and 19.36% of cells, respectively. Cell cytotoxicity was similar to that observed 527 

by adding elastase at 10µg/ml and 1µg/ml to A549 cells (killing 37.96% of cells and 528 

13.67% of cells, respectively). The concentration of elastase was chosen to 529 

represent the clinically-relevant concentrations produced by these isolates previously 530 

in the ECR assay. Supernatants from PA01, PA14 and A. fumigatus Af293 only 531 

cultures were not significantly cytotoxic to A549 cells (p<0.05). Though, cellular 532 

toxicity could be caused by another agent co-produced with elastase in the co-533 

culture model. Further studies are needed to investigate the Pseudomonas elastase 534 

specific cytotoxicity in the co-infection model. 535 

 536 

Conclusion 537 
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In this study we have shown that the metalloprotease elastase is secreted 538 

constitutively by a range of P. aeruginosa isolates and that this production is 539 

enhanced in the majority of isolates tested in this study in the presence of the 540 

common CF fungal pathogen A. fumigatus. Although P. aeruginosa is known to 541 

utilise a myriad of virulence factors in the course of infection, and we accept that 542 

multiple secreted factors may play a part in pathogenicity, the experiments with co-543 

culture and the human lung adenocarcinoma epithelial cell in this study show that P. 544 

aeruginosa elastase could be an important contributor to lung epithelial cell 545 

cytotoxicity. Increased knowledge of the interplay between microbes commonly 546 

present in the CF airway microbiome will help guide future treatment options and 547 

improve the prognosis for patients with this disease. 548 
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Figure 1. P. aeruginosa and A. fumigatus interactions 706 

 A) P. aeruginosa PA14 and A. fumigatus Af293 agar plate interaction assay. P. 707 

aeruginosa was grown on the disc on the left of each image and A. fumigatus was 708 

grown on the disc on the right. The growth of A. fumigatus, on the disc on the right of 709 

the image for 5mm and 10mm spacing (i and ii), is inhibited in close proximity to P. 710 

aeruginosa. Growth recovered when the discs were placed 20mm apart. B) PA14 711 

grown on ECR-LB agar for 24 h at 37°C. The zone of clearing indicates the release 712 

of elastase and degradation of the ECR complex. C) Zones of clearing of ECR-LB 713 

agar were compared for PA14 and all other P. aeruginosa isolates grown in the 714 

presence and absence of A. fumigatus at 5mm, 10mm and 20mm spacing intervals 715 

and there was no significant difference in the size of the zones of clearing in relation 716 

to the distance between the two organisms. Graph displays the mean diameter of 717 

zones of clearing for isolate PA14 and error bars indicate the standard deviation 718 

between results (One-way ANOVA, no post-test, PA14 p=0.134). D) Silver stained 719 

gel with BenchMark™ protein ladder of total protein isolated from the zone of 720 

clearing produced by isolate PA01 on ECR agar. Dominant negatively stained 721 

protein band approximately 30kDa M.W. (highlighted), excised and identified by 722 

nano-electrospray tandem mass spectrometry. 723 

 724 

Figure 2. P. aeruginosa elastase production in the presence of A. fumigatus 725 

biofilms. A. fumigatus biofilms were grown for 24 h, killed with methanol and then 726 

incubated in co-culture with a range of P. aeruginosa isolates. The supernatants 727 

from the co-culture experiments were used in the ECR assay and the concentration 728 

of elastase (µg/ml) in each sample was determined by comparing the change in 729 

absorbance (degradation of the ECR compound) to a standard curve. Isolates PA14, 730 

PA01, non-mucoid clinical isolate 72707, non-mucoid clinical isolate 64531 and 731 

environmental isolate 8924 all produced significantly more elastase in the presence 732 

of methanol-killed A. fumigatus 24 h biofilms than in P. aeruginosa-only control 733 

cultures (p=0.008, p<0.0001, p=0.04, p=0.033 and p<0.0001, respectively). The 734 

mean value is plotted for each of the conditions and error bars represent the 735 

standard deviation between replicate samples. *=p<0.05, **=p<0.001, ***=p<0.0001. 736 

 737 

Figure 3. The relative expression of lasB in P. aeruginosa PA01 and PA14 738 

grown in close proximity to A. fumigatus Af293. The relative expression (fold-739 
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change) of lasB was determined for P. aeruginosa isolates PA01 and PA14 grown 740 

on filter paper discs 5mm, 10mm and 20mm distance apart from A. fumigatus Af293, 741 

using the constitutively expressed rpoD as an internal control and comparing the 742 

expression of lasB to P. aeruginosa grown on a filter paper disc in the absence of 743 

Aspergillus. The expression of lasB was down-regulated in PA01 and PA14 744 

increasing distance from A. fumigatus. This was statistically significant by student 745 

un-paired, two tailed t test for PA01 at 20mm spacing and PA14 at 10mm and 20mm 746 

spacing (*=p<0.05). The mean expression is plotted and error bars represent the 747 

standard deviation between replicate samples.  748 

 749 

Figure 4. LDH cytotoxicity assay evaluation of the effect of co-culture 750 

supernatants on the human lung adenocarcinoma epithelial cell line A549. 751 

Lung adenocarcinoma epithelial cells (A549) were exposed for four hours to 752 

supernatants from the co-culture experiments and cell cytotoxicity was measured 753 

using the LDH cytotoxicity kit (BioVision). A549 epithelial cells were exposed to 754 

supernatants from PA01 only, PA01 + methanol-killed A. fumigatus (Af293) co-755 

culture, PA14 only, PA14 + methanol-killed Af293 co-culture, Af293 methanol-killed 756 

biofilm only, porcine elastase at a concentration of 10µg/ml (E10), porcine elastase 757 

at a concentration of 1µg/ml (E1), A549 cells with media only (negative control) and 758 

A549 cells treated with 1% Triton-X (100% dead positive control). Cell cytotoxicity 759 

(%) was calculated by comparing the presence of LDH in supernatants from A549 760 

cells treated with co-culture supernatants to those of the positive and negative 761 

control. A549 cell viability was significantly reduced in cells treated with PA14 and 762 

PA01 grown in co-culture with methanol-killed A. fumigatus biofilms in comparison to 763 

P. aeruginosa-only controls (unpaired, two-tailed t-test, p<0.0001 for both). Elastase 764 

at 10µg/ml (E10) and 1µg/ml (E1) was also significantly cytotoxic to A549 cells 765 

(p=0.0007 and p=0.015, respectively). The presence of supernatants from PA14, 766 

PA01 and Af293 cultured alone was not significantly cytotoxic to this human lung 767 

adenocarcinoma epithelial cell line. The mean cell cytotoxicity (%) is plotted and 768 

error bars represent the standard deviation between replicate samples. *=p<0.05, 769 

***=p<0.0001. 770 

 771 

  772 


