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ABSTRACT

Pseudomonas aeruginosa has been amongst the top 10 ‘superbugs’ worldwide and is causing infections with poor outcomes
in both humans and animals. From 202 P. aeruginosa isolates (n = 121 animal and n = 81 human), 40 were selected on the
basis of biofilm-forming ability and were comparatively characterized in terms of virulence determinants to the type strain
P. aeruginosa PAO1. Biofilm formation, pyocyanin and hemolysin production, and bacterial motility patterns were compared
with the ability to kill human cell line A549 in vitro. On average, there was no significant difference between levels of animal
and human cytotoxicity, while human isolates produced higher amounts of pyocyanin, hemolysins and showed increased
swimming ability. Non-parametric statistical analysis identified the highest positive correlation between hemolysis and the
swarming ability. For the first time an ensemble machine learning approach used on the in vitro virulence data determined
the highest relative predictive importance of the submerged biofilm formation for the cytotoxicity, as an indicator of the
infection ability. The findings from the in vitro study were validated in vivo using zebrafish (Danio rerio) embryos. This study
highlighted no major differences between P. aeruginosa species isolated from animal and human infections and the
importance of pyocyanin production in cytotoxicity and infection ability.
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INTRODUCTION

Pseudomonas aeruginosa is an opportunistic pathogen that
has remained on the ‘top 10’ common hospital ‘superbugs’
worldwide for more than a decade. Therapeutic options are
still severely limited due to spread of antimicrobial resistant
strains; thus, P. aeruginosa infection remains a life-threatening
complication (Streeter and Katouli 2016). Serious P. aeruginosa
infections, both acute and chronic, are often nosocomial and
associated with compromised host defenses; however, this
opportunistic pathogen is more and more recognized as the
cause of disease in both livestock and companion animals,
including otitis and urinary tract infections in dogs and cats,
mastitis in dairy cows and goats, hemorrhagic pneumoniae in
mink and foxes, and endometritis in horses (Kidd et al. 2011;
Haenni et al. 2015). While phenotypic and genotypic character-
istics of P. aeruginosa involved in enzootic or epizootic outbreaks
of mastitis in bovine and small ruminants have been studied
(Ohnishi et al. 2011; Scaccabarozzi et al. 2015), little attention
has been given to P. aeruginosa strains isolated from infections
of small companion animals.

At the time that it was sequenced, the genome of type strain
P. aeruginosa PAO1with 6.3million base pairswas the largest bac-
terial genome sequenced; this sequence complexity provided
insights into the basis of its versatility, environmental adapt-
ability and intrinsic drug resistance and revealed an exten-
sive repertoire of secreted virulence factors (Stover et al. 2000).
Secreted virulence factors such as proteases, phospholipases,
phenazines, rhamnolipids, exotoxins and endotoxins whose se-
cretion is mediated by quorum sensing or cell-to-cell signaling
guided research into pathogenicity of this strain (Vives-Florez
and Garnica 2006; Hauser 2011; Oglesby-Sherrouse et al. 2014).
Once an opportunistic pathogen like P. aeruginosa enters the
host, its ability to cause infection has also been correlated with
its tendency to form biofilms (Lee and Yoon 2017; Trøstrup et al.
2017). With the availability of more sophisticated technologies
such as RNASeq andTnSeq that allowed for determination of the
specific genes required for the optimal P. aeruginosa virulence in
the murine model, a somewhat different picture emerged and
some central metabolic genes came into focus including ones
belonging to amino acid and vitamin biosynthetic pathways,
suggesting that after all the usual virulence factors may not play
such a pivotal role in the infection (Crousilles et al. 2015). From
the wealth of available data, it can be concluded that pathogen-
esis of P. aeruginosa associated infections is highly multifactorial
process and involves cell-associated factors as well as secreted
virulence determinants (Lee et al. 2006; Olejnickova, Hola and
Ruzicka 2014).

It is evident that complex relationships among P. aeruginosa
virulence determinants have not been fully elucidated and
particularly have not been comprehensively evaluated in pop-
ulation of animal isolates. Although P. aeruginosa has not been
included in the recent literature overview of bacterial zoonoses
transmitted by household pets, possibly due to limited literature
data, small companion animals have been recognized as signif-
icant reservoir and carriers of microorganisms pathogenic for
man, including methicillin-resistant Staphylococcus aureus (Loef-
fler and Lloyd 2010; Damborg et al. 2016). Given that close contact
between household pets and people offers favorable condi-
tions for bacterial transmission, we have assessed the biofilm
formation ability and other virulence factors and the in vitro
cytotoxicity of animal isolates predominantly from small com-
panion animal infections of P. aeruginosa and compared them to
that of isolates from humans, including the best characterized

type strain P. aeruginosa PAO1. The potential to build a predictive
model for the infection ability of this pathogen based on viru-
lence determinants using an ensemble machine learning ap-
proach has also been addressed. The findings of the in vitro study
have been validated in the in vivo zebrafish (Danio rerio) embryo
infection model.

MATERIALS AND METHODS

Bacterial strains sources and identification

Pseudomonas aeruginosa PAO1 (NCTC10332) was obtained from
the National Collection of Type Cultures (NCTC, Culture Collec-
tion of Public Health, Salisbury, UK).

The 202 strains, used in this study, were previously iso-
lated and identified as P. aeruginosa using conventional
microbiological methods (Pseudomonas Isolation Agar Base,
HiMedia, Telangana, India) followed by biochemical (BBL Crystal
enteric/non-fermenter ID kit, Becton, Dickinson and Company,
Franklin Lakes, USA) from the specimens routinely delivered
to Department for Microbiology, Faculty of Veterinary Medicine,
Belgrade, Serbia; Regional Hospital Valjevo, Serbia; and Veteri-
nary Laboratory ‘VetLab’, Belgrade, Serbia over 1-year period.
From 202 strains, 121 were from animal specimens (dog n = 109,
cat = 5, cow = 5, hamster n = 1, snake n = 1) and 81 from human
specimens (Table 1). The strains were stored in a cryoprotective
medium (Tryptic Soy Broth containing 20% (v/v) glycerol) at
–70◦C and for the test a fresh 24-h culture of particular strain
was used.

All P. aeruginosa strains originating from human samples
were collected fromRegional Hospital Valjevo, Serbia, under eth-
ical approval 01/8570. The analysis was performed retrospec-
tively on isolates collected through routine clinical work and pa-
tient identifiable informationwas anonymized. The authors had
no contact or interaction with the patients. Isolates were given
unique codes, with ‘A’ within isolate name marking animal and
‘H’ human source of the isolate.

Molecular identification of selected isolates by 16S
rRNA gene sequencing

Genomic DNA from isolated strains was extracted with the
KAPA Express Extract Kit (Kapa Biosystems, Wilmington, USA).
16S rRNA gene was amplified from genomic DNA using uni-
versal bacterial primers 27F (5′-AGAGTTTGATCCTGGCTCAG-3′)
and 1492R (5′-GGTTACCTTGTTACGACTT-3′). PCR amplification
was performed in 2720 Thermal Cycler (Applied Biosystems,
Waltham, USA) using the KAPA Taq PCR kit (Kapa Biosys-
tems). Obtained PCR products were sequenced using the Ap-
plied Biosystems 3130 Genetic Analyzer (Applied Biosystems)
and sequences were analyzed by the SeqMan Pro software
(DNASTAR Inc., Madison, USA). The BLAST program (NCBI,
http://www.ncbi.nlm.nih.gov) was used for sequences similarity
search.

Alignment of sequences and homologous sequences taken
from GenBank was performed with Clustal W 2.0 algorithm
(https://www.ebi.ac.uk/Tools/msa/clustalw2/). A phylogenetic
tree was constructed by the maximum-likelihood algorithm us-
ing the Jukes–Cantor distance correction included in MEGA7
package (Kumar, Stecher and Tamura 2016). The tree was rooted
using 16S rRNAgene sequence of Bacillus subtilisB-1 (AB213262.1)
as an outgroup.
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Table 1. Distribution of P. aeruginosa isolates used in this study by type of sample from which they were isolated.

Origin of
specimens

Ear
swabs

Urine
samples

Wound
swabs

Skin
swabs

Vaginal
swabs

Eye
swabs

Mouth
swabs

Nasal
swabs

Sputum
samples

Milk
samples

Animal 121 55 8 4 24 11 6 5 4 0 4
Human 81 12 30 8 4 4 1 1 0 21 0

Biofilm formation assays

Submerged biofilms
Biofilm quantification assays were performed inmicrotiter plate
format using a crystal violet (CV) staining of adherent cells ac-
cording to published protocols (Merritt, Kadouri and O’Toole
2005). Overnight cultures of P. aeruginosa strains were diluted
to optical density (OD) OD600 of 0.2 and subcultured at 37◦C in
TSB medium (HiMedia Laboratories, Telangana, India) in a 96-
well microtiter plates. After 24-h growth, planktonic cells were
removed, wells were washed with PBS and biofilms fixed with
100 μL of 99% (v/v) cold methanol followed by staining with 0.1%
(v/v) CV. After washing, CV was solubilized with 150 μL of glacial
acetic acid (33%, v/v) and absorbance was measured at 550 nm
using Tecan Infinite 200 Pro multiplate reader (Tecan Group Ltd,
Männedorf, Switzerland). Assay was performed in hexaplicate
and repeated three times.

Air–liquid biofilms
Air–liquid (A-L) biofilm assay was performed in polystyrene
tubes (15 mL volume) as described previously (Olejnickova, Hola
and Ruzicka 2014). Overnight cultures were diluted (OD600 of
0.2) and 0.2 mL of diluted cultures added to 1.8 mL of fresh TSB
and further incubated at 37◦C for 24 h. After incubation, cultures
were discarded and polystyrene tubes were washed three times
with PBS, adhered material fixed by air drying and stained with
0.1% (v/v) CV. Submerged biofilm was removed by adding 1.5 mL
of glacial acetic acid (33%, v/v). The CV dye attached to the A–
L biofilm was dissolved with 2 mL of acetic acid (33%, v/v). The
tubes were vortexed for 30 s, and 150 μL of the solutionwas used
for the absorbance measurement at 550 nm using plate reader
(Tecan Group). The assay was performed for each strain in trip-
licate.

In vitro cell infections (cytotoxicity)

In vitro cell infection assay was performed for all bacterial iso-
lates according to O’Loughlin et al. (2013) with minor modifica-
tions. Human lung carcinoma cells (A549) were obtained from
theAmericanTypeCulture Collection (ATCC;Manassas, Virginia,
USA). Cellsweremaintained asmonolayer cultures in RPMI-1640
supplemented with 100 mg L−1 streptomycin, 100 U mL−1 peni-
cillin and 10% (v/v) FBS (all from Sigma). Cells were grown in a
humidified atmosphere of 95% air and 5% CO2 at 37◦C. Human
A549 cells were grown in culture flasks (Sarstedt, Nümbrecht,
Germany). Before infection, the A549 cells were treated with
trypsin–EDTA (Sigma), split, counted and aliquoted into 96-well
plates at 100 000mammalian cells per well. Cells were grown for
20 h and thenwashed three timeswith PBS (Sigma) before bacte-
rial suspension adjusted to final OD600 of 0.02 in 100 μL of RPMI
containing 10 μg mL−1 propidium iodide (PI; Sigma) was added.
PI fluorescence was measured every 2 h (excitation/emission
(nm): 535/617) for 20-h period, using Tecan Infinite M200 pro
plate reader. The fluorescence of PI measured at 10 h was used
for the comparison of cytotoxicity of 40 different P. aeruginosa

isolates. Appropriate controls such as bacteria in the absence
of A549 cells as well as cells without addition of bacterial sus-
pensionwere included in each experiment. The cytotoxicity was
calculated according to formula:

Cyt(%) = (Fbact/Fdet)∗100

where Fbact represents cytotoxicity obtained in the presence of
bacteria and Fdet represents fluorescence of non-infected cells
lysed with 0.1% Triton-X100.

Fluorescent staining and microscopy

To visualize biofilm formation in the presence of human A549
cells and to distinguish between live and dead cells, three dif-
ferent nucleic acid stains were used: SYTO9 green fluorescent
membrane permeable stain (ThermoFisher Scientific, Waltham,
Massachusetts, USA), DAPI membrane permeable fluorescent
dye (ThermoFisher Scientific) and PI red fluorescent membrane
impermeable dye (Sigma, Munich, Germany). Briefly, 1 mL of
RPMI medium containing 200 000 cells was placed in a 24-well
microtiter plate containing the microscopic cover glass at the
bottom (Sarstedt), and incubated for 24 h under previously de-
scribed conditions. Overnight cultures of different bacterial iso-
lates were washed with PBS and then adjusted to OD600 of 0.002
in 1 mL of RPMI containing 0.5% (v/v) of fetal bovine serum. Bac-
terial suspensions were then added to each well of a 24-well mi-
crotiter plate and after incubation for 8 or 16 h cells werewashed
three times with PBS, and stained with 300 μL PBS containing
2.5 μM SYTO9, 2.5 μM DAPI and 2.5 μM PI at room temperature
for 30 min. Cells were then observed under a fluorescence mi-
croscope (Olympus BX51, Applied Imaging Corp., San Jose, Cali-
fornia, USA) under ×20 000 magnification.

Motility assays

Swimming motility was measured according to previously de-
scribed protocol (Ha, Kuchma and O’Toole 2014a,b). Overnight
cultureswere diluted to OD600 of 0.2 and by using toothpick bac-
teria were point-inoculated onto M8 plates (5 g L−1 Na2HPO4, 3 g
mL−1 KH2PO4, 0.5 g L−1 NaCl, 0.2% glucose, 0.5% casaminoacids
and 1 mM MgSO4) containing 0.3% (w/v) agar. The plates were
incubated for 18 h at 37◦C. The distance of colony migration
around the inoculation site was evaluated by measuring the di-
ameter of the covered areas.

A swarming assay was performed on M8 plates containing
0.6% agar. Plates were inoculated with 2.5 μL of the diluted Pseu-
domonas cultures (OD600 of 0.2), and the phenotype was ob-
served andmeasured after 16-h incubation at 37◦C (Ha, Kuchma
and O’Toole 2014a,b).

Twitching motility was evaluated as previously described
(Olejnickova, Hola and Ruzicka 2014). Overnight Pseudomonas
cultures were stabbed with a toothpick into LB plates supple-
mented with 1% agar and incubated overnight at 37◦C for 20 h
and incubation continued for additional 72 h at 25◦C. Bacterial
migration along the plastic surface was detected and measured
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by CV (2%, (v/v)) staining after removing the agar from the plate
(Olejnickova, Hola and Ruzicka 2014).

Hemolysin and pyocyanin production assays

Hemolytic activity assay was performed according to procedure
described by Olejnickova et al. (2014) with minor modifications.
Pseudomonas aeruginosa isolates were grown in TSB medium
overnight at 37◦C then OD600 was adjusted to 0.2, and 1 mL of
the culture was mixed with 50 μL of pre-washed sterile sheep
erythrocytes (Torlak, Belgrade, Serbia). After 3 h of incubation at
37◦C, the debris was removed by centrifugation (20min, 10 000 g,
20◦C, Eppendorf 5145 D centrifuge, Hamburg, Germany), and the
released hemoglobin was evaluated bymeasuring absorbance at
545 nm.

Pyocyanin production was evaluated by measuring OD of
cell-free supernatant obtained by overnight P. aeruginosa cul-
tures (O’Loughlin et al. 2013). Briefly, P. aeruginosa overnight cul-
tures were incubated in TSB medium for 18 h then cells were
separated from supernatant by centrifugation (20 min, 10 000 g,
20◦C; Eppendorf 5145 D centrifuge). Cell-free supernatants were
analyzed for pyocyanin using a Ultraspec 3300 pro (Amersham
Biosciences, Little Chalfont, UK) spectrophotometer at 695 nm.

Statistical analysis

Data obtained for eight continuous attributes (phenotypic char-
acteristics) describing 41 strainswere regarded as datawith non-
normal distribution and the presence of outliers. For correla-
tion analysis, robust rank correlation measure was used (Li et al.
2012). The R language was used for implementation of robust
rank correlation in package ‘rococo’ (http://www.R-project.org/).
‘Gauss’ strict fuzzy ordering was used to define rank correlation
coefficient. Correlations between attributes with robust rank
correlation coefficient γ ≥ 0.3 and P < 0.05 over 10 000 permu-
tations were deemed to be significant (Bodenhofer and Klawonn
2008). Hierarchical clustering of 41 isolates based on similarity
of eight attributes was executed in R. For visualization purposes,
the package ‘dendextend’ was used (Galili 2015).

Predictive potential of seven phenotypic attributes in rela-
tion to the cytotoxicity was explored by non-linear regression
analysis. Formultivariable supervisedmodeling non-parametric
state-of-the-art machine learning algorithm extreme gradient
boosting (XGBoost) was used, which is implemented in R as ‘xg-
boost’ package (Chen and Guestrin 2016). XGboost is ensemble
machine learning approach based on principle of boosting clas-
sification and regression trees. Highly robust to different kind of
data and highly computational efficient, XGBoost is able to cap-
ture complex relations between predictor variables and outcome
with high predictive efficiency. In order to decrease regression
error of XGBoost models, the random XGBoost method hyper-
parameter space search was applied. For measure of predictive
performance of the models, the leave-one-out cross-validation
which is dictated by size of dataset has been used. The relative
importance of each of the tested attributes in prediction of the
cytotoxicity was extracted from XGBoost model.

Samples were grouped as animal and human and accord-
ing to the type to swab and liquid (Table 1). To find out if there
were differences between distributions of four groups, Mann–
Whitney test (Wilcoxon Rank-Sum Test) implemented in R. In
addition, the relative effect, also denoted as probabilistic in-
dex, was measured to explore attributes based on difference be-
tween groups of isolates (Kieser, Friede and Gondan 2013). The
relative effect was used as implemented in R package ‘npmv’

(Burchett et al. 2017). In order to explore differences between
groups of isolates based on combined effect of all variables, XG-
Boost as non-linear classificator was applied.

Maintenance and infection of zebrafish embryos

Wild-type zebrafish (Danio rerio, wt) embryo were kindly pro-
vided by Dr Ana Cvejic (Wellcome Trust Sanger Institute,
Cambridge, UK) and raised to adult stage in our facility upon
controlled temperature (28◦C) and light (14:10-h light-dark
photoperiod) conditions; fishes were regularly fed with com-
mercially dry flake food (TetraMin flakes; Tetra Melle, Germany)
twice a day and Artemia nauplii once daily. Embryos for the
infection experiments were produced by the pairwise mating of
adult fishes, collected and reared in petri dishes containing the
embryos water (0.2 g L−1 of Instant Ocean Salt in distilled water)
at 28.5◦C.

Bacterial cells formicroinjection into zebrafish embryoswere
prepared as previously described by Brannon et al. (2009). Briefly,
the single colonies of each tested strain (for the validation of
in vitro study, PAO1 and seven isolates were included: BU10A,
BK6A, U31A, BR2A, S20H, BK25H and U24H) were inoculated into
LB broth, grown overnight at 37◦C with shaking (180 rpm), sub-
cultured 1:100 in the same medium and grown to an OD600 of
0.7–0.8. To prepare final inoculum for injection, 2 mL of the log-
phase bacteria was pelleted by centrifugation (1500 g for 5 min)
(Eppendorf Centrifuge 5415D), washed twicewith sterile PBS and
finally suspended in PBS to achieve the desired OD.

At 24 h post fertilization (hpf), embryos were manually
dechorionated and kept in the embryos water at 28.5◦C. At
30–32 hpf, embryos were anesthetized by addition of tricaine-
methane sulfonate (200 μg/mL) (Sigma-Aldrich, St. Louis, MO)
and injected with bacterial cells (2 nL corresponding to 600–650
bacterial cells) into the yolk circulation valley as previously
reported by Clatworthy et al. (2009), using a pneumatic picop-
ump (PV820, World Precision Instruments, USA). The groups
of 25–30 embryos were microinjected by each of eight selected
strains. Injected embryos were returned to the embryos water,
incubated at 28.5◦C and monitored for survival at regular inter-
vals up to 4 days post infection (dpi) under a stereomicroscope
(SMZ143-N2GG, Motic, Germany). Dead embryos were removed
daily. To determine the number of CFU microinjected in each
set of embryos, bacteria were also microinjected in PBS and
plated on LB agar.

In order to localize and visualize bacterial infection inside the
embryos, prior to microinjection the PBS-washed bacterial cells
were labeled with 10 μM solution of a CellTrackerTM Red CMTPX
Dye (Molecular Probes, ThermoFisher Scientific) according to the
manufacturer’s instructions.

Kaplan–Meier survival curveswere plotted inMicrosoft Excel.
Figure processing and assemblywas performed using CorelDraw
X7 and Photoshop CS2.

All experiments involving zebrafish were performed in com-
pliance with the European directive 2010/63/EU and the ethical
guidelines of Guide for Care and Use of Laboratory Animals of
Institute of Molecular Genetics and Genetic Engineering, Univer-
sity of Belgrade.

RESULTS

Biofilm-forming ability and 16S relatedness of selected
P. aeruginosa isolates

Sessile or biofilm mode of growth is seen as common cause of
persistent bacterial infections. Chronic P. aeruginosa infections
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Figure 1. Total biofilm-forming ability of 202 P. aeruginosa spp. from (a) animal (n = 121) and (b) human (n = 81) specimens in relative units (r.u.) in comparison to type
strain P. aeruginosa PAO1.

of small companion animals have generally received little atten-
tion. Nonetheless, based on the statistical data of the veterinary
laboratory for clinical diagnostics VetLab (Belgrade, Serbia), they
represent 3% of all tested samples (sample = identified bacterial
isolate, with an average sample frequency of 150 perweek). From
these, 60% P. aeruginosa isolates were from ear swabs, 30% skin
swabs and 10% originated from other samples such as urine or
milk. We have collected 121 animal isolates over 1-year period
and assessed them for the biofilm-forming ability. For the direct
comparison, 81 isolates identified as P. aeruginosawere collected
fromRegional Hospital Valjevo (Valjevo, Serbia) (Table 1). Isolates
were subjected to standard antibiotic susceptibility testing for
Gram-negative bacteria at the time of isolation, and apart to in-
trinsic resistance characteristic of P. aeruginosa, no significant re-
sistance was recorded (data not shown).

Submerged biofilm-forming ability has been assessed for 202
human and animal isolates of P. aeruginosa and compared to that
of type strain PAO1 (Fig. 1). In total, 11 out of 202 isolates (5%)
had no ability to form biofilms under tested conditions (8 an-
imal and 3 human isolates). On the other hand, 30 out of 202
isolates (15%) had a greater ability to form biofilm than PAO1.
Specifically, 11 out of 121 animal isolates (9%) and 19 out of 81
human isolates (23%) had this ability, with 10 of these 11 animal
isolates originating from the swabs while 12 of these 19 human
isolates originated from the fluid samples (Table S1, Supporting
Information). Ear swabs of animals were the source of five very
good biofilm producers, namely BU10A, BU22A, BU35A, BU69A
and BU31A, with levels of up to 5-fold higher in comparison to
PAO1 and they were all from the canine samples (ear swabs).
On the other hand, 7 of 19 human good biofilm producers orig-
inated from sputum, specifically S2H, S19H, S20H, S22H, S25H,
S26H, S27H with levels of up to 3-fold higher in comparison to
PAO1.

Based on the biofilm formation assessment 40 isolates were
brought forward for detailed analysis of virulence factors. Of

these, 30 isolates (animal n = 11, human n = 19) had better abil-
ity to form biofilms in comparison to PAO1 (Table S1, Supporting
Information) and 10 were selected as very poor biofilm produc-
ers (animal n = 8, human n = 2). From 40 selected, 25 isolates
were from swabs samples (animal n = 18, human n = 7) and
15 isolates were from body fluid sources (animal n = 1, human
n = 14).

The partial sequence of 16S rRNA (600 nt; 97%–100% identity
to two P. aeruginosa type strains) was determined for these 40 iso-
lates and from the phylogenetic tree it could be concluded that
isolates were closely related and with animal and human iso-
lates distributed evenly throughout the tree no apparent clus-
tering was detectable (Fig. S1, Supporting Information).

Cytotoxicity in A549 human cell line and virulence
factors of P. aeruginosa isolates

We have used in vitro infection of human A549 cell line assay
as a measure of pathogenicity to compare 40 different P. aerugi-
nosa isolates and to rank other virulence determinants of these
strains using human type strain PAO1 as a reference. PAO1 has
been assigned as moderately pathogenic strain in various infec-
tion models, including Caenorhabditis elegans, Galleria mellonella
and mice, and less virulent than P. aeruginosa PA14 (Mahajan-
Miklos et al. 1999; Lee et al. 2006). Cytotoxicity of different P.
aeruginosa isolates was compared to PAO1 upon 10 h of infec-
tion (Table S2, Supporting Information; Fig. 2a). Both animal
and human isolates showed similar infection potential levels
of cytotoxicity with ∼50% of isolates from both groups causing
more cell death then PAO1. However, among isolates with two
or more times higher cytotoxicity in comparison to PAO1, 35%
were animal and 65% human isolates (Figs 2a and 4b). The high-
est in vitro cell killing among animal isolates was observed for
BU10A (isolated from ear swab of a dog) inducing 49% cell death
(Table S2, Supporting Information). The most cytotoxic human
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Figure 2. Phenotypic characteristics of P. aeruginosa isolates in comparison to PAO1 type strain: (a) submerged biofilm and air–liquid biofilm formation, pyocyanin and
hemolysin production in comparison to cytotoxicity; (b) A-L biofilm formation of S2H, BK6A, BN2A, M3A, BK16A and U18H; (c) pyocyanin production of BU69A, S2H
and (d) motility (swarming and swimming) of strain Bust3A. Designation ‘A’ within isolate name marks animal and ‘H’ human source of the isolate.

strain was U24H from urine sample which killed 55% of cells
(Table S2, Supporting Information). The least cytotoxic isolates
were BR2A and U30H, isolated from wound swab of a dog and
human urine sample, causing 6% and 8% cell death, respectively
(Table S2, Supporting Information).

Phenotypically, 40 isolates have been comprehensively eval-
uated for the biofilm formation (submerged and air-liquid), py-
ocyanin and hemolysin production, and motility patterns. Sub-
merged and A-L biofilms were observed in all 40 strains (Fig. 2a).
Overall, 12 isolates (30%) exhibited submerged biofilm-forming
potential at least two times greater than PAO1, and 3 (25%) out of
these 12 isolates showed cytotoxicity greater than 30%, while 6
isolates (15%) exhibited high ability to produce A-L biofilms, and
half of those showed cytotoxicity greater than 30%.

The average submerged biofilm formation abilitywas not sig-
nificantly different in animal in comparison to human isolates,
with the highest ability to form submerged biofilms determined
for two animal isolates, BK6A and BU31A that was 3 and 4-fold
higher in comparison to that of PAO1. Indeed, the cytotoxic effect
of these two strains has been 2- and 1.6 -fold higher in compari-
son to that of PAO1. The progression of cell killing was observed
by fluorescence microscopy at 8 and 16 h of infection (Fig. 3).
Isolate BU31A formed biofilm aggregates on A549 cell layer al-
ready at 8 h of infection. The similar observation was made
for U24H, the isolate with similar submerged biofilm-forming
ability as PAO1, but 3.3-fold higher cytotoxic effect (Fig. 2a). At
16 h, BU31A biofilms covered almost the whole A549 cell layer.

Biofilm formed by U24H could be observed scattered over the
whole A549 cell layer but it appeared less confluent than biofilm
formed by BU31A, although both isolates induced comparable
cell death as detected by PI staining (Fig. 3). Phenotypically,
these two isolates (BU31A and U24H) differed the most in the
swimming ability with U24H being amongst the best swimmers
(Fig. S2, Supporting Information). Isolate BK25H, as one of the
highest pyocyanin producers, demonstrated similar potential to
form biofilms on A549 cells as PAO1 at 8 and 16 h of cell infec-
tion; however, consistent with the data obtained for cytotoxicity,
PI staining of BK25H-infected cells wasmore prominent than the
cells infected with PAO1 during the same period.

The average ability to form A-L biofilms was not different
amongst animal and human isolates. While animal Bust6A,
BK6A, BN2A and human S2H, S27H, BV23H exhibited 1- to 3-fold
higher ability to form A-L biofilm in comparison to PAO1, only
S2H, BK6A and BV23Hwere almost three timesmore pathogenic
in comparison to PAO1. BN2A and S27H did not show increased
cytotoxicity in comparison to PAO1. Interestingly, the highest
submerged biofilm-forming isolate BU31A showed comparable
A-L biofilm production to PAO1, and 1.6-fold increased cytotox-
icity to PAO1 (Figs 2a and 3). Isolate U24H showed comparable
biofilm-forming ability to PAO1, while its cytotoxicity was 3-fold
higher in comparison to PAO1 (Fig. 2a, Table S2, Supporting In-
formation). This indicates that biofilm-forming ability was not
quite a predictable factor of the cytotoxicity of certain P. aerugi-
nosa strains.
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Figure 3. In vitro infection of A549 cell line using P. aeruginosa isolates U24H, BK25H, BU31A and PAO1. After incubation for 8 or 16 h, the nuclei of A549 cells were stained
with DAPI (blue), live bacteria and A549 cells were labeled with SYTO9 (green), while dead bacteria and A549 cells were stained with PI (red). Extracellular DNA within
biofilm was stained with SYTO9 and PI and appeared orange. Control represents A549 cells without bacteria. Scale bars represent 10 μm.

The blue-green pigment pyocyanin (1-hydroxy-5-methyl-
phenazine) gives P. aeruginosa spp. their distinct color (Fig. 2c).
The average pyocyanin production ability was significantly
higher (P < 0.001) in human in comparison to animal isolates
(Fig. 2a); however only four isolates (10%; BU69A, BK25H, S25H
and U18H) produced significantly more pyocyanin in compari-
son to PAO1. Of these only one isolate, BK25H, showed signif-

icant cytotoxic effect. This isolate showed comparable biofilm
production to PAO1.

Hemolysins cause host tissue damage during P. aeruginosa
infection, and out of 40 isolates 10 (25%) exhibited higher
hemolytic potential than PAO1, with 5 of those exhibiting high
cytotoxicity on A549 cells (Fig. 2a). On average, hemolysis was
significantly higher (P < 0.001) in human in comparison to
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Figure 4. Comparison of phenotypic characteristics and the infection ability of P.
aeruginosa animal and human isolates. (a) Average values for phenotypic charac-
teristics between animal and human isolates. Error bars represent the standard

error of the mean (∗P < 0.01 and ∗∗ P < 0.001). (b) Distribution of significant pro-
ducers of certain virulence factors among animals andhuman isolates. (c) Values
for the two most pathogenic isolates in comparison to PAO1.

animal isolates; however, the highest hemolysis (20-fold higher
in comparison to PAO1) was similar for five human isolates
(S20H, S22H, S25H, U24H and U26H) and two animal isolates
(BU10A and Bust3A). It is noteworthy that the highest sub-
merged biofilm producer BU31A (isolated from dog ear swab) as
well as high pyocyanin producer BK25H (isolated from human
skin swab) showed markedly lower hemolysis in comparison
to PAO1.

Motility assessment showed that on average animal iso-
lates showed significantly higher swarming ability, while human
isolates performed significantly better in the swimming assay
(P < 0.001) (Fig. 4a). On average, significant difference was ob-
served between animal and human isolates in twitching; how-
ever, distribution of isolates showing the highest ability to twitch
was higher for human isolates (Fig. 4b). Swimming assessment
showed that 12 isolates had significantly higher ability to swim
than PAO1, 4 of them (10%) being animal and 8 (20%) being hu-
man isolates. The highest swimming activity was observed for

BU53H and BK25H isolated from human ear swab and human
skin swab, respectively. At the same time, these isolates showed
very high cytotoxic effect. Consistently, the highest swimming
activity was detected for U24H and U26H, which showed the
highest cytotoxicity amongst human isolates. In general, 40%
of those that exhibited good swimming ability showed higher
cytotoxicity than PAO1. On average, animal isolates showed bet-
ter swarming ability, but half of the isolates from both sources
showed higher swarming ability than PAO1 (Fig. 4a and b). The
most potent swarmer strain was animal isolate Bust3A from
snake’s mouth swab showing 30 times bigger motility zone than
PAO1; it also showed considerable swimming ability, but caused
similar cell killing as PAO1 (Fig. 2d and Fig. S2, Supporting In-
formation). Most of the isolates demonstrated bigger twitching
zones than PAO1, with 35% of them from animal and 65% from
human samples (Fig. 4a and b). Three of the isolates with better
twitchingmotility (15%), namely BU31A, S22H, S6H, also showed
higher cytotoxic effect in comparison to PAO1.

From the qualitative observations, hemolysis and the high
swimming ability were the most reliable predictors of high
pathogenicity of P. aeruginosa isolates. The most pathogenic an-
imal isolate BU10A was remarkably potent in hemolysis and
swarming and had considerable submerged biofilm-forming
ability, while the most pathogenic human isolate,U24H was re-
markably potent in hemolysis and swimming and had consider-
able submerged biofilm-forming ability (Fig. 4c).

Non-parametric correlations between virulence factors
and phenotypic clustering

Since robust ranking correlation is efficient for identification of
non-linear relation between data that do not have normal dis-
tribution and are subjected to outliers, this statistical approach
was used for analysis/identification of correlation between eight
phenotypic characteristics (i.e. continuous attributes) deter-
mined for 41 P. aeruginosa stains (Fig. 5a). The structure of in vitro
phenotypic data showed non-parametric properties and it was
subjected to outliers. In general, under these conditions, corre-
lations, either positive or negative, were not strong. The highest
positive correlation was determined between hemolysis and the
swarming ability, while the highest negative correlation was de-
termined between A-L biofilm formation ability and swarming
(Fig. 5a). The cytotoxicity (an indicator of the infection ability)
was positively correlated with hemolysis and moderately nega-
tivelywith the swimming ability. The tree of hierarchical cluster-
ing of 40 isolates and PAO1 based on eight different phenotypic
characteristics (attributes) depicts no clustering (Fig. 5b). Three
main branches were observable; however, animal and human
samples were evenly distributed, with the isolates showing the
highest cytotoxic effect, foundwithin each branch. Interestingly,
from this analysis the closest to type PAO1 strain was animal
BU69A isolate showing similar cytotoxicity and other virulence
factors, but higher pyocyanin production ability (Fig. 2a).

To evaluate predictive relation of seven phenotypic char-
acteristics as explanatory attributes with the cytotoxicity (the
infection ability indicator), the non-linear regressor XGBoost
was applied. Given that the size of available data is crucial
for learning process of any machine learning algorithm, the
LOOCV train/test validation scheme has been applied. Using
the LOOCV train/test scheme, the models’ average performance
in prediction of cytotoxicity of isolates was 7.64906 ± 2.726
root mean square error, indicating moderate efficiency of the
prediction. It is noteworthy that although the models were
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Figure 5. Statistical correlations between eight different attributes (a) and hierarchical clustering (b) of 40 P. aeruginosa isolates and type PAO1 strain. Isolates showing
the highest cytotoxicity levels are circled, with PAO1 strain underlined. The γ ≥ 0.3 and P < 0.05 over 10 000 permutations were considered to be significant.

moderately efficient in prediction of cytotoxicity of isolates the
potential to further explore this approach with larger datasets is
evident.

In contrast to qualitative observations, whereby hemolysis
and the swimming ability were the best predictors of the cyto-
toxicity (Figs 2a and 4), based on the predictivemodel built by the
XGBoost algorithm, the submerged biofilm formation showed
the highest relative importance in predicting the cytotoxicity,
followed by 1.5-fold lower relative importance of pyocyanin pro-
duction, swimming ability and hemolysis (Fig. 6).

Statistical differences between groups of isolates

In order to determine if there were statistically significant differ-
ences between groups of isolates (animal versus human and iso-

lates originating from swabs versus ones originating from fluid
samples), two different approaches were used.

Initially, animal/human and swabs/fluid data sets were
tested using theWilcoxon rank-sum test and relative effect test,
with all eight phenotypic characteristics tested in non-signed
pairs (pairwise) from animal/human and swab/fluid data sets.
Differences from both groups were not statistically significant
under P < 0.05. The smallest P value and the biggest difference
between animal/human groups were found in the cytotoxicity,
followed by submerged biofilm formation and A-L biofilm for-
mation. On other hand, the most significant difference between
swab and fluid isolates was in A-L biofilm formation, followed
by swimming and twitching ability (Table 2). Values obtained in
this test also indicate that there is 62.9% probability that human
isolate has higher cell-killing effect than any other isolate. Sim-
ilarly, there is higher chance that isolate from fluid samples is

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

spd/article/76/4/fty041/4978417 by guest on 29 O
ctober 2022



10 Pathogens and Disease, 2018, Vol. 76, No. 4

Figure 6. Relative importance of different virulence factors for prediction of the
cytotoxicity as an indicator of infection ability obtained from the XGBoost re-

gression model.

better in A-L biofilm formation than any other isolate from both
groups (Table 2).

In addition to pairwise analysis of groups’ differences, the
multivariable non-linear machine learning XGBoost algorithm
was also employed in the attempt to separate the groups based
on the combined effect of eight phenotypic parameters. To
evaluate classificatory ability to separate animal/human and
swab/fluid groups receiver operator area under curve (AUROC),
area under precision operator curve (AUPRC) and balanced ac-
curacy (BA) performance metrics were used. AUROC and BA are
highly sensitive to imbalanced classes in two datasets (i.e. differ-
ent number of isolates belonging to human class in comparison
to animal class, and the same for swab/fluid dataset). Ten-fold
cross-validation (CV-10) classification results for animal/human
datasets were AUROC = 0.62, AUPRC = 0.588 and BA = 59.56%.
Therefore, separation between animal and human isolates was
not very efficient, with BA being close to random. However, the
algorithmmore efficiently separated group swab fromfluid,with
result from CV-10: AUROC = 0.767, AUPRC = 0.771 and BA = 66%.

Analysis of P. aeruginosa infection in zebrafish (Danio
rerio)

In order to validate in vitro study, systemic infection of zebrafish
embryos was established by microinjection of selected P. aerugi-
nosa individual bacterial isolates directly into the bloodstream in
the yolk circulation valley at 30–32 hpf and embryos were mon-

itored for 4 days (Fig. 7). In addition to PAO1, isolates that were
selected for in vivo assay included ones that were the most cy-
totoxic (U24H and BU10A), the highest pyocyanin producer also
being the one with the best swimming ability (BK25H), the high-
est A-L and high submerged biofilm producer (BK6A), the isolate
with the highest hemolysis effect and high submerged biofilm
producer (S20H), the highest submerged biofilm producer and
with the best twitching ability (BU31A) and BR2A causing the
least cytotoxic effect and performing poor in most other phe-
notypic assays (Fig. 2 and Fig. S2, Supporting Information).

According to the mortality rate scored at 4 dpi, the
tested strains were ranked by virulence as follows:
BK25H > BK6A > S20H > PAO1 > BU31A ≈ BR2A > BU10A ≈ U24H
killing embryos between 73% and 23% (Fig. 7a). All strains ex-
cept BK6A mostly killed the embryos within the first dpi, stage
during which embryos are not fully immunocompetent (Fig. 7a).
While the mortality rates remained relatively constant per
each isolate, BK6A drastically reduced embryo survival at 4
dpi and it was distributed throughout whole zebrafish body
with accumulation in the caudal region (Fig. 7b). Notably, PAO1,
S20H and BK6A caused the severe tissue necrosis and the
circulation retardation in the tail of infected embryos which
extended to other tissue, alongside an appearance of pericardial
edema, whole body edema and the swim bladder absence up to
4 dpi (Fig. S3, Supporting Information). On the other hand, the
moribund embryos infected with other strains mostly showed
damages in the yolk sac region (data not shown). In addition,
embryos infected with BK6A were paralyzed at 3 dpi onward,
suggesting that this strain or its toxic product(s) could target
muscles and/or nerve tissues (data not shown).

DISCUSSION

Pseudomonas aeruginosa causes infections of both medical and
veterinary significance. It is the fifth most frequent pathogen
worldwide, the third in urinary infections and the seventh
pathogen responsible for sepsis (Lister, Wolter and Hanson
2009). The wealth of knowledge regarding this important oppor-
tunistic pathogen is mostly coming from the humanmedical re-
search. Themanagement of P. aeruginosa infections poses a great
challenge for both veterinarians andmedical doctors because of
the tendency of long persistence and spreading from subclini-
cally infected individuals, and due to the intrinsic resistance as
well as limited number of effective therapeutic options (Gellatly
and Hancock 2013).

Frequency of isolation of this P. aeruginosa in companion ani-
mals is not well documented, but it appears that it is on the rise,
especially in dogs (Petersen et al. 2002; Hillier et al. 2006). Review-
ing the records of the veterinary clinical diagnostics laboratory
(VetLab, Belgrade, Serbia) over 7-year period (2009–2016), it was
determined that they represent 3% of all identified bacterial iso-
lates, with themajority isolated from skin and ear swabs of dogs.

Table 2. Values (k) obtained in relative effect statistical test for pairwise comparison of phenotypic attributes of groups of isolates.

Groupa Submerged biofilm A-L biofilm Pyocyanin Hemolysis Swimming Swarming Twitching Infection

A 0.39097b 0.42983 0.49624 0.49874 0.51002 0.50878 0.45739 0.37093
H 0.60903 0.57017 0.50376 0.50126 0.48998 0.49122 0.54261 0.62907

S 0.46667 0.39467 0.52800 0.46667 0.40267 0.56133 0.41067 0.47210
F 0.53333 0.60533 0.47200 0.53333 0.59733 0.43867 0.58933 0.52810

aA = animal; H = human; S = swab, F = fluid.
bValue k represent probability that randomly chosen isolate from any group has a higher value for certain characteristic then isolate randomly chosen from any other
group.
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Figure 7. In vivo infection of 30–32 h post fertilization old zebrafish embryos with different P. aeruginosa isolates. (a) The Kaplan-Meier survival curves following infected

embryos at regular intervals up to 4 days post infection. Data are representative of three replicates with 25–30 embryos/group in each replicate. (b) The bacterial cells
distribution within infected zebrafish embryos. Pseudomonas aeruginosa isolates were labeled with CellTracker Red Fluorescent CMTPX Dye (Molecular Probes). The red
fluorescence of zebrafish eyes is artifact.

This is in line with reports from the Michigan State University’s
Animal Health Diagnostic Laboratory reporting that P. aeruginosa
was isolated from 7.5% and 27.8% of canine skin and ear sam-
ples, respectively, over a 6-year period (1992–1997; Petersen et al.
2002), and it was suggested to be a primary skin pathogen in
dogs (Hillier et al. 2006).

Pseudomonas aeruginosa exhibits many different phenotypes
in vitro, but the relative relationships between these pheno-
types and failure to eradicate P. aeruginosa have not been well
characterized (Lee et al. 2006; Crousilles et al. 2015). A wide
range of pathogenic potential and virulence factors, such as ad-
hesins, proteases, phenazines and exotoxins, have been well
documented for P. aeruginosa clinical isolates. Furthermore, dif-
ferential presence or expression of virulence factors has been
shown to significantly impact disease severity and mortality in
human infections. However, the complex relationships among
virulence determinants have not been fully elucidated and very
little is known about the structure of the P. aeruginosa popula-
tion from diseased animals. Therefore, the aim of this study was
to extend the current knowledge within the field by direct com-
parison of phenotypic characteristics and the infection ability of
P. aeruginosa animal and human isolates and to assess the pos-
sibility of utilization of the state of the art ensemble machine
learning approach in order to build a predictive model for the
pathogenicity of this bacterium.

Sessile or biofilmmode of growth is seen as common cause of
persistent bacterial infections. Chronic infections are usually as-
sociated with biofilms and increased antibiotic resistance, while
acute infections have been connected with P. aeruginosa plank-
tonic cultures (Gellatly and Hancock 2013). During the initial
screen of 202 isolates, it was determined that 93% (113/121) of
animal and 96% (78/81) of human isolates had the ability to form
biofilms in vitro (Fig. 1). This high incidence of biofilm formation
is known for human clinical isolates whereby it was 80%–88% in
population of catheter-related infections (Olejnickova, Hola and
Ruzicka 2014); however, this ability has been less studied in pop-
ulation of animal isolates. The importance of biofilm formation
in bacterial pathogens of veterinary importance has been rec-
ognized, with P. aeruginosa described to produce extrapolymeric
substance wherever conditions are appropriate for bacterial col-
onization leading to establishment of resistant infections (Gel-
latly and Hancock 2013). The biofilm-forming ability was found
in 40% (33/83) of isolates fromdogswith otitis andwas suggested
to play a role in the pathogenesis of the disease and to lead to the
lack of response to treatment (Pye, Yu and Weese 2013). We also
found that 9% (11/121) of animal isolates in comparison to 23%
(19/81) of human isolates had better biofilm-forming ability than
the best characterized PAO1 type strain regarded as moderately
pathogenic (Lee et al. 2006). Given the established importance
of biofilms in infection process, we have selected all of isolates
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(n= 30)with the better ability to formbiofilms than PAO1 and the
poorest biofilm producers (n = 10) in order to relate their cyto-
toxicity with other phenotypic characteristics and expression of
virulence factors. In addition to biofilm-forming ability, the pro-
duction of pyocyanin has been shown to be involved in infection
process by disrupting electron transport and inducing oxidative
stress to the host (Lau et al. 2004). On the other hand, hemolysins
cause host tissue damage during P. aeruginosa infection, and
it has been suggested that high levels of hemolysins produc-
tion in vitro could be used as surrogate information for assess-
ing pyelonephritic potential of P. aeruginosa (Mittal et al. 2010).
Motility (twitching, swimming, swarming or sliding) is strongly
associated with the pathogenesis of P. aeruginosa as it en-
ables this bacterium to colonize different environments (Arora
et al. 2005).

In this study, significant cytotoxicity determined in the cell
infection assay was exhibited by 34% of selected isolates (14/40).
On average, there was no significant difference between levels of
animal and human isolates’ cytotoxicity, while human isolates
produced higher amounts of pyocyanin, hemolysins and showed
increased swimming ability. The ability to form biofilms was
comparable between animal and human groups, while swarm-
ing ability was significantly higher in animal isolates. Similarly,
there was no difference in the virulence between the groups
of environmental and clinical strains of P. aeruginosa tested on
Drosophila melanogaster and Lactuca sativa pathogenicity models
(Vives-Florez and Garnica 2006). The acute infection ability of
P. aeruginosa isolates from a hydropathic facility was similar to
that of clinical isolates from respiratory infections inGalleriamel-
lonellamodel (Pereira et al. 2014). Previously, P. aeruginosa isolates
from dairy goats in Italy were shown to exhibit similar levels of
virulence and pathogenic potential in comparison to environ-
mental samples (Scaccabarozzi et al. 2015). To the best of our
knowledge, this is the first report of the direct comparison of P.
aeruginosa isolates from animal and human infections in terms
of the infection potential levels of cytotoxicity and expression of
virulence factors, showing comparable levels of the cell-killing
ability of the two groups.

Overall, each isolate showed a unique pattern of produc-
tion/expression of virulence-related phenotypes (Fig. 2 and
Fig. S2, Supporting Information), making it difficult to infer cor-
relations between the levels of certain virulence determinants,
pathogenic potential and the source of isolation. No apparent
clustering of isolates has been observed on dendrograms of both
16S rRNA partial sequence (Fig. S1, Supporting Information) or
phenotypic characteristics (Fig. 5b). It is generally accepted that
the P. aeruginosa population is non-clonal, and that population
structure of P. aeruginosa is highly diverse with a high number of
clonal groups with no or poor association between clonal groups
and ecological niches or specific diseases (Haenni et al. 2015).
Consistent with our study, high phenotypic as well as genotypic
diversity has been previously observed for various P. aeruginosa
isolates (Scaccabarozzi et al. 2015; Wright et al. 2015). Neverthe-
less, characterization of 33 isolates (7 from goat milk and 26
environmental isolates) revealed five major phenotypic clusters
with correlation threshold of 22.34%, which was different to our
study.

Based on the qualitative data, hemolysis and the high
swimming ability were the most related to high cytotoxicity
of P. aeruginosa isolates from this study (Fig. 2 and Fig. S2,
Supporting Information), while a non-parametric statistical
analysis confirmed a positive correlation with hemolysis and
indicated moderate negative correlation with the swimming
ability (Fig. 5a). In the already mentioned retrospective study

of the isolates from dairy goats and surrounding environment
(Scaccabarozzi et al. 2015), hemolysis and the biofilm-forming
ability correlated positively which was consistent with our
findings (Fig. 5a). In their study, hemolysis correlated positively
with swimming, while we found positive correlation between
hemolysis and swarming. On the contrary, phenotypical char-
acterization of P. aeruginosa isolates from catheter-related
infections revealed negative correlation between hemolysis
and the submerged biofilm formations (Olejnickova, Hola and
Ruzicka 2014). Negative correlation was reported between
pyocyanin production and biofilm formation (Olejnickova, Hola
and Ruzicka 2014), as well as pyocyanin and the swimming abil-
ity (Scaccabarozzi et al. 2015). In our study, pyocyanin production
was positively correlated with the swarming ability (Fig. 5a).
There are multiple contradictory reports of the correlation of
certain phenotypic characteristic related to virulence factors in
this pathogen with genetic evidence offered for the positive cor-
relation of biofilm formation and twitching motility in strains
isolated from ovine mastitis (Wright et al. 2015), as well as
negative correlation between biofilm and pyocyanin production
(Fernandez-Pinar et al. 2011). Analysis of the infection ability of
P. aeruginosa isolates in zebrafish model confirmed that selected
isolates could indeed proliferate and kill zebrafish embryos
to different extent (Fig. 7). The highest killing efficiency was
observed for two isolates with the highest pyocianin-producing
ability (BK25H and BK6A). The production of pyocyanin was
previously shown to play an important role in an acute zebrafish
embryos infection with P. aeruginosa PA14, while biofilm forma-
tion and the production of elastase and alginate did not play a
role in the infection (Chand et al. 2011). Interestingly, BK6A was
the best biofilm producer and embryos infected with this isolate
were paralyzed at 3 dpi onward, suggesting that this strain or
its toxic product(s) could target muscles and/or nerve tissues,
as previously reported for PAO1 strain (Llamas et al. 2009). The
isolate S20H, with 20-fold higher hemolytic ability in compar-
ison to PAO1, showed similar infection ability, however caused
serious tissue necrosis effects, confirming the importance of
hemolysins in tissue damage. Overall in vivo infection ability
did not correlate well with the in vitro cytotoxicity, highlighting
the importance of the animal models in this type of studies.

Due to the nature of data obtained in this study, the possi-
bility to apply the state of the art an ensemble machine learn-
ing approach to assess the relative predictive importance of
the cytotoxicity has been explored. This approach also high-
lighted submerged biofilm formation, as well as hemolysis, py-
ocyanin and swimming as good predictors of the cell-killing abil-
ity (Fig. 6). In order to build a reliable predictive model, it would
be relevant to replicate similar studies in bigger samples of clin-
ical and non-clinical populations of diverse origins and to in-
clude in vivo infection model data in the analysis. That effort
could allow utilization of some of these phenotypic traits or spe-
cific combinations of thereof as useful prognostic markers or as
novel targets for antimicrobial treatment.

While complex relationships between certain virulence fac-
tors are jet to be fully elucidated and understood, the general
agreement is that virulence in P. aeruginosa is bothmultifactorial
and combinatorial, and is the result of a pool of pathogenicity-
related genes that interact in various combinations in different
genetic backgrounds (Lee et al. 2006, Crousilles et al. 2015). How-
ever, given the importance of this pathogen and the fact that it
is almost exclusively associatedwith difficult-to treat infections,
identification of the reliable predictors of the infection ability is
of great interest, and should be further addressed. In that sense,
themachine self-learning approach that develops its knowledge
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from the large datasets and builds predictions on continuous re-
finements is one of the possible ways ahead.

In summary, this study showed that animal P. aeruginosa iso-
lates could be compared to human, all being phenotypically di-
verse and able to cause in vitro cell damage, as well as in vivo
infections. Taken together, it also highlights the importance of
pyocyanin-producing, biofilm-forming and hemolytic ability in
pathogenesis of this strain.With a view of increased incidence of
infections shared between pets and human handlers, and due to
the fact that P. aeruginosa found its place in the latestWHO prior-
ity list of antibiotic-resistant bacteria (Tacconelli et al. 2018), this
strain should be included in themore thorough surveillance and
control efforts of veterinary clinics.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSPD online.
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