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ABSTRACT

Objective: To characterize biofilm production by clinical (n=21)
and environmental (n=11) isolates of Burkholderia pseudomallei and
evaluate the production of proteases, hemolysins and siderophores.
Methods: Initially, the 32 strains were evaluated for biofilm
production in Miiller-Hinton broth-1% glucose (MH-1% glucose)
and BHI broth-1% glucose, using the crystal violet staining
technique. Subsequently, growing (48 h) and mature (72 h) biofilms
were evaluated by confocal microscopy. Finally, the production of
proteases, hemolysins and siderophores by planktonic aggregates,
growing biofilms and mature biofilms was evaluated.

Results: All isolates produced biofilms, but clinical isolates had
significantly higher biomass in both MH-1% glucose (P<0.001) and
BHI-glucose 1% (P=0.005). The structural analyses by confocal
microscopy showed thick biofilms, composed of multiple layers
of cells, homogeneously arranged, with mature biofilms of clinical
isolates presenting higher biomass (P=0.019) and thickness of the
entire area (P=0.029), and lower roughness coefficient (P=0.007)
than those of environmental isolates. Protease production by
growing biofilms was significantly greater than that of planktonic
(P<0.001) and mature biofilms (P<0.001). Hemolysin release by
planktonic aggregates was higher than that of biofilms (P<0.001).
Regarding siderophores, mature biofilms presented higher
production than growing biofilms (P<0.001) and planktonic
aggregates (P<0.001).

Conclusions: Clinical isolates have higher production of biofilms
than their environmental counterparts; protease and siderophores
seem important for growth and maintenance of Burkholderia pseu—

domallei biofilms.
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Proteases; Hemolysins; Siderophores

Significance

Much is known about the relevance of biofilm formation in
the pathogenesis of melioidosis, however little is known about
the production of other virulence factors such as enzymes and
siderophores by Burkholderia pseudomallei biofilms. This study
brings results that can help understanding the production of
exoproducts by planktonic Burkholderia pseudomallei and their
biofilms.

*These authors contributed equally to this work.
“To whom correspondence may be addressed. E-mail: deb_castelobranco@yahoo.
com; rossanacordeiro@ufc.br

This is an open access journal, and articles are distributed under the terms of the
Creative Commons Attribution-Non Commercial-ShareAlike 4.0 License, which
allows others to remix, tweak, and build upon the work non-commercially, as long
as appropriate credit is given and the new creations are licensed under the identical
terms.

For reprints contact: reprints @medknow.com

©2023 Asian Pacific Journal of Tropical Medicine Produced by Wolters Kluwer-

Medknow.

How to cite this article: de Melo Guedes GM, Ocadaque CJ, Freitas AS, Pinheiro

RM, Riello GB, et al. BandeiraBiofilm analyses and exoproduct release by clinical

and environmental isolates of Burkholderia pseudomallei from Brazil. Asian Pac J

Trop Med 2023; 16(7): 321-328.

Article history: Received 1 February 2023
Accepted 21 June 2023

Revision 14 June 2023
Available online 12 July 2023



322

1. Introduction

Burkholderia (B.) pseudomallei is a Gram-negative bacteremia that
causes the infectious disease melioidosis. Melioidosis is highly
endemic in Southeast Asia and northern Australia[1,2], and in South
America, northeast Brazil is also an endemic area[3].

The infection is acquired mainly by contact with contaminated
water and soil and has several clinical manifestations, with abscesses
and pneumonia as the most common ones, which may rapidly
evolve to sepsisf4]. Various virulence factors may contribute to the
pathogenicity of B. pseudomallei, such as the biofilm formation and
the production of proteases, hemolysins and siderophores.

Biofilm production gives the bacteria greater resistance to the
immune system and to antimicrobial agents, and it is frequently
associated with the chronic characters of melioidosis. Moreover,
there might be an association between the in vitro biofilm-forming
ability of a B. pseudomallei strain and the occurrence of clinical
relapse of melioidosis[5]. Hemolysins lyse erythrocytes and hinder
phagocytosis by the host’s immune system[6], while proteases

contribute to tissue invasion[7-9]. Siderophores are important for
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the survival of B. pseudomallei strains, as they promote bacterial
iron acquisition from the environment, a vital element for bacterial
metabolic processes[10].

Despite the knowledge on virulence of B. pseudomallei[10], studies
on the production of enzymes and siderophores by this bacterium
in the form of biofilms are scarce. Thus, this study aimed to
characterize biofilm production by clinical and environmental
isolates of B. pseudomallei from Ceard state, Brazil, and to evaluate
the production of proteases, hemolysins and siderophores by these

isolates as planktonic aggregates, growing and mature biofilms.

2. Materials and methods

2.1. Microorganisms

In this study, a total of 32 strains were used, 21 from clinical
and 11 from environmental sources (Table 1). All strains belong
to the collection of the Laboratory of Emerging and Reemerging

Pathogens (LAPERE) of the Federal University of Ceara (Fortaleza,

Table 1. Analyzed isolates of Burkholderia pseudomallei from the state of Ceard, Brazil.

Origin Accession number (CEMM)  Sequence type Isolation source Isolation place

Clinical (n=21) 03-6-034 ST-1355 blood Brazil: Tejuguoca (Ceara State)
03-6-035 ST-1355 blood Brazil: Tejucuoca (Ceard State)
03-6-036 ST-95 broncho-alveolar aspirate  Brazil: Ipu (Ceara State)
03-6-037 ST-1462 blood Brazil: Aracoiaba (Ceara State)
03-6-038 ST-95 blood Brazil: Granja (Ceard State)
05-3-008 ST-1355 lymphnode biopsy Brazil: Itapajé (Ceard State)
05-3-009 ST-1454 splenic abscess Brazil: Ipu (Ceard State)
05-3-010 ST-95 blood Brazil: Pacoti (Ceara State)
05-3-011 ST-95 blood Brazil: Ocara (Ceara State)
05-5-065 ST-92 blood Brazil: Sdo Jodo do Jaguaribe (Ceard State)
05-5-096 ST-92 synovial fluid Brazil: Caridade (Ceara State)
05-5-066 ST-1455 blood Brazil: Taud (Ceara State)
05-6-089 ST-95 blood Brazil: Sdo Gongalo do Amarante (Ceara State)
05-6-090 ST-1456 blood Brazil: Solonépole (Ceara State)
05-6-091 ST-92 blood Brazil: Fortaleza (Ceard State)
05-6-092 ST-1457 urine Brazil: Amontada (Ceara State)
05-6-093 ST-92 blood Brazil: Granja (Ceara State)
05-2-059 ST-297 blood Brazil: Ipu (Ceara State)
JES NT blood NK
L964 NT NK NK
JSR NT blood NK

Environmental (n=11) 03-6-039 ST-1460 soil Brazil: Tejuguoca (Ceara State)
03-6-040 ST-95 soil Brazil: Tejucuoca (Ceard State)
03-6-041 ST-95 soil Brazil: Tejucuoca (Ceard State)
03-6-042 missing narK gene soil Brazil: Tejucuoca (Ceard State)
03-6-043 ST-1463 soil Brazil: Tejucuoca (Ceard State)
03-6-044 ST-95 soil Brazil: Tejuguoca (Ceard State)
03-6-045 ST-95 soil Brazil: Tejuguoca (Ceara State)
03-6-046 ST-1463 soil Brazil: Tejuguoca (Ceara State)
03-6-047 ST-1463 soil Brazil: Tejucuoca (Ceard State)
03-6-048 ST-95 soil Brazil: Tejucuoca (Ceard State)
05-6-107 ST-1461 water Brazil: Banabuiti (Ceara State)

NT: not typed. NK: not known. Strains were typed in previous study (Gee et al., 2021-doi: 10.1128/mSphere.01259.)
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Brazil). All experimental stages were carried out in the biosafety
level 3 laboratory (BSL-3) of LAPERE.

2.2. Biofilm formation by B. pseudomallei

Initially, the 32 strains were evaluated for their ability to form
biofilms using two different media: brain and heart infusion (BHI)
broth supplemented with 1% glucose or Mueller Hinton (MH) broth
(Kasvi, Brazil) supplemented with 1% glucose. To promote biofilm
production, the strains were sub-cultured in BHI broth for 48 hours.
Then bacterial cells were transferred to tubes with sterile saline,
adjusting the suspension to turbidity 6 on McFarland scale, which
is equivalent to a concentration of 1.8 10’ cfu/mL. Subsequently,
25 pL of the bacterial suspension was inoculated in a 96-well
plate filled with 175 pL of BHI-1% glucose or MH-1% glucose
and the plates were incubated at 37 °C for 48 hours[11]. All strains
were grown in triplicate and evaluated at four different moments,
and each culture medium were tested. Bacterium-free wells were
included as sterility control.

After the incubation period, the biofilm-forming ability was
assessed by crystal violet staining technique and the reading was
performed on a spectrophotometer at 490 nm (OD,,,). Based on the
OD values of the negative control, the cutoff value (ODc) for the
test to classify strains as biofilm-producing was set as three standard
deviations above the mean OD observed for the negative control.
In the end, the strains were classified as non-biofilm-producers
(OD,4,<0Dc), weak biofilm-producers (ODc<OD,,,<2 X ODc),
moderate biofilm-producers (2 X ODc<OD,,,<4 X ODc) or strong
biofilm-producers (OD,4,>4 X ODc)[12].

2.3. Confocal laser scanning microscopy of growing and

mature B. pseudomallei biofilm

For the morphological evaluation of biofilms, six strong or
moderate biofilm-producing isolates (3 clinical isolates: CEMM 03-
6-036, CEMM 05-6-089, CEMM 05-6-093; and 3 environmental
isolates: CEMM 03-6-039, CEMM 03-6-042, CEMM 03-6-048)
were selected. Biofilm formation was induced in a 24-well flat-
bottomed plate containing a tissue culture coverslip (Thermanox™),
making a volumetric adjustment, that is, 875 pL of BHI-1% glucose
and 125 pL of bacterial inoculum at turbidity 6 on the McFarland
scale[11] and incubated for 48 h for the analysis of growing biofilm,
and 72 h for the analysis of mature biofilm. From this stage, only
BHI-1% glucose broth was used, since it showed satisfactory results
of biofilm production and better results in the production of other
virulence factors.

Biofilms were evaluated by confocal microscopy for the analysis

of the total biomass, biomass average thickness, average thickness
of the entire area, maximum thickness, roughness coefficient and
surface-volume ratio at different times of growth (48 h and 72 h).
After the incubation period, biofilms were washed with PBS and
stained with Live/Dead™ fluorescent dye (Invitrogen, USA). Live/
Dead™ dye contains SYTO9, which identifies living cells, and
propidium iodide, which identifies dead or damaged cells, shown
at 488 nm and 561 nm, respectively. The COMSTAT software was
used for quantitative analysis of the stacked images acquired by
confocal laser scanning microscope. For the analysis, 10 equidistant
points were evaluated with a Nikon C2 microscope and the three-
dimensional images of the biofilms were obtained and analyzed

with the ImageJ software[13,14].

2.4. Evaluation of the production of proteases, hemolysins
and siderophores by strains of B. pseudomallei as planktonic

aggregates, growing biofilms and mature biofilms

Of the 32 strains evaluated, 16 (8 clinical and 8 environmental)
strong or moderate biofilm-forming strains were selected to analyze
the production of the other virulence factors. Thus, the strains
were inoculated in BHI broth and incubated for 24 hours. After
incubation, they were resuspended in saline until reaching turbidity
of 6 on McFarland scale. For the analysis of the production of
virulence factors as planktonic aggregates, 125 pL of the bacterial
inoculum were added to glass tubes containing 875 uL of BHI-1%
glucose, preserving the inoculum: culture medium (1: 7 v/v) ratio
used to induce biofilm growth. As for the production of virulence
factors by isolates in biofilm form, 25 uL of the same inoculum
was added to flat-bottom 96-well polystyrene plates containing 175
uL of BHI-1% glucose per well and three wells were used for each
tested isolate. The tubes were incubated at 37 °C for 48 h and plates
were incubated at 37 °C for 48 and 72 h for the analysis of growing
and mature B. pseudomallei biofilms, respectively. Then, 500 uL
of the culture supernatant of planktonic aggregates and the biofilm
supernatant from three wells were centrifuged at 9408 X g for 10
minutes. For both forms of growth, tubes and wells containing
only 1% BHI-glucose were included as a sterility control and as a
blank for spectrophotometric reading. All strains were evaluated in
triplicate at four different moments[15].

To evaluate the production of proteases, a 200 pL aliquot of each
supernatant was collected and added to 200 uL of an azoalbumin
solution, reaching a total volume of 400 pL, incubated in a water
bath at 37 °C for 3 hours. After incubation, the enzymatic reaction
was stopped with the addition of 4 mL of 5% trichloroacetic acid.
The aliquots were centrifuged at 9408 X g for 10 minutes and 100
uL of the supernatant were removed and added to 100 pL of 0.5 M
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NaOH. After vortexing for 30 seconds, the solution was read in a
spectrophotometer at 440 nm([15.16]. The result was presented as the
difference between the optical density of the test samples and the
optical density of the blank sample.

To evaluate hemolysin production, 100 pL of supernatant from
planktonic aggregates and growing biofilms, after centrifugation at
9408 X g for 10 minutes, were transferred to microtubes containing
875 uL of 1 XPBS and 25 pL of defibrinated blood and incubated
in a water bath at a 37 °C for 30 minutes. After incubation, the
samples were centrifuged at 5500 X g for 1 minute and 200 uL
of each sample were transferred to a 96-well plate and read on
spectrophotometry at 450 nm. The supernatants of the sterility
controls (planktonic and biofilm growth) were incubated with the
blood solution and used as a negative control. 2% Triton X-100
solution was incubated with the blood solution and used as a
positive control, defined as 100% hemolysis|17]. Hemolytic activity
was expressed as a percentage of hemolysis, which was calculated
using the following equation: hemolysis (%)=[(A450 nm test
strain-A450 nm negative control)/(A450 nm positive control-A450
nm blood solution)] X 100[18].

To evaluate the production of siderophores, 100 uL of supernatants
obtained from planktonic aggregates and biofilm growth were
added to an equal volume of Chrome Azural S (CAS) solution
(0.6 mM hexadecyl-trimethyl-ammonium, 0.015 mM FeCl;.6H,0,
0.15 mM Chrome Azural S, 50 mM anhydrous piperazine, 0.75 M
HCI). This mixture was incubated at 28 °C for 15 minutes, and an
increase in the intensity of the orange color was measured with the
aid of a spectrophotometer at 630 nm. The supernatants from the
sterility controls (planktonic and biofilm) were used as a negative

control[19,10].

2.5. Statistical analysis

Student’s ¢ test or Mann Whitney’s U test were used for parametric
or non-parametric data, respectively, to evaluate the production
of proteases, hemolysins and siderophores by clinical and
environmental strains of B. pseudomallei, as planktonic aggregates
and biofilm growth. Data obtained for the analyzed isolates were
expressed as meanzstandard deviation or boxplots with maximum
and minimum values. Statistical analysis and graphing were

performed using the GraphPad Prism 7 program.

3. Results

In BHI-glucose 1%, clinical isolates (n=21) were classified as

strong (n=9), moderate (n=11) and weak (n=1) biofilm-producers
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and environmental isolates (n=11) as strong (n=2), moderate (n=6)
and weak (n=3) biofilm-producers. In MH-1% glucose broth,
clinical strains were classified as strong (n=20) and moderate
biofilm producers (n=1), and environmental strains were classified
as strong (n=7) and moderate (n=4) producers. In MH broth, a
higher biomass production was observed (P<0.001). Compared
with the environmental strains, a greater production by clinical
strains was observed when biofilms were grown using MH-1%
glucose (P<0.001) and BHI-glucose 1% (P=0.005) culture media
(Figure 1). Clinical isolates presented higher biofilm formation than
environmental isolates in both culture media. Therefore, we chose to
use the BHI-1% glucose medium for the other analyses performed
in this study, as BHI induced the production of proteases, while MH
did not.
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Figure 1. Biofilm formation by clinical (n=21) and environmental (n=11)
Burkholderia pseudomallei in brain heart infusion (BHI) and Mueller
Hinton (MH) broths. A: Biofilms grown in BHI broth supplemented with
1% glucose and MH broth supplemented with 1% glucose; B: Biofilms of
clinical (Clin) and environmental (Env) isolates grown in BHI-1% glucose
or MH-1% glucose broth. Boxplots with maximum and minimum values
were used to express the data of crystal violet absorbance obtained for 21
clinical and 11 environmental isolates. Mann-Whitney’s test was used for the
analysis of the data. “indicates P=0.005;

“indicates P<0.0001.

For the microscopic analysis, biofilms were grown in BHI-1%
glucose broth. The structural analyses by confocal microscopy
revealed that B. pseudomallei mature (72 h-grown) biofilms
presented higher biomass (P=0.018), biomass thickness (P=0.010)
and thickness of the entire area (=0.036) and lower surface-volume
ratio (P<0.001) than those of growing (48 h-grown) biofilms (Figure
2A). It was also observed that the maximum thickness in growing
biofilms of clinical isolates were thicker (P=0.004) than those of
environmental isolates (Figure 2B). Moreover, as biofilms matured
(72 h), other differences became more evident between clinical and
environmental isolates, with mature biofilms of clinical isolates
presenting higher biomass (P=0.019) and thickness of the entire
area (P=0.029), and lower roughness coefficient (P=0.007) than
those of environmental isolates (Figure 2C). The analysis showed

thick biofilms, composed of multiple layers of cells, homogeneously
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Figure 2. Confocal laser scanning microscopy of growing (48 h) and mature biofilms (72 h) of clinical (n=3) and environmental (n=3) isolates of
Burkholderia pseudomallei. A: COMSTAT" comparative analysis of Z-stack images acquired by confocal laser scanning microscopy between growing
and mature biofilms of the tested isolates. B and C: COMSTAT" comparative analysis of Z-stack images acquired by confocal laser scanning microscopy
between clinical and environmental isolates as growing biofilms (B) and mature biofilms (C). The analyzed parameters were biomass, biomass thickness,
thickness of the entire area, maximum thickness, roughness coefficient and surface-volume ratio. Data are reported as meanzstandard deviation of the
values obtained for each parameter, through the analysis of seven Z-stack images per evaluated isolate. Images were acquired at 488 nm for the detection
of the SYTOY fluorescent dye, which identifies live bacterial cells, and 561 nm for the detection of propidium iodide, which identifies dead/damaged
cells. Mann Whitney’s U test was used for the analysis of the data. "P<0.05, “P<0.01, ""P<0.001 differences between the parameters obtained. D and E:

Representative images of growing (D) and mature biofilms (E) under confocal microscopy showing viable cells. Magnification: 600X . Scale: 50 um.
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Figure 3. Release of exoproducts by clinical (r=8) and environmental (n=8) isolates of Burkholderia pseudomallei in planktonic growth and stages of
biofilm formation. A and C: Production of protease (A) and siderophore (C) in planktonic aggregates, growing biofilms and mature biofilms, data are
reported as mean+standard deviation of absorbance values. B: Production of hemolysin in planktonic form and growing biofilms, data are reported as
meanzstandard deviation of percentage of hemolysis (%) obtained. Mann Whitney’s and unpaired ¢ tests were used for the analysis of the data. "P<0.05,
“P<0.01, ""P<0.001, “"P<0.000 1 differences between clinical and environmental isolates and ‘indicates statistically significant (P<0.000 1) differences

between the tested growth conditions (planktonic aggregates, growing and mature biofilms).
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arranged (Figures 2D and 2E).

Concerning protease production, growing biofilms presented
stronger production than planktonic aggregates (P<0.001) and mature
biofilms (P<0.001). In addition, production by clinical isolates was
higher than that of environmental isolates as planktonic aggregates
(P<0.001) and growing biofilms (P<0.001), whereas the opposite was
observed for mature biofilms (Figure 3A).

As for hemolysin production, planktonic aggregates showed
hemolytic activity 1.8 times greater than growing biofilms (P<0.001).
Planktonic aggregates showed a percentage of hemolysis that ranged
from 89% to 100%, with an average of 100% for clinical strains
and 97.51% for environmental strains. Isolates in growing biofilm
also produced hemolysins, with a percentage of hemolysis ranging
from 44% to 96%, with an average of 70.76% for clinical strains and
61.66% for environmental strains (P=0.014) (Figure 3B).

Regarding siderophores, mature biofilms presented higher
production than growing biofilms (P<0.001) and planktonic
aggregates (P<0.001). As for the origin of the isolates, environmental
isolates had a higher production than clinical ones (P=0.017) as
planktonic aggregates, whereas as mature biofilm, clinical isolates
had a stronger production (P=0.008) (Figure 3C).

4. Discussion

The present study evaluated the difference in behavior of clinical and
environmental isolates of B. pseudomallei, regarding the production
of virulence factors, which is important for understanding the
pathogenesis of melioidosis. It was observed that both clinical and
environmental strains show good biofilm-forming ability in MH-1%
glucose broth. BHI and MH media have different composition: BHI
is an enrichment medium that has more complex proteins, peptone
and salts, while MH contains an infusion of dehydrated beef, acid-
hydrolyzed casein and corn starch[20]. Biofilm biomass was more
abundant in MH broth, as shown by the crystal violet staining method,
possibly because it contains smaller and simpler protein molecules
that are more easily uptake by bacterial cells. Although the production
of biomass in MH-1% glucose broth was superior, it did not favor the
production of proteases (unpublished data), probably because it is not
composed of complex proteins. Thus, as the aim of the study was to
analyze the biofilm of clinical and environmental strains and greater
formation was observed by clinical strains in both culture media,
BHI-1% glucose broth was chosen for further analyses, as it induced
the production of proteases and satisfactory biofilm growth.

Biofilm confocal laser scanning microscope analyses showed
a robust and homogenous three-dimensional biofilm structure,
demonstrating higher biomass, thickness of the entire area and
biomass thickness in mature (72 h) than in growing (48 h) biofilms.
This fact may be associated with the accumulation of the biofilm
extracellular polymeric matrix, a sine qua non component of biofilms.
Moreover, an overall tendency of more robust and homogenous

biofilm was observed for clinical isolates compared to environmental
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isolates. Growing biofilms of clinical isolates were thicker than
those of environmental isolates and mature biofilms of clinical
isolates were denser, thicker and more homogenous than those of
environmental isolates, as shown by biomass, thickness of the entire
area and roughness coefficient values, respectively. Thus, these
findings suggest that mature biofilms of clinical isolates are more
homogeneous and robust than those of environmental isolates[14].

Biofilm formation is a natural strategy of survival of bacteria,
providing greater resistance to adverse environmental conditions.
These biofilms are important for the maintenance of microorganisms
in harsh environments and demand favorable conditions for their
development, such as temperature and osmolarity, nutrient availability,
including iron and DNA, important factors for the first stages of
biofilm formation by B. pseudomallei[22.23]. When bacterial biofilms
are formed in a clinical context, it can hamper the therapeutic efficacy
of antimicrobials, leading to disease relapse. Previous studies suggest
that there might be an association of the in vitro biofilm-forming
ability of a B. pseudomallei strain with the occurrence of clinical
relapse of melioidosis[5.6].

As for the production of virulence factors, there are no reports
comparing them between planktonic and biofilm growth of B.
pseudomallei. Considering that B. pseudomallei is an auto-aggregating
bacterium[24] that produces exuberant extracellular polymeric
substance[25], forming aggregates on the surface of the culture
broth. Even when grown under agitation, planktonic aggregates
were evaluated instead of free-floating individual growth. Though
planktonic aggregates have been referred as unattached biofilms, it
has been shown that planktonic bacterial aggregates present different
metabolic and molecular profiles from those of biofilms and free-
floating planktonic growth[26.27].

In this study, it was observed that protease release was greater in
growing biofilms, which may indicate an influence of these proteases
on biofilm formation. Corroborating this finding, there is evidence
that these proteases significantly contribute to bacterial pathogenesis
and biofilm formation[9.28].

Additionally, clinical strains showed higher protease production
than environmental strains in planktonic form and growing biofilms.
These data corroborate a study by Vellasamy et al., who observed
higher protease production by B. pseudomallei strains after an in
vivo passage[29]. The presence of these proteases is important for the
pathogenesis, as they catalyze the cleavage of structural proteins in
the host tissue through the hydrolysis of peptide bonds, aiding the
virulence of B. pseudomallei]7.8]. Furthermore, proteases can play an
important role in the environment, mainly in the acquisition of an
energy source and persistence in an unfavorable environment[30].

Regarding hemolysins, a higher hemolytic activity was observed for
isolates in as planktonic aggregates. Yadav et al. compared the in vivo
production of exoproducts by P. aeruginosa in planktonic and biofilm
form and observed lower hemolysin production by biofilm than
planktonic form[31], as observed in the present study. Thus, hemolysin
production seems to be more relevant for bacteria in planktonic form,

since there is a greater contact of bacterial cells with host blood cell
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in planktonic form than biofilm counterpart, as biofilm cells are
embedded in the exopolymeric matrix[32.33]. Considering hemolysin
production by growing biofilms was weak, the productions of these
enzymes by mature biofilms was not evaluated.

The results showed that clinical and environmental isolates as
planktonic aggregates presented similar hemolysin production,
whereas growing biofilms of clinical isolates produced more
hemolysins than those of environmental isolates. It is worth
mentioning that bacterial strains that produce these enzymes are
generally associated with pathological processes in their hosts, and are
detected in high concentrations in fatal infections caused by members
of the Burkholderia cepacia complex[34].

B. pseudomallei also showed siderophore production under different
tested forms of growth, reaching its highest levels of production as
mature biofilms. Siderophores is an important enzymatic cofactor for
cellular functions, necessary for the survival of bacteria and possibly
for their virulence(35]. Kamjumphol et al. demonstrated that high
iron concentrations increase the growth of B. pseudomallei, change
bacterial morphology and increase biofilm formation[36]. In addition,
the high availability of iron stimulates the production of the biofilm
matrix exopolysaccharide, which chelates ferrous iron, acting as
an iron deposit and guaranteeing the maintenance of P. aeruginosa
biofilm(37]. Therefore, siderophores are considered important
virulence factors for biofilm maintenance.

The main limitation of this study is the fact that all strains come from
the same region and that only phenotypical methods were applied. For
a better understanding of exoproduct release during biofilm growth
dynamics, more accurate methods could be beneficial, including gene
expression and proteomic analyses.

Finally, the investigation of the virulence attributes of B. pseudomallei
in planktonic and biofilm forms of growth highlights differences in
the pattern of production of these factors in these two morphological
conformations. Such findings demonstrate the participation of these
exoproducts in the process of biofilm formation and maintenance, but
further studies are necessary to elucidate the role of each product in

biofilm growth dynamics.

Conflict of interest statement

We declare that we have no conflict of interest.

Acknowledgments

This work was supported by grants from the National Council
for Scientific and Technological Development (CNPq; Brazil) and
Fundacdo Cearense de Apoio ao Desenvolvimento Cientifico e
Tecnoldgico (FUNCAP; Brazil). The authors have no other relevant
affiliations or financial involvement with any organization or entity
with a financial interest in or financial conflict with the subject matter

or materials discussed in the manuscript apart from those disclosed.

327

Funding

The authors received no extramural funding for the study.

Authors’ contributions

GMMG: supervision, formal analysis, writing-review and
editing; CJO: investigation, validation; ASF: investigation, formal
analysis, writing-original draft; RMP: investigation, writing-original
draft; GBR: formal analysis, writing-review and editing; SPB:
resources; RAC: conceptualization, funding acquisition, resources;
MFGR: conceptualization, resources, funding acquisition; JJCS:
conceptualization, resources, funding acquisition; DSCMCB:
conceptualization, formal analysis, investigation, supervision, writing-
review and editing.

References

[1] Limmathurotsakul D, Golding N, Dance DA, Messina JP, Pigott DM,
Moyes CL, et al. Predicted global distribution of Burkholderia pseudomallei
and burden of melioidosis. Nat Microbiol 2016; 1: 5008.

[2] Dunachie SJ, Jenjaroen K, Reynolds CJ, Quigley KJ, Sergeant R,
Sumonwiriya M, et al. Infection with Burkholderia pseudomallei -immune
correlates of survival in acute melioidosis. Scz Rep 2017; 7(1): 1-14

[3] Rolim DB, Lima RXR, Ribeiro AKC, Colares RM, Lima LDQ, Rodriguez-
Morales AJ, et al. Melioidosis in South America. Trop Med Infect Dis 2018;
3(2): 60.

[4] Samy RP, Stiles BG, Sethi G, Lim LHK. Melioidosis: Clinical impact
and public health threat in the tropics. PLoS Negl Trop Dis 2017; 11(5):
e0004738.

[5] Limmathurotsakul D, Paeyao A, Wongratanacheewin S, Saiprom N,
Takpho N, Thaipadungpanit J, et al. Role of Burkholderia pseudomallei
biofilm formation and lipopolysaccharide in relapse of melioidosis. Clin
Microbiol Infect 2017; 20(11): 854-856.

[6] Ahmad L, Hung TL, Akhir NAM, Mohamed R, Nathan S, Firdaus-Raih M.
Characterization of Burkholderia pseudomallei protein BPSL1375 validates
the putative hemolytic activity of the COG3176 N-acyltransferase family.
BMC Microbiol 2015; 15(270): 1-12.

[7]Lee MA, Liu Y. Sequencing and characterization of a novel serine
metalloprotease from Burkholderia pseudomallei. FEMS Microbiol Lett
2000; 192(1): 67-72.

[8] Stone JK, DeShazer D, Brett PJ, Burtnick MN. Melioidosis: Molecular
aspects of pathogenesis. Expert Rev Anti Infect Ther 2014; 12(12): 1487-
1499.

[9] Ramirez-Larrota JS, Eckhard U. An Introduction to bacterial biofilms
and their proteases, and their roles in host infection and immune evasion.
Biomolecules 2022; 12(2): 306.

[10]Butt AT, Thomas MS. Iron acquisition mechanisms and their role in the
virulence of Burkholderia species. Front Cell Infect Microbiol 2014; 7: 460.

[11]Bandeira TIPG, Moreira CA, Brilhante RSN, Castelo-Branco DSCM,



328

Neto MPA, Cordeiro RA, et al. In vitro activities of amoxicillin-
clavulanate, doxycycline, ceftazidime, imipenem, and trimethoprim-
sulfamethoxazole against biofilm of brazilian strains of Burkholderia
pseudomallei. Antimicrob Agents Chemother 2013; 57(11): 5771-5773.

[12]Stepanovi¢ S, Vukovi¢ D, Hola V, Bonaventura GD, Djuki¢ S, Cirkovi¢
I, et al. Quantification of biofilm in microtiter plates: Overview of testing
conditions and practical recommendations for assessment of biofilm
production by staphylococci. APMIS 2007; 115(8): 891-899.

[13]Sidrim JJC, Vasconcelos DC, Riello GB, Guedes GMM, Serpa R,
Bandeira TJPG, et al. Promethazine improves antibiotic efficacy and
disrupts biofilms of Burkholderia pseudomallei. Biofouling 2017; 33(1): 88-
97.

[14]JHeydorn A, Nielsen AT, Hentzer M, Sternberg C, Givskov M, Ersboll K,
et al. Quantification of biofilm structures by the novel computer program
COMSTAT. Microbiology 2000; 146(10): 2395-2407.

[15]Sidrim JJC, Ocadaque CJ, Amando BR, Guedes GMM, Costa CL,
Brilhante RSN, et al. Rhamnolipid enhances Burkholderia pseudomallei
biofilm susceptibility, disassembly and production of virulence factors.
Future Microbiol 2020; 15: 1109-1121.

[16]Charney J, Tomarelli RM. A colorimetric method for the determination of
the proteolytic activity of duodenal juice. J Biol Chem 1947; 171(2): 501-
505.

[17]Tang F, Li L, Meng XM, Bing L, Wang CQ, Wang SQ, et al. Inhibition
of alpha-hemolysin expression by resveratrol attenuates Staphylococcus
aureus virulence. Microb Pathog 2019; 127: 85-90.

[18]Phansri K, Sarnthima R, Thammasirirak S, Boonchalee P, Khammuang
S. Antibacterial activity of Bauhinia acuminata L. seed protein extract
with low hemolytic activity against human erythrocytes. Chiang Mai J Sci
2011; 38(2): 242-251.

[19]Ali SS, Vidhale NN. Evaluation of siderophore produced by different
clinical isolate Pseudomonas aeruginosa. Int J Microbiol Res 2011; 3(3):
131-135.

[20]Wongtrakoongate P, Tumapa S, Tungpradabkul S. Regulation of a quorum
sensing system by stationary phase sigma factor RpoS and their co-
regulation of target genes in Burkholderia pseudomallei. Microbiol Immunol
2012; 56(5): 281-294.

[21]Procop GW, Church DL, Hall GS, Janda WM, Koneman EW,
Schreckenberger PC, et al, editors. Microbiological diagnosis. Edition 7.
Philadelphia: Wolters Kluwer Health; 2017.

[22]Kamjumphol W, Chareonsudjai S, Chareonsudjai P, Wongratanacheewin
S, Taweechaisupapong S. Environmental factors affecting Burkholderia
pseudomallei biofilm formation Southeast Asian. J Trop Med Public Health
2013; 44(1): 72-81.

[23]Pakkulnan R, Anutrakunchai C, Kanthawong S, Taweechaisupapong S,
Chareonsudjai P, Chareonsudjai S. Extracellular DNA facilitates bacterial
adhesion during Burkholderia pseudomallei biofilm formation. PLoS One
2019; 14(3): €0213288.

[24]Trunk T, Khalil HS, Leo JC. Bacterial autoaggregation. AIM Microbiol
2018; 4(1): 140-164.

[25]Mangalea MR, Borlee GI, Borlee BR. The current status of extracellular

Glaucia Morgana de Melo Guedes et al./ Asian Pacific Journal of Tropical Medicine 2023; 16(7): 321-328

polymeric substances produced by Burkholderia pseudomallei. Curr Trop
Med Rep 2017; 4: 117-126.

[26]Bottagisio M, Soggiu A, Piras C, Bidossi A, Grego V, Pieroni L, et
al. Proteomic analysis reveals a biofilm-like behavior of planktonic
aggregates of Staphylococcus epidermidis grown under environmental
pressure/stress. Front Microbiol 2019; 10: 1909.

[27]Haaber J, Cohn MT, Frees D, Andersen TJ, Ingmer H. Planktonic
aggregates of Staphylococcus aureus protect against common antibiotics.
PLoS One 2012; 7: e41075.

[28]Esoda CN, Kuehn MJ. Pseudomonas aeruginosa leucine aminopeptidase
influences early biofilm composition and structure via vesicle-associated
antibiofilm activity. MBio 2019; 10(6): €02548.

[29]Vellasamy KM, Vasu C, Puthucheary SD, Vadivelu J. Comparative
analysis of extracellular enzymes and virulence exhibited by Burkholderia
pseudomallei from different sources. Microb Pathog 2009; 47(3): 111-117.

[30]Liu Q, Sun S, Piao M, Yang JY. Purification and characterization of a
protease produced by a Planomicrobium sp. L-2 from gut of Octopus
vulgaris. Prev Nuir Food Sci 2013; 18(4): 273-279.

[31]Yadav V, Harjai K, Kaur R, Joshi K, Sharma S. Urovirulence of
Pseudomonas aeruginosa: Planktonic cells vs. biofilm cells. Folia Microbiol
2004; 49(4): 465-470.

[32]Banerjee M, Moulick S, Bhattacharya KK, Parai D, Chattopadhyay S,
Mukherjee SK. Attenuation of Pseudomonas aeruginosa quorum sensing,
virulence and biofilm formation by extracts of Andrographis paniculate.
Microb Pathog 2017; 113: 85-93.

[33]Milivojevic D, §umonja N, Medi¢ S, Pavic, A, Moric 1, Vasiljevic B, et al.
Biofilm-forming ability and infection potential of Pseudomonas aeruginosa
strains isolated from animals and humans. Pathog Dis 2018; 76(4). doi:
10.1093/femspd/fty041.

[34]Thomson EL, Dennis JJ. A Burkholderia cepacia complex non-ribosomal
peptide-synthesized toxin is hemolytic and required for full virulence.
Virulence 2012; 3(3): 286-298.

[35]Wilson BR, Bogdan AR, Miyazawa M, Hashimoto K, Tsuji Y.
Siderophores in iron metabolism: From mechanism to therapy potential.
Trends Mol Med 2016; 22(12): 1077-1090.

[36]Kamjumphol W, Chareonsudjai S, Chareonsudjai P, Wongratanacheewin
S, Taweechaisupapong S. Environmental factors affecting Burkholderia
pseudomallei biofilm formation. Southeast Asian J Trop Med Public Health
2013; 44(1): 72-81.

[371Yu S, Wei Q, Zhao T, Guo Y, Ma LZ. A survival strategy for Pseudomonas
aeruginosa that uses exopolysaccharides to sequester and store iron to
stimulate psl-dependent biofilm formation. Appl Environ Microbiol 2016;
82(21): 6403-6413.

Publisher’s note

The Publisher of the Journal remains neutral with regard to jurisdictional

claims in published maps and institutional affiliations.



