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Abstract—Microorganisms residing within a biofilm become more tolerant to antibiotics and other types of adverse impact,
and biofilm formation by pathogenic bacteria is an important problem of current medicine. Polysaccharides that prevent
biofilm formation are among the promising candidates to help tackle this problem. Earlier we demonstrated the ability of a
potato polysaccharide galactan to inhibit biofilm formation by a Pseudomonas aeruginosa clinical isolate. Here we investi-
gate the effect of potato galactan on P. aeruginosa biofilms in more detail. Microscopic analysis indicated that the galactan
did not interfere with the adhesion of bacterial cells to the substrate but prevented the build-up of bacterial biomass.
Moreover, the galactan not only inhibited biofilm formation, but partially destroyed pre-formed biofilms. Presumably, this
activity of the galactan was due to the excessive aggregation of bacterial cells, which prohibited the formation and mainte-
nance of proper biofilm architecture, or due to some other mechanisms of biofilm structure remodeling. This led to an unex-
pected effect, i.e., P. aeruginosa biofilms treated with an antibiotic and the galactan retained more viable bacterial cells com-
pared to biofilms treated with the antibiotic alone. Galactan is the first polysaccharide demonstrated to exert such effect on

bacterial biofilms.
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Biofilms are complex microbial communities
enclosed in a self-produced matrix and typically associat-
ed with a surface [1]. The process of biofilm formation is
usually characterized by several stages, namely: initial
attachment of microbial cells to the surface, aggregation
of the attached cells and formation of microcolonies,
growth, maturation of the biofilm, and dispersal that
allows further dissemination of bacteria [1]. An important
feature of biofilms is their increased levels of resistance to

Abbreviations: CBD, Calgary biofilm device; CFU, colony-
forming unit; MBC, minimum bactericidal concentration;
MBEC, minimum biofilm eradication concentration; MIC,
minimum inhibitory concentration; PAOI1, Pseudomonas
aeruginosa PAO1 laboratory strain.

* To whom correspondence should be addressed.

antibiotics, disinfectants, and the host immune system
[2-5]. When biofilms of pathogenic bacteria are formed in
a human organism, they can cause such chronic condi-
tions as infective endocarditis, chronic wound infections,
chronic otitis media, caries and periodontitis,
osteomyelitis, urinary tract infections, and chronic lung
infection in cystic fibrosis patients. Furthermore,
implanted devices and catheters are particularly prone to
becoming a biofilm substratum, i.e., the surface where
biofilms form [2, 3, 6]. The search for compounds capa-
ble of promoting biofilm dispersal or inhibiting their for-
mation is a growing area of research.

Polysaccharides are one of the promising classes of
such compounds. In 2006, it was first reported that cer-
tain Escherichia coli capsular polysaccharides inhibited
biofilm formation of several pathogenic bacterial species
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[7]. Since then, antibiofilm properties were demonstrated
for several other polysaccharides, mostly ones of bacteri-
al origin [8-21]. Biofilm-inhibiting properties were also
shown for the plant polysaccharides galactan and galac-
tomannan [22], and yeast- [23] and diatom-produced
polysaccharides [24]. The potential advantages of poly-
saccharides as antibiofilm agents are low cost, biodegrad-
ability, and biocompatibility [25, 26], and further explo-
ration of polysaccharides that disperse biofilms or inhibit
their formation is an important task.

Different antibiofilm polysaccharides exert different
effects on biofilms. Some polysaccharides, like PAM
galactan isolated from Kingella kingae culture,
Pseudoalteromonas haloplanktis-produced polysaccha-
ride, or Pseudomonas stutzeri exopolysaccharide EPS273
can fully or partially disperse pre-formed biofilms [12, 14,
20]. Other polysaccharides only inhibit the formation of
biofilms, having no effect on mature biofilms [7, 19, 21].
Apparently, the mechanism of action of antibiofilm poly-
saccharides is most often connected to the inhibition of
initial bacterial adhesion to the substratum [10, 14, 19-
21]. In some cases, polysaccharides also prevented
cell—cell aggregation [7, 8, 27, 28]. Authors usually
explain this effect by the alteration of physical and chem-
ical properties of bacterial cells and/or substratum due to
the interaction with a polysaccharide.

If polysaccharides are to be applied as a treatment for
biofilm-associated bacterial infections, they will most
probably be used in combination with traditional antibi-
otics. Nevertheless, only one work reported the combined
use of antibiotics and a biofilm-dispersing polysaccharide.
Exopolysaccharide A101 extracted from Vibrio spp. QY101
culture increased the efficacy of aminoglycoside antibi-
otics against P. aeruginosa biofilms by a factor of 32 [8].

Earlier, we provided evidence that potato polysac-
charide galactan inhibited biofilm formation by P. aerug-
inosa clinical isolate 216 during 5-h cultivation [22]. The
aim of this study was to further investigate the antibiofilm
properties of potato galactan, including its effect on the
efficacy of antibiotics commonly used to treat P. aerugi-
nosa infections.

MATERIALS AND METHODS

Strains and media. Pseudomonas aeruginosa labora-
tory strain PAO1 and P. aeruginosa clinical isolate 216
were used in this work. Isolate 216 was previously isolated
from a cystic fibrosis patient by the laboratory of Prof.
I. A. Shaginyan (N. F. Gamaleya National Research
Center for Epidemiology and Microbiology, Moscow,
Russia). For long term storage, the strains were kept
frozen in 40% glycerol at —80°C. During work, the strains
were routinely maintained on Difco nutrient broth
(Becton Dickinson, USA) with 1.5% agar. Difco nutrient
broth with 1.5% agar and 1.0% NaCl was used for CFU
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(colony-forming unit) counting and minimum bacterici-
dal concentration (MBC) determination. M63 medium
(3 g/liter KH,PO,, 7 g/liter K,HPO, and 2 g/liter
(NH,),SO,) supplemented with 1 mM MgSO,, 0.5%
casamino acids, and 0.2% glucose [29] was used for
biofilm cultivation and other experiments unless noted
otherwise.

Biofilm cultivation, inhibition, and dispersion. Potato
galactan (P-GALPOT) and barley glucan (P-BGBL)
polysaccharides were obtained from Megazyme Inc.
(Ireland). The polysaccharides were dissolved in sterile
water at a concentration of 10 mg/ml. To this end, sterile
water was added to dry galactan powder, and the slurry
was placed on a hotplate and constantly stirred at 60°C
until dissolution of the galactan. Similarly, sterile water
was added to dry glucan powder, the slurry was placed on
a hotplate and brought to a boil while stirring constantly,
then the heating was turned off and the stirring continued
until the complete dissolution of the glucan. The solu-
tions were cooled to room temperature, and the polysac-
charide concentration was brought to 10 mg/ml with ster-
ile water. To remove any undissolved impurities, the solu-
tions were centrifuged at 12,000g for 10 min. Then the
supernatant was incubated at 80°C for 2 h. Sterility of the
polysaccharide solutions was confirmed by plating on
Difco nutrient broth with 1.5% agar (Becton Dickinson)
and Brain Heart Infusion agar (Sifin Diagnostics,
Germany) and by inoculation into Fluid Thioglycolate
Medium (HiMedia Laboratories, India).

In the present work, P. aeruginosa biofilms were cul-
tivated either on the walls of the wells of 96-well plates or
on polypropylene coupons. To cultivate the biofilms on
the walls of the wells of 96-well plates, P. aeruginosa
PAOI1 or isolate 216 were grown on nutrient agar plates
for 20-24 h, then the bacteria were suspended in M63
medium supplemented with magnesium, casamino acids,
and glucose to an optical density of 0.5 McFarland and
diluted to the final concentration of ~(3-5)-10" CFU/ml.
The resulting bacterial suspension was transferred into
the 96-well plates (90 ul per well) (Costar 3599 tissue cul-
ture treated flat-bottom plates; Corning, USA), followed
by 10 pl of polysaccharide solution or water (control).
The plate was sealed with parafilm and incubated at 36°C
for 24 h. After incubation, the plates were carefully
washed using the following procedure. First, 100 pl of
sterile M63 base medium was added to the plate wells,
and the content of the wells were mixed by pipetting and
aspirated using a multichannel pipette. Then 200 pl of
M63 base medium was added to the wells and removed by
inverting the plate over an autoclavable container; this
procedure was performed three times. The plate was
tapped on a stack of paper towels to remove the remain-
der of the liquid and was left in upside-down orientation
at room temperature to dry overnight. To stain the
biofilms, 200 ul of 0.1% crystal violet solution was added
to the wells, incubated for 20-30 min, then the plate was

BIOCHEMISTRY (Moscow) Vol. 84 No. 5 2019



GALACTAN AGAINST P. aeruginosa BIOFILMS 511

washed with water and dried in upside-down orientation.
To solubilize the biofilm-bound stain, 100 pl of 30%
acetic acid was added to the wells and incubated for 20-
30 min. The contents of the well were mixed by pipetting,
and 90 pl of solubilized stain was transferred to another
flat-bottom 96-well plate for measurements. The optical
density was measured at 550 nm in a Multiscan FC plate
reader (Thermo Fischer Scientific, USA). For the biofilm
dispersion experiments, P. aeruginosa biofilms were culti-
vated in 96-well plates for 24 h and washed. Then, 90 ul
of fresh M63 medium supplemented with magnesium,
casamino acids, and glucose was added to the wells with
the biofilms, followed by 10 pl of polysaccharides or water
(control). The wells with control 24-h biofilms were left
empty. The plate was sealed with parafilm and incubated
at 36°C for 24 h. After that, the biofilms were washed,
stained, and quantified as described above.

To cultivate P. aeruginosa biofilms on polypropylene
coupons, coupons ~10.0 x 6.5 mm in size were cut out
from a polypropylene sheet (Trans GO03, thickness
0.5 mm; Carolex, France), sterilized by soaking in 70%
ethanol, and dried. The coupons were placed vertically
into the wells of 96-well plates containing 100 pl of bac-
terial suspension in M63 medium supplemented with
magnesium, casamino acids, and glucose, with or without
the galactan. The plate was sealed with parafilm and incu-
bated at 36°C for 24 h. After incubation, the coupons
were taken out from the plate wells, carefully washed by
flushing with M63 base medium, dried, stained with 0.1%
crystal violet for 20-30 min, washed with water, and dried
again. For the biofilm dispersion experiments, the
biofilms were cultivated on polypropylene coupons for
24 h, washed with sterile M63 base medium, and placed
into the wells of a 96-well plate containing 100 ul of fresh
medium with or without the galactan. The plate was
sealed with parafilm and incubated for 24 h. After that,
the coupons were taken out, washed, and stained. Since
biofilms form on both sides of the coupons, the side that
was oriented downward during drying was wiped with
70% ethanol to remove the biofilm before photographing
and microscopy.

To quantify viable cells in biofilms, the biofilms cul-
tivated on polypropylene coupons were used. Coupons
with biofilms were placed into 1.5-ml microcentrifuge
tubes containing ~500 pl glass beads &30.6-0.8 mm and
400 pl of M63 base medium (PAOT1) or PBS (isolate 216),
and vigorously vortexed for 15 s (3500 rpm, Microspin
FV-2400; Biosan, Latvia). The viable cells detached from
the coupons were quantified by plating and counting the
colonies. It must be noted that when this bead-beating
procedure was applied to planktonic cells, it caused a
drop in viable cell counts by ~40-50% for PAOI and
~10% for isolate 216. However, this decrease is consider-
ably smaller than the difference in viable cell counts
between differently treated biofilm variants, especially
between intact and antibiotic-treated biofilms.
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MIC, MBC, and MBEC determination. Ceftazidime
and amikacin sulfate (Sintez Ltd, Russia) were freshly
dissolved in M63 medium before each experiment.
Working solutions of ciprofloxacin (Elfa Laboratories,
India) were prepared from 2 mg/ml stock before each
experiment.

Bacteria were grown on nutrient agar plates for 20-
24 h, suspended in M63 medium supplemented with
magnesium, casamino acids, and glucose at optical den-
sity of 0.5 McFarland, and diluted to final concentration
of ~5-10° or ~5-10" CFU/ml (see “Results”). The result-
ing bacterial suspension was transferred into a 96-well
plate (90 pl per well), followed by 10 pl of serial 2-fold
dilutions of antibiotics prepared in the same medium.
The plate was sealed with parafilm and incubated at 36°C
for 24 h. Minimum inhibitory concentration (MIC) was
then determined as the lowest concentration of an antibi-
otic that resulted in the absence of visible turbidity in the
well plates. After MIC determination, 3 pl of the well
contents was transferred to agar plates and incubated at
36°C for 24 h. Minimum bactericidal concentration
(MBC) was determined as the minimum concentration of
an antibiotic that resulted in the absence of growth on a
nutrient agar plate. This protocol is somewhat different
from the standard MBC determination procedure and
instead follows the protocol described by T.-F. Mah [30].

Minimum biofilm eradicating concentrations
(MBEC) of antibiotics were determined using the Calgary
Biofilm Device (CBD) (MBEC Biofilm Inoculator;
Innovotech Inc., Canada). The CBD is a special type of
96-well plate lid equipped with pegs that fit into the plate
wells. When a CBD is used for biofilm cultivation, the
biofilms form on the pegs. To cultivate the biofilms on a
CBD, the CBD was placed on a 96-well plate containing
150 pl of bacterial suspension (~(3-5)-10’ CFU/ml) and
incubated at 36°C for 24 h. The biofilms formed on the
CBD pegs were washed twice by transferring the CBD to
a new plate containing 200 pl of sterile M63 base medium
and shaking at 250 rpm for 1 min. Then the CBD was
transferred to another 96-well plate containing 200 pl of
serial 2-fold antibiotic dilutions in M63 medium supple-
mented with magnesium, casamino acids, and glucose,
with or without the galactan, and incubated at 36°C for
24 h. After antibiotic treatment, the biofilms of the CBD
pegs were washed twice, and the CBD was transferred to
a plate containing 200 pl of Difco nutrient broth and
incubated for 24 h to allow the surviving bacteria to
resume growth. Bacterial growth was determined by the
appearance of visible turbidity in the plate wells and by
plating the contents of the wells onto agar plates. MBEC
was determined as the minimum concentration of an
antibiotic after which the biofilm was unable to resume
bacterial growth.

Determination of bacterial counts in antibiotic-treat-
ed biofilms. To quantify the viable cells in the antibiotic-
treated biofilms, the biofilms cultivated on polypropylene
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coupons were used. The biofilms were cultivated on
polypropylene coupons for 24 h, washed, and placed into
1.5-ml microcentrifuge tubes containing 700 pl of the
antibiotic solution in M63 medium supplemented with
magnesium, casamino acids, and glucose, with or without
the galactan. The tubes with coupons were incubated at
36°C for 24 h. After incubation, the viable cells within
biofilms were quantified as described above. The colonies
were counted in 10-pl spots on agar plates, which trans-
lates into the theoretical detection limit of ~100 CFU/ml
or ~40 CFU/coupon (1.6 log;, CFU/coupon). To deter-
mine if there are any viable bacteria in the biofilms below
the detection limit, 400 ul of fresh Difco nutrient broth
was added to the tubes where biofilms had been disrupt-
ed, and the tubes were incubated at 36°C for 24 h.
Bacterial growth was then determined by visible turbidity
and plating on agar plates.

Fluorescence microscopy. PAO1 biofilms were culti-
vated on polypropylene coupons and treated with
256 ug/ml amikacin with or without 1 mg/ml galactan.
After treatment, the biofilms were washed with water and
stained with FilmTracer LIVE/DEAD Biofilm Viability
Kit (Molecular Probes Inc., USA) for 15 min as per the
manufacturer’s recommendations. The stained biofilms
were visualized using an EVOS FLoid cell imaging station
(Thermo Fischer Scientific). For the clarity of represen-
tation, pictures were edited with Fiji software [31] as fol-
lows. First, “subtract background” function with the
option “create background” was used to calculate the
mean background intensities for green and red channels
individually. Then, red and green channels of all images
were scaled to make the mean background values equal.
Next, the “subtract background” function was used to
remove the background, and the channels were merged to
obtain the final pictures.

Statistical analysis. Statistical analysis was per-
formed in Microsoft Excel using Real Statistics Resource
Pack Excel add-on (Release 4.7, Charles Zaiontz,
www.real-statistics.com). Normality of the data was
assessed by the Shapiro—Wilk test. Two-tailed 7-test with
unequal variances or two-tailed Mann—Whitney test were
used to determine the statistical significance of the differ-
ences between the group means. The differences were
considered significant if p < 0.05 after applying Dunn-
Sidék correction for multiple comparisons. The CFU
counts were log-transformed before calculating statistical
parameters and applying statistical tests. In all figures
except Fig. 3, results from a single experiment are shown.
However, all experiments except disruption of 48-h
biofilms (Fig. 1¢) were performed at least twice. In Fig. 3,
results from the two latest experiments were pooled to
increase the number of replicates and statistical power of
the analysis. The experimental data are provided in the
supplementary material [see Supplement to this paper on
the website of the journal (http://protein.bio.msu.ru/
biokhimiya) and Springer site (Link.springer.com)].
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RESULTS

Potato galactan inhibits biofilm formation and partial-
ly disperses pre-formed biofilms. We demonstrated previ-
ously that potato galactan inhibited early stages of biofilm
formation by P. aeruginosa clinical isolate 216 [22]. To
further explore the effect of this galactan, we chose labo-
ratory strain PAO1, which is widely used in P. aeruginosa
biofilm studies.

Potato galactan at a concentration of 1 mg/ml almost
completely inhibited the formation of biofilms by PAO1
during 24 h of cultivation. The amount of biomass in the
biofilms grown in presence of the galactan was 3.5-fold
lower than in control biofilms (Fig. 1a). Barley glucan used
as a control polysaccharide did not significantly influence
biofilm formation (Fig. 1a). We also noted that the galac-
tan caused intensive aggregation of bacterial cells: large
slimy aggregates not attached to the plate wells were seen
by the unaided eye during washing of the biofilms. These
aggregates were absent in the control or glucan wells.

When biofilms were first pre-cultivated for 24 h and
then treated with 1 mg/ml potato galactan, partial biofilm
dispersion was observed. The amount of biomass decreased
by almost 40% (Fig. 1b). Control polysaccharide barley glu-
can did not have any effect on pre-formed biofilms (Fig. 1b).
A similar pattern was seen when biofilms were treated with
the galactan after 48 h of pre-cultivation (Fig. 1¢).

To investigate the influence of potato galactan con-
centration on its antibiofilm effect, PAO1 biofilms were
cultivated in the presence of 0.5 and 0.1 mg/ml of the
galactan. Interestingly, although 0.5 mg/ml of the galac-
tan acted similarly to 1 mg/ml, a 10-fold lower concen-
tration of 0.1 mg/ml not only lacked any inhibitory effect,
but rather had a significant stimulatory effect on the
biofilm formation (Fig. 1d). We used the galactan at the
concentration of 1 mg/ml in all further experiments.

Polymeric structure of the galactan was necessary for
its antibiofilm activity, since monomeric galactose in
equivalent concentration had no influence on PAOI1
biofilm formation (data not shown).

We further studied the effect of potato galactan on
P. aeruginosa biofilms by microscopy. To this end,
biofilms were cultivated on polypropylene coupons verti-
cally placed into the wells of 96-well plates, dried, and
stained with crystal violet. Visually, biofilm formation on
polypropylene coupons followed the same pattern as the
96-well plates biofilms. Specifically, biofilm formation in
the presence of the galactan was virtually abolished, and
treatment of pre-formed biofilms with the galactan led to
their partial disruption (Fig. 2, a and b). Microscopic
analysis demonstrated that control biofilms cultivated for
24 h without galactan consisted of large and dense bacte-
rial aggregates interspersed with more loosely packed
bacteria and bacteria-free polypropylene regions
(Fig. 2¢). Biofilms cultivated in presence of the galactan
were drastically different and showed evenly spaced bac-
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Fig. 1. Influence of potato galactan on formation and dispersion of P. aeruginosa PAOI biofilms in 96-well plates. a) Formation of PAO1
biofilms in the presence of 1 mg/ml potato galactan or glucan, or without polysaccharide (Control) for 24 h. b) Dispersion of PAO1 biofilms
pre-cultivated for 24 h (24 h) by 1 mg/ml potato galactan or barley glucan, or without polysaccharide (48 h). c) Dispersion of PAO1 biofilms
pre-cultivated for 48 h by 1 mg/ml potato galactan or barley glucan, or without polysaccharide (72 h). d) Formation of PAO1 biofilms in pres-
ence of 1.0, 0.5, and 0.1 mg/ml galactan, or without the galactan (Control) for 24 h. The data are presented as box-plots where the box indi-
cates 25th and 75th percentiles, the middle line indicates median value, and the whiskers show minimal and maximal values. Statistical sig-
nificance of the differences between group means was determined by two-tailed #-test with unequal variances. The differences were considered
significant (*) if p < 0.05 after correction for multiple comparisons; ns, non significant.

terial cells that did not form pronounced clusters or
aggregates (Fig. 2d). Galactan-treated pre-formed
biofilms were similar in appearance to control biofilms
but thinner; dense bacterial aggregates were smaller and
occupied less area (Fig. 2e). Finally, control biofilms cul-
tivated in the absence of the galactan for 48 h constituted
a robust layer of bacterial biomass with morphological
features hardly discernable by light microscopy (Fig. 2f).
Viable cell counts in biofilms cultivated on
polypropylene coupons were in good agreement with the
results of the biofilm biomass quantification in 96-well
plates. Biofilms grown in the presence of the galactan con-
tained approximately 4.5 times fewer viable bacterial cells
than the control biofilms. Similarly, biofilms pre-cultivat-
ed for 24 h and treated with the galactan had twice fewer
viable bacteria than the untreated biofilms (Fig. 2b).
Potato galactan protects biofilm-dwelling bacteria
from antibiotics. The most probable scenario of how
antibiofilm compounds could be applied assumes their use
as a supplement to the standard antibiotic therapy. Thus,
we further studied the combined effect of antibiotics and
galactan on P. aeruginosa biofilms. In this work, we select-
ed three different antibiotics of different classes routinely
used in clinical practice to treat P. aeruginosa infections.
These were ceftazidime (a cephalosporin), ciprofloxacin
(a fluoroquinolone), and amikacin (an aminoglycoside).
The minimum inhibitory concentrations and mini-
mum bactericidal concentrations (MICs and MBCs) of
these antibiotics against PAO1 determined in this work
are presented in the table. Some antibiotics are known to
display so-called “inoculum effect”, when the MIC of the
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antibiotic increases dramatically with an increase in the
initial bacterial density (i.e., the inoculum, normally
5-10° CFU/ml). The number of bacteria inside biofilms is
much higher than 5-10° CFU/ml (see Fig. 2b), and if
resistance to an antibiotic is observed for biofilm-dwelling
bacteria, it may be caused by the inoculum effect and not
by biofilm-specific mechanisms. We thus determined
MICs of all three antibiotics for both standard
(5-10° CFU/ml) and increased (5:10” CFU/ml) inoculum
sizes (table). Ceftazidime demonstrated a pronounced
inoculum effect, having MIC of 2 pg/ml with standard
initial bacterial density, and >16 ug/ml in case of
increased inoculum size. We thus excluded ceftazidime
from further study. MICs of the two other antibiotics did
not show marked dependence on the initial bacterial den-
sity. It must be noted that the MIC of amikacin was
32 pg/ml, which is a rather high value. However, this
effect was likely due to the medium used (M63), since
disk diffusion assay on standard Muller—Hinton agar
demonstrated susceptibility of PAO1 to amikacin.

To determine the minimum biofilm eradication con-
centrations (MBECs), biofilms were first cultured on the
pegs of the Calgary Biofilm Device (CBD) and then incu-
bated in the antibiotic solutions. After that, the biofilms
were transferred into fresh nutrient broth to allow the sur-
viving bacteria to resume growth. The minimum concen-
tration of amikacin that prevented the renewal of bacter-
ial growth by PAOI1 biofilms was 256 pg/ml. Cipro-
floxacin MBEC was higher than the maximal tested con-
centration (32 pg/ml, a concentration 256 times higher
than the MIC) and thus was not determined (table).
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Fig. 2. Influence of potato galactan on formation and dispersion of P. aeruginosa PAO1 biofilms on polypropylene coupons. a) Pictures of
polypropylene coupons with biofilms stained with crystal violet (24 h — control biofilm cultivated for 24 h; Inhib. — biofilm cultivated for 24 h in
presence of 1 mg/ml potato galactan; Dispers. — 24-h pre-formed biofilm treated with 1 mg/ml potato galactan for additional 24 h; 48 h — con-
trol biofilm cultivated for 48 h). b) Viable cell counts in biofilms cultivated on polypropylene coupons (designations as in (a)); data are presented
as individual datapoints (n = 5), horizontal lines indicate mean values. Statistical significance of differences between group means was determined
by two-tailed 7-test with unequal variances. Differences were considered significant (*) if p < 0.05 after correction for multiple comparisons; ns,
non significant. c-f) Microscopic pictures of biofilms cultivated on polypropylene coupons: ¢) control 24-h biofilm; d) biofilm cultivated in pres-
ence of 1 mg/ml potato galactan; e) 24-h pre-formed biofilm treated with 1 mg/ml potato galactan; f) control 48-h biofilm. The scale bar is 25 pm.
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MIC, MBC, and MBEC values of antibiotics against P. aeruginosa PAO1 and isolate 216
Initial bacterial MIC, pg/ml MBC, pg/ml MBEC, pg/ml
Strain concentration,
CFU/ml ciprofloxacin | amikacin | ceftazidime | ciprofloxacin | amikacin | ciprofloxacin | amikacin
PAOL1 5-10° 0.125 32 2 0.25 64 — —
5-107 0.125 64 >16 0.25 256 >32 256
216 5-10° — 32 — — 64 — —
5-107 — 64 — - 256 — 512

Despite the ability of the potato galactan to partially
destroy PAOI biofilms, the addition of 1 mg/ml of the
galactan to the antibiotic solutions did not alter MBEC of
any of the antibiotics.

Although the galactan did not influence the MBECs
of the antibiotics, we hypothesized that it might reduce
the number of surviving bacteria within biofilms com-
pared to treatment with the antibiotics alone. To test this

PAO1, ciprofloxacin

PAO1, amikacin

hypothesis, we cultivated the biofilms on polypropylene
coupons and incubated them in ciprofloxacin (1 ug/ml)
or amikacin (256 pg/ml) solutions, with or without
1 mg/ml potato galactan. The viable cell counts in the
biofilms treated this way are presented in Fig. 3.
Contrary to our expectations, the addition of potato
galactan did not reduce the number of viable bacteria in
antibiotic-treated biofilm but instead increased it. The

216, amikacin
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Fig. 3. Viable cell counts in biofilms of P. aeruginosa PAO1 and isolate 216 after treatment with an antibiotic (Control) or an antibiotic in com-
bination with potato galactan. The data are presented as individual datapoints (#n = 8), horizontal lines indicate mean values. The values below
detection limit are set to 1.6 log,, CFU/coupon because the biofilms disrupted by glass beads resumed bacterial growth after the addition of
fresh nutrient broth, despite the absence of colonies on agar plates. Statistical significance of the differences between group means was deter-
mined by two-tailed Mann—Whitney test. The differences were considered significant (*) if p < 0.05 after correction for multiple comparisons.
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average number of viable cells in ciprofloxacin-treated
biofilms was 2.2:10° CFU/coupon, but it increased to
2.3-10* CFU/coupons when ciprofloxacin was applied
with the galactan. This effect was even more pronounced
in the case of amikacin. When biofilms were treated with
amikacin the number of viable cells was often lower than
the detection limit (~40 CFU/coupon). When the galac-
tan was added, this number reached 2.0-10° CFU/coupon
with the average value of 3.2:10* CFU/coupon.

This observed effect could be explained in two ways.
On one hand, the galactan might increase the antibiotic
tolerance of the bacterial cells. Alternatively, it is con-
ceivable that a portion of bacterial cells is not killed, but
enters non-culturable state upon antibiotic treatment,
and the galactan prevents this transition, leading to the
perceived increase in the viable cell counts. To determine
which of the two explanations is more probable, PAOI1
biofilms treated with amikacin or amikacin in combina-
tion with the galactan were studied by fluorescence
microscopy (Fig. 4). To discriminate between viable and
dead cells, the biofilms were stained with LIVE/DEAD
fluorescent dyes. These dyes stain viable bacteria green,
while dead cells and extracellular DNA are stained red.
Figure 4 shows that a biofilm treated with amikacin in
combination with potato galactan contains many more
viable cells compared to amikacin-only treated biofilm.
Apparently, the galactan somehow protects PAOI
biofilms from antibiotics. Interestingly, this effect was
not observed when planktonic cells were incubated

with the galactan and antibiotics at the same concentra-
tions.

Next, we decided to test if the galactan exerts a sim-
ilar effect on other P. aeruginosa strains, specifically clin-
ical isolate 216 that was used in the previous work [22].
We chose to test the combined effect of amikacin with the
galactan against isolate 216 biofilms since this antibiotic
demonstrated a more pronounced effect against PAO1
biofilms. The MIC and MBC of amikacin against isolate
216 were the same as for PAO1, 32 and 64 ug/ml for the
initial bacterial density of 5-10° CFU/ml, and 64 and
256 pg/ml for the inoculum of 5-10” CFU/ml (table). The
biofilms of isolate 216 were somewhat more resistant to
amikacin, having MBEC of 512 ug/ml (table). The galac-
tan had no effect on amikacin MBEC against isolate 216,
similarly to what was observed with PAOI. Likewise,
when isolate 216 biofilms were cultivated on polypropy-
lene coupons and treated with amikacin, the addition of
1 mg/ml galactan lead to a significant increase in the
viable cell counts (Fig. 3).

Potato galactan-induced biofilm dispersion stimulates
renewal of bacterial growth after amikacin treatment.
PAOI1 biofilms treated with amikacin at a concentration
of 256 ng/ml (MBEC) could not resume bacterial growth
in fresh nutrient broth. However, the fluorescence
microscopy demonstrated the presence of viable bacteria
in such biofilms (Fig. 4a). Apparently, these bacterial cells
had entered a non-culturable state, which led to the lack
of bacterial growth after amikacin treatment.

b

Fig. 4. Biofilms of P. aeruginosa PAOI1 treated with amikacin (a) or amikacin with potato galactan (b) and stained with fluorescent

LIVE/DEAD dyes. The scale bar is 100 um.
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Nevertheless, biofilms cultivated on polypropylene
coupons and treated with 256 pg/ml amikacin could still
resume growth in fresh nutrient broth if they had been
disrupted by glass beads. In other words, the determined
value of amikacin MBEC was not the true minimum con-
centration required for biofilm eradication. In this case,
the biofilm eradication was only apparent and resulted
from the transition of surviving bacteria to the non-cul-
turable state. Importantly, not only physical disruption
but treatment with 1 mg/ml galactan as well stimulated
the renewal of bacterial growth under the conditions
when the unperturbed biofilms stayed in the non-cultur-
able state. This effect could not influence the viable cell
counts in amikacin-treated biofilms, since the biofilms
were physically disrupted before plate counting. Besides,
the fluorescence microscopy results indicate that potato
galactan indeed protects biofilm-dwelling bacteria from
antibiotics. Nevertheless, the observation that amikacin-
treated biofilms resume their growth after physical dis-
ruption and the galactan treatment alike serves as addi-
tional evidence of the influence of the galactan on
P. aeruginosa biofilm structure.

DISCUSSION

In the present work, we demonstrated the ability of
potato galactan to effectively suppress P. aeruginosa
biofilm formation on various surfaces and to partially dis-
perse pre-formed biofilms. However, the galactan failed
to enhance antibiotic efficacy during combined treat-
ment. On the contrary, the viable cell counts in biofilms
treated with an antibiotic in combination with the galac-
tan were much higher compared to biofilms treated with
the antibiotic alone.

Potato galactan at a concentration of 1 mg/ml effec-
tively prevented P. aeruginosa biofilm formation on vari-
ous substrates. We demonstrated previously that the
galactan inhibited the early stages (5 h) of biofilm forma-
tion by P. aeruginosa clinical isolate 216. In this work, the
biofilm inhibition effect was reproduced for laboratory
strain PAO1 using longer cultivation times (24 h).
Moreover, the galactan partially dispersed pre-formed
PAO1 biofilms. Apparently, the galactan does not prevent
the initial bacterial adhesion but interferes with the
microcolony formation and the biomass build-up
(Fig. 2). We suppose that the biofilm inhibition effect of
the galactan results from excessive or abnormal aggrega-
tion of bacterial cells by the galactan, which prevents the
formation of proper biofilm architecture. Indeed, large
aggregates were observed in the planktonic fraction when
biofilms grown in presence of the galactan were washed
before analysis. Excessive aggregation as the mechanism
of biofilm inhibition is further supported by the fact that
lower galactan concentrations stimulated biomass accu-
mulation in the biofilms. Apparently, lower galactan con-
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centrations cause lower levels of aggregation that are
compatible with normal biofilm development. Such a
mechanism of action has not been reported for polysac-
charides before. In those works where the authors stud-
ied the influence of polysaccharides on bacterial aggre-
gation, antibiofilm polysaccharides always prevented
aggregation [7, 8, 27, 28]. However, a similar effect was
described for Bordetella holmesii BipA protein [32].
Bordetella holmesii isolates defective in the bipA gene
form large aggregates during cultivation and do not form
biofilms. When a functional copy of the bipA gene is
present, aggregation is suppressed, allowing normal
biofilm formation by B. holmesii [32]. Thus, although
BipA, unlike the galactan, prevents aggregation instead
of stimulating it, the general mechanism of biofilm inhi-
bition due to excessive bacterial aggregation can be sim-
ilar in these cases.

On the molecular level, a possible receptor of galac-
tan could be LecA. LecA is a secreted lectin that binds
monomeric galactose and galactose residues in oligo- and
polysaccharides. Along with LecB that binds mannose
and fucose, LecA is involved in P. aeruginosa biofilm for-
mation, bacterial adhesion to epithelial cells, and is a
potential virulence factor [33, 34]. Both lectins are targets
for the development of antibiofilm compounds [34, 35].
Earlier we demonstrated that galactan inhibited LecA-
induced hemagglutination [22]. Interestingly, one of the
LecA inhibitors described in the literature, namely galac-
tosylated calix[4]arene-based glycocluster, caused aggre-
gation of P. aeruginosa planktonic cells when applied in a
certain concentration range, and this effect was not
observed with a lecA-deficient mutant [36]. This com-
pound also inhibited PAO1 biofilm formation. However,
the latter effect was probably caused by a mechanism
other than LecA inhibition [36]. On the other hand, our
preliminary experiments indicated that potato galactan
aggregated Stenotrophomonas maltophilia planktonic cells
and modified its biofilm structure (data not shown).
However, LecA has not been identified in this species so
far.

Despite the ability of the galactan to inhibit biofilm
formation and partially disperse pre-formed biofilms, this
polysaccharide protected biofilm-dwelling bacterial cells
when applied simultaneously with antibiotics. The mech-
anism of this protection is unclear. Since this effect does
not extend to planktonic cells, the most probable expla-
nation is the partial remodeling of biofilm architecture by
the galactan. This remodeling could impede antibiotic
penetration to bacterial cells or stimulate the alterations
in their physiological state, which in turn could lead to
increased antibiotic tolerance. It must be noted that a
similar effect towards P. aeruginosa biofilms was recently
described for Staphylococcus aureus protein A (SpA) [37].
SpA was shown to interact with biofilm matrix polysac-
charide psl and type IV pili [38]. When SpA was added to
pre-formed biofilms, these interactions changed the nor-
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mal biofilm structure and led to the formation of large
and dense bacterial aggregates. Importantly, this remod-
eling of biofilm architecture increased its tolerance to
tobramycin, an aminoglycoside antibiotic similar to
amikacin [37]. Although the mechanisms of biofilm
remodeling by potato galactan and SpA are probably dif-
ferent, it can be speculated that this remodeling leads to a
denser aggregation of bacterial cells and increased antibi-
otic tolerance in both cases.

In the present work, we studied the effect of potato
galactan on P. aeruginosa biofilms, including the effect of
galactan treatment in combination with antibiotics
ciprofloxacin and amikacin. The galactan inhibited the
formation of P. aeruginosa biofilms and partially dis-
persed pre-formed biofilms. This effect is presumably
caused by excessive aggregation of bacterial cells due to
the interaction with the galactan. However, the galactan
did not enhance the antibiotic efficacy towards P. aerugi-
nosa biofilms during combined treatment. On the con-
trary, the galactan protected the biofilm-dwelling bacteria
from antibiotics. This is apparently connected to galac-
tan-induced remodeling of biofilm architecture. Similar
effect towards P. aeruginosa biofilms was earlier demon-
strated for S. aureus protein A. It is unlikely that potato
galactan can be used as the basis for further development
of antibiofilm drugs. Nevertheless, our results appear
interesting and demonstrate a tight connection between
biofilm structure and its antibiotic susceptibility.
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