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Featured Application: The extract of Q. saponaria can be used as a pretreatment agent to increase
the sensibility of microorganisms to disinfectants. The results can be used to develop a strategy
for the control of biofilms in beverage industry.

Abstract: This study examines the in vitro effect of Quillaja saponaria extracts on Asaia spp. planktonic
cells and biofilms, in comparison and combination with two disinfectants: peracetic acid and
N-ethyl-N,N-dimethylhexadecylammonium bromide. The growth of six bacterial strains was
evaluated spectrophotometrically. Biofilm eradication was determined using the plate count method
and luminometry. The planktonic cells were characterized by relatively high resistance to peracetic
acid and higher sensitivity to N-ethylo-N,N-dimethylohexadecylioamonium bromide. In almost
all the tested strains, growth was inhibited by 0.125% (v/v) peracetic acid and 0.0313% (w/v)
quaternary ammonium compound. However, combinations of cell pretreatment using saponin and
peracetic acid action were the most efficient against both planktonic and biofilm cells. The minimum
inhibitory concentrations for peracetic acid were 4-8 times lower than those for bacterial strains
without preliminary saponin action. Eradication of Asaia spp. biofilms reduced the number of
living cells by 4-5 logarithmic units. These results demonstrate the synergetic action of saponin
extract and disinfectant, and could be useful in the development of industrial strategies against
Asaia spp. biofilms.
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1. Introduction

Since Moore et al. first detected the presence of Asaia spp. in fruit-flavored bottled water in 2002,
it has become recognized as a common bacterial spoilage in the beverage industry. It is difficult to
determine the origin of Asaia spp. contamination in soft drinks. However, flowers and fruits from Asia
have been suggested as the source [1-4]. Asaia spp. have also been isolated from grapes grown in South
Australian vineyards and from insects native to tropical climates [5,6]. These bacteria exhibit unique
adaptive abilities [7]. In the soft drinks environment, Asaia spp. are able to grow at pH 3.45, in the
presence of sorbate, benzoate, and dimethyldicarbonate at concentrations of 1.5 mmol/L and higher [2].
The resistance of Asaia spp. to common preservatives limits not only the options for preventing the
spoilage of soft drinks, but also the effectiveness of sanitation procedures in the beverage industry.
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These bacteria exhibit polysaccharide encapsulation, as well as very rigid biofilm formation on surfaces
used commonly in the beverage industry: glass, polyethylene terephthalate, and polypropylene in
the presence of sucrose [1,8,9]. Its removal may require additional forcing media (e.g., hot sodium
hydroxide and detergent solutions), and in the case of difficult to access areas (e.g., pipe bends,
branches, connections, valves) procedures based on mechanical treatment [2].

Microorganisms in biofilms can have up to 1000-times greater resistance to antimicrobial agents,
such as disinfectants and sanitizers, than planktonic cells [10,11]. For this reason, novel biofilm
control strategies use both conventional disinfectants (such as peracetic acid or quaternary ammonium
compounds) and more novel approaches for reducing microbial adhesion abilities and increasing
their sensitivity to antimicrobial agents. For example, substances with biocidal and/or antiadhesive
properties—such as organosilanes or nanostructured silver multilayers—may be coated on the internal
surfaces of industrial installations [12-14]. Various plant extracts and juices with antimicrobial
properties can be used as soft drink additives [1,15-17]. Natural detergents can increase the
permeability of microbial cell membranes, so enhancing their susceptibility to disinfection.

One group of natural detergents are saponins—classified as triterpenoid or steroid glycosides.
Saponins show a wide range of important properties, and are used in medicine as well as
in the beverage and cosmetics industries. They are non-toxic and environmentally friendly.
Their amphipathic properties enable them to penetrate cellular membranes [18]. The beverage industry
commonly uses extracts from Quillaja saponaria, mainly as a foaming agent and stabilizer in soft
drinks or emulsion-based products. Saponins are stable in a wide range of environmental conditions
(pH, ionic strength, temperature). This fact makes Q. saponaria saponins suitable for a wide range of
applications in food products. According to the Codex Alimentarius Commission, Q. saponaria extracts
(QEs) may be used as a foaming agent in soft drinks at doses of up to 200 mg/kg [19]. In the European
Union, QEs appear on labels as E999, classified as a foaming agent for use in water-based, flavored,
and non-alcoholic drinks (dose 200 mg/L calculated as anhydrous extract) [20,21].

Saponins in general show significant antifungal activity. Recent research on Quillaja saponins
conducted in Poland found that saponin treatment leads to increased cell membrane permeability
in different yeast strains [22,23]. The antibacterial activity of saponins is usually weak; however,
such activity may occur in the case of Gram-negative bacteria. In Gram-negative bacteria, the outer
membranes of the cell walls are covered in lipopolysaccharides. Q. saponaria extracts interact with the
lipid part of cell membrane and increase the permeability of the bacterial cells. Sublethally injured
or weakened microbial cells may thereby become more susceptible to conventional disinfectants.
The purpose of the current study was therefore to investigate Quillaja saponaria saponins as a potential
agent for enhancing the effectiveness of disinfection processes in the beverage industry, using as the
model organism the spoilage bacteria, Asaia spp.

2. Materials and Methods

2.1. Bacterial Strains

Six strains of acetic acid bacteria belonging to the genus Asaia were used in this study. The bacteria
were isolated from commercial soft drinks: Asaia bogorensis ISD1 (GenBank KP234014), As. bogorensis
ISD2 (GenBank KP234015), As. bogorensis FFEMW (GenBank KC756841), As. lannensis IFCW (GenBank
KP234011), As. lannensis IFMW (GenBank KP234012), and As. lannensis FMW1 (GenBank HQ917850).
Tested strains were isolated from strawberry-flavored mineral water, lemon-flavored mineral water,
and isotonic drinks and then identified using morphological, physiological, and genetic methods
described in our previous studies [8,9,15,16]. The isolates were maintained on GC agar slants (2% (w/v)
glucose, 0.3% (w/v) peptone, 0.3% (w/v) yeast extract, 0.7% (w/v) CaCOs, 2% (w/v) agar) at 4 °C.
Bacterial suspensions in phosphate-buffered saline (PBS, pH 7.4) were standardized using a DEN-1
densitometer (Merck-Millipore, Darmstadt, Germany) to final inoculum concentrations of 10°-10° cells
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per mL. Rectangular glass slides (Knittel Glass, Braunschweig, Germany) measuring 76 x 26 mm were
used as biofilm supports.

2.2. Antimicrobial Compounds

Quillaja saponaria saponin extract (QE) was purchased from Sigma Aldrich (Saint Louis, MO,
USA). The extract is a heterogenous mixture of molecules, with sapogenin, the main aglycon,
comprising 20-35%. A working solution of QEs 15% (w/v) was sterilized by membrane filtration
(0.45-pm filters, Merck-Millipore, Darmstadt, Germany). N-ethyl-N,N-dimethylhexadecylammonium
bromide (quaternary ammonium compound, QAC) was synthesized by the Center of Molecular and
Macromolecular Studies of the Polish Academy of Science (Lodz, Poland). Peracetic acid (PAA) was
purchased from Envolab Fine Chemicals (Czestochowa, Poland). The solutions of disinfectants (4%)
were prepared in sterile deionized water immediately before use.

2.3. Minimal Inhibitory Concentration (MIC)

The effect of QAC and PAA on the growth of Asaia spp. was investigated in liquid minimal
medium (0.3% (w/v) (NH4),POy, 0.3% (w/v) KHyPOy, 0.3% (w/v) MgSO4-7H,0, and 0.05% (w/v) yeast
extract) with 2% (w/v) glucose placed in 96-well plates. For this purpose, 150 uL of 4% (w/v) for QAC or
4% (v/v) for PAA working solutions of each disinfectant was added to 150 pL of minimal medium and
mixed; 150 puL was then transferred to the next cell with 150 uL of minimal medium. After preparing
this series of dilutions, each microplate cell was inoculated with 150 pL of the standardized bacterial
suspension. The final concentration of bacterial cells in the standardized suspension was approximately
10°-10° cells per mL. The control sample was inoculated minimal medium without disinfectant.
Multiplates were incubated using a UV-vis MULTISKAN GO spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA) at 25 °C for 24 h. Measurements of absorbance were carried out
automatically every 1 h at a wavelength of 540 nm. The MICs were defined as the lowest concentrations
of disinfectants at which there was no growth of Asaia spp.

2.4. Pretreatment of Planktonic Bacterial Cells with Saponin Extract

The tested strains of As. lannensis and As. bogorensis were pre-cultured in 20 mL of liquid GC
medium at 25 °C for 48 h. The bacterial cells were then harvested by centrifugation (Eppendorf 5417R,
Hamburg, Germany) at 6500 rpm for 10 min at 4 °C, washed with phosphate-buffered saline (PBS,
pH 7.4) and resuspended in 20 mL of 1% (w/v) solution of QE. This concentration of QE was chosen on
the base of our previous experiments (data not published; Polish patent application P. 423143). Bacterial
suspensions were incubated at 25 °C for 1 h on a laboratory shaker (Unimax 1010, Heidolph, Germany)
at 130 rpm. After pretreatment, the bacterial cells were harvested by centrifugation (Eppendorf 5417R,
Hamburg, Germany) at 6500 rpm for 10 min at 4 °C, washed and resuspended in phosphate-buffered
saline (PBS, pH 7.4) to obtain a final concentration of 10°-10° cells per mL. The bacterial cells were
then treated with PAA or QAC, as described above.

2.5. Biofilm Eradication

Six-day biofilms of Asaia spp. on glass carriers were obtained by bacterial cultivation in
Erlenmeyer flasks with 20 mL of liquid minimal medium (0.3% (w/v) (NHy)2POy, 0.3% (w/v) KHpPOy,
0.3% (w/v) MgSO4-7H,0, and 0.05% (w/v) yeast extract) with 2% (w/v) sucrose and glass carriers
placed vertically. Bacterial cultures were incubated at 25 °C for six days on a laboratory shaker (Unimax
1010, Heidolph, Germany) at 130 rpm. The mature biofilms were transferred to 25 mL Erlenmeyer
flasks containing 20 mL of the appropriate disinfection agent and incubated at 25 °C for 1 h on a
laboratory shaker at 130 rpm. The glass carriers were then removed and washed with distilled water.

Analysis of the bacterial biofilms on the glass carriers was performed using luminometric
measurements, the colony count method and microscopic observations followed by a qualitative
assessment of the density of the bacteria covering the supports. For luminometric tests, the glass
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carrier with biofilm was rinsed with sterile distilled water and swabbed using HY-LiTE2 sampling
pens (Merck, Darmstadt, Germany) for surface testing. The measurements were performed in relative
light units (RLU) using a HY-LiTE2 luminometer [8]. For the colony count, the glass carrier plate was
rinsed with sterile distilled water and swabbed with sterile swabs for surface testing. The bacterial
suspensions were transferred onto GC agar medium and after incubation (25 °C, 72 h) colonies were
counted. The number of colonies forming units per cm? of the carrier was calculated. In microscopic
studies, glass carriers were stained with basic fuchsin (0.5% w/v) and observed using a light microscope
(OLYMPUS type BX41). Images were captured with a digital camera and analyzed using the UTHSCA
ImageTool program available from http://imagetool.software.informer.com.

Analysis of the effect of Q. saponaria saponins on biofilm eradication was performed analogously,
but before application of the disinfectant, the bacterial biofilms were treated with QE at a concentration
of 1% (w/v) at 25 °C for 1 h on a rotary shaker at 130 rpm (shaker Unimax 1010, Heidolph, Germany).

2.6. Statistics

Mean values and standard deviations (SD) were obtained from three independent experiments.
Statistical differences between the results were compared using a one-way repeated measures analysis
of variance (ANOVA; OriginPro 9.2.214, OriginLab Corp., Northampton, MA, USA). Statistical
significance was set at 5% (p < 0.05).

3. Results and Discussion

3.1. Minimal Inhibitory Concentration

MIC was used as a comparative measure of the effectiveness of two different disinfectants:
N-ethyl-N,N-dimethylhexadecylammonium bromide (QAC) and peracetic acid (PAA) against Asaia
spp. Figure 1 presents the MICs of QAC (Figure 1A) and PAA (Figure 1B) for six tested bacterial strains.
The sensitivity of Asaia spp. to disinfectants was strain-dependent. The bacteria were characterized by
similar sensitivity to QAC, but differentiation was noticeably more pronounced in the case of sensitivity
to PAA. In general, higher sensitivity was observed for QAC, with MIC values ranging from 0.0156%
to 0.0313% (w/v). For PAA, these values ranged from 0.0625 to 0.250% (v/v). The strain As. bogorensis
FFMW was the most resistant to PAA and was also characterized by high resistance to QAC. It is worth
noting that the MICs for QAC were almost 10 times lower in comparison to those obtained for PAA.
Kozirég and co-workers obtained MIC results for dodecyl(trimethyl) ammonium bromide against
As. lannensis FMW1 of 0.12-0.25 uM, dependent on both the type of carbon source and the availability
of nutrients in the environment. They conclude that culture media with highly complex components
may protect microorganisms from the presence of antimicrobial compounds [24]. The activity of
PAA may be dependent not only on the kind of bacterial strain, but also on its metabolic activity.
In a study conducted by Spoering and Lewis, the minimal inhibitory concentration of PAA against
expotentially-growing Pseudomonas aeruginosa cells was 100 pg/mL, while for cells from stationary
phase the concentration was four times higher. The authors suggest that the resistance of P. aeruginosa
cells harvested from stationary phase was comparable to that of bacterial cells forming biofilms [25].

PAA is considered to be a strong oxidizing agent, with effective action against a wide spectrum
of microorganisms [26]. The antimicrobial activity of this compound is based on the disruption of
membranes, oxidation of thiol groups in proteins, and damage to DNA [27]. Despite the widespread
use of PAA as an antimicrobial agent, the mechanisms of microbial tolerance to PAA are not fully
understood. The QAC group includes both cationic surfactants and antimicrobial agents showing
particular activity against yeasts and molds. However, they are also commonly used against
Gram-positive and Gram-negative bacteria. The antimicrobial activity of these substances depends
mainly on the length of the N-alkyl chain [28]. Disinfectants based on QAC are used widely in
the pharmaceutical, cosmetic, and food industries [29]. Generally, the antimicrobial activity of
QAC is based on interaction with cell membranes, disruption of membrane integrity and leakage
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of intracellular content [30]. The mechanism of antimicrobial activity involves the association of
positively-charged quaternary nitrogen with negatively-charged head groups of acidic phospholipids
in the bacterial membranes. The hydrophobic tail of the quaternary ammonium compound integrates
into the microbial hydrophobic membrane core. The activity of QAC may also involve the disruption
and denaturation of proteins and enzymes, as well as induction of dose- and time-dependent
ultrastructural changes [28].

At low concentrations, the activity of QAC results in the loss of osmoregulatory capability
and leakage of potassium ions and protons. Intermediate levels of QAC in turn disrupt
membrane-association processes (respiration, transport, cell wall biosynthesis) [31]. However, it is
well known that Gram-negative bacteria exhibit particular resistance to numerous biocides, including
quaternary ammonium compounds. One of the reasons for this is the long-term use of the same
types of disinfectant in the food industry. Loss of sensitivity to certain disinfectants can be caused by
long-term use of the same or similar types of antimicrobial agent, by sustained exposure to sublethal
concentrations of biocide, and by the cross-resistance of microbial cells [32].
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Figure 1. Values for minimal inhibitory concentration of: (A) N-ethyl-N,N-

dimethylhexadecylammonium bromide (QAC) and (B) peracetic acid (PAA) against Asaia spp. in
comparison to values obtained for saponin pretreated cells by Q. saponaria extracts (QE): QE + QAC
and QE + PAA.
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The pretreatment of bacterial cultures in 1% (w/v) saponin solution led to significant increases
in the sensitivity of most tested strains to the disinfectants. The MIC values for QAC were half those
observed for cells not treated with saponin solution. In the case of PAA, the difference was even more
significant. The MICs were 4-8 times lower than those for bacterial strains without saponin action.
After 60 min of treatment, As. bogorensis FEMW, the most resistant strain to PAA, became four times
more sensitive to this disinfectant. It may be concluded that such pretreatment of planktonic bacterial
cells before disinfection can reduce the need for high doses of the tested antimicrobials.

3.2. Biofilm Eradication

Biofilms are a serious problem in the beverage industry, and can be up to 1000 times more resistant
to disinfectants than planktonic cells [10]. Diffusion through biofilm structures is one of the main
mechanisms explaining their low sensitivity to antimicrobial agents. An essential step to improve the
disinfection process is therefore the loosening or eradication of biofilm structures. One common and
useful method is the mechanical disruption of biofilm matrices [33]. However, this method is effective
only on easily-accessible surfaces. An enzyme-based strategy is also commonly used to improve
the cleaning process. However, its effectiveness depends on the EPS composition of the microbial
biofilms [34].

In this study, we investigated the influence of 1% (w/v) saponin pretreatment on the eradication
of mature bacterial biofilms. The effectiveness of QE was evaluated using three methods: (i) the
plate count method, for detecting the number of living cells on the tested surface; (ii) luminometry,
for measuring ATP levels in the biofilm structures; and (iii) light microscopy, for visualizing the
bacterial cells in biofilm.

Figure 2 shows the effect of QE solution (1% w/v) on the eradication of six-day bacterial biofilms
treated with (Figure 2A) N-ethylo-N,N-dimethylohexadecylioamonium bromide (QAC) or (Figure 2B)
peracetic acid (PAA) at two different concentrations (0.125% and 0.250%). These concentrations were
chosen on the basis of MIC results for less active PAA and planktonic cells. Biofilms are considered
to be highly resistant to antimicrobial agents; therefore, the higher MIC values were used in these
experiments. The results were obtained using the plate count method. The initial results for viable
bacterial cells forming mature biofilms ranged from 5.0 x 107 CFU/cm? for As. bogorensis FEMW to
2.3 x 108 CFU/cm? for As. bogorensis ISD2. Eradication of Asaia spp. biofilms led to a reduction in the
number of living cells in the biofilms of around 4-5 logarithmic units.

Generally, synergistic effects were observed between QE and QAC when the QAC concentration
was lower; however, the final effect depended on the bacterial strain. The reason for this synergy
is unclear. It may be due to changes in the permeability of bacterial cell walls and loosening of the
EPS structure, which are known to occur as a result of surfactant action. However, the mechanisms
of action of nonionic detergent QE and cationic surfactants such as QAC are generally different [35].
Due to obtained differences in the plate count method, luminometric measurement was used as the
second method.

Treatment with QF and PAA was more effective than eradication performed with QE and QAC.
The reason for this was clearly related to the concentration of disinfectant used. It was thereby
confirmed that cells forming biofilms are much less susceptible to biocidal than to planktonic action.
The higher degree of eradication may have also depended on the type of action performed by the
disinfectants. Both QE and QAC are surfactants with similar effects, whereas the action of PAA and
QE is the combined effect of the detergent and the oxidizing agent.

Figure 3 presents the results of luminescence testing (in RLU/cm?) for mature biofilms treated
with disinfectants, QAA (Figure 3A) and PAA (Figure 3B), alone or in combination with 1% (w/v)
QE. The initial results for six-day biofilms formed by Asaia spp. strains varied, from 12,500 to
15,500 RLU/cm?. Eradication of Asaia spp. biofilms by antimicrobials led to as high as 10-fold
reduction in RLU levels, and this effect was stronger in the case of combined treatment, especially
with QE and PAA. In spite of general reduction of the obtained values of RLU/ cm?, for biofilms
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formed by As. lannensis IFMW and As. lannensis FMW1, the results were higher for pretreatment
by 0.250% QAC in comparison to 0.125% QAC. What is more, in some cases, results were higher for
samples pretreated by QE. The action of QE and QAC is generally based on the interactions with
cell membranes, disruption of membrane integrity, and leakage of intracellular content, including
ATP [28,30]. Due to the fact that the bioluminescence measurement is based on the ATP determination,
the higher results of RLU/cm? may be caused by higher levels of ATP releasing from cells after
treatment by QAC at higher concentrations. The results obtained using the conventional plate count
method and luminometry were positively correlated (r = 0.84), but this relationship was not very
strong. This fact may be due to the differences between the two detection methods. The plate count
procedure evaluates the number of living bacterial cells able to grow on agar media, while luminometry
detects the ATP levels. Of course, there is no perfect test method to detect biofilms on tested surfaces.
Therefore, we used these two different methods to estimate biological material on the test surfaces [8].
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Figure 2. Effect of mature biofilm eradication by disinfectants: (A) N-ethyl-N,N-
dimethylhexadecylammonium bromide (QAC) and (B) peracetic acid (PAA) acting alone or
in combination with Q. saponaria extracts (QE). Plate count method (CFU/cm?). Values with the
different superscript lowercase signs are statistically different (p < 0.05). Lowercase letters for PAA
results compared to those for QAC: 2 p > 0.05; ® 0.001 < p < 0.05; € p < 0.001. Lowercase numbers for
disinfectant results compared to those for QE+ disinfectant: ! p > 0.05;2 0.001 < p < 0.05; 3 p < 0.001.
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Figure 3. Effect of mature biofilm eradication by disinfectants: (A) N-ethyl-N,N-
dimethylhexadecylammonium bromide (QAC) and (B) peracetic acid (PAA) acting alone or
in a combined action with Q. saponaria extracts (QE). Luminometric method (RLU/ cm?). Values with
the different superscript lowercase signs are statistically different (p < 0.05). Lowercase letters for PAA
results compared to those for QAC: 2 p > 0.05;® 0.001 < p < 0.05; € p < 0.001. Lowercase numbers for
disinfectant results compared to those for QE+ disinfectant: ! p > 0.05;2 0.001 < p < 0.05; 3 p < 0.001.

Figure 4 shows exemplary images of Asaia spp. biofilm before (Figure 4A) and after treatment with
QE and PAA (Figure 4B). Microscopic observations confirmed a significant reduction in the number of
adhered Asaia cells. Regular cell adhesion to the glass surface was observed before treatment. After QE
and PAA action, bacterial cells covered only around 10-20% of the total surface area. The synergistic
action of antimicrobials against bacterial biofilms is well known. Changes in strain resistance and
possible antibiotic synergy in combination with significant killing effects have also been noted by
Monzén et al. for Staphylococcus epidermidis and by Anderson et al. for Pseudomonas aeruginosa
biofilms [36,37]. Other agents that stimulate the action of antibiotics or disinfectants include enzymes,
sodium salts, metal nanoparticles, acids, chitosan derivatives, and plant extracts. These combinations
increase antimicrobial activity and reduce the concentration of biocides required. The in vitro
antibacterial and antibiofilm activity of various plant extracts in synergy with erythromycin against
erythromycin-resistant group A streptococci was also evaluated [38]. These various antimicrobial
substances influence biofilm structure via various mechanisms and with different efficiencies [11].
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Saponins from Q. saponaria also belong to this group, as active compounds facilitating the action of
disinfectants commonly used in the food industry.

Figure 4. Effect of biofilm eradication by peracetic acid (PAA) (0.250% v/v) in combined action with
Q. saponaria extracts (QE) (1% w/v). (A) Six-day biofilm of Asaia spp.; (B) biofilm eradication by QE
and PAA treatment. Bar represents 20 pum.

4. Conclusions

Based on the results presented in this study, it can be concluded that pretreatment with Q. saponaria
saponins prior to the application of disinfectants led to more effective elimination of the spoilage
bacteria Asaia spp. in both planktonic and biofilm form. The best results were obtained using two
antimicrobial agents with different mechanisms of action: saponins as a natural detergent and peracetic
acid as an oxidizing agent. These findings are of great interest not only with a view to increasing the
antibacterial force of disinfectants, but also in terms of protecting the natural environment. Q. saponaria
saponins are natural, environmentally friendly compounds [39]. High concentrations of PAA and QAC,
despite their biodegradability, can have a significant effect on the biological processes of wastewater
treatment [40,41]. Therefore, the benefits of reduced doses of antimicrobials in cleaning and disinfection
processes are measurable in not only economic but also environmental terms.
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5. Patents

This use of 1% (w/v) Q. saponaria saponins extract as a pretreatment agent before disinfection is
the subject of the Polish patent application P. 423143.
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