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Abstract: We investigated the action of the quaternary ammonium salt (QAS)
called IM (N-(dodecyloxycarboxymethyl)-N,N,N-trimethyl ammonium chloride)
on Saccharomyces cerevisiae yeast cells. Changes in the yeast cell ultrastructure
were confirmed by electron microscopy. We treated resistant mutant cells with
QAS, and confirmed destruction of the mutant cytoplasm, an increase in the
thickness of the cell wall, separation of the cell wall from the cytoplasm, and the
accumulation of numerous lipid droplets. We also observed a relatively high
production of lipids in the cells of the parental wild-type strain X1278b and in its
IM-resistant (IM®) mutant in the presence of the QAS. The IM® mutant showed
increased sensitivity to CaCl, and SDS, and resistance to ethidium bromide,
chloramphenicol, erythromycin and osmotic shock. It also tolerated growth at
low pH. We suggest that the resistance to IM could be connected with the level
of permeability of the cell membrane because the IM" mutant was sensitive to
this compound in vivo in the presence of SDS and guanidine hydrochloride,
which cause increased permeability of the cell plasma membrane.
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INTRODUCTION

Quaternary ammonium salts (QAS), especially those of cationic surfactant
character, are used as disinfectants, but the detailed mechanism of their
antimicrobial activity is far from being understood [1-6]. These drugs are used
for a variety of clinical purposes, for example, preoperative disinfection of
unbroken skin, application to mucous membranes, and as medicaments [3-5, 7-11].
In addition to having antimicrobial properties, QASs are also excellent for hard-
surface cleaning and deodorization [11]. Moreover, QASs are membrane-active
agents [12]: their target site is predominantly on the cytoplasmic (inner)
membrane of bacteria or the plasma membrane of yeasts [13]. They react with
phospholipid components in the cytoplasmic membrane [14], causing membrane
distortion and protoplast lysis under osmotic stress. For example, cetylpyridium
chloride (CPC) induces the leakage of K and pentose material from the yeast
Saccharomyces cerevisiae and induces protoplast lysis [15]. QASs are
sporostatic; they inhibit the outgrowth of spores (the development of a vegetative
cell from a germinated spore) but not the actual germination processes
(development from dormancy to a metabolically active state). The mechanism of
this sporostatic action is unknown [26]. Similarly, QASs are not
mycobactericidal, but have a mycobacteriostatic action, although their actual
effects on mycobacteria have not been studied in detail [17]. QASs have an
effect on lipid-enveloped viruses, including human immunodeficiency virus
(HIV) and human hepatitis B virus (HBV), but not on non-enveloped viruses
[18, 19]. QAS-based products were found to induce disintegration and
morphological changes in human HBV, resulting in a loss of infectivity [20]. In
studies with different phages [21, 22], cetylpyridium chloride (CPC)
significantly inhibited transduction by the bacteriophage F116 and inactivated
the phage particles. Furthermore, CPC altered the protein bands of F116, but did
not affect the phage DNA within the capsid.

The extensive use of quaternary ammonium disinfectants in recent years has led
to the development of resistance in microorganisms to these drugs.
Staphylococcus aureus strains contain plasmid-carrying genes encoding
resistance to quaternary ammonium compounds and ethidium bromide. The
membrane protein QacA (the product of the gacA gene) confers multidrug
resistance by exporting the compound via the proton motive force, which is
generated by the transmembrane electrochemical proton gradient [23].

There is no information about the yeast genes directly involved in the phenotype
of resistance to QAS. However, it was shown that triple deletion of the
PDR5+SNQ2+YORI genes caused hypersensitivity of the yeast Saccharomyces
cerevisiae to tetradecyl trimethyl ammonium bromide, hexadecyl trimetyl
ammonium bromide and n-dodecyl trimethyl ammonium bromide [24].
Moreover, the yeast cells were observed to be hypersensitive to QAS in the case
of PDRI and PDR3 double-deletion mutants.
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Proteins belonging to the pleiotropic drug-resistance family in yeast are able to
transport a variety of unrelated compounds upon the hydrolysis of ATP. In the
yeast Saccharomyces cerevisiae, an over-expressed PDR5 gene has been shown
to cause resistance to a wide range of structurally and functionally unrelated
compounds such as antifungals, herbicides, and anticancer and cytotoxic drugs
[25]. On the other hand, the over-expression of CDRI in S. cerevisiae and
Candida albicans leads to resistance to azole-based antifungal agents [26].

QASs contain a positively charged nitrogen head and a hydrophobic aliphatic
carbon chain in their structure. These compounds inhibit the growth of
S. cerevisiae, and their growth-inhibitory activity is dependent on the aliphatic
chain length of the drug. QASs with twelve to fourteen carbon atoms displayed
the highest level of biological activity [27, 28]. Sensitivity to QAS also depends
on the biosynthetic and respiratory proficiencies of the yeast. Therefore,
auxotrophic and respiratory-deficient mutants are more sensitive than isogenic
prototrophic and respiratory-proficient strains [27-32]. In previous
investigations, it was also found that the inhibitory activity of QAS is pH
dependent: the activity of QAS is higher at pH 8 than at pH 6 [27, 28, 33].
Moreover, the compounds inhibit specific and general amino-acid transport into
yeast cells [34, 35] and the activity of the plasma membrane and mitochondrial
ATPases [27, 28, 34].

In order to more precisely locate the target of QAS action in yeast cells, we
analysed the morphological changes occurring under the influence of the tested
compound. Having identified the round bodies in the preparations as lipid drops,
we performed a comparative quantitative analysis of the lipids and fatty acids.

MATERIALS AND METHODS

Chemicals

The structure of the quaternary ammonium salt, compound IM, synthesized at
the Department of Chemistry, Technical University of Wroclaw, Poland, is
shown in Fig. 1. This drug was obtained by the quaternization of n-dodecyl
chloroacetate with trimethylamine in ethereal solution at room temperature [36].
'H-NMR spectra (Bruker instrument 300 MHz, CDCl;, HMS as the internal
standard) confirmed the high purity of the synthesized compound. The
compound was dissolved in water and added to YPD medium buffered to pH 6
with Sorensen’s buffer (0.05 M) to obtain suitable final concentrations.

CH;

CH;—N"—CH;— CO— 0 —CpHas CI'
CH;

Fig. 1. The chemical structure of the quaternary ammonium salt IM
(N-(dodecyloxycarboxymethyl)-N,N,N-trimethyl ammonium chloride).
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Yeast strains and growth conditions

Two strains of Saccharomyces cerevisiae were used in the experiments: the
wild-type strain £1278b (o prototroph) and its monogenic IM-resistant mutant
EO25. The yeast cells were incubated for 7 days on YPD medium (1% Difco
yeast extract, 1% Difco bacto peptone, 2% glucose, and 2% Difco bacto agar)
with or without IM at pH 6 in final concentrations of 80 or 320 uM. The pH of
the medium was adjusted with Sérensen’s phosphate buffer (0.05 M).

Preparation of ultrathin slices for electron microscopy

Pelleted yeast cells were washed twice with distilled water and fixed in 2.5%
glutaraldehyde in 0.2 M phosphate-buffered saline (PBS) at pH 7.4, rinsed
several times in PBS, and fixed with 1% OsQO,. After dehydration in increasing
concentrations of ethanol and acetone, the cells were embedded in Epone 812.
Ultrathin slices were contrasted with uranyl acetate and then with lead citrate
according to Reynolds [37]. The material was analyzed under Tesla BS 540 and
JEOL 100 transmission electron microscopes.

Cytochemical analysis

Yeast cells in suspension were fixed in 4% formalin for 24 h, and immersed first
in 15% gelatine for 24 h and then in 30% gelatine for 24 h, both at a temperature
of 37°C. The gelatine blocks with yeast cells were first embedded in fresh
gelatine at room temperature, then frozen, and finally sectioned. The sections
were stained with Sudan III and photographed under a Nicon Eclipse 50
microscope.

Analysis of the total lipids and fatty acids

A wet mass of yeast cells was lyophilised, and the total lipids from 1 g of dry
mass were extracted twice by shaking with chloroform/methanol (2:1, v/v) at the
ambient temperature for 12 h [38]. The combined chloroform phase from the
centrifuged (4000 rpm, 4°C) suspension was dried for the gravimetric
determination of the total lipid weight. Samples for fatty acid analysis were dried
over P,Os and subjected to acid methanolysis with 1 M HCI in MeOH by the
addition of methanol (400 pl) and acetyl chloride (50 pl), and the reaction was
performed at 80°C for 1 h. The solvent was evaporated with a stream of nitrogen
and the derived fatty-acid methyl esters were analyzed as described [39] by gas-
liquid chromatography combined with mass spectrometry (GLC-MS) using
a Hewlett-Packard 5971A system, employing an HP-1 glass capillary column
(0.2 mm x 25 m) and a temperature program of 150-270°C at 8°C/min. The
methyl ester of pentadecanoic acid was used as an internal standard.

Sensitivity to drugs

The parental strain X1278b and the IM-resistant mutant EO25 were tested for
sensitivity to erythromycin (300 pg/ml) and chloramphenicol (2 mg/ml) on
YPGly medium (1% Difco yeast extract, 2% Difco bacto peptone, 4% glycerol,
and 2% Difco bacto agar). This medium was buffered with 0.1 M K,HPO, and
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adjusted to pH 6.8 prior to autoclaving. The sensitivity of the yeast to other
drugs, such as ethidium bromide (25 and 50 pg/ml), SDS (0.05%), and CacCl,
(0.5 M) was investigated on YPD medium. However, the sensitivity levels of
both strains to DMSO (7%) were examined on YNB medium (0.67% Difco
yeast nitrogen base without amino acid, 2% glucose, 2% Difco bacto agar). The
yeast cells were incubated on solid medium in the presence of the drugs at 28°C
for 6 days.

Measurements of the yeast tolerance to temperature, osmotic shock and low pH

The thermotolerance experiments were done according to the method of
Panaretou et al. [40]. The sensitivity of both yeast strains to osmotic shock was
tested on YPD medium in the presence of 2 M sorbitol. The yeast cells were
incubated in this medium at 28°C for 6 days. The growth of the wild-type strain
and its IM-resistant mutant at low pH was tested on YNB medium. The pH of
the medium (5.0, 4.9, 4.8, 4.7) was maintained with an acetate buffer (0.2 M).
The growth of the yeast cells in acidic pH was also investigated using YPD
medium. Under these conditions, the pH of the medium was adjusted to 4.5 with
1 M HCl and to 7.5 with 1 M KOH. The growth rate was assessed after 6 days.

The acidification of the medium by the yeast cells

Yeast cells can secrete acid metabolites into the medium. This phenomenon was
examined on CK medium (1% Difco yeast extract, 2% Difco bacto peptone,
0.5% glucose, 2% Difco bacto agar, and the pH indicator bromocresol purple)
[41]. The pH of this medium was adjusted to 7.0 with 1 M NaOH. Bromocresol
purple is purple at pH 7 and yellow at pH 5. There was an observable change in
the colour of the medium from purple to yellow as a pH decrease was caused by
the yeast cells acidifying the medium. The ability of the yeast cells to acidify the
medium was determined after 2 days of incubation at 28°C.

The influence of permeability to IM resistance

We checked the influence of SDS and guanidine hydrochloride (CHsN;HCI),
a membrane-permeabilizing agent, on the IM resistance of the EO25 mutant and
its parental strain. This test was carried out on solid YNB medium at pH 6 in the
presence of the compounds at final concentrations of 20 pg/ml SDS, 100 uM
guanidine hydrochloride, and 160 or 320 uM IM. The pH of the medium was
adjusted with 0.05 M Sorensen’s phosphate buffer. The growth of both strains
was thus determined on YNB medium alone, on YNB with SDS and guanidine
hydrochloride, on YNB with SDS, guanidine hydrochloride and IM, and on
YNB with IM. The yeast cells were incubated for 6 days at 28°C.

RESULTS

The effect of IM on cell morphology
The effect of this QAS on the yeast Saccharomyces cerevisiae is visible in the
cell morphology as seen in the transmission electron micrographs of the ultrathin
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sections. To observe the changes caused by IM in the cells of the wild strain and
its resistant mutant, the strains were incubated with and without IM at the
appropriate minimal inhibitory concentrations (MIC). At concentrations lower
than the MIC (80 uM IM for £1278b and 320 uM IM for the resistant mutant
EO025), such changes were not observed.

Fig. 2. Transmission electron micrographs of ultrathin sections of the yeast Saccharomyces
cerevisiae wild-type IM-sensitive strain X1278b cultured in YPD medium at pH 6.
A — without the IM (control) and B, C, D — in the presence of IM (at a final concentration
80 uM). Legend: 1 — lipid; v — vacuole; m — mitochondria; N — cell nucleus. Bars = 1um.

The cells from the control for the sensitive strain £1278b (without IM treatment)
have a normal oval shape in cross-section. In the cytoplasm, we observed
mitochondria, ribosomes, vacuoles with a uniform electron-dense structure, and
single lipid droplets (Fig. 2A). By contrast, a slight thickening of the cell wall
(Fig. 2B-D) can be observed on the transmission electron micrographs of the
QAS-treated cells. In their cytoplasm, there are several mitochondria and
ribosomes, and one large vacuole or a few smaller ones, containing regular
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Fig. 3. Transmission electron micrographs of ultrathin sections of the yeast Saccharomyces
cerevisiae IM-resistant mutant EO25 cultured in YPD medium at pH 6. A — without the IM
(control) and B, C, D — in the presence of IM (at a final concentration 320 uM). Legend:
1 - lipid; v — vacuole; m — mitochondria; N — cell nucleus. Bars = 1um.

electron-light drops. There are also vacuoles with either a uniformly electron-
dense structure or a flocculent structure. In the cells from the control for the
IM-resistant mutant EO25, the thickness of the cell wall did not change. The cell
nucleus, numerous mitochondria and ribosomes, and single vacuoles were
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visible in the cytoplasm (Fig. 3A). In the pictures of the cells (Fig. 3B-D) of the
mutant EO25 treated with IM, there is a considerable increase in the thickness of
the cell wall compared with the control (Fig. 3A). This wall has a spongy
character, and there are places where the wall is separated from the cytoplasm.
In the cytoplasm, there are also single mitochondria and numerous ribosomes,
and the cell nucleus is surrounded by a few lipid droplets.

These results are based on an analysis of 50 ultrathin sections with cell numbers
ranging from 60 to 80. We observed a thickening of the cell walls in 70% of the
mutant cells and in 30% of the cells of strain £1278b.

The lipid content in whole cells treated with the IM

To confirm that the yeast cells accumulate lipids in the presence of QAS, both
the parental and mutant strains were grown on YPD medium, plated with or
without IM, and stained with Sudan IIl. As shown in Figs 4A and 4B, the cells
of both strains acquired an intense red colour in the presence of IM, but
remained colourless without IM. The same differences in colour, although not so
clear-cut, could be observed between the colonies grown with (Figs 4D and 4F)
and without IM (Figs 4C and 4E) after Sudan III treatment of both the sensitive
strain and its resistant mutant.

Fig. 4. Ultrathin sections and colonies of the yeast cells stained with Sudan III. A — yeast
growing on YPD medium (control); B — yeast growing on YPD medium with IM. Colonies
of yeast (the wild-type strain and its IM-resistant mutant) incubated on YPD medium with
and without IM were stained with Sudan III. The red colour reveals the presence of lipids.
Strains: C — £1278b (control); D — X£1278b in the presence of 80 uM IM; E — EO25
(control); F — EO25 in the presence of 320 uM IM.
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A biochemical analysis of lipids in IM-resistant and sensitive yeast cells
Further confirmation that the yeast cells accumulate lipids as a result of QAS
treatment was obtained when their contents were directly compared. As shown
in Tab. 1, the QAS treatment of yeast cells leads to a marked increase in the lipid
content, mainly in the saturated fatty acid content in both strains. Under these
conditions, the total lipid content in the IM-resistant mutant is considerably
higher than in the wild-type parental strain £1278b. The resistance to IM causes
a relatively higher production of fatty acids, especially saturated ones. However,
we did not find any significant difference in the total lipid content between the
wild-type strain and its IM-resistant mutant under the control conditions (Tab. 1).
There are relatively more unsaturated than saturated fatty acids in both strains.

Tab. 1. An analysis of the total lipids and fatty acids of Saccharomyces cerevisiae strains.
The values are the means of three experiments, and the standard deviations are given.

Total lipids Saturqted fatty Unsaturated fatty Ratio of
. acids S . saturated to
Strain (mg/g dry cell acids NS (mg/g
mass) (mg/g dry cell dry cell mass) unsaturated fatty

mass) Y acids S/NS
>1278b control 1.91 +£0.09 0.52 +£0.05 1.39+£0.12 04
>1278b + 80 uM IM 2.69 +0.25 1.41+£0.12 1.28 £0.07 1.1
EO25 control 1.88+0.17 0.67 £0.02 1.21 £0.08 0.6
EO25 + 320 uM IM 3.25+£0.06 2.10£0.20 1.15£0.09 1.8

The pleiotropic character of the mutation conferring resistance to IM

To test whether the resistance mutation phenotype is specific to QAS, the
parental strain £1278b and the IM-resistant mutant EO25 were tested for their
sensitivity to erythromycin (300 pg/ml) and chloramphenicol (2 mg/ml) on
YPGly medium, to ethidium bromide (25 and 50 pg/ml), SDS (0.05%) and
CaCl;, (0.5 M) on YPD medium, and to DMSO (7%) on YNB medium. These
results are shown in Tab. 2 and Fig. 5. As can be seen in Fig. 5, the IM-resistant

Tab. 2. The phenotype of the wild strain and its IM-resistant mutant. The phenotypic tests
were repeated at least three times. S — sensitive, R — resistant.

Growth in the listed media in the presence of the listed compounds

Strain YPD YNB YPGly
M EBR CaCl, SDS DMSO ERY CHL 2
320 uM 50 pg/ml 0.5M 0.05% 7% 300 pg/ml mg/ml
21278b S S R R S S S
EO25 R R S S R R R

YPD medium — 1% Difco yeast extract, 1% Difco bacto peptone, 2% glucose and 2% Difco bacto agar;
YNB medium — 0.67% Difco yeast nitrogen base without amino acid, 2% glucose, 2% Difco bacto agar;
YPGly medium — 1% Difco yeast extract, 2% Difco bacto peptone, 4% glycerol, and 2% Difco bacto agar
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Fig. 5. The sensitivity of the wild-type strain £1278b (1) and its IM-resistant mutant EO25
(2) to various growth inhibitors. ERY — erythromycin 300 pg/ml, CHL — chloramphenicol
2 mg/ml, EBR — ethidium bromide 25 and 50 pg/ml, SDS 0.05%, CaCl, 0.5 M, DMSO
7%. CK — complete medium with bromocresol purple, used for the identification of the
acid metabolites secreted by the yeast to the medium, yeast grown on YNB medium with
pH 4.7. The phenotypic tests were repeated at least three times.

Tab. 3. The sensitivity of the parental and mutant strains to osmotic shock and to the pH
of the medium.

Colony forming units (%) in the YPD medium

Strain Control in the presence of sorbitol and at different pH*
Sorbitol 2 M pH 4.5** pH 7.5%*
21278b 100 7.8 52 58
EO25 100 84.5 83 86

*Average values are given for tests repeated at least three times. **The pH 4.5 medium was adjusted with 1 M HCI
and the pH 7.5 medium with 1 M KOH.

mutant is also resistant to erythromycin, chloramphenicol and DMSO. However,
this mutation is associated with some loss of sensitivity to ethidium bromide.
Moreover, the IM-resistant mutant acquired sensitivity to CaCl, and SDS (Fig. 5).
It was also noted that the mutant EO25 appears to have an increased resistance
to osmotic shock (Tab. 3) and a better tolerance to both the low and alkaline pH
of the medium in comparison with the wild-type strain (Fig. 5 and Tab. 3).
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It was also demonstrated that the IM-resistant mutant acidifies the medium. This
phenomenon was examined using CK medium with a pH indicator (bromocresol
purple). The change of colour from purple to a clear yellow zone around the
colonies grown on the medium was observed as a result of a decrease in the pH
of the medium (Fig. 5). This phenomenon may be associated with the higher
secretion of Krebs cycle metabolites by the IM-resistant mutant [41, 42].
Moreover, we observed that resistance to IM increased tolerance to the lethal
temperature of 48°C in cells in which no heat-shock response had been induced
(Fig. 6A). This was manifested by a slightly greater survival of the IM-resistant
mutant compared with the parental strain. However, after the induction of a heat-
shock response and elevated thermotolerance by a shift from 25 to 38°C
followed by incubation of the cells at 38°C for 40 min, we observed that the
IM-resistant mutant showed a lowered tolerance of much higher lethal
temperatures (52°C) than the parental strain (Fig. 6B). The non-acute heat shock
at 38°C enables the induction of HSPs, associated with a marked elevation of
thermotolerance. A comparison of Figs 6A and 6B reveals that the IM® mutation
reduces the increase in thermotolerance when the heat-shock response is induced
by a shift from 25 to 38°C. Similar results obtained by Panaretou and Piper [40]
indicate that the action of plasma membrane ATPase influences the level of
thermotolerance and the extent and duration of heat-shock protein synthesis
following induction of the heat-shock response.

180 ¢ 180

B -+512780
-0-E025

—&—S1278b
-0-EQ25

180 1 180 C

140 140
120 | 120
100 100
80 1
60

40 1

80
80

Cfu/ml x 100000
Cfu/ml x 100000

40

20 | 20

N

0 5 10 15 20 0 5 10 15 20
Time of incubation [min] Time of incubation [min]

o

Fig. 6. The high temperature tolerance of the Saccharomyces cerevisiae IM-resistant
mutant (strain EO25; o) and its wild-type strain (£1278b; A). A — The cultures were
uninduced for thermotolerance, with a temperature shift from 25 to 48°C. B — The cultures
had their thermotolerance elevated by prior heat shock from 25 to 38°C for 40 min before
being shifted to 52°C. The average values for two repetitions are given.

One of the effects of heat-shock stress, at least in Saccharomyces cerevisie, is
dissipation of the transmembrane H' gradient and a decreased intracellular pH.
This intracellular pH drop in turn stimulates plasma membrane ATPase, causing
increased proton efflux from the cell, which serves partly to counteract the
internal acidification resulting from the stress-induced increase in membrane
permeability [43]. The stimulation of plasma membrane ATPase at supra-
optimal growth temperatures is not the result of increased biosynthesis of PMA 1
ATPase. This is indicated by the decreased level of transcription of the essential
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PMAI gene and the corresponding reduction in the level of protein ATPase in
the plasma membranes of cells grown at 39°C compared with cells grown at
30°C [44, 45]. Similar results were also obtained by Panaretou and Piper [43].

Shin et al. [46] reported that a decrease in the cAMP level and the repression of
cAMP-dependent protein phosphorylation are required for heat-shock responses
in Saccharomyces cerevisiae, including the synthesis of hsp proteins, the
acquisition of thermotolerance, and the transient arrest of the G; phase of the cell
cycle. Thermotolerance is also affected by the growth state, which is lowest in
cells in rapid exponential growth, and high in stationary-phase (Gy) cells [47].

The influence of guanidine hydrochloride (membrane-permeabilizing
agent) on IM resistance

The influence of the QAS on the lipid content in yeast cells and the differences
between the parental and mutant strains in this respect permitted us to suppose
that the mechanism of this mutation could involve a change in membrane
permeability. To verify this supposition, we checked the influence of SDS and
guanidine hydrochloride (CHsN;HCI) on the IM resistance of the EO25 mutant.
As seen in Fig. 7, in the presence of SDS and guanidine hydrochloride, EO25
appears to be completely sensitive to IM. Therefore, the permeabilization of the
cell membrane eliminated the resistance to IM. We obtained the same results
when we tested the resistance to ethidium bromide of both strains (results not
shown).

10" 102107 10" 10°
! ! \ YNB + SDS
YNB . i
2 2 + CHsN,HCI
1 1 YNB + SDS
1{11\]?0 VM + CHsNSHCI
2 H 2 + 160 uM IM

Fig. 7. The sensitivity of the yeast (the wild-type strain and its IM-resistant mutant) to IM
in the presence of SDS and hydrochloride guanidine in the YNB medium. Strains:
1 —21278b IM®, 2 — EO25 IM®. The phenotypic test was repeated at least three times.

DISCUSSION

The antimicrobial activity of synthetic QAS is well known, and these
compounds are extensively used as disinfectants [1-6]. QASs contain
a positively charged nitrogen head and a hydrophobic aliphatic carbon chain in
their structure. They anchor to the lipid regions of the cell membrane by the
hydrophobic aliphatic carbon chain. However, their positively charged nitrogen
head remains at the surface, thus interfering with its function of proton extrusion
by plasma membrane H'-ATPase, especially in the transport of amino acids into
the cell [27, 28, 34, 35].
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The antibacterial and antifungal activities of QASs depend on the cell wall
structure of the microorganism. Quaternary compounds are effective on both
Gram-positive and Gram-negative bacteria, but they have a stronger antibacterial
effect on Gram-positive bacteria, since Gram-negative bacteria have an extra
protective membrane [48-50]. This was shown on spheroplasts and on whole
cells of Pseudomonas aeruginosa [51].

The actions of various quaternary compounds on yeast cells were also studied. It
was demonstrated that QASs and their derivatives were fungicidal toward
Candida species and Saccharomyces cerevisiae and fungistatic toward
Aspergillus ochraceus conidia [52, 53]. Moreover, investigations by Shirai et al.
[53] showed (on scanning and transmission electron micrographs) a preserved
yeast cell wall structure, whereas intracellular organelles were destroyed in cells
incubated in the presence of the compound.

However, in our study, screening the cytoplasm profiles of the IM-resistant
mutant originating from X1278b revealed destruction of the mutant cytoplasm
(in the presence of IM), an increase in thickness of the cell wall, its separation
from the cytoplasm, and the accumulation of numerous lipid droplets around the
cell nucleus. This cannot be seen in the sensitive strain and in the cells which
were not treated with this compound. The observed changes are different from
those demonstrated by Shirai [53]. Since we identified the round bodies in the
preparations as drops of lipids, a comparative quantitative analysis of the lipids
and fatty acids was done. Our investigation confirmed an overproduction of
lipids with saturated fatty acids in the cells of both the wild-type (X1278b) and
IM-resistant mutant (EO25) in the presence of the IM salt.

It is know that the unsaturated fatty acids that play important roles in yeast
physiology (e.g. membrane integrity) and biotechnology (e.g. ethanol tolerance)
include palmitoleic (16:1) and oleic (18:1) acids. Together, these compounds
constitute the bulk (approx. 70%) of the fatty acids in the Saccharomyces
cerevisiae cell membrane. The others are mainly saturated fatty acids, primarily
palmitic (16:0) and lesser amounts of stearic (18:0) and myristic (14:0) acids
[54, 55]. The plasma membrane permeability of yeast depends on the amount
and type of fatty-acid chains in the phospholipid bilayer. The increased level of
unsaturated fatty acids in the plasma membrane increases its permeability, which
was also shown in our experiments. The sensitive parental strain (X1278b) has
slightly more unsaturated fatty acids, and this may be associated with higher
amounts of the drug penetrating into the cell, resulting in its growth inhibition.
However, the mutant strain has a low amount of unsaturated fatty acids, which
results in hampered drug permeation. We suggest that resistance to the
quaternary ammonium salt IM can be connected with the degree of permeability
of the cell membrane because the IM-resistant mutant is sensitive in vivo to this
compound in the presence of SDS and guanidine hydrochloride, which cause an
increase in the permeability of the plasma membrane [56].

The adaptation of microorganisms to various environmental factors (e.g.
antimicrobial compounds) often leads to large chemical changes in their cell
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surface structure [57, 58]. In solution, the ammonium salt dissociates and
interacts with polar cell components and finally changes membrane fluidity and
permeability. The resistance to amphiphiles is accompanied by changes in the
composition of the cellular outer layers. The mechanism of amphiphile
resistance was shown to be the reduction of the negative surface charge by
modification of the bacterial cell envelope (LPS and phospholipids), which
repels these compounds [58].

Pleiotropic drug resistance in the yeast Saccharomyces cerevisiae results mainly
from the over-expression of genes encoding membrane efflux pumps, the so-
called ABC (ATP-Binding Cassette) and MFS (Major Facilitator Superfamily)
transporters [55]. The ABC transporters mediated resistance to most currently
available classes of clinically and agriculturally important fungicides and also to
many antibiotics, herbicides and anticancer and cytotoxic drugs, and to several
membrane lipids resembling detergents and lysosomotropic aminoesters [24, 25].
In our study, we observed that the IM-resistant mutant is resistant not only to
QAS but also to chloramphenicol, erythromycin and ethidium bromide, which
are effluxed by transporters controlled by the Pdrlp and Pdr3p transcription
factors [24, 25, 59]. This raises the possibility that the mutant is modified in the
energy pathways required to activate these pumps.

It was demonstrated that the YOR! gene product is the major resistance factor to
erythromycin, and that its deletion causes a slight increase in sensitivity to QAS
(n-dodecyl trimethyl ammonium bromide) [24]. However, hypersensitivity was
observed in PDR5+SNQ2+YORI triple deletion and PDRI+PDR3 double-
deletion mutants.

Moreover, it was shown that the modification of the ABC transporters affects the
sterol and phospholipid composition of the plasma membrane, and that they
change the total yeast lipid composition [60, 61]. Thus, in response to the
application QASs as disinfectants, microorganisms acquired different
mechanisms of resistance, such as the reduction of drug import into the cells
and/or the active efflux of drug from the cell (e.g. the efflux pumps ABC and
MEFS). To prevent drugs from entering, cells can alter the composition of their
membrane bilayer, for example the proportions of sterols (ergosterol) and
phospholipids, which are two major components of the fungal plasma membrane
[49, 50]. Their interaction regulates the fluidity and asymmetry of the
membrane, which control the transport of materials across it. There are also
other mechanisms of drug resistance, such as altering the drug target, including
mutations of the target, over-expressing the target, and changing other enzymes
in the same enzymatic pathway as the drug-targeted enzyme. Moreover, drug
resistance can be caused by inactivation of the drug after its penetration into the
cell, including its modification and degradation by engaging in the metabolic
cycles of the cell [49, 50]. The cloning of genes conferring resistance to QAS is
in progress.
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