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 Abstract

Encystment (resting cyst formation), a state of dormancy with extreme tolerance of environmental
stresses, is the standard survival strategy used by protists in response to unfavorable environmental
changes. Here, we investigated the relative tolerances of resting cysts and vegetative cells of the colpodid
ciliate Colpoda cucullus to exposure to surfactants. The effects of four different types of surfactant,
namely, anionic surfactant (SDS), cationic surfactant (benzalkonium chloride), zwitterionic surfactant
(CHAPS), and non-ionic surfactant (NP-40), were tested on Colpoda resting cysts and vegetative cells.
We found that resting cysts showed tolerance levels to the surfactants that were more than 100 times
higher than those of vegetative cells. This study provides updated information on the tolerance of
resting cysts with regard to how they can adapt to environmental stresses and human influences.
Additionally, our results highlight the importance of considering resting cysts when using detergents
for cleaning, which is crucial for preventing infectious diseases and promoting the One Health initiative
in our daily lives.
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INTRODUCTION

Protists are ubiquitous,*? and their typical
strategy for surviving unfavorable environments
is encystment; the formation of resting cysts® is a
reversible cell differentiation process that requires
an antagonistic excystment.* Resting cysts are in
a state of dormancy and demonstrate extreme
tolerance to various environmental stresses.
The encystment process involves significant
morphogenetic and physiological changes, which
are regulated by genes.® Previous research has
focused on the tolerance of resting cysts in
colpodid ciliates, i.e., the protist species forming
resting cysts,® to desiccation,”® high and low
temperatures,® freezing,’** UV irradiation,'>!3
acids and alkalis,**** electrostatic exposure,*® high
salinity,” and gamma irradiation.'®! However,
their tolerance to surfactants is largely unknown.
Although some studies have examined the toxicity
of surfactants on protists and ciliates, including the
genus Colpoda,®* these did not consider resting
cysts.

Soil protists such as Colpoda are
ubiquitous in the environment (approximately
170,000 cells per gram of soil)?? and are an
important component of soil ecosystems.?*%
Resting cyst formation is an evolutionary strategy
used in unfavourable environments as well as
for protection against parasites and microbial
infections. While protists generally play important
and beneficial roles, some are infectious and
harmful to human health, making them a global
problem. For example, Giardia,?® Toxoplasma,*®
and Entamoeba?’ cause infectious diseases
worldwide by infecting animals, including humans,
while in a cystic state. The cyst-forming Naegleria
fowleri is also known to cause the fatal disease
primary amoebic meningoencephalitis.?® These
microorganisms are present worldwide in many
aquatic environments including the soil surface,
puddles, ponds, lakes, rivers, and occasionally
tap water and sewerage. In our daily lives,
surfactants are used to clean our bodies and
foods to inactivate and eliminate dirt. Therefore,
understanding the tolerances of resting cysts to
surfactants is essential for supporting disease
prevention.

MATERIALS AND METHODS

Chemicals

Four types of surfactant were used in
our bioassay experiment (Table 1): an anionic
surfactant, sodium dodecyl sulfate (SDS, Fujifilm
Wako Pure Chemical Corporation, Osaka, Japan);
a cationic surfactant, benzalkonium chloride
(BAC, Tokyo Chemical Industry Co., Ltd., Tokyo,
Japan); a zwitterionic surfactant, 3-{dimethyl[3-
(3a,70,12a-trihydroxy-5B-cholan-24-amido)
propyllazaniumyl}propane-1-sulfonate (CHAPS;
Dojindo Laboratories, Kumamoto, Japan); and
a non-ionic surfactant, and polyethylene glycol
mono (tert-octylphenyl) ether (Nonidet P-40,
NP-40; Sigma Aldrich Japan, Tokyo, Japan). The
critical micelle concentration (CMC) was taken
from previous reports (Table 2).25%

Culture and sample preparation

For the experiments, the Colpoda cucullus
R2TTYS strain was grown in culture medium [0.05%
(w/v) dried rice leaf infusion supplemented with
0.05% (w/v, final conc.) Na,HPO,]** for 1.0-2 days,
then washed twice by centrifugation (1500 g, 1
min) with the experiment medium [1 mM Tris-
HCI (pH 7.2); Ex-medium]. Cell concentration was
adjusted to a low cell density (<2000 cells/ml) for
the toxicity test of vegetative cells. Encystment
was induced by suspending cells at a high density
(>10,000 cells/ml) in encystment-inducing
medium [1 mM Tris-HCI (pH 7.2), 0.1 mM CaCl,,
En-medium],*® while excystment was induced by
replacing the En-medium with an excystment-
inducing medium [0.2% (w/v) rice leaf infusion
medium supplemented with 0.05% (w/v) NaH,PO,;
Ex-medium].*® Cysts more than 1-week-old were
used for when testing toxicity on resting cysts.

Toxicity testing of vegetative cells

Vegetative cell samples were prepared by
suspending vegetative cells with Ex-medium at a
low cell density, and 1 mL aliquots of the vegetative
cell suspension were placed on watch glasses. Cell
density was evaluated by counting the number
of moving cells in a 10 pL aliquot of the sample
under a stereo microscope (STEMi 305; Carl Zeiss
Japan Co. Ltd., Tokyo, Japan). This procedure was
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carried out three times, and the average was taken
as the cell density before exposure. The samples
were incubated for 1 hour after dripping 100 x
concentrated surfactant. After exposure to each

surfactant, the cell density in the samples was
evaluated, as described above. The survival rate
was calculated as follows: mean cell density after
exposure x (mean cell density before exposure)*

x 100 (%).
Table 1. Surfactants used in this study
Name Abbreviation Charge Structural formula
DK‘S/O\WW\/
Sodium dodecyl sulfate SDS Anionic Y/
o “‘v

1"‘,.-'“
Benzalkonium chloride BAC Cationic - \\
3-{Dimethyl[3-(3a, 7,120 CHAPS Zwitterionic
trihydroxy-5f3-cholan-24-
amido)propyl]azaniumyl}
propane-1-sulfonate
Polyethylene glycol mono
(tert-octylphenyl) ether NP-40 Non-ionic

Table 2. CMCs of the four surfactant types used in this study, including references. Molecular weight (MW) values
with double asterisks were reported by Coligan et al.3! Values indicated by asterisks are taken from the matching
reference papers, whereas those without asterisks were converted into units using the referenced values and
MW. When a reference gives multiple values for different conditions, minimum and maximum values are indicated

Surfactants MW CMC (mM) CMC (w/v %) *CMC Ref.
BAC - - *1.0x10%-2.0x 102 29
*<0.15 - 30
SDS **288 8.0 *2.3x101 31
*8.0-9.2 2.3x10%-2.6 x101 32
*7.9-9.6 2.3x10%-2.8x101 33
*2.6 x 101 7.5%x10°3 34
*2.6 7.4 %1072 35
NP-40 **603 2.8 x 101 *1.7 x 102 31
3.8x10%-2.1 *2.3x10%-1.3x10? 36
CHAPS **615 8.0 *4.9 x 101 31
*7.0 4.2x101-4.7%x 101 37
*6.8 4.2 x10? 38
*4.6-7.1 2.8x10%-4.3x101 39
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Toxicity test for resting cysts

Resting cyst samples were prepared on
glass depression slides. Samples were washed
twice with En-medium and then incubated for
1 hour in En-medium containing a surfactant
at various concentrations. After exposure, the
samples were washed with Ex-medium and then
incubated in Ex-medium for 12 hours. The toxicity
of surfactants on resting cysts was determined as
the excystment rate (%) after exposure, according
to the method of Saito et al.*! Viable cysts excyst
after excystment induction, but nonviable cysts do
not. The excystment rate was calculated as follows:
excystment (%) = (number of excysted cysts) x
(number of excysted and non-excysted cysts)?® x
100. Samples of excysted and non-excysted cells
(>100 cells) were directly counted under the stereo
microscope (Stemi 305).

Fluorescence microscope observation

Resting cyst samples were incubated
for 1 hour in En-medium containing different
concentrations of surfactant and also fluorescein
(FUJIFILM Wako Pure Chemical Corporation,
Osaka, Japan) dissolved in dimethyl sulfoxide
(DMSO) (final conc. 102 mg/mL fluorescein, 1%
DMSO). After incubation, they were washed
with En-medium and then analyzed under a
fluorescence microscope (Axio Scope Al; Carl Zeiss
Japan Co. Ltd.) using a 475 nm laser.

RESULTS AND DISCUSSION

In this study, the tolerances of vegetative
cells and resting cysts to four surfactants
(Table 1) were examined. The CMCs of these four
surfactants (Table 2) were obtained from previous
reports. Note that the CMCs of surfactants vary
depending on experimental conditions such as
temperature.

The effects of the surfactants on
vegetative cells and resting cysts are shown in
Figures 1 and 2, respectively. BAC had the largest
effect on Colpoda vegetative cells, followed by
SDS, NP-40, and CHAPS (Figure 1). The surfactant
concentrations that inactivated 50.0% and 99.9% of
the vegetative cells (In 50 and In 99.9, respectively)
were calculated from the experimental data in
Figure 1, as shown in Table 3. A previous study®
reported that the median effective concentration
(EC,,) of BACin Colpoda aspera vegetative cells was
2.9 x 10°%, while In 50 in C. cucullus vegetative
cells was 1.3 x 10° % (Table 3). Comparing the
present study with the previous study,? C. cucullus
vegetative cells tolerate approximately a 4.5 times
higher BAC concentration than those of C. aspera.
On the other hand, the minimum inhibition
concentration in A. faecealis is 1.5 x 10* %% and
is approximately 11.8 times higher than the In 50
of C. cucullus vegetative cells.

(n=6)
L BAC
100 g ®5DS
@ CHAPS
........................................... pia
S
[0}
®
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Figure 1. Tolerances of vegetative cells to four surfactants: BCA, CHAPS, SDS, and NP-40. Points and error bars
correspond to the means and standard errors, respectively, of six measurements. The lines in the figure show the
equations of the approximation lines. The horizontal axis of graph is a logarithmic scale
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BAC is also the most effective surfactant
on Colpoda resting cysts, followed by SDS, CHAPS,
and NP-40 (Figure 2). The effects of BAC on resting
cysts are too large to show in single graph with
data from the other three surfactants (Figure
2A); hence, it is shown in a separate graph using
a log scale horizontal axis (Figure 2B). Values for
In 50 and In 99.9 of the resting cysts were also
calculated from the experimental data in Figure 2,
as shown in Table 3. By comparing the tolerances
of vegetative cells and cysts, it is evident that the

latter have a more than 10? fold greater tolerance
than vegetative cells (Table 3). These results
clearly indicate that Colpoda cells show surfactant
tolerance through resting cyst formation.

In a previous study,* the toxicity effects of
nonionic surfactants (Triton X-100 and monolaurin)
and zwitterionic (DDPS), anionic (SDS), and cationic
(CnTAB, C12PB, and C12BZK) surfactants on
eukaryotic cells were examined. All the surfactants
except cationic surfactants were cytotoxic at about
their CMCs but cationic surfactants were cytotoxic

(A) (n=6)
100 4 ohe
(4o :ézips
@® NP-40

Survival rate (%)
D
o

8 10 12

(B) (n=6)
100t
& 80t
I
o 60}
=
S 401
a
20¢
0 L o 4
104 103 1072

BAC concentration (%)

Figure 2. Tolerance of resting cysts to four surfactants. The effects of BCA, CHAPS, SDS, and NP-40 are shown as
single graph (A) and data of 'BAC' is magnified and displayed as another graph (B). Points and error bars correspond
to the means and standard errors, respectively, of six measurements. The lines in the figure show the equations
of the approximation lines. The horizontal axis of graph (B) is a logarithmic scale
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(A)/(G) (©/(q)

(A)/(F)

(D)/(B)

(©)/(A)

(G) A. faecalis

Kakiichi et al.?°

(F) C. aspera

C. cucullus cyst
(D) In99.9

(this study)

(C)In50

(this study)
(B) In99.9

C. cucullus veg
(A) In 50

effects in 50% of cells were affected (‘EC 50’, defined by Kakiichi et al.) are shown, respectively. The values of In 50 and In 99.9 of C. cucullus vegetative cells and resting
cysts were calculated from the data in Figure 1 and Figure 2, respectively (A’ - ‘D’). The data of C. aspera (‘F’) and A. faecalis and (‘G’) data were reported previously?°.

In addition, the values of C/A, D/B, A/F, A/G, and C/G are given

Table 3. Summary of the tolerances of C. cucullus vegetative cells (‘C. cucullus veg’), C. cucullus resting cysts (‘C. cucullus cyst’), C. aspera vegetative cells (‘C. aspera
veg’), and A. faecalis (‘A. faecalis’). The surfactant concentrations for inactivation of 50% of cells (‘In 50’), that for inactivation of 99.9% of cells (‘In 99.9’), and that for

Surfactants

EC,,

veg EC_|

8.5x 1072 11.7

4.4

19.8
7.2 x10?
3.5x 10

2.2x10* 1.8x10° 4.4x10° 2.9x10° 1.5x10* 1.4 x 10?

1.3x10°

BAC (w/v %)
SDS (w/v %)

2.2x10°

8.7
5.2 x 10"

1.5
1.8 x 10*
6.8 x 10?

1.2 x10%

7.0x 10*

1.5 x 107

1.2x10°3 1.5x 107

NP-40 (v/v %)
CHAPS (w/v %)

9.5 x 10?

2.6 x 10?

7.2 %101 10.8

4.1x10?

at concentrations far below their CMCs. In this
study, the four types of surfactant showed adverse
effects on vegetative cells at less than their CMCs,
i.e., In 50 values of the four surfactants were less
than CMCs (Tables 2 and 3). In vegetative cells,
the surfactants caused serious damage even at
concentrations less than their CMCs, possibly
due to cytological damage caused by surfactant
absorption into the cell. On the other hand, resting
cysts were affected at higher concentrations of
CMCs. The values of In 50 were higher than their
CMCs, although BAC affected resting cysts at
similar levels of concentrations to CMCs (Table 2
and 3). These results suggest that absorption of
surfactants by cell membranes and cyst walls is
difficult, and that these membranous structures
may be disrupted by the effect of micellar
surfactants. The damage to cell membranes by
the four types of surfactants was visualized using
the fluorescent marker, fluorescein (Figure 3).
Fluorescein passed through cell membranes in the
presence of SDS and BAC but not in the presence
of NP-40 and CHAPS, nor in the control without
surfactants. This observation also supports the
idea that the loss of tolerance in cysts is due
to membrane destruction. Damage to the cell
membrane likely occurred, with at least one factor
involved in the loss of tolerance.

BAC, a cationic surfactant, showed
effects on both vegetative cells and resting cysts
at fairly low concentrations as the cell surface is
generally negatively charged due to the presence
of glycoproteins.*> On the other hand, the different
membrane structures of vegetative cells and
resting cysts possibly raised the tolerance of
resting cysts to BAC.

Our results here showed that the efficacy
of surfactants differs between vegetative cells and
resting cysts. Ciliates have been used in toxicity
tests as environmental or toxicity indicators,*
including for surfactants; however, these studies
did not consider the possibility of higher tolerances
of resting cysts compared to vegetative cells. Thus,
the efficacy of surfactants on microorganisms,
including protists, may be affected during cleaning
of soiled items, such as vegetables or hands. This
is of importance as some pathogenic species
such as Giardia,* Toxoplasma,* Entamoeba,?”
and N. fowleri,?® cause serious infectious diseases
worldwide. For example, Entamoeba histolytica,
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Figure 3. Morphological effects of four surfactants (5% SDS, 1 x 103 % BAC, 10% CHAPS, 10% NP-40) to Colpoda
resting cysts. 'Control' is resting cysts suspended in the En-medium without any surfactants. The bar at bottom
right is 50 um. 'DIC' and 'FL' represent microphotographs by differential interference contrast microscopy and
fluorescent microscopy
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which causes diarrheal disease, leads to 50
million infections and 100,000 deaths annually,
often due to a lack of clean water and poor
sanitation.** The obligate intracellular protist
parasite Toxoplasma gondii is found in one-third
of the world population and causes toxoplasmosis,
one of the most common food-borne parasitic
zoonoses.** Humans are infected by ingesting
tissue cysts from meat, such as pork,*** or oocysts
frominadequately washed vegetables or from the
environment.**#”4% Hence, this study’s findings
are a crucial contribution to public health by
improving water quality and sanitation, aligning
with SDGs Goal 6. They also contribute to the One
Health initiative in controlling disease, particularly
those induced by cyst-forming protists. Our study
also show that ciliates can be a useful tool for
toxicity assessments beyond surfactants and
environmental indicators, as their effectiveness
against heavy metals has been demonstrated.%5!

CONCLUSION

In this study, we demonstrated that
the efficacy of surfactants differs significantly
between vegetative cells and resting cysts of
Colpoda cucullus. We tested four different types
of surfactants: SDS, BAC, CHAPS, and NP-40. For
vegetative Colpoda cells, BAC had the largest effect,
followed by SDS, NP-40, and CHAPS. For resting
cysts, BAC is also the most effective surfactant,
followed by SDS, CHAPS, and NP-40. Comparing
the tolerances, resting cysts exhibited a greater
than 100-fold higher tolerance than vegetative
cells across all four surfactants. Morphological
microscopic observation using fluorescent marker
fluorescein supported that the lethal effect of high
surfactant concentrations on resting cysts is likely
due to cell membrane destruction. Our results
highlight the importance of considering resting
cysts when using detergents for cleaning. This
is crucial for preventing infectious diseases and
promoting the One Health initiative in our daily
lives. Furthermore, these findings are a significant
contribution to public health by improving water
quality and sanitation, directly aligning with SDG
Goal 6.
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