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Abstract: Phenol, a monocyclic aromatic hydrocarbon with various commercial uses, is a major
pollutant in industrial wastewater. Euglena gracilis is a unicellular freshwater flagellate possessing
secondary chloroplasts of green algal origin. This protist has been widely used for monitoring
the biological effect of various inorganic and organic environmental pollutants, including aromatic
hydrocarbons. In this study, we evaluate the influence of different phenol concentrations (3.39 mM,
3.81 mM, 4.23 mM, 4.65 mM, 5.07 mM, 5.49 mM and 5.91 mM) on the growth, morphology and
cell division of E. gracilis. The cell count continually decreases (p < 0.05–0.001) over time with
increasing phenol concentration. While phenol treatment does not induce bleaching (permanent
loss of photosynthesis), the morphological changes caused by phenol include the formation of
spherical (p < 0.01–0.001), hypertrophied (p < 0.05) and monster cells (p < 0.01) and lipofuscin
bodies. Phenol also induces an atypical form of cell division of E. gracilis, simultaneously producing
more than 2 (3–12) viable cells from a single cell. Such atypically dividing cells have a symmetric
“star”-like shape. The percentage of atypically dividing cells increases (p < 0.05) with increasing
phenol concentration. Our findings suggest that E. gracilis can be used as bioindicator of phenol
contamination in freshwater habitats and wastewater.
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1. Introduction

Euglena gracilis is a model euglenoid flagellate (unicellular alga, protist) frequently
occurring in freshwater habitats. It belongs to euglenids, which together with diplonemids,
symbiontids and kinetoplastids (trypanosomatids and bodonids) belong to the protist phy-
lum Euglenozoa [1] and the protist group Discoba formerly classified within the eukaryotic
supergroup Excavata [2]. Wild-type strains of E. gracilis (e.g., strains Z and bacillaris) can live
as photolithoautotrophs since they possess complex green chloroplasts bounded by three
membranes (secondary chloroplasts) descending from a chlorophycean algal symbiont
related to the genus Pyramimonas already utilizing primary chloroplasts of cyanobacterial
origin for photosynthesis [3,4]. All E. gracilis strains including “white mutants” (see below)
can feed chemoorganoheterotrophically (osmotrophically) utilizing various organic carbon
sources available in the environment such as glucose, lactate or ethanol. E. gracilis wild-type
strains, however, usually combine both these nutrition modes, being mixotrophs [5–7].
These flagellates are able to tolerate various changes in environmental conditions including
a wide range of pH (3–9), temperature, oxygen concentration, salinity and also ionizing
irradiation [8,9].

E. gracilis has many biotechnological implications for the production of pharmaceu-
ticals, dietary supplements, biomaterials and biofuels [10–14]. It is a natural source of
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bioproducts such as dietary proteins containing all essential amino acids, wax esters
(a feedstock for biofuels), polyunsaturated fatty acids and its storage polysaccharide
paramylon (a β-1,3-glucan) with immunostimulatory properties and broad applications in
medicine [10–12,14]. Although E. gracilis can also produce large amounts of provitamin A
(β-carotene) and vitamins C (ascorbate) and E (α-tocopherol), it is not able to synthesize
thiamine (vitamin B1) and cobalamin (vitamin B12) and, therefore, these two vitamins must
be added to media for the growth of its axenic cultures. The high price of these vitamins is
the highest limitation factor for obtaining high yields of E. gracilis biomass for biotechno-
logical purposes. On the other hand, no addition of vitamins is required when E. gracilis is
grown in co-culture with the bacteria Pseudobacillus badius and Lysinibacillus boronitolerans
and with the micromycete Cladosporium westerdijkiae, suggesting that these microorganisms
can produce sufficient amounts of vitamins B1 and B12 for this flagellate [13,14]. Many
E. gracilis cells in this co-culture are attached to the fungal hyphae by flagella, suggesting
that such bioflocculation offers the possibility for effective harvesting of E. gracilis biomass
simply using nets [13,14].

E. gracilis is also a suitable model microorganism for monitoring the biological effects
of various environmental pollutants and ecotoxicological risk assessment, as well as for
bioremediation of polluted water [14]. It has been used to test the biological effect of
heavy metals such as cadmium, copper, chromium [15,16] and nickel [17] as well as mono-
cyclic aromatic hydrocarbons (arenes) such as benzene, toluene, ethylbenzene, xylenes
and their mixture—BTEX [18,19]. The E. gracilis chloroplast genome of cyanobacterial
origin is sensitive to various antibacterial agents that do not affect eukaryotic nuclear
genetic apparatus [20–22]. The growth of E. gracilis in the presence of compounds in-
hibiting bacterial replication, transcription and translation leads to the permanent loss
of the ability to photosynthesize—“bleaching” [20–22]. For example, streptomycin and
ofloxacin specifically inhibit protein synthesis on plastid ribosomes and plastid DNA repli-
cation in E. gracilis, respectively. The bleaching process is accompanied by selective loss of
plastid-encoded genes, while it has no effect on E. gracilis cell growth and viability under
laboratory conditions [20–22]. Various stable E. gracilis bleached “white” mutant strains
were produced that did not even possess an identifiable plastid remnant [5–7,20–22].

In contrast to antibacterial agents, the most common responses of E. gracilis to mono-
cyclic aromatic hydrocarbons include irregular cell shape, hypertrophy and intracellu-
lar formation of lipofuscin granules (bodies), but not bleaching [18,19]. The production
of lipofuscin was also observed in mammalian and other animal cells as a response to
various environmental factors, aging and stress conditions [23,24]. Analytical methods
recommended for the determination of monocyclic aromatic hydrocarbons in surface and
groundwater include headspace gas chromatography (headspace GC), gas chromatography
with mass spectrometry (GC-MS) and gas chromatography with flame ionization detector
(GC-FID). Although these techniques are reliable, they are complicated, time-consuming
and quite expensive [18]. These disadvantages could be overcome by using a suitable
bioindicator of organic contamination by arenes. Due to its short generation time and the
highly specific and rapid biological responses of E. gracilis to the presence of arenes in the
environment, it seems to be an appropriate candidate for this purpose.

Among arenes (aromatic hydrocarbons), one of the most common organic water pollu-
tants is also phenol (hydroxybenzene). There are many different sources of environmental
contamination by phenol including waste from paper manufacturing, the pharmaceutic and
petrochemical industries, agriculture, coal processing or even municipal wastes [25]. Phe-
nol has also been used very often in molecular biological laboratories as the basic substance
for DNA and RNA isolation. Phenol has been repeatedly detected in wastewater from
various industrial sources with concentration ranges of 1–10,000 mg/L [26–28], while the
ingestion of 1 g of phenol is detrimental to human life [29]. However, depending on species,
it can be toxic at a concentration of 5 mg/L [30]. Phenol and related compounds have
been thus considered as priority pollutants by the European Union (EU) and the United
States Environmental Protection Agency (USEPA) [31]. Since many industrial employees
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and researchers have been frequently exposed to phenol, the studying of its biological
effects on various organisms and monitoring its presence in the environment should be of
special interest.

In this study, we decided to evaluate the influence of phenol on E. gracilis. The key
goals of our study were as follows: (1) to experimentally determine the concentrations of
phenol (sublethal range of phenol concentrations) with observable biological effects on the
growth, morphology and cell division of E. gracilis, but not completely inhibiting the cell
growth, (2) to describe the altered characteristics caused by phenol treatment and (3) to
monitor and compare the influence of various sublethal doses of phenol on E. gracilis over
time (1 h, 24 h, 72 h, 7 days, 10 days and 2 weeks of cultivation).

2. Material and Methods
2.1. Cultivation Conditions, Phenol Treatment and Monitored Parameters

Euglena gracilis strain Z (Pringsheim strain Z, SAG 1224-5/25 Collection of Algae,
Göttingen, Germany) was used in this study to monitor the effect of phenol. Approximately
1.75 × 106 cells were diluted in Erlenmeyer flasks containing 35 mL of liquid Cramer
and Myers (CM) medium (not containing agar) [32] supplemented with ethanol (final
concentration 0.8%) and pH adjusted to 6.9 with 0.1 M NaOH [33], resulting in a final
density of 5 × 104 cells per ml. The concentrations of vitamins B1 and B12 were the same
as described in Cramer and Myers [32]. The treatment was performed in closed 1.5 mL
Eppendorf tubes containing 1 mL (5 × 104 cells) of stock axenic culture.

Next, 100 mL of phenol stock solution containing 8 g of phenol was freshly prepared (fi-
nal concentration 0.85 M, 80 mg/mL). Then, 4 µL, 4.5 µL, 5 µL, 5.5 µL, 6 µL, 6.5 µL and 7 µL
of phenol stock solution were added to Eppendorf tubes containing 1 mL (5 × 104 cells) of
E. gracilis axenic culture resulting in final concentrations of 3.39 mM (318.73 µg/L, 3.81 mM
(358.38 µg/L), 4.23 mM (398.01 µg/L), 4.65 mM (437.59 µg/L), 5.07 mM (477.14 µg/L),
5.49 mM (516.64 µg/L) and 5.91 mM (556.11 µg/L), respectively. All experiments were
performed in triplicate. Untreated controls (with no phenol added) were also grown in
triplicate.

Untreated controls and treated samples were grown under LED illumination (3360 lm)
at 25 ◦C with a 16 h light and 8 h dark cycle. The cell growth (cell density), atypical cell
division (producing more than two cells from a single cell), the presence of lipofuscin bodies
and other morphological changes such as the presence of hypertrophied and monster cells
(gigantic cell with abnormal shape) were monitored after 1 h, 24 h, 72 h, 7 days, 10 days
and 2 weeks of cultivation. The cell density, the percentage of atypically dividing cells and
the percentage of cells with lipofuscin bodies, monster cells and hypertrophied cells were
determined by direct counting in a Bürker chamber.

2.2. Light Microscopy

Controls and treated samples were observed under a Panthera L Binocular Microscope
with Color Corrected Infinity Optical System (Motic, Hong Kong). Images were processed
in Panthera App version 2.1.3 (Motic, Hong Kong). Light microscopy was used for cap-
turing the images of non-dividing cells with normal size and shape, normally dividing
cells, atypically dividing cells, non-motile spherical cells, hypertrophied cells, monster cells
and cells with lipofuscin bodies. In these cases, no fixation of cells was used and 20 µL of
culture was added to the slide. Light microscopy was used also for the counting of cells
and cells with the altered characteristics in the Bürker chamber. For this purpose, 2 µL
methylene blue and 10 µL formaldehyde were added to 20 µL of phenol-treated (as well
as untreated control) cultures and water (68 µL) was added, resulting in a final sample
volume of 100 µL, which was added to the Bürker chamber.

2.3. Transmission Electron Microscopy (TEM)

Transmission electron microscopy images of E. gracilis ultrastructure of the nucleus
and nucleolus in the control and treated cultures were obtained using a Jeol JEM 2100-
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Plus microscope at 120 kV. Cells were fixed for 2 h with 2.5% glutaraldehyde in 0.1 M
PHEM buffer. After washing, the cells were embedded in 2% low-melting-agarose-coated
coverslips and post-fixed with 1% osmium tetroxide for 1 h at 4 ◦C. Acetone dehydration
was followed by embedding in EmBed812. Polymerized resin blocks were ultra-thinly
sectioned and stained with 1% uranyl acetate and 2% lead citrate. All chemicals were
purchased from Electron Microscopy Science, USA. TEM was used to observe atypically
dividing cells and their dividing nuclei to study the nature of atypical cell and nuclear
division.

2.4. Confocal Microscopy of Cells with Atypical Cell Division

Transmitted light and confocal images of E. gracilis cells exhibiting atypical cell division
were recorded on a Nikon/Yokogawa CSU-W1 spinning disk confocal microscope with a
100×/1.4 N.A. oil-immersion objective (CFI Plan Apo VC 100X Oil) and back-illuminated
sCMOS camera (PRIME BSI, Teledyne Photometrics). Fluorescence confocal images of
Hoechst-stained nuclei [34] were recorded using 405 nm laser excitation and a 430–480 nm
band-pass emission filter. Z-stacks were recorded with 100 ms exposure time per plane and
300 nm z-steps. Confocal microscopy was used to study the synchronization of the atypical
cell and nuclear division.

2.5. Statistical Analysis

All statistical analyses were performed using the IBM SPSS software, version 28.0
(IBM Corp., Chicago, IL, USA). The limit for the statistical significance was set to p < 0.05.
The means and standard errors were calculated from triplicate results. Percentage changes
D% = (Tx − T0)/T0 × 100 related to the untreated control were calculated and compared
between groups. The influence of phenol treatment was assessed using a two-way (cultiva-
tion time × phenol treatment) ANOVA with repeated measures. Variance homogeneity
between examined groups was determined using Levene’s test. The effect size of the main
independent factors (cultivation time and phenol treatment), as well as their interaction
effect (cultivation time × phenol treatment) on dependent variables (morphological cell
characteristics), was estimated as Cohen´s d. After testing of the significance of differences
through ANOVA, a post hoc Bonferroni test was used to evaluate significant differences in
the pairwise comparisons.

3. Results
3.1. The Effect of Phenol on E. gracilis Cell Growth

The control untreated E. gracilis cultures reached a mean cell count of 22.8 × 105 cells/mL
after 7 days (exponential growth phase), which was consistent with previous studies [21]. After
10 days and 14 days, the mean cell counts of cells in control culture were ~28.8 × 105 cells/mL
and 20.3 × 105 cells/mL, respectively (Figure 1). These experiments have confirmed that
after one week, the untreated E. gracilis culture is generally in the exponential phase of
growth, and within the next week, it is generally in the stationary phase.

In all treated cultures, the growth rate was significantly lower (p < 0.05–0.001) than
in control culture and it decreased with increasing phenol concentration (Figure 1). In
cultures treated with 3.81 mM and 4.23 mM phenol, the mean count of cells per ml after
7 days was 14.5 × 105 and 5.7 × 105, respectively, while the maximum cell number was
reached only after 14 days in both these treated cultures: 25.7 × 105/mL for 3.81 mM and
23.3 × 105/mL for 4.23 mM (Figure 1). In the cultures treated with 4.65 mM and 5.07 mM
phenol, the maximum number of cells per mL was observed after 10 and 14 days (range:
6.7–10.7 × 105 and 10.7–12.7 × 105/mL, respectively). The maximum cell count of cells in
the culture treated with 5.49 mM phenol, only 1.24 × 105 cell/mL, was reached after 7 days.
Almost no cells survived after 14 days of treatment with 5.49 mM phenol (Figure 1). No
cells survived after treatment with 5.91 mM phenol (and higher phenol concentrations),
while treatment with 3.39 mM phenol (and lower phenol concentrations) had no effect on
cell growth, morphology or cell division in comparison with the control. Therefore, the
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results for concentrations 3.39 mM (and lower) and 5.91 mM (and higher) are not presented
and were omitted from final analysis. The sublethal range of phenol concentrations for
E. gracilis has thus been estimated to be 3.81–5.49 mM.
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Figure 1. The influence of phenol on the growth of E. gracilis. Control—untreated control. h—
hour, d—day. Columns represent means (cell count × 105/mL) and bars standard errors calculated
from triplicate results. Within-group differences: control 1 h vs. 10 d and control 24 h vs. 10 d,
p < 0.05. Between-group differences: control vs. 4.65 mM and control vs. 5.07 mM, p < 0.05;
3.81 mM vs. 5.49 mM, p < 0.01 and control vs. 5.49 mM, p < 0.001.

3.2. The Effect of Phenol on the Morphology of E. gracilis

The monitored changes in E. gracilis morphology after phenol treatment included cells
with spherical shape (Figure 2A), hypertrophied cells (Figure 2B), monster cells (gigantic
cells with abnormal shape) (Figure 2C) and cells containing intracellular lipofuscin bodies
(Figure 2D). In untreated control cultures, no such morphological changes were observed
and in cultures treated with 3.39 mM phenol, cells with the mentioned morphological
changes were very rare and almost uncountable.

Spherical cells were observed even after 1 h in all phenol-treated cultures, comprising
a mean 31.4–44.4% of all cells. In the culture treated with 3.81 mM phenol, the highest
mean percentage (~52%) was observed after both 24 h and 3 days, and the lowest mean
percentage (7.2%) after 10 days (Figure 3). In the cultures treated with 4.23 mM, 4.65 mM,
5.07 mM and 5.49 mM phenol, the maximum percentage of cells with spherical shape
among triplicates (87–96%) was observed after 24 h, and then their percentage decreased
during the next 6 days. The lowest percentage of spherical cells among triplicates (0–12%)
was observed after 7 and 10 days in all treated cultures, while their percentage increased
approximately 2-fold (4–24%) 14 days after phenol treatment.

The mean percentage of hypertrophied cells generally increased with increasing
concentration of phenol (Figure 4). The maximum percentages of hypertrophied cells
among triplicate cultures treated with 3.81mM, 4.23 mM, 4.65 mM, 5.07 mM and 5.49 mM
phenol after 14 days were 8.4%, 12.9%, 14.4%, 43.5% and 62.5%, respectively. However, the
maximum mean percentage of these cells (37.3%) was observed after just 10 days in the
culture treated with 5.49 mM phenol (Figure 4).
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Figure 2. Morphological changes of E. gracilis induced by phenol. (A) Non-motile spherical cells
(4.65 mM phenol treatment for 24 h). (B) Hypertrophied cell, arrow—cell with normal size (5.49 mM
phenol treatment for 10 days). (C) Monster cell (gigantic cell with abnormal shape) (5.49 mM phenol
treatment for 7 days). (D) Cell with lipofuscin bodies (arrow) (3.81 mM phenol treatment for 14 days).
Images were captured using a Panthera L Binocular Microscope with Color Corrected Infinity Optical
System (Motic, Hong Kong) and processed in Panthera App version 2.1.3 (Motic, Hong Kong). No
fixation of samples was used.

Life 2023, 13, x FOR PEER REVIEW 6 of 16 
 

 

 
Figure 2. Morphological changes of E. gracilis induced by phenol. (A) Non-motile spherical cells 
(4.65 mM phenol treatment for 24 h). (B) Hypertrophied cell, arrow—cell with normal size (5.49 mM 
phenol treatment for 10 days). (C) Monster cell (gigantic cell with abnormal shape) (5.49 mM phenol 
treatment for 7 days). (D) Cell with lipofuscin bodies (arrow) (3.81 mM phenol treatment for 14 
days). Images were captured using a Panthera L Binocular Microscope with Color Corrected Infinity 
Optical System (Motic, Hong Kong) and processed in Panthera App version 2.1.3 (Motic, Hong 
Kong). No fixation of samples was used. 

Spherical cells were observed even after 1 h in all phenol-treated cultures, comprising 
a mean 31.4–44.4% of all cells. In the culture treated with 3.81 mM phenol, the highest 
mean percentage (∼52%) was observed after both 24 h and 3 days, and the lowest mean 
percentage (7.2%) after 10 days (Figure 3). In the cultures treated with 4.23 mM, 4.65 mM, 
5.07 mM and 5.49 mM phenol, the maximum percentage of cells with spherical shape 
among triplicates (87–96%) was observed after 24 h, and then their percentage decreased 
during the next 6 days. The lowest percentage of spherical cells among triplicates (0–12%) 
was observed after 7 and 10 days in all treated cultures, while their percentage increased 
approximately 2-fold (4–24%) 14 days after phenol treatment. 

 

0

20

40

60

80

100

1h 24
h 3d 7d 10
d

14
d 1h 24
h 3d 7d 10
d

14
d 1h 24
h 3d 7d 10
d

14
d 1h 24
h 3d 7d 10
d

14
d 1h 24
h 3d 7d 10
d

14
d

3.81 mM 4.23 mM 4.65 mM 5.07 mM 5.49 mM

Sp
he

ric
al

 sh
ap

e 
ce

lls
, %

Cultivation time

Figure 3. The percentage of E. gracilis non-motile cells with spherical shape after phenol treatment.
h—hour, d—day. Columns represent means (%) and bars standard errors calculated from triplicate
results. No statistically significant differences (p < 0.05) within or between groups were found.
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day. Columns represent means (%) and bars standard errors calculated from triplicate results. No
statistically significant differences (p < 0.05) within or between groups were found.

The maximum mean percentages of monster cells generally increased with increasing
concentration of phenol. No monster cells were observed after 1 h and 24 h in all treated
cultures, and the mean percentage of monster cells was also zero or close to zero after
14 days in cultures treated with 3.81 mM, 4.23 mM and 4.65 mM phenol (Figure 5). The
highest mean percentages of monster cells were observed in the culture treated with
5.49 mM phenol after 7 days (4.9%) and 14 days (4.1%) (Figure 5).
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Figure 5. The percentage of E. gracilis monster cells after phenol treatment. h—hour, d—day. Columns
represent means (%) and bars standard errors calculated from triplicate results. No statistically
significant (p < 0.05) within-group differences were found. Between-group differences: 5.07 mM vs.
5.49 mM, p < 0.05; 3.81 mM vs. 5.49 mM, 4.23 mM vs. 5.49 mM, and 4.65 mM vs. 5.49 mM, p < 0.001.
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Intracellular lipofuscin bodies began to form in the cultures treated with 3.81 mM,
4.23 mM, 4.65 mM and 5.07 mM phenol mainly after 10 days of treatment, with the
maximum mean percentages of cells containing these bodies after 14 days reaching 7.9%,
3.8%, 3.9% and 3.1%, respectively (Figure 6). In the culture treated with 5.49 mM phenol,
cells containing lipofuscin bodies (mean 1.3%) were observed only after 24 h (Figure 6).
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Figure 6. The percentage of E. gracilis cells containing lipofuscin bodies after phenol treatment.
h—hour, d—day. Columns represent means (%) and bars standard errors calculated from triplicate
results. No statistically significant differences (p < 0.05) within or between groups were found.

3.3. Phenol Induces Atypical Cell Division of E. gracilis

We have observed an atypical form of cell division of E. gracilis cells in all cultures
treated with all selected phenol concentrations. In contrast to standard longitudinal cell
division producing two cells, during this atypical cell division, three, four, five, six, seven,
eight or even more cells arise from a single E. gracilis cell. Each of these arising cells have a
visible flagellum at the anterior end and stigma during division (Figure 7). The results from
confocal microscopy suggest that the number of nuclei in an atypically dividing cell is the
same as the number of forming daughter cells (Figure 8). An electron microscopy image
of E. gracilis dividing into four cells and its dividing nucleus is shown in Figure 9. These
atypically dividing cells are symmetric, viable and motile. We have also observed multiple
viable dividing cells attached only by very distal parts of their posterior ends, suggesting
that they most likely normally finish the cell division.

No atypically dividing cells were observed in the culture treated with 3.39 mM phenol.
The most of atypically dividing cells were observed after 7 and/or 10 days in all treated
cultures (except for the culture treated with 3.39 mM phenol). The mean percentages
of atypically dividing cells generally increased with increasing concentration of phenol
with the maximum mean (8.8%) in the culture treated with 5.49 mM phenol after 10 days
(Figure 10).
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Figure 10. The percentage of E. gracilis atypically dividing cells after phenol treatment. h—hour,
d—day. Columns represent means (%) and bars standard errors calculated from triplicate results. No
statistically significant differences (p < 0.05) within groups were found. Between-group difference:
3.81 mM vs. 5.49 mM, p < 0.05.
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3.4. Statistical Analysis

The cell count statistically significantly continually decreased (from −8.2 × 105 to
−12.3 × 105/mL, p < 0.05–0.001) with the increasing phenol concentration over time. The
statistically significant morphological changes caused by phenol in comparison with the
untreated control include the formation of spherical (from +28.8 to +42.7%, p < 0.01–0.001),
hypertrophied (+12.3%, p < 0.05), monster (+2.2%, p < 0.01) and atypically dividing cells
(+3.4%, p < 0.05). However, the increased occurrence of lipofuscin bodies after phenol
treatment was not statistically significant.

Two-way ANOVA by means of repeated measures verified the influence of cultivation
period (factor: time) and phenol concentration (factor: treatment) on the growth rate,
morphology and cell division of E. gracilis (Supplementary Tables S1–S3). The main effect
analysis revealed two large (Cohen′s d ∼= 0.8, p < 0.001) universal and equal main effects
(time and treatment) for several monitored parameters. Specifically, a significant effect
of time on cell count and formation of spherical shape cells was found, F(2, 30) = 38.160,
p < 0.001 and F(2, 23) = 7.064, p = 0.004, respectively. For both these parameters, the main
effect of treatment also showed the significant influence, F(5, 12) = 9.024 and F(5, 12) = 15.748,
p < 0.001 for both. For most of the other monitored cell characteristics (hypertrophied
cells, monster cells and atypical cell division), even with statistically significant differences
(p < 0.05–0.01) occurring over time and treatments, the impact of these main effects was
relatively small to moderate (d = 0.2–0.7). In addition, no significant interaction effect
(time × treatment) could be demonstrated for all monitored cell characteristics, except for
the cell count (F(12, 30) = 4.146, p < 0.001).

4. Discussion

Euglena gracilis has been widely used as a model flagellate to monitor the influence
of various chemical as well as physical factors. While some factors such as UV, high
temperature and most antibiotics cause permanent irreversible loss of photosynthetic
ability (bleaching) [5–7,20–22], the typical responses of E. gracilis to benzene, toluene and
xylene occurring within 24 h include irregular shape, hypertrophy, intracellular formation of
lipofuscin granules (bodies) and decreased chlorophyll content [18,19], but not permanent
bleaching connected with the loss of plastid genes. In this study, we have confirmed that
phenol has a similar effect on E. gracilis to other monocyclic aromatic hydrocarbons and
that it does not induce bleaching. In addition to the responses of E. gracilis observed after
treatment with other arenes, phenol can also induce atypical cell division, producing more
than two cells from a single cell.

We have monitored the short- (1 h, 24 h) as well as long-term effect (3, 7, 10 and 14 days)
of phenol on E. gracilis. The short-term (1 h) influence on another closely related euglenid
species, Euglena agilis Carter, includes reduced photosynthetic rate and motility, and trig-
gers change in the swimming velocity [35]. However, such rapid phenol toxicity testing
does not allow monitoring of the growth rate and characteristic morphological changes
induced by sublethal doses of phenol over longer time periods. We have experimentally
determined that the long-term effect of phenol on E. gracilis can be tested using the phenol
concentrations 3.81 mM (358.38 µg/L), 4.23 mM (398.01 µg/L), 4.65 mM (437.59 µg/L),
5.07 mM (477.14 µg/L) and 5.49 mM (516.64 µg/L).

Phenol aqueous solutions (1% to 2%) are still frequently used in some countries as a
“safe” disinfectant, occasionally causing skin irritation [29], although the toxicity for aquatic
animals and humans is within the range 9–25 mg/L [36]. While the phenol concentration
in seawater is only up to 130 µg/L, even in polluted fishing areas, it can rapidly rise
after uncontrolled release from industry [37]. However, phenol contamination represents a
similar or even higher environmental risk for freshwater ecosystems. E. gracilis, a freshwater
protist/alga highly resistant to various pollutants, is approximately 50-fold less resistant
to phenol than metazoans. This should be stressed, while allowing the contamination
of natural habitats by phenol, because many other microorganisms need not survive the
doses tolerated by metazoan models. Ignoring the limit of resistance of aquatic microbiota



Life 2023, 13, 1734 12 of 15

against aromatic hydrocarbons could, in turn, lead to the devastation of local and even
global water ecosystems.

The growth rate of E. gracilis in our experimental sublethal range of phenol con-
centrations, from 3.81 mM (358.38 µg/L) to 5.49 mM (516.64 µg/L), generally decreased
with increasing concentration of phenol (Figure 1). No bleached cells were observed after
treatment with any selected phenol concentrations over any selected time periods. The
characteristic morphological changes induced by phenol include spherical non-motile
cells, hypertrophied and monster cells and the formation of lipofuscin bodies (Figure 2).
Hypertrophied cells and monster cells are also formed after cadmium treatment, likely
due to the suppression of cytokinesis [38]. The first morphological change induced by
phenol includes the formation of spherical cells, which occur already after 1h of phenol
treatment, generally reaching the maximum after 24 h (Figure 3). Monster cells occur
rather chaotically after 3–14 days of phenol treatment, depending on phenol concentration
(Figure 5). The two other morphological changes, formation of hypertrophied cells and
cells with lipofuscin bodies, are mainly observable rather later, with the maximum mean
percentage of these cells occurring generally after 14 days of phenol treatment in most cases
(Figures 4 and 6).

Lipofuscin (“ceroid” or “age pigment”) accumulation has been observed during the
senescence of many invertebrate as well as vertebrate cells, including human ones, and
its formation is also related to many pathological processes, oxidative stress and the influ-
ence of various pollutants [24,25,39]. Lipofuscin bodies are lysosome-derived membrane-
bounded structures filled with autofluorescent material (lipofuscin) containing mainly
lipids (30–70%), especially oxidized polyunsaturated fatty acids, but also oxidized proteins
(20–50%) and metals (mainly Al, Ca, Cu, Fe, K, Mg, Mn, Na and Zn) [39,40]. The formation
of cellular structures, which are most likely homologous to lipofuscin bodies—“reddish
globules” and “accumulation bodies”—has also been observed in eustigmatophytes and
dinoflagellates, respectively [40–42]. Based on the presence of lipofuscin bodies also in
many other distantly related eukaryotic clades such as euglenids, haptophytes, chromerids,
xanthophytes and green algae, and based on common chemical and physical properties of
all of these structures, Pilátová et al. [40] have recently suggested that they might be a uni-
versal marker of senescence and oxidative stress in all eukaryotes. It is, however, currently
unclear if they can be virtually formed in cells of all eukaryotic species. Nevertheless, the
common ancestry of all eukaryotes [43,44] and the ability to form lipofuscin bodies in a
wide range of distantly related eukaryotic clades [40] favor the hypothesis of their presence
as the sign of aging and oxidative stress in the last common eukaryotic ancestor.

The most interesting response of E. gracilis to phenol treatment is the atypical cell
division. E. gracilis reproduces asexually through closed mitosis without the dissolution
of the nuclear envelope, without the dissolution of the centrally positioned nucleolus and
through longitudinal binary fission starting in the ampula (reservoir), while chromosomes
are condensed throughout the whole cell cycle [45]. Sexual reproduction and meiosis
are unknown in this flagellate. However, various authors have observed an atypical cell
division of a single cell into more than 2 daughter cells (3–12) that are connected by their
posterior ends, forming characteristic symmetric “star”-like structures. Such a form of
cell division has been observed after the treatment of E. gracilis with coumarin [46] and
with hexavalent chromium [47] as well as in several-week-old cultures of E. gracilis [48].
Subsequently, this kind of cell division was also observed in several-week-old cultures of
other Euglena spp. including E. geniculata Duj., E. deses Ehr. (strain 1224-l9a), E. anabaena var.
minor Mainx (strain 1224-2) and E. viridis Ehr. (strain 1224-l7b) [49,50]. Zakryś [48–50] has
suggested that most of these “star”-like dividing cells likely finish cell division, producing
normal viable progeny. The transfer of single E. gracilis cells dividing into three or four
daughter cells into fresh media resulted in normally developing cultures [48]. This is
consistent with our observations after phenol treatment, since these “star”-like cells are
viable and motile, most of them (if not all) likely have the same number of nuclei (or
forming nuclei) as the number of forming cells (Figures 7–9), and we have also observed
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dividing cells forming symmetric “stars” attached only by the most distal parts of their
posterior ends. The percentage of these atypically dividing cells increased with increasing
concentration of phenol (Figure 10). This atypical cell division is unlikely to be meiosis,
because this division displays virtually the same features whether an even or odd number
of cells are arising. It seems to be essentially similar to normal longitudinal binary division,
having the karyokinesis and cytokinesis synchronized. The treatment of E. gracilis with
phenol provides a useful tool for studying the nature of this atypical form of cell division
in more detail in the future.

5. Conclusions

Phenol is a monocyclic aromatic hydrocarbon commonly used in molecular biological
laboratories. This arene has broad commercial applications and it is also one of the major
organic pollutants in industrial wastewater. E. gracilis is a suitable model eukaryotic
microorganism for studying the biological effect of various environmental pollutants such
as heavy metals and arenes, including phenol. Phenol induces an atypical form of cell
division of E. gracilis, producing more than two cells from one mother cell, the formation
of spherical, hypertrophied and monster cells and cells containing lipofuscin bodies, but
it does not cause permanent loss of photosynthesis (bleaching). To our knowledge, this
is the first study of the influence of phenol on E. gracilis and the first report showing that
the atypical cell division of E. gracilis can be induced by phenol. Our study may have
broad implications in ecotoxicology, since reduced cell count and the presence of E. gracilis
cells with altered morphology and cell division in freshwater habitats and wastewater can
be indicative of phenol contamination. Moreover, the induction of atypical cell division
producing more than two cells from a single cell by phenol provides an opportunity for
more detailed description and study of the nature of this enigmatic cell biological process.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/life13081734/s1, Table S1: Two-way ANOVA: Tests of within-subjects
and between-subjects effects for cell count, spherical shape cells, hypertrophied cells, monster cells,
lipofuscin bodies and atypically dividing cells of Euglena gracilis; Table S2: Two-way ANOVA: Test of
pairwise differences (factor: phenol treatment) for cell count, spherical shape cells, hypertrophied
cells, monster cells, lipofuscin bodies and atypically dividing cells of Euglena gracilis; Table S3:
Two-way ANOVA: Test of pairwise differences (factor: time) for cell count, spherical shape cells,
hypertrophied cells, monster cells, lipofuscin bodies and atypically dividing cells of Euglena gracilis.
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phototrophic euglenids and parasitic trypanosomatids sheds light on the ancestor of Euglenozoa. Biol. Rev. Camb. Philos. Soc.
2019, 94, 1701–1721. [CrossRef] [PubMed]

2. Adl, S.M.; Bass, D.; Lane, C.E.; Lukeš, J.; Schoch, C.L.; Smirnov, A.; Agatha, S.; Berney, C.; Brown, M.W.; Burki, F.; et al. Revisions
to the classification, nomenclature and diversity of eukaryotes. J. Eukaryot. Microbiol. 2019, 66, 4–119. [CrossRef] [PubMed]

3. Turmel, M.; Gagnon, M.C.; O’Kelly, C.J.; Otis, C.; Lemieux, C. The chloroplast genomes of the green algae Pyramimonas,
Monomastix, and Pycnococcus shed new light on the evolutionary history of prasinophytes and the origin of the secondary
chloroplasts of euglenids. Mol. Biol. Evol. 2009, 26, 631–648. [CrossRef]

4. Vesteg, M.; Vacula, R.; Steiner, J.M.; Mateášiková, B.; Löffelhardt, W.; Brejová, B.; Krajčovič, J. A possible role for short introns in
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colorless Euglena longa but not Euglena gracilis. Curr. Genet. 2017, 63, 331–341. [CrossRef]
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23. Patková, J.; Vojtíšek, M.; Tůma, J.; Vožeh, F.; Knotková, J.; Santorová, P.; Wilhelm, J. Evaluation of lipofuscin-like pigments as an
index of lead-induced oxidative damage in the brain. Exp. Toxicol. Pathol. 2012, 64, 51–56. [CrossRef] [PubMed]

24. Vaschenko, M.A.; Zhadan, P.M.; Aminin, D.L.; Almyashova, T.N. Lipofuscin-like pigment in gonads of sea urchin Strongylocen-
trotus intermedius as a potential biomarker of marine pollution: A field study. Arch. Environ. Contam. Toxicol. 2012, 62, 599–613.
[CrossRef]

https://doi.org/10.1111/brv.12523
https://www.ncbi.nlm.nih.gov/pubmed/31095885
https://doi.org/10.1111/jeu.12691
https://www.ncbi.nlm.nih.gov/pubmed/30257078
https://doi.org/10.1093/molbev/msn285
https://doi.org/10.1093/dnares/dsq015
https://doi.org/10.1111/j.1550-7408.2008.00383.x
https://www.ncbi.nlm.nih.gov/pubmed/19457056
https://doi.org/10.1111/j.1550-7408.2012.00634.x
https://doi.org/10.1016/j.febslet.2015.01.035
https://doi.org/10.1078/0176-1617-00828
https://doi.org/10.1016/j.jplph.2004.04.005
https://doi.org/10.1016/j.jbiotec.2014.11.035
https://doi.org/10.3389/fbioe.2019.00108
https://www.ncbi.nlm.nih.gov/pubmed/31157220
https://doi.org/10.1002/bit.27516
https://www.ncbi.nlm.nih.gov/pubmed/32710635
https://doi.org/10.1016/j.jbiotec.2022.04.013
https://doi.org/10.1007/s11274-023-03585-5
https://doi.org/10.1016/1011-1344(93)80041-7
https://doi.org/10.1111/j.1469-8137.2009.02768.x
https://www.ncbi.nlm.nih.gov/pubmed/19210715
https://doi.org/10.1016/j.jhazmat.2017.09.008
https://www.ncbi.nlm.nih.gov/pubmed/28938155
https://doi.org/10.1016/j.chemosphere.2013.08.037
https://www.ncbi.nlm.nih.gov/pubmed/24034892
https://doi.org/10.1016/j.jhazmat.2014.10.024
https://doi.org/10.1007/s00294-016-0641-z
https://doi.org/10.1007/s00294-017-0761-0
https://doi.org/10.1016/j.etp.2010.06.005
https://www.ncbi.nlm.nih.gov/pubmed/20598870
https://doi.org/10.1007/s00244-011-9733-4


Life 2023, 13, 1734 15 of 15

25. Sun, R.; Wang, Y.; Ni, Y.; Kokot, S. Spectrophotometric analysis of phenols, which involves a hemin–graphene hybrid nanoparticles
with peroxidase-like activity. J. Hazard. Mater. 2014, 266, 60–67. [CrossRef]

26. Mohd, A. Presence of phenol in wastewater effluent and its removal: An overview. Int. J. Environ. Chem. 2020, 102, 1362–1384.
[CrossRef]

27. García García, I.; Bonilla Venceslada, J.L.; Jiménez Peña, P.R.; Ramos Gómez, E. Biodegradation of phenol compounds in vinasse
using Aspergillus terreus and Geotrichum candidum. Water Res. 1997, 31, 2005–2011. [CrossRef]

28. Jusoh, N.; Razali, F. Microbial consortia from residential wastewater for bioremediation of phenol in a chemostat. J. Teknol. 2008,
4, 51–60.

29. Mohammadi, S.; Kargari, A.; Sanaeepur, H.; Abbassian, K.; Najafi, A.; Mofarrah, E. Phenol removal from industrial wastewaters:
A short review. Desalin. Water Treat. 2015, 53, 2215–2234. [CrossRef]

30. Surkatti, R.; Al-Zuhair, S. Microalgae cultivation for phenolic compounds removal. Environ. Sci. Pollut. Res. 2018, 25, 33936–33956.
[CrossRef]

31. Anku, W.W.; Mamo, M.A.; Govender, P.P. Phenolic compounds in water: Sources, reactivity, toxicity and treatment methods.
In Phenolic Compounds—Natural Sources, Importance and Applications; Soto-Hernández, M., Palma-Tenango, M., Garcia-Mateos,
M.d.R., Eds.; InTech: London, UK, 2017; pp. 419–443. [CrossRef]

32. Cramer, M.; Myers, J. Growth and photosynthetic characteristics of Euglena gracilis. Arch. Microbiol. 1952, 17, 384–403. [CrossRef]
33. Buetow, D.E.; Padilla, G.M. Growth of Astasia longa on ethanol. I. Effects of ethanol on generation time, population density and

biochemical profile. J. Protozool. 1963, 10, 121–123. [CrossRef] [PubMed]
34. Latt, S.A.; Stetten, G.; Juergens, L.A.; Willard, H.F.; Scher, C.D. Recent developments in the detection of deoxyribonucleic acid

synthesis by 33258 Hoechst fluorescence. J. Histochem. Cytochem. 1975, 23, 493–505. [CrossRef] [PubMed]
35. Kottuparambil, S.; Kim, Y.J.; Choi, H.; Kim, M.S.; Park, A.; Park, J.; Shin, W.; Han, T. A rapid phenol toxicity test based on

photosynthesis and movement of the freshwater flagellate, Euglena agilis Carter. Aquat. Toxicol. 2014, 155, 9–14. [CrossRef]
[PubMed]

36. Kulkarni, S.J.; Kaware, J.P. Review on research for removal of phenol from wastewater. Int. J. Sci. Res. Publ. 2013, 3, 1–5.
37. Wei, X.; Gilevska, T.; Wetzig, F.; Dorer, C.; Richnow, H.H.; Vogt, C. Characterization of phenol and cresol biodegradation by

compound-specific stable isotope analysis. Environ. Pollut. 2016, 210, 166–173. [CrossRef] [PubMed]
38. Watanabe, M.; Suzuki, T. Cadmium-induced abnormality in strains of Euglena gracilis: Morphological alteration and its prevention

by zinc and cyanocobalamin. Comp. Biochem. Physiol. C 2001, 130, 29–39. [CrossRef]
39. Terman, A.; Brunk, U.T. Lipofuscin: Mechanisms of formation and increase with age. APMIS 1998, 106, 265–276. [CrossRef]
40. Pilátová, J.; Mojzeš, P.; Hurková, K.; Schwarzerová, K. Enigmatic organelles of cellular senescence—The great synthesis. In

Proceedings of the 51st Jírovec’s Protozoological Days, Hotel Svratka, Czech Republic, 20–24 June 2022; p. 27. Available online:
https://drive.google.com/file/d/1pkzIshqR05--e-xLP5MR1H0ICWbsacsb/view (accessed on 27 July 2023).
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