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Abstract

Cytostatics are contaminants of emerging concern. Their increasing presence in waste-
and surface water is becoming a risk to aquatic life. Among them, 5-fluorouracil (5-FU)
is one of the most frequently prescribed cytostatic drugs. 5-FU inhibits the thymidylate
synthase activity, causing the depletion of thymidine nucleotides and misincorporation
of uracil, and thus blocks DNA synthesis and replication. This study focuses on the
influence of 5-FU on brackish and marine diatoms from the Baltic Sea, including Bacillaria cf.
paxillifera, Gedaniella sp., Navicula perminuta, Nitzschia cf. aurariae, Skeletonema marinoi and
Stephanocyclus meneghinianus, as well as natural microphytobenthos assemblages. The toxic
effects of 5-FU were investigated in acute growth inhibition tests, which were performed
using four types of media, i.e., artificial seawater with a salinity of 6.7, natural Baltic
water, artificial seawater with a salinity of 22, and artificial seawater with the addition of
cyclophosphamide and ifosfamide. The toxicity of 5-FU was checked for (1) each strain
grown individually in all media, (2) six-strain mixed cultures grown in artificial seawater,
and (3) natural microphytobenthic communities maintained in natural Baltic water. The
diatom responses to 5-FU were species-specific. Growth conditions significantly modified
the toxicity of 5-FU; tested strains were the most resistant to 5-FU when grown under
optimal conditions, i.e., in natural Baltic water and/or at the optimal salinity. In the six-
strain mixed cultures, higher 5-FU concentrations (>0.1 mg L~1) shifted the dominance
of diatom strains; the most resilient diatom S. meneghinianus replaced two other fast-
growing strains, i.e., B. cf. paxillifera and Gedaniella sp. In the tested microphytobenthos
assemblages, the highest biomass and species diversity were observed under the highest
5-FU concentrations (>5 mg L~1). This indicated that the responses of complex species
mixtures were governed by the ecophysiological features of their members and interactions
among them, shaping the adaptive capacity of the entire assemblage. The introduction of
the ecophysiological approach to toxicity testing seems to be crucial, and it would enable
more realistic environmental risk assessment.

Keywords: 5-fluorouracil; ecotoxicity; aquatic environment; diatoms; Baltic Sea

1. Introduction

Pharmaceuticals are emerging as a potential threat to the aquatic environment [1,2].
Currently, they occur in relatively low concentrations; however, their levels are predicted
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to increase due to population growth, increased life expectancy, and the resulting rise in
pharmaceutical consumption [3,4]. Among them, cytostatic drugs (also called anticancer
or antineoplastic drugs) constitute a group of compounds that are extensively used in
chemotherapy [5]. Despite the unquestionable benefits of cancer treatment, they have also
been demonstrated to have carcinogenic, mutagenic, and teratogenic activity, adversely
affecting animals and posing a serious threat to human health, including the potential
to provoke secondary malignant tumors [6-8]. The primary sources of cytostatic drugs
are hospital and household wastewaters [9], which are often directly discharged into the
sewage system without prior treatment [7,10]. Conventional sewage treatment systems are
characterized by low removal efficiency for cytostatic drugs. As a result, these compounds
can gradually accumulate in water and sediments, posing serious environmental and health
risks [10,11]. This is a substantial issue, given that cytostatics are designed to be highly
active at low concentrations [12]. Studies on the presence of cytostatics in the aquatic
environment have shown that five drugs—cyclophosphamide (CP), 5-fluorouracil (5-FU),
gemcitabine (GEM), ifosfamide (IF), and methotrexate (MET)—are the most frequently
detected [13-15]. Among them, 5-FU has been proven to be effective against solid tumors
and has been used in the treatment of colorectal, breast, and other types of cancer since
1957 [16,17]. Currently, it is one of the most frequently prescribed anticancer drugs [4].
Therefore, it is not surprising that it is regularly detected at the highest concentrations in
aquatic environments [10,18]. Risk quotients (RQ) have identified 5-FU as posing a high
environmental risk [4,19].

5-FU is a heterocyclic aromatic organic compound, structurally similar to uracil,
with a fluorine atom replacing a hydrogen atom in the C-5 position [20,21]. Being a
nucleobase analogue of uracil, the anticancer mechanism of action of 5-FU includes (i) the
formation of a stable complex with thymidylate synthase (TS), inhibiting the catalysis of
deoxyuridine monophosphate (dUMP) methylation to deoxythymidine monophosphate
(dTMP), thereby hindering its synthesis; and (ii) misincorporation of 5-FU into DNA and
RNA, replacing uracil or thymine [21]. 5-FU may also disrupt the maturation of pre-rRNA,
post-transcriptional modification of tRNAs, and splicing of mRNA [22,23]. Pharmacokinetic
studies have shown that 5-FU is rapidly metabolized, with up to 80% being converted into
oa-fluoro-B-alanine within 2-24 h after administration, while ca. 10% of the drug remains
unchanged and is subsequently excreted from the body into the sewage system, eventually
reaching surface waters [24,25]. Currently, the amount of cytostatics in sewage and surface
waters remains low (within the range of ng L 1to ug L1 [26]. Reported concentrations of
5-FU in wastewater have reached up to ca. 150 ug L' [27,28], while in heavily polluted
surface waters, concentrations of up to ca. 0.6 g L1 have been observed [29]. International
Agency for Research on Cancer’s Global Cancer Observatory predicts that by 2050, there
will be 35 million new cases of cancer, representing a 77% increase compared to 2022, as
a result of a growing and ageing population. Therefore, it is predicted that the usage
of cytostatics will increase [29]. Considering the fact that cytostatics are highly active
substances, which concentrations in the environment are continuously growing, their
adverse effects on living biota may also escalate due to chronic exposure (even to low
drug dosages), and potentially due to their synergistic effects with other pollutants and/or
environmental stressors [30].

Ecotoxicity studies are usually performed using standardized methodologies devel-
oped by the International Organization for Standardization (ISO) [31,32] or the Organization
for Economic Cooperation and Development (OECD) [33]. Algal and/or cyanobacterial
growth inhibition tests are widely used. However, despite their clear advantages (e.g.,
short duration, adjustability), they also have some limitations. The application of an eco-
physiological approach (considering environmental variables as stimulating or stressful
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conditions affecting microalgal metabolism and growth) would certainly allow for better
understanding, interpretation, and further use of test results, especially in the environmen-
tal context [34]. The toxicity of cytostatics has generally been studied by growth inhibition
of recommended strains, usually planktonic green algae such as Desmodesmus subspicatus,
Raphidocelis subcapitata, and cyanobacteria, e.g., Anabaena flos-aquae, Synechococcus leopolien-
sis [35-37]. As a result, ecotoxicity data are available for a limited number of freshwater
species. Such data are suitable for systematic descriptions and comparisons of chemical
toxicity, but may be of limited use for drawing conclusions about environmental effects.
For instance, many freshwater species may occur in estuaries; however, their responses
to a contaminant may differ due to suboptimal growth conditions and interactions with
various ecological variables, as evidenced by studies on other contaminants [38,39]. This
may have consequences for environmental risk assessments, imposing restrictions on data
usage. To the best of our knowledge, there are no ecotoxicological data on cytostatics
describing the responses of brackish and marine microalgae. Therefore, there is a need for
more ecotoxicity investigations on strains indigenous to specific habitats, under conditions
matching those in the environment.

The Baltic Sea is an enclosed continental brackish sea with an average depth of 50 m
and a limited connection to oceanic waters. As a result, it is characterized by a strong
land influence and long water residence time, which makes it especially vulnerable to
accumulating pollutants [40]. Furthermore, its salinity is lower compared to ocean waters,
and varies across a wide range of 2-22, which strongly affects the diversity of the Baltic
fauna and flora, including microalgal communities [41]. Under such specific conditions,
which vary widely with seasons, it is conceivable that the occurrence of contaminants,
such as cytostatics, may heavily affect the diversity and functioning of microalgae. This,
consequently, may have profound effects on higher trophic levels and thus on the entire
ecosystem. Therefore, the main objective of this study was to test the influence of 5-FU on
diatom strains, isolated from the Baltic Sea, maintained under various growth conditions.
This study presents (i) the variety of diatom species-specific responses to 5-FU; (ii) changes
in the 5-FU toxicity induced by altered salinity; (iii) the effect of other cytostatics, i.e.,
cyclophosphamide and ifosfamide, on the toxicity of 5-FU; (iv) modified diatom species-
specific response to 5-FU when grown in multi-strain cultures; and (v) effects of 5-FU
towards natural microphytobenthos assemblages. To our knowledge, the data presented
here provide the first insight into 5-FU toxicity towards brackish and marine diatoms.

2. Materials and Methods
2.1. Tested Chemicals

The main tested chemical was 5-fluorouracil (5-FU) (CAS: 51-21-8). Additionally, the
toxicity of 5-FU was also investigated in the presence of cyclophosphamide (CP) (CAS: 6055-
19-2) and ifosfamide (IF) (CAS: 3778-73-2). All cytostatics were purchased from Merck Life
Science Sp. z 0.0. (Warsaw, Poland). They were handled in compliance with international
safety guidelines [42], and after completing the experimental work, all drug residues were
disposed of as hazardous waste.

2.2. Test Organisms

The diatom strains used in the study—Bacillaria cf. paxillifera BA14, Gedaniella sp.
PL1.21, Navicula perminuta BA30, Nitzschia cf. aurariae BA158, Skeletonema marinoi BA9S,
and Stephanocyclus meneghinianus BA10—came from the Culture Collection of Baltic Algae
(CCBA), University of Gdansk. The strains are currently maintained as monocultures

2

and kept under low light conditions of ca. 30 pmol photons m~2 s71, at a temperature

of 17 £ 1 °C, in liquid f/2 medium [43] prepared with natural Baltic water at a salinity
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of ca. 7. All strains were isolated from water or sediment samples collected in the Gulf
of Gdanisk. Their morphological descriptions and salinity preferences are presented in
Table 1. Microphotographs (Figure 1) were taken, and measurements were made with the
light microscope Nikon 80i. Permanent slides were prepared as described in Section 2.6.
For scanning electron microscopy, cleaned diatom frustules were coated with gold and
analyzed with a field emission scanning electron microscope FESEM. Salinity tests are
routinely performed to characterize CCBA isolates. Briefly, diatoms were exposed to
10 salinity variants (including freshwater) for seven days. For each variant, three biological
replicates were performed. After seven days, cell densities were calculated by counting
cells using a hemocytometer chamber with the Biirker grid.

Table 1. Morphological characteristics and salinity preferences of the tested diatom strains.

Salinity .
Strain Morprhology and Size Tolerance Freshwater Opt'ln.lun:
Life Form a Tolerance Salinity

Range

Bacillaria cf. benthic, pennate, large diatom, .

paxillifera BA14 biraphid biovolume: eurggaéme No bre71;11<:13sh
(Bp) solitary, motile cells 1933 um?3
benthic/tychoplanktonic,
pennate, araphid small diatom

Gedaniella sp. PL1.21  non-motile cells growing biovolume: * euryhaline limited 23-30

(Ged) in a chain-like colony, 63 1m3 ' 0-30 growth brackish-marine
lying on/floating above K
sediment

Navicula perminuta benthic, pennate, small diatom, ) ..

BAPBO biraII;)hid biovolume: euryhaline limited ?7_20 .
(Np) solitary, motile cells 117 um? 0-30 growth brackish-marine

Nitzschia cf. aurariae benthic, pennate, small diatom, curvhaline 20-30

BA158 biraphid biovolume: 3}75_30 No brackish-marine
(Na) solitary, motile cells 80 um? ’

Skeletonema marinoi planktonic, centric small diatom, rvhalin 20-30
BA98 non-motile cells forming  biovolume: e 2};—301 € No brackish-marine
(SKm) chain-like colonies 94 um?

Stephanocyclus larce diatom

meneghinianus planktonic, centric bi%) volume: * euryhaline Yes 0-16
BA10 solitary, non-motile cells 2643 um? ’ 0-16 brackish
(STm) H

Notes: * diatom strains were qualified as euryhaline when they actively grew within the range of salinities
over 15 units; ¥ diatom strains were divided into brackish and brackish-marine strains depending on their
optimum salinity, the optimum salinity for brackish strains was below the salinity of 15, the optimum salinity for
brackish-marine strains was above the salinity of 15.

2.3. Preparation of Microphytobenthos Suspension

Sampling was performed in summer (August) near Wiadystawowo (the Baltic,
54°43'0" N, 18°34’0” E), a coastal station located in Puck Bay (western part of the Gulf
of Gdansk). To obtain microphytobenthos assemblages, three sediment cores (10 cm in
diameter) were collected from a depth of 20 cm. Subsequently, a top centimeter of each
core was taken, placed in a dark, cooled container and transported to the laboratory [44].
Next, sediment samples were resuspended in filtered Baltic water collected at the sampling
site, thoroughly mixed, and sonicated for 5 min to detach microalgae from the sand. The
resulting microalgal suspension was filtered through a plankton net to remove small inver-
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tebrates [45]. This procedure was performed on all three sediment samples. The resulting
suspensions were then combined.

2 um

2 um

Figure 1. Microphotographs of the tested diatom strains: Bacillaria cf. paxillifera BA14 (A-C), Gedaniella
sp. PL1.21 (D-F), Navicula perminuta BA30 (G-1), Nitzschia cf. aurariae BA158 (J-L), Skeletonema marinoi
BA98 (M-0) and Stephanocyclus meneghinianus BA10 (P-R). White and black bars denote scale. The
microphotograph of S. marinoi (M) comes from the resources of the Culture Collection of Baltic Algae
and it was taken by prof. Adam Latata.

2.4. Growth Inhibition Experiments

Three sets of growth inhibition tests were conducted. In the first, the influence of
5-FU on strains grown individually under various media conditions, i.e., in (i) artificial
seawater (ASW) with a salinity of 6.7, matching the salinity at the sampling site; (ii) natural
Baltic seawater (BAL); (iii) ASW with a salinity of 22 (ASW22); and (iv) ASW supplemented
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with CP and IF at concentrations of 45 mg L1 each (CP + IF), was analyzed. The second
test evaluated the effect of the drug on six-strain mixed cultures grown in ASW. In the
third experiment, microphytobenthos assemblages maintained in natural Baltic seawater,
collected during sampling and supplemented with NO;~, NH4* and PO,4>~ to match pore
water nutrient concentrations, were exposed to 5-FU. Table 2 presents the chemical and
physical characteristics of pore and column water.

Table 2. Physical and chemical characteristics of the collected water samples. Concentrations of
NO3~, NH* and PO,3~ were measured using a Hach Lange DR6000 spectrophotometer (Hach
Lange Sp. z o.0., Wroctaw, Poland). All water samples were prepared according to the manufacturer’s
instructions. Water temperature and salinity were measured using a multiparameter WTW meter
(WTW GmbH, Weilheim, Germany).

Parameter Pore Water Sea Water
Temperature 24.5 244
Salinity 6.8 6.7
NO;~ 1.9 0.47
NH,* 0.4 0.01
PO43~ 0.16 0.04

Note: Temperature in °C; nutrients in mg L.

Artificial seawater was prepared according to ISO 10253 [32] and then diluted to
salinities of 6.7 or 22, depending on the experiment. The water (either ASW or BAL) was
enriched with f/2 medium [43] (except for the microphytobenthos experiments), as it is
routinely used for maintaining microalgae in the CCBA collection. When Baltic water was
used to prepare media for the tests, the vitamin solution was omitted.

Diatoms were exposed to 11 gradually increasing drug concentrations. The maximum
5-FU concentration was 10 mg L. Stock solutions were prepared in the respective media
(the solubility of 5-FU in water is 12.2 mg mL~1; [46]).

In single-strain experiments (i.e., ASW, BAL, CP + IF, and ASW22), test solutions
were inoculated at cell densities of 2.5 x 10% cells mL~! for large diatoms (>1000 um3, ie.,
Bp and STm) and 5 x 10% cells mL~! for small diatoms (<1000 um3, i.e., Ged, Na, Np,
and SKm). In the six-strain mixed culture experiment, the initial total cell density was
6.3 x 10* cells mL~!. Cell densities for each species were adjusted to achieve equal biovol-
ume (0.0016 mm?), corresponding to the total biovolume of the smallest diatom, Gedaniella
sp. PL1.21 with cell density of 2.5 x 10* cells mL~!. In the test with microphytobenthos
assemblages, inoculation was based on chlorophyll a (Chl a) concentration, and the starting
microphytobenthos biomass was 0.01 mg Chla L1,

Diatoms were grown under a constant irradiance of 100 pmol photons m~2 s~ !, with a
photoperiod of 16 h light and 8 h darkness, at a temperature of 20 = 1 °C for 96 h. All cultures
were vigorously mixed twice a day. Tests were performed in four biological replicates.

2.5. Growth Inhibition Data Analysis

Growth inhibition was assessed by counting diatom cells in a hemocytometric cham-
ber with a Biirker grid and expressed as cells mL~!. Subsequently, growth rates (d 1)
and growth inhibition (%) were calculated [32]. The latter, plotted as a function of log
5-FU concentration, allowed for the construction of dose-response curves, which were
then used to calculate ecotoxicological parameters, i.e., NOEC (no observed effect concen-
tration), LOEC (lowest observed effect concentration), and ECy (effective concentrations,
calculated for 20%, 50%, and 80% growth inhibition) (mg L~1), as well as the maximum
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inhibited growth rate (%). Effective concentrations (ECy) were calculated using a non-linear
regression model, following Equations (1)-(3):

logECF = logECsq + (1/Hill slope) x log(F%/(100 — F%)) (1)
F% = (Y — D)/(A — D) x 100 (2)
Y=D+ (A —-D)/(1+10"10gEC5¢ — X) x (Hill slope) 3)

where Y is a growth inhibition (%) at a 5-FU concentration (X), ECF is a concentration
of 5-FU which gives a response of F% (e.g., ECyg, ECs59, ECgp) between D and A, which
are plateaus expressed in the units of the responses (% growth inhibition) under low and
high 5-FU concentrations, respectively (the A value was also considered as the maximum
inhibited growth rate, when 100% growth inhibition was not observed), Hill slope describes
the steepness of the curve. NOEC and LOEC were determined using one-way analysis of
variance (ANOVA) and Dunnett’s post hoc test [12]. All calculations were performed using
Statistica 13 software (StatSoft Inc., Tulsa, OK, USA).

The ECsp data obtained in this study were used to construct a model using the
species sensitivity distribution (SSD) method, which allowed for the calculation of a
model-averaged hazardous concentration (HCs). The SSD curve was constructed using a
log-normal statistical distribution with maximum likelihood (ML) as the fitting method,
implemented in the SSD Toolbox version 1.0 developed by the US Environmental Protection
Agency (https://www.epa.gov/chemical-research/species-sensitivity-distribution-ssd-
toolbox, accessed on 15 September 2025) [47]. The periodic no-observed effect concentration
(PNEC) was calculated by dividing HCs by an assessment factor (AF). Two values of AF
were used, i.e., AF = 10 as recommended in [48] and estimated according to [49]. The
latter AF was calculated by multiplying three factors: the endpoint standardization factor
(FES), the species variation factor (FSV), and the mode-of-action factor (FMOA). Following
this method, the AF value of 200 was obtained. Data were presented as means with 95%
confidence limits.

2.6. Microscopic Analysis

To analyze the benthic diatom composition, microphytobenthos suspensions were
cleaned with a mixture of acids—96% H,50,4 and 75% HNO3z;—mixed in a 3:1 ratio [50]. The
samples were then washed several times with distilled water until the pH was ca. 7, and
permanent slides were prepared using Naphrax (Brunel Microscopes Ltd., Kington Langley,
UK) [51]. Samples were analyzed using a Nikon 80i microscope (Precoptic, Warsaw, Poland)
equipped with a 100 x immersion objective. Relative species abundances were determined
by counting at least 300 diatom frustules.

2.7. Photosynthetic Pigment Analysis

Pigments were analyzed as described in [52]. Briefly, 5 mL samples of experimental
cultures were filtered under low vacuum through GF/C Whatman glass filters and subse-
quently frozen at —20 °C until analysis. Pigments were extracted by incubating samples
for 2 h at —20 °C in 90% acetone [53]. Extracts were then centrifuged and filtered through
PTFE filters. Pigments were analyzed using reversed-phase high-performance liquid chro-
matography (RP-HPLC) with a Waters HPLC system equipped with a DAD detector set
at 440 nm. Separation was performed on a C18 Spherisorb column (150 x 4.6 mm; 3 pm)
(Waters, Warsaw, Poland) with injection of 40 puL of extract. Elution was carried out using
80% methanol buffered with 200 mM ammonium acetate (final concentration) as mobile
phase A, and methanol-acetone (v:v, 80:20) as mobile phase B. The analytical gradient
protocol was as follows: 2.5 min isocratic flow at 45% B; linear gradient to 90% B over
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22.5 min; linear gradient to 100% B at 27 min; isocratic flow at 100% B until 44 min; linear
gradient to 45% B at 46 min; and isocratic flow at 45% B until 50 min. The flow rate was
0.7 mL min~!. The HPLC system was calibrated using phytoplankton pigment standards
(DHI, Horsholm, Denmark), and pigments were identified and quantified according to [54].

2.8. Statistics

To identify statistically significant differences between species, growth conditions,
and applied 5-FU concentrations, the mean values of growth rate and ecotoxicological
parameter (i.e., ECy values) were analyzed using one-way ANOVA followed by Tukey’s
HSD post hoc tests. Data on photosynthetic pigments, i.e., Chl a concentration and the
Fx/Chl a ratio, were treated in the same way. Due to the limited number of biological
replicates, normality and homoscedasticity of data were checked using the analysis of
residuals and by inspecting the mean vs. standard deviation figures, respectively [55]. In
addition, the Kruskal-Wallis ANOVA and Median Test were also performed. Since the
results of both tests were the same, only the ANOVA results were shown. All statistical
analyses were performed using Statistica 13 software (StatSoft Inc.).

3. Results
3.1. Response of Diatom Strains to Various Growth Conditions

Diatom strains were grown in various media, i.e., artificial seawater (ASW), natural
Baltic water (BAL), artificial seawater with a salinity of 22 (ASW22), and artificial seawater
with added cyclophosphamide and ifosfamide (45 + 45 mg L~!) (CP + IF). The type of
medium used significantly affected the growth of diatoms (Table 3), which was seen from
the growth rate values obtained for the control cultures (ANOVA, p < 0.05). The strains
responded differently to the applied medium (Table 3). In five strains, i.e., Bp, STm, SKm,
Ged and Na, the highest growth rate values were observed in BAL and ASW22 media,
which were considered to represent their optimal growth conditions (i.e., natural Baltic
water, which provides more essential components required by microalgae for growth, such
as microelements, organic matter, and optimal salinity). The only exception was Np, which
grew best in the artificial seawater medium (ASW).

Table 3. Growth rate values of the control cultures obtained for the tested diatom species, i.e., Bacillaria
cf. paxilifera BA14, Stephanocyclus meneghinianus BA10, Skeletonema marinoi BA98, Gedaniella sp. PL1.21,
Nitzschia cf. aurariae BA158, Navicula perminuta BA30, grown in various media: artificial sea water
(ASW), natural Baltic water (BAL), artificial sea water with the salinity of 22 (ASW22), artificial sea
water with added cyclophosphamide and ifosfamide (45 + 45 mg L~!) (CP + IF), and together in the
six-strain mixed cultures; growth rates are expressed d~1; mean + SE (n=4).

ASW BAL ASW22 CP +IF Six-Strain Mixed

Cultures

Bacillaria cf. paxillifer BA14 0.69 +0.01 2/1 0.80 £+ 0.01 >V - 0.69 + 0.003 /111 0.99 £ 0.02 ¢/1V+
Stephanocyclus meneghinianus BA10 0.47 +0.01 /1 0.53 + 0.01 >/ - 0.31 £ 0.02 /1 0.67 £ 0.05 ¢/t
Skeletonema marinoi BA98 0.50 4 0.01 /! 0.45 4+ 0.02 /1 0.85 4 0.002 /11 0.66 & 0.02 ¢/THII 0.56 =+ 0.01 >/11
Gedaniella sp. PL1.21 0.62 4 0.01 /1 0.87 4+ 0.01 ¢/V1 0.84 +0.01 </ 0.62 £ 0.01 /1 0.75 & 0.03 b/
Nitzschia cf. aurariae BA158 0.83 4 0.01 ¢/IV 0.65 + 0.01 >/V 1.12 4 0.005 /1 0.82 4+ 0.01</IV 0.39 £ 0.03 /1
Navicula perminuta BA30 0.95 4 0.01 4V 0.059 + 0.01 2/1 0.69 + 0.01°/1 0.85 4 0.01</IV 0.72 +0.03 b/
Six-strain mixed cultures—Total 0.66 £+ 0.02

Notes: (-) not tested; letters denote the results of the Post hoc Tukey HSD identifying differences between mean
growth rate values obtained for a single strain grown in various media; roman numbers denote the results of the
Post hoc Tukey HSD identifying differences between mean growth rate values obtained for various species grown
in the same medium; asterisk denotes the results of the Post hoc Dunnett test indicating significantly different
means compared to the control mean which was Six-strain mixed cultures—Total.
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3.2. Response of Single Strains to 5-Fluorouracil

The response of the tested diatoms to 5-FU was species-specific (Figure 2, Table 4).
When grown in ASW, the negative effects of 5-FU towards STm were limited; at the
high est 5-FU concentration (i.e., 10 mg L~!), growth inhibition of 8.6% was observed
(Figure 2A). Consequently, the highest NOEC and LOEC values among all tested strains
were also recorded (Table S1). At the concentrations above 2.5 mg L™, the maximum
growth inhibition over 75% was observed for Bp, Np and Na, and ca. 40% for Ged and
SKm (Figure 2A). Within the low 5-FU concentration range (up to 0.1 mg L~1), in four of
the species (i.e., Bp, Ged, Na, SKm) the effect of the drug was negligible. The only exception
was Np, for which growth inhibition was ca. 25% (Figure 2A). The ECsy values varied
within the range of 0.31-0.5 mg L~ in small diatoms, namely: Ged, Np and Na, and SKm.
For Bp, EC5o was the highest and reached 1.38 mg L~!. Np was characterized by the lowest
NOEC and LOEC values (below 0.1 mg L~! as compared to other species), i.e., 0.01 and
0.025 mg L1, respectively (Table S1).
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Figure 2. Toxicity of 5-fluorouracil towards Baltic strains of diatoms, i.e., Bacillaria cf. paxilifera
BA14 (Bp), Stephanocyclus meneghinianus BA10 (STm), Skeletonema marinoi BA98 (SKm), Gedaniella sp.
PL1.21 (Ged), Nitzschia cf. aurariae BA158 (Na) and Navicula perminuta BA30 (Np) grown in various
media; (A) artificial sea water (ASW), (B) natural Baltic water (BAL), (C) artificial sea water with the
salinity of 22 (ASW22); and (D) artificial sea water with added cyclophosphamide and ifosfamide
(45 + 45 mg L) (CP + IF), shown as log dose-response growth inhibition curves obtained after 96 h
of growth; mean =+ SE (1 = 4).

Table 4. Ecotoxicological parameters of 5-fluorouracil for growth inhibition of Baltic strains of
diatoms, i.e., Bacillaria cf. paxilifera BA14, Stephanocyclus meneghinianus BA10, Skeletonema marinoi
BA98, Gedaniella sp. PL1.21, Nitzschia cf. aurariae BA158 and Navicula perminuta BA30 grown in various
media; artificial sea water (ASW), natural Baltic water (BAL), artificial sea water with the salinity
of 22 (ASW22), artificial sea water with added cyclophosphamide and ifosfamide (45 + 45 mg L™1)
(CP + IF); obtained after 96 h exposure to the drug; parameter values are expressed as mg L~};
mean + SE (n = 4).

Species

ASW BAL ASW22 CP + IF Six-Strain Mixed

Cultures
Bacillaria cf. paxillifer BA14 1.38 4 0.05 2b/1I 2.05 + 0.10 b/ - 0.75 4 0.01 /I 1,84 4031 b/HI+
Stephanocyclus meneghinianus BA10 n.d. n.d. - n.d. n.d.

Skeletonema marinoi BA98

0.30 & 0.03 2/1 1.01 £ 0.02 </ nd. 0.60 & 0.01 b/I 1.02 £ 0.09 /1




Water 2025, 17, 3506

10 of 27

Table 4. Cont.

Species

ASW BAL ASW22 CP + IF Six-Strain Mixed

Cultures
Gedaniella sp. PL1.21 0.50 & 0.06 /1 1.90 & 0.03 </ 1.12 £ 0.13 /11 0.52 4 0.11 /I 212 +0.19 /1=
Nitzschia cf. aurariae BA158 0.46 + 0.02 2/111 2.54 +0.01¢/V 1.95 £ 0.03 /11 0.87 £ 0.03 b/1I 1.16 £ 0.04 /1
Navicula perminuta BA30 0.31 +0.022/1 0.19 +0.02 /1 0.41 + 0.04 2/ 0.34 £ 0.02 /1 1.73 £ 0.13 b/
Six-strain mixed cultures—Total 1.05 + 0.02

Notes: (-) not tested; n.d.—not determined; letters denote the results of the Post hoc Tukey HSD identifying
differences between mean growth rate values obtained for a single strain grown in various media; roman numbers
denote the results of the Post hoc Tukey HSD identifying differences between mean growth rate values obtained
for various species grown in the same medium; asterisk denotes the results of the Post hoc Dunnett test indicating
significantly different means compared to the control mean which was Six-strain mixed cultures—Total.

Culturing diatoms in Baltic water altered their responses to 5-FU (Figure 2B). In STm,
the influence of the drug was limited; however, the values of NOEC and LOEC decreased
toland 2.5mg L1 respectively. In four species, Bp, Ged, Na and SKm, the toxic effects
of 5-FU were reduced. The EC5 values increased significantly, exceeding the value of
1 mg L~! for Ged and SKm, and 2 mg L~! for Bp and Na (Table 4). In the case of Na, the
increase in ECs5p was the highest—ca. 5.5-fold (2.54 mg L~1). There was also no change
(SKm) or increase (Bp, Ged, Na) in NOEC and LOEC values. Np was the only species for
which the toxicity of 5-FU increased in BAL; its ECsy was 0.19 mg L~!. Interestingly, for
Ged, Na and SKm, the maximum growth inhibition also increased, and for Na this value
was the highest, ca. 94% (Figure 2B).

Four of the six tested species grew best in salinities above 16, with the optimum
ranging from 19.9 to 23 (Table 1). For the experiment, a salinity of 22 was selected, as it
reflects salinity conditions in the western part of the Baltic Sea (Great Belt). The response of
SKm at salinity 22 was similar to that of STm at salinity 6.7 (Figure 2C). The SKm growth
inhibition at the highest 5-FU concentration (i.e., 10 mg L~!) was ca. 13%. Nonetheless,
NOEC and LOEC decreased to 0.05 and 0.075 mg L~! (Table 4), respectively. For Ged, Na
and Np5-FU toxicity at salinity 22 was also reduced; as confirmed by the increased ECs
values, NOEC and LOEC, but only for Ged and Na (Tables 4 and S1).

The presence of CP and IF in the medium affected the influence of 5-FU. The observed
responses differed between species (Figure 2D). No change was observed in three species,
ie., STm (although NOEC increased to >10 mg L), Ged and Np (Table 4). In contrast, the
toxicity of 5-FU towards Na and SKm decreased, with the ECsy values increasing two-fold.
For Bp, the opposite effect was observed, and CP + IF exacerbated the growth of the species.
The values of all ecotoxicological parameters (NOEC, LOEC and effective concentrations)
decreased (Tables 4 and S1).

3.3. Response of the Six-Strain Mixed Cultures to 5-Fluorouracil

Up to 0.25 mg L~!, no observable toxic effect of 5-FU was detected in the diatom
mixed culture. At the highest 5-FU concentrations (above 2.5 mg L), the average maxi-
mum growth inhibition for the culture as a whole reached ca. 70%. The ECsy value was
1.05 mg L~!, while NOEC and LOEC were 0.25 and 0.5 mg L™}, respectively (Figure 3A,
Tables 3 and S2). The ECsq values of individual species varied widely, ranging from 0.93 to
2.12 mg L~!; with the highest EC5q values, significantly differing from the control sample
(ANOVA, p < 0.05, Dunnett test, p < 0.05), obtained for Ged and Bp. All ECsq values
were either considerably higher or similar to those obtained for the tested species grown
separately in ASW and BAL.



Water 2025, 17, 3506

11 of 27

o
S

A

Growth inhibition [%]

o

2 Bp

4 STm

© SKm

© Ged

O Na

o Np

@ Mix.Cul

3 1.410°

1.210°

1.010°

810°

Biovolume [%)]

410°

Cell density [cells mL_1]

)
<

5-FU concentration [mg L~

0
1.00 10.0 CNTR 0.01 0.025 0.05 0.075 0.1 0.25 0.5 1.0 25 5.0 10 CNTR 0.01 0.025 0.05 0.075 0.1 0.25 0.5 1.0 2.5 50 10

1] 5-FU concentration [mg L_1]

Figure 3. A. Toxicity of 5-fluorouracil towards Baltic strains of diatoms, i.e., Bacillaria cf. paxilifera
BA14 (Bp), Stephanocyclus meneghinianus BA10 (STm), Skeletonema marinoi BA98 (SKm), Gedaniella sp.
PL1.21 (Ged), Nitzschia cf. aurariae BA158 (Na), Navicula perminuta BA30 (Np), and grown together
in the six-strain mixed cultures (black diamonds); (A) log dose-response growth inhibition curves
obtained after 96 h of growth; (B) culture cumulative cell density based on the cell count of each
diatom strain; (C) diatom relative biomass based on the biovolume of each diatom strain; mean + SE
(n=4).

The total cell number decreased by ca. 85% with increasing 5-FU concentration, as
compared to the control culture (Figure 3B). Up to the 5-FU concentration of 0.25 mg L1,
the most dominant species was Ged, constituting ca. 50% of the total cell count. At higher
concentrations (>0.25 mg L™ 1), its cell number sharply dropped and was replaced by SKm,
which became the most abundant species (>24%) at concentrations above 2.5 mg L1

The analysis of the biovolume changes showed that in the control sample and at the
lowest applied concentration (0.01 mg L~!), the most dominant species were two large
diatoms (biovolume > 1000 um?), i.e., Bp and STm, and one small diatom (<1000 pum3)—
Ged. With the increasing 5-FU concentration, the biovolume of Bp decreased, constituting
ca. 20% of the total culture biovolume. The contribution of STm increased. Among small
diatoms, Ged was gradually substituted by SKm (Figure 3C).

3.4. 5-Fluorouracil Hazard Assessment

To construct a species sensitivity distribution (SSD), the ECsy values obtained for
the species grown in ASW, BAL, and the six-strain cultures were used. The HC5 values
derived from the model were consistent with the ECs( values obtained for Ged, Na, Np
and SKm, grown in ASW (Figure 4A); for Np and SKm in BAL (Figure 4B), and Bp, Na,
Np and SKm when grown in mixed cultures (Figure 4C). In natural Baltic water, the most
sensitive species was Np, for which the average ECsy value was lower than HCs. A similar
observation was made regarding SKm in six-strain mixed cultures. The lowest PNEC value
(calculated using AF = 200) was found for ASW cultures. In BAL, PNEC increased by ca.
20%. The highest PNEC value, almost 5-fold higher than in ASW, reaching 0.00475 mg L1
—was observed when the tested species were grown together. In addition, PNEC values
using AF = 10 were also calculated (Table 5).

Table 5. Model-averaged hazardous concentration (HCs) and periodic no-effect concentration (PNEC)
with 95% confidence limits (95% CL) based on simulated species sensitive distribution (55D) curves
(Figure 4) for Baltic diatom strains grown in various media: artificial sea water (ASW) and natural
Baltic water (BAL); and together in the six-strain mixed cultures (Mix.Cul); parameter values are
expressed as mg L1, n = 4.

PNEC (95% CL) PNEC (95% CL)

HC5 (95% CL) AF=10 AF =200

ASW

0.198 (0.110-0.471) 0.0198 (0.0110-0.0471) 0.00099 (0.00055-0.0024)
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Table 5. Cont.

o PNEC (95% CL) PNEC (95% CL)
HCs (95% CL) AF = 10 AF = 200
BAL 0.240 (0.088-1.019) 0.0240 (0.0088-0.1019) 0.00120 (0.00044-0.0051)
Six-strain mixed cultures 0.949 (0.690-1.518) 0.0949 (0.0690-0.1518) 0.00475 (0.00345-0.0076)
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Figure 4. Normal species sensitivity distribution (5S5D) plot obtained using maximum likelihood
(normalML; black line) with 95% confidence limits (CL; dashed blue lines) based on ECs; values
obtained for the tested diatom species, i.e., Bacillaria cf. paxilifera BA14, Skeletonema marinoi BA9S,
Gedaniella sp. PL1.21, Nitzschia cf. aurariae BA158, Navicula perminuta BA30, exposed to 5-fluorouracil
(5-FU) for 96 h, grown in various media: (A) artificial sea water (ASW); (B) natural Baltic water (BAL);
and (C) together in the six-strain mixed cultures (Mix.Cul). Red diamond indicates the fifth percentile
of the fitted distribution (HCs) value, a red dotted line shows 95% confidence limits (95% CL HCs);
red circles are geometric EC59 means (1 = 4), horizontal black lines indicate the range of the 5-FU
toxicity based on ECs values.
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3.5. Response of Microphytobenthos to 5-Fluorouracil

With increasing drug concentration, the biomass of the assemblages gradually grew,
reaching the highest average Chl a concentrations, significantly different from the control
(ANOVA, p < 0.05, Tukey HSD test, p < 0.05), at the two highest 5-FU concentrations
(5and 10 mg L~!) (Figure 5A). The analysis of photosynthetic pigments showed that there
were three main xanthophylls, i.e., fucoxanthin (Fx), zeaxanthin (Zea) and alloxanthin
(Allo). Their concentrations varied slightly without any specific pattern (ANOVA, p > 0.05)
(Figure 5B). There were no significant variations in the Fx/Chl a ratio (ANOVA, p > 0.05)
(Figure 5C).
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Figure 5. Toxicity of 5-fluorouracil towards Baltic microphytobenthos assemblages; (A) chlorophyll a
(Chl a) concentration as a microphytobenthos biomass proxy; (B) marker pigments (Allo—alloxanthin,
Fx—fucoxanthin, Zea—zeaxanthin); (C) fucoxanthin to chlorophyll a ratio (Fx/Chl a) as a proxy for
the diatom biomass contribution; asterisks denote means that were significantly different from the
control (CNTR); mean =+ SE (n = 4).

Microscopic investigations revealed that 16 diatom species were identified in the
studied assemblages. The samples were dominated by small-sized (<1000 um?) diatom:s,
including Pseudostaurosira elliptica, Staurosira venter, Staurosirella pinnata, Gedaniella sp.
(which may represent a complex of several species), Karayevia clevei. Each species accounted
for over 5% of the cell count in the samples. The highest number of species (14) was found
in cultures with the highest 5-FU concentration (5 and 10 mg L~1). In the control samples,
eight species were identified.

4. Discussion

A previous study has suggested that 5-FU has low adsorption on solids suspended in
the water; however, it is characterized by high mobility into sediments. It is also not likely
to be easily degraded by sunlight [10]. Laboratory tests have also shown contradictory
results, considering its biodegradability (up to 50% in the closed bottle tests) [56] (and
references therein). This suggests that 5-FU may persist in the environment, constituting a
positive alert for ecotoxicity. Furthermore, 5-FU has also been indicated as a cytostatic drug
posing a high risk to aquatic organisms [57].

4.1. Response of Baltic Diatoms to 5-FU

There are only a handful of studies investigating the toxicity of 5-FU on microalgae.
Most of them were performed on the green alga R. subcapitata (previously known as
Pseudokirchneriella subcapitata), a strain recommended by the ISO 8692 standard [12,36,37].
Results of those studies showed that ECsy for this species varied within the range of
0.075-0.13 mg L~1. There are only three reports in which other species were used, i.e.,
the cyanobacterium S. leopoliensis, and two other green algal species: Chlorella vulgaris
and D. subspicatus [12,57,58]. The ECsp value for the cyanobacterium was 1.20 mg L1,
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while the half-maximal effective concentrations for the remaining two species were much
higher—20.8 and 48 mg L}, respectively. Such limited data, encompassing a small number
of species, allow for a systematic comparison of 5-FU toxicity under strictly defined growth
conditions; however, they are insufficient to conclude on possible 5-FU effects in the
environment. Hence, in this study, another microalgal group—diatoms (represented by six
strains, including planktonic and benthic ones) was investigated. 5-FU induced various
species-specific responses in diatoms when grown in ASW medium, as seen from the
diverse dose-response curve shapes and ecotoxicological parameters. The ECs5y values
obtained in this study (0.31-1.38 mg L~!) were similar to those previously reported for R.
subcapitata. Regarding their resistance to 5-FU (based on ECs( values), the tested diatom
strains could be ranked as follows: N. perminuta BA30, S. marinoi BA98 (ca. 0.3 mg L~1) < N.
cf. aurariae BA158 (0.46 mg L~1), Gedaniella sp. PL1.21 (0.50 mg L) < B. cf. paxillifera BA14
(1.38 mg L1 <s. meneghinianus BA10 (not determined). Venancio and co-workers [29]
commented that, regarding the influence of 5-FU on microalgae, there was no clear dose—
effect response, which was also observed in this study.

To our knowledge, there are no reports providing detailed information on the molecu-
lar mechanisms governing microalgal responses to 5-FU. Neither the 5-FU toxicity mech-
anisms were elucidated, nor were protective ones. Previous research has shown that
5-FU most likely enters the cell via lipophilic interactions. By inhibiting thymidylate
synthase, it causes depletion of thymidine nucleotides, which blocks DNA synthesis and
replication [59,60]. Furthermore, a reduced amount of thymidine nucleotides leads to an
imbalance in the uracil-thymidine (dUTP:dTTP) ratio, favoring uracil incorporation into
DNA. Resulting uracil-adenine pairs are not mutagenic, but may be cytotoxic [61]. Studies
on various organisms, including bacteria, archaea, fungi, plants and mammals, showed
that to deal with uracil misincorporation, they actively remove it through the base excision
repair (BER) pathway, which is initiated by uracil DNA glycosylase (UDG). This mecha-
nism naturally occurs in living organisms as uracil may also appear in DNA due to the
deamination of cytosine [62]. UDGs are members of a protein superfamily consisting of five
UDG families characterized by various substrate recognition and amino acid sequences [63].
For instance, in Arabidopsis, the AtUNG enzyme—a member of the Family-1 UDGs was
reported [62]. It was also identified as the major source of UDG activity in the plant extracts.
The authors investigated the influence of 5-FU in wild-type and mutant atung=/~ (lacking
AtUNG,) plants. They found that mutant atung~/~ plants were more resistant to the drug
at moderate concentrations (100-300 uM) than wild-type plants. This was explained by the
increased uracil accumulation in the DNA of mutant atung™/~ plants and the detrimental
activity of AtUNG under an increased dUTP:dTTP ratio in wild-type plants due to the
initiated ineffective BRE cycles, causing the incorporation of toxic DNA intermediate repair
products under depleted dTTP. A similar observation, linking the BRE pathway with the
5-FU toxicity, was also observed in yeast [64]. Considering microalgae, BRE of uracil was
detected in cell-free extracts of Chlamydomonas reinhardtii, which was attributed to the
presence of a Family-1 UDGs protein—CrUNG. This protein was characterized by a high
substrate specificity and was able to excise uracil and, unlike AtUNG, 5-FU [65]. In diatoms
(Fragilariopsis cylindrus, Phaeodactylum tricornutum, Thalassiosira pseudonana and Seminavis
robusta), on the other hand, a unique DNA glycosylase was found—the so-called Dual
DNA glycosylase (DDG), possessing two glycosylase domains, i.e., an N-terminal NEIL
domain and a C-terminal UNG domain, next to the UNG homolog (UNG1) also recognized
in other eukaryotes [66]. No information on the microalgal UNGs activity under high 5-FU
concentration is available. However, it can be speculated that with the observed diversity
of UNG structures and substrate specificities among photosynthetic organisms, the activity
of the BRE pathway may significantly differ among microalgae.
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Microalgae have also developed other protective mechanisms—such as extracellular
polymeric substances (EPS) production, enzymatic detoxification, and antioxidant activity—
that help them shape their responses to various toxicants, e.g., [67,68]. Some studies have
also shown that the toxicity of drugs may be regulated by algae-bacteria interactions [69].
It was previously shown that the bacterial microbiome of microalgae played an essential
role in maintaining cell health and facilitating adaptation to changing environmental condi-
tions [70]. In this study, the most resilient species turned out to be STm. It is noteworthy that
STm secreted a large amount of EPS. On one hand, EPS constitutes a barrier restricting the
absorption of toxicants into the cell [71]; on the other hand, it can also be utilized by bacteria
as a source of organic matter (OM) [72]. Given that most microalgae are mixotrophic and
grow better in the presence of OM, it is conceivable that 5-FU-metabolising bacteria could
not only protect the cell from the drug’s negative effects but also provide additional OM
for the diatom itself [73,74]. This hypothesis requires more systematic studies; however,
this study found that at 5-FU concentrations up to 5.0 mg L~!, STm grew better than in the
control cultures, showing a stimulatory effect of 5-FU. Similar effects were also observed in
other studies, investigating the toxicity of various drugs towards microalgal, e.g., [75,76].

The least resistant species, based on NOEC and LOEC values, was Np. The strain
quickly responded to the presence of 5-FU (the lowest NOEC and LOEC values). However,
despite a considerable 5-FU effect, it appeared to have the potential to survive even under
heavy 5-FU pollution (no 100% maximum growth inhibition observed). This was further
supported by the fact that this diatom is classified as polysaprobous, an organism living in
habitats polluted with organic matter [77].

To elucidate the possible connection between responses to 5-FU and diatom traits
(ecological, morphological, and life-form), the strains were clustered (using Euclidean
distances inferred from normalized data, with complete linkage as the amalgamation rule)
based on the values of the analyzed ecotoxicological endpoints, including NOEC, ECsg
and the maximum growth inhibition. The clustering analysis recovered diatom groups
corresponding to their morphological features and most favorable habitats in terms of
salinity (Figure 6). The separation of STm and subsequently Bp coincided with their size
(large diatoms, >1000 um?) and salinity preferences (brackish species). Within the next
group, two pairs of species were identified: small, benthic, motile diatoms (Na and Np),
and non-motile, colonial SKm and Ged. The placement of the latter diatom emphasized
its unique character; it is a pennate, araphid diatom that can be easily resuspended in the
water column, due to the lack of strong adhesion mechanisms, forming floating ribbon-like
colonies. Thus, its grouping with the planktonic species may indicate its tychoplanktonic
nature rather than a strictly benthic one. All species within the second group were small-
sized diatoms (<1000 um?3) with marine affinities (euryhaline, with optimum salinity higher
than the average salinity in the Gulf of Gdansk). Recovered strain groupings suggested that
diatoms may employ various 5-FU response mechanisms, ensuring diatom survival in the
environment. Identification of those mechanisms would allow for further understanding
of diatom adaptations to the presence of 5-FU and possibly other cytostatic drugs.

PNEC values can be used as water quality standards, indicating the concentration of
a toxicant considered safe for most species in an ecosystem [78]. In this study, only five
species were used, which may be considered too few [79]. However, to date, no other
ECs5¢ values for 5-FU have been reported in either brackish or marine microalgae. This
is a recurring issue in ecotoxicological studies on marine species. Therefore, freshwater
species are often included in SSD analyses, assuming that some physiological processes
and ecological traits may be comparable [80]. To enhance PNEC calculations, six additional
species were used (Figure 7). The inferred HCs value—0.032 mg L~! and the resulting
PNEC—0.00016 mg L.~! were considerably lower than HC5 and PNEC obtained for ASW.
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The six-fold drop in those values was caused by the inclusion of Amphora sp. CP3, a
diatom strain isolated from sediment samples collected in Wiadystawowo (the micro-
phytobenthos sampling location for this study), which proved highly sensitive to 5-FU
(ECs0 = 0.037 £ 0.0015; mean = SE, n = 4; to be published elsewhere). The obtained HC5
value was of the same magnitude as previously reported by Li et al. [81]—0.058 mg L~!.
The authors also noted that among the studied species, the most sensitive to 5-FU was the
microalga R. subcapitata. The calculated PNEC value (0.16 pg L~!) was lower than, and
comparable to, the 5-FU concentrations measured in wastewater and the most polluted
surface waters [27-29]. Since current wastewater treatment technologies are insufficient for
removing cytostatics [82], the gradual accumulation of 5-FU due to continuous wastewa-
ter discharge contaminated with this drug may eventually induce significant changes in
microalgal communities. Tested diatom species responded differently to 5-FU, which un-
derscores the need to investigate a broad range of species across various taxonomic groups.
Research based on a small number of selected species imposes substantial limitations on
concluding about the potential environmental effects of pollutants—especially if sensitive
species are omitted.
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Figure 6. Clustering analysis based on ecotoxicological parameters (NOEC, LOEC, ECyg, ECsy, ECgp,
the maximum growth inhibition). Rectangles filled with color represent various ecological (life form,
LF; motility, Mot), morphological (morphological form, Mor; size, S) and salinity (Sal) features of the
tested strains.

Culturing diatoms in natural Baltic water altered their response to 5-FU compared
with ASW. The sensitivity of the tested strains (based on ECsp) allows ranking them in
the following order: N. perminuta BA30 (0.19 mg L~') < S. marinoi BA98 (1.01 mg L) <
Gedaniella sp. PL1.21 (1.90 mg L™1) < B. cf. paxillifera BA14 (2.05 mg L™!) < N cf. aurariae
BA158 (2.54 mg L) < S. meneghinianus (not determined). The differences can be attributed
to the chemistry of the water used for medium preparation. ASW is relatively simple,
consisting of only seven ingredients [32]. Long-term maintenance of microalgae in ASW
causes significant changes in their morphology and weakens growth over time, indicating
that some essential components are lacking—most likely microelements and organic matter
(OM) (which were provided in the stock solutions of the f/2 medium). Dissolved organic
matter (DOM) plays a crucial role in microalgal physiology [83]. It consists of organic
substances that pass through 0.45 um filters, such as humic acids, polysaccharides, proteins,
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and small molecular organic acids [84,85]. On the one hand, microalgae use organic
substances (e.g., glucose, acetic acid, alcohols) as sources of organic carbon [73]; on the
other, some DOM components (e.g., citric acid) may support microalgal growth indirectly
by keeping iron in solution and ionic heavy metals at nontoxic concentrations [86]. The
application of the natural Baltic water allowed microalgae to remain in good physiological
condition, making them more resilient to potential pollutants. Furthermore, DOM is also
an important environmental component, strongly affecting the toxicity of various chemical
substances, including drugs and other pharmaceutical products [87,88]. The research
on the interaction between bisphenol A and natural organic matter (NOM) found that
bisphenol-organic matter complexes reversed the toxic effects of bisphenol A [89]. Tests on
the influence of three herbicides—diuron, irgarol, and S-metolachlor—on the growth of
Sphaerellopsis sp. confirmed that the alga grew better in the presence of DOM compared
to cultures without it. It was also shown that in the presence of DOM, there was no toxic
effect of herbicides at the peak growth phase of the alga [90].
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Figure 7. Normal species sensitivity distribution (SSD) plot obtained using maximum likelihood
(normalML; black line) with 95% confidence limits (CL; dashed blue lines) based on ECsj values
obtained for the tested diatom species, i.e., Bacillaria cf. paxilifera BA14, Skeletonema marinoi BA9S,
Gedaniella sp. PL1.21, Nitzschia cf. aurariae BA158, Navicula perminuta BA30, exposed to 5-fluorouracil
(5-FU) for 96 h, grown in artificial sea water (ASW) and literature data. Red diamond indicates the
fifth percentile of the fitted distribution (HCs) value, a red dotted line shows 95% confidence limits
(95% CL HCs); red circles are geometric EC5y means (1 = 4) for species tested in the study when
grown in ASW, red squares denote literature data, black horizontal lines indicate the range of 5-FU
toxicity based on ECs values. PNEC! was calculated using an assessment factor (AF) of 10, for
PNEC? AF = 200.

As of now, data on the influence of DOM on the 5-FU toxicity is unavailable, while
other cytostatics have been rarely investigated. The study by Liu et al. [91] revealed that
low DOM concentration increased the toxicity of CP, while high concentration diminished
its toxicity in zebrafish larvae. In another study, Liu et al. [92] investigated the effect
of humic acid (HA, a main DOM component) on the neurobehavior of female zebrafish
exposed to CP. They observed that HA enhanced CP neurotoxicity and suggested that HA
may increase membrane permeability, thereby increasing the bioavailability of CP or its
metabolites. The potential of DOM effect on the toxicity of 5-FU towards microalgae is
challenging to predict. The physico-chemical properties of 5-FU indicate its high water-
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solubility and low partitioning onto organic matter (low octanol-water partition coefficient;
log Kow = —0.81). This would suggest that the influence of DOM on the 5-FU toxicity may
be limited. However, this hypothesis requires proper testing, as the toxicity of CP, similarly
characterized by the low Kow value (0.97), was proven to be altered by HA [81,92].

Natural waters better support microalgal growth by providing all the essential, often
not fully identified, inorganic and organic compounds [86,93]. The results of this study
corroborate previous observations. The average PNEC value for tests performed in BAL
was ca. 20% higher than that in ASW, indicating that growth conditions and, thus, the
physiological state of microalgae (resulting from optimal growth conditions) strongly
influenced their response to pollutants. This demonstrated that, in an environmental
context, the use of natural waters—preferably from the habitat where test strains were
isolated—would provide a more realistic assessment of microalgal responses to toxicants.
However, it is important to stress that the source of natural water for tests must be carefully
chosen, as it may pose obstacles due to seasonal changes in water chemistry, the presence of
secondary metabolites of indigenous organisms and/or pollution [86]. Nonetheless, such
tests could still yield valuable results useful in the environmental risk assessment.

Since salinity turned out to have a strong influence on the growth of microalgae, four
strains were also exposed to the drug under higher salinity conditions. Considering that all
the tested strains were isolated from the Baltic Sea, a salinity of 22 was chosen for the tests
as it corresponds to the highest salinity observed in the western part of the Baltic Sea, in
the Danish Straits. These results further emphasized that, depending on environmental
conditions, species reacted differently. This is especially important in ecosystems such as
the Baltic Sea, where environmental parameters (e.g., salinity) vary widely. Species with
different salinity affinities may coexist, but with varying population sizes and physiological
conditions depending on local salinity. Since these conditions are often suboptimal, the
presence of an additional stressor, like in this case, 5-FU, could induce profound changes in
community composition. This further confirms that the toxicity of 5-FU toward each strain
resulted from an interplay among drug concentration, strain’s ecophysiological features,
and the applied growth conditions.

In the environment, polluting chemical compounds occur as complex mixtures, which
may affect microorganisms not only directly but also via their interactions. Various pollu-
tants can affect organisms in different ways, having antagonistic or synergistic effects, as it
was also observed here. Data on the influence of cytostatic drug mixtures on microalgae
are even more scarce than for single drugs. Studies on S. leopoliensis and P. subcapitata,
found that the combination of 5-FU and cisplatin (CDDP) was more toxic than 5-FU alone
to both species. However, the mixture of 5-FU and imatinib mesylate (IM) affected them
differently: for the cyanobacterium, the adverse effects were lower, while for the green
alga, the mixture was more toxic [12]. Other authors also observed greater toxic effects
of the 5-FU+IM mixture on the green alga C. vulgaris than with 5-FU alone [58]. Both
studies demonstrated that the effects of various cytostatic drug mixtures were compound-
and species-specific. These conclusions were also supported by this study, strengthening
the notion that single-drug tests are insufficient for predicting the environmental effects
of cytostatics.

4.2. Response of Microalgal Communities to 5-FU

Data obtained from single-strain tests allow for the observation of various responses
to the toxicant as well as elucidation of the underlying processes. They also provide
initial information on the possible reactions of microalgal communities. However, the
direct transfer of single-strain responses to entire communities is impossible, since in
the environment, microalgae are exposed to a set of rapidly changing conditions and
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interconnected through ecological processes (e.g., competition for resources, allelopathic
interactions) [45,94-96]. Tests on multi-strain mixed cultures may provide—although still
simplified—a general overview of microalgal community responses, such as changes in
species composition and dominance patterns, and thus community sensitivity to a toxicant.
In the six-strain mixed cultures studied, the EC5y values were consistently higher than
in ASW tests. Such results may be due to the higher inoculum used in mixed cultures
compared to single-strain tests; on average, the ECs5( increased 3.5 times. With respect to
their sensitivity to 5-FU (based on ECsp), diatoms were arranged in the following order:
S. marinoi BA98 (1.02 mg L) < N. cf. aurariae BA158 (1.16 mg L) < N. perminuta BA30
(1.73 mg L) < B. cf. paxillifera BA14 (1.84 mg L™!) < Gedaniella sp. PL1.21 (2.12 mg L™1)
< S. meneghinianus BA10 (not determined). The differences in diatom responses between
single-strain and six-strain cultures most likely resulted from an interplay among 5-FU
concentration, diatoms’ autecological characteristics and ecological interactions. In terms of
cell size, small-sized diatoms overshadowed the large ones; this is in line with observations
that small microalgae have faster metabolism and may thus outcompete larger species [97].
However, from an ecological point of view, the biomass data are more relevant, as they
better reflect energy transfer and productivity within the ecosystem [98]. A change in
community structure is a typical response to environmental pollutants, and it suggests
adjustment of the community to prevailing conditions [99,100]. Exposure to 5-FU led to
an altered community, potentially better adapted to the toxic environment, with increased
tolerance to 5-FU—a phenomenon known as Pollution-Induced Community Tolerance
(PICT) [101,102]. PICT assumes the elimination of the most sensitive species and their
replacement by more resilient ones, allowing the formation of a community capable of
surviving and thriving in a toxic environment. Both large diatoms, i.e., Bp and STm,
accounted for half of the biomass, which reflected their inherent resistance to 5-FU and
optimal salinity growth conditions. The biomass proportion between both species varied
with 5-FU concentration. At the highest 5-FU concentrations, Bp was replaced by STm,
the most 5-FU-resistant species. At the highest 5-FU concentration, STm maintained its
highest growth rate, confirming a relatively limited effect of the drug on STm, which was
consistent with the results of the single-strain tests. However, although in single-strain
tests, STm growth inhibition never exceeded 10%, in the six-strain cultures it reached ca.
40%. This could tentatively suggest that some degree of competition with other species
could occur, possibly due to the growing SKm share in the culture biomass; despite having
the lowest ECs value, SKm also showed the lowest maximum growth inhibition (likewise
in all single-strain tests). Overall, the two most 5-FU-resistant species (STm and Bp in
ASW), together with SKm, accounted for ca. 77% of the biomass. Based on the biovolume
results, it could be tentatively assumed that these three species could form the basis for a
new, more tolerant community. Na most likely experienced the strongest pressure from
other species, as a two-fold drop in its growth rate was observed when comparing the ASW
and six-strain mixed control cultures. In addition, this species was also characterized by
the highest maximum growth inhibition at the highest 5-FU concentrations, which likely
effectively prevented it from achieving higher biomass at the highest 5-FU concentration.
Ged exhibited an average negative growth rate (—0.05 d ') at the highest 5-FU, indicating
that its abundance began to decline, despite achieving the highest ECsj value in the mixed
culture. Despite the much slower growth of Np, its cell numbers—and thus biomass—were
still increasing at the highest 5-FU concentrations, as indicated by their positive growth
rates (0.18 d ). This demonstrated that the formation of a new resilient community is not a
simple sum of individual responses to the toxicant, as other factors—such as physiological
requirements, ecological preferences, and species interactions—also influence microalgal
growth. Extending the duration of the experiment would likely lead to more profound
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changes in the mixed cultures and more efficient adaptation to the presence of 5-FU. The
short-term experiment presented here demonstrated a rapid adjustment of the six-species
community to toxic growth conditions. The PNEC value estimated for this community
was 4.8 times higher than in ASW (4.75 pg L™!), confirming that the restructuring of the
community led to the higher 5-FU tolerance. Nonetheless, this value still indicated that the
community remained sensitive to 5-FU.

In contrast, the response of the microphytobenthos assemblage was markedly different
(increasing microphytobenthos biomass with the increase in 5-FU concentration). These
observations indicated that the influence of toxic chemical compounds on communities
in their natural habitat can be quite complex. The growth conditions applied during the
experiment simulated the microphytobenthos’ natural environment with respect to water
chemistry, i.e., low nutrient concentrations (Table 2) and an N:P ratio of 14:1. In natural
environments, benthic microalgae form a phycosphere, i.e., a microenvironment compris-
ing microalgae and their associated microbiome [70,100]. Therefore, it can be hypothesized
that interactions between diatoms and their associated bacteria could play a significant
role. The influence of bacteria is not limited to maintaining a proper microalgal physio-
logical state [70]. Under unfavorable conditions, the production of EPS increases, acting
not only as a protective barrier against toxicants but also as a carbon pool that can be
utilized by bacteria [72]. During this process, inorganic nitrogen and phosphorus can be
regenerated [103], providing an additional nutrient source for diatoms and thus supporting
their growth under elevated 5-FU concentrations by improving growth conditions. There-
fore, the lack of biomass growth at low 5-FU concentrations could result from the strong
effect of reduced levels of nitrates and phosphates rather than limited adverse 5-FU effects.
In contrast, at higher concentrations, a slight increase in biomass and species number
could result from the interplay between the stimulatory activity of bacteria and the drug’s
inhibitory concentrations.

Pigment analysis indicated that the studied community consisted of diatoms,
cyanobacteria and cryptophytes (based on the marker pigment hypothesis [104]). No
significant change in the overall community composition (i.e., main taxonomic group con-
stituting the investigated community) was observed. 5-FU triggered processes that not
only increased community biomass, but also enhanced species diversity. The samples were
dominated by small diatoms (<1000 pm?), taxonomically belonging to araphid, non-motile
diatoms from the order Fragilariales (i.e., Gedaniella, Fragilaria, Pseudostaurosira, Staurosira,
and Staurosirella genera), which together constituted 76% of the total cell count. These
observations were consistent with the six-strain mixed culture experiment, in which Ged
was the most abundant species in terms of cell number.

4.3. Ecological Considerations

The Baltic Sea appears to be an especially vulnerable ecosystem due to its unique
characteristics, including limited water exchange with the ocean and lower salinity. The
effect of 5-FU varied significantly among the tested diatom species and depended on
the growth conditions. Baltic microalgal communities are unique, as low salinity allows
for the co-existence of species with differing salinity affinities—i.e., freshwater, brackish,
and marine species. The balance between these species is delicate, and any change in
environmental conditions—such as an increase in salinity due to the inflow of Atlantic
waters or increased discharge of freshwater and organic matter from rivers, especially
during flooding [105-107]—may shift the response of microalgae to 5-FU, making them
either more or less vulnerable. This study showed that diatoms grown under optimal
conditions were more resilient to 5-FU. Overall, this highlighted that toxicity evaluations of
various toxicants, including cytostatic drugs, must consider the ecophysiological properties
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of the tested species. The same species may respond differently across habitats, depending
on environmental factors, tolerance ranges, and preferred optima. For example, S. marinoi
is found throughout the Baltic Sea. Although its optimal salinity range is 20-30, in the
Southern Baltic—where the average salinity is ca. 7—it still forms massive spring blooms,
often constituting the majority of the diatom biomass [108]. However, its tolerance to 5-FU
would likely vary across Baltic regions, affecting ecosystem functioning. Therefore, the
introduction of an ecophysiological approach to toxicity testing would enable the collection
of data that could serve as a basis for more comprehensive environmental risk assessments.

Since microalgae are more resistant to 5-FU when growing under optimal conditions,
the overall good condition of an ecosystem—characterized by high biodiversity and a com-
plex network of interactions—appears to be the best protective mechanism for mitigating
adverse effects. However, aquatic ecosystems are far from being in good condition, as
they face constant anthropogenic pressure, including rising average temperatures and heat-
waves, eutrophication and chemical pollution, leading to the loss of habitats and species
or major changes in communities [109,110]. Therefore, the presence of another stressor,
such as cytostatics, may exacerbate the changes already occurring in ecosystems. From this
perspective, although the effects of CP or IF were limited, in their presence, 5-FU altered di-
atom growth. Notably, one strain, Bp, was more negatively affected when exposed to 5-FU
in combination with CP + IF than to 5-FU alone. Considering the influence of other pollu-
tants seems necessary; otherwise, the results of ecotoxicological experiments are prone to
misinterpretation when predicting the risks that cytostatics pose to natural environments.

In his extensive review, Straub [111] concluded that 5-FU posed no significant envi-
ronmental risk, as most 5-FU concentrations in wastewater and surface waters were in the
ng L~! range. However, over the years, the situation has changed, and 5-FU concentrations
have increased considerably. Straub [111] extrapolated PNEC values of 0.2 and 2 pg L™, as-
suming an assessment factor (AF) of 10, based on NOECs from long-term tests and growth
inhibition tests with A. flos-aquae [112], respectively. Applying the AF = 10 and 200 the data
presented here (the extended SSD analysis) yielded the PNEC values of 3.2 and 0.16 pg L1,
respectively. These values fall within the range of 5-FU concentrations currently recorded in
wastewater and the most polluted surface waters. As a result, 5-FU already poses a threat
to microalgae, at least locally. However, considering the predicted rapid and significant
increase in cytostatic drug usage, their presence—including 5-FU, one of the most widely
prescribed drugs—may soon become a widespread environmental issue.

5. Conclusions and Future Perspectives

This report showed that the responses of the tested diatom strains—Bp, Ged, Na,
Np, SKm, and STm—to 5-FU were species-specific and depended on growth conditions.
These results enabled the qualification of 5-FU as very toxic (ECsy < 1 mg L) or toxic
(ECs0 > 1 mg L, but <10 mg L 1) [113]. The highest resistance to 5-FU was observed when
strains were cultured under salinity and water chemistry conditions optimal for their physio-
logical performance. Significant interspecific differences were also observed depending on
whether the strains were grown in monocultures or mixed cultures. These findings suggested
that functional traits and ecological preferences were critical in shaping community-level
responses to pharmaceutical contaminants. The observed stimulatory effects of 5-FU on
microphytobenthic biomass and species composition may be attributed to a combination of
specific nutrient conditions—particularly low nitrate and phosphorus concentrations—and
potential microalgal-bacterial interactions, masking the toxic 5-FU effects.

The limited number of species studied (covering only three taxonomic groups), the pre-
dominant focus on freshwater species, the lack of data on marine species, and the absence of
information on the effects of drugs under suboptimal growth conditions or in combination
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with environmental variables (e.g., light intensity, temperature, nutrient availability, organic
matter), as well as other types of contamination, highlight the need for further research.
These limitations underscore the urgent need for further investigations elucidating the
ecological impacts of 5-FU, especially given its increasing environmental concentrations.

Considering the unique characteristics of the Baltic Sea ecosystem, future studies
should include a broader range of species from diverse taxonomic groups. Experiments
should be conducted under environmental conditions that closely reflect the natural habitats
of these species to yield ecologically relevant data. Moreover, the combined effects of 5-FU
and other environmental variables—such as salinity—should be investigated to provide
a more comprehensive understanding of microalgal ecophysiological responses. Several
researchers have advocated for a multifaceted approach to toxicity testing [114-116]. Such
an approach should encompass (i) monoculture assays, which offer rapid, reproducible,
and comparable toxicity data; (ii) multi-strain culture experiments, which provide insights
into the complexity of microalgal responses based on strains’ ecophysiological traits and
interactions between the community members (including both eukaryotic and prokaryotic
organisms); (iii) testing the toxicity of the drug using natural microalgal communities,
since numerous species, some of which may be instrumental to the ecosystem functioning,
cannot be cultured in laboratory conditions. Thus, such tests seem to be the only way to
obtain data on community restructuring, the trajectory of community adjustment, and
the final species composition. Such an ecophysiological framework offers the most robust
strategy for assessing the ecological consequences of pharmaceutical contamination in
aquatic ecosystems [114].

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/w17243506/s1, Table S1: Ecotoxicological parameters of 5-
fluorouracil for growth inhibition of Baltic strains of diatoms, i.e., Bacillaria cf. paxilifera BA14,
Stephanocyclus meneghinianus BA10, Skeletonema marinoi BA98, Gedaniella sp. PL1.21, Nitzschia cf. au-
rarige BA158 and Navicula perminuta BA30 grown in various media; artificial sea water (ASW), natural
Baltic water (BAL), artificial sea water with the salinity of 22 (ASW22), artificial sea water with added
cyclophosphamide and ifosfamide (45 + 45 mg L~!) (CP+IF); obtained after 96 h exposure to the drug;
parameter values are expressed as mg L™!; mean + SE (n = 4); Table S2: Ecotoxicological parameters
of 5-fluorouracil for growth inhibition of Baltic strains of diatoms, i.e., Bacillaria cf. paxilifera BA14,
Stephanocyclus meneghinianus BA10, Skeletonema marinoi BA98, Gedaniella sp. PL1.21, Nitzschia cf.
aurarige BA158 and Navicula perminuta BA30 grown together in six-strain mixed cultures, obtained
after 96 h exposure to the drug; parameter values are expressed as mg L~!; mean =+ SE (n = 4).
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