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Abstract: Ionic liquids (IL) are regarded as the solution to the modern world’s need to create and
use compounds that exhibit a range of desirable properties while having a low environmental
impact. However, recent reports are shattering the image of ionic liquids as environmentally friendly
substances, especially in relation to the aquatic environment, revealing their potentially toxic effects.
To assess the potential environmental impact of ILs, we conducted an experiment involving 1-butyl-3-
methylimidazolium chloride ((BMIM]CI), a substance considered to be the least hazardous among the
imidazolium chloride ILs, on Baltic microphytobenthic communities. Microphytobenthos collected
from the environment was tested under controlled laboratory conditions, and both the cell counts
and the chloroplast condition were used as endpoints. It was shown that [BMIM]CI at concentrations
of 1073 and 10~2, considered safe based on a cumulative impact assessment, has a negative effect on
the condition of the microalgal cells and causes a reduction in population size. Although, under the
influence of [BMIM]CI, only a small proportion of the species was eliminated from the communities,
only two species among those important to the communities showed resistance to this compound
and eventually began to dominate the communities.

Keywords: ionic liquid; IL; [BMIM]CL microphytobenthos; microalgal communities; microphytoben-
thic communities; toxic effect; ecotoxicological test; environmental pollution

1. Introduction

The concept of sustainable development was introduced at the end of the 20th century,
and it is based on the idea of social and economic development, which assumes that while
meeting the needs of contemporary societies it will not limit the development opportunities
for future generations. Sustainable development assumes a parallel development of the
economy, society, and the environment. In line with these assumptions, more and more
environmentally friendly substances, such as ionic liquids (ILs), have started to be used in
industry. These are substances that are gaining increasing recognition and researchers in
many scientific fields are interested in them as they are characterized by a set of specific
properties, such as low vapor pressure, non-flammability, thermal and electrochemical
stability, good conductivity, and catalytic properties [1,2]. They are used in various chemical
processes, where they represent a new alternative to traditional organic solvents [3]. ILs are
often called ‘designer solvents’; the appropriate selection of anions and cations allows for
the creation of a suitable chemical compound, depending on the future application [4,5].
However, with regard to ILs’ specific features (e.g., high solubility, thermal stability, and / or
poor biodegradability in water), they may potentially pollute the aquatic environment [6].
Science has known of ILs as solvents since 1914 [7]. However, the first stable ILs were
described in 1995 [5]. Since then, there has been a rapid increase in interest in these
substances, especially in terms of their effects on human health and the environment, as
in, e.g., [6-15]. A major threat from ionic liquids is their low degradation rate. For example,
a 28-day experiment showed a complete lack of biodegradation of [BMIM]CI [7]. As a
result, after years of research, their “green” status has been questioned [8-10]. Inadequate
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wastewater treatment, accidental spillage, or improper storage of waste contaminated
with ILs can lead to the release of these substances into the environment where they
subsequently cause negative effects in the ecosystem [1]. Numerous studies have proven
the deleterious effects of ILs towards microalgae [16-21]. The toxicity of ILs depends on
temperature and pH. Under conditions described as moderate, i.e., room temperature
and pH close to neutral, these substances are stable. During industrial processes, the
physicochemical conditions can change, and it has been shown that an acidic condition
(pH about 3) and high temperature (of the range between 60 °C and 100 °C) accelerate the
hydrolysis of the ILs, causing an increase in their toxicity. The IL used in this study was
1-butyl-3-methylimidazolium chloride ([BMIM]CI), which is characterized by a relatively
short alkyl chain [9]. The toxicity of ILs increases with the elongation of the alkyl chain [2];
hence, the IL used here is not considered to be a highly toxic substance [22]. However, its
toxicity is comparable to that of chlorinated organic substances, such as dichloromethane
and chloroform; thus, it is more dangerous to the environment than common solvents of
organic origin (e.g., acetone, methanol, and ethanol). Due to its properties, [BMIM]Cl is
used in cellulose processing, among other areas. Although the ionic liquid itself can be
recovered to a very high degree during industrial applications (such as the one mentioned
above), the very process of creating the imidazole cation involves the use of large amounts
of natural organic materials, energy, and solvents, causing harmful emissions to both air
and water as well [7].

The photosynthetic organisms that form the microphytobenthos are extremely valuable
elements of aquatic ecosystems due to their role as primary producers, combined with
oxygen production and CO, reduction. Understanding the joint response of photosynthetic
organisms forming a microphytobenthic community is extremely important in order to
reliably estimate the changes that may occur following the introduction of this increasingly
common substance into the environment and to assess the associated risks.

Monitoring the response of organisms to potentially toxic substances introduced into
the ecosystem is an important part of environmental quality control. To date, investigations
into the toxicity of ionic liquids have provided information on the response of single algal
strains under laboratory conditions, e.g., [21-23]. Previous ecotoxicological studies con-
ducted on marine microphytobenthic communities in the Baltic Sea have tested substances
such as irgarol 1051, Sea-Nine™211 (DCOIT), and TBT (trin-butyltin) [24,25]. However,
most of the studies used only communities developed at salinities typical of marine wa-
ters, i.e., 32-36 PSU. Only studies conducted to determine the impact of glyphosate and
copper ions on microphytobenthic communities were performed on organisms collected
from environments with salinities around 8 [26,27]. Further ecotoxicological tests on other
potentially toxic substances carried out on microphytobenthic communities typical of
brackish waters, which are considered species-minimum waters for macrozoobenthos and
macroalgae and aquatic higher plants, but which support an abundance and diversity of
planktonic microorganisms [28], are an interesting contribution to the existing knowledge.
In the case of ILs, the salinity aspect is extremely important because the toxicity of ILs
increases in inverse proportion to the salinity [16-21]. At high salinity values, the toxicity of
ILs decreases, probably due to the reduced permeability of the microalgal cell membranes
which limits the migration of harmful cations [29]. Our study was designed to provide a
general picture of the response of multispecies microalgal communities to an IL considered
to be of relatively low toxicity, i.e., 1-butyl-3-methylimidazolium chloride—[BMIM]Cl, un-
der brackish water conditions, and to complement the existing knowledge on the potential
risks arising from the widespread use of this substance. For that purpose, observations
were made at the population level, i.e., the change in species composition and the commu-
nity dominance structure were determined, and at the cell level, i.e., the condition of the
chloroplasts was analyzed.



J. Mar. Sci. Eng. 2022, 10,1223

30f16

2. Materials and Methods
2.1. Study Area and Field Works

The experiment investigating effects of the IL. [BMIM]CI on microphytobenthic com-
munities is one of a series of tests based on the identical methodology described in detail
in [26]. The experiments were conducted in parallel on communities with identical species
composition to allow for the comparison of the results. In brief, the study material was
collected from glass slides mounted on a dedicated culture panel (Figure 1b) exposed in
the Gulf of Gdansk waters at a distance of 300 m from the shore (54°26'49" N, 8°34/24" E)
(Figure 1a) for two weeks. During this time, the temperature and salinity changed within
limited ranges, i.e., 17-19 °C and 7.9-8.4 PSU, respectively. The 2-week incubation period
allowed for the acquisition of a relatively rich and diverse microphytobenthic community
but was still devoid of organisms such as fouling macroalgae and fauna that will eventually
dominate the surface of any substrate in marine waters in the long term.

Water surface

ulf ‘
f
dansk
2m
Bottom
(a) (b)

Figure 1. (a) Sampling site. The black dot indicates the location of the culture panel during exposure
in the Gulf of Gdarisk (54°26'51” N 18°34/33" E). (b) The design of the culture panel used in this study.

2.2. Microalgal Material Preparation Procedure and Experimental Design

In the laboratory, the microphytobenthic communities were removed from the micro-
scope slides by scraping them off with a scalpel. Subsequently, the microalgal cells were
re-suspended in the seawater collected at the sampling site, which was first filtered through
a glass filter (Whatman GF/C) and then autoclaved. The obtained microphytobenthos
suspension was then sonicated, which allowed for the disruption and removal of cell
aggregates. The sonication power was carefully chosen in order not to weaken or damage
the cells [26].

The experiment was carried out in 250 mL flasks filled with 100 mL of microalgal
suspension. Each microphytobenthos culture was insufflated with nitrogen for 30 s to
remove heterotrophic microorganisms [30,31]. At the beginning of the experiment, the mean
microalgal cell abundance was 38,800 cells/mL =+ 700. Before the experiment, flasks with
microalgal suspension were maintained in a thermostatic chamber for 72 h at constant light,
temperature, and salinity conditions (i.e., 60 pmol photons-m~2-s~! with a photoperiod
L:D 16:8 h, 18 °C £ 1 °C, and 8 PSU, respectively) to let the communities acclimate to the
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experimental conditions. The natural concentrations of the nutrient compounds in the
sea water were: N-NHy 9.4 mg-m’3, N-NOj 102 mg-m’?’, P-PO4 36 mg-m’e’, and Si-SiOy
600 mg-m~3. As the nutrient concentrations in the natural Baltic water were sufficiently
high to maintain the microphytobenthos community during the experiment, any kind of
culture medium was not added. This was also dictated by the fact that the high nutrient
content could facilitate the growth of random species rapidly responding to the increase in
nutrient concentrations.

After the acclimation phase, the [BMIM]CI toxicity tests were performed accord-
ing to the following design: control—microphytobenthic assemblages kept in filtered
sea water without the addition of the tested IL and test solutions—microphytobenthic
assemblages treated with two [BMIM]CI concentrations, i.e., 1.13 X 1073 g-dm’3 and
1.75 x 1072 g~dm_3. The lower [BMIM]CI concentration selected for the experiment was
previously proven to have significant effects on the species composition of the Baltic mi-
crophytobenthic communities [32]. The higher concentration of [BMIM]CI was inferred
from previously published values indicated as having inhibitory effects on algae [18,33].
All experimental treatments were carried out in triplicates.

2.3. Microscopic Analysis

Qualitative and quantitative changes in assemblage composition and structure, i.e.,
changes in taxonomic composition and taxa abundance, were the primary parameters
used to assess the changes in microphytobenthos. Microscopic analysis was conducted
on microalgal material preserved in Lugol solution. The observations were conducted in
all cultures on the third and seventh experiment day. Fifty fields of view were checked
in Utermohl chambers (2 mL) using a Nikon Eclipse TS100 inverted light microscope
(magnifications of x200 and x400). All cells were counted and identified as laid out in the
Utermohl method [34] and Helcom [35] guidelines (cells or threads of 100 um length are
treated as units). Species were identified using appropriate keys and floras [36—43].

The analysis of the microalgal cell condition was also performed. For this purpose, the
state of chloroplasts was observed and classified in one of three classes of cells: (1) live cells
with normal chloroplasts, (2) live cells with abnormal chloroplasts, and (3) dead cells. Here,
the results obtained for the two first cell classes are reported (Figure 2). The microalgal cell
condition was evaluated in all cells counted in 50 fields of vision under a Nikon Eclipse 80i
microscope fitted with a Nikon DSU2 camera at a magnification of x400.

2.4. Statistical Analysis

Differences between means were verified with the Student’s t-test using STATISTICA
version 10 (StatSoft Polska Sp. z 0.0., Krakéw, Poland). Principal component analysis (PCA)
was carried out with the Canoco 5 (Microcomputer Power, Ithaca, NY, USA) [44,45] and
similarity percentage (SIMPER) with the PRIMER-e (PRIMER-e, Auckland, New Zealand).
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Figure 2. Examples of cells of Bacillaria paxilifera (a) and Navicula perminuta (b) with normal (A) and
abnormal chloroplasts (B). Chloroplasts treated as abnormal have a deformed shape compared to the
ones correctly formed. The shape of the chloroplast itself and thus its alternations are species- and/or
genus-specific.

3. Results
3.1. Analysis of Taxonomic Composition and Structure

A total of 46 microalgae species were identified, including 35 diatoms, 6 cyanobacteria,
and 2 green algae taxa, as well as representatives of dinoflagellates (Peridinium sp.) and
haptophytes (Prymnesium sp.) (the list of all identified taxa is in the Appendix A (Table Al).

At the beginning of the experiment, the highest number of cells, 38,800 &= 700 cells/mL,
was found (Figure 3). On the third day, a 47% decrease in the number of microalgae cells
was observed in the concentration of 1.13 x 1072 g-dm~3, while in the concentration of
1.75 x 102 g-dm 3 [BMIM]C], a drop by only 21% was observed. On the seventh day of
testing, a similar abundance of microalgae was observed in both concentrations, 23-26%
less than in the control solution. All differences in abundance between the concentrations
tested and the control solution were statistically significant (p < 0.05).

The microphytobenthic communities were heavily dominated by diatoms, constituting
from 70% to 92% of all the observed photosynthetic microorganisms. In the control cultures,
the abundance of cyanobacteria did not exceed 10% (the highest number was observed on
the third day of the experiment). On the seventh day, at both [BMIM]CI concentrations, i.e.,
1.13 x 1073 g-dm 3 and 1.75 x 1072 g-dm 3, they represented 23% and 28% of the total
abundance, respectively. The abundance of Prymnesium sp. (Haptophyta) did not exceed
0.3% during the whole experiment, while the abundance of Peridinium sp. (Dinophyceae)
in the control solution at the start of the tests was only 0.6%.

SIMPER similarity analysis showed a high similarity in community composition and
structure at the control and both ionic liquid concentrations during the experiment. The
average similarity was calculated as high as 71.92%. Based on the PCA analysis performed
on the quantitative data, it was found that in addition to the concentration of the ionic
liquid, the duration of the experiment also influenced the transformation of communities
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(Figure 4). At the start of the experiment (point K_0, right part of the graph), the community
was the richest (i.e., it was characterized by the highest number of species). On the third
day of testing (upper left part of the graph), an increased proportion of cyanobacteria
was observed (e.g., marked in graph as cya_sp., mic_sp., spi_mai, wor_sp.). The group of
organisms dominating on the seventh day of testing (lower left part of the graph) included,
among others, a diatom characterized by a relatively high resistance to ionic liquid—
Navicula perminuta (marked as nav_per). However, based on the PCA analysis, it was not
possible to delineate groups of organisms that were unequivocally sensitive or tolerant to
the IL tested.

45,000
M Dinophyceae

[ Haptophyta
® Chlorophyta

40,000

@ Cyanobacteria
35,000
Bacillariophyceae

30,000

25,000

20,000

Abundance of cells/ 1 ml

15,000

10,000

5000

0

K_0

K3  0.00113_3 0.0175_3 K7 0001137 0.0175_7
treatment

Figure 3. Abundance of microalgae. K indicates control cultures; the numbers 0.00113 and 0.0175
indicate cultures of lower (1.13 x 1073 g~dm*3) and higher (1.75 x 102 g-dm*3) tested [BMIM]CI
concentrations, respectively. The number after the underline denotes the day of the experiment.
Statistically significant differences were marked with the asterisk. In each case, the value from
the experimental variant was compared with the value for the control sample on the same day
(p = 0.000002 for 0.00113_3 vs. K_3, p = 0.005617 for 0.0175_3 vs. K_3, p = 0.005178 for 0.00113_7 vs.
K_7, p =0.001357 for 0.0175_7 vs. K_7).

Based on SIMPER analysis, the most important species in the communities were
distinguished in terms of abundance (Appendix A, Table A2). The most abundant species
was Bacillaria paxilifera (up to 36% on the third day in the control solution) (Figure 5).
The second most abundant species was Tabularia fasciculata (up to 23% of all cells on the
initial day of the experiment). The abundance of Diatoma vulgaris ranged from 9% to 17%
throughout the experiment. For Melosira nummuloides, the highest number of cells was
observed on the seventh day of testing in the control solution (20% of all cells). Interesting
changes were observed in the case of N. perminuta; the proportion of this species in the initial
community did not exceed 8%, but on the seventh day at both [BMIM]CI concentrations,
ie, 1.13 x 1073 g:dm—2 and 1.75 x 1072 g-dm 3, the share of this taxon increased to 15%
and 16%, respectively. The highest share of Cylindrotheca closterium in the community was
observed at the start of the experiment (13%), but on subsequent days the share did not
exceed 8%. In the case of Navicula gregaria, a maximum share of 6% was observed at a
concentration of 1.13 x 1073 g-dm~3 on the seventh day of testing. While the share of
the only representative of cyanobacteria, Spirulina major, did not exceed 1% during the
whole experiment.
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Figure 4. PCA (principal component analysis) of microphytobenthos species composition (based on
the abundance data) from control and [BMIM]CI treatments cultures. Percentage explained variation
Al =26%, A2 =22.4% A3 = 17.9%. K indicates control cultures, 0.00113 and 0.0175 indicate cultures
of lower (1.13 x 1073 g-dm*“”) and higher (1.75 x 102 g-dmfs) tested [BMIM]CI concentrations,
respectively. The number after the underline denotes the day of the experiment. Taxon codes are
included in Table A1 in Appendix A.
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Figure 5. Percentage abundance of the 8 most important species distinguished in the tested commu-
nities based on SIMPER analysis. Labels used: spi_maj—Spirulina major, nav_gre—Navicula gregaria,
cyl_clo—Cylindrotheca closterium, nav_per—Navicula perminuta, mel_num-—~Melosira nummuloides,
dia_vul—Diatoma vulgaris, tab_fas—Tabularia fasciculata, bac_pax—-Bacillaria paxilifera.

3.2. Abundance of Selected Taxa

In the presence of the IL, most of the taxa showed a statistically significant reduc-
tion in their abundance. Only for two taxa, i.e., N. perminuta and Navicula ramosissima,
did the abundance in the [BMIM]CI solutions increase compared to the control solution
(Figure 6a,b). Hence, they were identified as tolerant species to this IL. The abundance
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of N. perminuta in the control solution on the seventh day decreased by 91% relative to
the start of the experiment, while in both concentrations of the ionic liquid abundances of
about 89% relative to the initial abundance were recorded. On the third day, in the lower
[BMIM]CI concentration cultures (1.13 x 1073 g-dm—3), the cell abundance was 142% of
the number in the control solution, while at the concentration of 1.75 x 103 g-dnr3 it
was as high as 289%. On day seven, as much as a tenfold rise in the cell abundance was
observed for this taxon as compared to the control solution. A similar growth stimulation
was noted on day three for N. ramosissima, but on day seven, the cell number was only 45%
and 64% of that in the control depending on the [BMIM]CI concentration.

Navicula ramosissima

Navicula perminuta
R 1000
(@ = “ (b) == -
— NN P o N T~
=0 < = by s00 RN ~
2000 D N Al AN ~ F
‘\\ ¥ g x N~ .
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R B R A
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Figure 6. Number of cells of selected microalgae during experiment: K—control solution;
0.00113—the concentration of 1.13 x 1073 g~dm*3 [BMIM]CI; 0.0175—the concentration of
1.75 x 10072 g-dm~3 [BMIM]CL. Statistically significant differences between the control solution and
[BMIM]CI treatments are marked with the asterisk. (a,b)—tolerant species positively affected by the
ionic liquid; (c—f)—sensitive species negatively affected by the ionic liquid.

Figure 6¢—f presents changes in the abundance of selected taxa considered most impor-
tant in the communities in relation to the abundance based on the SIMPER analysis. The
reduction in cell numbers in the [BMIM]Cl solutions tested indicated statistically significant
(p < 0.05) growth inhibition. Such a response was characteristic of almost all the organisms
observed in the microphytobenthic communities. However, depending on the taxon and
concentration used, either a gradual reduction in abundance over time (e.g., B. paxillifera
and M. nummauloides in the solution of 1.13 x 1073 g~dm_3 [BMIM]CI) or a reduction in
abundance followed by an initial increase (e.g., B. paxillifera and M. nummuloides in the solu-
tion of 1.75 x 102 g-dm 3 [BMIM]Cl or T. fasciculata in the solution of 1.13 x 1073 g-dm 3
[BMIM]CI) was observed. The most dramatic changes in the abundance of C. closterium
were noted. In the solution of IL of 1.13 x 1073 g-dm~3, no living representatives of this
species were observed on day seven, and in the 1.75 x 1072 g-dm~3, only 14% of the
abundance in the control solution was noted.
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3.3. Cell Condition in Selected Taxa

Analysis of the chloroplast state in the cells provided complementary information
on the differences in the response of the various taxa to [BMIM]CL. In species considered
tolerant, i.e., N. perminuta and N. ramosissima, a small number of cells with abnormally
shaped chloroplasts were observed (Figure 7a,b). Interestingly, in the case of N. perminuta,
cells with abnormally shaped chloroplasts were mainly observed in the control solution
(e.g., up to 38% of all cells on the third day) and were not present or were only in small
proportions in the IL solutions (up to 20% in the solution of 1.13 x 100~3 g-dm~3 [BMIM]CI).
Similarly, in N. ramosissima, abnormally shaped chloroplasts were not observed in the cells
at the beginning of the experiment. Deformed chloroplasts were present in the cells on
the third day in the solution of 1.75 x 1002 g-dm_3 [BMIM]CI (15% of cells) and on the
seventh day in the control solution (18% of cells) and in the solution of 1.13 x 1003 g-dm—3
(50% of cells).

<

jcula ramosissima

@ cells with deformed
chloroplasts

\ cells with normally formed
chloroplasts

Figure 7. Condition of selected species shown as the percentage of cells with normal and ab-
normal chloroplasts. K indicates control cultures; 0.00113 and 0.0175 indicate cultures of lower
(1.13 x 10073 g-dm—3) and higher (1.75 x 1002 g-dm~3) tested [BMIM]CI concentrations, respec-
tively. (a,b)—tolerant species positively affected by the ionic liquid; (c—f)—sensitive species negatively
affected by the ionic liquid.

For the taxa considered sensitive, cells with deformed chloroplasts were observed
irrespective of the solution and day of the experiment (Figure 7c—f). For example, in B.
paxillifera less than 15% of cells were characterized by deformed chloroplasts. Only in the
solution of 1.75 x 100~2 g-dm~3 [BMIM]CI on the third day was chloroplast degradation
observed in 27% of the living cells. In T. fasciculata, except for at the beginning of the
experiment, cells with degraded chloroplasts accounted for about 30-40% of all the cells.
However, the highest number of cells with degraded chloroplasts was observed on the last
day of testing in both IL solutions (about 50% of all cells). Similarly, for M. nummuloides
in the control solution and at the beginning of the experiment, cells with abnormally
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formed chloroplasts made up a small proportion of the population (0-16%). In contrast,
in the solution of 1.13 x 1003 g-dm~3 [BMIMI]CI, up to 40% of the cells with damaged
chloroplasts were observed on the seventh day and in the solution of 1.75 x 100~2 g-dm~3,
31% and 32% of cells on the third and seventh day, respectively. A significantly worse cell
condition was observed in C. closterium as compared to the previously described species.
In most of the solutions tested, cells with abnormally shaped chloroplasts accounted for
about 40-85% of all the cells. Only at the solution of 1.75 x 100~2 g-dm~3 [BMIM]CI did
all of the cells have chloroplasts of normal shape, but the population size was low.

4. Discussion

ILs as solvents with salt structures have been known since 1914 [7]. However, the
first stable ILs were described in 1995 [5]. The beginning of the 21st century brought
the possibility of designing chemical compounds combining required biological prop-
erties with preferred physicochemical characteristics. Currently, these substances are
being studied on a massive scale, as evidenced by the number of peer-reviewed publica-
tions e.g., [6,9,10,12-14]. Furthermore, the list of their potential applications as reaction
media in many industrial fields is growing [9,12]. ILs have also found applications in
medicine due to their antibacterial, antifungal, anticholinergic, and local anesthetic activ-
ities and agrochemistry as bactericides, fungicides, herbicides, plant growth stimulants,
or wood preservatives [9,46]. Although ILs are popular in research and economics, this
does not necessarily correspond to the amount of research related to the monitoring of
these compounds in the environment and the subsequent risk assessment; the number of
papers focusing on the presence of ILs or their compounds in the environment remains
small [10,47-50]. In one of such studies, 1310 pollutants were identified in riverine waters
in Germany, among which ca. 20 different compounds belonging to ILs were detected in
concentrations of up to pug-dm~3 [48]. In addition, in the United States, based on anal-
yses of sediments from lakes located within the state of Minnesota, it was shown that
the concentration of the IL C4-PYR was 0.053 ug-dm_3 [51]. In this context, one of the
ILs, i.e., 1-octyl-3-methyl imidazolium, is of particular significance as it was identified not
only in environmental samples [52] but also in human blood [53].

The picture is completed by the fact that imadazolium-based ILs, such as [BMIM]Cl
tested here, have a low rate of biodegradation and are resistant to photodegradation [54-56].
Previous studies have shown that ILs, after eventual emission into the environment, may
behave similarly to some persistent organic pollutants [57]. An extremely important aspect
is also the fact that the technology to effectively remove ILs from wastewater is still being
developed [4]. Hence, it is to be expected that, due to the increasing popularity of ILs, they
will be used widely and, consequently, will be uncontrollably introduced into the aquatic
environment, remaining there for a long time due to the difficulties associated with water
treatment and their poor biodegradability. Therefore, it is of paramount importance to
investigate the ILs’ toxicity under environmental conditions and not only under controlled
laboratory conditions [58]. Our tests on the effects of the IL [BMIM]CI, considered to be
relatively harmless [32,33,57], on the whole communities of microphytobenthos collected
from the environment, allowed us to determine the response of a wide spectrum of mi-
croorganisms and not just single strains as in standard ecotoxicological tests. Changes in
the tested communities at the population and cellular level show in a more reliable way the
direction of the changes to which the microphytobenthos, an important component of the
marine ecosystem, is subjected.

In a study using cumulative impact assessment, it was found that the [BMIM]CI turned
out to be the least hazardous among the imidazolium chloride ionic liquids with the Safe
Environmental Concentration (SEC) as high as 750 x 100~3 mmol/L, which corresponds to
the concentration of 1.31 x 10073 g-dm_3 [59]. In this study, however, it was shown that the
concentration of 1.13 x 100~3 g-dm 3 already reduced the abundance of dominant species
by 20% to 60% within 3 days and up to 75% within 7 days. Only two diatom species of
higher abundances showed resistance and gained a quantitative advantage in the studied
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communities. The number of cells of N. perminuta, for example, increased, reaching almost
290% of the abundance in the control solution on the third and 1000% on the seventh day
of the experiment. As a result, the total abundance of cells comprising the communities
decreased by only 25%. Although the composition of the communities remained similar,
the abundance structure changed due to the strong dominance of tolerant taxa—apart from
diatoms, cyanobacteria also showed some resistance. Similar observations regarding the
substitution of sensitive taxa by tolerant or indifferent taxa were found during experiments
on the same Baltic microalgal communities, testing the effects of copper chloride [27] and
glyphosate [26]. However, effects induced by the aforementioned substances were also
manifested by a drastic shift in species composition, i.e., the increased contribution of
cyanobacteria to the total community abundance.

Interesting changes were observed for the second taxon selected as resistant to the
presence of the IL [BMIM]CI—N. ramosissima. On the third day of the experiment, its cell
numbers increased significantly, but on the seventh day, the cell abundance again decreased
in the IL concentrations tested. Such a reaction may indicate depletion of the IL molecules,
the presence of which has a stimulating effect on the test organisms. For example, in
toxicological tests conducted by [20] on Scenedesmus obliquus, low concentrations of ILs have
been shown to stimulate cells for biological activity (e.g., by changing the activity of catalase
and superoxide dismutase). However, this may also be a response related to the competitive
activity of other taxa, such as the predominant N. perminuta. Similarly, [21] selected from
their study several species for which the IL [BMIM]CI was practically harmless, i.e., the
cyanobacterium Anabaeana cylindrica and the green alga Chlorella pyrenoidosa, and in the
case of the green alga Dunaliella salina, they concluded that it was relatively harmless.

Typically, the reactions of taxa to toxicants tested in communities are milder than
in laboratory tests conducted on monocultures [26,27,60]. In our studies, conducted on
communities grown in nature, B. paxillifera cell counts decreased by 55% on the seventh day
of the experiment in the solution of 1.75 x 1002 g-dm~3 [BMIM]CL A very similar response
was observed in toxicological tests conducted on a monoculture of B. paxillifera isolated
from the Baltic Sea—the concentration of 1.75 x 100~2 g-dm 2 decreased the growth of the
strain by 58% on the seventh day of testing [61]. A similarly large reduction was shown for
the same concentration in T. fasciculata (50% reduction on the seventh day). Moreover, [19]
observed an inhibition of 50% cell growth (EC50) in the planktonic diatom Skeletonema
marinoi at the concentration of 0.1 mM [BMIM]CI (1.745 x 1002 g-dm~3). In turn, for
the green alga Chlorella pyrenoidosa, 50% inhibition of growth (IC50) was shown for the
concentration of 21.4 x 1002 g-dm 2 [21]. The phenomenon of the same species reacting
the same way to a substance regardless of how it is cultured and tested (individually or
in communities) may indicate that the communities as a whole, but also the individual
components of the community, do not necessarily have mechanisms to protect them from
the toxic effects of the IL under testing.

Exposure time was also shown to be a variable having an effect on the action of the IL
because, as reported by [62], excessive accumulation of the IL in microorganisms increases
its effect. In the case of M. nummuloides, which was part of the tested community in our
study, a significant increase in cell number was observed in the control solution during
the experiment, while on the third day at the [BMIM]Cl solution of 1.75 x 1002 g-dm’?’
50% fewer cells were observed, while on the seventh day the abundance decreased to 8% of
the abundance in the control solution. A similarly rapid abundance reduction response
to [BMIM]CI was observed for the green alga Dunaliella salina [21]. This implies that there
is a group of sensitive species in natural marine phytobenthic communities that may be
rapidly eliminated from the environment while exposed to ILs, e.g., the aforementioned M.
nummuloides or C. closterium.

The cell condition index used in our study, which consists of an assessment of the
chloroplast state, confirmed the observations based on cell abundance. In the species
considered sensitive, the percentage of cells with deformed chloroplasts was much higher
than in the resistant species, e.g., up to a half of the observed cells of T. fasciculata on the
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seventh day of testing had degraded chloroplasts at both solutions of [BMIM]CL The
negative effect on the chloroplast condition was confirmed by toxicity studies on five
ILs ([Cnmim]CL n = 6, 8, 10, 12, 16). Ultrastructural morphology performed during the
study revealed IL negative effects on various cellular structures, e.g., chloroplast grana
became loose and mitochondria and their intermembranes swelled [22]. Other studies
also confirmed that chloroplast damage can be considered as an indicator of microalgal
degradation [27,63].

Tests carried out on the Baltic Sea microphytobenthic communities from the Gulf of
Gdanisk made it possible to assess the effect of the IL [BMIM]CI on the microorganisms
comprising this formation. The study showed that 1-butyl-3-methylimidazolium chloride
is a relatively harmful substance for the entire community, which contradicts the assess-
ment carried out by reports based on cumulative impact assessment [47,59,64]. Thus, we
have confirmed that even ILs considered to be of relatively low hazard have a significant
impact on the aquatic environment. Hence, we are convinced that this group of compounds
requires special attention in the context of testing its effects on different ecosystem com-
ponents, its bioaccumulation, and its fate in the environment, as suggested recently by a
growing group of authors [9,11,64].

5. Conclusions

During this study, the toxic influence of [BMIM]CI on the marine microphytobenthic
communities was demonstrated. The majority of species comprising the tested commu-
nity reacted negatively to the presence of [BMIM]CI at concentrations between 103 and
10~2 g-:dm 3, with a reduction in cell abundance and a deterioration in cell condition. Only
in the case of two dominant diatom species, N. perminuta and N. ramosissima, was a stimula-
tion of growth observed. In conclusion, the IL [BMIM]CI on a short time scale contributes
to a reduction in the abundance of species representing diverse taxonomic groups, which
translates into the decrease in the total abundance and biomass of the microphytobenthic
communities. However, despite the elimination of individual taxa, it does not lead to the
degradation of entire communities but to their transformation into communities strongly
dominated by a few resistant taxa.
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Appendix A

Table A1l. List of taxa identified in the studied microphytobenthic communities with codes used in

statistical analysis.

Group of Organisms Taxon Code Taxon Name Author
Bacillariophyta ach_bre Achnanthes adnata Bory
ach_lem Achnanthes lemmermannii Hustedt
amp_ova Amphora ovalis (Kiitzing) Kiitzing
amp_ped Amphora pediculus (Kiitzing) Grunow
bac_pax Bacillaria paxillifera (O.F. Miiller) T. Marsson
ber_rut Berkeleya rutilans (Trentepohl ex Roth) Grunow
bre_lan Brebissonia lanceolata (C. Agardh) R K. Mahoney & Reimer
cha_wig Chaetoceros wighamii Brightwell
coc_sp. Cocconeis sp. Ehrenberg
cyl_clo Cylindrotheca closterium (Ehrenberg) Reimann & J.C. Lewin
dia_ten Diatoma tenuis C. Agardh
dia_vul Diatoma vulgaris Bory
o (C. Agardh) WJ]. Silva, R. Jahn, T.A.V. Ludwig, &
eny_pro Encyonema leibleinii M. Monezes
ent_pal Entomoneis paludosa (W. Smith) Reimer
fal_sp. Fallacia sp. Kiitzing
gom_oli Gomphonella olivacea (Hornemann) Rabenhorst
gram_mar Grammatophora marina (Lyngbye) Kiitzing
gyr_sp. Gyrosigma acuminatum (Kiitzing) Rabenhorst
amp_cof Halamphora coffeiformis (C. Agardh) Mereschkowsky
lic_sp. Licmophora gracilis (Ehrenberg) Grunow
mel_mon Melosira moniliformis C. Agardh
mel_num Melosira nummuloides C. Agardh
nav_gre Navicula gregaria Donkin
nav_pal Navicula palpebralis Brébisson ex W. Smith
nav_per Navicula perminuta Grunow
nav_ram Navicula ramossisima (C. Agardh) Cleve
nav_sp. Navicula sp. Bory
nit_sig Nitzschia sigma (Kutzing) W. Smith
pla_del Planothidium delicatulum (Kiitzing) Round & Bukhtiyarova
ple_sp. Pleurosigma sp. W. Smith
pro_por Proschkinia poretzkajae (Koretkevich) D.G. Mann
rho_abb Rhoicosphenia abbreviata (C. Agardh) Lange-Bertalot
rho_gib Rhopalodia gibba (Ehrenberg) O. Miiller
tab_fas Tabularia fasciculata (C. Agardh) D.M. Williams & Round
try_sp. Tryblionella W. Smith
Cyanobacteria dol_flo Dolichospermum flosaquae Sﬁi}ﬁﬁ;ﬂ? &E:(frlfotritéiihaum P. Wacklin,
cya_sp. Cyanobacteria
mer_sp. Merismopedia sp. (Turpin) Meneghini
mic_sp. Microcystis sp. Lemmermann
spi_maj Spirulina major Meyen
spi_sub Spirulina subsalsa Oersted ex Gomont
wor_sp. Woronichinia sp. A.A. Elenkin
Chlorophyta ped_bor Pseudopediastrum boryanum (Turpin) E. Hegewald
sce_sp. Scenedesmus sp. Meyen
Dinophyceae per_sp. Peridinium sp. Ehrenberg
Haptophyta pry_sp. Prymnesium sp. N. Carter
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Table A2. Results of the similarity analysis calculated with SIMPER. Average similarity: 71.92%.

Species Av. Abundance  Av. Similarity Sim/SD Contribution% Cumulative%
Bacillaria paxillifera 6.06 6.13 8.84 8.52 8.52
Tabularia fasciculata 5.93 6.06 9.60 8.43 16.94
Diatoma vulgaris 5.73 5.89 9.08 8.19 25.13
Melosira nummuloides 5.09 5.02 7.19 6.98 32.12
Navicula perminuta 494 4.84 5.10 6.73 38.85
Merismopedia sp. 5.11 4.50 1.85 6.26 45.10
Halamphora coffeiformis 3.58 3.56 6.10 494 50.05
Navicula gregaria 3.73 3.52 4.99 4.90 54.94
Navicula ramossisima 3.54 3.40 6.27 4.72 59.67
Cylindrotheca closterium 3.99 3.17 1.78 4.40 64.07
Grammatophora marina 3.23 3.16 7.58 4.40 68.47
Spirulina major 2.38 2.55 7.16 3.55 72.01
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