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Abstract The ability of two widely used imidazolium-based
ionic liquids (ILs) to affect the physiological behavior of the
green alga Dunaliella tertiolecta treated in culture media with
different salinities (30 and 35%o) was investigated. Algae spe-
cies were exposed to 1-butyl-3-methylimidazolium tetrafluo-
roborate ([bmim][BF,]), 1-octyl-3-methylimidazolium tetra-
fluoroborate (Jomim][BF,4]), and their binary mixture
[bmim][BF,]-[omim][BF,4] (ratio 1:1) for 96 h, in /2 medium
with different salinities (30 and 35%o). Every 24 h, the growth
rate (1) and the percent inhibition (% /) as well as the concen-
trations of carotenoids (in terms of carotene content) and chlo-
rophyll a (Chl a) were determined. According to the results,
the culture media salinity plays a key role in IL-mediated
inhibitory effects on algae. In both salinities, ILs can act
against algal growth rate rather than Chl a synthesis, merely
due to the existence of a cross-linking with carotenoids, whose
enhancement prior or in parallel with Chl a synthesis could
play an important role against their growth restriction.
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Introduction

In recent years, increasing awareness of the adverse effects of
ionic liquids (ILs) has been observed (Cvjetko Bubalo et al.
2014). In fact, the growing interest for their use in a wide
range of applications, such as alternative solvents, organic
synthesis, catalytic processes, polymerization reactions, low
temperature extractions, electrochemical processes, and de-
vices (Grishina et al. 2013; Wasserscheid and Keim 2000),
has raised great concerns about their potential environmental
hazards.

ILs are characterized by unique properties, such as high
solvency ability for both organic and inorganic compounds,
high thermal stability and density, and large electrical conduc-
tivity (Freire et al. 2007; Grishina et al. 2013). However, de-
spite the fact that ILs have low vapor pressure at room tem-
perature and were believed to be less toxic than conventional
solvents, recently published studies have mentioned that cer-
tain ILs are able to cause significant adverse environmental
effects, posing thus toxicological risk to nontarget organisms,
such as algae (Kulacki and Lamberti 2008; Latata et al. 2009;
Ma et al. 2010; Matzke et al. 2007; Pham et al. 2008). Al-
though no indications are available in specialized journals for
IL persistence in the environment and their toxicity toward
simple living organisms, accidental spills, effluent discharges,
etc. could trigger a series of undesirable effects in algal health
status as well as to their aquatic ecosystems (Campanella et al.
2000; Ma et al. 2010; Wong 2000).

Algae have a significant role in aquatic ecosystems, be-
cause of their key position in the trophic chain, their ability
to produce high amounts of oxygen, and their participation in
nutrient cycles (DeLorenzo 2009; Ma et al. 2010; Perreault
et al. 2012). For this reason, algae are frequently used in en-
vironmental studies for assessing the relative toxicity of vari-
ous chemicals and/or waste discharges (APHA 1989; ASTM
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1996; OECD 2011; US EPA 1974). In addition, algal biotests
are simple and preferable for ethical and economic reasons,
thereby avoiding the need to use experimental animals (Bae
and Park 2014). Specifically, a number of ecotoxicological
studies, concerning the toxic effects of ILs on algae species,
were performed during the last decade, with the use of Chlo-
rella vulgaris, Oocystis submarina, Scenedesmus sp.,
Chlamydomonas reinhardrii, Chlorella ellipsoidea, and
Selenastrum capricornutum (Cho et al. 2007; Kulacki and
Lamberti 2008; Latata et al. 2005; 2009; Latata et al. 2010;
Ma et al. 2010; Matzke et al. 2007; Ventura et al. 2010; 2013).
However, knowledge of the ability of ILs to induce toxic
effects to algae is still incomplete, due to the great variety of
ILs whose toxic ability may differ depending on the ions of
which they are produced, as well as the different algal species
sensitivity (Boyle 1984; Perreault et al. 2012). In addition, the
knowledge about potential effects on algal pigment produc-
tion and/or the induction of pre-pathological alterations in IL-
exposed cells is still limited.

The green microalga, Dunaliella tertiolecta, a common
representative marine and estuarine unicellular flagellate spe-
cies (Class: Chlorophyceae), fulfills most of the criteria for a
bioassay organism (in terms of its cultivation in the laboratory,
its rapid growth, and its response to environmental contami-
nants) and has been proposed as a standard organism for eco-
toxicological tests (APHA 1989; ASTM 1996; OECD 2011;
US EPA 1974). In fact, species of the genus Dunaliella, such
as D. tertiolecta, have been widely used for the investigation
of osmoregulation, carotenoid production, and photosynthesis
under extreme conditions (reviewed from Oren 2005). A bat-
tery of endpoints such as cell density, growth rate, and chlo-
rophyll a could be used for determining functional and struc-
tural effects, thus playing an important role in environmental
risk assessment and management, especially when other
parameters/endpoints are estimated (DeLorenzo 2009). For
instance, its ability to induce carotenoid production under
stress conditions has made this species a potentially useful
model, in order to understand the important role of their for-
mation during algal growth and survival (Nikookar et al.
2005; Oren 2005; Tsiaka et al. 2013). However, no data re-
garding the role of carotenoids in algae subjected to ILs are
available.

Since Latala et al. (2005) reported that IL-mediated effects
on algae could be affected by abiotic factors, such as salinity,
it was of great interest to investigate the impact of two com-
monly used imidazolium ILs, such as 1-butyl-3-
methylimidazolium tetrafluoroborate ([bmim][BF,]) and/or
l-octyl-3-methylimidazolium tetrafluoroborate
([omim][BF,]) on the current algal species. In order to meet
the challenge of making realistic predictions about the effects
of ILs on algae, the IL-mediated effects were investigated on
algae cultured in media with slight alterations of salinity (30
and 35%o). In addition, given that phototrophic algae
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synthesize not only chlorophylls but also carotenoids, which
are bound to peptides to form pigment—protein complexes in
the thylakoid membrane (Takaichi 2011), it was of great inter-
est to investigate the concentration range at which ILs alter
algal growth and chlorophyll a (Chl @) content, as well as
whether alterations of carotenoid (in terms of carotene con-
tent) content observed in IL-treated algae could have an im-
portant role during algal growth and survival under different
stress conditions (Del Campo et al. 2007; Telfer 2002; Tsiaka
etal. 2013). Finally, a linear correlation analysis (Pearson test,
p<0.05) between parameters measured in the alga was per-
formed, in order to elucidate any relationship among IL-
mediated biological responses in algae, providing thus a more
comprehensive view on ILs’ effects on algae cultured in me-
dia with different salinities. To our knowledge, the present
study is the first to show imidazolium-based IL ability to affect
D. tertiolecta growth and survival and the attribution/
contribution of photosynthetic and accessory pigments (Chl
a and carotenoids, respectively) under different salinities on
the obtained IL-mediated effects.

Materials and methods

Chemicals and reagents 1-butyl-3-methylimidazolium
tetrafluoroborate ([bmim][BF4]) and 1-octyl-3-
methylimidazolium tetrafluoroborate ([omim][BF4]) were
purchased from Sigma-Aldrich (USA) (purity >97 %). The
selected ILs consist of the same anion [BF, ] and different
cation length chain. The choice of the current imidazolium
ILs was based on their popularity and application in many
scientific fields, as well as the increased likelihood of migrat-
ing from industry to the environment. All other reagents used
were of high analytical grade and purity.

Stock solutions of ILs In all experiments, serial dilutions of
freshly prepared stock solutions of ILs were used. Each stock
was prepared by primarily dissolving the appropriate IL in
ultrapure water, double distilled passed through a reverse os-
mosis system and further purified by Milli-Q quality water
system. All stock solutions were kept in the dark at 4 °C,
before being used for further analysis.

Algal biotest IL-mediated effects on D. fertiolecta were in-
vestigated according to well-known protocols and guidelines
(OECD 2011). In brief, D. tertiolecta (strain CCAP 19/6B,
from Scottish Marine Institute, Oban, Argyll, Scotland) was
grown in f/2 medium without Si (24+1 °C, pH 8.3+0.3, 86+
8.6 umol photons m 2 s~ fluorescent lighting) and different
salinities (30 and 35%o). Different levels of salinity were
achieved by the supplementation of proper amounts of NaCl
(Aravantinou et al. 2015), while salinities were daily mea-
sured with the use of a HQ40 multi-meter (Hach Lange,
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Germany). The selection of the salinities was based on data
obtained by preliminary tests which revealed no alterations of
both algal cell number and growth rate; thus, the obtained
results would have no interferences due to salinity effects.
At late logarithmic phase, an amount of culture (1 x
10* cells mL™") was transferred to conical sterilized flasks,
containing f/2 medium (final volume 200 mL), and finally
exposed to different concentrations of [bmim][BF,4] and
[omim][BF,] and to [bmim][BF4]-[omim][BF,] (dilution ra-
tio 1:1) (0, 1, 10, 100, and 200 mg Lfl) for 96 h, under con-
ditions previously mentioned. In this context, it is important to
highlight that, due to the absence of data regarding the solu-
bility of each IL in culture media, the concentrations of ILs
currently used refer to “nominal” concentrations, thus sug-
gesting that the obtained toxic endpoints (e.g., growth rate)
could be over- or underestimated in some extent. Moreover, it
should be also mentioned that ILs could probably bind to
culture medium compounds, such as serum and proteins, as
well as to culture flask walls (Kramer et al. 2012), thus de-
creasing their free or effective concentration. According to the
latter, IL-mediated effects on algal cells were investigated af-
ter their exposure to such high IL concentrations.

Every 24 h, the cell number was counted, using a
Neubauer hemocytometer, while the growth (x) and the
inhibition rate (% I) were determined according to
Egs. (1) and (2).

_In X,—In X,
n ta—to

(1)

n

where 11,,=algal growth rate (day ') after n days (24, 48, 72, or
96 h), Xo=number of cells mL ™" at time 0 (¢y), X,,=number of
cells mL ™" at #,, 7,=time of first measurement after beginning
of test, and #,=time of nth measurement after beginning of
test.

%1 =He 5 100 )
e

where % I=percent inhibition in average specific growth rate,
ue.=mean value for average specific growth rate (u) in the
control group, and p,,=average specific growth rate for the
treatment replicate.

The aforementioned procedure was repeated four times,
and the results are expressed as the mean+SD from four
measurements.

In parallel, the amounts of carotenoids and Chl a were
determined in algal cultures exposed to each concentration
of the ILs tested in both salinities.

Determination of carotenoids (carotene content) The de-
termination of carotenoids was performed via quantification
of carotenes using the spectrophotometric method initially

proposed by Shaish et al. (1992) and later modified (in terms
of sampling volume) by Garcia-Gonzalez et al. (2005). In
brief, every 24 h, a culture aliquot of 1 mL (containing known
number of cells) was centrifuged at 1000xg for 15 min and the
cell pellet was extracted with 3 mL of ethanol/hexane (2:1,
v/v). Thereafter, 2 mL of water and 4 mL of hexane were
added, and the samples were thoroughly mixed, vigorously
shaken, and finally centrifuged at 1200xg for 10 min. The
hexane layer was separated, and its absorbance at 450 nm
was determined: A450*25.2 equals the micrograms of caro-
tene in the sample (Shaish et al. 1992). The results (expressed
as pg carotenoids cell ', based on the known number of cells,
previously measured in each sample) are the mean+SD from
four independent measurements in each case.

Determination of Chl @ The content of chlorophyll a (Chl a)
was determined according to the method of Aminot and Ray
(2000) which is based on the well-established trichromatic
method described in the Standard Methods for the Examina-
tion of Water and Wastewater (APHA 1996, section 10200H).
Specifically, every 24 h, a culture aliquot of 10 mL was fil-
tered through glass microfiber filters (Whatman GF-F, nomi-
nal pore size 0.7 um) and filters were kept at —21 °C till
extraction. Extraction of chlorophyll was performed with
10 mL of 90 % v/v acetone, at 4 °C for 5 h. Extracts were
separated by centrifugation at 1350xg for 15 min, and absorp-
tion was measured at 630, 647, 664, and 750 nm, using ace-
tone as blank. The levels of Chl @ were calculated according to
the following equation:

CChla = [(1185 X A664_A750)—1.54 X (A647_A750)—0.08

X (A630_A750)] X Vextr/Vsample

The results (expressed as pg of Chl a per cell) are mean=+
SD from four independent measurements in each case.

Statistical analysis The estimation of ICs, endpoints and
their 95 % confidence intervals (CI) in each case was per-
formed with the use of probit analysis (p<0.05, IBM SPSS
19 Inc. software package). In some cases, 95 % CI could
not be calculated due to high variability of the algal re-
sponse. After checking for homogeneity of variance
(Levene’s test of equality of error variances), the signifi-
cant differences among parameters were tested with the use
of Mann—Whitney U test (p<0.05). Univariate analysis
(two-way ANOVA, p<0.05) was performed for estimating
the effect of salinity and/or incubation period and IL con-
centration on algal growth rate with time. Simple linear
correlation (Pearson test, p<0.05) analysis was conducted
with the mean values of each parameter tested for investi-
gating significant relationships among the biological re-
sponses obtained in both salinities.
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Results
The effect of algal culture medium salinity on algal cells

The physiological behavior of algal species in terms of growth
rate, carotenoid content, and chlorophyll a (Chl a) cultivated
in media with slight alterations of salinity was investigated.
Despite the different cell numbers at 24 h, algae incubated in
culture media with 30 and 35%o of salinity followed similar
growth rates over time (48, 72, and 96 h) (Fig. 1a). Moreover,
almost similar trends of carotenoids and Chl a content were
observed in both cases (Fig. 1b, ¢). On the other hand, al-
though salinity did not seem to affect algal growth rate over

a 1.8
a
1.6
w o
a
1.2
0y
©
31 0.8 030%o
0.6 035%.
0.4
0.2
0 _—
24 48 72 96
incubation period (h)
b 1.0
s (1
3
o
g 0.6 a
3
2 030%e
S o4 a 30%
2 035%0
°
©
- m
0.0 o
24 48 72 96
incubation period (h)
c 2.5
2.0
5 15
o
e
«©
=
(8]

a
10 030%.
: 035%,
05 m a
0.0
24 48 72

9%
incubation period (h)

Fig. 1 Growth rate (a), carotenoids (in terms of carotene content) (b),
and Chl a (¢) content in Dunaliella tertiolecta incubated in culture media
with different salinities (30 and 35%o). Carotenoids and/or Chl a
expressed as pg cell”! (based on the known number of cells, previously
measured in each sample). The results are mean+SDs from four
independent experiments in each case. Values that share the same letter
represent significant difference among cells cultivated in culture media
with different salinities (Mann—Whitney U test, p<0.05)
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time (4 days of incubation period) (Table 1(A)), it was signif-
icantly related with algal growth rates obtained at almost all
cases of IL-treated cells (two-way ANOVA, p<0.05)
(Table 1(B)).

[bmim][BF,]- and/or [omim][BF,]-mediated toxicity
on D. tertiolecta

Algae treated with [bmim][BF,], or [omim][BF,], as well as
with a binary mixture of [bmim][BF,]-[omim][BF,], showed
differences in their growth rates. Specifically, a slight but sig-
nificant growth arrest was observed in algae treated with
[bmim][BF,] in either 30 or 35%o culture media for 24—
96 h, compared with the respective values of control cells in
each case (Fig. 2a). Regarding [bmim][BF4]-mediated inhibi-
tory effect in both salinities, there was no significant differ-
ence over time (for more details SM Figure 2.1A), as also
shown by the ICs, values (85.49 mg L' at 24 h and
>200 mg L at the rest of the incubation period) in each case
(Table 2). On the other hand, algae treated with [omim][BF,]
showed significantly lower growth rates than the
[bmim][BF,]-treated algae, thus reaching an almost total
growth arrest in case of the higher concentration of
[omim][BE4] (200 mg L") tested in both salinities (Fig. 2b,
SM Figure 2.1B). The latter was further reinforced by the
significantly high inhibition rate values (% 1, see also SM
Figure 2.1B) and the concomitant low [omim][BF4] ICsq
values currently observed; the lower ICs, values observed in
algae treated with [omim][BF,] in 30%o medium for 24 and
48 h were attenuated over time (72 and 96 h), while opposite
results were obtained in case of algae treated with
[omim][BF4] in 35%0 medium (Table 2, see also SM
Table 2.1 for number of cells in each case). In case of
[bmim][BF,]-[omim][BF,], significantly lower values of
growth rate and increased inhibition rates (in terms of both
% I and ICs values) were observed in algae incubated in 30 %o
medium, compared to those incubated in 35%o culture in all
cases (Fig. 2¢, Table 2, see also SM Figure 2.1C).

Carotenoid content

Algae treated with each IL showed IL’s type-, dose- and
time-dependent variations of carotene content in both cul-
ture media. Specifically, a slight but significantly higher
content of carotene was observed in algae treated in 30 %o
medium with high concentrations of [bmim][BF,] (100 and
200 mg L"), while no alterations (p>0.05) were observed
in case of algae treated with the respective IL in 35 %o me-
dium (Fig. 3a). On the other hand, excessive amounts of
carotenes were determined in algae treated with the afore-
mentioned concentrations of [omim]|[BF,4] in 35%. medi-
um, compared with those observed in both [bmim][BF,]-
and [bmim][BF4]-[omim][BF4]-treated algae (Fig. 3b).
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Table 1 Univariate analysis
(two-way ANOVA, p<0.05) for A Dependent variable: growth rate 24-96 h
estimating the effect of (A) Control cells
salinity an@/or incvubatior.l time Salinity 0.425
over 96-h incubation period and . .
(B) salinity and/or IL Incubation period <0.001
concentration on algal growth rate Salinity % incubation period <0.001
with time B Dependent variable: growth rate Incubation period (h)
[bmim][BF,] 24 h 48 h 72 h 96 h
Salinity <0.001 <0.001 <0.001 <0.001
IL concentration 0.002 0.874 0.026 <0.001
Salinity x IL concentration 0.106 0.001 <0.001 <0.001
[omim][BF,] 24 h 48 h 72 h 96 h
Salinity <0.001 <0.001 <0.001 <0.001
IL concentration <0.001 <0.001 <0.001 <0.001
Salinity x IL concentration <0.001 <0.001 <0.001 <0.001
IL mixture 24 h 48 h 72 h 96 h
Salinity <0.001 <0.001 <0.001 <0.001
IL concentration <0.001 <0.001 <0.001 <0.001
Salinity x IL concentration <0.001 0.002 <0.001 <0.001

Algae treated with [bmim][BF4]-[omim][BF,] in 30 %o me-
dium showed elevated levels of carotenes compared to
those measured in algae treated in 35%o0 medium, in all
cases (Fig. 3c).

Chlorophyll a

The exposure of algae to different concentrations of each
IL showed significant alterations in the levels of Chl a
measured in each cell. Specifically, algae treated with at
least 10, 100, and 200 mg L' of [bmim][BE,4] for 24 and
72 h in 30%o medium showed significantly higher levels
of Chl a than those in algae treated with the respective IL
concentrations in 35%o medium, while the opposite was
observed at 48 and 96 h (Fig. 4a). On the other hand,
elevated values of Chl a were measured in algae treated
with each concentration of [omim][BF,4] in 30%o. medium
for 24 and 48 h. Similarly, Chl a levels were high in algae
treated with 10, 100, and 200 mg L™ of [omim][BF,] in
35%o0 medium for 24 h. In both cases, Chl a levels showed
a significant attenuation over time (72 and 96 h), except
in the case of algae treated with 100 and 200 mg L™" of
[omim][BF4] in 30%o medium for 96 h (Fig. 4b). In the
case of [bmim][BF4]-[omim][BF,], significantly higher
values of Chl a content were observed in algae treated
with 10, 100, and 200 mg L™ of the binary IL mixture
in 30%0 medium, compared with the respective values
measured in control cells in any case, while similar trend
of Chl a content increase was observed only at higher
concentrations of the ILs, in case of algae treated in 35
%0 medium (Fig. 4c).

Correlations among biological parameters

In order to investigate whether there is any relationship among
biological responses in IL-exposed algae, a linear correlation
analysis (Pearson test, p<0.05) was performed (Table 3(A,
B)). A strong negative correlation was observed between
growth rate and Chl a content measured in algae treated with
either [omim][BF,4] or [bmim][BF4]-[omim][BF,4] in both sa-
linities, as well as in algae treated with [bmim][BF,4] in 35%o
medium. Similarly, algal growth rate and carotene content
showed a significantly negative correlation, while opposite
results (positive correlations) were obtained between caro-
tenes and Chl a levels in case of algae treated with either
[omim][BF,] or [bmim][BF4]-{omim][BF,] in 30 %0 medium.

Discussion

Given that algal growth and protective system response over
time could differ when being subjected to different salinities
(Ben-Amotz et al. 2009), the results of the present study
showed that slight, but significant, alterations of salinity could
affect IL-mediated effects on D. tertiolecta. In fact,
D. tertiolecta was more vulnerable to [omim][BF,4] than
[bmim][BF,] in both salinities, while algae treated with a bi-
nary mixture of [bmim][BF,4] and [omim][BF,4] in 30%. me-
dium revealed significantly higher growth arrest than those
occurred in case of their treatment in 35 %o medium. Although
there are a lot of studies regarding the inhibitory effects of ILs
on green algae, the adverse effects of their mixtures remain
still unknown. The latter becomes more complicated to be
explained, since IL conjugated action, ion paring, and/or

@ Springer
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Fig. 2 Growth rate (u, dayfl) of algae treated with a [bmim][BF,], b
[omim][BF,], and ¢ [bmim][BF4]-{omim][BF,] in culture media with
different salinities (30 and 35%o, respectively). The results are mean+
SDs from four independent experiments in each case. Number sign (#)

clustering as well as synergistic effects, which could play an
important role on the observed IL adverse effects, are not easy
to predict (Cvjetko Bubalo et al. 2014; Petkovic et al. 2011;
Tsarpali and Dailianis 2015; Ventura et al. 2013).

The different extent of [bmim][BF,4] and/or [omim][BF,]
effects on algae species could be related to the ILs’ different

@ Springer

incubation period (h)

indicates 100 % algal growth arrest. Values with ()—1) differ

significantly from the respective control in each case (Mann—Whitney
U test, p<0.05).

length of alkyl chain (Bernot et al. 2005; Pham et al. 2010). In
fact, most ILs show similar structural and functional proper-
ties with pesticides and antibiotics (Docherty and Kulpa 2005;
Li et al. 2012) and their mode of action takes place through
membrane disruption. Specifically, [omim][BF,] with longer
alkyl chain than [bmim][BF,] is characterized by higher
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Table 2  Determination of ICs, values in IL-treated algae cultivated in media with different salinities (35 and 30%o)

Incubation period

24 h 48 h 72 h 96 h
35%o 30%o 35%o 30%o 35%o 30%o 35%o 30%o
[bmim][BF,] 85.5(28.4>200)  >200 (ne) — (ne) >200 (ne)  — (ne) >200 (ne)  — (ne) >200 (ne)
[omim][BF,] 21.4 (ne) 11.6 (ne) 18.0 (ne) 8.0 (ne) 11.8 (ne) 23.9 (ne) 6.6 (ne) 29.5 (ne)
[bmim][BF4]- >200 62.6 (0.5—>200)  >200 (ne) 6.6 (ne) >200 (ne)  0.7% (ne) >200 (ne) 1.8 (0.008-3.8)
[omim][BF,]

ICsp values (expressed as mg L") and confidence intervals (lower- and upper-bound values within parenthesis) were obtained by probit analysis

(p<0.05, N=4)

n.e. not evaluated/estimated by probit analysis

*Indicates that the substance is characterized as hazardous to the aquatic environment, according to Acute Category 1 (ICso <1 mg L") of the EC

Regulation 1272/2008

lipophilicity (Ma et al. 2010; Ranke et al. 2003; Stepnowski
et al. 2004), a fact that could increase its interaction with cell
membrane phospholipid bilayers and hydrophobic domains of
membrane proteins, thus enhancing more toxic effects than
[bmim][BF,], as revealed by the results of the present study.
On the other hand, the contribution of [BF, ] anions on the
obtained ILs’ effects should not be excluded. Specifically,
[BF,4 ] anion was reported to be less stable and more toxic
than other anions, such as [DCNA ], [TFMS ], [Br ], and
[CI], due to the formation of strong hydrogen bonds between
water and its atom (Latata et al. 2009; Pham et al. 2010;
Samori et al. 2010; Shimizu et al. 2010; Zhang et al. 2011).
Given that [BF, ] hydrolysis rate could be indirectly affected
by the cation’s chain length (Cammarata et al. 2001; Saha and
Hamaguchi 2006), [omim][BF,], having longer alkyl chain
than [bmim][BF,], could merely decrease the cation—anion
interaction strength, thus extending anion hydrolysis and the
obtained toxicity in algae (Freire et al. 2007). However, more
studies should be performed for determining the role of ILs’
anions on the obtained effects, especially in algal species.
Although previous studies have reported a significant at-
tenuation of imidazolium IL-mediated toxic effects on the
freshwater species O. submarina and C. vulgaris, following
an increase of salinity (Kulacki and Lamberti 2008; Latala
et al. 2005; 2010), the present study showed that this is not
always the case. In fact, it has been reported that various abi-
otic and biotic parameters, such as differences in algal sensi-
tivity and response to stress conditions, the potential interfer-
ence of the culture media with the tested ILs, and ILs’ dilution
to each algal species culture medium (freshwater-saltwater),
could differentiate the toxic behavior of ILs (DeLorenzo 2009;
Kulacki and Lamberti 2008; Latala et al. 2009; Oukarroum
etal. 2012; Aravantinou et al. 2015). D. tertiolecta, in contrast
to O. submarina and C. vulgaris, does not have a cell wall
which could reduce the permeability of IL cations (Latata et al.
2005), a fact that could affect algal vulnerability to ILs. The

latter should be further investigated in a more detailed/
extended study, due to difficulties in measuring IL nominal
and initial concentrations, as well as potential metabolites,
because of the interferences of both culture media and their
salinity values with the obtained results.

According to the results of the present study, algal cells
treated in 30% medium with [omim][BF4] or
[bmim][BF4]-[omim][BF4] mixture showed a significant
relationship among growth arrest/inhibition with the levels
of carotenoids, at least in case of carotene content, and Chl
a within algal cells. Specifically, the algal growth arrest
attenuation over time, after exposure to ILs, was followed
by a time-dependent increase of the Chl a content within
algal cells, suggesting that the tested ILs cannot act against
Chl a synthesis in algal cells. Similar results were also
obtained in algal cells treated within 35%. medium, with
[bmim][BF,], [omim][BF,4], or [bmim][BF4]-[omim][BF4]
mixture in any case. The latter seemed to be more evident
in the case of [omim][BF,4] and [bmim][BF4]-[omim][BF 4]
mixture, which showed to be more toxic than [bmim][BF,]
in both culture media conditions (salinity levels 30 and 35
%o). Although the exact mechanism is not known, previous
studies have reported that levels of Chl a within cells may
increase under stress conditions (EI-Sheekh et al. 2003;
Nikookar et al. 2005; Tsiaka et al. 2013), probably via
the existence of a cross-linking among carotenoids and
photosynthetic pigments. The latter is based on the fact that
carotenoids could merely serve as a protective mechanism
during phototropic algal growth (Cantrell et al. 2003; Jef-
frey and Skarstad 2009; Kumar et al. 2010; Melegari et al.
2013; Niyogi 2000; Telfer 2002). Actually, the role of ca-
rotenoids against chemical stressor ability to mediate algal
growth rate over time, as well as their ability to act as
antioxidant molecules, is well documented (Cantrell et al.
2003; Jeffrey and Skarstad 2009; Kumar et al. 2010; Li
et al. 2005; Melegari et al. 2013; Telfer 2002; Tsiaka
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Fig. 3 Carotenoid content (in terms of carotenes expressed as pg cell )
in algal cells treated with a [bmim][BF,], b [omim][BF,], and ¢
[bmim][BF4]-[omim][BF,] (dilution ratio 1:1) for 24, 48, 72, and 96 h,
in culture media with different salinities (30 and 35%o). Values with

et al. 2013; Woodall et al. 1997). According to this and
bearing in mind ILs’ ability to induce oxidative stress
(for more details, see Kumar et al. 2011), the high levels
of carotenoids measured in both [omim][BF,4] and
[bmim][BF4]-[omim][BF,] mixture-treated cells could re-
veal the protective role of these molecules against the
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oxidative-like events of ILs. In fact, since there is no data
regarding the detection of 9-cis isomer which seemed to be
more efficient in protecting against oxidative damage
(Jimenez and Pick 1993), more studies are needed for elu-
cidating the aforementioned thesis. Moreover, taking into
account that ILs with longer alkyl chain could interfere
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Fig. 4 Determination of chlorophyll a (Chl a, expressed as pg cell")
content in algal cells treated with a [bmim][BF,], b [omim][BF,], and ¢
[bmim][BF4}-[omim][BF,] (dilution ratio 1:1) for 24, 48, 72, and 96 h, in
culture media with different salinities (30 and 35%o). Values with asterisk

with the cell membranes, thus leading to oxidative stress
by-products, such as lipid peroxides, the enhancement of
carotenoids could play an important role for the restriction
of such phenomenon, via their reaction with free radicals
and their ability to terminate chain reactions of lipid per-
oxidation by reacting with its products (Kumar et al. 2010;
Melegari et al. 2013; Niyogi 2000; Woodall et al. 1997).
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(Mann—Whitney U test, p<0.05, n=4)

Despite the absence of data regarding IL ability to cause
oxidative-like effects on D. tertiolecta, the significant cor-
relations occurred between carotene content, growth rate,
and/or Chl a content measured at least in algae treated in
30% medium with either [omim][BF4] or
[bmim][BF4]-[omim][BF,] mixture could give further ev-
idence for the presence of such a mechanism in IL-treated
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Table 3 Correlation coefficient

analysis (Pearson test, p<0.05, H %1 Car Chla
N=16) among parameters
measured in algal cells treated for A
96 h in (A) 30%0 and (B) 35%o [bmim][BF,] I 1 - - -
s el i i, | seomy -
200 mg L") of each type of IL Car 1 -
(control values are excluded from Chl a 1
the analysis, in all cases) [omim][BF,] m 1 ~0.964 (0.000) ~0.633 0.009) ~0.719 (0.002)
%I 1 0.685 (0.003) 0.705 (0.002)
Car 1 0.860 (0.000)
Chl a 1
IL mixture M 1 —0.983 (0.000) —0.641 (0.007) —0.808 (0.000)
%1 1 0.700 (0.003) 0.823 (0.000)
Car 1 0.758 (0.001)
Chl a 1
B
[bmim][BF,4] 1 1 - - —0.516* (0.041)
% I 1 0.627 (0.009) -
Car 1 -
Chl a
[omim][BF,] M 1 —0.915 (0.000) - —0.659 (0.006)
%1 1 - 0.518* (0.040)
Car 1 -
Chl a 1
IL mixture M 1 —0.751 (0.001) - —0.800 (0.000)
%1 1 0.689 (0.003) 0.883 (0.000)
Car 1 -
Chl a 1

Correlation is significant at the 0.01 level (two-tailed), N=16

1 growth rate; % 1 the percentage of algal growth inhibition rate; Car carotenoids, in terms of carotene content;

Chl a chlorophyll a

*Correlation is significant at the 0.05 level (two-tailed), N=16

algae. On the other hand, the existence of a cross-linking
among carotenes and photosynthetic pigments should not
be excluded for the case of algae exposed to ILs in 35 %o
medium. In this context, the absence of any direct correla-
tion between carotene content enhancement and Chl a
within cells could be due to a time delay response of Chl
a or due to differences in IL-mediated individual, synergis-
tic or antagonistic effects on algae pigments, which could
regulate their production. Since the latter is only a hypoth-
esis, more studies are needed in order to clearly elucidate
the exact mechanism being involved in the enhancement of
those pigments in D. tertiolecta faced with imidazolium
ILs under slight variations of abiotic conditions, such as
salinity.

In conclusion, the present study showed that
[bmim][BF4] and [omim][BF,], as well as their binary mix-
ture, could differentially affect the physiological behavior
of the green alga D. fertiolecta, incubated/treated in culture

@ Springer

media with slight but significant alterations of salinity (30
and 35%o). It was shown that imidazolium-based ILs can
act against algal growth rate rather than Chl a synthesis,
merely due to the existence of a cross-linking with caroten-
oids, whose enhancement prior or at least in parallel with
Chl a could play an important role against the restriction of
Chl a synthesis in challenged algal cells. Alterations of the
tested parameters under different salinities could be due to
differences in algae’s sensitivity and/or response to stress
conditions, as well as to potential interference of the culture
media with the tested ILs. Although the obtained signifi-
cant correlations between the growth rate, carotene, and
Chl a content in algal cells treated with the tested ILs fur-
ther reinforce the aforementioned conclusive remark, more
studies should be carried out in order to clearly elucidate
the role of Chl @ and carotenoids under stress conditions
and the existence of either individual or synergistic/
antagonistic effects among ILs.
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