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Abstract: In wastewater, nutrient concentrations and salinity vary substantially, however, the optimal
N:P ratio for the treatment using microalgae is not well described. In this study, the effects of higher
and lower nitrate and phosphate contents and N:P ratios on growth, nutrient removal ability and
halotolerance of the common green alga Coelastrum morus were investigated in model solutions.
The results suggest that high nitrate content (above 100 mg L) with a similarly high phosphate
concentration (resulting low N:P ratio) is not favorable for growth. The studied isolate can be
considered as a halotolerant species, showing remarkable growth up to 1000 mg L~ NaCl and it
seems that despite the negative effects on growth, higher nutrient content contributes to higher
halotolerance. A significant amount of nitrate removal was observed in media with different nutrient
contents and N:P ratios with different salt concentrations. High N:P ratios favor phosphate removal,
which is more inhibited by increasing NaCl concentration than nitrate uptake. Overall, with a
relatively higher nutrient content and a favorable (5 or higher) N:P ratio, a common green algal
species such as C. morus could be a promising candidate next to species from the Chlorellaceae and
Scenedesmaceae families.

Keywords: green alga; nutrient content; N:P ratio; salt tolerance; nutrient removal; salt content
reduction

1. Introduction

Untreated wastewater released to water bodies can result in changes in chemical and
physical parameters which finally can affect the vital functions of living organisms living
there. Large amounts of nutrients, especially nitrogen and phosphorous are responsible
for eutrophication can enter to water resources, leading to changes in trophic status and
nutrient supply. These shifts are followed by changes in dominance relationships and
succession processes, which ultimately result in changes in the aquatic community [1].

The most common and most frequently used wastewater treatment system is the
traditional activated sludge treatment system. Mechanical treatment of inflow wastewater
is followed by a biological one, during which organic and inorganic contaminants are
removed from the wastewater with the help of microorganisms [2]. However, due to the
variety of contaminants, it is not possible to remove all of them with the traditional method,
so systems are constantly being developed to effectively remove contaminants other than
nutrients. Examples include algae-based purification systems, which have been under
development for decades [3,4].

The autotrophic, heterotrophic, and mixotrophic metabolic properties of several algal
species can be used in the wastewater biological treatment process [5,6]. Due to their
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photoautotrophic metabolism, algae are able to produce O in the presence of light using
CO,, thus providing the amount of oxygen (aerobic conditions) required for the func-
tioning of microorganisms in activated sludge and reducing the amount of CO; in the
atmosphere [7,8]. At the same time, algae have a pivotal role in reducing the amount of
inorganic substances in wastewater that serve as nutrients for them (nitrogen, phosphorus),
as well as removing other contaminants [3,4,9,10].

Algae-based wastewater treatment systems primarily use eukaryotic green algae and
prokaryotic cyanobacteria. The efficiency of Chlorella species is reported in several studies,
as nitrogen is removed by 45-97%, phosphorus by 28-96%, chemical oxygen demand
(COD) is decreased by 61-86% from different types of wastewater (agricultural, commu-
nal, industrial—e.g., textile industry), and they are able to accumulate large amounts of
lipids, especially under mixotrophic conditions [11]. Among cyanobacteria, filamentous
Arthrospira species are the most studied, removing large amounts of nitrogen and phos-
phorus under autotrophic and mixotrophic conditions, while producing large amounts of
biomass [12].

Due to the diversity of wastewater parameters, it is important to select appropriate
microalgae species for algal-based wastewater treatment, as the efficiency of traditionally
used algal species may decrease under changing conditions. In this case, the use of
extremophilic, i.e., specialist microalgae species, which are viable even under changing or
extreme conditions, should be preferred. Metabolic processes in some specialist microalgae
species have been shown to be more effective at high temperatures (thermophilic) or
lower temperatures (psychophilic) and under strongly acidic (acidophilic) or alkaline
conditions (alkalophilic), other microalgae species adapted well to high salt (halophilic)
or sugar (osmophilic) concentrations [13]. Among algae, halotolerant species are those
ones, which are able to ploriferate in the presence or in the absence of a certain amount
of salt, while halophilic algae require the presence of a certain, usually extreme amount
of salt for optimal growth. Depending on the required salt content, halophilic species can
be divided into three groups: weak halophiles: optimal growth is achieved with 1-3%,
i.e., 10,000-30,000 mg L~'—NaCl; moderate halophiles: optimal growth is achieved with
3-15%, i.e., 30,000-150,000 mg L-1—NaCl and extreme halophiles (optimal growth is
achieved above 15%, i.e., 150,000 mg L~1—NaCl [13,14].

Several studies report the importance of the N:P ratio from both ecological and
biotechnological perspectives. The well-known Redfield’s Ratio (atomic or molar ratios
of carbon, nitrogen, and phosphorus in phytoplankton [15]) can be considered a global
average with significant variance for different phytoplankton species [16]. It is globally
accepted that this ratio could be the optimal nutrient ratio required for growth, obviously
with taxon specific differences: the average optimum N:P ratios for eukaryotic algae range
from 16 to 23 N to 1 P, while the average optimum ratio for cyanobacteria found to be
10-16N:1P [17]. Some experimental studies proved that the optimal N:P ratio for certain
algal species is indeed around the ratio widely accepted in the literature [18,19].

In wastewater, nutrient concentrations vary substantially. However, the optimal N:P
ratio for the treatment of municipal wastewater using microalgae is not well described.
High nutrient concentrations with unfavorable N:P ratios could lead inadequate growth or
nutrient removal: e.g., in our recent study all the tested nine green algae isolates showed
poor phosphate removal from Bold’s Basal Medium [20].

Coelastrum species are increasingly studied recently, thanks to their lipid and pigment
accumulation ability and applicable capability in wastewater treatment. It was found that
N-limitation promoted higher lipid contents in a Coelastrum strain (CORE-1), resulting in
the highest lipid content (48% w/w) among five studied green algal strains [21]. Similarly,
increasing lipid content occurred as a function of decreasing nitrogen concentration also in
the case of another Coelastrum strain (HA-1) [22]. Ubeda et al. [23] reported remarkable
growth of Coelastrum cf. pseudomicroporum in wastewater, furthermore they observed
carotenoid accumulation in the used isolate under salt stress. A Coelastrum sp. isolated from
cattle manure leachate showed high carbon fixation and nutrient removal abilities cultured
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in wastewater [24]. Coelastrum sp. TISTR 9501RE (closely related to Coelastrum morus strain
SAG217-5) seemed to be a potent accumulator of astaxanthin, canthaxanthin, and lutein
as major carotenoids under nutrient limited conditions; in addition, the strain was able
to tolerate a wide range of salinity (up to 500 mM-29.25 g L~1) [25]. Tharek et al. [26]
reported induction of astaxanthin accumulation by 3 g L~! salinity (set with NaCl) and
moderate nitrogen supply (nitrate) in the case of a Malaysian Coelastrum sp. isolate. Certain
members of the genera are able to accumulate lipids, i.e., serve as a suitable feedstock for
biodiesel production in heterotrophic cultivation using synthetic wastewater with molasses
as carbon source [27].

Because of the incontestable importance of the topic and the above mentioned uncer-
tainties about the relations of nutrient removal abilities, salinity tolerance and N:P ratios,
we aimed to study the effects of higher and lower nitrate and phosphate content and N:P
ratios (ranging within the “nutrient rich” category) on growth, nutrient removal ability and
salt tolerance of the common green alga Coelastrum morus. The experiments were carried
out in model solutions with slightly different nitrate and phosphate concentrations and
N:P ratios to represent how usual, not harsh fluctuations in wastewater composition could
effect on biomass production and removal characteristics. On the basis of literature data
and our previous findings [20] we hypothesized that:

e  Higher nutrient content with higher N:P ratio is better for growth and salt tolerance
than higher nutrient content with lower ratio, or lower nutrient contents.

e  Higher N:P ratios favor more efficient nutrient removal, independently from the initial
nutrient contents.

e  More favorable growth conditions favor conductivity reduction (salt removal ability).

2. Materials and Methods

The coenobial green alga Coelastrum morus was isolated from a small aquatic habitat
in northeastern Hungary, maintained as an axenic isolate in the Algal Culture Collection
of the Department of Hydrobiology, University of Debrecen (ACCDH-UD) as standing
culture under 14 h light (40 pmol photons m~2 s~1)—10 h dark photoperiod at 24 °C.

The experiments were carried out within the same circumstances in shaken cultures
(SOH-D2 circular shaker, 90 rpm), in 100 mL Erlenmeyer flasks with 50 mL final volume.
Duration of the experiments was 14 days. As model solutions, two generally used culturing
media were chosen: Bold’s Basal Medium (BBM; Table S1; CCAP media recipes a [28]) and
Jaworski’s Medium (JM; Table S1; CCAP media recipes b [29]). Both chosen media can be
considered as media with low N:P ratio in relation to Redfield’s Ratio, and both of them can
be considered as nutrient rich media, as culturing media are in general. But relative to each
other, they represent different types from the point of view of nutrient content and N:P
ratio. BBM can be considered as a medium with high nutrient content (182.4 mg L~ nitrate
and 163.2 mg L~! phosphate) and low N:P ratio (2.93 mM N:1.7 mM P; i.e., N:P = 1.7).
It was designated as higher content—lower ratio medium (HC-LR medium; Table 1).
The modified version of this medium (with decreased phosphate content; Table S1) was
used as a medium with high nutrient content (184.4 mg L~! nitrate and 47.9 mg L~!
phosphate) and high N:P ratio (2.93 mM N:0.505 mM P; i.e., N:P = 5.8). It was designated
as higher content—higher ratio medium (HC-HR medium; Table 1). JM was considered as
a medium with lower nutrient content (68.86 mg L' nitrate and 18.2 mg L~! phosphate)
and higher N:P ratio (1.1 mM N:0.19 mM P; i.e., N:P = 5.8). It was designated as lower
content—higher ratio medium (LC-HR medium; Table 1). The modified version of this
medium (with increased phosphate content; Table S1) was used as a medium with lower
nutrient content (68.86 mg L~! nitrate and 60.35 mg L.~! phosphate) and lower N:P ratio
(1.1 mM N:0.655 mM P; i.e., N:P = 1.7). It was designated as lower content—lower ratio
medium (LC-LR medium; Table 1).
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Table 1. Nitrogen and phosphorous contents and N:P ratios of the applied culturing media.
Medi Nitrogen Phosphorous N:P Ratio
edium mg L1 mmol mgL-1 mmol (Molar)
HC-LR (BBM) 41.06 2.93 53 1.7 1.7
HC-HR (modified BBM) 41.06 2.93 155 0.5 5.8
LC-HR (JM) 15.64 1.1 5.94 0.19 5.8
LC-LR (modified JM) 15.64 1.1 19.7 0.635 1.7

HC: higher content; LC: lower content; HR: higher ratio; LR: lower ratio; BBM: Bold’s basal medium (CCAP
Media Recipes a); JM: Jaworski’s Medium (CCAP Media Recipes b).

To study the salinity tolerance and desalination abilities of the C. morus strain, cul-
tures supplemented with different amounts of NaCl were assembled for all four media.
Control cultures were prepared without additional NaCl. To reach 500, 1000, 5000 and
10,000 mg L1 (0.05-1%) salt concentrations, NaCl stock solution of 300 g L1 was used.
NaCl supplemented cultures were called as treated cultures. The composition of the dif-
ferent cultures is shown in Table 2. Accurate conductivity values and chloride contents
at the beginning of the experiments were measured from so called “negative control”
compositions (culturing media + salt, without algae). The results obtained from the algae
cultures were corrected with changes in these compositions without algae.

Table 2. Salt treatment of Coelastrum morus cultured in media with different nutrient content and
N:P ratios.

Medium Alga Inoculum dH,0 300 g L-1 NaCl
NaCl Treatment (mL) & (mL) (uL) Stock golution (uL)
Control 41.7 5 3300 0
500 mg L~} 41.7 5 3215 85
1000 mg L1 417 5 3135 165
5000 mg L1 417 5 2475 825
10,000 mg L~! 41.7 5 1650 1650

2.1. Measurement of the Growth of the Cultures

For growth measurements, individual numbers (i.e., coenobia numbers in this case)
were counted (according to the European Standard EN 15204 [30]. Samples of 1 mL were
taken on every 2nd days of the experiments, 143 pL conc. formaldehyde was added to
each sample for preservation (5% final concentration). Individual numbers were counted
from 10 uL of the preserved samples in Biirker chamber at 400 x magnification (BX50F-
3 microscope, Olympus Optical Co. Ltd., Tokyo, Japan). To give To present the NaCl
concentrations causing 50% growth inhibition (ECsg values), firstly the extent of growth
inhibitions were calculated in percentage compared to control. Than the extent of growth in-
hibition was plotted as functions of NaCl concentrations obtaining growth inhibition—salt
concentration curves. Trend lines were fitted showing a second order relationship between
growth inhibition and salt concentration. The concentrations causing 50% inhibition were
calculated from the quadratic equations of the trend lines.

The cultures were filtered (vacuum filter, Pall Corporation, New York, NY, USA
GF/C™ 693 filter paper) at the end of the experiments (on the 14th day), the cell free media
were used for the measurements of nitrate and phosphate concentrations, conductivity,
and chloride contents.

2.2. Measurement of Nitrate, Phosphate, Conductivity and Chloride

Nutrient (nitrate and phosphate) concentrations, conductivity and chloride content of
the cultures were measured at the beginning and at the end of the experiments. Data from
negative control compositions on day 0 were used as baseline values, data measured at day
14 were used for the corrections of values measured in the cultures. Dataset of negative
compositions proved that no precipitation occurred among the applied circumstances.
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Nutrient concentrations were measured from 1 mL of cell-free samples collected at
the beginning and at the 14th day of the experiments. Both nitrate and phosphate were
measured by spectrophotometric methods: the salicylic acid colorimetric method [31] was
applied for nitrate, and the acidic phosphorous molybdate method [32] was applied for
phosphate content measurements. Both methods were reduced in volume to be possible to
carry out in Eppendorf tubes in order to minimize sample requirements.

Conductivity was measured from the cell free media by a HQ30d portable multime-
ter (Hach Lange GmbH, Diisseldorf, Germany) equipped with an Intellical™ CDC401
conductivity measuring electrode.

Chloride concentrations of the cell free media were measured by precipitation titra-
tion [33]. Aliquots of 12.5 mL cell free culturing media were used in the case of control, 500
and 1000 mg L~! NaCl treated cultures and 1 mL was used for 5000 and 10,000 mg L ™!
NaCl treated cultures. The titrations were done with silver nitrate measuring solution,
the end point of the titration was indicated with potassium chromate indicator. After
precipitation of the silver chloride precipitate equivalent to the amount of chloride ion, the
excess of the measuring solution gives a reddish-brown silver chromate precipitate with
the chromate ion, the yellow to reddish-brown color change indicate the end point of the
titration. The amount of chloride was calculated with the formula given in the method and
was expressed as mg L~! chloride.

2.3. Statistical Analysis

Average values and standard deviations of three independent replicates of all ex-
periments are presented. One-way analysis of covariance (ANCOVA [34,35]) was used
to analyze differences among growth curve tendencies based on individual (coenobia)
numbers in control and in treated cultures. One-way analysis of variance (ANOVA) was
used for the comparison of conductivity reduction values (% and uS cm~!) and extents of
chloride and nutrient removals (% and mg L.~!). Paired T-tests were applied to analyze
that nutrient concentrations, conductivity and chloride contents changed significantly from
day 0 to day 14, or not. The Past software was used for all the statistical analyses [35].

3. Results
3.1. Growth and Salt Tolerance of the Cultures

In HC-LR medium, only cultures containing 10,000 mg L~! NaCl showed significantly
lower growth compared to control cultures (p < 0.05; Figure 1a). The amount of NaCl
required for 50% growth inhibition in the treated cultures decreased from day 4 to day 14
(Table 3), so over time, the cultures showed an increasing sensitivity to the presence of salt.

In HC-HR medium, C. morus showed significantly lower growth compared to control
in cultures treated with 1000, 5000 and 10,000 mg L1 NaCl. Treatments with higher
NaCl concentrations resulted in significantly lower individual numbers also compared to
each other (p < 0.05; Figure 1b). The amount of NaCl required for 50% growth inhibition
decreased from day 4 to day 7 and then increased again to day 14 (Table 3), suggesting
growth regeneration after day 7.

In LC-HR medium, the growth of C. morus cultures treated with NaCl was significantly
lower compared to control cultures in the cases of all treatments (p < 0.01; Figure 1c).
Treatments with higher NaCl concentrations resulted in significantly lower individual
numbers also compared to each other, except the 5000 and 10,000 mg L~! treatment
(Figure 1c). During the experiments, the amount of salt concentration required to achieve
50% growth inhibition decreased, so it can be concluded that the salt tolerance of C. morus
cultures decreased in time (Table 3).

In LC-LR medium all treated cultures showed a significantly lower growth compared
to the control, and in parallel with the increase of NaCl content, the growth of the cultures
decreased significantly (p < 0.01; Figure 1d). The amount of NaCl required to achieve 50%
growth inhibition decreased from day 4 to day 7 and then increased to day 14 (Table 3), so
a slight regeneration of growth was observed also in this case.
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Figure 1. Growth of control and NaCl-treated Coelastrum morus cultures in: (a) HC-LR; (b) HC-HR;
(c) LC-HR and (d) LC-LR media based on coenobia numbers. HC: higher content; LC: lower content;
HR: higher ratio; LR: lower ratio. Mean values (1 = 3) and standard deviations are plotted. 500; 1000;
5000 and 10,000: NaCl concentrations in mg L~!. Significant differences (p < 0.05) among growth
curve tendencies are indicated by different lowercase letters. Lowercase letters with asterisks show
partial significant difference when it cannot be marked by a different letter.

Table 3. NaCl concentrations causing 50% growth inhibition in media with different nutrient concen-
trations and N:P ratios.

EC50 (mg L1 NaCl)

Medium Day 4 Day 7 Day 14
HC-LR n.c. n.c. 6720
HC-HR 3870 2790 5430
LC-HR 5300 2970 1000
LC-LR 2010 1620 1860

HC: higher content; LC: lower content; HR: higher ratio; LR: lower ratio; n.c.: not calculable.

Comparing the growth in different media under different treatments, control cultures
showed the following order: LC-LR > HC-HR > LC-HR > HC-LR. There were significant
differences among all media (p < 0.05). Cultures in 500 and 1000 mg L~! treatments
could be ranked as follows: HC-HR > LC-LR > LC-HR > HC-LR. Growth in all media
differed significantly from each other in the presence of 500 mg L~! NaCl (p < 0.01). It was
significantly higher in HC-HR and LC-LR media, than in LC-HR and HC-LR (p < 0.05) in
the presence of 1000 mg L~! NaCl. In 5000 and 10,000 mg L~! salt treated cultures the
growth order was only slightly modified: HC-HR > LC-LR > HC-LR > LC-HR; only the
growth in LC-HR was significantly lower than in other media.
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The results suggest, that in general, higher N:P ratio is favorable for growth, while
higher nutrient content is favorable for higher salt tolerance.

3.2. Nutrient (Nitrate and Phosphate) Removal
3.2.1. Nitrate Removal

Nitrate content decreased significantly (p < 0.05) in all media in control and in NaCl
treated cultures (Table S2).

Nitrate content decreases in HC-LR medium ranged from 68.2 (10,000 mg L~! NaCl
treatment) to 97.9% (control). There was a significantly lower decrease of nitrate content
compared to control in the 10,000 mg L~! NaCl treatment (p < 0.05; Figure 2a; Table S3).
There were lower decreases of nitrate concentrations with the increasing salt concentration,
but the differences were not significant (Figure Sla).

The extent of nitrate content reduction in HC-HR medium ranged from 85.7 (10,000 mg L~
NaCl treatment) to 93.1% (500 mg L~ NaCl treatment). There was no significant difference
between control and NaCl treated cultures, but compared to the 500 mg L~! NaCl treated
cultures, the 5000 and 10,000 mg L~! treatments showed significantly lower nitrate removal
(p < 0.05; Figure 2b; Table S3). On nitrate concentration basis, the decrease in 10,000 mg L-!
NaCl treated culture was significantly lower than in control and in 500 mg L~! treatment
(Figure S1b).

Nitrate removal was complete in control and treated cultures in LC-HR medium,
there were no measurable amounts of nitrate in the culturing media on the 14th day of the
exposition (Figure 2c; Table S3).
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Figure 2. Nitrate removal (%) of control and NaCl-treated Coelastrum morus cultures in: (a) HC-LR;
(b) HC-HR; (c) LC-HR and (d) LC-LR media. HC: higher content; LC: lower content; HR: higher
ratio; LR: lower ratio. Mean values (1 = 3) and standard deviations are plotted. Significant differences
(p < 0.05) are indicated by different lowercase letters. Lowercase letters with asterisks show partial
significant difference when it cannot be marked by a different letter.
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Nitrate removal in LC-LR medium ranged from 99.2 (10,000 mg L~! NaCl treatment)
to 100% (control, 500 and 1000 mg L~! NaCl treatment; Figure 2d; Table S3).

Comparing the nitrate removal efficiency in different media, the results show that
lower nitrate content favored complete nitrate removal regardless of the N:P ratio. How-
ever, significantly less nitrate was removed only from 5000 and 10,000 mg L~! NaCl
treatments cultured in media with high nitrate content (HC-LR and HC-HR). On nitrate
concentration basis, nitrate removal obviously was higher from media with higher initial
nitrate concentration, suggesting the high nitrate removal efficiency of the studied green
algal strain. Overall, nitrate removal was significant in all media both in control and in
NaCl treated cultures (Table S3), showing that N:P ratio or salt concentration has no direct
effect on nitrate uptake of the applied C. morus strain.

3.2.2. Phosphate Removal

The phosphate content of all media was significantly reduced in all cultures to day 14
compared to the values measured at the beginning of the experiments (p < 0.05), except
10,000 mg L~! NaCl treatments in LC-HR and LC-LR media (Table S4).

The extent of phosphate removal in HC-LR medium ranged from 25.8 (10,000 mg L~!
NaCl treatment) to 43% (control). As the salt concentration increased, the extent of phos-
phate removal decreased, but this decrease was not significant (Figure 3a; Table S5).
Analysing phosphate removal on phosphate concentration basis, similar results were
obtained (Figure S2a).
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Figure 3. Phosphate removal (%) of control and NaCl-treated Coelastrum morus cultures in: (a) HC-LR;
(b) HC-HR; (c) LC-HR and (d) LC-LR media. HC: higher content; LC: lower content; HR: higher
ratio; LR: lower ratio. Mean values (n = 3) and standard deviations are plotted. Significant differences
(p < 0.05) are indicated by different lowercase letters. Lowercase letters with asterisks show partial
significant difference when it cannot be marked by a different letter.

The decrease of phosphate content in HC-HR medium ranged from 15.8 (10,000 mg L !
NaCl treatment) to 76.3% (control). In 1000, 5000 and 10,000 mg L~ NaCl treated cultures
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phosphate removal was significantly lower compared to the control and to each other
(p < 0.01; Figure 3b; Table S5). Analysing phosphate removal on phosphate concentration
basis, similar results were obtained (Figure S2b).

The extent of phosphate removal in LC-HR medium ranged from 24.2 (10,000 mg L~!
NaCl treatment) to 98.2% (control). Phosphate removal was significantly lower in the
1000, 5000 and 10,000 mg L~ treatments compared to the control, but in the presence of
1000 mg L~! NaCl it was significantly higher than in 5000 and 10,000 mg L~ treatments
(Figure 3c; Table S5). On phosphate concentration basis, phosphate removal was signifi-
cantly lower only in 5000 and 10,000 mg L~! NaCl treated cultures compared to control
and other treatments (Figure S2c).

The decrease of phosphate content in LC-LR medium ranged from 3.4 (10,000 mg L~!
NaCl treatment) to 39.8% (control). Significantly lower phosphate removal was observed in
treated cultures compared to control and compared to each other along the increasing salt
concentration (p < 0.05; Figure 3d; Table S5). On phosphate concentration basis, phosphate
removal was significantly lower than in control only from 500 mg L~! NaCl treatment
(Figure S2d).

Comparing the different media, it can be said that significantly higher (p < 0.05)
phosphate removal occurred in media with high N:P ratio in control, 500 and 1000 mg L~!
NaCl treated cultures, although in parallel with the increase of NaCl concentration, the
extent of phosphate removal decreased. Lower phosphate removal was observable in
media with low N:P ratio, significantly less (p < 0.05) phosphate was removed from LC-LR
medium compared to the others in the case of all treatments (Table S5). On phosphate
concentration basis, phosphate removal obviously was higher from media with higher
initial phosphate concentration. Overall, these results suggest that higher N:P ratio is
favorable to achieve more effective phosphate removal, and increasing salinity affects
significantly the process.

3.3. Conductivity Reduction

Conductivity was significantly reduced to day 14 in all cultures compared to the initial
values (p < 0.05; Table S6).

The decreases of conductivity in HC-LR medium ranged from 47.4 (control) to 69.7%
(5000 mg L~! treatment). The conductivity reduction increased with increasing salt con-
centration (Figure 4a; Table S7). Although percentage values did not differed significantly
among different treatments, taking into account the initial concentrations, the amount
of removed ionic compounds was significantly higher in 5000 and 10,000 mg L~! NaCl
treated cultures (Figure S3a).

The decrease of conductivity in HC-HR medium ranged from 10.3 (control) to 29.6%
(10,000 mg L~! treatment). Compared to the control, the extent of conductivity decrease
was significantly higher in the treated cultures (p < 0.05; Figure 4b; Table S7), this was more
remarkable on uS cm~! basis (Figure S3b).

The decreases of conductivity in LC-HR medium ranged from 18 (10,000 mg L~*
treatment) to 24.7% (control; Figure 4c; Table S7). The decrease in conductivity in the treated
cultures decreased with increasing salt concentration, the differences among percentage
values were not significant. Taking into account the initial concentrations, the amount
of removed ionic compounds was significantly higher in 5000 and 10,000 mg L~! NaCl
treated cultures (Figure S3c).

Conductivity reduction in LC-LR medium ranged from 32.7 (10,000 mg L~! treatment)
to 35.5% (5000 mg/L treatment). There was no significant difference in the percentage
values of the treated cultures compared to the control (Figure 4d; Table S7), but on uS cm™!
basis conductivity reduction was significantly higher in 5000 and 10,000 mg L.~! NaCl
treated cultures (Figure S3d).

Comparing the extent of the conductivity reduction in the different media, it can be
concluded that significantly higher decrease occurred in HC-LR medium in all treatments
(p < 0.05) than in the same treatment in other media. The lowest conductivity reduction
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occurred in LC-HR medium (except in controls, where lowest reduction was observed in
HC-HR medium), with significant differences in the case of 5000 and 10,000 mg L~ treated
cultures in other media (p < 0.05; Table S7). Overall, conductivity reduction was higher in
media with higher ionic contents and lower N:P ratio favored a more effective conductivity
reduction.

100 q 100 7
= a g
£ 80 a < 80
< a ]
] a =
g g
S 60] 4 3 60 A
%
2 40 - 5 40 b
S E-
§ g b b
3 20 2 204 a H :
c <]
S o
8 A || []
0 T T 1 0 T T T T 1
Control 500 1000 5000 10,000 Control 500 1000 5000 10,000
a Treatment (mg L' NaCl) b Treatment (mg L' NaCl)
100 q 100 1
_S 80 A § 80 A
- o
° 3
g 60 A E 60 -
2
£ 40 2 4098 o, a & 3
B a a g
a 3
2 a a 3
2 20 S 20 -
0 T T T T | 0 T T T T d
Control 500 1000 5000 10,000 Control 500 1000 5000 10,000
c Treatment (mg L™" NaCl) d Treatment (mg L™" NaCl)

Figure 4. Conductivity reduction (%) of control and NaCl-treated Coelastrum morus cultures in:
(a) HC-LR; (b) HC-HR; (c¢) LC-HR and (d) LC-LR media. HC: higher content; LC: lower content; HR:
higher ratio; LR: lower ratio. Mean values (1 = 3) and standard deviations are plotted. Significant
differences (p < 0.05) are indicated by different lowercase letters.

3.4. Chloride Removal

Chloride content decreased significantly (p < 0.05) from the beginning of the experi-
ments to day 14 in every cases (except in 500 mg L~! NaCl treatment in LC-HR; Table S8).

In HC-LR medium, chloride removal ranged from 23.5 (control) to 55.7% (5000 mg L~*
treatment). Not surprisingly, treated cultures removed significantly higher amount of
chloride compared to the control cultures (p < 0.01; Figure 5a; Table S9). The proportion
of removed chloride increased with increasing salt content to 5000 mg L~! treatment,
but there were no significant differences between the individual treatments (Figure 5a;
Table S9). On concentration basis, chloride removal was significantly higher in the case of
cultures treated with 5000 and 10,000 mg L~! NaCl concentrations (Figure S4a).

Chloride removal ranged in HC-HR medium from 24.9 (control) to 66.3% (10,000 mg Lt
treatment). The extent of chloride removal increased with the increasing NaCl concentra-
tion; there was significantly higher chloride removal in the 1000, 5000 and 10,000 mg L~!
treatments compared to the control and to each other in several cases (p < 0.001; Figure 5b;
Table S9). Similar results were obtained by analyzing the results on chloride concentration
basis (Figure S4b).

Chloride removal in LC-HR medium ranged from 13.5 (1000 mg L~! treatment) to 50%
(control). Compared to the control, the extent of chloride removal was significantly lower
in the treated cultures (p < 0.01; Figure 5c; Table S9). There was no clear trend in chloride
removal along NaCl concentrations and there were no significant differences between
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treatments (Figure 5c; Table S9). Analyzing the results on chloride concentration basis,
a different picture can be seen: chloride removal was significantly higher in the case of
cultures treated with 5000 and 10,000 mg L1 NaCl concentrations (Figure S4c).

Chloride removal in LC-LR ranged from 17.5 (500 mg L~! treatment) to 72.4% (control);
characteristic of chloride content changes were very similar to that of observed in LC-HR
medium. Compared to the control, chloride removal was significantly lower in all treated
cultures (p < 0.01; Figure 5d; Table S9). Similarly to LC-HR medium, analyzing the results
on chloride concentration basis, a different picture can be seen: chloride removal was
significantly higher in the case of cultures treated with 5000 and 10,000 mg L1 NaCl
concentrations (Figure 54d).
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Figure 5. Chloride removal (%) of control and NaCl-treated Coelastrum morus cultures in: (a) HC-LR;
(b) HC-HR; (¢) LC-HR and (d) LC-LR media. HC: higher content; LC: lower content; HR: higher
ratio; LR: lower ratio. Mean values (n = 3) and standard deviations are plotted. Significant differences
(p < 0.05) are indicated by different lowercase letters.

Comparing the different media, the chloride removal in NaCl treated cultures was
significantly higher (p < 0.05) in the presence of high nutrient content (HC-LR and HC-HR
media). Chloride removal was higher in cultures treated with 500 and 1000 mg L~ NaCl
if the N:P ratio was low (HC-LR), but in cultures treated with 5000 and 10,000 mg L1
NaCl, the higher removal was performed, when N:P ratio was higher (HC-HR). In media
with lower nutrient content, chloride removal was low in NaCl treated cultures (Table S9).
These result suggest that higher nutrient content favors to more efficient chloride removal,
and higher N:P ratio has significant role only in the case of higher nutrient content.
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4. Discussion
4.1. Growth and Salt Tolerance

Although literature data generally show that higher N:P ratios are better for phyto-
plankton growth both in the cases of higher [18,19] or lower nutrient contents [36,37], our
results did not reveal that higher nutrient content with higher N:P ratio is better for growth
and salt tolerance than higher nutrient content with lower ratio, or lower nutrient contents.
In control cultures without salt treatment, the highest individual numbers were observed
in LC-LR medium, while it was significantly lower in HC-HR medium and it was the worst
in HC-LR medium. Despite the intensive research on the field, there are only few studies
comparing the effect of different nutrient concentrations with the same N:P ratio. Liu et al.
(2011) observed that the cyanobacterium Microcystis aeruginosa showed better growth in
media with higher nutrient content than in lower ones at similar low (1) N:P ratio [38].
Although the used media were designated as higher and lower nutrient content, neither
HC-LR nor LC-LR media used in our study can be considered as limiting from nutrient
concentration point of view studying wastewaters. Growth tendencies in our experiments
suggest that there could be an upper limit of nitrate and phosphate concentrations, at
which growth is inhibited. Terry showed in the case of a marine prymnesiophyte that
phosphate interacts with nitrate at certain concentrations [39]. Our results clearly show
that only ~40% of phosphate is removed from control cultures at N:P = 1.7, independently
of the initial concentrations. According to our knowledge, the underlying mechanism is
still not clear. The supposed negative interaction between phosphate and nitrate, when
their concentrations are close to each other could explain the observed growth character-
istics, but simple physical-chemical features do not support the observations [40]. Exact
explanation of the phenomenon requires further, more detailed nutrient uptake studies.

Although there were no clear correlations of salt tolerance, nutrient content and N:P
ratio (rejecting our first hypothesis), cultures with the best growth without salt treamtments
(controls in LC-LR and HC-HR media) showed the best growth also in all cases of NaCl
treatments. However, ECs5j values showed a different picture: they were not calculable
within the first week and it was the highest on day 14 in HC-LR medium, in which the
weakest growth was observed. Our results also revealed that higher nutrient content favors
to withstand against the negative effects of high chloride concentrations, especially in the
case of longer exposure times. These observations are in accordance with the results of
Park et al. about another coenobial green alga, Scenedesmus quadricauda [41]. It seems that
similarly to S. quadricauda and other coenobial green algae (e.g., Scenedesmus bijugatus [42]),
the studied Coelastrum morus requires different N:P ratios for its survival under different
salinity levels. It was reported in the case of a cyanobacterium that nitrate as nitrogen
source has a protecting role against dissolved salts toxicity [43]. This also could be part
of the background of higher salt tolerance of cultures in HC-LR medium, although salt
tolerance of cultures in HC-HR medium with similar nitrate content was significantly
higher only at the end of the exposition.

Comparing simply the salt tolerance of the studied strain with other Coelastrum
isolates, it can be said, that there are more tolerant ones: Ubeda et al. [23] and Rauytanaparti
et al. [25] both reported growth of Coelastrum species under higher salinity conditions than
the ones presented here.

4.2. Nutrient Removal
4.2.1. Nitrate

Our results clearly proved that independently the NaCl concentration, the initial
amount of nitrate in media was rather important in nitrate removal than N:P ratio: lower
nitrate content favored complete nitrate removal (partly rejecting our second hypothesis).
However, nitrate removal was impressive also in the cases of high initial nitrate content.
Shriwastav et al. observed similar phenomena in the case of Chlorella sorokiniana cultured in
media with different N:P ratio: they reported efficient nitrate removal in all types of media
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they used [36]. Nitrate removal also did not changed in the case of a Chlorella vulgaris strain
cultured in media with different N:P ratio [37].

The extent of nitrate removal is important for wastewater treatment, because high
nitrogen content can be a major cause of eutrophication in the aquatic environment [44].
Our results clearly highlighted that despite the different amount of nutrients and N:P
ratio, a large amount of nitrate was removed by the green alga C. morus, regardless of
the used salt concentrations (500-10,000 mg L~! NaCl). Similarly large extent of nitrate
removal were observed in cultures of freshwater green algae grown in HC-LR medium at
different salt concentrations (500-20,000 mg L~! NaCl) in our previous experiments [20].
It can be concluded that nitrate removal is not significantly affected by the salt content in
a wide concentration range in the case of common green algae, only indirectly, through
growth inhibition.

4.2.2. Phosphate

Our results pointed a strong and clear relationship between N:P ratio and phosphate
removal (proving the second hypothesis from the point of view of phosphate): higher
N:P ratio indeed favored phosphate removal independently from the initial phosphate
concentration. Although there were higher removed amounts of phosphate from HC-LR
and LC-LR medium than from HC-HR and LC-HR medium on phosphate concentration
basis (Figure S2), the reason is simply because of the higher initial phosphate concentrations
of the formers. The remaining amount of phosphate was also higher in media with
higher initial phosphate concentration (HC-LR and LC-LR media, Table S4), so taking the
phosphate content of the “effluent” into account, lover initial concentrations and higher
N:P ratios are the most favorable conditions. Better phosphorous removal from media
with higher N:P ratios also were observed in the case of some other isolates (Pseudanabaena,
Cladophora and Klebsormidium isolates [45]; Chlorella sorokiniana [36]; C. vulgaris [37,46];
Scenedesmus sp. [47]). Our results also indicated that salt content does not affect directly
the phosphate uptake, only indirectly via growth inhibition, similarly to nitrate removal.
Media with different initial nutrient contents and N:P ratios can be ranked almost in
the same order in the presence of a certain NaCl concentration. Lagus et al. studied
phosphate removal in mesocosms with salinity above 6%. (6 g L~!) along different nutrient
concentrations and N:P ratios [48]. They also observed that salt content barely affected
phosphate accumulation, which extent was the best in the presence at higher N:P ratio
(5.77). Although there are several chemical methods for phosphate removal [49], the more
environmentally friendly biological methods seem to be more difficult to perform than
nitrate removal, because of the probable sensitivity of the process on N:P ratio. Results of
the present study and literature data suggest that satisfactory phosphorous removal could
be achieved even in a wide range of salinity setting lower phosphate concentration (below
50 mg L~!) and higher (at least 5) N:P ratio.

4.3. Conductivity Reduction and Chloride Removal

The results show that conductivity reduction and salt removal ability were not in
connection with favorable growth conditions (rejecting our third hypothesis). Conductivity
reduction and chloride removal were significantly higher in HC-LR medium, in which
lower growth was observed compared to the other media, especially at lower (500 and
1000 mg/L) NaCl concentrations. It suggests that individuals inhibited in cell division, are
able to accumulate high amounts of ions, which is a well-known phenomenon: both fresh-
water and marine algae are able to accumulate chloride and sodium ions in vacuoles [50].
It is also known that nitrogen source influences the accumulation of chloride [51], although
the understanding of the context of initial nitrate concentration, chloride accumulation and
the above mentioned possible protecting effect of higher nitrate content against high salt
concentrations [47] definitely requires further investigations.

Comparing the conductivity reducing and chloride removal ability of the studied
C. morus to other green algae, it seems that the isolate can be characterized more remark-
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able abilities regarding these processes, than other green algae previously studied in our
laboratory [20] or by other authors [52].

5. Conclusions

Our results pointed out that slight differences in nitrate and phosphate content of
the culturing media (ranging within the “nutrient rich” category) result in differences in
the N:P ratio could lead significantly different algal growth characteristics. The results
suggest that high nitrate content (above 100 mg L~!) with a similarly high phosphate
concentration (resulting low N:P ratio) is not the most favorable situation for the growth of
the green alga C. morus. The studied isolate can be considered as a halotolerant species,
showing remarkable growth up to 1000 mg L~! NaCl. It seems that higher nutrient content
contribute to higher halotolerance. In the case of nitrate and phosphate uptake, it can be
concluded that these physiological processes are not directly affected by NaCl content in the
studied range, as a further approval of the halotolerance of the species. Significant amount
of nitrate was removed in media with different nutrient contents and N:P ratios along
different salt concentrations. High N:P ratios favor phosphate removal, which is more
inhibited by increasing NaCl concentration than nitrate uptake. Conductivity reduction
and chloride removal were not in strong connection with favorable growth conditions,
similarly to salt tolerance. C. morus is able to remove chloride ions regardless of nutrient
content and N:P ratio. However, higher nutrient content seemed to be more favorable for
the process. Overall, with a relatively higher nutrient content and a favorable (5 or higher)
N:P ratio, a common green algae species such as C. morus could be able to significantly
improve wastewater quality. Examining the composition of the biomass produced in the
process can also shed light on the advantages of the species’s further uses.
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