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Abstract: Freshwater salinization is a growing environmental issue caused by various anthropic
or natural factors that lead to changes in water chemistry and physical conditions, affecting the
survival and diversity of phytoplankton. In this study, we tested the physiological, morphological
and interspecific competition of the freshwater cyanobacterium Microcystis aeruginosa and the green
algae Scenedesmus obliquus to salinity stress. Results demonstrated that increasing salinity had a
significant negative effect on the growth of M. aeruginosa and S. obliquus. M. aeruginosa showed a
decline in growth rate with increasing salinity, while S. obliquus showed a lower growth rate under
salinity stress but with no significant difference between the two salinity groups. In cocultures,
S. obliquus outcompeted M. aeruginosa, and the displacement was accelerated with increasing salinity.
The photosynthetic performance of both algae was affected by salinity, the presence of competitors,
and the cultivation time. S. obliquus showed morphological variations under salinity stress and
the presence of a competitor. The study suggests that salinity stress and competition can have a
significant impact on the growth and performance of algae species. The findings of our study suggest
that the salinization of freshwater can impact the interspecific interactions among phytoplankton,
which play a crucial role in the functioning of freshwater ecosystems.

Keywords: salinization; interspecific competition; Microcystis aeruginosa; Scenedesmus obliquus;
photosynthesis; morphology

1. Introduction

Freshwater salinization, caused by anthropic or natural sources (e.g., climate warming,
agriculture, and the use of de-icing salts), is currently an urgent global environmental
issue that gradually influences biodiversity, community structure, and even ecosystem
services [1,2]. According to the report of the Intergovernmental Panel on Climate Change
(IPCC), the influence range and intensity of freshwater salinization are expected to be
amplified under the future climate scenario [3,4]. Climate warming may enhance evapo-
ration processes, leading to an increase in salinity in both freshwater and brackish lakes,
especially in arid and semiarid climates [5]. In coastal regions, sea-level rise and over
pumping of groundwater for irrigation and industry changed groundwater hydraulics
and, in particular, seawater intrusion [6]. Freshwater salinization in coastal areas has been
considered a result of seawater intrusion, and it is expected to occur more frequently in
the coming years [7]. Various anthropogenic activities, such as agriculture creating salt-
polluted surface runoff and de-icing salts used on roads, are driving the salinization of
freshwater and threatening water resources [8].

The wide distribution of freshwater salinization is leading to negative consequences for
the loss of species and the alteration of community assemblages of freshwater ecosystems.
Species-level responses to freshwater salinization have been largely assessed at different
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trophic levels. Increasing salt concentrations negatively affected the growth of freshwater
algae species, such as Chlorella vulgaris, C. salina, C. emersonii [9], Scenedesmus opoliensis [10].
Under the change of salinity, shifts of dominant zooplankton from large and more efficient
filter-feeding cladoceran (i.e., Daphnia spp.) at low salinities to copepods and small clado-
ceran (i.e., Bosmina and Chydorus spp.) at higher salinities occurred [11,12]. Such a change in
zooplankton communities due to the salinity increase may weaken the top-down control on
phytoplankton. There is also emerging evidence that fish and macroinvertebrate communi-
ties may change along the salinity gradient [13,14]. The shift of biodiversity and community
assemblages in freshwater ecosystems might be not only due to the species-dependent
responses but also due to the impairment of interspecific interactions by salinization.

As one of the main primary producers of aquatic ecosystems, the change in the phyto-
plankton community can directly influence the structure and function of aquatic ecosystems.
Interspecific competition of phytoplankton plays an important role in shaping commu-
nity dynamics and determining the structure and function of aquatic ecosystems [15,16].
Competition is also one major force driving species displacement during phytoplankton
succession [17]. The paradox of the plankton is an explanation for the large number of
species coexisting in the same habitat [18,19]. Additionally, predation by zooplankton often
removes dominant competitors, which also contributes to the phytoplankton diversity [20].
However, climate change and eutrophication interfere with the dynamic properties of
aquatic ecosystems and increase the occurrence of harmful algal blooms (HABs). The
cyanobacteria Microcystis aeruginosa is one of the most common HABs species in aquatic
environments [21]. Microcystins produced by Microcystis and other cyanobacteria species
are the most widespread cyanobacterial toxins and can bioaccumulate in common aquatic
vertebrates and invertebrates, such as fish, mussels, and zooplankton [22]. Usually, high
salinity and relatively low temperature are often the barriers for Microcystis blooms to
expand in estuaries [23]. Recently, an increasing number of documents reported the pro-
liferation of M. aeruginosa in brackish waters [24,25]. It could be assumed that the salt
tolerance of M. aeruginosa gains during the eutrophication process contributes to the expan-
sion of blooms. Further, the alternation of interspecific interactions like competition and
predation should play an important role.

Numerous studies have been devoted to the competition between cyanobacteria and
green algae, aiming to explore the mechanism of HABs formation and find the approach
of biomanipulation on HABs [26-28]. Therefore, the aim of this study is to determine
the competition between M. aeruginosa and other phytoplankton under the influence of
freshwater salinization. For this purpose, two microalgae species (M. aeruginosa and
Scenedesmus obliguus) were exposed to different salinity levels (0, 3, and 6) under both mono-
and coculture conditions. Scenedesmus is one of the most common genera of green alga,
which can be found in freshwater ecosystems all around the world, and often coexists with
M. aeruginosa blooms in freshwater habitats [29]. The competition between M. aeruginosa
and S. obliquus was studied to test the hypotheses: (1) physiological responses to the
increase of salinity would be different for the two microalgae, (2) the increase of salinity
would impact the interspecific interactions between M. aeruginosa and S. obliquus.

2. Materials and Methods
2.1. Microalgae and Salinity Adaptation

The algae Scenedesmus obliguus (FACHB-416) and a toxic strain of Microcystis aeruginosa
(FACHB-905) were obtained from Freshwater Algae Culture Collection at the Institute of
Hydrobiology (FACHB), Chinese Academy of Science. The algae were cultured axenically
in BG-11 medium in a climate-controlled chamber at a constant temperature of 20 °C and
illuminated with a 14:10 h light:dark cycle at 60 umol photons m 2 s~ 1. Then algae were
inoculated in fresh culture media every 3 days to maintain an exponential growth phase
prior to the experiment. Two algae were cultured in 1 L Erlenmeyer flasks containing
500 mL of BG-11 medium. The salinity of the algal culture was raised every two days at an
interval of one until it reached six. The measured salinities of the three target salinities (0, 3,
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6) were 0.99, 3.97 and 6.98, respectively. No difference was found between different mono-
or cocultures.

2.2. Experimental Protocol

All the treatments were conducted in triplicate in 250-mL Erlenmeyer flasks containing
150-mL BG-11 medium, which contained 1.5 mg L~! NaNO3 and 0.039 mg L~! KH,POj.
Three salinities were set to simulate freshwater salinization: zero, three, and six, according
to the predictive results of salinity levels and trends across and within the seven regional
river basins [30]. Algal were cultured semi-continuously in different salt conditions (0, 3, 6)
to remain in exponential growth prior to the experiments, and then exponential-phase cells
were inoculated into Erlenmeyer flasks at different initial algal densities.

Based on cell volume measurements, the volume of S. obliguus cells was four to
six times larger than M. aeruginosa cells, so in order to maintain a relatively equal total
biovolume, the cell density ratio is set as S. obliqguus: M. aeruginosa = 1:5. In monocul-
tures, the initial abundance of M. aeruginosa was 5.0 x 10° cells mL~! and S. obliquus was
1.0 x 10° cells mL~!. Three cocultures with a uniform initial total biovolume were set with
the following biovolume ratios, and initial cell densities were set as below: (1) 75% Ma +
25% So: M. aeruginosa was 3.75 x 10° cells mL~! and S. obliquus was 0.25 x 10° cells mL~};
(2) 50% Ma + 50% So: M. aeruginosa was 2.5 x 10° cells mL~! and S. obliquus was
0.5 x 10° cells mL~1; (3) 25% Ma + 75% So: M. aeruginosa was 1 X 10° cells mL~! and
S. obliguus was 0.75 x 10° cells mL~!. Both monoculture and coculture groups were in-
cubated in climate-controlled chambers in 250 mL Erlenmeyer flasks at three different
salinities (0, 3, and 6). The experiments were performed in triplicate. All the cultures were
grown axenically in a climate-controlled chamber at a constant temperature of 20 °C, illu-
minated with a 14:10 h light:dark cycle at 60 umol photons m~2? s~ ! and shaken manually
three times daily.

2.3. Data Analyses

Samples (2 mL) for determining abundance and morphology were taken every day
under aseptic conditions and preserved by adding 2% Lugol’s iodine solution. The algal
densities and the cell numbers of the different morphologies (unicells; two-, four-, and
eight-cell colonies; and other forms) were counted using a hemocytometer (0.1 mm deep)
under a microscope (CX23, Olympus, Tokyo, Japan) at 400 x magnification. For there was
no significant change in the morphology of M. aeruginosa under different conditions, and
the populations were dominated by unicells and two-celled colonies, only the morphology
of S. obliquus was discussed. In monocultures, the growth rate (u, d~1) was assumed to
be exponential and determined as the slope of In cell density vs time. One-way ANOVA
was used to compare the differences in growth rates at different salinities of the two algal
monocultures. In the cocultures, the algal cell density versus time was fitted by the

t—tmax \2
Gaussian distribution Ny = Ny X e(—05x (5p) ), where Ny, N; and N,y represent the

algal abundance at time zero and ¢, and the maximal number of algal abundances, t and
tmax represent the cultural time and the time when reached N, and SD was the width
of the Gaussian distribution. In cocultures, the natural log of the ratio of the abundances

Nas: . . .
of the two algae, Y(t) =1 n(%), were calculated and regressed against time. The
slope of the linear regression of Y(t) versus t is adopted as the competitive displacement
rate. To reflect the changes of Y(t) with time, they were fitted by the Gaussian distribution:

t—t max

2
Y (#) = Yipax X (05X (=) ) + Yo, where Yy, Yy represent the initial Y(t), Y(t) at time ¢,
and the maximal value of Y(#), t and t',,x represent the cultural time and the time when
reached Y.x, and SD’ was the width of the Gaussian distribution.

The morphology of S. obliquus is unicellular and colonies of two, four, eight and other
cell colonies. At least 100 algal particles were counted for each sample, and the morphology
was determined with one particle meaning one unicell or one colony. The counts were
then employed for the calculation of cells per particle. The number of cells per particle (C)
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. _ nyxX14nyxX2+4n3 x3+ny x4.....4n; X1 ..
was calculated as follows: C = EETe T y———TF , where i is the cell number

per particle (1,2, 3,4 ... ) and #n; is the number of particles in different morphs.

2.4. Chlorophyll Fluorescence Measurements

Samples (2 mL) for measuring photosynthetic efficiency were taken every other day.
The photosynthetic efficiency of the algae was determined immediately with an AquaPen
fluorometer (AP-C 100, PSI, Drasov, Czech Republic). The maximal efficiency of PSII
photochemistry was determined as Fy/Fp,= i mF;IF 0 where Fj; and Fj are the maximal
and minimal chlorophyll fluorescence yields, respectively, of dark-adapted (15 min) algal
suspensions. Three-way ANOVA tests were run to analyze the effects of salinity, initial
algal composition, and incubation time on F,/F, of both algae, and Holm-Sidak tests were
adopted for all multiple pairwise comparisons.

3. Results
3.1. Response of Algae Growth and Competition to Salinity Stress

In monocultures, salinity had a significant effect on the population growth of M. aeruginosa
(one-way ANOVA: F(p 6y = 71.37, p < 0.0001) and S. obliquus (F(o,6) = 7.715, p = 0.0219). The
algal population growth rate of M. aeruginosa significantly decreased with increasing salinity
(Figure 1a), and the growth rate of S. obliqguus was significantly lower under salinity stress
but had no significant difference between the two salinity groups (3, 6) (Figure 1b).

0.25 a
0.20 a
5 1
o 0.15+
] b
<
0.10 ==
s c
e
O 0.054
0.00 T T
0 3 6
0.5 b
a
< 0.4+ = b b
2 =
98 0.3
o
<
0.24
3
O 0.1
0.0 T T
0 3 6
Salinity (PSU)

Figure 1. Growth rates of M. aeruginosa (a) and S. obliqguus (b) in monocultures at three salinities (0, 3,
6). The values were presented as mean =+ standard error. Lowercase letters in italic style represented
significant differences caused by different salinities).

In the cocultures, S. obliquus showed a higher competitive capacity than M. aeruginosa
in all treatments (Figure 2). Salinity increase caused growth inhibition of both algae, while
the time to reach maximal cell density (Nyax) was slightly advanced under higher salinity
conditions (Table 1). The results of two-way ANOVA tests showed a significant effect of
salinity on Ny and 4y of S. obliquus, and t,c of M. aeruginosa. The initial composition
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of two algal species had no effect on neither Nsx nor ¢4y of the two algae. Furthermore,
there was no significant interaction between salinity and initial composition (Table 2). In
the treatments with an initial cell density ratio of 75% Ma + 25% So, M. aeruginosa occupied
dominance in the early several days. The competitive advantage of M. aeruginosa was main-
tained for 6.546, 5.208, and 3.989 days, respectively, in zero, three, and six (Figure 2a,d,g).
When the initial density proportion of M. aeruginosa decreased to 50%, the competitive
advantage could only maintain for 2.950, 3.547 and 3.289 days, respectively, in zero, three,
and six (Figure 2b,e,h). However, in treatments with an initial ratio of 25% Ma + 75% So,
S. obliquus occupied dominance from second day (Figure 2¢ f,i).

0PSU

Cell density (x 10° cells mL")

- 25% So
.- 75% Ma a

10— -&- 50% So

-~ 75% So

Cell density (x 10° cells mL")

Figure 2. The increase of cell density of M. aeruginosa (blue square) and S. obliquus (green circle) over

the 17-day experiment in three different salinities (0, 3, 6).

Table 1. Gaussian distribution formulae of the algal cell density versus time of both M. aeruginosa
and S. obliquus in cocultures, and the formulae of competitive displacement rate against time of

S. obliquus by M. aeruginosa.

Salinity Algae 25% So + 75% Ma 50% So + 50% Ma 75% So + 25% Ma
_ 2 . 2 _ 2
Ma Ny =2.250 x e -05*(553°)) — 0248 N; = 1351 x ol 05 (50" ) ) — 0,049 Ny = 0.742 x (05 ("7558")) — 0,113
. R2 =0.6799 R2 =0.6004 R? = 05069
_ 2 _ 2 _ 2
S N; = 6.040 x e(“05x(THE)) — 0143 N, = 6413 x o 05<(GH)) — 0484 N, = 7.084 x o 05 (T — 0,640
R2=0.9180 R2=0.9543 R2=0.9140
Y(t) = Y(t) = Y(t) =
Y 10.46 x o057 (EE) 1318 381.8 x el 05 () 1703 17.73 x (=05 (S8 _ 9 479
R2=0.9398 R2 =0.8693 R2=0.8013
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Table 1. Cont.

Salinity Algae 25% So + 75% Ma 50% So + 50% Ma 75% So + 25% Ma
Ma Np = 1380 x e 05<(F55) _ 0049 N, = 1.987 x o055 1132 N, = 0399 x 05 (TEY) 4 0311
3 R?=0.6753 R? =0.5851 R?=0.1538
— 2 — 2 _ 2
So Ni = 6213 x e 705<(552°)) 0268 Ny = 5941 x e(05("52#%)) — 0274  N; = 8.253 x e(05%(5is")") — 2397
R? =0.9041 R? = 0.9003 R? =0.9016
Y(t) = Y(t) = Y(t) =
Y(®) 5.808 x o(-05x(SHP)Y) o547 2695 x -0 o503 3562 x o 05% (‘TR _ 2832
R? = 0.8627 R? = 0.8746 R? =0.8574
Ma Ny = 1143 x e 05 (558 0061 N = 0.812 x e 05T 0032 Ny = 0.425 x el 05 (5D 4 0,049
6 R?=0.6174 R? =0.5690 R? =0.4568
— 2 — 2 _ 2
S N = 4374 x e F05<(5H)) — 0482 Ny = 4351 x e 05<(55%7)) — 0246 N; = 5.095 x e{05*(5585)") — 0,320
R? =0.8361 R? =0.9269 R? =0.7749
Y(t) = Y(t) = Y(t) =
Y 6.225 x 05X (") 1369 3.296 x o(05x('SH)) 1656 3199 x o(05% (‘T 2365
R?=0.9349 R? =0.8829 R? =0.7747
Table 2. Summary of two-way ANOVAs for the effects of salinity and initial algal composition on the
maximal values of algal abundance (Nyx) and the time to Nyax (fax) of M. aeruginosa and S. obliquus.
Al ae F Nmux tmux
& actors sS DF MS F  pValue SS DF  MS F  pValue
Salinity 2.014 2 1.007 0.1493 0.8624 173.7 2 86.85 19.14 <0.0001
Microcystis Composition  5.766 2 2.883 0.4273 0.6587 2.169 2 1.085 0.2391 0.7898
Interaction 2.319 4 0.5799  0.08594 0.9857 4416 4 11.04 2434 0.085
Salinity 25.62 2 12.81 5.596 0.0129 47.52 2 23.76 10.43 0.001
Scenedesmus Composition ~ 9.455 2 4.727 2.065 0.1558 7.698 2 3.849 1.689 0.2126
Interaction 2.877 4 0.7193 0.3142 0.8647 6.962 4 1.74 0.7640 0.5623

Nonlinear fitting was performed on all cocultures to compare the displacement of
S. obliquus by M. aeruginosa. The value of Y(t) generally started with an increasing trend,
indicating that M. aeruginosa was in domination in the cocultures at the early stage (Figure 3).
Then M. aeruginosa was replaced by S. obliquus in all treatments. In addition, increasing
trends in the values of Y(t) were found at the salinity of zero, regardless of the initial algal
composition (Figure 3a—c). At the same salinity level, the higher the initial proportion of
M. aeruginosa, the smaller the maximum, indicating a decreasing competitive advantage
of S. obliquus with increasing M. aeruginosa initial algal concentration. Furthermore, the
width of the Gaussian distributions (SD’) showed downward trends with both the increased
salinity and the less proportion of M. aeruginosa in cocultures (Table 1, Figure 3), indicating
the salinity increase would accelerate the displacement of M. aeruginosa by S. obliquus.
We concluded that M. aeruginosa maintained a competitive advantage for a shorter time,
making it easier for S. obliquus to emerge as superior in competition as time progressed.

3.2. Morphological Variations of S. obliquus

Both salinity and competition influenced the morphology of S. obliquus. In gen-
eral, S. obliquus formed more colonies with increasing salinity, whereas the presence
of M. aeruginosa inhibited the colony formation of S. obliguus. When the salinity was
zero, S. obliquus populations were dominated by unicells (Figure 4a—d). The coexisting of
M. aeruginosa caused increases in proportion to unicells: the 16-day average proportion of
unicells in monoculture was about 54.5% (Figure 4d), whereas the proportions were above
70% in the three cocultures (Figure 4a—c). With increased salinity, the proportion of unicells
rapidly decreased depending on the salinity. In the monocultures, the 16-day average pro-
portion of unicells decreased to 43.9% and 35.8%, respectively, at three and six (Figure 4h,l).
Higher salinity also caused increases in the proportion of 4-celled colonies (Figure 4h,1);
meanwhile, 8-celled large colonies existed at six in both mono- and cocultures (Figure 4i-1).
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The coexistence of M. aeruginosa inhibited the formation of 4-celled and 8-celled colonies of

S. obliguus at three and six, especially in the early several days (Figure 4e-g,i-k).

0PSU

Y0

6 75% Ma | 25% So a ¢ 50% Ma | 50% So b ¢ 25% Ma | 75% So c
4 4 4-
.
24 24 ,® 24
o \l o. .\%\. 0d.o.2 o
o M 0 - . . Aot [
-2 H -2 s 2- : . . oo o .
L }

—" T T A L) —" | B L0 ) e | —" T T 1 ) T

0 5 10 15 0 5 10 15 0 5 10 15

Figure 3. Displacement rates for M. aeruginosa against S. obliquus with different initial algal compo-
sitions at different salinities ((a,d,g): 75% Ma/25% So at 0, 3, 6; (b,e,h): 50% Ma/50% So at 0, 3, 6;
(cf,i): 25% Ma/75% So at 0, 3, 6).

75% Mal25% So @ 50% Ma | 50% So 25% Mal75% So C 100% So d
100 100 100+
T 807 80
S 60 60
o
0 |2
S 40 rest 40-{
3 poe
N0} 2-celled 20
0 unicells 0
0 2 4 6 8 10 12 14 16 0 2 4 6 510121416 0 2 4 6 & 10 12 14 16 0 2 4 6 8 10 12 14 16
75% Ma | 25% So € 50% Ma | 50% So 25% Mal75% So Q 100% So h
100 100 1oo- 100
X 807 80 80 80
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3 |8
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o
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o-! o-! o-! -
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Figure 4. Proportions of unicells and 2-, 4- and 8-celled colonies in S. obliquus populations of
monocultures and cocultures with different initial algal compositions. The “rest” group represents 3-,
5-, 6-, and 7-celled colonies.
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3.3. Photosynthetic Performance of Both Algae in Cocultures

The maximal efficiency of PSII photochemistry (F,/F;;) was significantly affected by
the increase in salinity, the presence of competitors, and the incubation time for both M.
aeruginosa and S. obliquus (Figure 5, Table 3). Additionally, there were statistically significant
interactions on F,/F; of both algae between time, salinity, and initial proportion of algae.
For M. aeruginosa, F,/F, differed significantly between the treatments of zero and three (p
= 0.016), also zero and six (p = 0.006), but not significantly between the two high salinity
treatments (p = 0.635). F,/F;; increased with time when cultured at zero (Figure 5a), when
at three and six, F,/F;; increased more rapidly than at zero (Figure 5b,c). Interestingly, the
treatment of 75% Ma + 25% So had the lowest F;/F, value in zero and six (Figure 5a,c). For
S. obliqguus (Figure 5d—f), similar to M. aeruginosa, F,/F;, differed significantly between the
treatments of zero and three (p < 0.001), also zero and six (p < 0.001), but not significantly
between the two high salinity treatments (p = 0.230). The initial algal proportion affected
Fy/Fy, differently with M. aeruginosa: monoculture (100% So) differed significantly with all
three cocultures, whereas F,/F;, of the cocultures had no significant difference. Especially
in the treatment of six, F,/F;; was higher in monoculture than in cocultures (Figure 5f).

0.7- a 07+ b 07 c
0.6-{ 0.6+ 0.6+
W
0.5 0.5+ 0.5+
My
-~ 25% Ma
0.4 = 50% Ma 0.4+ 0.4+
—— 75% Ma
-+ 100% Ma
03 T T T T T T T T 03 T T T T T T T T 03 T T T T T T T T
1 3 5 7 9 11 13 15 1 3 5§ 7 9 11 13 15 13 5 7 9 11 13 15
0.8+ d 0.8+ f
— 3 i = t/v——I\z\i
<" )'74\ Ty R
5 N\
0.64 25% So 0.6
-#- 50% So
—— 75% So
0-5 |4L ?00 A’I SO T T T T T 0-5 T T T T T T T T 0-5 T T T T T T T T
1 3 6§ 7 9 1 13 15 1. 3 5§ 7 9 11 13 15 1 3 5 7 9 1 13 15
Time (d) Time (d) Time (d)
Figure 5. The maximal efficiency of PSII photochemistry (Fy/Fy) of M. aeruginosa and S. obliquus
in monocultures and cocultures with different initial algal compositions at three salinities (0: (a,d),
3: (b,e), 6: (c,f)) on different days.
Table 3. Summary of three-way ANOVAs for the effects of salinity, proportion, and culture time on
the maximal efficiency of PSII photochemistry (F,/Fy;) of M. aeruginosa and S. obliquus.
Algae Source of Variation SS DF MS F p Value
Time 0.437 7 0.0625 47.108 <0.001
Salinity 0.0153 2 0.00765 5.773 0.004
. . Proportion of Ma 0.0531 3 0.0177 13.341 <0.001
Microcystis Time x Salinity 0.185 14 0.0132 9.973 <0.001
Time x Proportion of Ma 0.0773 21 0.00368 2.778 <0.001
Salinity x Proportion of Ma 0.0242 6 0.00403 3.043 0.007
Time x Salinity x Proportion of Ma 0.0847 42 0.00202 1.522 0.031
Time 0.152 7 0.0217 62.987 <0.001
Salinity 0.00898 2 0.00449 13.009 <0.001
Proportion of So 0.00543 3 0.00181 5.243 0.002
Scenedesmus Time x Salinity 0.0285 14 0.00203 5.889 <0.001
Time X Proportion of So 0.0233 21 0.00111 3.216 <0.001
Salinity x Proportion of So 0.0115 6 0.00191 5.539 <0.001

Time x Salinity x Proportion of So 0.0421 42 0.001 2.906 <0.001
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4. Discussion

This study analyzed the effect of salinity stress on the growth and competition of two
algae species, M. aeruginosa and S. obliquus, in both monocultures and cocultures. Results
showed that the growth rate of M. aeruginosa significantly decreased with increasing salinity,
while the growth rate of S. obliguus was lower under salinity stress but had no significant
difference between the two salinity groups. In cocultures, S. obliqguus showed a higher
competitive capacity, and an increased salinity caused growth inhibition for both algae.
Additionally, the morphology of S. obliquus was influenced by both salinity and competitor.

In the present study, salinity had a negative effect on the population abundances of
S. obliguus and M. aeruginosa monocultures, but S. obliquus was more tolerant to salinity than
M. aeruginosa. Although there is significant variation in the salinity tolerance of freshwater
microalgae, some species respond actively to frequent fluctuations in salinity [31]. Under
salt stress, algal cells adapt through processes such as Na* extrusion, accumulation and
synthesis of certain solutes, and metabolic modifications like synthesizing compatible
solutes, such as sugars, amino acids, and fats, which act as osmoprotectants. The differences
in interspecies sensitivity to salinity were likely due to the inherent morphological and
physiological aspects of each species. S. obliguus can form colonies through the attachment
of daughter cells during cell division and can produce a mucilage envelope, which serves
as a protective mechanism against environmental stressors, such as salinity and heavy
metals toxicity [32,33]. Zhu et al. [34] reported that the presence of M. aeruginosa affected
the formation of morphological defence against grazers in S. obliquus. This suggested
that competition can influence the ability of organisms to defend themselves against
stressors. Nevertheless, the formation of cell colonies can relieve the stress caused by
elevated salinity levels, although this mechanism of defence may have an impact on algal
growth, such as reducing the surface-to-volume ratio and intensifying nutrient competition
among cells. Small-sized unicells have a relatively high surface-to-volume ratio, which
facilitates nutrient uptake and utilization of light [35]. M. aeruginosa has been found to have
weak osmotic regulating abilities because of its limited ability to synthesize compatible
solutes. Even decreases in microcystin production in M. aeruginosa under high osmotic
conditions have been reported in former studies [36,37], but contrary change has been
found in Planktothrix agardhii [38]. Further, the relatively thin cell wall of M. aeruginosa
makes it susceptible to osmotic stress. In natural waters, M. aeruginosa can often form
large colonies with a mucilage sheath, which could act as a hydrated matrix and maintain
a more stable osmotic environment within the colonies [39]. In our study, M. aeruginosa
maintained unicellular or bicellular morphs; no mucilage sheath was synthesized during
the experiment, which might cause less tolerance to high salinity.

In the present study, salinity increased competition pressure on M. aeruginosa, enabling
S. obliquus to gain a competitive advantage. These findings suggest that even slight changes
in salinity can significantly alter competition dynamics between microalgae species. In co-
cultures, M. aeruginosa had a shorter competitive advantage, and as time passed, S. obliquus
was superior in competition. M. aeruginosa is a common bloom-forming phytoplankton
that can coexist with Scenedesmus in temperate eutrophic lakes [40]. Song et al. [41] found
M. aeruginosa can inhibit the growth of C. vulgaris by releasing allelopathic metabolites,
such as linoleic acid. Qian et al. [42] reported similar results that C. pyrenoidosa was also
inhibited by linoleic acid released by M. aeruginosa. Changes in environmental conditions
often alter the balance of interspecific competition. Yang et al. [43] found that high temper-
ature and pH favoured the growth of M. aeruginosa and gave it a competitive advantage
over S. obliquus. Further, high temperature and low light intensity favoured M. aeruginosa
and a competitive advantage over S. obliguus was found in the study of Wei et al. [44]. In
our study, algae were cultured at a relatively low temperature (20 °C) for M. aeruginosa,
which might be the reason for the competitive inhibition by S. obliquus. Different initial con-
centrations also played a role in interspecific competition. When the initial concentration of
M. aeruginosa increased, the competitive advantage of S. obliquus decreased.
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The widespread occurrence of freshwater salinization is leading to the alteration
of community structures in freshwater ecosystems. Many studies have reported that
Microcystis proliferates in brackish waters. Several factors contribute to the growth of this
cyanobacteria, including nutrient enrichment (e.g., from fertilizer runoff or wastewater dis-
charge), changes in water temperature, and altered hydrological conditions (e.g., changes
in water flow). Additionally, the loss of natural predators, such as zooplankton, due to
changes in the aquatic ecosystem may also play a role. Nevertheless, Microcystis is often
considered a less salt-tolerant species compared to some chlorophytes, such as Scenedesmus,
Chlorella, or some species of diatom [45,46]. Under increased salinity conditions, fresh-
water algae often experienced decreases not only in biomass and also in the content of
photosynthetic pigments, including chlorophyll-a, b and carotenoid, and the reduction of
overall photosynthesis efficiency. Our study investigated the maximal efficiency of the
photochemistry of these two typical freshwater algae, and reduction has been found under
salinity conditions. Further, the coexistence of two algae had a negative effect on F,/F,
especially in the treatment of six. The influence of competition on photosynthetic efficiency
has also been documented, Sun et al. [47] found that ultraviolet-B (UV-B) radiation stress
changed the competitive outcome of algae and that this change was related to changes in
photosynthetic efficiency. Light limitation from the shading effect of the coexisting algae
might be responsible for the reduction of F,/F;, [48]. Additionally, allelopathic substances
secreted by competitors could also affect photosynthesis. Hernandez-Zamora et al. [49]
reported the diminishment of chlorophyll-a, b of M. aeruginosa and two green algae in
combined cultures. The allelopathic activity of cyanobacteria on other microalgae can
vary, Zak et al. [50] found that while Anabaena variabilis had a strong inhibitory effect on
C. vulgaris, Nodularia spumigena mostly stimulated its growth. Further, Different species
of Scenedesmus have been found to restrict the growth of cyanobacteria through various
means of exposure, including the use of conditioned water and crude extracts [51,52].

5. Conclusions

In summary, salinity stress affected the growth of M. aeruginosa and S. obliquus, with
M. aeruginosa declining and S. obliquus having lower growth but no significant difference.
In coculture, S. obliquus had a higher competitive capacity and displaced M. aeruginosa
faster with increased salinity. The photosynthetic performance of both algae was affected by
salinity, competition, and cultivation time. Additionally, S. obliquus showed morphological
changes under salinity stress and competition. The findings of our study indicated the
salinization of freshwater could impact the interspecific interactions among phytoplankton,
which play an important role in the functioning of freshwater ecosystems.
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