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Abstract
This study examines how salinity reduction triggers the response of three marine microalgae at the molecular and unicellular 
levels in terms of chemical, mechanical, and behavioral changes. At the lowest salinity, all microalgal species exhibited an 
increase in membrane sterols and behaved stiffer. The glycocalyx-coated species Dunaliella tertiolecta was surrounded by 
a thick actin layer and showed the highest physiological activity, negatively affecting cell motility and indicating the for-
mation of the palmella stage. The lipid content of membrane and the hydrophobicity of cell were largely preserved over a 
wide range of salinity, confirming the euryhaline nature of Dunaliella. The species with calcite-encrusted theca Tetraselmis 
suecica exhibited the highest hydrophobicity at the lowest salinity of all cells examined. At salinity of 19, the cells of T. 
suecica showed the lowest growth, flagellar detachment and the lowest cell speed, the highest physiological activity associ-
ated with a dense network of extracellular polymeric substances, and a decrease in membrane lipids, which could indicate 
develepment of cyst stage. The organosilicate encrusted species Cylindrotheca closterium appeared to be salinity tolerant. 
It behaved hydrophobically at lower salinity, whereas becoming hydrophilic at higher salinity, which might be related to a 
molecular change in the released biopolymers. This study highlighted the interplay between chemistry and mechanics that 
determines functional cell behavior and shows that cell surface properties and behavior could serve as stress markers for 
marine biota under climate change.
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Introduction

Microalgae differ in their ability to survive and thrive in 
saline environments under the influence of osmotic stress 
(Helm et al. 2004). Because salinity can affect metabolic 
processes and water balance above or below the cell’s isos-
motic point (Kefford et al. 2002), microalgae have evolved 
various intracellular and extracellular osmoregulatory 

mechanisms to control osmotic stress in the face of salinity 
changes in the external environment (Gustavs et al. 2010; 
Shetty et al. 2019). At the cellular level, a change in salin-
ity causes a variety of non-specific biochemical changes in 
the synthesis of active compounds, such as lipids, carbohy-
drates, carotenoids, steroids, sterols, and other secondary 
metabolites, changes in membrane permeability with a dis-
ruption of ion homeostasis (Benavente-Valdés et al. 2016; 
El-Kassas and El-Sheekh 2016; Minhas et al. 2016).

How microalgae adapt to environmental changes in 
salinity has been extensively studied (Borowitzka 2018a, b; 
Foflonker et al. 2018). The adaptive response of microalgae 
could be manifested by altering membrane fluidity, reduc-
ing protein synthesis, accumulating compatible solutes to 
maintain cell osmolarity, regulating photosynthesis to bal-
ance energy production and consumption (Barati et al. 2019; 
Pavlinska et al. 2020), and releasing extracellular polymeric 
substances (Decho and Gutierrez 2017; Ivošević DeNardis 
et al. 2019; Mišić Radić et al. 2021).
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The present study investigates the response of marine 
microalgae to salinity fluctuation in terms of chemical, 
mechanical, and behavioral changes to improve our under-
standing of the mechanisms and pathways through which a 
salinity stressor modulates the adaptive responses of micro-
algae at the individual cell level. Three widely distributed 
marine algal species, a biflagellate green alga with glycoca-
lyx surface coating Dunaliella tertiolecta, a tetraflagellate 
green alga with calcite-encrusted theca Tetraselmis suecica, 
and a gliding diatom with organosilicate cell wall Cylin-
drotheca closterium, were studied at selected salinity levels 
that simulated changes from the euhaline to the mesohaline 
range of the salinity spectrum in marine systems.

Materials and methods

Cell suspensions

Three species of marine algae were selected as model organ-
isms: Dunaliella tertiolecta (Chlorophyceae, CCMP 1320, 
Culture Collection Bigelow Laboratory for Ocean Sciences, 
Bigelow, MN, USA), Tetraselmis suecica (Chlorophyceae, 
CCAP 66 / 22A, Collection and Protozoa, Scottish Marine 
Institute, Oban, UK), and Cylindrotheca closterium (Bacil-
lariophyceae, CCMP 1554, Culture Collection Bigelow 
Laboratory for Ocean Sciences). Cells were grown in 0.22-
µm filtered natural seawater (salinity of 38), diluted to a spe-
cific salinity with MilliQ water, and then enriched with f/2 
growth medium (Guillard 1975). Cultures were maintained 
in a water bath under controlled conditions (constant shaking 
(20 rpm), 12 h:12 h light to dark cycle with an irradiance of 
31 µmol photons  m−2  s−1). Algal species were grown at four 
selected salinities of 9, 19, 27, and 38 (control). The average 
cell abundance in triplicate samples was determined using a 
Fuchs-Rosenthal hemocytometer. Growth rate and doubling 
time were determined in the exponential growth phase of 
algal cells (Kim 2015). Cells were harvested at stationary 
phase (15 days) by centrifugation (2000 × g, 3 min), and the 
washed pellets were resuspended twice with seawater of 
the corresponding salinity. The last pellet was resuspended 
in 2 mL of filtered seawater and served as the stock cell 
suspension.

Confocal microscopy

Confocal measurements were performed with a Leica TCS 
SP8 Laser Scanning Confocal Microscope (Leica Microsys-
tems GmbH, Germany) equipped with a white-light laser 
and using a 63 × (N.A. = 1.4) oil immersion objective. The 
excitation wavelengths and emission ranges were optimized 
using the spectral scan option. A commercial dye SiR-Actin 
(excitation maximum 650 nm, detection range 670–700 nm) 

was used to visualize actin filament structures of D. ter-
tiolecta and T. suecica. Visualization of the actin filament 
structures of C. closterium was not possible, probably 
because of its organosilicate cell wall. Autofluorescence of 
the algal cells was detected at an excitation maximum of 
650 nm and a detection range of 720–750 nm.

Sample preparation for confocal imaging

The slides for confocal microscopy were washed in glass 
beakers with ethanol followed by ultrapure water. A stream 
of nitrogen was used to dry the slides. To prepare the slides 
for cell immobilization, 50 µL of 0.2% (w/v) polyethyle-
neimine (PEI, Sigma-Aldrich, USA) was added to the center 
of the clean slide and allowed to stand for 30 min. The PEI 
droplet was then removed and the center of the slide was 
rinsed three times with ultrapure water. The isolated algal 
cells (as described in the “Cell suspensions” section) were 
fluorescently labeled using the Sir-Actin kit (50 nmol Sir-
Actin, 1 μmol Verapamil) from Tebu-bio (Ile-de-France, 
France). A stock solution of 500 μM Sir-Actin was prepared 
in anhydrous dimethyl sulfoxide (99.8% DMSO). To an ali-
quot of 50 μL of the washed cells, 0.5 µL of the Sir-Actin 
fluorescent dye was added. Finally, 20 µL of the stained cul-
tures was added to the center of the glass slide and allowed 
to settle for 30 min. To prevent evaporation of the droplet, 
the slides were kept in a Petri dish with moist absorbent 
paper until imaging.

Motility analysis

Cell movements were recorded as 10 consecutive video files 
(.avi format, duration 5 s, 50–60 frames per second, image 
size: 340 × 250, 4 × 4 binning) under an Olympus BX51 
microscope (10 × magnification). The video files were used 
as input to the open-source image processing software ICY 
(http:icy.bioimageanalysis.org) to analyze motility and tra-
jectories of 1118 cells. Details of motility analysis are given 
in Novosel et al. (2020, 2021). The software package R (R  
Core Team, 2020) was used for additional statistical analy-
ses. Box plots and plots of probability density distributions 
of speed and search radius were obtained. The distributions 
for different salinities were tested using the Shapiro normal-
ity test and the Wilcoxon-Mann–Whitney test.

Electrochemical method

The electrochemical method of polarography and chrono-
amperometry of oxygen reduction at the dropping mercury 
electrode (DME) was utilized to characterize the organic 
constituents, such as biopolymers and fluid microparticles 
in the aqueous electrolyte solution based on molecular 
adsorption or particle adhesion to the DME (Žutić et al. 
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1999, 2004; Svetličić et al. 2006; Pletikapić and Ivošević 
DeNardis 2017). Briefly, adsorption of organic molecules 
at the DME interface can be characterized by recording the 
polarographic maximum of Hg(II) ions, which is an alter-
native approach to measuring dissolved organic carbon in 
seawater (Hunter and Liss 1981). The surfactant activity of 
seawater is expressed as the equivalent amount of the non-
ionic synthetic surfactant Triton-X-100 (polyethylene glycol 
tert-octylphenyl ether) in milligram per liter. In contrast, the 
adhesion of fluid organic particles to the DME interface can 
be characterized by recording spike-shaped amperometric 
signals (Kovač et al. 2000; Svetličić et al. 2000; Ivošević 
DeNardis et al. 2007, 2012, 2015; Novosel et al. 2021). 
Whether the adhesion is spontaneous depends on the proper-
ties of the three interfaces in contact, based on the modified 
Young-Dupré equation (Israelachvili 1992).

Electrochemical measurements of algal cells

Electrochemical measurements of algal cell samples were 
performed in an air-permeable and thermostatic Metrohm 
vessel with a three-electrode system. The working electrode, 
the dropping mercury electrode, had the following charac-
teristics: dropping time: 2.0 s, flow rate: 6.0 mg  s−1, maxi-
mum surface area: 4.57  mm2. All potentials were referenced 
to a potential measured at a reference electrode, i.e., Ag/
AgCl (0.1 M NaCl) separated from the measured dispersion 
by a ceramic frit. A platinum wire was used as the counter 
electrode. An aliquot of the cell suspensions was added to 
25 mL of filtered seawater (pH 8.0) of the corresponding 
salinity and then poured into a Methrom vessel at 20 °C. 
Electrochemical measurements were performed using a 
174A Polarographic Analyser (Princeton Applied Research, 
USA) connected to a computer. Analog data acquisition was 
performed using a DAQ card-AI-16-XE-50 (National Instru-
ments, USA). Data analysis was performed using the appli-
cation developed in LabView 6.1 software (National Instru-
ments). Electrochemical characterization of the algal cell 
samples was performed by recording polarograms of oxygen 
reduction (current–potential curves) and current–time curves 
over 50 mercury drops at constant potentials (time resolu-
tion: 50 s). Signal frequency was expressed as the number 
of amperometric signals from the cells over a 100-s period. 
Surfactant activity was measured by adding 0.5 mL of 0.1 M 
 HgCl2 to the sample before measurement.

Atomic force microscopy imaging

Atomic force microscopy (AFM) imaging was performed 
using a Multimode Scanning Probe Microscope with Nano-
scope IIIa controller (Bruker, USA) equipped with a 125 µm 
vertical engagement (JV) scanner. Contact mode imaging 
in air was performed with silicon nitride cantilevers (DNP, 

Bruker, nominal frequency of 18 kHz, nominal spring con-
stant of 0.06 N  m−1). The linear scanning rate was between 
1.5 and 2 Hz and the scan resolution was 512 samples per 
line. To minimize the interaction forces between the tip and 
the surface, the set point was kept at the lowest possible 
value. NanoscopeTM software (Bruker) was used to process 
and analyze the images.

Sample preparation for AFM imaging of cells 
and released extracellular polymers

Cells of D. tertiolecta, T. suecica, and C. closterium grown 
at salinities of 9, 19, 27, and 38, respectively, were separated 
from the growth medium by centrifugation as described in 
the “Cell suspensions” section. Unmodified mica was used 
as substrate for AFM imaging of D. tertiolecta and C. clos-
terium, whereas polyethyleneimine (PEI; Sigma-Aldrich) 
modified mica was used for imaging of T. suecica (Novosel 
et al. 2021). The sample preparation protocol for AFM imag-
ing required fixation of the D. tertiolecta suspension. A 5 
µL aliquot of the cell suspension was pipetted onto freshly 
cleaved or PEI-modified mica and placed in a closed Petri 
dish for 1 h to allow the cells to settle and adhere to the 
surface. For rinsing, the mica was immersed in a glass of 
ultrapure water for 30 s three times and then dried. The mica 
discs were then taped to a metal sample pack with double-
sided tape and imaged with the AFM.

Atomic force microscopy working in force 
spectroscopy mode

Measurements of the physical properties of the algal cells 
were performed using the Nanowizard IV AFM system 
(Bruker-JPK, Germany) in force spectroscopy mode in com-
bination with an Olympus IX72 inverted optical microscope 
(Olympus Corporation, Japan). MLCT-D silicon nitride 
cantilevers were used to indent the algal cells. They were 
characterized by a nominal spring constant of 0.03 N  m−1 
and a half-opening angle of 21°. The spring constants of the 
cantilevers were calibrated using the thermal noise method 
(Sader et al. 1995). Measurements were made in the central 
region of the cell body regardless of the type of algal cells. 
However, in the case of D. tertiolecta and T. suecica cells, a 
scan area of 3 µm × 3 µm was chosen, over which a grid of 
6 × 6 points was placed. For the cells of C. closterium, the 
size of the scan area was 1 µm × 1 µm, over which a grid of 
2 × 2 points was defined. Force curves were recorded at an 
approach and retract velocity of 8 µm  s−1 with a maximum 
force of 4 nN and curve lengths of 4 µm (C. closterium and 
T. suecica) and 6 µm (D. tertiolecta). Measurements were 
made at 18 °C in seawater at salinities of 9, 19, 27, and 38. 
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The recorded data, i.e., the force curves, were analyzed using 
JPK Data Processing Software (Bruker-JPK, Germany).

Young’s modulus determination

The apparent Young’s modulus (E) was determined by 
applying the Hertz-Sneddon contact model (Sneddon 1965). 
Here, the four-sided pyramid probe was used. Therefore,  the 
relationship between the loading force F and the indentation 
depth δ is:

where E′ is the reduced Young’s modulus considering the 
elastic modulus of algal cells (Ecell) and cantilever (Etip) is 
given by:

α is the open-angle of the tip, µ is the Poisson’s ratio (µcell 
and µtip are Poisson’s ratios related to the compressibility of 
the algal cells and indenting cantilever). Since Ecell <  < Etip, 
the following approximation is obtained:

In our analysis, µcell equals 0.5 because we assume that the 
algal cells are incompressible. The maximum indentation 
depth did not exceed 1 µm, and the AFM data fit the model 
over a whole indentation range. The calculated E values 
were presented as box plots, distinguishing the median and 
the first (Q1) and third (Q3) quartiles.

The adhesive and hydrophobic properties of the algae 
were extracted from the retracting part of the force curve. 
They were quantified using the maximum work of adhe-
sion (Wadh), defined as the area enclosing the negative force 
values. Hydrophilic (bare, silicon) and hydrophobic (trichlo-
rooctadecylsilane (OTS, Sigma-Aldrich)) cantilevers were 
used to characterize the adhesive and hydrophobic proper-
ties of cell probes with different chemical properties. The 
functionalization of the OTS tips was performed by chemical 
vapor deposition. Silanization of the cantilevers was per-
formed in a desiccator for 2 h, and the probes were used 
immediately. Scanning area, grid density, velocity, and 
the number of examined cells are specified in the “Atomic 
force microscopy working in force spectroscopy mode” 
section. The degree of hydrophobicity of the algal cell was 
defined as the difference between maximum adhesion values 
obtained for the interaction of the algal cell with untreated 
and  CH3-functionalized AFM cantilevers. It was quantified 
with ΔWadh = Wadh (no OTS) – Wadh (OTS) (Novosel et al. 2021).
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Sample preparation for force spectroscopy 
measurements

The protocol for sample preparation was recently published 
in Novosel et al. (2021). Briefly, algal cells were immobi-
lized on a glass coverslip coated with PEI. The PEI was 
deposited by drop-casting technique (1 h), rinsed with sea-
water and dried with a stream of nitrogen. In the case of 
C. closterium, a 200-µL cell suspension was placed on a 
substrate for 1 h. The sample was then rinsed 3 times with 
200 µL of filtered seawater. For D. tertiolecta and T. suecica 
cells, the following procedure was used. A volume of 1.5 mL 
of D. tertiolecta and T. suecica suspensions was centrifuged 
at 265 × g for 3 min and at 940 × g for 5 min, respectively. 
After removing 1 mL of the medium, the obtained pellet 
of algal cells was vortexed. Then, 1 mL of seawater was 
added and the cells were centrifuged at the same speed and 
duration. The supernatant was removed and the cells were 
suspended in 400 µL of the filtered seawater. Then, 100 µL 
of the cell suspension was placed on a PEI-coated glass slide 
for 30 min. Finally, the samples were rinsed 3 times with 100 
µL of the filtered seawater.

Lipid extraction

Lipid extraction was performed from 50 mL of algal cell 
monoculture at the stationary growth phase. The sample was 
filtered through a pre-fired (450 °C/5 h) 0.7 µm Whatman 
GF/F filter. Extraction was performed using a modified one-
phase solvent mixture of dichloromethane-methanol–water 
(Bligh and Dyer 1959): 10 mL of one-phase solvent mixture 
dichloromethane/methanol/deionized water (1:2:0.8 v/v/v) 
and 5–8 µg of standard methyl stearate (to estimate recover-
ies in subsequent steps of sample analysis) were added to the 
cut filters. They were then ultrasonicated for 3 min, stored 
overnight in the refrigerator, filtered through a sinter funnel 
into a separatory funnel, washed again with 10 mL of the 
one-phase solvent mixture and then once with 10 mL of 
dichloromethane/0.73% NaCl solution (1:1 v/v) and finally 
with 10 mL of dichloromethane. Lipid extracts collected in 
dichloromethane were evaporated to dryness under nitrogen 
flow and dissolved in 34 to 54 µL dichloromethane before 
analysis. All solvents were purchased from Merck Corpora-
tion (USA).

Lipid analysis

Lipid classes were determined by thin-layer chromatog-
raphy with flame ionization detection (TLC–FID; Iatro-
scan MK-VI, Iatron, Japan). Lipids were separated on 
Chromarods S5. Quantification was determined by exter-
nal calibration of lipid classes. Analysis was performed 
using a hydrogen flow of 160 mL  min−1 and an airflow of 
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2000 mL  min−1. We determined representative membrane 
lipid classes: three glycolipids (GL) (monogalactosyldiacyl-
glycerols (MGDG), digalactosyldiacylglycerols (DGDG), 
and sulfoquinovosyldiacylglycerols (SQDG)), three phos-
pholipids (PL) (phosphatidylglycerols (PG), phosphatidy-
lethanolamines (PE), and phosphatidylcholines (PC)), and 
sterols (ST). The total membrane lipid concentration was the 
sum of individual membrane lipids. The standard deviation 
determined from duplicate runs was 0–15%. The detailed 
procedure is described in Gašparović et al. (2015, 2017).

Results

Cell growth dynamics

Figure S1 shows the growth curves of three selected algal 
monocultures (D. tertiolecta, T. suecica, C. closterium) stud-
ied at four selected salinities (9, 19, 27, and 38). The initial 
number of inoculated cells in the growth media was similar 
for all species studied, approximately 4.0 ×  104 cells  mL−1. 
All selected microalgae persisted in the salinity range from 
9 to 38. The calculated growth rates and doubling times of 
three algae in the exponential growth phase at the salinity 
studied are summarized in Table S1. All microalgae had the 
shortest doubling time and fastest growth at salinity of 9.

Confocal images of algal cells grown at the corresponding 
salinities are shown in Figures S2–S4. Microscopic observa-
tions of D. tertiolecta at salinity of 27 showed no changes 
in autofluorescence or actin composition compared to cells 
grown at salinity of 38 (Figure S2a and b). At salinity of 19, 
D. tertiolecta cells build up actin layer (Figure S2c), which 
is particularly pronounced at salinity of 9 (Figure S2d). 
In addition, as observed in the transmitted light channel, 
at salinity of 9, some cells lost their flagella and became 
rounder, and the actin layer appeared thicker than in the con-
trol. No changes in autofluorescence or actin composition 
were observed in T. suecica over the entire range of salin-
ity examined (Figure S3a-d). However, as observed in the 
transmitted light images, T. suecica cells tend to lose their 
flagella as salinity decreases. This effect was most evident 
at salinities of 19 and 9, where almost all cells have lost 
their flagella and the detached flagella accumulate around 
the cells. The cells of C. closterium maintained both shape 
and autofluorescent properties throughout the salinity drop 
(Figure S4a-d). As observed in the transmitted light channel, 
droplets accumulated inside the cells with decreasing salin-
ity, although no trend was noted.

Motility characterization

Qualitative insights into the movement of D. tertiolecta cells 
at selected salinities are shown in Figure S5. At salinity of 

9, approximately 66% of the cells (109 cells) were station-
ary or oscillating around a center (Tables S2.1), while the 
remainder (55 cells) exhibited considerable trajectories. At 
salinity of 19, a total of 68 cells were counted in the sample, 
of which about 57% (39 cells) were stationary. At salinity 
of 27, approximately 63% (41 cells) were stationary, while 
37% (24 cells) exhibited considerable movement and were 
quantified. In contrast, at salinity of 38, most cells (79%) 
were in motion, while the minority (21%) were stationary.

Box plots of cell speeds of D. tertiolecta are shown in 
Fig. 1a.

The median of the speed at salinity of 9 was 29 µm  s−1, 
while the medians at salinities of 19 and 27 were identical: 
50 µm  s−1. At salinity of 38, the median speed was significantly 
higher: 75 µm  s−1. The Shapiro test for normality yielded 
p = 2.7 ×   10−10, 1.5 ×  10−9, 3.4 ×  10−5, and 1.8 ×  10−6, con-
firming that the density distributions of speeds were very far 
from normal. The Wilcoxon rank sum test showed that the 
density distributions of speeds were significantly different 
for cells grown at salinities of 9 and 19, 27 and 38, but not 
for cells grown at 19 and 27.

Because the group of cells that were stationary or vibrat-
ing around the center exhibited significantly different motion 
than the group of cells that were moving, it was important to 
note the speeds of the moving cells. The average speeds at 
salinities of 9, 19, 27, and 38 were 74 µm  s−1, 103 µm  s−1, 
77 µm  s−1, and 81 µm  s−1, respectively (Table S2.2a).

Boxplots of the search radius of D. tertiolecta cells are 
shown in Fig. 1b. The median search radius at salinity of 9 

Fig. 1  Box plots of cell speed (a) and search radius (b) of D. tertio-
lecta grown at salinities of 9, 19, 27, and 38 (control)
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was 2 µm, whereas the medians at salinities of 19 and 27 
were 4 and 3 µm, respectively. At salinity of 38, the median 
search radius was significantly larger: 18 µm (Table S2.2.b). 
The Shapiro test for normality yielded p = 2.2 ×  10−16, 7.3 × 
 10−16, 2.1 ×  10−13, and 2.2 ×  10−16, respectively, confirming 
that all density distributions of the search radius were very 
far from normal. The Wilcoxon rank sum test showed that 
the density distributions of the search radius were signifi-
cantly different for cells grown at salinities of 9 and 19, 27 
and 38, but again not for cells grown at 19 and 27 (p = 0.88). 
The group of cells that moved consistently had an average 
search radius of 12 µm, 27 µm, 79 µm, and 72 µm at salini-
ties of 9, 19, 27, and 38, respectively. In the same order of 
salinity, the linearity of motion was 0.1, 0.09, 0.32, and 0.45, 
respectively. Thus, the linearity was the same at salinities of 
9 and 19 and 3 to 4.5 times smaller than at 27 and 38.

Qualitative insights into the movement of T. suecica cells 
grown at selected salinities are shown in Figure S6. At salin-
ity of 9, approximately 43% of cells (35 cells) were station-
ary or showed oscillatory movement in place (Tables S3.1), 
whereas the majority of cells (46 cells) were clearly moving. 
At salinity of 19, a total of 124 cells were counted, with 
approximately 59% being stationary (73 cells). At salinity of 
27, approximately 27% (26 cells) were stationary, while 73% 
(69 cells) showed significant movement and were quantified. 
In contrast, at salinity of 38, only 6% of cells were station-
ary, while 94% of cells moved vigorously.

Box plots of cell speeds of T. suecica are shown in 
Fig. 2a.

The median of the speed was 78 µm  s−1 at salinity of 
9, while the medians were 50 µm  s−1 at salinity of 19 and 
112 µm  s−1 at salinities of 27. At salinity of 38, the median 
speed was significantly higher: 201 µm  s−1 (Table S3.2a). 
The Shapiro test for normality yielded p = 4 ×  10−4, 1.8 ×  10−10, 
0.07, 8.8 ×  10−5, respectively. Only the density distribution 
at salinity of 27 did not deviate significantly from normal-
ity. The Wilcoxon rank sum test showed that the density 
distributions of speed were significantly different from each 
other, except for the distributions at salinities of 9 and 27, 
for which p = 0.05 was determined. The group of uniformly 
moving cells grown at salinities of 9, 19, 27, and 38 had an 
average speed of 124 µm  s−1, 155 µm  s−1, 137 µm  s−1, and 
201 µm  s−1, respectively (Table S3.2).

Boxplots of the search radius of T. suecica cells are shown 
in Fig. 2b. The median search radius at salinity of 9 was 
6 µm, while the medians at salinities of 19 and 27 were 4 
and 12 µm, respectively. At salinity of 38, the median search 
radius was an order of magnitude larger: 102 µm (Table S3.2b). 
The Shapiro test for normality yielded p = 4.6 ×  10−16, 
2.2 ×  10−16, 6 ×  10−16, and 1.4 ×  10−15, respectively, 
confirming that all density distributions of the search 
radius are very far from normal. The Wilcoxon rank sum 
test showed that the density distributions of the search radii 

were significantly different from each other. The search radii 
of cells grown at salinities of 9 and 19 (p = 0.027) and cells 
grown at salinities of 9 and 27 (p = 0.22) were the narrowest. 
The group of significantly moving cells grown at salinities 
of 9, 19, 27, and 38 had an average search radius of 57 µm, 
121 µm, 61 µm, and 174 µm, respectively. The linearity of 
moving cells with increasing salinity was 0.26, 0.58, 0.19, 
and 0.55, respectively, and reached the highest values at 
salinities of 19 and 38.

Electrochemical characterization of algal cells 
and released surface‑active organic matter

The chronoamperometric curves for oxygen reduction 
recorded in the cell suspension of D. tertiolecta in seawater 
at potential of − 400 mV showed signals attributable to the 
adhesion of single cells to the charged interface (Fig. 3a).

The dependence of the signal frequency of D. tertio-
lecta grown at different salinities on the applied potentials 
is shown in Fig. 3b. The potential range of cell adhesion 
was defined with critical potentials of adhesion at the 
positively  Ec+ and negatively charged interface,  Ec−. The 
most negative and the most positive potentials, where at 
least one amperometric signal occurs per 10 consecutive 
I-t curves, correspond to the critical potentials (Žutić et al. 
1993; Ivošević et al. 1994). The narrowest potential range 
of adhesion was recorded in the D. tertiolecta cell culture 
grown at salinity of 9, characterized by critical potentials 
of − 140 mV and − 990 mV in seawater, while the widest 

Fig. 2  Box plots of cell speed (a) and search radius (b) of T. suecica 
grown at salinities of 9, 19, 27, and 38 (control)
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potential range of cell adhesion was recorded in the cell 
suspension grown at 38 salinity, from − 110 to − 1240 mV, 
corresponding to favorable growth conditions. The fre-
quency of amperometric signals increased with decreasing 
salinity due to the lower ionic strength of the medium, 
which was reflected in the increase in oxygen reduction 
current, thus enhancing the amperometric signals. The 
maximum number of amperometric signals occurred at 
potential of − 400 mV for all four salinities studied, as the 
interfacial tension is close to the maximum value (elec-
trocapillary maximum). At potential of − 400 mV, the 
mercury electrode was positively charged and there was 
an electrostatic attraction between the positively charged 
interface and the negatively charged D. tertiolecta cells. 
By changing the potential in either direction, the interfa-
cial tensions decreased and the number of amperometric 
signals from the cells decreased accordingly. At potential 
of − 800 mV, the mercury was negatively charged and the 
signal frequency decreased due to electrostatic repulsion 
with the negatively charged D. tertiolecta cells. Con-
versely, the chronoamperometric curves recorded in the 
suspensions of T. suecica and C. closterium were perfectly 
regular because there was no adhesion to the charged liq-
uid interface due to cell rigidity (Novosel and Ivošević 
DeNardis 2021).

The electrochemical characterization of the released sur-
face-active organic matter in the growth medium was deter-
mined by recording polarograms (current–potential curve) of 
Hg(II), which is proportional to the surfactant activity in the 
sample. The surfactant activity of the sample corresponded 
to a quantitative measure of the physiological activity of the 
cells in the growth medium. The data showed that the sur-
factant activity of the cells gradually decreased as follows: 
T. suecica (19) > D. tertiolecta (9) > D. tertiolecta (19) ∼ T. 
suecica (27) (Fig. 3c).

Nanoscale imaging of algal cell and released 
extracellular biopolymers

Nanoscale imaging of single algal cells was performed 
at salinities of 9, 19, 27, and 38 (control). Regardless 
of salinity, all three species retained the same general 
cell shape. Dunaliella tertiolecta cells grown at all salini-
ties tested had an ovoid shape with two flexible flagella. 
Tetraselmis suecica cells had an ellipsoidal shape at all 
salinities tested and the cell surface had granular struc-
tures corresponding to micropearls (Novosel et al. 2021). 
Most of the cells of T. suecica grown at salinity of 38 had 
flagella, and only half of the cells grown at salinity of 27 
had flagella, whereas the cells grown at salinities of 9 
and 19 had no flagella. The cells of C. closterium grown 
at all salinities tested had an elongated shape with flex-
ible rostrae that could be clearly distinguished from the 
central part of the cell. Three morphologically distinct 
parts could be distinguished on the cell: the girdle band, 
the valve, and the raphe (Pletikapić et al. 2012; Novosel 
et al. 2021).

Based on AFM image analysis, the morphological 
parameters (length, width, height, and surface roughness) 
of cells grown at selected salinities are summarized in 
Table S4. The size of D. tertiolecta and T. suecica cells 
had the highest values at salinity of 38. The size of both, 
D. tertiolecta and T. suecica, grown at salinities of 9, 19, 
and 27 was similar and smaller than cells grown at 38. 
The roughness of D. tertiolecta cell surface was highest at 
salinity 38 and similar for salinities of 9, 19, and 27. The 
roughness of the cell surface of T. suecica was similar at 
all tested salinities. The length, width, and height range 
of C. closterium grown at salinities of 9, 19, and 27 were 
similar and greater compared with cells grown at salinity 
of 38.

Fig. 3  Chronoamperometric curves for oxygen reduction at − 400 mV 
for three consecutive mercury drops recorded in D. tertiolecta cell 
suspension in seawater salinities of 9 and 38 (a); potential depend-

ence of the signal frequency of D. tertiolecta cells grown at salinities 
of 9, 19, 27, and 38 (b); and surfactant activity for examined cell spe-
cies at selected salinities (c)
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The supramolecular organization of the released extracel-
lular polymers (EPS) of D. tertiolecta, T. suecica, and C. 
closterium at selected salinities are shown in Fig. 4.

Around the cells of D. tertiolecta grown at salinities 
of 38 and 27, only globules and no fibrils or fibrillar net-
works were observed. Globules and some single fibrils were 
observed around the cells grown at salinity of 19. Around 
the cells grown at salinity of 9, a material consisting of 

globules, single fibrils and flat smooth structures was noted 
(Fig. 4a, b). The extracellular biopolymers around T. suecica 
grown at salinities of 9, 19, and 27 were in the form of a 
dense fibrillar networks and were located all around the 
cells, whereas no fibrillar material was observed at control 
salinity of 38 (Fig. 4c, d). The fibrils that formed the network 
ranged in height from 5 to 50 nm, with the highest network 
density found around the cells at salinity of 19 (Figure S7). 

Fig. 4  AFM images of cells and extracellular polymers of D. ter-
tiolecta, T. suecica, and C. closterium grown at selected salinities. 
Part of cell body with flagella of D. tertiolecta grown at salinity of 
9 (a); EPS material around D. tertiolecta cell with vertical profile 
along indicated line (b); T. suecica cell grown at salinity of 19 (c); 
EPS network surrounding the T. suecica cell with vertical profile 
along indicated line (d); rostra of the C. closterium grown at salin-

ity of 19 (e); EPS material around C. closterium with vertical profile 
along indicated line (f). Images are acquired using contact mode in 
air and presented as deflection (a, c, e) and height data with verti-
cal profiles along indicated lines (b, d, f). Scan sizes: 6  µm × 6  µm 
(a); 8  µm × 8  µm, vertical scale 30  nm (b); 20  µm × 20  µm 
(c); 3  µm × 3  µm, vertical scale 40  nm (d); 15  µm × 15  µm (e); 
5 µm × 5 µm, vertical scale 5 nm (f)
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The extracellular biopolymers of C. closterium were in 
the form of single fibrils, locally cross-linked fibrils, and 
globules. For C. closterium grown at salinities of 9 and 19, 
a denser EPS material around the cells was noted and the 
fibrils exhibited a higher degree of cross-linking (Fig. 4e, f), 
whereas C. closterium grown at salinity of 27 had a lower 
degree of cross-linked fibrils near the cells, while single 
fibrils were mostly observed further from the cells.

Nanomechanical characterization of algal cells 
by AFM

The local elastic properties (E) of algal cells were quantified 
using the apparent Young’s modulus calculated for the maxi-
mum indentation depth. At salinity of 38 (control), the cells 
of D. tertiolecta are characterized by the lowest E values. 
The cells of T. suecica are stiffer, while the local E values 
of C. closterium can be up to several MPa. The difference in 
mechanical response of these cells to compression could be 
due to differences in cell morphology. The cells of T. suecica 
are surrounded by close-fitting theca of fused organic scales. 
The cells of C. closterium contain stiff chloroplasts in the 
girdle band, and the cells of D. tertiolecta are covered only 
by the thick plasma membrane (Oliveira et al. 1980; Medlin 
and Kaczmarska 2004). Figure 5 shows the overlay of the 
box plots and Young’s modulus distributions obtained for 
the algal cells of D. tertiolecta, T. suecica, and C. closterium 
cultured at salinities of 9, 19, 27, and 38, respectively.

Because the distributions of Young’s moduli are broad 
and not symmetrical, we compared the median values of 
the cell populations studied. The median was accompanied 
by an interquartile range (IQR), which describes where the 
central 50% of the data lie (median (IQR). Statistical signifi-
cance was determined using the Kruskal–Wallis ANOVA 
test (p < 0.05) to confirm differences between groups. 
Regardless of algal species, decreasing salinity increased 
the apparent Young’s modulus (Fig. 5). The statistical sig-
nificance for all groups was less than 0.0001 at the 0.05 
level (Kruskal–Wallis ANOVA test) compared to the control 
group. Median (IQR) values obtained for D. tertiolecta cells 
increased from 3.5 kPa (3.2 kPa) at 38 to 8.6 kPa (7.6 kPa) 
at 27, 6.6 kPa (4.8 kPa) at 19, and 8.1 kPa (4.4 kPa) at 9, 
respectively. Statistical significance (p < 0.05) was also 
found for the measurements at salinities of 9 and 19, and 
at 19 and 27, whereas no statistically significant difference 
was found at salinities of 9 and 27. A similar trend of elastic 
modulus changes was observed in T. suecica cells. The cells 
were stiffer at low salinities, and E (27) > E (9) > E (19). The 
corresponding medians were 138 kPa (190 kPa), 151 kPa 
(223 kPa), and 115 kPa (198 kPa), respectively. The value 
of E determined for T. suecica at salinity of 38 was 46 kPa 
(80 kPa). Weaker statistical significance was found between 
algal cells cultured at salinities of 9 and 27 (p = 0.0011), and 

Fig. 5  Overlay of the box plots with Young’s modulus distribu-
tions, obtained for D. tertiolecta, T. suecica, and C. closterium cells 
at salinities of 9, 19, 27, and 38. A box with whiskers represents a 
median ± interquartile range (Q3-Q1). Statistical significance was 
obtained from the Kruskal–Wallis ANOVA test at the level of 0.05 
(*** p < 0.001, ns—not statistically significant)
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19 and 27 (p = 0.0019). There was no statistical significance 
between cells of T. suecica cultured at salinities of 9 and 27. 
For C. closterium, the salinity stress increased the Young’s 
modulus from 215 kPa (436 kPa) at normal conditions to 
362 kPa (742 kPa) at salinity of 27. A further decrease in 
salinity to 19 and 9 was accompanied by an increase in the 
E to 553 kPa (532 kPa) and 537 kPa (759 kPa), respectively. 
The statistical significance for the 19 and 9 groups and 27 
and 19 groups of C. closterium cells was less than 0.05, 
while the p value determined for the 9 and 27 groups was 
less than 0.001.

Adhesive and hydrophobic properties of algal cells

The adhesive properties, quantified by the maximum work 
of adhesion (Wadh), of algal cells grown at different salini-
ties on chemically modified probes were studied. Cells were 
indented with hydrophilic (OTS −) and hydrophobic (OTS +) 
AFM probes. The change in hydrophobic properties (ΔWadh) 
of the algal cell surface was determined by subtracting the 
work of adhesion determined for bare and OTS-coated can-
tilevers (Table S5): ΔWadh = Wadh(no OTS) − Wadh(OTS). A posi-
tive value of ΔWadh indicated that hydrophilic interactions 
dominate, while negative values indicated that hydropho-
bicity smothered the hydrophilicity. The mean values of the 
maximum work of adhesion (± standard error of the mean) 
obtained from measurements with bare and OTS-coated can-
tilevers are shown in Table S5.

We hypothesized that algal cells change their adhesion 
properties under salinity stress. Indeed, the hydrophobic 
properties of the cells changed depending on the salinity 
studied (Fig. 6), and these changes were species-dependent.

The resulting chemical properties of microalgae are 
shown in Figure S8. The data show that in the case of D. 
tertiolecta, the hydrophobic and hydrophilic properties were 
rather balanced, being characterized by low values of ΔWadh 
(see Table S5). Only at salinities of 9 and 27 the cells became 
slightly more hydrophobic, as ΔWadh is − 0.018 ± 0.014 fJ 
and 0.047 ± 0.012 fJ, respectively. More pronounced salin-
ity-dependent changes in surface properties were observed 
in T. suecica and C. closterium. At salinities of 38 and 27, 
ΔWadh of T. suecica was close to zero. A further decrease 
in salinity resulted in high negative ΔWadh values. In addi-
tion, we observed a significant decrease in the probability 
of adhesion to the bare AFM probe (PnoOTS), accompanied 
by an increase in POTS (see Figure S8 and Table S5). While 
the overall surface properties of T. suecica changed from 
balanced to hydrophobic with decreasing salinity, in the 
case of C. closterium we found that salinity can be a trigger 
between hydrophobic and hydrophilic surface properties. At 
salinity of 38, C. closterium cells had a hydrophilic surface 
(ΔWadh = 0.0583 ± 0.0072 fJ). When the salinity decreased to 
27, the ΔWadh increased to 0.163 ± 0.085 fJ. Moreover, when 

the salinity decreased to 19, the relationship between the 
surface properties of the algal cells changed, and the cells of 
C. closterium became highly hydrophobic. At salinity of 9, 
the resulting work of adhesion was still negative. Moreover, 
the results of adhesion probability showed the affinity to 
hydrophilic materials depending on the structure and prop-
erties of the microalgal species (see Figure S8). Dunaliella 
tertiolecta showed a very low adhesion probability to the 
hydrophilic surfaces, in contrast to the cells of C. closte-
rium, which preferentially adhered to the hydrophilic probe 
throughout the salinity studied. In the case of T. suecica, at 
salinities of 27 and 38, PnoOTS > POTS, while at salinities of 
9 and 19, PnoOTS <  < POTS.

Lipid characterization of algal cells

The changes in cellular content of membrane lipids, ST, GL, 
and PL, caused by the decrease in salinity in the microalgal 
cell cultures of D. tertiolecta, T. suecica, and C. closterium 
are shown in Fig. 7.

In general, the least changes in total membrane lipids 
and classes with decreasing salinity were observed in D. 
tertiolecta (Fig. 7a, d, g, and j). In T. suecica, decreasing 
salinity resulted in a decrease in cellular content of total 
membrane lipids with a decrease of GL, followed by an 
increase of PL. In the microalga C. closterium, a decrease 
in total membrane lipid concentration, GL and PL was 
observed with a decrease in salinity from 38 to 9, but with-
out a particular trend of change. Parallelly, a statistically 
significant (p < 0.05) increase in the cellular content of ster-
ols was observed with the decrease in salinity in all three 
microalgae. At salinity of 9, the sterol content in diatom C. 
closterium was increased 3.8-fold compared to salinity of 38. 

Fig. 6  The balance between hydrophilic and hydrophobic properties 
of algal cell surface plotted for salinities of 9, 19, 27, and 38. Data are 
presented as ΔWadh ± maximum error
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Fig. 7  Membrane lipid content of D. tertiolecta (a, d, g, and j), T. suecica (b, e, h, and k) and C. closterium (c, f, i, and l) at salinities of 9, 19, 
27, and 38: total membrane lipids (a–c), sterols (ST) (d–f), glycolipids (GL) (g–i), and phospholipids (PL) (j–l). Data are shown as mean ± SD
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However, the highest cellular sterol content was observed in 
T. suecica (Fig. 7e).

Discussion

We performed a comprehensive biophysical characteriza-
tion at the level of a single algal cell to maintain structural 
integrity and clarify the poorly understood relationships 
between the chemical composition and mechanical proper-
ties of microalgae grown under selected salinity conditions. 
Three morphologically distinct marine microalgal species, 
D. tertiolecta, T. suecica, and C. closterium, were grown 
under four salinity conditions to mimic the broad salinity 
range in marine systems. We used a workflow that included 
chemical characterization (membrane lipids, hydrophobic-
ity), nanomechanical characterization (stiffness), and behav-
ioral characterization (physiological activity, motility, and 
adhesion to an interface) of microalgae in the stationary 
growth phase.

The responses of microalgae subjected to different salin-
ity may also reflect cellular stress, resulting from the short-
term salinity stress imposed on the cells which could trigger 
various morphological and biochemical changes (Borowit-
zka 2018b). Microalgae respond to abiotic stress through 
numerous mechanisms, including the adaptation of lipid 
composition and quantity to the new conditions. In response 
to various external stimuli, many microalgal species have 
evolved the ability to efficiently modify lipid metabolism 
by switching between nonpolar storage lipids (Thompson 
1996; Guschina and Harwood 2006) and polar structural 
lipids. Storage lipids, composed mainly of polyunsaturated 
fatty acids are important for maintaining spontaneous cur-
vature and flexural rigidity of membranes (De Carvalho and 
Caramujo 2018), while structural lipids are responsible for 
membrane fluidity, cell signaling pathways, and response to 
changes in the cellular environment (Aratboni et al. 2019; 
Rogowska and Szakiel 2020). Sterols are integral nonpo-
lar components of eukaryotic membranes where, together 
with phospholipids, they regulate membrane permeability 
and fluidity and play an important role in sensing osmotic 
changes (Zelazny et al 1995). Notably, the cells of T. suecica 
were found to have the highest sterol production, in contrast 
to those of D. tertiolecta. In all three microalgae studied, 
total cellular concentrations of ST increased with decreas-
ing salinity, indicating decreased membrane fluidity and 
increased cell hydrophobicity (Figs. 5 and 7). In contrast to 
the effects of decreasing salinity examined in our study, most 
studies of microalgal salinity accommodation examined the 
effects of higher than optimal salinity on lipid metabolism. 
Responses of D. tertiolecta and Dunaliella salina to growth 
in salinity concentrations above those of seawater resulted 
in a decrease in total sterol yield (Francavilla et al. 2010).

Profiling of microalgal membrane lipids is species- and 
abiotic stressor-specific (Ahmed et al. 2015; Novak et al. 
2019). While changes in total PL and GL were observed in 
T. suecica and C. closterium, D. tertiolecta slightly altered 
cellular membrane lipid content. As observed in our concur-
rent study, the minimal but statistically significant changes in 
lipid remodeling in D. tertiolecta in response to low salinity 
(3) are attributed to the fact that D. tertiolecta is geneti-
cally adapted to large salinity fluctuations through polar 
lipid composition (Vrana et al. under revision). The fact that 
no linear response to salinity reduction was observed in T. 
suecica and C. closterium may indicate a change in nutri-
ent and light availability for growth at different salinities. 
Similarly, no trend in total lipid content was observed in T. 
suecica growing in a salinity range of 15–90 g  L−1 (Venckus 
et al. 2021).

As an euryhaline species, D. tertiolecta largely main-
tained membrane lipid content and hydrophobicity across 
the studied salinity range. When salinity decreased to 9, 
Dunaliella species became stiffer, which was accompa-
nied by an increase in sterols, the formation of a thick actin 
layer, and pronounced physiological activity in the form of 
globular structures, which could indicate the transitioning of 
cells into palmella stage (Wei et al. 2017). Salinity-induced 
changes in cell stiffness would consequently affect cell adhe-
sion behavior at the interface. The adhesion of D. tertiolecta 
cultured at salinity of 9 exhibited a narrow potential range, 
suggesting that the cells were stiffer and more hydrophobic 
than those cultured at salinity of 38 (Fig. 3b). These obser-
vations were consistent with the nanomechanical charac-
terization of Dunaliella cells at selected salinities. Aging 
of Dunaliella cells also leads to changes affecting cell stiff-
ness, hydrophobicity, and adhesion behavior, which may be 
related to molecular modification of the cell envelope (Pillet 
et al. 2019).

The second species, a calcite-encrusted thecate T. suecica, 
showed the most pronounced salinity-related changes which 
could indicate the formation of a cyst stage. At salinity of 
9, cell exhibited the loss of flagella, the highest cell stiff-
ness and hydrophobicity, accompanied by an increase in 
ST content and a decrease in GL content, which affected 
the distribution of surface charges and accordingly caused 
changes in the adhesive properties of the microalga (Figs. 6 
and 7, Fig. S8). At salinity of 19, T. suecica showed the 
most pronounced physiological activity among all the spe-
cies studied in the form of a dense EPS network (Figs. 3c 
and 4, Fig. S7), which was accompanied by a decrease in 
total membrane lipid content (Fig. 7b). A fundamental role 
in EPS production is played by variation in salinity, which 
exerts oxidative stress on cells and affects cellular ion bal-
ance (Guzman-Murillo and Ascencio 2001; Parra-Riofrío 
et al. 2020). At lower salinity, cellular ion concentrations 
increased and their ion ratios were constant, whereas at 
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salinity higher than 20, ion ratios became variable (Kirst 
1990), affecting the amount of EPS production in T. suecica 
and its adaptation mechanisms to osmotic stress (Guzman-
Murillo and Ascencio 2001).

Cylindrotheca closterium, a species enclosed within an 
organosilicate frustule, showed good adaptation to a wide 
range of salinity (Glaser and Karsten 2020). At lower salini-
ties of 9 and 19, the cells of C. closterium showed hydropho-
bic behavior, whereas at higher salinities of 27 and 38, they 
showed a hydrophilic character accompanied with physi-
ological activity (Figs. 3c and 6). This result could suggest 
that the observed salinity-induced transition of C. closterium 
cell properties from hydrophobic to hydrophilic might be 
related to the amount and ratio of sulfated (sPS) and car-
boxylated (cPS) polysaccharides, as has been reported for 
the adaptation of marine species to high salinity environ-
ments (Aquino et al. 2011; Arata et al. 2017). In this way, 
EPS composition mainly determined the adhesiveness of 
algal cells (Xiao and Zheng 2016). Whether a microalgal cell 
behaves hydrophobically or hydrophilically determines its 
ecological role in marine systems, whether they live in the 
benthos and/or form colonies or live as plankton (Griffiths 
and Harrison 2009; Ozkan and Berberoglu 2013; Novosel 
et al. 2021).

At the nanometer level, the morphology of microalgal 
cells did not show any specific changes, except for the 
change in cell size and the loss of flagella in the cells of T. 
suecica. The cells of D. tertiolecta and T. suecica grown at 
lower salinities were smaller than those grown at a salin-
ity of 38. These results are consistent with the commonly 
known fact that phytoplankton cell size decreases not 
only with temperature (Atkinson et al. 2003) but also with 
decreasing salinity (Litchman et al. 2009). Fu et al. (2014) 
showed that the cell volume of D. salina fluctuated continu-
ously for 10 days as a result of high salinity stress, even-
tually stabilizing at a slightly larger cell size compared to 
unstressed conditions. The loss of flagella in the cells of 
T. suecica grown at lower salinity could indicate develop-
ment of cyst stage, as has been reported for other flagellated 
microalgae (Borowitzka and Siva 2007; Ma et al. 2012; Wei 
et al. 2017; Shetty et al. 2019; Hyung et al. 2021). On the 
other hand, the cells of C. closterium were larger compared 
to cells grown at salinity of 38, presumably not only related 
to salinity but also to its life cycle, in which the maximal cell 
size is attained by initial cells sprouting from the fully grown 
auxospores (Vanormelingen et al. 2013).

Reducing the salinity from 38 to 9 resulted in a much 
higher secretion of biopolymers in all species, which allowed 
the stressed cells to survive under unfavorable conditions. 
The extracellular biopolymers secreted by stressed D. ter-
tiolecta cells changed their supramolecular structure with 
decreasing salinity, i.e., the spherical structure observed at 
salinity of 38 changed to a fibrillar structure at salinity of 9. 

Fibrillar structures were also present when cells were grown 
at a lower temperature (Novosel et al. 2021). The greatest 
difference in EPS organization was observed in T. suecica 
cells. Cells grown at salinities of 9, 19, and 27 released 
fibrillar networks, with the highest network density observed 
at salinity of 19 (Figure S7), which is similar to dense EPS 
network formation of C. closterium cells at 30 °C. In con-
trast, only spherical material was present around T. suecica 
cells exposed to temperature stress (Novosel et al. 2021).

At the population level, rapid and quantitative high-
throughput analysis of several hundred cells allowed char-
acterization of microalgal motility behavior (Novosel et al. 
2020). Microalgal motility behavior depends on the com-
plexity of the flagellar system. For example, biflagellated 
Dunaliella cells had about 3 times lower cell speed than 
tetraflagellated T. suecica (Figs. 1 and 2). Both cells showed 
that cell motility is dependent on salinity. At salinity of 9, 
the population of vibrating cells predominated, moving 
around the spot with minimal cell speed. When the salinity 
was increased to 38, the number of motile cells increased, 
and the cell speed and search radius increased accordingly. 
At salinity of 38, the search radius of both flagellar cells 
ranged from 6 to 13 body lengths per second and showed 
brisk movement. As cell motility can be influenced by cell 
physiological activity (Mayali et al. 2008), the pronounced 
cell physiological activity detected in T. suecica cell cultures 
at salinity of 19 could interfere with cell speed and search 
radius (Figs. 2, 3c, and 4c).

To place this study in a broader context, we compared 
the influence of individual abiotic stressors: temperature 
vs. salinity as the main environmental indicators of climate 
change on the adaptation response of selected microalgae 
in the stationary growth phase. A color wheel illustrating 
chemical, mechanical, and behavioral changes in terms 
of hydrophobicity, stiffness, EPS production, and motility 
of microalgae when exposed to a temperature maximum 
(Novosel et al. 2021) and salinity minimum is shown in 
Fig. 8.

Our results showed that the adaptive response of micro-
algae is species-specific and stressor-specific. Decrease 
in salinity triggered profound chemical, mechanical, and 
behavioral response in the studied microalgal cells. All three 
selected species became stiffer and behaved hydrophobically, 
while differing in physiological activity. Although cells of T. 
suecica are enclosed in a calcite-coated theca, they appeared 
to be sensitive to hyposaline conditions, as indicated by the 
highest hydrophobicity and physiological activity. In con-
trast, temperature did not elicit a major adaptive response in 
T. suecica, demonstrating a temperature tolerance. The green 
alga Dunaliella, which is surrounded by a glycocalyx layer, 
showed a profound chemical and mechanical response under 
both stressors, consistent with the extremophilic nature of 
Dunaliella. In contrast, the pennate diatom C. closterium, 
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enclosed in an organosilicate frustule, maintained a nearly 
constant hydrophobicity and EPS production, regardless 
of the stressors studied. Such environmental adaptation 
of diatom cells derives from a long-lasting evolutionary 
advance in genetic, physiological, and morphological traits 
(Falkowski et al. 2004; Armbrust 2009).

Our results, based on a study conducted in the laboratory, 
showed that the adaptive response of algae to changes in 
abiotic stressors could be identified and quantified. In this 
way, the present fundamental study may help to understand 
how salinity controls the diversity, structure, and function of 
microbial communities in aquatic systems, with only those 
microorganisms that have successfully adapted to salinity 
being able to survive the ongoing and projected salinity fluc-
tuations (Baek et al. 2011; Triadó-Margarit and Casamayor 
2012; Bautista-Chamizo et al. 2018).

Conclusion

We investigated the salinity-induced adaptive response of 
two green microalgae and a diatom in the terms of chemical, 
mechanical, and behavioral changes. Our results showed that 

the adaptive response of microalgae is species- and salinity-
specific. Although covered only with glycocalyx coat, the 
cells of D. tertiolecta adapt to a wide range of salinity levels 
without significant changes in membrane lipids and hydro-
phobicity, confirming their euryhaline nature. Dunaliella 
tertiolecta responded to a decrease in salinity to 9 with the 
formation of a thick actin layer, increase in cell stiffness, 
sterol content and physiological activity, and a decrease in 
motility, likely leading to the formation of a palmella stage. 
The cells of T. suecica proved to be sensitive to salinity fluc-
tuations, despite being surrounded by a calcite-encrusted 
theca. In particular, a decrease in salinity to 19 in T. suecica 
resulted in growth reduction, loss of flagella, decrease in 
motility, increase in cell stiffness, hydrophobicity, sterol 
content, and the formation of a dense EPS network with 
a concomitant decrease in membrane lipids, which might 
indicate the progressing of cells into the cyst stage. Cylin-
drotheca closterium, enclosed in organosilicate frustule, 
proved to be tolerant to a decrease in salinity. At salinities 
of 9 and 19, C. closterium became stiffer and hydrophobic, 
whereas at salinities of 27 and 38, it behaved softer and 
hydrophilic, which might be related to a molecular change 
in the released biopolymers. This comprehensive study 

Fig. 8  Comparison of adaptive responses of microalgae triggered by 
individual stressors (temperature of 30 °C vs. salinity of 9). Temper-
ature-induced adaptive responses of microalgae have been described 

in detail (Novosel et al. 2021). Color shading refers to the response of 
microalgae compared to control conditions (temperature of 18 °C and 
salinity of 38)
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provided a fundamental biophysical understanding of the 
adaptive mechanisms of individual algal species to changing 
salinity. Such understanding offers the basis for decipher-
ing the complex interactions between abiotic stressors on 
microalgae in marine systems. The abovementioned changes 
in microalgal response showed that cell surface properties 
and behavior could be considered as markers of stress in 
marine communities and could be used to predict the effects 
of climate change on aquatic communities.
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