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Abstract
We conducted a microcosm experiment under near-natural conditions to investigate the effects of environmental stressors 
temperature and salinity on the response of three microalgal species. The response of microalgae to increased temperature 
and altered salinity is species-specific, with cell barrier complexity playing an important protective role. At decreasing salin-
ity, the green flagellate cells of Dunaliella tertiolecta vibrate around the point and become stiff while their physiological 
activity is at its highest, which may indicate that organic matter is being released into the medium. At the highest salinity, 
Tetraselmis suecica showed the highest growth rate along with the hydrophobic behavior of the cells, which is a favorable 
condition for the formation of aggregates. Under these conditions, the cells could enter the cyst stage, while the content of 
polar lipids could mediate cell adhesion to the natural interfaces. Cylindrotheca closterium, a diatom with an organosilicate 
cell wall, also showed the highest physiological activity at decreasing salinity. However, the cells were softest and exhibited 
hydrophilic behavior, implying that released organic material could alter the surface properties of the diatom. This study 
provides insight into the behavioral, mechanical, and molecular changes of microalgae under near-natural conditions, which 
may contribute to a fundamental understanding of how biochemistry and mechanics interact to control the functional behavior 
of microalgal cells in climatically altered aquatic systems.

Keywords  Cell surface properties · Environmental stress · Hydrophobicity · Microalgae · Motility · Released organic 
matter

Introduction

Understanding the effects of various environmental stress-
ors on microalgae is critical for assessing the health and 
function of aquatic habitats, in terms of nutrient cycling and 
ecosystem stability (Zhang et al. 2022; Kholssi et al. 2023). 

Multiple stressors such as temperature, salinity, pH, light 
intensity, nutrient availability, and pollution can significantly 
affect the growth, productivity, physiology, and overall sta-
tus of microalgae by acting independently or interacting with 
each other, leading to complex cellular responses (Cronin 
and Hay 1996; Carter et al. 2005; Borowitzka 2018; Schriber 
and Venable 2019; Wu et  al. 2021; Haris et  al. 2022; 
Domingues et al. 2023; Farkas et al. 2023). The response 
of microalgae to various stressors depends on the species, 
type, duration and intensity of the stressors. Some microal-
gae may exhibit tolerance or acclimation mechanisms that 
allow them to withstand certain stress combinations better 
than others. However, in many cases, prolonged exposure to 
multiple stressors can lead to significant declines in microal-
gal populations, disruption of aquatic ecosystems, and possi-
ble cascading effects at higher trophic levels (Häder and Gao 
2015; Murphy et al. 2020; Van de Waal and Litchman 2020; 
Glibert et al. 2022). Stressors can impair photosynthesis, 
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disrupt cellular processes, and even lead to cell death. Vari-
ous stress conditions, e.g., increased temperature combined 
with nutrient deficiency, can cause a range of cellular physi-
ological, mechanical, and metabolic changes that promote 
lipid production, which is essential for biofuel production 
and other applications (Arbona et al. 2013; Kwak et al. 2016; 
Flanjak et al. 2022). For example, Bautista-Chamizo et al. 
(2018) reported increased production of microalgal lipids 
and carotenoids in Phaeodactylum tricornutum cells under 
synergistic effects of pH, salinity, and temperature.

Deciphering the complex interplay of abiotic stressors 
on microalgae in aquatic systems can facilitate understand-
ing of how biochemistry and mechanics interact to control 
the functional behavior of cells. A few laboratory stud-
ies have reported results at the single-cell level, focusing 
specifically on changes in cell surface properties and cell 
behavior (Pletikapić et al. 2012; Ivošević DeNardis et al. 
2019; Pillet et al. 2019; Novosel et al. 2020, 2022a, b; Mišić 
Radić et al. 2021, 2022; Demir-Yilmaz et al. 2023a, b). The 
results showed that the response of microalgae was species- 
and stressor-specific. When the temperature or salinity was 
reduced, the cells became stiffer, which was accompanied 
by a change in hydrophobicity that may affect cell aggrega-
tion. Due to the strong cellular response, the naked green 
alga Dunaliella tertiolecta showed the greatest chemical 
and nanomechanical changes. Tetraselmis suecica, a green 
alga with calcite-coated theca, appeared to be temperature-
tolerant but salinity-sensitive. In contrast, the diatom Cylin-
drotheca closterium was less vulnerable due to the protective 
function of its organosilicate cell wall.

In the context of climate change associated with an 
increase in ocean temperature and a possible decrease in sea 
surface salinity, this study aims to investigate the response 
of microalgal species to specific environmental conditions 
(increase in temperature and decrease in salinity) in a micro-
cosm experiment. Three microalgal species (D. tertiolecta, 
T. suecica, and C. closterium) were selected as model organ-
isms because they differ in cell barrier complexity and are 
common in marine systems. The selected salinity ranges 
represent shifts in the salinity spectrum of marine systems 
from the euhaline to the mesohaline range. We combined 
bulk analytical methods to characterize cell cultures in terms 

of growth dynamics, motility, physiological activity, and 
lipid profiling and surface methods to characterize single 
cells and the release of extracellular material in terms of 
surface properties and structural organization, respectively. 
The combination of methods used will provide additional 
information linking the molecular and nanometer scales. The 
results will allow us to better understand the mechanisms of 
algal cell acclimation and the potential protective function 
of the cell barrier under perturbed, near-natural conditions.

Materials and methods

Microcosm setup

Three different species of marine algae were selected: 
Dunaliella tertiolecta (DT, Chlorophyta, CCMP 1320, Cul-
ture Collection Bigelow Laboratory for Ocean Sciences, 
Bigelow, MN, USA), Tetraselmis suecica (TS, Chlorophyta, 
CCAP 66/22A, Culture Collection of Algae and Protozoa, 
Scottish Marine Institute, Oban UK), and Cylindrotheca 
closterium (CC, Bacillariophyta, CCMP 1554, Culture Col-
lection Bigelow Laboratory for Ocean Sciences). Microalgal 
cells were cultured in 1 L of F/2 medium (Guillard 1975) 
prepared with natural seawater filtered through Whatman 
filters with a pore size of 0.22 μm and three selected salini-
ties: 19, 27 and 38. Cell cultures were grown outdoors in a 
natural light–dark cycle in 2 L Nalgene PC bottles. A total 
of 18 bottles of cell cultures (2 replicates of one cell cul-
ture per salinity) and 6 bottles of seawater (2 replicates of 
the corresponding salinities as controls) were placed in a 
swimming pool in a location with maximum possible daily 
sunlight from September 8 to 14, 2022 (Fig. 1). Stable and 
sunny weather conditions prevailed for 7 days. The sun rose 
at 6:25 a.m. and set at 7:21 p.m., so the duration of sunlight 
was 12 h and 57 min.

The swimming pool had the following characteristics: 
volume 960 L, height 70 cm, outer diameter 2.04 m, inner 
diameter 1.60 m. To ensure good mixing of the samples, a 
nozzle was placed at the bottom of the pool operated by a 
water pump in a closed circuit. This nozzle was placed at the 
edge of the basin at an angle of about 45°, creating waves 

Fig. 1   Microcosm experimental 
setup in an outdoor swiming 
pool at the Ruđer Bošković 
Institute, Zagreb, Croatia
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and counterclockwise circulation of the water in the basin. 
The bottles containing the 1 L samples were allowed to float 
freely at 2 rpm within the perimeter of the basin, with an 
observed wave amplitude of 1–5 cm. A digital temperature 
logger was placed in the pool to record the water temperature 
every 10 min (Fig. 2).

The fluctuations in air temperature followed the same 
pattern as the fluctuations in pool water temperature. The 
water temperature was on average 3 °C higher than the air 
temperature. Cell cultures were grown at water temperature 
of 28–33 °C. To ensure cultivation of selected microalgal 
species under selected environmental stressors, a series of 
replicate experiments (at salinities of 19, 27, 38 and a tem-
perature of 30 °C) were performed in a water bath under 
controlled laboratory conditions (constant shaking (20 rpm), 
12 h:12 h light:dark cycle with an irradiance of 31 μmol 
photons m−2 s−1). Cell numbers in replicate samples were 
determined each day using a Fuchs-Rosenthal hemocytom-
eter (Fein-Optik Jena, Germany, depth 0.2 mm) and a light 
microscope (Olympus BX51, Olympus Corporation, Japan). 
The growth rate and doubling time of cells were determined 
in the exponential growth phase from day 3 to day 5 (Kim 
2015). In the stationary growth phase (day 7), cells were 
centrifuged (2000 × g, 3 min) and pellets were resuspended 
twice with seawater. The stock cell suspension was prepared 
by resuspending the last pellet in 2 mL of filtered seawater 
with the appropriate salinity.

Confocal microscopy

Confocal measurements were carried out using an oil 
immersion objective (63 × magnification) and a white-light 
laser on a Leica TCS SP8 Laser Scanning Confocal Micro-
scope (Leica Microsystems GmbH, Germany). The spectral 
scan option was used to improve the emission and excita-
tion wavelengths ranges. Autofluorescence of algal cells was 

detected at a maximum excitation wavelength of 650 nm and 
a detection wavelength range of 720–750 nm.

Sample preparation for confocal imaging

Slides for confocal microscopy were washed in glass beak-
ers with ethanol followed by ultrapure water. The slides 
were dried with a stream of nitrogen. An aliquot of 50 µL 
of 0.2% (w/v) polyethyleneimine (PEI, Sigma Aldrich Cor-
poration, USA) was added to the center of the clean slide 
to prepare for cell immobilization and allowed to settle for 
30 min. After removing the PEI droplet, the center of the 
slide was rinsed three times with ultrapure water. Then, 20 
µL of the cell cultures were added to the center of the slide 
and allowed to settle. The slides were kept in a Petri dish 
with moist absorbent paper until imaging to prevent evapora-
tion of the droplets. Prior to imaging, samples were stained 
with DAPI (Sigma), Alcian blue (Sigma), and Dil (Sigma) 
by diluting 20 × stock solutions.

Motility analysis

The motility of cells was recorded as 10 consecutive video 
clips (.avi format, duration 5 s, 50–60 frames per second, 
image size: 340 × 250, 4 × 4 binning) under an Olympus 
BX51 microscope (10 × magnification). For analysis of 
cell motility and trajectories, video data were fed into the 
open-source image processing software ICY (http:icy.bio-
imageanalysis.org; Novosel et al. 2020). The Spot Track-
ing, Track Manager, and Motion Profiler plug-ins were used. 
ICY produced an ASCII file that contained the sample size, 
spatiotemporal position of the cells, number of motile and 
non-motile cells, minimum, median, arithmetic mean, and 
maximum speeds and search radius. The search radius is 
defined as the farthest distance a cell can travel from its ori-
gin. Data from around 300 cell analyses were imported into 
Microsoft Excel (Microsoft Corporation, USA). The soft-
ware tool RStudio was used for additional statistical analyses 
(R Core Team 2022; RStudio Team 2023). Boxplots of cell 
speed and search radius were generated. The Shapiro–Wilk 
normality test (Royston 1995) and the pairwise Wilcoxon 
rank sum tests (Bauer 1972; Hollander and Wolfe 1999) 
implemented in R were used to examine the distributions 
and compare the mean values of cell speed and search radius 
under environmental stressors in near-natural conditions.

Electrochemical method

Molecular adsorption on the dropping mercury electrode 
(DME) was used to characterize the organic constituents, 
such as biopolymers and sub-micrometer particles, in the 
aqueous electrolyte solution using the electrochemical 
method of polarography (Žutić et al. 1999, 2004; Svetličić 

Fig. 2   Variation of water and air temperatures in the swimming pool 
during the microcosm experiment conducted in September 2022
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et  al. 2006; Pletikapić and Ivošević DeNardis 2017). 
Adsorption of organic molecules on DME is recorded 
as a gradual decrease in the reduction current, which is 
proportional to the surfactant concentration in the sample 
and is referred to as surfactant activity. Surfactant activity 
provides an alternative method for determining the amount 
of dissolved organic carbon in seawater (Hunter and Liss 
1981). The polarographic maximum of Hg(II) ions can 
be used to evaluate surfactant activity, expressed in mil-
ligrams per liter as the equivalent amount of the non-ionic 
synthetic surfactant Triton-X-100 (polyethylene glycol 
tert-octylphenyl ether).

Electrochemical measurement of cell sample

Cell samples were characterized electrochemically using 
a three-electrode system in an air-permeable and thermo-
static Metrohm vessel. The working electrode, DME, had 
the following characteristics: drop time of 2.0 s, flow rate 
of 6.0 mg s−1, and maximum surface area of 4.57 mm2. All 
potentials were compared to a potential measured on a ref-
erence electrode. This consisted of a ceramic frit separated 
from the measured dispersion by Ag/AgCl (0.1 M NaCl). 
The counter electrode consisted of a platinum wire. An ali-
quot of the cell suspensions was mixed with 25 mL of fil-
tered seawater (pH 8.0) and placed in a Methrom vessel at 
20 °C. A 174A Polarographic Analyzer (Princeton Applied 
Research, USA) was connected to a computer for electro-
chemical measurements. Analogue data were acquired using 
a DAQ card-AI-16-XE-50 (National Instruments, USA). The 
program written in LabView 6.1 software (National Instru-
ments) was used to analyze the data. Cell samples were 
electrochemically characterized by recording polarograms 
of oxygen reduction (current–potential curves). Prior to the 
measurement of surfactant activity, 0.5 mL of 0.1 M HgCl2 
was added to the sample.

Atomic Force Microscopy (AFM)

A Multimode Scanning Probe Microscope with a Nanoscope 
IIIa controller (Bruker, USA) and a vertical engagement (JV) 
125 m scanner were used to image cells and released extra-
cellular polymers. A DNP probe (Bruker) with a nominal 
spring constant of 0.06 N m−1 and a nominal frequency of 
18 kHz was employed for contact mode imaging in air. The 
scan resolution was 512 samples per line and the linear scan 
rate was optimized between 1.5 and 2 Hz. To reduce the 
forces between the tip and the surface, the set point was 
kept as low as possible. Image analysis was performed using 
NanoScopeTM software (NanoScope Analysis, version 2.0; 
BrukerUSA).

Sample preparation for AFM imaging of cells 
and released extracellular polymers

Samples for AFM imaging of cells and released extracellular 
polymers were prepared according to a previously estab-
lished protocol (Novosel et al. 2022a, b). Briefly, cells of 
DT, TS, and CC were separated from the growth medium 
by centrifugation (Section 2.1). The collected pellets were 
then used to prepare samples for AFM. Unmodified mica 
was used as the substrate for the DT and CC samples, while 
PEI-modified mica was used for the TS sample. The sample 
preparation protocol for AFM imaging only required fixation 
of the DT suspension. Prior to AFM imaging, samples were 
rinsed three times with ultrapure water to remove excess salt 
crystals and dried in closed Petri dishes for 45 min.

Atomic force microscopy working in force 
spectroscopy mode

Mechanical properties of algal cells were measured using 
AFM JPK NanoWizard 4 XP (Bruker) operating in force 
spectroscopy mode. The microscope is integrated with 
an inverted optical microscope (Olympus IX73, Olympus 
Corporation, Japan) using LUCPLFLN40XPH objective 
(Olympus Corporation), which allows direct superposi-
tion of the optical image of the sample and the scan area. 
A silicon nitride pyramid probe, MLCT-D (Bruker) with a 
nominal spring constant of 0.03 N m−1, a nominal frequency 
of 15 kHz, and the half-open angle of the probe of 21° was 
used. The cantilever spring constants were calibrated using 
the thermal noise method (Sader et al. 1995). Force curves 
were recorded over a 3 µm × 3 µm area in the central part of 
the cell at an approach and retraction velocity of 8 µm s−1 
and a loading force of 2 nN. A grid of 4 × 4 force curves 
was recorded. The number of cells measured varied from 
20 to 35 cells.

The mechanical properties of the CC cells were measured 
using the Nanowizard III AFM system (Bruker). Force spec-
troscopy experiments were performed with a force between 
1 and 2 nN using MLCT AUWH cantilevers with nominal 
spring constants of 0.01 N m−1. Nanoindentation measure-
ments were performed on 7 cells, and 400 force curves were 
recorded on areas of 1 µm × 1 µm on the cell surface.

Measurements for all three species were performed at 
salinities of 19, 27, and 38. JPK data processing software 
(Bruker-JPK, Germany), version 7.0.165 was used for data 
analysis.

Elasticity determination

The apparent Young's modulus (elasticity parameter, E) for 
DT and TS was determined by applying the Hertz-Sneddon 
contact model (Hertz 1881; Sneddon 1965), which relates 
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the loading force (F) and the indentation depth (δ) in the 
case of a four-sided pyramid probe as follows:

In the equation above, α is a half-open angle of the indent-
ing probe and ν is Poisson’s ratio equal to 0.5 because we 
assume incompressibility of the algal cells. The maximum 
indentation depth did not exceed 2 µm and the model was 
fitted to the AFM data over the entire range of indentation 
depth. The value E of CC was calculated from 50 nm inden-
tation curves using the Hertz-Sneddon model (Hertz 1881; 
Sneddon 1965) for a conical indenter in which the force F, 
indentation depth (δ), and E follow Eq. (2):

Here α is the opening angle of the tip (17.5°) and ν is the 
Poisson's ratio (arbitrarily assumed to be 0.5). The spring 
constants of the cantilevers were determined before each 
experiment using the thermal noise method (Hutter and 
Bechhoefer 1993).

The calculated E is given as median and first (Q1) and 
third (Q3) quartiles. Statistical comparisons of the results 
obtained in each case were performed using an unpaired 
t-test, which allowed us to compare the means of two inde-
pendent groups (p < 0.001).

Hydrophobic properties of cells

The hydrophobic properties of DT and TS were quantified 
by comparing AFM data obtained with unmodified and 
trichloroctadecylsilane (OTS; Sigma-Aldrich) functional-
ized MLCT-D probes. The vapor deposition of the OTS 
silane containing hydrophobic -CH3 functional groups was 
performed in a vacuum (2 h exposure). The adhesion proper-
ties of cells were quantified by the work of adhesion (Wadh) 
parameter, which was determined from the negative part of 
the retraction force curve. The forces acting between the 
algal cell and the probe (unmodified and -CH3-modified) 
during the duration of the experiment cause deflection of 
the cantilever. The functionalization of the probe was per-
formed immediately before the measurements. The probe 
speed, scan range, map density, and number of cells exam-
ined were the same as those used in the mechanical stud-
ies (Section 2.9). The degree of algal cell hydrophobicity 
(ΔWadh) was determined using the following equation:

where Wadh(noOTS) and Wadh(OTS) are the work of adhe-
sion extracted from force curves collected with bare and 
CH3-functionalised AFM cantilevers, respectively.

(1)F =
E

1 − �2
tan�
√

2

�2

(2)F =
2Etan�

�(1 − ν2)
�2

(3)ΔW
adh

= W
adh(noOTS) −W

adh(OTS)

In the case of CC, hydrophobic properties were studied 
using a recently developed method consisting of measur-
ing the interactions between a bubble (hydrophobic surface) 
and cell surfaces using Fluidic Force Microscopy (FluidFM; 
Demir et al. 2021). For this purpose, FluidFM probes with 
an aperture of 8 µm in diameter (Cytosurge AG, Opfikon, 
Switzerland) were hydrophobized by coating with self-
assembled monolayers (SAMs) of silanes using SAMs vapor 
deposition technique. The FluidFM cantilevers were func-
tionalized with 1H,1H,2H,2H-perfluorodecyltrichlorosilane 
(FDTS) using an Orbis-1000 equipment (Memsstar, UK) to 
make their outer and inner microchannel surfaces hydro-
phobic. The deposition was carried out under vacuum at 
40 Torr and -40 °C for 5 min. Then, the microchannel of 
these silanized cantilevers was filled with air and the probe 
was immersed in PBS 1X. A slight overpressure of 20 mbar 
was applied to remove any particulate or dust contamination 
or to prevent clogging of the FluidFM cantilever. A positive 
pressure of 200 mbar was then applied inside the microflu-
idic cantilever in buffer to create a bubble at the opening of 
the cantilever. The silanized probes were calibrated using the 
thermal noise method before each measurement (Hutter and 
Bechhoefer 1993). The interactions between the generated 
bubbles and CC cells were then recorded under different 
conditions in force spectroscopy mode, applying a maximum 
force of 1 nN and a constant retraction speed of 2 μm s−1. 
For each condition, areas of 0.5 µm × 0.5 µm were examined 
on 5 different cells. Adhesion forces were determined by 
calculating the maximum adhesion force from the obtained 
retraction force curves.

Sample preparation for force spectroscopy 
measurements

PEI-coated microscopic glass slides  were used as substrates 
for immobilization of algal cells. A volume of 200 µL of a 
0.1% PEI solution was added to a clean (ethanol and dH2O 
sonication for 15 min each) glass slide and dried overnight.

Cell suspensions were prepared according to protocols opti-
mized for each of the cell types studied. In the case of CC, 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 sea-
water. The following procedure was used to isolate cells from 
DT and TS cultures. An aliquot of 1.5 mL of the DT and TS 
cultures was transferred to Eppendorf tubes. The suspensions 
were then centrifuged at 265 × g for 3 min and at 940 × g for 
5 min (DT and TS, respectively). Then, 1 mL of the medium 
was removed and the pellet was vortexed. An additional vol-
ume of seawater (1 mL) was added to the cell suspensions and 
centrifuged at the same speed and duration. The supernatant 
was removed and the cells were resuspended in 400 µL of the 
filtered seawater. Next, 100 µL of cell suspension was added 
on a PEI-coated glass slide. After 30 min, the samples were 
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rinsed 3 times with 100 µL of filtered seawater and measured 
with AFM.

Lipid extraction

For the determination of lipid classes we collected 
100–200 mL of cell culture suspension which was filtered 
through 0.7 µm Whatman GF/F filters and pre-combusted 
at 450 °C for 5 h. Lipids were extracted according to a 
slightly modified protocol of Bligh and Dyer (1959): 10 mL 
dichloromethane/methanol/deionized water (1:2:0.8 v/v/v) 
was added to the sliced filters in the cuvettes, along with 
methyl stearate, which was added as an internal standard 
to calculate lipid recovery. After 3 min of sonication the 
filters were stored in dichloromethane/methanol/deionised 
water overnight at 4 °C. Afterwards, the mixture of fil-
ter and monophasic solution was filtered through a sinter 
funnel into a separatory funnel, washed with 10 mL of 
monophasic solution, and washed with 10 mL of dichlo-
romethane/0.73% NaCl (1:1 v/v) solution mixture. The 
lipids dissolved in dichloromethane were collected and the 
extraction was performed again with 10 mL of the dichlo-
romethane. The extracts were evaporated to dryness under 
nitrogen gas and redissolved in 50 µL of dichloromethane 
before analysis.

Lipid analysis

Lipid classes were analyzed by thin-layer chromatog-
raphy/flame ionization detection (TLC/FID; Iatroscan 
MK-VI, Mitsubishi Kagaku Iatron, INC, Japan). Separa-
tion of lipid classes was performed using Chromarods 
SV and quantified by external calibration with a standard 
lipid mixture. Hydrogen flow was set at 160 mL min−1 
and air flow at 2000 mL min−1. The standard deviation 
determined from duplicate runs ranges from 0.00–0.42 pg 
cell−1 and depends on the lipid class and microalgae. This 
technique detects 18 lipid classes (hydrocarbons, steryl 
esters (SE), fatty acid methyl esters, ketones, triacylg-
lycerols, free fatty acids, alcohols, 1,3-and 1,2-diacyl-
glycerols, sterols, pigments, monoacylglycerols, three 
glycolipids (monogalactosyldiacylglycerols, digalac-
tosyldiacylglycerols, sulfoquinovosyldiacylglycerols), 
three phospholipids (mono- and di-phosphatidylglycerols, 
phosphatidylethanolamines and phosphatidylcholines). 
The separation involved subsequent elution in solvent 
systems of increasing polarity followed by partial com-
bustion of the Chromarods (Gašparović et al. 2015, 2017). 
For this work we considered cell lipids as nonpolar polar, 
and also membrane lipids.

Results

Microalgal growth dynamics

We conducted a microcosm experiment involving three 
microalgal species (DT, TS, CC) grown at three selected 
salinities and elevated temperature to mimic environmental 
stressors under near-natural conditions. Figure 3 shows the 
growth curves of DT, TS and CC at salinities of 19, 27, and 
38, respectively, and pool water temperatures of 28 to 33 °C. 
The initial number of inoculated cells in the growth media 
was approximately 5.0 × 104 cells mL−1 for all species stud-
ied. On day 7, all cells mostly entered stationary phase and 
samples were collected for further characterization. Table S1 

Fig. 3   Growth curves of Dunaliella tertiolecta (a), Tetraselmis 
suecica (b), and Cylindtotheca closterium (c) under environmental 
stressors in near-natural conditions. The error in determining cell 
abundance was up to 10%
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summarizes the growth rate and doubling time for each cell 
species under the selected conditions. The fastest growth and 
thus the shortest doubling time were obtained for DT and CC 
at salinity of 27, and for TS at salinity of 38.

Fig. S1 shows representative overlaid confocal images 
of DT, TS, CC cell cultures under environmental stressors 
in near-natural conditions. Confocal images of DT cultures 
at salinities of 38 and 27 showed single microalgal cells 
with a strong autofluorescence signal, the presence of single 
bacteria, while at salinity 27 some aggregates were found. 
In contrast, at salinity of 19, major morphological changes 
occurred in the DT cells including granular surface structure, 
detached flagella, some cell aggregates, and the presence of 
bacteria. In the TS cell culture, cells appeared without fla-
gella at all salinities; at salinity of 19, the autofluorescence 
signal was weak, cells formed no aggregates, and no bacteria 
were detected. Confocal imaging of CC cultures at salinities 
of 38 and 27 showed a few aggregates, very few individual 
bacteria, and some amorphous particles. At salinity of 19, 
the cell rostra became curved, and some bacteria and amor-
phous microaggregates were visible. No bacterial aggregates 
were observed with DAPI staining.

Motility of flagellated species

Fig. S2 shows the reconstructed trajectories of individual 
DT cells under environmental stressors in near-natural 

conditions. At salinity of 19, 43% of the cells were nearly 
immobile or vibrated at the spot. At a salinity of 27, 19% of 
the cells were static, while the rest moved. At salinity of 38, 
the majority of cells (72%) showed significant motility. At 
salinities of 19, 27, and 38, the average speed of vibrating 
and motile cells were 14, 27, and 30 � m s−1 and 68, 57, and 
76 µm s−1, respectively (Table S2.1).

Figure 4a shows box plots of cell speed for the entire DT 
population. The median speed at salinities of 19, 27, and 
38 were 44, 47, and 59 µm s−1, respectively (Table S2.2a). 
Figure 4c shows box plots of the search radius of DT cells. 
For salinities of 19, 27, and 38, the median search radii were 
4 µm, 19 µm, and 7 µm, respectively (Table S2.2b). At salini-
ties of 19, 27, and 38, the set of cells that moved regularly 
had an average search radius of 35 µm, 36 µm, and 39 µm, 
respectively. According to the results of the Shapiro–Wilk 
normality test, the data for search radius and average speed 
do not follow the normal distribution (Table S3.3), except 
for the results at DT for salinities of 19 and 38. There was a 
weak indication that lower salinity decreased average speed 
for both DT and TS, but the results of the Kruskal–Wallis 
ANOVA test showed that this variation in average speed and 
search radius were not statistically significant (Table S3.4).

Fig. S3 shows the reconstructed trajectories of individual 
TS cells under environmental stressors in near-natural condi-
tions. At salinity of 19, 33% of the cells were nearly immo-
bile. At salinity of 27, 27% of the cells were static, while 

Fig. 4   Box plots for cell speed 
and search radius for the species 
Dunaliella tertiolecta (a, c) and 
Tetraselmis suecica (b, d) under 
environmental stressors in near-
natural conditions. A whiskered 
box reflects the median inter-
quartile range (Q3-Q1)
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the rest were moving. At salinity of 38, 23% of cells were 
nearly immobile, while the majority of cells (77%) showed 
significant motility. At salinities of 19, 27, and 38, the aver-
age speed of vibrating and motile cells were 47, 32, and 31 � 
m s−1 and 99, 114, and 93 µm s−1, respectively (Table S3.1).

Figure 4b shows the box plots of the cell speeds for 
the entire TS population. The median cell speeds were 
61 µm s−1, 79 µm s−1, and 67 µm s−1 for salinities of 19, 27, 
and 38 (control), respectively, with no statistically signifi-
cant deviation from the control (Table S3.2a). The average 
speed of a set of uniformly moving cells grown at 19, 27, and 
38 was 99 µm s−1, 114 µm s−1, and 93 µm s−1, respectively 
(Table S3.1). Box plots with search radius for the TS cells 
are shown in Fig. 4d. The median search radius at salinities 
of 19, 27, and 38 were 4 µm, 5 µm, and 5 µm, respectively. 
The group of substantially moving cells grown at salinities 
of 19, 27, and 38 had an average search radius of 22 µm, 
33 µm, and 54 µm, respectively (Table S3.2b).

Electrochemical characterization of released 
surface‑active organic matter

The cell releasing surface-active organic matter can be 
determined by measuring the current–potential curves of 
Hg(II), which is proportional to surfactant activity. The sam-
ple's surfactant activity is a quantitative assessment of the 
physiological activity of the cells exposed to environmental 
stressors in near-natural conditions. The results showed that 
the surfactant activity of the cells increased steadily as the 
salinity decreased to 19 (Fig. 5). At salinity of 19, all cells 
studied had the highest surfactant activity, with the TS cell 
culture having the highest surfactant activity.

Nanoscale imaging of algal cell and released 
extracellular polymers

The morphology of algal cells exposed to environmental 
stressors in near-natural conditions was characterized by 
AFM. All three species maintained the same basic shape 
regardless of the conditions chosen (Fig. 6a, c, e). The cells 
of DT had an ovoid shape and contained two flexible fla-
gella. At all salinities studied, the cells of TS had an ellip-
soidal shape, and the cell surface had granular features, 
while all four flagella were absent. The cells of CC had an 
elongated shape with flexible rostrae that were distinct from 
the center of the cell. The raphe, valve, and girdle band, 
three morphologically distinct elements, were all visible on 
the cell. The morphological parameters of the cells (length, 
width, height, and surface roughness) that had grown under 
environmental stressors are shown in Table S4. The length of 
the cells of DT grown at salinities of 27 and 38 was similar 
and lower than that of the cells grown at salinity of 19, while 
the height at salinity of 19 showed the lowest value. The 

length and height of the cells of TS increased with increas-
ing salinity, while the width of the cells was similar at all 
three salinities. The length and width of the cells of CC were 
similar at all salinities, while the height showed the highest 
value at salinity of 19.

The supramolecular organization of released extracel-
lular polymers (EPS) of DT, TS, and CC cells exposed 
to environmental stressors was characterized by AFM 
(Fig. 6b, d, f). We chose the salinity at which the supra-
molecular organization of extracellular polymers was 
representative of the species at all salinities (DT and 
CC), or at which there was a large change in the organi-
zation of extracellular polymers (TS). The material sur-
rounding the cells of DT was largely in the form of sin-
gle and aggregated globules, with just a few fibrils and 
no fibrillar network found at all salinities. A fibrillar 
network was observed around the cells of TS grown at 
salinity of 38, while spherical material, fibrils, and net-
work fragments were observed at salinities of 19 and 27. 
Around the cells of CC, grown at all salinities, there was 
mainly spherical material, while some fibrils appeared 
at salinity of 38.

Nanomechanical characterisation of algal cells 
by AFM

Algal cells exposed to environmental stressors under 
near-natural conditions showed a change in mechani-
cal properties (Fig. 7). At salinity of 38, the elasticity 
parameter E, which quantifies the mechanical properties 

Fig. 5   Surfactant activity of studied algal species (DT: Dunaliella 
tertiolecta, TS: Tetraselmis suecica, CC: Cylindrotheca closterium 
under environmental stressors in near-natural conditions
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of DT, was 1.1 kPa as the median value (2.4 kPa as the 
mean value). As salinity decreased (27 and 19), the cells 
became stiffer and E increased to 2.4 (3.8) kPa and 3.9 
(3.9) kPa, respectively. TS was also stiffer under unfa-
vorable salinity conditions. With increasing salinity, the 
values of E decreased from 30 (51) kPa and 30 (55) kPa 
at salinities of 19 and 27, respectively, to 24 (37) kPa 
at salinity of 38. In contrast, CC was less deformable 
at salinity of 38 (E = 819 (1035) kPa) and the E value 
decreased 2.5-fold at lower salinity.

Hydrophobic properties of algal cells

The influence of environmental stressors on the hydrophobic 
properties of DT, TS, and CC under near-natural conditions 
was determined by AFM force spectroscopy studies. The 
results showed that regardless of salinity, the outer parts of 
CC were hydrophilic (Table 1). A similar qualitative trend 
was observed for DT cells. Only TS showed a transition 
from a nearly-neutral (unfavorable growth conditions) to a 
hydrophobic state (salinity of 38).

Fig. 6   AFM images of the studied algal cells and EPS under environ-
mental stressors in near-natural conditions. Cell of Dunaliella tertio-
lecta grown at salinity of 19 (a); EPS material around the D. tertio-
lecta cell with vertical profile along the indicated line (b); Tetraselmis 
suecica cell grown at salinity of 38 (c); EPS network around the T. 
suecica cell with vertical profile along the indicated line (d); cell of 
Cylindrotheca closterium grown at salinity of 27 (e); EPS material 

around C. closterium with vertical profile along the indicated line (f). 
Images were acquired in contact mode in air and presented as defec-
tion data (a, c, e) and height data with vertical profiles along the indi-
cated lines (b, d, f). Scan sizes: 30 µm × 30 µm (a); 5 µm × 5 µm, ver-
tical scale 100 nm (b); 20 µm × 20 µm (c); 5 µm × 5 µm, vertical scale 
40 nm (d); 50 µm × 50 µm (e); 5 µm × 5 µm, vertical scale 15 nm (f)
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In addition, the degree of hydrophobicity was quanti-
fied with ΔWadh (Fig. S4). The highest ΔWadh value for 
DT (0.409 ± 0.038 fJ) was obtained at the lowest salinity. 
As salinity increased, the dominance of hydrophilic prop-
erties decreased, ΔWadh of 0.222 ± 0.031 fJ. An oppo-
site behavior was observed for TS, which was character-
ized by strongly hydrophobic properties at salinity of 38 
(ΔWadh = -0.57 ± 0.11 fJ).

Lipid characterization of algal cells

The change in the amount of polar and nonpolar lipids per 
cell under selected environmental stressors for the three 
microalgal species studied is shown in Fig. 8. The change 
in the proportion of polar lipids relative to total cell lipids is 
also indicated. The content of cell lipids was the highest in 
TS, but it was salinity-dependent. The lowest content was 
observed at the more favorable condition of salinity of 38. 
At salinities of 27 and 19, the cell lipid content increased 
along with the increase in the relative content of polar lipids 
compared to salinity of 38. Unlike the other two microalgae, 
CC had a higher relative content of polar lipids than non-
polar lipids, with the content of polar lipids increasing with 
decreasing salinity from 38 to 19. The cell lipid content of 
DT was the lowest among the three microalgae studied. The 
relative content of polar lipids decreased from a salinity of 
38 to a salinity of 19 in both green microalgae studied, DT 
and TS.

The content of membrane lipids of the studied DT, TS 
and CC followed that of cell lipids (Fig. 9). The data showed 
that the content of sterols, glycolipids and phospholipids 
increased with decreasing salinity in all microalgal species.

Discussion

We studied the response of three microalgal species exposed 
to environmental stressors under near-natural conditions in 
a microcosm experiment and compared it to our previously 
reported laboratory studies with single stressors (Novosel 
et al. 2022a, b). The microcosm experiment was conducted 
outdoors where natural light intensity, its duration, and 
temperature varied throughout the day. The temperature in 
the pool varied in a range of 28–33 °C, while the labora-
tory experiment was conducted at a constant temperature 
of 30 °C. The microcosm experiment was conducted at 
elevated temperature in a similar manner as the laboratory 
experiment due to the following facts: (i) the temperature 
logger was placed at the bottom of the 70 cm deep basin 
while the flasks containing the cell culture floated on the 
surface and thus were half in contact with the air, so the 
interval of temperature fluctuation could be smaller, and (ii) 
the mean and median temperatures in the basin correspond 

Fig. 7   Box plots depicting Young's modulus distributions for 
Dunaliella tertiolecta (a), Tetraselmis suecica (b), and Cylindrotheca 
closterium (c) cells under environmental stressors in near-natural 
conditions. A whiskered box reflects the median interquartile range 
(Q3-Q1). The Kruskal–Wallis ANOVA test yielded statistical signifi-
cance at the level of 0.05 (**** p < 0.0001,*** p < 0.001, ** p < 0.01, 
*p < 0.05)

Table 1   Hydrophobic properties of algal cells under environmental 
stressors in near-natural conditions. Hydrophilic properties are indi-
cated by ( +) and hydrophobic behavior by (-). A value of zero indi-
cates an equilibrium between hydrophobic and hydrophilic compo-
nents on the cell surface

S D. tertiolecta T. suecica C. closterium

19  +  0  + 
27  +  0  + 
38  +  -  + 
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to 28.03 °C and 28.82 °C, respectively. The comparability of 
the two sets of experiments stems from the same objective, 
namely to study the response of microalgae to the effects of 
stressors, and the same experimental design, which included 
the setting of the same salinity levels and the corresponding 
temperature ranges, the collection of cell samples from all 
three species during the stationary growth phase, the equiva-
lent replicability of the samples, the application of the iden-
tical protocols for sample characterization, the use of the 
same methods for cell characterization, and the measurement 
of the same set of variables.

Despite the limitations (no data on natural light intensity 
and inorganic carbon, as this was not part of our objective), 
cell growth of selected species was faster in the microcosm 
experiment than under laboratory conditions, indicating a 
complex and enhanced interaction of environmental stress-
ors (light, temperature) that change throughout the day. This 
suggests that there is no inorganic carbon limitation. The 
response of microalgae (physiological activity, hydrophobic-
ity) to environmental stressors showed a similar qualitative 
pattern to the response of cells to the salinity stressor under 
laboratory-controlled light intensity. This may suggest that 
salinity plays a primary role rather than diurnal variations 
in light and temperature, which could influence the quan-
titative magnitude of the corresponding variables and the 
discrepancy in the data.

The first microalgal species, naked green DT, showed 
no change in cell speed and the cells vibrated on the spot 
under all selected environmental stressors in near-natural 
conditions (Fig. 4a, c). Interestingly, the mean cell speed of 
DT under environmental stressors was close to that under 
single stressor of salinity, indicating the thermotolerant 
nature of the cells (Ben-Amotz and Avron 1990; Jahnke 
and White 2003; Pick and Avidan 2017). When salinity was 
lowered to 19, responses such as decreased growth rate, 

highest physiological activity, and increase in cell stiffness 
occurred. The increase in cell stiffness is most likely due 
to an increased concentration of sterols, which contribute 
to a decrease in membrane fluidity (Table S1, Figs. 5, 7, 
9). These results are consistent with previous studies (Shef-
fer et al. 1986; Zelazny et al. 1995; Francavilla et al. 2010; 
Vrana et al. 2022). Dunaliella cells mainly maintained their 
hydrophilicity under environmental stressors (Figs. 8, S4), 
which was consistent with the predominant ratio of polar 
lipids (Fig. 9, Vrana et al. 2022).

In contrast to the laboratory study with DT cells using 
a single stressor (i.e., a salinity of 19 and a temperature of 
18 °C were considered control conditions), the stiffness 
of the cells also increased, while DT showed hydrophobic 
behavior, as was also observed in an additional set of labo-
ratory experiments and double stressors (salinity of 19 and 
a temperature of 30 °C, data not shown here). Thus, the 
response of microalgae appeared to be more pronounced 
when cells were stressed with salinity than with temperature 
under laboratory conditions (Novosel et al. 2022b).

For the second microalgal species, the green flagellate 
TS, the mean cell speed was about 3 times lower under near-
natural conditions than under the same salinity and 18 °C 
in laboratory conditions. Although the cells of TS are sur-
rounded by a calcite-encrusted theca, they were found to be 
sensitive to changes in salinity but tolerant of temperature. 
The predominant physiological activity was determined for 
the species TS at a salinity of 19 in both experiments, i.e., 
in the laboratory with defined light intensity and at con-
stant temperature and in outdoor experiments where natural 
light and temperature varied throughout the day. This sug-
gests that salinity can be considered as a primary stressor 
on physiological activity and cell stiffness of TS, while light 
and temperature variations could contribute to the variable 
magnitude and discrepancy in the data (Figs. 5 and 7). 

Fig. 8   Nonpolar and polar lipid content (solid columns) and the con-
tribution of polar lipids to total cell lipids (pattern columns) of DT 
(Dunaliella tertiolecta), TS (Tetraselmis suecica), and CC (Cylin-

drotheca closterium) under environmental stressors in near-natural 
conditions. Data are shown as mean ± SD
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Tetraselmis cells behaved in a balanced manner at salinities 
of 19 and 27 and elevated temperature (Table 1). A striking 
change occurred at a salinity of 38, at which the recorded 
cell growth rate was the highest (Table S1). TS showed 
hydrophobic behavior (Fig. S4), while the predominant 
content of polar lipids (Fig. 8) could also play an important 
role in sinking and cell adhesion to natural interfaces (Mon-
teiro et al. 2023). Low hydrophobicity of TS cells was also 
observed when exposed to a single stressor under laboratory 

conditions (salinity of 38, temperature of 18 °C, Novosel 
et al. 2022b) and at salinity of 38 and a temperature of 30 °C 
(data not shown here). The results also showed that cell stiff-
ness decreased significantly under near-natural conditions 
in all species studied, in contrast to laboratory conditions, 
likely due to a complex interactions of environmental stress-
ors under near-natural conditions.

The third species, the diatom CC covered with organo-
silicate, showed a different behavior than the flagellated 

Fig. 9   Membrane lipid content 
of DT (Dunaliella tertiolecta), 
TS (Tetraselmis suecica), and 
CC (Cylindrotheca closterium) 
under environmental stressors 
in near-natural conditions. Data 
are shown as mean ± SD
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microalgae, i.e., with decreasing salinity the cells became 
softer, which could be related to the released organic mat-
ter changing the cell surface. In contrast, at salinity of 38, 
CC is stiffer and hydrophilic. The highest stiffness of CC 
could be related to minimal physiological activity (Table 1, 
Figs. 5, 7).

Regarding the nanomorphology of the cells, the results 
show that the size of DT cells (length and width) was larg-
est at a salinity of 19 and an elevated temperature under 
near-natural conditions (Table S4), whereas the cells were 
largest at a salinity of 38 and a temperature of 18 °C under 
laboratory conditions (Novosel et al. 2022b). On the other 
hand, the cell size of TS was largest at a salinity of 38, both 
in microcosm at elevated temperature and in laboratory 
experiments at a temperature of 18 °C, demonstrating its 
temperature tolerance (Novosel et al. 2022a). Finally, the 
cell size of CC was constant in the microcosm experiment 
when exposed to environmental stressors, which could dem-
onstrate the protective role of the cell wall. These results 
demonstrate a species- and stressor-specific response of the 
cells.

Regarding the nanostructural organization of the released 
organic matter, the predominance of globules and the 
absence of a fibrillar network structure were observed in the 
EPS of DT under near-natural conditions, as well as when 
the cells were exposed to salinity change under laboratory 
conditions (Novosel et al. 2022b). EPS from TS, grown 
under near-natural conditions at salinities of 9, 19, and 27, 
exhibited fibrillar network structures, whereas cells grown at 
salinity of 38 did not. The fibrillar network structure in the 
EPS of TS was also observed when the cells were exposed to 
altered salinity in the laboratory (Novosel et al. 2022b). The 
extracellular polymers of CC were mostly in globular form, 
whereas the fibrillar material was mostly present when the 
cells were exposed to a change in salinity under laboratory 
conditions (Novosel et al. 2022b).

At the molecular level, unfavorable growth conditions 
often lead to the accumulation of nonpolar lipids, mainly 
tryacilglycerols (Thompson 1996; Du and Benning 2016; 
Novak et al. 2019). Tryacilglycerols are stored in droplets 
in which they are surrounded by a phospholipid monolayer 
and proteins (Masclaux-Daubresse et al. 2020). The tryacil-
glycerol droplets are reused for the synthesis of polar lipids 
when conditions change (Thompson 1996). A study on the 
effects of temperature on tryacilglycerols and tryacilglycerol 
fatty acid composition of the microalga Dunaliella viridis 
found that increased temperature led to an accumulation of 
tryacilglycerols, while the fatty acid composition of tryacil-
glycerols was redistributed toward an increased proportion 
of saturated fatty acids (C16:0, C18:0, C20:0, C22:0, C24:0, 
and C26:0, Srirangan et al. 2015). Both cell content and the 
proportion of nonpolar lipids increased when two stressors 
(unfavorable temperature at ~ 30 °C and hypoosmotic shock 

at salinities of 27 and 19) were combined in green algae DT 
and TS (Fig. 9). Since cell stiffness was also increased in 
these two microalgae (Fig. 7), we can assume that DT and 
TS produce tryacilglycerol droplets that contribute to cell 
stiffness. This is mainly because saturated fatty acids are 
more compactly bound than unsaturated ones (Niemelä et al. 
2006) and thus contribute to cell stiffness. CC had the high-
est content of nonpolar lipids, indicating higher molecular 
changes under near-natural conditions (Fig. 8). Tempera-
ture as a stressor significantly increased sterol content in 
the membranes of all three algae studied (Fig. 9) compared 
to cultivation at 18 °C (Novosel et al. 2022b). However, 
while low salinity did not affect the sterol content of DT 
cells (Novosel et al. 2022b), the sinergy of temperature and 
hypoosmotic stressors increased the ST content. The same 
trend was also observed in TS and CC. A similar pattern of 
increase in sterol content induced by an increase in water 
temperature in batch cultures of three dinoflagellates was 
also reported by Chen et al. (2019). The observed sterol 
increase was consistent with the fact that stability, fluidity, 
and permeability of the lipid bilayer depend on sterols (Ben-
veniste 2004). Zelazny et al. (1995) also confirmed the role 
of plasma sterols in osmoregulation of two Dunaliella spe-
cies. When Dunaliella cells were exposed to hyperosmotic 
shock, physiological activity increased in terms of inducing 
glycerol synthesis and synthesis of plasma membrane sterols 
(Zelazny et al. 1995). The exposure of Tetraselmis striata 
cells to various abiotic stresses such as nutrient deficiency, 
high light intensity, high salinity, and extreme temperatures, 
resulted in a decrease in biomass productivity, while lipid 
production was stimulated (Monteiro et al. 2023).

Glycolipid content of DT (Fig. 9) did not differ signifi-
cantly under the influence of a single stressor (salinity, at 
18 °C, Novosel et al. 2022b) or environmental stressors 
under near-natural conditions (~ 30 °C and for three salini-
ties studied). The combination of the stressors, high tem-
perature and hyposalinity, resulted in a significant increase 
in phospholipid content in DT cells (Fig. 9). Similar to DT, 
phospholipid content in TS and CC increased significantly at 
higher temperatures and when two stressors were combined 
(Fig. 9). The increase in phospholipid content could be due 
to increased saturated fatty acid content in phospholipids, as 
previously observed in the diatom Chaetoceros pseudocur-
visetus (Vrana et al. 2023), where it facilitated membrane 
fluidization at high temperature. On the other hand, densely 
packed saturated fatty acids in the membranes indicate 
more phospholipids per unit membrane area (Gašparović 
et al. 2023, submitted), which in turn increases the con-
tent of phospholipids in cells. This suggests a greater role 
for phospholipids in thermal adaptation and adaptation in 
general. The presumed increase in phospholipid fatty acid 
saturation was reflected in the increased stiffness of DT at 
lower salinity and at a temperature of 30 °C (Fig. 8). While 
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hyposalinity stress alone leads to a decrease in glycolipid 
content in cells of TS and CC grown at 18 °C (Novosel et al. 
2022b), the influence of environmental stressors leads to 
a substantial increase in the cellular content of glycolipids 
(Fig. 9), which are located in the photosynthetic apparatus 
(Siegenthaler 1998).

We conclude that the complex interplay of environmental 
stressors under near-natural conditions results in a species-
specific response of microalgae that has not been integrated 
at the single cell level in this way. The three selected micro-
algae with different cell barrier complexity responded to 
environmental stressors, such as increased temperature and 
altered salinity, with behavioral, mechanical and molecular 
changes in near-natural environments. Under unfavorable 
conditions (salinity of 19), all microalgal species showed 
a low growth rate but maintained the highest physiologi-
cal activity. The flagellated species, DT and TS, vibrated 
around the point and became stiffer, probably due to a higher 
content of sterols, while the hydrophilicity of the cells could 
be related to the high content of polar lipids. At the highest 
salinity, the growth rate of TS is highest and this species 
showed the most striking changes (e.g., loss of flagella) and 
exhibited the most pronounced hydrophobicity, which could 
favor the formation of aggregates, while the concentration of 
polar lipids could support cell adhesion to natural interfaces. 
Consequently, the response of TS could indicate progres-
sion to the cyst stage. In contrast, the hard, shell-covered 
diatom CC softened with decreasing salinity, accompanied 
by maximum physiological activity, which could lead to 
organic modification of the diatom surface.

Although the impacts of climate change on aquatic 
ecosystems are globally recognized (e.g., Velasco et al. 
2019; Cooley et al. 2022), it is important to know how 
individual species at the base of the food chain respond to 
climate change-induced variability (Hernando et al. 2020; 
Van de Waal and Litchman 2020; Chien et al. 2023). These 
results provide new insights into the underlying mechanisms 
by which microalgae respond to environmental stress. They 
are important for predicting the effects of climate change 
on microbial community diversity, structure, and function 
(Malfatti et al. 2014; Cavicchioli et al. 2019) and for bet-
ter understanding the ecological consequences of climate 
change on marine ecosystems.
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