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Abstract  

Aggregation of diatoms is of global importance to understand settling of particulate organic carbon in 

aquatic systems. In this study, we investigate the aggregation of the marine diatom Cylindrotheca 

closterium during the exponential growth phase under hypo-saline conditions. The results of the 

flocculation/flotation experiments show that the aggregation of the diatom depends on the salinity. In 

favorable growth conditions for marine diatoms (salinity of 35), the highest aggregation is achieved. 

To explain these observations, we used a surface approach combining atomic force microscopy (AFM) 

and electrochemical methods to characterize both the cell surface properties and the structure of the 

extracellular polymeric substances (EPS) cell produce, and to quantify the amount of surface-active 

organic matter released. At a salinity of 35, the results showed that diatoms are soft, hydrophobic and 

release only small amounts of EPS organized into individual short fibrils. In contrast, diatoms adapt to 

a salinity of 5 by becoming much stiffer and more hydrophilic, producing larger amounts of EPS that 

structurally form an EPS network. Both adaptation responses of diatoms, the hydrophobic properties 

of diatoms and the release of EPS, appear to play an important role in diatom aggregation and explain 

the behavior observed at different salinities. This biophysical study provides important evidence 

allowing to get a deep insight into diatom interactions at the nanoscale, which may contribute to a 

better understanding of large-scale aggregation phenomena in aquatic systems. 
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1. INTRODUCTION 

 Diatoms form a very diverse group of eukaryotic microalgae (100,000 species) found in all 

aquatic environments (fresh and marine waters, soils and terrestrial systems), either in benthic or 

planktonic states. They are thought to be responsible for 20% of the total production on Earth and 40% 

of the total marine primary production (Scala and Bowler, 2001). In particular, Cylindrotheca closterium 

(C. closterium) is a widespread marine diatom in coastal and estuarine environments that can develop 

in both planktonic and benthic states. On the mudflats found in these regions, this species forms 

biofilms on the surface of sediments, increasing their stability and promoting the deposition of 

sediment particles (de Brouwer et al., 2005). When these biofilms are then disturbed, cells become 

resuspended in the water and continue to live in the planktonic state (Thornton, 2002). In both the 

benthic and planktonic states, this species can produce large amounts of extracellular polymeric 

substances (EPS), which it requires for locomotion or to promote its adhesion to the substrate and 

subsequent biofilm formation (Staats et al., 2000). In the planktonic state, these EPS can be involved 

in the aggregation (i.e., flocculation) of cells that can then form marine snow, i.e., aggregates of 

detritus, inorganic material, and living organisms greater than 0.5 mm in diameter (Iversen and Ploug, 

2013). Macroaggregates can even reach meter or kilometer scales, as demonstrated by the 

phenomenon of macroscopic gel formation in the northern Adriatic Sea, which has been shown to be 

related to the production of extracellular polymers by the dominant diatom species C. closterium 

(Alcoverro et al., 2000; Kovač et al., 2005; Najdek et al., 2005; Pletikapić et al., 2011; Radić et al., 2011; 

Svetličić et al., 2011; Žutić and Svetličić, 2000). Moreover, these aggregates then sediment and export 

organic matter such as carbon from the surface to the deep sea, a phenomenon referred to as the 

biological carbon pump (Piontek et al., 2009; Tréguer et al., 2018).  

 In coastal and estuarine environments where diatoms such as C. closterium occur, salinity is 

usually a local environmental factor that can vary widely (Glaser and Karsten, 2020). In open oceans, 

salinity is relatively constant due to intense mixing, but in nearshore or estuarine waters where riverine 

freshwater mixes with marine water, the degree of salinity dilution is highly variable (Karsten, 2012). 

In addition, future climate change scenarios foresee less precipitation and more evaporation in these 

zones, which will lead to further changes in salinity (Glaser and Karsten, 2020). For these reasons, the 

effects of salinity stress (hypo- or hyper-saline) on diatoms such as C. closterium have been the subject 

of several studies. For example, authors have shown that changes in salinity can have effects on cell 

motility (Apoya-Horton et al., 2006; Araújo et al., 2013), cell length (De Miranda et al., 2005), cell 

growth (Araújo et al., 2013; Glaser and Karsten, 2020; Rijstenbil, 2005; Van Bergeijk et al., 2003), EPS 

production (Najdek et al., 2005; Steele et al., 2014) or oxidative stress (Roncarati et al., 2008). Studies 

using other estuarine diatom species such as Thalassiosira weissflogii have also showed that salinity 

changes could also influence the transcriptomic activities of cells (Bussard et al., 2017). But in the 

specific case of C. closterium, a recent study from our group investigated the effects of salinity-induced 

stress on the surface properties and EPS production of C. closterium cells in the stationary phase, which 

determines their functional behavior in aquatic systems (Novosel et al., 2022a). For that, cell adhesive 

and nanomechanical properties were probed using atomic force microscopy (AFM), which is a 

powerful technique to study microalgae at the nanoscale and probe their biophysical properties 

(Demir-Yilmaz et al., 2021). Moreover, AFM has also been used before to elucidate the molecular 

mechanisms underlying microalgae cell aggregation for different types of microalgae species showing, 

its interest in such studies (Besson et al., 2019; Demir et al., 2020; Demir-Yilmaz et al., 2022; Formosa-

Dague et al., 2018; Vergnes et al., 2019).  
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 To date, no studies have examined the effects of salinity on diatom aggregation during the 

exponential growth phase. Thus in this work, we investigate how hypo-saline conditions (15 and 5) 

affect the aggregation of C. closterium in this growth phase using flocculation/flotation experiments. 

In addition, AFM was used to determine nanomechanical and hydrophobic properties of diatoms and 

the structural organization of EPS, while an electrochemical approach allowed quantification of 

released surface-active organic matter. Overall, this original data set contributes to the understanding 

of the mechanism underlying cell aggregation of C. closterium under hypo-saline conditions. Such data 

are important for understanding globally important processes that occur in marine waters, such as the 

formation of marine snow. 
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2. MATERIAL AND METHODS 

2.1. Microalgae strain and culture conditions  

The diatom Cylindrotheca closterium (Bacillariophyceae, CCMP 1554, Culture Collection Bigelow 

Laboratory for Ocean Sciences, Bigelow, MN, USA) was cultured under sterile conditions in natural 

seawater (salinity of 35) and enriched with f/2 medium (Guillard, 1975). Diatom monocultures were 

grown in both laboratories (at the RBI and TBI) using seawater from the southern Adriatic Sea and the 

Mediterranean Sea. In both cases, the culture medium was sterilized before use. Cells were cultured 

either in flasks at 19°C and 120 rpm in an incubator with white neon tubes providing an illumination of 

40 µmol photons m-2 s-1 with a photoperiod of 18 hours light:6 hours dark, or in a water bath at 19°C 

and 20 rpm and a photoperiod of 12 hours light:12 hours light with an irradiance of 32 μmol photons 

m-2 s-1. Both types of cultivation resulted in similar growth rates under the different conditions tested 

in this study. To induce salinity stress, natural seawater was diluted with sterile MilliQ water to obtain 

selected salinities of 15 and 5, and cells were cultured under the same conditions for 7 days. To monitor 

cell growth, the average cell abundance in duplicate samples was determined using a Fuchs-Rosenthal 

hemocytometer (Fein-Optik Jena, Germany, depth 0.2 mm) and a light microscope (Olympus BX51, 

Olympus Corporation, Japan). Growth rate and doubling time were determined in the early 

exponential growth phase of diatoms (Kim, 2015). 

2.2. Electrochemical method  

The electrochemical method of polarography at the dropping mercury electrode allows 

characterization of released surface-active organic matter from cell culture (Pletikapić and Ivošević 

DeNardis, 2017; Svetličić et al., 2006). Here, adsorption of organic matter and submicron particles on 

the dropping mercury electrode leads to a decrease in the surface tension gradient at the mercury 

interface, which causes the suppression of convective flow proportional to the surfactant 

concentration in the sample and is referred to as surfactant activity. The surfactant activity of seawater 

can be expressed as the equivalent amount of the nonionic synthetic surfactant used, Triton-X-100 

(polyethylene glycol tert-octylphenyl ether), in milligrams per liter. 

2.3. Electrochemical measurements 

Electrochemical measurements were performed in an air-permeable and thermostatic Metrohm 

vessel with a three-electrode system. The dropping mercury electrode served as the working electrode 

and had the following characteristics: dropping time: 2.0 s, flow rate: 6.0 mg s-1, maximum 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 a counter electrode. Electrochemical measurements were performed using a 174A 

Polarographic Analyzer (Princeton Applied Research, Oak Ridge, TN, USA) connected to a computer. 

Analogue data acquisition was performed using a DAQ card-AI-16-XE-50 (National Instruments, Austin, 

TX, USA). Data analysis was performed using the application developed in LabView 6.1 software 

(National Instruments, Austin, TX, USA). Electrochemical measurements of the surfactant activity of 

the sample were performed by recording polarograms of Hg(II) reduction (current-potential curves) at 

a scan rate of 10 mV/s. The nonionic surfactant Triton-X-100 (polyethylene glycol tert-octylphenyl 

ether, Sigma) was used as a standard. Stock solutions of Triton-X-100 (10 g/L) were prepared in artificial 

seawater with the corresponding salinities. The polarographic maximum Hg(II) was measured for a 

range of Triton-X-100 concentrations, and surfactant activities were determined at -350 mV, which 

was used to construct calibration curves. Surfactant activity of C. closterium cell cultures in the 
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exponential growth phase was measured by adding 0.5 mL of 0.1 M HgCl2 to the sample and recording 

the polarographic maximum of Hg(II).  

2.4. AFM imaging of living cell 

Before AFM imaging experiments, cells were harvested by centrifugation (2000 g, 3 min) and washed 

twice in PBS buffer at pH 7.4. AFM images of C. closterium cells were acquired with cells immobilized 

on positively charged glass slides (SuperfrostTM Plus Adhesion, Epredia, USA) in PBS at pH 7.4. The 

quantitative imaging mode of Nanowizard III AFM (Bruker, USA) with MSCT cantilevers (Bruker, 

nominal spring constant of 0.01 N/m) was used. Images were acquired at a resolution of 80 pixels, with 

an applied force of < 1.5 nN and a constant approach/retract speed ranging from 180 to 200 μm/s (z-

range of 1.5 μm). For roughness measurements, images were acquired on areas of 0.5 × 0.5 µm in 

contact mode with MSCT cantilevers at an applied force < 0.5 nN. In all cases, the spring constants of 

the cantilevers were determined using the thermal noise method prior to imaging (Hutter and 

Bechhoefer, 1993).  

2.5. AFM imaging of EPS 

Atomic force microscopy images of EPS were acquired using a Multimode Scanning Probe Microscope 

with Nanoscope IIIa controller (Bruker, Billerica, MA, USA) equipped with a 125 µm vertical 

engagement (JV) scanner. C. closterium diatoms cultured at salinities of 5, 15, and 35 were separated 

from the growth medium by gentle centrifugation (2000 g, 3 min) on day 7 of growth. The loose pellet 

was washed twice with filtered seawater of the corresponding salinity, diluted to a final volume of 1 

mL with filtered seawater, and used to prepare samples for AFM measurements. A 5 µL aliquot of the 

cell suspension was pipetted onto freshly cleaved mica and placed in a closed Petri dish for 1 hour to 

allow the cells to settle and attach to the surface. The mica discs were then immersed in ultrapure 

water three times for 30 seconds and dried. After the drying step, the discs were taped to a metal 

sample pack with double-sided tape and imaged with the AFM. Imaging was performed in contact 

mode in air with silicon nitride cantilevers (DNP, Bruker, nominal frequency 18 kHz, nominal spring 

constant 0.06 N m-1). The linear scan 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. Image processing and analysis was performed using NanoScopeTM 

software (Bruker, Billerica, MA, USA). 

2.6. Force spectroscopy measurements 

For nanoindentation measurements, cells were harvested by centrifugation (2000 g, 3 min), washed 

twice in PBS buffer at pH 7.4, and immobilized on positively charged glass slides (SuperfrostTM Plus 

Adhesion, Epredia, USA). In these experiments, a cantilever with known mechanical properties is 

pressed against the cell surface with a specific force. In this way, the Ym value of the cell can be 

determined, a value that reflects its resistance to compression and thus its rigidity. In this study, 

nanoindentation measurements were performed on 10 cells from 2 independent cultures under all 

conditions, and 400 force curves were recorded for each cell on areas of 500 × 500 nm on the cell 

surface. Force spectroscopy experiments were performed with an applied force between 1 and 3 nN 

depending on the condition using MLCT AUWH cantilevers with nominal spring constants of 0.1 N/m. 

Young's moduli were calculated from 40 nm indentation curves using the Hertz model (Hertz, 1881) in 

which the force F, indentation (δ), and Young's modulus (Ym) follow equation (1):  
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𝐹 =

2 × 𝑌𝑚 × 𝑡𝑎𝑛𝛼

𝜋 × (1 − υ2) × δ²
 

(1) 

Here α is the opening angle of the tip (17.5°) and υ is the Poisson's ratio (which is 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).  

2.7. Hydrophobicity measurements 

To measure the hydrophobic properties of cells, a recently developed method was used, which consists 

of using fluidic force microscopy (FluidFM) to measure the interactions between a bubble (hydrophobic 

surface) and cell surfaces (Demir et al., 2021). For this purpose, FluidFM probes with an aperture of 8 

µm in diameter (Cytosurge AG, Switzerland) were hydrophobized by coating with self-assembled 

monolayers (SAMs) of silanes using SAMs vapor deposition technique. The FluidFM cantilevers were 

functionalized with 1H,1H,2H,2H-perfluorodecyltrichlorosilane (FDTS) using an Orbis-1000 equipment 

(Memsstar, Livingston, UK) to make their outer surface and the inner surface of the microchannel 

hydrophobic. The deposition was carried out under vacuum at 40 Torr and -40°C for 5 minutes. 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. To create a bubble at the opening of the cantilever, a 

positive pressure of 200 mbar was then applied inside the microfluidic cantilever in buffer. The 

silanized probes were calibrated using the thermal noise method before each measurement (Hutter 

and Bechhoefer, 1993). The interactions between the generated bubbles and C. closterium cells under 

the selected salinities were then recorded in force spectroscopy mode, applying a maximum force of 

1 nN and a constant retraction speed of 2 μm/s. For each condition, areas of 0.5 × 0.5 µm were 

examined on 5 different cells coming from two independent cultures. Adhesion forces were 

determined by calculating the maximum adhesion force from the obtained retraction force curves. 

2.8. Flocculation/flotation separation experiments 

Flocculation/flotation separation of C. closterium was performed in dissolved air flotation (DAF) 

experiments in a homemade flotation system as described elsewhere (Besson and Guiraud, 2013; 

Demir-Yilmaz et al., 2022, p.). For this purpose, algal suspensions with an optical density (750 nm) of 

0.6 at salinities of 35 and 15 and with an optical density (750 nm) of 0.3 at salinity of 5 were used 

directly after 7 days of culture. For some experiments, cells were washed (2000 g, 3 min) and 

resuspended in PBS to remove EPS present in the culture medium. In these cases, the separation 

experiments were performed in PBS at a pH equal to that of the cells at the end of the cultures (9.4), 

eliminating the possible effects of pH fluctuations on cell flocculation. The cell suspensions were then 

added to the flocculation/flotation jars, and shaken (100 rpm) for 15 min to initiate flocculation. 

Depressurization at atmospheric pressure of deionized water saturated with air at 6 bar resulted in the 

formation of bubbles. Algae-free water was pressurized for 30 minutes before injection into the jars. 

Injection was controlled by a solenoid valve and 20 mL of pressurized water was added to each beaker 

sample. For all conditions, the algal suspension was removed from the bottom of the test-jars after 15 

minutes: The first 5 mL of the treated phase was discarded, and the next 20 mL was used to quantify 

the flocculation/flotation efficiency. For this purpose, the optical density of the extracted microalgal 

suspension was measured and compared to the optical density of the microalgal suspension measured 

before the experiments. The flotation efficiency (E) was calculated according to the following equation 

2: 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

8 
 

 
𝐸 =  

𝑂𝐷𝑖. 𝑉𝑖 − 𝑂𝐷𝑓 . 𝑉𝑓

𝑂𝐷𝑖. 𝑉𝑖
 

(2) 

Where ODi and ODf are the initial and final optical densities (750 nm), respectively, and Vi and Vf are 

the initial and final volumes after addition of the bubbles. 
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3. RESULTS  

3.1. Salinity stress affects growth dynamics of C. closterium cells 

 The growth curves obtained for C. closterium at the three selected salinities 5, 15, and 35 are 

shown in Figure 1. The initial abundance of cells in the growth medium was approximately 4.0 × 104 

cells/ml. The highest cell number on the day 7 of growth was recorded in cultures with salinity 35, 

while the cell number was 7 times lower with salinity 5. Diatom growth is salinity dependent, such that 

the fastest growth rate of 0.40 day-1 and the shortest doubling time of 1.71 days were obtained at a 

salinity of 35, while the growth rate of 0.11 day-1 and the longest doubling time of 6.11 days were 

obtained at a salinity of 5. The same cell species was grown independently in another laboratory and 

also characterized at day 7 of growth. Figure S1 shows the corresponding growth curves of C. 

closterium at the selected salinities. Despite the different culture conditions in terms of illumination 

and photoperiod, the cell growth dynamics are similar in both cases and thus the data can be 

compared.  

Figure 1. Growth curves of C. closterium at the selected salinities (5, 15 and 35).  Cells were cultivated 

in marine water enriched with f/2 medium in a water bath at 20 rpm and a photoperiod of 12 hours 

light:12 hours light with an irradiance of 32 μmol photons m-2 s-
.
1  The y-scale is logarithmic. Three 

different cultures in each salinity conditions were monitored.  

 

3.2. Salinity stress affects the aggregation behavior of C. closterium cells 

 To evaluate the effects of salinity stress on the aggregation of cells, flocculation/flotation 

experiments were performed. In this type of experiments, after 7 days of culture, the cell suspension 

is introduced in a flotation jar and mixed during 20 minutes to allow the cells to aggregate. Then, small 

bubbles generated by dissolved air flotation (DAF) are introduced at the bottom of the suspension; as 

they rise, they capture the aggregates formed and bring them to the surface. This separation is only 

possible if the cells are already aggregated. Thus, the separation efficiency obtained directly reflects 

the aggregation of the cells. These experiments were performed with cells directly after culture or with 

cells previously washed by centrifugation in buffer. The centrifugation process probably mainly 

removes EPS from the cells, as shown in Figure S2. Since EPS are a known factor promoting cell 

aggregation (Vergnes et al., 2019), including in the case of diatoms (Steele et al., 2014), it is important 

to evaluate their potential involvement in cell aggregate formation. The results are shown in the 
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histogram in Figure 2; the dark bars show the separation efficiency without washing the cells and the 

light bars with a washing step. When the cell cultures are used directly for the flocculation experiments 

(dark bars in Figure 3), the measured separation efficiency for cells cultured at a salinity of 35 is 64.6 ± 

9.4%, which is quite high considering that no external flocculants were used. When the salinity is 

decreased, this efficiency drops to 53.7 ± 5.0% at a salinity of 15 and even further to 37.4 ± 6.0% at a 

salinity of 5. Statistical analysis showed that these differences between salinities 35 and 5 and between 

salinities 5 and 15 were significant (p-value of 0.01, Mann and Whitney test). When the experiments 

are repeated with cells separated and washed from the growth medium prior to the flocculation 

experiments and from which the EPS were mainly removed, we can see that all separation efficiencies 

decrease by the same factor of approximately 3. Under these conditions, the separation efficiency is 

21.7 ± 13.5% at a salinity of 35 and decreases to 19.0 ± 9.9% at a salinity of 15 and to 11.5 ± 3.1% at a 

salinity of 5. Thus, the removal of EPS from cells has a significant effect on their aggregation behavior, 

but nevertheless, cells at a salinity of 35 are able to form more aggregates than cells at lower salinities. 

Hypo-saline stress thus has a negative effect on cell aggregation. 

 Figure 2. Flocculation/flotation of C. closterium cells cultures at selected salinities. The histogram 

shows the separation efficiency of C. closterium cells grown at salinities of 35, 15, and 5. The dark bars 

were obtained with direct cell cultures and the light bars with cells previously washed in phosphate 

buffer. In each case, the tests were repeated at least 7 times with three independent cultures. 

 

3.3. Salinity stress affects the surface properties of cells 

 To understand the decrease in the ability of cells to aggregate under hypo-saline conditions, 

we examine the effects of selected salinities on cell surface roughness, nanomechanical properties, 

and hydrophobicity. Figure 3a-c show AFM height images of C. closterium cells at salinities studied. 

From these images, the reduction in salinity does not seem to affect the morphology of the cells, as 

they have similar shapes and dimensions. Then, to evaluate whether the salinity conditions tested in 

our study could have an effect on the nanostructure of the cell wall, we performed roughness 

measurements. For this purpose, high-resolution images of small areas (500 × 500 nm) were acquired 

and used to measure the average roughness Ra. Under each condition, the measurements were 

performed on 10 cells from 2 independent cultures (Table S1). Figure 3d shows the distribution of 

these values. First, we note that the cell wall of C. closterium is quite smooth; at salinity of 35 (control), 

the roughness averages 0.8 ± 0.2 nm. As salinity decreases, the roughness of C. closterium cells also 
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appears to decrease. However, statistical analysis (Mann and Whitney test) showed that the observed 

differences were not significant at a p-value < 0.05. Another important property of the cell surface that 

may change as a function of conditions is the rigidity of the cell wall. To obtain quantitative information 

about these properties, the elastic modulus (Ym) of the cell wall was determined by analyzing the force 

curves obtained during the nanoindentation measurements. The distribution of Ym values obtained (n 

= 4000 under each condition) is shown in Figure 3e (Table S2). Cells grown at a salinity of 35 have an 

average Ym value of 2.7 ± 1.1 MPa. C. closterium contains silica in its cell wall, which explains the high 

rigidity obtained here. As salinity decreases, the Ym value increases to 3.0 ± 0.7 MPa at a salinity of 15 

and to 3.9 ± 1.9 MPa at a salinity of 5. Statistical analysis showed that the differences in this case were 

significant (two-sample t-test). Thus, when cells are subjected to hypo-saline stress, cell rigidity 

increases, probably due to molecular changes in the cell wall under these conditions. 

Figure 3. Nanostructural and nanomechanical characterizations of C. closterium cells at selected 

salinities. AFM height images of single C. closterium cells cultured for 7 days in medium with salinity of 

(a) 35, (b) 15, and (c) 5. (d) Box plot showing the distribution of roughness values, each measured on 

10 different cells from 2 independent cultures (Table S1). (e) Box plot showing the distribution of Ym 

values that reflects the cell surface rigidity, each measured on 10 different cells from two independent 

cultures (Table S2). 

 We therefore investigated hydrophobic properties, using a recently developed technique in 

our team that consists in probing the interactions between cells and air bubbles produced using 

FluidFM technology (Demir et al., 2021), which combines AFM with microfluidics (Meister et al., 2009). 

This technique provides an accurate way to study the hydrophobic properties of complex surfaces such 

as microalgal cells, where measuring water contact angle (WCA) can be difficult. Since air bubbles in 

water behave like hydrophobic surfaces, the stronger the interaction with the bubbles, the more 

hydrophobic the surface. The results of these experiments are shown in Figure 4. In each case, 5 cells 

from 2 independent cultures were examined (Table S3). They show that cells grown at a salinity of 35 

interact with bubbles with an adhesion force of 367.6 ± 87.0 pN (Figure 4a). The adhesion force 

decreases for cells grown at a salinity of 15 (Figure 4b), with an average value of 108.5 ± 69.8 pN. At a 

salinity of 5, the cells no longer interact with the bubbles (no interactions recorded, Figure 3c). 
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Therefore, the reduction in salinity affects the hydrophobic properties of the cells, as the cells become 

more hydrophilic under hypo-saline stress. 

Figure 4. Probing the interactions between air bubbles and C. closterium cells cultured at the selected 

salinities. Adhesion force histogram obtained for the interaction of air bubbles with C. closterium cells 

cultured at salinities of (a) 35, (b) 15 and (c) 5. The insets in the histograms show the representative 

force curves obtained during the force spectroscopy experiments. In each case, five cells coming from 

two independent cultures were used for measurements.  

 

3.4. Salinity stress affects the production and nanostructural organization of released EPS  

 We determined the amount of released surface-active organic matter at the selected salinities, 

and characterized its nanostructural organization using the electrochemical method of polarography 

at the dropping mercury electrode and AFM, respectively. For this purpose, diatom cultures grown at 

the selected salinities were characterized in terms of surfactant activity per cell, which reflects the 

physiological activity of the cells. The results show that the surfactant activity is highest for the C. 

closterium culture grown at a salinity of 5 (13.9 pg T-X-100/L), while the lowest surfactant activity was 

determined for the cells grown at a salinity of 35 (0.9 pg T-X-100/L), as shown in Figure 5. 
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Figure 5. Surfactant activity of C. closterium cell cultures at selected salinities. In each condition, the 

measurements were repeated with three different cultures. 

 In addition, high-resolution AFM imaging was used to characterize the supramolecular 

organization of EPS at selected salinities, as presented in Figure 6). In each case, 10 diatoms were 

characterized. The results showed that at all salinities studied, the diatoms were surrounded by a 

dense layer (Figure 6a, d, g) that could extend up to 10 µm beyond the cell and was only a few nm 

thick. The difference in EPS organization as a function of salinity is very striking in these images. In cells 

grown at salinity of 35, only short individual fibrils can be seen (1-2 nm high, Figure 6 b and c), whereas 

in cells grown at salinities of 15 and 5, the EPS form a fibrillar network.  
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Figure 6. AFM characterization of the EPS produced by C. closterium cells at selected salinities. AFM 

vertical deflection obtained in contact mode in air of C. closterium cell rostra at salinities of (a) 35, (d) 

15 and (g) 5. (b), (e) and (h) are AFM height images recorded on closed-up 5 x 5 µm areas, respectively. 

(c), (f) and (i) are cross-sections taken along the white lines in (b), (e) and (h) respectively.  

 

4. DISCUSSION  

 Diatom aggregates that form in natural environments contribute significantly to marine snow. 

Their sedimentation has several effects, the most important being the export of organic material from 

the surface to the deep sea (Iversen and Ploug, 2013; Thornton, 2002). Because salinity is one of the 

most important fluctuating parameters in coastal and estuarine regions where C. closterium is 

common, it is important to evaluate the effects of hypo-saline stress on cell aggregation. While the 

effects of hyper- or hypo-saline conditions on diatoms have been studied, the aggregation mechanism 

in diatoms during the exponential growth phase is poorly understood. In this study, we investigated 

the effects of hypo-saline conditions on the aggregation behaviour of C. closterium cells, and nanoscale 

characterization of cells and released EPS helped to elucidate the corresponding aggregation 

mechanism. To conduct this study, cells were characterized after 7 days of culture in hypo-saline 

conditions, where they are most likely acclimated to the new saline regime. Indeed, as it was showed 

for other microalgae species, the adaptation response of cells to a stress is likely to be faster than the 

doubling time. For instance in the case of flagellated microalgae species, an exposure of cells to a toxic 
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concentration of the heavy metal cadmium had an effect on cell speed after only one hour of contact, 

while cell speed returned to near pre-exposure control levels after three hours (Novosel et al., 2020).  

 An initial aspect of the study was to determine the effects of hypo-saline stress on cell growth 

dynamics. Several studies in the literature have examined the effects of altering salinity on C. 

closterium growth. Rijstenbil et al. found that high salinity had a significant negative effect on the 

photosynthetic activities of cells (Rijstenbil, 2005), whereas Van Bergeijk et al. reported that lower 

salinity levels (11 and 22 psu) had little effect on the growth rate of C. closterium cells or on the cell 

yield of long-term cultures (14 days) (Van Bergeijk et al., 2003). Our results are not consistent with 

these findings; however, in our case, the effects of reduced salinity on cells in the exponential growth 

phase were examined, which could explain the differences observed. In addition, it has been showed 

that different strains of C. closterium have distinct growth response patterns in terms of optimum 

growth temperature, which might also be the case for salinity (Stock et al., 2019). However, the results 

are consistent with our recent study that showed that favourable growth conditions for C. closterium 

are at salinities of 27 and 38 (Novosel et al., 2022a). Another study conducted with different strains of 

C. closterium isolated from brackish and marine habitats also found that reduced salinity stopped or 

slowed cell growth in 7-day cultures, confirming our findings (Glaser and Karsten, 2020). Finally, this 

effect of reduced salinity was also reported by Araujo and coworkers on 72-hour cultures of C. 

closterium (Araújo et al., 2013). 

 In a second step, the aggregation of cells under hypo-saline conditions was then quantified 

using flocculation/flotation experiments. The results showed a statistically significant decrease in cell 

aggregation under hypo-saline conditions. Because EPS has been reported to be an important factor 

promoting flocculation for several microalgal species (Steele et al., 2014; Vergnes et al., 2019), the 

experiments were additionally repeated with washed cells, where the majority of EPS was likely 

removed. The results highlight the important contribution of EPS to cell aggregation behaviour. 

However, even when most of the EPS was removed, the cells formed aggregates, but significantly less 

under hypo-saline conditions. This suggests that the EPS present in the culture medium are not the 

only factor affecting aggregation. To understand this, several hypotheses can be made: (i) salinity 

affects cell surface properties, (ii) salinity affects released EPS, and (iii) the combination of both factors, 

cell surface properties and released EPS, affects cell aggregation. To answer these questions, we 

examined the surface roughness and surface properties of C. closterium at the selected salinities. The 

surface of C. closterium in the exponential growth phase is very smooth, as revealed by roughness 

measurements in liquid, with an average roughness of 0.8 ± 0.2 nm. In a previous study, roughness 

measurements on C. closterium cells in the stationary growth phase gave roughness values in the range 

of 2 - 5 nm for salinities of 9, 19, 27, and 38 (Novosel et al., 2022a). Higher cell roughness values could 

be related to roughness measurements in air. In addition, cell roughness depends on the species and 

stressor. Some microalgal species had a smooth surface, such as Chlorella vulgaris (0.9 nm at pH 6, 

(Demir et al., 2020)), while the diatom Phaeodactylum tricornutum had a much rougher surface with 

values ranging from 5 to 10 nm (Ma et al., 2021). Finally, another study investigated the roughness of 

the diatom Nitzschia closterium under selected salinity conditions. Their results showed that the cell 

surface was rougher at a salinity of 18 (9.9 nm compared to 6.3 nm at a salinity of 32) due to the 

presence of silica particles on the cell surface, which is therefore not the case here (Ma et al., 2019). 

 As for the nanomechanical measurements performed, our results show that a decrease in 

salinity leads to an increase in cell rigidity. Several studies have shown that a stress or a change in 

environmental conditions can have an important impact on the composition or remodeling of the cell 
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wall, changing its nanomechanical properties (Demir et al., 2020; Formosa-Dague et al., 2018; Francius 

et al., 2008; Ma et al., 2019; Novosel et al., 2022a, 2022b). In particular, our previous study of C. 

closterium cells in stationary phase has shown that hypo-saline stress leads to a marked increase in the 

production of membrane sterols, which make the cells significantly stiffer and more hydrophobic 

(Novosel et al., 2022a; Vrana et al., 2022). Perhaps a similar mechanism takes place here in the 

exponential phase. Moreover, changes in nanomechanical properties upon stress have also been 

reported in other microalgal species; for example, P. tricornutum and C. vulgaris cells exhibit increased 

stiffness at elevated pH (Demir et al., 2020; Formosa-Dague et al., 2018). In contrast, Ma and co-

authors reported no effects on cell rigidity when N. closterium cells were exposed to hypo-saline 

conditions (Ma et al., 2019). However, in this case, Ym values obtained with a different model than 

that of this study were much higher (about 30 MPa), reflecting the higher content of silica in the cell 

wall of N. closterium compared to C. closterium and perhaps explaining the difference with our results. 

 Hydrophobicity of microalgal cells is also an important factor in aggregation efficiency (Garg et 

al., 2012; Ozkan and Berberoglu, 2013; Novosel et al., 2022a, 2022b). We investigated the 

hydrophobicity of C. closterium cells in the exponential growth phase at selected salinities. Results 

showed that diatoms grown under favorable conditions (salinity of 35) behaved more hydrophobically 

than cells grown under hypo-saline stress, possibly promoting efficient aggregation compared to cells 

grown at lower salinities. These changes in cell hydrophobicity at different salinity variation suggest a 

chemical change in lipid metabolism (Novosel et al., 2022a; Vrana et al., 2022). In addition, cell surface 

properties have been shown to vary with cell age. For example, D. tertiolecta cells behave hydrophobic 

and stiff in exponential phase and under favorable growth conditions, while they are hydrophilic and 

soft in stationary phase, also suggesting a molecular change in their cell barrier (Pillet et al., 2019).  

 Regarding the release of EPS, an electrochemical approach allows quantification of the 

released surface-active organic matter, while AFM imaging provides insights into their nanostructural 

organisation. The results showed that the production of EPS was about 14 times higher in cells grown 

under hypo-saline conditions. Overproduction of EPS as an adaptation response of cells was reported 

when C. closterium was exposed to the heavy metal cadmium (Mišić Radić et al., 2021). Such behavior 

was also observed by Staats et al. who found that cultures of C. closterium depleted of nitrogen also 

produced more EPS (Staats et al., 2000). For example, under hyper-saline stress, it has been shown for 

P. tricornutum cells that increased salinity increases the production of EPS with higher levels of uronic 

acids and sulphates, possibly allowing EPS to retain more water (Abdullahi et al., 2006). Thus, the 

higher amount of EPS at salinity 5 (as an unfavorable condition) corresponds to an adaptation of cells 

to protect themselves against osmotic stress. Regarding the EPS nanostructure, the AFM results 

showed that the EPS are structured differently depending on the salinity: At salinity 35, the EPS form 

short single fibrils around the cells, while at salinity 15 and 5, the EPS form a fibrillar network. For C. 

closterium cells in stationary phase, our recent study showed a similar trend, with denser fibrils around 

the diatoms at lower salinities (9 and 19) with a higher degree of cross-linking (Novosel et al., 2022a). 

As the flocculation/flotation results showed, the EPS play an important role in flocculation, as for all 

conditions the separation efficiency and thus aggregation decreases by a factor of 3 when the EPS are 

removed from the cells. It is important to note that the cells aggregate independently of EPS 

production, implying that the EPS are not the only parameter that triggers cell aggregation at the 

selected salinities. As mentioned earlier, cell aggregation independent of the presence of EPS also 

appears to be driven by the hydrophobic properties of the cells, which allow diatom aggregates to 

form at salinity 35. 
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5. CONCLUSIONS 

 We examined the effects of selected salinities that simulate changes from the euhaline to the 

mesohaline range to better understand how salinity influences diatom adaptation at the single cell 

level. Our results show that hypo-saline conditions reduce the ability of diatoms to form flocs during 

the exponential growth phase. To explain this behavior, we characterized both the surface properties 

of the cells and the EPS released. The AFM results show that the cells are significantly softer and more 

hydrophobic at a salinity of 35 than under hypo-saline conditions. The amount of EPS released and 

nanostructural organization were also found to be salinity dependent. At salinity of 35, diatoms 

released a small amount of EPS organized in short fibrils and still formed diatom aggregates. This can 

be explained by the fact that cells grown under favorable conditions are more hydrophobic than cells 

under hypo-saline stress, as hydrophobicity is an important factor promoting cell flocculation. This 

comprehensive study revealed the complex interplay between cell surface properties and physiological 

activity on the mechanism of diatom aggregation, which could lead to a fundamental understanding 

of their survival strategy under hypo-saline stress conditions in aquatic systems and also serve for 

biotechnological applications. Furthermore, because diatom aggregations in marine environments can 

have important impacts on ecosystems and the export of organic matter to the water column, these 

results provide fundamental data needed to understand these phenomena on a large scale. 
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Abstract  

Aggregation of diatoms is of global importance to understand settling of particulate organic carbon in 

aquatic systems. In this study, we investigate the aggregation of the marine diatom Cylindrotheca 

closterium during the exponential growth phase under hypo-saline conditions. The results of the 

flocculation/flotation experiments show that the aggregation of the diatom depends on the salinity. In 

favorable growth conditions for marine diatoms (salinity of 35), the highest aggregation is achieved. 

To explain these observations, we used a surface approach combining atomic force microscopy (AFM) 

and electrochemical methods to characterize both the cell surface properties and the structure of the 

extracellular polymeric substances (EPS) cell produce, and to quantify the amount of surface-active 

organic matter released. At a salinity of 35, the results showed that diatoms are soft, hydrophobic and 

release only small amounts of EPS organized into individual short fibrils. In contrast, diatoms adapt to 

a salinity of 5 by becoming much stiffer and more hydrophilic, producing larger amounts of EPS that 

structurally form an EPS network. Both adaptation responses of diatoms, the hydrophobic properties 

of diatoms and the release of EPS, appear to play an important role in diatom aggregation and explain 

the behavior observed at different salinities. This biophysical study provides important evidence 

allowing to get a deep insight into diatom interactions at the nanoscale, which may contribute to a 

better understanding of large-scale aggregation phenomena in aquatic systems. 
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1. INTRODUCTION 

 Diatoms form a very diverse group of eukaryotic microalgae (100,000 species) found in all 

aquatic environments (fresh and marine waters, soils and terrestrial systems), either in benthic or 

planktonic states. They are thought to be responsible for 20% of the total production on Earth and 40% 

of the total marine primary production (Scala and Bowler, 2001). In particular, Cylindrotheca closterium 

(C. closterium) is a widespread marine diatom in coastal and estuarine environments that can develop 

in both planktonic and benthic states. On the mudflats found in these regions, this species forms 

biofilms on the surface of sediments, increasing their stability and promoting the deposition of 

sediment particles (de Brouwer et al., 2005). When these biofilms are then disturbed, cells become 

resuspended in the water and continue to live in the planktonic state (Thornton, 2002). In both the 

benthic and planktonic states, this species can produce large amounts of extracellular polymeric 

substances (EPS), which it requires for locomotion or to promote its adhesion to the substrate and 

subsequent biofilm formation (Staats et al., 2000). In the planktonic state, these EPS can be involved 

in the aggregation (i.e., flocculation) of cells that can then form marine snow, i.e., aggregates of 

detritus, inorganic material, and living organisms greater than 0.5 mm in diameter (Iversen and Ploug, 

2013). Macroaggregates can even reach meter or kilometer scales, as demonstrated by the 

phenomenon of macroscopic gel formation in the northern Adriatic Sea, which has been shown to be 

related to the production of extracellular polymers by the dominant diatom species C. closterium 

(Alcoverro et al., 2000; Kovač et al., 2005; Najdek et al., 2005; Pletikapić et al., 2011; Radić et al., 2011; 

Svetličić et al., 2011; Žutić and Svetličić, 2000). Moreover, these aggregates then sediment and export 

organic matter such as carbon from the surface to the deep sea, a phenomenon referred to as the 

biological carbon pump (Piontek et al., 2009; Tréguer et al., 2018).  

 In coastal and estuarine environments where diatoms such as C. closterium occur, salinity is 

usually a local environmental factor that can vary widely (Glaser and Karsten, 2020). In open oceans, 

salinity is relatively constant due to intense mixing, but in nearshore or estuarine waters where riverine 

freshwater mixes with marine water, the degree of salinity dilution is highly variable (Karsten, 2012). 

In addition, future climate change scenarios foresee less precipitation and more evaporation in these 

zones, which will lead to further changes in salinity (Glaser and Karsten, 2020). For these reasons, the 

effects of salinity stress (hypo- or hyper-saline) on diatoms such as C. closterium have been the subject 

of several studies. For example, authors have shown that changes in salinity can have effects on cell 

motility (Apoya-Horton et al., 2006; Araújo et al., 2013), cell length (De Miranda et al., 2005), cell 

growth (Araújo et al., 2013; Glaser and Karsten, 2020; Rijstenbil, 2005; Van Bergeijk et al., 2003), EPS 

production (Najdek et al., 2005; Steele et al., 2014) or oxidative stress (Roncarati et al., 2008). Studies 

using other estuarine diatom species such as Thalassiosira weissflogii have also showed that salinity 

changes could also influence the transcriptomic activities of cells (Bussard et al., 2017). But in the 

specific case of C. closterium, a recent study from our group investigated the effects of salinity-induced 

stress on the surface properties and EPS production of C. closterium cells in the stationary phase, which 

determines their functional behavior in aquatic systems (Novosel et al., 2022a). For that, cell adhesive 

and nanomechanical properties were probed using atomic force microscopy (AFM), which is a 

powerful technique to study microalgae at the nanoscale and probe their biophysical properties 

(Demir-Yilmaz et al., 2021). Moreover, AFM has also been used before to elucidate the molecular 

mechanisms underlying microalgae cell aggregation for different types of microalgae species showing, 

its interest in such studies (Besson et al., 2019; Demir et al., 2020; Demir-Yilmaz et al., 2022; Formosa-

Dague et al., 2018; Vergnes et al., 2019).  
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 To date, no studies have examined the effects of salinity on diatom aggregation during the 

exponential growth phase. Thus in this work, we investigate how hypo-saline conditions (15 and 5) 

affect the aggregation of C. closterium in this growth phase using flocculation/flotation experiments. 

In addition, AFM was used to determine nanomechanical and hydrophobic properties of diatoms and 

the structural organization of EPS, while an electrochemical approach allowed quantification of 

released surface-active organic matter. Overall, this original data set contributes to the understanding 

of the mechanism underlying cell aggregation of C. closterium under hypo-saline conditions. Such data 

are important for understanding globally important processes that occur in marine waters, such as the 

formation of marine snow. 
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2. MATERIAL AND METHODS 

2.1. Microalgae strain and culture conditions  

The diatom Cylindrotheca closterium (Bacillariophyceae, CCMP 1554, Culture Collection Bigelow 

Laboratory for Ocean Sciences, Bigelow, MN, USA) was cultured under sterile conditions in natural 

seawater (salinity of 35) and enriched with f/2 medium (Guillard, 1975). Diatom monocultures were 

grown in both laboratories (at the RBI and TBI) using seawater from the southern Adriatic Sea and the 

Mediterranean Sea. In both cases, the culture medium was sterilized before use. Cells were cultured 

either in flasks at 19°C and 120 rpm in an incubator with white neon tubes providing an illumination of 

40 µmol photons m-2 s-1 with a photoperiod of 18 hours light:6 hours dark, or in a water bath at 19°C 

and 20 rpm and a photoperiod of 12 hours light:12 hours light with an irradiance of 32 μmol photons 

m-2 s-1. Both types of cultivation resulted in similar growth rates under the different conditions tested 

in this study. To induce salinity stress, natural seawater was diluted with sterile MilliQ water to obtain 

selected salinities of 15 and 5, and cells were cultured under the same conditions for 7 days. To monitor 

cell growth, the average cell abundance in duplicate samples was determined using a Fuchs-Rosenthal 

hemocytometer (Fein-Optik Jena, Germany, depth 0.2 mm) and a light microscope (Olympus BX51, 

Olympus Corporation, Japan). Growth rate and doubling time were determined in the early 

exponential growth phase of diatoms (Kim, 2015). 

2.2. Electrochemical method  

The electrochemical method of polarography at the dropping mercury electrode allows 

characterization of released surface-active organic matter from cell culture (Pletikapić and Ivošević 

DeNardis, 2017; Svetličić et al., 2006). Here, adsorption of organic matter and submicron particles on 

the dropping mercury electrode leads to a decrease in the surface tension gradient at the mercury 

interface, which causes the suppression of convective flow proportional to the surfactant 

concentration in the sample and is referred to as surfactant activity. The surfactant activity of seawater 

can be expressed as the equivalent amount of the nonionic synthetic surfactant used, Triton-X-100 

(polyethylene glycol tert-octylphenyl ether), in milligrams per liter. 

2.3. Electrochemical measurements 

Electrochemical measurements were performed in an air-permeable and thermostatic Metrohm 

vessel with a three-electrode system. The dropping mercury electrode served as the working electrode 

and had the following characteristics: dropping time: 2.0 s, flow rate: 6.0 mg s-1, maximum 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 a counter electrode. Electrochemical measurements were performed using a 174A 

Polarographic Analyzer (Princeton Applied Research, Oak Ridge, TN, USA) connected to a computer. 

Analogue data acquisition was performed using a DAQ card-AI-16-XE-50 (National Instruments, Austin, 

TX, USA). Data analysis was performed using the application developed in LabView 6.1 software 

(National Instruments, Austin, TX, USA). Electrochemical measurements of the surfactant activity of 

the sample were performed by recording polarograms of Hg(II) reduction (current-potential curves) at 

a scan rate of 10 mV/s. The nonionic surfactant Triton-X-100 (polyethylene glycol tert-octylphenyl 

ether, Sigma) was used as a standard. Stock solutions of Triton-X-100 (10 g/L) were prepared in artificial 

seawater with the corresponding salinities. The polarographic maximum Hg(II) was measured for a 

range of Triton-X-100 concentrations, and surfactant activities were determined at -350 mV, which 

was used to construct calibration curves. Surfactant activity of C. closterium cell cultures in the 
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exponential growth phase was measured by adding 0.5 mL of 0.1 M HgCl2 to the sample and recording 

the polarographic maximum of Hg(II).  

2.4. AFM imaging of living cell 

Before AFM imaging experiments, cells were harvested by centrifugation (2000 g, 3 min) and washed 

twice in PBS buffer at pH 7.4. AFM images of C. closterium cells were acquired with cells immobilized 

on positively charged glass slides (SuperfrostTM Plus Adhesion, Epredia, USA) in PBS at pH 7.4. The 

quantitative imaging mode of Nanowizard III AFM (Bruker, USA) with MSCT cantilevers (Bruker, 

nominal spring constant of 0.01 N/m) was used. Images were acquired at a resolution of 80 pixels, with 

an applied force of < 1.5 nN and a constant approach/retract speed ranging from 180 to 200 μm/s (z-

range of 1.5 μm). For roughness measurements, images were acquired on areas of 0.5 × 0.5 µm in 

contact mode with MSCT cantilevers at an applied force < 0.5 nN. In all cases, the spring constants of 

the cantilevers were determined using the thermal noise method prior to imaging (Hutter and 

Bechhoefer, 1993).  

2.5. AFM imaging of EPS 

Atomic force microscopy images of EPS were acquired using a Multimode Scanning Probe Microscope 

with Nanoscope IIIa controller (Bruker, Billerica, MA, USA) equipped with a 125 µm vertical 

engagement (JV) scanner. C. closterium diatoms cultured at salinities of 5, 15, and 35 were separated 

from the growth medium by gentle centrifugation (2000 g, 3 min) on day 7 of growth. The loose pellet 

was washed twice with filtered seawater of the corresponding salinity, diluted to a final volume of 1 

mL with filtered seawater, and used to prepare samples for AFM measurements. A 5 µL aliquot of the 

cell suspension was pipetted onto freshly cleaved mica and placed in a closed Petri dish for 1 hour to 

allow the cells to settle and attach to the surface. The mica discs were then immersed in ultrapure 

water three times for 30 seconds and dried. After the drying step, the discs were taped to a metal 

sample pack with double-sided tape and imaged with the AFM. Imaging was performed in contact 

mode in air with silicon nitride cantilevers (DNP, Bruker, nominal frequency 18 kHz, nominal spring 

constant 0.06 N m-1). The linear scan 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. Image processing and analysis was performed using NanoScopeTM 

software (Bruker, Billerica, MA, USA). 

2.6. Force spectroscopy measurements 

For nanoindentation measurements, cells were harvested by centrifugation (2000 g, 3 min), washed 

twice in PBS buffer at pH 7.4, and immobilized on positively charged glass slides (SuperfrostTM Plus 

Adhesion, Epredia, USA). In these experiments, a cantilever with known mechanical properties is 

pressed against the cell surface with a specific force. In this way, the Ym value of the cell can be 

determined, a value that reflects its resistance to compression and thus its rigidity. In this study, 

nanoindentation measurements were performed on 10 cells from 2 independent cultures under all 

conditions, and 400 force curves were recorded for each cell on areas of 500 × 500 nm on the cell 

surface. Force spectroscopy experiments were performed with an applied force between 1 and 3 nN 

depending on the condition using MLCT AUWH cantilevers with nominal spring constants of 0.1 N/m. 

Young's moduli were calculated from 40 nm indentation curves using the Hertz model (Hertz, 1881) in 

which the force F, indentation (δ), and Young's modulus (Ym) follow equation (1):  
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𝐹 =

2 × 𝑌𝑚 × 𝑡𝑎𝑛𝛼

𝜋 × (1 − υ2) × δ²
 

(1) 

Here α is the opening angle of the tip (17.5°) and υ is the Poisson's ratio (which is 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).  

2.7. Hydrophobicity measurements 

To measure the hydrophobic properties of cells, a recently developed method was used, which consists 

of using fluidic force microscopy (FluidFM) to measure the interactions between a bubble (hydrophobic 

surface) and cell surfaces (Demir et al., 2021). For this purpose, FluidFM probes with an aperture of 8 

µm in diameter (Cytosurge AG, Switzerland) were hydrophobized by coating with self-assembled 

monolayers (SAMs) of silanes using SAMs vapor deposition technique. The FluidFM cantilevers were 

functionalized with 1H,1H,2H,2H-perfluorodecyltrichlorosilane (FDTS) using an Orbis-1000 equipment 

(Memsstar, Livingston, UK) to make their outer surface and the inner surface of the microchannel 

hydrophobic. The deposition was carried out under vacuum at 40 Torr and -40°C for 5 minutes. 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. To create a bubble at the opening of the cantilever, a 

positive pressure of 200 mbar was then applied inside the microfluidic cantilever in buffer. The 

silanized probes were calibrated using the thermal noise method before each measurement (Hutter 

and Bechhoefer, 1993). The interactions between the generated bubbles and C. closterium cells under 

the selected salinities were then recorded in force spectroscopy mode, applying a maximum force of 

1 nN and a constant retraction speed of 2 μm/s. For each condition, areas of 0.5 × 0.5 µm were 

examined on 6 different cells coming from two independent cultures. Adhesion forces were 

determined by calculating the maximum adhesion force from the obtained retraction force curves. 

2.8. Flocculation/flotation separation experiments 

Flocculation/flotation separation of C. closterium was performed in dissolved air flotation (DAF) 

experiments in a homemade flotation system as described elsewhere (Besson and Guiraud, 2013; 

Demir-Yilmaz et al., 2022, p.). For this purpose, algal suspensions with an optical density (750 nm) of 

0.6 at salinities of 35 and 15 and with an optical density (750 nm) of 0.3 at salinity of 5 were used 

directly after 7 days of culture. For some experiments, cells were washed (2000 g, 3 min) and 

resuspended in PBS to remove EPS present in the culture medium. In these cases, the separation 

experiments were performed in PBS at a pH equal to that of the cells at the end of the cultures (9.4), 

eliminating the possible effects of pH fluctuations on cell flocculation. The cell suspensions were then 

added to the flocculation/flotation jars, and shaken (100 rpm) for 15 min to initiate flocculation. 

Depressurization at atmospheric pressure of deionized water saturated with air at 6 bar resulted in the 

formation of bubbles. Algae-free water was pressurized for 30 minutes before injection into the jars. 

Injection was controlled by a solenoid valve and 20 mL of pressurized water was added to each beaker 

sample. For all conditions, the algal suspension was removed from the bottom of the test-jars after 15 

minutes: The first 5 mL of the treated phase was discarded, and the next 20 mL was used to quantify 

the flocculation/flotation efficiency. For this purpose, the optical density of the extracted microalgal 

suspension was measured and compared to the optical density of the microalgal suspension measured 

before the experiments. The flotation efficiency (E) was calculated according to the following equation 

2: 
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𝐸 =  

𝑂𝐷𝑖. 𝑉𝑖 − 𝑂𝐷𝑓 . 𝑉𝑓

𝑂𝐷𝑖. 𝑉𝑖
 

(2) 

Where ODi and ODf are the initial and final optical densities (750 nm), respectively, and Vi and Vf are 

the initial and final volumes after addition of the bubbles. 
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3. RESULTS  

3.1. Salinity stress affects growth dynamics of C. closterium cells 

 The growth curves obtained for C. closterium at the three selected salinities 5, 15, and 35 are 

shown in Figure 1. The initial abundance of cells in the growth medium was approximately 4.0 × 104 

cells/ml. The highest cell number on the day 7 of growth was recorded in cultures with salinity 35, 

while the cell number was 7 times lower with salinity 5. Diatom growth is salinity dependent, such that 

the fastest growth rate of 0.40 day-1 and the shortest doubling time of 1.71 days were obtained at a 

salinity of 35, while the growth rate of 0.11 day-1 and the longest doubling time of 6.11 days were 

obtained at a salinity of 5. The same cell species was grown independently in another laboratory and 

also characterized at day 7 of growth. Figure S1 shows the corresponding growth curves of C. 

closterium at the selected salinities. Despite the different culture conditions in terms of illumination 

and photoperiod, the cell growth dynamics are similar in both cases and thus the data can be 

compared.  

Figure 1. Growth curves of C. closterium at the selected salinities (5, 15 and 35).  Cells were cultivated 

in marine water enriched with f/2 medium in a water bath at 20 rpm and a photoperiod of 12 hours 

light:12 hours light with an irradiance of 32 μmol photons m-2 s-
.
1  The y-scale is logarithmic. Three 

different cultures in each salinity conditions were monitored.  

 

3.2. Salinity stress affects the aggregation behavior of C. closterium cells 

 To evaluate the effects of salinity stress on the aggregation of cells, flocculation/flotation 

experiments were performed. In this type of experiments, after 7 days of culture, the cell suspension 

is introduced in a flotation jar and mixed during 20 minutes to allow the cells to aggregate. Then, small 

bubbles generated by dissolved air flotation (DAF) are introduced at the bottom of the suspension; as 

they rise, they capture the aggregates formed and bring them to the surface. This separation is only 

possible if the cells are already aggregated. Thus, the separation efficiency obtained directly reflects 

the aggregation of the cells. These experiments were performed with cells directly after culture or with 

cells previously washed by centrifugation in buffer. The centrifugation process probably mainly 

removes EPS from the cells, as shown in Figure S2. Since EPS are a known factor promoting cell 

aggregation (Vergnes et al., 2019), including in the case of diatoms (Steele et al., 2014), it is important 

to evaluate their potential involvement in cell aggregate formation. The results are shown in the 
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histogram in Figure 2; the dark bars show the separation efficiency without washing the cells and the 

light bars with a washing step. When the cell cultures are used directly for the flocculation experiments 

(dark bars in Figure 3), the measured separation efficiency for cells cultured at a salinity of 35 is 64.6 ± 

9.4%, which is quite high considering that no external flocculants were used. When the salinity is 

decreased, this efficiency drops to 53.7 ± 5.0% at a salinity of 15 and even further to 37.4 ± 6.0% at a 

salinity of 5. Statistical analysis showed that these differences between salinities 35 and 5 and between 

salinities 5 and 15 were significant (p-value of 0.01, Mann and Whitney test). When the experiments 

are repeated with cells separated and washed from the growth medium prior to the flocculation 

experiments and from which the EPS were mainly removed, we can see that all separation efficiencies 

decrease by the same factor of approximately 3. Under these conditions, the separation efficiency is 

21.7 ± 13.5% at a salinity of 35 and decreases to 19.0 ± 9.9% at a salinity of 15 and to 11.5 ± 3.1% at a 

salinity of 5. Thus, the removal of EPS from cells has a significant effect on their aggregation behavior, 

but nevertheless, cells at a salinity of 35 are able to form more aggregates than cells at lower salinities. 

Hypo-saline stress thus has a negative effect on cell aggregation. 

 Figure 2. Flocculation/flotation of C. closterium cells cultures at selected salinities. The histogram 

shows the separation efficiency of C. closterium cells grown at salinities of 35, 15, and 5. The dark bars 

were obtained with direct cell cultures and the light bars with cells previously washed in phosphate 

buffer. In each case, the tests were repeated at least 7 times with three independent cultures. 

 

3.3. Salinity stress affects the surface properties of cells 

 To understand the decrease in the ability of cells to aggregate under hypo-saline conditions, 

we examine the effects of selected salinities on cell surface roughness, nanomechanical properties, 

and hydrophobicity. Figure 3a-c show AFM height images of C. closterium cells at salinities studied. 

From these images, the reduction in salinity does not seem to affect the morphology of the cells, as 

they have similar shapes and dimensions. Then, to evaluate whether the salinity conditions tested in 

our study could have an effect on the nanostructure of the cell wall, we performed roughness 

measurements. For this purpose, high-resolution images of small areas (500 × 500 nm) were acquired 

and used to measure the average roughness Ra. Under each condition, the measurements were 

performed on 10 cells from 2 independent cultures (Table S1). Figure 3d shows the distribution of 

these values. First, we note that the cell wall of C. closterium is quite smooth; at salinity of 35 (control), 

the roughness averages 0.8 ± 0.2 nm. As salinity decreases, the roughness of C. closterium cells also 
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appears to decrease. However, statistical analysis (Mann and Whitney test) showed that the observed 

differences were not significant at a p-value < 0.05. Another important property of the cell surface that 

may change as a function of conditions is the rigidity of the cell wall. To obtain quantitative information 

about these properties, the elastic modulus (Ym) of the cell wall was determined by analyzing the force 

curves obtained during the nanoindentation measurements. The distribution of Ym values obtained (n 

= 4000 under each condition) is shown in Figure 3e (Table S2). Cells grown at a salinity of 35 have an 

average Ym value of 2.7 ± 1.1 MPa. C. closterium contains silica in its cell wall, which explains the high 

rigidity obtained here. As salinity decreases, the Ym value increases to 3.0 ± 0.7 MPa at a salinity of 15 

and to 3.9 ± 1.9 MPa at a salinity of 5. Statistical analysis showed that the differences in this case were 

significant (two-sample t-test). Thus, when cells are subjected to hypo-saline stress, cell rigidity 

increases, probably due to molecular changes in the cell wall under these conditions. 

Figure 3. Nanostructural and nanomechanical characterizations of C. closterium cells at selected 

salinities. AFM height images of single C. closterium cells cultured for 7 days in medium with salinity of 

(a) 35, (b) 15, and (c) 5. (d) Box plot showing the distribution of roughness values, each measured on 

10 different cells from 2 independent cultures (Table S1). (e) Box plot showing the distribution of Ym 

values that reflects the cell surface rigidity, each measured on 10 different cells from two independent 

cultures (Table S2). 

 We therefore investigated hydrophobic properties, using a recently developed technique in 

our team that consists in probing the interactions between cells and air bubbles produced using 

FluidFM technology (Demir et al., 2021), which combines AFM with microfluidics (Meister et al., 2009). 

This technique provides an accurate way to study the hydrophobic properties of complex surfaces such 

as microalgal cells, where measuring water contact angle (WCA) can be difficult. Since air bubbles in 

water behave like hydrophobic surfaces, the stronger the interaction with the bubbles, the more 

hydrophobic the surface. The results of these experiments are shown in Figure 4. In each case, 5 cells 

from 2 independent cultures were examined (Table S3). They show that cells grown at a salinity of 35 

interact with bubbles with an adhesion force of 367.6 ± 87.0 pN (Figure 4a). The adhesion force 

decreases for cells grown at a salinity of 15 (Figure 4b), with an average value of 108.5 ± 69.8 pN. At a 

salinity of 5, the cells no longer interact with the bubbles (no interactions recorded, Figure 3c). 
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Therefore, the reduction in salinity affects the hydrophobic properties of the cells, as the cells become 

more hydrophilic under hypo-saline stress. 

Figure 4. Probing the interactions between air bubbles and C. closterium cells cultured at the selected 

salinities. Adhesion force histogram obtained for the interaction of air bubbles with C. closterium cells 

cultured at salinities of (a) 35, (b) 15 and (c) 5. The insets in the histograms show the representative 

force curves obtained during the force spectroscopy experiments. In each case, six cells coming from 

two independent cultures were used for measurements.  

 

3.4. Salinity stress affects the production and nanostructural organization of released EPS  

 We determined the amount of released surface-active organic matter at the selected salinities, 

and characterized its nanostructural organization using the electrochemical method of polarography 

at the dropping mercury electrode and AFM, respectively. For this purpose, diatom cultures grown at 

the selected salinities were characterized in terms of surfactant activity per cell, which reflects the 

physiological activity of the cells. The results show that the surfactant activity is highest for the C. 

closterium culture grown at a salinity of 5 (13.9 pg T-X-100/L), while the lowest surfactant activity was 

determined for the cells grown at a salinity of 35 (0.9 pg T-X-100/L), as shown in Figure 5. 
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Figure 5. Surfactant activity of C. closterium cell cultures at selected salinities. In each condition, the 

measurements were repeated with three different cultures. 

 In addition, high-resolution AFM imaging was used to characterize the supramolecular 

organization of EPS at selected salinities, as presented in Figure 6). In each case, 10 diatoms were 

characterized. The results showed that at all salinities studied, the diatoms were surrounded by a 

dense layer (Figure 6a, d, g) that could extend up to 10 µm beyond the cell and was only a few nm 

thick. The difference in EPS organization as a function of salinity is very striking in these images. In cells 

grown at salinity of 35, only short individual fibrils can be seen (1-2 nm high, Figure 6 b and c), whereas 

in cells grown at salinities of 15 and 5, the EPS form a fibrillar network.  

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

14 
 

Figure 6. AFM characterization of the EPS produced by C. closterium cells at selected salinities. AFM 

vertical deflection obtained in contact mode in air of C. closterium cell rostra at salinities of (a) 35, (d) 

15 and (g) 5. (b), (e) and (h) are AFM height images recorded on closed-up 5 x 5 µm areas, respectively. 

(c), (f) and (i) are cross-sections taken along the white lines in (b), (e) and (h) respectively.  

 

4. DISCUSSION  

 Diatom aggregates that form in natural environments contribute significantly to marine snow. 

Their sedimentation has several effects, the most important being the export of organic material from 

the surface to the deep sea (Iversen and Ploug, 2013; Thornton, 2002). Because salinity is one of the 

most important fluctuating parameters in coastal and estuarine regions where C. closterium is 

common, it is important to evaluate the effects of hypo-saline stress on cell aggregation. While the 

effects of hyper- or hypo-saline conditions on diatoms have been studied, the aggregation mechanism 

in diatoms during the exponential growth phase is poorly understood. In this study, we investigated 

the effects of hypo-saline conditions on the aggregation behaviour of C. closterium cells, and nanoscale 

characterization of cells and released EPS helped to elucidate the corresponding aggregation 

mechanism. To conduct this study, cells were characterized after 7 days of culture in hypo-saline 

conditions, where they are most likely acclimated to the new saline regime. Indeed, as it was showed 

for other microalgae species, the adaptation response of cells to a stress is likely to be faster than the 

doubling time. For instance in the case of flagellated microalgae species, an exposure of cells to a toxic 
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concentration of the heavy metal cadmium had an effect on cell speed after only one hour of contact, 

while cell speed returned to near pre-exposure control levels after three hours (Novosel et al., 2020).  

 An initial aspect of the study was to determine the effects of hypo-saline stress on cell growth 

dynamics. Several studies in the literature have examined the effects of altering salinity on C. 

closterium growth. Rijstenbil et al. found that high salinity had a significant negative effect on the 

photosynthetic activities of cells (Rijstenbil, 2005), whereas Van Bergeijk et al. reported that lower 

salinity levels (11 and 22 psu) had little effect on the growth rate of C. closterium cells or on the cell 

yield of long-term cultures (14 days) (Van Bergeijk et al., 2003). Our results are not consistent with 

these findings; however, in our case, the effects of reduced salinity on cells in the exponential growth 

phase were examined, which could explain the differences observed. In addition, it has been showed 

that different strains of C. closterium have distinct growth response patterns in terms of optimum 

growth temperature, which might also be the case for salinity (Stock et al., 2019). However, the results 

are consistent with our recent study that showed that favourable growth conditions for C. closterium 

are at salinities of 27 and 38 (Novosel et al., 2022a). Another study conducted with different strains of 

C. closterium isolated from brackish and marine habitats also found that reduced salinity stopped or 

slowed cell growth in 7-day cultures, confirming our findings (Glaser and Karsten, 2020). Finally, this 

effect of reduced salinity was also reported by Araujo and coworkers on 72-hour cultures of C. 

closterium (Araújo et al., 2013). 

 In a second step, the aggregation of cells under hypo-saline conditions was then quantified 

using flocculation/flotation experiments. The results showed a statistically significant decrease in cell 

aggregation under hypo-saline conditions. Because EPS has been reported to be an important factor 

promoting flocculation for several microalgal species (Steele et al., 2014; Vergnes et al., 2019), the 

experiments were additionally repeated with washed cells, where the majority of EPS was likely 

removed. The results highlight the important contribution of EPS to cell aggregation behaviour. 

However, even when most of the EPS was removed, the cells formed aggregates, but significantly less 

under hypo-saline conditions. This suggests that the EPS present in the culture medium are not the 

only factor affecting aggregation. To understand this, several hypotheses can be made: (i) salinity 

affects cell surface properties, (ii) salinity affects released EPS, and (iii) the combination of both factors, 

cell surface properties and released EPS, affects cell aggregation. To answer these questions, we 

examined the surface roughness and surface properties of C. closterium at the selected salinities. The 

surface of C. closterium in the exponential growth phase is very smooth, as revealed by roughness 

measurements in liquid, with an average roughness of 0.8 ± 0.2 nm. In a previous study, roughness 

measurements on C. closterium cells in the stationary growth phase gave roughness values in the range 

of 2 - 5 nm for salinities of 9, 19, 27, and 38 (Novosel et al., 2022a). Higher cell roughness values could 

be related to roughness measurements in air. In addition, cell roughness depends on the species and 

stressor. Some microalgal species had a smooth surface, such as Chlorella vulgaris (0.9 nm at pH 6, 

(Demir et al., 2020)), while the diatom Phaeodactylum tricornutum had a much rougher surface with 

values ranging from 5 to 10 nm (Ma et al., 2021). Finally, another study investigated the roughness of 

the diatom Nitzschia closterium under selected salinity conditions. Their results showed that the cell 

surface was rougher at a salinity of 18 (9.9 nm compared to 6.3 nm at a salinity of 32) due to the 

presence of silica particles on the cell surface, which is therefore not the case here (Ma et al., 2019). 

 As for the nanomechanical measurements performed, our results show that a decrease in 

salinity leads to an increase in cell rigidity. Several studies have shown that a stress or a change in 

environmental conditions can have an important impact on the composition or remodeling of the cell 
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wall, changing its nanomechanical properties (Demir et al., 2020; Formosa-Dague et al., 2018; Francius 

et al., 2008; Ma et al., 2019; Novosel et al., 2022a, 2022b). In particular, our previous study of C. 

closterium cells in stationary phase has shown that hypo-saline stress leads to a marked increase in the 

production of membrane sterols, which make the cells significantly stiffer and more hydrophobic 

(Novosel et al., 2022a; Vrana et al., 2022). Perhaps a similar mechanism takes place here in the 

exponential phase. Moreover, changes in nanomechanical properties upon stress have also been 

reported in other microalgal species; for example, P. tricornutum and C. vulgaris cells exhibit increased 

stiffness at elevated pH (Demir et al., 2020; Formosa-Dague et al., 2018). In contrast, Ma and co-

authors reported no effects on cell rigidity when N. closterium cells were exposed to hypo-saline 

conditions (Ma et al., 2019). However, in this case, Ym values obtained with a different model than 

that of this study were much higher (about 30 MPa), reflecting the higher content of silica in the cell 

wall of N. closterium compared to C. closterium and perhaps explaining the difference with our results. 

 Hydrophobicity of microalgal cells is also an important factor in aggregation efficiency (Garg et 

al., 2012; Ozkan and Berberoglu, 2013; Novosel et al., 2022a, 2022b). We investigated the 

hydrophobicity of C. closterium cells in the exponential growth phase at selected salinities. Results 

showed that diatoms grown under favorable conditions (salinity of 35) behaved more hydrophobically 

than cells grown under hypo-saline stress, possibly promoting efficient aggregation compared to cells 

grown at lower salinities. These changes in cell hydrophobicity at different salinity variation suggest a 

chemical change in lipid metabolism (Novosel et al., 2022a; Vrana et al., 2022). In addition, cell surface 

properties have been shown to vary with cell age. For example, D. tertiolecta cells behave hydrophobic 

and stiff in exponential phase and under favorable growth conditions, while they are hydrophilic and 

soft in stationary phase, also suggesting a molecular change in their cell barrier (Pillet et al., 2019).  

 Regarding the release of EPS, an electrochemical approach allows quantification of the 

released surface-active organic matter, while AFM imaging provides insights into their nanostructural 

organisation. The results showed that the production of EPS was about 14 times higher in cells grown 

under hypo-saline conditions. Overproduction of EPS as an adaptation response of cells was reported 

when C. closterium was exposed to the heavy metal cadmium (Mišić Radić et al., 2021). Such behavior 

was also observed by Staats et al. who found that cultures of C. closterium depleted of nitrogen also 

produced more EPS (Staats et al., 2000). For example, under hyper-saline stress, it has been shown for 

P. tricornutum cells that increased salinity increases the production of EPS with higher levels of uronic 

acids and sulphates, possibly allowing EPS to retain more water (Abdullahi et al., 2006). Thus, the 

higher amount of EPS at salinity 5 (as an unfavorable condition) corresponds to an adaptation of cells 

to protect themselves against osmotic stress. Regarding the EPS nanostructure, the AFM results 

showed that the EPS are structured differently depending on the salinity: At salinity 35, the EPS form 

short single fibrils around the cells, while at salinity 15 and 5, the EPS form a fibrillar network. For C. 

closterium cells in stationary phase, our recent study showed a similar trend, with denser fibrils around 

the diatoms at lower salinities (9 and 19) with a higher degree of cross-linking (Novosel et al., 2022a). 

As the flocculation/flotation results showed, the EPS play an important role in flocculation, as for all 

conditions the separation efficiency and thus aggregation decreases by a factor of 3 when the EPS are 

removed from the cells. It is important to note that the cells aggregate independently of EPS 

production, implying that the EPS are not the only parameter that triggers cell aggregation at the 

selected salinities. As mentioned earlier, cell aggregation independent of the presence of EPS also 

appears to be driven by the hydrophobic properties of the cells, which allow diatom aggregates to 

form at salinity 35. 
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5. CONCLUSIONS 

 We examined the effects of selected salinities that simulate changes from the euhaline to the 

mesohaline range to better understand how salinity influences diatom adaptation at the single cell 

level. Our results show that hypo-saline conditions reduce the ability of diatoms to form flocs during 

the exponential growth phase. To explain this behavior, we characterized both the surface properties 

of the cells and the EPS released. The AFM results show that the cells are significantly softer and more 

hydrophobic at a salinity of 35 than under hypo-saline conditions. The amount of EPS released and 

nanostructural organization were also found to be salinity dependent. At salinity of 35, diatoms 

released a small amount of EPS organized in short fibrils and still formed diatom aggregates. This can 

be explained by the fact that cells grown under favorable conditions are more hydrophobic than cells 

under hypo-saline stress, as hydrophobicity is an important factor promoting cell flocculation. This 

comprehensive study revealed the complex interplay between cell surface properties and physiological 

activity on the mechanism of diatom aggregation, which could lead to a fundamental understanding 

of their survival strategy under hypo-saline stress conditions in aquatic systems and also serve for 

biotechnological applications. Furthermore, because diatom aggregations in marine environments can 

have important impacts on ecosystems and the export of organic matter to the water column, these 

results provide fundamental data needed to understand these phenomena on a large scale. 
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