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Abstract: Achnanthidium minutissimum is a widely distributed benthic freshwater diatom.
The alga can produce stalks that stick the cell to the surface and subsequently extracellular
capsules developing into biofilms. Extracts of the diatom-associated bacterium Dyadobacter
sp. 32 have been shown previously to induce stalk and capsule formation by the diatom.
Here, we studied the impact of macronutrients on the generation of stalks induced by bacte-
rial extracts with respect to the frequency of stalk generation and stalk lengths, using axenic
cultures to avoid any additional impact of bacteria on the nutrient availability. We found
that nitrate deprivation inhibited cell division of A. minutissimum within four days, but it
did not initially affect stalk production or elongation. Silica limitation instead inhibited
both stalk production and elongation. Similarly, sulfate was required for stalk formation,
which was supported by the energy-dispersive X-ray spectroscopy of A. minutissimum cells
showing that sulfur was abundant in the stalks.

Keywords: attachment; biofilm; extracellular polymeric substances; Dyadobacter; nutrient
limitation

1. Introduction

Diatoms are unicellular algae and are often the dominant eukaryotic members of
phototrophic biofilms. Diatoms are among the first to colonize natural and artificial sub-
strata [1]. They can produce large amounts of extracellular polymeric substances, forming
different structures such as capsules, apical pads, tubes, or stalks [2]. These structures,
consisting mostly of polysaccharides, have important functions, allowing the cells to stick
together or to surfaces permanently or temporarily, or to develop biofilms as habitats [3].
Stalk production has been observed in many marine and freshwater diatom species [3].
Diatom stalks are mainly composed of carbohydrates and proteins [4,5]. Sulfonated poly-
saccharides are essential for stalk production [4-6]. Stalks may provide several advantages
to diatoms, supporting their growth and survival in different environments. By elevat-
ing the cells above the substrata, stalks may improve access to sunlight and nutrients,
thereby enhancing diatom growth. Stalk formation may also be of advantage to avoid toxic
conditions, such as antifouling-treated surfaces [7,8]. On the other hand, stalks can be of
disadvantage, increasing the chance to be ingested by grazers [9,10].

Generating and maintaining stalks located outside of the cells requires the activity of
extracellular enzymes. Studies on the diatom Didymosphenia geminata have revealed a high
activity of phosphomonoesterases and phosphodiesterases in the stalk, enabling the release
of inorganic phosphate from organic phosphate compounds, which can subsequently be
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utilized by diatom cells [11,12]. This capacity might explain the biological success of D.
geminata, particularly in an environment where organic phosphate dominates phosphate
resources [13]. Although the mechanism by which the phosphate released from stalks
reaches the diatom cells remains unclear, the existence of tube-like structures within the
stalk indicate a potential of the cells to take up phosphate from the stalk actively [11].

The attachment of benthic diatoms to substrata via stalks or biofilm layers has eco-
logical and economic consequences. For example, blooms of D. geminata in the Rocky
Mountains may alter the density and biomass of invertebrate taxa, which may affect even
species higher up the food chain [14]. In particular, stalk-forming diatoms may cause
biofouling. For example, diatom biofilms on ship hulls lead to increased fuel consump-
tion, and increased costs [15]. Stalk-forming diatoms constitute early colonizers on ship
hulls [16,17]. Furthermore, they can be present in the hydro canals of hydropower plants,
reducing the efficiency significantly [18].

But stalk-producing diatoms can also be beneficial: the polysaccharide-based stalks of
D. geminata exhibit exceptional sorption capacity for Pb* ions and a high sorption capacity
for Cd?* and Ni?* ions; therefore, they could be used as potential biological adsorbent in
wastewater treatment [19]. Moreover, the unexpected discovery of lignin-like structures in
diatom stalks may expand their fields of application, including environmentally friendly
corrosion inhibitors and protective coatings, as well as the replacement of some petroleum-
derived materials [6,20].

Stalk formation itself, as well as stalk lengths, are influenced by multiple factors;
light intensity appears to be crucial because stalks are mainly composed of carbohydrates
that are generated by photosynthesis. Exposure to high light intensities together with
nutrient-limited cell division often leads to increased stalk lengths, possibly as a response
to photosynthetic overflow [21,22]. Very high light intensities though may inhibit stalk
elongation, possibly as a photoprotective mechanism to avoid further increased light
exposition [23]. The frequency of dividing cells (FDC) [24] is an important factor for stalk
lengths. Under nutrient-rich conditions, a high FDC results in short stalks, whereas under
nutrient-limited conditions, a lower FDC leads to long stalks, especially under phosphorous
limited conditions [22].

The diatom studied in this work, Achnanthidium minutissimum, is a widely distributed
monoraphid benthic freshwater diatom [5,25-27]. This species produces non-dividing
stalks on one edge of the valve that possesses the raphe. Achnanthidium species are widely
distributed in various freshwater habitats around the world and can be important indicators
of environmental conditions [28]. The diatom has high potential in serving as a model
species for studying the relationship between stalk production and environmental factors
because its stalk production can be controlled by addition of bacterial compounds. The
knowledge about A. minutissimum’ s stalk structure, composition, as well as conditions for
stalk formation is very limited so far. Here, we therefore describe how nutrient availability
influences stalk production in axenic A. minutissimum. Understanding the relationship
between nutrient conditions and stalk production may provide insights into how diatom
stalks are produced, as well as how and why the cells respond to environmental changes
by stalk production.

2. Materials and Methods
2.1. Strains

The fresh water diatom A. minutissimum strain MW1 was isolated from photoau-
totrophic, epilithic biofilms in the littoral zone of Lake Constance [27]. Dyadobacter sp.

32 cells were originally co-isolated from biofilms described above and cultivated on LB
plates with 1.5% agar.
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2.2. Cultivation Conditions

Axenic diatom cultures were cultivated in Achnanthidium medium (AM) [29] under
standard conditions with a light intensity of 43 umol m~2 s~! without shaking at 16 °C in
a 16: 8 day: night cycle.

2.3. Extraction of the Stalk-Inducing Signal Molecule

For extraction of the stalk-inducing signal, Dyadobacter sp. 32 was cultivated in liquid
LB medium at 20 °C with shaking at 130 rpm until the bacteria reached the stationary
phase (ODgqg: 1.25). Dyadobacter sp. 32 cells then were pelleted by centrifugation (9000 rpm,
10 min) using a Sigma 12500-H rotor in a Sigma 6-16k centrifuge (Sigma GmbH, Osterode,
Germany). The cell pellets were dissolved in a mixture of methanol and dichloromethane
(1:2 v/v, 300 mL). Then, 0.2 volumes of double-distilled water were added to the mix-
ture, and organic compounds were extracted by mixing the solvents for 60 min. The
water/methanol phase was collected and concentrated in a rotary evaporator. A 50 mg
aliquot of the lyophilized bacterial extract (total yield: 136.3 mg) was precisely weighed
and dissolved in 1.5 mL dimethyl sulfoxide (DMSO), yielding a stock solution with a
nominal concentration of 33.3 mg/mL. This primary stock was subsequently subjected to
serial decadal dilutions with anhydrous DMSO to prepare working solutions at 3.3 mg/mL
(10x dilution) and 0.33 mg/mL (100X dilution); all solutions were stored at —20 °C.

2.4. Cultivation of Axenic A. minutissimum Under Nutrient Limitation

For cultivation of the A. minutissimum under nitrogen and phosphate limitation,
specific nutrient resources in the AM medium [29] were replaced individually by the
corresponding chloride salts at the same molarity with one exception: the Co(NOs3),
in the micronutrient mixture was not replaced in the nitrogen limited medium because
its concentration (3.44 x 10~8 mol/L) was too low to affect the experiment. For sulfur
limitation, all salts containing sulfate ions were replaced by their chloride forms at the same
molarity. In silica limitation experiments, we omitted silica salts.

2.5. Stalk Induction Bioassay for A. minutissimum

All biological assays were performed in biological triplicates. Aliquots of bacterial
DMSO extract (3 uL) were transferred to axenic A. minutissimum cultures in 24-well cell
culture plates containing 1 mL A.M medium and mixed with diatom cells by careful
pipetting. As a negative control, only DMSO was added to A. minutissimum cultures. The
plates were cultivated under standard culture conditions without shaking. After induction,
non-attached A. minutissimum cells were washed off, together with the culture broth, by
pipetting gently. Cell densities were measured using a Beckman Coulter Multisizer 4e
Coulter Counter (Beckman Coulter, Brea, CA, USA). Cells that were still attached after this
procedure were stained with 0.01% crystal violet, followed by microscopical observation
and documentation using a Zeiss AXIO Observer.Al Inverted Fluorescence Microscope and
a ZEISS Axiocam 305 color camera (Carl Zeiss Microscopy GmbH, Oberkochen, Germany).
Typically, 5 images per well were taken to assess cell counts, and the images were checked
for the presence of stalks as well as used for cell counting. Cells in each image were
counted manually with Zen 3.2 (blue edition) software (Carl Zeiss Microscopy GmbH,
Oberkochen, Germany) except for those with very high densities (i.e., >400 cells per image).
In case of very high numbers of attached cells, one image was selected randomly among
5 images for cell counting. The percentage of cells with a stalk was calculated using the

following formula:
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A refers to the number of cells counted in the image; B, C, and D refer to the size of the
whole growth area; C refers to the size of the area in the image; and D refers to the volume
of medium in the growth area (mL), respectively.

2.6. Scanning Electron Microscopy (SEM) and Energy-Dispersive X-Ray Spectroscopic
Analysis (EDX)

Thermanox substrates were aseptically excised from 6-well culture plates utilizing
ethanol-sterilized forceps and rinsed thoroughly with fresh artificial seawater medium
(AM). Subsequently, specimens were aseptically transferred to sterile 6-well plates, im-
mersed in 1 mL AM, and processed through a standardized protocol for biofilm fixation,
dehydration, and conductive coating. Cells were chemically fixed by immersion in 1 mL
of ice-cold primary fixative solution containing 4% (w/v) glutaraldehyde, 20 mM CaCl,,
and 20 mM MgCl, in 0.2 M Na-HEPES buffer (pH 7.0) for 10 min. Following supernatant
removal, secondary fixation was performed with 2 mL of 2% (w/v) glutaraldehyde, 10 mM
CaCly, and 10 mM MgCl, in 0.1 M Na-HEPES buffer (pH 7.0) under ice-cooled conditions
for 20 min. Residual fixative was decanted, and substrates underwent two sequential
10 min washes with 10 mM CaCl, and 10 mM MgCl, in 0.1 M Na-HEPES buffer (pH 7.0)
on ice. A graded ethanol dehydration series was implemented as follows: 30% ethanol
(v/v), ice-cooled, 7 min; 50% ethanol (v/v), ice-cooled, 15 min; 70% ethanol (v/v), 4 °C,
overnight incubation; 80%, 90%, and 96% ethanol (v/v), room temperature (RT), 20 min
per step; two final rinses in 100% ethanol (v/v), RT, 20 min each. Critical point drying was
conducted using a liquid CO; as the transition medium (Balzers CPD030; Oerlikon Balzers,
Balzers, Liechtenstein) to preserve ultrastructural integrity. Samples were subsequently
sputter-coated with a 5 nm amorphous carbon layer (Balzers SCD030; Oerlikon Balzers,
Balzers, Liechtenstein) to enhance surface conductivity. After fixation, dehydration and
C-sputtering, the Thermanox disks were imaged and analyzed with a Zeiss “AURIGA”
scanning electron microscope equipped with an X-Max 20 mm? EDX-detector (Oxford
Instruments, Abingdon, UK).

2.7. Statistical Analysis

For analysis of the stalk length changes, length data were compared by Welch's
analysis of variance (Welch’s ANOVA), and a post hoc test was conducted by Games
Howell Test with the rstatix package [30]. Statistics and graphs were conducted with R
software (version 4.42) [31] and ggplot2 (version 3.5.1) [32].

3. Results
3.1. Induction of Stalk Formation in A. minutissimum by Dyadobacter sp. S32 Extracts

Compounds secreted by the bacterium Dyadobacter sp. S32 induce capsule/biofilm
formation by the diatom A. minutissimum [33]. This strain has been co-isolated benthic with
diatoms from Lake Constance. Dyadobacter species are known to interact with algae [34]
or with plant roots [35]. Stalk formation, which precedes the capsule formation of A.
minutissimum, is induced as well by Dyadobacter sp. S32 extracts. Stalks occur within 2 d
(Figure 1). The stalks together with the cells can be labelled with crystal violet, and their
growth can be followed by microscopy. Figure 1B,C shows the effect of presence or absence
(Figure 1A,D) of bacterial extract, including (Figure 1A,B) or excluding DMSO (Figure 1C,D).
As shown in Figure 1, the diatoms stuck to the surface after the addition of the bacterial
compound and could not be removed by washing. Light microscopy demonstrated that A.
minutissimum cells produced visible stalks 2 d after induction.

Stalk formation was induced by bacterial extracts, for which DMSO turned out to
be the superior solvent, avoiding precipitations. Therefore, the following experiments
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were performed with the bacterial compound being dissolved in DMSO. In order to ex-
clude the possible artificial effects of DMSQ itself, we tested A. minutissimum cultures with
1.0 x 10° cells/mL by adding the same amount of extracted compound in different concen-
trations of DMSO, by observing cell densities and stalk formation. Increasing amounts of
DMSO resulted in a reduced cell division; however, only a slight decrease of cell density
was observed at DMSO concentrations in the range from 0.03% to 2%. The percentage of A.
minutissimum cells forming stalks, as well as the stalk lengths, were not affected by DMSO
(0.03% to 2%) (Figure 2). We therefore decided to pursue further experiments with DMSO
concentrations of 0.3% to minimize its impact on A. minutissimum cells.

10 um 10 um 10 um 10 um

Figure 1. Morphological responses of A. minutissimum to experimental treatments 2 days after stalk
induction. (A) Control: addition of 0.3% DMSO (v/v) to A. minutissimum, (B) addition of 0.3% DMSO
+ 10 ug/mL bacterial extract, (C) addition of 10 ug/mL bacterial extract (DMSO-free), (D) negative
control (untreated medium). Light microscopy images (lower panels, A-D) depict crystal violet-stained
A. minutissimum cells 48 h post induction. Arrows point to stalks. Scale bar: 10 um.
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Figure 2. Responses of A. minutissimum cells to the addition of identical amounts of bacterial extract
dissolved in different DMSO concentrations after 2 days of incubation. (A) Cell densities and measured
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stalk lengths after incubation in different DMSO concentrations. The bar plot shows the cell density
measured 2 days after addition of the bacterial extracts, which declined with increasing DMSO
concentrations. The red line indicates the percentage of cells producing a stalk. (B) The box plot
shows the induced stalk lengths observed at four different DMSO concentrations. Error bars indicate
the standard deviation (SD) of each group, the p-value of Welch’s ANOVA is displayed in the figure.
Groups with different letters (a, b) indicate significant differences based on the Games-Howell post
hoc test (p < 0.05), whereas group with same letters shows no significant difference.

3.2. Differential Stalk Formation in Exponential and Stationary Cells

As stalk formation may depend on the physiological state of the cells, we studied
whether cells in exponential or stationary phase could be induced to form stalks. Figure 3
shows that an increase of the final concentration of bacterial extract in diatom cultures from
0.1 ug/mL to 100 png/mL slightly inhibited the cell density in the exponential phase, while
the cell density in the stationary phase was hardly affected. There was a dramatic difference
in stalk formation between cells in the exponential and stationary phase, respectively. Expo-
nentially growing cells exhibited a very strong increase of stalk formation with increasing
amounts of added stalk inducing bacterial extract, while the impact on stationary diatom
cells was hardly detectable.

Exponential phase Stationa hase
P P P 100%
4
75%
3
= (%]
5 2
£ o
> 50% 3
3 @
c Q
o) ®
o =
= 3
(&) [}
1 25%
0%

0.1 1 10 100

1 10 100
Bacterial extract concentration in medium (ug/ml)

0

Figure 3. Responses of A. minutissimum cells either in the exponential or in the stationary growth
phase to the addition of different concentrations of bacterial extracts after 2 and 4 days. The bar
plots indicate the cell densities of A. minutissimum at different concentrations of the bacterial stack-
inducing compound (logarithmic scale). Line plots: Percentage of cells producing a stalk under these
conditions. Error bars indicate the standard deviation (SD) of each group.

3.3. The Effect of Nutrient Limitation on Stalk Production

One explanation for the low stalk formation of cells in the stationary phase could
be nutrient limitation; therefore, we added individual macronutrients like nitrate, sulfate,
phosphate, and silicate to the diatoms in the stationary phase and followed stalk generation
for 2 or 4 days after induction by the bacterial compound (Figure 4). The cell density after
2 days did not show larger fluctuations, nor did the percentage of cells with a stalk. A
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certain increase of stalked cell numbers was observed after the addition of silicate. The
measured stalk lengths showed that the addition of nitrate reduced the stalk length, while
the cells after supplementation with sulfate showed significantly increased stalk lengths.

10u2d 10u4d 100u2d 100u4d
4 10.0%

e e e

7.5%

w

5.0%

Cell density (cell*106/ml)
N
abejusolad |12 paYeIs
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0 “0.0%
N S P S8 PC NC N § P Si PC NC N § P Si PC NC N S§ P S PC NC °
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Length (um)

N S P S PC N S P S PC N S P S PC N S P S PC
Treat

Figure 4. Responses of A. minutissimum cells to nutrient supplementation 2 and 4 days after induction
with bacterial compound being in a stationary phase. (A) The gray bar plot represents cell densities
of A. minutissimum after supplementation with individual nutrients (same concentrations as in
the original culture medium). N: nitrate; S, sulfate, P: phosphate, Si: silicate, PC: positive control
(addition of bacterial extract); NC: negative control (no bacterial compound added). The smaller
red bars indicate the percentage of cells producing a stalk. 10u2D/10u4D: 10 ug compound added,
measured after 2 and 4 days; 100u2D/100u4D: 100 pug compound added, measured after 2 and 4 days.
(B) The box plot below shows the distribution of stalk length in A. minutissimum cells after different
supplementations. ANOVA values as well as significance are shown. Error bars indicate the standard
deviation (SD) of each group. Groups with different letters (a, b, ¢, d) indicate significant differences
based on the Games-Howell post hoc test (p < 0.05), whereas group with same letters shows no
significant difference.

3.4. Nutrient Limitation Inhibits Stalk Production

As some of the different macronutrients affect stalk formation or length, they either
may be supporting stalk formation or could be part of the generated stalks. We therefore
again induced stalk formation by addition of bacterial extracts but incubated the cells
beforehand in culture media that either lacked or had strongly reduced amounts of one of
these nutrients. We then added this specific nutrient and compared the responses to those
cultures with no addition.

Figure 5A shows that a lack of nitrate, sulfate, or silicate strongly limited cellular
growth, while the absence of phosphate affected cell division weakly. We followed growth
and stalk formation for silica, sulfate, and nitrate (Figure 5B). While cell density did not
change strongly in all conditions tested, we found that even after 4 days, no stalks were
made when silica and sulfate were lacking, while stalks were made (up to 30% of the cells)
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despite a lack of nitrate. Replenishment of all the nutrients led to stalk formation, with
sulfate addition leading to the strongest increase (up to 50% of the cells) when compared to
an absence of the respective nutrients. Measurements of stalk lengths at the same conditions
as for A and B (Figure 5C) indicate that the addition of a missing nutrient led to shorter
stalks with the single exception of sulfate deprivation, where no stalks were detectable,
while the addition of sulfate resulted in stalk elongation. Phosphate limitation resulted in
exceptionally long stalks within 2 days when treated with 10 ug/mL of bacterial extracts,
with stalk lengths reaching up to 7.7 & 2 um.
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Figure 5. Response of A. minutissimum cells to nutrient limitation. Cells were pre-cultivated in the
absence of N, S, or Si for 4 days, for P limitation for 18 days. At t = 0, bacterial compound was added,
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Cell density (cell*106/ml)
N

15

10

Length (um)

and the cells were cultivated for 2 and 4 days with or without the indicated nutrient. (A) Growth
curves of A. minutissimum under different nutrient deprivation. (B) Cell densities (bar plot) and
percentage of cells with stalks (red bar plot) under deprivation of the respective nutrient after 2 and
4 days. 10/100 pg: amount of compound added to 1 mL of culture. NC: no bacterial compound,
no added nutrient. (C) Distribution of stalk lengths in A. minutissimum cells at the same conditions
as described for (B). Error bars indicate the standard deviation (SD) of each group. Groups with
different letters (a, b, ¢, d) indicate significant differences based on the Games-Howell post hoc test
(p < 0.05) whereas group with same letters shows no significant difference.

3.5. Nutrient Limitation on Stalked Cells

We furthermore tested the attachment of the cells to surfaces via the stalks in order to
understand the nutrient requirements of attached and non-attached cells. First, we induced
the formation of stalked cells with exponential phase cells and bacterial extracts (day 0).
We first treated axenic exponentially growing cells with bacterial extracts for 2 days in
order to allow the cells to settle and attach to the surface via stalks. We then poured off the
supernatant and the non-attached cells in order to count them, and we added new media
limited in specific nutrients (N, S, Si, P). This was repeated every 4 days, and cell counts
and stalk lengths were recorded (Figure 6).

Density of non-attached cells Density of attached cells

nutrient
-+ N_lim

% Si_lim

p -value = 5.67 x 1072 p-value =6.9 x 107 p-value =297 x 10" | | p-value =2.06 x 102 | | p-value =4.66 x 107
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& F W F TS WS & & W
Time (day)

Figure 6. Dynamics of A. minutissimum cell growth under different nutrient limitation. After 2 days
of induction with bacterial compound, the non-attached cells were removed every four days together
with the culture medium and counted, while new media (lacking either N, S, Si, or P) were added to
the attached cells. (A) The line plot shows the changes of cell densities of attached and non-attached
populations over time at the respective conditions. PC: positive control containing all nutrients.
(B) Box plots indicate the distribution of stalk lengths of the attached cells at different time points.
Error bars indicate the standard deviation (SD) of each group. Groups with different letters (a, b, ¢, d)
indicate significant differences based on the Games-Howell post hoc test (p < 0.05) whereas group
with same letters shows no significant difference.
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The cell densities of non-attached cells decreased significantly under N, S, and Si
limitated conditions, with only a small population detectable after 10 days. In P-limited
cultures, the non-attached cell density remained comparable to the positive control within
the first 10 days but declined noticeably after 14 days. The density of the attached cells did
not increase significantly over time in N- and S-limited groups, whereas a slight increase
was observed in Si-limited cultures. In contrast, P-limited cultures showed a significant
increase in attached cell numbers only within the first 6 days. In the positive control, the
density of attached cells continued to rise throughout the experiment, accompanied by a
stable yet significant population of non-attached cells.

Nitrate limitation led to a certain increase of stalk lengths from day 6 to day 14, with no
further changes observed between day 14 and day 18. Under S- and Si-limiting conditions,
no significant variation in stalk length was detected, but rather a slight decrease. In P-
limited cultures, stalk length remained unchanged from day 6 to day 10 but exhibited a
slight increase on day 14 and a significant increase by day 18.

3.6. Identification of Sulfur in the Stalks of A. minutissimum

The experiments described above clearly demonstrate the importance of sulfur for
stalk production. We therefore used scanning electron microscopy coupled to energy-
dispersive X-ray spectroscopy (EDX) in order to investigate the molecular composition of
the stalks in situ (Figure 7). The EDX analysis revealed the presence of sulfur (400 counts
per second), when focusing on the stalk as well as a much smaller sulfur peak in the cell
wall, while no sulfur was detected on the Thermanox matrix used for mounting the cells.
The data clearly indicated that sulfur-containing compounds were abundant in the stalks
of A. minutissimum.
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Figure 7. (Upper left): SEM micrograph of A. minutissimum co-cultivated with Dyadobacter sp. 32.
The white arrows indicate the spots for the shown EDX spectra (A, B, C). The black arrow indicates
a bacterium attached to the frustule of A. minutissimum. Scale bar: 1 um. (A-C): EDX spectra of
the respective spots. (A) Stalk (spectra peaks 0.70, 1.25, and 2.46 keV corresponding to iron (Fe),
magnesium (Mg), and sulfur (S), respectively). (B) Frustule (spectra peaks at 2.01 and 2.46 keV
indicate phosphorous (P) and sulfur (S) signals). (C) Thermanox matrix covered with carbon (C).
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4. Discussion

Attachment and colonization of surfaces require mechanisms to stick the cells to
substrata. Diatoms are often early colonizers of newly available surfaces by forming
adhesive stalks and capsules. There is evidence that the formation of a capsule may
foster the attachment of bacteria [36]. The composition of the bacterial community also
may play a role in the binding to capsules [37]. Producing capsules and stalks consumes
a considerable amount of carbohydrates generated by photosynthesis [22]. Stalks are
composed of organic EPS that comprise a larger number of compounds, while the main
components are polysaccharides (mostly polymers of differently linked galactose and
xylose [38]). Recent, more detailed analyses have indicated not only the presence of lipids,
condensed aromatics, and heteroaromatic compounds, but also lignin to be present in
EPS [6]. Different diatoms use stalks to stick to substrata and sometimes become nuisance
species because of strong biofilm formation [39]. Understanding how stalk formation works
and how it is regulated is important to understand their biological and ecological role.

The generation of stalks has been, in particular, studied in the diatom D. geminata
under natural conditions, because the alga produces long-branched stalks in the light
under nutrient-limited conditions (N or P) [22]. One reason for stalk elongation under
nutrient limitation could be lifting the cells up to regions with higher water flow, as well
as to avoid being washed away in the water stream [40]. It also has been discussed that
carbohydrates are secreted under high-light conditions and/or nutrient limitation, when
cell division is stalled, in order to eliminate excess light energy [22,33]. We here have
studied stalk formation by the benthic diatom A. minutissimum under different nutrient
conditions focusing on two main aspects: (i) the frequency of stalk formation among all
cells, and (ii) the length of the stalks. The unbranched stalks of this species are much shorter
than those of D. geminata; however, as stalk formation has been found to be induced by
bacterial compounds [33], this offers us two major experimental advantages: We can follow
the process of stalk formation directly after induction by bacterial compounds, and, as this
allows working with axenic diatoms, the potential role of bacterial consumption or release
of nutrients can be neglected. Under well-defined laboratory conditions, in contrast to field
experiments, it is possible to reveal the direct effects on stalk formation caused by either
the limitation or addition of individual nutrients.

As the main task of A. minutissimum stalks is to fix the cells to a (preferably optimal)
surface, it suggests that the diatom strives for nutrient-rich conditions. However, when
nutrient conditions change, it may be necessary to move to a different place by gliding, as
A. minutissimum has been described as weakly motile or to uncouple from the stalk [41].
Nutrients play a crucial role for cell attachment, as evidenced by a varying response in
stalk production under different nutrient limitations [22]. We found that nitrate limitation
inhibited A. minutissimum cell division within four days, but it did not initially affect
stalk production or elongation, which continued for at least for two weeks. However,
the stagnation of stalk elongation after day 14 suggests that prolonged nitrate limitation
ultimately impairs stalk production, possibly due to the depletion of stalk-related enzymes
or by cell death. Nitrate supplementation significantly reduced stalk length, but the
underlying mechanism for this effect remains unclear. One possibility could be that the
addition of nutrients could revive stalled cell division during deprivation. As nutrient
deprivation may inhibit cell division, increasing light intensities may also result in the
necessity to dissipate excess energy [22]. A possible energy valve is the secretion of energy-
rich carbohydrates in the form of EPS. Indeed, it was shown that stationary A. minutissimum
cells increased the secretion of soluble carbohydrates [33].

A. minutissimum showed a peculiar behavior regarding phosphate limitations in con-
trast to other nutrient deprivations. The cells resumed growth even when phosphate was
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lacking in the medium and furthermore produced longer stalks. The reason for this, most
likely, is the ability of the cells to store phosphates as osmotically inactive polyphosphates in
organelles called acidocalcisomes [40]. This allows them to continue growth even when no
external phosphate is available and to extend the stalks in order to be lifted to regions with
higher water currents and possibly higher nutrient levels. It is likely that phosphorus is not
a major structural component of stalks or at least does not play a significant role in their
production. Instead, under P depletion, photosynthetic overflow may be channeled into
stalk synthesis, resulting in unusually long stalks. Sulfur limitation showed a strong impact
on stalk generation and elongation, being completely inhibited under sulfate-deprived
conditions, while sulfate supplementation led to an increase in stalk length. The absence
of stalks under sulfur limitation indicates that sulfur deficiency impairs the production of
EPS, suggesting a fundamental dependency of these structures on sulfate. Indeed, sulfur-
containing functionalities were determined by chemical analysis and by infrared (IR) and
nuclear magnetic resonance (NMR) spectroscopy [6,42], fitting well to the observation of
sulfur in A. minutissimum stalks by SEM-EDX.

Whereas the observed strong dependence of stalk formation on sulfur availability
clearly results from the need of sulfur for sulfo-sugar building blocks for stalk forma-
tion [43], the inhibition of both stalk production and elongation under silica limitation
was unexpected. It demonstrates that silica is crucial for stalk formation. This observation
leads to three hypotheses: (1) Silica may be a structural component of stalk. Although
with elaborate techniques, lignin has also been detected in stalks of D. geminata [6], there is
no evidence yet for silica or silicified structures. (2) Silica may be essential for the spatial
organization of polysaccharide structures. Because of the firmness of the frustules, the
extrusion of polymers is necessarily limited to openings in the frustule [4]. We observed
that A. minutissimum cells attaching to substrata usually turned the raphe-containing frus-
tule to the surface, and the stalk forming EPS was secreted via the pores in the terminal
raphe area, but not in the raphe itself. Silica limitation may potentially cause disorders
in the frustule, potentially causing secretion from multiple diatom pores instead of being
localized to one side of the raphe. (3) As silica limitation leads to the inhibition of cell
division in diatoms [44], the cells enter a stationary phase in which possibly stalk formation
is inhibited.

5. Conclusions

The biological function(s) of stalks for diatoms remains largely unsolved. Obviously,
stalks support the attachment of diatom cells to surfaces and provide the basis for coloniza-
tion of substrata. However, stalks may also help to move the cells out of nutrient-limited
regions in biofilms [45] and to avoid being drifted away before the cells settle within a
biofilm [45]. Although stalks also are regarded as photosynthetically driven EPS production
as one way to eliminate excess light energy [22], in light of the requirement of potentially
scarce nutrients such as sulfur and the possibility to secrete soluble carbohydrates [29], this
function appears questionable and needs further investigation. Our results indicate that
nutrients play an important role in stalk formation and, thus, in attachment of the cells
to substrata. Regarding biofouling, stalked cells might be more prone to grazing as well
as to shear forces, indicating that higher nutrient concentrations in aquatic systems may
also increase the presence of nuisance species. Moreover, in addition to the availability of
nutrients, A. minutissimum requires bacterial signals to initiate stalk formation. Therefore,
future experiments are needed to study the interactions between diatoms and their micro-
bial symbionts considering the influence of changing environmental conditions to shed
further light into stalk formation.
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