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Abstract

Biofilm formation is an important adaptive strategy for cyanobacteria in ever-changing environments. In
response to shifts in the light regime, the model cyanobacterium Synechocystis sp. PCC 6803 GT-L can
switch from a planktonic lifestyle to form a phototrophic biofilm. Planktonic cultures contain single cells
and microcolonies, whereas developing biofilms are dominated by cell aggregates with remarkable
heterogeneity. Distribution analysis revealed that aggregate areas increased under higher irradiance
(250-400 pmol photons m-2 s~") and exhibited a strong wavelength dependence, reaching maximum
values under blue-greenish light (460—510 nm) and minimum values under yellow-orange wavelengths
(560—590 nm). Extracellular polymeric substance (EPS) production closely followed the aggregation
pattern. Biofilm cultures produced significantly higher levels of EPS than planktonic cultures, with
cultivation under blue light inducing the highest EPS accumulation. Switching the cultivation light
between red (630 nm) and blue (460 nm) demonstrated that EPS production and aggregate formation
are reversible and actively regulated by the light regime. Growth rates and EPS production showed the
opposite patterns: cultures grown under 630 nm light exhibited the highest growth rates and minimal
EPS secretion, whereas cultures grown under 460 nm light showed the lowest growth rate and maximal
EPS secretion. Chlorophyll fluorescence parameters derived from OJIP curves revealed that biofilm-
associated cells had a smaller pool size of electron acceptors (S)y), a reduced maximum photochemical
efficiency (¢Pg), an increased apparent antenna size of PSIl (ABS/RC), and enhanced energy dissipation
(Dlo/RC) relative to planktonic cells. In contrast, biofilm-associated cells maintained relatively high P
and reduced ABS/RC and Dl,/RC grown under violet-green (430-540 nm) wavelengths, whereas
planktonic cells showed excitation-induced stress. These results demonstrate the central role of light-
regulated physiological plasticity in cyanobacterial biofilm development.

Introduction

One of the most studied microorganisms, the cyanobacterium Synechocystis sp. PCC 6803 (hereafter
referred to as Synechocystis; Kaneko et al., 1996; Ikeuchi and Tabata, 2001) is commonly used in
laboratory experiments to study photosynthetic electron transport, stress acclimation, redox regulation,
and carbon and nitrogen metabolism (Allen, 2014; Burnap et al., 2015). In addition, Synechocystis has
also been used as a model organism to study microbial connectivity and surface-associated lifestyles.
Despite its unicellular nature, it readily forms aggregates, flocculated forms, and surface-adherent
biofilms under various laboratory and environmental conditions (Jittawuttipoka et al., 2013; Allen et al.,
2019).

Some microorganisms often switch between a free-living planktonic state and a surface-associated
biofilm lifestyle; such a transition strongly alters cellular physiology, gene expression patterns, and
ecological performance (Costerton et al., 1995; Flemming and Wingender, 2010). Biofilms are structured
microbial communities embedded in an extracellular polymer matrix produced by the cells, which are
either attached to biotic or abiotic surfaces or exist as aggregates. Phototrophic biofilms develop
gradients (depending on light, oxygen, inorganic carbon, and nutrient availability), resulting in
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heterogeneity in cellular metabolism, growth, and division (Stal, 1995; de Beer et al,, 1997). In
Synechocystis, the transition between planktonic growth and biofilm formation can be triggered by
environmental changes such as light conditions, nutrient availability, ionic strength, and surface
properties (Jittawuttipoka et al., 2013; Allen et al., 2019). Cell wall proteins and the produced
extracellular polymer trigger cell-to-cell cohesion and surface adhesion (Bhaya et al., 2002; Fisher et al.,
2013).

A fundamental element of biofilms is the extracellular polymeric substance (EPS), which, together with
the cells, creates a matrix that provides stability and a boundary between the cells and their environment
(Flemming and Wingender, 2010). The EPS produced by cyanobacteria is predominantly composed of
polysaccharides and often contains proteins, nucleic acids, and lipids (De Philippis et al., 2001; Pereira et
al., 2015). Through its structural features, EPS also protects cells from desiccation and freezing,
participates in the diffusion and storage of gases and nutrients, and provides protection against high
light intensity and oxidative stress (De Philippis and Vincenzini, 1998; Tamaru et al., 2005).

Microbial biofilms are structurally heterogeneous under both natural and laboratory-controlled
conditions. They contain single cells, dividing cells, microcolonies, and clusters of cells of various sizes
and shapes. Due to this high degree of variability, the size distribution of these aggregates usually does
not follow normal distribution. Rather, the cluster size distribution of biofilms can often be described by
log-normal functions, among other distribution functions (Hirano et al., 1982; Tsagkari et al., 2022).
Although several multiplicative processes (growth, adhesion, detachment, and the merging of
aggregates) occur during biofilm formation, the log-normal distribution is well suited to describe both
natural and laboratory-grown biofilm structures. Parameters derived from the corresponding fits (e.qg.,
mean (u) and variance (0)) characterize both the cluster size distribution and the extent of structural
heterogeneity, thereby enabling comparisons between different laboratory treatments or environmental
conditions.

Light, besides being the primary energy source of phototrophic organisms (and thus the entire food
web), is also the most important environmental factor regulating photosynthesis and growth. In the case
of biofilms, light also plays a major role in community organization. Light intensity directly controls the
rate of photosynthesis, adjusts the redox balance and nutrient distribution, and regulates the formation
of the biofilm matrix, while high light intensities may cause photoinhibition and oxidative stress (Murata
et al., 2007; Hihara et al., 2001). In biofilms, outer cells provide shading for the inner ones, and the EPS
matrix itself scatters light. Together, these processes create vertical light gradients and microscopic
domains with different physiological states (Stal, 1995; Kiihl et al., 1997). In addition to light intensity,
light quality also varies within biofilms. In natural environments, where microbial mats and benthic
biofilms are common, spectral filtering results in wavelength-dependent niches, potentially promoting
aggregation and biofilm formation as strategies to optimize light harvesting and photoprotection (Sand-
Jensen, 2014; Helbling et al., 2015).
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Phenotypes of Synechocystis sp. PCC 6803 differs substantially among laboratory strains and has
become an important aspect of studies investigating motility, EPS production, and biofilm formation. The
glucose-tolerant (GT) strain commonly used in photosynthesis research. GT strain has lost the ability to
synthesize synecan (Maeda K. et al. 2021), as well as its motility, while retaining the ability (also
examined in this study) to adhere to abiotic surfaces and form biofilms, especially on glass surfaces.
Despite the absence of synechan, GT strains still produce substantial amounts of EPS, including soluble
extracellular polysaccharides released into the medium, and cell-associated polysaccharides
surrounding the cell surface, with the latter being involved in adhesion and biofilm formation. Adhesion
is not constitutive, but is primarily induced by environmental stress factors. GT strains are typically non-
motile, although they possess thin pili (Bhaya et al., 2000; Koskinen et al., 2023) and can exhibit light-
dependent phototaxis responses, but lack the thicker pili and motility apparatus found in wild-type
Pasteur Collection (PCC) strains (Bhaya et al., 2000; Chen et al., 2020).

This work combines multi-intensity and multi-wavelength light treatments with biofilm-specific
measurements to investigate the biofilm formation of Synechocystis, revealing physiological and
photobiological features not observed in planktonic cultures.

In this work, we study the planktonic vs. biofilm lifestyle, reversible biofilm shaping, aggregate formation,

EPS production, and photosystem Il (PSIl) photochemistry of the unicellular cyanobacterium

Synechocystis sp. PCC 6803 GT-L over a photon flux density (PFD) range of 10-400 pmol photons m™?2

s~ and across the entire photosynthetically active radiation (PAR) spectrum, from 430 nm to 690 nm.
We systematically analyzed differential interference contrast micrographs from planktonic and biofilm
cultures grown under different light regimes. These micrographs were subsequently used for
quantitative morphometric analysis (log-normal distribution of aggregates) and EPS determination (via
colorimetric assay) under different treatments. Furthermore, we systematically compared OJIP
fluorescence parameters between planktonic and biofilm Synechocystis cultures.

Materials and Methods

Strain and cultivation: Synechocystis sp. PCC 6803 GT-L (Zavrel et al. 2015, 2017) cells were grown in
Erlenmeyer flasks at a constant temperature of 26°C in liquid BG-11 medium (Stanier et al. 1971) in an
algal culture room. The stock and pre-cultivated cultures were grown under warm-white fluorescent
lamps providing a photon flux density (PFD) of 25 pmol photons m™2 s~ . The flasks containing
planktonic (suspended, non-biofilm) cultures and glass beads (diameter: 2-3 mm) were placed on an
orbital shaker (50 rpm) to maintain suspension homogeneity, while the biofilm cultures were left
undisturbed (i.e. unshaken and without beads) on the cultivation bench until sampling.

For the light quantity acclimation experiments, the cultures were illuminated with diffuse warm-white
light at intensities of 10, 25, 50, 100, 250, and 400 pmol photons m~2 s~ 1. For the light quality
acclimation experiments, the cultures were illuminated by monochromatic light emitting diodes (LEDs)
with nine different peak wavelengths (430, 460, 510, 540, 560, 590, 630, 660, and 690 nm) under the
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same PFD of 25 pmol photons m~2 s~ . lllumination was provided as diffuse light from underneath the

flasks using a home-built cultivation apparatus (Bernat et al. 2021; Zavrel et al. 2024; Kis et al. 2026).
The light regime was set to a 14h:10h (light:dark) cycle, and the cultures were grown to the late-
exponential phase (OD,5, = 0.7-0.8), characterized by active cell division and biofilm formation. Growth

and sampling data are provided in Supplementary Table 1.
Differential Interference Contrast (DIC) microscopy

The different phases of cellular growth, aggregate development, and biofilm formation of Synechocystis
under different light regimes were tracked by light microscopy. Prior to imaging, the cultures were fixed
with 4% glutaraldehyde for 3 h to preserve the aggregated structure. After the fixation step, the samples
were detached from the glass surface by gentle pipetting. 20 pL aliquot of each sample was pipetted
onto a microscope slide and covered by a coverslip (20 x 20 mm). DIC images were recorded using an
Olympus BX51 microscope with a Differential Interference Contrast optical configuration, equipped with
a high-performance DP75 digital microscope camera (Olympus). Twenty randomly selected fields of
view were recorded for each sample. Images were captured using Olympus cellSens Dimension software
(version 4.2.7) in grayscale mode to enhance structural contrast at a resolution of 2048 x 1500 pixels.
Altogether, about 200-400 objects were detected in each image and used to quantify morphological
parameters.

Determination of the aggregate areas: Aggregate areas on DIC images were determined using the
Fiji/ImagedJ open-source Java-based image processing software (version 1.46r) (Schindelin et al. 2012.).
Prior to analysis, the spatial scale was set to 2.9 pixels per um for all images, according to the
microscope setup. To minimize user bias and maximize reproducibility, an ImageJ macro was written to
automate object analysis (see Supplementary Text). The steps of the workflow were as follows: (1)
converting images to 8-bit, (2) thresholding and masking, (3) hole-filling and watershed segmentation,
and (4) particle analysis. Additionally, the macro specified a minimum (3 pm?) and maximum (3000 ym?)
object size threshold to exclude cell debris and extremely large, biologically irrelevant, fused aggregates
from the analysis.

Log-Normal Distribution modeling

To determine the size distribution of cellular aggregates, we evaluated the calculated area data (see
above) using a log-normal distribution model. Approximately 1000 to 3000 objects (i.e. single cells,
microcolonies, and aggregates) were initially detected from the images obtained from each treatment.
Small objects corresponding to single cells (~ 3 pm?) and microcolonies (3-5 cells) were excluded from
further analysis using a lower cutoff of = 10 um? (Rochex and Lebeault 2007). We also used percentile
trimming (lower 95%) to remove large outliers (i.e., merged clusters). The remaining 200 to 600 objects
per treatment were used to fit a log-normal distribution. This fitting yielded cumulative distribution
function (CDF) curves, as well as the mean values (p), standard deviation (o), and shape parameters in
log-space. The arithmetic mean in linear-space was back-transformed using standard expression exp(u
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+ 02/2) for the log-normal distribution. These parameters were used to compare aggregate size
characteristics of cultures grown under different light regimes.

EPS isolation from fresh Synechocystis cultures

The isolation procedure accounts for both the EPS dissolved in the growth medium and the EPS bound
to the cells. From each Erlenmeyer flask, a T mL homogeneous cell suspension was aliquoted using
wide-bore pipette tips (pipetting slowly 10 times) and then centrifuged at 5000 g for 10 min at room
temperature. To prevent cell lysis, fresh cultures were processed quickly and centrifuged gently. The
remaining supernatant contained soluble EPS (chlorophyll-a spectra were recorded in the supernatant to
check for cell lysis and avoid interference from sugar derivatives). The pellet was then gently
resuspended in Tris-HCI (pH 7.5, 10 mM) and shaken (100 rpm) at room temperature for 60 min to
release bound EPS (Keithley and Kirisits 2018). A subsequent centrifugation step (5000 g, 15 min, room
temperature) was performed to separate the solubilized EPS from the cells. The collected supernatants
(containing the soluble and released EPS, respectively) were used for EPS determination using a
colorimetric assay (see below). The pellets containing intact, EPS-free, separated cells were
resuspended in 1 mL of BG-11 medium, and their corresponding OD-5, values were measured using a
double-beam spectrophotometer (Specord 210 Plus, Analytik Jena, Jena, Germany) as a proxy for
biomass.

Colorimetric assay for EPS determination: As EPS is mostly composed of polysaccharides
(exopolysaccharides), colorimetric methods for carbohydrate determination are a suitable approach for
EPS quantification. The EPS content of the obtained supernatants (see above) was precipitated with
100% ice-cold ethanol (1:1, v/v) and incubated overnight at 4°C. After this ethanol treatment, the
samples were dried at 40—-45°C, followed by the rapid addition of a reagent solution consisting of 200 pL
of sterile distilled water, 200 pL of 5% phenol, and 1T mL of concentrated sulfuric acid (Dubois et al. 1956,
Kis et al. 2018). After a 10 min incubation for color development in the dark and cooling in a water bath
at 22°C, the optical density was determined using a double-beam Specord 210 Plus spectrophotometer
at 490 nm. For quantitative assessment of the EPS content, this colorimetric method was calibrated
using a series of glucose solutions of known concentrations (0, 2, 5, 10, and 20 pg/mL). To avoid any
possible interference from substances other than glucose, corrections were made by running a parallel
assay without the addition of phenol.

PSII photochemistry: Rapid chlorophyll fluorescence induction (OJIP) curves of light-acclimated cultures
were recorded using an AquaPen fluorometer (Photon System Instruments, Brno, Czechia) by applying
620 nm saturation pulses at a PFD of 3000 umol photons m™2 s~ . The cultures were homogenized by
gentle pipetting before measurement. From the OJIP curves, the following parameters were retrieved: F,
F,, F,and Fy, referring to the fluorescence yields at the O, J, | and P points of the transient, respectively.
These parameters were used to calculate the following parameters: (1) the maximum quantum yield of
PSII photochemistry, P (= Fy/Fyy = (F\-Fo)/Fp); (2) the normalized area above the OJIP curve, Sy, (=
Area/(F\,-Fp)), which is proportional to the pool size of electron acceptors in the photosynthetic electron
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transport chain; (3) the apparent antenna size per active PSII (ABS/RC = (Mq/V,)/9P)); and (4) the flux
of energy dissipated in processes other than trapping per active PSII (DIy/RC). All calculations were

performed using the instrument’s software. Fluorescence data were pre-processed using the analytical
tools available at CyanoTools (https://www.cyano.tools/OJIP_data_analysis).

Results

DIC images of planktonic and biofilm cultures: To investigate how planktonic vs. biofilm growth influences
the structural organization of Synechocystis cells, we first compared DIC microscopic images of cultures
grown in planktonic form to those of biofilm cultures (Fig. 1). Planktonic cultures existed as highly
dispersed cell suspensions, containing only single cells and microcolonies (Fig. 1A, C). In contrast,
biofilm cultures exhibited a significantly different appearance, characterized by a large number of cell
aggregates with significant heterogeneity (Fig. 1B). Higher magnification (Fig. 1D) showed that intact
cells were organized into compact, highly packed aggregates containing hundreds of cells. This tight
spatial arrangement suggests strong cell-to-cell interactions and stable adhesion. In biofilm cultures, the
aggregates ranged from small microcolonies of a few cells to large, compact clusters, suggesting that
the physiological conditions inducing biofilm formation also promote cell-to-cell adhesion and colony
development. Thus, the presented images represent two distinct physiological states: a planktonic
lifestyle characterized by single cells and microcolonies and a biofilm-forming, aggregated lifestyle.

Effect of light intensity on biofilm aggregates

We determined the area of a significant number of individual aggregates (200-600) formed under
different PFDs (10-400 pmol photons m-2 s77) to explore how light intensity affects the development
and aggregate size distribution of the biofilm. The resulting distributions showed clear differences
between treatments (Fig. 2A). The cumulative distribution function (CDF) curves under low-to-moderate
light intensities (10-100 pmol photons m-2 s-') showed the dominance of small aggregates and only
minor aggregate development. In contrast, a pronounced shift occurred at higher PFDs (250-400 pmol
photons m-2 s7), indicating the formation of larger aggregates (Fig. 2A).

This structural shift was supported by the corresponding values of the log-normal distribution
parameters, u and o (Supplementary Fig. TA). Both parameters showed a similar pattern, with a
minimum between 25 and 50 pmol photons m-2 s=' PFD, and a strong increase above 100 pmol photons
m-2 s~* growth light intensity. The increase in both p (mean area) and o (distribution broadening) reflects
a shift toward larger aggregates.

The magnitude of these changes is best demonstrated by the calculated mean aggregate areas

(Fig. 2B). These data revealed small aggregate sizes (~ 15—-20 ym?) with only minor fluctuations
between 10 and 100 umol photons m-2 s=* growth light intensities, followed by an increased up to 35 and
42 pm2 under 250 and 400 pymol photons m=2 s=' PFDs, respectively. This suggests that Synechocystis
aggregate formation is enhanced by high irradiance.

Page 7/25



Cultivation wavelength influences biofilm formation in Synechocystis

Compared to growth light intensity, cultivation wavelength influences aggregate size to a greater extent.
Synechocystis cultures grown under monochromatic light showed a strong spectral dependence with
regard to aggregate size distribution (Fig. 2C). Biofilm cultures grown under violet-to-green light (430-
540 nm) were characterized by slowly rising CDF curves (with the most pronounced effect at 460-510
nm) compared to those of cultures grown under longer wavelengths. This indicates the formation of
larger aggregates with remarkable size heterogeneity under violet-to-green light.

Accordingly, both p and o parameters (Supplementary Fig. 1B) and the mean area (Fig. 2D) peaked
sharply at 460—510 nm. This indicates that cultivation under blue-green promotes not only an increase in
aggregate size (~ 45-50 pm?) but also a robust broadening of the size distribution, resulting in a
heterogeneous mixture of small to very large aggregates. Similar to the mean area, the pand o
parameters had the lowest values at 560 nm, corresponding to uniformly small (~ 12 pm?) and narrowly
distributed aggregates.

Light quantity and spectral quality strongly determine EPS production in Synechocystis

We determined the total polysaccharide content in cultures as a proxy for the polysaccharide-rich EPS
level to investigate how light regimes (i.e., different light intensities and cultivation wavelengths) affect
the secretion of EPS in Synechocystis (Fig. 3). EPS concentrations were significantly higher in biofilm
cultures (~ 1-3 pg/mL) compared to planktonic ones (< 1 pg/mL), confirming that EPS secretion is
closely related to cellular adhesion.

Over the applied PFD range, the EPS concentration of biofilm cultures showed a minimum under a 25
umol photons m-2 s~ growth light (Fig. 3A, black), in good accordance with the observation that this
culture produced the smallest and least heterogeneous aggregates (Fig. 2A, B). At lower and higher
PFDs, the EPS concentration was higher, reaching its maximum (~ 3 pg/mL) in cultures grown under
white light with an intensity of 400 pmol photons m=2 s='. EPS concentration in planktonic cultures
remained low across all studied light intensities (Fig. 3A, red), suggesting that EPS excretion is closely
related to the biofilm-associated lifestyle rather than being a bulk cellular property. This contrasts with
growth rates, which are substantially higher in planktonic cultures than in biofilms.

EPS production in Synechocystis biofilm cultures was more sensitive to cultivation wavelength than to
light intensity (Fig. 3B). Under a constant PFD of 25 pymol photons m-2 s, violet-to-green
monochromatic illumination (430-540 nm) induced the highest EPS levels (~ 3—-7 ug/mL), which were
remarkably higher than those under all other wavelengths (~ 0.5-1.5 pg/mL). The EPS content reached
its minimum values (~ 0.5 pg/mL), comparably to planktonic levels (Fig. 3A), under yellow-orange
wavelengths (560-590 nm). This wavelength dependence is very similar to that of aggregate size

(Fig. 2D), indicating that blue light promotes EPS biosynthesis and, in turn, increases aggregate size and
heterogeneity.
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EPS production and aggregate formation under a changing light regime

Figure 4 shows how EPS production responds to a changing light regime. During pre-cultivation under
warm-white light (A) and, subsequently, under red (630 nm) cultivation light (B), the EPS content stayed
low (~ 1 yg/mL) with a concomitantly small mean aggregate area (< 20 um?). However, upon transfer to
460 nm light (C), the EPS concentration increased rapidly and continuously, reaching the highest value
observed in our study. In parallel, the mean aggregate area increased from ~ 15 pm?2to ~ 70 ym?2. The
simultaneous increase in both parameters suggests a strong positive relationship between EPS
accumulation and cell aggregation. Microscopic observations confirmed the appearance of larger and
denser colonial structures during this phase. When cultures were shifted back to red light after a dilution
(D, B"), the EPS concentration and aggregate size returned to their original levels. As previously shown
(Zavrel et al. 2024), Synechocystis cultures grown under 630 nm and 460 nm lights exhibit the highest
and lowest growth rates (Supplementary Table 1), respectively, among the nine tested wavelengths, the
opposite of what we observed for EPS secretion. This suggests that EPS production is not a passive
accompanying phenomenon of growth but rather an actively regulated photo-physiological response.

PSII photochemistry in planktonic and biofilm cells

Several chlorophyll fluorescence parameters (derived from OJIP curves; see Materials and Methods)
were determined in both planktonic and biofilm Synechocystis cultures over a range of PFDs and nine
monochromatic growth wavelengths (Fig. 5). These parameters were used to characterize PSII
photochemistry, electron transport capacity, and energy dissipation in the cultures.

Effect of growth light intensity on PSIl photochemistry (Fig. 5A-D). The light dependence of the normalized
area above the OJIP transient (S,,) displayed entirely different patterns between the two growth modes
(Fig. 5A). In planktonic cells, Sy, reached a maximum at a PFD of 25 pmol photons m-2 s~ and
decreased gradually with increasing light intensities. In contrast, biofilm cells exhibited high S,, values
only under a growth light of 10 pmol photons m-2 s=*, while under other intensities, Sy, values remained
low. This indicates a reduced electron acceptor capacity in biofilm cultures under elevated irradiance.

The maximum quantum yield of PSII photochemistry decreased with increasing light intensities in both
planktonic and biofilm cells (Fig. 5B). The obtained ¢Pg values (~ 0.3—-0.4) were statistically similar
between the two life forms under low-to-moderate light intensities. However, biofilm cells showed
significantly lower values (~ 0.12) compared to the planktonic ones (~ 0.22) at the highest applied
irradiance. This suggests a more effective electron transport in planktonic Synechocystis cells than in
biofilm ones under high light intensities.

This conclusion is well supported by DIy/RC data. This flux of dissipated energy increased gradually in

biofilm cells with increasing PFDs (Fig. 5C). However, while planktonic cells showed only a moderate
increase and minor fluctuations, biofilm cells displayed a much steeper rise under high light intensities,
indicating an enhanced energy dissipation under high light conditions.
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The apparent antenna size per active PSlI reaction center (ABS/RC) also increased with increasing PFDs
in both planktonic and biofilm cells (Fig. 5D). However, biofilm cells showed higher ABS/RC values
compared to planktonic ones at irradiances above 100 pmol photons m-2 s='. This difference became
significant above 250 pmol photons m=2 s7*, indicating a higher absorption cross-section per active
reaction center in the biofilm cultures.

Effect of growth light wavelength on PSIl photochemistry (Fig. 5E-H). The highest S, values were
observed in the blue-green region (430-540 nm) in biofilm cells, whereas planktonic cells exhibited
maximum S, values at longer wavelengths, around 590-660 nm (Fig. 5E).

The P, values showed a strong wavelength dependence (Fig. 5F) in both cultures. Biofilm cells
maintained relatively high P values in the violet-green region (430—-530 nm) and near far-red light (690
nm), reaching 0.50—0.53. In contrast, planktonic cells exhibited a pronounced decrease in P under
blue-green wavelengths, with minimum values around 0.20-0.25, followed by a recovery at longer

wavelengths. Thus, biofilm cells appeared considerably less sensitive to blue-light stress than planktonic
cells.

The parameters DI;/RC and ABS/RC exhibited nearly identical trends (Fig. 5G—H). In planktonic cultures,
both parameters showed peak values around 460—510 nm, indicating enhanced energy dissipation and
larger apparent antenna sizes under blue-green light. Biofilm cells showed much lower values within this
spectral region and remained relatively stable across most wavelengths. DIo/RC and ABS/RC values
declined in biofilm cells but remained relatively high in planktonic cultures at 690 nm.

Discussion

Our results with planktonic and biofilm Synechocystis cultures showed a light-dependent, reversible
transition from unicellular organization to a biofilm lifestyle. While planktonic cultures were
predominantly unicellular, biofilm cultures consisted of aggregates with a broad spectrum of size
distribution, ranging from microcolonies comprising a few cells to large, compact clusters. Aggregate
formation suggests that Synechocystis cells in a biofilm switched to a physiological state that promotes
cell-to-cell adhesion and matrix formation, rather than representing passive sedimentation or a surface-
associated phenomenon (Fisher et al., 2013; Jittawuttipoka et al., 2013; Enomoto et al., 2015). Biofilm-
associated aggregation has been described previously in Synechocystis and other cyanobacteria. The
observed aggregation is a consequence of an enhanced EPS production, which changes cell surface
properties and, in turn, increases cellular adhesive capacity (Fisher et al., 2013; Enomoto et al. 2015).
The transition from unicellular to colonial organization has also been observed in Microcystis, Nostoc,
and Anabaena species, where aggregation provides a distinct advantage by enhancing stress tolerance
and environmental resistance (De Philippis et al., 2001; Gan et al., 2012; Sand-Jensen, 2014). Our
observations based on microscopic imaging (Fig. 1) and subsequent quantitative analyses of aggregate
size (Fig. 2), as well as the determined EPS levels (Figs. 3, 4) and photosynthetic parameters (Fig. 5)
clearly confirm that the biofilm lifestyle fundamentally differs from the planktonic counterpart.
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The observed structural differences were correlated with the transition from a planktonic to a biofilm
lifestyle (Fig. 1). The absence of large aggregates in planktonic cultures (Fig. 1A, C) suggested that
under these conditions, the cells remained freely suspended, whereas biofilm cultures (Fig. 1B, D)
exhibited a pronounced colonial organization. Colonial organization may contribute to altered
physiological properties, including modified diffusion gradients, increased resistance to environmental
stress, and changes in photosynthetic performance compared to planktonic cells. Physiological
heterogeneity has been reported in cyanobacterial mats formed by filamentous genera such as
Microcoleus, Oscillatoria, and Phormidium, where chemical and light gradients drive the spatial
differentiation in metabolism (Jo et al., 2022; Stewart et al., 2008). In the wild-type Synechocystis sp.
PCC 6803, aggregation and biofilm formation have been associated with cell-surface structures and EPS
secretion that evolved stable colonial assemblies (Allen et al., 2019).

Quantitative analysis of the size distribution of cellular clusters revealed that light intensity significantly
influences the size and heterogeneity of Synechocystis aggregates (Fig. 2A, B). Under moderate PFDs,
Synechocystis biofilms are dominated by relatively small, narrowly distributed aggregates, whereas low
and high PFDs induce the formation of larger clusters with greater structural heterogeneity. In
cyanobacterial biofilms, EPS production is essential for cell-to-cell adhesion, as well as aggregate
development and expansion (De Philippis et al., 1998; Seminara et al., 2012). The similarity between the
light-intensity dependence of aggregate size (Fig. 2B) and EPS secretion (Fig. 3A) confirms that both low
and, in particular, high irradiance facilitate EPS-mediated cellular adhesion. A sub-optimal light
environment may trigger protective responses, including increased production of EPS, which can act as a
physical barrier between the cell surface and the environment, as well as the appearance of larger,
heterogeneous aggregates (at higher PFDs) to protect cells against photodamage via self-shading
(Pereira et al., 2009; Rossi and De Philippis, 2015).

Compared to light intensity, growth wavelength had an even more pronounced influence on aggregate
size and heterogeneity in Synechocystis biofilms (Fig. 2C, D). Blue and blue-green growth lights induce
the formation of remarkably large, heterogeneous aggregates, whereas growth under yellow-orange light
promotes the formation of uniformly small structures, similar to those in planktonic cultures. Growth
under near-far-red light (690 nm) resulted in intermediate aggregation. This wavelength-dependent
phenomenon strongly suggests the involvement of blue-light-specific signaling pathways rather than
energetic effects. In Synechocystis, several blue-light photoreceptors and cryptochrome-like proteins
regulate cellular behavior, including phototaxis, type IV pili-dependent motility, stress responses, and
gene expression (Masuda and Bauer, 2002; Song et al., 2011; Wiltbank and Kehoe, 2019; Sugimoto et al.,
2017). In cyanobacteria and other phototrophs, blue light enhances EPS accumulation and cellular-
surface attachment, often independently of the growth rate (lkeuchi and Ishizuka, 2008; Enomoto et al.,
2015).

The strong wavelength dependence of aggregate dynamics (Fig. 2C, D) correlates well with that of EPS
production (Fig. 3B). Based on research by Luimstra et al. (2018), blue light (~ 450 nm) has a significant
negative effect on the growth of Synechocystis cells compared to red or white light. Blue light triggers
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extracellular matrix formation, creating a physical barrier to protect cells against excess excitation
energy within the heterogeneous biofilm structures. In contrast, orange-red light is effectively absorbed
and utilized by Synechocystis, promoting rapid growth (Zavrel et al., 2024) and low EPS production. This
induces a planktonic-like physiological state, since under optimal conditions, protection and biofilm
formation are unnecessary.

The EPS secretion and aggregate formation in biofilm cultures change dynamically, depending on the
light regime. EPS determination under changing environmental (light) conditions (Fig. 4) demonstrates
that EPS production in biofilm cultures is actively regulated (De Philippis et al., 2001; Ehling-Schulz et al.,
1997). The parallel increase of EPS concentration and aggregate size suggests that extracellular
polysaccharides play a central role in mediating cell-to-cell adhesion and aggregate stability. Upon
switching from red to blue growth light, cellular growth significantly slowed down, accompanied by an
enhanced EPS concentration (Zavrel et al., 2024, this work). This completely opposite wavelength
dependence of cell growth and EPS secretion suggests that the latter is an active regulatory process,
rather than a passive secretion driven by cell proliferation (Gan et al., 2012.; Otero and Vincenzini, 2003).
Similar inverse effects were found also in Nostoc sp. and Microcystis sp. strains, where EPS production
increased under stress or sub-optimal growth conditions (De Philippis et al., 2001; Gan et al., 2012). The
decrease in EPS concentration and aggregate size after dilution and switching from blue to red light
demonstrates that the aggregated state is dynamic and dependent on both cell density and continued
environmental stimulation. This reversibility suggests a remarkable physiological plasticity of
Synechocystis cells under changing environmental conditions. Overall, the data support a model in which
blue light is one of the key environmental signals contributing to EPS synthesis and colonial organization
in Synechocystis. The increased EPS accumulation observed in the GT-L strain under blue light most
likely reflects the enhanced synthesis of released and/or cell-associated polysaccharides (Santos et al.,
2021) that contribute to cellular aggregation and biofilm matrix formation.

Biofilm-associated cells showed a reduced pool size of electron acceptors (S,,) over almost the entire
range of light intensities (Fig. 5A), as well as a lower maximum photochemical efficiency (¢Py),
enhanced energy dissipation (DIl;/RC), and an enlarged apparent antenna size (ABS/RC) under high light
compared to planktonic cells (Fig. 5B—D). All of these changes are characteristic of photoprotective
acclimation (Strasser et al., 2004; Campbell et al., 1998; Hendrickson et al., 2005). The concomitant
increase in ABS/RC and DI,/RC suggests that the higher excitation pressure per active PSll is
compensated for by an enhanced dissipation of excess energy as heat or fluorescence (Al-Najjar et al.,
2010) in biofilm cells. Reduced S, values further indicate a limitation on downstream electron transport,
which may serve to prevent over-reduction of the photosynthetic electron transport chain (especially the
plastoquinone pool) under higher light (Strasser et al., 2004). These photochemical features concur with
the conditions promoting large aggregate formation and EPS accumulation (Figs. 2, 3). Biofilms and
mats modify the local light environment via light scattering and absorption, potentially increasing
excitation heterogeneity within aggregates (Kiihl, 2005; Al-Najjar et al., 2010).
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The biofilm-associated cells showed a distinct spectral response compared with planktonic cells

(Fig. 5E-H). The high @Pg values (Fig. 5F) and relatively low DIy/RC (Fig. 5G) under blue light suggest that
biofilm cells are better adapted to utilize blue wavelengths while avoiding excessive excitation pressure.
This finding is consistent with the enhanced EPS production (Figs. 3B, 4) and aggregation (Figs. 2D, 4)
observed under blue-light cultivation, indicating that blue light may induce a coordinated physiological
state involving both biofilm development and photosynthetic acclimation (Scott et al. 2006; Luimstra et
al., 2018; Zavrel et al. 2024). The elevated DI,/RC and ABS/RC (Fig. 5G, H) values observed in planktonic
cells under blue-green light indicate increased excitation stress and enhanced thermal energy
dissipation. In contrast, the more stable response of biofilm cells suggests that the biofilm matrix may
buffer the rapid fluctuations in the light environment, reducing the need for excessive energy dissipation.
Self-shading, altered pigment composition (Kubushiro et al., 2025), and modified electron transport
capacity in the cell-aggregates may all contribute to this enhanced tolerance. Overall, biofilm and
planktonic Synechocystis cells exhibit fundamentally different photosynthetic acclimation strategies
based on OJIP analysis. Biofilm cells show enhanced photoprotective capacity (Kiihl et al., 1996; Rossi
and De Philippis, 2015) and greater plasticity to spectral dependent changes, whereas planktonic cells
are more strongly affected by blue-light excitation and high-irradiance stress.

Our results demonstrate that both light quantity and quality strongly influence aggregate formation, EPS
production, and photosynthetic efficiency in Synechocystis sp. PCC 6803 GT-L. This coordinated
performance highlights the close interrelationship between cellular growth and protection, which is
critical for survival in ever-changing aquatic and benthic environments. The light-dependent reversible
transition between planktonic and biofilm lifestyles observed in Synechocystis shows how environmental
signals can regulate colonial organization, thereby enhancing the ecological fitness and long-term
persistence of cyanobacterial populations in dynamic habitats. The obtained data provide a deeper
insight into cyanobacterial ecology and have potential relevance for various biotechnological
applications including biofilm engineering.
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Figure 1

Differential interference contrast (DIC) micrographs of Synechocystis cultures grown in planktonic (A, C)
or biofilm lifestyles (B, D). Scale bars: 50 um (A, B) and 10 pm (C, D).
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Figure 2

Log-normal size (area) distribution of Synechocystis biofilm aggregates developed under various photon
flux densities (PFDs) (A, B) and nine different monochromatic lights (C, D). (A, C) Cumulative distribution
function (CDF) curves of aggregate areas in biofilm cultures grown under various PFDs (10—-400 pmol
photons m~2 s-*) or monochromatic lights (430-690 nm) at a constant PFD of 25 ymol photons m-2 s,
respectively. (B, D) Mean aggregate areas derived from the log-normal fits of cultures grown under

various PFDs and monochromatic lights, respectively.
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Figure 3

Extracellular polymeric substance (EPS) levels, determined as total glucose concentration normalized to
biomass (0D-s), in Synechocystis planktonic (circles) and biofilm (squares) cultures grown under
different light regimes. (A) EPS content as a function of PFD (10-400 umol photons m-2 s-7) and (B) EPS
content as a function of growth wavelength (430-690 nm) at a constant PFD of 25 pmol photons m-2 s,
Total glucose equivalents are expressed in uyg mL~" OD,5,~".The values represent the mean + SD (n = 4-
6).
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Figure 4

EPS levels (closed symbols) and mean aggregate areas (open symbols) in Synechocystiscultures grown
under a changing light regime. A Synechocystis culture was pre-cultivated under warm-white light for 5
days (A), followed by subsequent cultivation under 630 nm red light for 5 days (B), 460 nm blue light for
11 days (C), a 5-fold dilution (D), and subsequent re-cultivation under 630 nm red light (B’). Light
intensities at each step were set to 25 pmol photons m-2 s='. Arrows indicate the sequence of cultivation
steps. Symbols denote individual sampling times at each cultivation phase.

Page 23/25



E-H
- -l - biofilm
--O- - planktonic
A R
40+ [ 3 50 E
404 | m.-- |
5 30 ® e @
LS - 30 ! )
s . y i !
20 - ~ o 1
. . ® 209 Y00
n
- T 10
10 100 1000 400 450 500 550 600 650 700
054 o 061 F
[ T [
54 m :
041 ®... 051 o ‘"
N g+ 044 1t .
©0.3 : .
o : g
S ? 0.3 o ﬁﬁ %
0.2 L@ %)
0.2
0.1+ + 0.14
10 100 1000 400 450 500 550 600 650 700
10+ 10 -
C G
8- + 81
6 i ;
= ;@ o
o *A 44 S Q:-.-.,g_:
4 - é § T ‘n
i:;::--ﬁ-"! fmoomn
21 0
10 100 1000 400 450 500 550 600 650 700
124 12 -
D H
10 :‘j 10
O 8 T
X s . 3 .
) i? 6 % [}
faa} S . S - )
< ;. # f . y ' Gv.é
@ -T 44 X "
‘ 2 I . m-N ;
s gl ] ™
10 100 1000 400 450 500 550 600 650 700
PFD (umol photons m2s™) cultivation light wavelenght (nm)
Figure 5

PSIl photochemistry and energy fluxes in planktonic and biofilm Synechocystis cells under various
growth light intensities (A—D) and wavelengths (E—H). Chlorophyll fluorescence parameters were derived
from fast fluorescence induction (OJIP) curves recorded after dark acclimation. (A, E) Total
complementary area (Sy, = Area/(F\,-Fo)), representing the normalized area above the OJIP curves,

which is proportional to the pool size of electron acceptors in the photosynthetic electron transport
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chain. (B, F) Maximum quantum yield of PSII photochemistry (¢Pq = F\/Fy; = (Fy - Fo)/Fy)- (C, G) Flux of
energy dissipated in processes other than trapping per PSII reaction center (DIo/RC). (D, H) Apparent
antenna size per active PSII reaction center (ABS/RC = (My/V)/®Pg). The values represent mean + SD

(n=3).
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