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Abstract
Background

Photosynthetic cyanobacteria entrapped in artificial solid matrices, such as alginate hydrogels, can
sustain active photosynthesis and bio-production of chemicals for months, yet the cellular adaptations
underlying this remarkable resilience remain poorly understood.

Results

Here, we compared the physiological and proteomic responses of the model cyanobacterium
Synechocystis sp. PCC 6803 entrapped within thin calcium-alginate hydrogel films with those of
suspension-grown cells. Immobilized cells maintained relatively stable photosystem Il (PSII)
photochemical efficiency over three weeks despite strongly restricted biomass accumulation. By
contrast, suspension cultures exhibited a progressive decline in phycobilisome connectivity and PSlI
photochemical yield during prolonged cultivation. To elucidate the molecular adaptations associated
with immobilization, we applied a comparative label-free proteomics, which revealed extensive and time-
dependent proteome remodelling following immobilization. Proteins involved in photoprotection,
alternative electron sinks and respiratory terminal oxidases progressively increased in abundance,
indicating an enhanced capacity for excitation-energy dissipation and redox balancing. In parallel,
ribosomal proteins, chaperones and Rubisco subunits broadly decreased in abundance, whereas the
stringent-response regulator SpoT increased, suggesting a regulated downshift in growth-related
metabolism and reallocation of cellular resources towards maintenance. Increased abundance of
inorganic carbon uptake systems, cell-surface and pilus-associated proteins and toxin-antitoxin modules
further indicated acclimation to spatial confinement, diffusion limitations, and high local cell density
within the hydrogel matrix.

Conclusion

Collectively, these findings demonstrate that entrapment in thin-layer hydrogel induces a coordinated,
maintenance-oriented physiological state that preserves photosynthetic activity under growth-limited
conditions, consistent with a longevity phenotype. This state shares key features with natural
cyanobacterial biofilms and enables photosynthetic living materials to function as robust biocatalysts
for long-term bio-production.

Background

Cyanobacteria are versatile photosynthetic cell factories with growing biotechnological potential for
sustainable chemicals, fuel and material production from CO, and light (1-3). While conventionally
cultivated in suspension, cyanobacteria are increasingly incorporated into immobilized systems to
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generate long-lived biocatalysts that secrete product into surrounding medium, demonstrating several
advantages over suspension cultures: easier product separation, simplified handling, higher volumetric
productivity, and improved process efficiency in industrial settings (4-8). Yet, despite this growing
adoption, the physiological consequences of immobilization on cyanobacterial cells remain poorly
understood - a gap that limits rational optimization of these systems.

In nature, cyanobacteria commonly grow as biofilms embedded in a self-produced organic matrix, often
in association with diverse microbial partners (9). Such cyanobacterial mats can grow on rocks or
sediments in benthic zone or in soils crusts across a wide range of habitats (10—13). These multi-layered
microbial communities are held together by extracellular polymeric substances (EPS), which maintain
hydration and provide physical protection (12, 14, 15). EPS is particularly rich in polysaccharides that
function as carbon reservoirs (12, 16) and facilitate surface adhesion, nutrient and metal uptake, and the
maintenance of extracellular DNA and enzymes (12, 13, 17).

This capacity of cyanobacteria to thrive within biofilm matrices has attracted growing interest for
biotechnological applications (revied by (4)). Artificial cyanobacterial biofilms represent a class of
engineered living materials (ELMs) in which environmentally responsive cells are embedded within a
polymeric scaffold that provides structural support (19, 20). Recent studies emphasize the need for
durable, biodegradable and cell compatible materials for ELM construction (21-24). Cyanobacteria are
particularly suitable for these systems because CO, readily diffuses through many matrix materials and
the thin biofilm layers allow efficient light penetration, avoiding the shading limitations typical of dense
planktonic cultures. Furthermore, immobilization may help mitigate the genetic instability often observed
in planktonic bacterial production systems, enabling prolonged metabolic activity (25).

Biocompatible scaffolds such as calcium-alginate or TEMPO-oxidised nanofibril hydrogels offer a
particularly promising route to modulating cell physiology while maintaining photosynthetic activity.
These matrices provide a hydrated, semi-permeable environment that supports nutrient exchange and
light penetration, while simultaneously imposing physical constraints that shape cellular behaviour (26).
Advances in scaffold engineering, including polysaccharide-based and bioinspired hydrogel
architectures, have markedly improved mechanical stability and enabled sustained photosynthetic
activity for up to four months in immobilized systems (24, 27-29). Critically, growth restricted cells
within a hydrogel can redirect photosynthetically captured light energy and carbon toward end products
rather than biomass accumulation. At industrial scales, immobilization can additionally reduce
operational costs by minimizing biomass harvesting, simplifying medium exchange, increasing
volumetric cell density as well as reducing the risk for contamination by unwanted micro-organisms (27,
30).

Immobilized bacteria experience distinct microenvironments shaped by gradients in light, nutrients and
oxygen, which can reshape gene expression, protein abundance and metabolic fluxes (31-33).
Proteomic studies of immobilized Escherichia coli show that gel-entrapped cells do not simply mirror
stationary phase planktonic cells but instead adopt unique protein expression profiles (34, 35). Physical
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confinement elicits similarly distinct phenotypes in other microorganisms, including reduced cell size in
yeast (36) or palmelloid aggregate formation in Chlamydomonas reinhardtii (31, 37).

Cyanobacterial immobilization has likewise been shown to enhance cell longevity (38), with cells
embedded in natural or artificial matrices remaining viable for months without any indication of
formation of resting stages such as akinetes. Yet the molecular mechanisms enabling this prolonged
physiological activity remain largely unresolved - a critical knowledge gap for the rational design of long-
lived biocatalytic systems.

Here we investigate the physiological responses of wild-type Synechocystis cells immobilized in Ca?*-
alginate films, combining comparative proteomics with photosynthetic performance measurements
relative to planktonic cultures. By integrating spectroscopic measurements, microscope and proteomic
analysis, we identify the molecular and functional adaptations underpinning immobilized cyanobacterial
physiology. These findings provide a mechanistic foundation for optimizing immobilization strategies
and advancing the design of robust, long-lived, photosynthetically active biocatalytic platforms.

Material and methods

1.1 Growth conditions and experimental setup

A glucose-tolerant variant of Synechocystis sp. PCC 6803 was cultivated at 30°C in BG-11 medium
buffered with 20 mM HEPES (pH 7.5) under continuous white LED illumination (50 umol photons m™2s™ 1,
PAR) and aeration with 3% CO,-enriched air.

Pre-experimental cultures (400 ml) were grown for 3 days in 225 cm? cell culture flasks (Falcon) with
filter cap under agitation at 140 rpm (AlgaeTron AG 130, PSI Instruments, Czechia) to obtain sufficient
biomass. The cells were then harvested, adjusted to comparable total chlorophyll a (Chl a) content and
used to establish two experimental systems: (i) suspension cultures, where harvested cells were
resuspended in 25 ml fresh BG-11 medium, and (ii) immobilized cultures, where cells were entrapped in
Ca?*-alginate films and placed in 25 ml of fresh BG-11 in Nunc non-treated T75 EasyFlask with filter
caps.

Cultures were maintained under white light at 50 pmol photons m-2 s~* and supplemented with 3% CO,.
Suspension cultures were gently agitated, whereas immobilized cultures were kept static to preserve the
structural integrity of the alginate films. To support long-term cultivation, the medium was periodically
replenished (see Fig. 1).

1.2 Immobilization process

The harvested cells were entrapped in thin Ca?*-alginate films as described previously (39) with minor

modifications. Here, cell immobilization was conducted by mixing 1 g of wet cell biomass, 0.5 mlI MQ

water and 1 ml 4% sodium alginate (#71238, Sigma-Aldrich). The alginate matrix gelation was initiated
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by applying 50 mM CaCl, solution. Alginate films were cast as thin layers (~ 200 ym thickness) to
facilitate gas exchange and light penetration. The alginate films were cut into 5 x 2 cm strips and placed
into cell culture flasks containing 25 ml of BG-11 medium. Prior to the measurements, the immobilized
cells were released from Ca?*-alginate films by 50 mM EDTA (pH 7.0) and washed with BG-11 medium.

1.3 Sample collection for the proteomics and physiological
measurement

For the proteomics and physiology analyses the samples were collected at three time points, 24 h (1 d),
day 14 (14 d), and day 21 (21 d). The immobilized cells were recovered by disintegrating the alginate
matrices in 50 mM Na-EDTA solution (pH 7.0). Suspended and detached cells were collected by
centrifugation 6000 x g for 8 min at 4°C and washed with 50 mM TES-KOH pH 8. The samples from the
four independent cultures were collected and immediately frozen with liquid N, and stored at -80°C until

used for experiments.

1.4 Absorption spectroscopy and fluorescence
measurements

Room temperature absorption spectra were measured by the OLIS CLARITY 17 UV/VIS/NIR
spectrophotometer with the integrating cavity (On Line Instrument Systems, Inc.) as described previously
(40).

The chlorophyll (Chl) a fluorescence from intact cells released from hydrogel films was recorded with a
pulse amplitude-modulated spectrophotometer (Dual-PAM-100; Walz). Harvested cells were
resuspended in fresh BG-11 pH 7.5 and adjusted to 10 pg Chl a ml™'. Before measurements, cells were

2

dark-adapted for 15 min. Actinic light of 50 umol photons m~? s~ ' was then applied and saturating

pulses of 5000 pmol photons m~2s™ 1 (500 ms) were used to determine the effective yield of PSII, Y(II).

The low-temperature (77 K) fluorescence emission spectra of intact cells were monitored with a
USB4000-FL-450 (Ocean Optics) spectrofluorometer. Samples were adjusted to same Chl a
concentration (5 pg mi~ ") and then frozen directly in liquid nitrogen. Fluorescence emission spectra
were recorded upon excitation with 580 nm light.

1.5 Imaging

1 cm? squares were cut from the hydrogel films at day 3 and day 22 of cultivation. The cutlets were
embedded in 4% agarose gels to allow for thin slicing with a Vibratome (Leica VT1200S). 150 pm thick
cross sections were obtained and preserved in PBS buffer. Brightfield microscope images of the cross
sections were obtained with Leitz microscope. Confocal imaging of the alginate films was performed
with LSM 880 (Zeiss).

1.6 Liquid chromatography-tandem mass spectrometry
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For liquid chromatography-tandem mass spectrometry (LC-ESI-MS/MS) analysis, total proteins from
suspension cultures and recovered immobilised films were isolated and digested as described
previously in (41). The mixture of peptides was desalted via Sep-Pack C18 (Waters) columns according
to manufacturer’s protocol. Dried and desalted peptide samples were reconstituted in 0.1% formic acid.

Peptides from 20 Synechocystis sp. PCC 6803 samples were prepared for mass spectrometry analysis.
Peptide concentrations were determined using a NanoDrop spectrophotometer (Thermo Fisher
Scientific), and 500 ng of peptides per sample were loaded onto Evotips (Evosep). Samples were
analyzed in randomized order to minimize batch effects.

LC-ESI-MS/MS analysis was performed using an Evosep One HPLC system (Odense, Denmark) coupled
to a Bruker timsTOF FLEX mass spectrometer (Bremen, Germany) equipped with a CaptiveSpray nano-
electrospray ionization source. Peptides were separated on a 15 cm Evosep Performance analytical
column (150 pm x 15 cm, 1.5 um C18 beads, EV1137) using a 44-minute gradient (30 samples per day
method). The mobile phases consisted of 0.1% formic acid in water (solvent A) and 0.1% formic acid in
99.9% acetonitrile (solvent B).

Data were acquired using a data-independent acquisition (DIA) method with dia-PASEF scanning. The
acquisition covered an m/z range of 301-1100 and utilized two ion mobility (IM) windows per scan with
variable isolation widths based on precursor density. A total of 25 dia-PASEF scans were performed per
sample, with an IM range of 1.3 to 0.6 V-s/cm2. Accumulation and ramp times were set to 100 ms. Data
acquisition was controlled using Compass 2025b software (Bruker).

1.7 Proteomics data processing and analysis

Protein identification and label-free quantification were performed using Spectronaut software
(Biognosys, version 20.1.250603.62635). The DirectDIA workflow was employed for peptide and protein
identification. Quantification was based on MS2-level data using the area under the curve (AUC) of
fragment ions within defined integration boundaries. Label-free quantification was performed using the
MaxLFQ algorithm.

Protein identification and quantification were performed using trypsin as the proteolytic enzyme,
allowing up to two missed cleavages per peptide. Carbamidomethylation of cysteine residues,
introduced via iodoacetamide alkylation, was set as a fixed modification, while N-terminal acetylation
and methionine oxidation were included as variable modifications. The protein search was conducted
against the UniProt Synechocystis sp. PCC 6803 database (March 2025 release), supplemented with the
Universal Protein Contaminant Database (42). Both precursor and protein false discovery rate (FDR)
thresholds were set at 1%, and quantification was based on MS2-level data.

The mass spectrometry data and protein identification files data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository (43) under the dataset identifier
PXD081286.
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For statistical analysis, Spectronaut software was used to perform pairwise comparisons between
sample groups using an unpaired t-test at the protein level. Differential abundance results are reported
as log, fold change (Log,FC) values. The significantly changed proteins were filtered by a g-value
(adjusted p-value) of 0.05 and an absolute Log,FC of 0.58. Venn diagrams were made with a web-based
tool (https://www.interactivenn.net/) (44).

Gene ontology (GO) enrichment analysis was performed with Spectronaut software via importing GO
Consortium annotation file (modified 5.3.2026) for Synechocystis sp. PCC 6803 from UniProt.

2 Results and Discussion

2.1 Immobilization uncouples growth arrest from
photosynthetic decline

The Chl a content of replenished suspension cultures increased up to day 19, while the majority of the
Chl a increase in immobilized cells occurred within the first day of cultivation (Fig. 2A-B). Based on these
growth trajectories, three time points were selected for further characterization: day 1, 14, and 21. In
suspension cultures, these time points corresponded to the early logarithmic growth phase (day 1), the
late growth phase (day 14), and the transition to the stationary phase as the cultures approached a
plateau (day 21).

Whole-cell absorption spectra normalized to OD-5, revealed changes in pigment-associated absorbance
relative to biomass. In suspension cultures, the phycobilisome-associated peak at ~ 625 nm and the Chl
a-associated peak at ~ 680 nm decreased slightly after day 1 and more markedly after day 14 (Fig. 2C).
In immobilized cultures, both peaks remained relatively stable between day 1 and 14, with a decrease
becoming apparent only by day 21 (Fig. 2D). Thus, although the total Chl a content per flask increased
during cultivation (Fig. 2A), the OD-sy-normalized spectra, recorded using an integrative sphere, indicated
a reduction in Chl a- and phycobilisome-associated absorbance per unit biomass. This reduction
occurred progressively and was more pronounced in suspension cultures, whereas in immobilized
cultures it becomes apparent mainly between days 14 and 21. At day 1, the phycobilisome-to-Chl a
(Ago5/Aggo) ratio was lower in immobilized cells (1.1 + 0.003) than in suspension cultures (1.3 +0.01).

During subsequent cultivation, this ratio decreased in suspension cultures but remained comparatively
stable in immobilized cells, thereby reducing the difference between the two cultivation modes over
time.

To assess the functional coupling between the phycobilisome antenna and the photosystems, 77 K
emission spectra were measured upon excitation of phycobilisome at 580 nm. In 21 days old
suspension cultures, different from immobilised cells, a strong emission peak at 685 nm was observed,
implying to decoupling between phycobilisomes from PSII (Fig. 2E-F) (45-47). In agreement, effective
yield of PSII (Y(I)) was strongly reduced in suspension cultures already at day 14 (0.21 + 0.004)

compared to day 1 (0.28 + 0.005) with further strong decrease at day 21 (0.12 + 0.029. Figure 2H). The
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first two peaks of 77K emission spectrum, at 645 nm and 665 nm, correspond to phycocyanin and
allophycocyanin emission, respectively (47). In suspension cultures, the phycocyanin peak decreased
slightly on days 14 and 21 relative to day 1, while allophycocyanin emission remained unchanged
(Fig. 2G).

In immobilized cultures, both phycocyanin and allophycocyanin emissions were strongly reduced already
by day 14, with further reduction by day 21. Different from the suspension cultures, the effective yield of
PSIl in immobilized cells decreased only moderately at day 14 relative to day 1, and the further decrease
at day 21 was not statistically significant (Fig. 2D).

Brightfield microscopy of freshly prepared Ca?*-alginate hydrogels showed that cells were evenly
dispersed throughout the hydrogel matrix (Fig. 3A, Fig. STA, Fig. S2). After 3 and 22 days of cultivation,
cell distribution within the hydrogels was examined by laser-scanning confocal microscopy using Chl a
autofluorescence as a marker for chl-containing cells (Fig. 3B-F). The strongest fluorescence signal was
consistently observed near the hydrogel surface (Fig. 3B). This may partly reflect a higher cell density in
the surface layer, where cells receive more light and have better gas exchange, and is consistent with the
surface-associated biomass accumulation observed as outgrowth during cultivation on the full medium.
Similar phenomenon has been reported for immobilized cyanobacterial production strains, where cell
escape into the surface of the entrapment matrix (48, 49). However, the high density of pigmented cells
near the surface may also attenuate both the excitation light and the emitted fluorescence, thereby
reducing the apparent signal intensity at greater imaging depths (Fig. 3C). A similar distribution pattern
was observed on day 22, with cells still present throughout the matrix (Fig. 3, Fig. S1B, Fig. S3B). The
three-dimensional reconstructions similarly showed fluorescence throughout the hydrogel volume, with a
pronounced decline in intensity with depth (Fig. 3C, 3F). This gradient may result from a combination of
non-uniform cell distribution and optical shielding by the densely populated surface layer. A wider-field
image acquired approximately 10 um below the surface (Fig. S3A) showed some lateral heterogeneity in
fluorescence intensity. This may reflect local variation in cell distribution, hydrogel thickness, or
incomplete flattening of the sample on the microscope slide.

Across both time points, the cells did not appear to form large, distinct clusters, even after prolonged
cultivation. This differs from previous studies in which Synechocystis formed colony-like clusters when
immobilized in 2.1% agarose cylinders (50) or in 4% alginate beads (51). The more dispersed cell
distribution observed here may be related to differences in matrix composition, including the lower
alginate content used in our hydrogels. Strain-specific properties may also contribute, as non-motile
Synechocystis strain used in this study has a reduced tendency to form cell aggregates or flocs (52),
which could influence its spatial organisation within the matrix compared with motile lineages of
Synechocystis.

2.2 Global evaluation of the proteome in immobilized cells
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Next, label-free quantitative proteomic analysis was performed to investigate proteome remodelling in
Synechocystis cells immobilised within the alginate hydrogel film relative to suspension cultures at three
time points: days 1, 14, and 21. Because suspension cultures showed a noticeable decline in
photosynthetic activity over extended cultivation (Fig. 2), the day 1 suspension culture was used as a
control for the day 1 immobilized cells, while the day 14 suspension culture served as the control for
both the day 14 and day 21 immobilized cultures (Fig. 1). This comparison strategy avoided using the
physiologically deteriorated day 21 suspension cultures as a reference.

A total of 2981 proteins were identified, corresponding to approximately 80% of the predicted proteome,
with each protein supported by at least two unique peptides (Table S1). Principal component analysis
(PCA) revealed that the first and second components accounted for 59.7% and 17% of the total
proteomic variation, respectively (Fig. 4A). The first component primarily distinguished younger cultures
(day 1) from older cultures (days 14 and 21), while the second component separated immobilized
samples from their suspension references. Differential abundance analysis identified 170, 543, and 586
significantly altered proteins in the day 1, day 14, and day 21 comparisons, respectively (Fig. 4B, Tables
S2 and S3). The larger number of altered proteins at the later time points suggest that the proteomic
differences between immobilized and suspension cells became more extensive during prolonged
cultivation. However, 441 differentially abundant proteins were shared between the day 14 and day 21
comparisons (Fig. 4B), and broadly similar abundance patterns were observed for many proteins at
these time points (Fig. 4D and 4E). Together, these findings suggest that much of the later-stage
proteome remodelling had already been established by day 14 and was subsequently maintained
through day 21.

As shown in Fig. 4F, Gene ontology (GO) enrichment analysis of proteins with increased abundance in
hydrogel-entrapped cells revealed a clear temporal progression in the cellular response of Synechocystis
to immobilization. Compared with the corresponding suspension cultures, the differentially expressed
proteins in immobilized cells were significantly enriched (p < 0.05) in several GO terms spanning the
categories of biological process (BP), cellular component (CC) and molecular function (MF) categories.
At day 1, enrichment was primarily associated with stress-response functions, including iron-sulphur
cluster binding, oxidoreductase activity, cell wall organization and transport pathways, indicating an early
response aimed at maintaining redox homeostasis and protecting the photosynthetic apparatus. By day
14, the enrichment profile shifted toward RNA processing, carbon fixation, aerobic respiration, including
terminal oxidases, and antiviral defence mechanisms including CRISPR-associated proteins, suggesting
extensive metabolic adjustment and regulatory reprogramming under immobilized conditions. In
addition, chlorophyll biosynthetic processes became significantly enriched, highlighting adaptations in
photosynthetic machinery. Interestingly, proteins associated with iron-sulfur cluster binding remained
enriched at all time points, suggesting their importance during immobilization. The GO enrichment
pattern observed at day 21 largely resembled that at day 14, indicating a stabilised physiological state
following initial adaptation. Together, these results illustrate a phased transition from an acute stress
response to extensive physiological and metabolic remodelling during prolonged immobilization.
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2.3 Proteome wide reprogramming reflects a shift from
growth to maintenance

Comparative proteomics revealed extensive and time-dependent changes in protein abundance during
immobilization, with cells remodelling their light harvesting and photosynthetic electron transfer routes.
Although Chl a biosynthesis was upregulated, PSI and PSII core subunit levels remained largely
unchanged (Fig. 5), indicating that the steady-state abundance of photosystem core proteins was
maintained rather than increased. The increased abundance of the PSIl assembly factor SI10933 (53)
suggests ongoing PSIl assembly or repair-related turnover, consistent with the concurrent rise in proteins
associated with Chl a biosynthesis. In contrast, Psb28-2 associates with fully assembled PSII rather than
assembly intermediates, where it has been linked to restricting Q,~-to-Qg electron transfer (54). Its
increased abundance may therefore reflect a regulatory or protective response associated with existing
PSII complexes rather than a biogenesis-related process.

Cells also upregulated alternative electron sinks, respiratory pathways, and alternative ferredoxin
isoforms. Synechocystis possesses 12 ferredoxin isoforms (Fed1-Fed12), although only little is known
about their specific functions and potential functional redundancy (55). Fed1 is the highly abundant
isoform essential for photosynthetic electron transport, and its abundance remained unchanged in our
dataset, consistent with its role as the core, constitutively required ferredoxin. In contrast, four low-
abundance isoforms - Fed2, Fed3, Fed5, and Fed7 - showed increased accumulation levels. Among the
functionally characterized isoforms, Fed7 has been linked to photooxidative stress responses and is
induced under low CO, and high-light conditions (56). Fed3 has been shown to support aerobic
photomixotrophic growth together with Fed9 and pyruvate:ferredoxin oxidoreductase, though Fed?9 itself
was not upregulated here (57). The specific role of Fed5 remains unclear and requires further
investigation.

Subunits representing all three respiratory terminal oxidases were more abundant in hydrogel-entrapped
cells (Fig. 5). In Synechocystis, the aa3-type cytochrome c oxidase (COX), encoded by ctaCIDIEl, and the
cytochrome bd quinol oxidase (Cyd), encoded by cydAB, are both confirmed as terminal oxidases of the
thylakoid membrane, with Cyd potentially also present in the cytoplasmic membrane. In contrast, the
alternative respiratory terminal oxidase (ARTO), encoded by ctaCIIDIIEIl, has been localised exclusively to
the cytoplasmic membrane (58, 59). The increased abundance of terminal oxidases suggests an
enhanced capacity for respiratory electron flow to oxygen, potentially supporting proton-motive force
generation and ATP synthesis and to some extent relieving over-reduction of the photosynthetic electron
transport chain. NdbA, one of the three type 2 NAD(P)H dehydrogenases (NDH-2) in Synechocystis,
showed higher abundance already after one day of immobilization. The thylakoid-localized NdbA
transfers electrons from NADH to PQ pool (60, 61). Taken together, the upregulation of terminal oxidases
and NdbA points to a broad enhancement of respiratory capacity during immobilization.
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The flavodiiron (FIv) Flv1/FIv3 hetero-oligomer mediates photoreduction of O, downstream of PSI, and in
contrast to the classical Mehler reaction occurring in chloroplasts, this transfer of electrons to O,

happens without the formation of reactive oxygen species and produces only water (62-64). Under high
CO, conditions such as the 3% CO, used here, the FIv1/Flv3 heterodimer is solely responsible for

efficient steady-state O, photoreduction, with flv2 and flv4 expression strongly downregulated. The
increased abundance of Flv3 in immobilised cells therefore suggests enhanced photoprotective electron
flow to O, via the Mehler-like reaction, or alternatively via the Flv3 homo-oligomer. Homo-oligomers of
FIv3 are involved in alternative electron transfer pathway(s) where the terminal acceptor is not O,, but

still remains to be identified, making FIv3 a more important player than Flv1 in the systems-wide
acclimation of Synechocystis cells to stress (65).

In addition, subunits and maturation factors of the bidirectional [Ni-Fe] hydrogenase showed increased
abundance (Fig. 5). This enzyme is linked to cellular redox metabolism and is favoured under reducing
conditions (66). Therefore, its increased abundance may reflect the development of locally reducing
and/or O,-limited microenvironments within the alginate matrix, particularly in shaded interior regions of
the dense hydrogel film where light penetration is limited (Fig. 3C and 3F) and respiratory O,
consumption may exceed local photosynthetic O, production. However, because NifJ decreased in
abundance, the proteomic data do not fully support a broad activation of fermentative metabolism in
immobilized cells (67). Thus, the hydrogenase response is better interpreted as part of a broader
reorganization of redox-balancing pathways rather than direct evidence for a fully anaerobic or
fermentative state. This interpretation is consistent with previous studies showing that immobilization
matrices can generate strong local gradients in oxygen, nutrients, and metabolic activity. For example, in
agar gel-entrapped Pseudomonas aeruginosa, the anaerobically induced porin OprE was among the most
strongly overexpressed proteins, indicating that oxygen-limited zones can develop within immobilized
microbial systems (68). More generally, restricted mass transfer within immobilization matrices is
known to create heterogeneous microenvironments rather than uniform physiological states across the
whole cell population (35, 69).

Although cells were grown under 3% CO,, where the CCM is typically supressed and growth is expected
to be largely supported by passive diffusion of Ci, proteins involved in active Ci uptake were found at
higher abundance in immobilized cells. In Synechocystis, BCT1 and SbtA are inducible high-affinity HCO,-
transporters, while NDH-1, is a constitutive low-affinity CO, uptake system and NDH-1; is a high-affinity

counterpart inducible specifically under Ci-limiting conditions. The upregulation of these transporters,
particularly the low-Ci-inducible NDH-1,, despite the high external CO, supply strongly suggests that cells
within the alginate matrix may experience local Ci limitation due to restricted mass transfer. However,
carboxysome proteins and Rubisco subunits were less abundant in the films, pointing to a decoupling
between increased Ci acquisition capacity and carbon fixation output. This may reflect the growth-
limited state, in which immobilized wild-type cells lack an efficient product-forming carbon sink beyond
biomass accumulation. Under these conditions, increased Ci uptake capacity may support local Ci
homeostasis rather than increased carbon fixation, while the reduced demand for biomass production
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could explain the lower abundance of Rubisco and carboxysome components. Consistent with this
interpretation, proteins associated with PHB metabolism, including PhaB and PhaE, increased in
abundance at later time points, suggesting that immobilized cells may redirect part of the assimilated
carbon and reducing power toward storage and redox-buffering pathways rather than growth.

* 2.4 Global downshift of protein synthesis may be orchestrated by the master regulator (p)ppGpp,
linked to a longevity phenotype

SpoT (SIr1325), a crucial bifunctional enzyme responsible for both the synthesis and degradation of the
signalling molecules guanosine tetra- and penta-phosphate (collectively (p)ppGpp), showed higher
accumulation in immobilised cells at days 14 and 21. These phosphorylated nucleotides mediate the
conserved stringent response to environmental stresses in bacteria, including cyanobacteria, by
regulating bacterial transcription and translation to reduce growth and promote stress acclimation (70-
73). In many bacteria, the concentration of (p)ppGpp increases upon growth arrest leading to inhibition
of the transcription of ribosomal genes (74-76). In Synechococcus elongatus, high (p)ppGpp levels have
been shown to be involved to acclimation to darkness by slowing down DNA replication and preventing
cell division in the dark (77). Moreover, the SpoT gene was found essential for Rhodopseudomonas
palustris longevity when its growth is arrested (76, 78), and another (p)ppGpp synthase, RelA, was found
important for transient growth-arrest in E. coli (74). As growth arrest and (p)ppGpp levels are important
factors in natural biofilm formation (79), clear increase in SpoT abundance in the hydrogel embedded
cells may indicate involvement of (p)ppGpp levels in the longevity of immobilised Synechocystis cells.
Furthermore, regulation via SpoT is in agreement with the reduction of most of the ribosomal proteins

(Fig. 5).

Immobilized cells contained fewer ribosomal proteins, chaperones and translation factors (Fig. 5).
Enzymes involved in Fe-S cluster biosynthesis (NifU, NifS1-2) were also less abundant. Even though this
clear downshift of protein synthesis capacity was evident, enzymes involved in amino acid biosynthesis
were not coordinately diminished. While enzymes in histidine and threonine pathways showed lower
abundance, enzymes in the branched-chain amino acid pathways (leucine and isoleucine), as well as
cysteine and glutamate routes, were more abundant. Branched-chain amino acids can serve as a carbon
and nitrogen source during starvation, which may indicate stationary phase-like behaviour in
immobilised cells.

Among ion transporters, proteins associated with sulphate and potassium uptake were found in lower
abundance in immobilized cells. As sulphur is used mainly for cysteine/methionine synthesis and select
cofactors, lower demand for its uptake indicates reduced de novo protein synthesis under growth-limited
conditions. Reduced demand for potassium points to lower translational activity, since ribosomes bind a
substantial fraction of total Mg?* and K* (80). In contrast, higher iron and zinc uptake may reflect the
higher abundance of iron rich terminal oxidases (which bind heme) and alternative ferredoxins (which
bind FeS clusters), as well as zinc-dependent enzymes such as thylakoid-located carbonic anhydrase
EcaB (SIr0051) suggested to interact functionally with the CupA/CupB CO, uptake systems (81).
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Non-essential group 2 sigma factors have been shown to play important roles in acclimation to
environmental changes (82-84). Among these, three group 2 sigma factors (SigB, SigD and SigE) were
found in lower abundance, while the group 3 sigma factor SigF showed increased abundance. SigF has
previously been linked to pilus formation (85).

2.5 Pilus and exopolysaccharide remodelling reinforces
cell entrapment within the immobilization matrix

Proteins related to the cell surface, namely, the type IV pilus components PilC, PilN, PilO, and PilQ, were
more abundant in immobilized cells. Cyanobacterial Type IV pili span the cell envelope and are
responsible for motility, transformation competence, cell aggregation and secretion (86, 87). The non-
motile glucose tolerant Synechocystis strain used in this study cannot form the thick pili required for
motility, due to a loss of function mutation in the motality-regulating kinase SpkA (88, 89). Nonetheless,
the cells retain the ability to form thin pili that serve other functions, such as DNA uptake or surface
interaction. These thin pili are likely composed of minor pilins, but their exact role remain unclear (90,
91). Here, several minor pili proteins encoded from three different transcriptional units (pilA5-6, pilA7 and
pilA9-117) were upregulated in immobilised cells. In addition, another set of minor pilins, PilX1-3, was
present at higher abundance in films (Fig. 5). PilX pili have been shown to facilitate flocculation, defined
as the aggregation of planktonic cells into floating clusters (92). Although type IV pili were proposed to
mediate direct extracellular electron transfer in Synechocystis, recent studies instead support an indirect,
mediator-based mechanism, with pili contributing mainly to cell-electrode adhesion (93, 94). This
suggests that minor pilin upregulation in immobilized cells may enhance scaffold attachment and
biofilm-like cohesion relevant to biocatalyst stability.

A XxsE protein involved in the formation of synechan, a sulfated exopolysaccharide (95), also showed
increased abundance. The genes encoding proteins involved in synechan synthesis and regulation, are
located on the pSYSM plasmid in a cluster (sl/5042-sl15060), with one additional gene located on the
chromosome (sll75817). Most of these proteins, as well as another exopolysaccharide export protein,
Wzc (SI10923), showed enhanced abundance, but they did not meet our significance criteria. These
findings suggest that even within an artificial scaffold, cells increase secretion of extracellular polymeric
substances to reinforce their entrapment and physical retention within the immobilised matrix.

Long-term immobilization was also associated with a shift in protein translocation pathway usage: TatB,
a key component of the twin-arginine translocation (Tat) pathway, was less abundant, while SecB,
involved in general secretion (Sec) pathway, was more abundant. The Tat pathway is particularly
important for transporting folded, cofactor-containing proteins, so its reduced abundance may point to
decreased transport of folded proteins into the thylakoid lumen. The Sec pathway, in contrast, handles
wide variety of unfolded proteins for translocation. Considering that pilins are co-translationally inserted
into the membrane via the Sec pathway during pilin biogenesis (87), the increased abundance of Sec
pathway components is in agreement with the elevated pilin levels observed in immobilised cells.
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As immobilized cells showed only limited Chl a increase over the course of the experiment, cell division
was also expected to be restricted (Fig. 2A). Intriguingly, Maf (SI10905), which presumably inhibits
synthesis of the division septum, increased in abundance in the immobilized cells (96). In contrasts, the
peptidoglycan polymerases FtsW and Ftsl, which produce septal peptidoglycan during cell division, were
also more abundant in immobilized cultures (97). Together, these findings suggest that the division
machinery remains in a poised, ready to resume state rather than fully arrested. Consistent with this,
outgrowth was observed from the surface of the immobilized cultures, although these outgrowing cells
were not harvested for the proteomic analysis.

2.6 Toxin-antitoxin system remodelling suggests a
programmed cell death strategy in immobilized cultures

Although regulated cell death and programmed cell death (PCD)-like processes have been proposed in
cyanobacteria, direct molecular evidence has remained limited (98). Recent work demonstrated that the
underlying machinery is evolutionarily ancient and conserved well beyond animal, showing that a
unicellular alga can show an apoptosis-like death pathway (99). This suggests that PCD machinery in
photosynthetic microorganisms is more conserved and functionally relevant than previously thought,
supporting the possibility that toxin-antitoxin (TA) -system-mediated cell death may contribute to
population-level survival strategies in immobilized cultures. In bacteria, type Il toxin-antitoxin (TA)
systems are among the best-characterized molecular mediators involved in plasmid maintenance,
biofilm formation, and, in some cases, stress-induced PCD-like processes (100, 101).

The Synechocystis genome encodes approximately 69 type Il TA protein complexes (102), of which our
proteomics analysis detected 41 toxins and 51 antitoxins; 23 of those showed significantly different
abundance between immobilized and suspension cultures in at least one time point. Among these, the
TA-pair YoeB-YefM, encoded at the Ssr0761 locus, is particularly notable, since both toxin and antitoxin
increased in abundance specifically under long-term immobilization (Fig. 6). YoeB-YefM TA complex is a
widespread type Il TA system among archaea and bacteria, with reported roles in biofilm formation and
stress responses, including oxidative stress (103). Its increased abundance in immobilized cells may
therefore reflect activation of stress-adaptive TA modules under the spatially heterogeneous conditions
of the immobilization matrix. In high dense photosynthetic films, surface-exposed cells may experience
photooxidative stress, whereas shaded interior regions may become relatively more reducing. In
addition, three plasmid (pSYSM) encoded toxins (SIr5102-SIr5101, SIr5017-SIr5018, and SI15003-S115004)
showed increased abundance under long-term immobilization, while their counterpart antitoxins were
either reduced or unchanged. Although, the function of these specific modules remains uncharacterised,
plasmid-encoded TA systems are known to contribute to plasmid stability through the post-
segregational killing (102), and TA modules more broadly can participate in stress adaptation, and PCD-
like processes (100, 104).

Taken together, the shift toward toxin excess relative to antitoxin abundance in long-term immobilized
cultures is consistent with activation of TA-system components during prolonged immobilization. The
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high photosynthetic activity, increase in Ci uptake and other adaptive pathways further indicate that
immobilized cells remain metabolically active and argues against widespread cell death as the dominant
response. Therefore, TA-system remodelling could be interpreted as part of a broader stress-adaptive
programme that may support growth limitation and population-level stability within the heterogeneous
hydrogel matrix, rather than as direct evidence for PCD-mediated nutrient recycling.

3 Conclusions

We show that physical entrapment of Synechocystis sp. PCC 6803 within thin Ca2+-alginate hydrogel
films induces a distinct physiological state that sustains photosynthetic activity while suppressing
growth. Proteome-wide reprogramming reveals extensive, time-dependent rewiring of cellular
metabolism in immobilized cells. Early responses emphasized redox stabilization and stress mitigation,
whereas later time points showed enhanced photoprotective mechanisms, increased abundance of
alternative electron sinks and respiratory terminal oxidases and upregulation of Ci uptake systems.
Concomitant reduction in translational capacity, together with accumulation of the stringent-response
regulator SpoT, suggests that (p)ppGpp signalling underpins this transition to a slow-growth, stress-
tolerant high longevity state.

These features collectively resemble a biofilm-like metabolic mode shaped by diffusion limitation and
spatial confinement yet remain distinct from classical stationary phase. We propose that immobilization
actively drives cyanobacterial cells into a resource-efficient configuration optimized for long-term
function rather than proliferation.

This work provides a mechanistic framework for microbial longevity in photosynthetic living materials
and establishes immobilized cyanobacteria as robust platforms for sustained, energy-efficient
photosynthetic biocatalysis.
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Figure 1

Schematic overview of the experimental workflow for physiological and proteomic profiling of
suspension and immobilized Synechocystis. Samples for proteome analysis were collected from
suspension cultures on days 1 and 14 only, as suspension cultures exhibited very low photosynthetic
activity on day 21. Proteome samples from immobilized cells were collected on days 1, 14, and 21.
Physiological measurements were performed on both suspension and immobilized cultures at days 1,
14, and 21.
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Growth, pigments and photosynthetic properties of suspension and immobilised cells in hydrogel films.
(A) Growth of Synechocystisassessed based on Chl a content. (B) Suspension and immobilized cells in
hydrogel films (on day 1 of cultivation). In vivo absorption spectra measured from suspension cultures
(C) and hydrogel films (D). 77 K fluorescence spectra, excited with phycobilisome specific light at 580
nm, from suspension cultures (E) and hydrogel films (F), the graphs were normalized to Photosystem |
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fluorescence peak at 725 nm. The effective yield of PSII (Y(Il)) was determined by applying saturating
pulses during fluorescence induction curve in suspension cultures (G) and hydrogel films (H). Y(Il) value
shown was taken at 300 s of illumination. Values are means + SD; n = 3—4 biological replicates.

Surface

3D reconstruction

100 pm below surface

Day 3

Figure 3

Microscopic visualization of Synechocystis cellls immobilised in hydrogel films. A.-F. Laser scanning
confocal microscopic images showing chlorophyll autofluorescence of embedded cells from the surface
and approximately 100 um below the surface of the hydrogel after 3 days (A-B) and 22 days (D-E) of

cultivation. 3D images reconstructed from single confocal microscope images of the hydrogel on (C)
Day 0 and (F) Day 22.
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Figure 4

Differentially expressed proteins in Synechocystis after 1, 14 and 21 days of immobilization in hydrogel
films. A. Principal component analysis (PCA) of proteins, each point represents a sample, with the colour
indicating sample collection time and a square represents cells immobilized in alginate hydrogel films
(Films) and a circle represents suspension cultures (Susp). Proteomics analysis consisted of four
biological replicates in each time point. B. Venn diagram showing the differentially expressed proteins
that are commonly or uniquely detected in each comparison. Volcano plots depicting the expression
profile of differentially expressed proteins after 1d (C), 14d (D) and 21d (E) of immobilization in
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comparison to suspension cultures. F. Gene ontology (GO) enrichment analysis of differentially
expressed proteins. Bubble size indicates the number of enriched proteins. Colour saturation represents
the significance level. GO terms are divided into three categories: molecular function (MF), cellular
component (CC) and biological process (BP). Indep. = independent.

PSET CCM Regulatory function
Ry L b
ALY D¥ kb,?f\?
CydA RbeS axP2
C1a02 RTO Rbcl IRuBisCo =
CoxA SoiB Rred1
S80933 1PSsi SbA Rre37
Psb28-2 5 PorS Rro34 |
CpeG2 ‘PBS NAhF3 Rre19
. 10ther ND4 NrsS
Frp | NahD3 G Con2
NbA 'NDH-2 CupA uptake -
NahD6 : NDH-1 CmpC
",pc"”" c‘m“" SH0955 LB
Hony ComN Sw0309 [ [ Methyttransterase -
HoxH [ T Hydrogenase c“cm._"" Carboxysome MbpA .
HoxF ‘ CcaA i .
Hok [ T8 1 EcaB CO2 fixation Cor-4 m
Fed? Hikd2 18
FedS Hk37 o
:m Ferredoxin Carbon metabolism % L
m 2 a8
i o [ | FRetidine Kinese .
PaD '11-TCA Hk15 ==
"F" Fe uptake regulator +-
Peic2 -l .
Awpl |Sc4nrmm SpolD
Sir1530
1| Pyruvate met. SepF i
ot Siviss
“171 | PHB met. GidA |
u FisW
| Glycolate met.  Fisl. Pbpd

g

HemN 1
sH1898
Sir0252 o
SH1890
Coth metabolism ~H,
CobW | W
CobN c(_c.'[
o o
% 1 |Urea transport éﬁ
Y PstS1 P uptake
SH151 PsiC2
% _Imb‘m PstB2
ChiMt 6 1t 10smoprotec. uptakd
% INuslmiaﬁon %
cnB - Kap8 | K uptake
| GS/GOGAT Kaph | 0
| AA metabotism o8 1Gin / Arg transport
FutC
FutB
FotAy Fe uptake
e
—— Foch?
i | FecB1
g: ~ | Fe storage
% ICo transport
S81081 |
HHO | ABC transporter

0 42

Page 29/31



Heatmaps representing significant differential protein expression in immobilized cells compared with
suspension cells after 1 d, 14 d and 21 days of immobilization within hydrogel films. Red shades indicate
enhanced protein abundance, while blue shades indicate decreased protein abundance. Colour-coded
changes correspond to proteins meeting the significance criteria of p < 0.05 and log,FC = 0.58 or <-0.58,

while white indicates non-significant changes.
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Figure 6

Type Il toxin-antitoxin (TA) systems of Synechocystis showing significantly different abundance in

immobilized vs suspension cultures at least in one timepoint. One toxin and antitoxin pair are shown in a
row together with the replicon site. Predicted toxin types are defined according to (105). Red shades
indicate enhanced protein abundance while blue is used for decreased protein abundance. Colour
indicate significant changes with cut-off threshold p < 0.05 and log,FC = 0.58 or <-0.58. Grey colour

indicates that protein was not detected.
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