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ABSTRACT

Cyanobacteria play a key role in the biomineralisation of carbon dioxide into solid carbonates, a critical process in the global car-
bon biogeochemical cycle that links atmospheric CO, to lithospheric carbonate reservoirs. While photosynthetic carbon fixation
by these microorganisms has been extensively studied and is relatively well understood, the biomineralisation pathway remains
much less explored, likely leading to an underestimation of its global relevance. This review summarises current findings and
highlights the ecological and cellular factors that contribute to cyanobacterial biomineralisation. In particular, the need to cope
with fluctuating environmental conditions has played a central role in enabling cyanobacteria to develop rapid metabolic adap-
tations together with the evolution of a complex cell wall architecture. Within this framework, biomineralisation emerged as a
tangible and effective adaptive strategy. Particular attention is given to the metabolic processes and related ion trafficking mech-

anisms across the cell envelope, which are instrumental in facilitating mineral nucleation and growth.

1 | Introduction

Biomineralisation is the biological process through which or-
ganisms generate and deposit minerals, either amorphous or
crystalline, via mechanisms that may be either biologically
controlled or biologically induced but environmentally driven.
This phenomenon is widespread across the tree of life, occur-
ring in prokaryotes and eukaryotes. Bacteria and cyanobacte-
ria in particular have been among the most influential agents
shaping mineral formation on Earth, both throughout geo-
logical time and across diverse environments. This phylum of
oxygenic phototrophic prokaryotes has significantly changed
Earth's biosphere over nearly four billion years. Ubiquitous in
aquatic ecosystems, they contribute to biogeochemical cycling
of macronutrients, micronutrients, water and to aquatic pho-
tosynthesis, which accounts for approximately 50%-80% of
global carbon fixation. As a reference, Prochlorococcus, a single
genus, accounts for nearly 20% of global photosynthetic carbon
capture (Jansson and Northen 2010). Beyond aquatic systems,

many cyanobacteria colonise extreme terrestrial environments,
including deserts, polar regions and thermal springs, where they
influence local biogeochemical cycles and ecosystems (Chrismas
et al. 2015; Whitton and Potts 2012). Cyanobacteria have been in-
strumental in transforming Earth's early atmosphere, with their
evolution marking the transition from a reducing to an oxidising
atmosphere during the great oxygenation event (GOE), enabling
the formation of oxidised minerals and expanding the range of
chemical interactions between the biosphere and the geosphere.
This global shift not only allowed aerobic metabolism but also
played a key role in shaping mineral weathering, soil formation
and nutrient cycling processes (Gross 2015; Hazen et al. 2008;
Svircev et al. 2019).

Within the carbon biogeochemical cycle, cyanobacteria are
important for transferring carbon from its atmospheric form
as CO, to the lithosphere and hydrosphere through two
uniquely coexisting processes: photosynthetic carbon fixa-
tion and biologically mediated carbon mineralisation. These
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FIGURE1 | Cyanobacterial metabolism and global carbon reservoirs. Atmospheric and hydrospheric carbon reservoirs are in constant exchange

and indirectly linked to lithospheric and biospheric ones. Cyanobacteria influence these carbon flows through key metabolic processes such as pho-

tosynthetic carbon fixation and biologically mediated carbon mineralisation. By altering carbonate chemistry in ways that promote carbonate pre-

cipitation, they facilitate the transfer of inorganic carbon from the atmosphere into the lithosphere and hydrosphere as solid mineral phases (weath-

ering). Conversely, they can induce carbonate precipitation, crystalline or amorphous, driven by pH shifts, ion concentrations, redox conditions and
cell surface features such as the S-layer and EPS. Through photosynthesis, cyanobacteria fix inorganic carbon from the atmosphere and hydrosphere
into organic matter (carbon fixation). Through respiration, they mineralise organic carbon, returning it to inorganic form and releasing it back into

the atmospheric and hydrospheric reservoirs.

activities alter carbonate chemistry, drive CO, sequestration
and promote saturation conditions that lead to carbonate pre-
cipitation and long-term storage in sedimentary rocks over
geological timescales, a process that influenced global climate
regulation for billions of years and continues today (Figure 1)
(Benzerara et al. 2010). For instance, stromatolites, sedimen-
tary manganese-enriched carbonate structures of fossil or-
igin, resemble modern products of cyanobacterial activity.
These formations are key palaeobiological archives, preserv-
ing information about early microbial life in its environment,
some of the earliest known examples of organisms shaping
their surroundings to buffer extreme environmental condi-
tions (Olejarz et al. 2021; Tice and Lowe 2004).

Cyanobacterial biomineralisation primarily involves the pro-
duction of calcium carbonate (CaCO,), but also affects other
mineral systems by modifying local chemistry through shifts in
pH, ion availability, or redox state.

Although often associated with eukaryotic organisms such as
corals and molluscs, biomineralisation is a widespread micro-
bial phenomenon with a deep evolutionary history and ongoing
ecological relevance (Kamennaya et al. 2012). While it may have
initially emerged as a metabolic byproduct, it now represents an
active adaptive strategy enabling microbes to alter their micro-
environment, stabilising extracellular conditions and promoting
survival. In cyanobacteria, biomineralisation reflects a complex
interplay between their physiology and the environment. This
process manifests in various forms, broadly classified by the na-
ture of the minerals produced and their spatial association with
the cells. In this group of microorganisms, mineral precipitation
can confer several ecological and physiological advantages: it
can buffer external pH, regulate the availability of inorganic
carbon and help stabilise local microenvironments, thereby
supporting core metabolic processes and enhancing habitability
in fluctuating or extreme conditions. Interactions with geologi-
cal minerals can provide structural support or serve as sources
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TABLE 1 |

Examples of biomineral types and associated cyanobacterial functions. The table shows, for each different biomineral, the role of

cyanobacteria in the process, the associated function and the environments in which it occurs.

Environmental
Biomineral Cyanobacterial role Function/Significance setting References
Calcium Cell surface-mediated Carbon sink, pH buffering Buffering marine Dupraz and Visscher (2005);
carbonate nucleation mats, stromatolites Dupraz et al. (2009); Popall
(CaCo,) et al. (2020); Landing

Iron oxides Cell surface-catalysed

redox reactions

Silicates Passive incorporation UV shielding, stress
resistance

Manganese Possibly active Ancient bio-mats,

minerals precipitation oxidative stress

Electron transfer,
detoxication

and Johnson (2024).

Hydrothermal
vents, soils

Jiang et al. (2013);
Huang et al. (2022)

Desert crusts Popall et al. (2020);

Jehlicka et al. (2024).

Fossil record, Tice and Lowe (2004).

stromatolites

of elements and substrates for redox reactions, potentially ‘re-
shaping’ the mineral and playing important roles in early cy-
anobacterial evolution. Abiotic chemicals and physical factors,
including ion availability, pH and redox state, influence and are
modulated by the cell envelope, a functional interface between
the cell and the environment promoting mineral nucleation.
Together, these biotic and abiotic factors define an articulated
framework that remarks the diversity and complexity of cyano-
bacterial biomineralisation.

Despite the progress in characterising cyanobacterial taxa, cel-
lular localisation and environments associated with biomin-
eralisation, their physiological and mechanistic foundations
remain largely unclear. Key open questions concern the molec-
ular pathways controlling bio-minerals nucleation and growth,
the evolutionary pressures that preserved these traits, and their
ecological roles beyond passive CaCO, deposition. Emerging
evidence suggests potential links to stress tolerance, nutrient
storage and biofilm formation (Benzerara et al. 2014; Popall
et al. 2020). This limited understanding highlights the com-
plexity of biomineralisation, its potentially broad influence on
cyanobacteria physiology and the complex environmental inter-
actions involved (Table 1).

This review summarises the current understanding of cyano-
bacterial biomineralisation by (i) outlining phylogenetic and
metabolic traits on its occurrence; (ii) examining the spatial
localisation and functional roles of biominerals in relation to
the cell; (iii) tracing its evolutionary origins from early Earth
to modern global cycles and (iv) evaluating how diverse envi-
ronmental factors, cell envelope structures and ion homeostasis
shape biomineralisation across taxa. We conclude by consider-
ing how these processes contribute to the ecological resilience of
cyanobacteria and the environments they inhabit.

2 | Phylogenetic and Metabolic Traits of
Cyanobacterial Biomineralisation

Cyanobacteria are direct descendants of the ancient photo-
synthetic organisms that initiated oxygenic photosynthe-
sis, profoundly influencing the Earth's atmosphere. Beyond

photosynthesis, they also play a crucial role in biomineralisation,
particularly in the precipitation of CaCO, in both aquatic and
soil environments. Stromatolites are paleontological evidence of
this activity, a primary reference for early chronobiology in the
geological time scale, indicating the early emergence of biomin-
eralisation during cyanobacterial evolution alongside the rise of
oxygenic photosynthesis. At present, unicellular and colonial
cyanobacteria, such as Gloeocapsa and Pleurocapsa, exhibit sig-
nificant calcifying potential and contribute to the formation of
microbialites, sedimentary structures produced by microbial ac-
tivity, particularly through CaCO, precipitation. These include
stromatolite-like formations and thrombolites, which, even if
less represented with respect to the past, are still produced now-
adays as aragonite via the extracellular carbonate deposition
(Couradeau et al. 2011; Della 2015; Gérard et al. 2013). Similar
formations seem to be strictly dependent on the cell structures
facing the environment, such as the extracellular polymeric sub-
stances (EPS) on the cell envelope. Extremophile cyanobacteria
in hot springs secrete thick EPS layers that promote extracellular
carbonate nucleation under high temperatures (Kanellopoulos
et al. 2022). In freshwater ecosystems, filamentous heterocyst-
forming species like Calothrix sp. and Nostoc commune also
induce CaCO, precipitation through EPS matrix (Benzerara
et al. 2021; de Brito et al. 2023). Historically, such ecological
adaptations likely supported global stromatolites formation in-
fluencing Earth's biogeochemical cycles and the carbon litho-
spheric reservoir (Figure 1).

But how early did this process emerge in the evolutionary his-
tory of the phylum? And in which cyanobacterial groups is bio-
mineralisation most prevalent? Phylogenetic studies based on
16S rRNA and whole-genome sequencing show that biomin-
eralising cyanobacteria are mainly found in early-branching
and benthic clades (Ludwig and Schleifer 1994; Magnabosco
et al. 2024; Mehdizadeh Allaf and Peerhossaini 2022; Ragon
et al. 2014; Woese 1987). Groups of ancient origin, such as
Gloeobacter and Pleurocapsa, often associate with sediment
surfaces and produce thick EPS layers that promote mineral
precipitation. Their basal position in the cyanobacterial tree
suggests biomineralisation as an ancient trait, likely present
early in cyanobacterial evolution, thereby linking it to the
global formation of stromatolites.
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FIGURE2 | Representative cyanobacterial cell wall organisation. The image shows the sequence of structural layers isolating the cytosol (C) from
the external environment: the inner membrane (IM), the periplasmic space (P), the outer membrane (OM), the S-layer (SL) and the extracellular poly-

meric substances (EPS). The S-layer and EPS form the outermost boundary and play a pivotal role in biomineralisation.

Initially thought to occur rarely and only extracellularly, bio-
mineralisation is widespread and also occurs intracellularly
(Benzeraraetal. 2014; De Wever et al. 2019; Li et al. 2016; Segovia-
Campos et al. 2022). Ecological and metabolic factors, alongside
chemical and physical conditions, drive biomineralisation. Key
abiotic factors include ion availability and concentration, par-
ticularly calcium, dissolved inorganic carbon (DIC), pH, redox
potential, saturation levels and anion presence. Beyond these
abiotic factors, cyanobacteria accelerate mineral formation by
altering the local environmental pH and carbonate chemistry
through photosynthesis and ion exchange (Jiang et al. 2013).
Cell structures, particularly the S-layer and the EPS matrix, pro-
vide nucleation sites by their organised charged surfaces capable
of binding metal ions and other mineral precursors, effectively
concentrating and orienting them to promote nucleation (Obst
et al. 2009; Paulo et al. 2018). In Synechocystis, the S-layer fa-
cilitates nucleation through its paracrystalline isoporous struc-
ture and associated charge patterns, enhancing Ca?* attraction
(Karlsson et al. 1983; Liang et al. 2013; Schultze-Lam et al. 1992;
Schultze-Lam and Beveridge 1994). This is consistent with find-
ings that cell surface components can mediate cell-mineral in-
teractions and regulate the specificity and distribution of crystal
formation (Gilbert et al. 2005). The EPS matrix, rich in polysac-
charides, proteins and other biopolymers, traps ions, altering
pH and stabilising nascent mineral phases, thereby accelerating
crystallisation and influencing mineral morphology. Together,
S-layer and EPS create micro-environments that favour the ini-
tiation of bio-minerals, influence their structural properties and
regulate their growth (Figure 2).

The model cyanobacterium Synechocystis sp. PCC 6803 influ-
ences CaCO, precipitation, mineral formation, morphology and
distribution under controlled environmental parameters, such
as calcium and magnesium concentrations (Han et al. 2017).
Through surface structures and envelope-associated proteins
such as Ca?*/H* antiporters, these organisms modify their ex-
tracellular environment, also promoting supersaturation (Jiang
et al. 2013) (Figure 2). Supersaturation, arising when ion con-
centrations exceed solubility, is central to both extracellular and

intracellular biomineralisation. Photosynthesis and metabolic
activity drive local supersaturation by varying local environ-
mental pH and ion availability, triggering crystal nucleation
and growth. For instance, in phosphate-rich extracellular solu-
tions, polyphosphate granules can concentrate Ca*, and their
subsequent hydrolysis may locally increase the ion activity to
the point of CaCO, supersaturation. CaCO, inclusions can then
form within or around these granules, which also function as
phosphate storage, linking mineral formation to metabolic ac-
tivity (Li et al. 2016). Via supersaturation, the precipitation of
calcite, Mg-calcite, aragonite, and hydromagnesite is also con-
trolled, depending on the chemical environment (McCutcheon
et al. 2014; Spitzer et al. 2015). Similarly, the activity of microbial
communities may contribute to carbonate precipitation both in
the environment and directly on the surface of cyanobacteria
cells (Couradeau et al. 2013) (Figure 2).

3 | Biominerals’' Localisation and Functional
Relationship With the Cyanobacterial Cell

Biominerals in cyanobacteria have considerable diversity, mak-
ing it difficult to classify all cases within a single framework.
This diversity reflects a complex interplay between species-
specific metabolic traits and the environmental conditions.
Because environmental factors can exert a strong and some-
times dominant influence on mineral formation, distinguishing
the true origin of a given biomineral, whether primarily meta-
bolic, environmental, or a combination of both, becomes partic-
ularly challenging.

Nonetheless, several reference points can be identified to provide
arational overview of this heterogeneous scenario. For example,
CaCO, represents the most commonly observed mineral phase
(Couradeau et al. 2013; De Wever et al. 2019; Gorgen et al. 2021;
Segovia-Campos et al. 2022) and, more broadly, biomineralisa-
tion processes can be classified based on the chemical nature of
the minerals produced and their spatial association with the cell
(Figures 2 and 3).
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FIGURE 3 |

Schematic of the three main types of interactions between crystals and cyanobacterial cells. The panel (a) illustrates how biogenic

crystals of nonbiotic origin can be passively exploited by cyanobacteria, as UV shields, electron donors (e.g., in photoferrotrophy), or simple structur-

al supports. The panel (b) shows extracellular mineralisation, where metabolic activity, such as photosynthesis, raises the local pH around the cell,

inducing carbonate precipitation (e.g., whitings). The panel (c) depicts intracellular biomineralisation, where certain cyanobacteria actively control

the precipitation of amorphous or crystalline carbonates. In this case, the pH modulation by photosynthetic activity also plays a key role in driving

internal precipitation.

3.1 | Cell-Environmental Mineral Interaction
(CEMI): Topology, Diversity, and Functions

Cyanobacteria do not merely coexist with minerals but inter-
act with them through a structural and metabolic continuum.
Depending on the CEMI'S features, it is possible to understand
ecological strategies, trace evolutionary patterns and identify
mineral influences on survival and metabolism. Some interac-
tions represent passive mineral associations, such as endolithic
colonisation or surface adsorption, where cyanobacteria exploit
pre-existing geological substrates without directly controlling
mineral formation. These minerals may provide physical sup-
port and UV protection, or have metabolic roles, as reservoirs
of essential elements (e.g., Fe, Mn, Ca), water and substrates
for redox reactions supporting microbial energy conservation
(Tables 2 and 3). Clear structural examples are endolithic com-
munities in deserts. Chroococcidiopsis spp. colonise translucent
minerals like quartz and gypsum, which filter harmful UV ra-
diation while allowing visible light for photosynthesis and trap-
ping microfilms of water, providing protection in hyper-arid
environments (Jehlicka et al. 2024) (Figures 3a, Tables 2 and 3).

Metabolically, Synechococcus spp. and Oscillatoria spp. are
known to interact with Fe-rich minerals, such as ferrihydrite
and haematite, under anoxic conditions. Several studies hy-
pothesised that ancestral cyanobacterial may have similar in-
teractions for using Fe?* as an electron donor in anoxygenic
photosynthesis, a process known as photoferrotrophy. This

ancestral pathway could have contributed to precambrian
banded iron formations (BIF) (Camacho et al. 2017; Swanner
et al. 2015) (Figure 3a, Tables 2 and 3). Such mineral-microbe
interactions likely supported energy conservation in early low-
oxygen environments and influenced iron and sulphur cycles.
Moreover, they may have enhanced metabolic versatility in an-
cestral cyanobacteria, promoting colonisation of mineral-rich
niches and adaptive radiation (Camacho et al. 2017).

In conclusion, two main coexisting factors explain the per-
sistence of CEMI: minerals provide a structural/protective/
physical support and are sources of essential elements with
trophic roles as substrates for redox reactions (Figure 3a).
The mineral-microbe interface thus represents an ancestral
space critical for metabolic divergence, particularly before ox-
ygenic photosynthesis, when alternative electron donors like
Fe?* and reduced sulphur compounds were central to energy
metabolism.

3.2 | Biologically Induced Extracellular
Mineralisation (BIEM): Topology, Diversity,
and Functions

In BIEM, the organism's metabolism alters the local micro-
environment triggering mineral nucleation, typically on the cell
surface (Tables 2 and 3). This represents an active, biologically
controlled form of mineralisation, where metabolic processes

Environmental Microbiology Reports, 2026
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TABLE 2 | Comparison between CEMI, BIEM, and BCIM in cyanobacteria. The table compares biomineralisation types, highlighting the

localisation, regulation, function, species, and crystal type.

Feature CEMI

BIEM BCIM

Extracellular
(pre-existing)

Mineral localisation

Regulation Genetic/metabolic
control
Functions UV shielding, source

of water, reducing
power and nutrients

Reported species Chroococcidiopsis sp.,
Synechococcus spp.,

Osciallatoria spp

Crystal type Quartz, gypsum,
ferrihydrite and
haematite
References Vaara (1982); Liang

et al. (2013); de Brito
et al. (2023); Jehlicka
et al. (2024).

Indirect/metabolic byproduct

Detoxification, UV protection,

Microcoleus chthonoplastes, Nostoc spp,
Synechococcus spp., Gloeocapsa sp.

Mostly calcite/aragonite

Konhauser (2007); Dupraz et al. (2009);
Zhang et al. (2019); Bundeleva
et al. (2014); de Brito et al. (2023).

Extracellular Intracellular

Genetic/metabolic control

Ton storage, pH buffering,

pH regulation metabolic regulation

Thermosynechococcus
elongatus, Gloeomargarita
lithophora, Synechocystis
spp. (e.g., S. calcipolaris)

Amorphous or crystalline
CaCO,, also with Sr.,
Mg, Ba inclusions

Karlsson et al. (1983);
Jiang et al. (2013);
Benzerara et al. (2014);
Gorgen et al. (2021).

TABLE 3 | Most peculiar and reported mineral types and their localisation in cyanobacterial species. The table shows, for each cyanobacterial

species, mineral, localisation and environment in which they have been shown to perform biomineralisation.

Species Mineral Localisation Environment References
Chroococcidiopsis sp. Quartz, gypsum, CEMI (Endolithic) Desert Vaara (1982); Jehlicka
and arenites et al. (2024)
Synechococcus sp. CaCO, BIEM (Extracellular) Aquatic Karlsson et al. (1983);
Lee et al. (2006);
Obst et al. (2009);
Liang et al. (2013)
Gloeomargarita Intracellular BCIM (Intracellular, random) Freshwater Benzerara et al. (2014);
lithophora carbonate Moreira et al. (2017).
Synechococcus CaCoO, BCIM (Intracellular, polar) Marine Benzerara et al. (2014)
calcipolaris
Microcystis aeruginosa Amorphous BCIM (Intracellular) Freshwater Bruley et al. (2025)
PCC 7806 CaCo,

such as photosynthesis, respiration, ion sequestration, or pH
regulation directly promote extracellular mineral formation.

BIEM iswidespread in cyanobacteria, including Chroococcidiopsis,
Pleurocapsales, Microcoleus chthonoplastes, Nostoc spp. and
Synechococcus spp. Metabolic activities, particularly photosyn-
thesis and respiration, increase local environmental pH and
modify ion concentrations, promoting extracellular precipitation
of carbonates in various mineral forms, including calcite, ara-
gonite and other carbonate phases and/or iron oxides (Dupraz
et al. 2009; Konhauser 2007; Zhang et al. 2019) (Tables 3 and 4).

Extracellular calcification is the most widespread form of bio-
mineralisation in cyanobacteria, supported by the abundance

of calcium in aquatic and terrestrial habitats. Synechococcus
strains can precipitate CaCO, under controlled calcium and
carbon concentrations (Lee et al. 2006; Obst et al. 2009)
(Table 4).

The pattern of carbonate deposition varies with cell morphol-
ogy and colony structure. In Gloeocapsa sp., CaCO, forms nano-
spheres near the cell surface (Bundeleva et al. 2014). Crystals
may exhibit specific orientation, growing perpendicular to the
cell surface, either inward or outward, often interacting with the
surrounding EPS and biofilm matrix (Couradeau et al. 2013),
suggesting that cell surface (EPS and S-layer) properties act as
a template for nucleation and mineral organisation (Figures 2
and 3b).
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References
Han et al. (2013, 2017, 2022)
Benzerara et al. (2014)

Liang et al. (2013); Benzerara et al. (2014)

Biomineralisation mode
BIEM mostly studied, not prominent
BCIM
BCIM

Mineral type
CaCo, (low)
Intracellular CaCO,
Intracellular CaCO,

Habitat type
Freshwater, lab model
Thermal springs

Most representative biomineralising cyanobacterial strains cited in the text. The table shows, for each cyanobacterial genus or species, the habitat, the mineral and the type of biomineralisation
Alkaline environments

Gloeomargarita lithophora

Synechocystis sp. PCC 6803
Synechococcus calcipolaris

Genus/Species

they have been reported to perform.

TABLE 4

Bruley et al. (2025)

BIEM

Extracellular CaCO,

Freshwater (blooms)

Microcystis spp.

Gorgen et al. (2021)

BIEM

Caco,, Sio,

Marine

Synechococcus spp.

de Brito et al. (2023)

BIEM
Likely both

Caco,

Stromatolitic mats

Nostoc, Oscillatoria, Phormidium

Jansson and Northen (2010)

Unknown

Various

Gloeothece

BIEM may provide physiological benefits: it protects from light
damage, enhances nutrient uptake and helps regulate signal-
ling pathways (Jansson and Northen 2010; McConnaughey
and Whelan 1997). A key feature of BIEM in cyanobacteria
is the ability to alter the immediate cell environment, partic-
ularly by raising the local environmental pH through pho-
tosynthesis, promoting favourable conditions for mineral
precipitation. This process also helps regulate ionic balance,
creates suitable microhabitats, shields cells from UV radia-
tion, buffers pH fluctuation, and concentrates carbonates to
enhance carbon fixation.

A relevant phenomenon of extracellular biomineralisation is
represented by whitings (Figure 3). In this process, photosyn-
thesis raises local pH of the surrounding environment, trigger-
ing the rapid precipitation of fine white CaCO, microcrystals,
typically as aragonite or calcite. These crystals remain sus-
pended in water, producing a cloudy or milky appearance
(Larson and Mylroie 2014; Sondi and Juraci¢ 2010; Thompson
et al. 1997). Unlike intracellular biomineralisation, whitings
are an indirect byproduct of photosynthesis and do not seem
to confer a direct metabolic benefit. Taken together, the selec-
tive advantage of extracellular biomineralisation likely results
from multiple coexisting benefits that collectively enhance
fitness.

3.3 | Biologically Controlled Intracellular
Mineralisation (BCIM): Topology, Diversity,
and Functions

In BCIM, mineral formation is tightly regulated and typically
occurs within specialised cellular regions or compartments.
Unlike CEMI and BIEM, BCIM represents a distinct form of
active and genetically encoded biomineralisation, directly cou-
pled to specific metabolic states and often involving compart-
mentalisation within vesicles or other intracellular structures.
The number of cyanobacterial species reported to form intra-
cellular carbonates continues to increase (Blondeau et al. 2018;
Cam et al. 2018; Segovia-Campos et al. 2022), including
model organisms such as Thermosynechococcus elongatus and
Synechocystis spp. (Gorgen et al. 2021). Particularly notable
are Gloeomargarita lithophora, which forms intracellular car-
bonate inclusions under genetic control (Benzerara et al. 2014;
Moreira et al. 2017), and the Chroococcales species Microcystis
aeruginosa PCC 7806, which produces intracellular Amorphous
Calcium-rich Carbonates (IACC) in correlation with photosyn-
thetic cycles and photoperiods, indicating strong dependence on
metabolic state (Bruley et al. 2025) (Figure 3c).

Distinct underlying mechanisms emerge from the spatial lo-
calisation of intracellular mineral inclusions. Gloeomargarita
lithophora shows randomly distributed inclusions, whereas
Synechococcus calcipolaris forms inclusions restricted to the cell
poles (Table 4). Such spatial patterns suggest links between bio-
mineralisation, cell division (Benzerara et al. 2014; Li et al. 2016)
and intracellular structures such as the cytoskeleton. Similarly,
carboxysome and cell division proteins such as the tubulin-like
FtsZ may help guide the formation and localisation of these in-
clusions, as shown by their spatial proximity using electron mi-
croscopy (Li et al. 2016).

Environmental Microbiology Reports, 2026
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The composition and spatial arrangement of crystalline or
amorphous intracellular minerals suggest a tightly regulated
biochemical control. Several ecological and physiological hy-
potheses have been proposed. For example, inclusions may act
as ballast for regulating cell dispersion in aquatic environments
and/or they may result from photosynthetic activity as sinks for
excess alkalinity, functioning as intracellular pH buffering sys-
tems (Couradeau et al. 2012).

Overall, BCIM likely reflects specific and often coexisting met-
abolic needs, which are as diverse as the biodiversity within
this phylum. For instance, although CaCO, minerals are the
most commonly found, intracellular amorphous carbonates
containing magnesium, strontium, or barium have also been
reported (Couradeau et al. 2012), highlighting a variability
in origin, composition, structure, and morphology across the
phylum (Couradeau et al. 2012; Li et al. 2016). Cyanobacteria
strains may produce differing numbers of inclusions per cell,
which can be amorphous or crystalline (Blondeau et al. 2018;
Cam et al. 2018; De Wever et al. 2019). Crystal morphology
also varies significantly, from needle-shaped to prismatic
forms, with prismatic crystals generally larger (Figure 3c,
Table 3).

Despite recent advances in identifying general functional fea-
tures, the biological role of BCIM remains unclear. Nonetheless,
its genetic regulation and association with specific physiolog-
ical states strongly suggest functional relevance. Intracellular
biominerals may participate in ion storage, intracellular pH
buffering, or redox regulation. Given the metabolic investment
and specificity required, BCIM likely represents a specialised
adaptation shaped by evolutionary pressures, possibly linked to
niche differentiation or enhanced resilience to environmental
stress.

4 | The Origin of Cyanobacterial
Biomineralisation From Early Earth to Global
Biogeochemical Cycles

Cyanobacteria are directly linked to the first organisms that
marked the transition from a reducing to an oxidising atmo-
sphere. This transformation represents a critical turning point
in Earth's history and provides the foundation for understand-
ing biomineralisation (Buick 2008; Riding 2006; Schopf 2006).
Before this evolutionary milestone, biodiversity and biologi-
cal specialisation were limited (Knoll 2015). Early life largely
relied on passive interaction with the environment; therefore,
mechanisms to obtain and exploit reservoirs of nutrients, such
as crystalline or amorphous minerals of geological origin, could
represent a selective advantage. Thus, the origins of biomineral-
isation must be traced to these early passive processes (Dupraz
et al. 2004). These initial mechanisms modified the immedi-
ate surroundings of cells by altering local chemical conditions
or forming solid, organised structures such as microbial mats.
These mats created protective micro-environments and en-
hanced habitability under conditions far more hostile than today
(Bosak et al. 2013; Riding 2000).

Modern biomineralisation processes likely evolved from these
early adaptive strategies, in which organisms initially enhanced

their survival by passively exploiting available geological min-
eral reservoirs and later by actively modifying their surrounding
environment.

Among microbial mats, the cyanobacterial ones are an exam-
ple of such an evolutionary process and played a central role in
global carbon fixation, enabling CO, uptake and storage during
early Earth conditions when inorganic carbon was abundant
but not necessarily bioavailable due to limited enzymatic ma-
chineries and prevailing geochemical constraints (Falkowski
et al. 2008; Raven et al. 2017). Throughout geological time, cy-
anobacteria have been drivers of the major biogeochemical cy-
cles (Butterfield 2015). Their activity was fundamental not only
in triggering the GOE (Lyons et al. 2014) but also in mobilisa-
tion and cycling of carbon on a planetary scale (Kump 2008)
(Figure 1).

As a result of these evolutionary processes, cyanobacteria
developed the capacity to promote and enhance mineral nu-
cleation, giving rise to biomineralisation as a means of influ-
encing nutrient availability, including carbon and optimising
the habitability of their surrounding environment. This capac-
ity is closely tied to the architecture of their outermost cell
wall layers, which directly interface with the environment.
These layers consist of repeating networks of modified sug-
ars anchored to a para-crystalline, proteinaceous S-layer, pro-
viding an optimal topology for controlled mineral nucleation
(Figure 2) (De Yoreo and Dove 2004; Westall et al. 2001). The
regularity in space and charge distribution provided by the S-
layer likely contributes to the creation of an isotropic surface,
a micro-environment that buffers external fluctuations and
supports sustained mineral growth, thus behaving as a scaf-
fold. This implies that cyanobacteria modify their surround-
ings not only through metabolism by inducing, for example,
CaCO, precipitation by supersaturation (e.g., by EPS secretion
or by photosynthesis) (Dittrich and Sibler 2005; Merz 1992),
but also through molecular infrastructures that shape local
chemical-physical conditions leading to optimised micro-
environments (Arp et al. 2001; De Yoreo and Dove 2004;
Ercole et al. 2007; Westall et al. 2001). Minerals precipitated
in this way were likely crucial in the formation of stromato-
lites, the layered mineral deposits within microbial mats that
provide insights into Earth's early biosphere (Grotzinger and
Knoll 1999; Landing and Johnson 2024).

5 | Diverse Environmental Patterns Influence
Biomineralisation Variety in Cyanobacteria

Biomineralisation is widespread among cyanobacteria, al-
though not universally across all strains. It has been doc-
umented in multiple phylogenetic lineages, including
well-known genera such as Synechocystis, Synechococcus and
Microcystis, as well as less-studied genera like Gloeothece and
Chroococcidiopsis(Table 4). These biomineralising strains orig-
inate from diverse environments such as marine, freshwater,
thermal, and terrestrial habitats (Jansson and Northen 2010;
Karlsson et al. 1983; Liang et al. 2013; Vaara 1982). Among
them, the model cyanobacterium Synechocystis sp. PCC 6803
is widely used for biomineralisation studies (Kamennaya
et al. 2012). Although it does not mineralise as prominently
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as other species, its genetic accessibility, well-characterised
physiology and experimental versatility have made it a pre-
ferred model, and the majority of biomineralisation studies in
cyanobacteria have been conducted either on this strain spe-
cifically or within the Synechocystis genus (Han et al. 2013,
2022; Jiang et al. 2013; Zhao et al. 2023). Experiments on these
organisms demonstrated the environmental influence on bio-
mineralisation, revealing that it is highly sensitive to external
conditions. Factors such as calcium, magnesium availability,
light intensity and other physicochemical variables can in-
fluence both the mineral type and rate of precipitation (Han
et al. 2017; Jiang et al. 2013; Zhao et al. 2023; Zhu et al. 2018).

When assessing biomineralisation in cyanobacteria, it is import-
ant to consider its distribution across environments given their
differences in stability and fluctuations. Particularly informa-
tive is the frequent occurrence of biomineralising strains among
extremophiles, suggesting that both the extent and nature of bio-
mineralisation may be linked to strategies aimed at withstand-
ing harsh or variable conditions (Benzerara et al. 2014; Ehrlich
et al. 2021; Liang et al. 2013; Zhang 2023). Understanding how
these ecophysiological properties, which coexist with biominer-
alisation, map onto phylogeny is also crucial for reconstructing
how environmental pressures have shaped the evolutionary
pathways of biomineralisation. While information in this area
remains limited, several descriptors and general patterns can
nevertheless be identified.

Inverting the perspective, biomineralisation in cyanobacteria
involves species distributed across diverse environmental con-
texts ranging from stable aquatic ecosystems to highly fluctu-
ating or extreme habitats. In particular, intracellular CaCO,,
one of the most common inclusions, has been observed in phy-
logenetically diverse strains from marine, freshwater, thermal,
and arid environments. These inclusions occur in crystalline or
amorphous forms depending on the environment (Benzerara
et al. 2014; Chrismas et al. 2015; Whitton and Potts 2012), and,
even if with differences, their widespread presence suggests a
fundamental physiological function rather than a mere stress-
induced phenomenon.

Environmental variability appears to play a crucial role in
shaping biomineralisation processes, which in turn reflect
broader physiological adaptations. For example, studies of cy-
anobacterial communities in the Atacama Desert show that
these microorganisms interact with iron minerals of geological
origin (such as magnetite and haematite) and can even influ-
ence crystal dimensions, eventually suggesting a mineral-
dependent adaptive mechanism driven by the environment
that enhances their resilience in arid, mineral-rich conditions
(Huang et al. 2022). Likewise, several biomineralising cya-
nobacteria are extremophiles inhabiting hyper-saline, ther-
mal, or highly desiccated environments. Chroococcidiopsis, a
genus thriving in deserts and polar regions, forms intracellu-
lar CaCO, inclusions that may contribute to osmoregulation or
enhance protection against desiccation, adaptations directly
shaped by environmental pressures (Benzerara et al. 2022)
(Table 4).

From a phylogenetic perspective, biomineralisation is shown
to be distributed across multiple cyanobacterial lineages. A

large-scale screening of 68 strains revealed that intracellular
CaCO, biomineralisation is widespread throughout the phylum,
suggesting an ancient and deeply rooted evolutionary origin
shared through different environments (Benzerara et al. 2014).
The identification of molecular markers such as the ccyA gene,
encoding calcyanin, a protein associated with intracellular
CaCO, formation and thus involved in BCIM processes, fur-
ther supports the presence of conserved genetic mechanisms
shaped by the environment underlying this capacity (Benzerara
et al. 2022).

Several well-documented examples of crystal formation as-
sociated with cyanobacteria involve BIEM processes. These
crystals often nucleate on the EPS within the mucilaginous
sheaths of colonies, influencing water chemistry and contrib-
uting to sediment formation (Zhang 2023). Thus, it emerges a
feedback mechanism by which the cell modifies its surround-
ing environment, and these environmental changes, in turn,
not only induce biomineralisation but also affect its quality.
As a specific example, in freshwater environments, Microcystis
spp. induce CaCO, precipitation during bloom events through
photosynthesis-driven increases in environmental pH, a phe-
nomenon known as alkaline-induced precipitation, which leads
to carbonate supersaturation. Differently, in saltwater environ-
ments, Synechococcus spp. promote extracellular precipitation
of both CaCO, and silica, contributing to the biogeochemical
cycling of carbon and silicon in oceanic ecosystems (de Brito
et al. 2023; Tang et al. 2014). Perhaps the most striking exam-
ple is stromatolite-like forming cyanobacteria such as Nostoc,
Phormidium, and Oscillatoria. Within microbial mats, these fil-
amentous genera contribute to the layered deposition of CaCO,,
a hallmark of stromatolite development and environmental
shaping through metabolic activity. This form of extracellular
biomineralisation represents one of the oldest biologically medi-
ated mineralisations known, with modern analogues persisting
today, notably in Shark Bay, Western Australia (Reid et al. 2003)
(Table 4).

Although phylogenetic and environmental correlations re-
main incomplete, the available evidence suggests that en-
vironmental extremes and/or fluctuations act as selective
pressures enhancing metabolic plasticity, which in turn
drives the evolutionary diversification of biomineralisation in
cyanobacteria.

6 | The Interplay of S-Layers, EPS, and Ion
Homeostasis in Cyanobacterial Biomineralisation

Cyanobacteria are encased in a protective outer membrane
whose outermost layers combine polysaccharides, which
form the bulk of the EPS, with an underlying protein-lipid
matrix building the S-layer. The S-layer and its associated
EPS enable cyanobacteria to interact and influence their en-
vironment, with biomineralisation being the main evidence
of it (Figure 2). Together, they protect cells from environmen-
tal stressors such as heat, desiccation and ultraviolet (UV)
radiation while also facilitating the adsorption of metal ions
and other dissolved constituents, creating localised micro-
environments that promote salt precipitation and mineral
deposition. Although these structures are involved in mineral
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nucleation and in the formation of micro-environments fa-
vourable for crystallisation of CaCO,, silica, or other minerals,
their functional organisation and regulatory mechanisms re-
main partially understood, with multiple determinants still to
be clarified (Benzerara et al. 2021; Schultze-Lam et al. 1992;
Schultze-Lam and Beveridge 1994). In fact, several key bio-
chemical pathways seem to be involved in modulating bio-
mineralisation at the cell surface (de Brito et al. 2023). In
particular, urease-mediated alkalinisation and carbonic an-
hydrase activity locally increase pH and carbonate concen-
tration, promoting CaCO, nucleation. In this context, it is not
only important the carbonates equilibrium but also the cation
availability. Among the many ways through which calcium
can be provided, the polyphosphate metabolism can mediate
Ca2* release while providing intracellular phosphorus stor-
age. This process also relies on the Ca?*/H* antiport systems
that, by regulating periplasmic ion concentrations, contribute
to supersaturation around the nucleation sites at the cell sur-
face (Benzerara et al. 2022; Han et al. 2017; Jiang et al. 2013).
In conclusion, the correlation between S-layers, EPS and these
metabolic pathways highlights the complex interlacements
between cell structures, ion homeostasis, and extracellular
mineral formation.

In fact, the EPS matrix acts as a scaffold that concentrates ions
and guides mineral nucleation, such as CaCO, or silica, while
controlling the size and distribution of the resulting miner-
als. Consequently, the S-layer, by acting as the anchoring base
for the EPS and offering an isotropic surface with respect to
structure and charges, provides an ideal platform for min-
eral nucleation. Its periodic electrostatic domains can bind
calcium ions, creating a localised micro-environment favour-
ing CaCO, saturation and precipitation. Imaging of S-layer-
associated mineral deposits in Synechocystis supports the
hypothesis that this layer actively directs mineral formation
(Liang et al. 2013; Schultze-Lam et al. 1992; Schultze-Lam and
Beveridge 1994), lowering the activation energy required for
crystallisation. Consistently, potentiometric titration analy-
sis has shown that changes in S-layer charge density and in
functional groups can influence the mineralisation rate and
crystal morphology (Liang et al. 2013). This suggests that the
surface composition may vary during growth phases or under
stress, potentially disrupting biomineralisation and explain-
ing its absence or rarity in certain phases.

The demonstrated metabolic dependence of biomineralisation
naturally raises the question of whether cyanobacteria possess
mechanisms to modulate mineral formation directly through
metabolic regulation at the cell surface. Recent studies indicated
that ion transporters and ion balance regulate mineral formation.
In Synechocystis PCC 6803, inactivation of a Ca?*/H* antiport-
ers enhanced biomineralisation, likely through up-regulation of
CO,-concentrating mechanisms and increased periplasmic alka-
lisation (Jiang et al. 2013). Similarly, Han et al. (2017) showed that
low Mg?*/Ca?* ratios induce both intracellular and extracellular
biomineralisation in Synechocystis, highlighting the regulatory
role of ionic conditions. Through photosynthesis, cyanobacteria
produce oxygen, which can react with dissolved ions in the sur-
rounding environment to promote mineral formation (Ferrini
et al. 2021). Additionally, proteins such as calcyanin contribute to
mineral precipitation (Benzerara et al. 2022). These observations,

together with the ability of cyanobacteria to inhabit extreme envi-
ronments such as alkaline lakes or hot springs while performing
biomineralisation, suggest that, depending on the environmental
conditions, they can actively mediate and modulate these pro-
cesses at the cell-environment interface.

7 | Conclusions on Cyanobacterial
Biomineralisation in Global Ecological Resilience

Biomineralisation is a fundamental force in shaping Earth's en-
vironments and sustaining ecological balance. Given the broad
implications of this process, it is difficult to clearly label bio-
mineralisation as either positive or negative, especially when
the underlying causes and contextual factors cannot be fully
addressed. Therefore, a conservative interpretation is to see bio-
mineralisation as a selective trait preserved by Darwinian evo-
lution, meaning that if it has been conserved to the present day,
it must provide a net positive benefit to the organism. Through
biomineralisation, many organisms contribute to the formation
of mineralised structures such as shells, skeletons, and micro-
bial deposits (Lowenstam and Weiner 1989). These structures
are essential for their survival and evolution, but also crucial,
over long timescales, for the formation of coral reefs, limestone
beds and stromatolites, all major components of the lithospheric
carbon reservoir (Knoll 2015) (Figure 1). Through these forma-
tions, complex habitats have been developed, supporting diverse
ecosystems and their interactions, shaping Earth's landscape,
contributing to the long-term carbon sequestration and helping
regulate atmospheric composition (Dupraz and Visscher 2005).
Ecologically, biomineralisation plays a central role in cycling el-
ements such as carbon, nitrogen, sulphur, calcium, and silica.
By incorporating carbon into mineral forms, biomineralising
organisms help modulate global carbon levels and contribute
to climate regulation (Arp et al. 2001). These processes buffer
fluctuations in environmental chemistry by stabilising the pH,
which in turn influences the availability of nutrients and trace
metals, key factors for maintaining ecosystem stability, espe-
cially in marine environments.

In this context, cyanobacteria play a relevant role. These ancient
microorganisms were among the first to engage in biomineral-
isation alongside oxygenic photosynthesis, significantly influ-
encing early Earth environments (Schopf 2006). Their activity
has shaped chemical and physical aspects of ecosystems across
deep time. Although their role was crucial during the GOE, ev-
idence suggests that the connection between cyanobacteria and
biomineralisation began earlier, with the emergence of oxygenic
photosynthesis in their ancestors. From their origin, these or-
ganisms likely contributed to biomineralisation, making it a
continuous and fundamental ecological function (Buick 2008;
Dupraz et al. 2004; Riding 2006; Schopf 2006). Over time, cy-
anobacterial biomineralisation became an essential mecha-
nism for regulating, buffering, and cycling chemical elements
in the biosphere. Through metabolic activity and mineral
precipitation, they contribute to the sequestration of these ele-
ments, enabling their long-term storage in sedimentary rocks,
influencing local geochemical conditions and contributing to
the long-term regulation of Earth's atmospheric and oceanic
chemistry (Figure 1). Biomineralisation is a biologically regu-
lated process involving cellular structures, metabolic pathways,
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and environmental factors. By inducing CaCO, precipitation,
cyanobacteria alter their micro-environment to promote min-
eral formation. The process is tightly linked to photosyntheti-
cally driven pH changes, ion transport and the architecture of
the cyanobacterial cell envelope, which provides both physical
templates and chemical sites for nucleation and crystal growth.
Biomineralisation is also influenced by environmental stressors
such as nutrient limitations and ion imbalances, suggesting roles
in calcium regulation, carbon storage, or survival under unfa-
vourable conditions. The flexibility of these responses highlights
the evolutionary significance of biomineralisation in microbial
adaptation to diverse and dynamic ecosystems. Taking all these
factors into account, cyanobacteria help stabilise environmental
conditions and support the resilience of ecosystems, promoting
an ‘inertial ecology’ by resisting rapid changes and maintaining
a functional continuity despite external disturbances.

Cyanobacterial biomineralisation also holds significant bio-
technological potential, offering low-energy, scalable and
self-sustaining strategies for carbon capture and long-term se-
questration (Falkenroth and Dann 2025). Applying the same ra-
tionale, biomineralisation in cyanobacteria also plays a primary
role in bioremediation, enabling the precipitation and immo-
bilisation of toxic metals, metalloids and even radionuclides in
contaminated environments, effectively acting as natural buff-
ering agents (Foster et al. 2020; Mehta et al. 2019). By converting
hazardous substances into stable mineral phases, cyanobacteria
reduce their mobility and bioavailability, contributing to detoxi-
fication and long-term containment.

Despite advances in understanding biomineralisation, many
questions remain regarding its genetic and molecular regula-
tors, the ecological triggers that initiate it and the physiologi-
cal role of mineral deposits. Future research should integrate
knowledge on phylogeny, metabolism and cell-envelope struc-
tures to understand cyanobacterial biomineralisation in spe-
cific environmental contexts. Distinguishing between different
types of biomineralisation (BIEM, BCIM, CEMI) and their po-
tential coexistence, while also linking them to the EPS/S-layer
system, metabolic traits and environmental parameters (e.g.,
calcium availability, carbonate chemistry, pH and supersatura-
tion), will help clarify their functional roles and selective pres-
sures (Benzerara et al. 2014; Han et al. 2017; Jiang et al. 2013;
Obst et al. 2009; Paulo et al. 2018). Research should also explore
how early passive mineralisation evolved into biologically con-
trolled processes, connecting local adaptations to global ones
such as stromatolite formation and carbon cycling (Falkowski
et al. 2008; Grotzinger and Knoll 1999; Westall et al. 2001).
The integration of BIEM, BCIM and CEMI with biodiversity
and related ‘ecodiversity’ will reveal how cyanobacteria adapt
their biomineralisation strategies to diverse habitats (Benzerara
et al. 2014; Benzerara et al. 2022; Tang et al. 2014; Zhang 2023).
Finally, mechanistic studies manipulating S-layer, EPS, ionic
conditions and metabolic activity will be essential to link spe-
cific cell structures and physiological processes to mineral for-
mation and resilience in extreme or fluctuating environments
(Ferrini et al. 2021; Liang et al. 2013; Schultze-Lam et al. 1992).

Broadening our understanding of cyanobacterial biominer-
alisation will provide valuable insights into key questions re-
lated to early Earth processes, including the origins of life and

the evolution of biogeochemical cycles over geological time.
Consequently, continued interdisciplinary research will be es-
sential for uncovering the full potential of these remarkable
organisms, advancing our understanding of Earth's history
(Allwood et al. 2006) and addressing contemporary environ-
mental challenges.
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