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Abstract

Biodeterioration of building materiais by aerophytic green algae is increasingly recognized as
a significant factor affecting the aesthetic value and durability of brick and plaster fagades, yet
the biochemical mechanisms underlying this process remain poorly understood. This study
investigates the metabolomic profiles of five algal taxa: Chloroidium saccharophilum PNKO010,
Klebsormidium nitens PNKO013, Bracteacoccus minor PNKO15, Diplosphaera chodatii
PNKO021, and Stichococcus bacillaris PNK040 growing on brick and plaster for a year under
laboratory and environmental conditions. Untargeted UHPLC-MS/MS metabolomics, with
metabolic pathway and chemical-class enrichment analyses, were used to characterize
substrate- and condition-associated metabolic signatures and to detect metabolites potentially
involved in material deterioration. The research demonstrated strain-specific and substrate-
driven metabolic differentiation. Plaster exhibited higher metabolic heterogeneity and stress-
related pathways, whereas brick showed more conserved, growth-associated metabolic profiles.
Across taxa, low-molecular-weight organic acids, including citric/isocitric, acetic, and oxalic,
were recurrently detected, suggesting their potential involvement in acidification- and metal-

complexation-related processes at the algal-mineral interface. Enrichment of flavin



nucleotides, carboxylic acids, fatty acyls, and aromatic secondary metabolites further supports
the involvement of redox activity, stress adaptation, and biofilm persistence. These findings
allow a provisional ranking of the algae based on their potential for geochemical
biodeterioration, as follows: PNK010>PNKO040>PNK015>PNK021>PNKO013.

Keywords: aerial algae, geochemical biodeterioration, building materials, metabolites,
biodeteriorative acids

Introduction

Biodeterioration is generally understood as the undesirable alteration of materials
resulting from the metabolic activity of living organisms. This concept, formally introduced in
the mid-twentieth century, reflects a long-standing interaction between construction materials
and the natural environment across diverse climatic and geographical contexts [1]. Among the
various biotic agents involved, microorganisms are particularly challenging due to their
ubiquity, metabolic diversity, and the difficulty of controlling their growth on exposed surfaces.
Research on material biodeterioration has traditionally focused on heterotrophic
microorganisms, particularly bacteria and fungi, wiiose capacity to decompose organic and
inorganic substrates is well documented [2]. In the temperate climate zone, aerophytic
(terrestrial or airborne) green algae are pioneer organisms that colonize exposed surfaces and
can dominate terrestrial biofilms [3,4]. This group of algae is well adapted to life in harsh
terrestrial environments, and their physiological dependence on liquid water is limited, as they
can grow using only atmospheric moisture and nutrients deposited by aerosols and dust [5].
Representatives of green algae are known to inhabit terrestrial substrates, including bricks,
plaster, concrete, stone, wood, and synthetic materials [3,4]. Following successful attachment,
rapid cell division leads to the development of photosynthetic biofilms, with visible surface
discoloration often appearing within several weeks and mature biofilm formation occurring
after approximately 40-60 days [6].

The development and persistence of phototrophic biofilms are governed by
environmental factors, including light availability, temperature, relative humidity, nutrient
availability, and substrate pH, which collectively shape seasonal dynamics on building surfaces
[7,8]. While substrate type is not always considered a primary determinant of colonization,
physical properties such as porosity and surface roughness strongly influence algal adhesion,
water retention, and subsequent growth [9,10].



Despite extensive research on the biodeterioration of natural stone, comparatively little
attention has been paid to ceramic materials, such as brick and plaster, which differ significantly
in mineral composition, pore structure, and durability. Given the long history of brick as a
construction material and the widespread use of plastered facades in both historical and modern
architecture, a deeper understanding of the interactions between terrestrial algae and these
materials is essential.

Previous laboratory studies have often reported limited short-term effects of algal
growth on bricks [11]. In contrast, more recent experiments indicate changes in surface pH,
water absorption, and discoloration following algal colonization [12]. However, this research
was conducted as a short-term experiment and confirmed that green phototrophic biofilm, with
a mixed algal composition, adversely affects the structure of mineral substrates. Long-term
studies confirming the biodeteriorative potential of particular taxa are very scarce.

The contribution of particular green algal strains, classified as widespread first
colonizers of plaster and brick, i.e., Chloroidium saccharophilum PNKO010, Klebsormidium
nitens PNKO13, Bracteacoccus minor PNKO15, Diplosphaera chodatii PNKO021, and
Stichococcus bacillaris PNK040, to geophysical biodeterioration has been studied by Nowicka-
Krawczyk et al. [13]. After six months of growth, all algal taxa except B. minor were able to
detach the mineral parts of the brick surface as a result of the biofilm's natural separation from
the substrate.

To better understand these algae's biodeteriorative mechanisms, a deeper investigation
of their biochemical interactions with mineral substrates is essential. This will not only address
the knowledge gap regarding how pioneer algae may affect the substrates they colonize, but
also enable the assessment of algal-based biodeterioration risk, thereby informing the
development of effective strategies for the protection and conservation of built heritage.

Based on previous studies and the literature, the hypothesis that widespread green algae
may contribute to geochemical biodeterioration is justified. Therefore, this study focused on
determining the metabolomic profiles of specific aerial algal taxa to identify potential chemical
markers associated with plaster and brick deterioration. For the purpose of this research,
unialgal cultures of algae previously studied for geophysical deteriorative potential [13] were
inoculated onto experimental plaster and brick, incubated under both laboratory and
environmental conditions for one year, and then the metabolomic analyses were carried out on
each taxon in relation to the substrate and cultivation conditions. Metabolomic pathway analysis
allowed checking whether particular algae exhibit a conserved metabolic profile when growing

on different substrates and under different conditions, while the enrichment analysis of



substrates indicated the main chemical classes of metabolites that potentially affect the
substrates as a result of biofilm growth.

To ensure a transparent and reproducible comparison of the biodeteriorative potential
among the studied algae, a composite risk assessment framework was applied. This approach
integrates (1) metabolite enrichment analysis, reflecting the overrepresented chemical classes
potentially hazardous to substrates (e.g., organic acids, phenolics, lipids); (2) metabolic
pathway analysis, indicating metabolic versatility; and (3) confirmed production of highly
biodeteriorative organic acids (acetic, oxalic, and citric acids), representing direct drivers of
mineral dissolution. In the final ranking, enrichment analysis was assigned the highest weight,

followed by acid production and then pathway analysis.

Results
Aerial algal metabolomic profile analysis

As a result of the research, a total of 817 metabolites were annotated in the investigated
strain samples: 292 in Negative lon Mode and 525 in Fositive lon Mode (Supplementary Table
S1). On plaster substrates (P), the differences in the number of metabolites between the
laboratory (L) and environmental (E) cuituring were strain-dependent, although for C.
saccharophilum PNKO10 and S. bacillaris PNK040, the predominance of metabolites in the
environmental samples was evident (PNKO10 L/E: 515/676; PNKO040 L/E: 411/629). In
contrast, on the brick (B), cultivation under laboratory conditions yielded higher metabolite
counts than the growth under environmental conditions across all strains (PNK010_L/E:
607/553; PNKO013 L/E: 603/502; PNKO015 L/E: 613/560; PNKO021 L/E: 577/527;
PNKO040_L/E: 586/493). Comparing the type of substrates, only the cultivation in the laboratory
showed a clear trend that brick consistently supports a higher number of metabolites, regardless
of strain (PNKO10_P/B: 515/607; PNKO13 P/B: 548/603; PNKO015 P/B: 527/613;
PNKO021_P/B: 556/577; PNK040 P/B: 411/586) (Supplementary Tables S2-S21).

The Principal Component Analysis (PCA) of metabolomic profiles (Fig. 1) and
hierarchical clustering of normalized metabolite intensities (Supplementary Figs S1-S2)
enabled a more thorough investigation of the heterogeneity of metabolic profiles across
samples. The analyses revealed pronounced differences among the five algal strains in terms of
growth site and substrate type — metabolomic patterns were associated with both factors, with

strain-specific responses evident across all comparisons.



On plaster, metabolic profiles of strains clearly differentiated between ex situ and in situ
growth (Fig. 1:a). For most strains, laboratory- and environment-grown samples formed
separate clusters, suggesting a strong association between growth site and metabolite
composition. This separation was particularly evident for C. saccharophilum PNKO010, B. minor
PNKO15, and D. chodatii PNKO021 strains, which displayed marked shifts in metabolite
abundance between conditions. In contrast, K. nitens PNKO13 exhibited a more conserved
metabolic profile, with laboratory and environmental samples clustering more closely. The S.
bacillaris PNK040 formed a distinct cluster under laboratory conditions, characterized by
pronounced differences in metabolite intensities compared to its environmental counterpart.

On the brick, the influence of the growth site was also evident (Fig. 1:b). Samples
clustered according to the growth environment, suggesting a recurrent environment-associated
metabolomic pattern across strains. Nevertheless, strain-specific responses were retained, with
B. minor PNKO015 showing a clear separation between laboratory and environmental profiles.
Overall, brick-grown samples exhibited lower contrast in metabolite abundance patterns than
plaster ones (Supplementary Fig. S1), suggesting more constiained metabolic variability.

Under laboratory conditions, metabolic profiles clustered primarily by substrate type,
with most strains forming distinct plaster- and brick-associated subclusters (Fig. 1:c). This
substrate-driven separation and metabolic fingerprint was highly pronounced for all algal
strains (Supplementary Fig. S2). In environmental conditions, substrate-related differentiation
remained evident but varied armong strains (Fig. 1:d). The K. nitens PNK013 and D. chodatii
PNKO021 clustered primarily by substrate, while C. saccharophilum PNKO010, B. minor
PNKO15, and S. bacillaris PNK040 exhibited strong metabolic divergence between plaster and
brick. Overall, plaster-grown environmental samples displayed greater heterogeneity in

metabolite abundance than those grown on brick.
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Figure 1. Principal Component Analysis (PCA) score plots (with ellipses as the 95%

coincidence intervals) of metabolomic profiles for algal strains growing for a year on plaster

(P) and brick (B) in laboratory (L) and environment (E) supported with hierarchical clustering



of strains generated with heatmaps strains” metabolomic profiles (see: Supplementary Figs S1—
S2); (a) profiles for algae growing on plaster (P) in relation to the site — laboratory (L) vs
environment (E); (b) profiles for algae growing on brick (B) in relation to the site — laboratory
(L) vs environment (E); (c) profiles for algae growing in laboratory (L) in relation to substrate
type: plaster (P) vs. brick (B); (d) profiles for algae growing in environment (E) in relation to
substrate type: plaster (P) vs. brick (B); strains refer to algal taxa: (PNKO010) Chloroidium
saccharophilum, (PNKO013) Klebsormidium nitens, (PNK015) Bracteacoccus minor, (PNK021)
Diplosphaera chodatii, (PNK040) Stichococcus bacillaris.

Among the detected metabolites, some organic acids known to have a biodeteriorative
impact were identified. In the majority of samples, the citric acid and/or its stereoisomer D-
threo-isocitric acid were detected. Only in the B. minor PNKO15 and S. bacillaris PNK040,
both from plaster in laboratory and environmental conditions, this compound was not detected.
In three strains growing under laboratory conditions — C. saccharophiium PNKO10 on plaster
and brick, K. nitens PNKO013, and B. minor PNKO15, both growing on brick — the presence of
acetic acid was detected. Moreover, oxalic acid, an organic acid with well-documented
biodeteriorative relevance, was detected in profiles of four strains: C. saccharophilum PNK010
and D. chodatii PNK021, both growing on plastei but in different conditions (in situ and ex situ,
respectively), and in K. nitens PNK013 and B. minor PNKO015, both growing on brick in

laboratory conditions.

Screening the metabolic pathways of algae

After metabolite annotation using the KEGG Chlorella variabilis reference pathway
database [14], 63 metabolic pathways were mapped across all samples (Supplementary Table
S22); however, 19 showed significant overrepresentation (p <0.05) in at least one sample (Table
1). The list of all annotated metabolic pathways in strain samples is presented in Supplementary
Tables S23-S42, while the topology of pathways, with a focus on the most substantial, is

visualized in Supplementary Figs S3-S7.

Table 1. Impact scores of metabolic pathways significantly overrepresented among annotated
metabolites (p < 0.05) in algal strains growing for a year on plaster and brick in laboratory and
environmental conditions; pathway analysis for metabolites with fold change > 2 compared to

the corresponding control samples was annotated using the KEGG Chlorella variabilis



reference database [14]; numbers (0-1) are the impact values; dots (=) exhibit non-significant
impact (p > 0.05); strains refer to algal taxa: (PNKO10) Chloroidium saccharophilum,
(PNKO013) Klebsormidium nitens, (PNKO015) Bracteacoccus minor, (PNK021) Diplosphaera
chodatii, (PNK040) Stichococcus bacillaris.
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Five metabolic pathways appeared repeatedly across algal strains, substrate types, and
growing conditions and were overrepresented (p < 0.05) in > 95% of samples (Table 1). The
isoquinoline alkaloid biosynthesis pathway, indicated as substantial across all samples, had the
highest overall impact, with many entries at 1.0 and some at 0.5. This pathway occurred without
any discernible pattern across strains, substrates, or growth sites. The glyoxylate and
dicarboxylate metabolism occurred with equal frequency, but its impact was lower, ranging
from 0.28 to 0.37, with the lowest value observed in S. bacillaris PNK040 in the laboratory.

The arginine biosynthesis pathway was also ubiquitous, with a moderate impact (mainly 0.5),



but in S. bacillaris PNKO040 in the laboratory, the impact was lower (0.38). Two other pathways
were significant (p < 0.05) across all strain samples, except for the aforementioned S. bacillaris
PNKO040, which was cultivated in the laboratory. The alanine, aspartate, and glutamate pathway
had a stable impact (0.84) across all samples; however, in D. chodatii PNKO021, it decreased
slightly to 0.75. Tyrosine metabolism occurred predominantly with an impact of 0.45 across
samples, and some entries at 0.42, without any discernible pattern by strain, substrate, or growth
site.

In addition to common pathways, some revealed material-specific traits. Those related
to the plaster substrate growth were: glutathione metabolism with an impact in several strains
between 0.52 and 0.58, one-carbon pool by folate with a mean impact of 0.24, cysteine and
methionine metabolism with a mean of 0.16, and nitrogen metabolism, which appeared only in
the metabolism of K. nitens PNK013 with an impact of 0.27. Moreover, many pathways in S.
bacillaris PNK040 showed no statistically significant impact (p > 0.05) under laboratory
conditions and had the lowest impact values among the others. The only substantial pathway
associated solely with this strain was the riboflavin metabolic patnway. In the brick-growth
pathway dataset, higher consistency was observed than in the plaster dataset. Stronger brick-
linked pathways were purine metabolism with a mean impact of 0.40; glycine, serine, and
threonine metabolism with higher impact ex situ (mean 0.47) and slightly lower impact in situ
(0.28); tyrosine metabolism, which remained high under both growing conditions (mean 0.44);
and glycerophospholipid metabolism (mean 0.26). However, under environmental conditions,
two specific metabolic signais were identified by pathway analysis: starch and sucrose
metabolism, observed in K. nitens PNK013 and S. bacillaris PNK040 with equal impact (0.40),
and the TCA cycle, also observed in K. nitens PNKO013 with an impact of 0.18.

Algal-based chemical classes enrichment of substrates

Enrichment analysis identified chemical classes that were overrepresented among
metabolites detected in algal-colonized substrates relative to uninoculated controls under both
laboratory and environmental conditions. The enrichment results describe metabolite
accumulation patterns associated with substrate colonization and biofilm development rather
than exclusively the intrinsic metabolic output of algal cells. All of the detected chemical
classes in the studied strains are presented in Supplementary Tables S43-S62, while
Supplementary Tables S63-S66 present the comparison of all algal-based classes detected on

plaster and brick in relation to the growth site. Bar plots of chemical classes enrichment that are



presented in Figs 2-5 visualize the enrichment ratio of statistically significant (p < 0.05) groups
of compounds.

Plaster-associated samples showed consistent enrichment in flavin nucleotides across
substrates colonized by all algal strains, both in laboratory and environmental conditions (Figs
2-3). Moreover, the group of carboxylic acids and derivatives, organooxygen compounds, and
fatty acyls is relatively stable across strains and growing sites, with the strongest enrichment
among the detected chemical classes on plaster (p < 0.0001). Pyridine nucleotides in some cases
— in the laboratory by the growth of D. chodatii PNKO021 (Fig. 2:d), while in the environment
by C. saccharophilum PNKO010 (Fig. 3:a), K. nitens PNK013 (Fig. 3:b), and S. bacillaris
PNKO040 (Fig. 3:e) also exhibit a high enrichment ratio; however, with less contribution than
the previous classes. Across all strains, both ex situ and in situ, phenols substantially enriched
plaster, whereas in environmental plaster samples, enrichment of benzene derivatives was much
more pronounced than in the laboratory (Figs 2-3:a-e). Comparing the whole set of algal-based
chemical class enrichments, laboratory-grown biofilms were &ssociated with increased
accumulation of non-metal oxoanionic compounds and fatty acyls and phenylpropanoid acids
(Fig. 2:f), whereas in the environment, algal biofilms were associated with enrichment of the

substrate with fatty acyls, organooxygen compounds, hydroxy acids, and steroids (Fig. 3:f).
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Bracteacoccus minor PNKO15 in laboratory (L) conditions, (d) plaster (P) overgrown by

Diplosphaera chodatii PNK021 in laboratory (L) conditions, (e) plaster (P) overgrown by

Stichococcus bacillaris PNKO040 in laboratory (L) conditions, (f) comparison between all algal

extracts from plasters kept in laboratory (L) conditions to the ones from the environment (E).
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Figure 3. Bar plots of enriched chemical classes obtained from metabolites detected on plasters
colonized by algal strains for a year in environmental conditions; (a) plaster (P) overgrown by
Chloroidium saccharophilum PNKO10 in the environment (E), (b) plaster (P) overgrown by
Klebsormidium nitens PNKO013 in the environment (E), (c) plaster (P) overgrown by
Bracteacoccus minor PNKO15 in the environment (E), (d) plaster (P) overgrown by
Diplosphaera chodatii PNK021 in the environment (E), (e) plaster (P) overgrown by
Stichococcus bacillaris PNKO040 in the environment (E), (f) comparison between all algal

extracts from plasters kept in environmental (E) conditions to the ones from the laboratory (L).

In the enrichment of brick substrates, despite the strain and growth conditions, flavin
nucleotides predominate in the enrichment ratio (Figs 4,5). Also, the same group of chemical
classes as in the case of plaster revealed the highest statistical significance (p <0.000), but in
general, it is less pronounced than in the case of plaster - carboxylic acids and derivatives,
organooxygen compounds, and fatty acyls. Brick-associated sampies showed comparatively
higher enrichment in phenols and phenylpropanoic acids, lactones, prenol lipids, steroids,
steroid derivatives, and flavonoids, isoflavonoid compcounds than plaster substrates. Comparing
the entire set of algal colonization-associated chemical class enrichments between laboratory
and environmental growth, there is a substantial difference between the chemical class sets. The
laboratory samples are mainly enriched in carboxylic acids and derivatives, hydroxy acids, and
keto acids (Fig. 4:f), while the environmental samples are in phenols and phenylpropanoic

acids, flavonoids and iscflavonoids, prenol lipids, carboxylic and hydroxy acids (Fig. 5:f).
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Figure 4. Bar plots of enriched chemical classes obtained from metabolites detected on bricks
colonized by algal strains for a year in laboratory conditions; (a) brick (B) overgrown by
Chloroidium saccharophilum PNKO10 in laboratory (L) conditions, (b) brick (B) overgrown by
Klebsormidium nitens PNKO013 in laboratory (L) conditions, (c) brick (B) overgrown by



Bracteacoccus minor PNKO15 in laboratory (L) conditions, (d) brick (B) overgrown by
Diplosphaera chodatii PNK021 in laboratory (L) conditions, (e) brick (B) overgrown by
Stichococcus bacillaris PNKO040 in laboratory (L) conditions, (f) comparison between all algal

extracts from bricks kept in laboratory (L) conditions to the ones from the environment (E).
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Figure 5. Bar plots of enriched chemical classes obtained from metabolites detected on bricks
colonized by algal strains for a year in environmental conditions; (a) brick (B) overgrown by
Chloroidium saccharophilum PNKO10 in the environment (E), (b) brick (B) overgrown by
Klebsormidium nitens PNKO013 in the environment (E), (c) brick (B) overgrown by
Bracteacoccus minor PNKO15 in the environment (E), (d) brick (B) overgrown by
Diplosphaera chodatii PNK021 in the environment (E), (e) brick (B) overgrown by
Stichococcus bacillaris PNKO040 in the environment (E), (f) comparison between all algal

extracts from bricks kept in environmental (E) conditions to the ones from the laboratory (L).

Discussion

A larger pool of detected metabolites in algae generally indicates higher metabolic
activity and metabolic diversity; however, the number itself does not imply greater functional
diversity. Differences in colonization intensity may also contribute o variation in metabolite
numbers and signal intensities; therefore, the observed profiles should be interpreted as
substrate-associated metabolomic patterns rather than biomass-normalized metabolic rates. The
results of metabolite clustering in the studied strains suggest substrate- and condition-associated
differences in metabolomic profiles, everi when the numbers of metabolites are similar.
Enhanced physiological activity and metabolic flexibility enable aerial algae to adjust their
biochemistry in response to available nutrients, substrate properties, and external conditions
[15].

The contrasting metabolomic patterns observed on plaster and brick indicate that
substrate physicochemical properties appear to contribute to shaping algal metabolism rather
than merely providing a growth surface. Plaster and brick differ markedly in mineral
composition, porosity, water retention capacity, and alkalinity, all of which can influence
nutrient availability, stress exposure, and metabolic regulation in aerophytic algae. Plaster-
based substrates are typically rich in calcium sulfate or calcium carbonate and are characterized
by relatively high alkalinity and surface reactivity. Such conditions can impose ionic and pH-
related stress, potentially triggering broader metabolic reprogramming, including enhanced
production of stress-related metabolites [16,17]. The greater heterogeneity of metabolite
profiles observed on plaster, particularly under environmental conditions, suggests that this
substrate amplifies external fluctuations in moisture availability, temperature, and irradiation.

Consequently, algae growing on plaster appear to exhibit greater metabolic plasticity, as



evidenced by pronounced shifts in metabolite abundance and stronger differentiation across
growing conditions.

The relatively reduced contrast in metabolite abundance patterns and the closer
clustering of algal strain samples on the brick indicate a more constrained metabolic response.
Brick substrates, composed primarily of silicate-rich minerals with lower intrinsic alkalinity,
provide a more stable physical structure than plasters [18] and offer a relatively predictable
microhabitat for microbial colonization. Previous studies have shown that the chemical and
mineralogical stability of brick surfaces influences moisture retention and pH buffering, thereby
affecting biofilm development and favoring the colonization by aerial algae [12,13]. Brick
porosity may facilitate water retention and gradual nutrient exchange, reducing the intensity of
abiotic stress signals perceived by algal cells [16]. This stabilization is consistent with the lower
metabolic heterogeneity observed across strains and conditions.

The structure and the profile of algal metabolism detected after a year on plaster
substrate, under both laboratory and environmental conditions, are consistent with stress-related
metabolic adaptation. In most of the strains, metabolic pathiways indicate stress-response
signaling and robust redox regulation. Glutathione metabolism reflects oxidative stress
handling, likely caused by UV radiation, desiccation, or fluctuating nutrients [19], while
cysteine and methionine metabolism, by supporiing the production of glutathione, the major
intracellular antioxidant, play a role in redox buffering and oxidative stress control [20]. The
one-carbon pool supplied by folate facilitates nucleotide synthesis and methylation in response
to the external conditions [Z1]. The isoquinoline alkaloid and alkaloid-like compounds are often
linked to stress response and chemical defense [22]; however, the annotation of isoquinoline
alkaloid biosynthesis in the present dataset should be interpreted with caution, as it may reflect
pathway-map overlap involving shared precursor/intermediate metabolites rather than the
presence of a complete functional biosynthetic pathway, while riboflavin metabolism may help
in oxidative stress resistance [23].

The enrichment analysis revealed a consistent dominance of chemical classes associated
with primary carbon metabolism, redox processes, and stress adaptation within colonized
substrates. However, since the enrichment was calculated relative to uninoculated controls,
these patterns should be interpreted as metabolite accumulations associated with algal
colonization and biofilm—substrate interactions rather than as direct measures of intracellular
algal metabolite production. Furthermore, the analysis confirms that on plaster, flavin
nucleotides are highly overrepresented, indicating intense redox activity [24]. Moreover, in the

environment, algae shift toward aromatic secondary metabolites (phenylpropanoids,



flavonoids). These metabolites support stress-adapted metabolism, likely linked to UV
exposure and fluctuating humidity [25,26].

By contrast, algal metabolism on the brick is more closely related to growth-linked
primary metabolism, with carbohydrate enhancement in the environment. A high impact of
amino acids metabolic pathways — purine and glycine, serine, and threonine metabolisms
indicate active nucleotide turnover/synthesis, while alanine, aspartate, and glutamate
metabolism play a role in the central nitrogen and carbon hub — amino acid interconversion,
redox balance, and ammonium assimilation [27,28]. Glyoxylate and dicarboxylate metabolism
is related to C2 metabolism and stress carbon flux, and is connected to carbon conservation and
organic-acid handling [29]. Glycerophospholipid metabolism underpins membrane biogenesis,
and shifts in glycerol/glycerophospholipid pathways can co-occur with EPS secretion and cell-
surface remodeling under environmental conditions [30]. Moreover, starch and sucrose
metabolism, especially in K. nitens PNKO013 and S. bacillaris PNK040 growing in the
environment, enables the storage of fixed carbon during brief favorable periods (e.g., wet,
illuminated) and remobilizes carbon rapidly upon rehydration [25]. Finally, the TCA cycle,
detected only in K. nitens PNKO013 in situ, integrates carbon catabolism (from sugars, amino
acids, and organic acids) and supports energy generation [31].

The growth and metabolism of the studied strains are not without significance for the
stability and durability of the substrates they inhabit. The core pathways detected in this study
may affect mineral substrates, potentially lowering their technical resistance and altering their
chemical composition. The alanine—aspartate—glutamate metabolic pathway can be
accompanied by overflow-like exometabolism release, including extracellular amino acids, N-
containing compounds, and low-molecular-weight organic acids. Such metabolites can alter
near-surface pH and, through acid attack and ligand complexation (e.g., acetate/oxalate-type
ligands), promote Ca®* release and ion mobilization from cementitious/mineral substrates
[32,33,34]. Moreover, the glyoxylate and dicarboxylate metabolic pathway is associated with
the production of low-molecular-weight acids, like acetic and citric/isocytric acid. So far,
studies on aerial green algae confirm their ability to produce acetate and citrate [12]; however,
the glyoxylate cycle also leads to oxalate formation [35], a direct chemical driver of mineral
substrate deterioration [36]. The oxalate-biodeteriorative potential has been widely documented
in lichens, driven by fungal activity, whereas the role of algae was once considered indirect, as
they supply organic carbon to the fungal partner [37]. However, this study undoubtedly
confirms that three of the green algae — C. saccharophilum PNKO010, K. nitens PNK013, and B.

minor PNKO15 — in addition to producing citrate and acetate, produce oxalic acid, which



significantly contributes to direct geochemical deterioration. Furthermore, the D. chodatii
PNKO21 is also capable of citrate and oxalate production, while S. bacillaris PNK040 only
produces isocitrate.

Low-molecular-weight organic acids such as citric/isocitric acid, oxalic acid, and acetic
acid, detected in metabolomic profiles, are recognized as important contributors to the
biodeterioration of silicate-based building materials, including silicate plasters and clay bricks.
Therefore, their interpretation was based on the recurrent occurrence of low-molecular-weight
organic acids as a class of compounds rather than on isolated single-compound assignments. In
contrast to carbonate substrates, deterioration of aluminosilicates proceeds mainly through
ligand-promoted mineral dissolution rather than direct proton-driven attack. Tricarboxylic acids
such as citrate and isocitrate, as well as dicarboxylic oxalic acid, efficiently chelate structural
and charge-balancing cations (e.g., Al3*, Fe3*, Ca2*, Mg?"), thereby enhancing aluminosilicate
dissolution and destabilizing the mineral network, which leads to increased porosity and surface
weakening [38,39]. Oxalic acid is particularly effective due to its strorig complexation capacity
and its involvement in microbially mediated mineral weathering and brick alteration processes
[40].

Acetic acid, although a weaker complexing agent, contributes to biodeterioration
primarily through localized acidification and mobilization of exchangeable cations, particularly
Ca?" present in binders and secondary phases of silicate plasters and bricks. The formation of
highly soluble acetate salts faciliiates cation leaching and indirectly weakens the mineral
matrix, especially under repeated wet—dry cycles [33,38]. When present within algal biofilms,
citric/isocitric, oxalic, and acetic acids act in confined microenvironments where low pH and
elevated ligand concentrations can be maintained at the material surface, thereby potentially
promoting progressive mineral alteration even under near-neutral bulk environmental
conditions [40].

Other carbohydrate metabolism pathways, detected mainly on brick substrates in situ
via the metabolism of K. nitens PNKO13, like starch and sucrose metabolism and citrate cycle
(TCA cycle, where citrate production is also a part of the pathway), may also contribute to
processes associated with mineral substrate alteration. Enhanced carbohydrate metabolism can
support increased synthesis of extracellular polymeric substances (EPS), largely
polysaccharidic components of the biofilm matrix [41,42]. On mineral building materials, EPS-
rich biofilms can increase near-surface water retention and modify water transport [43,44],
promoting physical deterioration mechanisms associated with wet—dry shrink—swell changes

and, where relevant, freeze—thaw action and salt crystallization or efflorescence [38,43].



The enrichment analysis indicates that organic acids, lipids, and stress-related secondary
metabolites were prominent among the enriched chemical classes detected in algal-colonized
plaster and brick. Although brick-induced metabolism has been shown to exhibit a growth-
induced pattern, environmental aerial algae counteract external land conditions at all times [4];
therefore, the presence of stress-mediated compounds on brick should be unsurprising. An
overrepresentation in carboxylic, hydroxy, and keto acids reflects intensive central carbon
metabolism and redox balancing during surface-associated growth, potentially contributing to
chemical deterioration through acidification, metal chelation, and mineral dissolution of
carbonate- and silicate-based materials [38,45]. The consistent presence of fatty acyls and fatty
acids indicates membrane remodeling and extracellular lipid production, contributing indirectly
to biodeterioration by stabilizing biofilms, enhancing moisture retention, and facilitating the
accumulation of acidic metabolites at the material surface [46,47]. Enrichment of phenols,
phenylpropanoids, flavonoids, and other aromatic compounds, particularly under
environmental conditions, points to stress-adapted secondary metalciism associated with UV
protection and oxidative defense; these metabolites are less aggressive chemically but play a
significant role in long-term surface alteration through discoloration, redox activity, and
persistent organic residue accumulation [48,49]. Non-metal oxoanionic compounds further
suggest interactions between biologicai activity and salt-related physical deterioration
processes. Overall, the metabolite profiles indicate a two-tier biodeterioration mechanism for
plaster/brick, in which rapid, acid-driven mineral degradation is followed by biofilm-mediated
persistence and the chronic accumulation of aesthetic and structural damage.

In the context of particular strains, metabolic pathway analysis, enrichment analysis,
and the production of highly deteriorative organic acids enable the definition of the
biodeteriorative risk assessment for each algal taxon.

Among the investigated strains, Chloroidium saccharophilum PNKO10 consistently
exhibited the highest overall biodeteriorative risk. Its metabolomic profile was strongly
enriched in organic acids under both laboratory and environmental conditions, particularly on
brick, indicating a robust capacity for acid-driven chemical weathering. The concurrent
presence of active metabolic pathways suggests that this strain not only produces deteriorative
metabolites but also maintains prolonged metabolic activity on mineral substrates, thereby
intensifying material degradation over time.

Stichococcus bacillaris PNK040 also demonstrated a high biodeteriorative potential,
particularly on plaster. This contributes to the combined enrichment of organic acids, lipids,

and phenolic compounds, which together promote mineral dissolution, biofilm formation, and



moisture retention. The confirmed production of citric acid further enhances its chelating
capacity, increasing the risk of sustained chemical attack. However, pathway analysis revealed
marked sensitivity to environmental conditions, suggesting that PNK040 poses a particularly
severe, context-dependent threat of biodeterioration.

In contrast, Bracteacoccus minor PNKO15 displayed a moderate-to-high
biodeteriorative risk characterized by continuous but less extreme chemical activity. The
production of acetic, oxalic, and citric acids ensures persistent chemical stress on both plaster
and brick, while its relatively conservative pathway profile indicates a steady rather than
aggressive metabolic strategy. This pattern suggests that B. minor may primarily contribute to
long-term, cumulative deterioration rather than to rapid material damage.

Diplosphaera chodatii PNKO021 represents a distinct biodeterioration strategy
dominated by metabolic persistence rather than chemical intensity. High pathway-level activity
implies strong adaptive capacity and long-term survival on mineral substrates, whereas
enrichment analysis indicates comparatively lower levels of high!y aggressive metabolites. As
a result, this taxon is likely to induce slow but continuous biodeierioration, driven by sustained
colonization and gradual chemical interactions with the substrate.

Klebsormidium nitens PNKO013 exhibited the highest metabolic versatility and stress-
response capacity in pathway analysis; its overall biodeteriorative risk remained moderate. This
apparent discrepancy arises from its comparatively low enrichment in strongly deteriorative
metabolite classes, suggesting that metabolic adaptability alone does not necessarily translate
into high chemical aggressiveness. Moreover, among the studied algae, this taxon exhibited the
most conserved metabolomic profile across conditions, which may indicate stronger metabolic
homeostasis and/or a greater contribution of constitutive protective mechanisms [50]. This
interpretation aligns with the ecology of the Klebsormidium genus as a successful aero-
terrestrial pioneer with documented tolerance to dehydration and high irradiation, supported by
photoprotective capacity, desiccation resilience, and a molecular toolkit associated with
terrestrial adaptation [51,52]. Consequently, this species may play a more significant role in
biofilm stabilization than in direct material degradation.

The present study should be interpreted within the framework of descriptive
metabolomic profiling. Although replicate substrates were included at the colonization stage,
the final metabolomic analysis was performed on selected uncontaminated/unialgal samples;
therefore, within-group biological variance could not be estimated. Consequently, the observed
differences should be interpreted as substrate-associated metabolomic patterns rather than as

biologically replicated differential responses. Moreover, when interpreting the enrichment



analysis, it should be noted that enrichment was calculated from metabolites detected in
colonized substrates relative to uninoculated controls. The resulting chemical classes therefore
represent accumulations of colonization-associated metabolites at the biofilm—substrate
interface. Accordingly, enriched compounds cannot be unequivocally attributed to direct algal
biosynthesis and may also reflect substrate transformation processes or metabolite retention
within the biofilm matrix.

Taken together, the data support the interpretation that brick exerts a buffering or
constraining effect on algal metabolism, rather than strongly inducing metabolic diversification.
Instead, brick appears to moderate environmental stress responses, leading to more conserved
metabolic profiles across growing sites. In this context, brick may act as a metabolic stabilizer,
dampening rapid or extensive metabolic reprogramming while allowing sustained growth and
baseline metabolic activity. Conversely, plaster may function as a metabolic stress amplifier,
promoting adaptive metabolic flexibility but also increasing variability among strains and
conditions. All of the above contribute to fundamental differences in the biodeterioration
mechanisms of plaster and brick. The first undergoes predorninantiy acid-driven degradation,
whereas the latter may experience slower, cumulative deterioration mediated by persistent

secondary metabolites and biofilm-growth-associated processes.

Material and Methods
Green algal material

This research focused on the aerial green algal taxa that are widespread in temperate
climates and are known to colonize plaster and brick as pioneer organisms. Green algal strains:
Chloroidium saccharophilum PNKO010, Klebsormidium nitens PNK013, Bracteacoccus minor
PNKO15, Diplosphaera chodatii PNK021, and Stichococcus bacillaris PNK040 (Fig. 6) were
previously isolated from plaster and brick walls of municipal buildings in the city of ca. 645 600
inhabitants in the temperate climate zone, and cultivated under laboratory conditions, as
described in [13]. Their taxonomic position was confirmed using traditional and molecular
methods, and the strains were evaluated for their potential for geophysical biodeterioration [13].
Therefore, these strains have been selected for further metabolomic-based research.



Figure 6. Microphotographs of aerial green algal strains selected for the study; (a—c)
Chloroidium saccharophilum PNKO010 (a) in a BBM agar culture, (b) its biofilm on a plaster,
(c) its biofilm on a brick; (d—f) Klebsormidium nitens PNK013 (d) in a BBM agar culture, (e)
its biofilm on a plaster, (f) its biofilm on a brick; (g—i) Bracteacoccus minor PNKO015 (g) in a



BBM agar culture, (h) its biofilm on a plaster, (i) its biofilm on a brick; (j—I) Diplosphaera
chodatii PNKO021 (j) in a BBM agar culture, (k) its biofilm on a plaster, (1) its biofilm on a
brick; (m-o0) Stichococcus bacillaris PNK040 (m) in a BBM agar culture, (n) its biofilm on a

plaster, (0) its biofilm on a brick.

Experiment design

The algal strains were inoculated onto sterilized experimental substrates — polysilicate
plaster and red brick as unialgal cultures as described in [13] and cultivated for 12 months, both
in laboratory and environmental conditions, along with the control samples. Each strain was
inoculated onto three replicate substrates, and one substrate was left uninoculated as the control
(in total, 40 plaster and 40 brick samples were used). In the laboratory, substrates were
maintained vertically in plastic containers, with ventilation pores sealed with a micropore
membrane to prevent external contamination. Proper humidity was maintained by spraying the
substrates every three weeks with a small amount of sterilized tap water under sterile conditions,
and cultivation was performed under the same conditions as the strains were grown in agar
cultures. In situ, samples were mounted on the experirnenta! frame in vertical series, with each
series corresponding to a strain transect and spaced 1.5 m apart, in an open space 20 m from
any natural spots with visible phototrophic colonization. Within each strain transect, the
uppermost position was occupied by the control sample, followed by three replicate strain
samples arranged downstreani. This configuration minimized the risk of water runoff along the
series contaminating the controi sample during precipitation events. The environmental samples
were left unmanipulated from one spring season to the next.

Prior to the metabolomic assay, experimental samples were checked for possible
contamination using a Nikon Eclipse 50i Light Microscope (Precoptic Co., Warsaw, Poland).
Samples were observed as biofilms on substrates at 100x magnification with external lighting,
and on microscopic slides at 600x magnification, by taking a small portion of the biofilms from
the substrates using a sterile soft brush. Since ex situ samples were maintained uncontaminated,
one randomly selected substrate per strain was selected for study. Among environmental
substrates, those that maintained unialgal were the first in the line after the control in strain
transects; therefore, they were selected for metabolomic assay. Consequently, the metabolomic
dataset was interpreted as a descriptive profile of selected uncontaminated/unialgal biofilm
samples rather than as a fully replicated quantitative comparison. This selection minimized
metabolomic interference from non-target organisms, particularly in environmentally exposed

samples.



Preparation of samples for metabolomic assay

The algal biomass was separated from the experimental substrates as follows. Each
sample was placed in a plastic Petri dish with the inoculated surface facing down. To each dish,
LC-MS-grade water was added, with the volume normalized to the inoculated surface area.
Partially submerged samples were placed in an ultrasonic bath (Branson 1510 Ultrasonic
Cleaner, Branson Ultrasonics, USA) for 3 minutes to facilitate biomass separation. Afterward,
the suspended biomass was collected and transferred to Eppendorf tubes. This procedure was
repeated using 5 ml of LC-MS-grade water and an ultrasonic bath for 1 minute. Collected
samples were centrifuged for 10 minutes at 6000 rpm, and the supernatants were discarded. The
supernatants were collected carefully, ensuring no visible liquid remained above the biomass.
Algal biomass was then weighed, and the following extraction procedure was scaled up or down
based on biomass weight. To each sample of 10 mg biomass weight, 250 ul of LC-MS-grade
water and 750 pl of acetone were added, after which the samples were i2ft to incubate at room
temperature for 24 hours. Subsequently, homogenization was perforimed using 3 steel beads per
sample in a TissueLyser |1 homogenisator (QIAGEN, Hilden, Germany). Homogenization time
was set to 1 minute, and the procedure was repeaied 3 times, with a 30-second break between
cycles. Homogenized samples were incubated foi 30 minutes at -20 °C. Afterward, the extracts
were centrifuged for 5 minutes at 11000 rpm, and the supernatant was transferred to new, pre-
weighed Eppendorf tubes. Samples were dried for 24 hours using a speed-vac type apparatus
under 1300 rpm and 2x10° mbar vacuum, and then weighed again. Dried extracts were
suspended in 120 pl of methanol and briefly vortexed. To facilitate dissolution, samples were
sonicated for a few seconds and then centrifuged for 5 min at 12000 rpm using a mySPIN™ 12
Mini Centrifuge (Thermo Fisher Scientific, USA). Supernatants in a volume of 80 ul were

transferred to glass inserts compatible with standard HPLC vials.

Metabolomic analysis

The LC-MS/MS analysis was carried out on the Bruker Elute UHPLC system with
Hystar 3.3 software and an ultrahigh resolution 60000+ mass spectrometer Bruker Impact 11
(Bruker Daltonics GmbH, Germany), ESI QTOF-MS, equipped with Metaboscape ver. 2022b
and Data Analysis 4.2 ver. 2022b (Bruker Daltonics GmbH, Germany) software. For the
procedure, a Bruker 100x2.1 mm, C-18 UHPLC Intensity Solo Column was used. LC-MS-
grade water with 0.1% HCOOH and acetonitrile with 0.1% HCOOH were applied as eluent A

and B, respectively. Chromatography was performed using eluent gradient, with the following



parameters: 0 minand 2 min - 99% A, 17 min - 1% A, 20 min - 1% A, 20.1 min, 22 min, 30 min
- 99% A, flow was at a level of 0.25 pulmin from 0 min to 20 min and 0.35 plmin* from 20.1
min to 30 min. A constant temperature of 40 °C was maintained for the UHPLC column and 4
°C for the autosampler. For the injection, a volume of 5 pl was used. Auto MS/MS operated at
the m/z range of 50-1200. Collision-Induced Dissociation (CID) used an absolute area threshold
of 5000 counts; active exclusion of 2 spectra; release after 0.3 min, isolation mass:
for m/z = 100, width was set to 4, for m/z = 300, width was 5, for m/z = 500, width was 6, while
for m/z = 1000, width was set to 8; collision energy value was 30 eV. Internal calibration of
10 mM sodium formate (water to isopropanol, 1:1 v/v) ions was performed automatically in
MetaboScape ver. 2022b with the use of a syringe pump at an infusion flow rate of 0.12 mL
h—1, using a high precision calibration (HPC) mode. Each sample was measured in both
positive- and negative-ion modes. The untargeted annotations were performed using
MetaboScape ver. 2022b mass deviation (Am/z) criterion under 3 ppm and mSigma value under
20 as the maximum acceptable deviation of the compound mass and the isotopic pattern,
respectively. All the molecular formulas were obtained using the Smart Formula tool and the
C,H,N,O,P,S,Cl,Br, I, and F elements. MS/MS spectra were automatically matched against
MS/MS libraries, i.e., Bruker HMDB 2.0 library, Bruker Plant Library, MassBank of North
America (MoNA) library (Mass Bank of North America, 2024), and NIST ver. 2020 MSMS
library (Mass Spectrometry Data Center, 2022). Thus, metabolite assignments were evaluated
using a multi-parameter workfiow that included accurate mass, mass error, isotopic pattern fit,
retention time information where available, and MS/MS spectral similarity; the corresponding

annotation parameters are reported for individual compounds in Supplementary Table S1.

Preparation of metabolic data

To distinguish metabolites associated with algal colonization from compounds
originating from the substrate (plaster or brick), each strain was directly compared with its
corresponding control sample. A metabolite was retained for analysis if its abundance in at least
one strain exceeded that in the control (fold change, FC > 2). This criterion accounts for
biological variability among strains, as individual strains may produce unique metabolites;
therefore, even a single pronounced increase relative to the control was considered indicative
of a potential colonization-associated origin. Metabolites were removed only when none of the
strains exhibited elevated abundance relative to the control and their abundance was
consistently higher across most control samples. Such metabolites were considered background

signals arising from the substrate and were excluded from further interpretation. Only



metabolites with FC > 2 were included in downstream analyses, as these values indicate a
clearly higher abundance in experimental samples compared to controls. Thus, the retained
metabolites were interpreted as colonization-associated relative to the corresponding
uninoculated substrate controls, rather than as metabolites unequivocally induced by substrate
interaction. These metabolites were subsequently used for exploratory analyses of metabolic
pathways and compound classes. Raw metabolomic data detected in positive and negative ion
modes were submitted to the figshare online database
(https://doi.org/10.6084/m9.figshare.31323610), while a set of processed metabolic data is
included in the Supplementary Tables S1-S21.

Metabolomic data processing and analysis

All metabolite datasets exported using Metaboscape ver. 2022b were examined utilizing
MetaboAnalyst 6.0 [53,54]. Prior to statistical evaluation, the data were log-transformed and
auto-scaled. Detected metabolites were annotated with the KEGG Chlciella variabilis reference
pathway database [14]. Metabolic pathways were considered significantly overrepresented
among retained annotated metabolites based on adjusted p-values (p < 0.05), whereas the
topology analysis was used to estimate pathway impact scores. The set of detected metabolic
pathways is provided in Supplementary Tables S22—-S42. Moreover, unsupervised multivariate
analysis was performed using Principal Cemponent Analysis (PCA) to assess overall clustering
patterns, and heatmaps of metaboiic profiles were used to reveal global differences between
samples. Chemical class eririchment analysis was carried out using the main-class metabolite
set library to identify chemical categories overrepresented in each comparison. The enrichment
ratio was calculated as the proportion of detected metabolites belonging to a given class relative
to the expected background frequency. Thus, chemical-class enrichment reflects numerical
overrepresentation among detected metabolites and should not be interpreted as a direct
measure of metabolite concentration or summed abundance. To identify metabolites enriched
or reduced relative to the corresponding control, fold-change (FC) analysis was applied, using
thresholds of FC > 2 (increased) or FC < 0.5 (decreased). The set of chemical classes of
metabolites detected is included in Supplementary Tables S43-S66. Because the final
metabolomic profiling was based on one selected substrate per strain—substrate—condition
combination, the analyses were not interpreted as biological replicate-based differential
abundance testing. Accordingly, p-values reported for pathway and chemical-class analyses

refer to overrepresentation statistics rather than to within-group biological variance. Chemical



classes and pathway annotations with p-values < 0.05 were considered statistically

overrepresented.

Data availability

The datasets generated and analyzed during the current study are available in the figshare
database (https://doi.org/10.6084/m9.figshare.31323610), and are included in this article (and

its Supplementary Information files).
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Figure Legends

Figure 1. Principal Component Analysis (PCA) score plots (with ellipses as the 95%
coincidence intervals) of metabolomic proftles for algal strains growing for a year on plaster
(P) and brick (B) in laboratory (L) and environment (E) supported with hierarchical clustering
of strains generated with heatinaps strains™ metabolomic profiles (see: Supplementary Figs S1—
S2); (a) profiles for algae growing on plaster (P) in relation to the site — laboratory (L) vs
environment (E); (b) profiles for algae growing on brick (B) in relation to the site — laboratory
(L) vs environment (E); (c) profiles for algae growing in laboratory (L) in relation to substrate
type: plaster (P) vs. brick (B); (d) profiles for algae growing in environment (E) in relation to
substrate type: plaster (P) vs. brick (B); strains refer to algal taxa: (PNK010) Chloroidium
saccharophilum, (PNKO013) Klebsormidium nitens, (PNKO015) Bracteacoccus minor, (PNK021)
Diplosphaera chodatii, (PNK040) Stichococcus bacillaris.

Figure 2. Bar plots of enriched chemical classes obtained from metabolites detected on plasters
colonized by algal strains for a year in laboratory conditions; (a) plaster (P) overgrown by
Chloroidium saccharophilum PNKO10 in laboratory (L) conditions, (b) plaster (P) overgrown
by Klebsormidium nitens PNKO013 in laboratory (L) conditions, (c) plaster (P) overgrown by
Bracteacoccus minor PNKO15 in laboratory (L) conditions, (d) plaster (P) overgrown by
Diplosphaera chodatii PNKO21 in laboratory (L) conditions, (e) plaster (P) overgrown by



Stichococcus bacillaris PNKO040 in laboratory (L) conditions, (f) comparison between all algal
extracts from plasters kept in laboratory (L) conditions to the ones from the environment (E).
Figure 3. Bar plots of enriched chemical classes obtained from metabolites detected on plasters
colonized by algal strains for a year in environmental conditions; (a) plaster (P) overgrown by
Chloroidium saccharophilum PNKO10 in the environment (E), (b) plaster (P) overgrown by
Klebsormidium nitens PNKO013 in the environment (E), (c) plaster (P) overgrown by
Bracteacoccus minor PNKO15 in the environment (E), (d) plaster (P) overgrown by
Diplosphaera chodatii PNK021 in the environment (E), (e) plaster (P) overgrown by
Stichococcus bacillaris PNKO040 in the environment (E), (f) comparison between all algal
extracts from plasters kept in environmental (E) conditions to the ones from the laboratory (L).
Figure 4. Bar plots of enriched chemical classes obtained from metabolites detected on bricks
colonized by algal strains for a year in laboratory conditions; (a) brick (B) overgrown by
Chloroidium saccharophilum PNKO010 in laboratory (L) conditions, (b) brick (B) overgrown by
Klebsormidium nitens PNKO013 in laboratory (L) conditions, (c) brick (B) overgrown by
Bracteacoccus minor PNKO15 in laboratory (L) conditions, (d) brick (B) overgrown by
Diplosphaera chodatii PNK021 in laboratory (L) conditions, (e) brick (B) overgrown by
Stichococcus bacillaris PNKO040 in laboratory (L) canditions, (f) comparison between all algal
extracts from bricks kept in laboratory (L) conditions to the ones from the environment (E).
Figure 5. Bar plots of enriched chemica! ciasses obtained from metabolites detected on bricks
colonized by algal strains for a year in environmental conditions; (a) brick (B) overgrown by
Chloroidium saccharophilum PNKO10 in the environment (E), (b) brick (B) overgrown by
Klebsormidium nitens PNKO013 in the environment (E), (c) brick (B) overgrown by
Bracteacoccus minor PNKO15 in the environment (E), (d) brick (B) overgrown by
Diplosphaera chodatii PNK021 in the environment (E), (e) brick (B) overgrown by
Stichococcus bacillaris PNKO040 in the environment (E), (f) comparison between all algal
extracts from bricks kept in environmental (E) conditions to the ones from the laboratory (L).
Figure 6. Microphotographs of aerial green algal strains selected for the study; (a—c)
Chloroidium saccharophilum PNKO010 (a) in a BBM agar culture, (b) its biofilm on a plaster,
(c) its biofilm on a brick; (d—f) Klebsormidium nitens PNKO013 (d) in a BBM agar culture, (e)
its biofilm on a plaster, (f) its biofilm on a brick; (g—i) Bracteacoccus minor PNKO015 (g) in a
BBM agar culture, (h) its biofilm on a plaster, (i) its biofilm on a brick; (j—I) Diplosphaera
chodatii PNKO021 (j) in a BBM agar culture, (k) its biofilm on a plaster, (1) its biofilm on a
brick; (m-o0) Stichococcus bacillaris PNK040 (m) in a BBM agar culture, (n) its biofilm on a

plaster, (0) its biofilm on a brick.





