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Abstract

Recent studies are showing that some lights suitable for illuminating the urban fabric (i.e. that do not include the red, green
and blue sets of primary colours) may halt biological colonisation on monuments, mainly that caused by phototrophic suba-
erial biofilms (SABs), which may exacerbate the biodeterioration of substrates. However, the light-triggered mechanisms
that cause changes in the growth of the phototrophs remain unknown. Environmental proteomics could be used to provide
information about the changes in the SAB metabolism under stress inflicted by nocturnal lighting. Here, laboratory-produced
SABs, composed of Chlorophyta, Streptophyta and Cyanobacteriota, were subjected to three types of lighting used for
monuments: cool white, warm white and amber + green (potentially with a biostatic effect). A control without light (i.e.
darkness) was also included for comparison. The nocturnal lighting impaired the capacity of the SABs to decompose super-
oxide radicals and thus protect themselves from oxidative stress. Cool white and warm white light both strongly affected the
proteomes of the SABs and reduced the total peptide content, with the extent of the reduction depending on the genera of
the organisms involved. Analysis of the photo-damaging effect of amber + green light on the biofilm metabolism revealed a
negative impact on photosystems I and II and production of photosystem antenna protein-like, as well as a triggering effect
on protein metabolism (synthesis, folding and degradation). This research provides, for the first-time, a description of the
proteomic changes induced by lighting on SABs colonising illuminated monuments in urban areas.

Keywords Lighting Treatment - Triggered Processes - Environmental Proteomics - Green Algae - Cultural Heritage -
Biofilms

Introduction

Lighting of the urban fabric at night is a controversial issue.
It is debated if increasing the number of points that are illu-
minated in cities makes transit safer and more secure for
pedestrians [1]. Illumination can also make cities appear
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more modern and aesthetically pleasing (in the eyes of
some). Lighting cultural and architectural assets of cities
to enhance and valorize the cultural heritage has grown in
popularity since the 1990s, especially since around 2010
[2]. Lighting should highlight specific features and the geo-
metric shapes of monuments or generate visual contrasts
while remaining respectful of the original aesthetics of the
buildings [3]. Night-time tourism is now more common in
cities than it was in the early 1990s, and the change has been
attributed to increased illumination [4]. However, illumina-
tion of monuments is an emerging contribution to artificial
light at night (ALAN) pollution—or more simply, light pol-
lution—I[5], which increased by 9.6% between 2011 and
2022 [6]. ALAN affects the survival, existence and well-
being of people, microorganisms and plants and eventually
disrupts the entire ecosystem [7]. However, appropriate
ornamental lighting could help to reduce biodeterioration
of monuments and protect biodiversity [5].
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Light emitting diodes (LEDs) are increasingly used to
illuminate monuments [8] because they use less energy,
yield more light, last longer than other types of light tech-
nologies and are also mercury-free. However, illumination
can cause biodeterioration of heritage monuments by pro-
moting colonisation by phototrophic organisms [9], which
use light as the main source of energy for metabolism (i.e.
photosynthesis). Testing has been carried out to evaluate the
use of different artificial monochromatic lights (blue, green
and red) to shape the ecophysiological features of the algae
and cyanobacteria to exert a biostatic (halting growth) effect
on the organisms. Studies conducted in subterranean herit-
age such as caves, catacombs and mausoleums [9—11] and
on outdoor monuments [12] have demonstrated inhibition
of colonisation by phototrophs, especially of cyanobacte-
ria rich in phycocyanin exposed to blue light and of algae
exposed to green light. In the first study, carried out in the
early 2000s in the Roman Catacombs of St. Callistus and
Domitilla, Rome (Italy), the photosynthetic activity of the
cyanobacterial and chemoorganotrophic bacterial biofilms
was inhibited after 5 months under blue lighting [10], and
the area occupied by phototrophic communities was reduced
after 10 years [11]. Green lighting tested in on-site stud-
ies has been found to inhibit the growth of phototrophic
biofilms, such as those predominated by the alga Chlorella
sorokiniana in the Bats’ Cave, Zuheros, Spain [13], by the
cyanobacterium Chroococcidiopsis sp. and red microalga
Cyanidium sp. in the Nerja Cave, Malaga, Spain [14] and
by cyanobacteria and heterotrophic species belonging to
proteobacteria in two Mausoleums of the Southern Tang
Dynasty, Nanjing, China [9]. Compared to a non-illuminated
or white light control, illumination with red light inhibited
growth of biofilms mainly predominated by the green alga
Bracteacoccus minor (in this case in combination with a
period of daylight) [15] and the green alga Chlamydomonas
reinhardtii CC-1690 [16].

The aim of these lighting-based strategies is to prevent fur-
ther biodeterioration on outdoor stone monuments (sometimes
only aesthetic) by using narrow-band LEDs avoiding certain
photosynthetic active radiation (PAR) spectral bands, between
350-400 nm and 700-750 nm [17, 18]. These strategies are
much more difficult to apply to naturally lit outdoor monu-
ments, where the use of monochromatic colours for lighting
is not acceptable in urban planning for aesthetic reasons, and
negative effects on humans and animals must be avoided [5].
However, exposure of monuments to the light generated by
combining amber and green LEDs (CromaLux light, currently
under trial), which generates warm tones, has shown an impact
similar to an unlit area; with little to no impact on the insects
of the surrounding area [19] and a slightly enhancing impact
on bacterial and fungal microbiota of monument facades [20],
and also a long-term biostatic effect on phototrophs, especially
algae (unpublished data). The use of this light is proposed as
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a preventive conservation tool, using the existing ornamen-
tal lighting infrastructure, in order to achieve also reduce the
cleaning campaigns of facades and structures. It is not a bioc-
idal light so its role is not to replace the use of chemicals to
remove biocolonisation already present at the field site.
Different spectral bands affect the various taxonomic
groups that comprise SABs differently, and the specific
changes exerted by the lighting in the underlying metabolic
machinery remain unknown. Considering the heterogeneity
of the SABs and the long times required to remove them
from heritage surfaces (10 years in the study by Bruno et al.
[11]), research should involve different taxonomic groups
and different types of illumination. The data obtained could
then be used as the basis for selecting lights to eliminate
existing SABs or to prevent the appearance of SABs on
particular monuments. Thanks to great technical advances
achieved in recent years, environmental proteomics provides
information on both the taxonomies and the functionalities
from complex mixed microbial communities. We hypoth-
esize that this approach could be useful to cover the gap in
information on the molecular damage induced by the dif-
ferent types of lights, as it has been previously shown to
elucidate the links between proteome alteration, metabolism
and phenotype changes under environmental stresses [21].
In the present study, SABs [22, 23] were generated in the
laboratory to further understand the molecular mechanism
of phototrophic SABSs under nocturnal ornamental lighting
using a culture obtained from natural phototrophic biofilms
of granite monuments in Santiago de Compostela (UNESCO
World Heritage City since 1985, NW Spain). The SABs were
subsequently grown under a photoperiod comprised of 13 h
of LED daylight simulating the solar illuminance in spring
in the historical centre of Santiago de Compostela (see the
“SAB formation and lighting set-up” section), followed by
6 h of different types of ornamental lighting and 5 h of dark-
ness, to simulate outdoor conditions. The following types of
ornamental lighting, considered suitable for the urban fabric,
were tested: the amber + green light combination currently
under trial, a warm white light (yellow tone), a cool white
light (blue tone) and no light. Environmental proteomics
analysis was used to study the effect of ornamental lighting
on the physiology of the different species forming the mature
SABs, with a particular focus on the photosynthetic machin-
eries. To our knowledge, this is the first proteomics study
of SABs colonizing illuminated monuments in urban areas.

Materials and Methods
SAB Formation and Lighting Set-up

Multi-species SABs, mainly composed of eukaryotic micro-
algae (hereinafter green algae) but also including prokaryotic
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microalgae (hereinafter cyanobacteria), were grown accord-
ing to the membrane-supported biofilm protocol first
described by Anderl et al. [24] and later implemented for
phototrophs by Sanmartin et al. [25]. The species compris-
ing the SABs were examined under light microscopy, with a
Nikon Eclipse E600 equipped with an E-Plan 40 X objective
(N.A. 0.65) and differential interference contrast (Nomarski)
optics. Taxonomic determinations were based on the mor-
phometry and reproduction of the species in the cultures.
The main taxonomic references used for the identification
of green algae were [26—28] and for cyanobacteria [29]. The
results were used to select an adequate database to perform
the proteomic data analyses. The biomass of each SAB was
also measured gravimetrically by weighing the membrane
before and after removal of the biofilm (by gentle scraping
with a sterile loop) with a precision laboratory balance (Den-
ver Instruments, USA, readability, 0.001 mg; uncertainty,
i.e. repeatability, 0.002 g).

Aliquots of exponentially growing cells from a homo-
geneous suspension (50 pL, corresponding to 1.52 mg L~!
of dry mass) were used to inoculate sterile (by exposure to
UV-C light) polycarbonate membrane discs (Nuclepore™
Track-Etch Membrane Filtration products, diameter 2.5 cm,
area 4.9 cm?, pore diameter 0.2 um, Whatman™). Twelve
inoculated membrane discs were placed on Bold’s Basal
Medium (BBM) [30]. The membranes were transferred,
with the aid of sterile plastic forceps, to fresh agar plates,
every 3 days. The SABs were cultured until they reached
maturity (after 37 days) in controlled ad hoc customised
cabinets (Fig. 1), with one compartment for each of the four
LED light photoperiods. Each compartment held a plate with
three membrane discs. After the growing period, the SABs
were scraped from the membranes, to enable quantification
of the biomass of each (values ranged from 65.90+10.46 mg
to 53.42 +10.77 mg) and were stored at — 80 °C before fur-
ther processing.

Daylight
(13 h) |

Ornamental light
(6h) | (5h)

In all four compartments, the photoperiod comprised
13 h of LED daylight (SUN@HOME, Spot PAR16 40
GU10 TW, Ledvance, Germany) represented by high illu-
minance (10,000 Ix, corresponding to 252.59 umol s~ m~2)
and colour temperature of 5500 K, followed by 6 h of dif-
ferent test ornamental illuminations and 5 h of darkness.
The diurnal illuminance was based on light measurements
taken in spring 2022 on the facades of six granite-built
heritage buildings in the historical centre of Santiago de
Compostela (the Cathedral, the Monastery of San Martifio
Pinario, the Palace of Xelmirez, the School of Medicine,
the Cabildo House and the old town hall). The light was
measured with a radiometer (DHD 2302.0, HERTER) on
each (differently oriented) facade. In addition, the seasonal
average daily insolation in the city, reported on the website
of the Galician meteorological service (https://www.meteo
galicia.gal/), was used to assess whether the cumulative solar
intensity applied during the 13 h daylight period was con-
sistent with the daily insolation in spring. The three (test)
ornamental lighting set-ups were adjusted with a radiometer
(DHD 2302.0, HERTER) to yield an illuminance (quantity)
of 20 Ix and different light quality (spectral composition)
with an associated correlated colour temperature (CCT),
both measured with a StellarNet Blue-Wave spectrometer
(StellarNet, USA) (Fig. 2). The ornamental illuminance
(20 1x) was based on urban planning directives of the city
of Santiago de Compostela for the illumination of historical
building facades, which included a reduction in nocturnal
lighting to the minimum possible while being higher than
the average illuminance on the street (10-15 Ix) to make the
facade more prominent. The unit of measurement for illumi-
nance was selected as Lx (lumens m™2), as it is the preferred
unit used by urban planners to mark the intensity of artificial
light at night, regardless of the type of light used.

Furthermore, it is used by Spanish legislation to indi-
cate acceptable thresholds for night-time lighting [31].

Darkness

10000 Ixes

10000 Ixg
5500 K =

5500 K

10000 Ixes
5500 K

10000 Ixg
5500 K

Fig.1 Schematic diagram of the experimental set-up of the cabinets for the four LED light photoperiods
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Fig.2 Light quality (spectra) in the PAR region yielded by the three ornamental lightings. The cool white spectrum was measured after dim-

ming the light bulb with a slightly yellowish, heat-resistant paper film

Both types of white light (cool and warm) comprise the full
range of visible light spectrum (around 380-700 nm). Cool
white light (blueish tone, AS GU10 9W, Aigostar, Spain)
contains more blue light than warm white light (yellow-
ish tone, cod. 671992, Televés, Spain). The spectrum of
cool white light thus has a peak centred at 457 nm, while
that of warm white lights has a less intense peak centred at
450 nm. For both types of white light, a wide band between
480 and 700 nm was observed in the spectra, with a main
peak around 600 nm (amber). The cool white luminaire was
shielded with a slightly yellowish, heat-resistant paper film
to dim the light to an illuminance of 20 1x. The shading led
to a change in the correlated colour temperature (CCT) from
6400 K (as stated by the manufacturer) to 4300 K yielding
a photon flux density of 1.84 ymol s' m~2. The CCT of
the warm white light is 2580 K and produces a photon flux
density of 1.13 umol s~! m™2 The amber + green light (com-
bination under trial, cod. 671990-1, Televés, Spain) yields
a bimodal spectrum with two peaks, one at 528 nm (green)
and a main peak at 593 nm (amber), producing a CCT of
3000 K with no emission of wavelengths in the blue and
red parts of the spectrum (Fig. 2), resulting in an emission
of 0.89 umol s™' m™2 of photon flux density. The photon
flux density of the ornamental lights was obtained from the
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spectra measured over the samples, according to the photon
energy equation.

Protein Extraction

A total of 12 SAB samples (three per ornamental lighting
condition) were resuspended in 0.5 mL of EDTA (0.1 M) and
centrifuged at 8000 rpm for 15 min at 4 °C to separate the
extracellular matrix from the cellular material. The pellets
were resuspended in extraction buffer (50 mM Tris Buffer,
1% SDS, pH=17.5) and incubated at 90 °C for 20 min. The
cells were then lysed by shaking with glass beads in a cell
disruptor (Vortex Genie, Scientific Industries, USA), with
three cycles of shaking, each lasting 4 min, alternated with
incubation on ice for 1 min. The samples were then centri-
fuged for 20 min at 3300 rpm and 4 °C. The proteins were
precipitated from the samples by two additions of cold ace-
tone (at —20 °C) to remove organic contaminants, salts and
buffer residues. The acetone was carefully removed, and the
protein pellets were dried at room temperature. The proteins
thus obtained were resuspended in triethylammonium bicar-
bonate buffer (TEAB buffer, Merck, Germany) and quanti-
fied with the BCA Protein Assay Kit (Thermo Fisher Sci-
entific, USA) and a Nanodrop spectrophotometer (Thermo
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Fisher Scientific, USA), with bovine serum albumin as the
calibration curve standard.

SDS-PAGE Electrophoresis

To assess the quality and integrity of the protein samples,
protein electrophoresis was performed in denaturing con-
ditions [32]. Samples were denatured at 70 °C for 10 min
and mixed with NuPAGE LDS Sample Buffer and NuPAGE
Reducing Agent (Thermo Fisher Scientific), following the
manufacturer instructions, and loading 20 pg of protein per
gel lane. For the electrophoresis, NuPAGE Bis—Tris 4-12%
gels (Thermo Fisher Scientific, USA) were used with 1X
Running Buffer (Thermo Fisher Scientific, 20X Running
Buffer containing 50 mM MES, 50 mM Tris Base, 0.1%
SDS and 1 mM EDTA, pH=7.3). Three microlitres of pre-
stained protein markers (PageRuler™ Plus Prestained Lad-
der from 10 to 250 kDa, Thermo Fisher Scientific, USA)
were loaded on each side of the gel. The electrophoresis
was run at 200 V for 30 min, and the gel was stained with a
standard Coomassie Blue staining protocol.

Shotgun Proteomic Analysis by Mass Spectrometry

A label-free approach was used to quantify the proteins in
each sample [33]. The samples were first trypsin-digested,
reduced-alkylated and finally desalted with ZipTip-pC18
(Merck, Germany). The peptide samples thus obtained
were analysed by in-solution shotgun proteomics [33]. Pep-
tide samples (0.3 pg of protein) were injected in a timsTOF
Pro mass spectrometer (Bruker, Germany) equipped with a
nanoelectrospray source (CaptiveSpray) and a tims-QTOF
analyser. The chromatographic analysis was performed using
a nanoELUTE chromatograph (Bruker, Germany) with an
Aurora analytical column (C18, 250%0.075 mm, 1.6 um,
120 A, IonOpticks). The nHPLC was configured with binary
mobile phases that included solvent A (0.1% formic acid
in miliQ H,O) and solvent B (0.1% formic acid in acetoni-
trile). The analysis time was 105 min, during which the B/A
solvent ratio was gradually increased. Blanks were injected
between samples, to check for carry-over, and the analysis
time was 60 min. For mass spectrometry (MS) acquisition,
a collision-induced dissociation (CID) fragmentation and a
nanoESI positive ionization mode were used. PASEF-MS/
MS scan mode was established for an acquisition range of
100-1700 m/z [34]. Matches were filtered for 1% false dis-
covery rate (FDR) at the peptide level. MS analyses were
performed at the Mass Spectrometry and Proteomics Unit
(Area of Infrastructures) of the University of Santiago de
Compostela.

MS/MS spectra were processed with PEAKS Studio soft-
ware (Bioinformatics Solutions, Canada) for protein iden-
tification and quantification based on the spectral counting

method and the Spec value. The data were compared with
a database containing all amino acid sequences available in
the NCBI protein database for the phyla Streptophyta (pre-
viously Charophyta), Chlorophyta and Cyanobacteriota,
in September 2023, selected according to prior taxonomic
identification by morphology (see the “SAB formation and
lighting set-up” section). The Label-Free module from
PEAKS was used for protein quantification in Group Mode.

Proteomic Data Analyses

Proteomic taxonomic results were restricted to the genus
level, and proteins identified with <2 unique peptides were
excluded from the study. Only the first identification from
each protein group was considered. After applying these
quality criteria, the relative contribution of peptides from
each genus to the total in each sample was calculated. Those
genera contributing < 1% to the total in the samples from all
ornamental light tested were eliminated from the study. The
relative contribution of each genus in each ornamental light
condition tested against their contribution when no light
was applied was calculated to evaluate the impact of each
ornamental light. A genus was considered to have decreased
or increased in abundance when the change in its relative
contribution was > 1%. For functional analyses, Unipept 2.0
(https://unipept.ugent.be/) and DAVID (https://david.ncifcrf.
gov/) were used. Data were processed with Sigma Plot, and
all graphs were generated with GraphPad Prism 10. Data are
available via ProteomeXchange with identifier PXD050424.

Results

Identification of SAB Species by Morphological
Characters

The taxonomic identification of the sample SABs by mor-
phological characters revealed the presence of 3 different
groups: two groups of eukaryotes (Chlorophyta and Strep-
tophyta) and one group of prokaryotes (Cyanobacteriota).
The most diverse and abundant group was Chlorophyta with
the following composition: Chlamydomonas sp., Chlorella
vulgaris Beijerinck, Coelastrella terrestris (Reisigl) Hege-
wald & N. Hanagata, Ettlia sp., Monoraphidium obtusum
(Korshikov) Komarkova-Legnerova, Scenedesmus sp.,
and Tetradesmus obliquus (Turpin) M.J. Wynne. The fol-
lowing species of Chlorophyta were also present, although
less common: Raphidocelis sp., Asterarcys sp., Polytomella
sp., Tetraselmis sp., Astrephomene sp., Pleodorina sp. and
Tetrabaena sp. Only one species of the Streptophyta group
was detected: Klebsormidium flaccidum (Kiitzing) P.C.
Silva, Mattox & W.H. Blackwell. Finally, two genera of
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Cyanobacteriota were detected: Pseudoanabaena sp. and
Synechocystis sp.

Effect of Different Types of Ornamental Lighting
on the Taxonomic Composition of the SABs

Proteomics analysis of SABs under the four different orna-
mental lighting conditions yielded lists of the proteins
expressed by the different coexisting genera (Tables S1-S4
of Supplementary Material). The numbers of identifications
obtained for each sample are summarized in Fig. 3a. Relative
to the control SABs (not exposed to light), the most signifi-
cant decrease in the total number of peptides/identifications
corresponded to the cool white light followed by the warm
white light, while the amber + green light did not decrease
the number.

The proteome of all SABs was strongly dominated
by green algae (phylum Chlorophyta) (87.2-96.17%)
(Fig. 3b). Cyanobacteria (phylum Cyanobacteriota)
were detected in very low abundance and represented
by two genera. Specifically, Synechocystis was present
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2 1000 .
S Warm white
®
% 300 | Amber-+tgreen
5
=]
5 600 -
o}
)
E 400 -
=
E
£ 200 +
0 T T T 1
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® Chlorophyta ® Cyanobacteria Streptophyta
100 -
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Q
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&
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No light Cool white ~ Warm white =~ Amber+green

Fig.3 a Total number of identified peptides and proteins under the
different light conditions studied. b Relative peptide abundances of
the 3 phyla under the different ornamental lights
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in 1.57-2.67% of all samples, while Leptolyngbya was
detected in 0.46-1.53% of the samples. Finally, only one
genus (Klebsormidium) in the phylum Streptophyta (pre-
viously Charophyta) was detected and was found to be
present in all samples. The relative abundance of the genus
was < 2% in the control (no light) and cool white treat-
ments, but it increased to 8.4% in the warm white and
8.8% in amber + green light treatments. The total number
of genera was 53 in the control (no light), 36 in the cool
white, 42 in the warm white, and 68 in the amber + green
light treatments (Table S1).

The relative peptide contributions of each genus to the
total in each sample are shown in Fig. 4, with the complete
data available in Tables S1 to S5 of Supplementary Material.
The most abundant genera in the control (no light) treatment
were three Chlorophyta genera (Scenedesmus, Tetradesmus
and Chlorella) and the sum of these three constitutes 51.1%
of the total peptides detected. Nevertheless, the impact of the
lights on peptide abundance varies over the different gen-
era detected (Fig. 4). Most of the genera were negatively
affected (decreased > 1%) by the cool white light, except
Scenedesmus, in which there was no significant difference,
and in Chlamydomonas, Monoraphidium, Raphidocelis and
Auxenochlorella, which increased in abundance.

All genera were negatively affected by the warm white
light, except Chlamydomonas, Monoraphidium, Klebso-
midium, Synechosysti and Tetraselmis, which increased in
abundance. Raphidocellis, Auxenochlorella, Astrephomene,
Pleodorina and Tetrabaena were not affected.

Regarding the amber + green light, Tetradesmus was not
affected, while Scenedesumus decreased slightly and Chlo-
rella and Ettlia decreased substantially in abundance. By
contrast, this type of light positively affected Monoraphi-
dum, Klebsomidium, Tetraselmis and Chlamydomonas
(increased in abundance by > 1%).

The ornamental lighting treatments had different impacts
on the relative contributions to the proteomes of the pre-
dominant genera: Scenedesmus, Tetradesmus and Chlorella
(Fig. 5). Scenedesmus was strongly affected (< 12.1%) by the
warm white light and slightly affected by the amber 4 green
(< 1.9%) and cool white lights (< 0.7%), while Tetradesmus
was strongly affected by the cool white light (< 16.4%),
slightly affected by the warm white light (<2.6%) and not
affected by the amber + green light. By contrast, Chlorella
was affected to a similar extent by all three types of light
(6.4-7.8%). All three of these genera belong to the same
phylum (Chlorophyta), and Tetradesmus and Scenedesmus
both belong to the family Scenedesmaceae, while Chlorella
belongs to the family Chlorellaceae. Although Klebsor-
midium (Streptophyta) had a relatively low abundance of
peptides, it was strongly and negatively affected by the cool
white light, whereas the warm white and the amber 4 green
lights increased the number of peptides.
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Effect of Different Types of lllumination on the SAB
Protein Expression

We categorized the proteins identified from the photo-
synthesis on each SAB by the Gene Ontology classifica-
tion of cellular compartments (https://www.informatics.
jax.org/vocab/gene_ontology/) focusing on the photosys-
tems I and II in an initial attempt to understand the protein
expression regarding the effect of the different ornamental
lightings on the light-dependant reactions (Fig. 6). In all
categories, no light yielded the highest peptides, followed
by amber + green, warm white and cool white in the Photo-
system I (GO:0009522) and Photosystem II (GO:0009523)
categories. However, this pattern is broken in the subcatego-
ries of peptides found in the SAB. First, in the Photosystem
I Reaction centre (GO:0009538), containing the primary
electron donor of the PSI, the combination of amber+ green
light yielded 3 peptides in comparison with the 4, 5 and 7
of the warm white, cool white and no light, respectively.
Under amber 4 green also was detected the lowest number
of peptides for the Photosystem II Oxygen evolving com-
plex (GO:0009654), and a general reduction in peptides was
found under all three ornamental lightings for the Photosys-
tem II Reaction centre (GO:0009539), with only 1 peptide
under amber + green against the 4 of the no light condition.

Protein Expression that Decreased Due to the Ornamental
Lighting

The proteins detected were classified according to InterPro
active site classification to evaluate the impact of ornamen-
tal light on more specific SAB protein expression. The lack

50 7 3 :
®m No light = Cool white

45

Number of peptides

of a normal photoperiod (i.e. subjected to nocturnal illumi-
nation) generally reduced the number of peptides detected
in most categories, relative to the no light treatment, and
the effect was greater in the cool white light treatment
than in the warm white light treatment (Table S6). The
effect of amber + green light depended on the category,
although the total number of peptides detected in this case
was equal to the no light scenario.

The results showed a reduction in the expression of spe-
cific proteins involved in the energy metabolism attrib-
uted to the disruption of a normal photoperiod. Among
the proteins most affected by the nocturnal illumination,
some of those involved in carbon metabolism (including
the Calvin cycle) are noteworthy. Glyceraldehyde dehy-
drogenase (IPR020831) and fructose-bisphosphate aldo-
lase (IPR0O00741) protein families were only absent in
the amber + green light treatment. Enolase (IPR000941)
and glycosyl transferase (IPR001296), which are involved
in the glycolytic and gluconeogenesis pathways, respec-
tively, were only expressed in the SABs in the control (no
light) treatment. The same applies to P-Type ATPases
(IPR008250) and FAD/NAD(P)-binding domain super-
families (IPR036188), indicating a decrease in the trans-
portation flux of protons and other cations across the cel-
lular membrane mediated by ATP hydrolysis [35].

In some cases, the negative effect depended on the
light type. The NAD(P)-binding domain superfamily
(IPR036291) was most strongly impacted by the cool
white light, followed by the warm white light and the
amber + green light. Expression of the chlorophyll A-B
binding protein (IPR022796) was greatly reduced in the
cool white and the amber + green light treatments, while

Warm white Amber+green

5 — I
Q- T
Photosystem I Photosystem I Reaction

centre

Photosystem II

Photosystem II Oxygen
evolving complex

Photosystem II
Reaction centre

Cellular location category

Fig.6 Number of peptides detected in different cellular compartments found for the two photosystems (according to Gene Ontology categoriza-

tion) under the different ornamental lights
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the decrease in the warm white light treatment was not as
evident.

The nocturnal illumination caused impaired defence
against oxidative stress, as indicated by the significant
decrease in peptides associated with manganese/iron super-
oxide dismutase (IPR0O01189) across all three ornamental
lighting conditions, reflecting a profound impairment in the
capacity of the SABs to decompose superoxide radicals.

Protein Expression that Increased Due to the Ornamental
Lighting

Some protein increased their expression under ornamen-
tal lighting at night, except in the case of the cool white
light, which always yielded a lower abundance of peptides
as shown in Table S6 of Supplementary Material. This was
the case of the ATP formation through phosphoglycerate
kinase superfamily (IPR036043) and the oxygen trans-
port, indicated by the increase in globin-like superfamily
(IPR009050). The warm white light treatment increased the
abundance of phycocyanin beta subunit (IPR006247) and
phycobilisomes (IPR038719).

In particular, the amber + green light triggered the expres-
sion of specific proteins in the photosynthetic machinery.
This effect deserves some attention, as amber + green light
potentially has a biostatic effect on biological colonisa-
tion. For example, the photosystem antenna protein-like
(IPR036001) binds chlorophyll and B-carotene pigments
to the two photosystems, assisting in harnessing energy
from wavelengths that PSI and PSII are unable to capture
[36]. In addition, peptides related to both photosystems
(D1/D2 superfamily of the PSII (IPR036854) and the PsA/
PsB proteins of the PSI (IPR001280)) and the photosyn-
thetic reaction centre L/M (IPR000484) in photosynthetic
bacteria were found to increase under amber + green light.
Surprisingly, photosystem II extrinsic protein O (PsbO)
(IPR002628), which catalyses the splitting of water to O,
and 4H*, was not detected in the SABs in the amber + green
light treatment (Table S6).

Protein metabolism, including synthesis, assembly and
degradation, was also enhanced by the amber + green treat-
ment. Thus, expression of the translation elongation factor
EFTu-like, domain 2 (IPR004161) and translation elonga-
tion factor EFTu/EF1A, C-terminal (IPR004160), which
are involved in protein synthesis, was increased. This was
also true for the chaperonin Cpn60/GroEL/TCP-1 family
(IPR002423), required for the correct folding of many pro-
teins and for the ClpA/B family (IPR001270), involved in
proteolysis. Additionally, Clp ATPase, ClpA/B and ClpB
were absent in the SABs in the control (no light) treat-
ment, but 12 peptides were detected in the SABs in the
amber + green light treatment for all aforementioned Clp
proteins (Table S6).

Histones H2A/H2B/H3 (IPR0O07125), which provide
structural support for chromosomes and are involved in
regulating gene expression, were also more abundant in
the amber + green light treatment than in the other treat-
ments. The same was observed for the helicase superfamily
1/2 (IPRO14001), which catalyses the separation of double-
stranded nucleic acids, and nucleotide excision repair and
DNA damage recognition occurred during protein synthesis
induced by the action of UVR domain proteins (IPR001943).

The P-loop NTPase (IPR027417) catalyses the hydrolysis
of bound nucleoside triphosphate (NTP). Adenosine triphos-
phate AAA-Type ATPases (IPR003593), which catalyses the
degradation of ATP in a variety of cellular processes, was
the most abundant of that family. The F1/V1/A1 complex
of the ATPase (IPR036121), which includes the catalytic
core that synthesizes and hydrolyses ATP [37], was over
expressed under the amber + green light.

Finally, tubulin, tryptophan synthase and the heat shock
proteins Hsp70 (IPR013126) and Hsp90 (IPR001404) fami-
lies also increased after exposure to nocturnal amber + green
light (Table S6). These families are fundamental to proper
protein folding and also play an important role in the man-
agement of thermal and oxidative stress.

Effect of Different Types of lllumination
on the Protein Expression of Different Genera
of Algae

As shown in Fig. 5 and discussed in the “Identification of
SAB Species by Morphological Characters” section, each
lighting condition altered the taxonomic composition of the
biofilm. The use of gene ontology (GO) categories, included
in Table S8 of Supplementary Material, enabled observation
of the different metabolic responses of the most abundant
and relevant genera.

The main proteins expressed in Scenedesmus under the
control (no light) treatment are related to glycolytic pro-
cesses and other carbohydrate metabolisms, proton export
across the plasma membrane and PSII assembly (all with 2
peptides). Some of these proteins were promoted by warm
white light (1 peptide detected for glycolytic process and
1 for PSII assembly) and cool white light (only 1 peptide
for glycolytic process). However, the amber + green light
treatment did not promote these protein expressions, which
stimulated protein metabolism expression (biosynthesis of
amino acids, translation, and protein refolding, all with 1
peptide).

For Tetradesmus, translation was the process for which
more peptides were detected under no light (5 peptides),
followed by glutamine biosynthesis and photosynthesis (2
peptides each). A similar response was yielded by the cool
white treatment, with the only 1 peptide detected falling in
the same categories. Warm white stimulated glycolysis and
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PSII (1 peptide each), while amber + green light enhanced
protein metabolism (as in Scenedesmus) and glutamine bio-
synthesis (2 peptides). The last of the three main Chloro-
phyta species, Chlorella, was most negatively affected by
warm white light, as no peptides were detected for any major
category. No light and cool white light promoted the produc-
tion of peptides related to photosynthesis (5 and 1 peptides,
respectively), whereas amber + green light promoted carbo-
hydrate metabolism (2 peptides).

The increase in peptide detection under warm white light
and amber + green light that Klebsormidium suffered relative
to the no light treatment is worth noting. Warm white light
promoted the production pf peptides related to photosynthe-
sis, photosynthetic electron transport and response to light
stimulus (all with 2 peptides each) and amber + green trig-
gered ATP synthesis (3 peptides), photosynthetic electron
transport (1 peptide), photorespiration (1 peptide) and the
Calvin cycle (1 peptide).

Discussion

In the SAB samples, the predominant taxa identified by
morphological taxonomy were Chlorophyta (green algae),
accounting for 81% of all taxa, and Cyanobacteriota and
Streptophyta, accounting for about 12% and 6%, respec-
tively, of the total. Although the SABs were grown in the
laboratory, the planktonic stock culture of the inoculum was
generated from phototrophic biofilms growing naturally on
granitic facades of historic buildings in Santiago de Com-
postela (NW Spain), where algae were already relatively
much more abundant than cyanobacteria. The predominance
of algal biofilms is typical of Atlantic European regions with
high rainfall and mild temperatures [38], while occasional
rainfall and high temperatures, typical of e.g. Latin America,
favour the dominance of cyanobacteria [39].

The most common algal genera identified by proteom-
ics analysis were Scenedesmus, Tetradesmus and to a lesser
extent Chlorella, which is consistent with the initial morpho-
logical identification. Scenedesmus is one of the most com-
mon freshwater algae genera but also commonly occurs as an
epilithic alga on rocky substrates and building facades and
monuments [40, 41]. According to the review by Macedo
et al. [41], species of Scenedesmus have been found colonis-
ing stone monuments, like Scenedesmus ecornis on marble
and limestone substratum. In addition, Ortega-Calvo et al.
[42] isolated Scenedesmus quadricauda from the walls made
from calcarenite (from the Puerto de Santa Maria quarry,
Spain) in the Cathedral of Seville (SW Spain). Tetrades-
mus was previously considered a subgenus of Scenedesmus
[43], and several species of Tetradesmus were previously
classified as Scenedesmus species [44], which may explain
the lack of specific scientific literature on the presence of
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Tetradesmus as a colonising taxa of cultural heritage struc-
tures and the complexity of the discussion regarding the
presence of those genera. For example, Rifén-Lastra and
Noguerol-Seoane [45] found Scenedesmus acutus, which is
now regarded as a synonym of Tetradesmus obliquus [46],
on the granite walls of two monuments in Lugo (Galicia,
NW Spain): the Torre del Homenaje in Monforte de Lemos
and the Church of Santa Maria in Meira. The genus Chlo-
rella is, along with Apatococcus, Klebsormidium and Trente-
pohlia, the most frequent algal coloniser in the terrestrial
environment [47] and is commonly found on monuments
located in Europe, America, and Asia [41, 48]. However, no
correlation has been established between these three algal
genera and any particular substratum or climate.

When assessing the effects of the lights on the popula-
tions of the different phyla, the greatest changes in terms of
relative contributions were detected after the warm white
and amber + green light treatments. The spectra and colour
temperatures of these types of light are furthest from the
spectrum of normal sunlight, while cool white light is the
most similar. The SAB communities analysed in the pre-
sent study underwent an increase in cyanobacterial pres-
ence under the warm white light treatment (which has a
higher proportion of red long wavelengths relative to blue
short wavelengths). These findings are consistent with those
obtained in benthic mesocosm experiments, in which algal
communities shifted to dominance of cyanobacteria with
an extended light period including long (red) wavelengths
[49]. In addition, in a study of cave lampenflora, cyanobac-
teria were found to be more abundant in areas illuminated
by warm light than by cold light, in contrast to chlorophytes,
which were more abundant in areas lit by cool white light
[50]. In fact, cyanobacterium absorbs blue light much less
efficiently than green algae [51], thus increasing its pres-
ence with the reduction of the blue part of the spectrum of
the warm white light. A relative increase in Klebsormidium
occurred in response to illumination by warm white and
amber + green lights, but to the best of our knowledge, the
relative increase in the Klebsormidium genus under warm
white and amber 4 green light has not been explained. The
only reference found in relation to this genus and sensitivity
to light spectra is the detection of a specific channel-rhodop-
sine photoreceptor in Klebsormidium nitens, which displays
a maximum spectrum of action at 450 nm [52]; however, the
relationship between this photoreceptor and its impact in
photo-stress to changes in abundance due to nocturnal light
remains unknown.

The absence of a normal photoperiod due to ornamental
illumination produced substantial changes in the biofilm pro-
teome composition depending on the light quality received.
The number of peptides and proteins detected in both white
light treatments was significantly lower than in the no light
and the amber + green light treatments, limiting comparisons
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with other treatments. The wet weight of SABs used in the
study (53.42+10.77 to 65.90 + 10.46 mg) and the protein
concentration determined in the samples after the extrac-
tion (1.78-2.07 ug protein. uL~") were similar and thus, the
low count can possibly be attributed to protein degradation
due to the damaging effects of the blue wavelengths of the
white lights over the proteins. We tentatively attribute this
decrease to a damaging effect of specific wavelengths (blue)
on the protein structures. In a similar manner as UV light
deteriorates protein structures [53], this may have been the
case with the lights being tested. This damaging effect is
mainly expected to occur in cells located on the surface of
the SABs, with those in underlying layers being protected
by the EPS and therefore being less damaged. The predicted
alteration of protein structures may have prevented tryptic
digestion or correct ionization of the peptides in the MS
device. Such changes could explain the overall growth of
the biofilms even when exposed to the lights and, at the
same time, the lower number of peptides detected in the
cool white total proteome sample and, to a lesser extent, in
the warm white sample. Blue light exposure has been shown
to increase target protein degradation due to activation of
a photosensitive degradation-inducing sequence (degron)
[54], which undergoes conformational changes making the
degron moiety accessible for proteasomal recognition fol-
lowed by degradation [55], and which is found in algae [56].
More blue light is emitted by the cool white light than by the
warm white light and is absent from amber + green light, and
this distribution is inversely proportional to the number of
peptides detected in the algal species conforming the SABs,
which could be part of the reason of the differences between
the tested lights.

Nevertheless, both types of white light were compared
with the amber + green light to assess the underlying mech-
anisms that could explain its biostatic effect. The results
indicate that night-time lighting affects the proteome of
organisms by altering the structure of the proteins; how-
ever, no specific signal was detected that might indicate that
organisms were undergoing a stress process (considering the
possible masking due to detection of small numbers of pep-
tides). By contrast, although amber + green light produced
a similar number of proteins to the control (no light) treat-
ment, the data reflect a greater change in the distribution
of proteins, with overexpression of proteins related to the
photosynthetic machinery and stress management, as well
as a reduction of certain proteins also found under the other
lights studied.

InterPRO uses predictive models based on different data-
bases of protein signatures to provide functional analysis of
proteins by categorising them into families. This approach
enables examination of proteins that are over- or under-
expressed due to nocturnal illumination, starting with the
identification of light stress indicators/signs. Superoxide

dismutase (SOD), which catalyses the disproportionation
of O,e- to O, and H,0, under ROS stress, is known to vary
significantly under different light regimes, exhibiting circa-
dian oscillations with wavelength, intensity and photoper-
iod [57]. Asano [58] showed that manganese-SOD isolated
from the microalga Gonyaulax polyedra (currently known
as Lingulaulax polyedra [59]) follows a circadian rhythm,
being more active during the day. However, the results of the
present study are not consistent with this statement or with
those of the studies carried out by Chen et al. [60] with four
Chlorella species, in which SOD activity was higher in the
longer light period. Here, we observed a reduction in Mn/Fe-
SOD in response to all three illumination treatments, relative
to the control (no light). From the data obtained, it is not
possible to distinguish whether the reduction was due to a
fluctuation in SOD during different photoperiods or whether
light stress due to night illumination affected the capacity of
the organisms to overcome oxidative stress.

A stress response, however, was detected via overexpres-
sion of Clp and UV responsive (UVR) proteins, particularly
under amber + green light, with the CIpA/B family and UVR
being significantly overexpressed relative to the levels in
the other treatments. On the one hand, UVR proteins are
involved in excision repair and DNA damage recognition
[61]. On the other hand, CIpA (among other types of Clps)
forms associations with ClpP, resulting in a Clp proteolytic
complex that specifically targets damaged or misfolded pro-
teins for translocation and degradation [62]. Nevertheless,
ClIpP was not overexpressed under any nocturnal light condi-
tions tested, which was essential for chloroplast function, as
its deletion prevents phototrophic growth [63]. Regardless of
whether their expression is stress response-dependent or not,
ATPases associated with diverse cell activities (AAA +), of
which Clp A/B form a part, are related to the maintenance
of proteostasis in algae and cyanobacteria, playing a role in
cellular proteolytic systems [64]. To manage the oxidative
stress, organisms also produce heat shock proteins (HSPs),
which play important roles in cell repair and exert protective
mechanisms. The results of this study indicate that the suble-
thal oxidative stress produced by amber + green light is suf-
ficient to induce expression of Hsps. Moreover, the greater
increase in globin-like proteins in the three ornamental light-
ing treatments (especially warm white and amber + green
light) may also indicate some degree of oxidative stress, as
globins in green algae (and a cyanoglobin in cyanobacteria)
have been linked to regulation of photosynthesis and/or miti-
gation of oxidative damage [65].

In organisms subjected to nocturnal illumination, stress
emerges in the form of photo-oxidative damage due to
an imbalance between the light energy received and that
which can be utilized in photosynthesis at a time when
darkness is needed. The presence of antenna pigments in
light-harvesting complexes (LHCs) superfamily generally
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has the dual function of capturing and transferring energy
for photosynthesis and dissipating the excess light that can-
not be used [66] via non-photochemical quenching (NPQ).
This process prevents oxidative stress, which in the case of
amber + green light is due to low absorption by algal pig-
ments (chlorophylls and carotenoids). Expression of LHC
superfamily proteins and photosystem antenna protein-like
is altered by ornamental illumination, indicating regula-
tion of the night-time light to which the organisms are sub-
jected. Chlorophyll a-b binding protein was downregulated
and its abundance decreased under all of the ornamental
lights tested, which could signal stress in the SABs due to
the interruption of the normal photoperiod. Under changing
light conditions, this protein balances the excitation energy
between the two photosystems [67], which regulates light
harvesting and is also involved in various types of abiotic
stress. This has been demonstrated in studies of Triticum
aestivum, in which expression of the gene coding for the
light-harvesting chlorophyll a/b binding protein (TaLhc2)
is downregulated by multiple types of stress [68], and of the
microalgae Tisochrysis lutea, in which the gene lhcx2 that
encodes for a protein that binds chlorophyll a and ¢ was only
expressed at night [69].

Cellular component analysis suggested changes in the
PSII and PSI dependent on the type of nocturnal light that
SAB organisms are exposed to. The decrease in the peptides
of the PSII protein complex under amber + green light, and
specifically the absence of the PsbO subunit, are particu-
larly noteworthy. Ohnishi et al. [70] suggested that blue and
green light can inactivate the water-oxidizing complex to
a lesser extent than UV light, followed by red light-driven
inactivation of the PSII reaction centre. The combination
of amber + green LED light decreased the water-evolving
complex by under-expressing proteins of the PsbO and PsbQ
subunits of the PSII, but the data do not show any signs
of inactivation of the PSII reaction centre, as the analyses
performed only determine the number of peptides detected.

The D1 protein of the PSII is generally the primary tar-
get of photodamaging stress [71], in the form of ROS that
the NPQ alternative electron pathways must manage to
prevent excess damage [72, 73] and a consequent reduc-
tion in photosynthetic efficiency. The findings reported by
Yokthongwattana et al. [74] strongly correlate the amount
of photodamaged D1 and the HSP70B protein pool size in
the alga Dunaliella salina, confirming the involvement of
HSP70B in the PSII repair process. In the present study, the
biofilm response to amber + green illumination is consistent
with the response of D. salina, indicating the potential of the
amber + green light to cause damage in phototrophic coloni-
sation of monuments due to the increment in Hsp70 protein
family. The increment in peptides D1/D2 proteins found
under the exposure to warm white light and amber + green
light could be attributed to the “D1 repair cycle”, as this
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subunit is constantly replaced when exposed to light stress.
This replacement requires the assistance of several auxiliary
proteins, e.g. translation factors, for accurate translation dur-
ing protein synthesis, or of chaperonins for correct folding
of the newly formed D1 protein. In the present study, those
two scenarios were clearly affected by amber + green light,
as this type of light promotes the synthesis of these proteins
as a repair response to the photodamage caused by the light.
Light-inducible expression of the translation factor EF-Tu is
a possible mechanism regulating the repair of PSII in plants
and other photosynthetic organisms [75]. In fact, overexpres-
sion of EF-Tu in the cyanobacteria Synechocystis sp. has
been shown to enhance protein synthesis and PSII repair
under strong light exposure [76].

Phycocyanin beta subunit and phycobilisomes increased
in abundance in the warm white light treatment, consistent
with the increase in the proportion of cyanobacteria. The
abundance of this photosystem antenna protein-like also
increased under amber + green light, although the proportion
of cyanobacterial species did not increase accordingly. This
could be attributed to a mechanism of photo-oxidative stress
avoidance similar to the increase in antenna pigments of
green algae, as bulk accumulation of secondary carotenoids
in microalgae are mostly induced by oxidative stress of cells
[77]. In fact, the cyanobacterium Spirulina was found to pro-
duce more phycocyanin when cultivated under yellow and
red light than under white, blue or green light [78].

The signs of photo-oxidative stress and the consequent
alteration in the photosynthetic proteome indicate the sur-
vival strategies of the organisms, and there are no clear signs
that the energy is used to obtain energy. The protein enolase
(2-phospho-D-glycerate dehydroxylase), which catalyses
the conversion of 2-phosphoglycerate (2-PG) to phospho-
enolpyruvate (PEP) in glycolysis, decreased under all light
conditions relative to the control (no light). Other stressors,
e.g. hyperosmotic salt stress, have been found to decrease
enolase production, while heat-shock treatment induces
the production of the enzyme in the green alga Dunaliella
salina [79]. In another study, the production of enzymes
related to glycolysis in Haematococcus pluvialis (currently
known as Haematococcus lacustris [80]) under oxidative
stress was either upregulated or downregulated depending on
the enzyme [81]. In the present study, the phosphoglycerate
kinase (PGK) superfamily, which catalyses the formation
of ATP to ADP and vice versa and is involved in glycolysis,
was particularly strongly induced under warm white and
amber + green light, unlike enolase. Liao et al. [82] showed
that exposing the red alga Pyropia haitanensis to high light
stress resulted in upregulation of one of the two isoforms
of the PGK gene, which further strengthens the hypothesis
that night-time illumination stresses the organisms that form
SABs. This different response seems to indicate that expres-
sion of glycolysis proteins is species- and stress-dependent
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and that nocturnal light stress seems to specifically down-
regulate enolase production in algal SABs.

Considering the GO categories by genus and the wider
biological processes involving these peptides, the ornamen-
tal lights affected each genus differently. Protein metabolism
was promoted under amber + green light in the case of the
two most abundant genera (Scenedesmus and Tetradesmus),
whereas under the other types of light, the most important
categories involved photosynthesis and the glycolytic pro-
cess. In an experiment with Scenedesmus obliquus (currently
known as Tetradesmus obliquus [83]), light stress due to
both high and low light intensities resulted in less protein
and carotenoid than optimal illumination [84]. Moreover,
other forms of stress are found to modify the proteome
profile of Tetradesmus. For example, thermal stress due to
growth at 34 °C caused downregulation of photosynthesis
light-harvesting and an increase in the biosynthesis of poly-
amine (derived from aminoacid metabolism), accompanied
by HSP production [85], or stress due to lack of nitrogen
in media that caused downregulation of proteins related to
photosynthesis and the photosynthetic machinery in Scened-
esmus acuminatus [86] (currently known as Tetradesmus
lagerheimii [87]).

The findings for the GO categories and Chlorella pre-
sented here also support the reduction in the importance
of the photosynthetic protein category relative to no light
and cold white light, which are consistent with the findings
reported by Cecchin et al. [88]. Chlorella downregulated the
photosynthetic apparatus (both the PSI and PSII) after accli-
matation to high light stress, but no changes in carbon fixa-
tion were observed. Interestingly, the peptides for Chlorella
identified under amber + green light fall in the GO categories
for glucose and carbohydrate metabolic processes.

Conclusions

For the first time and to the best of our knowledge, prot-
eomic changes triggered on the SABs that colonize illumi-
nated monuments in urban areas have been reported. The
taxonomic composition of the SABs examined in this study
is representative of the biofilms that affect granitic monu-
ments in NW Spain, and the proteomics analysis clearly
showed that nocturnal illumination affected the proteomes
of those organisms.

Impairment of the response to oxidative stress, increased
production of photosystem antenna protein-like and
increased protein metabolism were generally detected
and indicative of an overall stress on the cells transferring
their energies to different metabolic processes required to
survive luminic stress. These responses were much more
pronounced for amber 4 green light than for the other two
types of ornamental lighting (cool white and warm white).

Despite the lower number of protein identifications in these
two treatments, we could identify a stress response derived
from deregulation of the energy metabolism, PGK and
Glbs. In addition, warm white light promoted the growth
of cyanobacteria.

Exposure of SABs to amber + green lighting at night
induces oxidative stress due to the low energy use efficiency,
leading to a stress response (via HSPs and Clps, among oth-
ers) and an increase in LHC superfamily to dissipate excess
energy via NPQ. In turn, overexpression of LHC super-
family proteins forces organisms to maintain proteostasis
through constant protein synthesis, repair and degradation,
in a classic response to photooxidative stress. Energy was
not effectively used for photosynthesis due to the lack of
stimulation of the Calvin cycle (despite the clear stimulation
of the LHCs superfamily), the lack of detection of the PsbO
subunit (oxygen-evolving complex) of the PSII and the lack
of overexpression of ClpP.

The study findings are of interest for designing ornamen-
tal lighting in stone heritage affected by biological colonisa-
tion and further reinforce the biostatic effect of the combi-
natory use of amber and green monochromatic light within
preventative conservation strategies, thus reducing cleaning
operations, while providing an in-depth explanation of the
underlying biochemical mechanisms. Further studies with
pure cultures (of Scenedesmus, Tetradesmus and Klebsor-
midium, most affected in the present study, and cyanobacte-
ria) and mutant strains would be interesting because evalu-
ation of strains and communities with different taxonomic
compositions is necessary in order to establish patterns, as
the response to the different types of lights differed among
the taxa comprising the SABs. It should also be noted that
this was a laboratory approach, so the conclusions drawn
should be correlated with future experiments on architec-
tural heritage illuminated with amber + green light.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00248-024-02465-1.
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