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Abstract: This study investigated the accumulation and phytotoxicity of two commercial biocides
widely used for the removal of biological colonization from monuments, namely Biotin T® (3%)
and Preventol RI80® (2%), on lichen and moss model species, specifically, Evernia prunastri and
Brachythecium sp. The active compounds, benzalkonium chloride (BAC) for Preventol RI80 and isoth-
iazolinone (OIT) for Biotin T, were accumulated in similar amounts in both species without significant
changes for up to 21 days. Both compounds caused a severe impairment of the photosynthetic appa-
ratus of these species, without any recovery over time, although Biotin T showed a faster and stronger
action, and the moss was more sensitive than the lichen. By shedding light on the accumulation
of BAC and OIT in lichens and mosses and quantifying their effectiveness to photosynthetically
devitalize these organisms, the obtained results are a useful comparison for the implementation of
green alternative products for the control of biodeteriogens.
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1. Introduction

Biodeterioration of monumental surfaces is one of the most critical issues for the con-
servation of cultural heritage [1]. Among organisms involved in this process, lichens and
mosses are macroscopically evident [2]. Lichens cause physical and chemical deterioration
by means of hyphal penetration and the release of several acidic compounds (carbonic
acid, acid polysaccharides, oxalic acids, and other acids) at the rock–lichen interface [3,4].
Mosses also penetrate with their rhizoids and can leach and detach minerals from stony
surfaces [5,6], thus causing structural weakening, especially on porous stones [7]. Although
mosses are less common than lichens on sunny and dry surfaces, and for this reason only
the removal of lichens has attracted diffuse experimental interest of restorers, they can be
also effective in damaging monumental surfaces [8].

Currently, although the research on the removal of biological colonization on mon-
uments with non-chemical or chemically green alternatives is well active and promis-
ing [9,10], biocidal products still occupy a prominent position for this purpose in practical
use by restorers [11]. Specifically for lichens, their effectiveness is well proven [12–14],
and a comprehensive overview of their efficiency and limits was recently proposed by
Favero-Longo et al. [15], following the treatment of common saxicolous crustose lichens
(Protoparmeliopsis muralis and Verrucaria nigrescens) during field experiments. Additionally,
their effectiveness was later confirmed by the exposure of the lichen Xanthoria parietina
under controlled conditions [16], and more recently, following the treatment of the lichen
Xanthoparmelia tinctina to compare different application protocols [17]. In contrast, informa-
tion on the effectiveness of biocidal compounds on mosses is limited to a few studies [14,18],
even if specific commercial products for their removal are available [19].
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Although biocides are generally effective for the removal of lichens, their efficiency
should not be taken for granted, since nonfunctional applications were also observed [20].
Failure of full lichen devitalization is probably related to a different translocation of the
biocide inside the thallus, suggesting that different lichens may need different doses of the
active principle to become efficiently devitalized. However, information about the toxic
threshold of biocides to lichens is almost missing, and the only available data are related
to the accumulation of benzalkonium chloride [17], suggesting an opportunity for further
studies in this field to optimize the effectiveness of their practiced—although increasingly
discouraged—application, and as a model for the ongoing set-up of alternative strategies
with green products. Currently, among biocides, quaternary ammonium compounds
and isothiazolinone compounds are two of the most commonly used active ingredients of
biocidal products, thanks to their high effective biocidal action on microorganisms [7,21–23],
and are therefore excellent candidates for a first exploration on this topic.

The aim of this study was to investigate the accumulation and the damage to the
photosynthetic apparatus driven by two commercial biocides widely used for the re-
moval of biological colonization from monuments, namely Biotin T® and Preventol RI80®,
on lichen and moss model species, specifically, Evernia prunastri and Brachythecium sp.,
after 1, 3, and 21 days from their exposure.

2. Results

The lichen Evernia and the moss Brachythecium accumulated similar amounts of benza-
lkonium chloride (BAC) and n-octyl-isothiazolinone (OIT), and without significant changes
over time (Figure 1).
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Figure 1. Concentration (mean ± standard error) of benzalkonium chloride (a) and n-octyl-
isothiazolinone (b) in samples of Evernia and Brachythecium after 1, 3, and 21 days from exposure 
with Biotin T and Preventol RI80. Statistically significant differences (p < 0.05) did not emerge 
either over time or between species. 

Compared with control samples, Biotin R and Preventol RI80 caused a strong 
impairment of the photosynthetic apparatus in both the lichen and the moss (Table 1). 
After 1 day, Evernia showed a mean decline in chlorophyll content and normalized 
difference vegetation index (NDVI) of 43% and 28%, respectively, while Brachythecium 
showed 74% and 41%, respectively. In both species, chlorophyll a fluorescence 
parameters were already almost zeroed after 1 day, as clearly shown by the analysis of 
the OJIP transient profiles (Figure 2), which showed that very strong damage occurred 
at the photosynthetic apparatus of both organisms, with treated samples showing the 
complete loss of their OJIP step profile, irrespective of treatment. As a matter of fact, 

Figure 1. Concentration (mean ± standard error) of benzalkonium chloride (a) and n-octyl-isothiazolinone (b) in samples
of Evernia and Brachythecium after 1, 3, and 21 days from exposure with Biotin T and Preventol RI80. Statistically significant
differences (p < 0.05) did not emerge either over time or between species.

Compared with control samples, Biotin R and Preventol RI80 caused a strong impair-
ment of the photosynthetic apparatus in both the lichen and the moss (Table 1). After
1 day, Evernia showed a mean decline in chlorophyll content and normalized difference
vegetation index (NDVI) of 43% and 28%, respectively, while Brachythecium showed 74%
and 41%, respectively. In both species, chlorophyll a fluorescence parameters were already
almost zeroed after 1 day, as clearly shown by the analysis of the OJIP transient profiles
(Figure 2), which showed that very strong damage occurred at the photosynthetic appa-
ratus of both organisms, with treated samples showing the complete loss of their OJIP
step profile, irrespective of treatment. As a matter of fact, here we present only the data of
one parameter, the common indicator of photosynthetic efficiency FV/FM, which is widely
used to obtain functional information of the photosynthetic apparatus following biocidal
treatments [13,15–17,24]. After 3 days, both Evernia and Brachythecium showed further
reductions in the content of chlorophyll, except for the Brachythecium treated with Preventol
RI80. NDVI was unchanged, with only the exception of Brachythecium treated with Biotin
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T. After 21 days, both biocides caused a zeroing of the chlorophyll content and a further
reduction of NDVI compared with control samples of ca. 52.5% for Evernia and 75% for
Brachythecium.

Table 1. Expression of the physiological parameters (mean ratio between treated and control samples ± standard error)
in samples of E. prunastri and Brachythecium sp. after 1, 3, and 21 days from exposure with Biotin T and Preventol RI80.
* statistically significant (p < 0.05) differences between exposed and control samples; different letters indicate statistically
significant (p < 0.05) differences over time; bold indicates differences between biocidal treatments for the same exposure of
time; underlined indicates differences between Evernia and Brachythecium for the specific biocide at the same time of exposure.

Evernia Brachythecium
Days Biotin T Preventol Biotin T Preventol

Chlorophyll
content

1 0.56 ± 0.01 * a 0.59 ± 0.01 * a 0.18 ± 0.00 * a 0.34 ± 0.01 * a
3 0.05 ± 0.00 * b 0.29 ± 0.01 * b 0.10 ± 0.01 * b 0.35 ± 0.01 * a
21 0.00 ± 0.00 * c 0.00 ± 0.00 * c 0.00 ± 0.00 * c 0.00 ± 0.00 * b

Evernia Brachythecium
days Biotin T Preventol RI80 Biotin T Preventol RI80

NDVI
1 0.70 ± 0.02 * a 0.73 ± 0.02 * a 0.55 ± 0.01 * a 0.63 ± 0.01 * a
3 0.76 ± 0.02 * a 0.69 ± 0.01 * a 0.46 ± 0.01 * b 0.63 ± 0.01 * a
21 0.49 ± 0.01 * b 0.46 ± 0.01 * b 0.22 ± 0.00 * c 0.28 ± 0.00 * b

Evernia Brachythecium
days Biotin T Preventol RI80 Biotin T Preventol RI80

FV/FM

1 0.05 ± 0.00 * 0.04 ± 0.00 * 0.07 ± 0.00 * 0.05 ± 0.00 *
3 0.07 ± 0.00 * 0.05 ± 0.00 * 0.05 ± 0.00 * 0.05 ± 0.00 *
21 0.05 ± 0.00 * 0.10 ± 0.00 * 0.06 ± 0.00 * 0.06 ± 0.00 *
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The analysis of the OJIP transient profiles (Figure 2) confirmed the strong damage
occurred at the photosynthetic apparatus of both investigated organisms, with treated
samples showing the complete loss of their OJIP step profile, irrespective of treatment.

3. Discussion

BAC and OIT were clearly and irreversibly (at least for 21 days) accumulated inside
the selected model species, likely owing to the ability of these compounds to interact
with and diffuse through cell membranes [25,26]. Considering the concentration of these
active compounds in the exposure solution (16 g/L of BAC in the Preventol RI80 solution
and 3 g/L of OIT in the Biotin T solution), Evernia and Brachythecium showed an overall
uptake of BAC of 0.26% and of OIT of 1.38%. A five-fold higher OIT uptake suggests
a remarkably higher interaction of this compound with cell membranes of our model
organisms, which is consistent with the quick intracellular accumulation of this compound
(2–10 min) previously observed in the bacterium Escherichia coli and the yeasts Saccharomyces
cerevisiae and Schizosaccharomyces pombe [22,27,28], which may reach peaks of 97% [27].
Efficient accumulations were also observed for BAC in E. coli, and the higher plants
Lepidium sativum and Lactuca sativa [25,29], proportional to its availability in the exposure
medium.

The lack of reduction in BAC and OIT during the experiment highlights their great
stability, at least during the 21 days of the experiment and in the absence of environmental
factors (e.g., rainfall) that could cause their release. BAC is a very stable family of xenobiotic
compounds [30], which are mainly degraded as a consequence of the action of microor-
ganisms, which can use it as substrate [31], but only when the concentration is below the
threshold of 120 mg/L [32] (i.e., >100 times lower than the selected exposure concentration
of 16 g/L). Similarly, OIT is degraded by chemical, biochemical, and photochemical fac-
tors [26]. A lack of BAC and OIT reductions during the experiment may be linked to the
suppression of growth on the tested organisms due to the high microbiological toxicity of
these two compounds [33], even if OIT compounds are commonly reported to have a very
short environmental persistence (t1/2 = 9 days) [34].

BAC concentrations detected in both Evernia and Brachythecium are ca. 10 times higher
than those measured in the lichen X. tinctina following treatment with Preventol-enriched
cellulose poultice, the most effective infield method in generating BAC accumulation and
photosynthetic damage in lichens [17]. Despite this, both the exposure methodologies
generated a very similar alteration on the photosynthetic efficiency of the investigated
organisms, already after one day from the exposure, since their values fell below the
viability threshold (FV/FM = 0.15) proposed by Favero-Longo et al. [15]. It is likely that
the maintenance of thalli in wet conditions, ensured by both the batch incubation and
the application with cellulose poultice, supported their physiological activity and sensi-
tivity to the biocidal action [17], favoring the treatment effectiveness independently of
the quantity of provided and accumulated compounds. In support of this view, a similar
devitalization by the BAC-based biocide Preventol RI80 was also observed in two other
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studies conducted both in the field (using Preventol-enriched cellulose poultice) and under
controlled conditions (using the soaking procedure). The former showed an impairment on
the photosynthetic efficiency (FV/FM values < 0.15) of the crustose lichens P. muralis and
V. nigrescens after 21 days from their treatment [15], while the latter showed the complete
injury of the photosynthetic system (i.e., the chlorophyll a fluorescence and chlorophyll
content) of the foliose lichen Xanthoria paretina after 21 days from treatment, without a
substantial recovery after 90 days from the exposure [16]. Moreover, similar damage to the
photosystem II was observed by Tretiach et al. [13] for the lichen Acrocordia conoidea and
Bagliettoa marmoreal after exposure to a solution containing 15 g/L of BAC.

Biotin T revealed similar effectiveness to induce photosynthetic devitalization of
lichens [15–17], and also to generate an efficient early devitalization of the moss species
Ctenidium molluscum and Homalothecium sericeum [18], although a modest recovery was
observed after 16 days from exposure. Our moss samples did not show any sign of recovery
over time, but, specifically, they showed a lower tolerance than lichens to the biocides.

Our results indicated a similar effectiveness of Biotin T and Preventol RI80 against
both the lichen and the moss, even if Biotin T showed a stronger and earlier effect. The
effectiveness of these biocides in impairing the photosynthesis is determined by their
chemical composition, rich in quaternary ammonium compounds (i.e., didecyl-dimethyl
ammonium chloride, DDAC, and BAC, respectively) as active components [16]. They
are well-known xenobiotics with a notable algicidal action [35–38], produced by their
remarkable capacity to disrupt cell membranes [39], which causes the release of intracellular
metabolites and the degradation of proteins and nucleic acids, until cell lysis [40]. In
addition, OIT showed a marked efficacy against algae, as reported in toxicity tests using
the algae Scenedesmus vacuolatus and Selenastrum capricornutum [26,41], even if following a
different mechanism of action (i.e., the blocking of the enzymatic pathway of cysteines in
proteins active sites, respiration, ATP synthesis and metabolism) [22,26]. On these bases, we
speculate that the quick photosynthetic impairments caused by Biotin T on both E. prunastri
and Brachythecium is determined by the joint action of DDAC and OIT on chloroplasts.

The chlorophyll a fluorescence transients of both our model organisms clearly con-
firmed the dramatic disruption of the energy transmission system of photosystem II after
only 24 h from exposure, without any recovery over time, up to 21 days. This effect is par-
ticularly evident when observing the complete lack of the typical fluorescence steps (OJIP)
observed in healthy and performing photosynthetic systems (control samples), suggesting
a very strong impairment of plastoquinone A (QA), plastoquinone B (QB), and a great free
plastoquinone (PQ) reduction [42]. Similar results were previously observed for the lichens
X. parietina, in the lab; and P. muralis, V. nigrescens, and X. tinctina, in the field [15,16]. In
these latter cases, however, the choice of the application protocol was crucial to determine
a complete or incomplete effectiveness of the treatment, indicating some biocide-stress
resilience of the species adapted to the lithobiontic lifestyle.

4. Materials and Methods
4.1. Experimental

Healthy samples of the lichen Evernia prunastri (L.) Ach. and the moss Brachythecium sp.
were collected during September 2019 in a rural area of the province of Siena (43◦07′31.9′ ′ N
11◦21′38.7′ ′ E), far from any local source of pollution. In the laboratory, samples were ridded
of any extraneous material using plastic tweezers and then left overnight at environmental
conditions (temperature = 20 ± 2 ◦C, RH = 65 ± 5%). Although the lichen is an epiphytic
species and the moss, reported for heritage sites [43,44], has been not characterized in terms
of deteriogenic activity, they were chosen as model organisms considering their ease of
collection and handling, and their wide use as bioindicators. Each pool of lichen and moss
samples was divided into three batches, loosely wrapped in a plastic net (mesh = 1 cm2)
and closed at the extremities with a plastic wire (lichen and moss bags). Two out of the three
batches of lichen and moss samples were incubated for 1 h in 3% Biotin T or 2% Preventol
RI80, respectively, using tap water as solvent (concentrations were those suggested by the
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producer). The remaining batch of lichens and mosses was soaked in tap water and used
as control. All treatments were carried out maintaining a constant 200/50 weight/volume
ratio [16]. After incubation, all samples were removed from the bags, pat dried using paper
towels, and then exposed into the experimental greenhouse of the Botanical Garden of the
University of Siena (temperature = 18 ± 2 ◦C, RH = 70 ± 5%), characterized by complete
natural illumination and constant air ventilation. During the experiment, samples were not
artificially hydrated. Samples (six for each treatment, statistical replicates) were retrieved
after 1, 3, and 21 days.

4.2. Chemical Characteristics of Biotin T and Preventol RI80

The Biotin T and Preventol RI80 are both quaternary ammonium compounds (QACs)-
based biocidal products. Specifically, Biotin T (C.T.S. S.r.l., Altavilla Vicentina, Italy)
is composed of didecyl-dimethyl ammonium chloride (DDAC, 40–60%) and n-octyl-
isothiazolinone (OIT, 7.0–10.0%), while Preventol RI80 (Lanxess, Köln, Germany) is com-
posed of benzalkonium chloride (i.e., alkyl dimethyl benzyl ammonium chloride, approx.
80%) and isopropyl alcohol (2%). Both these biocidal products are routinely used for the
removal of biological colonization from stony monuments through a dilution of 3% for
Biotin T and 2% for Preventol RI80 [15], using tap or bottled water as solvent.

4.3. Accumulation of Biocide Compounds

The accumulation of benzalkonium chloride (BAC) and of n-octyl-isothiazolinone
(OIT) in lichen and moss samples were used as indicators of the accumulation of Preventol
RI80 and Biotin T, respectively. BAC was selected as the only active ingredient of the
relative product, while OIT was chosen because it showed a higher UV absorption than
DDAC, despite being less concentrated. Six replicates were used for each treatment.

For the extraction of BAC, samples of 100 mg were homogenized in 2 mL of deionized
water and then centrifugated at 22,000 g for five minutes. The supernatant was then filtered
at 0.45 µm using a syringe filter and directly analyzed by HPLC (PerkinElmer’s Series
200). Runs were monitored at 223 nm using a Photo Diode Array (PDA) detector and
acetonitrile-sodium acetated buffer (pH 5; 0.2 M) as mobile phase (70:30 v/v) [45]. The
separation was granted using a C18 Agilent column (4.6 mm × 250 cm, 5 µm particle size).
For the extraction of OIT, samples of 100 mg were homogenized with 2 mL of methanol
(HPLC grade) and processed as described for BAC extraction. The filtered solution was
then analyzed by HPLC (PerkinElmer’s Series 200) coupled with a PDA detector, using
methanol as mobile phase at the flow rate of 1 mL/minute. Runs were read at 277 nm.
Separations were obtained using an Agilent C18 column (4.6 mm × 250 cm, 5 µm particle
size). The methodology has been adapted from Rosero-Moreano et al. [46].

The quantification of both BAC and OIT was obtained by means of calibration curves
prepared by dissolving the respective standards (abcr GmbH, Germany) in deionized
water for BAC (range 9–400 µg/mL), and methanol for OIT (range 0.5–50 µg/mL). Before
analysis, each sample was diluted 10 and 20 times, respectively.

4.4. Photosynthetic Efficiency

The efficiency of the photosynthetic system of the lichen E. prunastri and the moss
Brachythecium sp. was assessed in terms of chlorophyll content, chlorophyll a fluorescence
emission, and spectral reflectance. Fifteen replicates were measured for each experimental
unit.

Total chlorophyll content was measured using a chlorophyll content meter (CCM-300,
Opti-Science, Hudson, NJ, USA), which provides results on a surface basis (mg/m2). The
effectiveness of this instrument for the quantification of the chlorophyll content on both
E. prunastri and Brachythecium samples has been investigated by Vannini et al. [47].

The analysis of the chlorophyll a fluorescence was carried out by means of a plant
efficiency analyzer fluorimeter (Handy PEA, Hansatech, Norfolk, UK), lightening samples
with a red light pulse (1800 µmol photons m2/s) for one second with a light emitting diode
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(LED). Prior to the analysis, all samples were hydrated in a climatic chamber at 16 ◦C,
90% RH, and 40 µmol/m2/s PAR, to obtain their maximal photosynthetic activation.

The spectral reflectance of chlorophyll pigments, which is a measure of plant health
and chlorophyll integrity [48], was expressed in terms of normalized difference vegetation
index (NDVI), and measurements were carried out using the PlantPen NDVI 310 (Photon
System Instruments, Drásov, Czech Republic).

4.5. Statistical Analysis

Given the limited dataset, all the statistical analyses were run using non-parametric
tests. Differences across time were checked using the pairwise Wilcoxon signed-rank test,
correcting for multiple testing according to Benjamini and Hochberg [49]. Differences
between treated and control samples were sought by the Mann–Whitney U test. Since
control values of photosynthetic parameters showed statistically significant differences
across time, the results of treated samples were normalized for their respective control
values and expressed as treated-to-control ratios. All the statistical analyses were run using
R software [50].

5. Conclusions

The gradual replacement of the use of traditional biocides with alternative control
strategies, in compliance with the European Green Deal directive, should point to an
unaltered or even higher effectiveness to contrast biodeterioration issues. This study
highlights the severe impairment of the photosynthetic apparatus and the absence of
recovery (up to 21 days) caused in the lichen E. prunastri and the moss Brachythecium sp. by
BAC and OIT (i.e., active compounds of traditional biocides), which were accumulated in
thalli in similar amounts. The response of these model species, which are, however, more
biocide-sensitive than others specifically adapted to the to the lithobiontic lifestyle, should
be regarded as a benchmark for “green” alternatives to traditional biocides, which should
be preliminarily tested under the proposed controlled conditions before moving to the
indispensable, but more challenging, in situ assay.
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