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Abstract

This study aimed to evaluate the effects of the Rn-222 progeny on the lichen Cladonia verticillaris
under controlled conditions. The results showed resistance of the species, and few changes in the
level of photosynthetic pigments. Blockage in the biosynthetic route of the major phenolic compound
fumarprotocetraric acid was also identified, and accumulation of protocetraric acid, as defense mechanism against external pollutants, to maintain thallus vitality. The accumulation of the 210Pb and 226Ra,
radioisotopes estimated from the daughter of 214Bi and 214Pb, was incipient. C. verticillaris showed
resistance to 222Rn, with accumulation of intermediary phenolic only at the begining of experiments.
Graphical Abstract Schematic model of exposure of Cladonia verticillaris (lichen) to 222Rn under controlled conditions.

Highlights
● Cladonia verticillaris was resistant to high doses of radiation, showing stability in the production of chlorophyll.
● Blockage in the biosynthesis of fumarprotocetraric acid was identified, causing accumulation of protocetraric acid, as a
form of protection against the activity of Rn-222.
● Daughters of Rn-222 were determined, but the species reported low accumulation, and ability of self-protection.
Keywords Bioindication · Primary metabolites · Phenolic compounds · Cladoniaceae.
Extended author information available on the last page of the article

13

3672

Journal of Radioanalytical and Nuclear Chemistry (2022) 331:3671–3679

Introduction

and Protocetraric Acid (PRO), synthesized by C. verticillaris thalli exposed to 222Rn in a high activity concentration, for a period of up to 21 days. Natural radionuclides,
descendent from 222Rn, were also quantified in the lichens
after exposure to ionizing radiation in order to evaluate its
bioaccumulation.

222

Rn (Radon-222), a radioactive gas, is the main source of
natural radiation, which results from the presence of uranium in the soil and rocks. As it decays, it produces daughter
radionuclides that produce alpha and beta radiation, as well
as a short half-life gamma emitters, such as 210Pb, 210Bi,
and 210Po [1]. In humans, the decay product of this radioactive gas can cause serious risks to human health, being the
second leading cause of lung cancer [2]. This carcinogenic
process is caused by a mixture of genetic and epigenetic
processes, causing changes in biological mechanisms [3].
In other living organisms, such as fungi, radionuclides can
also impact the genetics of the species, carrying out metabolic changes, mainly to maintain its vitality [4]. Lichens,
as members of the fungal kingdom, have high sensitivity to
environmental changes, being considered excellent bioindicators and biomonitors of the environment [5]. Evaluating
the effects of radon on its metabolites, in the different lichen
species, may be crucial for its application in studies of the
environmental impact of this radionuclide.
The use of lichens for the purpose of monitoring artificial
radionuclides is thoroughly described in the literature [6–
10], even though there are still gaps in relation to the effects
of ionizing radiation on the biochemistry of a lichen community. The substances produced by the lichens, such as chlorophylls and phenolic compounds, perform important roles
in nutrition and protection [11, 12], particularly in relation
to the different types of ionizing radiation. Depending on the
dose and the length of exposure, the lichen thallus may suffer negative impacts under the influence of radioactive activity, compromising its vitality [13]. Exposure of the Cladonia
verticillaris (Raddi) Fr. to the gamma radiation released by a
source of Cobalt-60 (60Co), for example, induced the lichen
to produce lower amounts of chlorophyll and a hyperproduction of its major phenolic compounds [14]. Possible damages
or alterations of the physiological characteristics of the species were noticed, demonstrating the need for more research
using more complex sources of radiation.
Based on reports in the literature on the sensitivity of
lichens to pollutants, the following questions were developed: if exposed to 222Rn, what would be the impact on the
species C. verticillaris in the production of its primary and
secondary metabolites? What kind of response as a bioindicator or bioaccumulator does this species show? The lichens,
especially the species C. verticillaris, may show oscillations
in their metabolism to maintain their vitality, based on the
biosynthesis of their metabolites, after a short period of days
of exposure to 222Rn. Therefore, this study aimed to evaluate the production of photosynthetic pigments (chlorophylls
and pheophytins), as well as of phenolics, with important
physiological functions, Fumarprotocetraric Acid (FUM),
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Experimental
Sampling and exposure to 222Rn
C. verticillaris thalli were collected at the city of Mamanguape, Brazil (6°43’35,6"S, 35°07’16,4"W) and were properly packaged according to Santiago et al. (2018) [15] for
transportation to the Centro Regional de Ciências Nucleares
do Nordeste da Comissão Nacional de Energia Nuclear
(Northeastern Regional Center for Nuclear Sciences of the
National Nuclear Energy Commission - CRCNNE/CNEN,
in Portuguese). After cleaning up, the material was evenly
distributed in nylon packages (10 cm x 10 cm), with a total
of 10 samples, with 25 g of lichen in each. Exposure to 222Rn
was initiated in the RN1-CRCN chamber for a period of 21
consecutive days, and two samples were removed after 2, 5,
9, 16, and 21 days. To fill in the RN1-CRCN chamber with
222
Rn, this study used a source from the International Commission of Radiological Protection, PYLON RN-1025-100
model, with an activity of 105 kBq (Pylon Electronics, Canada), with a constant rate of 222Rn production. The radon
RN1-CRCN chamber was constructed at CRCN-Northeast
(CRCN-NE) based on studies developed by Shweikani
and Raja (2005) [16]. The chamber’s external dimensions
of 100 cm x 85 cm x 100 cm account for a net volume of
814.4 L ± 0.8 L. The chamber was fitted with a valve for
the intake of gas generated by a source of 226Ra and an exit
valve connected to an exhaust system. The activity concentration of 222Rn during the period of exposure of C. verticillaris was monitored by using a portable AlphaGUARD
detector, equipment considered a reference for measuring
gas. The activity concentrations measured at each opening
of the chamber are shown in Table 1.
Table 1 Average activity concentrations (Bq m− 3) of 222Rn obtained
inside the exposure chamber during the removal of the samples of Cladonia verticillaris (Raddi) Fr.
Length of exposure (days)
Concentration of 222Rn activity
(Bq m− 3)*
2
11,400
930
±
5
11,800
900
±
9
12,900
1,010
±
16
12,400
970
±
21
12,500
990
±
values
in
parenthesis
refer
to
standard
deviation
(n
=
3)
*
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Treatments were considered as exposition time to 222Rn,
and field control were samples whose analyses were carried
out immediately after collection.
All analyses were subjected to the same analytical
processes.

a silicon-based sealant. The analytical blank was prepared
with the samples (without material) for the correction of the
influence of background radiation on the analytical results.
For quality control of the analytical procedure, an internal
standard of vegetation provided by the National Program of
Intercomparison (PNI, in Portuguese) [22] from the Radioprotection and Dosimetry Institute of CNEN (IRD/CNEN,
in Portuguese) was analyzed together. All the material analyzed remained at rest for 30 days to guarantee secular equilibrium among the daughter radionuclides of 222Rn.
The efficiency curve was obtained by the doping the internal standard of vegetation, using a known activity solution
of 133Ba, 137Cs, 152Eu, and 241Am (approximately 20 Bq). An
undoped sample was prepared as well, for the subtraction of
the original radioactivity of the internal standard prior to the
calculation of the efficiency curve. Every sample was analyzed by High Resolution Gamma Spectrometry (HRGS),
using a hyper-pure Germanium detector with a relative efficiency of 20 % and a resolution of 1.8 keV at 1.33 MeV
of 60Co photopeak. After the calculation of detection efficiency, the semi-empirical curve was obtained by means of
polynomial adjustment, using the Genie computer program
from Canberra®. The natural radioactivity of the samples
was measured for 200,000 s, and the analytical blank was
analyzed for 1,000,000 s in order to minimize the analytical
uncertainties due to background radiation. The analytical
uncertainties, expanded to a 95 % confidence interval (CI)
were compiled from the sources of individual uncertainties
in terms of weight, efficiency, spectral analysis, and correction of background radiation. Details regarding the HRGS
analysis procedure can be found in Paiva et al. (2016) [23].

Quantification of primary metabolites
The total rates of chlorophylls and pheophytins were
obtained by means of extraction for 48 h with dimethyl
sulfoxide, using 0.5 g of lichen thallus after cleaning and
fragmentation by means of sterile, stainless steel scissors,
in the absence of light [17]. The concentrations of pigment
(mg L− 1) were obtained by UV-visible spectrophotometry
at wavelengths of 630, 647, 664, and 691 nm for the chlorophylls [18], and of 536 and 666 nm for the pheophytins [19].

Determination of phenolic compounds - PCs
The extracts used for quantification of PRO and FUM, the
main PCs of the C. verticillaris, were obtained by means of
successive extractions, using 2 mL of ethyl ether, chloroform, and acetone for 1 g of sample, ground in a porcelain
mortar with a pestle, according to the methodology by Da
Silva et al. (2021) [17]. For each solvent used during extraction, the infused material was kept for 24 h at 18 ºC, and was
later filtered using quantitative filter paper. The extracts were
gathered and evaporated at room temperature (28 ± 3 °C). A
0.001 g mass of the extracts was redissolved in 10 mL of
acetone, and was then analyzed by High Performance Liquid
Chromatography (HPLC), using a Hitachi 655 A-11 chromatograph pump, connected to an UV CG437-B detector at
254 nm. Separation was performed using a MicroPack MCH18 of 300 mm x 4 mm, C-18 reverse phase column (Merck®
KGaA, Darmstadt, Germany), using as mobile phase: methanol: deionized water: acetic acid system (80:19.5:0.5 v/v),
by isocratic elution method [20]. The standards of PRO and
FUM were injected under the same analytical conditions of
the extract, through the processes of isolation and purification described by Santiago et al. (2020) [21]. The results
were reported according to the retention time of each substance in the column and respective peak area.

Determination of daughter radionuclides of 222Rn
For monitoring the absorption of the daughter radionuclides of 222Rn by C. verticillaris, the exposed samples of
the lichen (n = 2) were oven-dried at 60 ºC until constant
weight, followed by comminution in a synthetic corundum
ball mill until reaching the size of fewer than 80 μm particles. After homogenization, analytical portions of approximately 20 g were placed on Petri dishes and sealed with

Data analysis
The analysis of variance (ANOVA) was applied in the analysis of primary metabolites and PCs to compare the treatments. The homogeneity of variance was assessed using the
Bartletts test. The normality of the residuals was verified
using the Shapiro-Wilk test. The Pearson correlation matrix
was used to verify the association among all variables. The
statistical tests were performed using the packages R (i386
4.0.1), using the ExpDes.pt and the Performance Analytics software [24, 25]. The graphs were produced with the
GraphPad Prism 8 software (GraphPad Software, La Jolla,
CA, USA).

Results and discussion
Figure 1 allows for the evaluation of the analyzed pigments,
in which the chlorophylls showed higher concentrations
when compared to the pheophytins. However, no significant
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Fig. 1 Rates of chlorophyll and pheophytin, determined in thalli of Cladonia verticillaris (Raddi) Fr. exposed to 222Rn. The data results from
averages in duplicate ± standard deviation. Capital letters indicate significant differences among the rates of chlorophyll (p < 0.05), and lowercase
letters, significant differences found among the rates of pheophytins (p < 0.05)

differences were found for both metabolites according to the
results of ANOVA (p > 0.05). All the lichens submitted to different times of exposure had an average decrease of 28.5% in
the concentrations of pigments when compared to the control.
The lowest rates were identified at 2 and 6 days of exposure, and the same pattern was observed for the pheophytins. Studies conducted with toxic metals, under controlled
conditions, demonstrated a reduction in chlorophyll and an
increase in pheophytin, confirming the toxicity of mercury
[26]. This study observed that an inverse process occurred,
demonstrating the resistance of the species’ lichen thalli to
high activity concentrations of 222Rn. Silva et al. (2021) [27]
reiterated this phenomenon in their study on the exposure
of C. verticillaris to environments contaminated with formaldehyde, observing an increase in the rates of chlorophyll
when compared to non-exposed samples. All the results
indicate stress suffered by the lichen under the influence of
pollutants, given that such a mechanism is a way to maintain
the lichen vitality.
The C. verticillaris major phenols, whose content estimates
were obtained from the peak areas during the HPLC analyses
compared to the time of retention registered in the column
for each standard used, demonstrated a higher concentration
of PRO when compared to the rates of FUM for every treatment. No significant differences were reported in the peak
area (PA) for those metabolites in the samples with different
days of exposure, as shown in Fig. 2. When the accumulation
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of PRO in the lichen’s thallus was analyzed, the PA averages
of this acid were higher at 2 days of exposure (PA = 1,160),
especially in comparison to the control (PA = 532). The other
exposure times reported peak areas between 260 and 486. No
expressive variations in PA were found for FUM among the
different treatments (PA = 51.6–59.9), except when compared
to the control (PA = 40.03). Although the results were not statistically different from the 95 % CI, C. verticillaris under the
influence of 222Rn and its progeny produced and accumulated
PRO to the detriment of FUM.
The phenolic compounds (PC) are the main factor
responsible for guaranteeing the defense of lichen species
against biotic and abiotic stresses [28], which explains the
high area of the PRO peak in the material exposed for 2
days. Mota Filho et al. (2007) [29] reported that pollutants
may block the synthesis of the metabolic route of C. verticillaris PC, preventing the reactions to produce FUM, causing
the hyperaccumulation of PRO and of other intermediate compounds in its synthesis. The same observation was
reported by Cunha et al. (2007) [30] for the same species,
which increased the production of the intermediate FUM
synthesis compounds and showed a lower production of this
acid when exposed to the particulate material resulting from
the extraction and processing of limestone.
However, the quantification of possible agents aggressive to the lichen thalli after exposure to 222Rn was able to
clarify the defense mechanisms or a possible accumulation
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Fig. 2 Peak areas of the phenolic compounds quantified in the thalli of Cladonia verticillaris (Raddi) Fr. exposed to 222Rn. The data are averages
(n = 2) ± standard deviation. Capital letters indicate significant differences between peak areas of the FUM (p < 0.05). Lower case letters represent
significant differences between peak areas of the PRO (p < 0.05)
Table 2 Obtained and certified activity concentrations for standard
internal vegetation provided by the IRD/CNEN and analyzed by
HRGS
Radionuclides
Value obtained
Value of reference
(Bq kg− 1)
(Bq kg− 1)
Average
Uncertainty
Average
Uncertainty
40
K
1,400
90
1,132
196
60
Co
49
6
52.2
9
134
Cs
52
8
52.6
9.1
137
Cs
49
3
48.3
8.4
241
Am
99
6
86
15

of daughter radionuclides. According to the quality control of the analytical procedure, the values obtained for the
radionuclides 40 K, 60Co, 134Cs, 137Cs, and 241Am were in
accordance with the reference values for the internal standard of vegetation (Table 2). Since the energy range of the
photopeaks used was within the interval between 59 keV
(241Am) and 1,460 keV (40 K), we assumed that the semiempirical efficiency curve was satisfactory to the determination of 210Pb (energy of 47 keV), 214Bi (609 keV), and 214Pb
(352 keV) in lichens by HRGS (Table 3).
Even though the analytical techniques have limitations, we chose to estimate the MDAs for 210Pb, since this

radionuclide, due to its long half-life – approximately 25
years – would remain in the lichen thalli for longer. The
HRGS’s low sensitivity would only allow us to evaluate
concentrations of activity above 90–140 Bq kg− 1 in the
lichen thalli. Radiochemical preparation associated with the
Gas Flow Proportional Counter technique could possibly
increase sensitivity; however, it is applied much more often
to the analysis of sediments for geochronology [31].
Even at low concentrations of activity, HRGS was capable of determining the nucleotides 214Bi and 214Pb, daughter
nucleotides of 226Ra, in the majority of the samples removed
after 9 days of exposure. However, the samples from 16 to
21 days of exposure indicated that there was no significant
accumulation at a 95 % CI, when the expanded analytical
uncertainties were considered.
The studies developed by Sert et al. (2011) [32] indicated
that the lichens have a lower accumulation of radionuclides
when compared to moss, since this factor is associated with
the accumulation properties of the species. In this study,
it was also possible to observe a low accumulation of the
222
Rn daughters, despite its activity in the chamber, in comparison to the control, demonstrating that C. verticillaris
did not accumulate 222Rn daughter nucleotides in the thalli.
Lichens, such as Cladonia alpestris, collected annually in
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Table 3 Activity concentration in Bq kg− 1 of some 222Rn daughter radionuclides in thalli of Cladonia verticillaris (Raddi) Fr. after exposure
Radionuclides
Exposure (days)
0
2
5
9
16
210
Pb
< 90
< 120
< 130
< 110
< 130
226
Ra(214Bi)
7
3
7
3
8
3
10
4
±
±
±
±
<3
226
Ra(214Pb)
8
2
9
2
8
2
12
3
±
±
±
±
<3
The results refer to the average values and analytical uncertainties expanded to a 95% CI. Individual values (less than) refer to the minimum detectable activity (MDA).

21
< 140
<7
9

±

2
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Sweden (1961–1970), showed concentrations of 210Pb activity between 125 and 300 Bq kg− 1 [33]. Vosel et al. (2021)
[34] reported that lichen of the C. stellaris species indicated
an even distribution of 210Pb over a wide area; however, the
high concentrations of terrigen tracers, like Hf and Th found
in the lichen thalli, indicated external contamination by particulate geological material.
Species of the Cladonia genus are usually considered
bioindicators [35], as demonstrated in this study with C.
verticillaris exposed to high activities of 222Rn. Nonetheless, the implications of the accumulation of radionuclides
in lichenized fungi are still scarce in the literature. Up to
the 9th day of exposure, the thalli had been showing a slight
226
Ra accumulation (Table 3); however, a sharp drop in the
concentration of activity in the samples taken after 16 days
was noticed, with values up to 3 times lower (MDA). The
enzymatic potential and the lack of melanin production of
the lichen species may have an influence on the difficulty
of accumulation of radionuclides in the C. verticillaris fungal hyphae [5]. Studies done by Pawlik-Skowrońska et al.
(2002; 2008) [36, 37] with different species of lichen demonstrated defense mechanisms for the excess of toxic metals
by phytochelatins synthesized from glutathione in the photobiont. Metals present in the atmosphere may have been
accumulated in the lichen thalli, especially in the superficial
layers of the cell walls, due to the presence of negatively
charged anionic sites [36, 37], preventing the accumulation
of 222Rn daughter radionuclides.
The Pearson correlation matrix in Table 4 was applied to
evaluate each set of data. Since 214Bi and 214Pb are radionuclides used for the quantification of 226Ra, they demonstrated a high positive correlation, at a 95% CI. The
chlorophylls and pheophytins showed a significant correlation (p < 0.001), in which both pigments synergically followed the increase or decrease in the rates of the pigments.
When the correlation with the remaining variables was analyzed, the primary metabolites correlated negatively with
PRO and FUM at a 95% CI (Table 4).
The present study observed that the daughter nucleotides generated by the decay of 222Rn did not compromise
the production of primary metabolites. An accumulation of
PRO after 2 days of exposure and stability in the concentrations of FUM were also identified. Silva et al. (2010) [38],
when exposing C. substellata to successive doses of gamma
radiation, observed that the lichen increased its production
of usnic acid, until the synthesis decreased with higher doses
of radiation. The authors concluded that the massive production of the phenol, which is characteristic of the species,
occurs as a mechanism of protection of its structure until
reaching a level at which the lichen can no longer stand the
exposure to ionizing radiation, progressively diminishing
the production of the compound. In this study, the statistical
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Table 4 Pearson correlation matrix for the variables determined in samples of C. verticillaris lichen exposed to 222Rn
214
Bi
214
214
Bi
1
Pb
210
Pb
0.96**
1
Chlorophyll
Chlorophyll
0.47
0.39
1
Pheophytin
Pheophytin
0.42
0.38
0.98***
1
PRO
PRO
0.23
0.33
-0.12
-0.063
1
FUM
-0.24
-0.19
-0.96**
-0.98***
0.099
PRO = Protocetraric Acid; FUM = Fumarprotocetraric Acid.

FUM
1

*

Significant correlation at a 95% CI (p < 0.05); ** Significant correlation at a 99% CI (p < 0.01); ***Significant correlation at a 99.9% CI (p < 0.001).

problem of variance related to the number of repetitions is
recognizable, however, it does not invalidate the hypothesis
tested. For other studies, or continuation of this research, it
is suggested to increase the number of samples, if possible.

Conclusions
The species demonstrates resistance to 222Rn with accumulation of its intermediary phenolic (PRO), only in the initial
stage of exposure (after two days) when compared to the
control material. In addition, an adaptation of the lichen to
the radioactive environment is observed in the other analyzed periods, due to the stability of its chlorophylls and
phenolic compounds. Significant accumulation of radionuclides from the decay product of 222Rn was not observed,
demonstrating that C. verticillaris is resistant to this pollutant. The results indicate that, due to this adaptation and
resistance, the species applied in this study may not be a
good candidate in research that seeks to assess the impacts
of 222Rn on the environment, despite of being an excellent
biomonitor of air pollutants.
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