

  diversity-14-00926




diversity-14-00926







Diversity 2022, 14(11), 926; doi:10.3390/d14110926




Article



Impacts of Cd Pollution on the Vitality, Anatomy and Physiology of Two Morphologically Different Lichen Species of the Genera Parmotrema and Usnea, Evaluated under Experimental Conditions



Alex Marcelino dos Santos 1, Luciana Cristina Vitorino 1,*[image: Orcid], Bárbara Gonçalves Cruvinel 1, Roniel Geraldo Ávila 2, Sebastião de Carvalho Vasconcelos Filho 3, Priscila Ferreira Batista 4 and Layara Alexandre Bessa 2





1



Laboratory of Agricultural Microbiology, Instituto Federal Goiano, Campus Rio Verde, Highway Sul Goiana, Km 01, Rio Verde 75901-970, Brazil






2



Laboratory of Metabolism and Genetics of Biodiversity, Instituto Federal Goiano, Campus Rio Verde, Rio Verde 75901-970, Brazil






3



Laboratory of Plant Anatomy, Instituto Federal Goiano, Campus Rio Verde, Rio Verde 75901-970, Brazil






4



Graduate Program in Biodiversity and Conservation (PPGBio), Instituto Federal Goiano, Campus Rio Verde, Rio Verde 75901-970, Brazil









*



Correspondence: luciana.vitorino@ifgoiano.edu.br; Tel.: +55-6436241000







Academic Editor: Michael Wink



Received: 28 September 2022 / Accepted: 25 October 2022 / Published: 29 October 2022



Abstract

:

The heavy metal Cd accumulates in trophic chains, constituting a toxic element for photosynthesizing organisms, including the algal photobionts of lichen. Thus, as lichens respond differently to heavy metal toxicity, we hypothesized that the species Parmotrema tinctorum and Usnea barbata, commonly sampled in the Cerrado ecoregion, could be sensitive to Cd and, therefore, be used to biomonitor the dispersion of this metal. We also aimed to indicate the responsiveness of biological markers to Cd in these species by exposing the thalli to simulated rainfall with increasing metal concentrations. We observed that both lichen species are responsive to Cd stress; however, different pathways are accessed. The synthesis of carotenoids by P. tinctorum and the production of antioxidant enzymes by U. barbata seem to constitute relevant response strategies to Cd-induced stress. The lichen morphoanatomy, cell viability, photobiont vitality index, chlorophyll a fluorescence, and chlorophyll a synthesis were efficient biomarkers for the effects of increasing Cd exposure in P. tinctorum, being the variables primarily associated with damage to the photobiont. For U. barbata, the lichen morphoanatomy, photochemistry, and antioxidant enzyme activity (catalase, superoxide dismutase and ascorbate peroxidase) were essential to reflect Cd toxicity. However, the species P. tinctorum was characterized as the most sensitive to Cd toxicity, constituting a good bioindicator for the presence of this metal. It can be used in the diagnosis of air quality in urban and industrial areas or even in forest areas influenced by Cd in phosphate fertilizers.
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1. Introduction


High levels of heavy metals in the environment can pose a danger to the biota owing to their adverse effects on virtually all living organisms. Thus, these metals constitute a problem for biodiversity preservation as they accumulate throughout the trophic chain [1,2,3]. Furthermore, Cd is a non-essential toxic element that is diffused into the environment by various anthropic activities, such as waste incineration and urban traffic. It is a waste product of the metallurgical and mining industry and a by-product of phosphate fertilizers [4,5].



Studies have shown that Cd is a toxic element for photosynthesizing organisms, affecting plants and algae, including the photobionts of lichens, e.g., [6,7,8]. This is because its ions are easily absorbed, affecting growth, photosynthetic activity, and nutrition [9]. Cd interferes with many cellular functions, mainly by forming complexes with external groups of organic compounds, such as proteins, inhibiting essential activities [10]. In addition, Cd bioaccumulation can induce lipid peroxidation and disrupt the antioxidant defense system, which results in the generation of reactive oxygen species (ROS) [11,12]. Moreover, because it is a potent oxidizing agent, this metal can affect chlorophyll a fluorescence patterns and, consequently, photosynthetic performance [13].



One way to avoid this element’s effects on living organisms is by biomonitoring its presence in pollutant atmospheric dispersions. As Cd affects lichen photobionts and lichens are classically recognized as efficient bioindicators [14], we hypothesized that the lichens Parmotrema tinctorum (Despr. Ex Nyl.) Hale and Usnea barbata (L.) Weber ex FH Wigg, species commonly found in the Cerrado ecoregion, could be sensitive to Cd and, therefore, biomonitor the dispersion of this metal to urban areas or vegetational fragments immersed in agricultural matrices. The species P. tinctorum and U. barbata have already been indicated as potential bioindicators for air pollution [15,16,17], and in previous studies, it was found that P. tinctorum is morphologically and physiologically affected by agricultural pollution in areas on the edge of vegetation fragments [18]. Associated with this, the areas of the Cerrado ecoregion correspond to the areas of highest agricultural productivity in Brazil and, therefore, to high consumption of phosphate fertilizers rich in Cd [19,20]. In addition, studies have indicated that fertilizers, pesticides, and their derivatives can disperse to nearby fragments, impacting lichen communities [21]. In Brazil, this drift effect is even more drastic, given that the legislation for the presence of contaminants in natural fertilizers allows the content of 0.75 mg of Cd per 1% of P2O5, or up to 450 mg k−1 of Cd in the total mass of fertilizers [22].



In general, lichens do not have roots; therefore, their mineral nutrition depends mainly on the atmosphere, from where they absorb nutrients and heavy metals that are directly accumulated in the thalli [23]. The absence of cuticle and waxy stomata allows contaminants, transported by air or rainwater, to be absorbed over the entire thalli surface [24], to interact with the tissues, and to modify the anatomical layers. Many studies have shown that various heavy metals can also interfere with the physiology of different lichen species, especially the integrity of chlorophyll and the photosynthetic activity of the algal component [25,26]. Therefore, at the cellular level, heavy metals can cause anatomical and photosynthetic changes and oxidative stress in lichens, e.g., [11,27].



P. tinctorum and U. barbata are lichens of the Parmeliaceae family, with lichenized fungi associated with unicellular green algae of the genus Trebouxia, such as Trebouxia corticola and Trebouxia sp. [28,29,30]. As we know that lichens can respond in different ways to the impacts of heavy metals, e.g., [31,32], we also aimed to identify biological markers responsive to Cd action by exposing P. tinctorum and U. barbata thalli to simulated rainfall. To achieve this, we evaluated the effect of increasing Cd concentrations on morphoanatomy, the viability and vitality of the photobiont, and the photochemical efficiency and oxidative metabolism of the thalli. We chose to evaluate classical techniques, routinely implementable in laboratories, or metrics that can be easily obtained using portable equipment, e.g., [33,34,35]. Moreover, P. tinctorum is a foliose lichen species while U. barbata is a fruticose lichen species; thus, response and tolerance patterns may differ in these morphotypes. So, when we decided to compare a foliose and fruticose species, we were wondering if the concept that fruticose species are always more sensitive than foliose would be true [36,37]. As the choice of a bioindicator as an environmental tool should take into account biological sensitivity [38], our objective was also to indicate a potentially sensitive species, susceptible enough to be used in the biomonitoring of Cd dispersion to urban areas and forest fragments immersed in agricultural matrices or influenced by industrial areas.




2. Materials and Methods


2.1. Lichen Material and Experimental Conditions


We used two species of lichen widely distributed and commonly found in areas of the Cerrado ecoregion; one has a foliose morphotype (Parmotrema tinctorium (Despr. ex Nyl.) Hale) and the other a fruticose morphotype (Usnea barbata (L.) Weber ex FH Wigg). The material was collected at a specific point located within the Emas National Park (18°15′33.6″ S and 52°53′13.7″ W) in an area characterized by gallery forest-type vegetation. The samples were carefully removed from tree trunks with a spatula and stored separately in trays covered with moist paper. After collection, the material was taken, under conditions of light and ambient temperature, to the metabolism and biodiversity genetics Laboratory of the Instituto Federal Goiano, Rio Verde campus, for immediate processing.



The experiment involved exposing the lichens to a model of abiotic stress based on simulated rainfall [39], which consisted of spraying the lichens with different concentrations of Cd, simulating the dispersion of particles occurring in nature. For exposure, the lichens were distributed in 40 × 30 cm plastic trays, completely covering the bottom, and 25 mL of solution was sprayed on the thalli, with no need for drainage. The thalli were kept in the trays, in a growth chamber, under a relative humidity of 65%, temperature of 25 °C, and a photoperiod of 12 h (light and dark), with light being provided by 40-Watt fluorescent lights, and the analyses were performed after 24 h. Seven concentrations of the metal were tested: 0, 10, 25, 50, 100, 250, and 500 µM. Each solution was prepared in a total volume of 1000 mL, and the metal was supplied in divalent form (Cd2+) as chloride.




2.2. Assessment of Algal Cell Viability and Tolerance Index


The photobiont cells were stained using a neutral red dye. One hundred cells per sample were classified as living, dead, or plasmolyzed [40]. Counting occurred under an Olympus microscope (BX61, Tokyo, Japan), using magnifications of 40–100×. The photobiont vitality index (PVI) was calculated considering the numbers of living, dead, and plasmolyzed cells. The formula can be expressed as PVI = [V + (Pl/2)/M + (Pl/2)] where V = the number of living cells, Pl = the number of plasmolyzed cells, and M = the number of dead cells [41,42].



The tolerance index was calculated to express the tolerance of each lichen species to Cd as a function of the doses assessed, revealing which lichen species was more sensitive to the action of this heavy metal. For this, the percentage of living cells observed in the thalli subjected to the highest concentration of Cd (500 µM) was divided by the percentage of living cells observed in the control treatment thalli adapted from [43].




2.3. Membrane Integrity and Lichen Anatomy


The damage caused by Cd to cell membranes, suggesting tissue deterioration, was quantified by electrolyte leakage, and measured by the electrical conductivity test. Thus, we adapted the methods proposed by Brandão Jr. et al. [44] to measure the electrical conductivity in the thalli. The thalli were first weighed, and 2.0× g were used per repetition. Subsequently, they were placed to soak in plastic cups (200 mL) containing 75 mL of deionized water (<2.0 µS cm−1). These samples were kept in an oven at 25 °C for 24 h. After the conditioning period, the electrical conductivity of the solution was measured using a Digimed conductivity meter, model CD-21, and the results were expressed in µS cm−1 g−1.



The anatomy of the lichens was evaluated to identify tissue damage caused by glyphosate exposure. Thus, samples of the thalli were embedded in HistoResin following a four-step process—fixation (FAA50), dehydration in an increasing ethyl series, pre-infiltration, and infiltration in HistoResin (Leica Microsystems, Mensheim, Germany)—according to the manufacturer’s recommendations. Subsequently, the samples were cross-sectioned on a rotary microtome (Model 1508R, Logen Scientific, Shangjiao Dashi, Guangzhou, China) into 5-µm thick sections. The sections were stained with toluidine blue—polychromatic staining at 0.05% in a 0.1 M phosphate buffer, pH 6.8 [45]—and permeabilized in Canada balsam. Three slides were mounted for each treatment, and each slide contained 10 histological sections from which the integrity of the anatomical layers was evaluated.




2.4. Evaluation of Photosynthetic Pigments


The concentration of photosynthetic pigments (chlorophyll a, chlorophyll b, total chlorophyll, the chlorophyll a to chlorophyll b ratio, and carotenoids) in the thalli was evaluated. In lichens, high concentrations of acidic substances can increase the pheophytization of chlorophyll. Therefore, the thalli were previously washed in 100% CaCO3-saturated acetone to avoid this effect. The chloroplast pigments were extracted in an extraction solution consisting of dimethylsulfoxide (DMSO) and polyvinylpolypyrrolidone (PVPP) at 2.5 mg mL−1. The thalli were covered with 5 mL of the extraction solution. The vials were then sealed, covered with aluminum foil, and kept at 65 °C in the dark for 40 min. The absorption spectrum was measured in a spectrophotometer for wavelengths 665 and 648 nm, calibrating against a blank containing only extraction solution. Turbidity was checked at 750 nm, and in cases where the value was higher than 0.01 optical density, the extract was centrifuged (2000× g) for 90 s, and the supernatant was reevaluated. The pigments were quantified based on the work and methods of Wellburn [46].



The pheophytization quotient was expressed as the ratio obtained by the absorbances at 435 and 415 nm (OD435/OD415) [47].




2.5. Chlorophyll a Fluorescence Parameters


The OJIP transient fluorescence of chlorophyll a was determined using a portable fluorometer FluorPen FP 100 (Photon Systems Instruments; Drasov, Czech Republic). The thalli of all the sample units were previously adapted to the dark for 30 min to allow the complete oxidation of the photosynthetic electron transport system. Subsequently, they were subjected to a pulse of 3000 µmol m−2 s−1 of blue light. The minimum fluorescence (F0) was measured at 50 μs when all PSII reaction centers were open (defined as the O step), followed by the J step (at 2 ms), the I step (at 30 ms), and the maximum fluorescence (Fm), when all PSII reaction centers were closed (the P step). These values were used for the estimation of various bioenergetic indices of PSII according to Strasser et al. [48]. We estimated values for the following parameters: the specific light absorption flux per reaction center (ABS/RC); the trapped energy flux per reaction center at t = 0 (TR0/RC); the electron transport flux per reaction center (ET0/RC); the specific energy dissipation flux at the level of the chlorophylls of the antenna complex (DI0/RC); the photosynthetic performance index (PiAbs) that incorporates the energy cascade processes from the first uptake events to the reduction in PQ; the maximum quantum yield of primary photochemistry (PHIP0); the probability that an exciton moves an electron down the electron transport chain after the quinone (PHI0), and the quantum yield of electron transport (PHIE0), after adaptation of the thallus to the dark (30 min).



Images of chlorophyll a fluorescence were obtained with an Imaging-PAM modulated fluorometer (Imaging-PAM M Series, Wals) and analyzed using ImagingWin v2.41a software. Initially, initial fluorescence (F0) and maximum fluorescence (Fm) were determined in thallus pre-adapted to the dark for 30 min. From this, it was possible to calculate the potential quantum yield of photosystem II (FSII) (FV/FM = (Fm − F0)/Fm). The variables from the slow phase of fluorescence induction were obtained sequentially: the fluorescence in a light-adapted sample before the saturation pulse (F) and Fm in a light-adapted sample (Fm′). The effective quantum yield of photochemical energy conversion in FSII, ΦII = (Fm′ − F)/Fm′, and the quantum yield of unregulated energy dissipation, ΦNO = F/Fm, were calculated.




2.6. Enzyme Activity of Antioxidant Metabolism, Hydrogen Peroxide, and Malondialdehyde


For the quantification of the antioxidant enzyme activity, samples were collected, conditioned in liquid nitrogen, and stored in an ultra-freezer at −80 °C. The enzymes were extracted by macerating 200 mg of lichen tissue in liquid nitrogen with 50% PVPP and following the extraction protocol proposed by Biemelt et al. [49]. The extraction buffer comprised 100 mM potassium phosphate buffer (pH 7.8), 0.1 mM EDTA, and 10 mM ascorbic acid. The extract was then centrifuged at 13,000× g for 10 min at 4 °C, and the supernatants were used to evaluate the catalase (CAT), ascorbate peroxidase (APX), and superoxide dismutase (SOD) activity.



The CAT activity was evaluated according to the methods proposed by Havir and McHale [50]. For this, an aliquot of the enzyme extract was added to an incubation medium containing 100 mM potassium phosphate (pH 7.0) and 12.5 mM hydrogen peroxide (H2O2). Enzyme activity was determined based on the consumption of H2O2 every 15 s for 3 min at 240 nm in a spectrophotometer. The molar extinction coefficient used was 36 mM−1 cm−1. The CAT activity was quantified in µmol H2O2 min−1 mg−1 protein.



The APX activity was evaluated based on the methods of Nakano and Asada [51], in which the oxidation rate of ascorbate at 290 nm is monitored every 15 s for 3 min. Thus, an aliquot of the enzymatic extract was added to a medium containing a 100 mM potassium phosphate buffer (pH 7.0), 0.5 mM ascorbic acid, and 0.1 mM hydrogen peroxide. The molar extinction coefficient used was 2.8 mM−1 cm−1. APX activity was determined as µmol AsA min−1 mg−1 protein.



The SOD activity was determined based on the methods of Giannopolitis and Ries [52], in which the enzyme’s capacity to inhibit the photoreduction of nitrotetrazolium blue (NBT) is evaluated. For this, an aliquot of the enzyme extract was incubated in a medium containing 50 mM of potassium phosphate (pH 7.8), 14 mM methionine, 0.1 µM EDTA, 75 µM NBT, and 2 µM riboflavin. The samples and incubation medium were illuminated with a 20 W fluorescent lamp for 7 min. Readings were performed in a spectrophotometer at 560 nm. The SOD activity was determined in U mg−1 protein, where 1 U corresponds to the amount of enzyme necessary to inhibit NBT photoreduction by 50%.



The concentration of H2O2 and malondialdehyde (MDA) in the thalli was determined by macerating 200 mg of lichen tissue in liquid nitrogen and PVPP, followed by homogenization in 0.1% (w/v) trichloroacetic acid (TCA), and centrifugation at 10,000× g for 15 min at 4 °C. The concentration of H2O2 was obtained by spectrophotometry according to the method of Velikova et al. [53]. The concentration of MDA was determined using the methods proposed by Buege and Aust [54].




2.7. Experimental Design and Statistical Analyses


The experiments were conducted in an entirely randomized design, considering seven concentrations of Cd (0, 10, 25, 50, 100, 250, and 500 µM). The lichen species (P. tinctorium and U. barbata) were analyzed separately, and all the analyses were conducted in triplicate. For the analyses of enzymatic activity, H2O2, and MDA, triplicates of the triplicates were analyzed.



The data obtained from each response variable for each lichen were submitted to one-way ANOVA to verify the effect of Cd concentration on the vitality, anatomy, photochemistry, physiology, oxidative metabolism enzymes, and synthesis of H2O2 and MDA in the lichen thalli. The data were also submitted to regression analysis, and the effect of increasing heavy metal concentration was evaluated by fitting linear models. The adjustment of the model was evaluated based on the determination coefficient, the regression significance coefficient, and the t-test at the 5% probability level. The tolerance index was used to compare the lichen species used, and the means were analyzed by Student’s t-test at a 0.05% (p < 0.05 **) significance level.



Afterwards, all the variables were evaluated together for both lichens. This evaluation aimed to analyze the behavior of each variable for each concentration of Cd tested. These variables were analyzed using a correlation matrix and combined in a principal component analysis (PCA). As they had different measurement units, correlation PCAs were performed and constructed using standardized data with a mean of 0 and a standard deviation of 1. The number of components was chosen according to the eigenvalues (>1.0) and the explained variance (above 80%). All analyses were conducted in R 4.2.1 [55].





3. Results


3.1. Algal Cell Viability, Electrical Conductivity, and Lichen Anatomy


In both lichens evaluated, we observed a linear reduction in the percentage of living algal cells as the tested concentration of Cd increased (Figure 1a). However, an effect of Cd concentration on the percentage of dead cells was observed only in P. tinctotum, where this percentage increased linearly (Figure 1b). Furthermore, the percentage of plasmolyzed cells was also affected by Cd concentration in both species, increasing linearly as a function of concentration increase (Figure 1c). Therefore, P. tinctorum seems to be more sensitive to Cd than U. barbata, which can be verified by the fitting of linear models with greater slopes for the percentage decrease in living cells (β = −0.011) and the percentage increases in dead cells (β = 0.007) and plasmolyzed cells (β = 0.004).



Exposure to heavy metal also affected membrane integrity in both species, with an increase in electrolyte leakage owing to increasing concentrations (Figure 1d). Therefore, the fitting of a linear model with a greater slope for U. barbata (β = 0.0002) represents a more effective response by this species for this variable.



The increase in Cd concentration also affected the integrity of the anatomical layers of the P. tinctorum and U. barbata thalli. In P. tinctorum, there was a significant reduction in the number of cells composing the algal layer and an increase in the disintegration of the hyphae that make up the upper cortex (Figure 2). Therefore, the upper cortex appeared damaged, even in the lowest concentration evaluated (Figure 2c). Moreover, under Cd treatment, the algal cells and the inferior cortex, where the rhizines are located, appear intensely stained, indicating that these areas are reactive to the accumulation of Cd in P. tinctorum. Adversely, Cd treatment seemed to modify the pattern of pigment synthesis by the thallus, with a differential accumulation of orange pigments related to the algal cells exposed to this metal (Figure 2d,f,h).



In the lichen U. barbata, the anatomical sections also showed a reduced cell content in the algal layer (Figure 3), especially for concentrations of 25 µM and higher (Figure 3d). In the control treatment, the spore-producing structures appear whole, but they are deconfigured under the action of Cd; it is not possible to distinguish the presence of asci and ascospores in the cortex region in the treated samples, given the degradation of the anatomical structures. In fact, in this lichen, the cortex and hyphae belonging to the medulla were highly responsive to the action of Cd. Therefore, the cortex was intensely stained, while the hyphae of the medulla also became heavily stained under high metal concentrations (see Figure 3g,h). Thus, intense disaggregations were seen in the pith as the exposure concentration increased. However, the integrity of the central cylinder was maintained in all treatments, suggesting that the other layers protect this layer effectively.




3.2. Photosynthetic Pigment Concentration and Chlorophyll a Fluorescence in the Photobiont


Exposure to different concentrations of Cd differentially affected the concentration of photosynthetic pigments in the lichen species photobionts. Surprisingly, while P. tinctorum showed a linear reduction in the content of chlorophyll a, chlorophyll b, and total chlorophyll in the thalli, in U. barbata, the mean values observed for these pigments increased as the tested Cd concentrations increased (Figure 4a–c).



When we evaluated the effect of Cd exposure concentration on the chlorophyll a/b ratio, we did not observe any effect on the photobionts of P. tinctorum. However, we observed an increase in the means of this ratio for U. barbata, indicating that in the thalli of this lichen, the synthesis of chlorophyll a tended to be higher than that of chlorophyll b in response to increasing Cd concentrations (Figure 5a). The concentration of carotenoids tended to increase linearly as a function of Cd in the thalli of both lichens evaluated (Figure 5b). Nevertheless, the fitting of a linear model with a greater slope for P. tinctorum (β = 0.029) demonstrates that the synthesis of these pigments was more expressive in the photobiont of this foliose lichen, indicating that this may be an essential response mechanism to the action of Cd.



The pheophytization quotient was not affected by increasing Cd exposure concentration in P. tinctorum. However, in U. barbata, we observed a reduction of this quotient, with a negative slope model fit (β = −0.001) (Figure 5c). This data correlates directly with the observed increase in chlorophyll synthesis in the thalli of this species.



The increasing concentrations of Cd also affected the algal photochemistry in the P. tinctorum and U. barbata thalli, with linear increases in the parameters ABS/RC and DI0/RC, consistent with stress responses (Figure 6a,d). However, for these variables, the U. barbata thallus seem to have been more strongly affected, which is supported by the more positive slopes observed in the curves obtained for ABS/RC (β = 0.004) and DI0/RC (β = 0.006) in this lichen. However, for ET0/RC and TR0/RC, we observed the opposite behavior from that shown by the previous variables, i.e., the means observed for these parameters decreased with increasing Cd exposure concentration (Figure 6b,c). The reduction patterns were similar in both lichens, which can be observed in the equal negative slope values in the curves of ET0/RC (β = −0.001) and TR0/RC (β = −0.002).



The performance and photochemical yield parameters were negatively affected by the increasing doses of Cd in the tested lichen algae, shown in the linear reduction in the PiAbs, PHIP0, PHI0, and PHIE0 means of the thalli (Figure 7a–d). Furthermore, the fitting of linear models with greater decrease slopes for the parameters PHIP0 (β = −0.0004) and PHI0 (β = −0.0003) also indicate the greater photochemical sensitivity of the algae of U. barbata to increasing doses of the heavy metal.



Fluorescence image analysis visually demonstrated the effect of Cd concentrations on the primary photochemistry of P. tinctorum and U. barbata. Indeed, photochemical damage was already evident at the lowest metal concentration (Figure 8 and Figure 9). The values of FV/FM and ΦII were reduced as a function of increasing exposure concentration in both lichens. However, a diffusion of the energy destined for ΦII and ΦNO was observed in the thalli.




3.3. Enzyme Activity of Antioxidant Metabolism, H2O2, and MDA


Distinct patterns were verified for the SOD enzyme activity in the lichen species thalli; the activity of this enzyme increased as a function of Cd concentration in U. barbata (β = 1.784) but decreased in P. tinctorum (β = −0.535) (Figure 10a). In U. barbata, the activity observed for the CAT enzyme also increased in response to increasing metal exposure concentration, although concentration did not affect the activity of this enzyme in P. tinctorum thallus (Figure 10b). Moreover, the patterns observed for the APX enzyme activity were similar for both lichens, with a linear increase in activity as a function of the exposure concentration (Figure 10c). In summary, the U. barbata thallus responded to Cd by increasing the activity of these three enzymes of the antioxidant system.



The concentration of H2O2 in U. barbata thallus decreased linearly with increasing Cd concentration (β = −0.021), and this pattern is consistent with the observed activity of antioxidant enzymes in this lichen. However, in P. tinctorum thallus, the concentration of this reactive species was not affected by increasing concentrations of heavy metal exposure (Figure 11a). Similar behavior to that observed for H2O2 was verified for the curves corresponding to the concentration of MDA in the thalli, which show a linear decrease as a result of the increase in Cd concentration in U. barbata thallus (β = −0.117) but no effect of these concentrations in P. tinctorum (Figure 11b).




3.4. PVI and Tolerance Index


When we evaluated the lichen species using PVI, we found a linear model fit only for P. tinctorum, where the model revealed a reduction in vitality owing to increasing Cd concentration (β = −0.008). However, in the U. barbata photobiont, increasing metal concentration did not affect algal vitality (Figure 12a). The PVI seemed to anticipate what was observed for the tolerance index, because when comparing the tolerance of the lichen species to the highest concentration of Cd, we found that P. tinctorum is more sensitive than U. barbata (Figure 12b). The tolerance index of P. tinctorum was 0.946, and that of U. barbata was 0.980.




3.5. Analysis of Variables as Biomarkers of the Effect of Cd


In general, when we jointly plotted the observed data for P. tinctorum, we found that cell viability and PVI are excellent biomarkers for the damage caused by increasing concentrations of Cd exposure (Figure 13a). Thus, the percentage of living cells significantly defined the differences observed between the control and the highest Cd concentration tested. Similarly, the percentage of dead and plasmolyzed cells and the electrical conductivity were essential to defining the differences observed between the higher and control concentrations. We also found that chlorophyll a fluorescence constitutes a good effect marker since stress indicators such as ABS/RC and DI0/RC were associated with higher Cd concentrations, while indicators of photochemical efficiency, such as PiAbs, PHIP0, PHI0, and PHIE0, were more strongly associated with the control treatment. Furthermore, the concentrations of chlorophyll a, chlorophyll b, and total chlorophyll, and the chlorophyll a/b ratio were also strongly associated with the control. Carotenoid pigments and APX enzyme activity were associated with higher concentrations of the heavy metal. In contrast, the MDA content, CAT activity, and pheophytization quotient were not crucial in defining the effect of concentration (Figure 13a).



When we plotted the evaluated data for U. barbata, cell viability, especially the percentage index of living cells, behaved as an essential biomarker associated with the control treatment (Figure 13b). In contrast, the percentages of plasmolyzed and dead cells and the electrical conductivity tended to be associated with the higher tested Cd concentrations. Unexpectedly, PVI, as well as photosynthetic pigments, such as chlorophyll a, chlorophyll b, total chlorophyll, carotenoids, and the Chla/Chlb ratio, were also associated with higher Cd concentrations; thus, they are not suitable biomarkers for the stress effects caused by exposure to increasing Cd concentrations. The pheophytization quotient showed the opposite behavior to the accumulation of chlorophyll. As expected, the photochemical stress parameters, ABS/RC and DI0/RC, were associated with higher Cd concentrations, while the performance indicators, PiAbs, PHIP0, PHI0, and PHIE0, were related to lower concentrations. The CAT, APX, and SOD enzymes were efficient in marking the stress effects of thalli exposure to increasing concentrations of Cd, but MDA and H2O2 demonstrated the opposite behavior to these enzymes (Figure 13b).





4. Discussion


4.1. Cd Exposure Affects Photobiont Viability and Membrane Integrity, and Promotes Damage and Morphoanatomical Changes in P. tinctorum and U. barbata


The lichenized fungi that constitute P. tinctorum and U. barbata associate with unicellular green algae (Chlorophyta), and other studies have confirmed that Cd exposure can inhibit cell division and cause the development of deformed cells in chlorophytes. La Rocca et al. [56] found that at 5 ppm, Cd stopped cell growth and algal cells suffered lysis, while Di Toppi et al. [57] provided evidence that Cd can promote ultrastructural damage and decrease cell density in the photobiont of Trebouxia impressa. We found a decrease in living cells and an increase in plasmolyzed cells in P. tinctorum and U. barbata and the adjustment to the linear model was highly reliable. Our anatomical observation results also confirm that Cd reduces the number of cells in the algal layer. These data were accompanied by increases in electrical conductivity, signaling that this metal affects the integrity of lichen membranes. Rihab et al. [58] showed that high concentrations of Cd could induce lipid peroxidation even in algae tolerant to this metal. Furthermore, since electrical conductivity signals electrolyte leakage from damaged membranes, e.g., [59,60,61], we conclude that increasing Cd exposure concentration negatively affects cell membrane structure in P. tinctorum and U. barbata.



Morphoanatomical damage from Cd action was observed in the upper cortex of P. tinctorum and the cortex and pith of U. barbata. In fact, heavy metal exposure generally affects the integrity of lichen cell membranes, e.g., [62]. Owing to increasing exposure concentration, these effects can be seen through the disaggregation of anatomical layers. The lower cortex region of P. tinctorum and the cortex and hyphae of the medulla of U. barbata appeared heavily stained, indicating the deposition of electron-dense material in the mycobiont cell wall, which may constitute an important mechanism used by these lichens to tolerate Cd exposure. Similar results were observed by Bora and Sarma [63] when they evaluated the ultrastructure of Ceratopteris pteridoides under Cd stress. Pawlik-Skowrońska et al. [64] found that lichen thalli can synthesize phytochelatin in response to some metals, including Cd, which tends to form strong complexes with S-containing peptides and proteins. Daimari et al. [65] also observed substantial anatomical damage in the mycobiont hyphae of P. tinctorum when this lichen was exposed to urban pollution, and these results are consistent with the increased accumulation of Cd and other heavy metals in the thalli.



Heavy metals are retained in the thallus by particle trapping, physicochemical processes such as ion exchange, and passive and active intracellular uptake [66,67]. They can then interact with tissues, modifying structures. The secondary metabolites of lichens may be involved in the production of chelates with heavy metals. Studies have confirmed that lichens colonized by green algae of the genus Trebouxia, also present in P. tinctorum, can synthesize an orange-colored anthraquinone pigment called parietin, which is deposited as tiny crystals in the upper cortex [68]. This pigment seems to constitute a resistance strategy of the lichen to various stresses, such as UV radiation and heavy metals [69,70]. Furthermore, Kalinowska et al. [71] provided evidence that parietin can protect the photobiont cells in Xanthoria parietina from excess Cd ions. We also observed the differential deposition of Trebouxia-related orange pigments in P. tinctorum, suggesting that this may be a protective mechanism used by this species in response to Cd exposure. Thus, as we verified the concentration-dependent toxic effect of Cd on the photobiont viability and morphoanatomy of P. tinctorum and U. barbata, these changes can be considered as efficient biomarkers for Cd toxicity analyses.




4.2. Cd Exposure Negatively Affects the Concentration of Chlorophyll a, Chlorophyll b, and Total Chlorophyll in the Photobionts of P. tinctorum and Increases the Synthesis of Carotenoids


The chlorophyte Trebouxia cortícola, symbiotic to P. tinctorum, responds to increasing Cd exposure concentration by reducing chlorophyll and increasing carotenoid synthesis. Indeed, several studies have tested the impact of Cd pollution on the vitality of various lichen photobiont species by measuring photosynthetic pigment concentrations in the thalli, e.g., [57,72,73]. Lichen photobionts exposed to metal-containing solutions generally experience a significant reduction in their chlorophyll and carotenoid content, e.g., [70,74,75,76]. Certain metals may be responsible for chlorophyll degradation and/or cause disturbances in synthesizing this pigment. Under field conditions, chlorophyll degradation in lichens from polluted sites correlated with the accumulation of metals in the thallus [77].



The synthesis of carotenoids also seems to constitute a strategy used by P. tinctorum (and U. barbata) to resist the oxidative stress caused by the presence of Cd, although the reliability observed in the determination of the coefficients for this variable has been low. A similar effect was suggested by Dobroviczká et al. [78], evidencing the singular importance of the presence of carotenoids in the tissues. Carotenoids play a structural role in the organization of photosynthetic membranes and participate in light harvesting, energy transfer, and the interception of free oxygen radicals [79]. Our results are similar to those of Bačkor et al. [80], who observed that, when the lichens Peltigera rufescens and Cladina arbuscula subsp. mitis were subjected to Cd concentrations between 0 and 500 µM for 24 h, their carotenoid content was not affected. Thus, we characterized the degradation of chlorophyll as an efficient metabolic pathway biomarker of Cd action in P. tinctorum.




4.3. Cd Exposure Affects Primary Photochemistry in Photobionts of P. tinctorum and U. barbata


From the lowest concentration of Cd tested, the photochemistry of the thalli was negatively affected, with an increase in the values of stress parameters as the exposure concentration increased. However, as expected, the opposite behavior was verified for the photochemical efficiency parameters. The reduced Fv/Fm values induced by Cd action indicate chronic photoinhibition of photosystem II [81,82]. The portion of energy harnessed in the photochemical step (ΦII) also indicates damage to the photobiont. With increasing stress, the portion of electrons destined for the photochemical step tends to decrease, owing to increases in the dissipation of excess energy in other pathways, such as photorespiration [83]. This behavior can be demonstrated by the observed increases in the DI0/RC values, although the reliability in the determination of the coefficients was low. In this case, the anatomical damage caused by Cd seems to compromise the diffusion of CO2 into the thalli. When small amounts of CO2 reach the photobiont layer, it inhibits the Calvin cycle, and the photochemical dissipation is impaired by the slow regeneration of its substrates (ADP and NADP+) [84]. However, it is known that the sum of the quantum yields tends to be equal to 1. Therefore, we observed the diffusion of the energy intended for ΦII and ΦNO in the thallus.



Interaction with Cd affected the primary photochemistry in U. barbata more than that in P. tinctorum, and the thallus type may explain this. In foliose lichens, such as P. tinctorum, the upper cortex is formed by hyphae that protect the algal layer, while the lower cortex and the medulla form an extensive layer that any pollutant must pass through to reach the photobiont. In fruticose lichens, such as U. barbata, a single cortex protects the algal layer, which leaves it more exposed to the action of pollutants and other stressing agents, such as excess light and heat. We observed intense staining in the cortex of U. barbata, indicating the deposition of electron-dense material. By blocking the passage of CO2, light, and water through the thallus, this electron-dense material affects the algal photochemistry. Schroeter [85] evaluated apparent electron flux rates through PSII and CO2 rates in the photobiont green algae of Placopsis contortuplicata and found that gas exchange was suboptimal after hydration with water vapor only. Maximum rates could only be observed when the thallus was saturated with liquid water, attesting to the importance of algal access to water for optimal photochemical performance.



Although lichen photobionts are considered vital elements of lichen sensitivity, further research is needed to elucidate this point. Studies show that secondary metabolites, such as cortical depside atranorin and dibenzofuran usnic acid, may be essential to protect the primary photochemistry of lichens of the family Parmeliaceae, such as P. tinctorum and U. barbata, e.g., [86]. However, despite the possible action of these and other metabolites in the thalli, the primary photochemistry of P. tinctorum and U. barbata was negatively affected by Cd, with chlorophyll a fluorescence being a consistent biomarker of Cd stress.




4.4. The Activity of Antioxidant Enzymes Increases in U. barbata Thalli Exposed to Increasing Concentrations of Cd


Although Cd is a non-redox active metal and, therefore, unable to directly stimulate ROS formation, ROS production and increased lipid peroxidation have already been recorded [11]. Indeed, Cd can promote significant physiological and molecular changes in photobionts of the genus Trebouxia; for example, ROS formation and the expression of genes related to antioxidant enzyme synthesis [32]. The activity of antioxidant enzymes appears to constitute an important pathway by which U. barbata responds to Cd stress. Cuny et al. [87] evaluated the effect of heavy metals (Cd, Pb, and Zn) on the lichen Diploschistes muscorum (Scop.) R. Sant. and also verified membrane damage and increased SOD activity. In addition, studies have shown that lichens exposed to pollution have increased activity of SOD and other antioxidant enzymes, such as APX and glutathione (GSH) reductase [88,89,90].



SOD catalyzes the dismutation of superoxide into molecular oxygen and H2O2, a substrate for catalase, which is an enzyme that reacts efficiently in peroxisomes with H2O2 to form water and molecular oxygen [91]. We found that, in U. barbata, high CAT activity was consistently associated with low peroxide concentrations. In this lichen, low concentrations of H2O2 were also related to high APX activity. This enzyme can catalyze the breakdown of peroxide into H2O [92] and this may constitute an alternative pathway for eliminating this antioxidant from the thalli. Similarly, Monnet et al. [27] found increased APX activity in the thalli of the lichen Dermatocarpon luridum when exposed to copper toxicity.



The increasing concentrations of Cd decreased the MDA content in U. barbata thalli, indicating that despite the increase observed in electrolyte leakage, lipid peroxidation, indicated by MDA [93], was efficiently suppressed by the action of the antioxidant system. In addition to the enzymatic system, which proved to be an effective biomarker of Cd stress in U. barbata, the presence of antioxidant metabolites, such as usnic acid, may have assisted in suppressing the oxidative effects of the metal, e.g., [94,95,96].




4.5. Parmotrema tinctorum Is More Sensitive to Cd Stress Than Usnea barbata


Although the photobiont of U. barbata suffered more Cd-induced photochemical damage than that in P. tinctorum, we verified that, in the fruticose species, the photobiont was insensitive to increased Cd concentrations; it did not lose vitality, and it increased the synthesis of photosynthetic pigments and antioxidant enzymes, resulting in higher efficiency in the elimination of H2O2 and decreased lipid peroxidation. Thus, we verified the increased sensitivity of P. tinctorum to stress induced by exposure of the thalli to increasing concentrations of the heavy metal. These results were surprising, given the classical conception that fruticose lichens are more sensitive than foliose species [97,98]. According to Martins-Mazzitelli et al. [99], when compared to foliose lichens, fruticose lichens are the most sensitive to air pollution, being the first to disappear in heavily polluted areas. Regarding Cd pollution, however, given the dispersion of industrial pollutants or agricultural fertilizers, P. tinctorum seems more suitable than U. barbata for air monitoring studies in urban and forest areas immersed in agricultural matrices.




4.6. Biomarkers for the Effect of Cd-Induced Stress in P. tinctorum and U. barbata


Besides the lichen morphoanatomy parameter, which was effective in biomarking the stress caused by increased concentrations of Cd in the two lichens evaluated, for P. tinctorum, the cell viability, PVI, chlorophyll a fluorescence, and chlorophyll concentration parameters were also efficient Cd stress biomarkers. These parameters are important because they are directly associated with the most sensitive component of the lichen, the algal component. In another way, our results are significant because the techniques associated with obtaining the vitality data and photosynthetic pigments are simple and inexpensive, based on dyes and extractants, e.g., [40,46,100,101]. Therefore, they could easily be implemented in laboratories aiming to use lichens in biomonitoring Cd dispersal from pollutant sources. For example, Port et al. [41] evaluated photobiont vitality and metal concentration in P. tinctorum samples in urban and forest areas and concluded that vitality and chlorophyll content are essential parameters for urban pollution biomonitoring. Similarly, Raimundo-Costa et al. [15] concluded that the chlorosis seen in the thalli of this species in urban and industrial environments, where the concentration of heavy metals in the air is high, is an indication of impaired pigment synthesis.



In U. barbata, the photobiont cell viability, the primary photochemistry, and the activity of the antioxidant enzymes CAT, SOD, and APX were efficient in biomarking the stress induced by exposure to increasing concentrations of Cd. Studies have shown that Usnea thallus can concentrate high activity of antioxidant enzymes and inhibit lipid peroxidation [102]. Unexpectedly, Cd stress did not affect PVI and pigment synthesis in this lichen. Di Toppi et al. [57] showed that GSH and phytochelatins, as well as proteins produced under stress, efficiently protect the cells of the chlorophyte Trebouxia impressa against Cd damage. Indeed, phytochelatins synthesized by the mycobiont seem to act in Cd detoxification processes [64]. Phytochelatins are synthesized from GSH with the help of phytochelatin synthase, activated by heavy metals [103]. Thus, the presence of an effective enzymatic antioxidant system and usnic acid synthesis [104,105] may have contributed to protecting the U. barbata photobiont from the toxic effects of Cd.



In general, for the two lichens evaluated, the MDA content and the pheophytization index were considered less effective parameters in biomarking the effect of Cd. During lipid peroxidation, the conjugation of the ethylene groups of polyunsaturated fatty acids can be observed, which increases hydroperoxy-conjugated dienes (HPDCs). Rodriguez et al. [106] suggest that HPDCs are better estimators of lipid peroxidation than MDA. MDA is usually measured by its reaction with TBA, yielding MDA–TBA2, which is detectable by spectrophotometry. However, this method shows poor specificity because TBA can react with various compounds, leading to overestimating MDA values [107]. Thus, the MDA values of tissues may not correctly reflect their oxidative stress state.



Moreover, there was no evidence of increased chlorophyll pheophytization in the thalli as a function of the degree of stress imposed, especially in U. barbata. Pheophytization reactions, which include the replacement of magnesium at the center of the chlorophyll molecule by hydrogen and the removal of the phytol chain, forming chlorophyllide or pheophorbide, are the most critical chlorophyll degradation pathways [108]. However, as our lichens were treated with acetone precisely to prevent chlorophyll pheophytization [109,110], the observed values of this index were not efficient in biomarking the algal stress caused by Cd.





5. Conclusions


The lichens Parmotrema tinctorum and Usnea barbata respond to Cd stress, generating the idea of using these lichens to verify the dispersion of atmospheric pollutants containing Cd. For P. tinctorum, the lichen morphoanatomy, cell viability, PVI, chlorophyll a fluorescence, and chlorophyll a synthesis are efficient biomarkers for the effects of exposure to increasing concentrations of Cd, as these variables are primarily associated with the photobiont. For U. barbata, the lichen morphoanatomy, photochemistry, and activity of the antioxidant enzymes CAT, SOD, and APX were essential to reflect Cd toxicity. Parmotrema tinctorum was characterized as the most sensitive to the action of Cd and is considered a good bioindicator for the presence of this metal and the diagnosis of air quality in urban and industrial areas, or even in forest areas influenced by Cd in fertilizers. Considering this, it is crucial to remember that the lichen’s function as a bioindicator is to signal the dispersion of this metal, ensuring the necessary decision-making to minimize the impact of heavy metal pollution on people and plant communities.
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Figure 1. Percentage of living (a), dead (b), and plasmolyzed (c) cells observed for the photobiont, and electrical conductivity (d) observed for the thalli, of the lichen species Parmotrema tinctorum and Usnea barbata subjected to different concentrations of the heavy metal cadmium (0, 10, 25, 50, 100, 250, and 500 µM). The straight lines represent the fitted model, and the prediction intervals (95%) are in gray. 
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Figure 2. Anatomical sections showing the tissue organization of the thallus of the lichen Parmotrema tinctorum subjected to different concentrations of the heavy metal cadmium (0, 10, 25, 50, 100, 250, and 500 µM). Parmotrema tinctorum (a), anatomical layers (b,e), UC = upper cortex, AL = algal layer, UL = upper layer (upper cortex + photobiont layer), M = pith, and LC = lower cortex. In (c,g), arrows indicate intensely stained algal cells and the lower cortex. In (h) the arrow indicates anatomical disaggregation of the upper cortex. In (d,f,h), the smaller frames highlight the differential orange pigmentation. 
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Figure 3. Anatomical sections show the tissue organization of Usnea barbata thallus subjected to different concentrations of the heavy metal cadmium (0, 10, 25, 50, 100, 250, and 500 µM). Usnea barbata (a). In (b), the arrow indicates the presence of ascospores stored in asci. In (b–h), C = cortex, AL = algal layer, M = medulla, and CC = central cylinder. In (f,g), the arrow indicates the intensely stained medullary hyphae. 
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Figure 4. Photosynthetic pigment concentrations chlorophyll a (a), chlorophyll b (b), and total chlorophyll (c) observed for the photobionts of the lichen species Parmotrema tinctorum and Usnea barbata subjected to different concentrations of Cd (0, 10, 25, 50, 100, 250, and 500 µM). The straight lines represent the fitted model, and the prediction intervals (95%) are gray. 
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Figure 5. Chlorophyll a/b ratio (a), carotenoid concentration (b), and pheophytization quotient (c) observed for the photobionts of the lichen species Parmotrema tinctorum and Usnea barbata subjected to different concentrations of Cd (0, 10, 25, 50, 100, 250, and 500 µM). The straight lines represent the fitted model, and the prediction intervals (95%) are gray. 
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Figure 6. Chlorophyll a fluorescence parameters: ABS/RRC (a), ET0/RC (b), TR0/RC (c), and DI0/RC (d) observed for the photobiont of the lichen species Parmotrema tinctorum and Usnea barbata subjected to different concentrations of Cd (0, 10, 25, 50, 100, 250, and 500 µM). The straight lines represent the fitted model, and the prediction intervals (95%) are gray. 
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Figure 7. Chlorophyll a fluorescence parameters: PiAbs (a), PHIP0 (b), PHI0 (c), and PHIE0 (d) observed for the photobiont of the lichen species Parmotrema tinctorum and Usnea barbata subjected to different concentrations of Cd (0, 10, 25, 50, 100, 250, and 500 µM). The straight lines represent the fitted model, and the prediction intervals (95%) are gray. 
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Figure 8. Chlorophyll a fluorescence parameters: FV/FM (maximum quantum efficiency of PSII photochemistry), ΦII (effective quantum yield of photochemical energy conversion in PSII), and ΦNO (quantum yield of unregulated energy dissipation) observed for the photobiont of the lichen Parmotrema tinctorum subjected to different concentrations of Cd (0, 10, 25, 50, 100, 250, and 500 µM). 
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Figure 9. Chlorophyll a fluorescence parameters: FV/FM (maximum quantum efficiency of PSII photochemistry), ΦII (effective quantum yield of photochemical energy conversion in PSII), and ΦNO (quantum yield of unregulated energy dissipation) observed for the photobiont of the lichen Usnea barbata subjected to different concentrations of Cd (0, 10, 25, 50, 100, 250, and 500 µM). 
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Figure 10. Activities of the enzymes superoxide dismutase (SOD) (a), catalase (CAT) (b), and ascorbate peroxidase (APX) (c) observed in the thalli of the lichen species Parmotrema tinctorum and Usnea barbata subjected to different concentrations of Cd (0, 10, 25, 50, 100, 250, and 500 µM). The straight lines represent the fitted model, and the prediction intervals (95%) are gray. 
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Figure 11. Concentrations of peroxide (H2O2) (a) and malondialdehyde (MDA) (b) observed in the thalli of the lichen species Parmotrema tinctorum and Usnea barbata subjected to different concentrations of Cd (0, 10, 25, 50, 100, 250, and 500 µM). The straight lines represent the fitted model, and the prediction intervals (95%) are gray. 
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Figure 12. Photobiont vitality index (PVI) (a) and tolerance index (b) to high cadmium concentrations (500 µM) observed for the thalli of the lichen species Parmotrema tinctorum and Usnea barbata subjected to the action of Cd. Differences analyzed by Student’s t-test at a 0.05% significance level. 
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Figure 13. Principal component analysis of the cell viability, photobiont vitality index (PVI), photosynthetic pigment concentrations, electrical conductivity, chlorophyll a fluorescence, antioxidant metabolism enzyme activity, peroxide (H2O2), and malondialdehyde (MDA) in the thalli of the lichens Parmotrema tinctorum (a) and Usnea barbata (b), analyzed as a function of different concentrations of Cd (0, 10, 25, 50, 100, 250, and 500 µM). LC = living cells, PC = plasmolyzed cells, DC = dead cells, ABS/RC = the specific light absorption flux per reaction center, TR0/RC = the energy flux captured per reaction center at t = 0, ET0/RC = the electron transport flux per reaction center, DI0/RC = the specific energy dissipation flux at the level of the chlorophylls of the antenna complex, PiAbs = the photosynthetic performance index, PHIP0 = maximum quantum yield of primary photochemistry, PHI0 = probability that an exciton moves an electron down the electron transport chain after the quinone, PHIE0 = quantum yield of electron transport, Chla = chlorophyll a, Chlb = chlorophyll b, Chl total = total chlorophyll, CAT = catalase, APX = ascorbate peroxidase, and SOD = superoxide dismutase. 
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