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Abstract: In recent years, the application of biomarker-based approaches in field studies of contaminated environments has gained attraction, as biomarkers offer a sensitive method for early detection of toxicological impacts. Dehydrogenase activity (DHA) is a good environmental indicator of stress in lichens, while a decrease in its activity in soil may be associated with increased levels of pollutants in the substrate. The objective of this study was to evaluate the impact of distance to the zinc smelter on dehydrogenase activity in the epigeic lichen Cladonia rei Schaer. and in the rhizosphere soil of grass Calamagrostis epigejos L. Roth. We also aimed to evaluate the performance of DHA in lichens and rhizosphere soil in the context of validating this biomarker for soil monitoring. Samples of C. rei and rhizosphere soil were collected from sites designated on the transect between 300 to 4100 m east of the "Miasteczko Śląskie" zinc smelter. We found reduced DHA levels in rhizosphere soil near the smelter; however, there was no clear trend of DHA increase with distance from the smelter. This phenomenon may be explained by the specificity of the rhizosphere microhabitat and interactions between microorganisms and plants. Our results also showed that DHA in C. rei is highly sensitive to soil contamination by trace element. Consequently, measurement of DHA in this species could indicate elevated trace element concentrations in the soil. This biomarker in lichens may serve as a warning signal for high soil pollution, particularly when smelting activities are conducted near agricultural areas.
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1. Introduction
Trace elements contamination in soil represents a significant environmental challenge on a global scale. According to the European Environmental Agency, mercury, arsenic, lead, and cadmium are among the metals with the highest toxicity in the environment (EEA 2023). Trace elements rank among the most challenging pollutants due to their widespread presence, persistent toxicity, and ability to bioaccumulate within the food chain (Kabata-Pendias & Mukherjee 2007, Mishra et al. 2019, Singh et al. 2024). Metal smelting is a significant anthropogenic contributor to contamination worldwide and is considered the primary cause of toxic trace element accumulation in soils (Nriagu 1996). Trace elements released during the smelting of non-ferrous metals typically accumulate initially in the surrounding soils (Dudka & Adriano 1997), and upon entering the soil, they primarily affect the biological properties of soil, such as the diversity and abundance of microbial communities and the activity of enzymes present in the soil (Wang et al. 2007). While soil serves as a primary sink for trace elements introduced into the environment, the mobility of trace metals facilitates their transfer to other environmental compartments, including water, air and plants. In the last century, the development of the smelting industry in Europe led to a significant increase of trace element concentrations in the environment. Consequently, many organisms are still exposed to an excess of trace elements in their habitats today.
Biomonitoring is an increasingly used method for assessing the influence of external factors on ecosystems, aiding in the differentiation between impacted and unaffected sites (Markert et al. 2003, Girotti et al. 2020). Reactions to pollution observed across different levels of biological organization, from individual enzymes to cells, organs, organisms and populations, and entire ecosystems, are extensively employed in environmental monitoring studies, as pollution inherently poses a threat to living organisms. Organisms integrate exposure to environmental pollutants and exhibit responses that are predictable, and their responses could be observed and measured at various levels (Bickham et al. 2000). A pollution biomarker is characterized as a change in a biological response at the molecular, cellular, or physiological levels of an organism, directly associated with exposure to toxic environmental chemicals (Lionetto et al. 2019). Biomarkers offer a sensitive early indicator of toxicological effects that may later manifest at the population and ecosystem levels (Hook et al. 2014). Biomarkers, therefore, possess the capacity to identify underlying causes and can serve as early warning signals of damage to the ecosystem. The use of biomarkers can aid in decision-making processes across various environmental management activities, including habitat conservation, monitoring programs for affected areas, or the implementation of remediation procedures (Lionetto et al. 2019). Due to these reasons, novel biological methods for soil monitoring, such as assessing biochemical and cellular responses to pollutants (e.g., biomarkers), are crucial for evaluating soil quality.
Lichens are symbiotic organisms formed through an association between a fungus and photoautotroph, which is usually a green alga and/or cyanobacterium. They are ectohydric organisms, particularly sensitive to various environmental pollutants due to their physiological nature, characterized by a lack of cuticle and roots, which leads to the absorption of both nutrients and toxic substances across the entire surface of the thallus (Nimis & Purvis 2002). Numerous studies have demonstrated the negative impact of trace elements on the physiology and biochemistry of lichens. The negative effects include oxidative stress, a decrease in ergosterol and glutathione content, impairment of cell membrane integrity, and degradation of chlorophyll (e.g., Bačkor & Dzubaj 2004, Rola et al. 2022). Therefore, lichens are often used as biomonitors and bioindicators of environmental pollution (e.g. Kiszka 1990, Kłos 2007, Kłos 2009, Traczewska 2011, Matwiejuk 2014).
Bačkor and Fahselt (2005) highlighted that dehydrogenase activity (DHA) serves as a very good environmental indicator of stress in lichens. Although the lichen thallus consists of two main symbiotic partners, the fungal partner represents the majority of the thallus in most lichen species (Hale 1983), so DHA is mainly an indicator of the physiological state and viability of the fungus. Bačkor and Fahselt (2005) developed a quick and cost-effective quantitative method to assess the physiological state of lichens by evaluating their capacity to reduce 2,3,5-triphenyltetrazolium chloride (TTC) to triphenyl formazan (TPF). The formation of the red-colored product TPF was considered an indicator of dehydrogenase activity. The study by Bačkor and Fahselt (2005) confirmed that low pH, copper stress, UV radiation, and heat stress significantly reduced the lichen's ability to produce formazan under laboratory conditions, indicating physiological damage resulting from exposure to these factors. The authors also pointed out that such an approach could also be used for monitoring the effects of several stress factors that occur in the environment on lichens collected directly in the field (Bačkor & Fahselt 2005). In subsequent years, numerous studies were conducted in which DHA in lichens was analyzed under laboratory conditions after exposure to wood distillate (Fačkovcová et al. 2020), herbicides (Vannini et al. 2015), fungicides (Rola et al. 2023), and excess nitrogen (Munzi et al. 2017). Nevertheless, there is a conspicuous lack of research on lichens growing in situ.
Soil dehydrogenase is a key member of the oxidoreductase class of enzymes (Gu et al. 2009) and constitutes an intracellular enzyme that is only present in active cells (Nannipieri et al. 1990). Dehydrogenase activity indicates overall microbial activity, which is proportional to the biomass of the microorganisms present in soil (Quilchano & Marañonm 2002) or in other ecosystem components, e.g., biological soil crusts (Chowaniec et al. 2024). Measuring dehydrogenase activity in soil provides insights into its biological characteristics, as it reflects the abundance and metabolic activity of microorganisms (Gu et al. 2009). Although many other enzymes are also present in soil (e.g., hydrolase, ligase), dehydrogenase is the most crucial since it cannot be accumulated extracellularly in the soil (Wolińska & Stępniewska 2012), but it occurs intracellularly in all living cells (Moeskops et al. 2010). DHA is a crucial indicator of toxicity in polluted soils, as toxic trace elements directly affect enzyme activity by decreasing intracellular water potential (Santos et al. 2011, Araujo et al. 2015). Nevertheless, DHA is also modulated by various soil parameters, such as pH, granulometric composition, organic matter within the soil, and the availability of nutrients (Nannipieri et al. 1978, Dick 2011, Liang et al. 2014), as well as the interactions of these soil parameters with trace elements.
The meta-analysis, based on 143 observational studies, also confirmed a significant decrease in DHA in soil in response to trace element pollution, and this decrease clearly corresponds to an increase in total and available element content in soil (Aponte et al. 2022). The rhizosphere soil surrounding plant roots is the most active part of the soil, exhibiting higher microbial abundance and enzymatic activity compared to bare soil (Bahadur et al. 2017, Verma et al. 2017). With regard to toxic trace element pollution, Kandziora-Ciupa et al. (2021) noted a more pronounced impact of trace elements on soil enzyme activity in the analyzed soil samples from the rhizosphere of Vaccinum myrtillus than in the non-rhizosphere soil samples. Thus, it could be assumed that the rhizosphere soil is particularly sensitive to toxic trace element stress.
The research was conducted near the zinc smelter in Miasteczko Śląskie, Poland. The facility underwent expansion during its initial phase, from 1961 to 1972. Between 1972 and 1990, the production of zinc and lead increased significantly, accompanied by a rise in SO₂ and toxic trace element emissions, which had a severe impact on the environment. By the 1980s, the smelter had gained notoriety as one of Europe's largest polluters. Environmental improvements began in the 1990s with the adoption of eco-friendly technologies that markedly reduced atmospheric emissions (Bojanowski 2008). Despite this progress, soil samples collected in 2018 revealed that toxic trace element concentrations in the surface layer were significantly higher than levels measured at the same locations 20 years earlier (Kicińska 2019). Today, the smelter operates as part of the ZGH Bolesław Group, owned by the joint-stock company Stalprodukt S.A., and continues to produce zinc and lead. In 2022, its total output included approximately 75,000 tons of zinc and 16,000 tons of lead (Ministry of Justice 2023).
The purpose of this study was to test the effect of distance from the point polluter – the zinc smelter "Miasteczko Śląskie" on dehydrogenase activity in the epigeic lichen Cladonia rei and in the rhizosphere soil of the grass Calamagrostis epigejos. We also aimed to evaluate dehydrogenase activity in lichens and rhizosphere soil collected from sites contaminated with trace elements, providing a preliminary assessment of the usefulness of this biomarker in soil monitoring.
2. Materials and Methods
2.1. Study area
The research was conducted near the zinc smelter in Miasteczko Śląskie, located in the Silesia-Cracow Upland (southern Poland; Fig. 1; Fig. S1). The metallurgical activities in this region revolve around the extraction and processing of zinc and lead ores. Construction of the "Miasteczko Śląskie" zinc smelter in Upper Silesia (50°30'09.6"N; 18°55'34.6"E) began in the early 1960s.
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Fig. 1. Location of the study area and "Miasteczko Śląskie" zinc smelter
2.2. Sampling
2.2.1. Sampling design
The sampling was conducted in the autumn of 2023. The transect was located east of the emitter following the direction of the prevailing winds and extended from 300 to 4100 m (Fig. 2). Six sampling sites were designated on the transect at 300 m, 550 m, 1000 m, 1500 m, 2600 m and 4100 m away from the smelter. 
2.2.2. Method of collection
Each sampling site constituted open, sunny place with an area of 2×2 m. Each sampling site was divided into a grid of 100 equal squares, each measuring 20×20 cm. To ensure random sampling, 15 squares were randomly selected for the collection of Cladonia rei (n = 15) and rhizosphere soil samples (n = 15). Identification of plant and lichen species was established using a stereomicroscope and identification keys (Rutkowski 2008, Smith et al. 2009). Rhizosphere soil was collected by uprooting Calamagrostis epigejos plants with a trowel and gathering the soil surrounding the roots. Lichen thalli were transported to the laboratory in paper envelopes and then carefully cleaned of soil particles and other visible contaminants attached to their surface. After that, the lichen samples were air-dried, and then they were placed in a freezer at -30°C for two days until the analyses were conducted. The soil samples were placed in a portable freezer and transported to a laboratory, where they were processed immediately.
2.2.3. Characteristics of studied material
The choice of lichen and grass species for rhizosphere soil sampling was determined by the fact that these species occur abundantly in the study area. Cladonia rei (Fig. S2) is an epigeic lichen regarded as a pioneer colonizer of bare soil, particularly in disturbed and human-affected habitats (Paus 1997, Osyczka & Rola 2013, Rola et al. 2014). This species is well adapted to grow on substrates that are extremely polluted with toxic trace elements (Rola & Osyczka 2018). Calamagrostis epigejos is a tall perennial grass native to the Euro-Asian region, which readily grows in anthropogenic and man-made habitats (Rebele & Lehmann 2001). The species has a large ecological amplitude and a high tolerance to abiotic stress factors. It has a range of adaptation mechanisms to cope with stressful habitat conditions and is well adapted to grow in polluted habitats, demonstrating its potential for phytoremediation (Ranđelović et al. 2020).
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Fig. 2. Location of sampling plots in the vicinity of the "Miasteczko Śląskie" zinc smelter. The concentrations of zinc, lead, and cadmium in topsoil (0-20 cm) were provided according to Pająk and Jasik (2010). Red stars refer to sampling points in the present study.
2.3. Dehydrogenase activity in lichen thalli
Dehydrogenase activity in lichen samples was determined by measuring the reduction of 2,3,5-triphenyl tetrazolium chloride (TTC) to triphenyl formazan (TPF), a red compound indicative of mitochondrial respiratory chain activity (Bačkor & Fahselt 2005, Ruf & Brunner 2003). C. rei samples (approximately 40 mg each, 3-4 podetia = secondary thallus) were incubated in darkness for 20 hours at 25°C in a solution containing 2 ml of 0.6% TTC (Sigma-Aldrich) and 0.005% Triton X-100 (Sigma-Aldrich) prepared in 50 mM sodium phosphate buffer (pH 6.8). After incubation, the solutions were discarded, and the lichens were rinsed with distilled water to eliminate any residual Triton X. The samples were then dried on filter membranes. To extract water-insoluble formazan, the samples were treated with 4 ml of 96% ethanol (Sigma-Aldrich) at 65°C in a water bath (JWE 357, Elpin-Plus, Poland) for 1 hour. The tubes were centrifuged at 4000 × g for 10 minutes (MIKRO 200, Hettich, Germany), and the absorbance of the supernatant was measured at 485 nm using a UV–Vis spectrophotometer (Shimadzu UV-1900i, Shimadzu Corporation, Japan). Results were expressed as absorbance units per dry weight of the thalli. Fifteen samples were analyzed for each sampling site.
2.4. Dehydrogenase activity in soil
Dehydrogenase activity (DHA) was assessed following the method of Casida et al. (1964), with slight modifications. Approximately 1.5 g of rhizosphere soil from each sample was placed in test tubes and mixed with 2 ml of 3% TTC (Sigma-Aldrich) prepared in 50 mM sodium phosphate buffer (pH 6.8). The test tubes were wrapped in aluminum foil and incubated in the dark at 25°C for 24 hours. After incubation, the samples were vortexed and centrifuged (MIKRO 200, Hettich, Germany) at 3000 × g for 10 minutes, and the supernatant was discarded. Methanol (Sigma-Aldrich) was used to extract the TPF produced. First, 2 ml of methanol was added to each tube, followed by incubation at 65°C in a water bath (JWE 357, Elpin-Plus, Poland) for 30 minutes. This step was repeated, resulting in a total of 4 ml of methanol used for extraction. The samples were centrifuged again, and the absorbance of the supernatant was measured at 485 nm using a UV–Vis spectrophotometer (Shimadzu UV-1900i, Shimadzu Corporation, Japan). TPF concentration was determined using a calibration curve created according to standard procedures. Results were expressed as micrograms of formazan per gram of dry rhizosphere soil. A total of fifteen samples from each sampling site were analyzed.
2.5. pH measurements
The pH in H2O (1:5; v:v) was measured in each rhizosphere soil sample using Seven Go Duo SG23-FK5 (Mettler Toledo, Switzerland) following ISO 10390 (2021).
2.6. Statistical analysis
Differences in dehydrogenase activity (DHA) in C. rei thalli from various sampling sites were assessed using one-way ANOVA (p < 0.05), followed by Tukey's HSD post-hoc test. Normality was evaluated using the Kolmogorov-Smirnov test, and variance homogeneity was assessed with the Brown-Forsythe test. Similarly, DHA in rhizosphere soil samples and soil pH were analyzed. All analyses were conducted using STATISTICA 13 (TIBCO Software Inc., USA).
3. Results
3.1. Dehydrogenase activity in lichens
Regarding DHA in C. rei, statistically significant differences between lichens collected at particular distances from the zinc smelter were recorded (Fig. 2). The lowest DHA was recorded in samples collected closest to the smelter (300 m), and they differed significantly from samples collected from further distances. A higher DHA was observed at the second distance (550 m) and significantly differed from the first distance (300 m) and the last two distances (2600 m and 4100 m). The highest DHA levels were observed at the last four sites located at 1000 m, 1500 m, 2600 m, and 4100 m from the smelter, and there were no significant differences between them (Fig. 3).
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Fig. 3. Dehydrogenase activity demonstrated as absorbance at 485 nm on g DW of lichen thallus measured in Cladonia rei gathered from specific sampling locations (square = mean, box = SE, whisker = 95% confidence interval). The result of one-way ANOVA with Tukey's HSD post-hoc test is provided; the different letters indicate statistically significant differences (p < 0.05).
3.2. Dehydrogenase activity in rhizosphere soil
Dehydrogenase activity in rhizosphere soil samples collected around roots of C. epigeios differed significantly between different distances from the zinc smelter (Fig. 4). The soil samples collected closest to the smelter (300 m) had the lowest DHA and differed significantly from samples collected at further distances. The highest values of DHA were measured at the remaining sites (550 m, 1000 m, 1500 m, 2600 m, 4100 m), which did not differ significantly from each other (Fig. 4). Moreover, significant correlation between DHA in rhizosphere soil and lichen thalli was observed (R = 0.82, p < 0.05).
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Fig. 4. Dehydrogenase activity demonstrated as triphenylformazan (TPF) concentration (µg g-1 DW 24h-1) determined in rhizosphere soil samples gathered from specific sampling locations (square = mean, box = SE, whisker = 95% confidence interval). The results of the one-way ANOVA with Tukey's HSD post-hoc test are presented, with different letters denoting statistically significant differences (p < 0.05).
3.3. Soil pH
Soil pH differed between the analysed distances from the smelter and ranged from moderately acidic to slightly alkaline (around 7.5). The lowest pH level was recorded at 1500 m, while the highest was at 4100 m. (Fig. 5).
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Fig. 5. The pH level of rhizosphere soils collected at particular sampling sites (circle = mean, box = SE, whisker = 95% confidence interval). The results of the one-way ANOVA with Tukey's HSD post-hoc test are presented, with different letters denoting statistically significant differences (p < 0.05).
4. Discussion
Many studies conducted in areas adjacent to the "Miasteczko Śląskie" zinc smelter have reported decreasing concentrations of trace elements in soils with increasing distance from the smelter (see, e.g., Olszowska 1997, Pająk & Jasik 2011, Azarbad et al. 2013). Our study revealed that DHA in the rhizosphere soil of C. epigejos was considerably lower near the smelter compared to further distances, which is consistent with findings reported by Olszowska (1997) and Nadgórska-Socha et al. (2013), who studied the impact of trace elements on enzymatic activity in bulk soils collected at varying distances from the "Miasteczko Śląskie" zinc smelter. Many previous studies have reported significant inhibition of enzyme activity by trace elements (e.g., Effron et al. 2004, Pliveira & Pampulha 2006, Wang et al. 2008, Zhao et al. 2020). Therefore, it has been suggested that evaluating soil enzyme activity may be one of the most cost-effective and straightforward methods for assessing soil pollution (Hinojosa et al. 2004, Khan et al. 2007). This is crucial, as rapid and reliable methods are needed to evaluate the effects of combined environmental pollutants. However, the impact of trace elements on soil enzyme activity is a complex phenomenon. Different enzymes can respond significantly different to the same element, and a single enzyme may exhibit variable reactions to different trace elements (He et al. 2003, Li et al. 2009). Dehydrogenase, a crucial enzyme in living cells, reflects overall microbial activity in the soil and correlates with the abundance and metabolic activity of microorganisms (Quilchano & Marañon 2002). DHA proved sensitive to trace element pollution, as dehydrogenases are primarily endoenzymes whose activity directly depends on microbial metabolism. Elevated trace element concentrations within microbial cells cause protein denaturation, reducing their activity (Liang et al. 2014). Most researchers have demonstrated a decrease in dehydrogenase activity in soil with increasing element concentrations (e.g., Liang et al. 2014), which is directly attributed to the destructive effect of toxic elements on the enzymes (Pan & Yu 2011). Although we found reduced DHA near the smelter, no clear trend of an increase in DHA with distance from the smelter could be observed. This phenomenon may be explained by the unique microhabitat of the rhizosphere and the interactions between microorganisms and the plant within it. The rhizosphere soil surrounding plant roots is the most active part of the soil, with a higher microbial abundance compared to bulk soil (Bahadur et al. 2017, Verna et al. 2017), which has a clear impact on plant growth and productivity (Hillel et al. 2005). Plant roots can secrete a variety of secondary metabolites, known as root exudates. Some of them act as chelating or detoxifying agents (Bais et al. 2004, Brahmaprakash et al. 2017, Vives et al. 2020). Soil microorganisms in the rhizosphere can also produce chelating compounds (Ortúzar et al. 2020, Joshi et al. 2023), which bind metal cations and contribute to the immobilization of trace elements. All of these can protect both microbes and plants from the uptake of trace elements and their toxic effects (Gupta & Diwan 2017). In addition, plants growing in polluted soils under stressful conditions can develop a specialized rhizobiome (Muehe et al. 2015) that helps transform trace elements into less toxic forms and alters their availability (Tirry et al. 2018). Finally, the toxic impact of trace elements on microorganisms may be mitigated in soils high in organic carbon, as humic acids can chelate toxic elements (Perelomov et al. 2021, Terekhova et al. 2021). Consequently, the greater abundance of C. epigejos observed in areas far from the smelter, along with a specific rhizobiome, may be responsible for alleviating the harmful effects of metals on microorganisms in rhizosphere soil, implying the observed greater dehydrogenase activity, regardless of the distance from the smelter. Soil dehydrogenases are intracellular enzymes whose activity is dependent on pH. Soil pH may affect their activity by changing the ionic form of active sites and by altering the affinity of the substrate to the enzyme (Wolińska & Stępniewska 2012). The optimal pH for dehydrogenase activity is typically neutral to slightly acidic (pH 6.0-7.5) (Wolińska & Stępniewska 2012). At low pH, increased solubility of toxic trace elements can additionally reduce enzymatic activity. However, in our study, we did not observe a clear trend in relation to the changes in soil pH with distance from the smelter, and all sampling sites were characterized by a pH level optimal for dehydrogenase activity.
Cryptogams are widely used in biomonitoring of environmental pollution. Several biomarkers of lichens have already been utilized for biomonitoring trace element pollution, including membrane lipid peroxidation and cell membrane integrity (Cuny et al. 2002, Cuny et al. 2004, Osyczka & Rola 2019, Osyczka et al. 2023). Nevertheless, cryptogams are still more commonly used in biomonitoring by measuring the concentrations of trace elements accumulated in lichens and mosses, which readily reflect the levels of these elements in the environment. To date, two biomonitoring studies on mosses have been conducted in the vicinity of the "Miasteczko Śląskie" smelter. One of them concerned active biomonitoring and indicated that Pleurozium schreberi moss is a significant source of information on environmental pollution, including trace elements (Kaczmarek et al. 2017). The second study examined trace elements concentrations in soil and P. schreberii, with the highest concentrations observed closest to the smelter (Pająk & Jasik 2011). A colorimetric method based on the reduction of 2,3,5-triphenyl tetrazolium chloride (TTC) to triphenyl formazan (TPF) also provides a precise assessment of dehydrogenase activity in lichens. Regarding DHA, several studies have so far analyzed the impact of pollution on this parameter in lichens. Certain laboratory experiments have shown a decrease in DHA after exposure of lichens to trace elements. For example, Bačkor and Fahselt (2005) revealed a decrease in DHA after exposure of Flavoparmelia caperata and Cetraria arenaria to copper and Pisani et al. (2011) showed a negative effect of arsenic on Xanthoria parietina. Field studies have also shown a decrease in DHA in lichens transplanted to industrial areas for a certain period (Corapi et al. 2014, Paoli et al. 2015). We observed an increase in DHA in C. rei with distance from the zinc smelter, which suggests that the level of this enzyme may act as a biomarker of trace element levels in the environment. Unlike short-term laboratory experiments or transplantation studies, our research investigates the long-term effects of toxic trace elements exposure on lichens in their natural habitat, providing a more ecologically realistic assessment of physiological responses under chronic environmental stress. 
5. Conclusions
Our findings indicated that DHA in the lichen C. rei corresponds well with trace element pollution in the soil surrounding the zinc smelter. Therefore, the measurement of DHA in this species could indicate increased trace element concentrations in the soil. Anthropogenic activities, especially metallurgy, can significantly pollute the soil in the vicinity of the emitter. This biomarker in lichens can serve as a warning signal for high soil pollution with trace elements, particularly when smelting activities are conducted near agricultural areas. However, further studies are needed to measure more up-to-date trace element concentrations to confirm the utility of this biomarker on a large scale.
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Supplementary material
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Fig. S1. The area surrounding the "Miasteczko Śląskie" zinc smelter on the eastern side
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Fig. S2. Exemplary photos presenting Cladonia rei from sampling sites designated on the transect at 300 m and 1500 m away from the "Miasteczko Śląskie" zinc smelter
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