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Abstract
Lichens possess unique characteristics, relying on a protective cortex and a filtration mechanism for absorption in the absence 
of roots, enabling efficient mineral nutrition. However, this distinctive feature also renders them susceptible to accumulating 
airborne pollutants, particularly metal, beyond optimal levels. The current investigation focuses on elemental accumula-
tion in two crustose lichen species, namely Bacidia convexula and B. submedialis, aiming to highlight their potential as 
biomonitoring tools and assess the impact of anthropogenic activities, disturbed environment surrounding brick-kilns as an 
illustrative example. Microstructural changes, surface sorption and fibrous deposition of elemental ions were scrutinized 
through the application of SEM–EDX microscopy and advanced analytical techniques such as ICP-MS and FTIR. The SEM 
images unveiled alterations in the lichen’s microstructure, entrapment of gas bubbles as well as fibrous deposition and sur-
face sorption of elemental ions. The highest mean concentration of Ag (0.36 ± 0.01), Al (1194.87 ± 67.6), As (0.6 ± 0.02), 
Cd (0.29 ± 0.01), Cr (107.79 ± 0.39), Cu (17.12 ± 0.07), Fe (1722.73 ± 8.48), Mg (1995.13 ± 31.28), Mn (235.06 ± 0.67), Ni 
(9.09 ± 0.05), and Zn (87.63 ± 0.84 mg kg−1) were estimated in the thalli of B. submedialis, whereas B. convexula accumu-
lated highest concentration of Co (1.34 ± 0.02), Li (3.67 ± 0.35), Pb (11.92 ± 0.13), and Se (0.27 ± 0.01 mg kg−1). In both 
the lichens, FTIR analysis identified the functional groups such as, alcohol (O–H), alkenes (C–H), alkyl halides (C–Br), 
aromatic (C = C), methoxy (O–CH3) and octahedral groups (AlO8). The analytical results of EDX showed a higher weight 
of O with 46.11%, Mg (0.43%), Al (0.9%), Fe (0.38%), Si (1.62%), Zr (1.67%) in B. submedialis. Whereas, B. convexula 
revealed higher weight of C with 62.36% and Ca (0.62%). As such differential response was observed to metal ion stress, 
showing B. submedialis to be more tolerant than B. convexula. The information generated could be used as biomonitoring 
indicator of air quality and pollution.
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Introduction

In recent decades, metal pollution has emerged out as a 
significant global environmental concern [19]. There is a 
growing body of evidence pointing to the harmful effects 
of metals on living organisms. Anthropogenic sources have 
now surpassed natural sources as the primary contributors 
to metallic contaminants (Fig. 1). The mobility, dispersion 
and toxic effects associated with heavy metals pose a sig-
nificant threat to human and environmental health, causing 
growth reduction and a decline in crop yield [3, 54]. The 
accumulation of metal-laden particulate matter in the human 
body is linked to chronic health issues such as neurological 
degeneration, multiple sclerosis, muscular dystrophy [57], 
and even lung cancer [66]. Consequently, addressing the 
issue has become imperative for the protection of public 
health and the environment.

Lichens are commonly used in biomonitoring studies 
of air pollution as they serve as bioindicators of air qual-
ity or bioaccumulators of atmospheric deposition [13, 22, 
30]. These organisms can be easily sampled, the analysis is 
cost-effective, and allow monitoring of large areas. Lichens 
are perennial life forms that lack roots; rely on protective 
cortex and filtration mechanism. The waxy cortex makes 
them highly dependent on wet and dry deposition for mineral 
nutrients.

These unique characteristics offers lichens a capacity 
to readily accumulate airborne pollutants, especially met-
als, beyond their physiological needs [22, 48]. Therefore, 

lichens are frequently employed in air quality and bio-
monitoring studies that provide the information about the 
air quality of the regions [52, 63]. Being toxi-tolerant and 
pioneer, crustose lichens, such as Bacidia convexula and 
B. submedialis, possess unique characteristics that make 
them ideal for monitoring air quality and pollution. Their 
reliance on a protective cortex and filtration mechanism for 
nutrient absorption, in the absence of roots, enables them 
to efficiently accumulate airborne pollutants, particularly 
metals. This distinctive trait, which allows lichens to read-
ily exceed their physiological requirements, makes them 
excellent bioindicators of air quality and bio-accumula-
tors of atmospheric deposition. Lichens are extensively 
employed worldwide in biomonitoring studies, enabling a 
holistic assessment of atmospheric metal pollutants across 
construction sites, factories, forests, industries, thermal 
power plants, urban and rural areas [7, 11, 12, 24, 42, 44, 
55].

Numerous studies conducted by various researchers have 
delved into distinct lichen communities thriving on rocks and 
soil in globally distributed heavy metal-polluted areas, pre-
dominantly linked to metal mining activities. Some lichens 
thriving in environments rich in heavy metals are resilient, 
common species capable of withstanding metal exposure in 
both polluted and unpolluted regions. Conversely, certain 
species are exclusively found in areas abundant in heavy 
metals, exhibiting a fragmented distribution dependent on 
the availability of suitable sites. The majority of lichens with 
an affinity for metal-rich substrates are categorized within 
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the genera Acarospora, Aspicilia, Lecanora, Lecidea, Por-
pidia, Rhizocarpon, or Tremolecia [6, 45, 53]. Seaward [61], 
examined Lecanora muralis, an epilithic crustose lichen, in 
urban environments failed to identify patterns of lead pol-
lution zoning.

Conversely, comprehensive air pollution study conducted 
in Israel using the epilithic lichen Caloplaca aurantica 
revealed higher levels of heavy metal pollution in urban 
areas compared to rural control areas [31, 32]. Some of the 
species such as Diploschistes muscorum [23, 59], Acaros-
pora rugulosa [21], and Lecanora polytropa [50] demon-
strated an impressive capacity to accumulate exceptionally 
high levels of metals, earning them the designation of hyper-
accumulators. The surface-dwelling lichens Cladonia rei and 
Diploschiste muscorum have proven to be resilient coloniz-
ers of severely polluted and disrupted environments, show-
casing significant tolerance to heavy metals. Contrasting 
abilities in terms of bioaccumulation, accumulation trends, 
and responses to heavy-metal-induced stress, particularly in 
relation to cell membrane damage are known to be reported. 
Notably, in the thalli of Cladonia rei, over half of the loads 
of Zn, Pb, Cd, and As are accumulated externally, while 
Diploschistes muscorum tends to accumulate the same ele-
ments intracellularly [49]. Acarospora rugulosa exhibited an 
accumulation of up to 16% of Cu on a dry mass basis [21]. 
Pawlik-Skowronska et al. [50] observed that apothecia of 
Lecanora polytropa accumulated Cu up to 1.3% (dry mat-
ter), with approximately 50% of it being in an exchangeable 
form. As such, there exists substantial disparities between 
the total and intracellular contents of these heavy metals. 

Numerous studies have utilized three distinct species of 
epilithic-crustose lichen viz., Candelariella sp., Lecanora 
sp., and Caloplaca sp. as bioindicators for various trace ele-
ments, including V, Cr, Mn, Co, Ni, Cu, Zn, As, Rb, Sr, Mo, 
Cd, Sb, Ba, Pb, Bi, and U. The study suggested that Cande-
lariella sp., Lecanora sp., and Caloplaca sp. are proficient 
accumulators of airborne heavy metals [18]. Bajpai et al. 
[9] conducted a biomonitoring study in India, employing 
Lapraria lobifican crustose lichens, which exhibited greater 
Fe accumulation compared to other species of foliose and 
fruticose lichens. In Brazil, epilithic crustose lichens have 
been employed for biomonitoring arsenic in the environ-
ment [28].

In India, several studies have been conducted to assess 
the multi-elemental composition of the environment using 
lichens as biomonitors by employing various techniques 
[10, 24, 35, 39, 62]. Comparisons between different lichen 
species of different growth forms have been performed to 
determine the most suitable biomonitor for specific environ-
mental conditions [4, 14, 33, 34]. However, being pioneer 
coloniser and pollution tolerant behaviour, comparisons 
of crustose lichens are limited. The choice to investigate 
the lichen genus Bacidia in the study was made after care-
ful consideration and evaluation of various factors. While 
Artocarpus heterophyllus and Mangifera indica serve as 
recognized habitats for a diverse range of lichen species, 
including Pyxine, Dirinara, Caloplaca, Lecanora, Phaeo-
physcia, Hyperphyscia, and Bacidia, the specific emphasis 
on Bacidia is substantiated by multiple reasons.

Fig. 1   Sources, emissions, dispersal of pollutants and its interplay with lichens present in the environment
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Firstly, several lichen species, such as Pyxine [11, 25, 34, 
37], Dirinara [1, 58, 67], Caloplaca [8, 29, 65], Flavopar-
melia [43], Lecanora [2, 40, 51], Hyperphyscia [15, 26], 
and Phaeophyscia [33, 36, 41, 56, 60, 62, 64] have been 
extensively studied in global biomonitoring efforts. These 
lichens, documented in numerous research studies, have 
significantly contributed to our understanding of ecological 
indicators and environmental health. In contrast, the selec-
tion of Bacidia, a crustose lichen, introduces a unique per-
spective to the study, as it has been comparatively utilized 
in biomonitoring studies [33, 34]. Bacidia possesses distinc-
tive ecological characteristics and secondary metabolites, 
including atranorin and triterpenes, which play a vital role 
in conferring tolerance to environmental stresses.

The inclusion of Bacidia in the study design also consid-
ers its dispersion and distribution in the selected areas. While 
different lichen genera may exhibit varying sensitivities to 
pollutants, the utilization of Bacidia in this study allows for 
the collection of bulk samples, facilitating multiple analyses 
and providing a more comprehensive understanding of envi-
ronmental conditions. Furthermore, the decision to focus 
on Bacidia addresses existing knowledge gaps, as limited 
research has been conducted on this genus compared to 
others. This approach aims to contribute to a more holistic 
understanding of lichen diversity, distribution, and ecologi-
cal roles within the ecosystem. The selection of Bacidia for 
this study is not arbitrary, rather, it is grounded in a thought-
ful evaluation of its unique ecological attributes, potential 
contributions to biomonitoring efforts, specific responses to 
environmental factors, and considerations of existing knowl-
edge gaps in lichen research. Through this focused investiga-
tion, the study endeavours to offer a nuanced and compre-
hensive understanding of the lichen communities associated 
with Artocarpus heterophyllus and Mangifera indica. Thus, 
the present study is aimed (i) to conduct the comprehensive 
assessment of atmospheric heavy metal contamination, (ii) 
to assess the impact of anthropogenic activities on the envi-
ronment, (iii) to assess the elemental load in two crustose 
lichen species viz., Bacidia convexula and B. submedialis 
by employing ICP-MS (Inductively Couple Plasma-Mass 
Spectrometry), (iv) to confirm the effectiveness of lichen as 
a reliable biomonitoring species for detecting a wide range 
of airborne metals by employing some advanced technique 
such as SEM–EDX (Scanning Electron Microscopy with 
Energy Dispersive X-Ray Spectroscopy) and FTIR (Fourier 
Transform Infrared Spectroscopy).

Materials and methods

Study area and collection of samples

Lichen samples were collected from the Bahraich district of 
Uttar Pradesh, India within the geographical coordinates of 
28.24 to 27.40° N and 81.65 to 81.30° E (Fig. 2). The dis-
trict’s landscape comprises a combination of plains and hills. 
The sites are characterized by the presence of several brick 
kiln units, small-scale industries, construction areas, waste 
burning, forest fires and agricultural practices surrounded by 
an individual tree and densely clustered tree population also. 
The samples were collected from the bark of two phorophytes 
viz., Artocarpus heterophyllus and Mangifera indica. Thalli 
of lichen species growing on the tree trunk at 0.5–2 m from 
the ground were estimated. Thalli of lichen species were col-
lected randomly from the trees in each sampling site, within 
the year 2020–2021. The samples were collected separately 
in winter seasons.

Identification of lichen samples

Lichen samples collected from sites underwent identification 
based on morphological, anatomical and chemical character-
istics. The micro lichen key [5] served as the primary litera-
ture reference for the identification process. A set of collected 
specimens is preserved in the herbarium (LWG) of the CSIR-
National Botanical Research Institute, Lucknow, India. Mor-
phological examinations of the lichens were conducted using 
a stereo-zoom LEICA S8APO microscope, while anatomical 
details were scrutinized with DM2500 optical microscopes 
equipped with a camera and image analysis software. Thin 
Layer Chromatography (TLC) was done according to standard 
method [46]. The analysis was conducted with B. convexula 
and B. submedialis in triplicates (n = 12) collected from both 
the regions of Bahraich district, Uttar Pradesh, India.

Sample preparation and elemental analysis

The lichen samples were removed carefully from the bark 
and placed in small petri dishes. Lichens thalli were cleaned 
with distilled water to eliminate dust and residue. Further, 
lichen samples were dried in an oven at 80°C for a minimum 
of 48 h. After drying, they were crushed, powdered and then 
passed through a mesh with a pore size of 2 mm. Samples 
were digested through a microwave-digestion (BERGHOF 
Speedwave-MWS-3 +) using HNO3 (69%, ACS quality, Ger-
many). The total elemental content in the digested sample was 
determined by using ICP-MS (Thermo iCAP TQ).
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Calculation of environmental indexes of pollution

Contamination Factor (CF): The contamination factor was 
used to assess the atmospheric contamination levels of each 
element at each monitoring site. The CF was calculated as 
follows:

where Cs represents the mean concentration of each element 
in the lichens, and Cc is the corresponding average minimum 
concentration of element in the lichen.

The CF values were categorized into four contamina-
tion classes based on the ranges defined by Boamponsem 
et al. [16] as follows: < 1.2, none, 1.2–2, light, 2–3, medium, 
and ≥ 3, heavy.

Pollution Load Index (PLI): The pollution load index was 
estimated as follows:

The CF represents the contamination level of each 
selected element, and ‘n’ denotes the total number of ele-
ments studied.

CF = C
s
∕C

c

PLI =
(

CF
1
x CF

2
x CF

3
x CF

4
x… x CF

n

)1∕n

According to Boonpeng et al. [17], a Pollution Load 
Index (PLI) value less than 0.9 indicates an unpolluted area. 
PLI values greater than 1 were categorized into different 
pollution levels as follows: 1.1 < PLI < 1.5, low pollution; 
1.5 ≤ PLI < 2.0, moderate pollution; 2.0 ≤ PLI < 2.5, high 
pollution; and PLI ≥ 2.5, very high pollution.

Scanning Electron Microscopy with Energy 
Dispersive X‑Ray Spectroscopy (SEM–EDX) Analysis

For SEM observation, the dehydrated lichen samples were 
mounted onto aluminum stubs using double-sided car-
bon tape method [33]. These stubs were then coated with 
gold–palladium in a sputter coater (JFC 1600; JEOL, Tokyo, 
Japan) at 20 mA. The samples were equipped with an EDX, 
EV Dry Detector and viewed under a Scanning Electron 
Microscope (JFC 1600; JEOL, Tokyo, Japan). To analyze the 
composition of the lichen samples, EDX (Energy Dispersive 
Spectroscopy) was performed on the same SEM instrument 
by scanning an electron beam with an accelerating voltage 
of 15 kV. This process allowed for the determination of the 
elemental composition of each particle.

Fig. 2   Map showing the lichen collection sites in Bahraich district of Uttar Pradesh, India
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Fourier Transform Infrared Spectroscopy (FTIR) 
Analysis

For FTIR analysis, lichen samples were dried in an oven at 
a temperature of 40-50ºC for 4 to 5 h to eliminate any mois-
ture content. The pellet was prepared by combining dried 
lichen samples with potassium bromide (KBr) method [33]. 
After homogenization, the KBr-based mixture was then 
compressed into a thin disk shape using a hydraulic press 
(CAP-15 T) under a pressure of ten tons. Subsequently, the 
prepared disks were fixed into an FTIR spectrophotometer 
(Thermo-Nicolet 6700) for analysis. The FTIR scan range 
used for this investigation spanned from 400 to 4000 cm−1, 
allowing for the detailed examination of the chemical bonds 
and functional groups in the lichen.

Statistics and Data Analysis

Pearson’s correlation was performed with SPSS 26.0, 
and the level of statistical significance was set at p ≤ 0.05 
(2-tailed).

Results and Discussion

Morphological and anatomical study of lichen 
samples

a.	 Bacidia convexula (Müll. Arg.) Zahlbr.: Thallus cor-
ticolous, crustose, granular to furfuraceous, greyish 
green. Apothecia frequent sessile, biaorine, 0.1–0.6 mm 
in diam., disc reddish brown, plane to convex. Exciple 
hyaline to yellowish; epihymenium yellowish; hyme-
nium hyaline; paraphyses simple to branched, apical 

cell swollen. Ascus 8-spored, cylindrical to clavate, 
ascospores transversely 3–5 septate, fusiform to acicu-
lar, 18.1–30.9 × 1.9–4.9 µm (2.5x), Chemistry: Thallus 
K-, C-, KC-, P-. TLC: No substances tested (Fig. 3A).

b.	 Bacidia submedialis (Nyl.) Zahlbr.: Thallus corticol-
ous, crustose, granulose to verruculose, whitish grey to 
grey. Apothecia numerous, round, sessile, 0.2–0.8 mm 
in diam., margin biatorine, thin, disc pale brown, plane 
to slightly convex. Exciple brown, Epihymenium pale 
brown, hymenium hyaline; paraphyses branched and 
anastamosing. Asci 8-spored, ascospores acicular, hya-
line, transversely (-3) 6-(-7) 9 septate, 31.4–40.9 × 3.0–
3.8 µm (2.5x), Chemistry: Thallus K ± yellow, C-, KC-, 
P-. TLC: Triterpenes (Fig. 3B).

Elemental accumulation in lichen thalli and its 
substrate

The elements that were estimated in the lichen samples are 
Ag (silver), Al (aluminium), As (arsenic), Cd (cadmium), Co 
(cobalt), Cr (chromium), Cu (copper), Fe (iron), Li (lithium), 
Mg(magnesium), Mn (manganese), Ni (nickel), Pb (lead), Se 
(selenium), and Zn (zinc) (Fig. 4). Among all elements, Ag 
ranged from 0.27 ± 0.003 to 0.36 ± 0.01 mg kg−1 followed 
by Al (502.59 ± 3.86 to 1194.87 ± 67.57), As (0.43 ± 0.04 to 
0.6 ± 0.02), Cd (0.23 ± 0.003 to 0.29 ± 0.01), Co (1.1 ± 0.003 
to 1.34 ± 0.02), Cr (21.21 ± 0.1 to 107.79 ± 0.39), Cu 
(11.21 ± 0.06 to 17.12 ± 0.06), Fe (1119.95 ± 3.27 to 
1722.73 ± 8.48), Li (2.19 ± 0.12 to 3.67 ± 0.35), Mg 
(1405.19 ± 7.81 to 1995.13 ± 31.28), Mn (72.47 ± 0.2 
to 235.06 ± 0.66), Ni (1.07 ± 0.01 to 9.09 ± 0.05), Pb 
(8.56 ± 0.03 to 11.92 ± 0.13), Se (0.16 ± 0.01 to 0.27 ± 0.01), 
and Zn (48.66 ± 0.31 to 87.63 ± 0.84 mg kg−1). Whereas, 
Ag concentration in the bark of both the lichen species 

Fig. 3   Thallus and ascomata of A: B. convexula, and B: B. submedialis 
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Fig. 4   Mean elemental concentration (mg kg−1) in lichen thalli of B. convexula and B. submedialis 

Fig. 5   Mean elemental concentration (mg kg−1) in the substrate of B. convexula and B. submedialis 



	 The Nucleus

ranged from 0.02 ± 0.01 to 0.03 ± 0.01 mg kg−1 followed 
by Al (36.23 ± 12.5 to 87.39 ± 35.9), As (0.03 ± 0.01 
to 0.04 ± 0.01), Cd (0.017 ± 0.01 to 0.021 ± 0.01), Co 
(0.08 ± 0.03 to 0.1 ± 0.03), Cr (7.79 ± 2.75 to 1.53 ± 0.54), 
Cu (0.81 ± 0.28 to 1.24 ± 0.43), Fe (80.9 ± 28.64 to 
124.28 ± 43.24), Li (0.16 ± 0.06 to 0.26 ± 0.09), Mg 
(101.38 ± 35.21 to 143.58 ± 48.27), Mn (5.23 ± 1.84 to 
16.97 ± 5.93), Ni (0.08 ± 0.03 to 0.66 ± 0.23), Pb (0.62 ± 0.22 
to 0.86 ± 0.3), Se (0.01 ± 0.004 to 0.02 ± 0.01), and Zn 
(3.51 ± 1.21 to 6.32 ± 2.17 mg kg−1) (Fig. 5). The highest 
mean concentration of Co (1.34 ± 0.02), Li (3.67 ± 0.35), 
Pb (11.92 ± 0.13), and Se (0.27 ± 0.01 mg kg−1) were esti-
mated in the thalli of B. convexula, whereas B. submedia-
lis accumulated highest concentration of Ag (0.36 ± 0.01), 
Al (1194.87 ± 67.6), As (0.6 ± 0.02), Cd (0.29 ± 0.01), Cr 
(107.79 ± 0.39), Cu (17.12 ± 0.07), Fe (1722.73 ± 8.48), Mg 
(1995.13 ± 31.28), Mn (235.06 ± 0.67), Ni (9.09 ± 0.05), and 
Zn (87.63 ± 0.84 mg kg−1) respectively. Thus, it is clear that 
in comparison to thalli of lichen, substrate (tree bark) analy-
sis showed less accumulation of metals.

In the present study, lichen thalli showed higher concentra-
tions of all elements compared to tree bark. Notably, elements 
like Ag, Al, As, Cd, Cr, Cu, Fe, Li, Mg, Mn, Ni, Pb, Se, 
and Zn exhibited higher elemental contents in lichen thalli 
than in tree bark, indicating the capacity of lichens to accu-
mulate metals from the environment. The data emphasizes 
the potential role of lichens as bioindicators for environmen-
tal metal pollution. In the previous study, Gupta et al. [34] 
observed metal accumulation in B. submedialis and revealed 
accumulation of Al (108.62 ± 0.28 to 1337.4 ± 0.52), Cd 
(0.14 ± 0.08 to 1.85 ± 0.75), Cr (0.55 ± 0.19 to 12.04 ± 0.25), 
Fe (55.45 ± 0.11 to 1506.4 ± 0.22), Mn (0.67 ± 0.11 to 
49.61 ± 0.21), Pb (0.94 ± 0.07 to 8.31 ± 0.38) and Zn 
(4.55 ± 0.38 to 59.62 ± 0.3) respectively. It was also con-
cluded that metal accumulated in thalli of B. submedia-
lis might be attributed to the vehicular and anthropogenic 
activities in the study area. Gupta et al. [33] also showed 
the accumulation of Al (12.59 ± 0.23 to 16.56 ± 0.49), 
Fe (137.96 ± 0.12 to 293.46 ± 0.42), Cd (0.39 ± 0.01 to 
2.05 ± 0.06), Cr (0.87 ± 0.09 to 12.76 ± 0.43), Cu (16.5 ± 0.09 
to 41.83 ± 0.13), Pb (9.44 ± 0.10 to 12.74 ± 0.24) and Zn 
(94.94 ± 0.08 to 147.73 ± 0.03 µg g−1) in all directions around 
Tanda Thermal Power Plant, U.P., highlighting the accumu-
lation potential of crustose lichens. Thus, lichen thalli act 
as effective accumulators of various elements, showcasing 
higher concentrations compared to their substrate (tree bark).

Correlation analysis between B. convexula and B. 
submedialis

Correlation analysis was conducted on eight elements 
Ag, Al, As, Cd, Co, Cr, Cu, Fe, Li, Mg, Mn, Ni, Pb, Se, 
and Zn in both the lichen samples (Table 1). The lichen 

samples collected from various sampling sites exhibits a 
remarkably strong positive correlation between the ele-
ments Co–Cu, Co–Ni, Cu-Ni, Fe–Mn, Fe–Zn, and M–Zn 
(r2 = 1). This correlation suggests that all the pollutants 
likely originate from the same pollution source. Accord-
ing to [38], these elements are recognized as indicators of 
anthropogenic emissions, such as vehicular traffic, power 
generation plants, fossil fuel combustion, and burning of 
wastes, metal works, and the application of anti-corrosion 
paints. Mg-Zn, and Ni-Pb have also showed a positive cor-
relation between each other (r2 = 0.999). Ag–Fe, Cr–Co, 
Cr–Cu, Cr–Ni, Cr–Pb, and Pb–Se (r2 = 0.997) also estab-
lished a positive significant relation. Apart from the sig-
nificant correlations, there is a strong negative correlation 
between Co–Fe, Co–Mn, and Co–Zn (r2 =  − 1) suggesting 
the different pollution source.

The association between Cu and Zn in lichens is of 
common occurrence, attributed to anthropogenic sources 
or metabolic interactions [47]. This author suggested that 
two elements are essential for lichen metabolism. But in 
the present study, there is a negative correlation between 
Cu and Zn which reflects the decline in survivorship of 
lichen species in polluted areas.

Contamination Factor (CF) and Pollution Load 
Index (PLI)

The results showed that in B. convexula, the CF of Ag, Al, 
As, Cd, Cr, Cu, Fe, Mg, Mn, Ni, and Zn was 1–1.1 showed 
that it has not contributed for contamination, whereas Co, 
Li, Pb, and Se was 1.2–1.8 which play role for light con-
tamination. In B. submedialis, the CF value of Co, Li, 
Pb, and Se was 1.0 which falls in the category of no con-
tamination, whereas Ag, As, Cd, Cu, Fe, Mg, and Zn was 
1.2–1.8 that are the responsible factor for light contami-
nation and Al was 2.4 for medium contamination. It was 
revealed that heavy contamination was created by Cr, Mn, 
and Ni with 3.3–8.6. PLIs were deliberated from the CFs 
for further understanding the implication of air pollutants 
accumulation. The result revealed that thalli of B. con-
vexula carries low pollution load (1.1) in comparison to 
B. submedialis (1.8). Thus, it is clear from the results that 
B. submedialis has more capability to thrive in a polluted 
area and accumulate pollutants in their intracellular spaces 
(Table 2).

Analysis of structural morphology 
through SEM & EDX

The SEM–EDX analysis was performed on both the lichen’s 
surface (Fig. 6). Figure 6i depicts SEM images of B. con-
vexula reveal significant damage to the internal structure of 
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the lichen. Micrographs of lichen thalli exhibited a moder-
ate degree of damage influenced by the varying levels of air 
pollution which is considered to be the primary cause of the 
substantial damage found in the lichen samples through the 
entrapment of gas bubbles. Additionally, spherules present 
distinct characteristics from the other particles, displaying 
an irregular surface with aggregates of submicron-sized 
particles. Upon observing the SEM microscopic images of 
the B. submedialis (Fig. 6ii), fibrous deposition, irregular 

morphology, distinct edges, and agglomerates of various 
sizes and shapes are evident.

SEM images reveal the existence of an array of parti-
cles on the lichen’s surface. These particles exhibit diverse 
characteristics, appearing flat, irregular, rough or smooth, 
oval, and forming agglomerates of varying sizes. The edges 
of these particles generally appear rough or smooth and 
rounded, signifying their nature as atmospheric dust that 
has settled onto the surface of the lichens. According to 
Chaparro et al. [20], particles ranging from 2 upto 5 µm, as 
well as finer particles and smaller irregular ones, are likely 
derived from vehicles.

Based on the findings presented in Table 3, B. convex-
ula revealed higher weight of C with 62.36%, O (32.97%), 
Pt (2.22%), Ca (0.62%), In (0.6%), S (0.49%), Si (0.37%), 
Mg (0.21%), Na (0.2%), Al (0.17%), Fe (0.03%), Cr and 
Ni (0.01%) whereas, the lichen surfaces in B. submedialis 
indicates the predominance of the percentage by weight of C 
with 48.48%, O (46.11%), Zr (1.67%), Si (1.62%), Al (0.9%), 
Mg (0.43%), Fe (0.38%), As (0.3%), K (0.22%), Ca (0.2%), 
Co (0.1%), P and Pb (0.01%) respectively. In comparison to 
the previous study conducted by Gupta et al. [33] utilizing 
B. incongruens (22.78% to 55.7%), the present study reveals 
noteworthy higher percentage of elements in B. convexula 
and B. submedialis.

It is clear from the observations that, B. submedialis 
exhibits higher weight percentages of Al and Si, implying 
that the particles deposited on these surfaces are likely in the 
form of silicates or alumosilicates. Notably, in comparison 
to B. convexula, B. submedialis contains a substantial mass 
fraction of K, suggesting that the surface damage could be 
attributed to an elevation in cell membrane permeability 
that can be induced by stress. Furthermore, the significant 
mass percentage of C, Ca, and O raises the possibility that 

Table 2   Comparison of Contamination Factor (CF) and Pollution 
Load Index (PLI) calculated from the metal concentration accumu-
lated in B. convexula and B. submedialis 

Elements B. convexula B. submedialis
CF CF

Ag 1.0 1.4
Al 1.0 2.4
As 1.1 1.5
Cd 1.0 1.2
Cr 1.0 5.1
Co 1.2 1.0
Cu 1.0 1.5
Fe 1.0 1.5
Li 1.8 1.1
Mg 1.0 1.4
Mn 1.0 3.3
Ni 1.0 8.6
Pb 1.4 1.0
Se 1.8 1.0
Zn 1.0 1.8
PLI 1.1 1.8

Fig. 6   Anatomical observations under SEM & EDX Analysis (A–C) B. convexula, and (D–F) B. submedialis 
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the particles on both the lichen surface may be in the form 
of oxalate [68]. It is evident that B. submedialis has more 
potential to carry pollution load and accumulate metals in 
significant proportions. Thus, SEM & EDX analysis, reveal-
ing structural morphology and elemental composition, con-
tributes significantly to understanding the impact of pollu-
tion on lichen species. This information aids in evaluating 
the damage caused by pollution and provides insights for 
effective environmental management strategies.

Identification of the presence of functional groups

FTIR spectroscopy was employed to identify the functional 
groups involved in metal biosorption for both lichen spe-
cies (Fig. 7). The FTIR analysis of lichen thalli revealed 
peaks in the range of 400–4000 cm−1, corresponding to 
various functional groups found in B. convexula and B. sub-
medialis. The FTIR study of B. convexula exhibited stretch-
ing distinctive peaks at 3418.4, 2923.4, 2857.3, 1655.3, 
1516.4, 1456.4, 1292.9, 1219, 1155.7, 1085.111, 811.7, 
598.888, and 482.5 cm−1 associated with functional groups 
like –OH, =C–H, –C=O, C=C, P=O, C–O, O–CH3, C–Br, 
and Al–O respectively (Fig. 7i), whereas B. submedialis 

demonstrated distinct characteristic asymmetric vibration 
and stretching frequencies, showing peaks at 3733.1, 3677.9, 
3024.9, 2845.7, 2389.2, 1736.3, 1511.2, 1296.6, 1191.9, 
1084.1, 961.9, 819.3, 589.2, and 476.5 cm−1, corresponding 
to functional groups like –OH, =C–H, C–H, –C=C, –C=O, 
–C=C–, C–O, C–F,C–N, trans –CH=CH–, O–CH3, C–Br, 
and Al-O (Fig. 7ii). The previous studies on B. incongruens 
[33] also showed the presence of strong absorbance bands 
ranged from 400 to 3500 cm−1. Thus, it is clear from the 
study that in B. submedialis slight modifications in the peaks 
and emergence of diverse peaks were observed. These find-
ings indicate that in B. submedialis, the majority of surface 
functional groups actively participate in the metal adsorp-
tion/absorption process. Particularly, carbonyl (–C=O), 
methoxy groups (O–CH3), alkyl halides (C–Br), hydroxyl 
(− OH), aromatic (C=C) and isolated octahedral (AlO8) 
groups were identified as the primary contributors to metal 
biosorption process. Recognizing these functional groups 
helps in understanding the chemical bonding mechanisms 
involved in the absorption of metals and contributes to envi-
ronmental surveillance.

Conclusion

The present study represents the comprehensive analysis of 
metal pollution in crustose lichen species B. convexula and 
B. submedialis, which exhibits pollution tolerant behaviour. 
The results demonstrate the effectiveness of B. submedia-
lis as biomonitoring tool with discriminant metal sorption 
process in the environment. In comparison to B. convexula, 
species B. submedialis revealed its exceptional ability to 
accumulate elements distributed in the environment. The 
study also demonstrates the pollutant deposition, degree of 
damage and presence of active sites for chemical bonding in 
B. submedialis, making it a potential and effective biomoni-
tor. It is clear that this form of analysis holds the potential 
to introduce an innovative SEM–EDX based approach for 
evaluating lichen vitality and delineation of pollution moni-
toring. It could be concluded that B. submedialis could be a 
preferred species monitor and manage environmental risks 
in the area.

Table 3   Percentage weight of elements in lichen thalli through EDX 
analysis

B. convexula B. submedialis

Elements Weight % Atomic % Elements Weight % Atomic %

C K 62.36 70.85 C K 48.48 57.15
O K 32.97 28.12 O K 46.11 40.81
Pt M 2.22 0.16 Zr L 1.67 0.26
Ca K 0.62 0.21 Si K 1.62 0.82
In L 0.6 0.07 Al K 0.9 0.47
S K 0.49 0.21 Mg K 0.43 0.25
Si K 0.37 0.18 Fe K 0.38 0.1
Mg K 0.21 0.12 As L 0.3 0.15
Na K 0.2 0.1 K K 0.22 0.08
Al K 0.17 0.08 Ca K 0.2 0.07
Fe K 0.03 0.015 Co K 0.1 0.05
Cr K 0.01 0.005 P K 0.01 0.005
Ni K 0.01 0.005 Pb M 0.01 0.005
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Fig. 7   FTIR analysis of lichen species showing different peaks (i) B. convexula, (ii) B. submedialis 



The Nucleus	

Acknowledgements  The authors are thankful to the Director, CSIR-
National Botanical Research Institute, Lucknow, and Head of the 
Department of Botany for providing laboratory facilities and basic 
infrastructure to accomplish the study. The authors are thankful to the 
Director, USIC facility, Babasaheb Bhimrao Ambedkar University, 
Lucknow, India for providing support in the work. The authors are also 
thankful to Dr. D. K. Upreti, CSIR-Emeritus Scientist, CSIR-National 
Botanical Research Institute, Lucknow for academic suggestions.

Author contributions  VG: Formal analysis, Methodology, Writing-
original draft. NG: Formal analysis, Methodology, Writing-original 
draft. SN: Writing-review & editing. SL: Writing-review & editing.

Funding  This work is supported by Council of Scientific and Industrial 
Research through Emeritus Scientist Scheme to SL.

Declarations 

Conflict of interest  The authors declare no conflict of interest.

Ethical approval  Not applicable.

Informed consent  All authors read the manuscript and approved for 
publication.

References

	 1.	 Abas A, Sulaiman N, Adnan NR, Aziz SA, Nawang WNSW. 
Using lichen (Dirinaria sp.) as bio-indicator for airborne heavy 
metal at selected industrial areas in Malaysia. Environ Asia. 
2019;12(3):85–90. https://​doi.​org/​10.​14456/​ea.​2019.​48.

	 2.	 Agnan Y, Probst A, Séjalon-Delmas N. Evaluation of lichen spe-
cies resistance to atmospheric metal pollution by coupling diver-
sity and bioaccumulation approaches: a new bioindication scale 
for French forested areas. Ecol Ind. 2017;72:99–110. https://​doi.​
org/​10.​1016/j.​ecoli​nd.​2016.​08.​006.

	 3.	 Ali H, Khan E, Ilahi I. Environmental chemistry and ecotoxicol-
ogy of hazardous heavy metals: environmental persistence, toxic-
ity, and bioaccumulation. J Chem. 2019. https://​doi.​org/​10.​1155/​
2019/​67303​05.

	 4.	 Aprile GG, Di Salvatore M, Carratù G, Mingo A, Carafa AM. 
Comparison of the suitability of two lichen species and one higher 
plant for monitoring airborne heavy metals. Environ Monit Assess. 
2010;162:291–9. https://​doi.​org/​10.​1007/​s10661-​009-​0796-x.

	 5.	 Awasthi DD. A key to the microlichens of India, Nepal and Sri 
lanka. Bibilotheca Lichenologica. Add J Crammer Berlin Stutt-
gart. 1991;40:1–337.

	 6.	 Bačkor M, Fahselt D. Physiological attributes of the lichen Cla-
donia pleurota in heavy metal-rich and control sites near Sudbury 
(Ont., Canada). Environ Exp Botany. 2004;52(2):149–59. https://​
doi.​org/​10.​1016/j.​envex​pbot.​2004.​01.​014.

	 7.	 Bajpai R, Shukla V, Raju A, Singh CP, Upreti DK. A geostatisti-
cal approach to compare metal accumulation pattern by lichens 
in plain and mountainous regions of northern and central India. 
Environ Earth Sci. 2022;81(7):203. https://​doi.​org/​10.​1007/​
s12665-​022-​10336-6.

	 8.	 Bajpai R, Upreti DK, Dwivedi SK, Nayaka S. Lichen as quan-
titative biomonitors of atmospheric heavy metals deposition in 
Central India. J Atmos Chem. 2009;63:235–46. https://​doi.​org/​
10.​1007/​s10874-​010-​9166-x.

	 9.	 Bajpai R, Upreti DK, Dwivedi SK. Passive monitoring of 
atmospheric heavy metals in a historical city of central India by 

Lepraria lobificans Nyl. Environ Monit Assess. 2010b;166:477–
84. https://​doi.​org/​10.​1007/​s10661-​009-​1016-4.

	10.	 Bajpai R, Upreti DK, Nayaka S, Kumari B. Biodiversity, bioac-
cumulation and physiological changes in lichens growing in the 
vicinity of coal-based thermal power plant of Raebareli district, 
north India. J Hazard Mater. 2010c;174(1–3):429–36. https://​doi.​
org/​10.​1016/j.​jhazm​at.​2009.​09.​071.

	11.	 Bajpai R, Upreti DK, Nayaka S. Accumulation of arsenic and 
fluoride in lichen Pyxine cocoes (Sw.) Nyl., growing in the vicin-
ity of coal-based thermal power plant at Raebareli, India. J Exp 
Sci. 2010;1(4):37–40.

	12.	 Banerjee S, Ram SS, Mukhopadhyay A, Jana N, Sudarshan M, 
Chakraborty A. Potential of Epiphytic Lichen Pyxine cocoes, as 
an indicator of air pollution in Kolkata, India. Proc Natl Acad Sci, 
India Sec B Biol Sci. 2023;93(1):165–80. https://​doi.​org/​10.​1007/​
s40011-​022-​01395-7.

	13.	 Belguidoum A, Haichour R, Lograda T, Ramdani M. Biomonitor-
ing of air pollution by lichen diversity in the urban area of Setif, 
Algeria. Biodivers J Biol Divers. 2022;23(2):970–81. https://​doi.​
org/​10.​13057/​biodiv/​d2302​40.

	14.	 Bergamaschi L, Rizzio E, Giaveri G, Loppi S, Gallorini M. Com-
parison between the accumulation capacity of four lichen species 
transplanted to a urban site. Environ Pollut. 2007;148(2):468–76. 
https://​doi.​org/​10.​1016/j.​envpol.​2006.​12.​003.

	15.	 Bhat M, Shukla V, Upreti DK, Verma S, Sharma G, Anand R. 
Assessment of air quality of Rajouri town, Jammu & Kashmir, 
using lichen transplant technique. Sci Technol. 2014;2(1):15–9.

	16.	 Boamponsem LK, Adam JI, Dampare SB, Nyarko BJB, Essumang 
DK. Assessment of atmospheric heavy metal deposition in the 
Tarkwa gold mining area of Ghana using epiphytic lichens. Nucl 
Instrum Methods Phys Res, Sect B. 2010;268(9):1492–501. 
https://​doi.​org/​10.​1016/j.​nimb.​2010.​01.​007.

	17.	 Boonpeng C, Polyiam W, Sriviboon C, Sangiamdee D, Wat-
thana S, Nimis PL, Boonpragob K. Airborne trace elements near 
a petrochemical industrial complex in Thailand assessed by the 
lichen Parmotrema tinctorum (Despr. ex Nyl) Hale. Environ 
Sci Pollut Res. 2017;24:12393–404. https://​doi.​org/​10.​1007/​
s11356-​017-​8893-9.

	18.	 Bosch-Roig P, Barca D, Crisci GM, Lalli C. Lichens as bioin-
dicators of atmospheric heavy metal deposition in Valencia, 
Spain. J Atmos Chem. 2013;70:373–88. https://​doi.​org/​10.​1007/​
s10874-​013-​9273-6.

	19.	 Briffa J, Sinagra E, Blundell R. Heavy metal pollution in the 
environment and their toxicological effects on humans. Heliyon. 
2020;6(9):e04691. https://​doi.​org/​10.​1016/j.​heliy​on.​2020.​e04691.

	20.	 Chaparro MA, Lavornia JM, Chaparro MA, Sinito AM. Biomoni-
tors of urban air pollution: magnetic studies and SEM observa-
tions of corticolous foliose and microfoliose lichens and their suit-
ability for magnetic monitoring. Environ Pollut. 2013;172:61–9. 
https://​doi.​org/​10.​1016/j.​envpol.​2012.​08.​006.

	21.	 Chisholm JE, Jones GC, Purvis OW. Hydrated copper oxalate, 
moolooite, in lichens. Mineral Mag. 1987;51(363):715–8. https://​
doi.​org/​10.​1180/​minmag.​1987.​051.​363.​12.

	22.	 Conti ME, Cecchetti G. Biological monitoring: lichens as bioin-
dicators of air pollution assessment—a review. Environ Pollut. 
2001;114(3):471–92. https://​doi.​org/​10.​1016/​S0269-​7491(00)​
00224-4.

	23.	 Cuny D, Van Haluwyn C, Shirali P, Zerimech F, Jérôme L, Hague-
noer JM. Cellular impact of metal trace elements in terricolous 
lichen Diploschistes muscorum (Scop.) R. Sant.–identification of 
oxidative stress biomarkers. Water, Air, Soil Pollut. 2004;152:55–
69. https://​doi.​org/​10.​1023/B:​WATE.​00000​15332.​94219.​ff.

	24.	 Daimari R, Bhuyan P, Hussain S, Nayaka S, Mazumder MJ, 
Hoque RR. Anatomical, physiological, and chemical altera-
tions in lichen (Parmotrema tinctorum (Nyl.) Hale) transplants 
due to air pollution in two cities of Brahmaputra Valley, India. 

https://doi.org/10.14456/ea.2019.48
https://doi.org/10.1016/j.ecolind.2016.08.006
https://doi.org/10.1016/j.ecolind.2016.08.006
https://doi.org/10.1155/2019/6730305
https://doi.org/10.1155/2019/6730305
https://doi.org/10.1007/s10661-009-0796-x
https://doi.org/10.1016/j.envexpbot.2004.01.014
https://doi.org/10.1016/j.envexpbot.2004.01.014
https://doi.org/10.1007/s12665-022-10336-6
https://doi.org/10.1007/s12665-022-10336-6
https://doi.org/10.1007/s10874-010-9166-x
https://doi.org/10.1007/s10874-010-9166-x
https://doi.org/10.1007/s10661-009-1016-4
https://doi.org/10.1016/j.jhazmat.2009.09.071
https://doi.org/10.1016/j.jhazmat.2009.09.071
https://doi.org/10.1007/s40011-022-01395-7
https://doi.org/10.1007/s40011-022-01395-7
https://doi.org/10.13057/biodiv/d230240
https://doi.org/10.13057/biodiv/d230240
https://doi.org/10.1016/j.envpol.2006.12.003
https://doi.org/10.1016/j.nimb.2010.01.007
https://doi.org/10.1007/s11356-017-8893-9
https://doi.org/10.1007/s11356-017-8893-9
https://doi.org/10.1007/s10874-013-9273-6
https://doi.org/10.1007/s10874-013-9273-6
https://doi.org/10.1016/j.heliyon.2020.e04691
https://doi.org/10.1016/j.envpol.2012.08.006
https://doi.org/10.1180/minmag.1987.051.363.12
https://doi.org/10.1180/minmag.1987.051.363.12
https://doi.org/10.1016/S0269-7491(00)00224-4
https://doi.org/10.1016/S0269-7491(00)00224-4
https://doi.org/10.1023/B:WATE.0000015332.94219.ff


	 The Nucleus

Environ Monitor Assess. 2021;193:1–12. https://​doi.​org/​10.​1007/​
s10661-​021-​08897-3.

	25.	 Daimari R, Bhuyan P, Hussain S, Nayaka S, Mazumder MJ, 
Hoque RR. Biomonitoring by epiphytic lichen species—Pyxine 
cocoes (Sw.) Nyl.: understanding characteristics of trace metal 
in ambient air of different landuses in mid-Brahmaputra Valley. 
Environ Monitor Assess. 2020;192:1–11. https://​doi.​org/​10.​1007/​
s10661-​019-​8007-x.

	26.	 Dathong W. Epiphytic lichen diversity in different areas of 
Nakhon Ratchasima, Thailand. Suranaree J Sci Technol. 
2016;23(2):135–40.

	27.	 De Sloover J, LeBlanc F. Mapping of atmospheric pollution on the 
basis of lichen sensitivity. In: Proceedings of the symposium on 
recent advances in tropical ecology (R. Misra & B. Gopal, eds). 
1968;42–56.

	28.	 Deschamps E, Matschullat J. Arsenic: Natural and anthropogenic. 
CRC Press (Eds.). 2011.

	29.	 Essilmi M, Loudiki M, El Gharmali A. Study of the lichens of 
the Moroccan Atlantic coast Safi-Essaouira: bioindication of air 
quality and limiting factors. Appl Ecol Environ Res. 2019. https://​
doi.​org/​10.​15666/​aeer/​1702_​43054​323.

	30.	 Frati L, Brunialti G. Recent trends and future challenges for lichen 
biomonitoring in forests. Forests. 2023;14(3):647. https://​doi.​org/​
10.​3390/​f1403​0647.

	31.	 Garty J, Galun M, Fuchs C, Zisapel N. Heavy metals in the lichen 
Caloplaca aurantia from urban, suburban and rural regions in 
Israel (a comparative study). Water Air Soil Pollut. 1977;8:171–
88. https://​doi.​org/​10.​1007/​BF002​94041.

	32.	 Garty J, Galun M, Hochberg Y. The accumulation of metals in 
Caloplaca aurantia growing on concrete roof tiles. Lichenologist. 
1986;18(3):257–63. https://​doi.​org/​10.​1017/​S0024​28298​60003​24.

	33.	 Gupta N, Dwivedi SK, Upreti DK. Studies on uptake and locali-
zation of metals in lichens growing around thermal power plant 
through application of SEM and FTIR techniques. Cryptogam 
Biodivers Assess. 2017;2(01):37–52. https://​doi.​org/​10.​21756/​
cab.​v2i1.​8608.

	34.	 Gupta N, Gupta V, Dwivedi SK, Upreti DK. Comparative bioac-
cumulation potential of Pyxine cocoes and Bacidia submedialis 
in and around Faizabad city, Uttar Pradesh, India. G-J Environ Sci 
Technol. 2015;2(6):86–92.

	35.	 Gupta N, Gupta V, Dwivedi SK, Upreti DK. Phytochemical 
screening by FTIR spectroscopic analysis of lichen Rinodina 
sophodes commonly growing around Panki and Feroze Gandhi 
Unchahar thermal power plants of Uttar Pradesh, India. Octa J 
Environ Res. 2021;9(2):0521–1061.

	36.	 Gupta S, Rai H, Upreti DK, Gupta RK, Sharma PK. Lichenized 
fungi Phaeophyscia (Physciaceae, ascomycota) as indicator of 
ambient air heavy metal deposition, along land use gradient in an 
alpine habitat of Western Himalaya. Pollut Res. 2017;36(1):150–7.

	37.	 Gupta V, Gupta N, Nayaka S, Lavania S, Srivastava PK. Pyxine 
cocoes (Sw.) Nyl. as an ideal lichen species for biomonitoring 
studies: a systematic review. Indian Bot Soc. 2023;103(4):245–56. 
https://​doi.​org/​10.​61289/​jibs2​023.​28.​09.​1179.

	38.	 Ite AE, Udousoro II, Ibok UJ. Distribution of some atmospheric 
heavy metals in lichen and moss samples collected from Eket 
and Ibeno Local Government Areas of AkwaIbom State, Nigeria. 
Am J Environ Prot. 2014;2(1):22–31. https://​doi.​org/​10.​12691/​
env-2-​1-5.

	39.	 Karakoti N, Bajpai R, Upreti DK, Mishra GK, Srivastava A, 
Nayaka S. Effect of metal content on chlorophyll fluorescence 
and chlorophyll degradation in lichen Pyxine cocoes (Sw.) 
Nyl.: a case study from Uttar Pradesh, India. Environ Earth Sci. 
2014;71:2177–83. https://​doi.​org/​10.​1007/​s12665-​013-​2623-5.

	40.	 Khani MR, Sekhavatjoo MS, Khorasan N, Shahabpour G. Survey 
of changes in lichen bioindicator, Lecanora mularis, in exposure 
to different concentrations of sulfur dioxide. J Environ Sci Tech-
nol. 2015;17(3):87–95.

	41.	 Labaran I. Determination of some concentrated atmospheric pol-
lutants such as heavy metal (Pb, Mn, Cd, Cr And Zn) in Lichens 
found in urban and peri-urban areas of Kaduna state. Interna-
tional Digital Organization for Scientific Research (IDOSR), J 
Biol Chem Pharm. 2019;3(1):23–64.

	42.	 Leonardo L, Mazzilli BP, Damatto SR, Saiki M, De Oliveira 
SMB. Assessment of atmospheric pollution in the vicinity of a 
tin and lead industry using lichen species Canoparmelia texana. 
J Environ Radioact. 2011;102(10):906–10. https://​doi.​org/​10.​
1016/j.​jenvr​ad.​2010.​04.​002.

	43.	 Loppi S, Frati L, Paoli L, Bigagli V, Rossetti C, Bruscoli C, Cors-
ini A. Biodiversity of epiphytic lichens and heavy metal contents 
of Flavoparmelia caperata thalli as indicators of temporal varia-
tions of air pollution in the town of Montecatini Terme (Central 
Italy). Sci Total Environ. 2004;326(1–3):113–22. https://​doi.​org/​
10.​1016/j.​scito​tenv.​2003.​12.​003.

	44.	 Loppi S, Pirintsos SA. Epiphytic lichens as sentinels for heavy 
metal pollution at forest ecosystems (Central Italy). Environ Pol-
lut. 2003;121(3):327–32. https://​doi.​org/​10.​1016/​S0269-​7491(02)​
00269-5.

	45.	 Nash TH. Metal tolerance in lichens. Boca Raton: CRC Press; 
1989.

	46.	 Orange A, James PW, White FJ. Microchemical methods for the 
identification of lichens. London: The British Lichen Society; 
2001.

	47.	 Ormrod DP. Impact of trace element pollution on plants. Air Pollut 
Plant Life. 1984;291–314.

	48.	 Osyczka P, Boroń P, Lenart-Boroń A, Rola K. Modifications in the 
structure of the lichen Cladonia thallus in the aftermath of habitat 
contamination and implications for its heavy-metal accumulation 
capacity. Environ Sci Pollut Res. 2018;25:1950–61. https://​doi.​
org/​10.​1007/​s11356-​017-​0639-1/​metri​cs.

	49.	 Osyczka P, Rola K. Integrity of lichen cell membranes as an indi-
cator of heavy-metal pollution levels in soil. Ecotoxicol Environ 
Saf. 2019;174:26–34. https://​doi.​org/​10.​1016/j.​ecoenv.​2019.​02.​
054.

	50.	 Pawlik-Skowrońska B, Purvis OW, Pirszel J, Skowroński T. 
Cellular mechanisms of Cu-tolerance in the epilithic lichen 
Lecanora polytropa growing at a copper mine. Lichenologist. 
2006;38(3):267–75. https://​doi.​org/​10.​1017/​S0024​28290​60053​30.

	51.	 Piervittori R, Maffei S. The importance of indicator species in 
the biomonitoring of atmospheric pollution. A case study in the 
city of Aosta, NW Italy. Cryptogam Mycol. 2001;22(4):297–310. 
https://​doi.​org/​10.​1017/​S0181​15840​10107​40.

	52.	 Pinho P, Augusto S, Branquinho C, Bio A, Pereira MJ, Soares A, 
Catarino F. Mapping lichen diversity as a first step for air quality 
assessment. J Atmos Chem. 2004;49:377–89. https://​doi.​org/​10.​
1007/​s10874-​004-​1253-4.

	53.	 Purvis OW, Halls C. A review of lichens in metal-enriched envi-
ronments. Lichenologist. 1996;28(6):571–601. https://​doi.​org/​10.​
1006/​lich.​1996.​0052.

	54.	 Rai PK, Lee SS, Zhang M, Tsang YF, Kim KH. Heavy metals 
in food crops: health risks, fate, mechanisms, and management. 
Environ Int. 2019;125:365–85. https://​doi.​org/​10.​1016/j.​envint.​
2019.​01.​067.

	55.	 Rangel-Osornio V, Fernández-Salegui AB, Gómez-Reyes VM, 
Cuevas-Villanueva RA, Lopez-Toledo L. Effects of air pollu-
tion on chlorophyll content and morphology of lichens trans-
planted around a paper industry (Morelia, Mexico). Bryologist. 
2021;124(1):52–67. https://​doi.​org/​10.​1639/​0007-​2745-​124.1.​
052.

https://doi.org/10.1007/s10661-021-08897-3
https://doi.org/10.1007/s10661-021-08897-3
https://doi.org/10.1007/s10661-019-8007-x
https://doi.org/10.1007/s10661-019-8007-x
https://doi.org/10.15666/aeer/1702_43054323
https://doi.org/10.15666/aeer/1702_43054323
https://doi.org/10.3390/f14030647
https://doi.org/10.3390/f14030647
https://doi.org/10.1007/BF00294041
https://doi.org/10.1017/S0024282986000324
https://doi.org/10.21756/cab.v2i1.8608
https://doi.org/10.21756/cab.v2i1.8608
https://doi.org/10.61289/jibs2023.28.09.1179
https://doi.org/10.12691/env-2-1-5
https://doi.org/10.12691/env-2-1-5
https://doi.org/10.1007/s12665-013-2623-5
https://doi.org/10.1016/j.jenvrad.2010.04.002
https://doi.org/10.1016/j.jenvrad.2010.04.002
https://doi.org/10.1016/j.scitotenv.2003.12.003
https://doi.org/10.1016/j.scitotenv.2003.12.003
https://doi.org/10.1016/S0269-7491(02)00269-5
https://doi.org/10.1016/S0269-7491(02)00269-5
https://doi.org/10.1007/s11356-017-0639-1/metrics
https://doi.org/10.1007/s11356-017-0639-1/metrics
https://doi.org/10.1016/j.ecoenv.2019.02.054
https://doi.org/10.1016/j.ecoenv.2019.02.054
https://doi.org/10.1017/S0024282906005330
https://doi.org/10.1017/S0181158401010740
https://doi.org/10.1007/s10874-004-1253-4
https://doi.org/10.1007/s10874-004-1253-4
https://doi.org/10.1006/lich.1996.0052
https://doi.org/10.1006/lich.1996.0052
https://doi.org/10.1016/j.envint.2019.01.067
https://doi.org/10.1016/j.envint.2019.01.067
https://doi.org/10.1639/0007-2745-124.1.052
https://doi.org/10.1639/0007-2745-124.1.052


The Nucleus	

	56.	 Rani M, Shukla V, Upreti DK, Rajwar GS. Periodical monitoring 
with lichen, Phaeophyscia hispidula (Ach.) Moberg in Dehra-
dun city, Uttarakhand, India. Environmentalist. 2011;31:376–81. 
https://​doi.​org/​10.​1007/​s10669-​011-​9349-2.

	57.	 Rehman K, Fatima F, Waheed I, Akash MSH. Prevalence of expo-
sure of heavy metals and their impact on health consequences. J 
Cell Biochem. 2018;119(1):157–84. https://​doi.​org/​10.​1002/​jcb.​
26234.

	58.	 Samdudin MW, Azahar H, Abas A, Zakaria Z. Determination of 
heavy metals and polycyclic aromatic hydrocarbons (PAH) con-
tents using the lichen Dirinaria picta in Universiti Kebangsaan 
Malaysia. 2013;4(8):35232. https://​doi.​org/​10.​4236/​jep.​2013.​
48088.

	59.	 Sarret G, Manceau A, Cuny D, Van Haluwyn C, Déruelle S, Haze-
mann J, Soldo Y, Eybert-Bérard L, Menthonnex JJ. Mechanisms 
of lichen resistance to metallic pollution. Environ Sci Technol. 
1998;32(21):3325–30. https://​doi.​org/​10.​1021/​es970​718n.

	60.	 Saxena S, Upreti DK, Sharma N. Heavy metal accumulation in 
lichens growing in north side of Lucknow city, India. J Environ 
Biol. 2007;28(1):49–51.

	61.	 Seaward MRD. Lichens in air polluted environments: multivari-
ate analysis of the factors involved. In: Karenlampi L (editor), 
Proceedings of the Kuopio meeting on plant damages caused by 
air pollution. Kuopio: University of Kuopio; 1976. pp. 57–63

	62.	 Shukla V, Upreti DK, Patel DK. Physiological attributes of lichen, 
Phaeophyscia hispidula in heavy metal rich sites of Dehra Dun, 
India. J Environ Biol. 2012;33(6):1051–5.

	63.	 Shukla V, Upreti DK. Air quality monitoring with lichens in India. 
Heavy metals and polycyclic aromatic hydrocarbons. Environ 
Chem Sustain World Vol 2 Remediat Air Water Pollut. 2012. 
https://​doi.​org/​10.​1007/​978-​94-​007-​2439-6_7.

	64.	 Shukla V, Upreti DK. Heavy metal accumulation in Phaeophy-
scia hispidula en route to Badrinath, Uttaranchal, India. Envi-
ron Monitor Assess. 2007;131:365–9. https://​doi.​org/​10.​1007/​
s10661-​006-​9481-5.

	65.	 Singh SM, Nayaka S, Upreti DK. Lichen communities in Larse-
mann Hills, East Antarctica. Curr Sci. 2007;93(12):1670–2.

	66.	 Swanton C, Hill W, Lim E, Lee C, Weeden CE, Augustine M, 
Chen K, Marongiu F, Rodrigues F, Cha H, Jacks T, Luchtenborg 
M, Malanchi I, Downward J, Carlsten C, Hackshaw A, Litchfield 
KR, DeGregori J, Jamal-Hanjani M. LBA1 Mechanism of action 
and an actionable inflammatory axis for air pollution induced non-
small cell lung cancer: towards molecular cancer prevention. Ann 
Oncol. 2022;33:S1413. https://​doi.​org/​10.​1016/j.​annonc.​2022.​08.​
046.

	67.	 Wee BS, Shukor SA, Khaidir AF, Hamzah MS, Rahman SA, Elias 
MS, Salim A, Hashim, A. Biomonitoring of trace elements using 
epiphytic lichens collected in a suburban area of Selangor, Malay-
sia. In: From sources to solution: proceedings of the international 
conference on environmental forensics. Singapore: Springer; 
2014. pp. 37–41. https://​doi.​org/​10.​1007/​978-​981-​4560-​70-2_8.

	68.	 Williamson BJ, Mikhailova I, Purvis OW, Udachin V. SEM-EDX 
analysis in the source apportionment of particulate matter on 
Hypogymnia physodes lichen transplants around the Cu smelter 
and former mining town of Karabash, South Urals, Russia. Sci 
Total Environ. 2004;322:39–154. https://​doi.​org/​10.​1016/j.​scito​
tenv.​2003.​09.​021.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1007/s10669-011-9349-2
https://doi.org/10.1002/jcb.26234
https://doi.org/10.1002/jcb.26234
https://doi.org/10.4236/jep.2013.48088
https://doi.org/10.4236/jep.2013.48088
https://doi.org/10.1021/es970718n
https://doi.org/10.1007/978-94-007-2439-6_7
https://doi.org/10.1007/s10661-006-9481-5
https://doi.org/10.1007/s10661-006-9481-5
https://doi.org/10.1016/j.annonc.2022.08.046
https://doi.org/10.1016/j.annonc.2022.08.046
https://doi.org/10.1007/978-981-4560-70-2_8
https://doi.org/10.1016/j.scitotenv.2003.09.021
https://doi.org/10.1016/j.scitotenv.2003.09.021

	Delineating biomonitoring potential of two crustose lichens Bacidia convexula and B. submedialis through elemental accumulation and microstructural parameters
	Abstract
	Graphical Abstract

	Introduction
	Materials and methods
	Study area and collection of samples
	Identification of lichen samples
	Sample preparation and elemental analysis
	Calculation of environmental indexes of pollution
	Scanning Electron Microscopy with Energy Dispersive X-Ray Spectroscopy (SEM–EDX) Analysis
	Fourier Transform Infrared Spectroscopy (FTIR) Analysis
	Statistics and Data Analysis

	Results and Discussion
	Morphological and anatomical study of lichen samples
	Elemental accumulation in lichen thalli and its substrate
	Correlation analysis between B. convexula and B. submedialis
	Contamination Factor (CF) and Pollution Load Index (PLI)
	Analysis of structural morphology through SEM & EDX
	Identification of the presence of functional groups

	Conclusion
	Acknowledgements 
	References


