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ARTICLE INFO ABSTRACT

Keywords: Lead (Pb) is used in many industrial applications and is a toxic heavy metal that causes health hazards. Lichens
2DC0S are symbiotic associations that are environment friendly in removing toxic elements from the polluted envi-
Lichens ronment. They can accumulate heavy metals and are therefore considered in biomonitoring of metal pollution. In
Polysaccharides hi dv. biochemical Kers d lead L . Jadoni " led usi di . 1
ROC this study, biochemical markers due to lead toxicity on Cladonia convoluta were revealed using two-dimensiona
Pb correlation (2DCOS) spectra analysis. The 2DCOS enhances the resolution of the spectrum and gives more in-

formation on the interaction of functional groups within and between molecules which cannot be revealed from
conventional spectra. Thus, 2DCOS is an efficient tool in monitoring even minute spectral changes in complex
spectra. The results of conventional IR analysis showed changes in the band area. It follows in the order poly-
saccharides > proteins > lipids due to lead toxicity. The results of 2D correlation spectra show predominant
changes at the pyranose ring. The hetero asynchronous map show correlation changes of pyranose ring with lipid
and proteins. It reveals a change in carbohydrate synthesis due to toxicity. The highest positive and negative PCA
loading values show deformation pyranose ring to glucan band. The results of HCA show samples are well
separated into two major clusters with high separation values. ROC analysis gives good reliability of the test.
Hence, 2DCOS coupled with chemometric analysis helps in understanding the biomolecular changes in C. con-

voluta effectively.

1. Introduction

The increase of heavy metal pollution due to the growth of industrial
activities results in environmental pollution. Lead (Pb) contamination
arises from human activities (mining) and various factories. The toxic
effect of Pb causes major concern to living beings. Hence, an efficient
and cost-effective method is necessary to remove heavy metals from the
environment. Fungi is environment friendly and cost-efficient in
removing toxic elements from the polluted environment [1]. Lichens are
symbiotic organisms consisting of at least one green microalgae or
cyanobacteria and fungi, which are considered an indicator of envi-
ronmental quality. They can accumulate a variety of contaminants such
as heavy metals and radionuclides [2]. Bio sorbent can be effectively
used in the removal of heavy metal ions from the wastewaters. The main
advantage of this approach is its effectiveness in the reduction of
pollutant concentration using low-cost biomass materials [3,4]. The
biological effects of lichen polysaccharides are antitumor,
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immunomodulating, antiviral, etc. [5]. The immune-stimulating prop-
erties of polysaccharides, especially the § -glucans, enhance their ca-
pacity to the innate immune system and stimulate tumor rejection [6].
Hence, they are generally considered to be biological response modi-
fiers. Besides the cell wall, extracellular polysaccharides attached to the
cell surface are released into the surrounding, playing an important role
in the sequestration of heavy metals [7,8]. The presence of charged
groups in exopolysaccharides has been related to the capacity to
sequestrate positively charged metals [9].

The fungal cell wall plays an important role in the physiological
adaptation to its environment [10]. Carbohydrates are important for
fungal metabolism by providing energy for synthesis. The other mech-
anism includes hyphal growth and amino acid biosynthesis [11]. The
carbohydrate component of the cell wall has been demonstrated to have
extensive applications in medicine [12]. It is an important biological
molecule because of its role in energy storage in the form of glucose and
starch. They support defense operations on the surface of cells and serve
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as the backbone of DNA. The common sugars have five and
six-membered rings. Five-membered rings are called "furanoses" and
six-membered rings are called "pyranoses". Certain sugars, of mono-
saccharide glucose, are called pyranoses having a six-membered tetra-
hydropyran rings structure. Glucan is a polysaccharide made up of
repeating units of glucose monomers that are linked by glycosidic bonds.
Alpha (o) linked glucans such as starch have their glucose units linked
together by alpha glycosidic bonds. Beta (f) linked glucans, on the other
hand, are linked by beta glycosidic bonds. The algae are composed of
B-glucan and chitin. It provides mechanical strength and gives the cell its
shape. The outer layer has proteins that are linked to the glucan and
chitin network via glucan linkage. The cell wall contents have five main
components: glucan, mannans, chitin, lipids, and proteins. Beta
(B)-glucans and mannans are major components of the cell wall [13].

FTIR is a powerful tool in the study of biological samples due to the
characteristics of functional groups exhibited by IR absorption. It is
successfully employed for examining biological molecules [14]. Vibra-
tional spectroscopy using MIR is a non-destructive analytical method
that serves as spectral “biomarkers” to authenticate samples. IR spectra
have unique molecular vibrational modes for each functional group. The
composition and structure of functional groups can be determined from
the position, width, and intensity of the spectra [15]. However, minute
changes in peak positions and intensity changes cannot be observed
from one-dimensional spectra. Hence, 2D correlation spectra are used
which not only gives minute changes but also shows the correlation
between frequencies. The synchronous and asynchronous correlation
spectra show the variation of prominent band changes which cannot be
observed from conventional 1D spectra. Thus, two-dimensional corre-
lation spectroscopy (2DCOS) is an efficient tool in describing the
structural changes in a molecular system. However, limited focus on
lichens using 2DIR is established. Further, vibrational spectroscopy with
chemometrics was successfully applied in the discrimination of chemical
compositions of biological samples. In this study, principal component
analysis (PCA) and hierarchical cluster analysis (HCA) were employed to
explore the identification and classification of Cladonia convoluta species
treated with various lead concentrations. Receiver operation charac-
teristic (ROC) analysis was also done to demonstrate the accuracy of the
experimental results. The use of spectral analysis with chemometrics
allows getting maximum information from spectral data. Hence, the
present study illustrates how the biomarker of lichens exhibits a defense
mechanism due to Pb toxicity. The 2DCOS method coupled with che-
mometric techniques were used to demonstrate the biochemical
compositional changes in C. convoluta thallus exposed to Pb
intoxication.

2. Materials and methods

Cladonia convoluta lichen species were collected from the unpolluted
area of Bilecik Central Forest, Turkey (N 40_11.'526/, E 029_57./962")
and used for laboratory experiments. Samples were transferred to the
laboratory in plastic bags and washed thrice with distilled water to
remove dust from the surface. In this study, living lichen thallus was
used to observe the biochemical changes due to lead stress and identify
markers that may respond to lead stress. Each experimental group was
designed as a collection of ten C. convoluta thallus. The thallus was
incubated for 2 h in 250 mL of distilled water (as of Control), 0.5, 1.0,
1.5, 2.0, and 2.5 mM Pb(NO3), solution. After incubation, lichen thallus
taken into Petri dishes were kept in the climate chamber for 72 h at 25
°C, under 16:8 light/dark cycle growth conditions, as described in our
previous study [16]. The experiments were carried out with four
replicates.

The physiological response in the lichen assay in response to lead
treatment was determined by measuring lipid peroxidation and cell
membrane integrity. Lipid peroxidation and membrane integrity ana-
lyses of thallus were performed according to Heath and Packer [17] and
Garty et al. [18], respectively. The experiments were carried out with
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four replicates.

2.1. FTIR analysis

The infrared (IR) spectra of control and Pb-exposed lichen samples
were obtained using FTIR Spectrometer (PerkinElmer, US) equipped
with an ATR accessory. The lichen thallus was placed on a ZnSe crystal
plate. The spectrum was recorded in the region 4000 to 500 cm ™}, with a
resolution of 4 cm™! with 32 scans.

2.2. Two-dimensional correlation method

Two-dimensional correlation spectra were constructed using 2D
Shige v1.3 software [19-23]. It provides the correlation information
between absorption peaks of one-to-one correspondence due to external
perturbation. It gives the characteristics information of molecular
changes with good sensitivity. Before executing 2D correlation, the FTIR
data were smoothed, baseline corrected and normalized to 3300 cm™".
The application of lead treatment was regarded as an external pertur-
bation. The information obtained from the 2DCOS spectra gives char-
acteristics information of the sample with good sensitivity.

2.3. Principal component analysis

The Principal Component Analysis (PCA) was done with SPSS 16.0
programming. It is used in multivariate data reduction. FTIR data are
mean-centered, with second derivative and vector normalized before
being subjected to PCA analysis. PCA was done in the region 4000-500
em™! for all samples. The output of the PCA results as scores and load-
ings [24]. It explains the maximum variation of the data present in the
samples. The scores were plotted to show the variation from the FTIR
spectra.

2.4. Receiver operation characteristics analysis

Receiver operation characteristics (ROC) is a statistical decision
theory popularly growing in biological science. The study gives the
effectiveness of different tests by a common unit called the area under
the curve (AUC). To form the ROC curve, FTIR data obtained for treated
samples were given as input variables and control taken as a reference
point with a threshold of limit as 95 % using SPSS 16.0 software. The
ROC plot was obtained for sensitivity against 1-specificity for each given
input value. It helps to compare the overall experimental outcome of the
test [25]. ROC results help determine the sensitivity and specificity
associated with the chosen threshold limits (95 %) using SPSS 16.0
software. ROC curves allow us to select the best test carried out in the
experiment.

2.5. Hierarchical cluster analysis

Hierarchical cluster analysis was performed by Ward algorithm using
SPSS 16.0. Pearson’s product-moment correlation coefficient with the
squared Euclidean distance method using the Ward algorithm was
applied using SPSS 16 Software. The results of the data are presented on
a dendrogram scale. The clustering maximizes their similarity and
minimizes the errors in distinguishing the samples [26]. The groups
formed help in identifying the classification of results. The result is
presented in a tree form.

2.6. Statistical analysis

Statistical evaluation of physiological data was done using One Way
ANOVA (SPSS for Windows version 11.0). In addition, Pearson’s cor-
relation test was used to compare these data with the FTIR spectral band
areas. The critical value for statistical significance is p < 0.05.
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Fig. 1. (a) membrane integrity of Cladonia convoluta thalli. (b) lipid peroxidation rate of C. convoluta under different concentrations of Pb treatment and distilled

water as a control, * represents p < 0.05.
3. Results and discussion
3.1. Physiological analysis of C. convoluta due to Pb toxicity

Lead causes different physiological responses in the photobiont layer
compared to other elements, especially due to its entry into the photo-
biont at high concentrations after a long time of exposure [8,27]. Many
studies have been carried out with various metals in lichens [8,15,24,
25]. A previous study reports that the toxicity of short-term metal ap-
plications on photosynthetic capacity is Hg > Co > Cu, Cd > Pb, Ni [24].
Similarly, Sen et al. [25] demonstrated that short-term aluminum
application negatively affects the lichen thallus within 24 h and signif-
icantly reduces the chlorophyll content. Although many metals have
different effects on various types of lichen, they negatively affect the
photosynthetic mechanism, in the first place. In addition, membrane
stability measurement is frequently used for understanding the physio-
logical conditions of lichen under metal stress [15]. The membrane
integrity ratio is considered indicative of damage to cell membranes and
has been previously used for the assessment of electrolyte leakage.
Previous studies in higher plants have also shown that Pb binding to the
cell wall or membrane components causes significant changes [28].
Therefore, the physiological responses to Pb were determined by
membrane permeability and lipid peroxidation rate analyses in the
present study (Fig. 1a and b). While the electrical conductivity (EC)
value did not show a significant change in the samples treated with
0.5-1.0 mM Pb, it was determined that the membrane conductivity
increased depending on the increase in the concentration of Pb (Fig. 1a).
These changes in the conductivity of the cell wall can induce lipid per-
oxidation [28,29]. Similarly, it was determined that malondialdehyde
(MDA), a biomarker of lipid peroxidation, was excessively produced in
groups treated with 2.0-2.5 mM Pb (Fig. 1b). However, 0.5-1.5 mM Pb
application did not significantly affect MDA content. In Ramalina far-
inacea, short-term (in hours) Pb administration has been shown to cause
a decrease in lipid peroxidation [30]. In contrast, long-term (in days)
exposures to Pb treatment in Xanthoria parietina or Cladonia convoluta
thalli have been shown to have a positive correlation depending on the
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concentration of Pb [16,31]. In this respect, lipid peroxidation results
are consistent with previous studies.

The methods used for physiological data are the most common ones,
however, they do not show the detailed changes in macromolecular
structure. In addition, many molecular methods used to understand the
change in lipid, protein, and carbohydrates are studied by separating or
culturing the fungus and algae components of the lichen structure [8].
Our knowledge on the determination of changes in the lichen thallus
without separating the symbiotic association is very limited. From this
point, we used the 2DCOS method to understand how Pb stress alters the
membranes and macromolecules they contain without separating the
lichen assembly.

3.2. Frequency assignment of FTIR spectra of C. convoluta due to Pb
toxicity

Lichens have complex chemical compositions, and hence, IR spectra
show a superposition of various absorption bands arising from different
functional groups [32]. Fig. 2a. shows typical FTIR spectra of Cladonia
convoluta species in the region 4000—500 cm™!. Table 1 shows its
characteristic frequency assignments. The spectra consist of several
bands arising from the vibrations of different groups such as proteins,
lipids, and carbohydrates. The most predominant changes in the bands
are seen at spectral ranges 1800—900 cm'. This signifies that the
C. convoluta are rich in biochemical compositions [16]. The weak in-
tensities at ~ 3300 cm ™}, 2925 cm™" and 2851 cm ™! were assigned to
Amide A of proteins, CH; asymmetric and symmetric stretching of lipids,
respectively [33,34]. The band assigned to 1730 em ! corresponds to
the C—O stretching of uronic acid (hydroxyl group of pyranose ring).
The Amide I and Amide II bands correspond to 1630 em? and 1539 cm!
of proteins. Other bands were seen at 1370 cm! correlates with C—H
bending and CO—H bending of a pyranose ring structure. The C—OH
bending + CH, deformation corresponds to 1298 cm™!. The intense
peak at the 1032 em™ band corresponds to the C—C stretching of
polysaccharides which is a major component of the C. convoluta [35].
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Fig. 2. (a) Representative FTIR spectra of C. convoluta in the region 4000-500 cm ™. (b) Selected band area measurement of lipids (3000-2800 cm™!), proteins (1705-
1575 cm’l), and carbohydrates (1200-900 cm™ 1Y) for various Pb treatments of C. convolute.
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Table 1
Tentative frequency assignment of Cladonia convoluta.

Wavenumber Frequency assignment

(em™)

3300(vw) Amide A protein

2925(vw) CH; asymmetric stretching lipids
2851(vw) CH, symmetric stretching lipids
1730(vw) C-O stretching uronic acid
1630(w) Amide I protein

1539(w)) Amide II protein

1370(w) C—H bending + C—OH bending Pyranose ring
1298(w) C-OH bending + CH; deformation
1032(vs) C-C stretching glycogen

vs-very strong, w- weak, vw-very weak.

3.3. Band area measurement of FTIR spectra of C. convoluta due to Pb
toxicity

Fig. 2b shows the measured band areas for lipids (3000—2800 cm’l),
proteins (1705—1575 cm™Y), and carbohydrates (1200—900 cm ™) at
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various Pb treatments [24,36]. The results show carbohydrates having
the highest band area measured. Moreover, the intoxication of Pb
resulted in an increased band area noted at 1 ppb of Pb treatment. No
significant increase is noted after 1 ppb, and a plateau curve region was
observed (Fig. 3). Carbohydrates are associated with fungal metabolism
providing energy for synthesis and growth [11]. This signifies that
carbohydrate metabolism is utilized as an immediate resource of energy
under external stress. The lipids and proteins are the next parameters
showing changes in the band area due to Pb treatment. Pearson’s cor-
relation results also showed that physiological response to lead stress
was related to the protein and polysaccharide band areas (Table 2). The
protein and polysaccharide band areas exhibited a strong positive cor-
relation with membrane integrity rate. In contrast, the lipid peroxida-
tion rate demonstrated weak and medium positive correlation with
polysaccharide and protein band areas, respectively. Besides, the lipid
band area showed a medium negative correlation with lipid peroxida-
tion and membrane integrity. These results indicate that changes not
only in cell wall polysaccharides but also in proteins could be important
in tolerance to lead stress. Similarly, Lisette D’Souza et al. [37] studied
the effect of Cd stress on P. tetrastromatica algae and showed evidence of
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Fig. 3. 2DCOS spectra of C. convoluta obtained in the region 3500-2700 cm ™!, (a) synchronous (b) asynchronous; in the region 1800-1300 cm ™! (c) synchronous (d)

asynchronous; in the region 1300-900 em! (o) synchronous (f) asynchronous.
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Table 2
Pearson’s correlation analysis between spectral band areas and physiological
parameters.

Vibrational Spectroscopy 119 (2022) 103341

Table 3
Synchronous and asynchronous 2D correlation cross peaks and their assign-
ments for Cladonia convoluta.

Pearson correlation coefficient (r) Lipid peroxidation Membrane integrity Synchronous Asynchronous
Carbohydrate band area 0.2894 0.5236* Auto Assignment Assignment Cross Assignment
Protein band area 0.4325 0.5394* Peaks Peaks
Lipid band area —0.4234 —0.3403 (em™ 1) (em™ 1)
If the r value is near the +1; a perfect correlation (increase /if positive) or Sym CH, lipid +(2854, Symmetric OH
decrease /if negative). 2854 Sym CH, lipid 322;52) stretching
If the r value is between +0.50 and +1; a strong correlation. Asym CHlipid ;513 )5’ OH stretching
If the r value is between +0.30 and +0.49; a medium correlation. .
If th lue is 40.20: 1 lati Pyranose C—H +(1376, CHybending
the r value is 0.29; a small corre .anon. bend/OH bend 1472) lipids
When the r value is zero; no correlation. Amide T
* Represents a statistically significant difference of p < 0.05. Pyranose C—H +(1376, proteins
bend/OH bend 1675)
sheet
Pyranose C—H +(1376, ::tthShin
Pol harides/ bend/OH bend 1727) K g.d
changes in band positions of hydroxyl, carbonyl, and in the amino 1724 Cooyzz:rc:m;r;lges :ﬁ:ﬁ: ;m
groups with significant roles in metal chelation. Zhongmin Jin et al. 8 CH lipids, +(1445, proteins a
2020 [1] studied Cd and Pb biosorption of a fungi S. chinense QD10 with fatty acids 1651) helix
the spectral blomar.kers in the polysaccharide’s region using ATR-FTIR & CH, lipids, (1445, Amide [
spectroscopy. Studies of Fourest et al. [38] and Puranik et al. [39] fatty acids 1675) P}rl"tems p
showed that the divalent metal ion has a high affinity in the microbial (1646 shee
biomass. The addition of Pb?* has a stronger impact on the EPS poly- Amide I proteins " lipids esters
saccharides in Trebouxia TR1, decreasing the sugar content, to a lesser Pyranose C—C
extent, as well as altering their monosaccharide composition. The 1178 Polysaccharides stretch + CO— (1160, Amide III
stretch + CH 1276) proteins

presence of an acidic charge resulted in metal chelation against stress
conditions [40,41]. Our results provide evidence of notable differences
in the polysaccharides which form the outer barrier responsible for the
chelation of metal ions [9]. The various studies reported that free-living
algae secrete EPS compositions such as uronic acids that are unique
surroundings of the cell [8,16,42]. Leonardo M. Casano [8] studied the
impact of Pb on T TR1 and T. TR9 microalgae which caused changes in
proteins and displayed distinct polypeptide patterns. Thus, the con-
ventional FTIR spectra of the band area show variation in the
biochemical changes. Due to the complexity in the absorption bands of
polysaccharides, it is difficult to identify specific features of functional
groups that play a significant role in Pb biosorption. Hence, 2DCOS
spectral maps were constructed to give information about specific mo-
lecular groups representing the high-level correlation between certain
bands. The construction of 2D correlation IR spectra is based on the
detection of dynamic changes of a system under an external perturbation
(in our study Pb toxicity is taken as external perturbation). The results of
2DCOS provide information about subtle molecular changes occurring
in biological samples as detailed in the subsequent section.

3.4. 2D correlation spectral analysis of C. convoluta exposed to Pb
treatments

Fig. 3a-f show the synchronous and asynchronous 2DIR spectrum of
C. convoluta samples in the 3500—2700 em™!, 1800-1300 cm ™Y, and
1300—900 cm ! spectral regions. Table 3 shows the respective peaks
assigned for synchronous and asynchronous 2DCOS spectra. This region
is important because it depicts prominent bands of proteins, lipids, and
polysaccharides. Fig. 3a shows a sharp intense auto peak at 2854 cm ™!
corresponding to CHj stretching of the lipids [33]. The asynchronous
spectra (Fig. 3b) show both + ve and -ve cross-peaks. The + ve cross
peak (2854, 3215) shows changes due to symmetric CHy stretching of
lipid occurs followed by symmetric OH stretching. The -ve cross peak
(2925, 3513) shows changes due to asymmetric CH; stretching of lipids
that occurs after OH stretching. These correlation changes in spectral
frequency are the uniqueness of these 2DCOS spectra which cannot be
studied from the conventional FTIR spectra. Further, 2DCOS spectra
help us in understanding the biochemical mechanism exhibited by
C. convoluta due to Pb toxicity.

It is observed from Fig. 3c that the auto peak at 1724 cm™! is

deformation

characteristic of polysaccharides due to C—O vibrational stretching
[35]. The asynchronous spectra show several + and one -ve cross-peaks
(Fig. 3d). The + ve cross-peaks +(1376, 1472), +(1376, 1675), and
+(1376, 1727) show the presence of pyranose ring at 1376 cm™* which
occurs ahead of the changes in lipids at 1472 cm ™, B sheet of the sec-
ondary structure of proteins at 1675 cm ™! and uronic acid due to C=0
stretching at 1727 cm™ [34]. Thus, significant changes at the pyranose
ring occur due to Pb toxicity followed by other biochemical changes.
This is because pyranose is simple glucose that occurs due to the syn-
thesis of polysaccharides to meet the immediate requirement of energy
in a stress environment. Thus, our study clearly shows changes in py-
ranose ring observed at 1376 em ™! (Fig. 3d) which cannot be distin-
guished from conventional FTIR spectra. The other more intense + ve
cross-peaks appeared at 1445 em ! due to CH, symmetric bending
lipids changes ahead followed by o helix at 1651 cm™ and p sheet at
1675 cm ™, respectively. This indicates a change in secondary structural
protein formations (« helix and B sheet), arising from intermolecular
hydrogen bond formations in the secondary structure of proteins [43].
The -ve cross-peaks (1646, 1776) show changes in Amide I of proteins
after fatty acids of esters in phospholipids. The synchronous and asyn-
chronous spectra in the 1300—900 cm ™! region are shown in Fig. 3e and
f. The synchronous spectra show an auto peak at 1178 cm™! observed in
the 1800—900 cm ™! region (Fig. 3e). These auto peaks show the overall
susceptibility of polysaccharides when exposed to Pb intoxication as
observed from 2DCOS synchronous spectra compared to 1D FTIR
spectra. The asynchronous spectra have one negative cross which
appeared at 1160 cm™! corresponding to C - C— stretching and CH
deformation of pyranose rings which changes after Amide III of proteins
at 1276 cm L. Qiting Xie et al. [44] employed 2DCOS FTIR in studying
Cd toxicity in Chlorella vulgaris and showed that the carboxylic group of
polysaccharides has a higher binding ability compared with other
functional groups. It is a key feature for the survival of algae under
stress. By using 2DCOS FTIR, Xiaofang Yang et al. [45] showed that the
carboxylic C=0 group has a high priority of binding to other functional
groups.
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3.5. 2D hetero correlation spectral analysis of C. convoluta exposed to Pb
treatments

Fig. 4a and b show the synchronous and asynchronous hetero cor-
relation maps of C. convoluta in the spectral region of 3500—2700 cm ™"
and 1800—900 cm™'. Synchronous and asynchronous cross-peak as-
signments of hetero correlation are given in Table 4. The hetero corre-
lation synchronous maps show one + ve cross peaks corresponding to
pyranose ring at 1110 cm™! that first occurs and then happens in OH
stretching of water molecules at 3406 em?! (Fig. 4a). This shows that Pb
intoxication causes an immediate change in the pyranose ring of simple
glucose utilized by lichens to tolerate the Pb toxicity under stress con-
ditions. The hetero asynchronous maps (Fig. 4b) are dominated by
several -ve cross-peaks and one + ve cross peak. The -ve cross peak
(1572, 3290), (1572, 3130), and (1572,2854) show amide II protein
band change at 1572 cm™ happening after amide A and amide B of
proteins, and symmetric CHy lipids respectively [32,33]. The -ve
cross-peaks (1475,3290), (1475,3130), (1475,2854) show changes due
to CHj, lipids at 1475 cm™ occurring after amide A of proteins, amide B
of NH stretching, and symmetric stretching of CHjy lipids. This shows
lipids are the next biomolecules affected by the changes occurring in
C. convoluta due to Pb toxicity. The -ve cross-peaks (1349, 3206) show
bands at 1349 cm™! due to pyranose ring changes after OH/NH
stretching which occurs at 3206 em’! [34,35]. The -ve cross-peaks
(1206, 3290) show pyranose C—H bending and + OH— bending
changes after amide A proteins. The one + cross peak (1051, 3397)
shows changes occurring at the glycogen of carbohydrates followed by
OH stretching. The various studies show that changes in OH/NH
stretching vibrations in algae species are due to the hydroxyl group
involved in metal oxygen-binding, indicating a role of the OH group in
metal binding [37,46-48].

The results of our study show that polysaccharides, lipids, and pro-
teins play a role in the defense mechanism exhibited by C. convoluta
under Pb treatment. Further, the order of correlation changes goes from
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pyranose at 1110 cm 2, followed by CHj lipids at 1475 cm ™' and then
OH/NH stretching at 3206 cm™'. Thus, 2DCOS is a powerful tool
showing the correlation changes among the biomolecules due to Pb
toxicity. Our results provide information on how lichens respond to Pb
toxicity due to possible biosorption. Similar results were obtained by
Mecozzi et al. [49] using 2DCOS for marine organic matter related to
interactions among carbohydrates, proteins, and lipids. Our study sug-
gests that the cell wall composition of C. convoluta interacts with Pb
biosorption. This leads to changes occurring in polysaccharides, pro-
teins, and lipids. Veglio & Beolchini [50] identified primary interactive
targets for the effect of Cd biosorption on S. chinense QD10 as poly-
saccharides, proteins, and lipids which offer abundant metal-binding
functional groups. These dynamic change in the synchronous and
asynchronous spectral data shows information concerning features due
to perturbation [51].

3.6. Principal Component Analysis (PCA) of C. convoluta exposed to Pb
treatments

Fig. 5a shows PCA results obtained for control and various Pb
treatments of Cladonia convoluta. The plot shows that the samples are
separated based on eigenvalues. The first component corresponds to 98
% variation. Component 2 has 2 % variation. The plot shows that the
highest eigenvalue was obtained for 2.5 ppb followed by 1 ppb and
control. The lowest value was obtained for 0.5 ppb treatment. The dif-
ference shows that the samples are separated due to biochemical
changes of C. convoluta in response to Pb treatment. Fig. 5b shows PCA
loadings plotted against wavenumber. The highest positive loadings
values at 1035 cm ™! correspond to the C—C stretching of the pyranose
ring. The -ve loading value at 914 cm ™! shows changes in glucan band («
anomer CH deformation) of polysaccharides. This shows polysaccharide
synthesis by C. convoluta to meet immediate energy needs under stress
conditions.

a b
2700 2700
2900 { (1572, 2854)
2900 U2 J (1475, 2854)
3000 -| - 3000 (1475, 3130)
’ 1572, 3130 (1349, 3206)
§ 3100 S 3400 | (15723130 A
-~ 2
2
3200 -| 3200
(LS ~eem— | - (1206,3290)
3300 -| 3300 -|
(1475, 3290)
3400 -| 3400 { (1572, 3290)
(1051, 3387)
3500 : . : : 3500 T T T T
1800 1600 1400 1200 1000 1800 1600 14'101 1200 1000

-1
v, cm

v, cm

Fig. 4. 2DCOS hetero correlation spectra of C. convoluta (a) Synchronous (b) Asynchronous.

Table 4
Synchronous and asynchronous 2D hetero correlation cross peaks and their assignments for Cladonia convoluta.
Synchronous Asynchronous
Assignment Cross Peaks (cm’l) Assignment Assignment Cross Peaks (cm’l) Assignment

Amide II proteins

Amide II proteins

Amide II proteins

Proteins, lipids (CH,)

Proteins, lipids (CH,)

Proteins, lipids (CHy)

Pyranose ring C—C stretch

Pyranose C—H bending + OH— bending)
Glycogen

Pyranose ring C-C stretch +

111
C-O stretch + CH deformation +(1110, 3406)

OH stretching

-(1572,3290)
-(1572,3130)
-(1572,2854)
-(1475, 3290)
-(1475,3130)
-(1475,2854)
-(1206,3290)
-(1349, 3206)
+(1051, 3397)

Amide A proteins
Amide B NH stretching
Sym CH, lipid

Amide A proteins
Amide B NH stretching
Sym CH, lipid

Amide A proteins

OH stretching

OH stretching
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Fig. 5. (a) PCA scatter plots of C. convoluta of control and various Pb treatments. (b) Variation of the factor loading obtained from the PCA with the correspond-

ing wavenumber.

3.7. Hierarchical cluster analysis (HCA) of C. convoluta exposed to Pb
treatments

The HCA dendrogram of C. convoluta exposed to various Pb treat-
ments is shown in Fig. 6a. Cluster 1 arises with a grouping of two sub-
clusters 5 and 6 which are closer to each other. The clusters 5 and 6
correspond to the control and treated samples separated by a smaller
range of 4—10. Cluster 2 results from a grouping of two well-
differentiated subclusters 3 and 4. It is separated by distance in the
range of 4-8, significantly. The results show samples are well separated
between two major clusters (Cluster 1 and Cluster 2). They have high
values in the range of 10-25 which is reflected in the dendrogram scale.
Thus, the dendrogram depicts clustering of samples, with the identical
samples having a shorter distance between them. Similar effective dif-
ferentiation was obtained by R. da Silva Leite et al. [24], Gupta et al.
[25,52], and Cao Z et al. [53] for plants, microorganisms, and medicinal
plants, respectively through HCA from FTIR spectra.

3.8. Receiver operation characteristics (ROC) analysis of C. convoluta
exposed to Pb treatments

Fig. 6b shows the ROC curve for various Pb treatments. The diag-
nostic ability was measured by the area under the curve (AUC). As a
general rule, the measured AUC in the upper left-hand side provides
good reliability of the test. Our results lie in the range of 0.944—0.966.
The highest ROC curve area was obtained for 0.5 ppb of Pb and the
lowest value for 2.0 ppb of Pb treatments. The results from AUC show
the good reliability of our study. R. da Silva Leite et al. [24], and Gupta
et al. [25,52] employed ROC analysis of infrared spectroscopy to vali-
date the accuracy of experiments in biological populations. The study
confirms the overall reliability of the test carried out from the available
experimental data.

Cluster C
5 10 15 ZP 2[5

1.0

4. Conclusion

Our results indicate a prominent spectral change observed in poly-
saccharides which is the major component in C. convoluta. It shows
bioabsorption of Pb on lichens and throws new insights into the defense
mechanisms as studied by 2DCOS FTIR. The auto peak from synchro-
nous spectra shows prominent changes observed at lipids and poly-
saccharides. Further presence of + ve cross-peaks at 1675 cm ™! shows f§
sheet secondary structure of protein due to Pb exposure. The dynamic
change in spectral data in the asynchronous maps shows the correlation
changes occurring between pyranose rings at 1376 cm ™' followed by
lipids (1472 cm_l) and proteins (1675 cm_l). This helps in under-
standing the tolerance mechanism exhibited by the species under the
external environment. Thus, it provides a pathway of understanding the
effective bioremediation process occurring in them. PCA results for
control and various Pb treatments show samples are well separated
based on biochemical changes. The high value of area under the curve
from ROC analysis supports our findings showing good reliability of the
study. Further 2DCOS correlation spectra remarkably enhanced the
resolution of IR spectra in obtaining information regarding intermolec-
ular and intramolecular interactions between functional groups and
relative intensity changes due to Pb intoxication. In this way, 2DCOS IR
is a vital tool in depicting characteristic changes in biochemical com-
positions occurring in lichens species due to Pb intoxication.
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