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Abstract

Changes of chemical compositions in Coleus blumei roots under lead (Pb) stress with different
concentrations of selenium (Se) treatments (0, 0.1, 0.5, 1.0, 2.5, and 5.0 mM) were analyzed by Fourier
transform infrared (FTIR) spectrometry and 2-dimensional FTIR correlation spectroscopy. This was
to investigate the spectroscopy differences and microscopic dynamics of chemical functional groups in
C. blumei roots under Pb stress with exogenous selenium treatment. The results show that the peak shapes
remained basically unchanged in C. blumei roots exposed to Pb stress with different concentrations of
Se treatments, and the wave number of the absorption peaks remained stationary. However, there was a
significant difference in absorption peak strength, which is influenced by chemical composition. Semi-
quantitative data indicate that there were obvious differences between the characteristics of the organic
functional groups. There were differences between the 2D-FTIR correlation spectra of C. blumei roots
in the region of 929-1,800 cm™ under Pb stress with different concentrations of Se treatments, which are
probably related to differences in chemical composition and structure. The FTIR spectra confirm the
presence of various functional groups from the responses to abiotic stresses in the plant, and 2D-FTIR
correlation spectroscopy may be a convenient and effective method in the study of plant molecular

interactions under environmental stress.
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Introduction occurrence, toxic nature, and long duration in biological

systems [1]. It mainly originates from mining and

Lead (Pb), the most common heavy metal pollutant, smelting activities, Pb-containing paints, gasoline and
has caused great concern as a result of its widespread explosives, cosmetics, storage Dbatteries, fertilizers,

herbicides, pesticides, and other industrial products
[2-3], and from Pb-enriched municipal sewage sludge
[4]. Though regulatory measures have been adopted
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in many countries to control Pb input in the environment,
it remains one of the most serious global environmental
and human hazards [2]. With rapid developments
in industry globally, many potential Pb sources are
indispensable for modern human life, so soil pollution
with Pb is not likely to be reduced in the near future [2].
These lead-cycles caused by anthropogenic sources are
much more extended than the natural lead-cycle, and so it
can accumulate in individual organisms, with subsequent
accumulation along the entire food chain, which is a
potential threat to human health [S]. Due to extensive
use, their increased levels in the environment may lead
to serious concerns for the environment and the global
population.

In recent years, bioremediation has provided an
alternative tool to destroy or render Pb contaminants
non-toxic through biological activity. This method
is cost effective, but Pb also causes plant injury [6].
Thus, plant response to Pb contamination is still a key
problem, and a concerted effort is being made to find
factors that influence the decrease of Pb absorption or
toxicity in plants. Selenium (Se) plays an important
role in conferring tolerance to Pb stresses in plants.
Low concentrations of Se can improve cell viability in
Pb-treated plants [7]. However, the beneficial effects
of higher concentrations of Se could be related to the
reduction of lipid peroxidation and cell membrane injury
[7-8]. The antagonistic effects of Se on the Pb-stressed
plants were found to heavily depend on the Se dose in the
nutrient solution [8]. Therefore, Se may be a useful tool
for minimizing the toxic effects of lead toxicity through
its potent antioxidant activity [9]. Some studies have also
shown that selenium mitigation of Pb accumulation in
plants could decrease the Pb bioavailability in soil [10-11].
The beneficial effects of Se on plants exposed to Pb, and
the possible mechanisms of the Se-enhanced resistance
of plants to Pb toxicity, have been reported over a narrow
range of concentrations. However, these mechanisms
for Se-mediated detoxification of Pb have only involved
the antioxidative stress response, so the mechanisms by
which Se counteracts stress have not been fully clarified,
and further research is necessary.

Two-dimensional correlation Fourier transform
infrared FTIR spectroscopy (2D-FTIR) is a relatively
new spectroscopic technique. It has been widely used to
analyze spectral signals that change as functions of time,
as well as other physical variables such as temperature,
pressure, and concentration [12]. It can be useful for
extracting more information from the chemical spectra,
and elucidating the dynamic changes of functional groups,
and the intramolecular and intermolecular interaction
exposure to different conditions [13]. Biomolecules
(proteins, polysaccharides, and in some instances lignin
and other phenolic compounds) confer the ability to
bind heavy metals non-covalently and/or covalently
via functional groups [14], resulting in an enhanced
stabilization ability of heavy metals in the plant [15].
However, the binding ability depends on the amount of
various functional groups in the plant, such as hydroxyl,

carboxyl, and carbonyl groups [16], and is important for a
long-term heavy metal stabilization strategy in the plant
or contaminated soils [15]. Previous research has shown
that appropriate Se supplementation may ameliorate Pb-
induced oxidative stress by decreasing lipid peroxidation
and altering the antioxidant defense system [17].
However, the possible interaction mechanism of organic
molecules constitutes a variety of functional groups, and
the chemical composition of the coleus plant is not yet
fully understood. Therefore, the major objective of the
present study was to investigate the functional group
changes in Coleus blumei roots under Pb stress with the
exogenous application of Seusing FTIR and 2D-FTIR. We
hoped to understand the molecular structure differences
of Se-mediated detoxification, and to provide a new
perspective on the unique role of Se in counteracting
the negative effects of various environmental stresses in
plants.

Materials and Methods

Plant Pre-Treatment and Experimental
Design

Coleus (Coleus blumei benth.) used in this study was
from the clone continually propagated in the Botanical
Garden, Nanchang, Jiangxi, China. The plants were
washed with tap water to allow them to adapt to a
water environment. After one month, these plants were
transferred to 2.5 L pots (16 plants per pot) containing
1/4 strength Hoagland nutrient solution (HNS) [18].
Plants were acclimatized in the hydroponic system
for 2 weeks. Experiments were carried out using the
simplest hydroponic system, i.e., a water culture system
with slight modifications (modified Hoagland nutrient
solution, MHNS) [19]. The platform that contained
the plants was made of Styrofoam and floated directly
on the nutrient solution. Air was bubbled through the
nutrient solution using an air pump connected to an
air stone to supply oxygen to the roots of the plants.
The experiment was set up as a completely randomized
design with 7 treatments each and 4 replications.
Based on preliminary experiments, the acclimated
plants were transferred to the full-strength MHNS,
which had 1.0 mM lead (Pb) in the form of Pb(NO,),
(Sigma-Aldrich, St. Louis, MO, USA), and then different
concentrations of sodium selenite (Na,SeO,; Sigma)
0, 0.1, 0.5, 1.0, 2.5, and 5.0 mM) were added. These
treatments were denoted as Pbl.0Se0, Pbl.0Se0.1,
Pb1.0Se0.5, Pbl.0Sel.0, Pbl.0Se2.5, and Pbl.0Se5.0,
respectively. The coleus plants were kept in full-strength
MHNS without Pb and Se as the control treatment
(denoted Pb0Se0). The solution was renewed every 7 days
and was aerated continuously during the acclimatization
period, and pH was maintained at 6.0-6.5. After the
addition of Pb and the different concentrations of Se to the
nutrient medium, the loss of water via transpiration was
replenished by frequent additions of deionized water to
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maintain a constant volume. Plants were kept in a growth
chamber with an 8 h light period at a light intensity
of 450 pmol/m?/s, 25°C/20°C (day/night) temperature
and 60-70% relative humidity. Plants were harvested
21 days after each treatment. Upon harvest, each plant
was separated into roots, stems, and leaves, and killed
out for 30 min at 105°C in an air blowing thermostatic
oven, then dried to constant weight at 65°C for FTIR.

Measure Method

For FTIR analysis, the roots of coleus plants were
oven-dried for 12 h at 65°C and ground to a fine powder
with an agate mortar, followed by sieving through a
150 pm mesh. Roots (1.0 mg) were then mixed with
100 mg KBr and pressed into pellets. Each pellet
was immediately placed into a sample holder and
FTIR spectra (FTIR Nicolet 5700, Thermo Nicolet
Corporation, Wisconsin, USA) were recorded with
a resolution of 4 cm™ and 64 scans in the range of
4,000-400 cm™'. Each root made 9 ingot pieces that
collected spectra, and the average was taken as the roots
spectra.

Statistical Analysis

OMNIC E.S.P.5.1 intelligent software and ATR
correction were used for determining the background
value before each treatment sample was measured.
The spectra of FTIR was taken under Pb stress with
different concentrations of Se treatments, and then the
characteristic peak was screened according to the peak
absorbance values. Treatments were analyzed using
SigmaPlot12.0 (SYSTAT Software Inc., California,
USA), 2D Shige software created by Shigeaki Morita
(Kwansei-Gakuin University, Japan), and OriginPro
Version 8.5 (OriginLab Corporation, Northampton,
USA) for 1D and 2D correlation analysis of FTIR
spectra.

Table 1. Functional groups assignment of FTIR bands.

Results and Discussion
1D-FTIR Spectra Changes Analysis

FTIR is useful for analyzing organic chemical
composition as it can identify different functional groups
that produce bond absorptions at different locations
and intensities on the FTIR spectrum. Recognizing
where the absorptions generated by the main functional
groups occur can identify the properties, the formation,
and the changes of chemical composition containing
functional groups under different treatment conditions.
The roots were characterized by FTIR spectroscopy
to investigate the chemical differences between coleus
roots under Pb-induced stress and in the presence
of different concentrations of Se. Table 1 shows the
important spectral bands and the stretching vibration
of their corresponding functional group assignments
according to the literature. The Bands at 628-915 cm™!
were assigned to be aromatic C-H out-of-plane bending.
The bands at 1,000-1,033 c¢m™ were attributed to C-O
stretching of polysaccharides. Absorption bands
were noted at 1,270 cm™ (C-O stretching of
polysaccharides), 1,300-1,333 cm™ (CH, bending of
structural carbohydrates), 1,384 cm™ (CH, bending
of lipids/proteins), 1,416 cm™ (CH, stretching
of polysaccharide), 1,645 cm™' (aromatic C=C
stretching), 2,130-2,353 cm™ (C=O stretching of CO,),
2,850-2,922 cm™ (asymmetrical CH, and symmetrical
CH,  stretching  of  lipid/carbohydrate),  and
3,410-3,900 cm™ (O-H stretching of water and N-H
stretching of protein amide A).

The FTIR spectra of Coleus blumei roots exposed to
Pb stress with different concentrations of Se treatments
are presented in Fig. 1. The peak shape remained basically
unchanged among the roots under Pb-induced stress and
different concentrations of Se. However, the peak strength
did change and there was noticeable displacement of
some peaks, as well as emergence/disappearance of some
peaks (Fig. 1 and Table 2). This indicates that there were

Wave number (cm™) Vibrating type of functional groups

3,410-3,900 O-H stretching of Water [33-35]; N-H stretching of protein amide A [32]
2,850-2,922 Asymmetrical CH, and Symmetrical CH, stretching of lipid/carbohydrate [32]
2,130-2,353 C=0 stretching of CO, [30-31]

1,645 Aromatic C=C stretching [29]

1,416 CH, stretching of polysaccharide [28]

1,384 CH, bending of lipids/proteins [24]
1,300-1,333 CH, bending of structural carbohydrates [26-27]

1,270 C-O stretching of polysaccharides [25]
1,000-1,033 C-O stretching of polysaccharides [24]

628-915 Aromatic C-H out-of-plane bending [20-23]




2564

Hu M., Yuan J.

Pb0Se0

Transmittance (%)

=)
)

Pb1.0Se0

Pb1.0Se0.1

Pb1.0Se0.5

Pb1.0Se1.0

Pb1.0Se2.5

Pb1.0Se5.0

&
N
©
®

500 750 1000 1250 1500 1750 2000

2500 2750 3000 3250 3500 3750 4000

-1
Wave number/cm

Fig. 1. FTIR spectra of Coleus blumei roots under Pb stress with different concentration of Se treatments — Pb0Se0: Pb 0 mmol/L + Se
0 mmol/L; Pb1.0Se0: Pb 1.0 mmol/L + Se 0 mmol/L; Pb1.0Se0.1: Pb 1.0 mmol/L + Se 0.1 mmol/L; Pb1.0Se0.5: Pb 1.0 mmol/L + Se
0.5 mmol/L; Pb1.0Sel.0: Pb 1.0 mmol/L + Se 1.0 mmol/L; Pb1.0Se2.5: Pb 1.0 mmol/L + Se 2.5 mmol/L; Pb1.0Se5.0: Pb 1.0 mmol/L +

Se 5.0 mmol/L; the same below.

no changes in the chemical composition of the roots, but
that their contents were influenced by treatment with
Pb and Se. This finding is consistent with results from
recent reports on grape pomace [36] and meager [37].
The absorption peaks displacement of certain functional
groups involved in heavy metal adsorption changes
to different degrees, e.g., the absorption peak of OH
group (3,416-3,900 cm™), and carbonyl group
(1,000-1,100 cm™, and 1,270 cm™), which may act as Pb
ligands and participate in the processes of Pb sequestration
in coleus roots with exogenous Se treatments [38]. In
addition, a new peak appeared at 2,130-2,353 cm!
(C=0 stretching of CO,) under Pb stress with different
concentration of Se treatments, except for Pbl.0Se0.5,
which demonstrates the existence of transition-metal
complexes affecting intercellular CO, [39].

Semi-quantitative data are used to compare spectral
data from samples in order to obtain information on
how different functional groups respond differently
to environmental changes [40-41]. The following
semi-quantitative measurements of FTIR spectra
were analyzed by integrating the total peak area from:
(1) 3,410-3,900 cm™ (OH, aliphatic O-H stretching);
(2) 1,645 cm™ (Cl1, aromatic carbon groups C=C); (3)
1,420-1,300 cm™ (CH, CH, and CH, compounds); (4)
1,000-1,270 cm™ (Ox1, contribution of C-O groups);
and (6) 915-628 cm™ (Ar, aromatic C—H out-of-plane
bending).

The CH,/CH, ratio is the sum of the CH, peak areas
(1,416 and 2,850-2,922 cm™) divided by the sum of the
CH, peak areas (1,384 cm™'), which relates to aliphatic
chain length and degree of branching of aliphatic side
groups. A higher value implies comparatively longer
and straighter chains; a lower value, shorter and more
branched chains.

The OH/Ox1 ratio is the ratio of the integrated area
of the O-H stretching region (3,410-3,900 cm™) divided
by the integrated area of the oxygenated group region

(1,000-1,270 cm™). This is the relative contribution of
O-H stretching to the combined contribution of oxygen-
containing groups, and can be inferred oxygen-containing
groups decreasing from higher values.

The Ox1/Cl ratio is the ratio of the integrated area
of the (C-O) stretching region (1,000-1,270 cm ™' and the
integrated area of the aromatic carbon (C=C) groups
(1,645 cm™). This is the relative contribution of C-O
to aromatic carbon groups, and higher values indicate
increasing ratios of C-O groups to aromatic carbon
groups.

Ar/CHx is the ratio of the integrated area of the
aromatic C—H out-of-plane bending (915-628 cm™)
and the integrated area of the CH, and CH, stretching
region (2,850-2,922 and 1,420-1,300 cm™). This is the
contribution of aromatic C—H out-of-plane bending
modes to aliphatic C—H stretching bands, and higher
values indicate higher aromaticity in the organic matter.

The A factor is defined by the integrated area of the
aliphatic stretching region (2,850-2,922 cm™) divided by
the sum of the integrated areas of the aliphatic stretching
region (2,850-2,922 cm™') and aromatic carbon structures
(1,645 cm™), representing changes in the relative
intensities of the aliphatic groups.

The C factor is defined by the integrated area of the
oxygenated group region (1,000-1,270 cm™) divided by
the sum of the integrated areas of the oxygenated group
region (1,000-1,270 cm™) and aromatic carbon structures
(1,645 cm™), representing changes in the C-O groups.

All these ratios could also be used for comparative
purposes, providing valuable information on the changes
of chemical functional groups in C. blumei roots under
Pb stress with different concentrations of Se treatments
in an attempt to identify the differences in functional
groups according to the proposal of Ganz and Kalkreuth
[42].

Changes in the FTIR bands were used to obtain
semi-quantitative data for Pb stress with different
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Table 2. FTIR typical peak of Coleus blumei roots under lead stress with different concentrations of Se treatment.
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concentrations of Se treatments (Table 3). The
CH,/CH, ratio can be used as a discriminatory function
for chemical composition [43]. The CH,/CH, ratio in
C. blumei roots for Pbl.0Se0 showed the lowest value
(0.66) in this study (Table 3). This indicates that C.
blumei roots under Pb stress without Se had longer and
straighter aliphatic chains compared with Pb0Se0.
However, the CH,/CH, ratio of C. blumei roots under
Pb stress with different concentrations of Se treatments
showed lower values, except for the Pb1.0Se0.1 treatment.
This indicates that the length and straightness of the
aliphatic chains in the C. blumei roots were increased
under Pb stress with Pb1.0Se0.5, Pb1.0Sel.0, Pb1.0Se2.5,
and Pbl.0Se5.0 — especially the Pbl.0Se0.5 treatment.
The Pbl.0Se0.1 treatment had a higher value (4.16),
indicating that the C. blumei roots had shorter and more
branched aliphatic chains under Pb stress with 0.1 mM
Se treatment.

For the OH/Ox1 ratio, the values for the Pb1.0Se0
treatment decreased significantly compared with the
Pb0Se0 treatment, which indicates a larger contri-
bution of oxygen-containing groups. However, the
OH/OxIratio under Pb stress with different concentrations
of Se treatments shows lower and similar values except
for the Pbl.0Se2.5 treatment. The lowest value was for
the Pbl.0Se0.5 treatment, which indicates the largest
contribution of oxygen-containing groups. In addition,
the highest value was for the Pb1.0Se2.5 treatment, which
indicates an increase in OH contribution.

For the Ox1/C1 ratio, Pbl1.0Se0 treatment showed
higher values compared with the Pb0Se0 treatment, which
indicates increasing ratios of C-O groups to aromatic
carbon groups. However, the OH/OxIratio under Pb stress
with different concentrations of Se treatments decreased,
except for the Pbl.0Se0.1 and Pbl.0Se0.5 treatments,
which indicates a higher oxidation of organic matter in
the Pb1.0Sel.0, Pbl1.0Se2.5, and Pbl.0Se5.0 treatments.
Meanwhile, there were higher values for the Pb1.0Se0.1
and Pb1.0Se0.5 treatments compared with other treatment
concentrations of Se, which indicates increasing ratios of
C-O groups to aromatic carbon groups.

With respect to the aromatic Ar/CHx ratio, the
Pb1.0Se0 treatment shows higher values compared to the
Pb0Se0 treatment, which indicates a higher aromaticity in
the organic matter under Pb stress. However, the Ar/CHx
ratio under Pb stress with different concentrations of Se
treatments decreased, except for the Pb1.0Se0.5 treatment,
which showed that the aromaticity of the organic matter
was decreasing, especially for the Pb1.0Se0.1 treatment.
However, the Pbl.0Se0.5 treatment showed the highest
value, which indicates higher aromaticity in the organic
matter.

Finally, the compressions of C. blumei roots for the
Pb1.0Se0 treatment were characterized by low values for
A factor and high values for C factor, compared with the
Pb0Se0, which indicates low contents of aliphatic, and
high contents of oxygen-containing compounds (Table 3).
The compressions of C. blumei roots for Pb stress with the
0.1 mM Se treatment were characterized by high values
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Table 3. Comparison of semi-quantitative FTIR data of Coleus blumei roots under lead stress with different concentrations of Se

treatments.
Treatments Ratio
CH,/CH, OH/Ox1 Ox1/C1 Ar/CHx A factor C factor

Pb0Se0 5.04 4.08 1.06 0.03 0.49 0.55
Pb1.0Se0 0.66 1.52 3.90 0.48 0.35 0.79
Pb1.0Se0.1 4.16 1.41 5.24 0.24 0.62 0.84
Pb1.0Se0.5 0.49 0.98 4.86 0.68 0.27 0.83
Pb1.0Sel.0 0.65 1.54 3.69 0.42 0.35 0.79
Pb1.0Se2.5 0.54 1.79 3.27 0.31 0.35 0.77
Pb1.0Se5.0 0.53 1.39 3.84 0.34 0.32 0.79

for A factor and high values for C factor, compared with
other concentration of Se treatments, which indicates
high contents of aliphatic and high contents of oxygen-
containing compounds, respectively.

2D-FTIR Correlation Spectra Analysis

The synchronous and asynchronous 2D-FTIR
correlation spectra of C. blumei roots under Pb stress
with different concentrations of Se treatments in the
region of 929-1,800cm™ are shown in Figs 2-8.

Fig. 2a shows the synchronous 2D correlation
spectrum of Pb0Se0 treatment based on autocorrelation
calculations in the region of 1,000-1,645 cm™. The peak
at 1,000-1,033 cm™' was attributed to the C-O stretching
of polysaccharides in C. blumei roots. The two peaks
observed at 1,270 cm™ and 1,384 cm™! were attributed to
the C-O stretching of polysaccharides and CH, bending of
lipids/proteins in C. blumei roots, respectively. The peak
at 1,645 cm™ was assigned to the aromatic C=C stretching
vibration in C. blumei roots. Two positive cross-peaks
observed at (1,033, 1,645) cm™ and (1,270, 1,384) cm™,
and the 5 negative cross peak observed at (1,033, 1,270)
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cm™, (1,033, 1,384) cm™, (1,645, 1,270) cm™, (1,645, 1,384)
cm ', and (1,384, 1,270) cm™! result from the orientation
of C-0O, aromatic C=C, and CH, vibrations generated at
the same time. According to 2D correlation rules [44],
the functional groups of C-O, aromatic C=C, and CH,
had a cooperative effect, but had the reverse direction
of the intensity variations in these 2 correlated
stretching vibration modes. In the asynchronous
spectrum of the Pb0Se0 treatment (Fig. 2b), according
to the rule of Noda [44], the negative sign of the
cross-peaks at (1,033, 1,270) cm™, (1,033, 1,384) cm,
(1,645, 1,270) cm™, (1,645, 1,384) cm™, and (1,384,
1,270) cm™ indicates that the intensity change of
the symmetric stretching vibration of functional
groups occurs prior to that of the asymmetric one.
On the basis of Noda’s rule [44-45] and the method
of Murayama et al. [46], the following sequence of
the intensity variations was deduced: C-O stretching
of polysaccharides (1,270 cm™) = CH, and CH, in
lipids (1,384 ¢cm™)>C-O stretching of polysaccharides
(1,033 cm™) = aromatic C=C stretching (1,654 cm™).

In the synchronous 2D correlation spectrum of
the Pbl.0Se0 treatment (Fig. 3a), one auto-peak at
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Fig. 2. Synchronous and asynchronous 2D-FTIR correlation spectra of Coleus blumei roots without lead and selenium.
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Fig. 3. Synchronous and asynchronous 2D-FTIR correlation spectra of Coleus blumei roots under 0 mM and 1.0 mM lead treatments.

®(1,000-1,150, 1,000-1,150)>0, one positive cross-peak
at ©(1,384, 1,645) > 0, and 2 negative cross-peaks at
®(1,000-1,150, 1,384) < 0 and ®(1,000-1,150, 1,645)
< 0 were observed. This implies that the band from
1,000-1,150 c¢cm™ varies in the opposite direction to
the bands at 1,384 and 1,645 cm'. As has already
been mentioned, these bands were assigned to C-O
stretching vibration in polysaccharides, CH, bending
of lipids/proteins, and aromatic C=C stretching
vibration, respectively. Thus it was observed that the
C-O stretching vibrations (1,000-1,150 cm™) vary in the
opposite direction to the CH, stretching (1,384 cm™)
and aromatic C=C stretching (1,645 cm™') under Pb
treatment, compared with the Pb0Se0 treatment. Three
bands at 1,125 cm™, 1,384 cm’, and 1,645 cm! were
identified in the asynchronous 2D correlation spectrum
of the Pb1.0Se0 treatment (Fig. 3b). The sequence of the
spectral intensity changes was obtained as follows:
1,125 cm™ > 1,384 cm™ > 1,645 cm™'. This sequence
means that the moment of C-O groups (1,125 cm™) in

polysaccharides changes first, followed by the CH,
stretching vibration in lipids/proteins, and the C=C
stretching of the aromatic skeleton under Pb stress.

In the synchronous 2D correlation spectrum of the
Pb1.0Se0.1 treatment (Fig. 4a), one auto-peak at ®(1,000-
1,150, 1,000-1,150) > 0, one positive cross-peak at ©(1,384,
1,645) > 0, and 3 negative cross-peaks at ©(1,000-1,150,
1,270) < 0, ®(1,000-1,150, 1,333) < Oand ®(1,000-1,150,
1,645) < 0 were observed. This implies that the band
from 1,000-1,150 cm™ varies in the opposite direction
to the bands at 1,384 and 1,645 cm!. This indicates that
the C-O stretching vibrations (1,000-1,150 cm™) vary in
the opposite direction to the C-O stretching (1,270 cm™),
the CH, stretching (1,384 cm™), and the aromatic C=C
stretching (1,645 cm™) under the Pb1.0Se0.1 treatment,
compared with the Pb1.0Se0 treatment. Four bands at
1,033 cm™, 1,270 cm™, 1,333 cm™!, and 1,645 cm™! were
identified in the asynchronous 2D correlation spectrum
of the Pbl.0Se0.1 treatment (Fig. 4b). The sequence of
the spectral intensity changes was obtained as follows:
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Fig. 5. Synchronous and asynchronous 2D-FTIR correlation spectra of Coleus blumei roots under 0 mM and 1.0 mM lead with 0.5 mM

Se treatment.

1,033 cm™ > 1,270 cm™ >1,333 cm™ > 1,645 cm™. This
sequence means that the moment of the C-O groups
(1,033 cm™) in polysaccharides changes first, followed by
the C-O groups (1,270 cm™), CH, stretching vibration in
lipids/proteins (1,333 cm™), and the C=C stretching of
the aromatic skeleton (1,645 cm™) under Pb stress with
0.lmM Se.

In the synchronous 2D correlation spectrum of the
Pb1.0Se0.5 treatment (Fig. 5a), one auto-peak at ®(1,000-
1,150, 1,000-1,150) > 0, one positive cross-peak at ®(1,384,
1,645) > 0, and 2 negative cross-peaks at ©(1,000-1,150,
1,384) < 0 and ©(1,000-1,150, 1,645) < 0 were observed.
This implies that the band at 1,000-1,150 cm™! varies in
the opposite direction to the bands at 1,384 cm™ and
1,645 cm™. This means that the C-O stretching vibrations
(1,000-1,150 cm™) vary in the opposite direction
to the CH, stretching (1,384 ¢m™) and aromatic C=C
stretching (1,645 cm™) under the Pbl.0Se0.5 treatment,
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compared with the Pbl.0Se0 treatment. Three bands at
1,125 cm™, 1,270 cm™!, and 1,645 cm™! were identified
in the asynchronous 2D correlation spectrum of
the Pbl.0Se0.5 treatment (Fig. 5b). The sequence of
the spectral intensity changes was obtained as follows:
1,125 cm™ > 1,270 em™ > 1,645 cm™. This sequence
means that the moment of the C-O groups in
polysaccharides changes first, followed by the C=C
stretching of the aromatic skeleton under Pb stress with
0.5 mM Se.

In the synchronous 2D correlation spectrum
of the Pbl.0Sel.0 treatment (Fig. 6a), one auto-peak
at @(1,000-1,150, 1,000-1,150) > 0, one positive
cross-peak at @(1,384, 1,645) > 0, and two negative
cross-peaks at @(1,000-1,150, 1,384) < 0 and
®(1,000-1,150, 1,645) < 0 were observed. This implies
that the band at 1,000-1,150 cm™ varies in the opposite
direction to the bands at 1,384 cm™ and 1,645 cm’,
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Fig. 7. Synchronous and asynchronous 2D-FTIR correlation spectra of Coleus blumei roots under 0 mM and 1.0 mM lead with 2.5 mM

Se treatment.

which means that the C-O stretching vibrations (1,000-
1,150 cm™) vary in the opposite direction to the CH,
stretching (1,384 c¢cm™) and aromatic C=C stretching
(1,645 cm™) under the Pbl.0Sel.0 treatment compared
with the Pbl.0Se0 treatment. Four bands at 1,033 cm,
1,270 ecm™, 1,384 cm™, and 1,645 cm!' were identified
in the asynchronous 2D correlation spectrum of the
Pbl.0Sel.0 treatment (Fig. 6b). The sequence of the
spectral intensity changes was obtained as follows:
1,033 cm™ > 1,384 cm™ >1,270 cm™ > 1,645 cm™. This
sequence means that the moment of the C-O groups
in polysaccharides changes first, followed by the CH,
stretching vibration in the lipids/proteins, the C-O
stretching of the polysaccharides, and the C=C stretching
of the aromatic skeleton under Pb stress with 1.0 mM Se.

In the synchronous 2D correlation spectrum of
the Pbl.0Se2.5 treatment (Fig. 7a), one auto-peak at
®(1,000-1,150, 1,000-1,150) > 0, one positive cross-
peak at (1,384, 1,645) > 0, and 2 negative cross-peaks

at ©(1,000-1,150, 1,384) < 0 and ®(1,000-1,150, 1,645)
< 0 were observed. This implies that the band at 1,000-
1,150 cm™ varies in the opposite direction to the bands
at 1,384 cm! and 1,645 cm’!, which means that the
C-O stretching vibrations (1,000-1,150 cm™) vary in the
opposite direction to the CH, stretching (1,384 cm™)
and the aromatic C=C stretching (1,645 cm™) under
the Pbl.0Se2.5 treatment compared with the Pbl.0Se0
treatment. Five bands at 1,033 cm™, 1,270 cm™!, 1,384
cm’!, 1,416 cm™!, and 1,645 cm™! were identified in the
asynchronous 2D correlation spectrum of the Pb1.0Se2.5
treatment (Fig. 7b). The sequence of the spectral intensity
changes was obtained as follows: 1,033 cm™' > 1,416 cm™!
> 1,270 em™ > 1,384 cm™ > 1,645 cm™. This sequence
means that the moment of the C-O (1,033 cm™) groups
in the polysaccharides change first, followed by the CH,
groups (1,416 cm™) and the C-O stretching (1,270 cm™)
of the polysaccharides, the CH, stretching vibration in
the lipids/proteins (1,384 cm™), and the C=C stretching
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of the aromatic skeleton (1,645 cm™) under Pb stress with
2.5 mM Se.

In the synchronous 2D correlation spectrum of the
Pb1.0Se5.0 treatment (Fig. 8a), one auto-peak at ©(1,000-
1,150, 1,000-1,150) > 0, one positive cross-peak at O(1,384,
1,645) > 0, and 2 negative cross-peaks at ©(1,000-1,150,
1,384) < 0 and ©(1,000-1,150, 1,645) < 0 were observed.
This implies that the band at 1,000-1,150 cm™ varies in
the opposite direction to the bands at 1,384 cm™ and
1,645 cm™. This means that the C-O stretching vibrations
(1,000-1,150 cm™) vary in the opposite direction to
the CH, stretching (1,384 cm™) and the aromatic C=C
stretching (1,645 cm™) under the Pb1.0Se5.0 treatment,
compared to the Pbl.0Se0 treatment. Five bands at
1,033 ecm™, 1,270 cm™!, 1,384 cm’, 1,416 cm™', and
1,645 cm™ were identified in the asynchronous 2D
correlation spectrum of the Pbl.0Se5.0 treatment
(Fig. 8b). The sequence of the spectral intensity
changes was obtained as follows: 1,033 cm,
1,270 cm™ > 1,416 cm™ > 1,384 cm™ > 1,645 cm™.
This sequence means that the moment of the C-O
groups in the polysaccharides changes first, followed
by the CH, groups in the polysaccharides, the CH,
stretching vibration in the lipids/proteins, and the C=C
stretching of the aromatic skeleton under Pb stress with
5.0 mM Se.

Based on the 2D-FTIR correlation spectra data,
we found that most sensitive to Pb stress were the C-O
groups from the polysaccharides, followed by the CH,
group in the lipids/proteins, and the C=C group of the
aromatic skeleton. This indicates that the carboxyl (C=0)
and aliphatic chains are mainly responsible for lead
adsorption in C. blumei roots. Other studies have also
reported that carboxyl (C=0) and phenol (OH) groups
make important contributions to Pb?* sorption [47, 48].
However, with the addition of different concentrations
of Se during Pb stress, these functional groups were
responsible for Pb adsorption, as changes in the peaks
were observed around the wavelengths of these groups.
The Se concentration-dependent changes appeared in the
infrared regions characteristic of the C=0O, CH,, CH,,
and C=C stretching frequencies of the polysaccharides
and the lipids/proteins. These results were in accordance
with semi-quantitative data from the above 1D-FTIR
spectra.

Conclusions

The peak shapes remained basically unchanged
in C. blumei roots exposed to Pb stress with different
concentrations of Se treatments, and the wave number
of the absorption peaks remained stationary, which
indicates that the chemical composition in the roots had
not changed. However, there is a significant difference
in the absorption peak strength, which is influenced
by the chemical composition. Semi-quantitative data
indicate that there were obvious differences among
the characteristics of the organic functional groups.

The FTIR spectrum confirms the presence of various
functional groups from the responses to abiotic stresses
in the plant, which may influence the reduction process
and stabilization of heavy metals.

There were obvious differences among the 2D-FTIR
correlation spectra of C. blumei roots in the region of 929-
1,800 cm ' under Pb stress with different concentrations
of Se treatments. Significant differences between the
2D-FTIR correlation spectra of C. blumei roots are likely
to be related to differences in chemical composition and
its structure. The high resolution 2D-FTIR technology
based on similar samples as the one-dimensional infrared
spectrum can provide the microscopic information from
the dynamic changes of chemical composition structure
resulting from Se concentration changes. The results
demonstrate that 2D-FTIR correlation spectroscopy may
be a convenient and effective method in the study of plant
molecular interactions under environmental stress.
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