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Abstract: Leaf litter plays a major role in carbon and nutrient cycling, as well as in fueling food
webs. The chemical composition of a leaf may directly and indirectly influence decomposition
rates by influencing rates of biological reactions and by influencing the accumulation of soil organic
carbon content, respectively. This study aimed to assess the impact of the chemical composition
of rubber (Hevea brasiliensis (Willd. ex A. Juss.) Muell. Arg.) leaves on various soil properties
of different ages of rubber (4–5, 11–12, and 22–23 year-old). Synchrotron-based Fourier transform
infrared microspectroscopy (Sr-FTIR) was utilized for analyzing the chemical composition of plant
leaves. The Sr-FTIR bands illustrated that the epidermis of rubber leaves from 4–5-year-old trees
was found to contain a high quantity of polysaccharides while mesophyll from 22–23-year-old trees
had a large number of polysaccharides. The change in soil properties in the older rubber plantation
could be attributed to its chemical composition. The change in soil properties across all tree ages,
i.e., increased litter and organic carbon content, was a relatively strong driver of soil biota evolution.
The aliphatic of C-H in the leaves showed high correlation with soil organic carbon (SOC) and
permanganate-oxidizable C (POXC) from 22–23 year-old trees. This study shows the differences in
the organic chemical composition of leaves that are consequential to soil organic carbon.

Keywords: rubber tree (Hevea brasiliensis (Willd. ex A. Juss.) Muell. Arg.); synchrotron-based Fourier
transform infrared microspectroscopy; leaf chemical composition; soil organic carbon

1. Introduction

A rubber tree (Hevea brasiliensis (Willd. ex A. Juss.) Muell. Arg.) or rubber plant is an
angiosperm plant belonging to the family Euphorbiaceae Juss.. Among members of the genus Hevea
Aubl., rubber trees are considered the most economically important due to the milky latex extracted
from the tree, which is the source of natural rubber. The major areas for rubber tree cultivation are
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located in Southeast Asia, especially Indonesia, Malaysia, Thailand, and Vietnam [1]. Rubber trees were
first cultivated in Thailand in the 1890s and today rubber is a very important contributor to the Thai
economy. The trees are mainly cultivated in southwestern and northeastern Thailand (Department of
Agricultural Extension, Ministry of Agriculture and Cooperatives) due to their favorable environmental
conditions for planting [2]. As southern Thailand is located in tropical and subtropical areas, their soil
contains little organic matter and is less suitable for rubber tree production. Cultivation areas lacking
nutrients negatively impact natural latex production. Essential nutrients are derived from leaf fall,
which increases organic matter in the soil. In organically managed systems, the mineralization of soil
organic matter (SOM) is crucial for meeting crop nutrient demand. The relationship between SOM
chemical composition and labile fractions can provide insight into the degree that SOM chemistry can
influence lability [3]. The degree of change in SOM composition that can be associated with an increase
in SOM is largely unknown and may offer insight into observed labile SOM increases. More studies on
the leaf litter of rubber such information about the chemical or litter quality was extremely scarce and
only the properties and degradation are studied, the management of degradation is very important to
understand the substances present in plant residues. The three main factors controlling the rate of litter
decomposition are governed by an interplay of climate, litter quality/soil biota in the physicochemical
environment, litter quality, and the composition of the decomposer community. The rate at which
nutrients are released from litter is generally governed by the decomposition rate [4].

Fourier transform infrared (FTIR) spectroscopy is an effective tool for the chemical analysis
of biological samples [5,6]. This technique offers a rapid, inexpensive, and relatively non-invasive
method for obtaining the biochemical fingerprint of a sample. It enables the identification of the main
chemical composition and chemical bonds, thus revealing the structural information of biochemical
compounds rather than being limited to elemental information [7–9]. Crucially, both organic and
inorganic compounds are featured in the FTIR spectrum, allowing for not only identification of the
main organic constituents of plant material but also for the characterization of inorganic compounds
present in the plant and soil [10,11]. Thus, FTIR microscopy is considered an advantageous tool
for analyzing interspecies variations in main organic compound proportions. It can also be useful
for comparing intraspecies specimen properties, for example specimens growing under different
environmental conditions. FTIR spectroscopy is a widely used tool in plant biological studies [5]
and has been a credible and efficient tool applied in the fields of natural, medical and agricultural
sciences, as in the following studies: (i) plant response to environmental factors [12], impact of heavy
metals [13–16], plant identification and classification [17–19], and soil identification [10,20]; (ii) plant
pharmaceutical properties [21]; and (iii) crop diseases and pathogens [22,23]. Therefore, the objectives
of this study were to use synchrotron-based Fourier transform infrared microspectroscopy (Sr-FTIR) in
examining leaf chemical composition of differently aged rubber tree plantations and to characterize its
relationship with soil properties.

2. Materials and Methods

2.1. Study Site and Treatment

The experimental site was located in the Kranuan district, Khon Kaen province, Thailand
(16◦44′–16◦75′ N; 103◦07–103◦08′ E) [24]. A randomized completely block design (RCBD) with three
replications was employed due to the area’s gentle slope (approximately 1–3%). Manual weed
control was employed at approximately two-month intervals on the youngest rubber plantation.
Tree treatments were applied to rubber trees aged: (1) 4–5 years, (2) 11–12 years, and (3) 22–23 years.

2.2. Plant and Soil Sampling

To avoid variability in the chemical composition of the plants due to phenology, all plant and soil
material was collected in September 2016 during the rainy season. The leaves, along with the petioles,
were cut off near the stalk and placed in zip-lock plastic bags.
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Soil samples were taken from randomly selected locations in each plot at 0–15-cm depths.
Litter layers were removed before sampling. Soil samples were separated into two categories for soil
property and chemical composition analyses and processed as follows: 2-mm soil was used for soil
property analysis and soil processed into a fine powder was used for chemical composition analysis.
Soil for the latter category was ground using a ball mill (Retsch Mixer MM301, Leeds, UK).

2.3. Chemical and Biological Analyses and Leaf Chemical Analysis

Soil organic carbon was measured from air-dried soil via dichromate oxidation [25]. Soil pH was
measured with a pH meter in a soil to water ratio (1:2.5). Bulk density (g cm−3) was calculated as the
ratio of the dry mass of fine soil (<2 mm) to the cylinder volume. Labile carbon was determined by
measuring permanganate-oxidizable C (POXC) according to procedures outlined in Cullman et al. [26].
Soil microbial biomass carbon (MBC) was determined from fresh soil processed immediately after
sampling with the chloroform fumigation-extraction technique. The 20 g soil/sample was fumigated
for 48 h then, soil was extracted with 100 mL of 1 M KCL. The non-fumigated samples were extracted
immediately after sampling and determined microbial biomass nitrogen (MBN) by ninhydrin reaction
method [27]. Microbial respiration was measured using the alkaline trap method, which has been
applied in previous research to measure field CO2-emission [28]. The soil microbial metabolic quotient
(qCO2) was expressed in CO2-C production per unit MBC and per unit time.

Leaves were gently washed with distilled water and oven-dried for 3 days at 80 ◦C. Leaf fibers
(hemicellulose, cellulose, and lignin) were identified using the Van Soest method [29].

2.4. Synchrotron-Based Fourier Transform Infrared (FTIR) Microspectroscopy

2.4.1. Plant and Soil Sample Preparation for Fourier Transform Infrared (FTIR) Microspectroscopy
Analysis

The sample preparation for the treated rubber leaf tissues was prepared by using cryosection
technique. The sample was embedded with OCT compound (Tissuse-Trek, Electron Microscopy
Science, Hatfield, PA, USA) and snap-frozen with liquid nitrogen then stored at −80 ◦C. The samples
were cut transversely around 5 microns thick and placed on infrared transparent BaF2 windows
(13 × 2 mm) for further analysis with infrared microspectroscopy.

Soil samples from each plantation were dried overnight at 32 ◦C and were then grounded into
fine powder in a ball mill (Retsch Mixer MM301, Leeds, UK).

Spectral acquisition and instrument control were performed using OPUS 7.2 software
(Bruker Optics Ltd., Ettlingen, Germany). The spectra were also baseline corrected. No correction was
required for water vapor or CO2, as the spectrometer was continuously flushed with dry air.

2.4.2. Fourier Transform Infrared (FTIR) Microspectroscopy Analysis

Spectral data of the leaves were collected using an infrared microspectroscopy beamline
(BL4.1 Infrared Spectroscopy and Imaging) at Synchrotron Light Research Institute (SLRI). Spectra
were acquired with a Vertex 70 FTIR spectrometer (Bruker Options, Ettlingen, Germany) coupled with
infrared microscope (Hyperion 2000, Bruker), with an MCT detector cooled with liquid nitrogen over
an FTIR measurement range of 4000–900 cm−1. The microscope was connected to a software-controlled
microscope stage and placed in a specially designed box purged by dry air. The measurements were
performed in transmission mode, using an aperture of 10 × 10 µm2 with a spectral resolution of 6 cm−1

and with 64 scans co-added. For soil measurement, the measurements were performed using diamond
anvil cell measured in transmission mode using an aperture of 20 × 20 µm2 with a spectral resolution of
4 cm−1 and with 64 scans co-added. Spectral acquisition and instrument control were performed using
OPUS 7.2 software (Bruker Optics Ltd., Ettlingen, Germany) and analyzed using CytoSpec software.
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2.4.3. Data Processing and Image Analysis

The image analysis was analyzed using CYTOSPEC version 2.00.05 infrared image software
(CytoSpec Inc., New York, NY, USA). The pre-processed spectra were conducted in order to remove
differing sample thicknesses and to observe the small difference between the samples. The color coded
imaged was received by doing hierarchical clustering analysis (HCA) of the FTIR data. This analysis
can separate the difference of each functional groups based on peak intensity and peak area.

2.5. Multivariate Data Analysis

The pre-processed spectra from each group of the sample were conducted by using the Unscrambler
software (version 10.5, CAMO software, As, Norway). The spectra were processed by performing
the second derivative and vector-normalized values according to the Savitzky–Golay method
(3rd polynomial, 13 smoothing points) [23] and the principal component analysis (PCA), which could
differentiate the biochemical components of each tissue.

2.6. Statistical Analyses

All statistical analyses were conducted using SPSS software version 13.0 (SPSS Institute, Chicago,
IL, USA). A difference with p < 0.05 was considered significant. A one-way ANOVA was computed to
detect the differences in SOC, SOM, microbial respiration, and microbial biomass N and C, among the
0–15 cm surface soil samples from the differently aged rubber tree plantations. Relationships in terms
of leaf features were studied with correlation analysis.

Relationships among the bands and biological properties of the soil were determined using
linear correlation analysis. Person’s correlation coefficients (R) were calculated for two-directional
correlations between absorbance intensities of the bands and biological properties of the soil. R studio
version 3.5.2 was used to evaluate the data.

3. Results

3.1. Soil Properties

The soil in all treatments had the same physical properties in terms of texture and soil pH, and the
bulk density decreased when tree age increased (data not shown). Chemical properties were also
affected by age. Indeed, the oldest rubber trees (Hevea brasiliensis (Willd. ex A. Juss.) Muell. Arg.),
aged 22–23 years, showed the biggest difference in terms of soil chemical properties in comparison to
all other ages (Table 1). The soil organic carbon and permanganate-oxidizable content were higher in
rubber plantations aged 22–23 years than in those 4–5 years, but was not significantly different from
those in the second age group (11–12 years). The microbial biomass carbon was significantly lower
in plantations aged 4–5 years. In contrast, the microbial biomass nitrogen and metabolic quotient
was significantly higher in the plantations aged 22–23 years. Finally, the soil from under rubber trees
aged 22–23 years showed high microbial respiration activity (Table 1). The same applies when soil
amendments or food sources such as biochar were added to the soil, which increased the activity
of soil microorganisms [30]. Biochemical properties of the rubber tree’s leaves are given in Table 2.
The cellulose content tended to be higher in trees that were 4–5 years. Finally, more hemicellulose and
lignin were found in rubber trees aged 22–23 years than in the other age groups (Table 2).
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Table 1. Soil properties (0–15 cm) of differently aged rubber tree plantations.

Tree Ages SOC (%) Microbial Respiration
(gCO2·m−2·d−1)

MBC
(mg·kg−1)

MBN
(mg·kg−1)

qCO2
POXC

(mg·kg−1)

4–5 years 0.26b 482.5b 468.0a 534.6a 0.8b 52.58c
11–12 years 0.30a 607.7ab 243.6b 250.6b 2.5a 114.82b
22–23 years 0.31a 685.6a 260.6b 453.6a 2.2a 169.66a

p-value * ** * * * *

SOC: soil organic carbon; MBC: microbial biomass carbon; MBN: microbial biomass nitrogen; POXC:
permanganate-oxidizable C. Means marked with different letters within a column differed significantly from
each other at a significance level of p < 0.05 according to LSD’s test. (* p < 0.05), (** p < 0.01).

Table 2. Biochemical composition of rubber tree leaves.

Tree Age Cellulose (g·kg−1) Hemicellulose (g·kg−1) Lignin (g·kg−1)

4–5 years 29.40 10.73 24.45
11–12 years 23.69 11.21 13.36
22–23 years 22.77 13.36 25.00

3.2. Synchrotron-Based Fourier Transform Infrared (Sr-FTIR) Microspectroscopy of Soil Organic Carbon

The bands representing soil organic structure assignment integrated area of differently aged
rubber tree plantations (Table 3) while the soil from rubber plantations within the same age range
had similar organic wavenumbers. The groups consisted of benzoic acids, C-O of aryl ethers, C-O of
phenolic groups (1253 cm−1), Phenol vas (c-O-, carboxylic acid v(C-O) (1206 cm−1), C-H of aliphatic OH
and C-O bands of polyalcoholic and ether, C-H of aliphatic OH (1137 cm−1), and Polysaccharide C-O
(1119 cm−1, 1105 cm−1, 1085 cm−1, 1079 cm−1, 1067 cm−1). The integral area of each curve representing
the average spectra for each chemical composition is described in Table 3. Integration values for benzoic
acids, C-O of aryl ethers, and C-O of phenolic groups were found only in rubber tree plantations aged
22–23 years, as were the values for phenol vas (C-O-, carboxylic acid v(C-O) and polysaccharide (1119,
1105, 1085, 1079, and 1067 cm−1). The rubber tree plantations aged 4–5 years had significantly higher
Phenol vas (C-O-, carboxylic acid v(C-O), C-H of aliphatic OH and C-O bands of polyalcoholic and
ether, and C-H of aliphatic OH (1206, 1137 cm−1). Soil organic matter supply is mainly derived from
plant litter [31].

Table 3. Assigned Fourier transform infrared (FTIR) integrated areas of different ages of rubber
tree plantations.

Wavenumber
(cm−1)

Chemical Composition Tree Age

4–5
Years

11–12
Years

22–23
Years

1253 C-O of phenolic groups [32] - - 3.9

1206 Phenol vas (C-O-,carboxylic acid v(C-O) [33] 12.8a 12.0a 8.5b

1137
C-H of aliphatic OH and C-O bands of

pholyalcoholic
and ether, C-H of aliphatic OH [32,34,35]

5.3a 4.6a 2.9b

1119–1067 Polysaccharide C-O [32,33] 57.5b 32.0c 70.2a

Means marked with different letters within a column differed significantly from each other at a significance level of
p < 0.05 according to LSD’s test.

3.3. Distribution of Carbon Chemical Composition in Plant Leaves

Rubber tree tissues were comprised of a diverse group of molecules, including proteins, lipids,
lignins, pectins, and polysaccharides, and each molecular class had characteristic conformations in
line with cell type. Typically, the leaves of higher plants are comprised of epidermis, mesophyll,
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and vascular bundles [32,36]. Previous studies by Thumanu et al. [22] showed that these three tree
tissue types can be found in higher plant leaf tissue sections, according to macromolecular chemistry
using FTIR microspectroscopy. In this study, we attempted to discern changes in macromolecular
biochemistry in the different tissue types of differently aged rubber plant tissues. Figure 1 shows
maps of the integrated area of the spectral region equivalent to absorbance intensities over the range
of 4000–900 cm−1 (Figure 1a) and a spatial area of 120 µm × 100 µm within a transverse leaf section
obtained from a rubber tree (Hevea brasiliensis (Willd. ex A. Juss.) Muell. Arg.) (Figure 1b). As rubber
trees are C4 plants, it is difficult to see the vascular bundles. Contrasts within the map are clarified
using a color scheme to indicate absorbance intensity: blue is the lowest level of absorbance and pink
is the highest (blue < green < yellow < red < pink) (Figure 1b). For the HCA analysis, the spectra
were separated based on similarity to and dissimilarity from each biochemical chemical composition.
The results showed that the epidermis tissue was coded in blue and red and the mesophyll tissue in
green, according to the color index (Figure 2a,b).
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Figure 1. Chemical composition area maps of part of a transverse leaf section from a rubber tree,
which was achieved using Fourier transform infrared (FTIR) microspectroscopy point to point mapping
with aperture setting at 15 × 15 µm steps. (a) A micrograph of a rubber tree plantation. (b) Integrated
mapping of chemical composition, obtained over the spectral region of 4000–900 cm−1. E, Epidermis;
M, Mesophyll.
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Figure 2. Fourier transform infrared (FTIR) mapping of rubber tree plantation. Hierarchical cluster
analysis (HCA) was performed to determine the separation of spectral groups according to the
composition within rubber leaf tissues. (a) The map consists of mesophyll layers (red, gray, blue) and
epidermis layers (green and light blue). (b) 2D HCA mapping was produced using 2 clusters in the
range of 4000–900 cm−1.
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Multivariate analysis was used to compare the biochemical differences across tissue types and
different ages of rubber plantation. Two types of information were extracted from this method:
clustering visualization of similar spectra using score plots from datasets and identifying spectra band
variables that represent different chemical composition groups present within the samples. Loading
plots were used to explain the clustering observed in the score plots [37]. The principal component
analysis (PCA) showed a separation by age group, where rubber plantation ages were 4–5 years,
11–12 years, and 22–23 years (Figure 3). Additionally, the analysis demonstrated that the PC1 and
PC2 consistently provided the best clustering of the tree groups. In terms of the epidermis, the PCA
score plot was sufficient to visualize the separate groups by their age ranges, at 26% PC1 and 16% PC2.
The use of multivariate analysis, in particular principal component analysis, has proven useful in the
analysis of biospectroscopic data. The high positive loading of the variables in PC1 at 2882, 2836, 1342,
1280, 1112, and 1051 cm−1 corresponded with the negative score plots of the trees aged 11–12 years and
22–23 years. The results shown in old rubber tree high CH2 asymmetrical and symmetrical stretching
is related to the metabolism of plants of each age [38]. In contrast, the high negative loading of the
variables in PC1 at 1745 cm−1 corresponded with the positive score plot of the treated epidermis group
(Figure 3a,b). The PCA score plot derived from the mesophyll tissue was associated with the positive
loading plot at 2948, 2855, 1639, 1587, 1425, 1238, 1147, and 1058 cm−1. The first two PC represented 50%
of the total variance in the data set, with PC1 and PC2 accounting for 35% and 15% of the total variance,
respectively. The positive loading plot at 2948, 2855, 1639, 1587, 1425, 1238, 1147, and 1058 cm−1

corresponded with the negative score plot of the trees aged 11–12 years (Figure 3c,d). The results of
epidermis and mesophyll show the different chemical composition constituents in both areas resulted
in different plant life having different food or carbon sources, such as the age when the plant had the
amount of chemical composition lignin and hemicellulose, which is difficult to degrade [39].
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In order to compare spectral changes occurring in the protein, lipid, and polysaccharides,
the average spectra from the epidermis and mesophyll regions of different ages of rubber tree
(4–5 years, 11–12 years, and 22–23 years) were calculated and are presented in Figure 4a,b. Significantly,
the band in the region of 2990–2800 cm−1 to 1737 cm−1, assigned to CH-stretching and C=O ester,
was higher in absorbance in terms of the average spectrum of the 11–12 years, and 22–23 year trees.
A comparison of spectra extracted from the mesophyll tissue is shown in Figure 3b. In the epidermis
and mesophyll, Amide I protein, C=C, aromatic lignin, and CH bending peaks, centered at 1656,
1465, 1515, and 1467 cm−1, were intense during the 11–12 years. Absorbance in the polysaccharide
region (1200–900 cm−1) was higher in the epidermis of the 4–5 years treatment compared to the
22–23 years treatment, for which absorbance was higher in the mesophyll. Differences in structural
polysaccharides in rubber leaf were largely a matter of variation in levels or relative proportions of two
main classes of these compounds—i.e., hemicellulose (amorphous matrix) and cellulose (fiber)—rather
than one of the differences in polysaccharide within either class. Considerable variations in levels of
these structural polysaccharides can occur in the growing plant [40]. For this reason, the amount of
polysaccharide differed in the epidermis and mesophyll. Therefore, polysaccharide content was directly
proportional to the quantity of cellulose and hemicellulose, as shown in Figure 5. The fingerprint
region contained several polymers of different types, such as protein, aromatics, and polysaccharides,
with particular molecular conformation, as shown in Table 2. Chemical composition differed in the
epidermis and mesophyll between the 4–5 years, and 22–23 year trees, showing a significant spectra
shift: 1280–1274 cm−1 versus less than 1000 cm−1. This was likely associated with a change in the
construction and formation according to the age of the plant and cell well.
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In order to visualize differences in the spectra resulting from aging of the rubber tree plantation,
the mean integrated areas were calculated. Differences in spectra between the epidermis and
mesophyll groups were observed (Figure 4a,b). Spectral changes were observed for C=O stretching
(1278–1241 cm−1) and CO CC of polysaccharide 1145, 1114, 1060, and 1031 cm−1 (Table 4). In order
to contrast the three groups, the mean integrated area of original spectra for each wavenumber was
calculated (Figure 5a,b). In the epidermis, C=O stretching, hemicellulose (1278–1241 cm−1) and CO CC
polysaccharides at 1145, 1114, 1060, and 1031 cm−1 were higher in the 4–5 years plants. In contrast, in
the mesophyll, C=O stretching, hemicellulose (1278–1241 cm−1), and CO CC polysaccharides at 1145,
1114, 1060, and 1031 cm−1 were higher in the 22–23 years plants. These biochemical changes were
associated with hemicellulose and polysaccharides, as both have been shown to be highly cumulative
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in both life stages of the plant, i.e., the initial growth and very old age. In addition, the Figure 5 shows
that the mean integrated area of rubber (11–12 years) has high protein (1654 cm−1). This indicates
that the protein production of leaf is not dependent only on ages but that there are still other reasons,
such as intensive management of farmers, for fertilization. This corresponded to previous research of
Puttaso [24], who utilized urea as a substrate in the soils of different ages of rubber and found that
11–12 years had the highest microbial activity compared with other rubber ages. Therefore, leaf rubber
at 11–12 years directly affected microbial activity.
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Table 4. Infrared (IR) band assignments of plant tissues.

Wavenumber (cm−1) Chemical Composition Reference

2946–2850 CH2 asymmetrical and symmetrical stretching [24]

1737 C=O ester from lignin and hemicellulose/pectin [3,24,41–43]

1654 Amide I [24,41,44]

1515 C=C aromatic ring from lignin [45]

1444, 1370 Symmetric CH2 and CH3 bending from lipids,
protein, and lignin [3]

1278, 1241 hemicellulose [46]

1145, 1114, 1060, 1031
Mainly CO CC of polysaccharides, which are very

complex and depend upon contributions from
polysaccharides, cellulose, hemicellulose, and pectin

[40,47]

4. Discussion

4.1. Relationships of Synchrotron-Based Fourier Transform Infrared (Sr-FTIR) Bands with Bio-Chemical
Properties of Soil

To assess the response of leaf chemical composition to the growth stage of rubber trees, we correlated
spectral absorbance of each wavenumber range with soil organic carbon. The correlation coefficients
were statistically significant for 22–23 year trees at 3000–2776, 1105, and 1155 cm−1 (Figure 3a,b) in the
spectral region associated with C-H stretching of aliphatic compounds and C-O-C glycosidic ether,
mainly hemicellulose and C-C ring cellulose (Table 3). Spectra of 11–12 year trees exhibited significant
differences according to the age of rubber and the absorbance of the spectra region at 1700–1600 and
1500–1300 cm−1 (Figure 3a,b); these regions were associated with structural amide I and C-O stretching
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from hemicellulose and lignin (Table 3). The 4–5 year trees showed a significant spectral response to age
(Figure 3a,b) in the absorbance of spectra region at 1510 and 1300–1200 cm−1, associated with structural
C=C aromatic from lignin, C-O stretching from hemicellulose, lignin, and polysaccharides. In contrast,
the chemical composition of soil indicated high polysaccharides in the 22–23 year plant samples.

In this study, the Sr-FTIR microspectroscopy analysis changed the biochemical composition of
rubber plant leaf tissue and its relation changed in organic carbon to soil. This technique enabled us to
investigate leaf sections at a high spatial resolution and revealed macromolecular differences between
rubber leaves. This technique, combined with PCA, can be used to resolve questions related to chemical
structural information of the various tissue types in the plant leaf cell and soil [22,48]. Importantly,
PCA enables the exploration of spectral changes in both the leaf cell and soil at different ages. Our results
suggest spectral differences in both leaf cell and soil. The addition bands represented organic chemical
composition group, including aliphatic C-H, C=O ester chemical composition, with increased SOC
in 22–23 year rubber tree samples (Table 5). The greater differentiation by age in wavenumber range
of aliphatic C-H relative to other chemical composition reflects the SOC, since aliphatic bands were
most associated with SOC and POXC compared with other bands, suggesting that these aliphatic C-H
bands mark the presence of labile carbon [49].

Table 5. Correlation between biochemical qualities and certain soil properties (* p < 0.05, ** p < 0.01).

Biochemical Quality SOC POXC Bulk Density

Cellulose −0.74 ** −0.78 ** 0.69 *
Hemicellulose 0.79 * −0.77 *

Lignin 0.69 **

SOC: soil organic carbon; POXC: permanganate-oxidizable C.

The higher integral areas of C-H bending could be related to the methoxy phenolic substitution
of aromatic units, such as the syringyl and guaiacyl in lignin. These changes could indicate lignin
formation. Lignin is a cell wall component that is covalently linked to hemicellulose, cellulose,
and cross-linked to various plant polysaccharides in the chemical composition of soil with high
polysaccharide in 22–23 year trees. Aliphatic C-H functionalities include methylene (-CH2) and methyl
(-CH3) groups that occur within chemical composition such as amide N-H and aromatic C=C in
organic macromolecules (e.g., polypeptides), and they are present in compounds considered labile
(e.g., amino sugars) and recalcitrant (e.g., lignin). This has been proposed to result from higher inputs
of aliphatic-rich OM (e.g., plant residues from cover crops) and is associated with increases in labile
and total soil carbon [50]. In this study, the new bands representing organic chemical composition,
including C-O stretching of polysaccharides found in the soil sample but not in leaf cells, were classified
into phenolic and polysaccharide groups, whereas the leaf residue did not significantly affect the
number of soil organic carbon chemical composition. On the other hand, organic carbon input from
leaf litter did not directly contribute to the formation of soil organic carbon chemical fractions, but the
soil microbial community could be a main factor influencing the chemical composition of soil organic
carbon [51]. In addition, the chemical composition of soil organic carbon and the leaf sample was
of C-H. In this study, positive associations of aliphatic C-H bands with soil organic carbon as well
as labile organic carbon fractions, in particular MBC, POXC, and organic carbon in soil, implicate
changes in aliphatic C-H increasing labile carbon (Table 6), indicating that soil microbial residues could
contribute to these labile substrates decomposing. This may explain previous findings of proportionally
greater increases in labile organic matter under management that increases organic matter content [51].
Additionally, chemical composition groups of SOM could be constrained by similar stoichiometric
limitations in living OM (e.g., membrane lipids, proteins) [52]. POXC and MBC are considered labile
fractions and are strongly associated [25,53], yet in this study they showed different associations with
chemical composition, suggesting that differences in chemical composition chemistry may underlie
similar soil organic carbon, especially the labile carbon fraction.
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Table 6. Correlations between absorbance intensity of epidermis and mesophyll of rubber tissue reflectance, with synchrotron-based Fourier transform infrared
(Sr-FTIR) bands representing organic chemical composition, and certain soil properties (* p < 0.05, ** p < 0.001).

Wavenumber
(cm−1)

Chemical Composition Soil Properties Biochemical Quality

SOC POXC MBC Bulk Density Cellulose Hemicellulose Lignin

Epidermis

2946–2850 CH2 asymmetrical and symmetrical stretching 0.68 * 0.84 * 0.8 * −0.70 *

1737 C=O ester from lignin and hemicellulose/pectin −0.80 *

1444, 1370 Symmetric CH2 and CH3 bending from lipids,
protein, and lignin 0.69 * 0.70 *

Mesophyll

2946–2850 CH2 asymmetrical and symmetrical stretching 0.68 * 0.84 * 0.8 *

1654 Amide I −0.93 **

1515 C=C aromatic ring from lignin −0.69 * −0.70 * 0.97 **

1444, 1370 Symmetric CH2 and CH3 bending from lipids,
protein, and lignin 0.70 *

1145, 1114, 1060,
1031

Mainly C-O-C of polysaccharides, which very
complex and depend upon contributions from

polysaccharides, cellulose, hemicellulose,
and pectin

0.94 ** −0.90 *

SOC: soil organic carbon; POXC: permanganate oxidizable C; MBC: microbial biomass carbon.
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4.2. Relationships of Synchrotron-Based Fourier Transform Infrared (Sr-FTIR) Peak Areas with the Biochemical
Composition of the Rubber Leaf and Certain Soil Properties

Certain Sr-FTIR peak areas derived from the soils and rubber leaves were correlated with the
initial biochemical quality of organic residues (i.e., cellulose, hemicellulose, and lignin) (Table 5). In the
epidermis, hemicellulose was negatively correlated with aliphatic CH stretching (2946–2850 cm−1)
(p < 0.05). In the mesophyll (Table 5), amid I (1654 cm−1) and polysaccharides (1145, 1114, 1060,
1031 cm−1) were negatively correlated with lignin. The lignin of C=C aromatic ring (1444, 1310 cm−1)
were negatively correlated with lignin. The lignin of C=C aromatic ring (1444, 1310 cm−1) was positively
correlated with lignin and hemicellulose as well as with C-O-C of polysaccharides (1145, 1114, 1060,
1031 cm−1). Additionally, the biochemical quality showed a correlation with certain soil properties.
SOC and POXC had a negative correlation with cellulose and hemicellulose and a positive correlation
with POXC (Table 6). This findings were in line with [3,38,39,54], all of whom reported on the close
interactions between lignin and cellulose through the formation of covalent bonds as a regulator of
litter decay. Additionally, their use of Sr-FTIR as a technique to analyze plant chemical composition
resulted in the same correlations.

5. Conclusions

This study showed that synchrotron-based Fourier transform infrared (Sr-FTIR) is a powerful tool
that can examine changes in chemical composition within plant tissue through rapid and in-depth
analysis. Moreover, this technique allowed us to see the chemical structure of different types of
plant tissues. This study demonstrated that there is a significant difference in organic functional
group composition of leaves detectable by Sr-FTIR among different ages of rubber. These changes
were strongly related to SOC and specific labile carbon fractions (POXC and MBC). An increase in
the functional group representing aliphatic C-H had a strong and positive association with SOC.
Soil organic matter transformations influencing specific labile pools may, therefore, involve changes
in relative aliphatic C-H abundance. This information will help us to understand the relationship
between the chemical composition of plant tissue and soil health.
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