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Plant cuticle is an important interface on the outmost region of plant andwillmake the response to environmen-
tal changes. However, research about how the variable nutritional status affect plant cuticle is limited. This was
the first report about the manners of rice leaf cuticle in answer to different nutritional circumstances of nitrogen
detected by the Fourier transform infrared photoacoustic spectroscopy (FTIR-PAS)whichwith amain superiority
for in situ and depth-profiling in mid-infrared range. Rice leaves from the seedlings treated with three nitrogen
levels designed as low (22N1), medium (N2) and high (N3) concentrationwere scanned by threemovingmirror
velocities (0.32 cm s−1, 0.47 cm s−1, and 0.63 cm s−1) at 900–4000 cm−1 to acquire the spectra of leaf surfaces.
Well-resolvedpeaks had beendetected at 3400, 2800, 1650, 1520 and 1050 cm−1. Combiningwith the structures
and compositions of cuticle, the spectra recorded with 0.63 cm s−1 were identified to be from cuticle, and were
used to analyze the responses of cuticle. Through curve-fitting, the absorption ratio of the peaks at (cm−1) 1050/
3400, 1050/2800 and 1650/2800 shown regular changes，whichwere suggested to correspondedwith ν(C\\O)/
ν(O\\H), ν(C\\O)/ν(C\\H) and ν(C=C)/ν(C\\H) mainly. These ratios were supported to reflect the amount or
variation of cuticle components, such as cutin, fatty alcohols, acids and unsaturated compounds. It provided in-
sights about how nitrogen affected cuticles and showed great potentials to utilized FTIR-PAS for detecting cuticle
variations.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

The epidermis of non-woody and aerial plant organs has a barrier
named as cuticle covering the epidermal cell wall of the organs [1,2].
Plant cuticles are support to be composite structures and are composed
of cutin, a covalently linked macromolecular scaffold; and waxes, a col-
lectively termed for a variety of organic solvent-soluble lipids. Indeed,
the structure of the cuticle can be divided into two domains based on
their presumed chemical composition: cuticular layer, a cutin-rich do-
main with embedded polysaccharides; and cuticle proper, an overlying
layer with a small amount of polysaccharide but enriched in waxes. The
cutin is typically composed of the interesterified hydroxy fatty acids
which with one or two additional midchain hydroxyl groups or an
epoxy group. The waxes, include long-chain fatty acids, alcohols, alde-
hydes, esters and alkanes mainly, may deposit within the cutin matrix
as intracuticular wax, or accumulate on its surface as epicuticular wax
crystals, or films [3–8]. Mineral elements, for instance silicon, were
also detected in Ficus elastica leaf cuticle with relatively high level [2].
Significant differences in cuticle composition can be observed
depending on plant species, organs and even developmental stage of
given organs [9,10].

As a hydrophobic interface between plant and environment, cuticle
performs to protect plants against water loss and to defense against
the abiotic and biotic stresses from environment [5,11]. Similarly, envi-
ronmental conditions such as temperature, water availability, and light
intensity can modify the amount and composition of the cuticle [7].
Moreover, the plants with a superhydrophilic cuticle have further bio-
logical advantages in terms of reduction of water content in the leaf sur-
face, which is associated with the absorption of nutrients [12]. Iron
deficiency, in addition, reduced the amount of soluble cuticular lipids
in peach leaves, whereas it reduced the weight of the abaxial cuticle in
pear leaves. And Fe-deficient leaves appeared less smooth than Fe-
sufficient leaves [13]. However, the manner of cuticle makes response
to nitrogen is still unknown.

Infrared (IR) spectroscopy is a non-destructive and accessible tech-
nique which has shown significant advantages in the chemical and
structural analysis of plant cuticle. Nevertheless, traditional IR spectros-
copy techniques present some drawbacks, such as the stringent specifi-
cations of sample preparation. Fourier transform infrared photoacoustic
spectroscopy (FTIR-PAS) is a type of IR spectroscopy in themid-infrared
(MIR) region with practically no sample preparation, which makes it

http://crossmark.crossref.org/dialog/?doi=10.1016/j.saa.2019.117759&domain=pdf
https://doi.org/10.1016/j.saa.2019.117759
mailto:chwdu@issas.ac.cn
Journal logo
https://doi.org/10.1016/j.saa.2019.117759
Unlabelled image
http://www.sciencedirect.com/science/journal/13861425


Fig. 1. The positions selected on the leaf samples. The seedling stage leaves were cut off
with 5 cm of the tip and 10 cm of the petiole; thereafter, the leaves were punched into
five equally spaced discs from tip to petiole, named as P1, P2, P3, P4, and P5 respectively
(a). And the schematic description of the photoacoustic spectroscopy setup (b).
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possible to perform in situ detection. And spectral in the MIR frequen-
cies are often better resolved and more sensitive than in near infrared
(NIR) domain. The capability to identify specific chemical groups has
been the main role of Fourier transform MIR (FT-MIR) spectroscopy
[8,14,15]. The analyte molecules absorb electromagnetic radiation,
thereby causing local warming. Subsequently, thermal expansion gen-
erates pressurefluctuations,which can bedetected by a sensitivemicro-
phone and transformed into spectral data [16–18]. The spectrum
contains information about the sample and the detected signal is pro-
portional to the sample concentration [19].

Based on its principle of recording spectrum, FTIR-PAS has unique
advantage to carry out depth-profiling of the analyte through monitor-
ing themodulation frequency by selecting variousmovingmirror veloc-
ities with different wavenumber regions [20,21]. The scanning depth of
FTIR-PAS is positive correlation with the thermal diffusivity of the ana-
lyte and negative correlation with the product of wavenumber and
moving mirror velocity (equals to modulation frequency). FTIR-PAS
had been applied for depth-profiling about analyzing the spectral differ-
ent of potato chips at different layers [22], detecting the pesticide resi-
due layer on rice cuticle [23], and acquiring the spectra of Cordyceps
sinensis in different depths for identifying the different sources of it
[21]. It had showed a great potential for FTIR-PAS to carry out relevant
studies of cuticle.

This study aimed to apply in situ and depth-profiling FTIR-PAS for
detecting the responses of cuticle to plant nutrients. The spectra of
rice leaves in the seedling stage were recorded by FTIR-PAS with three
moving mirror velocities after the seedlings having been treated with
low, medium, and high nitrogen concentrations. Results acquired by
combining chemometrics and spectral information provided some in-
sights into the patterns of cuticle in response to different nitrogen cir-
cumstances and into the utilization of FTIR-PAS for studying cuticles of
plant as well.

2. Materials and methods

2.1. Plant material and growth conditions

Rice (Oryza sativa ‘Nipponbare’) seedswere surface sterilized in 0.5%
(v/v) NaOCl for 15 min, rinsed and germinated on a plastic mesh with
0.5 mM CaCl2 solution in a plastic container for 5 d. Then the seedlings
were transferred into half strength nutrient solution which was pro-
vided by the International Rice Research Institute (IRRI) [24]. The IRRI
nutrient solution contained 1.5 mM NH4NO3, 0.3 mM NaH2PO4,
0.5 mM K2SO4, 1.0 mM CaCl2, 1.6 mM MgSO4, 0.5 mM NaSiO3, 20 μM
Fe-EDTA, 0.075 μM (NH4)6Mo7O24, 18.9 μM H3BO3, 9.5 μM MnCl2, 0.1
μM CuSO4, 0.2 μM ZnSO4, and 70.8 μM citric acid. Si was supplied as si-
licic acid. After germination, similar small seedlings with two leaves
were transferred into 3-L plastic pots treatedwithmodified nutrient so-
lution. In the solution, only the nitrogen concentration wasmodified by
adjusting the consumption of NH4NO3 and using three treatments of
low nitrogen 1.5 mM (half of NH4NO3 concentration compared to IRRI
nutrient solution), medium nitrogen 3.0 mM (normal level of NH4NO3

concentration compared to IRRI nutrient solution), and high nitrogen
6.0mM(double of NH4NO3 concentration compared to IRRI nutrient so-
lution), which were abbreviated as N1, N2, and N3, respectively. There
were 10 seedlings in each container with 5 replicates. The pH was ad-
justed to 5.5 every day and the solution was renewed every 2 d. The
plants were grown in a controlled-environment growth chamber
under a 14-h/25 °C day with 2000 LX light intensity and a 10-h/20 °C
night without light.

There were 5 leaf samples which were in the same growth status
were taken at the seedling stage (25 d after treatment) from each nitro-
gen supply set, and the fourth leaf of each plantwas selected for spectral
determination. The leaveswere cut to remove 5 cm of the tip and 10 cm
of the petiole; thereafter, the leaves were punched into five equally
spaced discs from the tip to the petiole (diameter 10 mm), named as
P1, P2, P3, P4, and P5 (Fig. 1a). The front surfaces of the 25 leaf discs in
total from each set were used for spectra recording.

2.2. Spectra recording

A Fourier transform infrared spectrometer (Nicolet 6700, Thermo
Scientific, USA) equipped with a photoacoustic cell (model 300, MTEC,
USA) was used to record photoacoustic spectra of all samples. The sam-
ple leaf discs were placed in a cell holding cup (diameter 10mm, height
3 mm), which was purged with dry helium (10 mL min−1) for 12 s to
remove interferences from CO2 and H2O (Fig. 1b). The scans were per-
formed in the mid-infrared wave-number range of 900–4000 cm−1

with a resolution of 4 cm−1 and scanning times 64, using three moving
mirror velocities of 0.32, 0.47, and 0.63 cms−1 for depth-profiling. There
were 10 repetitions per leaf disc sample, which were used to obtain an
average spectrum to represent the spectrum of the sample, and every
obtained spectrumwas normalized against a carbon black reference. Fi-
nally, there were 75 spectra in each nitrogen supply set were used for
followed analyses.

2.3. Data processing

All obtained leaf spectrawere filtered using the Savitzky-Golay func-
tion (25 points and first polynomial orderfiltering) and standardized by
the software MATLAB 2016b (MathWorks Inc., USA). Ten replicates for
each leaf disc sample were averaged by the mean function of MATLAB
2016b.

The dimensions of spectral data were reduced by principal compo-
nent analysis (PCA)using the softwareMATLAB2016b, and thenplotted
the distributions between themain principal components (PC) to iden-
tify the heterogeneity of the sample.

PeakFit 4.0 (AISN Software Inc., USA)was used for curve-fitting anal-
ysis and the filtering parameter of deconvolution was applied to isolate
the target information hidden in the spectra. After peak fitting analysis,
the photoacoustic signal intensity ratio of characteristic peaks was uti-
lized to evaluate the content variation of the compounds in the cuticle.

The function was used to calculate the average profiling depths of
specific absorption bands under different modulation frequencies
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[21,23,25]:

μ ¼
ffiffiffiffiffi
D
πf

s
ð1Þ

where μ denotes the thermal diffusion length representing the scanning
depth of the spectrometer; D denotes the thermal diffusivity of the leaf,
D≈ 10−4 cm2 s−1 for the polymer materials [21,22]; and f denotes the
modulation frequency (Hz), which equals wavenumber multiplied
moving mirror velocity.

3. Results

3.1. Photoacoustic spectra of rice leaves

The photoacoustic spectra of three rice leaf disc samples, one sample
from each treatment (N1, N2 andN3), are shown in Fig. 2 (a, b and c, re-
spectively) around 900–4000 cm−1 with threemovingmirror velocities
of 0.32, 0.47, and 0.63 cm s−1. It showed that, from the same sample,
there were various remarkable absorption peaks had been detected
and peaks at the samewavenumber region might with different photo-
acoustic signal intensity or could not always be detected by different
moving mirror velocities. Well-resolved peaks acquired by all the
three moving mirror velocities were successfully interpreted to the
main functional groups accordingly. The broad bands around
3400 cm−1 corresponded to the O\\H and N\\H stretching vibration.
Small shoulder peaks at 2800 cm−1 resulted from the C\\H stretching
vibration. Peaks located at 1650 cm−1 overlapped with amide I (C=O)
Fig. 2. Thephotoacoustic spectra of one sample of rice leaf front surface (a, b, c) and theprincipal
(a, d) (b, e) and (c, f) corresponded to low nitrogen supplies referred as N1,medium nitrogen su
recorded by three moving mirror velocities of 0.32, 0.47 and 0.63 cm s−1 for each set, and th
components of 75 leaf disc samples in total for each set were used for distributions analysis.
and C_C stretching vibration. In the fingerprint region
(900–1200 cm−1), the bands occurring at 1050 cm−1 were assigned
to C\\O or Si\\O stretching mode. Furthermore, small bands acquired
by 0.32 cm s−1 (or 0.47 cm s−1 sometimes) around 1520 cm−1 were
relevant to the stretching vibration of aromatic rings and the bending
vibration of amide II (N\\H). In addition, weak peaks around
2300 cm−1 were the nosing signal deprived from CO2 [8,23,26–28].

3.2. Diverse variety manners of the spectra from different layer of leaves
with three nitrogen treatments

According to Eq. (1), when the thermal diffusivity is stationary, the
scanning depth is a function of moving mirror velocity and wavenum-
ber. Thus, photoacoustic spectrawith the threemovingmirror velocities
of 0.32, 0.47, and 0.63 cm s−1 indicated the spectra from different layer
of the leaf samples. As shown in Fig. 2 (a, b and c), there were obvious
differences in the photoacoustic signal intensity from different layers
at the region of 3700–2700 cm−1, 1800–1300 cm−1 and
1300–900 cm−1. Interestingly, samples from the three nitrogen treat-
ments (N1, N2 and N3 respectively) showed diverse variety manners.

At the region of 3700–2700 cm−1, the intensity of the two peaks at
3400 cm−1 and 2800 cm−1 with 0.63 cm s−1 tended to be the weakest
in all the three treatments, while the peaks with 0.32 cm s−1 tended to
be the strongest, and the peaks with 0.47 cm−1 changed irregularly. At
the region of 1800–1300 cm−1, the bands of 0.63 and 0.32 cm s−1 in all
treatments showed the same variety manner to the bands at the region
of 3700–2700 cm−1, but the bands of 0.47 cm−1 changed regularly. The
bandswith 0.47 cm−1were close to the bandswith 0.63 cm−1 inN1 and
N3 invariably, and nearby the bands with 0.32 cm−1 in N2 only.
component (PCA) for all the samples in each set respectively (d, e, f). Therewere three sets
pplies referred as N2, high nitrogen supplies referred as N3, respectively. The spectrawere
e arrows show the typical absorption bands. The first (PC1) and second (PC2) principal
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Furthermore, in N1 and N3, the photoacoustic signal intensity of the
peaks around 1650 and 1520 cm−1 with 0.63 and 0.47 cm s−1 were
weaker than 0.32 cm s−1 and the peak at 1520 cm−1 almost disap-
peared. But in N2, only the peakswith 0.63 cm s−1 had the same variety
manner. At the region of 1300–900 cm−1, the intensity of the peak at
1050 cm−1 with 0.63 cm s−1 always was the strongest in all the three
treatments, and the peaks with 0.32 and 0.47 cm s−1 were weaker but
without dramatically difference between each other.

It was observed that, with three moving mirror velocities, the spec-
tra appearancewas similar or different to each other among some char-
acteristic wavenumber regions. So that it was difficult to directly
differentiate the variety manner of the spectra at full spectrum region
(900–4000 cm−1) in the three nitrogen treatments. Therefore, PCA
analysis was conducted, and distributions of principal components
(PCs) weremade for further expressing the variety manner of the spec-
tra from different layers of the leaves (Fig. 2d, e and f). Totally, 75 spec-
tra in each treatment (N1, N2 and N3), one treatment with 5 leaf discs
(Fig. 1) fromeach of 5 leaf sample reduplications and scanned by 3mov-
ingmirror velocities, were involved in the PCA analysis at full spectrum
region, and the explained variances of the first principal component
(PC1) and the second principal component (PC2) were used to charac-
terize the spectral information. As shown in Fig. 2 (d, e and f), the spec-
tra with 0.47 cm s−1 were closer to the spectra with 0.63 cm s−1 in N1
and N3, and turned to nearby the spectrawith 0.32 cm s−1 in N2, which
was same to the variety manner of the bands at 1800–1300 cm−1 men-
tioned above. It indicated that, in the leaf surface, the layer scannedwith
0.47 cm s−1 wasmore similar to the layer scanned by 0.63 cm s−1 when
the samples were treated with low and high nitrogen, and was more
similar to the layer scanned by 0.32 cm s−1 when the samples were
treated with medium nitrogen.

3.3. The layer of leaf scanned by the three moving mirror velocities

The plant cell is a circumstance rich of protein, nucleosides and the
intermediate substances in their synthetic and metabolic pathways,
which contributes to the amide I and amid II absorption peaks at 1650
and 1520 cm−1 respectively recorded with 0.32 cm s−1 in all the three
treatment, and with 0.47 cm s−1 in medium nitrogen treatments (N2)
(Fig. 2a, b and c). Meanwhile, the cuticle covered the outside of epider-
mal cell is a thin layer without nitrogen practically (Fig. 3), which leads
to the weakness or vanish of amide I and amid II recorded with
0.64 cm s−1 in all the three treatment, and with 0.47 cm s−1 in low
and high nitrogen treatments (N1 and N3). As shown in Fig. 3, it indi-
cated that, in all the three nitrogen treatments, most of the scanning
layer with 0.32 cm s−1 should go deep into epidermal cell, and the scan-
ning layer with 0.63 cm s−1 should stay in cuticle. The regular change of
the spectra recorded with 0.47 cm s−1 among the three nitrogen
Fig. 3. A typical structure of plant cuticle with different thickness on the outer side of epiderma
photoacoustic spectra with different moving mirror velocities (0.32, 0.47, 0.63 cm s−1).
supplies demonstrated that when the samples in low and high nitrogen
(N1 and N3), the cuticle appeared to be thicker than it inmedium nitro-
gen (N2). In the thicker cuticle leaf, most of the scanning layer with
0.47 cm s−1 stayed in cuticle and was close to 0.63 cm s−1; and in the
thinner cuticle leaf, most of it went deep into epidermal cell and was
close to 0.32 cm s−1.

3.4. The variation of spectra recorded from cuticle

The spectra acquired with 0.63 cm s−1 were selected to analyze the
variation of cuticle because of its stationary scanning layer in cuticle
with all the three treatments. Since there was not visible change
among theoriginal spectra from the three different nitrogen treatments,
the spectra were divided into several isolated peaks at 3400 cm−1,
2800 cm−1, 2300 cm−1, 1650 cm−1, 1050 cm−1 through curve-fitting
(Fig. 4a). The correlation coefficient (R2) between raw spectrum and
fitted spectrum was above 0.86, and the standard errors were less
than 0.5. And then it presented some regularities of the ratios of 1050/
3400, 1050/2800 and 1650/2800 (cm−1), which were achieved with
the photoacoustic signal intensity of these fitted peaks.

As shown in Fig. 4b, the intensity ratios of 1050/3400 (cm−1) were
stable in a narrow range of 1–1.25 at all the positions (P1-P5) on the
leaf samples treated with the three nitrogen concentrations (N1, N2
and N3). But, with the same nitrogen treatment, the ratios preferred
to be higher in the center position of the leaf, and decreased down suc-
cessively to both sides. The ratios of 1050/2800 (cm−1) were shown in
Fig. 4c, which kept on going down from low nitrogen to high nitrogen,
with the same manner at the five positions. The ratios of 1650/2800
(cm−1) (Fig. 4d) were the highest in medium nitrogen treatment
(N2), and decreased down in low and high nitrogen treatments (N1,
N3) and all the five positions had the same manner. These variations
of the ratios revealed that different nitrogen supplies to rice would af-
fect the substance composition of leaf cuticle.

4. Discussion

With high sensitivity and resolution to provide chemical fingerprints
for the functional groups present in analyte, Fourier transform infrared
photoacoustic spectroscopy (FTIR-PAS) was used for analyzing rape-
seed [28], Chinese cabbage [27], Chinese medicinal fungus Cordyceps
sinensis [21], potato chips [22] and many other plant or biological sam-
ples. Otherwise, transmission FTIR and ATR-FTIR, other modes to obtain
IR spectrum in mid-infrared region, had been utilized to characterize
the isolated leaf or fruit cuticles from different species as well
[8,29,30]. According to these researches and other references [26], a
band main assignment of plant cuticle and cell in the mid-infrared
l cell. The bands in different colors (blue, green, red) show the scanning layer with of the



Fig. 4. The curve-fitting of one spectrum sample (a) and the variation of the photoacoustic signal intensity ratio between the fitted peaks from all the spectra (b, c, d). (b) 1050/3400,
(c) 1050/2800, (d) 1650/2800. N1, N2 and N3 mean low, medium and high nitrogen supplies for each set; P1-P5 means the scanned position selected from leaf samples.
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region (900–4000 cm−1) is shown in Table 1. Obviously, the assignment
was different between plant cell and cuticle.

Plant cuticle proved to be a thin layer about 0.1–10 μm and almost
without of nitrogen [3,23]. Notably, in Table 1, the bands associated
with N, such as amide I, amide II and N\\H stretching vibration at
3400 cm−1, usually cannot be detected in cuticle, which was an impor-
tant evidence for proving the scanning layer of 0.63 cm s−1 stayed in cu-
ticle (Fig. 2 and Fig. 3). Furthermore, according to Eq. (1), the profiled
depth at the wavenumber region of 900–4000 cm−1 with the moving
mirror velocity of 0.32 cm s−1 was calculated as 1.58–3.33 μm, and it
was 1.13–2.35 μm with the moving mirror velocity of 0.63 cm s−1. It
provided another evidence to reveal that the profiled depth of
0.63 cm s−1 may stay in cuticle layer. However, the value of profiled
depth could be impacted by the thermal diffusivity (D) of cuticle,
Table 1
Main attribution for the peaks in mid-infrared region acquired from plant cuticle and cell.

Wavenumber (cm−1) Vibrationa Main attribu

Cell

3400
ν(O\\H) Proteins, nu
ν(N\\H) Proteins, nu

2800
ν(C\\H) Proteins, nu

1650
ν(C=O) Amide I (nu
ν(C=C) Proteins, nu

1520
δ(N\\H) Amide II (pr
ν(aromatic) Phenolic

1050
ν(C\\O) Alcohols, sac

a The characters ν denotes stretching vibration and δ denotes bending vibration.
b The symbol ‘—’ means that the vibration cannot be detected commonly in the cuticle at th
c Cutin is typically composed of inter-esterified hydroxy fatty acids with embedded polysac
d Aliphatics includes all the aliphatic compounds emerged in cuticle.
which was affected by the heterogeneity and even the wax crystals on
the outer face of cuticle. There may be differences between theoretical
and practical values.

Rice leaf waxes was reported to contain the major constituents of
long-chain alcohols, aldehydes and acids, which accounted for approxi-
mately 90% of the total amount of cuticular waxes [9,10]. Both the fatty
alcohols and acids would be the source of C\\O and O\\H, but the C\\O
stretching vibration from fatty acids emerged around 1200–1300 cm−1

[8,22,26], which was different to fatty alcohols at 1050 cm−1 (Table 1).
In addition, silicon was described to occur in a layer under the wax cu-
ticle [31] or in the crystal-like structures at deeper cuticle areas [2].
There may be the vibrations of Si\\O and SiO-H link to the peaks at
1050 and 3400 cm−1 respectively as well [2,26]. But considering the
amount of fatty alcohols, acids and the cutin composed of hydroxy
tion

Cuticleb

cleosides, aliphatics, saccharides Fatty alcohols, cutinc, fatty acid
cleosides –
cleosides, aliphatics, saccharides Aliphaticsd

cleosides, proteins) –
cleosides, aliphatics, saccharides Aliphatics, phenols
oteins, nucleosides) –

Phenols
charides Fatty alcohols, cutin

e specific wavenumber.
charides.
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fatty acids, the band at 3400 cm−1 should be owed to the vibration of
ν(O\\H) contributed by cutin, fatty acids and alcohols, and the band
at 1050 cm−1 should be attributed to ν(C\\O) in cutin and fatty alco-
hols, mainly. The stability of the ratio of 1050/3400 (cm−1) may due
to the high amount of cutin, fatty acids and alcohols (Fig. 4b).

The vibration of ν(C\\H) at 2800 cm−1 practically exits in all the or-
ganic compounds of cuticle (Table 1), which could be used to represent
the total amount of cuticle. And the ratio of 1050/2800 (cm−1) repre-
sents the ratio of ν(C\\O)/ν(C\\H) reflecting the relative content of
the summation of cutin and fatty alcohols, which seems to decrease
down with nitrogen concentration increasing up (Fig. 4c).

The bands at 1650 cm−1 were assigned to C_C stretching vibration
from the unsaturated aliphatics of cuticle mainly (Table 1). Monounsat-
urated alcohols have been reported in three species of microalgae [32],
and in Arabidopsis thaliana unsaturated aliphatic components
accounted for approximately 60% of the total cutin load [33]. Further-
more, other constituents of cuticle such as phenols and terpenoids
may be responsible for the C_C stretching vibration [8,26]. The cutan
was thought to be involved in some species cuticle and consist of
ether-linked network of methylene chains, double bonds and carboxyl
groups and it would result in the absorption at 1650 cm−1 as well
[2,8]. Hence, the ratio of 1650/2800 cm−1 could evaluate the relative
content of unsaturated compounds of cuticle (Fig. 4d), which seemed
to be high with medium nitrogen, and decreased down with low and
high nitrogen.

Although other IR techniques, for instance transmission FTIR and
ATR-FTIR, had been taken advantage to analyze cuticle. But the inability
for depth-profiling makes them hard to achieve in situ detection, and
the cuticles for spectrum recording need to be isolated from plant sur-
face commonly. Through monitoring the modulation frequency, FTIR-
PAS can perform depth-profiling, which makes it possible to conduct
in situ detection of the cuticle without chemical processes. FTIR-PAS
shows a great potential in the in situ and depth-profiling analysis for
rice leaf cuticle as well as some other organs and crops.
5. Conclusions

The in situ and depth-profiling FTIR-PAS spectra of rice leaf cuticle
indicated typical absorption bands, different variation manners were
observed in the three nitrogen supplies. Referred to the structure and
composition of cuticle, the profiled depth and the potential functional
groups contributing to the spectra can be identified. Therefore, in situ
and depth-profiling FTIR-PAS provides novel and unique technique to
characterize rice leaf cuticle, which shows great potential in detecting
how the cuticle response to nitrogen supplies as well as other responses
to circumstances for cuticle in other plant.
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