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Discrimination of Five Citrus Diseased Leaves by FTIR Spectroscopy
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Abstract In this paper, citrus brown spot, huanglongbing, canker, fuliginous, Cercospora sp. and healthy leaves were studied using Fourier

transform infrared spectroscopy (FTIR) combined with statistical analysis. The results showed that the spectra of the samples were similar,

whereas there were obvious differences in the second derivatives of infrared spectra in the range of 1 500 =700 ¢cm™'. The correlative analysis

were evaluated, results showed that the correlation coefficients were larger than 0. 918 between healthy leaves, and between the same diseased

leaves. However, the values were all decreased between healthy and diseased leaves, and among different diseased leaves. The preprocessed

original , first derivative and second derivative spectra in the range of 1 200 =700 cm ™' were chosen to evaluated principal component analysis

(PCA) and hierarchical cluster analysis (HCA) , respectively. The performance of the overall accuracy of PCA was 92.5% , which were better

than original dataset and first derivative dataset. HCA by selecting second derivative dataset yield about 90% accuracy. This study proved that

FTIR spectroscopy could be detected citrus diseases quickly and accurately.
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Citrus is belonging to Rutaceae family, which originates from a
mutation of C. Aurantieae. Citrus is one of the major fruit products
in the word. Citrus are suitable for planting in sunshine and rain-
fall areas in Asia, Africa and America. Flavonoid extracted from
citrus fruits has been used in medicine and show many biological
properties such as anti-viral, anti-cancer, anti-inflammatory, anti-

7 However, the quantity and

atherogenicity and anti-thrombotic
quality of fruit are affected by diseases during growing and after
harvest, and the benefits of farmers are also influenced by the dis-
eases. Moreover, many diseases can not be prevented and con-
trolled so far®’. In fact, because the pathogens can not be detec-
ted rapidly and accurately, improper prevention methods and abu-
sing chemicals not only pollute the environment but also go against
the purpose of green, efficient and precision agriculture. There-
fore, detection of citrus diseases correctly is very important to cit-
rus production and customer. Serology, optical microscope and e-
lectron microscope have been used to detect citrus diseases, but
these techniques have to go through series complex processes. In
recent years, molecular techniques of citrus detection are polymer-
ase chain reaction (PCR) based on specific deoxyribose nucleic
acid (DNA) sequences of the pathogen, and enzyme-linked im-
munosorbent assay ( ELISA) based on proteins produced by the
pathogen. The limitations of the molecular techniques are time-

. . . 3.4
consuming, labor-intensive and elaborate™ ™.

In recent years,
spectroscopic and imaging techniques have been used to monitor
citrus diseases with the advantage of speediness, accuracy and re-
liability. Fluorescence spectroscopy was employed to detect citrus
disease stress caused by canker”’. Qin et al. '® employed hyper-
spectral reflectance imaging combined with PCA to detect citrus
canker. Visible-near infrared and thermal imaging techniques were

selected to detect citrus huanglongbing'”. The near infrared spec-
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tral technology exhibit a more merit on the aspect of citrus disease
non-destructive detection. FTIR has become one of the most useful
techniques applied in biochemistry for studying the second struc-
ture of protein, carbohydrates and lipids. FTIR spectroscopy is a
practical tool for a large-scale, real-time disease monitoring under
field conditions. Cardinali et al. " employed FTIR spectroscopy
combined with partial least square regression (PLS) to distinguish
Mid-infrared
(MIR) spectroscopy combined with quadratic discriminant analy-

sis (QDA) and k-nearest neighbor (kNN) were also applied to i-
[9]

citrus variegated chlorosis and huanglongbing.

dentify huanglongbing and healthy citrus leaves Hawkins et
al. " compared FTIR spectral differences between citrus huan-
glongbing and other diseases. Fan reported that carbohydrate lev-
els in huanglongbing-infected leaves with symptoms increased 7. 9-
fold compared to healthy controls'". Above reports focused on the
discriminant analysis of citrus huanglongbing leaves. There were
less reports using FTIR spectroscopy to detect citrus brown spot,
canker, fuliginous and Cercospora sp. leaves.

In this paper, citrus brown spot, huanglongbing, canker, fu-
liginous, Cercospora sp. and healthy leaves were studied using FT-
IR combined with unsupervised pattern recognition. Huanglong-
bing and canker were caused by bacteria, brown spot, fuliginous

and Cercospora sp. were caused by fungus.

1 Materials and methods
1.1 Samples Brown spot, huanglongbing, canker, fuliginous,
Cercospora sp. and healthy Leaves were collected from citrus pon-
kan in Yunnan of China. All infected trees considered had typical
symptoms and were identified by qualified inspectors. The spot of
diseased leaves and the corresponding part of health leaves was
used for analysis. After grinding, the dried leaf powder was mixed
with KBr and compressed into disc.

1.2 FTIR measurement Fourier transform infrared spectra
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were recorded on solid samples in KBr pellet form by means of a
Tensor27 FTIR spectrometer ( Bruker, Germany) equipped with a
deuterated triglycine sulfide ( DTGS) detector in the region of
4000 - 400 em™'.

. . . . —1
transmission mode. Data collection was acquired with a 4 cm

The FTIR measurements were recorded in

spectral resolution and 16 scans were accumulated each sample. A
total of 40 spectra were collected.

1.3 Dataset treatment To standardize data and reduce noise,
the following operations were carried out; automatic baseline correc-
tion; normalization to the value 1.0 in relation to the most intensive
band. To increase the resolution of obtained spectra, first deriva-
tives and second derivatives ( Savitzky — Golay algorithm, 5-point
smoothing) were calculated. All operations on spectra were per-
formed using original Omnic8. 0 software and saved in CSV format,
compatible with statistical software. Unsupervised multivariate sta-
tistical methods (HCA and PCA) were applied using the statistical
packages of the SPSS16.0 software environment.

2 Results and analysis

2.1 Spectral characteristics of citrus leaves Fig. 1 showed
the infrared spectra of citrus brown spot, huanglongbing, canker,
fuliginous, Cercospora sp. and healthy leaves. As can be seen
from the figure, their spectra are similar representing some func-
tional groups of lipids and carbohydrates. The strongest broad
band at about 3 400 ¢m ™' was attributed to O — H stretching and

2] The absorption bands in the

contribution of N — H stretching
3000 -2 848 cm ™' range were those assigned to asymmetric and
symmetric methyl and methylene, the CH2 asymmetric stretching
mode was positioned at around 2 917 em ™', while its symmetric
stretching mode was positioned at about 2 850 em ™', The ab-
sorption band around 1 735 ¢m ™' was correspond to C = O strete-
hing vibration that mainly come from lipids. The mixed vibration
absorption of cellulose, hemicellulose and lignin could be found
clearly in the 1 700 —1 500 cm ™' range. The band around 1 610
em ™" was assigned to the C = O stretching vibration of lignin' ™.
The absorption bands in the 1 500 — 1 200 cm ' region was
that assigned to the overlapped vibration absorption of fatty acids
0-11 " The absorption band around 1 424 cm ™'

was assigned to the CH group from scissoring vibration. The peaks

and polysaccharide

in the range of 1 440 — 1 317 ¢em ™' mainly came from CH3 and
CH2 symmetric bending vibration absorption in cellulose and lig-

nin affected by oxygen and nitrogen atoms'" ™"’

. The absorption
bands in the 1200 =700 ¢m ™' region were contribution of polysac-
charide and carbohydrate isomers, the peaks near 1 104 and 1 037
em ™ were C — O and C — C stretching vibration of carbohydrate
(cellulose and hemicellulose ). Moreover, strong and broad ab-
sorption bands at 1 148, 1 105 and 1 037 em ™" were mainly from
the contribution of C = O stretching vibration in cellulose. Moreo-
ver, the absorption intensity was stronger gradually. It was showed
that the main constitution of citrus leaves was lipids, lignin and
polysaccharide.

There were observed tiny differences between diseased and

healthy spectra. The absorption peak of lignin of Cercospora sp.
was at 1 610 em™' | the other samples were shift to lower wave
number at 1 606 ¢cm™'. The absorption bands of fuliginous ob-
served at 2 926 and 2 850 cm ™' was stronger than others. The band
of healthy leaves at 1 516 ¢cm™' was broad shoulder peak, while
others were sharp peak. The strongest absorption intensity of poly-
saccharide contribution of huanglongbing and healthy leaves were
positioned at 1047, 1037 ecm ™", respectively. The absorption ra-
tio A1047/A2917 of all huanglongbing samples were larger than
1.423, but the values of all healthy samples were less than 1. 173,
it suggested that huanglongbing leaves accumulated more carbohy-
drate than healthy leaves. The result agreed with the study of Fan
et al."""!. The ratio A1047/A2917 might be as a marker for detec-
ting huanglongbing.
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Fig.1 FTIR spectra of healthy and diseased leaves in the range

of 4000 —400 cm ™'

2.2 The differences of second derivative spectra For a good
differentiation of the bands, the second derivative of the spectra
was made. Commonly, the second derivatives of infrared spectra
can obviously enhance the apparent resolution and amplify small
differences in the infrared spectra. These were obtained with the
Savitzky — Golay method ('second-order polynomial with seven data
points) using the Omnic8. O software. The second derivative spec-
tra of the samples were shown in Fig.2. Some common absorption
bands were found at 1 740, 1 515, and 1 231 ¢cm™'. From the
second derivative FTIR spectra, several differences could be ob-
served. The absorption bands of healthy sample at 1 175, 1 032,
922 ¢m ™' were stronger than that of the diseased samples. The in-
tensity of the bands at 1 452, 1 392 and 1 231 ¢cm ™' in brown
spot, huanglongbing and canker samples increased comparison to
healthy sample, while that of fuliginous and ercospora sp. samples
decreased comparison to healthy sample. The band of healthy sam-
ple at 1031 em ™' was strong and sharp, but in diseased sample ap-
peared as broad bands. The absorption peak at 1018 ¢m ™' was
found only in brown spot sample, while the others were at 1 032
and 1 013 ¢cm™'. !
were strong except Cercospora sp sample.
2.3 Correlation analysis

Absorption bands of all samples at 922 ¢cm”

The dataset in the second derivative

spectrum in the range of 1 200 =700 c¢m ™' were selected to evalu-
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Fig.1 Second derivative spectra of healthy and diseased leaves

in the range of 1 500 —700 cm '

ate correlation coefficients. The results showed that the correlation
coefficients were larger than 0. 928 not only between the healthy
leaves, but also between the same diseased leaves. However, cor-
relation coefficients of different diseased leaves and healthy leaves
were different. The correlation coefficients of brown spot and
healthy leaves ranged from 0. 650 to 0. 885, while the values of
huanglongbing and healthy leaves ranged from 0. 850 to 0. 915,
the correlation coefficients of brown spot, canker and healthy leav-
es ranged from 0. 661 to 0. 818. By comparison, the correlation
degree between fuliginous and healthy leaves was the lowest,
which ranged only from 0. 476 to 0. 564. The correlation coeffi-
cients exhibited differences among different kinds of diseased leav-
es, which suggested that the biotic stress factor had changed the
chemical composition or the relative content of each component in
citrus leaves.
2.4 Principal Component Analysis Principal Component
Analysis (PCA) is an unsupervised pattern recognition and is of-
ten the first step of exploratory data analysis to detect groups in the
measured data. PCA models the directions of maximum variations
in a data set by projecting as a swarm of points in a space defined
by principal components (PCs). The performance of the overall
accuracy of PCA on original and first derivative dataset was 60% ,
87.5% , respectively. Fig. 3 showed the PCA performed on the
second derivative spectra in the range of 1 200 =700 ¢cm ™" of all
samples that constituted six perfectly distinct groups. The score
plots were projected in three-dimensional space. The first three
PCs explained respectively 80% , 8% and 4% of the spectral vari-
ance. In the light of this PCA overview (92% of the spectral vari-
ance was explained with only 3 PCs) , a good classification of cit-
rus leaves was expected. The samples belonging to brown spot,
huanglongbing, canker, fuliginous, and Cercospora sp groups were
very close to each other, while the healthy samples had a large
dispersion. As a whole, PCA results showed that the highest dif-
ferentiation was between Cercospora sp and healthy leaves, the
lowest between canker and huanglongbing. As seen from Fig. 3,
all samples were classified into six groups with 92.5% accuracy.
2.5 Cluster analysis Cluster analysis was performed using

Pearson’s product moment correlation coefficient as a measure of

Readjusted distance cluster merging
5 10 15 20 25

Note: O. Healthy; +. Brown Spot; A. Huanglongbing; <. Dank-
er; *. Fuliginous; @ . Cercospora sp.

Fig.3 PCA scores plots of healthy and diseased leaves on the sec-
ond derivative spectra in the range of 1200 —700 cm ™'
similarity between the spectra, and Ward’s algorithm to draw the
dendrogram. Cluster analysis turned out to be a very useful tool for
differentiating citrus diseases, as it revealed relationships among
their FTIR spectra. Cluster analysis was evaluated in the first and
second derivatives spectra respectively in 1 200 =700 ¢m ™' range.
The results showed the accuracy of HCA by selecting the original
and the first derivative dataset was 52. 5% , 80% , respectively.
The best results were obtained in the case of the second derivative
dataset (Fig.4). Six major clusters were formed. Each of the cit-
rus diseased and healthy leaves examined in the study formed a
separate group. The shortest distances between spectra of citrus
leaves were recorded within fuliginous and Cercospora sp, which
indicate their highest similarity ( highest homogeneity ). These
groups also showed the closest correlation. The most isolated clus-
ters were formed by healthy leaves, which showed the lowest cor-
relation with the other groups. However, bl, b3, ¢3 and a5 could
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not be classified correctly belonging to their groups, the accuracy

of HCA was 90% .
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Fig.4 Dendrogram from hierarchical cluster analysis results of
healthy and diseased leaves on the second derivative spec-
tra in the range of 1 200 —700 cm ™

3 Conclusions

Citrus diseased and healthy leaves were explored using Fourier
transform infrared spectroscopy combined with multivariate statisti-
cal analysis. The correlative coefficients of the second derivative
dataset were obviously different, which showed biotic stress had
changed the chemical composition and relative content of compo-
nents. The citrus diseased and healthy leaves could be classified
correctly using the principal component analysis and hierarchical
cluster analysis by selecting the second derivative spectra in the
region of 1 200 —700 cm™'. The results showed that FTIR tech-
nique was used to detect citrus diseases with rapid, non-destruc-
tive, feasible and accurate advantages. Future studies would in-
volve the evaluation of this technique for detecting non-symptomat-
ic citrus diseased leaves infected by microorganism. The ability of
FTIR spectroscopy to show the changes in the chemistry of the
plant before visible symptoms in many of the samples, along with
its ease of use, speed, and relative cost, could lead to its in-

creased use as a predictive method in the future.
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(From page 86)

of all expired foods into the database. Supervision department
shall examine data in the database, check information of expired
foods in time, and supervise enterprises to strictly manage ex-
pired foods in accordance with regulations. More important, food
production and processing enterprises and sellers should not treat
expired foods on their own, but send expired foods to a special
food recovery department or the third party authorized by the
State, to increase efficiency in recovery processing of expired
foods, and effectively avoid reverse flow of expired foods. Food
recovery department and the third party recovery enterprises shall
check the database, feedback treatment of expired foods in time,
classify and test expired foods, and recycle expired foods in ac-
cordance with their properties, to avoid waste and reduce eco-
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