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Abstract: Potato late blight, which is caused by Phytophthorainfestans (Mont.) de Bary, is a worldwide devastating disease for 
potato.  It decreased yields of potato and caused unpredictable losses all over the world.  Various simple statistical methods 
and forecasting models have been developed to predict and manage potato late blight.  Meanwhile, there is a rising need to 
develop prediction models reflecting peroxidase (POD) activity, which is an important health index that varies with infection 
and correlated with stress resistance in plants.  Thus, the aim of this research was to develop kinetic models to predict POD 
activity.  Infection-induced changes in potato leaves stored in an artificial climate chest at 25°C were analyzed using 
hyperspectroscopy.  Four prediction models were developed by using linear partial least squares (PLS) and nonlinear support 
vector machine (SVM) methods based on the full spectrum and effective wavelengths.  The effective wavelengths were 
selected by the successive projection algorithm (SPA).  In this study, the prediction model developed by means of SPA-SVM 
method obtained the best performance, with a Rp (correlation coefficient of prediction) value of 0.923 and a RMSEp (root mean 
square error of prediction) value of 24.326.  Five-order kinetics models according to the prediction model were developed, and 
late blight disease can be predicted using this model.  This study provided a theoretical basis for the prediction of latencies of 
late blight. 
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1  Introduction  

Potato (Solanum tuberosum) is one of major foods in the 
world[1].  It is the fourth major staple crop in China and thus 
important to resolve food-storage issues.  According to the latest 
data from the Ministry of Agriculture of China, the potato planting 
area will be expanded to one hundred million acres by 2020[2,3].  
Potato late blight, which is caused by phytopathogenic oomycetes, 
has become the most serious disease of this worldwide food crop, 
and it has the potential to reduce potato production and lower or 
even destroy the quality of potatoes.  For plants, the development 
of disease symptoms is correlated with changes in the content of 
reactive oxygen species (ROS)[4-6].  An excessive accumulation of 
ROS is toxic and always has a negative impact on the plant.  
Meanwhile, peroxidase (POD) activity plays a central role in 
counteracting ROS stress, and it can be used to evaluate plant 
resistance since POD is a chemical defense enzyme that can 
prevent oxidative damage under different stresses.  POD activity 
information is pivotal for predicting potato leaf disease.  
Traditional method for POD determination in leaves is chemistry 
titration, but its time consuming and labor intensive characteristics 
restricts its application in POD activity detection, as late blight can 
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develop rapidly and easily cause a pandemic[7,8].  Therefore, a 
rapid method of detecting POD activity in potato leaves is required 
to achieve real-time monitoring throughout the various stages of 
the disease.  The hyperspectral technique has been widely applied 
in other agricultural fields[9,10], including determining of the 
nitrogen nutrition, chlorophyll and water statuses in leaves.  A 
hyperspectral curve-fitting model was established by Champagne 
for estimating plant water content[11].  Based on hyperspectral 
indices, Sonobe et al.[12] studied leaf chlorophyll concentrations 
with different leaf types in deciduous forests.  Stroppiana et al.[13] 
built a regression model between the canopy hyperspectral data and 
nitrogen and chlorophyll contents of paddy rice.  However, few 
studies have focused on detecting POD changes in leaves based on 
hyperspectral data.  The objectives of this study were: (1) to 
optimize the hyperspectroscopy model of POD activity of potato 
leaves infected by late blight to predict POD activity changes 
during infection in an artificial climate chest; (2) to build a kinetic 
model of POD activity according to the hyperspectroscopy data and 
infection time under an artificial climate chest temperature; and (3) 
to predict late blight disease severity according to the POD activity. 

2  Materials and methods  

2.1  Sample preparation  
Potatoes varieties of XIAZHAI8, QINGTIAN and QILONG 

were used as samples.  The potatoes were planted in a greenhouse 
in Yangling, Shaanxi Province, China in July 2017.  The 
temperature was maintained at 23°C±2°C during the day time, 
13°C±2°C at night.  In the stage of tuber formation and growth, 
the maximum soil water holding capacity was maintained at 
83%±3%, and remained at about 70%±3% before harvest.  If it 
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was rainy or cloudy over two days, 1500 lumens of light were 
added from 20:00 to 22:00 during the night.  Three months later, 
120 large and undamaged potato leaves for each variety, total of 
360 leaves for all three varieties were picked from the stems.  
Each leaf was labeled before spectral measurement.  Disinfected 
cotton balls saturated with water were used to cover each leaf 
petiole. 

The samples were randomly divided into six groups, and each 
group had 20 samples for each potato variety.  After acquiring the 
hyperspectral data and POD activities of the first group, the other 
five groups were inoculated with late blight fungus at a dose of  
100 μL per leaf, and measured every 24 h.  The late blight 
pathogen was provided by the College of Plant Protection, 
Northwest A & F University.  The inoculated positions were 
located between blade secondary veins.  The samples were stored 
in an artificial climate chamber (PRX-250B, SAIFU in Ningbo) at 
25°C with 80% relative humidity.  The experiment was finished 
on the sixth day. 
2.2  Spectral measurements 

The hyperspectral imaging system was used to acquire 
spectral information of leaves, which is mainly composed of a 
spectrometer (V10E-QE, ZoLix in Beijing), camera, electric mobile 
platform, light source and computer.  The effective waveband of 
the system ranged from 375 to 1012 nm, and the spectral resolution 
was 2.8 nm.  All parts except for the computer were placed in a 
black box to eliminate external light interference during 
measurement.  Certain parameters of the system were set before 
data acquisition.  In the experiment, the parameters were set as 
follows: 50 ms exposure time, 20 mm/s movement speed of the 
electric mobile platform and 65 cm distance from samples to lens.  
In addition, the system warmed up for 30 min to prevent drift and 
reduce experimental error, and the camera was calibrated with a 
white and dark reference to exclude noise influence.  The 
computer model is Lenovo XiaoXin Air 14.  The hardware 
environment is intel(R) Core (TM) i5-7200U CPU @ 2.5GHz 
8.00GB RAM.  The software environment is Windows 10 
operating system, and the Python version is 3.6 in Spyder 
Programming editor.  The calibration method followed previous 
studies[14-16]. 

On the first day, the spectra of 120 samples were obtained, and 
the twenty samples in group one was adopted to measure the POD 
activity.  On the second day, the spectra of the remaining 100 
samples were obtained, and the twenty samples in group two were 
adopted to measure the POD activity.  On the sixth day, only 
twenty samples were left for spectra collection and POD activity 
measurement.  Therefore, the samples in group one had one 
spectrum, and the samples of group six had six spectra.  Moreover, 
to decrease error, three positions on each sample were measured to 
obtain average spectra.  
2.3  Determination of POD activity in infected potato leaves 

Immediately after the daily spectra were recorded, the POD 
activity of twenty potato leaves samples was measured using a 
microplate reader with a 96-cell plate.  The specific method was 
as follows: POD activities were assayed in crude homogenates 
obtained by grinding 0.2 g leaf samples with 1.25 mL extraction 
buffer (0.05 mol/L phosphate buffer solution, pH = 7.0), and then 
the homogenates were centrifuged (15000 r/min, 15 min) and the 
supernatants were collected.  All procedures were performed at 
4°C.  The reaction mixtures included 1.95 mL phosphate buffer 
solution, 1 mL 0.3% H2O2 solution and 0.05 mL enzyme 
homogenates.  The optical densities of the solutions were 

measured at a wavelength of 240 nm.  The sample treatment 
method was previously reported[17].  The optical density decreased 
by 0.01 per minute with one unit of enzyme in each reaction 
mixture at pH7.0 and 25°C.  A blank sample was used as 
reference.  The POD activity was determined by the following 
equation: 

( )Ao As VtPOD
FW Vs t

− ×
=

× ×
                (1) 

where, POD = POD activity, U·FW/(g·h); Ao = the absorbance of 
the contrast in the light condition; As = absorbance of the sample; 
Vt = bulk volume of the extract, mL; Vs = crude enzyme cost, mL;  
t = light application time of the chromogenic reaction, min; and  
FW = sample weight, g. 
2.4  Spectral data analysis 

Regions of interest (ROIs) were selected in the diseased leaf 
parts, and average spectral data were extracted with ENVI 4.8.  To 
highlight the spectral information, preprocessing methods were 
applied to eliminate the spectral baseline shift, noise influence and 
other measurement errors[18,19].  Various spectral preprocessing 
methods were investigated for building partial least squares (PLS) 
models and SVM models, including Savitzky-Golay (SG) 
Smoothing, Median Filter Smoothing, Moving Average Smoothing, 
Gaussian Filter Smoothing, Normalization, Multiple Scattering 
Correction (MSC) and Standard Normal Variate (SNV) methods.  
Pretreatment techniques, such as SG smoothing, MSC, SNV and 
normalization, were used to remove noise and other factors 
included in the spectra[20, 21].  The spectra processed by SG 
smoothing and MSC methods had similar curve shapes as the raw 
spectrum, whereas spectra processed by the SNV and 
normalization methods had different curve shapes from the raw 
spectrum.  

Variable selection methods were also necessary to reduce the 
dimensionality and complexity of the input variables (hyperspectral 
data).  The successive projection algorithm (SPA) method is a 
new forward-loop variable selection method that can effectively 
extract wavelengths from the overlapping spectrum with an 
emphasis on minimizing collinearity and improving the modeling 
conditions[22,23].  Linear and nonlinear calibration methods were 
used to build a prediction model of POD information by 
hyperspectral data.  The PLS analysis was generally used for 
linear calibrations, and the SVM method was investigated for 
nonlinear calibrations[24].  After six days, the 90 undamaged 
leaves were randomly selected as the calibration set for each 
variety, and the remaining 30 samples were taken as the prediction 
set for each variety.  The calibration set was used to establish a 
stable and general model, and the prediction set was used to 
evaluate the model performance.  Different PLS models and SVM 
models were built using the preprocessing methods mentioned 
above.  The optimal preprocessing method achieved a higher 
correlation coefficient (R) and lower RMSE.  For the PLS models, 
the input X-variables (hyperspectral data) were extracted into new 
latent variables to present the most relevant information from the 
original spectra.  A full cross-validation process was used to 
ensure the stability and robustness of the PLS models.  

Python 3.6 was used to conduct PLS and SVM, and the sklearn 
framework was used for fast data analysis.  In the PLS model, 
plsregress function was used, Ncomp is the number of factors or 
potential variables that set to 8, Xloadings is ncomp factor load 
number that set to 10.  In the SVM model, the best production was 
obtained when regularization parameter C value is 4.5 and RBF 
nuclear function parameter gamma value is 0.8.  Larger C value 
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leads to easier model over fitting.  Larger gamma results more 
support vectors, while small gamma results better model 
generalization.  However, if gamma is too small, the model will 
actually degenerate into a linear model.  The predictive 
performance quality was evaluated according to correlation 
coefficient (R) and RMSE.  In this study, SPA method was used 
as the wave number selection method to choose spectra to ensure 
the accuracy of modeling and quickness of the operation. 
2.5  Development of the model based on chemical kinetics 

Plant health condition related changes are chemical, physical 
and microbial changes that can be described by kinetic model 
chemical reactions.  Changes in the plant health condition during 
infection may be related to kinetic characteristics, such as reaction 
rate constants and activation energies[25,26].  Most plant health 
indexes changes shown in the scatter diagram can be described by 
the exponential function or power function. 

3  Results and discussion 

3.1  Pretreatment of spectral data 
The PLS and SVM techniques were used to establish a model to 

correlate POD activity with the hyperspectral data.  The results 
showed that spectra with the Median Filter pretreatment technique 
was better than that of the other method, the model based on that 
technique did not show any under-fitting or over-fitting phenomena 
and had a small degree of dispersion.  The sample values varied 
from 44.459 mg/100 g to 537.198 mg/100 g during infection; thus, 
the root mean square error (RMSE) was relatively large.  This 
finding shows that the scattering from the uneven distribution of 
internal particles and particle size in the potato leaf sample had an 
effect on the near-infrared spectra.  The Median Filter method was 
selected as the pretreatment technique.  As shown in Table 1, the 
best PLS model performance for the prediction set was 
preprocessed by the Median Filter Smoothing method (Rp = 0.778, 
RMSEP = 40.215), and closely followed by the Moving Average 
Smoothing method.  Median Filter Smoothing and Moving 
Average Smoothing were selected as the preprocessing methods. 

 

Table 1  PLS model performance of different preprocessing 
methods 

Preprocessing methods RC RMSEC RP RMSEP

Original Spectra 0.768 41.659 0.721 45.785

Savitzky-Golay Smoothing (SG) 0.783 42.784 0.706 46.636

Median Filter Smoothing 0.865 40.452 0.787 40.668

Moving Average Smoothing 0.825 47.266 0.725 49.314

Gaussian Filter Smoothing 0.803 43.385 0.704 42.371

Normalization 0.816 45.632 0.718 48.642

Multiplicative Scatter Correction (MSC) 0.810 42.312 0.738 42.406

Standard Normal Variate (SNV) 0.806 46.952 0.746 43.528
 

According to hyperspectral data preprocessed by seven 
different methods, the SVM models of POD activity were built 
based on the full spectra.  The result of SVM model was better 
than that of the PLS model.  The Rc, Rp in Table 2 were generally 
bigger than that of Table 1, which means the accuracy of the 
prediction model of SVM was higher than that in PLS.  The 
RMSEc, RMSEp of Table 2 were generally lower than that of Table 
1, which means the stability of the prediction model of SVM was 
higher than that of PLS.  Furthermore, Median Filter Smoothing 
method had the highest Rc, Rp and the lowest RMSEc, RMSEp, this 
method was selected as the optimal preprocessing method and used 
in the subsequent analysis. 

Table 2  SVM model performance of different preprocessing 
methods 

Preprocessing Methods RC RMSEC RP RMSEP

Original Spectra 0.852 33.491 0.820 35.317
Savitzky-Golay Smoothing (SG) 0.874 34.552 0.837 38.326
Median Filter Smoothing 0.972 27.201 0.894 28.318
Moving Average Smoothing 0.917 31.712 0.853 36.203
Gaussian Filter Smoothing 0.885 32.596 0.852 37.617
Normalization 0.843 39.875 0.849 33.241
Multiplicative Scatter Correction (MSC) 0.861 35.961 0.846 38.625
Standard Normal Variate (SNV) 0.892 37.694 0.871 30.453
 

3.2  Selection of effective wavelengths 
The SPA algorithm was used to get the effective wavelengths.  

The calculation process was achieved by Python software, and the 
result is shown in Figure 1.  The number of optimal characteristic 
wavelengths is determined by the RMSE of the model which tends 
to be stable.  The number of characteristic wavelengths can be 
determined by SPA algorithm, the minimum and maximum selected 
bands in the experiment were 1 and 30, respectively.  Therefore, 
the final number of wavelengths was five.  From Figure 1, the 
bands with characteristic wavelengths are 540 nm, 680 nm, 863 nm, 
897 nm, and 941 nm respectively.  These five bands were 
sensitive to POD activity changes and included the most effective 
hyperspectral information.  These selected effective wavelengths 
were used as input variables to establish the PLS and SVM models, 
and these models were then adopted to determine the POD activity. 

 
Figure 1  Effective wavelengths selected by the SPA using Python 

software 
 

The prediction results for POD activity are shown in Table 3.  
In the SPA-PLS model, different latent variables were extracted and 
a cross-validation process was developed for a stable performance.  
The predicted set attained a good performance because of the 
stability of the model.  However, a larger difference in the 
correlation coefficients was observed between the calibration and 
prediction sets, which indicated that the PLS model might not be 
the best model to predict the POD activity in potato leaves with late 
blight.  The wavelength selection method for the SPA-SVM 
model achieved a better performance than that of the PLS model.  
The SVM model can exploit latent nonlinear information for the 
selected effective wavelengths.  Thus, the SVM model could be 
the optimal model for POD activity prediction. 

 

Table 3  Performance of different prediction models by SPA 

Models 
Calibration set Prediction set 

RC RMSEC RP RMSEP 

PLS 0.839 32.518 0.817 34.195 

SVM 0.941 22.613 0.923 24.326 
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3.3  Change in POD activity of potato leaves after infection 
Figure 2 showed the spectral curve changes for potato leaves 

after infection.  All spectral curves had the same trend.  The 
spectral reflectance peak was at approximately 550 nm.  When 
potato leaves developed from healthy to infectious diseases, the 
chlorophyll content of leaves gradually decreased.  Therefore, the 
absorption of green light (λ = 500-560 nm) decreased[27], while the 
reflection was strength.  Meanwhile the blue color of the leaves 
increased, the absorption of light (λ= 490-500 nm) increased, while 
the reflection was weaken.  In the near-infrared region (λ>780 nm), 
the spectral reflectance was decreasing as time went on since late 
blight destroyed potato leaf tissue cells and stopped photosynthesis.  
The continuous decomposition of synthetic products severely 
damaged leaves, further decreased the spectral reflectivity of the 
heavy potato.  

 
a. Spectral curve of QILONG 

 
b. Spectral curve of QINGTIAN 

 
c. Spectral curve of XIAZHAI8 

Figure 2  Spectral curve of three variety of leaves’ affected region 
from 0 to 120 h after infection 

 

The initial POD activity values of the infected potato leaves 
were calculated using the hyperspectral model and the spectra of 

each set of infected potato leaves from the first day to the fifth day 
(Figure 3).  The line graphs of the prediction set were shown in 
Figure 3, which indicates that the POD value initially decreased, 
then increased, and eventually decreased after reaching a peak 
value.  These changes were inconsistent with the degree of disease.  
Therefore, distinguishing the disease severity level only according 
to the POD value was difficult.  However, other external 
symptoms can be used in conjunction with the POD value to 
diagnose potato late blight.  The POD value can be calculated by 
kinetic prediction models according to the accumulated infection 
days, and then the degree of disease progression can be easily 
predicted combined with other external symptoms of potato late 
blight. 

 
a. POD activity of QILONG 

 
b. POD activity of QINGTIAN 

 
c. POD activity of XIAZHAI8 

Figure 3  Average change trends of POD activity in the leaves of 
three potato varieties based on the accumulated infection time 

 

3.4  Kinetic models for determining POD activity 
POD activity-related changes are chemical, physical and 

microbial changes that can be described by kinetic model chemical 
reactions.  Changes in POD activity during infection may be 
related to kinetic characteristics, such as the reaction rate constants 
and activation energies.  Python is a programming language, was 
used to get the scatter diagram of POD activity.  After using 
os.open fuction to get the data in Excel, Pyplot fuction was then 
been applied to describe the relationship between POD activity and 



164   March, 2019                         Int J Agric & Biol Eng      Open Access at https://www.ijabe.org                          Vol. 12 No.2 

time under the Spyder compiler by GDAL, which can 
automatically fit the function within the specified error area.  The 
error area was for 10-5.  Figure 4 showed a five-order reaction 
model for three types of leaves.  Thus, the change in POD activity 
in the infected potato leaves likely followed a five-order kinetics 
reaction. 

 
a. Kinetics models of QILONG 

 
b. Kinetics models of QINGTIAN 

 
c. Kinetics models of XIAZHAI8 

Figure 4  Kinetics models established by the five-order reaction 
model 

 

Based on the measured POD activities and the initial POD 
activity values of the infected potato leaves predicted by a 
hyperspectral model, the kinetic model of POD activity for potato 
was determined as follow: 

Five-order reaction:  
POD1 = –2.8t5 + 47.8t4

 – 308.1t3 + 939.8t2
 – 1312.6t1 + 668.0         

POD2 = –2.8t5 + 46.9t4
 – 300.4t3 + 900.6t2

 – 1228.3t1 + 603.0  (2)  
POD3 = –3.2t5+ 54.0t4

 – 348.0t3 + 1050.0t2
 – 1442.8t1 + 716.0  

where, POD1 is POD activity of XIAZHAI8, U·FW/g·h; POD2 is 
POD activity of QILONG, U·FW/g·h; POD3 is POD activity   of 
QINGTIAN, U·FW/g·h; and t is the accumulated infection time d. 

4  Conclusions 

In this study, the prediction model built by SPA-SVM method  

obtained the best performance, with a Rp (correlation coefficient of 
prediction) value of 0.923 and a RMSEp (root mean square error of 
prediction) value of 24.326.  Five-order kinetics model according 
to the prediction model were built, and late blight disease can be 
predicted according to the five-order kinetics model, which 
provides a theoretical basis for the prediction of latencies of late 
blight.  By combining the hyperspectral data with the storage time, 
the kinetic model could be used as a non-destructive method for 
determining the POD activity of infected potato leaves.  In 
addition, the infection degree could be predicted by applying the 
hyperspectral kinetic model, which indicates that hyperspectral data 
are feasible for non-destructive determination of POD activity in 
potato leaves.  In conclusion, both the hyperspectral prediction 
model and kinetic prediction model can predict POD activity in 
potato leaves with late blight.  Though the changes of POD did 
not show monotonous increasing or decreasing trends, the POD 
value varies with the development of the disease, which could be 
used for the physiological research and auxiliary discrimination of 
diseases.  Because the trend of POD changes is not so regular, 
other external symptoms such as CAT, SOD and SPAD need to be 
involved to precisely predict the disease. 
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