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Design and experiment of vertical circular separating and 
conveying device for potato combine harvester 

Yang Ranbing1,2, Yang Hongguang1, Shang Shuqi1,2※, Ni Zhiwei1,  

Liu Zhishen1, Guo Dong1 
（1. College of Mechanical and Electrical Engineering, Qingdao Agricultural University, Qingdao 266109, China; 

2. Shandong Provincial Engineering Technology Research Center for Root Crops Production Equipment, Qingdao 266109, China） 

 

Abstract: To solve the problems of the separating and conveying device for the potato combine harvester, such as poor separation 
and inflexibility of manipulation, a vertical circular separating and conveying device was designed. The structure and working 
parameters of key components of the separating and conveying device were determined by research analysis. Quadratic general 
rotation-combination experiments were carried out with the moving forward speed, the linear speed of the transverse transfer belt 
and the rotational speed of the circular orbit as experimental factors, damage rate and impurity rate as experimental index. The 
mathematical model of the relationship between the experimental factors and the experimental index were established and the 
parameters were optimized using DPS (data processing system) and Matlab (matrix laboratory) software. The results showed that 
the influences on the damage rate of the respective factors decrease in the order as below, the rotational speed of the circular orbit, 
the linear speed of the transverse transfer belt and the moving forward speed, the influences on the impurity rate of the respective 
factors decrease in the order as below, the rotational speed of the circular orbit, the moving forward speed and the linear speed of 
the transverse transfer belt. And the moving forward speed of 1.1 m/s, the linear speed of the transverse transfer belt of 1.5 m/s 
and the rotational speed of the circular orbit of 7 r/min were the best combination factors, which leaded to the damage rate of 
1.28%, the impurity rate of 2.41%. Verification experiment results showed that the average damage rate of 1.46% and the average 
impurity rate of 2.57%, under the condition of optimal parameters, the theoretical value is similar to the test value, and its meet 
the relevant requirements of the potato combine harvest. This research can provide a technical basis and reference for the 
development of a new separating and conveying device and potato combine harvester. 
Keywords: mechanization; design; optimization; potato combine harvester; separating and conveying device; damage rate; 
impurity rate; experiment 
doi：10.11975/j.issn.1002-6819.2018.03.002 
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0  Introduction   

In recent years, with the increasing use of potato as a 
staple food, the potato planting area has increased gradually 
in China. In 2015, its total planting area were 5.53×107 hm2, 
accounting for about 4.87% of total planting area of food 
crops[1]. Meanwhile, higher quality requirements for 
mechanized harvesting have also been put forward. At 
present, the small segmented potato harvester is widely used 
in China[2-5]. However, the process of manual picking up 
potato with the traditional small segmented potato harvester 
is time-consuming, tedious, and inefficient, and these 
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harvesters have not been able to keep pace with the current 
rapid development of the potato industry. Research and 
development of the technology and equipment for combine 
harvesting are particularly important.  

At the beginning of the 20th century, international 
researchers and institutions began attempts to mechanize 
potato harvesting, especially in some developed countries, 
where technology is at a higher level than in developing 
countries. With the development of the large-scale 
harvesting machine, which can complete the haulm-killing, 
digging, separating and conveying operations, 
standardization and serialization have been realized[6-7]. 
Some researchers in developed countries such as Germany, 
the United States and Belgium devised the GT-170S, 
Double-L973 reflux and Spirit-6200 double-row 
self-propelled potato combine harvesters. 

In China, less work has been done on the development 
of the potato combine harvester, and the technology is not 
mature. Due to differences in planting patterns and climate 
conditions, and the introduction of foreign machinery has 
not occurred in China. Some researchers and institutions 

·Agricultural Equipment Engineering· 
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have been developing the technology and equipment for 
combine harvesting, but due to the objective conditions of 
the restrictions, the relevant harvester has not been widely 
utilized in China. MENOBLE developed the 1710-type 
potato combine harvester. Wei Hongan et al[8] developed the 
4UFD-1400-type potato combine harvester, which enables 
the one-stop completion of digging, soil separation, stem 
removal, conveying, grading, collecting and bagging 
procedures. 

At present, most of the separating and conveying 
devices of the potato combine harvester are rod-link chains 
and rod-link belts. The use of these devices makes the entire 
structure unstable. The operation is not flexible enough, and 
the separation is poor, restricting the development of this 
technology for potato combine harvesting[2,9]. Therefore, 
research on a vertical circular separating and conveying 
device is significant and can provide a basis for the 
development and design of new types of potato combine 
harvesters. Moreover, it can help promote the development 
of mechanized potato production, especially in China.  

1  Structure and working principle of the vertical 
circular separating and conveying device  

1.1  Structure 
The structure of the vertical circular separating and 

conveying device is determined by it’s function of the 
delivery and separation of the potato in vertical space[7,10]. 
As shown in Fig.1, the vertical circular separating and 
conveying device consists primarily of a frame, a belt-type 
conveying mechanism, a transverse transfer mechanism, a 
vertical circular separating screen, and a secondary cleaning 
and conveying mechanism. The vertical circular separating 
screen is positioned between the fixed wheel groups on the 
frame, the belt-type conveying mechanism is positioned near 
the lower part of the vertical circular separating screen, and 
the transverse transfer mechanism and the secondary 
cleaning and conveying mechanism are arranged in the 
circular orbit of the vertical circular separating screen. 
1.2  Working principle 

When the harvester operates, the digging shovel digs 
out the potato. The potato advances into the chain-link-type 
ascending mechanism and moves up to the top. Then, with 
the belt-type conveying mechanism moving backward 
during transport by the transverse transfer mechanism, 
rubber fingers dip the contents of the lifting hopper onto the 
vertical circular separating screen. Under the meshing 
transmission of the gear and the annular gear, the vertical 
circular separating screen can improve the circular lifting of 
the potato, soil and impurities. In the process of circular 
lifting, the separation of potato and soil occurs by relative 
movement. A protective screen is welded onto the frame 
formed by steel bars that are welded along the arc of the two 
circular orbits. The protective screen and lifting hopper form 
a relatively closed space to prevent the potato from falling 
off during the rotation-separation process. The lifting hopper 
moves the potato to the secondary cleaning and conveying 
mechanism, through which they pass by gravity, after which 

the potato move through the rod conveyor chain and into the 
collection box. 

 

 
 

1. Vertical circular separating screen  2. Positioning guide wheel  3. Inclining 
baffle  4. Secondary cleaning and conveying mechanism  5. Hydraulic motor  
6. Frame  7. Transverse transfer mechanism  8. Driven sprocket 1  9. Chain 1  
10. Guide plate of the screen  11. Drive sprocket 1  12. Belt-type conveying 
mechanism  13. Fixed wheel set  14. Protective screen  15. Transverse 
transfer baffle  16. Connecting plate of protective grating strip  17. Lateral 
baffle  18. Drive sprocket 2  19. Rod strip-type lifting chain  20. Drive 
sprocket 3  21. Chain 2  22. Reduction gearbox  
 

Fig. 1  Structure of separating and conveying device 
 

2  Design of key components of the vertical 
circular separating and conveying device 

2.1  Design of the vertical circular separating screen  
The vertical circular separating screen is one of the key 

components of the vertical circular separating and conveying 
device. Its primary function is to carry out the transport and 
separation of potato, soil and impurities in the vertical space. 
As shown in Fig.2, the vertical circular separating screen 
consists of an annular gear, an elastic rope, an external 
circular orbit, an inner circular orbit and a spacing grid. The 
annular gear is engaged with the driving gear on the output 
shaft of the gear box to drive the vertical circular separating 
screen to rotate in the vertical space. The fixed wheel set on 
the frame consists of a driving gear, guide wheels and a 
horizontal positioning guide wheel, which positions and 
guides the vertical circular separating screen. There are eight 
guide wheels, and the two sides of the fixed wheel set are 
positioned at the two sides of the lower part of the vertical 
circular separating screen. There are two positioning guide 
wheels, which are positioned on the upper side of the 
vertical circular separating screen and are in contact with the 
sides of the circular orbit. The spacing grid is welded 
between the two circular orbits[11-14]. The elastic rope passes 
through the barrier along the edge of the line array pore, and 
with the spacing grid, this constitutes the circular 
arrangement of the lifting hopper. 

The required structure size, stability and harvest width 
led to the following parameters for the design of vertical 
circular separating screen: the external circular orbit radius 
is 850 mm, the inner circular-orbit radius is 725 mm, the 
width is 350 mm, and the screen is divided into 18 lifting 
hoppers. Between the two external circular orbits are 11 
uniform elastic ropes, which have a great influence on the 
separation ability of the elastic-rope gap. Based on the 
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physical size of the potato and the deformation of the 
elastic rope, the necessary elastic rope gap was calculated to 
be 24 mm. 

 

 
 

1. Annular gear  2. Elastic rope  3. External circular orbit  4. Inner circular 
orbit  5. Spacing grid 
 

Fig. 2  Structure of vertical circular separating screen 
 

2.2  Design of the transverse transfer mechanism  
The transverse transfer mechanism is another key 

component of the vertical circular separating and conveying 
device. It employs a rod-type conveying chain to transport 
potato to the vertical circular separating screen and lifting 
hopper. Its structure and parameters directly affect the 
transfer and damage rates[15]. As shown in Fig.3, the 
transverse transfer mechanism is composed of rubber fingers, 
a transfer belt, two drive rubber rollers, a protective collar 
and a connecting plate. The transverse transfer mechanism is 
positioned on the frame through a connecting plate and 
bearing chock. The rubber fingers are mounted on a 
horizontal conveyor belt that is driven by the drive rubber 
roller. 

 

 
 

1. Connecting plate  2. Rubber finger  3. Transfer belt  4. Protective collar   
5. Bearing chock  6. Drive rubber roller 
 

Fig. 3  Structure of transverse transfer mechanism 
 

In order to carry out the transverse transfer function, 
combined with the vertical circular separating screen, the 
width of the transfer belt is 180 mm, and the radii of the two 
drive rubber rollers are 168 and 112 mm. The eleven groups 
of rubber fingers are uniformly distributed on the transfer 
belt. Each group consists of 4 rubber fingers. The spacing 
between groups of rubber fingers is 115 mm, and the spacing 
between rubber fingers within a group is 15.5 mm. The use 
of rubber fingers can reduce the damage incurred by the 
potato during transverse transfer[16]. 

Based on the analysis of the transverse mechanical 
properties and kinematic characteristics of the delivery 
process, the appropriate rubber-finger draft angle for su-
ccessful potato pulling and reduced damage rate is 3 degrees. 
In addition, the movement parameters of the transverse 
transfer mechanism mainly involve the linear speed of the 

transfer belt, which is determined by the transfer-belt linear 
speed (vp) and the moving forward speed (vm); λ=vp /vm and 
is usually within the range of 0.8 to 2.5[8,17]. If the transfer- 
belt linear speed is too great, the potato can easily slide 
during transfer, resulting in damage. To reduce the damage 
rate, the value of λ should be greater than 1; that is, the 
transfer-belt linear speed should be higher than the moving 
forward speed. Meanwhile, to achieve higher productivity 
while ensuring a good-quality harvest, the moving forward 
speed should be suitable for semi- viscous soil and sandy 
soil. A speed from 0.8 to 1.4 m/s is appropriate[18-19]. 
Substituting λ=1.5 into the equation, we obtain a 
transfer-belt linear speed in the range of 1.2 to 2.1 m/s. 

3  Analysis of kinematic and dynamic characteristics 

3.1  Analysis of the force and motion of a potato in the 
transverse transfer  

The transverse motion of the potato occurs primarily 
with the belt-type conveying mechanism and transverse 
transfer mechanism. As shown in Fig.4a, the movement 
speed of the potato in the belt-type conveying mechanism 
can be decomposed into the relative speed (Ve) of the 
belt-type conveying mechanism and the transverse speed (Vr) 
of the transverse transfer mechanism. The composite of 
these velocities is the absolute speed (Va). 
 

 
 

Note: Ve is relative speed of the belt-type conveying mechanism, m·s1; Vr is 
transverse speed of the transverse transfer mechanism, m·s1; Va is absolute 
speed, m·s1; X and Y are coordinate systems; O is origin of coordinate; mg is 
gravity of the potato, N; F1 is pulling force, N; FN is supporting force, N; Ff is 
friction force, N. 
 

Fig. 4  Schematic diagram of force and motion of  
potato in transverse transfer 

 

The complex motion of the potato is simplified to the 
motion of a particle, ignoring the interaction forces and the 
air resistance[20-21]. As shown in Fig.4b, the potato is mainly 
influenced by its own gravity (mg), the pulling force (F), and 
the supporting force (FN) and friction force (Ff) of the 
belt-type conveying mechanism. For transverse transfer of 
the potato, the condition F >Ff must be met. At the same 
time, the falling movement of the potato from the belt-type 
conveying mechanism into the vertical circular separation 
screen can be regarded as horizontal projectile motion with a 
certain initial speed. The coordinate system was established 
with the potato center of mass as the origin O. The equations 
of the motion parameters of the potato are as follows: 
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x v t
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                  (1) 

where x is horizontal displacement in meters of the potato 
from O while being thrown into the lifting hopper; y is 
vertical displacement in meters of the falling potato from 
point O; va is initial speed of the horizontal motion, m/s; t is 
time for the potato to fall from point O to the lifting hopper, 
s; g is acceleration gravity, 9.8 m/s2. 
3.2  Analysis of the force and motion of the potato 
during circular lifting  

When the potato in the transverse transfer mechanism 
fall into the elastic rope as the hopper moves, the 
gravitational potential energy, kinetic energy and elastic 
potential energy of the elastic rope undergo a certain range 
of repeated transformation, thus greatly reducing injury to 
the potato. At the same time, in the process of the 
transformation of the potential energy and elastic potential 
energy, the elastic rope can remove soil from the potato 
surface. 

In the process of being lifted, the potato moves with the 
lifting hopper, and the lifting height and lifting position 
change due to the rotation of the circular separating screen. 
The effect of the combined action of the support force and 
the gravitational force results in movement and rolling of the 
potato[22-23]. The potato and soil can be separated well, due to 
the combined actions of circular motion, sliding and 
self-rolling, and the potato in the lifting hopper is 
approximated as a particle. 

As shown in Fig.5, with the belt-type conveying 
mechanism of the potato in the transverse transfer 
mechanism, the pulling force into the lifting hopper, and the 
elastic bounce over a certain distance, the movement 
trajectory is OABCDEFG. As shown in 
Fig.6, the four points C, D, E, F are the important positions 
for analysis. 

 

 
 

Note:  is angular speed of vertical circular separating screen, rad·s1; O, A, B, C, 
D, E, F, G are key points of motion trajectory for potato. 
 

Fig. 5  Schematic diagram of potato motion trajectories 
As shown in Fig.6a, as the potato falls into the lifting 

hopper, the first contact with the elastic rope occurs at point 
A, and the potato is then rebounded to point B. During this 
process, the potential energy of gravity is transformed, and 
the potato moves down to point C. After the potato reaches 
point C, mainly due to its own gravity, support force FN11 is 

provided by the elastic rope and support force FN12 is 
provided by the spacing grid.  

 

 
 

Note: α is angle between the support force of the elastic rope and the horizontal 
direction, (°); β is angle between the support force of the protective screen and 
the horizontal direction, (°); FN11 and FN12 are support force provided by the 
elastic rope and the spacing grid for point C, respectively, N; FN2 and Ff1 are 
support force of the elastic rope and the friction force generated during the 
movement for point D, respectively, N; FN31 and FN32 are support force provided 
by the elastic rope and the spacing grid for point E, respectively, N; F N41 and 
FN42 are support force provided by the protective screen and the spacing grid for 
point F, respectively, N. 
 

Fig. 6  Potato force analysis in different locations 
 

At this stage, the lifting hopper moves the potato in a 
circular motion, and the force-balance equations are as 
follows: 

 
2

N11

N12

sin

gcos 0

F mg mR

m F

 


  


 
            (2) 

Where R is the distance from the rotation center of the 
separating screen to the center of mass of the potato, mm. 

As shown in Fig.6b, when the lifting hopper rotates 
counterclockwise to its lowest point, the support force of the 
spacing grid on the potato is zero. At this time, the potato is 
mainly influenced by its own gravity, the support force (FN2) 
of the elastic rope and the friction force (Ff1) generated 
during the movement. The potato is not balanced: while the 
side with the lifting hopper moves in a circular motion, the 
side in contact with the roller slides to point E. The 
force-balance equation of the potato at point D along the CE 
segment is as follows 

 
2

N2

f

sin

cos 0

F mg mR

mg F

 


  


  1

         (3) 

As shown in Fig.6c, as the lifting hopper continues to 
rotate, the potato moves to point E, in a circular motion with 
the lifting hopper. The potato is mainly influenced by its 
own gravity, the support force FN31 provided by the elastic 
rope and the support force FN32 provided by the spacing grid. 
As the spacing-grid support force increases gradually, the 
elastic-rope support force decreases. At this time, the 
force-balance equations are as follows 

 
2

N31

N32

sin

cos 0

F mg mR

mg F

 


  


 
.        (4) 
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As shown in Fig.6d, when the lifting-hopper spacing 
grid moves close to the horizontal position, the potato moves 
from point E to point F. At this time, the potato is mainly 
influenced by its own gravity, the support force FN42 of the 
spacing grid and the support force FN41 of the protective 
screen. At this stage, with the protective screen carrying out 
a circular motion, the force-balance equations are as follows 

 
2

N41

N42

sin

cos 0

mg F mR

mg F

 


  


 
          (5) 

When the lifting hopper is moved to the end of the 
protective screen, the potato falls to the secondary cleaning 
and conveying mechanism due to its own gravity. At the 
highest point of its motion, the following equation should be 
satisfied 

 2mg mR≥                  (6) 

Namely,      
g

R
≤  

From the above analysis of the kinematic and 
mechanical characteristics of the potato, the transverse 
transfer and circular lifting during ascension are more 
complex. The linear speed of the transverse transfer belt and 
the rotational speed of the circular orbit have important 
effects on harvest performance. 

4  Experimental analysis  

4.1  Experimental conditions  
The vertical circular separating and conveying device 

was installed on the self-propelled potato combine harvester 
developed by Zhengxing Machinery Co., Ltd., Henan 
Province, China. As shown in Fig.7a, the potato harvester 
consists of a depth-limiting device, a digging device, 
rod-link ascending chains, a crawler track walking device, 
road wheels, a hydraulic oil tank, a potato collection box and 
a vertical circular separating and conveying device. The 
prototype used for the experiment is shown in Fig.7b. The 
potato harvester uses a rice and wheat combine harvester 
crawler chassis. The engine has a maximum power of 40 kW, 
the harvest width is 1 550 mm, and the pure work-hour 
productivity ranges from 0.35 to 0.55 hm2/h. 

 
 

1. Depth-limiting device  2. Digging device  3. Rod-link ascending chains  4. 
Crawler track walking device  5. Road wheels  6. Vertical circular separating 
and conveying device  7. Hydraulic oil tank  8. Potato collection box        
9. Driving cab 
 

Fig. 7  Whole machine structure and prototype of  
potato combine harvester 

 

Field harvest test was conducted in the experimental 
field in Fuji Township, Kaifeng City, Henan Province, 

China in July 2016. The potato variety studied is named 
Helan 15, which is the main variety cultivated in Henan 
Province. The area of the experimental field was 120 m× 
100 m, the planting pattern was ridge cultivation, the soil 
texture was clay loam, the row spacing of the plants was 
780 mm, the ridge height was 260 mm, the planting density 
was 230 mm, the moisture content of the soil was 10.28%, 
and the soil hardness was 413 kPa. 
4.2  Experimental factors and index   

According to the above analysis and previous field 
experiments, this study selected the moving forward speed, 
the linear speed of the transverse transfer belt and the 
rotational speed of the circular orbit as experimental factors, 
the damage rate and impurity rate as experimental index 
using a quadratic general rotation-combination experimental 
design. The moving forward speed was 0.8-1.4 m/s, the 
linear speed of the transverse transfer belt was 1.2-2.1 m/s, 
and the rotational speed of the circular orbit was 4-12 r/min. 
According to the relevant provisions of the NY/T1130-2006 
potato harvesting machinery[24], the damage rate is less than 
2% and the impurity rate is less than 4%. The formulae for 
calculation are as follows: 

 1
1 100%

n
y

n
                  (7) 

 2
2

2 3

100%
n

y
n n

 


           (8) 

Where y1 is the damage rate,%; y2 is the impurity rate,%; n1 
is the total quantity of damaged potato (including undug 
potato, covered potato and unpicked potato) after the 
harvesting operation, kg; n2 is the total quantity of impurities 
and soil in the potato collection box after the harvesting 
operation, kg; n3 is the total quantity of potato in the 
collection box after the harvesting operation, kg; n is the 
total quantity of potato (including undug potato, covered 
potato and unpicked potato) after harvesting operation, kg. 
4.3  Experimental scheme 

The experiment was carried out based on three factors 
and two general rotation-combination designs. Each test was 
repeated 3 times and the average was taken as the 
experimental result; the total number of experiments was 
20[25-28]. The rotational regression program was used for 
experimentation, the results were analyzed and optimization 
using DPS and Matlab software. The coded levels of the 
factors are listed in Table 1. 

Table 1  Code values and levels of factors 

Code 
value xj 

Moving forward 
 speed Z1/(m·s1) 

Linear speed of transverse 
transfer belt Z2/(m·s1) 

Rotational speed of 
circular orbit 
Z3/(r·min1) 

1.682 1.4 2.1 12 
1 1.28 1.92 10.38 
0 1.1 1.65 8 
1 0.92 1.38 5.62 

1.682 0.8 1.2 4 

Note: xj is code value of experimental factors, j takes 1,2,3; Z1 is actual value of 
the moving forward speed, m·s1; Z2 is actual value of the linear speed of the 
transverse transfer belt, m·s1; Z3 is actual value of the rotational speed of the 
circular orbit, r·min1. 
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4.4  Experimental results and analysis   
According to the initial experimental design, the results 

of the quadratic general rotation-combination experiment are 
presented in Table 2. Each presented value is the average of 
three observations. 

Table 2  Experimental project and results 

Number x1 x2 x3 y1 y2 
1 1 1 1 1.36 2.42 
2 1 1 1 1.32 2.46 
3 1 1 1 1.37 2.42 
4 1 1 1 1.31 2.5 
5 1 1 1 1.42 2.52 
6 1 1 1 1.49 2.58 
7 1 1 1 1.32 2.45 
8 1 1 1 1.27 2.6 
9 1.682 0 0 1.32 2.52 

10 1.682 0 0 1.34 2.4 
11 0 1.682 0 1.3 2.43 
12 0 1.682 0 1.42 2.44 
13 0 0 1.682 1.32 2.54 
14 0 0 1.682 1.35 2.45 
15 0 0 0 1.36 2.43 
16 0 0 0 1.31 2.42 
17 0 0 0 1.32 2.47 
18 0 0 0 1.3 2.43 
19 0 0 0 1.34 2.44 
20 0 0 0 1.31 2.45 

Note: x1 is the coded value of the moving forward speed; x2 is the coded value of 
the linear speed of the transverse transfer belt; x3 is the coded value of the 
rotational speed of the circular orbit, y1 is the damage rate,%; y2 is the impurity 
rate,%. 

The variance analyses of the regression model are 
presented in Table 3. 

As shown in Table 3, according to the lack-of-fit test, 
since F11=1.511 7 and F12=2.450 3 were both less than 
F0.1(5,5)=3.45, the lack of fit was significant at the level of 
α=0.01 because F21=7.580 8 and F22=10.976 1 were both 
higher than F0.01(9,10)=4.94; the regression equation was 
significant at the level of α=0.01; and the equation fit the 
experimental data well according to the F test of the 
regression coefficients, reaching a significance level of 0.1. 
According to the F-test table, the results showed that the 
values for the damage rate in the single term x2 and the cross 
term x1x2 were extremely significant, and those in the 
quadratic term x2

2 and the cross term x2x3 were also 
significant. Similarly, the test levels for the impurity rate in 
the single terms x1 and x3 and the quadratic term x3

2 were 
extremely significant, and those for the quadratic term x1

2 
and the cross term x2x3 were also significant. According to 
the results of the significance test, eliminating the 
insignificant factors, the models of the performance index as 
functions of the experimental factors are as follows: 

 
2

1 2 2

1 2 2 3

1.322 9 0.038 2 0.0161

0.040 0 0.017 5  

y x x

x x x x

  
 

 (9) 

 

2
2 1 3 1

2
3 2 3 

2.439 1 0.040 4 0.035 3 0.013 2

0.025 6 0.016 3

y x x x

x x x

   

    
(10) 

 
Table 3  Variance analysis of regression model of damage rate and impurity rate 

Damage rate y1/% Impurity rate y2/% 
Source 

Sum of squares 
Degree of 
freedom 

Mean 
square 

F value P value Significance Sum of squares 
Degree of 
freedom 

Mean 
square 

F value P value Significance 

x1 0.000 8 1 0.000 8 1.301 9 0.280 5  0.022 3 1 0.022 3 40.388 3 0.000 1 ** 

x2 0.019 9 1 0.019 9 31.334 9 0.000 2 ** 0.000 1 1 0.000 1 0.095 4  0.763 8  

x3 0.001 2 1 0.001 2 1.958 4 0.191 9  0.017 0 1 0.017 0 30.733 4 0.000 2 ** 

x1
2 0.000 4 1 0.000 4 0.676 1 0.430 1  0.002 5 1 0.002 5 4.542 3 0.058 9 * 

x2
2 0.003 7 1 0.003 7 5.849 1 0.036 2 * 0.000 3 1 0.000 3 0.494 5 0.498 0  

x3
2 0.000 8 1 0.000 8 1.184 4 0.302 0  0.009 4 1 0.009 4 17.061 9 0.002 0 ** 

x1x2 0.012 8 1 0.012 8 20.116 7 0.001 2 ** 0.001 0 1 0.001 0 1.834 1  0.205 5  

x1x3 0.001 8 1 0.001 8 2.829 0 0.123 5  0.001 0 1 0.001 0 1.834 1 0.205 5  

x2x3 0.002 5 1 0.002 5 3.850 5 0.078 1 * 0.002 1 1 0.002 1 3.826 6 0.078 9 * 

Regression 0.043 4 9 0.004 8 7.580 8 0.002 7  0.054 5 9 0.006 1 10.976 1 0.000 7  

Residual 0.006 4 10 0.000 6    0.005 5 10 0.000 6    

Lack of fit 0.003 8 5 0.000 8 1.511 7 0.270 0  0.003 9 5 0.000 8 2.450 3 0.1068  

Pure error 0.002 5 5 0.000 5    0.001 6 5 0.000 3    

Correlation total 0.049 8 19     0.060 1 19     

Note: “*” indicates a significant difference at P<0.1; “**” indicates a significant difference at P<0.01; F0.1(1,10)=3.29; F0.05(1,10)=4.96; F0.01(1,10)=10; F0.1(5,5)=3.45; 
F0.01(9,10)=4.94. 

 

The test of the regression coefficients of equations (9) 
and (10) indicated that the following factors influence the 
damage rate, in decreasing order: the rotational speed of the 
circular orbit, the linear speed of the transverse transfer belt 
and the moving forward speed. The following factors 
influence the impurity rate, in decreasing order: the 
rotational speed of the circular orbit, the moving forward 
speed and the linear speed of the transverse transfer belt. 

To analyze the effects of pairs of factors on the 
evaluation index, we conducted a two-factor interactive 
analysis of the test results by the dimension-reduction 
method[26,29]. The relationships between the damage and 
impurity rates and various factors are shown in Fig.8. 

1) Discussion of the effects of interaction terms on the 
damage rate 

When analyzing the influence of the interaction 
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between the moving forward speed x1 and the linear speed of 
the transverse transfer belt x2 on the damage rate y1, we set 
the rotational speed of the circular orbit x3 to 0. The 
influence of the interaction between the moving forward 
speed and the linear speed of the transverse transfer belt on 
the damage rate is plotted in Fig.8a. The areas of relatively 
low damage rate appeared when both the moving forward 
speed and the linear speed of the transverse transfer belt 
were near 1.682. When the moving forward speed is fixed, 
the damage rate will gradually increase with increasing 
linear speed of the transverse transfer belt. When the linear 
speed of the transverse transfer belt is fixed, the damage rate 
will increase linearly with increasing the moving forward 
speed. The moving forward speed and the linear speed of the 
transverse transfer belt needed to match reasonably well for 
the increase to occur. In the interaction between the moving 
forward speed and the linear speed of the transverse transfer 
belt, the latter is the main factor influencing the damage rate. 

 
 

Fig. 8  Influence of interaction terms on experimental index 
 

When analyzing the influence of the interaction 
between the linear speed of the transverse transfer belt x2 

and the rotational speed of the circular orbit x3 on the 
damage rate y1, we set the moving forward speed x1 to 0. The 
influence of the interaction between the linear speed of the 
transverse transfer belt and the rotational speed of the 
circular orbit on the damage rate is plotted in Fig.8b. When 
both the linear speed of the transverse transfer belt and the 

rotational speed of the circular orbit were 1.682, the 
damage rate was the lowest. When the linear speed of the 
transverse transfer belt is fixed, the damage rate will 
increase gradually with increasing rotational speed of the 
circular orbit. When the rotational speed of the circular orbit 
is fixed, the damage rate will increase rapidly with 
increasing linear speed of the transverse transfer belt. In the 
interaction between the linear speed of the transverse 
transfer belt and the rotational speed of the circular orbit, the 
former is the main factor influencing the damage rate. 

2) Discussion of the effects of interaction terms on the 
impurity rate 

When analyzing the influence of the interaction 
between the linear speed of the transverse transfer belt x2 
and the rotational speed of the circular orbit x3 on the 
impurity rate y2, we set the moving forward speed x1 to 0. 
The influence of the interaction between the linear speed of 
the transverse transfer belt and the rotational speed of the 
circular orbit on the impurity rate is plotted in Fig.8c. When 

the linear speed of the transverse transfer belt was 1.682 
and the rotational speed of the circular orbit was 1, the 
damage rate was the lowest. When the linear speed of the 
transverse transfer belt is fixed, the impurity rate will 
initially decrease gradually and then increase slowly with 
increasing rotational speed of the circular orbit. When the 
rotational speed of the circular orbit is fixed, the impurity 
rate will initially decrease gradually and then increase 
slowly with increasing linear speed of the transverse transfer 
belt. In the interaction between the linear speed of the 
transverse transfer belt and the rotational speed of the 
circular orbit, the latter is the main factor influencing the 
impurity rate. 
4.5  Optimization of the working parameters  

According to the performance requirements of the 
potato combine harvester, the regression equations of the 
performance index of the damage and impurity rates are 
taken as the index. The main objective-function method was 
used with Matlab software to optimize the solution, 
achieving improved parameter-combination schemes under 
different objective functions[29-31]. 

The optimization model can be obtained when the 
damage rate is used as the objective function: 

1Min   y  

2s.t.  0 4y≤ ≤          

1 21.682 1.682, 1.682 1.682, 1.682x x  ≤ ≤ ≤ ≤ ≤

3 1.682x ≤ . 

Another optimization model can be obtained when the 
impurity rate is used as the objective function: 
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2Min    y  

1s.t.   0 2y≤ ≤  

1 21.682 1.682, 1.682 1.682, 1.682x x  ≤ ≤ ≤ ≤ ≤

3 1.682x ≤ . 

The optimum parameter combinations are presented in 
Table 4. 
 

Table 4  Optimum parameter-combinations for  
different objective functions 

Objective function 
Moving  

forward speed 
Z1/(m·s1) 

Linear speed of 
transverse transfer belt 

Z2/(m·s1) 

Rotational speed 
of circular orbit 

Z3/(r·min1) 

Damage rate y1 1.12 1.48 6.89 

Impurity rate y2 1.09 1.53 7.14 

 

Considering the importance of the index of damage rate, 
the values of the optimum parameters are: The moving 
forward speed of 1.1 m/s, the linear speed of transverse 
transfer belt of 1.5 m/s and the rotational speed of circular 
orbit of 7 r/min, which leads to damage and impurity rates of 
1.28% and 2.41%, respectively. 
4.6  Verification experiment 

To adjust the testing field for the potato combine 
harvester to the optimum parameters, in the case of the same 
test conditions above, measure the differences in the damage 
and impurity rates of several experiments, and fit the results 
by theoretical analysis, the selected performance index are 
an average damage rate of 1.46% and an average impurity 
rate of 2.57%, under the conditions of moving forward speed 
of 1.1 m/s, linear speed of transverse transfer belt of 1.5 m/s 
and rotational speed of circular orbit of 7 r/min. Compared 
with the index of the potato combine harvester (damage rate 

≤2% and impurity rate ≤4%), these performance index 

meet the technical requirements. The relative errors in 
damage rate and impurity rate were no more than 0.18 
percentage point and 0.16 percentage point, respectively, 
compared with the optimal results. This was within the 
allowable range; therefore, the optimal results were reliable.  

5  Conclusions 

1) Through a quadratic general rotary regression 
analysis, a nonlinear regression model was established. This 
model illustrates the relationship among the moving forward 
speed, the linear speed of the transverse transfer belt, the 
rotational speed of the circular orbit and the damage and 
impurity rates. This lays a theoretical foundation for the 
development of a new separating and conveying device and 
potato combine harvester. 

2) The factors affecting the damage rate, in decreasing 
order of influence, are the rotational speed of the circular 
orbit, the linear speed of the transverse transfer belt and the 
moving forward speed. The factors affecting the impurity 
rate, in decreasing order of influence, are the rotational 
speed of the circular orbit, the moving forward speed and the 
linear speed of the transverse transfer belt. 

3) It is concluded that the optimal parameters for the 
potato combine harvester are a the moving forward speed of 
1.1 m/s, a linear speed of the transverse transfer belt of 1.5 
m/s and a rotational speed of the circular orbit of 7 r/min. 
Implementation of these parameters led to damage and 
impurity rates of 1.28% and 2.41%, respectively. 

4) The performance index, verified through experiment, 
are an average damage rate of 1.46% and an average 
impurity rate of 2.57%. Compared with the index of the 
potato combine harvester (damage rate ≤2% and impurity 

rate ≤4%), these performance index meet the technical 
requirements. 
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Design and experiment of electrical drive side deep  
hill-drop fertilization system for precision rice 

hill-direct-seeding machine 

Wang Jinwu, Li Shuwei, Zhang Zhao, Li Qichao 
(Engineering College, Northeast Agricultural University, Harbin 150030, China) 

 

Abstract: In order to solve the problems of the excessive application of fertilizer and the low utilization rate of fertilizer in the 
process of rice direct-seeding with synchronous fertilizing, according to the agronomic requirements, a set of electrical drive side 
deep hill-drop fertilization system for precision rice hill-direct-seeding machine was developed. The omni-directional profiling 
system was designed by hydraulic self-balance way, and the machine could adapt to the operation environment and accomplish 
the real-time and automatic adjustment; The design of fertilizer furrow opener was completed by circle function curve, and the 
opened smooth fertilizer furrow was with 50 mm width, with adjustable depth and at a lateral distance of 30 mm from bud row; 
The electrical outer slot wheel fertilizer applicator was designed by electrical drive way, which were connected with the electric 
parts. According to the work requirements, each fertilizer applicator can be adjusted separately, the fertilizer was applied onto the 
bottom of fertilizer furrow. Field experiments carried out in the Northeast Agricultural University test base in Suihua of 
Heilongjiang province, with the optimal working condition: machine speed was 2.48 km/h, the seed-metering device and fertilizer 
applicator both worked at a rotation speed of 29 r/min, the fertilizing depth was 50 mm, qualification rates of seeds and fertilizers 
in each hill were 86.73% and 87.49%. The fertilizing hill spacing matched seeding hill spacing, the variation coefficients of 
seeding and fertilizing hill spacing were 17.2% and 16.5%. The broken bud seed rate was 0.31%. During the feasibility 
experiment, the seed metering device and fertilizer applicator both worked at different rotation speeds such as 15, 20, 25, 30, 35 r/min. 
Test results showed that fertilization system could be matched with precision rice hill-direct-seeding machine, at the same time the 
synchronization of ditching furrows, side deep hill-drop fertilization, covering mud, forming ridges and precision rice 
hill-direct-seeding were achieved. The performance indexes could satisfy agronomic requirements of rice hill-direct-seeding as 
well as fertilization, so as to provide a reference for the design and evaluation of key fertilization components for precision rice 
hill-direct-seeding machine. 
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0  Introduction   

Rice direct-seeding is a kind of labor-saving, 
time-saving, energy-saving and cost-saving planting way[1-4]. 
Currently, surface fertilization and full-layer fertilization are 
mostly used in fertilization with rice direct-seeding in China. 
As a result of limited fertilizer absorption of rice, excessive 
use of fertilizer will cause waste of resources and 
environment pollution in the long term[5-8]. Domestic 
scholars began to study rice direct-seeding and fertilizing 
machine. Xia Junfang et al[9] proposed a kind of 2BFS-8 rice 
planting and fertilizing machine, and rice seeds could be 
drilled on the ridge and fertilizer were manured onto the 
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fertilizer furrow. Luo Xiwen et al. put forward precision rice 
hill-drop drilling principle with opening furrows, forming 
ridges, and applying fertilizer synchronously[10-11]. A 
precision rice hill-drop drilling machine for dry land with 
opening furrows, forming ridges and applying fertilizer 
synchronously was developed, which was matched with the 
above principle[12]. According to the rice production 
situation in Heilongjiang Province, Dong Kehong et al[13] 

developed a new fertilizing and rice direct-seeding machine 
for the cold area. Machines mentioned above can complete 
side deep application of fertilizer in the process of rice 
direct-seeding, possibly resulting in excessive use of 
fertilizer and low utilization rate of fertilizer.  

With the side deep hill-drop fertilizing technology for 
paddy fields, the fertilizer can be centrally manured at 
certain depth and side of rice seedling during hill-drop 
fertilization, and fertilizer can be covered by mud around 
rice seeds[14-17], which can reduce the volatilization of 
fertilizer, improve the utilization rate of fertilizer, reduce the 
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cost of unit yield, promote the growth of rice, enhance yield 
of rice and protect ecological environment. At present, the 
side deep hill-drop fertilization device that matched 
precision rice direct-seeding machine has not been reported, 
so that it is necessary to carry out the related research. 

The electrical drive side deep hill-drop fertilization 
system for precision rice hill-direct-seeding machine was 
developed and reorted in the paper, which can ditch furrows, 
realize side deep hill-drop fertilization, cover soil, and form 
ridges in the process of precision hill-direct-seeding. In the 
field, certain amount fertilizers can be manured at the fixed 
location of rice root system through hill-drop way, and 
fertilizer furrow can be covered with mud, which can reduce 
waste of fertilizer, save cost and enhance efficiency. 
Combining with precision rice hill-direct-seeding technique 
and side deep hill-drop fertilization technique, the research 
on precision rice hill-direct-seeding machine and 
fertilization key components is of important research value 
and has production and application prospect. 

1  Overall structure and working principle of 
electrical drive side deep hill-drop fertilization and 
precision rice hill-direct-seeding machine 

1.1  Overall  structure 
The developed electrical drive side deep hill-drop 

fertilization system and the precision rice seed-metering 
device are combined to form the electrical drive side deep 
hill-drop fertilization and precision rice hill-direct-seeding 
machine. The integration machine is hung with transplanter 
chassis by three-point suspension. Key parts of the machine 
are placed from front to back, including horizontal profiling 
mechanism, height profiling mechanism, sliding and cutting 
type fertilizer furrow opener (the following is abbreviated as 
fertilizer furrow opener), electrical outer slot wheel fertilizer 
applicator (the following is abbreviated as fertilizer 
applicator), precision rice hill-direct seed-metering device 
(the following is abbreviated as seed-metering device), and 
the structure of machine is shown in Figure 1.  

 

 
 

1. Boat-type board  2. Fertilizer-throwing tube  3. Fertilizer applicator       
4. Fertilizer furrow opener  5. Height profiling mechanism  6. Fertilizer-guiding 
tube  7. Horizontal profiling mechanism  8. Suspension bracket  9. Fertilizer 
case  10. Seed case  11. Frame  12. Seed-guiding tube  13. Seed-metering 
device  14. Seeding shaft  15. Sliding board  16. Gearbox  17. Water furrow 
opener 
 

Fig.1  Overall Structure of electrical drive side deep hill-drop 
fertilization and precision rice hill-direct-seeding machine 

Auxiliary parts include frame, suspension bracket, 
boat-type board, water furrow opener, fertilizer case, seed 
case, seeding shaft, sliding board, and gearbox. The 
height profiling mechanism is located in front of the 
fertilizer furrow opener. The horizontal profiling 
mechanism is located upon the fertilizer furrow opener, 
and fertilizer applicators and seed-metering devices are 
installed on the frame. Water furrow openers are fixed to 
boat-type board that fixedly connected with rack. 

The machine can realize the operations of ditching 
furrows, side deep hill-drop fertilization, covering mud, 
forming ridges and precision rice hill-direct-seeding 
synchronously. Table 1 shows technical parameters of the 
machine. 

 

Table 1  Main technical parameters of integration machine 

Indexes Parameters 

Power/kW ≥12.3 

Overall dimensions(L×W×H)/mm 1 600×1 100×750 

Working width/mm 1 600 

Operation speed/(m·s1) 0.3-1.0 

Number of seeding rows 6 

Hill spacing of Seeding/mm 100-250 

Hill spacing of fertilizing/mm 100-250 

Seeding row spacing/mm 230(Spacing between middle of two 
seed rows is 300) 

Seeding amount(seeds·hill1) 5-8 

Fertilizing row spacing/mm 
230(Spacing between middle of two 
fertilizer rows is 360) 

Fertilizing amount(g·hill1) 
1.79-5.99 (When fertilizing hill 
spacing is 150 mm) 

 

1.2  Design of transmission system 
Power transmission system is shown in Figure 2. The 

power is from the motor of 14.4 kW Kubota transplanter 
chassis. The rear power output universal drive shaft and the 
dynamic input end of the integration machine are connected 
by coupling. When operating speed is 2.48 km/h, power 
output shaft rotation speed is 596 r/min, and via bevel 
gearbox way, the one-stage power deceleration is completed, 
the transmission ratio of which is 13:1, then power is 
transmitted to sprocket 5 directly connected to the gearbox. 
The power of output shaft is transmitted to sprocket 8 (fixed 
on the seeding shaft) by chain driving way, thus the 
two-stage power deceleration is completed, the transmission 
ratio of which is 19:12. Then the power is transmitted to 
seeding shaft, which can drive rotation of seed-metering 
device to complete seeding operation. The power of fertilizer 
applicator is provided by DC storage battery of 12 V at 
transplanter chassis. When the circuit is switched on after 
fertilizer applicator, governor and motor were connected 
through wire so that the fertilizer applicator can complete 
the fertilizing operation. 
1.3  Working principle 

The working principle of the integration machine for 
electrical drive side deep fertilization and precision rice 
hill-direct-seeding is shown in Figure 3. First by fertilizing 
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furrow openers, the fertilizer furrows are ditched on the soft 
and flat surface, the cross section of fertilizer ditch is a 
rectangle, furrow width is 50 mm and furrow depth is 
adjustable. Boat-type board covers mud after that the 
fertilizer is hill-drop manured onto the fertilizer furrow with 
certain hill spacing; Water furrow openers under the 
boat-type board, which synchronously ditch parallel water 
furrows. The section of water furrow is a trapezoid, the 
upper and under widths of which are 100 and 80 mm, and 
depth is 40 mm; Then, adjacent water furrows form ridge, 
which is higher than water furrow; Finally, seeds are sowed 
on the ridge with same hill spacing in a hill-direct way. The 
fertilizer row is located on one side of the bud row, fertilizer 
furrow is 30 mm from seed row, the depth of which is 50 
mm from the ridge. 

 
 

1. Governor  2. DC storage battery  3. Power output universal drive shaft    
4. Gearbox  5. Driving sprocket  6. Seed-metering device  7. Seeding shaft     
8. Driven sprocket  9. Wire  10. Fertilizer applicator motor 

 

Fig.2  Schematic diagram of power transmission system 
 

 
 

1. Water furrow  2.Fertilizer furrow  3. Ridge  4. fertilizer  5. bud seed 
 

Fig.3  Working principle of precision rice hill-direct -seeding and 
side deep hill-drop fertilization 

 

2  Design of critical parts of electrical drive side 
deep hill-drop fertilization and precision rice 
hill-direct-seeding machine 

2.1  Design of omni-directional profiling system 
1) Horizontal profiling mechanism 
As shown in Figure 4, the horizontal profiling 

mechanism mainly consists of spring, guiding rod and 
connecting rod. Among them, the connecting rod is 
fixedly connected with the suspension bracket, while 
mounting seat of guiding rod is fixed to the connecting rod 
by the hinge way. The spring rounds the guiding rod, and it 
is positioned between the mounting seat and the frame. In 
the process of operation, the seed-metering device, the 
fertilizer applicator and the boat-type board are fixed to the 
frame. When the field mud is rugged, the left and right 
tilting would occur in the transplanter chassis, the bottom of 
boat-type board will be affected by field soil counter force, 
and the pressure of spring can be produced in the way of 
actual telescopic value so as to drive the integration machine 

to rotate around the connecting pin shaft. In order to achieve 
horizontal balance of the machine and avoid hanging or 
sinking of both sides in the operation, the machine can adapt 
to working conditions for ensuring the quality of seeding 
and fertilizing. 

 

 
 
 

1. Boat-type board  2. Frame  3. Spring  4. Guiding rod  5. Connecting rod  
6. Suspension bracket  7. Bearing  8. Connecting pin shaft  9. Water furrow 
opener 
Note: b is the width of boat-type board, m;q1 is the pressure of the left spring, N; 
q2 is the pressure of the right spring, N; Q1 is the composite force of the left 
boat-type board, N; Q2 is the composite force of the right boat-type board, 
respectively, N; a is the length of connecting rod, m; δmax is the maximum tilting 
angle of boat-type board, (°). 
 

Fig.4  Schematic diagram of horizon profiling mechanism 
 
The spring is the main working part of the horizontal 

profiling mechanism. During the operation, the torque 
balance equations of boat-type board are shown as follows 
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Where 1Q  and 2Q  are the composite force of the left 

boat-type board and the right boat-type board, respectively, 

N; 1P  and 2P  are pressures of the field soil on left 

boat-type board and left water furrow opener, respectively, 

Pa; 1P  and 2P  are pressures of the field soil on right 

boat-type board and right water furrow opener, respectively, 
Pa; 1s  and 2s  are effective areas of the left and right side 

of boat-type board and water furrow opener, respectively, m2; 
a is the length of connecting rod, m; b is the width of 
boat-type board, m; k is the stiffness coefficient of spring, 
N/m; max  is the maximum tilting angle of boat-type board, 

(°); q1 and q2 are pressures of the left and right springs, 
respectively, N; q  is the pressure difference between left 

and right spring, N; M1 is the torque of counter force to the 
boat-type board produced by field soil, N·m; M2 is the torque 
of counter force to the boat-type board produced by field soil, 
N·m; l  is the maximum compression length of spring, 

m; 1M  is the sum of torque of counter force to the 
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boat-type board produced by field soil, N·m; 2M  is the 

sum of torque of composite force produced by left and right 
springs, N·m. 

According to field production experience, collapse of 
the machine is more likely to occur when the tilting angle is 
12°-15°. In order to facilitate analysis, the maximum tilting 
angle of the connecting rod was set to be 15°, meanwhile the 
ultimate tilting angle of boat-type board was 15° 
approximately. According to the pressure characteristics of 
field soil in different depths[18-19], substituted relevant 
machine size into equations: a is 0.47 m, b is 1.60 m, the 
effective area of the left and right side of boat-type board s1 
is 4.60×102 m2, the effective area of the water furrow 
opener s2 is 2.60×102 m2. Then values of parameters about 
spring are determined by calculating: l is 0.06 m, the 
stiffness coefficient of spring is 1.33×105 N/m. In order to 
meet the machine demand in the actual operation, the 
stiffness coefficient of selected spring should be larger than 
this value. 

2) Height profiling mechanism 
As shown in Figure 5, the height profiling mechanism 

mainly consists of fixed slide, slider, and floating block. The 
mechanism is matched with the transplanter chassis, which 
can realize the real-time adjustment between the hydraulic 
system of the transplanter chassis and the working devices 
of the integration machine. Based on the field topography in 
the operation, floating blocks would tilt up when the field 
surface is high-convex, then the slider could be driven to 
clockwise swing in fixed slide, so that the linked line open 
commutator and the hydraulic cylinder will be filled into oil, 
thus seeding and fertilizing device can be hoisted. As a result, 
the machine and floating block would gradually restore to a 
state of balance. Similarly, the floating block will tilt down 
when field surface is low-lying and the seeding and 
fertilizing device could be fallen down, so that the machine 
restores to a state of balance. In the field operation, the 
real-time pressure connection of floating blocks and 
transplanter chassis hydraulic system is established, so that 
the grounding pressure of boat-type board fluctuates at a 
small range, the machine can adapt to the operation 
condition and ensure the depth consistency of seeding and 
fertilizing. 
 

 
 

1. Field surface  2. Floating block  3. Boat-type board  4. Hinge point   
5. Fixed slide  6. Slider  7. Linked line 
 
 

Fig.5  Schematic diagram of height profiling mechanism 
2.2  Design of fertilization system 

The fertilization system mainly includes the sliding and 
cutting type fertilizer furrow opener, electrical outer slot 
wheel fertilizer applicator, speed governor, as well as 12 V 

DC storage battery. 
(1) Sliding and cutting type fertilizer furrow opener 
1) Design requirements 
During the fertilizing process, the furrow opener should 

open a certain width and depth of fertilizer furrow and 
manure fertilizer on the bottom of fertilizer furrow. The 
design of fertilizer furrow opener should meet the following 
requirements: 

① The fertilizer furrow is smooth. In order to meet 
different fertilizer demands, the fertilizing depth is 
consistent and adjustable. 

② The better ability of entering and cutting mud could 
guarantee the small resistance, the stable ditching 
performance, and the furrow opener is not easy to be 
clogged by soil and stubble. 

③ The fertilizer can be guided to the fertilizer furrow 
and furrow opener has certain ability to cover furrow 
with mud. The fertilizer can be deeply buried for achieving 
deep fertilization and improving the utilization rate of 
fertilizer. 

2) Structure design  
According to the agronomic requirements of fertilizing, 

the fertilizer furrow opener adopted the sliding and cutting 
form, and the cutting edge was designed by curve, which can 
reduce the ditching resistance[20]. As shown in Figure 6a, the 
circular curve is used to establish a coordinate system and 
tangents are made at point A and point B. The 2 points are 
selected from the edge curve AB. The forward direction of 
the opener is positive direction of X axis, sliding and cutting 
angles of point A and point B are A  and B . So point A 

and point B are initial point and end point of curve, 
respectively, A  is the initial sliding and cutting angle of 

the curve.  
 

 
 

1. Edge curve  2. Mounting plate  3. Fixed rod  4. Fertilizer ejection   
5. Rear fender  6. Side fender 
Note: b is distance between point B and C, mm; b' is distance between point A 
and C, mm;  is edge angle, (°); L is furrow width, mm;  is covering soil angle, 
(°); A is the initial point of curve; B is the end point of curve; C is the intersection  
point of b and b'; θA is the initial sliding and cutting angle of the curve, (°); θB is 
sliding and cutting angle, (°); θB' is coangle of θB, (°). 
 

Fig.6  Schematic diagram of sliding and cutting type fertilizer 
furrow opener 
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① Edge curve 
According to the known circular curve, the function of 

edge curve AB is        

 2 2 2= (0 ,0 )x y a x a y a  ≤ ≤   (2)     

Where x is abscissa of edge curve AB, mm; y is ordinate of 
edge curve AB, mm; a  is radius of edge curve AB, mm. 

The first order derivative equation of the function is 

 
2 2

= =
x x

y
ya x




  (3)     

Therefore, the first order derivative equations of point 
A and point B are (in combination with equation (3))             
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Where Ax  is abscissa of point A, mm; Ay  is ordinate of 

point A, mm. 
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Where Bx  is abscissa of point B, mm; By  is ordinate of 

point B, mm. 
In the above first order derivation equations, the 

collation equation can be expressed as follows                               
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Finally, the function of edge curve AB is 
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Structure parameters of fertilizer furrow opener are 
shown in Figure 6a and Figure 6b. 

② Sliding and cutting angle A  and B   

As the maximum internal friction angle ranging from 
17° to 19°[21], the initial sliding and cutting angle of point A 
was determined to be 19°. When fertilizer furrow opener 
enters into the soil vertically, the effects of sliding and 
cutting would also be produced, the equations of the sliding 
and cutting angle of point B are       

 
=90

19
B B

B

 






 
  

  (8)                                                               

Where B  is sliding and cutting angle, (°); B  is coangle 

of B , (°). 

The extent of slip angle of point B is 
 71B     (9)  

When the sliding and cutting angle is 35°-55°, the 
tillage resistance and ditching force of soil is the least 
circumstance in the process of ditching[22-24], which can meet 
formula (9), and the sliding and cutting angle of point B is 
confirmed to be 35°. 

③ Edge angle  
When the edge angle is too large, the side wall of 

furrow opener is prone to make the weeds winding and mud 
sticking. When the edge angle is too small, the cutting 
ability of furrow opener is weakened. No matter how the 
friction angle between soils or between soil and metal 
changes, the minimum cutting resistance always occurs 
when the edge angle is close to 45°[25-26], so the edge angle 
of the furrow opener is determined to be 45°. 

④ Furrow width L 
As a result of the furrow width having great influence 

on cutting resistance, the ditching resistance would increase 
significantly with the increase of furrow width, and the 
smaller width of furrow can reduce the ditching resistance. 
According to the agronomic requirements of fertilizing, the 
furrow width is 50 mm[27-28]. 

⑤ Covering soil angle  
The sideboard of furrow opener is favorable for soil 

covering the furrow, meanwhile it avoids soil disturbing 
fertilizer movement track and hill-drop position. The above 
analysis shows that the furrow width should be reduced, and 
covering soil angle is 30°[29-31]. 

Finally, the structure of sliding and cutting fertilizer 
furrow opener is shown in Figure 6b and 6c. 

(2) Design of electrical force outer slot wheel fertilizer 
applicator 

Electrical force outer slot wheel fertilizer applicator 
drives the structure of single outer slot wheel fertilizer 
applicator by using a motor, which is composed of the outer 
slot wheel fertilizer applicator and the electric motor. 

1) Structure composition  
As shown in Figure 7, the outer slot wheel fertilizer 

applicator mainly consists of the shell, outer slot wheel, 
blocking wheel, regulating sleeve, fertilizer-guiding plate, 
barrier bar, fertilizer-clearing brush, fertilizer baffle, electric 
motor, and mounting plate. Among them, the electric motor 
is fixedly connected with the mounting plate at the outer side 
wall of shell. Outer slot wheel is installed in shell and fixed 
with the power output shaft of the electric motor. The 
blocking wheel and mounting plate can prevent fertilizer 
leaking from two side-walls of shell, and the diameter of 
blocking wheel is the same with that of outer slot wheel. The 
regulating sleeve is connected with blocking wheel, which 
has the thread connection with outer slot wheel, so the 
working length of outer slot wheel can be changed by 
adjusting the axial movement of blocking wheel along the 
outer slot wheel. The fertilizer-clearing brush is installed on 
the inner and front wall of shell. The fertilizer-guiding plate 
is mounted on the front position of clearing brush. Top and 
bottom parts of the guiding plate are closely fitted to 
clearing brush and connected with baffle bar, respectively. 
The fertilizer baffle is installed on the inner and back wall of 
the fertilizing shell. 

2) Working process 
As shown in Figure 7b, the fertilizer in the shell 

undergoes the fertilizer-filling, fertilizer-clearing, fertilizer- 
guiding and fertilizer-applying. Forced by the gravity, the 
fertilizer enters the shell from fertilizer case. The outer slot 
wheel rotates clockwise when driven by the electric motor. 



  

 

15 

Wang Jinwu et al. Design and experiment of electrical drive side deep hill-drop 
fertilization system for precision rice hill-direct-seeding machine 

Then the shell fertilizer is forced by its own gravity and the 
supportive force of outer slot wheel wall, the fertilizer fills 
outer slot wheel under multiple forces, and finally the 
fertilizer-filling process is completed. Then some fertilizers 
may be incompletely located in slot, clearing brush can get 
excess fertilizer rid of slot, leaving them at the fertilizer- 
filling area, thus fertilizer-clearing process is completed for 
meeting requirements of the regulated amount of the 
fertilizers. The fertilizer would have a certain speed because 
of outer wheel rotation and effect of clearing brush. In order 
not to interfere with hill-drop performance of the fertilizer, 
on the basis of fertilizer-guiding plate, the fertilizer is 
affected by composite forces of the plate’s supportive force 
and its own gravity, so that it would move along the plate in 
a form of particle group. Finally, the fertilizer is manured in 
the fertilizer furrow, and all the working processes have been 
completed. 

 
 

1. Regulating sleeve  2. Blocking wheel  3. Fertilizer Baffle  4. Assembly 
hole  5. Mounting plate  6. Electric motor  7. Outer slot wheel            
8. Fertilizer-clearing brush  9. Shell  10. Barrier bar  11. Fertilizer-guiding plate 
 

Fig.7  Schematic diagram of electrical force outer slot  
wheel fertilizer applicator 

 
3) Structure design of outer slot wheel 

① Analysis of outer slot wheel structure factors 

affecting fertilizer-filling performance 
In the process of fertilizer-filling, we ignore the effect 

of vibration on this process and assume that fertilizer 
particle is round spheroid and regular arrangement for 
simplifying the force analysis. The under-pressure of a 
fertilizer particle is the sum gravity of all the above fertilizer 
particles, while lateral pressures to which are ignored. As 
shown in Figure 8a, the coordinate system was set up. The 
centroid of the fertilizer particle is zero dot and the normal 
direction of cross section is x axis. 

When outer slot wheel rotates, the fertilizer is driven by 
outer wall of outer slot wheel and fills slot in fertilizer-filling 
area. The tangential velocity of the fertilizer particle along 

outer slot wheel and the tangential velocity of outer wall of 
outer slot wheel should maintain a certain speed difference 
for fertilizer filling slot along edge of slot wheel smoothly. 
As the main factor affecting the fertilizer-filling, if 
fertilizer-filling time is too long, the fertilizer could not fill 
slot quickly, resulting in insufficient fertilizer-filling and 
easy leak-fertilizing. The relationship between the parameter 
of slot and filling time is investigated when fertilizer-filling. 

 
 

Note: S1 is the area of the outer circular arc surface of the slot, cm2; S2 is the area 
of the inner circular arc surface of the slot, cm2; C is the slot width, cm; D is the 
diameter of the outer slot wheel, cm; dg is the root circle diameter of slot on 
outer slot, cm; h is the slot depth, cm;  is the inner arc angle of slot, rad;   is 
the outer arc angle of slot, rad; r is the radius of slot, cm; F3 is the Coriolis force, 
N; F2 is the centrifugal force, N; F1 is the pushing force of other fertilizer 
particles, N; N is the supporting force of outer wall of outer slot wheel, N; G is 
the fertilizer particle gravity, N; f1 is the friction force of other fertilizer particles, 
N; f2 is friction force of outer wall of outer slot wheel, N; 

 
is the angle between 

the connection line of the centroid of the fertilizer particle and the centroid of the 
outer slot wheel and vertical direction, (°); r is the distance between centroid of 
the fertilizer particle and the center point of the outer slot wheel, m;  is the 
angular velocity of the fertilizer particle, rads1. 

 

Fig.8  Schematic diagram of outer slot wheel 
 

The fertilizer particle fills slot under its gravity G, 
centrifugal force F2 and coriolis force F3, pushing force of 
other fertilizer particles F1 and supporting force of outer 
wall of outer slot wheel N, friction force of outer wall of 
outer slot wheel f2 and friction force of other fertilizer 
particles f1, the mechanical equilibrium equation is 
established by the decomposition of force system along 
normal and tangential direction of slot section. 
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   (10) 

Where m is the weight of a fertilizer particle, kg; ax 
is the 

normal acceleration of the fertilizer particle, m/s2; ay 
is the 

tangential acceleration of the fertilizer particle, m/s2; γ is the 
angle between the connection line of the centroid of the 
fertilizer particle and the centroid of the outer slot wheel and 
vertical direction; r is the distance between centroid of the 
fertilizer particle and the center point of the outer slot wheel, 
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m;  is the angular velocity of the fertilizer particle, rad/s; vr 
is the velocity of fertilizer particle relative to the outer wall 

of the outer slot wheel, m/s; 1 is the friction coefficient 

between fertilizer particles; 2 is the friction coefficient 
between the fertilizer particle and outer wall of outer slot 
wheel. 

Equation (11) was obtained from Equation(10) 
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On the basis of analysis of the fertilizer-filling process, 
the relationship between displacement of a fertilizer particle 
centroid along normal direction of slot section h (slot depth) 
and normal acceleration of the fertilizer particle ax was also 
discussed 
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Where t is the fertilizer-filling time of fertilizer particle 
centroid; h is the slot depth, mm. 

The combination formula of Equation (11) and 
Equation (12) can be obtained 
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It is necessary to shorten the fertilizer-filling time for 
ensuring that the fertilizer fully fills slot. Based on the 
analysis of Equation (13), the filling angle  was set as 
certain value, fertilizer-filling time is related with design 
parameters h and r. Taking the first order derivative with 
factors h and r, the fertilizer-filling time is an increasing 
function about factor h and a decreasing function about 
factor r, and thus reducing the value of h, and adding the 
value of r can effectively reduce fertilizer-filling time. 

② Design of structure parameters 
Structure parameters of the outer slot wheel are shown 

in Figure 8b. 
Number of slots (z): In order to achieve better 

performance of fertilizer-filling, the cross section of slot was 
designed as circular, while outer slot wheel was designed 
with 6 slots for cooperating with seed-metering device that 
has 6 dippers, and the synchronization of seeding and 
fertilizing was realized. 

Diameter of outer slot wheel (D): According to the 
design experience of outer slot wheel, the diameter of outer 
slot wheel is generally not larger than 60 mm. Considering 
the relatively little amount of hill-drop fertilization, the 
designed value of diameter is 50 mm, which is conducive to 
the uniformity of fertilizing for increasing the pulse 
frequency and reducing the pulse amplitude effectively. 

Radius of slot (r): Based on analysis of Equation (14), 
the radius of slot is positively related to the distance between 
centroid of fertilizer particle and center point of outer slot 
wheel, so increasing the radius of slot is beneficial to 
facilitate fertilizer-filling. The radius of slot is 2-9 mm 

generally by querying the mechanical manuals, and finally 
the designed value of slot radius is 9 mm. 

  ( ) tan , 0,60
2

r r r
        

 

(14) 

Where r is the radius of slot, cm; r is the equivalent radius 
of a fertilizer particle, cm;  is the inner arc angle of the slot, 

rad,  in the tan
2


, (°); D is the diameter of the outer slot 

wheel, cm. 
Depth of slot (h): Based on the analysis of Formula (13), 

decreasing the depth of slot is good for reducing 
fertilizer-filling time. At the same time, depth of slot should 
not be less than half of the maximum axial size of a fertilizer 
particle, so the designed value of slot depth is 5 mm. 

Working length (l): The fertilizer-flowing in the 
fertilizer distributor is blocked when working length of outer 
slot wheel is too small. Considering the diameter of slot, the 
number of slots and the requirement of fertilizing amount, 
the maximum working length of outer slot wheel was 
designed to be 50 mm. 

The width of slot C and the root circle diameter of outer 
slot wheel dg can be determined through calculation, so the 
design of structure was finished. 

Parameters of used fertilizer: The full coefficient of 
fertilizer is 0.7, the density of fertilizer is 1.735 g/cm3, the 
designed structural parameters and the maximum working 
length of the outer slot wheel are substituted to Equation (14) 
and Equation (15). The maximum fertilizing amount per 
rotation was calculated to be 35.94 g/r. The required 
fertilizing amount can be obtained after adjusting the actual 
working length for meeting the fertilizing requirements of 
different soil fertility, so the structure parameter design of 
outer slot wheel is reasonable. 
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Where, Q is the maximum amount of fertilizing per 

rotation, g/r; 0 is the full coefficient of fertilizer; z is the 
number of slots in the outer slot wheel; l is the working 

length of outer slot wheel, cm;  is the density of fertilizer, 
g/cm3; S1 is the area of the outer circular arc surface of the 
slot, cm2; S2 is the area of the inner circular arc surface of 
the slot, cm2; S* is the end cross-section area of the slot, cm2; 
  is the outer arc angle of slot, rad,   in the sin , (°);  in 

the sin and sin
2


, (°). 

4) Electric parts 

① Electric motor: It can provide power output for the 
fertilizer applicator, and adjust the fertilizing amount per 
unit time by adjusting the speed of fertilizer applicator. The 
integration machine is driven by transplanter chassis, and the 
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chassis is equipped with 12 V DC (direct current) 
storage battery. At the same time, fertilizing rotation speed 
should be matched with that of the seed-metering device, 
DC motor with speed range of 0-60 r/min was selected, and 
the size of DC electric motor could meet the space allocation 
requirements of the machine. 

② Governor: DC governor is used to adjust the rotation 
speed of DC motor, and change rotation speed by adjusting 
supplying armature voltage. Initial supplying armature 
voltage is rated, and the rotation speed of DC motor can be 
smoothly regulated by decreasing supply voltage. To match 
the design of the integration machine, six-way DC governor 
was selected, whose speed could be regulated in a stepless 
way. Since the battery voltage of transplanter chassis is 12 V, 
the range of working voltage is from 9 to 60 V. The governor 
should be manually adjusted to zero before speed regulation, 
and then switched on the power supply voltage. 

The circuit connection of the fertilizing system is 
shown in Figure 9. 

 

 
 

1. Electric motor  2. Outer slot wheel fertilizer applicator  3. Storage battery  
4. Governor 
 

Fig. 9  Circuit connection diagram of fertilizer system 
 

2.3  Seed-metering device 
The seed-metering device is a key part of seeding 

device whose performance directly affects the seeding 
performance of the integration machine. The machine is 
equipped with rebound dipper hill-drop precision direct 
seed-metering device[32] with simple structure and easy 
adjustment. As shown in Figure 10, seed-metering device 
consists of the dippers, barrier bar, rotation base, guiding 
roller, roller shaft, roller frame, seed-throwing tube, torsion 
spring, seed-clearing brush, seed box and seeding shaft. In 
the seeding process, the seed is filled by the force of dipper, 
the seed-clearing is carried out by the brush, the angle 
energy of torsion spring is stored when the dipper is through 
the guiding roller, then the dipper gets out of the pressure of 
guiding roller and contacts with the barrier bar, and thus the 
seeding process is finally completed.  

 
 

1. Rotation base  2. Barrier bar  3. Dipper  4. Clearing brush  5. Seed box  
6. Roller frame  7. Roller shaft  8. Guiding roller  9. Seed-throwing tube    
10. Seeding shaft  11. Rotation base  12. Torsion spring 
 

Fig. 10  Structure diagram of rebound dipper direct  
seed-metering device 

To summarize,  through the bench test, hill formation 
and seed-moving synchronization performance of seeding 
device was verified, and the test results met seeding 
agronomic requirements. All these are shown in the 
reference [22], without repetition here. 

3  Field experiment and analysis 

3.1  Experiment conditions 
On May 2, 2017, the field experiment of precision rice 

hill-direct-seeding machine and electrical drive side deep 
hill-drop fertilization machine was carried out in the 
test base of Northeast Agricultural University in Suihua City, 
Heilongjiang Province. The water depth was consistent and 
the soil was smooth after field management, which met the 
field agronomic requirements of seeding and fertilizing. The 
varieties of rice and fertilizer used in field experiment were 
Longqing No.3 and mixed fertilizer for rice, respectively. 
The seed was soaked and germinated to the extent of bud 
breaking chest and exposing white part before operation, so 
the impact of extreme climate on the seedling rate was 
reduced. 
3.2  Experiment methods 

NY/T1143-2006 Quality Evaluation and Technical 
Specifications of Seeder, NY/T987-2006 Operation Quality 
for Film-covering Hill-drop Direct Seeder and 
NY/T1003-2006 Quality Evaluation and Technical 
Specifications were applied as the inspection standard for 
the field experiment. Such standards use the number of 
seeds each hill, the seeding hill spacing, the broken bud seed 
rate, the number of fertilizers each hill, and the fertilizing 
hill spacing. The above indices of agronomic requirements 
are shown in Table 2. 

 

Table 2  Standard for field experiment 

Item Required value 

Qualification rate of number of seeds each hill/% ≥85.0 

Qualification rate of seeding hill spacing/% ≥80.0 

Variation coefficient of seeding hill spacing/% ≤35.0 

broken bud seed rate/% ≤0.5 

Qualification rate of number of fertilizers each hill/% ≥75.0 

Qualification rate of fertilizing hill spacing /% ≥75.0 

Variation coefficient of fertilizing hill spacing/% ≤35.0 

 

3.3  Experiment results and analysis 
3.3.1  Test data determination 

The selected machine’s working parameters in field 
experiment were in accordance with the optimal 
performance parameters of seed-metering device. Those 
were, a 14.4 kW Kubota transplanter chassis providing 
traction for machine, which had a uniform speed of 2.48 km/h, 
both seed-metering device and fertilizer applicator were at a 
rotation speed of 29 r/min, and seeding and fertilizing 
operations were in stable condition. The machine in the field 
is shown in Figure 11. We selected one-way operation 
distance to test the seed-metering devices and fertilizer 
applicators from No.1 to No.6, and the test distance of 40 m 
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is randomly selected in each of the 6 rows. And 3 groups 
were measured in the experiment, taking the average value 
as the final performance index value. 

 

  
 

Fig.11  Integration machine in field experiment 
 

In order to observe the fertilizer state after operation, 
fertilizer furrow openers were adjusted downwards, and the 
height of machine was in a suitable condition under the 
premise of meeting the fertilizing depth, which could avoid 
supporting board to cover the furrow with mud.  

After the field experiment, the results showed that the 
depth of fertilizer furrow was 50 mm, the lateral distance of 
fertilizer furrow from bud seed row was 30 mm, the width of 
fertilizer furrow was 50 mm, and the shape of furrow was 
smooth, as shown in Figure 12. 

 

 
a. Depth of fertilization b. Distance between seeds and 

fertilizer particles 
 

Fig.12  Condition of seed and fertilizer after field experiment 
 

3.3.2  Seeding results and analysis 
1) Analysis of number of seeds each hill 
In accordance with the hill-direct-seeding agronomic 

requirements for conventional rice, 0-4 seeds each hill is 
recorded as leak-seeding, 5-8 seeds each hill is recorded as 
qualification, and more than 8 seeds each hill is recorded as 
reseeding. With the methods, qualification rate, reseeding 
rate, leak-seeding rate, and broken bud seed rate of 
seed-metering devices from No.1 to No.6 were calculated, 
and final results were shown in Table 3. In each row, the 
minimum and average values of qualification rate were 
85.10% and 86.73%, respectively, while the maximum and 
average values of the broken bud seed rate were 0.37% and 
0.31%, respectively, which met the relevant agronomic 
requirements of number of seeds each hill. 

Table 3  Calculation result of number of seeds each hill 

Index of number of seeds each hill 
Number Qualification 

rate/% 
Reseeding 

rate/% 
Leak-seeding 

rate/% 
Broken 
rate/% 

1 87.84 7.06 5.10 0.26 

2 86.27 5.88 7.85 0.24 

3 85.10 4.31 10.59 0.36 

4 85.88 4.71 9.41 0.37 

5 87.05 6.27 6.68 0.31 

6 88.23 6.67 5.10 0.29 

Average 
value 

86.73 5.82 7.45 0.31 

 

As can be seen from Table 3, from No.1 to No.6, the 
qualification rate of number of seeds each hill shows a trend 
of first decreasing and then increasing, while the 
leak-seeding rate shows a trend of first increasing and then 
decreasing. The qualification rates of No.3 and No.4 
seed-metering devices were lower than those of others, 
while the leak-seeding rates were higher than those of others. 
As the sprocket on seeding shaft was placed between the 
No.3 and No.4, the process of power chain transmission 
caused vibration. The impact on No.3 and No.4 
seed-metering devices was more remarkable than that on 
others, so some seeds fell off the dipper, thus causing the 
above results. 

2) Analysis of seeding hill spacing 
After once seeding of a dipper, the smallest circle that 

contained all the bud seeds on ridge was selected as an 
effective seeding hill, so the distance between 2 adjacent 
centers of 2 effective seeding hills is seeding hill spacing. 
The seeding hill spacing was measured after operation. 
Under the predefined standard value of 150 mm, the 
measured data were statistically analyzed, and the 
calculation results of seeding hill spacing were obtained, as 
shown in Table 4. 

 

Table 4  Calculation results of seeding hill spacing 

Index of seeding hill spacing 

Number Average 
value/mm 

Standard 
deviation/mm 

Variation 
coefficient/% 

1 146 23.1 15.8 

2 153 28.4 18.6 

3 155 19.5 12.6 

4 148 25.1 17.0 

5 152 30.8 20.3 

6 149 27.9 18.7 

Average value 151 25.8 17.2 

 
According to the method, results shows that the seeding 

hill spacing of each row ranged from 75 to 225 mm, so the 
qualification rate of hill spacing was 100%, while the 
maximum and average values of the variation coefficient 
were 20.3% and 17.2%, which met the relevant agronomic 
requirements. 
3.3.3  Fertilizing results and analysis  

1) Analysis of number of fertilizers each hill 
On the basis of hill-drop fertilization requirements for 

rice hill-direct-seeding, the local soil fertility and the type of 
used fertilizer, the fertilizing rate per 667 m2 was 30-50 kg. 
The fertilization of fertilizer applicator should be matched 
with the operation of seed-metering device, so the fertilizing 
hill spacing was set to be 150 mm, and each hill should 
fertilize 1.79-2.99 g through calculation. The spherical  rate 
of the fertilizer particle is above 85%, so a fertilizer particle 
could be approximated as sphere with  equivalent radius of 
2.16 mm, and the fertilizer density is 1.735 g/cm3. The 

average weight of fertilizer particle is 0.073 g by the way of 
calculating, so each hill should fertilize 25-41 fertilizer 
particles. 0-24 fertilizer particles each hill is recorded as 
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leak-fertilizing, 25-41 fertilizer particles each hill is recorded 
as qualification, and more than 41 fertilizer particles each 
hill is recorded as re-fertilizing. According to the method, 
qualification rate, re-fertilizing rate and leak-fertilizing rate 
of fertilizer applicator from No.1 to No.6 were calculated. 
Final results were shown in Table 5. The minimum and 
average values of the qualification rate were 85.88% and 
87.49%, respectively, which met the agronomic 
requirements of number of fertilizers each hill. 

 

Table 5  Calculation results of number of fertilizers each hill 

Index of number of fertilizers each hill 

Number Qualification 
rate/% 

Re-fertilizing 
rate/% 

Leak-fertilizing 
rate/% 

1 88.27 6.67 5.06 

2 87.84 6.27 5.89 

3 85.88 5.10 9.02 

4 86.27 5.50 8.23 

5 87.45 5.89 6.66 

6 89.20 6.27 4.53 

Average value 87.49 5.95 6.56 
 

As can be seen from Table 5, from No.1 to No.6, the 
qualification rate of number of fertilizers each hill shows a 
trend of first decreasing and then increasing, and the 
leak-fertilizing rate shows a trend of first increasing and then 
decreasing. The qualification rates of No.3 and No.4 
fertilizer applicators were lower than those of others, while 
leak-fertilizing rates were higher than those of others. The 
above changes of fertilizing were in accordance with 
changes of seeding. The vibration of chain transmission had 
more significant impact on the operations of No.3 and No.4 
fertilizers, and some fertilizers would fall off the slot, thus 
causing the above results. 

2) Analysis of fertilizing hill spacing 
After once fertilizing of a slot, the smallest circle that 

contained all the fertilizers on the bottom of fertilizer furrow 
was chosen as an effective fertilizing hill, so the distance 
between 2 adjacent centers of 2 effective fertilizing hills was 
fertilizing hill spacing. First the fertilizing hill spacing was 
set to be 150 mm, and the fertilizing hill spacing was 
measured after operation. The measured data were 
statistically analyzed, and the calculation results of 
fertilizing hill spacing were obtained, as shown in Table 6. 

 

Table 6  Calculation results of fertilizing hill spacing 

Index of fertilizing hill spacing 

Number Average 
value/mm 

Standard 
deviation/mm 

Variation 
coefficient/% 

1 147 23.5 16.0 

2 153 25.8 16.9 

3 151 18.3 12.1 

4 146 24.2 16.6 

5 145 26.7 18.4 

6 154 29.1 18.9 

Average value 149 24.6 16.5 

 

According to the method, the result shows that the 
fertilizing hill spacing of each row was in the range of 
75-225 mm, the qualification rate of fertilizing hill spacing 
was 100%, while the maximum and average values of the 
variation coefficient were 18.9% and 16.5%, respectively, 
which met the relevant agronomic requirements. 
3.4  Feasibility experiment 

According to the rotation speed of the seed-metering 
device, which was set in the bench test of reference [22], the 
range of rotation speed  in seeding bench test was from 14 
to 36 r/min, so rotation speeds of seed-metering device were 
selected as 5 levels: 15, 20, 25, 30 and 35 r/min; the seeding 
operation was under the optimal working condition, and 
fertilizing rotation speeds were matched with seeding 
rotation speeds. According to the rotation speed levels, all 
the experiments were conducted one by one. On the basis of 
the relevant test method, and the average values of indices of 
all seeding devices or fertilizing applicators as the final 
performance indices of seeding or fertilizing operation, the 
final test results were obtained by the statistical analysis. As 
shown in Table 7, we can see from the test results that all the 
performance indices met the agronomic requirements, and 
the feasibility of integration machine was verified. 

 

Table 7  Calculation results of feasibility experiment 

Index of seeding performance 
Index of fertilizing 

performance 

Rotation 
speed 

(rmin1) 

Qualification 
rate of 

number of 
seeds each 

hill/% 

Seeding hill 
spacing 
variation 

coefficient /% 

Bud seed 
broken 
rate/% 

Qualification 
rate of number 
of fertilizers 
each hill /% 

Seeding hill 
spacing 
variation 

coefficient/% 

15 88.42 16.0 0.26 89.15 14.8 

20 87.96 16.4 0.28 88.57 15.2 

25 87.13 16.7 0.29 88.01 15.8 

30 86.58 17.3 0.31 87.33 16.6 

35 85.86 18.2 0.35 86.52 17.5 

 

4  Discussion and conclusion  

4.1  Discussion 
In the field experiment of fertilizing operation, the 

fertilizer might be adhered to fertilizer applicator because of 
deliquescence, which affected the fertilizing performance to 
some extent, but the experiment results could still meet the 
agronomic requirements. In the process of fertilizing, 
manual knocking on the fertilizer applicator for some time 
was needed, so the adhered fertilizer would fall off the 
applicator for vibration, which promoted the fluxility of the 
fertilizer in applicator, and cleared up the remained fertilizer 
in box, and fertilizing device was covered by a tarp after 
operation, reducing adverse effects to fertilizer fluxility for 
reducing the possibility of fertilizer deliquescence by wet as 
far as possible. In the future, the follow-up related research 
about fertilizer circumstances in the operation and reducing 
fertilizer deliquescence problem is needed.  
4.2  Conclusion 

The electrical drive side deep hill-drop fertilization 
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system was developed, which could be matched with 
precision rice hill-direct-seeding machine. At the same time, 
a number of operations such as opening furrow, side deep 
hill-drop fertilization, covering mud, forming ridges and 
precision rice hill-direct-seeding were realized. 

2) The omni-directional profiling system was designed, 
so the integration machine can be adjusted in real time for 
adapting to actual working environment in the field, which 
ensured the qualities of seeding and fertilizing. The fertilizer 
furrow opener was designed by circular curve. Electrical 
force outer slot wheel fertilizer applicator was designed, and 
the structure parameters of outer slot were determined based 
on the analysis of structure factors affecting the 
fertilizer-filling performance, and the maximum amount of 
fertilizing was calculated. The structure meets the design 
requirements. It is a simple and efficient way of adjusting 
the fertilizer applicator independently by connecting with 
electric parts. Thus, the fertilization system was developed. 

3) The field experiment of the integration machine was 
carried out on the optimal operation condition, and the 
results showed that the qualification rates of number of 
seeds and number of fertilizers in each hill were 86.73% and 
87.49%, respectively. The fertilizing hill spacing could be 
matched with seeding hill spacing, and the variation 
coefficients of seeding and fertilizing hill spacing were 
17.2% and 16.5%, respectively. The broken bud seed rate 
was 0.31%. According to the working rotation speed of seed 
metering device and fertilizer applicator within the range 
from 14 to 36 r/min, the feasibility experiments were done. 
The operation performance results could meet the agronomic 
requirements of precision rice hill-direct-seeding and side 
deep hill-drop fertilization, which provided a reference for 
design and evaluation of the integration machine.  
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Southern China using SVM and region growing algorithm 
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Abstract: As vegetable safety is a rather important issue related to people's health and life, it is fundamental to ensure the 
vegetable safety by supervising the whole procedure of vegetable production. This requires to control the use of pesticides via 
accurate pesticide spraying according to the pest situation, which is the best strategy for vegetable safety. The key issue achieving 
this objective is to find out the species, quantity, and distribution of pests and the harm degree of vegetables. Although the pest 
identification via image processing has been widely used in recent years, it merely handles small pests of vegetables in the 
laboratory, and the number of pest species simultaneously processed is also limited to 1 or 2. To better recognize pests, this paper 
proposes a new algorithm to identify a number of vegetable pests such as striped flea beetle, whiteflies, diamondback moth, and 
thrips by deploying the support vector machine (SVM) and the region growing algorithm. This scheme integrates the recognition 
process into the segmentation one and uses the grid method to select seed points for region growing, which in turn simplifies 
stages of image processing. In performance assessment, 100 samples are adopted for each test pest, among which 60 are for 
training and the others for testing. Experimental results show that the proposed scheme can correctly identify the aforementioned 
major 4 vegetable pests in south China with a recognition rate of more than 93%. This implies that the proposed scheme achieves 
classification of several pests and thus would be promising in practical applications. 
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0  Introduction  

Vegetables in South China generally suffer from plenty 
of vegetable pests, especially striped flea beetle, whiteflies, 
diamondback moth, and thrips. To control pests and improve 
the vegetable yield, farmers would be likely to use a large 
amount of pesticides. As a result, vegetables would be 
generally sprayed with pesticides for more than 10 times in 
growth period, which in turn increases the production cost as 
well as severely polluting the production environment. To 
effectively control vegetable pests, reduce pesticide 
consumption, and protect the production environment, it is 
preferable to discover pests as early as possible and control 
them timely when pests occur within a limited scope.  

In the literature of pest identification, there exist three 
kinds of technologies, namely, machine vision image 
processing, photoconduction and manual field recogni-
tion[1-2]. The former two methods are restricted by operating 
environment. The latter generally consumes much time and 
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manpower, its accuracy is much affected by subjective 
factors from the operator, and it is also difficult to meet the 
requirement of modern plant protection. Till now, merely 
several works adopt the technologies of information and 
automatic recognition in agricultural pest identification, 
while few approaches focuses on the classification and 
recognition of multiple vegetable pest species. Among them, 
most pest recognition methods are only for a single pest 
specie, and most image segmentation methods are based on 
traditional segmentation approaches. As a result, the use of 
those methods is limited to specific conditions or to 
complete hardware systems specially designed to work 
together with the developed algorithm. 

Fedor et al[3-4] recognized thrips using the neural 
network and morphological characteristics. Tokihiro 
Fukatsu[5]proposed an image analysis method to effectively 
count, via a remote manner, insects like rice blast fungus 
and rice bug in pheromone trap. Mundada and Gohokar[6] 
smoothened images leveraging the averaging filter and 
applied the Support Vector Machine (SVM) to recognize 
whiteflies or aphids. Faithpraise et al[7] proposed the pest 
system for pest identification and classification via the 
perspective distortion compensation algorithm. Jayme[8] 
quantified the whiteflies on soybean leaves by exploiting 
digital images. Xia et al[9] designed mobile devices or 
embedded devices to automatically recognize common 
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greenhouse pests such as whiteflies, aphids, and thrips. Yang 
Xinting et al[10-13] have proposed an image recognition 
algorithm for whiteflies and thrips in the greenhouse with 
yellow background, which exploits the segmentation via 
Prewitt and Canny edge detector and SVM, the recognition 
rate for whiteflies and thrips are separately 96.0% and 
91.0%. These methods identify pests mainly under the 
laboratory environment, or the number of pests detected by 
other methods is only one or two. Actually, few works 
focuses on the simultaneous classification and recognition of 
multiple pests such as striped flea beetles, whiteflies, 
diamondback moths and thrips under the actual farm 
environment. Thus, conventional approaches may not be 
effective for multi-target recognition. 

To automatically identify a number of key vegetable 
pests including the striped flea beetle, whiteflies, 
diamondback moth, and thrips, in this paper we develop a 
classification and recognition algorithm for these 4 key pests 
in southern area, which integrates the machine learning 
method of SVM with the region-growing algorithm and 
takes the morphological and color characteristics as features. 
The SVM is such a method that involves classifier learning 
from small samples and classifies the linear and non-linear 
data via the learned support vector. It can achieve good 
statistical rule even when the number of statistical samples is 
small[14-15]. The region-growing approach is an image 
segmentation method, which aggregates similar pixels to 
form a region and consequently segments connected regions 
with the same characteristics to provide good boundary 
information and segmentation results[16-17].  

This paper presented a classification and recognition 
algorithm for major vegetable pests in South China using the 
SVM and the region growing method. The research was 

done in real field environment in Nansha production base of 

Guangzhou Dongsheng farm co., ltd. and Kemulang base of 

Guangdong agricultural technology promotion general 
station. The experimental background is relatively closer to 
the actual situation and the situations are more complex. 

1  Identification algorithm for major vegeta-ble 
pests in south china 

Fig. 1 plots the flowchart of the proposed scheme for 
the identification of major vegetable pests in South China. 
First, select target pests and representative background 
regions from the sample image, and then compute their 
respective RGB averages to generate the color features for 
target pests and backgrounds. Next, apply the morphological 
method on the sample image to obtain the to-be-classified 
image and morphological parameters. These parameters and 
the color features are input to the trained SVM classifier to 
check whether the concerned target could be classified. If it 
could not, the region growing algorithm is further used to 
recognize the target, determine the species, and accumulate 
the pest number. If the region growing algorithm fails, then 
this type of pest should be re-added to the training sample 
set for classification training [1,16]. Below gives more detail. 

 

 
 

Fig.1  Classification detection algorithm architecture of 4 
vegetable pests 

  

1.1  Sample image collection and material transfor-
mation 

Sample images studied in this paper were collected 
from the production base of Guangzhou Dongsheng Farm 
Co., Ltd. and the Guangdong Agricultural Technology 
Promotion General Station during the period from Sept.2015 
to Oct.2016.These sample images contain 4 key vegetable 
pests in South China, says the striped flea beetle, whiteflies, 
diamondback moth, and thrips. They are captured using the 
industrial control microcomputer Fit-PC, CCD camera, and 
Canon 500D SLR camera. The microcomputer Fit-PC and 
CCD camera are fixed at the farm, which point at the surface 
of a single leaf of vegetables and is about 30cm apart from 
the leaf surface. The Cannon 500D SLR camera is manually 
operated under the macro mode, which focuses on the 
surface of a single leaf that is about 20cm away from the 
camera len. To clearly observe vegetable pests, we attempt 
to choose the adult vegetable pests with large and stable size 
for image collection. In this way, we totally collected 100 
sample images for each pest species. 

For each sample image, the method of edge 
segmentation is used to select regions containing target pests 
and representative backgrounds. These regions are then 
employed to compute the red green blue(RGB) average, 
which takes the block of 9×9 pixels for average and finally 
results in the color feature vector(R, G, B). Subsequently, 
tags 1 and 1 are assigned to the color feature vectors for the 
target pest and background, respectively, which thus yields 
the new feature vectors, i.e., (1, R, G, B) and (1, R, G, B), 
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respectively. These newly-formed feature vectors are taken 
as the features for the training and parameter optimization of 
the SVM[1,17]. 
1.2  Design of SVM classifier  

The SVM is a machine learning method based on the 
statistical learning theory. It adopts the structural risk 
minimization as the optimization criterion. It exploits the 
thinking of kernel function, which takes advantage of the 
non-linear mapping to map the original data to the higher 
dimension and thus facilitates solving problems that cannot 
be handled in the linear space. In addition, the SVM does 
not need too many samples for classifier training, and it is 
thus helpful for addressing the scenario with small 
sample[18].  

1) Linear classifier  
The linear classifier mainly processes the linearly 

separable training samples. This kind of classifier can be 
represented by a quadratic function. The linear constraint 
conditions are used for target optimization and loss 
minimization. In essence, the linear classifier is a quadratic 
programming optimization problem, which is represented as 
follows 

21
arg min

2w,b
w  
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Where “y” represent categories, “x” denote data points, w 
and b represent a weight vector and intercept, “s.t.” represent 
“subject to”, respectively, and “i” represent dimension.  

This problem can be solved by transforming it into a 
dual variable optimization problem through the Lagrangian 
method. By introducing the non-negative Lagrange 
multiplier, Eq. (1) turns to be 
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In Eq.(2), αi represent Lagrange multiplier，all points 

satisfying yi (w ∙ xi +b) −1>0，they are not related to target 
values as the function interval of the non-SVM is larger than 
1 and αi ≥ 0. To maximize Eq. (2), the αi would be set as 0.  
When  yi (w ∙ xi +b) −1=0, the point corresponding to this 
situation contributes to classifier parameters, and thus the 
corresponding αi is set as 0. As Eq. (2) satisfies the 
Karush-Kuhn-Tucker (KKT) condition, it can be solved by 
setting the partial derivatives with respect to w and b as 
zeros, i.e. 
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By substituting the result from Eq. (3) into Eq. (2), we 
have 
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Solving Eq.(4) then gives rise to the linear classifier 
function, i.e., b*represent intercept. 

  T *
1

( ) sign ( )
n

i i ii
f x y x x b


          (5) 

2) Training of non-linear classifier 
Some sample images in our work cannot be separated 

linearly. To tackle this issue,, the kernel function is required. 
Specifically, features are obtained in a low-dimensional 
space, and they are then mapped via the kernel function into 
a high-dimensional space. The optimal separation 
hyperplane in the high-dimensional space is finally 
constructed to separate the mapped non-linear feature. 
Figure 2 illustrates this process. As shown in Fig. 2, object A 
and object B cannot be separated in 2-D space, but they 
become linearly separable when the sample data are mapped 
to the 3-D space[19]. 

 

 
 

Fig. 2  Two-dimensional space to three- 
dimensional mapping 

 
As classification tags for training samples are marked 

manually, the accidentally incorrect tags would introduce 
noises for classification and thus lead to classification errors. 
To address this issue, we introduce a penalty cost C, and a 
slack variable ξi, in Eq. (1). Specifically, introducing the 
slack variable into the constraint condition gives rise to a 
new constraint, i.e., 
 yi (w ∙ xi +b) ≥ 1−ξi , 1≤ i ≤ n, ξi  ≥ 0  (6) 
Where ξi represent slack variable, ξi denotes the maximum 
function interval that point xi deviates from the correct one. 
As an infinite ξi  would imply that any hyper-plane could 
meet the constraint, the sum of ξi  should also be minimized. 
Therefore, the optimization objective becomes Eq. (7). 
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Where c is a penalty cost and its value is predefined by users. 
By solving Eq. (7), we can obtain the non-linear classifier 
function, i.e. 
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Where φ is a kernel function. Generally, the Gaussian 
function is selected as the kernel function, which is called 
the radial basis function (RBF). 

3) Parameter setting of the SVM 
The value of c would affect the classification accuracy. 

A large c would lead to over fitting, while a small c would 
result in many incorrectly classified points. There is no 
general rules for the setting of c, and a preferable c needs to 
be determined via experimental simulations. 

The Gaussian kernel function is widely used in the 
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SVM, which is defined as 
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Where “x” represent sample and “σ” represent width. If σ is 
large, the weight for the high-order feature would attenuate 
quickly, which is essentially equivalent to a low-dimension 
sub-space. On the other side, if σ is small, it would lead to 
over-fitting and consequently any data could be linearly 
separable[20]. As the Gaussian kernel function has no special 
requirement for the sample quantity, it is adopted in our 
work as the kernel function[21-22]. 

As desirable parameter setting might significantly 
improve the classification accuracy, in this paper we attempt 
to incorporate the grid method based on the region growing 
to seek the optimal parameter pair (c, σ). 

4) Solution to multiple classifications problem 
Two methods can be used to solve the problem of 

multiple classification. The first method is to adopt the 
strategy of one to others. That is, for N-type samples, N 
classifiers should be trained to determine which type the 
concerned sample belongs to. This method requires small 
storage space and test time, but it needs long time for 
classifier training because all training samples would be 
used in training. 

The other method deploys the strategy of one to one. 
Specifically, if samples involve N types, N(N-1)/2 classifiers 
should be trained. This method requires large storage space 
and long test time, but the training time is short[23-24]. 

Although performance of the two methods may be 
related to the data distribution, they are roughly the same in 
practice. As the first method has less test time, which is 
preferable in practical applications, the first method is 
adopted in this paper. As test samples in our work involve 
four species, four classifiers are trained for recognition. Fig. 3 
presents the flowchart for pest classification, where symbols 
A1, A2, A3, and A4 represent sample sets for the striped flea 
beetle, whiteflies, diamondback moth, and thrips, 
respectively, and symbols f1, f2, f3 and f4 denote the 
classifiers for the striped flea beetle, whiteflies, 
diamondback moth, and thrips, respectively. If fi (i=1,2,3,4) 
is positive, then it indicates that the test sample belongs to 
this class. Otherwise, the test sample cannot be classified as 
this class. In this way, the pest species can be determined 
according to the output of the classifier[25-26]. 

Through the SVM classifier, the obtained region is 
generally the target region. If an object other than the target 
object is discovered in the obtained region, it indicates that 
the early training samples are not selected reasonably, the 
selected background does not cover all background 
characteristics, or some background regions are confused 
with the target. In this situation, these background regions 
should be re-inserted in the training set for re-training. 
Therefore, the training process of classifiers is an iterative 
process. Initial samples, which are selected subjectively, 
may not generate classifiers suitable for applications. 
Therefore, the training set should be adjusted according to 

the response of the classifier to practical test samples. Such 
process is iteratively executed until the desirable 
performance is achieved. This way can better improve 
classifier performance, increase prediction accuracy rate, 
and finally improve the classification accuracy[1,27-28]. 

 

 
 

Note：A1, A2, A3, and A4 represent sample sets for the striped flea beetle, 
whiteflies, diamondback moth, and thrips, respectively, and symbols f1, f2, f3 
and f4 denote the classifiers for the striped flea beetle, whiteflies, diamondback 
moth, and thrips.”+”represent similar sample and ”-” represent other samples 

Fig.3  Flowcharts for classification and identification  
using multiple class classifiers 

 

1.3  Recognition of region growing algorithm based on 
SVM classification results 

As the information contained in an image is highly 
correlated and redundant, conventional image processing 
approaches generally employ the traversal method to process 
the whole image. As the traversal method features lower 
processing efficiency, we turn to the region growing 
algorithm. Specifically, once the position of the target is 
determined, we perform the traversal region growing 
operation to avoid the low efficiency due to processing of 
the whole image. The region growing algorithm first 
segments the image into multiple small regions according to 
the characteristics of gray level, texture, and color. In more 
detail, small regions with similar average gray level, texture 
and color would be continuously merged to form regions 
with different characteristics. If the absolute difference 
between the seed pixel and its adjacent pixel is less than a 
given threshold, they are merged. Fig. 4 illustrates the region 
growing algorithm, where the threshold is set as 3 in an 
empirical manner[29-30]. 

 

 
 

Fig.4  Region growing example 
 
The grid in our work is empirically set as 64 64 pixels. 

Each pixel point at the grid center is input to the classifier to 
check whether this point could be determined as a target 
point. If it is true, this pixel point is added to the seed set; 
otherwise, the pixel point is neglected. As the grid merely 
checks the center point, noise points and falsely checked 
objects with small size would be missed except that they are 
exactly at the grid center[31-32]. 
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2  Algorithm implementation 

2.1 Algorithm implementation environment and test 
materials 

In algorithm implementation, we used the program 
language of C++, the OpenCV of version 2.49, and the 
LibSVM of version 3.20. We collected 100 images for each 
vegetable pest. Among them, 60 sample images are used to 
train the SVM classifier, while the others are deployed to 
assess the recognition performance. 
2.2  Classifier training  

Without loss of generality, we take the whiteflies for 
example. Fig. 5 shows an original image for pest whiteflies. 
As shown in Fig. 5, heads (Fig.5b) and bodies ( Fig. 5c ) are 
cut as target regions for training, where each region is of size 
9×9 pixels. The characteristic background regions ( Fig. 5d) 
are extracted as the background regions for training. After 
target and background regions are obtained, their average 
RGB values are computed accordingly, as listed in Table 1. 
Next, category tags are assigned to each average RGB 
values. If RGB values are calculated from the target region, 

they are marked as 1; otherwise, the tag of 1 is set. In this 
way, we totally generate 4 618 and 3 594 items for training 
and prediction, respectively. The training set contains 3 694 
items from background regions and 924 items from target 
regions. The test set includes 2 875 items from background 
regions and 719 items from target regions. 

 

  

a. Original material image b.Head sample 

  

c. Trunk sample d. Background sample 

Fig.5  Training sample collection 
  

Table 1  Training sample feature set 

Sample classification tag R value G value B value 

1 194 153 71 

1 140 82 51 

1 152 94 48 

1 82 106 73 

1 91 114 84 

1 112 132 106 

 

In the implementation, we adopt the cross validation. 
Thus, the training set is divided into 5 sub-sets. Among them, 
4 sub-sets are used as the training set and 1 sub-set is taken 
as the test set. These 5 sub-sets are randomly combined to 
yield the training set and the test set for each training round. 
In the simulation, we totally perform 5 training and test 

round. The SVM parameter pair (c,σ) is determined via 
experimental search, which results in log2(c)=13 and 
log2(σ)=3. Experimetal simulations show that the classific-
ation accuracy rates for whiteflies, striped flea beetle, thrips, 
and diamondback moth are 93.2%, 96.4%, 98.2% and 95.4%, 
respectively, as shown in Table 2. 

 
Table 2  Training sample data set 

Insect name 
Point of training 

samples 
Point of test 

samples 
Accuracy 

rate/% 
Parameter  
pair(c, σ) 

Whiteflies 4 618 3 594 93.2 (8 192,8) 

Striped 
flea beetles 

1 778 703 96.4 (512,8) 

Thrips 1 411 1 353 98.2 (32,0.007 8) 

Diamondb-ack 
moths 

2 264 1 718 95.4 (32,8) 

  

1) Segmentation experiment for whiteflies 
Suppose that the SVM classifier has been trained. It is 

then used for the traversal detection of a sample image. 
Results are shown in Fig. 6b. It is observed that there exist 
many false regions and noise points. To address this issue, 
these false regions and those with noise points are added to 
the training set for re-training. The new classifier is used 
again to segment the original image. Fig. 6c presents the 
results, which shows that, compared to Fig. 6b, the 
segmentation performance for target pests has been 
improved significantly although there still exist a small 
number of noise points.  

 

  

a.Whiteflies sample image 
 

b. Segment results for first time using the 
SVM classifier 

  

c. Segment results for second time 
using SVM classifier 

d. Combined with regional growth grid 
method to segment results 

Fig.6  Division results of whiteflies 

 
To further improve the segmentation, the region 

growing algorithm with adaptive grid size is used for 
segmentation. The image in Fig. 6c is first divided into 
64 64 grids. Pixels at the grid center are then extracted to 
check whether it can be determined as a target point. If it is, 
the pixel is thus identified as a seed point; otherwise, the 
total grid is considered as the background. With the seed 
point as the initial position, the region growing algorithm is 
subsequently applied to obtain the insect target. The results 
are illustrated in Fig. 6d. Clearly, noises are almost 
eliminated completely and target pests are thus obtained 
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desriably. Compared to Fig. 6a merely via the traversal 
detection, segmentation results in Fig. 6d are greatly 
improved. 

40 sample images are used to test the classifier. Among 
them, 37 sample images can be successfully segmented, but 
3 sample images fail in segmentation. Therefore, the success 
rate of target pest recognition is 93.2%. For an image of size 
640 640 pixel. 

2) Segmentation experiment for striped fleabeetle 
The image segmentation experiment of striped flea 

beetles sample images is shown in Fig. 7. 60 sample images 

are used for classifier training. 40 sample images are used to 

test the classifier. The segmentation effect is obvious for 38 

sample images. The target cannot be segmented for 2 sample 

images. The recognition rate of the target pests is 96.4%. 

 

   

a.Striped flea beetle  
sample image 

 

b. Segment results for first 
time using SVM classifier 

 

c. Combined with regional 
growth grid method to 

segment results 

Fig.7  Division results of Striped flea beetle 

 
3) Segmentation experiment of diamondback moths 

The segmentation experiment results of diamondback 

moths are shown in Fig. 8. 60 sample images are used for 

classifier training. 40 sample images are used to detect the 

classifier. The segmentation effect is obvious for 37 sample 

images. The target cannot be segmented for 3 sample images. 

The recognition rate of the target pests is 95.4%. 

  

   

a. Diamondback moths 
sample image 

 

b. Segment results for first 
time using SVM classifier 

 

c. Combined with regional 
growth grid method to 

segment results 

Fig.8  Division results of diamondback moths 

 

4) Segmentation experiment of thrips 

Fig. 9 shows the segmentation of thrips.The 

background is similar, so the expected segmentation results 

can be achieved by using the classifier from the first 

training. 

For the segmentation experimental results of thrips, 

refer to figure 9.60 sample images are used to train the 
classifier and 40 sample images are used to test the classifier. 

The segmentation effect is obvious for 38 sample images. 

The target cannot be segmented for 2 sample images. The 

recognition rate of the target pests is 98.2%. 

   

a. Thrips sample image 
 
 

b. Segment results for first 
time using SVM classifier 

 

c. Combined with regional 
growth grid method to 

segment results 

Fig.9  Division results of thrips 

 

3  Conclusion  

In this paper, the SVM machine learning method is 
used to recognize the major vegetable pests in the southern 
area. The region growing algorithm based on the adaptive 
grid search is employed to improve the search rate of target 
regions of sample images. Multiple classifiers are trained to 
recognize vegetable pests, in which the feedback training 
method is adopted to enhance the classifier. Test results 
show that the trained classifier can well segment target pests 
in sample images. The algorithm is region growing 
algorithm that is more popular based on SVM. Recognition 
rate for striped flea beetles, whiteflies, diamondback moths, 
and thrips by the proposed algorithm are 96.4%, 93.2%, 
95.4%, and 98.2% respectively. 

Although the proposed scheme has achieved desirable 
classification and recognition results for major vegetable 
pests in South China, it could be further improved. For 
example, the proposed scheme only takes color 
characteristics and the region area as the feature, target and 
background regions for SVM training are selected manually, 
and there is only one species in each sample image. 
Therefore, more factors like the region information, texture, 
and contour could be considered in future work. Also, 
classification and recognition for multiple pests in 
complicated sample images deserves further research. 
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based on near infrared spectroscopy 

Zhang Yakun1,2,3, Luo Bin2,3, Song Peng2,3, Pan Dayu2,3, Lu Wenchao2,3,  
Zhou Yanan2,3, Wang Cheng2,3, Zhao Chunjiang1,2,3※ 

(1. School of Electrical and Information, Northeast Agricultural University, Harbin 150030, China； 
2. Beijing Research Center of Intelligent Equipment for Agriculture, Beijing 100097, China； 
3. National Research Center of Intelligent Equipment for Agriculture, Beijing 100097, China) 

 
Abstract: Soluble protein is an important indicator for the research of plant physiochemical and resistance physiology. Rapid, 
accurate and non-destructive detection of soluble protein content in crops is critical for dynamic monitoring of growth state and 
selecting varieties with strong resistance. 2 soybean varieties, Qihuang35 and Zhonghuang13, were planted and treated with 
different copper and salt stresses. The near infrared spectra of stressed soybean leaves were obtained by the AOTF (acousto-optic 
tunable filter) near infrared spectrometer. The soluble protein contents of soybean leaves were measured by coomassie brilliant 
blue method. Chemometric methods were applied to build multivariate calibration models for the rapid and nondestructive 
determination of soluble protein content in soybean leaves based on near infrared spectra. Several partial least squares (PLS) 
models with different preprocessing methods like Savitzky-Golay smoothing (SG), first derivative (1-Der), second derivative 
(2-Der), standard variable normalization (SNV) and multiplicative scatter correction (MSC) were developed and compared. Then 
successive projections algorithm (SPA), random frog (RF) and genetic algorithm (GA) were employed to select effective 
wavelengths with spectral data preprocessed by SG. 11, 10 and 43 of effective wavelengths were selected by SPA, RF and GA 
respectively. These selected effective wavelengths were used as the inputs of partial least squares (PLS) to develop SPA-PLS, 
RF-PLS and GA-PLS models. Results showed that the best prediction results for the determination of soluble protein content were 
achieved by SPA-PLS model using SG spectra with prediction determination coefficient (R2

p) of 0.746, root mean squares error of 
prediction (RMSEP) of 1.894 mg/g and ratio of prediction to deviation (RPD) of 2.061. The overall results indicated that a strong 
correlation was existed between near infrared spectra and soluble protein content, and near infrared spectroscopy technology 
combined with SPA-PLS models was a feasible method for the rapid and nondestructive detection of soluble protein content in 
soybean leaves. This study provides an effective approach for dynamic monitoring of soybean growth state and fast selecting 
soybean varieties with strong resistance. 
Keywords: near infrared spectroscopy; soybean leaves; soluble protein content; successive projections algorithm (SPA); partial 
least squares (PLS) 
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0  Introduction 

Soybean [Glycine max(L.) Merr.] is the major oil crop. 
It is the main source of protein and fats for humans 
worldwide. Salinization and heavy metal pollution of soil 
have become an important problem limiting agriculture 
productivity worldwide. Thus, selecting soybean varieties 
with better resistance for salt and heavy mental is of great 
significance for agriculture productivity. Physiological 
indexes, such as photosynthetic pigments content, proline 
content, soluble sugar content, soluble protein content and 
antioxidant enzyme activity, can be used to reflect the 
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growth state, function mechanism and metabolic path under 
stress conditions of plants. These indexes can further 
provide the basis for selecting varieties with strong 
resistance[1-2].  

Soluble protein is an important plant indicators for 
physiological and biochemical. It is considered to be the first 
nitrogenous compound affected by stress conditions[3]. 
Soluble protein plays an vital role in osmotic adjustment in 
plants. It has a stabilizing effect on the cell membrane and 
protoplasm colloid. Numerous studies have shown that 
soluble protein content is closely associated with plant 
resistance to stresses, such as drought[2], freezing[4], heat[5], 
salt[6], heavy metal[7], etc. The continuous measurement of 
soluble protein content could be used for selecting soybean 
varieties with strong resistance[4-5]. Coomassie brilliant blue 
method, biuret method, lowry method and high performance 
liquid chromatography (HPLC) method are generally used to 
measure the content of soluble protein[8-10]. However, these 
methods are time-consuming, complicated and not 
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environmentally-friendly, as the measurement process 
requires many chemical reagents. Moreover, the destructive 
nature of these methods prevents further investigation of the 
individual samples and makes further measurements 
impossible. Therefore, developing a rapid, nondestructive 
and convenient detection method is quite necessary for the 
measurement of soluble protein content, which has great 
significance for the dynamic monitoring of growth state, 
understanding of stress function mechanisms and selecting 
varieties with strong resistance of soybean crops. 

Near infrared spectroscopy is a rapid, convenient and 
environmental friendly technology, it has been widely used 
for quantitative and qualitative analysis in agriculture, food, 
pharmaceutical sciences, chemical industry, etc[11-13]. The 
near infrared spectrum contains the information of 
composition and structure of the substances[14]. Thus near 
infrared spectroscopy technology is a promising methods for 
in vivo detection and field dynamic monitoring. The 
technology has been used for the fast determination of 
nutritional and physiological information, such as nitrogen, 
sucrose, glucose and fructose in soybean leaves[15], and total 
amino acids, branched-chain amino acids, glutamic acid and 
proline in oilseed rape leaves[16-19]. These examples showed 
the potential of predicting physiological and biochemical 
parameters of near infrared spectroscopy. However, there are 
few reports on the fast determination of soluble protein 
content in crops by near infrared spectroscopy[20-21], 
especially on soybean.  

The objective of this experiment is: 1) to explore the 
feasibility of detection of soluble protein content in soybean 
leaves under the salt and copper stresses by near infrared 
spectroscopy; 2) to determine the most effective method of 
wavelength selection and the corresponding effective 
wavelengths; 3) to determine the best calibration models for 
predicting the content of soluble protein in soybean leaves 
by partial least-squares regression based on full spectra and 
select effective wavelengths. The present research could be 
used for the dynamic monitoring of soybean growth state, 
selecting soybean varieties with strong resistance, and 
deepening the understanding of stress function mechanism. 

1  Materials and methods 

1.1  Sample preparation 
Experiments were conducted in experimental base of 

National Engineering Research Centre of Intelligent 
Equipment for Agriculture, Xiaotangshan town, Changping 
District, Beijing, China (116°44'E, 40°18'N). The studied 
soybean varieties were Qihuang35 (National soybean variety 
No.2015005, China) and Zhonghuang13 (National soybean 
variety No.2001008, China), which were purchased from the 
Chinese Academy of Agricultural Sciences. There are 
thirty-five pots for each soybean variety, and each pot was 
planted with one soybean plant. 

For each soybean variety, a total of 7 treatments, 
including 3 copper stress (the concentrations of CuSO4 were 
20, 200 and 400 mg/L, respectively)[22], 3 salt stresses (the 

concentrations of NaCl were 500, 1 000 and 1 500 mg/L, 
respectively)[23], and one control group, were applied at the 
five-leaf stage. Each treatment was consisted with 5 pots. 
After stress treatment for 15 d, one soybean leaf collected 
from one plant of each pot was treated as one sample, and 
totally 70 leaf samples were collected from 70 pots at the 
same leaf position. The collected soybean leaves were 
carried to the laboratory in an incubator filled with ice bags. 
These soybean leaves were used for spectral collecting 
immediately and then followed by chemical measurement. 
1.2  Spectral collection 

The near infrared spectra of soybean leaves were 
obtained by the AOTF (acousto-optic tunable filter) near 
infrared spectrometer (Luminar5030, Brimrose technology 
CO, USA). Each spectrum was the average of 30 scanning 
spectra. The spectral range was from 1 100 to 2 200 nm, and 
the resolution was 1 nm. 5 repeated spectra of each leaf were 
collected avoiding the main veins and leaf edge positions 
and their mean values were used for later analysis.  
1.3  Chemical values of soluble protein content 

The soybean leaves were cut into 5 mm long pieces 
using a pair of scissors. 0.1 g sample, a small amount of 
quartz sand and 5 mL phosphate buffer solution (PBS, pH 
value is 7.8) were placed in a mortar. Then the mixtures 
were ground into homogenate under chilled conditions with 
ice bath. The supernatant was then collected after 
centrifugation at the speed of 10 000 r/min for 20 min at 4 
°C. The soluble protein content was contained in supernatant. 
Soluble protein contents were measured by coomassie 
brilliant blue method of Wang et al.[24] For each sample, the 
reference value of soluble protein content was the average of 
3 chemical measurements. The content of soluble protein 
was expressed as mg/g (FW), FW represented the fresh 
weight. 
1.4  Spectral preprocessing 

In order to eliminate the influence of unfavorable 
factors, (such as high frequency random noise, baseline drift, 
sample heterogeneity, etc.), 5 preprocessing methods were 
tried and compared to determine the best spectral 
preprocessing method in Matlab V2013b (The Math Works, 
Natick, USA), including first derivative (1-Der), second 
derivative (2-Der), Savitzky–Golay smoothing (SG), 
standard normal variate (SNV) and multiplicative scatter 
correction (MSC). 
1.5  Selection methods of effective wavelengths 

The full wavelength spectra included 1 100 variables 
(1 100-2 200 nm with the resolution of 1 nm). It contained 
amount of redundant information and multi-collinearity data, 
which was difficult to deal with during the modeling process. 
In order to reduce the input variables and improve the 
computation speed for modeling development, successive 
projections algorithm (SPA), random frog (RF) and genetic 
algorithm (GA) were use to select effective wavelengths in 
this study. The processes of SPA, RF and GA were executed 
in Matlab V2013 b (The Math Works, Natick, USA). 

SPA is a forward variable selection algorithm which 
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minimized the collinearity of vector space. The algorithm 
starts with one wavelength and performs simple projection 
operations in a vector space to obtain a new wavelength with 
minimum of collinearity. Then, the new wavelength was 
incorporated with the starting wavelength as one subset. The 

projection operations are performed again until the specified 
iterations are reached. The optimal number of wavelength is 
determined on the basis of the smallest RMSE (root mean 
square error). Details of SPA algorithm could be found in the 
references of Hong et al.[25] and Araújo et al.[26]  

RF is a biological intelligent optimization algorithm 
based on the reversible jump Markov Chain. The selecting 
frequency of each variable is computed on the basis of the 
normal distribution during computation process. Then the 
variables are added or deleted on the basis of the computed 
frequency. The main steps of the random frog algorithm 
include 3 steps: 1) a variable subset V0 containing Q 
variables is initialized randomly, 2) a candidate variable 
subset V* including Q* variables is proposed based on V0. 
V* is selected with a certain probability as V1. V0 is replaced 
with V1. This step is repeated until N iterations are finished. 
3) The selection probability of each variable is computed 
which can be used as the selection criterion for each 
importance variable. RF algorithm has the characteristics of 
rapid computation and preferable predication 
performance[27].  

Genetic algorithm (GA) is a heuristic search algorithm 
according to the law of biological evolution which contains 
copying, crossover, mutation and other operations to 
produce the next generation of solution[28-29]. Optimization 
procedure of the algorithm is performed by evaluating a 
certain fitness function. When dealing with the spectral data, 
the root mean square error (RMSE) is usually used as the 
fitness function of GA. After the evolution of N generation, 
it is likely to evolve the optimal solution. Details of GA 
algorithm could be found in the literature of Wang et al. [28] 

1.6  Multivariate calibration methods and model 
evaluation  

Partial least squares (PLS) analysis is a widely applied 
calibration method in the field of spectral analysis for its 
ability of dealing with the problems concerning with 
overlapping bands and collinearity of data[30]. In this study, 
PLS was used to build calibration models between the near 
infrared spectra and soluble protein content in soybean 
leaves. The performances of the calibration models were 
assessed by the evaluation indexes, including determination 
coefficients of calibration (R2

c) and prediction (R2
p), root 

mean square errors of calibration (RMSEC) and prediction 
(RMSEP), and the ratio of prediction to deviation (RPD)[31]. 
A better model should be with higher value of R2

c, R
2
p and 

RPD, and lower value of RMSEC, and RMSEP. Generally, 
when the RPD value was less than 1.5, the calibration model 
was poor and the prediction result can't be accepted. When 
the RPD value was larger than 2, it indicated that the 
calibration model was good and could be used for further 
prediction[12]. 

2  Results and discussion 

2.1  Effects of different stresses on soluble protein 
content in soybean leaves 

Soluble protein is an important osmotic adjustment 
substance in plants. The content of soluble protein in plants 
reflects the degree of stress damage to plants. Table 1 
showed the soluble protein content of soybean leaves grown 
in different stresses of copper and salt. With the elevated 
levels of salt in the growth media, the content of soluble 
protein in leaves of Qihuang 35 and Zhonghuang13 were 
reduced. Compared with the control group, the low 
concentration of salt stress (500 mg/L) had no significant 
effect on the soluble protein content of the 2 soybean 
varieties, while the salt stresses of 1 000 and 1 500 mg/L 
significantly reduced the soluble protein of leaves of the 2 
soybean varieties (P<0.05). Copper stresses had different 
effect on the content of soluble protein in leaves of Qihuang 
35 and Zhonghuang13. For Qihuang 35, the content of 
soluble protein in leaves decreased firstly and then increased 
with the elevated levels of copper. However, there was no 
significant difference in soluble protein content of soybean 
leaves in different copper treatment. For Zhonghuang13, 
with the elevated levels of copper in the growth media, the 
content of soluble protein in the leaves decreased first and 
then increased. Compared with the control group, the copper 
stresses of 200 and 400 mg/L significantly reduced the 
soluble protein of leaves of Zhonghuang13 (P<0.05). The 
soluble protein content of the 2 copper stressed decreased 
18.858% and 10.678% respectively compared with control 
group. In general, the soluble protein content in the leaves of 
Qihuang 35 and Zhonghuang13 was reduced under the 
stresses of salt and copper. This phenomenon indicated that 
the stresses of salt and copper result in damages of certain 
degree on the 2 soybean varieties. However, different 
soybean varieties responded differently to the stresses, this 
provided a basis for selecting soybean varieties with strong 
resistance. At the same time, the stresses of salt and copper 
had a substantial impact on the soluble protein content in the 
leaves of Qihuang 35 and Zhonghuang13, which provided 
the data foundation for the establishment of a stable and 
robust model for the soluble protein content of soybean 
leaves using near infrared spectra technology. 

 

Table 1  Soluble protein content of soybean leaves grown in 
copper and salt stresses 

Soluble protein/mgg-1(FW) 
Treatments 

Qihuang35 Zhonghuang13 

CK 14.765±1.126 de 17.453±2.236 ab 

Salt stress(500 mgL-1) 13.714±0.816 de 16.868±1.042 bc 

Salt stress (1 000 mgL-1) 6.884±2.262 g 14.838±0.960 de 

Salt stress (1 500 mgL-1) 6.171±0.954 g 9.563±1.072 f 

Copper stress (20 mgL-1) 13.439±1.411 de 18.962±0.383 a 

Copper stress (200 mgL-1) 12.891±1.428e 14.162±1.535 de 

Copper stress (400 mgL-1) 14.482±0.641de 15.067±1.095 cd 

Note: CK means the control group. Different letters show significant difference, 
P<0.05. 
 

2.2  Soybean leaf spectral reflectance analysis 
The original and first derivative (1-Der) spectra were 
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manifested in Figure 1 and 2.  
 

 
Figure 1  Original spectra of soybean leaves 

 

 
Figure 2  First derivative spectra of soybean leaves 

 
As can be seen from Figure 1 and 2, many peaks 

appeared within the region of 1 1002 200nm. For instance, 
there were 2 peaks around 1 455 and 1 937 nm in original 
spectra, and 6 reflectance peaks around 1 143, 1 362, 1 397, 
1 729, 1 759 and 1 890 nm in 1-Der spectra. These 
absorption peaks were related to the organic components 
(protein, starch, fat), pigment and water in soybean leaves. 
The strong absorption peak near 1 397 nm may be associated 
with second overtone of band to C-H, O-H[32]. The strong 
absorption peak near 1 890 nm may be associated with first 
overtone combination of O-H in H2O

[12]. The weak 
absorption peak near 1 143 nm may be generated by third 
overtone of C-H band, and the weak absorption peaks near 1 
729 and 1 759 nm may be generated by first overtone 
absorption of C-H band[12]. The strong and weak absorption 
peaks were closely related to C-H band, N-H band and O-H 
band in soluble protein, which was the theoretical basis for 
the quantitative analysis of soluble protein content in 
soybean leaves. 

The content of soluble protein in soybean leaves were 
determined by coomassie brilliant blue method. Totally 
seventy samples were collected and divided into 2 sets 
randomly in the ration of 2 to 1[33]. 47 samples were in the 
calibration set and 23 samples were in the prediction set. 
The statistical values of soluble protein content in soybean 
leaves were shown in Table 2. The value range of soluble 
protein content in calibration and prediction sets is large, 
which was helpful to develop a stable and robust prediction 
model. 
2.3  Results of full-spectral models 

Original and preprocessed full spectra were used to 
build PLS models. Table 3 showed the prediction results of 
established PLS models. According to the aforementioned 
evaluation standards, the determination coefficient of 

prediction (R2
p), the root mean square error of prediction 

(RMSEP), and the ratio of prediction to deviation (RPD) 
were employed as the key evaluation indicators. The PLS 
models established by 1-Der, SG, SNV and MSC spectra had 
better performance compared with original spectra. Among 
them, PLS model with SG spectra had the best performance 
with R2

p of 0.575, RMSEP of 2.453 mg/g and RPD of 1.591, 
followed by 1-Der, MSC, SNV, 2-Der spectra. Therefore, 
SG spectra were employed for the further analysis. In 
general, the predictive performance of all PLS models 
described in Table 3 were not ideal with R2

p less than 0.6. 
The possible reason was that a number of redundant 
information and uninformative variables existed in the full 
spectra (1 100 variables), which inevitably influenced the 
accuracy and stability of models. Hence, the selection 
methods of effective wavelengths were performed to 
improve the performance of models. 
 
Table 2  Statistics values of soluble protein content in soybean 

leaves 

Sample sets Number 
Range/ 

mgg-1(FW) 
Mean/ 

mgg-1(FW) 
SD/ 

mgg-1(FW) 
Calibration  47 4.388-19.565 12.992 3.829 
Prediction 23 5.806-19.154 14.594 3.658 

Note: SD presents the standard deviation. 
 
Table 3  Prediction results of PLS models with different 

preprocessing methods  

Preprocessing EW Lv R2
c 

RMSEC/ 
mgg-1 

R2
p 

RMSEP/ 
mgg-1 

RPD 

Original 1 000 22 0.453 2.870 0.343 3.046 1.281 
PLS -1-Der 1 000 5 0.781 1.727 0.533 2.569 1.519 
PLS - 2-Der 1 000 2 0.558 2.458 0.283 3.185 1.225 

PLS - SG 1 000 9 0.830 1.524 0.575 2.453 1.591 
PLS - SNV 1 000 15 0.465 2.740 0.355 3.021 1.292 
PLS - MSC 1 000 9 0.491 2.683 0.397 2.920 1.336 

Note:1-Der, 2-Der, SG, SNV and MSC are the first derivative, second derivative, 
Savitzky-Golay smoothing, standard variable normalization and multiplicative 
scatter correction respectively. EW is the effective wavelengths used in the 
models. Lv is the latent variable in PLS model. RPD is the ratio of predicted 
deviation. 

 
2.4  Selection of effective wavelengths 

Based on the results obtained above, the PLS model 
with SG spectra had the best performance in prediction of 
soluble protein content. Therefore, the SG spectra were 
employed for the selection of effective wavelengths. 3 
methods including successive projections algorithm (SPA), 
random frog (RF) and genetic algorithm (GA) were applied 
to select the effective wavelengths. For SPA, the maximum 
number of variable to be selected was 100, and the specific 
numbers of variable to be selected were determined on the 
basis of the minimum RMSE. For RF, the parameters of 
initial sample, maximum latent variable for cross-validation 
and iterations were 5, 6 and 10 000, respectively. The 
specific parameters of GA algorithm were set as follows: the 
maximum generation, population size and iterations were 
100, 30 and 10 000, respectively, and the crossover 
probability and mutation probability were 50% and 1%, 
respectively. The effective wavelengths selected by SPA, RF 
and GA were shown in Figure 3. The numbers of effective 
wavelengths were 11, 10 and 43 for SPA, RF and GA, 
respectively. It could be found that some of the selected 
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wavelengths were different by different selection methods, 
which might due to the different selection principles and 
criteria. Nevertheless, the distribution of the most selected 
wavelengths was close. The specific location information of 
the effective wavelengths selected by SPA, RF and GA were 
shown in 3 different forms of points in Figure 3. It can be 
seen from the Figure 3 that the majority locations of the 
selected wavelengths were close and related to the chemical 
band of C-H band (1 402 and 1 820 nm)[34], O-H band(1 930 
nm)[12] and N-H band (2 155 nm)[35].  

 

 
Figure 3  Specific location of effective wavelengths selected by 

SPA, RF and GA. 
 

2.5  Models performance of effective wavelengths  
Based on the discussion above, full spectra (SG spectra, 

with 1 100 variables) were replaced by the effective 
wavelengths selected by SPA, RF and GA to build PLS 
models. The PLS models using effective wavelengths were 
established and compared for the estimation of soluble 
protein content. The results of the PLS models established 
were shown in Table 4. The performance of PLS models 
established by the selected effective wavelengths were better 
than the performance by full spectra (SG spectra, 1 100 
variables). This was because that the effective wavelengths 
selected by SPA, RF and GA eliminated the large amount of 
redundant and collinear wavelength information in the full 
spectra (SG spectra, 1 100 variables). The wavelengths, 
which were closely related to the soluble protein content, 
were remained. Thus the PLS models established by 
effective wavelengths were better than the PLS model 
established with full spectra (SG spectra, with 1 100 
variables). Therefore, the models establish by the effective 
wavelengths were more accuracy. Comparing the models 
established by effective wavelengths, the prediction 
performance of RF-PLS was the worst with the R2

p of 0.605, 
RMSEP of 2.247 mg/g and RPD of 1.628. SPA-PLS 
obtained the best results with the highest R2

p of 0.746, RPD 
of 2.061 and the lowest RMSEP of 1.894 mg/g. As 
mentioned earlier, the RPD values over 2.0 indicated a very 
good calibration model. The RPD of SPA-PLS was the 
maximum and the relevant value was 2.061, which indicated 
that SPA-PLS model with SG spectra could be used to 
estimate the soluble protein content of soybean leaves 
accurately. The effective wavelengths selected by SPA were 
1 397, 1 456, 1 550, 1 698, 1 850, 1 923, 1 933, 1 988, 2 035, 
2 096 and 2 156nm. The scatter plots of SPA-PLS models 
were shown in Figure 4 and 5.  

The effective wavelength numbers selected by SPA, RF 
and GA were reduced by 99 %, 99.09% and 96.09% 

comparing with the full spectra (1 100 variables). However, 
the prediction results of the PLS models established by 
effective wavelengths were better than the results using full 
spectra. This indicated that SPA, RF and GA were effective 
methods for the selection of effective wavelengths. In 
addition, SPA-PLS models showed the best results of all the 
models using effective wavelengths, which indicated that 
SPA was the most effective method for the selection of 
effective wavelengths for soluble protein content in this 
study. 

In summary, near infrared spectroscopy technology 
combined with SPA-PLS could be used to measure the 
content of soluble protein in soybean leaves. The soluble 
protein content could be measured in a fast and 
nondestructive way using this approach, which would be 
meaningful for the dynamic monitoring of soybean growth 
state and the understanding of function mechanism and 
metabolic process in a continuous manner under stress 
condition. Moreover, the detection manner of soluble protein 
content would be helpful for the selection varieties with 
strong resistance of soybean crops. In the further studies, 
more samples and stress types need be involved to obtain a 
more stable model of soluble protein content in soybean. 

 
Table 4  Prediction results of PLS models with different 

selection methods of effective wavelengths 

Models EW Lv R2
c 

RMSEC/ 
mgg-1 

R2
p 

RMSEP/ 
mgg-1 

RPD 

SPA-PLS 11 4 0.852 1.308 0.746 1.894 2.061 

RF-PLS 10 5 0.738 1.940 0.605 2.247 1.628 

GA-PLS 43 7 0.826 1.580 0.666 2.069 1.768 

 
 

 
Figure 4  Predicted versus measured values of soluble protein 

content by SPA-PLS (SG spectra) in calibration set. 

 

 
Figure 5  Predicted versus measured values of soluble protein 

content by SPA-PLS (SG spectra) in prediction set.  
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3  Conclusion 

Near infrared spectroscopy combined with multivariate 
analysis was applied for the detection of soluble protein 
content in soybean leaves. SG was selected as the best 
preprocessing method after comparing different 
preprocessing methods. SPA, RF and GA were effective 
methods for the selection of effective wavelengths. 
Moreover, SPA was the most effective method for the 
selection of effective wavelengths for soluble protein 
content in this study, and the corresponding effective 
wavelengths were 1 397, 1 456, 1 550, 1 698, 1 850, 1 923, 1 
933, 1 988, 2 035, 2 096 and 2 156nm. The best prediction 
results were obtained by the SPA-PLS model using SG 
spectra with R2

p of 0.746, RMSEP of 1.894 mg/g and RPD 
of 2.061. The overall results indicated that near infrared 
spectroscopy combined with SPA-PLS method could be 
used for the fast estimation of soluble protein content in 
soybean leaves. This study provides a new approach for 
dynamic monitoring of soybean growth and fast screening of 
resistant soybean varieties. 
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Abstract: Crop yield prediction is helpful for farmers to make reasonable agronomic decisions such as crop insurance, planning 
of harvest, storage requirement, cash flow budgeting and the determination of input factors. This paper presented an application 
for cotton yield prediction based on the remote visual and spectral images captured by a UAV (unmanned aerial vehicle) remote 
sensing system. Field experiments were carried out at a cotton field approximately 5 hm2. Images of the cotton field were 
captured by the UAV remote sensing system at a 50 m flight height before fully blooming. One RGB panoramic image and one 
CIR (color-infrared) panoramic image were obtained by stitching the collected partial images with 75% overlap. Yield data with 
GPS (global position system) information were registered respectively to the RGB and CIR images according to the GCPs 
(ground control points). Then 3 features including color feature, coverage rate and vegetation index were extracted from the 
images and used to develop predication models. Color feature was the hue channel in HSV (hue, saturation, value) color model. 
Coverage rate was calculated by using Excess Green value based on RGB (red, green, blue) color model. Vegetation index was 
NDVI (normalized difference vegetation index) value usually used to monitor the crop growth. The datasets including yield data 
and 3 features were randomly divided into training data (90% of raw data) for modeling and test data (10% of raw data) for 
evaluating the model accuracy. The training data were preprocessed though removing 10% partial outliers based on probability 
distribution of yield data and being smoothed by mean filter respectively. Then multiple linear regression models were built to 
predict cotton yield, and parameters of the models were estimated based on the least square method and calculated by SAS 
software. 3 parameters were used to evaluate the models including P value in F-test statistic, coefficient of determination R2, and 
MAPE (mean absolute percentage error) between predicted values and the ground truth data in acre area level. The results showed 
that 7 linear regression models built by 1 variable (color feature, coverage rate or vegetation index), 2 variables (color feature and 
coverage rate, color feature and vegetation index or coverage rate and vegetation index) and 3 variables (color feature, coverage 
rate and vegetation index) were all statistically significant at significance level 5%. However, the adequacy of the multiple linear 
regression model with 3 variables was the best due to the highest R2=0.977 3 compared to other 6 regression models built by 1 
variable and 2 variables. So the multiple linear regression model with 3 variables was used to predict yield. And the average 
MAPEs on the multiple linear regression models built by 3 variables was 4.0% in acre area level. The results from this study 
indicate that combining visual and spectral features from image sensors can be used effectively to predict yield. 
Keywords: unmanned aerial vehicle; crops; remote sensing; cotton; yield prediction; image processing; modeling 
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0  Introduction 

Cotton is one of the most important crops in the world 
which contain natural lint fiber used as yarn and threads in a 
wide range of clothing, and used to make home furnishings 
and variety of industrial applications. The world produces 
around 25 million metric tons of cotton every year mainly 
from six countries - China, Brazil, India, Pakistan, the USA 
and Uzbekistan[1]. During the agricultural production, crop 
yield prediction is significant and very important for farmers 
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to carry out a better crop management year by year, 
especially on these aspects such like crop insurance, 
planning of harvest, storage requirement, cash flow 
budgeting and the determination of input factors like nutrient, 
pesticides and water. Traditional methods for predicting crop 
yield are labor intensive, high cost and subjective, which 
depending on farmers' expert knowledge or destructive 
sampling in large crop field[2-3]. From 20th century, remote 
sensing technology is developed rapidly and applied for 
larger-scale and non-destructive agricultural observations[4-8]. 
In different kinds of remote sensing platforms including 
satellites, airplanes, balloons and helicopters, low altitude 
remote sensing systems such like UAV (Unmanned Aerial 
Vehicles) are more appropriate for regional and field scale 
levels with several advantages such like low-cost, user- 
friendly, flexible and relatively higher image resolution[9-12].  

Based on UAV platform, different kinds of sensors 
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including visual, spectral or thermal sensors can be mounted 
to collect corresponding images of the field. Many features 
such like color features, spectral features, temperature and 
crop morphological features (such as height, area, canopy 
coverage rate) can be extracted from the images for 
researches. Color features represent the most intuitive state 
of the crop and they are very easy and handy to be obtained 
by normal digital camera. Color features are mainly used to 
recognize plants or fruits from the background such as soil, 
leaves and weeds via different kinds of components of the 
color space models (RGB, HSV, LAB)[10,13-15]. Spectral 
features are electromagnetic wave reflectance information 
from crop canopies using passive sensors, and the 
reflectance of light spectra from plants changes with plant 
type, water content within tissues, and other intrinsic 
factors[16]. Spectral features are mainly used to monitor the 
crop growth or predict the crop yield by combining visible, 
near and mid infrared spectra components[17-20]. Temperature 
feature is usually used to analyze the water stress effecting 
on crop and abiotic/biotic stress levels[21-24]. And crop height 
extracted from digital elevation model (DEM) is used to 
predict the crop yield in recent years[25-27]. Furthermore, 
there are some researches which using multiple sensors to 
improve the sensing accuracy and reliability because single 
sensor is not reliable enough[28-31], but the cost and 
complexity will increase at the same time. Not only that, the 
flying time of UAV platform will be influenced by the extra 
payload weight[8]. So it is practical to apply two sensors for 
remote sensing application by considering both reliability 
and complexity. 

This study is aimed to predict yield by features extracted 
from UAV-based visual and spectral images of a cotton field. 
The main objectives of this study include: 1) Features 
extraction on the images from the UAV imaging system; 2) 
Linear regression analysis and modeling development for the 
estimation of crop yield using color and spectral features. 

1  Materials and methods  

1.1  Field experiment 
Field experiments were carried out at Fisher Delta Center 

of the University of Missouri (MU) located in the upper 
Mississippi River Delta region, Portageville, MO, USA 
(Latitude 36.411 235N, Longitude 89.696 489W) (Fig.1).  

 
 

Fig.1  Experiment field outlined on Google map 

The field is 320 m × 150 m (approximately 5 hm2) with 
the primary slope in the south to north direction. The 
combination of alluvial, eolian, and seismic activity over the 
years has resulted in highly variable soils in the region from 
1950[32]. Cotton cultivar PHY 375 WRF (Dow Agrosciences, 
Indianapolis, IN) was planted using a commercial planter 
(Almaco, Nevada, IA) on May 2017 at planting rate of 
12 seed m1 in south-north direction with a row space of 97 
cm. The cotton was irrigated using a 150 m Valley 8 000 
center pivot irrigation system (Valmont Irrigation, Valley, 
NE) and therefore contained rainfed areas outside the pivot. 
From 2011, two irrigation treatments (MAD1: 19 mm 
application at a 32 mm estimated SWD; MAD2: 25 mm 
application at a 44 mm estimated SWD) were assigned in a 
randomized complete block arrangement with three 
replications to approximately 30 sections of the pivot[32].  

Cotton was harvested row-by-row on October 2017 
using a cotton harvester (Case IH 2155, Racine, WI) equipped 
with an Ag Leader Insight (Ag Leader Technology, Ames, 
IA) yield monitor system, which was able to record 
geo-referenced yield data points every one second. After 
harvesting, yield data were processed with Yield Editor 
program[33] to remove abnormal data points, and the yield 
map is shown in Fig.2. It can be seen from Fig. 2 that there 
was a large yield variation in this cotton field mainly due to 
the different soil and irrigation conditions.  

 

 
 

Fig.2  Yield map 

1.2  UAV-based platform and images collection 
Visual image and spectral image of the field were 

collected using a UAV platform (Dji Matrice 600 Pro, DJI, 
China), with a RGB camera (HERO 5, GoPro), a customized 
multispectral camera using a Canon PowerShot ELPH130HS 
(Canon U.S.A. Inc.) and modified by LDP LLC (Carlstadt, 
NJ, USA). The specifications of the sensors are shown in 
Table 1. The RGB camera was set to capture static images at 
a rate of 1 fps (frame per second) and images were saved on 
an on-board SD card. An open-source third-party firmware 
(CHDK, http://chdk.wikia.com) was used control the 
multispectral camera to allow automatic snapshot-ting at an 
interval of about 2-3 s per image and saving images on its 
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on-board SD card. 

 
Table 1  Camera specifications of two camera sensors 

used in experiment 

Item Multispectral camera RGB camera 

Model ELPH110HS GoPro Hero 5 

Spectrum of each channel/nm 
NIR (800-900), R (600-700), 

G (500-600) 
R-G-B 

Snapshot rate/(s·image–1) 2.5 1 

Resolution/(pixel×pixel) 4 608 × 3 456 4 000×3 000 

Sensor price/$ 975 299.99 

 
RGB images and CIR (color-infrared) images were 

collected on 12th August, 2017 before fully blooming using 
the UAV system with a flight height of 50 m above ground 
level. During cotton blooming stage, the canopy color 
diversity of the crop is obvious and easy to be obtained by 
image sensor such like white flower and different degrees of 
green plants[34]. A UAV flight mapping app (Autopilot, 
Hangar Technology, Austin, TX, USA) was used to plan the 
flights, including waypoints, flight height and camera 
snapshot rate, to acquire images with 75% overlap. The 
collected sequential images were geo-referenced using the 
GPS of the UAV, and they were uploaded to a commercial 
cloud server (DroneDeploy) to generate panoramic images 
for further processing. 
1.3  Geo-registration 

The stitched panoramic images were processed using 
Matlab software (ver. 2017b, Mathworks, MA, USA) to 
align geo-referenced yield data to images on the equivalent 
geo-referenced cells. Geo-referenced yield ((xgi, ygi), i= 1, 2, 

3,…, n) was registered respectively to the images pixels ((xpi, 

ypi), i = 1, 2, 3, …, n) for linking ground data to the imagery 

features. Two GPS data ((xg1, yg1), (xg2, yg2)) of the GCPs 
(ground control points) and two corresponding pixels ((xp1, 
yp1), (xp2, yp2)) on the image were used to calculate the scale 
factor (kx, ky), and took another GPS data (xg0, yg0) and the 
corresponding pixels (xp0, yp0) which is the point on the 
upper left corner of the field as the origin point. The 
conversion formulas are as follows. 

 

0 0

0 0

1 2 1 2

1 2 1 2

( )
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pi y gi g p

x p p g g
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  (1) 

1.4  Extraction of image features 
1.4.1  Color feature 

Color is a key feature that has been applied in the 
recognition of plants, fruits, vegetables, etc. Crop canopy 
usually shows different color at different growth stages and 
status due to variation in chlorophyll content. Different 
existing color models are mathematical representations with 

a tuple of numerical values to describe the subjective 
perceptions of human beings[35]. RGB color space is 
considered as fundamental space, which can be converted to 
other color spaces (e.g. HSV or Lab) through linear or 
nonlinear conversion[36].  

HSV (hue, saturation, value) color model is decomposed 
into terms easily understandable by people. The HSV color 
wheel is sometimes depicted as a cone or cylinder with three 
components: 1) hue is the color portion of the color model, 
and is expressed as a number from 0 to 360º; 2) Saturation is 
the amount of gray in the color, from 0 to 100%. 3) Value 
works in conjunction with saturation and describes the 
brightness or intensity of the color, from 0-100%, where 0 is 
completely black and 100 is the brightest and reveals the 
most color.  

In this study, hue channel was selected as the color 
feature of the cotton crop to predict yield. The color feature 
H(j) of each sample area j was calculated as the mean value 
of all the included data points, using the Eq. (2). 
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Where PH(i) is the hue value of the corresponding pixel i 
belongs to plant, N is the amount of the pixels in one sample, 
N1 is the amount of the pixels belongs to plant in one sample, 
and n is the total number of samples in the field. The 
threshold between the plant and soil was determined via the 
Color Thresholder app in Matlab software (ver. 2017b, 
Mathworks, MA, USA). 
1.4.2  Coverage rate 

Moreover, the coverage rate of cotton plant in each 
sample is different due to the soil diversity and irrigation 
treatments in this field. Normally, heavy leaves represent a 
healthy state, so coverage rate was selected as another 
feature. By using Excess Green (E×G = 2G-R-B) value 
which was widely used to segment plants from soil based on 
RGB color space[2,15], the coverage rate C(j) of each sample 
area j was calculated as follow 

 

plant ( )
( ) , 1, 2, ,

N j
C j j n

N
    (3) 

Where Nplant(j) is the number of the pixels belongs to plant 
based on Excess Green value. The threshold between the 
plant and soil was also determined via the Color Thresholder 
app in Matlab software. 
1.4.3  Vegetation index 

NDVI were usually used to monitor the crop growth or 
predict the crop yield by measuring the difference between 
near-infrared (which vegetation strongly reflects) and red 
light (which vegetation absorbs)[17-19]. Healthy plants reflects 
more near-infrared (NIR) wavelength (800-900 nm), but it 
absorbs more red light (600-700 nm). So healthier plants 
have larger NDVI value than unhealthy plants. NDVI was 
selected as the third feature and calculated as follow 
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Where V(j) is the vegetation index of each sample area j, 

PNDVI(i) is the NDVI value calculated by NIR value and R 

value of the corresponding pixel i belongs to plant. The 

threshold between the plant and soil was also determined via 

the Color Thresholder app in Matlab software.  

1.5  Modeling method and evaluation parameters 
The datasets including 3 features and crop yield data 

were divided into training sets (90% of raw data) and test 

sets (the left 10% of raw data)[37]. The training datasets were 

used to analyze the correlation and prediction models 

between the features and the yield. And the testing datasets 

were used to evaluate the model accuracy. The operation 

was repeated 3 times by choosing sequential partition of the 

datasets with a random beginning as the training sets. And 

the test datasets were labeled as Dataset 1, Dataset 2, Dataset 3. 

Multiple linear regression analysis was used as 

predication model for estimating crop yield with the 

developed features. The multiple linear regression model is  

 0 1 1 2 2 3 3y X X X          (5)                                                            

Where, the dependent variable y is the crop yield that 

depends on variables X1, X2, X3 which are the feature 

parameters H, C and PNDVI. Parameter βi (i=0, 1, 2, 3) were 

estimated based on the least square method and calculated 

by SAS software (ver. 2016, SAS Institute Inc, Cary, NC, 

USA). Moreover, the model built by 3 variables was 

compared to other 6 models built by one variable and two 

variables via SAS software. 

3 parameters were used to evaluate the model including 

P value in hypothesis testing statistics, coefficient of 

determination R2, and mean absolute percentage error 

(MAPE) between predicted values and the ground truth data 

in acre area level. 

1) P value was used to analyze the significance of the 

model by F-test statistic based on analysis of variance 

(ANOVA) approach. To test the hypothesis H0: β1=β2=β3=0, 

the null hypothesis H0 will be true when the statistic F0 

follows the F distribution. While H0 is rejected if the P value 

was less than the significance level (usually choose 5%). If 

the null hypothesis is rejected, it is indicated that the linear 

regression model is statistically significant. 

2) Coefficient of determination R2 was used to measure 

model adequacy, the closer the value of R2 is to 1, the better 

the linear regression fits the data. 

3) MAPE was used to evaluate the model accuracy 

based on the testing data. Taking one acre of cotton field 

(505 samples) as the scales, the MAPE was labeled as e and 

calculated with the following equations:  
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Where y(j) is the sum of the truth yield value in each acre of 

field; ˆ( )y j  is the sum of the estimated yield value in each 

acre of field, and the estimated values ˆ( )y j  would be set to 

zero if it is less than zero because the yield data were all 

non-negative values; ni is the number of the reconstructed 

samples in one acre of field. There is an overlap (10 samples) 

between the reconstructed samples in the acre area scale 

which is 4 046 m2 in order to obtain enough data (data 

number> 20) from the limited testing field which is less than 

5 000 m2.  

1.6  Data processing method 
There existed unavoidable measurement errors from 

the yield monitor which might influence the model 

development and model performance. So it is necessary to 

pre-process the raw data to remove noise. In the previous 

research, Sakamoto et al[38] reported that the determination 

coefficient was increased from 0.445 to 0.790 when outliers 

(10% of data plots) were removed based on the probability 

density distribution of raw data. Besides, large numbers of 

raw data are usually smoothed for simplify the data 

processing process and avoiding the data redundancy. 

Therefore, raw data were pre-processed in this study though 

removing partial outliers and being smoothed with a mean 

filter in turn. Partial outliers was determined by using 

ksdensity() function to return the probability density 

estimate value of raw data and find() function to seek out 

these indices of data with the specific probability threshold 

in Matlab. And the smoothed data was obtained directly by 

using mean() function on raw data with a specific number 

interval in Matlab. And then the pre-processed data were 

used to rebuild the predication model using the method 

discussed in section 1.5.  

2  Results and discussions 

2.1  Processing on RGB and CIR images 
After the registration of the geo-referenced data, the 

RGB image size of the field was approximately 6 000  

12 800 pixels for the corresponding area of 150 m  320 m, 

which accounted for a spatial resolution of 0.025 m/pixel. 

And the CIR image size of the field was approximately 

10 500  22 000 pixels for the same field area, which 

accounted for a spatial resolution of 0.014 m/pixel. The 

stitched RGB and CIR images are shown in Fig.3.  

To match the amount of yield data, each stitched 

image was split to the same number of samples based on 

the converted coordinates from GPS points. There were 

7 278 samples at the size of 80×160 pixels on RGB image 

and at the size of 140×280 pixels on CIR image, these 
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samples were all at the size of 2 m×4 m (8 m2) in the field 

(Fig. 4). As shown in Fig. 4, there were part of overlaps 

between these samples due to the speed error and the 

heading error of the combine harvester that was ignored in 

the further data analysis. Hue, Excess Green and NDVI 

images of the partial field were showed in Fig. 5. The crop 

variation was expressed by these images. Then feature 

parameters were calculated via Eq. (2)-(4) based on these 

images and stored in datasets for building the prediction 

models. 
 

 
 a. RGB image                b. CIR image                

 

Fig.3  Stitched RGB and CIR(Color-infrared)  
images on12th August, 2017 

 
 

 
 

Fig.4  Illustration of stitched image split into small samples 
 

2.2  Pre-processing of raw data 
The raw training datasets were processed firstly based 

on the probability density distribution (Fig. 6a) of yield data. 

From Fig. 6d-6d we can see that 10% of raw yield data with 

low frequency (blue points) were removed, which including 

too low yield data and too high yield data. The distribution 

of the rest yield data was more close to normal distribution. 

Then the rest 90% of datasets were being smoothed, and 

each smoothing data was the mean of 50 original datasets, so 

117 smoothing data (red points) were obtained to build the 

prediction model between the features and the cotton yield. 

The scatter plots indicated positive correlations between 

each feature and cotton yield from Fig. 6d-6d. 
 

 
 

Fig.5  Hue, Excess Green and NDVI images of partial field 
 

2.3  Prediction model for cotton yield 
Seven regression models built respectively by one 

variable (color feature, coverage rate or vegetation index), 2 

variables (color feature and coverage rate, color feature and 

vegetation index or coverage rate and vegetation index) and 

3 variables (color feature, coverage rate and vegetation 

index) were analyzed via SAS software and the compared 

result was shown in Table 2. It can be seen that all P values 

were all less than 0.05, implying that linear relations do exist 

between features and cotton yield at a significance level of 

5%. And the adequacy of the model with 3 variables was the 

best due to the highest R2=0.977 3, so the multiple linear 

regression model with all 3 features was built to predict 

cotton yield.  

Then the estimated parameters βi (i=0, 1, 2, 3) of the 

multiple linear regression models (Eq. (5)) built by 3 training 

datasets, and MAPEs calculated based on Eq. (6) by 3 testing 

datasets were shown in Table 3. So the average MAPEs of 

the models was 4.0%, which was lower than similar studies, 

such as the error ranged from 8.8% to 16.9% obtained by 

Geipel et al[2], and a 20% error obtained by Panda et al[19]. 
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Fig.6  Pre-processing of raw data though removing partial outliers and being smoothed 
 

Table 2  Comparison of regression models for cotton yield 
prediction built by one variable, 2 variables and 3 variables 

Variable 
number 
in model 

Regression models R2 P value 

1 y=75.3V+1 625.6 0.975 3 <0.000 1 

1 y=153.9H2 272.2 0.906 6 <0.000 1 

1 y=6 565.8C3 234.8 0.844 7 <0.000 1 

2 y=863.4C+83.7V+2 278.3 0.975 8 <0.000 1 

2 y=8.8H +79.2 V+1 852.5 0.975 4 <0.000 1 

2 y=1 995.7C+197.8H-1 893.3 0.906 7 <0.000 1 

3 y=30.1H1737.7C+78.9V+2 165.2 0.977 3 <0.000 1 

Note: V presents vegetation index; H presents color index; C presents coverage 
rate index; H presents color index (Hue); y present the predicted cotton yield. 

 

Table 3  Parameters of multiple linear regression models for 
cotton yield prediction 

Datasets β0 β1
 β2 β3 

Mean absolute 
percentage error 

MAPE /% 
1 2 165.2 30.1 1 737.7 78.9 2.8 

2 1 891.6 24.5 1 131.4 73.8 3.5 

3 2 206.6 0.4 758.7 83.9 5.6 

Average     4 

Note: Parameter βi (i=0, 1, 2, 3) were estimated based on the least square method 
and calculated by SAS software (Eq. (5)). Datasets 1,2,3 present three training 
sets by choosing sequential partition of the data sets with a random beginning. 

 

Moreover, it would be better if multi prediction models 
are built by datasets from multi growth stages of crop, then 
the average of the prediction result will be more reliable. 

3  Conclusion 

In this study, we proposed a practical and efficient 

method to predict cotton yield by using remote RGB image 
and CIR image captured by UAV.  

Firstly, RGB and CIR images of a cotton field were 
collected by a UAV system with a flight height of 50 m 
above ground level. Secondly, 3 features including color 
feature, coverage rate and vegetation index were calculated 
to express all the continuous varying of the crop state in the 
field on 12th August, 2017 before fully blooming. Thirdly, 
raw data were pre-processed though removing partial 
outliers and being smoothed. Finally, multiple linear 
regression models were built to predict cotton yield with 
three features and evaluated using F-test statistic and 
determination coefficient R2. And the accuracy of the 
prediction models was evaluated by MAPE based on the 
testing data in one acre area scale. The results showed that 
seven linear regression models built by one variable (color 
feature; coverage rate; vegetation index), two variables 
(color feature and coverage rate; color feature and vegetation 
index; coverage rate and vegetation index) and three 
variables (color feature, coverage rate and vegetation index) 
were all statistically significant at significance level 5%. 
However, the adequacy of the multiple linear regression 
model with three variables was the best due to the highest 
R2=0.977 3 compared with other six regression models built 
by one variable and two variables. And the average MAPEs 
on the multiple linear regression models built by 3 variables 
was 4.0%. 

Therefore, UAV is a good tool for precision agriculture 
in a site-specific field area. And combining visual and 
spectral features is proved to predict cotton yield although 
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we neglect many factors effected on the plant such as soil 
structure, weather, fertility, weeds, insect and disease and so 
on. However, further studies are still required to monitor 
crop growth spatially and temporally using a UAV system, 
and figure out the underlying patterns about how these 
different factors influence crop growth including cultivar 
improvement, topography, soil, irrigation and so on, so that 
we can increase the production more effectively. 
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Abstract: To prolong the shelf life of fruits and vegetables, an anti-fogging film composed of anti-fogging agents (span-20 and 

tween-20) and nano-TiO2 was prepared. Its structural properties and anti-fogging performance such as optical property, 
anti-fogging property, water vapor transmission rate (WVTR), contact angle (CA) and scanning electron microscopy (SEM) were 

all determined and compared with the contrast films. The results showed P-ST film and P-ST-TiO2 film both had good 
anti-fogging property, but the anti-fogging property of P-ST-TiO2 film was much more stable and efficient. The P-ST-TiO2 film 

had the lowest CA, which was 12.5, while its WVTR was the highest with a value of 4.871 g/(m2·d). With the addition of 

nano-TiO2, P-TiO2 film and P-ST-TiO2 film were possessed of UV-light barrier property. Strawberry preservation indicated the 
P-ST-TiO2 film could prolong the shelf life of strawberries at room temperature for a week. This study suggests that P-ST-TiO2 

film, as an anti-fogging packaging material, has shown the potential to prolong the shelf life of fruits and vegetables. 
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0  Introduction 

Fruits and vegetables play an important role in healthy 
nutrition and are high on the list of consumers’ priorities[1]. 
Today, ordinary plastic films are most widely used as 
packaging material on fresh fruits and vegetables. It is used 
for packaging and preservation, but it has been proved 
inadequate in meeting the needs of the modern market. 
Therefore, a large number of new functional preservation 
films called active packaging have been developed. Active 
packaging systems may prolong the shelf life of fresh fruits 
and vegetables by control decay, disease caused by 
microorganisms, thus maintaining food safety and reduce 
waste[2-3]. The anti-fogging film is not much studied and 
developed as a kind of functional film. If water or moist air 
is trapped in a closed system, condensation droplets will 
form on the inner surfaces when the temperature reduces 
below the dew point[4]. The “see-through” property can 
influence the final choice made by consumers[5]. Therefore, 
the development of anti-fogging film is significant and 
increasingly important.  
                                                           
Received date: 2018-07-18   Revised date: 2019-02-21 
Foundation items: Suzhou Academy of Agricultural Sciences (8111701); 
Independent Innovation Funds of Agricultural Science and Technology of 
Jiangsu Province (CX (17) 3029) 
Biography: Sui Siyao, assistant professor, major in food preservation.  
Email address: suisiyao@126.com 

※Corresponding author: Wang Yuning, associate professor, major in food 
preservation. Email address: wyn705@163.com 

The addition of anti-fogging agent is the most common 
method used to prepare the anti-fogging film. Anti-fogging 
agents can be sprayed on the surface of the film or incorporated 
in the polymer matrix[4]. The coating method has good 
wettability, but there are many problems, such as the poor 
adhesion between the anti-fogging agent and the plastic 
matrix, as well as the high cost and hard processing. Because 
of this, the internal adding method is the most common 
method. Its measurement is accurate and has uniform 
dispersion, but there are still some drawbacks. The biggest 
problem is the volatilization and diffusion of the 
anti-fogging agents. Therefore, more research is urgently 
needed to learn how to fix the anti-fogging agent and slow 
down the release rate of anti-fogging agent.  

Among the polyolefin plastics, PE is one of the most 
widely used materials in food packaging owing its excellent 
processability[6], seal strength[7], safety, thermal stability, and 
low production cost[8]. Nano materials have already aroused 
more and more interest because of their potential impacts in 
an incredibly wide range of industries and markets[9].  

Nano-TiO2 is one of the most active inorganic nano 
materials that are being studied now. It is non-toxic and has 
been approved and regulated by the FDA for using in food, 
drugs, cosmetics, and food contact material not more than 
1% by weight[10]. It has the characteristics as low cost, stable 
physical and chemical properties[11], thermal stability, 
environmental compatibility[12-13], antibacterial[14-16] , anti- 
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ultraviolet[17] and photocatalysis[18-20]. Currently, nano-TiO2 
is widely used in the field of photo degradation of organic 
compounds[21-22], air purification, and self-cleaning glass, but 
not used in the packaging of fruits and vegetables. The 
anti-fogging film mainly depends on the anti-fogging agent. 
The hydrophilic-lipophilic balance (HLB) of a surfactant is a 
measurement of the hydrophilicity or lipophilicity degree. 
Tween-20 (HLB=16.7) and span-20 (HLB=8.6) are nonionic 
surfactant[23] and have certain hydrophilicity. They can be 
used as anti-fogging agents to add into master batch to 
prepare anti-fogging films. 

In this study, an anti-fogging film containing nano-TiO2 
was investigated, aiming to enhance the utilization of the 
anti-fogging agents and improve the anti-fogging effect of 
the films. The films were characterized by water vapor 
transmission rate, contact angle, scanning electron microscopy, 
light transmittance and transparency and anti-fogging 
property.  

1  Material and methods 

1.1  Materials 
Nano-TiO2 (HN-RT150, anatase phase, particle size 

(10±5) nm, purity 99%, specific surface area (150±20) m2/g) 
was obtained fromTaihong Shengda New Materials Co.Ltd. 
(China). Span-20 and tween-20 were purchased from Usolf 
Chemical Technology Co. Ltd. (China). LDPE(melt flow 
index 0.22 g/min, density 0.92 g/cm3, softening point 85 ℃, 
from Sinopec Beijing Yanshan Company) was used as 
matrix material. 
1.2  Preparation of packaging films 

LDPE resin pellets were directly mixed with the agents. 
The components are shown in Table1. The mixture was fed 
into a twin-screw extruder machine (CTE-20, Nanjing 
Coperion Machinery Co. Ltd., Nanjing, China) with a screw 
diameter of 21.7 mm and a screw length/diameter ratio of 40 
and a screw speed of 600 r/min. Nano-TiO2 was added into 
the mixture of tween and span, and then dispersed by 
ultrasonic process for 1 h. The heating profile was set to 5 
heating zones of the twin-screw extruder including158, 160, 
165, 165, and 170 ℃. The master batch diameter was about 
5 mm. Films were prepared by hot press method using a 
flat-panel curing machine (XLB-350×350, Qicai Hydraulic 
Pressure Machinery Co. Ltd., Shanghai, China). 2 g of 
master batch were prepared to make circular specimens 
which were pressed between two plates at 170 ℃ for 15 
min and cooled by 10 min. 

Table 1  Components of film samples 

Film samples Components 

PE film Pure PE polyethylene 

P-TiO2 film 0.1% nano-TiO2, 99.9% PE 

P-ST film 1% tween-20, 1% span-20, 98% PE 

P-ST-TiO2 film 0.1% nano-TiO2, 1% tween-20, 1% span-20, 97.9% PE 

Note: P-TiO2 film: composite film of PE and TiO2; ST: Span-20 and tween-20; 
P-ST film: composite film of PE and ST; P-ST-TiO2 film: composite film of PE, 
ST and TiO2, the same below. 

1.3  Characterization 
1.3.1  Film thickness and diameter 

Film thickness was measured using a digital micrometer 
with accuracy of 0.01 mm. Film diameter was measured 
using a vernier caliper with accuracy of 0.02 mm. Each 
parameter was measured 3 times. 
1.3.2  Water vapor transmission rate (WVTR)  

The WVTR of the films was measured using water 
vapor transmission rate tester (W3/030, Labthink 
Instruments Co. Ltd., Jinan, China) according to the ASTM 
E96-05 method (2005)[24]. For each sample, at least 3 
replications were tested. 
1.3.3  Light transmittance and transparency 

Light transmittance of the films against ultraviolet (UV) 
and visible light was measured at full wavelength between 
190 and 850 nm, using a UV–Vis spectrophotometer (TU1900, 
Beijing Purkinje General Instrument Co.Ltd., Beijing, 
China). Each sample was cut into a rectangular piece 
(10 mm× 40 mm) and placed in aquartz cuvette. 3 parallel 
samples were prepared. The transparency value of film was 
calculated by the following equation(1)[25] 

 Transparency value = (lgT600)/x (1) 
Where T600 is the transmittance at 600 nm; x is the film 
thickness, mm. A higher transparency value would indicate a 
lower transparency of the film. 
1.3.4  Anti-fogging property 

500 mL beaker containing 150 mL distilled water was 
sealed by the film sample with a rubber band, and then put 
samples into 45 ℃ thermostat water bath for 15 min, 30 
min, 1, 2 and 48 h respectively. Then, the beaker was taken 
out for observing within 30 s and anti-fogging property 
evaluated according to the Table 2. 

 
Table 2  Anti-fogging evaluation table 

Level Anti-fogging property description 

A Poor transparency with many small droplets on the membrane surface 

B General transparency with some big droplets on the membrane surface 

C Good transparency with some droplets on the membrane surface 

D Great transparency with a few droplets on the membrane surface 

E High transparency with no droplets on the membrane surface 

 

1.3.5  Anti-fogging agent average exhalation rate (Y*) 
The outside anti-fogging agent is the key for anti-fogging 

film, rather than the internal anti-fogging agent. The internal 
anti-fogging agents only play a complementary role. As the 
anti-fogging property of the film can be influenced by Y*, 
the research of Y* becomes a critical factor. Film samples 
were prepared by scrubbing with alcohol on the surface, 
rinsing with distilled water in order to remove the outside 
anti-fogging agent, then drying at 50 ℃  to a constant 
weight. The weight W1 was recorded. After 5 h, repeat the 
above mentioned procedure until the weight was constant 
again, named W2. The difference between W1 and W2 was the 
anti-fogging agent exhalation rate in 5 h. The anti-fogging 
agent exhalation rate was calculated based on the equation (2) 

 Y* = (W1  W2)/(W1  m) (2) 
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In the equation, m is the content of the anti-fogging agent in 
the film, %. 
1.3.6  Contact angle (CA) measurement 

A contact angle meter (DSA100, Kruss Co. Ltd., 
Germany) was used to measure the surface hydrophilic 
character of the film samples. 5 microliters of distilled water 
was dropped on the surface of the film (2 cm × 8 cm) using 
a microsyringe and the contact angle was measured. For 
each film, 3 parallel samples were prepared. 
1.3.7  Scanning electron microscopy (SEM) 

The surface structure of the dried films was investigated 
by SEM (S-4700, Cold Field Emission Scanning Electron 
Microscope, Hitachi Co. Ltd., Matsuda, Japan) with an 
accelerating voltage of 15.0 kV. The samples (3 mm × 3 mm 
each) were sputtered with a thin layer of gold in an ion 
sputter coater (K-450X, EMITECH, England). 
1.3.8  Mechanical properties 

Tensile strength (TS, MPa) was calculated using the 
following equation (3) 

 TS = F/A (3) 
Where F is the maximum loadneeded to pull the sample 
apart, N; A is crosssectional area of the film sample, mm2. 

Meanwhile, the percentage of elongation at break (E, %) 
was calculated as equation (4) 

 E = L/L0  100% (4) 
Where L is the film elongation at the moment of rupture, 
mm; L0 is the initial grip length of the sample, mm[26]. 

Each film was cut into rectangular strips (120 mm × 
15 mm), and the TS and E were measured according to the 
standard test method of ASTM D 882 using an universal 
testing machine (AI-7100M1, Gotech Testing Machines Inc, 
Taiwan, China). Then the film strip samples were mounted 
between the 2 grips with an initial separation of 80 mm. The 
cross-head speed was set at 200 mm/min. 10 measurements 
were carried out for each film and the average values were taken. 
1.4  Strawberry preservation test 

Strawberries were purchased from Dongshan farm 
(Suzhou), Jiangsu Province, China. The variety of the 
strawberries was “Hongyan”. The fruits were sorted for 
uniformity by size and commercial maturity, with no plant 
diseases or insect pests before packed. The films were sealed 
with heat sealer to make plastic package bags. After that, the 

strawberries were randomly packed in each bags and then 
sealed. For each film, 3 biological replications were prepared. 
The packed strawberries were stored at the ambient 
temperatures (25±1) ℃ and relative humidity 50%-60% to 
simulate marketing conditions. After a week, the strawberries 
were used to analyze physiological indices. Weight loss was 
determined owing to the methods described by Akhtar[27]. 
Firmness was analyzed by means of texture analyzer (TMS- 
Pro, FTC Co. Ltd., USA); soluble solids content was 
investigated by saccharometer(PAL-1, Atago Co. Ltd., Japan). 
The decay index was assessed by the extent of total decayed 
area on each fruit surface according to Xing, et al[28-29]. The 
strawberries were graded into 4 groups based on the size of 

the rotten area. Grade 0 is no visible decay; grade 1 is ≤

10% decay; grade 2 is 10%-30% decay; grade 3 is≥30% 

decay. The formula for decay index calculation is based on 
the equation (5) 

Decay index =

(grade number of fruit in each grade)
100%,

number of total fruit top grade

(Top grade 0)







  

(5)

 

If top grade is 0, it means no visible decay. 
1.5  Statistical analysis  

Statistical analysis was performed by means of the 
SPSS computer software (SPSS INC., Chicago, IL, USA). 
The data was done by one-way analysis of variance 
(ANOVA). The significance level was P< 0.05. 

2  Results and discussion 

2.1  Structural characterization 
2.1.1  Film characterization 

Film thickness changed from 70 to 90 μm and film 
diameter changed from 140 to 160 mm, the detailed values 
are shown in Table 3. P-ST film had the smallest thickness 
and the largest diameter. This might be because span-20 and 
tween-20 were lubricants. They could reduce the internal 
friction of polymers and improve the fluidity of PE film. 
Thus, the thickness of PE film and P-TiO2 film was larger 
than that of P-ST film and P-ST-TiO2 film, and the diameter 
was smaller.  

 

Table 3  Thickness, diameter, anti-fogging agent average exhalation rate (Y*) and transparency values of different film samples 

Film samples Film thickness/μm Film diameter/mm 
Anti-fogging agent average  

exhalation rate (Y*) 
Transparency value Tensile strength/MPa Elongation at break/% 

PE film 87±2a 147±1d  2.95±0.064c 10.7±0.21a 11.57±0.73d 

P-TiO2 film 88±2a 150±1c  3.51±0.07b 7.68±0.13c 17.54±0.91c 

P-ST film 75±4c 158±3a 0.066 3±0.000 4a 2.38±0.034c 7.60±0.08c 75.77±1.15a 

P-ST-TiO2 film 81±3b 156±2ab 0.042 1±0.000 1b 4.52±0.024a 9.77±0.42b 56.48±1.22b 

Note: Values are expressed as means of replications ± standard deviation; the data marked by different letters in a column indicate significant difference (P< 0.05). 
 

2.1.2  Mechanical properties 
Table 3 presented the TS and E of the different films. 

Incorporation ST into PE film led to lower TS with higher E 
compared to the control film. The TS of the PE film was  
(10.7 ± 0.21) MPa, which decreased to (7.68 ± 0.13), (7.60 ± 

0.08), (9.77 ± 0.42) MPa for P-TiO2 film, P-ST film and 
P-ST-TiO2 film, respectively. Among the 4 films, the P-ST 
film showed the highest E of (75.77 ± 1.15), followed by the 
P-ST-TiO2 film. It is usually known that the distribution and 
density of inter- and intra-molecular interactions between the 
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polymer matrix determines the mechanical properties of the 
films. As a result, the matrix changes from hard to soft with 
increased flexibility and extensibility of the film, as in the 
case of the addition of the ST. The reason might be as 
mentioned in 3.1.1: ST improved the fluidity of PE film. 
Although mechanical properties for P-ST-TiO2 film were not 
the best, they could still be used as flexible packaging 
materials used for storing fresh fruits. 
2.1.3  Light transmittance and transparency 

For fruit and vegetable packaging, optical properties such 
as clarity, are of considered important since consumers 
prefer to see foods[7]. Fig.1 displayed the results of the 
transmittance of the films. In the test the UV range (190– 
400 nm) films added with nano-TiO2 exhibited low UV light 
transmission as compared with PE film and P-ST film. The 
films with a lower UV light transmission possessed a good 
capacity of UV prevention. Yu et al.[30] also reported the 
similar UV-VIS spectra result. This is due to the fact that 
nano-TiO2 is a kind of UV shield agent. Ultraviolet light 
radiation is divided into 3 types: UVA (315-400 nm), UVB 
(280-315 nm) and UVC (100-280 nm)[31]. It is well known 
that ultraviolet light is harmful to plant tissue and destroys 
chlorophyll and vitamin C. Although low doses of UVC have 
been considered good enough in a treatment to destroy 
microorganisms and keep fruit and vegetables fresh[32–35], it 
is completely absorbed in the upper and middle atmospheres 
by ozone and molecular oxygen. That means the ultraviolet 
light of terrestrial environment is mainly to between 280 and 
400 nm[36], while nano-TiO2 shield scatters UVA and absorbs 
UVB. Table 3 showed the transparency values of different 
film samples. The lower the transparency values, the lower 
the opacity of the film, that is, the films containing 
nano-TiO2 were less transparent as compared to the other 
films. The reason might be that nano-TiO2 was colorant and 
it would have an impact on the transparency of the films. 
However, the addition of nano-TiO2 was only 0.1%, while 
the transparency of the films still remained within the 
acceptable range. 

 

 
 

Fig.1  Transmittance of various films 
2.1.4  SEM 

The SEM images of the surface of the films presented 
in Fig.2. 2a, 2c, 2e were P-ST films in different 
magnification (×1 000, ×5 000, and ×20 000). Fig.2a showed 
the overall appearance of the P-ST film was flat and 
homogeneous, with no protrusions or pits. Increasing the 

magnification to × 5 000 (Fig.2c) and × 20 000 (Fig.2e), 
there were some wrinkles on the surface of the film, which 
might be caused by the addition of ST. The fluidity of ST led 
to the shrinkage of the film. These wrinkles increased the 
specific surface area, resulting in the film surface roughness. 
Fig.2b was the film with nano-TiO2. The addition of 
nano-TiO2 made the surface of the film rougher and made 
some honeycomb-like structures (Fig.2b, Fig.2d) appear. 
Further, enlargement of Fig.2d showed that some nano-TiO2 
particles were scattered on the surface of the film (Fig.2f), 
and that the grooves were formed near the particles, which 
made a larger specific surface area of the film rougher. On 
the other hand, nano-TiO2 particles also existed inside the 
film (Fig.2d). 
 

 
 

Note: I honeycomb-like structure; II nano-TiO2 particles scattered on the surface 
of the film; Ⅲ nano-TiO2 particles scattered inside the film. 

 

Fig.2  SEM images of surface of P-ST film  
and P-ST-TiO2 film 

 

2.2  Anti-fogging performances characterization 
2.2.1  WVTR 

Water vapor transmission rate (WVTR) values of each 
film were shown in Fig.3. PE film showed good resistance to 
water vapor transfer with a WVTR value of 3.161 g/(m2·d) due 
to the hydrophobic nature of polyethylene macromolecules. 
Compared with the PE film in the experiment, the P-TiO2 

film exhibited lower WVTR, which was 2.904 g/(m2·d). This 
was probably because the addition of TiO2 introduced a 
tortuous path for water molecule to pass through. The 
diffusion time of water molecules would be longer, which 
lead to the decrease of WVTR value[37]. P-ST film value was 
4.560 g/(m2·d), significantly (P<0.05) larger than PE film. 
This phenomenon might because ST was a kind of nonionic 
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surfactant with hydrophilic groups, and this structure could 
improve the material’s hydrophilicity. Water is polar 
molecule and it has a strong effect on hydrophilic polymers. 
This was because the swelling and adsorption of the water 
vapor on the hydrophilic films strengthened the 
transmittance of the films to all gases including water vapor, 
thus improved the WVTR. Among the films tested, 
P-ST-TiO2 film showed the highest WVTR value, which was 
4.871 g/(m2·d). It was probably because that nano-TiO2 had 
fixed part of ST. The hydrophilicity of the composite film 
was then improved. To sum up, the higher WVTR means the 
better hydrophilicity of the film, as well as the better anti- 
fogging property. 

The increase in WVTR may be helpful for packaging 
fresh fruits and vegetables[7]. If WVTR is too low, the 
respiration and transpiration of fruits and vegetables will 
increase the relative humidity in the package, which leads to 
the water vapor into droplets. Once water vapor is saturated 
inside the packaging, it will inevitably breed bacteria and 
consequently shorten the shelf life of the fruit and 
vegetables. 
2.2.2  Anti-fogging property 

The anti-fogging property was performed for all 
prepared films during different times (Fig.4). The films were 
classified into 5 grades: A, B, C, D and E (Table 2). The 
different films in the control group (Fig.4a) were all highly 
transparent with no droplets on the membrane surface, and 
belonged to grade E.15 minutes later (Fig.4b), both PE film 
and P-TiO2 film degraded from E to A. There were some 
small droplets on the membrane surface and the 

transparency was poor. P-ST film dropped into grade D, as 
there were a few droplets on the film surface, but the words 
could still be seen on the bottom of the beaker. P-ST-TiO2 
film retained high transparency. 30 minutes later (Fig.4c), 
the transparency of these films did not change. After 1h 
(Fig.4d), P-ST film still had good transparency, but the grade 
was down to C while P-ST-TiO2 film retained in grade E. 2 
and 48 h later (Fig.4e, Fig.4f), P-ST-TiO2 film changed to 
grade D, though it still kept the best transparency. In 
summary, P-ST film and P-ST-TiO2 film both had 
anti-fogging properties, but P-ST-TiO2 film’s long-lasting 
anti-fogging was better than P-ST film. The reason might be 
that the anti-fogging agent in the P-ST film flowed away 
gradually, while nano-TiO2 fixed the anti-fogging agent in 
the P-ST-TiO2 film. 

 

 
 

Note: Error bars indicate the standard error of the mean; the data marked by 
different letters indicate significant difference (P< 0.05), the same below. 

 

Fig.3  Water vapor transmission rate (WVTR)  
of different film samples 

 

 
 

Fig.4  Anti-fogging property of all prepared films at 45 ℃ thermostat water bath during different times 
 

2.2.3  Anti-fogging agent average exhalation rate(Y*) 
Anti-fogging properties determined by the quantity of 

anti-foggingagents, which is migrated to the film surface in 
unit time. The surface of the film could show sufficient 
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hydrophilicity as long as the anti-fogging agents achieved 
critical value. Therefore, if the migration rate could be 
inhibited, but the quantity of anti-fogging agents that 
migrated to the film surface was kept greater than the critical 
value, then the service life of the anti-fogging film could be 
extended. The result of Y* was calculated in Table 3. Y* of 
P-ST film was 0.066 3, and Y* of P-ST-TiO2 film was 0.042 1, 
while under the same conditions (the same time, the same 
content of anti-fogging agents in the film), Y* of P-ST film 
was higher than that of P-ST-TiO2 film. According to the 
2.2.2, P-ST film and P-ST-TiO2 film both showed sufficient 
hydrophilicity. The results of Y* indicated that the addition 
of nano-TiO2 inhibited the migration rate of anti-fogging 
agents and reduced the loss of ST. If anti-fogging agent 
moved to the surface slowly, the anti-fogging effect could be 
prolonged. 
2.2.4  CA (contact angle) 

The contact angle, one of the basic wettability factors 
of a solid surface, is usually used as an indicator for 
hydrophilic/hydrophobic properties of the film surface[38]. A 
high CA value represented a high water resistance 
(hydrophobicity) of the film[39]. Fig.5 showed the CA of 
different films.  

 

  

a. PE film, CA value: 76.6 b. P-TiO2film, CA value: 77 

  

c. P-ST film, CA value: 47.1 d. P-ST-TiO2 film, CA value: 12.5 
 

Fig.5  Contact angle of different films 
 

The CA values of PE film and P-TiO2 film were 76.6 
and 77 respectively. After adding ST, the CA value of the 
P-ST film decreased to 47.1. It implied that the wettability 
of P-ST film was better than that of PE film and P-TiO2 film. 
With the addition of nano-TiO2, the CA value reduced 
abruptly to 12.5. SEM images of P-ST film and P-ST-TiO2 
film (Fig.2) showed there were some wrinkles on the surface 
of the film, and P-ST-TiO2 film surface was rougher than 
P-ST film. Cassie et al.[40]had discussed the effects of rough 
material surfaces on the contact angles. They found that 
water droplets were more prone to spread over the rough 
surfaces than the smooth surfaces. This conclusion was also 
in line with Wenzel’s[41] theory. In Wenzel's model, an 
increase of surface roughness in hydrophilic material would 

result in a smaller CA, and water would fill the grooves 
below the droplet[42]. In summary, the CA of P-ST-TiO2 film 
was the lowest, while at the same time, the hydrophilicity 
and anti-fogging property of P-ST-TiO2 film was the best. 
2.3  Strawberries preservation 

The quality index of the strawberries was presented in 
Fig.6.  

 

 
 

 

Note: 3 replications were calculated decay rate together. 
 

Fig.6  Strawberry weight loss, decay index, firmness and  
soluble solids content in different packing films  
during storage at room temperature for a week. 

 
The decay index of strawberries packed in PE film 

reached 100%. Strawberries packed in P-TiO2 film and P-ST 
film decayed in different degrees, 94.4% and 22.2% 
respectively. Strawberries packed in P-ST-TiO2 film 
remained in fresh condition and their sensory quality was 
within the edible range and had the lowest decay index, 
which was 11.1%. The reason was that the P-ST-TiO2 film 
had the best anti-fogging property, therefore avoiding 
condensation droplets. The condensation droplets would 
allow microorganisms to grow faster and accelerate the 
decay of the strawberries. Theoretically, the weight loss is 
required to be as low as possible. However, the weight loss 
of the strawberries packed in P-ST-TiO2 film was 0.436%, 
which was larger than that in the case of packing with PE 
film and P-TiO2 film (Fig. 6a). The reason might be that low 
WVTR of PE film and P-TiO2 film made the water vapor 
condense into water droplets, leading to the increase in 
weight of package and the decrease in weight loss. The 
weight loss of the strawberries packed in P-ST film was 
similar to the weight loss that generated when using 
P-ST-TiO2 film, though the WVTR of the two films were 
also close to each other. The strawberry firmness and soluble 
solids content in different packing films were shown in 
Fig.6c and Fig.6d. The firmness and soluble solids content 
of the fresh strawberries were 7.95 N and 11.5% respectively. 
After a week, the firmness of the strawberries in the PE film 
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group decreased to 6.51 N, and the soluble solids content 
decreased to 9.5%. There was no significant difference inthe 
firmness and soluble solids content between P-TiO2 film 
group and P-ST film group, while the firmness and soluble 
solids content of the strawberries in the P-ST-TiO2 film 
group were significantly (P<0.05) higher than in the other 
test groups. Therefore, P-ST-TiO2 film might have a good 
effect on strawberries preservation.  
2.4  Discussion on action mechanism of anti-fogging 
film 

The excellent fresh keeping ability of P-ST-TiO2 film 
mainly depended on its anti-fogging performances and UV 
prevention capacity. ST belonged to non-ionic surfactant which 
had both hydrophilic and lipophilic components. The ST 
molecule could move through the amorphous region inside 
the PE and gradually migrate to the surface of the film for 
directional arrangement. The hydrophilic group of ST 
automatically arranged on the outside of the film and the 
hydrophobic group arranged on the inner side of the film. 
When water droplets appeared, a part of ST dispersed in 
water, lowering its surface tension. The water droplets 
spread on the film, anti-fogging had been achieved, but the 
volatilization and diffusion of ST was fast. In order to solve 
this problem, nano-TiO2 was needed. Nano-TiO2 had fixed a 
part of ST, inhibiting the migration rate of ST. In this way, 
long-acting antifogging films were formed. 

3  Conclusion 

In this study, preparation of P-ST-TiO2 film with 
improved anti-fogging performances was demonstrated. 
Since the film contained nano-TiO2, the composite film 
exerted multiple functionality including UV-light barrier 
property and anti-fogging performances. With the addition 
of nano-TiO2, the UV-light transmission between 190 and 
400 nm wavelength of the film was decreased, suggesting 
that the UV-light barrier property of the film was enhanced. 
Furthermore, P-ST-TiO2 film had the lowest CA value of 

12.5. The CA and SEM of the composite film implied that 
nano-TiO2 played an important role in improving the 
anti-fogging performances of the film. Although the WVTR 
of the composite film was 4.871 g/(m2·d), it was higher than 
the other films. A little higher WVTR proved to be helpful to 
fruits and vegetables. In practical applications, P-ST-TiO2 
film had prolonged the shelf life of strawberries at room 
temperature for a week. Therefore, the developed films have 
the potential to be used as anti-fogging packaging materials, 
which will have a broad application in the fruit and 
vegetables preservation industry. 
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Abstract: Nitrification inhibitors such as nitrapyrin (2-chloro-6- (tricholoromethyl)-pyridine, CP) are co-applied with nitrogen 
fertilizers to prevent nitrification and improve the efficiencies of fertilizers in cropland, but its effectiveness depends on a number 
of soil characteristics. Nitrapyrin was reformulated by new technology and its purity has achieved 98%. The effectiveness 
improved a lot because of the greatly reduced impurities. In order to study the effects of soil pH value and soil moisture on the 
inhibition efficacy of new reformulated nitrapyrin, soil incubation experiments were carried under dark and aerobic conditions  
(25 ℃ constant temperature and 80% humidity) to discuss the implications of nitrapyrin on dynamic changes of inorganic 
nitrogen, nitrification intensity and nitrification inhibition rates’ changing rules in different soil regime. Results indicated that 
ammonium concentrations decreased while nitrate concentrations and apparent nitrification rates had an ascending tendency as pH 
value increased. Nitrogen application combined with nitrapyrin significantly decreased the amount of disappeared ammonium and 
inhibited nitrification at all pH levels. At the 9th day, nitrification inhibition rate at pH value of 7.70 was highest, up to 91.53%. 
However, nitrification inhibition rates at low pH value decreased slower than that at high pH value. At the 45th day, nitrification 
inhibition rate at pH value of 4.66 was 36.43%, higher than other treatments. Nitrate concentration and apparent nitrification rate 
were highest in soils with 60% of the maximum water holding capacity (WHC). Nitrapyrin application inhibited nitrification at all 
soil moisture levels. Nitrification inhibition rate in soils of moisture levels was 40%WHC>60%WHC>80%WHC. In conclusion, 
nitrapyrin should be more suitable for application in acidic soil and upland soil. Results in our study are expected to provide 
scientific basis for the optimal soil conditions in practical application of new nitrapyrin. 
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0  Introduction   

Nitrogen (N) is an essential nutrient for crop growing 
but amount of applied fertilizer N used by crops rarely 
exceeds 40%[1]. Most of the N fertilizers not taken up by 
target system tend to nitrify. Nitrification, the microbial 
oxidation of ammonia (NH3), via nitrite (NO2

), to nitrate 
(NO3

), is a critical component in the N cycle, which causes 
N losses in the form of NO3

 leaching and nitrous oxide 
(N2O) emissions from agriculture system[2]. NO3

 leaching 
could trigger waterway eutrophication and drinking water 
contamination[3-4]. N2O, the greenhouse gas, with about 
300-fold greater warming potential than CO2 on a per 
molecule basis, also relates to destruction of the 
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stratospheric ozone layer[5-6]. When N fertilizers are applied 
such as urea or anhydrous ammonia, the microbial process 
of nitrification converts a large fraction of NH4

+ into NO3
 

within 2-3 weeks[7]. Hence, great efforts were devoted to 
decreasing nitrification rates to retain N in the soil for plant 
uptake, thus improving nitrogen use efficiency (NUE) and 
reduce environmental pollution[8-9]. One strategy that decreases 
the potential for N loss is the use of nitrification inhibitors (NIs). 
NIs slow the first step of NH3 oxidation in soil, reducing its 

conversion to NO3
 and the possibility of leaching while also 

having great potential for decreasing N2O emissions, thus 
increasing the chance for plant acquisition, immobilization, 
fixation and adsorption of NH4

+[10-12].  
Nitrapyrin [2-chloro-6- (tricholoromethyl)-pyridine, CP] 

is one of the most frequently used commercial nitrification 
inhibitors in agriculture. It was discovered in a fumigant that 
had been noted to occasionally stimulate plant growth and 
then manufactured by Dow Chemical Company under the 
trade name N-Serve[13-14]. So far, nitrapyrin has been widely 
applied to cropland in the United States[15-16]. It inhibits the 
first step of nitrification by chelating copper, the component 
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of ammonia monooxygenase (AMO) that catalyzes the 
conversion of NH3 to NH2OH and thus to inactivate AMO[17]. 
Numerous laboratory and field trials have shown that 
nitrapyrin has been successfully used to decrease N losses 
and improve NUE for many years and contributed to 
decreases in N2O emissions from fertilized agricultural 
soil[18-20]. Nitrapyrin was recently reformulated by Zhejiang 
Aofutuo Chemical Co. Ltd.. Unlike the previous form of 
nitrapyrin, the purity of the new product has the potential to 
reach 98%. A reduction in impurities improves the efficacy 
of the compound and reduces dosage requirements to as low 
as 0.2%-0.3% of the pure N amount. Now it is made into 
commodity named as “N fertilizer synergist” and have 
access to markets. Adding nitrapyrin into N fertilizer as 
stabilized fertilizer is becoming widely used gradually.  

China represents an enormous agricultural landscape 
with diverse soil types and pH value. The efficacy of NIs 
varied considerably with individual experiments and may be 
attributed to several physical, environmental and chemical 
factors that interact in a complex manner[21]. Among the 
various factors, pH value and soil moisture, both have 
significant effects on nitrification and the efficacy of 
nitrification inhibitors[22-24]. Soil pH value and moisture can 
influence its fate and transport processes such as 
volatilization, photolysis, sorption, degradation and leaching. 
As a result, it is important to determine the effects of those 
factors on the new nitrapyrin[25]. Soils in southern China are 
between acidic and weak alkaline and soil water in actual 
field condition vary with different land uses, as local field 
water content for upland is around 30%-45% of WHC 
(water holding capacity), while that for non-flooding paddy 
field with mulching film is around 80% and 60% of WHC 
for the earlier and late growth period, respectively. In this 
study we set five pH values and three soil moisture gradients 
in order to evaluate the effects of soil pH value and soil 
moisture on the nitrification inhibition efficacy of 
reformulated nitrapyrin. A better understanding on how these 
factors influence the nitrification inhibition of nitrapyrin is 
instructive for regulating N transformation via reformulated 
nitrapyrin application. 

1  Material and Methods 

1.1  Experimental materials 
The soil (0-20 cm) used in this study was a purple sand 

silt soil, collected in April 2013 from Yuyao City, in 
Zhejiang Province, China (30°24′N, 119°51′E). Upon 
collection, soil samples were hand-sorted to remove live 
plant material and other woody debris, immediately 
transported to the laboratory. Soils were air-dried, 
homogenized by sieving (2 mm mesh size), pooled and 
stored at room temperature. Physicochemical properties of 
the soil samples including pH value ， total N (TN), 
alkali-hydrolyzable N, organic matter (OM), mechanical 
composition, NO3

-N, NH4
+-N, cation exchange capacity 

(CEC) were determined. Soil pH value was measured with a 
pH meter in a solution with a soil/distilled water ratio of 
1:2.5 (w/v). TN was determined by Kjeldahl digestion. 

Alkali-hydrolyzable N determination used the alkaline 
hydrolysis diffusion method. OM was determined using the 
K2Cr2O7 wet oxidation and titration by FeSO4. Particle size 
analysis was measured by pipette settling method. NO3

-N 
and NH4

+-N were extracted with    2 mol/L KCl in a ratio 
of 1:5 (w/v) and analyzed by indophenol blue colorimetric 
method[26] and dual- wavelength ultraviolet spectrophoto-
metry[27]. CEC was determined by 1 mol/L neutral ammo-
nium acetate elution method. Basic properties of the soil 
were as follows: pH value 7.24, TN 0.46 g/kg, alkali- 
hydrolyzable N 37.01 mg/kg, OM 12.06 g/kg, sand content 
63.54%, silt content 25.19%, clay content 11.27%, NO3

-N 
3.57 mg/kg, NH4

+-N 79.13 mg/kg, CEC 10.38 cmol/kg. In 
this experiment, nitrapyrin was offered by Zhejiang Aofutuo 
Chemical Co. Ltd. and used in emulsifiable concentrate 
formulation, which has 24% active ingredient. 
1.2  Experimental design  
1.2.1  Effect of soil pH value 

200 g air-dried soils were placed in sealed plastic bags 
under aerobic condition. Samples were pre-wetted and 

incubated for 1 week under 25 ℃ to equilibrate the soil 
before the application of treatments. After pre-incubation, 
(NH4)2SO4 at a rate of 500 mg/kg soil (N content) and 
nitrapyrin at a rate of 1.5 mg/kg soil were added to each of 
the soil samples. The pH value gradient was controlled via 
the addition of finely powdered CaCO3

[28] and H2SO4
[29]. 

The quantities of H2SO4 (1 mol/L) applied were 7.5, 6, 2.4 
and 0 mL, while 1% (w/w, relative to the weight of the 
air-dried soil) CaCO3 was applied. Soil was homogenized 
and pH value was measured on the first day. The soil pH 
value was adjusted to 4.66, 5.60, 6.25, 7.24 and 7.70, 
respectively. Control treatments without nitrapyrin were 
included and the entire set was triplicate. The soils were 

mixed and then placed in a Plant Growth Chamber at 25 ℃
and 80% humidity. A needle was used to prick a few small 
holes in each of the bags near its seal, in order to create an 
aerobic environment. During incubation, soil moisture was 
adjusted to and maintained at 60% of WHC. Water loss was 
monitored by reweighing and replenished by adding distilled 
water as required. 
1.2.2  Effect of soil moisture  

To investigate the effect of soil moisture on the 
nitrification inhibition rate of nitrapyrin, soil moisture levels 
were set to 40%, 60% and 80% of WHC to simulate low, 
medium and high soil moisture [30-31]. Soil pH value was its 
natural pH value. Other incubation procedures were identical 
to those described in section “1.2.1”. 
1.3  Sampling and analysis 

10 g soil samples were collected at 9 intervals, 
immediately extracted with 2 mol/L KCl solution, and 
analyzed for NH4

+-N and NO3
-N content. NH4

+-N was 
measured using the indophenol blue colorimetry, NO3

-N was 
measured via dual-wavelength ultraviolet spectrophotometry.  

The nitrification inhibition rate is a characteristic of the 
inhibition intensity, which was calculated using the 
following formula 
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Nitrification inhibition rate=(AB)/A×100%     (1) 

Where A represents the difference in NO3
-N content 

after incubation compared to initial levels in soil not treated 
with the inhibitor, mg/kg; B represents the difference in 

NO3
-N content after incubation compared to initial levels in 

soil treated with inhibitors, mg/kg 
The apparent nitrification rate of the soil corresponds to 

its nitrification intensity, which was calculated as follows 
Soil apparent nitrification rate=C/(C+D)×100%   (2) 

Where C is the NO3
-N content, mg/kg; D is the 

NH4
+-N content, mg/kg. 

1.4  Statistical analysis 
The results of each treatment were reported as the 

means of the three replicates and expressed on the basis of 
soil air-dried weight. All data was analyzed using one-way 
ANOVA in Statistics, Version 5.5 (Windows) and origin 8.0. 
The significance of the differences among mean values was 
tested using Duncan’s multiple range method (P<0.05). 

2  Results 

2.1  Effects of soil pH value on the nitrification 
inhibition of nitrapyrin 

The NH4
+-N concentrations constantly decreased over 

time during the incubation period (Fig.1a) and displayed 
dissimilarly in different treatments. The NH4

+-N concen-
tration was lower and the rate of descent was faster at higher 
pH value. At the 9th day, NH4

+-N concentration was 
447.27 mg/kg at pH value of 4.66 while 210.31 mg/kg at pH 
value of 7.24, and dropped to 371.82 and 65.97 mg/kg at the 
18th day, respectively. NH4

+-N concentration of the 
treatment with nitrapyrin was significantly greater than that 
without nitrapyrin at the same time point (P<0.05). NH4

+-N 
at pH value of 7.70 without nitrapyrin dramatically declined 
to 39.48 mg/kg at the 9th day while that with nitrapyrin 
remained 59.79 mg/kg at the 18th day. NH4

+-N concentr-
ations at pH value of 4.66 and 5.60 without nitrapyrin at the 
36th day were 259.78 and 217.26 mg/kg, which amount to 
those with nitrapyrin at the 45th day.  

The NO3
-N concentration changed in an inverse 

pattern to that of NH4
+-N concentration in all treatments and 

gradually increased with incubation time (Fig.1b). NO3
-N 

concentration of the treatment with nitrapyrin was 
significantly lower than that without nitrapyrin at the same 
time point (P<0.05). Moreover, the higher the pH value, the 
higher the NO3

-N concentration. At the 54th day, NO3
-N 

concentration in the treatment of pH value of 4.66 adding 
nitrapyrin was 310.10 mg/kg, significantly lower than other 
treatments. 

The apparent nitrification rates varied significantly with 
soil pH value and incubation time (P<0.05) (Table 1). 
Inductively, apparent nitrification rates for all soils attained 
the lowest value initially, increased subsequently and 
reached the highest towards the end of the incubation 
(P<0.05). Excessive acidification significantly inhibited soil 
nitrification, as demonstrated by the fact that apparent 
nitrification rates had a decline tendency as pH value 

decreased. At pH value of 4.66, apparent nitrification rate of 
treatment without nitrapyrin was just 8.51% at the 9th day 
and did not achieve 91.21% until the 54th day, while that 
reached up to 93.14% only at the 9th day at pH value of 7.70. 
Apparent nitrification rate at pH value of 4.66 and 5.60 
without nitrapyrin were significantly higher than those in 
treatments including nitrapyrin during all the incubation 
time (P<0.05). At the 54th day, nitrapyrin at pH value of 
4.66 still reduced apparent nitrification rate by 32.20%. 
However, nitrapyrin showed great inhibition on nitrification 
at pH value of 7.70 only for 18 d. Especially at the 9th day, 
apparent nitrification rate without nitrapyrin was just 7.87%, 
remarkably lower than that with nitrapyrin (P<0.05). 

 
 

Note: CP represents nitrapyrin. Error bars indicate standard deviation (n=3), the 
same as below. 

Fig. 1  Dynamics of NH4
+-N and NO3

-N concentration as 
affected by applications of nitrapyrin under different soil pH value 

 

The nitrification inhibition rate of nitrapyrin was 
significantly affected by soil pH value. We could conclude 
that in soils with pH value of 4.66-7.70, nitrapyrin was the 
most effective on the 9th day，and had a lower efficiency 
over sampling time (Fig.2). Initially, nitrapyrin was the most 
effective when the pH value was 7.70; however, its efficacy 
then dropped sharply with the nitrification inhibition rate 
was down to 12.05% on the 18th day, while the inhibition 
ceasing almost entirely after that point. Nitrification 
inhibition rates at pH value of 4.66 and 5.60 had a slower 
declining tendency and they showed nitrapyrin less effective 
at the beginning, but the trend in nitrapyrin activity reversed 
on the 27th day, when nitrapyrin began to perform better as 
the pH value decreased. Finally, at the end of the incubation, 
nitrapyrin was most effective at pH value of 4.66. At pH 
value of 7.24, the inhibition of nitrification continued for 45 
days, while the nitrapyrin remained effective in other more 
acidic soil during the entire incubation period. 
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Table 1  Apparent nitrification rates under different soil pH values                         % 

9 d  18 d  27 d  36 d  45 d  54 d 
pH value 

No CP +CP  No CP +CP  No CP +CP  No CP +CP  No CP +CP  No CP +CP 

4.66 8.51e 3.52c  15.76e 5.92e  32.91e 13.76e  48.50d 27.76e  70.63c 44.87d  91.21c 69.28c 

5.60 11.07d 3.70c  25.03d 7.40d  45.16d 19.63d  59.55c 36.76d  79.39b 56.43c  94.85b 81.61b 

6.25 31.56c 4.60b  59.84c 13.37c  80.69c 38.33c  96.07b 57.26c  99.25a 81.11b  99.40a 98.29a 

7.24 53.59b 7.72a  84.25b 28.28b  97.10b 53.93b  98.99a 81.09b  99.45a 98.58a  99.43a 99.39a 

7.70 93.14a 7.87a  98.35a 86.23a  98.78a 98.88a  98.98a 99.04a  99.21a 99.26a  99.44a 99.47a 

Note: Different letters within the same columns indicate a significant difference at P<0.05 among different pH value treatments. The same as below. 

 

 
 

Fig.2  Dynamics of nitrification inhibition rate of nitrapyrin  
under different soil pH values 

 
2.2  Effects of soil moisture on nitrification inhibition of 
nitrapyrin 

The NH4
+-N concentration of all the treatments 

gradually decreased over time during all the incubation 
period (Fig.3a). NH4

+-N concentration under different soil 
moisture levels was 80%WHC>40%WHC>60%WHC. 
NH4

+-N concentration declined to 12.47 mg/kg at the 27th 
day as soil moisture was 60% of WHC, but it remained 
66.94 and 254.90 mg/kg when 40% and 80% of WHC. 
Adding nitrapyrin to soil of different humidity all can delay 
the NH4

+-N transformation. When soil moisture was 60% of 
WHC, NH4

+-N concentration was 210.31 mg/kg at the 9th 
day while that was 453.88 mg/kg including nitrapyrin and 
decreased to 215.99 mg/kg until the 27th day. The NH4

+-N 
concentration decreased with a delay of 18 days as well as in 
the treatments when soil moisture was 40% of WHC. 

Contrary to the NH4
+-N concentration change tendency, 

NO3
-N concentration increased with the incubation time 

(Fig.3b). When soil moisture was 60% of WHC, the NO3
-N 

concentration was higher than others and remained relatively 
stable at (420±10) mg/kg since the 27th day. NO3

-N 
concentration in the treatment of 40% of WHC was 
significantly higher than that of 80% during the whole 
incubation period (P<0.05). The addition of nitrapyrin 
effectively retarded the NO3

-N formation in three different 
soil moisture treatments, especially in the initial stage. At the 
9th day, NO3

-N concentration in the treatment of 40% of 
WHC was 156.64 mg/kg, significantly decreased to    
24.40 mg/kg with nitrapyrin at the same time (P<0.05). 
Compared with 40% of WHC, nitrapyrin made NO3

-N 
concentration decrease by 65.48% when soil moisture was 

80% of WHC at the 9th day. 
 

 
 

Note: WHC indicates water holding capactity. The same as below. 

Fig. 3  Dynamics of NH4
+-N and NO3

-N concentration as 
affected by nitrapyrin under different soil moisture 

 

The apparent nitrification rates showed significant 
differences with soil moisture and incubation time (P<0.05) 
(Table 2). Apparent nitrification rates increased gradually 
with longer incubation time in all treatments. Apparent 
nitrification rates were the highest when the soil moisture 
was 60% of WHC and followed by those of 40% of WHC 
during the whole incubation period. Nitrapyrin could 
effectively retard the process of NH4

+-N converted to 
NO3

-N, since that apparent nitrification rates with 
nitrapyrin were significantly lower than those without 
nitrapyrin during 54 days at 40% and 80% of WHC, and 45 
days at 60% of WHC (P<0.05). When soil moisture was 
40% of WHC, apparent nitrification rate of treatments 
without nitrapyrin got to 40.60% at the 9th day, while that 
reached to 45.31% until the 27th day in treatments including 
nitrapyrin. Results indicated that nitrapyrin inhibited 
nitrification and had a retardant effect for about 18 days as 
well as in treatment of 60% of WHC. 
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Table 2  Apparent nitrification rates under different soil moisture                 % 

9 d  18 d  27 d  36 d  45 d  54 d 
Soil moisture 

No CP +CP  No CP +CP  No CP +CP  No CP +CP  No CP +CP  No CP +CP 

40% WHC 40.60b 7.37a  59.20b 20.86b  84.04b 45.31b  88.97b 66.43b  96.89b 82.51b  99.36a 96.01b 

60% WHC 53.57a 7.72a  84.25a 28.29a  97.10a 53.94a  98.99a 81.09a  99.45a 98.58a  99.43a 99.39a 

80% WHC 18.49c 6.39a  26.46c 12.29c  43.00c 29.45c  77.84c 60.58c  93.61c 79.88c  98.70b 95.74b 

 
The effects of soil moisture on the efficacy of nitrapyrin 

were presented in Fig. 4. Nitrification inhibition rates of 
nitrapyrin decreased as incubation time in all treatments. 
Nitrapyrin was significantly less effective in soils of 80% of 
WHC than that of 40% of WHC (P<0.05) during the first 27 
days while there was no significant difference in nitrification 
inhibition rates between soils of 40% and 60% of WHC. 
From day 36 to 54, soil nitrification inhibition rates at 40% 
of WHC were significantly higher than those of 60% of 
WHC (P<0.05). Simultaneously, inhibition rates were 
similar under 60% and 80% of WHC. The duration of 
nitrification inhibition was prolonged as soil moisture 
decreased. When the soil moisture was 60% or 80% of WHC, 
the inhibition of nitrification persisted for 45 days, while the 
nitrification inhibition rate remained at 15.40% when the 
soil was 40% of WHC.  
 

 
 

Fig. 4  Dynamics of nitrification inhibition rate of nitrapyrin under 
different soil moisture 

3  Discussion 

Temporal variations of nitrification inhibition rates 
were to investigate the effects of pH value and soil moisture 
on the efficacy of nitrapyrin. Results indicated that NO3

-N 
concentration and apparent nitrification rate increased with 
soil pH value (Table 1). Under acidic conditions, inorganic 
nitrogen exists mainly in the protonated form, NH4

+ rather 
than NH3 (pKa=9.25), yet NH3 is a suitable substrate for 
ammonia monooxygenase[32]. There is a wide range in the 
reported optima for nitrification, but the general trend 
indicates that as the pH value decreases, the rate of 
nitrification decreases[33-34]. This is the reason why NO3

-N 
concentration and apparent nitrification rate was lower at 
lower pH value. Liming of soil increased pH value and 
initiate nitrification, but meanwhile may probably cause 
increased nitrifier activity and general microbial activity, 
resulting in the rapid biodegradation of nitrapyrin[35]. 
Additionally, the rate of nitrapyrin disappearance rose with 
pH value[36]. All these may explain our result. At the 9th day, 

nitrification was stronger and yet the effect of nitrapyrin was 
better at higher pH value. As nitrapyrin degraded gradually 
along with the incubation time and diminished faster at high 
pH value, consequently it performed better progressively at 
lower pH value during the latter incubation time. A similar 
result had been showed in the experiment carried out by 
Rovita and Killorn[37], which suggested that nitrapyrin in the 
soil of higher pH value and organic showed less efficacy on 
nitrification inhibition. Therefore, nitrapyrin will likely be 
more effective in limed soils at incipience of application, yet 
can persist longer in more acidic soils. 

In the soil system, soil aeration, was closely related to 
soil moisture, which significantly affects the activity of soil 
nitrifying bacteria. The nitrification rate in soil is near its 
maximum when the soil moisture is 60% of WHC. The 
nitrification of soils saturated with water occurs slowly or 
stops entirely because of the associated deficit of molecular 
oxygen[38-39]. Nitrification also ceases in dry soils, but it 
would appear that higher soil moisture has a greater negative 
impact on nitrification than a lower moisture[40]. Phenomena 
were reconfirmed in this experiment, which found that the 
ranking of the apparent nitrification rates observed at 
different soil moisture levels was 60% WHC>40% 
WHC>80% WHC. Nitrapyrin is insoluble in water and can 
be hydrolyzed to 6-chloropicolinic acid[41], which has no 
effect on the oxidation of ammonia in the soil, even when 
applied at rates as high as 79 μg/g soil[42]. Besides, the 
volatilization of nitrapyrin is more pronounced in wet soils 
than in dry soils[21]. As a result, the nitrapyrin retention time 
is shorter in the very moist soil. The efficacy of nitrapyrin 
positively correlated to its retention time in soil and this 
coincides with our conclusion that the efficacy of nitrapyrin 
in soils of different moisture levels was 40% WHC>60% 
WHC>80% WHC. Our results of this study suggested that 
nitrapyrin is more suitable for application in upland soils. 

4  Conclusions 

Nitrification is stronger in alkaline soil and at 60% of 
WHC soil moisture. The efficacy of nitrapyrin is greater at 
higher pH value initially, whereas it is better at lower pH value 
later and lasts longer. Additionally, nitrapyrin performs better 
when the soil is at lower moisture. As a result, nitrapyrin is 
suggested to apply in acidic soil and upland fields. 

Besides the factors mentioned above, its own 
movement and the relative migration rate of ammonium may 
also influence the efficacy. Moreover, further research is 
required to obtain molecular-level information about the 
mechanism underlying nitrification inhibition by nitrapyrin. 
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Abstract: Cropland soil respiration (Rs) is an important part of global CO2 cycling. The growing-season Rs has great influence 
on the crop yield, and Rs can be affected by crop residue mulching. Two prevailing crop residue mulching methods, which were 
shattered residue mulching (SH) and standing residue mulching (ST) were applied after harvesting in this study since 2000. The 
measurement was initiated in the year of 2013, and the measurements included the soil frost depth, snow accumulation, CO2 
fluxes, soil temperature and soil moisture. Total Rs are divided into heterotrophic respiration (HR) and rhizospheric respiration 
(RR). Radiocarbon signature technology combining with mathematical equations were utilized to calculate the CO2 fluxes of HR 
and RR. The experimental results showed that average snow accumulation increased by 44%, maximum soil-frost-depth reduced 
by 18% and the frozen soil thawing completely hastened by about 10 to 27 d of ST compared that with SH. The average CO2 
fluxes were 16.55 and 14.02 mmol/m2h for ST and SH, respectively. In terms of the growing season, the Rs difference between 
SH and ST was relatively small at the introductory and final stage, while the Rs difference was relatively larger in the middle 
stage. The average Rs of ST was 3.3 mmol/m2h larger than that of SH. The HR was the dominant contributor to Rs in ST 
treatment, while RR only contributed about 10% to the total Rs. Redundancy analyses revealed that the Rs and HR were 
positively correlated with soil temperature and snow accumulation, but they were negatively correlated with the soil frost depth. 
These results indicated that applying ST can result in higher growing-season Rs compared with SH, the higher Rs means the 
higher CO2 supplement to maize for photosynthesis, which is benefit for crop yield improvement. 
Keywords: soils; respiration; soil moisture; standing residue mulching; shattered residue mulching; growing season; 
heterotrophic respiration; rhizospheric respiration 
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0  Introduction  

The cropland soil respiration (Rs) is the largest global CO2 
flux from the terrestrial biosphere to the atmosphere[1], and 
the CO2 can be generated from soil microbial metabolism, 
soil fauna breath and so on. At the same time, the Rs could 
be divided into heterotrophic respiration (HR) and 
rhizospheric respiration (RR) according to CO2 sources, the 
heterotrophic microbes and rhizospheric microbes are 
responsible for the HR and RR respectively[2-3]. There are 
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many influencing factors to determine whether HR or RR is 
preponderance[2-3], such as soil water content, soil thermal 
regimes[4-5], as well as the aboveground vegetation and so on. 
In general, the aboveground vegetation are referring to crops, 
weeds or trees, thus the cropland Rs and forest Rs occupy 
the majority among all kinds of Rs. Compared with forest Rs, 
the cropland is more liable to suffer anthropogenic influence. 
For example, the cropland should be sowed, managed and 
harvested frequently by farmers. According to literature 
review, cropland management could change soil physical 
characteristics, soil water and soil thermal regimes, and 
these factors are critical to Rs[6]. Specifically, Zhang et al[7], 
Sun et al[8], and Mei et al[9] pointed out that under a certain 
circumstance, the Rs rate increases exponentially with the 
temperature increasing; and the soil moisture can affect the 
soil ventilation condition, which will influence the soil 
microbes’ activities, consequently, the soil moisture will 
have some impact on the Rs. But there lacks the definite 
conclusion about the relationship between soil moisture and 
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Rs. Li et al[10], Orchard et al[11] and Jinyan et al[12] insisted 
that field maximum water holding capacity and permanent 
wilting point are two key limitations which will impact the 
Rs, otherwise, the Rs won’t have obvious fluctuation when 
the soil moisture between the two key limitations, especially 
for the HR[7]. In addition, the microbes are the key biological 
factors that affecting the Rs, and carbon substrates will 
control the microbial activities[13-14]. 

The crop residue treatment is a key link of cropland 
management. Crop residue mulching is an effective method 
on facilitating the agricultural sustainable development[15], 
studies from developing countries in Asia, Latin America, 
and Africa have reported positive effects that include 
increasing soil organic carbon (SOC), soil water retention 
and nutrient cycling together with decreasing soil loss and so 
on[16-19]. Cropland management could cause long-term 
influence on soil physical characteristics, as well as 
changing soil water and soil thermal regimes. These 
variations would be more obvious during the growing 
seasons[17]. The studies about the relationships among 
cropland-Rs acuteness, soil physical characteristics, soil 
water and soil thermal regimes had been well studied, while 
the study sites were always chosen in forest, such as Muhret 
et al. validated that winter soil frost could influence Rs in a 
Norway spruce forest[20], ÖQuist & Laudon conceived that 
winter soil frost could control the Rs during the growing 
season in boreal forests[20-21], Haei et al. confirmed that 
winter climate controls soil carbon dynamics during summer 
in boreal forests[22]. 

There were also some studies aiming at the 
relationships among the tillage, crop residue and Rs[23-24], for 
example, Siyi et al[25] compared the Rs under residue 
mulching and left bare, and they found the residue mulching 
could increase the microbial activities, then the Rs rate 
would be increased. But the relationship between different 
residue mulching and growing season Rs wasn’t totally 
understood yet. The growing season is a key period for the 
crop yield, and the Rs intensity could reflect the CO2 
supplement to crops, in addition, the different residue 
mulching could lead to different soil physical properties all 
the year round. Thus, this study put the emphases on the 
growing season and different residue mulching in maize 
field. Two prevailing crop residue mulching methods[26], 
which were standing residue mulching (ST) and shattered 
residue mulching (SH) were chosen in this study, and the 
objective was to investigate the Rs status under ST and SH 
during growing seasons. This study hypothesized that ST has 
more advantage in snow accumulation compared with SH, 
higher snow accumulation was in favor of soil thermal 
conserving[27], consequently, the cropland which applied ST 
might have higher Rs during growing seasons. 

1  Materials and methods 

1.1  Study site description 
The study site covers about 25 hm2. During 1993 and 

1997, the study site had been used as headquarters for a 
highway construction project. It had been naturally fallowed 
until the spring of 2000. The study site is located in 

Huashishan County, Siping City, Jilin Province (43.31°N, 
124.62°E), the annual mean temperature is 4.8℃, the annual 
precipitation is 522 to 615 mm, and the annual accumulative 
temperature is 2 770 to 2 910 ℃. In order to determine the 
soil classification, the Munsell soil color charts (Beijing 
New Landmark Soil Equipment Co., Ltd.) were used. The 
soil belongs to Mollisols according to the USDA soil 
taxonomy, whilst according to Chinese soil taxonomy, the 
great group is Black soils and the soil order is Semi-luvisols. 

In light of the experimental records that conducted in 
the Autumn of 2000, the original characters of the Mollisols at 
the study site has an organic matter content of 13 391 mg/kg, 
total nitrogen content of 1 192 mg/kg, available phosph-
orus content of 2 473 mg/kg, available potassium content 
of 1 597 mg/kg within the surface soil (0–30 cm depth) and 
the soil pH values ranging from 6.5 to 7.1. The percentages 
of sand, silt and clay are 57%, 13% and 30%, respectively. 

The monoculture rain-fed maize (Zea mays L.) was the 
only crop in this study site, the species was Jinyu 335. The 
maize was planted by a no-till planter in the end of Apr. or 
early May and harvested in the early Oct. The row distance 
was 65 cm, and the intra-row distance was 22 cm. 
Mechanical weeding control was applied during the 
management period. One compound chemical fertilizer 
(produced by Sino-Arab Chemical Fertilizers Company) 
whose dosage was 500 kg/hm2 was used for nutrients, and 
its total nitrogen, available phosphors, available potassium 
were 16%, 6%, 24% respectively. According to the research 
results of Meijide et al[28] and He et al[29], the fertilizer 
addition would impact the Rs, which is unfavorable to this 
comparative study, thus this study only added a little 
chemical fertilizer. Two experimental zones which were 200 m 
in width and 300 m in length were chosen since 2000, and 
the width was in east-west direction, the length was in 
south-north direction. There was a zone that 50 m in width 
and 300 m in length between the two mentioned zones, it 
was fallowed all the time and acted as a buffer zone. One 
experimental zone was applied standing residue mulching 
after harvesting, the other one was applied shattered residue 
mulching (the maize roots were shattered, too) after 
harvesting. The same management was performed every 
year since 2000. During the summers of 2014, 2015 and 
2016, 4 random plots which were 30 m in width and 50 m in 
length were chosen in SH, and 4 random plots which were 
the same size were chosen in ST, thus 4 replicates of both 
SH and ST could be obtained each year, and each plot had 
25 random soil sampling points. 

Guojiadian Meteorological Station is a county 
meteorological institute and takes responsibility for the 
meteorological data of this study site. This meteorological 
institute provided the relevant meteorological data for this study. 
Student’s t test was used to figure out whether the natural 
environment has changed significantly, and the significant level 
was selected as 0.05. According to the meteorological data 
shown in Fig. 1, during the experimental period that from 2000 
to 2015, there was no significant difference in annual 
temperature (P>0.05) or annual precipitation (P>0.05). 



  

 

61 

Jia Honglei et al. Effect of standing and shattered stalk residue mulching on soil 
respiration during growing-season of maize (Zea mays L.) 

 

 
 

Fig.1  Mean annual temperature and annual  
precipitation of this study site 

 

1.2  Measurement of soil frost depth, snow accumulation 
The measurement of soil frost depth was carried out for 

3 winters from 2013 to 2016. Two o’clock in the morning is 
the coldest time every day in Northeast China by referring to 
meteorological data of the last 30 years, so soil frost depth 
measurement was conducted at 2:00 a.m. over 3 winters. 
Soil frost depth was measured with CRREL-Gandahl frost 
tubes[30] which was installed to the depth of 2.0 m. The 
CRREL-Gandahl frost tube consists of a permanently 
installed plastic exterior access tube and a close-fitting inner 
tube, the inner tube was made of clear plastic, and it was 
filled with water and a dye. On freezing, the dye would 
exclude from the ice then leaving a color break at the ice 
water interface. The color break indicated the depth of frost 
penetration. Twelve CRREL-Gandahl tubes were randomly 
installed in each replication plot as 12 repeated 
measurements for both ST and SH every winter. The data of 
soil frost and thaw depth was recorded weekly, semiweekly 
and daily during the winters of 2013 –2014, 2014 –2015, 
2015 –2016 respectively. 

Snow accumulation was recorded for 3 winters from 
2013 to 2016, too. There were 8 randomized measurements 
of snow accumulation in each replication plot for both ST 
and SH. Snow accumulation was recorded daily from the 
introductory snow every year. In order to figure out how the 
wind affect snow accumulation in ST and SH, two 
anemometer (Campbell A 100R) was installed 1.5 m above 
the soil surface in the middle of each plot to measure wind 
velocity during winters, the corresponding data logger 
(Model CR 10X, Campbell Scientific, Logan, UT) recorded 
the wind velocity every 5min, and it could calculated daily 
average wind velocity automatically. 
1.3  CO2 flux measurement 

Field measurement was carried out to acquire the total 
Rs. CO2 flux was measured semiweekly, and the method 
used for measuring CO2 fluxes in this manuscript was 
described by Savage & Davidson[31]. In order to measure Rs, 
three plastic collars were installed in each plot, the inner 
diameter of the collar was 49.5 and 20 cm in length. The 
bottom 5 cm of the collar was buried into the field so as to 
minimize the disturbance which may be caused by 
near-surface roots[31-32]. A plastic lid was screwed to the 
collar, then a portable infrared gas analyzer (IRGA; Li-820 
from Li-Cor Biosciences GmbH, Germany) was connected 

to the collar to measure the gas. A pump was used to drive 
the air to circulate at a rate of 0.5 L/min. The data logger 
recorded the CO2 concentration every 10 s. At last, a linear 
regression was performed to determine the CO2 flux rate[20]. 
1.4  Gas sampling for analyzing the 14CO2 signature of 
total Rs 

Three days were selected randomly in every growing 
season to take gas samples for determining the 14C 
signature. Six measurements were carried out in each replicate. 
Plastic collars described above were employed in this process, 
and the plastic collar was closed then flushed with CO2-free 
synthetic air for 90 min at a flow rate of 1.5 L/min. The 
collars would be sealed after flushing and CO2 concentration 
inside the collars would climb to 1500 mg/kg at least. The 
effective CO2 flux at a specific sampling day would 
determine the specific incubation time. The gas inside the 
collar would be transferred into a 2L-evacuated stainless 
steel cylinder which connected to the collar. Then the gas 
could be used for further analyzing in laboratory. The mean 
value would be calculated at the end of the analyses. 
1.5  Soil respiration partition 

Partitioning the Rs into rhizospheric respiration (RR) 
and heterotrophic respiration (HR) was a major object of this 
study. The isotopic method which takes advantage of 
bomb-derived 14C was applied in this research[33-35]. The 
14CO2 signature of total soil respiration, RR and HR were 
measured in this procedure, and then a mass balance was 
applied to calculate the fluxes of HR and RR. Equation (1) 
and (2) were applied in this approach. 

 
2 2 2CO SR CO Het CO RootF F F   (1) 

2 2 2

14 14 14
CO SR SR CO Het Het CO Root RootF C F C F C       

(2) 
Where FCO2SR is the CO2 flux of total soil respiration, FCO2Het  
is the CO2 flux of HR, and FCO2Root is the CO2 flux of RR, all 
in mmol/m2h. Δ14CSR is the radiocarbon signature of the total 
soil respiration, Δ14CHet is the radiocarbon signature of HR, and 
Δ14CRoot is the radiocarbon signature of RR. All given in %. 

Soil cores that under the plastic collars were collected 
after the field measurement. Soil ring knives that 49.5 cm in 
diameter and 10 cm in depth were used. Three soil cores 
were mixed so as to constitute one composite sample in each 
plot. These soil samples were brought to the lab immediately 
and then sieved (2 mm mesh) to separate visible roots and 
pure soil. The live roots were going to be used for RR 
analyses; the pure soil was going to be used for HR analyses. 

14CO2 signature of RR was also measured at the same 
dates as taking gas samples; the live maize roots were 
excavated then washed with deionized water to remove soil 
particles clinging to the roots. Subsequently, the roots were 
transferred to gas tight incubation containers. CO2-free 
synthetic air was used to flush the incubation containers in 
order to remove all atmospheric CO2, then the roots were 
incubated for 1 to 2 d in the laboratory at a constant 
temperature of 15℃. The same evacuated stainless steel 
cylinder which mentioned above was used to suck the gas in 
the incubation containers, the mean value of 4 replicates 



Agricultural Engineering for Sustainability                                Jul. 2018   

 

62 

were calculated as the 14CRoot for each sampling date. 
The same procedure was applied to determine the 14C 

signature of HR (14CHet). Soil cores with a length of 25 cm 
and a diameter of 10 cm were applied to obtain soil samples, 
four replicates were conducted in each treatment. In order to 
remedy the sample disturbance, the soil would be stored at 
5 ℃ for 4 to 6 weeks. The following step was to discard 
the roots manually and transferred the soil into incubation 
containers for estimating the 14C signature of total HR 
from the upper most 30 cm. As mentioned above, the 
incubation containers underwent the same flushing and 
incubation procedures, and then the gas inside the incubation 
containers was evacuated for analyzing. 

1.6  Gas sample preparation for 14C signature 
All the gas samples that originated from Rs, HR, RR 

were further processed in the laboratory for measuring the 
14C signature, and the general course was described by Xu 
et al[36], a digital mass flow controller (Type F-201C-AAA- 
33-V, Wagner Mess- und Regeltechnik, Germany) was used 
to control the flow rate while exporting the gas sample, the 
flow rate was regulated at 20 mL/min. The CO2 was frozen 
by liquid nitrogen, and the 1:1 mixture of ethanol and dry ice 
was applied in order to get rid of water. A little 
non-condensable gas at the liquid nitrogen temperature was 
discarded[36]. 
1.7  Soil temperature and soil moisture 

The soil temperature and soil moisture were measured 
on the same dates as measuring total Rs, one soil 
temperature and moisture probe (Omega Engineering Inc. 
USA) was inserted 8 cm beneath the soil surface, the Em-50 
data logger (Decagon Devices, Inc. USA) was connected to 

the probe, and its monitoring frequency was one hour. 
Finally, the average soil temperature and moisture could be 

collected, the soil moisture referred to soil volumetric water 
content in this study. 
1.8  Statistical analyses 

The software of SPSS 22.0 for Windows (SPSS Inc., 
USA) was applied in this study to carry out statistical 
analyses, student’s t test was used to compare the significant 
difference of seasonal temperatures, seasonal precipitations, 
soil frost depths, snow accumulations, soil temperature and 
soil moisture between two zones. In order to compare the 
significant difference of Rs, HR and RR, two-side analysis 
of variance (ANOVA, or called as ‘F test’) was used. In 
addition, redundancy analysis (RDA) was performed to 
determine to what extent, standing residue mulching, 
shattered residue mulching, soil temperature, soil moisture 
could explain the differences of growing-season Rs, HR as 
well as RR. 

2  Results 

2.1  Soil frost and snow accumulation 
Fig. 2 indicated the dynamic variation of soil frost and 

thaw depth for ST and SH, The variations were almost 
identical for the specific treatment all over 3 winters. The 
mean maximum soil frost depths were 117 and 143 cm for 
ST and SH averaged across 3 winters, thus compared with 
SH, ST reduced the maximum soil frost depth by 18%, and 
t-test indicated that the maximum soil frost depth was a 
significant difference (P<0.05) between ST and SH. With 
respect to the development of the frozen soil, soil frost depth 
increased at a relative stable rate for ST, but soil freezing 
rate for SH was lower than ST within the first month; since 
it caught up with ST, it exceeded ST’s soil freezing/frost 
penetrating rate in the following days. Beyond that, ST 
could hasten the frozen soil thawing completely by about 10 
to 27 d. 

 
 

Notes: ST means standing residue mulching and SH means shattered residue mulching; nST and nSH were the measurement days for ST and SH, rST and rSH were the 
standard deviations for ST and SH. The same as below. 
 

Fig.2  Weekly, semiweekly and daily soil frost and thaw depths of ST and SH during winters of 2013-2014,  
2014-2015 and 2015-2016, respectively 

 
The dynamic process of snow accumulations and wind 

velocities which were averaged across 3 winters was 
depicted in Fig.3. The average snow accumulation of ST was 
significantly deeper than that of SH (P<0.05), and ST 
increased average snow accumulation by 44% compared 
with SH, which may be ascribed to the wind resistance 

effect of standing crop stalks. 
2.2  Soil temperature and soil moisture 

Table 1 demonstrated that the soil temperature and soil 
moisture were different between two treatments. In general, 
ST’s soil temperatures were higher than SH’s; but in terms 
of soil moisture, SH’s values were higher than ST’s. 
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Fig.3  Daily snow accumulations that averaged across  
3 winters of ST and SH 

 

Table 1  Average soil temperature and soil moisture 

Items   Treatments 2015 2016 2017 
SH 15a±0.7 20b±0.5 14a±0.6 

Soil temperature/℃ 
ST 19a±0.6 24b±0.4 18a±0.4 
SH 70b±3 75a±7 72b±6 

Soil moisture/% 
ST 61b±9 63a±2 59b±5 

Notes: Data indicate means ± standard deviations. The superscript ‘a’ means 
there was a significant difference between the ST and SH at 0.05 level. The 
superscript ‘b’ means there was a significant difference between the ST and SH 
at 0.01 level. 

 

As far as the three growing seasons in the year of 2014, 
2015 and 2016, ST’s soil temperatures were 26.6%, 20%, 
28.6% higher than that of SH, in regards with the soil 
moisture, SH was 14.8%, 12.7%, 22% higher than ST. 
Statistical analyses indicated that the soil temperatures 
between the two treatments had significant differences. The 
same significant differences could be found in soil moisture. 
2.3  CO2 fluxes 

The CO2 fluxes from Oct. 2013 to Sept. 2016 were 
presented in Fig. 4. Generally speaking, the maize 
germinates in mid-May and harvested in late Sept. in 
northeast China, thus the period from mid-May to the 
mid-Sep. was defined as the growing season in this study. 
Compared with the other stages, soil respiration was more 
active during the growing seasons (Fig. 4). The CO2 fluxes 
of ST and SH were 16.55 and 14.02 mmol/m2h averaged 
across 3 measurement years. The seasonal variation of CO2 

fluxes in regards to the 2 zones were similar by referring to 
Fig. 4. During the 3 measurement years, there was no 
significant difference (P>0.05) of CO2 flux variation 
between SH and ST. Macroscopically, the CO2 fluxes of ST 
and SH were similar at the beginning of Oct., and the 
difference launched in late Oct., then CO2 fluxes of ST was 
almost constantly larger than that of SH for subsequent 3 
months, the CO2 fluxes for both ST and SH declined to their 
first lower points at next early Feb. There was a burst of CO2 
fluxes in the middle of Feb. for both ST and SH, then CO2 
fluxes reached their second lower points around early Apr., 
CO2 fluxes started to climb up at the end of the snow 
melting stage around early Apr. The growing seasons started 
about 2 months later, the CO2 flux variable trends of the 2 
zones were similar during the growing seasons, but the CO2 

flux of ST was consistently higher than that of SH, and the 
CO2 fluxes of ST and SH reached almost identical level at 

the end of growing seasons. 
 

 
 

Fig.4  Semiweekly CO2 fluxes of ST and SH in 2013-2014, 
2014-2015 and 2015-2016, respectively 

 

The 3-year mean growing-season CO2 fluxes of ST and 
SH were 22.54 and 19.24 mmol/m2h respectively, which was 
significantly (P<0.05) different. During each growing season, 
the mean soil respiration of ST was 3.3 mmol/m2h larger 
than that of SH. 
2.4  Soil respiration partition 

Radiocarbon signature was used to measure total Rs, 
Table 2 presented that there was significant difference of HR 
and RR between SH and ST. During the growing season, 
radiocarbon signature of total Rs was significantly smaller 
for SH with values ranging between 22.4% and 30.9% 
compared with values ranging between 29% and 33.4% for 
ST, the difference value between SH and ST was around 
2.5% to 6.6%. The radiocarbon signature showed a parabola 
trend of SR during the growing seasons, which meant that 
the Rs difference between SH and ST was relatively small at 
the introductory and final stage of growing seasons, and 
relatively larger in the middle stage of growing seasons. 
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Table 2  Radiocarbon signature of total soil respiration (Rs), 
heterotrophic respiration (HR) and rhizospheric respiration  

(RR) of SH and ST                % 

14C±SD 

SH ST Date 

Rs HR RR Rs HR RR 

Jun. 6, 2014 22.4±3.2 26*±7.4 14.3±2.1 29.3±2.9 31.9*±3.4 19.2±2.1 

Jul. 9, 2014 29.7*±3.4 31.5*±1.9 17.4*±3.1 33.4*±2.1 36.3*±1.1 20.1*±1.2 

Aug.19, 2014 25.6±2.3 28.9±2.2 15.9±2.4 28.4±0.9 32.1±0.8 18.4±1.5 

Jun. 13, 2015 27.9±3.2 27.1±2.1 17.3±0.9 30.5±1.1 33.3±2.1 20.1±2.3 

Jul. 4, 2015 30.9*±3.2 32.1*±0.7 19.7*±4.5 29*±3.9 34*±2.4 22*±1.3 

Aug.23, 2015 26±0.9 29.3±0.8 16±0.9 29.5±4.1 33.6±0.7 19.7±0.6 

Jun. 30, 2016 26±3.5 24.3*±3.1 16.5±2.2 28.6±3.1 30.9*±2.3 18.5±2.1 

Jul. 28, 2016 30.1*±0.9 31.2*±4.2 16.5*±0.2 33.4*±2.5 36.9*±4.2 19.5*±1.7 

Aug.24, 2016 27.8±3.2 29.9*±4.1 17.4±2.1 29.5±3.4 34.5*±2.1 18.5±2.8 

Notes: SD meant standard deviation. The superscript ‘*’ means there was a 
significant difference between the ST and SH at 0.05 level. HR means 
heterotrophic respiration . RR means rhizospheric respiration .The same as 
below. 

 

Total Rs, HR and RR were calculated based on the 
radiocarbon signature, the total Rs was partitioned into HR 
and RR, which revealed that HR contributed more than RR 
throughout the growing seasons for both SH and ST (Fig. 5). 
The numbers showed in Fig. 5 represented the absolute 
fluxes (mmol/m2h) for heterotrophic and rhizospheric 
respiration that calculated based on mean CO2 fluxes and 
relative contribution. The HR accounted for 65% to 90% of 
total Rs. The dominant contribution of HR was more 
obvious in ST, while RR only contributed about 10% for all 
3 growing seasons. The HR of SH was considerably smaller 
compared with ST, on the other hand, the RR of SH was 
considerably larger compared with ST averaged across 3 
growing seasons. 

 
Note: The numbers showed in bar chart represented the absolute CO2 fluxes 
(mmol·m2·h1) for heterotrophic and rhizospheric respiration. 

Fig.5  Relative fluxes of heterotrophic and rhizospheric 
respiration for ST and SH of different years 

2.5  Correlation analyses 
Redundancy analysis (RDA) was utilized to explain the 

correlations among total Rs, HR, RR, soil temperature, soil 
moisture, snow accumulation and soil frost depth. Fig. 6 
presented that maize residue management together with soil 
temperature, soil moisture, snow accumulation; soil frost 
depth could explain 83.2% of primitive variables (total Rs, 
HR and RR) in this study. More detailed, the Rs and HR 
were positively correlated (P<0.01) with soil temperature 
and snow accumulation, and they were negatively correlated 
(P<0.01) with soil moisture and soil frost depth. The RR 
was positively correlated (P<0.01) with soil moisture and 
soil frost depth, but it was negatively correlated (P<0.01) 
with soil temperature and snow accumulation. 
 

 
 

Notes: The residue means different maize residue management.Mois. means soil 
moisture.FD means soil frost depth. SA means snow accumulation. Tem. means 
soil temperature. Rs means total soil respiration. 
 

Fig.6  Redundancy analyses 
 

3  Discussion 

One main finding of this study was that the 
growing-season Rs of SH was significantly lower than ST’s. 
According to the studies of Muhr et al[20], ÖQuist et al[21] and 
Zhao et al[37], soil frost and reduced soil temperature could 
be a severe threaten to soil microbes. Therefore, based on 
the radiocarbon data of HR and RR, the lower HR in SH 
should ascribe to the damage of heterotrophic soil microbes. 
Crop residue management was an important factor that 
affected the soil thermal regime[27]. With respect to the 
monsoon climate in northeast China where has a long and 
cold winter, the CO2 fluxes for both ST and SH were 
relatively small during the winter. During the middle Feb., 
CO2 emission pulses occurred for both ST and SH, which 
was in accordance with findings of Dorsch et al[38], but 
contradicted with the findings of Groffman et al[39]. The 
research conducted by Muhr et al. implied that only in 
enough cold temperature could occur CO2 burst[20], e.g. 
below -8 °C, whereas, if the lowest winter temperature is 
around 0, it was hard to observe CO2 burst. The soil frost 
depths reached their maximum value in the middle of Feb. in 
this study, then a dynamic balance of soil heat regime could 
be maintained for a short time. If the soil temperature had an 
increasing trend, the soil microbes could metabolize their 
intracellular solutes, which had been hypothesized by 
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Schimel et al[2], some investigations validated that cold 
winter with minimum temperature lower than -20 °C may 
suffer this phenomenon[5, 39-41]. Subsequently, the CO2 fluxes 
decreased almost identically until the thawing end for the 2 
zones, these bottom values were nearly the second smallest 
values of the CO2 fluxes during the entire year, since then, 
the CO2 fluxes for both 2 zones started to climb up. Along 
with the rising of soil temperature, the frozen soil would 
thaw completely in early Apr. in northeast China, thus the 
increasing of CO2 flux was due to the notable increasing of 
soil temperature and therefore microbial activity. Schimel & 
Mikan described that the extremely active microbial 
metabolism would occur between 0.5 and 2 °C [42], 
according to the measured soil temperature data, the obvious 
CO2 flux increasing would no earlier than early Apr. in the 
study site. The CO2 fluxes of ST and SH were almost 
identical at the final stage of the growing season, this 
phenomenon may be led by the maize growth cessation and 
the coming cold weather, it is because the growth cessation 
may decrease the root exudates which could act as the 
carbon substrate, and the coming cold weather may weaken 
the microbial activity at the same time. 

Radiocarbon data revealed the different 14CSR 
signature between ST and SH for all measurement dates, and 
a lower value of HR could be found in SH compared with 
ST. The RDA revealed that the higher of soil temperature 
and snow accumulation, the higher of Rs and HR, and vice 
versa. Compared with SH, the ST was in favor of snow 
accumulation and soil temperature elevation, whilst, the SH 
suffered severe soil frost during the winter. Long-term 
effects of soil frost on microbial community had been 
reported by some researchers, repeated freezing-thawing 
cycles could induce the microbial community shift towards a 
dominance of bacteria[40, 41, 43]. Severe soil frost resulted in a 
reduction of the fungal/bacterial, which could explain the 
lower HR in SH compared with ST. HR in ST were higher 
than those in SH, the results were in agreement with the 
findings described by some studies that conducted in forest 
stands[44-45]. Owing to the different crop residue management, 
the SH still had the last crop maize roots anchored in field 
during the growing season, thus the decomposition of the 
last crop maize roots could produce considerable CO2 fluxes, 
which would reflect higher HR, the phenomenon occurred in 
this experiment validated that the shattered maize roots and 
anchored maize roots would lead to different HR. 

It is interesting that the soil frost could have such a 
long-acting effect on Rs in mono-cultural maize field. Some 
studies that conducted in forest stands received similar 
results. Enhanced soil frost may destroy the fine roots[22], 
which would have a negative effect on RR in the following 
summer[46]. As for mono-cultural field in northeast China, 
there almost no fine roots underneath the soil surface during 
winters, and the cells of less antifreeze-microbes may be 
destroyed during severe winters[47-48]. Owing to a certain 
time was needed for the microbial communities to become 
abundant again, furthermore, the growing season followed 
the frost-thawing-stage closely, consequently, the initial 

effect of soil frost was reflected at the beginning of the 
growing seasons. 

The Rs difference between the 2 zones during the 
growing season was surprisingly high, and the different 
residue management was the solo difference between 2 
zones, thus the different residue management should take the 
responsibility for the growing-season Rs difference. The 
different residue managements would induce different soil 
thermal regimes and soil water contents, and they were the 
most important direct factors that affected Rs. Firstly, the 
retained maize stalk residue couldn’t decay completely 
within the vary year in the study site, thus not all of the 
retained maize stalk could be regarded as carbon substrate 
for soil microbes. Furthermore, Monreal and Janzen also 
reported that SOC in response to crop residue management 
should take about 10 years to obtain stable management 
effects [49]. Secondly, long-term SH treatment resulted in a 
thick reside crust that covered the soil surface, and the 
residue crust could only be ruined by tillage, whereas 
conservation tillage advocated no-till and crop reside 
coverage. Compared with SH, there was seldom residue 
crust in ST. Solar radiation contributed most thermal energy 
to soil temperature, but the residue crust in SH absorbed 
abundant thermal energy before the solar radiation reached 
the soil surface, which declined the soil temperature during 
the growing season[50]. Thirdly, the reside crust acted as a 
dam for the rainfall, and the residue crust would hinder the 
infiltration speed, thus a great proportion of the rainfall 
would evaporate during the infiltration process[51]. Beyond 
that, owing to the lower leaf area index (LAI) during the 
early stages of growing seasons, the rainfall evaporating and 
the solar heat resistance were more obvious compared with 
the other periods, thus the differences of soil temperature 
and soil water content were more obvious. During the period 
from early Jul.to mid-Aug., the LAI became a relative weak 
influence factor for soil temperature and soil water content 
owing to the maize was vigorous enough during that period, 
so the root exudates were exuberant, and root exudates were 
the major soil carbon substrates for HR[52], which induced 
the higher Rs for both ST and SH. 

4  Conclusion 

1) The growing-season cropland soil respiration (Rs) of 
standing residue mulching (ST) was higher than that of 
shattered residue mulching (SH), and heterotrophic 
respiration (HR) contributed more than rhizospheric 
respiration (RR). The different crop residue mulching led to 
the different soil thermal and soil water regimes during 
growing seasons, and they were the critical factors which 
affected the Rs.  

2) During winters, the average soil frost depth in ST 
was shallower than that of SH, and the soil frost difference 
should be regarded as major reasons which caused the Rs 
difference.  

3) Owing to the ST is in favor of supplying more CO2 
for the crop during the growing season, thus ST is more 
liable to crop yield promotion. 
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Abstract: Cheese consumption in China has largely increased in recent years. Manual milking manner in small-scale dairy farms 

may induce the mixing of somatic cells (SCs) into raw milk, which would exert an effect on the final quality of cheese. However, the 

effect of different SC compositions and related protease activities on cheese quality has not yet been elucidated. In this study, 

three sources of SCs were recovered and re-introduced into skim milk to ensure the same initial milk quality. SCs A were 

obtained directly from the udder of healthy cows, and SCs B and C were isolated from milk of healthy cows and cows with 

mastitis, respectively. Three SCs isolates were then mixed with the skim milk to obtain milks with different SCs compositions for 

cheese manufacture. Among the three experimental cheeses, the highest epithelial cell count was found in cheese A (65.41%), the 

highest macrophage and lymphocytes counts was in cheese B (78.15% and 12.15%, respectively), and the highest 

polymorphonuclear neutrophil count (PMN) was in cheese C (34.23%). The results indicated that there were differences in 

protease activity and proteolysis level among the cheese samples during ripening. The activity of plasmin and cathepsin B was 

significantly higher in cheese C than in other cheese samples after 90 d of ripening. In addition, the retention rate of intact αs1-, 

αs2- and β-CN, and the levels of pH value 4.6 soluble nitrogen and 12% trichloroacetic acid soluble nitrogen were in the order of 

C<B<A during the entire ripening period. Furthermore, among the three experimental cheeses, the hardness of cheese A was the 

highest, with no significant differences between cheese B and C. In conclusion, the effects of SCs on cheese quality are dependent 

on the SCs types. Increasing epithelial cells in SCs had less impact on cheese quality, while the incrase of PMNs had significant 

effects on cheese quality.  
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0  Introduction  

Cheese owns varied flavor, special texture and extremely 
high nutritional value. With the popularity of western food, 
the consumption of cheese in China has increased substantially 
in recent years. Cheese quality is largely depended on the 
quality of raw milk. However, free-range and small-scale 
dairy farming still occupy a certain proportion in China. 
Manual milking manner in these farms would induce the 
mixing of somatic cells (SCs) into milk, which exert an 
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effect on the final quality of cheese.  
SCs are the important source of proteolytic enzymes. 

By modifying the casein (CN) degradation, SCs would exert 
a significant impact on cheese textural and organoleptic 
characteristics, especially the ripened cheese[1-2]. The main 
proteolytic enzymes of SCs include plasmin-plasminogen 
system, cathepsins B and D[3]. Plasmin is the most predominant 
milk proteinase and is a part of complex systems that include 
an inactive form plasminogen, plasminogen activators, and 
inhibitors. Plasminogen activators which are associated with 
SCs could modify the activity of plasmin[4]. Cathepsins D 
and B are originated from SC lysosomes[5]. On the other hand, 
there are four predominant SCs: epithelial cells, macrophages, 
polymorphonuclear neutrophils cells (PMNs), and lymphocytes[6]. 
In healthy bovine milk, macrophages account for 35%–79% 
of cells, and PMNs comprise 3%–26% of cells[7]. During 
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cases of infection (e.g., mastitis), PMNs are actively involved[8]. 
Lymphocytes play roles in the specific immune system and 
comprise 16%–28% of healthy bovine milk cells[9]. Epithelial 
cells result from desquamation of the epithelium of alveoli 
and ducts of the mammary gland[8]. Specific enzymatic 
activities are associated with different SC types. For example, 
the activity of cathepsin D in induced alveolar macrophages 
is 60-fold higher than that of PMNs[10].  

The somatic cell count (SCC) has long be considered to 
be an indicator of milk quality and hygiene. Usually, when 
SCC was beyond 5 × 105 cells mL per milliliter cow milk, 
the udder is considered to be infected or abnormal[11]. However, 
SCC provides an indication of the total amount of cells in 
milk, but not the distribution of each cell type. Milk with 
various SCCs and compositions confer different characteristics 
to the final dairy products. Therefore, SC coupled to SCC is 
a useful approach to evaluate the immune status of the 
mammary gland. 

Albenzio et al [12-14] investigated the effect of differential 
leukocyte types and their endogenous proteolytic enzyme 
activities on the hydrolysis of CN, by selecting milk with 
different SCCs. However, the experiments were carried out 
with milk proteins as opposed to cheese. In addition, the 
effect of epithelial cells on CN hydrolysis was not evaluated. 
Even though the main endogenous enzymes from SCs in 
milk are mainly from macrophages and PMNs, proteolytic 
enzymes such as cathepsins D, B, and L are also present in 
epithelial cells[15-16]. Moreover, epithelial cells may reach be 
higher than 35% in healthy bovine milk[17-18]. The manual 
milking manner in small-scale farms or udder mechanical 
damage may also induce the increase of epithelial cells in 
milk[8]. However, the increasing epithelial cell in SCs and 
their effect on protease types, counts, activities in milk, and 
the corresponding effect on cheese quality remains to be 
elucidated.  

To investigate the percentage distribution of SC types 
and the activities of endogenous proteolytic enzymes and 
their effect on cheese quality, three sources of SCs were 
collected in our study. The Cheddar cheese was chosen as a 
typical ripened cheese. By re-introducing SCs into milk, we 
determined protease activity, proteolysis and texture of 
cheese during ripening and evaluated the effect of SC 
composition on proteolysis and quality of cheese. 

1  Materials and methods 

1.1  Experimental materials 
Milk was obtained from the farm of Fucheng Organic 

milk factory (Hebei, China, longitude 117.07, latitude 39.98). 
25 healthy Holstein cows were selected from five small 
dairy herds. 5 cows with mastitis heads were selected from 
10 small dairy herds. The herd size ranged from 10 to 16 
lactating animals. The cows were in the middle of their 
second or higher lactations.  
1.1.1  Isolation of SCs 

SCs A were directly obtained from the surface of the 
bovine mammary gland of all healthy cows using a comb. 
By gently scraping the surface cells of the udder, the mix of 

epithelial cells with other cells would be avoid. SCs B and C 
were isolated from the milk of all healthy and infected cows, 
respectively. The isolation step involved the centrifugation 
of milk at 4 000 g for 20 min at 4℃[2]. The lower sediment 
was collected and the SC isolates were then dispersed at the 
PBS solution (0.1 mol/L, pH value 7.4) for composition 
determination.  
1.1.2  Preparation of milk samples 

Healthy raw bovine milk (3.40%±0.05% protein, 3.70%± 
0.06% fat, and 12.90%±0.15% total solids) was centrifuged 
at 4 000 g for 20 min at 4 ℃. The upper phase (lipid) and 
the lower phase (SCs) were discarded, and the middle phase 
(skim milk) was collected. Three SC isolates were mixed 
with skim milk to obtain milk samples with different SC 
compositions. Using the same skim milk in all experiments 
ensures the same initial milk quality. The SCC of milk 
samples from different sources was adjusted to approximately 
8×105 cells per milliliter. SCC was determined using a 
Fossomatic SCs counter [19].   
1.2  Cheese Production 

Using the milk samples, we produced cheese in triplicate 
on three different days and in random order. Cheddar cheese 
was produced according to the method reported by Hu, et 
al.[20]. 0.01% (w/v) freeze-dried direct vat set starter culture 
(R704, Chr. Hansen Inc., Beijing, China) and 0.05 g/kg (w/w) 
rennet (Stamix 1150, Chr. Hansen Inc., Beijing, China) was 
added. The cheese were aged for 90 d at 4 ℃. Samples were 
collected at 1, 15, 30, 60 and 90 d for further analyses. Cheese 
samples were analyzed for water[21], fat[22], and protein[23] 
contents at 1 d post-ripening.   
1.3  Determination of SC composition 

SC composition was determined using a flow cytometer 
(FACS AriaIII, BD Biosciences, USA) according to the 
method reported by Benić et al.[17]. PMNs were stained with 
cluster differentiation (CD) 11b, and macrophagocytes were 
stained with anti-CD14 and incubated with three goat anti- 
mouse immunoglobulin (Ig) G, Ig H, and Ig L. Leukomonocytes 
and epithelial cells were stained with anti-CD5 [CC17] and 
mouse anti sheep CD31, respectively, and incubated with 
goat anti-mouse Ig G1 heavy chain (FITC) (all Biolegend, 
CA, USA).  
1.4  Protease activity determination 

Plasmin activity in isolated SCs was determined by 
calculating the concentration of enzyme substrate N-Suc- 
Ala-Phe-Lys-AMC (Sigma Chemical Co., St. Louis, MO, USA) 
according to the method reported by Cattaneo et al.[24]. The 
activity of cathepsins B and D in isolated SCs was determined 
using commercial kits (Abnova, Taipei City, Taiwan) based on 
the method reported by Crabtree et al.[25]. For the determination 
of protease activity in cheese, finely-grated cheese (1 g) was 
dispersed in 10 mL of 20 g/L trisodium citrate (pH value 7.0) 

by continuous agitation at 37 ℃ for 30 min, followed by 
centrifugation at 2 000 g for 5 min. The supernatant was 
collected for the determination of protease activity in cheese as 
described above. The multimode reader is Infinite 200 PRO 
(Tecan, Port Melbourne, Australia). 
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1.5  Proteolysis assays 
1.5.1  Reverse phase-high performance liquid chromatography 
(RP-HPLC)  

An HPLC system (Shimadzu Corporation, Tokyo, 
Japan) consisting of binary pumps (LC-20AT) and coupled 
to a C4 analytical column (4.6×250 mm, 5 μm, 300 Å; 
Kromasil, Bohus, Sweden) was used for the determination of 
CN composition[26]. Water-soluble cheese extracts were 
obtained by blending 0.4 g cheese with 16 mL of 1% 
sodium-dodecyl sulphate (SDS, w/v) in a mortar and pestle. 
The solution was centrifuged at 86 000 g for 40 min at 20℃. 
The suspension was mixed with 3 mL denaturing agent 
consisting of 100 mmol/L Tris, 8 mol/L urea, 50 mmol/L 
sodium citrate, 0.3% (v/v) β-mercaptoethanol, adjusted to 
pH vaule 7.0 with hydrochloric acid. Samples were passed 
through 0.45 μm membrane filters (Millex, Millipore, 
Bedford, USA), and 10 μL was injected into the HPLC 
chromatograph. Detection was performed at 220 nm, and the 
column was 40℃ . Solvent A consisted of 0.1% (v/v) 
trifluoroacetic acid (in MilliQ water), and solvent B 
consisted of 0.1% (v/v) trifluoroacetic acid (in acetonitrile). 
The gradient elution consisted of 30% solvent B, increased 
to 42% solvent B within 20 min, 48% within 15 min, 90% 
within 1 min, and kept at 90% for 9 min before returning to 
the initial conditions.  
1.5.2  Determination of nitrogen fractions  

Proteolysis was assessed at 1, 15, 30, 60 and 90 d post- 
ripening. The soluble nitrogen (SN) of total nitrogen (TN) at 
pH value 4.6 of cheese samples were determined according 
to the method by Andrews[27] and expressed as a percentage 
of total cheese nitrogen (pH 4.6 SN/TN). The soluble fractions 
of TN in 12% trichloroacetic acid (TCA) were determined 
according to the method by Romeih[28] and expressed as a 
percentage of total cheese nitrogen (12% TCA SN/TN).  
1.6  Analysis of cheese quality 
1.6.1  Textural analysis 

Texture profile of cheese was determined using a TMS-Pro 
Texture Analyzer (Food Technology Corp., Sterling, VA, USA). 
The cheese samples were cut into cubes (1.5 cm×1.5 cm× 
1.5 cm) and equilibrated at room temperature for 1 h prior to 
analysis[20].    
1.6.2  Dynamic rheological measurements 

The cheese samples were equilibrated at room temperature 
for 30 min prior to analysis the rheological properties. The 
AR2000 controlled stress rheometer (TA Instruments Inc., 
New Castle, DE, USA) equipped with a 40 mm diameter 
aluminum probe with a 2 mm gap was used. A temperature 
sweep was run at 20–80℃ at a rate of 3 ℃/min[29].  
1.7  Statistical Analyses  

All measurements were performed in triplicate. Data 
were analyzed by one-way ANOVA and Duncan’s multiple 
range test using SPSS software (version 22.0, SPSS Inc., 
Chicago, IL, USA). Statistical significance was set at P<0.05. 

2  Results and Analysis 

2.1  SC Composition 
Milk SC composition depends on several factors including 

breed, season, stage of lactation, sampling condition, storage 
conditions, etc[8]. In this study, most of the composition of 
SC isolates were significantly different among samples from 
different sources (P<0.05; Table 1). SCs obtained directly 
from the udder surface consisted of epithelial cells. SCs obtained 
from normal and mastitic milk consisted of different proportions 
of macrophages, PMNs and lymphocytes (P<0.05). 
Macrophages are generally the predominant cell type in 
healthy cow milk. During infections, PMNs are largely 
recruit into milk. In addition, some epithelial cells would 
shed into milk during infections. Therefore, the composition 
of PMNs and epithelial cells were significantly higher in 
mastitic milk than in normal one.  

 
Table 1  Composition of suspensions contain somatic  

cells from different sources 

Cell composition/% 

Source 
SCC/ 

(×104 cells· 
(mL)1) Macrophages PMNs 

Lymph- 
ocytes 

Epithelial 
cells 

Udder surface 62.1±2.0a 0.00±0.00a 0.00±0.00a 0.00±0.00a 100.00 ± 0.00b

Normal milk 63.2±1.5a 75.70±6.32c 8.15±2.14b 12.13±0.73c 4.24±1.65a 

Mastitic milk 64.7±2.6a 37.25±4.28b 45.63±1.42c 10.34±2.01b 6.85±1.27a 

Note: Different letters indicate significantly different (P < 0.05). Results are 
present by mean ± SD (n = 3). SCC, somatic cell counts, suspensions of different 
SCC were prepared by mixing somatic cells isolates and their suspension; see text 
for details. PMNs means polymorphonuclear neutrophils cells, the same below. 

 

To identify SC composition and its effect on cheese 
texture and sensory characteristics, three sources of SC 
isolates were added to skim milk for cheese production. Past 
studies have used individual milk with different SCCs[30], 
mixtures of healthy low-SCC milk and mastitic high-SCC 
milk[31], or mixed milk[4]. However, these methods did not 
take into account individual factors such as composition 
differences between milk samples or the presence of mastitis 
such as contaminants of pathogenic bacterium[6]. Later, 
researchers have recovered SCs from mastitic milk and re- 
introduced them in different quantities into healthy milk[2, 32]. 
Li et al.[33] recently developed a novel strategy to recover 
SCs using microfiltration technologies. However, due to the 
high temperature (50 ) and mechanical constraints of ℃

microfiltration, the count and viability of SCs decreased, 
thereby affecting SC composition[33]. In this study, SC isolates 
were recovered by centrifugation. By adding SC isolates to 
healthy milk, the effect of milk composition and mastitis 
could be eliminated.  

Due to the presence of SCs in skim milk, the mixture of 
SC isolates with the skim milk would change the original SC 
composition of the three SC isolates. Therefore, SC composition 
in milk samples were reclassified into cheese milk A, B and 
C. SC composition of milk samples was determined by flow 
cytometry (Table 2). There were no significant differences in 
SCC among the samples; however, the distribution of SC 
types were different (P<0.05). In skim milk, macrophages 
were the most predominant (81.24%), in agreement with past 
reports[2,17]. Among the three experimental cheeses, the highest 
epithelial cell count was found in group A (65.41%), the 
highest macrophage and lymphocytes counts was in group B 
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(78.15% and 12.15%, respectively), and the highest PMN 
count was in group C (34.23%). The distant difference among 
cheeses indicated the efficient distinction in three designs. 

 

Table 2  Composition of milk samples contain  
somatic cells from different source 

Cell composition/% 
Group 

SCC/(×104  
cells·(mL)1) Macrophages PMNs Lymphocytes Epithelial cells 

Skim 27.5±1.3a 81.24±6.91c 3.25±0.83b 12.60±1.21c 2.03±0.42a 

A 81.3±0.9b 28.25±1.12a 1.03±0.07a 4.75±0.18a 65.41±3.13d 

B 78.5±1.5b 78.15±4.66c 6.73±1.42c 12.15±0.31c 4.01±0.86b 

C 83.2±1.1b 39.09±3.04b 34.23±2.17d 9.08±1.45b 7.09±1.21c 

Note: Skim means the skim milk. 
 

2.2  Cheese composition 
The composition of cheddar cheese after manufacture is 

given in Table 3. The protein, fat and moisture content of 
cheese did not show significant difference among cheese 
with different SCs composition (P>0.05), indicating that 
differential SCs composition did not affect the composition 
of cheese.   

 

Table 3  Composition of cheddar cheese at ripening 1 day 
                                                  /% 

Group Protein Fat Moisture 

A 33.23±0.36a 1.12±0.15a 57.22±0.38a 

B 32.45±0.33a 1.16±0.09a 58.15±0.68a 

C 32.73±0.27a 1.23±0.07a 57.86±0.34a 

 

2.3  Protease activity 
The protease activity in different cheeses during ripening 

is shown in Figure 1. Plasmin is the most important endogenous 
milk proteinase, which is primarily associated with CN 
micelles[34]. Plasminogen activators are associated with SCs 
and modify plasmin activity[4]. As shown in Figure 1a, 
plasmin activity was not significantly different among cheese 
samples with different SC compositions at the beginning of 
ripening (P>0.05). However, plasmin activity increased 
during the later ripening process, in agreement with the 
results reported by Somers et al.[35]. The increase in plasmin 
activity is presumably due to a low pH value at the beginning 
of ripening, which reduced the activation of plasmin enzyme[33]. 
After 90 d of ripening, plasmin activity was significantly 
higher in cheese C than in other cheese samples (P<0.05). 
Differences in plasmin activity may be the result of differences 
in count and activity of plasminogen activators. PMNs have 
large amounts of plasminogen activators, mainly tissue 
plasmin activator[36], while epithelial cells and macrophages 
produce urokinase-type plasminogen activators[4]. In addition, 
Zavizion et al.[37] reported the presence of plasminogen 
activator inhibitor-1 in bovine mammary epithelial cells. In 
this study, the highest plasmin activity was correlated with 
the highest PMN proportion (cheese C), indicating that SC 
distribution in milk could affect plasmin activity in cheese.  

Cathepsins D and B, which originate from SC lysosomes, 
degrade intracellular proteins and participate in extracellular 
proteolysis[5]. In this study, cathepsin D activity significantly 

increased during ripening, with no significant differences 
among cheese samples (P>0.05; Figure 1 b). Just like 
plasmin, cathepsin D forms part of a complex system of 
active and inactive forms and is controlled by intricate 
mechanisms[38]. The activity of cathepsin D has been reported 
to be 60-fold higher in macrophages than PMNs[10], and not 
detectable in lymphocytes[39]. Cathepsin D has also been 
detected in epithelial cells[10,15-16], but its activity has not 
been compared with that in other SC types. There were no 
differences in cathepsin D activity among the cheese 
samples probably due to its complex system and the balance 
between activators and inhibitors. Cathepsin B activity increased 
during ripening (Figure 1c). Cheese C had the highest cathepsin 
B activity during ripening (P<0.05). Cathepsin B is mainly 
present in lysosomes of macrophages and PMNs[3], and also 
in epithelial cells[15,40].  

 
 

Note: The activities of Cathepsins D and Cathepsins B are the mean fluorescence 
intensities. 

Fig.1  Effect of somatic cell (SC) composition on protease activity 
in different cheeses during processing and ripening.  

 

The results revealed that SC composition significantly 
affected protease activity in cheese. With increasing PMN 
levels, protease (plasmin, cathepsin B) activity significantly 
increased. The increasing proportion of epithelial cells and 
other SC types had less impact on protease activity. 
2.4  Proteolysis 

To study the effect of SC composition on proteolysis, 
the retention rate of intact CN and soluble nitrogen in cheese 
during ripening was determined (Table 4 and Figure 2). The 
degradation of αs1, αs2 and β are the main proteolysis 
happened during cheese ripening. The retention rate of intact 
CN was calculated based on the CN content during ripening 
and the CN content in cheese milk. As shown in Table 4, all 
CN molecules were degraded at the beginning of ripening, 
especially β-CN. The degradation of CN before ripening can 
be explained by the high level of SC lysis during cheese 
processing (Figure 2). Plasmin could hydrolyze as1-CN, 
as2-CN and β-CN, and in cheese plasmin mainly hydrolyses 
β-CN[41]. Cathepsin D hydrolyzes all CNs and is particularly 
more active on αs1-CN[42]. Cathepsin B has the same cleavage 
sites as cathepsin D and chymosin on αs1-CN[11]. In bovine 
milk, the general consensus is that proteolysis in low-SCC 
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milk is dominated by plasmin and the relative significance 
of plasmin decreases as SCC increases[43]. Therefore, the 
higher degradation rate of β-CN at the beginning of ripening 
was mainly attributed to the effect of plasmin.  

 

Table 4  Retention rate (%) of intact casein (CN) during 
cheddar cheese ripening 

Ripening days/d CN 
types 

Cheese 
groups 0 15 30 60 90 

A 86.29±0.31Ad 83.06±0.33Bf 75.62±0.54Cf 47.21±0.14Df 23.28±0.69Ec 

B 87.27±0.24Ae 82.24±0.12Be 75.12±0.12Cf 42.59±0.27Dd 19.73±0.45Eb αs1 

C 87.33±0.47Ae 81.27±0.15Bd 74.60±0.52Cf 40.45±1.13Dbc 17.37±0.47Ea 

A 88.60±0.65Aef 81.69±0.40Bde 64.51±0.54Cc 42.83±0.50Dde 32.41±0.06Eg 

B 88.43±0.19Af 81.17±0.07Bd 62.47±0.15Cb 39.38±0.13Db 27.45±0.17Ee αs2 

C 89.30±0.08Af 77.22±0.11Bc 60.01±0.48Ca 33.27±0.05Da 24.35±0.17Ed 

A 83.46±0.13Ac 77.89±0.25Bc 68.68±0.51Ce 46.61±0.44Df 36.31±0.32Eh 

B 82.59±0.31Ab 76.66±0.37Bb 66.21±0.13Cd 43.46±0.33De 32.67±0.39Eg β 

C 80.58±0.38Aa 73.41±0.40Ba 64.66±0.28Cc 40.44±0.38Dc 29.45±0.28Ef 

Note: αs1, αs2 and β means different types of CN. A-E means in a line with different 
superscripts are significantly different (P<0.05); a–h means in a column with 
different superscripts are significantly different (P<0.05). 

 

The retention rate of CN decreased during ripening (P< 
0.05). An intense degradation of αs1- and αs2-CN, representing 
approximately 30% of the initial CN, was observed from day 
30 to day 60. The retention rate of intact αs1-, αs2- and β-CN 
were in the order C<B<A during ripening. Moreover, the 
levels of pH 4.6 SN/TN and 12% TCA SN/TN both 
significantly increased during ripening (P<0.05), and cheese 
C had the highest values (Figure 2), which was in accordance 
with the CN retention rate results. Levels of pH 4.6 SN/TN 
represent the primary degradation of CN, while levels of 
12% TCA SN/TN represent a mixture of small peptides and 
free amino acids. These results revealed that cheese 
proteolysis was the highest in cheese C, followed by cheese 
B and A, which was in agreement with the protease activity 
results (Figure 1). Cheese proteolysis significantly increased 
with increasing PMNs, while epithelial cells had no significant 
effects on proteolysis.  

 

 
 

Note: pH 4.6 SN/TN means the soluble nitrogen of total nitrogen at pH value 4.6 
of cheese samples, 12% TCA SN/TN means the soluble fractions of total 
nitrogen of cheese samples in 12% trichloroacetic acid solution. 

 

Fig.2  Effect of somatic cell composition on soluble nitrogen 
content in different cheeses during processing and ripening. 

 

2.5  Cheese texture and rheological property 
To determine the effect of SC composition on cheese 

texture, the hardness and springiness of cheese samples after 
90 d of ripening were determined by textural analysis 

(Figures 3). Cheese made of skim milk was considered to be 
the control. Cheese with added SCs had lower hardness 
compared to the control. Among the three experimental 
cheeses, the hardness of cheese A was the highest, there are 
no significant differences between cheese B and C in hardness 
(P>0.05). There were no significant differences in springiness 
among the cheese samples (P>0.05). Milk samples with 
textural problems have been frequently associated to the 
accelerated breakdown of αs1-CN[44]. The lower hardness of 
cheese B and C would be the result of their higher proteolysis 
level as shown in Figures 2 and Table 4.  

 

 
 

Fig.3  Effect of somatic cell (SC) composition on textural and  
rheological property of cheeses. 

 

The rheology results showed the effect of SC composition 
on cheese quality. As shown in Figure 3c, the storage modulus 
G’ of cheese samples decreased with increasing temperature. 
Cheese is a viscoelastic material. Reduced G’ and high 
temperatures increase the viscous properties in samples, 
leading to a softer texture. At the same temperature, G’ was 
the highest in the control cheese, followed by cheese A, B, 
and C (P<0.05). Low G’ values of cheese indicated that the 
strength and number of bonds in the network may be more 
easily broken[45]. The lowest G’ value in cheese C indicated 
that the gel was weaker, which was due to its higher protease 
activity and corresponding higher proteolysis.  

3  Conclusion 

This study investigated how proteolysis and cheese 
quality are affected by SC composition. Cheese with higher 
PMN proportions had higher plasmin and cathepsin B activity, 
CN retention rate, and SN/TN percentage. Moreover, the 
results revealed that increasing PMNs significantly decreased 
hardness and storage modulus, while the increasing epithelial 
cells had less effects on cheese texture. In conclusion, effects 
of SCs on cheese quality are dependent on the composition 
of SCs. Increasing percentage of epithelial cells had less 
impact on cheese quality, while increasing PMNs had 
significant effects on cheese quality. An understanding of SC 
composition would help identify which SC type would be 
attached most importance in raw milk and characterize more 
precisely the effect of SCs on the quality of dairy products. 
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Abstract: The effects of novel holding treatment after summer transport of broilers on meat quality were investigated. 2 groups 
were studied: 1) TR group, which underwent 45 min transport followed by 1h rest (TR); 2) TWFR group, which underwent 45 
min transport followed by 15 min water-misting sprays with three-dimensional forced ventilation and 45 min rest (TWFR). 
Compared with TR, TWFR treatment significantly increased pH24 value （24 h）of meat (P<0.05). TWFR treatment was also 
found to have significantly reduced 2.02% drip loss and 3.92% cook loss (P<0.05), which were associated with a clear shift 
toward lower relaxation times of nuclear magnetic resonance T21 position and significantly higher Raman spectrum tyrosine 
doublet  ratio (I850/I830) (P<0.05). The significant difference in Raman spectrum indicates protein function diversity between 
raw TWFR and TR meats (P<0.05) on α-helix and β-sheet content, respectively. The diversity may be attributed to the difference 
of the protein conformation caused by pre-slaughter treatment. In conclusion, this study demonstrated that TWFR is an effective 
pre-slaughtering method to assure meat protein function during summer. 
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0  Introduction   

In recent years, the need for high-quality raw chicken 
meat has gradually increased because of the increasing 
poultry meat consumption and expanding variety of further 
processed ready meals[1]. Among multiple interacting factors 
affecting poultry meat quality, pre-slaughter handling (e.g., 
feed withdrawal, catching, crating, transport, and holding) of 
chicken is closely related to the rate of mortality, carcass 
downgrading, and meat quality. Improper pre-slaughter 
handling can cause severe stress to the chicken. Stress 
pertains to the behavioral, physiological, and emotional 
status of the animal facing a situation that it perceives as 
threatening with regard to the correct functioning of its 
bodily or mental state[2-3]. Taking the heat stress suffered by 
broiler chicken before slaughter as an example, researchers 
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have attached importance to the summer transport stress of 
broiler from the aspect of pre-slaughter condition[4-5]. The 
induction of pre-slaughter stress on broilers by heat exposure 
leads to reduced oxidative stability of broiler muscle protein, 
which may be responsible for decreased protein 
functionalities[6-7]. 

Normally, minerals dietary alternatives, water spraying 
and ventilation have been adopted to alleviate high 
environmental temperature during rearing of animal[8-10]. To 
relieve only pre-slaughter heat stress, the roof of an abattoir 
is equipped to protect the birds against sunlight during the 
holding. Other solutions, such as water shower, are also 
carried out to maintain a comfortable environment for the 
animals before their slaughter, thus preventing thermal 
stress[11]. However, a single treatment of water shower 
cannot effectively address the problem of lack of oxygen in 
the microenvironment because the transport car loading 
birds is in a still state when water showers are in process. 
Moreover, such a common pipe shower brings uneven 
distribution of water around entire crates. Some birds 
received water shower heavily, resulting in cold stress. 
Meanwhile, other birds may not receive adequate water 
shower. We constructed a novel facility, which is a 
closed area equipped with forced ventilation and 
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water-misting sprays, as a strategy against adverse 
pre-slaughter heat stress. This facility characterized with 
an extremely thin droplet (diameter: approximately 0.05 
mm) and three-dimensional forced ventilation in 
enclosed space intends to relieve the heat stress of the 
poultry after summer transportation. Nuclear magnetic 
resonance (NMR) relaxometry and raman scattering 
spectroscopy can provide water protons mobility of meat 
sample[12]and peptide backbone conformations in meat 
protein molecules[13], respectively. We conducted this 
study to observe the effect of water-misting sprays and 
three-dimensional forced ventilation after summer 
transportation on the intact breast meat quality of broiler 
using the method of low field NMR and Raman 
spectrum. 

1  Material and methods 

1.1  Materials 
In this experiment, 45 d old mixed-sex Arbor Acres 

broilers were used. The broilers were transported in a truck 

for 45 min from the farm to the abattoir under 32 ℃ 

ambient temperature and approximately 2 m/s wind speed. 
Broilers were loaded in crates with length of 75 cm, width of 
55 cm and height of 27 cm. One crate placed 7 to 8 birds. 
This density of chicken in carte allows smooth flow of air. 
Each truck has the capacity of approximately 2 500 birds. 
Upon arrival at the slaughterhouse, 5 fully loaded trucks (5 
replicates) were treated with 2 approaches: 1) 1 h rest (TR), 

with a rest temperature of 29 ℃ and a relative humidity of 

60% under quiet area; and 2) 15 min water-misting sprays 
with forced ventilation and 45 min rest (TWFR). 7 birds 
were used for every approach. So, a total of 70 broilers were 
used for experiments (5 replicates with 7 birds×2 treatments). 
Water-misting sprays with forced ventilation treatment were 
conducted in a closed shed. Three-dimensional forced 
ventilation was achieved by the coordination of 2 processes: 
1) supplying air from 6 fans placed on the right and left sides 
of the shed wall and 2) providing updraught air from a fan 
placed on the roof (Figure 1). Water-misting sprays were 
completed with 6 sprinkle nozzles that permit a 0.05 mm 

size of water-misting sprays at a pressure of 0.6 MPa. The 
ambient temperature of the water-misting sprays with 

forced ventilation shed was 26 ℃ with a relative humidity 

of 70%. 
After rest, all birds were stunned electrically (15 V: 

alternating current, 750 Hz for 10 s for each one) and 
slaughtered immediately. Within 30 min postmortem, both 
pectoralis major (PM) muscles were removed and obtained 

at 4 ℃ and brought to the laboratory for assessment of meat 

quality at 24 h postmortem. 
1.2  pH value detection   

The pH value of breast meat at 45 min and 24 h was 
monitored in meat homogenates. Approximately 5 g of 
minced breast meat was homogenized in 45 mL of ice-cold 
buffer containing sodium iodoacetate (5 mmol/L) and 

potassium chloride (150 mmol/L) with pH value 7.0 using 
an Ultra Turrax T25 (IKA, Germany) at 6 000 r/min for 30 s. 
The pH value of the homogenate was determined using a pH 
value meter (FE-20, Mettler-Toledo Instruments Co., Ltd., 
Zurich, Switzerland).  

 

 
Note: 1. downdraught fan; 2. sprinkle-nozzle; 3. draught fan 

 

Fig.1  Sketch map of water-misting sprays and forced ventilation 
 

1.3  Drip loss detection 
Each meat sample was trimmed into a specific shape 

(1 cm ×1 cm ×3 cm) and then suspended on a hook from the 
lid of an air-tight container for 24 h at 4 ℃. Drip loss was 
expressed as a percentage of the weight loss in 24 h 
compared with the initial sample weight. 
1.4  Cook loss detection 

PM muscles were placed into a thin-walled plastic bag 
and then cooked in an 80 ℃ water bath until the internal 

temperature reached 75 ℃. Internal temperature of meat was 
monitored by digital thermometer (DM6801A, VICTOR 
Electronics Co., Ltd., China) with probe that can be inserted 
into meat. After cooking, the package was removed from the 
water bath and then placed under tap water for 20 min. The 
muscles were obtained from the bags, dried with filter paper, 
and then weighed. Cook loss was expressed as the 
percentage change of weight before and after cooking and 
was calculated from the average of 3 repetitions. 
1.5  Shear force detection 

Shear force was measured using a modified procedure 
of a former research[14]. After obtaining measurements of 
cooking loss, the same muscles were then used for the 
determination of shear force. 3 pieces of muscle strips 
(20 mm×15 mm×5 mm) from one sample were cut. The 
pieces were weighed and then placed on an TA-XT2i (Stable 
Micro Systems Limited Co., England) equipped with one 
Warner-Bratzler shear blade (with a crosshead speed of 
1 mm/s) and cut across the fiber axis. The average shear 
force (expressed as gram) was calculated and recorded for 
each muscle. 
1.6  NMR relaxometry 

NMR relaxation measurements were performed 
according to a slightly modified procedure of former 
studies[15-16]. Approximately 2 g of the sample was cut from 
PM muscles and placed in glass tubes (diameter: 15 mm) 
and then inserted in the NMR probe of a Niumag Pulsed 
NMR analyzer (PQ001, Niumag Corporation, Shanghai, 
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China). A resonance frequency of 22.6 MHz at 32 ℃ and a 
magnetic field strength of (0.5±0.08)T were adopted by the 
detection. Transverse relaxation (T2) was measured using the 
Carr-Purcell-Meiboom-Gill sequence with a τ-value of 
200 μs. Data from 12 000 echoes were acquired as 32 scan 
repetitions. The repetition time between subsequent scans 
was 6.5 s. Echoes were analyzed by applying a 
multi-exponential fitting model under the Multi-Exp Inv 
Analysis software (Niumag Corporation, Shanghai, China). 
3 relaxation times (T21, T22, and T23) were recorded. Water 
populations (P21 and P22) were expressed as the ratio of peak 
(T21 and T22) area to the total peak area, separately. Each 
measurement was conducted in triplicate. 
1.7  Raman spectroscopy 

Raman experiments were performed on the samples 
including raw and cooked meat according to the method of 
prior studies[17-18] with minor modification. Approximately 
0.5 g sample was cut from PM muscles and spread on a 
glass slide for Raman measurement with Jobin Yvon 
Labram HR800 spectrometer (Horiba/Jobin. Yvon, 
Longjumeau, France). At least 3 replicates were performed 
for each type of meat sample. The spectra were obtained 
within the range of 500 to 3 050 cm-1. Each spectrum of 
meat sample was obtained under the following conditions: 
three scans, 60 s exposure time, 2 cm-1 resolution, and 
sampling speed of 120 cm-1/min with data collected every 1 
cm-1. The spectra were smoothed, baseline corrected, and 
normalized against the phenylalanine band at 1 003 cm-1 
using Labspec version 3.01c (Horiba/Jobin Yvon, 
Longjumeau, France). The secondary structures of the meat 
proteins were determined and expressed as percentages of 
α-helix, β-sheet, β-turn, and random coil conformations after 
subtracting the water spectrum from the spectra by following 
the same criteria as those described in the literature[13, 19]. 
1.8  Statistical analysis 

Descriptive statistics and one-way analysis of variance 
with a significance level of P<0.05 were performed using 
SAS 9.2 for Windows with the mean value of each broiler as 
a replicate. Multiple comparisons of different treatments 
were determined by Duncan’s least significant difference. 

2  Results and Discussions 

2.1  Drip loss, cook loss, pH vaule, and shear force of 
chicken breast meat 

The water loss for both raw and cooked meat can be 
relieved by TWFR treatment (refer to Table 1). The TWFR 
treatment aims to decrease the chicken stress caused by 
pre-slaughter factor such as weather, transport duration, and 
microenvironment. Summer transportation, especially on 
afternoon, plays an important role on the chicken heat stress 
that can make 1.04% and 1.21% higher water loss for drip 
loss and cooking loss, respectively[14]. Transportation time 
and temperature increases the susceptivity to heat stress and 
meat quality of pig[20-21]. Heat stress can cause physiological 
changes on gene expression or metabolic enzymes. A 
research showed that 733 genes in chicken liver were 
differentially expressed; some of which are related to energy 
metabolism, whereas others are associated with immune 
function regulation[22]. As an important skeletal muscle 
metabolic enzyme that has significant correlations with meat 
quality, p-AMPK also changed because of transport stress[23]. 
From the view of experimental design, deprive of 
pre-slaughter rest definitely has contrast effect on our 
research. However, considering the actual application in the 
poultry processing industry, the proposal of unrest before 
slaughtering does not consistent with the concept of animal 
welfare and will bring great reduction in meat quality. 
Compared with TWFR treatment meat, TR meat showed 
higher drip loss and cook loss as well as lower pH value 
(P<0.05). Several researchers have demonstrated a 
significant relationship between low pH value and poor 
water holding capacity of raw chicken breast meat, and 
ultimate muscle pH value was considered to play a stronger 
role in determining water holding capacity in commercially 
processed broiler breast fillets[24-26]. Soft texture is one of the 
defects of breast meat that is likely attributed to the high 
post-mortem temperature combined with rapid glycolysis and 
pH value decrease from postmortem 45 min to 24 h[14]. Our 
research finds that TWFR treatment can improve the shear 
force of chicken breast meat (P<0.05). This may be correlated 
with lower pH value decrease on TWFR group. 

 

Table 1  Effect of post-transportation water-misting sprays with forced ventilation on drip loss, cook loss, pH24h and shear force of 
broilers breast meat 

Group Drip loss/% Cook loss/% pH45 min pH24 h Shear force/g L* a* b* 

TR 5.09±0.31a 17.36±3.23a 6.29±0.03b 5.74±0.15b 5 439.62±318.61b 51.85±0.41a 3.86±0.25a 1.68±0.26a 

TWFR 3.07±0.35b 13.44±1.87b 6.38±0.02a 5.91±0.15a 6 885.08±216.41a 48.80±0.37b 3.33±0.17a 2.93±0.22a 

Note: a,b means in the same column with no common superscript differ significantly (P<0.05). TR is meat from broiler of 45 min transport with 1 h rest; TWFR is meat 
from broiler of 45 min transport followed 15 min water-misting sprays with three dimensional forced ventilation and 45 min rest, the same below. 

 

2.2  NMR relaxometry 
Figure 2 shows the distributed water proton NMR T2 

relaxation times of raw and cooked meat samples. 3 water 
population components, referred to as T21, T22, and T23 

hereinafter, were detected in meat samples, a minor 
component near 1 ms, a major component between 30 and 
40 ms, and finally a third component between 900 and 1700 

ms (see Table 2). Not all 3 water population components can 
be simultaneously displayed on one sample, such as T23 for 
TR and TWFR meat and T21 for TWFR-C meat. The 
coverage of relaxation times of our sample, from less than 1 
ms to nearly 1 700 ms, is larger compared with the highest 
relaxation times of less than 1 000 ms covered by other 
researchers[5,27]. According to the literature on peak 
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identification, the T21 component represents water closely 
associated with macromolecules, the T22 component 
represents water trapped within the myofibrils, and the T23 
component corresponds to water outside the myofibrillar 
lattice, that is, extra myofibrillar water in meat[12]. 

For cooked sample, TWFR-C showed significantly 
lower value of T23 relaxation times than TR-C (P<0.05). 
The decrease in nuclear relaxation times signifies a 
decrease of water mobility[15]. Compared with TR meat, 
TWFR meat has considerably narrower peak width of T22 
(see Figure 2). The narrower T22 distribution of TWFR 
meat is probably due to the avoidance of serious heat 
stress, which can cause more disruption of the myofibrilar 
proteins. Such disruption leads to increased lateral 
myofilament shrinkage compared with normal meat, 
indicating a pronounced variation in the environment of 
the water proton population of the meat system[12]. 

 

 
Note: from top to bottom(T22) are TWFR, TR, TWFR-C, TR-C; TR-C is cooked 
TR meat; TWFR-C is cooked TWFR meat, the same below. 

 

Fig.2  Effect of post-transportation water-misting sprays with 
forced ventilation on distribution of T2 relaxation times of raw and 

cooked broiler breast meat 

Table 2  Effect of post-transportation water-misting sprays 
with forced ventilation on T2 relaxation times 

Treatments Relaxation 
time/ms TR TR-C TWFR TWFR-C 

T21 1.39±0.23a 0.17±0.014b 0.13±0.011b - 

T22 45.45±3.74a 39.53±3.26b 43.29±0.00ab 43.29±0.00ab 

T23 - 1629.75±0.00a - 932.60±0.00b 

 

After water-misting sprays and forced ventilation, the 
content of bound water (T21) of TWFR meat decreased and 
the corresponding content of non-mobile water increased 
compared with the TR group. This result was attributable to 
the moderate denaturation and certain degree of expansion 
of the spatial structure of TR group meat. of course, this 
does not mean that, TWFR meat has poor water retention 
from the perspective of macroscopy. T22 state water, which 
closely related to macroscopic water retention, is the most 
important object of study compared with the T21 state water. 
More T22 fractions are determined on TWFR than TR, and 
more T22 fraction are detected on TWFR-C than TR-C (see 
Figure 3). More T22 fraction implies more protons 

(essentially water) within the myofibrils in the 
intra-myofibrillar space[28]. Compared with the parameters 
obtained from TWFR meat, shrinkage in lateral myofilament 
spacing of TR meat should result in a reduction in the T22 
population and a corresponding increase in the T23 
population[12]. In contrast to TWFR-treated meat, the lateral 
myofilament spacing is smaller in TR meat because the pH 
value (5.74) decreases the electrostatic repulsion between 
proteins compared with the pH value (5.91) in TWFR meat, 
which is farther from the isoelectric point of the myofibrillar 
proteins (pH value 5.2). 

 

 

Fig.3  Effect of post-transportation water-misting sprays with 
forced ventilation on proportion of various peak areas 

 

The experimental results of the heat stress of broiler 
showed that the oxidative stress was the physiological 
protective response when broilers suffer from high 
temperature[6]. For example, transportation at high 
temperature can increase chicken’s heterophil/lymphocyte 
ratios and plasma creatine kinase activities and decrease 
eosinophil counts. These protective physiological reactions 
can affect the chicken meat quality, especially the water 
holding quality. After over 2 h on high fever environment, 
the oxidative stability and protein solubility of muscle 
proteins of broiler decreased[7]. The transportation of 0.5 
h in summer resulted in the decrease of water retention 
and the occurrence of pale, soft, and exudative (PSE) 
meat[23]. Currently, the solution to transport stress under 
high temperature mainly involves regulating broiler diet 
before slaughter, such as the supplemental ascorbic acid, 
tocopherol, and oregano, among others to improve the 
resistance of broilers. Our quantitative study of low-field 
NMR on the water status in broiler meat showed that 
spray-vertical ventilation after transport can improve the 
ratio of non-mobile water and consequently improve meat 
quality. 

2.3  Raman spectroscopic analysis 
Raman spectra before normalizing for TR and TWFR 

meat and their cooked samples in the 500 to 3 050 cm−1 
region are shown in Figures 4 and 5. The frequency and 
intensity changes in the Raman bands between TR and 
TWFR meat and their cooked samples mainly indicated the 
changes in the secondary structure and variations in local 
environments. 
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Fig.4  Effect of post-transportation water-misting sprays with 
forced ventilation on Raman spectrum in 400-2 000 cm-1 region 

before normalizing 

 

 

Fig.5  Effect of post-transportation water-misting sprays with 
forced ventilation on Raman spectrum in 2 800-3 050 cm-1 region 

before normalizing 
 

2.4  Changes of disulfide bonds 
During meat processing, disulfide bonds play an 

important role in the interaction among proteins to fulfill the 

function of meat protein. Proteins and peptides containing 
cystine residues usually show a band near 510 cm-1 when the 
conformation of the group C-C-S-S-C-C is “gauche-gauche- 
gauche.” The conformation “gauche-gauche-trans” and 
“trans-gauche-trans” additional bands appear at 525 and 
540 cm-1, respectively[13]. The raw meat Raman spectra 
showed a weak band located at 532 and 530 cm-1 for TR and 
TWFR, respectively (see Table 3). Therefore, those 2 bands 
can be assigned to gauche-gauche-trans conformation. 
Compared with TR, TWFR has significantly higher intensity 
(P<0.05). After heating, the maximum intensity of this 
Raman band shifted to the lower frequency for both TR and 
TWFR, which agrees with the heat-induced band shifting 
results[18]. The decrease of intensity may indicate the conversion 
of gauche-gauche-trans conformations to other ones.  
2.5  Changes of local environments  

In addition to observe the changes in disulfide bonds, 
aromatic amino acid chains presented several characteristic 
Raman bands (Table 3), some of which are useful to monitor 
the polarity of the microenvironment or involvement in 
hydrogen bonding[18]. A decrease in the peak intensity 
around 760 cm-1 could be because of a change in the 
amphipathic environment of the Trp side chain. In detail, 
microenvironment of Trp side chain changed from a buried, 
hydrophobic environment to the polar aqueous solvent and 
this change will further play a role in hydrophobic 
interactions among proteins[29]. Normalized intensities of the 
Raman band near 760 cm-1 shows that TWFR was lower 
than TR (P<0.05). However, after cooking, no significant 
difference exists between TR-C and TWFR-C (P>0.05). 
Therefore, the exposed tryptophan may play a role in the 
protein–protein interactions accompanying the detrimental 
changes generated by heat stress in the summer. 

Table 3  Normalized intensity of some Raman spectra bands as a function of post-transportation water-misting  
sprays with forced ventilation 

S-S Band Trp Band Tyr Band 
Treatments 

Wavenumber/cm-1 Normalized Intensity Wavenumber/cm-1 Normalized intensity Wavenumber/cm-1 Normalized intensity 

TR 532 0.44±0.059b 764 0.45±0.071b 850/835 1.28±0.11b 

TR-C 530 0.36±0.058c 764 0.35±0.033c 850/835 1.07±0.11c 

TWFR 530 0.73±0.10a 764 0.49±0.056a 850/835 1.34±0.13a 

TWFR-C 529 0.27±0.031d 764 0.38±0.039c 850/835 1.08±0.11c 
 

The intensity ratio of the tyrosine doublet calculated in 
the difference spectrum (855 and 828 cm-1) is recognized as 
a good indicator of hydrogen bonding of tyrosine phenoxyl 
group. The different condition, such as exposed (0.9-1.45) or 
buried (0.7-1.0), can be determined by this ratio[30]. Table 3 
implies that the tyrosine doublet (I850/I830) ratios of TR 
and TWFR meat were all higher than 1.0, suggesting that the 
tyrosine residues were mainly exposed and competent to 
become involved in moderate or weak hydrogen bonding[5]. 
Compared with TWFR meat, TR meat showed significantly 
lower tyrosine doublet (I850/I830) ratios (P<0.05). This 
reduction may suggest that in PSE-like meat protein, less 
tyrosine residues were subjected to the aqueous or polar 
environment, which is identical to the research on the PSE 
meat sample[5]. When an animal encounters metabolic and 

physiological disorders, oxidative stress may happen to 
impair the protective barriers of the immune system as well 
as bring particular water holding capacity quality traits 
through protein modification, such as carbonylation[6]. 
Research on vitro experiment on protein oxidation indicates 
that myofibrillar protein by hydroxyl radical treatment can 
lead to myosin heavy chain disulfide cross-linking; 
Ca-ATPase activity increases while K-ATPase decreases. 
These activities indicate that thiol groups, which represent as 
enzyme active sites of myosin, have been decorated. 
Oxidation can also lead to the cross-linking of myosin, and 
the oxidation modification of protein functional reduction 
may be carried out by carbonyl reaction[31]. This research 
also revealed that pre-slaughter heat stress can induce 
microenvironment (tyrosine doublet) changes although no 
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distinction exists between TR and TWFR meat after being 
cooked (P>0.05).  
2.6  Changes of secondary structures 

Considering the sensitivity to changes in the hydrogen 
bonding scheme involving the peptide linkages of amide I 
band, the ranges for band wavenumbers are useful for 
estimating protein conformations (α-helix, β-sheet, β-tum, 
and random coil). Generally, proteins with high a-helical content 
show an amide I band centered around 1 645-1 657 cm-1, 
whereas those with predominantly β-sheet structures show 
the band at 1 665-1 680 cm-1. Proteins containing a high 
proportion of undefined or random coil structure have an 
amide I band close to 1 660 cm-1[29]. 

A quantitative analysis of protein conformation can be 
executed depending on the statistical analysis between the 
structural data obtained from X-ray crystallography and the 
spectroscopic parameters of Raman amide I band[18]. The 
results of the structural profiles and percentages of 
secondary structures using Alix’s method are shown in 
Figure 6 for unheated and heated meat samples. TWFR meat 
has significantly different secondary structure contents 
compared with TR meat (P<0.05), and former consists of 
59.03% α-helix and 16.54% β-sheet. TR meat showed higher 
contents of α-helix and lower contents of β-sheet compared 
with TWFR meat. After heating, α-helix portions of both TR 
and TWFR tend to decease (P<0.05) accompanied by the 
increase of β-sheet structure (P<0.05). These 
transformations between α-helix and β-sheet after heating 
were further confirmed by amide III band vibrational 
spectroscopy. After the meat is cooked, increased intensity 
appeared within the range of 1 232-1 240 cm-1 from TR and 
TWFR samples (see Figure 4). No difference existed 
between TR and TWFR on the reducing degree of α-helix 
portions and increasing degree of β-sheet structure after 
heating. 

 

Fig.6  Secondary structure fractions estimated from amide band as 
a function of post-transportation water-misting sprays with forced 

ventilation 
 

2.7  Changes of C-H stretching vibrations in the 2 800- 
3 050 cm-1 region 

Raman spectrum changes in the 2 800-3 050 cm-1 

region have possible applications to monitor C-H stretching. 
Shifting in the location of the C-H stretching band near 
2 940 cm-1 to higher wavenumbers may suggest sensitivity 
of this band to the polarity of the microenvironment and to 
protein denaturation[29]. Figure 5 shows alterations in the CH 
stretching band upon thermal treatment. For TR and TR-C 

meat, the band position shifted slightly from 2 934 to 
2 936 cm-1, whereas for TWFR and TWFR-C meat, the band 
position shifted from 2 933 cm-1 toward a higher frequency 
of 2 934 cm-1. The research on PSE-like meat also displayed 
similar changes, which are related to the microenvironment 
of the aliphatic residues concerning protein unfolding and 
hydrophobic interactions[5]. 

The acute stresses in the short time accelerate the 
increase of muscle metabolism rate. Such rapid glycolysis 
induce phosphorylase denaturation and association with 
myofibrillar proteins thus generating pale and exudative 
characteristics[14]. In this study, Raman spectroscopy 
detection showed that the water spray-vertical ventilation 
after summer transportation can have a significant effect on 
the chicken protein’s secondary structure and band position 
shifted C-H stretching vibrations, providing a theoretical 
basis for addressing the heat stress of broiler summer 
transport. 

3  Conclusion 

In conclusion, water-misting spray and three-dimensional 
ventilation can significantly improve the water retention of 
the broiler meat, evidenced by the 2.02% water loss decrease 
and 3.92% cooking loss decrease, respectively. Further 
low-field NMR studies have found that the improvement of 
water retention is achieved mainly by increasing the 
proportion of the broiler in the less readily flowing water 
(T22). The Raman spectra showed lower α-helix (59.03%) 
from the TWFR treated broiler protein, which signifies 
higher protein structure stability. 
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Abstract: Northeast is one of the main producing areas of Chinese soybeans, and an important base of raw materials for 
traditional soybean products. 47 soybean cultivars in northeast China were selected as the materials to clarify the characteristics of 
different soybean cultivars and the quality of the soymilk processed from them. The physicochemical indexes of the seeds 
including the crude protein, crude oil, lipoxygenase, fatty acid, calcium and phosphorus contents and the quality indexes of the 
soymilk such as the soymilk yield, soymilk viscosity, soluble protein contents, total solid contents, sensory evaluation and odor 
substances were determined. The cultivars with relatively high and low contents of each constituent had also been screened. The 
correlation between the quality of soymilk and the characteristics of soybean raw materials showed that the flavor of soymilk was 
positively correlated with LOX activity, oleic acid, linoleic acid and linolenic acid contents. The fat content was negatively 
correlated with the flavor activity ratio. Factor analysis was used to establish the soymilk quality evaluation model, extracting 
equations of 4 main factor, calculating the contribution to the comprehensive product quality. The coefficients of the model could 
be adjusted according to the purpose of processing. The 5 varieties with the highest comprehensive scores were JI45 (9.52), 
JIYU70 (9.43), JIQING1 (9.28), JIYU66 (9.27), and JIYU102 (9.21). Combining the ranks of soybean physical and chemical 
indexes, it was found that soymilk quality was the result of comprehensive effects of soybean components. The higher the protein 
content was, may not the product the better. The varieties with high fat content may not suitable for processing soymilk. This 
research realized the comprehensive discrimination of soymilk quality and provided the standardization integration of basic data 
of soybean cultivars in Northeast China.  
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0  Introduction   

Soymilk is a category of Chinese traditional vegetable 
protein beverage. With the development of health awareness 
and economic level of the people, soymilk and soy-based 
vegetable protein foods have become popular worldwide[1-3]. 
Breeding of specific soybean lines has become the hotspot in 
agriculture to ensure the quality of soya products. Quality 
evaluation of soybean materials is essential to facilitate the 
soymilk processing industry. China has a large production 
and multifarious cultivars of soybeans[4]. Determining the 
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kinds and typical characteristics of soybeans that are suitable 
for industrialized soymilk production is an urgent problem in 
China and worldwide. 

Soymilk has a complicated system, and its qualities are 
influenced by the components of the raw material, soybeans; 
these components include protein, oil, and some small 
molecular substances[5]. The raw materials are always mixed 
in most types of soymilk processing, and no comprehensive 
selection basis or specifications were established to ensure 
soymilk quality. As a result, many domestic products appear 
poor in terms of variety stability, have weak market 
competitiveness, and cannot meet the needs of intensive 
production. The yield of soymilk was significantly 
correlated with the grain protein content[6-7]. Using special 
varieties to process tofu and soymilk could improve the 
yield by15%-20%[8]. Several kinds of high-soymilk-yield 
varieties have been bred for the past decades[9-10]. Ma et al[11] 
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analyzed the effects of the quality characteristics of 70 
genotypes of soybeans on the sensory characteristics of 
soymilk, and the results showed that the soymilk sensory 
overall acceptance was positively correlated with soybean 
soluble solids and oil content but negatively correlated with 
protein and soybean flavor contents. Shi et al[12] divided 67 
cultivars into three classes by simultaneously analyzing the 
key physical and chemical indexes influencing soymilk odor 
and the main components of odorants and establishing a 
prediction and comprehensive evaluation model of soymilk 
quality. These research results provide guidance in selecting 
soybean raw materials from the soymilk odor.  

However, most of the existing studies mainly focus on 
the results of single or several characteristics of relevance 
analysis. The present study was designed to establish a 
evaluation model of comprehensive soymilk quality, clarify the 
relationship between the raw materials and the products and 
provide a reference for soybean selection. 47 cultivars of 
Northeast soybean were selected as research objects. The 
protein, oil, calcium, and phosphorus contents of the seeds 
and other physical and chemical indexes were determined. 
The yield of soymilk, physical and chemical qualities, and 
odor substance were analyzed. This study aimed to conclude 
an evaluation method for comprehensive soymilk quality, 
then to give a reflection of the soymilk processing 
performance of soybeans, and to provide references for 
evaluating soybean cultivars, and facilitate the large-scale 
production of high-quality soymilk. 

1  Materials and methods 

1.1  Raw soybean materials 
47 soybean cultivars harvested in Northeast China were 

selected as the materials in this experiment. Among these 
cultivars, 44 were provided by Soybean Research Institute, 
Jilin Academy of Agriculture Sciences and Institute of Crop 
Science, Chinese Academy of Agricultural Sciences 
including JIYU59, JIYU62, JIYU65, JIYU70, JIYU88, 
JIYU89, JIYU91, JIYU94, JIYU99, JIYU101, JIYU10, 
GY06Ls31, GY06Y22, GY07Y11, GY07Y13, GY07Y16, 
GY07Y31, GY08Y36, GY08Y66, JI35, JI45, JI55, JI69, 
JI79, JI80, JI82, JI85, JI92, JI93, JI95, JIXIAO4, JIXIAO6, 
JIXIAO7, JIXIAO8, ZAJIAODOU1, ZAJIAODOU2, 
ZAJIAODOU3, JIQING1, JIQING2, JIQING3, 301, 
KENFENG17. The remaining three, HEFENG25, 
HEFENG50, HEFENG55 were provided by Jiamusi Branch 
of Heilongjiang Academy of Agricultural Sciences. All the 
samples were stored aside at 18 ℃ in the freezer. 
1.2  Measurement of physical and chemical traits of 
soybean seeds 
1.2.1  Crude protein, crude oil, calcium and phosphorus 
contents 

The content of crude protein in soybean seeds was 
determined by Kjeldahl method referring to Chinese GB 
5009.5-2010. A nitrogen to protein conversion factor of 5.75 
was used. The content of crude oil in soybean seeds was 
determined by soxhlet extraction method referring to 

Chinese GB/T 5009.6-2003. The total contents of calcium 
and phosphorus in seeds were respectively measured using 
the methods referring to Chinese GB 5413.21-2010 and 
GB/T 5009.87-2003.  
1.2.2  Fatty acid composition and contents 

The oil was exacted from 10 g seeds powder with 
petroleum ether in the soxhlet extractor for 8 h and then 
been methyl esterificated. 0.2 μL of these fatty acids methyl 
esters were injected to the gas chromatography (Shimadzu 
GC-2014, Kyoto, Japan) equipped with a DB-WAX 
capillary column (30 m×0.25 mm i.d., 0.25 μm film 
thickness), calculating the percentages of each fatty acid 
components[13].  

Conditions of gas chromatography: Injector and 
detector temperatures were 250 and 280 ℃ respectively. 

Oven temperature program was 120 ℃ for 3 min, raised to 

180 ℃ at a rate of 20 ℃min for 3 min, and then raised to 

240 ℃ at a rate of 3 ℃/min. 
1.2.3  Lipoxyoxidase activity (LOX) 

The preparation of crude enzyme extracts was 
conducted according to Zhao et al[14]. The defatted soybean 
meal was added into buffer solution of Tris–HCl (pH value= 
9), and was mixed and diluted to 10 mL. After 1 h ’s 
extraction at room temperature, the supernatant filtered was 
designated as the crude enzyme extracts. 

The preparation of 0.017% (v/v) substrate linoleic acid 
solution was modified from the method of Li et al[15]. 0.05 
mL 95%(v/v) ethyl alcohol was well mixed with 0.05 mL 
99%(v/v) linoleic acid and 50 mL 0.2 M borate buffer (pH = 
9.0). Then 20 mL 0.2 M borate buffer and 5 mL distilled 
water were added into the solution above with stirring. 2 mL 
substrate linoleic acid solution and 0.95 mL 0.2 M borate 
buffer were transferred to quartz cuvettes (Unic Instruments, 
Inc. Shanghai, China), mixed inversely and equilibrated for 
5 min. 0.05 mL diluted enzyme extract was added into the 
cuvettes and immediately mixed by inversion.  

The measurement of UV absorbance (wavelength of 
234 nm, UV-2800 spectrophotometer, Unic Instruments, Inc. 
Shanghai, China) and the calculation of enzyme activity 
referred to Li et al[15]. The change in 0.001 units of 
absorbance per minute per milliliter of enzyme extract was 
defined as one unit of LOX activity. 
1.3  Preparation of soymilk 

According to the method by Guo, 67 kinds of soybean 
seeds (100 g) were separately rinsed and soaked in 300 mL 

of distilled water for 12 h at 4 ℃  after removing 
imperfections, residual dust and stones[16]. The swelled 
soybeans were drained and ground with 700 mL of distilled 
water at ambient temperature by using a Joyoung C-020 
blender (Joyoung Co., Ltd, Shandong province, China) for   
2 min. The paste and the defoaming agent were filtrated 
under vacuum through an absorbent cotton sheet on Buchner 
funnel. The filtrate was heated in water bath until the 

internal temperature reached 95 ℃, maintained for 5 min, 
and then quickly cooled in ice-water bath. 
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1.4  Determination of soymilk characteristics 
1.4.1  Mass yield  

The mass of soymilk traditionally processed from 100 g 
(dry mass) of soybeans was defined as the mass yield of 
soymilk. 
1.4.2  Dynamic viscosity 

Dynamic viscosity test was conducted to describe the 
viscosity of the soymilk by Brookfield R/S PLUS rheometer 
(torque 0.05-50 mNm，torque resolution 0.01 mNm). Data 

after shearing torque >0.1% and shearing time ≥20 s in the 
constant shear mode was recorded and collected for analysis. 
1.4.3  Protein concentration   

The protein concentration of the soymilk was 
quantified using the method of Bradford[17]. The soymilk and 
the dye of Coomassie Brilliant Blue G-250 were dispersed in 
the appropriate buffer. Absorbance at 595 nm of the solution 
was measured to calculate the protein concentration 
according to the bovine serum albumin standard curve.  
1.4.4  Total solid content 

Total solid content of soymilks was measured with 
AOAC 925.10 air oven[18]. 

Total solid content of the soymilk= 1 0 100%
5

M M
 (1) 

M0 is the constant weight of silica sand in the culture 

dish after torrefaction at 105 ℃, g; M1 is the constant weight 
of 5ml soymilk and the culture dish after torrefaction at 

105 ℃ and cooling to ambient temperature in a dryer, g. 
1.4.5  Sensory assessment of odor 

Sensory assessment was specially designed to evaluate 
the odor according to the previous studies[19-23]. Ten 
volunteers (3 males and 7 females aging from 20-28 a) were 
trained as the panelists to sensor the odor of the soymilk. A 5 
points system was used as follows: 0 score, hardly smelt; 5 
scores, smelling strong; 1-4 scores, the smell increases 
gradually. The main categories of the odor were described as 
cooked bean aroma (S1), cereal/grain flavor(S2), sweet aroma 
(S3), beany flavor(S4), grain husk flavor(S5), and 
oil-oxidation(S6). According to the scores of the main odor, a 
comprehensive flavor evaluation model was designed as 
formula (2). 

S=40%S1+30%S2+30%S340%S430%S530%S6   (2) 
1.4.6  Quantification of volatile flavor substances 

The contents of the main flavor compounds, 5 beany 
flavor components including hexanal, hexanol-3-ol, 
trans-2-hexenal, trans-trans-2,4-decadienal, and 4 non-beany 
flavor components,  3-methyl-butyraldehyde, nonanal, 
trans-2-octenal, trans-2-nonenal were quantified by 
headspace solid-phase micro-extraction (HS-SPME) and gas 
chromatographic (GC) method. SPME fiber (50/30 µm 
divinyl benzene/carboxen/polydimethyl-siloxane Stable Flex, 
Supelco Co., Bellefonte, PA, USA) was used to absorb the 

volatile substances of the soymilk at 50 ℃ for 30 min. 

The gas chromatography was equipped with DB-WAX 
capillary column (30 m Â 0.25 mm i.d., 0.25 lm film 
thickness; J&W Scientific). Injector and detector 

temperatures was 270 ℃. Oven temperature program was 

50 ℃ for 5 min, raised to 160 ℃ at a rate of 3 ℃/min 

holding for 3 min, and then raised to 230 ℃ at a rate of  

10 ℃/min holding for 10 min. 
OAV (odor activity values) equaled the ratio of the 

concentration of one flavor compound dividing its 
corresponding sensory threshold. OAV of non-beany flavor, 
OAV of beany flavor and the ratio of OAV of non-beany to 
OAV of beany flavor were calculated in this research. 
1.5  Statistical analysis 

All the experiments were done in triplicate, and the 
mean values of triplicate experiments were used. Statistical 
analysis including descriptive analysis, correlation analysis 
and factor analysis were performed with Microsoft Excel 
2007 and SPSS 16.0. 

2  Results and Analysis 

2.1  Characteristics of soymilk prepared from different 
Northeast soybean cultivars 
2.1.1  Yield, viscosity, protein concentration, and total solid 
content of soymilk 

Table 1 listed the mass yield, dynamic viscosity, protein 
concentration and total solid contents of soymilk processed 
from different cultivars in an order from high to low. The 
cultivar differences of all 4 indexes were significant (P < 
0.05). The mass yield of soymilk varied largely among 
varieties due to the differences in the contents of water, 
protein, cellulose, and other components of soybeans. The 
average yield was of 712.23 g/ 100 g dry soybean. JIYU102 
exhibited the highest yield of 793.47 g/100 g. The viscosity 
of soymilk is affected by various constituents of soybean 
seeds and is closely related to the taste, flavor and other 
sensory qualities[24]. The dynamic viscosity changed from 
2.49 (KENFENG17) to 5.00 mPa·s (JI92) with an average of 
3.26 mPa·s. 

Soymilk is a stable emulsion of water, protein, oil-body, 
and some small molecules. When soaking and grinding, 
some soluble components of soybean seeds are transferred 
into soymilk. Total solids are the sum of dry matters, such as 
protein, oil, minerals, and phytic acid, after removing the 
moisture in the soymilk. The contents of total solids and 
protein solubled in the emulsion are the representative of the 
dry matters and are important indexes to evaluate the 
transformation efficiency of soybean seeds and the quality of 
soymilk. The total solid content had a nearly consistent 
tendency with the concentration of protein. The protein 
contents of most varieties were concentrated at the medium 
level of the range of 25.18-27.69 mg/mL. Normally, 
varieties in the same serie would be more or less in common. 
3 of the series of JIXIAO showed both low protein contents 
and total solids contents. The protein concentration of JIYU 
series were in medium or high grades. The average viscosity 
of JI was relatively high and the KENFENG17 was the 
lowest. 
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Table 1  Yield, viscosity, protein concentration and total solid content of soymilk 

Cultivar 
Mass yield 
/(g·100 g1) 

Cultivar 
Viscosity 
/(mPa·s) 

Cultivar 
Protein concentration 

/(mg·mL1) 
Cultivar 

Total solids 
/% 

JIYU102 793.47 JI92 5.00 JIYU70 30.78 JIXIAO8 8.54 

JIYU66 786.40 JIXIAO8 4.63 JI45 30.32 JIYU94 8.52 

ZAJIAODOU3 770.95 JIYU91 3.97 JIYU102 29.59 JIYU65 8.50 

GY08Y36 764.27 JI55 3.93 JIQING1 29.56 JIYU99 8.44 

JI45 761.05 ZAJIAODOU1 3.88 JIYU66 29.12 JI45 8.40 

JI80 757.86 JIYU70 3.68 GY07Y13 28.72 JI93 8.39 

JIQING1 751.40 JIXIAO4 3.63 JI80 28.57 JI55 8.36 

JI69 748.54 JI71 3.61 JIYU89 28.51 JIYU59 8.34 

JIYU101 748.25 JIQING1 3.61 JIYU91 28.47 JIYU102 8.33 

JIYU99 744.60 JI80 3.60 GY07Y11 28.46 GY07Y31 8.32 

GY07Y16 737.96 JI79 3.54 HEFNG55 28.15 JIYU101 8.30 

JI92 735.81 GY07Y16 3.46 JIYU99 28.07 GY07Y13 8.29 

GY07Y13 735.06 GY06Ls31 3.44 JI55 28.05 JI82 8.29 

JI71 734.81 HEFNG55 3.43 ZAJIAODOU3 28.04 JIYU66 8.27 

301 727.16 JI45 3.43 JIXIAO8 28.02 JIQING1 8.25 

JI35 725.42 JIYU99 3.42 GY06Y22 27.69 JIYU89 8.23 

JIYU70 724.91 JIYU89 3.31 JIYU59 27.65 JIQING3 8.18 

ZAJIAODOU1 723.81 JI69 3.30 JIYU65 27.61 JIYU88 8.18 

GY06Ls31 722.40 GY08Y36 3.29 JI71 27.42 JI35 8.16 

JI85 721.01 GY07Y13 3.27 GY08Y36 27.37 JIYU62 8.15 

ZAJIAODOU2 719.93 ZAJIAODOU3 3.27 JIQING3 27.22 HEFENG25 8.14 

JIYU62 718.88 JI82 3.26 GY06Ls31 27.19 JIYU91 8.13 

JI55 712.18 JI85 3.26 ZAJIAODOU2 27.03 HEFNG55 8.12 

JIXIAO6 712.03 JI93 3.25 JIYU101 26.98 ZAJIAODOU3 8.09 

JI93 707.59 JI95 3.23 JIYU62 26.96 GY07Y16 8.07 

GY07Y11 706.44 JIXIAO6 3.23 JIYU88 26.94 GY07Y11 8.05 

JIYU89 705.79 JI35 3.22 JI82 26.87 JI79 8.03 

JIXIAO8 702.77 JIYU88 3.21 GY08Y66 26.76 GY06Y22 7.98 

JIYU88 701.84 GY07Y11 3.20 GY07Y31 26.68 GY08Y66 7.98 

GY08Y66 700.30 HEFENG25 3.20 ZAJIAODOU1 26.56 JI71 7.90 

GY06Y22 700.04 HEFENG50 3.03 JIYU94 26.53 JI69 7.84 

JIYU94 699.76 JIQING3 3.01 JI85 26.31 ZAJIAODOU1 7.83 

JI95 696.31 JIYU59 3.01 JI79 26.24 JI80 7.82 

JIYU91 695.20 JIYU66 3.00 JIQING2 25.88 JIYU70 7.81 

HEFENG50 688.24 GY06Y22 2.98 JI69 25.57 GY08Y36 7.79 

JIQING3 688.10 GY08Y66 2.95 JI35 25.25 KENFENG17 7.76 

HEFNG55 686.27 JIYU102 2.94 JI93 25.18 GY06Ls31 7.69 

JIYU59 685.44 GY07Y31 2.93 GY07Y16 24.39 JI92 7.69 

JIQING2 680.39 JIXIAO7 2.91 301 24.30 JI95 7.67 

KENFENG17 679.85 JIYU94 2.86 HEFENG50 23.77 JIQING2 7.53 

JIXIAO4 672.22 JIYU62 2.84 JI92 23.57 HEFENG50 7.32 

JI82 670.09 JIYU65 2.83 HEFENG25 23.3 JI85 7.11 

GY07Y31 667.03 JIYU101 2.82 KENFENG17 23.27 301 6.80 

JIXIAO7 651.53 301 2.77 JI95 23.15 JIXIAO7 6.68 

JI79 641.12 ZAJIAODOU2 2.59 JIXIAO7 22.13 JIXIAO6 6.21 

HEFENG25 636.98 JIQING2 2.50 JIXIAO6 21.94 JIXIAO4 6.14 

JIYU65 633.32 KENFENG17 2.49 JIXIAO4 21.49 ZAJIAODOU2 4.72 

Average 712.23 Average 3.28 Average 26.63 Average 7.86 

SD 37.03 SD 0.48 SD  2.22 SD 0.72 

CV/% 5.2 CV/% 14.5 CV/%  9.20 CV/% 12.5 

Note: SD means the standard deviation; CV means the coefficient of variation, the same below 
 

2.1.2  Odor substances and flavor sensory evaluation of 
soymilk  

Lü et al[25] have confirmed that the beany flavor is 
mainly contributed by substances such as Hexanal, 
hexanol-3-ol, trans-2-hexenal, and trans-trans-2, 
4-decadienal, whereas the non-beany flavor is from 

substances such as 3-methyl-butyraldehyde, nonanal, 
trans-2-octenal, and trans-2-nonenal. For the non-beany 
flavor ingredients, JIYU88 had the lowest methylbutanal 
content, and JIXIAO4 had the highest. The variety with the 
lowest nonanal content was JIQING3, and the variety with 
the highest content was JIYU62. The variety with the lowest 
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trans-octenal content was GY07Y11, and that with the 
highest was JIQING3. The variety with the lowest 
trans-2-nonenal content was GY06LS31, and that with the 
highest one was JIYU89. A high OAV(NB)/OAV(B) ratio 
indicated the intensity of the beany smell. Varieties with 
high OAV ratio were JIYU94, JI80, JI95. The results of OAV 
analysis were shown in table 2. 

 It was clear that the cultivar with the highest OAV 
value of beany flavor ingredients was JIYU94, and the 
lowest one was GY06Ls31. The varietiy with the highest 
OAV value of non-beany flavor ingredients was JIXIAO4, 
and the lowest one was JIYU88. JIYU59 was higher at OAV 
values of beany flavor, non-beany flavor and the overall 
flavor.  

The flavor sensory evaluation results of the soymilk 
processed from 47 kinds of soybean were shown in table 3. 
A high sensory value indicated heavy corresponding    
taste. There were 27 cultivars scoring positive, that is to   
say these kinds of soymilk earned more positive assessments 
in the aspect of flavor, including most in the series        
of ZAJIAODOU and GY. JIQING3 won the highest score   
of 1.27. The overall flavor of JI93 and JI85 were less  
tended to. 
2.2  Properties of soybean seeds and relationship to 
product qualities 
2.2.1  Contents of protein, fat, calcium, and phosphorus 

The analysis results of crude protein contents, crude fat 
contents, calcium and phosphorus contents of the first and 
last 5 kinds ranked from high to low were shown in table 4. 
The 47 Northeast soybean samples had the average    
crude protein content of 41.82 g/100 g. There were 15 
cultivars with protein contents more than 42 g/100 g, 
commonly called “high-protein soybean” [26]. Nine were of 
less than 40 g/100 g. 

The range of crude oil content of Northeast soybeans 
was 17.77 g/100 g (JIYU102) to 25.36 g/100 g (GY07Y16), 
and the average was 21.00 g/100 g. 13 contained high fat 
contents of more than 22%, and 10 were below 20%. 
Soymilk is the material for processing of tofu and other 
soybean protein gelatin products. Phosphorus mainly exists 
in soybean seeds in the form of phytate-phosphoru-protein 
ternary compound body. The contents of calcium and 
phosphorus affect the additional amounts of coagulant, the 
formation of tofu gel, and the comprehensive quality of bean 
curd[27]. Wang et al[28] analyzed the progress of protein 
coagulation for soymilk processed from 66 soybean varieties 
and clarified that first, small molecular compounds, such as 
Ca2+ and phytic acid, would interact with the coagulants, and 
the protein would subsequently coagulate and aggregate. 
The range of calcium content was 144 mg/100 g to 
284 mg/100 g, and the average was 206.2 mg/100 g. The 
phosphorus contents varied from 639.2 mg/100 g to 
789.4 mg/100 g with an average of 724.0 mg/100 g. Most 
cultivars of the series of JIQING and JIYU contained 
phosphorus more than 750 mg/100 g. Eleven cultivars were 
less than 700 mg/100 g. 

Table 2  Soymilk Odor Activity Values of different cultivars 

Cultivar 
OAV of 
beany 
flavor 

Cultivar 
OAV of 

non-beany 
flavor 

Cultivar 
OAV 
(NB) 

/OAV(B) 

JIYU94 11 273 JIXIAO4 2 619 JIQING3 0.568 

JI80 10 460 JI35 2 377 JIQING2 0.469 

JI95 10 380 JI92 2 208 301 0.403 

JIYU59 10 224 JIYU59 2 207 JI45 0.373 

JI35 10 073 JI80 2 166 JIYU62 0.366 

GY07Y13 9 913 JI95 2 145 JI93 0.356 

GY08Y36 9 537 JIXIAO8 2 007 JIXIAO4 0.324 

JI92 9 478 GY07Y13 2 004 GY07Y16 0.315 

GY06Y22 9 264 GY06Y22 1 996 HEFENG25 0.294 

JI69 9 264 GY08Y36 1 981 JIXIAO7 0.273 

JIXIAO8 9 045 JI79 1 979 JIYU70 0.272 

JIYU65 8 317 JI71 1 803 JIYU66 0.269 

JIXIAO4 8 099 JI69 1 518 JIXIAO6 0.261 

JI79 7 781 JIYU65 1 370 JIYU91 0.261 

JI71 7 729 JIQING3 1 262 JI79 0.254 

JI85 7 419 JI93 1 213 HEFENG55 0.251 

JI82 6 830 JIXIAO6 1 176 JIYU99 0.249 

JI55 4 626 JIXIAO7 1 132 KENFENG17 0.239 

JIXIAO6 4 499 JI82 1 109 GY06Ls31 0.237 

JIXIAO7 4 143 301 1 004 JI35 0.236 

ZAJIAODOU1 3 978 JI45 1 102 JI71 0.233 

HEFENG50 3 829 JIQING2 1 021 JI92 0.233 

HEFENG55 3 467 JI55 931 HEFENG50 0.232 

JI93 3 405 HEFENG50 889 JIYU102 0.231 

JI45 2 950 HEFENG55 872 GY07Y31 0.227 

JIYU70 2 840 JIYU62 775 JIQING1 0.222 

JIYU89 2 833 JIYU70 773 JIXIAO8 0.222 

JIYU66 2 731 HEFENG25 733 GY06Y22 0.216 

GY07Y11 2 684 JIYU66 733 JIYU59 0.216 

GY07Y31 2 596 GY07Y16 717 GY08Y36 0.208 

HEFENG25 2 496 JIYU91 651 JI80 0.207 

JIYU91 2 492 GY07Y31 588 JI95 0.207 

301 2 492 JIYU94 579 GY07Y13 0.202 

JIYU102 2 355 JI85 568 JI55 0.201 

JIYU88 2 309 JIYU102 545 GY07Y11 0.196 

GY07Y16 2 274 JIYU89 529 ZAJIAODOU2 0.196 

ZAJIAODOU3 2 232 GY07Y11 526 JIYU89 0.187 

JIQING3 2 226 ZAJIAODOU1 523 JIYU101 0.181 

JIYU101 2 206 KENFENG17 512 GY08Y66 0.170 

JIQING2 2 174 JIQING1 461 JIYU65 0.165 

KENFENG17 2 140 JIYU99 443 JI69 0.164 

JIYU62 2 113 ZAJIAODOU2 405 JI82 0.162 

JIQING1 2 080 JIYU101 398 ZAJIAODOU3 0.142 

ZAJIAODOU2 2 062 GY08Y66 323 ZAJIAODOU1 0.131 

GY08Y66 1 900 GY06Ls31 317 JIYU88 0.112 

JIYU99 1 781 ZAJIAODOU3 316 JI85 0.077 

GY06Ls31 1 335 JIYU88 260 JIYU94 0.051 

Average 5 028.38 Average 1 101.40 Average 0.239 6 

SD 3 230.89 SD 671.31 SD 0.091 6 

CV/% 0.642 5 CV/% 0.6095 CV/% 0.382 4 
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Table 3  Sensory evaluation of soymilk processed from different cultivars 

Cultivar Beany flavor Cooked beans aroma Grain husk flavor Sweet aroma Oil-oxidation Cereal flavor Flavor score 

JIQING3 1.50±0.52 3.17±0.17 1.33±0.82 2.33±0.37 1.50±0.87 2.50±0.05  1.27 

JI82 1.83±0.98 3.33±0.21 1.83±0.98 3.00±0.26 1.67±0.82 2.50±0.05  1.20 

ZAJIAODOU3 1.60±0.89 2.80±1.48 2.20±1.79 2.80±1.64 1.00±0.71 2.20±0.84  1.02 

ZAJIAODOU1 1.50±1.27 2.90±0.99 1.10±0.99 2.20±1.40 1.80±1.40 2.20±0.79  1.01 

JI69 2.00±0.53 3.29±0.25 1.86±0.35 2.57±0.27 1.57±0.98 2.43±0.27  0.99 

JIYU62 2.70±0.34 3.20±0.23 1.50±0.97 3.00±0.15 1.30±0.67 2.20±0.79  0.92 

JIYU66 2.44±0.51 3.00±0.12 1.67±0.22 3.11±0.54 2.33±0.80 3.11±0.78  0.89 

GY07Y16 1.40±0.52 2.60±0.71 1.20±0.63 2.60±0.58 2.80±0.81 2.70±0.70  0.87 

JI71 2.13±0.46 3.00±0.20 1.25±0.89 2.63±0.30 2.13±0.64 2.00±0.53  0.72 

GY06Y22 2.25±0.28 2.50±0.93 1.63±0.60 2.00±0.76 1.88±0.46 3.38±0.74  0.66 

GY06Ls31 2.33±0.82 3.33±0.37 2.17±0.60 2.33±0.21 1.83±0.47 2.33±0.82  0.60 

JI92 2.13±0.13 2.88±0.83 1.75±0.04 2.88±0.36 2.13±0.36 2.00±0.76  0.60 

JIXIAO7 2.67±1.75 2.50±0.84 1.67±1.51 2.67±1.21 1.67±1.21 2.83±1.33  0.58 

GY07Y11 2.40±0.55 2.60±0.52 1.60±0.55 2.60±0.14 1.60±0.82 2.00±0.71  0.50 

JIYU59 2.40±0.14 3.00±0.41 1.80±0.45 3.40±0.52 3.00±0.58 2.00±0.30  0.42 

GY08Y36 3.40±0.52 3.60±0.14 1.60±0.55 3.00±0.71 2.60±0.34 2.20±0.10  0.38 

GY08Y66 2.17±0.33 2.67±0.03 1.83±0.75 2.33±0.03 2.17±0.47 2.17±0.78  0.35 

JI45 2.33±0.03 2.83±0.47 1.33±0.21 2.17±0.98 2.00±0.26 1.67±0.82  0.35 

ZAJIAODOU2 2.20±1.10 2.40±0.55 1.80±1.30 2.20±0.84 2.00±0.71 2.40±1.67  0.32 

GY07Y31 2.00±0.58 2.00±0.23 1.40±0.89 2.40±0.14 3.40±0.82 3.40±0.34  0.30 

JI35 2.00±0.63 2.57±0.27 2.14±0.07 2.29±0.70 2.71±0.60 2.71±0.11  0.27 

JIYU88 3.20±0.10 3.00±0.00 1.40±0.14 2.40±0.34 2.20±0.30 2.20±0.84  0.22 

JIXIAO6 2.91±0.30 2.64±0.12 1.36±0.03 2.45±0.29 1.91±0.64 1.82±0.08  0.19 

JI80 3.00±0.41 2.86±0.21 2.14±0.77 2.71±0.76 2.14±0.69 2.14±0.07  0.12 

JIQING1 2.70±1.49 3.00±1.25 2.30±1.49 2.50±1.43 1.90±1.45 1.70±0.95  0.12 

JI55 2.67±0.75 3.00±0.26 2.17±0.33 2.17±0.98 2.33±0.37 2.17±0.75  0.08 

JI79 2.75±0.49 2.75±0.89 2.00±0.41 2.38±0.19 2.38±0.19 2.00 ±0.07  0.01 

JIYU70 2.33±0.21 2.67±0.37 2.00±0.10 2.33±0.37 2.67±0.63 1.83±0.38 0.02 

JIYU91 3.00±0.41 2.40±0.84 1.40±0.52 2.20±0.79 2.30±0.34 2.20±0.63 0.03 

HEFENG50 2.63±0.41 2.50±0.89 1.94±0.24 2.19±0.05 2.13±0.41 1.88±0.26 0.05 

JIYU65 2.43±0.27 2.00±0.82 1.86±0.46 2.43±0.38 3.29±0.60 3.14±10.2 0.05 

GY07Y13 3.60±0.89 2.80±0.84 1.40±1.14 2.60±0.89 2.60±0.14 2.20±0.10 0.08 

JIXIAO8 2.40±1.14 2.80±1.10 2.20±1.79 2.00±1.00 2.40±0.89 1.80±1.10 0.08 

JIYU101 2.40±0.95 2.00±0.71 2.00±0.22 2.20±0.84 2.00±0.87 1.80±0.45 0.16 

JIYU94 2.75±0.67 2.50±0.76 1.75±0.89 2.13±0.13 2.50±0.07 1.88±0.64 0.17 

JIYU102 2.33±0.75 2.17±0.98 2.67±0.21 2.00±0.63 1.83±0.17 2.00±0.63 0.21 

JIYU99 3.00±0.10 2.17±0.75 2.00±0.89 2.00±0.41 2.17±0.47 2.50±0.84 0.23 

JI95 3.00±0.41 2.43±0.62 1.86±0.57 2.43±0.62 2.71±0.80 2.00±0.15 0.27 

HEFENG55 3.33±0.37 2.83±0.98 2.50±0.38 2.17±0.98 2.67±0.51 2.33±0.82 0.40 

JIQING2 2.70±0.25 2.40±0.17 2.60±0.78 1.80±0.79 2.10±0.60 1.90±0.88 0.42 

JIYU89 3.60±0.55 2.40±0.14 2.20±0.64 1.80±0.10 2.20±0.48 2.40±0.89 0.54 

301 2.63±0.60 2.50±0.31 1.88±0.25 1.63±0.69 2.75±0.67 1.00±0.93 0.65 

KENFENG17 3.00±0.26 2.50±0.22 2.50±0.22 2.17±0.17 2.67±0.82 1.17±0.98 0.75 

HEFENG25 3.00±0.79 2.17±0.98 2.17±0.60 1.67±0.21 3.17±0.17 1.50±0.65 0.98 

JIXIAO4 3.40±0.34 2.60±0.55 2.20±0.10 2.40±0.14 4.00±0.00 1.60±0.55 0.98 

JI93 3.67±0.51 2.00±0.89 3.00±0.67 1.83±0.98 2.67±0.82 2.50±0.84 1.07 

JI85 3.33±0.86 2.00±0.63 2.67±0.51 2.00±0.10 3.50±0.38 1.83±0.17 1.23 

Average 2.58 2.67 1.89 2.36 2.3 2.18 0.14 

SD 0.57 0.39 0.43 0.38 0.59 0.49 0.61 

CV/% 22.09 14.73 22.78 16.17 25.71 22.6 436.25 
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Table 4  Crude protein, crude fat, calcium and phosphorus contents of soybeans 

Cultivar Crude protein/(g100 g1) Cultivar Crude fat/(g100 g1) Cultivar Calcium/(mg100 g1) Cultivar Phosphorus/(mg100 g1) 

KENFENG17 45.24±0.37 GY07Y16 25.36±0.02 JI82 284±10 ZAJIAODOU3 789.4±38 

JI35 45.01±0.13 JI35 23.15±0.11 JI85 269±15 JIYU91 788.5±76 

ZAJIAODOU2 45.01±0.27 JI82 22.97±0.17 JIYU59 266±11 JIYU99 785.2±86 

JIQING3 44.55±0.07 JIYU89 22.94±0.16 HEFENG25 263±11 JIYU94 781.1±138 

JIYU70 44.10±0.32 JI55 22.89±0.12 GY07Y16 258±8 GY08Y66 773.4±89 

JIYU66 44.09±0.23 ZAJIAODOU2 22.86±0.15 JI93 258±15 JIYU99 785.2±86 

JIXIAO6 44.09±0.15 GY06Y22 22.64±0.12 JI71 254±13 JIYU94 781.1±73 

JIYU88 43.98±0.24 GY08Y36 22.59±0.18 JI80 248±15 GY08Y66 773.4±36 

GY07Y11 43.86±0.18 GY07Y13 22.27±0.09 JI45 246±11 JIQING3 769.4±67 

JI79 43.51±0.04 JI93 22.20±0.10 301 245±10 JIQING2 769.2±147 

JI80 43.40±0.06 JI80 22.15±0.23 JIYU101 243±17 JIYU65 765.3±84 

GY07Y31 43.40±0.16 GY07Y31 22.11±0.12 GY07Y11 241±11 JI92 761.3±96 

GY07Y16 43.28±0.34 JIYU99 22.09±0.09 JIYU102 237±6 JIYU101 758.3±58 

JIQING2 43.17±0.26 GY06Ls31 21.74±0.13 JIXIAO6 233±15 JIYU62 757.4±95 

ZAJIAODOU3 43.05±0.27 JI95 21.72±0.17 JIQING1 228±13 JIYU102 756.9±44 

JIYU65 42.94±0.17 JIYU66 21.59±0.37 GY07Y13 223±13 301 751.0±66 

GY07Y13 42.47±0.84 ZAJIAODOU1 21.55±0.11 JIYU70 219±12 GY07Y11 743.4±49 

HEFENG50 42.36±0.16 HEFENG50 21.46±0.14 JIYU88 219±16 HEFNG55 739.8±54 

JI92 42.24±0.74 JIYU62 21.45±0.17 GY06Y22 216±20 GY07Y31 739.3±49 

JI45 42.24±0.32 JI79 21.20±0.26 KENFENG17 213±15 JIXIAO8 738.8±95 

JI95 42.24±0.17 JI71 20.86±0.07 JIXIAO4 209±15 JIQING1 735.4±84 

HEFENG25 42.01±0.30 JIYU88 20.83±0.03 JI79 206±11 GY08Y36 733.7±95 

JIYU62 42.01±0.15 JIYU101 20.77±0.10 JI55 204±10 JI93 729.7±60 

JI69 41.78±0.27 JIQING2 20.74±0.19 ZAJIAODOU3 203±17 GY06Y22 727.4±85 

GY08Y66 41.55±0.11 JIQING3 20.73±0.04 JIXIAO8 200±21 JI79 718.9±94 

GY06Ls31 41.55±0.19 JIYU94 20.66±0.03 JIYU66 197±15 JI45 717.1±105 

JIQING1 41.20±0.15 JI69 20.61±0.07 JIYU62 197±16 ZAJIAODOU2 716.1±79 

JIXIAO7 40.86±0.09 JIYU59 20.61±0.26 JIYU89 197±20 HEFENG25 716.1±103 

JIYU99 40.86±0.28 JI92 20.48±0.11 JIYU94 194±11 GY06Ls31 713.0±214 

301 40.86±0.14 JIYU65 20.29±0.10 JIXIAO7 193±16 JI85 712.7±116 

JIYU101 40.86±0.22 JIYU70 20.28±0.17 JIYU65 191±15 KENFENG17 711.6±96 

JI71 40.63±0.17 ZAJIAODOU3 20.24±0.02 GY06Ls31 184±22 JI35 706.5±66 

JIYU91 40.63±0.14 GY08Y66 20.23±0.10 JI35 183±21 JI71 704.3±96 

JI93 40.51±0.39 JI45 20.20±0.13 GY08Y36 183±16 JIXIAO4 703.4±84 

JIYU59 40.51±0.16 JIQING1 20.18±0.08 JI95 179±6 JIYU66 702.7±103 

GY06Y22 40.40±0.13 JI85 20.13±0.14 ZAJIAODOU1 176±10 JI55 701.7±156 

JI85 40.17±0.05 301 20.00±0.10 JI69 174±10 JIXIAO6 692.0±96 

JIXIAO8 40.17±0.17 HEFNG55 19.93±0.20 JIQING2 172±11 HEFENG50 690.5±180 

JIXIAO4 39.94±0.18 JIYU91 19.89±0.21 ZAJIAODOU2 165±13 JI80 684.8±96 

ZAJIAODOU1 39.70±0.27 GY07Y11 19.87±0.10 JI92 160±15 JI95 684.6±78 

JIYU102 39.59±0.16 JIXIAO4 19.85±0.18 JIQING3 158±11 JIXIAO7 684.5±218 

GY08Y36 39.59±0.63 JIXIAO6 19.71±0.01 JIYU99 157±10 JIYU88 683.8±96 

JI82 39.47±0.27 JIXIAO7 19.23±0.10 GY08Y66 154±20 GY07Y13 679.2±85 

JI55 39.24±0.15 JIXIAO8 18.94±0.03 HEFNG55 153±10 JIYU89 677.1±79 

JIYU89 39.24±0.31 KENFENG17 18.66±0.05 JIYU91 147±18 GY07Y16 675.2±96 

JIYU94 39.01±0.23 HEFENG25 18.27±0.16 HEFENG50 146±11 JI69 648.3±171 

HEFENG55 38.78±0.16 JIYU102 17.77±0.11 GY07Y31 144±15 JIYU59 639.2±66 

Average 41.82 Average 21.00 Average 206.2 Average 724.01 

SD 1.80 SD 1.43 SD 37.52 SD 37.27 

CV/% 4.32 CV/% 6.81 CV/% 18. 40 CV/% 5.15 

 

2.2.2  Composition and contents of fatty acid and activity 
of lipoxygenase 

The results of fatty acid contents and composition  
were shown in table 5. With comprehensive consideration, 

the cultivars of which the fatty acid contents had   
favorable effects on odor were HEFENG55, HEFENG55 
and 301, whereas the cultivars with opposite 
characteristics were GY07Y13, KENFENG17, JIXIAO8 
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and JIXIAO4. Lipoxygenase activity plays a key role in the 
formation of the beany flavor of soymilk. In industrial 
production, soymilk is usually produced by passivating 
LOX activity or screening the LOX deficiency varieties. 

Hence, cultivars with low LOX activity, such as 
ZAJIAODOU1, JI92, JIXIAO4, JIXIAO8, and JIYU59, 
may have slight beany flavor when processed into 
soymilk.  

 

Table 5  Contents and composition of fatty acid, LOX activity of different soybean cultivars 

Cultivar Palmitic acid/% Stearic acid/% Oleic acid/% Linoleic acid/% Linolenic acid/% LOX activity/(Umg1) 

JIYU59 10.58±0.13 2.26±0.01 22.23±0.11 56.83±0.08 8.10±0.17 80.00±2.72 

JIYU62 16.17±0.51 6.40±0.76 30.93±0.52 43.39±0.37 3.12±0.41 102.67±2.47 

JIYU65 11.81±0.04 4.18±0.04 24.85±0.18 53.23±0.37 5.94±0.11 47.33±2.31 

JIYU66 13.17±0.78 4.63±0.27 27.44±0.14 50.57±0.15 5.73±0.47 57.33±2.08 

JIYU70 11.89±0.17 2.34±0.07 19.94±0.03 57.64±0.13 8.20±0.13 65.33±3.06 

JIYU88 16.22±0.18 6.14±0.79 27.99±0.82 45.16±0.78 4.51±0.67 90.00±1.72 

JIYU89 11.06±0.29 4.52±0.03 23.83±0.07 54.76±0.04 5.84±0.16 153.33±2.57 

JIYU91 13.54±0.24 3.66±0.45 31.91±0.81 46.83±0.84 4.08±0.65 57.33±1.48 

JIYU94 10.69±0.67 4.07±0.13 24.63±0.57 54.98±0.04 5.64±0.37 50.67±1.55 

JIYU99 13.47±0.09 5.51±0.54 29.17±0.33 47.10±0.90 4.75±0.05 41.33±3.03 

JIYU101 7.96±0.37 2.65±0.09 15.27±0.33 70.22±0.07 3.91±0.30 66.00±2.00 

JIYU102 15.07±0.08 5.39±0.06 24.56±0.29 50.18±0.09 4.81±0.21 75.33±2.02 

GY06Ls31 12.80±0.29 3.53±0.04 25.05±0.55 52.88±0.65 5.74±0.24 35.33±2.72 

GY06Y22 12.13±0.13 3.52±0.03 26.03±0.69 52.70±0.52 5.62±0.33 36.00±2.00 

GY07Y11 11.90±0.13 4.82±0.11 23.97±0.71 54.01±0.59 5.31±0.11 47.33±2.85 

GY07Y13 9.50±0.13 2.29±0.04 17.20±0.09 59.33±0.06 11.68±0.04 93.33±3.32 

GY07Y16 15.30±0.56 4.60±0.27 32.01±0.20 44.73±0.62 3.37±0.41 54.00±2.62 

GY07Y31 12.36±0.16 4.06±0.08 26.45±0.06 51.79±0.08 5.34±0.04 88.67±1.02 

GY08Y36 10.19±0.23 2.67±0.01 22.95±0.11 57.61±0.25 6.59±0.07 108.00±1.58 

GY08Y66 11.29±0.25 2.35±0.14 22.91±0.31 55.71±0.44 7.74±0.26 46.00±3.11 

JI35 10.44±0.04 2.56±0.04 21.81±0.03 58.12±0.13 7.08±0.02 58.67±2.16 

JI45 11.07±0.04 3.15±0.04 26.63±0.08 52.72±0.17 6.45±0.18 30.67±3.08 

JI55 11.27±0.21 2.73±0.04 24.54±0.11 54.76±0.19 6.71±0.08 66.00±3.00 

JI69 9.96±0.36 4.30±0.83 26.42±0.78 56.45±0.41 2.88±0.43 84.00±2.86 

JI71 11.34±0.04 2.65±0.03 23.93±0.16 54.98±0.02 7.11±0.20 55.33±2.31 

JI79 10.84±0.40 4.21±0.11 24.45±0.23 53.98±0.04 6.53±0.03 88.67±2.43 

JI80 11.70±0.12 3.43±0.03 22.72±0.06 56.11±0.18 6.05±0.03 36.00±1.00 

JI82 16.53±0.07 6.01±0.01 30.85±0.13 42.89±0.16 3.73±0.66 30.67±2.02 

JI85 12.10±0.53 2.12±0.32 26.30±0.20 55.93±0.43 3.56±0.09 36.00±2.21 

JI92 10.63±0.15 1.86±0.04 22.81±0.14 57.44±0.26 7.27±0.06 94.00±2.78 

JI93 10.25±0.59 4.31±0.36 23.12±0.32 56.42±0.09 5.91±0.54 32.67±2.31 

JI95 13.94±0.28 4.74±0.10 29.26±0.28 47.68±0.46 4.39±0.18 67.33±2.57 

JIXIAO4 9.28±0.03 1.85±0.01 21.48±0.09 59.99±0.01 7.41±0.11 76.00±3.00 

JIXIAO6 11.40±0.45 4.59±0.24 21.86±0.14 53.49±0.43 8.66±0.03 34.67±2.24 

JIXIAO7 13.57±0.28 4.02±0.01 22.05±0.03 53.15±0.27 7.21±0.02 49.33±1.15 

JIXIAO8 7.91±0.13 1.25±0.02 16.44±0.11 59.56±0.06 14.86±0.15 68.67±1.47 

ZAJIAODOU1 13.28±0.75 6.21±0.51 27.40±0.77 48.11±0.50 5.00±0.52 38.67±2.31 

ZAJIAODOU2 14.00±0.20 5.22±0.25 27.65±0.80 48.46±0.64 4.69±0.21 66.00±2.29 

ZAJIAODOU3 13.95±0.16 5.19±0.19 26.60±0.47 48.42±0.76 5.83±0.07 67.33±2.05 

JIQING1 16.11±0.82 3.92±0.37 31.66±0.27 45.08±0.96 3.23±0.47 56.00±2.00 

JIQING2 15.40±0.53 3.26±0.61 26.84±0.83 49.18±0.49 5.33±0.47 40.67±2.62 

JIQING3 14.37±0.96 2.90±0.22 30.26±0.11 48.01±0.46 4.47±0.61 58.00±2.00 

301 17.12±0.24 3.16±0.89 35.29±0.65 41.91±0.88 2.54±0.60 55.33±2.15 

KENFENG17 11.45±0.40 4.90±0.04 19.39±0.75 53.90±0.39 10.37±0.09 62.43±2.21 

HEFENG25 12.87±0.08 9.19±0.22 26.01±0.74 49.59±0.37 2.36±0.22 27.33±3.06 

HEFENG50 11.57±0.21 4.86±0.27 20.35±0.26 53.61±0.72 9.61±0.52 86.67±2.48 

HEFENG55 19.29±0.45 7.39±0.23 28.64±0.66 40.42±0.67 4.27±0.72 134.67±3.06 

Average 12.53 4.03 25.19 52.34 5.95 63.26 

SD 2.42 1.57 4.22 5.67 2.40 26.76 

CV/% 19.35 39.04 16.74 10.84 40.40 42.31 
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2.3  Relationship between soymilk quality and soybean 
properties 
2.3.1  Correlation analysis of soybean seeds components 
and soymilk characteristics 

The result of soymilk yield was positively correlated 
with the crude protein content with a coefficient of 0.380 as 
most previous researches reported[26, 29-30]. The viscosity of 
soymilk was negatively correlated with the fat content. 
Certain quality index of products may be affected most by 
some specific compositions of materials. The correlations 
between the physicochemical indexes and flavor charac-
teristics were presented in table 6. The content of fatty acids 
and LOX activity were important factors for the odor of the 
soymilk. The varieties with high palmitic, stearic, and oleic 
acids and low linoleic and linolenic acids showed lighter 
beany flavor[25]. The fat content was positively correlated 
with the beany flavor of soymilk and negatively correlated 
with the OAV ratio. Hence, high-oil varieties may have high 
risk of strong beany flavor. The fatty acid is the substrate for 
the formation of soymilk flavor by lipoxygenase reaction; 
thus, the composition and contents significantly affected the 
soymilk odor. Lipoxygenase activity played a key role in the 
formation of beany flavor of soymilk with a coefficient of 
0.530. In industrial production, soymilk is usually produced 
after passivating LOX activity or screening the LOX 
deficiency varieties[31]. But it also positively related to the 
cooked bean flavor and sweet aroma, so completely 
removing it may not have good effects. It was obvious that 
the beany flavor and oil-oxidation flavor have closely 
connection with the unsaturated fatty acid.  

 

Table 6  Correlation between physicochemical indexes  
and soymilk flavor characteristics 

 
OAV 
ratio 

Beany 
flavor 

Cooked 
beans 
aroma 

Grain 
husk 
flavor 

Sweet 
aroma 

Oil-oxidation 
flavor 

Cereal 
flavor 

Protein 0.275 0.257 0.038 0.197 0.158 0.082 0.078 

Fat 0.321* 0.293 0.181 0.257 0.196 0.012 0.519** 

LOX 
activity 0.039 0.530** 0.271 0.120 0. 218 0.260 0.015 

Palmitic 
acid 

0.129 0.121 0.111 0.010 0.028 0.232 0.064 

Stearic 
acid 

0.009 0.033 0.083 0.009 0.116 0.204 0.081 

Oleic acid 0.058 0.407** 0.135 0.197 0.030 0.151 0.135 

Linoleic 
acid 0.125 0.340* 0.152 0.137 0.039 0.219 0.087 

Linolenic 
acid 0.077 0.329* 0.078 0.021 0.091 0.218 0.124 

Note: *. correlation is significant at the 0.05 level (2-tailed). **. correlation is 
significant at the 0.01 level (2-tailed). 

 

2.3.2  Evaluation model of comprehensive quality of 
soymilk 

Owing to the complication of soymilk system, single 
index couldn’t accurately characterize the comprehensive 
quality of the products. Therefore, the comprehensive 
evaluation model of the soymilk quality was established via 
factor analysis, to improve the theoretical value for reference 
and to expand the application scope of this research. 
Standardizing the determination results of the mass yield(X1), 
dynamic viscosity(X2), protein concentration(X3), total solid 

contents(X4), OAV(NB)/OAV(B) (X5) and flavor scores(X6) 
using SPSS software before the factor analysis was taken out. 
The cumulative variance contribution of the first 4 principal 
components was above 80% by reducing dimensions, which 
could represent the characteristics of all 6 indexes. The 
results of factors analysis were shown in table 7. 

 

Table 7  Features of factor matrix extracted by 4  
principal components 

Factor 
Items Index 

F1 F2 F3 F4 

Mass yield 0.646 0.276 0.389 0.242 

Viscosity 0.399 0.453 0.368 0.683 

Protein 
concentration 

0.817 0.098 0.292 0.195 

Total solid 0.641 0.171 0.631 0.196 

OAV ratio 0.285 0.705 0.267 0.517 

Loadings 
/Li,j

 

Flavor score 0.485 0.482 0.349 0.134 

Eigen value/Ej 1.972 1.049 0.962 0.887 

Variance Vj/% 32.865 17.489 16.036 14.215 

Mass yield 0.460 0.269 0.396 0.256 

Viscosity 0.284 0.442 0.375 0.725 

Protein 
concentration 

0.581 0.095 0.297 0.207 

Total solid 0.456 0.166 0.643 0.208 

OAV ratio 0.202 0.688 0.272 0.548 

Coeffcients 
/Ci,j 

Flavor score 0.345 0.470 0.355 0.142 

Note: Ej means the eigen values of factors; Vj means the variance contribution of 
each factor; Ci,j means the coefficients in the linear combination of factors; 
Ci,j=Li,j/Ej

1/2; i=1,2,3,4,5,6; j=1,2,3,4, F1-F4 mean first to forth principal 
components. 
 

According to these results, ‘4’ linear combination 
equations were made out as following. The protein 
concentration, mass yield, total solid contents mainly 
contributed to the first factor.  The second factor mainly 
contained indexes involving with flavor, and the last factor 
was influenced by viscosity.  
F1=0.460 X1+0.284 X2+0.581 X3+ 0.456 X4203X5+0.345 X6 
F2=0.269 X10.442 X2+0.096 X30.167 X4+0.688 X5+0.471 X6 
F3=0.397 X10.375 X2+0.300 X3+0.643 X4+0.272 X50.356 X6 
F4=0.257 X1+0.726 X20.207 X3+ 0.208X4+0.549 X5+0.142 X6 

The coefficients of each index (Ci,j) in a comprehensive 
model were used to calculate the weight of indexes (Wj) in 
the equation. Kj was the weight after normalization.  
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The comprehensive quality model was established as 
Q=Kj·Xj in this research. The result went out to be as formula 
(5). 

Q= 0.100 X1+0.063 X2+0.232 X3+0.261 X4+0.181 X5+0.164 X6  (5) 
This consequence would be used to directly measure 

the quality of the soymilk products. The weight of each 
index could be adjusted properly to meet the multifarious 
needs when it comes to much more universal applications. In 
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this research, the model made it more convenient to realize 
the quantitative comparison of soymilk products. 
2.3.3  Comprehensive scores of soymilk and homologous 
soybean indexes 

The 47 soybean cultivars were listed in table 8, ranking 
in the order of the scores calculated according to the 
comprehensive quality model (Q). The varieties with better 
overall performances in terms of yield, protein concentration, 
consistency and flavor were JI45 (9.52), JIYU70 (9.43), JIQING1 

(9.28), JIYU66 (9.27), and JIYU102 (9.21). The ranks of 
soybean indexes were also summarized. It could be seen that 
the influence of each component on the comprehensive 

quality was very complex, so judging the quality of the proc-
essed products could not only depend on a single or simple 
some indexes completely. The very highest protein contents 
weren’t the necessary property for producing the soymilk of 
better quality. In combination with the analysis on the 
quality of soymilk in 2.1, it was found that the high contents 
of fat and unsaturated fatty acids effected the beany flavor 
strongly just like GY07Y13. But the yield, viscosity, protein 
and total solid contents were relatively high. There was a 
general rule that soybean seeds containing too much fat were 
not suitable for processing high quality soy milk. On the 
contrary, calcium contents were beneficial to soymilk products. 

 

Table 8  Scores and soybean characters ranks of 47 cultivars 

Ranks of soybean characters 
Rank Cultivar Score 

Protein Fat Calcium Phosphorus Palmitic acid Stearic acid Oleic acid Linoleic acid Linolenic acid LOX activity 

1 JI45 9.52 19 34 9 24 34 33 16 27 17 39 

2 JIYU70 9.43 5 31 18 35 25 41 43 6 6 17 

3 JIQING1 9.28 27 35 15 18 6 26 4 42 43 28 

4 JIYU66 9.27 6 16 26 33 18 15 13 30 24 38 

5 JIYU102 9.21 41 47 13 12 9 8 26 31 31 12 

6 GY07Y13 9.04 17 9 16 43 44 42 45 4 2 20 

7 JIXIAO8 9.03 37 44 25 17 47 47 46 3 1 44 

8 ZAJIAODOU3 9.01 15 32 24 1 12 10 17 35 22 2 

9 GY07Y11 9.01 9 40 12 14 24 13 29 19 29 25 

10 JIYU91 8.99 32 39 45 2 15 27 3 40 38 37 

11 JI55 8.97 44 5 23 34 33 35 27 17 14 33 

12 JI80 8.94 11 11 8 39 27 30 36 12 18 3 

13 JIYU99 8.91 28 13 42 3 16 7 9 39 32 29 

14 JIYU89 8.90 45 4 27 44 35 18 31 18 21 27 

15 JIYU59 8.87 34 27 3 47 39 43 37 9 7 43 

16 JIQING3 8.87 4 25 41 6 10 34 7 37 35 40 

17 GY06Y22 8.83 36 7 19 22 22 29 21 28 26 34 

18 HEFENG55 8.82 47 38 44 15 1 2 10 47 37 13 

19 JI82 8.82 43 3 1 38 3 6 6 45 40 35 

20 JIYU65 8.82 16 30 31 8 26 22 24 24 19 14 

21 JI71 8.79 33 21 7 31 31 37 30 15 12 30 

22 JIYU62 8.73 22 19 28 11 5 3 5 44 44 32 

23 GY08Y36 8.68 42 8 33 19 42 36 33 7 15 26 

24 GY06Ls31 8.65 25 14 32 27 20 28 23 26 23 4 

25 JIYU88 8.65 8 22 17 42 4 5 11 41 34 15 

26 ZAJIAODOU1 8.64 40 17 36 20 17 4 14 36 30 47 

27 GY07Y31 8.62 12 12 47 16 21 24 18 29 27 1 

28 JIYU101 8.60 29 23 11 10 46 38 47 1 39 16 

29 GY08Y66 8.56 26 33 43 5 32 40 34 14 8 31 

30 JIYU94 8.55 46 26 29 4 37 23 25 16 25 24 

31 JI79 8.43 10 20 22 23 36 21 28 20 16 8 

32 JI69 8.37 24 28 37 46 43 20 19 10 45 6 

33 JI35 8.26 2 2 34 30 40 39 40 5 13 42 

34 GY07Y16 8.15 13 1 5 45 8 16 2 43 42 7 

35 JI93 8.08 35 10 6 21 41 19 32 11 20 18 

36 JIQING2 8.08 14 24 38 7 7 31 15 33 28 21 

37 JI85 7.99 38 36 2 28 23 44 20 13 41 23 

38 JI92 7.91 20 29 40 9 38 45 35 8 10 45 

39 ZAJIAODOU2 7.76 3 6 39 25 11 9 12 34 33 9 

40 HEFENG50 7.63 18 18 46 37 28 12 42 22 4 19 
41 HEFENG25 7.59 23 46 4 26 19 1 22 32 47 36 
42 JI95 7.56 21 15 35 40 13 14 8 38 36 10 
43 301 7.51 30 37 10 13 2 32 1 46 46 11 
44 KENFENG17 7.48 1 45 20 29 29 11 44 21 3 22 
45 JIXIAO7 7.18 31 43 30 41 14 25 38 25 11 5 
46 JIXIAO6 6.97 7 42 14 36 30 17 39 23 5 41 
47 JIXIAO4 6.69 39 41 21 32 45 46 41 2 9 46 
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3  Conclusion 

From the perspective of soybean materials, the 
Northeast cultivars showed low crude protein contents of 
41.82 g/100 g soybean, high fat content of 21.00 g/100 g 
soybean, high contents of unsaturated fatty acid like oleic 
acid, linoleic acid and linolenic acid. The mass yield showed 
up with an average of 711.62 g/100 g dry soybeans, and the 
viscosity of the soymilk showed up with an average of     
3.26 mPa·s. The varieties with the highest content of crude 
protein, crude fat, calcium and phosphorus were respectively 
KKENFENG17, GY07Y16, JI82, ZAJIAODOU3. Cultivars 
ranking in the first place in term of the mass yield, viscosity, 
protein concentration, total solids, OAV(NB) /OAV(B) and 
flavor score were JIYU102, JI92, JIYU70, JIXIAO8, 
JIQING3.  

4 main factors were extracted using factor analysis, of 
which protein concentration, mass yield, total solid contents 
mainly contributed to the first, flavor indexes mainly to the 
second, the viscosity to the last. The contribution to the 
comprehensive product quality was calculated. The 
comprehensive quality model was established with the mass 
yield, dynamic viscosity, protein concentration, total solid 
contents, OAV(NB)/OAV(B) and flavor scores being the 
independent variables. The coefficients of the model could 
be adjusted according to the purpose of processing. The 
coefficients of the model could be adjusted according to the 
purpose of processing. The five varieties with the highest 
comprehensive scores were JI 45(9.42), JIYU 70(9.43), 
JIQING 1(9.28), JIYU 66(9.27), and JIYU 102(9.21). 

By establishing the relationships of flavor substances, 
sensory evaluation and the fat content, fatty acid 
composition, and activity of LOX, the soybean constituents 
were found to contribute to the flavor formation. The higher 
the protein content was, may not the product the better. The 
varieties with high fat content may not suitable for 
processing soymilk. These results could be used as 
references for cultivar selection for special needs of soymilk 
processing. 
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