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Abstract: Potato tuber quality is influenced by the interaction of soil nutrients. Hence, simple
correlation analysis cannot accurately reflect the true relationship between soil nutrients and potato
tuber quality. In this study, potato tuber quality and soil nutrient content were used as research
materials in the Loess Plateau of China. The partial least square regression (PLSR) method was
used to establish the regression equation between potato quality and soil nutrient. The major soil
nutrient indexes influencing potato quality were screened out to provide theoretical basis for potato
field management. The results showed that the major soil nutrient factors influencing the potato
tuber quality in Loess Plateau were soil ammonium nitrogen, soil nitrate nitrogen, soil available
phosphorus, pH, and soil available potassium. Soil pH value is the most important factor affecting
potato starch, reducing sugar content, and soluble protein content. Soil nitrate nitrogen is one of the
important factors affecting potato tuber soluble total sugar content, vitamin C, browning intensity, and
polyphenol oxidase activity. Soil ammonium nitrogen was positively correlated with the total soluble
sugar content of potato tubers, and negatively correlated with reducing sugar content, browning
intensity, and polyphenol oxidase activity. However, soil available potassium has positive effects
on potato starch and reducing sugar content, and negative effects on soluble protein and browning
strength. Results of this study indicates that the major soil nutrient factors influencing potato tuber
quality were soil nitrate nitrogen and soil pH value.

Keywords: Potato tuber quality; soil available phosphorus; soil available potassium; browning
intensity; polyphenol oxidase activity; reducing sugar content

1. Introduction

Potato (Solanum tuberosum L.) is a highly adaptable crop. The potato planting area in the loess
plateau region accounts for 36% of the total potato planting area in China [1]. On one hand, the potato
is rich in starch, protein, vitamin C, sugar, and various mineral salts, which have high nutritional value
in food [2]. On the other hand, the potato is an important raw material for making starch, alcohol,
scrubbing solution, and citric acid, which have high economic value [3]. In potato processing and
consumption, people have different quality requirements for tubers. Therefore, it is of great significance
to study the relationship between soil nutrient content and potato tuber quality.

The potato tuber quality is very important to the processing industry, and the economic benefit
can be improved by increasing the specific quality content and reducing the quality content of the
negative effect in the process [4]. Potato starch, a representative of tuber starches, is the third largest
starch raw material, with about 6% global starch production [5]. The starch content of raw potato could
be improved by scientific field management and fertilization. Browning reaction often occurs during
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the processing of fresh potato tuber, which leads to the decrease of the quality and nutritional value of
processed products [6]. The quality of potato raw material is necessary in industrial production [7].
It is important to select high-quality potato tubers that meet the requirements of deep processing to
reduce the production cost.

Potato quality is influenced by its genetic factors and external environment, and most of them
cannot be controlled by humans. In modern agricultural production, the factors that can be artificially
regulated are field management, and water and fertilizer management, which regulate the soil
microenvironment in which crops grow [8–10]. Soil microenvironment is the carrier of plant growth
and provides nutrients for its development. Soil organic matter is the most important indicator of soil
health, which influences the crop yield [10,11]. Soil organic matter and nutrient cycling are mediated
by soil microbial communities [12,13], soil-dwelling arthropods [14], and soil-nesting bees [15]. Soil
organic matter and other soil nutrients are affected by the chemical composition of plants [16] and
soil-plant-grazing animal interactions [17,18]. Nitrogen is one of the major mineral nutrients absorbed
by potato, and application of nitrogen fertilizer can significantly improve potato absorption and
transformation [19,20].

Studies have shown that increasing nitrogen fertilizer can increase the soluble protein content
in potato tubers, while excessive nitrogen fertilizer can reduce the content of starch, soluble sugar,
and vitamin C [20]. The application of potassium fertilizer can promote the accumulation of tuber
dry matter, the synthesis of crude starch, vitamin C, and soluble protein [21]. The suitable amount of
potash fertilizer can reduce the potato tuber reducing sugar content [22]. Reasonable application of
phosphate fertilizer is beneficial to increase the content of potato starch, improve the quality of starch,
and promote the absorption of nitrogen [23]. Suitable application of NPK had a significant effect on the
quality of potato tuber [24]. The content of starch, vitamin C, and reducing sugar in tuber increased
with the increase of fertilizer application [25]. In recent years, researchers have focused on the effects
of water and fertilizer management on potato yield and quality, and there are few studies on the
correlation between soil nutrients and potato quality. The transformation process of applied fertilizer
into soil nutrients is affected by soil type, rainfall, and other factors, and only part of nutrients will
eventually participate in the growth and development of crops. Therefore, the study of the correlation
between soil nutrients and potato quality can provide a theoretical basis for accurate fertilization.

Soil nutrients interact with each other and affect potato tuber quality together [26]. Therefore,
simple correlation analysis cannot accurately reflect the true relationship between soil nutrients and
fruit quality. When the correlation between the independent variables is strong or the sample is small
relative to the independent variables, the model error established by the common multiple regression
method will become larger. Partial Least Squares Regression (PLSR) is a regression modeling method
of multiple dependent variables to multiple independent variables [27]. It focuses on the basic skills of
multiple linear Regression analysis, canonical correlation analysis, and principal component analysis,
which can better decompose and filter the obtained data, and establish a stable Regression model.
The theory and method of PLSR have developed rapidly since it was proposed, and its application
field has also expanded rapidly from the initial chemical field to more natural and social sciences.
PLSR also provides several ancillary techniques for further analysis of data, one of which is Variable
Importance for Projection (VIP). The VIP technique is based on PLSR analysis. A method of variable
selection, VIP value argument not only reflects the influence of the dependent variable, the variable
itself, and considered other independent variables indirectly affect the dependent variable through the
variable. The VIP technical analysis is not to screen variables according to the P-value, but to make
reasonable selection according to the effect of independent variables on dependent variables. Therefore,
data processing emerges in the research in this field that is more in line with the actual situation.

In this study, potato tuber samples and soil samples were collected from different counties in the
Loess Plateau of China. The PLSR method was used to establish the regression equation between
potato tuber quality and soil nutrient. The objective of this study was (1) to analyze the correlation
between soil nutrient contents and potato tuber quality; (2) to determine the major soil nutrient
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factors influencing potato tuber quality by PLSR method. Results will provide the theoretical basis for
producing high-quality potatoes that meet the requirements of food consumption or deep processing,
and reducing the fertilizer waste.

2. Materials and Methods

2.1. Site Description

The experiment was conducted in 10 counties in China’s Loess Plateau region from 2017 to 2019
(36◦40′–39◦21′ N, 108◦46′–109◦44′ E, altitude of 772–1320 m above sea level), which belongs to the
typical loess hilly landform of loess tableland, with arid and semi-arid continental monsoon climate
(Figure 1). The average annual rainfall ranges from 300 to 700 mm. The average annual temperature is
9 ◦C. The no-frost cycle ranges from 156 to 205 days. The soil type mainly includes the yellow spongy
soils and the wind sand. The average sand, silt, and clay contents in the 0–80-cm soil profile was
measured with a laser particle size analyzer (Dandong Haoyu Technology Co., Ltd.), and the values
were 53.2%–81.1%, 11.32%–3.2%, and 7.6%–21.4%, respectively.Sustainability 2020, 12, 1588 4 of 19 
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Figure 1. The map depicts the collection area of soil and plant samples on the loess plateau of China.
These circles indicate the location of the experiment site. The thick line represents the city boundary
and the thin line represents the county boundary [28].

2.2. Collection and Analysis of Soil Samples and Potato Tuber Samples

Distances between sampling locations were average 30 km, and potato fields with an area of more
than 0.2 ha were randomly selected. The potato experimental station sampling sites were selected
according to the variety of potato, and the amount of fertilizer and applied irrigation throughout
the whole growth period. The global positioning system (GPS, Qstarz International Co., Ltd., Taipei,
Taiwan) is used to record the name, longitude, and latitude of the sample plot. The planting and
fertilization of the sample plot are also collected and recorded. The plant and row spacing of potatoes
were measured with a tape. Potato and soil samples are collected, labeled, and sealed, and taken to the
laboratory for analysis. After the potato and soil samples had been collected, they were marked and
sealed and taken back to the laboratory for analysis.

Potato tuber samples are collected from the fields and experimental stations from September 1 to
September 18 each year. The weight fresh tuber (g plant−1) was determined by harvesting 10 plants
from the center row of the plot. Soil samples and potato tuber samples were collected simultaneously.
Soil samples and potato tuber samples were collected simultaneously. Soil samples were collected at
three horizontal collection points: 10 cm from the plant, 30 cm toward the furrow, and 30 cm toward the
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ridge. The soil samples were collected through a soil auger (4 cm inner diameter, TC-300B, Changzhi,
China) from each plot.

The soil water content was measured using the gravimetric method [29]. After collection from the
field, the soil water content of each sampled soil layer was determined by weighing to a constant weight
at 105 ◦C. Determination of soil organic matter content was performed according to Zhang et al. [30].
Soil available nitrogen was determined as described by Sun et al. [31]. The concentration of soil
nitrate nitrogen and ammonium N were measured using a spectrophotometer (UV-1800, China) [32,33].
First, 0.5 g of fresh soil was put into a 100 mL triangular bottle. In addition, 50 milliliters of 2 mol/L
potassium chloride and the solution were added together. The solution was shaken for half an hour
and reached uniformity. The solution was then filtered, and 5 mL was placed in a spectrophotometer
at a wavelength of 210 nanometers. Determination of soil available phosphorus was performed
according to Lu et al. [34]. We measured soil available potassium by flame photometry method with
NH4OAc extraction [35]. The pH was measured in an aqueous soil extract in deionized water (1:5 soils:
water) [32].

The starch content was determined as described by Wang et al. [36]. We measured reducing
sugar content by the 3,5-2 nitrosalicylic acid colorimetric method [20]. Determination of soluble total
sugar content was performed according to Paul et al. [37]. The vitamin C content was measured by
molybdenum blue colorimetry [38]. The soluble protein content was determined as described by
Liu et al. [39]. Determination of browning intensity was performed according to Nguyen et al. [40].
The potato polyphenol oxidase activity was determined using the method described by Gomes et al. [41]
for the use of a 100 mM citrate acid–200 mM sodium phosphate buffer between pH 3.0 and 8.0. The
enzyme extract (0.5 mL) was added to the quartz test tube and a buffer solution containing phenolic
substrate (2.5 mL) was added. The initial absorbance was measured at 420 nm. PPO activity was
measured by measuring the absorbance growth rate at 420 nautical miles during a 30-minute incubation
period. A unit of enzyme activity was defined as a 0.001 per minute change per milligram of protein
absorbed in the enzyme extract. All tests were performed in independent biological samples.

2.3. Simple Linear Regression

Simple linear regression analysis uses linear predictive functions to model, and unknown model
parameters are estimated by data. Simple linear regression analysis consists of only one independent
variable and one dependent variable, and the relationship between them can be approximated by a
straight line. In this study, the soil nutrient contents and potato tuber quality, X, is assumed with linear
relationship with the potato tuber yield, C. The regression is expressed as C= ax + b, where a is the
coefficient and C is the predicted concentration.

2.4. Partial Least Squares Regression

Partial least square regression analysis (PLSR) is a multivariate statistical data analysis method
proposed in 1968 [42], which is the integration and development of multiple linear regression,
canonical correlation analysis, and principal component analysis. PLSR method is a kind of regression
modeling method that studies multiple independent variables to multiple dependent variables or
single dependent variables. It solves the problem of multiple correlation of independent variables in
typical regression analysis, that is, there is high correlation between independent variables. In this
study, the PLSR method of multiple independent variables to single dependent variables is adopted.
The main ideas of PLSR are as follows: First, extract th (h = 1,2, . . . ) from the set of independent
variables X, the components are independent of each other. Second, to establish the regression equation
of these components and the independent variable X, the key lies in the extraction of components.
The difference between PLSR and principal component regression is that the components extracted by
PLSR can not only well summarize the information in the independent variable system, but also best
explain the dependent variable. Therefore, the problem of regression modeling in the case of multiple
correlations between independent variables is solved effectively. The calculation process is as follows:
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(i) Standardized processing of data. The purpose of data standardization is to make the center of
gravity of the collection of sample points coincide with the origin of coordinates. The independent
variable set X and dependent variable Y are normalized to obtain the matrix of independent variable
and dependent variable following normal distribution.

E0 =

[xi j − x j

s j

]
n×p

F0 =

yi j − y

sy


n×1

i = 1, 2, . . . , n; j = 1, 2, . . . , p. (1)

where E0 is the normalized matrix of X, and F0 is the normalized matrix of Y; x j and s j are the mean and
standard deviation of the jth independent variable; y and sy are the mean and standard deviation of y.

(ii) Find the objective function value of the optimization problem. Let’s first extract a component
t1 = E0w1 from the matrix E0, w1 is the first spindle of E0, and w1 is the unit vector ‖w1‖ = 1. Next,
we extract a component, u1 = F0c1, from the matrix F0, c1 is the first spindle of F0, and c1 is the unit
vector ‖u1‖ = 1. If t1 and u1 are required to represent data variation information in X and Y, there are
Var(t1) and Var(u1)→Max. In addition, according to the canonical correlation analysis, independent
variables are required to have good explanatory ability for dependent variables, namely, the correlation
coefficient r(t1, u1)→Max of t1 and u1. In general, the covariance of t1 and u1 is required to be
maximized in partial least square regression. The results are as follows.

Cov(t1, u1) =
√

Var(t1)Var(u1) r(t1, u1)→ max (2)

Therefore, it can be transformed into the problem of finding the maximum value of wT
1 ET

0 F0c1

under the constraint condition of ‖w1‖ = 1, and ‖u1‖ = 1. Lagrange algorithm is adopted.

s = wT
1 ET

0 F0c1 − λ1(wT
1 w1 − 1) − λ1(cT

1 c1 − 1) (3)

Then take the partial derivatives of s with respect to w1, c1, λ1, and λ2, respectively, and set them
to 0.

∂s
∂w1

= ET
0 F0c1 − 2λ1w1 = 0

∂s
∂c1

= FT
0 E0w1 − 2λ2c1 = 0

∂s
∂λ1

= −(wT
1 w1 − 1) = 0

∂s
∂λ2

= −(cT
1 c1 − 1) = 0

(4)

By the above, formula 4 can launch 2λ1 = 2λ2 = wT
1 ET

0 F0c1, and makeθ1 = 2λ1 = 2λ2 = wT
1 ET

0 F0c1.
Therefore, θ1 is the objective function value of our optimization problem.

(iii) Find the model effect load. By substituting θ1 into the above four formulas, we can arrive at
the following equation: {

ET
0 F0FT

0 E0w1 = θ2
1w1

FT
0 E0ET

0 F0c1 = θ2
1c1

(5)

where w1 is the maximum eigenvalue of matrix ET
0 F0FT

0 E0 unit characteristic vector, c1 is the maximum
eigenvalue of matrix FT

0 E0ET
0 F0 unit characteristic vector. When we get w1 and c1, we get the principal

components t1 = E0w1 and u1 = F0c1. And then the regression of E0 and F0 on t1.{
E0 = t1pT

1 + E1

F0 = t1rT
1 + F1

(6)

where p1 and r1 are regression coefficient vectors, E1 and F1 are residual matrix. The least square

estimation of the regression coefficient vector is p1 =
ET

0 t1

‖t1‖
2 , and r1 =

FT
0 t1

‖t1‖
2 , and p1, and r1 are called

model effect loads.
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(iv) Find the regression equation. If the accuracy of the regression equation of y to t1 fails to meet
the requirements, the second component shall be extracted. In this case, E0 and F0 shall be replaced
by residual matrix E1 and F1, and the spindle w2 and c2, as well as the second principal components
t2 and u2 shall be obtained again by the same method. If the rank of F0 is m, then there is always m
components t1, t2, . . . tm, find F0 regression on t1, t2, . . . , tm. The following formula is obtained.

F0 = t1rT
1 + t2rT

2 + · · ·+ tmrT
m + Fm (7)

Because t1, t2, . . . , tm is a linear combination of E0. Therefore, the above equation can be reduced
to the regression equation of y∗ ∼ F0 for the x∗j ∼ E0. The following formula is obtained.

y∗ = α1x∗1 + α2x∗2 + · · ·+ αmx∗m + Fm (8)

Finally, the inverse change normalization process reduces the regression equation of y∗ with
respect to x∗i to the regression equation of X and y.

2.5. Statistical Analysis

The variable importance for projection (VIP) belongs to a multivariate screening method, which
describes the explanatory ability of independent variables to dependent variables through the principal
component of related independent variables synthesis, and screens the independent variables according
to the explanatory ability. Statistical analyses and data plotting were performed using SPSS Statistics
Software 16.0 and Sigma Plot 14.0, respectively. The differences between all treatments were detected
using Tukey’s multiple comparisons tests at the 0.05 significance level. In addition, the relationships
among all the parameters (soil nutrient contents and potato tuber quality) was calculated using
bivariate correlation analysis (Pearson correlation coefficients and a two-tailed test of significance).

3. Results

3.1. Linear Regression Analysis of Potato Yield and Soil Nutrient Contents

The linear regression analysis of potato tuber yield and soil nutrient contents is shown in Figure 2.
The results showed that soil available potassium content and soil water content.

(Figure 2G) were significantly correlated with potato yield, while potato yield was not significantly
correlated with other soil nutrient contents. Potato tuber yield increased with the increase of soil
water content, soil available nitrogen content, soil nitrate nitrogen content, soil ammonium nitrogen
content, soil available potassium content, and pH (Figure 2). The potato tuber yield decreased with the
increase of soil organic matter content and soil available phosphorus content (Figure 2). The maximum
determination coefficient (R2) of potato yield and soil available potassium content was 0.169 (Figure 2G).
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Figure 2. Linear regression analysis of potato yield and soil water content (A), soil organic matter
content (B), soil available N content (C), soil nitrate nitrogen content (D), soil ammonium nitrogen
content (E), soil available phosphorus content (F), soil available potassium content (G), and pH (H).
* indicates significance at p < 0.05. The linear regression value of each slope is obtained according to the
homogeneity test of regression coefficient.

3.2. Linear Regression Analysis of Potato Yield and Quality

The linear regression analysis of potato yield and potato tuber quality is shown in Figure 3.
The results showed that starch content (p < 0.001, Figure 3A) and soluble total sugar content (p = 0.018,
Figure 3C) were significantly correlated with potato yield, while potato yield was not significantly
correlated with other potato tuber quality. Potato tuber yield increased with the increase of starch
content, reducing sugar content and soluble total sugar content (Figure 3), with the determination
coefficient (R2) ranging from 0.034 to 0.675. The potato tuber yield decreased with the increase of
vitamin C content, soluble protein content, browning intensity, polyphenol oxidase activity (Figure 3),
and the determination coefficient (R2) only ranged from 0.002 to 0.083.
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to the homogeneity test of regression coefficient.

3.3. Differences in Soil Nutrients and Potato Tuber Quality

The soil nutrients in potato farmland on the loess plateau are shown in Table 1. The maximum
value of soil organic matter content was 11.62 g/kg, the minimum value was 2.12 g/kg, and the standard
deviation accounted for 47.7% of the average soil organic matter content (Table 1). The standard
deviation of soil available phosphorus content accounted for 56% of the average, and the maximum
was 13 times the minimum (Table 1). The variation of soil pH was small, with the standard deviation
accounting for only 3.2% of the mean pH and the maximum 1.1 times of the minimum (Table 1).
The maximum value of soil available potassium was 91.14 mg/kg, the minimum value was 35.34 mg/kg,
and the maximum was 2.58 times the minimum (Table 1).
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Table 1. The soil nutrient contents of potato farmland in the Loess Plateau.

Items SWC (%) SOM (g/kg) SAHN
(mg/kg)

SNN
(mg/kg)

SAMN
(mg/kg) P (mg/kg) K (mg/kg) pH

Site 1 11.18 + 0.35 2.17 + 0.09 8.44 + 0.36 2.14 + 0.87 11.72 + 1.26 4.97 + 0.63 45.26 + 5.68 8.93 + 0.04
Site 2 15.34 + 0.9 9.46 + 0.2 29.13 + 1.66 4.95 + 0.75 11.97 + 1.15 6.61 + 2.75 73.78 + 17.68 8.77 + 0.02
Site 3 15.02 + 0.31 8.42 + 0.54 30.29 + 1.29 5.86 + 1.71 10.13 + 0.42 14.74 + 1.55 58.9 + 4.68 8.26 + 0.05
Site 4 11.94 + 0.25 10 + 0.68 35.82 + 2.44 2.88 + 0.75 8.85 + 0.5 4.53 + 0.96 39.68 + 5.98 8.17 + 0.03
Site 5 13.28 + 0.5 10.6 + 0.59 31.62 + 1.68 5.11 + 0.6 5.45 + 1.05 8.54 + 1.24 53.94 + 13.41 8.6 + 0.06
Site 6 8.6 + 0.39 3.44 + 0.8 19.56 + 2.3 20.64 + 1.31 9.04 + 2.14 24.62 + 0.63 47.12 + 9.54 8.54 + 0.03
Site 7 4.27 + 0.3 3.2 + 0.31 15.05 + 0.47 5.43 + 0.23 10.7 + 0.42 9.71 + 0.65 52.08 + 3.22 9.03 + 0.03
Site 8 13.75 + 0.4 4.18 + 0.46 11.08 + 0.4 5.42 + 1.06 11.64 + 1.1 2.08 + 0.66 76.88 + 2.84 8.94 + 0.01
Site 9 8.98 + 1.2 10.8 + 0.98 45.93 + 11.34 5.41 + 0.2 8.17 + 0.67 12.36 + 3.02 59.52 + 3.72 8.69 + 0.16

Site 10 10.7 + 0.62 6.64 + 0.25 36.98 + 1.63 2.57 + 0.37 14.86 + 1.37 5.93 + 1.07 75.02 + 3.87 8.6 + 0.05

Minimum 3.93 2.12 8.05 1.53 4.27 1.37 35.34 8.15
Maximum 15.94 11.62 54.25 7.99 16.08 17.90 91.14 9.06

Mean 11.31 6.88 26.39 4.71 10.25 8.68 58.22 8.65
Standard
Deviation 3.30 3.29 12.31 1.73 2.65 4.86 14.55 0.28

Note: SWC, soil water content; SOM, soil organic matter; SAHN, soil available nitrogen; SNN, soil nitrate nitrogen;
SAMN, soil ammonium nitrogen; P, soil available phosphorus; K, soil available potassium.

The potato tuber quality in the Loess Plateau are shown in Table 2. The starch content ranged
from 79.27% to 33.39%, and the standard deviation accounted for 21.8% of the average starch content
(Table 2). The standard deviation of reducing sugar content accounted for 71.4% of the average value,
and the maximum was 27.5 times the minimum (Table 2). The content of soluble total sugar varies
greatly, the maximum value is 165 times of the minimum value, and the standard deviation of soluble
total sugar accounts for 81.6% of the mean value (Table 2). Vitamin C content ranges from to 152.5
mg/(100g), and the maximum value was 7.63 times the minimum value (Table 2). The standard
deviation of soluble protein content accounted for 21.4% of the mean value, and the maximum value
was 2.44 times of the minimum value (Table 2). The standard deviation of soluble protein content and
polyphenol oxidase activity accounted for 49.8% and 28.7% of the average value, respectively (Table 2).

Table 2. The potato tuber quality in the Loess Plateau.

Items SC
(%)

RSC
(%)

STS
(%)

VC
mg/(100g)

SPC
(mg/g) BI PPO

U/ (g min)

Site 1 42.52 + 8.24 0.1 + 0.05 0.54 + 0.4 50.42 + 11.61 0.16 + 0 6.83 + 0.06 41.32 + 1.14
Site 2 53.83 + 12.68 0.05 + 0.03 0.31 + 0.13 70.83 + 1.91 0.16 + 0.01 9.61 + 0.61 41.64 + 0.98
Site 3 48.79 + 1.08 0.21 + 0.11 0.32 + 0.19 83.33 + 13.37 0.16 + 0.03 6.01 + 0.15 45.44 + 1.7
Site 4 34.1 + 0.27 0.12 + 0.08 0.13 + 0.14 93.33 + 7.32 0.11 + 0.01 12.83 + 0.06 46.56 + 8.62
Site 5 52.95 + 1.29 0.45 + 0.16 0.57 + 0.2 58.33 + 4.02 0.1 + 0.01 8.64 + 0.27 59.68 + 1.32
Site 6 47.01 + 4.33 0.12 + 0.07 0.43 + 0.19 51.25 + 6.25 0.16 + 0.02 10.34 + 6.28 52 + 4.4
Site 7 61.84 + 3.51 0.29 + 0.24 0.24 + 0.17 42.92 + 1.91 0.15 + 0.02 6.21 + 0.09 75.1 + 10.65
Site 8 60.57 + 6.74 0.34 + 0.08 0.16 + 0.21 132.9 + 18.81 0.12 + 0.01 11.05 + 0.2 58.4 + 3.3
Site 9 49.41 + 4.74 0.27 + 0.01 0.81 + 0.07 85.83 + 18.72 0.2 + 0.03 3.28 + 0.17 50.3 + 10.93

Site 10 71.46 + 6.94 0.17 + 0.04 1.37 + 0.25 29.17 + 14.81 0.12 + 0.02 1.48 + 0.24 22.84 + 2.5

Minimum 33.39 0.02 0.01 20.00 0.09 1.21 20.04
Maximum 79.27 0.55 1.64 152.50 0.22 17.59 87.36

Mean 52.25 0.21 0.49 69.83 0.14 7.63 49.33
Standard
Deviation 11.41 0.15 0.40 30.70 0.03 3.80 14.17

Note: SC, starch content; RSC, reducing sugar content; STS, soluble total sugar content; VC, vitamin C content; SPC,
soluble protein content; BI, browning intensity; PPO, polyphenol oxidase activity.

3.4. Correlation Analysis between Soil Nutrients and Potato Quality

The correlation analysis between soil nutrients and potato quality is shown in Table 3. The soil
nutrient factors that had significant influence on potato starch content were ammonium nitrogen
(correlation coefficient, 0.396), available potassium (correlation coefficient, 0.64), and pH (correlation
coefficient, 0.445) (Table 3). The soil nutrient factor that had a significant effect on potato reducing
sugar content was ammonium nitrogen (correlation coefficient, −0.427) (Table 3). The soil nutrient
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factor that had significant influence on the soluble total sugar content of potato was soil available
nitrogen (correlation coefficient, 0.396) (Table 3). The soil nutrient factor with significant influence
on potato vitamin C content was water content (correlation coefficient, 0.447) (Table 3). The soil
nutrient factor with significant influence on potato soluble protein content was available phosphorus
(correlation coefficient, 0.487) (Table 3). The soil nutrient factors that significantly affected the activity of
potato polyphenol oxidase were soil water content (correlation coefficient, −0.382), soil nitrate nitrogen
(correlation coefficient, 0.461), and soil ammonium nitrogen (correlation coefficient, −0.484) (Table 3).

Table 3. The correlation analysis between soil nutrients and potato quality.

Items SC (%) RSC (%) STS (%) VC
mg/(100g)

SPC
(mg/g) BI PPO

U/(g min)

SWC (%) −0.156 −0.08 −0.141 0.447* −0.207 0.254 −0.382 *
SOM (g/kg) −0.188 0.14 0.081 0.207 −0.089 −0.023 −0.186

SAHN (mg/kg) −0.075 0.017 0.396 * 0.012 0.134 −0.321 −0.346
SNN (mg/kg) 0.063 0.265 −0.332 0.194 0.223 0.198 0.461 *

SAMN (mg/kg) 0.396 * −0.427 * 0.292 −0.185 0.066 −0.301 −0.484 **
P (mg/kg) −0.112 −0.017 0.057 −0.252 0.487 ** −0.176 0.147
K (mg/kg) 0.640 ** 0.124 0.204 0.174 −0.061 −0.309 −0.222

pH 0.445 * 0.145 0.021 −0.125 0.103 −0.148 0.317

Note: SC, starch content; RSC, reducing sugar content; STS, soluble total sugar content; VC, vitamin C content; SPC,
soluble protein content; BI, browning intensity; PPO, polyphenol oxidase activity; SWC, soil water content; SOM,
soil organic matter; SAHN, soil available nitrogen; SNN, soil nitrate nitrogen; SAMN, soil ammonium nitrogen; P,
soil available phosphorus; K, soil available potassium. ***, **, and * indicate significance at P < 0.001, P < 0.01, and P
< 0.05, respectively.

3.5. Variable Importance for Projection of Soil Nutrient Factors Affecting the Potato Tuber Quality

In this study, the VIP value greater than 1.0 was used as the screening criterion to select the main
soil nutrient factors that affect potato quality characteristics. The VIP of soil nutrient factors affecting
the potato quality is shown in Table 4. The effect of soil water content on soluble total sugar, vitamin C,
soluble protein, browning intensity, and polyphenol oxidase activity was significant (VIP > 1) (Table 4).
The soil organic matter has little effect on potato tuber quality (VIP < 1).

Table 4. Variable importance for projection of soil nutrient factors affecting the potato quality.

Items SC (%) RSC (%) STS (%) VC
mg/(100g)

SPC
(mg/g) BI PPO

U/(g min)

SWC (%) 0.645 0.632 1.155 1.609 1.227 1.155 1.062
SOM (g/kg) 0.756 0.814 0.956 0.918 0.42 0.368 0.737

SAHN (mg/kg) 0.752 0.358 1.568 0.826 0.943 1.291 0.956
SNN (mg/kg) 0.441 1.121 1.46 1.237 0.994 1.153 1.249

SAMN (mg/kg) 1.151 1.915 1.187 0.806 0.954 1.243 1.497
P (mg/kg) 0.457 1.009 1.043 1.485 1.892 1.12 0.81
K (mg/kg) 1.955 1.072 0.749 0.717 1.074 1.191 0.622

pH 1.214 1.166 0.899 0.733 1.491 0.757 0.923

Note: SC, starch content; RSC, reducing sugar content; STS, soluble total sugar content; VC, vitamin C content; SPC,
soluble protein content; BI, browning intensity; PPO, polyphenol oxidase activity; SWC, soil water content; SOM,
soil organic matter; SAHN, soil available nitrogen; SNN, soil nitrate nitrogen; SAMN, soil ammonium nitrogen; P,
soil available phosphorus; K, soil available potassium.

The influence of soil available nitrogen on the soluble total sugar and browning intensity was
significant (Table 4). The effect of soil ammonium nitrogen on starch content, reducing sugar, soluble
total sugar, browning intensity, and polyphenol oxidase activity was significant (Table 4). The soil
nitrate nitrogen has great effect on reducing sugar, soluble total sugar, vitamin C, and polyphenol
oxidase activities (Table 4). The effect of soil available phosphorus on reducing sugar, soluble total
sugar, vitamin C, soluble protein, and browning intensity was significant (Table 4). The effect of soil
available potassium on starch content, reducing sugar, soluble protein, and browning intensity was
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significant (Table 4). The soil pH has great influence on starch content, reducing sugar, and soluble
protein (Table 4).

3.6. PLSR of the Relationship between Soil Nutrient Content and Potato Tuber Quality

In this study, soil water content (x1), soil organic matter (x2), soil available nitrogen (x3), soil nitrate
nitrogen (x4), soil ammonium nitrogen (x5), soil available phosphorus (x6), soil available potassium
(x7), and pH (x8) were used as independent variables. Starch content (y1), reducing sugar content
(y2), soluble total sugar content (y3), vitamin C content (y4), soluble protein content (y5), browning
intensity (y6), and polyphenol oxidase activity (y7) were the dependent variables. The relationship
between independent variables and dependent variables was established to define the importance of
soil nutrients on potato tuber quality in the Loess Plateau. On the basis of considering the importance of
variable projection, soil nutrient factors influencing potato quality were screened out, and the regression
equation of soil nutrient factors influencing potato quality in the Loess Plateau was established by
PLSR method (Table 5). The regression equation of soil nutrients to potato quality factors reached a
significant level, indicating that the established regression equation was stable and reliable (Table 5).
The importance and positive and negative effects of different soil nutrient factors on potato quality
can be determined by the coefficients and symbols of the regression equation (Table 5). The larger the
coefficient, the greater the effect on potato quality, and vice versa. Soil nutrient factor is positive, which
has positive effect on potato tuber quality improvement, while soil nutrient factor is negative, which
has side effect on potato tuber quality improvement.

Table 5. Regression equation for the effect of soil nutrients on potato tuber quality.

Quality
Factor Code Major Affecting

Factor Regression Equation R2 F

SC y1 x5, x7, x8 y1=−73.404+0.033x5+0.412x7+11.354x8 0.490 8.327 **
RSC y2 x4, x5, x6, x7, x8 y2 = −0.358 + 0.015x4 − 0.004x5 − 0.007x6 + 0.003x7 + 0.086x8 0.377 2.907 *
STS y3 x1, x3, x4, x5, x6 y3 = 0.027 − 0.025x1 + 0.014x3 − 0.078x4 + 0.006x5 + 0.019x6 0.437 3.726 *
VC y4 x1, x4, x6 y4 = 12.09 + 3.433x1 + 10.086x4 − 3.289x6 0.407 5.948 **
SPC y5 x1, x6, x7, x8 y5 = − 0.218 + 0.001x1 + 0.004x6 − 0.000125x7 + 0.037x8 0.316 2.887 *
BI y6 x1, x3, x4, x5, x6, x7 y6 = 11.158 + 0.445x1 − 0.069x3 + 1.343x4 − 0.009x5 − 0.421x6 − 0.146x7 0.576 5.208 **

PPO y7 x1, x4, x5 y7 = 74.727 − 1.512x1 + 2.477x4 − 0.195x5 0.450 7.091 **

Note: SC, starch content (y1); RSC, reducing sugar content (y2); STS, soluble total sugar content (y3); VC, vitamin C
content (y4); SPC, soluble protein content (y5); BI, browning intensity (y6); PPO, polyphenol oxidase activity (y7); x1,
soil water content; x2, soil organic matter; x3, soil available nitrogen; x4, soil nitrate nitrogen; x5, soil ammonium
nitrogen; x6, soil available phosphorus; x7, soil available potassium; x8,pH.

The main soil nutrient factors influencing potato quality are soil nitrate nitrogen and pH (Table 5).
The most important soil nutrient factor affecting potato starch content, reducing sugar content, and
soluble protein content was pH (Table 5). Soil nitrate nitrogen is the most important soil nutrient factor
affecting soluble total sugar content, vitamin C content, browning intensity, and polyphenol oxidase
activity (Table 5). The effects of soil water content, soil available potassium, and pH on potato starch
content were positive (Table 5). The effect of soil ammonium nitrogen and soil available phosphorus on
reducing sugar content was negative, while the effect of soil nitrate nitrogen, soil available potassium,
and pH on reducing sugar content was positive (Table 5). The effect of soil water content and soil
nitrate nitrogen content on soluble total sugar content was negative, while the effect of soil available
nitrogen content, soil ammonium nitrogen content, and available phosphorus content on soluble
total sugar content was positive (Table 5). The effect of soil water content and soil nitrate nitrogen
content on vitamin C was positive, while the effect of soil available phosphorus content on vitamin
C was negative (Table 5). The effect of soil water content, soil available phosphorus content, and
pH on soluble protein content was positive, while the effect of soil available potassium content on
soluble protein content was negative (Table 5). Soil water content and soil nitrate nitrogen content
had positive effects on browning intensity, while soil available nitrogen content, soil ammonium
nitrogen content, soil available phosphorus content, and soil available potassium content had negative
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effects on browning intensity. The effect of soil water content and soil ammonium nitrogen content
on polyphenol oxidase activity was negative, while the effect of soil nitrate nitrogen on polyphenol
oxidase activity was positive.

4. Discussion

The PLSR can construct the most explanatory subspace regression model effectively under the
condition of multiple correlation of independent variables, and improve the accuracy and reliability of
the model significantly [43]. The PLSR method was used to evaluate the potato soluble total sugar
content, and the results showed that the evaluation model was wrong to evaluate the potato sugar
content by 14% to 18% [44]. In this study, the soluble total sugar content had a most significant
correlation with soil water content and soil nitrate nitrogen content. We can infer that the effective
way to increase the total sugar content of potato is to increase the soil water content and soil nitrate
nitrogen content. However, our results found a significant inverse correlation between the soluble total
sugar content and the soil available nitrogen content, soil ammonium nitrogen content, and available
phosphorus content. Therefore, the soluble total sugar content can be increased by reducing the content
of available nitrogen, ammonium nitrogen, and available phosphorus in soil. The researchers reported
that the PLSR method was stronger correlation than transformed chlorophyll absorption reflectance
index (TCARI) method with leaf-%N [45]. In this study, the determination coefficient (R2) was ranged
from 0.316 to 0.576. The selected soil nutrient factors in this study can significantly describe the quality
of each potato tuber. The PLSR analysis has made great progress in predicting the accuracy of all
parameters [46]. In this study, the regression equation of the effect of soil nutrient factors on potato
tuber quality was established. It is a new research idea to quantitatively analyze the relationship
between the potato tuber quality and soil nutrients by PLSR method.

There are synergistic and antagonistic effects between soil nutrients, which have a complex
influence on potato quality characteristics [47]. The results showed that the effect of soil nitrogen,
phosphorus, and potassium content on potato quality was more important than that of single
factor [48,49]. PLSR method and variable projection importance assistive technology were used to
screen the soil nutrient factors influencing potato quality in the Loess Plateau. Soil nitrate nitrogen had
the greatest effect on browning intensity, while soil available phosphorus had the least effect. Some
researchers have proved that the relationship between nutrient supply and physiological processes,
soil nutrient factors have important influence on potato tuber quality, such as potassium has the
greatest influence on potato growth and photosynthesis [50,51]. This is consistent with our findings
that the maximum determination coefficient of potato yield and soil available potassium content was
0.169 (p = 0.024). This may be related to the effect of nutrients on a particular species, and quality
characteristics may overlap with other factors such as climate or specific site conditions. Thus, in
addition to the proper nutrients and their proportions, even the choice of fertilizer may have different
specific correlations [52]. In this study, the soil available potassium was significantly correlated with
soluble protein content and browning intensity. Processing tubers with high protein content has
economic significance for the potato starch industry because of the high economic value of these
compounds [53]. The result indicated that genetic loci is an important factor that affects the potato tuber
soluble protein content [54]. Therefore, in addition to providing adequate nutrients for potato growth,
other agronomic measures, such as variety selection and plant protection, need to be considered.

Potato quality is affected by varieties, soil nutrients, climate, and cultivation conditions, among
which soil nutrients account for a large proportion [55]. The results of this study by PLSR method
show that the soil nutrient factors influencing potato quality from large to small were soil ammonium
nitrogen > soil available phosphorus > soil nitrate nitrogen > available potassium > pH. The content
of potato starch, vitamin C, soluble total sugar, potato crude protein, and reducing sugar can be
significantly increased by applying appropriate nitrogen, phosphorus, and potassium fertilizer into
potato planting plot [56]. In this study, the pH was significantly correlated with starch content, reducing
sugar content, and soluble protein content. This phenomenon may be associated with the higher and
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lower soil pH values, which may change the biological availability of nutrient elements needed by
plants, leading to the malnourishment of some elements in plants [57,58]. Many researchers have
concluded that soil pH has a significant effect on potato tuber quality [24,59]. Soil pH first affects soil
microbial enzyme activity, which directly affects the absorption and utilization of soil nutrients by
potato roots, and finally affects potato tuber quality. The pH value of soil first affects the soil microbial
activity, which directly affects the absorption and utilization of soil nutrients by potato roots, and finally
affects the quality of potato tuber quality [60]. The results of this study show that increasing pH can
increase starch content, reducing sugar content and soluble protein content. It can be concluded that
potato growth likes more acidic soil, and it is an effective way to improve potato quality to improve
potato soil acidity through fertilization measures.

In this study, soil factors with positive effects on potato starch content were pH and soil available
potassium content. This is consistent with the linear analysis results that soil available potassium
content and soil water content were significantly correlated with potato yield. Similar results showed
that potassium fertilizer not only increased tuber yield, but also increased commodity yield, average
tuber weight and starch content, and reduced soluble total sugar content [61]. The soil factors with
positive effect on reducing sugar content of potato were soil nitrate nitrogen content, soil available
potassium content, and pH, while the soil factors with negative effect were soil ammonium nitrogen
content and available phosphorus content. Studies have shown that the application of phosphate
fertilizer is more effective during planting or at the beginning of the season [62].

Nitrogen plays an important role in the growth and development of potato. Nitrogen contributes
40% to 50% of crop yield [63]. The forms of nitrogen in soil can be divided into inorganic nitrogen and
organic nitrogen, and inorganic nitrogen mainly includes ammonium nitrogen and nitrate nitrogen.
The main nitrogen sources for plant growth are ammonium nitrogen and nitrate nitrogen, but the
uptake of the two forms of nitrogen by different crops is different under the influence of genetic factors
and external conditions [64]. The effect of different forms of nitrogen on potato is complicated, and
the mechanism of its effect on potato is not clear. In the model established by PLSR method, there
are positive and negative effects of different nitrogen forms on potato tuber quality. The response of
potato to nitrogen uptake and utilization of different forms and the mechanism of its action on potato
remain to be further studied. Potato is a potassium-loving crop, and a large number of studies have
shown that potassium fertilizer has an effect on potato yield, starch content, reducing sugar content,
soluble protein content, and vitamin C content [65–67]. This study showed that potassium fertilizer
promoted the accumulation of sugar in tubers and increased the content of starch in tubers. In the
model established by PLSR method, the effect of phosphate fertilizer on potato starch was small, but it
had significant positive effect on soluble sugar. The mechanism of soil nutrient’s influence on crop
growth is complicated, so it is necessary to study the factors of soil nutrient’s influence on potato
quality through a lot of field experiments and model construction, so as to carry out targeted field
fertilization management.

5. Conclusions

The biggest factor of soil nutrients affecting potato starch content, reducing sugar content and
soluble protein content is soil pH value. Soil nitrate nitrogen was the biggest factor influencing soluble
total sugar content, vitamin C, browning intensity, and polyphenol oxidase activity. Starch content
was mainly influenced by soil ammonium nitrogen, soil available potassium, and soil pH value.
Vitamin C content was mainly influenced by soil water content, soil nitrate nitrogen, and soil available
phosphorus. Therefore, we suggest that adjusting soil pH and increasing nitrogen fertilizer application
are effective ways to improve potato tuber quality.
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