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Soil chloropicrin (CP) fumigation helps to increase crop yields by eliminating soil-borne diseases which inhibit
plant growth. However, little is known about the effect of the CP fumigation combined with fungicide application
on plant growth and nutrient uptake. In this study, we conducted a mesocosm experiment with six treatments: CK
(untreated soil), AZO1 (a single application of azoxystrobin (AZO)), AZO2 (double applications of AZO), CP (CP
fumigation with no AZO), CP+AZO1 (CP combined with AZO1) and CP+AZO2 (CP combined with AZO2) to
investigate the effects of CP fumigation and AZO application on ginger growth and phosphorus (P) uptake.
Results showed that a single application of AZO had no significant effect on ginger height, biomass and P uptake
whether treated with or without CP fumigation, whereas double applications of AZO combined with CP fumi
gation significantly improved ginger height and the total amount of P in root (P < 0.05). Meanwhile, AZO
residues were similar in all treatments with the same number of applications, with less than 50% remaining in
the soil after 7 days applied, indicating that CP fumigation treatment did not influence AZO degradation in ginger
cultivation. In addition, although the differences in P use efficiency observed across the different treatments were
not significant, they nevertheless suggest that the P budget and soil microbial activity may contribute to those
differences. Therefore, further studies should be done to link P cycling with microbial communities, and how
these related to fumigation and fungicide application.
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1. Introduction
Ginger (Zingiber offinale Rosc.) is an important commercial spice
crop in tropical and subtropical countries including China (Zhang et al.,
2017). China is the world’s second-largest producer of ginger, ac
counting for 26% of the world’s ginger production (Srinivasan et al.,
2019). 5.6 × 104 ha of agricultural land in China is devoted to ginger
production, yielding 6.0 × 105 tons of ginger in 2019 (FAOSTAT, 2019).
The health and growth of the ginger plants are strongly limited by many
soil-borne diseases such as soft rot, bacterial wilt and yellows diseases
induced by soil-borne pathogenic bacteria and fungi (Jiang et al., 2018),
leading to severe production and economic losses for farmers (Mansfield
et al., 2012).
In order to eliminate soil-borne pathogens to reduce the occurrence
of ginger diseases and to increase profits, ginger farmers treat the soil
prior to planting by injecting fumigants into the soil pores at a depth of

30–40 cm using specialized equipment. Soil fumigants are broadspectrum chemicals that may be antimicrobial sterilizers, fungicides,
herbicides, insecticides, and nematicides, that once injected, vaporize
and easily diffuses through the soil pores, thereby eliminating a large
proportion of the organisms within (Rokunuzzaman et al., 2016).
Chloropicrin (trichloronitromethane, CP) is one of the most widely used
fumigants owing to its high efficiency in killing soil-borne pathogens
and low environmental residues (Xie et al., 2015). Although CP could be
degraded into nitrogenous compounds after several days in the soil
(Neilson et al., 2020), CP fumigation could significantly inhibit the
growth of pathogens and thus promote ginger production (Mao et al.,
2014). It was showed that the colony forming units of R. solanacearum
were reduced by 76–85% with CP fumigation at a rate of 50 g m− 2, and
that the mortality of ginger was reduced from 60% in untreated soil to
0.4% in CP fumigated soil, thereby increasing yields by 4.77 kg m− 1.
Therefore, there practice of CP fumigation is intensively used and
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extended in ginger cultivation.
Along with soil fumigation prior to ginger planting, ginger growers
also add other fungicides such as azoxystrobin (AZO) to the soil during
the growing period to enhance the inhibition of soil-borne pathogens
(Sun et al., 2018). In 1996, AZO became the first strobilurin fungicide,
inhibiting fungal pathogens such as Ascomycetes, Basidiomycetes, oomy
cete and imperfect fungi by disrupting ATP production in fungal mito
chondria (Howell et al., 2014; Sun et al., 2018). Previous studies showed
that AZO application could significantly delay plant senescence caused
by saprophytic fungi (Bertelsen et al., 2001) and increase the yield of
winter wheat (Zhang et al., 2010). Kunova et al. (2013) also found that
the growth of Magnaporthe oryzae mycelium on the surface of rice could
be reduced by 50% by using AZO at 0.044 mg L− 1. However, the effects
of the combined application of CP and AZO on ginger growth are still
largely unknown. Ginger farmers usually add AZO by irrigating or
spraying it on the ginger rhizomes after the appearance of symptoms of
soil-borne diseases such as ginger wilt and rot during the ginger growth
period. Liu et al. (2021) found that if sugar beet seedlings have been
infected by R. solani, the application of AZO at 167 g a. i. ha− 1 did not
prevent seedling death. In addition, the necessity of applying additional
fungicide after initial soil fumigation which kills almost all soil mi
crobes, has not been well examined. It is vital to further examine this
issue in order to avoid the overuse of pesticides and reduce unnecessary
costs to farmers, while also preventing crop loss.
Due to their broad-spectrum destruction, CP and AZO also have
detrimental impacts on soil beneficial microbes which are responsible
for soil nutrient transformation (Guo et al., 2015; Wang et al., 2018).
Among soil nutrients, phosphorus (P) is one of the most important ele
ments for the plant growth, taking part in energy transfer for cellular
metabolism and the construction of cell membranes and nucleic acids
(Abolfazli et al., 2012). Only dissolved P in the soil solution can be used
by plants directly, and over 99% of the total P is unavailable for plant
uptake before being solubilized or mineralized (Sharmal et al., 2013).
Studies conducted by Huang et al. (2020a), (2020b) found that soil
fumigation using chloropicrin and dazomet increased the contents of
soil available P fractions significantly. They suggested that P fertilizers
could be reduced at the early stage (< 30 days). On the other hand,
Dangi et al. (2017) found that soil fumigation significantly decreased the
relative abundance of arbuscular mycorrhizal fungi (AMF) which are
responsible for the mycorrhizal uptake pathway to transfer soil P to
plants (Smith and Smith, 2011). Therefore, after the application of CP
and AZO, the increase of soil available P fractions and the decrease of the
proportions of AMF may cause uncertain effects on the P uptake by
plants. However, there is still a knowledge gap regarding to the changes
in plant P uptake after soil fumigation or fungicide application sepa
rately, in addition to the changes that take place in soil exposed to the
combined application of soil fumigation and fungicides.
Therefore, the objective of this study was to explore the effects of CP
fumigation and AZO application on ginger growth and P uptake using a
mesocosm experiment. We investigated a single application and double
applications of AZO to observe whether the number of AZO applications
made a significant difference. By comparing the ginger growth in
dicators (height and biomass) and P uptake among various treatments,
our study will yield practical information on CP fumigation and AZO
application in ginger cultivation.

[CCl3NO2] (Dalian Lvfeng Chemical Co. Ltd.) was used in this study at
the field recommended application rate of 37.1 g m− 2. 100 g of chlo
ropicrin was injected into the soil in the field at a depth of roughly 15 cm
using an injector. After injection, the treated soil was immediately
covered with plastic tarp for one week. The plastic tarp was then
removed to allow the gas to dissipate for another week. A field adjacent
to the fumigated field was selected as the source for unfumigated soil.
After the gas was allowed to escape, surface soil (0–20 cm) from fumi
gated and unfumigated field was collected and taken to the greenhouse,
where soil was then passed through 4 mm sieve and mixed separately in
preparation for the treatments. The initial soil properties are listed in
Table S1.
2.1.2. Experimental design
Ginger (Zingiber officinale) was used as the model plant due to the
wide use of CP and AZO on ginger. Before planting, the ginger rhizome
was put on a breeding bed to germinate. The healthy germinated ginger
rhizome was then put into the mesocosm. Briefly, 6 kg of treated soil
(calculated based on the measured water content of fresh soil) and 100 g
of ginger rhizome were put into each pot (diameter 30 cm, height 25
cm). The soil was spread evenly and the ginger rhizome was buried 10
cm below the soil surface.
There were six treatments: CK (untreated soil), AZO1 (a single
application of AZO 8 weeks after planting (WAP)), AZO2 (double ap
plications of AZO at 8 and 16 WAP), CP (CP fumigated with no AZO),
CP+AZO1 (CP combined with AZO1) and CP+AZO2 (CP combined with
AZO2). For AZO1 and CP+AZO1 treatments, AZO was applied using a
suspension spray 8 weeks after planting. For AZO2 and CP+AZO2
treatments, the plants were treated the same as in the previous treat
ments with an additional spray of AZO applied 16 weeks after planting.
Each dose of azoxystrobin (AZO) (Hebei Zhongbaolv Crop Technology
company) was applied at the field recommended application rate of
0.55 mg kg− 1 soil (47.1 mg AZO m− 2).
Sampling was conducted four times: (1) before planting for CK and
CP treatments (before planting, BP;12/04/2019); (2) one week after the
first AZO application (9 WAP: 17/06/2019) for CK, AZO1, CP and
CP+AZO1 treatments; (3) one week after the second AZO application
(17 WAP: 10/08/2019) for CK, AZO1, AZO2, CP, CP+AZO1 and
CP+AZO2 treatments; (4) after harvest (28 WAP:15/10/2019) for all of
the treatments. There were five replicates of each treatment made for
every sampling occasion, tallying to a total of 90 pots. Destructive
sampling was carried out on each pot. After the 17 WAP sampling, 5.0 g
(about 70.8 g m− 2) of compound chemical fertilizer (N-P-K: 16–12–2; N
≥ 16%, P2O5 ≥ 12%, K2O ≥ 20%) was applied to each pot to supply
nutrients for the growth of ginger. When sampling, all roots and other
debris in soil were separated and sorted out. Then, the soil sample was
collected and divided into two subsamples: one subsample was air-dried
and sieved for soil property analysis; while the other subsample was
stored at − 80 ◦ C for AZO residue analysis.
2.2. Soil sample analysis
2.2.1. Soil properties
pH was determined in soil: water suspension with a ratio of 1:2.5.
SOM was measured using colorimetric method after H2SO4-K2CrO7
oxidation (Sun et al., 2019). Total P (TP) was measured using induc
tively coupled plasma-optical emission spectroscopy (ICP-OES) after
HNO3-HF-H2O2 digestion at 180 ◦ C using a MARS 5 Xpress microwave
system (CEM, USA). Soil Olsen P was decided colorimetrically using the
molybdate blue method after extraction with 0.5 mol L–1 NaHCO3 at pH
8.5 for 30 mins (Zhou et al., 2018). Total nitrogen (TN) was measured
using an elemental analyzer.

2. Materials and methods
2.1. Experiment materials and design
2.1.1. Preparation
Before setting up the mesocosm experiment, 2.64 m2 (1.2 m × 2.2 m)
of soil from a previously untreated field (sandy clay loam according to
the international classification system) in An’qiu, in the Shandong
Province of China was selected. The soil in the field was treated with a
fumigant before being collected for the experiment. Chloropicrin (CP)
2
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2.2.2. Azoxystrobin residues analysis

2.3. Ginger growth and P uptake

2.2.2.1. Extraction of azoxystrobin in the soil samples. A modified
QuEChERS method was used for samples extraction and clean-up
(Huang et al., 2019): 10 g of a soil sample was added to a 50 mL
centrifuge tube. 5 mL of pure water and 10 mL of ACN were added to the
tube and the mixture was shaken vigorously for 3 min using a shaker and
sonicated for 15 min in an ultrasound bath. 4 g of anhydrous MgSO4 and
1 g of NaCl were added to the mixture. The tube was shaken for 3 min
and centrifuged for 5 min at an RCF of 3000 g. The supernatant was
cleaned using a 6 mL cleanert Florisil-SPE column and then filtered
through a 0.22 µm filter membrane for high performance liquid chro
matography (HPLC) analysis.

At 28 WAP, the ginger plants were removed from the pots and
cleaned. Ginger height was measured with a ruler. Fresh shoot and
rhizome biomass weight was measured gravimetrically (Liu et al.,
2018).
The P concentrations in shoots and rhizomes were measured sepa
rately using ICP-OES after HNO3-H2O2 digestion. The P amounts of
ginger shoots and rhizomes were calculated by multiplying the P con
tents by the corresponding ginger shoot and rhizome biomass (Tang
et al., 2008). Total ginger P amount was calculated as the sum of shoot
and rhizome P amount.
Partial factor productivity of P (PFPp) (kg kg− 1) was calculated by
dividing the ginger rhizome biomass by the applied phosphorus amount
in each pot using the following Eq. (1) (Si et al., 2018)
/
PFPP = Yt Pf
(1)

2.2.2.2. High performance liquid chromatography (HPLC) analysis of
AZO. Quantitative determination of azoxystrobin in the extracted so
lution was analyzed using an HPLC (Agilent 1100 series, Agilent Tech
nologies, Santa Clara, California, USA) equipped with an autosampler,
quaternary pump, degasser, and variable wavelength UV detector
(VWD). Agilent ZORBA ⅹSB-C18 column (250 mm × 4.6 mm, 5 µm,
Agilent Technologies, Santa Clara, California, USA) was used as the
analytical column.
The chromatographic separation was carried out using an acetoni
trile/water mobile phase at a flow rate of 70:30 (v/v), flow rate: 1 mL
min− 1, injection volume: 10 μL, assay time: 11 min, column tempera
ture: 25 ◦ C. The signals were recorded at a wavelength of 210 nm.
Chromatographic data were collected and integrated using ChemStation
rev. B.03.02 software (Marczewska et al., 2020).

where, Yt is rhizome yield at harvest (g); Pf is the total amount of P
fertilizer that was applied to each pot. Higher values of PFPp means that
ginger was able to produce higher yields with the same amount of
inorganic P fertilizer.
The physiological P use efficiency (PPUE, g2 DM g− 1 P) was calcu
lated as the ratio between ginger rhizome yield and ginger rhizome P
content (DM = dry matter) (Gu et al., 2018; Hammond et al., 2009):
PPUE = Yt /Pc

(2)

where, Yt is rhizome yield at harvest (g); Pc is the ginger rhizome P
content (g g− 1DM). The larger the PPUE value, the less physiological P
requirements and tissue content needed for the same yield (Akhtar et al.,
2014).
The P budget was estimated by subtracting the P that was removed
from each pot by the whole ginger plant from the P applied as mineral
fertilizer (kg ha− 1) (Gu et al., 2018). The P budget represents the dif
ference between P output (ginger P uptake) and P input (P fertilizer).
Lower values of the P budget indicate that more P fertilizer was
remained in the soil instead of being taken up by the ginger (Hu et al.,
2012).

2.2.2.3. Quality control. Stock solutions of the AZO standard at 1000 μg
mL− 1 were prepared in acetonitrile by weighting 0.0500 g of AZO into a
50 mL volumetric flask and diluting it with acetonitrile to a volume of
50 mL. Then 1 mL of AZO stock solution was taken and transferred to a
100 mL flask and diluted with acetonitrile, such that the AZO working
solution attained a concentration of 10 μg mL− 1. The stock and working
solution were kept in dark brown vials at − 20 ◦ C (Abdelraheem et al.,
2015). 0, 0.5, 1.0, 2.5, 5.0, 10.0, 25.0 and 50.0 mL of AZO working
solution were taken and transferred into 50 mL volumetric flasks and
diluted with acetonitrile to 50 mL, obtaining concentrations of 0, 0.1,
0.2, 0.5, 1.0, 2.0. 5.0, 10.0 μg mL− 1 of AZO. A typical HPLC-VWD
chromatogram of AZO standard solution at the 5.0 μg mL− 1 level can
be seen in Fig. S1, showing that the retention time was about 2.87 min.
Linearity was tested using a scatter diagram plotted using the standard
solution concentrations as the x axis, while the measured peak area was
the y axis (Marczewska et al., 2020). The scatters were linearly fitted and
strong linearity was observed, with coefficient of determination R2 >
0.999 for AZO in the calibration range between 0 and 10.0 μg mL− 1
(Table S2).
Recovery was calculated by using 10.0 g of blank soil samples in five
replicates that were spiked with 1 mL of AZO standard solution (1.0 and
5.0 μg mL− 1) at 100 and 500 μg kg− 1 and then extracted using the
chosen method. The recovery values were calculated as the percentage
of the spiked analyte recovered (Abdelraheem et al., 2015). The mean
recoveries of AZO in soil at 0.1 and 0.5 mg kg− 1 levels were 69.2% and
83.6% (Table S3), respectively, and were almost in the acceptable range
of 70–120% (Saha et al., 2020).
The limit of detection (LOD) and the limit of quantification (LOQ)
were calculated using the residual standard deviation of the standard
curves and the slope of the regression line (Abdelraheem et al., 2015).
The result showed that the calculated LOD and LOQ in soil were 0.01
and 0.04 mg kg− 1, respectively (Table S3). In addition, the matrix effect
was evaluated at the spiking level of 500 μg kg− 1 for AZO (Saha et al.,
2020): we found that the soil only caused a 16.4% (<20%) negative
matrix effect at the 0.5 mg kg− 1 spike level.

2.4. Statistical analysis
IBM SPSS Statistics 20 was used for statistical analysis. Normality of
the measured data and homogeneity of variance were first tested using
the Kolmogorov-Smirnov and Levene test (p > 0.05), respectively. After
testing, some of the measured data were normal distributed (such as soil
properties, ginger growth parameters and P use efficiency), while others
were normal distributed after log translation (such as soil AZO residues).
Therefore, one-way analysis of variance (ANOVA) was conducted to
compare the differences between each pair of treatments. Fisher’s least
significant difference (LSD) at p < 0.05 was used for significance com
parison. All the figures were made using Origin 2020.
3. Results
3.1. Soil properties
The average soil pH ranged from 6.5 to 6.9 with no significant dif
ference between CK, AZO1 and AZO2 treatments at all sampling times.
However, after 9 WAP, the average values of pH for CP, CP+AZO1 and
CP+AZO2 treatments were significantly lower (0.15–0.30) than in the
CK treatment. SOM ranged from 16.0 to 17.7 mg kg− 1 up to 9 WAP, after
which it increased to 24.6–29.3 mg kg− 1. However, there was no sig
nificant difference between any of the treatments. The values of TP
varied from 1.1 to 2.0 g kg− 1 during the whole growth period, while no
significant difference between different treatments. Up until 17 WAP,
soil Olsen-P content was 79.6–88.8 mg kg− 1, except for the CP+AZO2
3
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which dropped to 22.6 mg kg− 1. At 28 WAP, the value of Olsen-P
increased in all treatments to 96.5–111.6 mg kg− 1, while TP increased
to 2.0 g kg− 1 due to the application of fertilizer at 17 WAP. The value of
Olsen-P was significantly higher in CP + AZO1 (111.6 mg kg− 1) than in
any of the other treatments (Table S1).

3.4. P uptake in ginger
The amount of P in ginger shoots and roots was calculated by
multiplying the P content by the total ginger shoot and root biomass,
respectively. The total ginger P amount was the sum of the P amount of
the ginger shoots and roots (Fig. 3). No significant difference was
observed in the average shoot P amount between CK (13.5 ± 4.5 mg)
and all other treatments (9.0 ± 6.4–26.4 ± 3.3 mg). However, the
average P amount of ginger rhizome was significantly lower in CK
treatment (6.1 ± 1.6 mg) than in CP+AZO2 treatment (18.3 ± 6.3 mg)
(Fig. 3 (A)). The total P amount of ginger was significantly lower in CK
treatment (20.0 ± 5.9 mg) than in CP (43.6 ± 5.2 mg) and CP+AZO2
(42.0 ± 9.6 mg) treatments (Fig. 3 (B)).
The P use efficiency was quantified using the three indicators shown
in Table 2. The average value of partial factor productivity (PFPp) of CK
was 77.6 ± 24.4 kg kg− 1, and there was no significant difference be
tween different treatments. The average value of the physiological P use
efficiency (PPUE) showed a decreasing trend from CK
(1799.8 ± 751.6 g2DMg− 1P) to CP+AZO2 (589.9 ± 84.8 g2DMg− 1P),
although these differences were not statistically significant. The P
budget was − 32.8 ± 0.8 kg ha− 1 under CK, which was significantly
lower than the values under CP (− 29.4 ± 0.7 kg ha− 1) and CP+ZAO2
(− 29.7 ± 1.4 kg ha− 1) treatments.
Treatments without CP fumigation (CK, AZO1 and AZO2) and with
CP fumigation (CP, CP+AZO1 and CP+AZO2) were separated by the
principal component analysis (PCA) (Fig. 4). The components 1 (64.5%)
and 2 (14.1%) explained 78.6% of total variation in the data sets. In the
PCA, CP, CP+AZO1 and CP+AZO2 treatments were positively corre
lated with ginger biomass, ginger P uptake and PFPp. The PPUE was
negatively correlated to Olsen-P and strongly positively correlated with
CK. None of the treatment was significantly correlated with Olsen-P
contents.

3.2. AZO residues in the soil
Soil samples from CK and CP treatments were considered to be blank
samples because no AZO was added to these treatments during the entire
experiment. AZO residues in soil from the other treatments were
calculated by subtracting the background values of blank soil samples
from the measured values of AZO from treated soil samples (Table 1).
Results showed that, at 9 WAP, there was no significant difference in the
average AZO residues between AZO1 (0.243 ± 0.079 mg kg− 1) and
CP+AZO1 (0.235 ± 0.007 mg kg− 1). At 17 WAP, the AZO residues
decreased significantly to 0.045 ± 0.007 and 0.030 ± 0.0152 mg kg− 1
in AZO1 and CP+AZO1, respectively. The AZO residues were signifi
cantly higher in AZO2 (0.167 ± 0.088 mg kg− 1soil) and CP+AZO2
(0.195 ± 0.044 mg kg− 1soil) than in AZO1 and CP+AZO1. At 28 WAP,
the AZO residues decreased significantly to LOD levels in AZO2
(0.027 ± 0.009 mg kg− 1 soil) and CP+AZO2 (0.050 ± 0.008 mg kg− 1
soil). However, the level of AZO residue was significantly higher in
CP+AZO2 than in AZO1 (0.015 ± 0.005 mg kg− 1 soil).
3.3. Ginger growth
At 28 WAP, no significant difference in the average height of ginger
plants was observed among CK, AZO1, AZO2 and CP+AZO1 treatments
with all shoots measuring from 47.9 ± 9.0–67.3 ± 9.0 cm. Ginger
height was significantly higher in CP (86.0 ± 1.3 cm) and CP+AZO2
(72.1 ± 4.6 cm) than in CK (Fig. 1).
The average fresh shoot biomass was 35.4 ± 11.5 g for CK and there
was no significant difference observed between CK and any of the other
treatments. However, the fresh shoot biomass was significantly lower
under AZO1 treatment (21.0 ± 14.3 g) than under CP (65.1 ± 7.0 g)
and CP+AZO2 (65.7 ± 13.2 g) treatments. The fresh ginger rhizome
biomass showed similar variations to the shoot biomass. No significant
difference was observed between CK treatment (19.6 ± 6.1 g) and any
of the other treatments, while the fresh rhizome biomass was signifi
cantly lower in AZO1 (13.5 ± 6.4 g) than in CP (34.7 ± 1.6 g) and
CP+AZO2 (33.0 ± 6.6 g) (Fig. 2).

4. Discussion
4.1. Effects of fumigation on azoxystrobin residues in the soil
This study explored the effects of the CP fumigation on soil AZO
residues. The results showed that, at 9 WAP (7 days after the first
application of AZO), the average AZO residues were 0.24 and
0.23 mg kg− 1 in AZO1 and CP+AZO1, respectively, which were about
50% of the applied AZO amount (0.55 mg kg− 1). At 17 WAP (7 days
after the second application), the AZO residues were 0.24 and
0.19 mg kg− 1 in AZO2 and CP+AZO2, respectively, which were about
25% of the total amount of AZO applied (1.10 mg kg− 1). These results
indicated that the degradation half-life of AZO in the soil in this
experiment was about 7 days. These findings were in agreement with
Saha et al. (2020), who found that the half-life of AZO was 8.4–10.0 days
in farm soil under an application dose of 5.75–11.5 g m− 2.
However, no significant difference was found in the AZO residues
between AZO1 and CP+AZO1 treatments, or AZO2 and CP+AZO2
treatments, suggesting that CP fumigation had no significant influence
on AZO degradation in our study. Our results are different from the
findings of Huang et al. (2019), who concluded that CP fumigation
(53 mg kg− 1) extended the half-life values of AZO from 52.9 to 64.2
days. The enhanced dissipation of AZO in our experiment may have been
caused by the much higher temperature in our greenhouse (Purnama
et al., 2014), more solarization during the summer season (Fenoll et al.,
2010) and the phytoremediation by ginger plants in our experiment
(Romeh, 2017) compared to the 25 ℃, dark incubator conditions in
Huang’s study. The AZO residues in CP+AZO2 were significantly higher
than in AZO1 at 28 WAP, suggesting that the combined application of CP
fumigation and double applications of AZO caused AZO accumulation
compared to one AZO application.

Table 1
Residue levels of azoxystrobin (AZO) in soil samples from different treatments
(CK (untreated soil), AZO1 (A single application of AZO at 8 weeks after planting
(WAP)), AZO2 (double applications of AZO at 8 and 16 WAP), CP (chloropicrin
(CP) fumigated with no AZO), CP+AZO1 (CP combined with AZO1) and
CP+AZO2 (CP combined with AZO2)). Data represents the means of replicates
with standard errors (SE). n is the number of soil samples corresponding to the
treatment. The lowercase letters (a, b and c) indicate the significant difference
between treatments for each sampling period, while uppercase letters (A, B and
C) indicate the significant difference between the same treatment among
different sampling times (ANOVA with LSD test, p < 0.05).
Sampling time

Treatments

AZO residue (mg kg− 1soil)

9 WAP

AZO1 (n = 3)
CP+AZO1 (n = 3)
AZO1 (n = 3)
AZO2 (n = 3)
CP+AZO1 (n = 3)
CP+AZO2 (n = 4)
AZO1 (n = 3)
AZO2 (n = 4)
CP+AZO1 (n = 3)
CP+AZO2 (n = 5)

0.243 ± 0.079 a (A)
0.235 ± 0.007 a (A)
0.045 ± 0.007 BCE (B)
0.167 ± 0.088 ab (A)
0.030 ± 0.0152c (B)
0.195 ± 0.044a (A)
0.015 ± 0.005 b (C)
0.027 ± 0.009 ab (B)
0.027 ± 0.007 ab (B)
0.050 ± 0.008 a (B)

17 WAP

28 WAP

4
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Fig. 1. The ginger height at 28 weeks after planting (WAP) among six treatments, including: CK (untreated soil), AZO1 (A single application of azoxystrobin (AZO) at
8 WAP), AZO2 (double applications of AZO at 8 and 16 WAP), CP (chloropicrin (CP) fumigated with no AZO), CP+AZO1 (CP combined with AZO1) and CP+AZO2
(CP combined with AZO2). Data represents the means of replicates with standard error (SE). n is the number of plant samples corresponding to the box. Lowercase
letters (a, b and c) indicate significant differences between CK and other treatments (ANOVA with LSD test, p < 0.05).
Fig. 2. The fresh ginger shoot and rhizome biomass 28
weeks after planting (WAP) among six treatments,
including: CK (untreated soil), AZO1 (A single application
of azoxystrobin (AZO) at 8 WAP), AZO2 (double applica
tions of AZO at 8 and 16 WAP), CP (chloropicrin (CP)
fumigated with no AZO), CP+AZO1 (CP combined with
AZO1) and CP+AZO2 (CP combined with AZO2). Data
represents the means of replicates with standard error (SE).
n is the number of plant samples in the corresponding box.
Lowercase letters (a and b) indicate significant differences
between CK and other treatments (ANOVA with LSD test,
p < 0.05).

4.2. Effects of CP fumigation and AZO application on ginger growth

infected by soil-borne pathogens, the application of CP could inhibit
soil-borne pathogens effectively and improve the survival rates of crops
significantly, causing significantly higher crop yields (Mao et al., 2014;
Zhang et al., 2019). However, the soil in our experiment was selected
from fields that never been planted with ginger before and had no
soil-borne diseases specific to ginger. The difference in soil quality be
tween untreated and CP fumigated soil may not have been so large that it
would have led to a significant difference in ginger yield. Therefore,
although the ginger plant grew taller under CP fumigation treatments,
the ginger rhizome biomass was not significantly different from those
collected from unfumigated treatments. The results indicate that soil
fumigation and fungicide application in soils that were initially already
health may be not necessary for ginger growth.

In our study, regardless of whether the soil was fumigated, a single
application of AZO did not cause significant changes in the height and
biomass of ginger, which may be caused by the low application rate of
AZO and the rapid degradation of AZO in the soil. The ginger height was
significantly higher in CP and CP+AZO2 treatments than in the CK
treatment. However, no significant difference was observed for the
ginger shoot and rhizome biomass between CK and other treatments.
Neilson et al. (2020) found similar results, that is, fumigation using CP at
64 l per hectare was effective at reducing wilt ratings, but no marketable
yield was observed in potato crops. Different results were observed in a
field study conducted by Mao et al. (2014), who found that fumigation
with CP using 50 g m− 2 significantly reduced the mortality of ginger by
59% and increased the ginger yields by 4.77 kg m− 2. Zhang et al. (2019)
also found that soil CP fumigation using 30 g m− 2 increased strawberry
yield by 1.5–2.0 kg m− 2.
One of the main reasons for the difference may be the different
qualities of the initial soils used in the different studies. In soils seriously

4.3. Effects of CP fumigation and AZO application on ginger P uptake
Ginger P amount was calculated by multiplying the P content with
the ginger biomass. The results showed that the variations of ginger P
amount and the partial factor productivity (PFPp) were similar to the
5
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Fig. 3. Total phosphorus (P) amount in ginger shoots and rhizomes (A), and total P amount in ginger plant (B) after 28 weeks after planting (WAP) among the six
treatments, including: CK (untreated soil), AZO1 (A single application of azoxystrobin (AZO) at 8 WAP), AZO2 (double applications of AZO at 8 and 16 WAP), CP
(chloropicrin (CP) fumigated with no AZO), CP+AZO1 (CP combined with AZO1) and CP+AZO2 (CP combined with AZO2). Data represents the means of replicates
with standard error (SE). n is the number of plant samples in the corresponding box. Lowercase letters (a and b) indicate significant difference between CK and other
treatments (ANOVA with LSD test, p < 0.05).

ginger biomass, indicating that ginger biomass was an important
determinant of the P uptake of the ginger plant.
The average ginger physiological P use efficiency (PPUE) values
represent the ability to generate ginger rhizome yield under same
rhizome tissue P levels. Higher PPUE means that more P taken up by
ginger was transported to the harvestable parts of the plants (ginger
rhizome), and thus, there are lower physiological P requirements and
tissue contents necessary to produce the same yield (Akhtar et al., 2014).
In our study, PPUE was higher under CK (1799.8 ± 751.6 g DM g− 1P)
than CP+AZO2 (589.0 ± 84.8 g DM g− 1P). Although the difference was
not statistically significant, the results indicate that the application of CP
and AZO could decrease the ginger’s physiological P use efficiency
(PPUE). Although CP fumigation could increase the soil available P
content at early stages (in the equivalent of seedling stage) (Huang et al.,
2020a), tissue grow was primarily concentrated in the shoots (Prabha
karan Nair, 2019), thus the lower PPUE indicates that more of the P
taken up was used for shoot growth instead of rhizome growth. The
decrease in the PPUE of ginger in CP-treated soil may also be attributed
to the possible decrease of AMF which can increase the accessibility of
soil P to ginger rhizomes (Dangi et al., 2017; Smith and Smith, 2011).
However, the details of this mechanism require further research to be

Table 2
Different ginger phosphorus (P) use efficiency in six treatments including: CK
(untreated soil), AZO1 (A single application of azoxystrobin (AZO) at 8 weeks
after planting (WAP)), AZO2 (double applications of AZO at 8 and 16 WAP), CP
(chloropicrin (CP) fumigated with no AZO), CP+AZO1 (CP combined with
AZO1) and CP+AZO2 (CP combined with AZO2). PFPp (kg kg− 1) refers to partial
factor productivity; PPUE (g2 DM g− 1P) means the physiological P use efficiency
(DM=dry matter). n is the number of plant samples corresponding to the
treatment. Data represents the means of replicates with standard errors (SE). The
lowercase letters (a and b) indicate the significant difference between treatments
during each sampling period (ANOVA with LSD test, p < 0.05).
Treatments

PFPp (kg kg− 1)

PPUE (g2 DM g− 1P)

P budget (kg ha− 1)

CK (n = 5)
AZO1 (n = 3)
AZO2 (n = 4)
CP (n = 3)
CP+AZO1 (n = 3)
CP+AZO2 (n = 5)

77.6 ± 24.4 ab
53.6 ± 25.3 b
92.5 ± 17.6 ab
137.8 ± 6.5 a
108.2 ± 23.1ab
131.0 ± 26.1a

1799.8 ± 751.6a
894.5 ± 173.2a
714.7 ± 105.3a
723.0 ± 60.9a
598.2 ± 202.3a
589.9 ± 84.8a

-32.8 ± 0.8b
-33.6 ± 1.3b
-32.3 ± 0.8ab
-29.4 ± 0.7a
-31.4 ± 0.4ab
-29.7 ± 1.4a

Fig. 4. Principal component analysis of soil Olsen-P,
ginger growth indicators and ginger P use efficiency pa
rameters for samples collected at 28 weeks after planting
(WAP). Treatments: CK (untreated soil, square), AZO1 (A
single application of azoxystrobin (AZO) at 8 WAP, circle),
AZO2 (double applications of AZO at 8 and 16 WAP, up
triangle), CP (chloropicrin (CP) fumigated with no AZO,
star), CP+AZO1 (CP combined with AZO1, star (*)) and
CP+AZO2 (CP combined with AZO2, Hexagon). Arrows are
Olsen-P, ginger shoot and fresh root biomass, ginger shoot
and root P amount, PFPp (partial factor productivity (kg
kg− 1)), PPUE (physiological P use efficiency (DM=dry
matter) (g2 DM g− 1P)) and P budget (difference values
between total P removed by ginger plants and input P
amounts).

6

Y. Wang et al.

Ecotoxicology and Environmental Safety 232 (2022) 113246

addressed.

Fenoll, J., Ruiz, E., Hellín, P., Navarro, S., Flores, P., 2010. Solarization and
biosolarization enhance fungicide dissipation in the soil. Chemosphere 79, 216–220.
https://doi.org/10.1016/j.chemosphere.2010.01.034.
Gu, Y.J., Han, C.L., Fan, J.W., Shi, X.P., Kong, M., Shi, X.Y., Siddique, K.H.M., Zhao, Y.Y.,
Li, F.M., 2018. Alfalfa forage yield, soil water and P availability in response to plastic
film mulch and P fertilization in a semiarid environment. F. Crop. Res. 215, 94–103.
https://doi.org/10.1016/j.fcr.2017.10.010.
Guo, P., Zhu, L., Wang, Jinhua, Wang, Jun, Xie, H., Lv, D., 2015. Enzymatic activities and
microbial biomass in black soil as affected by azoxystrobin. Environ. Earth Sci. 74,
1353–1361. https://doi.org/10.1007/s12665-015-4126-z.
Hammond, J.P., Broadley, M.R., White, P.J., King, G.J., Bowen, H.C., Hayden, R.,
Meacham, M.C., Mead, A., Overs, T., Spracklen, W.P., Greenwood, D.J., 2009. Shoot
yield drives phosphorus use efficiency in Brassica oleracea and correlates with root
architecture traits. J. Exp. Bot. 60, 1953–1968. https://doi.org/10.1093/jxb/
erp083.
Howell, C.C., Semple, K.T., Bending, G.D., 2014. Isolation and characterisation of
azoxystrobin degrading bacteria from soil. Chemosphere 95, 370–378. https://doi.
org/10.1016/j.chemosphere.2013.09.048.
Hu, B., Jia, Y., Zhao, Z.H., Li, F.M., Siddique, K.H.M., 2012. Soil P availability, inorganic
P fractions and yield effect in a calcareous soil with plastic-film-mulched spring
wheat. F. Crop. Res. 137, 221–229. https://doi.org/10.1016/j.fcr.2012.08.014.
Huang, B., Yan, D., Wang, Xiaoning, Wang, Xianli, Fang, W., Zhang, D., Ouyang, C.,
Wang, Q., Cao, A., 2019. Soil fumigation alters adsorption and degradation behavior
of pesticides in soil. Environ. Pollut. 246, 264–273. https://doi.org/10.1016/j.
envpol.2018.12.003.
Huang, B., Yan, D., Ouyang, C., Zhang, D., Zhu, J., Liu, J., Li, Y., Wang, Q., Han, Q.,
Cao, A., 2020a. Chloropicrin fumigation alters the soil phosphorus and the
composition of the encoding alkaline phosphatase PhoD gene microbial community.
Sci. Total Environ. 711, 135080 https://doi.org/10.1016/j.scitotenv.2019.135080.
Huang, B., Yan, D., Wang, Q., Fang, W., Song, Z., Cheng, H., Li, Y., Ouyang, C., Han, Q.,
Jin, X., Cao, A., 2020b. Effects of dazomet fumigation on soil phosphorus and the
composition of phoD-harboring microbial communities. J. Agric. Food Chem. 68,
5049–5058. https://doi.org/10.1021/acs.jafc.9b08033.
Jiang, Y., Liao, Q., Li, H., Zou, Y., 2018. Ginger: response to pathogen-related diseases.
Physiol. Mol. Plant Pathol. 102, 88–94. https://doi.org/10.1016/j.
pmpp.2017.12.003.
Kunova, A., Pizzatti, C., Cortesi, P., 2013. Impact of tricyclazole and azoxystrobin on
growth, sporulation and secondary infection of the rice blast fungus, Magnaporthe
oryzae. Pest Manag. Sci. 69, 278–284. https://doi.org/10.1002/ps.3386.
Liu, X., Lv, Y., Xu, K., Xiao, X., Xi, B., Lu, S., 2018. Response of ginger growth to a
tetracycline-contaminated environment and residues of antibiotic and antibiotic
resistance genes. Chemosphere 201, 137–143. https://doi.org/10.1016/j.
chemosphere.2018.02.178.
Liu, Y., Qi, A., Haque, M.E., Bhuiyan, M.Z.R., Khan, M.F.R., 2021. Combining
penthiopyrad with azoxystrobin is an effective alternative to control seedling
damping-off caused by Rhizoctonia solani on sugar beet. Crop Prot. 139, 105374
https://doi.org/10.1016/j.cropro.2020.105374.
Mansfield, J., Genin, S., Magori, S., Citovsky, V., Sriariyanum, M., Ronald, P., Dow, M.,
Verdier, V., Beer, S.V., Machado, M.A., Toth, I., Salmond, G., Foster, G.D., 2012. Top
10 plant pathogenic bacteria in molecular plant pathology. Mol. Plant Pathol. 13,
614–629. https://doi.org/10.1111/j.1364-3703.2012.00804.x.
Mao, L., Wang, Q., Yan, D., Ma, T., Liu, P., Shen, J., Li, Y., Ouyang, C., Guo, M., Cao, A.,
2014. Evaluation of chloropicrin as a soil fumigant against Ralstonia solanacarum in
ginger (Zingiber officinale Rosc.) production in China. PLOS One 9, 1–7. https://doi.
org/10.1371/journal.pone.0091767.
Marczewska, P., Płonka, M., Rolnik, J., Sajewicz, M., 2020. Determination of
azoxystrobin and its impurity in pesticide formulations by liquid chromatography.
J. Environ. Sci. Heal. - Part B Pestic. Food Contam. Agric. Wastes 55, 599–603.
https://doi.org/10.1080/03601234.2020.1746572.
Neilson, J.A.D., Robertson, C.J., Snowdon, E.W., Yevtushenko, D.P., 2020. Impact of
fumigation on soil microbial communities under potato cultivation in southern
Alberta. Am. J. Potato Res. 97, 115–126. https://doi.org/10.1007/s12230-01909761-4.
Prabhakaran Nair, K., 2019. Turmeric (Curcuma longa L.) and ginger (Zingiber o cinale
Rosc.) - World’s invaluable medicinal spices the agronomy and economy of turmeric.
Purnama, I., Malhat, F., Jaikaew, P., Watanabe, H., Noegrohati, S., Rusdiarso, B.,
Ahmed, M.T., 2014. Degradation profile of azoxystrobin in Andisol soil: laboratory
incubation. Toxicol. Environ. Chem. 96, 1141–1152. https://doi.org/10.1080/
02772248.2015.1015297.
Rokunuzzaman, M., Hayakawa, A., Yamane, S., Tanaka, S., Ohnishi, K., 2016. Effect of
soil disinfection with chemical and biological methods on bacterial communities.
Egypt. J. Basic Appl. Sci. 3, 141–148. https://doi.org/10.1016/j.ejbas.2016.01.003.
Romeh, A.A.A., 2017. Phytoremediation of azoxystrobin and its degradation products in
soil by P. major L. under cold and salinity stress. Pestic. Biochem. Physiol. 142,
21–31. https://doi.org/10.1016/j.pestbp.2016.12.010.
Saha, A., Makwana, C., Meena, R.P., Manivel, P., 2020. Residual dynamics of
azoxystrobin and combination formulation of trifloxystrobin 25% + tebuconazole
50%-75 W G on isabgol (Plantago ovata Forssk.) and soil. J. Appl. Res. Med. Aromat.
Plants 17, 100227. https://doi.org/10.1016/j.jarmap.2019.100227.
Sharmal, S.B., Sayyed, R.Z., Trivedi1, M.H., Gobi, T.A., 2013. Phosphate solubilizing
microbes: sustainable approach for managing phosphorus deficiency in agricultural
soils. Springerplus 2, 3305–3307. https://doi.org/10.1128/jcm.35.12.33053307.1997.
Si, L., Xie, Y., Ma, Q., Wu, L., 2018. The short-term effects of rice straw biochar, nitrogen
and phosphorus fertilizer on rice yield and soil properties in a cold waterlogged
paddy field. Sustainability 10, 1–17. https://doi.org/10.3390/su10020537.

5. Conclusion
In this study, we tested the effects of the application of CP and AZO
on ginger growth and P uptake. We found that, whether applied indi
vidually or in combination with CP fumigation, a single application of
AZO led to negligible effects on ginger growth, whereas double appli
cations of AZO combined with CP fumigation could promote ginger
growth and the P amount of ginger rhizomes. In addition, the negative P
budget for all treatments indicates that the added P fertilizer was left in
the soil, which may cause serious environmental problems such as
eutrophication, and financial losses for farmers. The insignificant dif
ferences in P use efficiency among the treatments may be related to soil
phosphorus transformation and soil microbial activity, but further
research is necessary to ascertain this.
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