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A B S T R A C T

Biochar is a soil amendment for carbon sequestration and contaminant remediation. However, there is relatively
little information on the impact of biochar on soil microorganisms that play key roles in pollutant degradation.
We investigated the interrelations between soil chemical properties, microbial community, and difenoconazole
bioavailability after biochar amendments. Biochar was prepared by pyrolysis of flue-cured tobacco stalks. It was
applied at four levels, 0%, 1.0%, 2.5%, and 5.0% (w/w), respectively, to soils in the presence and absence of
tobacco plants (K326). Biochar increased soil pH, organic matter, total carbon, total nitrogen, C/N ratio and
plant biomass. After 90 d incubation, 99% of the difenoconazole was degraded in planted and unplanted soils
(control), whereas only 88% and 83% of difenoconazole was degraded in the 5.0% biochar-amended soil with
and without plant, respectively. Difenoconazole had greater persistence in soil amended with biochar but plant
uptake of difenoconazole was significantly decreased with increasing biochar application level. Compared to the
control, the total plant residue of difenoconazole decreased by 24%, 41% and 45% in the 1.0%, 2.5% and 5.0%
biochar treatments, respectively. Reduced plant uptake was related to increased sorption and microbial de-
gradation of difenoconazole in biochar treated soils. High-throughput sequencing revealed that biochar altered
soil bacterial community composition. Biochar amendment in planted soils increased the average relative
abundance of Sphingomonadaceae and Pseudomonadaceae by 18% and 63%, respectively. When plants were
absent, Sphingomonadaceae and Pseudomonadaceae increased by 46% and 110%, respectively. Therefore, biochar
amendment enhances difenoconazole-degrading bacteria by modifying soil chemical properties, and eventually
reduces difenoconazole bioavailability in contaminated soils.

1. Introduction

Agricultural soil contamination results from pesticide persistence
and accumulation. This can alter microbial processes, increase plant
uptake, and harm soil organisms. It also poses a threat to human and
ecosystem health (Chen et al., 2015). Suitable methods are required to
mitigate contamination (Powlson et al., 2011). We evaluated the suit-
ability of biochar as a remediation tool for agricultural and other
contaminated soils.

Biochar (BC) is produced by pyrolysis of biomass under anaerobic
conditions. BC is a carbon-rich material that contains both non-carbo-
nized organic matter (NCOM) and carbonized organic matter (COM)
(Chen et al., 2008; Chiou et al., 2015). As a soil amendment, BC enhances
plant growth and soil fertility by modifying the levels of physical and
chemical properties in soils (Atkinson et al., 2010; Jones et al., 2012).
The strong partitioning of NCOM and adsorption of COM by BC is par-
ticularly effective at sorbing and sequestering of organic pollutants in

soils (Chen et al., 2008; Chiou et al., 2015). BC has up to 10–1000 times
greater capacity for sorbing organic compounds than soil organic matter
(Cornelissen et al., 2005; Wen et al., 2009). Therefore, BC can efficiently
immobilize pollutants in contaminated soils and reduce the risk of pes-
ticides entering the human food chain via agricultural products. There is
evidence that use of BC as an amendment decreases the available con-
centrations of soil pesticides and reduces pesticides in plants (Yang et al.,
2006; Yu et al., 2009). The irreversible sorption activity of BC can in-
fluence the microbial biodegradation of pesticides (Jones et al., 2011).

Biodegradation is the main process by which active ingredients in
pesticides are broken down in soils. This is mainly dependent on the soil
microbial community and activity. BC can directly influence soil mi-
crobial activity by providing a readily available carbon source and other
nutrients (N, P and K) (Lehmann et al., 2011). BC application can also
indirectly modify the indigenous microbial community that is normally
responsible for contaminant decomposition and biotransformation (Jiang
et al., 2016; Liu et al., 2015). The BC–microbe interaction can play an
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important role in pesticide degradation in agricultural soils. However, it
is unclear if specific microorganism groups in soils amended with BC at
different rates show a consistent response, particularly at sites polluted
with high levels of the pesticide (difenoconazole). The effects of BC on
bacterial populations will broaden our knowledge of difenoconazole
biodegradation.

Difenoconazole (cis,trans-3-chloro-4-[4-methyl-2-(1H-1, 2, 4-
triazol-1-ylmethyl) − 1,3-dioxolan-2-yl] phenyl 4-chlorophenyl ether)
is a broad-spectrum triazole fungicide with a highly effective against
the diseases caused by pathogenic fungi infecting tobacco, cereals,
fruits, vegetables and other crops (Horsfield et al., 2010; Li et al., 2015;
Munkvold et al., 2001). It inhibits fungal cytochrome P450 sterol 14α-
demethylase (CYP51) activity and blocks ergosterol biosynthesis, which
leads to blockage of synthesis of the fungal cell wall (Hamada et al.,
2011; White et al., 1998). Thus, the ultimate result of these processes is
death of the cell (White et al., 1998). In China, difenoconazole is one of
the most important and widely-used pesticides for disease control (such
as tobacco brown leaf spot (Alternaria alternata (Fries) Keissler) and
powdery mildew (Erysiphe cichoracearum DC.)) and improving the
quality of tobacco leaves and value of industrial use (Li et al., 2015;
Tong et al., 2012). The characteristics of difenoconazole are high che-
mical and photochemical stability, low water solubility (15 mg L−1 at
20 °C), high hydrophobicity (log Kow= 4.4), and easy transportation
(Chau et al., 2015; Wang et al., 2011). These properties make it stay in
the environments (including soil, plant and water) and bioaccumulate
in the food web. Therefore, its intensive applications may have led to
undesirable side-effects on environment ecosystem (Kesavachandran
et al., 2009). Monitoring the levels of difenoconazole in tobacco and
other crops has received much attention due to a potential threat to
human health.

In this paper, we examined changes of soil chemical properties,
plant biomass, difenoconazole residues in plant and soil, and soil mi-
crobial communities following BC application at 0%, 1.0%, 2.5% and
5.0% (w/w) to soils contaminated with difenoconazole. Our objectives
were to (i) determine the effectiveness of BC in reducing the uptake of
difenoconazole into plant, and (ii) investigate the effects of BC addition
on the change of microbial community composition in a difenocona-
zole- contaminated soil.

2. Materials and methods

2.1. Preparation and characteristics of BC

The BC was manufactured from tobacco stalks and sourced from
Longgang Tobacco Experiment Station (26°52′24.8″N, 107°06′ 40.8″E),
Guizhou Academy of Tobacco Science, China. Air-dried tobacco stalks
were charred under limited-oxygen conditions in a combined biomass
particle carbonization furnace. BC derived from tobacco stem pyrolysis
had a total surface area of 17.41 m2 g−1, a total pore volume of
0.0226 cm3 g−1, a microporous (< 2 nm) surface area of 5.85 m2 g−1,
and a microporous volume of 0.0047 cm3 g−1. In addition, the resulting
BC contained 760.09 g kg−1 C, 23.10 g kg−1 N, 52.20 g kg−1 K and
5.78 g kg−1 P, and had a pH (H2O) of 9.77, and a C/N ratio of 32.95. BC
was ground, and sifted through a 2-mm sieve before using as a soil
amendment in this study.

2.2. Soil characteristics

The soil was collected from the plough layer (0–20 cm depth) of
tobacco fields at the Longgang Tobacco Experiment Station, Kaiyang
county, Guizhou province, China. This region has a humid subtropical
monsoon climate with a mean annual temperature of 13.5–14.6 °C, a
mean annual precipitation of 1130–1206 mm and four distinct seasons.
The soil type is classified as a Limestone soil (Chinese Soil Taxonomy),
equivalent to a Calcaric cambisol in the FAO/UNESCO Taxonomy. The
average organic matter, total carbon, nitrogen, potassium and

phosphorus content in the farmland soils were 43.67, 35.42, 1.92, 8.90
and 1.06 g kg−1, respectively. Soil samples were air-dried, homo-
genized and sieved using a standard 2 mm sieve before experimental
use.

2.3. Tobacco preparation and pot trial

The tobacco strain used was K326, a hybrid from the Northup King
Seed Company. K326 tobacco is resistant to diseases and heat, and it is
widely cultivated in China. It has a growing period of 120 d under field
conditions. In the pot experiment, each plastic container (39 cm dia-
meter × 28 cm height) was used to contain 15 kg of BC-free soil or BC-
amended soil. Then the pot soil was spiked with 30 mL of 20 mg mL−1

difenoconazole solution (in acetone) to give a concentration of test
compound of 40 mg kg−1. The application concentration of difenoco-
nazol, according to its half-life period, must be given at doses high
enough to ensure satisfactory detection in plants and soils after the
whole growth cycle of tobacco. For planting treatments, tobacco plants
were grown in soils amended with 0%, 1.0%, 2.5% and 5.0% BC (w/w)
(0% BP, 1.0% BP, 2.5% BP and 5.0% BP, respectively). Without tobacco
plants, there were also four treatments of soils amended with 0%, 1.0%,
2.5% and 5.0% BC (0% BA, 1.0% BA, 2.5% BA and 5.0% BA, respec-
tively). Finally, the soil amended with and without BC in each treat-
ment was thoroughly mixed to obtain a uniform distribution of dife-
noconazole and then incubated at a water content of 50% water holding
capacity (WHC).

After 7 d incubation, uniform size tobacco seedlings (0.2 cm dia-
meter, 10 cm height) were transplanted directly from a seedbed into the
pots. The tobacco plants were grown in a greenhouse with natural
sunlight. The growth conditions were 26–34 °C, and a constant relative
humidity of 70%. After a 90-d growth period, the aboveground parts
(leaves and stems) were removed. The roots were also removed from
the soil, washed with tap water for 10 min, and then air-dried for 24 h
at room temperature. The fresh weight of each component was mea-
sured for each pot, and component subsamples were taken to determine
moisture content and difenoconazole concentration. After plant re-
moval, a soil sample from each pot was taken and divided into two
parts. One subsample was quick-frozen in liquid nitrogen and then
stored at −80 °C until used for DNA extraction. The other subsample
was air-dried and sieved using a standard 2 mm sieve for analysis of
chemical properties.

2.4. Analysis of BC characteristics

The total surface area, micropore surface area, micropore volume,
and total pore volume of the BC were measured using an automatic
adsorption analyzer (Autosorb iQ2, Quantachrome Co., USA). To obtain
the pore structure characteristics, BC samples were degassed for 16 h
under vacuum condition at 150 °C, and then the adsorption and deso-
rption isotherms were calculated for the N2 sorption at 77 K. The sur-
face area and pore size distribution of the BC were calculated from the
N2 adsorption isotherms by using the Brunauer–Emmett–Teller (BET)
and Density Functional Theory (DFT) methods, respectively.

2.5. Soil chemical analysis

The pH was measured by adding soil to deionized water at a ratio of
1:2.5 (w/v) using a pH meter. Soil organic matter (SOM) was measured
by the potassium dichromate volumetric method (Li et al., 2013). Soil
total phosphorus (TP) content was analyzed by H2SO4:HClO4 (20:1)
acid digestion (Wang et al., 2007). Total potassium (TK) content was
determined by the NaOH melt-flame photometry method (Li et al.,
2013). Total carbon (TC), total nitrogen (TN) contents and the C:N ratio
(C/N) in soils were measured by a Vario Macro Elemental Analyzer
(Elementar, Analysensysteme, GmbH, Germany).
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2.6. Residue extraction and clean-up

5.0 g sample powder (plant tissues and soil) was weighed into an
Erlenmeyer flask (150 mL) and mixed with 50 mL of HPLC-grade
acetonitrile. Then the mixture was shaken using a thermostatic oscil-
lator (IS-RDV3) at 150 rpm for 1 h 4 g of anhydrous magnesium sulfate
(MgSO4) and 3 g of sodium chloride (NaCl) were slowly added, with
continuous shaking (10 min). An aliquot (10 mL) after filtration was
transferred into a round-bottom flask, and evaporated to near dryness
using a rotary evaporator. The residue was dissolved in 5 mL of hexane
and then passed through a florisil cartridge which had been precondi-
tioned with 5 mL of a hexane–acetone mixture 9:1 (v/v) and then 5 mL
hexane. Finally, the eluate was evaporated to dryness under a stream of
nitrogen, followed by reconstituted to 2 mL with hexane and then fil-
tered through a filter membrane (0.22 μm) for gas chromatograph
analysis.

2.7. Residue analysis

The residue analysis was carried out on a gas chromatograph (GC-
2010, Shimadzu) equipped with an electron capture detector (ECD),
and a DB-1 capillary column (30 m × 0.25 mm× 0.25 μm). The tem-
peratures of injector and detector were maintained at 230 and 300 °C,
respectively. Carrier gas was ultra-high purity nitrogen, with a flow rate
of 1 mL min−1. The temperature of column was initially maintained at
70 °C for 1 min. Subsequently, it was increased 5 °C min−1 to 260 °C
and then 10 °C min−1 to 280 °C with a 20-min hold. Samples were in-
jected by an auto sampler and kept at split injection mode with split
ratio of 10.

2.8. DNA extraction, illumina sequencing and data processing

Total DNA was extracted from 0.25 g subsample of soil with the
PowerSoil® DNA Isolation Kit (MOBIO Laboratories, Carlsbad, CA, USA)
following the manufacturer’s protocol. DNA was analyzed using a
NanoDrop Spectrophotometer to assess the quality. Then the DNA
samples were diluted and immediately stored at −20 °C until further
use.

The V4 hyper variable region of the 16S rRNA gene was amplified
using the universal primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′)
and 909R (5′-CCCCGYCAATTCMTTTRAGT-3′), with a 12-nt unique
barcode. The PCR mixture (final volume of 25 μL) contained 1 × PCR
buffer, 1.5 mM MgCl2, 0.4 μM of each deoxynucleoside triphosphate
(dNTPs), 1.0 μM of each primer, 0.5 Unit of Ex Taq polymerase
(TaKaRa, Japan) and 10 ng of genomic DNA. The PCR conditions
consisted of an initial denaturation step of 95 °C for 3 min, 30 ampli-
fication cycles of denaturation at 94 °C for 40 s, annealing at 56 °C for
1 min, and extension at 72 °C for 1 min, followed by a final extension at
72 °C for 10 min. Amplicon quality was visualized using electrophoresis
and then purified using a SanPrep DNA Gel Extraction Kit (Sangon

Biotech, Shanghai, China). All PCR products were quantified with a
Nanodrop 2000 Spectrophotometer, and pooled together at equal molar
amounts. The sequencing libraries were prepared using a TruSeq DNA
sample preparation kit according to the manufacturer’s instructions. In
accordance with the Illumina library preparation protocols, the purified
library was diluted, denatured, rediluted, and then mixed with PhiX
(about 30% of final DNA amount). Afterward, the samples were pre-
pared for sequencing on Illumina Miseq system.

All 16S rRNA raw sequence data were analyzed using Quantitative
Insights Into Microbial Ecology (QIIME) v.1.7.0 pipeline (http://qiime.
org/tutorials/tutorial.html). Briefly, all sequence reads were trimmed
and assigned to samples based on their barcodes. The sequence libraries
were split and denoised to avoid an overestimation of the diversity in
some of the samples caused by sequencing errors, including sequences
with average base quality score< 30, sequence lengths shorter than
250 bp, and sequences containing incorrect primer sequences or am-
biguous base calls. All chimeric sequences were filtered out by the
UCHIME algorithm. Then sequences were clustered into operational
taxonomic units (OTUs) at the ≥97% identity threshold and singleton
OTUs were removed. The OTUs were then used as a basis for down-
stream analysis. More details regarding the data processing steps used
are provided by Yao et al. (2014). The original sequence data have been
deposited in the European Nucleotide Archive (ENA) under accession
number PRJEB22655 (http://www.ebi.ac.uk/ena/data/view/
PRJEB22655).

2.9. Statistical analysis

The differences in soil chemical properties, plant biomass, plant
uptake of pesticides, and pesticide residues in soils among different
treatments were compared by a one-way analysis of variance (ANOVA)
with the least significant difference (LSD) test. Differences between the
relative abundances of pollutant-degrading microorganisms in soils
amended with and without BC were analyzed by a t-test. The re-
lationship between difenoconazole residues and carbon content in soil
was studied using linear regression analysis. A value of p < 0.05 was
accepted as significant. All statistical analysis was performed by the
SPSS software package (Version 13.0, SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Effect of BC on soil chemical properties and plant biomass

The addition of BC significantly increased soil organic matter (OM) from
42.47 ± 1.13 g kg−1 in the unamended soil to 93.92 ± 2.84 g kg−1 in
the 5.0% BC-amended soil without tobacco, while the corresponding values
were 43.74 ± 0.87–94.24 ± 5.99 g kg−1 with tobacco (Table 1). The pH,
TC, TN, and C/N ratio were also increased with increasing amounts of BC.
Although the values of TK and TP concentration are different between
treatments with the same BC application rates, there were no statistically

Table 1
Soil chemical properties under different treatments.

Treatments pH TC (g kg−1) TN (g kg−1) TP(g kg−1) TK(g kg−1) C/N OM(g kg−1)

0% BA 7.55 ± 0.06b 35.26 ± 1.22e 1.73 ± 0.04e 0.94 ± 0.03bc 5.99 ± 0.10c 20.41 ± 0.23cd 42.47 ± 1.13d

1.0% BA 7.62 ± 0.04ab 39.91 ± 0.57de 1.97 ± 0.03de 0.93 ± 0.05c 5.71 ± 0.67c 20.26 ± 0.56d 47.47 ± 5.47d

2.5%BA 7.70 ± 0.04ab 51.73 ± 6.03c 2.41 ± 0.28c 0.97 ± 0.02abc 6.36 ± 0.18bc 21.49 ± 0.04bc 62.91 ± 0.25b

5.0% BA 7.74 ± 0.01ab 78.66 ± 2.79a 3.49 ± 0.07a 1.04 ± 0.01a 7.46 ± 0.29a 22.53 ± 0.36ab 93.92 ± 2.84a

0% BP 7.70 ± 0.12ab 37.10 ± 1.22e 1.91 ± 0.12de 0.95 ± 0.05bc 6.47 ± 0.15bc 19.42 ± 0.89d 43.74 ± 0.87d

1.0% BP 7.75 ± 0.05a 42.51 ± 0.50d 2.11 ± 0.05d 0.94 ± 0.00bc 6.54 ± 0.72bc 20.15 ± 0.73d 45.15 ± 1.05d

2.5% BP 7.85 ± 0.02a 50.52 ± 2.68c 2.26 ± 0.12cd 0.93 ± 0.04c 6.87 ± 0.21ab 22.35 ± 0.10ab 55.36 ± 0.79c

5.0% BP 7.86 ± 0.18a 66.76 ± 2.43b 2.93 ± 0.10b 1.01 ± 0.01ab 7.11 ± 0.67ab 22.74 ± 0.46a 94.24 ± 5.99a

0% BA, 1.0% BA, 2.5% BA and 5.0% BA represent 0%, 1.0%, 2.5% and 5.0% BC treated soil without plants, respectively. 0% BP, 1.0% BP, 2.5% BP and 5.0% BP represent 0%, 1.0%, 2.5%
and 5.0% BC treated soil with plants, respectively. TC: total carbon content; TN: total nitrogen content; TP: total phosphorus content; TK: total potassium content; OM: organic matter in
soils. Different letters in the same column between treatments indicate a significant difference at the 0.05 level.
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significant differences between BA and BP treatments. Planting tobacco also
increased soil pH, and the effect was much greater than in soil treated with
BC. However, planting tobacco had no significant effect on soil C/N ratios at
the same application rate of BC.

Compared with the control soil, tobacco cultivated in the BC-
amended soil produced greater biomass (Fig. 1). The increase rates of
plant biomass (including root, stem and leaf) were 4.53%, 13.21% and
22.89% for the 1.0%, 2.5% and 5.0% BC-amended soils, respectively, in
comparison with only 190.89 g plant−1 in the unamended soil. There
was a significant increase of plant biomass in the 5.0% BC treatment
compared to the control (p < 0.05). However, the values in the other
BC treatments were not significantly different.

3.2. Effect of BC on difenoconazole residues in soils

At the end of the experiment, the difenoconazole residues in soils
had significantly increased with increasing BC levels (Fig. 2). The level
of difenoconazole in soil with tobacco plants increased from
0.38 mg kg−1 in the control to 4.62 mg kg−1 in the 5.0% BC-amended
treatment. In soil without tobacco plants, the corresponding levels of
difenoconazole increased from 0.40 mg kg−1 to 6.65 mg kg−1. There

were significant differences of difenoconazole residues among the four
treatments in the planted soils. The values in the unplanted soils were
significantly different between 2.5%, 5.0% BC treatments and the
control, but not between the 1.0% BC treatment and the control.

3.3. Effect of BC on the soil bacterial community

The ten most dominant microbial phyla were Proteobacteria,
Bacteroidetes, Acidobacteria, Chloroflexi, Actinobacteria, Crenarchaeota,
Cyanobacteria, Gemmatimonadetes, Planctomycetes, and Verrucomicrobia,
which accounted for more than 94.19% and 94.02% of the sequences
assigned to soil bacteria in the absence and presence of plants, re-
spectively (Fig. 3). Proteobacteria was the largest bacterial phylum in all
treatments. BC addition significantly increased Proteobacteria abun-
dance from 18.51% in 0% BA to 29.38% in 5.0% BA, while the corre-
sponding values were 24.31% in 0% BP to 27.83% in 5.0% BP. The
abundance of Actinobacteria, Gemmatimonadetes, and Planctomycetes
were also increased following BC applications. Bacteroidetes was the
phylum most sensitive to BC, with relative abundance decreasing from
19.18% in 0% BA to 13.83% in 5.0% BA, and from 24.81% in 0% BP to
19.90% in 5.0% BP. Acidobacteria was also significantly decreased with
the increasing of BC application, and a decrease of its relative abun-
dance was 16.79% and 14.06% in BA and BP, respectively. However,
the addition of BC had no significant impact on the abundances of
Chloroflexi, Crenarchaeota and Verrucomicrobia with and without plants
(Fig. 3).

Families, having pollutant degradation functions, were selected for
analysis (Table 2). Regardless of tobacco planting, the degrading bac-
teria of Sphingomonadaceae, Pseudomonadaceae, Bacillaceae, Micro-
coccaceae and Erythrobacteraceae from BC-amended soils had greater
abundance than those in unamended soils. With plant presence, an
increase of 18% Sphingomonadaceae and 63% Pseudomonadaceae was
observed along with an increase of 67% Erythrobacteraceae in BC-
amended soils, although these results were not significant (p > 0.05).
Similarly, without plants, there was an increase of 46% in Sphingomo-
nadaceae, 110% in Pseudomonadaceae and 258% in Erythrobacteraceae
compared to the controls. ANOVA showed that BC had a significant
effect (p < 0.05) on the relative abundances of Sphingomonadaceae
and Erythrobacteraceae, but not on the abundance of Pseudomonadaceae.

3.4. Effect of BC on difenoconazole residues in plants

After 90 d of growth, difenoconazole residue levels were measured
in above-ground tissues (leaves and stems) and under-ground tissues
(roots). Difenoconazole residues in leaves, stems, and roots were all
lower in plants from soils that received BC than in control soils (Fig. 4).
For instance, the root difenoconazole concentrations decreased from
1.79 ± 0.67 mg kg−1 in the control soil to 0.85 ± 0.11 mg kg−1 in
the soil amended with 5.0% BC. The concentration of difenoconazole in
stems decreased from 0.06 ± 0.03 to 0.02 ± 0.03 mg kg−1 in the
control soil and 5.0% BC-amended soil, respectively. Similarly, the level
of difenoconazole in leaves was from 0.02 ± 0.01 to
0.01 ± 0.00 mg kg−1 in the control soil and 5.0% BC-amended soil,
respectively. Residues in leaves and stems were 91–122 and 32–45
times lower than those in roots, respectively. There were significant
differences in difenoconazole residues between the control and 1.0%,
2.5%, 5.0% BC amendments, between the control, 1.0% BC amendment
and 2.5%, 5.0% BC amendments, and between the control and 2.5%,
5.0% BC amendments in roots, stems, and leaves, respectively.

The BC was effective in reducing the uptake of difenoconazole into
plant tissues from a contaminated soil, although the BC-amendment
treatments also exhibited higher plant growth and biomass productivity
(Fig. 1). To evaluate the influence of BC on difenoconazole residues in
plants, the amount of uptake in a given tissue is derived from the re-
sidue concentration and plant biomass of the component (Table 3).
Total uptake amounts of difenoconazole by the whole plant, or in the

Fig. 1. Biomass of tobacco plants cultivated in a difenoconazole-contaminated soil
amended with different BC application rates. Error bars show standard deviation. Bars
with different letters are significantly different at the 0.05 level.

Fig. 2. Difenoconazole residues in a BC-amended soil with and without plants. Error bars
show standard deviation. Bars with different letters are significantly different at the 0.05
level.
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plant tissues (root, stem, and leaf), after 90 d of growth, all decreased
with increased BC application rates. After considering the variations of
biomass, 5.0% BC-amended soil was still the most effective treatment,
which decreased the total plant uptake of difenoconazole by 45% that
of uptake in unamended soil. Even for the soil amended with 1.0% BC,
the average reduction of plant difenoconazole uptake was up to 24%.

Accumulation of difenoconazole in roots could be described by the
root concentration factor (RCF), which is defined as the ratio of the
concentration in roots to that in soils on a dry weight basis. In this
study, the RCF of difenoconazole gradually declined as the increasing of
soil BC content. Compared with the control soil (4.71), the corre-
sponding RCF values for difenoconazole were 0.91, 0.44 and 0.18 in the
1.0%, 2.5% and 5.0% BC-amended soils, respectively.

4. Discussion

4.1. Plant biomass responses to BC addition

The BC-induced changes soil physical and chemical properties en-
hance plant growth, and this has been seen in previous studies (Cheng
et al., 2008; Khorram et al., 2015; Rogovska et al., 2014). In the present
study, a significant positive effect of BC on plant biomass was docu-
mented within 5.0% BC amendments. Similarly, a gradual increase in
biomass with increasing BC application rates has also been discovered
in other studies (Khorram et al., 2015; Rogovska et al., 2014). These
findings may be attributed, at least in part, to the slow-release of nu-
trients from BC in amended soils (Cheng et al., 2008; Hagemann et al.,
2017; Rogovska et al., 2014). For example, the levels of total N, K and P
in tobacco BC were 23.10, 52.20 and 5.78 g kg−1, respectively. The
corresponding values in farmland soil were only 1.92, 8.80 and
1.04 g kg−1, respectively (data not shown). Therefore, BC produced
from incomplete combustion of stalks generally contained relatively

high levels of nutrients (such as N, K and P, etc.), which could directly
increase their accumulations in soils (Table 1) and promote plant
growth. However, under field conditions, the level of BC addition is not
always correlated with plant biomass increase. Some studies have
showed no significant difference between BC-amended and unamended
plots (Gaskin et al., 2010; Jones et al., 2012), while others have found
that plant biomass decreased with BC application (Calderon et al.,
2015; Gaskin et al., 2010). Therefore, the effect of BC amendment on
plant biomass shows great variation perhaps due to the many combi-
nations of feedstock types, pyrolysis conditions, field application rates,
soil types, and crop types (Gaskin et al., 2010; Rajkovich et al., 2012).

Fig. 3. The relative abundance of dominant phyla related to BC addition at
different concentrations (0%, 1.0%, 2.5% and 5.0%). BA represents BC
treated soil without plants. BP represents BC treated soil with plants.

Table 2
Changes in relative abundances (%) of soil functional bacteria among treatments.

Family Plants present Plants absent

Unamended soil BC-amended soil Unamended soil BC-amended soil

Sphingomonadaceae 7.67 ± 0.65ab 9.07 ± 1.25a 4.65 ± 0.84c 6.78 ± 0.55b

Pseudomonadaceae 0.21 ± 0.05ab 0.31 ± 0.07a 0.11 ± 0.01b 0.23 ± 0.09ab

Bacillaceae 0.16 ± 0.04a 0.17 ± 0.02a 0.11 ± 0.08a 0.15 ± 0.07a

Micrococcaceae 0.38 ± 0.12a 0.43 ± 0.14a 0.34 ± 0.15a 0.50 ± 0.14a

Erythrobacteraceae 0.12 ± 0.02b 0.20 ± 0.05b 0.24 ± 0.08b 0.86 ± 0.38a

Different letters in a single row represent difference between treatments at the 0.05 level. The value obtained in the BC-amended soil was the average relative abundances of the three
treatments (1.0%, 2.5% and 5.0% BC amendments).

Fig. 4. Concentration of difenoconazole residues in the tissues (root, stem and leaf) of
tobacco under different BC application rates. Error bars show standard deviation. Bars
with different letters are significantly different at the 0.05 level.
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4.2. Soil bacterial community composition responses to BC addition

Changes in microbial community structure, following soil BC addi-
tion, have often been studied (Ding et al., 2013; Hu et al., 2014;
Khodadad et al., 2011). Interestingly, the effects of BC on soil microbial
communities have shown considerable variability. Some studies found
that BC amendment increased the relative abundance of members of the
Proteobacteria, Baceroidetes, Pseudomonas, Actinobacteria, Nitrospiraceae,
Gemmatimonadetes, Chloroflexi, Firmicutes and Trichoderma (Anderson
et al., 2011; Ding et al., 2013; Graber et al., 2010; Hu et al., 2014;
Khodadad et al., 2011; Kolton et al., 2011). Other studies demonstrated
that BC decreased the abundance of Proteobacteria, Acidobacteria, Fir-
micutes and Bacteroidetes (Ding et al., 2013; Hu et al., 2014; Kolton
et al., 2011; Wu et al., 2016). In the present study, Proteobacteria, Ac-
tinobacteria, Gemmatimonadetes, and Planctomycetes increased after BC
additions. Bacteroidetes and Acidobacteria were decreased following the
application of BC. However, Chloroflexi, Crenarchaeota and Verrucomi-
crobia showed no response to BC amendments (Fig. 3). There appears to
be no obvious or unidirectional pattern of microbial community change
following BC application. A number of factors may be responsible for
these variable results. These include BC conditions (feedstock material,
nutrient content, pyrolysis condition and application rate), initial soil
conditions (soil organic matter, pH, temperature, moisture and aera-
tion), and environmental conditions (land use, management intensity,
and vegetation type) (Jenkins et al., 2016; Sun et al., 2016). All of these
factors, individually or in combination, could modify the impact of BC
addition on the structure diversity of soil microbial community.

In our study, BC amendment increased the soil bacterial population
that has been used as bioremediation agents (Table 2). Several reports
have shown the important role of Erythrobacteraceae for polycyclic
aromatic hydrocarbon (PAH) degradation in soils and sediments (Sarma
et al., 2004; Zhuang et al., 2015). Also, Bacillaceae, Sphingomonadaceae
and Pseudomonadaceae are considered to be the most important bacteria
for the biodegradation of a wide range of complex organic compounds,
such as difenoconazole, PAH, and phenol in soils and sediments (Guo
et al., 2005; Hasan and Jabeen, 2015; Leys et al., 2004). We found a
clear increase in the relative abundance of these taxa in the soil as a
result of BC application, along with Micrococcaceae which are con-
sidered the predominant microbial group that biodegrade methylpyr-
idine and benzene in soils (Leigh et al., 2007; Lima-Morales et al.,
2016). Therefore, our data indicate that BC-mediated degrading bac-
teria shifts have the potential to promote degradation of contaminants
(such as difenoconazole), reduce their bioavailability and significantly
decrease plant uptake of contaminants from soils.

4.3. Effect of BC on difenoconazole bioavailability

The BC act as appropriate sorbents for irreversible sorption of many
types of pesticides (Martin et al., 2012; Yu et al., 2009). The con-
centrations of difenoconazole were 4, 6 and 16 times for the 1.0%, 2.5%
and 5.0% BC-amended treatments, respectively, higher than those in
the unamended soil. These data are consistent with earlier other results
(Sopena et al., 2012; Yu et al., 2009). The sorption capacity pesticides
on BC highly depends upon its characteristics and properties, including

porous structure, charged surface, surface area and carbon content
(Khorram et al., 2016; Sopena et al., 2012). In the present study, there
was a significant positive correlation (R2 = 0.973, p = 0.000) between
the contents of difenoconazole and total carbon in soils. This finding
may be attributted to a large accumulation of carbon in soils with BC
amendment. The increased soil carbon level ranged from 35.26 g kg−1

in the unamended soil to 78.66 g kg−1 in the 5.0% BC-amended soil
without tobacco plants, while the corresponding values ranged from
37.10 g kg−1 to 66.76 g kg−1 with tobacco plants (Table 1). Therefore,
the soil with a high carbon content will easily increase sequestration of
difenoconazole and reduce its bioavailability.

4.4. Effect of planting on difenoconazole residues in soil

Difenoconazole residues in soils were affected not only by BC
amendments, but also by growing plants. The final residue concentra-
tions of difenoconazole in the planted soils under different BC amend-
ments were lower than those in the corresponding unplanted soils
(Fig. 2). Planting can change the composition of the microbial com-
munity and facilitate the degradation of pesticides in rhizosphere soil
by the release of enzymes and exudates from roots (Fang et al., 2001;
Sun et al., 2004). Sphingomonadaceae and Pseudomonadaceae sig-
nificantly increased in the presence of tobacco plants (Table 2) and may
have played a major role in the degradation of difenoconazole (Cai
et al., 2015; Sarkar et al., 2009). Previous studies demonstrated that
selected species (Sphingomonas and Sphingobium spp.) in the family
Sphingomonadaceae can degrade more than 90% of 100 mg L−1 dife-
noconazole concentrations within 24 h (Ahn et al., 2016). Selected
species of Pseudomonas nitroreducens in the family Pseudomonadaceae
can also degrade more than 90% of 180 mg L−1 of difenoconazole
concentrations within 5 d (Cai et al., 2015; Sarkar et al., 2009).
Therefore, it can be concluded that the increased degradation of dife-
noconazole observed in the presence of plants was due to increased
relative abundance of these bacteria in the soils with or without BC
addition (Table 3). Compared to unplanted soil, the reduction of dife-
noconazole residues in soils with growing plants occurs through the
uptake of difenoconazole into plant parts and by the increasing popu-
lations microorganisms that degrade difenoconazole.

5. Conclusions

The increase of difenoconazole in BC-amended soil, along with the
changes in bacterial community composition, demonstrates that BC
application to soil can significantly decrease the bioavailability of di-
fenoconazole to plant and soil microbial communities, and minimize
difenoconazole residues in agricultural produce. Compared to un-
planted soils, greater difenoconazole losses from planted soils occurred
because of enhanced plant uptake and bacterial biodegradation.
Therefore, this study provides evidence that BC–plant–microbe inter-
actions can effectively remove soil contaminants such as difenocona-
zole. However, future studies are needed to determine if these findings
can be developed in situ remediation methods of pesticide con-
taminated field.

Table 3
Estimated total amount of difenoconazole uptake (μg) in different parts of a tobacco under different BC treatments.

Treatments MT MR MS ML

0% BC 62.27 ± 12.13a 57.17 ± 9.64a 3.06 ± 2.23a 2.04 ± 0.98a

1.0% BC 47.59 ± 12.37ab 42.96 ± 11.83ab 2.85 ± 0.94a 1.78 ± 0.56ab

2.5% BC 36.80 ± 16.24b 34.23 ± 16.64b 1.44 ± 0.12a 1.13 ± 0.31ab

5.0% BC 34.39 ± 4.30b 32.23 ± 4.37b 1.25 ± 0.18a 0.91 ± 0.17b

MT indicates the total amount of plant uptake of difenoconazole (μg). MR, MS and ML indicate the amount of difenoconazole uptake (μg) in the root, stem and leaf of tobacco, respectively.
Mean values with different letters in a single column are significantly different between different treatments at the 0.05 level.
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