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This study aimed to establish a method allowing the safe use of polycyclic aromatic hydrocarbon (PAH)contaminated soils through the combination of biochar applications and different cropping systems. The impact
of biochar applications under different cropping systems on the human health risks of PAHs and soil microbi
ology was elucidated. The residual PAHs were the lowest in rhizosphere soils amended with 2% corn strawderived biochar pyrolyzed at 300 ◦ C (CB300) under the paddy-upland rotation cropping (PURC) system.
Human health risks resulting from the ingestion of PAH-contaminated carrot roots / rice grains under the PURC
system were significantly lower than those under continuous upland cropping systems. The greatest diversity,
richness and network complexity of soil microbial communities occurred under the PURC system combined with
the 2% CB300 treatment. Soil microbial functions associated with soil health and PAH biodegradation were
enhanced under this strategy, while the pathogen group was inhibited. Primarily owing to its high sorption
capacity, bamboo-derived biochar pyrolyzed at 700 ◦ C realized in the reduction of PAHs, but weakly influenced
shifts in soil microbial communities. Overall, the combination of PURC systems and low-temperature-pyrolyzed
nutrient-rich biochar could efficiently reduce the human health risks of PAHs and improve soil microbial ecology
in agricultural fields.

1. Introduction
The presence of large amounts of polycyclic aromatic hydrocarbon
(PAH)-contaminated farmland fields around industrial zones is an
important issue (Benlaribi and Djebbar, 2020). According to in
vestigations, residual PAHs in agricultural fields in East China, a rapidly
developed region, vary widely from 9 to 3880 μg kg− 1 (Sun et al., 2017).
PAHs in farmland fields present potential risks to human health via
agricultural production (Wang et al., 2018). Moreover, PAHs in soil are
toxic to soil microbial communities (Karlsson et al., 2019), which
contribute to soil nutrient cycling, crop nutrient intake (Guo et al.,
2020), and efficient biodegradation of PAHs (Luo et al., 2019). As a

result, remediation of PAH-contaminated farmland soil should be car
ried out in situ to maintain soil production capabilities as well as benefit
soil microbial communities.
Compared with chemical remediation, in situ bioremediation is a
promising eco-friendly and cost-effective method to tackle organic
pollutants in farmland soils (Ventorino et al., 2019). It has been found
that biodegradation of PAHs by symbiotic rhizospheric microflora is the
primary driver for reducing residual PAHs during single-season dry or
paddy cultivation systems, such as those of vegetables, wheat, and rice
(Liu et al., 2020; Wang et al., 2020). Rhizospheric microbial degradation
of persistent organic pollutant (POP)-contaminated farmland soil in
volves the appropriate implementation of various tillage patterns, by
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which the dissipation rates of POPs are intensively affected (Li et al.,
2020). For example, alternation of anoxic-oxic conditions can promote
the biodegradation of decabrominated diphenyl ether, tetrabromobi
sphenol A and oil in the soil because flooding benefits the biodegrada
tion of the parent pollutants, after which the oxic conditions then benefit
the degradation of the intermediates (Zhao et al., 2020a; Wei et al.,
2018). However, knowledge concerning the effects of paddy-upland
rotation cropping (PURC) systems on the degradation of PAHs is lack
ing. Additionally, years of production practices have suggested that,
compared with continuous upland cropping (CUC) systems, PURC sys
tems favor balanced soil nutrients and improved soil fertility and crop
yields (Gura and Mnkeni, 2019). Thus, it was hypothesized that PURC
systems have great potential as candidate tillage patterns for in situ
bioremediation of PAH-contaminated farmland soil.
Currently, field applications of biochar constitute a common agro
nomic strategy to reduce the transport of PAHs from soil to crops
effectively (El-Naggar et al., 2019; Frišták et al., 2019). The physicochemical properties of different types of biochar, which vary greatly
according to the feedstock and production conditions (Rajapaksha et al.,
2019; El-Naggar et al., 2018), lead to differences in the reduction
effectiveness and mechanisms affecting PAHs. Studies on single-season
cultivation practices have shown that biochar has a high sorption ca
pacity for PAHs, thus decreasing the mobility of PAHs in soil-plant
systems (El-Naggar et al., 2020; Wang and Wang, 2019). Molecular
analysis revealed that PAHs were biodegraded rather than adsorbed in
some biochar-amended soils in which soil microbial genera and func
tional genes related to PAH degradation were highly enriched (Bao
et al., 2020; Kong et al., 2018). In addition, biochar has been observed to
alter soil bulk density to improve gas transport as well as improve soil
properties, including enhanced soil fertility and water holding capacity
(Farkas et al., 2020; Soinne et al., 2020). However, the environmental
fate of PAHs after biochar applications under PURC systems, which have
multiple advantages in agricultural production, as mentioned above,
remains unclear. Since both biochar applications and crop rotation
systems can affect the removal of PAHs by modulating the soil microbial
community, we hypothesized that a rotation cropping system combined
with biochar would greatly improve the quality of PAH-contaminated
soils, i.e., the combination would reduce the residual levels and
human health risks of PAHs as well as benefit soil microbial ecology.
Insights into this topic will guide the safe use of PAH-contaminated
agricultural fields.
This study therefore aimed to evaluate the human health risks of
PAHs and soil microbiology after biochar applications under PURC
systems compared with CUC systems. In this study, biochar produced
from corn straw pyrolyzed at 300 ◦ C (CB300), a nutrient-rich type of
biochar, and from bamboo pyrolyzed at 700 ◦ C (BB700), a type of bio
char with a strong sorption capacity (Ni et al., 2018a), were applied to
PAH-contaminated soils. Residual PAHs and their bioavailability dy
namics were monitored for 5 months. High-throughput sequencing and
functional gene prediction were subsequently used to explore succes
sions of soil microbial communities and their functions. Based on liter
ature searching on Web of Science, this study is the first to evaluate the
human health risks of PAHs and soil microbial ecology after biochar
applications under different cropping systems.

was applied to the soil. The basic characteristics of the biochars can be
found in the SI, Table S1. Seeds of rice cultivar CIIyou-513 and carrot
plants were obtained from Shenzhou Seeds Industry Co., Ltd. (Nanjing,
China).
2.2. Pot experiments
In brief, biochar was added to the soil at a rate of 0.5% (14 t ha− 1) or
2% (56 t ha− 1), such that the weight of each pot containing biocharamended soil was maintained at up to 3 kg. Soils without biochar
amendment were treated as controls. Root vegetables, carrot (Daucus
carota L.), were grown under a CUC system for two consecutive seasons.
Rice (Oryza sativa L.) and carrot plants were cultivated sequentially as
part of a PURC system. Details of the rice and carrot pot experiment
preparation are shown in SI, Text S2. The first season of the CUC and
PURC systems occurred from May to October (Ni et al., 2017, 2018b).
After harvest, the soil in each pot was dried, ground to a 2-mm-diameter
particle size, and then transferred back to another identical new pot in
preparation for the second season, which involved carrot. Fertilizer
consisting of 0.4 g of potassium dihydrogen phosphate, 0.8 g of urea, as
well as 0.8 g of potassium sulfate was added to each pot. No extra bio
char was amended to the soils during the second season planting period.
The planting procedures and cultivation conditions of carrot were the
same as those during the first season, with an average temperature of
23 ◦ C and an average humidity of 71% under natural diurnal light. Each
month, 10 g of bulk soil was collected to monitor the dissipation of
PAHs, the detailed procedures of which can be found in the SI, Text S3.
Carrot plants were sampled on the 90th, 120th, and 150th days of
growth. The rhizosphere soils of carrot root (within 5 mm of the root
surface) were collected after gentle shaking of the root, then the soil still
adhering to the roots was carefully brushed off with a small artist’s brush
(Zhao et al., 2020b). All the sampled soils were transported back to
laboratory in cool boxes and then stored at − 80 ◦ C prior to phospholipid
fatty acid (PLFA) profile and microbial community analyses. A flowchart
of experiment can be found in the SI, Fig. S1.
2.3. Incremental lifetime cancer risk (ILCR) for PAHs in carrot / rice
Because the carcinogenic toxicity of each PAH is different, it is
necessary to use an accurate toxicity coefficient to evaluate the potential
carcinogenicity comprehensively. The toxicity equivalency factor (TEF)
of benzo(a)pyrene (BaP), which is the most toxic kind of PAH (US-EPA,
2017), was considered to be 1, and the toxicity of the other PAHs was
converted to a relative toxicity level. The total toxic equivalency con
centration (TEC) was then used to quantify the carcinogenicity of each
PAH caused by ingesting PAH-contaminated crop material. The TEC for
each PAH was calculated according to the following equation (Jia et al.,
2018):
∑16
TEC =
(CPAHi × TEFi )
i=1
where CPAHi is the individual PAH concentration in the carrot roots / rice
grains (μg kg− 1); TEFi is the corresponding toxic equivalency factor. ED,
the total daily dietary PAH exposure level (ng d− 1) for carrot root / rice
grain intake by adults, was then calculated as follows:

2. Materials and methods

ED = TEC × IR

2.1. Preparation of the soil, biochar and plant

where IR represents the daily intake of carrot roots or rice grains by an
adult (24 and 218 g d− 1 for carrot and rice, respectively) (Zhai and Yang,
2006). The ILCR resulting from ingestion of PAH-contaminated carrot
roots / rice grains was calculated to assess the human health risk of these
contaminants, which was determined according to the following
equation:

PAH-contaminated soil was collected from an agricultural field in
Jiangsu Province, as described in our previous studies (Ni et al., 2017,
2018b). The CB300 and BB700 biochar types were pyrolyzed and pur
chased, respectively (Ni et al., 2017, 2018b). Detailed information
concerning the soil sampling, soil properties and biochar production can
be found in the Supporting Information (SI), Text S1. The biochar par
ticles were homogenized by passing through a 40-mesh sieve before it

ILCR =

2

ED × EF × ED × SF × CF
BW × AT
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Here, EF represents the exposure frequency (365 days year− 1), ED
represents the exposure duration (43 years for adults), SF, the slope
factor of oral cancer for BaP, was used with a geometric mean of 7.3 per
(mg kg− 1) d− 1 (Wang et al., 2018), CF is the conversion factor of 10− 6
mg ng− 1, and the adult body weight (BW) was 62.82 kg. AT, which was
25,550 days, represents the average life span of carcinogens.

systems without biochar application. The inorganic nitrogen (N) could
regulate protein formation in carrot, and then promote carrot growth
and biomass in soil (Manka’abusi et al., 2019). In this study, after two
cropping seasons, significant increased contents of soil nutrients,
including soil organic matter (SOM), both nitrate (NO3－)-N and
ammonium (NH4+)-N, as well as dissolved organic carbon (DOC), were
found under the PURC system, especially after the 2% CB300 treatment
(Table S3), which should partly contributed to increased yields. It has
also been reported that biochar pyrolyzed at low temperature is not
thoroughly carbonized and probably promotes plant growth by
improving nutrient uptake (Yue et al., 2019). Moreover, biochar
amendment could reduce the soil bulk density and improve the aeration
conditions (Verheijen et al., 2019), which also benefits the growth of
carrot root.
Additionally, PAH entering carrot roots could disturb pH and enzyme
activities in the root cells, and then inhibit carrot growth (Shen et al.,
2019; Chen et al., 2018). Biochar in soil could mitigate the toxicity
through sorbing PAHs and reducing their bioaccumulation in carrot
roots. The application of 2% CB300 and BB700 treatments limited the
∑
bioaccumulation of 16 PAHs in the carrot roots (p < 0.05), regardless
of cropping system. The bioaccumulation of PAHs was the lowest after
2% CB300 treatment under the PURC system (Fig. S2B), which partly
contributed to the highest carrot yields in this treatment (Fig. S2A). The
reduction efficiencies of PAHs by the PURC system were significantly
greater than those by the CUC system, especially after 2% CB300
treatment (Fig. 1A). Compared with the bioaccumulated low-molecularweight (LMW) PAHs, the bioaccumulated high-molecular-weight
(HMW) PAHs in the carrot roots decreased more significantly in
response to biochar amendment (Fig. 1B and C). These differences may
have occurred because of the high adsorption capacity for HMW PAHs in
biochar-amended soils (Rombolà et al., 2019). The above phenomena
suggest that the combination of biochar applications and the PURC
system may be well suited for increasing plant yields through improving
soil properties and reducing the toxicity of PAHs to plants, especially for
HMW PAHs.

2.4. Biological analysis
Information concerning fatty acid methyl ester extraction, saponifi
cation, methylation, and analysis is shown in the SI, Text S4. The 16S
rRNA gene and fungal internal transcribed spacer (ITS) region were
sequenced, respectively. PowerSoil DNA Isolation Kits (MoBio Labora
tories Inc., Carlsbad, USA) were used to extract genomic DNA from the
samples. The primers 338 F and 806R as well as the forward primer
ITS1-F and the reverse primer ITS2 were used to amplify the V3-V4
region of the bacterial 16S rRNA and the fungal ITS regions, respec
tively. Details of the polymerase chain reaction (PCR) procedure are
provided in the SI, Text S5. The bacterial and fungal DNA sequences
have been submitted to the Sequence Read Archive of the NCBI database
(accession numbers SRP233796 and SRP230264, respectively).
Barcoded 16S RNA gene sequences were converted into a library by
quantitative analysis with QIIME 1.9.1 (Caporaso et al., 2010). Opera
tional taxonomic units (OTUs) based on the threshold of 97% identity
were used to classify the sequence set (Edgar, 2013). Chao and Shannon
indices, which represent α-diversity, were calculated for 20,000
randomly selected sequences per sample via MOTHUR 1.30.2. The soil
microbial communities were analyzed by canonical correlation analysis
via the “vegan” package of R Studio 3.4.0. The different bacterial /
fungal responders among the treatments were screened by linear
discriminant analysis (LDA) effect size analysis with LDA values 3.5.
Spearman’s correlation coefficients between the microbial members
were calculated by the “psych” package, and Spearman’s correlation
coefficients that were <0.6 and whose p value was >0.05 were removed
to focus on the strongly co-occurring interactions. The main cooccurrence between the interactions in response to the different treat
ments was then visualized using Gephi 0.9.2 (https://gephi.org/).
Interactive networks between microbial genera and soil physicochemical properties were constructed by Cytoscape 3.3.0 on the basis
of Pearson correlation coefficients whose p value was <0.05. All the
genomes were predicted by Phylogenetic Investigations of Communities
by Reconstruction of Unobserved States (PICRUSt) (Text S5). The fungal
functional group of OTUs, which could reveal specific ecosystem func
tions of the fungal community, was inferred via FUNGuild 1.0 (Nguyen
et al., 2016).

3.2. Human health risk of PAHs
Food is the main method of human exposure to PAHs, accounting for
70% of total exposure (Yin et al., 2017). During the first season under
the PURC system, the total TEC values of Σ16 PAHs in the rice grains
were extremely low (Fig. S3), as it is difficult for PAHs in the soil to
migrate into rice grains (Patowary et al., 2017). After two cropping
seasons, the TEC values for the LMW PAHs that bioaccumulated in the
carrot roots were overall lower than those for the HMW PAHs. Appli
cation of 2% CB300, 0.5% BB700 and 2% BB700 treatments significantly
decreased the total TEC of the HMW PAHs, regardless of cropping sys
tem. The ILCR values of PAHs caused by carrot root / rice grain ingestion
were determined (Fig. 2). ILCR values <10− 6, within the range of 10− 6
to 10− 4, and >10− 4 represent no human health risk, low risk, and high
risk, respectively (Wang et al., 2018). Overall, the human health risk
exposed by carrot roots at the second season was higher than that
exposed by rice grains at the first season under the PURC system because
that the bioaccumulation of each PAH in carrot roots was significantly
higher than that in rice grains. Compared with the control treatment, 2%
CB300, 0.5% BB700 and 2% BB700 treatments effectively limited the
human health risk imposed by edible plant parts. In particular, the ILCR
values of the contaminated rice grains decreased to values that represent
no risk in any of the biochar-amended soils. In general, the overlapping
risk during the two cropping seasons was the lowest in the 2% CB300amended soil under the PURC system. Therefore, the combination of
the PURC system and 2% CB300 effectively reduced the human health
risks of PAHs, especially for exposure to HMW PAHs caused by
consuming edible parts of contaminated crops.

2.5. Statistical analysis
Sixteen PAHs were recovered as a measure of quality control.
Detailed information concerning the quality assurance, quality control
and instrument-based analyses can be found in the SI, Text S6 and S7.
The average recoveries of each PAH are shown in Table S2. The obtained
data were statistically analyzed by SPSS 20.0 (IBM Inc., Armonk, NY,
USA). One-way analysis of variance (ANOVA) in conjunction with the
least significant difference (LSD) post hoc test was conducted to test the
significant differences between the treatments at p < 0.05.
3. Results and discussion
3.1. Plant biomass and PAH bioaccumulation in edible plant parts
Compared with the control group under the CUC system, the biomass
of carrot roots was increased by 31% under the PURC system, and that
was increased by 57% under the PURC system combined with 2% CB300
(Fig. S2A), resulting in significant higher carrot yields under the PURC
system combined with 2% CB300 than those under the CUC or PURC
3
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Fig. 1. Reduction percentages of bioaccumulated Σ16 PAHs in biochar-amended treatments relative to that in the control treatment (A) and reduction of lowmolecular-weight (2–3 ring) (B) and high-molecular-weight (4–6 ring) (C) PAH bioaccumulation in carrot roots. Control: no biochar added; 0.5% CB300: 0.5%
corn straw biochar added; 2% CB300: 2% corn straw biochar added; 0.5% BB700: 0.5% bamboo biochar added; 2% BB700: 2% bamboo biochar added. Different
lowercase letters suggest differences among the treatments (p < 0.05) by LSD post-hoc analysis within one separate sub-figure. Error bars represent standard de
viation (n = 3).
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dichlorodiphenyltrichloroethane and hexachlorocyclohexane were not
rereleased from biochar after 150 days (Wacławek et al., 2019). The
slope of the lines representing the dissipation efficiency of PAHs under
the CUC system obviously decreased, while that under the PURC system
remained unchanged. These results indicate that the PURC system may
be favorable for long-lasting reductions in PAHs. Wang et al. (2013) also
reported that the rotation of vegetable species and rice for 4 years
resulted in reduced amounts of residual phthalate in the soil.
Compared with CB300, BB700 has larger surface area, greater
aromaticity and lower polarity (Ni et al., 2017, 2018b). However,
compared with BB700, CB300 contains a greater abundance of nutri
ents, such as dissolved organic matter (OM), N, P and K, that were
released into the soil, likely modulating changes in the microbial com
munity structure and enhancing the biodegradation of PAHs (El-Naggar
et al., 2019). Thus, CB300 reduced the levels of residual PAHs mainly by
promoting their biodegradation, while BB700 reduced the levels pri
marily through its high sorption capacity (Ni et al., 2017; Ni et al.,
2018b). Compared with those in the control group, the residual and
bioavailable PAHs were significantly decreased by the 2% CB300
treatment, while the addition of BB700 increased the levels of residual
PAHs and decreased their bioavailability (Fig. 3). These results
demonstrate that CB300 continued to reduce the risks caused by PAHs
by promoting their biodegradation, while BB700 continued to reduce
their levels primarily through its high sorption capacity. The lowest
levels of residual PAHs were recorded after the application of 2% CB300
treatment under the PURC system, with the greatest dissipation rate of
32%, partly contributing to the minimization of PAH accumulation in
carrot roots (Fig. S2B). The PAH dissipation efficiency under the PURC
system combined with 2% CB300 treatment remained nearly unchanged
during the two cropping seasons. This may have occurred because the
soil physico-chemical characteristics improved in response to 2% CB300
treatment (Table S3), after which the biodegradation of PAHs in the soil
was further enhanced, which is consistent with other findings (Sarma
et al., 2019; Hu et al., 2020).
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Fig. 2. Total incremental lifetime cancer risk for adults due to ingestion of
PAH-contaminated carrot roots / rice grains. Control: no biochar added; 0.5%
CB300: 0.5% corn straw biochar added; 2% CB300: 2% corn straw biochar
added; 0.5% BB700: 0.5% bamboo biochar added; 2% BB700: 2% bamboo
biochar added. Different lowercase letters suggest differences among the
treatments (p < 0.05) by LSD post-hoc analysis. Error bars represent standard
deviation (n = 3).

3.3. Residual and bioavailable PAHs in the rhizosphere
The rhizosphere is a critical hotspot for the transport of contaminants
into plant roots. Therefore, compared with that in bulk soil, the envi
ronmental behavior of PAHs in rhizosphere soil is more important. The
contents of residual and bioavailable PAHs in the rhizosphere with no
biochar amendment continued to decrease (Fig. 3), which may have
occurred because no significant release of these pollutants occurred
during the two cropping seasons. It was also found that the adsorbed

3.4. Soil microbial community structure
Compared with BB700 addition, CB300 addition effectively
enhanced the biodegradation process of PAHs in the rhizosphere soil.
Thus, soil microbial communities were analyzed to evaluate the rapid
reduction in the residual PAHs under the PURC system combined with
4
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Fig. 3. Dissipation and bioavailability of Σ16
PAHs in the rhizosphere soils under the paddyupland rotation (respectively A and C) and
continuous upland cropping (respectively B and
D) (The data of the first seasonal planting were
referenced by Ni et al. (2017, 2018b). Control:
no biochar added; 0.5% CB300: 0.5% corn
straw biochar added; 2% CB300: 2% corn straw
biochar added; 0.5% BB700: 0.5% bamboo
biochar added; 2% BB700: 2% bamboo biochar
added. Error bars represent standard deviation
(n = 3).

2% CB300. The amount of soil bacterial, actinobacterial, and fungal
PLFAs was significantly greater under the PURC system than under the
CUC system, especially when 2% CB300 was applied (Table S4).
Therefore, the clustering of the soil microbial communities was first
separated by cropping system and then by biochar amendment, espe
cially 2% CB300 (Fig. S4). The OM and N contents in the soils, which
were overall greater under the PURC system combined with 2% CB300
than under the CUC system (Table S3), greatly affected the community
distribution.
The greatest diversity and richness of both bacteria and fungi were
recorded in the soil after 2% CB300 treatment under the PURC system
(Fig. S5). This could be explained by bioavailable soil nutrients possibly
increasing in response to low-temperature biochar application or crop
rotation (Martyniuk et al., 2019; Polzella et al., 2019). Microbial di
versity can reflect soil function as well as soil quality (Ma et al., 2019).
Additionally, the ratios of fungal richness to bacterial richness were
greater overall under the PURC system combined with / without biochar
than under the CUC system (Fig. S6), indicating that the stability of the
soil ecosystem was enhanced by crop rotation (Garau et al., 2019).
The PURC system caused an enrichment of the bacterial phyla Acti
nobacteria and Bacteroidetes, as well as the fungal phyla Ascomycota,
Basidiomycota, and Glomeromycota (Fig. S7). Bacteroidetes are suitable
for use as labile substrates and can survive under various crop rotation
conditions (Lupwayi et al., 2017). Basidiomycota has been reported to
degrade PAH present in the rhizosphere (Asemoloye et al., 2019).
Basidiomycota and Glomeromycota were positively correlated with soil
enzyme activities, which could be enhanced by crop rotation (Singh
et al., 2018). After 2% CB300 treatment, the abundances of the two
abovementioned fungal phyla further increased, indicating enhanced
enzyme activities (Chen et al., 2020a). The quantities of the bacterial

genera Acedibacter and Nitrospira as well as the fungal genera Mortierella
and Humicola significantly increased in response to application of 2%
CB300 treatment under the PURC system (Fig. S7), all of these are
rhizosphere-beneficial genera, of which the two bacterial genera have
been reported to be key components of carbon (C)- and N-cycling mi
crobial communities (Yang et al., 2019). Moreover, Mortierella may
promote the solubilization of phosphate in the soil (Zhang et al., 2014),
and lignin peroxidase isozymes produced by Humicola can promote the
bioremediation of organic pollutants (Moubasher et al., 2017). Thus, the
combination of the PURC system and 2% CB300 could promote the
growth of the microbes associated with PAH biodegradation and soil
nutrient transformation.
To determine the changes in microbial interactions in response to
biochar amendments under different cropping systems, a co-occurrence
network linking bacteria and fungi was constructed (Fig. 4). The
network analysis revealed the presence of increased numbers of nodes
and edges and enhanced network density under the PURC system than
under the CUC system, demonstrating strong soil microbial interactions
under the former system (Mo et al., 2019). The strongest microbial
interaction occurring in the 2% CB300-amended soil under the PURC
system may result in the greatly reduced risks of PAHs (Fig. 2), dominate
the rhizosphere assemblage, and benefit the restoration of contaminated
soil ecosystems (Chen et al., 2020b). Stronger positive microbial in
teractions under the PURC system combined with biochar than under
the CUC system were observed (Fig. 4), indicating a mutualistic sym
biotic relationship, which is beneficial to both soil health and crop
growth (Yuan et al., 2020). Specifically, Agaricomycetes was strongly
correlated with the soil bacterial members. Most members of Agar
icomycetes play important roles in decomposing OM, mobilizing soil
nutrients, benefiting crop growth (Wang et al., 2017a), and participating
5
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Fig. 4. Co-occurrence network of the microbial interactions in the control soil under the continuous upland cropping system (A), in the control soil under the paddyupland rotation system (B), and in the soil amended with 2% CB300 under the paddy-upland rotation system (C) at the level of class. Pink nodes and lines respectively
represent bacteria and positive interactions, and green nodes and lines respectively represent fungi and negative interactions. The thickness of lines depends on the
spearman’s coefficient. Control: no biochar added; 2% CB300: 2% corn straw biochar added. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

in the degradation of anthracene (Godoy et al., 2016). Agaricomycetes
was especially positively correlated with Anaerolineae, Nitrospira, Elusi
microbia, Cyanobacteria, Sphingobacteria, Gammaproteobacteria, and
Betaproteobacteria. In addition, alternating wet and dry conditions can
promote the growth of Anaerolineae, Nitrospira, Elusimicrobia, and Cya
nobacteria, thus accelerating the transformation of C- and N-related
nutrients (Wang et al., 2017b; Zhang et al., 2017; Acea et al., 2003).
Cyanobacteria, Sphingobacteria, Gammaproteobacteria, and Betaproteo
bacteria are reportedly capable of degrading PAHs (Żyszka-Haberecht
et al., 2019; Ventorino et al., 2018; Crampon et al., 2018; Corteselli
et al., 2017). Additionally, a network of interactions between soil
properties and the microbial genera whose abundances significantly
changed was constructed (Fig. S8). All the bacterial genera were

positively correlated with the fungal genera and soil properties, indi
cating strong cooperation among them under the PURC system com
bined with 2% CB300 treatment (Mo et al., 2019). The roles played by
SOM, DOC, NO–3 and NH+
4 were prominent, and these soil properties
were strongly correlated with the microbes whose abundance signifi
cantly changed. These results confirm the differences in the microbial
community structures caused by soil OM and available N (Fig. S4).
3.5. Soil microbial community function
Bacterial functional genes involved in metabolism were predicted to
be present in large quantities (Fig. 5a). Significantly more genes asso
ciated with carbohydrate, lipid, and energy metabolism were detected

Fig. 5. Effects of cropping system and biochar application on (A) predicted soil bacterial metabolic function and (B) predicted fungal functions. The data in figures
represent the fold changes (FC) of soil microbial functions. The data of red dots in (A) and red bar in (B) was calculated by Log10(the relative abundances of bacterial
metabolic functions in PURC system combining with 2% CB300 / those in PURC system) and Log10(the relative abundances of fungal functions in PURC system
combining with 2% CB300 / those in PURC system), respectively. And the data of blue triangle in (A) and blue bar in (B) was calculated by Log10(the relative
abundances of bacterial metabolic functions in PURC system / those in CUC system) and Log10(the relative abundances of fungal functions in PURC system / that in
CUC system), respectively. The * in (A) and (B) represent differences among the treatments (p < 0.05) by LSD post-hoc analysis. CUC: continuous upland cropping;
PURC: paddy-upland rotation cropping. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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under the PURC system than under the CUC system (p < 0.05). The
abundance of genes associated with carbohydrate and lipid metabolism
further increased after 2% CB300 treatment under the PURC system.
Carbohydrate metabolism is a major energy-producing process in all soil
ecosystems (Wang et al., 2019). Lipid metabolism in soil microorgan
isms, such as unsaturated fatty acid biosynthesis, fatty acid biosynthesis,
and steroid hormone biosynthesis, has been reported to be restricted by
environmental contaminants (Li et al., 2019). The functional groups of
fungal communities are usually divided into three types according to
their trophic traits, i.e., saprotrophic, symbiotrophic, and pathotrophic
(Nguyen et al., 2016). Members of the pathotroph groups were inhibited
under the PURC system, especially when 2% CB300 was applied
(p < 0.05, Fig. 5B). In contrast, the number of members of the sapro
troph and symbiotroph groups were greater under the PURC system than
under the CUC system, and application of 2% CB300 treatment further
increased the difference. The growth of saprotrophic decomposers can
be promoted in soils by high C and N levels (Sun et al., 2016), regulating
soil nutrient transformation and soil productivity (Wang et al., 2018).
The addition of 2% CB300 significantly increased the SOM, DOC, NO–3
and NH+
4 contents in the soil (Table S3), possibly promoting the growth
of saprotrophs. Symbiotrophs receive nutrients from host cells, which in
turn favor agricultural ecosystems by providing minerals to the cells (Lin
et al., 2012). Thus, the agricultural strategy in which the PURC system
was combined with 2% CB300 alleviated the stress of PAHs on soil
microorganisms, and improved both soil quality and microbial ecology.
The PURC system with / without 2% CB300 resulted in upregulated
expression of functional genes related to xenobiotics metabolism
(Fig. 5A). Among 17 kinds of predicted PAH degradation-related func
tional genes (Table S5), the abundances of the genes encoding 4-hydrox
yphenylpyruvate
dioxygenase,
NADP-dependent
aldehyde
dehydrogenase, and 3-hydroxyanthranilate 3, 4-dioxygenase were the
greatest in the 2% CB300-amended soil under the PURC system.
Therefore, overall, the combination of PURC systems with appropriate
amounts of CB300 could sustainably induce the enrichment of func
tional genes and promote metabolism related to PAH biodegradation.

further verified in various field conditions.
4. Conclusion
Compared with the CUC system, the combination of the PURC system
and 2% CB300 significantly reduced the bioaccumulation of Σ16 PAHs
in carrot roots by 36% and increased the dissipation rate of PAHs in soil
by 31%, which resulted in a low human health risk of PAHs. The mi
crobial diversity and richness in PAH-contaminated soils were
improved, the growth of some microbes associated with PAH biodeg
radation, e.g., Sphingobacteria and Agaricomycetes, and some microbes
associated with soil C- and N-related nutrient transformation, e.g.,
Anaerolineae and Nitrospira, were promoted, and the soil microbial
mutualistic symbiotic relationship was enhanced under the PURC sys
tem combined with 2% CB300.
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3.6. Environmental implications
Soil remediation is a complex issue related to economic development
and risk to both the environment and human beings. Especially in terms
of the large numbers of PAH-contaminated farmland fields, it is neces
sary to explore remediation strategies that are easy to perform in situ,
are cost effective, and stabilize agricultural production. Therefore, the
addition of soil amendments, e.g., biochar, to contaminated soils is
highly potential. However, the safe use of contaminated agricultural soil
includes not only pollution control but also mediation of other soil ob
stacles. Therefore, this research explored the combined effects of bio
char amendments and rotation cropping systems on the environmental
behavior of PAHs and on soil microbial ecology ultimately to establish
an effective strategy for simultaneously controlling contaminants and
improving the quality of agricultural fields. Our results showed that, for
farmland soils lightly contaminated with PAHs, low-temperaturepyrolyzed nutrient-rich biochar applications (60 t ha− 1) combined
with rotation system of paddy cultivation-upland farming can greatly
∑
reduce the residual levels of 16 PAHs in the soil, thereby reducing the
risks of PAHs through the food chain. Soil health was improved where
the soil microbial diversity, network complexity, and positive in
teractions increased, thus, the microbial functions associated with soil
nutrient conversion and PAH biodegradation were also enhanced, ulti
mately ensuring safe crop production and resulting in green and
balanced bioremediation in situ. Given that long periods of dry farming
may be conducive to pollutant dissipation, the effectiveness of prom
ising combined agricultural strategies involving biochar and rotation
systems with different crop species, e.g., rice-wheat rotations, may vary
greatly. Thus, the application of the findings from the present study
should be explored in agricultural practices with longer rotations and be

Appendix A. Supporting information
Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.jhazmat.2020.124123.
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Farkas, É., Feigl, V., Gruiz, K., Vaszita, E., Fekete-Kertész, I., Tolner, M., Rékási, M., 2020.
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