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Abstract 

Background: Polycyclic aromatic hydrocarbons (PAHs) pose a potential risk to ecological safety and human health. 
They have a range of effects on plant growth and there have been few reports on the health risks associated with 
ingestion of vegetable crops at different growth stages.

Methodology: In this study, a pot experiment in which Chinese cabbage (Brassica campestris L.) were grown in a 
greenhouse for 75 days was used to investigate the dose–effect relationship of pyrene with plant growth and also the 
exposure risk for adults of ingestion of Chinese cabbage at different growth stages.

Results: The results showed that low doses of pyrene (5–45 mg  kg−1) promoted plant growth (20–220% and 55–97% 
higher than control treatment for the root biomass and shoot biomass, respectively), but significant inhibition was 
observed at a high dose (405 mg  kg−1) (41–66% and 43–91% lower than control treatment for the root biomass and 
shoot biomass, respectively). High doses of pyrene reduced soil bacterial abundance and diversity during the growth 
of Chinese cabbage, and increased malondialdehyde (MDA) levels in the plant. The effects of pyrene on plant biomass 
were mainly attributed to changes in root activity induced by pyrene, as the relationship between soil pyrene concen-
tration and biomass was similar to that between soil pyrene concentration and root activity. Furthermore, structural 
equation modeling analysis showed that pyrene altered growth of the vegetable by directly affecting root activity. The 
incremental lifetime cancer risk for adults is highest for ingestion of Chinese cabbage at the seedling stage, followed 
in decreasing order by the rosette stages and heading stages.

Conclusions: The health risk of consumers who have the possibility to ingest the Chinese cabbage planted in pyr-
ene-contaminated soil would be decreased with the increasing growth periods. However, further studies are required 
to confirm the dose–effect relationship between pyrene concentration and Chinese cabbage growth on a field scale.

Keywords: Pyrene, Chinese cabbage, Root activity, Malondialdehyde, Microbial community, Incremental lifetime 
cancer risk
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Background
Polycyclic aromatic hydrocarbons (PAHs) are a class 
of ubiquitous and toxic pollutants that are primarily 
released into the environment through the incomplete 
combustion of carbonaceous materials [1]. Due to their 
high rate of bioconcentration, PAHs in soils can quickly 
enter the food chain, where they pose a threat to ecosys-
tems and human health (a 0.4- to 6-fold increase in can-
cer risks) [2–4]. According to the national survey of soil 
pollution status, PAHs are major organic pollutants of 
soil in China [5]. Thus there is an urgent need to under-
stand how PAHs in agricultural soils affect crop growth 
and potential health risks [6, 7].

PAHs in soils exert a range of toxic effects on plants 
through the soil–root–shoot pathway, including root 
damage [8], decreased biomass [9], disruption of the anti-
oxidant system [10], and DNA damage [11]. However, 
some studies have reported that PAHs had no effect on 
plant growth, or that even promoted it [12–14]. These 
inconsistent findings could be related to several factors, 
including oxidation reactions, hydrolysis, pollutant-
degrading endophytes in plants [15], soil PAH levels [12], 
duration of exposure [7], and soil properties [16]. How-
ever, it has not yet been established whether it is only 
the direct effects of PAHs that inhibit or promote plant 
growth or whether these compounds may have some 
other indirect effects.

Root systems, which have a vital role in terrestrial 
plants, are directly exposed to and hence severely 
affected by PAHs in soils [17]. Root activity (RA) reflects 

the strength of the overall metabolism in the roots, and 
it includes respiration, oxidation, and enzyme activities, 
which are closely related to life activities [18]. Previous 
studies have shown that high concentrations (50  g/kg) 
of petroleum hydrocarbons mainly composed of PAHs 
could inhibit the root activity of Spartina anglica as a 
result of the destruction of the root duct tissue by PAHs, 
thereby inhibiting plant growth [19]. Malondialdehyde 
(MDA), which is produced in response to cell membrane 
injury, is considered to be one of the key indicators of 
accumulation of reactive oxygen species (ROS) and lipid 
peroxidation and is routinely used to assess plant sensi-
tivity to oxidative stress [20, 21]. Therefore, a knowledge 
of the effects of PAHs on plant root activity and MDA 
levels is important for understanding the impact of these 
compounds on plant growth. The rhizosphere is rich in 
root exudates such as sugar, amino acids, phenols, aro-
matic acids, aliphatic acids, fatty acids, and terpenes, and 
it also contains significant populations of bacteria and 
fungi [22, 23]. These induce the enzymes responsible for 
PAH degradation in soil [24], and could therefore have 
a significant influence on plant nutrition [25], and allow 
plant growth to occur despite PAH stress [26].

Recently, extensive studies have been conducted on 
the health risks posed by dietary exposure to PAHs in 
vegetables. However, these studies focused mainly on 
a single growth stage in the plant life cycle [27, 28]. The 
health risks associated with PAHs in Chinese cabbage 
(Brassica campestris L.) at different growth stages have 
received very little attention. Pyrene, a four-ringed and 
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widespread PAH, is strongly associated with 16 PAHs 
that have been identified as a priority by the U.S. Envi-
ronmental Protection Agency (EPA), and termed the EPA 
PAHs [29, 30]. For this reason it is usually selected as the 
target PAH. Chinese cabbage is one of the most popular 
vegetable crops grown in China. The cultivated area of 
this vegetable crop was reported to be 2.62 million  hm2, 
which represents 14.4% of the total cultivated area of veg-
etables [31]. Due to its significant economic value, Chi-
nese cabbage was considered to be a suitable vegetable 
for this study. The objectives of the study were as follows: 
(1) to investigate the change in biomass, root activity 
and MDA content in Chinese cabbage, and soil micro-
bial community at different growth stages under pyrene 
stress; (2) to analyze how pyrene influence the biomass of 
Chinese cabbage; (3) to assess the potential health risks 
to adults of ingesting Chinese cabbage at different growth 
stages after the vegetable had been grown in pyrene-pol-
luted soil.

Materials and methods
Experimental materials
The experimental soil was cinnamon soil that had been 
collected from typical vegetable production land in Bei-
jing. The air-dried soil at room temperature was crushed 
and passed through a 3-mm sieve prior to the experi-
ment. Its main chemical properties were as follows: soil 
organic matter, 5%; pH, 8.42; total nitrogen, 1.09 g  kg−1; 
total phosphorus, 0.93  g  kg−1. Seeds of Brassica camp-
estris L. were obtained from the Institute of Vegetable 
and Flowers, Chinese Academy of Agricultural Sciences, 
China. Pyrene (> 98% purity) was purchased from Aldrich 
Chemical Cooperation.

Experimental methods
Preliminary experiment
A preliminary experiment was performed in order to 
determine appropriate concentration ranges of pyrene 
for testing in a definitive dose–response study [32]. 
Briefly, the test plants were exposed to a pyrene con-
centration series of 1, 10, 100, and 1000  mg  kg−1. A 
50 g soil containing the required concentration of pyr-
ene was added to a 10-cm petri dish, and 15 seeds of 
the test plant were then placed in the soil. Each treat-
ment was replicated three times. The petri dishes were 
placed in an incubator and maintained at 25 ± 0.5℃ and 
80% humidity, in total darkness. Water loss from petri 
dishes was monitored daily by weighing, and distilled 
water was added if necessary. The preliminary experi-
ment was terminated when the length of the growing 
radicle in the control reached 20  mm. The percentage 
germination of seeds was determined and the lengths 

of the roots were measured. The pyrene concentrations 
that caused 50% inhibition  (EC50) and 10% inhibition 
 (EC10) were used to evaluate toxicity.  EC50 (470.46 mg 
 kg−1) and  EC10 (2.83 mg  kg−1) were determined based 
on the concentration of pyrene as a function of the rate 
of inhibition of root elongation (Additional file  1: Fig. 
S1), and pyrene concentrations within this range were 
applied to the soil in the main experiment.

Main experiment
Based on the results of the preliminary experiment, 
pyrene concentrations of 0, 5, 15, 45, 135 and 405  mg 
 kg−1 were used in the main experiment. To obtain the 
soil with above-mentioned pyrene concentration, pyr-
ene was first dissolved in acetone and added to the soil 
to 3500 mg  kg−1. The treated soil was then placed under 
a laboratory fume hood until the soil become dry, after 
which it was stored in the dark at 4℃. Treated soil was 
subsequently homogenized with non-contaminated soil 
in proportions that would give a final soil pyrene con-
centration of 5, 15, 45, 135 and 405  mg  kg−1. The soil 
samples containing fixed concentrations of pyrene were 
then passed through a 3-mm sieve to ensure homoge-
neity of the mixture, before being packed in pots (23-
cm diameter top, 18-cm diameter base), with 7 kg dry 
weight of soil per pot, and adjusted to 50% water-hold-
ing capacity [33]. Soil without pyrene addition was used 
as the control treatment (CK). For removing the sur-
face microbes, seeds of Chinese cabbage were sterilized 
in 75% (v/v) alcohol for 5  min, washed with ultrapure 
water, and soaked in water for 1  h. A total of 15 uni-
form seeds were selected and planted in each pot. One 
seedling was retained at the cotyledon stage. The posi-
tions of pots were changed randomly in order to avoid 
the effects of non-uniform illumination, and each treat-
ment was replicated nine times. Plants were grown 
for 25, 50 and 75  days (corresponding to the seedling, 
rosette and heading stages, respectively) [34], and plant 
growth characteristics were then evaluated. Three pots 
for each treatment were harvested at the seedling stage, 
the rosette stage and the heading stage.

Plant samples collected at each developmental stage 
were carefully removed from the soil, washed with 
ultrapure water, weighed, and separated into root 
and above-ground parts. A part of plant samples was 
freeze-dried, pulverized and stored − 20℃ for the 
analysis of pyrene. Another part of plant samples was 
for the analysis of root activity and MDA. Soil samples 
were collected and divided into two portions, one was 
stored at − 80℃ for microbial analysis. Another was 
freeze-dried, ground to a powder and placed at − 20℃ 
for the analysis of pyrene.
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Determination of pyrene in soil and plants
Pyrene in soil and plant samples was extracted and puri-
fied as described by Zhu and Zhang [35]. Ultrasonic 
method was used to extract pyrene in soil and plant sam-
ples. Solid-phase extraction columns were used to clean 
the extracts, and the pyrene concentration was detected 
by gas chromatography–mass spectrometry (Thermo 
Fisher Trace1300 ISQ). Detailed extraction and clean-up 
procedures are described in the supporting information 
(Additional file 1: Text S1).

Determination of root activity and malonaldehyde (MDA) 
levels
Root activity was determined by measuring oxidation 
of alpha-naphthylamine (α-NA) [36]. MDA levels were 
measured using a plant MDA assay kit (Beijing Leag-
ene Biotech Co., Ltd, Beijing, China), according to the 
manufacturer’s instructions. The detailed procedures are 
described in Additional file 1: Text S2.

Soil DNA extraction, PCR amplification and sequencing
Soil microbial genomic DNA was extracted from 0.25 g 
samples of soil using a DNA extraction kit (MOBIO Pow-
erSoil® DNA Isolation Kit USA). DNA concentration and 
purity were determined using a NanoDrop One spectro-
photometer (NanoDrop Technologies Inc., Wilmington, 
DE, USA). Bacterial and fungal community structure 
in soil was determined by high-throughput sequencing 
technology. The detailed procedures are described in 
Additional file 1: Text S3.

Health risks associated with pyrene in Chinese cabbage
The potential effects of PAHs on health were quanti-
tatively analyzed using the toxicity equivalency fac-
tor (TEF) calculated from the toxicity of benzo[a]
pyrene (B[a]P) [37]. The carcinogenic risk of pyrene was 
expressed in terms of its B[a]P equivalent concentration 
(BEC) as:

where C is the concentration of pyrene in Chinese cab-
bage shoot tissue, and  TEFp is the corresponding toxic 
equivalency factor for pyrene (TEFp = 0.001) [38].

Daily dietary pyrene exposure level (ED) was calculated 
as:

where BEC is the  B[a]Peq in Chinese cabbage (μg/kg), 
and IR is the amount of Chinese cabbage ingested daily 
(g/day). According to Zhai and Yang [39], the aver-
age amount of dark green leafy vegetables ingested was 
76.2  g/day for men and 75.5  g/d day for women. Chi-
nese cabbage accounts for approximately 10% of dark 

BEC = C× TEFP ,

ED = BEC× IR,

leafy greens ingested in the daily diet. Thus the average 
amount of Chinese cabbage ingested daily is estimated to 
be 7.62 g/day for men and 7.55 g/day for women.

The incremental lifetime cancer risk (ILCR) associated 
with dietary exposure to PAH was calculated as:

where EF is the exposure frequency (365 days/year), ED 
is the exposure duration (70 years), SF is the oral cancer 
slope factor for benz[a]pyrene (7.3 mg/kg/day) [40], CF is 
a conversion factor  (10–6 mg/ng), BW is the body weight, 
and AT is the average lifespan (25,550  days); the aver-
age body weight is estimated to be 62.82 kg for men and 
54.73 kg for women [41].

Data analysis
One-way ANOVA followed by Duncan’s multiple com-
parison was used to analyze the effects of pyrene on 
root and shoot fresh weight, root activity, MDA, and soil 
microbial abundance and diversity. All statistical analyses 
were performed using Microsoft Excel 2007 and SPSS 19 
(SPSS Inc., Chicago, USA). The results were expressed as 
mean values ± standard deviation.

Structural equation modeling (SEM) analysis was used 
to investigate the direct and indirect effects of pyrene on 
Chinese cabbage biomass. The first step of SEM analysis 
required the building of a priori model [42] based on the 
known effects and relationships between different factors 
that affect biomass. SEM analysis was performed in IBM 
SPSS Amos 21 (SPSS Inc., Chicago, USA) using maxi-
mum likelihood. The adequacy of the model fitting was 
assessed via Chi-square (χ2) test (P > 0.05), Chi-square/
degree of freedom (χ2/df; traditionally χ2/df < 3), compar-
ative fit index (CFI; traditionally CFI > 0.90), goodness-of-
fit (GFI; traditionally GFI > 0.90) and root square mean 
error of approximation (RSMEA; the model has a good fit 
when RMSEA is near 0).

Results and discussion
Pyrene dissipation in soil and uptake by plants
The concentration of residual pyrene in soil decreased 
(Fig.  1a, Additional file  1: Table  S1), while the dissipa-
tion ratio of pyrene increased irrespective of pyrene dose 
with increasing duration of plant growth (Fig.  1b). This 
increased dissipation ratio of pyrene in soil over time 
was mainly due to the biodegradation of pyrene by soil 
microorganisms. Similarly, El Amrani et al. reported that 
the removal of soil PAHs might be a result of rhizodeg-
radation of these compounds [43]. Although plant could 
also uptake pyrene, it only accounted for small fraction 
[14]. Therefore, microbial degradation was a major con-
tributor to the dissipation of pyrene. Sun et al. reported 
that the pyrene concentration in nonsterile soil was 

ILCR = ED × EF × ED × SF × CF/(BW × AT ),
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significantly lower than that in sterile soil [44], which 
suggested that indigenous microorganisms play a key role 
in the degradation process. In addition, the soil in which 
Chinese cabbage were growing had higher indigenous 
bacterial relative abundance and diversity compared with 
the unplanted soil (Table  1, Additional file  1: Table  S2). 
Thus, the degradation of pyrene was accelerated. In fact, 
plant roots could release exudates into the soil, result-
ing in an increase in microbial activity and diversity [45], 
as these exudates contain soluble organic and inorganic 
compounds that provide a carbon source for the micro-
bial population [46].

As shown in Fig. 1c, the pyrene concentration in Chi-
nese cabbage increased as the dose of pyrene applied to 
the soil increased, irrespective of developmental stage, 
but that it decreased with growing time irrespective of 
the pyrene dose in the soil. This result was similar to the 

findings of previous studies [22, 35]. One possible expla-
nation for it was the growth dilution effect caused by an 
increase in plant biomass with growth time (Fig.  3c, d). 
Another possible reason was that the extractable propor-
tion of pyrene in the soil decreased as the growth time 
increased (Fig. 1a).

Effect of pyrene on the microbial community
Soil microbial abundance and diversity
We observed that soil microbial abundance had obvious 
differences, which were associated to pyrene dose and 
plant growth stage (Table  1). The soil bacterial abun-
dance, as expressed by the Chao1 index, reached at a 
maximal value with the pyrene dose of 5  mg  kg−1, and 
then declined with increasing pyrene concentration at 
all growth stages. This could be explained by the fact that 
the low pyrene concentration promoted the secretion of 

Fig. 1 Residual pyrene concentration (a), dissipation ratio of pyrene (b) in soil and pyrene concentration in Chinese cabbage (c) at different growth 
stages of Chinese cabbage. Values are means ± standard errors of three replicates
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root exudates [47], which may serve as a source of nutri-
ents for the growth and survival of soil microorganisms 
[22]. Root exudates have been reported to have an impor-
tant influence on the soil bacterial community, and may 
increase soil bacterial richness [48]. The bacterial com-
munities from the soil that had been treated with 405 mg 
 kg−1 pyrene at all three plant growth stages had the low-
est Chao 1 index compared with the control (p < 0.05) 
(Table  1), which indicated that high doses of pyrene 
decrease soil bacterial richness. These results were con-
sistent with previous findings [49, 50], which could be 
ascribed to the toxic effects of high doses of PAHs on 
microbes [51]. The soil bacterial diversity expressed by 
Shannon index in the treatment of 15, 45 and 405  mg 
 kg−1 was significantly lower compared with CK at the 
seedling stage. However, no significant differences were 
observed at the rosette and the heading stages.

No significant differences in soil fungal abundance were 
observed between each of the treatments at the seedling 
and rosette stages. The level of soil fungal abundance was 
slightly higher for the treatment with 5 mg  kg−1 pyrene 
than for CK at the heading stages, and significantly lower 

for the treatments with 45 and 135 mg  kg−1 pyrene than 
for CK at the heading stage (Table  1). This finding sug-
gested that low doses of pyrene have a slight stimulatory 
effect on fungal activity, whereas the stress of long-term 
high doses significantly inhibits such activity. The marked 
change in soil fungal abundance was observed in the 
heading stage but not in the earlier stages, and could be 
related to exposure time. Compared with the control, 
lower soil fungal Shannon index at seedling stage were 
found with the treatments of 5, 15 and 45 mg  kg−1, but 
the higher Shannon index were observed with the treat-
ments of 135 and 405 mg  kg−1 (Table 1). There were no 
significant differences between the control and treat-
ments at the rosette and heading stages.

Soil microbial community composition
To determine whether specific phylotypes are associated 
with the fate of pyrene, the relative abundance of and net 
differences among the phylotypes were further summa-
rized at the taxonomic level of phylum (Fig. 2, Additional 
file  1: Fig. S2). Bacterial phyla included Proteobacteria, 
Bacteroidetes, Acidobacteria, Actinobacteria, Chloroflexi, 
Cyanobacteria, Planctomycetes, Verrucomicrobia, Nitro-
spirae, Firmicutes, Patescibacteria and Gemmatimona-
detes (Additional file 1: Fig. S2a). Proteobacteria was the 
most abundant, consistent with previous study in which 
this phylum dominated the bacterial community [52]. All 
of the fungi identified in this study belong to five distinct 
phyla, namely Ciliophora, Ascomycota, Basidiomycota, 
Chytridiomycota, and Chlorophyta (Additional file 1: Fig. 
S2b). Members of the Ascomycota were the most abun-
dant fungi across all soil samples (Additional file 1: Fig. 
S2b), which was consistent with previous findings [53].

Pyrene had a relatively stronger effect on the microbial 
phylotypes, and the effect was dose and time depend-
ent (Fig. 2). For bacteria, 6 of the 12 phyla showed a sig-
nificant increase in relative abundance with at least one 
dose of pyrene at seedling stage. Specifically, the rela-
tive abundance of Actinobacteria and Chloroflexi was 
significantly increased at a pyrene concentration of 15 
mg  kg−1, that of Cyanobacteria, Nitrospirae and Fir-
micutes was significantly increased at 135 mg  kg−1, and 
that of Patescibacteria was significantly increased at 405 
mg  kg−1. Three phyla showed a significant decrease in 
relative abundance with at least one dose of pyrene. For 
example, Bacteroidetes and Acidobacteria were signifi-
cantly decreased at pyrene concentrations of 15, 45 and 
135 mg  kg−1, whereas only Acidobacteria exhibited a 
significant decrease at a pyrene concentration of 405 mg 
 kg−1; Planctomycetes were significantly reduced at 405 
mg  kg−1. Until the rosette stage, the effect of low-dose 
pyrene (5-45 mg  kg−1) on the relative abundance of bac-
teria was very weak, with the exception of Cyanobacteria, 

Table 1 Chao1 and Shannon–Weiner indices showing diversity 
of soil microbial communities at different developmental stages 
of Chinese cabbage

Values are means ± standard errors of three replicates. Different letters indicate 
significant differences between treatments at the same developmental stage 
(p < 0.05)

Treatment 16S ITS

Chao1 Shannon Chao1 Shannon

Seedling stage

0 1970 ± 37a 8.09 ± 0.02a 402 ± 31a 1.66 ± 0.13c

5 2008 ± 54a 8.05 ± 0.17a 369 ± 33a 1.17 ± 0.16d

15 1964 ± 67a 7.60 ± 0.30b 391 ± 14a 1.14 ± 0.30d

45 1773 ± 56b 7.43 ± 0.15b 407 ± 49a 1.14 ± 0.09d

135 1988 ± 17a 8.06 ± 0.24a 399 ± 7a 2.09 ± 0.18b

405 1722 ± 8b 7.57 ± 0.29b 382 ± 6a 3.35 ± 0.22a

Rosette stage

0 1837 ± 39b 7.75 ± 0.51ab 431 ± 35a 1.90 ± 0.11ab

5 2183 ± 66a 8.35 ± 0.15a 392 ± 44a 1.52 ± 0.35b

15 2189 ± 11a 7.93 ± 0.63ab 402 ± 28a 1.68 ± 0.39b

45 2149 ± 23a 8.10 ± 0.28ab 400 ± 34a 1.32 ± 0.36b

135 1823 ± 56b 7.76 ± 0.62ab 396 ± 18a 1.88 ± 0.26ab

405 1716 ± 82c 7.36 ± 0.37b 387 ± 11a 2.35 ± 0.41a

Heading stage

0 2001 ± 16c 8.07 ± 0.18ab 378 ± 25ab 1.89 ± 0.01ab

5 2353 ± 51a 8.62 ± 0.07a 395 ± 12a 1.77 ± 0.17ab

15 2102 ± 88b 8.05 ± 0.78ab 367 ± 73ab 1.67 ± 0.41ab

45 2069 ± 50bc 7.93 ± 0.50ab 292 ± 14c 1.79 ± 0.34ab

135 2084 ± 27bc 8.20 ± 0.65ab 276 ± 44c 1.51 ± 0.30b

405 1658 ± 49d 7.44 ± 0.57b 321 ± 19bc 2.27 ± 0.54a
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which showed a significant increase in relative abun-
dance. A total of four phyla, namely Proteobacteria, 
Cyanobacteria, Patescibacteria and Nitrospirae, exhib-
ited a significant increase in relative abundance at a pyr-
ene concentration of 405 mg  kg−1, whereas Chloroflexi 
showed a significant reduction. After the heading stage, 
low-dose pyrene (5-45 mg  kg−1) had little effect on the 
relative abundance of any of the bacterial phyla except 
for Bacteroidetes. However, significant changes were still 
observed in six phyla at pyrene concentrations of 135 and 
405 mg  kg−1.

Although a high dose (405 mg  kg−1) of pyrene reduced 
the bacterial abundance, some specific phylotypes (e.g., 
Proteobacteria and Patescibacteria) still showed strong 
enrichment (Table  1; Fig.  2). This suggested that these 
phyla could use the pyrene as a carbon or energy source 
for growth, resulting in pyrene degradation. This find-
ing was consistent with the study by Ren et  al., who 
observed that soil bacterial richness decreased at high 
doses of pyrene, while contrary result was found that 
the bacterial richness of some specific phylotypes, such 
as Betaproteobacteria and Gammaproteobacteria, were 
significantly increased at high doses of pyrene [54]. Pro-
teobacteria have been found to be predominant in PAH-
polluted soils, and are capable of degrading complex 
organic molecules, enabling these bacteria to adapt to 
different environments [55]. The decrease in abundance 
of Acidobacteria at seedling stage (Fig. 2) demonstrated 
that they were more sensitive to pyrene, but their level 

of abundance remained stable over time, indicating that 
Acidobacteria gradually adapt to pyrene-induced stress.

At the taxonomic level of genus, a total of 44 bacterial 
genera were identified from all soil samples (Additional 
file  1: Fig. S3). Among them, four conventional genera 
related to pyrene removal were identified, namely Myco-
bacterium [56], Bacillus [57], Rhodococcus [58] and Pseu-
doxanthomonas [59]. However, in the present study these 
genera were not dominant in soil treated with low doses 
(5–45  mg  kg−1) of pyrene; their relative abundance was 
0.09–0.18% for Bacillus, 0.06–0.11% for Mycobacterium, 
0.03–0.12% for Pseudoxanthomonas and 0.02–0.04% for 
Rhodococcus. Furthermore, the relative abundance of 
these four genera was not significantly different from that 
of the control (Additional file 1: Fig. S5), demonstrating 
that these four genera may not be active in pyrene dissi-
pation. However, there was significant dissipation of pyr-
ene in soil that had been treated with low doses of pyrene 
(Fig.  1b). Bacosa and Inoue also observed that pyrene 
degradation occurred in a sediment in the absence of pyr-
ene-degrading genera [60]. This might be due to the PAH 
dioxygenase gene, which has a key role in PAH degrada-
tion, being carried by other dominant bacterial groups 
[49]. This gene has been reported to spread rapidly in 
bacteria by horizontal gene transfer [61]. The dissipation 
of pyrene in soil that has been treated with high doses 
of that compound can be attributed to the enrichment 
of Mycobacterium, Rhodococcus, Pseudoxanthomonas 
and other genera belonging to the Proteobacteria, as the 

Fig. 2 Differences in relative abundance of fungi and bacteria at the phylum level between pyrene-treated soils and control soils. The net difference 
was calculated by the relative abundance under pyrene-treated soils minus that under control soils. Error bars represent standard error of the means 
(n = 3). Percentage values in parentheses denote the relative abundance in the control treatment. + , increase in relative abundance compared with 
the control; –, decrease in relative abundance compared with the control. *, significant differences at p < 0.05; NS, no significant difference (p > 0.05)



Page 8 of 15Yang et al. Chem. Biol. Technol. Agric.             (2022) 9:7 

relative abundance of these three genera and other Pro-
teobacteria in soil treated with high doses of pyrene was 
significantly greater than that in other soils (Fig. 2, Addi-
tional file 1: Fig. S5).

With regard to fungal phyla, the relative abundance of 
Chytridiomycota and Ciliophora was significantly lower 
at all of the pyrene doses compared with the control, with 
the exception of Ciliophora at a pyrene dose of 135  mg 
 kg−1 (Fig. 2), indicating that these fungi were more sus-
ceptible to pyrene. The other three phyla, namely Asco-
mycota, Basidiomycota and Chlorophyta, showed a 
significant increase in relative abundance at high doses 
of pyrene. These three phyla may have mechanisms that 
enable them to resist toxic PAHs. For example, some gen-
era in the Ascomycota are able to degrade hydrocarbon 
contaminants by secreting non-specific fungal enzymes 

[62]. At rosette stage, the relative abundance of Asco-
mycota was significantly reduced by all doses of pyrene; 
the abundance of Ciliophora was significantly decreased 
at 5 mg  kg−1, 15 mg  kg−1 and 405 mg  kg−1. At heading 
stage, the relative abundance of Ascomycota, Chytridi-
omycota and Ciliophora was significantly decreased at 
low doses (5–45 mg  kg−1) of pyrene, with the exception 
of Ascomycota at 45 mg  kg−1, which showed a significant 
increase in relative abundance. Ascomycota, Chytridi-
omycota and Basidiomycota were significantly increased 
at specific high doses of pyrene (Ascomycota and Basidi-
omycota at 405 mg  kg−1, and Chytridiomycota at 135 mg 
 kg−1). At genus level, some fungal genra, such as Fusar-
ium and Aspergillus (Additional file 1: Fig. S4), belong to 
plant mycorrhizal symbiotic fungus [63].

Fig. 3 Effects of pyrene dose on root activity (a), MDA content (b), root fresh weight (c) and shoot fresh weight (d) of Chinese cabbage at seedling, 
rosette and heading stages. Values are means ± standard errors of three replicates. Lower-case letters indicate significant differences between 
treatments at the same growth stage (p < 0.05)
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Effect of pyrene on root activity, MDA content and biomass
Root activity
The effects of pyrene on root activity of Chinese cab-
bage at different growth stages are shown in Fig.  3a. 
At seedling stage, the root activity of plants grown in 
soils that had been treated with a pyrene dose of less 
than 45  mg  kg−1 showed an initial increase followed 
by a slight decrease. The root activity of Chinese cab-
bage increased to a maximum value of 173.8  μg   g−1 
root FW·h−1 at treatment with 45  mg  kg−1 pyrene, 
and subsequently the root activity decreased as the 
pyrene dose increased further. At rosette stage, root 
activity showed a similar change to that observed 
at seedling stage, However, it reached a maximum 
value (168.7  μg   g−1root FW·h−1) at a pyrene dose of 
5  mg  kg−1. At heading stage, the root activity initially 
increased and then decreased, and it reached a maxi-
mum value (117.0  μg   g−1root FW·h−1) for the treat-
ment with 5 mg  kg−1 pyrene. Zhen et al. also observed 
that lower doses of PAHs promoted plant root activ-
ity [19]. This could be attributed to PAH degradation 
processes.

For all growth stages, the lowest root activity was 
observed for the treatment with 405  mg  kg−1 pyrene. 
Moreover, for the rosette and heading stages, but not 
the seedling stage, there were significant differences 
(p < 0.05) in root activity between the control and the 
treatment with 405  mg  kg−1 pyrene (Fig.  3a). There 
were two possible reasons for the decrease in root 
activity at higher pyrene concentrations. First, pyrene 
could permeate the plant roots, destroy the root vas-
cular tissue, and thus inhibit plant growth [64]. Sec-
ond, the accessibility of soil inorganic nitrogen might 
be decreased. Jiang et al. have noted that the presence 
of PAHs in soil usually decreases the availability of dis-
solved inorganic nitrogen to plants, thus impairing root 
growth and decreasing root activity [65].

Malondialdehyde (MDA) content
As a product of membrane lipid peroxidation, MDA is 
an important indicator of cell membrane injury [20]. 
Its accumulation is a physiological response of plants 
to higher concentrations of PAHs [10]. In the present 
study, MDA levels in the leaves of Chinese cabbage at 
rosette and heading stages increased with rising pyr-
ene concentration, whereas at seedling stage the MDA 
levels initially increased, then decreased, and finally 
increased again (Fig.  3b). The MDA content of plants 
exposed to 405 mg  kg−1 pyrene was significantly higher 
than the control value at all growth stages (p < 0.05), 
indicating that lipid peroxidation had occurred. Jafari 
et  al. reported that accumulation of high levels of 

PAHs and overcoming antioxidant system in plants can 
increase lipid peroxidation and MDA content [66]. In 
response to oxidative stress caused by ROS, chloroplast 
ascorbate peroxidase (APX1) plays a key role at the 
molecular level [67]. In addition, high ROS levels may 
have caused the observed decrease in plant biomass. 
Furthermore, MDA levels decreased for all soil treat-
ments during the growth period, suggesting that the 
stress effects of pyrene on Chinese cabbage gradually 
diminished.

Biomass
The root fresh weight of Chinese cabbage increased 
with all treatments during the growth period (Fig.  3c). 
At seedling stage and rosette stage, the maximum val-
ues of root fresh weight were observed at treatment with 
15  mg  kg−1 pyrene (2.8  g/pot for seedling stage, 220% 
higher than CK; 13.1 g/pot for rosette stage, 183% higher 
than CK) and it decreased with the increasing pyrene 
dose afterwards. At heading stage, the root fresh weight 
showed a similar change with those observed at seedling 
and rosette stage, however it reached a maximum value 
(13.1 g/pot, 20% higher than CK) for the treatment with 
5  mg  kg−1 pyrene. Significant differences in root fresh 
weight at seedling and rosette stages were observed 
between the control and the treatment with 15 mg  kg−1 
pyrene (Fig.  3c). The minimum root fresh weight at 
all growth stages was observed for the treatment with 
405 mg  kg−1 pyrene (66, 43 and 41% lower than CK for 
seedling stage, rosette stage and heading stage, respec-
tively) (Fig. 3c).

The shoot fresh weight also increased with all treat-
ments during the growth period (Fig. 3d). The maximum 
values of soot fresh weight were 52.6 g/pot (63% higher 
than CK) at the seedling stage with the treatment of 5 mg 
 kg−1 pyrene, 194.9 g/pot at the rosette stage (97% higher 
than CK) with the treatment of 15 mg  kg−1 pyrene, and 
368.1  g/pot (55% higher than CK) at the heading stage 
with the treatment of 45 mg  kg−1 pyrene. The minimum 
shoot fresh weight at all growth stages was observed for 
the treatment with 405  mg  kg−1 pyrene (91%, 43% and 
46% lower than CK for seedling stage, rosette stage and 
heading stage, respectively) (Fig. 3d).

There was a significant dose–effect relationship 
between pyrene concentration and biomass, with an 
increase in biomass observed at intermediate pyrene 
concentrations (5  mg  kg−1 at seedling stage, 15  mg 
 kg−1 at rosette stage, and 45  mg  kg−1 at heading 
stagey) but a decrease at high pyrene concentrations 
(405 mg  kg−1 for all growth stages) (Fig. 3c, d). These 
findings were in contrast to those reported by Gao and 
Zhu, who observed that the root and shoot biomass 
of Chinese cabbage (Brassica parachinensis Bailey) 
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decreased as the soil pyrene concentration (0–489 mg 
 kg−1) increased after 45 days of incubation [33]. These 
conflicting findings might be partly attributed to the 
use of different varieties of Chinese cabbage. It was 
possible that the stimulatory effect of low concentra-
tions of pyrene (5–45 mg  kg−1) on the biomass of Chi-
nese cabbage (Fig. 3c, d) was due to pyrene acting as a 
plant growth promoter [12], as PAHs show some struc-
tural similarities to endogenous plant hormones. On 
the one hand, low PAH concentrations could increase 
root activity (Fig.  3a), enabling adequate uptake of 
nutrients and water to the aerial parts of the plant, and 
thus stimulating plant growth. On the other hand, low 

levels of PAHs could promote the secretion of organic 
acids by the roots [68], which in turn increase soil 
nutrient solubility [69], and enhance nutrient transfer 
from the soil environment to roots by ion exchange 
[70]. The significant reduction in root and shoot bio-
mass of plants grown in soil treated with a high con-
centration of pyrene (405 mg  kg−1) (Fig. 3c, d) could be 
attributed to the inherent toxicity of pyrene. Contam-
ination of soils with high levels of PAHs reduces the 
ability of plants to take up water and nutrients, impairs 
transport across cell membranes, and inhibits photo-
synthetic activity and electron transport, thereby lead-
ing to a decline in biomass production [71].

Fig. 4 Structural equation model describing the effects of low doses (5–45 mg  kg−1) (a, b) and high doses (135–405 mg  kg−1) (c, d) of pyrene on 
growth of Chinese cabbage. Arrows depict casual relationships, red lines indicate positive effects, and black lines indicate negative effects. Arrow 
widths are proportional to p values. Dotted grey arrows indicate nonsignificant paths (p > 0.05). ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. Biomass is the sum 
of root fresh weight and shoot fresh weight. RA, root activity; MDA, malondialdehyde
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Structural equation modeling (SEM) analysis of the effects 
of pyrene on biomass
SEM was used to gain a more detailed understanding of 
the direct and indirect effects of soil pyrene, root activ-
ity, MDA levels and the microbial community on the 
biomass of Chinese cabbage. The results indicated that 
low doses of pyrene (5–45  mg  kg−1) increased the bio-
mass, whereas high doses (135–405  mg  kg−1) reduced 
it. Therefore all treatments were divided into low-dose 
and high-dose groups for SEM analysis. A satisfac-
tory fit was confirmed for the two SEMs (χ2/df = 1.298, 
P = 0.211, CFI = 0.909, GFI = 0.975, RSMEA = 0.079 for 
low doses of pyrene; χ2/df = 1.270, P = 0.324, CFI = 0.900, 
GFI = 0.992, RSMEA = 0.070 for high doses of pyrene) 
(Fig. 4).

SEM analysis identified four effects of low doses of 
pyrene (5–45 mg·kg−1) on growth of Chinese cabbage 
(Fig.  4a). (1) Low doses of pyrene in the soil directly 
induced an increase in root activity (λ = 0.35, p < 0.05), 
and this in turn directly promoted plant growth 
(λ = 0.64, p < 0.001). (2) The soil pyrene-induced 
increase in root activity had a direct positive effect 
on bacterial abundance (λ = 0.45, p < 0.01), where-
after bacterial abundance directly promoted plant 
growth (λ = 0.42, p < 0.01). (3) The soil pyrene-induced 
increase in root activity had a negative effect on fungal 
diversity (λ = −  0.35, p < 0.01), which in turn directly 
increased plant growth (λ = 0.18, p < 0.05). (4) Low 
doses of pyrene in the soil induced a decrease in fungal 
abundance (λ = −  0.35 p < 0.01), which in turn inhib-
ited plant growth (λ = −  0.53, p < 0.001). For the total 
standardized effects, the most important positive fac-
tor promoting plant growth was root activity, followed 
by bacterial abundance. The most important negative 
factor inhibiting plant growth was fungal abundance, 
followed by bacterial diversity (Fig.  4b). Thus low 
doses of pyrene appear to influence plant growth pre-
dominantly by directly affecting root activity. Interest-
ingly, the decrease in fungal abundance had a negative 
effect on plant biomass. This result might be due to 
fungal pathogens competing with the plant for nutri-
ents. In the present study, the fungal genus Fusarium, 
which is an important plant pathogen, was identified 
(Additional file 1: Fig. S4). Plant pathogens can directly 
utilize nutrients in plant roots, reducing the ability of 
the plant to absorb nutrients and thus having a nega-
tive effect on plant growth [72].

SEM analysis identified three effects of high doses of 
pyrene (135–405 mg·kg−1) on growth of Chinese cab-
bage (Fig.  4c). (1) High doses of pyrene had a direct 
negative effect on root activity (λ = −  0.67, p < 0.001), 
and this in turn directly affected plant pyrene lev-
els (λ = 0.31, p < 0.05), exacerbating cell membrane 

damage as indicated by high levels of MDA (λ = 0.77, 
p < 0.001), which in turn inhibited plant growth 
(λ = −  0.47, p < 0.001). (2) High doses of pyrene 
induced a decrease in bacterial abundance (λ = −  66, 
p = 0.001), which in turn inhibited plant growth 
(λ = 0.34, p = 0.001). (3) High doses of pyrene directly 
affected fungal abundance (λ = 0.888, p < 0.001) and 
also indirectly affected it by inhibiting root activity 
(λ = −  0.67, p < 0.001), which in turn inhibited plant 
growth (λ = −  0.35, p < 0.01). For the total standard-
ized effects, the most important factors inhibiting 
plant growth were bacterial abundance and fungal 
abundance (Fig. 4d). Although root activity had a non-
significant direct effect on plant biomass, it was still a 
major factor, because root activity had a strong influ-
ence on fungal abundance and plant pyrene levels, and 
its total effects for biomass were highest (Fig. 4c, d).

Health risks associated with ingestion of Chinese cabbage
Chinese cabbage is one of the most popular vegetables 
consumed on a daily basis in China. Vegetables grown on 
farmland polluted with PAHs have been found to present 
a major health risk to local people. The incremental life-
time cancer risk (ILCR) has been widely used to assess 
the potential health hazards for people who are exposed 

Table 2 Incremental lifetime cancer risk (ILCR) for adults 
associated with ingestion of Chinese cabbage at different growth 
stages

Values are means of three replicates

Growth stage Treatment ILCR

Male Female

Seedling stage 0 5.31 ×  10–7 6.04 ×  10–7

5 1.53 ×  10–6 1.74 ×  10–6

15 3.69 ×  10–6 4.20 ×  10–6

45 5.37 ×  10–6 6.11 ×  10–6

135 2.35 ×  10–5 2.67 ×  10–6

405 3.89 ×  10–5 4.43 ×  10–5

Rosette stage 0 7.62 ×  10–7 8.66 ×  10–7

5 1.12 ×  10–6 1.28 ×  10–6

15 1.49 ×  10–6 1.69 ×  10–6

45 5.93 ×  10–7 6.11 ×  10–6

135 1.20 ×  10–6 1.36 ×  10–6

405 1.81 ×  10–5 2.06 ×  10–5

Heading stage 0 2.39 ×  10–7 2.71 ×  10–7

5 3.19 ×  10–7 3.63 ×  10–7

15 3.63 ×  10–7 4.13 ×  10–7

45 6.55 ×  10–7 7.45 ×  10–7

135 8.32 ×  10–7 9.47 ×  10–7

405 1.09 ×  10–5 1.24 ×  10–5
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to contaminants through the ingestion of food [73]. An 
ILCR value of less than  10–6 is considered to represent an 
acceptable or negligible level of risk, values between  10–6 
and  10–4 indicate a potential risk, and values higher than 
 10–4 indicate a serious risk [74].

There were clear differences in ILCR values, which 
were dependent on the soil pyrene concentration and 
the plant growth stage, with ILCR decreasing as the 
plant growth period increased (Table 2). At the seedling 
stage, the ILCR values associated with dietary exposure 
to pyrene were in the range  10–6–10–4, and suggested 
that there was a potential risk to health regardless of 
gender. At the rosette stage, the ILCR values for dietary 
exposure to pyrene were in the range  10–6–10–4, except 
for the treatment with 135  mg   kg−1 pyrene, for which 
the ILCR value was lower, at  10–6. At the heading stage, 
the ILCR values estimated for ingestion of Chinese cab-
bage grown in soils treated with pyrene at a dose of 
405 mg  kg−1 were higher than the risk threshold  (10–6), 
indicating a potential risk to health irrespective of gen-
der. However, the ILCR values estimated for ingestion 
of plants grown in soils treated with pyrene doses of 
less than 135 mg  kg−1 were lower than the risk thresh-
old  (10–6), indicating that the health risk was accept-
able or negligible regardless of gender. On the whole, 
the estimated ILCR values for ingestion of Chinese cab-
bage that had been exposed to pyrene decreased as the 
growth period increased. In other words, the health 
risk of consumers who have the possibility to ingest the 
Chinese cabbage planted in pyrene-contaminated soil 
would be decreased with the increasing growth periods.

Conclusion
Different doses of pyrene cause substantial changes in 
the biomass of Chinese cabbage plants. Low doses of 
pyrene (5–45 mg  kg−1) promoted plant growth, but the 
highest dose of pyrene (405 mg  kg−1) caused significant 
inhibition of growth. The potential mechanisms associ-
ated with these effects on plant growth include changes 
in root activity, soil bacterial abundance and diversity, 
and MDA levels induced by pyrene. However, the effects 
of pyrene on Chinese cabbage growth were mainly 
attributed to changes in root activity induced by pyrene, 
because the relationship between pyrene dose and plant 
biomass was similar to that between pyrene dose and 
root activity. The SEM analysis further demonstrated 
that pyrene affected the growth of Chinese cabbage by 
directly altering root activity. The ILCR for ingestion of 
Chinese cabbage by adults generally varied according 
to the plant growth stage, being highest at the seedling 
stage, followed in decreasing order by the rosette and 
heading stages. This suggests that the longer time for 

Chinese cabbage grown in pyrene-contaminated soil, 
the lower the risk associated with ingestion of this veg-
etable. These results have implications for assessment 
of the risks of pyrene to ecological safety and human 
health. However, further studies are required to confirm 
the dose–effect relationship between pyrene concentra-
tion and Chinese cabbage growth on a field scale.

Abbreviations
MDA: Malondialdehyde; PAHs: Polycyclic aromatic hydrocarbons; RA: Root 
activity; ROS: Reactive oxygen species; TEF: Toxicity equivalency factor; B[a]
P: Benzo[a]pyrene; BEC: B[a]P equivalent concentration; ILCR: Incremental 
lifetime cancer risk; SEM: Structural equation modeling; χ2: Chi-square; χ2/df: 
Chi-square/degree of freedom; CFI: Comparative fit index; GFI: Goodness-of-fit; 
RSMEA: Root square mean error of approximation.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s40538- 021- 00280-1.

Additional file 1: Text S1. Determination of pyrene in soil and plants. 
Text S2. Determination of Root activity and malonaldehyde (MDA) levels. 
Text S3. Soil DNA extraction, PCR amplification and sequencing. Table S1. 
Measured concentration of pyrene after one week of aging (mg·kg-1). 
Table S2. Chao1 and Shannon–Weiner indices showing diversity of soil 
microbial communities without Chinese cabbage cultivation. Fig. S1. 
Effect of pyrene concentration on rate of inhibition of root elongation. 
Fig. S2. Composition of bacterial (a) and fungal (b) phyla in soils treated 
with different pyrene doses, at the seedling, rosette and heading stages. 
SS, seedling stage; RS, rosette stage; HS, heading stage. Fig. S3. Relative 
abundance (%) of detected bacteria at the genus level in soils treated with 
different doses of pyrene (Pyr) during the Chinese cabbage growth period. 
Fig. S4. Relative abundance (%) of detected fungi at the genus level in 
soils treated with different doses of pyrene (Pyr) during the Chinese cab-
bage growth period. Fig. S5. Dynamics of four pyrene-degrading bacterial 
genera (Mycobacterium, Bacillus, Rhodococcus and Pseudoxanthomonas) 
in soils treated with different concentrations of pyrene during the Chinese 
cabbage growth period.

Acknowledgements
Not applicable.

Authors’ contributions
XY: conceptualization, methodology, formal analysis, investigation and writ-
ing—original draft. ZH: conceptualization, writing—review and editing. XX: 
investigation. LH: investigation. RZ: investigation. BD: investigation. YL: concep-
tualization, funding acquisition, project administration, resources, supervision, 
writing—original draft, writing—review and editing.

Funding
This work was supported by the National Key Research and Development 
Project (No. 2016YFC0503604).

Availability of data and materials
All the data are included in manuscript and supplementary material.

Declarations

Ethics approval and consent to participate
This study does not involve any human, animal or endangered species.

Consent for publication
All co-authors have seen and agreed on the contents of the manuscript, and 
there is no financial interest to report.

https://doi.org/10.1186/s40538-021-00280-1
https://doi.org/10.1186/s40538-021-00280-1


Page 13 of 15Yang et al. Chem. Biol. Technol. Agric.             (2022) 9:7  

Competing interests
The authors declare that they have no known competing financial interests 
or personal relationships that could have appeared to influence the work 
reported in this paper.

Author details
1 Resource and Environmental College, University of Chinese Academy of Sci-
ences, Beijing 10049, China. 2 Sino-Danish College, University of Chinese Acad-
emy of Sciences, Beijing 100049, China. 3 Department of Plant and Environ-
mental Sciences, University of Copenhagen, Thorvaldsensvej 40, Frederiksberg 
C, 1871 Copenhagen, Denmark. 

Received: 27 September 2021   Accepted: 16 December 2021

References
 1. Kamal A, Cincinelli A, Martellini T, Malik R. A review of PAH exposure from 

the combustion of biomass fuel and their less surveyed effect on the 
blood parameters. Environ Sci Pollut Res. 2014;22:4076–98. https:// doi. 
org/ 10. 1007/ s11356- 014- 3748-0.

 2. Kelly BC, Gobas F. An arctic terrestrial food-chain bioaccumulation model 
for persistent organic pollutants. Environ Sci Technol. 2003;37:2966–74. 
https:// doi. org/ 10. 1021/ es021 035x.

 3. Wania F, Binnington MJ, Curren MS. Mechanistic modeling of persistent 
organic pollutant exposure among indigenous arctic populations: moti-
vations, challenges, and benefits. Environ Rev. 2017;25:396–407. https:// 
doi. org/ 10. 1139/ er- 2017- 0010.

 4. Zhang Y, Hou D, Xiong G, Duan Y, Cai C, Wang X, Li J, Tao S, Liu W. Struc-
tural equation modeling of PAHs in ambient air, dust fall, soil, and cab-
bage in vegetable bases of northern China. Environ Pollut. 2018;239:13–
20. https:// doi. org/ 10. 1016/j. envpol. 2018. 03. 084.

 5. Teng Y, Wu J, Lu S, Wang Y, Jiao X, Song L. Soil and soil environmental 
quality monitoring in China: a review. Environ Int. 2014;69:77–199. 
https:// doi. org/ 10. 1016/j. envint. 2014. 04. 014.

 6. Jia J, Bi C, Zhang J, Chen Z. Atmospheric deposition and vegetable 
uptake of polycyclic aromatic hydrocarbons (PAHs) based on experimen-
tal and computational simulations. Atmos Environ. 2019;204:135–41. 
https:// doi. org/ 10. 1016/j. atmos env. 2019. 02. 030.

 7. Houshani M, Salehi-Lisar S. Agronomic crop responses and tolerance 
to polycyclic aromatic hydrocarbon toxicity. Agronomic crops. Berlin: 
Springer; 2020. p. 265–83.

 8. Alkio M, Tabuchi T, Wang X, Colón-Carmona A. Stress responses to poly-
cyclic aromatic hydrocarbons in Arabidopsis include growth inhibition 
and hypersensitive response-like symptoms. J Exp Bot. 2005;56:2983–94. 
https:// doi. org/ 10. 1093/ jxb/ eri295.

 9. Shen Y, Li J, Gu R, Yue L, Xing B. Carotenoid and superoxide dismutase 
are the most effective antioxidants participating in ROS scavenging in 
phenanthrene accumulated wheat leaf. Chemosphere. 2018;197:513–25. 
https:// doi. org/ 10. 1016/j. chemo sphere. 2018. 01. 036.

 10. Liu H, Weisman D, Ye Y, Cui B, Huang Y, Colón-Carmona A, Wang Z. An 
oxidative stress response to polycyclic aromatic hydrocarbon exposure 
is rapid and complex in Arabidopsis thaliana. Plant Sci. 2009;176:375–82. 
https:// doi. org/ 10. 1016/j. plant sci. 2008. 12. 002.

 11. Andersson H, Piras E, Demma J, Hellman B, Brittebo E. Low levels of the air 
pollutant 1-nitropyrene induce DNA damage, increased levels of reactive 
oxygen species and endoplasmic reticulum stress in human endothelial 
cells. Toxicol. 2009;262:57–64. https:// doi. org/ 10. 1016/j. tox. 2009. 05. 008.

 12. Maliszewska-Kordybach B, Smreczak B. Ecotoxicological activity of soils 
polluted with polycyclic aromatic hydrocarbons (PAHs) - effect on plants. 
Environ Technol. 2000;21:1099–110. https:// doi. org/ 10. 1080/ 09593 330. 
2000. 96189 96.

 13. Ling W, Gao Y. Promoted dissipation of phenanthrene and pyrene in 
soils by amaranth (Amaranthus tricolor L.). Environ Geol. 2004;46:553–60. 
https:// doi. org/ 10. 1007/ s00254- 004- 1028-x.

 14. Meng F, Chi J. Interactions between Potamogeton crispus L. and phen-
anthrene and pyrene in sediments. J Soils Sediments. 2015;15:1256–64. 
https:// doi. org/ 10. 1007/ s11368- 015- 1080-z.

 15. Fernández-Luqueño F, López-Valdez F, Sarabia-Castillo CR, García-
Mayagoitia S, Pérez-Ríos SR. Bioremediation of polycyclic aromatic 
hydrocarbons-polluted soils at laboratory and field scale: a review of the 
literature on plants and microorganisms. In: Anjum N, Gill S, Tuteja N, 
editors. Enhancing cleanup of environmental pollutants. Berlin: Springer; 
2017. p. 43–64.

 16. Zhang J, Lin X, Liu W, Wang Y, Zeng J, Chen H. Effect of organic wastes 
on the plant-microbe remediation for removal of aged PAHs in soils. J 
Environ Sci. 2012;24:1476–82. https:// doi. org/ 10. 1016/ S1001- 0742(11) 
60951-0.

 17. Tony R, Sofie T, Sascha T, Nele W, Kerim S, Els K, Heidi G, Ann C, Jaco V. 
Understanding the development of roots exposed to contaminants and 
the potential of plant-associated bacteria for optimization of growth. Ann 
Bot. 2012;110:239–52. https:// doi. org/ 10. 1093/ aob/ mcs105.

 18. Cseresnyés I, Rajkai K, Takács T. Indirect monitoring of root activity in 
soybean cultivars under contrasting moisture regimes by measuring 
electrical capacitance. Acta Physiol Plant. 2016;38:121. https:// doi. org/ 10. 
1007/ s11738- 016- 2149-z.

 19. Zhen M, Chen H, Liu Q, Song B, Wang Y, Tang J. Combination of 
rhamnolipid and biochar in assisting phytoremediation of petroleum 
hydrocarbon contaminated soil using Spartina anglica. J Environ Sci. 
2019;31:107–18. https:// doi. org/ 10. 1016/j. jes. 2019. 05. 013.

 20. Gang L, Wan S, Jian Z, Yang Z, Pei Q. Leaf chlorophyll fluorescence, 
hyperspectral reflectance, pigments content, malondialdehyde and 
proline accumulation responses of castor bean (Ricinus communis L.) 
seedlings to salt stress levels. Ind Crops Prod. 2010;31:13–9. https:// doi. 
org/ 10. 1016/j. indcr op. 2009. 07. 015.

 21. Fang S, Tao Y, Zhang Y, Kong F, Wang Y. Effects of metalaxyl enantiom-
ers stress on root activity and leaf antioxidant enzyme activities in 
tobacco seedlings. Chirality. 2018;30:1–6. https:// doi. org/ 10. 1002/ chir. 
22810.

 22. Fan S, Li P, Gong Z, Ren W, He N. Promotion of pyrene degradation in 
rhizosphere of alfalfa (Medicago sativa L.). Chemosphere. 2008;71:1593–
8. https:// doi. org/ 10. 1016/j. chemo sphere. 2007. 10. 068.

 23. Shen C, Tang X, Cheema SA, Zhang C, Khan MI, Liang F, Chen X, Zhu Y, 
Lin Q, Chen Y. Enhanced phytoremediation potential of polychlorin-
ated biphenyl contaminated soil from e-waste recycling area in the 
presence of randomly methylated-β-cyclodextrins. J Hazard Mater. 
2009;172:1671–6. https:// doi. org/ 10. 1016/j. jhazm at. 2009. 08. 064.

 24. Toyama T, Tetsuya F, Maeda N, Inoue D, Sei K, Mori K, Kikuchi S, Ike 
M. Accelerated biodegradation of pyrene and benzo[a]pyrene in the 
Phragmites australis rhizosphere by bacteria-root exudate interactions. 
Water Res. 2011;45:1629–38. https:// doi. org/ 10. 1016/j. watres. 2010. 11. 
044.

 25. Richardson AE, José-Miguel B, Mcneill AM, Prigent-Combaret C. Acquisi-
tion of phosphorus and nitrogen in the rhizosphere and plant growth 
promotion by microorganisms. Plant Soil. 2009;321:305–39. https:// doi. 
org/ 10. 1007/ s11104- 009- 9895-2.

 26. Huang X, El-Alawi Y, Penrose DM, Glick BR, Greenberg BM. A multi-process 
phytoremediation system for removal of polycyclic aromatic hydrocar-
bons from contaminated soils. Environ Pollut. 2004;130:465–76. https:// 
doi. org/ 10. 1016/j. envpol. 2003. 09. 031.

 27. Waqas M, Khan S, Chao C, Shamshad I, Qamar Z, Khan K. Quantification of 
PAHs and health risk via ingestion of vegetable in Khyber Pakhtunkhwa 
province, Pakistan. Sci Total Environ. 2014;497–498:448–58. https:// doi. 
org/ 10. 1016/j. scito tenv. 2014. 07. 128.

 28. Bahrami S, Moore F, Keshavarzi B. Evaluation source apportionment 
and health risk assessment of heavy metal and polycyclic aromatic hydro-
carbons in soil and vegetable of Ahvaz metropolis. Hum Ecol Risk Assess. 
2021;27:71–100. https:// doi. org/ 10. 1080/ 10807 039. 2019. 16923 00.

 29. Strickland P, Kang D. Urinary 1-hydroxypyrene and other PAH metabolites 
as biomarkers of exposure to environmental PAH in air particulate matter. 
Toxicol Lett. 1999;108:191–9. https:// doi. org/ 10. 1016/ S0378- 4274(99) 
00089-2.

 30. Ghanem A, D’Orazio V, Senesi N. Phytotoxicity assay of selected plants to 
pyrene contaminated soil. In: 2010 19th world congress of soil science, 
soil solutions for a changing world. Brisbane, Australia; 2010

 31. Zhang F. Analysis on the development status and variety demand of 
Chinese cabbage industry. China Fruit Vegetable. 2009;5:9–11.

 32. Sun T, Zhou Q, Li P. Pollution ecology. Beijing: Science Press; 2001. p. 93–4.

https://doi.org/10.1007/s11356-014-3748-0
https://doi.org/10.1007/s11356-014-3748-0
https://doi.org/10.1021/es021035x
https://doi.org/10.1139/er-2017-0010
https://doi.org/10.1139/er-2017-0010
https://doi.org/10.1016/j.envpol.2018.03.084
https://doi.org/10.1016/j.envint.2014.04.014
https://doi.org/10.1016/j.atmosenv.2019.02.030
https://doi.org/10.1093/jxb/eri295
https://doi.org/10.1016/j.chemosphere.2018.01.036
https://doi.org/10.1016/j.plantsci.2008.12.002
https://doi.org/10.1016/j.tox.2009.05.008
https://doi.org/10.1080/09593330.2000.9618996
https://doi.org/10.1080/09593330.2000.9618996
https://doi.org/10.1007/s00254-004-1028-x
https://doi.org/10.1007/s11368-015-1080-z
https://doi.org/10.1016/S1001-0742(11)60951-0
https://doi.org/10.1016/S1001-0742(11)60951-0
https://doi.org/10.1093/aob/mcs105
https://doi.org/10.1007/s11738-016-2149-z
https://doi.org/10.1007/s11738-016-2149-z
https://doi.org/10.1016/j.jes.2019.05.013
https://doi.org/10.1016/j.indcrop.2009.07.015
https://doi.org/10.1016/j.indcrop.2009.07.015
https://doi.org/10.1002/chir.22810
https://doi.org/10.1002/chir.22810
https://doi.org/10.1016/j.chemosphere.2007.10.068
https://doi.org/10.1016/j.jhazmat.2009.08.064
https://doi.org/10.1016/j.watres.2010.11.044
https://doi.org/10.1016/j.watres.2010.11.044
https://doi.org/10.1007/s11104-009-9895-2
https://doi.org/10.1007/s11104-009-9895-2
https://doi.org/10.1016/j.envpol.2003.09.031
https://doi.org/10.1016/j.envpol.2003.09.031
https://doi.org/10.1016/j.scitotenv.2014.07.128
https://doi.org/10.1016/j.scitotenv.2014.07.128
https://doi.org/10.1080/10807039.2019.1692300
https://doi.org/10.1016/S0378-4274(99)00089-2
https://doi.org/10.1016/S0378-4274(99)00089-2


Page 14 of 15Yang et al. Chem. Biol. Technol. Agric.             (2022) 9:7 

 33. Gao Y, Zhu L. Plant uptake, accumulation and translocation of phenan-
threne and pyrene in soils. Chemosphere. 2004;55:1169–78. https:// doi. 
org/ 10. 1016/j. chemo sphere. 2004. 01. 037.

 34. Jiang X. Vegetable crop cultivation. Beijing: China Agriculture Press; 1984. 
p. 12–4.

 35. Zhu L, Zhang M. Effect of rhamnolipids on the uptake of PAHs by 
ryegrass. Environ Pollut. 2008;156:46–52. https:// doi. org/ 10. 1016/j. envpol. 
2008. 01. 004.

 36. Yang C, Yang L, Yang Y, Ouyang Z. Rice root growth and nutrient uptake 
as influenced by organic manure in continuously and alternately flooded 
paddy soils. Agr Water Manage. 2004;70:67–81. https:// doi. org/ 10. 1016/j. 
agwat. 2004. 05. 003.

 37. Żyżelewicz D, Oracz J, Krysiak W, Budryn G, Nebesny E. Effects of various 
roasting conditions on acrylamide, acrolein, and polycyclic aromatic 
hydrocarbons content in cocoa bean and the derived chocolates. Drying 
Technol. 2017;35:363–74. https:// doi. org/ 10. 1080/ 07373 937. 2016. 11754 
70.

 38. Nisbet I, LaGoy P. Toxic equivalency factors (TEFs) for polycyclic aromatic 
hydrocarbons (PAHs). Regul Toxicol Pharmacol. 1992;16:290–300. https:// 
doi. org/ 10. 1016/ 0273- 2300(92) 90009-X.

 39. Zhai F, Yang X. Chinese National Health and Nutrition Survey Report Two: 
Diet and nutrient intake status (in Chinese). Beijing: People’s Medical 
Publishing House; 2006. p. 145–84.

 40. USEPA 2001. Integrated risk information system (IRIS): Benzo [a] pyrene 
(BaP); CASRN 50-32-8.

 41. China Health Statistics Annual (CHSA). National health and family plan-
ning commission of peoples of China. 2006. http:// www. nhfpc. gov. cn/ 
htmlfi les/ zwgkzt/ ptjnj/ year2 006/ iu. dex. html

 42. Eisenhauer N, Bowker M, Grace J, Powell J. From patterns to causal under-
standing: structural equation modeling (SEM) in soil ecology. Pedobio-
logia. 2015;58:65–72. https:// doi. org/ 10. 1016/j. pedobi. 2015. 03. 002.

 43. El Amrani A, Dumas A, Wick L, Yergeau E, Berthome R. “Omics” insights 
into PAH degradation toward improved green remediation biotechnolo-
gies. Environ Sci Technol. 2015;49:11281–91. https:// doi. org/ 10. 1021/ acs. 
est. 5b017 40.

 44. Sun T, Cang L, Wang Q, Zhou D, Cheng J, Xu H. Roles of abiotic losses, 
microbes, plant roots, and root exudates on phytoremediation of PAHs in 
a barren soil. J Hazard Mater. 2010;176:919–25. https:// doi. org/ 10. 1016/j. 
jhazm at. 2009. 11. 124.

 45. Thomas F, Cebron A. Short-term rhizosphere effect on available carbon 
sources, phenanthrene degradation, and active microbiome in an aged-
contaminated industrial soil. Front Microbiol. 2016;7:1–15. https:// doi. org/ 
10. 3389/ fmicb. 2016. 00092.

 46. Guo M, Gong Z, Miao R, Su D, Li X, Jia C. The influence of root exudates 
of maize and soybean on polycyclic aromatic hydrocarbons degradation 
and soil bacterial community structure. Ecol Eng. 2017;99:22–30. https:// 
doi. org/ 10. 1016/j. ecole ng. 2016. 11. 018.

 47. Yang Y, Ling W, Gao Y. Plant uptake of polycyclic aromatic hydrocar-
bons and their impacts on root exudates. Acta Sci Circumstantiae. 
2010;30:593–9. https:// doi. org/ 10. 1631/ jzus. A1000 244.

 48. Lu H, Sun J, Zhu L. The role of artificial root exudate components in 
facilitating the degradation of pyrene in soil. Sci Rep. 2017;7:7130. https:// 
doi. org/ 10. 1038/ s41598- 017- 07413-3.

 49. Ren G, Teng Y, Ren W, Dai S, Li Z. Pyrene dissipation potential varies with 
soil type and associated bacterial community changes. Soil Biol Biochem. 
2016;103:71–85. https:// doi. org/ 10. 1016/j. soilb io. 2016. 08. 007.

 50. Li X, Qu C, Bian Y, Gu C, Song Y. New insights into the responses of soil 
microorganisms to polycyclic aromatic hydrocarbon stress by combining 
enzyme activity and sequencing analysis with metabolomics. Environ 
Pollut. 2019;255: 113312. https:// doi. org/ 10. 1016/j. envpol. 2019. 113312.

 51. Sverdrup L, Ekelund F, Krogh P, Nielsen T, Johnsen K. Soil microbial toxicity 
of eight polycyclic aromatic compounds: effects on nitrification, the 
genetic diversity of bacteria, and the total number of protozoans. Environ 
Toxicol Chem. 2002;21:1644–50. https:// doi. org/ 10. 1002/ etc. 56202 10815.

 52. Yu B, Tian J, Feng L. Remediation of PAH polluted soils using a soil 
microbial fuel cell: influence of electrode interval and role of microbial 
community. J Hazard Mater. 2017;336:110–8. https:// doi. org/ 10. 1016/j. 
jhazm at. 2017. 04. 066.

 53. Bourceret A, Cébron A, Tisserant E, Poupin P, Bauda P, Beguiristain 
T, Leyval C. The bacterial and fungal diversity of an aged PAH- and 

heavy metal-contaminated soil is affected by plant cover and edaphic 
parameters. Microb Ecol. 2016;71:711–24. https:// doi. org/ 10. 1007/ 
s00248- 015- 0682-8.

 54. Ren G, Ren W, Teng Y, Li Z. Evident bacterial community changes but 
only slight degradation when polluted with pyrene in a red soil. Front 
Microbiol. 2015;6:1–11. https:// doi. org/ 10. 3389/ fmicb. 2015. 00022.

 55. Chen B, He R, Yuan K, Chen E, Luan T. Polycyclic aromatic hydrocarbons 
(PAHs) enriching antibiotic resistance genes (ARGs) in the soils. Environ 
Pollut. 2017;220:1005–13. https:// doi. org/ 10. 1016/j. envpol. 2016. 11. 047.

 56. Debruyn J, Chewning C, Sayler G. Comparative quantitative prevalence of 
Mycobacteria and functionally abundant nidA, nahAc, and nagAc dioxy-
genase genes in coal tar contaminated sediments. Environ Sci Technol. 
2007;41:5426–32. https:// doi. org/ 10. 1021/ es070 406c.

 57. Ling J, Zhang G, Sun H, Fan Y, Ju J, Zhang C. Isolation and characteriza-
tion of a novel pyrene-degrading Bacillus vallismortis strain JY3A. Sci Total 
Environ. 2011;409:1994–2000. https:// doi. org/ 10. 1016/j. scito tenv. 2011. 02. 
020.

 58. Walter U, Beyer M, Klein J, Rehm H. Degradation of pyrene by Rhodococ-
cus sp. UW1. Appl Microbiol Biotechnol. 1991;34:671–6. https:// doi. org/ 
10. 1007/ BF001 67921.

 59. Klankeo P, Nopcharoenkul W, Pinyakong O. Two novel pyrene degrading 
Diaphorobacter sp. and Pseudoxanthomonas sp. isolated from soil. J Biosci 
Bioeng. 2009;108:488–95. https:// doi. org/ 10. 1016/j. jbiosc. 2009. 05. 016.

 60. Bacosa H, Inoue C. Polycyclic aromatic hydrocarbons (PAHs) biodegrada-
tion potential and diversity of microbial consortia enriched from tsunami 
sediments in Miyagi, Japan. J Hazard Mater. 2015;283:689–97. https:// doi. 
org/ 10. 1016/j. jhazm at. 2014. 09. 068.

 61. Johnsen A, Wick L, Harms H. Principles of microbial PAH-degradation in 
soil. Environ Pollut. 2005;133:71–84. https:// doi. org/ 10. 1016/j. envpol. 
2004. 04. 015.

 62. Aranda E, Godoy P, Reina R, Badia-Fabregat M, Rosell M, Marco-Urrea, 
García-Romera I. Isolation of Ascomycota fungi with capability to trans-
form PAHs: Insights into the biodegradation mechanisms of Penicillium 
oxalicum. Int Biodeterior Biodegrad. 2017; 122: 141–150. https:// doi. org/ 
10. 1016/j. ibiod. 2017. 05. 015

 63. Marchand C, St-Arnaud M, Hogland W, Bell T, Hijri M. Petroleum biodeg-
radation capacity of bacteria and fungi isolated from petroleum-contam-
inated soil. Int Biodeterior Biodegradation. 2017;116:48–57. https:// doi. 
org/ 10. 1016/j. ibiod. 2016. 09. 030.

 64. Bryanin S, Makoto K. Fire-derived charcoal affects fine root vitality in a 
post-fire gmelin larch forest: field evidence. Plant Soil. 2017;416:409–18. 
https:// doi. org/ 10. 1007/ s11104- 017- 3217-x.

 65. Jiang S, Lu H, Zhang Q, Liu J, Yan C. Effect of enhanced reactive nitrogen 
availability on plant-sediment mediated degradation of polycyclic 
aromatic hydrocarbons in contaminated mangrove sediment. Mar Pollut 
Bull. 2016;103:151–8. https:// doi. org/ 10. 1016/j. marpo lbul. 2015. 12. 027.

 66. Jafari L, Khoshsokhan-Mozaffar M, Vatankhah E. Induction of oxidative 
stress and anatomical changes by polycyclic aromatic hydrocarbons in 
Medicago sativa L. J Chem Health Risks 2018; 8:51–63. https:// doi. org/ 10. 
22034/ JCHR. 2018. 544199

 67. Apel K, Hirt H. Reactive oxygen species: metabolism, oxidative stress, and 
signal transduction. Annu Rev Plant Biol. 2004;55:373–99. https:// doi. org/ 
10. 1146/ annur ev. arpla nt. 55. 031903. 141701.

 68. Jiang S, Xie F, Lu H, Liu J, Yan C. Response of low-molecular-weight 
organic acids in mangrove root exudates to exposure of polycyclic aro-
matic hydrocarbons. Environ Sci Pollut Res. 2017;24:1–10. https:// doi. org/ 
10. 1007/ s11356- 017- 8845-4.

 69. Suriyagoda L, Lambers H, Renton M, Ryan M. Growth, carboxylate 
exudates and nutrient dynamics in three herbaceous perennial plant 
species under low, moderate and high phosphorus supply. Plant Soil. 
2012;358:105–17. https:// doi. org/ 10. 1007/ s11104- 012- 1311-7.

 70. Xiao M, Wu F. A review of environmental characteristics and effects of 
low-molecular weight organic acids in the surface ecosystem. J Environ 
Sci. 2014;26:935–54. https:// doi. org/ 10. 1016/ S1001- 0742(13) 60570-7.

 71. Ma B, He Y, Chen H, Xu J, Rengel Z. Dissipation of polycyclic aromatic 
hydrocarbons (PAHs) in the rhizosphere: synthesis through meta-analysis. 
Environ Pollut. 2010;158:855–61. https:// doi. org/ 10. 1016/j. envpol. 2009. 09. 
024.

 72. Bever J, Westover K, Antonovics J. Incorporating the soil community into 
plant population dynamics: the utility of the feedback approach. J Ecol. 
1997;85:561–73. https:// doi. org/ 10. 2307/ 29605 28.

https://doi.org/10.1016/j.chemosphere.2004.01.037
https://doi.org/10.1016/j.chemosphere.2004.01.037
https://doi.org/10.1016/j.envpol.2008.01.004
https://doi.org/10.1016/j.envpol.2008.01.004
https://doi.org/10.1016/j.agwat.2004.05.003
https://doi.org/10.1016/j.agwat.2004.05.003
https://doi.org/10.1080/07373937.2016.1175470
https://doi.org/10.1080/07373937.2016.1175470
https://doi.org/10.1016/0273-2300(92)90009-X
https://doi.org/10.1016/0273-2300(92)90009-X
http://www.nhfpc.gov.cn/htmlfiles/zwgkzt/ptjnj/year2006/iu.dex.html
http://www.nhfpc.gov.cn/htmlfiles/zwgkzt/ptjnj/year2006/iu.dex.html
https://doi.org/10.1016/j.pedobi.2015.03.002
https://doi.org/10.1021/acs.est.5b01740
https://doi.org/10.1021/acs.est.5b01740
https://doi.org/10.1016/j.jhazmat.2009.11.124
https://doi.org/10.1016/j.jhazmat.2009.11.124
https://doi.org/10.3389/fmicb.2016.00092
https://doi.org/10.3389/fmicb.2016.00092
https://doi.org/10.1016/j.ecoleng.2016.11.018
https://doi.org/10.1016/j.ecoleng.2016.11.018
https://doi.org/10.1631/jzus.A1000244
https://doi.org/10.1038/s41598-017-07413-3
https://doi.org/10.1038/s41598-017-07413-3
https://doi.org/10.1016/j.soilbio.2016.08.007
https://doi.org/10.1016/j.envpol.2019.113312
https://doi.org/10.1002/etc.5620210815
https://doi.org/10.1016/j.jhazmat.2017.04.066
https://doi.org/10.1016/j.jhazmat.2017.04.066
https://doi.org/10.1007/s00248-015-0682-8
https://doi.org/10.1007/s00248-015-0682-8
https://doi.org/10.3389/fmicb.2015.00022
https://doi.org/10.1016/j.envpol.2016.11.047
https://doi.org/10.1021/es070406c
https://doi.org/10.1016/j.scitotenv.2011.02.020
https://doi.org/10.1016/j.scitotenv.2011.02.020
https://doi.org/10.1007/BF00167921
https://doi.org/10.1007/BF00167921
https://doi.org/10.1016/j.jbiosc.2009.05.016
https://doi.org/10.1016/j.jhazmat.2014.09.068
https://doi.org/10.1016/j.jhazmat.2014.09.068
https://doi.org/10.1016/j.envpol.2004.04.015
https://doi.org/10.1016/j.envpol.2004.04.015
https://doi.org/10.1016/j.ibiod.2017.05.015
https://doi.org/10.1016/j.ibiod.2017.05.015
https://doi.org/10.1016/j.ibiod.2016.09.030
https://doi.org/10.1016/j.ibiod.2016.09.030
https://doi.org/10.1007/s11104-017-3217-x
https://doi.org/10.1016/j.marpolbul.2015.12.027
https://doi.org/10.22034/JCHR.2018.544199
https://doi.org/10.22034/JCHR.2018.544199
https://doi.org/10.1146/annurev.arplant.55.031903.141701
https://doi.org/10.1146/annurev.arplant.55.031903.141701
https://doi.org/10.1007/s11356-017-8845-4
https://doi.org/10.1007/s11356-017-8845-4
https://doi.org/10.1007/s11104-012-1311-7
https://doi.org/10.1016/S1001-0742(13)60570-7
https://doi.org/10.1016/j.envpol.2009.09.024
https://doi.org/10.1016/j.envpol.2009.09.024
https://doi.org/10.2307/2960528


Page 15 of 15Yang et al. Chem. Biol. Technol. Agric.             (2022) 9:7  

 73. Zhang J, Fan S, Du X, Yang J, Wang W, Hou H. Accumulation, allocation, 
and risk assessment of polycyclic aromatic hydrocarbons (PAHs) in soil-
Brassica chinensis system. PLoS ONE. 2015;10:1–16. https:// doi. org/ 10. 
1371/ journ al. pone. 01158 63.

 74. Khillare P, Jyethi D, Sarkar S. Health risk assessment of polycyclic aromatic 
hydrocarbons and heavy metals via dietary intake of vegetables grown in 
the vicinity of thermal power plants. Food Chem Toxicol. 2012;50:1642–
52. https:// doi. org/ 10. 1016/j. fct. 2012. 01. 032.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1371/journal.pone.0115863
https://doi.org/10.1371/journal.pone.0115863
https://doi.org/10.1016/j.fct.2012.01.032

	Effect of pyrene-induced changes in root activity on growth of Chinese cabbage (Brassica campestris L.), and the health risks caused by pyrene in Chinese cabbage at different growth stages
	Abstract 
	Background: 
	Methodology: 
	Results: 
	Conclusions: 

	Background
	Materials and methods
	Experimental materials
	Experimental methods
	Preliminary experiment
	Main experiment

	Determination of pyrene in soil and plants
	Determination of root activity and malonaldehyde (MDA) levels
	Soil DNA extraction, PCR amplification and sequencing
	Health risks associated with pyrene in Chinese cabbage
	Data analysis

	Results and discussion
	Pyrene dissipation in soil and uptake by plants
	Effect of pyrene on the microbial community
	Soil microbial abundance and diversity
	Soil microbial community composition

	Effect of pyrene on root activity, MDA content and biomass
	Root activity
	Malondialdehyde (MDA) content
	Biomass

	Structural equation modeling (SEM) analysis of the effects of pyrene on biomass
	Health risks associated with ingestion of Chinese cabbage

	Conclusion
	Acknowledgements
	References




