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Abstract
Traditional phytoremediation is one means for remediation of heavy metal pollution. For developing
countries, the key factor in promoting the practical application of phytoremediation in polluted soils is
selecting suitable plants tolerant to heavy metals and using these to produce products with economic
value. A chicory-tobacco-peanut, three-season, rotation �eld experiment was carried on the utilization and
remediation of cadmium (Cd) in contaminated farmlands. The results showed that all three crops had a
strong capacity to accumulate Cd, with bioconcentration factors of chicory, tobacco, and peanut 6.61 to
11.97, 3.85 to 21.61, and 1.36 to 7, respectively. The yield of total dry biomass and phytoextraction
e�ciency for Cd reached 32.4 t ha-1 and 10.3% per year, respectively. The aboveground tissues of the
three crops accounted for 83.9–91.2% of the total biomass in this rotation experiment. The content of
peanut grain and oil met the National Food Safety Standard of China (0.5 mg kg-1, GB 2762-2017) and
the Food Contaminant Limit of the European Union (0.1 mg kg-1, 18812006). Therefore, in addition to
being used for phytoremediation in contaminated soils, this crop rotation system can also lead to
economic bene�ts for local farmers.

Introduction
In the past 30 years, China's economy has experienced rapid development, which has led to increases in
energy consumption and environmental pollution (Hu, Jin, and Kavan 2014). From 2000 to 2019, the
cadmium (Cd) content in China’s farmland soil increased twofold, and that in urban soil increased
threefold, and nearly 33.5% and 44.7% of farmland and urban soils, respectively, were contaminated by
Cd (Yuan, Xue, and Han 2021). Li et al. (2018) found that 86.0% of paddy �elds were contaminated by Cd
in eastern Hunan Province, China. Cd in the soil is absorbed by wheat, rice, and other food crops, thus
harming humans that consumed these staple foods (Yang et al. 2022). Cd-contaminated soil now has
become a worldwide environmental problem. (Walter et al. 2002; Ahmadi Doabi, Karami, and Afyuni 2019;
Huang et al. 2007).

Phytoremediation (including phytoextraction, phytostabilization, rhizo�ltration, and phytovolatilization)
has been developed and re�ned in heavy metal soil treatments due to various advantages, such as little
secondary pollution and reduced associated environmental damage (Yang, Zhou, et al. 2017).
Phytoextraction, the use of plants to directly remove pollutants from the environment can be used to
clean contaminated soil at a low cost (Marques, Rangel, and Castro 2009). The selection of suitable
plants to cultivate in Cd-contaminated soil is the focus for e�cient overall extraction. Indexes such as
accumulation capacity (Schickler and Caspi 1999), the bioaccumulation factor (BCF) (Luo et al. 2020),
the translocation factor (TF) (Goswami and Das 2015), and tolerance capacity (Yang et al. 2004), are
used to assess whether a speci�c plant has robust phytoextraction ability. Several studies have revealed
the mechanism of interactions between plants and pollutants and provided important information for
selecting plant species with signi�cant metal accumulation potential (Lasat 2002; Liu et al. 2016).
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Research has shown that under high Cd stress, the content of Cd in hyper-accumulator plants, such as
Solanum nigrum L. and Sedum alfredii, exceeded 100 mg kg−1, the BCF and TF were greater than 1, and
the growth of plants was not inhibited (Wei 2005; Yang et al. 2004). Conversely, it can take decades for
hyper-accumulators with poor environmental adaptability, low biomass, and slow growth to reduce Cd
contents in the soil below environmental standards. In China, farmland contaminated by heavy metals is
mostly at low to moderate levels and, importantly, farmers' main economic income depends on these
farmlands (Yuan, Xue, and Han 2021). Because of the poor environmental adaptability and low biomass
of most hyper-accumulating plants, the recovery e�ciency of heavy metals remains limited. With this in
mind, it is necessary to search for a new method for phytoremediation in Cd-contaminated farmlands.

Research by Glass (2000) suggested that phytoremediation of heavy metal-contaminated soils could be
a signi�cant business opportunity. Recently developed phytomanagement strategies, such as
incorporating economic bene�ts into phytoremediation, will no longer view contaminated soil solely as a
problem, but also as an economic opportunity (Evangelou and Deram 2014). As a result, the time it takes
to treat soil becomes a less important restraint (Fässler et al. 2010). Ideally, plants used for plant
management should grow rapidly and have high biomass to produce non-food economic products that
partially compensate for operating costs (Evangelou et al. 2015). Increasing the concentration of heavy
metals in plant tissues is reduced in importance relative to the feasibility of cultivation (Robinson et al.
2009). Much attention has focused on the potential for phytomanagement of trees, agricultural plants,
and herbaceous crops, including willow (Salix L.), sorghum (Sorghum bicolor), and reed (Phragmites
australis). Biomass from these crops can be processed into many products, including ethanol, biodiesel,
or paper (Sharma et al. 2020; Marchiol et al. 2013; Marchiol et al. 2007).

Chicory (Cichorium intybus L.) is well-known for being used as food, medicine, (Menne, Guggenbuhl, and
Roberfroid 2000), and animal feed (Ubeynarayana et al. 2021). In 1990, chicory with high drought
tolerance, nutrient content, and environmental bene�ts was introduced to New Zealand, which helped to
reduce nitrate leaching losses from grazed grassland systems because of its deeper root system
(Ubeynarayana et al. 2021). Furthermore, it has been demonstrated as a species that can accumulate
heavy metals from contaminated sites (Simon et al. 1995). However, the remediation potential of chicory
in Cd-contaminated �elds under different mowing treatment programs has rarely been investigated.
Peanut (Arachis hypogaea L.) and tobacco (Nicotiana tabacum L.) are two important agricultural plants
and both are good accumulators of Cd (King and Hajjar 1990; Damodharam 2008). Yet, few studies to
date have considered the application of crops with both high economic value and heavy metal
accumulation capacity for a yearly-rotation system using �eld trials.

We carried out a three-season rotation experiment to investigate: (i) bioconcentration capacity and
remediation potential of chicory in Cd-contaminated soils; (ii) crop biomass, Cd accumulation capacity,
and soil remediation e�ciency under a three-season rotation system; (iii) soil Cd distribution before and
after rotation restoration.

Materials And Methods
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Field site and experimental design

The �eld experiment was carried out in Zhuzhou, Hunan Province, China, which has a subtropical
monsoon climate with an average annual temperature of 16–18 ℃. Zhuzhou is a famous grain
production area and an important national commodity grain base with a total area of 11,262 square
kilometers; it had a population of 4,028,500 in 2019. As an old-line, heavy industrial zone in China, the
long-term metal smelting has caused serious heavy metal pollution to the surrounding farmlands. This
experiment was performed in a contaminated agricultural �eld (27° 69′5″ N,113° 56′13″ E) near the retired
Zhuzhou Smelter area, which was the largest zinc-based alloy production facility in the world. Large
areas of agricultural land have been contaminated by diffusion because of historic metal-smelting
activities (Li et al. 2014).

The experimental �eld consisted of 3 plots (each 25 m2). Nine subsamples of topsoil (0–20 cm depth)
were collected and blended into one soil sample at each plot, and each plot had three duplicate soil
samples. The basic physicochemical characteristics and contents of copper (Cu), zinc (Zn), lead (Pb),
and cadmium (Cd) were measured. The three crops (i.e., chicory, peanut, and tobacco) were grown on a
one-year rotation on the three plots in the contaminated �eld. The rotation order was as follows. Chicory
was sown in October 2019 at a density of 15 plants m-2. When the height of the aboveground plant
reached 30 cm, mowing was carried out and stubble was left at 5–7 cm. The whole plants were
harvested in April 2020 and the aboveground tissues from each mowing were collected. Tobacco (2
plants m-2) was then planted in each plot and the whole plants were harvested between Late April and
Early August 2020; the leaves were harvested according to the upper, middle, and lower thirds. When
tobacco was harvested, peanut (12 plants m-2) was planted and the whole plants were harvested between
Mid-August and November 2020. Each plot was plowed and routinely fertilized before planting, watered
regularly during the growing periods, and weeds were manually removed when necessary. No other
additives or pesticides were used. Plants (20 plants of chicory and peanut and 10 plants of tobacco) at
�ve locations in each plot were randomly sampled and combined for laboratory analyses; each part of
the collected plants was weighed in the laboratory. 

Analytical methods

Topsoil samples collected from each plot were dried at 60 ℃, crushed, and passed through 2 then 0.15
mm sieves. The pH value of each sample (soil: H2O, 1:2.5) was measured using a pH meter (PHS-3C),
organic matter (OM) was determined by the Walkley-Black method, and cation exchange capacity (CEC)
was determined using the ammonium acetate saturation method (Yang, Zhou, et al. 2017). The
speciation of heavy metals in the soil was measured using the BCR sequential extraction procedure
described previously (Zeng et al. 2018). Total soil Cu, Pb, Zn, and Cd were measured after mixed acid
(HCl-HNO3-HClO4) digestion (Page et al. 2014). The three crop samples (including roots, stems, leaves,
seeds, and husks) were rinsed with tap water and then washed with deionized water. All the plant
samples were oven-dried at 105 ℃ for 2 h and then 60 ℃ until completely dry (48 h), then ground into a
powder with a grinder (WB200, Wei Bo Chuang, Beijing, China). Plant powders were digested in a mixture
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of HNO3-HClO4 (85:15%, v/v). Oil was extracted from peanut seeds according to a standard method using
a Soxhlet apparatus with n-hexane as the solvent(Subramanian et al. 2016). Coupled plasma-optical
emission spectrometry (Optima 8300, PerkinElmer, USA) or a graphite furnace �ame atomic absorption
spectrometer (Zhao, Mcgrath, and Crosland 1994) (SpectrAA-GTA120; Varian, USA) was used to
determine the total heavy metal contents of soil, plants, and oils. 

Data analysis

BCF (bioconcentration factor) was calculated using Eq. (1), as follows:

In this expression, C1 (mg kg-1) is Cd concentration measured in the all parts of the plant, including root

and the aboveground parts, while C2 (mg kg-1) is total Cd concentration in the soil.

Metal uptake was calculated using Eq. (2) as follows:

Theoretical phytoextraction e�ciency (%) was calculated using Eq. (3) (Yang, Ge, et al. 2017). It was
assumed that heavy metal contamination was only in the rhizosphere soil zone (0–20 cm), which gave a
soil bulk density of 1.3 t m-3.

All the data were expressed as mean ± standard deviation and were analyzed with Origin Pro 2018 and
Excel 2019. One-way analysis of variance (ANOVA) and Duncan’s multiple range test was performed
using SPSS v23.0. All samples were analyzed based on biological triplicates.

Results

Soil characteristics
Descriptive statistics of soil characteristics and heavy metal concentrations in topsoil (0-20 cm) are
presented in Table 1. The tested soil was classi�ed as an ordinary gleyic-hydragric anthrosol based on
the FAO World Reference Base for Soil Resources, with pH of 5.4, OM content of 41.36 g kg−1, CEC of
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10.05 cmol kg−1, total N content of 1.89 g kg−1, total P content of 0.59 g kg−1, and total K content of 1.25
g kg−1. The soil total Cu, Zn, Pb, and Cd contents were 25.96, 87.88, 2.66, and 0.33 mg kg−1, respectively.
The deposition of exhaust gas from smelters is usually the cause of heavy metal contamination in
topsoil (John, Vanlaerhoven, and Bjerring 1976). According to the risk control standard for soil
contamination of agricultural land of China (pH ≤ 6.5, GB15618-2018), this area had low levels of Cd in
the soil.

Table 1
Basic biochemical properties of the test

soil
Parameter Value

pH 5.3 ± 0.21

CEC 10.05 ± 1.34 cmol kg−1

OM 41.36 ± 3.18 g kg−1

Total N 1.89 ± 0.23 g kg−1

Total P 0.59 ± 0.04 g kg−1

Total K 1.25 ± 0.23 g kg−1

Total Cu 25.96 ± 2.79 mg kg−1

Total Zn 87.88 ± 9.21 mg kg−1

Total Pb 2.66 ± 0.33 mg kg−1

Total Cd 0.33 ± 0.04 mg kg−1

Available Cd 0.19 ± 0.02 mg kg−1

Plant biomass for the three-season rotation
After a one-year rotation in the Cd-contaminated agricultural soil, none of the crops showed symptoms of
de�ciency, and yields remained within usual ranges for the region. The biomass (dry weight) of the three
crops under the rotation system is shown in Fig. 1. There are signi�cant differences in the different
tissues of the three crops. Chicory was usually removed only at harvest time, so the total biomass of
chicory was the leaves at each cutting and the roots at harvest. Chicory grown in winter or spring was
mowed 7 times. The average biomass of chicory was 10.85 t ha−1, of which the root and leaf yields
accounted for 8.8% and 91.2%, respectively. It is worth noting that the aboveground biomass did not
decrease signi�cantly with the increase in the number of mowings. The biomass of chicory leaves in the
last harvest was 72.5% of the �rst harvest. The average biomass of chicory was 10.62 t ha−1, of which
the root, stem, and leaf yields accounted for 16.1%, 30.4%, and 53.5%, respectively. The biomass of
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tobacco leaves at different heights showed a trend of middle leaf > lower leaf > upper leaf. The biomass
of different tissues in peanut was signi�cantly different, among which the biomass of peanut stem (4.19
t ha−1) was higher than that of other tissues, followed by that of grain (2.42 t ha−1). This would indicate
that peanut could achieve considerable economic value while being used as a phytoremediation source.
The aboveground biomass of chicory, tobacco, and peanut was 9.89, 8.91, and 9.86 t ha−1, respectively. A
total of 28.66 t ha−1 of usable biomass were harvested in the three-season rotation system.

Cd adsorption, bioconcentration factors, and transfer
factors of three-season rotation
Figure 2 shows the Cd content, bioconcentration factors (BCF), and transfer factors (TF) of the three-
season rotation. Signi�cant differences in Cd distribution were found between the three crops. The Cd
content of chicory collected 7 times ranged from 2.24 to 3.11 mg kg−1, and the corresponding BCF of Cd
ranged from 6.79 to 9.42. The content of Cd in leaves of chicory decreased with the increase of cutting
times, and the content of Cd in leaves of chicory ranged from 2.14 to 3.94 mg kg−1. The BCF of Cd in
chicory leaves ranged from 6.48 to 11.97, and TF ranged from 0.7 to 1.76. The content of Cd in leaves of
chicory was higher than that in roots for the �rst three mows, but with the increase of cutting times, the
content of Cd in leaves of chicory was lower than that in roots, which made the TF of chicory <1 in the
last four harvests.

The content of Cd in tobacco leaves was signi�cantly higher than that in roots and stems. The
distribution of Cd content in tobacco leaves was spatially correlated, the Cd content showed a trend of
lower leaf > middle leaf > upper leaf. The concentration of Cd in leaves ranged from 3.25 to 7.13 mg kg−1.
Correspondingly, the BCF of Cd in tobacco leaves ranged from 10–12, and the TF of each tissue was
greater than 1.

Peanut had the highest Cd content in roots and the lowest in grains. The Cd content showed a trend of
root > stem > leaf > husk > seeds. The Cd content of each tissue of peanut ranged from 0.45–2.31 mg
kg−1 and the BCF of Cd ranged from 1.36–7.00. Correspondingly, the TF of peanut root to other tissues
was < 1. The Cd content of peanut seed was 0.45 mg kg−1, which is lower than the National Food Safety
Standards of China (0.5 mg kg−1, GB 2762-2017). The Cd content of peanut oil extracted by n-hexane
was only 0.017 mg kg−1, which is lower than the Food Contaminant Limit of the European Union (0.1 mg
kg−1, 18812006). Therefore, both peanut seeds and extracted peanut oil planted on Cd-contaminated soil
could be used safely.

Changes of soil Cd fraction in the three-season rotation
Phytoremediation processes in the three crops altered the chemical fraction of the residual Cd in the soil
(Fig. 3). Before the three-season rotation, the dominant chemical forms of Cd in the farmlands were the
exchangeable (33.3%), reducible (27.3%), and oxidizable (24.2%) fractions. Compared with the farmland
without crops (CK), Cd in the exchangeable fraction was most e�ciently extracted by the three-season
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rotation, as shown by a signi�cant reduction of 4.0–7.7%. By contrast, the proportion of Cd in the
oxidizable and residual fractions increased by 1.6% and 6.0%, respectively. This was because the
phytoextraction of the rotation system removed a certain amount of Cd.

Cd uptake and theoretical phytoextraction e�ciency
The total uptake amount and remediation e�ciency of soil Cd are shown in Table 2. The chicory biomass
harvested after each mowing had a high accumulation of Cd, which rendered the total Cd extraction
(32.21 g ha−1) and phytoextraction e�ciency (3.87%) of chicory robust. Tobacco had the highest Cd
extraction in the rotation system, with a total accumulation of 37.47 g ha−1. Although the extraction of Cd
was only 2.05 and 4.75 g ha−1 in roots and stems of tobacco, the lower and middle leaves of tobacco had
a strong capacity to accumulate the metal— a total of 30.7 g ha−1 of Cd was extracted from tobacco
leaves. Therefore, tobacco was also a good phytoremediation material with a Cd accumulation of 94.5%
aboveground. Compared with chicory and tobacco, peanut had a weaker Cd accumulation capacity, with
a Cd accumulation of 16.03 g ha−1. Stems and leaves were the main tissues of peanut Cd accumulation,
and the proportion of Cd accumulation was 53.6% and 19.7%, respectively. The Cd accumulation of the
three crops showed a trend of tobacco > chicory > peanut. Through one year's rotation, a total of 85.71 g
ha−1 of Cd could be removed from the three crops, and thus the theoretical total phytoextraction
e�ciency reached 10.3% year−1.

Table 2
Cd uptake (g ha−1) and phytoextraction e�ciency (%) in the three-season rotation system.

Chicory Cd uptake

(g ha−1)

  Tobacco Cd uptake

(g ha−1)

  Peanut Cd uptake

(g ha−1)

Leaf 1st 6.57±0.77a   Root 2.05±0.31d   Root 2.45±0.43c

Leaf 2nd 5.36±0.96ab   Stem 4.75±0.79c   Stem 8.59±0.35a

Leaf 3rd 5.05±0.62b   Lower leaf 14.52±1.86a   Leaf 3.16±0.59b

Leaf 4th 3.63±0.27c   Middle leaf 11.20±1.81b   Husks 0.73±0.05e

Leaf 5th 2.88±0.13ef   Upper leaf 4.98±0.92c   Grain 1.10±0.26d

Leaf 6th 3.09±0.67d            

Leaf 7th 2.63±0.49ef            

Root 7th 2.99±0.54e            

Total 32.21±3.27     37.47±3.77     16.03±1.44

Removal e�ciency 3.87%     4.50%     1.93%
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The total and available Cd contents in the soil before and after the three-season crop rotation also were
determined. (Table 3). After phytoremediation, the soil total and available Cd contents decreased by
12.1% and 10.5%, respectively, which were higher than the theoretical remediation e�ciency. The soil total
Cd content was lower than the soil environmental quality standard of China (GB15618-2018). In sum, this
large-scale biomass crop rotation system can effectively remediate Cd-contaminated soil.

Table 3
Soil Cd content before and after phytoremediation (mg kg−1).

  CK

before

CK

after

Before

phytoremediation

After
phytoremediation

Total Cd 0.33±0.01a 0.34±0.02a 0.33±0.01a 0.29±0.01b

Removal e�ciency of total Cd   -3.03%   12.12%

Available Cd 0.19±0.02a 0.19±0.01a 0.19±0.02a 0.17±0.02a

Removal e�ciency of
available Cd

  0%   10.53%

Discussion
In the focal study sites, BCF values of the aboveground portion of chicory reached 6.61–11.97 (Fig. 2),
which indicates that chicory has a strong Cd accumulation capability. The higher the Cd concentration in
the aboveground tissues indicates e�cient translocation of Cd from roots to the shoots, which is a
recognized feature of hyperaccumulating plants (Tang et al. 2017). Abe et al. (2008) compared the ability
of shoots and roots of 93 weeds to accumulate Cd in sandy soils and found that Cd concentration was
the highest in the shoots of chicory. The ability of chicory to accumulate Cd may be related to the up-
regulation of Cd transporter expression. A previous study showed that the expression levels of ZIP and
Nramp family proteins related to Cd transport in Cd hyper-accumulators are signi�cantly higher than
those of ordinary plants (Cappa and Pilon-Smits 2014). In addition, heavy metals are distributed in the
leaves of super-enriched plants. The detoxi�cation mechanism of Argentina chicory is probably through
the effective distribution of Cd in vacuoles, and the vacuoles become a reservoir for Cd transportation to
the ground (Lasat 1996; Yao et al. 2017).

When chicory was mowed repeatedly, it maintained high Cd accumulation capacity and biomass (Fig. 1,
2), which is not possible for many other Cd hyper-accumulators. Increasing plant production is an
effective way to increase plant enrichment capacity. Compared with other phytoremediation e�ciency
promotion methods, mowing is a low-cost agricultural measure that can improve phytoremediation
e�ciency without secondary pollution. Cd accumulation of Napier grass increased by 107.9–110.5%
after one mowing (Yang et al. 2020). Yang et al. (2017) proposed a way to increase the accumulation of
Cd in tobacco by mowing twice. However, the results of the Yang et al. (2020) study also showed that the
second mowing reduced the Cd concentrations in tobacco stems and leaves. This was true of chicory in



Page 10/21

our study, with increased mowing leading to decreased Cd content in the aboveground tissues. With an
increasing trend in the belowground tissues, the biomass of the aboveground chicory tissues changed
little, which is consistent with a previous study that the content of Cd among chicory was only related to
plant variety and not plant size (Crush, Ouyang, and Cousins 2018). Furthermore, chicory grew well in
weakly acidic soil and was not affected by multiple mowings (Fig. 1), which was consistent with the
results reported by Crush and Evans Crush and Evans (1990) that the growth of shoots was not
in�uenced by variations in soil pH from 4 to 6.

Our research indicated, compared with other tissues, Cd mainly accumulates in tobacco leaves, which is
consistent with a previous study, comparing multiple tobacco varieties, the accumulation of Cd in
tobacco leaves is higher than that in roots and stems (Wagner and Yeargan 1986). It is also evident that
the metal concentration in tobacco varies along the stem, and is higher in older than younger top leaves
(Semu and Singh 1995). An earlier study showed that levels of Cd accumulate highest in the oldest
tobacco leaves (Wagner and Yeargan 1986). In other words, Cd accumulation increases with the leaf age
and is consistent with the time-dependent deposition of Cd in leaves. In our experiment, the content of Cd
in lower leaves of tobacco was 1.37 and 2.13 times that in middle and upper leaves, respectively, which
also supports time-dependent deposition. We also noticed the phenomenon that Cd accumulation in the
lower leaves accounted for 38.8% of the total plant volume, while that in the middle and upper leaves
accounted for only 29.9% and 13.3%, respectively. Many factors, such as soil characteristics, agronomic
practices, and environmental conditions, affect Cd uptake by tobacco (Lugon-Moulin et al. 2004). Lugon-
Moulin et al. (2006) analyzed 755 tobacco leaf samples of 3 major types from 13 countries and found
that biologically-available Cd and other soil characteristics contributed signi�cantly to tobacco Cd
content, indeed, the adsorption of Cd by clay irons, organic matter, and manganese oxides decrease in
concert with pH (Alloway 1990). Tobacco leaves showed higher average BCF values of Cd (Fig. 2) which
could be due to its high availability in the low pH soils.

Peanuts also accumulated a portion of Cd in the three-season rotation system (Table 2). Gao et al. (2012)
found that the vegetative growth of peanut plants was depressed under high Cd conditions, but
stimulated under low Cd conditions. The distribution of Cd in various tissues of peanut was selective.
Angelova et al. (2011) found that the distribution order of heavy metals in peanut was roots
stems leaves fruit shell > seeds, which is consistent with our results. The accumulation of Cd was high

in all the other parts of peanut and the BCF value of Cd was greater than 1, except for the seeds. In
addition, the ability to transport Cd from belowground to aboveground was far greater than that of root to
husk and grain. Thus, the reasons for the accumulation of Cd in peanut are complex. In our experiment,
inorganic fertilizer was also used, but the concentration of Cd in peanut grains was still very low, which
may be related to the physical and chemical properties of the local soil.

China will need to import more than 15 million tons of edible oil by 2030 to meet domestic consumption
demand (Tian et al. 2018). Therefore, it is of great signi�cance to explore the safe production of peanut
seeds and oil in the vast areas of Cd-contaminated farmland. Growing peanuts in Cd-contaminated
farmland has proven to be a viable method for the production of plant-derived oil (Su et al. 2012). In our
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study, the Cd content of peanut grains did not exceed the limit of the National Food Safety Standard of
China (0.5 mg kg−1, GB 2762-2017), and the Cd content of peanut oil was lower than the EU Food
Contaminant Limit of EU (0.1 mg kg−1, 18812006). suggesting that farmers could make money while
remediating Cd contaminations in the soil. Su et al. (2012) found that peanut grain oil was low (0.04–
0.08 mg kg−1) when peanut was planted in 0, 2, and 4 mg kg−1 Cd-contaminated soil. A previous study
also showed low Cd accumulation in peanut grains, which increased their protein content but did not
affect oil content (Shi et al. 2014). Therefore, it is feasible to obtain safe peanut grains and peanut oil in
Cd-contaminated soil. Moreover, peanut shell also is a good adsorption material, which can be used for
the removal of Cd from polluted environmental areas (Cheng et al. 2016).

The chemical fraction of Cd in soil has important effects on potential environmental risks and
phytoextraction e�ciency (Wang et al. 2018; Gusiatin, Kulikowska, and Klik 2017). Previous work has
demonstrated Cd in oxidizable and residual fractions are commonly at steady-state and induce relatively
minor adverse effects in the environment (Yang et al. 2018). Conversely, the other fractions could induce
large environmental risks because of their high bioavailability and bioactivity (Wu et al. 2015). The three-
season rotation system could effectively remove much of the active fraction of Cd from soils, which in
turn reduces the bioavailability and environmental risk of Cd, especially after the harvesting of chicory
and tobacco.

Research on follow-up treatments of crop stalks has centered on biochar and compost and few studies
have examined straw treatment after phytoremediation. Zhou et al. (2020) noticed that pyrolysis can
effectively remove pollution residues in oil crop stalks, and the extract of the biochar can be used as
fertilizer. Yang et al. (2017) showed that tobacco can also increase total biomass during
phytoremediation with multiple mowings, removing 98.4% Cd from leaves (using 0.5 hydrochloric acid)
and had little in�uence on the concentration of key nutrients (i.e., Ca, Mg, P, and K). Phytoremediation
often faces two problems in farmlands. First, most of the materials used for heavy metal remediation are
hyper-accumulators, which are often not accepted by Chinese farmers because the farmland in China is
generally only mildly to moderately polluted by heavy metals and hyper-accumulators usually have no
economic value (Thewys et al. 2010). Second, hyper-accumulators usually require an environment
conducive to high growth rates. While they extract the targeted heavy metals from contaminated soil, they
also remove other elements, including those needed for plant growth, such as Zn and Cu (Deng et al.
2007; Xv et al. 2020; Zu et al. 2004), which may affect the growth of subsequent crops. In our experiment,
a conventional forage crop (chicory), a commercial crop (tobacco), and a conventional oil crop (peanut)
were used as materials for crop rotation patterns, all three crops are familiar to farmers. Thus, this crop
rotation system can not only effectively mediate Cd-contaminated farmland but also can be promoted
widely as a viable economic alternative.

Conclusions
The chicory-tobacco-peanut rotation system can not only produce high plant biomass but also peanut
grains and oils following the National Food Safety Standard of China (GB 2762-2017) and Food
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Contaminant Limit of the European Union (18812006). Therefore, this system is more suitable because
the economic returns are more acceptable to farmers. The theoretical remediation e�ciency of this
rotation was 10.3%, while the actual remediation e�ciency for total and available Cd was 12.1% and
10.5%, respectively. After a three-season rotation, soil Cd bioavailability decreased, while the proportion of
residues increased. Our results indicated that the chicory-tobacco-peanut rotation system could
effectively restore Cd-contaminated farmland while still providing a viable economic alternative to
farmers.
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Figure 1

Biomass of chicory (a), tobacco (b), and peanut (c) in rotation pattern. Standard deviation is denoted
as±SD (n=5). Different lowercase letters indicate statistically signi�cant differences (P < 0.05).
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Figure 2

Cd content, bioconcentration factors, and transfer factors of the three-season rotation. Standard
deviation is denoted as ± SD (n = 5). Different lowercase letters indicate statistically signi�cant
differences (P < 0.05).
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Figure 3

Speciation proportions of Cd in bulk soil during three-season rotation.


