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Abstract: Cadmium pollution of soil threatens the environmental quality and human health. Phytore-
mediation of cadmium-contaminated soil has attracted global attention in recent decades. This study
aimed to conduct a comprehensive and systematic review of the literature on phytoremediation of
cadmium-contaminated soil based on bibliometric analysis. A total of 5494 articles published between
1994 and 2021 were retrieved from the Web of Science Core Collection. Our knowledge mapping
presented the authors, journals, countries, institutions, and other basic information to understand the
development status of phytoremediation of cadmium-contaminated soil. Based on a keyword cluster

”ou

analysis, the identified major research domains were “biochar”, “Thilaspi caerulescens”, “endophytic

/s

bacteria”, “oxidative stress”, “EDTA”, and “bioconcentration factor”. Overall, this study provided a
detailed summary of research trends and hotspots. Based on the keyword co-occurrence and burst

check for analysis, the core concepts and basic theories of this field were completed in 2011. However, the

updates pace of theoretical development has been relatively slow. Finally, future research trends/frontiers
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were proposed, such as biochar addition, rhizosphere bacterial community manipulation, cadmium
subcellular distribution, and health risk assessment.
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1. Introduction

Soil quality directly affects food quality and human health. However, the rapid
development of human society and activities such as mining, smelting, irrigation, and
industry have caused significant heavy metal (HM) pollution to soil [1-3]. Cadmium is a

non-essential element that is toxic to plants, even at a low concentration [4,5]. In humans,
exposure to cadmium may increase the risk of kidney disease, skeletal damage, and even
cancer [6]. According to the National Commission of Soil Pollution Survey [7], the over-
standard rate of cadmium is 7.0% in China. In the European Union, 5.5% of the samples
from the European Union’s first harmonized topsoil sampling had cadmium concentrations
above the threshold value [8].

Phytoremediation, a cost-effective and environmentally-friendly technology, has been
proven by international researchers to be an effective way to remove metals from contami-
nated soil [9,10]. Researchers are actively seeking out plants with the ability to hyperaccu-
mulate cadmium in their shoots [11-13]. To date, extensive research has been conducted in
multiple disciplines (e.g., cytology, molecular biology, and genetics) to explore the hyperac-
cumulation mechanisms in plants [14-16]. Meanwhile, various hyperaccumulator plants
have been applied to remediate metal-contaminated soil, and the methods that enhance the
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to this research domain, there is a need to undertake a systematic analysis that could
provide an overview of the current situation and potential future trends. Many review
studies have been conducted to disclose the present development situations (e.g., the
application and fundamentals of phytoremediation and combining different technologies
to improve efficiency) [20-22]. However, these research review papers are mainly based on
subjective evaluations that included a small number of articles. Thus, a holistic and detailed
bibliometric analysis is still lacking; there is a need for a systematic and comprehensive
evaluation of the current research to identify research trends and future research areas.
Due to the limitations of previous literature reviews, comprehensive research frontier and
development trends of phytoremediation of cadmium-contaminated soil have not yet been
established, inhibiting development and innovation in this field.

The rapid development of scientometrics and informatics technology has provided more
reliable methods for research on big data visualization. CiteSpace is a Java-based scientific
visualization tool for citation network analysis, first launched in 2004 by Professor Chaomei
Chen of Drexel University [23]. Topic areas, hotspots, and research trends can be clearly
presented using co-occurrence analysis and co-cited analysis functions. A co-occurrence
analysis of country, institution, and author could reveal the main contributing sources in this
field. CiteSpace is an excellent bibliometric analysis software; therefore, it was selected to
analyze the research trends, active institutes and authors, hotspots, and their co-occurrence
in literature on phytoremediation of cadmium-contaminated soil. The results of the analysis
aim to provide a more comprehensive understanding and inspiration for this field.

2. Materials and Methods
2.1. Data Collection

The Web of Science (WOS) is characterized as the most accurate literature-indexing
tool for technical and scientific knowledge analysis, and it can provide insights into the
frontiers of the most critical research areas. In this study, the data used in the bibliometric
analysis were collected from the WOS, including the Science Citation Index-Expanded (SCI-
EXPANDED), Conference Proceedings Citation Index-Science (CPCI-S), Social Sciences
Citation Index (S5CI), Conference Proceedings Citation Index-Social Sciences and Humani-
ties (CPCI-SSH), Book Citation Index-Science (BKCI-S), Art and Humanities Citation Index
(A & HCI), and Index Chemicus (IC).

Phytoremediation of cadmium-contaminated soil was chosen as the research topic.
The following were the search terms used in the study: TS = ((Cd OR cadmium) AND
(hyperaccumulat* OR hyper-accumulator OR phytoremediat* OR phytoextract* OR phy-
tostabilizat* OR phytodegradat* OR phytostimulat* OR phytovolatilizat* OR rhizofiltrat*
OR phytodesalinat* OR phytotransformat* OR rhizodegradat* OR rhizoattenuat* OR “plant
repair” OR “plant restore”) AND (soil*)). Document types were limited to articles and
reviews articles. A total of 5494 publications from 1994 to 2021 were collected, which
includes 5262 articles and 232 review articles.

2.2. Analysis Methods

CiteSpace (5.8.R3) (Drexel University, Philadelphia, PA, USA) was used for the biblio-
metric analysis in this study. The visualization knowledge network created by CiteSpace
consists of nodes and links. The nodes in each map represent a category of elements (e.g.,
cited references, institutions, authors, and countries). The links between nodes represent
the relationships between collaboration/cooccurrence or co-citations; the thicker the line,
the closer the connection is. Furthermore, the colors of nodes and lines represent different
years. Nodes with high betweenness centrality are pivotal points in CiteSpace [24]. The
betweenness centrality is defined in Equation (1).

. B ojk (i)
Centrality (node;) = Zl. Litk W, 1)
In Equation (1), oj represents the total number of shortest paths between node j and
node k, and i (i) is the number of paths that pass through node;. The purple ring represents

centrality. Nodes with high centrality generally represent turning or pivotal points in a field.
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Clustering algorithms are widely used in text data mining. The clustering principle is
that objects in the same cluster have good similarities, whereas objects in different clusters
are quite different [25]. CiteSpace provides an automatic clustering function based on the
spectral clustering algorithm. The log-likelihood rate (LLR) was chosen for the clustering
algorithm in this study; the larger the LLR is, the more representative the words are to this
cluster [26]. The silhouette value is an indicator that can measure network homogeneity
and is generally used to evaluate the clustering effect [27]. The silhouette value varies
between 0 and 1, and the closer it is to 1, the higher is the network homogeneity [28].

The parameters of CiteSpace were set as follows: time slicing (1994-2021), years per
slice (1), term source (all selections), node type (choose one each time), strength (cosine),
scope (within slices), selection criteria (scale factor k = 25), and pruning (pruning sliced
network). After defining the parameters, iterations were run in CiteSpace to obtain the
data and corresponding networks. Related data and mapping networks were examined.
Finally, the results of the visualization analyses were presented and discussed in the
following section.

A variation trend graph of the number of annual publications was drawn using Origin
2021b. ArcGIS 10.7 (ESRI, Redlands, CA, USA) was used to map the global geographic
distribution of the selected publications.

3. Results and Discussion
3.1. Overview of Bibliometric Characteristics
3.1.1. Publication Output

The ascending number of annual publications indicated major research progress in
this field, as shown in Figure 1. The number of publications conformed to the cubic curve
regression model (i = 0.008x> — 48.459x2 + 95855x — 6.320 x 107, R? = 0.988). Rapid growth
was observed over the research period. The annual number of publications increased from
2 in 1994 to 554 in 2021, and a total of 5494 articles were published during this period.
Prior to 2003, the number of publications in this research field was relatively small (less
than 50 per year). However, from 2006, the annual number of publications showed an
upward trend and exceeded 100 publications. In 2017, the annual publications reached
383, indicating that one relevant article was published every day on average. Moreover,
nearly half (45.12%) of the articles were published between 2017 and 2021. The variation
trend of the annual number of publications indicated that this field had received increasing
attention in the past three decades, especially in recent years.
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Figure 1. Annual publication number on phytoremediation of cadmium-contaminated soil between
1994 and 2021.
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3.1.2. Categories

The co-occurrence analysis of subject categories can reveal their inter-disciplinary
links and intrinsic connections [29,30]. Figure 2 shows the co-occurrence network of a
subject category (Figure 2a) and the top 15 categories in terms of frequency and centrality
(Figure 2b). In Figure 2a, each node represents a different subject category; the purple ring
indicates the high centrality values of the corresponding categories, and the lines between
the nodes demonstrate the co-occurrence of these subject categories. As shown in Figure 2a,
“environmental sciences and ecology” (citation counts 3503), “environmental sciences”
(3173), “plant sciences” (835), “agriculture” (771), and “engineering” (525) were the five
most popular categories of research. In Figure 2b, the centrality of “chemistry” (0.37) was
the largest, followed by “environmental sciences and ecology” (0.34), indicating that these
two categories had a greater influence on the phytoremediation of cadmium-contaminated
soil. The frequency of “environmental sciences and ecology” (3503) is larger than that of
“chemistry” (232), but in terms of centrality, “environmental sciences and ecology” (0.34) is
lower than “chemistry” (0.37). This indicated that the category with the highest visibility
will not always be accompanied by the greatest influence [31].
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Figure 2. Schematic diagram of thematic categories between 1994-2021 (a) and topical subjects/
categories with high frequency and centrality (b).

3.1.3. Journal Source

The 5494 publications were disseminated across 654 journals. Table 1 lists the top
ten journals that published the most articles in this field. Among all the journals, the
International Journal of Phytoremediation was the most productive journal (474 publications,
8.63%), followed by Environmental Science and Pollution Research (429 publications, 7.81%),
and Chemosphere (325 publications, 5.92%). The following journals also accepted articles in
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this field, but each contribution was less than 5%: Ecotoxicology and Environmental Safety
(217 publications, 3.95%), Environmental Pollution (189 publications, 3.44%), Journal of Haz-
ardous Materials (163 publications, 2.97%), Science of the Total Environment (158 publications,
2.88%), Plant and Soil (158 publications, 2.88%), Water Air and Soil Pollution (117 publica-
tions, 2.13%), and Journal of Environmental Management (79 publications, 1.43%). Among
the top ten journals, the International Journal of Phytoremediation mainly focused on phy-
toremediation; Environmental Science and Pollution Research, Chemosphere, Ecotoxicology and
Environmental Safety, Environmental Pollution, Journal of Hazardous Materials, Science of the
Total Environment, and Journal of Environmental Management were related more to environ-
mental science (i.e., environmental pollution, environmental chemistry, and environmental
safety); and Plant and Soil and Water Air and Soil Pollution were related to soil. Publications
from the top ten journals together accounted for 42.03% of the total publications in this field.

Table 1. Top 10 journals, authors, institutions, countries, cited journals, and cited authors from 1994

to 2021.

Rank Journal Source Author Institution Country Cited Journal Cited Author
R A (Publications, (Publications,
(Publications) (Publications) Country) Centrality) (Frequency) (Frequency)
1 International | qur'nal of Xiaoe Yang Chinese Acad Sci China Chemosphere Baker A.J.M.
Phytoremediation
(474) (72) (439, China) (1950, 0.12) (3801) (1644)
Environmental Science . " . Environmental
2 and Pollution Research Shuhe Wei Zhejiang Univ USA Pollution Salt D.E.
(429) (42) (163, China) (474,0.23) (3644) (1005)
3 Chemosphere Longhua Wu Univ Chél;?se Acad India Plant and Soil McGrath S.P.
(325) (41) (108, China) (415, 0.08) (3323) (897)
Ecotoxicology and . . . . Science of the Total Kabata-Pendias
4 Environmental Safety Shafaqat Ali Sichuan Agr Univ Pakistan Environment A
(217) (41) (107, China) (319, 0.07) (2745) (745)
5 Environmental Pollution Lijin Lin Univ Florida France J ourntj\l/fz{(flﬂz:rdous Zhao EJ.
(189) (40) (88, American) (294, 0.10) (2592) (600)
Journal of Hazardous . " . . Environmental Science
6 Materials Yongming Luo Nanjing Agr Univ Spain & Technology Chaney R.L.
(163) (36) (82, China) (275,0.14) (2397) (555)
7 Scwnce‘ of the Total Ming’an Liao CSIC Poland International ]qtzmal of Clemens S.
Environment Phytoremediation
(158) (34) (81, Spain) 251, 0.02) (2315) (552)
8 Plant and Soil Qixing Zhou Northwest A&F Univ Italy New Phytologist Ali H.
(158) (34) (71, China) (228,0.21) (2081) (505)
9 Water Air qnd Soil Muham Mad Sun Yat Sen Univ Iran Envlr'onmental and Lombi E.
Pollution Rizwan Experimental Botany
(117) (34) (68, China) (192, 0.03) (2035) (490)
10 Journal of Environmental Zhenli He Univ Agr Faisalabad Germany Water Air qnd Soil Lasat M.M.
Management Pollution
(79) (32) (67, Pakistan) (180, 0.10) (2005) (484)

3.2. Co-Authorship Analysis
3.2.1. Author Co-Authorship Analysis

The author cooperation analysis revealed the contribution of an author and the cooper-
ative relationship between different authors. The author cooperation network is presented
in Figure 3, where each node represents an author, and the node size are proportional to
the publication number of the author. The links between the nodes suggested a cooperative
relationship between these authors. The top ten authors for the number of publications
are listed in Table 1. The most active author in this field was Xiaoe Yang (72 publications),
followed by Shuhe Wei (42 publications), Longhua Wu (41 publications), and Shafaqa Ali
(41 publications). These authors have made significant contributions to this field. Yang
et al. revealed that Sedum alfredii, could hyperaccumulate cadmium and lead; in addition,
they conducted extensive studies on the enrichment mechanism and successfully applied
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it in phytoremediation [13,32,33]. Shuhe Wei conducted several studies in screening new
cadmium hyperaccumulators and actively applied them in phytoremediation [9,34,35].
Longhua Wu found that Sedum plumbizincicola had a strong ability to absorb cadmium from
soil, and made serious progress in soil remediation and intercropping [36-38]. Shafaqa
Ali conducted significant research on cadmium phytoextraction enhancement, cadmium
phytoavailability reduction, and translocation of metals from soil to wheat [39-41]. There
was a weak cluster connection between the research (Figure 3), which means that the au-
thors tended to cooperate in relatively small-scale teams. Hence, more cooperation across
international teams is required in future studies.
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Figure 3. Author cooperation network.

3.2.2. Institution Co-Authorship Analysis

The cooperation network can reveal the academic influence of the institution and
country to a certain extent. Most contributing institutions are from China, the USA, Pakistan,
France, Spain and Belgium. There were 8 Chinese institutions in the top 15 institutions
in terms of the number of articles published. France and Pakistan had two institutions
each in the top institutions. The remaining three were from the USA, Spain, and Belgium.
Among these institutions, the Chinese Academy of Sciences (439 articles) and Zhejiang
University (163 articles) made a significant contribution to cadmium hyperaccumulator.
The University of Chinese Academy of Sciences (108), Sichuan Agricultural University
(107 articles), and University of Florida (88) also conducted research in this field. From the
cooperation network of institutions (Figure 4a), we observed relatively close cooperation
among several institutions. For example, the Chinese Academy of Sciences, Zhejiang
University, and the University of Florida had close cooperation with others, while other
institutions also cooperated closely.
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3.2.3. Country Co-Authorship Analysis

A cooperation network of countries showed that most contributing institutions came
primarily from China, and these results were similar to those of the co-authorship analysis.
As shown in Figure 4b and Table 1, China (1950 articles) was the country with the highest
contribution, followed by the USA (474), India (415), Pakistan (319), and France (219).

Scholars in China (1950 articles) have conducted far more research on phytoremedia-
tion of cadmium-contaminated soil than those in other countries. Several factors can be
attributed to this trend. First, China is rich in plant resources, especially in broad-leaved
evergreen forests in southern China, which is less affected by Quaternary glaciers; therefore,
various ancient plants are retained, including 14,600 species of seed plants [42]. Second,
these areas are rich in HM mineral resources; thus, the soil around some mining areas or
metallogenic belts contain relatively high levels of HMs [1]. The abundant plant resources
and high HM concentrations in soils have provided the basis for the evolution of hyperac-
cumulators. Lastly, the Chinese government has been actively improving environmental
quality in recent years and has invested considerable financial and human resources in
the remediation of polluted soil [43—45]. Therefore, phytoremediation, as a green and
effective technology for the treatment of polluted soil, has received significant attention
and application in China.

In terms of centrality (Figure 4b and Table 1), the USA (0.23), Italy (0.21), and Japan
(0.15) were the three most influential countries, followed by Spain (0.14) and China (0.12).
The USA was the most influential country. This may be explained by the fact that scholars
in the USA had performed several pioneering research in this field in the early periods.
They defined several terminologies and outlined the main considerations for hyperaccumu-
lation [21,46,47]. These pioneering works have played a leading role and pushed forward
the development of this field. From a continental aspect, productive countries are mainly
located in Asia, North America, and Europe (Figure 5).



Int. |. Environ. Res. Public Health 2022, 19, 6987 8 of 19

Figure 5. Geographic distribution of countries studying phytoremediation of cadmium-contaminated soil.

3.3. Co-Citation Analysis
3.3.1. Journal Co-Citation Analysis

A network of journal co-citations could provide us with more innovative information
about these journals. The journal co-citation network is presented in Table 1 and Figure
Sla; the order from high to low frequency was Chemosphere (frequency = 3801), Environ-
mental Pollution (frequency = 3644), and Plant and Soil (frequency = 3323), all of which had
more than 3000 co-citation frequencies. The next were the Science of the Total Environment
(frequency = 2745) and Journal of Hazardous Materials (frequency = 2592). These journals
are amongst the top journals in the field. Although some journals (e.g., Science of the Total
Environment and Environmental Pollution) published only a few relevant articles, they still
have a profound influence in this field.

3.3.2. Author Co-Citation Analysis

The author co-citation network could reflect the influence of authors in the research,
and it would provide us with a complete view of the field. As shown in Table 1 and
Figure S1b, the author with the highest citation frequency was Baker A.J.M. (1648 citations,
Australia). Baker A.J.M., a pioneer in the field of phytoremediation, along with his col-
leagues, conducted numerous novel research in phytoremediation, agromining, and other
relevant areas [21,48,49]. This author was followed by Salt D.E. (1009 citations), McGrath
S.P. (897 citations), Kabata-Pendias A. (745 citations), and Zhao EJ. (600 citations), all of
which published influential works and promoted the development of this field [50-53].
However, the authors’ citation numbers were not always consistent with their publica-
tion frequency (Table 1). This indicated that some authors made significant contributions,
despite not having published many articles.

3.3.3. The Top 10 Most-Cited Research Articles

The top 10 most-cited research articles were listed in Table 2. These articles were
all significant and instructive for phytoremediation of cadmium-contaminated soil. They
were nearly all published in authoritative journals of this field (e.g., Environmental Science
& Technology, Plant and Soil, and New Phytologist). Some works had laid a foundation
for the following research works in the field of phytoremediation. For example, Kumar
et al. [47] elaborated the concept and basic principle of phytoremediation in detail, which
had attracted wide attention and boosted the development of relevant works. van der Ent
et al. [21] outlined the main considerations for establishing metal or metalloid hyperaccu-
mulation status of plants, (re)defined some of the terminology and noted potential pitfalls,
which contributed to the further corrections and improvements of this area.
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Table 2. Top 10 most-cited research articles about phytoremediation of cadmium-contaminated soil.

Publication Citation Frequency Journal Reference
Phytoextraction: the use of plants to remove heavy metals Environmental Science &
) 963 [47]
from soils Technology
Phytoremediation of lead-contaminated soils: role of synthetic Environmental Science &
. . 822 [54]
chelates in lead phytoextraction Technology
Hyperaccumulators of metal anfi Ipetallmd trace elements: facts 796 Plant and Soil 1]
and fiction
Heavy metal accumulation and tolerance in British populations .
of the metallophyte T. caerulescens J. & C. Presl (Brassicaceae) 623 New Phytologist (il
Cadmium tolerance and hyperaccumulation in a new .
Zn-hyperaccumulating plant species (S. alfredii Hance) 266 Plant and Soil (13l
Rhizofiltration: the use of plants to remove heavy metals from 492 Environmental Science & [55]
aqueous streams Technology
Accumulation properties of As, Cd, Cu, Pb and Zn by four Environmental and
. . . - 422 . [56]
wetland plant species growing on submerged mine tailings Experimental Botany
Phytoremediation potential of T. caerulescens and Bladder Journal of Environmental
. . . . . 401 . [57]
campion for zinc- and cadmium-contaminated Soil Quality
Strategies of heavy metal uptake by three plant species growing 380 Environmental Pollution 58]
near a metal smelter
Phytoextraction of cadmium and zinc from a contaminated soil 378 Journal of Encvironmental [59]

Quality

At the same time, enhancing phytoremediation efficiencies had also attracted wide
attention. Huang et al. [54] introduced the role of synthetic chelates in lead phytoextrac-
tion. This finding had aroused great repercussions, and chelates addition had become
a hotspot. Additionally, some studies had expanded the application of hyperaccumula-
tors. Dushenkov et al. [55] reported that accumulating-plants can remove heavy metals
from aqueous streams; Stoltz et al. [56] reported that accumulating-plants can also re-
duce element leakage from submerged mine tailings. Moreover, Baker et al. [11], Yang
et al. [13], Brown et al. [57], Dahmani-Muller et al. [58], and Ebbs et al. [59] had screened
out new hyperaccumulators (e.g., T. caerulescens, S. alfredii, and Bladder campion), which
promoted subsequent scholars to actively apply them to phytoremediation and study their
specific mechanisms.

3.4. Hotspots and Trends Analysis
3.4.1. Keyword Cluster Analysis

Keywords are a high-level summary and concentrated description of the topic of
the article; the keyword clustering analysis is an effective way to present major research
domains and topics [60,61]. The clusters and feature information that label the keywords
are shown in Table 3 and Figure S2, respectively.

Table 3. Keyword cluster analysis and feature information.

Cluster ID Cluster Name Size Silhouette Mean (Year) Main Keywords
0 Biochar 045 0.572 2010 biochar; biochar prc?pertles; heavy metal fraction; health
risk; trace elements
1 T caerulescens 230 0.73 2002 T. caen.tlescens; hyperaccgmulatlgn; heavy metal;
environmental pollution; agricultural soils
5 Endophytlc 171 0.614 2009 endophytic bacteria; rhlzobacterla ; PGRA; arbuscular
bacteria mycorrhizal fungi
3 Oxidative stress 147 0.658 2012 oxidative st'ress; antioxidant (?nzymes'; reactive oxygen
species; photosynthesis; cadmium stress
4 EDTA 123 0.622 2009 EDTA; EDDS; citric acid; phytoextraction; chelating agent
Bioconcentration bioconcentration factor; translocation factor; subcellular
5 66 0.782 2010 AN . . .
factor distribution; cadmium pollution; chemical form
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Cluster #0: “Biochar”

The first cluster was on biochar, containing 245 keywords, including “biochar”,
“biochar properties”, “heavy metal fraction”, “health risk”, and “trace elements”. Biochar
is a stable carbon-rich byproduct that is a biomass produced by pyrolysis/carbonization
of plants and animals [62]. Through structural and surface modifications of biochar, Zhu
et al. [63] found that both surface oxidation and amination improved the adsorption perfor-
mance of structurally modified biochar for cadmium.

Phytoremediation and the use of biochar are two sound environmental interventions
for mitigating soil pollution, and combining them may produce a better restoration ef-
fect [22,64]. Contaminated soil in mining areas usually has poor fertility; however, biochar
can assist plant growth by enhancing soil fertility and improving phytoremediation effi-
ciency [65]. Amending soil with biochar and arbuscular mycorrhizal inoculants significantly
increased the activities of superoxide dismutase (SOD), peroxidase (POD), and catalase
(CAT) in the roots, stems, leaves, and ears of maize [66]. Notably, the introduction of new
pollutants should be avoided when using biochar to remediate heavy-metal-contaminated
soil. For example, biochar prepared from sewage sludge can contain high concentrations of
HMs [67].

Cluster #1: “T. caerulescens”

The second cluster is on T. caerulescens, with 230 keywords, including “T. caerulescens”,
“hyperaccumulation”, “heavy metal”, “environmental pollution”, and “agricultural soils”.
This cluster was the earliest research area, in which the mean publication year was 2002. In
1994, Baker et al. [11] reported that T. caerulescens had the ability to hyperaccumulate cad-
mium in shoots. Several studies have been conducted on its mechanisms and applications
in phytoremediation [52,68,69].

There are excellent articles on the interpretation of the term hyperaccumulation from
the early days to the present [15,20,50]. van der Ent et al. [21] pointed out that “accumula-
tion” should only imply active accumulation inside the plant leaf tissue, via the roots. This
is because passive accumulation occurs via airborne deposition on the plant leaves. At the
molecular level, several genes are overexpressed under cadmium stress. The overexpression
of these genes controls cadmium uptake, translocation from root to shoot, accumulation,
sequestration, and detoxification [70-72]. Thus, the field of hyperaccumulation has become
more comprehensive and systematic.

Cluster #2: “Endophytic Bacteria”
“Endophytic bacteria” is the third cluster, with 171 keywords. The main keywords were

“endophytic bacteria”, “rhizobacteria”, “plant growth-promoting rhizobacteria (PGRA)”,
“arbuscular mycorrhizal fungi” (AMF), and “plant growth promotion”. Endophytic bac-
teria can alleviate metal toxicity in plants through their own metal resistance systems
and promote plant growth under metal stress [73]. Hence, phytoremediation assisted by
bacterial endophytes is highly recommended [74,75]. Generally speaking, there are two
main ways for endophytic bacteria to improve plant growth in metal-polluted soils: (1) pro-
ducing plant growth with beneficial substances including solubilization/transformation of
mineral nutrients (e.g., phosphate, nitrogen, and potassium), production of phytohormones,
siderophores, and specific enzymes; and (2) controlling plant pathogens by inducing a
systemic resistance of plants against pathogens [76]. For example, AMF can accumulate
high concentrations of HMs and intensify the plant’s ability to tolerate metal stress [77].

Cluster #3: “Oxidative Stress”
This cluster focused on oxidative stress, consisting of 147 keywords, including “ox-

idative stress”, “antioxidant enzymes”, “reactive oxygen species”, “photosynthesis”, and
“cadmium stress”. Cadmium can activate reactive oxygen species (ROS) to induce chro-
mosomal aberrations, gene mutations, and DNA damage that affect the cell cycle and

division [5,78]. The overproduction of ROS eventually leads to plant physiological disor-
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ders [5,79]. In response, plants would produce various molecules and compounds, such as
Ca?* [80], glutathione [81], proline [82,83], phytohormones [84,85], and different antioxi-
dant enzymes [86-88]. These processes may chelate cadmium, reduce oxidative stress, and
reduce damage to plant tissues.

Cluster #4: Ethylenediaminetetraacetic Acid (“EDTA”)

“EDTA” is the fifth cluster, consisting of 123 keywords, including “EDTA”, ( S,S)-N,N'-
ethylenediamine disuccinic acid (“EDDS”), “citric acid”, “phytoextraction”, and “chelating
agent”. The successful application of plants in the remediation of contaminated soils
depends on the phenotype and genotype of the plants. However, interactions between
a chelating agent and HMs are also of great importance because of the solubility and
availability of metals to plants [15]. Chemical amendments, such as synthetic organic
chelates, can enhance phytoextraction by increasing HM bioavailability in soil, thus en-
hancing plant uptake and the translocation of HMs from the roots to the green parts of
tested plants [89]. Among chelates, EDTA, EDDS, and citric acid have been used as viable
environmental technologies to enhance the efficiency of phytoremediation [10,17,39,90].
However, the in-situ application of chelating agents can cause groundwater pollution
through uncontrolled metal dissolution and leaching. Therefore, the potential risks of
groundwater contamination should be thoroughly assessed before using EDTA or other
chelators for phytoextraction.

Cluster #5: “Bioconcentration Factor”

A total of 66 keywords made up this cluster, and the main keywords were “biocon-
centration factor”, “translocation factor”, “subcellular distribution”, “cadmium pollution”,
and “chemical form”. This cluster was mainly concerned with the molecular biology
mechanisms by which hyperaccumulators absorb, transport, isolate, and tolerate metals.
Hyperaccumulators have three basic hallmarks that distinguish them from related non-
hyperaccumulating taxa: a stronger enhanced rate of HMs uptake, a faster root-to-shoot
translocation and a greater ability to detoxify and sequester HMs in leaves [15]. These
processes are driven by the overexpression of gene encoding transmembrane transporters,
such as members of the Zn-regulated transporter and iron-regulated transporter-like (ZIP)
family, P1g-ATPase (HMA) family, yellow stripe-like (YSL) transporter family, and metal
tolerance protein (MTP) family [15,91].

A total of 313 HM-associated transporters (HMATs) widely distributed in 17 trans-
porter families, were found to be responsible for HM uptake, transport, and translocation in
plants [92]. SaHMA3 showed higher expression in the hyperaccumulating population than
in the non-hyperaccumulating population. These findings indicate that SaHMA3h plays
an important role in facilitating cadmium sequestration in the vacuole of S. alfredii [93].
SaMT2, a type II metallothionein gene, had a higher transcript level in the shoot than in
the root, indicating that SaMT2 played an important role in transporting cadmium in S.
alfredii [94].

3.4.2. Keyword Co-Occurrence Analysis

A keyword co-occurrence analysis was also conducted using CiteSpace software.
The keyword co-occurrence time zone is generally used to demonstrate the development
sequence of this field. The node size is proportional to the keyword frequency and year
in which the keyword first appeared. The time zone view of the keyword co-occurrence
analysis is shown in Figure 6, and the top 20 keywords in terms of frequency and centrality
of this field over the past 28 years are shown in Table 4. In this process, keywords with
the same meaning were combined, such as “cadmium” with “Cd”, and “heavy metal”
with “metal”.
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Table 4. The top 20 keywords related to phytoremediation of cadmium-contaminated soil of 1994

to 2021.
Keyword Freq Centrality Keyword Freq Centrality
heavy metal 3050 0.03 growth 775 0.02
cadmium 2747 0.01 tolerance 739 0.03
phytoremediation 1886 0.00 copper 604 0.04
accumulation 1707 0.01 T. caerulescen 480 0.02
zinc 1492 0.01 toxicity 470 0.01
plant 1372 0.01 plant growth 385 0.02
contaminated soil 1167 0.04 remediation 319 0.01
soil 1146 0.01 EDTA 258 0.01
lead 1133 0.03 rhizosphere 252 0.01
phytoextraction 1043 0.01 oxidative stress 246 0.01

As shown in Table 4, “heavy metal” (3050 times), “cadmium” (2747 times), “phytore-
mediation” (1886 times), “accumulation” (1707 times), and “zinc” (1492 times) were the
most frequent keywords. Some scholars have pointed out that using hyperaccumulators to
remove HM from soils was a novel strategy [46,47,95]. Thereafter, scholars have conducted
extensive studies to explore the hyperaccumulation mechanism of hyperaccumulators
based on cytology, molecular biology, and genetics [14-16]. van der Ent et al. [21] outlined
the main considerations for establishing the metal or metalloid hyperaccumulation status of
plants, (re)defined some of the terminology, and identified potential hazards. These studies
have provided standard terminology and methods for hyperaccumulators. Molecular
tools have been developed to improve the understanding of the mechanisms by which
plants absorb, transport, isolate, and tolerate metals [96-98]. Overall, phytoremediation is
considered a cost-effective, efficient, novel, and eco-friendly technology, which remains an
active field of current research [20,99].

In Figure 6, we demonstrate that the core concepts and basic theories were established
around 2011. The work of the past decade (2012-2021) aimed to supplement the exist-
ing concepts and deepen them. The development of theoretical knowledge is positively
facilitating the application of advanced technologies; however, the pace of theoretical
development is relatively slow. Therefore, new ideas and research methods need to be



Int. |. Environ. Res. Public Health 2022, 19, 6987 13 of 19

introduced to the phytoremediation of cadmium-contaminated soil to boost innovation
and beneficial outcomes.

3.4.3. Keyword Bursts Analysis

Some keywords sharply increased within a specific period, reflecting the dynamics

and potential research questions of a field. A keyword burst analysis can be used to
analyze development trends and research frontiers. Through CiteSpace, 180 keywords with
occurrence bursts from 1994 to 2021 were identified. Table 5 shows the top 30 keywords
with the strongest bursts, which were the hottest topics or the most studied research areas.
Based on the correlation of these 30 keywords, the field can be divided into the following
main aspects.

)

@)

®)

4)

Screening new hyperaccumulators and applying them in the phytoremediation of
cadmium-contaminated soil. Scholars have struggled to find plants with the ability
to hyperaccumulate cadmium that can be employed in phytoremediation. These
studies were conducted relatively early on. For example, the keyword burst for “T.
caerulescens” (1997-2011) began in 1997 and ended in 2011; other examples include “In-
dian mustard” (1999-2010) and “Arabidopsis halleri” (2000-2011). In addition, scholars
later focused on “Salix” (2004-2011), “tree” (2005-2011), and “fern” (2007-2012).
Searching for strategies that improve the efficiency of phytoremediation. Researchers
improved the efficiency of phytoremediation in multiple ways, such as amending
the rhizosphere microbial community with “glomus mosseae” (2004-2011), adding
“organic acid” (2004-2010), and adding “EDTA” (2006-2011). The keyword burst for
“biochar” and “bacterial community” began in 2019 and continues to date, thereby
indicating that biochar and bacterial community are current research hotspots.
Exploring the mechanisms by which these plants hyperaccumulate metal. Exploring
the enrichment mechanism of hyperaccumulators can help understand how hyperaccu-
mulators absorb, translocate, accumulate, sequester, and detoxify cadmium. Research
in this area began early and continues to this day. The keyword bursts in this aspect
included “phytochelatin” (1994-2008), “transport” (1995-2007), “cadmium uptake”
(1997-2006), “absorption” (2000-2008), “heavy metal uptake” (2002-2011), and “sub-
cellular distribution” (2018-2021). Among them, “subcellular distribution” began in
2018 and still continues, indicating that much more attention is given to this topic in
recent years [100,101].

Assessment of health risks. High concentrations of HMs in the soil are a risk to
human health; HMs enter the food chain via agricultural products or contaminated
drinking water. Phytoremediation can effectively remove cadmium from cadmium-
contaminated soil and eliminate the long-term risk of cadmium entering the food
chain. The keyword burst for “health risk” began from 2016 to 2021, indicating that
health risk is a new line of research for phytoremediation of cadmium-contaminated
soil [45,102].

Table 5. Top 30 keywords with the strongest burst.

Keywords Strength Begin End 1994-2021
nickel 14.83 1994 2005 I ———— —— - -
phytochelatin 9.34 1994 2008 N S I S Y S Y S O N B
transport 17.72 1995 2007 S - - - -
zinc 44.15 1996 2008 S S I O - - -
T. caerulescen 50.36 1997 2011 N I I - - -
population 16.47 1997 2008 ST rrrrrrorrr
cadmium uptake 14.93 1997 2006 P — — — -
brassicaceae 11.15 1997 2007 N I I N I Y I B
hyperaccumulator T. caerulescen 23.65 1998 2009 I i — — — —— ——
Indian mustard 44.11 1999 2010 I - —— - -
absorption 11.96 2000 2008 I i i i — — —
A. halleri 10.17 2000 2011 N - - -
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Table 5. Cont.

Keywords Strength Begin End 1994-2021
lead phytoextraction 12.1 2001 2010 P I —— — — —— -
metal 8.88 2001 2006 I — — - -
heavy metal uptake 12.41 2002 2011 i ——— — — - -
availability 12.73 2003 2008 - —— —— -
Salix 10.27 2004 2011 I
glomus mosseae 9.29 2004 2011 I I —— — -
organic acid 8.86 2004 2010 i — — — — -
tree 8.72 2005 2011 T T T T T 1]
EDTA 14.86 2006 2011 - - -
fern 8.56 2007 2012 I — — — -
extraction 8.29 2009 2011 —— -
health risk 8.94 2016 2021 - -
potentially toxic element 8.91 2017 2021 - — —— -
subcellular distribution 9.44 2018 2021 —— — -
biochar 12.81 2019 2021 -
remediation 10.64 2019 2021 -
chemical form 9.41 2019 2021 ——
bacterial community 9.18 2019 2021 ——

Note: The thick red lines indicate the keywords with occurrence bursts in these years.

4. Conclusions

This study offered a knowledge mapping of the phytoremediation of cadmium-
contaminated soil. Based on the results of the bibliometric analysis, the publication
characteristics, research power, and research hotspots in this field were systematically
reviewed and presented in this study.

Over the past 28 years, 5494 related scientific articles were published, with nearly half
being published in the past five years, indicating that researchers are paying increasing
attention to this field. Phytoremediation of cadmium-contaminated soil is a multifaceted
and multidisciplinary field, in which environmental science and ecology, environmental
science, plant science, agriculture, and engineering were the five major categories. The
International Journal of Phytoremediation was the most productive journal and Chemosphere
had the highest co-citation frequency.

Most of the productive authors (e.g., Xiaoe Yang, Shuhe Wei, and Longhua Wu) and
institutions (e.g., Chinese Academy of Sciences and Zhejiang University) were from China.
However, Baker A.J.M. (Australia) was the most influential author in terms of citation
frequency. The most productive countries were mainly located in Asia, North America, and
Europe. China had the largest number of publications. However, the USA was the most
influential country in terms of centrality. The identified research domains were labeled

77

as “biochar”, “T. caerulescens”, “endophytic bacteria”, “oxidative stress”, “EDTA”, and

“bioconcentration factor”.

The core concepts and basic theories of this field were basically completed in 2011.
Over the ensuing decade, the development and refinement of theory and fundamental
knowledge has driven the application of phytoremediation of cadmium-contaminated
soil. However, there has been little innovation in the core concepts and fundamental
theories in this research field over the past decade. Therefore, this field requires innova-
tion, new perspectives, and methods to further develop phytoremediation of cadmium-
contaminated soil.

Combined with the keyword cluster, co-occurrence, and burst analysis, the research
trends/frontiers were summarized to provide guidance and reference for scholars.

(1) Improving phytoremediation efficiency by biochar addition and manipulation of
the rhizosphere bacterial community. Phytoremediation can remove HMs from soil;
however, its efficiency is affected by plant growth speed and biomass. Therefore, it is
necessary to integrate various methods, such as combining biochar and amendment
with AMF to improve efficiency [22,77,103].
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(2) Further investigation of cadmium subcellular distribution. Research in this field
will provide a microscopic and multidisciplinary perspective on hyperaccumulation,
helping us to better understand how and why hyperaccumulators differ from normal
plants. Moreover, it will promote the plant evolution field.

(3) Health risk assessments may become a new line of research. Cadmium-contaminated
soil is a risk to human health, as cadmium can enter the food chain via agricultural
products. After phytoremediation, the risk of cadmium entering the food chain
can be eliminated [104,105]. In recent years, public health has become increasingly
concerned with environmental issues. Thus, phytoremediation combined with health
risk assessment may become a research hotspot in the future.

Despite the significant and multiple results obtained from the visualization analysis of
phytoremediation of cadmium-contaminated soil articles, there were several limitations in
this study. The analyzed data were only derived from the WOS Core Collection databases
in English, which limited the return results due to linguistic bias and exclusion of other
databases. Therefore, more comprehensive and in-depth analyses are needed in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijerph19126987/s1, Figure S1: Journal co-citation network (a)
and author co-citation network (b); Figure S2: Main clusters labeled by keyword.

Author Contributions: Conceptualization, M.L., X.Z. and R.G.; software, X.Z. and R.G.; validation,
X.Z. and R.G.; formal analysis, M.L. and X.Z.; data curation, X.Z. and R.G.; writing—original
draft preparation, X.Z. and R.G.; writing—review and editing, M.L.; visualization, X.Z. and R.G;
supervision, M.L.; project administration, M.L.; funding acquisition, M.L. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by Innovation Academy for Green Manufacture of the Chinese
Academy of Sciences, grant number IAGM-2019-A16-5.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: This study does not involve human participants.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy/ethical restrictions.

Acknowledgments: The authors would like to thank Shaobin Wang from the Institute of Geographic
Sciences and Natural Resources Research, the Chinese Academy of Sciences, and Xiaoxia Guo
from China Agricultural University who provided assistance with the manuscript editing and
figure processing.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Li, Z.; Ma, Z.; van der Kuijp, T.J.; Yuan, Z.; Huang, L. A review of soil heavy metal pollution from mines in China: Pollution and
health risk assessment. Sci. Total Environ. 2014, 468, 843-853. [CrossRef] [PubMed]

2. Wang, L; Cui, X,; Cheng, H.; Chen, E; Wang, J.; Zhao, X.; Lin, C.; Pu, X. A review of soil cadmium contamination in China
including a health risk assessment. Environ. Sci. Pollut. Res. 2015, 22, 16441-16452. [CrossRef]

3.  Kubier, A.; Wilkin, R.T.; Pichler, T. Cadmium in soils and groundwater: A review. Appl. Geochem. 2019, 108, 104388. [CrossRef]
[PubMed]

4. Haider, FU,; Liqun, C.; Coulter, J.A.; Cheema, S.A.; Wu, J.; Zhang, R.; Wenjun, M.; Farooq, M. Cadmium toxicity in plants:
Impacts and remediation strategies. Ecotoxicol. Environ. Saf. 2021, 211, 111887. [CrossRef] [PubMed]

5. ElRasafi, T.; Oukarroum, A.; Haddioui, A.; Song, H.; Kwon, E.E.; Bolan, N.; Tack, EM.G.; Sebastian, A.; Prasad, M.N.V.; Rinklebe,
J. Cadmium stress in plants: A critical review of the effects, mechanisms, and tolerance strategies. Crit. Rev. Environ. Sci. Technol.
2020, 52, 675-726. [CrossRef]

6.  Akerstrom, M.; Barregard, L.; Lundh, T.; Sallsten, G. The relationship between cadmium in kidney and cadmium in urine and
blood in an environmentally exposed population. Toxicol. Appl. Pharmacol. 2013, 268, 286—293. [CrossRef]

7. Ministry of Environmental Protection of the People’s Republic of China & Ministry of Land and Resources of the People’s

Republic of China. National Soil Pollution Survey Bulletin. 2014. Available online: http:/ /www.mee.gov.cn/gkml/sthjbgw /qt/
201404 /t20140417_270670.htm (accessed on 1 March 2022).


https://www.mdpi.com/article/10.3390/ijerph19126987/s1
https://www.mdpi.com/article/10.3390/ijerph19126987/s1
http://doi.org/10.1016/j.scitotenv.2013.08.090
http://www.ncbi.nlm.nih.gov/pubmed/24076505
http://doi.org/10.1007/s11356-015-5273-1
http://doi.org/10.1016/j.apgeochem.2019.104388
http://www.ncbi.nlm.nih.gov/pubmed/32280158
http://doi.org/10.1016/j.ecoenv.2020.111887
http://www.ncbi.nlm.nih.gov/pubmed/33450535
http://doi.org/10.1080/10643389.2020.1835435
http://doi.org/10.1016/j.taap.2013.02.009
http://www.mee.gov.cn/gkml/sthjbgw/qt/201404/t20140417_270670.htm
http://www.mee.gov.cn/gkml/sthjbgw/qt/201404/t20140417_270670.htm

Int. |. Environ. Res. Public Health 2022, 19, 6987 16 of 19

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Té6th, G.; Hermann, T.; da Silva, M.R.; Montanarella, L. Heavy metals in agricultural soils of the European Union with implications
for food safety. Environ. Int. 2016, 88, 299-309. [CrossRef]

Han, R.; Dai, H.P,; Guo, B.; Noori, A.; Sun, W.C.; Wei, S.H. The potential of medicinal plant extracts in improving the phy-
toremediation capacity of Solanum nigrum L. for heavy metal contaminated soil. Ecotoxicol. Environ. Saf. 2021, 220, 112411.
[CrossRef]

Xu, L.; Li, J.; Najeeb, U.; Li, X.; Pan, ].; Huang, Q.; Zhou, W.; Liang, Z. Synergistic effects of EDDS and ALA on phytoextraction of
cadmium as revealed by biochemical and ultrastructural changes in sunflower (Helianthus annuus L.) tissues. J. Hazard. Mater.
2021, 407, 124764. [CrossRef]

Baker, A.J.M.; Reeves, R.D.; Hajar, A.S.M. Heavy metal accumulation and tolerance in British populations of the metallophyte
Thlaspi caerulescens J. & C. Presl (Brassicaceae). New Phytol. 1994, 127, 61-68. [CrossRef]

Wan, X.; Lei, M.; Yang, ]. Two potential multi-metal hyperaccumulators found in four mining sites in Hunan Province, China.
Catena 2017, 148, 67-73. [CrossRef]

Yang, X.E.; Long, X.X.; Ye, H.B.; He, Z.L.; Calvert, D.V,; Stoffella, P.J. Cadmium tolerance and hyperaccumulation in a new
Zn-hyperaccumulating plant species (Sedum alfredii Hance). Plant Soil 2004, 259, 181-189. [CrossRef]

Schutzendubel, A.; Polle, A. Plant responses to abiotic stresses: Heavy metal-induced oxidative stress and protection by
mycorrhization. J. Exp. Bot. 2002, 53, 1351-1365. [CrossRef]

Rascio, N.; Navari-Izzo, F. Heavy metal hyperaccumulating plants: How and why do they do it? And what makes them so
interesting? Plant Sci. 2011, 180, 169-181. [CrossRef] [PubMed]

Kramer, U. Metal hyperaccumulation in plants. Annu. Rev. Plant Biol. 2010, 61, 517-534. [CrossRef] [PubMed]

Luo, C.L.; Shen, Z.G.; Li, X.D. Enhanced phytoextraction of Cu, Pb, Zn and Cd with EDTA and EDDS. Chemosphere 2005, 59, 1-11.
[CrossRef]

Dell’Amico, E.; Cavalca, L.; Andreoni, V. Improvement of Brassica napus growth under cadmium stress by cadmium-resistant
rhizobacteria. Soil Biol. Biochem. 2008, 40, 74-84. [CrossRef]

Sheng, X.E,; Xia, J.J. Improvement of rape (Brassica napus) plant growth and cadmium uptake by cadmium-resistant bacteria.
Chemosphere 2006, 64, 1036-1042. [CrossRef] [PubMed]

Ali, H.; Khan, E.; Sajad, M.A. Phytoremediation of heavy metals-concepts and applications. Chemosphere 2013, 91, 869-881.
[CrossRef] [PubMed]

Van der Ent, A.; Baker, A.J.M.; Reeves, R.D.; Pollard, A.].; Schat, H. Hyperaccumulators of metal and metalloid trace elements:
Facts and fiction. Plant Soil 2013, 362, 319-334. [CrossRef]

Hu, Y.M.; Zhang, P.; Yang, M.; Liu, Y.Q.; Zhang, X.; Feng, S.S.; Guo, D.W.; Dang, X.L. Biochar is an effective amendment to
remediate Cd-contaminated soils-a meta-analysis. J. Soils Sediments 2020, 20, 3884-3895. [CrossRef]

Chen, C. Searching for intellectual turning points: Progressive knowledge domain visualization. Proc. Natl. Acad. Sci. USA 2004,
101, 5303-5310. [CrossRef]

Ping, Q.; He, ].; Chen, C. How many ways to use CiteSpace? A study of user interactive events over 14 months. J. Assoc. Inf. Sci.
Technol. 2017, 68, 1234-1256. [CrossRef]

Chen, C. CiteSpace II: Detecting and visualizing emerging trends and transient patterns in scientific literature. J. Am. Soc. Inf. Sci.
Technol. 2006, 57, 359-377. [CrossRef]

Chen, C.; Ibekwe-SanJuan, F.; Hou, J. The structure and dynamics of cocitation clusters: A multiple-perspective cocitation analysis.
J. Am. Soc. Inf. Sci. Technol. 2010, 61, 1386-1409. [CrossRef]

Rousseeuw, PJ. Silhouettes—A graphical aid to the interpretation and validation of cluster-analysis. J. Comput. Appl. Math. 1987,
20, 53-65. [CrossRef]

Sun, Y.Q.; Wu, S.M.; Gong, G.Y. Trends of research on polycyclic aromatic hydrocarbons in food: A 20-year perspective from 1997
to 2017. Trends Food Sci. Technol. 2019, 83, 86-98. [CrossRef]

Huang, L.; Zhou, M,; Ly, J.; Chen, K. Trends in global research in forest carbon sequestration: A bibliometric analysis. | Clean.
Prod. 2020, 252, 17. [CrossRef]

Wang, J.Y.; Cai, Y.; Yang, ].; Zhao, X.W. Research trends and frontiers on source appointment of soil heavy metal: A scientometric
review (2000-2020). Environ. Sci. Pollut. Res. 2021, 28, 52764-52779. [CrossRef]

Zuanazzi, N.R.; de Castilhos Ghisi, N.; Oliveira, E.C. Analysis of global trends and gaps for studies about 2,4-D herbicide toxicity:
A scientometric review. Chemosphere 2020, 241, 125016. [CrossRef] [PubMed]

Tian, S.K.; Lu, L.L.; Labavitch, J.; Yang, X.E.; He, Z.L.; Hu, H.N,; Sarangi, R.; Newville, M.; Commisso, J.; Brown, P. Cellular
sequestration of cadmium in the hyperaccumulator plant species Sedum alfredii. Plant Physiol. 2011, 157, 1914-1925. [CrossRef]
Tang, L.; Hamid, Y.; Zehra, A.; Sahito, Z.A.; He, Z.L.; Beri, W.T.; Khan, M.B.; Yang, X.E. Fava bean intercropping with Sedum
alfredii inoculated with endophytes enhances phytoremediation of cadmium and lead co-contaminated field. Environ. Pollut.
2020, 265, 114861. [CrossRef] [PubMed]

Wei, S.; Zhou, Q.; Mathews, S. A newly found cadmium accumulator—Taraxacum mongolicum. |. Hazard. Mater. 2008, 159, 544-547.
[CrossRef] [PubMed]

Wang, S.Q.; Wei, S.H.; Ji, D.D.; Bai, J.Y. Co-planting Cd contaminated field using hyperaccumulator Solanum nigrum L. through
interplant with low accumulation Welsh onion. Int. J. Phytorem. 2015, 17, 879-884. [CrossRef]


http://doi.org/10.1016/j.envint.2015.12.017
http://doi.org/10.1016/j.ecoenv.2021.112411
http://doi.org/10.1016/j.jhazmat.2020.124764
http://doi.org/10.1111/j.1469-8137.1994.tb04259.x
http://doi.org/10.1016/j.catena.2016.02.005
http://doi.org/10.1023/B:PLSO.0000020956.24027.f2
http://doi.org/10.1093/jexbot/53.372.1351
http://doi.org/10.1016/j.plantsci.2010.08.016
http://www.ncbi.nlm.nih.gov/pubmed/21421358
http://doi.org/10.1146/annurev-arplant-042809-112156
http://www.ncbi.nlm.nih.gov/pubmed/20192749
http://doi.org/10.1016/j.chemosphere.2004.09.100
http://doi.org/10.1016/j.soilbio.2007.06.024
http://doi.org/10.1016/j.chemosphere.2006.01.051
http://www.ncbi.nlm.nih.gov/pubmed/16516946
http://doi.org/10.1016/j.chemosphere.2013.01.075
http://www.ncbi.nlm.nih.gov/pubmed/23466085
http://doi.org/10.1007/s11104-012-1287-3
http://doi.org/10.1007/s11368-020-02726-9
http://doi.org/10.1073/pnas.0307513100
http://doi.org/10.1002/asi.23770
http://doi.org/10.1002/asi.20317
http://doi.org/10.1002/asi.21309
http://doi.org/10.1016/0377-0427(87)90125-7
http://doi.org/10.1016/j.tifs.2018.11.015
http://doi.org/10.1016/j.jclepro.2019.119908
http://doi.org/10.1007/s11356-021-16151-z
http://doi.org/10.1016/j.chemosphere.2019.125016
http://www.ncbi.nlm.nih.gov/pubmed/31683446
http://doi.org/10.1104/pp.111.183947
http://doi.org/10.1016/j.envpol.2020.114861
http://www.ncbi.nlm.nih.gov/pubmed/32504892
http://doi.org/10.1016/j.jhazmat.2008.02.052
http://www.ncbi.nlm.nih.gov/pubmed/18378396
http://doi.org/10.1080/15226514.2014.981247

Int. |. Environ. Res. Public Health 2022, 19, 6987 17 of 19

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

Hu, P; Wang, Y.; Przybylowicz, W.J.; Li, Z.; Barnabas, A.; Wu, L.; Luo, Y.; Mesjasz-Przybylowicz, J. Elemental distribution by
cryo-micro-PIXE in the zinc and cadmium hyperaccumulator Sedum plumbizincicola grown naturally. Plant Soil 2015, 388, 267-282.
[CrossRef]

Wu, L; Hu, P; Li, Z,; Zhou, T.; Zhong, D.; Luo, Y. Element case studies: Cadmium and zinc. In Agromining: Farming for
Metals: Extracting Unconventional Resources Using Plants; van der Ent, A., Echevarria, G., Baker, A.J.M., Morel, ].L., Eds.; Springer
International Publishing: Cham, Switzerland, 2018; pp. 283-296.

Deng, L.; Li, Z; Wang, J.; Liu, H.Y;; Li, N.; Wu, L.H,; Hu, PJ.; Luo, YM.; Christie, P. Long-term field phytoextraction of
zinc/cadmium contaminated soil by Sedum plumbizincicola under different agronomic strategies. Int. J. Phytorem. 2016, 18,
134-140. [CrossRef]

Ehsan, S.; Ali, S.; Noureen, S.; Mahmood, K.; Farid, M.; Ishaque, W.; Shakoor, M.B.; Rizwan, M. Citric acid assisted phytoremedia-
tion of cadmium by Brassica napus L. Ecotoxicol. Environ. Saf. 2014, 106, 164-172. [CrossRef]

Rizwan, M.; Ali, S.; Abbas, T.; Adrees, M.; Zia-ur-Rehman, M.; Ibrahim, M.; Abbas, F; Qayyum, M.F,; Nawaz, R. Residual
effects of biochar on growth, photosynthesis and cadmium uptake in rice (Oryza sativa L.) under Cd stress with different water
conditions. J. Environ. Manag. 2018, 206, 676-683. [CrossRef]

Qayyum, M.F,; Rehman, M.Z.U.; Alj, S.; Rizwan, M.; Naeem, A.; Magsood, M.A; Khalid, H.; Rinklebe, ].; Ok, Y.S. Residual effects
of monoammonium phosphate, gypsum and elemental sulfur on cadmium phytoavailability and translocation from soil to wheat
in an effluent irrigated field. Chemosphere 2017, 174, 515-523. [CrossRef]

Song, Y.; Da, L. Evergreen broad-leaved forest of east Assia. In Vegetation Structure and Function at Multiple Spatial, Temporal and
Conceptual Scales; Box, E.O., Ed.; Springer International Publishing: Cham, Switzerland, 2016; pp. 101-128.

Yang, Z.; Li, X.; Wang, Y.; Chang, J.; Liu, X. Trace element contamination in urban topsoil in China during 2000-2009 and
2010-2019: Pollution assessment and spatiotemporal analysis. Sci. Total Environ. 2021, 758, 143647. [CrossRef]

Shangguan, W.; Dai, Y.; Liu, B.; Zhu, A.; Duan, Q.; Wu, L; Ji, D.; Ye, A,; Yuan, H.; Zhang, Q.; et al. A China data set of soil
properties for land surface modeling. J. Adv. Model. Earth Syst. 2013, 5, 212-224. [CrossRef]

Yang, Q.; Li, Z; Lu, X,; Duan, Q.; Huang, L.; Bi, J. A review of soil heavy metal pollution from industrial and agricultural regions
in China: Pollution and risk assessment. Sci. Total Environ. 2018, 642, 690-700. [CrossRef] [PubMed]

Salt, D.E.; Blaylock, M.; Kumar, N.; Dushenkov, V.; Ensley, B.D.; Chet, L; Raskin, I. Phytoremediation—A novel strategy for the
removal of toxic metals from the environment using plants. Nat. Biotechnol. 1995, 13, 468-474. [CrossRef] [PubMed]

Kumar, P; Dushenkov, V.; Motto, H.; Raskin, I. Phytoextraction—The use of plants to remove heavy-metals from soils. Environ.
Sci. Technol. 1995, 29, 1232-1238. [CrossRef] [PubMed]

Reeves, R.D.; Baker, A.].M; Jaffré, T.; Erskine, P.D.; Echevarria, G.; Ent, A.V.D. A global database for plants that hyperaccumulate
metal and metalloid trace elements. New Phytol. 2018, 218, 407-411. [CrossRef]

Reeves, R.D.; van der Ent, A.; Baker, A.].M. Global distribution and ecology of hyperaccumulator plants. In Agromining: Farming
for Metals: Extracting Unconventional Resources Using Plants; van der Ent, A., Echevarria, G., Baker, A.J.M., Morel, J.L., Eds.;
Springer International Publishing: Cham, Switzerland, 2018; pp. 75-92.

Raskin, I.; Smith, R.D.; Salt, D.E. Phytoremediation of metals: Using plants to remove pollutants from the environment. Curr.
Opin. Biotechnol. 1997, 8, 221-226. [CrossRef]

Giller, K.E.; Witter, E.; McGrath, S.P. Toxicity of heavy metals to microorganisms and microbial processes in agricultural soils: A
review. Soil Biol. Biochem. 1998, 30, 1389-1414. [CrossRef]

Zhao, FJ.; Lombi, E.; McGrath, S.P. Assessing the potential for zinc and cadmium phytoremediation with the hyperaccumulator
Thlaspi caerulescens. Plant Soil 2003, 249, 37-43. [CrossRef]

Kabata-Pendias, A. Soil-plant transfer of trace elements—An environmental issue. Geoderma 2004, 122, 143-149. [CrossRef]
Huang, ] W,; Chen, J.; Berti, W.R.; Cunningham, S.D. Phytoremediation of lead-contaminated soils: Role of synthetic chelates in
lead phytoextraction. Environ. Sci. Technol. 1997, 31, 800-805. [CrossRef]

Dushenkov, V.; Kumar, P.B.A.N.; Motto, H.; Raskin, I. Rhizofiltration: The use of plants to remove heavy metals from aqueous
streams. Environ. Sci. Technol. 1995, 29, 1239-1245. [CrossRef] [PubMed]

Stoltz, E.; Greger, M. Accumulation properties of As, Cd, Cu, Pb and Zn by four wetland plant species growing on submerged
mine tailings. Environ. Exp. Bot. 2002, 47, 271-280. [CrossRef]

Brown, S.L.; Chaney, R.L.; Angle, ].S.; Baker, A.].M. Phytoremediation potential of Thlaspi caerulescens and Bladder campion for
zinc- and cadmium-contaminated soil. J. Environ. Qual. 1994, 23, 1151-1157. [CrossRef]

Dahmani-Muller, H.; van Oort, F.; Gélie, B.; Balabane, M. Strategies of heavy metal uptake by three plant species growing near a
metal smelter. Environ. Pollut. 2000, 109, 231-238. [CrossRef]

Ebbs, S.D.; Lasat, M.M.; Brady, D.].; Cornish, J.; Gordon, R.; Kochian, L.V. Phytoextraction of cadmium and zinc from a
contaminated soil. J. Environ. Qual. 1997, 26, 1424-1430. [CrossRef]

Ouyang, W.; Wang, Y.; Lin, C.; He, M.; Hao, F; Liu, H.; Zhu, W. Heavy metal loss from agricultural watershed to aquatic system:
A scientometrics review. Sci. Total Environ. 2018, 637, 208-220. [CrossRef]

Liu, K,; Guan, X,; Li, C,; Zhao, K.; Yang, X.; Fu, R.; Li, Y.; Yu, F. Global perspectives and future research directions for the
phytoremediation of heavy metal-contaminated soil: A knowledge mapping analysis from 2001 to 2020. Front. Environ. Sci. Eng.
2021, 16, 73. [CrossRef]


http://doi.org/10.1007/s11104-014-2321-4
http://doi.org/10.1080/15226514.2015.1058328
http://doi.org/10.1016/j.ecoenv.2014.03.007
http://doi.org/10.1016/j.jenvman.2017.10.035
http://doi.org/10.1016/j.chemosphere.2017.02.006
http://doi.org/10.1016/j.scitotenv.2020.143647
http://doi.org/10.1002/jame.20026
http://doi.org/10.1016/j.scitotenv.2018.06.068
http://www.ncbi.nlm.nih.gov/pubmed/29909337
http://doi.org/10.1038/nbt0595-468
http://www.ncbi.nlm.nih.gov/pubmed/9634787
http://doi.org/10.1021/es00005a014
http://www.ncbi.nlm.nih.gov/pubmed/22192016
http://doi.org/10.1111/nph.14907
http://doi.org/10.1016/S0958-1669(97)80106-1
http://doi.org/10.1016/S0038-0717(97)00270-8
http://doi.org/10.1023/A:1022530217289
http://doi.org/10.1016/j.geoderma.2004.01.004
http://doi.org/10.1021/es9604828
http://doi.org/10.1021/es00005a015
http://www.ncbi.nlm.nih.gov/pubmed/22192017
http://doi.org/10.1016/S0098-8472(02)00002-3
http://doi.org/10.2134/jeq1994.00472425002300060004x
http://doi.org/10.1016/S0269-7491(99)00262-6
http://doi.org/10.2134/jeq1997.00472425002600050032x
http://doi.org/10.1016/j.scitotenv.2018.04.434
http://doi.org/10.1007/s11783-021-1507-2

Int. |. Environ. Res. Public Health 2022, 19, 6987 18 of 19

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Ahmad, M.; Rajapaksha, A.U.; Lim, J.E.; Zhang, M.; Bolan, N.; Mohan, D.; Vithanage, M.; Lee, S.S.; Ok, Y.S. Biochar as a sorbent
for contaminant management in soil and water: A review. Chemosphere 2014, 99, 19-33. [CrossRef] [PubMed]

Zhu, L,; Tong, L.; Zhao, N.; Wang, X,; Yang, X.; Lv, Y. Key factors and microscopic mechanisms controlling adsorption of cadmium
by surface oxidized and aminated biochars. |. Hazard. Mater. 2020, 382, 121002. [CrossRef]

Paz-Ferreiro, J.; Lu, H.; Fu, S.; Mendez, A.; Gasco, G. Use of phytoremediation and biochar to remediate heavy metal polluted
soils: A review. Solid Earth 2014, 5, 65-75. [CrossRef]

Gasco, G.; Alvarez, M.L.; Paz-Ferreiro, J.; Mendez, A. Combining phytoextraction by Brassica napus and biochar amendment for
the remediation of a mining soil in Riotinto (Spain). Chemosphere 2019, 231, 562-570. [CrossRef] [PubMed]

Liu, L,; Li, JW,; Yue, EX,; Yan, X.W.; Wang, EY.; Bloszies, S.; Wang, Y.F. Effects of arbuscular mycorrhizal inoculation and biochar
amendment on maize growth, cadmium uptake and soil cadmium speciation in Cd-contaminated soil. Chemosphere 2018, 194,
495-503. [CrossRef]

Mendez, A.; Gomez, A.; Paz-Ferreiro, ].; Gasco, G. Effects of sewage sludge biochar on plant metal availability after application to
a Mediterranean soil. Chemosphere 2012, 89, 1354-1359. [CrossRef]

Pence, N.S; Larsen, P.B.; Ebbs, 5.D.; Letham, D.L.D.; Lasat, M.M.; Garvin, D.E; Eide, D.; Kochian, L.V. The molecular physiology
of heavy metal transport in the Zn/Cd hyperaccumulator Thilaspi caerulescens. Proc. Natl. Acad. Sci. USA 2000, 97, 4956—4960.
[CrossRef] [PubMed]

Assuncao, A.G.L.; Martins, P.D.C.; de Folter, S.; Vooijs, R.; Schat, H.; Aarts, M.G.M. Elevated expression of metal transporter
genes in three accessions of the metal hyperaccumulator Thlaspi caerulescens. Plant Cell Environ. 2001, 24, 217-226. [CrossRef]
Fan, W,; Liu, C; Cao, B.; Qin, M,; Long, D.; Xiang, Z.; Zhao, A. Genome-wide identification and characterization of four gene
families putatively involved in cadmium uptake, translocation and sequestration in Mulberry. Front. Plant Sci. 2018, 9, 879.
[CrossRef]

Song, J.; Finnegan, PM.; Liu, W,; Li, X.; Yong, ] WH.; Xu, J.; Zhang, Q.; Wen, Y.; Qin, K; Guo, |.; et al. Mechanisms underlying
enhanced Cd translocation and tolerance in roots of Populus euramericana in response to nitrogen fertilization. Plant Sci. 2019, 287,
110206. [CrossRef]

Yu, R.; Li, D.; Du, X;; Xia, S.; Liu, C.; Shi, G. Comparative transcriptome analysis reveals key cadmium transport-related genes in
roots of two pak choi (Brassica rapa L. ssp. chinensis) cultivars. BMC Genom. 2017, 18, 587. [CrossRef]

Ryan, R.P.; Germaine, K.; Franks, A.; Ryan, D.]J.; Dowling, D.N. Bacterial endophytes: Recent developments and applications.
FEMS Microbiol. Lett. 2008, 278, 1-9. [CrossRef]

Khan, A.R; Ullah, I; Khan, A.L.; Park, G.-S.; Waqas, M.; Hong, S.-].; Jung, B.K.; Kwak, Y.; Lee, L.-].; Shin, ].-H. Improvement in
phytoremediation potential of Solanum nigrum under cadmium contamination through endophytic-assisted Serratia sp. RSC-14
inoculation. Environ. Sci. Pollut. Res. 2015, 22, 14032-14042. [CrossRef]

Mastretta, C.; Taghavi, S.; van der Lelie, D.; Mengoni, A.; Galardi, F; Gonnelli, C.; Barac, T.; Boulet, J.; Weyens, N.; Vangronsveld,
J. Endophytic bacteria from seeds of nicotiana tabacum can reduce cadmium phytotoxicity. Int. ]. Phytorem. 2009, 11, 251-267.
[CrossRef]

Ma, Y.; Rajkumar, M.; Zhang, C.; Freitas, H. Beneficial role of bacterial endophytes in heavy metal phytoremediation. J. Environ.
Manag. 2016, 174, 14-25. [CrossRef] [PubMed]

Dhalaria, R.; Kumar, D.; Kumar, H.; Nepovimova, E.; Ku¢a, K.; Torequl Islam, M.; Verma, R. Arbuscular mycorrhizal fungi as
potential agents in ameliorating heavy metal stress in plants. Agronomy 2020, 10, 815. [CrossRef]

Ishtiyaq, S.; Kumar, H.; Varun, M.; Kumar, B.; Paul, M.S. Heavy metal toxicity and antioxidative response in plants: An overview.
In Plants under Metal and Metalloid Stress: Responses, Tolerance and Remediation; Hasanuzzaman, M., Nahar, K., Fujita, M., Eds.;
Springer: Singapore, 2018; pp. 77-106.

Moradi, R.; Pourghasemian, N.; Naghizadeh, M. Effect of beeswax waste biochar on growth, physiology and cadmium uptake in
saffron. J. Clean. Prod. 2019, 229, 1251-1261. [CrossRef]

He, M.; He, C.-Q.; Ding, N.-Z. Abiotic stresses: General defenses of land plants and chances for engineering multistress tolerance.
Front. Plant Sci. 2018, 9, 1771. [CrossRef] [PubMed]

Hasan, M.K,; Liu, C.; Wang, F; Ahammed, G.J.; Zhou, J.; Xu, M.X; Yu, ].Q.; Xia, X.J. Glutathione-mediated regulation of nitric
oxide, S-nitrosothiol and redox homeostasis confers cadmium tolerance by inducing transcription factors and stress response
genes in tomato. Chemosphere 2016, 161, 536-545. [CrossRef] [PubMed]

Rady, M.M.; Elrys, A.S.; El-Maati, M.F.A.; Desoky, E.M. Interplaying roles of silicon and proline effectively improve salt and
cadmium stress tolerance in Phaseolus vulgaris plant. Plant Physiol. Biochem. 2019, 139, 558-568. [CrossRef]

Semida, W.M.; Hemida, K.A.; Rady, M.M. Sequenced ascorbate-proline-glutathione seed treatment elevates cadmium tolerance in
cucumber transplants. Ecotoxicol. Environ. Saf. 2018, 154, 171-179. [CrossRef]

Asgher, M.; Khan, M.LR.; Anjum, N.A.; Khan, N.A. Minimising toxicity of cadmium in plants—Role of plant growth regulators.
Protoplasma 2015, 252, 399-413. [CrossRef]

Shahid, M.; Javed, M.T.; Mushtaq, A.; Akram, M.S.; Mahmood, F.; Ahmed, T.; Noman, M.; Azeem, M. Chapter 17—Microbe-
mediated mitigation of cadmium toxicity in plants. In Cadmium Toxicity and Tolerance in Plants; Hasanuzzaman, M., Prasad,
M.N.V,, Fujita, M., Eds.; Academic Press: Cambridge, MA, USA, 2019; pp. 427-449.


http://doi.org/10.1016/j.chemosphere.2013.10.071
http://www.ncbi.nlm.nih.gov/pubmed/24289982
http://doi.org/10.1016/j.jhazmat.2019.121002
http://doi.org/10.5194/se-5-65-2014
http://doi.org/10.1016/j.chemosphere.2019.05.168
http://www.ncbi.nlm.nih.gov/pubmed/31151016
http://doi.org/10.1016/j.chemosphere.2017.12.025
http://doi.org/10.1016/j.chemosphere.2012.05.092
http://doi.org/10.1073/pnas.97.9.4956
http://www.ncbi.nlm.nih.gov/pubmed/10781104
http://doi.org/10.1111/j.1365-3040.2001.00666.x
http://doi.org/10.3389/fpls.2018.00879
http://doi.org/10.1016/j.plantsci.2019.110206
http://doi.org/10.1186/s12864-017-3973-2
http://doi.org/10.1111/j.1574-6968.2007.00918.x
http://doi.org/10.1007/s11356-015-4647-8
http://doi.org/10.1080/15226510802432678
http://doi.org/10.1016/j.jenvman.2016.02.047
http://www.ncbi.nlm.nih.gov/pubmed/26989941
http://doi.org/10.3390/agronomy10060815
http://doi.org/10.1016/j.jclepro.2019.05.047
http://doi.org/10.3389/fpls.2018.01771
http://www.ncbi.nlm.nih.gov/pubmed/30581446
http://doi.org/10.1016/j.chemosphere.2016.07.053
http://www.ncbi.nlm.nih.gov/pubmed/27472435
http://doi.org/10.1016/j.plaphy.2019.04.025
http://doi.org/10.1016/j.ecoenv.2018.02.036
http://doi.org/10.1007/s00709-014-0710-4

Int. |. Environ. Res. Public Health 2022, 19, 6987 19 of 19

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Huang, Y.; Zhu, Z,; Wu, X,; Liu, Z.; Zou, J.; Chen, Y.; Su, N.; Cui, J. Lower cadmium accumulation and higher antioxidative
capacity in edible parts of Brassica campestris L. seedlings applied with glutathione under cadmium toxicity. Environ. Sci. Pollut.
Res. 2019, 26, 13235-13245. [CrossRef]

Meng, Y.; Zhang, L.; Wang, L.; Zhou, C.; Shangguan, Y.; Yang, Y. Antioxidative enzymes activity and thiol metabolism in three
leafy vegetables under Cd stress. Ecotoxicol. Environ. Saf. 2019, 173, 214-224. [CrossRef] [PubMed]

Pandey, N. Antioxidant defense system in plants exposed to metal toxicity. In Plants under Metal and Metalloid Stress: Responses,
Tolerance and Remediation; Hasanuzzaman, M., Nahar, K., Fujita, M., Eds.; Springer: Singapore, 2018; pp. 107-148.

Gréman, H.; Velikonja-Bolta, S.; Vodnik, D.; Kos, B.; Lestan, D. EDTA enhanced heavy metal phytoextraction: Metal accumulation,
leaching and toxicity. Plant Soil 2001, 235, 105-114. [CrossRef]

Mousavi, A.; Pourakbar, L.; Siavash Moghaddam, S.; Popovié¢-Djordjevi¢, J. The effect of the exogenous application of EDTA and
maleic acid on tolerance, phenolic compounds, and cadmium phytoremediation by okra (Abelmoschus esculentus L.) exposed to
Cd stress. |. Environ. Chem. Eng. 2021, 9, 105456. [CrossRef]

Li, ].T.; Gurajala, HK.; Wu, L.H.; van der Ent, A.; Qiu, R.L.; Baker, A.J.M,; Tang, Y.T,; Yang, X.E.; Shu, W.S. Hyperaccumulator
plants from China: A synthesis of the current state of knowledge. Environ. Sci. Technol. 2018, 52, 11980-11994. [CrossRef]
[PubMed]

Yang, Z.; Yang, E; Liu, J.L.; Wu, H.T,; Yang, H.; Shi, Y; Liu, J.; Zhang, Y.F; Luo, Y.R.; Chen, K.M. Heavy metal transporters:
Functional mechanisms, regulation, and application in phytoremediation. Sci. Total Environ. 2021, 809, 151099. [CrossRef]
Zhang, J.; Zhang, M.; Shohag, M.].L; Tian, S.; Song, H.; Feng, Y.; Yang, X. Enhanced expression of SaHMAZ3 plays critical roles in
Cd hyperaccumulation and hypertolerance in Cd hyperaccumulator Sedum alfredii Hance. Planta 2016, 243, 577-589. [CrossRef]
[PubMed]

Zhang, J.; Zhang, M; Tian, S.; Lu, L.; Shohag, M.]; Yang, X. Metallothionein 2 (SaMT2) from Sedum alfredii hance confers increased
Cd tolerance and accumulation in yeast and tobacco. PLoS ONE 2014, 9, e102750. [CrossRef]

Mulligan, C.N.; Yong, R.N.; Gibbs, B.F. Remediation technologies for metal-contaminated soils and groundwater: An evaluation.
Eng. Geol. 2001, 60, 193-207. [CrossRef]

Wu, HL,; Chen, C.L.; Du, J.; Liu, H.; Cui, Y.; Zhang, Y.; He, Y.J.; Wang, Y.Q.; Chu, C.C.; Feng, Z.Y.; et al. Co-overexpression fit
with AtbHLH38 or AtbHLH39 in Arabidopsis-enhanced cadmium tolerance via increased cadmium sequestration in roots and
improved iron homeostasis of shoots. Plant Physiol. 2012, 158, 790-800. [CrossRef]

Meyer, C.L.; Juraniec, M.; Huguet, S.; Chaves-Rodriguez, E.; Salis, P.; Isaure, M.P.; Goormaghtigh, E.; Verbruggen, N. Intraspecific
variability of cadmium tolerance and accumulation, and cadmium-induced cell wall modifications in the metal hyperaccumulator
Arabidopsis halleri. ]. Exp. Bot. 2015, 66, 3215-3227. [CrossRef]

Wu, Z.C.; Zhao, X.H.; Sun, X.C; Tan, Q.L.; Tang, Y.F; Nie, Z.].; Qu, C.J.; Chen, Z.X.; Hu, C.X. Antioxidant enzyme systems and the
ascorbate-glutathione cycle as contributing factors to cadmium accumulation and tolerance in two oilseed rape cultivars (Brassica
napus L.) under moderate cadmium stress. Chemosphere 2015, 138, 526-536. [CrossRef] [PubMed]

Clemens, S.; Aarts, M.G.M.; Thomine, S.; Verbruggen, N. Plant science: The key to preventing slow cadmium poisoning. Trends
Plant Sci. 2013, 18, 92-99. [CrossRef]

He, C,; Zhao, Y.; Wang, F; Oh, K,; Zhao, Z.; Wu, C.; Zhang, X.; Chen, X; Liu, X. Phytoremediation of soil heavy metals (Cd and
Zn) by castor seedlings: Tolerance, accumulation and subcellular distribution. Chemosphere 2020, 252, 126471. [CrossRef]
Huang, R.Z; Jiang, Y.B,; Jia, C.H.; Jiang, S.M.; Yan, X.P. Subcellular distribution and chemical forms of cadmium in Morus alba L.
Int. ]. Phytoremediation 2018, 20, 448-453. [CrossRef]

Xia, X.; Ji, J.; Yang, Z.; Han, H.; Huang, C.; Li, Y.; Zhang, W. Cadmium risk in the soil-plant system caused by weathering of
carbonate bedrock. Chemosphere 2020, 254, 126799. [CrossRef] [PubMed]

Gong, X.M.; Huang, D.L.; Liu, Y.G.; Zeng, G.M.; Chen, S.; Wang, R.Z.; Xu, P; Cheng, M.; Zhang, C.; Xue, W.J. Biochar facilitated
the phytoremediation of cadmium contaminated sediments: Metal behavior, plant toxicity, and microbial activity. Sci. Total
Environ. 2019, 666, 1126-1133. [CrossRef]

Qin, G,; Niu, Z.; Yu, J.; Li, Z.; Ma, J.; Xiang, P. Soil heavy metal pollution and food safety in China: Effects, sources and removing
technology. Chemosphere 2021, 267, 129205. [CrossRef]

Khanam, R.; Kumar, A.; Nayak, A.K.; Shahid, M.; Tripathi, R.; Vijayakumar, S.; Bhaduri, D.; Kumar, U.; Mohanty, S.; Panneersel-
vam, P; et al. Metal(loid)s (As, Hg, Se, Pb and Cd) in paddy soil: Bioavailability and potential risk to human health. Sci. Total
Environ. 2020, 699, 134330. [CrossRef] [PubMed]


http://doi.org/10.1007/s11356-019-04745-7
http://doi.org/10.1016/j.ecoenv.2019.02.026
http://www.ncbi.nlm.nih.gov/pubmed/30772711
http://doi.org/10.1023/A:1011857303823
http://doi.org/10.1016/j.jece.2021.105456
http://doi.org/10.1021/acs.est.8b01060
http://www.ncbi.nlm.nih.gov/pubmed/30272967
http://doi.org/10.1016/j.scitotenv.2021.151099
http://doi.org/10.1007/s00425-015-2429-7
http://www.ncbi.nlm.nih.gov/pubmed/26547194
http://doi.org/10.1371/journal.pone.0102750
http://doi.org/10.1016/S0013-7952(00)00101-0
http://doi.org/10.1104/pp.111.190983
http://doi.org/10.1093/jxb/erv144
http://doi.org/10.1016/j.chemosphere.2015.06.080
http://www.ncbi.nlm.nih.gov/pubmed/26207887
http://doi.org/10.1016/j.tplants.2012.08.003
http://doi.org/10.1016/j.chemosphere.2020.126471
http://doi.org/10.1080/15226514.2017.1365344
http://doi.org/10.1016/j.chemosphere.2020.126799
http://www.ncbi.nlm.nih.gov/pubmed/32957268
http://doi.org/10.1016/j.scitotenv.2019.02.215
http://doi.org/10.1016/j.chemosphere.2020.129205
http://doi.org/10.1016/j.scitotenv.2019.134330
http://www.ncbi.nlm.nih.gov/pubmed/31522043

	Introduction 
	Materials and Methods 
	Data Collection 
	Analysis Methods 

	Results and Discussion 
	Overview of Bibliometric Characteristics 
	Publication Output 
	Categories 
	Journal Source 

	Co-Authorship Analysis 
	Author Co-Authorship Analysis 
	Institution Co-Authorship Analysis 
	Country Co-Authorship Analysis 

	Co-Citation Analysis 
	Journal Co-Citation Analysis 
	Author Co-Citation Analysis 
	The Top 10 Most-Cited Research Articles 

	Hotspots and Trends Analysis 
	Keyword Cluster Analysis 
	Keyword Co-Occurrence Analysis 
	Keyword Bursts Analysis 


	Conclusions 
	References

