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Abstract: Mercury is classified as one of the world’s most toxic and dangerous pollutants as it tends
to bioaccumulate and biomagnify within the trophic chain and is persistent. Various approaches
are available to remediate Hg-affected sites including phytoremediation, which includes the use of
plants to clean up contaminated environments. The phytoremediation of mercury contamination is
attracting increasing attention because of its advantages: it is environmentally friendly, inexpensive,
simple, and can improve soil fertility. In this report, VOSviewer (version 1.6.1) and Bibliometrix
(version 4.16) software were used to analyze 457 and 697 documents published from 2000 to 2023,
retrieved from the databases WoS and Scopus, respectively. China, India, the United States, and Spain
were the top four most productive countries. The largest topic area was environmental sciences,
and the Chinese Academy of Sciences was the organization that contributed the most to the overall
number of publications. The keywords with the highest frequency excluding phytoremediation and
mercury in WoS were heavy metals, accumulation, cadmium, soils, and phytoextraction. In Scopus,
the most frequent keywords were bioremediation, heavy metals, soil pollution, bioaccumulation,
biodegradation, and environmental. From the above analysis, we concluded that future research
should focus on (1) finding native plants, (2) genetic engineering applications, (3) increasing remedi-
ation ability through assisted phytoremediation, and (4) the detoxification mechanism of mercury.
This study provides insights into trending themes and serves as a reference for future research.

Keywords: Bibliometrix; bibliometric analysis; mercury; phytoremediation; VOSviewer

1. Introduction

Mercury (Hg) is a global pollutant because of its harmful effects on human and envi-
ronmental health [1]. It is among the top 10 chemicals of concern and ranks third on the
Agency for Toxic Substances and Disease Registry’s priority list of substances [2]. It is poi-
sonous, threatens health and ecosystems, and can accumulate to a high level, especially in
fish, and cause serious diseases; it has carcinogenic, teratogenic, neuteratogenic, neurotoxic,
and genotoxicity effects. Acute exposure to this metal also causes psychological problems
such as anxiety, sleep disorders, and depression [3]; its exposure in soils has caused kidney
damage and even death [4].

This pollutant exists in elemental, organic, and inorganic forms. In gaseous form,
mercury is emitted through the atmosphere and reaches long distances before settling
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in the soil. According to the United Nations Environment Program, mercury emissions
amount to around 2200 tons per year, of which artisanal and small-scale mining activities
account for almost 38% of global emissions [5,6]. Volatile mercury is persistent and can
be easily taken up by the plant system, accumulating in the food chain and entering
the human body. The presence of reactive Hg in the soil under acidic conditions, low
redox potential, and a high concentration of organic matter leads to the formation of
methylmercury (MeHg) [7-9]. MeHg, the most common organic form, bioaccumulates
efficiently in organisms and biomagnifies in the food chain. Its bioaccumulation within
organisms severely distorts the biological food chain and eventually enters ecosystems [10].
Exposure to MeHg in fish is often the main concern associated with Hg contamination sites,
making fish consumption the main route of mercury exposure in human beings [11,12].

Mercury does not degrade in the environment, and because of its bioaccumulative
nature, it is necessary to look for alternatives for the remediation of soils contaminated
with this metal so that it can be separated from the contaminating media, or otherwise
transformed into less toxic species [13]. There are physical, chemical, and biological re-
mediation techniques, of these, the biological remediation approach has gained the most
attention due to its environmentally sustainable nature and ability to treat heavy metal-
contaminated soil. It comprises two methods: bioremediation and phytoremediation as
well as a combination of the two [14]. Bioremediation uses living organisms to remove
and neutralize contaminants and involves the use of microorganisms (e.g., bacteria, mi-
croalgae, yeasts) to remove/immobilize, transform, or detoxify heavy metals from the
environment [15-17]. Phytoremediation refers to the use of plants to extract, reduce, trans-
form, or immobilize contaminants (organic and inorganic) contained in soils, sediments,
and groundwater [5,18,19]. Plants have developed strategies to address toxic elements
through chelation, extrusion, regulatory distribution, and vascular sequestration [20]. In
addition, this technology involves translocation, accumulation, transport, transformation,
and volatilization processes [21-23].

A large portion of the research on the phytoremediation of mercury has focused on
finding mercury accumulator or hyperaccumulator plants because, despite their phyto-
toxic characteristics, there are plant communities that grow on mercury-contaminated
sites [24-28]. Hyperaccumulator plants can accumulate large amounts of heavy metals at
concentrations 10 to 100 times higher than non-hyperaccumulator plants can tolerate [29].
The limit of mercury hyperaccumulation in plant shoots is estimated to be 10 ppm, al-
though this threshold needs to be more clearly established [30,31]. Therefore, the search
for mercury hyperaccumulators and their application in practice has become a research
hotspot [1].

In recent years, researchers have found remediating plants for mercury-contaminated
soils, reporting on the mechanisms associated with Hg tolerance and the improvement of
phytoremediation techniques by chemical and/or microorganism-assisted remediation.
For example, Cardamine violifolia has a phytoremediation effect on soils contaminated
with different mercury concentrations, reaching concentrations of 6000 ug/g [32]. The
addition of sodium thiosulfate (NayS,O3) to mercury-contaminated pots showed that Oxalis
corniculata could recover and remediate mercury-contaminated soils [33]. In the case of
rhizobial associations, Lupinus albus L. plants were able to accumulate approximately 370
and 360 mg/kg Hg in the roots and nodules, respectively, and to maintain constant levels
of photosynthetic pigments when inoculated with the mercury-tolerant Bradyrhizobium
canariense L-7AH strain [34]. On the other hand, the PtABCC1 transporter gene from
Populus trichocarpa was overexpressed in transgenic Arabidopsis and Populus tomentosa
(poplar) plants, showing higher mercury tolerance than wild-type plants [35].

Bibliometric analysis identifies and summarizes the main research points relevant to
expanding, publishing, and applying up-to-date knowledge on a subject. It was initially
proposed by Pritchard (1969) to analyze books and other media [36]. It integrates mathe-
matical, statistical, and bibliographic methods to quantitatively analyze the distribution
structure and quantitative changes in the literature in a given field [37]. This popular and
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effective method is used to determine and suggest future research trends and essential
problems based on historical publications [38,39]. Therefore, a comprehensive bibliometric
review in the research field will help current and future researchers strategically identify
gaps and leverage their studies [40].

In this paper, we used VOSviewer, and Bibliometrix to analyze publications related to
the phytoremediation of mercury-contaminated sites in Scopus and WOS. We wanted to
show: (1) the overlap between the two databases and the types of publications; (2) which
countries had the highest number of publications and how countries cooperate; (3) which
publications are the most cited and which subject area they belonged to; and (4) how the
field of mercury contamination phytoremediation has advanced. The types of publication,
citations, countries, thematic categories, and institutions were collected and analyzed. Doc-
ument co-citation analysis was considered to establish the similarity between documents
based on bibliographic references as well as the co-authorship and citation analysis of
documents, giving information based on the number of documents in which they appeared
together, the kinship among documents, and the number of times in which they cited each
other. Finally, word co-occurrence analysis was considered, which measures the similarity
of documents, relating them according to their degree of co-occurrence. Therefore, this
study aimed to analyze the distribution of publications in the field of the phytoreme-
diation of heavy metals, such as mercury, to report on their critical points and provide
reference data for new research directions based on bibliometrics to analyze mapping and
knowledge gaps.

2. Materials and Methods

A bibliometric analysis was performed to understand the trend of the phytoremedi-
ation of mercury contamination using papers published from January 2000 to June 2023
in the academic databases WoS and Scopus. Traditionally, WoS and Scopus have been the
two most widely used databases for bibliometric analysis [41]. It is important to note that
the selection of this period was made due to the low volume of publications (less than 20)
before 2000.

In both databases, the search was performed in the subject field including article title,
abstract, and keywords. The query sets used for the literature search were (“phytoreme-
diation”) AND (“mercury” OR “Hg"”) AND (“plant*” OR “phyto*” OR “vegetation” OR
“biomass” OR “hyperaccumulator” OR *accumula*). All articles were individually screened
to eliminate irrelevant documents (i.e., those dealing with heavy-metal phytoremediation in
which mercury was not included). The search results indicated 515 articles for WoS and 813
for Scopus. After eliminating the documents that did not comply with the thematic work,
it was reduced to 458 documents (88.9% of 515) for WoS and 698 (85.85% of 813) for Scopus.
The documents included citation information, volume, year, authors, affiliations, abstracts
and keywords, funding details, and other information such as conference information
and references.

Different research methods have been proposed in the field of bibliometric analysis,
with scientific mapping being a recent method, which not only reveals the laws of develop-
ment but also graphically expresses the relationship and evolutionary laws of knowledge
structure in related fields [42,43]. Currently, there are several tools for scientific mapping
including knowledge graph analysis, which have advantages and characteristics of their
own [44,45]. Bibliometrix is an open-source tool for quantitative research in scientomet-
rics and bibliometrics developed by Massimo Aria and Corrado Cuccurullo. This tool
includes the main bibliometric methods of analysis and allows for the construction of data
matrices for co-citation, linkage, scientific collaboration analysis, and co-word analysis
(https:/ /www.bibliometrix.org) accessed on 31 August 2023. VoSviewer is software that
is used to plot co-occurrence maps of authors, citations, keywords, and other data and
was developed by Van Eck and Waltman [46,47]. In this article, these two tools (VoSviewer
1.6.16, Low Countries, and R-Studio’s Bibliometrix R package version 4.1) were used to
perform a global network map of collaborating countries, an author co-citation analysis


https://www.bibliometrix.org

Sustainability 2024, 16, 9408

4 of 28

was conducted to analyze the relationships between highly cited references, co-authorship
for the analysis of the most productive authors, keyword or term co-occurrence analysis,
and the strongest citation keywords. In turn, the “Analyze results” option was used in
both databases to extract information on annual research, countries, journals, funders, and
thematic areas (i.e., metric information on journals and documents). Before the diagrams
were made, the data were processed manually in an Excel matrix to merge synonyms or
similar terms and eliminate meaningless words to avoid affecting the analysis of the results.

3. Results and Discussion
3.1. Overlap Between WoS and Scopus Publications

A total of 1156 documents were found in the databases together, distributed between
458 documents for WoS and 698 for Scopus, of which 27% (313) were duplicates (i.e., they
belonged to both databases) (Figure 1). Scopus is the largest database of abstracts and
literature citations, with a broader coverage of journals compared with the WoS, but the
latter is more selective [41].
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= n=812 (WoS) database
g
- l
y
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Figure 1. Prisma diagram.

3.2. Annual Trends

The types of scientific publications related to the phytoremediation of mercury con-
tamination are presented in Table 1. The papers included research articles, review articles,
books, conference papers, and short surveys. In both databases, research articles were the
most published (468; 67%) for Scopus and (396; 87%) for WoS, followed by review papers
(15 and 11%, respectively).
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Table 1. Types of documents published in the period from 2000 to 2023.

Scopus WoS
Document Percentage Document Percentage

Type Documents (%) Type Documents (%)

Article 468 67.0 Article 396 86.5

Review 108 155 Review article 51 11.1
article

Book chapter 76 10.9 Proceeding 5 1.1

paper

Conference 35 5.0 Early access 5 1.1
paper

Others 11 1.6 Others 1 0.2

Total 698 100 Total 458 100

On the other hand, the annual production of publications is shown in Figure 2. Pub-
lished research on the phytoremediation of mercury contamination show an increasing
trend in both databases. Minimizing mercury contamination in soil is of great significance
for ensuring the quality and safety of crops and maintaining ecological safety [32]. As far as
the Scopus database is concerned, there was a significant increase in publications from 2011.
Between 2015 and 2023, the number of published papers (463) more than doubled. In 2022,
78 articles were published, 2.88 times more than in 2011. Similarly, in WoS, the same trend
continued, with 360 documents published between 2015 and 2023, which was 3.34 times
more than in 2011. More publications are expected in the future due to the importance
of phytoremediation not only in remediating contaminated land and water bodies, but
also to discover Hg hyperaccumulators and aided techniques for the improvement of this
ecological remediation technology [5,48,49].

80 78
—e—5Scopus  —e=WoS

[N N
e} e}

a1
e}

W
@)

Number of publications
N e
(e} (@]

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

Figure 2. Number of annual publications on the phytoremediation of mercury contamination included
in the Scopus and WoS databases.
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3.3. Main Subject Areas

The analysis by category or subject area indicated that in both databases, most of the
documents belonged to the category of Environmental Sciences, represented by 33.5% for
Scopus and 58.6% for WoS. It should be mentioned that in the Scopus database, the six areas
that followed in order were Agricultural and Biological Sciences (16.5%), Biochemistry,
Genetics, and Molecular Biology (9.9%), Medicine (5.7%), Engineering (5.6%), Chemistry
(5.1%), and Chemistry Engineering (5.0%) (see Figure S1A). In the case of WoS, Environ-
mental Engineering (13.1%), Plant Sciences (10.3%), Water Resources (6.1%), Toxicology
(5.0%), Biotechnology Applied Microbiology (4.8%), and Chemistry Multidisciplinary
(4.6%) predominated (see Figure S1B). In [50], the authors reported that Scopus has an
orientation toward biomedical research and natural sciences, while engineering seems to
be represented to a greater extent in WoS.

The results of this study are similar to those reported by [37,51] through a scientometric
study on phytoremediation and heavy-metal hyperaccumulation using the WoS database,
which reported that Environmental Sciences, Engineering Environmental, Water Resources,
Plant Sciences, Toxicology, Soil Science, and Biotechnology Applied Microbiology were the
most important categories. On the other hand, [52], in their article titled “Scientometric
study of treatment technologies of soil pollution: Present and future challenges” reported
that Environmental Sciences covered the largest number of publications, with 47.4% and
43.0% for WoS and Scopus, respectively. In this work, the authors present current technolo-
gies and their combinations for the remediation of contaminated soils, and also discuss
different techniques and mechanisms for soil remediation including physical, chemical,
and biological methods. Among these, the biological technique of phytoremediation was
the keyword with the highest number of occurrences in the WoS and Scopus databases.

3.4. Most Productive Countries and Organizations

The remediation of mercury-contaminated sites is a global concern because of its
bio-accumulative nature in food chains and the environment; hence, the intensity of the
investigation may vary between countries. Figure S2A,B shows the number of papers
published by each country in the WoS and Scopus databases. The intensity of the blue color
is related to the countries with the highest number of published papers. In contrast, the gray
color is related to the countries where no papers related to this topic have been published.
Regarding the number of documents published by each country in the WoS database,
80 countries have published research papers related to this topic. China, India, and Spain
were the countries with the highest production, with 115, 58, and 40 papers, respectively.

Regarding the number of citations, this is defined as the number of publications that
cite the articles published each year [36]. Similarly, China and India had the highest number
of citations (2784 and 1551), while Spain as in fifth place (867). In Scopus, 77 countries were
found to have published papers on this topic. India (145), China (131), and the United States
(86) had the highest production of documents. The highest number of citations by country
was in China (2784), followed by India (1551), and the USA (1222). Out of 80 countries, 36
had at least 5 papers in WoS, while out of 77 countries in Scopus, 41 had at least 5 papers.
In both databases, Africa had the fewest publications, followed by most of South America
(except Brazil) and some Asian nations.

The co-authorship network was constructed with more than five articles for each
database (Figure 3A,B). In WoS, the countries with the highest co-authorship were China,
India, USA, Saudi Arabia, and South Korea, with total link strength (TLS) values of 52,
33, 33, 33, 26, and 23, respectively. Eight groups were distinguished, the most relevant
being the first group formed by India, Italy, Germany, and Poland. Group 2 consisted of
China, Japan, Taiwan, and Pakistan, while Group 3 included Spain, Colombia, Ecuador,
and England. The USA was related to most countries. As in WoS, the most cooperative
countries in Scopus were China, India, USA, Saudi Arabia, and South Korea, with TLS
values of 59, 58, 53, 31, and 24, respectively. Eight groups were detected, of which four
were the most relevant. China appeared in the first group and was related to most other
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countries. The second group mostly comprised European countries such as the Czech
Republic, Germany, Italy, Poland, and the United Kingdom. The third group included
South American countries (Argentina, Colombia, Peru, Brazil, Ecuador) and Spain. Finally,

the fourth group comprised the United States and South Africa.
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In general, global emissions are mostly caused by human activity, the static burning
of fossil fuels, and biomass, accounting for about 24% of emissions. However, small-
scale artisanal gold mining represents nearly 38% of total global emissions and was the
main source of emissions in South America and Sub-Saharan Africa [6]. In addition,
mercury mines are one of the most persistent anthropogenic sources of environmental
contamination. Historical mining and cinnabar ore retorting released many elemental Hg
(Hg") and water-soluble Hg compounds into nearby surroundings [53,54] and generated
numerous wastelands composed of mercury-enriched mine tailings (calcines) adjacent to
abandoned retorts and smelters [5].

China was the country with the most publications related to the phytoremediation
of mercury pollution. This could be attributed to the fact that, despite being rich in
plant resources and preserving various ancient plants including more than 14,000 plant
species, a significant number of mercury-enriched wastelands can be found in the Wan-
shan mining region. Mercury concentrations in calcines have been recorded as high as
4400 ug/g [36], continuously releasing mercury into surrounding ecosystems even after the
mercury mines had been abandoned for several decades, emitting Hg” and secondary Hg
compounds through natural weathering and runoff into the air, soil, and water, entering
the biota [9,55,56]. Due to the large cinnabar ore reserves and production of elemental
Hg, Wanshan was once called the “Mercury Capital” of China. Thus, the abundant plant
resources and high mercury concentrations have provided the basis for the evolution of
accumulator plants [26]. Furthermore, the Chinese government has been actively improv-
ing the environmental quality in recent years and has invested significant financial and
human resources in remediating contaminated soils [57,58]. Furthermore, the most prolific
institutions and authors came from this country (Tables 2 and S1). It is also worth noting
that the three main sources of funding for research related to the phytoremediation of
mercury contamination came from China: the National Natural Science Foundation of
China, the Ministry of Science and Technology of the People’s Republic of China, and the
National Key Research and Development Program of China.

Table 2. Top 15 most prolific institutions in the phytoremediation of mercury contamination.

WoS Scopus
Rank R .
Organization Documents Country Organizations Documents Country
1 Chinese .Academy of 29 (6.3%) China Chinese Academy of 39 (5.5%) China
Sciences Sciences
Guivane Institute of Institute of Geochemistry
2 yang il 15 (3.3%) China Chinese Academy of 20 (2.8%) China
Geochemistry Cas .
Sciences
University of Chinese o . University of Chinese o .
3 Academy of Sciences Cas 15 (3.3%) China Academy of Sciences 17.2:4%) China
4 Chonggqing University 10 (2.2%) China Universidade de Aveiro 11 (1.6%) Portugal
Consejo Superior de New
5 Investigaciones 10 (2.2%) Spain Massey University 10 (1.4%)
. . Zealand
Cientificas Csic
. . . . . . United
6 Universidade De Aveiro 10 (2.2%) Portugal University of Georgia 10 (1.4%) States
Centro de
Investigaciones Ministry of Education of
7 Energéticas 8 (1.7%) Spain the People’s Republic of 9 (1.3%) China
Medioambientales China
Tecnologicas
8 Massey University 8 (1.7%) New Zealand Chonggqing University 9 (1.3%) China
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Table 2. Cont.
WoS Scopus
Rank R .
Organization Documents Country Organizations Documents Country
Yangtze Normal o . Universidad de o .
? University 8 (1.7%) China Castilla—La Mancha 8 (1.1%) Spain
Council of Scientific
10 Industrial Research Csir 7 (1.7%) India Kitasato University 8 (1.1%) Japan
India
Lodz University of o Banaras Hindu o .
11 Technology 7 (1.7%) Poland University 8 (1.1%) India
Indian Institute of
12 Universidad de Cérdoba 7 (1.7%) Colombia Technology Indian 8 (1.1%) India
School of Mines,
Dhanbad
Universidade Federal de o . Universidad de Cérdoba, o .
13 Mato Grosso 7 (1.7%) Brazil Monteria 8 (1.1%) Colombia
The State Key Laboratory
14 University of Melbourne 7 (1.7%) Australia of Coal Mine Disaster 8 (1.1%) China
Dynamics and Control
Centro de
Investigaciones
15 University of Oviedo 7 (1.7%) Spain Energéticas, 7 (1.0%) Spain

Medioambientales y
Tecnolégicas

Similarly, countries such as the United States and Spain have large-scale mercury
mineralization zones distributed along the world’s plate margins. For example, the New
Almaden mine in the United States and the Spanish Almaden mine (the largest mercury
mine in the world) with approximately 34,000 mg/kg of mercury, where the smelting
process discharges a large amount of Hg into the environment [5,59]. Furthermore, the
United States was the first country to actively participate in this field of study, indicating
that it was a pioneer in this area [60,61].

It is also important to mention that in countries such as Colombia, Brazil, Southeast
Asian countries, and some African countries, gold mining also causes severe mercury
contamination [5,62,63].

Therefore, due to the remediation of large amounts of mercury-contaminated farm-
lands, phytoremediation, as an eco-friendly and efficient technology for the treatment of
contaminated soils, has received significant attention and application in different countries.

On the other hand, 742 and 160 institutions for WoS and Scopus, respectively, con-
tributed to the topic of the phytoremediation of mercury-contaminated sites. Institutions
were ranked according to the total number of publications. In WoS and Scopus, six or-
ganizations had at least 10 papers. There as a greater diversity of institutions in WoS. In
both databases, the Chinese Academy of Sciences contributed the most documents on this
research topic with 29 for WoS and 39 for Scopus (Table 2).

3.5. Most Productive Authors

Determining the scientific production of the authors allowed us to analyze one of the
most important structures that make up the scientific community on the phytoremediation
of mercury-contaminated sites, reflecting the existing relationships among the members of
this community. A total of 2476 authors had publications related to this topic in the Scopus
database, whereas 1973 authors were registered in WoS. Table S1 shows the 10 authors
with the highest number of publications related to the phytoremediation of mercury-
contaminated sites, totaling 77 articles for WoS and 100 for Scopus.
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Similarly, Figure 4 shows the authors who to date have contributed the largest number
of publications on the phytoremediation of mercury contamination. Each circle in the
network in Figure 4A,B symbolizes a researcher; the closer the circles are together, the
more closely the researchers collaborate. The extent of the co-citation link’s strength is
shown by the size of the circle. Collaboration improves efficiency by making better use of
available resources and transferring knowledge [64]. Seventeen authors produced at least
five papers in WoS (Figure 4A). The top five authors were Liu Z. (10 publications), Feng X.
(10 publications), Wang L. (9 publications), Wang J. (8), and Anderson C.W.N. (8). Three
of the top writers were represented in cluster 1 of the six clusters (six colors). For Scopus,
41 authors met the requirement of at least 5 papers (Figure 4B). According to Scopus, the
top five writers were Wang ]. with 16 papers published, Feng X. (14), Kumar A. (11), Liu Z.
(10), and Meagher R.B. (9). Three of the top authors were represented in group 1 of the five
groups that were produced. From the Institute of Geochemistry, author Feng X. with 88
and 133 total links in WoS and Scopus, respectively, had the highest total link strength.

Clister 5 A

senENg
* "y
ot . ¢
+ pietro-sodza, william ¢
¢ o*
L] ’
'y Sagat . \

»

L
K4

L
Ll
Ll
&

annusn?’

kiyong, masako
engfiinbin Cluster 6

L
L]
L
& Ii
o iy zh,t_mwang

7,

U
smolir.*, peata 7
"'

"Eaa,,

‘sx‘e:f’nh fe,
ﬁrrugo-‘[ te,jos§

.
> o di (o
perelr‘iuarda . B g“.
Sans

B
maiti s.k. ]
=2 e A O N o
v S wangy: e S
_____ sitarska e - RSN =
R T P 7 e \in ] ~“and N N RN ua
~ . = N - " e
K A, Sl S XA S N SN\ e,
3 V22 v i o A S = \ \ -
id ~  molifiska b:+ssharma pdamEX. = ) o\ moaghlgr r.b: T
durango-hgrnandez T e = S D, S C o
H N . - = - e — .o*

.
millgh r."., *u

/e 24
: X777 EE=N ==

‘.
ey
a

Figure 4. The main authors that contributed to the publication of scientific papers related to mercury
phytoremediation: (A) WoS and (B) Scopus.
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It should be emphasized that Feng X, Wang J, and Anderson C.W.N have together
investigated Brassica juncea L. plants, evaluating mercury accumulation and its exposure to
different chelating agents, in which ammonium thiosulfate and sodium thiosulfate, EDTA,
among others, were used to improve the phytoextraction of this heavy metal in the plant as
well as the leaching of bioavailable mercury caused by chelating agents [65,66].

In a recent publication, Feng X and Wang ] et al. reported that the plant Cadamine
violifolia could be considered as a mercury hyperaccumulator due to the high concentrations
of mercury that accumulated in its shoots and roots, translocation factors higher than 1.0,
and a bioconcentration between 1.8 and 223 [32].

3.6. Most Recognized Journals

Regarding the publications, the analysis of journals in each research area can help
researchers to accurately understand the top journals in the field of that research; in
addition, it can guide bibliographic queries, data collection, and article writing [67,68]. In
WoS, 197 journals were found, 14 of which had 5 or more published papers (Figure 5A).
However, in Scopus, 359 sources were found, but only 20 journals matched the requirement
of 5 or more published articles (Figure 5B).
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The top 10 journals in WoS accounted for 35.4% of the total (Table S2). These journals
included Environmental Science and Pollution Research with 26 papers (5.7% of publica-
tions), International Journal of Phytoremediation with 26 papers (5.7%), and Chemosphere
with 23 (5.0%). As for Scopus, the top 10 journals accounted for 26.7%. The top three
journals, with a combined 26 published papers (3.7%), were Chemosphere, Environmental
Science and Pollution Research, and International Journal of Phytoremediation (Table S3).

Oliveira Fernandes et al. (2021), in a scientometric analysis of research on mercury
in soil, found that the 10 most cited articles included four from the journal Science of the
Total Environment and one from Chemosphere [7]. It should be mentioned that [52], in
their bibliometric analysis on hyperaccumulators for potentially toxic elements in the WoS
database, reported that International Journal of Phytoremediation ranked first, followed
by Environmental Science and Pollution Research, and Chemosphere, coinciding with the
information reported in this study. Meanwhile, [37], in their study on the phytoremediation
of heavy-metal pollution, reported that the top three journals were Environmental Science
and Pollution Research, International Journal of Phytoremediation, and Ecotoxicology and
Environmental Safety.

The WoS database showed that Science of the Total Environment received the most
citations (1551), followed by Chemosphere (875), Ecotoxicology and Environmental Safety,
and other journals with citation counts between 875 and 1551. Five journals were in the top
quartile (Q1), while six journals had an H-index of at least 150. Four journals are published
in the Netherlands and three in the United Kingdom. The subject areas of Environmental
Science, Medicine, and Agricultural and Biological Sciences were related (Table S2). The
journal with the most citations in Scopus was Chemosphere (2031), followed by Science of
the Total Environment (1582), and Ecotoxicology and Environmental Safety (1500). Seven
journals had an H-index of 150 or more, and six of them were in the first quartile (Q1).
Notably, four of the top ten most productive journals are published in the Netherlands,
while three are published in the United Kingdom. Environmental Science, Medicine,
Chemistry, and Agricultural and Biological Sciences were the subject areas associated with
the phytoremediation of mercury exposure (Table S3). Both databases indexed all journals,
which have been categorized under the Environmental Science category.

3.7. Most Cited Documents

In both databases, a document citation analysis was performed. The citation visu-
alization network of documents is shown in Figure S3, with documents with at least 30
citations serving as the starting point. The papers “Remediation Techniques for Heavy
Metal-Contaminated Soils: Principles and Applicability” [69], “The Phytochelatin Trans-
porters AtABCC1 and AtABCC2 Mediate Tolerance to Cadmium and Mercury” [70], and
“A Review on Heavy Metals Contamination in Soil: Effects, Sources, and Remediation
Techniques” [71] had the most citations in WoS, with 814 (9.2%), 382 (4.3%), and 277 (3.1%),
respectively. As for Scopus, the papers “Plant Responses to Abiotic Stresses: Heavy Metal-
induced Oxidative Stress and Protection by Mycorrhization” [72] (1766; 5.7%), “Remedia-
tion Technologies for Metal-Contaminated Soils and Groundwater: An Evaluation” [73]
(1235; 4.0%), and “Trace Elements in Agroecosystems and Impacts on the Environment” [74]
(1171; 3.8%) were the most cited papers in the works considered for this study. In most of
these papers, Hg was discussed with other toxic metals. Tables 54 and S5 list the 20 papers
with the most citations in the WoS and Scopus databases.

The articles that were most frequently cited in WoS can be categorized into four groups.
(1) Reviews of various remediation techniques for cleaning up heavy metal-contaminated
sites. Among these, phytoremediation is a promising technique for cleaning up large sites
with relatively low contaminant concentrations at shallow depths. It is considered cost-
effective, ecologically beneficial, and has high public acceptance. (2) Studies that explore the
mechanisms used by plants to accumulate, tolerate, and overexpress transporters associated
with mercury detoxification. (3) Articles focused on the use of constructed wetlands
to remove metals and metalloids from contaminated waters. (4) Studies investigating
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the health risks associated with heavy-metal contamination in soil, particularly mercury
and cadmium. In Scopus, the most cited papers could be divided into six categories.
(1) Molecular mechanisms associated with the role of antioxidants as protection against
heavy-metal stress in roots, fungi, and mycorrhizae. (2) Selection of remediation methods
for heavy-metal contaminated soils and sediments, which depend on the site characteristics,
concentration, types of contaminants to be removed, and end use of the contaminated
medium. (3) Improvements in the phytoremediation process such as plant-microorganism
synergy. (4) Use of wetlands in their restoration processes. (5) Use of transgenic plants
in the process of phytoremediation of heavy metals, in case mercury, transporters, and
inclusion of mers-type genes are cited.

In WoS, more than 50% of the 20 highly cited papers came from the following five
countries: China (15%), India (15%), USA (10%), Spain (10%), and Italy (10%). According to
Table 54, reviews comprised 60% of the papers, whereas research articles comprised 40%.
A total of 50% of the most cited papers were published in the journals with the highest
scientific production (Table S2), predominantly Ecotoxicology and Environmental Safety,
Chemosphere, and Science of the Total Environmental Safety. In contrast, the 20 most often
cited reviews in Scopus were written by authors from the United States (25%), China (105),
India (10%), Germany (10%), and the United Kingdom (10%) (Table S5). Major journals
published only 25% of the manuscripts (Table S3), while China, the United States, and India
worked closely together on both databases (Figure 3A,B). Information about a country was
based on data provided by the corresponding author.

It should be noted that China, the United States, and India have focused on the ac-
cumulation of heavy metals by aquatic plants in aquatic matrices [75-77]. The potential
to remove mercury from sediments was established by research on the aquatic plants
Carex heterostachya, C. brevicuspis, A. selengensis, Polygonum hydropiper, and G. longituba [78].
According to Ulaganathan, E. crassipes, A. cristata, and S. natans are three more prospective
candidate aquatic species for the phytoremediation of hazardous metals such as Pb, As,
Hg, Cd, and Ni [77]. In China, mercury-contaminated croplands account for 1.6% of all
croplands contaminated with heavy metals, resulting in mercury accumulation in the food
chain. For example, rice (Oryza sativa L.) has been shown to absorb and accumulate mercury
from the soil and transfer it to edible parts of plants, with mercury and methylmercury con-
centrations between 7.5 and 608 pg/kg and 7.37-62.3 ug/kg, respectively. Methylmercury
absorbed by rice accounted for more than 30% of the total mercury. These results exceed the
20 pg/kg permitted limit for food safety [79,80]. Likewise, the effect of soil microorganisms
on mercury uptake in rice plants was examined to determine possible soil phytoremedia-
tion agents, and it was observed that inoculations of arbuscular mycorrhizal fungi (AMF)
significantly reduced the concentration of the metal in rice. Therefore, this study suggested
the possibility of using microorganisms for the remediation of heavy-metal contamination
in soil and provided valuable information on the reduction in human exposure to mercury
through rice consumption [81].

On the other hand, recent studies in both databases on mercury phytoremediation
have focused on the use of microorganisms to remediate mercury contamination, and
good results have been obtained [82,83]. For example, the phytoremediation potential
of Boehmeria nivea L. Gaud and the response of its rhizosphere soil microbiome to mer-
cury contamination were evaluated, and Proteobacteria, Actinobacteria, Gemmatimonadota,
Latescibacterota, and NB1-j were identified as potential mercury-tolerant taxa [84]. Fur-
thermore, [85] demonstrated that the endophytic fungi Westerdykella aquatica P71 and
Pseudomonodictys pantanalensis nov. A73 stimulated mercury uptake and promoted its accu-
mulation in plant tissues, preferably in roots, mitigating the effects of metal phytotoxicity.
Sharma et al. performed the phytoremediation of heavy metals using Brevundimonas sp.
in the rhizosphere zone of Saccharum munja L, revealing that heavy metals such as Fe,
Mn, Pb, Cd, Cr, Cu, Zn, Ni, As, and Hg were uptaken and translocated [86]. Bacterial
isolates identified as Jeotgalicococcus huakuii and Bacillus amyloliquefaciens from C. dactylon
and E. indica plants, respectively, showed the complete detoxification and bioaccumulation
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of mercury, in addition to indole acetic acid (IAA) production, ammonium production,
and siderophore production [87]. On the other hand, many scholars have tried to find a
hyperaccumulator of mercury, and more than 200 plant species have been used to test their
ability to accumulate and transfer mercury [24,26]. Cardamine violifolia could be considered
as a mercury hyperaccumulator as it accumulated concentrations of up to 6000 ug/g in its
roots and upper parts [32].

In general, articles in recent years have focused on finding phytoremediation plants for
mercury contamination from their natural habitats, on the improvement of crops for safer
food through phytoremediation, the use of chelating ligands and plant-microorganism
symbiotic relationships to strengthen the phytoremediation capacity of plants, the use of
constructed wetlands to improve the phytoremediation of aquatic ecosystems as well as
studies at the molecular level related to metal sequestration, detoxification, uptake and
transport in plants, and omics approaches related to the analysis of proteins and genes
expressed in plants.

3.8. Author Keyword Trend Analysis

Keywords are terms or short phrases that classify and address entries in indexing
and information retrieval systems in databases for a particular manuscript or subject area.
Keywords have become an essential bidirectional tool for people who write and people
who search for information about related manuscripts or subject areas [52,53,88,89].

A criterion of selecting keywords with a minimum of five occurrences was applied.
In WoS, the frequency of keywords in 457 documents was evaluated, and 188 keywords
were found (Figure 6A). Meanwhile, 666 words were found in Scopus out of 697 analyzed
(Figure 6B).

Excluding the terms phytoremediation and mercury in both databases, the most used
keywords in WoS were heavy metals, with 242 (7.2%) occurrences, accumulation (196, 5.8%),
cadmium (122; 3.6%), soils (115; 3.4%), and phytoextraction (70; 2.1%). In Scopus, excluding
the words nonhuman and article, the keywords with the highest number of occurrences
were bioremediation (333; 2.6%), heavy metals (299; 2.3%), soil pollution (277; 2.2%),
bioaccumulation (198; 1.5%), and biodegradation and environmental (175; 1.4%). Even
though they were not included in the descriptor, these keywords had a high co-occurrence
strength, indicating that they were highly important and received a lot of attention.

In addition, Figure 6A displays the co-occurrence of keywords in the WoS database,
categorizing them into eight clusters. Among the three major clusters, the red cluster, which
used the term phytoremediation, was the largest. It connected phrases such as “oxidative
stress”, “detoxification”, “tolerance”, and “heavy metals such as cadmium and mercury”
and contained the keywords antioxidant, growth, tolerance, resistance, glutathione, pro-
teins, and phytotoxicity. Group 2 (green) was more related to soil contamination by heavy
metals, their accumulation, and remediation and included the term heavy metals and
heavy metals such as arsenic, chromium, lead, and zinc. It appeared in the cluster of
agricultural soils, spatial distribution, and other remediation techniques such as electroki-
netic remediation. All keywords in this cluster had a close conceptual link. Group 3 (blue
cluster) contained different forms of mercury: atmospheric mercury, inorganic mercury,
and methylmercury. Words such as exposure, extraction, fractionation, and speciation were
part of this cluster. The Scopus database findings regarding the co-occurrence of terms
were divided into six groups or clusters (Figure 6B), with the following being the most
significant. The first cluster (red) focused on phytoremediation. The effectiveness of a plant
with phytoremediation potential was defined by the terms bioaccumulation, translocation,
bioconcentration factor, and translocation as well as bioremediation. The same was true
for this cluster of connections between phytoremediation and aquatic settings including
aquatic macrophytes, aquatic ecosystems and environments, wetlands, water pollution,
and aquatic plants of the genus Typha. Group two (green color) involved genetic engineer-
ing associated with phytoremediation, gene and protein expression, genetically modified
plants, mers genes, and other processes related to plant detoxification and tolerance to

7
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heavy metals such as mercury. In addition, this group contained several mercury salts
and compounds including methylmercury and mercury chloride. Cluster three (blue)
included environmental pollution by heavy metals and their removal processes. It also
included phytoremediation processes such as phytoextraction, phytovolatilization, phy-
todegradation, phytostabilization, and hyperaccumulation, which define the effectiveness
of phytoremediation. Heavy metals such as arsenic, cadmium, chromium, lead, and nickel,
were found in this group. In general, the research topic can be expressed using keywords

Through these studies, it is possible to comprehend the key research areas and upcoming
developments in the field [43].
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Figure 6. Keyword co-occurrence analysis: (A) WoS and (B) Scopus
3.9. Keywords with the Strongest Citation Bursts

To obtain more information about the phytoremediation of mercury contamination,
burst analysis in Bibliometrix software was used to perform a retrospective keyword
analysis. Keyword analysis can be used to examine development trends and research
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frontiers. In the Bibliometrix software, the size of the circle indicates the strongest words,
and the lines indicate the period. The program identified 28 and 18 main keywords with a
minimum frequency of five for WoS and Scopus, respectively (Figure 7A,B, Supplementary
Tables S6 and S7). In WoS, the keywords could be divided into the following main aspects:
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Figure 7. Top keywords with the strongest citation bursts: (A) WoS and (B) Scopus.

- Phytoremediation of heavy metals. The remediation of “heavy metals” (2016-2021),
“metals” (2014-2019), and specific heavy metals such as “lead” (2018-2022), “cadmium”
(2014-2021), “mercury” (2015-2021), “zinc” (2012-2019), and “nickel” (2012-2013) was
investigated, with mercury and cadmium being the metals with the highest frequency.
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This group also included terms like “Remediation” (2018-2022), “Phytoremediation”
(2015-2021), “Phytoextraction” (2014-2020), and “Volatilization” (2010-2014).

- Exploration of mechanisms by which plants accumulate metals. Exploring the mecha-
nisms by which plants absorb, accumulate, resist, stress, and translocate metal helps
in understanding the process of mercury detoxification in plants. This group in-
cluded “Diversity” (2020-2023), “Plant-Growth” (2019-2022), “Stress” (2017-2022),
“Accumulation” (2015-2021), “Resistance” (2014-2020), “Availability” (2012-2019),
“Organic-Acids” (2012-2018), “Glutathione” (2013-2018), and “Exposure” (2014-2017).
Among them, “Accumulation” showed the highest frequency, which could indicate
ongoing research into how plants accumulate mercury, since although plants show
a well-developed mechanism for the absorption, translocation, and detoxification
of mercury, there are still knowledge gaps in the molecular understanding of these
processes [1].

- Rice (Oryza sativa) (2020-2022) is one of the most important cereal crops, feeding
nearly half of the world’s population. Mercury concentrations in rice grains can reach
up to 460 pg/kg when grown in Hg-contaminated soils [90]. Thus, the accumulation
levels of mercury in rice have been studied [91]. Through genetic engineering, E. coli
expressed four metallothioneins from rice (Oryza sativa L.), which conferred enhanced
mercury tolerance, metal binding, and sequestration [92].

- Aquatic macrophytes (2014-2020) have been widely explored due to concern about
the ecological water environment, and research has been conducted on the ability of
several aquatic plants to absorb heavy metals [93,94].

Regarding the Scopus database, the keywords could be divided into the following aspects:

- Phytoremediation of heavy metals. The remediation of “heavy metals” (2015-2021) and
individual heavy metals like “mercury” (2012-2020) and “arsenic” (2014-2021) were
investigated. This group also included terms such as “Bioremediation” (2014-2020),
“Phytoremediation” (2012-2020), and “Phytostabilization” (2015-2022).

- Search for strategies to improve phytoremediation efficiency. This group included
“Siderophore” (2021-2022), “plant root” (2012-2019), and “Mycorrhizae”, which began
in 2016 and continues to date, indicating that it is a research hotspot.

- Identified hyperaccumulator families. There were 721 hyperaccumulator species
divided into 52 families and 130 genera, ranging from annual grasses to perennial
shrubs and trees, with the Brassicaceae family (2017-2023) being the largest [95-97].

- Risk assessment. This group included “Risk Assessment” (2020-2022), “Human’
(2016-2022), “agricultural land” (2022-2023), “ecosystem” (2016-2022), and “soil
pollution” (2014-2021). It is known that mercury is highly toxic to living organisms,
and its presence in agricultural land poses another route of exposure. Therefore,
phytoremediation combined with risk assessment is a topic that requires attention.

- China (2017-2022) is one of the top three countries publishing papers on the phytore-
mediation of mercury pollution and is a keyword with the highest citation frequency.

7

3.10. Points of Interest in the Research

Considering the keyword analysis, research on the phytoremediation of mercury
contamination also informs on the degree of contamination in soils, sediments, and water-
sheds [24,98,99]. Thus, knowledge about local plant screening in mercury-contaminated
sites will help to obtain a better effect on ecosystem remediation. In general, the keywords
covered four research directions: (1) finding native plants, (2) genetic engineering appli-
cations (3) increasing remediation ability through assisted phytoremediation, and (4) the
detoxification mechanism of Hg.

(1) Identification of mercury phytoremediation plants

Some plants have adapted to survive in mercury-contaminated sites thanks to evolu-
tion in molecular tolerance mechanisms, so they can behave as mercury accumulators or
hyperaccumulators [98]. When the plant absorbs mercury, it accumulates in the vacuoles,
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which have low metabolic activity, keeping heavy metals away from important cellular
metabolic processes. This may serve as a tolerance mechanism in plants [100]. More than
700 plant species have been identified with the ability to hyperaccumulate heavy metals,
ranging from annual grasses to perennial shrubs and trees [96]. In terms of research unique-
ness, researchers have reported different plant species identified in mercury-contaminated
sites. For example, in China, Quian et al. found a total of 259 plants belonging to species
in 29 families that grew on mercury-rich wastelands composed of cinnabar mine tailings
(calcines) in the Wanshan region of southwest China, the third-largest Hg mining district in
the world. Of these plant species, Arthraxon hispidus, Eremochloa ciliaris, Fallopia multiflora,
and Ixeris sonchifolia exhibited higher concentrations of this metal in their roots and shoots
compared to other species [26]. Similarly, Marrugo-Negrete et al., in a former mining
district in Colombia, identified 24 plant species, grouped into 16 families, and the five
species with the highest concentrations of the metal in their roots were Jatropha curcas, Thalia
geniculata, Piper marginathum, Cyperus ferax, and Ricinus communis [24]. Xun et al., in the
mountainous area of Dehua and Wanshan in China (highly mercury-contaminated sites),
collected a total of 14 dominant wild plants, among which were Cyrtomium macrohyllum,
Woodwardia unigemmata, Dennstaedtia hirsute, Ageratum conyzoide, and Conyza canadensis. All
of these plants exhibited high resistance to mercury toxicity [25]. However, although some
species are considered as potential mercury hyperaccumulators, no mercury hyperaccu-
mulator has been reported to date. Therefore, discovering mercury hyperaccumulators is
highly desirable [5,26,32].

It should be said that at present, many studies on the phytoremediation of mercury
contamination are still in the laboratory stage [25,32], and very few studies have been
conducted at contaminated sites [101]. These studies often overlook the complex dynamics
of open fields such as climatic conditions, geographic factors, and the heterogeneity of
mercury contamination (Table S8). Therefore, further research is required to verify the
effectiveness of the phytoremediation process on a larger scale and develop site-specific
protocols that account for the variability in plant behavior. Overall, the conditions of
the contaminated site and the plant communities present must be considered to improve
phytoremediation in mercury-affected sites. It is also necessary to investigate the mercury
content in plant species that have not been studied yet [5]. Native plants are suitable for
managing both contamination and the environment [37].

(2) Applications of Genetic Engineering (OK)

Currently, genetic engineering allows for the integration of genes from other organisms
to enhance the capacity and accumulation of heavy metals in plants, thus improving the
phytoremediation conditions. For example, genetically modified Spartina alterniflora for
mercury phytoremediation is resistant to high concentrations of this metal [102]. Similarly,
genetic engineering can also be used to change the storage location of heavy metals and
reduce the damage to plants caused by stress to these pollutants [103]. Most genetically
modified plants for mercury phytoremediation are based on the mer operon gene, and these
genes are involved in the process of translocating mercury (Hg?*) into the cell. They play
a significant role in the biogeochemistry and bioremediation of mercury by converting
reactive inorganic and organic forms of mercury into relatively inert, volatile, monoatomic
forms [104]. For instance, transgenic rice (Oryza sativa) with the merA gene is able to
withstand higher mercury concentrations compared to plants without the gene [105].
Additionally, the overexpression of PtABCC1I in Populus trichocarpa has been shown to
be effective in A. thaliana and Populus tormentosa, promoting growth at certain mercury
concentrations and increasing mercury accumulation in both the roots and shoots compared
to wild-type plants [35,106].

In general, genetically modified plants for mercury resistance have provided valuable
insights, enabling significant steps toward achieving more successful phytoremediation
methods [98]. Multi-omics methods such as transcriptomics, proteomics, and metabolomics
are required to reveal the functional roles of genes, proteins, and associated metabolites in
mercury accumulation.
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(38) Assisted phytoremediation

Chelating agents

Several approaches have been widely used to improve the phytoremediation
capacity in the field of heavy-metal pollution. Sometimes, the availability of
metals in the soil is insufficient, and consequently, no active uptake of the metal
by the root is generated. Mercury negatively interferes with plant growth as
well as with their metabolic process, so some research has focused on the use of
assisted enhancements to improve the efficiency of phytoremediation. It has been
shown that sodium thiosulfate (NayS,03), ammonium thiosulfate (NHy),5,03,
ethylenediaminetetraacetic acid (EDTA), diethylaminapentaacetic acid (DTPA),
(NH4),S04, NH4C1, NaNOj3, (NHy4),5S,03, HCI, K1, and citric acid are related to
the phytoremediation of mercury-contaminated soils, helping to improve their
efficiency [66,69,107-109].

Previous studies conducted on Oxalis corniculata and Brassica juncea L. found that
chelating agents increased the concentration of mercury in the plant tissues of
plants, achieving higher translocation and bioconcentration factors, which could
be associated with the fact that the soluble complexes chelated by them can easily
pass through the endodermis and enter the xylem [66,69].

On the other hand, the use of organic amendments has also been used to increase
the adsorption capacity of heavy metals. For example, the use of biochar (MB2)
and attapulgite (MA2) showed that they can improve the growth capacity in
Solanum nigrum L., a favorable feature for phytoremediation as well as remove the
soil contaminant and increase the concentrations of metals in plant tissues [110].
Likewise, the addition of compost (derived from green waste) to the contami-
nated soil decreased the concentration of total mercury, where the higher the
compost content, the lower the mercury contamination in soils [111].

The application of selenium (Se) fertilizers has been used as a cost-effective strat-
egy to ameliorate mercury accumulation and the noxious effects of mercury [112].
For example, the development of apoplastic barriers in the root endodermis
of Oryza sativa crops in hydroponic solutions contaminated with mercury and
methylmercury (MeHg) improved with the addition of selenium and also showed
a remarkable decrease in Hg and MeHg concentrations [113].

Therefore, the inclusion of these chelating agents or the development of new ones
to improve the ability of plants to remove mercury from the soil is an important
goal to consider.

Growth-promoting microorganisms

Growth-promoting rhizobacteria help plants cope with stressful environments
in addition to forming beneficial host—plant relationships, which can increase
the phytoavailability of metals while reducing their toxic effects. They stimulate
the ability of the host plant to generate more biomass while storing significant
concentrations of metals and decreasing toxicity [114-116]. Bacteria, fungi, and
other microorganisms living in the rhizosphere can increase the availability of
heavy metals by either changing the soil pH, releasing chelators, or having
redox reactions with heavy-metal ions. Rhizosphere microorganisms in mercury-
contaminated soils can reduce Hg?* to less toxic volatile Hg® through enzymatic
reduction [15]. There is a belief that beneficial fungi in the rhizosphere stim-
ulate root proliferation and enhance plant response to soil chemistry through
plant-microbe association [117,118]. It should be added that rhizobacterial fungi
and plant growth-promoting rhizobacteria (PGPR) induce heavy-metal toler-
ance responses [119]. For example, the symbiotic association between Lolium
perenne roots and arbuscular mycorrhizal fungi (Glomus sp., Acaulospora sp., En-
trophospora sp., Scutellosospora sp. and Glomus sp., Acaulospora sp., Entrophospora
sp., Giaspora sp.) showed that there was enhanced mercury uptake. Arbuscular
mycorrhizae play an important role in heavy-metal tolerance and have several
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extracellular and intracellular defense mechanisms such as plant tissue growth
mechanisms and biological mechanisms of nitrogen fixation [120]. Likewise, the
high mercury accumulation in Erato polymnioides could be based on a core of
highly infectious strains of arbuscular mycorrhizal fungi (AMF) that are capable
of improving the nutritional status of the plant and making mercury bioavailable
species [31]. Therefore, the identification and characterization of heavy-metal
tolerant microorganisms in soil and the development of microbial agents is a key
research objective.

(4) Mercury detoxification mechanisms

Plants that accumulate heavy metals have adopted strategies to cope with their harm-
ful effects by carrying them from the source where they are found to their roots, either
through the plasma membrane of root endodermal cells or by movement through the free
space between the cell wall [121,122], where they can be stored or translocated to shoots
through xylem vessels, where they are deposited in vacuoles. The travel of heavy metals to
vacuoles is controlled and regulated by molecules involved in cross-membrane transport or
their complexation and subsequent sequestration. ATP-binding cassette (ABC) transporters
have been shown to transport As, Cd, and Hg [37]; it is also considered that Zn, Cu, or Fe
transporters may be possible candidates to facilitate Hg influx [123].

It is worth mentioning that the formation of reactive oxygen species (ROS) is pro-
duced as by-products of several metabolic pathways that are located in different cellular
compartments (chloroplasts, mitochondria). It is held that the Hg level in leaves interferes
with mitochondrial activity and triggers ROS generation, malondialdehyde accumulation
resulting from lipid peroxidation, and causes cell disruption [124]. Just as ROS can damage
cells, they can also initiate responses related to gene overexpression. The accumulation
of ROS can be counteracted by antioxidant enzymes including a variety of detoxifiers
such as superoxide dismutase (SOD), ascorbate peroxidase (APX), glutathione peroxidase
(GPX), glutathione-S-transferase (GST), catalase (CAT), and non-enzymatic low molecular
weight enzymes such as ascorbic acid (ASH), glutathione (GSH), a-tocopherol, carotenoids,
and flavonoids [125]. SOD, together with GSH, can scavenge reactive oxygen species and
prevent lipid overoxidation in membranes [25]. SOD is considered to be the most efficient
of the intracellular enzymes and is important in the plant’s tolerance to all types of stresses
because they provide the first line of defense against the effects of elevated ROS levels [125].
Increased SOD at low Hg concentrations can scavenge ROS and alleviate plant damage,
while increased GSH at high Hg concentrations, aside from helping to scavenge ROS, can
also induce the formation of phytochelatins and an increase in proline, an intracellular
substance important for an osmotic adjustment that can regulate cellular osmotic homeosta-
sis disturbed by heavy-metal stress and protect the structural and functional integrity of
cells [25,126-128]. Thus, for example, Cyrtomium macrophyllun, exposed to concentrations
up to 1000 mg kg ! of Hg, presented high resistance to mercury stress due to the increase
in activities such as SOD, GSH, and proline compared to the control. Phytotoxic effects
such as chlorosis and necrosis were low [25]. The transcripts and activities of SOD, POD,
and CAT were pronouncedly enhanced in transgenic Arabidopsis compared to the control
when exposed to HgCl, [129].

Therefore, the synthesis of antioxidant and non-enzymatic enzymes in plant tissues
may be an important mechanism for the establishment of the defense systems of reactive
oxygen species under heavy-metal toxic stress [130].

3.11. Problems and Challenges

Significant progress has been made in addressing mercury contamination in soil
through the use of emerging technologies such as phytoremediation, which remains a
particularly attractive option. However, there are some issues to consider:

- The practice of phytoremediation can take years for the various contaminated fields,
so the discovery of local species is necessary, as screening for locally tolerant species is
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becoming an alternative approach for soil restoration [121] including native species
that have not been previously studied.

- Most studies have been conducted at the laboratory scale using nutrient cultures
and pot experiments on soil contaminated with mercurial inorganic salts. These
investigations should be transferred to field experiments because these experiments
are not likely to be able to define a hyperaccumulator. In addition, the tests performed
in the field or in the laboratory show significant differences. For example, van der Ent
et al. pointed out that hyperaccumulators should be recorded from natural habitats
and did not consider the extreme accumulation achieved by laboratory work with
acidified and artificially modified soils or water to be hyperaccumulation [60].

- Plant growth and the bioavailability of metals are very important in the phytoreme-
diation process. For plants, high biomass, environmental adaptability, response to
Hg tolerance, root characteristics (roots with high root zone), and root protection, as
it is the main organ affected by mercury, are factors to be considered. Most of the
accumulator plants found so far have short cycles, with low biomass and present
phytotoxic effects as the concentrations of the metal increase. Regarding the bioavail-
ability of metals, the conditions, physicochemical properties, and characteristics of
the medium (water, soil, mud, sediment, etc.) all have influences or impacts on the
phytoremediation potential of plants.

- Phytoremediation assisted by chelating agents or microorganisms has been shown
to enhance the phytoremediation process. Some microorganisms can promote plant
growth and tolerate Hg, therefore, the rational screening of microorganisms should be
carried out, and microbial taming techniques should be used to help plants ameliorate
mercury-contaminated environments, so the mechanism of microbial symbiosis is
worth exploring further. Studies conducted with chelating agents or amendments
have shown an increase in the rate of accumulation, so there is an option to further
investigate all soil amendments such as biochar, compost, and biosolids in the future.

- With the development of genetic engineering and molecular biology, improvements in
Hg phytoremediation processes have been found. The inclusion of transporters and
genes can improve the uptake, translocation, and transformation of Hg into less toxic
forms. Researchers can use multi-omics methods to report on the different processes
involved in gene overexpression, mercury oxidative stress, and metal translocation.

- After the phytoremediation process in mercury-accumulating plants, its removal
should be considered. The question of how to treat plants with mercury after harvest
should be studied. The release of atmospheric mercury from plants can also cause air
pollution. Methods such as composting and pyrolysis have been used for the disposal
of toxic plant residues after phytoremediation [131].

4. Conclusions and Perspectives
Conclusions

This study provided knowledge mapping of the phytoremediation of mercury con-
tamination. Publications on this topic are increasing, with a total of 457 publications in WoS
and 697 in Scopus, with higher growth in the last five years. In terms of research categories,
Environmental Sciences was the most frequent subject area in both databases, followed
by Agricultural and Biological Sciences in Scopus, and Environmental Engineering in
WoS. China and India were the countries with the most publications in WoS and Scopus,
respectively, followed by the United States, Spain, and Italy. Chinese organizations were the
main drivers of research, with the Chinese Academy of Sciences being the most productive
institution in this field of study, with these studies being mainly funded by the Natural
Science Foundation of China. It also houses the most prolific authors.

The most prominent journals in this field were Chemosphere, International Journal
of Phytoremediation, and Environmental Science and Pollution Research. The 20 most
cited publications in Scopus were reviews, while in WoS, 60% were reviews and 40% were
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research articles. The most cited article in Scopus was from Germany, while the most cited
in WoS was from the United States.

The co-occurrence and trending themes of the keywords made it possible to identify
the critical points of the research and its evolution over time. For example, the terms
with the highest number of occurrences were bioaccumulation and phytoextraction, which
define the efficacy of a plant with phytoremediation potential. Genetic engineering, gene
and protein expression, and genetically modified plants influence the process of assisted
measures for improvements in the phytoremediation process. Similarly, more research
should be conducted on the synergistic role between plants and microorganisms and
on phytoremediation and chemical-assisted amendments. More research should also be
conducted on aquatic plants for the remediation of ecosystems and aquatic environments
contaminated with heavy metals.
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