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Preface to "Phytoremediation: New Approaches and
Perspectives”

Environmental pollution is a widespread problem that humans must prevent and counteract
to ensure the wellbeing of all species on our planet. Among the methods used to decontaminate
polluted water and soil, phytoremediation is highly regarded for its effectiveness and ecofriendliness.
This technology uses plants capable of removing pollutants from growing media. Some plant species,
possibly together with their associated microorganisms, have been proven to absorb and/or degrade
large amounts of contaminants, without their vital functions being compromised. Usually, these plant
species constitutionally possess high levels of antioxidant or detoxifying molecules, which can be
further induced in response to the accumulation of xenobiotics. Many phytoremediation techniques
are currently applied, and the range of pollutants that are successfully removed or made less harmful
is vast. Nevertheless, many processes behind this technology remain to be elucidated. In addition,
new approaches can be used to increase the performance of this technique or to broaden its horizon
of application.

Given the importance of these themes in relation to the global challenges of environmental

sustainability, this Special Issue of Plants aims to expand knowledge in this field.

Maria Luce Bartucca, Cinzia Forni, and Martina Cerri
Editors
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Environmental pollution is a global issue since it is spreading worldwide, affecting
entire ecosystems. Phytoremediation of pollutants is a renowned and environmentally
friendly technique to extract or degrade several pollutants. Phytotechnologies are based on
the ability of several plant species, and, to a certain extent, microalgae, to remediate soil,
water, and air resources and to rehabilitate ecosystems. Over the years, phytoremediation
has gained the favor of researchers and stakeholders, even though its application is still
limited. In this Special Issue, different papers discuss several aspects and perspectives
of this technique. The methodological approaches of phytoremediation are described
in the review by Bartucca et al. [1], where biostimulants” positive effects on the plants’
remediation activities have been reported. Several biostimulants of different origins (from
bacteria and algae to fungi and plants) have been described and considered for improving
phytoremediation activity, providing a broad spectrum of possible applications.

The efficiency of remediation depends mainly on plant species and the type and
concentration of contaminants. Metals are among the most dangerous pollutants as they are
not biodegradable. Metals tend to accumulate in soils, posing potential risks to surrounding
ecosystems and human health. Basic principles, techniques, and potential anticipated
prospects of phytoremediation of the metals, in addition to an overview of the biochemical
aspects and the exertion of macrophytes in phytoremediation, have been provided by
Sabreena and co-authors [2]. The remediation activity of different aquatic macrophytes
species is discussed in this review.

Even though plants have shown considerable potentiality to uptake metals (phy-
toextraction) for in situ remediation, this technique still presents limitations and deserves
further studies. Metal contamination of soil is also the focus of the review by Venegas-
Rioseco and co-authors [3], which discusses the advantages and limitations of different
strategies for enhancing HM accumulation and tolerance. Native plants, naturally growing
on soils contaminated by metals, can be selected for phytoextraction and revegetation. Ad-
ditionally, these plants, which colonize sites with high metal concentrations, can be the best
candidates as a source of target genes to be used in genetic engineering research. Studies
are reported on applying genetic engineering strategies (i.e., gene editing, stacking genes,
transformation, and epigenetic regulation) to improve the plant phytoextraction potential.
According to the authors, to enhance phytoextraction performance in metal-polluted soils,
the best candidate genes are those related to metallothionein (MT), phytochelatin (PC),
phytochelatin synthase (PCS), metal transporters, and antioxidant- activities. Legal and
normative limitations have also been considered by the authors, who suggest further devel-
opment of regulatory frameworks that should effectively drive such genetic engineering
technologies to beneficial applications [3].

Petroleum is a major pollutant of ecosystems, and many bacteria were demonstrated
to help its remediation. Kuzina and colleagues [4] focused on the effect of hydrocarbon-
oxidizing auxin-producing bacteria on the growth, biochemical parameters, and hormonal
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status of barley plants in the presence of oil. They tested Enterobacter sp. UOM 3 and
Pseudomonas hunanensis IB C7, finding that they could mitigate the negative effects of abiotic
stress (caused by the oil) on plant growth. It is worth noting that the most substantial
inhibitory effect of oil was detected in the spikes. Enterobacter had a higher positive effect on
the length of the main spike, and number of spikelets per spike, compared to P. hunanensis.
The authors also analyzed flavonoids and proline content, which are known to intervene in
the adaptation to stressful environments, and the effects of oil pollution on the hormonal
production of barley plants. Accumulation of IAA in shoots could, indeed, protect plants
from stress factors by activating the antioxidant system; furthermore, since the presence of
a pollutant reduces the availability of water and ions to plants, maintenance of the correct
hormone balance to support good root growth is a vital plant response for adaptation to
stressful condition. The data obtained indicate that introducing microorganisms weakened
the negative effects of abiotic stress caused on barley plants by the presence of oil.

Yasseen and Al-Thani [5] elucidate the potential of endophytes” use in lands contam-
inated by industrial wastewater and in the remediation of saline soils, focusing on the
situation in Qatar. Halophytes, which in Qatar are mainly semi-woody shrubs, perennials,
and succulents, are promising candidates for soil desalination and cleaning from toxic ions.
The authors discussed all the mechanisms adopted by endophytic bacteria and fungi to
support halophytes in the desalination of soils and phytoremediation of industrial wastew-
ater, with many case studies mainly regarding Bacillus spp. and Pseudomonas spp. They
concluded that their cooperation is an innovative approach that could promise to solve the
pollution problems of soils and waters in an environmentally friendly way. Biotechnologies
could increase the efficiency of remediation, and a monitoring system in recycling plants
used for phytoremediation is also advocated.

As shown by previous studies, the intervention of microorganisms is a very relevant
process in phytoremediation. Bioaugmentation is carried out by inoculating contaminated
soil or water with pre-grown microbial cultures to improve the phytoremediation technol-
ogy. Due to its strong potential in this field, this technique must be deepened and tested.
The effect of the application of the commercial product RhizoVital®42, containing Bacillus
amyloliquefaciens FZB42, on soil polluted by potentially toxic elements (PTEs), critical raw
materials (CRMs, such as germanium -Ge), and rare earth elements (REEs) was the object
of the study by Okoroafor et al. [6]. Results showed that B. amyloliquefaciens successfully
integrated (relative abundance 1%) into the bacterial community, which was not altered by
the enrichment. The inoculated soil was planted with Zea mays and Fagopyrum esculentum.
The phytoremediation tests showed that B. amyloliquefaciens could either improve or reduce
the assimilation of toxic elements and nutrients in the plant in a species-specific manner. In
general, the inoculation enhanced the uptake of As, Cu, and other nutrients while decreas-
ing the accumulation of Ge, Cr, and Fe. The results obtained in the study can be used in
agricultural or environmental remediation projects.

Water pollution is one of the most severe problems concerning environmental issues.
Therefore, innovative studies on phytoremediation should aim to broaden the knowledge
of the techniques used to date and to develop further methodologies, considering the
nature of new pollutants released in our waters. In this Special Issue, different studies have
been addressed on the phytoremediation of polluted water and wastewater. Their central
themes focus on the employment of algae and macrophytes (which play a major role in this
area) and on optimizing the systems used for water cleanup.

A bibliometric study [7] based on the Scopus database revealed that in the years
2000-2020, the scientific community had increased its interest in the potential use of algae
in the biodegradation of phenol. China, Spain, and the United States contributed the most
significant proliferation of research on the topic. Phenols (phenol, cathecol, chlorophenol,
bisphenol A, etc.) are primarily released into the environment by petroleum refineries,
agricultural sources, and petrochemical, automotive, pharmaceutical, textile, and food and
beverage industries. These compounds are highly toxic to humans and animals and are
characterized by low biodegradability and high solubility in water. Since accidental spillage
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has caused rising phenol contamination in water, “phycoremediation” (a technique that
uses algae to remediate polluted sites) is increasingly considered. In particular, Chlorella
and Scenedesmus spp. have been demonstrated to efficiently convert phenols into less
toxic derivatives. The process proceeds aerobically and is regulated by phenol-degrading
enzymes, such as lignin peroxidase.

Chiellini et al. have successfully proposed a novel approach to remediate wastewaters
contaminated by cigarette butts (CB) by using microalgae [8]. In the study, six microal-
gae strains (one from the family of Scenedesmaceae, two Chlamydomonas debaryana, and
one Chlorella sorokiniana) were exposed to CB wastewater with dilutions ranging from
1 to 25% (corresponding to 5 to 125 butts L™1). The analysis of microalgal physiologi-
cal status revealed that photosynthetic pigment production was commonly inhibited in
a concentration-dependent manner (generally, from a CB concentration > 5%). Results
from CB wastewater remediation test showed that the most abundant pollutant, nicotine
(49.4%), was the most difficult to removal by microalgae. The multiple-factor analysis
correlated the low ability to remove nicotine with the inhibition of chlorophylls, suggesting
the detrimental effect of this alkaloid on photosynthetic pigments. On the other hand, ben-
zonitrile (5.2%); 1,2,3-propanetriol, diacetate (4.0%); and the silicon (Si)-based compounds
(33.5%) were entirely or almost completely removed by the microalgal strains. Unexpect-
edly, hydrocarbons and additives, such as plasticizers (5.2%), were mainly removed at the
highest concentration of CB wastewater. After the study, the authors highlighted the high
performance of Chlamydomonas strain in removing pollutants (69%) at 5% CB wastewater
(corresponding to 25 butts L~! or 5 g CB L~!) while maintaining its growth and pigments
at control levels.

Most water phytoremediation studies carried out so far were conducted in closed
systems. However, the use and development of continuous systems are crucial to the
implementation of large-scale phytoremediation. The study by Sigcau et al. [9] focused on
optimizing a continuous phytoremediative water treatment system involving the aquatic
macrophyte Lemna minor in the removal of nitrogen (N). In detail, the purpose of the study
was the online control of pH in the discharge water to use this parameter as the sole input
variable of the system for the prediction of N removal. In fact, nitrate absorption by plants
implies the simultaneous co-absorption of H* ions and the release of OH™ ions in the growth
medium, leading to water alkalization. At the same time, nitrate assimilation by plants
is strictly related to biomass production. The study established the relationship among
acid dosing (protons released to maintain the pH constant at 6.5), nitrate removed, and
plant biomass production. The measure and control of the pH of the water medium in
the system thus permitted to calculate and optimize the amount of nitrate absorbed (over
80% N removal rate in 7.2 L. day—!), while maintaining a constant biomass layer of Lenna
plants.

The study conducted by Tshithukhe et al. [10] aimed to assess the phytoremediative
potential of native and non-native macrophyte plant species towards heavy metals (HM)
removal from the Swartkops River (South Africa) water and sediments. Urban, agricultural,
and industrial discharges in this site release high quantities of HMs (Zn, Fe, Cd, As, Cr, Pb,
Hg, and Cu). Ten sites upstream and downstream of the phytoremediative plant mats were
sampled. The plant analysis (bioconcentration factor-BCF) evidenced the selected species’
potential in the proposed objective. In particular, the free-floating non-native Pontederia
crassipes showed the highest HMs assimilation potential, followed by the submerged native
Stuckenia pectinatus and the three native emerged Typha capensis, Cyperus sexangularis and
Phragmites australis. However, due to high variation among sites, the sampling results did
not show a consistent decreasing trend in the water and sediment contamination along the
river course. The authors concluded that the continuous contamination inputs along the
riverside nullified the removal operated by macrophytes.

In the past 10-20 years, plant researchers have developed a sophisticated understand-
ing of how plants responding to stress caused by exposure to pollutants alter their gene
expression. However, plants alone are not always capable of effectively responding to
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heavy environmental contamination, and often phytoremediation efficiency, determined
primarily on closed and controlled environments and on a single pollutant, is species spe-
cific. Undoubtedly, much work remains to be conducted before phytoremediation becomes
a mainstay of agricultural and silvicultural practice to remove contaminants. To augment
plant survival strategies and their remediation efficiency, we can apply microbial-assisted
phytoremediation, biostimulants, or genetic engineering strategies. Recently, an operative
handbook for eco-compatible remediation of degraded soils has been published [11]; it
reports the experience carried out during five years of the Ecoremed project funded by the
European Union and also provides operational suggestions, such as a more comprehensive
utilization of phytostabilization approach.

Altogether, the different approaches may be used in a meaningful way to help plants
not only to grow in polluted environments, but also to more efficiently phytoremediate the
ecosystems.
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Abstract: Environmental pollution is one of the most pressing global issues, and it requires priority
attention. Environmental remediation techniques have been developed over the years and can be
applied to polluted sites, but they can have limited effectiveness and high energy consumption and
costs. Bioremediation techniques, on the other hand, represent a promising alternative. Among
them, phytoremediation is attracting particular attention, a green methodology that relies on the use
of plant species to remediate contaminated sites or prevent the dispersion of xenobiotics into the
environment. In this review, after a brief introduction focused on pollution and phytoremediation,
the use of plant biostimulants (PBs) in the improvement of the remediation effectiveness is proposed.
PBs are substances widely used in agriculture to raise crop production and resistance to various types
of stress. Recent studies have also documented their ability to counteract the deleterious effects of
pollutants on plants, thus increasing the phytoremediation efficiency of some species. The works
published to date, reviewed and discussed in the present work, reveal promising prospects in the
remediation of polluted environments, especially for heavy metals, when PBs derived from humic
substances, protein and amino acid hydrolysate, inorganic salts, microbes, seaweed, plant extracts,
and fungi are employed.

Keywords: biostimulants; phytoremediation; pollutants; plant stress

1. Introduction
1.1. Environmental Degradation and Pollution

In recent decades, we have witnessed a significant increase in world population and
economic growth [1]. There is a close relationship between economic growth, energy
consumption and environmental degradation, as highlighted by some recent studies [2-5].
This interdependence has become a significant public policy priority among Organisation
for Economic Co-operation and Development (OECD) countries [4], since environmental
degradation is one of the most significant challenges that humans have to face in the near
future [5]. The main evidence of environmental degradation is the depletion and pollution
of natural resources, destruction or degradation of ecosystems, and extinction of wildlife [6].
The risks associated with environmental pollution include contamination of food, air, water,
and soil, raising the question of identifying effective strategies to prevent and mitigate
these problems [7].

Heavy metals (HMs) are globally considered among the most relevant pollu-
tants [8,9]. Human activities such as fossil fuel combustion, mining and smelting of metal
ores, urban and industrial expansion, the production of large amounts of municipal waste,
and agricultural practices constantly release HMs into the environment [10,11]. Currently,
HMs are considered the main pollutants in European soils and groundwater [12]. HMs can
be toxic to living organisms at very low concentrations, depending on their chemical and
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physical properties [13]. In plants, they can lead to oxidative stress, hinder plant growth,
interfere with photosynthetic activity, replace other metals in pigments or enzymes, and
accelerate senescence [14].

In addition to HMs, pesticides can be detected in water and soil in concentrations
that often exceed the limits admitted by law [15,16]. The accumulation of pesticides in soil
and water should be avoided to prevent them from entering the food chain, which can
cause, in turn, severe threats to human and animal health [17]. Although pesticides are
applied in agriculture to control and limit weed competition with crops, their selectivity
in targeting weeds is in some cases only theoretical. In fact, certain pesticides can reach
non-target organisms, such as crops, thus provoking morphological, physiological, and
biological alterations [18]. For instance, it has been shown that pesticides can reduce crop
growth and biomass production, interfere with mineral nutrition and use efficiency, reduce
chlorophyll concentration, and cause cell death [19,20].

The implementation of more stringent legislation is necessary to reduce polluting
emissions into the environment [21]. The switch to renewable energy sources is another
critical element in reducing environmental pollution [22]. Modeling point and non-point
sources of pollution is essential to assess their effect on air, soil, and water ecosystems
and make decisions about the measures and actions to be taken [23]. In addition to
reducing emissions, particular attention must be paid to the remediation of polluted
environments [24]. Many methods can be currently applied to clean or recover polluted
environments, and they include ex situ and in situ remediation techniques: “dig and
dump”, “pump and treat”, chemical oxidation/reaction, incineration, thermal treatment,
dilution or chemical stabilization/immobilization of the contaminant, electrokinetics, soil
washing/flushing, excavation, and disposal [25,26]. Nonetheless, these methods can be
expensive, consume energy, require specific machinery, and may negatively impact the
environment or cause secondary pollution [27,28]. For instance, when applied to polluted
soil, most of the abovementioned physical or chemical techniques affect its biological
activity, structure, and fertility [27-29]. Furthermore, the removal of the contaminant may
not be entirely satisfactory [30].

1.2. Phytoremediation

In recent years, concerns related to ecological threats have led to searching for new and
cheap bio-based remediation technologies [29]. In this context, bioremediation, which refers
to the use of microbes to clean polluted environments, has gained increasing attention
and diffusion [31]. In fact, some bacteria, fungi, archaea, and algae may show a high
capacity to remove or neutralize many types of contaminants [32]. In bioremediation, the
cleaning process is mainly due to the action of specific enzymes naturally occurring in
microorganisms [33].

Another green technique suitable for the recovery of polluted sites is phytoremediation.
This emerging and biological-based technology exploits the ability of plants to decontami-
nate air, soil, and water of various kinds of contaminants or transform them into less toxic
compounds or derivatives [34]. Phytoremediation is highly appreciated for its effectiveness
and eco-friendliness [35]. Indeed, it has been demonstrated that certain plant species
can remove, reduce, or stabilize significant amounts of contaminants from polluted sites.
Species suitable for phytoremediation programs must cope with the adverse effects caused
by toxicants, which could otherwise seriously hamper their vital functions [36]. Usually,
these species constitutionally express high amounts of antioxidant or detoxifying molecules
and enzymes. The presence of the xenobiotics can also induce the cellular content of these
protective activities as a defensive response [37].

Several different phytoremediation techniques are applied to remove a wide range of
pollutants or transform them into less harmful derivatives [21]. An in-depth study and ex-
ploitation of the processes involved in phytoremediation is not the purpose of this review; we
refer for further information and details to the vast published literature [21,38—40]. However,
the main phytoremediation techniques are briefly summarized below.
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Phytoextraction: this technology is based on the capacity of some plants to absorb
contaminants by roots from polluted sites and translocate them to the aboveground tissues.
This ability is generally suitable for remediating sites polluted by heavy metals. Moreover,
this approach offers other interesting opportunities: it allows the recovery of metals in
saline form through plant harvesting and acid digestion of plant tissues. This technique
is called phytomining and has recently gained a great interest if the metals are precious
or of technological value [41,42]. The so-called hyperaccumulators are plants particularly
appreciated in phytoremediation. These species are generally employed in phytoextraction
since they can remove and store in their tissues very high amounts of toxic substances [43].
In the use of hyperaccumulators, additional strategies can be applied to improve the
phytoremediation efficiency. For example, it is possible to modulate the plant uptake of
contaminants by acting on fertilization [44]. This is the case for arsenic (As) absorption,
which depends on the amounts of phosphorous (P) available to the plant [44]. In fact, As
is analogue to P and it is taken up by the plant through P transporters [45]. Thus, the
two elements compete for the same carriers in roots [46] and by reducing the phosphorus
supply to the plant it is possible to increase As remediation [45].

Plants with high tolerance to contaminants, efficient translocation from root to shoot,
effective detoxification, and large biomass production can efficiently bioconcentrate the
target substance. A widely employed parameter accounting for this ability is the biocon-
centration factor (BCF) [28]. The BCF represents the ratio between the concentration of a
target substance in plant tissues and that in the growth medium [47]. In phytoremediation,
this parameter is considered a useful index to assess the capacity of a plant to remove
a pollutant [48]. A metal hyperaccumulator, for example, can accumulate in its tissues
more than 10.000 mg kg~ ! of manganese (Mn) or zinc (Zn) without showing significant
alterations in the metabolic activity or physiological functions [49].

Phytostabilization: this technology is based on the use of plants that can absorb or
precipitate the pollutant, immobilizing it in the rhizosphere [21,50]. This action strongly
decreases the bioavailability of the toxic substance, thus preventing the contaminant from
reaching the groundwater or entering the food chain [27].

Phytodegradation: this technique exploits the ability of plants to metabolize or detox-
ify the xenobiotic thanks to the action of various enzymes (dehalogenase, peroxidase,
glutathione S-transferase, etc.). Phytodegradation is usually applied to remove organic
pollutants, such as herbicides, from polluted environments, thanks to the ability of certain
plants to inactivate these substances and sequester /immobilize them [43].

Phytovolatilization: this technology is based on the ability shown by certain species to
take up the pollutants from the growth media by roots and transform them into volatile
forms. Then, the xenobiotics can be released into the atmosphere by the stomata [42].
This technique is frequently applied to remove some metals and metalloids (mercury, Hg,
selenium, Se, or arsenic, As) or volatile organic compounds (VOCs) from polluted sites [27].

Rhizofiltration: this technology regards the use of aquatic and terrestrial plants to
clean aqueous media of contaminants. Alternatively, the plant may precipitate the target
substance, limiting its mobility and bioavailability [43]. This method can be particularly
effective in removing heavy metals, dyes, and organic compounds [27,51].

Phytostimulation (or rhizodegradation): this technology regards the degradation of the
pollutants by bacteria and fungi living in the rhizosphere [52]. These microorganisms take
advantage of the substances naturally exuded by plant roots (such as sugar or amino acids)
that serve them as nourishment and enhance their metabolism and biological activity [27].
Phytostimulation is generally employed for the remediation of soils polluted by organic
compounds such as pesticides, polycyclic aromatic hydrocarbon (PAH), or polychlorinated
biphenyls (PCBs) [43].

Despite the considerable knowledge acquired to date, many processes involved in
the different phytoremediation methods still remain to be fully elucidated [21]. If com-
pared to conventional methods, phytoremediation shows some significant advantages and
disadvantages, which are reported in Table 1 [21,27,29,38,53,54].
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Table 1. Advantages and disadvantages of phytoremediation.

Advantages

Disadvantages

Suitable for various types of contaminants
(organic substances, metals, metalloids, dyes,
hydrocarbons, radioactive substances)

Not applicable in some circumstances (for
example, when contaminants are found in deep
soil layers, not accessible to the roots)

Efficient

Contaminants cannot be completely removed

Relatively cheap Slower than conventional methods

Not convenient for heavily polluted sites (due

Environmentally friendly to the limited tolerance of a plant to pollutants)

Difficult to apply when the pollutant is not

Non-destructive completely bioavailable

Strictly dependent on the environmental

Non-invasive L7,
conditions

The handling and disposal of harvested plant

Aesthetically pleasing tissues could be problematic

Still under development (its potential has not

Directly applicable in situ been fully exploited)

Commercial-scale applications of this

Does not require energy technology are few and still inadequate

Can be used to remove more than one
pollutant at the same time

Has minimal equipment requirements

Can be combined with other methods, such as
conventional technologies

Contaminants can be recovered from the plant
tissues and marketed

Provides habitats for animals

Stimulates beneficial microbes

Reduces soil erosion, simultaneously
improving its structure and fertility

Contributes to carbon sequestration

1.3. Emerging Tools to Improve Plant Efficiency in Phytoremediation Programs

In recent years, many studies have paid attention to reducing or compensating for
the disadvantages and limitations characterizing phytoremediation. Consequently, new
approaches have been developed and applied to increase the effectiveness of this technology
or broaden its application horizon [42]. For instance, among these approaches, the herbicide-
safeners have been recently proposed and successfully tested [8,21,24,55]. These synthetic
compounds are commercial products specifically applied to cereal crops to improve their
tolerance to herbicides routinely employed in weed control [56]. It has been shown that
these chemicals can enhance herbicide metabolism in plants thanks to the specific induction
of enzymes involved in xenobiotic detoxification. Moreover, safeners may help plant
species cope with oxidative stress caused by xenobiotics: studies have shed light on the
ability of these compounds to stimulate antioxidant defenses [24,56]. Consequently, plants
can increase pollutant uptake thanks to their enhanced resistance to toxic substances. This
beneficial effect results in an improved phytoremediating performance [21]. The advantage
of using safeners is that they have been classified as “environmentally inert”; furthermore,
they are quickly degraded or transformed into compounds that do not affect the ecosystem
and the health of living organisms [57].

Genetic improvement through conventional plant breeding is another way to enhance
the performance of plants in phytoremediation; however, in recent years, genetic engi-
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neering techniques have also been proposed. These two methods can even be successfully
combined in phytoremediation [58]. Genetic engineering implies using transgenic plants,
which are species genetically modified by recombinant DNA technologies. In the plant
selected for phytoremediation, genes of other organisms (plants or bacteria) or endoge-
nously modified, mainly involved in the acquisition, translocation, detoxification, and
concentration of the contaminants, are transferred or overexpressed [28,59]. This method
allows for overcoming some plant limits in phytoremediation [60]. For instance, in trans-
genic plants, genes encoding for enzymes involved in the synthesis of metallothioneins
(MTs), phytochelatins (PCs) (both active in metal chelation), or glutathione (GSH) (for its
crucial role in antioxidative and detoxification mechanisms) can be overexpressed. This
modification improves the species’ resistance to contaminants and efficiently enhances their
capacity to remove pollutants from contaminated sites [28]. In this context, the use of trans-
genic hyperaccumulators has been proposed (genoremediation) [61]. This approach presents
significant advantages (especially in cleaning environments polluted by heavy metals);
however, it may entail high direct and indirect risks, which are discussed in more detail
in the specific literature [28]. In this regard, the omic approach (genomic, transcriptomic,
proteomic, and metabolomic), combined with bioinformatics tools, is advantageous since
it could allow a deeper understanding of the metabolism of both plants and soil microor-
ganisms. Such an aspect allows analyzing the possibilities to maximize the co-operative
potential for bioremediation purposes [62].

In recent years, some studies have proposed biostimulants as interesting and novel
candidates to enhance the phytoremediation efficiency of polluted environments. In par-
ticular, previous literature has shown their effectiveness in increasing plant vigor and
tolerance to various abiotic and biotic stresses [63—66]. This property can be exploited to
increase the resistance of biostimulated species to toxic substances. In addition, such an
intriguing property can allow planning to use biostimulants to increase the capacity of the
species used in phytoremediation to remove toxic substances from polluted sites.

However, to our knowledge, no reviews have been published to date on this subject.
Therefore, in the present work, the possibility of exploiting plant biostimulants as a new
tool to increase plant resistance to toxic substances and improve their performance in
phytoremediation is reviewed and discussed. To this end, after a brief introduction aimed at
explaining what biostimulants are, the scientific studies that have tested their effectiveness
in phytoremediation to date will be reported and discussed.

2. Plant Biostimulants

Plant biostimulants (PBs, also referred to as biofertilizers, biostimulators, plant probi-
otics, or metabolic enhancers [67]) are materials currently employed in agriculture with
the scope of improving plant productivity and quality [68]. In fact, their application to
crops makes it possible to trigger physiological and molecular processes that can positively
affect yield and product quality [69]. The recent EU Regulation (2019/1009) defined PBs as
“fertilising product the function of which is to stimulate plant nutrition processes independently
of the product’s nutrient content with the sole aim of improving one or more of the following
characteristics of the plant and/or the plant rhizosphere: (1) nutrient use efficiency, (2) tolerance
resistance to (a) biotic stress, (3) quality characteristics, or (4) availability of confined nutrients
in the soil or rhizosphere”. PBs do not fall into the category of fertilizers or plant protection
products, as their primary function is neither to provide nutrients nor to protect plants
from pests and pathogens [69]. These products contain substances and/or microorganisms
that enhance nutrient availability to plant roots (and consequently their uptake), stimulate
the plant’s capacity to use nutrients, and, in some cases, to cope with abiotic stresses [70].
Furthermore, PBs, for their ability to efficiently improve plant nutrient acquisition, could
permit reductions in the use of chemical fertilizers routinely employed in agriculture. Con-
sequently, this could also promote the environmental sustainability of agriculture, thanks
to the possible reduction in synthetic compounds consumed in large amounts by this
activity [71]. Although PBs were initially adopted in horticulture, to date, these substances
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have been used to stimulate beneficial effects in a wide range of crops. The PB global
market was estimated at USD 2.6 billion in 2019 [67].

The substances that can exert stimulatory effects on plants can be obtained starting
from raw materials of profoundly diverse origins and compositions [69]. For this reason,
biostimulants have been grouped into different families: humic and fulvic substances, inor-
ganic salts, protein hydrolysates and amino acids, complex organic materials, seaweed and
plant extracts, chitin and chitosan derivatives, organic acids, animal/vegetal protein, and
beneficial microorganisms (bacteria such as Bacillus and Azotobacter spp., yeast, filamentous
fungi, and micro-algae) [72,73].

The beneficial effect of biostimulants on plant growth, productivity, yield, and quality
may also depend on the synergistic actions of their multiple constituents. Consequently,
in general, the mode of action of biostimulants is still unknown [74]. For this reason, a
biostimulant is regarded as such only for its beneficial effect on crops, when demonstrated,
which is to improve plant nutrient acquisition, production, and resistance to adverse
environmental conditions [75].

PBs in Helping Crops Cope with Toxic Compounds

In this section, particular attention is paid to the ability of PBs to increase plant
resistance to various kinds of stress. Biostimulants, applied in small amounts to plants,
seeds, or the rhizosphere, can stimulate the crop’s tolerance to adverse environmental
conditions, such as salinity, drought, extreme temperatures, and UV radiation [68,73,75].
For example, salt and drought stress can affect key physiological and biochemical processes
in plants, such as chlorophyll and pigment biosynthesis, leaf gas exchange, relative water
content, or antioxidant enzymes’ activity and determine water loss and lipid membrane
oxidation. Recent studies have reported that PBs could alleviate these damages [76,77].
Furthermore, PBs could allow the reduction in the use of chemical fertilizers, due to the
improved efficiency of biostimulated crops in acquiring and using nutrients [68].

PBs have also been tested on plants directly grown in polluted environments, thus
exploiting their capacity to help species cope with toxic substances. Some of these studies
were conducted in soils/water contaminated by heavy metals (HMs) or pesticides which,
as mentioned in the Introduction, are among the main world pollutants.

Recent studies indicated that PBs could reduce heavy metal (HM) toxicity to plants.
Calvo et al. [70] documented that this beneficial effect could be prompted by protein-
based products and fulvic and humic acids. In addition, biostimulants containing peptides
and amino acids as active ingredients can enhance plant tolerance to HMs. Among the
amino acids, the increase in the amount of proline in plants is particularly effective in their
protection since it can chelate metal ions within plant cells, function as an antioxidant,
and play a pivotal role in osmoregulatory processes [70]. Moreover, plant biostimulants
based on humic substances (HSs, which include humic acids (HAs) and fulvic acids (FAs))
can induce the activity of specific antioxidant enzymes (peroxidase, catalase) and increase
the content of non-enzymatic antioxidants, which are essential for plant survival. In
particular, the increase in the content of non-enzymatic antioxidants results from the ability
of HSs to stimulate the synthesis of compounds linked to the shikimic acid pathway
(alkaloids, phenols, and tocopherols) [78]. HSs can interact with HMs and complex them
with carboxylic and phenolic hydroxyl groups, and this can decrease the mobility of HMs
in soil and, consequently, their bioavailability to plant roots [78].

Canellas et al. [79] proposed the maize (Zea mays) “priming”, which consists of treating
the seeds with appropriate doses of HSs. The priming, for its effectiveness, is considered a
functional strategy to improve crop performance and protect them from the detrimental
effects of various abiotic stressors [79]. In this study, HA-primed plants showed increases
in the antioxidant enzyme catalase (CAT) and proline. Biostimulated plants also showed
higher transcription levels of genes associated with stress signaling and response. In
particular, the authors found increases in the expression of genes encoding for proteins
involved in autophagy processes and for kinase, phosphatase, and phytohormones (auxin,
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abscisic acid, ethylene). This effect occurred even when the plants were biostimulated in
the absence of stressors. Finally, HA-primed plants exposed to various stresses, including
HMs, showed improved resistance and higher biomass production [79].

Arbuscular mycorrhizal fungi (AMF) can play an essential role in protecting plants
from the injuries caused by HMs [70]. AMF can exert beneficial effects in plants by immobi-
lizing metals, thus reducing their availability to roots [80]. In addition, biostimulants based
on plant growth-promoting rhizobacteria (PGPRs) can reduce HM absorption by roots and
their translocation in the aboveground tissues since they can chelate, bind, and precipitate
them [81]. Consequently, the beneficial action of PGPRs is also reflected by lower amounts
of HMs in the aboveground tissues of biostimulated plants [81].

PBs derived from plant extracts have been found to be able to protect plants from
HM toxicity. In a very recent study, a silymarin-based biostimulant was found to attenuate
the damages caused by cadmium (Cd) to maize plants [82]. PB application effectively
restored Cd-exposed plants by stimulating biomass production, hormone homeostasis,
photosynthetic efficiency, and inducing the activity of certain antioxidant enzymes.

Other studies indicated that PBs can increase crop tolerance to pesticides [21]. Like-
wise, a recent study has demonstrated that a commercial biostimulant (Megafol) improved
maize resistance to the chloroacetanilide herbicide metolachlor [83]. In biostimulated plants,
the authors found lower levels of lipid membrane peroxidation and increased germination,
biomass production, and vigor index with respect to maize treated with the herbicide
alone [83]. This beneficial effect was attributed to the induction of some antioxidant en-
zymes (ascorbate peroxidase—APX, guaiacol peroxidase—GPX, and catalase—CAT) found
in the biostimulated plants [83]. Another study showed that the biostimulant Fertiactyl
P6s® reduced the injuries caused by the herbicide glyphosate to soybean (Glycine max) [84].
This PB contains humic and fulvic acids, which can bind the herbicide, and glycine, betaine,
and zeatin, which help plants to overcome oxidative stress [85]. In the cited study, Fertiactyl
P6s® prevented yield losses and limited the symptoms of chlorosis and necrosis resulting
from the herbicide application [84]. In fact, glyphosate can directly damage the chlorophyll
or reduce the availability of nutrients involved in its functioning (Mg and Mn) [84]. Bala-
banova et al. [86] reported that a PB based on amino acids protected sunflower (Helianthus
annuus) from the damages caused by the herbicide imazamox. The biostimulant exerted its
beneficial action by restoring the net photosynthetic rate, stomatal conductance, chlorophyll
content, and plant growth. The authors stated that further studies should be carried out in
order to understand and clarify the mechanism of action of the investigated product [86].
The studies published to date on the effectiveness of PBs in reducing the stress generated
by pollutants in plants are summarized in Table 2.

Table 2. Effects of PBs in ameliorating the stress response generated by pollutants in plants.

Plant Species

PB

Pollutant PB Recommended Results Ref.
Dose

Maize

- CAT and proline increases
- higher transcription of

Humic substances Cr 4mMCHAL™! genes associated with stress [79]

signaling and response
- higher biomass production

Maize

Silymarin-based
biostimulant

- increased photosynthesis
efficiency
- restored hormonal
cd 024gL! homeostasis [82]
- increased activities of
antioxidants and enzyme
gene expression
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Table 2. Cont.

Plant Species

PB

Pollutant PB Recommended Results Ref.
Dose

Maize

- lower levels of lipid
membrane peroxidation
- increased germination,

Megafol Metolachlor 2.5Lha"! biomass production, and [83]

vigor index
- induction of antioxidant
enzymes (APX, GPX, CAT)

Soybean

- limited yield losses

Fertiacyl Pos Glyphosate 0.4Lha™! - limited symptoms of [84]

chlorosis and necrosis

Sunflower

Protein
hydrolysates

- restoring the net
photosynthetic rate,
Imazamox 3Lha"! stomatal conductance, [86]
chlorophyll content, and
plant growth

In addition to the findings mentioned above, which document the efficacy of PBs in
increasing plant resistance to pesticides, these materials can reduce the toxicity of these
xenobiotics to plants by acting directly on the soil. In a study conducted by Tejada et al. [87],
the herbicide MCPA depressed soil enzymatic activities and the ergosterol content. The
application of four biostimulants of different origin and composition (wheat condensed
distillers soluble, WCDS; hydrolyzed poultry feathers, PA-HE; carob germ enzymatic
extract, CGHE; and rice bran extract, RB) counteracted these adverse effects. The most
effective biostimulant (PA-HE) showed a higher protective action thanks to its higher
content of low molecular weight peptides, humic substances, and lower fat content [87]. In
another study, Rodriguez-Morgado et al. [88] observed that two biostimulants (SS, derived
from sewage sludge; and CF, derived from chicken feathers) mitigated the negative impact
of the herbicide oxyfluorfen on soil enzymatic activities and microbial communities. In
a review article, Kanissery and Sims [89] pointed out that soils showed a higher rate of
herbicide removal in cultivated crop fields when plants were treated with biostimulants.
This effect was attributed to the ability of the organic material to provide nutrients to
microorganisms that populated the soil, thus increasing their degradation activity towards
the herbicide. Based on their results, the authors concluded that biostimulants could be
seen as a promising and effective tool to promote soil cleaning of herbicides [89].

Due to the suitability of biostimulants in reducing the toxicity of the pollutants to
plants, it can be advantageous to explore the use of these materials to improve the plant
performance in the remediation of contaminated sites. Based on this, further investigation
needs to be considered in phytoremediation programs. In this scope, in the following
sections, scientific studies on the PBs” applicability to potentiate this technique will be
reported and discussed.

3. PBs for Phytoremediation

In the previous section, the effects of PBs in helping plants counteract various types
of stress, including those generated by the presence of pollutants, have been described.
As a consequence, their activity may ameliorate phytoremediation performance as well
(Figure 1).

12



Plants 2022, 11, 1946

Plant Biostimulants (PBs)

~

Humic
substances

Increase plant

vigor and

tolerance to

Protein and
amino acid
hydrolysates

Inorganic

abiotic salts
stresses
Microbes
Seaweeds
Enhance the P
] lant's extracts
phytoremediation
performance Fungi

“s* Pollutants

Figure 1. Beneficial effects of different origin PBs on plant response to stress and phytoremedia-
tion activity.

3.1. PBs Derived from Humic Substances

Humic substances are complex biomolecules derived from the biological and chemical
degradation of plant and animal residues in soil [90]. Further than being the main components
of soil organic matter, they represent the major carbon pool in the biosphere [75]. HSs consist
of mixtures of (a) humic acids (HAs), (b) fulvic acids (FAs), and (c) humin. HAs are typically
high molecular weight (10,000-100,000 g/mol) compounds, soluble in alkaline solutions; FAs
have low molecular weights (1000-10,000 g/mol), and are soluble in all pH conditions, while
humin is insoluble due to its very high molecular weight (100,000-10,000,000 g/mol) [91,92].
HSs play many fundamental roles in soil, regulating, for instance, the nitrogen and carbon
cycle and the oxygen exchange with the atmosphere. Furthermore, they support micro-
bial communities, stimulating their growth and affecting their primary and secondary
metabolism. HSs promote many beneficial effects in plants, such as favoring seed germina-
tion, enhancing nutrient uptake, supporting plant growth and development, improving
product quality and yield, and ameliorating stress resistance [70-90]. HSs can also influ-
ence the fate of toxic substances by regulating their transport and stabilization in soil and,
consequently, their effect on plants and soil-populating bacteria [78]. Pittarello et al. [93]
exploited this behavior towards mangrove sediments and found that the sediments’ ab-
sorbing capacity of copper (Cu), cadmium (Cd), and lead (Pb) was significantly increased
by the addition of HSs. In another study, the same authors tested the effect of different
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dosages of HS PBs in mangrove (Avicennia germinans) seedlings grown in Cd-contaminated
solutions [94]. They found that HSs induced changes in mangrove root architecture and
anatomy and that the optimal dose to maximize root length and area at each experimental
stage was 4 mM C. The same dose maximized root development even in Cd-stress condi-
tions [94]. In fact, the stimulation of root growth generally occurs at low HS dosages, while
high dosages can gradually inhibit root development [95]. Based on the results obtained,
Pittarello et al. [94] suggested that HS PBs can be useful in phytoremediation programs
since they can favor phytoextraction by increasing root length and root surface area and
phytostabilization by improving both soil oxygenation and the growth of root involved in
the metal accumulation (cortex and aerenchyma) [94].

In a two-year study, the phytoremediation capacity of giant reed (Arundo donax)
towards substrates polluted by heavy metals (Pb and Zn) was evaluated [96]. Leonardite-
derived HA was added to the growth medium. The authors found that the biostimulant
increased shoot and root plant biomass, raised the N content in culms, and stimulated bac-
terial soil growth. Furthermore, biostimulated giant reed accumulated higher Zn amounts
in culms. The authors concluded that HA could be a valuable tool to improve phytoreme-
diation and reduce its costs [96]. Dobbss et al. [95] tested the effect of vermicompost HS on
the alleviation of iron (Fe) toxicity to aroeira (Schinus terebinthifolius) seedlings. Fe 250 uM
in the hydroponic growth medium caused leaf chlorosis and reduction in plant growth.
On the other hand, HS application significantly stimulated root and leaf development. In
samples grown with both Fe and HSs, the symptoms of HM toxicity were alleviated [95].
In addition, these plants accumulated lower Fe and showed reduced antioxidant activities
of the enzymes POD, CAT, and APX compared with samples treated with Fe or HSs alone.
The authors concluded that HSs helped plants to prevent excessive Fe accumulation and
that this material could be helpful in the recovery of HM-contaminated environments [95].

Evangelou et al. (2004) proposed the use of HA as an alternative to synthetic chelators
to increase the solubility of metal cations in soil and their absorption by plants. In fact,
synthetic chelators such as EDTA could have some negative effects that limit their use in
phytoremediation: for example, they may have a toxic effect on plants, be non-selective
in extracting metals or not be biodegradable [97]. The authors investigated the effect
of increasing HA amounts in enhancing the phytoextraction capacity of tobacco (Nico-
tiana tabacum) plants in Cd-contaminated soils. Tobacco shoots biostimulated with the
highest HA dosage significantly increased Cd accumulation. The authors concluded that
HA could represent a viable alternative to synthetic chelators and that combining a natural
chelator and suitable plant species (e.g., hyperaccumulators) can strongly accelerate the
phytoextraction of pollutants and raise its efficiency [97].

Sung et al. [98] found that the application of humic acid increased the phytoremedia-
tion performance of Phragmites communis in wetlands polluted simultaneously by heavy
metals (Pb, Cd, Cu, Ni) and petroleum hydrocarbons. HA reduced biomass losses due
to the contaminants and significantly increased soil microbial activity. Furthermore, HA
increased the metals” bioavailability and their absorption by plants. The bioconcentra-
tion factor (BCF), estimated for all the metals investigated in this study, was significantly
higher in both shoots and roots of biostimulated P. communis than in untreated samples.
Moreover, HA strongly increased the total petroleum hydrocarbon (TPH) degradation
in P. communis-planted soil. The authors concluded that this PB could be used to im-
prove P. communis performance in phytoremediation and that the combination of HA with
P. communis could be suitable for preventing groundwater contamination and protecting
surrounding environments [98].

Bandiera et al. [99] tested the effect of two different concentrations of HA on fodder
radish (Raphanus sativus) grown on HM-polluted (Co, Cu, Pb, Zn, and As) pyrite cinders.
In the experiments, different methods of HA application were tested. As found in other
studies [94], low amounts of HA positively affected plant growth and mitigated HM toxicity,
while higher amounts provoked phytotoxic effects in plants. The authors hypothesized
that higher dosages of HA increased the HM bioavailability in the growth medium. In
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accordance with this, biostimulated radish showed higher HM uptake and translocation
to the aboveground tissues (especially Cu and Pb) and increased root elongation. Among
the methods employed, the foliar HA application was the most effective in attenuating
HM toxicity to plants and favoring their removal. Following these results, the authors
suggested the potential of using HA in phytoremediation programs [99].

Moreno et al. [100] investigated Hg accumulation in plant species grown in Hg-
polluted mine tailings. The application of growing concentrations of HA improved Hg
solubility in the growth medium, especially when sulfur (S)-containing ligands (ammonium
and sodium salts) were also added. The authors stated that this effect was probably due
to the formation of Hg-thiosulphate and Hg-HA complexes [100]. Furthermore, Hg
concentration in Indian mustard (Brassica juncea) roots increased following HA application
significantly while root-to-shoot translocation was inhibited. The authors assumed that
Hg-thiosulphate complexes were favored in translocation of the shoots, while Hg-HA
complexes were retained in root tissues [100].

3.2. Protein and Amino Acid Hydrolysate-Derived PBs

Biostimulants based on protein hydrolysates (PHs) consist of a mixture of amino acids,
peptides, polypeptides, and denatured proteins deriving from enzymatic, chemical, or
thermal hydrolysis of animal- or plant-derived raw materials [70,73]. Source materials of
PHs are primarily agro-industrial waste or by-products (e.g., crop residues or collagen);
therefore, the production of PHs represents an attractive opportunity to valorize certain
waste materials [70,101]. PH-based PBs mainly contain the amino acids alanine, arginine,
glycine, proline, glutamate, glutamine, valine, and leucine. However, they can also include
non-protein components, such as fats, carbohydrates, or macro- and micronutrients, which
show biostimulatory actions [101]. PHs are currently used in agriculture since they (1) have
a positive impact on soil microbial and enzymatic activities; (2) improve the mobility and
solubility of microelements in soils; (3) enhance plant nutrient uptake and use efficiency
as a consequence of the previous point; (4) stimulate carbon and nitrogen metabolism
in plants; (5) enhance plant biomass production, with particular regard to the roots;
(6) improve crop productivity [68,101]. In a very recent study, Rouphael et al. [102] com-
pared the effect of PHs obtained from animal (A-PH) and plant (V-PH) sources at three
equivalent nitrogen rates, finding a much more significant benefit on the growth of basil
(Ocimum basilicum) plants treated with V-PH biostimulants. In fact, increased fresh weight,
CO; assimilation, and water use efficiency, and higher uptake and translocation of K, Mg,
and S were found in V-PH-treated basil. On the other hand, decreased photosynthetic
activity, plant growth, and biomass production were observed in A-PH-treated plants [102].
The potentially detrimental effect of some A-PH biostimulants, especially at high dosages,
has been attributed to their high concentration of free amino acids, unbalanced amino acid
composition, and high salinity content [101].

In conclusion, it can be affirmed that the ability of PHs to induce plant resistance and
tolerance to various kinds of stress is now well known. The beneficial effects prompted by
PHs also include reductions in HM toxicity to plants [101,103]. Despite this, no scientific
study has to date demonstrated the effectiveness of these biostimulants in increasing the
plant phytoremediation performance. Therefore, this field has yet to be studied. Further-
more, many things about PHs still need to be clarified, such as their mechanism of action
which is not completely understood [104].

3.3. Inorganic Salt-Derived PBs

Among the non-biological derived biostimulants, several researchers are exploiting
the potential of those derived from inorganic salts. One of the most studied is phosphite
(Phi), an isostere of the phosphate anion (H,PO4™), in which one of the oxygen atoms
bonded to the P atom is replaced by hydrogen [105]. Phi has been proved to improve
nutrient uptake and assimilation and abiotic stress tolerance and promotes root growth. In
addition, it is largely used for controlling pathogens [106].
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The efficiency of NPK is also explored. Pteridium aquilinum (bracken fern) was tested
for uptake of Cu from polluted water; at the end of the trial, several chemical parameters
of water and the mortality of the fish Clarias gariepinus were assessed. With respect to
control, NPK treatment improved water quality, even if a certain fish mortality rate was
still observed [107]. NPK was also used to enhance the phytoremediation in Spartina sp.
in sites polluted by crude oil [108]. Previously, several authors have found an increase
in the rate of oil degradation, a possible result of increased microbial activity (as there is
more availability of nutrients) and an increase in transplant biomass, both due to fertilizer
addition. However, Ndimele and colleagues [108] did not find the same results, as NPK
amendment did not show a significant effect on the phytoremediation. Regarding Cd
phytoextraction, NPK fertilization was proved to spike the efficiency of Sedum spectabile
to accumulate it in its aboveground tissue [109] and to enhance its uptake in Cosmos sul-
phureus and Cosmos bipinnata [110]. Similar results were observed in Solanum nigrum: the
phytoextraction efficiency of the plant was significantly improved; furthermore, translo-
cation was significantly enhanced in aboveground tissues compared to roots. Solanum
nigrum could thus achieve higher phytoremediation abilities and Cd tolerance with the
addition of NPK fertilizer [111]. It should be stressed that the application of chemical
fertilizer with inappropriate composition has many limitations, i.e., improper mobility and
availability of Cd in the plant-soil system, causing eutrophication in aquatic ecosystems
and acidification of indigenous soil systems [112]. At the same time, the excessive uptake
of Cd can also interfere with plant cellular metabolism (i.e., ROS production, inhibition of
essential biomolecular functional groups), so the choice of the right fertilizer and the best
hyperaccumulator is a crucial step.

Sulfur is a crucial element for plant growth and is deeply supplemented in agriculture;
however, the excessive use of fertilizers to supply S can generate an ionic imbalance altering
the soil, causing a nutritional deficit and contaminating aquifers by leaching [113]. Sodium
thiosulfate (ST) can be a biostimulant that helps the plant prevent S deficit and, at the same
time, could improve heavy metal tolerance and be useful to enhance phytoremediation
of polluted soils. Navarro-Leon and colleagues used ST to enhance Cd accumulation in
Brassica plants [113]: they showed that ST should not be used as a biostimulant because it
reduced plant biomass, but it could be used for Cd phytoremediation purposes. Its good
effect is dose-dependent, as the higher dose (4 mM) might saturate the transport systems
that transport Cd to the shoot, and doses of 2 mM could enhance the phytoremediation
efficiency. Phosphate (P) and thiosulfate were also studied for arsenic accumulation in the
species Brassica juncea [114]. ST emerged as a good tool to improve As uptake, while P did
not show interesting significant differences.

Sodium (ST) and ammonium thiosulfate (AT) were also studied in relation to Hg
uptake in Oxalis corniculata: the first one halved the phytoremediation time, while AT
reduced it by about 25% [115]. Even chlorides are inorganic salts that can be used as
biostimulants, and clarifying their interaction with heavy metals is essential for controlling
pollution and growing “metal-clean” foodstuffs. As an example, the presence of NaCl
in the soil can modify the rhizosphere composition and the ability of the plant to uptake
metals such as Cd. This has been recently proven in radish, where NaCl helped Cd**
uptake in the hypocotyls [116]. NaCl was also demonstrated to be efficient in Cd?** removal
in Conocarpus [117]: the authors found that Cd?* concentration increased both in shoot
and root in the presence of NaCl. However, its translocation from root to shoot was not
increased, rendering this tree suitable for the phytostabilization of Cd?*-contaminated
saline soils [117].

Another study on Chenopodium quinoa showed that the plant exhibited improved
growth and tolerance against Cd when grown at a salinity level of 150 mM NaCl. Salt
relieved the quinoa plants from Cd-induced toxicity by inhibiting the aggregation of Cd
and activation of the antioxidant enzyme system of the plants. Increased tolerance and
less uptake of Cd due to moderate salinity levels showed that the quinoa genotype named
“Puno” was suitable for the phytostabilization and could be successfully cultivated in
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Cd-contaminated saline soils. In contrast, an elevated concentration of salinity (300 mM
NaCl), combined with Cd pollution, reduced shoot and root growth by more than 50%,
caused overproduction of HyO,, and triggered lipid peroxidation [118]. Soil amendments
such as limestone, dolomite, and chalcedonite can have a significant impact on the aided
phytostabilization in acidic soils; this is the case for Festuca rubra and chromium (Cr), which
is highly carcinogenic and thus crucial to remove [119]. These amendments, especially
chalcedonite, have a good potential practical application because of their effectiveness in
Cr immobilization; moreover, they help to recreate vegetation in degraded areas, as they
were demonstrated to stimulate Sinapis alba germination and root growth.

3.4. Microbial-Derived PBS

Beneficial bacteria. The utilization of beneficial bacteria has been foreseen and
implemented over the years. Bacterial roles in plant interactions are well known and
exploited [120,121]; like fungi, bacteria can represent a continuum between mutualism
and parasitism.

In agriculture, their use as biostimulants considers mainly two types of interactions,
i.e., endosymbionts, such as Rhizobium and related taxa, and mutualistic plant growth-
promoting rhizobacteria (PGPRs), also indicated as plant growth-promoting bacteria
(PGPBs) that can also become endophytes. Rhizobia and related species are widely com-
mercialized as biofertilizers, since they can fix nitrogen, facilitating nutrient acquisition
by plants. In the scientific literature, as well as in the textbooks, the biology, molecular
biology, and biochemistry of these microorganisms are extensively explained. PGPBs are
considered multifunctional microorganisms, influencing several aspects of plant life, such
as nutrition and growth, morphogenesis and development, response to biotic and abiotic
stress, and interactions with other organisms in agroecosystems [121-123].

Bioremediation foresees the use of microorganisms for their ability to degrade envi-
ronmental pollutants through their biochemical pathways related to the organisms” activity
and growth. PGPBs can positively interfere with HM uptake; in fact, the presence of
PGPBs can also enhance abiotic stress tolerance [121,124] by alleviating metal-induced
phytotoxicity, thus enhancing the biomass of plants grown in heavy metal-contaminated
soils [125-127]. Therefore, PGPB-enhanced phytoremediation is considered a promising
technology for remediating metal-polluted soils. We can screen bacterial strains that could
adapt to the local environment and immobilize heavy metals. Some species of PGPBs
(Pseudomonas, Delftia, Enterobacter, Arthrobacter, Bacillus) have shown high resistibility to
Cd, and at the same time, they can decrease Cd bioaccumulation in plants by precipitating
or absorbing Cd or enhancing root development [128-134]. However, there is still a need to
screen and isolate newer PGPB strains able to immobilize Cd since the selected strains may
not be able to perform well in different contaminated sites.

Even though bacterial species share useful bioremediation traits, a major limitation
of their bioremediation efficiency may depend on factors that do not support the rapid
growth of such beneficial bacterial populations, i.e., nutritional deficiency and competition
by other bacteria. Laboratory investigation has been conducted in order to implement
nutrient supply to microorganisms used to reduce HM contamination, and to provide
optimal environmental conditions to these strains [135].

Recent research has also investigated the use of biochar as a carrier material for micro-
bial inoculants, which can promote early colonization of the rhizosphere with beneficial
microorganisms to overcome the bacterial growth constraints [136] and references therein).
Under this perspective, some authors suggested this approach to help both bacterial growth
and bioremediation activity [128,137]. The use of bacterial strains and biochar was utilized
by Ma and collaborators [137]. In their study, a PGPB strain of Bacillus sp. TZ5, selected
for Cd-immobilizing potential, was loaded on biochar; pot experiments with ryegrass indi-
cated that the percentage of acetic acid-extractable Cd in biochar treatments significantly
decreased by 11.34% with respect to the control.
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In situ immobilization of Cd has been achieved by the use of a strain of Pseudomonas
chenduensis and biochar; the supplementation of these two additives to paddy soil reduced
the exchangeable/acid soluble Cd fraction and significantly decreased Cd availability; a
reduction in the disturbance of soil microbial community under cadmium contamination
was also observed [128].

The synthesis of biofilms in a single PGPB or consortia of PGPBs has been investigated
and the reported ability to ameliorate plant drought tolerance might be effectively utilized
in projects that foresee strategies for water conservation of plants [138]. The biofilms
are composed of high molecular weight organic macromolecules, consisting mainly of
exopolysaccharides (EPSs) with smaller proportions of protein and uronic acids. EPSs
act as a protective barrier of bacteria towards environmental stresses, such as salinity,
drought, heavy metal toxicity, etc. Several bacterial genera have been reported to produce
EPS, among them Agrobacterium spp., Xanthomonas campestris, Bacillus spp., Arthrobacter,
seudomonas spp., etc. [139,140]. EPSs may represent a powerful tool for the cleanup of
toxic metals because of the presence of anionic groups characterized by metal ion chelation
capabilities. Efficient HM remediation through bacterial EPS is based on the presence of non-
neutral, negatively charged EPS (i.e., EPS with abundant anionic functional groups) [141].
The production of negatively charged EPS has been reported in different species [141].

Bacterial siderophores (Fe-complexing molecules) can enhance the mobility and reduce
the bioavailability of HM with subsequent removal from the soil [142].

Besides the useful characteristics reported above, genetic engineering of bacteria has
been applied in order to remove those heavy metals, such as Hg, that are not taken up by
the bacteria [140,142].

Cyanobacteria. Several species of cyanobacteria have shown the ability to promote
plant growth and ameliorate plant tolerance to abiotic and biotic stresses [143]. In the
interaction with plants, cyanobacteria play a pivotal role in plant growth promotion by
increasing the supply of different nutrients, including the fundamental trait of nitrogen
fixation of some species (e.g., Nostoc sp. and Anabaena sp.), and the release of phytohor-
mones. They can also enhance the water availability of the upper soil layer, thus improving
its physicochemical conditions, as well as the release of EPSs that facilitate aggregation of
soil particles and the accumulation of organic content. All together, these features ascribe
to cyanobacteria a pivotal role in sustainable agriculture, which ranges from their use as
biofertilizer to soil amendments for the recovery of infertile soils ([143] and references
therein) [144]. Cyanobacteria’s bioremediation ability in waste waters and soils has also
been reported. The pollutants removed successfully are heavy metals and pesticides [145].
The ability to remove HMs, such as Cr, Cu, Pb, and Zn, from coal fly ash has been described
for the species Anabaena variabilis, Nostoc muscorum, Aulosira fertilissima, and Tolypothrix
tenuis [146].

Similarly to bacterial EPSs, the cyanobacterial EPSs play a significant role in soil
aggregation due to their gluing properties [147] and in binding ability for HMs [148]
and sodium ions [149] that can improve plant development in saline or polluted soils.
Seifikalhor et al. [150] reported that the application of Spirulina platensis, as corn seed
priming treatment, improved plant growth, reduced Cd translocation from root to shoot,
ameliorated photosynthetic electron flows, and increased non-photochemical quenching in
Cd-exposed plants, thus mitigating the toxic effects on plants. The reduction in root Cd
content of seed-coated plants was more than 90% 12 days after sowing.

Faisal and collaborators [151] suggested that the removal of Cr by Oscillatoria sp. and
Synechocystis sp. is possibly involved in the observed increased wheat growth.

Regarding insecticide removal, cyanobacterial species, such as Synechocystis sp. and
Phormidium sp., are capable of bioabsorbing and removing the systemic insecticide imida-
cloprid from the soil [152], while Scytonema hofmanni and Fischerella sp. can remove the
insecticide methyl parathion [153,154].

On the other hand, many cyanobacterial genera have been studied for their toxin
synthesis, which can represent a risk for human health, even though some cyanotoxins
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showed anticancer potential in human cell lines, providing interesting and promising re-
sults for future research, especially concerning the control of human adenocarcinomas [155].
Therefore, the use of cyanobacterial species needs a preliminary careful screening of the
strains before being used in bioremediation.

3.5. Seaweed-Derived PBS

Algae can grow both autotrophically and heterotrophically and have large surface
area/volume ratios, phototaxy, phytochelatin expression, and the potential for genetic
manipulation. Based on these characteristics, algae are considered good candidates for
biomonitoring and phytoremediation of polluted waters [156]. In addition, algae are able
to remove and concentrate HMs since their large biomass production gives them a high
sorption capacity [157]. Statistical analysis of algal biosorption reported potentiality ab-
sorption of about 15.3-84.6% by the algae, which is higher if compared to other microbial
biosorbents [158]. Among the taxa, Phaephyceae are known to have high absorption capac-
ity, being able to absorb metals such as Cd, Ni, and Pb through chemical groups present
on their surface, such as carboxyl, sulfonate, amino, as well as sulfhydryl. Biosorption of
metal ions occurs on the cell surface by means of ion exchange ability [158].

Moreover, algae are a source of polymers characterized by the presence of biologically
active components, acting as agricultural biostimulants, which can be involved in the
management of abiotic and biotic stresses in plants [159]. The bioactive compounds present
in seaweed extracts (SEs) are beneficial to plants by promoting root and seedling growth
in crops, and enhancing flowering and fruit production [160,161]. Being widely utilized
as PBs, the seaweed extracts (SEs) represent more than 33% of the biostimulant global
market [162]. Numerous taxa have been considered as potential platforms for biostimulant
production and, in particular, beside red and green algal species, the kelp Ascophyllum,
Fucus, and Laminaria are the dominant taxa [162].

Generally, PBs of algal origin are composed of polysaccharides extracted from dif-
ferent seaweeds species (e.g., Ascophyllum nodosum, Ecklonia maxima, Durvillaea potatorum,
Durvillaea antarctica, Fucus serratus, Himanthalia elongata, Laminaria digitata, L. hyperborea,
Macrocystis pyrifera, and Sargassum spp. ([159] and references therein). Depending on
processing methods, SE may also contain minerals, phytohormones, vitamins, phenolic
compounds, and antimicrobial agents [163,164]. Such diversity in the composition provides
SE, either applied as foliar spray or on soil, with unique features that act positively on
soil retention and remediation and as a source of nutrients. Moreover, some authors have
evidenced the effect of SE on the down- and up-regulation of some key genes involved
in response to abiotic stress, such as ROS scavenging-related genes, Na* transporter and
antiporters genes, and the hormone abscisic acid (ABA) [162].

The activities reported above confer to the SE-treated plants the possibility to improve
biotic as well as abiotic stress response, the latter being fundamental in phytoremediation.
Thus, the application of algal biostimulants on crops growing in HM-polluted soil may also
positively affect, to some extent, the potential of heavy metal accumulation characteristics
of certain crop species, even though contradictory reports are present in the literature [165].

Although few studies have been carried out concerning the use of algal PBs in phy-
toremediation, in a recent study a commercial seaweed-derived biostimulant (Megafol)
was applied to duckweed (Lemna minor), a free-floating aquatic species, to increase the
plant’s capacity to tolerate and remove the herbicide terbuthylazine (TBA) from polluted
water [24]. This biostimulant derives from Ascophyllum nodosum with the addition of the
amino acids proline and tryptophan, sugars, vitamins, and betaines [166]. Previous studies
shed light on its ability to improve the plant resistance to various abiotic stresses [74,76]
and, in particular, to herbicides [83]. In the cited study [24], the treatment of duckweed with
the herbicide alone reduced plant proliferation and biomass production. On the contrary,
biostimulated plants were less affected by the herbicide, thanks to the induction of some
antioxidant enzymes (APX and CAT). Finally, phytofiltration experiments highlighted that
the biostimulated duckweed removed higher amounts of TBA from polluted water with re-
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spect to the non-biostimulated plants treated with the herbicide. Based on these results, the
authors concluded that Megafol successfully improved the duckweed phytoremediation
potential, through the induction of defensive molecules [24].

Hu et al. [165] tested the effect of different concentrations of a commercial algal
biostimulant on the Cd uptake of the accumulator Nasturtium officinale. Besides plant
growth-promoting activity and the enhancement of photosynthetic pigments at all PB
dosages, the biostimulant increased Cd extraction by plant roots. In N. officinale shoots, Cd
content decreased for the inhibited translocation of Cd to the shoots. Therefore, the authors
concluded that this PB might not be suitable for enhancing the phytoremediation ability of
N. officinale towards Cd-contaminated soils. Nevertheless, the results indicated that this
biostimulant might be used to cultivate vegetables in Cd-contaminated soil [165].

3.6. Plant Extract-Derived PBs

Among the compounds of plant origins that may act as biostimulants and amelio-
rate the phytoremediation activity, a clear example is provided by melatonin (N-acetyl-
5-methoxytryptamine), a ubiquitous molecule presents in prokaryotes and eukaryotes.
In plants, the important roles of melatonin are related to both antioxidant activity and
redox network regulation. Acting as a biostimulator, especially under biotic or abiotic
stress conditions, exogenous melatonin application to plants can improve the uptake of
phosphorus, nitrogen, and sulfur, and at the same time, minimize the harmful effects of the
stressors, by controlling the levels of reactive oxygen species (ROS) through the activation
of antioxidant response and by mobilizing toxic metals through phytochelatins [167].

Activating agents can be successfully applied to improve phytoremediation activity.
Li et al. [168] described an improved efficiency of extraction technology by Sedum alfredii
in experiments, where the effects of two plant extracts (i.e., Oxalis corniculata, OX, and
Medicago sativa extract, ME) and citric acid were tested. The application of these three
activating agents was beneficial for the decontamination of Cd and Zn in soils, showing
an improved repairing efficiency by 3.92, 3.37, 3.33 times and 0.44, 0.20, 0.86 times, respec-
tively. Moreover, OX and ME did not have harmful effects on soil properties and plants,
since they did not alter chlorophyll fluorescence parameters, while CA improved FO, but
significantly reduced Fv/Fm. According to these authors, the combination of plant extracts
and hyperaccumulators can more efficiently remove heavy metals from contaminated soils
and provide a further tool for mitigation of soil pollution.

A possible perspective for future application will be the utilization of the C4 species
Miscanthus x giganteus besides its non-food use (i.e., biofuel, the pulp of cellulose [169]) as
considered by Técher et al. [170]. In their study, the effects of root exudates of Miscanthus on
biostimulation of PAH degradation was tested. Four bacterial consortia with different co-
metabolic degradation abilities were characterized and tested for exudate biostimulation.
The authors measured bacterial growth and relative degradation activity (through the
production of intermediate metabolites) in the presence of PAH and plant secretions, and
the tests were carried out in a specifically designed microplate assay. The analysis of
the polyphenolic components of exudates indicated the presence of a diverse range of
flavonoid-derived compounds. Among them, two identified molecules, quercetin and
rutin, played a major role in promoting bacterial growth and PAH metabolism.

Besides increasing crop yield and ameliorating plant tolerance to stress, PBs can also
affect the microbiota, which, as reported above, plays a crucial role in plants’ fitness. In a
study, Luziatelli and coworkers [171] evaluated the effect of commercial products (i.e., a
vegetal-derived protein hydrolysate (PH), a vegetal-derived PH enriched with copper (Cu-
PH), and a tropical plant extract enriched with micronutrients (PE)) on Lactuca sativa plant
growth and the ability of these products to enhance the growth of beneficial or harmful
bacteria. Based on the enhancement of shoot biomass of lettuce, the results confirmed the
biostimulating effect of the three products. The foliar application of the products stimulated
the growth of specific bacteria belonging to Pantoea, Pseudomonas, Acinetobacter, and Bacillus
genera, thus altering the composition of the microbial population. Some of the identified
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strains possessed PGP characteristics, therefore, the findings of the study indicated that
the commercial organic-based products could enhance the growth of beneficial bacteria
occurring in the plant microbiota, while no harmful bacterial strains were detected. Based
on these results, further studies should be undertaken to better foresee the effects on other
microbiota by different PBs.

3.7. Fungal PBS

As previously described, plant biostimulants are formulated with diverse microorgan-
isms and/or substances that are applied to crops; among fungal species, Trichoderma-based
products have been particularly successful based on biostimulating activity and the capac-
ity to control phytopathogenic fungi and ameliorate the tolerance to abiotic stresses [172].
Considered safe for humans, livestock, and crop plants, both solid and liquid formulations
containing conidia can be used to produce suitable quantities of active and viable inocula
for product formulation and field use. Biostimulant properties of Trichoderma depend on
fungus—root communication via volatiles, ethylene, and auxins. Proteomic and genetic
data suggest that Trichoderma activates different enzymes, DNA processing proteins, and
transcription factors in plants.

Among the mutualistic associations, mycorrhizal fungi, to whom belong a hetero-
geneous group of taxa, establish symbiosis with over 90% of plant species. In particular,
the arbuscule-forming mycorrhiza (AMF), a type of endomycorrhiza associated with the
majority of crop plants, can act as biofertilizers by absorbing and translocating mineral
nutrients to plants and induce changes in secondary metabolism leading to improved
nutraceutical compounds. Additionally, by interfering with the phytohormone balance
of the host, AMF may influence plant development (bioregulators), thus inducing toler-
ance to soil and environmental stresses (bioprotector) [80]. Beyond bioprotectant activity,
it is noteworthy to add the role played by AMF in decreasing the detrimental effect of
pollutants, such as heavy metals. In fact, the contaminants can be immobilized in fungal
biomass, providing a further benefit to plants and introducing the possibility of utilizing
mychorrized plants in phytoremediation [173].

Fungal compost may also play a positive role in phytoremediation. Spent com-
post (spent mushroom compost, SMC) of Pleurotus ostreatus was tested by Asemoloye
et al. [174,175]. The effect of SMC on phytoremediation potential was determined in
Megathyrsus maximus Jacq. (Guinea grass) grown in heavy metal- and PAH-polluted soils.
The effect of SMC (0, 10, 20, 30, and 40%) treatments on chemical characteristics of the
soil was determined through soil analysis before and after the experiment. The results
suggested that SMC treatment modified soil chemical characteristics and improved plant
growth, biomass production, and phytoremediation potential to different degrees con-
cerning the amount of SMC applied to the soil. The positive action of SMC as organic
compost may be based on the enhancement of the metal solubility and /or uptake by plants,
through either metal chelator activity or stimulation of microbial activity in the rhizosphere.
Moreover, the biostimulatory activity should also positively promote the co-degradation of
hydrocarbon [174]. The authors suggested the utilization of SMC for soil stimulation and
the improvement of phytoremediation.

4. Conclusions

The preservation of natural resources is a priority that can no longer be postponed due
to their worrying state of degradation. The constant release and subsequent accumulation of
toxic substances in the environment must undoubtedly be counted among the main causes
of environmental degradation and deterioration of natural resources. Given the importance
of these resources, one of the most relevant actions to be developed more carefully and
then implemented concerns environmental remediation. To this end, new technologies are
needed that are environmentally friendly and do not impact the environment. Furthermore,
they should allow the effective removal and cleaning of sites polluted by contaminants.
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Among green remediation technologies, phytoremediation has gained particular
importance due to its economic sustainability and environmental friendliness. However,
this technology still has some weaknesses, as it can be slow and ineffective in completely
removing contaminants. Therefore, in this review, we have proposed biostimulants among
the emerging tools that can improve phytoremediation and make it more effective. In fact,
since these compounds are used to mitigate the effect of many different toxic substances on
plants, the scientific literature shows that they can enhance the plant’s ability to remediate
contaminated environments. The wide range of sources from which biostimulants can
be obtained can offer the prospect of testing many PBs with different modes of action. In
the present work, studies that have tested the effectiveness of PBs derived from humic
substances, protein and amino acid hydrolysates, inorganic salts, microbes, seaweeds,
plant extracts, and fungi in phytoremediation are reviewed and discussed. These studies
highlight how biostimulants can, in some cases, promote pollutant uptake and increase the
removal process, while helping the plant overcome the stress resulting from the presence
of the xenobiotic. In other cases, PBs can limit the uptake of the contaminant, thus allowing
the plant to better survive the resulting damage. In most of the cases analyzed, the choice
of the right dosage of PB is critical to the success of the phytodepuration process. In some
studies that considered environmental pollution from organic substances, the stimulatory
action of PBs on pollutant biodegradation has been reported. This action is also due to
the positive effect of PBs on the microbiota. Not all types of PBs have yet been tested in
phytoremediation; further studies are needed to expand our knowledge in this field.

The many advantages of using biostimulants in phytoremediation have been exten-
sively explained above. Summing them up briefly, these substances are able to reduce
the toxicity of certain compounds in the plant, including by activating antioxidant-like
responses. Moreover, the application of these compounds on the plant or on its growth
medium is extremely easy, even on a full scale and in a real phytoremediation system,
falling among the common agricultural practices. Finally, given the totally natural origin
of PBs, their use does not adversely affect the environment, and it does not require their
recovery. The only disadvantage lies in the additional costs, related to the purchase of
PBs and to their application. However, in our opinion, which is based on the literature
studies analyzed and reported in this review, this effort is definitely rewarded by the
aforementioned positive effects.

Future perspectives. It is worth mentioning the possibility of obtaining bioactive sub-
stances from agroindustrial waste or by-products. This last challenge responds to the need
to move towards a circular economy that allows the valorization of materials that otherwise
would have to be disposed of, creating a further significant pressure on the environment.
In addition, future research should be directed toward investigating the mechanisms of
action that allow biostimulants to carry out a better cleaning of polluted environments.

Although studies reported here have shown that biostimulants can effectively improve
the phytoremediation potential of some species or improve their tolerance to the toxicants,
this is still an open field where substantial research work needs to be carried out to under-
stand how the use of these materials could be optimized for a successful application in the
field. In addition to laboratory experiments, the scaling up of phytoremediation systems
using biostimulants is needed and would allow the determination of the real effectiveness
of the systems proposed in this review.

We believe that the studies mentioned above are necessary to increase the knowledge
in the area of phytoremediation assisted by PBs, and consequently to enable their real use
in polluted environment cleanup practices.
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Abstract: Microalgal-based remediation is an ecofriendly and cost-effective system for wastewater
treatment. This study evaluated the capacity of microalgae in the remediation of wastewater from
cleaning process of smoked cigarette butts (CB). At laboratory scale, six strains (one from the family
Scenedesmaceae, two Chlamydomonas debaryana and three Chlorella sorokiniana) were exposed to
different CB wastewater dilutions to identify toxicity levels reflected in the alteration of microalgal
physiological status and to determine the optimal conditions for an effective removal of contaminants.
CB wastewater could impact on microalgal chlorophyll and carotenoid production in a concentration-
dependent manner. Moreover, the resistance and remediation capacity did not only depend on
the microalgal strain, but also on the chemical characteristics of the organic pollutants. In detail,
nicotine was the most resistant pollutant to removal by the microalgae tested and its low removal
correlated with the inhibition of photosynthetic pigments affecting microalgal growth. Concerning the
optimal conditions for an effective bioremediation, this study demonstrated that the Chlamydomonas
strain named F2 showed the best removal capacity to organic pollutants at 5% CB wastewater
(corresponding to 25 butts L1 or 5 g CB L~!) maintaining its growth and photosynthetic pigments
at control levels.

Keywords: anthropogenic litter; wastewater; bioremediation; microalgal strains; photosynthetic
pigments

1. Introduction

Cigarette butts (CB) are the most littered item in the world, which are usually found
spread everywhere from urban areas to even protected areas [1]. CB contain a variety
of toxic compounds accumulated during smoking such as benzene, polycyclic aromatic
hydrocarbons, pyridine and heavy metals, which can leach into the environment and affect
all ecosystems [2]. Moreover, practical operational aspects are lacking at the regulatory
level as the current disposal systems for CB are landfilling and incineration, which are
unsustainable and release hazardous contaminants to the environment [3,4]. Therefore,
alternative solutions to tackle this waste are urgently needed. Recently, Mariotti et al. [5]
proposed a novel solution to recycle filters of CB into a soilless substrate for growing orna-
mental plants in urban spaces. However, the CB cleaning process used in Mariotti et al. [5]
resulted in a contaminated wastewater, which must be treated before its reuse or release to
the environment.
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Algae comprise a large and heterogeneous group of mostly photosynthetic organisms,
which are the primary producers of food chains in the ecosystems and contribute about
40% of global photosynthesis [6]. Microalgae are single-celled microorganisms that occupy
a dominant position in global ecosystems due to their nutritional simplicity, efficient dis-
persivity, and broad ecological amplitude [6]. Moreover, the capacity to use sunlight to fix
carbon via photosynthesis is usually more efficient in microalgae than terrestrial crops, re-
sulting in a high biomass generation [7]. Consequently, the accumulation of carbohydrates,
oil, sugar, proteins, cellulose, polymers and bioactive compounds in microalgae can be
used as biofuel, feed and to produce bioplastic materials [8]. Moreover, many microalgae
species have the capacity to remove inorganic contaminants including phosphates, nitrates,
ammonia, sulphates, calcium, sodium and heavy metals, as well as to degrade organic
pollutants such as hydrocarbons, pharmaceuticals and even herbicides [9]. Accordingly,
microalgae are considered important tools to improve the environmental impacts of the
currently used wastewater treatment methods, resulting in multiple benefits such as nutri-
ent recovery, biomass production, and water reutilization or discharge to the environment
without adverse ecological impacts [10].

Therefore, the objective of this study was to assess the removal of pollutants in CB
wastewater by microalgal-based remediation techniques. Since the isolation and selection
of suitable microalgae are essential for efficient wastewater treatment, in the present study
six natural isolates were screened. All microalgal strains were cultivated in different
dilutions of CB wastewater, and their tolerance towards pollutants and the capacity of
wastewater remediation were evaluated. This included the measurement of the production
of photosynthetic pigments to evaluate the effect of pollutants on the physiological activity
of microalgae, and the evaluation of the profile of wastewater pollutants at the end of the
microalgal remediation process. This study will therefore provide the scientific evidence to
treat the wastewater from CB cleaning process by microalgal remediation and reveal the
potential value of some microalgal strains for further studies on a larger scale.

2. Materials and Methods
2.1. CB Collection and Cleaning Process

The CB collection, cleaning process and chemical characterization were as previously
described [5]. Briefly, CB were collected (5 kg approximately) from public collectors in
10 different coffee bars located in the surroundings of the municipality of Capannori (Lucca,
Italy). The cleaning process was performed in quadruplicate by an exhaust boiling of CB
(100 g) in distilled water (1 L) for 10 min. The individual wastewaters were collected for
their further treatment with different microalgae.

2.2. Microalgal Strains and Growth Conditions

Six microalgal strains were used in this work (Table 1). Five of these strains were
previously isolated and characterized [11], namely F1 (from the family Scenedesmaceae),
F2 and E3 (both related to Chlamydomonas debaryana Goroschankin species), F4 and R1 (both
related to Chlorella sorokiniana Shihira and R.W. Krauss species), and are currently part
of the collection of the Institute of Agricultural Biology and Biotechnology of the Italian
National Research Council located in Pisa. The sixth microalga, strain “LG1”, was isolated
from recycled CB substrate and then characterized as described below.

Table 1. List of microalgal strains.

Strain Isolation Source Taxonomic Affiliation Accession Number Reference
“Le Morette”,
F1 Fucecchio Scenedesmaceae OM311002 and OM310999 [11]
Marshland
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Table 1. Cont.

Strain

Isolation Source Taxonomic Affiliation Accession Number Reference

F2

F3

F4

R1

LG1

“Le Morette”,

Fucecchio

Chlamydomonas debaryana OM311003 [11]

Marshland
“Le Morette”,

Fucecchio

Chlamydomonas debaryana OM311004 [11]

Marshland
“Le Morette”,

Fucecchio

Chlorella sorokiniana OM311005 and OM311000 [11]

Marshland
Private terrace

in Pisa,
water samp
Recycle

Chlorella sorokiniana OM311006 [11]
le

cigarette butts Chlorella sorokiniana ONO065975 This work

substrate

The microalgal strain LG1 was isolated from the surface of a recycled CB filter sub-
strate used in the preliminary experiments of a previous study [5]. This substrate was
collected in a petri dish and used to make an enrichment with the TAP medium, as de-
scribed by Chiellini et al. [9]. Briefly, 1 cm? of the substrate was cut with a sterile scalpel
under biological flow, and put in a sterile flask with 50 mL sterile TAP medium [12]. After
two weeks’ enrichment, the solution was greenish. The solution was diluted in sterile TAP
medium (1:20 v/v), and a second enrichment was performed for two more weeks. Light
microscope observation (Carl Zeiss Axioskop 20 EL-Einsatz 451487) allowed a dominant
microalgal coccoid morphology to be recognized. Three 100 pL aliquots of the enrichment
were streaked on TAP agar plates. This process was further repeated until a single mor-
phology indicating the presence of a single strain was isolated. A single colony was picked
up from the monoclonal microalgal culture in the petri dish, and pre-inoculated in a liquid
TAP medium (50 mL) until a dense pre-culture (200 mL) was obtained. The strain was
named “LG1”. All the microalgal strains were grown and maintained in growth chamber
under controlled temperature (24/22 °C), and under a 16/08 h day-night cycle with PPFD
of 70 umol photons m ! s~

2.3. Characterization of LG1 Strain and Phylogenetic Analysis

One mL of the monoclonal culture of strain LG1 was used for DNA extraction as de-
scribed by Chiellini et al. [9]. The 185 rRNA gene was amplified as previously described [9]
using a MultiGene OptiMax Thermal Cycler (Labnet, NJ, USA), and visualized by elec-
trophoresis on 1% agarose gel; amplicons were purified by ethanol/EDTA /Na-acetate
precipitation and sent to the sequencing service (BMR Genomics, Padova, Italy). The
obtained sequences (forward and reverse) were analyzed and used to obtain a complete
18S rRNA gene sequence using the free software Chromas (http:/ /technelysium.com.au/
wp/chromas/; accessed on 17 November 2021). The NCBI Blast tool [13] allowed the
determination of the preliminary affiliation of the newly isolated microalgal strain by com-
paring the sequence with all the sequences present in the international databases. A total of
41 sequences were selected for the phylogenetic analysis, comprehending the sequence of
our new strain, and 40 high quality sequences selected in NCBI database, following the
similarity criterion. Among the 40 selected sequences, ten were chosen as the outgroup, and
were taxonomically related to Chlamydomonas spp. and Dunaliella spp. The 41 sequences
were aligned with the BioEdit Software [14]; a Maximum Likelihood phylogenetic tree
was constructed with the MEGADS5 Software [15]; the robustness of the inferred trees was
evaluated by 500 bootstrap resampling; the parameters chosen for the phylogeny were:
Model/Method = General Time Reversible model; Rates among sites = Gamma distributed
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with invariant sites (G + I); Gaps = Use all sites; ML heuristic method = Nearest Neighbor
Interchange (NNI); Branch swap filter = Strong.

2.4. Evaluation of Microalgal Strains in Remediation

The wastewater was filter-sterilized by a 0.45 um cellulose acetate filter (Sartorius,
Gottingen, Germany), and different wastewater dilutions in TAP medium were tested in
quadruplicates as follows: 0 (herein after Control), 1, 2, 5, 10 and 25% (v/v). In 24-well
plates (1.5 cm diameter, Greiner Bio-one, Kremsmiinster, Austria) 200 pL of microalgae
culture was added to 1800 pL of fresh TAP medium containing a series of wastewater
dilutions. The remediation capacity of each microalgal strain was performed under the
same growth conditions: 24/22 °C, 16/08 h day-night cycle and 70 pmol photons m ! s 1
PPFD. An additional 24-well plate containing only wastewater dilutions in TAP medium
(2000 pL) was included to evaluate the effect of growth conditions on the wastewater
chemical composition, herein termed untreated wastewater (UWW). After 7 days, the
cultures in each well were centrifuged at 3000 x g for 10 min, and the supernatant and the
microalgae pellet were collected separately for further analysis.

2.5. Analytical Determinations

Supernatants were dried under vacuum and diluted with acetone and heptane 50%
(v/v). Analytes in the wastewater samples were determined by high-resolution GC-MS
analysis, using a Saturn 2200 quadrupole ion trap mass spectrometer coupled to a CP-3800
gas chromatograph (Varian Analytical Instruments, Walnut Creek, CA, USA) equipped
with a MEGA-SE54 HT capillary column (10 m; 0.15 mm i.d., 0.10 um film thickness, MEGA
s.n.c., Milan, Italy), as reported by Mariotti et al. [5]. Data acquisition was from 10 to
550 Da at a speed of 1.4 scan s~ 1. The identification of chromatogram peaks was conducted
by comparing their mass spectra with the NIST library database. Quantification was
performed using the relative abundance of the chromatogram peaks (instrument detection
limit < 400 counts).

2.6. Photosynthetic Pigments of Microalgal Strains

In order to assess the health status of microalgal strains, photosynthetic pigments were
determined in four biological replicates. Photosynthetic pigments, including chlorophyll a
(Chla), chlorophyll b (Chlb) and total carotenoids (Car), were extracted from microalgae
pellets and analyzed as previously reported [16].

2.7. Statistical Analyses

Values presented are the means of four replicates. The Tukey’s test was used to
determine the significant differences among means (p < 0.05), in which the statistical
analysis was performed by STATISTICA for Windows version 14.0 (Stat-Soft, Inc., Tulsa,
OK, USA) using a one-way analysis of variance.

To identify the relationships among the remediation capacity of microalgal strains
at different concentrations of CB wastewater, based on physiological and analytical data,
multiple factor analysis (MFA) was carried out [17]. The MFA was performed with the R
software [18], using the packages “FactoMineR” and “factoextra” for the analysis and
data visualization, respectively. The final plot in the picture was obtained in R soft-
ware with the packages “ggpubr”, “ggsci” and “patchwork”. Data were normalized
with Z-score calculation.

3. Results
3.1. Identification of the LG1 Strain

According to the phylogenetic analysis, the LG1 strain was taxonomically related to
the Chlorella sorokiniana species (Figure 1).
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AB080307.1 Chlorella sorokiniana
X62441.2 Chlorella sorokiniana strain SAG 211-8k
GQ122327.1 Chlorella sorokiniana isolate BE1
MT827191.1 Chlorella sorokiniana strain ACSSI 333
MT827200.1 Chlorella sorokiniana strain ACSSI 288
MT827201.1 Chlorella sorokiniana strain ACSSI 289
AB731601.1 Chlorella sorokiniana, culture_collection: NIES:2173
AB731602.1 Chlorella sorokiniana, culture_collection: NIES:2173
MZ374011.1 Chlorella sorokiniana isolate YSD-2
MZ736631.1 Chlorella sorokiniana strain ACSSI 364
MZ736632.1 Chlorella sorokiniana strain ACSSI 367
MZ736633.1 Chlorella sorokiniana strain ACSSI 366
e @ MZ736634.1 Chlorella sorokiniana strain ACSSI 365
® 30 |KF773743.1 Chlorella sp. GC
KU948990.1 Chlorella sorokiniana isolate 19-4
LC505550.1 Chlorella sorokiniana NKH18
FM205834.1 Chlorella sorokiniana strain SAG 211-8k
KP726221.1 Chlorella sorokiniana strain KLL-GO18
@ 18S_LG1
- MK235183.1 Micractinium sp. ACSSI 198
63 I MT780113.1 Micractinium sp. ACSSI 287
99 |MH683919.1 Chlorella sp. YACCYB497
MF101221.1 Chlorella sorokiniana strain NON0O1
KF444207.1 Chlorella sorokiniana strain KU-1019
60 | 1.K021940.1 Chlorella sorokiniana, strain UTEX 2714
JX097056.1 Chlorella sp. ZJU0204
EU402596.1 Chlorella sorokiniana strain GXNN 01
KP726220.1 Chlorella sorokiniana strain KLL-GO018 clone ¢
KP771817.1 Chlorella sorokiniana
KJ149805.1 Chlorella sorokiniana
MW?774338.1 Chlorella sorokiniana strain KNUA071
DQ009772.1 Dunaliella tertiolecta strain CCMP 364
DQ009771.1 Dunaliella tertiolecta strain CCMP 1302
DQO009773.1 Dunaliella tertiolecta strain UTEX LB 999
KP717761.1 Dunaliella tertiolecta strain ABT171
i KT860851.1 Dunaliella tertiolecta strain RCC6
MF678003.1 Chlamydomonas debaryana strain SAG 6.79
MF678002.1 Chlamydomonas debaryana strain CCAP 11/130
99 |MF678000.1 Chlamydomonas debaryana strain SAG 11-55b
MF677998.1 Chlamydomonas debaryana strain SAG 22.79
MF677997.1 Chlamydomonas debaryana strain SAG 26.72

b

bl

0.01

Figure 1. Phylogenetic tree reconstruction obtained with the Maximum Likelihood method on a total
of 41 high quality sequences selected from the most similar to the sequences obtained for the LG1
strain. Inset: optical microscope image of LG1 cells (scale bar: 5 pm).

3.2. Photosynthetic Pigments of Microalgal Strains

All microalgal strains showed a steep increase in chlorophyll a (Chla), chlorophyll
b (Chlb), total chlorophyll (Chlyy,)) and carotenoids (Car) from the beginning of the ex-
periment (T0) to 7 d under control conditions (TAP medium without CB wastewater)
(Figure 2A-D). Chla in F1 gradually increased with the wastewater concentration reaching
the highest level with 5% wastewater; however, a significant and subsequent sharp decline
was observed when the wastewater increased to 10 and 25%, respectively (Figure 2A). F3,
F4 and R1 showed a gradual decrease in Chlz when the wastewater concentration increased
to 10%, followed by an abrupt drop with 25% wastewater (Figure 2A). Differently, F2
and LG1 generally maintained Chla at control levels when the wastewater concentration
increased to 5%, followed by a decrease with 10 and 25% wastewater similar to the pattern
of Chla in F1 (Figure 2A). In general, Chlb and Chl, in F1, F3 and R1 showed similar
patterns to that of Chla (Figure 2A—C). F2 and F4 showed a steep decline in Chlb with the
increase in wastewater concentration, whereas the negative effect of wastewater on Chlb in
LG1 was observed when exposed to more than 2% wastewater (Figure 2B). Chl;) in F2
generally exhibited similar dynamics to Chla when contamination increased in the medium
(Figure 2A,C), while Chly,) in F4 and LG1 showed similar trend to Chlb with the increase
in wastewater concentration (Figure 2B,C). F1, F2 and LG1 maintained their stable levels
of Car when the wastewater concentration increased to 5%, followed by a significant and
subsequent sharp decline when contamination increased in the medium with the exception
of LG1, which showed significant differences only at 25% wastewater with respect to the
control (Figure 2D). Car in F3 showed similar patterns to that of Chl;,; (Figure 2C,D).
F4 showed a transient increase in Car when the wastewater increased to 2%, followed by
a gradual and significant decrease with a higher wastewater concentration (Figure 2D).
In contrast, Car in R1 started to show a progressive decline when CB wastewater was
increased beyond 5% (Figure 2D).
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Figure 2. Effect of wastewater from cigarette butts (CB) cleaning process on photosynthetic pigments
of six microalgal strains. (A) Chlorophyll a (Chla), (B) chlorophyll b (Chlb), (C) total chlorophyll
(Chlipta1) and (D) carotenoids (Car) were determined in each microalgal strain (F1, F2, F3, F4, R1
and LG1) at the beginning of the experiment (T0) and 7 days after treatment. Microalgal treatment
included exposure to growth medium without CB wastewater (Control) or containing different
CB wastewater dilutions (1, 2, 5, 10 and 25%). Different letters represent significant differences
(p < 0.05) between treatments within the same strain. Data are expressed as means of 4 different
replicates + standard error (SE).

3.3. CB Wastewater Subjected to Microalgal-Based Remediation

In general, all microalgal strains showed a good ability to remediate CB wastewater
and nicotine [pyridine, 3-(1-methyl-2-pyrrolidinyl)] was the most difficult compound to
remediate among pollutants (Figure 3). In 5% wastewater, F2 showed the best capacity for
removing pollutants compared with other strains (—69% with respect to UWW) followed
by F3, F4, LG1 and F1 (—52%), and R1 (—42%) (Figure 3A). In contrast, no significant
differences between the strains were observed when the wastewater concentration increased
to 10 and 25% (Figure 3B,C). Thus, strains in 10% wastewater could remove on average 47%
of pollutants with respect to UWW (Figure 3B), while those in 25% wastewater removed
44% of pollutants (Figure 3C).
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Figure 3. Chemical composition of the wastewater from the cigarette butts (CB) cleaning process
subjected to microalgal-based remediation. Six microalgal strains (F1, F2, F3, F4, R1 and LG1) were
exposed to different CB wastewater dilutions: (A) 5, (B) 10 and (C) 25%. The remediation capacity
of each strain was evaluated after 7 days. UWW represents the respective CB wastewater dilution
without microalgae under the same growth conditions for 7 days, for more details see Material
and Methods. The total abundance of chemical compounds in UWW was expressed as 100%. The
abundance of remaining compounds in wastewater after microalgal-based remediation was obtained
by its comparison with UWW. Different letters represent significant differences (p < 0.05) between the
total abundance of chemical compounds in UWW and microalgal treated wastewater. Data are the
means of 4 different replicates.

3.4. Multiple Factor Analysis

The multiple factor analysis (MFA; Figure 4) revealed for each microalgal strain a
distinct separation in three groups in relation to the CB wastewater concentration. Ac-
cordingly, the four replicates were exposed to the same CB concentration group together.
According to the quantitative variables (Figure 4), strains F1, F3, F4 and LG1 exposed
to 25% CB concentration, as well as F1 at 10% CB, were those showing the highest % of
nicotine and the lowest amount of photosynthetic pigments. On the other side, strains F2
(5 and 10% CB), F1 (5% CB) and R1 (10% CB) were the strains showing the lowest nicotine
concentration in the wastewater, as well as the highest amount of photosynthetic pigment
content. An opposite behavior could be observed concerning other contaminants that were
not nicotine (Figure 4). In this case, the MFA highlighted that the highest values (i.e., the
lowest removal ability) were characterizing strains R1 and F2 (5% and 10% CB), and F1
(5% CB). On the contrary, strains F3 (all CB concentrations), F1 (10% CB) and LG1 (25%
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content of “other” contaminants and to the content of nicotine in the wastewater.
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Figure 4. Multiple factor analysis (MFA) of physiological and analytical data in microalgal-based
remediation of wastewater from cigarette butts (CB) cleaning process. T005: 5% CB wastewater
dilution; T010: 10% CB wastewater dilution; T025: 25% CB wastewater dilution; a, b, ¢ and d: indicate
the replicates; Other: pollutants in CB wastewater other than nicotine.

4. Discussion

In this study, considering that native microalgal strains exhibit a better tolerance to
diverse pollutants than commercial species [9], six strains resilient to particular environ-
mental stress factors were screened for the remediation of organic pollutants in wastewater
derived from the smoked CB cleaning process. For this purpose, different dilutions of CB
wastewater for microalgal-based treatment were evaluated to identify the toxicity levels
reflected in the alteration of microalgal physiological status and to determine the optimal
conditions for the effective removal of contaminants.

Previous studies found a direct relationship between algal growth and Chla content [19-21].
Here, results of Chla indicate that microalgae growth was generally affected with a CB con-
centration of more than 2%. In detail, the cell growth of F3, F4 and R1 were inhibited at CB
concentrations > 5%, while that of F1, F2 and LG1 at CB > 10%, suggesting that the latter had a
better ability to resist or tolerate the toxicity of CB wastewater pollutants. Among pollutants,
benzonitrile (UWW abundance: 5.2%); 1,2,3-propanetriol, diacetate (UWW abundance: 4.0%);
and the silicon (Si)-based compounds such as silane, methoxytripropyl (UWW abundance: 6.8%)
and silane, trimethyl [(1-propylpentyl)oxy] (UWW abundance: 26.7%) were completely or
almost completely removed after microalgal-based treatment. Benzonitrile is an ingredient
used in photosynthesis-inhibiting herbicides, which have differential effects depending
on the species [22,23]. Recently, a study on the biodegradation of organonitriles reported
that benzonitrile can be degraded in benzoic acid and ammonia by nitrilase in microbial
systems [24]. Nitrilases were considered absent in algae; however, Lauritano et al. [25] iden-
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tified for the first time a putative nitrilase in the green microalgae Tetraselmis suecica under
nutrient-starvation conditions. Moreover, a recent study identified benzoic acid as a new
phytohormone improving the growth of Chlorella regularis [26]. Thus, a possible enzymatic
degradation of benzonitrile was not excluded in our study and the produced ammonia may
be assimilated by microalgae [27]. 1,2,3-propanetriol, diacetate is a diglyceride commonly
known as diacetin used as a food additive and as a valuable additive to diesel fuel when
mixed with other acetins [28]. It is known that soil microorganisms induce lipase—esterase
activity for the biodegradation of carboxyl esters [29]. Moreover, some microalgal lipases
have been isolated for industrial applications [30] and the transcription of many lipases
was induced under abiotic stress (e.g., nutrient starvation) in Chlamydomonas [31]. Thus, the
complete removal of 1,2,3-propanetriol, diacetate in our system may be through the action
of induced microalgal lipases producing glycerol, which in turn may stimulate microalgal
growth [32] and assist the degradation of other organic pollutants in CB wastewater such
as hydrocarbons [33]. Similarly, Si-based compounds can contribute to the alleviation of
numerous environmental constraints in plants by inducing or reinforcing the regulation of
secondary metabolites [34,35] and their effective activities are dependent on their chemical
and physical characteristics [36,37]. Interestingly, Jeffryes et al. [38] developed a system
in which the controlled delivery of Si to the culture of diatom Cyclotella spp. enhanced
lipid and biomass production. Similar to diatoms, the growth of Cladophora glomerata
was induced by Si as a required component of the cell walls as in other algae such as
Pediastrum and Scenedesmus spp. [39]. Recently, Van Hoecke et al. [40] demonstrated that
Si-based nanoparticles were adhered to the outer cell surface of microalga Pseudokirch-
neriella subcapitata without evidence of particle uptake, concluding that the Si toxicity at
high concentration might occur through surface interaction. Hence, it is possible that
organosilane compounds in CB wastewater were adsorbed to the microalgal cell wall with
some limitations depending on the concentration, chemical group and microalgal strain.

The removal efficiency of CB pollutants named as “others” (UWW abundance: 5.2%)
varied among the microalgal strains and these compounds included hydrocarbons and
additives such as plasticizers. It has been demonstrated that the microalgae Scenedesmus
obliquus, Chlorella vulgaris and Chlamydomonas reinhardtii could degrade hydrocarbons and
the removal capacity varied with the concentration and chemical characteristic of hydro-
carbons [41-43]. Another study found that photosynthetic pigments in the terrestrial
alga Prasiola crispa decreased with increasing fuel concentration due to the hydrocarbon
lipophilic affinity to the cellular membrane causing chloroplast and/or thylakoid mem-
brane disruption [44]. Concerning plasticizers (e.g., phthalate esters) and their effect on
microalgae, Duan et al. [45] demonstrated that environmentally relevant concentrations
of dibutyl phthalate stimulated the growth and lipid accumulation in Chlorella vulgaris,
while higher concentrations damaged cell membranes. Interestingly, another strain of the
same species showed a decrease in Chlg, growth inhibition and changes in the biosynthesis
of relevant proteins at low concentrations [46]. Similarly, the photosynthetic pigments of
Scenedesmus spp. were reduced under the exposure of dibutyl phthalate at environmentally
relevant concentrations affecting microalgal growth and photosynthetic process, while at
higher concentrations extracellular soluble proteins were induced acting as osmoregulatory
substances [47]. Moreover, the toxicity of plasticizers also depends on their chemical char-
acteristics. For instance, dibutyl phthalate was more toxic than diethyl phthalate in three
marine microalgae based on algal growth and Chla content, and the biodegradation was
inhibited when these pollutants were mixed [48]. Intriguingly, in our study, all microalgal
strains could better remove hydrocarbons and additives at the highest concentration of
CB wastewater, highlighting their potential application to remediate oil disasters and toxic
plastic-bonded polluted sites. However, more studies are needed to understand how these
microalgae degrade or exclude these pollutants from their cells after the uptake, and what
kind of defense mechanisms are induced at high CB wastewater concentration.

Nicotine [pyridine, 3-(1-methyl-2-pyrrolidinyl)] is the main tobacco alkaloid and,
as expected, it was the most abundant (49.4%) pollutant in CB wastewater. Nicotyrine
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[pyridine, 3-(1-methyl-1H-pyrrol-2-yl)] is one of the minor alkaloids in tobacco; it can be
produced when tobacco is pyrolized [49] and some bacteria can metabolize nicotine into
nicotyrine [50]. Both alkaloids represented 52.1% of the total pollutants in CB wastewater
and they were generally difficult to remove by microalgae. A recent review highlighted
that since 2006, a total of 36 investigations have been performed studying the impacts
of CB on aquatic and terrestrial life and lethal impacts seem to be most pronounced in
aquatic systems [2]. For instance, leachates from smoked CB over 5 years of decomposition
inhibited the growth of the freshwater microalga Raphidocelis subcapitata in a bimodal mode,
where this inhibition was related to high nicotine concentration at early CB decomposition
stage (~30 days postsmoking) and to microplastic release at late stage (5 years) as nicotine
concentration declined [51]. Another study using the same species showed that microalgal
growth was induced with smoked CB leachates in a concentration-dependent manner from
10% to 75% CB, while at 100% CB (corresponding to 20 butts L) the growth was inhibited
but still higher than control conditions [52]. Studies with marine microorganims showed
that CB leachates inhibited the growth of microalga Dunaliella tertiolecta in a concentration-
dependent manner [52], as well as the Chl concentration of microphytobenthos even
at marginal CB concentration (1 butt L™!) due to the toxic compounds accumulated in
the butt after smoking and the release of microplastics [53]. In our study, CB wastewater
concentrations ranged from 1 to 25% (corresponding to 5 to 125 butts L~!) and MFA showed
that the reduction in Chla, Chlb and Chly,; in the microalgal strains increased with the low
ability to remove nicotine, suggesting that this alkaloid may have the most detrimental
effects on these pigments. In fact, chlorophyll biosynthesis in microalgae was inhibited
depending on the concentration of nicotine [54-56]. In photosynthetic organisms, such as
the studied microalgal strains, the light-harvesting pigments (Chla and Chlb) effectively
capture and transport light energy to the photosynthetic reaction center, while Car absorb
the excess of energy protecting the chloroplast from Chl-sensitized photooxidation [57].
Thus, any changes in these pigments can result in energy deficiency to support the growth
of microalgae. Similar to Chl, the results of MFA also showed that Car were inhibited in
microalgal strains with low ability to remove nicotine. Concordantly, previous studies
demonstrated the inhibitory effects of nicotine on Car content, particularly affecting the
cyclization of lycopene depending on the nicotine concentration [54,55,58]. Besides nicotine,
nicotyrine was also detected in the CB leachates causing the deactivation of nicotine
catabolic enzymes in soil microbes [59]. Thus, it is likely that nicotyrine may prevent
nicotine catabolism in microalgae and this effect may be pronounced with increasing
CB concentration.

Overall, this study highlighted the importance of microalgal strain selection for
wastewater remediation, and showed that the strains isolated from similar polluted con-
ditions may necessarily have the best performance, as occurred with LG1, which could
not remove efficiently CB-contained alkaloids, and its physiological traits were affected
at >5% CB similar to the nicotine-resistant mutant of Chlorella emersonii [56]. Moreover,
microalgal resistance and remediation capacity also depended on the chemical charac-
teristics of pollutants. Here, nicotine was the most resistant pollutant to removal by the
microalgae tested and its low removal correlated with the inhibition of photosynthetic
pigments affecting microalgal growth. Concerning the optimal conditions for an effective
removal of contaminants, our results supported the high performance of Chlamydomonas
strain F2 to remove organic pollutants at 5% CB wastewater (corresponding to 25 butts
L~!or 5 g CB L) removing 69% of pollutants and maintaining its growth (based on Chla)
and pigments at control levels. Further studies are needed to understand the mechanism
pathways involved in the removal of pollutants, especially alkaloids.

5. Conclusions

A novel solution to recycle filters of cigarette butts (CB) into soilless substrate has
previously been proposed, where the CB cleaning process resulted in a contaminated
wastewater [7]. In this study, the removal of organic pollutants in CB wastewater by
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microalgal-based remediation techniques was assessed for the first time, and the data
provided a promising approach for wastewater bioremediation, revealing the potential
value of the tested microalgal strains for further studies on a larger scale.
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Abstract: Many halophytes are considered to be salt hyperaccumulators, adopting ion extrusion
and inclusion mechanisms. Such plants, with high aboveground biomass, may play crucial roles
in saline habitats, including soil desalination and phytoremediation of polluted soils and waters.
These plants cause significant changes in some of the soil’s physical and chemical properties; and
have proven efficient in removing heavy metals and metabolizing organic compounds from oil and
gas activities. Halophytes in Qatar, such as Halopeplis perfoliata, Salicornia europaea, Salsola soda, and
Tetraena qatarensis, are shown here to play significant roles in the phytoremediation of polluted soils
and waters. Microorganisms associated with these halophytes (such as endophytic bacteria) might
boost these plants to remediate saline and polluted soils. A significant number of these bacteria, such
as Bacillus spp. and Pseudomonas spp., are reported here to play important roles in many sectors of
life. We explore the mechanisms adopted by the endophytic bacteria to promote and support these
halophytes in the desalination of saline soils and phytoremediation of polluted soils. The possible
roles played by endophytes in different parts of native plants are given to elucidate the mechanisms
of cooperation between these native plants and the associated microorganisms.

Keywords: bacteria; bioremediation; biotechnology; desalination; halophytes; heavy metals;
phytoremediation; salt resistance

1. Introduction

In 1980, Epstein et al. [1] stated: “The problem of salinity is an ancient one, but it demands
contemporary and innovative approaches”. Thus, the debate about the salinity problem always
starts from the depths of history. This problem was first recognized approximately 3000 years
BC in Mesopotamia (currently known as Iraq). During the last five decades, many articles
have reported how the demise of Sumerian Civilization was attributed at least in part to
the salinity problem. Notably, the Sumerian Civilization is not the only one whose history
is related to salinity problems, as other examples were reported by many authors [2]. Such
historical background has drawn us to discuss the roles of native plants, including halophytes,
in removing toxic ions, such as Na*, C1~, and heavy metals, as well as metabolizing organic
compounds found in saline soils or lands contaminated with industrial wastewaters (IWWs).
Such plants were recognized as soil-exhausting plants; they might have developed various
structural features, physiological activities, and biochemical pathways associated with their
ability to resist saline soils in salt marshes and Sabkhas [3]. These methods and mechanisms
include ion compartmentation, production of compatible solutes, salt glands and bladders,
and succulence features in the shoot system. Moreover, these plants proved efficient in saline
agriculture to provide various useful products, such as fodder, medicine, chemicals, ornamentals,
aromatics, food oils, and biofuel [4,5]. Some reports have put forward strategies for developing
sustainable biological systems that can be used for the cultivation of halophytic crops in saline
lands, as a large number of halophytes can be used as cash crops [6]. During the last two
decades, the possibility of using halophytes as a source of traits was discussed to contribute to
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the development of agriculture by introducing halophytic crops to boost the economy. Such
efforts should be accompanied by land management and cultivation of saline soils, bearing in
mind that such plants offer genetic pools for gene technology programs [5,7,8]. Such projects
need substantial efforts to deal with the recycling of some of these plants whenever necessary
to avoid any toxic elements entering the food chain in such environments [9]. Finally, other
important roles these plants can play are desalination and phytoremediation of saline and
polluted soils. Their roles in desalination have been recognized. The following characteristics
of the plants are all key requirements to support their usefulness in desalination: they are
salt-resistant, are salt accumulators, have high aboveground biomass, and provide high degrees
of economic utility (e.g., fuel, fiber, and oil-seeds) [3,6,10].

On the other hand, microorganisms associated with, or adjacent to, these plants might play
divergent roles, as plants offer different mini-habitats for them: (1) the rhizosphere (zone of
influence of the root system), (2) phyllosphere (aerial plant part), and (3) endosphere (internal
transport system). Such associations and interactions may be detrimental or beneficial for either
the microorganism or the plant, including neutralism, commensalism, synergism, mutualism,
amensalism, competition, or parasitism [11]. This article addresses the role of microorganisms
associated with the internal transport system (endosphere) and aerial plant part (phyllosphere).
Little attention has been paid to these topics in the Arabian Gulf region in general. and in the
State of Qatar in particular, especially the role played by endophytes (microorganisms that
occupy the endosphere) in supporting halophytes in the phytoremediation of inorganic and
organic components of industrial wastewater and saline soils. This situation needs countries of
the Arabian Gulf to contribute generously to international efforts to develop new innovative
and contemporary approaches to solve problems facing humanity, from food and health to
economy. Information about this topic is scarce; therefore, the methodology of this review aims
to present available information about endophytic microorganisms around the world to provide
a platform for scientists and researchers in Qatar for further studies in the future.

2. Mechanisms of Nature: A Brief Glance

Halophytes, as wild plants, can cope with a wide range of environmental conditions,
including salinity, drought, extreme temperatures, and can adopt operating methods and mecha-
nisms, which are regulated by their genetic code. In the Arabian Peninsula, 120 halophytic plant
species have been recorded [12], and in Qatar, approximately 26 plant species are recognized as
the most common halophytes, constituting approximately 7% of the total number of the flora of
Qatar [13]. Halophytes thrive and complete their life cycle successfully in high soil salinity of
16 dSm™! (~200 mmol) or even higher. Halophytes are able to absorb large quantities of salts
and regulate them in various plant organs. It can be clearly observed that the aboveground
biomass of many of these plants is green and succulent, which makes the plants active and
capable of dealing with large quantities of the absorbed salts; herein lies the issue of the different
mechanisms by which these plants resist high salinity. Some examples from the flora of Qatar
are: Halopeplis perfoliata (succulent plant, absorbs large amounts of salt), Tetraena gatarensis (high
aboveground biomass plant, thrives in polluted lands), and more examples are reported by [3].
More features of all halophytes among the flora of Qatar are discussed in many reports, mono-
graphs, and research books [13,14], as these plants have different abilities to absorb and store
water, build and accumulate organic and inorganic solutes, and develop structures to regulate
these components [15]. These halophytes are also good candidates to remediate polluted soils
containing heavy metals and petroleum hydrocarbons [3]. Two primary mechanisms that halo-
phytes in Qatar adopt in dry and saline soils have been reported and discussed in many articles
and monographs: (1) avoidance mechanisms and (2) tolerance mechanisms [3,16]. Avoidance
mechanisms include three secondary mechanisms: (a) exclusion, (b) extrusion, and (c) inclusion
(dilution). Tolerance mechanisms involve: (1) osmotic adjustment to maintain positive water
balance between plant tissues and soil environment, and (2) osmoregulation inside the plant
cells between vacuoles and cytoplasm. These mechanisms, modifications, and methods help
halophytes deal with harsh environments, such as salinity, drought, waterlogging, and pollution
with heavy metals and petroleum hydrocarbons, among others.
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2.1. Avoidance Mechanisms
2.1.1. Exclusion Mechanisms

Exclusion mechanisms explain how plants have developed presumptive excluding
barriers at certain locations along the plant organs to regulate the accumulation of extra ions
(e.g.,Na*, CI~, heavy metals) and to prevent harmful ions of reaching toxic levels inside the
sensitive locations of plant tissues. Moreover, exclusion mechanisms may include an intra-
ion regulation method to prevent harmful ions from accumulating inside compartments of
cells carrying out active metabolic functions; such methods may stand as ion homeostasis
inside the plant cells [17,18]. These plants sequester harmful ions to organelles, such
as vacuoles, carrying out little metabolic activities. Such methods of ion regulation and
osmoregulation inside the plant cells will be discussed with the tolerance mechanism below.
Figure 1 shows that interruptions of salt transport take place at particular locations along the
plant body; i.e., at the root surface (location A), between stem and root system (location B),
between leaves and stalks, between flowers and the stem and branches (location C), and
between apical meristems and the remaining parts of the plant (location D), thereby limiting
the amounts of salts reaching meristems, developing leaves, and fruits [16]. Such barriers
were described in the roots of mangrove plants as filtration systems to prevent the buildup
of salts in the conducting system leading to the active green parts of the plant; such merit
might attract camels to feed on the green leaves of Avicennia marina. Another good example
was observed in Prosopis farcta; no salt reaches the leaves, although the root system is active
in taking up ions such as Na*. Such an outcome clearly indicates that some halophytes
develop barriers to prevent these ions from reaching high concentrations in leaves and
becoming toxic.

Flower

Apical Bud

Root System s//
A

Soil

Figure 1. Barriers at different locations of plant organs and tissues as an exclusion mechanism of ions:
(A) at the surface of the roots, (B) between shoot system and root system, (C) between leaves and
petioles or sheaths, and (D) between apical meristems and the remaining parts of the plant.

2.1.2. Extrusion Mechanism

Most halophytes have various structures which are able to eliminate excess salts
(Figure 2), and many obligate halophytes, living within Sabkhas and salt marshes, absorb
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the water they need, accompanied by salt absorption. These plants have structures of three
main types: (a) salt glands, (b) salt bladders, and (c) insectivorous salt glands [3,16].

(B)

Figure 2. Limonium axillare thrives in salt marshes (A). Observe the salt crystals on the leaf surface in

salt marshes (B). Salt glands secrete salts on the leaf surfaces through small holes.
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Salt glands are embedded in the leaf surface, and their size approximates that of
stomata (Figure 3), reaching as much as 1000 per cm~2 on the leaf surface. They differ in
the number of cells comprising them. Good examples of salt glands can be found in the
genera Avicennia, Frankenia, Limonium, and Tamarix, while salt bladders are best represented
in Atriplex leaf surfaces (Figure S1). The high-water absorption needed by these plants is
accompanied by salt absorption; such plants are designed to extrude extra salts through
salt glands, salt bladders, and possibly other structures. Moreover, these plants have fleshy
leaves, as in Limonium and Atriplex, to extrude extra salts.

2.1.3. Inclusion Mechanism

The inclusion mechanism can also be indicated as a dilution mechanism. Succulence
is a very common phenomenon in halophytes, but some observations were noticed in
glycophytes as well [19]. These succulent plants absorb significant amounts of toxic ions
(Na*,Cl~, and possibly others) as an inclusion mechanism aiming to remove substantial
amounts of salts from saline soils. Succulence as an avoidance mechanism takes place
when the extra ions, such as Nat and Cl~, are not excluded, re-translocated, or extruded.
Instead, in the avoidance mechanism of succulence, extra ions are sufficiently diluted
in the shoot system, especially the leaves, to keep the cytoplasmic salinity below toxic
levels, and the ions are sequestered in the vacuoles of mesophyll tissues. Plants such as
Anabasis, Arthrocnemum, Atriplex, Halocnemum, Halopeplis, Limonium axillare, Salsola, Suaeda,
and Tetraena qatarensis, among other plants, are good examples from the Qatari flora (13, 14);
these are halotolerant inclusion mechanism-adopting plants because they absorb significant
amounts of Na* and Cl~ ions, establishing the phenomenon of succulency [14,19].

In fact, high internal NaCl levels are compensated by high water storage, leading to a
high proportion of water to dry weight. Therefore, it is believed that as soil salinity rises,
the succulence of these plants increases as both water and salt absorption increase [20].
Therefore, most halophytes exhibit one or more of the avoidance mechanisms (exclusion,
extrusion, and dilution). The last two mechanisms are adopted to cope with the potential
ability of halophytes to absorb substantial amounts of salts from the environment. However,
there is no evidence yet that halophytes, having a clear succulence phenomenon, have
other avoidance mechanisms to cope with high soil salinity.

Figure 3. Cont.
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Figure 3. Scanning electron microscope (SEM) images of adaxial (the upper side) leaf surface of
(A) Limonium axillare (note the blue asterisks as salt glands, red arrows as stomata), (B) Avicennia
marina (note the blue asterisks as salt glands, with scattered salt crystals), and (C) Atriplex spp. (note
the green arrows as ruptured salt bladders). Magnification x400. N.B. Salt glands in A. marina are
found on both leaf sides but are more numerous abaxially (lower side), small in number and large in
size on the adaxial surface, and the opposite on the abaxial surface.

2.2. Tolerance Mechanism

The tolerance mechanisms are developed in many halophytes to deal with one major
issue, i.e., the absorption of large quantities of salts, as an inevitable consequence of their
adaptation to saline soils. Na* and C1~, the most abundant ions in the soil environment of
halophytes, are accumulated inside the plant tissues to achieve osmotic adjustment with
the plant environment [21,22]. Other physiological and biochemical activities can be carried
out to lower the water and solute potentials of plant cells by accumulating organic and
inorganic solutes. Moreover, osmoregulation is another activity conducted by plant tissues
to maintain ion homeostasis inside plant cells and to regulate inorganic ions, including
the toxic ones inside plant cells, through sequestration of Nat, Cl—, and possibly others,
in the vacuoles, and the biosynthesis and accumulation of organic components, such as
compatible solutes, proline, glycinebetaine, sugars (e.g., trehalose), and polyols at the
cytoplasm [23-26]. The role of these compatible solutes to maintain the life of these plants
in their natural habitats is well documented [26-30]. However, it is not the objective of
this review article to discuss the functional details of these organic solutes in these plants.
Regardless, these plants are able to remediate soils and water and remove toxic ions and
pollutants from marshes and saline soils [9,31].

3. Phytoremediation in Saline and Polluted Soils

Halophytes in Qatar are found mainly at the coastlines and Sabkhas. Others thrive
in isolated areas created after heavy rains on saline and dry soil. Notably, most of these
halophytes are perennial succulents, semi-woody dwarf shrubs, belonging to the families
of Amaranthaceae, Cyperaceae, Juncaceae, Plumbaginaceae, Poaceae, Zygophyllaceae,
and others [13]. Interestingly, these halophytes grow and thrive on land with active
oil and gas activities. Such natural concurrence between industrial activities and the
presence of such native plants inspires scientists, and research centers, to examine the
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roles of these plants in the polluted soils. Recent studies have discussed the role of many
native plants in the Arabian Gulf region in general, and in Qatar in particular. These
studies included the following topics: (a) solute accumulation in response to pollution with
organic and inorganic components due to oil and gas activities [30], (b) phytoremediation
of polluted soils and waters from heavy metals and petroleum hydrocarbons [9], and
(c) bioremediation and phytoremediation roles of microorganisms at rhizosphere and
phyllosphere, as a biological approach to remediate soils and purify water; providing an
alternative source of future water in this region [31]. During the last two decades, however,
some evidence has been presented that adjacent or associated microorganisms coexisting
with these halophytes might support their roles in the phytoremediation of contaminated
and saline soils. To elucidate the role of halophytes in polluted habitats, the following
topics will be discussed below: (A) desalination of soil, (B) detoxification of polluted
soils. Regarding detoxification of polluted soil the following is addressed (1) bio-mining of
polluted soils and (2) metabolizing of petroleum hydrocarbons, (C) roles of adjacent and
associated microorganisms, horizontal gene transfer (HGT), and (D) modern biotechnology,
which includes the genetic approach.

3.1. Desalination of Soil

One of the primary strategies for increasing crop production and improving agri-
culture under a saline environment is environmental manipulation. By improving the
soil conditions, the strategy of “better soil for crops we have” is implemented without
manipulating the genetics of the crops we have. Indeed, such a strategy was suggested as
a possible way to achieve that goal; it is based on the implementation of a large scheme
of (a) irrigation with high-quality water, (b) conservation of existing agricultural lands,
(c) reclamation methods, such as constructing good drainage systems, and (d) application
of supplementary irrigation in lands having uncertain and unguaranteed rainfall [32].
However, almost all these measures might not be applicable to Qatar and other countries
in the region and are not easy approaches in terms of money, energy, labor, and sustainable
success for the long run [1,30]. Unfortunately, these methods can not only eliminate harmful
ions from a saline environment but may also remove essential elements. Therefore, soil con-
ditions after these measures need substantial care and the application of special agricultural
practices. Furthermore, such soils need large-scale applications of fertilizers. In the end,
salts can accumulate by continuous irrigation, causing a salinity problem again. Moreover,
mechanical seawater desalinization processes to support the agricultural sector and provide
drinking water are expensive [9], and it is not feasible to use such water for reclamation
processes. Storing good quality water in strategic reservoirs has been conducted to achieve
one important goal: to support the people’s needs during emergencies and crises when the
country is hit by future unseen threats [9,31]. Therefore, irrigation of crops and expanding
the cultivation of agricultural lands in these regions might lead to the use of low-salinity
water, and such water could include the use of treated sewage water and brackish water.
In practice, low salinity water could be used to supplement high-quality irrigation water.
This would permit the expansion of irrigated agriculture and provide a means of partially
disposing of saline drainage water and anthropogenic wastewater. However, the risk of
accumulating salt in those lands is still very high. Therefore, environmental approaches do
not offer real solutions to the problems facing agriculture in the Arabian Gulf region at the
present time.

Halophytic plants are good and promising candidates to clean the environment from
most kinds of pollution. Studies have been carried out, and many articles have been
published, to show a new era of using halophytes for the phytoremediation of saline soils
as a new approach to solving the problems facing agriculture and wildlife. Many native
plants proved efficient in remediating polluted soils and waters containing heavy metals
and petroleum hydrocarbons; such approaches are environmentally friendly for many
problems facing the ecosystem and human life in health, agriculture, and economy [9,31].
Early reports [32] recommended the selection of appropriate native plants to restore such
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soils. Thus, the following discussion is dedicated to the possibility of cultivating such
plants, including halophytes, in saline soils to remove toxic ions, such as Na* and CI~,
leading to successful reclamation of polluted saline lands. Desalination of soils and waters
has become an inevitable option to remove toxic salts, including heavy metals, as it has
become a preoccupation for the expansion and revitalization of the agricultural sector.
Scientists have indicated many reasons behind such efforts:

Soil salinity and pollution have become a source of serious concern facing the agricul-
tural economy, not only in this region, but worldwide as well [31].

Irrigation with quality water has become a problem in many countries worldwide [33],
and this is even worse in the Arabian Gulf States.

It is necessary to improve the physicochemical properties of the soil, to provide good
conditions for crop plants and microbes to work together to boost the cultivation of lands
and to increase efficiency of phytoremediation [34,35].

Halophytes, which can survive and reproduce in high-salt environments, accumu-
lating and extruding large amounts of Na* and CI~ ions, could be used as food crops
through saline water irrigation, and are potentially ideal candidates for phytoremediation
of heavy metal-contaminated saline soils as well [36,37]. Such an ironic and tricky point
was addressed in many articles through active monitoring systems involving such plants in
recycling and industrial activities [9]. Indeed, Al-Thani and Yasseen [9] gave more details
about such an issue. Phytoremediation actions by plants are classified into three groups:
(a) not preferred and not recommended for edible plants (crops and fruits), (b) preferred
after monitoring, this group included native plants not edible for humans but considered
as fodder for livestock, and (c) preferred for native plants not edible by neither humans nor
livestock. The groups b and c contain native plants including halophytes.

Lack of arable land, due to salinity and pollution, makes it the duty of scientists to
adopt modern methods and techniques, and for decision-makers to take the initiative and
implement all the necessary measures and legislations to take serious steps with the main
goal of getting benefit from the land after ridding it of salinity and pollution. Such land
can then be cultivated with major crops [38]. Biological approaches and biotechnological
methods are promising strategies to achieve these objectives [3].

Looking at the native halophytes among the flora of Qatar, many plants proved efficient
in desalination and reclamation of salt-affected lands. For example, Ajmal Khan and Gul [36]
showed that Arthrocnemum meridionale has a high degree of salt tolerance and could accumu-
late large quantities of Na* and Cl~ ions. Hasanuzzaman et al. [39] compared environmental
manipulation, in terms of agronomic practices, with the biological approach using halophytes
to remediate saline soils and remove harmful ions. However, successful environmental ma-
nipulation using agronomic practices is costly and needs intensive labor and a comprehensive
system of monitoring and follow-up. Moreover, salt-tolerant glycophytes (some crops, such
as date-palm trees, sugar beet, barley, etc.) do not fully meet the requirements of successful
phytoremediation, as most of these plants lack specialized anatomical features to extrude
salts, with limited inclusion mechanisms. Instead, these plants have developed exclusion
mechanisms with varying effectiveness at certain locations through the plant body, as shown
in Figure 1 [40]. Most of these plants have limited exclusion mechanisms to prevent salts
entering the shoot system or to exclude harmful ions to the root environment (a mechanism
operating largely in Phoenix dactylifera (date-palm trees) [41] or accumulating salts in plant
organs carrying little metabolic activities, such as leaf petioles, stalks, and sheaths [16,42]
(Figures S2 and S3). Thus, Hasanuzzaman et al. [39] listed many halophytes, including
grasses, shrubs, and trees, that have various resistance mechanisms (avoidance and toler-
ance) to remove salts from different polluted saline soils. These plants and others listed
in [43] as efficient native halophytes in the UAE to re-acclimate salt-affected lands in-
clude: Arthrocnemum meridionale, Atriplex spp., Avicennia marina, Halocnemum strobilaceum,
Halopeplis perfoliata, Haloxylon spp., Salicornia spp., Salsola spp., Sporobolus virginicus, and
Suaeda spp. Tamarix aphylla, Zygophyllum spp. Many of these plants have salt glands or salt
bladders, adopting extrusion methods of the avoidance mechanism. Halophytes having salt
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glands are well represented in the Qatari ecosystem by Tamarix, Limonium, and Frankenia.
The amount of the excreted salts was estimated in some of these plants; each gland or
bladder may excrete up to 0.5 pL of salt solution in an hour [44]. Such findings should
encourage researchers to conduct comprehensive studies to estimate the salts excreted
from these structures. The outcomes of such studies should be generalized and utilized for
future phytoremediation projects to clean up high salt contaminated soils. Table 1 shows
more halophytes in the Qatari ecosystem that are able to remediate saline-polluted soils.
Many of them have either succulent leaves or stems, and in some other cases, the whole
plant is succulent, which means many of these plants are able to accumulate multiple salts
by adopting a dilution mechanism [14]. As far as the phytoremediation of saline lands is
concerned, many halophytes in Qatar are good candidates for cleaning the salty soils of
toxic ions, such as Na* and Cl~, still, further studies are needed to look at the potential
of other halophytic plants. Moreover, these native plants proved to play other roles in the
Qatari ecosystem that need to be explored. The following roles and activities have been
reported:

As food crops, many halophytes in the Qatari lands are edible for livestock and cattle

as forage of good value [45].
As medicinal plants, some of the halophytes listed in Table 1.

Table 1. Halophyte plants among the flora of Qatar and their ability to absorb and accumulate Na*

and CI~ ions.

Habitat & Remarks & Roles
Plants Distributi References
1stribution Remarks Roles
. Efficient Na*
Aerluropus spp Highly saline sandy Not succulent, extrusion accumulator,
’ . mechanism with high g [46,47]
(Monocot) soil, shallow Sabkhas .. A recommended
selectivity to Na .
remediator
Anabasis setifera Perlphery‘of Sabkhas, Succuler}t leaves, itis a Accumulates substantial
. stressed in dry and facultative halophyte, . _ [20,48,49]
(Dicot) . . . . ; amount of Na™ & Cl
saline soils inclusion mechanism
Arthrocnemum meridionale * Tidal zone and Succulent shoots, Efficient Na*t & Cl1~ [36,50]
(Dicot) Sabkha depressions inclusion mechanism accumulator !
Atriplex leucoclada Saline sandy soil, Not succulent, extrusion Rec}uce's soil sa'lt's
(Dicot) Sabkhas, and mechanism (desalination), efficient [51]
coastlines Na* & Cl~ absorption
Avicennia marina Not succulent, much Restoration program &
. Muddy tidal zone accumulation of Na* and 1 PTog [52]
(Dicot) _ . desalination
Cl~, sugar accumulation
Cl(eg?:oifp ’ Sandy coastal soil Not succulent Needs to be evaluated [53]
Herbal medicine
Cressa cretica Moist saline soils & Not succulent, high salt (antibacterial and [54]
(Dicot) Sabkhas tolerance anti-fungi), possible role
of associated bacteria
. Not succulent, tolerance  Possible desalination role,
Cyperus spp. Coastal saline areas, S . .
(Monocot) Acric. fields mechanism is operating, revegetation of salt [55]
gic: medicinal plants affected lands
) . N _
Frankenia pulverulenta Moist saline soils Not succulent, medicinal ~ Accumulates Na* & Cl1—, [56]

(Dicot)

plant

less K*
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Table 1. Cont.

Habitat & Remarks & Roles
Plants gl s References
Distribution Remarks Roles
; + _
Halocnemun? strobilaceum Salt flats Succulent shoots Accumula?es Na '& Cl K [14,57]
(Dicot) and remediates saline soil
. . . Not succulent,
Halodule uninerois Marine, shallow accumulates Na*, Cl—, Remediates sea water [33,58]
(Monocot) depths N
and K
. . Succulent shoots, high
. . Highly saline N _
Halopep ZI.S perfoliata Sabkhas with sandy Na® and Cl ‘content, Remediate saline patches [43,59]
(Dicot) . accumulation of
shelly soil .
compatible solutes
Possible remediation role
Halopyrum mucronatum Not succulent, seawater .
Coastal dunes S L at vegetative stage and [60]
(Monocot) inhibits its germination ¢
bioenergy crops
Succulent stems, highly ~ Accumulates Na* & C1~,
Haloxylon sp. . . - .
(Dicot) Highly saline patches salt-tolerant, some phytoremediation role is [61]
species are xerophytes possible
. ; . . Not succulent, found at . .
Helzotropzum spp- Sahne sandy soil, saline, alkaline, and dry Phytoremech'atlon role is [14,62]
(Dicot) fields and gardens soils possible
Phytoremediation of
Juncus rigidus Swamp brackish organic compounds,
(Monocot) waters Not succulent heavy metals, and saline [63]
soil
Succulent leaves, .
) . . . . . . L Useful in
Limonium axillare Coastline with saline  extrusion mechanism is .
. . . Phytoremediation of [22,64]
(Dicot) shelly soil operating, succulent - .
saline soil
plant
L Gardens and fields, Not succulent, suitable .. .
Polypogon monspeliensis . . . Salinity can alleviate the
near the sea shores for saline soils and rich of . [65]
(Monocot) toxicity of Zn
and salt marshes Zn
Salicornia europaea Muddy salty tidal Succulent, model for salt Possible s.ah.n © Crop,
. . phytoremediation of salts [66,67]
(Dicot) zones tolerance studies
at constructed wetlands
o Succulent, inclusion Possible [62] (This article
Salsola sp. Moist saline soil, mechanism is operating, .
. . + phytoremediation of covered many
(Dicot) coastal sand dunes high content of Na* and . .
cl- saline soils halophytes)
Succulent shoots,
Seidlitzia rosmarinus Very well adapted at  inclusion mechanism is Phytoremediation of [59,68]
(Dicot) dry and saline lands operating, high content saline soils !
of Na* and C1~
Succulent, efficient Accumulate compatible
Sporobolus spp. Moist saline sandy extrusion & inclusion solutes at cytoplasm, [69-71]
(Monocot) soils mechanisms are accumulate Na* & CI—,
operating high root content of K*
Succulent, inclusion .
. . s . . Possible
Suaeda spp. Moist saline soil in mechanism is operating, hvtoremediation of [72]
(Dicot) Sabkhas high content of Na* and phy

Cl~

saline soils
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Table 1. Cont.

Habitat & Remarks & Roles
Plants Distributi References
istribution Remarks Roles
. . . Not succulent, extrusion
. Moist saline soils, . . . .
Tamarix spp. . mechanism is operating, Phytoremediator of
. fields and . . . . [73,74]
(Dicot) . high accumulation of saline soils
depressions
salts
Foqnd at many Succulent, inclusion
. locations of Qatar, L . .
Tetraena qatarensis . . mechanism is operating, phytoremediator of
. coastline, disturbed . + . . [14,48]
(Dicot) high content of Na saline soils
rocky and _
and Cl
sandy areas
Not succulent, needs .
. . . . . . Medicinal plant,
Teucrium polium Saline and shallow confirmation about its . .
. . . antimicrobial effects [13,75]
(Dicot) depressions phytoremediation . .
e against some microbes
activities

* Arthrocnemum meridionale (Ramirez, et al.) Fuente, et al. (previously known as Arthrocnemum macrostachyum).

Plants such as Halocnemum strobilaceum, have medical roles to cure many
ills [13,45,54,57,75].

As bioenergy crops, the biomass and yield of some halophytes can be utilized as
biofuel, for example, Halopyrum mucronatum are good candidates as a bioenergy crop. Oil
produced from its seeds and the lignocellulosic biomass of this plant can be utilized for
biofuel production [60].

As biochemical components, halophytes produced many compatible solutes, such as
proline, glycinebetaine, and K [30].

In terms of economic values, some halophytes have high nutritional values as sources
of edible oils and production of chemicals [68].

For their ecological roles (perhaps other crucial roles need to be discussed as well),
halophytes and their associated microorganisms (bacteria and fungi) might remediate
land polluted with heavy metals and organic components [37,76]. Future studies should
concentrate on these native plants to examine the possibility of constructing engineered
terrestrial land (ETL) to improve the soil conditions for cultivating various crop plants.

3.2. Selective Absorption of Toxic lons

Some lessons can be learned from salt-resistant glycophytes. Sugar beet is a salt-
tolerant crop cultivated in many countries worldwide for sugar production. Sodium
chloride fertilizers can be used to improve growth, water status, and yield. Early reports
showed that the accumulation of chloride in sugar beet leaves was accompanied by an
increased cell volume and relative water content (RWC) [19,77]. Although K* is a major
nutrient element, it is not found in any synthesized compound of plants and is not replace-
able in many cytoplasmic functions. However, early reports showed that some roles of K*
might be substituted by Na* or Mg*? accumulated in this plant for some physiological and
biochemical functions in the plant; otherwise, some organic solutes might play the roles
of Na* or Mg*? in their absence [78,79]. In their early reports, Flowers and Lauchli [78]
discussed the possible substitutional roles of Na* for K* in plant cells. They reported the
following possible roles:

Na* may partially alleviate the requirement of the stomatal movement for K.

Na* may contribute to the solute potential and osmoregulation inside the cells and
consequently in the generation of turgor.

Na* is almost as effective as K* for leaf expansion.

Na* may replace K* as an enzyme activator in some metabolic activities. Both Na*
and K* are equally effective on malate dehydrogenase activity in maize and barley [80].
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In barley cultivars, Abu-Al-Basal and Yasseen [81] suggested two possible mechanisms
to maintain optimal cytosolic K* /Na™ ratio in the shoot tissues, and this can be achieved
by either (1) restricting Na* accumulation in plant tissues or (2) preventing K* loss from
the cell [82,83]. Moreover, early reports have shown active exchange of K*-Na™ across the
young tissues of some plants, such as barley [84]; low concentrations of K* salts around the
root tissues induce rapid extrusion of major parts of Na* exchange for K* [85]. The unusual
accumulation of K* in leaves of some crops under salt stress was explained by the activation
of some transporters, such as high-affinity potassium (K*) uptake transporters (HKTs) to
maintain high K* levels in the plant tissues [86]. Some other reports have concluded
that using low concentrations of NaCl (as a fertilizer) promote the growth of sugar beet
plants [77]. Similar reports have shown that low NaCl concentrations (approximately
50 mM) in the growth medium enhance the growth of halophytes (Atriplex gmelina), while
high levels of KCl salt might have a deleterious effect on growth, as compared to NaCl
salt [87]. They concluded that some complex systems operating in these plants could
have a great influence on the accumulation of these ions in halophyte plants under saline
environments. All these findings and conclusions have drawn attention to opening a
forum of discussion about the selectivity some halophytes have and what biotechnology
might achieve to develop plants having selective traits for a particular heavy metal at
specific polluted lands. However, this objective is still being investigated to reach a final
conclusion [88], Personal communication: Flowers, T. J., November 2020.

4. Detoxification of Polluted Soils

Studies during the last decade have warned that anthropogenic and industrial ac-
tivities and agricultural practices might have left pollutants in the soil [89], especially
those resulting from various sectors of industry and expansions in oil and gas invest-
ments. Regarding oil and gas, large quantities of accumulated heavy metals and organic
compounds, such as petroleum hydrocarbons, surely have a negative impact on various
sectors of agriculture, health, and wildlife. Such issues, which could affect the coastline and
underground water, should sound an alarm in a small country like Qatar. Polluted water
at these locations might affect various life sectors, especially those related to agriculture
and domestic purposes. Native plants, including halophytes, that can resist highly saline
soils while completing their life cycles and reproducing in such a harsh environment,
are potentially ideal for phytoremediation of soils contaminated with heavy metals and
organic components [37]. Indeed, a biological approach using such plants might be useful
to remediate soil and water not only from salts (Table 1), but also from various pollutants,
such as heavy metals and petroleum hydrocarbons. Thus, detoxification of these compo-
nents is a prerequisite for successful ecological restoration and maintenance of a healthy
environment [31].

4.1. Bio-Mining of Polluted Soils

Industrial wastewater (IWW) from oil and gas activities at the Arabian Peninsula in
general, and in Qatar in particular, contain a large number of heavy metals, such as Al,
As, Ba, Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, Mo, Pb, V, Zn, and possibly others that are present
at low concentrations [31,90-92]. The study of Al-Khateeb and Leilah [93] listed many
halophytes that efficiently accumulate most of these heavy metals. These plants included
Anabasis setifera, Cyperus spp., Halocnemum strobilaceum, Haloxylon sp., Panicum turgidum,
Pennisetum divisum, Salsola spp., Seidlitzia rosmarinus, Suaeda spp., and Zygophyllum spp.
Therefore, phytoremediation processes are necessary for successful ecological restoration
and maintenance of a healthy environment. Native plants, including halophytes, could be
good candidates for such activities in terrestrial and aquatic habitats [9,31]. All halophytes
among the flora of Qatar listed in Table 2 proved efficient in remediating various types of
contaminants, including heavy metals found normally in IWW.
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Table 2. Halophyte plants among the flora of Qatar that could be involved in phytoremediation of
heavy metals and petroleum hydrocarbon compounds.

Phytoremediation
Plants References
Inorganic Organic
Aiﬁfﬁgﬁ;&;p' Cd, Pb Petroleum hydrocarbons [92,94,95]
Ana!ztlzjsizzjf)tgfera Mn, Cu No reports [93]
Arthrocnembfm meridionale Al, Cd, Cu, Fe, Mn, Zn * [96-98]
(Dicot)
Atriplex leucoclada : *
(Dicot) Cd, Cu, Ni, Pb, Zn [99]
szce(;gz:oigarma Cd, Co, Cr, Cu, Fe, Ni, Zn Petroleum hydrocarbons [100-102]
Cleome spp. S “
(Dicot) Efficient: (Cd, Cu) [103]
Cressq cretica Some heavy metals Possible petroleum hydrocarbons [37]
(Dicot) y P Y
Cyperus spp. Al, Cd, Co, Cr, Cu, Fe, Hg, Mn, Ni, Pb, B
(Monocot) Zn, (Phyto-stabilization of Ni) Petroleum hydrocarbons [104-107]
anken(zlajfczﬁ)l:;)erulentu Cd, Cr, Cu, Nj, Sr, Zn Petroleum hydrocarbons [108]
Halocnemum strobilaceum .
(Dicot) Cd, Cu, Fe, Mn, Ni, Pb, Zn * [93,109,110]
Halodule uninervis .
(Monocot) Cu, Fe, Ni, Pb Petroleum hydrocarbons [111,112]
7 o *3%
Halopep lzslp erfoliata Some heavy metals Possible petroleum hydrocarbons [12,14]
(Dicot) y p Y
Halopyrum mucronatum Some heavy metals, bioindicator for: Cr,
(Monocot) Fe, Pb, Zn No reports [113]
Haloxy lon sp. Heavy metals: Cu, Fe, Mn, Zn Possible petroleum hydrocarbons [93]
(Dicot) y P 4
Heliotropium spp. Cd, Cr, Cu, Fe, Mn, Pb, Zn . [114]
(Dicot)
Juncus rigidus Denitrification & buffering
(Monocgo Y Cd, Cu, Fe, Hg, Mn methane emission. petroleum [37,63,115]
hydrocarbons
le"”(lg’i’zgf)’”m Cd, Co, Cr, Cu, Fe, Ni, Zn No reports [14]
Polyp ozgﬂzorgzgi))elzensw Cr, Hg, Ni, Zn Petroleum hydrocarbons, TOG# [116-120]
Salicornia europaea Pb, Zn,
(Dicot) P Root stabilization: No reports [121,122]
10 Cd, Cu, Ni
S?g;’if)ts)p' B, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Se, Zn No reports [93,123,124]
Seidlitzia rosmarinus
(Dicot) Some heavy metals No reports [14,68]
5p (ol\ifjriloucsoig) p- Some heavy metals, and toxic ions Petroleum hydrocarbons [70,92]
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Table 2. Cont.

Phytoremediation
Plants References
Inorganic Organic
Suaeda spp.
(Dicot) Cd, Cu, Fe, Mn, Pb, Zn No reports [93,125]
TaTSﬁﬁtS)pp' Cd, Cu, Fe, Mn, Ni, Pb, Zn Polycyclic aromatic hydrocarbons [126-128]
Tetrae(rz[c)zizc(z)ia;rEHSZS Cd, Cr, Cu, Fe, Ni, Zn Possible petroleum hydrocarbons [14,31,129]
Teucrium polium . .
(Dicot) Co, Ni Possible petroleum hydrocarbons [130]

* Further studies needed, ** Needs confirmation, #TOG: Total Oil and Grease.

However, many of these heavy metals, such as B, Co, Cu, Fe, Mn, Ni, Se, and Zn, are
considered essential elements for plant nutrition [131], while other trace metals, such as
Al, Cd, Cr, Hg, Pb, Sr, and others, are non-essential and toxic when their concentrations
exceed certain limits [9,91,92]. These reports and articles discussed the mechanisms and
roles played by these plants in phytoremediation of saline soils.

The following discussion is a brief guide for researchers, students, and decision-makers to
suggest, sponsor, and develop plans and to establish road-maps for future projects to solve the
problems of pollution from heavy metals and organic components of petroleum hydrocarbons.
It is interesting to report that Hg and As are the most common heavy metals found in
IWW at gas activities [132]. Some native plants among the flora of Qatar seem efficient in
remediating Hg (Table 3). At least three halophytic plant species, namely Cyperus spp., Juncus
rigidus, and Polypogon monspeliensis, are known to remove Hg from soils polluted during gas
production [37,107,118,133]. If we look at Polypogon monspeliensis, this halophyte plant proved
efficient in accumulating Hg in its different plant organs; therefore, it is a promising candidate
for the phytoremediation of this toxic element at fields of gas facilities [120,133].

Molina et al. [133] investigated the accumulation of Hg in many native plants, in-
cluding Polypogon monspeliensis, and they concluded that the uptake of Hg was found
to be plant-specific. Polypogon monspeliensis proved efficient in accumulating Hg in all
plant organs (roots and shoots). Moreover, this plant was reported to have taken up more
than 110 times of Hg than the control plant species [120]. On the other hand, some other
halophytes in Qatar have been shown to have remediating action against both Hg and
As; Salicornia europaea is a good candidate to accumulate both heavy metals (found with
petroleum hydrocarbons during gas production). The report of Al-Thani and Yasseen [9]
has indicated that some native plants, such as dicots, including Acacia spp., Amaranthus spp.,
Portulaca oleracea, and Ricinus communis, and monocots, including Arundo donax, Chloris
gayana, Cynodon dactylon, and Typha domingensis, were active in phytoremediation of this
toxic trace metal. Other non-essential trace elements are found in the Qatari lands, and over
time, and with continuous activities and production of gas and oil, they might accumulate
substantially in the soil to levels that could have a greatly negative impact on various
life aspects. Arthrocnemum meridionale is the most common halophyte among the flora
of Qatar (Figure S4). This plant has shown a great ability to accumulate large quantities
of Na* and Cl~ in saline habitats [50]. However, its ability to accumulate heavy metals
has been interesting. For example, Redondo-Gomez et al. [96] found that Arthrocnemum
macrostachyum is a Cd-hyperaccumulator and may be useful for restoring Cd-contaminated
sites, and thus it may play a significant role in the phytoremediation of soil contaminated
with this metal. Moreover, it seems that such a plant might not have a barrier against the
transport of this element from root to shoot (Figure 1). Accumulation of Cd negatively
impact many physiological and biochemical parameters. These include impacts on growth,
photosynthetic apparatus, in terms of chlorophyll fluorescence parameters, gas exchange,
and photosynthetic pigment concentrations. Halophytic plants seem to have an antioxidant
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system and enzymatic antioxidants, which help protect them against the oxidative stress
caused by high concentrations of heavy metals. For example, Cleome gynandra efficiently
absorbs Cd and Cu; thus, it is highly recommended for phytoremediation, and should be
monitored regularly during any future phytoremediation program [9]. Another example is
Halodule uninervis, a perennial marine seagrass, that feeds marine organisms in Qatar, and
was affected by oil accidentally spilled during the wars [111]. Bu-Olayan and Thomas [112]
have concluded that trace metals can accumulate in the plant tissues (roots and leaves),
ending up in the food chain and causing contamination of the ecosystem. Salicornia europaea,
on the other hand, has been shown to have a great ability to accumulate heavy metals,
such as Cd and Pb (found with petroleum hydrocarbons during oil production). Using
such plants as fodder, or in a human diet, should be done with caution [121]. This plant
uses two mechanisms of phytoremediation: the phytoextraction mechanism for Pb and Zn
in the shoot system and the phytostabilization mechanism for Cu, Ni, and Cd in the root
system [122].

Table 3. List of halophyte plants in Qatar that proved efficient in phytoremediation of heavy metals.

Plant Species

Metal -
Monocot Dicot
Al Cyperus spp. Arthrocnemum meridionale
B - Salsola sp.
Arthrocnemum meridionale, Atriplex leucoclada, Avicennia marina, Cleome
cd Aeluropus spp., Cyperus spp., Juncus rigidus spp-, F‘mnke’ma pu{verulent@, Hallocnemum strobilaceum, Helzot'ropzum
spp. Limonium axillare, Salicornia europaea, Salsola sp., Tamarix spp.,
Tetraena qatarensis
Co Cyperus spp. Avicennia marina, Limonium axillare, Salsola sp., Teucrium polium
Cr Cyperus spp., Halopyrum mucronatum, Polypogon — Avicennia marina, Frankenia pulverulenta, Heliotropium spp., Limonium
monspeliensis axillare, Salsola sp., Tetraena qatarensis
Anabasis setifera, Arthrocnemum meridionale, Atriplex leucoclada,
Cu Cyperus spp., Halodule uninervis, funcus rigidus chgnma marina, Cle'ome spp-, F.mnkema ;'Julve.rulenta, Haloxylon sp.,
Heliotropium spp., Limonium axillare, Salicornia europaea Salsola sp.,
Suaeda spp., Tamarix spp., Tetraena qatarensis
Lo Arthrocnemum meridionale, Avicennia marina, Halocnemum strobilaceum,
Cyperus spp., Halodule uninervis, Halopyrum ) . o .
Fe L Haloxylon sp., Heliotropium spp., Limonium axillare, Salsola sp., Suaeda
mucronatum, Juncus rigidus . .
spp., Tamarix spp., Tetraena qatarensis
H Cyperus spp., Juncus rigidus, Polypogon .
& monspeliensis
.. Anabasis setifera, Arthrocnemum meridionale, Halocnemum strobilaceum,
Mn Cyperus spp., Juncus rigidus . . .
Haloxylon sp., Heliotropium spp., Salsola sp., Suaeda spp., Tamarix spp.
Cuperus spp.. Halodule uninervis. Polupocon Atriplex leucoclada, Avicennia marina, Frankenia pulverulenta,
Ni yp pp- N ) FOPO3 Halocnemum strobilaceum, Limonium axillare, Salicornia europaea, Salsola
monspeliensis . ; . ;
sp., Tamarix spp., Tetraena qatarensis, Teucrium polium
Pb Aeluropus spp., Cyperus spp., Halodule uninervis, Atriplex leucoclada, Halocnemum strobilaceum, Heliotropium spp.,
Halopyrum mucronatum Salicornia europaea, Salsola sp., Suaeda spp., Tamarix spp.
Se - Salsola sp.
Sr - Frankenia pulverulenta
Arthrocnemum meridionale, Atriplex leucoclada, Avicennia marina,
7n Cyperus spp., Halopyrum mucronatum, Polypogon Frankenia pulverulenta, Halocnemum strobilaceum, Haloxylon sp.,

monspeliensis

Heliotropium spp., Limonium axillare, Salicornia europaea, Salsola sp.,
Suaeda spp., Tamarix spp., Tetraena qatarensis

- No record.
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Another halophytic plant among the flora of Qatar, Salsola spp. (including S. soda),
showed promising potential to remediate saline soils containing various types of heavy
metals, such as B, Cd, Co, Cr, Ni, Pb, Se, and Zn [113,124]. These authors suggested that
after harvesting, these plants can be disposed of; however, such a solution might not be
ideal as the harvested materials can cause a threat to the ecosystem if they enter the food
chain. Instead, they can be incorporated into many industrial activities and recycling
programs [9]. The study of Centofanti and Bafiuelos [124]. evaluated the possibility of
using Salsola soda as an alternative crop for saline soils rich with Se and B.

Many Atriplex spp. plants are found among the flora of Qatar, and these species and
varieties are annual or short-lived perennial herbs, sub-shrubs, or shrubs. Most of these
plants are fodder for camels and are common in saline soils, such as Sabkhas and salt
patches at the coastline. They have adopted avoidance mechanisms through extrusion
methods by developing specialized structures called salt bladders. The bladder cell of the
salt bladder contains very high concentrations of salts, and eventually, the bladder cells
rupture and die (see Figure 3 and Figure S1B). Such a method and concept of storing salts in
bladders can be utilized and implemented in a large scheme of phytoremediation projects to
clean up contaminated soils containing high salinity and heavy metals. Metal accumulation
by Atriplex differs, based on their species and varieties and the different tissues involved,
and even on the different levels of metals in the polluted soil. Moreover, these species have
adopted an exclusion mechanism in the root system (see Figure 1, location B) which lets
the plant retain a significant number of metals in the root tissues with little exported to the
shoot system [134]. Thus, this plant, with such an ability, could be suitable to remediate
highly saline soils, and could also be utilized for phytoremediation of heavy metals. This
topic needs further investigation to look at the accumulation of Cd and Pb; both metals
found among the IWW of oil and gas production.

Avicennia marina adopts different mechanisms to absorb, translocate, and accumulate
heavy metals. For example, MacFarlane et al. [135] showed that Cu and Pb were accumu-
lated actively in the root tissues, as the concentrations of these metals in the root tissues
were higher than those in the sediments, while Zn accumulation was almost the same as in
the sediment. On the other hand, the translocation of these elements to the top of the plant
showed further differences. Cu content in the leaf tissue followed a linear relationship
from lower concentrations in the sediments to higher concentrations at the top of the plant
(leaves), bearing in mind that the exclusion mechanism is active to expel such elements
from plants at higher sediment concentrations. Pb, on the contrary, showed little mobility
toward the top of the plant, and the two main reasons behind that are (1) Pb is a non-mobile
element and (2) it is excluded at different locations along the plant body, mainly between
the shoot system and root system (Figure 1, location B). Zn was accumulated in the leaves
at levels comparable to the concentration in the sediment. Thus, Avicennia marina might be
suitable for the phytoremediation of a non-essential element, namely Pb.

Looking at Cyperus spp. they have various important uses, such as medicinal plants
fodder, and range sledge, and their oils can be used as food or feed [13,45]. Phytoreme-
diation of heavy metals has been very interesting; for example, Abdul Latiff et al. [104]
found that the absorption of heavy metals by Cyperus Kyllingia-Rasiga was in the order of
Mn > Cu>Ni>Cr>Pb>Zn> Fe > Al > Cd at a medium pH of 6.87 = 0.71 and an electrical
conductivity (EC) of 2.72 £ 1.85 uS/cm. Badr et al. [105] concluded that this plant species
is a good candidate for phytoremediation of saline soils and was efficient in taking up and
translocating more heavy metals (such as Cd, Cu, Ni, Co, Pb, and Zn) from roots to shoots.
The high ratio of shoot to root might be the main reason behind such ability to accumulate
Na*, C1™ [3], and heavy metals, bearing in mind that an active monitoring system should
be used [9].

Halocnemum strobilaceum is another medicinal halophyte plant that plays an important
role in remediating Zn in saline soils. This plant would be appropriate in Qatari lands
because pollution with excessive concentrations of Zn is possible from IWW of oil and
gas activities [57,90,91]. The ability of these plants to grow in Zn-polluted and saline soils

60



Plants 2022, 11, 1497

would allow them to serve the pharmaceutical industry as medicinal raw materials while
playing an important role in ecological phytoremediation.

Another halophyte plant that proved efficient in remediating Zn, Polypogon monspelien-
sis, can be used to alleviate Zn toxicity in saline soils. This plant actually has double
interactive effects; the study of Ouni et al. [65] concluded that many variables of growth
and photosynthesis were severely reduced by this metal. However, the high concentra-
tion of salt (150 mM NaCl) alleviated the negative impact of Zn. On the other hand, Zn
prevented the uptake and accumulation of Na* and Cl~ by increasing the membrane
integrity of the root surface (Figure 1, location A). A recent study by Samreen et al. [119]
showed that heavy metals, such as Cr and Ni, might have a beneficial impact on many
physiological and biochemical variables at certain levels. However, increasing pollution
with such metals could have deleterious effects on protein content and increase proline
content, as the latter response has been considered a clear sign of the stress effect. Suaeda
glauca, another example, can tolerate heavy metals, such as Cd, Pb, and Mn, elements found
in high concentrations of oil and gas activities, and physical and chemical properties of
soil were significantly improved after phytoremediation [125]. Therefore, this plant species
has a great ability to phyto-remediate contaminated soil containing heavy metals. The
results of Al-Taisan [126] demonstrated that Tamarix spp. can play a significant role as
vegetation (Figure S5), and for cleaning the soils of heavy metal contamination through
phytoextraction. There is a desperate need to use the advantages of these plants in the
phytoremediation of the environment. At the same time, continuous harvesting of their
shoots could be a suitable way to recycle heavy metals [126]. Betancur-Galvis et al. [127]
found that Tamarix spp. can resist petroleum hydrocarbons, such as polycyclic aromatic
hydrocarbons (PAHs), benzo(a) pyrene, phenanthrene, and anthracene in contaminated
saline soils. The growth of this plant was not affected by PAHs. With the presence of this
plant in contaminated soil, the leaching of these compounds to the 32-34 cm layer decreased
two-fold compared to uncultivated soil. Suska-Malawska et al. [128] confirmed that Tamarix
spp. was efficient in the remediation of heavy metals, including Cu, Zn, Cd, and Pb.

Tatraena qatarensis was recognized as a good candidate to remediate many heavy
metals, such as Cd, Cr, Cu, Fe, Ni, and Zn. For example, Yaman [130] found that Teucrium
polium proved to be a hyperaccumulator candidate for Ni, adopting a phytoextraction
mechanism to extract this metal from contaminated soils. Moreover, the results of Usman
et al. [129] showed that T. gatarensis is tolerant to many heavy metals, such as Cd, Cr, Cu,
and Ni, thereby phyto-stabilizing them. Furthermore, Bibi et al. [136] showed that this
plant represents an important source of potentially active bacteria producing antifungal
metabolites of medical significance.

These heavy metals inhibit the growth and development of most glycophytes. Many
aspects of physiology and biochemistry were reported to be adversely affected as follows:
(1) formation of malondialdehyde (MAD), (2) overproduction of reactive oxygen species
(ROS), (3) reduction of photosynthesis rate, (4) nutrition imbalance, (5) consequences of
osmotic adjustment and osmoregulation, and (6) ability to regulate phytochelatins and
metallothionein [137]. However, halophytes have developed structural modifications,
including leaf succulence, salt glands, salt bladders, and trichomes, to alleviate ionic
stresses, as shown in Figure 2, Figure 3, Figures S1, S4 and S5. These structures have
different methods to avoid salt and heavy metal stresses. As an example, toxic ions are
excreted through salt glands or trichomes [138], and these structures transport ions from
mesophyll cells of a leaf to its surface. These ions then form crystals that are subsequently
removed in various ways, such as by rain and wind [137]. Salt bladders, on the other
hand, accumulate toxic ions and heavy metals, and after reaching a certain size, they
burst and release their contents. The salts excreted by these methods were estimated to
be 50% of the total absorbed salt [139]. Thus, extrusion and inclusion mechanisms offer
many methods to keep substantial amounts of toxic salts, including heavy metals, away
from these plants, or at least protect the active metabolic sites of the plant tissues from
the detrimental effects of these toxic ions [140-142]. Recent studies suggested that salt
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glands and bladders might have specialized transporters to extrude heavy metals from
leaf mesophyll tissues to the cavities of these structures [35]. Studies have also indicated
that some microorganisms are found in these structures, which might play roles in the salt
regulation of these halophytes [30,143].

4.2. Petroleum Hydrocarbons

Regarding the phytoremediation of organic components, including petroleum hydro-
carbons, out of the twenty-six halophytic plants, only twelve plants proved efficient in
remediating petroleum hydrocarbons. These plants are Aeluropus spp., Avicennia marina,
Cressa cretica, Cyperus spp., Frankenia pulverulenta, Halodule uninervis, Halopeplis perfoli-
ata, Juncus rigidus, Polypogon monspeliensis, Sporobolus spp., Tamarix spp., and Teucrium
polium. A study from Iran showed that some of these halophytes proved efficient in me-
tabolizing petroleum hydrocarbons, such as TOG (total oil and grease), near oil refinery
facilities [117,118]. These pathways explained the Green Liver Model that operates in
native plants [9,30] and the included references, and we assume that a similar system is
functioning in halophytes in Qatar. It would be imagined that these plants can degrade the
accumulated petroleum hydrocarbons that lead to useful metabolites. Therefore, research
centres at universities should consider all these possibilities in any future plans to restore
infected habitats.

5. Endophytic Microorganisms

Halophytes possess multiple mechanisms to resist salinity. These mechanisms operate
as a result of genetic expressions of the inherited genetic factors (genes) that confer traits
of salt resistance to these plants. However, these mechanisms are more enhanced through
the action of microorganisms (bacteria and fungi) adjacent to, and associated with, these
plants. These microorganisms live either in the rhizosphere or endosphere and make these
native plants more resistant to salinity and possibly to other environmental factors [54]. It
is the main objective of this article to look for characteristics that relate to microorganisms
in the endosphere. Endophytes have been recognized as microorganisms, more specifically
bacteria or fungi, that colonize the internal tissue of plants by a symbiotic or mutualistic
relationship [144,145]. These microbes are found normally in roots, stems, leaves, and even
in the reproductive parts, such as seeds, and these microorganisms are known not to cause
any prominent negative effects on the plant’s life [146,147]. On the contrary, endophytes
thrive inside the plant body to improve various functions, such as growth, physiology, and
biochemistry, under extreme environmental and biotic factors. Endophytic microbes find
their ways into the internal parts of the plant by two main routes: (1) vertical transmis-
sion, i.e., from generation to generation via seeds and perhaps through other plant parts,
and (2) horizontal transmission, i.e., transfer from the environment to the internal plant
body. These routes have been discussed in detail recently in [143,148]. These endophytes
have proved to have plant growth-promoting (PGP) properties. These include multiple
mechanisms: (1) direct mechanisms: nitrogen fixation, mineral (P and Fe) solubilization,
siderophore production, phytohormone production (e.g., auxins, cytokinin’s, gibberellins,
and ethylene), and production of stress alleviating compounds (e.g., 1-Aminocyclopropane-
1-Carboxylate Deaminase), and (2) indirect mechanisms: biocontrol activities of PGPB in
responding to the biotic stress by producing antibiotics [149,150]. Various types of bacte-
ria and fungi isolates associated with many halophytic plants interact in a manner that
influences many aspects of plant metabolism, physiology, and biochemistry. These include
fixation of atmospheric nitrogen, solubilizing of soil nutrients, and synthesis of some natu-
ral products that protect host plants against many biotic and abiotic factors that might boost
agriculture, economy, and other life aspects [9,30,143,151,152]. Therefore, studying the
taxonomy, phylogeny, and activities of soil microorganisms will provide a good approach
to select novel candidates that can be recognized as biological agents to improve agriculture
and support the industry [153]. The following discussion explores the native halophytic
plants in Qatar (Table 4) that have been shown to have endophytes, which can be utilized in
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phytoremediation projects for saline soils polluted with petroleum hydrocarbons and heavy
metals. The roles of the associated microorganisms will be discussed, as they help remove
and metabolize contaminants at the rhizosphere and endosphere. Therefore, scientists,
research students, and decision-makers should be aware of the threats caused by pollution
from salinity, heavy metals, and petroleum hydrocarbons.

In Qatar, little has been done about the role of endophytes in wild plants and crops.
However, it would be very useful to report that Al-Thani and Yasseen [154] have found
significant counts of halo-thermophilic bacteria and cyanobacteria adjacent to the halo-
phytic plants Suaeda virmiculata, Limonium axillare, and Tetraena gatarensis. However, the
highest bacterial populations were found adjacent to L. axillare, followed by T. gatarensis
and S. virmiculata. The bacterial cells of isolated strains were Gram-positive rods, and
most of them were Bacillus thuringiensis or Bacillus cereus. These microorganisms might
play a support role in alleviating salt stress and possibly other extreme environmental
conditions. Such microorganisms might become part of the endosphere [148] and support
plant growth and development by offering many methods and mechanisms [30] Moreover,
a study by Al-Fayyad [155] found that the most common bacteria in mangrove forests (Avi-
cennia marina) were Gram-positive and Gram-negative bacilli. This investigation discussed
their properties and features in terms of surviving harsh environments of temperature and
salinity, as well as their biochemical characterization.

From international reports, we can review the possible roles of microorganisms, bac-
teria, and fungi found in the most common halophytes of the flora of Qatar. It is very
useful to utilize the outcomes of these reports to encourage students and researchers to
conduct comprehensive investigations at the Qatari habitats to improve the ecosystem
and restore the lands infected by various types of contaminants. Thus, from Table 4, the
following halophyte plants might be promising candidates that serve as good examples of
cooperation between endophytes and plants to mitigate the ionic stress in saline habitats,
and thereby can be invested in for agricultural land and future planning.

Table 4. Possible endophytic bacteria associated with halophyte plants playing various roles in the
flora of Qatar.

Plants Endophytes Roles & Characterizations References
Ae{ﬁgflpolzsoifp' No reports No reports No reports
Anabasis. spp. Amycolatopsis anabasis;
(Anabasis setifera), Aurantimonas endophytica, Isolated from roots [156]
(Dicot) Glycomyces anabasis
Bradyrhizobium sp.,
Chromohalobacter canadensis,
Arthrocnemum meridionale Halomonas sp., Bacterial consortia: isolated from different [97,149,157]
(Dicot) Psychrobacter sp., parts of the plant, many functions e
Rudaea cellulosilytica,
Bacilli species
. Various phyla, halotolerant
AtrlPl(ES ilcﬁgltC)OCl”du bacteria: Bacillus, Halobacillus, Nitrogen fixation [158]
and Kocuria
Avicennia marina Laree number of microbes: Nitrogen fixation, phosphate solubilization,
(Dicot) gbacteria and funei ’ growth promotion in saline conditions, [159-162]
& produces useful biological molecules
Cleome spp. Klebsiigerzle?z;ieoliza%i; vera Improves growth, establishes sustainable [163]
icot crop production
(Dicot) P S p producti

cryocrescens
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Table 4. Cont.

Plants Endophytes Roles & Characterizations References
Bacteria and fungi,
Cressa cretica Planctomyces, Rhizosphere and non-rhizosphere sources, [54]
(Dicot) Halomonas, Salt tolerant, mitigating saline stress
Jeotgalibacillus
Cypertts spp. Endophytic b.a cteria mercury Resistance to Hg, accumulate mercury [107]
(Monocot) resistant
Frankenia pulverulenta
(Dicot) No reports No reports No reports
Halocnemum strobilaceum Bacteria phyla: Actinobacteria .
(Deot) and Firmicutes Potential enzyme producers [136]
. . Bacteria such as: Bacillus, Bacteria against pathogenic fungi:
Halodule uninervis . S ; .
(Monocot) Jeotgalicoccus, Planococcus, Phytophthora capsici, Pyricularia oryzae [164]
Staphylococcus Pythium ultimum, Rhizoctonia solani
. . Some bacteria found in the . .
Halopeplz.s perfoliata soil associated with this Plays roles to improve Agrlculture and [153]
(Dicot) industrial practices

species

Halopyrum mucronatum
(Monocot)

Possible, needs investigation

No reports

No references

Haloxylon sp.

Bacteria: Streptomyces spp.
and Inquilinus sp., fungi:

Some other microbes thrive during

(Dicot) Penicillium spp. are found at phytoremediation of oil-contaminated soil [165]
rhizosphere
Heliotropium spp. Endophytic fungi of various Pharmaceutically significant, Natural [166]
(Dicot) genera products
The family
. Sphingomonadaceae is the -
Juncus rigidus . Phytoremediation: Petroleum compounds,
most abundant in the root [31,167]
(Monocot) . . heavy metal
endophytic community, other
microorganisms involved
Limonium axillare, spp. Endophytic fungi: Alternaria Might be a source of growth-promoting [168]
(Dicot) and Fusarium regulators (e.g., Gibberellines)
Polypocon monspeliensis Many physiological and biochemical
ypog P Rhizosphere microorganisms parameters are activated, growth, and [116,117]
(Monocot) "
nutrition
Endophytes such as Bacillus ~ Assistance to cope with salinity, producing
Salicornia europaea spp., Planococcus rifietoensis, 1-aminocyclopropane-1-carboxylate [169,170]
(Dicot) Variovorax paradoxus, deaminase, Indole-3-acetic acid, !
Arthrobacter agilis Phosphate-solubilizing activities
Salsola s Endophytes and rhizosphytes, Bioactive secondary metabolites,
(Dico t)p. bacteria: Actinobacteria & and production of antifungal metabolites, [171,172]
possibly others medical significance
Endophytes: Roots:
Brevibacterium, Kocuria,
Paenibacillus, Pseudomonas, . . . .
) Improves plant fitness in saline soils, salt
o ) Rothia, Staphylococcus . .
Seidlitzia rosmarinus . . resistance, production of IAA, ACC
(Dicot) Shoot: Brevibacterium, [173]

Halomonas, Planococcus
Planomicrobium Pseudomonas
Rothia, Staphylococcus,
Stenotrophomonas

(1-aminocyclopropane-1-carboxylate)
deaminase, etc.
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Table 4. Cont.

Plants Endophytes Roles & Characterizations References
Sporobolus spp. Fungal endophytes in the root Necessary for plant success in harsh [174]
(Monocot) system environment
Dominant phyla were
Actinobacteria.
Suaeda spp. Proteobacteria, Firmicutes, Survival and stress resistance of the plant
. . . : [76]
(Dicot) endophytic fungi such as species.

Alternaria spp. and Phoma spp.
were found in some species

Tamarix spp.
(Dicot)

Various bacteria and fungi
species in rhizosphere and
endosphere.
Bacteria: novel nickel
(Ni)-resistant endophytic
bacteria: Stenotrophomonas sp.
520, Pseudomonas sp. P21, and
Sphingobium sp. S42,
Fungi: Aspergillus sydowii,
Eupenicillium crustaceum,
Fusarium spp.,
Penicillium chrysogenum

Possible roles against bacteria,
biotechnology roles, medical and [175,176]
agricultural roles

Tetraena spp.
(Dicot)

The isolation and identification of
populations of endophytic and rhizosphere [136]
bacteria, having antimicrobial potential

Endophytic and
rhizosphytic bacteria

Teucrium polium
(Dicot)

Two bacteria bacilli species,
two fungi species, Plays a role in growth and health [177]
Penicillium spp.

Arthrocnemum meridionale: It has been hypothesized that endophytes might play
a key role in the high salt tolerance of A. meridionale [178]. Most of these endophytic
bacteria belong to Bacillus spp., which have many functions to support this halophyte
plant, including activation of enzymatic activities and increasing abilities to accumulate
salts (Na*), thereby improving sodium phytoextraction capacity during the restoration of
saline lands. Endophytes seem to enhance plant growth in saline soils. Moreover, Navarro-
Torre et al. [179] found that the selected bacteria from the rhizosphere and endosphere of
A. meridionale could improve the capacity of this plant, and possibly others, to remediate
heavy metals (such as Cd). The study of Fouda et al. [149] confirmed this conclusion; the
endophytic bacteria isolated from A. meridionale were used as an inoculant to stimulate
some growth parameters of crops, such as Zea mays, at various stages of the life cycle.

Avicennia marina: Endophytes associated with this plant may play many roles to
enrich the ecosystem for phytoremediation of saline wetlands. These microorganisms
are also efficient in offering many methods, agents, and compounds of various types
to boost the growth, physiology, and biochemistry of various plants [160]. In actuality,
mangrove ecosystems are known for high productivity, as this plant is a main source of
wood and could be used as camel fodder. Moreover, A. marina is rich in various important
constituents, such as amino acids (e.g., Glutamic acid, Aspartic acids, Leucine, proline),
fatty acids, essential minerals (Co, Cu, Fe, Mg, Mn, Na, Ni, Si, and Zn), and non-essential
minerals (Cr and Pb). In addition, other organic components containing nitrogen and
glycinebetaine were reported in this plant [45]. Therefore, such a plant might be a good
candidate for various methods of phytoremediation of waters and soils polluted by heavy
metals and high salinity levels, and is worthy of observation during its action against
various types of contaminants. Janarthine and Eganathan [159] isolated some endophytic
bacteria species from the inner tissues of pneumatophores of mangrove plants (A. marina)
along with Bacillus sp. and Enterobacter sp. strains from the endosphere as being responsible
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for some important activities, such as phosphate solubilization [180], nitrogen fixation, and
growth promotion. Ali et al. [160] explored the roles of endophytic bacteria from A. marina
in counteracting the saline conditions in tomato (Solanum lycopersicum) plants. Such actions
were reflected in the growth, photosynthetic pigments, and the rate of photosynthesis.
This study concluded that the application of bacterial endophytes from plants growing in
saline conditions can boost the plant’s salt resistance and improve its growth in such harsh
environmental conditions. This study showed that the application of Bacillus pumilus AM11,
Exiguobacterium sp. AM25, and some chemical agents, such as methionine, counteracted
the toxicity of sodium chloride by reducing the level of lipid peroxidation and regulating
antioxidants and related enzymes.

Cleome gynandra: The recent work of Shipoh [163] revealed important roles played
by endophytes associated with halophytic host plants, such as Cleome spp., to promote
growth and development, as well as other aspects of life of some crop plants. Isolates of
bacteria from internal tissues of this halophyte plant included Enterobacter cloacae, Klebsiella
pneumoniae, and Kluyvera cryocrescens. When these microorganisms were used as inocu-
lants, they exhibited various abilities to improve growth and establish sustainable crop
production of rapeseed (Brassica napus L.). Many parameters were shown to produce plant
growth regulators that contribute to ammonia production, atmospheric nitrogen fixation,
fluorescence production, indole acetic acid (IAA) production, phosphate solubilization, and
siderophore production, which play significant roles in improving growth, and establishing
a sustainable crop yield.

Cyperus spp.: Endophytic bacteria associated with these species boost the phytoreme-
diation of Hg, and such plant species are good candidates to clean contaminated soil in
gas industrial facilities [107]. At least three species of the genus Cyperus are found among
the flora of Qatar, namely: Cyperus conglomeratus, Cyperus laevigatus, and Cyperus rotundus.
These species are good candidates for phytoremediation of soils contaminated with Hg.

Haloxylon sp.: Some genera of bacteria, such as Streptomyces spp. and Inquilinus
sp., and other fungal species, like Penicillium spp., are found at the rhizosphere of wild
Haloxylon in the desert of Kuwait [165]. More species thrive in oil-contaminated soils;
these include Agrobacterium tumefaciens, Gordonia lacunae, Gordonia terrae, Lysobacter spp.,
Nocardia cyriacigeorgica, and Rhodococcus manshaanensis. This study concluded that Haloxylon
salicornicum and associated microorganisms offer high ability to clean up oil polluted soils
in the desert of Kuwait.

Juncus acutus: This is a good candidate for phytoremediation of pollutants with the
cooperation of endophytes. Members of the bacteria belonging to the family Sphingomon-
adaceae showed higher relative abundance within the root endophytic communities [167].
These bacteria showed significant activities during the engineering of wetlands to remove
pollutants, especially heavy metals (Cd, Ni, and Zn), from soils.

Polypogon monspeliensis: Rhizosphere bacteria associated with this plant were found to facil-
itate a substantial accumulation of Se and Hg. Such results were confirmed by the study of De
Souza et al. [181], who inoculated plants with such bacteria; this caused a higher accumulation
of these elements as compared to those not inoculated. Garcia-Mercado et al. [118], in their
study in Mexico, found that this plant was efficient at removing Hg from polluted soils,
as this metal had polluted the lands and atmosphere as well. Hg is a predominant metal
found at gas facilities during extraction and production.

Salicornia europaea: Some plant growth-promoting endophytic (PGPE) bacteria were
isolated from various parts of this halophyte plant: surface-sterilized roots, stems, and
assimilation twigs [169]. Many of these isolates were selected for their ability to produce
many components affecting plant growth, such as 1-aminocyclopropane-1-carboxylate
deaminase, indole-3-acetic acid, and phosphate-solubilizing activities. Five bacterial iso-
lates were identified, such as Arthrobacter agilis, Bacillus endophyticus, Bacillus tequilensis,
Planococcus rifietoensis, and Variovorax paradoxus. These isolates can colonize the host plant
interior tissues and, for other plants, including crops, could enhance plant growth under
saline stress conditions [30,149,160,163]. Another interesting study of Furtado et al. [170]
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investigated the endophytic bacteria and fungi associated with Salicornia europaea, observ-
ing distinct communities at two different sites: (1) a polluted site with anthropogenic
activities and (2) a natural saline site. The communities differ in different plant organs,
i.e., the root system and shoot system. However, these communities did not show any
differences between seasons, and the bacterial communities seeded to influence the fungal
ones. They concluded that the endophytes of halophytes may be different from those in
other plants because salinity acts as an environmental filter, and they may contribute to the
host’s adaptation to adverse environmental conditions to play roles in agriculture.

Seidlitzia rosmarinus: Based on the report of Hadi [68], this plant is a xerophytic salt-
tolerant desert plant having genes responsible for resistance to salt and drought stresses. It
can serve as a very useful tool in the hands of plant breeders to produce crops resistant to
these stresses. It accumulates Cu and Mn at non-toxic levels and has a high level of protein
(7%) and 80% digestible organic matters [182]. With these nutritional properties, it can be
used as forage for livestock, especially for camels in severe dry and saline desert conditions.
Other therapeutic properties of this plant should be explored for the treatment of acne. The
leaves of S. rosmarinus accumulate a large amount of soda compounds that can be used in
several industries, such as making soaps and detergents, pottery, ceramics, in sugar factories
(e.g., for sugar crystallization), and for copper bleaching, among other applications.

Sporobolus spp.: Khidir et al. [174] have shown that root-associated fungi (RAF) with
many halophytes are necessary for plant success in harsh environments. Other reports
from Qatar [92] unpublished data, showed that this plant might be a good candidate to
remediate soil polluted with IWW from gas operations at Ras Laffan-Qatar.

Suaeda glauca: This plant can tolerate and accumulate heavy metals, such as Cd, Pb,
and Mn, elements found in high concentrations at oil and gas operations. The physical
and chemical properties of soil were significantly improved after phytoremediation [125].
Therefore, this plant species has a great ability for phytoremediation of contaminated soil
containing heavy metals. Soil microorganisms associated with this halophyte plant might
play an important role in the process of bioremediation.

Tamarix spp.: These species are salt-tolerant, and some of them are normally associated
with arbuscular mycorrhizal fungi (AMF). The results of Bencherif et al. [183] have shown
that inoculation with AMF boosts plant growth in moderately saline soil, which was associ-
ated with improvement in nutrition status, including nitrogen and phosphorus contents.
Such results encourage researchers to cultivate Tamarix plants using such native inoculum.
A recent study [176] isolated three novel Ni-resistant endophytic bacteria from the wetland
plant Tamarix chinensis, and these bacteria included Stenotrophomonas sp., Pseudomonas sp.,
and Sphingobium sp. These isolates offer some growth-promoting traits, such as the pro-
duction of indole acetic acid (IAA), siderophores, and 1-aminocyclopropane-1-carboxylate
(ACC) deaminase [9,31]. Such activities provide the host plant with the potential to im-
prove Ni phytoremediation. Moreover, some endophytes associated with Tamarix spp. offer
antimicrobial activities that can be exploited in various sectors of agriculture, medicine,
and biotechnology [175]. In Qatar, Tamarix plants were observed to thrive in some ponds
near Doha city [173], personal observations.

Teucrium polium: This halophyte plant is associated with some endophytic bacteria and
fungi to assist its growth and boost its health. Hassan [177] has reported many bacterial
and fungal endophytes that have shown plant growth-promoting (PGP) properties. These
included some bacteria species, such as Bacillus cereus, Bacillus subtilis, and other fungi
species, such as Penicillium chrysogenum and Penicillium crustosum. These endophytes
produced IAA and ammonia, showed some enzymatic and antimicrobial activities, and
exhibited phosphate solubilization.

On the other hand, there are other activities these endophytes can play which should
be reported here, for example:

Degradation of petroleum hydrocarbons: Farzamisepehr and Nourozi [117] found
that Polypogon monspoliensis efficiently metabolized petroleum hydrocarbons; rhizosphere
microorganisms could have a role in improving plant growth under polluted treatment.
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The degradation of petroleum hydrocarbons using native plants has been investigated
seriously in many articles [9].

Production of metabolites: Salsola spp. have been proven to have immense potential
for yielding useful metabolites. Bibi et al. [171] studied the endophytic and rhizospheric
bacterial communities in Salsola imbricata for the possibility of producing bioactive sec-
ondary metabolites. Using modern technology (molecular techniques, 165 rDNA), the
isolated bacterial microorganisms were grouped into four major classes: Actinobacteria,
Firmicutes, 3-Proteobacteria, and y-Proteobacteria. However, the production of fungal
cell wall lytic enzymes was detected mostly in members Actinobacteria and Firmicutes.
Moreover, four bacterial strains of Actinobacteria with potential antagonistic activity, in-
cluding two rhizobacteria, EA52 (Nocardiopsis sp.) and EA58 (Pseudonocardia sp.), and two
endophytic bacteria, Streptomyces sp. (EA65) and Stretomyces sp. (EA67), were selected for
secondary metabolite analyses using liquid chromatography-mass spectrometry (LC-MS).
These metabolites included antibiotics such as Sulfamethoxypyridazine, Sulfamerazine,
and Dimetridazole. They have concluded that this study provided an insight into antago-
nistic bacterial populations, especially those of Actinobacteria from S. imbricata, to produce
antifungal metabolites of medical significance and will be characterized taxonomically in
the future. Moreover, the study of Razghandi et al. [172] isolated many fungal species from
Salsola incanescens using modern techniques. These species included Alternaria alternata,
A. chlamydospora, Aspergillus terreus, Fusarium longipes, Macrophomina phaseolina, Talaromyes
pinophilus, and Ulocladium atrum. These fungi species cause root or stem rotting and leaf
yellowing. Moreover, other fungi that proved non-pathogenic were found as well. These
included Aspergillus niger (induced crown swelling), Clonostachys rosea, Fusarium redolens,
and Fusarium Proliferatum that grow as endophytic fungi. Further studies are needed
to look at the roles that these endophytes play in such halophyte plants regarding their
resistance to salinity and possibly other harsh environmental conditions. Additionally,
Khalil et al. [162] using modern genetic techniques, identified some genera and species
of fungi at the rhizosphere and endosphere of Avicennia marina. These microorganisms
included: Aspergillus spp., Chaetomium spp., Alternaria tenuissima, and Curvularia lunata. The
most potent fungus extract was analyzed using gas chromatography-mass spectrometry,
verifying the presence of numerous bioactive compounds. These findings confirmed that
endophytic fungal strains derived from this plant thrive in harsh ecosystems and produce
bioactive metabolites, which can be recommended as a novel source for drug discovery.
Moreover, Mukhtar et al. [158] have indicated that halophilic and halotolerant bacteria
associated with Atriplex spp. and Salsola spp. can be used for bioconversion of organic
compounds, anthropogenic or industrial, to useful products under extreme environmen-
tal stresses [9]. Regarding the endophytic fungi, Khalmuratova et al. [168] studied these
species associated with Limonium tetragonum and other halophytic species, such as Suaeda
spp- Fungi species belonging to Alternaria and Fusarium that are associated with these
halophytes could be a source of plant growth regulators, such as gibberellins, which might
be behind the thriving of halophytes in their habitats.

Antimicrobial activities: Bibi et al. [136] isolated many bacteria endophytes from plant
species and other halophytes (Avicennia marina, Halocnemum strobilaceum, Tetraena qatarensis),
and these isolates showed significant action against oomycetes fungal pathogens, such
as Phytophthora capsica and Pythium ultimum. Furthermore, the results of Bibi et al. [164]
showed that the sea grass Halodule uninervis is a common halophyte plant in the flora
of Qatar, and is a good source of bacteria that proved active and capable of producing
antifungal metabolites against some pathogenic fungi: Pythium ultimum, Phytophthora
perfoliata, Pyricularia oryzae, and Rhizoctonia solani.

Other activities these endophytes can play: Baeshen et al. [153] found that soil associ-
ated with some halophytes such as Halopeplis perfoliata is rich in many bacteria species be-
longing to the following groups: Proteobacteria, Actinobacteria, Firmicutes, Bacteroidetes,
and possibly others. These groups might play roles as biological agents to improve agricul-
tural and industrial practices. Moreover, the study of Kuralarasi et al. [166] showed that in
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Heliotropium indicum, the main fungi species, such as Colletotrichum, and Aspergillus, were
found in the endosphere, other fungi species, such as Acremonium spp., Altenaria alternata,
Bipolaris tetramera, and Cochliobolus lunatus (Syn. Curvularia lunata), were also found in the
leaves, which play important roles in pharmaceutical research and industry.

6. Modern Approaches

Cooperation between genetic manipulations and biological solutions has emerged as a
powerful strategy for the future to solve problems of salinity, drought, and pollution. Different
strategies and modern technologies have been adopted to find and develop efficient plants to
desalinize soils, remove heavy metals, and metabolize petroleum hydrocarbons [3,92]. Recent
trends have focused on native plants, including halophytes, and associated microorganisms,
regarding the phytoremediation of polluted soils. Studies during the last decade have concluded
that one of the main functions of endophytes in the plant’s life is alleviating salt stress [178],
However, many other functions were also reported [184]: (1) altering plant hormone status and
uptake of nutrient elements, bearing in mind that salt stress causes hormone imbalance [185]
and deficiency of essential elements [186]; (2) modulating the production of reactive oxygen
species (ROSs) such as O, (superoxide), produced as a result of inhibition of photosynthetic
activity [187]. All these negative impacts of salt stress can be alleviated by: (a) increasing
the activity of 1-aminocyclopropane-1-carboxylic acid (ACC)-deaminase (this enzyme reduces
plant inhibitors), (b) increasing phosphate solubilization, (c) increasing nitrogen fixation [188],
(d) producing indole-3-acetic acid (IAA) [189], abscisic acid (ABA), siderophores, and volatiles,
and (e) increasing the production of compatible solutes to ease the negative impact of the
osmotic stress of salinity [190]. Other roles might be involved and need to be explored.

Biological approaches have emerged over the last decade to solve many problems
of pollution in soil and water. These approaches have been considered environmentally
friendly solutions for many problems facing the ecosystem and human life in health, agri-
culture, and economy. The basics of such approaches have come from the following facts:
(1) the cooperation between plants and associated microorganisms to solve problems of
many environmental stresses has been reported and described by many authors [3,31,191],
(2) many mechanisms have been adopted by microorganisms to mitigate harsh abiotic
stresses facing plants in general and crops in particular; the details of these mechanisms
were discussed by [30], (3) horizontal gene transfer (HGT) is possible between microorgan-
isms and plants; this could lead to mutually beneficial activities and boost the ecosystem
to deal with harsh environments [30,192], and (4) modern biotechnology could improve,
develop, and create transgenic microorganisms and plants to deal with polluted and saline
soils and waters [191,193-196].

Therefore, comprehensive efforts are needed to solve the problems facing humanity
regarding today’s environmental stresses and climate changes [8], as follows.

(1) Salinity problems: The selection of native plants able to regulate particular toxic
ions has been considered as a new trend to desalinize soils. This subject is being
investigated and surely needs biotechnological efforts in the coming years. Moreover,
additional serious work is needed to find and recognize the microbial species that
can boost native plants to alleviate salt stress in Sabkhas and saline patches. Some
evidence was presented that some Bacilli species, adjacent to, or associated with,
some halophytes, are promising in increasing the ability to accumulate Na* ions and
improving phytoextraction capacity during the restoration of saline lands.

(2) Heavy metal pollution: Many halophytes proved efficient in resisting heavy metals by
avoidance and tolerance mechanisms. Further investigations are needed to identify
more native plants that are able to select particular heavy metals from polluted soils at
either oil or gas fields. Regarding As and Hg metals, at least four halophytes proved
efficient to accumulate As and Hg in gas fields; these are: Cyperus spp., Juncus rigidus,
Polypogon monspeliensis, and Salicornia europaea. Therefore, more studies are needed to
identify some microbes that might help in increasing the capacity of native plants to
accumulate these heavy metals. Moreover, other halophytes with their endophytes
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were reported to accumulate heavy metals, and adopting modern technology might
help in increasing their capacity to deal with heavy metals in polluted soils.

(38) Organic and petroleum hydrocarbon pollution: Recent studies have shown many vital
roles of some bacterial endophytes in the bioremediation (detoxification) of pollutants
(organic and inorganic), plant litter, and other volatile compounds. For example,
Singh et al. [184] have suggested that endophytes adapt, assemble, and colonize to
promote plant growth by producing plant growth-promoting enzymes, making the
host plants resistant to various environmental conditions. These enzymes include
hydrolases, oxidoreductases, oxygenase, and peroxidases. These enzymes proved
efficient in the degradation of pollutants [197].

7. Conclusions

Great pressures are placed on the social life and prosperity of people around the
globe because of increasing pollution, climate change, desertification, high salinity, and
health problems. These issues motivate research centers and decision-makers to find
solutions for all these outstanding problems. Thus, scientists and research students in Qatar
should be aware of the pollution issues caused by the expansion in industrial activities
that let heavy metals and petroleum hydrocarbons accumulate in agricultural lands. One
contemporary and innovative approach that could promise to solve all these problems
by phytoremediation of polluted soils and waters has recently emerged using halophytes
and their associated endophytes. Such microorganisms (bacteria and fungi) may provide
support for the ability of these plants to cope with challenges. Moreover, such biological
approaches are environmentally friendly and have proven to be efficient and sustainable.
Halophytes and their endophytes could be promising candidates for phytoremediation of
soils and waters polluted with industrial wastewater IWW) in the Arabian Gulf region.
Adopting modern techniques and necessary measures is required so as to conduct serious
steps in securing benefits from lands after ridding them of contaminants of various kinds.
Finally, the biological approach and biotechnology are promising strategies to achieve these
objectives. Moreover, an active monitoring system should concentrate on the recycling of
plant materials used in phytoremediation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants11111497/s1, Figure S1: Diagrams showing the structures
of a salt gland on leaf surface of Tamarix spp. (A), and of a salt bladder on the leaf surface of
Atriplex spp. (B), Figure S2: Extra chloride ions are excluded to the sheathes of Mexican wheat
plants (A: Cajeme, B: Yecora) under NaCl salinity; as exclusion mechanism to avoid its accumulation
inside the active metabolic tissues, Figure S3: Much of Na+ ions are retained in roots and sheaths
in Cajeme cultivar (salt tolerant cultivars) (A), while Yecora cultivar (salt sensitive cultivar) failed
to do so (B); as part of physiological mechanism to avoid its accumulation in organs carrying little
metabolic functions [42], Figure S4: The Arthrocnemum meridionale community lives with the
parasite Cistanche phelypaea, Figure S5: Tamarix plants thrive in saline soils and polluted wetlands.

Author Contributions: Both authors contributed equally to this work. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Acknowledgments: The authors would like to thank the University of Qatar for the support of
academic works, and the Environmental Studies Centers (ESC) for the use some of its publications.
Thanks are due to Ekhlas M. Abdel-Bari, Environmental Studies Center, Qatar University for provid-
ing of some halophyte plants from the Qatari habitats. Thanks are due to Nada Abbara for drawing
Figures 1 and 3 and organizing the graphic abstract (GA) of this article.

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

70



Plants 2022, 11, 1497

References

1. Epstein, E.; Norlyn, ].D.; Rush, D.W.; Kingsbury, R.W.; Kelley, D.B.; Cunningham, G.A.; Wrona, A F. Saline culture of crops: A
genetic approach. Science 1980, 210, 399-404. [CrossRef]

2. Valipour, M.; Krasilnikof, J.; Yannopoulos, S.; Kumar, R.; Deng, J.; Roccaro, P.; Mays, L.; Grismer, M.E.; Angelakis, A.N. The
evolution of agricultural drainage from the earliest times to the present. Sustainability 2020, 12, 416. [CrossRef]

3. Yasseen, B.T.; Al-Thani, R.F. Ecophysiology of Wild Plants and Conservation Perspectives in the State of Qatar. Agric. Chem. 2013,
10, 55305. [CrossRef]

4. Qadir, M,; Tubeileh, A.; Akhtar, J.; Larbi, A.; Minhas, P.S.; Khan, M.A. Productivity enhancement of salt-affected environments
through crop diversification. Land Degrad. Dev. 2008, 19, 429-453. [CrossRef]

5. Flowers, T].; Galal, HK.; Bromham, L. Evolution of halophytes: Multiple origins of salt tolerance in land plants. Funct. Plant Biol.
2010, 37, 604—-612. [CrossRef]

6. Koyro, H.-W,; Hussain, T.; Huchzermeyer, B.; Ajmal Khan, M. Photosynthetic and growth responses of a perennial halophytic
grass Panicum turgidum to increasing NaCl concentrations. Environ. Exp. Bot. 2013, 91, 22-29. [CrossRef]

7. Karakas, S.; Dikilitas, M.; Tipirdamaz, R. Phytoremediation of Salt-Affected Soils Using Halophytes. In Handbook of Halophytes;
Grigore, M.N., Ed.; Springer: Cham, Switzerland, 2021. [CrossRef]

8. Suganya, K.; Poornima, R.; Selvaraj, P.S.; Parameswari, E.; Kalaiselvi, P. The potential of halophytes in managing soil salinity and
mitigating climate change for environmental sustainability. Environ. Conserv. J. 2021, 22, 103-110. [CrossRef]

9. Al-Thani, R.E; Yasseen, B.T. Phytoremediation of polluted soils and waters by native Qatari plants: Future perspectives. Environ.
Pollut. 2020, 259, 13694. [CrossRef]

10. Rabhi, M.; Karray-Bouraoui, N.; Medini, R.; Attia, H.; Athar, H.-u.-R.; Abdelly, C.; Smaoui, A. Seasonal variations in phytodesali-
nation capacity of two perennial halophytes in their natural biotope. J. Biol. Res. Thessaloniki. 2010, 14, 181-189.

11.  Montesinos, E. Plant-associated microorganisms: A view from the scope of microbiology. Int. Microbiol. 2003, 6, 221-223.
[CrossRef]

12.  Ghazanfar, S.A.; Boer, B.; Al Khulaidi, A.W.; El-Keblawy, A.; Alateeqi, S. Plants of Sabkha Ecosystems of the Arabian Peninsula.
Chapter 5. In Sabkha Ecosystems, Tasks for Vegetation Science; Gul, B., Boer, B., Khan, M., Cliisener-Godt, M., Hameed, A., Eds.;
Springer: Cham, Switzerland, 2019; Volume 49, pp. 55-80. [CrossRef]

13.  Abdel-Bari, E.M. The Flora of Qatar, The Dicotyledons, The Monocotyledons; Environmental Studies Centre, Qatar University: Doha,
Qatar, 2012; Volumes 1, 2.

14. Abdel-Bari, E.M.; Yasseen, B.T.; Al-Thani, R.E. Halophytes in the State of Qatar; Environmental Studies Center, University of Qatar:
Doha, Qatar, 2007; ISBN 99921-52-98-2.

15.  Yasseen, B.T. Traits of wild plants in Qatar peninsula and research perspectives. J. Biol. Nat. 2016, 5, 52-66.

16. Larcher, W. Physiological Plant Ecology: Eco-Physiology and Stress Physiology of Functional Groups, 4th ed.; Springer: Berlin,
Germany, 2003.

17. Agarie, S.; Shimoda, T.; Shimizu, Y.; Baumann, K.; Sunagawa, H.; Kondo, A.; Ueno, O.; Nakahara, T.; Nose, A.; Cushman,
J.C. Salt tolerance, salt accumulation and ionic homeostasis in an epidermal bladder-cell-less mutant of the common ice plant
Mesembryanthemum crystallinum. J. Exper. Bot. 2007, 58, 1957-1967. [CrossRef]

18. Aslam, R; Bostan, N.; Amen, N.-E.; Maria, M.; Safdar, W.A. Critical review on halophytes: Salt tolerant plants. |. Med. Plants Res.
2011, 5, 7108-7118.

19. Longstreth, D.J.; Nobel, P.S. Salinity effects on leaf anatomy: Consequences for photosynthesis. Plant Physiol. 1979, 63, 700-703.
[CrossRef]

20. Abulfatih, H.A.; Abdel Bari, E.M.; Alsubaey, A.; Ibrahim, Y.M. Halophytes and Soil Salinity in Qatar. Qatar Univ. Sci. J. 2002, 22,
119-135.

21. Flowers, T.].; Yeo, A.R. Ion relations of plants under drought and salinity. Aust. J. Plant Physiol. 1986, 13, 75-91. [CrossRef]

22. Yasseen, B.T.; Abu-Al-Basal, M.A. Ecophysiology of Limonium axillare and Avicennia marina from the Coastline of Arabian
Gulf-Qatar. J. Coast. Conserv. Plan. Manag. 2008, 12, 35-42. [CrossRef]

23. Paleg, L.G.; Aspinall, D. The Physiology and Biochemistry of Drought Resistance in Plants; Academic Press: Sydney, Australia; New
York, NY, USA; London, UK, 1981.

24. Youssef, A.M.; Hassanein, R.A.; Hassanein, A.A.; Morsy, A.A. Changes in quaternary ammonium compounds, proline and
protein profiles of certain halophytic plants under different habitat conditions. Pak. |. Biol. Sci. 2003, 6, 867-882. [CrossRef]

25. Ashraf, M.; Foolad, M.R. Roles of glycinebetaine and proline in improving plant abiotic resistance. Environ. Exp. Bot. 2007, 59,
206-216. [CrossRef]

26. Yasseen, B.T.; Al-Thani, R.F.; Alhadi, FA.; Abbas, R.A.A. Soluble sugars in plants under stress at the Arabian Gulf region: Possible
roles of microorganisms. J. Plant Biochem. Physiol. 2018, 6, 224. [CrossRef]

27. Wyn Jones, R.G.; Storey, R. Betaines. In Physiology and Biochemistry of Drought Resistance in Plants; Paleg, L.G., Aspinall, D., Eds.;
Academic Press: Sydney, Australia, 1981; pp. 171-204.

28.  Ohnishi, N.; Murata, N. Glycinebetaine counteracts the inhibitory effects of salt stress on the degradation and synthesis of D1
protein during photoinhibition in Synechococcus sp. PCC 7942. Plant Physiol. 2006, 141, 758-765. [CrossRef]

29. Trovato, M.; Mattioli, R.; Costantino, P. Multiple roles of proline in plant stress tolerance and development. Rend. Lincei. 2008, 19,

325-346. [CrossRef]

71



Plants 2022, 11, 1497

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Al-Thani, R.E; Yasseen, B.T. Solutes in native plants in the Arabian Gulf region and the role of microorganisms: Future research. J.
Plant Ecol. 2018, 11, 671-684. [CrossRef]

Al-Thani, R.F,; Yasseen, B.T. Perspectives of future water sources in Qatar by phytoremediation: Biodiversity at ponds and
modern approach. Int. |. Phytoremediat. 2021, 23, 866-889. [CrossRef]

Korphage, M.L.; Langhus, B.G.; Campbell, S. Technical Report: Project Final Report, Remediation of Leon Water Flood, Butler County, Kansas.
Kansas Corporation Commission, Wichita, Kansas, USA; Kansas Corporation Commission, Oil and Gas Division; ALL Consulting; Kansas
Biological Survey. 2003. Available online: www.osti.gov/servlets/purl/819317 (accessed on 1 September 2021).

Khalafallah, A.A.; Geneid, Y.A.; Shaetaey, S.A.; Shaaban, B. Responses of the seagrass Halodule uninervis (Forssk.) Aschers.to
hypersaline conditions. Egypt. |. Aquat. Res. 2013, 39, 167-176. [CrossRef]

Alavi, N.; Parseh, I.; Ahmadi, M.; Jafarzadeh, N.; Yari, A.R.; Chehrazi, M.; Chorom, M. Phytoremediation of total petroleum
hydrocarbons (TPHs) from highly saline and clay soil using Sorghum halepenes (L.). pers. and Aeluropus littoralis (Guna) Parl. Soil
Sedim. Contam. 2017, 26, 127-140. [CrossRef]

Yan, A.; Wang, Y,; Tan, S.N.; Yusof, M.L.M.; Ghosh, S.; Chen, Z. Phytoremediation: A promising approach for revegetation of
heavy metal-polluted land. Front. Plant Sci. 2020, 11, 359. [CrossRef]

Ajmal Khan, M.; Gul, B. Arthrocnemum macrostachyum: A potential case for agriculture using above seawater salinity. In Prospects
for Saline Agriculture. Tasks for Vegetation Science; Ahmad, R., Malik, K.A., Eds.; Springer: Dordrecht, The Nederlands, 2002;
Volume 37. [CrossRef]

Liang, L.; Liu, W.; Sun, Y.; Huo, X; Li, S.; Zhou, Q. Phytoremediation of heavy metal contaminated saline soils using halophytes:
Current progress and future perspectives. Environ. Rev. 2017, 25, 269-281. [CrossRef]

Shrivastava, P.; Kumar, R. Soil salinity: A serious environmental issue and plant growth promoting bacteria as one of the tools for
its alleviation. Saudi J. Biol. Sci. 2015, 22, 123-131. [CrossRef]

Hasanuzzaman, M.; Nahar, K.; Alam, M.M.; Bhowmik, P.C.; Hossain, M.A.; Rahman, M.M.; Prasad, M.N.V,; Ozturk, M.; Fujita, M.
Potential use of halophytes to remediate saline soils. BioMed Res. Int. 2014, 2014, 589341. [CrossRef]

Caparro6s, P.G.; Ozturk, M.; Gul, A.; Batool, T.S.; Pirasteh-Anosheh, H.; Unal, B.T.; Altay, V.; Toderich, K.N. Halophytes have
potential as heavy metal phytoremediators: A comprehensive review. Environ. Exp. Bot. 2022, 193, 104666. [CrossRef]

Aljuburi, H.J.; Al-Masry, H.H. Effects of salinity and indole acetic acid on growth and mineral content of date palm seedlings.
Fruits 2000, 55, 315-323.

Yasseen, B.T. An Analysis of the Effects of Salinity on Leaf Growth in Mexican Wheats. Ph.D. Thesis, The University of Leeds,
Leeds, UK, 1983.

Gairola, S.; Bhatt, A.; El-Keblawy, A.A. Perspective on potential use of halophytes for reclamation of salt-affected lands. Wulfenia
J. 2015, 22, 88-97.

Lew, D. Mechanism of Salt Tolerance in Glycophytes and Halophytes. In Plant Adaptation; 2019. Available online: www.
drdarrinlew.us/plant-adaptation/ mechanism-of-salt-tolerance-in-glycophytes-and-halophytes.html (accessed on 1 June 2021).
Al-Easa, H.S.; Risk, A.M.; Abdel-Bari, E.M. Chemical Constituents and Nutritive Values of Range Plants in Qatar; Qatar University,
Scientific & Applied Research Centre, The Doha Modern Printing Press Ltd.: Doha, Qatar, 2003; p. 746. ISBN 99921-52-59-1.
Gulzar, S.; Ajmal Khan, M.; Ungar, I A. Effects of salinity on growth, ionic content and plant—water status of Aeluropus lagopoides.
Commun. Soil Sci. Plant Analy. 2003, 34, 1657-1668. [CrossRef]

Barhoumi, Z.; Djebali, W.; Abdelly, C.; Chaibi, W.; Smaoui, A. Ultrastructure of Aeluropus littoralis leaf salt glands under NaCl
stress. Protoplasma 2008, 233, 195-202. [CrossRef]

Yasseen, B.T.; Al-Thani, R.F. Halophytes and associated properties of natural soils in the Doha area, Qatar. AEHMS 2007, 10,
320-326. [CrossRef]

El-Keblawy, A.; Gairola, S.; Bhatt, A. Maternal salinity environment affects salt tolerance during germination in Anabasis setifera:
A facultative desert halophyte. J. Arid Land. 2016, 8, 254-263. [CrossRef]

Ajmal Khan, M.; Ungar, I.A.; Showalter, A.M. Salt stimulation and tolerance in an intertidal stem-succulent halophyte. J. Plant
Nutr. 2005, 28, 1365-1374. [CrossRef]

Mann, E.; Rutter, A.; Zeeb, B. Evaluating the efficacy of Atriplex spp. in the phytoextraction of road salt (NaCl) from contaminated
soil. Environ. Pollut. 2020, 265, 11496. [CrossRef]

Zouhaier, B.; Hussain, A.A.; Saleh, K.A. Traits allowing Avicennia marina propagules to overcome seawater salinity. Flora 2018,
242,16-21. [CrossRef]

Kulya, J.; Lontom, W.; Bunnag, S.; Theerakulpisut, P. Cleome gynandra L. (C4 plant) shows higher tolerance of salt stress than its Cs close
relative, C. viscosa L. AAB Bioflux 2011, 3, 59-66. Available online: http:/ /www.aab.bioflux.com.ro (accessed on 14 January 2022).
Etemadi, N.; Miiller, M.; Etemadi, M.; Brandon, M.G.; Ascher-Jenull, J.; Insam, H. Salt tolerance of Cressa cretica and its rhizosphere
microbiota. Biologia 2020, 75, 355-366. [CrossRef]

Mumtaz, S.; Saleem, M.H.; Hameed, M.; Batool, F; Parveen, A.; Amjad, S.F.; Mahmood, A.; Arfan, M.; Ahmed, S.; Yasmin, H,;
et al. Anatomical adaptations and ionic homeostasis in aquatic halophyte Cyperus laevigatus L. Under high salinities. Saudi J. Biol.
Sci. 2021, 28, 2655-2666. [CrossRef]

Bueno, M.; Lendinez, M.L.; Calero, J.; Cordovilla, M.P. Salinity responses of three halophytes from inland saltmarshes of Jaén
(southern Spain). Flora 2020, 266, 151589. [CrossRef]

72



Plants 2022, 11, 1497

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.
69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.
84.

85.
86.

87.

Trofimova, T.A.; Hossain, A.; da Silva, J.A.T. The ability of medical halophytes to phytoremediate soil contaminated by salt and
heavy metals in Lower Volga, Russia. Asian Australas. ]. Plant Sci. Biotech. 2012, 6, 108-114.

Al-Arbash, A.; Al-Bader, D.; Suleman, P. Structural and biochemical responses of the seagrass Halodule uninervis to changes in
salinity in Kuwait Bay, Doha area. Kuwait J. Sci. 2016, 43, 131-142.

Youssef, A.M. Salt tolerance mechanisms in some halophytes from Saudi Arabia and Egypt. Res. . Agric. Biol. Sci. 2009, 5,
191-206.

Sharma, R.; Wungrampha, S.; Singh, V.; Pareek, A.; Sharma, M.K. Halophytes as bioenergy crops. Front. Plant Sci. 2016, 7, 1372.
[CrossRef]

Ajmal Khan, M.; Ungar, I.; Showalter, A. Effects of sodium chloride treatments on growth and ion accumulation of the halophyte
Haloxylon recurvum. Comm. Soil Sci. Plant Anal. 2000, 31, 2763-2774. [CrossRef]

Devi, S.; Rani, C.; Datta, K.S.; Bishoni, S.K.; Mahala, S.C.; Angrish, R. Phytoremediation of soil salinity using salt hyperaccumulator
plants. Indian J. Plant Physiol. 2008, 13, 347-356.

Syranidou, E.; Christofilopoulos, S.; Kalogerakis, N. Juncus spp.—The helophyte for all (phyto) remediation purposes? New
Biotech. 2017, 38, 43-55. [CrossRef] [PubMed]

Alhaddad, FA.; Abu-Dieyeh, M.H.; Elazazi, E.M.; Ahmed, T. Salt tolerance of selected halophytes at the two initial growth stages
for future management options. Sci. Rep. 2021, 11, 10194. [CrossRef]

Ouni, Y.; Mateos-Naranjo, E.; Abdelly, C.; Lakhdar, A. Interactive effect of salinity and zinc stress on growth and photosynthetic
responses of the perennial grass, Polypogon monspeliensis. Ecol. Eng. 2016, 95, 171-179. [CrossRef]

Katschnig, D.; Broekman, R.; Rozema, ]. Salt tolerance in the halophyte Salicornia dolichostachya moss: Growth, morphology and
physiology. Environ. Exper. Bot. 2013, 92, 32-42. [CrossRef]

Farzi, A.; Borghei, S.M.; Vossoughi, M. The use of halophytic plants for salt phytoremediation in constructed wetlands. Int. J.
Phytoremediat. 2017, 19, 643-650. [CrossRef]

Hadi, M.R. Biotechnological potentials of Seidlitzia rosmarinus: A mini review. Afr. ]. Biotech. 2009, 8, 2429-2431.

Naidoo, G.; Naidoo, Y. Salt tolerance in Sporobolus virginicus: The importance of ion relations and salt secretion. Flora 1998, 193,
337-344. [CrossRef]

Mishra, N.K,; Sangwan, A. Phytoremediation of salt-affected soils: A review of processes, applicability, and the impact on soil health in
Hisar. Haryana. Int. ]. Engin. Sci. Inven. Res. Dev. 2016, 2. Available online: www.ijesird.com (accessed on 11 March 2021).
Weragodavidana, P.S.B. Salt Gland Excretion Efficiency and Salinity Tolerance of Sporobolus Species. Master’s Thesis, United Arab
Emirates University, College of Science, Department of Biology, Al Ain, United Arab Emirates, 2016.

Ravindran, K.C.; Venkatesan, K.; Balakrishnan, V.; Chellappan, K.P,; Balasubramanian, T. Restoration of saline land by halophytes
for Indian soils. Soil Biol. Biochem. 2007, 39, 2661-2664. [CrossRef]

Imada, S.; Acharya, K; Li, Y.-p.; Taniguchi, T.; Iwanaga, E; Yamamoto, F.; Yamanaka, N. Salt dynamics in Tamarix ramosissima in
the lower Virgin River floodplain, Nevada. Trees 2013, 27, 949-958. [CrossRef]

Wang, X.; Sun, R.; Tian, Y.; Guo, K.; Sun, H.; Liu, X.; Chu, H.; Liu, B. Long-term phytoremediation of coastal saline soil reveals
plant species-specific patterns of microbial community recruitment. mSystem 2020, 5, e€00741-19. [CrossRef] [PubMed]

Tariq, M.; Ageel, AM,; al-Yahya, M.A.; Mossa, ].S.; al-Said, M.S. Anti-inflammatory activity of Teucrium polium. Int. ]. Tissue React.
1989, 11, 185-188. [PubMed]

Sun, Y.; Wang, Q.; Lu, X.D.; Okane, I.; Kakishima, M. Endophytic fungi associated with two Suaeda species growing in alkaline
soil in China. Mycosphere 2011, 2, 239-248.

Yasseen, B.T.; Jurjees, ].A.; Dawoud, H.S. Response of sugar beet leaf growth and its ionic composition to sodium chloride. J.
Agric. Water Reso. Res. 1988, 7, 47-59.

Flowers, T.].; Lauchli, A. Sodium versus potassium: Substitution and compartmentation. In Inorganic Plant Nutrition; Lauchli, A.,
Bieleski, R.L., Eds.; Springer: Berlin, Germany, 1983; Volume 15, pp. 651-681.

Leigh, R.A.; Wyn Jones, R.G. A hypothesis relating critical potassium concentrations for growth to the distribution and functions
of this ion in the plant cell. New Phytol. 1984, 97, 1-13. [CrossRef]

Blackwood, G.C.; Miflin, B.]. The effects of salt on NADH malate dehydrogenase activity in maize and barley. Plant Sci. Lett. 1976,
7,435-446. [CrossRef]

Abu-Al-Basal, M.A.; Yasseen, B.T. Changes in growth variables and potassium content in leaves of black barley in response to
NaCl. Braz. ]. Plant Physiol. 2009, 21, 261-270. [CrossRef]

Schachtman, D.; Liu, W. Molecular pieces to the puzzle of the interaction between potassium and sodium uptake in plants. Trends
Plant Sci. 1999, 4, 281-287. [CrossRef]

Shabala, S.; Cuin, T.A. Potassium transport and plant salt tolerance. Physiol. Plant. 2007, 133, 651-669. [CrossRef]

Jeschke, W.D. Net K*—Na* exchange across the plasmalemma of meristematic root tissues. Z. Pflanzenphysiol. Bd. 1979, 94,
325-330. [CrossRef]

Teaster, M.; Davenport, R. Na* tolerance and Na* transport in higher plants. Ann. Bot. 2003, 91, 503-527. [CrossRef] [PubMed]
Rubio, F; Gassmann, W.; Schroeder, J.I. Sodium-driven potassium uptake by the plant potassium transporter HKT1 and mutations
conferring salt tolerance. Science 1995, 270, 1660-1663. [CrossRef] [PubMed]

Matoh, T.; Watanabe, J.; Takahashi, E. Effects of sodium and potassium salts on the growth of a halophyte Atriplex gmelina. Soil
Sci. Plant Nutr. 1986, 32, 451-459. [CrossRef]

73



Plants 2022, 11, 1497

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Kotula, L.; Garcia Caparros, P.; Zérb, C.; Colmer, T.D.; Flowers, T.]. Improving crop salt tolerance using transgenic approaches:
An update and physiological analysis. Plant Cell Environ. 2020, 43, 2932-2956. [CrossRef]

Wang, H.-L.; Tian, C.-Y,; Jiang, L.; Wang, L. Remediation of heavy metals contaminated saline soils: A halophyte choice? Environ.
Sci. Technol. 2014, 48, 21-22. [CrossRef]

Osuji, L.C.; Onojake, C.M. Trace heavy metals associated with crude oil: A case study of Ebocha-8 oil-spill-polluted site in Niger
Delta, Nigeria. Chem. Biodivers. 2004, 1, 1708-1715. [CrossRef]

Al-Sulaiti, M.Y.; Al-Shaikh, .M.; Yasseen, B.; Ashraf, S.; Hassan, H.M. Ability of Qatar’s native plant species to phytoremediate
industrial wastewater in an engineered wetland treatment system for beneficial water re-use. In Qatar Foundation Annual Research
Forum Proceedings; Hamad bin Khalifa University Press (HBKU Press): Doha, Qatar, 2013; Volume 2013, p. EEO 010. [CrossRef]
Yasseen, B.T. Phytoremediation of industrial wastewater from oil and gas fields using native plants: The research perspectives in
the State of Qatar. Cent. Eur. |. Exp. Biol. 2014, 3, 6-23.

Al-Khateeb, S.A.; Leilah, A.A. Heavy metals accumulation in the natural vegetation of eastern province of Saudi Arabia. J. Biol.
Sci. 2005, 5, 707-712.

Rezvani, M.; Zaefarian, F. Bioaccumulation and translocation factors of cadmium and lead in Aeluropus littoralis. Aust. J. Agric.
Eng. 2011, 2, 114-119.

Rafiee, M.; Rad, M.].; Afshari, A. Bioaccumulation and translocation factors of petroleum hydrocarbons in Aeluropus littoralis.
Environ. Health Engin. Manag. ]. 2017, 4, 131-136. [CrossRef]

Redondo-Gémez, S.; Mateos-Naranjo, E.; Andrades-Moreno, L. Accumulation and tolerance characteristics of cadmium in a
halophytic Cd-hyperaccumulator, Arthrocnemum macrostachyum. |. Hazard. Mater. 2010, 184, 299-307. [CrossRef] [PubMed]
Navarro-Torre, S.; Mateos-Naranjo, E.; Caviedes, M.A.; Pajuelo, E.; Rodriguez-Llorente, I.D. Isolation of plant-growth-promoting
and metal-resistant cultivable bacteria from Arthrocnemum macrostachyum in the Odiel marshes with potential use in phytoremedi-
ation. Mar. Pollut. Bull. 2016, 110, 133-142. [CrossRef] [PubMed]

Youghly, N.A.; Taher, H.S.; Youssef, H.H.; Elbous, M.M.; Fayez, M.; Hegazi, N.A.; El-Bana, M.I. Assessment of heavy metal
contamination and tolerant bacteria associated with halophyte Arthrocnemum Macrostachyum in Lake Manzala, Egypt. Alfarama J.
Basic Appl. Sci. 2021, 2, 263-284. [CrossRef]

Lutts, S.; Lefevre, I; Delpérée, C.; Kivits, S.; Dechamps, C.; Robledo, A.; Correal, E. Heavy metal accumulation by the halophyte
species Mediterranean Saltbush. J. Environ. Qual. 2004, 33, 1271-1279. [CrossRef] [PubMed]

Moreira, I.T.A.; Oliveira, O.M.C,; Triguis, J.A.; Queiroz, A.ES.; Ferreira, S.L.C.; Martins, C.M.S,; Silva, A.C.M.; Falcao, B.A. Phy-
toremediation in mangrove sediments impacted by persistent total petroleum hydrocarbons (TPH’s) using Avicennia schaueriana.
Mar. Pollut. Bull. 2013, 67, 130-136. [CrossRef]

Toledo-Bruno, A.G.L; Aribal, L.G.; Lustria, M.G.M.; Rico, A.; Marin, R.A. Phytoremediation potential of mangrove species at
Pangasihan Mangrove Forest reserve in Mindanao, Philippines. J. Biodivers. Environ. Sci. 2016, 9, 142-149.

He, J.; Strezov, J.V.; Kumar, R.; Weldekidan, H.; Jahan, S.; Dastjerdi, B.H.; Zhou, X.; Kan, T. Pyrolysis of heavy metal contaminated
Avicennia marina biomass from phytoremediation: Characterisation of biomass and pyrolysis products. J. Clean. Prod. 2019, 234,
1235-1245. [CrossRef]

Haribabu, T.E.; Sudha, P.N. Effect of heavy metals copper and cadmium exposure on the antioxidant properties of the plant
Cleome gynandra. Int. J. Plant Environ. Sci. 2011, 1, 80-87.

Abdul Latiff, A.A.; Abd Karim, A.T.; Ahmad, A.S.; Ridzuan, M.B.; Hung, Y.-T. Phytoremediation of metals in industrial sludge by
Cyperus Kyllingia-Rasiga, Asystassia Intrusa and Scindapsus Pictus Var. Argyaeus plant species. Int. J. Integ. Eng. 2012, 4, 1-8.

Badr, N.; Fawzy, M.; Al-Qahtani, K.M. Phytoremediation: An ecological solution to heavy metal-polluted soil and evaluation of
plant removal ability. World Appl. Sci. ]. 2012, 16, 1292-1301.

Chayapan, P.; Kruatrachue, M.; Meetam, M.; Pokethitiyook, P. Phytoremediation potential of Cd and Zn by wetland plants,
Colocasia esculenta L. Schott., Cyperus malaccensis Lam. and Typha angustifolia L., grown in hydroponics. J. Environ. Biol. 2015, 36,
1179-1183. [PubMed]

Perez, A.; Martinaz, D.; Barraza, Z.; Marrugo-Negrete, J.L. Endophytic bacteria associated to genus Cyperus and Paspalum in soils
with mercury contamination. Rev. UDCA Actual. Divulg. Cientifica 2016, 19, 67-76.

Galfati, L; Bilal, E.; Beji Sassi, A.; Abdallah, H.; Zaier, A. Accumulation of heavy metals in native plants growing near the
phosphate treatment industry, Tunisia. Carpathian J. Earth Environ. Sci. 2011, 6, 85-100.

Badr, N.; Faraj, M.; Mohamed, A.; Alshelmani, N.; El-Kailany, R.; Bobtana, F. Evaluation of the phytoremediation performance of
Hammada scoparia and Halocnemum Strobilaceum for Cu, Fe, Zn and Cr accumulation from the industrial area in Benghazi, Libya. J.
Med. Chem. Sci. 2020, 3, 138-144.

Bobtana, F; Elabbar, F; Bader, N. Evaluation of Halocnemum Strobilaceum and Hammada Scoparia plants performance for contami-
nated soil phytoremediation. J. Medic. Chem. Sci. 2019, 3, 126-129.

Durako, M.J.; Kenworthy, W.J.; Fatemy, S.M.R.; Valavi, H.; Thayer, G.W. Assessment of the toxicity of Kuwait crude oil on the
photosynthesis and respiration of seagrasses of the northern Gulf. Mar. Pollut. Bull. 1993, 27, 223-227. [CrossRef]

Bu-Olayan, A.H.; Thomas, B.V. Accumulation and translocation of trace metals in Halodule uninervis, in the Kuwait coast. Biosci.
Biotechnol. Res. Asia 2010, 7, 25-32.

Mujeeb, A.; Aziz, I.; Ahmed, M.Z.; Alvi, S.K,; Shafiq, S. Comparative assessment of heavy metal accumulation and bio-indication
in coastal dune halophytes. Ecotoxico. Environ. Saf. 2020, 195, 110486. [CrossRef]

74



Plants 2022, 11, 1497

114.

115.

116.

117.

118.

119.

120.
121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.
132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Aurangzeb, N.; Irshad, M.; Hussain, F; Mahmood, Q. Comparing heavy metals accumulation potential in natural vegetation and
soil adjoining wastewater canal. J. Chem. Soc. Pak. 2011, 33, 661-665.

Al-Jaloud, A.A.; Al-Saiady, M.Y.; Assaeed, A.M.; Chaudhary, S.A. Some halophyte plants of Saudi Arabia, their composition and
relation to soil properties. Pak. J. Biol. Sci. 2001, 4, 531-534.

Farzamisepeher, M.; Norouzi Haj Abdal, F.; Farajzadeh, M.A. Phytoremdiation potential of Polypogon monspeliensis L. in
remediation of petroleum polluted soils. . Plant Environ. Physiol. 2013, 8, 75-87.

Farzamisepehr, M.; Nourozi, F. Physiological responses of Polypogon monspeliensis L. in petroleum-contaminated soils. Iranian J.
Plant Physiol. 2018, 8, 2391-2401. [CrossRef]

Garcia-Mercado, H.D.; Villagémez, G.E; Garzon-Zuiiga, M.A.; Duran, M.C. Fate of mercury in a terrestial biological lab process
using Polypogon monspeliensis and Cyperus odoratus. Int. ]. Phytoremediat. 2019, 21, 1-9. [CrossRef] [PubMed]

Samreen, S.; Khan, A.A.; Khan, M.R,; Ansari, S.A.; Khan, A. Assessment of phytoremediation potential of seven weed plants
growing in chromium- and nickel-contaminated soil. Water Air Soil Pollut. 2021, 232, 209. [CrossRef]

Polypogon. Available online: https:/ /en.wikipedia.org/wiki/Polypogon (accessed on 14 June 2021).

Song, U.; Hong, J.E.; An, ].H.; Chung, ].S.; Moon, ].W.; Lim, ].H.; Lee, E.J. Heavy metal accumulation in halophyte Salicornia
europaea and salt marsh in west-coast of Korea. J. Environ. Sci. 2011, 20, 483-491.

Khalilzadeh, R.; Pirzad, A ; Sepehr, E.; Khan, S.; Anwar, S. The Salicornia europaea potential for phytoremediation of heavy metals
in the soils under different times of wastewater irrigation in northwestern Iran. Environ. Sci. Pollut. Res. 2021, 28, 47605-47618.
[CrossRef]

Dragovic, R.; Zlatkovic, B.; Dragovic, S.; Petrovic, J.; Mandic, L.T. Accumulation of heavy metals in different parts of Russian
thistle (Salsola tragus, chenopodiaceae), a potential hyperaccumulator plant species. Biol. Nyssana 2014, 5, 83-90.

Centofanti, T.; Bafiuelos, G. Evaluation of the halophyte Salsola soda as an alternative crop for saline soils high in selenium and
boron. J. Environ. Mang. 2015, 157, 96-102. [CrossRef]

Zhang, X.; Li, M.; Yang, H.; Li, X.; Cui, Z. Physiological responses of Suaeda glauca and Arabidopsis thaliana in phytoremediation of
heavy metals. . Environ. Manag. 2018, 223, 132-139. [CrossRef]

Al-Taisan, W.A. Suitability of using Phragmites australis and Tamarix aphylla as vegetation filters in industrial areas. Am. J. Environ.
Sci. 2009, 5, 740-747. [CrossRef]

Betancur-Galvis, L.A.; Carrillo, H.; Luna-Guido, M.; Marsch, R.; Dendooven, L. Enhanced dissipation of polycyclic aromatic
hydrocarbons in the rhizosphere of the Athel Tamarisk (Tamarix Aphylla L. Karst.) grown in saline-alkaline soils of the former lake
Texcoco. Int. ]. Phytoremediat. 2012, 14, 741-753. [CrossRef] [PubMed]

Suska-Malawska, M.; Sulwinski, M.; Wilk, M.; Otarov, A.; Metrak, M. Potential eolian dust contribution to accumulation of
selected heavy metals and rare earth elements in the aboveground biomass of Tamarix spp. from saline soils in Kazakhstan.
Environ. Monit. Assess. 2019, 191, 57. [CrossRef] [PubMed]

Usman, K.; Al-Ghouti, M.A.; Abu-Dieyeh, M.H. The assessment of cadmium, chromium, copper and nickel tolerance and
bioaccumulation by shrub plant Tetraena qatarensis. Sci. Rep. 2019, 9, 5658. [CrossRef] [PubMed]

Yaman, M. Teucrium as a novel discovered hyperaccumulator for the phytoextraction of Ni-contaminated soils. Ekoloji 2014, 23,
81-89. [CrossRef]

Taiz, L.; Zeiger, E. Plant Physiology, 5th ed.; Sinauer Associates Inc.: Sunderland, MA, USA, 2010; pp. 305-342.

Al-Shalchi, W. Determination of Traces in Natural Gas; Baghdad. 2005. Available online: http://www.scribd.com/doc/3915859/
Determination-of-Traces-in-Natural-Gas (accessed on 14 February 2019).

Molina, J.A.; Oyarzun, R.; Esbri, ].M.; Higueras, P. Mercury accumulation in soils and plants in the Almadén mining district,
Spain: One of the most contaminated sites on Earth. Environ. Geochem. Health. 2006, 28, 487-498. [CrossRef] [PubMed]

Kachout, S.S.; Ben Mansoura, A.; Mechergui, R.; Leclerc, J.C.; Rejeb, M.N.; Ouerghi, Z. Accumulation of Cu, Pb, Ni and Zn in the
halophyte plant Atriplex grown on polluted soil. J. Sci. Food Agric. 2012, 92, 336-342. [CrossRef]

MacFarlane, G.R.; Pulkownik, A.; Burchett, M.D. Accumulation and distribution of heavy metals in the grey mangrove, Avicennia
marina (Forsk.)Vierh.: Biological indication potential. Environ. Pollut. 2003, 123, 139-151. [CrossRef]

Bibi, E,; Strobel, G.A.; Naseer, M.L; Yasir, M.; Al-Ghamdi, A.A.K.; Azhar, E.I. Halophytes-associated endophytic and rhizospheric
bacteria: Diversity, antagonism and metabolite production. Biocon. Sci. Technol. 2018, 28, 192-213. [CrossRef]

Kumari, A.; Sheokand, S.; Dhansu, P.; Kumar, A.; Mann, A.; Kumar, N.; Devi, S.; Rani, B.; Kumar, A.; Meena, B.L. Halophyte
Growth and Physiology Under Metal Toxicity, Chapter 5. In Ecophysiology, Abiotic Stress Responses and Utilization of Halophytes;
Hasanuzzaman, M., Nahar, K., Oztiirk, M., Eds.; Springer Nature Singapore Pte Ltd.: Singapore, 2019. [CrossRef]

Leféevre, I.; Marchal, G.; Meerts, P.; Correal, E.; Lutts, S. Chloride salinity reduces cadmium accumulation by the Mediterranean
halophyte species Atriplex halimus L. Environ. Exp. Bot. 2009, 65, 142-152. [CrossRef]

Glenn, E.P; Brown, J.J.; Blumwald, E. Salt tolerance and crop potential of halophytes. Crit. Rev. Plant Sci. 1999, 18, 227-255.
[CrossRef]

Kadukova, J.; Manousaki, E.; Kalogerakis, N. Pb and Cd accumulation and phytoexcretion by salt cedar (Tamarix smyrnensisBunge).
Int. . Phytoremediation. 2008, 10, 31-46. [CrossRef] [PubMed]

Manousaki, E.; Kalogerakis, N. Halophytes present new opportunities in phytoremediation of heavy metals and saline soils. Ind.
Eng. Chem. Res. 2011, 50, 656-660. [CrossRef]

75



Plants 2022, 11, 1497

142.

143.

144.

145.

146.
147.

148.
149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Manousaki, E.; Kalogerakis, N. Halophytes—An emerging trend in phytoremediation. Int. . Phytoremediation. 2011, 13, 959-969.
[CrossRef] [PubMed]

Al-Thani, R.F; Yasseen, B.T. Biological soil crusts and extremophiles adjacent to native plants at Sabkhas and Rawdahs, Qatar:
The Possible Roles. Front. Environ. Microbiol. 2018, 4, 55-70. [CrossRef]

Khare, E.; Mishra, J.; Arora, N.K. Multifaceted interactions between endophytes and plant: Developments and prospects. Front.
Microbiol. 2018, 9, 2732. [CrossRef] [PubMed]

Ullah, A.; Mushtaq, H.; Ali, U.; Hakim, M.; Ali, E.; Mubeen, S.; Mushtaq, H. Screening, isolation, biochemical and plant growth
promoting characterization of endophytic bacteria. Microbiol. Curr. Res. 2018, 2, 62-68. [CrossRef]

Bacon, C.W.; White, ].F. Microbial Endophytes; Marcel Dekker Inc.: New York, NY, USA, 2000; pp. 341-388.

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]

Frank, A.C.; Guzman, J.P.S.; Shay, ].E. Transmission of bacterial endophytes. Microorganisms 2017, 5, 70. [CrossRef]

Fouda, A.; Hassan, S.E.; Mahgoub, H.; Eid, A.; Ewais, E. Plant growth promoting activities of endophytic bacteria associated with
the halophyte Arthrocnemum macrostachyum (Moric) K. Koch. Plant. N. Egypt. ]. Microbiol. 2018, 49, 123-141.

Yacine, G.; Zamoum, M.; Sabaou, N.; Zitouni, A. Endophytic actinobacteria from native plants of Algerian Sahara: Potential
agents for biocontrol and promotion of plant growth, Chapter 7. In New and Future Developments in Microbial Biotechnology
and Bioengineering. Actinobacteria: Diversity and Biotechnological Applications; Singh, B., Gupta, V., Passari, A., Eds.; Elsevier:
Amsterdam, The Netherlands, 2018; pp. 109-124. [CrossRef]

Berg, G. Plant-microbe interactions promoting plant growth and health: Perspectives for controlled use of microorganisms in
agriculture. Appl. Microbiol. Biotechnol. 2009, 84, 11-18. [CrossRef]

Lucero, M.E.; Unc, A.; Cooke, P.; Dowd, S.; Sun, S. Endophyte microbiome diversity in micropropagated Atriplex canescens and
Atriplex torreyi var griffithsii. PLoS ONE 2011, 6, €17693. [CrossRef] [PubMed]

Baeshen, M.N.; Moussa, T.A.A.; Ahmed, F.; Abdulfaraj, A.A,; Jalal, R.S.; Majeed, M.A.; Baeshen, N.A.; Huelsenbeck, J.P. Diversity
profiling associated bacteria from the soils of stress tolerant plants from seacoast of Jeddah, Saudi Arabia. Appl. Environ. Res.
2020, 18, 8217-8231. [CrossRef]

Al-Thani, R.F; Yasseen, B.T. Halo-thermophilic bacteria and heterocyst cyanobacteria found adjacent to halophytes at Sabkhas —Qatar:
Preliminary study and possible roles. Afr. ]. Microb. Res. 2017, 11, 1346-1354.

Al-Fayyad, H.J. Isolation, Characterization and Identification of Endophytic Microorganisms from Mangrove plants (Avicennia
marina). BIOL 497-Senior Project, (2020-2021). Master’s Dissertation, Biological and Environmental Sciences Department, College
of Arts and Sciences, Qatar University, Doha, Qatar.

Wang, H.F; Li, X.Y,; Gao, R.; Xie, Y.G.; Xiao, M.; Li, Q.L.; Li, W.J. Amycolatopsis anabasis sp. nov., a novel endophytic actinobacterium
isolated from roots of Anabasis elatior. Int. ]. Syst. Evol. Microbiol. 2020, 70, 3391-3398. [CrossRef]

Mora-Ruiz, M.D.R,; Font-Verdera, F.; Orfila, A.; Rita, J.; Rossell6-Moéra, R. Endophytic microbial diversity of the halophyte
Arthrocnemum macrostachyum across plant compartments. FEMS Microbiol. Ecol. 2016, 92, fiw145. [CrossRef]

Mukhtar, S.; Mehnaz, S.; Mirza, M.S.; Malik, K.A. Isolation and characterization of bacteria associated with the rhizosphere
of halophytes (Salsola stocksii and Atriplex amnicola) for production of hydrolytic enzymes. Braz. J. Microbiol. 2019, 50, 85-97.
[CrossRef]

Janarthine, S.R.S.; Eganathan, P. Plant growth promoting of eEndophytic Sporosarcina aquimarina SJAM16103 isolated from the
pneumatophores of Avicennia marina L. Int. ]. Microbiol. 2012, 2012, 532060. [CrossRef]

Ali, A.; Shahzad, R.; Khan, A.L.; Halo, B.A.; Al-Yahyai, R.; Al-Harrasi, A.; Al-Rawahi, A.; Lee, I.-]. Endophytic bacterial diversity
of Avicennia marina helps to confer resistance against salinity stress in Solanum lycopersicum. J. Plant Interact. 2017, 12, 312-322.
[CrossRef]

Deshmukh, S.K.; Gupta, M.K.; Sarma, V.V. Bioactive metabolites of endophytic fungi of Avicennia marina (Forssk.) Vierh. KAVAKA
2020, 55, 39-49. [CrossRef]

Khalil, AM.A.; Abdelaziz, A.M.; Khaleil, M.M.; Hashem, A.H. Fungal endophytes from leaves of Avicennia marina growing in
semi-arid environment as a promising source for bioactive compounds. Lett. Appl. Microbiol. 2021, 72, 263-274. [CrossRef]
Shipoh, P.M. Isolation, Identification and Characterization of Cleome gynandra L. Bacterial Seed Endophytes from Northern
Namibia. Master’s Thesis, The University of Namibia, Wenhaok, Namibia, 2021.

Bibi, F.; Naseer, M.I.; Hassan, A.M.; Yasir, M.; Al-Ghamdi, A.A.K.; Azhar, E.I. Diversity and antagonistic potential of bacteria
isolated from marine grass Halodule uninervis. 3 Biotech 2018, 8, 48. [CrossRef] [PubMed]

Al-Ateeqi, S.S. Phytoremediation of Oil-Polluted Desert Soil in Kuwait Using Native Plant Species. Ph.D. Thesis, University of
Glasgow, Glasgow, UK, 2014.

Kuralarasi, R.; Gayalhri, M.; Lingakumar, K. Diversity of endophytic fungi from Heliotropium indicum L. leaf. World |. Pharmaceut.
Res. 2018, 7, 1040-1047.

Syranidou, E.; Thijs, S.; Avramidou, M.; Weyens, N.; Venieri, D.; Pintelon, I.; Vangronsveld, J.; Kalogerakis, N. Responses of the
endophytic bacterial communities of Juncus acutus to pollution with metals, eEmerging organic pollutants and to bioaugmentation
with indigenous strains. Front. Plant Sci. 2018, 9, 1526. [CrossRef] [PubMed]

Khalmuratova, I.; Choi, D.-H.; Yoon, H.-J.; Yoon, T.-M.; Kim, J.-G. Diversity and plant growth promotion of fungal endophytes in
five halophytes from the Buan salt marsh. J. Microbiol. Biotechnol. 2021, 31, 408-418. [CrossRef] [PubMed]

76



Plants 2022, 11, 1497

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

Zhao, S.; Zhou, N.; Zhao, Z.-Y.; Zhang, K.; Wu, G.-H.; Tian, C.-Y. Isolation of endophytic plant growth-promoting bacteria
associated with the halophyte Salicornia europaea and evaluation of their promoting activity under salt stress. Curr. Microbiol.
2016, 73, 574-581. [CrossRef]

Furtado, B.U.; Gotebiewski, M.; Skorupa, M.; Hulisz, P.; Hrynkiewicz, K. Bacterial and Fungal Endophytic Microbiomes of
Salicornia europaea. Appl. Environ. Microbiol. 2019, 85, e00305-19. [CrossRef]

Bibi, F.; Strobel, G.A.; Naseer, M.L; Yasir, M.; Al-Ghamdi, A.A K.; Azhar, E.I. Microbial flora associated with the halophyte—Salsola
imbricate and its biotechnical potential. Front. Microbiol. 2018, 9, 65. [CrossRef]

Razghandi, M.; Mohammadi, A.; Ghorbani, M.; Mirzaee, M.R. New fungal pathogens and endophytes associated with Salsola.
J. Plant Protect. Res. 2020, 60, 362-368. [CrossRef]

Shurigin, V.; Egamberdieva, D.; Li, L.; Davranov, K.; Panosyan, H.; Birkeland, N.-K.; Wirth, S.; Bellingrath-Kimura, S.D.
Endophytic bacteria associated with halophyte Seidlitzia rosmarinus Ehrenb. ex Boiss. from saline soil of Uzbekistan and their
plant beneficial traits. J. Arid Land 2020, 12, 730-740. [CrossRef]

Khidir, H-H.; Eudy, D.M.; Porras-Alfaro, A.; Natvig, D.O.; Sinsabaugh, R.L. A general suite of fungal endophytes dominates roots
of two dominant grasses in a semiarid grassland. J. Arid Environ. 2010, 74, 35-42. [CrossRef]

Gashgari, R.; Gherbawy, Y.; Ameen, F; Alsharari, S. Molecular characterization and analysis of antimicrobial activity of
endophytic-from medicinal plants in Saudi Arabia. Jundishapur J. Microbiol. 2016, 9, e26157. [CrossRef] [PubMed]

Chen, J.; Li, N,; Han, S.; Sun, Y.; Wang, L.; Qu, Z.; Dai, M.; Zhao, G. Characterization and bioremediation potential of nickel-
resistant endophytic bacteria isolated from the wetland plant Tamarix chinensis. FEMS Microbiol. Lett. 2020, 367, fnaa098.
[CrossRef] [PubMed]

Hassan, S.E. Plant growth-promoting activities for bacterial and fungal endophytes isolated from medicinal plant of Teucrium
polium L. . Advanced Res. 2017, 8, 687-695. [CrossRef]

Navarro-Torre, S.; Barcia-Piedras, ].M.; Mateos-Naranjo, E.; Redondo-Gémez, S.; Camacho, M.; Caviedes, M.A.; Pajuelo, E.;
Rodriguez-Llorente, I.D. Assessing the role of endophytic bacteria in the halophyte Arthrocnemum macrostachyum salt tolerance.
Plant Bio. 2016, 19, 249-256. [CrossRef] [PubMed]

Navarro-Torre, S.; Barcia-Piedras, ].M.; Caviedes, M.A.; Pajuelo, E.; Redondo-Gémez, S.; Rodriguez-Llorente, I.D.; Mateos-Naranjo,
E. Bioaugmentation with bacteria selected from the microbiome enhances Arthrocnemum macrostachyum metal accumulation and
tolerance. Mar. Pollut. Bull. 2017, 117, 340-347. [CrossRef] [PubMed]

Janarthine, S.R.S.; Eganathan, P.; Balasubramanian, T.; Vijayalakshmi, S. Endophytic bacteria isolated from the pneumatophores
of Avicennia marina. Afr. J. Microbiol. 2011, 5, 4455-4466. [CrossRef]

De Souza, M.P,; Huang, C.P.A.; Chee, N.; Terry, N. Rhizosphere bacteria enhance the accumulation of selenium and mercury in
wetland plants. Planta 1999, 209, 259-263. [CrossRef]

Koocheki, A.; Mahalati, M.N. Feed Value of Some Halophytic Range Plants of Arid Regions of Iran; Kluwer Academic Publishers:
Amsterdam, The Netherlands, 1994.

Bencherif, K.; Dalpé, Y.; Lounes-Hadj Sahraoui, A. Influence of Native Arbuscular Mycorrhizal Fungi and Pseudomonas fluorescens
on Tamarix Shrubs Under Different Salinity Levels. In Microorganisms in Saline Environments: Strategies and Functions. Soil Biology;
Giri, B, Varma, A., Eds.; Springer: Cham, Switzerland, 2019; Volume 56, pp. 265-283. [CrossRef]

Singh, S.; Kumar, V.; Dhanjal, D.S.; Sidhu, G.K,; Datta, S.; Kumar, S.; Singh, J. Endophytic microbes in abiotic stress management.
In Microbial Endophytes; Kumar, A., Singh, V.K,, Eds.; Woodhead Publishing: Cambridge, UK, 2020; pp. 91-123.

Yu, Z.; Duan, X.; Luo, L.; Dai, S.; Ding, Z.; Xia, G. How plant hormones mediate salt stress responses. Trends Plant Sci. 2020, 25,
1117-1130. [CrossRef]

Shahid, M.A.; Sarkhosh, A.; Khan, N.; Balal, RM.; Alj, S.; Rossi, L.; Gomez, C.; Mattson, N.; Nasim, W.; Garcia-Sanchez, F.
Insights into the physiological and biochemical impacts of salt stress on plant growth and development. Agronomy 2020, 10, 938.
[CrossRef]

Yang, Y.; Guo, Y. Unraveling salt stress signaling in plants. J. Integr. Plant Biology. 2018, 60, 796-804. [CrossRef]

Ahemad, M.; Kibret, M. Mechanisms and applications of plant growth promoting rhizobacteria: Current perspective. . King Saud
Univ. Sci. 2014, 26, 1-20. [CrossRef]

Glick, B.R. Bacteria with ACC deaminase can promote plant growth and help to feed the world. Microbiol. Res. 2014, 169, 30-39.
[CrossRef] [PubMed]

Qurashi, A.W.; Sabri, A.N. Osmoadaptation and plant growth promotion by salt tolerant bacteria under salt stress. Afr. ]. Microbiol.
Res. 2011, 5, 3546-3554. [CrossRef]

Ojuederie, O.B.; Babalola, O.O. Microbial and plant-assisted bioremediation of heavy metal polluted environments: A review. Int.
J. Environ. Res. Public Health 2017, 14, 1504. [CrossRef] [PubMed]

Bode, H.B.; Miiller, R. Possibility of bacterial recruitment of plant genes associated with the biosynthesis of secondary metabolites.
Plant Physiol. 2003, 132, 1153-1161. [CrossRef]

Karenlampi, S.; Schat, H.; Vangronsveld, J.; Verkleij, ].A.C.; van der Lelie, D.; Mergeay, M.; Tervahauta, A.I. Genetic engineering
in the improvement of plants for phytoremediation of metal polluted soils. Environ. Pollut. 2000, 107, 225-231. [CrossRef]
Gratao, PL.; Prasad, M.N.V,; Cardoso, PF; Lea, PJ.; Azevedo, R.A. Phytoremediation: Green technology for the clean-up of toxic
metals in the environment. Braz. |. Plant Physiol. 2005, 17, 53-64. [CrossRef]

77



Plants 2022, 11, 1497

195. Fulekar, M.H,; Singh, A.; Bhaduri, A.M. Genetic engineering strategies for enhancing phytoremediation of heavy metals. Afr. J.
Biotech. 2009, 8, 529-535.

196. Van Aken, B.; Correa, P.A.; Schnoor, J.L. Phytoremediation of polychlorinated biphenyls: New trends and promises. Environ. Sci.
Technol. 2010, 44, 2767-2776. [CrossRef]

197. Singh, S.K,; Singh, M.K.; Singh, V.K.; Modi, A.; Jaiswal, P.; Rashmi, K.; Kumar, A. Microbial enzymes and their exploitation in
remediation of environmental contaminants, Chapter 6. In Microbe Mediated Remediation of Environmental Contaminants; Kumar, A.,
Singh, V.K,, Singh, P., Mishra, V.K., Eds.; Woodhead Publishing: Sawston, UK, 2021; pp. 59-71. [CrossRef]

78



U\ plants

Article

Online Control of Lemna minor L. Phytoremediation: Using pH
to Minimize the Nitrogen Outlet Concentration

Kwanele Sigcau

Citation: Sigcau, K.; van Rooyen, L.L.;
Hoek, Z.; Brink, H.G.; Nicol, W.
Online Control of Lemna minor L.
Phytoremediation: Using pH to
Minimize the Nitrogen Outlet
Concentration. Plants 2022, 11, 1456.
https://doi.org/10.3390/
plants11111456

Academic Editors: Maria Luce
Bartucca, Cinzia Forni and

Martina Cerri

Received: 5 May 2022
Accepted: 25 May 2022
Published: 30 May 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Ignatius Leopoldus van Rooyen

, Zian Hoek, Hendrik Gideon Brink © and Willie Nicol *

Department of Chemical Engineering, University of Pretoria, Lynnwood Road, Hatfield,
Pretoria 0002, South Africa; u16226268@tuks.co.za (K.S.); ignatiuslvr@gmail.com (I.L.v.R.);
zianhoekl@gmail.com (Z.H.); deon.brink@up.ac.za (H.G.B.)

* Correspondence: willie.nicol@up.ac.za

Abstract: Phytoremediation technologies are employed worldwide to remove nutrient pollutants
from agricultural and industrial wastewater. Unlike in algae-based nutrient removal, control method-
ologies for plant-based remediation have not been standardized. Control systems that guarantee
consistently low outlet concentrations of nitrogen and phosphorous often use expensive analytical
instruments and are therefore rarely viable. In this study, pH measurement was used as the sole input
to control the nitrate outlet concentration in a continuously operated Lemna minor (lesser duckweed)
phytoremediation tank. When grown in 20 L batches of modified Hoagland’s solution, it was found
that a constant ratio exists between the amount of nitrate removed and the amount of acid dosed
(required for pH control), which was equal to 1.25 mol N-(mol H*)~1. The nitrate uptake rates were
determined by standard spetrophotometric method. At critically low nitrate concentrations, this
ratio reduced slightly to 1.08 mol N-(mol H*)~!. Assuming a constant nitrogen content, the biomass
growth rate could be predicted based on the acid dosing rate. A proportional-integral controller was
used to maintain pH on 6.5 in a semi-continuously operated tank covered by L. minor. A nitrogen
control strategy was developed which exploited this relationship between nitrate uptake and dosing
and successfully removed upwards of 80% of the fed nitrogen from synthetic wastewater while
a constant biomass layer was maintained. This study presents a clear illustration of how advanced
chemical engineering control principles can be applied in phytoremediation processes.

Keywords: phytoremediation; nutrient pollution; pH control; nitrate removal; Lemna minor; nitrogen
to proton ratio

1. Introduction

Nitrogen and phosphorus pollution originating from agricultural and industrial
wastewater continue to incur environmental consequences ranging from eutrophication
and air pollution to biodiversity loss and climate change [1,2]. Waste discharge is restricted
by strict regulations limiting nitrogen and phosphorus concentrations. Therefore, tech-
nologies such as reverse osmosis and chemical precipitation methods are employed to
remove nitrogen and phosphorus from these wastewaters [3]. Biological methods such
as constructed wetlands are considered to be ecologically friendlier and have gained in-
creasing attention [4,5]. The use of aquatic macrophytes—such as Lemna minor L. (lesser
duckweed)—has proved to be effective at reducing nitrogen and phosphorus concentra-
tions to within environmentally safe limits [6,7]. Fast pollutant removal rates and good
process efficiency has been achieved in these systems [8-10].

However, current trends in phytoremediation technologies indicate room for improve-
ment. Constructed wetlands (CWs) and macrophyte-based wastewater stabilisation ponds
(MWSP) are the two most common configurations employed. In terms of operation, both
configurations achieved efficient nutrient polishing. CWs are commonly designed to fa-
cilitate phytoextraction of throughput at a certain flow rate by a polyculture of plants.
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Studies researching MWSPs tend to assess the use of plant monocultures for water treat-
ment. Biological oxygen demand (BOD) reduction tends to be higher in these systems
than in CWs. Of the plants frequently studied, duckweed and Eichhornia crassipes (water
hyacinth) commonly achieve BOD reductions of 52-70% [11-14]. Water hyacinth has been
reported with removal rates of 60-83% nitrate for groundwater with the loading of up
to 300 rng~L*1 [11,12]. Fang et al. [13] showed that water hyacinth reduced ammonium-
nitrogen and total nitrogen concentrations from 0.25 to 0.05 mg-L~! (74 days) and from
1.7 to 0.5 mg-L~! (44 days) respectively in nitrogen-polluted eutrophic pond water.

The biomass of duckweed compared to water hyacinth can be reclaimed more cheaply
and more easily due to its lower fibre and lignocellulose content [15]. Kérner and Vermaat [14]
reported removal rates by duckweed of between 50% and 95% and upwards of 82% and 100%
for ammonium and nitrate removal, respectively. Removals of over 70% and 90% in Total
Kjeldahl nitrogen and ammonia, respectively [16], and 68% of nitrate removal was achieved
with L. minor while in combination of Pistia stratiotes (water lettuce) [17]. A monoculture
of L. minor achieved similar nitrogen removal rates of 63.2% while phosphate removal was
reported to be significantly lower at 36.2% total phosphate [18]. Abiotic variables also
have an influence on the growth of duckweed which in turn affects the rate of nitrogen
assimilation. Temperature and light intensity have been reported to have a proportional
relationship to the growth rate of duckweed by Lasfar et al. [19]. An oversupply of nutrients
have also been shown to inhibit growth. High nitrogen and phosphorus concentrations
above 40 mg-L~! and 15 mg-L~! respectively have been shown to inhibit growth rate [19].
Upon exposure to toxic ions such as Ag™, Lemna gibba have measured to have inhibited
growth due to hyper-accumulation of the ion [20-22].

The previously mentioned literature shows that phytoremediation has the potential
to innovate water treatment technologies, however scaling of these technologies remain
elusive; all of these results were obtained in batch systems. Of the literature surveyed,
none of them detailed how traditional phytoremediative techniques have been adapted
to continuous operation. There appears to be a knowledge gap when it comes to continu-
ous bioreactors using plants and how online measurement of process variables improve
water quality. Improved control systems have been directly related to increased pro-
ductivity and higher overall nitrogen removal. However measurement instruments like
ion-selective-electrodes and sophisticated analysis methods such as elemental analysers
although beneficial are expensive [23-25].

Even though online control of the phytoremediative water treatment systems remains
highly conceptual, various studies have established the precedent for online measurement
to control conditions such that optimal nutrient removal can be achieved. Within these,
algal treatment methods are common. Emphasis is often placed on maximising biomass
production which is directly linked to nutrient removal [26]. Mcginn et al. [26] was able to
control the outlet flowrate of a micro-algae photo-bioreactor (and thus the dilution rate)
using the biomass concentration as input. The biomass concentration was measured by
dual excitation fluorometer developed in-house which was based on spectrophometer
readings. In the method described, Franca et al. [27] had great success in inferring the CO,,
NOs, and total P concentrations. By using spectrophotometric measurements as input for
the inferences, it was possible to manipulate the feed rate of CO, and control nitrogen
and phosphorus concentrations. A major disadvantage of these systems is that they are
suited to a very specific reactor configuration which makes use of inline spectrophotometry.
As such, these methods cannot be adapted for use in open ponds similar to wetlands and
are incompatible with plants typically used in wetlands.

The hypothesis proposed in the current study is that pH can be used as the sole input
variable for controlling the nitrate concentration in the discharge stream of a phytoreme-
diation system. pH is a reliable and relatively cheap measurement and would provide
a viable control option. This hypothesis relies on the fact that when nitrate is absorbed and
assimilated by plants, alkalisation of the aqueous medium occurs from the release of OH™
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ions, and the co-absorption of HT ions [28-32]. Consequently, pH changes in the medium
are related to the amount of nitrate absorbed by the plants.

In this study, this would directly relate to the control of the nitrate concentration
in the effluent of a L. minor water remediation tank. To test this a nitrogen remediation
study was performed in a semi-continuously operated system, where the pH characteristics
of the system were used to manipulate the input of synthetic wastewater. The relationship
between growth, nitrate uptake and pH dynamics were established. The pH-nitrate-growth
characteristics were incorporated in the feed algorithm of the semi-continuous system to
control nitrate breakthrough and biomass removal. Ultimately, the wastewater throughput
was manipulated as a function of the varying nitrogen removal characteristics of the pond.

2. Materials and Methods
2.1. Methods and Planning

Non-axenic L. minor culture was obtained from the botanical gardens and greenhouses
at the University of Pretoria (S 25°45'21” E 28°13/51”). Plants were cultured in-house on
modified hydroponic growth solution in 20 L and 40 L basins under lighting with photo-
period of 16 h. A rectangular tank (80 cm x 51 cm x 9.8 cm) was filled with hydroponic
medium. On the liquid surface, L. minor plants were grown. Plants were grown exposed
to open air and grown under light. The water level reduced by evaporation was restored
by addition of de-ionised water. For all experimental runs, pH liquid environment was
measured continuously and controlled. Abiotic conditions of the experiments such as light
intensity and temperature were constant. Water temperature was measured throughout
the duration of the batch (thermometer) and continuous runs (water sensor) and found to
be the same as the air temperature. Regular measurements showed a slight deviation from
the mean temperature of 22 °C by maximum of only 2 °C.

A photoperiod of 16 h was used for the batch runs as well as the stock culture of L. minor.
A modified hydroponic medium circa 10% dosage of full Hoagland’s medium [33] was
prepared, composed of 50.5 mg-L~! KNO3, 118 mg-L~! Ca(NO3); - 4H,0, 123.25 mg-L~!
MgSOy - 7H,0, 13.6 mg-L~! KH,POy, 2.25 mg-L~! Fe-NaEDTA, 0.286 mg-L~! H3BO;,
0.008 mg-L~! CuSOy - 5H,0, 0.181 mg-L~! MnCl, - 4H,0, 0.022 mg-L~! ZnSOy - 7H,0,
and 0.012 mg-L’1 NaMoQy - 2H50. Run 1 and Run 2 were inoculated with duckweed such
that the tank was only partially covered with biomass. At partial coverage, analysis of
images taken was used to quantify the biomass in the tank. The amount of green colour
that appeared in aerial image of the tank surface analysed using a K-means cluster counting
method [34]. The imaging measurement was used as a comparison to the acid dosing
based measurement. Run 1 was inoculated with 11.65 g, with a surface area coverage
of 23.4%. Run 2 was inoculated with 26.9 g, with surface area coverage of 61.2%. Growth of
L. minor at partial surface area coverage was compared to the growth at visibly full surface
area coverage. In Run 3, 57.24 g of biomass inoculated the tank, where the tank’s biomass
density was measured via regular physical representative measurements.

Subsequent experiments testing the removal efficiency of a nitrogen removal strat-
egy which was meant to control the nitrogen concentration in the tank effluent. The pH
controller was used to infer when nitrogen levels were low. For consistent and easier
control, the photo-period was extended to 24 h and a 9400 lux lamp was used supplied
light. The hydroponic medium used was 10% dosage of full Hoagland’s medium except for
nitrogen which was lower than normal tenth dosage; composed of 123.25 mg-L~! MgSO; -
7H,0, 13.6 mg-L~ KHpPOy, 2.25 mg-L~! Fe Na-EDTA, 0.286 mg-L.~! H3BO;, 0.008 mg-L~!
CuSOy - 5H,0, 0.181 mg-L~! MnCl, - 4H,0, 0.022 mg-L~! ZnSOy - 7H,0, 0.012 mg-L~!
NaMoOy - 2H,0 and 13.48 mg~L_1 KNOs3, 31.487 rng~L_1 Ca(NO3), - 4H,0 as well as
197.09 mg-L~! KCl and 388.81 mg-L.~! CaCl, - 2H,0. Macro- and micro-nutrients were
replenished by small doses of 300% strength Hoagland’s medium. In Run 6, the aforemen-
tioned medium was used with an additional 71.82 mg-L~! hydrogen peroxide (2.11 mM)
for algal control in the medium supply.
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2.2. Apparatus and Analytical Methods

Level control and pH control were facilitated by an Arduino MEGA 2560 ~. Mea-
surements were taken using an Analog Haoshi H-101 pH meter pro and logged regularly.
The pH was adjusted with the addition of 0.1 M hydrochloric acid solution using a stepper
motor peristaltic pump. Water and tank purge was done using a Flojet LFP model 12 V
diaphragm pump Xylem™ (Rye Brook, New York, USA). For the liquid medium, chemicals
were sourced from Merck™" (Darmstadt, Germany) (purity of 98%).

Analysis of the nitrates was done on liquid samples using Spectroquant 0.10-25.0 mg/L
NOs-N Nitrate Cell Test and Spectroquant 23-225 mg/L NOs-N Nitrate Cell Test photometric
methods from Merck . Reported nitrate values were averages of three repeat tests on the same
sample. Sampled values were calibrated for 340 nm wavelength spectrophotometer measure-
ments (Agilent Technologies, Santa Clara, CA, USA, Cary 60 UV-Vis, G66860A).

Before inoculation of the tank, plants were rinsed, dried for 45-60 min on a paper
towel in the open air and weighed. Lighting applied by MarsHydro hydroponic lights.
Plants were grown in an area of 0.27 m?. A modified flat fishing net with known dimensions
of 70 mm by 92 mm was used for representative fresh weight measurements. At the end
of the run, plants were weighed to obtain fresh weight after carefully being removed
from the tank and dried for 45 min. After drying for 48 h, the dry weight was obtained.
The relative growth rate (RGR) was determined using Equation (1) below:

, )

where My and My are the measured fresh weight (wet mass) at inoculation and after final
removal in grams, and fo and ¢ are the times of inoculation and final removal in days.
The nitrogen removal in the effluent was reported for the remediation experiment in Run 6.
Equation (2) was used to determine the removal of nitrogen. Inlet and outlet flow rates
were the same.

FNmeasure
: “ @)
Nfed

Fy,  —
Fraction Removed = —2%

where Fy, , is the molar flow rate of nitrate-nitrogen fed into the tank in mmol-d~!
and Fy is the molar flow rate of nitrate-nitrogen measured in the liquid medium

measured

in mmol-d~!. A schematic diagram is given in Figure 1. Due to Run 1, Run 2 and Run 3
being operated in batch, pump P4, filter V3 and the outlet were not used. All instruments
were used while operating continuously.

: R) P2
V1A [ /
= 1 - Q Acid NO, H,0

V1B P1
V3
P4
0

Figure 1. Diagram of phytoremediation tank. P1 is a submersible pump, P2 and P5 are stepper motor

peristaltic pumps, P3 and P4 are larger diaphragm pumps. V1is a 30 L tank: L. minor was grown in
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section A under light and B was kept covered and separate for pH measurement. V2 is a vessel were
fluids were introduced and mixed.V3 is a filter used in the outlet tube of the tank. The nitrate (NOj3)
supply was contained 47 mM nitrate-nitrogen.

3. Results

Plants interact chemically with their environment; pH measurement is just one way
to observe some of these interactions. When nitrate is absorbed and assimilated, OH™
exudation occurs which increases the pH of the medium surrounding the roots [29-32].
Assuming a fixed amount of OH™ exudation occurs per nitrate assimilated, controlling
the pH with acid dosing allows for calculation of the amount of nitrate absorbed.

A remediation tank system containing L. minor was operated in batch and semi-
continuously while the pH was maintained at 6.5 through proportional-integral feedback
control. Batch runs were performed to establish a relationship between acid dosed and
nitrate absorbed. Specifically, the ratio between the nitrate taken up by L. minor and acid
dosing required to return pH to the setpoint was studied. In the semi-continuous runs
the study aimed to reduce the nitrate concentration in the effluent. The relationship between
the nitrate and acid dosing was especially important in expressing the nitrate removed
in terms of biomass quantification.

Run 1 and Run 2 were inoculated with duckweed such that the tank was only partially
covered with biomass. As shown in Table 1, Run 1 was inoculated with 11.65 g, with a
surface area coverage of 23.4% and was terminated when the tank had been fully covered.
Run 2 was inoculated with 26.9 g, with surface area coverage of 61.2%. Run 2 was not
terminated at full coverage and allowed to grow until nitrates were exhausted. At partial
coverage image analysis algorithm was used to quantify the spread of fronds in the tank
and serve as a comparative quantification of the biomass. From overhead images taken of
the liquid surface, the analysis algorithm detected the amount of green pixels relative to all
the pixels in the image.

Table 1. Starting biomass and final biomass measurements for batch runs: Run 1, Run 2 and Run 3.

Initial (g) Final (g) RGR@™Y
Run 1 11.65 65.97 0.11
Run 2 26.90 119.5 0.112
Run 3 57.24 177.9 0.125

The tank was found to be fully covered when biomass was greater than 200 g-m 2

or 49 g. In Run 3, 57.24 g of biomass was added initially and the biomass density in the tank
was measured throughout the run. It was thought that physical measurements could be
used as a representative estimate of the density over the entire tank. In order to approximate
the biomass mat density in the tank, biomass was physically removed from a sample area
of 63.0 cm?, weighed and replaced. The pH was controlled at the same setpoint of 6.5 for
all runs. The initial and final biomass measurements as well as the relative growth rates
(RGR) are given in Table 1.

3.1. Determination of Nitrate-Proton Ratio and Biomass Quantification in Batch-Operated System

Figure 2 compares the nitrate uptake rate to the proton (acid) dosing rate for Runs 1, 2 and 3.
A constant ratio of the nitrate uptake and acid dosing (A) of 1.25 mol N-(mol H+)~1is observed
as the slope of Figure 2. With this relationship, the proton dosing rate (D) provides an estimate
of the nitrate demand and an indication of the duckweed’s instantaneous growth rate (assuming
constant biomass nitrogen content). The biomass production rate can then be calculated by
multiplying the proton dosing rate with A and dividing by the nitrogen content in the biomass,
which was measured at 61.9 mg N-g~! dry mass. The water content of the duckweed was
measured at 0.902 g-g~ 1.
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Figure 2. Results from batch experiments in 10% Hoagland’s medium where the pH was controlled
at 6.5. The relationship between absorbed nitrogen and dosed protons (1) was determined to be
the same value of 1.25 mol N-mol~! H as indicated by the common slope.

At partial coverage, a comparison between the visual-based quantification and acid dosing
based quantification was made which is shown in Figure 3a,b. At full coverage the visual
quantification was unable to accurately measure submerged biomass, thus the acid dosing
based quantification was compared to the measured mat density which is shown in Figure 3c.
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Figure 3. Biomass quantification methods were compared. Visual based estimation (photo pixel
analysis) of the biomass coverage in (a) Run 1 and (b) Run 2. Biomass density determinations
were based on physical mass measurements in a known area in (c) Run 3. Additionally, biomass
quantification based on the acid dosing was included in (a—c) . All measurement techniques were
compared against the available initial and final actual mass measurements.

3.2. Automated System for Nitrogen Effluent Minimisation in Semi-Continuous Operation

To operate the photremediation tank continuously, a control strategy was developed
to exploit the nitrogen-related pH behaviour. This algorithm was based on the work of
van Rooyen and Nicol [35] and was designed to clean nutrient-polluted water, simulated
by 10% strength Hoagland’s growth solution [33] and remove the nitrogen to achieve
a nitrate concentration lower than 0.05 mM in the effluent water. The focus of this study
was nitrate-nitrogen removal, therefore, other macro-nutrients were required in excess such
that nitrogen would be limiting. Biomass was harvested regularly to keep the biomass
density fairly constant.

The control scheme for the detection of a low nitrogen concentration in the tank outlet
is shown in Figure 4. The pH control relied on measuring pH between a rising slope
and a descending slope. pH samples were taken 30 min apart. When a descending slope
occurred between two pH readings, it was caused by an acid addition proportional to
the difference between the measured pH and the setpoint. Between two pHs on the rising
slope, no acid additions are made and the change in the pH was a result of the uptake by
duckweed. For the detection of nitrogen depletion, the ratio of the absolute pH difference
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on the rising slope and the average pH change (ApH/ApH ) was calculated and was used
as a criteria for detecting when to replenish the nitrogen supply. The average pH change
was based on a running average of ten pH maxima values and was updated every hour,
except when dosing nitrogen. At N-depletion, a pump was turned on to feed into the tank.
To avoid false indications, the control would only act if there was more than 10% reduction
in the previously measured pH maxima (between a decreasing slope and rising slope).
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PHiax
= pHmnx,prev

<-01

NO YES

ApH

Q) ApHayg
< 0.08

Dose
nitrogen

|

Measure pH

|

delay for 5 h

Dose acid

!

PHmax,prev=pH’

pH'=pH

L

Figure 4. Control algorithm for detection of low nitrogen concentration. The pH was controlled by

acid dosing according to a standard proportional-integral control algorithm. pH measurements were
taken every 30 min (sampling time) and acid dosing occurred every 60 min (amounts dictated by
the control algorithm). The slope between the pH measurement 30 min after an acid dosing instance
and the pH immediately before to next acid dosing instance was recorded. A reduction in this slope
indicates a reduction in the hydroxide exudation (nitrate uptake) of the duckweed. The ratio between
this slope (ApH) and the running average of these slopes (ten previous values) (ApHgug) Was used
as an indication of nitrate extinction. If this ratio (ApH/ApHgyg) fell below a threshold of 0.08 (e),
the nitrogen was too low and assumed to be exhausted. Thereafter a pump was turned on to feed
wastewater (containing nitrate) into the tank only after a reduction in the pH maxima (pH;qx) slopes
greater than 10% over time.
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Figure 5 shows exploratory implementation of control where the nitrogen removal was
compared at two different depletion thresholds (€): 0.08 and 0.20. The same starting biomass
amount of 282 g was used in Run 4 and Run 5 while all other conditions were the same.
There was a nitrogen depletion (indicated by gray vertical lines) when ApH/ApH ¢ value
decreased below 0.20 in Figure 5a in Run 4 and 0.08 in Figure 5b in Run 5. This showed that
there was a significant difference in the effluent nitrogen concentration at € of 0.2 compared
to € of 0.08. Due to the higher € in Figure 5a than in Figure 5b, the time between depletion
instances was shorter.
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Figure 5. Comparative plot of experiment where the ratio between the absolute change in pH and
the running average of absolute pH change (ApH/ApHgyg). The threshold for this ratio was set to
a value referred to as the depletion threshold (€): 20% (a) and 8% (b). In (a) and (b) ApH/ApHavg
was plotted for each case. When ApH/ApH ;¢ dropped below e, this was the point where the system
indicated nitrogen depletion below detectable concentration for the plant. The nitrate-nitrogen
concentrations were observed to be decreasing over time until minimum nitrate level was reached,
0.22 mM in (a) and 0.061 mM in (b) medium nitrate concentration despite regular feeding of fresh
medium dosed at the times indicated on the plot.

3.3. Implementing the Control System for Continuous Nitrate Removal

In Run 6, continuous operation was attempted based on the exploratory run reported
in Figure 5. The inoculation mass was 286 g of L. minor obtained from a stock culture grown
in full 10% Hoagland’s solution at 16 h photoperiod. After inoculation, the duckweed was
left in the hydroponic medium for the first 110 h of the run to help acclimatize the plants af-
ter transfer until the first nitrogen depletion at time zero in Figure 6. Whenever all available
nitrogen was exhausted, the feedback proportional-integral controller instructed the pump,
P5 (Figure 1), to supply fresh 10% Hoagland’s medium to restore the concentrations of all
of the nutrients.

In Figure 6a, ApH/ApH,yg, is shown and Dg was reported in Figure 6b. The rapid
drops in ApH/ApH gy corresponded to the vertical lines which indicated when depletion
occurred in Figure 6 detected after the pH slopes had decreased 92% relative to the running
average. It is shown in Figure 6c that nitrate concentration was measured to be very low
while in Figure 6d, the corresponding nitrate removal was calculated. The values presented
in the figure should be interpreted as: of the nitrates that are fed into the reactor the nitrate
removal represents the fraction of the nitrates removed from the throughput. An average
throughput rate of 7.2 L-d~! was passed through the remediation system with a retention
time of 2.96 days.
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Figure 6. Results showing the nitrate-nitrogen removal in the phytoremediation tank. In subplot
(a), showing ApH/ApH g, at a 92% reduction or at the chosen € of 0.08, nitrate was assumed to
be depleted (vertical lines are depletion instances and also show when nitrogen was fed). (b) The
rapid drops in Dy correspond to the depletion of nitrate. As soon as nitrate was fed into the tank,
Drp rapidly increased. (c) Nitrate measurements showed that effluent nitrogen was maintained
at critically low concentrations. Synthetic wastewater was fed into the tank containing nitrate at
depletion/dosing instances. The inlet concentration of the feed is included along with the effluent
concentration. (d) Shown is the total percentage of nitrogen removal by L. minor measured before
nitrogen was dosed. The phytoremediation system achieved a high fraction of removal almost
regularly every 10-14 h.

The total biomass amounted to 474.66 g wet mass which was an increase of 65.96%
(compared to the starting biomass of 286 g which amounted to a relative growth rate
of 0.017 d~1). It was found that the total nitrate nitrogen removed from the liquid amounted
t0 59.39 mg NO3-N-g~! dry biomass and the nitrogen removed by the biomass was estimated
to be 61.90 mg NO3-N-g~! dry biomass. In addition, it was possible to show that biomass
in the continuous system could also be predicted. Acid dosing based biomass quantifica-
tion could be used to infer the amount of nitrogen extracted from the medium. This was
determined similarly to how the acid dosing based prediction was found for the batch runs
reported in Figure 3. A A-value of 1.08 mol N-(mol H*)~! was found to fit better for this
biomass prediction in Figure 7a. The prediction of the new biomass growth is presented
in Figure 7b. The error between the dosing estimation and the measured biomass was 2.37%.
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Figure 7. Growth quantification results in the semi-continuous run. (a) The relationship between
absorbed nitrogen and dosed protons (1) was re-determined to be 1.08 mol N-(mol HH) ! indicated
by the slope. Initial and final biomass measurement were 286 g and 470 g respectively. (b) Biomass
prediction of biomass to show mass gained from the uptake of nitrogen with a percentage error of 2.37%.

4. Discussion
4.1. Biomass Quantification Using Acid Dosing Compared to a Visual-Based Quantification and
a Representative Mat Density Quantification

L. minor is widely known to have a vegetative growth pattern in a fashion similar to
many bacteria and divide from a mother frond into at least two daughter fronds (a frond
is an individual unit composing of a leaf and smaller roots) [36-39]. It is understood that
duckweed biomass increases in two ways. When partially covered, large open spaces
exist between clusters of fronds. Growth in this regime was associated with an increase
in the surface area coverage. The mat of L. minor would increase in thickness only after
the liquid surface had been completely covered. This regime was referred to as fully covered.
It was assumed that no increase in the biomass mat thickness occurred at partial coverage
and once fully covered, there was no change in the amount of surface area coverage.

In Run 1 the visual biomass quantification method served as a good comparison to
acid dosing quantification. It appeared that acid dosing based quantification was the least
accurate of the two biomass prediction methods in Figure 3a. The trend was similar to that
of the acid dosing based quantification. This was especially true when the visual prediction
occurred within the calibration limits and the output visual analysis algorithm did not
seem to be limited by the movement or displacement of biomass fronds.

However in Run 2 (Figure 3b), it is shown that the visual method was insufficient
in detecting growth beyond the full capacity of the tank surface. Hence by using the visual
imaging method, growth at partial coverage appears to halt suddenly at 50-53 g. When
compared to the acid dosing based quantification in the same figure, it is shown to be
the least accurate of the two prediction techniques. The dosing-based quantification more
closely followed the trend of growth until dosing stopped at nitrate extinction. Dosing also
confirmed that maximum growth occurred after 6 days as indicated by the curve inflection
in Figure 3b. In the figure, it was necessary to re-adjust the calibration and extrapolate
the visual estimate because growth had exceeded full capacity. Any additional discrepancy
between the visual quantification and dosing estimate can be attributed interference from
an additional shade of green from an algal infection. Growth above 200 g-m~!, (49 g) caused
fronds to overlap and as a result, increases in the duckweed mat density was undetectable.
This included any additional biomass that was not visible like the roots which appeared to
grow longer.

It was observed from Figure 3c that mat density was not the same over the entire
surface of the tank and as a result the estimation over-predicted the biomass initially. It was
more accurate when the biomass density in the tank became higher. Thus, it was concluded
that the method was only useful when the tank was very dense. As a comparative quantifi-
cation method, one could not rightly say that a representative mat density measurement is
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more useful than simply weighing all the biomass repeatedly, however this too presents its
own problems such as non-negligible mass losses. Thus Figure 3c shows that acid dosing
based estimate is a good prediction at higher mat densities.

The dosing based estimation was concluded to be a realistic representation of the growth
trend. This was because it was based on the nitrate uptake by L. minor and could be
accurately used regardless of full or partial coverage and it was not necessary to extrapolate
for extremely dense biomass mats.

4.2. Selection of € to Operate at Critically Low Nitrate Concentrations

In Figure 5b, € of 0.08 was found to work better than € of 0.2 because the effluent
could be maintained at a very low nitrogen concentration. This was the case in Run 5
(Figure 5b) where the effluent nitrogen concentration could be controlled between 0.05 mM
and 0.15 mM. This was significantly lower than in Run 4 (Figure 5a), where the effluent
nitrogen concentration could be contolled between 0.15 mM and 0.30 mM. As can be
seen in the first two days, ApH/ApH ¢ value is noisy. The condition of a 10% reduction
in the pH maxima was therefore necessary. This would prevent erroneous dosing instances
after the second day. Van Rooyen and Nicol [35] explained that ApH/ApH,, approached
zero as more nitrates were consumed by Brassica oleracea which showed that effective
control could be achieved at desired nitrate concentrations to maintain a healthy growing
environment for the plant. It was preferred that € remained 0.08. The authors hypothesised
that the same tight control could be applied to keep the nitrate concentration very low.
Shown in Figure 6c, the remediation system was operated at a extremely low nitrogen
concentrations; concentration at various depletion instances was practically zero. This is
further supported by sharp decline of pH which resulted in a reduction of Dg. It is
believed that this corresponded to a decrease in exudation discussed by Dijkshoorn [31] and
Tischner [30] as responsible fo alkalisation of the liquid. It was understood that the lower
rate of alkalisation in the medium implied that the growth was slower. ApH/ApHgug
in Figure 6 demonstrates that pH is a very dynamic response. This means that there was
an insignificant amount of time between feeding more solution and for ApH to increase.
As long as L. minor was receiving sufficient nitrogen, the pH would always increase.
Over time, the running average ApH,,¢ would also grow larger. Eventually ApH/ApHvg
would become very large.

4.3. The Trade Off between High Nitrate Removal and Growing Speed in an Automated Nitrogen
Removal System

Nitrate depletion was detected approximately every 10-14 h. In Figure 6c, nitrogen
in the tank varied between 0.0 mM and 0.30 mM with an inlet nitrogen feed concentra-
tion ranging between 0.5 mM and 1 mM. Due to the system operating until depletion,
the treated water effluent could be discharged at low outlet concentration. Therefore
the removal of nitrate was dependent on L. minor’s uptake characteristics. The 80% nitrate
removal efficiency was an indicator of good performance in the system despite a slow
growth rate. This result is comparable to that of Kérner and Vermaat [14], Alaerts et al. [16],
and Ayyasamy et al. [11]. Nitrate measurements and nitrogen removal data in Figure 6d
confirmed that disruptions at 5-7 days did not effect the efficiency of removal severely.

There seemed to be a trade-off between the high nitrate removal and the growth rate.
Under nutrient sufficient conditions, L. minor is able to grow relatively fast as indicated by
Bian et al. [20]. There appears to be a minimum nitrogen concentration such that the growth
rate is optimum. The medium contained an initial concentration of 0.40 mM NOj" while tra-
ditional nutrient media have a nitrogen concentrations of between 5 mM to 15 mM [20,33].
Although the system was able to operate under nitrogen-lean conditions, it was observed
that there was slow biomass growth which was likely a stress response to the nitrogen.
As such, it could be said that high nitrogen removal efficiency was prioritised at the cost
of fast biomass growth. As previously discussed, one could infer this observation from
the dosing rate in Figure 6b. There was a sharp decrease in Dy as the system approached

89



Plants 2022, 11, 1456

nitrate depletion. This resulted in short periods of zero to very little dosing. As soon as
the medium was fed, dosing increased again. Appenroth et al. [40] suggests that a physio-
logical dormant response of Spirodela polyrhiza was positively associated with low nitrate
concentrations and that turion germination could be stimulated by the presence of nitrate.
As such, low D was probably an indicator of sluggish activity, however this was not
examined in depth.

An observed increase of 188.66 g in the biomass was measured which corresponded to
an increase of 65.96% of the inoculation mass over the course of 21 days. Under normal
conditions, this would be considered very slow production. The relative growth rate of
0.017 d~! was ten times lower than in previous batches (Table 1). Higher growth rates have
been associated with nutrient removal [1,6,7,18,25,26]. Ultimately, the lower yield could be
considered a consequence of the nitrogen-limitation stress. At such a low nitrogen supply,
this was to be expected. The stock culture of L. minor was prepared with nitrogen supply of
1.5 mM NOj while nitrogen in the tank varied between 0.01 mM to 0.3 mM.

It was also observed that the rate of nitrate uptake increased as compared to just after
inoculation. Within the first 100 h after inoculation, the absorption rate of NO; -N was found
to be 0.0144 mmol-g~'-d~!. After 16.5 d, the rate had increased to 0.0927 mmol-g~!.d~!
which demonstrates a higher demand for nitrogen, possibly due to nitrogen-lean stress
mechanisms of duckweed. Root growth was also observed in Figure 8. It was thought
that the development of dense roots from fronds occurred as physiological response to
nitrogen limitation thus affecting the uptake rate. Cedergreen and Madsen [28] noted their
observation of root growth of duckweed having a linear proportionality to the ammonium
and nitrate uptake rate. Although the literature referenced in the study [28,36,37,40] mention
that the carbon to nitrogen ratio within the biomass tended to increase, the present study
cannot say whether there was a change to the elemental composition within the biomass,
further work is required to confirm this.

Figure 8. Images of L. minor from (a) before the run, fronds of the plant have very short or non-visible
roots and are dark green in colour compared to the plant, and (b) after the run where fronds are
lighter green in colour and roots are longer (vary between 1.5 cm and 4 cm). Individual fronds
clumped together by longer roots.

4.4. Dosing-Based Biomass Quantification Measuring Nitrogen Removal

A prediction error of 2.37% confirmed that the dosing biomass prediction method was
sufficiently accurate. Nitrogen removal could be quantified in terms of biomass production
(59.39 mg NO3-N-g~! dry biomass nitrate removal compared to an estimated change
in biomass nitrogen of 61.90 mg NO3-N-g~! dry biomass).

It was found that when using the pre-established A of 1.25 mol N-(mol HT)~1, biomass
was over-predicted the actual measurements and the error of prediction was significantly
larger than that of Figure 7a. The nitrogen to proton ratio was recalculated for Run 6 and
a A value of 1.08 mol N-(mol HT)~! was found, this value was used instead to predict
biomass growth. A was observed to decrease in the continuous system (medium dosed
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all other nutrients were supplied in excess except for the nitrogen). The controller dosed
more protons than nitrates that were taken up. The authors surmise that nitrate uptake was
affected by nitrate availability. Although it is currently unknown to what extent the other
nutrient ions (calcium, magnesium, potassium, phosphate, and sulphate) contributed to A
in both in nitrate-sufficient and nitrate-limited conditions, it is believed that nitrate had
the largest affect on A [30,41]. The authors surmise that the slow growth of L. minor was
related to the reduction in A.

5. Conclusions

The work presented above has demonstrated the validity of the proposed hypothesis
that just by using pH as an input, it was possible to eliminate the nitrogen from wastewater
in a continuous phytoremediation system involving L. minor. After quantifying the pH-
nitrate-growth characteristics, pH could be used to infer the duckweed growth based
nitrogen uptake. Biomass growth was predicted based on the acid dosing which most
accurately quantified biomass regardless of whether duckweed partially covered the surface
or fully covered the surface. Acid dosing based quantification was a non-destructive
technique and could be used as an online measure of biomass. Therefore dosing was a better
quantification technique than measuring the biomass mat density or a visual-based biomass
estimation method. The acid dosing corresponded to the amount of nitrate absorbed by
L. minor. The study demonstrated a unique method of nutrient removal from water using
L. minor. Just by using the pH as an input variable, the nitrate nitrogen concentration
in effluent was controlled using a proportional-integral feedback control scheme. This was
due to the ability of the system to discharge water as soon as it detected when nitrogen had
been depleted. This achieved sufficiently high throughput of treated water of 7.2 L-d ! and
high nitrogen removal rates of over 80%. It was found that a high nitrogen removal was
obtained at the cost of growth as RGR showed a decrease of 90%. The authors recognise that
in a larger system, the degree to which mixing occurs may reduce the accuracy of pH and
nitrate measurements. Thus a system with sufficient mixing is necessary for consideration.
The work was solely conceptual. As such, there is no direct implementation yet.
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Abbreviations and Symbols

The following abbreviations and symbols are used in this manuscript:

CwW Constructed Wetland

MWSP Macrophyte-based wastewater stabilisation pond
RGR relative growth rate dh

A nitrogen to proton ratio (mol N-mol~! H*)

ApH absolute pH change

ApHyg running average of pH change based on ten values
ApH/ApHpyg  ratio of absolute pH change and average pH change
€ ratio of pH-uptake reduction (pH units - pH units ')
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Abstract: Environmental contamination is triggered by various anthropogenic activities, such as
using pesticides, toxic chemicals, industrial effluents, and metals. Pollution not only affects both lotic
and lentic environments but also terrestrial habitats, substantially endangering plants, animals, and
human wellbeing. The traditional techniques used to eradicate the pollutants from soil and water
are considered expensive, environmentally harmful and, typically, inefficacious. Thus, to abate the
detrimental consequences of heavy metals, phytoremediation is one of the sustainable options for
pollution remediation. The process involved is simple, effective, and economically efficient with
large-scale extensive applicability. This green technology and its byproducts have several other
essential utilities. Phytoremediation, in principle, utilizes solar energy and has an extraordinary
perspective for abating and assembling heavy metals. The technique of phytoremediation has
developed in contemporary times as an efficient method and its success depends on plant species
selection. Here in this synthesis, we are presenting a scoping review of phytoremediation, its
basic principles, techniques, and potential anticipated prospects. Furthermore, a detailed overview
pertaining to biochemical aspects, progression of genetic engineering, and the exertion of macrophytes
in phytoremediation has been provided. Such a promising technique is economically effective as well
as eco-friendly, decontaminating and remediating the pollutants from the biosphere.

Keywords: phytoremediation; heavy metals; phytochelatins; pollution; macrophytes

1. Introduction

Environmental contamination has become a grave public health problem impacting
human sustainment and survival across the globe [1]. Pollutants degrade environmental
quality, the majority of it being contributed by toxiferous metals. The acute danger accom-
panying toxic metals on human wellbeing has been recognized for an extended period; still,
their exposure to humans lingers and is aggregating in numerous areas of the universal
domain. Heavy metal (HM) exposure can severely impact human health and can some-
times prove fatal [2]. Global industrial processes are believed to be the reason for global
HM pollution [3,4]. Heavy metals (HMs) can easily become amassed in the environment.
For example, when the amount of HMs increases above the standardized limits, it results
in bio-magnification via the food chain, affecting all the biota of the planet. The removal
of these metal pollutants, thus, becomes significantly important to reduce the threat to all
forms of life as well as to our natural surroundings. Many processes/techniques, such as
reverse osmosis [5], chemical precipitation [6], ion exchange [7], adsorption, and solvent
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extraction [8], have been put into place to eliminate the HMs from the environs. However,
these techniques involve significant maintenance functionalities and expenses and are
generally not sustainable. Phytoremediation offers one of the environmentally suitable
approaches to overcome toxic metal pollution (Figure 1) as a cheap and alternative way
to decontaminate the HM-contaminated sites [9]. The technique of phytoremediation is
widely accepted worldwide owing to its lower cost in comparison to traditional remedia-
tion methods [10,11]. Such a technique has minimal impact on the environment because no
change in the soil structure is required [12]. The area can be utilized again for agricultural
activities or as farmland after phytoremediation is complete [13]. This promising technol-
ogy uses hyperaccumulators to eradicate metal toxicity from the contaminated sites [14].
The removal capacity of metal ions by plants is also influenced by an important parameter
known as the bioconcentration factor (BCF). It offers an index of the proficiency of the plant
to amass the metal with respect to the metal concentration in substrate. The BCF varies with
the type of medium and selection of plant species. Hyperaccumulators tend to grow roots
in areas of high metal concentrations, having high levels of uptake into root cell symplasm
and reduced root vacuolar transport [15]. Hyperaccumulators have a suite of characteristics,
such as a BCF greater than one, shoot-root metal concentration quotient greater than one,
and phenomenal metal tolerance, greatly due to effective detoxification [13,16]. Some of the
hyperaccumulators have been studied for their high accumulating HM potential (Table 1).
An attempt has been made to provide a detailed review regarding the various aspects
of phytoremediation. An insight into the exertion of different macrophytes that can be
utilized for the removal of pollutants, particularly HMs from the environment, has also
been elaborated in detail.

Bioenergy, fish feed,

Phytoremediation fertilizers, medicines etc

dem sl 4

7 3 Pv- & ; gk \ ( 3
Phytovolatilization "+ \* Phytoextraction ‘?; E% V «ofifle As
J GE‘ N ©
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Environmental remediation
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Figure 1. Perspectives of phytoremediation using macrophytes for the removal of heavy metals and
other pollutants.
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Table 1. Application of hyperaccumulators for removal of heavy metals from contaminated soils

by phytoremediation.
Hyperaccumulator Heavy Metal Reference
Arabidopsis halleri Zn [17,18]
Achillea millefolium Hg [19,20]
Alyssum murale Ni [21,22]
Azolla pinnata Cd [23,24]
Thalaspi caerulescene Zn [25]
Brassica juncea L. Cu, Zn, Pb [26,27]
Brassica napus L. Cu, Zn, Pb [28,29]
Brassica oleracea, Raphanus sativus Zn, Cd, Ni, Cu [30]
Brassica nigra Pb [31,32]
Betula occidentalis Pb [31,33]
Cardaminopsis halleri Zn, Pb, Cd, Cu [34]
Cannabis sativa L. Cd [35,36]
Cicer aeritinum L. Cd, Pb, Cr, Cu [37]
Cucumis sativus L. Pb [38,39]
Eichhornia crassipes L. Cr,Zn [40,41]
Eleocharis acicularis As [42,43]
Euphorbia cheiradenia Pb, Zn, Cu, Ni [44,45]
Haumaniastrum katangense Cu [45,46]
Helianthus annuus Pb, Cd [47]
Jaltropa curcas L. Cu, Mn, Cr, As, Zn, Hg [48,49]
Lantana camara L. Pb [50,51]
Lavadula vera L. Pb [52]
Lens culunaris Medic. Pb [53]
Lepidium sativum L. As, Cd, Pb [54,55]
Lactuca sativa L. Cu, Mn, Zn, Ni, Cd, [37]
Marrubium vulgare Hg [56,57]
Miscanthus x giganteus Cu, Ni, Pb, Zn [58]
Medicago sativa Pb [31,59]
Noccaea Caerulescens Pb [60]
Oryza sativa L. Cu, Cd [61,62]
Minuartia verna, Agrostis tenius Pb [63,64]
Pelargonium Pb [65,66]
Pisum satioum L. Pb, Cu, Zn, Ni, As, Cr [67]
Potentila griffithii Zn [68,69]
Pteris vittata Hg [19,70]
Rapanus sativus L. Cd, Fe, Pb, Cu [54,71]
Salvia sclarea L. Pb,Cd, Zn [69,72]
Spinacia oleracea L. Cu, Ni, Zn, Pb, Cr [73,74]
Sorghum bicolor L. Cd, Cu, Zn [72,75]
Sorghum halepense L. Pb [76,77]
Trifolium alexandrinum Zn, Pb, Cu, Cd [78,79]
Tagetes minuta As, Pb [76,80]
Thlaspi caerulescens Cd [31,81]
Viola principis Pb [82]

Pb (lead); Cr (chromium); Zn (zinc); As (arsenic); Cu (copper); Cd (cadmium); Fe (iron); Hg (mercury); Co (cobalt);
Ni (nickel).

2. Heavy Metals in the Environment

HMs in environs are significantly contributed to by both natural (geological activities)
as well anthropogenic activities. The central basis of HM pollution is the haphazard and
continuous release of metal-rich industrial wastes [83]. The expulsion from metal-based
industries, especially leather industries, is a grave environmental concern, especially for soil
and water; thereby, an immediate well-defined approach for its abatement is of paramount
importance [84]. Similarly, the unnecessary consumption of pesticides and fertilizers on
agricultural soil for maximum output has tremendously amplified the standard limits
of HMs in soil, mostly due to the ever-swelling world population [85]. This has raised
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significant apprehensions about their possible implications for the environment [86]. The
other known basis of HM pollution is the application of wastewater as an irrigation source
and transportation that has led to the accretion of abundant HMs in the subsurface of the
soil. Activities such as road maintenance and deicing operations produce groundwater and
surface pollutants, hampering environmental wellbeing [87].

3. Process of Phytoremediation

The technique of phytoremediation is the blend of two words “phyto” which means
“plant” and the Latin suffix “remedium” which means to “restore”. The process of phy-
toremediation uses both natural as well as transgenic plants to remediate the polluted
ecosystems [88]. Over the years, the process of phytoremediation has gained tremendous
significance in terms of scientific and commercial considerations [89]. The exertion of hy-
peraccumulators for degradation, extraction, absorption of toxic metals and other harmful
pollutants was first presented in 1983 [90]. The process employs diverse collections of
phytotechnologies that use both natural as well as genetically modified plant species for
eliminating the environmental effluence [90,91].

The phytoremediation process can be achieved by using both in situ as well as ex-
situ techniques. The in situ application technique is more frequently used as it decreases
the proliferation of pollutants in soil, water, and airborne waste, which automatically
diminishes the risk to the neighboring environment [92]. The in situ technique has another
major advantage in that multitudinous pollutants are treated on a particular site without the
requirement for a disposal site. The in situ technique also decreases the range of pollution
by checking different soil parameters, such as erosion and leaching. Similarly, the ex situ
method of bioremediation involves the removal of contaminated soil and subsequently
transporting it to another site for treatment. Factors such as the graphical location of the
contaminated site, cost of treatment, pollutant type, and severity of pollution are the main
criteria for ex situ bioremediation technique. Ex situ bioremediation techniques are easier
to control and are used to treat a wider range of toxins and soils. However, the ex situ
techniques of phytoremediation appear to be more expensive in comparison to in situ
techniques. Both these mechanisms of phytoremediation show significant differences in
their experimental controls and the consistency of the process outcome. Post-treatment,
phytoremediation proves to be economically efficient in comparison to other remediation
techniques [93], as it is a simple, non-laborious technique requiring no installation of special
equipment. The process can be employed to an enormous extent where other commonly
employed techniques prove inefficient and extremely expensive [94]. The applicability of
hyperaccumulator plants has been analyzed recently and this invigorated more research
concerning the molecular basis of phytoremediation [95].

For the implementation of the phytoremediation technique for the HM remediation,
two defense strategies that can be adopted are avoidance and tolerance [96]. Plants utilize
these two approaches to balance the concentration of HMs beneath their lethal thresh-
old levels [97].

Avoidance is a process where plants use root cells to limit and restrict the uptake and
movement of HMs into the plant tissues [98]. Such a process involves various defense
mechanisms (root sorption, metal precipitation, and exclusion) [98]. When plants are
exposed to HMs, the root sorption process is involved in their immobilization. A wide range
of root exudates acts as a HM ligand to form HM complexes in the rhizosphere, through
which the bioavailability and lethality of HMs is restricted [98]. Similarly, the exclusion
barriers that occur between the root and shoot system also restrict the accessibility of HMs
from the soil to the roots. Moreover, arbuscular mycorrhizas can also act as exclusion
barriers for HM uptake through the absorption, adsorption, or chelation of HMs in the
rhizosphere [97]. HM embedding in the plant cell wall is an additional avoidance appliance,
as the pectin groups (carboxylic groups) in the cell wall act as cation exchangers to limit the
entry of HMs in the cells [99].
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The tolerance strategy is implemented by the plants once a HM ion intrudes into
the cytosol to cope with its toxicity, accomplished by the processes of inactivation, metal
chelation, and HM compartmentalization [98]. Through chelation, the concentration of
HMs is reduced by various organic and inorganic ligands in the cytoplasm [100]. After
chelation, the HM ligand complexes are transferred from the cytosol into inactive compart-
ments (vacuole, leaf petioles, leaf sheaths, and trichomes) where these are stored without
toxicity [101].

If there is a high accumulation of HMs, the above strategies are sometimes not adequate
to remediate the contaminated sites as HM accumulation can trigger the generation of
reactive oxygen species (ROS) in the cytoplasm causing oxidative stress [102]. To cope
with such a situation, antioxidant enzyme superoxide dismutase (SOD), catalase (CAT),
peroxidase (POD), and glutathione peroxidase (GR) as well as non-enzymatic antioxidant
compounds (i.e., glutathione, flavonoids, carotenoids, ascorbate, and tocopherols) are
utilized by the plant cells to trigger ROS scavenging [102,103]. Hence, the antioxidative
defense mechanism is highly crucial and imperative concerning HM stress.

4. Phytoremediation Approaches

Phytoremediation follows various contrivances such as phytoextraction, rhizofiltration,
rhizodegradation, phytostabilization, phytodegradation, and phytovolatilization (Figure 2)
during the interaction and accumulation followed by the intake and accrual of HMs in the
plant [90]. The mechanisms involved are concisely defined and elaborated below.

Phytovolatilization
(conversion of
heavy metals into
volatile form and
their release into
the atmosphere
through leaf
surface)

Phytoextraction
(metal in
shoots

Phytodegradation
(enzymatic
breakdown of
metals within plant
tissue)

Phytostabilization
(restricts metal
availability and

maobility in soils by

roots)

L

Rhizodegradation
o

G (br
metals by

rhizospheric

organisms)

Phytofiltration
(sequestration of
metals from surface

Figure 2. Techniques of phytoremediation and the destinies of pollutants.

4.1. Phytoextraction

Phytoextraction encompasses the intake of HMs and their movement to higher parts
of the plants, such as shoots, leaves, stems, and other parts [104]. A survey of the literature
shows that numerous hyperaccumulator metallophytes have significant potential that can
be utilized for the treatment of HM-contaminated soils [105]. Hyperaccumulator metallo-
phytes can amass HMs in their higher parts in concentrations between 100 and 500 times
more than other plants without affecting their development and functioning [106]. How-
ever, the mechanism of heavy metal accumulation by the hyperaccumulator metallophytes
is still understudied and, thus, can be studied and further elaborated to understand the
fundamental process of heavy metal accumulation [107]. The efficiency of phytoextraction
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is regulated by the parameters, such as the BCF and translocation factor (TF); hence, suc-
cessful phytoextraction is acclimatized by improving these factors in combination with
increasing the import into epidermal or cortical cells, or export from pericycle or xylem
parenchyma cells into the stellar apoplast, and converts the metals into the less harmful
state [108]. The nature and quantity of chelators determine the rate of HM absorption by
vacuole sequestration by hyperaccumulators [104]. Artificial chelates are now being added
to enhance mobility and uptake, thereby improving the efficiency of phytoextraction.

Two key characteristics that define the phytoextraction perspective of plant species
is their capacity to accumulate HMs and above-ground biomass; therefore, plants that
hyper accumulate HMs in above-ground parts and plants with high above-ground biomass
production are employed for phytoextraction [78,109]. For successful phytoremediation of
HMs, finding effective hyperaccumulators holds the key, and more than 450 plant species
have currently been identified as potential metal hyperaccumulators [110]. It has also
been revealed that some of these species have the potential to accumulate more than two
elements, for example. Sedum affredii [111]. Currently, scientific investigations are underway
around the world to expand the effectiveness of phytoextraction where novel hyperaccu-
mulators are targeted to improve understanding of their biological conduits. There are
some plant families, such as Asteraceae, Brasicaceae, Euphorbiaceae, Fabaceae, Flacour-
ticeae, and Violaceae, that have been proven to accrue greater concentrations of HMs [112].
Among these, species belonging to the Brassicaceae family have shown enormous potential
to remediate and scavenge HMs, such as lead (Pb), cadmium (Cd), zinc (Zn), and nickel
(Ni) [109]. Different Brassica species have been investigated for HM accumulation by re-
searchers across the world. These include Brassica juncea L., Brassica oleracea L., Brassica
compestris L., Brassica juncea L., and Brassica napus L. [112]. Among these, Brassica juncea L.
has shown tremendous potential to remediate HMs, such as Cd, Cr, Cs, Cu, Ni, Pb, U, and
Zn [113]. Similarly, another study carried out at Florida University on plant species Pteris
vittata (Chinese brake fern) has indicated that it can be a potential candidate for arsenic (As)
removal (32804980 ppm) [114,115]. To remediate the radionuclide-based soil, sunflower
(Helianthus annus) has emerged as a feasible hyperaccumulator plant to remediate soil
contaminated with cesium-137, strontium-90, and uranium [116]. One of the advantages
of phytoextraction is that it can be used as an energy source when used in combination
with a biomass, such as bio-ore, and can form the base for phytomining [117]. Furthermore,
when the mechanism of phytoextraction, which involves the processes of absorption and
transport capacity of the hyperaccumulator, is understood fully, mathematical modeling of
HM bioaccumulation can be advanced [118]. As well as metallophyte plants, metallophyte
algae (Table 2) can also be put to use for heavy metal removal. Algae is involved in the
absorption process by taking the heavy metals by adsorption and into the cytoplasm by
chemisorption [119].

Table 2. Exertion of soil algae for heavy metal decontamination by phytoremediation.

Alga Heavy Metal Reference
Ascophyllum nodosum Ni, Pb [119,120]
Cladophora fascicularis Pb (II) [121,122]

Cladophora glomerata Zn, Cu [123,124]
Cladophora glomerata, Cu, Pb, Cd, Co [125,126]
Oedogonium rivulare
Cymodocea nodosa Cu, Zn [127,128]
Fucus vesz‘culosz‘s, Laminaria 7n [129,130]
japonica
Oscillatoria quadripunctulata, Cu, Pb [30]
Sargassum filipendula Cu [131,132]
Sargassum natans Pb [119,133]
Spirogyra hyaline Cd, Hg, Pb, As [134,135]

Pb (lead); Cr (chromium); Zn (zinc); As (arsenic); Cu (copper); Cd (cadmium); Fe (iron); Hg (mercury); Co (cobalt);
Ni (nickel).
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However, there are certain concerns to consider, such as the usage of edible crops for
phytoextraction. Such exercise should be avoided as HMs bioaccumulate in the plant’s
edible part, thereby intruding into the food chain, which can have deleterious impacts
on human health. Hence, it is imperative to select non-edible hyperaccumulators for the
efficient and safe phytoremediation of HMs.

The biomass containing higher heavy metal concentration collected after the phytoex-
traction process may present a hazard to human well-being and the environment. There
are a few approaches, such as neutralization techniques, that aid in storing the polluted
biomass material in landfills [13]. Pyrolysis of contaminated biomass in waste processing
installations can be another neutralizing approach [13].

4.2. Rhizofiltration

Rhizofiltration utilizes roots to absorb, retain, and settle metal contaminants within the
roots, ensuring limited movement of these contaminants into different environments [136].
In the root microbiome, the environmental factors, such as pH in the rhizosphere, root
exudates, and root turnover, play a vital role in the settling of metal contaminants on the
root surface. As soon as the plant has taken up all the metal pollutants, the plant can be
easily collected and disposed of in a safe site [137]. In this process, the plant and microbial
community have a symbiotic association. The plants increase the microbial activity while
microorganisms decontaminate the metal component. Bacteria generally used in rhizoreme-
diation are Pseudomonas aeruginosa, Mycobacterium spp., and Rhodococcus spp. [138]. Usually,
wild-types of microorganisms are selected for this process, which does not entail the use of
transgenic bacteria. Rhizoremediation simply involves remediation that revolves around
roots, microbes, and rhizospheric soil. However, the plants employed in the rhizofiltration
technique must have the potential to yield a wide-ranging root system, must accumulate
HMs in greater concentrations, should be easy to handle and harvest, and have a truncated
preservation budget [91]. Plants produce a niche for rhizosphere microorganisms to accom-
plish HM transformation. Soil contaminated with organic compounds is degraded by this
method. Environmental variables such as pH, temperature, soil, and plant species have a
very important role in rhizoremediation success [26].

For rhizofiltration, both aquatic as well as terrestrial plants can be employed. Aquatic
species (hyacinth, Azolla, duckweed, cattail, and poplar) are frequently utilized for the
remediation of wetland water mostly because of their high accumulating capacity, high
tolerance, and greater biomass production [139]. Similarly, terrestrial plants (B. juncea and
H. annus), owing to their larger hairy root system, exhibit high capability to cumulate
HMs during rhizofiltration [140]; investigations have demonstrated that sunflower has
tremendous ability to decontaminate Pb-contaminated sites. Similarly, Indian mustard is
believed to eliminate greater concentrations of Pb (4-500 mg/L) [92].

Scientific investigations are proceeding at a progressive rate to ameliorate the pro-
ficiency of rhizofiltration technology. Different experimental setups have reported that
young seedlings show greater capacities to remove HMs from water [141]; a technique
commonly called blastofiltration. Through data depiction, it has been revealed that for
few metals, such a technique can out-compete the rhizofiltration; however, the greatest
benefit associated with rhizofiltration is that it can be applied both in situ as well as ex
situ. For aquatic systems with high heavy metal pollution load, the rhizofiltration pro-
cess is not considered feasible, and it also has drawbacks such as drying, composting,
and incineration.

4.3. Rhizodegradation

Rhizodegradation involves the biodegradation of the organic pollutants in the soil
accompanied by rhizospheric microbes that secrete specific enzymes that degrade or trans-
form exceedingly contaminated organic pollutants into less detrimental forms. The process
of rhizodegradation is enhanced as these organisms draw out the essential constituents
(nutrients) from the root secretions of the plant, that upsurge the plant efficacy and acceler-
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ate the extraction and amputation of pollutants by the plant [142]. One of the important
features of rhizodegradation comprises the dissolution of the pollutant at its site; it focuses
on the complete mineralization of the organic pollutant following compound translocation
to the plant or atmosphere [143]. The process of rhizodegradation has some drawbacks,
which include the fact that it is a time-consuming process occurring at a slow pace and is
effective only up to a certain depth, usually from 20-25 cm. Rhizodegradation is influenced
by soil type and selected plant species [144].

4.4. Phytostabilization

The process of phytostabilization or phytorestoration decreases the contaminant
movement, thus, inhibiting their passage into underground water, and prevents bio-
magnification [145]. The process mainly relies on the utilization of specific plants for
the steadiness of contaminants in polluted environments [27]. In contemporary times,
HM stabilization by adsorption, binding, or co-precipitation with soil additives (biosolids,
manures, and composts) has been extensively investigated in the last decade [146]. Such
a remediation exertion has proven successful in decreasing the movement of pollutants
in soil environments [147]. It stabilizes contaminants and prevents the contaminants pol-
luting streams, lakes, and ponds and, thus, prevents wind and water erosion. It not only
enhances the hydraulic capability for the vertical movement of pollutants but also lessens
the pollutant mobility by physical and chemical root absorption.

The process results in the formation of insoluble compounds in the rhizosphere [148].
The metallophytes are used, successfully reclaiming the sites contaminated with pollutants,
and are suitable for the removal of metals, such as Pb, As, Cd, Cr, Cu, and Zn [149],
and are very convenient for the areas that are severely contaminated and had occupied
large spaces [150]. Phytostabilization is only a management tactic for the inactivation and
immobilization of the potentially deleterious contaminants. It only restricts the movement
of the metal ions, and it is not an enduring management as contaminants continue to persist
in the soil [151]. For phytostabilization to operate successfully, the plant should grow
rapidly with a large life span and must be able to adjust to the soil conditions [152]. Many
studies have shown that medicinal and aromatic plants can be employed for the elimination
of Pb, Zn, Cd [153-155]. Alimurgic species (Cichorium intybus L. and Taraxacum officinale)
can be utilized as phytostabilisers for zinc and cadmium removal, respectively [156].

Phytostabilization has a notable advantage of being a technology with easy execution
and operating costs.

4.5. Phytodegradation

In phytodegradation, organic pollutants are broken down after being sequestered by
the plant through various metabolic processes, or degraded by the enzymes involved in
the metabolism of the plant [157]. The enzymes involved in the pollutant breakdown are
dehalogenase, peroxidase, nitroreductase, nitrilase, and phosphatase [158]. It involves the
direct uptake of contaminants into the plant tissue through the root system and primarily
depends on uptake efficiency, transpiration rate, and other physical and chemical properties
of the soil. Sites affected by organic contaminants, such as herbicides and chlorinated
solvents, can be decontaminated by phytodegradation [159]. It can also be employed for
the recovery of both surface and ground waters [93]. Different plants can be utilized in this
process; sunflower (Helianthus annus) for methyl benzotriazole [160] and Leucocephala for
ethylene dibromide [161] have been widely used.

There are some limitations of this process as the soil must be three feet deep while
groundwater should be within ten feet of the surface. Chelating agents are needed to
augment the plant uptake by binding the soil particles with the contaminants [162].

4.6. Phytovolatilization

Phytovolatilization is a transformation of pollutants into different volatile compounds
into the atmosphere via transpiration with the assistance of the stomata [94]. Plants such as
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Nicotiana tabacum, Crinum americanum, Triticum aestivum, Arabidopsis thaliana, Bacopa mon-
nieri, and Trifolium repens are commonly used plants for phytovolatilization [163]. It can be
achieved directly or indirectly. Direct volatilization involves the volatilization of volatile or-
ganic compounds (VOCs) by the stem and leaves while indirect volatilization occurs due to
plant root interactions in the soil [164]. Phytovolatilization degrades organic contaminants,
such as acetone, phenol, and chlorinated benzene (BTEX) [165]. Mercury (Hg) and selenium
(Se) show the most encouraging results in the phytovolatilization process [166]. Although it
is a slow process, the addition of novel plant species with extraordinary transpiration rates
and enzymes such as cystathionine-V-synthase can be employed to enhance the remediation
of S/Se volatilization [167,168]. Poplar trees volatilize 90% of trichloroethylene (TCE) after
uptake from soil [169]. Transgenic yellow poplar (Liriodendron tulipifera) has also been used
to remediate Hg. It has been successfully employed to remediate Hg with results showing
a 10-fold increase in removal efficiency as compared to non-transgenic plantlets [170]. Cur-
rently, with the help of phytovolatilization, radioactive isotopes of hydrogen (tritium) are
decayed to stable helium [171,172]. Moreover, microorganisms facilitate the dilapidation of
organic compounds in the rhizosphere [173]. The greatest benefit of phytovolatilization is
that it hardly requires extra management once the plantation is completed. Moreover, it
maintains the soil texture and causes the least disturbance to the soil [93]. Among all the
techniques of phytoremediation, phytovolatilization is very contentious [174].

Phytovolatilization as a remediation approach does not decontaminate the environ-
ment completely; it only facilitates the pollutant transfer, which can sometimes contaminate
the ambient atmosphere as they rise from the soil. Furthermore, these can be redeposited
back into the soil with precipitation [175]. This demands a serious assessment of potential
risks that could be associated with its applicability in the field.

4.7. Phytodesalination

Phytodesalination, a recently engineered and emerging technique, employs halophytic
plants to remediate the saline soils and is the most commonly employed biological method
for such decontamination [78]. Compared to the other phytoremediation techniques, very
little is found in the literature regarding this process. Halophytes are considered to be
naturally well-adapted to HMs in comparison to glycophytic plants [176]. The Phytodesali-
nation capacity of the plant depends on the species as well as on the soil properties, such as
salinity, sodicity, and porosity, and other climatic factors, particularly rainfall [177]. While
going through the literature survey, it has been reported that two halophytic plants, namely
Suaeda maritime and Sesavium partulacastrum can remove almost 504 kg and 474 kg of NaCl,
respectively, from one hectare of saline soil in a four-month period [178]. It has been found
that desalination studies of halophytic plants show promising results in the remediation of
soil affected by sodium (Na*) and chloride (C17) ions. This bioremediation technique is
not suitable for the decontamination of soils polluted with HMs and polycyclic aromatic
hydrocarbons (PAHs); however, it is promising for salt-affected soils [179].

Plants that utilize their living biomass to accumulate heavy metals have attracted
greater research attention worldwide during recent decades. Although hyperaccumulators
have been employed for HM removal, hyperaccumulators of Pb, Cu, Co, Cr, etc. still remain
largely unconfirmed and require further scientific exploration. This can be achieved by
using standard methods for confirming the reliability of analytical data concerning metal
and metalloids [180].

5. The Progression of Genetic Engineering

The exertion of genetic engineering has proved a key contrivance for ameliorating
the phytoremediation capabilities of plants towards HM pollution. A foreign source of
the gene from organisms with the help of genetic modification is shifted and installed into
the genome of the target plant followed by DNA recombination that confers particular
traits to the plant in a shorter space of time. In such a process, genes of notable interest
from hyperaccumulators to plant species that are sexually incompatible species can be
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transferred, which is otherwise not possible using traditional breeding methods [181].
Exertion has shown a significant promise in the field of phytoremediation. However,
the gene selection should rely on the information and acquaintance of the HM tolerance
and accretion mechanism of plants. HM tolerance to augment antioxidant activity can
be realized by the overexpression of genes tangled in the antioxidant mechanism [182];
encoding metal ion transporters, including zinc iron permease (ZIP); metal transporter
proteins (MTP); the multidrug and toxin extrusion protein (MATE); HM ATPases (HMA).
Similarly, genetic engineering can be employed to promote the production of metal chelators
that will enhance HM uptake and translocation [183].

Though the application of genetic engineering has shown notable prospects in phy-
toremediation, a few setbacks remain to be addressed. Owing to the complications of
decontamination and HM accumulation, the genetic manipulation of several genes to
enhance the required traits can be time-consuming and less successful. In some parts of
the world, plants that are genetically modified find it difficult to gain permission and ap-
proval due to the concerns that are associated with their use, raising concerns for food and
ecosystem safety. This demands alternative approaches that could augment and enhance
the performance of plant species used in phytoremediation once genetic engineering is
impracticable.

6. Factors Affecting the Metal Uptake

HM accumulation by the plants is affected by many factors (Figure 3), such as plant
species, pH, root zone, cation exchange capacity (CEC), [184], the addition of chelators [185],
and temperature [186]. The impact of these environmental variables is described as follows:

Selection of plant species Root zone

Factors affecting
heavymetal
uptake

properties of pollutant Environmental conditions

Figure 3. Factors affecting heavy metal uptake.

Plant species: Plant species with different potentials for various remediation processes
are chosen. Processes such as rhizodegradation, rhizofiltration, and phytostabilization
mainly place emphasis on faster growth in terms of root depth, plants mass per unit
volume, surface area, and lateral extension [187]. For example, Robinia pseudoacacia can be
successfully used in an ecological manner to remediate sterile dumps because it is able to
extract and remove significant quantities of HMs from sterile material [188]. However, the
complete phytoremediation of sterile material could be achieved in a couple of years. For
the accumulation of contaminants, plants must be able to store more, hence, require bulky
root mass [189]. The plant species should be involved in rapid volatilization, transpiration,
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increased metabolism, and immobilization of various metal contaminants [188]. The
rhizobium should facilitate microbial growth by releasing root exudates and enzymes.
Furthermore, plants should pose a high level of capability for remediation, adequate
storage and transportation, higher growth rate and good biomass yield, high tolerance of
waterlogging, and resistance to high pH and salinity [190].

pH: It is considered as one of the utmost aspects affecting the solubility and retention
of HMs in the soil. At a higher pH, greater retention and decreased solubility occurs [191],
whereas low pH increases the accessibility of hydrogen ions [192]. For example, Pb absorp-
tion by plants is highly affected by the pH. To reduce the Pb uptake by the plant, soil pH is
adjusted with the aid of lime to levels between 6.5 and 7.0 [193]. Plants can enhance their
bioavailability using root exudates altering rhizospheric pH and upsurge the solubility of
heavy metals [98]. The metal is then sorbed at the metal surface and moves into the root
cells through the cellular membrane using apoplastic (passive diffusion) and symplastic
(active diffusion) pathways [194].

Soil pH and soil characteristics strongly influence the solubility of metals. Under
acid and oxidizing environments, most of the HMs are readily mobile and are strongly
retained under alkaline and reducing conditions [195]. HMs, such as Pb, Zn, Cd, Cu,
Co, and Hg, are more soluble from pH 4-5 than in the range from 5-7 [196]. However,
certain metals, such as, As, Se, and Mo, under acidic conditions are less soluble due to their
anionic nature. Soil pH affects metal adsorption and it has been reported that initial metal
concentration influences the metal absorption and equilibrium soil pH [197]. Applications
of soil amendments to contaminated soils can help in adjusting pH, which will ultimately
increase the metal desorption from soil-to-soil solutions.

Further research is necessary to investigate the factors that influence soil pH changes
in the rhizosphere as it significantly reduces the risk of contaminants leaching down into
the soil profile. The elucidation of the processes involved will aid in the documentation and
possibly the synthesis of new soil and foliar amendments to hasten the phytoremediation
process.

Root Zone: The root zone plays a substantial part in phytoremediation as it absorbs
and metabolizes the contaminant inside the plant tissue or by degrading the contaminant
by releasing the enzymes [188]. The root zone is vital in determining the rate of remediation.
For example, the fibrous root system has abundant fine roots that cover the entire soil and
provides a higher surface area that enhances the maximum contact with the soil [198].
Similarly, the detoxification of soil contaminants by plant enzymes exuded from the roots
is another phytoremediation mechanism [199].

Cation exchange capacity: CEC measures how many cations can be retained on soil
particle surfaces or the rate of adsorption between various metals on the soil interface. As
the investigation carried out by the scientific community has indicated, with the addition
of Pb and Cu, calcium absorption is reduced [200].

Addition of Chelators: The chelating agents augment or accelerate the uptake of HMs,
thus, it is known to be responsible for induced phytoremediation [201]. Chelates have been
employed to upsurge the solubility of metals that could considerably increase metal accrual
in plants. The addition of chelates, such as ethylene diamine tetraacetic acid (EDTA) to
Pb [II]-contaminated soils increases its solubility [185]. The accrual of HM uptake can be
influenced by the progressive increase in biodegradable physiochemical properties, such
as chelating agents. However, the application of modern synthetic chelating agents has
a serious drawback as there is an increased risk of the leaching of contaminants into the
soil [202]. The uptake of HMs is affected by the presence of ligands and influences the
leaching potential of metals below the root zone [203].

Temperature: Soil temperature is a remarkable factor that affects the metal accretion by
plants [204]. For instance, at a high temperature and low soil pH, a substantial proliferation
of cadmium and zinc contents of the sorrel and maize shoot has been reported [205].
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7. Plant Assortment Benchmarks for Phytoremediation

Factors such as root complexity, soil pollutants, soil, and regional climate play a key
role in phytoremediation. Many investigations have reported that plants with smaller
developing periods as compared to perennial plants are a superior selection that can
be utilized in phytoremediation [206]. Similarly, it has been suggested to employ plant
species that are adjusted to the regional or local soil characteristics of the area in which
decontamination is to be carried out [207]. The non-invasive plant species should be
selected as they are intrinsically adapted to tolerate stress conditions of the area; these also
have low preservation costs. Moreover, the native plants are environmentally and human
friendly as compared to the alien species [208]. It has also been stated by various scientific
studies that grasses have speedy growth, enormous biomass, durable resistance, and
proficiency to decontaminate different sorts of soil in comparison to trees and shrubs [209].

8. Biochemcial Aspect of Phytoremediation

With the progress of molecular technologies, the knowledge of the principles behind
phytoremediation, such as hyperaccumulation, has vastly improved [210]. The metal
accumulation occurs in different parts of a plant (roots, stems, leaves, seeds, and fruits)
according to the specificity of each process [211]. HMs, such as Pb, Zn, As Cr, Cd, Hg,
etc., when taken by the plant, disrupt the pigments or enzyme processes by producing
ROS, which causes oxidative stress and interferences in the electron transport chain. The
oxidative stress results in:

Lipid peroxidation;

Biological macromolecule deterioration;
Membrane dismantling;

Ion leakage;

DNA strand cleavage.

SN

Interestingly, there are different enzymes involved in oxidative stress breakdown,
however, among all these, glutathione (GSH) plays a noteworthy role as it directly takes the
free radicles [212]. The whole process is catalyzed by ATP-dependent processes and gamma-
glutamyl cysteine synthetase (YECS) and glutationine synthetase [89]. The SOD displays a
vital role by dismutating the oxygen radicle (O,)~ to an oxygen molecule (O;) and hydrogen
peroxide (H,O;). CAT is responsible for the conversion of H,O; to water (H,O) and oxygen
(Oy). It functions as a protein-compatible hydrotype, ROS Scavenger, osmoprotectant, and
regulator of cellular redox status. Due to stress triggered by the heavy metals, mitrogen-
activated protein kinase (MAPK) and other stress-responsive genes are activated [213]. The
MAPK pathway is used in triggering intracellular targets by using extracellular signals in
eukaryotes [214]. Cadmium and copper activate four MAPKs (SIMK, MMK21, MMKS3, and
SAMK) in Alfalfa whereas one kinase (ATMEKK]I) is induced by Cd in Arabidopsis and it
induces (OSMAPK?2) in rice. However, it is not evident whether the process of activation
occurs directly by heavy metals or through ROS, which is also responsible for MAPK
pathway perturbation. The studies for the cadmium and copper transduction pathway
indicate that both ROS and calcium accumulation are responsible for triggering the MAPK
pathway. MAPK responses vary with the type of plant involved and are also influenced
by the nature of metal. Furthermore, the phytohormones also play an imperative role in
activating responsiveness to heavy metals. The phytohormone either directly activates
genes or they take part in any reaction, or both processes are involved [215]. Metal-binding
protein metallothioneins (MTs), phytochelatins (PCs), and organic ligands take part in the
binding, immobilization, and conversion of toxic metals into less harmful states in the
above and ground parts of the plant [34,90]. Upon exposure to heavy metals, the plants
release PCs and MTs for decontamination of the metals [216]. The MTs are believed to
primarily chelate nutrient metals for their respective functions to defend plants from the
impact of noxious metal ions [217]. For instance, a transgenically produced tobacco plant
with 32 amino acids results in modest levels of Cd (II) resistance and accumulation [218].
Previous studies on plants identified PCs as vital chelators which play important role in
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phytoremediation [219]. PCs act as precursors to antioxidative mechanisms [220]. The
assimilation of Cd in B. napus increases the generation of PCs [221]. This process was
shown by B. juncia, which showed the over-expression of bacterial glutathione synthetase
(GS) [137]. Increased concentrations of glutathione and phytochelatins have been detected
in transgenic B. juncia plants and there is more Cd (II) tolerance and accumulation relative to
controls. The change in GSH and PCs concentrations has substantial potential for increasing
the HM accumulation by plants. Transmembrane transporters such as zinc-iron permease
(ZIP), cation diffusion facilitator, and metal transport proteins (MTP) play a significant role
in the transportation of heavy metals to vacuoles [90]. ZIP transporter proteins are involved
in the uptake of Zn(II) and Fe(II) [222]. The ZIP subfamily is represented by the Arabidopsis
ZIP1, ZIP2, and ZIP3 genes and complement yeast transport mutants that show Zn (II)
deficiency. In addition, during the deficiency of zinc, ZIP1 and ZIP3 are root genes playing
an important role in zinc uptake from soil [223]. ZIP proteins passage toxic metals and
nutrients as Zn(Il) transport activity is repressed by Mn(II), Co(II), Cd(Il), and/or Cu(Il)
and shows the efficiency for the transport of heavy metals. The expression of the inositol
transporter (ITR1) gene of Arabidopsis increases in roots and is, therefore, used for normal
iron utilization. Cd (II) and Zn (II) are efficiently transported by the ITRI protein [224]. The
cation diffusion facilitator containing a protein family regulates the cation efflux far away
from the cytoplasmic compartment either across the cell or into cellular compartments,
such as vacuoles [225]. The cobalt (COT1) and zinc (ZRC1) proteins from Saccaromyces
cerevisiae confer Co and Zn/Cd tolerance in plants. The inadequate information on the
activation of the transcription factor functioning of metal-specific data elements indicate
that plants need a range of mechanisms to activate genes so as to decrease the stress caused
by the HM.

9. Exertion of Aquatic Macrophytes in Phytoremediation

The phytoremediation of a plant-based green technology proficiently allows plants
to assemble, perfuse, and centralize contaminants. As reviewed by Hutchinson (1975),
phytoremediation encompasses bio-sorption and bioaccumulation to precipitate toxins from
the aquatic environment [226]. A diverse group of photosynthetic organisms in an aquatic
environment can be utilized as a tool in the environmental assessment such as in situ water
quality valuation due to their ability to translocate pollutants [227]. Therefore, contaminant
biomonitoring in aquatic systems is an essential exertion substantially contributed to by the
aquatic macrophytes [228]. The mitigation of contaminants by macrophytes is convoyed by
their hasty growth and great biomass production and they act as natural filters to transport
pollutants by water. These macrophytes have been universally adapted to clean polluted
waters in the last few decades [229,230]. Aquatic macrophytes are most appropriate for
wastewater treatment and HM accumulation in comparison to terrestrial plants. For
research, particularly into the treatment of industrial and household water, these are
considered to be appropriate for remediation purposes [231,232]. Their high growth ability
and reproduction makes macrophytes powerful candidates for phytoremediation [233].

Several aquatic plants have been explored for the abatement of contaminated water
with pollutants (Cu (II), Cd (II), and Hg (1)) [234-236].

9.1. Eichhornia crassipis (Water hyacinth)

Water hyacinth, due to its various capabilities, such as its fast growth, high pollution
tolerance, and high absorption capacity, is frequently employed in contaminant remediation.
The elimination capacity for arsenic is far more than any other macrophytes because of
its great biomass content, and it thrives in all stable habitats [237]. The arsenic removal
capacity of water hyacinth has been investigated by Alvarado et al. (2008), who reported
that, under laboratory conditions, water hyacinth was successful in decontaminating the
site with an elimination recovery of 18%. While comparing the removal efficacy rates in the
tropical opencast coalmine effluent of E. crassipes, Lemna minor, and Spirodela polyrhiza, it has
been observed that E. crassipes had the maximum removal efficiency (80%) in comparison
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to other macrophytes [237]. A recent investigation testified that E. crassipes accrued the
maximum concentration of Pb in its tissues in comparison to its species [238]. Similarly,
E. crassipes has been employed for the elimination of phosphate, total soluble solids (TSS),
and ammonical nitrogen (NH3-N) [239].

Although water hyacinth is considered to be one of the most problematic plants,
as reported by numerous investigations, owing to its rapid and uncontrolled growth in
aquatic systems, its ability to absorb nutrients in sufficient quantities has provided new
insights into its role in phytoremediation [240]. In urban and industrial areas with a high
load of pollution, it can emerge as a potential pollution remediating plant, particularly in
wastewater treatment. Considering the future aspect of phytoremediation, the exertion
of invasive plants can assist in the sustainable management of pollution remediation of
HM-contaminated sites [241].

9.2. Azolla caroliniana (Mosquito fern)

It has been stated that Azolla has a great capability to amass noxious elements (mercury,
cadmium, chromium, copper, nickel, and zinc) due to its strong competence to absorb
toxic heavy metals. Investigations have revealed that Azolla can remove pollutants from
wastewater [232]. Different Azolla species (A. filiculoides, A. microphylla, and A. pinnata)
have been employed for their metal (Cd, Cr, and Ni) decontamination potential. While A.
microphylla showed greater removal efficiency for Cd, A. pinnata was efficient in Cr and Ni
removal [242]. In other studies, it has been observed that greater Cd concentration given
to Azolla may have a venomous effect on plant metabolic activities. Up to 0.1 mg Cd-L~},
plants can withstand the metal stress condition; beyond this limit an imbalance in oxidative
stress and anti-oxidative enzyme production leads to decreased growth and disruptive
physiological activities in Azolla [243].

9.3. Pistia stratiotes (Water lettuce)

Water lettuce has been verified as an effective plant for metal decontamination, metal
depollution, and urban sewage treatment [244,245]. Due to its all-embracing root system,
the roots are able to take enough metals with high removal efficiency. Pistia stratiotes are
found to be an adequately low-cost alternative for the elimination of dissolved HMs, such
as Pb and Cd of industrial effluents [246].

9.4. Lemnoideae (Duckweeds)

Duckweeds are profoundly present in ponds, lakes, and wetlands. Duckweed species
are utilized in water eminence studies for checking HMs [247]. The plant (Lemna species)
has a high capacity for debarring the toxic metals from water. The plant’s efficiency
increases drastically at the optimum pH, which is approximately between 6 and 9, and
translocates approximately 90% of soluble lead from water. However, its growth is inhibited
by the increased levels of nitrate and ammonia [27]. Studies have estimated that among
four metals, Cu, Cd, Pb, and Ni, accumulation and uptake of lead in the dry biomass of
L. minor is significantly high [229]. Excellent metal efficiency was shown by plant and
percentage removal was greater than 80% for all metals [229].

9.5. Ludwigia stolonifera

It is an exotic macrophyte that has prompt growth and multiplies at a significant
rate because of its adsorbent biomass and is measured as a viable living species for the
remediation of HMs [248]. As per the study [249], the plant proved to be a potential
hyperaccumulator through diverse variables, untangled mechanisms of metal uptake,
translocation, and transformation.

9.6. Salvinia (Butterfly fern)

The extensive diversity, prompt multiplication, and close linkage with other water
macrophytes, including Azolla and Lemna, makes it a known choice for phytoremedia-
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tion [250]. As per the reported literature, it has been stated that it poses excellent removal
efficiency, particularly when exposed to glycosylate concentration [251]. Salvinia has also
been employed for wastewater treatment [252].

9.7. Hydrilla verticillate (Hydrilla)

Hydrilla verticillata (hydrilla) is an aquatic macrophyte that forms a thick layer in the
whole water body. The plant has the adeptness and potential to remove the contaminants. It
has been reported that the shoots of Hydrilla verticillata have more ability in the translocation
of toxic metal uptake instead of the roots [27]. When exposed to the high concentration of
lead solution for 1 week, Hydrilla showed 98% uptake of lead [27]. H. verticillata has also
shown significant potential for HM decontamination.

9.8. Schoenoplectus californicus (Giant bulrush)

Schoenoplectus californicus, also known as giant bulrush, is diverse in nature. The plant
is highly permissive to high metal concentration in streams, lakes, and ponds [253]. As
per the investigation conducted by the researchers, it has been estimated that shoots and
roots of viable S. californicus sorbed 0.88% and 5.88%, respectively, in wetland treatment sys-
tems receiving copper-contaminated water [254]. Similarly, it has been demonstrated that
bulrush roots accumulate the highest concentrations of pollutants, mainly dichlorodiphenyl-
trichloroethane (DDT) and chlordane (30.2-45.7 ng g~ ! dry weight), and are considered
suitable for the treatment of organochlorine compounds [255]. The phytoremediation

prospective and HM uptake by macrophytes is shown in Tables 3 and 4, respectively.

Table 3. Heavy metal uptake by macrophytes testified in the literature.

Common Name Scientific Name Trace Elements References
Duckweed Lemna gibba L. As, U, Zn [256,257]
Lesser duckweed Lemna minor L. As, Zn, Cu, Hg [258,259]

. . . . As, Fe, Cu, Zn, Pb, Cd,

Water hyacinth Eichornia crassipes Cr, Ni, Hg [257,259,260]
Common reed Phragmites australis Cr,Cu, Ni, Pb, S, V, Cd, [260,261]
Water spinach Ipomoea aquatic As, Cd, Pb, Hg, Cu, Zn [262,263]
Water fern Azolla fi lz.culozdes, As, Hg, Cd [264,265]

azolla pinnata

Elephant ear Colocasia esculenta Cd, Pb, Cu, Zn [55,266]

Water lily Nymphaea violaces, Cd, Pb, Cu, Zn [23,267,268]

Nymphaea aurora
Water pepper Polygonum hydropiper As [266,267]
Marshwort Nymphoides germinate Cd, Cu, Pb, Zn [264,268]
Lesser bulrush Typha latifolia Cd, Pb, Cr, Ni, Zn, Cu [269,270]
Brazillian waterweed Veronica aquatic As, Cr [271,272]
Tape grass/eel grass Vallisneria spiralis Hg [273,274]
Alligator weed Althernanthera philoxeroides As, Pb [271,275]
Reed canary grass Phalaris arundinacea L. Pb, Zn, Cu, Cd [276,277]
.. . As, Cr, Pb, Ag, Cd, Cu,

Water lettuce Pistia stratiotes Hg, Ni, Zn [278,279]
Willow moss Fontinalis antipyretica Cu, Zn [280,281]
Needle spikerush Eleocharis acicularis As, Ag, Etl)’ 1(\:/[1;’ Cd, Zn, [282,283]
Rigid hornwort Ceretophyllum demersum As, Pb, Zn, Cu [284,285]
Watercresses Nasturtium officinale Cu, Zn, Ni [78,286]

Pb (lead); Cr (chromium); Zn (zinc); As (arsenic); Cu (copper); Cd (cadmium); Fe (iron); Hg (mercury); Co (cobalt);
Ni (nickel); U (uranium); S (sulfur); Ti (titanium).
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Table 4. Macrophytes recognized for their phytoremediation prospective.

Accumulation (Dry

Plants Heavy Metals Weight Basis) Reference
Eichhornia crassipes Hg 119ng Hg g ! [287]
Cd 3992 ug Cd g ! [237]
Cu 314 ugCug™! [288]
Cr 231mgCrg! [289]
cd 1.98 mg Cd g~! [289]
Ni 1.68 mg Nig~! [289]
Elodea densa Hg 177 ug Hg gfl [287]
Lemna gibba Ur 897 ug Ur g_1 [290]
As 1022 pg As g~ ! [290]
Lemna minor Zn 4.23-25.81 mg Zn g*1 [291]
Ti 221 ug Tig™! [292]
Cu 400 ug Cug! [293]
Pb 8.62mgPb g1 [294]
Pistia stratiotes Hg 83 ug Hg g ! [295]
Cr 2.50 mg Cr gfl [289]
cd 213mgCdg! [289]
Ni 1.95mg Nig~! [289]
Salvinia natans Cr 740 mg Cr g’1 [296]
Ce;g:ss Eil’izlm As 525 ug As g ! [237]
Cd 1293 ug Cd g+ [237]
Zn 57 ug Zn g~ ! [297]
Potamogeton pusillus Cu 162 ug Cug! [298]
Vallisneria spiralis Cr 2.85 mg Cr g’l [289]
Cd 2.62mgCdg! [289]
Ni 2.14mgNig™! [289]
Hg 158 g Hg g~ ! [232]
N%;Z%Z;m cd 17 ug Cd g~ [299]
mosijilzifngsis He 62mgHg ™! [287]
Wolffia globose As 1000 pug As g~ [300]
Spirodela polyrhiza As 7.65n mol As g~ [282]
Mentha sp. Fe 378 pg Feg ™! [242]

Pb (lead); Cr (chromium); Zn (zinc); As (arsenic); Cu (copper); Cd (cadmium); Fe (iron); Hg (mercury); Co (cobalt);
Ni (nickel); U (uranium); Ti (titanium).

Even though using aquatic macrophytes for phytoremediation has provided new path-
ways and insights into the remediation of HMs, there are certain flaws and disadvantages
associated with such a technique that need to be addressed before its application in the field.
The technique of phytoremediation utilizing macrophytes for HM removal is considered
to be time-consuming and can cause HM bioaccumulation in food chains that can have
deleterious impacts upon the livestock as well as human health. There should be restricted
access to the site. Plant species such as Amaranthus spinosus, Alternanthera philoxeroides, and
A. sessiles growing on sewage sludge has been used for metal accumulation. Transfer factor
and metal content in such species indicates their ability to bioconcentrate in their tissues;
thus, it is possible to restore the biosolid and sewage sludge contaminated sites using
these species, while exercising caution on human consumption. Similarly, A. philoxeroides,
another edible plant used as a dietary supplement, has been used for the removal of lead
and mercury from polluted waters. However, there is need to monitor the metal transfer
through the food chain [189]

For the eco-rehabilitation of polluted sites, phytoremediation is emerging as a novel
technique of immense potential. However, this demands a plethora of scientific research
for enhancing our understanding and knowledge for the efficient remediation of HMs.
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The progression of omic techniques can assist in defining new metabolites and traits im-
plicated in HM stabilization by hyperaccumulator plants which require novel strategies
for its progress. Although genetic engineering has helped in HM detoxification, no perfect
model of the whole data genome has yet been certified. This requires further exploration.
The manipulation of microbial niches by the halogenome of the microorganisms of plants
can be used to enhance resistance to HM contamination [301]. Nano remediation can be
another technique of notable promise that can be employed for HM removal [302,303].
Nanoparticles derived from plants, fungi, and bacteria play an important role in remedi-
ating environmental toxic wastes [304]. The nanoparticles prove to be effective agents in
cleaning up the contaminated environment as they can penetrate regions of contamination
that other types of microparticles do not possess the ability to reach. These particles have
higher reactivity to the contaminants in comparison to the other types of microsized parti-
cles being used for the clearing of contaminants [305]. However, there is a need to have
further elucidation of the relationship between nanoparticles and molecular approaches
of phytoremediation before expanding such a prospect for HM remediation [305]. Finally,
the success of phytoremediation will heavily rely on the contribution and coordination of
farmers, local communities, researchers, and industrial and environmental authorities. This
can be achieved by imparting education programs for ensuring the extended sustainability
of this green remediation technology.

10. Conclusions and Future Perspectives

Phytoremediation technology as a process appears to be a less disruptive, more eco-
nomical, and eco-friendlier clean-up technology. Furthermore, phytoremediation needs
minimal involvement of specialists, and the process can be applied for an extended time
period. With the development of genetics, the accumulation and tolerance capacity of
plants involved in phytoremediation can be enhanced considerably. At the molecular level,
transgenic methods can be applied to augment the remediation potential of different plant
species. Gene manipulation, alteration, and deletion by genetic engineering techniques
have been successfully utilized to produce genetically engineered species that have shown
considerably high tolerance and metal uptake capacity. The identification of quantitative
trait loci and candidate genes with high biomass yield characteristics, and the subsequent
development of transgenic plants with enhanced remediation potential, will encourage fur-
ther research in the phytoremediation of HM-contaminated environments. It will provide
new and innovative research tools for getting better results. In-depth research is warranted
to discover which plant has high resistance to find its suitability for specific environmental
conditions. In situ toxicity evaluation could be beneficial for the initial identification of such
species. Keeping in mind the financial aspects and potential benefits, the phytoremediation
technique epitomizes an effective and viable option to obtain benefits in both monetary
and environmental terms in comparison to the physicochemical methods. More compre-
hensive investigations into the potentialities and boundaries regarding phytoremediation
can enhance the practice of this technique for soil remediation in the near future.
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Abstract: Bioaugmentation promises benefits for agricultural production as well as for remediation
and phytomining approaches. Thus, this study investigated the effect of soil inoculation with the
commercially available product RhizoVital®42, which contains Bacillus amyloliquefaciens FZB42, on
nutrient uptake and plant biomass production as well as on the phytoaccumulation of potentially
toxic elements, germanium, and rare earth elements (REEs). Zea mays and Fagopyrum esculentum
were selected as model plants, and after harvest, the element uptake was compared between plants
grown on inoculated versus reference soil. The results indicate an enrichment of B. amyloliquefaciens
in inoculated soils as well as no significant impact on the inherent bacterial community composition.
For F. esculentum, inoculation increased the accumulation of most nutrients and As, Cu, Pb, Co, and
REEs (significant for Ca, Cu, and Co with 40%, 2042%, and 383%, respectively), while it slightly
decreased the uptake of Ge, Cr, and Fe. For Z. mays, soil inoculation decreased the accumulation
of Cr, Pb, Co, Ge, and REEs (significant for Co with 57%) but showed an insignificant increased
uptake of Cu, As, and nutrient elements. Summarily, the results suggest that bioaugmentation with
B. amyloliquefaciens is safe and has the potential to enhance/reduce the phytoaccumulation of some
elements and the effects of inoculation are plant specific.

Keywords: Bacillus amyloliquefaciens; phytoextraction; potentially toxic elements; germanium; rare
earth elements; bioinoculants

1. Introduction

Soil pollution majorly arises from the dumping of waste from natural or anthropogenic
sources in soil, thereby causing undesirable impacts on the chemical, biological, and
physical properties of air, soil, and water [1]. In addition, the study of trace elements in the
environment has drawn much attention to the presence of critical raw materials (CRMs)
like germanium (Ge), rare earth elements (REEs), and potentially toxic elements (PTEs)
in different kinds of waste and combustion products. Some of these elements are widely
dispersed in soils and do not exist in concentrated deposits [2-7].

The environmental presence of these elements of interest has implications that are
either negative or positive, depending on their concentration and the sensitivity of the
living organisms in the environment. Potentially toxic elements and some CRMs have
negative consequences on living organisms when they exist in concentrations that are
beyond permissible limits, as has been revealed by some studies [8,9]. Their effect on

123



Plants 2022, 11, 341

biochemical reactions in living organisms can impact metabolic processes and reduce crop
yields [1]. Thus, there is a need for remediating the environment when these PTEs exist in
toxic concentrations. In addition, the presence of CRMs in soils and various depositories
such as waste implies that there is the possibility of element recovery via urban mining to
increase the supply of CRMs since the economic development of these CRMs, despite the
increasing demand and price, has not been sustainable [1,6,7,10,11].

Phytoextraction is among the several techniques that can be used to remediate the
high presence of PTEs in soil and biologically extract CRMs (phytoremediation for PTEs
and phytomining for CRMs). It is cost effective and has less environmental impact [12]. It
involves the use of plants to sequester elements from the soil via the roots [13]. However,
phytoextraction can be limited by a low availability of elements in the soil for uptake
and low plant biomass production. This is because some elements may not be available
in chemical species readily available for plant uptake as they exist in different soil frac-
tions of potentially mobile element forms bound to clays, minerals, and oxides of iron
and manganese, which has a strong influence on their behavior in soil and availability
for phytoextraction. One example is iron (Fe), which exists as iron hydroxide in soil.
The hydroxide is solubilized by bacteria to free the iron ion or the iron is solubilized by
siderophore released by some soil bacteria, as reported by Schwabe [14]. These bacteria
impact the solubility by changing the speciation of the element of interest in the rhizo-
sphere, hence the plethora of studies that are targeted towards understanding the chemical
behavior and bioavailability of these elements of interest in soil and enhancing the process
of phytoextracting them from soil [10,13,15-18].

The improvement of soil health and the bioavailability of elements can be done via
bioaugmentation using soil microbes [18]. The bioavailability of elements greatly deter-
mines the success and long-term sustainability of phytomining and phytoremediation,
implying that bioaugmentation with associated plant growth-promoting rhizobacteria
(PGPR) could enhance the efficacy of phytoextraction [19]. Plant growth-promoting rhi-
zobacteria form a kind of beneficial symbiotic association with plants where the plant
exudates serve as a carbon source for bacteria [13]. They enhance element mobility and
bioavailability through several mechanisms, such as the secretion of chelating agents—such
as siderophores, phenolic compounds, and organic acids—as well as inducing the acidi-
fication or redox changes in the plant rhizosphere [17]. Thus, they augment the capacity
of plants for the remediation of contaminated soil and the reduction of the phytotoxicity
of PTEs.

In addition, many studies have reported these PGPR strains as being capable of
solubilizing phosphate in soil, including a recent one by Schwabe et al. [14]. However, the
strains are outnumbered by other bacteria that are easily established in the rhizosphere
such that they cannot compete favorably. This limits the amount of P solubilized and the
expression of other beneficial mechanisms through which these bacteria influence element
bioavailability and plant growth. Therefore, to maximize the benefit of the plant growth-
promoting traits of these bacteria, the inoculation of plants or soil by higher concentrations
of bacteria than those usually found in soils is required [20]. Some of these PGPRs have
been produced at a commercial scale as microbial formulations are used in agriculture as
microbial inoculants in soil bioaugmentation [21].

Several studies have demonstrated the involvement of beneficial micro-organisms,
such as rhizobacteria or endophytes associated with plant roots, for the extraction or accu-
mulation of elements of interest or for reducing toxicity and the immobilization of elements
in soil [13]. Pseudomonas maltophilia was reported to have reduced the toxicity of chromium
(Cr) in soils by reducing the toxic Cr®* to nontoxic and immobile Cr®* and to have restricted
the mobility of toxic ions like cadmium (Cd?*), lead (Pb?*), and mercury (Hg?*) [13,22,23].
Rajkumar and Freitas [24] also observed that the inoculation of Ricinus communis with
Pseudomonas sp. PsM6 or P. jessenii PJM15 increased plant biomass production and enhanced
the phytoextraction efficacy for nickel (Ni), copper (Cu), and zinc (Zn) by the production of
indole-3-acetic acid (IAA) and solubilizing phosphate. Bacillus amyloliquefaciens BSL16 was
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reported to increase Cu accumulation and the growth of rice seeds and tomato plants under
Cu stress [25]. Furthermore, Abou-Shanab et al. [26] reported the possibility of an increase
in Ni accumulation by rhizobacteria. Bacillus lichenformis was reported to have enhanced
the accumulation of Cu, Cd, Pb, and Cr [27]. In addition, a recent study by Kabeer et al. [28]
reported a reduced shoot content of Cu and Pb upon treatment with rhizobacteria, while
Schwabe et al. [14] reported an increased shoot content of Ge and REEs upon inoculation
with PGPR.

These studies have highlighted the roles that PGPR plays in plant element accumulation.
However, to the best of our knowledge, the effects of bioaugmentation by B. amyloliquefaciens
FZB42 inoculated via the commercially available formulation RhizoVital®42 on the simul-
taneous uptake of PTEs, CRMs such as Ge and REEs, nutrients, shoot yield, and bac-
terial community composition using Fagopyrum esculentum cv Moench and Zea mays cv
Badischer Gelber as test plants and for the purpose of phytomining and phytoremediation
have not been studied. Therefore, the main aim of this study was to evaluate the effects of
bioaugmentation using inoculum from a commercially produced microbial formulation of
B. amyloliquefaciens FZB42 on the phytoextraction of PTEs (arsenic (As), lead (Pb), cobalt
(Co), copper (Cu)) and CRMs (germanium (Ge), and the sum total of REEs (REET)), as
well as iron (Fe), silicon (5i), calcium (Ca), and phosphorus (P)—regarded as the nutrient
elements in this study—from soil. We hypothesized that the inoculation of soil with Rhi-
zovital 42 (bioformulated B. amyloliquefaciens FZB42) inoculum will enrich the strain in soil,
and improve plant shoot yield and the aboveground phytoaccumulation of elements, given
the reports of the effects of PGPR on element accumulation from previous studies.

2. Results
2.1. Effect of Inoculation on Soil Microbial Community Composition and B. amyloliquefaciens
Abundance in Soil

The analyses of the bacterial community at the end of the experiment revealed no
significant differences between the studied treatments. Neither the crop nor the application
of Rhizovital showed significant effects on the relative abundance of main bacterial phyla
(Figure 1A, Table 1) or on the community composition (Figure 1B). At the phylum level,
Actinobacteriota predominated all soil communities (with a mean of 28%, Figure 1A,
Table 1), followed by Proteobacteria (18.4%), Acidobacteriota (10.1%), Chloroflexi (7.8%),
Firmicutes (7.3%), and Planctomycetota (7.2%). Although the principal coordinates analysis
(PCoA) indicated dissimilarities between the bacterial communities (Figure 1B), these
differences were not related to the applied treatments, indicating that the inoculated strain
did not affect the inherent soil community.

Regarding the investigated target strain Bacillus amyloliquefaciens FZB42, the results of
Ilumina sequencing show that compared to reference soils for both plants, soils inoculated
with B. amyloliquefaciens generated a lower number of sequences (F. esculentum = 61,553,
Z. mays = 50,967) than uninoculated soils (F. esculentum = 62,317, Z. mays = 55,217) and had a
lower number of operational taxonomic units (OTUs) (F. esculentum = 1641, Z. mays = 1567)
than inoculated soils (F. esculentum = 1718, Z. mays = 1570). In addition, the results show
that soils in which F. esculentum was grown generated a higher number of sequences and
had higher OTU numbers compared to the soils planted with Z. mays. For F. esculentum,
inoculated soils generated 764 and 77 fewer sequences and OTUs, respectively, than uninoc-
ulated soils, while for Z. mays, soils inoculated with PGPR generated 4250 and 3 fewer
sequences and OTUs, respectively, than uninoculated soils. In reference soils in which
F. esculentum was grown, no sequences related to the inoculated strain were found, whereas
in soils inoculated with the PGPR, approximately 510 sequences were generated. Similar
observations were found for the reference soils (four sequences generated from just a single
replicate) versus inoculated soils (383 sequences generated) in which Z. mays was grown.
Therefore, the results demonstrate that the strain B. amyloliquefaciens was present in the
inoculated soils with average relative abundances of 0.85% and 0.75% for the bacterial soil
communities of F. esculentum and Z. mays, respectively.
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Figure 1. Bacterial community composition in the plant rhizosphere at plant harvest. (A) Bar
plot showing the average distribution of main phyla (with abundances of >0.5%) in the soils.
(B) Visualization of a multidimensional scaling approach (PCoA) to explore dissimilarities be-
tween the soil communities. The respective three replicates of each color-coded treatment are
connected to each other. ZM = maize (Z. mays), BW = buckwheat (F. esculentum), NIL = reference soil,
R = inoculated soil, FGxx = sample ID.

Table 1. Mean proportions (given in % of the total community) of main phyla (with
abundances of >0.5%) in the soils of the studied treatments. Soils were cultivated with
Fagopyrum esculentum /buckwheat (BW) or Zea mays (ZM) without inoculation (NIL) and with inocu-
lation (R) of B. amyloliquefaciens.

Phylum BW NIL BWR ZM NIL ZM R
Acidobacteriota 10.31 9.81 9.83 10.53
Actinobacteriota 28.98 27.88 27.62 27.39

Bacteroidota 2.83 3.08 2.57 2.21
Chloroflexi 7.97 7.56 7.65 8.00
Crenarchaeota 0.59 0.58 0.61 0.63
Firmicutes 6.67 7.55 7.69 7.09
Gemmatimonadota 4.03 431 4.35 457
Methylomirabilota 0.74 0.50 0.66 0.74
Myxococcota 3.11 3.33 3.72 3.94
Patescibacteria 1.39 1.66 1.61 1.67
Planctomycetota 7.26 7.58 7.14 6.95
Proteobacteria 18.40 18.37 18.73 18.05
Verrucomicrobiota 2.74 2.65 2.64 2.89
Unidentified 0.72 0.81 0.64 0.79

2.2. Effect of PGPR on Shoot Yield and Accumulation of Investigated Elements

For both Z. mays and F. esculentum, there were no significant differences between the biomass
produced by plants grown on reference soils and soils inoculated with B. amyloliquefaciens. In-
oculation with PGPR only slightly affected the shoot yield of F. esculentum and Z. mays. Inocu-
lated plants showed an 8% higher shoot yield for F. esculentum and an 18% higher yield
for Z. mays compared to the reference plants (Figure 2). For Z. mays, inoculation with
B. amyloliquefaciens FZB42 did not significantly alter the accumulation of nutrient elements,
Ge, REET, and most PTEs considered in this study except Co, for which there was a sig-
nificant decrease in accumulation of 57% (Figure 3). Contrastingly, the inoculated plants
displayed slight increases of 10% and 23% in the shoot contents of Cu and As, respectively.
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Figure 2. Effect of inoculation on shoot yield of Zea mays and Fagopyrum esculentum (mean =+ SE, n = 3).
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Figure 3. Effect of inoculation on phytoaccumulation of investigated elements by Zea mays. Significant
difference (p < 0.1) between means indicated by asterisk * (mean + SE, n = 3).

In addition, in Z. mays, concentrations (Tables 2 and 3) of the most investigated
elements decreased by percentages between 6% and 75%, with the exception of Cu, which
was not affected. For F. esculentum growing on inoculated soils, the shoot contents of Cr,
Fe, and Ge decreased by 59%, 15%, and 40% respectively, while the accumulation of the
rest elements was not significantly impacted except for Ca, Cu, and Co, for which there
were significant increases of 40%, 383%, and 2042%, respectively (Figure 4). In addition,
observations for the effect of inoculation on the concentrations of the investigated elements
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in F. esculentum (Tables 2 and 3) were similar to the observations for the effects of inoculation
on the shoot contents of the investigated elements.
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Figure 4. Effect of inoculation on phytoaccumulation of investigated elements by Fagopyrum esculen-
tum. Significant difference (p < 0.1) between means indicated by asterisk * (mean =+ SE, n = 3).
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Table 2. Effect of soil inoculation on concentration (ug/g) of PTEs, Ge, and REET in shoots of test
plant species.

Species Treatment Cr As Pb Co Cu Ge REET
30.1 £+ 0.26
% NIL 386090 250+031 193+0.89 4144051 574 1016 0.68 £ 0.54
S R 258 +£011 234+038 128+005 148+0.18 31+ 0.09 & 0.17 £ 0.08
N 1.52 0.004
Statistic ? 1.97 0.10 0.52 24.0 0.019 1.05 0.87
p value 0.29 0.77 0.55 0.03 0.9 0.41 0.45
794 + 0.01 £
§ NIL 515+222 3724018 1.72+£0.16 0.15+0.01 249 0.004 0.77 £ 0.06
=
S 36.1+ 0.005 =
= R 1.89+034 414+£058 349+058 2.97+0.30 3.90 0.001 0.96 £ 0.17
“mf Statistic ? 211 0.47 8.68 90.98 9.25 0.81 1.21
. p value 0.28 0.55 0.08 0.011 0.078 0.46 0.37

Mean =+ SE, n = 3, NIL = reference, R = inoculated soil. Statistic ® means asymptotically distributed F statistic for
Welch’s ANOVA.

Table 3. Effect of soil inoculation on concentration (ug/g) of selected nutrients in shoots of test
plant species.

Species Treatment P Ca Si Fe
@ NIL 1681 + 181 6981 £ 611 3137 £ 636 88 + 8
g R 1578 + 208 5975 4+ 1162 2744 + 142 76 £ 6
= Statistic 2 0.14 0.59 0.36 1.28
N p value 0.728 0.499 0.603 0.327
§ NIL 1699 + 122 13,434 + 692 549 + 34 67 +4
= R 1953 + 94 17,421 £ 1294 611 + 53 53 +4
ks Statistic 2 2.73 7.39 0.95 6.06
3 p value 0.18 0.07 0.39 0.07

Mean =+ SE, n = 3, NIL = reference, R = inoculated soil. Statistic * means asymptotically distributed F statistic for
Welch’s ANOVA.

3. Discussion
3.1. Effects of Inoculation on Root Colonization, Rhizosphere Bacterial Communities, Nutrient
Supply, and Plant Growth

Important aspects for the application of PGPR inoculation-assisted plant biomass
production and phytoremediation include the establishment of the inoculant in the soil as
well as the effect of the inoculant on the existing microbial community. This is important
because it has been reported that bacterial communities in soils are often resistant to the
introduction of foreign species [29], which could hinder the establishment and effectiveness
of the inoculant [30]. In addition, inoculants could be invasive and alter the existing soil
microbial community composition [31], although the success of an invasion is dependent
on the diversity of the existing microbial community [32]. Thus, we assessed the relative
abundance of B. amyloliquefaciens in the soil community and checked for differences be-
tween the bacterial community composition in the soils. The results of this study, which
show that the strain established itself in the soil community with a relative abundance of
approximately 1%, indicate a successful integration of the strain into the bacterial com-
munity. The high abundance of the inoculated strain in the soil indicates that the existing
microbial community did not prevent the establishment of the strain in the soil. This finding
could be related to the fact that Bacillus species are known to produce endospores that help
them survive and establish themselves in soil [27,31]. In addition, a possible restricted
niche overlap in the soil between B. amyloliquefaciens and the resident bacteria, which is
sometimes influenced by a variation in nutrient demands and spatial separation, may have
contributed to the establishment of B. amyloliquefaciens in the soil. In addition, the results
of the PCoA, which show that inoculation did not cause a significant shift in the bacterial
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community composition, agree with the findings of Chowdhury et al. [33], who reported
that B. amyloliquefaciens FZB42 did not significantly impact the indigenous rhizosphere
bacterial community. Niche processes, which are determined by plant selection power and
other environmental factors, such as soil chemistry, are the major factors driving microbial
community assemblage in the rhizosphere [34-36]. The absence of a significant shift in
the microbial community composition suggests that inoculation with B. amyloliquefaciens
did not impact plant selection power or other environmental factors enough to cause a
significant shift in the niche processes within the soil microbial community. This alleviates
the fears that the inoculation of soil with B. amyloliquefaciens may significantly disturb the
structure of the microbial community and the fear that B. amyloliquefaciens will not survive
in soil when used as an inoculant, confirming that they are safe for use in agriculture and
phytoremediation purposes.

3.2. Effects of Inoculation on Shoot Yield

In this study, we used fertile PTE-polluted soil from the post-mining area of Freiberg.
Thus, it was not surprising that the biomass production (shoot yield) was only slightly
affected by inoculation under the conditions of adequate nutrient supply, as evident in
the slight increase in the biomass of the inoculated plants compared to the non-inoculated
reference plants. This slight increase, although insignificant, could be due to the plant
growth-promoting properties of B. amyloliquefaciens related to the secretion of indole acetic
acid (IAA) and 1-aminocyclopropane-1-carboxylic acid deaminase (ACC deaminase) activ-
ity, some of which promote increased photosynthetic rates [37—40]. Stefan et al. [41] reported
increased photosynthetic rates in runner bean upon inoculation with two PGPRs, stating
the IAA-producing ability of the bacteria as a possible cause. Similarly, Naveed et al. [42]
reported enhanced shoot biomass production and physiology (photosynthesis, chlorophyll
content, and efficiency of photosystem II) in Z. mays upon inoculation with endophytic
PGPR, which colonized the plants. In addition, an increased acquisition of nutrients may
have contributed to the slight increase in the biomass observed, but this would be mostly
true for F. esculentum, where inoculation increased the accumulation of most nutrients (P, Si,
and Ca) between 22% and 25% compared to Z. mays, where the slight percentage increase
upon inoculation was not more than 8%. The increased accumulation of nutrients might be
a result of a B. amyloliquefaciens-induced increase in the nutrient element solubilization and
the mobility of these nutrients in the rhizosphere, thus making these elements bioavailable
for plant uptake. A Bacillus species was reported by Jamil et al. [43] to have increased Ca
and P accumulation in plants, and this is in tandem with the results of our study. The
reduced accumulation of Fe, despite B. amyloliquefaciens being a siderophore-producing
bacterium, may be because the siderophore produced under the conditions in the sub-
strate favored the solubility and binding of metals other than Fe, hence the decrease in the
accumulation of Fe [44].

3.3. Effects of Inoculation on PTE and CRM Accumulation

The effect of B. amyloliquefaciens on plant growth is of interest for plant growth promo-
tion in agriculture and biomass production for bioenergy purposes, especially on marginal
soils characterized by high concentrations of PTEs. However, beyond these reasons, there
is interest in the effects of B. amyloliquefaciens on the phytoextraction of elements from soil,
for example, PTEs [45] and CRMs such as Ge and REEs.

In this study, the observed effects of inoculation on element accumulation by F. esculentum
(a forb and strategy 1 plant with respect to Fe acquisition) and Z. mays (a grass and strategy
2 plant with respect to Fe acquisition) differed for some elements and were similar for others.
These differences in the observed effects may be related to the plant species’ characteristics,
such as growth habits, element acquisition strategy, and colonization of the plant roots by
bacteria [17]. In addition, although the effects of many elements on accumulation by both
test plants upon inoculation were substantial, these effects were statistically insignificant
for most elements, possibly due to variation in the extent of inoculation effects among plant
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replicates. Plants were placed in a randomized manner under the light source, causing
differences in intensity of light exposure among replicates. These differences can affect
the photosynthetic and transpiration rates among plant replicates, which could have an
effect on the extent inoculation affects plant replicates. Only the effects of inoculation on
Ca and Cu phytoextracted by F. esculentum and Co phytoextracted by both test plants were
significant. The increased accumulation of Cu and As in Z. mays, as well as Cu, As, Co,
and REET in F. esculentum upon inoculation with B. amyloliquefaciens may be connected
with the solubilization of these elements by substances produced by the bacteria, such as
carboxylic acids, indole acetic acids, and siderophores, as well as root exudates produced
by plants, which solubilize these metals and facilitate their uptake by the plant roots [13].
The formation of siderophore-metal complexes and the release of elements from organic
matter decomposition by bacteria, which can be taken up directly by plants, increases the
accumulation of metals in plants [17,46]. These results agree with those of Khan et al. [25],
who reported that Bacillus amyloliquefaciens BSL16 increased the accumulation of Cu in rice
and stated the production of organic acids, biosurfactants, and siderophores as possible
reasons for the increased Cu accumulation, as suggested by Sheng et al. [47]. Additionally
in agreement with our results are those from the study of Lampis et al. [48], who reported a
22% increase in As accumulation upon plant inoculation with PGPR, crediting the increase
to the combined effect of the beneficial properties of siderophore and IAA production by
the PGPR, as well as the reduction of arsenate to arsenite.

The contrasting results of the decreased accumulations of Cr, Pb, Co, Ge, and REET in
Z. mays, as well as of Cr and Ge in F. esculentum may be due to a possible immobilization of
these elements in the soil upon inoculation with bacteria, thus limiting uptake by Z. mays.
It is possible that B. amyloliquefaciens used polymeric substances, exopolysaccharides that
are capable of forming biofilms around plant roots, and other chemical substances, such
as some carboxylates it produces to immobilize these elements by forming stable com-
plexes with their ions in the soil solution, thus limiting their uptake by plants [27,49-51].
Ashraf et al. [52] reported the formation of soil sheaths in the root zone of wheat to limit
the flow of toxic ions into wheat roots upon inoculation with exopolysaccharide producing
Bacillus spp. Fan et al. [53] reported that the expression of genes involved in the forma-
tion of biofilms was enhanced by maize root exudates. Silva et al. [54] reported that the
inoculation of Z. mays with some PGPR strains reduced the accumulation of Cr in Z. mays,
and this reduction in the accumulation of Cr may be due to the reduction of the mobile
Cr®* to the immobile toxic Cr®* ions, as reported by Jing et al. [13]. This agrees with the
results of our study and suggests that reductions in the oxidation states of element ions in
the soil, which lead to element immobilization and reduced bioavailability, might be the
reason for the reduced uptake of some elements upon inoculation with PGPR. However,
some studies have reported a decrease in As accumulation in plants upon inoculation with
PGPR, including Bacillus [51,55].

Furthermore, element accumulation patterns upon inoculation may have been due to
chemical relationships or similarities in origin that resulted in simultaneous accumulation
by plants, as the plant may not have easily taken them up differentially or, in some cases,
because of competition for the same transport channels or sites. For example, the observed
higher accumulation of As and P in Z. mays upon inoculation may be connected to the
chemical relationship between As and P [56]. In addition, Ge and Cr are usually bound to
silicates [6,57,58] and, as such, it may be that the increased accumulation of 5i was a result
of preferential accumulation of Si over Ge and Cr. Other examples could be Pb and P [59],
P and Ca [60], Ca and REET [61].

Conclusively, our study has highlighted the possibilities of enhanced biomass pro-
duction and phytoextraction of elements, including nutrients, PTEs, and elements of
economic value, using Z. mays and F. esculentum as test plants and commercially available
B. amyloliquefaciens FZB42 bioformulation as the inoculant. We demonstrated that it is
possible that upon inoculation of soil with bacteria, biomass production by Z. mays and
F. esculentum can be enhanced, while phytoextraction can be enhanced or impeded depend-
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ing on several interacting factors related to plant species characteristics, such as growth
habits, element acquisition strategy, and the colonization of plants by bacteria, which could
differ between the two plant species [17]. In addition, the study highlights that the use of
commercially available microbial inoculant containing B. amyloliquefaciens FZB42 as the
PGPR, as well as for phytoremediation purposes, is safe, as the B. amyloliquefaciens FZB42
establishes itself well in soil and does not majorly affect the structure of the indigenous soil
microbial composition. Although the above-mentioned effects of inoculation might not
all be significant, we think that they are meaningful, as they indicate what possibilities of
element accumulation there could be upon the inoculation of soils in which F. esculentum
and Z. mays are grown, using B. amyloliquefaciens as the microbial inoculant. Thus, the
findings of this study may provide useful information when planning agricultural projects
that intend to use microbes to boost plant growth and nutrient content, for environmental
remediation projects that intend to use plants and microbes to enhance the extraction of
economically valuable elements and contaminants from soil, and for biomass for bioenergy
projects that intend to use microbes to enhance plant biomass production.

4. Materials and Methods
4.1. Plant Growth Experiment and Soil Amendment

The plant species used as test plants in this study were Zea mays cv Badischer Gelber and
Fagopyrum esculentum cv Moench, which were grown under constant laboratory conditions
of a temperature of 25 °C and light exposure time of 12 h per day. The plants were
grown in 3 replicates, each in 2 kg of potted soils obtained from the vicinity of Technische
Universitdt Bergakademie Freiberg, which represent typical soils of the Freiberg area of
Germany [62]. Five seeds of each plant species were initially sown per pot but reduced
to one plant per pot after 2 weeks post-germination. Plants grown in non-inoculated soil
served as the reference for those grown in soils inoculated with Bacillus amyloliquefaciens.
An inoculation rate of approximately 0.4% (0.4 mL of inoculum in 100 mL) per pot was used,
and the soil was inoculated twice (100 mL of 0.4% inoculum mixture each time) within
the 53-day growing period of the experiment, with a time interval of 2 weeks between
inoculations. Rhizovital 42 (bioformulated Bacillus amyloliquefaciens), supplied by ABiTEP
GmBH Berlin and containing 2.5 x 10’ CFU/mL (colony-forming units per milliliter) of
Bacillus amyloliquefaciens, was the source of inoculum.

4.2. Sample Preparation and Analysis
4.2.1. Soil Samples (Before Inoculation)

According to Du Laing [63], readily available element fractions include the mo-
bile/exchangeable and acid-soluble element pools. The concentrations of the elements
in these fractions were determined via sequential extraction according to the methods
described by Wiche and Heilmeier [6]. To determine the total element concentrations,
10 portions of the soil samples were dried at 105 °C and ground in a boron carbide mortar.
Then, 0.5 g of the ground soil and 2 g of an equivalent mixture of Na,CO3 and K,CO3; were
placed in a nickel crucible and thoroughly mixed for melting digestion, according to the
methods by Alfassi and Wai [64]. The mixture was heated in a muffle furnace for 30 min
at 900 °C, after which the samples were cooled and dissolved with 50 mL of a 2 M nitric
acid and 0.5 M citric acid solution. The resulting solutions from the melting digestion and
sequential extraction were diluted, and the concentrations of the elements were determined
using ICP-MS (X series 2, Thermo Fisher Scientific, Dreieich, Germany). The accuracy of
the analytical process was checked using certified reference material (NCS ZC73032 and
NCS ZC73030) [65]. The results deviated by less than 10% from the certified values.

The physico-chemical properties of the uninoculated soil, the concentrations of the
readily available soil element fractions, and the total element concentrations are reported
in Table 4. Soil electrical conductivity was 32 uS/cm, while the soil organic matter content,
determined by the loss of ignition, was 7.7 %. The soil pH was 6.2 and in the effective
range for soil microbial functions and nutrient availability but not for the bioavailability of
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most of the CRMs considered in this study [66,67]. The total concentrations of Ge and REEs
were similar to those reported by Wiche et al. [62], with the total concentration of PTEs
more than the threshold values allowed for European soils, as reported by Toth et al. [68],
which is due to previous mining activities in the region of Freiberg. Of the readily available
PTEs, Pb had the highest concentration (36.6 ng/g), while the concentrations of readily
available As, Cu, Co and Cr, and Co were 1.13 ug/g, 1.53 ug/g, 0.34 ug/g, and 0.34 pug/g,
respectively. The readily available concentrations of the sum total of REEs (3.79 ug/g) were
quite higher than that of Ge (0.02 pg/g). For the selected nutrients, the concentrations of
the readily available fractions were P (58.9 ug/g), Fe (23.5 ng/g), Ca (2514 pug/g), and Si
(117 pg/g). These concentrations mean that the soil was polluted but not nutrient deficient
or infertile.

Table 4. Soil physico-chemical parameters and concentrations of elements.

4a: Soil Physico-Chemical Parameters

Water content (w/w) 17.9%
pH value in aqueous solution 6.2
Conductivity 32.3 uS/cm
Organic matter content 7.7%
Nitrate concentration 147 mg/kg
Ammonium concentration 0.88 mg/kg
Phosphate concentration 136 mg/kg
Cation exchange capacity 9.1 cmol/kg
4b: Total Concentration and Concentration in Operationally Defined Fractions (ug/g)
(mean + SE)
Total concentration Fraction 1 Fraction 2
Cu 175 + 36 0.69 + 0.04 0.84 £0.1
Pb 180 + 41 56+0.8 31+32
Cr 111+ 11 0.10 + 0.02 0.23 +0.01
As 93 £ 25 0.39 £ 0.2 0.73 +£0.2
Ge 1.84 £+ 0.04 0.004 £ 0.001 0.014 4 0.001
REET 157 £ 3.1 0.99 £+ 0.1 2.80 £ 0.2
Ca 5875 £ 675 2282 =+ 495 232 £45
P 1986 + 89 333+6.3 256+ 8.3
Fe 29,337 + 551 41+04 194 +22
Co 243+21 0.09 +0.01 0.24 +0.02
Si 141,455 + 18,019 62.7 £9.6 547 +£5.0

Fraction 1 = mobile/exchangeable element fraction, Fraction 2 = acid soluble element fraction. Values are means
of 10 replicates except for P (total concentration), whose value is the mean of 7 replicates. Elements in bold letters
have concentrations higher than permitted for European soils, as reported by Té6th et al. [66].

4.2.2. Plant Samples

During harvest, the plants were cut off at heights between 2-3 cm above ground level,
weighed, and dried at 60 °C in an oven (model SIM 500, Memmert, Schwabach, Germany)
for 48 h to obtain a constant weight. Subsequently, the dry mass of the samples was
determined and pulverized to a fine powder using an ultra-centrifugal mill (model ZM1000,
Retsch, Haan, Germany). Then, 100 mg of the dried pulverized plant samples were weighed
out for digestion in a microwave (MLS-ETHOS plus, MLS GmbH, Dorsten, Germany)
according to the methods by Krachler et al. [69]. Before digestion, the samples were mixed
with 200 pL of ultra-pure water as well as with 1.9 mL nitric acid and left overnight to
react before adding 600 uL of 4.9% hydrofluoric acid. After digestion, the samples were
transferred into 15 mL centrifuge tubes, with volumes of up to 10 mL. For the measurement
of trace elements, Ge, and REEs using ICP-MS (model X Series 2, Thermo Fisher Scientific,
Dreieich, Germany), 1 mL each from the diluted samples were further transferred to 15 mL
Teflon tubes before adding 100 pL of internal standards containing 1 mg/L of rhodium and
rhenium, according to the methods by Krachler et al. [69], with volumes of up to 10 mL.
The accuracy of the analytical process was checked using certified reference material
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(NCS ZC73032 and NCS ZC73030) [62]. The results deviate by less than 10% from the
certified values.

4.2.3. Soil DNA Extraction and Illumina Sequencing

Microbial DNA was extracted from approximately 250 mg soil, which had been col-
lected immediately after plant harvest and preserved at —80 °C. The extraction procedure
was done using a QIAGEN DNeasy Power Soil kit and based on the specifications of the
manufacturer. Before storing the DNA extracts at —20 °C, the DNA concentrations in the
extracts were examined with a NanoDrop ND-8000 spectrophotometer (Thermo Fischer
Scientific, Dreieich, Germany). For the PCR, the DNA concentrations of the extracts were
adjusted to 10-15 ng/uL. Amplification of the bacterial 165 rRNA gene V4 region was
performed in triplicate for each sample with the universal primers 515f and 806r [70], which
were equipped with [llumina adapter sequences. To ensure the correct amplification of the
sequences, proofreading KAPA HiFi polymerase was used for all PCR reactions (KAPA
Biosystems, Boston, MA, United States). The PCR reaction consisted of 7.5 pL of KAPA
polymerase, 0.3 uL of each primer (10 uM), 5.9 uL of water, and 1 uL of DNA template, and
was conducted with the PCR conditions summarized in Table 5 (PCR1). The PCR products
were checked by gel electrophoresis, and triplicates for each sample were pooled together.
After purification of the PCR products with the Agencourt AMPure XP kit (Beckmann
Coulter, Krefeld, Germany), [llumina Nextera XT indices were attached to both ends of
the bacterial fragments in a second PCR (PCR2, Table 5) in order to assign the sequences
to the respective samples. The PCR products were purified using AMPure beads, and the
DNA was quantified with the PicoGreen assay (Molecular Probes, Eugene, OR, United
States). For an equimolar representation of each sample, defined volumes of the prepared
bacterial amplicon libraries were pooled together. The fragment size and the quality of the
final DNA sequencing library pool were again checked with the Agilent 2100 Bioanalyzer
(Agilent Technologies, Palo Alto, CA, United States). Finally, paired-end sequencing of
2 x 300 bp was implemented on an Illumina MiSeq platform (Illumina Inc., San Diego, CA,
United States) at the Department of Soil Ecology of the Helmholtz Centre for Environmental
Research (UFZ, Halle/Saale, Germany).

Table 5. PCR conditions used for next-generation sequencing with Illumina for initial amplification
of 16S rRNA gene region (PCR 1) as well as for the index PCR (PCR 2).

Step Tem}lerature Time (min:sec)
(@)
PCR1
Initial denaturation 95 3:00
25 cycles Denaturation 98 0:20
Annealing 55 0:15
Elongation 72 0:15
Final extension 72 5:00
PCR 2
Initial denaturation 95 3:00
8 cycles Denaturation 98 0:30
Annealing 55 0:30
Elongation 72 0:30
Final extension 72 5:00

4.2.4. Bioinformatics Workflow

Demultiplexed sequences were processed using the “dadasnake” pipeline [71], which
is based on the implementation of the DADA?2 package [72] from the open-source program
R (v. 3.6.1; R Core Team 2017) into Snakemake [73]. 165 rDNA amplicon reads were cut
and filtered using the default settings of the pipeline. Read pairs were merged with a
minimum overlap of 12 bp and zero mismatches, and chimeric reads were removed using
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the consensus algorithm. For taxonomical classification of the 16S rDNA gene amplicon
sequences, the Mothur implementation of the Bayesian Classifier (Schloss et al. [74]) and—
as a follow up in the case of a missing classification—BLASTn were applied, referring to the
SILVA database (version 132, non-redundant at 99%; [75]). The final output was comprised
of an OTU table with the taxonomic classifications for all samples.

4.2.5. Statistical Analysis

The statistical differences between the treatments for each plant species for shoot
contents (amount accumulated), element concentrations, and shoot yield were evaluated
using Welch’s analysis of variance (ANOVA) at a significance level of p < 0.1 using IBM
SPSS Statistics 26 software. Significant differences (p < 0.1) between the means indicated
are indicated by an asterisk * in the figures. The bar plots and PCoA were created with R,
version 4.0.5, using the “vegan” and “ggplot2” packages.
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Abstract: Soil metal contamination associated with productive activities is a global issue. Metals
are not biodegradable and tend to accumulate in soils, posing potential risks to surrounding ecosys-
tems and human health. Plant-based techniques (phytotechnologies) for the in situ remediation
of metal-polluted soils have been developed, but these have some limitations. Phytotechnologies
are a group of technologies that take advantage of the ability of certain plants to remediate soil,
water, and air resources to rehabilitate ecosystem services in managed landscapes. Regarding soil
metal pollution, the main objectives are in situ stabilization (phytostabilization) and the removal of
contaminants (phytoextraction). Genetic engineering strategies such as gene editing, stacking genes,
and transformation, among others, may improve the phytoextraction potential of plants by enhancing
their ability to accumulate and tolerate metals and metalloids. This review discusses proven strategies
to enhance phytoextraction efficiency and future perspectives on phytotechnologies.

Keywords: soil metal remediation; metallophytes; hyperaccumulators; phytoremediation

1. Introduction

Due to industrial, mining, and agricultural activities, increasing soil HM concentra-
tions have become an urgent global problem [1,2]. Although HMs are natural compounds,
anthropogenic activities are major causes of biogeochemical alterations, increasing HM
soil concentrations far above natural levels. Land contamination with HMs poses serious
risks to human health and ecosystems [1,3]. In humans, high levels of HMs in living tissues
cause severe organ impairment, neurological disorders, and eventual death [4]. On the
other hand, a high concentration of HMs in soil decreases microbial and plant populations,
diversity, and ecosystem functioning [2].

Understanding the soil availability of any metal to plants is complex and multifactorial
because one must consider the interactions between HMs and other soil components along
with the species-specific capacity to extract metals from soils [5]. Indeed, soil metal toxicity
to plants depends on a metal’s soil bioavailability, which varies according to several factors,
such as the pH, presence of competitive cations, and content of soil organic matter (SOM),
among others [6,7].

Exposure to high HM concentrations can cause severe effects for plant growth and
development, such as photosynthesis inhibition, the disruption of cell membrane integrity,
root browning, interveinal chlorosis, and, finally, wilting and death [8-10]. All of these ef-
fects result from the production of reactive oxygen species (ROS) such as superoxide (O,°7),
hydrogen peroxide (H;O;), and hydroxyl radicals (OH®) via Haber—Weiss and Fenton re-
actions [10,11]. ROS damage essential cellular components such as DNA (degradation),
proteins (denaturation), and lipids (oxidation). Thus, the induction of ROS production leads

139



Plants 2022, 11, 86

to oxidative stress, affecting plant growth, seed germination, plant biomass production,
root length, and chlorophyll biosynthesis. Moreover, various other physiological activities
are also adversely affected, such as mineral nutrition, respiration, photosynthetic activity,
enzymatic reactions, and alterations of the antioxidant system [10-13].

In general, plants are sensitive to elevated concentrations of bioavailable fractions
of HMs in soils [14]. However, some plants, known as metallophytes, have developed
tolerance mechanisms to cope with HM stress [15]. Some metallophytes, known as hy-
peraccumulators, have also developed mechanisms to accumulate particularly elevated
levels of some HMs in their aerial tissues, which may be several hundred or thousand times
greater than that in normal plants (two to three orders of magnitude more than what is
normally found in plants growing in soils that are not enriched with particular metals) [14].
Metallophytes have antioxidant strategies to cope with oxidative injury induced by HMs.
These include ROS-removing enzymes such as superoxide dismutase (SOD), catalases
(CAT), guaiacol peroxidase (GPX), ascorbate peroxidase (APX), and glutathione reductase
(GR), as well as low molecular mass antioxidant scavengers such as ascorbate (ASC) and
glutathione (GSH). Metallophytes have also developed certain HM tolerance mechanisms,
including metal exclusion, metal accumulation, metal chelation, and the binding of metals
by strong ligands, such as cysteine-rich proteins including metallothioneins (MTs) and
thiol-rich peptides, called phytochelatins (PCs) [11,13,16].

2. Phytoextraction Technology

The last three decades have seen the emergence and development of environmentally
friendly in situ soil remediation techniques using plant species known as phytotechnologies.
Phytotechnologies are generally considered less invasive, more cost-effective, friendlier to
the environment, and more restorative of soil than conventional methods such as chemical
and physical remediation [17,18]. Phytoremediation is a technology based on plants
(i.e., trees, shrubs, herbs, and grasses) and their associated microorganisms (i.e., bacteria
and arbuscular mycorrhizal fungi (AMF)), used to remove (phytoextraction), degrade
(phytodegradation) or immobilize (phytostabilization) toxic substances in environmental
matrices such as soil and water [3]. Phytoremediation takes advantage of the ability of
certain plants to absorb, accumulate, metabolize, volatilize, or stabilize contaminants in soil,
air, water, or sediments [19]. For example, plants can reduce bioavailable concentrations
of soil contaminants such as HMs (Pb, Zn, Cd, Cu, Ni, Hg), metalloids (As, Sb), inorganic
compounds (NO3z~ NH4*, PO437), radioactive isotopes, hydrocarbons (i.e., diesel), or
pesticides and herbicides (atrazine, bentazone, chlorinated and nitroaromatic compounds),
thus restoring soil functions [20,21].

Phytoextraction refers to the capacity of certain plants to uptake (remove) contam-
inants from the soil by the plant roots system, and the subsequent translocation and
accumulation of these into the shoot or any harvestable part of the plant [22,23]. Hyperac-
cumulator plants can be used to extract metals as well as inorganic and organic pollutants
from soil [24,25]. These plants can accumulate HMs in the range of 0.01-1% dry weight
in their aerial tissues [21,26]. Specifically, a hyperaccumulator plant can concentrate more
than 10 mg kg~! Hg; 100 mg kg ! Cd; 1000 mg kg~! Co, Cr, Cu, or Pb; or 10,000 mg kg !
Zn or Ni [27,28]. The use of hyperaccumulators to clean up metal-polluted soils (bioavail-
able fraction) has been proposed [29]. However, naturally occurring hyperaccumulators
are generally slow-growing plants that produce relatively small amounts of harvestable
above-ground biomass [30], thus limiting their phytoextraction potential.

2.1. In Situ Phytoextraction Application

In recent years, many remediation technologies, including physical, chemical, biologi-
cal, and combined methods have been proposed and adopted to mitigate soil contamina-
tion [31]. In the case of phytoextraction technology, selecting the appropriate plant species
is one of the most important considerations. The appropriate plant species should be
capable of tolerating high HM levels and other limiting soil conditions, such as high acidity,
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salinity, or alkalinity [32]. In some cases, such as in semiarid mining regions, plant species
should also be able to adapt to drought and high light radiation. Therefore, metal-tolerant
native plants are often selected because they demonstrate tolerance to local environmental
conditions and could easily grow and proliferate [33].

In situ phytoextraction with legumes has been regarded as an eco-friendly way for
rehabilitating tailings dumps. Studies by Yu et al. (2019) used legumes (Pongamia pinnata) to
analyze changes to microbial structures during phytoextraction. They monitored dynamic
changes to the microbiota in the rhizosphere of Pongamia pinnata during a two-year on-site
remediation of vanadium-titanium magnetite tailings. After remediation, overall soil
health conditions significantly improved: available N and P contents increased, enzyme
activities were found and microbial carbon and nitrogen content also increased. This study
indicated that legume phytoremediation can effectively cause microbial communities to
shift in favor of rhizobia in HM-contaminated soil [34].

Even ornamental flowers or herbs can have phytoextraction potential [35,36]. A field
study was conducted to evaluate the efficacy of lavender for the phytoremediation of
contaminated soils. The experiment was performed on an agricultural field contaminated
by the non-ferrous-metal works near Plovdiv, Bulgaria. Concentrations of Pb, Zn, and Cd
in lavender (roots, stems, leaves, and inflorescences) and in the essential oils of lavender
were assessed. Lavender is an HM-tolerant plant that can be grown on contaminated soils
and can be referred to as a Pb hyperaccumulator and a Cd and Zn accumulator. This
ability can be successfully used for the phytoremediation of HM-contaminated soils. It was
shown that soil HMs do not influence lavender development or the quality and quantity of
lavender essential oil. The possibility of further industrial processing will make lavender
an economically interesting crop for farmers of phytoextraction technology [37].

Crop co-planting is widely used in agriculture because it can increase total crop
yields through increased resource use efficiency [38]. Xiong et al. (2018) studied the
phytoextractive effects of co-planting Ricinus communis or legumes (Medicago sativa) in Cd-
and Zn-contaminated soil. A factory relocation site in Shanghai contaminated with Cd
and Zn was selected for the experiment. According to the results of a potential ecological
risk assessment of HMs, the study area was divided into three levels of pollution: slight,
moderate, and high. The results showed that the presence of Medicago sativa can significantly
increase the height and biomass of R. communis, and there was a greater impact on the
chlorophyll content of R. communis at higher pollution levels. Differences in pollution
levels could significantly change the oil content of R. communis plants, but M. sativa can
alleviate the impact of HMs. The presence of M. sativa increased the amount of Cd and
Zn in R. communis by 1.14 and 2.19 times, respectively. Thus, co-planting R. communis
and legumes remediated contaminated soil and may be a practical in situ phytoextraction
strategy for HM-contaminated soil [39].

2.2. Advantages and Limitations of Phytoextraction

The effective phytoextraction of soil metal pollutants depends on three major factors:
(1) efficient metal uptake and translocation to the aerial parts of the plant; (2) the ability
to accumulate and tolerate high levels of metal; and (3) a well-developed root system
and abundant shoot biomass production. Traditional phytoextraction techniques face
certain limitations, such as the long time required for soil remediation (e.g., several crop
seasons), remediation being restricted to soil layers where roots can develop, and limited
extraction ability due to small above-ground biomass production [21]. Another limitation
is that only a small metal soil fraction is normally bioavailable to plants (bioavailable
fraction) [40]. Finally, the technique is only applicable to sites with low or moderate metal
pollution [21,41].

Recently, approaches based on chemically or microbiologically assisted phytoextrac-
tion techniques have been suggested to improve soil metal remediation, particularly at
large scales [42]. To cope with some of the plant limitations for proper soil metal phytoex-
traction, genetic engineering tools may be used to develop transgenic plants with higher
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aerial biomass production and increased metal tolerance and accumulation capabilities
that are also well adapted to a variety of climatic conditions [43]. With genetic engineering
strategies such as gene editing, stacking genes, transformation, and the overexpression
of strategic genes, among others, it may be possible to improve a plant’s potential to
accumulate and tolerate HMs. This review will discuss some strategies for improving
phytoextraction efficiency.

3. Genetic Engineering Strategies to Enhance Phytoextraction Efficiency
3.1. Enhancement of Metal Accumulation

Metal homeostasis is essential for plant growth, development, and adaptation to di-
verse environmental stressors [44]. Therefore, plants have specific transporters to tightly
regulate the uptake, distribution, and utilization of metal ions and thus maintain redox
homeostasis [45—47]. New biotechnological techniques have made it possible to better un-
derstand plant molecular mechanisms and enhance them through genetic engineering. For
example, the gene editing of plant individuals allows the improvement of certain capacities
or abilities [48]. Genome editing can make phytoextraction technologies more efficient,
time-saving, and economically feasible, minimizing limitations and ensuring large-scale
application [42]. The genes that are currently widely used to improve plant phytoextrac-
tion potential are those that encode transporters of metal ions [49]. The overexpression
of key proteins such as metal-binding proteins or metal transporters could enhance the
uptake and accumulation of HMs. Among transporters, various families play important
roles in maintaining redox homeostasis, including members of the Zn/Fe-regulated trans-
porter (ZRT/IRT-related ZRT-IRT-like proteins (ZIP)) family, natural resistance-associated
macrophage protein (NRAMP) family, cation diffusion facilitator (CDF) family, yellow
stripe-like (YSL) family, major facilitator super (MFS) family, P1B-type heavy metal ATPase
(HMA) family, vacuolar iron transporter (VIT) family, and the cation exchange (CAX)
family, among others [50-52].

Overexpression of Metal Transporters

Shim et al. (2013) produced genetically engineered Bonghwa poplar (Populus alba x
P. tremula var. glandulosa) lines expressing the yeast SCYCF1 gene (Saccharomyces cerevisiae-
yeast cadmium factor 1), which encodes a vacuolar transporter involved in toxic metal
sequestration into the vacuole. When grown on HM-polluted soil from a mining site,
ScYCF1-expressing plants showed reduced Cd toxicity symptoms and accumulated more
Cd in comparison to wild plants (WT) [53]. When plants were tested in contaminated soil,
root dry weight and the accumulation of Cd, Zn, and Pb in transgenic roots were higher than
in WT, demonstrating a potential utilization for these lines in long-term phytoextraction
and the phytostabilization of highly contaminated soils [15,53].

ZIP genes represent an important family of transporters that are highly conserved
among species (plans, fungi, and animals) [54]. Members of this gene family are responsible
for transporting a variety of cations, including Fe, Mn, and Zn [54]. They may also be
involved in the transportation of non-essential and highly toxic HMs, such as Cd. Jiang et al.
(2021) who explored the function of an SmZIP gene isolated from Salix matsudana and its
role in Cd tolerance, uptake, translocation, and distribution [55]. By overexpressing the
SmZIP transporter in transgenic tobacco, they found that Cd-stress-induced phytotoxic
effects were reduced compared to WT plants. Moreover, compared to WT tobacco, the Cd
content of roots, stems, and leaves in the transgenic tobacco increased, and the Zn, Fe, Cu,
and Mn contents also increased. Furthermore, the transgenic SmZIP tobacco exhibited a
higher growth rate and showed a more vigorous phenotype. The overexpression of SmZIP
resulted in the redistribution of Cd at the subcellular level, a decrease in the percentage
of Cd in the cell walls, and an increase in Cd in the soluble fraction of both roots and
leaves. Thus, the overexpression of SmZIP plays important roles in Cd accumulation and
translocation, subcellular distribution, and chemical forms in transgenic tobacco under Cd
stress [55].
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Another well-studied family of transporters is the ATP-binding cassette transporter
family, such as AfATM3. AtATM3 is localized at the mitochondrial membrane of Arabidopsis
thaliana and is involved in the biogenesis of Fe-S clusters and Fe homeostasis in plants.
Through Agrobacterium-mediated genetic transformation, Bhuiyan et al. (2011) overex-
pressed the AtATM3 gene into Brassica juncea (Indian mustard), a plant species suitable for
phytoextraction. AtATM3 overexpression in B. juncea conferred enhanced tolerance to Cd
(IT) and Pb (II) stressors. Transgenic seedlings showed a significant increase in the accumu-
lation of both Cd (II) and Pb (II). The enhanced HM tolerance and accumulation by AtATM3
transgenic plants was attributed to higher BiGSHII (B. juncea glutathione synthetase II) and
BjPCS1 (phytochelatin synthase 1) expression levels induced by AtATM3 overexpression.
Hence, AtATM3 transgenic plants are more tolerant to HMs and can accumulate more
HMs to enhance phytoextraction in contaminated soils [56]. Similarly, L. Sun et al. (2018)
isolated an ATP-binding cassette (ABC) transporter gene PtABCC1 from Populus trichocarpa
and overexpressed it in Arabidopsis and poplar. Transgenic plants possessed higher Hg
tolerance than WT plants, and the overexpression of PtABCC1 led to a 26-72% increase in
Hg accumulation in Arabidopsis and a 7-31% increase in poplar leaves and 26-160% increase
in the poplar stem. These results demonstrated that PtABCC1 plays a crucial role in the
tolerance and accumulation of Hg in plants and is thus a suitable strategy for improving
Hg phytoextraction [57].

Another example of the increase in HM uptake capacity in plants is the enhancement of
Cd phytoextraction by the overexpression of a cation diffusion facilitator (CDF family), or a
metal tolerance/transport protein (MTP family). Das et al. (2016) isolated and functionally
characterized the OsMTP1 gene from Indica rice (Oryza sativa L. cv. IR64) to study the
potential application of this transporter to improve the efficiency of Cd phytoextraction [46].
The heterologous expression of OsMTP1 in tobacco resulted in a reduction in Cd stress-
induced phytotoxic effects, including growth inhibition, lipid peroxidation, and cell death.
Compared to the WT, transgenic tobacco plants showed enhanced vacuolar thiol content,
indicating the vacuolar localization of sequestered Cd. The transgenic tobacco plants
exhibited significantly higher biomass production (2.2-2.8-fold) and hyperaccumulation
(1.96-2.22-fold) of Cd compared to WT under Cd exposure. Transgenic plants also showed
moderate tolerance and accumulation to As under As exposure. These results suggest that
transgenic tobacco plants overexpressing OsMTP1 could be useful in future phytoextraction
applications for cleaning up Cd-contaminated soils, as is also shown by the results of
Bhuiyan et al. (2011) [56] and Sun et al. (2018) [57].

In plants, Cu acts as an essential cofactor of numerous proteins that perform central
functions in cells. Because Cu is an essential micronutrient, plants have specific mechanisms
not only to exclude or chelate it but also to transport it into cells [58]. The predominant
Cu transportation mechanism is the reduction in the ion by plasma membrane NADPH-
dependent cupric reductases [59] and the subsequent uptake of the metal by high-affinity
Cu+ transporters of the COPT family under the control of the Cu-responsive transcription
factor SPL7 (SQUAMOSA promoter-binding protein-like7) [59-62]. Studies performed by
Andrés-Colas et al. (2010) showed that transgenic plants overexpressing either COPT1
or COPT3 exhibited increased intracellular Cu levels and were sensitive to Cu in the
growth medium [63]. Similarly, Sanz et al. (2019) expressed the COPT2 transporters in
a heterologous system, such as oocytes of the African clawed frog Xenopus laevis. They
observed that the Cu content in oocytes expressing the COPT2 transporter increased,
accumulating over 6-fold more Cu than control oocytes. These results suggest that the
overexpression of COPT high-affinity transporter family proteins can increase plant Cu
uptake capacity [61].

The uptake and translocation of non-essential HMs in plants occur through metal trans-
porters of essential micronutrients such as the natural resistance-associated macrophage
protein (NRAMP). NRAMPs from different species exhibit different biological functions,
although their sequences share similarities [64-66]. Wang et al. (2019) isolated an NRAMP6
from Ailanmai (Triticum turgidum L. ssp. turgidum) that encoded a plasma membrane protein.
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Expressing TEINRAMPS in yeast significantly enhanced Cd concentration, and therefore
the cells were more sensitive to Cd. Furthermore, the overexpression of TINRAMPS in-
creased Cd concentration in roots, stems, leaves, and the whole plant of Arabidopsis, which
indicated that overexpression of TINRAMP6 enhanced Cd accumulation [62].

3.2. Strategies to Enhance Metal Tolerance

Plants have developed a number of mechanisms to detoxify excess metals, such as
compartmentalization in inactive tissues, chelation by metal ligands, and detoxification
by antioxidants. Metal chelators such as organic acids, amino acids, phytochelatins, and
metallothioneins play important roles in metal detoxification [67].

3.2.1. Overexpression of Metal-Binding Proteins

Metallothioneins (MTs) are low-molecular mass, cysteine-rich proteins that are broadly
distributed in microorganisms, plants, and animals. These proteins can bind metals and
form complex biochemical structures [68]. MTs play a fundamental role in metal homeosta-
sis, detoxification, and reactive oxygen species (ROS) scavenging [69]. Numerous studies
have observed the expression of plant MTs in response to various HM stressors, includ-
ing Cu, Zn, and Cd stress. The overexpression of some MTs has led to enhanced metal
tolerance [69]. The overexpression of Elsholtzia haichowensis metallothionein 1 (EhMT1)
in tobacco plants enhances Cu tolerance and accumulation in root cytoplasm, decreasing
hydrogen peroxide (H,O,) production [68]. Another strategy for improving HM tolerance
is the overexpression of the ThMT3 gene (Tamarix hispida metallothionein 3 in Salix matsu-
dana), which has been found to increase Cu tolerance, nitric oxide (NO) production, and
NO release, which contributes to the induction of adventitious roots under Cu stress. The
application of NO has been shown to induce the transcription and accumulation of MTs
in leaves, indicating the possible functions of NO and MTs in response to HMs. NO is
an important gas-signaling molecule involved in many developmental and physiological
processes, including defense responses against toxic metals in plants [70].

Gu et al. (2014) isolated a full-length cDNA homolog of MT2a (type 2 metallothionein)
from the Cd-tolerant species Iris lactea var. chinensis. The expression of [IMT2a in I. lactea
var. chinensis roots and leaves was upregulated in response to Cd stress [71]. When the
gene was constitutively expressed in A. thaliana, the roots of transgenic lines were longer
than those of WT under 50 M or 100 uM Cd stress. However, there was no difference in
Cd absorption between WT and transgenic lines. Transgenic lines accumulated remarkably
less HyO, and O,°~ (superoxide ion) than WT. These results indicate that IMT2a may be a
promising gene for the improvement of Cd tolerance in plants. Similarly, Zhang et al. (2014)
isolated a type 2 metallothionein gene, SaMT2, from the Cd/Zn co-hyperaccumulator
Sedum alfredii Hance [72]. The ecotype was a Zn/Cd hyperaccumulator discovered in
an old Pb/Zn mining area in China [73] which can accumulate up to 9000 mg g~! Cd
and 29,000 mg g~ ! Zn in shoots without symptoms of toxicity [74]. This large amount
of metals in plant cells requires a powerful detoxification system to protect plants from
deleterious effects. SaMT2 encodes a putative peptide of 79 amino acid residues, including
two cysteine-rich domains. The transcript level of 5aMT2 was higher in the shoots than in
the roots of S. alfredii and was significantly induced by Cd and Zn treatments. Expressed in
yeast, SaMT?2 significantly enhanced Cd tolerance and accumulation. Ectopic expression
of SaMT?2 in tobacco enhanced Cd and Zn tolerance and accumulation in both the shoots
and roots of transgenic plants. By expressing the metallothionein gene SaMT?2, transgenic
plants showed higher antioxidant enzyme activities and accumulated less HyO, than WT
plants under Cd and Zn treatment. Hence, SaMT?2 could significantly enhance Cd and Zn
tolerance and accumulation in transgenic tobacco plants by chelating metals and improving
the antioxidant system.

The cell number regulator 2 (TaCNR2) from common wheat (Triticum aestivum) is
similar to plant Cd resistance proteins involved in regulating HM translocation. To un-
derstand the effect of TaCNR2 on HM tolerance and translocation, K. Qiao et al. (2019)
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overexpressed the TaACNR2 gene in Arabidopsis and rice. A real-time quantitative PCR
indicated that TaCNR2 expression in wheat seedlings increased under Cd, Zn, and Mn
treatment. The overexpression of TaCNR2 in Arabidopsis and rice enhanced their tolerance
to Cd, Zn, and Mn, and overexpression in rice improved Cd, Zn, and Mn translocation
from roots to shoots. Results showed that TaCNR2 can transport HM ions. Thus, this study
provides a novel gene resource for increasing nutrient uptake and reducing toxic metal
accumulation in crops [75].

Another strategy for improving phytoextraction efficiency is the overexpression of
phytochelatins (PCs). Phytochelatins play important roles in the detoxification and toler-
ance of HMs in plants [76]. The synthesis of PCs is catalyzed by phytochelatin synthase
(PCS), which is activated by HMs [77]. Zhu et al. (2021) isolated a PCS gene, BnPCS1, from
the bast fiber (defined as fibers obtained from the outer cell layers of the stems of various
plants) of the crop ramie (Boehmeria nivea) using the RACE (rapid amplification of cDNA
ends) method. The BnPCS1 promoter region contains several cis-acting elements involved
in phytohormone or abiotic stress responses. Subcellular localization analysis indicates the
fact that the BnPCS1-GFP protein localizes in the nucleus and the cytoplasm. Real-time
PCR assays showed that the expression of BnPCS1 was significantly induced by Cd and the
plant hormone abscisic acid (ABA). Transgenic lines that overexpressed the BnPCS1 gene
exhibited better root growth and fresh weight, lower levels of MDA and H,O,, and higher
Cd accumulation and translocation compared to the WT under Cd stress. Taken together,
these results could provide new gene resources for the phytoextraction of Cd-contaminated
soils [78].

3.2.2. Overexpression of Enzymes

Kumar et al. (2019) generated transgenic alfalfa (Medicago sativa L.) plants that over-
expressed the Arabidopsis ATP sulfurylase gene using Agrobacterium-mediated genetic
transformation. Selected transgenic lines showed increased tolerance to a mixture of five
HMs (Pb, Cd, Cu, Ni, and V) as well as demonstrated enhanced metal uptake abilities
under controlled conditions. The transgenic lines were fertile and did not exhibit any
apparent morphological abnormalities. The results of this study indicated an effective
approach for improving the HM accumulation ability of alfalfa plants, which can then be
used for the remediation of metal-contaminated soils in arid regions [79].

Ascorbate peroxidase (APX) plays an important role in oxidative stress metabolism in
higher plants [80]. Xu et al. (2008) analyzed the role of APX in protecting against excessive-
Zn-induced oxidative stress in transgenic Arabidopsis plants constitutively overexpressing a
peroxisomal ascorbate peroxidase gene (HvAPX1) from barley. They found that transgenic
plants were more tolerant to Zn stress than WT plants. Under Zn stress, the concentrations
of hydrogen peroxide and malondialdehyde (MDA) accumulation were higher in WT plants
than in transgenic plants. Therefore, the mechanism of Zn tolerance in transgenic plants
may be due to reduced oxidative stress damage. Under Zn stress, activities of APX were
significantly higher in transgenic plants than in WT plants. The authors also found that Zn
accumulation in shoots was much higher in transgenic plants than in WT under Zn stress.
In addition, transgenic plants were more tolerant to excessive Cd stress and accumulated
more Cd in shoots than WT. These results suggest that HAPX1 plays an important role in
Zn and Cd tolerance and might be a candidate gene for developing high-biomass-tolerant
plants for the phytoextraction of Zn and Cd in metal-polluted environments [81].

4. New Strategies for Phytoextraction
4.1. Bio-Assisted Phytoextraction

Microbial-assisted phytoremediation is a promising strategy for hyperaccumulating,
detoxifying, or remediating soil contaminants. Arbuscular mycorrhizal fungi (AMF) are
found in association with almost all plants, contributing to healthy performance and provid-
ing resistance against environmental stressors. AMF colonize plant roots and extend their
hyphae to the rhizosphere region, assisting in the mineral nutrient uptake and regulation
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of HM acquisition as well as growth enhancement by nutrient acquisition, detoxifica-
tion of MH, secondary metabolite regulation, and enhancement of abiotic/biotic stress
tolerance [82].

Sun et al. (2017) studied the different conditions of bioremediation of Pb-contaminated
soil using Solanum nigrum L. combined with Mucor circinelloides. They observed that, when com-
pared with a control, Pb removal efficacy was optimal with a microbial / phytoremediation
strategy, compared with phytoremediation only, which in turn was a better approach
than microbial remediation. The bioremediation rates were 58.6, 47.2, and 40.2% in micro-
bial /phytoremediation, microbial remediation, and phytoremediation groups, respectively.
Inoculating soil with M. circinelloides enhanced Pb removal and S. nigrum L. growth. Fur-
thermore, soil fertility increased after bioremediation according to changes in enzymatic
activities. The results indicated that inoculating S. nigrum L. with M. circinelloides enhanced
its efficiency for the phytoremediation of soil contaminated with Pb [83].

Another example of arbuscular mycorrhizal fungi-assisted phytoextraction is a study
conducted by Singh et al. (2019). In this study, arbuscular mycorrhizal fungi (AMF) were
used to promote the growth of Zea mays L. in HM-rich tannery sludge (HMRTS). To identify
suitable AMF species, a pot experiment was conducted using Rhizophagus fasciculatus,
Rhizophagus intraradices, Funneliformis mosseae, and Glomus aggregatum for the cultivation
of Zea mays L. under HMRTS. AMF treatments significantly influenced plant growth and
phytoremediation potential. Interestingly, F. mosseae acted as a bio-filter in roots and
modulated the direct translocation of HMs (Cd, Cr, Ni, Pb) and micronutrients from soil to
shoot (bioaccumulation factor) as well as roots to shoots (Translocation factor) in plants. In
HMRTS, AMF inoculation was also found to significantly improve soil microbial enzymatic
activities, such as dehydrogenase, 3-Glucosidase, and acid and alkaline phosphatase. The
finding of this study suggests that AMF-assisted cultivation of Zea mays is a promising
approach for the phytoremediation of HMRTS [84].

The application of beneficial soil microbes is gaining significant attention. El-Esawi et al.
(2020) investigated the role of Serratia marcescens BM1 in enhancing the Cd stress toler-
ance and phytoextraction potential of soybean plants. The inoculation of Cd-stressed
soybean plants with Serratia marcescens BM1 significantly enhanced plant growth, biomass,
gas exchange, nutrient uptake, antioxidant capacity, chlorophyll content, total phenolics,
flavonoids, soluble sugars, and proteins. Moreover, Serratia marcescens BM1 inoculation
reduced the levels of Cd and oxidative stress markers but significantly induced the activities
of antioxidant enzymes and the levels of osmolytes and stress-related gene expression in
Cd-stressed plants. Furthermore, the application of 300 uM CdCl, and Serratia marcescens
triggered the highest expression levels of stress-related genes. Overall, this study suggested
that the inoculation of soybean plants with Serratia marcescens BM1 promotes phytoextrac-
tion potential and Cd stress tolerance by modulating photosynthetic attributes, osmolytes
biosynthesis, antioxidants machinery, and the expression of stress-related genes [85].

Microbial-assisted phytoextraction was used to enhance hyperaccumulation, detoxifi-
cation, and the remediation of soil contaminants. The use of either arbuscular mycorrhizal
fungi (AMF) or bacteria has been proven to be beneficial for plants, assisting in mineral
nutrient uptake, regulation of HM acquisition, growth and root systems, and abiotic/biotic
stress tolerance. Overall, microbial-assisted phytoextraction is a suitable strategy for en-
hancing phytoremediation technology, but it has some limitations in terms of the level of
pollution that can be successfully applied.

4.2. Epigenetic Regulation

In recent years, several studies have elucidated the different signal transduction
pathways involved in HM responses, identifying complementary genetic mechanisms
conferring tolerance to plants [86]. The regulation of HM-responsive genes has been related
to epigenetic mechanisms such as DNA methylation and histone modifications, which
can repress or activate gene expression through DNA modification as well as by avoiding
transposon movement. It has been demonstrated that the DNA hypermethylation of the
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genome is involved in the HM stress response by protecting DNA from possible damages
caused by metal subproducts [87].

Among cytotoxic ions, the trivalent aluminum cation (A1*3) formed by the solubiliza-
tion of aluminum (Al) into acid soils is one of the most abundant and toxic elements under
acidic conditions. Specific genes related to Al tolerance, measured in contrasting tolerant
and susceptible rice varieties, exhibited differences in DNA methylation frequency. The
differential methylation patterns could be associated with the epigenetic regulation of rice
responses to Al stress, highlighting the major role of epigenetics over specific abiotic stress
responses [86,88].

Feng et al. (2016) studied the variation of DNA methylation patterns associated
with gene expression in rice (Oryza sativa) exposed to cadmium. They reported genome-
wide single-base resolution maps of methylated cytosine and transcriptome change in
Cd-exposed rice [89]. Widespread differences were identified in CG and non-CG methyla-
tion marks between Cd-exposed and Cd-free rice genomes. More hypermethylated than
hypomethylated genes were found, and many of the genes were involved in stress response,
metal transport, and transcription factors. Most DNA methylation-modified genes were
transcriptionally altered under Cd stress. A study by Niedziela (2018) showed similar
results. Liquid chromatography (RP-HPLC), methylation amplified fragment length poly-
morphisms (metAFLP), and methylation-sensitive amplification polymorphisms (MSAP)
analysis were used to investigate the effects of aluminum (Al) stress on DNA methylation
levels in the crop species triticale. RP-HPLC, but not metAFLP or MSAP, revealed signif-
icant differences in methylation between Al-tolerant (T) and non-tolerant (NT) triticale
lines. The direction of methylation change was dependent on the plant phenotype and
organ. Al treatment increased the level of global DNA methylation in roots of T lines by
approximately 0.6%, whereas demethylation of approximately 1.0% was observed in NT
lines. DNA methylation in leaves was not affected by Al stress. The metAFLP and MSAP
approaches identified DNA alterations induced by AI** treatment [90].

Another example of epigenetic regulation is the ubiquitination process. Ubiquitin
(Ub)-extension protein (UBQ) functions as a Ub-donor in the Ub/26S proteasome system,
which is widely engaged in degrading target proteins and thus participates in a broad range
of physiological responses [91,92]. Ubiquitination-dependent protein degradation is in-
volved in plant growth, development, and environmental interactions, but the functions of
ubiquitin-ligase (E3) genes are largely unknown in tomatoes (Solanum lycopersicum L.). Sim-
ilarly, Ahammed et al. (2020) functionally characterized a RING E3 ligase gene, SIRING1,
that positively regulates Cd tolerance in tomato plants. An in vitro ubiquitination ex-
periment showed that SIRING1 has E3 ubiquitin ligase activity. The determination of
subcellular localization revealed that SIRINGI is located in the plasma membrane and the
nucleus. The overexpression of SIRINGI in tomatoes increased the chlorophyll content,
the net photosynthetic rate, and the maximal photochemical efficiency of photosystem II
(Fv/Fm), but reduced the levels of reactive oxygen species and relative electrolyte leakage
under Cd stress. Moreover, SIRING1 overexpression increased the transcript levels of
catalase (CAT), dehydroascorbate reductase (DHAR), monodehydroascorbate reductase
(MDHAR), glutathione (GSH1), and phytochelatin synthase (PCS), which contributed
to the antioxidant and detoxification response. Crucially, SIRING1 overexpression also
reduced concentrations of Cd in both shoots and roots. Thus, enhanced tolerance to Cd
due to induced SIRING1-overexpression is attributed to reduced Cd accumulation and the
alleviation of oxidative stress. These findings suggest that SIRINGI is a positive regulator
of Cd tolerance, which could be a potential breeding target for improving HM tolerance in
plants [93].

4.3. Gene Stacking

Guo et al. (2008) studied the development of transgenic plants with increased HM
tolerance and accumulation by simultaneous overexpression of AsPCS1 and GSH1 (derived
from garlic and baker’s yeast) in A. thaliana. Phytochelatins (PCs) and glutathione (GSH)
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are the main binding peptides involved in chelating HM ions in plants and other living
organisms [67,76,94]. Single-gene transgenic lines had a higher tolerance to Cd and As
and accumulated more Cd and As than the WT. Compared to single-gene transgenic
lines, dual-gene transformants exhibited significantly higher tolerance to Cd and As and
accumulated more Cd and As. One of the dual-gene transgenic lines, PG1, accumulated
twice as much Cd as single-gene transgenic lines. The simultaneous overexpression of
AsPCS1 and GSHL1 led to elevated total PC production in transgenic Arabidopsis. The results
indicate that stacking modified genes increases Cd and As tolerance and accumulation
in transgenic lines and represents a highly promising new tool to be used in plant-based
remediation efforts.

Similar results were obtained when Zhao et al. (2014) isolated a gene-encoding PC
synthase (PaPCS) and tested its function through heterologous expression in a strain of
yeast sensitive to Cd. Subsequently, a Cd-sensitive and high-biomass-accumulating species,
Festuca arundinacea, was transformed, either with PaPCS or PaGCS (a glutamyl cysteine
synthetase gene of Phragmites australis) individually (single transformants) or with both
genes together in the same transgene cassette (double transformant). The single and double
transformants showed greater Cd tolerance and accumulated more Cd and PC than WT
plants, and their Cd leaf/root ratio content was higher. Thus, PaGCS appears to exert a
greater influence than PaPCS over PC synthesis and Cd tolerance and accumulation. The
double transformant has interesting potential for phytoextraction [77].

Another example is Mulberry (Morus L.), one of the most ecologically and economically
important tree genera, which has the potential to remediate HM-contaminated soils. Fan
et al. (2018) identified two Morus notabilis PCS genes based on a genome-wide analysis of
the Morus genome database. Quantitative real-time polymerase chain reaction (QRT-PCR)
analysis revealed that, under 200 uM 7Zn?* stress or either 30 or 100 uM Cd?* stress, a
relative expression of each of the two MaPCSs (from Morus alba) was induced in root,
stem, and leaf tissues within 24 h of exposure to metals, with Cd2+ inducing expression
more strongly than the Zn?* overexpression of MnPCS1 and MnPCS2 in Arabidopsis and
tobacco enhanced Zn?*/Cd?* tolerance in most transgenic individuals. The results of
transgenic Arabidopsis lines overexpressing MnPCS1 and MnPCS2 suggest that MnPCS1
plays a more important role in Cd detoxification than MnPCS2. In addition, there was
a positive correlation between Zn accumulation and the expression level of MnPCS1 or
MnPCS2. Results indicated that Morus PCS1 and PCS2 genes play important roles in
HM stress tolerance and accumulation, providing a useful genetic resource for enhancing
tolerance to HMs and increasing the HM phytoextraction potential of these plants [95].

LeDuc (2004) studied the overexpression of selenocysteine methyltransferase (SMT)
in Arabidopsis and Indian mustard to increase selenium (Se) tolerance and accumulation.
SMT detoxifies selenocysteine by methylating it to methylselenocysteine, a nonprotein
amino acid, thereby diminishing the toxic misincorporation of Se into protein. The authors
used genetic engineering to develop fast-growing plants with an increased ability to tol-
erate, accumulate, and volatilize Se by incorporating a gene encoding the selenocysteine
methyltransferase from the Se hyperaccumulator Astragalus bisulcatus into Indian mustard.
The resulting transgenic plants successfully enhanced Se phytoextraction by tolerating
and accumulating Se significantly better than WT plants. In order to enhance the phytoex-
traction of selenate, LeDuc (2004) developed double transgenic plants that overexpressed
the gene-encoding ATP sulfurylase (APS) in addition to SMT. Results showed that there
was a substantial improvement in Se accumulation from selenate (a 4-9 times increase) in
transgenic plants overexpressing both APS and SMT [96].

4.4. Gene Editing and Genetic Engineering

In recent years, an innovative gene editing technique called the CRISPR-Cas9 system
has been developed. This technique is commonly used for gene knockout experiments and
to edit the genomes of a diverse range of crop plants [97]. It consists of a Cas9 nuclease,
which creates a DNA double-strand break (DSB), and a guide RNA (gRNA), which is
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responsible for directing the nuclease to a specific region in the genome. The endogenous
repair mechanisms of cells can lead to gene deletion. Genetic engineering could use impor-
tant genes identified through transcriptomics to develop ideal hyperaccumulator plants.
Incorporating advanced technologies such as CRISPR-Cas9 and synthetic genes will help
enhance phytoextraction technology [98]. Moreover, Tang et al. (2017) demonstrated the
ability of CRISPR to reduce Cd accumulation in rice by knocking out the metal transporter
gene, OsNrampb5. This is perhaps the most significant advance of CRISPR in phytoextraction
to date and highlights the promise of its use in gene transcription regulation [99].

Nevertheless, an area of CRISPR research that may hold even greater potential for
phytoextraction improvement is the use of gRNA-guided dCas9 to modulate gene expres-
sion. Transcription factors can be fused with dCas9 to repress or enhance transcription by
RNA polymerase and subsequently upregulate or downregulate the expression of a gene
or a group of genes of interest [100]. The CRISPR—Cas9 system has been adapted to gener-
ate technology called CRISPRa (CRISPR Activation). CRISPRa uses an inactivated Cas9
nuclease (dCas9) that cannot generate DNA double strand disruption to target genomic
regions, resulting in RNA-directed transcriptional control. Cas9 can be fused with different
transcriptional activation domains that can be targeted to promoter regions by the guide
RNA (gRNA), which recruits additional transcriptional activation domains to upregulate
the expression of the target gene [101]. By using the CRISPRa system, a catalytically dead
dCas9 fused to a transcriptional activator peptide can increase transcription of a specific
gene, through a designed gRNA sequence to direct the dCas9-activator to promoter or
regulatory regions of the gene of interest [102,103].

Editing genes using recent techniques such as CRISPR—Cas can enhance the natural
capacity of a plant to grow, accumulate, and tolerate HMs, though this is not consid-
ered a transgenic approach. CRISPR-Cas9 seems to be a more promising technique for
modifying gene expression without introducing foreign genes. Taking all of this into
consideration, the modification of gene expression, metabolic pathways, and pollutant
homeostasis networks that support hyperaccumulation, tolerance, or degradation could be
used to enhance the HM uptake efficiency of plants while avoiding metal toxicity. Therefore,
gene editing and genetic engineering are considered a suitable strategy for enhancing the
phytoextraction process.

4.5. Use of Native Plants as a Study Model

The standard approach for dealing with the limitations of phytoextraction technology
is to use genes characterized from tolerant or hyperaccumulator exotic plants in model
(traditional) species with fast growth rates and a significant production of aerial biomass.
However, the use of invasive, non-native species can affect biodiversity [104]. Some
of these plant species can intrude into the surrounding natural areas, thereby causing
the disruption and alterations of ecosystem functions, reducing native biodiversity, and
negatively impacting local economies and human well-being [105].

A more suitable solution for enhancing in situ phytoextraction efficiency could be to
use native plants that are already acclimatized to the abiotic stress caused by HMs in the
soil. Choosing the appropriate plant species is a critical step in correctly implementing
any in situ phytotechnologies (e.g., phytoextraction, phytostabilization, and phytomining).
Therefore, using and modifying native or endemic plants that grow in contaminated sites
could be a better strategy for enhancing phytoremediation efficiency.

In addition, native plants that naturally colonize metal-polluted sites are an important
source of metal-tolerant microorganisms that can be used in bio-assisted phytoremediation.
The aquatic fern Azolla filiculoides Lam. (Salviniaceae) is an efficient metal hyperaccumulator
that possesses an endophytic microbiome with PGPB potential [106].

Depending on site-specific conditions (i.e., climate), metal-enriched soils could coexist
with additional co-occurring stressors, such as drought and salinity, which can further
restrict phytoextraction [107]. In these cases, a combination of two or more abiotic stressors
may occur and result in a new condition for plant development, different from the effect of
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each stressor by itself [108,109]. Thus, plant selection for phytoextraction must also consider
the presence of multiple co-occurring stressors and their effects on plant growth and
development [110]. Abandoned mine tailings sites are a global problem, with thousands
of unvegetated, exposed tailings piles presenting a source of contamination for nearby
communities. Tailing disposal sites in arid and semiarid environments are especially
subject to wind dispersion and water erosion [111-113]. Establishing plant species on mine
tailings in arid and semiarid regions is impeded by physicochemical factors including
extreme temperatures, low precipitation, high winds, low nutritional contents, and high
salt concentrations [113], among others, thus constituting a number of co-occurring plant
stressors. Lam et al. (2017) selected three native plant species, Prosopis tamarugo, Schinus
molle, and Atriplex nummularia, to be used in a study of the phytoremediation potential of
native plants growing on a copper mine tailing in northern Chile. The plants were selected
because of their natural presence in northern Chile and their capacity to grow in sites with
similar characteristics to those of the mine tailing under consideration [114]. Additional
examples of this study of combined stressors on plants performance include the studies
of Orrego (2020) which evaluated the effect of single and combined Cu, NaCl, and water
stress on the growth parameters of three Atriplex species with phytostabilization potential:
Atriplex atacamensis, A. halimus, and A. nummularia. Atriplex species are typical of dry and
salty soils. This study showed that the Atriplex species are differentially affected by salt,
drought, and metal stress and that combined stress causes an overall negative effect on
growth parameters [115].

There are many studies that search and identify metal-tolerant plants, i.e., metallo-
phyte and hyperaccumulator ecotypes, growing in contaminated sites such as industrial
and agricultural soils with elevated metal concentrations [116]. In Latin America, metallic
ores are abundant and diverse. Because of wealth mineral deposits, polluted areas, weather
conditions, and unique plant diversity, metal-tolerant and hyperaccumulator plants (metal-
lophytes) are likely to be found in this region [117]. However, because scientific research on
metallophytes has been scarce in Brazil, Cuba, Dominican Republic, Venezuela, Argentina,
Paraguay, and Chile, few metal-tolerant and metal-hyperaccumulator plants have been
reported in Latin America in comparison with other areas of the world [117-119]. To date,
172 plant species have been described as either metal tolerant (30 species) or hyperaccumu-
lators (142 species), a low number when compared to the high diversity of plant species
in the region [120]. Recently, mercury (Hg) accumulation capacity was assessed in three
plant species (Axonopus compressus, Erato polymnioides, and Miconia zamorensis) that grow on
soils polluted by artisanal small-scale gold mines in the Ecuadorian rainforest. Researchers
found consortia interaction between arbuscular mycorrhizal fungi (AMF) and these plant
species. For example, E. polymnioides increased Hg accumulation when grown with greater
AMEF colonization [121].

Sugarcane-molasses distillery waste (sludge) contains not only a mixture of com-
plex organic pollutants but also a high quantity of Fe (5264.49), Zn (43.47), Cu (847.46),
Mn (238.47), Ni (15.60), and Pb (31.22 mg kg’l) which enhances its toxicity to the envi-
ronment. Chandra and Kumar (2017) evaluated the phytoextraction pattern of 15 native
plants growing in post-methanated distillery sludge (PMDS). The investigators studied
the phytoextraction potential of native weeds and grasses. This study showed that from
the selected plants, Blumea lacera, Parthenium hysterophorous, Setaria viridis, Chenopodium al-
bum, Cannabis sativa, Basella alba, Tricosanthes dioica, Amaranthus spinosus L., Achyranthes sp.,
Dhatura stramonium, Sacchrum munja, and Croton bonplandianum were root accumulators
for Fe, Zn, and Mn. S. munja, P. hysterophorous, C. sativa, C. album, T. dioica, D. stramonium,
B. lacera, B. alba, Kalanchoe pinnata, and Achyranthes sp. were found to be shoot accumu-
lators for Fe. In addition, A. spinosus L. was found to be a shoot accumulator for Zn and
Mn. These results indicated the high accumulation and translocation capabilities of these
plants. Furthermore, ultrastructural observations of root tissues revealed deposits of HMs
in various cellular components without any apparent toxic effects [122,123]. Hence, these
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native plants may be used as a tool for in situ phytoremediation and the eco-restoration of
industrial-waste-contaminated sites.

Another example of a native hyperaccumulator species is the perennial herb Phytolacca
acinosa Roxb. (Phytolaccaceae), which is found in southern China. Field surveys on Mn-rich
soils and glasshouse experiments have found that this herb is a manganese hyperaccumula-
tor. This species not only has remarkable tolerance to Mn but also has extraordinary uptake
and accumulation capacity for this element. These results confirm that P. acinosa is an Mn
hyperaccumulator that grows rapidly and has substantial biomass, wide distribution, and
broad ecological amplitude. This species provides a new plant resource for exploring the
mechanism of Mn hyperaccumulation and has potential for use in the phytoremediation of
Mn-contaminated soils [124].

Another study, led by Amer (2013), showed three endemic Mediterranean plant
species, Atriplex halimus, Portulaca oleracea, and Medicago lupulina, which were hydropon-
ically grown to assess their potential use in phytoremediation and biomass production.
Atriplex halimus and M. lupulina produced high shoot biomass with relatively low metal
translocation to the above-ground parts of the plants. Plant metal uptake efficiency ranked
as follows: A. halimus more efficient than M. lupulina, and the latter being more efficient
than P. oleracea. Due to the high biomass production and relatively high metal content in
the roots, A. halimus and M. lupulina could be successfully used in phytoremediation and
specifically in phytostabilization [125].

Ke et al. (2007) studied two Rumex japonicus populations, one from a Cu mine and
the other from an uncontaminated site. The researchers conducted growth experiments
under hydroponic conditions to evaluate Cu accumulation and mineral nutrient content
under excess Cu and nutrient deficiency conditions [126]. The tolerance indices of the
contaminated population were significantly higher than the uncontaminated population,
indicating the evolution of Cu tolerance in the contaminated population. At control levels
and low levels of Cu treatment, there was no difference in Cu accumulation in the roots of
the two populations. Athigh Cu (100 uM) treatment, however, the contaminated population
accumulated less Cu in roots than the uncontaminated one, suggesting root exclusion
mechanisms in acclimatized plants. Plants with exclusion strategies are currently used to
revegetate bare soil areas with high metal concentrations; plants with an accumulation
strategy are used for the phytoextraction of high-metal soils [127]. Rumex japonicus plants
from a Cu mine heap use the exclusion strategy and could potentially be used to recover
vegetation in Cu-contaminated soil areas. Compared with those in uncontaminated sites,
the plants of R. japonicus growing at a Cu-contaminated mine site presented higher growth
rates, Cu tolerance, and mineral nutrient deficiency tolerance. Furthermore, their mineral
composition was less affected by Cu stress, suggesting that the stability and homeostasis
of mineral composition under nutrient deficiency stress plays an important role in the Cu
tolerance of plants [126].

Polypogon australis Brong. (Poaceae) is a native grass of Chile that spontaneously
colonizes abandoned Cu mine tailings deposits and accumulates Cu in leaves and roots at
levels considered phytotoxic for other plant species [128]. Ortiz-Calderdn (2008) found that
Polypogon australis growing on mine tailings had 670 and 223 mg kg~! Cu (dry matter) in
leaves and roots, respectively. The total content of Cu in plant tissues was 892.5 mg kg !
(dry weight), and the leaves-to-root ratio of the Cu content was 3.0, suggesting Cu translo-
cation from roots to leaves [129]. Jara-Hermosilla et al. (2017) characterized the status
of HyO,-reducing enzyme activity in the facultative metallophyte species Polypogon aus-
tralis when treated with a mining liquid waste (MLW) derived from a copper mine. To
determine the effect of the solubility of metals present in the MLW, the researchers studied
the accumulation of elements, variations in H,O, and lipoperoxidation levels, and the
relationship of theses parameters with the H,O, reduction activity in P. australis plants
at pH 5.1 (acidic MLW) and pH 6.7 (neutral MLW) for two weeks. The results showed
that the metal content of the MLW—but not the solubility of the metals—provoked an
increase in the HyO, content in the plants tissues and triggered the enzymatic control of
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H>0; [130]. Noni-Morales et al. (2019) evaluated the ability of P. australis to germinate
and grow in soil contaminated with diesel oil. Polypogon australis plants germinating and
growing in diesel-polluted soils exhibited high tolerance and survival compared with other
diesel-tolerant species. The calculated effective concentration (ECsp) of diesel for P. australis
was 4.5%. Polypogon australis germinated and grew on all diesel concentrations used in the
experiments. The species was classified as tolerant to diesel oil [131].

Metal-tolerant plants and other stress-tolerant plants are well represented in the
Poaceae family [132]. Shalmani et al. (2019) studied the B-box (BBX) proteins that play im-
portant roles in plant growth regulation and development, impacting photomorphogenesis,
the photoperiodic regulation of flowering, and responses to biotic and abiotic stress [133].
These researchers retrieved a total of 131 BBX members from five Poaceae species, including
36 from maize, 30 from rice, 24 from sorghum, 22 from stiff brome, and 19 from millet.
They observed changes in the expression patterns of BBX members in response to abiotic,
hormonal, and HM stress, showing the B-box protein potential roles in plant growth and
development and in responding to multivariate stresses. Findings suggested that BBX
genes could be used as potential genetic markers for plants, particularly in functional anal-
ysis and under multivariate stressors. Ezaki et al. (2013) produced a model for Al tolerance
in Andropogon virginicus (Poaceae). Collectively, their results suggested that A. virginicus
showed high Al tolerance, with a combination of five independent approaches: (1) the
suppression of Al uptake by the roots from the soil; (2) high Al transportation from root
to shoot; (3) accumulation and secretion of Al in leaves; (4) induction of anti-peroxidation
enzymes and polyphenols by Al; and (5) Al-induced NO production in roots [134].

The utilization of native plants has advantages and disadvantages. In terms of ad-
vantages, native plants are already adapted to environmental stressors due to natural
selection and evolution and are tolerant to the multiple stressors of the site. Moreover,
some metallophytes are herbaceous plants that therefore have a fast growth rate. A key
disadvantage of using native plants, however, is that they have unknown genomes, and
protocols for transformation and in vitro regeneration must be defined for them.

5. Legal and Normative Limitations

Genome editing consists of producing directed, permanent, and inheritable mutations
at a specific place in the genome, mediated by DNA repair systems in the cell, with the
lowest probability of committing unwanted errors (off-targets) and leaving no foreign
DNA sequences. New plant breeding technologies (NPBTs) such as Zn finger nucleases
(ZEN), transcriptional activator-like effector nucleases (TALEN), clustered regularly inter-
spaced short palindromic repeats associated with the Cas9 endonuclease (CRISPR-Cas9),
oligo-directed mutagenesis (ODM), cisgenesis, RNA-directed DNA methylation (RADM),
grafting, reverse breeding, and agroinfiltration have been used to induce specific mutations
in the genome, to introduce beneficial traits, or to express transgenes in a specific tissue in
a wide range of crops and model plants [100,135].

Gene-editing technology, such as CRISPR-Cas9, holds great promise for the pro-
gression of science and applied technologies. This foundational technology enables the
modification of the genetic structure of any living organism with unprecedented preci-
sion [136]. The recent development and scope of the CRISPR—Cas system have raised
new regulatory challenges worldwide due to moral, ethical, safety, and technical concerns
associated with its applications in pre-clinical and clinical research, biomedicine, and agri-
culture [137]. However, in order to enhance its potential for societal benefit, it is necessary
to adopt rules and adequate regulations. This requires an interdisciplinary effort in legal
thinking. Any legislative initiative needs to consider both the benefits and the ethical
aspects of gene editing from a broad societal and value-based perspective [136].

Different countries have different regulations for the approval and cultivation of crops
developed using NPBTs such as gene editing [138]. Plant breeding technologies have
expanded, accelerating breeding research beyond the confines of current regulations. The
application of genome editing, such as CRISPR—Cas9, does not neatly fit into existing regu-
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latory frameworks, creating uncertainty as to whether they can be used as conventionally
developed varieties without further regulation [139]. In general, the analysis focuses on
whether a “new combination” of genetic material has occurred. This is defined as “a stable
insertion of one or more genes or DNA sequences that encode proteins, interfering RNA,
double-stranded RNA, signaling peptides or regulatory sequences” [140].

In Chile, the procedures for the import, domestic propagation, and re-export of propa-
gated genetically modified (GM) plant material in the country were established through
Extent Resolution 1523/2001. Agricultural and Livestock Service (SAG) from Chile estab-
lishes standards for the internment and introduction to the environment of live modified
plant organisms of propagation under the Resolution 1523/2001. This is the key criterion
determining whether an organism will be considered as a genetically modified organism
(GMO) and whether Resolution 1523/2001 should apply to new materials derived from
NPBTs. In this resolution, a GMO is defined as “a living biological organism, capable of
transferring or replicating genetic material, including the sterile organism, viruses, and
viroids that possesses a new combination of genetic material that has been obtained through
the application of modern biotechnology.” This regulatory framework allows GM seed pro-
duction exclusively for the export and research and development activities; the permanence
and commercialization of GM seeds are not allowed [140].

The European Union (EU) defines GMOs as an organism, with the exception of human
beings, in which the genetic material has been altered in a way that does not naturally occur
by mating and/or natural re-combination. EU legislation on environmental issues that aims
to protect the environment are established by a mix of regulations, which directly apply in
member states, and directives, which set the framework in the relevant area but are then
transposed by member states into national law. The Directive 2001/18/EC on the deliberate
release of GMOs into the environment and the Directive 2015/412 to restrict or prohibit
the cultivation of genetically modified organisms in their territory, are an example of the
use of framework regulations in the EU. This directive aims to protect human health and
the environment when: 1. releasing GMOs into the environment for any purpose, such as
experimental use; and 2. placing GMOs on the market as a or part of a product. Deliberate
release into the environment means any intentional introduction into the environment of a
GMO or a combination of GMOs for which no specific containment measures are used to
limit their contact with and to provide a high level of safety for the general population and
the environment [141].

Even if a country has a stable protocol of regulation and legislation of NPBTs, ev-
ery case must be individually analyzed. Governments should consider the regulatory
framework of genome editing technologies and establish appropriate regulations, if neces-
sary, without creating obstacles to the commercialization of products derived from these
technologies. Nevertheless, most countries have no legislation whatsoever and must cre-
ate a legislation frame for the use of NPBTs. Regulatory frameworks need to be further
developed to effectively channel the power of technology and direct it to beneficial ap-
plications. Humanity should be kept in the driving seat rather than being trampled by
technology [136].

6. Conclusions

In this review, we discuss the advantages and limitations of different strategies for
enhancing HM accumulation and tolerance by the genome editing and transformation of
metallophyte plants (i.e., hyperaccumulator and metallophyte native plants) with phytoex-
traction potential.

The best candidate genes for improving the process of phytoextraction that we dis-
cussed in this review are metallothionein (MT), phytochelatin (PC), phytochelatin synthase
(PCS), metal transporters, and antioxidant-related genes. These genes enhance plant perfor-
mance in soil polluted with HMs. They increase metal uptake capacity and accumulation,
antioxidant activity, and translocation and compartmentalization, leading to increased
metal tolerance and accumulation. Thus, the combined overexpression of metal transporter
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and metal-binding genes with antioxidant-related genes is a significant strategy for devel-
oping high-biomass-tolerant plants for phytoextraction. Overall, the strategies mentioned
above to enhance accumulation indirectly enhance tolerance, and vice versa, indicating
that these processes are tightly interconnected.

Other interesting strategies include the use of epigenetic regulation, gene stacking,
and gene editing. Although a single-gene transgenic strategy is very effective for increasing
metal tolerance and accumulation, the phytoextraction capacity of plants is multifactorial.
Overall, a combination of approaches that modifies more than one gene (i.e., stacking
genes) is more effective than a single transformation, showing great potential to enhance
phytoremediation efficiency. Additionally, the implementation of transgenic plants has
legal and normative limitations.

Accordingly, selecting the appropriate plant species is one of the most important
considerations in the in situ phytoextraction process. Native plants that already grow on
contaminated sites have the highest potential to simultaneously be great candidates for
phytoextraction and revegetation. Overall, plants that naturally grow and colonize sites
with high metal concentrations are the best candidates for study, not only as a source of
target genes but also as study models.

Using NPBTs such as CRISPR to improve the phytoextraction capacity of native plants
seems to be the most promising strategy for phytoextraction technologies to reach their
greatest potential and reduce the environmental risk. CRISPR-aided genome engineering
shows potential for exploiting plant genomes to enhance phytoremediation. The CRISPR-
Cas system is the most versatile genome-editing tool in the history of molecular biology
because it can be used to alter diverse genomes (e.g., genomes from both plants and
animals), including human genomes, with unprecedented ease, accuracy, and efficiency.
Future research must be focused on the use of NBPTs to enhance the plant growth and
biomass production, transport, metabolization, and compartmentalization of HMs, and
root system development, among others, to increase their phytoremediation potential.
Furthermore, since CRISPR is such a versatile tool, we can target multiple genes or traits at
the same time, achieving higher efficiency genome editing and saving time and resources,
leaving no molecular trace. The regulatory and normative frameworks for NPBTs must not
become obstacles to developing genome editing technologies that are beneficial for the envi-
ronment and public health. It is possible to improve plant-based technologies for cleaning
HM polluted environments, and concurrently, to recover elements of economic interest.
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Abstract: There is continuous deterioration of freshwater systems globally due to excessive an-
thropogenic inputs, which severely affect important socio-economic and ecological services. We
investigated the water and sediment quality at 10 sites along the severely modified Swartkops River
system in the Eastern Cape Province of South Africa and then quantified the phytoremediation
potential by native and non-native macrophyte species over a period of 6 months. We hypothesized
that the presence of semi and permanent native and non-native macrophytes mats would reduce
water and sediment contamination through assimilation downriver. Our results were variable and,
thus, inconsistent with our hypotheses; there were no clear trends in water and sediment quality
improvement along the Swartkops River. Although variable, the free-floating non-native macro-
phyte, Pontederia (=Eichhornia) crassipes recorded the highest assimilation potential of heavy metals
in water (e.g., Fe and Cu) and sediments (e.g., Fe and Zn), followed by a submerged native macro-
phyte, Stuckenia pectinatus, and three native emergent species, Typha capensis, Cyperus sexangularis,
and Phragmites australis. Pollution indices clearly showed the promising assimilation by native and
non-native macrophytes species; however, the Swartkops River was heavily influenced by multiple
non-point sources along the system, compromising the assimilation effect. Furthermore, we empha-
sise that excessive anthropogenic inputs compromise the system’s ability to assimilate heavy metals
inputs leading to water quality deterioration.

Keywords: bio-concentration factor; enrichment factor; geo-accumulation index; metal contamina-
tion; phytoremediation; water quality

1. Introduction

Aquatic ecosystems have been subjected to organic and inorganic pollution, which
have worsened with poor waste water management [1]. These impacts have resulted in
a noticeable loss of aquatic biodiversity, water quality deterioration, ecosystem integrity;,
and important socio-economic services [2]. Therefore, effective rehabilitation practices and
conservation strategies are needed to minimize and control freshwater contamination.

Previous field and mesocosm trials have shown that reversing the impact of anthro-
pogenic inputs in the environment is challenging, and that minimising the level of these
inputs and waste management will help curb environmental contamination [3]. Ecologists
have tested different methods to try and reduce contamination in freshwater systems, and
these include adsorption, soil washing, reverse osmosis, coagulation, and flocculation [4-6].

However, Hanif et al. [7] showed that these methods were costly, sometimes ineffective,
and disruptive; for example, soil washing alters sediment microbial communities making
it difficult to re-use the treated soil [8]. Methods, such as ion-exchange and artificial
membranes, generate end-waste material that requires special deposition, thus, creating
additional costs for their disposal [9], whilst coagulation and flocculation can be ineffective
in decolorizing laundry effluents [10].
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It is clear that there is a need for innovative techniques with merits over traditional
methods. Green technology, such as phytoremediation, which uses plants and associated
microbes to assimilate and breakdown contaminants in natural environments, is one
method that has been widely researched and applied [2,11-16]. Phytoremediation is
the most innovative, cost-effective, and environmentally friendly technology available
to assimilate organic and inorganic contaminants even at low concentrations [12,17,18].
Studies have shown that phytoremediation has socio-economic and environmental merits
over traditional physicochemical clean-up, and can reduce water quality contamination by
more than 50% in mesocosm settings [19-24].

The assimilation efficacy of macrophytes has been studied by several researchers [9,25-31].
These studies investigated the fate of toxic and non-toxic elements in the field and laboratory
using native and non-native macrophytes, and each case study showed improved water
chemistry, through reduced nutrients, and heavy metal concentrations after assimilation.
To date, phytoremediation feasibility studies have focused on the treatment of heavy-metal
contamination when using macrophytes species, such as Typha capensis (Rohrb.) N.E.Br. (Ty-
phaceae) (Bulrush), Phragmites australis (Cav.) Trin. ex Steud (Poaceae) (Common reed), and
Cyperus sexagularis (L.) (Cyperaceae) (Swamp flat-sedge) [32-35]. These macrophytes species
are widespread and abundant in freshwater systems, they can tolerate different environmental
constraints, thus, making them significant candidates for phytoremediation [30]. Furthermore,
these macrophytes provide basic ecosystem services that serve an important role in biogeo-
chemical processes, the natural cycling of nutrients [36], and supplying the system with a
continuous source of energy [37].

Similarly, non-native macrophytes, including Salvinia molesta D.S. Mitchell (Salvini-
aceae) (Giant Salvinia), Pistia stratiotes L. (Araceae) (Water lettuce), and Pontederia crassipes
(Mart.) Solms-Laub. (Pontederiaceae) (Water hyacinth), have shown to be excellent bio-
accumulators [17,31,38,39]. These non-native macrophytes species are natural hyper-
accumulators and can be effective in assimilating pollutants more than native macrophytes
in their introduced range [12,40,41]. Their fibrous root systems, high biomass production
rates, and tolerances to disturbed and heavily polluted systems justify their use in treat-
ing wastewater, and improving the water quality by assimilating different metals, such
as Zinc (Zn), Arsenic (As), Lead (Pb), Chromium (Cr), and Manganese (Mn) (as seen in
Ali et al. [12]).

The selection of plant species for phytoremediation is usually based on their tolerance
and ability to accumulate a wide range of contaminants [42]. Non-native macrophytes
thrive extremely well in phosphate and nitrate enriched waters as compared to native
macrophytes in South Africa [43]; however, such conditions promote high biomass of
non-native macrophyte species, such as S. molesta, P. stratiotes, and P. crassipes, making them
more effective accumulators, but more also invasive, and thus displacing native aquatic
biodiversity [42,44].

Secondly, although non-native macrophyte species have proven to be better assimila-
tors of heavy metals [16,40,41]. Non-native macrophytes are equally destructive they mod-
ify invaded ecosystems by altering the hydrology and aquatic species composition, reduce
ecosystem processes, production, and contribute to lose of aquatic biodiversity [1,16,45,46].
Therefore, in this study, we field test the assimilation potential of both native and non-native
macrophyte stands found along the Swartkops River in South Africa. We hypothesize that
the presence of native and non-native macrophytes species will help reduce the heavy
metal contamination in water and sediments downstream of semi and permanent native
and non-native stands.

2. Materials and Methods
Study Area

The study was conducted in the Swartkops River (33°45'08.0” S 25°20/33.1” E to
33°48'37.50” S 25°30'46.80" E), Uitenhage, Eastern Cape Province of South Africa. The
Swartkops River and its tributaries, i.e., KwaZunga and Elands rivers, arise in the Groot
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33.8°

Winterhoek Mountains of the Swartkops catchment and flow into Algoa Bay, and into
the Indian Ocean (Figure 1) [47]. The Algoa Bay is an important coastal line in South
Africa, known for its marine biodiversity and serving as a habitat and nursery site for
various marine animals, including Spheniscus demersus (African penguins), Mirounga leonina
(Southern elephant seal), and Sphyrna zygaena (Great white shark) [48].
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Figure 1. The South African map insert (a) the Swartkops River and tributaries showing 10 sampling locations and land-use
activities along the river system (b) Motherwell Storm Canal (MWSC) and Markman Canal (MMC).

The 155 km long Swartkops River drains the 42 km? wide catchment area where pro-
tected areas dominate the upper reaches of the catchment; the middle reaches is dominated
by urban, formal settlements, and agricultural lands; and the lower reaches are surrounded
by industries, formal and informal settlements before flowing into the ocean. The landscape
activities contribute to the release of domestic effluents, industrial waste, untreated sewage,
and other point and non-point source pollutants [49]. The natural vegetation dominating
the lower catchment is Bushveld and Succulent thicket, which has been severely altered by
the introduction of alien invasive plant species, such as Eucalyptus spp. (Gum trees) and
Acacia spp. (Black Wattle and Port Jackson Willow) [49].

Ten study sites were selected along the Swartkops River and sampled for a period of
six-months, at monthly intervals, from April 2018 to September 2018. Sample collection
took place upstream and downstream of semi and permanent non-native macrophytes
mats, P. crassipes and S. molesta (Figure 1). Site 1 was situated among agricultural lands,
which was upstream from Uitenhage town but downstream from protected areas. The
site experienced minimal urban and industrial effluents except some agricultural inputs
(Figure 1). Site 2 was situated downstream from site 1, in the heart of the Uitenhage urban
area and after the confluence of Swartkops River and KwaNobubhle tributary. Site 2 was
less than 1 km upstream from P. crassipes mat 1 (hereafter site 3), whereas site 4 was located
~0.6 km downstream from site 3 (Figure 1). Site 5 was 2.4 km upstream from P. crassipes
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mat 2 (hereafter site 6), and site 7 was about a kilometre downstream from site 6 (Figure 1).
Site 8 was located ~1.6 km upstream from S. molesta mat 3 (hereafter site 9), and site 10 was
located 0.6 km downstream from site 9 (Figure 1).

At each site, water and sediment samples together with dominant native (i.e., T. capensis,
P. australis, C. sexagularis, and S. pectinatus) and non-native (i.e., P. crassipes and S. molesta)
macrophyte species were collected and analysed for heavy metal accumulation analysis
(Table S1).

3. Data Collection
3.1. Water Chemistry

Integrated water sample (1000 mL, n = 1) was collected ~20 cm below the water surface
at each site using pre-rinsed clear polyethylene sample container for water chemistry
analysis. Water samples were then stored on ice until they reached the laboratory, and,
within 48 h after collection, water samples were sent to BEM-Labs, Cape Town, South
Africa for water chemistry analysis, including Chemical Oxygen Demand (COD), Zinc
(Zn), Iron (Fe), Cadmium (Cd), Arsenic (As), Chromium (Cr), Lead (Pb), Mercury (Hg),
and Copper (Cu).

At the laboratory (BEM-Labs), the water samples were acidified to a pH of £2 and
digested to isolate all the metal ions in solution. Once cooled, the samples were filtered
through a 0.45 pL syringe filter to remove any particulates. The resulting samples were
then analysed using an Agilent ICP-OES 720 Axial instrument for total heavy metals. Since
these were integrated water samples, it is possible that some properties, such as pH, or
organic carbon, varied between the samples and may have influenced the speciation (and
bioavailability) of pollutants.

3.2. Sediment Chemistry

Using a gardening trowel, integrated soil sediment samples were collected at five
areas per site at approximately 10 cm depth. Sediments samples were collected into plastic
zip-lock bags and then stored on ice. Similar to the water chemistry samples, sediment
samples were within 48 h after collection sent to BEM-Labs for sediment chemistry and
heavy metal analysis, including Zn, Fe, Cd, As, Cr, Pb, Hg, and Cu.

At BEM-Labs laboratory, a portion of the sediment sample was weighed into an
Erlenmeyer flask. We added 20 mL nitric acid and 10 mL hydrogen peroxide to the flask,
and the flask was then heated to allow the sample to digest. After digestion, the sample
was transferred to a 100 mL volumetric flask, made up to volume, and then filtered. The
resulting sample was then analysed on the Agilent ICP-OES 720 Axial instrument for
heavy metals.

3.3. Macrophytes Chemical Analysis

Native marginal and aquatic vegetation species together with non-native macrophytes
were collected at each site for heavy metal analysis. Five stems of emergent plants i.e.,
T. capensis, C. sexangularis and P. australis; five matured floating plants i.e., P. crassipes and
S. molesta, and about 200 g of submerged plant i.e., S. pectinatus, were collected by hand
and rinsed with distilled water to remove any debris and periphyton biofilm.

Plant material were transferred into different zip lock bags (per plant species) and
stored on ice until they reached the laboratory. In the laboratory, plant samples were
immediately oven-dried at 60 °C for 72 h. During this procedure, all the cell processes (e.g.,
respiration) stopped, making sure that samples represents the nutrients composition per
gram of leaf without the influence of water. Thereafter, dried leaves were homogenised
into coarse material by grinding using a mortar and pestle.

About 6.5 g of dried plants tissue was weight and packaged into aluminium foil
envelopes and also sent to BEM-Labs, for heavy metal analysis, including Fe, Hg, Zn, Cd,
As, Pb, and Cu. For each sample, 20 mL nitric acid and 5 mL hydrogen peroxide were
added and the flask was heated to allow the sample to digest, until approximately 1 mL of
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the solution was left. The remaining sample was transferred into a 10 mL volumetric flask,
made up to volume using distilled water and filtered. The filtered sample was analysed on
the Agilent ICP-OES 720 Axial instrument for heavy metals.

4. Data Analysis

To assess the reduction in water and sediment chemistry between upstream and down-
stream semi and permanent P. crassipes and S. molesta mat sites, the percentage reduction
in water and sediment heavy metals concentrations were computed. Furthermore, to
understand the current environmental condition at Swartkops River and the concentration
of heavy metals, sediments and macrophyte indices were used to quantify heavy metal
assimilation by both native and non-native macrophytes along the river system.

The geo-accumulation index (Igeo), which measures the degree of heavy metal con-
tamination, was used to estimate heavy metal pollution in the Swartkops River during the
study, and this was calculated following the equation defined by Muller [50]:

Cn
Igeo = log2 (1.5Bn>

where Cn is the measured concentration of metal in sediments, and Bn is the measured
geo-chemical background value of the metal. The 1.5 factor is used to minimize possible
variations of the background values, which may be qualified to lithogenic variations [51].
The geo-chemical background values were given according to the world surface rock
average as seen in Martin and Meybeck [52].

For further geo-accumulation interpretation, Muller [53] proposed seven classes for
the geo-accumulation index, which are used to determine the level of contamination on
soil sediments by heavy metals: Class 0 = Igeo < 0 (uncontaminated); Class 1 =0 < Igeo <1
(uncontaminated to moderately contaminated); Class 2 = 1 < Igeo < 2 (moderately contami-
nated); Class 3 = 2 < Igeo < 3 (moderately to heavily contaminated); Class 4 = 3 < Igeo < 4
(heavily contaminated); Class 5 = 4 < Igeo < 5 (heavily to extremely contaminated); and
Class 6 = 5 < Igeo (extremely contaminated).

Secondly, the pollution load index (PLI), which is an important index in evaluating
soil sediment quality was used to estimate heavy metal pollution in the sediments. The
pollution load index is expressed as the product of the contamination factor (CF) of all
measured heavy metals on-site and was calculated following a formula adopted from
Islam et al. [54]:

PLI =CF1 x CF2 x CF3 x....... CFn) 1/n

The Contamination Factor (CF) of each metal was computed separately per site using
the metal concentration and the background value of the metal (background value from
the average shale value) [55], CF was calculated following Atgin et al. [56].

CF — Cm Sample
~ Cm Background

where Cm (sample) is the concentration of heavy metal in sediment and Cm (background)
is the background value of metals adopted from world surface rock average by Martin and
Meybeck [51]. According to Chakravarty and Patgiri [57], the PLI value < 1, indicates no
pollution, whilst PLI value > 1, indicates pollution (or deterioration of the sediment).

The enrichment factor (EF) is a more comprehensive assessment of heavy metal
contamination [58]. The method is based on normalisation of the measured heavy metal
concentration with respect to the reference metal, such as Aluminium (Al) or Fe [59]. For the
present study, Fe was used as a reference heavy metal for normalization because, according
to Nirmala et al. [60], Fe is redox sensitive under oxidation conditions and constitutes
significant sinks of heavy metals in aquatic ecosystems.

Background values used for the present study were given according to the world
surface rock average by Martin and Meybeck [52]. According to Chen et al. [61], EF <1,
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indicates no enrichment; EF = 1-2, minimal enrichment; EF = 3-5, moderate enrichment;
EF = 5-10, moderately severe enrichment; EF = 10-25, severe enrichment; EF = 25-50,
very severe enrichment; and EF > 50, extremely severe enrichment. These were calculated
following Buat-Menard and Chesselet [62]:

__Cmetal
Cnormalizer

} Sample
EF =

Cmetal

[m] Reference metal (Fe)

where Cmetal (sample), is the concentration of the examined heavy metal; Cnormalizer
(sample), is the concentration of the normalizer /reference heavy metal (Fe); Cmetal (refer-
ence metal), is the concentration of the examined heavy metal in its suitable background or
baseline reference material, and Cnormalizer (reference metal) is the concentration of the
normalizer heavy metal (Fe) in its suitable background.

Then, to assess and estimate the native and non-native macrophyte species accumu-
lation potential for heavy metal concentration in sediments, the bio-concentration factor
(BCF) was calculated following Zayed et al. [63]:

[metal plant]

BCF =
¢ [metal sediment]

where metal (plant) is the concentration of heavy metals in plants, and metal (sediment)
is the concentration of heavy metals in sediments. BCF value > 1, indicates that the plant
species is a better hyper-accumulator of the heavy metal; whereas, BCF value = 1 indicates
that plant species is an accumulator of the heavy metal, and BCF value < 1 indicates that a
plant is a better excluder [64].

To test the significant differences in sediment indices (i.e., Igeo, PLI, and EF) between
sites and the macrophyte assimilation factor (BCF) for each plant species, the Shapiro—
Wilk test for normality and Levene test for homogenous variance were employed. The
outcome of the tests revealed that none of the variables were normally distributed (Shapiro-
Wilk, p < 0.05) nor were the variances homogenous (Levene test, p > 0.05). Thus, a non-
parametric test, in this case, Kruskal-Wallis analysis of variance, with multiple comparison
test was employed. All statistical analyses were conducted in R version 3.6.1 [65], except
where specified.

5. Results
5.1. Water and Sediment Chemistry

Heavy metal concentrations were variable along the Swartkops River with no con-
sistent reduction trend downriver (Table 52). The Fe concentration showed significant
differences between sites (H = 28.13, p = 0.001) with site 1 recording high Fe concentration
(1.1 mg/L) and site 10 low concentration (0.09 mg/L) (Table S2). There was significant
difference in Zn concentration between sites (H = 18.03, p = 0.034), the highest Zn concen-
tration (0.12 mg/L) was recorded at site 10, and the lowest Zn concentration (0.02 mg/L)
was recorded for all sites except sites 5 and 7 (Table S2).

The COD concentrations were significantly different between sites (H = 21.89, p = 0.001).
The highest COD concentration was recorded at site 5 (57.4 mg/L) and the lowest at site
1 (14.64 mg/L) (Table S2). The As and Cu concentrations were not significantly different,
whereas heavy metal, i.e.,, Cd, Cr, Hg, and Pb, concentrations showed constant values of
0.0021, 0.026, 0.0021, and 0.006 mg/L, respectively, throughout the sampling period (Table S2).

The sediment chemistry results revealed that the Fe (H = 24.32, p = 0.004), Zn
(H=235.75, p < 0.001), As (H =17.08, p = 0.05), Cr (H = 20.39, p = 0.016), Pb (H = 26.19,
p = 0.002), and Cu (H = 26.46, p = 0.002) concentrations were significantly different between
sites (Table S3). Fe (1321.25 mg/kg) and As (4 mg/kg) were high at site 1 and low at site
5 (Fe: 220.43 mg/kg) and site 10 (As: 0.27 mg/kg), respectively.
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Zn (87.16 mg/kg), Cr (41.12 mg/kg), Cu (5.56 mg/kg), and P (2240.38) were high at
site 5, and low at site 10 (Zn: 7.19 mg/kg and Cr: 8.15 mg/kg) and site 7 (Cu: 0.67 mg/kg, P:
281.07 mg/kg) (Table S3). The lead concentration was high at site 3 (21.10 mg/kg) and the
low at site 10 (3.67 mg/kg) (Table S3). In general, the sediment chemistry results revealed
that site 5 had the highest recorded heavy metal concentrations i.e., Zn, As, Cr, Pb, and Cu
(Table S3).

5.2. Swartkops River Sediment Contamination

The geo-accumulation index (Igeo) was significantly different for heavy metals i.e.,
As (H =17.16, p = 0.05), Cr (H = 19.08, p = 0.02), Cu (H = 26.47, p < 0.001), Fe (H = 24.32,
p <0.001), Pb (H = 26.19, p < 0.001), and Zn (H = 21.40, p = 0.01) at all sites (Table 1).
Cadmium (H = 8.26, p = 0.51) and Hg (H = 5.05, p = 0.83) were not significantly different at
all sites, and showed negative (—) Igeo values, which are indicative of uncontaminated
sediments (Table 1).

Geo-accumulation index values revealed that sites were extremely contaminated by
Cr, Fe and Zn, recording Igeo values of more than 5. Site 5 recorded the highest Igeo value
for Zn (12.16) and Cr (11.06) whereas, site 1 recorded the highest Igeo value for Fe (15.11)
(Table 1). All sites were extremely contaminated (Igeo > 5) with Pb and Ct, except site
9 (Pb) and site 10 (Pb and Cr). Arsenic recorded the lowest Igeo values ranging from —0.64,
uncontaminated sediments (site 3), to 2.94, moderately contaminated (site 1) (Table 1).

The enrichment factor (EF) revealed that five heavy metals, including As (H = 17.08,
p =0.05), Cr (H =20.39, p=0.02), Cu (H = 26.47, p < 0.001), Zn (H = 35.80, p < 0.001), and Pb
(H =26.19, p < 0.001), showed significant differences between sites (Table 1). Site 1 recorded
high EF values for majority of heavy metals, i.e., As, Cr, Cu, and Hg, whilst site 5 revealed
high EF for heavy metals, i.e., Zn, and Pb (Table 1).

Based on the EF values obtained, all sites experienced no enrichment except for site
1, which showed minimal Hg enrichment (Table 1). The PLI values were not significantly
different between sampling periods (Kruskal-Wallis ANOVA, p > 0.05) (Table 1). All
recorded PLI values were below 1, except site 5, which recorded PLI value of 1.10 for
the month of April. In general, the month of June recorded PLI > 1 for majority of sites;
however, they were all not significantly different.
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5.3. Heavy Metal Assimilation along the Swartkops River

Pontederia crassipes and Salvinia molesta semi and permanent mats showed promising
heavy metal assimilation, but this varied between sites. However, in some cases, the trend
was clear showing heavy metal reduction between upstream and downstream P. crassipes
and S. molesta mats, thus, indicating possible macrophyte assimilation potential (Table S4).

The Fe concentration in the sediments showed a 46% reduction between the upstream
site 2 (967.37 mg/kg) and downstream site 4 (520.02 mg/kg) of P. crassipes mat (site 3),
whereas Zn concentration showed a total reduction of 57%, 89%, and 65% between site 2
(62.55 mg/kg) and site 4 (26.92 mg/kg), site 5 (87.16 mg/kg) and site 7 (9.65 mg/kg), site
8 (22.4 mg/kg) and site 10 (7.19 mg/kg), respectively (Table S4). Arsenic showed a total
reduction of 81% and 83% between site 5 (1.49 mg/kg) and site 7 (0.28 mg/kg) as well as
site 8 (1.55 mg/kg) and 10 (0.27 mg/kg), respectively (Table S4).

Chromium showed a 77% reduction between site 5 (41.12 mg/kg) and site 7 (9.50 mg /kg),
and Pb showed a 68% reduction between site 5 (19.90 mg/kg) and site 7 (6.45 mg/kg), and
56% reduction between site 8 (8.42 mg/kg) and site 10 (3.67 mg/kg) (Table S4). Mercury was
reduced by 59% between site 2 (1.77 mg/kg) and site 4 (0.72 mg/kg) and by 53% between site
5 (1.36 mg/kg) and site 7 (0.64 mg/kg) (Table S4).

Emergent native macrophytes species recorded the lowest bio-concentration factor
(BCF) values when compared to both floating and submerged native macrophyte species
(Table 2). Typha capensis and Cyperus sexangularis BCF results were significant between sites
for Cu (H =21.11, p =0.01; H =25.39, p = 0.002) and Zn (H = 37.34, p < 0.001; H = 38.45,
p < 0.001) (Table 2). Typha capensis and C. sexangularis showed a BCF value of less than 1 for
Cu at all sites; however, for Zn, T. capensis recorded a BCF of less than 1 at sites 1, 6,7, 8, 9,
and 10, whereas C. sexangularis recorded BCF of less than 1 at sites 1,7, 8, 9, and 10 (Table 2).
Phrgamites australis showed significantly different BCF values for Zn (H = 16.43, p = 0.05),
at all sites, except for site 5, which showed BCF values of less than 1 (Table 2).

The floating non-native P. crassipes BCF results were significantly different between
sites for As (H = 23.15, p < 0.01), Cr (H = 23.32, p < 0.001), Cu (H =244, p < 0.001), Fe
(H=2694, p <0.001), Hg (H = 20.76, p < 0.01), and Zn (H = 27.7, p < 0.001) (Table 2).
Pontederia crassipes recorded BCF values of less than 1 for Cu and Zn at all sites; whilst As
recorded BCF > 1 for site 1 and site 9, and Hg BCF > 1 at sites 6, 7, 9, and 10 (Table 2).

The submerged macrophyte S. pectinata BCF results were significantly different for
four heavy metals, i.e., Cr (H = 27.33, p < 0.001), Fe (H = 23.64, p = 0.05), Hg (H = 16.77,
p =0.05), and Zn (H = 22.08, p < 0.01) (Table 2). The heavy metals Fe, Hg, and Zn recorded
BCF of less than 1 for all sites, whilst Cr recorded BCF > 1 at sites 6, 7, and 9 (Table 2). The
significant BCF values for S. pectinata species were in decreasing order of Hg > Zn > Fe > Cr,
indicating that S. pectinata assimilated Hg more effectively compared to Cr (Table 2).
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6. Discussion

The present study reports that the Swartkops River system is heavily polluted by
various heavy metals. Although our results show some degree of assimilation by native
and non-native macrophyte stands, the continuous inputs, i.e., non-point sources, at
different entry points along the river system surpass this potential. Research on macrophyte
assimilation (or phytoremediation) has mainly been conducted in mesocosm settings, with
limited in situ case studies or case studies in the natural environment [23,66—68].

The effectiveness of phytoremediation in the reduction of heavy metal concentrations in
water and sediment by non-native P. crassipes and S. molesta was tested in the present study
and others (e.g., [19,29,69,70]). Although the results did not show a consistent decreasing
trend due to high variation between sites, the present study’s findings still showed promising
macrophyte assimilation potential as most sites showed reduced concentrations of heavy
metals as hypothesized. The Swartkops River is in a deteriorating state, and these findings
have been corroborated by a number of studies before (see [49,71-73]), which revealed that
intense land-use developments along the Swartkops River catchment and riparian areas have
a huge effect on the system’s physical, chemical, and biological well-being.

Findings from the present study revealed that there were few significant reductions in
heavy metal concentrations between the immediate upstream and downstream sites within
individual non-native macrophyte patch. For example, between site 2 and site 4 upstream
and downstream of P. crassipes mat (site 3), as well as site 8 and site 10 of S. molesta mat
(site 9), we reported more than 45% reduction in heavy metal concentration (i.e., Zn, Cr, As,
Pb, and Hg) (Table S4).

Reductions were attributed to the presence of P. crassipes and S. molesta mats acting
as accumulators for heavy metals from upstream. The above findings corroborated with
Mishra and Tripathi [19], whose study reported on the effectiveness of P. crassipes in
accumulation of Cr and Zn effluents, were P. crassipes efficiently assimilated more than
50% of the heavy metal concentration in only 11 days of exposure, further emphasizing the
phytoremediation potential of these macrophytes.

It is possible that some of the pollutants were accumulated by sediments. This is
because, as contaminants constantly wash off downriver, some slowly settles and gets
assimilated in the sediments. Jernstrom et al. [74] indicated that the nature of sediments in
water bodies reflects, to a great extent, the condition of the system as a result of various
pollutants in the water; in addition, these sediments may also serve as indicators by
revealing the concentration of the pollutants settling in them.

These results were supported by Hadad et al. [75] and Schaller et al. [76], who reported
that the top sediment layer, integrated with a low diffusion rate of elements can play a
significant role in adsorption and accumulation of heavy metals. Various indices from the
present study, including EF, PLI, and Igeo, showed that sediments along the Swartkops
River system were moderately to extremely contaminated as a result of pollutants along
the river catchment (Table 1).

These findings were more evident at site 5, which recorded the highest heavy metal
concentrations (i.e., Zn, As, Cr, Cu, and Pb) in sediments, in addition, the EF and Igeo
values were highest for Zn and Pb, revealing extreme sediment contamination by these
heavy metals at site 5 (Table 1). This emphasize that the Swartkops River is facing probable
environmental pollution especially with heavy metals, i.e., Fe, Cu, Cr, Zn, and Pb.

The bio-concentration factor (BCF) index also showed that T. capensis, C. sexangularis,
P. australis (native emergent macrophytes), S. pectinatus (native submerged macrophyte),
and P. crassipes (invasive floating macrophyte) have promising assimilation potential. Var-
ious studies (i.e., [15,77-79]) have shown that T. capensis, C. sexangularis, and P. australis
are good heavy metal accumulators. The present study, although variable, were consis-
tent with the above mentioned studies revealing that these macrophyte species are great
accumulators of various heavy metals.

This was because both studies showed reductions in heavy metal concentrations indicat-
ing phytoremediation potential by native and non-native macrophytes. Despite the macro-
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phyte assimilation potential, few hyper-accumulated heavy metals were recorded when com-
pared to what other studies had achieved when using the same macrophytes species [15,78,79]
This could be attributed to fact that the present study only used C. sexangularis, P. autralis,
and T. capensis species leaves for heavy metal analysis. Macrophytes assimilate heavy metals;
however, their concentrations differ with plant parts or segments. For example, Vymazal and
Brezinova [80] reported that the assimilation and distribution of heavy metals in above-ground
parts differs from below-ground plant parts, and this is because of different physiological
absorption mechanisms in plants. Other studies, including Chandra and Yadav [77], Eid
et al. [70], Bonanno [81], and Vymazal and Bfezinova [80], supported these findings by re-
vealing that emergent macrophytes species, including Phragmites spp., Cyperus spp., and
Typha spp., usually have similar accumulation trends.

These macrophytes species accumulate larger quantities of certain heavy metals, in-
cluding Cr, Mn, Cu, Ni, Hg, Pb, and Zn, better in underground plant parts as compared to
above-ground plant parts, and this is usually in the order of roots > rhizomes > leaves > stems.
Although the present study did not evaluate heavy metal concentrations for below ground
plant parts for P. australis, C. sexangularis, and T. capensis, the accumulated heavy metal concen-
trations and low BCF values recorded in emergent macrophytes could have been influenced
by the same trend, which is variation in the distribution within the plant parts, which may
also differ with plant size.

In contrast, floating (non-native) and submerged (native) species revealed a greater
uptake of heavy metals (i.e., Cr, Fe, Hg, and Zn) with high BCF values compared to
emergent macrophytes (Table 2). This was expected for P. crassipes, as it is known for a high
accumulation ability and tolerance to disturbances. The high uptake of heavy metals by
S. pectinatus could have been solely influenced by using the whole plant (roots, stem, and
leaves), which were fully exposed to heavily polluted systems.

The present study further revealed that P. crassipes was the most effective accumulator
of heavy metals, followed S. pectinatus, P. australis, C. sexangularis, and T. capensis. The
order of accumulation in heavy metals by macrophyte species (floating, emerged, and
submerged) was similar to a study by Goulet et al. [82] who tested floating Lemna minor (L.)
(Araceae) (Common duckweed), submerged Potamogeton epihydrus (Raf.) (Potamoget-
onaceae) (Ribbon-leaf pondweed), Nuphar variegeta (Durand.) (Nymphaeaceae) (Yellow
pond-lily), and emerged Typha latifolia (L.) (Typhaceae) (Common cattail) in the removal of
heavy metals in a mesocosm study. The study revealed that, amongst all macrophytes, float-
ing macrophytes were more effective in assimilating heavy metals, followed by submerged,
and lastly emergent macrophytes, which was similar to the present study.

Although there was promising heavy metal assimilation, the Swartkops River did not
show overall water and habitat quality improvement downriver. This indicates that heavy
metal reductions (>45%) in concentration between native and non-native macrophyte
stands did not improve the water and sediment quality contamination; however, this was
not the same for some important sediments and macrophyte pollution indices, which were
variable across sites.

This could be due to constant influxes from multiple non-point and point sources
(i.e., sewage treatment works, industries, and other anthropogenic activities) along the
river system, meaning that the constant inputs have a significant effect on the system
deterioration. Distance between sampled sites could have also influenced our findings, as
some sites were located about one kilometre away from the non-native macrophyte stands,
thus, allowing pollution inputs between sites, further suppressing the assimilation as seen
in this study.

In addition, field experiments are considered dynamic and difficult to work with
because they are complex and are affected by multiple extraneous variables that are not
easy to control and can affect the outcome of results. Since this study was the first of its
kind in the highly impacted Swartkops River system, we show that the phytoremediation
technique can be effective; however, the state and land-use pressure play a crucial role, and
we recommend more field-based studies with limited alterations.
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7. Conclusions

The study showed the promising phytoremediation potential of native and non-native
macrophytes to mitigate heavy metal contaminants from anthropogenic activities along
the Swartkops River system. Water and sediment pollution indices were variable across
sites showing no consistent trend in the reduction of water and sediment quality, and this
was in contrast with our hypothesis. The lack of water and sediment quality improvement
down river could have been due to constant pollution effluents from multiple non-point
sources along the river system.

It is also possible that the river system could have been severely polluted to the extent
that ecosystem services provided by both native and non-native macrophytes (although
evident) were supressed. This study showed that native and non-native macrophytes
can be used to assimilate pollutants; however, this can be better achieved in more control
settings, i.e., laboratory and mesocosm settings, compared to complex and dynamic field
conditions.

The screening of sediments and macrophytes (both native and non-native) provided
an overview state of the Swartkops River system, and this may serve as an early warning
or indication of changes in the system. Various authors [14,16,23,30,31,40] have demon-
strated phytoremediation success in the reduction of water and sediments heavy metal
concentrations; however, very few studies have tested if the improvement of water and
sediment quality assists the recovery of biological diversity particularly through biological
indicators, i.e., aquatic macroinvertebrates.

Thus, we propose that adjunctive studies should be conducted to assess phytoremedi-
ation using biological variables (periphyton, aquatic macroinvertebrate, etc.) to quantify
phytoremediation success. The current study further emphasizes that physicochemical
variables are not sensitive but variable and can only provide a snap-shot of habitat degra-
dation. The sediment and macrophyte indices were reliable indicators of heavy metal
contamination and macrophyte bio-accumulation potential; however, excessive anthro-
pogenic input in the Swartkops River suppressed macrophyte ecosystem services. We
therefore recommend more field studies to test various green technologies to mitigate the
deterioration water and habitat quality using relevant biological indicators.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants10122676/s1, Table S1: A summary of bio-physical characteristics of the ten sam-
pling sites at the Swartkops River system, Eastern Cape, South Africa. Table S2: Water chemistry
mean values and +standard deviation recorded from 10 sites, including non-native macrophytes
stands along the Swartkops River system South Africa from April-September 2018. Bolded
H-values indicate significant differences (Kruskal-Wallis ANOVA, p < 0.05); NS = not signifi-
cant, p > 0.05. Table S3: Sediment chemistry mean and (+standard deviation) recorded from
10 sites, including native macrophytes stands along the Swartkops River system South Africa
(April 2018-September 2018). Bolded H-values indicate significant differences (Kruskal-Wallis
ANOVA, p < 0.05). Table S4: Percentage reduction of heavy metals concentration in sediments
semi and permanent stands of Pontederia crassipes and Salvinia molesta along the Swartkops River
system, Eastern Cape, South Africa.
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This study is amongst the few studies that have tested phytoremediation in a field setting (in-situ),
providing crucial information associated with quantifying phytoremediation in field settings. The
findings from our study clearly showed the promising assimilation of both native and non-native
macrophytes, and we strongly believe that our insights from this study will promote the use of
macrophytes to mitigate pollution and restore riverine systems.

References

1.  Motitsoe, S.N.; Hill, M.P,; Avery, T.S.; Hill, ].M. A new approach to the biological monitoring of freshwater systems: Mapping
nutrient loading in two South African rivers, a case study. Water Res. 2020, 171, 115391. [CrossRef] [PubMed]

2. Kumar, S.; Deswal, S. Phytoremediation capabilities of Salvinia molesta, water hyacinth, water lettuce, and duckweed to reduce
phosphorus in rice mill wastewater. Int. J. Phytoremediat. 2020, 22, 1097-1109. [CrossRef]

3.  Geist, J.; Hawkins, S.J. Habitat recovery and restoration in aquatic ecosystems: Current progress and future challenges. Aquat.
Conserv. Mar. Freshw. Ecosyst. 2016, 26, 942-962. [CrossRef]

4. Mishra, VK,; Tripathi, B.D. Concurrent removal and accumulation of heavy metals by the three aquatic macrophytes. Bioresourse
Technol. 2008, 99, 7091-7097. [CrossRef] [PubMed]

5. Yamada-Ferraz, T.M.; Sueitt, A.PE.; Olivveira, A.F.; Botta, CM.R.; Fadini, P.S.; Nascimento, M.R.L.; Faria, B.M.; Mozeto,
A.A. Assessment of Phoslock® application in a tropical eutrophic reservoir: An integrated evaluation from laboratory to field
experiments. Environ. Technol. Innov. 2015, 4, 194-205. [CrossRef]

6. Liu, D.M.; Chen, J.; Shi, Y.P. Advances on methods and easy separated support materials for enzymes immobilization. Trends
Anal. Chem. 2018, 102, 332-342. [CrossRef]

7. Hanif, A,; Bhatti, H.N.; Hanif, M.A. Removal of zirconium from aqueous solution by Ganoderma lucidum: Biosorption and
bioremediation studies. Desalination Water Treat. 2015, 53, 195-205. [CrossRef]

8.  Karthika, N.; Jananee, K.; Murugaiyan, V. Remediation of contaminated soil using soil washing-a review. Int. J. Eng. Res. Appl.
2016, 1, 2248-9622.

9. Chandra, R; Yadav, S. Potential of Typha angustifolia for phytoremediation of heavy metals from aqueous solution of phenol and
melanoidin. Ecol. Eng. 2010, 36, 1277-1284. [CrossRef]

10. Sostar-Turk, S.; Petrini¢, L.; Simoni&, M. Laundry wastewater treatment using coagulation and membrane filtration. Resour.
Conserv. Recycl. 2005, 44, 185-196. [CrossRef]

11.  Sarma, H. Metal hyperaccumulation in plants: A review focusing on phytoremediation technology. Int. ]. Environ. Sci. Technol.
2011, 4, 118-138. [CrossRef]

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

13. Mabhar, A,; Wang, P; Ali, A.; Awasthi, M.K,; Lahori, A.H.; Wang, Q.; Li, R.; Zhang, Z. Challenges and opportunities in the
phytoremediation of heavy metals contaminated soils: A review. Ecotoxicol. Environ. Saf. 2016, 126, 111-121. [CrossRef]

14. Al S.; Abbas, Z.; Rizwan, M.; Zaheer, LE.; Yavas, 1.; Unay, A.; Abdel-Daim, M.M.; Bin-Jumah, M.; Hasanuzzaman, M.; Kalderis,
D. Application of floating aquatic plants in phytoremediation of heavy metals polluted water: A review. Sustainability 2020,
12,1927. [CrossRef]

15. Hejna, M.; Moscatelli, A.; Stroppa, N.; Onelli, E; Pilu, S.; Baldi, A.; Rossi, L. Bioaccumulation of heavy metals from wastewater
through a Typha latifolia and Thelypteris palustris phytoremediationsystem. Chemosphere 2020, 241, 125018. [CrossRef] [PubMed]

16. Auchterlonie, J.; Eden, C.L.; Sheridan, C. The phytoremediation potential of water hyacinth: A case study from Hartbeespoort
Dam, South Africa. S. Afr. J. Chem. Eng. 2021, 37, 31-36. [CrossRef]

17. Sakakibara, M.; Ohmori, Y.; Ha, N.T.H.; Sano, S.; Sera, K. Phytoremediation of heavy metal-contaminated water and sediment by
Eleocharis acicularis. Clean-Soil Air Water 2011, 39, 735-741. [CrossRef]

18. Hua, J.; Zhang, C.; Yin, Y,; Chen, R,; Wang, X. Phytoremediation potential of three aquatic macrophytes in manganese-
contaminated water. Water Environ. ]. 2012, 26, 335-342. [CrossRef]

19. Mishra, VK,; Tripathi, B.D. Accumulation of chromium and zinc from aqueous solutions using water hyacinth (Eichhornia
crassipes). J. Hazard. Mater. 2009, 164, 1059-1063. [CrossRef] [PubMed]

20. Zhang, F; Wang, X,; Yin, D.; Peng, B.; Tan, C.; Liu, Y.; Tan, X.; Wu, S. Efficiency and mechanisms of Cd removal from aqueous

solution by biochar derived from water hyacinth (Eichhornia crassipes). J. Environ. Manag. 2015, 153, 68-73. [CrossRef] [PubMed]

175



Plants 2021, 10, 2676

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Bokhari, S.H.; Ahmad, I.; Mahmood-Ul-Hassan, M.; Mohammad, A. Phytoremediation potential of Lemna minor L. for heavy
metals. Int. . Phytoremediat. 2016, 18, 25-32. [CrossRef] [PubMed]

Mokhtar, H.; Morad, N.; Fizri, EE.A. Phyto-accumulation of copper from aqueous solutions using Eichhornia crassipes and Centella
asiatica. Int. . Environ. Sci. Dev. 2011, 2, 205-210. [CrossRef]

Moyo, P; Chapungu, L.; Mudzengi, B. Effectiveness of water hyacinth (Eichhornia crassipes) in remediating polluted water: The
case of Shagashe River in Masvingo, Zimbabwe. Adv. Appl. Sci. Res. 2013, 4, 55-62.

Muthusaravanan, S.; Sivarajasekar, N.; Vivek, ].S.; Paramasivan, T.; Naushad, M.; Prakashmaran, J.; Gayathri, V,; Al-
Duaij, O.K. Phytoremediation of heavy metals: Mechanisms, methods and enhancements. Environ. Chem. Lett. 2018, 16,
1339-1359. [CrossRef]

Sheoran, V,; Sheoran, A.S.; Poonia, P. Role of hyperaccumulators in phytoextraction of metals from contaminated mining sites: A
review. Crit. Rev. Environ. Sci. Technol. 2010, 41, 168-214. [CrossRef]

Basumatary, B.; Bordoloi, S.; Sarma, H.P. Crude oil-contaminated soil phytoremediation by using Cyperus brevifolius (Rottb.)
Hassk. Water Air Soil Pollut. 2012, 223, 3373-3383. [CrossRef]

Hechmi, N.; Aissa, N.B.; Abdenaceur, H.; Jedidi, N. Evaluating the phytoremediation potential of Phragmites australis grown in
pentachlorophenol and cadmium co-contaminated soils. Environ. Sci. Pollut. Res. 2014, 21, 1304-1313. [CrossRef]

Romanova, T.E.; Shuvaeva, O.V. Fractionation of mercury in water hyacinth and pondweed from contaminated area of gold mine
tailing. Water Air Soil Pollut. 2016, 227, 171. [CrossRef]

Ng, Y.S.; Chan, D.J.C. Wastewater phytoremediation by Salvinia molesta. ]. Water Process. Eng. 2017, 15, 107-115. [CrossRef]
Bello, A.O.; Tawabini, B.S.; Khalil, A.B.; Boland, C.R.; Saleh, T.A. Phytoremediation of cadmium-, lead-and nickel-contaminated
water by Phragmites australis in hydroponic systems. Ecol. Eng. 2018, 120, 126-133. [CrossRef]

da Silva, A.A.; de Oliveira, J.A.; de Campos, EV.; Ribeiro, C.; dos Santos Farnese, F.; Costa, A.C. Phytoremediation poten-
tial of Salvinia molesta for arsenite contaminated water: Role of antioxidant enzymes. Theor. Exp. Plant Physiol. 2018, 30,
275-286. [CrossRef]

Basumatary, B.; Saikia, R.; Das, C.H.; Bordoloi, S. Field note: Phytoremediation of petroleum sludge contaminated field using
sedge species, Cyperus rotundus (Linn.) and Cyperus brevifolius (Rottb.). Int. |. Phytoremediat. 2013, 15, 877-888. [CrossRef]
Chayapan, P.; Kruatrachue, M.; Meetam, M.; Pokethitiyook, P. Phytoremediation potential of Cd and Zn by wetland plants,
Colocasia esculenta L. Schott., Cyperus malaccensis Lam., and Typha angustifolia L. grown in hydroponics. J. Environ. Biol. 2015,
36,1179-1183.

Cicero-Fernandez, D.; Pefia-Fernandez, M.; Expdsito-Camargo, ].A.; Antizar-Ladislao, B. Long-term (two annual cycles) phytore-
mediation of heavy metal-contaminated estuarine sediments by Phragmites australis. New Biotechnol. 2017, 38, 56-64. [CrossRef]
Shahid, M.J.; Ali, S.; Shabir, G.; Siddique, M.; Rizwan, M.; Seleiman, M.E,; Afzal, M. Comparing the performance of four
macrophytes in bacterial assisted floating treatment wetlands for the removal of trace metals (Fe, Mn, Ni, Pb, and Cr) from
polluted river water. Chemosphere 2020, 243, 125353. [CrossRef]

Costanza, R.; De Groot, R.; Braat, L.; Kubiszewski, I.; Fioramonti, L.; Sutton, P.; Farber, S.; Grasso, M. Twenty years of ecosystem
services: How far have we come and how far do we still need to go? Ecosyst. Serv. 2017, 28, 1-16. [CrossRef]

Alberti, M.; Booth, D.; Hill, K.; Coburn, B.; Avolio, C.; Coe, S.; Spirandelli, D. The impact of urban patterns on aquatic ecosystems:
An empirical analysis in Puget lowland sub-basins. Landsc. Urban Plan. 2007, 80, 345-361. [CrossRef]

Loan, N.T.; Phuong, N.M.; Anh, N.T.N. The role of aquatic plants and microorganism in domestic wastewater treatment. Environ.
Eng. Manag. ]. 2014, 13, 2031-2038. [CrossRef]

Mishra, S.; Maiti, A. The efficiency of Eichhornia crassipes in the removal of organic and inorganic pollutants from wastewater: A
review. Environ. Sci. Pollut. Res. 2017, 24, 7921-7937. [CrossRef] [PubMed]

Chiudioni, F; Trabace, T.; Di Gennaro, S.; Palma, A.; Manes, F.; Mancini, L. Phytoremediation applications in natural condition and
in mesocosm: The uptake of cadmium by Lemna minuta Kunth, a non-native species in Italian watercourses. Int. ]. Phytoremediat.
2017, 19, 371-376. [CrossRef] [PubMed]

Ceschin, S.; Crescenzi, M.; Iannelli, M.A. Phytoremediation potential of the duckweeds Lemna minuta and Lemna minor to remove
nutrients from treated waters. Environ. Sci. Pollut. Res. 2020, 27, 15806-15814. [CrossRef]

Kushwaha, A.; Hans, N.; Kumar, S.; Rani, R. A critical review on speciation, mobilization and toxicity of lead in soil-microbe-plant
system and bioremediation strategies. Ecotoxicol. Environ. Saf. 2018, 147, 1035-1045. [CrossRef] [PubMed]

Coetzee, J.A.; Hill, M.P. The role of eutrophication in the biological control of water hyacinth, Eichhornia crassipes, in South Africa.
BioControl 2012, 57, 247-261. [CrossRef]

Hess, M.C.; Mesléard, F.; Buisson, E. Priority effects: Emerging principles for invasive plant species management. Ecol. Eng. 2019,
127, 48-57. [CrossRef]

Tobias, V.D.; Conrad, J.L.; Mahardja, B.; Khanna, S. Impacts of water hyacinth treatment on water quality in a tidal estuarine
environment. Biol. Invasions 2019, 21, 3479-3490. [CrossRef]

Coetzee, ].A.; Langa, S.D.F.; Motitsoe, S.N.; Hill, M.P. Biological control of water lettuce, Pistia stratiotes L., facilitates macroinver-
tebrate biodiversity recovery: A mesocosm study. Hydrobiologia 2020, 847, 3917-3929. [CrossRef]

Huizenga, ]. M.; Silberbauer, M.; Dennis, R.; Dennis, I. An inorganic water chemistry dataset (1972-2011) of rivers, dams and lakes
in South Africa. Water SA 2013, 39, 335-340. [CrossRef]

176



Plants 2021, 10, 2676

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Raggy Charters. Algoa Bay, Port Elizabeth. What We See-Marine Species in Port Elizabeth. Available online: https://www.
raggycharters.co.za/filter / species /marine-species-in-algoa-bay-port-elizabeth (accessed on 14 May 2013).

Odume, O.N.; Muller, WJ.; Arimoro, FO.; Palmer, C.G. The impact of water quality deterioration on macroinvertebrate
communities in the Swartkops River, South Africa: A multimetric approach. Afr. J. Aquat. Sci. 2012, 37, 191-200. [CrossRef]
Muller, G. Index of geo-accumulation in sediments of the Rhine River. Geo-J. 1969, 2, 108-118.

Kumar, V.; Thakur, R.K. Pollution load of SIDCUL effluent with reference to heavy metals accumulated in sediments using
pollution load index (PLI) and geo-accumulation index (Igeo) at Haridwar (Uttarakhand), India. J. Environ. Biosci. 2017,
31, 163-168.

Martin, J.M.; Meybeck, M. Elemental mass balance of materials carried by major world rivers. Mar. Chem. 1979, 7,
173-206. [CrossRef]

Muller, G. Die Schwermetallbelstung der sedimente des Neckars und seiner Nebenflusse: Eine Bestandsaufnahme. Chem. Ztg.
1981, 105, 157-164.

Islam, M.S.; Ahmed, M.K.; Habibullah-Al-Mamun, M.; Hoque, M.F. Preliminary assessment of heavy metal contamination in
surface sediments from a river in Bangladesh. Environ. Earth Sci. 2015, 73, 1837-1848. [CrossRef]

Bubu, A.; Ononugbo, C.P; Avwiri, G.O. Determination of heavy metal concentrations in sediment of Bonny River, Nigeria. Arch.
Curr. Res. Int. 2017, 11, 1-11. [CrossRef]

Atgin, R.S.; El-Agha, O.; Zararsiz, A.; Kocatas, A.; Parlak, H.; Tuncel, G. Investigation of the sediment pollution in Izmir Bay:
Trace elements. Spectrochim. Acta Part B 2000, 55, 1151-1164. [CrossRef]

Chakravarty, LM.; Patgiri, A.D. Metal Pollution Assessment in Sediments of the Dikrong River, N.E. India. J. Hum. Ecol. 2009, 27,
63-67. [CrossRef]

Tesfamariam, Z.; Younis, Y.M.H.; Elsanousi, S.S. Assessment of heavy metal status of sediment and water in Mainefhi and Toker
drinking-water reservoirs of Asmara City, Eritrea. Am. J. Res. Commun. 2016, 4, 76-88.

Ganugapenta, S.; Nadimikeri, ].; Chinnapolla, S.R.R.B.; Ballari, L.; Madiga, R.; Nirmala, K,; Tella, L.P. Assessment of heavy metal
pollution from the sediment of Tupilipalem Coast, southeast coast of India. Int. |. Sediment Res. 2018, 33, 294-302. [CrossRef]
Nirmala, K.; Ramesh, R.; Ambujam, N.K.; Arumugam, K; Srinivasalu, S. Geochemistry of surface sediments of a tropical brackish
water lake in South Asia. Environ. Earth Sci. 2016, 75, 1-11.

Chen, C.W.,; Kao, C.M.; Chen, C.F; Dong, C.D. Distribution and accumulation of heavy metals in the sediments of Kaohsiung
Harbor, Taiwan. Chemosphere 2007, 66, 1431-1440. [CrossRef]

Buat-Menard, P.; Chesselet, R. Variable influence of the atmospheric flux on the trace metal chemistry of oceanic suspended
matter. Earth Planet. Sci. Lett. 1979, 42, 399—411. [CrossRef]

Zayed, A.; Gowthaman, S.; Terry, N. Phyto-accumulation of trace elements by wetland plants: 1. Duckweed. ]. Environ. Qual. 1998,
27,715-721. [CrossRef]

Mellem, J.J.; Baijnath, H.; Odhav, B. Bioaccumulation of Cr, Hg, As, Pb, Cu and Ni with the ability for hyperaccumulation by
Amaranthus dubius. Afr. J. Agric. Res. 2012, 7, 591-596.

R Core Team. R: A Language and Environment for Statistical Computing (Version 3.6.1) Vienna, Austria; R Foundation for Statistical
Computing: Vienna, Australia, 2019. Available online: https:/ /www.R-project.org/ (accessed on 7 April 2019).

Hammad, D.M. Cu, Ni and Zn phytoremediation and translocation by water hyacinth plant at different aquatic environments.
Aust. ]. Basic Appl. Sci. 2011, 5, 11-22.

Wang, Z.; Zhang, Z.; Zhang, J.; Zhang, Y.; Liu, H.; Yan, S. Large-scale utilization of water hyacinth for nutrient removal in
Lake Dianchi in China: The effects on the water quality, macrozoobenthos and zooplankton. Chemosphere 2012, 89, 1255-1261.
[CrossRef] [PubMed]

Eid, E.M.; Shaltout, K.H.; Moghanm, ES.; Youssef, M.S.; El-Mohsnawy, E.; Haroun, S.A. Bioaccumulation and translocation of
nine heavy metals by Eichhornia crassipes in Nile Delta, Egypt: Perspectives for phytoremediation. Int. J. Phytoremediat. 2019, 21,
821-830. [CrossRef]

Donatus, M. Removal of heavy metals from industrial effluent using Salvinia molesta. Int. |. Chemtech. Res. 2016, 9, 608-613.

Eid, E.M.; Shaltout, K.H.; El-Sheikh, M.A.; Asaeda, T. Seasonal courses of nutrients and heavy metals in water, sediment and
above-and below-ground Typha domingensis biomass in Lake Burullus (Egypt): Perspectives for phytoremediation. Flora Morphol.
Distrib. Funct. Ecol. Plants 2012, 207, 783-794. [CrossRef]

Binning, K.; Baird, D. Survey of heavy metals in the sediments of the Swartkops River Estuary, Port Elizabeth South Africa. Water
SA 2001, 27, 461-466. [CrossRef]

Odume, O.N. An Evaluation of Macroinvertebrates-Based Biomonitoring and Ecotoxicological Assessments of Deteriorating
Environmental Water Quality in the Swartkops River, South Africa. Ph.D. Thesis, Rhodes University, Makhanda, South
Africa, 2014.

Adams, J.B.; Pretorius, L.; Snow, G.C. Deterioration in the water quality of an urbanised estuary with recommendations or
improvement. Water SA 2019, 45, 86-96.

Jernstrom, J.; Lehto, J.; Dauvalter, V.A ; Hatakka, A.; Leskinen, A.; Paatero, ]. Heavy metals in bottom sediments of Lake Umbozero
in Murmansk Region, Russia. Environ. Monit. Assess. 2010, 161, 93-105. [CrossRef]

Hadad, H.R.M.; Maine, A.; Bonetto, C.A. Macrophyte growth in a pilot-scale constructed wetland for industrial wastewater
treatment. Chemosphere 2006, 63, 1744-1753. [CrossRef] [PubMed]

177



Plants 2021, 10, 2676

76.

77.

78.

79.

80.

81.

82.

Schaller, ]J.; Vymazal, J.; Brackhage, C. Retention of resources (metals, metalloids and rare earth elements) by au-
tochthonously/allochthonously dominated wetlands: A review. Ecol. Eng. 2013, 53, 106-114. [CrossRef]

Chandra, R.; Yadav, S. Phytoremediation of Cd, Cr, Cu, Mn, Fe, Ni, Pb and Zn from aqueous solution using Phragmites cummunis,
Typha angustifolia and Cyperus esculentus. Int. |. Phytorem. 2011, 13, 580-591. [CrossRef]

Maric, M.; Antonijevic, M.; Alagic, S. The investigation of the possibility for using some wild and cultivated plants as hyperaccu-
mulators of heavy metals from contaminated soil. Environ. Sci. Pollut. Res. 2013, 20, 1181-1188. [CrossRef]

Sharma, S.; Singh, B.; Manchanda, V.K. Phytoremediation: Role of terrestrial plants and aquatic macrophytes in the remediation
of radionuclides and heavy metal contaminated soil and water. Environ. Sci. Pollut. Res. 2015, 22, 946-962. [CrossRef]

Vymazal, ].; Bfezinovd, T. Accumulation of heavy metals in aboveground biomass of Phragmites australis in horizontal flow
constructed wetlands for wastewater treatment: A review. Chem. Eng. J. 2016, 290, 232-242. [CrossRef]

Bonanno, G. Comparative performance of trace element bioaccumulation and biomonitoring in the plant species Typha domingensis,
Phragmites australis and Arundo donax. Ecotoxicol. Environ. Saf. 2013, 97, 124-130. [CrossRef] [PubMed]

Goulet, R.R.; Lalonde, J.D.; Munger, C.; Dupuis, S.; Dumont-Frenette, G.; Prémont, S.; Campbell, P.G. Phytoremediation of
effluents from aluminum smelters: A study of Al retention in mesocosms containing aquatic plants. Water Res. 2005, 39,
2291-2300. [CrossRef]

178



W) plants

Review

Potential Application of Algae in Biodegradation of Phenol:
A Review and Bibliometric Study

Syahirah Batrisyia Mohamed Radziff !, Siti Aqlima Ahmad (), Noor Azmi Shaharuddin !, Faradina Merican 3,

Yih-Yih Kok %, Azham Zulkharnain 5©, Claudio Gomez-Fuentes %-°

Citation: Radziff, S.B.M.; Ahmad,
S.A.; Shaharuddin, N.A.; Merican, E,;
Kok, Y.-Y.; Zulkharnain, A.;
Gomez-Fuentes, C.; Wong, C.-Y.
Potential Application of Algae in
Biodegradation of Phenol: A Review
and Bibliometric Study. Plants 2021,
10,2677. https://doi.org/10.3390/
plants10122677

Academic Editor: Maria Luce

Bartucca

Received: 13 August 2021
Accepted: 2 November 2021
Published: 6 December 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Chiew-Yen Wong **

Department of Biochemistry, Faculty of Biotechnology and Biomolecular Sciences, Universiti Putra Malaysia,
Serdang 43400, Selangor, Malaysia; syahirahbatrisyia@gmail.com (S.B.M.R.); aglima@upm.edu.my (S.A.A.);
noorazmi@upm.edu.my (N.A.S.)

Center for Research and Antarctic Environmental Monitoring (CIMAA), Universidad de Magallanes,

Avda. Bulnes, Punta Arenas 01855, Chile; claudio.gomez@umag.cl

School of Biological Sciences, Universiti Sains Malaysia, Minden, Gelugor 11800, Penang, Malaysia;
faradina@usm.my

Division of Applied Biomedical Sciences and Biotechnology, School of Health Sciences,

International Medical University, Bukit Jalil, Kuala Lumpur 57000, Selangor, Malaysia;
yihyih_kok@imu.edu.my

Department of Bioscience and Engineering, College of Systems Engineering and Science,

Shibaura Institute of Technology, Saitama-shi 337-8570, Saitama, Japan; azham@shibaura-it.ac.jp
Department of Chemical Engineering, Universidad de Magallanes, Avda. Bulnes, Punta Arenas 01855, Chile
*  Correspondence: WongChiew Yen@imu.edu.my

Abstract: One of the most severe environmental issues affecting the sustainable growth of human
society is water pollution. Phenolic compounds are toxic, hazardous and carcinogenic to humans
and animals even at low concentrations. Thus, it is compulsory to remove the compounds from
polluted wastewater before being discharged into the ecosystem. Biotechnology has been coping
with environmental problems using a broad spectrum of microorganisms and biocatalysts to establish
innovative techniques for biodegradation. Biological treatment is preferable as it is cost-effective
in removing organic pollutants, including phenol. The advantages and the enzymes involved in
the metabolic degradation of phenol render the efficiency of microalgae in the degradation process.
The focus of this review is to explore the trends in publication (within the year of 2000-2020)
through bibliometric analysis and the mechanisms involved in algae phenol degradation. Current
studies and publications on the use of algae in bioremediation have been observed to expand due to
environmental problems and the versatility of microalgae. VOSviewer and SciMAT software were
used in this review to further analyse the links and interaction of the selected keywords. It was noted
that publication is advancing, with China, Spain and the United States dominating the studies with
total publications of 36, 28 and 22, respectively. Hence, this review will provide an insight into the
trends and potential use of algae in degradation.

Keywords: phenol; phenolic compounds; biodegradation; phycoremediation; algae; hazardous
pollutant

1. Introduction

In recent years, the increase in the global transportation of hazardous chemicals has
led to accidental spillage of chemicals into the environment. Phenol is a common chemical
associated with accidental spillage [1] and is widespread as an environmental contaminant.
Besides, phenol is a toxic compound listed as a priority pollutant by the United States
Environmental Protection Agency. The enlistment is because of the acute and chronic
toxicity of the compounds to humans and animals [2].

The increase of industrialisation and overexploitation of natural resources has also af-
fected the environment [3,4]. The treatment of water contaminated with phenolic pollutants
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is challenging as the compounds exist in different concentrations from various industrial
processes. Wastewater with phenolic compounds leads to severe damage owing to its low
biodegradability and high solubility in water [5,6]. Hence, numerous wastewater treatment
techniques have been developed to remove phenolic compounds from domestic, industrial
and municipal wastewater. Developing the techniques is imperative to reduce the destruc-
tive impact of phenol on humans and aquatic animals. The rise of water pollution leads
to sustainable approaches to restore the environment from phenolic pollutants. Recently,
more emphasis has been put on environmentally friendly approaches to overcome the
rising water pollution problem and the imbalance of the aquatic ecosystem [7,8].

Phycoremediation is a technique used for treating chemically contaminated water
using algae [9]. This technique also ensures no transportation of toxic compounds to
the treatment sites via adsorption by the algae [10]. Phycoremediation technique is now
successfully replacing physiochemical methods in the remediation of the environment due
to the unique characteristics of algae in assimilating various toxic pollutants in aromatic
hydrocarbon, phenols, heavy metal and organochlorine [11,12]. Algae have been effectively
used for wastewater treatment owing to their intrinsic property for removing nutrient,
metal and organic compounds [13,14]. Besides, algae could utilise phenol as a single
carbon source [15-17]. At present, algae from the genus Chlorella, Spirulina, Scenedesmus and
Chlamydomonas are the notable non-pathogenic representatives of microalgae that have been
employed in phycoremediation of phenolic compounds [18]. Ubiquitous distribution and
production of in situ oxygen are desirable factors for algae in wastewater treatment [19-21].
Interestingly, algae can be used for the long-term protection of the environment from toxic
compounds. This review will cover topic pertaining to mechanisms involved in phenol
degradation by algae.

2. Bibliometric Analysis

The term bibliometric was first coined by Alan Pritchard in 1969 and has been widely
employed in recent years [22-25]. Bibliometric analysis is a quantitative method that
amalgamates mathematical and statistical analyses. Besides, this analysis reveals hot trends
in research and uncover the researchers’ publications, collaborations between institutions,
and academic quality [26,27].

This review focuses on identifying trends in related fields and exploring potential
paths for further research using microalgae-based bioremediation, especially in phenol
degradation. To accomplish this, the available literature was mapped using a bibliometric
technique to assess and analyse the issues that drawn the most interest from the scientific
researchers and their advancement. An appropriate bibliometric analysis is indispensable
to distinguish and assess the evolution and dynamics of the research field. Microsoft Excel,
VOSviewer software (version 1.6.16, Center for Science and Technology Studies, Leiden
University, The Netherlands), and SciMAT were used to analyse the topic that piqued the
curiosity of the scientific community (Figure 1). The bibliometric analysis was done on
publications from the year 2000-2020. Scopus databases were used for the extraction of
data. Scopus is a user-friendly search interface that grants access to a broad spectrum of
scientific databases and citations [28]. However, the access provided by Elsevier requires
an access fee. Figure 1 shows the general flow in retrieving the information about the
research topic. Comprehensive data extraction and analysis of scientific publications for
the literature review are vital in establishing and solving co-current research. A gap can be
easily identified in this manner. This quantitative method primarily involves evaluating
research in numerous disciplines by ranking publications based on authors, journal sources
and institutions.
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Figure 1. The workflow of the bibliometric analysis.

2.1. Trends in Publication

A fluctuating trend in the number of articles published per year can be observed
in Figure 2. Less than 10 articles were published annually during the first period of
assessment (2000-2005), and a slow increase in publication was recorded during the third
period (2010-2015). Conversely, the fourth period (2016-2020) had remarkable growth, with
the average number of publications being more significant than the cumulative number
of articles before 2015. Therefore, this demonstrates that using microalgae in remediating
phenol pollutants has been gaining the attention of researchers, and the increment is likely

to continue.

30 -

No. of publication
=N N )
[4)] o (3]

-
o
1

Figure 2. Distribution of publication from 2000-2020.

2.2. Analysis Based on Subject Areas

Figure 3 displays the distribution of the central theme of this review, in which the
environmental sciences possessed the highest percentage (32.5%), followed by chemical
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engineering (12.5%). This distribution can also show the hot trends in the research topic and
explore the selected topics by a scientist with different fields of study. Hence, environmental
sciences pay particular attention, especially in the remediation of phenol using microalgae.

Engineering, 4.3%

Immunology and

7.2%

7.8%

Earth and Planetary Sciences,
2.9%

Medicine, 3.5%

Microbiology, 4.3%

Biochemistry, Genetics
and Molecular Biology,

Agricultural and
Biological Sciences,

Others, 7%

Environmental Science,
32.5%

Chemical Engineering,
12.5%

Energy, 8.4%

Chemistry, 9.6%

Figure 3. Distribution publication on subject areas.

2.3. Countries with the Highest Work Published

The publication number provides insight for researchers to identify the global trends
and increase collaboration in their respective fields of study. China, Spain, United States,
France, Germany, India, Italy, Turkey, Australia and Greece were the top ten countries
contributing the most to the research topic. The highest number of countries per region
came from Europe (24), Asia (15), North America (3), Africa (3), South America (3) and
Oceania (1). The higher the publications, the darker the shade (Figure 4). Three countries:
China, Spain and the United States, gained the spotlight with contributions of 38, 26
and 22 publications, respectively. Undeniably, developing countries are dominating the
research as they have greater concern for the sustainability of remediation. China is the
largest remediation market globally, and the domination in this research was influenced
by the greater understanding of the polluted sites and active commitment to managing
contaminated sites [29].
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Figure 4. Global representation of the number of the publication. The map was created with mapchart (https://mapchart.
net/) accessed date 13 August 2021.

3. Analysis Using SciMAT

SciMat is a powerful visualisation tool designated based on the mapping analysis
approach and accustomed to the main themes’ evolution [30]. Interestingly, this open-
source software offers diverse analysis and visualisation outcomes in such cluster networks,
strategic diagrams, evolution maps, and overlapping.

For the analysis using SciMAT, the time interval of the year 2000-2020 was separated
into four distinct time periods which are 2000-2005, 20062010, 2011-2015 and 2016-2020.
By doing so, ensuring that each of the periods had a comparable quantity of articles.

3.1. Strategic Diagram

SciMAT visualisation also includes a strategic diagram. The cartesian plane is shown
in this strategic diagram. The centrality is denoted on the x-axis, while the density of
related keywords on the y-axis allows the evaluation of research studies. The density
relates to the internal strength of the network, whereas the centrality shows the connection
between a network with other networks [31]. In addition, the node size corresponds with
the number of the publication. Four quadrants are represented in the strategic diagram
where each quadrant gives a different interpretation (Figure 5).

3.1.1. First Period (2000-2005)

Seven main themes were identified from documents concerning phenol degradation
(Figure 6). “Phycoremediation”, “2,4-dichlorophenol” and “water pollutant” were the
motor themes during the first period. “Phycoremediation” emerged as the most developed
motor theme with strong centrality (0.50), and eight documents associated with this theme.
Phycoremediation has been discovered as a novel technology in recent years. The employ-
ment of bacteria is the most prevalent bioremediation approach, and it is now primarily
viewed as conventional bioremediation technology. Phycoremediation is a technique that
uses photosynthetic algae to biologically transform waste into harmless compounds [9,10].
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This approach has emerged as a possible alternative for pollutants segregation. This shows
that algae can be associated with the removal of contaminants in such as heavy metals and
aromatic compounds [32]. The promising characteristics of algae further enhance their use

in the removal of pollutants compared to higher aquatic.

Quadrant Il (Q2)

Highly developed and isolated themes

Aisuaq

Quadrant | (Ql)

Motor themes

- Showing great contribution of a theme in
research field (strong centrality, high

density)

Centrality

Quadrant Il (Q3)

Emerging or declining themes
- Low centrality and low density

Quadrant IV (Q4)

Basic and transversal themes

Figure 5. The strategic diagram (outcome) from SciMAT as described by Cobo et al. [30].

Despite being a cluster with low development, “phenol derivative” was observed as
significant due to its high centrality (0.83) in the basic theme (Table 1). Hence, “phenol
derivative” would be a promising theme in the research study.

Table 1. The measures for themes of the first period (2000-2005).

Cluster h-Index Centrality Density
Phycoremediation 2 0.50 1
Phenol derivatives 2 0.83 0.83

Water Pollutant 9 1 0.33
Phenolic compound 1 0.14 0.43
Hydrocarbon 1 0.29 0.57
2,4-dichlorophenol 1 0.57 0.71
Nonylphenol 1 0.43 0.14

3.1.2. Second Period (2006-2010)

In the second period of (2006-2010), “biological water treatment” and “microalgae”
were the motor themes (Figure 7) with centrality value of 0.67 and 0.83, respectively
(Table 2). It is critical to engage in appropriate treatment strategies to counteract the esca-
lating environmental issues. The treatment method employed shall ensure the eradication
of phenol to a permissible discharge limit. The concentration and volume of the treated
effluent and cost of treatment should be considered when choosing the best methods.

The removal of phenolic contaminants can be done either through biological or physio-
chemical treatment. The physiochemical treatment of phenol includes adsorption [33], ion
exchange [34], electro Fenton method [35-37], oxidation [38], membrane filtration [39,40],
flocculation and coagulation process [41,42]. Adsorption is one of the physiochemical
approaches focusing on treating wastewater polluted with dyes, heavy metals and organic

7
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and inorganic pollutants [43]. Adsorption is a well-studied treatment approach due to the
phenol affinity to the active surface of carbon [44]. Due to the high cost of operation using
activated carbon, the material used in this method is typically obtained from low-cost
agricultural waste [45]. Hence, this absorbent is used to remove and recover wastewater
streams from phenolic pollutants efficiently.

density WAT@VANT

2,4 DI(@HENOL
HVD@ONS
PHENO@POUND

centrality

NO@OL

Figure 6. Strategic diagram for the first period (2000-2005).

Chemical oxidation is another physiochemical approach that uses chemical agents to
convert toxic contaminants to less harmful compounds [46]. This alternative is favourable
when wastewater is flooded with high contaminant concentration, since it uses a strong
oxidant as the chemical agent. Hydrogen peroxide is a commonly used oxidant for initiating
oxidation reactions [47].

Biological treatment employs microorganisms, or the enzymes secreted by a specific
microorganism and transforms the wastes into simple end products [48-50]. The demands
of biological treatments rise as it is a promising approach in removing organic pollutants, in-
cluding phenol [51-53]. Biological treatment is still regarded as an attractive and structured
alternative for the removal of phenol as it confers more advantages than physiochemical
treatment (Figure 8).
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Figure 7. Strategic diagram for the second period (2006-2010).
Table 2. The measure for themes of the second period (2006-2010).
Cluster h-Index Centrality Density
Biological water treatment 3 0.67 1
Microalgae 3 0.83 0.67
Algae 17 1 0.50
Aliphatic compound 1 0.17 0.83
Diatom 2 0.33 0.33
Chlorella vulgaris 2 0.50 0.17

Meanwhile, themes related to “diatom” and “Chlorella vulgaris” were still emerging,
making it possible to initiate future research exploration (Figure 7). “Aliphatic compound”
was the most developed theme with the centrality of 0.17 (Table 2). This theme has a close
internal link but an infirm external link. This means that the theme is not too influential
in this research field. Although it is not the central attention in phenol degradation, it is a
stable topic in this field of study.
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Figure 8. The comparison between biological and physiochemical treatment as described by [10,21,51,54].

Figure 7 also highlights that “algae” is the basic and transversal theme. This cluster
theme was illustrated as a theme with low density (0.50) and high centrality value (1);
hence, the themes possess greater impact yet slower evolution in the research field (Table 2).
The theme was also characterised as a theme with a weak internal link with other topics.
However, it is still crucial in the phenol degradation topic.

3.1.3. Third Period (2011-2015)

The motor themes for this the third period of (2011-2015) were “algae”, “pollutant
removal” and “water pollutant” (Figure 9). These topics were essential in phenol removal
studies since they have higher density and strong centrality value (1,1), (0.75,0.88) and
(0.88,0.62), respectively (Table 3). The term “algae” has shifted from the fourth quadrant
(2006-2010) (Figure 7) to the first quadrant during this period (Figure 9), with higher
number of documents (24). The study on “2-nitrophenol” and “Scenedesmus” was not
receiving the attention of the research group during this period. Both themes fall at the
declining theme quadrant, with the low centrality value of 0.38 and 0.50, respectively.

During the third period, the developed themes included “organic compound” and
“dyes” with the centrality of 0.25 and 0.12, respectively (Table 3). The h-index for “algae”
was the highest (18) (Table 3), showing that this topic has been receiving special attention
and vast application in phenol degradation. It is worth noting that the term “water
pollutant” remained as the motor theme during the first period (2000-2005) (Figure 6) and
this period (Figure 9). This proves that the theme receiving research attention and influence
with regards to the phenol removal studies.
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Figure 9. Strategic diagram of the third period (2011-2015).

Table 3. The measures for themes of the third period (2011-2015).

Cluster h-Index Centrality Density
Algae 18 1 1

Water Pollutant 4 0.62 0.88
Pollutant removal 5 0.88 0.75
Wastewater 4 0.75 0.25
Organic compound 1 0.25 0.50
Dyes 1 0.12 0.62
Scenedesmus 1 0.50 0.38
2-nitrophenol 1 0.38 0.12

3.1.4. Fourth Period (2016-2020)

There are three motor themes, two isolated, two emergent and two basic themes, as
shown in Figure 10. The term “phenols” associated with 55 documents was the highly
dense and central cluster, indicating influential research and a close internal relation-
ship. “Chlorella vulgaris” and “catalyst” were the emerging themes for this period, with
centrality values of 0.44 and 0.33, respectively (Table 4). These topics were not the cen-
tral research attention based on their position in an immature quadrant. Figure 10 also
highlights that “biofuel” and “organic compound” are the basic and transversal themes.
The term “organic compounds” shifted from most developed theme during the third pe-
riod (2011-2015) (Figure 9) to basic theme in this period; however, with enhancement of
documents numbers (6).
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Figure 10. Schematic diagram for the fourth period (2016-2020).
Table 4. The measures for themes of the fourth period (2016-2020).
Cluster h-Index Centrality Density
Phenols 19 1 0.89
Nitrophenol 1 0.56 1
Biofuel 6 0.67 0.44
Wastewater treatment 11 0.89 0.67
Organic compound 5 0.78 0.33
Chlorella vulgaris 4 0.44 0.22
2,3-dinitrophenol 1 0.22 0.56
Catalyst 1 0.33 0.11
Azo dye 1 0.11 0.78

3.2. Thematic Network- The Central Cluster of Each Period

Thematic networks supplement the strategic diagram by illustrating how each of
the strategic diagram’s theme is related to any other themes in the [30,55]. Thematic
networks will enhance the understanding of the association between phenols and other
issues throughout time. Therefore, a theme that gives precedence to those with high impact

application was chosen, since there are several themes in the strategic diagram.

3.2.1. First Period (2000-2005)

“Phenol” was a component of the “phycoremediation” cluster in the first period
(Figure 11). “Phycoremediation” is also highly related to “aromatic hydrocarbon” with
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the line weight value of 0.33 (Table 5). Besides, there are also connections formed among
the sub-themes within the cluster. For instance, the term “phenols” is also highly linked
to “algae” (Figure 11). Therefore, phycoremediation have been associated with features
relating to phenol.

Figure 11. Thematic network for the first period (2000-2005).

Table 5. The weight of lines connected to main theme “phycoremediation”.

Member Weight
Phenols 0.33
Aromatic hydrocarbon 0.33
Scenedesmus 0.33
Algae 0.25
Microalgae 0.33

3.2.2. Second Period (2006-2010)

In this second period, “microalgae” is the central cluster associated with five other
themes (Figure 12). A high correlation (0.67) between “microalgae” and “pollutant re-
moval” demonstrated the employment of microalgae in eliminating pollutant (Table 6).
Mixotrophic algae can also be utilised to eliminate pollutants, since both themes are highly
correlated. Hence, microalgae do exhibit an ability in removing pollutants, particularly
phenolic compounds.
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Figure 12. Thematic network for the second period (2006-2010).

Table 6. The weight of lines connected to the main theme “microalgae”.

Member Weight
Phenolic compound 0.27
Pollutant removal 0.67
Mixotroph 0.33
Phenol derivative 0.22
Scenedesmus 0.33

3.2.3. Third Period (2011-2015)

The interrelation of all the themes concerned with water pollutants is illustrated
in Figure 13. “Phenol derivatives”, “heavy metal” and “nonylphenol” are significant
constituent elements of water pollutant. The network of topics connected to the central
theme contains a diverse range of subjects that remain a significant link between them.
“Water pollution” (0.67) was the relevant issue associated with water pollutant (Table 7).
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Figure 13. Thematic network for the third period (2011-2015).

Table 7. The weight of lines connected to the main theme “water pollutant”.

Member Weight
Heavy metal 0.27
Catalyst 0.10
Water pollution 0.36
Nonylphenol 0.17
Phenol derivative 0.22

3.2.4. Fourth Period (2016-2020)

The thematic network in this period provides a fascinating insight. “Phenols”, which
is the central theme, is inextricably linked to sub themes “algae” (0.31), “biodegradation”
(0.28) and “water pollutant” (0.27) (Table 8). This bolsters the efficacy of biodegradation
by algae in research related to remediation of phenol. In the case of “microalgae”, despite
the lack of strong correlation with the main cluster, the theme is still related to the issues
of phenols (Figure 14). Therefore, algae showed the capability to biodegrade phenols at
contaminated sites.
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Table 8. The weight of lines connected to the main theme “phenols”.

Member Weight
Algae 0.31
Water pollutant 0.27
Phenol derivatives 0.37
Biodegradation 0.28
Microalgae 0.23

Figure 14. Thematic network for the fourth period (2016-2020).

3.3. Evolution Map

The evolution map allows the analysis of conceptual evolution and, hence, adding
weight to the argument in certain fields of study. This map is characterised by the size of
the sphere and the thickness of the line. The sphere quantifies the number of publications,
while the thickness shows the correlation between the themes of selected time frames [56].
From the year 2000 to 2005 and 2006 to 2010, there was a significant link between the
term “phenol derivatives” and “microalgae” (Figure 15). This proved that the utilisation
of algae in degrading phenolic compounds gained momentum in 2006. A strong liaison
between the term “algae” and “phenols” can be seen between the period of 2011-2015 and
20162020 (Figure 15). The evolutionary path of algae has progressively evolved from a
latent to growing state, hence, implying this research subject has a continued vitality in the
phenol removal studies.
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Figure 15. The evolution of thematic areas for the period of two decades (2000-2020).

4. Visualisation Using VOSviewer-Keywords Visualisation

VOSviewer emphasises the graphical representation of the map and facilitates explor-
ing trends through keywords [57]. Principally, network data are exploited to construct
the map. Through network analysis strategies such as co-citation, co-occurrence term
and coupling, significant emphasis areas are pinpointed, resulting in discovering notable
authors, publications, and journals [55]. VOSviewer is beneficial to visualise an outsized
map that eases the interpretation as the distance between two terms often explains the
relatedness of the terms [58].

Co-occurrence term analysis enables the search of limitations and hot trends in a cer-
tain topic. In this analysis, the cluster formed through the term that co-occurred frequently
and the connection’s strength can be visualised by the thickness of the lines. In addition,
the size of nodes indicates the number of keywords used, where the larger the size, the
greater the registration number. The largest cluster (blue) with 28 items was closely related
to algae (Figure 16). The term “algae”, which resided at the core of the map, was noted for
its attention and linkage with other terms, as it featured a higher value in co-occurrence and
total strength (Table 9). The cluster in green (25 items) focused on remediation approaches.
The linkage of the term “biodegradation” and “algae” indicated that biodegradation has a
significant contribution in removing pollutants by algae.
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Figure 16. The network visualisation map of co-occurrence term.

Table 9. The number of co-occurrence and total strength of the research topic.

Keyword Occurrence Total Link Strength
Algae 116 1008
Phenols 79 810
Phenol derivatives 59 705
Biodegradation 50 543
Water pollutant, chemical 42 574
Green alga 41 528
Phenolic compounds 37 447
Biomass 36 367
Microalga 35 436
Chlorophyta 35 443
Pollution removal 35 506
Bioremediation 34 421
Degradation 33 298
Enzyme activity 33 153
Wastewater treatment 27 337
Biodegradation, environment 25 328

4.1. Phenols

Phenol is naturally found in coal tar and was first isolated in 1841 by Ferdinand Runge,
a German Scientist [59]. It is one of the leading industrial discharges produced by manufac-
turing industries such as oil refineries, dye, pesticides, plastic plants and pharmaceutical
industries. Phenol (C¢HsOH) is the simplest member of phenolic compounds. Phenol and
its derivatives are organic compounds comprising a hydroxyl group (-OH) bonded to one
or more aromatic rings. Phenol was also notable as carbolic acid, benzophenol, or hydroxy-
benzene [60]. Chlorophenol, nitrophenol, methyl phenols, alkylphenols, aminophenols,
butylhydroxytoluene, nonylphenol and bisphenols A are some other phenolic compounds.

4.1.1. Sources of Phenol

The production of phenol is done either naturally or synthetically with chemical
processes. About 95% of the global synthetic phenol production is contributed by cumene
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oxidation [61]. The prime sources of phenolic waste are petroleum refineries, petrochemical,
steel mills, coke oven plants, coal gas, synthetic resin, pharmaceutical, paints, plywood
industries, mine discharge, explosive, the production of rubber goods, the textile industry
as well as food and beverage [62-66]. Table 10 shows the details on the sources of phenol.

Table 10. The sources and application of phenolic compounds in various industry.

Industry/Sources Compound Used in Application References

Production of pesticides, fungicides, and herbicides

Phenol and acetone in such 2,4-dichlorophenoxyacetic acid.

Agriculture [67]
Monoisopropylamine Protection of crop and increase yield
products
Phenolic resins Manufacture fllfers, tlre‘s,‘ insulation, [68,69]
and coating additives
Automotive Phenol Generation of polycarbonate for automotive parts [70]
Nylon intermediates Manufacture of thermoplastics and carpeting

Phenolic resin Concrete fornpng, insulation, [68]

Construction beams, moulding compounds
Bisphenol A Plastic pipes [71]
. Benzophenone-3 Sunscreen [72]

Cosmetic
Phenol Used in chemical skin peels, formulation of lip balm [73]
Household Phenol, Benzophenone-3 Manufacture of soaps, paints, toys, [71,74]
lacquers, and perfumes
Food and beverage Bisphenol A Coating of cans, cups, and polycarbonate container [71]
Pharmaceutical Phenol Antiseptic, slimicide, IOtIOI‘l,. ointment, mouthwash, [60]
oral spray for treating sore throat

Plywood Pentachlorophenol As wood preservatives [75]
Textile Caprolactam and adipic acid Production of synthetic yarn [76]

(Intermediate of phenol)

4.1.2. Toxicity

The entry of the phenolic compound into the water bodies is due to the discharge
of industrial waste. Ingestion of phenol (1 g) is detrimental to life [77]. In addition,
phenolic compounds exhibit a foul odour and flavour in drinking water in relatively low
concentration (5 pug/L). Numerous researchers have found phenol in industrial wastes at
concentration ranging from 50 to 10,000 mg/L [78,79]. Besides, the dilution of phenol is
slow, as it is heavier than water and leads to toxic compound formation even after being
diluted. The concentration of phenol in seawater is generally low, with a concentration
of only 0.13 mg/L even in polluted fishing areas. However, the phenol concentration has
been recorded to rise up to 8.28/100 mL in the event of inadvertent spillage containing
phenol into the sea owing to its high-water solubility [80].

Bisphenol A (BPA) is part of phenolic compounds. BPA is a plasticiser chemical used
in polycarbonate polymers, plastics fabrication and epoxy resin [81,82]. BPA is resistant to
biodegradation, although presented only at ppt level in the water [83].

Phenol is considered a safe disinfectant (concentration of 1% to 2% aqueous) and is
used to treat non-critical medical devices with the lowest risk of infection transmission. Nev-
ertheless, phenol is a dangerous pollutant that damages cells prolonged at concentration of
5 mg/L, and exposure to this disinfectant may counter skin irritation [77]. Toxicity limits
for both human and aquatic life are typically within the range of 9 to 25 mg/L [84]. The
wastes cause antibiotic-resistant genes in microorganisms, which concern public health [85].
Phenols are mostly volatile and release unpleasant odours in water, harming the aquatic or-
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ganisms, interfere with the endocrine systems, destroy oxidative phosphorylation reaction,

inhibit ATP production and accumulate in different trophic levels through the biological
chain [1,51,86]. Humans absorb the phenolic compounds via inhalation, ingestion and

skin contacts. Generally, the accumulation of phenol occurs in the brain, liver, muscle

and kidneys [87]. Phenol is a protoplasmic poison that denatures proteins. The major
organs damaged by phenol include the spleen, kidneys and pancreas [88,89]. According

to Hansch et al. [90], two primary processes associated with phenol toxicity are (a) gener-

ation of free radicals and (b) non-specified toxicity linked to the hydrophobicity of each

compound. Nitrophenol, chlorophenol and alkylphenols are relatively highly toxic [91].

The high distribution of phenols in nature implies widespread contact with humans and
animals (Table 11). Phenol harms humans and animals, thus requires elimination to free
the environment from contaminants.

Table 11. The toxicity of phenolic compounds.

Compounds Organism Effects Details References
Coagulation is associated with phenol
Blister and burn on the skin and amino acid reaction in the keratin of [60,92]
the epidermis and collagen
. Ingestion of high concentration of
Heart failure phenol (70 ml of 42-52% phenol) [93-95]
. Exposure to 40% of phenol
Acute renal failure in dichloromenthane [96]
Human i i
Necrosis In contact with phenol soolutlon [87,93,97,98]
(concentration of 1%)
Dry mouth and throat, dark urine, =~ Via ingestion of a high concentration [87,96,99]
and diarrhoea (10240 mg/L) of phenol o
DNA and chromosomal damage in
leukaemia inhibit Topoisomerase  Effect of benzene-related hematotoxicity [100,101]
and clonal selection process
Cause anorexia, weight loss, Chronic toxicity due to
headache, muscle pain, jaundice vaporisation of phenol (102,103]
Phenol ’ pam, p p
Increase gill necrosis and
. [104]
mucus production
Asphvad Interference with respiration
sphyxia [105]
Destruction of erythrocytes
Hypocholesterolaemia Mamfestmg uptak? of cholgsterol in [106]
cortlcoster01d0gene51s
Animal Modify aquatic b.l otas such. as A high concentration of phenol is lethal [107]
algae and other microorganisms
Cause bronchoconstriction and Low phenol concentration (0.1%) causes
. L [108]
adverse effects in rat strong bronchoconstriction
Generation of free radical and
Toxicity to bone marrow electrophilic intermediates during [109,110]
peroxidase-dependent oxidation
S . Generated by lipid peroxidation which
Changes in skin, urogenital tracts, damages and eventually degrades the [87]

lungs and liver

membrane of the cell
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Table 11. Cont.

Compounds Organism Effects Details References
Due to the generation of hydrogen
Acrylation peroxide, superoxide, and [111,112]
hydroxyl radicals
. . . The reaction between catechol with
Destruction of a particular protein .
in the bod sulphydryl groups of both protein [111]
Catechol Human m y and glutathione
Disruption of electron Result of the tendency of phenol to
transportation in oxidise quickly to quinone radical that is [111]
energy-transducing membranes more reactive
Lead to death The dose of 50—590 mg/kg of [87]
body weight
Burns of mouth and throat, white
necrotic lesion in the mouth, [113]
stomach, and oesophagus
o Acute poisoning _—
Vomiting and headache [114]
Injury to the digestive tract, liver, [115]
Human kidney, lungs, and skin
Chlorophenol Hypotension and abdominal pain Chronic toxicity [87]
. Through drinking of water or eating
Suppress immune system food containing chlorophenol [93,98,116]
Hypothermia, pulse ﬂuctl.latlon, Exposure to concentrated phenol [113]
muscle weakness, and seizures
Disturb organ and endocrine Disruption of free radical metabolism,
system in aquatic organism the immune response factor [117]
Animal
Inhibit cell growth and induce Low concentration elevates point
genetic mutation in fish mutation on the zebrafish genome
. . Through the generation of reactive
Hydroquinone Human Damaging chromosomes oxygen species (ROS) [118-121]
Alter development of the BPA is an oestrogen compound that can
. . .. [122,123]
mammary gland also interfere with androgen activity
Delay onset of.puberty Mimicking oestrogen action [124,125]
Human among girls
Bisphenol A Metabolic disorder and [126-128]
abnormalities among babies It is linked to a low dosage of BPA and
estrogenic activit
Cause breast and prostate g y [126-128]
gland cancer
. Cause mutation and retardation of Accumulation of BPA in the
Animal . . . [129]
the animal reproductive system environment
2,4- Skin and eye irritation, asthma, Dueto the. 1n1t1at1.on of serquinone and
. Human : superoxide radicals, which harm the [102]
dimethylphenol anoxia, and eczemas 1
cell’s biomolecule
4.2. Algae

Algae are photosynthetic organisms that have shown high biological diversity and
metabolic elasticity. They have better adaptability owing to their biochemical metabolic
pathway and cellular composition responding to external conditions rather than terrestrial
plants [13]. Algae are rich in biologically active compounds in macromolecules (proteins,
fats, oils, and carbohydrates), antioxidants (polyphenol, tocopherol) and pigments [130].
Algae act as the primary producers in the biosphere as they are photoautotrophic microor-
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ganisms. Algae can be categorised into two types, which are microalgae and macroal-
gae [131,132].

Microalgae are the microscopic photosynthetic organism with a low-doubling time,
which are comprehensively used in bioremediation, biodegradation and biofuel production
(Figure 17) [133-136]. In recent years, biofuel has attracted substantial attention as a
possible alternative energy source. Microalgae offers a great potential as a source of biofuel,
as they develop rapidly and have great photosynthetic efficiency [137]. Additionally,
microalgae are said to produce 10-100 times more fuel per unit area, unlike other sources
like oil palm [138]. Therefore, microalgae are a promising alternative for the production of
biofuel and reduce the reliance on fossil fuel that escalate the greenhouse gas emission.
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Figure 17. Cultivation of microalgae in treating wastewater.

Green microalgae with versatile metabolic networks can flourish in unfavourable
conditions. Hence, green microalgae grown successfully in municipal, agricultural and in-
dustrial effluent reduce the micronutrient, nitrogen, organic and phosphorus content [139].
Interestingly, microalgae able to generate biomass by consuming the wastewater nutrient
for high productiveness of biomass and value-added product [140]. When it comes to algal
biomass, wastewater is the best resource according to multiple factors, such as it acts as a
low-cost media and the availability of nutrients [141]. Microalgae are widely distributed in
the aquatic environment and play a role as nutrient cyclers in the ecosystem.

The use of microalgae is especially beneficial in treating contaminants due to several
reasons (Figure 18). Microalgae possess wide application due to their high biodiversity,
genetic and metabolic engineering progress, and the growth of screening techniques [142].
Chlorella and Scenedesmus are well notable among others in eliminating wastewater con-
taminants. Chlorella pyrenoidosa and Scenedesmus obliquus both are capable in removing
progesterone and norgestrel found in wastewater [143]. Besides, Chlorella vulgaris able
to draw out dyes and heavy metal such as chromium, lead and molybdenum [144-146].
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Hence, microalgae can be applied in treating wastewater from pharmaceutical, textile and
beverage industries [147,148].

The Advantages of
Microalgae

Various cultivation
modes

( Rapid Growth )

Figure 18. The benefits of microalgae.

Furthermore, microalgae have high growth rates and the ability to fix carbon dioxide.
The efficiency of carbon dioxide fixation by microalgae is 10-15% higher than terrestrial
plants [149,150]. Thus, reducing industrial-scale carbon footprint [151,152]. In environ-
mental biotechnology, microalgae are enriched toward biotransformation processes such
as biodegradation owing to their specific metabolism [153]. Microalgae can be cultivated
using wastewater and waste rich in organic and inorganic nutrients [154,155]. Water is also
necessary for microalgal growth, as it regulates the temperature and provides a medium
for nutrient delivery [156]. In addition, microalgae can also be utilised as a biocatalyst
that further enhances the ecosystem’s protection against organic pollutants and hazardous
metal ions [157,158]. Thus, microalgae are the potential candidates for the bioremediation
of many pollutants.

Microalgae are highly adaptable, in that they can thrive autotrophically, heterotroph-
ically and mixotrophically [52]. The most common cultivation modes of microalgae are
photoautotrophic and heterotrophic [159]. Photoautotrophic and heterotrophic processes
are beneficial for biomass production and bioremediation. The mixotrophic condition ex-
ploits the advantages of both modes to conquer the disadvantages [160]. Light and organic
carbon are not the limiting factors for the growth of microalgae in a mixotrophic condition.
Mixotrophic microalgae can be utilised as distinctive agents for organic pollutant degra-
dation. They can react to several organic pollutants in different ways, from biosorption
to biodegradation [52]; therefore, becoming a potential candidate for phycoremediation
of phenol.

Although microalgae confer multiple obvious advantages, there are also cons linked
with them. Microalgae can generate toxic compounds in wastewater as they generate
oxygen to degrade phenol, polycyclic aromatic hydrocarbon and organic solvents [161,162].
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Besides, the process is tedious than other approaches. Variability in light intensity and
temperature over the course of the year may also hamper the growth of microalgae since
they need sunlight to grow. Additionally, an adaptation of strains of microalgae on con-
taminated sites is needed, as sudden exposure to wastewater with very high contaminants
is harmful to the culture [12].

4.3. Phenol-Degrading Algae

The accentuation of phenol degradation by algae has led to isolation, culture adapta-
tion and enrichment that can thrive solely on phenols as a carbon and energy source [163].
As an antimicrobial agent, phenol is vulnerable to many microorganisms. Nevertheless,
some phenol-resistant microalgae can degrade phenol (Table 12).

Phenol and its derivatives are growth inhibitors for many green microalgae and re-
quire a lot of energy to be degraded. Kahru et al. [164] reported that phenol is harmful even
to microalgae at as low as 0.05% concentration. Microalgal bioremediation has the ability
for simultaneous carbon dioxide fixation via photosynthesis and contaminants degrada-
tion. Phototrophic and heterotrophic microalgae are sensitive to phenolic derivatives, yet
mixotrophic microalgae can mineralise phenolic compounds [165].

Semple and Cain [166] stated that eukaryotic microalgae could degrade aromatic
compounds such as phenol (Table 12). Chlorella and Scenedesmus are among the several
strains commonly used to biodegrade phenolic compounds [167,168]. These strains can
biodegrade a spectrum of phenolic compounds; for instance, 4-nitrophenol, 4-chlorophenol,
2,4-dinitrophenol and bisphenol [169-172], nonylphenol [173], pentachlorophenol [165]
and 2,4-dimethylphenol [163,174]. Scenedesmus obliquus, Chlorella sp. and Spirulina maxima
were the first three strains reported to degrade phenols in cultures [170]. Later, Ochromonas
danica showed the ability to grow heterotrophically with phenol, where p-cresol acts as its
sole carbon substrate [166].

A study conducted by Nazos et al. [175] stated that, in Chlamydomonas cells, phenol
is only biodegraded when the algae need carbon reserves to maintain homeostasis. The
versatile bioenergetic machine of Chlamydomonas reinhardtii regulates its metabolism to
ensure a good balance between growth and biodegradation of phenol [175]. The availability
of mechanical insight propounds the employment of marine and freshwater microalgae for
phenol biodegradation. Therefore, microalgae are thought to be efficient in the removal of
hydrophobic organic pollutants.

Table 12. The phenol-degrading algae.

Compound Phenol-Degrading Algae Efficiency References
Ankistrodesmus braunii Removal of over 70% of p.her.101 from olive oil mill wastewater [176]
within 5 days.
Degraded 1000 mg/L of phenol in less than 6 days. There is
no rapid degradation observed at higher concentrations [170]
Chlorella sp. (3000 mg/L).
Degrade 500-700 mg/L phenol within 7 days under [53]
Phenol continuous illumination.
Degrade up to 60% of phenol at all concentration. [32]
Chlorella pyrenoidosa Degrade with maximum phenol concentration of 200 mg/L [177]
under optimal condition.
. Removed 98% at high phenol concentration
Chlorella vulgaris (100 mg /L) after 4 days. [178]
Chlorella sp.-Cupriavidus Could degrade phenol with the maximum concentration of [179]
necator 1200 mg/L within 60 h under optimal condition.
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Table 12. Cont.

Compound Phenol-Degrading Algae Efficiency References
Complete degrade phenol at the concentration of 100 mg/L
Isochrysis galbana within 4 days. It also degrades 50 mg/L phenol within 2 days. [180]
MACC/H59 Lower concentration stimulates growth. The maximum
concentration that can be degraded is 200 mg/L.
Phaeodactylum tricornutum  Require 8 days to degrade 50 mg/L of phenol and 10 days for [180]
MACC/B114 100 mg/L.
Phormodium valderianum They were grown in 50 mg/ L of phenql conce.ntratlor.l a'n.d
BDU 30501 removal of 38 mg/L within 7 days retention period. Inhibition [181]
of the growth occurs at the concentration of 100 mg/L
Phenol Scenedesmus reqularis Remove 40% of phenol. The optimal phenol concentration is [182]
30 mg/L.
Resistant to phenol, they degrade low molecular weight
. phenol found in olive oil mills wastewater
Scenedesmus quadricauda through biotransformation. [176]
High removal of monophenol (over 50%) in the dark.
Removed 97.5% of phenol at phenol concentration of 50 mg/L [17]
Spirulina maxima within 24 h.
Degraded 1000 mg/L of phenol after the adaptation period. [170]
Degrade phenol concentration of 100 mg/L in 5 to 7 days
Synechococeus PCC 7002 under a non-photosynthetic condition in the dark. [183]
Tribonema minus Highest removal (94.6%) at the concentration of 250 mg/L. [184]
Anabaena variabilis NTES 23 Removed 86% 2,4—d1n1trophenol. with an initial concentration [169]
.. of 40 uM and cultivated for 72 h.
2,4-dinitrophenol
(2,4-DNP) Chlorella sp. Degrade 70 mg/L of 2,4-DNP in 20 days. [170]
Scenedesmus obliquus Degrade 190 mg/L of 2,4-DNP.
Able to remove most BPA in the range concentration of 10 to
Chiorella fusca var vaculota 80 uM for 168 h under continuous illumination. [185]
. Biodegrade 23% of BPA at the concentration of 1 mg/L BPA.
Chlorella vulgaris Rapid degradation occurs at this concentration. [186]
Degrade 24% of BPA at the concentration of 1 mg/L.
Chlamydomonas mexicana Increasing the concentration of BPA caused an increase in
Bisphenol A (BPA) carbohydrates levels in the cells due to the stress effect.
L . Removed 48% of BPA at the concentration of 4 mg/L. The
Monoraphidium braunii growth inhibited at high concentrations. [187]
Removed 99% of BPA in media supplemented with 0.10 mg/L
BPA after 16 days of treatment. The biodegradation activity
. .. decreases with increased BPA concentration. The algal growth
Stephanodiscus hantzschii and biodegradation activity inhibited at higher BPA [188]
concentrations. The cell reached the death phase earlier than
the control.
Ankistrodesmus acicularis Removal rate of 83.77% aftfer 120 h of exposure to different NP [189]
concentration (0.5-2.5 mg/L).
Nonylphenol (NP) Chlorella vulgaris Degraded over 80% of NP after 168 h. [173]
Platymonas subcordiformis Removed 82.34% of NP of its initial concentration after 5 days [190]
of culture.
Chlorella vulgaris and Remove p-chlorophenol under different light regimes. Able to
p-chlorophenol Coenochloris pyrenoidosa degrade 50 mg/L of p-chlorophenol under 24 h light regime [172]

(Microalgal consortium)

within 5 days.
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4.4. Insight into Biodegradation

The microalgal biodegradation process proceeds either intracellularly or extracellu-
larly, or a combination of both. The initial degradation is done extracellularly and further
degradation is carried out intracellularly [191,192]. The bio-uptake of contaminants by
the cells involves intracellular degradation, while extracellular degradation is dependent
on the excretion of enzymes that function as an external digestive system. However, the
significant drawbacks of biodegradation are the challenge to control the optimal level of
growth media, not suitable for a high concentration of phenol (greater than 2.5 g/L) and
may require co-solvent such as ethanol when the phenol concentration is low [193-195].

4.4.1. Factors Affecting Phenol Degradation by Algae

It is essential to understand the contribution of factors affecting the microbe’s degra-
dation profile as biodegradability depends on several factors. Choosing a suitable physio-
logical condition is always a key challenge as traditional experimental design necessitates
numerous experimental runs to acquire a decent outcome. Alternative carbon sources,
light intensity, phenol concentration, initial algal concentration, oxygen availability and
temperature are a set of factors affecting phenol degradation [196,197]. Microalgal cells
require an alternative carbon source and sufficient light intensity to biodegrade phenols.
Furthermore, the addition of alternative organic carbon sources lowers the toxicity of phe-
nolic compounds and promotes algae development [51,198]. At the same time, alternative
carbon sources help to reduce the stress response induce by phenol toxicity [198]. However,
in the unavailability of acetic acid, Chlamydomonas cells uptake phenol more readily in
the first 48 h of incubation, since phenol is the only carbon source in the medium that
causes the cell to generate carbon reserves to meet their carbon needs for homeostasis and
cellular structure [175]. Similarly, the microalgae strain of Chlorella fusca var. vacuolata and
Anabaena variabilis degrade phenolic compounds without organic carbon sources [169].

Exogenous glucose had been shown to improve halophenol degradation. On the con-
trary, Lika and Papadakis [199] reported that glucose slows down the phenol degradation
due to the competition for oxygen by the heterotrophic absorption and phenol degradation.
Hence, the availability of alternative carbon that stimulates microalgae development may
limit biodegradation, since the substrates require enough oxygen to be metabolised.

The presence of phenol in the cultivation of marine microalgae upregulates genes
attributable to reactive oxygen species (ROS) production and chlorophyll content reduc-
tion [169]. Moreover, the biodegradability of Scenedesmus obliquus on various forms of
monosubstituted phenols is reliant on the culture condition used and the types of phenolic
compounds studied [200]. Comparatively, acetic acid inhibits microalgal growth compared
to cultures grown with the absence of phenol in the tris-acetate-phosphate (TAP) medium.

In response to stress, higher concentrations of phenol induce higher biodegradation
levels in Chlamydomonas reinhardtii. Conversely, lower concentration of phenols and mono-
substituted methylphenol, with the exclusion of alternative carbon sources in the culture
medium, increased biodegradability [197]. In the case of Cyclotella caspia, the elevated
concentration of nonylphenol reduced chlorophyll content and cell growth rate [201]. A
low concentration of phenol is not harmful to microalgae but acts as a potential carbon
source. However, high phenol levels inhibit algal growth as phenol induced phenoxy
radicals causes damage to the membrane bound cellular organelles and photosynthetic
pigment [202]. Hence, high concentration of phenol substantially restricts the algal growth.

Light is also a pivotal factor in phenol degradation of microalgae. The degradation of
phenolic compounds decreases under high light intensities cause by increased toxicity from
the autoxidation process enhanced by light [203]. According to Wurster et al. [183], phenol
was only biodegraded in the dark and not in the photoautotrophic and photoheterotrophic
conditions as observed in Synechococcus PCC 7002. Similarly, Scenedesmus sp. performed
better in heterotrophic than mixotrophic condition. This result may be explained by the
fact that there is a decrease in light penetration in the mixotrophic system, suggesting
the critical role of light in phenol degradation [204]. On the contrary, Isochrysis galbana
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requires light intensity of 180 pumol m~2s~! to completely remove phenol, concentration
of 50 and 100 mg/L within 14 and 24 h respectively [205]. Additionally, living Chlorella
sp. also degrade phenol effectively under light condition while there is no significant
biodegradation takes place under dark condition. Interestingly, the Chlorella cell began
to degrade phenol after being exposed to light [163]. Besides, a mathematical model
showed that phenol degradation was improved by increasing the light intensity due to the
increase of photosynthetic oxygen production [199]. It further shows that incorporating
inorganic carbon sources such as carbon dioxide and sodium bicarbonate can enhance both
microalgal growth and biodegradation rate under increased light intensities. The shortage
of oxygen may be the limiting factor during the peak phase of phenol biodegradation.

Temperature is indeed one of the parameters affecting the biodegradation of phenol
by microorganism. As mentioned by Li et al. [205], a lower temperature (10°C) hamper-
ing the removal procedure by Isochrysis galbana. This is due to the inhibition of enzyme
which retards their growth and metabolism. A higher temperature enhances the activ-
ity of photosynthesis-related enzymes, as well as key processes such as carbon dioxide
diffusion [206]. Higher temperature hastens the process of cellular metabolism, thereby
promoting microalgal growth. However, there will be an irreversible physiological reaction
taking place in the cell as the temperature exceeding the optimum temperature. Thereby,
impacting the growth rate and photosynthetic rate of algae.

4.4.2. Elucidation of Mechanism and Enzymatic Action on Phenol Degradation

The phenol degradation by algae especially microalgae proceed aerobically [207].
Aerobic microalgae metabolise aromatic compounds since they can adapt to unfavourable
conditions. The cleavage pathways vary among microalgal species. Hence, the study on
the enzymatic reactions, particularly the degradation and detoxification of phenol, had
drawn many researchers’ consideration. Photosynthetic and metabolic activities influence
the biodegradation ability of microalgae. The photosynthetic nature of microalgae allows
the generation of toxic oxygen species that act as strong oxidising agents such as O, 7,
OH™ and H,O,. Molecular enzymes are necessary to initiate the enzymatic attack on the
aromatic phenol rings [166,208]. On that account, microalgae require molecular oxygen for
the enzymatic breakdown of phenol.

Phenol-degrading enzymes, such as lignin peroxidase, laccase, polyphenol oxidase, su-
peroxide dismutase, catalase, peroxidase and ascorbate peroxidase, occur in many species
of microalgae. Cytochrome P450 is also involved in the phenolic compound biodegra-
dation by Chlorella sp. [207]. Microalgae can secrete extracellular polymeric substances
(EPS), protein and numerous types of hydrocarbons similar to bacteria. The EPS serve as
surfactants and emulsifiers to improve the bioavailability of contaminants for subsequent
cell uptake [209]. Enzymes are crucial in biodegradation by increasing the hydrophilicity
of the pollutant. This can be accomplished by adding a hydroxyl group via hydrolysis,
oxidation, or reduction [209]. Phenol hydroxylase is involved in the hydroxylation of
phenol to catechol, in which the enzyme catalyses the attachment of the hydroxyl group to
the ortho- position of the aromatic ring. Hydrogen donor reduces the other oxygen atom
to water. Phenol hydroxylase also catalyses the hydroxylation of hydroxyl-, amino- or
methyl-substituted phenol besides phenol [210], which is generated by strong oxidative
products of the reaction, catechol [16,211]. Interestingly, catechol can also be hydroxylated
by phenol hydroxylase into pyrogallol. The formation of pyrogallol can be observed at high
substrate concentrations as phenol is the only substrate for the enzymatic reactions [16,211].

Under the aerobic condition, degradation of phenol is initiated by oxygenation, with aro-
matic rings initially monohydroxylated to catechol by a monooxygenase phenol hydroxylase
at an ortho- position to a pre-existing group [16]. All monooxygenases incorporate one atom
of oxygen in the respective substrate. Catechol is the primary intermediate formed when
various strains metabolise phenol. Numerous similarities can be drawn between pathways
discovered in bacteria and unicellular microalgae. Later, the cleavage of catechol proceeds
either at meta- or ortho-position. The activity of the enzymes differentiates both pathways.
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The ortho-pathway is initiated when the ring of catechol is cleaved at the ortho- position.
This pathway is facilitated by the 1,2-dioxygenase enzyme consisting of a prosthetic group
of Fe3+, which leaves two carbons connected with the hydroxide group into cis,cis-muconic
acid [175,212]. Succinyl-CoA and acetyl-CoA are formed from the intermediates following
a series of steps (Figure 19). Microalgae can extracellularly undergo ortho- reaction with the
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Besides, the ortho-pathway also predominates the phenol metabolism of Isochrysis
galbana than the meta-cleavage [180]. The study reported that catechol 2,3-dioxygenase
actively participated in the cleavage of the benzene ring of the ortho-position. Catechol-
1,2-oxygenase was also noted exhibiting activity higher than catechol-2,3-dioxygenase
in C. pyrenoidosa (NCIM 2738). This demonstrated the ortho-pathway of benzene rings.
On the other hand, Das et al. [177] reported that C. pyrenoidosa was able to biodegrade
phenol through both ortho- and meta-pathways. However, the ortho-pathway was more
dominant due to the accumulation of catechol, cis, cis-muconic acid and 2,3-hydroxy-
muconic semialdehyde intermediates in the growth medium.

Following meta-pathway, 2,3-dioxygenase occupying with Fe?* prosthetic group
cleaves adjacent carbon-carbon bonds of one hydroxide group results in 2-hyroxymuconic
semialdehyde [212]. The intermediate is further metabolised into pyruvate and acetalde-
hyde (Figure 19). O. danica possesses meta-cleavage of phenol and its methylated ho-
mologues enzymatically. Pyruvate is formed due to prolonged incubation of muconic
semialdehyde with the cell-free extract [208]. Therefore, ring cleavage can occur in two ori-
entations.

A high concentration of phenol can inhibit the activity of phenol hydroxylase. Wang
et al. [180] reported that the intracellular enzymes mainly catalysed the phenol in Isochrysis
galbana. They discovered that the high concentration of phenol inhibited the activity
of phenol hydroxylase; however, no effect was observed on catechol dioxygenase. The
inhibition of biodegradation of high concentrations of phenol by microalgae might be due
to the inhibition of phenol hydroxylase. The activity of phenol hydroxylase under high
phenol concentration can be improved by long term phenol acclimation or through genetic
modification of the microalgal strain. In addition, the toxicity of phenol to microalgae
can be reduced through the presence of organic carbon sources [198]. Polyphenol oxidase
and laccase, which are inducible intracellular enzymes, are also involved in the phenol
metabolism of algae. Hence, the sensitivity of microalgae to phenolics compounds can be
explained to be due to the number and polarity of aromatic ring substituents.

5. Conclusions

This review sought to assess the publishing patterns in the research of phenol degrada-
tion by microalgae for the period of 2000-2020 based on the Scopus database. Bibliometrics
aids in the development of future research and assists researchers in identifying interest
in respective fields of study. In terms of publication trends, studies on phenol degrada-
tion by microalgae shows a fluctuating trend, suggesting that this topic is a developing
research topic.

Phenolic compounds need to be removed to protect the environment. Biological
treatment is environmentally sustainable, cost-effective and the most effective technique
available. This treatment has gained growing interest in pollution control. Algae are an
essential part of natural ecosystems that mediate the biodegradation of phenol. They
can thrive in a harsh environment beneficial for rapid and efficient removal of phenolic
contaminants. The biodegradation involves the breakdown of an organic compound into
compound with less complexity via biotransformation. Algae metabolism is an energy
transfer process regulated by enzymatic processes, where intermediate reactions play an
essential role. Biodegradation is a versatile process that includes several important factors.
The degradation of phenol and its derivatives by algae has been the focus of scientific
interest for many decades. Microalgae biodegrade many natural and synthetic organic
compounds as part of their regular energy and growth metabolism. Organic material that
acts as a primary electron and energy source is converted to oxidised end products via
redox reactions. The other part of the organic carbon is synthesised into cellular materials.
This conversion proceeds in an aerobic environment with oxygen as the terminal electron
acceptor. The action of enzymes involved in aromatic catabolism is crucial for developing
more effective and modern treatment technologies. Hence, research in the specificity of
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phenol biodegradation by algae, especially microalgae, is essential for developing useful
remediation approaches.
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Abstract: Much attention is paid to the relationship between bacteria and plants in the process of
the bioremediation of oil-contaminated soils, but the effect of petroleum degrading bacteria that
synthesize phytohormones on the content and distribution of these compounds in plants is poorly
studied. The goal of the present field experiment was to study the effects of hydrocarbon-oxidizing
bacteria that produce auxins on the growth, biochemical characteristics, and hormonal status of
barley plants in the presence of oil, as well as assessing the effect of bacteria and plants separately
and in association with the content of oil hydrocarbons in the soil. The treatment of plants with
strains of Enterobacter sp. UOM 3 and Pseudomonas hunanensis IB C7 led to an increase in the length
and mass of roots and shoots and the leaf surface index, and an improvement in some parameters
of the elements of the crop structure, which were suppressed by the pollutant. The most noticeable
effect of bacteria on the plant hormonal system was a decrease in the accumulation of abscisic acid.
The data obtained indicate that the introduction of microorganisms weakened the negative effects
on plants under abiotic stress caused by the presence of oil. Plant-bacteria associations were more
effective in reducing the content of hydrocarbons in the soil and increasing its microbiological activity
than when either organism was used individually.

Keywords: petroleum contamination; Enterobacter; Pseudomonas; Hordeum vulgare L.; plant hormones;
chlorophyll; flavonoids; nitrogen balance index; proline

1. Introduction

The industrial process of petroleum extraction and refinery leads to the global pol-
lution of ecosystems with hydrocarbons. In comparison with water and air, the soil
environment is the most susceptible to the negative impact of these pollutants, which
causes a decrease in the biological activity of the soil and a loss of its main quality, i.e.,
fertility [1-3]. The most environmentally friendly and economically feasible solution to this
problem is the use of biological technologies and, in particular, microbial-plant associations.
They consist of microorganisms that destroy organic pollutants or transform them into
less toxic compounds and of plants that create optimal conditions for the existence and
reproduction of bacteria [4]. Roots provide a surface for the attachment of microorganisms
and secrete exudates contributing to an increase in their number in the rhizosphere [5,6],
and synthesize enzymes that degrade organic substrates in the soil [7]. In general, root de-
velopment increases the porosity of the soil, which enhances the mass transfer of substrate
and electron acceptors during the oxidation of oil components [8]. Rhizosphere microor-
ganisms, in turn, intensify plant growth by releasing various biologically active substances
and improve phosphorus and nitrogen nutrition [9,10]. They increase stress resistance by
activating the antioxidant system in plants [11] and protect them against infection due
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to antagonistic interactions between microorganisms and pathogenic agents. The listed
bacteria-induced mechanisms help plants to cope with the adverse conditions of oil pollu-
tion. Thus, the interaction of plants and microorganisms in oil-contaminated soil seems to
be an ideal example of a mutually beneficial partnership that can be used in the processes
of cleaning and restoration of anthropogenically disturbed territories. However, despite the
active study of bacterial effects on plants during the process of the bioremediation of soils
contaminated with hydrocarbons, insufficient attention has been paid to some of its aspects.
For example, the effects of oil-degrading bacteria capable of synthesizing plant hormones
on the content and distribution of hormones in plants have not been studied, although in
the case of some other stress factors (drought, salinity) such experiments have been carried
out [12,13]. To fill this gap, we carried out a number of laboratory experiments [14,15].
The results obtained from them were used in the design of the field experiment. The need
for these experiments was dictated by the fact that the Russian Federation possesses a
significant oil and gas complex and, therefore, the problem of cleaning soils contaminated
with hydrocarbons is very important for this country. The purpose of this study was to
deepen knowledge on the effects of hydrocarbon-oxidizing auxin-producing bacteria on
the growth, biochemical parameters, and hormonal status of barley plants in the presence
of oil. Furthermore, the work included the assessment of the effectiveness of bacteria
and plants separately and in association with reducing the content of hydrocarbons in the
soil, which is important for the development of environmentally friendly approaches to
cleaning and restoring anthropogenically disturbed soils. We assumed that the ability of the
hydrocarbon-oxidizing auxin-producing bacteria Enterobacter sp. UOM 3 and Pseudomonas
hunanensis 1B C7 to stimulate the growth and development of barley plants against the
background of oil pollution and reduce the content of oil hydrocarbons in the soil, will
remain in field conditions.

2. Results
2.1. The Growth of Plants under the Influence of Oil and Bacteria

The presence of oil inhibited the growth of roots and shoots at the initial stage of
plant development. The length of these organs was 1.6 and 2.6 times less than in the
control, respectively (Figure 1). When treated with the P. hunanensis IB C7 strain, the length
of the roots increased in comparison with the plants untreated with bacteria and grown
in oil-contaminated soil. Inoculation with Enterobacter sp. UOM 3 and P. hunanensis 1B
C7 resulted in a 12-13% increase in shoot elongation. A similar trend was noted when
analyzing the fresh weight of roots and shoots (Table 1). Under the influence of oil, a
27% and 80% decline in the fresh weight of roots and shoots, respectively, was detected,
while the ratio of the root-to-shoot mass increased from 0.11 in the control to 0.37-0.49 in
the contaminated soil. When using the bacterial strain P. hunanensis IB C7, a significant
increase in the mass of roots and shoots was observed in comparison with these indicators
in oil-contaminated soil without treatment.

300 -

- - (] [
= w = v
(=] (=] (=] (=]

Shoot length, [mm]

w
(=]

llll.]lll

Control
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(a) (b)

Figure 1. Root (a) and shoot (b) length of barley plants 10 days after germination. UOM 3 and IB C7, variants of experiments

with introduction of Enterobacter sp. UOM 3 and P. hunanensis IB C7, respectively. Statistically different means values for
each indicator (1 = 15) are marked with different letters (p < 0.05).
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Table 1. The mass of shoots and roots of barley plants 10 days after germination, mg.

Variants of Fresh Mass Root Mass/Shoot
Experiments Root Shoot Mass
Control 344 4+20P 3184+ 75¢ 0.11 + 0.0122
0il 2514112 649 +1.02 0.39 + 0.080 P
Oil + UOM 3 30.1+212b 80.3 +4.32b 0.37 + 0.058 P
Oil + IBC7 419 +0.8¢ 859 +2.8P 0.49 +0.043b

Statistically different means values for each indicator (1 = 15) are marked with different letters (p < 0.05). UOM
3 and IB C7, variants of experiments with introduction of Enterobacter sp. UOM 3 and P. hunanensis IB C7,
respectively.

The determination of the height of the aboveground part of the plants 34 days after
the emergence of shoots showed, in general, the preservation of the regularities of changes
in the growth of shoots (Figure 2). The inhibitory effect of oil on the growth of barley plants
did not decrease over time: the height of plants grown in contaminated soil was three
times lower than in clean soil. Bacterization had a beneficial effect on plants: when treated
with strains of Enterobacter sp. UOM 3 and P. hunanensis IB C7, their heights were 31%
and 43% higher, respectively, than in unbacterized plants grown in the oil-contaminated
soil. The leaf surface index of plants exposed to oil was 2.4 times lower than in the control
(Figure 2). The introduction of Enterobacter sp. UOM 3 and P. hunanensis IB C7 increased
the leaf surface index by 45% and 50%, respectively.
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Figure 2. Shoot length and leaf area index of barley plants 34 days after germination. UOM 3 and
IB C7, variants of experiments with introduction of Enterobacter sp. UOM 3 and p. hunanensis 1B C7,
respectively. Statistically different means values for each indicator (1 = 50) are marked with different
letters (p < 0.05).

The evaluation of the effects of oil and bacterization on some indicators of the growth
and development of barley plants at the end of the experiment is presented in Table 2.
Soil pollution resulted in a 2.8-fold decline in bushiness, a 2.6-fold decline in shoot mass,
and a 1.9-fold decline in shoot height. The treatment of plants with bacterial strains had
no promotive effect on the first indicator but increased the second indicator by 15%. In
addition, the Enterobacter sp. UOM 3 contributed to shoot elongation by 5%.
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Table 2. The influence of oil pollution and treatment with bacteria on some indicators of growth and development of barley

plants at the end of the experiment.

Variants of Bushiness Shoot Height The Number The Lengfh of The Number Dry Mass of
Experiments (pcs) (cm) of Ears (pcs) the Main of Spikelets the Shoot (g)
Spike (cm) per Spike (pcs)
Control 496 +0.28° 5224 £1.34°¢ 2.96 £0.26 6.50 +0.23 4 15.82 £ 0.65°€ 0.496 £ 0.022 ©
Oil 1.80 £0.05° 28.00£045% 1.32+0.05° 1.87 £0.082 538 +£0.20° 0.185 £ 0.009 @
Oil + UOM 3 1.93 +0.06 2 29.44 +0.47° 143 +0.05° 2.57 £0.07 6.06 +£0.19° 0.213 + 0.009 ©
Oil + IBC7 19140062  28.82+0413  1.61+0.05° 2.25+0.07P 569 +020% 0213 +0.010°

Statistically different means values for each indicator (1 = 200) are marked with different letters (p < 0.05). UOM 3 and IB C7, variants of
experiments with introduction of Enterobacter sp. UOM 3 and P. hunanensis IB C7, respectively.

The number of ears formed in plants grown in contaminated soil was 2.2 times less
than in pure soil. It increased by 22% with the introduction of the P. hunanensis 1B C7
strain when compared with this indicator in untreated plants in soil with oil. The pollutant
had the strongest inhibitory effect on a spike: against the background of oil pollution, the
length of the main spike decreased by 3.5 times, and the number of spikelets per spike
decreased by 2.9 times. The use of bacteria led to an increase in these parameters. A more
pronounced positive effect was exerted by the Enterobacter sp. UOM 3, whose treatment
increased the length of the main spike and the number of spikelets in the spike by 37% and
12%, respectively.

2.2. The Number of Microorganisms and the Content of Hydrocarbons in the Soil

The introduction of hydrocarbon-oxidizing bacteria accelerated the process of oil
decomposition. Thus, by the end of the experiment, the introduction of Enterobacter sp.
UOM 3 and P. hunanensis IB C7 reduced the content of hydrocarbons by 26% and 18%,
respectively, compared to the variant without the introduction of bacteria (Figure 3). The
combined use of hydrocarbon-oxidizing microorganisms and plants was from 29% to 33%
more effective than the option where the plants were not subjected to bacterial treatment.
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Figure 3. Hydrocarbon content in the soil 34 and 94 days after germination. UOM 3 and IB, variants
of experiments with introduction of Enterobacter sp. UOM 3 and P. hunanensis IB C7, respectively.
Statistically different means values for each indicator are marked with different letters (p < 0.05).
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The number of heterotrophic microorganisms in the contaminated soil in the absence
of plants remained at the same level throughout the experiment (Table 3). The addition
of oil-degrading bacteria increased this indicator by the end of the experiment. In the soil
with plants, the total number of microorganisms was higher than in the soil without plants.
The introduction of Enterobacter sp. UOM 3 and P. hunanensis 1B C7 into contaminated
soil with plants increased the number of heterotrophic microorganisms between 1.6 and
2.2 times.

Table 3. The number of microorganisms in the oil-contaminated soil, CFU/g.

Heterotrophic Hydrocarbon-Oxidizing Oligonitrophilic
Microorganisms, x107 Microorganisms, x10° Microorganisms, x10°
Variants of Experiments
34 Days after 94 Days after 34 Days after 94 Days after 34 Days after 94 Days after
Germination Germination Germination Germination Germination Germination
Without a a a a a a
Without bacteria (1.1£0.2) (1.2£0.2) (1.4 £0.3) (1.5 £0.3) (0.3 £0.1) (20=£0.1)
plants UOM 3 (1.6 £04)2®> (24406 (Z24+15° (138+39°¢ (20+03)P (©1+12)°P
IB C7 (1.6 £0.2)2> (3.0 + 0.6) be (6.7 +£2.0)°¢ (143 +3.0)°¢ (1.8 £0.3)P (10.6 £ 1.5) b
‘{)\Qct:;‘:; (18+01)P (21+03)P (@7+£02° (B3+£04° (19+£02)° (85+06)°
With plant:
tHh plants UOM 3 23+04)b  46+04)9 (193+£299 (255+29)9 (39+05° (299 +23)d
IB C7 (3.0+0.3)¢ 33+04)€ (219 +24)4  (295+38)d (414+04)€ (20.8 £2.4)¢

Statistically different means values for each indicator are marked with different letters (p < 0.05). UOM 3 and IB C7, variants of experiments
with introduction of Enterobacter sp. UOM 3 and P. hunanensis IB C7, respectively.

One of the most important criteria indicating the success of o0il biodegradation is
the survival rate of the introduced hydrocarbon-oxidizing bacteria, i.e., their ability to
maintain high numbers for a long time. As in the case of heterotrophic microorganisms,
the density of the population of hydrocarbon-oxidizing bacteria in the soil with oil without
plants remained stable throughout the experiment. The addition of Enterobacter sp. UOM 3
increased the number of hydrocarbon-oxidizing bacteria by an order of magnitude by the
end of the experiment. In the experiments with plants, it was slightly higher than in the
soil without plants. In general, the degree of destruction of hydrocarbons correlated with
the amount of Enterobacter sp. UOM 3 (r = 0.45, p < 0.05).

The number of oligonitrophilic microorganisms in contaminated soil without plants
and bacterization slightly increased over time. When both strains were used in the exper-
iments without plants, the number of microorganisms in this group increased between
4.6 and 5.3 times. In the soil with barley plants, this indicator was higher than in the soil
with the absence of plants. By the end of the experiment, the number of oligonitrophils
increased between 2.4 and 3.5 times with the introduction of oil-degrading bacteria into the
soil with plants compared to the experiments with plants but without bacterial treatment.

2.3. The Effect of Oil and Bacteria on the Content of Hormones in Plants

No significant differences were found in the content of auxin, indole-3-acetic acid
(IAA), in barley roots either without oil or in its presence (Figure 4). In the experiments
where seeds were treated with Enterobacter sp. UOM 3 and P. hunanensis IB C7, IAA
content in plant roots was 1.6 and 1.9 times lower than in the control, respectively. In
the experiments without oil, IAA was significantly higher in the roots than in the barley
shoots. In the presence of the pollutant, the level of this hormone in the aboveground and
underground parts of the plants leveled off. Compared to the control, the IAA content in
the shoots of barley grown in soil with the pollutant increased approximately 3 times.
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Figure 4. Indole-3-acetic acid (IAA) and abscisic acid (ABA) content in roots ((a,c), respectively) and shoots ((b,d), respec-
tively) of barley plants. UOM 3 and IB C7, variants of experiments with introduction of Enterobacter sp. UOM 3 and P.
hunanensis IB C7, respectively. Statistically different means values for each indicator (1 = 9) are marked with different

letters (p < 0.05).

The content of abscisic acid in the shoots in all variants of the experiment was lower
than in the roots (on average, from 2 to 6 times). Against the background of oil pol-
lution, an increase in the abscisic acid (ABA) level was found only in non-inoculated
plants (Figure 4). This was more noticeable in the roots, where its concentration increased
3.1 times. The use of microorganisms for treating plants planted in soil with oil led to the
decline in ABA content to the control level both in roots and shoots.

The content of all three analyzed forms of cytokinin in the roots of barley plants was
approximately 14-19 ng/g fresh weight in the control (Figure 5). Under the influence of
oil, the content of zeatin and its ribolized form decreased most noticeably (2 times in each
case). The introduction of bacterial strains against the background of contamination did
not affect the level of zeatin nucleotide and zeatin riboside in the plant roots; it remained
practically the same as in unbacterized plants grown in the presence of oil. At the same
time, barley plants growing in the presence of oil responded to the treatment with the
P. hunanensis IB C7 strain by an increase in the free form of zeatin in the roots. The content
of zeatin and zeatin riboside in the shoots was lower than in the roots in all variants of
the experiment (Figure 5), with the exception of a sharp (almost threefold) increase in the
amount of zeatin riboside when using the Enterobacter sp. UOM 3 for the bacterization of
plants in contaminated soil. Oil pollution was the impetus for the accumulation of zeatin
nucleotide in the shoots: in the plants planted in the soil with oil, it was between 1.7 and
1.9 times more than in the control (plants grown without both oil and bacterization).
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Figure 5. Zeatin nucleotide (a), zeatin ribozide (b), zeatin (c) content in roots and shoots of barley plants. UOM 3 and 1B
C7, variants of experiments with introduction of Enterobacter sp. UOM 3 and P. hunanensis IB C7, respectively. Statistically
different means values for each indicator (n = 9) are marked with different letters (p < 0.05).

2.4. The Effect of Oil and Bacteria on the Synthesis of Plant Pigments and Proline

Ten days after the emergence of seedlings, the content of chlorophyll in barley shoots
measured in plants growing in the presence of oil was 2 times lower than in the control
(Table 4). The same trend persisted afterward. In cases when plants in contaminated soil
were treated with bacterial strains, it was found to be between 22.2% and 33.3% more than
in the version with oil but without bacterization.

Table 4. Biochemical indicators of barley plants.

Variants of Chlorophyll Flavonoids NBI Proline
Experiments (ng/em?) (a.u.) (a.u) (ugl/g)
10 days after germination
Control 351+1.0¢ 0.56 £0.022 62.7 +2.0" 264 +£332
Oil 163 +1.0% 0.90 £0.02 ¢ 181+1.0° 793 £28¢
Oil + UOM 3 1844+ 1.02b 0.89 £0.02 ¢ 207 +1.0° 295+£292
Oil +IB C7 182+ 1.0 0.87 +£0.02 209+ 1.0° 3554322
34 days after germination
Control 320+064 0.65 £ 0.02° 492+ 14¢ 529 +£45P
Oil 1894+ 0.7° 0.74 £0.01 ¢ 247 £1.0¢ 1159 +4.24
Oil + UOM 3 221+£09¢ 0.81 +0.01 ¢ 273+£08¢ 61.9 £2.7°
Oil +IB C7 241+£05°¢ 0.79 + 0.014 30.5+0.64 80.7 £3.4F¢

Statistically different means values for each indicator are marked with different letters (p < 0.05). UOM 3 and IB
C7, variants of experiments with introduction of Enterobacter sp. UOM 3 and P. hunanensis IB C7, respectively.

The minimum level of flavonoids was found in the control plants (Table 4). The
presence of oil in the soil led to a 1.6-fold increase in the amounts of flavonoids in young
plants, and with the repeated sampling of older plants, it was 1.1 times higher under stress
compared to the control. At the beginning of the growing season, inoculation with bacteria
did not affect the accumulation of these pigments. With the further development of plants,
the content of flavonoids in unbacterized barley growing in soil with oil became 7-10%
lower than in bacterized plants.
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Changes in chlorophyll and flavonoid content in plants over time, as well as under the
influence of oil pollution, are clearly described by the plant nitrogen balance index (NBI),
which is an indicator of changes in the C/N ratio in leaves. In the control plants, it was in
the range of between 49.2 and 62.7 conventional units during the measurement period; ten
days after the emergence of seedlings under stress conditions, it decreased to between 18.1
and 20.9, and later increased to between 24.7 and 30.5. The highest NBI value was reached
in the variant with the inoculation of plants with P. hunanensis IB C7 (Table 4).

At the initial stage of the growing season, the content of proline in the barley shoots of
the control plants was 26.4 ug/g fresh weight (Table 4). In the presence of oil, its amount
increased 3 times (79.3 pug/g). However, in the variants where the bacterial strains were
introduced against the background of the pollutant, the amount of this amino acid in the
leaves was noticeably lower. In plants treated with P. hunanensis IB C7, the proline content
was 35.5 ug/g, while the use of Enterobacter sp. UOM 3 decreased its level down to the
control value. In the course of the experiment, the proline level increased in all variants of
the experiment by an average of between 1.5 and 2.3 times. At the same time, in cases where
bacterial treatment was carried out against the background of oil pollution, its amount,
as before, was significantly lower than in the variant with oil without the introduction of
microorganisms (by between 30% and 47%).

3. Discussion

The process of seed germination in oil-contaminated soil is known to differ signif-
icantly in different plant species [16,17]. In the present study, as in the work of Ali [18],
there was no negative effect of hydrocarbons on the germination of barley plants, which
was 89%, and did not differ significantly from that in the control plants (91%). The high
germination capacity of seeds under conditions of oil pollution may be due to the fact
that, during germination, the seeds use the reserve nutrients they contain. Later on, as
the plants develop and the supply of nutrients is depleted, unfavorable conditions in
the soil associated with the presence of oil (deficiency of moisture, nutrients, air, etc.)
inhibit their growth. There is an opinion [19,20], that the main indicator of the detrimental
effect of petroleum hydrocarbons on plants is growth retardation leading to a decrease
in biomass. Throughout the experiment, oil exerted an inhibitory effect on all analyzed
parameters of the growth and development of barley plants, which could be explained
by its direct toxic effect [21,22]. On the other hand, the soil contamination with petroleum
leads to a decrease in its water-holding capacity and aeration, as well as to a change in
a number of chemical properties (e.g., pH), and the availability of mineral nutrients and
enzyme activity [3,23]. All of these factors, taken together, could lead to the inhibition of
the growth and development of barley plants in contaminated soil (Tables 1 and 2, and
Figures 1 and 2). Such a response to petroleum contamination is characteristic for plants of
the Poaceae family [18,24].

The introduction of microorganisms partially compensated for the adverse effect of
the pollutant. The positive effect of bacterization was likely due to both the accelerated
degradation of the pollutant and the bacterial production of substances promoting the
growth and development of plants [10,25].

The capacity of bacteria to produce hormones is considered one of the most important
mechanisms of their effect on plant growth and development [26-28]. The strains used
in this study degrade oil and petroleum products and produce IAA [14,29]. Microbial
synthesis of the phytohormone auxin has been known for a long time [26]. The capacity of
Enterobacter sp. UOM 3 and P. hunanensis 1B C7 to increase the length and mass of shoots
and roots detected in laboratory experiments against the background of hydrocarbon
stress [14,15] was also manifested in the present field experiments.

Plant inoculation with growth-stimulating bacteria has been shown to increase plant
growth and resistance to stressful influences such as toxic metals [30], salinity [12,31],
and petroleum hydrocarbons [32]. These effects are attributed to microbial production
and the provision of auxins and other hormones to plants [28,33-35]. Hormones are
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known to act on plant growth and development not individually but through a cross-
talk of interrelated signals. At the same time, it is still not fully understood how the
mutual influence of these biologically active substances helps plants to cope with stress.
Information about the capacity of bacteria to produce plant hormones is not sufficient for
understanding the mechanism of their growth-promoting action and it is important to
follow the bacterial effects on hormonal content in planta. The importance of bacterial effects
on the hormone content in plants was demonstrated under salinity [13] and soil pollution
with toxic metals [36]. However, less attention was paid to the hormonal status of plants
growing in oil-contaminated soil. Reports on this theme are scarce and corresponding
experiments have been performed in laboratories [15,37]. In the present field experiment,
the effect of oil pollution on the hormonal system of barley plants was manifested in an
increase in the IAA level in the shoots and a decrease in its content in the roots (Figure 4a,b).
Such a change in the distribution of hormones may be the result of the inhibition of their
transport along the phloem from the shoots to the roots. It was previously described that
the accumulation of auxins in plant shoots and the inhibition of their outflow to the roots
occurs under the influence of flavonoids [38,39]. Consequently, the increase in the content
of these pigments in the presence of oil (Table 4) may be related to the regulation of auxin
distribution in barley plants. The accumulation of IAA in shoots could protect plants from
the oxidative stress-accompanying action of many stress factors [40] since this hormone is
known to be capable of activating the antioxidant system [8]. The absence of the effect of
bacteria capable of producing auxins in vitro [14,29] on the IAA content in barley plants
was unexpected (Figure 4a,b). It is possible that an increase in its concentration under
the influence of microorganisms was not observed due to the high level of flavonoids
activating oxidative degradation of auxins [38].

The presence of oil in the soil inhibited root growth to a lesser extent than shoot
growth. The redistribution of biomass in favor of roots is a characteristic growth response
to a deficiency of water and mineral nutrients [41,42]. Since the presence of a pollutant
reduces the availability of water and ions to plants, maintaining root growth is an im-
portant plant response to adapt to these stressful conditions. On the other hand, root
development is essential for the bacterial colonization of the rhizosphere. Cytokinins are
able to promote shoot growth but inhibit root growth [43]. In the present experiment, under
the influence of pollution, a relative (compared to shoot) activation of root growth was
observed manifesting itself in an increased root-to-shoot mass ratio (Table 1) accompanied
by a decrease in the content of cytokinins in the roots (Figure 5). In this case, a decrease
in the level of these hormones in underground organs can be considered as one of the
mechanisms enabling the activation of root growth. In the presence of oil, a decrease in the
root zeatin riboside, which is a transport form of cytokinins, may indicate a redistribution
of cytokinins from roots to shoots. The increased content of cytokinins in plant shoots
under the influence of pollution was accompanied by the activation of their growth only
upon the introduction of Enterobacter sp. UOM 3 (Figure 5). Shoot growth promotion under
the influence of an increased level of cytokinins could be prevented by the accumulation of
ABA, whose content, in the absence of bacterization, increased in the shoots by 1.7 times in
comparison with plants that grew in clean soil. ABA is known to be an antagonist of cy-
tokinins in the regulation of plant growth [44]. ABA content decreased under the influence
of Enterobacter sp. UOM 3 and P. hunanensis IB C7 down to the control values, leading to an
increase in the ratio of the total amount of cytokinins to the amount of ABA by 1.4 and 1.9
times, respectively, which may explain the detected trend towards the promotion of shoot
growth under the influence of bacterization. The decreased accumulation of ABA in plants
was the most noticeable bacterial effect on the plant hormonal system. The accumulation
of this hormone is an indicator of unfavorable conditions for plant growth (first of all,
a deficiency of water and mineral nutrients) [45]. Bacterization reduced the content of
hydrocarbons in the soil, which could improve the supply of plants with water and mineral
nutrients resulting in a reduced ABA level in bacterized plants.
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The inhibition of shoot growth under conditions of water shortage resulting from oil
pollution leads to the formation of smaller leaves, which is reflected in a decrease in the
leaf surface index by 2.4 times compared with control plants grown in clean soil (Figure 2).
This is consistent with the results of our earlier research [15]. Inoculation with bacterial
strains led to a decrease in the ABA content (Figure 4c,d), which could contribute to an
increase in stomatal conductance, coupled with an increased rate of photosynthesis, and
lead to an increase in the leaf surface index (Figure 2).

It has been shown that hydrocarbons have an inhibitory effect on photosynthesis [46,47]
and the content of chlorophyll, in particular [48-50]. It is even proposed that the decrease
in the amount of chlorophyll is an indicator of environmental pollution [51]. In the present
research, chlorophyll content in barley leaves decreased 2.2 times with the presence of
oil (Table 4), while bacterization did not influence this indicator at the initial stages of
plant development. However, chlorophyll content increased with time under the bacterial
treatment of plants when compared to the control, which serves as evidence of a decline in
the level of pollutants in the soil with introduced bacteria (Figure 3).

Plants use an increase in the synthesis of flavonoids and proline as mechanisms of
adaptation to stressful environments [52-55]. Flavonoids are considered indicators of
nitrogen availability in a plant [56], the absorption and assimilation of which plays an
important role in plant growth and development [57]. According to the hypothesis of a
balance between growth and differentiation [58], the content of flavonoids increases with
a low availability of nitrogen and, as a rule, is inversely proportional to the content of
chlorophyll [59]. Therefore, the ratio between the amount of chlorophyll and flavonoids,
known as the nitrogen balance index (NBI), has been proposed as an indicator of the
nitrogen status of plants [59-61]. Plants grown in oil-contaminated soil showed the lowest
NBI value, significantly different from the values obtained in the control plants (Table 4).
Based on the above hypothesis, a decrease in chlorophyll production and a parallel increase
in flavonoid content can be interpreted as a result of the low availability of nitrogen
as a result of oil pollution. A slight increase in NBI as a result of bacterization by the
P. hunanensis IB C7 may be due to its nitrogen-fixing ability [14], but this assumption needs
further study.

One of the early adaptive reactions of plants to unfavorable environmental conditions
is an increase in the synthesis of various low-molecular compounds, e.g., proline. It
participates in the regulation of the osmotic potential of cells, stabilizes the cell structure,
and removes excess ROS, thereby increasing the resistance of plants to stress [62]. Data
on changes in the level of this amino acid in plants at different concentrations of oil in the
soil are quite contradictory and are determined both by the type of pollutant and the type
(and even variety) of plants [20]. For example, the presence of diesel fuel and gasoline
in soil has been shown to increase the accumulation of this amino acid in wheat plants,
while pollution with oil products caused its decrease in the leaves of bean plants [63,64].
In the present experiment, the presence of oil led to a sharp increase in its content in the
leaves compared to the control (Table 4). A decrease in the amount of proline resulting
from bacterization suggests that the introduction of oil-destroying strains reduces the level
of abiotic stress caused by the presence of toxic substances in the soil.

The introduction of hydrocarbon-oxidizing bacteria significantly increased the decom-
position of the pollutant (Figure 3), which is probably due to the high survival rate and
active functioning of the introduced microbial population. The simultaneous use of plants
and bacteria led to an acceleration of the degradation of hydrocarbons in the soil compared
to the options without plants. This is due to an increase in the microbial biomass in the
rhizosphere of plants (Table 3), whose root system creates a comfortable environment for
the growth of microorganisms due to the release of substrate for the growth of microorgan-
isms [5,6]. In addition, root development improves soil aeration by creating air channels,
which is important for the aerobic microbiota [65].

A significant contribution to the number of heterotrophic microorganisms in the soil
was made by hydrocarbon-oxidizing microorganisms (Table 3). This is confirmed by the
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same tendency in the change of the number of both ecologo-trophic groups (correlation
coefficient r = 0.981, p < 0.5). An increase in the pool of oligonitrophilic microorganisms
was noted over time, most noticeable in variants with the introduction of strains. Obviously,
this was due to a decrease in the toxicity of the soil brought about by a decrease in the
oil content in it (both as a result of evaporation and biological decomposition), since this
group of microorganisms is sensitive to contamination with various pollutants, including
hydrocarbons [66,67].

4. Materials and Methods
4.1. Plant Growth Conditions and Treatments

The study was carried out in the territory of the Ufa district of the Republic of Bashko-
rtostan (Russia) from the 2 June to 8 September 2020. Weather indicators during this period
were within the average statistical parameters for the previous five years. In our work, we
used barley plants (Hordeum vulgare L.), variety Chelyabinskiy 99, adapted to the climatic
conditions of the Ural region, in which the territory of the Republic of Bashkortostan
is located. Barley was chosen, out of seven plant species, as relatively oil-resistant and
highly sensitive to inoculation with hydrocarbon-oxidizing bacteria [14,68,69]. We studied
the association of barley with petroleum-degrading strains Enterobacter sp. UOM 3 and
Pseudomonas hunanensis IB C7, synthesizing IAA [14,29]. Plant seeds were provided by the
Bashkir Research Institute of Agriculture (Ufa, Russian Federation). Bacterial strains Enter-
obacter sp. UOM 3 (isolated by the authors from a sample of urban soil from Jebra Island
(Tunisian Republic)) and P. hunanensis IB C7 (isolated by the authors from the steppe soil of
the Orenburg region, Russian Federation) were stored in the collection of microorganisms
of the Ufa Institute of Biology, RAS (Ufa, Russian Federation) [14,29]. The experimental site,
whose soil (clay-illuvial chernozem, 3.7% organic carbon, 6.6% humus, pH of the aqueous
extract of 5.7) was contaminated with commercial oil of the Urals brand, was divided
into 1.5 m? plots. Commercial oil of the Urals brand is heavy (density 860-871 kg/m?),
sulfurous (sulfur content 1.2-1.3%) oil, which is a mixture of light West Siberian oil and
heavy high-sulfur oil from the Ural and Volga oil fields. The contamination was caused by
a small oil leak from the oil pipeline. Samples for chemical analysis were taken from the
top layer (0-20 cm) of the soil two months after the oil spill. The average content of the
pollutant was 27 g/kg of soil. The experiment was carried out in seven variants with three
replications of each:

Clean soil + barley plants without bacterial treatment (control);
QOil-contaminated soil;

Oil-contaminated soil + barley plants without bacterial treatment;
Oil-contaminated soil + Enterobacter sp. UOM 3;
Oil-contaminated soil + Enterobacter sp. UOM 3 + barley plants;
QOil-contaminated soil + P. hunanensis IB C7;

Oil-contaminated soil + P. hunanensis IB C7 + barley plants.

NG LN

The inoculation of seeds with a liquid culture of bacteria in the amount of 10° CFU
per seed (CFU: colony-forming units) took place immediately before sowing. Unbacterized
seeds were moistened with water. After treatment, the seeds were planted either in
clean or contaminated soil (600 pcs m~2) to a depth of 4-5 cm. After that, the plots of
variants 4 to 7 were immediately watered with 250 mL of a liquid culture of bacteria (titer
2 x 10° CFU/mL) diluted in 5 L of water. The laboratory seed germination rate was 92%.

Ten and thirty-four days after the emergence of seedlings, the growth characteristics of
the plants were measured. The leaf surface index was assessed by analyzing photographs
using Image] software [70].

At the end of the experiment, the analysis of individual elements of the crop structure
was carried out. Since plants were considered only as agents of bioremediation, the use
of plant products as food for humans and animals was not envisaged. In accordance, the
qualitative and quantitative indicators of grain were not measured.
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4.2. Analysis of the Content of Pigments and Proline

The content of chlorophyll (a + b) and flavonoids in the leaves was measured using a
DUALEX SCIENTIFIC+ device (FORCE-A, Paris, France) according to the manufacturer’s
recommendations, and free proline—according to the Bates method [71], using toluene
as an extractant. All chemicals used in the work, except those mentioned below, were
provided by Merck (Darmstadt, Germany).

4.3. Cultivation of the Microorganisms and Analysis of their Number

Bacteria Enterobacter sp. UOM 3 and P. hunanensis IB C7 were cultured for 72 hin a
meat-peptone broth (g/L): peptone-5, NaCl-5 [72] (manufacturer Merck, Germany), at a
temperature of 28 °C. Aeration of the medium was provided by rotating flasks (160 rpm)
in an orbital shaker-incubator ES-20/60 (SIA BIOSAN, Riga, Latvia). The number of cells in
the culture was measured by applying serial dilutions to the nutrient agar (g/L): peptone-
10, yeast extract-3, NaCl-5, glucose-1, agar-agar—15 [72] (manufacturer Merck, Germany)
and then counting the number of colony-forming units (CFU).

In order to estimate the microbial counts in soil, a serial dilution of soil suspension was
used. The number of heterotrophic microorganisms was measured by application to the
nutrient agar (see above). For measuring the number of petroleum degrading bacteria, we
used Raymond agar (g/L): NH4sNO3-2.0, MgSO, x 7H,0-0.2, KH,PO,4-2.0, NayHPO,-3,
CaCl, x 6H,0-0.01, NapyCO3-0.1, agar-agar-15, pH-7.0) [73], supplemented with 0.1 g
of sterile diesel fuel as the only source of carbon, smeared on the agar surface of each
plate. To measure the number of oligonitrophilic microorganisms, we used Ashby medium
(g/L): mannitol-20, K,HPO4-0.2, MgSO, x 7H,0-0.2, NaCl-0.2, K,504-0.1, CaCO3-5,
agar-agar—15 [72] (manufacturer Sisco Research Laboratories, India). The incubation period
at 28 °C was three days on nutrient agar, five days on the Raymond agar plate, and five
days on the Ashby agar. The average number of colonies was calculated in ten agar plates.

4.4. Analysis of the Content of Hydrocarbons in the Soil

Total petroleum hydrocarbons in the soil samples were measured using the EPA 3540C
method. Then, 10 g of soil samples were packed in filter paper and extracted in a Soxhlet
extractor with 300 mL of hexane for 8 h at six extraction cycles per hour. The extraction
product was transferred to a glass column filled with glass wool and Na;SOy to remove
any water it contained. The extract was collected in a flask for subsequent evaporation of
the solvent using a rotary evaporator Rotavapor R-100 (Buchi Labortechnik AG, Flawil,
Switzerland) until a final volume of 2 mL was reached. The concentrated solution was
poured into a pre-weighed glass beaker and dried until a constant weight was reached. The
total petroleum hydrocarbons present in the samples were then quantified by gravimetric
analysis with a weighing accuracy of up to 0.1 mg.

4.5. Hormone Measurement

Ten days after the emergence of shoots, the concentration of hormones in the shoots
and roots was assessed. IAA and abscisic acid (ABA) were extracted according to [74,75].
Purification and analysis of cytokinins (zeatin, its riboside, and nucleotide) were performed
according to [76]. The hormone content was determined by ELISA using the appropriate
antibodies [37].

4.6. Statistical Analysis

The data were processed using Statistica (Statsoft) software (version 10). In figures
and tables, data are presented as mean =+ standard error. The significance of differences
was assessed by ANOVA followed by Duncan’s test (p < 0.05).

5. Conclusions

During the field experiment, it was shown that, against the background of oil pollution,
the simultaneous use of auxin-producing bacterial oil destructors P. hunanensis IB C7 and
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Enterobacter sp. UOM 3 and barley plants contributed to a more significant reduction in the
content of hydrocarbons in the soil compared to the use of bacteria and plants separately.
A good survival rate of introduced bacteria in oil-contaminated soil and a positive effect
of bacterization on the growth of barley plants have been established. Treatment with
microorganisms mitigated the negative effects of abiotic stress caused by the presence of
oil in the soil for plants due to the influence exerted on the hormonal status of plants, as
well as on the systems of osmoregulation and photosynthesis.
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