
Vol.:(0123456789)1 3

Journal of Plant Growth Regulation 
https://doi.org/10.1007/s00344-023-11075-z

Perspectives on the Potentials of Phlorotannins in Enhancing 
Phytoremediation Performance

Luke Odianose Omoarelojie1 · Johannes van Staden1

Received: 28 November 2022 / Accepted: 6 July 2023 
© The Author(s) 2023

Abstract
Phytoremediation is gaining momentum among bioremediation strategies for addressing high levels of metal(loid)s and 
organic pollutants in the environment, which threaten plants, wildlife, and human safety due to their cytotoxic, mutagenic, 
and carcinogenic effects. An impediment to this bioremediation method is the limitation in the innate abilities of phytore-
mediation species to efficiently cope with pollutant-mediated stress, which often restricts growth, development, and efficient 
pollutant removal. Phlorotannins, a class of polyphenols derived from marine brown algae, possess a number of bioactivities 
that may be beneficial for boosting phytoremediation efficiency. This review provides a concise overview of phlorotannins, 
their chemical nature and structural classes, and the few (indicating a paucity of research data) bioactivities of phlorotannins 
that have been reported in plants. In addition, included are synopses on different phytoremediation strategies and highlights 
of major future research perspectives on harnessing phlorotannin bioactivities to ameliorate growth, development, and stress 
tolerance in phytoremediation species for the benefit of phytoremediation efforts.
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Introduction

Heavy metal(loid)s and a diverse class of organic pollutants 
from natural sources and anthropogenic activities constitute 
a contamination problem in soils, surface water, and ground 
water. Their recalcitrant nature and presence in the environ-
ment threaten plants, wildlife, and human safety due to their 
cytotoxic, mutagenic, and carcinogenic effects (Olguín and 
Sánchez-Galván, 2011; Allamin et al. 2020). These afore, 
and the quest to fulfill stringent environmental laws and 
lower the cost of remediation, have spurred the develop-
ment of several plant-dependent contaminant containment 
and removal strategies that rely on using different collections 
of species for phytoremediation.

A limitation of phytoremediation is that very few plant 
species possess the natural abilities to tolerate and survive in 

the highly toxic and growth-limiting environments that char-
acterize polluted sites. These have further necessitated the 
search and development of biotechnologies that can assist 
phytoremediation species in coping with pollutant-induced 
limitations of growth and development while enhancing 
their phytoremediation efficiencies. Organic and inorganic 
soil amendments (Shrestha et al. 2019; Gul et al. 2020; Kafle 
et al. 2022) and plant growth promoting bacteria (Ullah et al. 
2015; Kong and Glick 2017; Mesa-Marín et al. 2020) have 
been employed to improve phytoremediation efficiencies. 
In addition, plant biostimulants which help plants counter-
act various environmental stress, including stresses result-
ing from exposure to toxic pollutants, have been employed 
to augment plant growth and ameliorate phytoremediation 
performance [See recent review by Bartucca et al. (2022)].

Marine brown algae produce a class of polyphenols called 
phlorotannins which possess a broad category of bioactivi-
ties ranging from potent antioxidant and reducing power 
to metal chelation capacities and augmentation of stress 
tolerance in plants. An emerging body of research demon-
strates that phlorotannins, when supplied as biostimulants, 
enhanced plant growth and development (Aremu et  al. 
2015; Rengasamy et al. 2015), altered primary metabolism 
and promoted the accumulation of secondary metabolites 
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(Aremu et al. 2015; Kulkarni et al. 2019), and boosted toler-
ance to osmotic and salinity stress (Masondo et al. 2018). 
However, research reports on the potential(s) of phloro-
tannins in enhancing phytoremediation performance are 
not readily available. In this review, we present a concise 
overview of phlorotannins, their chemical nature and dif-
ferent structural classes, and the few (indicating a paucity 
of research data) phlorotannin bioactivities that have been 
reported in plants. We then provide synopses of different 
phytoremediation strategies that have been developed so 
far. Finally, we highlight major research areas that must 
be addressed if the bioactivities of phlorotannins are to be 
exploited to facilitate growth, development, and stress toler-
ance in species to enhance phytoremediation efficiencies and 
performance of phytoremediation species.

Phlorotannins

Phlorotannins are a distinct class of polyphenols that are 
synthesized by marine brown algae [Phaeophyta; essentially 
Fucales and Laminariales (Meslet-Cladière et al. 2013)], and 
are structurally and functionally analogous to condensed 
tannins that occur in terrestrial plants. They are accumu-
lated within the vegetative cells of the outer cortical layer 
of the thalli, irrespective of the species, stage of growth, 
tissue or organ (Shibata et al. 2004) and have been seen to 
represent up to 25% of dry algal biomass (Meslet-Cladière 
et al. 2013). Phlorotannins occur in soluble forms in cel-
lular compartments, such as specialized secretion vesicles 
called physodes, and as components of extracellular exu-
dates (Meslet-Cladière et al. 2013; Imbs and Zvyagintseva 
2018) or insoluble forms in complexation with alginic acid 
in cell walls (Imbs and Zvyagintseva 2018).

Phlorotannins are polymerization products of phloro-
glucinol (1,3,5-trihydroxybenzene) residues (Fig. 1) with 
diverse permutations and combinations of aryl-aryl and/or 
diaryl ether linkages (Shibata et al. 2004; Meslet-Cladière 
et al. 2013), thus yielding a wide range of highly hydrophilic 
compounds with molecular sizes ranging between 126 Da 
and 650 kDa (Li et al. 2011). The monomeric unit is synthe-
sized in the acetate–malonate (polyketide) pathway, which 
is catalyzed by a type III polyketide synthase and cyclase 
complex (Achkar et al. 2005; Abe and Morita 2010) in a 

series of sequential reactions including; (i) the conversion 
of acetyl-coenzyme A to malonyl-coenzyme A by the addi-
tion of  CO2; (ii) condensation of three malonyl-coenzyme 
A molecules to yield a polyketide intermediate; and (iii) 
subsequent cyclization and tautomerization of the resulting 
polyketide chain to form phloroglucinol (Achkar et al. 2005; 
Meslet-Cladière et al. 2013).

Structurally, phlorotannins are highly diverse due to the 
occurrence of structural and conformational isomers, which 
arise from the linkage of monomers at different positions 
of the phloroglucinol ring as well as variations in the num-
ber of additional hydroxyl groups. Six different classes of 
phlorotannins are delineated based on the type(s) of inter-
monomeric linkages as described below.

Fucols

The phloroglucinol residues are linked by C—C phenyl 
linkage in the meta position as seen in trifucol, tetrafucol 
A, tetrafucol B, and heptafucol (Fig. 2). Fucols have been 
widely isolated from species of Cystoseira (Sánchez-Camargo 
et al. 2016) and Fucus (Cérantola et al. 2006; Birkemeyer 
et al. 2020), as well as some in Fucaceae genera such as 
Pelvetia (Birkemeyer et al. 2020).

Phlorethols

Monomeric phloroglucinol units are linked via ether bonds 
as seen in heptaphlorethol, triphlorethol A, and Tetraphlore-
thol B (Fig. 3). Phlorethol-class of phlorotannins was found 
to be the predominant phlorotannin in Cystoseira osmun-
dacea, Egregia mensienzii, and Pterigophora californica 
(Múzquiz de la Garza et al. 2019) and have also been iso-
lated from Sargassum species (Li et al. 2017).

Fucophloroethols

Each phloroglucinol unit may be linked to the next via an 
ether and/or phenyl bond, e.g., 947-B, fucodiphlorethol G, 
and fucotriphlorethol A (Fig. 4). This class of phlorotannins 
is common in species of Fucaceae, such as Ascophyllum, 
Fucus, Pelvetia, Pelvetiopsis, and Silvetia (Catarino et al. 
2017), and Laminariaceae, e.g., Eisenia (Choi et al. 2015).

Eckols

This class of phlorotannins bear one or more  
1,4-dibenzodioxin element(s) formed by two phloroglucinol 
units, e.g., 8,8’-bieckol, dibenzo[1,4] dioxin-2,4,7,9-tetraol, 
dieckol, and eckol (Fig.  5). Eckol-type phlorotannins 
have been found mainly in Ecklonia, Eisenia, and Sargas-
sum species (Rengasamy et al. 2013; Li et al. 2017; Murata 
et al. 2020; Sugiura et al. 2021).

Fig. 1  Chemical structure of 
phloroglucinol, the basic residue 
in phlorotannins
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Fuhalols

The phloroglucinol units are interconnected by ortho-
/para-arranged ether linkages with an extra hydroxyl group 
on one unit, making that unit vicinally trihydroxylated, 
e.g., bifuhalol and tetrafuhalol A (Fig. 6). The additional 
hydroxyl group differentiates fuhalols from phlorethols. 
Some fuhalols possess more than one extra hydroxyl group 
and are termed hydroxyfuhalols, e.g., hydroxytrifuhalol 
B, hydroxypentafuhalol A, and hydroxyheptafuhalol B. 
Fuhalols are the dominant categories of phlorotannins 
in Sargassum and Sargassaceae species, such as Halidrys 
siliquosa, Cystoseira baccata, and Bifurcaria bifurcata [See 
Li et al. (2017) and references therein].

Carmalols

These are basically phlorethols with a dibenzodioxin moiety 
at positions 3 and 7 in their structures as seen in diphloretho-
hydroxycarmalol and triphlorethohydroxycarmalol (Fig. 7) 
from Carpophyllum maschalocarpum (Sargassaceae) (Li 
and Glombitza 1991) and Ishige okamurae (Ishigeaceae) 
(Kim et al. 2020).

Phlorotannin Bioactivities 
and their Implications for Abiotic Stress 
Mitigation in Plants

Phlorotannins exhibit a broad range of bioactivities which 
include antioxidant and radioprotective actions (Wang 
et  al. 2012; Imbs and Zvyagintseva 2018; Bogolitsyn 
et al. 2019), enzyme inhibitory effects (Li et al. 2011; 
Rengasamy et al. 2015), antimicrobial and antiviral activi-
ties (Tang et al. 2020; Lomartire and Gonçalves 2022), 
as well as anti-inflammation, anticancer, and anti-allergic 
actions (Catarino et al. 2021; Sugiura et al. 2021). Due to 
the enormous research attention that phlorotannins have 
attracted in these fields, their bioactivities have been the 
subject of cosmeceutical, medical, and pharmaceutical 
research. In contrast, the bioactivities of specific phloro-
tannins in plants and the attenuation of abiotic and biotic 
stresses have not been extensively investigated. The fol-
lowing sections concisely highlight major reports on phlo-
rotannin-bioactivities and their potentials or implications 
in the mitigation of abiotic stresses in plants.

Fig. 2  Structures of some fucols. Inter-monomeric phenyl linkages are highlighted in red (Color figure online)
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Fig. 3  Chemical structures of some phlorethols. Ether bonds between phloroglucinol units are highlighted in red (Color figure online)

Fig. 4  Chemical structures of fucophloroethols. Inter-monomeric ether and phenyl linkages are highlighted in red (Color figure online)
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Fig. 5  Structures of some eckols. The 1,4-dibenzodioxin element(s) are highlighted in blue (Color figure online)

Fig. 6  Chemical structures of some fuhalols and hydroxyfuhalols. The additional hydroxyl group(s) are highlighted in green (Color figure 
online)
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Antioxidant Activities

A major bioactivity associated with phlorotannins is their 
strong antioxidant activities against free radical-mediated 
oxidative damage. For instance, 974-B, a heterocyclic 
fucophlorethol-type phlorotannin derived from Eisenia bicy-
clis, exhibited significant inhibitory effects against DPPH, 
 ONOO−, and total reactive oxygen species (ROS), with 
scavenging potencies indicated by  IC50 values of 0.86, 1.80, 
6.45 µM, respectively (Choi et al. 2015). Similarly, eckol 
and dibenzo[1,4]dioxine-2,4,7,9-tetraol, extracted from 
Ecklonia maxima, exhibited strong antioxidant activities on 
DPPH free radicals with  EC50 values of 0.008 and 0.012 µM, 
respectively (Rengasamy et al. 2013). The antioxidant prop-
erties of phlorotannins are attributed to their ability to scav-
enge radicals and oxygen-containing compounds, strong 
reducing power (Budhiyanti et al. 2011; Li et al. 2011; 
Wang et al. 2012), as well as their metal-chelating proper-
ties (Ragan et al. 1979). Phlorotannins are polyphenols that 
are electron-rich compounds. Polyphenolics are generally 
known to readily partake in efficient electron-donation reac-
tions to produce phenoxyl radical species as intermediates 
in the presence of oxidizing agents. The resulting phenoxyl 
radicals maybe stabilized by resonance delocalization of the 
unpaired electrons to the ortho and para positions of the ring 
or by hydrogen bonding with an adjacent hydroxyl group 
(Parshad et al. 2016).

Antioxidants feature among the first strategies deployed 
by plants in the mitigation of oxidative stress. While the bio-
activities of different specific phlorotannins in the mitigation 
of oxidative stress have been extensively investigated in ani-
mal systems (Catarino et al. 2017; Shrestha et al. 2021), not 
much has been done on in vivo evaluation of the attenuating 

effects of phlorotannins on abiotic stresses in plants. Despite 
the paucity of data on this subject, the potential of phloro-
tannins to mitigate oxidative stress in plants can be inferred 
from observations with many seaweed-derived biostimulants 
which have been seen to augment plant tolerance to abi-
otic stresses, e.g., drought and salinity (Goñi et al. 2018; 
Deolu-Ajayi et al. 2022). Among other bioactive agents 
in these seaweed-derived extracts, polyphenols (including 
phlorotannins) have been suggested as one of the bioactive 
compounds that mediate these oxidative stress mitigation 
properties (Bogolitsyn et al. 2019). In agreement with the 
afore, phloroglucinol, the monomeric units of phlorotannins, 
improved seedling growth in Ceratotheca triloba under pol-
yethylene glycol-induced osmotic and NaCl-induced salinity 
stress (Masondo et al. 2018).

Metal‑Binding Capacities

Metal-mediated initiation and propagation of excessive ROS 
production is characteristic of mitochondria in the presence 
of excess free (redox-active) metal cations such as  Fe2+ and 
 Cu+ (Keunen et al. 2011). For instance, cations of transition 
metals catalyze the Fenton reaction, a single-electron reduc-
tion of  H2O2 molecules to produce hydroxyl radicals, and the 
Haber–Weiss reaction, i.e., the formation of a hydroxyl radi-
cal from  H2O2 and superoxide anion, (Richards et al. 2015) 
thus increasing the production of hydroxyl radicals when 
such cations are in excess. These metals impose a mitochon-
drial oxidative challenge, a result of metal-induced electron 
transport chain over-reduction and dysfunction at the level 
of the cytochrome pathway, which is typified by increased 
ROS generation and alteration of antioxidative defenses [See 
review by Keunen et al. (2011)]. Phlorotannins, through their 

Fig. 7  Structures of carmalols. Positions 3 and 7 of the 1,4-dibenzodioxin element are numbered



Journal of Plant Growth Regulation 

1 3

metal-binding activities (Ragan et al. 1979), can sequester 
free metal cations and allay metal-induced oxidative damage. 
Although this metal chelating capacity has been well char-
acterized (Toth and Pavia 2000; Connan and Stengel 2011), 
an assessment of how specific or different classes of phloro-
tannins may influence tolerance to heavy metal(loid)-induced 
stress in plants is yet to be carried out.

Stimulation of Vegetative Growth, Plant 
Metabolism, and Stress Responses

Many seaweed extracts have been assessed and successfully 
employed as biostimulants to boost plant growth and overall 
productivity, e.g.,  Kelpak® (Digruber et al. 2018; Gupta et al. 
2021) and extracts from Laminaria species and Ascophyllum 
nodosum (Ertani et al. 2018). Despites these observations, 
studies that evaluate how specific classes and/or individual 
phlorotannins influence vegetative growth, biomass produc-
tion, and abiotic stress tolerance in candidate phytoremedia-
tion species are scarce. However, assessments of the growth 
stimulatory effects of phloroglucinol and eckol, isolated 
from Ecklonia maxima in our laboratory, demonstrated that 
these phlorotannins are effective at augmenting vegetative 
growth and boosting biomass production when supplied as 
exogenous treatments (Aremu et al. 2015; Rengasamy et al. 
2015; Kulkarni et al. 2019). Eckol was particularly efficient at 
stimulating root development (Rengasamy et al. 2015) in an 
auxin-mimicking manner. With the above, it will be interesting 
to see if phlorotannins can elicit these effects in phytoremedia-
tion species that are subjected to the limiting ambience that 
characterise polluted sites.

Similarly, eckol was noted to have altered primary and 
secondary metabolic processes in treated Spinacia oleracea 
(Kulkarni et al. 2019). These included enhanced cytokinin, 
photosynthetic pigments, free phenolic acids, and protein con-
tents, in addition to the induction of phenylalanine ammonia-
lyase activity. Phenylalanine ammonia-lyase is a key enzyme 
of the phenylpropanoid pathway that catalyzes the first step in 
the synthesis of a variety of polyphenyl compounds, and it is 
a primary inducible defense response in plants against several 
biotic and abiotic stresses (Rasool et al. 2021). These obser-
vations hint at the ability of eckol to augment stress tolerance 
responses via the induction of plant enzymatic defense mecha-
nisms. Further analyses are, therefore, required to demonstrate 
if eckol and other classes of phlorotannins can stimulate pri-
mary and secondary metabolism in phytoremediation species 
to boost their remediation efficiencies.

Phytoremediation: A Concise Overview

Phytoremediation is a plant-based bioremediation and 
environmental restoration technology that involves in situ 
application of plants, and associated soil microbiota, to 
remove or reduce the bioavailability or toxic effects of 
contaminants in the environment (Jacob et al. 2018; Yan 
et al. 2020). The development of different phytoremedia-
tion strategies as a clean-up approach for environmental 
(soil and wetland) pollutants was necessitated by the dif-
ficulties and impracticalities encountered with traditional 
remediation techniques such as excavation and disposal of 
contaminated soils, vitrification, soil flushing and washing, 
solidification/stabilization, and thermal desorption (Khalid 
et al. 2017; Liu et al. 2018). These traditional remedia-
tion methods are energy intensive or/and expensive and 
are thus limited to small-scale applications (Khalid et al. 
2017; Liu et al. 2018). Other benefits that fostered the 
gravitation towards phytoremediation as the go-to-tech-
nique for contaminant removal include (i) feasibility and 
applicability on a very large scale and in terms of a wide 
range of toxic heavy metals; (ii) inherently environment- 
and eco-friendly; (iii) non-invasive and non-destructive 
technologies which leave the soil intact and biologically 
productive; (iv) it is an autotrophic system that requires 
little or no energy input; and (v) improvements in soil 
fertility via the release of various organic matter (Sabir 
et al. 2015; Thakur et al. 2016; Jacob et al. 2018; Yan 
et al. 2020).

The reclamation of contaminated/derelict soils and 
wetlands using phytoremediation strategies relies on a 
plethora of plant and edaphic factors. Soil/edaphic factors 
are critical determinants of phytoremediation efficiencies 
due to their significance in plant growth and development. 
These include soil physicochemical properties—pH, redox 
potential, electrical conductivity, cation exchange capac-
ity, water-holding capacity, organic matter contents (Sheo-
ran et al. 2016); concentrations and bioavailability of the 
contaminant(s); and the composition and activity of soil/
rhizosphere microbiome (Philippot et al. 2013; Eisenhauer 
et al. 2017; Canarini et al. 2019).

Plant-specific factors are also critical for phytoremedia-
tion success. Some major species-dependent factors are 
discussed below.

Plant Species

Due to high diversity in morphophysiological traits, 
plants vary in their phytoremediation capabilities (Mit-
ton et  al. 2014; Bian et  al. 2018; Guidi Nissim et  al. 
2018). These variations in phytoremediation capacities 
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arose from differences in one or a combination of plant 
characteristics, some of which are discussed below. For 
instance, notable differences in bioconcentration factors 
were reported for tomato, sunflower, soybean, and alfalfa 
in the remediation of an organochlorine insecticide, p,p′-
DDT [2,2-bis(chlorophenyl)-1,1,1-trichloroethane] (Mit-
ton et al. 2014).

Pollutant Uptake, Transport, and Translocation 
Efficiencies

The uptake and transportation of metal(loid)s and organic 
pollutants from soils into root cells/tissues occur either by 
passive diffusion through the cell membrane (apoplastic 
pathway) or via active transport against concentration and/
or electrochemical potential gradients mediated by carriers, 
channels, or transporters (symplastic pathway). For exam-
ple, As and Se uptake is mediated via phosphate and sulfur 
transporters, respectively (Li et al. 2015; Pilon-Smits 2017). 
Similarly, organic pollutants such as polycyclic aromatic 
hydrocarbons are transported via apoplastic and symplas-
tic pathways (Zhan et al. 2018). The significance of these 
traits in candidate phytoremediation species is evident in 
the fact that a species’ bioconcentration factor, i.e., the ratio 
of pollutant concentration in tissues to the concentration in 
the environment (Yadav et al. 2022), is a critical parameter 
in the evaluation of the pollutant uptake capacity of mac-
rophytes. Translocation of absorbed metal(loid)s from the 
root to the shoot, which is requisite for sequestration, bio-
transformation, or volatilization, occurs predominantly via 
symplastic movement through the xylem and phloem [See 
Kvesitadze et al. (2015) and references therein]. Membrane 
transport proteins such as ATP-binding cassette (ABC), 
P-type ATPases, natural resistance-associated macrophage 
proteins (Nramps), and ZIP (ZRT, IRT-like proteins) fami-
lies of proteins mediate the translocation of metal(loid)s 
[see reviews by Thakur et al. (2016) and (Yan et al. 2020)]. 
Therefore, genetic and epigenetic factors that foster the 
induction, expression, and activities of these transporters 
enhance contaminant uptake and sequestration and, in effect, 
the phytoremediation efficiencies of such species.

High Biomass Production Capacities

The ability to produce significantly high biomass, especially 
under stress conditions that characterize polluted sites, trans-
late into better phytoremediation efficiencies in remediation 
plants (Sheoran et al. 2016; Guidi Nissim et al. 2018; Kafle 
et al. 2022). Several independent research groups have dem-
onstrated that the application of different fertilizers to boost 
biomass production in phytoremediation species translated 
into higher phytoextraction efficiencies [See review by Sheo-
ran et al. (2016)]. These observations of positive correlations 

between high biomass and increased efficiencies of plants in 
the phytoremediation of heavy metals (Hamlin and Barker 
2006; Sheoran et al. 2016) spurred the development of phy-
toremediation strategies that are assisted by plant growth 
promoting bacteria (Ullah et al. 2015; Kong and Glick 2017; 
Mesa-Marín et al. 2020) as well as the use of organic and 
inorganic soil amendments, e.g., compost, biochar, and oth-
ers, which boost vegetative growth in plants (Shrestha et al. 
2019; Gul et al. 2020; Kafle et al. 2022).

The Efficiency of Tolerance and Detoxification 
Mechanisms

Resistance to metal(loid)s and organic contaminants in 
plants is achieved by either avoidance and/or tolerance 
strategies (Toth and Pavia 2000; Yan et al. 2020). Avoid-
ance strategies employ exclusion mechanisms that limit pol-
lutant uptake and accumulation to restrict their movement 
into plant tissues through root cells. These can be achieved 
via the alteration of membrane permeability, extracellular 
degradation of organopollutants, active efflux of metal(loid)
s, and production of extracellular or cell wall-associated 
metal(loid) chelating compounds (Thakur et  al. 2016). 
Tolerance strategies include several internal detoxification 
mechanisms, such as the binding of metal(loid)s by ligands 
and compartmentalization within cells or in vivo enzymatic 
degradation of absorbed organopollutants.

Plants immediately detoxify accumulated metal(loid)s 
through oxidation, reduction, chelation, or a combination 
of these processes (Duan et al. 2005; Bleeker et al. 2006; 
Pilon-Smits and Quinn 2010; Li et al. 2015; Pilon-Smits 
2017). After oxidation to the appropriate oxidation state, 
complexation of metal(loid) ions occurs either spontane-
ously or enzymatically to organic ligands such as amino 
acids, organic acids, metallothioneins, phytochelatins, and 
cell wall proteins/pectins/phenolics (Tahara et al. 2013; Yan 
et al. 2020). These chelates are then compartmentalized in 
vacuoles or apoplast or specialized cell types, e.g., epider-
mal cells, mesophyll cells, and trichomes (Javed et al. 2019). 
For instance, tolerance to high Al levels was mediated via Al 
chelation by organic acids (e.g., oxalate, malate, and citrate) 
in Al-resistant buckwheat and Hydrangea in contrast to the 
complexation of Al with phenolics in maize, followed by 
compartmentalization in vacuoles (Yan et al. 2022). Also, 
in Eucalyptus camaldulensis, Al tolerance is mediated via 
oenothein B, a gallate-derived polyphenol, to sequester and 
precipitate Al in the vacuoles (Tahara et al. 2013). Ligands 
like glutathione, phytochelatins, and metallothioneins pro-
ficiently detoxify As due to the strong affinity of  As3+ for 
peptides with sulfhydryl (—SH) groups (Roy et al. 2021).

On the other hand, the detoxification of organic pol-
lutants is primarily mediated through enzymatic transfor-
mations. For instance, oxidases (e.g., cytochrome P450 
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monooxygenases, peroxidases, and laccase), dehalogenases, 
and esterases (e.g., phosphatases, carboxylesterases, and ary-
lesterases) metabolize a diverse class of phytotoxic exog-
enous compounds including pesticides and organic environ-
mental pollutants via functionalization while transferases 
(e.g., glutathione S-transferase, N-glucosyltransferase, 
O-glucosyl-transferase) detoxify pollutants via conjugation 
(Wolfe and Hoehamer 2003; Kvesitadze et al. 2015). There-
fore, the higher the quantity of specific enzymes produced 
and the more diverse the enzyme classes a species possesses, 
the more efficient it is in degrading organic contaminants in 
its environment. Although plants possess these innate abili-
ties to detoxify organic pollutants, complete detoxification of 
organic pollutants (i.e., total mineralization or degradation 
to cell standard metabolites) may not always be possible 
due to insufficient enzyme capacity, extreme resistance of 
pollutants to biotransformation (e.g., polycyclic aromatic 
hydrocarbons, and polyhalogenated biphenyls), or their 
high concentration in the environment (Kvesitadze et al. 
2015). These have necessitated the development of trans-
genic plants, which carry genes of some enzymes from other 
organisms or the overexpression of the genes that encode 
some important enzymes for enhanced phytoremediation 
efficiencies.

A critical effect of heavy contaminant levels in the envi-
ronment and the bioaccumulation of these contaminants by 
root tissues is the induction of ROS and reactive nitrogen 
species (RNS) production and accumulation of ROS up to 
deleterious levels. For instance, heavy metal(loid) contami-
nation induces excessive ROS production (Georgiadou et al. 
2018; Berni et al. 2019; Singh et al. 2020), thereby upsetting 
cell and tissue redox balance in plants. Similarly, oxidative 
stress in plants exposed to organic pollutants has been attrib-
uted to excessive ROS and RNS production (Kreslavski et al. 
2014; Ahammed et al. 2015). As a result, plant antioxidant 
and redox balancing/regulatory systems feature prominently 
in enhancing plant tolerance to environmental contamination 
and ameliorating the phytoremediation efficiencies of such 
plants. Several studies have demonstrated that the deleteri-
ous effects of heavy metal(loid)s and organic pollutants can 
be mitigated via the activation of innate antioxidant systems, 
regulation of ROS levels, and promotion of redox homeosta-
sis (Ahammed et al. 2015, 2017; Singh et al. 2020; Małecka 
et al. 2021; Yan et al. 2022).

Quantity and Composition of Root Exudates

Root exudates, and other rhizodeposits, play crucial roles in 
the ability of plants to remove both organic and inorganic 
contaminants from contaminated soils. This is primarily due 
to the significant influences that root exudates exert in shap-
ing rhizosphere ecology. Although the composition of root 
exudates varies between species, significant components 

of root exudates include ions (especially  H+), saccharides 
(Koroney et al. 2016; Galloway et al. 2020), and organic 
acids, such as amino, citric, malic, malonic, and oxalic 
acids (Lesuffleur et al. 2007; Canarini et al. 2019). Others 
include hormones, e.g., auxins, salicylic acid, and strigo-
lactones (Zhalnina et al. 2018; Omoarelojie et al. 2019), 
peptide ligands (Ma et al. 2016), secondary metabolites, 
e.g., phenolics, flavonoids, and terpenoids (Zhalnina et al. 
2018; Huang et al. 2019), phytosiderophores (Chen et al. 
2017), and extracellular enzymes, e.g., hydrolases, oxi-
doreductases, and phosphatases (Gianfreda 2015). Due to 
the diverse bioactivities of root exudate components, they 
influence the rhizosphere in diverse ways to augment the 
phytoremediation efficiencies of plants. These, among many 
others, include:

Modulation of Soil pH

Protons and organic acids in root exudates facilitate rhizo-
sphere acidification, thereby fostering metal bioavailability 
and sequestration via the solubilization of insoluble metal 
complexes (Ma et al. 2016).

Nutrient Sources

Saccharide, carboxylate, and amino acid components of root 
exudates serve as carbon/energy and nitrogen sources for 
rhizospheric microbiomes. Thus, plant roots (via rhizodepo-
sition and root exudation) create nutrient-rich environments, 
which support microbial activity in the rhizosphere and, 
in turn, foster rhizodegradation and microbiota-mediated 
immobilization of contaminants (Lu et al. 2017; Zhalnina 
et al. 2018).

Modulation of Pollutant Bioavailability

The availability for plant uptake, especially metal(loid)s, can 
be tuned by root exudates through solubilization, precipita-
tion, and chelation. Low molecular weight organic acids may 
solubilize and mobilize otherwise insoluble metals, e.g., Fe 
and Zn, thus making them available for uptake (Chen et al. 
2017; Jiang et al. 2022). These organic acids also facili-
tate the precipitation and desorption of some heavy met-
als, e.g., Al, As, Cd, Cu, and Pb, from soils, thus rendering 
them immobile and unavailable (Agnello et al. 2014; Chen 
et al. 2017). Metal(loid)s mobility and bioavailability can 
be altered by root exudate components through chelation—
complexation with organic acids, phenolics, peptide ligands 
(such as phytochelatins and metallothioneins) (Tahara et al. 
2013; Yan et al. 2020), as well as the sequestration of metal-
siderophore complexes in root apoplasts or soils (Ma et al. 
2016).
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Molecular Signalling

Some components of root exudate function as molecular 
cues that signal plant–soil microbiota interactions. For 
example, flavonoids, triterpenes, and strigolactones present 
in root exudates elicit microbial growth and modulate micro-
bial activity in the rhizosphere (Philippot et al. 2013; Huang 
et al. 2019; Omoarelojie et al. 2019).

Enzymes—released into the rhizosphere via root exuda-
tion, play a crucial role in the remediation of biodegrad-
able organic and inorganic contaminants. Enzymes medi-
ate the oxidation, reduction, functional group conversions, 
or polymerization that transform toxic metals and organic 
contaminants into non-toxic forms [See review by Jacob 
et al. (2018)]. Important enzyme classes that occur in root 
exudates and with significant roles in phytoremediation 
include oxidoreductases, such as dehydrogenases, oxy-
genases, laccases, and peroxidases (Wolfe and Hoehamer 
2003; Kvesitadze et al. 2015; Jacob et al. 2018); and hydro-
lytic enzymes such as cellulases, dehalogenases, esterases, 
lipases, nitrilases, and proteases (Wolfe and Hoehamer 2003; 
Tu et al. 2011; Kvesitadze et al. 2015; Jacob et al. 2018; 
Zhao et al. 2018).

Phytoremediation Strategies

A variety of phytoremediation approaches have been devel-
oped to reclaim soils that are contaminated with different 
classes of pollutants. Soil pollutants are diverse in their 
chemical nature, and these range from polycyclic aromatic 
hydrocarbons (PAHs), petroleum, organophosphorus and 
carbamate insecticides, herbicides, fungicides, polychlorin-
ated/polybrominated biphenyls and dibenzofurans to bio-
wastes (sewage and animal wastes) and heavy metals (Khalid 
et al. 2017; Duarte et al. 2018; Alengebawy et al. 2021; 
Raklami et al. 2022). Figure 8 depicts a graphical summary 
of different phytoremediation strategies.

Phytodegradation or Phytotransformation

This phytoremediation strategy involves plant-mediated 
elimination of organic and biodegradable soil contami-
nants via metabolic processes within plant tissues or the 
activities of extracellular enzymes released into the soil 
(Schwitzguébel 2017). These processes make the most of 
the diversity of plant metabolic pathways and enzymes to 
chemically transform, thereby partially or totally degrading, 

Fig. 8  Schematic representation of different phytoremediation strategies.  organic pollutant;  metalloid;  volatile organic compound; 
 root exudate
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xenobiotics to detoxify the soil. The end products of degra-
dation, which are non-toxic, may be assimilated or released 
into the environment. For instance, species such as alfalfa 
(Medicago sativa), Brassica campestris, white clover (Tri-
folium repens), and some aquatic species have been shown 
to degrade two polycyclic aromatic hydrocarbons, phenan-
threne and pyrene (Wei and Pan 2010; He and Chi 2016). 
Also, phytodegradation of polychlorinated biphenyls has 
been reportedly observed in Medicago sativa and some 
cucurbit species (Tu et al. 2011; Wyrwicka et al. 2014). 
Some important specific enzyme classes that feature in 
phytodegradation processes include: dehalogenases—which 
mediate the dehalogenation of a wide variety of halogenated 
pollutants (Zhao et al. 2018); laccases—which catalyze the 
transformation of phenolics such as azo dyes and bisphenol 
A into less toxic compounds (Sridharan et al. 2021; Xing 
et al. 2022); nitrilases—degrade cyanide and nitrile group-
containing compounds (Park et al. 2017); nitroreductases—
catalyze the reduction of aromatic nitro groups (Wolfe and 
Hoehamer 2003; Hannink et al. 2007); oxidoreductases 
(Hazarika et al. 2022); phosphatases—hydrolyze ester and 
anhydride linkages of organophosphate compounds (Wolfe 
and Hoehamer 2003).

Phytoextraction

This is also called phytoaccumulation, phytoabsorption, 
or phytosequestration and it is a phytoremediation strategy 
that employs in situ cultivation of plant species that take 
up the target contaminant(s) from the soil, translocate, and 
concentrate them in aerial tissues thereby depleting the soil 
concentration of the contaminant(s). The contaminant-laden 
biomass is then harvested and removed for treatments such 
as composting, incineration, pyrolysis, gasification, and phy-
tomining (Corzo Remigio et al. 2020; Singh et al. 2022). 
Phytoaccumulation is mainly employed for the remediation 
of soils that are polluted with heavy metals (e.g., Ag, Cd, 
Cr, Cu, Hg, Ni, Pb, and Zn) and metalloids (e.g., As, Se, Sb, 
and Te) (Ogra et al. 2015; Reeves et al. 2018). A group of 
plant species, known as hyperaccumulators, preferentially 
accumulate metal(loid)s in their shoots over a wide range of 
concentrations in the growth medium without showing any 
noticeable adverse effects or symptoms that depict toxicity 
(Corzo Remigio et al. 2020). Hyperaccumulators are able 
to accumulate metal(loid)s up to hundreds or thousands of 
times greater than normal when grown in soils with high 
levels of metal contaminants (Suman et al. 2018). Some 
species which have been established as hyper accumula-
tors include Sedum alfredii (Tian et al. 2017), Pteris vittata 
(Kohda et al. 2021), Haumaniastrum robertii (Bastien et al. 
2017), Berkheya coddii (Hipfinger et al. 2022), and Astra-
galus bisulcatus (Pilon-Smits 2017). In addition to effec-
tive metal(loid) uptake and accumulation, metallotolerance 

[when grown in soils with toxic metal(loid)s levels], fast 
growth, and high biomass production are essential traits in 
candidate species for phytoextraction efforts. For instance, 
non-accumulator species such as Salix sp., Populus sp., and 
Zea mays have been assessed for the phytoextraction of Cd 
and Zn with significant success (Ghori et al. 2016). These 
have been attributed to rapid growth, high biomass pro-
duction, and Cd tolerance in Z. mays (Rizwan et al. 2017) 
while a high biomass production in relatively short time, a 
high water uptake and transpiration, and deep root system 
accounted for the phytoextraction efficiencies of Salix and 
Populus sp. (Suman et al. 2018).

Phytofiltration

This involves the in situ use of plants to absorb, concen-
trate, and/or precipitate contaminants, usually heavy met-
als, from aqueous medium (Olguín and Sánchez-Galván, 
2011; Favas et al. 2016). Hydroponically grown plants are 
transplanted into metal-laden water, and the heavy metals 
are absorbed or adsorbed through the roots (rhizofiltration) 
or other submerged parts of the plants and concentrated in 
their biomass (Olguín and Sánchez-Galván, 2011; Jacob 
et al. 2018). Phytofiltration is also aided by root exudates 
and root-mediated alterations in the rhizosphere, which 
fosters the precipitation [or chelation with ligands, such 
as phytochelatins, metallothioneins, metal-binding proteins 
(Olguín and Sánchez-Galván, 2012; Favas et al. 2016)] of 
heavy metals from solution and adsorption of heavy metal 
precipitates and/or chelates onto root surfaces (Javed et al. 
2019). This phytoremediation strategy is particularly suited 
for wastewater treatment, polluted water bodies, and wet-
lands. Candidate species for phytofiltration are required to 
possess dense root systems with high biomass production 
capacities; high absorption and adsorption surface areas; 
ability to grow efficiently in hydroponic/aquatic systems; 
high metal accumulation and/or adsorption capacities; a 
high root-to-shoot translocation factor; as well as signifi-
cant metallotolerance levels (Olguín and Sánchez-Galván, 
2011; Kaur 2020). Some aquatic and wetland species which 
have been employed and documented for their phytofiltration 
applications include species of Eichhornia, Salvinia, Pistia, 
Lemna, Phragmites, Scirpus, Monosoleum and Potamoge-
ton (Rezania et al. 2016; Javed et al. 2019; Sut-Lohmann 
et al. 2020).

Phytostabilization or Phytoimmobilization

This strategy employs tolerant plant species for in situ immo-
bilization of soil pollutants, mainly heavy metal(loid)s, thereby 
reducing their bioavailability and mobility in the contami-
nated soil and ecosystem. This is achieved via root absorp-
tion (and sequestration within root tissues) or adsorption 
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(onto root apoplasts), exudate complexation/precipitation, 
rhizospheric reduction of metal valence, and soil stabiliza-
tion (Liu et al. 2018; Yan et al. 2020). Phytostabilization is 
simply a plant-mediated containment approach as it does not 
diminish the soil concentration of the pollutant but mainly 
contains them and prevents off-site movement, leaching, and 
dispersal of the contaminant (Khalid et al. 2017). Candi-
date species for phytostabilization must be tolerant to high 
metal(loid) concentrations; fast growing with high biomass 
production capacities; minimal root-to-shoot translocation 
of metal(loid)s (i.e., metal excluder); and produce dense/
extensive root systems since the root is pivotal in phyto-
stabilization (Galal et al. 2017; Burges et al. 2018). Since 
root exudates and microorganisms facilitate phytostabiliza-
tion via metal precipitation, chelation, and immobilization 
(Favas et al. 2016; Ma et al. 2016; Yan et al. 2020), root 
exudate composition and the ability to stimulate microbial 
activities are also essential factors in the selection of species 
for phytostabilization efforts. Phytostabilization is particu-
larly suitable for soils contaminated by a mixture of different 
metal(loid)s (e.g., Al, As, Cd, Cr, Cu, Ni, Pb, Sb, and Zn). 
Some species that have been employed for phytostabilization 
include Agrostis sp. (Burges et al. 2018), Festuca rubra L. 
(Radziemska et al. 2017), Lolium perenne (Burges et al. 
2018), Salix sp. (Sylvain et al. 2016; Burges et al. 2018), 
and Vossia cuspidate (Galal et al. 2017).

Phytovolatilization

This involves root uptake, transport to aerial parts, and 
transformation of toxic metal(loid)s into non-toxic, gas-
eous forms, which are then released into the atmosphere 
via the leaves. Metal(loid)s, such as Se, Hg, and As, are 
assimilated into volatile organic compounds and released 
via transpiration. For instance, arsenate  (As5+), the preva-
lent form of arsenic in oxic soils/environments, is absorbed 
through the phosphate uptake pathway via active transport 
by phosphate transporters (Zhao et al. 2009; Li et al. 2015). 
Passive uptake of arsenite  (As3+), the prevalent form in 
reduced environments such as flooded paddies, occurs via 
the plasma membrane by aquaporins/aquaglyceroporins (Ma 
et al. 2008). The absorbed  As5+ is detoxified by enzymatic 
or non-enzymatic reduction to  As3+ in processes involving 
 As5+ reductase activity (Duan et al. 2005; Bleeker et al. 
2006) or glutathione (Delnomdedieu et al. 1994; Bleeker 
et al. 2006), respectively. Due to the high affinity of  As3+ for 
sulphhydryl groups of peptides,  As3+ is sequestered by com-
plexation with GSH and phytochelatins (Zhao et al. 2009). 
The volatilization of  As3+ is believed to be achieved via the 
actions of  As3+-S-adenosyl methionine methyltransferase 
homologs, which mediates the methylation of  As3+ to form 
the volatile trimethylarsine (Roy et al. 2021). Phytovolatili-
zation of Se, as observed in some species of the Brassicaceae 

family, occurs through the uptake and assimilation of inor-
ganic Se into organic selenoamino acids, i.e., selenocysteine 
and selenomethionine, via sulfur transporters and assimila-
tion pathways (Li et al. 2008; Pilon-Smits and Quinn 2010). 
Selenocysteine and selenomethionine are methylated via the 
catalytic actions of methyltransferases (Pilon-Smits 2017) 
and further converted into dimethyl selenide or dimethyl dis-
elenide, which are volatile and released from the leaves into 
the atmosphere (Gupta and Gupta 2016). Organic contami-
nants may also be removed from polluted soils and ground 
water through phytovolatilization. For example, common 
groundwater contaminants, trichloroethylene and tetrachlo-
roethylene, have been removed using traditional phytoreme-
diation plants such as Salix and Populus species [See review 
by Limmer and Burken (2016)].

Phytostimulation

This is also known as rhizodegradation, and it is a phytore-
mediation strategy that uses plant-mediated stimulation of 
microbial activities in the rhizosphere to promote the deg-
radation of organic pollutants and decrease or increase the 
bioavailability of toxic metal(loid)s to foster exclusion from 
plant tissue or uptake from the soil, respectively. Plants, 
through rhizodeposition and root exudation of assimilates, 
create nutrient-rich environments around their roots, thus 
attracting and fostering microbial growth, colonization, and 
activity (Meier et al. 2020). For instance, Zhalnina et al. 
(2018) demonstrated that a combination of traits associated 
with plant exudation and microbial substrate uptake inter-
acted to yield the patterns of microbial community assem-
bly observed in the rhizosphere of Avena barbata. Similarly, 
root exudates were noted to have enhanced the abundance of 
metal-reducing bacteria Geobacter and Anaeromyxobacter 
in paddy soils (Jiang et al. 2022). It is clear that the diverse 
classes of compounds in root exudates act individually and/
or synergistically to shape rhizospheric microbiota, which, 
in turn, contribute to the degradation and remediation of 
contaminated soils.

Soil microbes contribute to phytoremediation in a num-
ber of ways. In the microbe-assisted phytoremediation of 
metal(loid)s, rhizospheric microbes can foster metal(loid) 
mobilization and bioavailability. This may be achieved 
through: (i) soil pH modification—rhizosphere acidification 
and protonation by influencing the quantity of root exudates 
(Chen et al. 2014), proton export (Ma et al. 2016), and/or 
organic acid export into the rhizosphere (Rajkumar et al. 
2012); and (ii) metal(loid) chelation—microbes produce, 
or induce root cells to secrete, organic chelators, such as 
metallophores, metallothioneins, phytochelatins, and sidero-
phores, which bind metal(loid)s and facilitate uptake into 
root tissues (Bolchi et al. 2011; Deicke et al. 2013; Yuan 
et al. 2014). On the other hand, rhizospheric microbes can 
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facilitate metal(loid) immobilisation and decrease bioavail-
ability by one or more of the following mechanisms: (i) 
alkalinization—through the release of  (OH−); (ii) compl-
exation and biosorption via glomalin and/or microbe-derived 
extracellular polymeric substances (Rajkumar et al. 2012; 
Ma et al. 2016; Costa et al. 2018; Riaz et al. 2021); and 
(iii) via precipitation and immobilisation—through enzyme-
catalysed microbial reduction or oxidation of metal(loid)s 
(Chatterjee et al. 2009; Rajkumar et al. 2012; Oves et al. 
2013; Jiang et al. 2022).

Microorganisms possess a plethora of biochemical 
pathways with diverse classes of enzymes that are able to 
degrade different classes of organic pollutants. Plants use 
their root exudates to facilitate microbe-mediated degrada-
tion of organic pollutants. For instance, in demonstrating 
the role of root exudates in the degradation of pyrene, Lu 
et al. (2017) showed that artificial root exudate compo-
nents altered soil microbial community and significantly 
enhanced Mycobacterium activity which was dominant in 
the degradation of pyrene. In addition, the detoxification of 
polychlorinated biphenyls has been demonstrated in several 
dehalogenation microbes, e.g., some species of Thermithio-
bacillus, Pseudomonas, Burkholderia, Comamonas, Rhodo-
coccus, Phenylobacterium, and Sphingomonas [See review 
by Jing et al. (2018)]. Further demonstrating a plant-induced 
stimulation of soil microbiota for contaminant degradation, 
Allamin et al. (2020) showed that Cajanus cajan enhanced 
the diversity of soil microbial community and fostered the 
rhizodegradation of petroleum oil sludge in the contami-
nated soil.

Do Phlorotannins Hold Benefits 
for Phytoremediation?

The concept of employing phlorotannins to enhance phy-
toremediation efficiencies via the incorporation of phloro-
tannin treatment regimes into phytoremediation strategies 
is a subject that has received little to no research attention. 
Here we suggest a number of candidate physiological and 
developmental aspects of phytoremediation species where 
phlorotannins may feature to boost phytoremediation effi-
ciencies of such species. Figure 9 is a graphical highlight of 
potential research areas/questions that must be addressed to 
evaluate the potential benefits of incorporating phlorotan-
nin treatment regimes into phytoremediation strategies, as 
discussed below.

As mentioned above, phlorotannins promote extensive 
root growth and development, thereby fostering an increase 
in total root surface area and biomass. This enables the 
plant to reach more areas and increase the total soil vol-
ume explored within the rhizosphere for nutrient and water 
uptake. An advantage of this phlorotannin bioactivity for 

phytoremediation efforts is the potential to enhance the 
total volume of polluted soil/medium explored and pollut-
ant uptake by roots of phytoremediation species, thereby 
boosting pollutant mobilization, uptake, and removal, which 
ultimately promote phytoremediation efficiency.

Another direct implication of enhanced root growth and 
development is an increase in root exudation and rhizodepo-
sition (Meier et al. 2020; Virk et al. 2022). Root exudation 
of primary and secondary metabolites, the deposition of 
polymerized sugars (e.g., mucilage), root border cells, and 
dead root cap cells influence the composition and function-
ing of soil biota (Philippot et al. 2013; Eisenhauer et al. 
2017). Through root exudates and other rhizodeposits, plants 
furnish soil microorganisms in the rhizosphere with an easily 
accessible and important energy source as well as modify 
the physicochemical properties (i.e., pH, oxygen pressure, 
and water status) of the soil (Gargallo-Garriga et al. 2018; 
Jiang et al. 2022). In the light of phlorotannin-mediated aug-
mentation of root growth and development, research into the 
question of whether phlorotannins can directly or indirectly 
enhance root exudation and rhizodeposition to augment 
the phytoremediation capacities of plant species becomes 
pertinent.

Root exudates contain secondary metabolites that func-
tion as chemical signals, antimicrobial compounds, and 
nematicides, thereby playing significant roles in the estab-
lishment of symbiosis or in warding off pathogens and pests 
in the rhizosphere (Faure et al. 2009; Philippot et al. 2013; 
Gargallo-Garriga et  al. 2018). Soil microbes have been 
shown to increase [phytoextraction (Guarino et al. 2018)] 
or decrease metal availability [phytostabilization (Lebrun 
et al. 2021)] in soils. Also, metal translocation from soil 
into root tissues (bioaccumulation) or from the  roots to 
shoot tissues (translocation) is significantly influenced by 
soil microbiota (Singh et al. 2019; Xu et al. 2019; Zhan et al. 
2019). These observations further demonstrate that root exu-
dation and rhizodeposition are important in phytoremedia-
tion because of their significant influence on soil microbiota. 
Reports of how phlorotannins may influence root exudation 
and rhizodeposition are, to our knowledge, not readily avail-
able. However, it is safe to infer from available reports of 
phlorotannin bioactivities in enhancing root growth and 
development that phlorotannins may indirectly enhance the 
volume of exudates and rhizodeposits that are released into 
the rhizosphere and thereby stimulate soil microbial growth 
and activities. The ideas that phlorotannins may influence 
root exudation and rhizodeposition, the mechanisms that 
underpin such bioactivities if found to exist, are research 
subjects that must be addressed to provide a scientific basis 
for the development of feasible phlorotannin-assisted phy-
toremediation strategies.

Metal(loid) avoidance and tolerance are critical traits 
for the success of any species in the remediation of heavy 
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metal(loid)-polluted sites. It is therefore important to deter-
mine if, and how phlorotannins influence heavy metal 
chelation capacities of candidate species for phytoreme-
diation. Are phlorotannins able to induce or augment the 
biosynthesis of low molecular weight organic acids, phyto-
siderophores, phytochelatins, and metallothioneins in phy-
toremediation species? All of these play important roles in 
metal(loid) chelation and plant tolerance to high metal(loid) 
pollution in soils (Philippot et al. 2013). Eckol has been seen 
to enhance photosynthetic activities and primary metabolism 

(Kulkarni et al. 2019). Can this translate into increased avail-
ability of photosynthate for release into the rhizosphere as 
carboxylates in root exudates to enhance phytostabiliza-
tion and rhizodegradation? Phytochelatins, peptides with 
repeating γ-GluCys dipeptide units, are synthesized from 
glutathione in an enzymatic reaction catalyzed by phyto-
chelatin synthase. At the same time, metallothioneins, low 
molecular weight, cysteine-rich, metal-binding proteins, are 
products of mRNA translation (Cobbett and Goldsbrough 
2002). Can phlorotannins exert modulatory effects on the 

Fig. 9  Research areas to explore the potentials of phlorotannins in phytoremediation. Each statement with question mark (?) indicates a paucity 
of research data.  organic pollutant;  metal(loid);  volatile organic compound;  root exudate
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expression and biosynthesis of these chelators to promote 
tolerance to heavy metal levels in candidate phytoremedia-
tion plants? These are critical research questions that must 
be addressed to determine if there are avenues to be explored 
in the incorporation of phlorotannins as biostimulants in 
phytoremediation strategies.

In addition, phenolics are known to bind and mobilize 
metals, e.g., Fe, from the soil (Chen et al. 2017). As dis-
cussed above, heavy metal(loid) mobilization from soil/
water and uptake by root cells are pivotal processes in the 
clean-up of metal(loid) contamination through phytoex-
traction, phytovolatilization, and phytofiltration. It has been 
noted that eckol enhanced phenylalanine ammonia-lyase 
activities (Kulkarni et al. 2019), an enzyme of the phe-
nylpropanoid pathway which produces precursors for the 
biosynthesis of phenolic compounds and a diverse class of 
secondary metabolites (Rasool et al. 2021). This observation 
raises the question of whether eckol, and other classes of 
phlorotannins, can enhance phenolic metabolic production 
to boost metal binding, mobilization, and uptake from the 
soil in phytoremediation species.

As discussed above, the deleterious and toxic effects 
that different classes of environmental pollutants exert on 
plants necessitates the possession of efficient antioxidant 
and redox homeostasis regulatory systems in phytoreme-
diation species. These are critical for contaminant avoidance 
and/or tolerance, phytoremediation species survival under 
pollutant-induced toxicity and stresses, and, ultimately, opti-
mum decontamination of polluted sites. A robust and effi-
cient antioxidant capacity is one of the significant beneficial 
bioactivities of phlorotannins (Li et al. 2011; Rengasamy 
et al. 2013; Choi et al. 2015; Bogolitsyn et al. 2019). Thus, 
phlorotannins hold significant promises for boosting phy-
toremediation species decontamination mechanisms through 
phlorotannin-mediated augmentation of plant antioxidant 
capacities and redox homeostasis maintenance. As with most 
other phlorotannin bioactivities, the ability of phlorotannins 
to improve plant tolerance to oxidative and abiotic stresses 
and the underlying biochemical and molecular mechanisms 
are yet to be exhaustively researched. Hence, it is crucial to 
assess/explore these as a starting point to providing foun-
dational knowledge for applying phlorotannins to augment 
phytoremediation species tolerance and survival.

The uptake of pollutants from the soil (or water body 
during phytofiltration), their transportation within root tis-
sues, and translocation from tissues of the root to shoot 
tissues have been earlier highlighted as critical physiologi-
cal processes with significant implications for phytoreme-
diation success. If the bioactivities of phlorotannins are to 
be explored to enhance the phytoremediation efficiencies 
of species, it is also important to evaluate and assess how 
phlorotannins influence these processes. Can phlorotannins 
enhance root uptake of metal(loid)s and organopollutants? 

The mobilization and uptake of pollutants from the soil/
water medium into root cells/tissues is mediated via either 
apoplastic, symplastic, or both pathways (Zhan et al. 2018). 
Can phlorotannins exert ameliorative influence(s) on these 
pollutant acquisition and transport strategies? Metal(loid)
s are taken into cells via membrane-localized channels/
transport proteins (Li et al. 2015; Gupta and Gupta 2016; 
Pilon-Smits 2017). Also, can phlorotannins alter and boost 
the genetic expression and activities of these channels? 
Are phlorotannins able to alter the expression or boost the 
activities of metal transporters, such as the P-type ATPases, 
ATP-binding cassette (ABC) superfamily, natural resistance-
associated macrophage proteins (Nramps), and ZIP family 
of transporters [see review by Thakur et al. (2016)], that 
mediate the transport of a wide range of cations across the 
cell membranes?

Efficient root-to-shoot transport of metal(loid)s is crucial 
for phytoextraction and phytofiltration species. Hence, it is 
essential to determine if phlorotannins are able to enhance 
the inter-tissue and aerial movement of absorbed metal(loid)
s. If found to do so, what are the biochemical and molecu-
lar mechanisms that underlie such bioactivities? Other vital 
traits highlighted above are the efficient exclusion of con-
taminants from cells/tissues and active efflux mechanisms 
of the plasma membrane to prevent the accumulation of 
metal(loid) ions in the cytosol as part of plants’ avoidance 
strategies. These are crucial for phytoremediation efficiency 
in phytostabilization species. Are phlorotannins able to aug-
ment phytoremediation species’ contaminant avoidance 
strategies via the alteration of innate underlying biochemi-
cal and molecular mechanisms?

Conclusions

Due to their diverse bioactivities, phlorotannins hold 
immense value for enhancing innate detoxification and 
survival mechanisms in phytoremediation species as well 
as contaminant removal capacities thus ameliorating their 
phytoremediation efficiencies. Since pollutant removal effi-
ciency is highly correlated to species growth rate, tolerance 
to supra-optimal metal(loid) or pollutant levels, and high-
level adaptivity to different environments, it is crucial to 
garner research data on how phlorotannins may influence 
each of these processes. Specific morphological and physi-
ological areas of plant development where phlorotannins 
may act to achieve the above include vegetative growth 
and biomass accumulation, extensive root development for 
rhizodeposition, microbiota stimulation, and pollutant mobi-
lization/uptake, detoxification mechanisms, redox homeo-
stasis and antioxidative stress prevention, and metal(loid) 
accumulation and transport, etc. Further research will 
also be required to delineate how the different classes of 
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phlorotannins influence each of the afore mentioned areas 
of plant development and metabolic adaptations as well as 
how phlorotannins that elicit sufficient bioactivities may be 
further incorporated into phytoremediation strategies.
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