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Abstract

Heavy metal (HM) contamination of the environment is a major issue worldwide, creating an ever-increasing demand for
remediation techniques. Remediation with algae offers an ecologically safe, cost-effective, and efficient option for HM
removal. Similar to plants, growth and development of algae are controlled by the hormonal system, where phytohormones
are involved in HM tolerance and thus can regulate remediation ability; however, the underlying mechanisms of phytohor-
mone function remain elusive. This review aims to draw a comprehensive model of phytohormone contributions to algal
performance under HM stress. We focus on the mechanisms of HM biosorption, uptake and intracellular storage, and on how
phytohormones interact with algal defence systems under HM exposure. We provide examples of successful utilization of
algae in remediation, and of post-processing of algal materials. Finally, we discuss the advantages and risks of using algae
for remediation. An in-depth understanding of these processes can inform effective HM remediation techniques.
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Introduction

Heavy metal (HM) pollution of the biosphere is a major
environmental issue worldwide. While HMs occur as natural
constituents of the earth’s crust, they are also released due
to anthropogenic activities, which can lead to excess levels
in the environment. Unlike organic chemicals, most met-
als cannot be degraded into less toxic compounds through
natural processes, contributing to their persistence and wide
distribution in water and soil (Selvi et al. 2019). At high con-
centrations, HMs represent a serious threat to environmental
and human health (Cheng et al. 2019; Sen Gupta et al. 2020).
Thus, the need to remove excess HMs from the environment
is internationally recognized (Mansour 2014).

Several techniques have been developed to remove HMs
from environmental media, such as oxidation, precipitation,
and ion exchange; but, these practices can be costly, time-
consuming, and associated with secondary pollution (Cheng
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et al. 2019). Remediation with plants or algae offers an eco-
logically safer, less expensive, and more efficient method to
remove HMs (Cheng et al. 2019; Selvi et al. 2019). The use
of algae is preferable in many situations, as plants can take a
long time to extract HMs and their application is limited by
climatic and geological conditions. Therefore, algae can play
a crucial role in the restoration of degraded environments,
especially where plant use is less facilitated (El-Sheekh and
Mahmoud 2017).

Algae are a diverse group of photosynthetic organisms
built of simple vegetative structures without a vascular
system, and possessing chlorophyll a as their primary pho-
tosynthetic pigment. They have a range of morphologies:
unicellular, colonial, constructed of filaments, or composed
of simple tissues (Sheath and Wehr 2015). Hormone regula-
tory networks control the growth and development of algae,
and so-called “phytohormones” (which we can also consider
as “phycohormones”) are synthesized to regulate critical
physiological processes (Tarakhovskaya et al. 2007). Major
classes of phytohormones found in algae include abscisic
acid (ABA), auxins, brassinosteroids (BRs), cytokinins
(CKs), and gibberellins (GAs) (Lu and Xu 2015; Tarak-
hovskaya et al. 2007). Understanding how these hormones
influence molecular and physiological responses of algae to
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HM exposure is critical for developing successful remedia-
tion technologies.

Algae used for remediation of HMs are often essential
components of the aquatic ecosystems they live in. Several
reviews have identified algae as effective remediators for
different metals (e.g., Ahmad et al. 2020; Sen Gupta et al.
2020), and others have characterized the role of phyto-
hormones for algal growth and development (e.g., Noble
et al. 2014; Lu and Xu 2015; Romanenko et al. 2016). Case
studies have linked both aspects and reported that phyto-
hormones could affect the response to HM exposure in the
green algal species Chlorella vulgaris (e.g.,Bajguz 2011;
Falkowska et al. 2011; Piotrowska-Niczyporuk et al. 2012),
and Acutodesmus obliquus (Piotrowska-Niczyporuk et al.
2017, 2018a). However, the molecular mechanisms by which
microalgae cope with HM stress remain unclear; moreover,
the knowledge of algal responses to HMs is largely based on
observations in higher plants (Bajguz 2011). Nevertheless,
because of the differences between plant and algae morphol-
ogy and physiology, the same mechanisms obviously are not
always relevant to both groups.

In this review, we aim to draw a comprehensive model
of phytohormone involvement in algal responses under HM
stress. We present an overview of how algae respond to HM
stress and the potential roles of phytohormones in the alle-
viation of the HM toxicity. We focus on the mechanisms of
HM biosorption, uptake and intracellular storage in algae,
and on how phytohormones interact with algal defence
systems under HM exposure. An in-depth understanding
of these processes will be valuable to inform effective HM
remediation techniques in the future.

Algae and Metal Remediation
The Toxicity of an Excess Heavy Metal Exposure

Metals, both essential and non-essential, are toxic when
present at a level that induces a deleterious response in an
organism (Ahmad et al. 2019; Sen Gupta et al. 2020). Non-
essential HMs can disrupt metabolic functioning by compet-
ing with the essential metals, facilitated by their similar size,
charge and oxidation state (Sen Gupta et al. 2020). General
metal toxicity mechanisms are: interactions with essential
functional groups of biomolecules, disruption of the integ-
rity of biomembranes, and production of reactive oxygen
species (ROS). Metals bind to many functional groups of
cellular macromolecules that form essential cell structures,
such as lipids, polysaccharides, and proteins. HMs can dam-
age DNA, denaturate proteins, and inhibit enzyme activity
(Ahmad et al. 2019).

Algae possess molecular mechanisms that allow to dis-
criminate between essential and non-essential HMs, and to
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maintain nontoxic concentrations of HMs inside their cells
(Perales-Vela et al. 2006). In algae, HMs can adversely
affect growth, cell division, photosynthesis, and can cause
destruction of primary metabolites (Pokora and Tukaj 2010).
The formation of ROS is a distinctive sign of metal tox-
icity owing to an imbalance between their generation and
removal (Kovacik et al. 2017). Algal HM tolerance is based
on two principal mechanisms: preventing HMs to enter
into the cell through e.g. adsorbing them on the cell sur-
face, and preventing bioavailability of toxic HMs inside the
cell through e.g. complexation (Perales-Vela et al. 2006).
Numerous protective mechanisms are induced in response
to HMs in algal cells, allowing them to cope with the ROS
excess, including the involvement of enzymatic (superoxide
dismutase, SOD; ascorbate peroxidase, APX; catalase, CAT;
glutathione reductase, GR) and non-enzymatic (ascorbic
acid, glutathione, proline, cysteine or carotenoids) antioxi-
dants (Perales-Vela et al. 2006; Simmons et al. 2009; Bajguz
2010).

Mechanisms of Uptake and Accumulation of Heavy
Metals by Algae

Mechanisms through which algae can remediate HMs
include biosorption (a metabolism-independent passive
binding process), and accumulation (a metabolism-depend-
ent active uptake process) followed by intracellular localiza-
tion and deposition (Ahmad et al. 2020; Salama et al. 2019)
(Fig. 1). Any tolerance of algae towards HMs results from
a combination of blocking HM entry into the cell and the
activation of defence mechanisms that reduce HM toxicity
(Salama et al. 2019; Ahmad et al. 2020; Sen Gupta et al.
2020).

Algae can absorb HMs to their extracellular matrix
through several mechanisms, including electrostatic inter-
actions among HM ions and ligands of the algal cell wall
(e.g., ion exchange), complexation on the surface, micro-
precipitation, and bonding to proteins and other polymers
(Cheng et al. 2019; Salama et al. 2019; Ahmad et al. 2020).
Algal cell walls consist mainly of polysaccharides, proteins,
and lipids, all of which offer several functional groups with
a high binding affinity for HM cations (Ahmad et al. 2020).
For example, extracellular ligands such as organic acids and
polypeptides can act as cation exchangers and complexing
agents for HMs (Salama et al. 2019). However, components
of the cell wall differ among algal species (Salama et al.
2019), and different sorption/binding pathways will there-
fore not be equally efficient for each HM (Andrade et al.
2005). Moreover, various environmental factors can influ-
ence the biosorption ability of algae, including pH, contact
time, temperature, ionic strength, particle size, and coexist-
ence of other contaminants (Park et al. 2010; Ahmad et al.
2020).
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Fig.1 Overview of pathways of heavy metal uptake, biosorption, intracellular localization and accumulation of green microalgae

HMs can be uptaken into algal cells through transport
systems on the cell membranes (Salama et al. 2019). Active
transport systems have been described for various HMs in
algae (e.g., Fortin and Campbell 2001; Kiran Marella et al.
2020). One transport system can take up multiple ions; thus,
uptake can be competitive among nutrient and HM ions.
After uptake into the cells, HMs may be compartmentalized
and/or converted to more innocuous forms by their binding
or precipitation (Kiran Marella et al. 2020). Metals can be
transported intracellularly (Kiran Marella et al. 2020) and
localized at intraprotoplast sites such as vacuoles or chloro-
plasts (Perales-Vela et al. 2006). Internal deposition involves
the synthesis of metal-binding components or proteins (e.g.,
PCs, metallothioneins), which may function in detoxification
(Perales-Vela et al. 2006).

The Role of Phytohormones in Algae
Response to Heavy Metal Stress

In higher plants, phytohormones are chemical signaling
molecules involved in a broad spectrum of physiological
and biochemical processes at very low concentrations. Phy-
tohormones, including auxins, GAs, CKs, BRs, ABA, jas-
monic acid (JA), salicylic acid (SA), and ethylene (ET) have
also been found in a variety of algae (Tarakhovskaya et al.
2007; Piotrowska et al. 2009; Stirk et al. 2013a, b; Tran
and Pal 2014; Lu and Xu 2015) (Fig. 2). The most detailed
data available on the algal phytohormone (phycohormone)
system refer to marine macrophytes (Tarakhovskaya et al.

2007). Hormones of microscopic algae are poorly under-
stood, which can be attributed to the extreme diversity of
this group of organisms and the methodological difficulties
of working with microscopic objects. However, principally
the biological roles of phytohormones in microalgae and
higher plants are comparable, as the former evolved from an
algae lineage over 450 million years ago (Sanderson et al.
2004). In general, regarding five main phytohormone groups
(ABA, auxins, CKs, GAs and ET), microalgae largely share
phytohormone biosynthetic pathways with higher plants
while much of the downstream regulation genes responsible
for phytohormone signaling in response to the environmental
factors need to be further investigated.

Abscisic acid

ABA is an essential hormone involved in plant adaptation
under adverse conditions (Nambara and Marion-Poll 2005;
Wilkinson and Davies 2010). Plants respond to biotic and
abiotic stress factors by increasing the amount of active
(free) form of the hormone, which takes place primarily by
hydrolysis of bound ABA (Xu et al. 2014). ABA can also
alleviate detrimental stress effects in microalgae (Khasin
et al. 2017). ABA content in Acutodesmus obliquus and
C. vulgaris increased with the increasing intracellular Pb
level, ultimately resulting in growth reduction (Bajguz 2010,
2011; Piotrowska-Niczyporuk et al. 2012, 2018a). A simi-
lar effect of the increased content of ABA as a protection
against metal exposure was observed in various plant species
(Hsu and Kao 2005; Ozfidan et al. 2012; Wang et al. 2013).
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Fig.2 Phytohormone signalling in the response to heavy metal stress
involves early growth inhibition by abscisic acid (ABA), and ethyl-
ene, alleviating reactive oxygen species (ROS) by promoting antioxi-
dant production, and heavy metal detoxification and accumulation by
stimulating thiols, glutathione (GSH) and phytochelatins (PCs) bio-

Molecular mechanisms of ABA involvement in abiotic stress
response in algae is less understood than the ABA signal
transduction pathway in plants, with just some signaling
components known and no ABA receptor genes identified
(Lu and Xu 2015).

Auxins and Cytokinins

Auxins and CKs play a vital role in the growth and develop-
ment of microalgae, as they are involved in the induction of
cellular growth and division, and augmentation of photosyn-
thetic activity (Bajguz 2010, 2011; Piotrowska-Niczyporuk
et al. 2012). Under HM stress, reductions in endogenous
levels of auxin (indole-3-acetic acid, IAA) and CKs (trans-
zeatin, tZ) were reported in green alga, C. vulgaris (Bajguz
2011) and A. obliquus (Piotrowska-Niczyporuk et al. 2017)
subjected to Pb applied at a high concentration (100 uM).
The mechanisms of endogenous auxin and CK-mediated
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synthesis. The arrow demonstrates the promoting and/or increasing
effects, whereas the flat end indicates the negative effects. Abbrevia-
tions: BR, brassinosteroid; CK, cytokinin; GA3, gibberellic acid; JA,
jasmonic acid

regulation of HM stress were mainly characterized using
their exogenous counterparts. The introduction of exoge-
nous auxins and CKs mitigated toxicity, promoted growth
and development, and regulated HM sorption in C. vul-
garis (Piotrowska-Niczyporuk et al. 2012), and A. obliquus
(Piotrowska-Niczyporuk et al. 2018a).

Exogenous CKs were found to protect proteins and com-
ponents of photosynthetic apparatus (chlorophylls, carot-
enoids, xanthophylls), and significantly reduce damaging
effects of HMs on green algae, C. vulgaris (Piotrowska-
Niczyporuk et al. 2012), and A. obliquus (Piotrowska-
Niczyporuk et al. 2018b). CKs also alleviated HM toxic-
ity by inhibiting ROS formation in C. vulgaris when it was
challenged by Cd, Cu, or Pb (Piotrowska-Niczyporuk et al.
2012). The impact of CKs on ROS homeostasis is also cru-
cial in A. obliquus responding to Pb stress (Piotrowska-Nic-
zyporuk et al. 2018a).
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By contrast, auxins were less effective in reducing
ROS content in A. obliquus cells subjected to Pb stress
(Piotrowska-Niczyporuk et al. 2018a). Previous observa-
tions also suggest that auxins alone without abiotic stress
factors stimulate SOD activity and provoke H,O, genera-
tion (Piotrowska-Niczyporuk et al. 2018b). The higher ROS
level in auxin-treated cells under Pb stress may be correlated
with auxin stimulation of cell enlargement and promotion
of HM biosorption by A. obliquus cells (Piotrowska-Nic-
zyporuk et al. 2018a). In C. vulgaris the exogenous auxins,
IAA and IBA (indole-3-butyric acid), reduced Cu biosorp-
tion. IAA did not affect Pb and Cd accumulation in the algal
cells, while exogenous IBA significantly stimulated biosorp-
tion of these HMs by C. vulgaris (Piotrowska-Niczyporuk
et al. 2012). Similarly, the application of auxins can also
increase Pb accumulation in plants, resulting in a higher
metal-removal yield, which is the primary objective of phy-
toextraction techniques (Liu et al. 2007; Fissler et al. 2010).

TAA and IBA are the predominant natural forms of auxin
in microalgae (Romanenko2016). The evidence suggests that
metal transport through algal cell membranes and its cellular
translocation may be improved through the exogenous appli-
cation of these auxins. Overall, biological roles of auxins
and CKs are similar in algae to what is known in higher
plants, with some gene homologs and signaling pathway
conserved between two kingdoms (Lu and Xu 2015). This
suggests that exogenous auxin and CK treatment improves
algal tolerance to toxicants and complements the functions
of these endogenous phytohormones, thereby being an effec-
tive method and potential strategy to counteract the adverse
effects of HMs.

Gibberellins

Not many reports are available regarding the biological
functions of GAs in algae; however, their presence has been
confirmed in multiple microalgae strains (Stirk et al. 2013Db).
The available reports suggest significant roles of GAs in the
alleviation of metal toxicity in algae. A positive effect of
GA; was revealed on growth, protein contents, chlorophylls
a and b, carotenoids, and monosaccharides in C. vulgaris
exposed to HMs (Falkowska et al. 2011; Piotrowska-Nic-
zyporuk et al. 2012). It was observed that GA; activated
defence responses and decreased oxidative damages by pro-
moting the production of thiol compounds which could bind
to HM ions (Bajguz 2002) in cells of C. vulgaris (Falkowska
et al. 2011; Piotrowska-Niczyporuk et al. 2012). The con-
tent of HMs in C. vulgaris gradually increased during the
experimental period under exogenous GA; application.
These results indicate that GA; can help algae to withstand
the toxic concentrations of Cd and Pb based upon the effi-
ciency of cellular division in C. vulgaris (Falkowska et al.
2011). Like other groups of phytohormones in algae, GAs

share many genes in biosynthesis pathway with higher plants
while the molecular regulation of GA signaling in algae
remains highly elusive (Lu and Xu 2015).

Ethylene

Functions of ET in improving plant tolerance to HM stress
have been studied extensively; however, the data of ET with
respect to effects on algal responses to HMs is scarce and
understanding physiological roles of ET as a phycohormone
requires further work. In a green microalgae, Haematococ-
cous pluvialis, ET activity increased at elevated concentra-
tions of cobalt (Co), manganese (Mn), and silver (Ag), while
ET production was inhibited by copper (Cu). Conversely,
zinc (Zn), iron (Fe), and magnesium (Mg) had no effect on
the activity of ET (Maillard et al. 1993). The adverse effects
of exogenous ET on chlorophyll content was reported in
marine macroalgae, Ulva intestinalis (Plettner et al. 2005).
Based on the available evidence, algae at least partially share
plant ET biosynthesis pathway, with aminocyclopropane-
1-carboxylic acid (ACC) being the intermediate precursor
for ET biosynthesis (Maillard et al. 1993) in both groups.

Brassinosteroids

Biological activities of BRs in algae correspond to their
functions recognized in higher plants with an important role
in phytohormone crosstalk. Studies on the endogenous BRs
suggest that the activation of the early and late C6-oxida-
tion pathways lead to brassinolide (BL) production in algae.
Exogenous BL partially mitigated the inhibitory effect of
HMs in C. vulgaris by decreasing the accumulation of HMs
in the cells and by stimulation of ABA, IAA, and tZ pro-
duction. Even though HM exposure is not known to affect
endogenous BL content (Bajguz 2011), the application of
BRs to C. vulgaris cultures reduced the impact of HMs stress
on growth and enhanced chlorophyll, sugar, and protein lev-
els (Bajguz 2002, 2011).

BL inhibited the degradation of lipids resulting from the
overproduction of ROS and increased the activity of antioxi-
dative enzymes (SOD, APX, GR, CAT) and content of anti-
oxidants (glutathione, ascorbate) in C. vulgaris cells treated
with HMs (Cd, Pb, Cu) (Bajguz 2010). Exogenous BRs also
caused a rapid response in C. vulgaris by acceleration of
phytochelatin (PC) synthesis (Bajguz 2010). These observa-
tions suggest that BRs can mitigate the effects of metal stress
in microalgal cells through the precise regulation of the ROS
level (Bajguz 2019).

Overall, the increase of resistance using exogenous BRs
was reflected in the improvement of algal growth in the
presence of HMs, indicating the ameliorative influence
of BRs on the inhibitory effect of HMs. Moreover, lower-
ing the pH in cell wall spaces stimulated the growth of
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C. vulgaris in presence of exogenous BRs (Bajguz 2000)
while it is known that the optimum pH of metal ion sorp-
tion is between 4 and 6.

Jasmonic Acid

The studies on the effect of the exogenous JA treatments
suggest potentially significant roles of this phytohormone
in elevating algae tolerance to HM stress. Presence of
exogenous JA exacerbated Cd, Cu, or Pb toxicity accom-
panied by an increase in metal biosorption, lipid peroxi-
dation and H,0, level in C. vulgaris. Indicators of cell
health and their ability to deal with HM like cell number,
chlorophyll levels, carotenoids, monosaccharides, solu-
ble proteins, ascorbate and glutathione content, as well as
antioxidant enzyme activity, were considerably reduced in
response to JA treatment under HM exposure (Piotrowska-
Niczyporuk et al. 2012). These findings correspond well
with other studies reporting that high amounts of JA are
accumulated during HM stress in A. thaliana (Maksymiec
2007), accelerating the senescence program and algal cell
death (Czerpak et al. 2006).

Phytohormonal Crosstalk

Phytohormones never act alone, but they rather work
together or against each other in complex signalling net-
works. Under HM stress, the hormonal crosstalk in higher
plants has been studied extensively, while the phycohormone
interactions in microalgae are still poorly understood. The
present evidence suggests that the endogenous auxins and
CKs interact antagonistically with ABA in response to HM
stress in algae (Piotrowska-Niczyporuk et al. 2018b) result-
ing in a highly controlled homeostasis between the different
signaling molecules that allow optimal growth and survival
response of algae under stress factors. Although the levels
of endogenous BRs did not change under HM stress, their
exogenous application promoted production of ABA, TAA,
and tZ (Bajguz 2002, 2011). As most of the available results
are derived from studies using exogenous phytohormones, it
is worth to note that such treatments may alter the concen-
trations of the endogenous hormones and other signalling
compounds, interacting with various signal transduction
pathways. Given what little is known about it, phycohor-
mone crosstalk research is clearly at its early stage and it
is an avenue that should be more strongly developed in the
coming years with the goal to optimize phytoremediation
efficiency using algae. The promising examples show that
simultaneous treatment of algae under stress conditions with
multiple exogenous phytohormones can lead to the enhanced
production of high-value compounds (Han et al. 2018).
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Summary and Future Prospects

Alga species offer an appealing alternative for the novel
and effective bioremediation techniques that can be
applied for HM-contaminated wastewater. The unique
ecology, morphological and physiological characteristics
of algae create new options, not available for traditional
methods that use plants for HM bioremoval. Some of the
undeniable advantages of using algae as the cost-effective,
biological agents for neutralizing excess HM presence in
the environment, such as lower dependence on the climate
conditions or location of the contaminated site, have been
mentioned in the introduction of this review. Furthermore,
algae often exhibit specificity toward different kinds of
HMs combined with high removal efficacy at low concen-
trations (Sen Gupta et al. 2020).

Nevertheless, introducing bioremediation with algae on
the broader, industrial scale requires careful consideration
of any possible disadvantages of the proposed solution.
One of the important issues is the release of algal phyco-
toxins that might diminish the efforts of successful algal
bioremediation of HMs. Many biotoxins (e.g., microcys-
tin, anatoxins, cylindrospermopsins) can be released as
the effect of metabolic processing of the absorbed HMs
as it is often observed during the bloom of toxic algae
(Dorantes-Aranda et al. 2015). Therefore, the development
of bioremediation technologies that involve modification
of phytohormone metabolism should focus also on reduc-
ing the possible side effects of the increased concentration
of HMs on the biochemical profile of algal biomass.

Chemical composition of algal biomass used for HM
detoxification is important in the context of potential
post-processing of algal materials that would additionally
increase the sustainability of the developed technologies.
Utilization of algal biomass in the biofuel, food and other
industries have been already implemented (Khan et al.
2018) and growth enhancement by programmed phytohor-
mone activities might facilitate post-processing of algae
biomass after extraction of the absorbed HMs.

Considering the promising results of the here-reviewed
literature that show algae’s great capabilities to reduce HM
pollution, it is justifiable to continue work on the further
improvement of the applicability of these techniques and
their industrial scale implementation. Exploration of the
roles phytohormones have in HM stress alleviation in algae
could be the new and successful avenue leading to the
development of the modern, more effective bioremediation
technologies utilizing algae. Along with optimizing exoge-
nous phytohormone treatment for improved HM tolerance,
another important area of research that can accelerate our
understanding of the phytohormones in algal metabolism
is the genetic modification of algae aiming to enhance the
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functions of phytohormones for more effective detoxifica-
tion of HMs. Examples of positive outcomes of the genetic
engineering approach for improved bioremediation capaci-
ties are already known in the case of various transgenic
algal strains (Ibuot et al. 2017; Chang et al. 2019).
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