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Abstract: Heavy metal pollution caused by industrial wastewater has posed a severe 
threat to water ecological security and human health. Traditional treatment 
technologies are limited by high costs and the risk of secondary pollution. In contrast, 
microalgal bioremediation technology, which features high efficiency, environmental 
friendliness, and potential for resource recycling, has emerged as a cutting-edge 
research focus. This study systematically examines the toxic response mechanisms of 
microalgae under heavy metal stress, including lipid peroxidation-mediated 
membrane damage, obstruction of the photosynthetic electron transport chain, 
competitive inhibition of key enzyme activities, and reactive oxygen species (ROS)-
triggered oxidative stress cascades. Furthermore, the tolerance mechanisms of 
microalgae are thoroughly analyzed, encompassing cell wall adsorption, activation of 
antioxidant defense systems, regulation of metal transporters, and coordination of 
phytohormone signaling networks. Phytohormones mitigate heavy metal stress by 
modulating the expression of cell division-related genes, influencing metal transporter 
synthesis, enhancing membrane stability, and activating antioxidant enzymes. This 
study also incorporates multi-omics analyses and discusses the potential of synthetic 
biology approaches to engineer phytohormone metabolic pathways, with the aim of 
developing smart, heavy metal-responsive microalgal strains. This provides a 
systematic framework from fundamental mechanism analysis to applied innovation, 
promoting the development of microalgal bioremediation technology toward greater 
precision and intelligence. 

 Keywords: microalgae; phytohormone; heavy metal stress; bioremediation; 
molecular regulation 

1. Introduction 

Heavy metal pollution caused by industrial wastewater discharge has become a global environmental issue. 
Heavy metals such as Cd, Pb, Cu and other heavy metals have the characteristics of persistence, bioaccumulation 
and high toxicity after entering the water body through industrial activities [1]. These heavy metal ions not only 
persist in the environment, but also accumulate step by step through the food chain. After entering the water body, 
heavy metal pollution directly endangers aquatic organisms, interferes with their physiological metabolism, growth 
and reproduction, and leads to a sharp decline in biodiversity [2,3]. In addition, once entering the human body 
through drinking water or food, it will continue to accumulate in important organs such as liver and kidney, causing 
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nervous system damage [4], organ failure [5], and even cancer [6]. At present, heavy metal pollution in industrial 
wastewater has posed a serious threat to ecological environment security and human health. In-depth exploration 
of its pollution characteristics and hazard mechanism is a key prerequisite for formulating effective governance 
strategies and maintaining ecological balance and public health. 

The treatment of heavy metal wastewater mainly depends on chemical precipitation, ion exchange and 
membrane separation technology [7]. In specific scenarios, although these methods have the advantages of high 
removal efficiency, there are also problems such as ion exchange resin regeneration costs, resulting in high 
operating costs, secondary pollution, difficult disposal of chemical sludge, and inability to recover heavy metal 
resources [8,9]. Especially for low concentration (<10 mg/L) heavy metal wastewater, the treatment cost is high 
and the efficiency is generally low, so it is difficult to achieve simultaneous purification of complex systems with 
multi-metal coexistence [10]. In addition, traditional technologies lack the ability to biotransform pollutants, and 
cannot convert heavy metals into low-toxic or non-toxic forms by means of microbial redox and methylation 
reactions, which makes it difficult for traditional technologies to solve the problem of bioaccumulation of heavy 
metals in ecosystems [11]. 

Bioremediation technology shows greater potential in solving the problem of heavy metal bioaccumulation. 
Microalgae, as a natural bioremediation agent, exhibits excellent adsorption capacity for heavy metals by virtue of its 
good electron mobility, large specific surface area and rich functional groups (carboxyl, amino, phosphate, etc.) on 
the cell wall of algae [12]. Aneja et al. [13] reported that Spirulina sp. can adsorb a large amount of Pb2+ and Zn2+ 
within 15 min of initial contact with metal solution, and has a high chelation effect on Pb2+ and Zn2+ at low equilibrium 
concentration, which also proves that microalgae has a good adsorption effect on heavy metal ions. Moreover, the 
endogenous phytohormone system of microalgae establishes a multi-level defense mechanism by regulating the 
expression of key genes such as glutathione (GSH) synthase and metallothionein (MT). Auxin (IAA) can increase 
the activity of phytochelatin synthase (PCS) [14]. Cytokinins (CKs) enhances reactive oxygen species (ROS) 
scavenging ability by activating ascorbic acid-glutathione cycle [15], while ethylene signaling pathway regulates zinc 
and iron transporter protein (ZIP) transporters to achieve Cu2+ compartmentation [16,17]. This “adsorption-
detoxification-transformation” trinity mechanism enables microalgae to have significant advantages in terms of 
efficiency improvement of 40-70%, cost-effectiveness reduction of 60%, and ecological safety in remediation [18]. 

Although the mechanism of phytohormone regulation provides a new direction for microalgae remediation 
technology, it still has great development prospects in molecular function [19,20]. However, the specificity of 
phytohormone signal transduction pathway in algae has not been elucidated, the synergistic and antagonistic 
effects of multiple hormones are not systematically studied, and the hormone regulation targets of transmembrane 
transporters are not clear [21]. Therefore, this review will construct an analytical framework of “stress perception-
signal transduction-physiological response”. This review analyzes the interactions between heavy metals and 
microalgae cells, focusing on binding mechanisms of cell wall components (polysaccharides and proteins) and the 
physiological roles of phytohormones in microalgal responses to heavy metal stress. We examine the molecular 
mechanisms underlying phytohormone-mediated stress adaptation and further explore how integrating multi-
omics data with synthetic biology strategies enables the directional engineering of phytohormone metabolic 
pathways. These approaches facilitate the development of engineered microalgal strains with enhanced heavy 
metal sensing and tolerance capabilities, ultimately advancing the theoretical foundation for precision 
bioremediation technologies. 

2. Interaction between Microalgae and Metal 

2.1. Toxic Effects of Metals on Microalgae 

The toxic effects of metals on microalgae depend on their species, concentrations and chemical forms, among 
which essential metals (e.g., Fe, Zn) and non-essential toxic metals (e.g., Cd, Pb, Hg) exhibit dual effects [22]. 
Low concentrations of essential metals (e.g., Fe2+, Zn2+) are essential for the growth of microalgae and are involved 
in key metabolic processes, such as Fe involved in chlorophyll synthesis, Zn-regulated enzyme activity and Fe-S 
protein electron transfer. However, they can still cause toxicity when excessive. For example, Fe3+ catalyzes the 
formation of oxhydryl radicals through Fenton reaction, resulting in oxidative damage [23], while high 
concentration of Zn2+ competitively inhibits the function of Mg2+ in photosynthesis and interferes with 
Photosystem II (PSII) activity [24]. The sensitivity of different algae to metal stress is also different, and the 
difference can reach 2–3 orders of magnitude, and this sensitivity is related to metal species and algae species 
characteristics [25]. For example, the EC50 of Raphidocelis subcapitata to Zn2+ was 0.20 mg/L. The tolerance 
concentrations of other algae species such as Chlorella sorokiniana and Scenedesmus acuminatus to Zn2+ can 
reach 0.6–1.0 mM [26]. This indicates that different kinds of microalgae have different tolerance to the same metal. 
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This difference may affect its response to plant hormone regulation. In contrast, toxic metals (Cd, Pb, Hg) can destroy 
the physiological functions of microalgae even at extremely low concentrations. For example, after exogenous 
addition of Cd and Co during the growth of Raphidocelis subcapitata, the IC50 were 0.67 μM and 1.53 μM, 
respectively [27]. The toxic mechanisms mainly include cell membrane damage, photosynthesis inhibition, enzyme 
activity interference, oxidative stress and ROS accumulation [28]. 

2.1.1. Membrane Damage 

Cell membrane is the key barrier to maintain the homeostasis of microalgae cells. High concentrations of 
heavy metal ions (e.g., Cd2+, Pb2+, Cu2+) can bind to membrane phospholipids through electrostatic interaction, 
destroy the hydrophobic-hydrophilic balance of lipid bilayers, reduce membrane fluidity, and induce lipid 
peroxidation (e.g., malondialdehyde accumulation) [29]. In addition, Cu2+ and other metals can produce ROS 
through Fenton reaction, attacking unsaturated fatty acids, resulting in membrane perforation or collapse. 
Membrane damage causes electrolyte leakage, loss of photosynthetic pigments and increased heavy metal influx, 
which aggravates oxidative stress and eventually leads to growth arrest and even cell lysis [30]. 

2.1.2. Photosynthesis Inhibition 

Heavy metal ions (such as Cd2+, Pb2+, Cu2+) inhibit the photosynthetic electron transport chain (PETC) by 
destroying the chloroplast structure and thylakoid membrane integrity. Cu2+ and Pb2+ can bind to the D1 protein 
of PSII and hinder the function of water splitting complex [31]. Cd2+ competitively binds to iron-sulfur clusters in 
ferredoxin and blocks electron transfer [32]. In addition, heavy metals interfere with the activity of photosynthetic-
related enzymes, resulting in a decrease in adenosine triphosphate (ATP) and nicotinamide adenine dinucleotide 
phosphate (NADPH) synthesis, and a decrease in photosynthetic efficiency (Fv/Fm) [33]. Low concentration stress 
may cause reversible inhibition, while high concentration leads to irreversible disintegration of chloroplasts [34]. 

2.1.3. Enzyme Activity Interference 

Heavy metal ions (such as Cd2+, Pb2+, Cu2+) can change the conformation of the enzyme or inactivate it by 
binding to the thiol, carboxyl or histidine residues of the enzyme active center. For example, Cd2+ and Pb2+ 
inhibited the activities of superoxide dismutase (SOD) and catalase (CAT), and weakened the antioxidant defense 
system [35]. Excessive Cu2+ can competitively replace Mg2+, Zn2+ and other cofactors to interfere with the 
functions of photosynthetic enzymes and electron transport chains [24]. In addition, heavy metals inhibit ATPase 
activity, affect energy metabolism and ion transport, and ultimately lead to cell growth arrest. 

2.1.4. Oxidative Stress and ROS Accumulation 

Heavy metals (such as Cd2+, Hg2+) induce ROS accumulation directly or indirectly, breaking the redox 
balance. Cd2+ can replace the essential metal ions (such as Cu, Zn, Fe) in antioxidant enzymes, resulting in the 
accumulation of superoxide anion (O2-) and hydrogen peroxide (H2O2) [36]; Hg+ binds to the sulfhydryl group 
with high affinity, depleting GSH [37]. Excessive accumulation of ROS leads to lipid peroxidation, protein 
denaturation and deoxyribonucleic acid (DNA) damage, eventually leading to apoptosis [38]. Increased electron 
leakage in the electron transport chain of mitochondria and chloroplasts further exacerbates ROS production, 
causing irreversible damage when it exceeds the antioxidant system’s scavenging capacity [39]. 

2.2. Tolerance Strategies of Microalgae to Metals 

For example, abscisic acid (ABA) and CKs can optimize the metal bioremediation strategy of microalgae by 
enhancing metal absorption capacity and finely regulating hormone levels [40]. In contrast, hormones in 
microalgae have been shown to have a unique regulatory mechanism for metal stress response., ABA in higher 
plants mainly regulates seed germination and abiotic stress tolerance [41], while the mechanism of hormone-
mediated metal tolerance in bacteria is less studied [42]. In terms of detoxification mechanisms, microalgae are 
also different from higher plants and microorganisms. Microalgae mainly detoxify through intracellular and 
extracellular processes [43]. In terms of detoxification mechanism, microalgae and higher plants and 
microorganisms are also different. Microalgae mainly cooperate with detoxification through intracellular and 
extracellular processes. Higher plants rely more on root exudates or interact with rhizosphere microorganisms [44], 
while bacteria may form biofilms or efflux pump mechanisms [42]. 

Microalgae have formed a multi-level and multi-dimensional metal tolerance mechanism in the long-term 
evolution process, and the biosorption on the cell surface is the primary defense against heavy metals. When in 
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the environment containing heavy metals, there are a variety of negatively charged functional groups on the surface 
of microalgae cells, such as carboxyl, hydroxyl, amino [45,46], these functional groups can react with metal ions 
by ion exchange, complexation or electrostatic adsorption [47,48]. Olivia [49] pointed out that a variety of 
functional groups on the surface of microalgae cell wall (such as hydroxyl, carboxyl, imino, etc.) are the main sites 
for heavy metal adsorption. Furthermore, the mechanisms of cell wall adsorption and chelation, intracellular 
binding of metallothionein to phytochelatins, and vacuolar compartmentation and efflux of metallothionein and 
phytochelatins have been proposed. These synergistic effects enable microalgae to survive and maintain normal 
physiological functions in metal-contaminated environments [50,51]. However, when microalgae are exposed to 
heavy metal ions such as Hg, Cu, and Pb in the environment, they will be subjected to heavy metal stress. Heavy 
metal ions can interfere with chloroplasts, bind to thylakoid membranes, and induce microalgae to produce ROS, 
causing oxidative damage [38]. In this process, the cell wall of microalgae is the first barrier against metal ions, 
and its surface is rich in negatively charged polysaccharides (e.g., cellulose, alginate), proteins, carboxyl and 
phosphate groups [52], quickly capture and immobilize metal ions through ion exchange, electrostatic adsorption 
or coordination [53]. Research by Cavalletti et al. demonstrated that polysaccharides derived from the cell wall of 
Phaeodactylum tricornutum are effective in adsorbing the heavy metal ions Cd2+ and Pb2+ [54]. The cell wall is 
rich in cysteine glycoproteins, which can form stable complexes with Hg2+ or Cu2+ through -SH, and can reduce 
the free concentration of heavy metals in the environment in a short time, thereby reducing the toxicity of heavy 
metals to microalgae cells. Under metal stress, microalgae produce extracellular polymeric substances (EPS) rich 
in polysaccharides, proteins, and other biomolecules. These substances contain abundant functional groups such 
as carboxyl, hydroxyl, and phosphoryl moieties that serve as active binding sites. Through chelation and surface 
complexation mechanisms, EPS immobilizes heavy metal ions near the cell surface. This extracellular 
sequestration prevents intracellular metal penetration while simultaneously enhancing the organism’s overall 
biosorption capacity (Figure 1). 

 

Figure 1. The possible mechanisms of microalgae tolerance to heavy metals. 

The intracellular tolerance mechanism of microalgae to heavy metals is the core biological basis for its 
survival in polluted habitats. When heavy metal ions break through the extracellular barrier and enter the cell, 
microalgae rapidly activate the multi-level response mechanism with antioxidant defense system as the core [55]. 
Heavy metal stress often induces the production of ROS in microalgae cells. Excessive ROS can cause irreversible 
oxidative damage to biological macromolecules such as proteins, lipids and nucleic acids [38]. Therefore, the 
antioxidant enzyme system in microalgae cells, such as SOD, catalyzes O2− disproportionation to produce H2O2. 
Subsequently, ascorbate peroxidase (APX) cooperates with glutathione-ascorbic acid cycle to reduce H2O2 to H2O. 
Finally, ROS is converted into harmless substances to reduce oxidative damage [56]. Research has shown that to 
mitigate oxidative damage during acclimation, the acid-tolerant microalga Graesiella sp. MA1 upregulates its 
antioxidant defense system, including the activities of SOD and APX and the pool of glutathione (GSH) [57]. 
Moreover, cell metabolic remodeling also plays an important role in heavy metal tolerance. Mitochondrial 
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tricarboxylic acid cycle and chloroplast carbon assimilation process produce acetyl coenzyme A, which acts as a 
precursor of fatty acid biosynthesis and promotes intracellular lipid synthesis [58]. These newly synthesized lipids 
not only participate in cell membrane repair, but also provide a material basis for compartmentalized isolation of 
heavy metal ions. Heavy metal ion tolerance is achieved through the action of specific transporter families, 
including ATP-binding cassette (ABC) transporters, p-type ATPases, and cation diffusion facilitator (CDF) 
transporters—which pump these ions into vacuoles for chelation or out of the cell, thereby reducing their toxic 
cytoplasmic concentrations [59]. Moreover, intracellular metal-binding proteins and small molecules constitute a 
precise detoxification system. MT is rich in cysteine residues and can form stable complexes with Cd2+ and Zn2+ 
through sulfhydryl groups [48], and on the basis of γ-(Glu-Cys)-Gly structure derived from GSH, and 
phytochelatin (PC) form high molecular weight complexes with heavy metal ions such as As3+ and Pb2+, which 
can effectively alleviate the interference of heavy metal ions on cell metabolism by reducing the concentration of 
free heavy metal ions [60]. In summary, these intracellular tolerance mechanisms are synergistically regulated 
through signal transduction networks to form a complex and efficient heavy metal detoxification system, which 
enables microalgae to adapt to the environment of heavy metal pollution to a certain extent, and also provides a 
theoretical basis for the development of bioremediation technology based on microalgae. 

3. Functional Characteristics of Phytohormone in Microalgae 

3.1. Endogenous Phytohormone in Microalgae 

Microalgae employ a spectrum of endogenous phytohormones as key regulatory mechanisms to govern their 
growth, metabolism, and stress responses [61]. Common classes of these signaling molecules include IAA, CKs, ABA, 
GAs, JAs, SA, and ethylene (Table 1). Specifically, IAA and CKs drive proliferation and biomass increase [62]. In 
response to environmental challenges, ABA and SA activate antioxidant defenses to counteract stresses like high 
salinity and heavy metals [63], whereas ethylene and JAs contribute to pathways that mitigate oxidative damage [64]. 
The role of GAs, while less characterized, appears to influence growth patterns in specific green algae. These 
hormones have concentration-dependent (low promotion and high inhibition) and synergistic/ antagonistic effects, 
such as IAA and CKs synergistically regulate proliferation, while ABA may inhibit the growth-promoting effects 
of IAA. In addition, environmental factors (such as nutrient limitation, light change) can dynamically affect 
hormone levels, thereby regulating the physiological adaptation mechanism of microalgae. Studying the 
endogenous hormones of microalgae not only helps to understand its environmental adaptability, but also provides 
a theoretical basis for optimizing algal culture [61]. 

Table 1. The Diverse Functions and Characteristics of Phytohormone in Microalgae. 

Name Feature Function Source 

IAA Main component is 
indole-3-acetic acid (IAA) 

Regulate cell division and 
elongation, promote biomass 

accumulation 
Ubiquity 

CKs Mainly isopentenyl 
adenine substances 

Leading cell cycle progression and 
enhancing proliferation ability Ubiquity 

GAs GA1, GA3 were detected 
in green algae. 

Stimulate growth metabolism in 
some green algae Breviolum minutum 

ABA Aromatic sesquiterpenes Mediated abiotic stress (salinity / 
drought / heavy metals) defense Ubiquity 

SA Phenylpropanoid 
metabolites 

Activate the antioxidant system to 
alleviate oxidative damage Chlorella vulgaris 

JAs Oxylipin derivatives Participate in ROS clearance and 
damage repair mechanism Charophyte 

Ethylene Gas hormone Regulating cell differentiation and 
programmed cell death Glaucophytes 

Brassinolide (BRs) Steroid Affect cell wall remodeling and 
morphogenesis Hydrodictyon reticulatum 

3.2. Microalgae Phytohormone Types and Characteristics 

3.2.1. Growth-Promoting Hormones 

In microalgae, key growth-promoting hormones (IAA, CKs, GAs) exert central control over proliferation and 
metabolism. IAA promotes division, elongation, and biomass, and influences photosynthesis [65]; CKs regulate 
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the cell cycle and chlorophyll synthesis to boost photosynthetic yield [66]; and GAs enhance growth in taxa like 
Chlorella [67]. These effects are often concentration-dependent (biphasic) [68], and involve synergistic crosstalk, 
as between IAA and CKs [69]. Understanding this network offers a strategy for improving cultivation efficiency. 

3.2.2. Stress-Responsive Hormones 

Stress-responsive hormones (such as ABA, SA and JAs) play a key role in microalgae response to 
environmental stress. ABA can activate the synthesis of antioxidant enzyme system (SOD, CAT) and osmotic 
adjustment substances, and enhance the resistance to heavy metal stress [70]. SA alleviated oxidative damage by 
inducing antioxidant metabolism and stress gene expression [71]; JAs are involved in ROS scavenging and 
membrane lipid repair to maintain cell integrity [72]. 

3.2.3. Developmental Regulatory Hormones 

Developmental regulatory hormones (such as ethylene and BRs) are involved in cell differentiation, 
morphogenesis and life cycle transition of microalgae. Ethylene affects the balance of proliferation and 
differentiation by regulating cell cycle genes, and high concentration can induce programmed death [73]; BRs 
mainly regulate cell wall remodeling and morphological maintenance [74]. The coordination of these hormones 
with environmental cues (e.g., photoperiod and nutrition) orchestrates the complete developmental process in 
microalgae, from single-cell growth to population establishment, thereby illuminating a key aspect of their 
adaptive mechanism. 

3.3.4. Conservatism and Uniqueness of Microalgae Hormone Signaling Pathway 

The hormone signaling pathway is highly conserved in the process of biological evolution, and it is unique 
due to the adaptive evolution of species. In microalgae, the core components of the hormone regulatory network 
(e.g., receptors, signal transduction proteins, and downstream response factors) have significant homology with 
higher plants, indicating the ancient origin of their signaling pathways. Studies have shown that IAA and CK 
signaling pathways in microalgae depend on similar TIR1/AFB receptor and histidine kinase systems, which are 
highly similar to the regulatory mechanisms of terrestrial plants [75]. 

ABA regulates stress response through the PP2C-SnRK2 cascade in microalgae and higher plants, further 
confirming the conservation of the hormone signaling pathway [76]. From the molecular evidence, the function 
and physiological function of endogenous ABA in oil microalgae Nannochloropsis oceanica are similar to those 
of higher plants. In response to environmental stresses such as high salt or drought, ABA in higher plants can 
regulate stomatal closure to reduce water loss, and may also maintain intracellular water balance through similar 
signaling mechanisms in microalgae [61]. In the study of C.vulgaris, it was found that JA treatment had an effect 
on its growth and physiological characteristics. The growth was promoted within a certain concentration range, 
and the growth was inhibited beyond the range [77]. In higher plants, JA is also involved in plant growth, 
development and response to biotic and abiotic stresses, such as resistance to pests and diseases [78], regulation 
of flowering and other processes. This indicates that the dual regulation of JA on growth is conservative in 
microalgae and higher plants, which may affect the physiological activities of cells through similar signal 
transduction mechanisms. 

While some hormonal signaling components, such as IAA response elements, are conserved, phylogenetic 
evidence shows that microalgae have lost many pathway elements found in terrestrial plants, highlighting their 
unique hormone response mechanisms [79]. A key example is the melatonin receptor-MAPK pathway, which 
exists in unicellular green algae but has been integrated into phytohormone signaling via distinct evolutionary 
trajectories in terrestrial plants and microalgae [80]. 

The signaling pathways in microalgae are often distinct and simplified, as exemplified by the finding that 
some cyanobacteria lack the typical ABA receptor PYR/PYL and utilize non-canonical pathways for ABA 
perception [81], The GA signaling pathway of some green algae(e.g., Chlamydomonas) may not depend on 
DELLA protein, suggesting that it independently evolved alternative regulatory mechanisms [82]. ROS in 
microalgae is not only a toxic molecule, but also a signaling molecule that activates specific pathways. Studies 
have found that under high concentration of cadmium stress, ROS activates the synthesis of non-enzymatic 
antioxidant systems (e.g., carotenoids and reduced glutathione) by inhibiting the activity of antioxidant enzymes 
(e.g., SOD). This ‘metabolic turn’ strategy is rare in higher plants [83]. Environmental stresses (such as nutrient 
deficiency, high light, extreme temperature, high salinity and heavy metals) can inhibit the growth and metabolite 
accumulation of microalgae, while phytohormone (such as ABA, BRs) can alleviate these negative effects by 
regulating cell growth, stress tolerance and lipid biosynthesis [84]. For example, ABA can coordinate the response 
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of microalgae to environmental signals and enhance their stress recovery ability, while the combination of 
exogenous phytohormone and stress conditions can further promote the synthesis of metabolites and improve the 
stress resistance of microalgae; under the conditions of 20 °C and 10‰—20‰ salinity, the growth, arsenic 
accumulation and photosynthetic efficiency of microalgae reached the peak, and the cell morphology remained 
the best [85]. In addition, environmental factors such as culture agitation and temperature changes can affect 
chlorophyll concentration in a species-specific manner, and hormones may improve culture efficiency by 
optimizing these conditions [86]. 

In addition, the hormone signals of microalgae are often closely coupled with photosynthesis, biological 
rhythms and group behaviors(e.g., quorum sensing), showing an integration pattern different from that of 
multicellular plants[63]. When microalgae respond to metal stress, IAA signal will change membrane lipid 
composition to maintain membrane fluidity by regulating the expression of fatty acid desaturase gene. Studies 
have shown that under salt stress, the activation of peroxisome proliferation-related genes(e.g., PEX11) can 
promote lipid synthesis, and IAA signaling directs more resources to lipid accumulation rather than protein 
synthesis by regulating carbon flux distribution [87,88]. These findings indicate that the hormone signaling system 
not only retains the core framework in evolution, but also develops unique adaptive strategies in different lineages, 
providing important clues for understanding the origin and functional differentiation of phytohormone. 

4. Regulation of Endogenous Phytohormones in Microalgae under Metal Stress 

With the development of modern industry and the intensification of human activities, contamination by heavy 
metals such as Cd, Cu, and Pb is becoming increasingly serious, posing a serious threat to the survival and 
physiological functions of microalgae [89]. Phytohormones play a central regulatory role in the response of 
microalgae to heavy metal stress. When microalgae perceive heavy metal stress signals, endogenous or exogenous 
Phytohormone can activate their specific signaling pathways. Through complex interactions and signal integration 
between these pathways, a regulatory network is formed to coordinate various physiological metabolic processes of 
microalgae (such as antioxidant defense, metal ion transport, cell division and membrane stability maintenance, etc.), 
thereby systematically improving their tolerance to heavy metals. In-depth analysis of this regulatory network and 
its molecular mechanism mediated by phytohormone will provide a solid theoretical basis for the efficient 
bioremediation of water heavy metal pollution by microalgae. 

4.1. Physiological Regulation of Phytohormones on Microalgae Response to Metals 

Microalgae, as integral primary producers, are fundamental to the aquatic food web while also contributing 
significantly to essential ecological processes like the global carbon cycle and nitrogen fixation [90]. As an 
important signal molecule in microalgae, phytohormone play an important role in their physiological regulation in 
response to heavy metal stress. When microalgae perceive heavy metal stress signals, the phytohormone signaling 
pathway is rapidly activated to form a sophisticated regulatory network. Studies have shown that the IAA signaling 
pathway promotes cell elongation and division by up-regulating the expression of related genes, enhances the 
physical tolerance of microalgae cells to heavy metals, and optimizes intracellular material transport and 
distribution, indirectly improving the buffering capacity for heavy metal toxicity [90]. It has been reported that 
CKs affects the synthesis and localization of metal transporters by regulating the process of cell division and 
differentiation, finely regulates the distribution of heavy metal ions in cells, and reduces the damage of toxic ions 
to key organelles [91]. In addition, ABA is particularly critical in this process. By promoting lipid accumulation, 
it significantly enhances the stability of cell membranes, effectively resists the penetration and destruction of heavy 
metal ions, and participates in regulating the expression of metal transport genes, guiding heavy metal ions to 
transport or store in low-toxic areas [92,93]. 

Phytohormone form a dynamic and balanced regulatory network through complex signal interaction and 
synergy. Nguyen et al. [94] found that under the combined stress of multiple heavy metals, IAA, CK and ABA 
signaling pathways are intertwined to regulate the growth and metabolism, antioxidant defense and ion transport 
of microalgae [64]. While IAA promotes cell growth, it provides more cell space and material basis for the 
synthesis of metal transporters regulated by CK. The enhanced cell membrane stability of ABA provides a more 
stable internal environment for IAA and CK-mediated physiological activities [19,71]. This synergistic regulation 
ensures that microalgae can not only maintain basic growth and reproduction under heavy metal stress, but also 
minimize the toxic effects of heavy metals. In the future, with the in-depth application of molecular biology and 
genomics technology, it is expected to analyze this process more accurately from the aspects of gene expression 
regulation and hormone signal transduction network, and open up a new path for the protection of ecological 
environment and the development of ecological restoration technology. 
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4.2. Molecular Regulation of Phytohormone on the Response of Microalgae to Metals 

Phytohormones play a key role in the molecular regulation of microalgae’s response to metal stress. When 
stressed by heavy metals, microalgae lacking phytohormone involvement experience disturbances in their 
physiological state and limited growth. Conversely, the presence of phytohormones triggers specific hormone 
signal transduction pathways. The IAA signaling pathway functions to optimize microalgal cell morphology and 
structure by up-regulating genes responsible for cell elongation and division (Figure 2). A significant consequence 
of this growth promotion is an indirect enhancement of heavy metal tolerance. Furthermore, IAA signaling can 
reduce intracellular metal concentrations by increasing the cell wall’s adsorption capacity [48,55]. This integrative 
mechanism is supported by the work of Piotrowska-Niczyporuk et al., who found that IAA and cytokinins 
coordinate growth and stress adaptation in Scenedesmus obliquus exposed to lead. The hormonal interplay led to 
marked changes in metabolites associated with metal chelation and glutathione synthesis, underpinning the 
detoxification response [17]. IAA can also induce the secretion of EPS. Polysaccharides and proteins in EPS 
further adsorb metal ions through complexation [95]. The ABA signaling pathway further enhances heavy metal 
stress resistance by promoting lipid accumulation, strengthening cell membrane stability, and regulating the 
expression of metal transport genes. These coordinated mechanisms collectively enable cells to better withstand 
heavy metal toxicity [92]. According to Verma et al. [96], ABA treatment significantly alleviates cadmium stress 
in cyanobacteria by upregulating the expression of SOD and CAT genes, stimulating GSH synthesis, and 
enhancing cellular redox balance. Furthermore, the ABA signaling pathway activates the transcription factor 
AREB/ABF through phosphorylation, enabling its binding to promoter regions of antioxidant enzyme genes and 
thereby inducing their expression [97]. Additionally, ABA can reduce metal ion uptake by regulating stomatal 
closure [in plants], providing an indirect mechanism for stress mitigation. 

 

Figure 2. Molecular regulation pathway map of phytohormone-mediated microalgae response to metal stress. 

Beyond IAA and ABA, JAs and ethylene also significantly regulate metal transporter expression through 
synergistic interactions. As demonstrated by Ibuto et al., the JA and ethylene signaling pathways cooperatively 
enhance copper tolerance under metal stress by concurrently upregulating the expression of the metal transporters 
NRAMP3 and ZIP4. Furthermore, this coordinated induction promotes transmembrane copper transport and 
facilitates its compartmentalization within intracellular stores, thereby effectively reducing metal toxicity in the 
cytoplasm [98,99]. It was found that JA formed a complex with EIN3/EIL1 protein in ethylene signaling pathway 
by activating V-myb avian myeloblastosis viral oncogene homolog transcription factor, and combined with the 
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promoter region of NRAMP3 gene to enhance its transcriptional activity [100]. In addition, ethylene can also 
reduce the loss of intracellular metals by inhibiting the efflux pump of metal ions (such as the HMA family), 
thereby maintaining ion homeostasis [101]. Therefore, the molecular regulation mechanism of phytohormone on 
the response of microalgae to metal can not only help us understand the survival strategy of microalgae in polluted 
environment, but also provide a theoretical basis for the bioremediation of heavy metal pollution. Future 
integration of molecular biology with genomic and proteomic technologies will enable precise elucidation of 
phytohormone regulatory pathways at the molecular level. These advancements will provide critical scientific 
foundations for enhancing water ecosystem protection and pioneering novel bioremediation strategies. 

5. Applications and Challenges 

5.1. Bioremediation Technology Development 

Bioremediation of heavy metal-contaminated water represents a critical challenge in contemporary 
environmental governance. Microalgae, possessing advantages including rapid growth, strong bioaccumulation 
capacity, and scalable cultivation, have emerged as a prominent research focus in this field [102,103]. As core 
regulatory factors in microalgal responses to heavy metal stress, phytohormones can systematically enhance 
tolerance, bioaccumulation efficiency, and environmental adaptability through exogenous pretreatment. 
Supporting this, Piotrowska-Niczyporuk [70] demonstrated that exogenous application of IAA and CKs 
significantly increases both cellular antioxidant content and the activity of ROS-scavenging enzymes, including 
SOD, CAT, APX, and glutathione reductase, thereby strengthening microalgal resistance to Pb toxicity. 

The symbiotic system formed by algae and bacteria significantly improves the efficiency of heavy metal 
pollution remediation through hormone signal interaction. The synergistic mechanism mainly includes hormone-
mediated metabolic regulation and enhanced stress resistance. Recent studies have shown that phytohormone (such 
as IAA, CKs, ABA, etc.) play a key role in algae-bacteria interaction and achieve functional complementation 
through cross-talk. Chlorella was co-cultured with Azospirillum brasiliensis under copper stress conditions and 
found that similar to the exogenous IAA group, they all produced significant mitigation effects, which may be 
related to the secretion of IAA [104]. 

5.2. Phytohormones Synergistic Genetic Engineering to Strengthen Microalgae Repair 

The regulatory mechanism of phytohormone in response to heavy metal stress in microalgae is mainly 
reflected in two levels: physiological metabolism and molecular regulation. Studies have shown that exogenous 
phytohormone can effectively remove excessive ROS induced by heavy metal stress by activating the antioxidant 
defense system of microalgae, thereby maintaining cell redox homeostasis [105]. Specifically, IAA, CKs and other 
hormones can reduce the level of lipid peroxidation and enhance the stability of cell membrane system by 
regulating the activity of antioxidant enzymes such as SOD and peroxidase [71]. At the same time, stress-
responsive hormones such as ABA can regulate the expression of heavy metal transporters, promote the 
compartmentalized storage of heavy metals in vacuoles through chelation, and reduce their cytotoxicity [64]. By 
precisely regulating the concentration and combination ratio of hormones, the enrichment ability of microalgae to 
heavy metals such as cadmium and lead can be improved while maintaining its growth activity, which provides a 
theoretical basis for algae remediation technology of polluted water [106]. 

The engineering of phytohormone metabolic networks is a cornerstone of genetic strategies to boost stress 
resistance in microalgae. This typically involves elevating endogenous hormone levels via the heterologous 
expression of key biosynthetic enzymes (e.g., YUCCA) or the knockout of degrading enzymes (e.g., cytokinin 
oxidase). As a result, downstream stress-response pathways are potentiated. Supporting this concept, 
overexpression of the metal tolerance protein gene CrMTP4 was shown to maintain growth in engineered algae 
subjected to 0.5 mM Cd2+ [107]. The mechanism involved in the protein-mediated vacuolar compartmentalization 
of cadmium ions and enhanced glutathione metabolism [79]. Such technological breakthroughs provide new ideas 
for the construction of efficient heavy metal remediation engineering algae strains, but it is necessary to pay 
attention to the ecological safety assessment of gene operations. 

5.3. Current Bottlenecks and Future Prospects 

The difference of hormone signaling pathway among microalgae species significantly restricts its industrial 
application. Studies have shown that the response of different microalgae to hormones is species-specific. For the 
industrial cultivation of microalgae, a tailored analysis of the phytohormone network in the target species is 
imperative. This necessity arises from fundamental species-specific differences in how phytohormones regulate 
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processes like fatty acid production [108] and biomass accumulation [66], reflecting the distinct evolution of these 
pathways in microalgae [61]. Neglecting this specificity by applying cross-species insights risks metabolic 
imbalance, thereby undermining productivity and significantly increasing the cost and complexity of scaling up. 

Within industrial microalgae cultivation systems, pH and salinity critically modulate hormone-mediated 
responses to metal stress through physicochemical-biological coupling (Figure 3). Specifically, pH regulates metal 
ion adsorption kinetics by altering microalgal cell surface charge properties, while salinity influences metal 
bioavailability through ionic competition and complexation processes. These abiotic factors thereby fine-tune 
phytohormone signaling pathways that govern cellular detoxification mechanisms. The acidic environment can 
induce cells to secrete metabolites such as organic acids to alleviate metal toxicity [109,110]. Salinity interferes 
with ion homeostasis by regulating osmotic pressure. For example, under the condition of low salinity and high 
silicon, the increase of cell wall functional group abundance can enhance the adsorption capacity of cadmium and 
copper [111]. However, the synergistic regulatory mechanism of salinity gradient on hormone signal transduction 
(such as ABA synthase activity) and metal transporter expression is still unclear. It is necessary to combine 
transmembrane ion flow analysis and transcriptomics to reveal its molecular interaction network [112], this is of 
great significance to the development of precise restoration technology for complex water environment. 

 

Figure 3. Microalgal stress response mechanisms and the integration challenges/solutions in multi-omics and 
synthetic biology approaches. 

Future research should prioritize systems biology approaches to construct comprehensive models of 
phytohormone-metal interactions in microalgae by integrating genomic and metabolomic data. This foundational 
work will enable the targeted manipulation of stress-resistance pathways using synthetic biology tools, such as 
CRISPR/Cas9-mediated editing of key hormone biosynthesis genes. Concurrently, integrating these biological 
advances with intelligent cultivation systems (Figure 3) will allow for the dynamic feedback control of critical 
parameters like pH and salinity. To accelerate translation, it is essential to develop bioinformatics-driven platforms 
for predicting species suitability, thereby identifying optimal ’microalgae-hormone-environment’ combinations. 
This multi-faceted strategy is crucial for overcoming the scaling challenges of bioremediation technologies and 
developing highly effective, ecologically sustainable solutions for mitigating heavy metal pollution. 

Author Contributions 

H.G.: formal analysis, investigation, writing—review & editing; L.C., Y.K. and N.Y.: writing–review & 
editing; X.Y.: conceptualization, methodology, resources, writing—review & editing, project administration; R.R.: 
conceptualization, methodology, formal analysis, investigation, writing—review & editing, supervision; P.C.: 



Gu et al.   Algae Environ. 2025, 1(1), 5 

https://doi.org/10.53941/algaeenviron.2025.100005  11 of 15  

conceptualization, methodology, formal analysis, investigation, writing—original draft, writing & review. All 
authors have read and agreed to the published version of the manuscript. 

Funding 

This research was supported in part by grants from the “Innovation Yongjiang 2035” Key R & D Programme—
International Sci-tech Cooperation Projects (2024H002), the Ningbo Major Science and Technology Special Project 
(2023Z18), the One health Interdisciplinary Research Project, Institute of One Health Science, Ningbo University, 
the Zhejiang-Malaysia Joint Research Laboratory for Agricultural Product Processing and Nutrition, the LiDakSum 
Marine Biopharmaceutical Development Fund, and the National 111 Project of China, University of Minnesota 
MnDrive Environment Program MNE12, and University of Minnesota Center for Biorefining. 

Data Availability Statement 

Data will be made available on request. 

Conflicts of Interest 

The authors declare no conflict of interest. Given the role as Editorial Board Member, Pengfei Cheng and 
Roger Ruan had no involvement in the peer review of this paper and had no access to information regarding its 
peer-review process. Full responsibility for the editorial process of this paper was delegated to another editor of 
the journal. 

References 

1. Alharbi, R.M.; Abdel-Raouf, N.; Mohamed, M.S.; et al. Phycomediation of cadmium contaminated aqueous solutions using 
Chlamydomonas sp.: Process optimization and adsorption characterization. Front. Bioeng. Biotechnol. 2025, 13, 1558757. 

2. Gupta, N.; Arunachalam, S. Assessment of human health risks posed by toxic heavy metals in Tilapia fish (Oreochromis 
mossambicus) from the Cauvery River, India. Front. Public Health 2024, 12, 1402421. 

3. Wei, Y.; Song, L.; Ma, Y.; et al. Sedimentary heavy metal interactions with phytoplankton and zooplankton across the 
Bohai Sea. J. Environ. Manag. 2025, 381, 125226. 

4. Iddrisu, L.; Danso, F.; Cheong, K.-L.; et al. Polysaccharides as Protective Agents against Heavy Metal Toxicity. Foods 
2024, 13, 853. 

5. Saravanan, P.; Saravanan, V.; Rajeshkannan, R.; et al. Comprehensive review on toxic heavy metals in the aquatic system: 
Sources, identification, treatment strategies, and health risk assessment. Environ. Res. 2024, 258, 119440. 

6. Jomova, K.; Alomar, S.Y.; Nepovimova, E.; et al. Heavy metals: Toxicity and human health effects. Arch. Toxicol. 2025, 
99, 153–209. 

7. Fei, Y.; Hu, Y.H. Recent progress in removal of heavy metals from wastewater: A comprehensive review. Chemosphere 
2023, 335, 139077. 

8. Mandal, R.R.; Bashir, Z.; Raj, D. Microbe-assisted phytoremediation for sustainable management of heavy metal in 
wastewater—A green approach to escalate the remediation of heavy metals. J. Environ. Manag. 2025, 375, 124199. 

9. Sopanrao, K.S.; Venugopal, A.; Patel, C.M.; et al. Phosphoric acid-modified bentonite-chitosan composite beads: A novel 
and cost-effective adsorbent for multi-metal wastewater treatment. Environ. Sci. Pollut. Res. 2024. https://doi.org/10.100 
7/s11356-024-35653-0. 

10. Anderson, A.; Anbarasu, A.; Pasupuleti, R.R.; et al. Treatment of heavy metals containing wastewater using biodegradable 
adsorbents: A review of mechanism and future trends. Chemosphere 2022, 295, 133724. 

11. Ding, C.; Ding, Z.; Liu, Q.; et al. Advances in mechanism for the microbial transformation of heavy metals: Implications 
for bioremediation strategies. Chem. Commun. 2024, 60, 12315–12332. 

12. Chan, S.S.; Khoo, K.S.; Abdullah, R.; et al. Harnessing microalgae for metal nanoparticles biogenesis using heavy metal 
ions from wastewater as a metal precursor: A review. Sci. Total Environ. 2024, 957, 176989. 

13. Aneja, R.K.; Chaudhary, G.; Ahluwalia, S.S.; et al. Biosorption of Pb2+ and Zn2+ by Non-Living Biomass of Spirulina sp. 
Indian J. Microbiol. 2011, 50, 438–442. 

14. Guo, Y.; Liu, L.; Shi, X.; et al. Overexpression of the RAV Transcription Factor OsAAT1 Confers Enhanced Arsenic 
Tolerance by Modulating Auxin Hemostasis in Rice. J. Agric. Food Chem. 2024, 72, 24576–24586. 

15. Gu, J.J.; Dou, X.X.; Zhou, J.L.; et al. Phytohormone-augmented microalgae: A dual-functional solution for pharmaceutical 
contaminants removal and resource recovery. J. Hazard. Mater. 2025, 496, 139379. 

16. Manikandan, A.; Suresh Babu, P.; Shyamalagowri, S.; et al. Emerging role of microalgae in heavy metal bioremediation. 
J. Basic Microbiol. 2022, 62, 330–347. 



Gu et al.   Algae Environ. 2025, 1(1), 5 

https://doi.org/10.53941/algaeenviron.2025.100005  12 of 15  

17. Piotrowska-Niczyporuk, A.; Bajguz, A.; Kotowska, U.; et al. Auxins and Cytokinins Regulate Phytohormone 
Homeostasis and Thiol-Mediated Detoxification in the Green Alga Acutodesmus obliquus Exposed to Lead Stress. Sci. 
Rep. 2020, 10, 10193. 

18. Abdelfattah, A.; Ali, S.S.; Ramadan, H.; et al. Microalgae-based wastewater treatment: Mechanisms, challenges, recent 
advances, and future prospects. Environ. Sci. Ecotechnol. 2023, 13, 100205. 

19. Wang, C.; Qi, M.; Guo, J.; et al. The Active Phytohormone in Microalgae: The Characteristics, Efficient Detection, and 
Their Adversity Resistance Applications. Molecules 2021, 27, 46. 

20. Khavari, F.; Saidijam, M.; Taheri, M.; et al. Microalgae: Therapeutic potentials and applications. Mol. Biol. Rep. 2021, 
48, 4757–4765. 

21. Tounosu, N.; Sesoko, K.; Hori, K.; et al. Cis-regulatory elements and transcription factors related to auxin signaling in 
the streptophyte algae Klebsormidium nitens. Sci. Rep. 2023, 13, 9635. 

22. Monteiro, C.M.; Castro, P.M.; Malcata, F.X. Metal uptake by microalgae: Underlying mechanisms and practical 
applications. Biotechnol. Prog. 2012, 28, 299–311. 

23. Duan, L.; Jiang, H.; Cai, B.; et al. Selective ·OH generation in Fenton-like reaction by dual sulfur coordination of iron 
organic frameworks. Water Res. 2025, 282, 123653. 

24. Wang, S.; Yang, S.; Wang, J. The combined effects of copper and zinc on Arabidopsis involve differential regulation of 
chlorophyll synthesis and photosystem function. Plant Physiol. Biochem. PPB 2024, 216, 109160. 

25. Fettweis, A.; Bergen, B.; Hansul, S.; et al. Correlated Ni, Cu, and Zn Sensitivities of 8 Freshwater Algal Species and 
Consequences for Low-Level Metal Mixture Effects. Environ. Toxicol. Chem. 2021, 40, 2013–2023. 

26. Hamed, S.M.; Zinta, G.; Klöck, G.; et al. Zinc-induced differential oxidative stress and antioxidant responses in Chlorella 
sorokiniana and Scenedesmus acuminatus. Ecotoxicol. Environ. Saf. 2017, 140, 256–263. 

27. Dos Reis, L.L.; Alho, L.O.G.; de Abreu, C.B.; et al. Using multiple endpoints to assess the toxicity of cadmium and cobalt 
for chlorophycean Raphidocelis subcapitata. Ecotoxicol. Environ. Saf. 2021, 208, 111628. 

28. Leong, Y.K.; Chang, J.S. Bioremediation of heavy metals using microalgae: Recent advances and mechanisms. Bioresour. 
Technol. 2020, 303, 122886. 

29. Poyton, M.F.; Pullanchery, S.; Sun, S.; et al. Zn(2+) Binds to Phosphatidylserine and Induces Membrane Blebbing. J. Am. 
Chem. Soc. 2020, 142, 18679–18686. 

30. Liu, H.; Chen, S.; Zhang, H.; et al. Effects of copper sulfate algaecide on the cell growth, physiological characteristics, 
the metabolic activity of Microcystis aeruginosa and raw water application. J. Hazard. Mater. 2023, 445, 130604. 

31. Shomali, A.; Das, S.; Sarraf, M.; et al. Modulation of plant photosynthetic processes during metal and metalloid stress, 
and strategies for manipulating photosynthesis-related traits. Plant Physiol. Biochem. PPB 2024, 206, 108211. 

32. Da, X.; Guo, J.; Yan, P.; et al. Characterizing membrane anchoring of leaf-form ferredoxin-NADP(+) oxidoreductase in 
rice. Plant Cell Environ. 2023, 46, 1195–1206. 

33. Liu, L.; Li, S.; Guo, J.; et al. Low temperature tolerance is depressed in wild-type and abscisic acid-deficient mutant 
barley grown in Cd-contaminated soil. J. Hazard. Mater. 2022, 430, 128489. 

34. Leon-Vaz, A.; Romero, L.C.; Gotor, C.; et al. Effect of cadmium in the microalga Chlorella sorokiniana: A proteomic 
study. Ecotoxicol. Environ. Saf. 2021, 207, 111301. 

35. Chen, F.; Pan, X.; Luo, Z.; et al. Enhancing rice (Oryza sativa L.) resilience to cadmium stress through nanoparticle and 
rhizobacterial strategies: A sustainable approach to heavy metal remediation. Environ. Pollut. 2025, 383, 126847. 

36. Sychta, K.; Slomka, A.; Kuta, E. Insights into Plant Programmed Cell Death Induced by Heavy Metals-Discovering a 
Terra Incognita. Cells 2021, 10, 65. 

37. El-Samad, L.M.; Arafat, E.A.; Nour, O.M.; et al. Biomonitoring of Heavy Metal Toxicity in Freshwater Canals in Egypt 
Using Creeping Water Bugs (Ilyocoris cimicoides): Oxidative Stress, Histopathological, and Ultrastructural Investigations. 
Antioxidants 2024, 13, 1309. 

38. Nowicka, B. Heavy metal-induced stress in eukaryotic algae-mechanisms of heavy metal toxicity and tolerance with 
particular emphasis on oxidative stress in exposed cells and the role of antioxidant response. Environ. Sci. Pollut. Res. 
Int. 2022, 29, 16860–16911. 

39. Tang, D.; Li, X.; Zhang, L.; et al. Reactive oxygen species-mediated signal transduction and utilization strategies in 
microalgae. Bioresour. Technol. 2025, 418, 132004. 

40. Nguyen, N.H.; Nguyen, Q.T.; Dang, D.H.; et al. Phytohormones enhance heavy metal responses in Euglena gracilis: 
Evidence from uptake of Ni, Pb and Cd and linkages to hormonomic and metabolomic dynamics. Environ. Pollut. 2023, 
320, 121094. 

41. Du, F.; Wang, Y.; Wang, J.; et al. The basic helix-loop-helix transcription factor gene, OsbHLH38, plays a key role in 
controlling rice salt tolerance. J. Integr. Plant Biol. 2023, 65, 1859–1873. 

42. Narayanan, M.; Ma, Y. Mitigation of heavy metal stress in the soil through optimized interaction between plants and 
microbes. J. Environ. Manag. 2023, 345, 118732. 



Gu et al.   Algae Environ. 2025, 1(1), 5 

https://doi.org/10.53941/algaeenviron.2025.100005  13 of 15  

43. Li, C.; Zheng, C.; Fu, H.; et al. Contrasting detoxification mechanisms of Chlamydomonas reinhardtii under Cd and Pb 
stress. Chemosphere 2021, 274, 129771. 

44. Zhang, Y.; Zhan, J.; Ma, C.; et al. Root-associated bacterial microbiome shaped by root selective effects benefits 
phytostabilization by Athyrium wardii (Hook.). Ecotoxicol. Environ. Saf. 2024, 269, 115739. 

45. Danouche, M.; El Ghatchouli, N.; Arroussi, H. Overview of the management of heavy metals toxicity by microalgae. J. 
Appl. Phycol. 2022, 34, 475–488. 

46. Li, N.; Wang, P.; Wang, S.; et al. Electrostatic charges on microalgae surface: Mechanism and applications. J. Environ. 
Chem. Eng. 2022, 10, 107516. 

47. Sultana, N.; Hossain, S.M.Z.; Mohammed, M.E.; et al. Experimental study and parameters optimization of microalgae 
based heavy metals removal process using a hybrid response surface methodology-crow search algorithm. Sci. Rep. 2020, 
10, 15068. 

48. Tripathi, S.; Poluri, K.M. Heavy metal detoxification mechanisms by microalgae: Insights from transcriptomics analysis. 
Environ. Pollut. 2021, 285, 117443. 

49. Spain, O.; Plohn, M.; Funk, C. The cell wall of green microalgae and its role in heavy metal removal. Physiol. Plant. 
2021, 173, 526–535. 

50. Zhang, L.; Li, N.; Xiao, X.; et al. Physiological and transcriptomic responses of the microalga Isochrysis galbana during 
exposure to Hg(II) stress. World J. Microbiol. Biotechnol. 2025, 41, 164. 

51. Balzano, S.; Sardo, A.; Blasio, M.; et al. Microalgal Metallothioneins and Phytochelatins and Their Potential Use in 
Bioremediation. Front. Microbiol. 2020, 11, 517. 

52. CHENG Z, WANG C, TANG F, et al. The cell wall functions in plant heavy metal response [J]. Ecotoxicology and 
environmental safety, 2025, 299: 118326. 

53. Xia, L.; Li, H.; Song, S. Cell surface characterization of some oleaginous green algae. J. Appl. Phycol. 2016, 28, 2323–2332. 
54. Cavalletti, E.; Romano, G.; Palma Esposito, F.; et al. Copper Effect on Microalgae: Toxicity and Bioremediation Strategies. 

Toxics 2022, 10, 527. 
55. Xiao, X.; Li, W.; Jin, M.; et al. Responses and tolerance mechanisms of microalgae to heavy metal stress: A review. Mar. 

Environ. Res. 2023, 183, 105805. 
56. Rezayian, M.; Niknam, V.; Ebrahimzadeh, H. Oxidative damage and antioxidative system in algae. Toxicol. Rep. 2019, 

6, 1309–1313. 
57. Liu, A.; Zhang, L.; Zhou, A.; et al. Metabolomic and physiological changes of acid-tolerant Graesiella sp. MA1 during 

long-term acid stress. Environ. Sci. Pollut. Res. Int. 2023, 30, 97209–97218. 
58. Sun, X.M.; Ren, L.J.; Zhao, Q.Y.; et al. Enhancement of lipid accumulation in microalgae by metabolic engineering. 

Biochim. Biophys. Acta Mol. Cell Biol. Lipids 2019, 1864, 552–566. 
59. Dahuja, A.; Kumar, R.R.; Sakhare, A.; et al. Role of ATP-binding cassette transporters in maintaining plant homeostasis 

under abiotic and biotic stresses. Physiol. Plant. 2021, 171, 785–801. 
60. Danouche, M.; El Ghachtouli, N.; El Arroussi, H. Phycoremediation mechanisms of heavy metals using living green 

microalgae: Physicochemical and molecular approaches for enhancing selectivity and removal capacity. Heliyon 2021, 
7, e07609. 

61. Lu, Y.; Xu, J. Phytohormones in microalgae: A new opportunity for microalgal biotechnology? Trends Plant Sci. 2015, 
20, 273–282. 

62. Stirk, W.A.; Ördög, V.; Novák, O.; et al. Auxin and cytokinin relationships in 24 microalgal strains1. J. Phycol. 2013, 49, 
459–467. 

63. Romanenko, K.; Kosakovskaya, I.; Romanenko, P. Phytohormones of Microalgae: Biological Role and Involvement in 
the Regulation of Physiological Processes. Int. J. Algae 2016, 18, 179–201. 

64. Shah, S.; Li, X.; Jiang, Z.; et al. Exploration of the phytohormone regulation of energy storage compound accumulation 
in microalgae. Food Energy Secur. 2022, 11, e418. 

65. Zhou, J.L.; Vadiveloo, A.; Chen, D.Z.; et al. Regulation effects of indoleacetic acid on lipid production and nutrient 
removal of Chlorella pyrenoidosa in seawater-containing wastewater. Water Res. 2024, 248, 120864. 

66. Stirk, W.A.; Van Staden, J. Potential of phytohormones as a strategy to improve microalgae productivity for biotechnological 
applications. Biotechnol. Adv. 2020, 44, 107612. 

67. Jusoh, M.; Loh, S.H.; Aziz, A.; et al. Gibberellin Promotes Cell Growth and Induces Changes in Fatty Acid Biosynthesis 
and Upregulates Fatty Acid Biosynthetic Genes in Chlorella vulgaris UMT-M1. Appl. Biochem. Biotechnol. 2019, 188, 
450–459. 

68. Yu, Z.; Song, M.; Pei, H.; et al. The effects of combined agricultural phytohormones on the growth, carbon partitioning 
and cell morphology of two screened algae. Bioresour. Technol. 2017, 239, 87–96. 

69. Sun, X.M.; Ren, L.J.; Zhao, Q.Y.; et al. Application of chemicals for enhancing lipid production in microalgae-a short 
review. Bioresour. Technol. 2019, 293, 122135. 



Gu et al.   Algae Environ. 2025, 1(1), 5 

https://doi.org/10.53941/algaeenviron.2025.100005  14 of 15  

70. Piotrowska-Niczyporuk, A.; Bajguz, A.; Zambrzycka-Szelewa, E.; et al. Exogenously applied auxins and cytokinins 
ameliorate lead toxicity by inducing antioxidant defence system in green alga Acutodesmus obliquus. Plant Physiol. 
Biochem. PPB 2018, 132, 535–546. 

71. Zhao, Y.; Wang, H.P.; Han, B.; et al. Coupling of abiotic stresses and phytohormones for the production of lipids and 
high-value by-products by microalgae: A review. Bioresour. Technol. 2019, 274, 549–556. 

72. Zamora, O.; Schulze, S.; Azoulay-Shemer, T.; et al. Jasmonic acid and salicylic acid play minor roles in stomatal regulation 
by CO2, abscisic acid, darkness, vapor pressure deficit and ozone. Plant J. Cell Mol. Biol. 2021, 108, 134–150. 

73. Owusu, V.; Mira, M.; Soliman, A.; et al. Suppression of the maize phytoglobin ZmPgb1.1 promotes plant tolerance against 
Clavibacter nebraskensis. Planta 2019, 250, 1803–1818. 

74. Wang, W.; Sun, Y.; Li, G.; et al. Brassinosteroids promote parenchyma cell and secondary xylem development in sugar 
beet (Beta vulgaris L.) root. Plant Direct 2021, 5, e340. 

75. Dadras, A.; Duminil, P.; de Vries, S.; et al. Algal origins of core land plant stress response subnetworks. Plant J. Cell Mol. 
Biol. 2025, 122, e70291. 

76. Komatsu, K.; Takezawa, D.; Sakata, Y. Decoding ABA and osmostress signalling in plants from an evolutionary point of 
view. Plant Cell Environ. 2020, 43, 2894–2911. 

77. Jusoh, M.; Loh, S.H.; Chuah, T.S.; et al. Elucidating the role of jasmonic acid in oil accumulation, fatty acid composition 
and gene expression in Chlorella vulgaris (Trebouxiophyceae) during early stationary growth phase. Algal Res. 2015, 9, 
14–20. 

78. Zhang, N.X.; Messelink, G.J.; Alba, J.M.; et al. Phytophagy of omnivorous predator Macrolophus pygmaeus affects 
performance of herbivores through induced plant defences. Oecologia 2018, 186, 101–113. 

79. Carrillo-Carrasco, V.P.; van Galen, M.; Bronkhorst, J.; et al. Auxin and tryptophan trigger common responses in the 
streptophyte alga Penium margaritaceum. Curr. Biol. 2025, 35, 2078–2087.e4. 

80. Zhao, D.; Wang, H.; Chen, S.; et al. Phytomelatonin: An Emerging Regulator of Plant Biotic Stress Resistance. Trends 
Plant Sci. 2021, 26, 70–82. 

81. Khasin, M.; Cahoon, R.E.; Alvarez, S.; et al. Synthesis, secretion, and perception of abscisic acid regulates stress 
responses in Chlorella sorokiniana. bioRxiv 2017, 180547. https://doi.org/10.1101/180547. 

82. Hernández-García, J.; Briones-Moreno, A.; Dumas, R.; et al. Origin of Gibberellin-Dependent Transcriptional Regulation 
by Molecular Exploitation of a Transactivation Domain in DELLA Proteins. Mol. Biol. Evol. 2019, 36, 908–918. 

83. Zamani-Ahmadmahmoodi, R.; Malekabadi, M.B.; Rahimi, R.; et al. Aquatic pollution caused by mercury, lead, and 
cadmium affects cell growth and pigment content of marine microalga, Nannochloropsis oculata. Environ. Monit. Assess. 
2020, 192, 330. 

84. Zhao, Y.; Ngo, H.H.; Yu, X. Phytohormone-like small biomolecules for microalgal biotechnology. Trends Biotechnol. 
2022, 40, 1025–1028. 

85. Papry, R.I.; Fujisawa, S.; Yinghan, Z.; et al. Integrated effects of important environmental factors on arsenic 
biotransformation and photosynthetic efficiency by marine microalgae. Ecotoxicol. Environ. Saf. 2020, 201, 110797. 

86. da Silva Ferreira, V.; Sant’anna, C. Impact of culture conditions on the chlorophyll content of microalgae for 
biotechnological applications. World J. Microbiol. Biotechnol. 2017, 33, 20. 

87. Yang, J.; Li, W.; Xing, C.; et al. Ca2+ participates in the regulation of microalgae triacylglycerol metabolism under heat 
stress. Environ. Res. 2022, 208, 112696. 

88. Wang, W.; Xue, Y.; Li, B.; et al. Effect of peroxisome proliferation and salt stress on enhancing the potential of microalgae 
as biodiesel feedstock. Renew. Sustain. Energy Rev. 2025, 212, 115398. 

89. Gonçalves, S.C.; Cui, Z.; Kumar, K.S. Editorial: Biotechnological solutions to assess, monitor and remediate metal 
pollution in the marine environment. Front. Mar. Sci. 2024, 11, 1345500. 

90. Lobus, N.V.; Kulikovskiy, M.S. The Co-Evolution Aspects of the Biogeochemical Role of Phytoplankton in Aquatic 
Ecosystems: A Review. Biology 2023, 12, 92. 

91. Mok, M.C.; Martin, R.C.; Mok, D.W.S. Cytokinins: Biosynthesis metabolism and perception. Vitr. Cell. Dev. Biol. Plant 
2000, 36, 102–107. 

92. Kumar, S.; Shah, S.H.; Vimala, Y.; et al. Abscisic acid: Metabolism, transport, crosstalk with other plant growth regulators, 
and its role in heavy metal stress mitigation. Front. Plant Sci. 2022, 13, 972856. 

93. Basu, S.; Rabara, R. Abscisic acid—An enigma in the abiotic stress tolerance of crop plants. Plant Gene 2017, 11, 90–98. 
94. Nguyen, H.N.; Kisiala, A.B.; Emery, R.J.N. The roles of phytohormones in metal stress regulation in microalgae. J. Appl. 

Phycol. 2020, 32, 3817–3829. 
95. Ghosh, A.; Sah, D.; Chakraborty, M.; et al. Mechanism and application of bacterial exopolysaccharides: An advanced 

approach for sustainable heavy metal abolition from soil. Carbohydr. Res. 2024, 544, 109247. 
96. Verma, N.; Prasad, S.M. Regulation of redox homeostasis in cadmium stressed rice field cyanobacteria by exogenous 

hydrogen peroxide and nitric oxide. Sci. Rep. 2021, 11, 2893. 



Gu et al.   Algae Environ. 2025, 1(1), 5 

https://doi.org/10.53941/algaeenviron.2025.100005  15 of 15  

97. Yoshida, T.; Fujita, Y.; Sayama, H.; et al. AREB1, AREB2, and ABF3 are master transcription factors that cooperatively 
regulate ABRE-dependent ABA signaling involved in drought stress tolerance and require ABA for full activation. Plant 
J. Cell Mol. Biol. 2010, 61, 672–685. 

98. Ibuot, A.; Dean, A.; Pittman, J. Characterisation of Metal Transport Proteins for providing metal stress tolerance in green 
microalgae. New Biotechnol. 2014, 31, S141. 

99. Wang, J.; Song, L.; Gong, X.; et al. Functions of Jasmonic Acid in Plant Regulation and Response to Abiotic Stress. Int. 
J. Mol. Sci. 2020, 21, 1446. 

100. Shinshi, H. Ethylene-regulated transcription and crosstalk with jasmonic acid. Plant Sci. 2008, 175, 18–23. 
101. Li, G.; Xu, W.; Kronzucker, H.J.; et al. Ethylene is critical to the maintenance of primary root growth and Fe homeostasis 

under Fe stress in Arabidopsis. J. Exp. Bot. 2015, 66, 2041–2054. 
102. Zhang, M.; Zhao, X.; Ren, X. Research Progress on the Mechanisms of Algal-Microorganism Symbiosis in Enhancing 

Large-Scale Lipid Production. J. Agric. Food Chem. 2025, 73, 6345–6360. 
103. Ran, Y.; Sun, D.; Liu, X.; et al. Chlorella pyrenoidosa as a potential bioremediator: Its tolerance and molecular responses 

to cadmium and lead. Sci. Total Environ. 2024, 912, 168712. 
104. Peng, H.; De-Bashan, L.E.; Higgins, B.T. Azospirillum brasilense reduces oxidative stress in the green microalgae 

Chlorella sorokiniana under different stressors. J. Biotechnol. 2021, 325, 179–185. 
105. Piotrowska-Niczyporuk, A.; Bajguz, A.; Zambrzycka, E.; et al. Phytohormones as regulators of heavy metal biosorption 

and toxicity in green alga Chlorella vulgaris (Chlorophyceae). Plant Physiol. Biochem. PPB 2012, 52, 52–65. 
106. Piotrowska-Niczyporuk, A.; Bonda-Ostaszewska, E.; Bajguz, A. Mitigating Effect of Trans-Zeatin on Cadmium Toxicity 

in Desmodesmus armatus. Cells 2024, 13, 686. 
107. Ibuot, A.; Dean, A.P.; Mcintosh, O.A.; et al. Metal bioremediation by CrMTP4 over-expressing Chlamydomonas 

reinhardtii in comparison to natural wastewater-tolerant microalgae strains. Algal Res. 2017, 24, 89–96. 
108. Lin, Y.; Dai, Y.; Xu, W.; et al. The Growth, Lipid Accumulation and Fatty Acid Profile Analysis by Abscisic Acid and 

Indol-3-Acetic Acid Induced in Chlorella sp. FACHB-8. Int. J. Mol. Sci. 2022, 23, 4064. 
109. Yuan, H.; Zhang, X.; Jiang, Z.; et al. Analyzing the effect of pH on microalgae adhesion by identifying the dominant 

interaction between cell and surface. Colloids Surf. B Biointerfaces 2019, 177, 479–486. 
110. Abinandan, S.; Venkateswarlu, K.; Megharaj, M. Phenotypic changes in microalgae at acidic pH mediate their tolerance 

to higher concentrations of transition metals. Curr. Res. Microb. Sci. 2021, 2, 100081. 
111. Chen, F.; Chen, Y.; Pan, K.; et al. Species-specific deformation of microalgae in the presence of microplastics. Environ. 

Chem. Lett. 2024, 22, 953–959. 
112. Ismaiel, M.M.S.; Piercey-Normore, M.D.; Rampitsch, C. Biochemical and proteomic response of the freshwater green 

alga Pseudochlorella pringsheimii to iron and salinity stressors. BMC Plant Biol. 2024, 24, 42. 


	1. Introduction
	2. Interaction between Microalgae and Metal
	2.1. Toxic Effects of Metals on Microalgae
	2.1.1. Membrane Damage
	2.1.2. Photosynthesis Inhibition
	2.1.3. Enzyme Activity Interference
	2.1.4. Oxidative Stress and ROS Accumulation

	2.2. Tolerance Strategies of Microalgae to Metals

	3. Functional Characteristics of Phytohormone in Microalgae
	3.1. Endogenous Phytohormone in Microalgae
	3.2. Microalgae Phytohormone Types and Characteristics
	3.2.1. Growth-Promoting Hormones
	3.2.2. Stress-Responsive Hormones
	3.2.3. Developmental Regulatory Hormones
	3.3.4. Conservatism and Uniqueness of Microalgae Hormone Signaling Pathway


	4. Regulation of Endogenous Phytohormones in Microalgae under Metal Stress
	4.1. Physiological Regulation of Phytohormones on Microalgae Response to Metals
	4.2. Molecular Regulation of Phytohormone on the Response of Microalgae to Metals

	5. Applications and Challenges
	5.1. Bioremediation Technology Development
	5.2. Phytohormones Synergistic Genetic Engineering to Strengthen Microalgae Repair
	5.3. Current Bottlenecks and Future Prospects

	References

