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Abstract: The Arabian Gulf, bordered by major energy-producing nations, harbors diverse 
microalgal communities with strong potential for bioremediation of environmental pollutants, 
particularly petroleum hydrocarbons. This review evaluates two key microalgal groups—micro-
green algae and dinoflagellates—highlighting their distinct physiological traits and ecological roles 
in pollution mitigation. Dinoflagellates, including Prorocentrum and Protoperidinium, have 
demonstrated hydrocarbon-degrading abilities but are frequently linked to harmful algal blooms 
(HABs), marine toxins, and bioluminescence, posing ecological and health risks. The toxins produced 
by these algae can be hemolytic or neurotoxic and include compounds such as azaspiracids, 
brevetoxins, ciguatoxins, okadaic acid, saxitoxins, and yessotoxins. In contrast, micro-green algae 
such as Oedogonium and Pandorina are generally non-toxic, are seldom associated with HABs, and are 
typically found in clean freshwater and brackish environments. Some species, like Chlorogonium, 
indicate pollution tolerance, while Dunaliella has shown promise in remediating contaminated 
seawater. Both groups exhibit unique enzymatic pathways and metabolic mechanisms for degrading 
hydrocarbons and remediating heavy metals. Due to their respective phycoremediation capacities 
and environmental adaptability, these algae offer sustainable, nature-based solutions for pollution 
control in coastal, estuarine, and inland freshwater systems, particularly in mainland Qatar. This 
review compares their remediation efficacy, ecological impacts, and practical limitations to support 
the selection of effective algal candidates for eco-friendly strategies targeting petroleum-
contaminated marine environments. 

Keywords: blooms; biotic agents; dinoflagellates; metabolic pathways; micro-green algae; 
phycoremediation; toxins 
 

1. Introduction 

The Arabian Gulf, Gulf of Oman, and Arabian Sea (Figure 1) constitute a geographically and 
ecologically significant marine corridor influenced by extreme environmental conditions, including 
high salinity, elevated sea surface temperatures, and seasonal nutrient-rich upwelling. These 
stressors shape the structure, diversity, and adaptive strategies of local microalgal communities. 
Among these, phytoplankton—photosynthetic microorganisms inhabiting the euphotic zone—play 
a foundational role in marine ecosystems by driving primary production, regulating nutrient cycles, 
and supporting food web stability. 
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Figure 1. Map of the Arabian Gulf showing the Gulf of Oman and the Arabian Sea, with an inset map of Qatar. 

In recent decades, however, escalating anthropogenic pressures—particularly from oil and gas 
operations—have severely impacted the marine environment. Hydrocarbon contamination has 
emerged as one of the most pressing environmental threats in the region, especially in semi-enclosed 
basins like the Arabian Gulf, where water circulation is limited and pollutant accumulation is 
intensified. The situation is further aggravated by geopolitical events such as the Iran–Iraq War 
(1980–1988), the Gulf War (1990–1991), and the Iraq War (2003), which contributed to industrial water 
pollution through large-scale oil spills and operational discharges [1,2]. In combination with climate 
change, increasing energy demands, and ongoing regional conflicts, these stressors have introduced 
persistent, carcinogenic, and neurotoxic organic pollutants into the marine environment, threatening 
biodiversity, food security, and public health [3]. Against this backdrop, there is increasing global 
interest in the role of marine autotrophs in environmental remediation and biotechnological 
innovation. Phytoplankton and other photosynthetic marine microorganisms have shown promise 
in mitigating aquatic pollution through mechanisms such as phytoremediation, phyco-remediation, 
and cyano-remediation [4]. These approaches utilize the natural metabolic pathways of autotrophs 
to absorb, transform, or sequester pollutants in an eco-friendly and sustainable manner. While 
previous research has concentrated largely on cyanobacteria, diatoms, seaweeds, seagrasses, and 
certain mangrove species, more recent efforts have turned toward underexplored groups such as 
green microalgae (Chlorophyta), dinoflagellates, and silicoflagellates [5–7]. 

In addition to their promising roles in remediation, micro-green algae (Chlorophyta) and 
dinoflagellates are also recognized for producing a wide spectrum of bioactive compounds—ranging 
from lipids and carotenoids to phycobiliproteins and phenolic substances—which exhibit significant 
antioxidant, antimicrobial, anticancer, antiviral, and neuroprotective properties [8]. These bio-actives 
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have garnered interest for their potential in developing novel therapeutics targeting diseases such as 
Alzheimer’s, HIV/AIDS, and COVID-19 [9]. 

This review specifically evaluates the bioremediation potential of Chlorophyta and 
dinoflagellates with respect to petroleum hydrocarbon and heavy metal pollution, emphasizing the 
ecological contrast between inland micro-green algae prevalent in Qatar’s terrestrial environments 
and marine dinoflagellates dominant in the coastal waters of the Arabian Gulf. By synthesizing recent 
findings on their physiological adaptations, metabolic pathways, and ecological functions, this article 
provides a comparative analysis of these two algal groups and assesses their viability as sustainable 
biotechnological agents for marine pollution control and regional ecosystem restoration. 

2. Characteristics and Roles of Microalgae in Marine Environments 

Microorganisms, including bacteria, fungi, and algae, play a crucial role in the bioremediation 
of oil and gas pollutants by transforming them into less harmful or beneficial compounds for humans, 
flora, and fauna. Among these, algae—particularly micro-green algae—have demonstrated superior 
efficacy owing to their environmental sustainability, economic viability, and distinctive physiological 
and metabolic traits [10–12]. These features confer a competitive advantage over other microbial 
groups in degrading petroleum hydrocarbons and detoxifying heavy metals [13]. First, the rapid 
growth rate of algal cells, along with their high biomass production, may enable the removal of 
pollutants from water [8]. Second, micro-green algae’s high biomass production can be used to 
generate significant amounts of valuable byproducts, bioactive agents, biofuels, and feedstocks 
[14,15]. Third, remediation of pollutants using micro-green algae is a cost-effective and eco-friendly 
method [16–18]. Fourth, microalgae require fewer resources to remediate wastewater in both water 
and soil [11]. Fifth, these phytoplankton have shown a remarkable ability to absorb heavy metals and 
metabolize organic compounds [19]. The cell wall plays a crucial role in the biosorption process, as 
its composition— which is rich in polysaccharides, proteins, and lipids—enhances the adsorption of 
contaminants [20]. Biosorption, a mechanism for heavy metal uptake, involves the reversible and 
rapid physicochemical binding of molecules or ions from the aqueous phase to functional groups on 
the surface of biological materials. A wide range of biosorbents have been identified, including living 
organisms such as algae, fungi (e.g., yeast), and bacteria, as well as non-living sources like 
agricultural waste and biopolymers [21]. Moreover, phytoplankton cells can actively uptake and store 
heavy metals within vacuoles or bind them to cell structures, which leads to a reduction in their 
availability in contaminated environments such as seawater and soil [22]. A sixth feature is that the 
metabolic pathways of organic components involve the degradation and/or transformation of certain 
types of petroleum hydrocarbons into less toxic compounds [23,24]. Notably, these microalgae 
produce oxygen and reactive oxygen species, which can enhance the breakdown of hydrocarbons. 
They also produce extracellular enzymes that facilitate the degradation of organic pollutants, such as 
polycyclic aromatic hydrocarbons (PAHs) [25]. Additionally, some microalgae can secrete phenolic 
compounds that aid in the degradation of petroleum hydrocarbons in marine sediments [26]. Certain 
species of microalgae can directly metabolize hydrocarbons as a carbon source. For example, certain 
green microalgae, such as Dunaliella, possess enzymatic systems capable of degrading and 
metabolizing a range of hydrocarbons, including PAHs and petroleum-based compounds [17,27]. 
These compounds are transformed into less toxic substances or useful metabolites that contribute to 
the metabolic pathways of these marine autotrophs [27–29]. Recent studies suggest that diatoms and 
bacteria work synergistically to degrade organic components present in wastewater from oil and gas 
activities [30]. Bacteria initiate the primary breakdown of hydrocarbons, while microalgae contribute 
to the subsequent stages through a series of metabolic reactions, ultimately leading to the production 
of valuable metabolites [31]. Although diatoms alone cannot fully degrade petroleum hydrocarbons, 
their association with bacteria enables the complete degradation of these compounds. The resulting 
metabolites are then funneled into central metabolic pathways, including the Krebs cycle, fatty acid 
biosynthesis, and amino acid interconversion. Vo et al. [32] highlighted the potential of using 
bacteria–microalgae associations to remediate organic pollutants in industrial wastewater. These 
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relationships can take various forms, involving interactions and mechanisms that facilitate the 
production of diverse bioactive agents. Vo et al.’s study supports recent findings suggesting that 
modern biotechnological approaches can enhance the efficiency of microalgae, such as Chlorophyta, 
diatoms, and dinoflagellates. In natural environments, genetic interactions between microalgae and 
associated bacteria may occur via horizontal gene transfer (HGT), potentially enhancing the capacity 
of microalgae to remediate organic compounds [32]. Notably, Al-Thani and Yasseen [33,34] reported 
that HGT can occur between microorganisms and native plants, conferring mutual benefits. Such 
advantageous roles of HGT have been observed in numerous instances [35,36]. For example, 
microbes have acquired genes from plant biosynthetic pathways, which may have contributed to the 
evolutionary development of various organisms [37]. These gene transfers have been associated with 
traits such as antibacterial activity [38], the emergence of specific adaptations in extremophilic 
eukaryotes [39], and the ability of endophytes to assist plants in remediating contaminated soils, 
possibly through the transfer of genes that enhance plant resilience [40]. Finally, a seventh feature of 
microalgae is that they can interact synergistically with bacteria and fungi to facilitate the remediation 
of petroleum hydrocarbons. The oxygen generated by microalgae through photosynthesis may 
enhance the bacterial metabolic activity involved in the degradation of organic pollutants [10,11,32]. 

2.1. Advantages of Microalgae 

A recent review on phytoplankton in the Arabian Gulf highlighted numerous beneficial roles of 
diatoms [7]. As autotrophic marine organisms, microalgae offer a wide array of benefits across 
diverse sectors, including environmental, nutritional, and industrial domains. New technologies 
have been used to identify biologically active substances such as proteins, lipids, polysaccharides, 
pigments, and vitamins in microalgae. Additional ingredients for value-added products are expected 
to be discovered. Other important biochemicals, biomaterials, and biofuels have also been reported. 
All these components play crucial roles in various sectors of human life [41,42]. Microalgae offer 
several environmental advantages: (1) the reduction of atmospheric CO₂ through carbon 
sequestration, thus contributing to climate change mitigation; (2) a significant role in global oxygen 
production via photosynthesis; (3) the efficient use of aquatic environments to synthesize valuable 
bioactive compounds while compensating for oxygen depletion during oxidative processes such as 
respiration, thereby conserving arable land for food crop cultivation; and (7) the purification of water 
bodies through the removal of pollutants and industrial waste, including heavy metals, organic 
contaminants, and excess nutrients such as nitrogen and phosphorus [43–45]. In terms of bioactive 
agent production, microalgae, as marine autotrophs, play a vital role in the production of a wide 
array of bioactive compounds, with applications across multiple sectors, including health, nutrition, 
and pharmaceuticals. These organisms synthesize high-value components such as proteins, essential 
amino acids, and long-chain omega-3 fatty acids (e.g., DHA and EPA), offering a sustainable, non-
animal source of these crucial nutrients. Additionally, microalgae are rich in vitamins and 
antioxidants, contributing to their health-promoting potential. Notably, certain species produce 
pigments such as astaxanthin, beta-carotene, and phycocyanin, which are widely recognized for their 
potent anti-inflammatory and antioxidant properties and are commonly used in functional foods and 
dietary supplements [41,46,47]. Microalgae also provide industrial advantages, including value-
added products derived from algae that are applicable in the energy sector, agriculture, and 
pharmacology. These products include biodiesel, bioethanol, biogas, biodegradable plastics, 
cosmetics, fertilizers, and pharmaceuticals [46–50]. Moreover, economic advantages include the high 
productivity of microalgae when cultivated under optimal environmental conditions. Moreover, 
certain microalgae are excellent candidates for high oil production, making them valuable for both 
biofuel and nutraceutical applications. Notably, nutraceuticals offer a wide range of applications; 
they can promote general well-being, support specific health conditions, and aid in the prevention 
and management of diseases. These products can be used as dietary supplements, functional foods, 
and even in pharmaceutical formulations to help treat heart disease, enhance cognitive function, 
improve digestive health, and support cancer therapies [51–53]. Beyond what is described here, other 
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studies have recently reported even more details about the advantages of marine autotrophs 
including plants, seagrass, seaweeds, and microalgae [5–7]. 

2.2. Disadvantages of Microalgae 

Al-Thani and Yasseen [24] observed that certain green algae species were found exclusively in 
polluted ponds, others in treated clean ponds, and some in both habitats. These findings indicate that 
micro-green algae can occupy diverse ecological niches and may exert both beneficial and adverse 
effects. Notably, Oedogonium and Pandorina are exclusively associated with clean fresh water and 
unpolluted water, suggesting their potential as a bioindicator of water quality. In contrast, a 
significant number of dinoflagellates can be found in both clean and contaminated seawater, and 
their presence may serve as an indicator of pollution or eutrophication [54]. A high diversity and 
abundance of dinoflagellates can signal potential water quality issues. Certain species are capable of 
rapid population growth, resulting in phenomena known as red tides or harmful algal blooms 
(HABs) [55–57]. During these events, the water may appear red, brown, or other colors (Figure 2) due 
to the dense proliferation of these microalgae. 

 
Figure 2. Blooms resulting from a substantial increase in microalgae, including dinoflagellates (File S1) [6]. 

These blooms are often triggered by increased pollution and nutrient runoff and can have 
harmful effects on marine life—such as fish kills (Figure 3)—as well as on human health [58]. Certain 
dinoflagellates produce potent toxins. These include azaspiracid, brevetoxins, ciguatoxins, okadaic 
acid, saxitoxin, yessotoxins, and possibly others [59]. One study reported about 100 dinoflagellate 
species, and diatoms produce a variety of toxins that pose a food safety risk when accumulated in 
shellfish, fish, and other seafood, potentially leading to food poisoning outbreaks [7]. These toxins 
may accumulate in the food chain, causing significant symptoms of illness in humans who consume 
contaminated seafood, including paralytic shellfish or diarrhetic shellfish poisoning. 
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Figure 3. Fish kills: an adverse effect of dinoflagellate blooms and other microalgae on marine life (File S1) [6]. 

Azaspiracids are a group of marine polyether toxins that were initially linked to the 
dinoflagellate Protoperidinium, although subsequent research has suggested that the true source may 
be other marine microorganisms, such as bacteria or symbiotic protists. As a relatively recent addition 
to the family of marine biotoxins, azaspiracids have gained attention due to their potent toxicity and 
their implications for food safety. They are primarily known for their hepatotoxic effects. However, 
the most reported symptoms in humans arise from gastrointestinal distress and include nausea, 
vomiting, diarrhea, abdominal cramps, and stomach pain. In addition to these symptoms, affected 
individuals may also experience headache and dizziness. Laboratory studies have further revealed 
that azaspiracids can exert cytotoxic and neurotoxic effects, raising concerns about possible long-term 
health impacts and the need for continued monitoring of seafood contamination. 

Brevetoxins are marine neurotoxins produced by Karenia brevis, a species not recorded along the 
Qatari coast of the Arabian Gulf but found in the Gulf of Mexico and potentially in other coastal 
regions. These brevetoxins are a family of cyclic polyether compounds that can cause neurotoxic 
shellfish poisoning, leading to a range of health effects, including neurological symptoms, 
gastrointestinal distress, and respiratory problems [60–62]. 

Ciguatoxins, a potent, naturally occurring group of toxins, are heat-stable, lipid-soluble 
polyether compounds toxins produced by the dinoflagellate species Gambierdiscus toxicus, among 
others, that grow on coral reefs and cause ciguatera fish poisoning in humans. The toxins enter the 
food chain when herbivorous fish consume these algae, which are then transferred to larger 
predatory fish, where they accumulate in their bodies [63–65]. These toxins may affect transport 
carriers and disrupt normal neurological processes [66,67]. 

Okadaic acid (OA) is a fatty acid and a potent marine biotoxin with complex effects on the 
digestive tract, often causing gastrointestinal discomfort [68,69]. It is produced by several species of 
dinoflagellates, including Dinophysis, Prorocentrum, and Phalacroma [70]. These genera are among the 
dinoflagellates recorded in the Arabian Gulf around the Qatari coasts, where about 15 species 
belonging to these genera have been reported. OA accumulates in marine sponges and shellfish, and 
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when humans consume shellfish contaminated with these dinoflagellates, it can lead to diarrhetic 
shellfish poisoning, which is characterized by symptoms such as abdominal pain, diarrhea, and 
vomiting [71,72]. 

Saxitoxin, a powerful alkaloid neurotoxin produced by certain species of dinoflagellates and 
cyanobacteria, is the primary cause of paralytic shellfish poisoning. Dinoflagellate genera such as 
Alexandrium and Gymnodinium are well-known producers of this toxin. Saxitoxin exerts its effects by 
blocking voltage-gated sodium channels, thereby disrupting the transmission of nerve impulses. This 
interference with sodium ion flow across cell membranes impairs normal nerve and muscle function, 
potentially leading function, potentially leading to paralysis and other serious neurological effects 
[73,74]. 

Yessotoxins are a group of lipophilic, sulfur-bearing polyether toxins related to ciguatoxins. 
They are produced by various dinoflagellates, most notably Gonyaulax spinifera and Protoceratium 
reticulatum [75], which are found along the Qatari coasts in the Arabian Gulf. These toxins accumulate 
in shellfish and can negatively affect marine life [76]. While yessotoxins may not have a significant 
impact on humans, they have demonstrated toxicity in mice [77]. 

2.3. Chlorophyta: A Focus on Micro-Green Algae 

Freshwater algae in Qatar have been documented through research monographs, case studies, 
and specialized courses in phycology and photosynthetic organisms. These studies have primarily 
focused on seagrasses, seaweeds, cyanobacteria, and diatoms. However, other phytoplankton, 
including micro-green algae and dinoflagellates, require further discussion regarding their roles in 
polluted marine and freshwater environments. For instance, Abulfatih et al. [78] reported several 
genera of green algae, including Chlamydomonas, Oedogonium, Spirogyra, and Volvox. Additional 
genera such as Chlorella, Chlorogonium, Scenedesmus, and Zygnema have been identified in subsequent 
studies [79]. Notably, Oedogonium and Pandorina (Figure 4) are found exclusively in the freshwater 
lakes of Rawdahs and well areas in Qatar and the Arabian Peninsula [78,80]. In contrast, green 
microalgae such as Chlamydomonas, Chlorella, and Chlorococcum are restricted to polluted lakes. Some 
genera, including Chlamydomonas, Scenedesmus, Spirogyra, and Zygnema, thrive in both freshwater and 
polluted environments. Some of these micro-green algae are found in the seawater as well (File S2). 

Despite these findings, few studies have examined phytoplankton diversity along Qatar’s 
coastline and within the pools of Rawdahs. Establishing a baseline to identify algae species in both 
pristine and polluted seawater is essential. However, research indicates a greater diversity of green 
algae species in the Arabian Gulf’s seawater, particularly among the seaweeds along the Qatari coast 
[5]. Table 1 shows some of the main genera of micro-green algae found in the fresh and brackish 
waters around the Qatari peninsula, as well as their roles in the remediation of petroleum 
hydrocarbons and production of bioactive agents such as biofuels, biochar, antibacterial products, 
nutritional components (File S3), pigments, phenolic compounds, and other components. Notably, 
these genera are rarely found in the Arabian Gulf, while macro-green algae have been recorded in 
the Arabian Gulf as hypersaline-tolerant algae [5]. 

 
Figure 4. Micro-green algae (Pandorina, left, and Oedogonium, right) observed under high power of a light 
microscope. These algae are commonly found in the freshwater of certain pools and Rawdahs around Qatar. 
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2.4. Dinoflagellates 

This group belongs to the division Dinoflagellata (Figure 5) and consists of unicellular aquatic 
organisms with two dissimilar flagella, exhibiting characteristics of both plants and animals. While 
most species are marine, some inhabit freshwater environments (File S1). As a key component of 
phytoplankton, dinoflagellates play a crucial role in the remediation of pollutants such as petroleum 
hydrocarbons and heavy metals. Additionally, they contribute to the production of bioactive agents 
and the formation of HABs, which can have toxic effects on marine life and humans. These roles have 
been extensively documented in various studies, reviews, and monographs [13,81–84]. Table 2 
presents the dinoflagellate genera recorded along the Qatari coast and in the waters of the Arabian 
Gulf, highlighting their trophic modes, potential roles in the remediation of petroleum hydrocarbons, 
and other bioactive functions. 

Table 1. Micro-green algae recorded in the freshwater pools and soil around the Qatari peninsula and their roles 
in phycoremediation and production of bioactive agents [5–7,85]. 

Genus Remediation of 
petroleum hydrocarbons 
and heavy metals 

Other possible roles References 

Chlamydomonas 
 

Demonstrates activity in 
remediation processes of 
petroleum hydrocarbons 

Promising microalgae for 
production of bioactive 
agents such as biofuels, 
biofertilizers, and other 
various products  

[86] 

Chlorella 
 

Demonstrates activity in 
remediation processes of 
petroleum hydrocarbons 

Promising candidate for 
producing bioactive 
agents  

[25,87,88] 

Chlorococcum 
 

Needs testing; possible 
role in phycoremediation 
of various organic 
components   

Possible production of 
bioactive agents such as 
biofuels and other 
valuable products  

[25,89]  

Chlorogonium 
 

Needs testing; possible 
role in phycoremediation 
of various organic 
components and heavy 
metals  

Needs investigation; its 
presence in freshwater 
lakes might be a sign of 
high levels of nutrients 
and pollution   

[90]   

Dunaliella 
 

Efficient in remediating 
heavy metals such as Cd, 
Co, Cu, and Zn 

Possible resistance 
mechanism against heavy 
metal pollution  

[13,91] 

Oedogonium Removes heavy metals 
from water and soil; 
possible role in 
remediation of organic 
components  

May convert the biomass 
of this alga into biochar 
via a pyrolysis process 

[92]   
 

Pandorina Possible role in 
remediation of organic 
components; needs 
testing  

Needs investigation into 
the bioactive agents 
produced by activity  

[85,93]   

Scenedesmus Efficient in removing 
petroleum hydrocarbons 
and heavy metals such as 
Cd, Cr, and Cu  

Potential source of novel 
bioactive compounds 
such as antibacterial and 
nutritional components; 
possible candidate for 

[94–97]  
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biotechnological 
applications 

Spirogyra Efficient in absorbing oil 
components as compared 
to some herb plants; 
remediates mine drainage 

Produces various types of 
bioactive components  

[98–100]   

Volvox Possible role in 
remediating wastewater 
and heavy metals; needs 
more confirmation  

May produce bioactive 
agents such as biofuels  

[13,101,102] 

Zygnema  No scientific evidence; 
needs testing  

May produce bioactive 
compounds such as 
pigments and phenolic 
compounds with various 
roles  

[103,104] 

 
Figure 5. Three-dimensional image of some dinoflagellates, more species can be found in File S1. 
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Table 2. Dinoflagellate species recorded in the Arabian Gulf around the Qatari peninsula and their roles in 
phycoremediation and production of bioactive agents [5–7,105,106]. 

Genus No. of 
recorded 
species 

Remediation of 
organic and 

inorganic 
components 

Other features and possible 
roles 

References 

Alexandrium  Not 
known 

Needs testing Mixotrophic mode; it is a 
well-known genus for its 
bloom-forming behavior and 
potential to produce toxins 
 

[107,108] 

Amphidinium*  
 

Not 
known 

Shows possible 
role in 
remediation of 
petroleum 
hydrocarbons  

Diverse range of trophic 
modes: producing bioactive 
compounds, serving in 
pharmaceutical applications, 
acting as food source for 
other marine organisms, and 
contributing to harmful algal 
blooms (HABs) 

[84,100,109,111] 

Ceratium  
 

53 Needs testing and 
confirmation  

Mixotrophic mode, harmless 
and non-toxic in nature, 
found in predators and prey 
in the ecosystem; fish kills 
result from depleting oxygen 
levels caused by blooms; 
high nitrogen levels 
compared to phosphorus 
encourage their growth; 
some species produce HABs 

[112–114]  

Ceratocorys 
 

1 Needs testing  Autotrophic mode, no data 
available; further 
investigation is needed 
regarding its ability to 
absorb heavy metals, remove 
excess nutrients such as 
nitrogen and phosphorus, 
and degrade organic 
compounds 

[115,116]  

Dinophysis 
 

6 Needs testing; 
some indications 
are promising   

Mixotrophic mode; might 
produce diarrhetic toxins; 
possible role in production of 
bioactive agents   

[84,117,118]    

Diplopsalis 
 

1 Possible 
remediation of 
heavy metals  

Heterotrophic mode; the 
presence of some 
dinoflagellates showed a 
significant positive 
correlation with heavy 
metals; some species produce
HABs; possible toxic impact 
on marine life; its presence 
might be a sign of pollution  

[119–121]   
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Exuviaella** 
 

2 Needs testing  Little information about its 
role in phycoremediation; 
possible toxic impacts on 
marine life   

[10,84]  
 

Glenodinium** 
 

1 Little information 
about its role in 
phycoremediation,
needs 
investigation   

More investigations are 
needed regarding its role in 
the production of bioactive 
agents and HABs   

[122,123] 

Gonyaulax** 
 

12 Possible role in 
remediation of oil 
and gas 
components  

Some toxins are produced 
within the cells  

[124,125]  

Gymnodinium*  
 

1 Possible role in 
remediation of oil 
and gas 
components 

Nitrogen shortage might 
have negative effects on 
growth and toxin 
production; fatty acids 
synthesis was stimulated and 
anti-oxidant defense systems 
were upregulated; produces 
HABs that might cause toxic 
effects on marine organisms  

[126–128]  

Hemidinium 
 

1 Needs testing Heterotrophic; might 
produce HABs; needs 
testing for bioactive agents 

[129] 

Histioneis 
 

1 Needs testing  Heterotrophic; further 
investigation needed to 
show production of HABs 
and bioactive agents  

[130]   

Noctiluca  
 

1 Needs testing Heterotrophic; produces 
HABs; might produce 
some bioactive agent 
during bloom production  

[131–133]  

Ornithocercus 
 

2 Needs 
confirmation  

Heterotrophic; further 
investigation needed to 
show and confirm the 
production of HABs and 
bioactive agents 

[123,130,134] 

Oxytoxum***  6 Needs 
information and 
confirmation via 
testing  

No indication of 
production of HABs and 
bioactive agents  

[115,135] 

Peridinium 
 

2 Good 
indications of 
remediation 
roles; needs 
testing and 
confirmation  

Mixotrophic mode; HABs 
were found with the 
presence of  
Peridinium umbonatum 

[136] 

Phalacroma* 
 

6 Needs testing  Might produce HABs and 
bioactive agents  

[137] 

Podolampas** 
 

3 Little 
information but 

Little data available; needs 
further information  

[138]  
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needs further 
investigation  

Prorocentrum** 
 

3 Could be a 
candidate to 
remediate 
petroleum 
hydrocarbons 
and heavy 
metals, more 
studies are 
needed  

Might produce HABs that 
could be toxic to marine 
life and fish; associated 
bacteria could help this 
dinoflagellate to resist and 
remediate petroleum 
hydrocarbons and heavy 
metals   

[139,140]  

Protopreidinium 
 

41 Possible role in 
remediation of 
petroleum 
hydrocarbons, 
need to be 
monitored   

Heterotrophic, non-toxic 
blooms consume other 
microalgae such as 
diatoms and 
dinoflagellates  

[90,141,142]  

Pseudophalacroma 
 

1 No studies on 
remediation 
processes; needs 
testing  

Heterotrophic; might 
produce HABs and 
bioactive agents  

[138] 

Pyrocystis 
 

5 No studies; 
needs further 
testing  

Autotrophic; needs 
investigation; might 
produce HABs and 
bioactive agents    

[143,144] 

Pyrophacus** 
 

1 No studies; 
needs further 
testing  

Needs investigation; might 
produce HABs and 
bioactive agents     

[6,7] 
 

Triadinium  
 

2 No studies; 
needs further 
testing  

Autotrophic; needs 
investigation; might 
produce HABs and 
bioactive agents     

[84]  

*Some species are autotrophic; others are heterotrophic. **This genus exhibits phago-trophy, direct engulfment 
of large, small, and dead cells, and some exhibit an autotrophic mode. ***Heterotrophic, cannibalistic, and 
showing some remnant of photosystems. 

2.5. Silicoflagellates 

Silicoflagellates are a small group of unicellular, photosynthetic algae classified within the class 
Dictyochophyceae Silva, 1982 and the order Dictyochales Haeckel, 1894. They are characterized by 
their intricate siliceous skeletons, which consist of hollow rods joined at triple junctions to form 
distinctive three-dimensional structures. Along the coast of Qatar in the Arabian Gulf, only two 
species have been recorded, belonging to the genera Dictyocha and Mesocena (Table 3), as reported by 
Dorgham and Al-Muftah [105]. While some silicoflagellates are known to form blooms, their potential 
role in the remediation of petroleum hydrocarbons and heavy metals associated with oil and gas 
activities remains largely unexplored. Like many other microorganisms, silicoflagellates merit 
further research for their potential application in bioremediation [7,8]. 
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Table 3. Two silicoflagellates species recorded in the Arabian Gulf around the Qatari peninsula. 

Genus No. of 
species 

Remediation of organic 
and inorganic 
components 

Other possible roles References 

Dictyocha  
 

 
1 

 
Needs testing 
 

 
Produces blooms 
 

 
[145,146]  

 
Mesocena 
 

 
1 

 
Needs testing  
 

 
Needs investigation 
 

 
[147] 

3. Microalgae Metabolism in Petroleum Hydrocarbon Remediation 

Most algae are photosynthetic microorganisms capable of metabolizing a broad spectrum of 
organic pollutants, particularly those associated with oil and gas activities [11]. Different algal groups 
exhibit diverse photosynthetic efficiencies, primarily due to variations in their photosynthetic 
pigments. These pigments—such as chlorophylls, carotenoids, and phycobilins—absorb light at 
different wavelengths, thereby influencing the overall effectiveness of photosynthesis [148]. In 
addition to pigment variation, structural differences among algae may significantly impact the 
uptake and metabolism of various pollutants [149]. Furthermore, Yasseen and Al-Thani [150] suggest 
that the morphological and structural traits of wild plants and microorganisms could serve as 
valuable resources for modern gene technology. 

Microalgae, as photosynthetic microorganisms, are highly effective in metabolizing a wide range 
of organic pollutants and remediating heavy metals from oil and gas activities [151]. They employ 
various mechanisms such as absorption, accumulation, and metabolic transformation to reduce 
contaminants to non-toxic levels. In the process, microalgae also produce numerous biologically 
active substances, including biofuels, anticancer agents, and cosmetic ingredients, along with 
valuable compounds such as proteins, lipids, polysaccharides, pigments, and vitamins [5,6,41]. Their 
efficiency is attributed to features such as a high surface-area-to-volume ratio, rapid metabolic rates, 
and broad availability in marine environments. Moreover, microalgae play a significant role in 
environmental remediation through mechanisms including direct degradation, biosorption, 
bioaccumulation, and the indirect stimulation of microbial consortia [152]. They can remove various 
contaminants, such as heavy metals and organic pollutants, from wastewater. This is achieved 
through biosorption, where pollutants bind to the algal surface, or through bioaccumulation, where 
contaminants are stored within vacuoles. Additionally, microalgae can enhance the activity of 
surrounding microbial communities, facilitating a more comprehensive breakdown of pollutants. 
Micro-green algae can contribute to hydrocarbon remediation through various methods and 
mechanisms. One such mechanism is photosynthetic oxygenation, whereby green algae produce 
oxygen through photosynthesis, which can be utilized by bacteria to mineralize PAHs originating 
from various sources. Notably, consortia of microalgae and bacteria can cooperate to degrade organic 
compounds using the oxygen generated via photosynthesis. PAHs are toxic to multiple ecosystems, 
including marine, freshwater, and terrestrial environments. Their harmful effects include mutagenic 
and carcinogenic impacts on living organisms, including humans. These effects may result from 
covalent interactions between PAHs and biomolecules such as RNA and proteins. Such interactions 
can negatively affect the endocrine system (e.g., the thyroid gland) and the reproductive and immune 
systems [26]. Wichmann et al. [28] have described algal hydrocarbon metabolism, including carbon 
partitioning capacities, the localization and size of precursor pools, environmental effects on flux 
distribution, and limiting factors affecting efficient (heterologous) hydrocarbon production. 

A second relevant mechanism is biosorption, whereby hydrocarbons adhere to the algal cell wall 
components, including algaenans, proteins, lipids, and polysaccharides, providing multiple binding 
sites for hydrocarbon adsorption [153–155]. As non-polar surfaces, cell walls offer good sites for this 
method. In fact, this method is a primary step for biodegradation, a process which microorganisms 
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can carry out. This method is a passive process by which biological materials, whether living or dead, 
adsorb pollutants such as petroleum hydrocarbons through physical and/or chemical interactions 
[156,157]. While it is not a metabolic process, it plays a critical supporting role in the remediation of 
hydrocarbon-contaminated environments. The mechanisms of biosorption can be achieved by 
adsorption, ion exchange complexation, and precipitation. Factors such as biomass type, pH, 
temperature, hydrocarbon type, and the presence of surfactants might enhance hydrocarbon 
solubility and uptake [158–161]. Another mechanism through which micro-green algae contribute to 
hydrocarbon remediation is bioaccumulation, which involves two primary mechanisms. The first is 
the uptake and sequestration of substances within non-metabolically active organelles, such as 
vacuoles. The second involves the uptake of compounds followed by their metabolic transformation. 
Heavy metals, for example, can be stored in vacuoles without undergoing metabolic alteration 
[162,163]. In contrast, organic constituents of petroleum hydrocarbons may either be sequestered in 
vacuoles or cell walls, or otherwise metabolized into less toxic compounds or into useful metabolites 
that contribute to various physiological and biochemical functions [29]. These metabolites can enter 
central metabolic pathways, including the Krebs cycle, fatty acid biosynthesis, and amino acid 
metabolism [23,24]. Enzymatic degradation plays a key role in these processes, involving enzymes 
such as oxygenases, peroxidases, and others that facilitate the breakdown of petroleum 
hydrocarbons. Some micro-green algae demonstrate high tolerance to hydrocarbon toxicity, while 
others can utilize petroleum hydrocarbons as a carbon source under specific environmental 
conditions [10,164]. Recent work by Abu-Tahon et al. [165] has explored the efficiency of 
microorganisms, including microalgae, in degrading various pollutant compounds such as 
hydrocarbons, dyes, pesticides, pharmaceutical wastes, and anthropogenic pollutants like 
polychlorinated biphenyls. Over the past five years, numerous studies and review articles have 
examined the mechanisms employed by native plants, seagrasses, seaweeds, microalgae such as 
diatoms, and cyanobacteria in the Arabian Gulf region, particularly in Qatar. These works have 
detailed the biochemical pathways, reactions, and methods involved in the transformation of toxic 
petroleum hydrocarbons and anthropogenic compounds into useful metabolites or less harmful 
substances [23,24,166]. Notably, the above reports have shown that some micro-green algae such as 
Chlamydomonas, Nannochloropsis, and Scenedesmus may be able to remediate organic compounds such 
as carbamazepine; pharmaceutical wastes such as sulfamethoxazole, triclosan, and trimethoprim; 
and most petroleum hydrocarbons [86,167,168]. Over the last decade, numerous studies have 
demonstrated that various native plants and crops—such as Chloris gayana, Hordeum vulgare, Medicago 
sativa, Phragmites australis, Sporobolus ioclados, and Typha domingensis—are effective in remediating 
industrial wastewater and polluted soil and water [169]. Yasseen [170] provides further details, 
discussions, and an expanded list of plants capable of remediating petroleum hydrocarbons and 
heavy metals. Other studies have been conducted to investigate the role of microorganisms from 
various groups such as bacteria, fungi, and algae in remediating petroleum hydrocarbons and heavy 
metals [171]. The mechanisms for biodegradation depend on many microbial enzymes such as 
oxidoreductases, hydrolases, peroxidases, oxygenases, proteases, lipases, and lacquers. Modern 
biotechnologies such as genetic engineering have been applied to improve the efficiency of the 
bioremediation, phytoremediation, and phycoremediation of pollutants [165]. Given this context, 
micro-green algae provide a sustainable, nutrient-rich, and eco-friendly solution for applications in 
food, feed, biofuel, and environmental management. 

In conclusion, petroleum hydrocarbons undergo a series of biochemical transformations that 
result in either detoxification—often through sequestration in vacuoles—or integration into central 
metabolic routes. After uptake, they are commonly oxidized by monooxygenases or dioxygenases, 
forming intermediates such as fatty acids, which are then assimilated into pathways like the Krebs 
cycle, fatty acid biosynthesis, and amino acid metabolism. These processes can yield useful 
metabolites such as acetyl-CoA, succinate, pyruvate, and various amino acid precursors, which 
support cellular growth and energy production. 
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Dinoflagellates are a group of unicellular protists found in both marine and freshwater 
environments, where they play diverse ecological roles and can gain competitive advantages in 
polluted marine settings. They perform photosynthesis to convert sunlight into energy-rich organic 
compounds and serve as a foundational part of the marine food web. Many of these organisms 
contain chlorophylls a and c2, along with other pigments such as carotenoids, including peridinin, 
diadinoxanthin, diatoxanthin, and β-carotene. 

Dinoflagellates exhibit three trophic modes—photosynthetic, heterotrophic, and mixotrophic—
that enhance their ecological versatility, particularly in polluted environments [172–174]. 
Photosynthetic dinoflagellates harness solar energy through chlorophyll and accessory pigments to 
produce organic matter via photosynthesis. In oil-contaminated waters, this capability contributes to 
photo-enhanced hydrocarbon degradation. Light-driven photolysis can break down hydrocarbon 
molecules, and the reactive oxygen species generated during photosynthesis can oxidize 
hydrocarbons, aiding in their detoxification. These organisms may also assimilate dissolved organic 
compounds derived from partially degraded petroleum, integrating them into the microbial loop. 
Heterotrophic dinoflagellates, which lack photosynthetic machinery, obtain nutrients by ingesting 
particulate matter, including crude oil droplets and oil-contaminated prey such as bacteria or smaller 
protists. Once internalized, hydrocarbons may be enzymatically metabolized or compartmentalized 
in vacuoles, allowing the dinoflagellates to tolerate otherwise toxic environments. Through this 
process, they also contribute to the vertical transfer of hydrocarbons when these marine organisms 
die and sink, as well as to horizontal transfer, which involves the movement of hydrocarbons across 
the water surface, either between organisms or from one area to another within marine food webs, 
thereby influencing their distribution and potential biodegradation by other organisms. On the other 
hand, mixotrophic dinoflagellates combine autotrophic and heterotrophic nutrition, enabling them 
to adapt to the varying light and nutrient conditions typical of oil-contaminated habitats. This 
flexibility allows them to survive and remain metabolically active in environments where either light 
or organic matter is limited. Furthermore, mixotrophs can secrete extracellular enzymes that initiate 
the breakdown of complex hydrocarbon compounds outside the cell, facilitating subsequent uptake 
and metabolism. Their ability to degrade aliphatic hydrocarbons is well documented, although their 
efficiency in degrading PAHs—which are more persistent and toxic—is comparatively limited. 
Beyond individual metabolic capacities, dinoflagellates often form mutualistic relationships with 
hydrocarbon-degrading bacteria. These consortia enhance the overall degradation process by 
combining algal photosynthetic oxygen production with bacterial enzymatic pathways. Such 
interactions are especially valuable in oxygen-limited conditions, such as deeper water columns or 
stratified environments affected by oil spills. This symbiosis accelerates the breakdown of petroleum 
hydrocarbons and contributes to the detoxification and recovery of polluted marine and freshwater 
systems [115]. In general, both autotrophic and heterotrophic dinoflagellates contribute to the 
degradation of these pollutants and can influence the impact of oil spills. Their efficiency varies 
depending on the species, environmental conditions, and the nature of the petroleum hydrocarbons 
involved. Field studies have confirmed the presence and activity of hydrocarbon-tolerant 
dinoflagellate species in oil-polluted environments. Notably, genera such as Amphidinium, Diplopsalis, 
Gonyaulax, Peridinium, Prorocentrum, and Protoperidinium, along with other species listed in Table 2, 
have been identified in the Arabian Gulf, a region heavily impacted by petroleum activities. All these 
genera need to be tested for their potential role in the remediation of various types of pollutants. 
These dinoflagellates demonstrate not only tolerance to hydrocarbon contamination but also active 
participation in biogeochemical processes that mitigate pollution levels. 

In recent years, dinoflagellates have garnered increasing attention for their potential role in the 
bioremediation of petroleum hydrocarbons and heavy metals. Although traditionally overshadowed 
by bacteria and fungi in environmental remediation research, emerging studies have revealed that 
dinoflagellates possess unique metabolic and enzymatic mechanisms that enable them to interact 
with and degrade hydrocarbon pollutants [7]. Enzymatic systems such as monooxygenases and 
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dioxygenases facilitate the oxidation of hydrocarbons, transforming these compounds into less toxic 
intermediates or allowing their sequestration within intracellular vacuoles [7,175]. 

4. Comparative Analysis of Micro-Green Algae and Dinoflagellates 

Comparing micro-green algae and dinoflagellates reveals differences across several key aspects, 
including general characteristics, photosynthetic mechanisms, ecological roles, bioremediation 
potential, production of bioactive compounds, and their impact on marine environments through 
toxic effects. Despite these differences, both groups play vital roles in aquatic ecosystems, contribute 
to biotechnology applications, and form integral components of aquatic food webs. Table 4 
summarizes the distinguishing features of these two groups. 

Although the micro-green algae discussed in this review are not commonly found in the 
seawater of the Arabian Gulf, their presence in inland freshwater bodies such as lakes and pools in 
Qatar may inspire further research into their potential applications in industrial wastewater 
treatment. Such investigations could contribute to broader environmental efforts aimed at restoring 
polluted terrestrial and marine ecosystems. Future research may not only help mitigate the impacts 
of toxic organic and inorganic contaminants but also support the rehabilitation of degraded land and 
water resources, thereby contributing to the availability of clean water for various purposes, 
including agricultural irrigation and potentially even potable use [24]. Recent studies have 
highlighted the significant role of algae in remediating water polluted by anthropogenic and 
industrial activities [24,166,170]. Several species of macroalgae identified in recent years have shown 
great potential for the phycoremediation of contaminated seawater [5,6]. 

Table 4. Comparative characteristics of micro-green algae and dinoflagellates. 

Characteristics Micro-green algae Dinoflagellates 
Classification Protista, Chlorophyta Protista, Dinoflagellata 
Habitat and ecology Freshwater and marine; base of 

food chain; oxygen producers; 
stable in their habitat 

Mostly marine, some freshwater; primary 
producers and predators; key in marine 
food webs; produce blooms and show 
bioluminescence 

Cell type Cellulosic cell wall Complex cell wall with some cellulose; 
layered system of membranes, vesicles, 
and plates 

Photosynthetic 
pigments 

Chlorophylls a and b, giving 
appearance of green color with 
some carotenoids and 
xanthophylls; efficient in light 
absorption 

Chlorophylls a and c, various types of 
carotenoids and xanthophylls like 
peridinin, giving a golden-brown color; 
less efficient in light absorption 

Trophic mode Autotrophic Autotrophic, heterotrophic, mixotrophic 
Human health Low impact unless contaminated; 

largely safe 
High, many cause HABs, mostly toxic 
cause fish kills 

Toxin production Rarely produce harmful toxins Many are toxics, producing number of 
toxins* 

Bioactive agents Produce bioactive agents such as 
pharmaceuticals, nutraceuticals, 
cosmetics, and biotechnology uses 

Highly used in marine pharmacology, 
neurotoxicology, and biotechnology 

Environmental 
impact 

Mostly safe, stable, and 
commercially useful, especially 
for nutrition and renewable 
energy 

Harmful blooms, marine toxins, and 
bioluminescence 

*See the text. 
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Dinoflagellates, though rare in Qatari inland environments such as pools and freshwater bodies, 
are present in the seawater of the Arabian Gulf. While their use in irrigation water production is 
limited, these marine microorganisms possess considerable potential in environmental and 
biotechnological applications. They are known to produce a wide array of bioactive compounds with 
relevance to the health, industrial, and ecological sectors. In addition, dinoflagellates contribute to 
the removal and metabolism of both inorganic and organic pollutants and serve as sensitive 
bioindicators of marine pollution, particularly that associated with oil and gas activities. Through 
their diverse physiological and biochemical processes, dinoflagellates can significantly influence 
human health, environmental sustainability, and economic stability. Notably, their increased 
abundance is often a response to oil and gas pollution, and this proliferation under such conditions 
may lead to a range of ecological and biochemical effects. First, the proliferation of dinoflagellates 
may lead to the production of potent marine toxins, both hemolytic and neurotoxic, that could have 
a negative impact on public health and fisheries [58]. These neurotoxins are known as brevetoxins, 
which are a suite of ladder-like polycyclic ether toxins that can cause serious illnesses in humans, 
such as paralytic or neurotoxic shellfish poisoning [61]. A second possible effect is the synthesis of 
bioactive secondary metabolites, including anticancer, antiviral, and inflammatory agents [176]. 
Third, dinoflagellate proliferation results in photosynthesis, a process that produces oxygen, which 
encourages the degradation of petroleum hydrocarbons, while at the same time reducing carbon 
dioxide, thus mitigating climate change due to the ill effects of modern technology [177]. Fourth, 
dinoflagellates have a symbiotic association with corals, providing them with important nutrients 
such as amino acids, glucose, and glycerol, which give corals energy and help build the coral 
structure. Conversely, dinoflagellates receive protection and access to waste products such as carbon 
dioxide, nitrogen, and phosphorus, which are needed for vital activities such as photosynthesis and 
biosynthesis of various metabolites such as amino acids and fatty acids. Also, the association between 
dinoflagellates with microorganisms such as bacteria may strongly influence reef health and 
biodiversity, in addition to facilitating the degradation of petroleum hydrocarbons [178]. Finally, a 
fifth effect of dinoflagellates is that they can be a tool for environmental monitoring and 
bioremediation [125]. 

5. Conclusions 

In recent years, a third strategy—centered on environmental and genetic interventions—has 
gained prominence for enhancing the ability of autotrophs to adapt to diverse conditions and 
contribute to pollution mitigation. Over the past two decades, biological approaches have shown 
considerable promise in addressing contamination from heavy metals and organic pollutants in 
wastewater across various sectors. A growing body of research emphasizes the synergistic 
relationships between autotrophs and microorganisms, particularly bacteria and fungi, in 
confronting complex environmental challenges such as pollution from the oil and gas industry. These 
partnerships function as integrated systems, with bacteria initiating the breakdown of complex 
petroleum hydrocarbons and heavy metals, and autotrophs—especially microalgae like green algae, 
diatoms, and dinoflagellates—further metabolizing or sequestering the byproducts into less harmful 
forms or storing them in non-functional organelles like vacuoles to reduce toxicity. 

This review considers autotrophs and heterotrophs together because, independently, their 
capacity to remediate petroleum hydrocarbons is limited. Effective bioremediation typically depends 
on cooperation with microbial communities [10]. In regions such as Qatar, the intrusion of polluted 
seawater inland and the discharge of untreated sewage into pools and lakes exacerbate 
environmental degradation. Petroleum hydrocarbons and other human-derived contaminants 
threaten soil and water quality [24,40,179–181]. Nonetheless, microalgae in aquatic environments and 
native vegetation on land, in collaboration with microbes, can help degrade these harmful substances 
and support ecological resilience. However, these organisms may also accumulate heavy metals, 
potentially leading to toxic buildup. Regular environmental monitoring is therefore crucial to ensure 
that metal concentrations remain within internationally accepted safety thresholds. Achieving a 
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sustainable balance between leveraging biological remediation and maintaining ecological safety is 
essential for long-term environmental health. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org. 
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