
Harmful algal blooms (HABs) can occur in freshwater and marine environments, caused by various 
species of planktonic algae spanning a wide taxonomic range. The occurrence of these algal blooms 
encompasses a diverse array of organisms, bloom dynamics, and impact mechanisms. There are two 
primary factors that lead to algal bloom: natural mechanisms like circulation, relaxation of upwelling, 
river �ow, and anthropogenic inputs, which result in eutrophication. Unfortunately, there is a 
common assumption that anthropogenic factors are solely responsible for recent blooms in stagnant 
waters and coastal areas, which is not always true. This review highlights the ecological and 
environmental factors contributing to the formation and development of algal blooms, focusing on 
nutrient enrichment, temperature, light availability, and grazing pressure. By investigating the 
physiological and molecular responses of bloom-forming species to changing ecological conditions, 
the review aims to provide insights into the factors in�uencing the size and duration of algal blooms. 
Ultimately, it contributes to developing more e�cient management and mitigation strategies for 
harmful algal blooms.
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Earth is the only known planet capable of supporting life, 
accommodating a wide spectrum of life forms ranging from the 
tiniest prokaryotes to the largest eukaryotes. Scienti�c research 
indicates that the origins of life on our planet trace back to a 
primordial environment characterized by a lack of oxygen, with 
oxygen being present solely in the form of compounds such as 
oxides, hydroxides, peroxides, superoxides, and the like. �ese 
early life forms likely contributed to the emergence of oxygen 
gas by breaking these compounds and engaging in anoxygenic 
photosynthesis, ultimately paving the way for developing more 
complex organisms. Algae represent one such primitive life 
form within this context. �e term "algae" encompasses a 
diverse array of organisms endowed with the ability to generate 
oxygen through photosynthesis. �ese organisms display a 
remarkable range of diversity in pigmentation and their capacity 
to perform photosynthesis under varying environmental 
conditions. However, they share certain de�ning characteristics 
that set them apart from other major groups of photosynthetic 
organisms [1]. Planktonic algal species exhibit a wide spectrum 
of sizes, spanning from a few nanometres to several 
micrometers in diameter, primarily classi�ed into three 
categories: pico-sized (<2 µm), nano-sized (2-20 µm), and 
microplankton (>20 µm). Together, they signi�cantly 
contribute, accounting for an estimated 60% of the global 
oceans' primary production. Microplankton is the primary 
producers in coastal oceans and estuaries, while nano and 
picoplankton assume this role in the open ocean regions.

 �e review aims to the ecological, physiological, and 
molecular aspects of algal blooms, particularly emphasizing the 
genetic and physiological basis underlying their formation and 
development. It provides a multifaceted analysis of these 
complex oceanic phenomena by integrating insights from 

molecular and cell biology, �eldwork, numerical modeling, 
and remote sensing. �rough interdisciplinary research, this 
contributes to a deeper understanding of the complicated 
mechanisms governing algal blooms, including the factors 
in�uencing their growth, the role of nutrients, the impact of 
grazing pressure, and the molecular characteristics of 
bloom-forming species.

Importance of Algae in Aquatic Ecosystem
As a long-term photosynthesis generator, algae make an 
important contribution to the environment and health. �is 
vital process has been ongoing for millions of years. 
Planktonic algae, which dominate the oceanic ecosystem, play 
a crucial role as the largest reservoir for CO2 absorption 
through photosynthesis. When examining the ancient history 
of biofuels, it is suggested that petroleum may have partially 
originated from ancient algae deposits. Some of the oldest oil 
reserves are linked to cyanobacteria, although the exact 
identi�cation of the mechanism remains unknown [2]. More 
recent oil deposits likely stem from eukaryotic marine green 
algae, coccolithophorids, and other microscopic marine 
phytoplankton. Various microalgal species, including green 
algae, diatoms, and cyanobacteria, are recognized as 
promising candidates for biofuel production. All types of 
algae possess the capability to synthesize energy-rich oils, and 
numerous microalgal species naturally accumulate signi�cant 
oil content in their dry mass. Furthermore, algae are 
distributed across various habitats and are known for their 
rapid reproduction rates [3].

Role of Algae in Oceanic Food Chain and Ecology
Algae play a crucial role in the world's ecosystems as they 
contribute to the formation of clouds and ocean food webs. 

Phytoplankton, the microscopic algae, establish the primary 
trophic level in the oceanic food web [4]. Phytoplankton serve 
as the primary nutritional source for smaller �sh and 
crustaceans, which subsequently constitute prey for larger 
species at the trophic level. �is trophic transfer extends 
through successive levels of the food chain, ultimately reaching 
the largest predators and human consumption of algae, with 
speci�c varieties employed for numerous commercial and 
industrial applications. Algae synthesize organic nutrient 
molecules by utilizing carbon dioxide and water in the process 
of photosynthesis, a mechanism by which they capture solar 
energy. Additionally, to synthesize organic compounds, algae 
generate oxygen as a byproduct during the process of 
photosynthesis. Algae are estimated to contribute 
approximately 30 to 50 percent of the total global oxygen supply 
available to humans and other terrestrial animals for the 
purpose of respiration [5].

Algal Blooms
When favorable environmental conditions arise, speci�c algal 
species can experience rapid population growth, leading to the 
proliferation of their numbers, o�en reaching several million 
cells per liter. �is abundance of algae can manifest as visible 
patches on the water's surface or a noticeable change in the 
water's color. �is dense and rapid algal growth is referred to as 
a 'bloom,' which can be either persistent (commonly observed 
in polluted freshwater systems) or seasonal (typically seen in 
mesotrophic lakes and coastal ocean regions). �e coloration of 
these blooms corresponds to the types of algae present within 
them. Many of the species responsible for bloom formation are 
planktonic and produce toxins, resulting in disruptions to the 
ecological balance of oceans and freshwater bodies. However, 
it's worth noting that green algal blooms are generally non-toxic 
[6].

 In oceanic environments, the primary species responsible 
for bloom formation are certain types of dino�agellates and 
diatoms. In freshwater systems, blooms are primarily caused by 
cyanobacteria and planktonic green algae. Under speci�c 
estuarine conditions, planktonic green algae can also reach 
bloom levels, albeit typically for a brief duration. In natural 
settings, algae produce toxins as a defense mechanism to deter 

consumption by small organisms, requiring only a minimal 
quantity to ensure their protection [7]. �e “bloom” 
concentrations di�er across species; e.g., 105 cells/L constitutes 
a bloom of Protogonyuulux, while blooms of Aureococcus 
unophuge�eruns occur at the concentration of 109 cells/L [8]. 
In freshwater bodies, Microcystis attains a population as high 
as 109 cells/L, forming the dense bloom, but bloom condition 
appears with a cell density of 105 cells/L. Blooms are typically 
visible occurrences that can take on a variety of colors, such as 
green, red, brown, or bluish-green, depending on the 
dominant species within the population. While a few species 
may form blooms together, most standing blooms are 
generated by a combination of 2 to 5 species. �ese blooms 
may or may not be visible, and their coloration can vary. 
Interestingly, some of the most destructive blooms in recent 
history have been brown in color [7,9].

 In most cases, red water blooms are caused by wind and 
currents on the water's surface. It is supported by the incidents 
that nearly all signi�cant blooms initiate within the open 
ocean rather than in the bay environment [10]. Such blooms 
can either be toxigenic, producing speci�c toxins, or harmful, 
leading to anoxia due to the decay process, or, in certain cases, 
they can basically obstruct the gill structures of �lter-feeding 
organisms. Additionally, algal blooms can emerge suddenly 
and induce the rapid development of shell�sh toxicity within a 
short period. �ere is a threat of Harmful algal blooms 
(HABs), and the presence of harmful algal species has the 
potential to impact aquaculture negatively. �ese outbreaks 
not only represent a public health hazard, with numerous 
fatalities historically linked to paralytic shell�sh poisoning but 
also lead to substantial mortality among shell�sh populations 
and signi�cant economic challenges for coastal �sheries and 
aquaculture enterprises. �e challenges linked to toxic algal 
blooms are no longer con�ned to dino�agellates and are 
increasingly evolving into a worldwide concern. Various 
research investigations and symposia have concentrated on 
the most prevalent species of toxic dino�agellates [11]. �e 
existence of toxic algal species and the potential for blooms 
have clear, negative impacts on aquaculture development. 
Table 1 summarises di�erent algal species and their blooming 
environments.

Causes of algal bloom
It is widely acknowledged that the increase in human activities 
and the expansion of coastal populations have played a role in 
the rise of toxic and harmful micro and macro-algae over the 
past two decades [61-63]. �is surge in HABs poses a signi�cant 
threat to our valuable marine ecosystems. What makes this 
situation particularly concerning is that, unlike chemical 
pollution, HABs, a form of 'biological pollution' have the 
potential to proliferate and thus become more frequent and 
severe. HABs have detrimental and swi� e�ects on both natural 
ecosystems and aquaculture systems, including factors like 
temperature and chemical imbalances and drastic �uctuations 
in hydrogen, oxygen, and carbon dioxide levels. �ey also have 
enduring impacts, such as changes in chemical dynamics and 

disruptions in food chains. �ese consequences can limit the 
use of resources and negatively impact commercial �shing and 
shell�sh production. �e most alarming aspect is that certain 
HABs produce toxic substances that harm and even kill marine 
organisms, including mammals, �sh, and birds while posing 
substantial health risks to humans [64-66].

 Furthermore, some microalgae generate taste and odor 
compounds that are undesirable, although not toxic. �ese 
compounds lead to substantial losses in aquaculture 
production and raise concerns about the safety of water 
resources containing them. Consequently, marine resource 
administrators, public health authorities, commercial �shing 
enterprises, and industries such as aquaculture, potable water 
production, and processed food and beverages have identi�ed 

algal-derived toxins and compounds associated with taste and 
odor as serious issues [67-69]. In light of these concerns, this 
review will examine the ecology, physiology, and molecular 
biology of algal blooms.

Ecological factors
�e main ecological factor for the bloom is the excess 
enrichment of nutrients in both freshwater and marine 
ecosystems [17,70-72]. Nitrogen inputs are o�en cited as 
controlling "new" production in the marine environment [73], 
while phosphorus is thought to limit primary productivity in 
freshwater ecosystems [74]. Estuarine ecosystems o�en exhibit 
intermediate nutrient limitation “paradigms” where P-limited 
conditions are characteristic in the low salinity oligohaline 
regions (salinity <5), upstream regions, and N limitation 
typifying more saline (salinity >5), downstream waters [73]. 
Elevated levels of phosphorus, particularly in relation to 
nitrogen, can promote the development of algal blooms, 
particularly favoring N2 �xing cyanobacterial genera. �ese 
cyanobacteria have the capacity to meet their own nitrogen 
requirements by enzymatically converting atmospheric 
nitrogen (N2) to biologically available ammonia (NH3) [75]. 
Water bodies enriched with nutrients are particularly 
susceptible to bloom formation, particularly when they exhibit 
prolonged residence times (low �ushing rates), experience 
periodic water temperatures exceeding 20 °C in the subtropics 
and temperature conditions, and remain at around 30 °C in the 
tropical water bodies, calm surface waters, and persistent 
vertical strati�cation [76]. Elevated phosphorus (in relation to 
nitrogen) loading is not a universal “trigger” for forming algal 
blooms.

 Nutrient inputs from agricultural, urban, and industrial 
sources have undergone rapid acceleration in recent decades, 
and nitrogen loads o�en surpass phosphorus inputs [77]. As a 
result of increased N-fertilizer application, human and 
agricultural wastes, stormwater runo�, groundwater discharge, 
and atmospheric deposition, which are all high in nitrogen 
relative to P, water bodies already impacted by nutrient 
depletion are being loaded with nitrogen [78]. Aquatic 
ecosystems with elevated nitrogen levels (high N:P ratios) can 
also experience the occurrence of blooms, particularly those 
comprised of non-N2-�xing genera. �is category primarily 
includes species belonging to Microcystis and Planktothrix, 
although various non-N2-�xing genera, such as Aphanocapsa, 
Raphidiopsis, and Woronochinia, possess the capacity of 
aggressive expansion in nitrogen-enriched aquatic 
environments. In numerous cases, maximum daily loads for 
phosphorus have been de�ned and implemented; however, 
nitrogen inputs are subject to less strict regulation, resulting in 
their increase in many ecosystems. N augmentation in both 
developed and developing regions has raised concerns that 
excessive N loading is accelerating eutrophication and 
promoting standing algal blooms in downstream freshwater and 
marine ecosystems [77,79,80]. Hence, the “P-only” paradigm 
for blooms control [81] needs to be revised [82]. Recent 
research, however, has demonstrated that cyanobacterial N2 
�xation does not meet the nitrogen requirements of 
phytoplankton or the ecosystem [82,83] for various factors, 
including (1) the high energy demands of N2 �xation, (2) the 
inhibition of this anaerobic process by production of oxygen in 
blooms through photosynthesis, (3) disruption of N2 �xation by 
turbulence and wind mixing, and (4) potential limitations 

imposed by other cofactors such as Fe, Mo, and/or other trace 
metals [84]. In aquatic environments where N2 �xation fails to 
meet the ecosystem's nitrogen demands, external nitrogen 
inputs play a vital role in augmenting nutrient availability, with 
excessive nitrogen inputs frequently resulting in undesirable 
and excessive algal production. �us, eutrophic systems that 
are already subjected to HAB occurrences are prone to further 
expansion of these blooms due to supplementary nitrogen 
inputs, particularly when they already possess adequate 
autochthonous phosphorus. Certainly, eutrophic systems on a 
global scale demonstrate the ability to absorb increasing 
amounts of nitrogen as they progress through higher trophic 
states [77,85]. An evaluation of algal productivity under 
nutrient enrichment in geographically diverse eutrophic lakes, 
reservoirs, estuarine and coastal waters, as well as a range of 
experimental enclosures (<1L to over 10,000L), showed that 
the strongest stimulation was found for both nitrogen and 
phosphorous additions, indicating widespread nutrient 
colimitation [72,86,87].

Nutrient regulation of algal blooms
Nitrogen o�en serves as the principal limiting nutrient for 
phytoplankton formation in several freshwater habitats, 
particularly in the tropics, subtropics, high-altitude regions, 
and various large lake ecosystems [88]. In contrast, some 
marine ecosystems in both the tropics and the subtropics can 
display P-limited conditions [89]. �ere are rare occurrences 
of blooms of temporary nature in the marine systems of the 
temperate, but freshwater bodies have no problem of bloom 
appearance.

 Blooms of freshwater cyanobacteria are commonly linked 
to water bodies characterized by eutrophic conditions and 
limited water exchange [76,90]. A signi�cant number of 
cyanobacteria exhibit the capacity for nitrogen �xation 
[17,76], and given that numerous freshwater ecosystems 
experience phosphorus limitation [89], there has been a 
prevalent assumption that phosphorus loading fosters the 
development of toxic cyanobacterial blooms [76]. �e exact 
e�ect of phosphorus on cyanobacterial development is 
complex and varies between taxa. According to laboratory 
studies, increasing phosphorus concentration can result in 
increased, decreased, or unaltered growth, as well as toxin 
levels in cyanobacteria [91]. Similarly, the presence of 
microcystin can exhibit either positive or negative correlations 
with varying levels of phosphorus loading in freshwater [92]. 
Nitrogen loading may hold equal signi�cance in the 
occurrence of toxic cyanobacterial blooms, especially in the 
case of non-N2-�xing cyanobacteria, such as Microcystis spp., 
Oscillatoria spp. [93,94]. 

 Toxic cyanobacteria have been shown in �eld and 
laboratory investigations to disturb grazing by some 
zooplankton [95,96]. Mesozooplankton (>200mm), such as 
cladocerans and copepods, can be harmed in various systems 
that have dense and/or toxic algal blooms, experiencing 
reduced feeding rate, impaired food assimilation, or even 
mortality [95,96]. Many factors determine how much 
zooplankton feed on cyanobacteria, including the levels of 
toxins, the speci�c cyanobacterial strains, zooplankton 
species, and ecological conditions [95-97]. Organisms that 
have lived in isolated environments rich in nutrients, where 
they likely encountered harmful cyanobacteria over extended 

periods, exhibit enhanced resilience when it comes to feeding 
on and thriving alongside toxic Microcystis sp. cultures 
compared to individuals without prior exposure to such 
blooms. �is suggests their capacity to withstand toxins and 
adapt to life within these blooming species [98]. While these 
studies indicate the adaptive potential of Daphnia in response to 
toxic cyanobacteria, other research �ndings have shown that 
these grazers may remain unable to feed on cyanobacteria 
despite repeated exposure [99]. It has been proposed that 
microzooplankton (20-200 mm) consume harmful 
cyanobacteria [17,100].

 A potentially stimulatory nutritional e�ect may be 
diminished or eliminated by other elements like suspended 
sediments or grazing pressure. In turbid lakes and reservoirs 
characterized by light limitations and frequent water turnover, 
elevated phosphorus loading may not necessarily stimulate 
phytoplankton blooms. �is phenomenon is particularly 
notable in water bodies subject to substantial episodic sediment 
inputs and featuring relatively rapid �ushing rates [101]. 
Cyanobacteria have the capacity to proliferate in environments 
with reduced light availability by positioning themselves 
towards the water's surface during the intervals between 
episodic sediment loading episodes or by utilizing buoyancy 
regulation systems [101]. �e grazing pressure from 
macrozooplankton can drastically diminish the populations of 
most phytoplankton species in lakes characterized by low to 
moderate nutrient loading, counteracting the e�ect of 
nutritional stimulation [102]. �e Pearl River Estuary, the South 
China Sea, Victoria Harbour, and regions to the east have all 
reported similar phenomena in coastal waterways and estuaries. 
�e high sediment loads in such estuaries and oceans, according 
to Tang et al.'s hypothesis, cause the negative relationship 
between nutrient loading and algal biomass [103]. Limitations 
in light would inhibit phytoplankton from fully utilizing the 
nutrients that were provided to them.

The grazing pressure
�e formation, growth, and development of the algal bloom are 
signi�cantly in�uenced by the grazing pressure. �e quality of 
the available biomass generally determines the grazing rate and 
directs it towards speci�c palatable species, which are typically 
not the bloom-forming ones. Grazers may reduce the growth of 
phytoplankton biomass (of species other than the 
bloom-forming ones) by feeding, but they may also promote the 
regeneration of nutrients by releasing and excreting waste 
products. �is will consequently change the ratio of reduced to 
oxidized forms of nitrogen that are available to the 
phytoplankton for utilization [104].

Physiological adaptation of algal blooms
�e rate of nutrient delivery may not consistently align with the 
rate of nutrient uptake by the algae responsible for bloom 
formation, as the latter process is in�uenced by factors such as 
nutritional selectivity, uptake capacities, and physiological or 
nutritional conditions. �is complicates the physiological 
responses of bloom-forming species to modi�ed ecological 
conditions. Numerous other elements, like as interactions with 
grazers and physical forcings (such as turbulence), a�ect how 
the entire phytoplankton population and various species within 
it react [104,105]. �e ability of phytoplankton to assimilate 
nutrients depends on environmental parameters such as light, 
temperature, and the stability of the water column, with various 

environmental e�ects having varying e�ects on various 
nutritional substrates. According to Glibert et al., the 
assimilation of ammonium and urea is typically believed to 
exhibit a lower dependency on light than nitrate uptake [105]. 
Additionally, the temperature dependency of ammonium 
uptake may di�er from that of nitrate [105]. �e stability of the 
water column is yet another important aspect that a�ects 
species composition.

 �e ability to utilize available light e�ciently and the 
development of physiological tolerance to low light provide 
blooming species an edge over competing species in terms of 
growth. In contrast to other species, they are more favored by 
low grazing pressure to expand in density quickly and utilize 
all resources e�ectively. Warm, stable weather has been linked 
to Karenia mikimotoi blooms, which can endure long periods 
of low light and nutrients [106]. �ese blooms begin in 
Norwegian waters at the pycnocline in the summer or the �rst 
few weeks of fall, then gather at hydrographic fronts within 
close proximity to the shoreline [106]. A link between the 
formation of blooms and decreasing day length has been seen 
in Tunisian lagoons, where blooms of G. aureolum have 
repeatedly killed �sh [107]. �is aligns with the higher 
frequency of these blooms occurring during the late summer 
and autumn periods. When assessing the potential 
consequences of nutrient stimulation on HAB biomass or 
productivity, it is imperative to consider the physiological and 
ecological tolerances of the particular species under 
examination.

 For the regulation and management of algal blooms, 
research on the physiological mechanisms employed by 
various groups of organisms to obtain their nutrients has 
become crucial. Because marine diatoms, owing to the 
physiological adaptations that enable them to take advantage 
of nitrate-enriched circumstances, there has been a strong 
correlation between rapidly growing marine diatoms and 
substantial and/or frequent nitrate inputs [108]. �ere are 
many �agellate species, including some HAB species, that are 
capable of obtaining both nitrogen and carbon by consuming 
particles or up taking dissolved organic molecules [108]. As a 
result of such mixotrophic or heterotrophic tendencies, these 
cells can bloom when non-organic nutrients or light are 
insu�cient for their nutritional needs. Numerous Dinophysis 
species, particularly those that cause diarrhetic shell�sh 
poisoning, are now thought to depend on mixotrophy for their 
survival and growth. Heterosigma carterae, A. tamarense [109], 
and Gyrodinium galatheanum [21] have all been proven to be 
mixotrophic.

 Numerous organisms that produce planktonic blooms 
possess the physiological capacity to obtain some of their 
nutrients through extracellular oxidation or hydrolysis. 
Extracellular amino acid oxidation has been demonstrated to 
occur in various �agellates and ecosystems, but it seems to be 
more pronounced when ambient inorganic nutrient levels are 
at or close to depletion [9]. At the cell surface, proteins and 
peptides can also undergo hydrolysis, resulting in smaller 
molecules that the cells can absorb. In addition to the N or P 
that HAB cells need, organic substances may help to meet their 
C needs as well [9]. 

Molecular biology 
Since they all belong to the same family, the molecular biology 

characteristics of bloom-forming species are not signi�cantly 
di�erent from those of non-blooming species. However, the 
presence of toxin-producing genes distinguishes 
bloom-forming species from non-blooming species. Although 
not a uniform trait of HABs, synthesizing hazardous chemicals 
is a typical aspect. Unexpectedly, only a small number of HAB 
toxins have been identi�ed, and they are produced by a small 
number of algal species [9]. As toxins a�ect a wide variety of 
organisms' survival, growth, fecundity, and recruitment, toxic 
algae may thus have a large impact on ecological dynamics. �e 
diarrhoeic, paralytic, neurotoxic, and amnesic shell�sh 
poisoning symptoms are caused by the most well-known marine 
HAB toxins. �e toxins linked to each of these poisoning 
incidents are created by planktonic dino�agellates, with the 
exception of the ASP toxin, domoic acid, which is largely made 
by diatoms. �e ��h form of marine HAB toxin event, ciguatera 
�sh poisoning, is brought on by benthic dino�agellates [110]. 

 Alkaloids, polyethers, or substituted amines are the three 
main chemical types of marine HAB toxins. However, other 
toxins, including superoxide and/or hydroxyl radicals, 
lipoteichoic acids with hemagglutinin activity, and pentacyclic 
derivatives with a fused azine, have also been linked to HAB 
species [111]. Toxins found in freshwater di�er from those 
found in marine environments in two ways. First, cyanobacteria 
almost always produce freshwater HAB toxins rather than 
dino�agellates [112]. In addition, freshwater poisons have a 
wider range of chemical structures, including alkaloids, 
phosphate esters, macrolides, chlorinated diary lactones, and 
penta- and heptapeptides. According to Ferreira et al., these 
cyanobacterial toxins can be neurotoxic, hepatotoxic, or 
dermatotoxic [113]. Saxitoxins, the main cause of paralytic 
shell�sh poisoning (PSP), are interestingly produced by 
cyanobacteria in freshwater, whereas dino�agellates and 
bacteria do so in marine settings [113]. According to research to 
date, HAB poisons have intricate chemical structures. �ese 
toxins appear to result from complex metabolic processes, and 
some of the enzymatic reactions probably involve extremely 
particular and specialized reactions. As a result, our 
understanding of the biology involved in toxin production is 
quite limited.

Discussion
Algal blooms are intricate oceanic phenomena that need 
interdisciplinary research in �elds like molecular and cell 
biology, as well as extensive �eldwork, numerical modeling, and 
remote sensing. Bilateral and multilateral initiatives are working 
to unite scientists from various nations and �elds in a 
coordinated attempt to address this intricate and multifaceted 
problem. As our understanding of these processes grows, so do 
the technologies and management strategies that can lessen the 
incidence and e�ects of harmful blooms. One signi�cant result 
of the rising investment in the Global Ocean Observing System 
will undoubtedly be more e�cient HAB management. 
Increasing concern has been expressed about the damaging 
e�ects of excessive nutrient enrichment on surface waterways 
and aquaculture waterways. Groundwater, row crops, and 
atmospheric deposition are all sources of 'nonpoint source' 
nutrient loading. Large-scale animal feed lots and aquaculture 
farms are also sources of 'point source-like' nutrient inputs, 
fueling concerns about their environmental sustainability [114]. 
According to numerous studies, microalgae directly and 
frequently distinguishably respond to such environmental 

changes in many physiological processes (such as 
photophysiological regulation, respiration, protein and 
enzyme kinetics, secondary metabolite synthesis, etc.) 
[90,115]. Such physiological reactions serve as the foundation 
for cell maintenance, growth, and, eventually the expansion of 
an undesirable phytoplankton population. Additionally, the 
molecular and/or cellular regulation of physiological processes 
�rmly controls the size and duration of a given reaction 
[116-118].

Conclusions
In order to e�ectively manage algal blooms and related 
metabolites, it is important to understand their genetic and 
physiological basis. It is crucial to know these kinds of details 
to understand phenomena such as why certain taxa displace 
others in taxon assemblages, how some taxa sustain long-term 
competitive dominance, and why some taxa (and usually 
di�erent strains of a taxon) produce harmful metabolites and 
alter their habitats directly or indirectly. Over the past ten 
years, the rapid development of new computer-based 
technologies has nearly ''leaped-frogged'' the ability of 
scientists to evaluate such instrumentation and analysis. �e 
general consensus in society is that algae are undesirable and 
should be removed whenever possible. However, this 
misconception is false because only a few species pose a threat, 
with Homo sapiens being the worst of these. Algae produce 
oxygen, �sh are a signi�cant food supply for aquatic life, and 
many other bene�ts. HABs are a necessary evil that we must 
deal with but cannot completely eradicate, even if algal blooms 
are detrimental and dangerous for human society. �is is 
because algae have more good e�ects than negative ones, 
making HABs a necessary evil that we must deal with but 
cannot completely eradicate. �ere is a widespread perception 
that algae are toxic and should be eliminated at every 
opportunity. �ere are many kinds of animals that bene�t from 
the presence of algae and �sh, but only a few species pose a 
threat to the environment, and the worst of these is the Homo 
sapiens. �ough algal blooms are harmful and are problematic 
to human society but still algae cannot be eradicated 
worldwide only for their harmful property as they have many 
positive e�ects as compared to some negative ones, so HABs 
are a necessary evil that we have to cope with but cannot 
eliminate them.
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Earth is the only known planet capable of supporting life, 
accommodating a wide spectrum of life forms ranging from the 
tiniest prokaryotes to the largest eukaryotes. Scienti�c research 
indicates that the origins of life on our planet trace back to a 
primordial environment characterized by a lack of oxygen, with 
oxygen being present solely in the form of compounds such as 
oxides, hydroxides, peroxides, superoxides, and the like. �ese 
early life forms likely contributed to the emergence of oxygen 
gas by breaking these compounds and engaging in anoxygenic 
photosynthesis, ultimately paving the way for developing more 
complex organisms. Algae represent one such primitive life 
form within this context. �e term "algae" encompasses a 
diverse array of organisms endowed with the ability to generate 
oxygen through photosynthesis. �ese organisms display a 
remarkable range of diversity in pigmentation and their capacity 
to perform photosynthesis under varying environmental 
conditions. However, they share certain de�ning characteristics 
that set them apart from other major groups of photosynthetic 
organisms [1]. Planktonic algal species exhibit a wide spectrum 
of sizes, spanning from a few nanometres to several 
micrometers in diameter, primarily classi�ed into three 
categories: pico-sized (<2 µm), nano-sized (2-20 µm), and 
microplankton (>20 µm). Together, they signi�cantly 
contribute, accounting for an estimated 60% of the global 
oceans' primary production. Microplankton is the primary 
producers in coastal oceans and estuaries, while nano and 
picoplankton assume this role in the open ocean regions.

 �e review aims to the ecological, physiological, and 
molecular aspects of algal blooms, particularly emphasizing the 
genetic and physiological basis underlying their formation and 
development. It provides a multifaceted analysis of these 
complex oceanic phenomena by integrating insights from 

molecular and cell biology, �eldwork, numerical modeling, 
and remote sensing. �rough interdisciplinary research, this 
contributes to a deeper understanding of the complicated 
mechanisms governing algal blooms, including the factors 
in�uencing their growth, the role of nutrients, the impact of 
grazing pressure, and the molecular characteristics of 
bloom-forming species.

Importance of Algae in Aquatic Ecosystem
As a long-term photosynthesis generator, algae make an 
important contribution to the environment and health. �is 
vital process has been ongoing for millions of years. 
Planktonic algae, which dominate the oceanic ecosystem, play 
a crucial role as the largest reservoir for CO2 absorption 
through photosynthesis. When examining the ancient history 
of biofuels, it is suggested that petroleum may have partially 
originated from ancient algae deposits. Some of the oldest oil 
reserves are linked to cyanobacteria, although the exact 
identi�cation of the mechanism remains unknown [2]. More 
recent oil deposits likely stem from eukaryotic marine green 
algae, coccolithophorids, and other microscopic marine 
phytoplankton. Various microalgal species, including green 
algae, diatoms, and cyanobacteria, are recognized as 
promising candidates for biofuel production. All types of 
algae possess the capability to synthesize energy-rich oils, and 
numerous microalgal species naturally accumulate signi�cant 
oil content in their dry mass. Furthermore, algae are 
distributed across various habitats and are known for their 
rapid reproduction rates [3].

Role of Algae in Oceanic Food Chain and Ecology
Algae play a crucial role in the world's ecosystems as they 
contribute to the formation of clouds and ocean food webs. 

Phytoplankton, the microscopic algae, establish the primary 
trophic level in the oceanic food web [4]. Phytoplankton serve 
as the primary nutritional source for smaller �sh and 
crustaceans, which subsequently constitute prey for larger 
species at the trophic level. �is trophic transfer extends 
through successive levels of the food chain, ultimately reaching 
the largest predators and human consumption of algae, with 
speci�c varieties employed for numerous commercial and 
industrial applications. Algae synthesize organic nutrient 
molecules by utilizing carbon dioxide and water in the process 
of photosynthesis, a mechanism by which they capture solar 
energy. Additionally, to synthesize organic compounds, algae 
generate oxygen as a byproduct during the process of 
photosynthesis. Algae are estimated to contribute 
approximately 30 to 50 percent of the total global oxygen supply 
available to humans and other terrestrial animals for the 
purpose of respiration [5].

Algal Blooms
When favorable environmental conditions arise, speci�c algal 
species can experience rapid population growth, leading to the 
proliferation of their numbers, o�en reaching several million 
cells per liter. �is abundance of algae can manifest as visible 
patches on the water's surface or a noticeable change in the 
water's color. �is dense and rapid algal growth is referred to as 
a 'bloom,' which can be either persistent (commonly observed 
in polluted freshwater systems) or seasonal (typically seen in 
mesotrophic lakes and coastal ocean regions). �e coloration of 
these blooms corresponds to the types of algae present within 
them. Many of the species responsible for bloom formation are 
planktonic and produce toxins, resulting in disruptions to the 
ecological balance of oceans and freshwater bodies. However, 
it's worth noting that green algal blooms are generally non-toxic 
[6].

 In oceanic environments, the primary species responsible 
for bloom formation are certain types of dino�agellates and 
diatoms. In freshwater systems, blooms are primarily caused by 
cyanobacteria and planktonic green algae. Under speci�c 
estuarine conditions, planktonic green algae can also reach 
bloom levels, albeit typically for a brief duration. In natural 
settings, algae produce toxins as a defense mechanism to deter 

consumption by small organisms, requiring only a minimal 
quantity to ensure their protection [7]. �e “bloom” 
concentrations di�er across species; e.g., 105 cells/L constitutes 
a bloom of Protogonyuulux, while blooms of Aureococcus 
unophuge�eruns occur at the concentration of 109 cells/L [8]. 
In freshwater bodies, Microcystis attains a population as high 
as 109 cells/L, forming the dense bloom, but bloom condition 
appears with a cell density of 105 cells/L. Blooms are typically 
visible occurrences that can take on a variety of colors, such as 
green, red, brown, or bluish-green, depending on the 
dominant species within the population. While a few species 
may form blooms together, most standing blooms are 
generated by a combination of 2 to 5 species. �ese blooms 
may or may not be visible, and their coloration can vary. 
Interestingly, some of the most destructive blooms in recent 
history have been brown in color [7,9].

 In most cases, red water blooms are caused by wind and 
currents on the water's surface. It is supported by the incidents 
that nearly all signi�cant blooms initiate within the open 
ocean rather than in the bay environment [10]. Such blooms 
can either be toxigenic, producing speci�c toxins, or harmful, 
leading to anoxia due to the decay process, or, in certain cases, 
they can basically obstruct the gill structures of �lter-feeding 
organisms. Additionally, algal blooms can emerge suddenly 
and induce the rapid development of shell�sh toxicity within a 
short period. �ere is a threat of Harmful algal blooms 
(HABs), and the presence of harmful algal species has the 
potential to impact aquaculture negatively. �ese outbreaks 
not only represent a public health hazard, with numerous 
fatalities historically linked to paralytic shell�sh poisoning but 
also lead to substantial mortality among shell�sh populations 
and signi�cant economic challenges for coastal �sheries and 
aquaculture enterprises. �e challenges linked to toxic algal 
blooms are no longer con�ned to dino�agellates and are 
increasingly evolving into a worldwide concern. Various 
research investigations and symposia have concentrated on 
the most prevalent species of toxic dino�agellates [11]. �e 
existence of toxic algal species and the potential for blooms 
have clear, negative impacts on aquaculture development. 
Table 1 summarises di�erent algal species and their blooming 
environments.

Sl. No. Genus Phylum Bloom Condition Reference 

1 Alexandrium  Dino�agellates Marine  [12,13] 

2 Amphidoma Miozoa Marine  [14,15] 

3 Anabaena Cyanobacteria Fresh water [16-19] 

4 Anabaenopsis Cyanobacteria  Fresh water and Marine  [18,20,21] 

5 Aphanizomenon Cyanobacteria Fresh water [17,18,21] 

6 Aphanocapsa Cyanobacteria Fresh water [17,19,22]  

7 Aureococcus Heterokonta Estuaries and marine  [23,24]  

8 Botryococcus Chlorophyta Fresh water [17,25,26] 

9 Ceratium Pyrrhophyta (Dinophyta) Fresh water [17,27,28] 

10 Chlorococcus Chlorophyta Fresh water [17,29,30] 

Table 1. List of blooming species and their environmental condition.

Causes of algal bloom
It is widely acknowledged that the increase in human activities 
and the expansion of coastal populations have played a role in 
the rise of toxic and harmful micro and macro-algae over the 
past two decades [61-63]. �is surge in HABs poses a signi�cant 
threat to our valuable marine ecosystems. What makes this 
situation particularly concerning is that, unlike chemical 
pollution, HABs, a form of 'biological pollution' have the 
potential to proliferate and thus become more frequent and 
severe. HABs have detrimental and swi� e�ects on both natural 
ecosystems and aquaculture systems, including factors like 
temperature and chemical imbalances and drastic �uctuations 
in hydrogen, oxygen, and carbon dioxide levels. �ey also have 
enduring impacts, such as changes in chemical dynamics and 

disruptions in food chains. �ese consequences can limit the 
use of resources and negatively impact commercial �shing and 
shell�sh production. �e most alarming aspect is that certain 
HABs produce toxic substances that harm and even kill marine 
organisms, including mammals, �sh, and birds while posing 
substantial health risks to humans [64-66].

 Furthermore, some microalgae generate taste and odor 
compounds that are undesirable, although not toxic. �ese 
compounds lead to substantial losses in aquaculture 
production and raise concerns about the safety of water 
resources containing them. Consequently, marine resource 
administrators, public health authorities, commercial �shing 
enterprises, and industries such as aquaculture, potable water 
production, and processed food and beverages have identi�ed 

algal-derived toxins and compounds associated with taste and 
odor as serious issues [67-69]. In light of these concerns, this 
review will examine the ecology, physiology, and molecular 
biology of algal blooms.

Ecological factors
�e main ecological factor for the bloom is the excess 
enrichment of nutrients in both freshwater and marine 
ecosystems [17,70-72]. Nitrogen inputs are o�en cited as 
controlling "new" production in the marine environment [73], 
while phosphorus is thought to limit primary productivity in 
freshwater ecosystems [74]. Estuarine ecosystems o�en exhibit 
intermediate nutrient limitation “paradigms” where P-limited 
conditions are characteristic in the low salinity oligohaline 
regions (salinity <5), upstream regions, and N limitation 
typifying more saline (salinity >5), downstream waters [73]. 
Elevated levels of phosphorus, particularly in relation to 
nitrogen, can promote the development of algal blooms, 
particularly favoring N2 �xing cyanobacterial genera. �ese 
cyanobacteria have the capacity to meet their own nitrogen 
requirements by enzymatically converting atmospheric 
nitrogen (N2) to biologically available ammonia (NH3) [75]. 
Water bodies enriched with nutrients are particularly 
susceptible to bloom formation, particularly when they exhibit 
prolonged residence times (low �ushing rates), experience 
periodic water temperatures exceeding 20 °C in the subtropics 
and temperature conditions, and remain at around 30 °C in the 
tropical water bodies, calm surface waters, and persistent 
vertical strati�cation [76]. Elevated phosphorus (in relation to 
nitrogen) loading is not a universal “trigger” for forming algal 
blooms.

 Nutrient inputs from agricultural, urban, and industrial 
sources have undergone rapid acceleration in recent decades, 
and nitrogen loads o�en surpass phosphorus inputs [77]. As a 
result of increased N-fertilizer application, human and 
agricultural wastes, stormwater runo�, groundwater discharge, 
and atmospheric deposition, which are all high in nitrogen 
relative to P, water bodies already impacted by nutrient 
depletion are being loaded with nitrogen [78]. Aquatic 
ecosystems with elevated nitrogen levels (high N:P ratios) can 
also experience the occurrence of blooms, particularly those 
comprised of non-N2-�xing genera. �is category primarily 
includes species belonging to Microcystis and Planktothrix, 
although various non-N2-�xing genera, such as Aphanocapsa, 
Raphidiopsis, and Woronochinia, possess the capacity of 
aggressive expansion in nitrogen-enriched aquatic 
environments. In numerous cases, maximum daily loads for 
phosphorus have been de�ned and implemented; however, 
nitrogen inputs are subject to less strict regulation, resulting in 
their increase in many ecosystems. N augmentation in both 
developed and developing regions has raised concerns that 
excessive N loading is accelerating eutrophication and 
promoting standing algal blooms in downstream freshwater and 
marine ecosystems [77,79,80]. Hence, the “P-only” paradigm 
for blooms control [81] needs to be revised [82]. Recent 
research, however, has demonstrated that cyanobacterial N2 
�xation does not meet the nitrogen requirements of 
phytoplankton or the ecosystem [82,83] for various factors, 
including (1) the high energy demands of N2 �xation, (2) the 
inhibition of this anaerobic process by production of oxygen in 
blooms through photosynthesis, (3) disruption of N2 �xation by 
turbulence and wind mixing, and (4) potential limitations 

imposed by other cofactors such as Fe, Mo, and/or other trace 
metals [84]. In aquatic environments where N2 �xation fails to 
meet the ecosystem's nitrogen demands, external nitrogen 
inputs play a vital role in augmenting nutrient availability, with 
excessive nitrogen inputs frequently resulting in undesirable 
and excessive algal production. �us, eutrophic systems that 
are already subjected to HAB occurrences are prone to further 
expansion of these blooms due to supplementary nitrogen 
inputs, particularly when they already possess adequate 
autochthonous phosphorus. Certainly, eutrophic systems on a 
global scale demonstrate the ability to absorb increasing 
amounts of nitrogen as they progress through higher trophic 
states [77,85]. An evaluation of algal productivity under 
nutrient enrichment in geographically diverse eutrophic lakes, 
reservoirs, estuarine and coastal waters, as well as a range of 
experimental enclosures (<1L to over 10,000L), showed that 
the strongest stimulation was found for both nitrogen and 
phosphorous additions, indicating widespread nutrient 
colimitation [72,86,87].

Nutrient regulation of algal blooms
Nitrogen o�en serves as the principal limiting nutrient for 
phytoplankton formation in several freshwater habitats, 
particularly in the tropics, subtropics, high-altitude regions, 
and various large lake ecosystems [88]. In contrast, some 
marine ecosystems in both the tropics and the subtropics can 
display P-limited conditions [89]. �ere are rare occurrences 
of blooms of temporary nature in the marine systems of the 
temperate, but freshwater bodies have no problem of bloom 
appearance.

 Blooms of freshwater cyanobacteria are commonly linked 
to water bodies characterized by eutrophic conditions and 
limited water exchange [76,90]. A signi�cant number of 
cyanobacteria exhibit the capacity for nitrogen �xation 
[17,76], and given that numerous freshwater ecosystems 
experience phosphorus limitation [89], there has been a 
prevalent assumption that phosphorus loading fosters the 
development of toxic cyanobacterial blooms [76]. �e exact 
e�ect of phosphorus on cyanobacterial development is 
complex and varies between taxa. According to laboratory 
studies, increasing phosphorus concentration can result in 
increased, decreased, or unaltered growth, as well as toxin 
levels in cyanobacteria [91]. Similarly, the presence of 
microcystin can exhibit either positive or negative correlations 
with varying levels of phosphorus loading in freshwater [92]. 
Nitrogen loading may hold equal signi�cance in the 
occurrence of toxic cyanobacterial blooms, especially in the 
case of non-N2-�xing cyanobacteria, such as Microcystis spp., 
Oscillatoria spp. [93,94]. 

 Toxic cyanobacteria have been shown in �eld and 
laboratory investigations to disturb grazing by some 
zooplankton [95,96]. Mesozooplankton (>200mm), such as 
cladocerans and copepods, can be harmed in various systems 
that have dense and/or toxic algal blooms, experiencing 
reduced feeding rate, impaired food assimilation, or even 
mortality [95,96]. Many factors determine how much 
zooplankton feed on cyanobacteria, including the levels of 
toxins, the speci�c cyanobacterial strains, zooplankton 
species, and ecological conditions [95-97]. Organisms that 
have lived in isolated environments rich in nutrients, where 
they likely encountered harmful cyanobacteria over extended 

periods, exhibit enhanced resilience when it comes to feeding 
on and thriving alongside toxic Microcystis sp. cultures 
compared to individuals without prior exposure to such 
blooms. �is suggests their capacity to withstand toxins and 
adapt to life within these blooming species [98]. While these 
studies indicate the adaptive potential of Daphnia in response to 
toxic cyanobacteria, other research �ndings have shown that 
these grazers may remain unable to feed on cyanobacteria 
despite repeated exposure [99]. It has been proposed that 
microzooplankton (20-200 mm) consume harmful 
cyanobacteria [17,100].

 A potentially stimulatory nutritional e�ect may be 
diminished or eliminated by other elements like suspended 
sediments or grazing pressure. In turbid lakes and reservoirs 
characterized by light limitations and frequent water turnover, 
elevated phosphorus loading may not necessarily stimulate 
phytoplankton blooms. �is phenomenon is particularly 
notable in water bodies subject to substantial episodic sediment 
inputs and featuring relatively rapid �ushing rates [101]. 
Cyanobacteria have the capacity to proliferate in environments 
with reduced light availability by positioning themselves 
towards the water's surface during the intervals between 
episodic sediment loading episodes or by utilizing buoyancy 
regulation systems [101]. �e grazing pressure from 
macrozooplankton can drastically diminish the populations of 
most phytoplankton species in lakes characterized by low to 
moderate nutrient loading, counteracting the e�ect of 
nutritional stimulation [102]. �e Pearl River Estuary, the South 
China Sea, Victoria Harbour, and regions to the east have all 
reported similar phenomena in coastal waterways and estuaries. 
�e high sediment loads in such estuaries and oceans, according 
to Tang et al.'s hypothesis, cause the negative relationship 
between nutrient loading and algal biomass [103]. Limitations 
in light would inhibit phytoplankton from fully utilizing the 
nutrients that were provided to them.

The grazing pressure
�e formation, growth, and development of the algal bloom are 
signi�cantly in�uenced by the grazing pressure. �e quality of 
the available biomass generally determines the grazing rate and 
directs it towards speci�c palatable species, which are typically 
not the bloom-forming ones. Grazers may reduce the growth of 
phytoplankton biomass (of species other than the 
bloom-forming ones) by feeding, but they may also promote the 
regeneration of nutrients by releasing and excreting waste 
products. �is will consequently change the ratio of reduced to 
oxidized forms of nitrogen that are available to the 
phytoplankton for utilization [104].

Physiological adaptation of algal blooms
�e rate of nutrient delivery may not consistently align with the 
rate of nutrient uptake by the algae responsible for bloom 
formation, as the latter process is in�uenced by factors such as 
nutritional selectivity, uptake capacities, and physiological or 
nutritional conditions. �is complicates the physiological 
responses of bloom-forming species to modi�ed ecological 
conditions. Numerous other elements, like as interactions with 
grazers and physical forcings (such as turbulence), a�ect how 
the entire phytoplankton population and various species within 
it react [104,105]. �e ability of phytoplankton to assimilate 
nutrients depends on environmental parameters such as light, 
temperature, and the stability of the water column, with various 

environmental e�ects having varying e�ects on various 
nutritional substrates. According to Glibert et al., the 
assimilation of ammonium and urea is typically believed to 
exhibit a lower dependency on light than nitrate uptake [105]. 
Additionally, the temperature dependency of ammonium 
uptake may di�er from that of nitrate [105]. �e stability of the 
water column is yet another important aspect that a�ects 
species composition.

 �e ability to utilize available light e�ciently and the 
development of physiological tolerance to low light provide 
blooming species an edge over competing species in terms of 
growth. In contrast to other species, they are more favored by 
low grazing pressure to expand in density quickly and utilize 
all resources e�ectively. Warm, stable weather has been linked 
to Karenia mikimotoi blooms, which can endure long periods 
of low light and nutrients [106]. �ese blooms begin in 
Norwegian waters at the pycnocline in the summer or the �rst 
few weeks of fall, then gather at hydrographic fronts within 
close proximity to the shoreline [106]. A link between the 
formation of blooms and decreasing day length has been seen 
in Tunisian lagoons, where blooms of G. aureolum have 
repeatedly killed �sh [107]. �is aligns with the higher 
frequency of these blooms occurring during the late summer 
and autumn periods. When assessing the potential 
consequences of nutrient stimulation on HAB biomass or 
productivity, it is imperative to consider the physiological and 
ecological tolerances of the particular species under 
examination.

 For the regulation and management of algal blooms, 
research on the physiological mechanisms employed by 
various groups of organisms to obtain their nutrients has 
become crucial. Because marine diatoms, owing to the 
physiological adaptations that enable them to take advantage 
of nitrate-enriched circumstances, there has been a strong 
correlation between rapidly growing marine diatoms and 
substantial and/or frequent nitrate inputs [108]. �ere are 
many �agellate species, including some HAB species, that are 
capable of obtaining both nitrogen and carbon by consuming 
particles or up taking dissolved organic molecules [108]. As a 
result of such mixotrophic or heterotrophic tendencies, these 
cells can bloom when non-organic nutrients or light are 
insu�cient for their nutritional needs. Numerous Dinophysis 
species, particularly those that cause diarrhetic shell�sh 
poisoning, are now thought to depend on mixotrophy for their 
survival and growth. Heterosigma carterae, A. tamarense [109], 
and Gyrodinium galatheanum [21] have all been proven to be 
mixotrophic.

 Numerous organisms that produce planktonic blooms 
possess the physiological capacity to obtain some of their 
nutrients through extracellular oxidation or hydrolysis. 
Extracellular amino acid oxidation has been demonstrated to 
occur in various �agellates and ecosystems, but it seems to be 
more pronounced when ambient inorganic nutrient levels are 
at or close to depletion [9]. At the cell surface, proteins and 
peptides can also undergo hydrolysis, resulting in smaller 
molecules that the cells can absorb. In addition to the N or P 
that HAB cells need, organic substances may help to meet their 
C needs as well [9]. 

Molecular biology 
Since they all belong to the same family, the molecular biology 

characteristics of bloom-forming species are not signi�cantly 
di�erent from those of non-blooming species. However, the 
presence of toxin-producing genes distinguishes 
bloom-forming species from non-blooming species. Although 
not a uniform trait of HABs, synthesizing hazardous chemicals 
is a typical aspect. Unexpectedly, only a small number of HAB 
toxins have been identi�ed, and they are produced by a small 
number of algal species [9]. As toxins a�ect a wide variety of 
organisms' survival, growth, fecundity, and recruitment, toxic 
algae may thus have a large impact on ecological dynamics. �e 
diarrhoeic, paralytic, neurotoxic, and amnesic shell�sh 
poisoning symptoms are caused by the most well-known marine 
HAB toxins. �e toxins linked to each of these poisoning 
incidents are created by planktonic dino�agellates, with the 
exception of the ASP toxin, domoic acid, which is largely made 
by diatoms. �e ��h form of marine HAB toxin event, ciguatera 
�sh poisoning, is brought on by benthic dino�agellates [110]. 

 Alkaloids, polyethers, or substituted amines are the three 
main chemical types of marine HAB toxins. However, other 
toxins, including superoxide and/or hydroxyl radicals, 
lipoteichoic acids with hemagglutinin activity, and pentacyclic 
derivatives with a fused azine, have also been linked to HAB 
species [111]. Toxins found in freshwater di�er from those 
found in marine environments in two ways. First, cyanobacteria 
almost always produce freshwater HAB toxins rather than 
dino�agellates [112]. In addition, freshwater poisons have a 
wider range of chemical structures, including alkaloids, 
phosphate esters, macrolides, chlorinated diary lactones, and 
penta- and heptapeptides. According to Ferreira et al., these 
cyanobacterial toxins can be neurotoxic, hepatotoxic, or 
dermatotoxic [113]. Saxitoxins, the main cause of paralytic 
shell�sh poisoning (PSP), are interestingly produced by 
cyanobacteria in freshwater, whereas dino�agellates and 
bacteria do so in marine settings [113]. According to research to 
date, HAB poisons have intricate chemical structures. �ese 
toxins appear to result from complex metabolic processes, and 
some of the enzymatic reactions probably involve extremely 
particular and specialized reactions. As a result, our 
understanding of the biology involved in toxin production is 
quite limited.

Discussion
Algal blooms are intricate oceanic phenomena that need 
interdisciplinary research in �elds like molecular and cell 
biology, as well as extensive �eldwork, numerical modeling, and 
remote sensing. Bilateral and multilateral initiatives are working 
to unite scientists from various nations and �elds in a 
coordinated attempt to address this intricate and multifaceted 
problem. As our understanding of these processes grows, so do 
the technologies and management strategies that can lessen the 
incidence and e�ects of harmful blooms. One signi�cant result 
of the rising investment in the Global Ocean Observing System 
will undoubtedly be more e�cient HAB management. 
Increasing concern has been expressed about the damaging 
e�ects of excessive nutrient enrichment on surface waterways 
and aquaculture waterways. Groundwater, row crops, and 
atmospheric deposition are all sources of 'nonpoint source' 
nutrient loading. Large-scale animal feed lots and aquaculture 
farms are also sources of 'point source-like' nutrient inputs, 
fueling concerns about their environmental sustainability [114]. 
According to numerous studies, microalgae directly and 
frequently distinguishably respond to such environmental 

changes in many physiological processes (such as 
photophysiological regulation, respiration, protein and 
enzyme kinetics, secondary metabolite synthesis, etc.) 
[90,115]. Such physiological reactions serve as the foundation 
for cell maintenance, growth, and, eventually the expansion of 
an undesirable phytoplankton population. Additionally, the 
molecular and/or cellular regulation of physiological processes 
�rmly controls the size and duration of a given reaction 
[116-118].

Conclusions
In order to e�ectively manage algal blooms and related 
metabolites, it is important to understand their genetic and 
physiological basis. It is crucial to know these kinds of details 
to understand phenomena such as why certain taxa displace 
others in taxon assemblages, how some taxa sustain long-term 
competitive dominance, and why some taxa (and usually 
di�erent strains of a taxon) produce harmful metabolites and 
alter their habitats directly or indirectly. Over the past ten 
years, the rapid development of new computer-based 
technologies has nearly ''leaped-frogged'' the ability of 
scientists to evaluate such instrumentation and analysis. �e 
general consensus in society is that algae are undesirable and 
should be removed whenever possible. However, this 
misconception is false because only a few species pose a threat, 
with Homo sapiens being the worst of these. Algae produce 
oxygen, �sh are a signi�cant food supply for aquatic life, and 
many other bene�ts. HABs are a necessary evil that we must 
deal with but cannot completely eradicate, even if algal blooms 
are detrimental and dangerous for human society. �is is 
because algae have more good e�ects than negative ones, 
making HABs a necessary evil that we must deal with but 
cannot completely eradicate. �ere is a widespread perception 
that algae are toxic and should be eliminated at every 
opportunity. �ere are many kinds of animals that bene�t from 
the presence of algae and �sh, but only a few species pose a 
threat to the environment, and the worst of these is the Homo 
sapiens. �ough algal blooms are harmful and are problematic 
to human society but still algae cannot be eradicated 
worldwide only for their harmful property as they have many 
positive e�ects as compared to some negative ones, so HABs 
are a necessary evil that we have to cope with but cannot 
eliminate them.
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Earth is the only known planet capable of supporting life, 
accommodating a wide spectrum of life forms ranging from the 
tiniest prokaryotes to the largest eukaryotes. Scienti�c research 
indicates that the origins of life on our planet trace back to a 
primordial environment characterized by a lack of oxygen, with 
oxygen being present solely in the form of compounds such as 
oxides, hydroxides, peroxides, superoxides, and the like. �ese 
early life forms likely contributed to the emergence of oxygen 
gas by breaking these compounds and engaging in anoxygenic 
photosynthesis, ultimately paving the way for developing more 
complex organisms. Algae represent one such primitive life 
form within this context. �e term "algae" encompasses a 
diverse array of organisms endowed with the ability to generate 
oxygen through photosynthesis. �ese organisms display a 
remarkable range of diversity in pigmentation and their capacity 
to perform photosynthesis under varying environmental 
conditions. However, they share certain de�ning characteristics 
that set them apart from other major groups of photosynthetic 
organisms [1]. Planktonic algal species exhibit a wide spectrum 
of sizes, spanning from a few nanometres to several 
micrometers in diameter, primarily classi�ed into three 
categories: pico-sized (<2 µm), nano-sized (2-20 µm), and 
microplankton (>20 µm). Together, they signi�cantly 
contribute, accounting for an estimated 60% of the global 
oceans' primary production. Microplankton is the primary 
producers in coastal oceans and estuaries, while nano and 
picoplankton assume this role in the open ocean regions.

 �e review aims to the ecological, physiological, and 
molecular aspects of algal blooms, particularly emphasizing the 
genetic and physiological basis underlying their formation and 
development. It provides a multifaceted analysis of these 
complex oceanic phenomena by integrating insights from 

molecular and cell biology, �eldwork, numerical modeling, 
and remote sensing. �rough interdisciplinary research, this 
contributes to a deeper understanding of the complicated 
mechanisms governing algal blooms, including the factors 
in�uencing their growth, the role of nutrients, the impact of 
grazing pressure, and the molecular characteristics of 
bloom-forming species.

Importance of Algae in Aquatic Ecosystem
As a long-term photosynthesis generator, algae make an 
important contribution to the environment and health. �is 
vital process has been ongoing for millions of years. 
Planktonic algae, which dominate the oceanic ecosystem, play 
a crucial role as the largest reservoir for CO2 absorption 
through photosynthesis. When examining the ancient history 
of biofuels, it is suggested that petroleum may have partially 
originated from ancient algae deposits. Some of the oldest oil 
reserves are linked to cyanobacteria, although the exact 
identi�cation of the mechanism remains unknown [2]. More 
recent oil deposits likely stem from eukaryotic marine green 
algae, coccolithophorids, and other microscopic marine 
phytoplankton. Various microalgal species, including green 
algae, diatoms, and cyanobacteria, are recognized as 
promising candidates for biofuel production. All types of 
algae possess the capability to synthesize energy-rich oils, and 
numerous microalgal species naturally accumulate signi�cant 
oil content in their dry mass. Furthermore, algae are 
distributed across various habitats and are known for their 
rapid reproduction rates [3].

Role of Algae in Oceanic Food Chain and Ecology
Algae play a crucial role in the world's ecosystems as they 
contribute to the formation of clouds and ocean food webs. 

Phytoplankton, the microscopic algae, establish the primary 
trophic level in the oceanic food web [4]. Phytoplankton serve 
as the primary nutritional source for smaller �sh and 
crustaceans, which subsequently constitute prey for larger 
species at the trophic level. �is trophic transfer extends 
through successive levels of the food chain, ultimately reaching 
the largest predators and human consumption of algae, with 
speci�c varieties employed for numerous commercial and 
industrial applications. Algae synthesize organic nutrient 
molecules by utilizing carbon dioxide and water in the process 
of photosynthesis, a mechanism by which they capture solar 
energy. Additionally, to synthesize organic compounds, algae 
generate oxygen as a byproduct during the process of 
photosynthesis. Algae are estimated to contribute 
approximately 30 to 50 percent of the total global oxygen supply 
available to humans and other terrestrial animals for the 
purpose of respiration [5].

Algal Blooms
When favorable environmental conditions arise, speci�c algal 
species can experience rapid population growth, leading to the 
proliferation of their numbers, o�en reaching several million 
cells per liter. �is abundance of algae can manifest as visible 
patches on the water's surface or a noticeable change in the 
water's color. �is dense and rapid algal growth is referred to as 
a 'bloom,' which can be either persistent (commonly observed 
in polluted freshwater systems) or seasonal (typically seen in 
mesotrophic lakes and coastal ocean regions). �e coloration of 
these blooms corresponds to the types of algae present within 
them. Many of the species responsible for bloom formation are 
planktonic and produce toxins, resulting in disruptions to the 
ecological balance of oceans and freshwater bodies. However, 
it's worth noting that green algal blooms are generally non-toxic 
[6].

 In oceanic environments, the primary species responsible 
for bloom formation are certain types of dino�agellates and 
diatoms. In freshwater systems, blooms are primarily caused by 
cyanobacteria and planktonic green algae. Under speci�c 
estuarine conditions, planktonic green algae can also reach 
bloom levels, albeit typically for a brief duration. In natural 
settings, algae produce toxins as a defense mechanism to deter 

consumption by small organisms, requiring only a minimal 
quantity to ensure their protection [7]. �e “bloom” 
concentrations di�er across species; e.g., 105 cells/L constitutes 
a bloom of Protogonyuulux, while blooms of Aureococcus 
unophuge�eruns occur at the concentration of 109 cells/L [8]. 
In freshwater bodies, Microcystis attains a population as high 
as 109 cells/L, forming the dense bloom, but bloom condition 
appears with a cell density of 105 cells/L. Blooms are typically 
visible occurrences that can take on a variety of colors, such as 
green, red, brown, or bluish-green, depending on the 
dominant species within the population. While a few species 
may form blooms together, most standing blooms are 
generated by a combination of 2 to 5 species. �ese blooms 
may or may not be visible, and their coloration can vary. 
Interestingly, some of the most destructive blooms in recent 
history have been brown in color [7,9].

 In most cases, red water blooms are caused by wind and 
currents on the water's surface. It is supported by the incidents 
that nearly all signi�cant blooms initiate within the open 
ocean rather than in the bay environment [10]. Such blooms 
can either be toxigenic, producing speci�c toxins, or harmful, 
leading to anoxia due to the decay process, or, in certain cases, 
they can basically obstruct the gill structures of �lter-feeding 
organisms. Additionally, algal blooms can emerge suddenly 
and induce the rapid development of shell�sh toxicity within a 
short period. �ere is a threat of Harmful algal blooms 
(HABs), and the presence of harmful algal species has the 
potential to impact aquaculture negatively. �ese outbreaks 
not only represent a public health hazard, with numerous 
fatalities historically linked to paralytic shell�sh poisoning but 
also lead to substantial mortality among shell�sh populations 
and signi�cant economic challenges for coastal �sheries and 
aquaculture enterprises. �e challenges linked to toxic algal 
blooms are no longer con�ned to dino�agellates and are 
increasingly evolving into a worldwide concern. Various 
research investigations and symposia have concentrated on 
the most prevalent species of toxic dino�agellates [11]. �e 
existence of toxic algal species and the potential for blooms 
have clear, negative impacts on aquaculture development. 
Table 1 summarises di�erent algal species and their blooming 
environments.

11 Chromulina Chrysophyta Fresh water [17,31] 

12 Chrysochromulina Chrysophyta Fresh water [17,32,33] 

13 Cryptomonas Cryptophyta Fresh water [17,34] 

14 Cylindrospemopsis Cyanobacteria Fresh water [17,18,21] 

15 Dictyocha Heterokonta Marine  [35,36] 

16 Dinobryon Chrysophyta Fresh water [17,37,38] 

17 Dinophysis Myzozoa Marine [39,40] 

18 Gloeotrichia Cyanobacteria Fresh water [17,18] 

19 Gonyaulax Dino�agellata Fresh water and Marine  [41,42] 

20 Gymnodinium Dino�agellata Fresh water and Marine  [43,44] 

21 Gyrodinium Miozoa Marine water [45,46] 

22 Lyngbya Cyanobacteria Marine  [17,18,21]  

23 Mallomonas Chrysophyta Fresh water [17,47] 

24 Microcystis Cyanobacteria Fresh water [17,18,21] 

25 Nodularia Cyanobacteria Fresh water [17,18,21] 

26 Nostoc Cyanobacteria Fresh water and Marine  [17,18,21] 

27 Oscillatoria Cyanobacteria Fresh water [17;18] 

28 Peridinium Pyrrhophyta (Dinophyta) Fresh water [17,48] 

29 Prymnesium Prymnesiophyta Marine  [46,49] 

30 Phaeocystis Prymnesiophyte Marine  [46,50] 

31 Phormidium Cyanobacteria Fresh water [18,51] 

32 Planktothrix Cyanobacteria Fresh water [18,21] 

33 Prorocentrum Pyrrhophyta (Dinophyta) Fresh water [18,46] 

34 Prymnesium Chrysophyta Fresh water [17,52] 

35 Pseudoanabaena Cyanobacteria Fresh water [18,53] 

36 Pyrodinium Dino�agellata Marine  [46,54] 

37 Raphidiopsis Cyanobacteria  Fresh water [18,21] 

38 Rhizosolenia Ochrophyta Marine and Brackish water [46,55] 

39 Rhodomonas Cryptophyta Fresh water [17,56] 

Causes of algal bloom
It is widely acknowledged that the increase in human activities 
and the expansion of coastal populations have played a role in 
the rise of toxic and harmful micro and macro-algae over the 
past two decades [61-63]. �is surge in HABs poses a signi�cant 
threat to our valuable marine ecosystems. What makes this 
situation particularly concerning is that, unlike chemical 
pollution, HABs, a form of 'biological pollution' have the 
potential to proliferate and thus become more frequent and 
severe. HABs have detrimental and swi� e�ects on both natural 
ecosystems and aquaculture systems, including factors like 
temperature and chemical imbalances and drastic �uctuations 
in hydrogen, oxygen, and carbon dioxide levels. �ey also have 
enduring impacts, such as changes in chemical dynamics and 

disruptions in food chains. �ese consequences can limit the 
use of resources and negatively impact commercial �shing and 
shell�sh production. �e most alarming aspect is that certain 
HABs produce toxic substances that harm and even kill marine 
organisms, including mammals, �sh, and birds while posing 
substantial health risks to humans [64-66].

 Furthermore, some microalgae generate taste and odor 
compounds that are undesirable, although not toxic. �ese 
compounds lead to substantial losses in aquaculture 
production and raise concerns about the safety of water 
resources containing them. Consequently, marine resource 
administrators, public health authorities, commercial �shing 
enterprises, and industries such as aquaculture, potable water 
production, and processed food and beverages have identi�ed 

algal-derived toxins and compounds associated with taste and 
odor as serious issues [67-69]. In light of these concerns, this 
review will examine the ecology, physiology, and molecular 
biology of algal blooms.

Ecological factors
�e main ecological factor for the bloom is the excess 
enrichment of nutrients in both freshwater and marine 
ecosystems [17,70-72]. Nitrogen inputs are o�en cited as 
controlling "new" production in the marine environment [73], 
while phosphorus is thought to limit primary productivity in 
freshwater ecosystems [74]. Estuarine ecosystems o�en exhibit 
intermediate nutrient limitation “paradigms” where P-limited 
conditions are characteristic in the low salinity oligohaline 
regions (salinity <5), upstream regions, and N limitation 
typifying more saline (salinity >5), downstream waters [73]. 
Elevated levels of phosphorus, particularly in relation to 
nitrogen, can promote the development of algal blooms, 
particularly favoring N2 �xing cyanobacterial genera. �ese 
cyanobacteria have the capacity to meet their own nitrogen 
requirements by enzymatically converting atmospheric 
nitrogen (N2) to biologically available ammonia (NH3) [75]. 
Water bodies enriched with nutrients are particularly 
susceptible to bloom formation, particularly when they exhibit 
prolonged residence times (low �ushing rates), experience 
periodic water temperatures exceeding 20 °C in the subtropics 
and temperature conditions, and remain at around 30 °C in the 
tropical water bodies, calm surface waters, and persistent 
vertical strati�cation [76]. Elevated phosphorus (in relation to 
nitrogen) loading is not a universal “trigger” for forming algal 
blooms.

 Nutrient inputs from agricultural, urban, and industrial 
sources have undergone rapid acceleration in recent decades, 
and nitrogen loads o�en surpass phosphorus inputs [77]. As a 
result of increased N-fertilizer application, human and 
agricultural wastes, stormwater runo�, groundwater discharge, 
and atmospheric deposition, which are all high in nitrogen 
relative to P, water bodies already impacted by nutrient 
depletion are being loaded with nitrogen [78]. Aquatic 
ecosystems with elevated nitrogen levels (high N:P ratios) can 
also experience the occurrence of blooms, particularly those 
comprised of non-N2-�xing genera. �is category primarily 
includes species belonging to Microcystis and Planktothrix, 
although various non-N2-�xing genera, such as Aphanocapsa, 
Raphidiopsis, and Woronochinia, possess the capacity of 
aggressive expansion in nitrogen-enriched aquatic 
environments. In numerous cases, maximum daily loads for 
phosphorus have been de�ned and implemented; however, 
nitrogen inputs are subject to less strict regulation, resulting in 
their increase in many ecosystems. N augmentation in both 
developed and developing regions has raised concerns that 
excessive N loading is accelerating eutrophication and 
promoting standing algal blooms in downstream freshwater and 
marine ecosystems [77,79,80]. Hence, the “P-only” paradigm 
for blooms control [81] needs to be revised [82]. Recent 
research, however, has demonstrated that cyanobacterial N2 
�xation does not meet the nitrogen requirements of 
phytoplankton or the ecosystem [82,83] for various factors, 
including (1) the high energy demands of N2 �xation, (2) the 
inhibition of this anaerobic process by production of oxygen in 
blooms through photosynthesis, (3) disruption of N2 �xation by 
turbulence and wind mixing, and (4) potential limitations 

imposed by other cofactors such as Fe, Mo, and/or other trace 
metals [84]. In aquatic environments where N2 �xation fails to 
meet the ecosystem's nitrogen demands, external nitrogen 
inputs play a vital role in augmenting nutrient availability, with 
excessive nitrogen inputs frequently resulting in undesirable 
and excessive algal production. �us, eutrophic systems that 
are already subjected to HAB occurrences are prone to further 
expansion of these blooms due to supplementary nitrogen 
inputs, particularly when they already possess adequate 
autochthonous phosphorus. Certainly, eutrophic systems on a 
global scale demonstrate the ability to absorb increasing 
amounts of nitrogen as they progress through higher trophic 
states [77,85]. An evaluation of algal productivity under 
nutrient enrichment in geographically diverse eutrophic lakes, 
reservoirs, estuarine and coastal waters, as well as a range of 
experimental enclosures (<1L to over 10,000L), showed that 
the strongest stimulation was found for both nitrogen and 
phosphorous additions, indicating widespread nutrient 
colimitation [72,86,87].

Nutrient regulation of algal blooms
Nitrogen o�en serves as the principal limiting nutrient for 
phytoplankton formation in several freshwater habitats, 
particularly in the tropics, subtropics, high-altitude regions, 
and various large lake ecosystems [88]. In contrast, some 
marine ecosystems in both the tropics and the subtropics can 
display P-limited conditions [89]. �ere are rare occurrences 
of blooms of temporary nature in the marine systems of the 
temperate, but freshwater bodies have no problem of bloom 
appearance.

 Blooms of freshwater cyanobacteria are commonly linked 
to water bodies characterized by eutrophic conditions and 
limited water exchange [76,90]. A signi�cant number of 
cyanobacteria exhibit the capacity for nitrogen �xation 
[17,76], and given that numerous freshwater ecosystems 
experience phosphorus limitation [89], there has been a 
prevalent assumption that phosphorus loading fosters the 
development of toxic cyanobacterial blooms [76]. �e exact 
e�ect of phosphorus on cyanobacterial development is 
complex and varies between taxa. According to laboratory 
studies, increasing phosphorus concentration can result in 
increased, decreased, or unaltered growth, as well as toxin 
levels in cyanobacteria [91]. Similarly, the presence of 
microcystin can exhibit either positive or negative correlations 
with varying levels of phosphorus loading in freshwater [92]. 
Nitrogen loading may hold equal signi�cance in the 
occurrence of toxic cyanobacterial blooms, especially in the 
case of non-N2-�xing cyanobacteria, such as Microcystis spp., 
Oscillatoria spp. [93,94]. 

 Toxic cyanobacteria have been shown in �eld and 
laboratory investigations to disturb grazing by some 
zooplankton [95,96]. Mesozooplankton (>200mm), such as 
cladocerans and copepods, can be harmed in various systems 
that have dense and/or toxic algal blooms, experiencing 
reduced feeding rate, impaired food assimilation, or even 
mortality [95,96]. Many factors determine how much 
zooplankton feed on cyanobacteria, including the levels of 
toxins, the speci�c cyanobacterial strains, zooplankton 
species, and ecological conditions [95-97]. Organisms that 
have lived in isolated environments rich in nutrients, where 
they likely encountered harmful cyanobacteria over extended 

periods, exhibit enhanced resilience when it comes to feeding 
on and thriving alongside toxic Microcystis sp. cultures 
compared to individuals without prior exposure to such 
blooms. �is suggests their capacity to withstand toxins and 
adapt to life within these blooming species [98]. While these 
studies indicate the adaptive potential of Daphnia in response to 
toxic cyanobacteria, other research �ndings have shown that 
these grazers may remain unable to feed on cyanobacteria 
despite repeated exposure [99]. It has been proposed that 
microzooplankton (20-200 mm) consume harmful 
cyanobacteria [17,100].

 A potentially stimulatory nutritional e�ect may be 
diminished or eliminated by other elements like suspended 
sediments or grazing pressure. In turbid lakes and reservoirs 
characterized by light limitations and frequent water turnover, 
elevated phosphorus loading may not necessarily stimulate 
phytoplankton blooms. �is phenomenon is particularly 
notable in water bodies subject to substantial episodic sediment 
inputs and featuring relatively rapid �ushing rates [101]. 
Cyanobacteria have the capacity to proliferate in environments 
with reduced light availability by positioning themselves 
towards the water's surface during the intervals between 
episodic sediment loading episodes or by utilizing buoyancy 
regulation systems [101]. �e grazing pressure from 
macrozooplankton can drastically diminish the populations of 
most phytoplankton species in lakes characterized by low to 
moderate nutrient loading, counteracting the e�ect of 
nutritional stimulation [102]. �e Pearl River Estuary, the South 
China Sea, Victoria Harbour, and regions to the east have all 
reported similar phenomena in coastal waterways and estuaries. 
�e high sediment loads in such estuaries and oceans, according 
to Tang et al.'s hypothesis, cause the negative relationship 
between nutrient loading and algal biomass [103]. Limitations 
in light would inhibit phytoplankton from fully utilizing the 
nutrients that were provided to them.

The grazing pressure
�e formation, growth, and development of the algal bloom are 
signi�cantly in�uenced by the grazing pressure. �e quality of 
the available biomass generally determines the grazing rate and 
directs it towards speci�c palatable species, which are typically 
not the bloom-forming ones. Grazers may reduce the growth of 
phytoplankton biomass (of species other than the 
bloom-forming ones) by feeding, but they may also promote the 
regeneration of nutrients by releasing and excreting waste 
products. �is will consequently change the ratio of reduced to 
oxidized forms of nitrogen that are available to the 
phytoplankton for utilization [104].

Physiological adaptation of algal blooms
�e rate of nutrient delivery may not consistently align with the 
rate of nutrient uptake by the algae responsible for bloom 
formation, as the latter process is in�uenced by factors such as 
nutritional selectivity, uptake capacities, and physiological or 
nutritional conditions. �is complicates the physiological 
responses of bloom-forming species to modi�ed ecological 
conditions. Numerous other elements, like as interactions with 
grazers and physical forcings (such as turbulence), a�ect how 
the entire phytoplankton population and various species within 
it react [104,105]. �e ability of phytoplankton to assimilate 
nutrients depends on environmental parameters such as light, 
temperature, and the stability of the water column, with various 

environmental e�ects having varying e�ects on various 
nutritional substrates. According to Glibert et al., the 
assimilation of ammonium and urea is typically believed to 
exhibit a lower dependency on light than nitrate uptake [105]. 
Additionally, the temperature dependency of ammonium 
uptake may di�er from that of nitrate [105]. �e stability of the 
water column is yet another important aspect that a�ects 
species composition.

 �e ability to utilize available light e�ciently and the 
development of physiological tolerance to low light provide 
blooming species an edge over competing species in terms of 
growth. In contrast to other species, they are more favored by 
low grazing pressure to expand in density quickly and utilize 
all resources e�ectively. Warm, stable weather has been linked 
to Karenia mikimotoi blooms, which can endure long periods 
of low light and nutrients [106]. �ese blooms begin in 
Norwegian waters at the pycnocline in the summer or the �rst 
few weeks of fall, then gather at hydrographic fronts within 
close proximity to the shoreline [106]. A link between the 
formation of blooms and decreasing day length has been seen 
in Tunisian lagoons, where blooms of G. aureolum have 
repeatedly killed �sh [107]. �is aligns with the higher 
frequency of these blooms occurring during the late summer 
and autumn periods. When assessing the potential 
consequences of nutrient stimulation on HAB biomass or 
productivity, it is imperative to consider the physiological and 
ecological tolerances of the particular species under 
examination.

 For the regulation and management of algal blooms, 
research on the physiological mechanisms employed by 
various groups of organisms to obtain their nutrients has 
become crucial. Because marine diatoms, owing to the 
physiological adaptations that enable them to take advantage 
of nitrate-enriched circumstances, there has been a strong 
correlation between rapidly growing marine diatoms and 
substantial and/or frequent nitrate inputs [108]. �ere are 
many �agellate species, including some HAB species, that are 
capable of obtaining both nitrogen and carbon by consuming 
particles or up taking dissolved organic molecules [108]. As a 
result of such mixotrophic or heterotrophic tendencies, these 
cells can bloom when non-organic nutrients or light are 
insu�cient for their nutritional needs. Numerous Dinophysis 
species, particularly those that cause diarrhetic shell�sh 
poisoning, are now thought to depend on mixotrophy for their 
survival and growth. Heterosigma carterae, A. tamarense [109], 
and Gyrodinium galatheanum [21] have all been proven to be 
mixotrophic.

 Numerous organisms that produce planktonic blooms 
possess the physiological capacity to obtain some of their 
nutrients through extracellular oxidation or hydrolysis. 
Extracellular amino acid oxidation has been demonstrated to 
occur in various �agellates and ecosystems, but it seems to be 
more pronounced when ambient inorganic nutrient levels are 
at or close to depletion [9]. At the cell surface, proteins and 
peptides can also undergo hydrolysis, resulting in smaller 
molecules that the cells can absorb. In addition to the N or P 
that HAB cells need, organic substances may help to meet their 
C needs as well [9]. 

Molecular biology 
Since they all belong to the same family, the molecular biology 

characteristics of bloom-forming species are not signi�cantly 
di�erent from those of non-blooming species. However, the 
presence of toxin-producing genes distinguishes 
bloom-forming species from non-blooming species. Although 
not a uniform trait of HABs, synthesizing hazardous chemicals 
is a typical aspect. Unexpectedly, only a small number of HAB 
toxins have been identi�ed, and they are produced by a small 
number of algal species [9]. As toxins a�ect a wide variety of 
organisms' survival, growth, fecundity, and recruitment, toxic 
algae may thus have a large impact on ecological dynamics. �e 
diarrhoeic, paralytic, neurotoxic, and amnesic shell�sh 
poisoning symptoms are caused by the most well-known marine 
HAB toxins. �e toxins linked to each of these poisoning 
incidents are created by planktonic dino�agellates, with the 
exception of the ASP toxin, domoic acid, which is largely made 
by diatoms. �e ��h form of marine HAB toxin event, ciguatera 
�sh poisoning, is brought on by benthic dino�agellates [110]. 

 Alkaloids, polyethers, or substituted amines are the three 
main chemical types of marine HAB toxins. However, other 
toxins, including superoxide and/or hydroxyl radicals, 
lipoteichoic acids with hemagglutinin activity, and pentacyclic 
derivatives with a fused azine, have also been linked to HAB 
species [111]. Toxins found in freshwater di�er from those 
found in marine environments in two ways. First, cyanobacteria 
almost always produce freshwater HAB toxins rather than 
dino�agellates [112]. In addition, freshwater poisons have a 
wider range of chemical structures, including alkaloids, 
phosphate esters, macrolides, chlorinated diary lactones, and 
penta- and heptapeptides. According to Ferreira et al., these 
cyanobacterial toxins can be neurotoxic, hepatotoxic, or 
dermatotoxic [113]. Saxitoxins, the main cause of paralytic 
shell�sh poisoning (PSP), are interestingly produced by 
cyanobacteria in freshwater, whereas dino�agellates and 
bacteria do so in marine settings [113]. According to research to 
date, HAB poisons have intricate chemical structures. �ese 
toxins appear to result from complex metabolic processes, and 
some of the enzymatic reactions probably involve extremely 
particular and specialized reactions. As a result, our 
understanding of the biology involved in toxin production is 
quite limited.

Discussion
Algal blooms are intricate oceanic phenomena that need 
interdisciplinary research in �elds like molecular and cell 
biology, as well as extensive �eldwork, numerical modeling, and 
remote sensing. Bilateral and multilateral initiatives are working 
to unite scientists from various nations and �elds in a 
coordinated attempt to address this intricate and multifaceted 
problem. As our understanding of these processes grows, so do 
the technologies and management strategies that can lessen the 
incidence and e�ects of harmful blooms. One signi�cant result 
of the rising investment in the Global Ocean Observing System 
will undoubtedly be more e�cient HAB management. 
Increasing concern has been expressed about the damaging 
e�ects of excessive nutrient enrichment on surface waterways 
and aquaculture waterways. Groundwater, row crops, and 
atmospheric deposition are all sources of 'nonpoint source' 
nutrient loading. Large-scale animal feed lots and aquaculture 
farms are also sources of 'point source-like' nutrient inputs, 
fueling concerns about their environmental sustainability [114]. 
According to numerous studies, microalgae directly and 
frequently distinguishably respond to such environmental 

changes in many physiological processes (such as 
photophysiological regulation, respiration, protein and 
enzyme kinetics, secondary metabolite synthesis, etc.) 
[90,115]. Such physiological reactions serve as the foundation 
for cell maintenance, growth, and, eventually the expansion of 
an undesirable phytoplankton population. Additionally, the 
molecular and/or cellular regulation of physiological processes 
�rmly controls the size and duration of a given reaction 
[116-118].

Conclusions
In order to e�ectively manage algal blooms and related 
metabolites, it is important to understand their genetic and 
physiological basis. It is crucial to know these kinds of details 
to understand phenomena such as why certain taxa displace 
others in taxon assemblages, how some taxa sustain long-term 
competitive dominance, and why some taxa (and usually 
di�erent strains of a taxon) produce harmful metabolites and 
alter their habitats directly or indirectly. Over the past ten 
years, the rapid development of new computer-based 
technologies has nearly ''leaped-frogged'' the ability of 
scientists to evaluate such instrumentation and analysis. �e 
general consensus in society is that algae are undesirable and 
should be removed whenever possible. However, this 
misconception is false because only a few species pose a threat, 
with Homo sapiens being the worst of these. Algae produce 
oxygen, �sh are a signi�cant food supply for aquatic life, and 
many other bene�ts. HABs are a necessary evil that we must 
deal with but cannot completely eradicate, even if algal blooms 
are detrimental and dangerous for human society. �is is 
because algae have more good e�ects than negative ones, 
making HABs a necessary evil that we must deal with but 
cannot completely eradicate. �ere is a widespread perception 
that algae are toxic and should be eliminated at every 
opportunity. �ere are many kinds of animals that bene�t from 
the presence of algae and �sh, but only a few species pose a 
threat to the environment, and the worst of these is the Homo 
sapiens. �ough algal blooms are harmful and are problematic 
to human society but still algae cannot be eradicated 
worldwide only for their harmful property as they have many 
positive e�ects as compared to some negative ones, so HABs 
are a necessary evil that we have to cope with but cannot 
eliminate them.

Disclosure statement
No potential con�ict of interest was reported by the authors.

References

1. Barsanti L, Gualtieri P. Algae: anatomy, biochemistry, and 
biotechnology. CRC press. 2022.

2. Khan MI, Shin JH, Kim JD. �e promising future of microalgae: 
current status, challenges, and optimization of a sustainable and 
renewable industry for biofuels, feed, and other products. Microb 
Cell Factories. 2018;17(1):1-21.

3. Hu Q, Sommerfeld M, Jarvis E, Ghirardi M, Posewitz M, Seibert 
M, et al. Microalgal triacylglycerols as feedstocks for biofuel 
production: perspectives and advances. Plant J. 
2008;54(4):621-639.

4. Villar-Argaiz M, Medina-Sánchez JM, Biddanda BA, Carrillo P. 
Predominant non-additive e�ects of multiple stressors on 
autotroph C: N: P ratios propagate in freshwater and marine food 
webs. Front Microbiol. 2018;9:69.

5. Arora K, Kumar P, Bose D, Li X, Kulshrestha S. Potential 
applications of algae in biochemical and bioenergy sector. 3 

Biotech. 2021;11(6):296.
6. Taş S, Ergül HA, Balkis N. Harmful algal blooms (HABs) and 

mucilage formations in the Sea of Marmara. �e Sea of. 2016;768.
7. Pančić M, Kiørboe T. Phytoplankton defence mechanisms: traits 

and trade‐o�s. Biol Rev. 2018;93(2):1269-1303.
8. Cosper EM, Dennison WC, Carpenter EJ, Bricelj VM, Mitchell JG, 

Kuenstner SH, et al. Recurrent and persistent brown tide blooms 
perturb coastal marine ecosystem. Estuar. 1987;10(4):284-290.

9. Anderson DM, Glibert PM, Burkholder JM. Harmful algal blooms 
and eutrophication: nutrient sources, composition, and 
consequences. Estuaries. 2002;25:704-726.

10. Li X, Yan T, Yu R, Zhou M. A review of Karenia mikimotoi: Bloom 
events, physiology, toxicity and toxic mechanism. Harmful Algae. 
2019;90:101702.

11. Balali-Mood M, Naseri K, Tahergorabi Z, Khazdair MR, Sadeghi M. 
Toxic mechanisms of �ve heavy metals: mercury, lead, chromium, 
cadmium, and arsenic. Front Pharmacol. 2021:227.

12. Hattenrath-Lehmann TK, Gobler CJ. Identi�cation of unique 
microbiomes associated with harmful algal blooms caused by 
Alexandrium fundyense and Dinophysis acuminata. Harmful 
Algae. 2017;68:17-30.

13. Ralston DK, Brosnahan ML, Fox SE, Lee KD, Anderson DM. 
Temperature and residence time controls on an estuarine harmful 
algal bloom: Modeling hydrodynamics and Alexandrium fundyense 
in Nauset estuary. Estuaries Coast. 2015;38:2240-2258.

14. Balci M, Rhodes LL, Nishimura T, Murray JS, Harwood DT, 
MacKenzie AL, et al. Molecular detection and distribution of the 
genera Amphidoma and Azadinium (Amphidomataceae, 
Dinophyceae) in the coastal waters of Aotearoa/New Zealand. N Z J 
Mar Freshwater Res. 2023;57(1):47-62.

15. Toro C, Alarcón C, Pacheco H, Salgado P, Frangopulos M, 
Rodríguez F, et al. Harmful Algal bloom species associated with 
massive Atlantic salmon mortalities while transported through the 
Gulf of Penas, southern Chile. Harmful Algae. 2018:154-157.

16. You KA, Byeon MS, Youn SJ, Hwang SJ, Rhew DH. Growth 
characteristics of blue-green algae (Anabaena spiroides) causing 
tastes and odors in the North-Han River, Korea. Korean J Ecol 
Environ. 2013;46(1):135-144.

17. Paerl HW, Fulton RS, Moisander PH, Dyble J. Harmful freshwater 
algal blooms, with an emphasis on cyanobacteria. Sci World J. 
2001;1:76-113.

18. Ouellette AJ, Wilhelm SW. Toxic cyanobacteria: the evolving 
molecular toolbox. Frontiers Ecol Environ. 2003;1(7):359-366.

19. Paerl HW, Otten TG. Harmful cyanobacterial blooms: causes, 
consequences, and controls. Microbial Ecol. 2013;65(4):995-1010.

20. Delbaje E, Andreote AP, Pellegrinetti TA, Cruz RB, Branco LH, 
Fiore MF. Phylogenomic analysis of Anabaenopsis elenkinii 
(Nostocales, cyanobacteria). Int J Syst Evol Microbiol. 
2021;71(2):004648.

21. Li R, Carmichael WW, Brittain S, Eaglesham GK, Shaw GR, Liu Y, et 
al. First report of the cyanotoxins cylindrospermopsin and 
deoxycylindrospermopsin from Raphidiopsis curvata 
(Cyanobacteria). J Phycol. 2001;37(6):1121-1126.

22. de J Magalhães AA, da Luz LD, de Aguiar Junior TR. Environmental 
factors driving the dominance of the harmful bloom‐forming 
cyanobacteria Microcystis and Aphanocapsa in a tropical water 
supply reservoir. Water Environ Res. 2019;91(11):1466-1478.

23. Gobler CJ, Sunda WG. Ecosystem disruptive algal blooms of the 
brown tide species, Aureococcus anophage�erens and Aureoumbra 
lagunensis. Harmful Algae. 2012;14:36-45.

24. Zhang QC, Qiu LM, Yu RC, Kong FZ, Wang YF, Yan T, et al. 
Emergence of brown tides caused by Aureococcus anophage�erens 
Hargraves et Sieburth in China. Harmful Algae. 2012;19:117-124.

25. Chiang IZ, Huang WY, Wu JT. Allelochemicals of botryococcus 
braunii (chlorophyceae) 1. J Phycol. 2004;40(3):474-480.

26. Rey DP, Jiunn-Tzong W, Susana B, Carmela Cho MAC, Angelica S, 
et al. BLOOMS OF THE COLONIAL GREEN ALGAE, 
Botryococcus braunii K? tzing, IN PAOAY LAKE, LUZON 
ISLAND, PHILIPPINES. Philipp J Syst Biol. 2008;2(1):21-31.

27. Cassol AP, Pereira Filho W, Oliveira MA, Domingues AL, Correa 

FS, Buriol GA. First record of a bloom of the invasive species 
Ceratium furcoides (Levander) Langhans 1925 in Rio Grande do 
Sul state, Brazil. Braz J Biol. 2014;74:515-517.

28. Pacheco JP, Iglesias Frizzera C, Goyenola G, Teixeira de-Mello F, 
Fosalba C, Baattrup-Pedersen A, et al. Invasion of Ceratium 
furcoides in subtropical lakes in Uruguay: Environmental drivers 
and �sh kill record during its bloom. Biol Invasions. 
2021;23(11):3597-3612.

29. Brabec T, Straková L, Kopp R, Vítek T, Šťastný J, Spurný P, et al. �e 
in�uence intenzity of eutrophication on �shpond yield. Acta Univ 
Agric et Silvic Mendelianae Brun. 2011;59:7.

30. Kopp R, Mares J, Kubicek Z, Babica P. �e in�uence of toxic 
cyanobacterial water blooms on the hematological indicators of 
silver carp (Hypophthalmichthys molitrix Val.). Oceanol 
Hydrobiol Stud. 2005;34(3):85-92.

31. Metsamaa L, Kutser T, Strömbeck N. Recognising cyanobacterial 
blooms based on their optical signature: a modelling study. Boreal 
Environ Res. 2006;11(6):493.

32. John U, Šupraha L, Gran-Stadniczenko S, Bunse C, Cembella A, 
Eikrem W, et al. Spatial and biological oceanographic insights into 
the massive �sh-killing bloom of the haptophyte 
Chrysochromulina leadbeateri in northern Norway. Harmful 
Algae. 2022;118:102287.

33. Lekve K, Bagøien E, Dahl E, Edvardsen B, Skogen M, Stenseth NC. 
Environmental forcing as a main determinant of bloom dynamics 
of the Chrysochromulina algae. Proc Royal Soc B. 
2006;273(1605):3047-3055.

34. Mhlanga L, Mhlanga W. Dynamics of a cyanobacterial bloom in a 
hypereutrophic reservoir, Lake Chivero, Zimbabwe. Afr J Aquat 
Sci. 2013;38(3):313-321.

35. Zhang Y, Liu M, Fu X, Sun J, Xie H. Chromophoric dissolved 
organic matter (CDOM) release by Dictyocha �bula in the central 
Bohai Sea. Mar Chem. 2022;241:104107.

36. Del Bel Belluz J, Peña MA, Jackson JM, Nemcek N. Phytoplankton 
composition and environmental drivers in the northern Strait of 
Georgia (Salish Sea), British Columbia, Canada. Estuaries Coast. 
2021;44:1419-1439.

37. Heinze AW, Truesdale CL, DeVaul SB, Swinden J, Sanders RW. 
Role of temperature in growth, feeding, and vertical distribution of 
the mixotrophic chrysophyte Dinobryon. Aquat Microb Ecol. 
2013;71(2):155-163.

38. Tapics T, Sosik HM, Huot Y. A discrete, stochastic model of 
colonial phytoplankton population size structure: Development 
and application to in situ imaging‐in‐�ow cytometer observations 
of Dinobryon. J Phycol. 2023.

39. Ajani PA, Henriquez-Nunez HF, Verma A, Nagai S, Uchida H, 
Tesoriero MJ, et al. Mapping the development of a Dinophysis 
bloom in a shell�sh aquaculture area using a novel molecular 
qPCR assay. Harmful Algae. 2022;116:102253.

40. Alves TP, Mafra Jr LL. Diel variations in cell abundance and 
trophic transfer of diarrheic toxins during a massive Dinophysis 
bloom in southern Brazil. Toxins. 2018;10(6):232.

41. Bharathi MD, Muthukumar C, Sathishkumar RS, Ramu K, Murthy 
MR. First report on the occurrence of Gonyaulax polygramma 
bloom during the onset of Noctiluca scintillans bloom along the 
Tuticorin coast, southeast coast of India. Mar Pollut Bull. 
2023;195:115523.

42. Padmakumar KB, �omas LC, Salini TC, Vijayan A, Sudhakar M. 
Subsurface bloom of dino�agellate Gonyaulax polygramma Stein 
in the shelf waters o� Mangalore-South Eastern Arabian Sea. 
Indian J Mar Sci. 2018;48(8):1658-1664.

43. Du XP, Cai ZH, Zuo P, Meng FX, Zhu JM, Zhou J. Temporal 
variability of virioplankton during a Gymnodinium catenatum 
algal bloom. Microorganisms. 2020;8(1):107.

44. Shao Q, Lin Z, Zhou C, Zhu P, Yan X. Succession of 
bacterioplankton communities over complete 
Gymnodinium-diatom bloom cycles. Sci Total Environ. 
2020;709:135951.

45. Tangen K. Blooms of Gyrodinium aureolum (Dinophygeae) in 
North European waters, accompanied by mortality in marine 

organisms. Sarsia. 1977;63(2):123-133.
46. Shumway SE. A review of the e�ects of algal blooms on shell�sh and 

aquaculture. J World Aquaculture Soc. 1990;21(2):65-104.
47. Feng J, Xie S. Numerical taxonomy of species in the genus 

Mallomonas (Chrysophyta) from China. Int Sch Res Notices. 
2013;2013:7.

48. Xu J, Wu X, Yang Y, Xu S, Kang Y, Fu X, et al. Changes in growth, 
photosynthesis and chlorophyll �uorescence in the freshwater 
dino�agellate Peridinium umbonatum (Peridiniales, Pyrrophyta) in 
response to di�erent temperatures. Phycologia. 2016;55(4):469-477.

49. Liu Z, Jones AC, Campbell V, Hambright KD, Heidelberg KB, Caron 
DA. Gene expression in the mixotrophic prymnesiophyte, 
Prymnesium parvum, responds to prey availability. Front 
Microbiol. 2015;6:319.

50. Breton E, Rousseau V, Parent JY, Ozer J, Lancelot C. Hydroclimatic 
modulation of diatom/Phaeocystis blooms in nutrient‐enriched 
Belgian coastal waters (North Sea). Limnol Oceanogr. 
2006;51(3):1401-1409.

51. Ye S, Gao L, Zamyadi A, Glover CM, Ma N, Wu H, et al. Multi-proxy 
approaches to investigate cyanobacteria invasion from a eutrophic 
lake into the circumjacent groundwater. Water Res. 
2021;204:117578.

52. Roelke DL, Barkoh A, Brooks BW, Grover JP, Hambright KD, 
LaClaire JW, et al. A chronicle of a killer alga in the west: ecology, 
assessment, and management of Prymnesium parvum blooms. 
Hydrobiologia. 2016;764:29-50.

53. Zhang K, Foster L, Buchanan D, Coker VS, Pittman JK, Lloyd JR. 
�e interplay between Cs and K in Pseudanabaena catenata; from 
microbial bloom control strategies to bioremediation options for 
radioactive waters. J Hazard Mater. 2023;445:130556.

54. Morquecho L. Pyrodinium bahamense one the most signi�cant 
harmful dino�agellate in Mexico. Front Mar Sci. 2019;6:1.

55. Yoshimatsu T, Yamaguchi H, Iimura A, Nishimura T, Kadono T, 
Adachi M. E�ects of temperature, salinity, and light intensity on the 
growth of the diatom Rhizosolenia setigera in Japan. Phycologia. 
2020;59(6):551-555.

56. Krasnova ED, Pantyulin AN, Matorin DN, Todorenko DA, Belevich 
TA, Milyutina IA, et al. Cryptomonad alga Rhodomonas 
sp.(Cryptophyta, Pyrenomonadaceae) bloom in the redox zone of 
the basins separating from the White Sea. Microbiol. 
2014;83:270-277.

57. Wang L, Cai Q, Tan L, Kong L. Phytoplankton development and 
ecological status during a cyanobacterial bloom in a tributary bay of 
the �ree Gorges Reservoir, China. Sci Total Environ. 
2011;409(19):3820-3828.

58. Detoni AM, Costa LD, Pacheco LA, Yunes JS. Toxic Trichodesmium 
bloom occurrence in the southwestern South Atlantic Ocean. 
Toxicon. 2016;110:51-55.

59. Dreher TW, Matthews R, Davis II EW, Mueller RS. Woronichinia 
naegeliana: A common nontoxigenic component of temperate 
freshwater cyanobacterial blooms with 30% of its genome in 
transposons. Harmful Algae. 2023;125:102433.

60. Mohan R, �omas LC, Padmakumar KB. Sporadic occurrence of 
harmful cyanobacteria Woronichinia naegeliana and its bloom 
dynamics from the aquatic ecosystem of South India. Biologia. 
2022;77(10):2967-2974.

61. Hallegrae� GM, Anderson DM, Belin C, Bottein MY, Bresnan E, 
Chinain M, et al. Perceived global increase in algal blooms is 
attributable to intensi�ed monitoring and emerging bloom impacts. 
Commun Earth Environ. 2021;2(1):117.

62. Zohdi E, Abbaspour M. Harmful algal blooms (red tide): a review of 
causes, impacts and approaches to monitoring and prediction. Int J 
Environ Sci Technol. 2019;16:1789-1806.

63. Landrigan PJ, Stegeman JJ, Fleming LE, Allemand D, Anderson 
DM, Backer LC, et al. Human health and ocean pollution. Ann Glob 
Health. 2020;86(1):151.

64. Anderson DM, Fensin E, Gobler CJ, Hoeglund AE, Hubbard KA, 
Kulis DM, et al. Marine harmful algal blooms (HABs) in the United 
States: History, current status and future trends. Harmful Algae. 

2021;102:101975.
65. Sanderson CE, Alexander KA. Unchartered waters: Climate 

change likely to intensify infectious disease outbreaks causing 
mass mortality events in marine mammals. Glob Change Biol. 
2020;26(8):4284-4301.

66. Chorus I, Welker M. Toxic cyanobacteria in water: a guide to their 
public health consequences, monitoring and management. Taylor 
& Francis. 2021;858.

67. Gárate-Lizárraga I, Bustillos-Guzmán JJ, Alonso-Rodríguez R, 
Luckas B. Comparative paralytic shell�sh toxin pro�les in two 
marine bivalves during outbreaks of Gymnodinium 
catenatum(Dinophyceae) in the Gulf of California. Mar Pollut 
Bull. 2004;48(3):397-402.

68. Wang Z, Akbar S, Sun Y, Gu L, Zhang L, Lyu K, et al. 
Cyanobacterial dominance and succession: Factors, mechanisms, 
predictions, and managements. J Environ Manage. 
2021;297:113281.

69. Rousso BZ, Bertone E, Stewart R, Hamilton DP. A systematic 
literature review of forecasting and predictive models for 
cyanobacteria blooms in freshwater lakes. Water Res. 
2020;182:115959.

70. Hewson I, O¹Neil JM, Dennison WC. Virus-like particles 
associated with Lyngbya majuscula (Cyanophyta; Oscillatoriacea) 
bloom decline in Moreton Bay, Australia. Aquat Microbial Ecol. 
2001;25(3):207-213.

71. Paerl HW, Hall NS, Calandrino ES. Controlling harmful 
cyanobacterial blooms in a world experiencing anthropogenic and 
climatic-induced change. Sci Total Environ. 
2011;409(10):1739-1745.

72. Paerl HW, Paul VJ. Climate change: links to global expansion of 
harmful cyanobacteria. Water Res. 2012;46(5):1349-1363.

73. Paerl HW, Piehler MF. Nitrogen and marine eutrophication. 
Nitrogen Mar Environ. 2008;2:529-567.

74. Hou X, Feng L, Dai Y, Hu C, Gibson L, Tang J, et al. Global 
mapping reveals increase in lacustrine algal blooms over the past 
decade. Nat Geosci. 2022;15(2):130-134.

75. Downing JA, Watson SB, McCauley E. Predicting cyanobacteria 
dominance in lakes. Can J Fish Aquat Sci. 2001;58(10):1905-1908.

76. Bashir I, Lone FA, Bhat RA, Mir SA, Dar ZA, Dar SA. Concerns 
and threats of contamination on aquatic ecosystems. 
Bioremediation and biotechnology: sustainable approaches to 
pollution degradation. 2020;1-26.

77. Elmgren R, Larsson U. Nitrogen and the Baltic Sea: managing 
nitrogen in relation to phosphorus. Sci World J. 2001;1:371-377.

78. Boyer EW, Howarth RW, Galloway JN, Dentener FJ, Green PA, 
Vörösmarty CJ. Riverine nitrogen export from the continents to 
the coasts. Glob Biogeochem Cycles. 2006;20(1).

79. Galloway JN, Cowling EB, Seitzinger SP, Socolow RH. Reactive 
nitrogen: too much of a good thing? Ambio. 2002;31(2):60-63.

80. Paerl HW. Controlling eutrophication along the 
freshwater–marine continuum: dual nutrient (N and P) reductions 
are essential. Estuar Coasts. 2009;32(4):593-601.

81. Schindler DW, Hecky RE, Findlay DL, Stainton MP, Parker BR, 
Paterson MJ, et al. Eutrophication of lakes cannot be controlled by 
reducing nitrogen input: results of a 37-year whole-ecosystem 
experiment. Proc Nat Acad Sci. 2008;105(32):11254-11258.

82. Scott JT, McCarthy MJ. Nitrogen �xation may not balance the 
nitrogen pool in lakes over timescales relevant to eutrophication 
management. Limnol Oceanogr. 2010;55(3):1265-1270.

83. Paerl HW, Scott JT. �rowing fuel on the �re: synergistic e�ects of 
excessive nitrogen inputs and global warming on harmful algal 
blooms. Environ Sci Technol. 2010;44(20):7756-7758.

84. Moisander PH, McClinton Iii E, Paerl HW. Salinity e�ects on 
growth, photosynthetic parameters, and nitrogenase activity in 
estuarine planktonic cyanobacteria. Microbial Ecol. 
2002;43(4):432-442.

85. Paerl HW, Xu H, McCarthy MJ, Zhu G, Qin B, Li Y, et al. 
Controlling harmful cyanobacterial blooms in a hyper-eutrophic 
lake (Lake Taihu, China): the need for a dual nutrient (N & P) 

management strategy. Water Res. 2011;45(5):1973-1983.
86. Paerl HW, Joyner JJ, Joyner AR, Arthur K, Paul V, O’Neil JM, et al. 

Co-occurrence of dino�agellate and cyanobacterial harmful algal 
blooms in southwest Florida coastal waters: dual nutrient (N and P) 
input controls. Mar Ecol Progress Ser. 2008;371:143-153.

87. Spivak AC, Vanni MJ, Mette EM. Moving on up: can results from 
simple aquatic mesocosm experiments be applied across broad 
spatial scales?. Freshwater Biol. 2011;56(2):279-291.

88. Lewis Jr WM, Wurtsbaugh WA. Control of lacustrine 
phytoplankton by nutrients: erosion of the phosphorus paradigm. 
Internat Rev Hydrobiol. 2008;93(4‐5):446-465.

89. Sylvan JB, Quigg A, Tozzi S, Ammerman JW. 
Eutrophication‐induced phosphorus limitation in the Mississippi 
River plume: Evidence from fast repetition rate �uorometry. Limnol 
Oceanogr. 2007;52(6):2679-2685.

90. Wells ML, Karlson B, Wul� A, Kudela R, Trick C, Asnaghi V, et al. 
Future HAB science: Directions and challenges in a changing 
climate. Harmful Algae. 2020;91:101632.

91. Oh HM, Lee SJ, Jang MH, Yoon BD. Microcystin production by 
Microcystis aeruginosa in a phosphorus-limited chemostat. Appl 
Environ Microbiol. 2000;66(1):176-179.

92. Jacquemin SJ, Doll JC, Johnson LT, Newell SE. Exploring long-term 
trends in microcystin toxin values associated with persistent 
harmful algal blooms in Grand Lake St Marys. Harmful Algae. 
2023;122:102374.

93. Paerl HW, Otten TG. Duelling ‘CyanoHABs’: unravelling the 
environmental drivers controlling dominance and succession 
among diazotrophic and non‐N2‐�xing harmful cyanobacteria. 
Environ Microbiol. 2016;18(2):316-324.

94. Paerl H. Nutrient and other environmental controls of harmful 
cyanobacterial blooms along the freshwater–marine continuum. 
InCyanobacterial harmful algal blooms: State of the science and 
research needs. New York, NY: Springer New York. 2008;217-237.

95. Ger KA, Urrutia-Cordero P, Frost PC, Hansson LA, Sarnelle O, 
Wilson AE, et al. �e interaction between cyanobacteria and 
zooplankton in a more eutrophic world. Harmful Algae. 
2016;54:128-144.

96. Urrutia-Cordero P, Ekvall MK, Hansson LA. Controlling harmful 
cyanobacteria: taxa-speci�c responses of cyanobacteria to grazing 
by large-bodied Daphnia in a biomanipulation scenario. PLoS One. 
2016;11(4):e0153032.

97. Ger KA, Hansson LA, Lürling M. Understanding 
cyanobacteria‐zooplankton interactions in a more eutrophic world. 
Freshw Biol. 2014;59(9):1783-1798.

98. Sarnelle O, Wilson AE. Local adaptation of Daphnia pulicaria to 
toxic cyanobacteria. Limnol Oceanogr. 2005;50(5):1565-1570.

99. Lange J, Berges AC, von Elert E. Multiclonal study of Daphnia 
magna with respect to adaptation to toxic cyanobacteria. Limnol 
Oceanogr. 2023;68(2):514-524.

100. Leonard JA, Paerl HW. Zooplankton community structure, 
micro-zooplankton grazing impact, and seston energy content in 
the St. Johns river system, Florida as in�uenced by the toxic 
cyanobacterium Cylindrospermopsis raciborskii. Hydrobiologia. 
2005;537:89-97.

101. Brown AR, Lilley M, Shutler J, Lowe C, Artioli Y, Torres R, et al. 
Assessing risks and mitigating impacts of harmful algal blooms on 
mariculture and marine �sheries. Rev Aquac. 
2020;12(3):1663-1688.

102. Camargo JA, Alonso Á. Ecological and toxicological e�ects of 

inorganic nitrogen pollution in aquatic ecosystems: a global 
assessment. Environ Int. 2006;32(6):831-849.

103. A Rahman AR, Sinang SC, Nayan N. Response of algal biomass 
and macrophyte communities to internal or external nutrient 
loading. Environ Monit Assess. 2022;194(7):491.

104. Balaji-Prasath B, Wang Y, Su YP, Hamilton DP, Lin H, Zheng L, et 
al. Methods to control harmful algal blooms: A review. Environ 
Chem Lett. 2022;20(5):3133-3152.

105. Glibert PM, Wilkerson FP, Dugdale RC, Raven JA, Dupont CL, 
Leavitt PR, et al. Pluses and minuses of ammonium and nitrate 
uptake and assimilation by phytoplankton and implications for 
productivity and community composition, with emphasis on 
nitrogen‐enriched conditions. Limnol Oceanogr. 
2016;61(1):165-197.

106. Karlson B, Andersen P, Arneborg L, Cembella A, Eikrem W, John 
U, et al. Harmful algal blooms and their e�ects in coastal seas of 
Northern Europe. Harmful Algae. 2021;102:101989.

107. Ben Amor F, Elleuch J, Farhat A, Barkallah M, Smith KF, Ben 
Neila I, et al. Development of a novel TaqMan qPCR assay for 
rapid detection and quanti�cation of Gymnodinium catenatum 
for application to harmful algal bloom monitoring in coastal 
areas of Tunisia. Environ Sci Pollut Res. 
2022;29(42):63953-63963.

108. Lomas MW, Glibert PM. Comparisons of nitrate uptake, storage, 
and reduction in marine diatoms and �agellates. J Phycol. 
2000;36(5):903-913.

109. Glibert PM. Harmful algae at the complex nexus of 
eutrophication and climate change. Harmful Algae. 
2020;91:101583.

110. Ferrante M, Conti GO, Fiore M, Rapisarda V, Ledda C. Harmful 
Algal Blooms in the Mediterranean Sea: E�ects on Human 
Health. EuroMediterranean Biomed J. 2013;8(6):25-34.

111. Anderson DM, Cembella AD, Hallegrae� GM. Progress in 
understanding harmful algal blooms: paradigm shi�s and new 
technologies for research, monitoring, and management. Annu 
Rev Mar Sci. 2012;4:143-176.

112. Buratti FM, Manganelli M, Vichi S, Stefanelli M, Scardala S, Testai 
E, et al. C yanotoxins: producing organisms, occurrence, toxicity, 
mechanism of action and human health toxicological risk 
evaluation. Arch Toxicol. 2017;91:1049-1130.

113. Ferreira FM, Soler JM, Fidalgo ML, Fernández-Vila P. PSP toxins 
from Aphanizomenon �os-aquae (cyanobacteria) collected in the 
Crestuma-Lever reservoir (Douro river, northern Portugal). 
Toxicon. 2001;39(6):757-761.

114. Dauda AB, Ajadi A, Tola-Fabunmi AS, Akinwole AO. Waste 
production in aquaculture: Sources, components and 
managements in di�erent culture systems. Aquac Fish. 
2019;4(3):81-88.

115. Schagerl M, Donabaum K. Patterns of major photosynthetic 
pigments in freshwater algae. 1. Cyanoprokaryota, Rhodophyta 
and Cryptophyta. Ann Limnol. 2003;39(1):35-47.

116. Herndon J, Cochlan WP. Nitrogen utilization by the raphidophyte 
Heterosigma akashiwo: growth and uptake kinetics in laboratory 
cultures. Harmful Algae. 2007;6(2):260-270.

117. Mopper K, Kieber DJ, Stubbins A. Marine photochemistry of 
organic matter: processes and impacts. Biogeochemistry of 
Marine Dissolved Organic Matter. 2015 Jan 1:389-450.

118. Assunção J, Guedes AC, Malcata FX. Biotechnological and 
pharmacological applications of biotoxins and other bioactive 
molecules from dino�agellates. Mar Drugs. 2017;15(12):393.

J. Ecol. Conserv., 2023, 1, 27-35 © Reseapro Journals 2023
https://doi.org/10.61577/jec.2023.100005

JOURNAL OF ECOLOGY AND CONSERVATION                                                                                                                 
2023, VOL. 1, ISSUE 1

29



Earth is the only known planet capable of supporting life, 
accommodating a wide spectrum of life forms ranging from the 
tiniest prokaryotes to the largest eukaryotes. Scienti�c research 
indicates that the origins of life on our planet trace back to a 
primordial environment characterized by a lack of oxygen, with 
oxygen being present solely in the form of compounds such as 
oxides, hydroxides, peroxides, superoxides, and the like. �ese 
early life forms likely contributed to the emergence of oxygen 
gas by breaking these compounds and engaging in anoxygenic 
photosynthesis, ultimately paving the way for developing more 
complex organisms. Algae represent one such primitive life 
form within this context. �e term "algae" encompasses a 
diverse array of organisms endowed with the ability to generate 
oxygen through photosynthesis. �ese organisms display a 
remarkable range of diversity in pigmentation and their capacity 
to perform photosynthesis under varying environmental 
conditions. However, they share certain de�ning characteristics 
that set them apart from other major groups of photosynthetic 
organisms [1]. Planktonic algal species exhibit a wide spectrum 
of sizes, spanning from a few nanometres to several 
micrometers in diameter, primarily classi�ed into three 
categories: pico-sized (<2 µm), nano-sized (2-20 µm), and 
microplankton (>20 µm). Together, they signi�cantly 
contribute, accounting for an estimated 60% of the global 
oceans' primary production. Microplankton is the primary 
producers in coastal oceans and estuaries, while nano and 
picoplankton assume this role in the open ocean regions.

 �e review aims to the ecological, physiological, and 
molecular aspects of algal blooms, particularly emphasizing the 
genetic and physiological basis underlying their formation and 
development. It provides a multifaceted analysis of these 
complex oceanic phenomena by integrating insights from 

molecular and cell biology, �eldwork, numerical modeling, 
and remote sensing. �rough interdisciplinary research, this 
contributes to a deeper understanding of the complicated 
mechanisms governing algal blooms, including the factors 
in�uencing their growth, the role of nutrients, the impact of 
grazing pressure, and the molecular characteristics of 
bloom-forming species.

Importance of Algae in Aquatic Ecosystem
As a long-term photosynthesis generator, algae make an 
important contribution to the environment and health. �is 
vital process has been ongoing for millions of years. 
Planktonic algae, which dominate the oceanic ecosystem, play 
a crucial role as the largest reservoir for CO2 absorption 
through photosynthesis. When examining the ancient history 
of biofuels, it is suggested that petroleum may have partially 
originated from ancient algae deposits. Some of the oldest oil 
reserves are linked to cyanobacteria, although the exact 
identi�cation of the mechanism remains unknown [2]. More 
recent oil deposits likely stem from eukaryotic marine green 
algae, coccolithophorids, and other microscopic marine 
phytoplankton. Various microalgal species, including green 
algae, diatoms, and cyanobacteria, are recognized as 
promising candidates for biofuel production. All types of 
algae possess the capability to synthesize energy-rich oils, and 
numerous microalgal species naturally accumulate signi�cant 
oil content in their dry mass. Furthermore, algae are 
distributed across various habitats and are known for their 
rapid reproduction rates [3].

Role of Algae in Oceanic Food Chain and Ecology
Algae play a crucial role in the world's ecosystems as they 
contribute to the formation of clouds and ocean food webs. 

Phytoplankton, the microscopic algae, establish the primary 
trophic level in the oceanic food web [4]. Phytoplankton serve 
as the primary nutritional source for smaller �sh and 
crustaceans, which subsequently constitute prey for larger 
species at the trophic level. �is trophic transfer extends 
through successive levels of the food chain, ultimately reaching 
the largest predators and human consumption of algae, with 
speci�c varieties employed for numerous commercial and 
industrial applications. Algae synthesize organic nutrient 
molecules by utilizing carbon dioxide and water in the process 
of photosynthesis, a mechanism by which they capture solar 
energy. Additionally, to synthesize organic compounds, algae 
generate oxygen as a byproduct during the process of 
photosynthesis. Algae are estimated to contribute 
approximately 30 to 50 percent of the total global oxygen supply 
available to humans and other terrestrial animals for the 
purpose of respiration [5].

Algal Blooms
When favorable environmental conditions arise, speci�c algal 
species can experience rapid population growth, leading to the 
proliferation of their numbers, o�en reaching several million 
cells per liter. �is abundance of algae can manifest as visible 
patches on the water's surface or a noticeable change in the 
water's color. �is dense and rapid algal growth is referred to as 
a 'bloom,' which can be either persistent (commonly observed 
in polluted freshwater systems) or seasonal (typically seen in 
mesotrophic lakes and coastal ocean regions). �e coloration of 
these blooms corresponds to the types of algae present within 
them. Many of the species responsible for bloom formation are 
planktonic and produce toxins, resulting in disruptions to the 
ecological balance of oceans and freshwater bodies. However, 
it's worth noting that green algal blooms are generally non-toxic 
[6].

 In oceanic environments, the primary species responsible 
for bloom formation are certain types of dino�agellates and 
diatoms. In freshwater systems, blooms are primarily caused by 
cyanobacteria and planktonic green algae. Under speci�c 
estuarine conditions, planktonic green algae can also reach 
bloom levels, albeit typically for a brief duration. In natural 
settings, algae produce toxins as a defense mechanism to deter 

consumption by small organisms, requiring only a minimal 
quantity to ensure their protection [7]. �e “bloom” 
concentrations di�er across species; e.g., 105 cells/L constitutes 
a bloom of Protogonyuulux, while blooms of Aureococcus 
unophuge�eruns occur at the concentration of 109 cells/L [8]. 
In freshwater bodies, Microcystis attains a population as high 
as 109 cells/L, forming the dense bloom, but bloom condition 
appears with a cell density of 105 cells/L. Blooms are typically 
visible occurrences that can take on a variety of colors, such as 
green, red, brown, or bluish-green, depending on the 
dominant species within the population. While a few species 
may form blooms together, most standing blooms are 
generated by a combination of 2 to 5 species. �ese blooms 
may or may not be visible, and their coloration can vary. 
Interestingly, some of the most destructive blooms in recent 
history have been brown in color [7,9].

 In most cases, red water blooms are caused by wind and 
currents on the water's surface. It is supported by the incidents 
that nearly all signi�cant blooms initiate within the open 
ocean rather than in the bay environment [10]. Such blooms 
can either be toxigenic, producing speci�c toxins, or harmful, 
leading to anoxia due to the decay process, or, in certain cases, 
they can basically obstruct the gill structures of �lter-feeding 
organisms. Additionally, algal blooms can emerge suddenly 
and induce the rapid development of shell�sh toxicity within a 
short period. �ere is a threat of Harmful algal blooms 
(HABs), and the presence of harmful algal species has the 
potential to impact aquaculture negatively. �ese outbreaks 
not only represent a public health hazard, with numerous 
fatalities historically linked to paralytic shell�sh poisoning but 
also lead to substantial mortality among shell�sh populations 
and signi�cant economic challenges for coastal �sheries and 
aquaculture enterprises. �e challenges linked to toxic algal 
blooms are no longer con�ned to dino�agellates and are 
increasingly evolving into a worldwide concern. Various 
research investigations and symposia have concentrated on 
the most prevalent species of toxic dino�agellates [11]. �e 
existence of toxic algal species and the potential for blooms 
have clear, negative impacts on aquaculture development. 
Table 1 summarises di�erent algal species and their blooming 
environments.

Causes of algal bloom
It is widely acknowledged that the increase in human activities 
and the expansion of coastal populations have played a role in 
the rise of toxic and harmful micro and macro-algae over the 
past two decades [61-63]. �is surge in HABs poses a signi�cant 
threat to our valuable marine ecosystems. What makes this 
situation particularly concerning is that, unlike chemical 
pollution, HABs, a form of 'biological pollution' have the 
potential to proliferate and thus become more frequent and 
severe. HABs have detrimental and swi� e�ects on both natural 
ecosystems and aquaculture systems, including factors like 
temperature and chemical imbalances and drastic �uctuations 
in hydrogen, oxygen, and carbon dioxide levels. �ey also have 
enduring impacts, such as changes in chemical dynamics and 

disruptions in food chains. �ese consequences can limit the 
use of resources and negatively impact commercial �shing and 
shell�sh production. �e most alarming aspect is that certain 
HABs produce toxic substances that harm and even kill marine 
organisms, including mammals, �sh, and birds while posing 
substantial health risks to humans [64-66].

 Furthermore, some microalgae generate taste and odor 
compounds that are undesirable, although not toxic. �ese 
compounds lead to substantial losses in aquaculture 
production and raise concerns about the safety of water 
resources containing them. Consequently, marine resource 
administrators, public health authorities, commercial �shing 
enterprises, and industries such as aquaculture, potable water 
production, and processed food and beverages have identi�ed 

algal-derived toxins and compounds associated with taste and 
odor as serious issues [67-69]. In light of these concerns, this 
review will examine the ecology, physiology, and molecular 
biology of algal blooms.

Ecological factors
�e main ecological factor for the bloom is the excess 
enrichment of nutrients in both freshwater and marine 
ecosystems [17,70-72]. Nitrogen inputs are o�en cited as 
controlling "new" production in the marine environment [73], 
while phosphorus is thought to limit primary productivity in 
freshwater ecosystems [74]. Estuarine ecosystems o�en exhibit 
intermediate nutrient limitation “paradigms” where P-limited 
conditions are characteristic in the low salinity oligohaline 
regions (salinity <5), upstream regions, and N limitation 
typifying more saline (salinity >5), downstream waters [73]. 
Elevated levels of phosphorus, particularly in relation to 
nitrogen, can promote the development of algal blooms, 
particularly favoring N2 �xing cyanobacterial genera. �ese 
cyanobacteria have the capacity to meet their own nitrogen 
requirements by enzymatically converting atmospheric 
nitrogen (N2) to biologically available ammonia (NH3) [75]. 
Water bodies enriched with nutrients are particularly 
susceptible to bloom formation, particularly when they exhibit 
prolonged residence times (low �ushing rates), experience 
periodic water temperatures exceeding 20 °C in the subtropics 
and temperature conditions, and remain at around 30 °C in the 
tropical water bodies, calm surface waters, and persistent 
vertical strati�cation [76]. Elevated phosphorus (in relation to 
nitrogen) loading is not a universal “trigger” for forming algal 
blooms.

 Nutrient inputs from agricultural, urban, and industrial 
sources have undergone rapid acceleration in recent decades, 
and nitrogen loads o�en surpass phosphorus inputs [77]. As a 
result of increased N-fertilizer application, human and 
agricultural wastes, stormwater runo�, groundwater discharge, 
and atmospheric deposition, which are all high in nitrogen 
relative to P, water bodies already impacted by nutrient 
depletion are being loaded with nitrogen [78]. Aquatic 
ecosystems with elevated nitrogen levels (high N:P ratios) can 
also experience the occurrence of blooms, particularly those 
comprised of non-N2-�xing genera. �is category primarily 
includes species belonging to Microcystis and Planktothrix, 
although various non-N2-�xing genera, such as Aphanocapsa, 
Raphidiopsis, and Woronochinia, possess the capacity of 
aggressive expansion in nitrogen-enriched aquatic 
environments. In numerous cases, maximum daily loads for 
phosphorus have been de�ned and implemented; however, 
nitrogen inputs are subject to less strict regulation, resulting in 
their increase in many ecosystems. N augmentation in both 
developed and developing regions has raised concerns that 
excessive N loading is accelerating eutrophication and 
promoting standing algal blooms in downstream freshwater and 
marine ecosystems [77,79,80]. Hence, the “P-only” paradigm 
for blooms control [81] needs to be revised [82]. Recent 
research, however, has demonstrated that cyanobacterial N2 
�xation does not meet the nitrogen requirements of 
phytoplankton or the ecosystem [82,83] for various factors, 
including (1) the high energy demands of N2 �xation, (2) the 
inhibition of this anaerobic process by production of oxygen in 
blooms through photosynthesis, (3) disruption of N2 �xation by 
turbulence and wind mixing, and (4) potential limitations 

imposed by other cofactors such as Fe, Mo, and/or other trace 
metals [84]. In aquatic environments where N2 �xation fails to 
meet the ecosystem's nitrogen demands, external nitrogen 
inputs play a vital role in augmenting nutrient availability, with 
excessive nitrogen inputs frequently resulting in undesirable 
and excessive algal production. �us, eutrophic systems that 
are already subjected to HAB occurrences are prone to further 
expansion of these blooms due to supplementary nitrogen 
inputs, particularly when they already possess adequate 
autochthonous phosphorus. Certainly, eutrophic systems on a 
global scale demonstrate the ability to absorb increasing 
amounts of nitrogen as they progress through higher trophic 
states [77,85]. An evaluation of algal productivity under 
nutrient enrichment in geographically diverse eutrophic lakes, 
reservoirs, estuarine and coastal waters, as well as a range of 
experimental enclosures (<1L to over 10,000L), showed that 
the strongest stimulation was found for both nitrogen and 
phosphorous additions, indicating widespread nutrient 
colimitation [72,86,87].

Nutrient regulation of algal blooms
Nitrogen o�en serves as the principal limiting nutrient for 
phytoplankton formation in several freshwater habitats, 
particularly in the tropics, subtropics, high-altitude regions, 
and various large lake ecosystems [88]. In contrast, some 
marine ecosystems in both the tropics and the subtropics can 
display P-limited conditions [89]. �ere are rare occurrences 
of blooms of temporary nature in the marine systems of the 
temperate, but freshwater bodies have no problem of bloom 
appearance.

 Blooms of freshwater cyanobacteria are commonly linked 
to water bodies characterized by eutrophic conditions and 
limited water exchange [76,90]. A signi�cant number of 
cyanobacteria exhibit the capacity for nitrogen �xation 
[17,76], and given that numerous freshwater ecosystems 
experience phosphorus limitation [89], there has been a 
prevalent assumption that phosphorus loading fosters the 
development of toxic cyanobacterial blooms [76]. �e exact 
e�ect of phosphorus on cyanobacterial development is 
complex and varies between taxa. According to laboratory 
studies, increasing phosphorus concentration can result in 
increased, decreased, or unaltered growth, as well as toxin 
levels in cyanobacteria [91]. Similarly, the presence of 
microcystin can exhibit either positive or negative correlations 
with varying levels of phosphorus loading in freshwater [92]. 
Nitrogen loading may hold equal signi�cance in the 
occurrence of toxic cyanobacterial blooms, especially in the 
case of non-N2-�xing cyanobacteria, such as Microcystis spp., 
Oscillatoria spp. [93,94]. 

 Toxic cyanobacteria have been shown in �eld and 
laboratory investigations to disturb grazing by some 
zooplankton [95,96]. Mesozooplankton (>200mm), such as 
cladocerans and copepods, can be harmed in various systems 
that have dense and/or toxic algal blooms, experiencing 
reduced feeding rate, impaired food assimilation, or even 
mortality [95,96]. Many factors determine how much 
zooplankton feed on cyanobacteria, including the levels of 
toxins, the speci�c cyanobacterial strains, zooplankton 
species, and ecological conditions [95-97]. Organisms that 
have lived in isolated environments rich in nutrients, where 
they likely encountered harmful cyanobacteria over extended 

periods, exhibit enhanced resilience when it comes to feeding 
on and thriving alongside toxic Microcystis sp. cultures 
compared to individuals without prior exposure to such 
blooms. �is suggests their capacity to withstand toxins and 
adapt to life within these blooming species [98]. While these 
studies indicate the adaptive potential of Daphnia in response to 
toxic cyanobacteria, other research �ndings have shown that 
these grazers may remain unable to feed on cyanobacteria 
despite repeated exposure [99]. It has been proposed that 
microzooplankton (20-200 mm) consume harmful 
cyanobacteria [17,100].

 A potentially stimulatory nutritional e�ect may be 
diminished or eliminated by other elements like suspended 
sediments or grazing pressure. In turbid lakes and reservoirs 
characterized by light limitations and frequent water turnover, 
elevated phosphorus loading may not necessarily stimulate 
phytoplankton blooms. �is phenomenon is particularly 
notable in water bodies subject to substantial episodic sediment 
inputs and featuring relatively rapid �ushing rates [101]. 
Cyanobacteria have the capacity to proliferate in environments 
with reduced light availability by positioning themselves 
towards the water's surface during the intervals between 
episodic sediment loading episodes or by utilizing buoyancy 
regulation systems [101]. �e grazing pressure from 
macrozooplankton can drastically diminish the populations of 
most phytoplankton species in lakes characterized by low to 
moderate nutrient loading, counteracting the e�ect of 
nutritional stimulation [102]. �e Pearl River Estuary, the South 
China Sea, Victoria Harbour, and regions to the east have all 
reported similar phenomena in coastal waterways and estuaries. 
�e high sediment loads in such estuaries and oceans, according 
to Tang et al.'s hypothesis, cause the negative relationship 
between nutrient loading and algal biomass [103]. Limitations 
in light would inhibit phytoplankton from fully utilizing the 
nutrients that were provided to them.

The grazing pressure
�e formation, growth, and development of the algal bloom are 
signi�cantly in�uenced by the grazing pressure. �e quality of 
the available biomass generally determines the grazing rate and 
directs it towards speci�c palatable species, which are typically 
not the bloom-forming ones. Grazers may reduce the growth of 
phytoplankton biomass (of species other than the 
bloom-forming ones) by feeding, but they may also promote the 
regeneration of nutrients by releasing and excreting waste 
products. �is will consequently change the ratio of reduced to 
oxidized forms of nitrogen that are available to the 
phytoplankton for utilization [104].

Physiological adaptation of algal blooms
�e rate of nutrient delivery may not consistently align with the 
rate of nutrient uptake by the algae responsible for bloom 
formation, as the latter process is in�uenced by factors such as 
nutritional selectivity, uptake capacities, and physiological or 
nutritional conditions. �is complicates the physiological 
responses of bloom-forming species to modi�ed ecological 
conditions. Numerous other elements, like as interactions with 
grazers and physical forcings (such as turbulence), a�ect how 
the entire phytoplankton population and various species within 
it react [104,105]. �e ability of phytoplankton to assimilate 
nutrients depends on environmental parameters such as light, 
temperature, and the stability of the water column, with various 

environmental e�ects having varying e�ects on various 
nutritional substrates. According to Glibert et al., the 
assimilation of ammonium and urea is typically believed to 
exhibit a lower dependency on light than nitrate uptake [105]. 
Additionally, the temperature dependency of ammonium 
uptake may di�er from that of nitrate [105]. �e stability of the 
water column is yet another important aspect that a�ects 
species composition.

 �e ability to utilize available light e�ciently and the 
development of physiological tolerance to low light provide 
blooming species an edge over competing species in terms of 
growth. In contrast to other species, they are more favored by 
low grazing pressure to expand in density quickly and utilize 
all resources e�ectively. Warm, stable weather has been linked 
to Karenia mikimotoi blooms, which can endure long periods 
of low light and nutrients [106]. �ese blooms begin in 
Norwegian waters at the pycnocline in the summer or the �rst 
few weeks of fall, then gather at hydrographic fronts within 
close proximity to the shoreline [106]. A link between the 
formation of blooms and decreasing day length has been seen 
in Tunisian lagoons, where blooms of G. aureolum have 
repeatedly killed �sh [107]. �is aligns with the higher 
frequency of these blooms occurring during the late summer 
and autumn periods. When assessing the potential 
consequences of nutrient stimulation on HAB biomass or 
productivity, it is imperative to consider the physiological and 
ecological tolerances of the particular species under 
examination.

 For the regulation and management of algal blooms, 
research on the physiological mechanisms employed by 
various groups of organisms to obtain their nutrients has 
become crucial. Because marine diatoms, owing to the 
physiological adaptations that enable them to take advantage 
of nitrate-enriched circumstances, there has been a strong 
correlation between rapidly growing marine diatoms and 
substantial and/or frequent nitrate inputs [108]. �ere are 
many �agellate species, including some HAB species, that are 
capable of obtaining both nitrogen and carbon by consuming 
particles or up taking dissolved organic molecules [108]. As a 
result of such mixotrophic or heterotrophic tendencies, these 
cells can bloom when non-organic nutrients or light are 
insu�cient for their nutritional needs. Numerous Dinophysis 
species, particularly those that cause diarrhetic shell�sh 
poisoning, are now thought to depend on mixotrophy for their 
survival and growth. Heterosigma carterae, A. tamarense [109], 
and Gyrodinium galatheanum [21] have all been proven to be 
mixotrophic.

 Numerous organisms that produce planktonic blooms 
possess the physiological capacity to obtain some of their 
nutrients through extracellular oxidation or hydrolysis. 
Extracellular amino acid oxidation has been demonstrated to 
occur in various �agellates and ecosystems, but it seems to be 
more pronounced when ambient inorganic nutrient levels are 
at or close to depletion [9]. At the cell surface, proteins and 
peptides can also undergo hydrolysis, resulting in smaller 
molecules that the cells can absorb. In addition to the N or P 
that HAB cells need, organic substances may help to meet their 
C needs as well [9]. 

Molecular biology 
Since they all belong to the same family, the molecular biology 

characteristics of bloom-forming species are not signi�cantly 
di�erent from those of non-blooming species. However, the 
presence of toxin-producing genes distinguishes 
bloom-forming species from non-blooming species. Although 
not a uniform trait of HABs, synthesizing hazardous chemicals 
is a typical aspect. Unexpectedly, only a small number of HAB 
toxins have been identi�ed, and they are produced by a small 
number of algal species [9]. As toxins a�ect a wide variety of 
organisms' survival, growth, fecundity, and recruitment, toxic 
algae may thus have a large impact on ecological dynamics. �e 
diarrhoeic, paralytic, neurotoxic, and amnesic shell�sh 
poisoning symptoms are caused by the most well-known marine 
HAB toxins. �e toxins linked to each of these poisoning 
incidents are created by planktonic dino�agellates, with the 
exception of the ASP toxin, domoic acid, which is largely made 
by diatoms. �e ��h form of marine HAB toxin event, ciguatera 
�sh poisoning, is brought on by benthic dino�agellates [110]. 

 Alkaloids, polyethers, or substituted amines are the three 
main chemical types of marine HAB toxins. However, other 
toxins, including superoxide and/or hydroxyl radicals, 
lipoteichoic acids with hemagglutinin activity, and pentacyclic 
derivatives with a fused azine, have also been linked to HAB 
species [111]. Toxins found in freshwater di�er from those 
found in marine environments in two ways. First, cyanobacteria 
almost always produce freshwater HAB toxins rather than 
dino�agellates [112]. In addition, freshwater poisons have a 
wider range of chemical structures, including alkaloids, 
phosphate esters, macrolides, chlorinated diary lactones, and 
penta- and heptapeptides. According to Ferreira et al., these 
cyanobacterial toxins can be neurotoxic, hepatotoxic, or 
dermatotoxic [113]. Saxitoxins, the main cause of paralytic 
shell�sh poisoning (PSP), are interestingly produced by 
cyanobacteria in freshwater, whereas dino�agellates and 
bacteria do so in marine settings [113]. According to research to 
date, HAB poisons have intricate chemical structures. �ese 
toxins appear to result from complex metabolic processes, and 
some of the enzymatic reactions probably involve extremely 
particular and specialized reactions. As a result, our 
understanding of the biology involved in toxin production is 
quite limited.

Discussion
Algal blooms are intricate oceanic phenomena that need 
interdisciplinary research in �elds like molecular and cell 
biology, as well as extensive �eldwork, numerical modeling, and 
remote sensing. Bilateral and multilateral initiatives are working 
to unite scientists from various nations and �elds in a 
coordinated attempt to address this intricate and multifaceted 
problem. As our understanding of these processes grows, so do 
the technologies and management strategies that can lessen the 
incidence and e�ects of harmful blooms. One signi�cant result 
of the rising investment in the Global Ocean Observing System 
will undoubtedly be more e�cient HAB management. 
Increasing concern has been expressed about the damaging 
e�ects of excessive nutrient enrichment on surface waterways 
and aquaculture waterways. Groundwater, row crops, and 
atmospheric deposition are all sources of 'nonpoint source' 
nutrient loading. Large-scale animal feed lots and aquaculture 
farms are also sources of 'point source-like' nutrient inputs, 
fueling concerns about their environmental sustainability [114]. 
According to numerous studies, microalgae directly and 
frequently distinguishably respond to such environmental 

changes in many physiological processes (such as 
photophysiological regulation, respiration, protein and 
enzyme kinetics, secondary metabolite synthesis, etc.) 
[90,115]. Such physiological reactions serve as the foundation 
for cell maintenance, growth, and, eventually the expansion of 
an undesirable phytoplankton population. Additionally, the 
molecular and/or cellular regulation of physiological processes 
�rmly controls the size and duration of a given reaction 
[116-118].

Conclusions
In order to e�ectively manage algal blooms and related 
metabolites, it is important to understand their genetic and 
physiological basis. It is crucial to know these kinds of details 
to understand phenomena such as why certain taxa displace 
others in taxon assemblages, how some taxa sustain long-term 
competitive dominance, and why some taxa (and usually 
di�erent strains of a taxon) produce harmful metabolites and 
alter their habitats directly or indirectly. Over the past ten 
years, the rapid development of new computer-based 
technologies has nearly ''leaped-frogged'' the ability of 
scientists to evaluate such instrumentation and analysis. �e 
general consensus in society is that algae are undesirable and 
should be removed whenever possible. However, this 
misconception is false because only a few species pose a threat, 
with Homo sapiens being the worst of these. Algae produce 
oxygen, �sh are a signi�cant food supply for aquatic life, and 
many other bene�ts. HABs are a necessary evil that we must 
deal with but cannot completely eradicate, even if algal blooms 
are detrimental and dangerous for human society. �is is 
because algae have more good e�ects than negative ones, 
making HABs a necessary evil that we must deal with but 
cannot completely eradicate. �ere is a widespread perception 
that algae are toxic and should be eliminated at every 
opportunity. �ere are many kinds of animals that bene�t from 
the presence of algae and �sh, but only a few species pose a 
threat to the environment, and the worst of these is the Homo 
sapiens. �ough algal blooms are harmful and are problematic 
to human society but still algae cannot be eradicated 
worldwide only for their harmful property as they have many 
positive e�ects as compared to some negative ones, so HABs 
are a necessary evil that we have to cope with but cannot 
eliminate them.
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Earth is the only known planet capable of supporting life, 
accommodating a wide spectrum of life forms ranging from the 
tiniest prokaryotes to the largest eukaryotes. Scienti�c research 
indicates that the origins of life on our planet trace back to a 
primordial environment characterized by a lack of oxygen, with 
oxygen being present solely in the form of compounds such as 
oxides, hydroxides, peroxides, superoxides, and the like. �ese 
early life forms likely contributed to the emergence of oxygen 
gas by breaking these compounds and engaging in anoxygenic 
photosynthesis, ultimately paving the way for developing more 
complex organisms. Algae represent one such primitive life 
form within this context. �e term "algae" encompasses a 
diverse array of organisms endowed with the ability to generate 
oxygen through photosynthesis. �ese organisms display a 
remarkable range of diversity in pigmentation and their capacity 
to perform photosynthesis under varying environmental 
conditions. However, they share certain de�ning characteristics 
that set them apart from other major groups of photosynthetic 
organisms [1]. Planktonic algal species exhibit a wide spectrum 
of sizes, spanning from a few nanometres to several 
micrometers in diameter, primarily classi�ed into three 
categories: pico-sized (<2 µm), nano-sized (2-20 µm), and 
microplankton (>20 µm). Together, they signi�cantly 
contribute, accounting for an estimated 60% of the global 
oceans' primary production. Microplankton is the primary 
producers in coastal oceans and estuaries, while nano and 
picoplankton assume this role in the open ocean regions.

 �e review aims to the ecological, physiological, and 
molecular aspects of algal blooms, particularly emphasizing the 
genetic and physiological basis underlying their formation and 
development. It provides a multifaceted analysis of these 
complex oceanic phenomena by integrating insights from 

molecular and cell biology, �eldwork, numerical modeling, 
and remote sensing. �rough interdisciplinary research, this 
contributes to a deeper understanding of the complicated 
mechanisms governing algal blooms, including the factors 
in�uencing their growth, the role of nutrients, the impact of 
grazing pressure, and the molecular characteristics of 
bloom-forming species.

Importance of Algae in Aquatic Ecosystem
As a long-term photosynthesis generator, algae make an 
important contribution to the environment and health. �is 
vital process has been ongoing for millions of years. 
Planktonic algae, which dominate the oceanic ecosystem, play 
a crucial role as the largest reservoir for CO2 absorption 
through photosynthesis. When examining the ancient history 
of biofuels, it is suggested that petroleum may have partially 
originated from ancient algae deposits. Some of the oldest oil 
reserves are linked to cyanobacteria, although the exact 
identi�cation of the mechanism remains unknown [2]. More 
recent oil deposits likely stem from eukaryotic marine green 
algae, coccolithophorids, and other microscopic marine 
phytoplankton. Various microalgal species, including green 
algae, diatoms, and cyanobacteria, are recognized as 
promising candidates for biofuel production. All types of 
algae possess the capability to synthesize energy-rich oils, and 
numerous microalgal species naturally accumulate signi�cant 
oil content in their dry mass. Furthermore, algae are 
distributed across various habitats and are known for their 
rapid reproduction rates [3].

Role of Algae in Oceanic Food Chain and Ecology
Algae play a crucial role in the world's ecosystems as they 
contribute to the formation of clouds and ocean food webs. 

Phytoplankton, the microscopic algae, establish the primary 
trophic level in the oceanic food web [4]. Phytoplankton serve 
as the primary nutritional source for smaller �sh and 
crustaceans, which subsequently constitute prey for larger 
species at the trophic level. �is trophic transfer extends 
through successive levels of the food chain, ultimately reaching 
the largest predators and human consumption of algae, with 
speci�c varieties employed for numerous commercial and 
industrial applications. Algae synthesize organic nutrient 
molecules by utilizing carbon dioxide and water in the process 
of photosynthesis, a mechanism by which they capture solar 
energy. Additionally, to synthesize organic compounds, algae 
generate oxygen as a byproduct during the process of 
photosynthesis. Algae are estimated to contribute 
approximately 30 to 50 percent of the total global oxygen supply 
available to humans and other terrestrial animals for the 
purpose of respiration [5].

Algal Blooms
When favorable environmental conditions arise, speci�c algal 
species can experience rapid population growth, leading to the 
proliferation of their numbers, o�en reaching several million 
cells per liter. �is abundance of algae can manifest as visible 
patches on the water's surface or a noticeable change in the 
water's color. �is dense and rapid algal growth is referred to as 
a 'bloom,' which can be either persistent (commonly observed 
in polluted freshwater systems) or seasonal (typically seen in 
mesotrophic lakes and coastal ocean regions). �e coloration of 
these blooms corresponds to the types of algae present within 
them. Many of the species responsible for bloom formation are 
planktonic and produce toxins, resulting in disruptions to the 
ecological balance of oceans and freshwater bodies. However, 
it's worth noting that green algal blooms are generally non-toxic 
[6].

 In oceanic environments, the primary species responsible 
for bloom formation are certain types of dino�agellates and 
diatoms. In freshwater systems, blooms are primarily caused by 
cyanobacteria and planktonic green algae. Under speci�c 
estuarine conditions, planktonic green algae can also reach 
bloom levels, albeit typically for a brief duration. In natural 
settings, algae produce toxins as a defense mechanism to deter 

consumption by small organisms, requiring only a minimal 
quantity to ensure their protection [7]. �e “bloom” 
concentrations di�er across species; e.g., 105 cells/L constitutes 
a bloom of Protogonyuulux, while blooms of Aureococcus 
unophuge�eruns occur at the concentration of 109 cells/L [8]. 
In freshwater bodies, Microcystis attains a population as high 
as 109 cells/L, forming the dense bloom, but bloom condition 
appears with a cell density of 105 cells/L. Blooms are typically 
visible occurrences that can take on a variety of colors, such as 
green, red, brown, or bluish-green, depending on the 
dominant species within the population. While a few species 
may form blooms together, most standing blooms are 
generated by a combination of 2 to 5 species. �ese blooms 
may or may not be visible, and their coloration can vary. 
Interestingly, some of the most destructive blooms in recent 
history have been brown in color [7,9].

 In most cases, red water blooms are caused by wind and 
currents on the water's surface. It is supported by the incidents 
that nearly all signi�cant blooms initiate within the open 
ocean rather than in the bay environment [10]. Such blooms 
can either be toxigenic, producing speci�c toxins, or harmful, 
leading to anoxia due to the decay process, or, in certain cases, 
they can basically obstruct the gill structures of �lter-feeding 
organisms. Additionally, algal blooms can emerge suddenly 
and induce the rapid development of shell�sh toxicity within a 
short period. �ere is a threat of Harmful algal blooms 
(HABs), and the presence of harmful algal species has the 
potential to impact aquaculture negatively. �ese outbreaks 
not only represent a public health hazard, with numerous 
fatalities historically linked to paralytic shell�sh poisoning but 
also lead to substantial mortality among shell�sh populations 
and signi�cant economic challenges for coastal �sheries and 
aquaculture enterprises. �e challenges linked to toxic algal 
blooms are no longer con�ned to dino�agellates and are 
increasingly evolving into a worldwide concern. Various 
research investigations and symposia have concentrated on 
the most prevalent species of toxic dino�agellates [11]. �e 
existence of toxic algal species and the potential for blooms 
have clear, negative impacts on aquaculture development. 
Table 1 summarises di�erent algal species and their blooming 
environments.

Causes of algal bloom
It is widely acknowledged that the increase in human activities 
and the expansion of coastal populations have played a role in 
the rise of toxic and harmful micro and macro-algae over the 
past two decades [61-63]. �is surge in HABs poses a signi�cant 
threat to our valuable marine ecosystems. What makes this 
situation particularly concerning is that, unlike chemical 
pollution, HABs, a form of 'biological pollution' have the 
potential to proliferate and thus become more frequent and 
severe. HABs have detrimental and swi� e�ects on both natural 
ecosystems and aquaculture systems, including factors like 
temperature and chemical imbalances and drastic �uctuations 
in hydrogen, oxygen, and carbon dioxide levels. �ey also have 
enduring impacts, such as changes in chemical dynamics and 

disruptions in food chains. �ese consequences can limit the 
use of resources and negatively impact commercial �shing and 
shell�sh production. �e most alarming aspect is that certain 
HABs produce toxic substances that harm and even kill marine 
organisms, including mammals, �sh, and birds while posing 
substantial health risks to humans [64-66].

 Furthermore, some microalgae generate taste and odor 
compounds that are undesirable, although not toxic. �ese 
compounds lead to substantial losses in aquaculture 
production and raise concerns about the safety of water 
resources containing them. Consequently, marine resource 
administrators, public health authorities, commercial �shing 
enterprises, and industries such as aquaculture, potable water 
production, and processed food and beverages have identi�ed 

algal-derived toxins and compounds associated with taste and 
odor as serious issues [67-69]. In light of these concerns, this 
review will examine the ecology, physiology, and molecular 
biology of algal blooms.

Ecological factors
�e main ecological factor for the bloom is the excess 
enrichment of nutrients in both freshwater and marine 
ecosystems [17,70-72]. Nitrogen inputs are o�en cited as 
controlling "new" production in the marine environment [73], 
while phosphorus is thought to limit primary productivity in 
freshwater ecosystems [74]. Estuarine ecosystems o�en exhibit 
intermediate nutrient limitation “paradigms” where P-limited 
conditions are characteristic in the low salinity oligohaline 
regions (salinity <5), upstream regions, and N limitation 
typifying more saline (salinity >5), downstream waters [73]. 
Elevated levels of phosphorus, particularly in relation to 
nitrogen, can promote the development of algal blooms, 
particularly favoring N2 �xing cyanobacterial genera. �ese 
cyanobacteria have the capacity to meet their own nitrogen 
requirements by enzymatically converting atmospheric 
nitrogen (N2) to biologically available ammonia (NH3) [75]. 
Water bodies enriched with nutrients are particularly 
susceptible to bloom formation, particularly when they exhibit 
prolonged residence times (low �ushing rates), experience 
periodic water temperatures exceeding 20 °C in the subtropics 
and temperature conditions, and remain at around 30 °C in the 
tropical water bodies, calm surface waters, and persistent 
vertical strati�cation [76]. Elevated phosphorus (in relation to 
nitrogen) loading is not a universal “trigger” for forming algal 
blooms.

 Nutrient inputs from agricultural, urban, and industrial 
sources have undergone rapid acceleration in recent decades, 
and nitrogen loads o�en surpass phosphorus inputs [77]. As a 
result of increased N-fertilizer application, human and 
agricultural wastes, stormwater runo�, groundwater discharge, 
and atmospheric deposition, which are all high in nitrogen 
relative to P, water bodies already impacted by nutrient 
depletion are being loaded with nitrogen [78]. Aquatic 
ecosystems with elevated nitrogen levels (high N:P ratios) can 
also experience the occurrence of blooms, particularly those 
comprised of non-N2-�xing genera. �is category primarily 
includes species belonging to Microcystis and Planktothrix, 
although various non-N2-�xing genera, such as Aphanocapsa, 
Raphidiopsis, and Woronochinia, possess the capacity of 
aggressive expansion in nitrogen-enriched aquatic 
environments. In numerous cases, maximum daily loads for 
phosphorus have been de�ned and implemented; however, 
nitrogen inputs are subject to less strict regulation, resulting in 
their increase in many ecosystems. N augmentation in both 
developed and developing regions has raised concerns that 
excessive N loading is accelerating eutrophication and 
promoting standing algal blooms in downstream freshwater and 
marine ecosystems [77,79,80]. Hence, the “P-only” paradigm 
for blooms control [81] needs to be revised [82]. Recent 
research, however, has demonstrated that cyanobacterial N2 
�xation does not meet the nitrogen requirements of 
phytoplankton or the ecosystem [82,83] for various factors, 
including (1) the high energy demands of N2 �xation, (2) the 
inhibition of this anaerobic process by production of oxygen in 
blooms through photosynthesis, (3) disruption of N2 �xation by 
turbulence and wind mixing, and (4) potential limitations 

imposed by other cofactors such as Fe, Mo, and/or other trace 
metals [84]. In aquatic environments where N2 �xation fails to 
meet the ecosystem's nitrogen demands, external nitrogen 
inputs play a vital role in augmenting nutrient availability, with 
excessive nitrogen inputs frequently resulting in undesirable 
and excessive algal production. �us, eutrophic systems that 
are already subjected to HAB occurrences are prone to further 
expansion of these blooms due to supplementary nitrogen 
inputs, particularly when they already possess adequate 
autochthonous phosphorus. Certainly, eutrophic systems on a 
global scale demonstrate the ability to absorb increasing 
amounts of nitrogen as they progress through higher trophic 
states [77,85]. An evaluation of algal productivity under 
nutrient enrichment in geographically diverse eutrophic lakes, 
reservoirs, estuarine and coastal waters, as well as a range of 
experimental enclosures (<1L to over 10,000L), showed that 
the strongest stimulation was found for both nitrogen and 
phosphorous additions, indicating widespread nutrient 
colimitation [72,86,87].

Nutrient regulation of algal blooms
Nitrogen o�en serves as the principal limiting nutrient for 
phytoplankton formation in several freshwater habitats, 
particularly in the tropics, subtropics, high-altitude regions, 
and various large lake ecosystems [88]. In contrast, some 
marine ecosystems in both the tropics and the subtropics can 
display P-limited conditions [89]. �ere are rare occurrences 
of blooms of temporary nature in the marine systems of the 
temperate, but freshwater bodies have no problem of bloom 
appearance.

 Blooms of freshwater cyanobacteria are commonly linked 
to water bodies characterized by eutrophic conditions and 
limited water exchange [76,90]. A signi�cant number of 
cyanobacteria exhibit the capacity for nitrogen �xation 
[17,76], and given that numerous freshwater ecosystems 
experience phosphorus limitation [89], there has been a 
prevalent assumption that phosphorus loading fosters the 
development of toxic cyanobacterial blooms [76]. �e exact 
e�ect of phosphorus on cyanobacterial development is 
complex and varies between taxa. According to laboratory 
studies, increasing phosphorus concentration can result in 
increased, decreased, or unaltered growth, as well as toxin 
levels in cyanobacteria [91]. Similarly, the presence of 
microcystin can exhibit either positive or negative correlations 
with varying levels of phosphorus loading in freshwater [92]. 
Nitrogen loading may hold equal signi�cance in the 
occurrence of toxic cyanobacterial blooms, especially in the 
case of non-N2-�xing cyanobacteria, such as Microcystis spp., 
Oscillatoria spp. [93,94]. 

 Toxic cyanobacteria have been shown in �eld and 
laboratory investigations to disturb grazing by some 
zooplankton [95,96]. Mesozooplankton (>200mm), such as 
cladocerans and copepods, can be harmed in various systems 
that have dense and/or toxic algal blooms, experiencing 
reduced feeding rate, impaired food assimilation, or even 
mortality [95,96]. Many factors determine how much 
zooplankton feed on cyanobacteria, including the levels of 
toxins, the speci�c cyanobacterial strains, zooplankton 
species, and ecological conditions [95-97]. Organisms that 
have lived in isolated environments rich in nutrients, where 
they likely encountered harmful cyanobacteria over extended 

periods, exhibit enhanced resilience when it comes to feeding 
on and thriving alongside toxic Microcystis sp. cultures 
compared to individuals without prior exposure to such 
blooms. �is suggests their capacity to withstand toxins and 
adapt to life within these blooming species [98]. While these 
studies indicate the adaptive potential of Daphnia in response to 
toxic cyanobacteria, other research �ndings have shown that 
these grazers may remain unable to feed on cyanobacteria 
despite repeated exposure [99]. It has been proposed that 
microzooplankton (20-200 mm) consume harmful 
cyanobacteria [17,100].

 A potentially stimulatory nutritional e�ect may be 
diminished or eliminated by other elements like suspended 
sediments or grazing pressure. In turbid lakes and reservoirs 
characterized by light limitations and frequent water turnover, 
elevated phosphorus loading may not necessarily stimulate 
phytoplankton blooms. �is phenomenon is particularly 
notable in water bodies subject to substantial episodic sediment 
inputs and featuring relatively rapid �ushing rates [101]. 
Cyanobacteria have the capacity to proliferate in environments 
with reduced light availability by positioning themselves 
towards the water's surface during the intervals between 
episodic sediment loading episodes or by utilizing buoyancy 
regulation systems [101]. �e grazing pressure from 
macrozooplankton can drastically diminish the populations of 
most phytoplankton species in lakes characterized by low to 
moderate nutrient loading, counteracting the e�ect of 
nutritional stimulation [102]. �e Pearl River Estuary, the South 
China Sea, Victoria Harbour, and regions to the east have all 
reported similar phenomena in coastal waterways and estuaries. 
�e high sediment loads in such estuaries and oceans, according 
to Tang et al.'s hypothesis, cause the negative relationship 
between nutrient loading and algal biomass [103]. Limitations 
in light would inhibit phytoplankton from fully utilizing the 
nutrients that were provided to them.

The grazing pressure
�e formation, growth, and development of the algal bloom are 
signi�cantly in�uenced by the grazing pressure. �e quality of 
the available biomass generally determines the grazing rate and 
directs it towards speci�c palatable species, which are typically 
not the bloom-forming ones. Grazers may reduce the growth of 
phytoplankton biomass (of species other than the 
bloom-forming ones) by feeding, but they may also promote the 
regeneration of nutrients by releasing and excreting waste 
products. �is will consequently change the ratio of reduced to 
oxidized forms of nitrogen that are available to the 
phytoplankton for utilization [104].

Physiological adaptation of algal blooms
�e rate of nutrient delivery may not consistently align with the 
rate of nutrient uptake by the algae responsible for bloom 
formation, as the latter process is in�uenced by factors such as 
nutritional selectivity, uptake capacities, and physiological or 
nutritional conditions. �is complicates the physiological 
responses of bloom-forming species to modi�ed ecological 
conditions. Numerous other elements, like as interactions with 
grazers and physical forcings (such as turbulence), a�ect how 
the entire phytoplankton population and various species within 
it react [104,105]. �e ability of phytoplankton to assimilate 
nutrients depends on environmental parameters such as light, 
temperature, and the stability of the water column, with various 

environmental e�ects having varying e�ects on various 
nutritional substrates. According to Glibert et al., the 
assimilation of ammonium and urea is typically believed to 
exhibit a lower dependency on light than nitrate uptake [105]. 
Additionally, the temperature dependency of ammonium 
uptake may di�er from that of nitrate [105]. �e stability of the 
water column is yet another important aspect that a�ects 
species composition.

 �e ability to utilize available light e�ciently and the 
development of physiological tolerance to low light provide 
blooming species an edge over competing species in terms of 
growth. In contrast to other species, they are more favored by 
low grazing pressure to expand in density quickly and utilize 
all resources e�ectively. Warm, stable weather has been linked 
to Karenia mikimotoi blooms, which can endure long periods 
of low light and nutrients [106]. �ese blooms begin in 
Norwegian waters at the pycnocline in the summer or the �rst 
few weeks of fall, then gather at hydrographic fronts within 
close proximity to the shoreline [106]. A link between the 
formation of blooms and decreasing day length has been seen 
in Tunisian lagoons, where blooms of G. aureolum have 
repeatedly killed �sh [107]. �is aligns with the higher 
frequency of these blooms occurring during the late summer 
and autumn periods. When assessing the potential 
consequences of nutrient stimulation on HAB biomass or 
productivity, it is imperative to consider the physiological and 
ecological tolerances of the particular species under 
examination.

 For the regulation and management of algal blooms, 
research on the physiological mechanisms employed by 
various groups of organisms to obtain their nutrients has 
become crucial. Because marine diatoms, owing to the 
physiological adaptations that enable them to take advantage 
of nitrate-enriched circumstances, there has been a strong 
correlation between rapidly growing marine diatoms and 
substantial and/or frequent nitrate inputs [108]. �ere are 
many �agellate species, including some HAB species, that are 
capable of obtaining both nitrogen and carbon by consuming 
particles or up taking dissolved organic molecules [108]. As a 
result of such mixotrophic or heterotrophic tendencies, these 
cells can bloom when non-organic nutrients or light are 
insu�cient for their nutritional needs. Numerous Dinophysis 
species, particularly those that cause diarrhetic shell�sh 
poisoning, are now thought to depend on mixotrophy for their 
survival and growth. Heterosigma carterae, A. tamarense [109], 
and Gyrodinium galatheanum [21] have all been proven to be 
mixotrophic.

 Numerous organisms that produce planktonic blooms 
possess the physiological capacity to obtain some of their 
nutrients through extracellular oxidation or hydrolysis. 
Extracellular amino acid oxidation has been demonstrated to 
occur in various �agellates and ecosystems, but it seems to be 
more pronounced when ambient inorganic nutrient levels are 
at or close to depletion [9]. At the cell surface, proteins and 
peptides can also undergo hydrolysis, resulting in smaller 
molecules that the cells can absorb. In addition to the N or P 
that HAB cells need, organic substances may help to meet their 
C needs as well [9]. 

Molecular biology 
Since they all belong to the same family, the molecular biology 

characteristics of bloom-forming species are not signi�cantly 
di�erent from those of non-blooming species. However, the 
presence of toxin-producing genes distinguishes 
bloom-forming species from non-blooming species. Although 
not a uniform trait of HABs, synthesizing hazardous chemicals 
is a typical aspect. Unexpectedly, only a small number of HAB 
toxins have been identi�ed, and they are produced by a small 
number of algal species [9]. As toxins a�ect a wide variety of 
organisms' survival, growth, fecundity, and recruitment, toxic 
algae may thus have a large impact on ecological dynamics. �e 
diarrhoeic, paralytic, neurotoxic, and amnesic shell�sh 
poisoning symptoms are caused by the most well-known marine 
HAB toxins. �e toxins linked to each of these poisoning 
incidents are created by planktonic dino�agellates, with the 
exception of the ASP toxin, domoic acid, which is largely made 
by diatoms. �e ��h form of marine HAB toxin event, ciguatera 
�sh poisoning, is brought on by benthic dino�agellates [110]. 

 Alkaloids, polyethers, or substituted amines are the three 
main chemical types of marine HAB toxins. However, other 
toxins, including superoxide and/or hydroxyl radicals, 
lipoteichoic acids with hemagglutinin activity, and pentacyclic 
derivatives with a fused azine, have also been linked to HAB 
species [111]. Toxins found in freshwater di�er from those 
found in marine environments in two ways. First, cyanobacteria 
almost always produce freshwater HAB toxins rather than 
dino�agellates [112]. In addition, freshwater poisons have a 
wider range of chemical structures, including alkaloids, 
phosphate esters, macrolides, chlorinated diary lactones, and 
penta- and heptapeptides. According to Ferreira et al., these 
cyanobacterial toxins can be neurotoxic, hepatotoxic, or 
dermatotoxic [113]. Saxitoxins, the main cause of paralytic 
shell�sh poisoning (PSP), are interestingly produced by 
cyanobacteria in freshwater, whereas dino�agellates and 
bacteria do so in marine settings [113]. According to research to 
date, HAB poisons have intricate chemical structures. �ese 
toxins appear to result from complex metabolic processes, and 
some of the enzymatic reactions probably involve extremely 
particular and specialized reactions. As a result, our 
understanding of the biology involved in toxin production is 
quite limited.

Discussion
Algal blooms are intricate oceanic phenomena that need 
interdisciplinary research in �elds like molecular and cell 
biology, as well as extensive �eldwork, numerical modeling, and 
remote sensing. Bilateral and multilateral initiatives are working 
to unite scientists from various nations and �elds in a 
coordinated attempt to address this intricate and multifaceted 
problem. As our understanding of these processes grows, so do 
the technologies and management strategies that can lessen the 
incidence and e�ects of harmful blooms. One signi�cant result 
of the rising investment in the Global Ocean Observing System 
will undoubtedly be more e�cient HAB management. 
Increasing concern has been expressed about the damaging 
e�ects of excessive nutrient enrichment on surface waterways 
and aquaculture waterways. Groundwater, row crops, and 
atmospheric deposition are all sources of 'nonpoint source' 
nutrient loading. Large-scale animal feed lots and aquaculture 
farms are also sources of 'point source-like' nutrient inputs, 
fueling concerns about their environmental sustainability [114]. 
According to numerous studies, microalgae directly and 
frequently distinguishably respond to such environmental 

changes in many physiological processes (such as 
photophysiological regulation, respiration, protein and 
enzyme kinetics, secondary metabolite synthesis, etc.) 
[90,115]. Such physiological reactions serve as the foundation 
for cell maintenance, growth, and, eventually the expansion of 
an undesirable phytoplankton population. Additionally, the 
molecular and/or cellular regulation of physiological processes 
�rmly controls the size and duration of a given reaction 
[116-118].

Conclusions
In order to e�ectively manage algal blooms and related 
metabolites, it is important to understand their genetic and 
physiological basis. It is crucial to know these kinds of details 
to understand phenomena such as why certain taxa displace 
others in taxon assemblages, how some taxa sustain long-term 
competitive dominance, and why some taxa (and usually 
di�erent strains of a taxon) produce harmful metabolites and 
alter their habitats directly or indirectly. Over the past ten 
years, the rapid development of new computer-based 
technologies has nearly ''leaped-frogged'' the ability of 
scientists to evaluate such instrumentation and analysis. �e 
general consensus in society is that algae are undesirable and 
should be removed whenever possible. However, this 
misconception is false because only a few species pose a threat, 
with Homo sapiens being the worst of these. Algae produce 
oxygen, �sh are a signi�cant food supply for aquatic life, and 
many other bene�ts. HABs are a necessary evil that we must 
deal with but cannot completely eradicate, even if algal blooms 
are detrimental and dangerous for human society. �is is 
because algae have more good e�ects than negative ones, 
making HABs a necessary evil that we must deal with but 
cannot completely eradicate. �ere is a widespread perception 
that algae are toxic and should be eliminated at every 
opportunity. �ere are many kinds of animals that bene�t from 
the presence of algae and �sh, but only a few species pose a 
threat to the environment, and the worst of these is the Homo 
sapiens. �ough algal blooms are harmful and are problematic 
to human society but still algae cannot be eradicated 
worldwide only for their harmful property as they have many 
positive e�ects as compared to some negative ones, so HABs 
are a necessary evil that we have to cope with but cannot 
eliminate them.
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Earth is the only known planet capable of supporting life, 
accommodating a wide spectrum of life forms ranging from the 
tiniest prokaryotes to the largest eukaryotes. Scienti�c research 
indicates that the origins of life on our planet trace back to a 
primordial environment characterized by a lack of oxygen, with 
oxygen being present solely in the form of compounds such as 
oxides, hydroxides, peroxides, superoxides, and the like. �ese 
early life forms likely contributed to the emergence of oxygen 
gas by breaking these compounds and engaging in anoxygenic 
photosynthesis, ultimately paving the way for developing more 
complex organisms. Algae represent one such primitive life 
form within this context. �e term "algae" encompasses a 
diverse array of organisms endowed with the ability to generate 
oxygen through photosynthesis. �ese organisms display a 
remarkable range of diversity in pigmentation and their capacity 
to perform photosynthesis under varying environmental 
conditions. However, they share certain de�ning characteristics 
that set them apart from other major groups of photosynthetic 
organisms [1]. Planktonic algal species exhibit a wide spectrum 
of sizes, spanning from a few nanometres to several 
micrometers in diameter, primarily classi�ed into three 
categories: pico-sized (<2 µm), nano-sized (2-20 µm), and 
microplankton (>20 µm). Together, they signi�cantly 
contribute, accounting for an estimated 60% of the global 
oceans' primary production. Microplankton is the primary 
producers in coastal oceans and estuaries, while nano and 
picoplankton assume this role in the open ocean regions.

 �e review aims to the ecological, physiological, and 
molecular aspects of algal blooms, particularly emphasizing the 
genetic and physiological basis underlying their formation and 
development. It provides a multifaceted analysis of these 
complex oceanic phenomena by integrating insights from 

molecular and cell biology, �eldwork, numerical modeling, 
and remote sensing. �rough interdisciplinary research, this 
contributes to a deeper understanding of the complicated 
mechanisms governing algal blooms, including the factors 
in�uencing their growth, the role of nutrients, the impact of 
grazing pressure, and the molecular characteristics of 
bloom-forming species.

Importance of Algae in Aquatic Ecosystem
As a long-term photosynthesis generator, algae make an 
important contribution to the environment and health. �is 
vital process has been ongoing for millions of years. 
Planktonic algae, which dominate the oceanic ecosystem, play 
a crucial role as the largest reservoir for CO2 absorption 
through photosynthesis. When examining the ancient history 
of biofuels, it is suggested that petroleum may have partially 
originated from ancient algae deposits. Some of the oldest oil 
reserves are linked to cyanobacteria, although the exact 
identi�cation of the mechanism remains unknown [2]. More 
recent oil deposits likely stem from eukaryotic marine green 
algae, coccolithophorids, and other microscopic marine 
phytoplankton. Various microalgal species, including green 
algae, diatoms, and cyanobacteria, are recognized as 
promising candidates for biofuel production. All types of 
algae possess the capability to synthesize energy-rich oils, and 
numerous microalgal species naturally accumulate signi�cant 
oil content in their dry mass. Furthermore, algae are 
distributed across various habitats and are known for their 
rapid reproduction rates [3].

Role of Algae in Oceanic Food Chain and Ecology
Algae play a crucial role in the world's ecosystems as they 
contribute to the formation of clouds and ocean food webs. 

Phytoplankton, the microscopic algae, establish the primary 
trophic level in the oceanic food web [4]. Phytoplankton serve 
as the primary nutritional source for smaller �sh and 
crustaceans, which subsequently constitute prey for larger 
species at the trophic level. �is trophic transfer extends 
through successive levels of the food chain, ultimately reaching 
the largest predators and human consumption of algae, with 
speci�c varieties employed for numerous commercial and 
industrial applications. Algae synthesize organic nutrient 
molecules by utilizing carbon dioxide and water in the process 
of photosynthesis, a mechanism by which they capture solar 
energy. Additionally, to synthesize organic compounds, algae 
generate oxygen as a byproduct during the process of 
photosynthesis. Algae are estimated to contribute 
approximately 30 to 50 percent of the total global oxygen supply 
available to humans and other terrestrial animals for the 
purpose of respiration [5].

Algal Blooms
When favorable environmental conditions arise, speci�c algal 
species can experience rapid population growth, leading to the 
proliferation of their numbers, o�en reaching several million 
cells per liter. �is abundance of algae can manifest as visible 
patches on the water's surface or a noticeable change in the 
water's color. �is dense and rapid algal growth is referred to as 
a 'bloom,' which can be either persistent (commonly observed 
in polluted freshwater systems) or seasonal (typically seen in 
mesotrophic lakes and coastal ocean regions). �e coloration of 
these blooms corresponds to the types of algae present within 
them. Many of the species responsible for bloom formation are 
planktonic and produce toxins, resulting in disruptions to the 
ecological balance of oceans and freshwater bodies. However, 
it's worth noting that green algal blooms are generally non-toxic 
[6].

 In oceanic environments, the primary species responsible 
for bloom formation are certain types of dino�agellates and 
diatoms. In freshwater systems, blooms are primarily caused by 
cyanobacteria and planktonic green algae. Under speci�c 
estuarine conditions, planktonic green algae can also reach 
bloom levels, albeit typically for a brief duration. In natural 
settings, algae produce toxins as a defense mechanism to deter 

consumption by small organisms, requiring only a minimal 
quantity to ensure their protection [7]. �e “bloom” 
concentrations di�er across species; e.g., 105 cells/L constitutes 
a bloom of Protogonyuulux, while blooms of Aureococcus 
unophuge�eruns occur at the concentration of 109 cells/L [8]. 
In freshwater bodies, Microcystis attains a population as high 
as 109 cells/L, forming the dense bloom, but bloom condition 
appears with a cell density of 105 cells/L. Blooms are typically 
visible occurrences that can take on a variety of colors, such as 
green, red, brown, or bluish-green, depending on the 
dominant species within the population. While a few species 
may form blooms together, most standing blooms are 
generated by a combination of 2 to 5 species. �ese blooms 
may or may not be visible, and their coloration can vary. 
Interestingly, some of the most destructive blooms in recent 
history have been brown in color [7,9].

 In most cases, red water blooms are caused by wind and 
currents on the water's surface. It is supported by the incidents 
that nearly all signi�cant blooms initiate within the open 
ocean rather than in the bay environment [10]. Such blooms 
can either be toxigenic, producing speci�c toxins, or harmful, 
leading to anoxia due to the decay process, or, in certain cases, 
they can basically obstruct the gill structures of �lter-feeding 
organisms. Additionally, algal blooms can emerge suddenly 
and induce the rapid development of shell�sh toxicity within a 
short period. �ere is a threat of Harmful algal blooms 
(HABs), and the presence of harmful algal species has the 
potential to impact aquaculture negatively. �ese outbreaks 
not only represent a public health hazard, with numerous 
fatalities historically linked to paralytic shell�sh poisoning but 
also lead to substantial mortality among shell�sh populations 
and signi�cant economic challenges for coastal �sheries and 
aquaculture enterprises. �e challenges linked to toxic algal 
blooms are no longer con�ned to dino�agellates and are 
increasingly evolving into a worldwide concern. Various 
research investigations and symposia have concentrated on 
the most prevalent species of toxic dino�agellates [11]. �e 
existence of toxic algal species and the potential for blooms 
have clear, negative impacts on aquaculture development. 
Table 1 summarises di�erent algal species and their blooming 
environments.

Causes of algal bloom
It is widely acknowledged that the increase in human activities 
and the expansion of coastal populations have played a role in 
the rise of toxic and harmful micro and macro-algae over the 
past two decades [61-63]. �is surge in HABs poses a signi�cant 
threat to our valuable marine ecosystems. What makes this 
situation particularly concerning is that, unlike chemical 
pollution, HABs, a form of 'biological pollution' have the 
potential to proliferate and thus become more frequent and 
severe. HABs have detrimental and swi� e�ects on both natural 
ecosystems and aquaculture systems, including factors like 
temperature and chemical imbalances and drastic �uctuations 
in hydrogen, oxygen, and carbon dioxide levels. �ey also have 
enduring impacts, such as changes in chemical dynamics and 

disruptions in food chains. �ese consequences can limit the 
use of resources and negatively impact commercial �shing and 
shell�sh production. �e most alarming aspect is that certain 
HABs produce toxic substances that harm and even kill marine 
organisms, including mammals, �sh, and birds while posing 
substantial health risks to humans [64-66].

 Furthermore, some microalgae generate taste and odor 
compounds that are undesirable, although not toxic. �ese 
compounds lead to substantial losses in aquaculture 
production and raise concerns about the safety of water 
resources containing them. Consequently, marine resource 
administrators, public health authorities, commercial �shing 
enterprises, and industries such as aquaculture, potable water 
production, and processed food and beverages have identi�ed 

algal-derived toxins and compounds associated with taste and 
odor as serious issues [67-69]. In light of these concerns, this 
review will examine the ecology, physiology, and molecular 
biology of algal blooms.

Ecological factors
�e main ecological factor for the bloom is the excess 
enrichment of nutrients in both freshwater and marine 
ecosystems [17,70-72]. Nitrogen inputs are o�en cited as 
controlling "new" production in the marine environment [73], 
while phosphorus is thought to limit primary productivity in 
freshwater ecosystems [74]. Estuarine ecosystems o�en exhibit 
intermediate nutrient limitation “paradigms” where P-limited 
conditions are characteristic in the low salinity oligohaline 
regions (salinity <5), upstream regions, and N limitation 
typifying more saline (salinity >5), downstream waters [73]. 
Elevated levels of phosphorus, particularly in relation to 
nitrogen, can promote the development of algal blooms, 
particularly favoring N2 �xing cyanobacterial genera. �ese 
cyanobacteria have the capacity to meet their own nitrogen 
requirements by enzymatically converting atmospheric 
nitrogen (N2) to biologically available ammonia (NH3) [75]. 
Water bodies enriched with nutrients are particularly 
susceptible to bloom formation, particularly when they exhibit 
prolonged residence times (low �ushing rates), experience 
periodic water temperatures exceeding 20 °C in the subtropics 
and temperature conditions, and remain at around 30 °C in the 
tropical water bodies, calm surface waters, and persistent 
vertical strati�cation [76]. Elevated phosphorus (in relation to 
nitrogen) loading is not a universal “trigger” for forming algal 
blooms.

 Nutrient inputs from agricultural, urban, and industrial 
sources have undergone rapid acceleration in recent decades, 
and nitrogen loads o�en surpass phosphorus inputs [77]. As a 
result of increased N-fertilizer application, human and 
agricultural wastes, stormwater runo�, groundwater discharge, 
and atmospheric deposition, which are all high in nitrogen 
relative to P, water bodies already impacted by nutrient 
depletion are being loaded with nitrogen [78]. Aquatic 
ecosystems with elevated nitrogen levels (high N:P ratios) can 
also experience the occurrence of blooms, particularly those 
comprised of non-N2-�xing genera. �is category primarily 
includes species belonging to Microcystis and Planktothrix, 
although various non-N2-�xing genera, such as Aphanocapsa, 
Raphidiopsis, and Woronochinia, possess the capacity of 
aggressive expansion in nitrogen-enriched aquatic 
environments. In numerous cases, maximum daily loads for 
phosphorus have been de�ned and implemented; however, 
nitrogen inputs are subject to less strict regulation, resulting in 
their increase in many ecosystems. N augmentation in both 
developed and developing regions has raised concerns that 
excessive N loading is accelerating eutrophication and 
promoting standing algal blooms in downstream freshwater and 
marine ecosystems [77,79,80]. Hence, the “P-only” paradigm 
for blooms control [81] needs to be revised [82]. Recent 
research, however, has demonstrated that cyanobacterial N2 
�xation does not meet the nitrogen requirements of 
phytoplankton or the ecosystem [82,83] for various factors, 
including (1) the high energy demands of N2 �xation, (2) the 
inhibition of this anaerobic process by production of oxygen in 
blooms through photosynthesis, (3) disruption of N2 �xation by 
turbulence and wind mixing, and (4) potential limitations 

imposed by other cofactors such as Fe, Mo, and/or other trace 
metals [84]. In aquatic environments where N2 �xation fails to 
meet the ecosystem's nitrogen demands, external nitrogen 
inputs play a vital role in augmenting nutrient availability, with 
excessive nitrogen inputs frequently resulting in undesirable 
and excessive algal production. �us, eutrophic systems that 
are already subjected to HAB occurrences are prone to further 
expansion of these blooms due to supplementary nitrogen 
inputs, particularly when they already possess adequate 
autochthonous phosphorus. Certainly, eutrophic systems on a 
global scale demonstrate the ability to absorb increasing 
amounts of nitrogen as they progress through higher trophic 
states [77,85]. An evaluation of algal productivity under 
nutrient enrichment in geographically diverse eutrophic lakes, 
reservoirs, estuarine and coastal waters, as well as a range of 
experimental enclosures (<1L to over 10,000L), showed that 
the strongest stimulation was found for both nitrogen and 
phosphorous additions, indicating widespread nutrient 
colimitation [72,86,87].

Nutrient regulation of algal blooms
Nitrogen o�en serves as the principal limiting nutrient for 
phytoplankton formation in several freshwater habitats, 
particularly in the tropics, subtropics, high-altitude regions, 
and various large lake ecosystems [88]. In contrast, some 
marine ecosystems in both the tropics and the subtropics can 
display P-limited conditions [89]. �ere are rare occurrences 
of blooms of temporary nature in the marine systems of the 
temperate, but freshwater bodies have no problem of bloom 
appearance.

 Blooms of freshwater cyanobacteria are commonly linked 
to water bodies characterized by eutrophic conditions and 
limited water exchange [76,90]. A signi�cant number of 
cyanobacteria exhibit the capacity for nitrogen �xation 
[17,76], and given that numerous freshwater ecosystems 
experience phosphorus limitation [89], there has been a 
prevalent assumption that phosphorus loading fosters the 
development of toxic cyanobacterial blooms [76]. �e exact 
e�ect of phosphorus on cyanobacterial development is 
complex and varies between taxa. According to laboratory 
studies, increasing phosphorus concentration can result in 
increased, decreased, or unaltered growth, as well as toxin 
levels in cyanobacteria [91]. Similarly, the presence of 
microcystin can exhibit either positive or negative correlations 
with varying levels of phosphorus loading in freshwater [92]. 
Nitrogen loading may hold equal signi�cance in the 
occurrence of toxic cyanobacterial blooms, especially in the 
case of non-N2-�xing cyanobacteria, such as Microcystis spp., 
Oscillatoria spp. [93,94]. 

 Toxic cyanobacteria have been shown in �eld and 
laboratory investigations to disturb grazing by some 
zooplankton [95,96]. Mesozooplankton (>200mm), such as 
cladocerans and copepods, can be harmed in various systems 
that have dense and/or toxic algal blooms, experiencing 
reduced feeding rate, impaired food assimilation, or even 
mortality [95,96]. Many factors determine how much 
zooplankton feed on cyanobacteria, including the levels of 
toxins, the speci�c cyanobacterial strains, zooplankton 
species, and ecological conditions [95-97]. Organisms that 
have lived in isolated environments rich in nutrients, where 
they likely encountered harmful cyanobacteria over extended 

periods, exhibit enhanced resilience when it comes to feeding 
on and thriving alongside toxic Microcystis sp. cultures 
compared to individuals without prior exposure to such 
blooms. �is suggests their capacity to withstand toxins and 
adapt to life within these blooming species [98]. While these 
studies indicate the adaptive potential of Daphnia in response to 
toxic cyanobacteria, other research �ndings have shown that 
these grazers may remain unable to feed on cyanobacteria 
despite repeated exposure [99]. It has been proposed that 
microzooplankton (20-200 mm) consume harmful 
cyanobacteria [17,100].

 A potentially stimulatory nutritional e�ect may be 
diminished or eliminated by other elements like suspended 
sediments or grazing pressure. In turbid lakes and reservoirs 
characterized by light limitations and frequent water turnover, 
elevated phosphorus loading may not necessarily stimulate 
phytoplankton blooms. �is phenomenon is particularly 
notable in water bodies subject to substantial episodic sediment 
inputs and featuring relatively rapid �ushing rates [101]. 
Cyanobacteria have the capacity to proliferate in environments 
with reduced light availability by positioning themselves 
towards the water's surface during the intervals between 
episodic sediment loading episodes or by utilizing buoyancy 
regulation systems [101]. �e grazing pressure from 
macrozooplankton can drastically diminish the populations of 
most phytoplankton species in lakes characterized by low to 
moderate nutrient loading, counteracting the e�ect of 
nutritional stimulation [102]. �e Pearl River Estuary, the South 
China Sea, Victoria Harbour, and regions to the east have all 
reported similar phenomena in coastal waterways and estuaries. 
�e high sediment loads in such estuaries and oceans, according 
to Tang et al.'s hypothesis, cause the negative relationship 
between nutrient loading and algal biomass [103]. Limitations 
in light would inhibit phytoplankton from fully utilizing the 
nutrients that were provided to them.

The grazing pressure
�e formation, growth, and development of the algal bloom are 
signi�cantly in�uenced by the grazing pressure. �e quality of 
the available biomass generally determines the grazing rate and 
directs it towards speci�c palatable species, which are typically 
not the bloom-forming ones. Grazers may reduce the growth of 
phytoplankton biomass (of species other than the 
bloom-forming ones) by feeding, but they may also promote the 
regeneration of nutrients by releasing and excreting waste 
products. �is will consequently change the ratio of reduced to 
oxidized forms of nitrogen that are available to the 
phytoplankton for utilization [104].

Physiological adaptation of algal blooms
�e rate of nutrient delivery may not consistently align with the 
rate of nutrient uptake by the algae responsible for bloom 
formation, as the latter process is in�uenced by factors such as 
nutritional selectivity, uptake capacities, and physiological or 
nutritional conditions. �is complicates the physiological 
responses of bloom-forming species to modi�ed ecological 
conditions. Numerous other elements, like as interactions with 
grazers and physical forcings (such as turbulence), a�ect how 
the entire phytoplankton population and various species within 
it react [104,105]. �e ability of phytoplankton to assimilate 
nutrients depends on environmental parameters such as light, 
temperature, and the stability of the water column, with various 

environmental e�ects having varying e�ects on various 
nutritional substrates. According to Glibert et al., the 
assimilation of ammonium and urea is typically believed to 
exhibit a lower dependency on light than nitrate uptake [105]. 
Additionally, the temperature dependency of ammonium 
uptake may di�er from that of nitrate [105]. �e stability of the 
water column is yet another important aspect that a�ects 
species composition.

 �e ability to utilize available light e�ciently and the 
development of physiological tolerance to low light provide 
blooming species an edge over competing species in terms of 
growth. In contrast to other species, they are more favored by 
low grazing pressure to expand in density quickly and utilize 
all resources e�ectively. Warm, stable weather has been linked 
to Karenia mikimotoi blooms, which can endure long periods 
of low light and nutrients [106]. �ese blooms begin in 
Norwegian waters at the pycnocline in the summer or the �rst 
few weeks of fall, then gather at hydrographic fronts within 
close proximity to the shoreline [106]. A link between the 
formation of blooms and decreasing day length has been seen 
in Tunisian lagoons, where blooms of G. aureolum have 
repeatedly killed �sh [107]. �is aligns with the higher 
frequency of these blooms occurring during the late summer 
and autumn periods. When assessing the potential 
consequences of nutrient stimulation on HAB biomass or 
productivity, it is imperative to consider the physiological and 
ecological tolerances of the particular species under 
examination.

 For the regulation and management of algal blooms, 
research on the physiological mechanisms employed by 
various groups of organisms to obtain their nutrients has 
become crucial. Because marine diatoms, owing to the 
physiological adaptations that enable them to take advantage 
of nitrate-enriched circumstances, there has been a strong 
correlation between rapidly growing marine diatoms and 
substantial and/or frequent nitrate inputs [108]. �ere are 
many �agellate species, including some HAB species, that are 
capable of obtaining both nitrogen and carbon by consuming 
particles or up taking dissolved organic molecules [108]. As a 
result of such mixotrophic or heterotrophic tendencies, these 
cells can bloom when non-organic nutrients or light are 
insu�cient for their nutritional needs. Numerous Dinophysis 
species, particularly those that cause diarrhetic shell�sh 
poisoning, are now thought to depend on mixotrophy for their 
survival and growth. Heterosigma carterae, A. tamarense [109], 
and Gyrodinium galatheanum [21] have all been proven to be 
mixotrophic.

 Numerous organisms that produce planktonic blooms 
possess the physiological capacity to obtain some of their 
nutrients through extracellular oxidation or hydrolysis. 
Extracellular amino acid oxidation has been demonstrated to 
occur in various �agellates and ecosystems, but it seems to be 
more pronounced when ambient inorganic nutrient levels are 
at or close to depletion [9]. At the cell surface, proteins and 
peptides can also undergo hydrolysis, resulting in smaller 
molecules that the cells can absorb. In addition to the N or P 
that HAB cells need, organic substances may help to meet their 
C needs as well [9]. 

Molecular biology 
Since they all belong to the same family, the molecular biology 

characteristics of bloom-forming species are not signi�cantly 
di�erent from those of non-blooming species. However, the 
presence of toxin-producing genes distinguishes 
bloom-forming species from non-blooming species. Although 
not a uniform trait of HABs, synthesizing hazardous chemicals 
is a typical aspect. Unexpectedly, only a small number of HAB 
toxins have been identi�ed, and they are produced by a small 
number of algal species [9]. As toxins a�ect a wide variety of 
organisms' survival, growth, fecundity, and recruitment, toxic 
algae may thus have a large impact on ecological dynamics. �e 
diarrhoeic, paralytic, neurotoxic, and amnesic shell�sh 
poisoning symptoms are caused by the most well-known marine 
HAB toxins. �e toxins linked to each of these poisoning 
incidents are created by planktonic dino�agellates, with the 
exception of the ASP toxin, domoic acid, which is largely made 
by diatoms. �e ��h form of marine HAB toxin event, ciguatera 
�sh poisoning, is brought on by benthic dino�agellates [110]. 

 Alkaloids, polyethers, or substituted amines are the three 
main chemical types of marine HAB toxins. However, other 
toxins, including superoxide and/or hydroxyl radicals, 
lipoteichoic acids with hemagglutinin activity, and pentacyclic 
derivatives with a fused azine, have also been linked to HAB 
species [111]. Toxins found in freshwater di�er from those 
found in marine environments in two ways. First, cyanobacteria 
almost always produce freshwater HAB toxins rather than 
dino�agellates [112]. In addition, freshwater poisons have a 
wider range of chemical structures, including alkaloids, 
phosphate esters, macrolides, chlorinated diary lactones, and 
penta- and heptapeptides. According to Ferreira et al., these 
cyanobacterial toxins can be neurotoxic, hepatotoxic, or 
dermatotoxic [113]. Saxitoxins, the main cause of paralytic 
shell�sh poisoning (PSP), are interestingly produced by 
cyanobacteria in freshwater, whereas dino�agellates and 
bacteria do so in marine settings [113]. According to research to 
date, HAB poisons have intricate chemical structures. �ese 
toxins appear to result from complex metabolic processes, and 
some of the enzymatic reactions probably involve extremely 
particular and specialized reactions. As a result, our 
understanding of the biology involved in toxin production is 
quite limited.

Discussion
Algal blooms are intricate oceanic phenomena that need 
interdisciplinary research in �elds like molecular and cell 
biology, as well as extensive �eldwork, numerical modeling, and 
remote sensing. Bilateral and multilateral initiatives are working 
to unite scientists from various nations and �elds in a 
coordinated attempt to address this intricate and multifaceted 
problem. As our understanding of these processes grows, so do 
the technologies and management strategies that can lessen the 
incidence and e�ects of harmful blooms. One signi�cant result 
of the rising investment in the Global Ocean Observing System 
will undoubtedly be more e�cient HAB management. 
Increasing concern has been expressed about the damaging 
e�ects of excessive nutrient enrichment on surface waterways 
and aquaculture waterways. Groundwater, row crops, and 
atmospheric deposition are all sources of 'nonpoint source' 
nutrient loading. Large-scale animal feed lots and aquaculture 
farms are also sources of 'point source-like' nutrient inputs, 
fueling concerns about their environmental sustainability [114]. 
According to numerous studies, microalgae directly and 
frequently distinguishably respond to such environmental 

changes in many physiological processes (such as 
photophysiological regulation, respiration, protein and 
enzyme kinetics, secondary metabolite synthesis, etc.) 
[90,115]. Such physiological reactions serve as the foundation 
for cell maintenance, growth, and, eventually the expansion of 
an undesirable phytoplankton population. Additionally, the 
molecular and/or cellular regulation of physiological processes 
�rmly controls the size and duration of a given reaction 
[116-118].

Conclusions
In order to e�ectively manage algal blooms and related 
metabolites, it is important to understand their genetic and 
physiological basis. It is crucial to know these kinds of details 
to understand phenomena such as why certain taxa displace 
others in taxon assemblages, how some taxa sustain long-term 
competitive dominance, and why some taxa (and usually 
di�erent strains of a taxon) produce harmful metabolites and 
alter their habitats directly or indirectly. Over the past ten 
years, the rapid development of new computer-based 
technologies has nearly ''leaped-frogged'' the ability of 
scientists to evaluate such instrumentation and analysis. �e 
general consensus in society is that algae are undesirable and 
should be removed whenever possible. However, this 
misconception is false because only a few species pose a threat, 
with Homo sapiens being the worst of these. Algae produce 
oxygen, �sh are a signi�cant food supply for aquatic life, and 
many other bene�ts. HABs are a necessary evil that we must 
deal with but cannot completely eradicate, even if algal blooms 
are detrimental and dangerous for human society. �is is 
because algae have more good e�ects than negative ones, 
making HABs a necessary evil that we must deal with but 
cannot completely eradicate. �ere is a widespread perception 
that algae are toxic and should be eliminated at every 
opportunity. �ere are many kinds of animals that bene�t from 
the presence of algae and �sh, but only a few species pose a 
threat to the environment, and the worst of these is the Homo 
sapiens. �ough algal blooms are harmful and are problematic 
to human society but still algae cannot be eradicated 
worldwide only for their harmful property as they have many 
positive e�ects as compared to some negative ones, so HABs 
are a necessary evil that we have to cope with but cannot 
eliminate them.
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Earth is the only known planet capable of supporting life, 
accommodating a wide spectrum of life forms ranging from the 
tiniest prokaryotes to the largest eukaryotes. Scienti�c research 
indicates that the origins of life on our planet trace back to a 
primordial environment characterized by a lack of oxygen, with 
oxygen being present solely in the form of compounds such as 
oxides, hydroxides, peroxides, superoxides, and the like. �ese 
early life forms likely contributed to the emergence of oxygen 
gas by breaking these compounds and engaging in anoxygenic 
photosynthesis, ultimately paving the way for developing more 
complex organisms. Algae represent one such primitive life 
form within this context. �e term "algae" encompasses a 
diverse array of organisms endowed with the ability to generate 
oxygen through photosynthesis. �ese organisms display a 
remarkable range of diversity in pigmentation and their capacity 
to perform photosynthesis under varying environmental 
conditions. However, they share certain de�ning characteristics 
that set them apart from other major groups of photosynthetic 
organisms [1]. Planktonic algal species exhibit a wide spectrum 
of sizes, spanning from a few nanometres to several 
micrometers in diameter, primarily classi�ed into three 
categories: pico-sized (<2 µm), nano-sized (2-20 µm), and 
microplankton (>20 µm). Together, they signi�cantly 
contribute, accounting for an estimated 60% of the global 
oceans' primary production. Microplankton is the primary 
producers in coastal oceans and estuaries, while nano and 
picoplankton assume this role in the open ocean regions.

 �e review aims to the ecological, physiological, and 
molecular aspects of algal blooms, particularly emphasizing the 
genetic and physiological basis underlying their formation and 
development. It provides a multifaceted analysis of these 
complex oceanic phenomena by integrating insights from 

molecular and cell biology, �eldwork, numerical modeling, 
and remote sensing. �rough interdisciplinary research, this 
contributes to a deeper understanding of the complicated 
mechanisms governing algal blooms, including the factors 
in�uencing their growth, the role of nutrients, the impact of 
grazing pressure, and the molecular characteristics of 
bloom-forming species.

Importance of Algae in Aquatic Ecosystem
As a long-term photosynthesis generator, algae make an 
important contribution to the environment and health. �is 
vital process has been ongoing for millions of years. 
Planktonic algae, which dominate the oceanic ecosystem, play 
a crucial role as the largest reservoir for CO2 absorption 
through photosynthesis. When examining the ancient history 
of biofuels, it is suggested that petroleum may have partially 
originated from ancient algae deposits. Some of the oldest oil 
reserves are linked to cyanobacteria, although the exact 
identi�cation of the mechanism remains unknown [2]. More 
recent oil deposits likely stem from eukaryotic marine green 
algae, coccolithophorids, and other microscopic marine 
phytoplankton. Various microalgal species, including green 
algae, diatoms, and cyanobacteria, are recognized as 
promising candidates for biofuel production. All types of 
algae possess the capability to synthesize energy-rich oils, and 
numerous microalgal species naturally accumulate signi�cant 
oil content in their dry mass. Furthermore, algae are 
distributed across various habitats and are known for their 
rapid reproduction rates [3].

Role of Algae in Oceanic Food Chain and Ecology
Algae play a crucial role in the world's ecosystems as they 
contribute to the formation of clouds and ocean food webs. 

Phytoplankton, the microscopic algae, establish the primary 
trophic level in the oceanic food web [4]. Phytoplankton serve 
as the primary nutritional source for smaller �sh and 
crustaceans, which subsequently constitute prey for larger 
species at the trophic level. �is trophic transfer extends 
through successive levels of the food chain, ultimately reaching 
the largest predators and human consumption of algae, with 
speci�c varieties employed for numerous commercial and 
industrial applications. Algae synthesize organic nutrient 
molecules by utilizing carbon dioxide and water in the process 
of photosynthesis, a mechanism by which they capture solar 
energy. Additionally, to synthesize organic compounds, algae 
generate oxygen as a byproduct during the process of 
photosynthesis. Algae are estimated to contribute 
approximately 30 to 50 percent of the total global oxygen supply 
available to humans and other terrestrial animals for the 
purpose of respiration [5].

Algal Blooms
When favorable environmental conditions arise, speci�c algal 
species can experience rapid population growth, leading to the 
proliferation of their numbers, o�en reaching several million 
cells per liter. �is abundance of algae can manifest as visible 
patches on the water's surface or a noticeable change in the 
water's color. �is dense and rapid algal growth is referred to as 
a 'bloom,' which can be either persistent (commonly observed 
in polluted freshwater systems) or seasonal (typically seen in 
mesotrophic lakes and coastal ocean regions). �e coloration of 
these blooms corresponds to the types of algae present within 
them. Many of the species responsible for bloom formation are 
planktonic and produce toxins, resulting in disruptions to the 
ecological balance of oceans and freshwater bodies. However, 
it's worth noting that green algal blooms are generally non-toxic 
[6].

 In oceanic environments, the primary species responsible 
for bloom formation are certain types of dino�agellates and 
diatoms. In freshwater systems, blooms are primarily caused by 
cyanobacteria and planktonic green algae. Under speci�c 
estuarine conditions, planktonic green algae can also reach 
bloom levels, albeit typically for a brief duration. In natural 
settings, algae produce toxins as a defense mechanism to deter 

consumption by small organisms, requiring only a minimal 
quantity to ensure their protection [7]. �e “bloom” 
concentrations di�er across species; e.g., 105 cells/L constitutes 
a bloom of Protogonyuulux, while blooms of Aureococcus 
unophuge�eruns occur at the concentration of 109 cells/L [8]. 
In freshwater bodies, Microcystis attains a population as high 
as 109 cells/L, forming the dense bloom, but bloom condition 
appears with a cell density of 105 cells/L. Blooms are typically 
visible occurrences that can take on a variety of colors, such as 
green, red, brown, or bluish-green, depending on the 
dominant species within the population. While a few species 
may form blooms together, most standing blooms are 
generated by a combination of 2 to 5 species. �ese blooms 
may or may not be visible, and their coloration can vary. 
Interestingly, some of the most destructive blooms in recent 
history have been brown in color [7,9].

 In most cases, red water blooms are caused by wind and 
currents on the water's surface. It is supported by the incidents 
that nearly all signi�cant blooms initiate within the open 
ocean rather than in the bay environment [10]. Such blooms 
can either be toxigenic, producing speci�c toxins, or harmful, 
leading to anoxia due to the decay process, or, in certain cases, 
they can basically obstruct the gill structures of �lter-feeding 
organisms. Additionally, algal blooms can emerge suddenly 
and induce the rapid development of shell�sh toxicity within a 
short period. �ere is a threat of Harmful algal blooms 
(HABs), and the presence of harmful algal species has the 
potential to impact aquaculture negatively. �ese outbreaks 
not only represent a public health hazard, with numerous 
fatalities historically linked to paralytic shell�sh poisoning but 
also lead to substantial mortality among shell�sh populations 
and signi�cant economic challenges for coastal �sheries and 
aquaculture enterprises. �e challenges linked to toxic algal 
blooms are no longer con�ned to dino�agellates and are 
increasingly evolving into a worldwide concern. Various 
research investigations and symposia have concentrated on 
the most prevalent species of toxic dino�agellates [11]. �e 
existence of toxic algal species and the potential for blooms 
have clear, negative impacts on aquaculture development. 
Table 1 summarises di�erent algal species and their blooming 
environments.

Causes of algal bloom
It is widely acknowledged that the increase in human activities 
and the expansion of coastal populations have played a role in 
the rise of toxic and harmful micro and macro-algae over the 
past two decades [61-63]. �is surge in HABs poses a signi�cant 
threat to our valuable marine ecosystems. What makes this 
situation particularly concerning is that, unlike chemical 
pollution, HABs, a form of 'biological pollution' have the 
potential to proliferate and thus become more frequent and 
severe. HABs have detrimental and swi� e�ects on both natural 
ecosystems and aquaculture systems, including factors like 
temperature and chemical imbalances and drastic �uctuations 
in hydrogen, oxygen, and carbon dioxide levels. �ey also have 
enduring impacts, such as changes in chemical dynamics and 

disruptions in food chains. �ese consequences can limit the 
use of resources and negatively impact commercial �shing and 
shell�sh production. �e most alarming aspect is that certain 
HABs produce toxic substances that harm and even kill marine 
organisms, including mammals, �sh, and birds while posing 
substantial health risks to humans [64-66].

 Furthermore, some microalgae generate taste and odor 
compounds that are undesirable, although not toxic. �ese 
compounds lead to substantial losses in aquaculture 
production and raise concerns about the safety of water 
resources containing them. Consequently, marine resource 
administrators, public health authorities, commercial �shing 
enterprises, and industries such as aquaculture, potable water 
production, and processed food and beverages have identi�ed 

algal-derived toxins and compounds associated with taste and 
odor as serious issues [67-69]. In light of these concerns, this 
review will examine the ecology, physiology, and molecular 
biology of algal blooms.

Ecological factors
�e main ecological factor for the bloom is the excess 
enrichment of nutrients in both freshwater and marine 
ecosystems [17,70-72]. Nitrogen inputs are o�en cited as 
controlling "new" production in the marine environment [73], 
while phosphorus is thought to limit primary productivity in 
freshwater ecosystems [74]. Estuarine ecosystems o�en exhibit 
intermediate nutrient limitation “paradigms” where P-limited 
conditions are characteristic in the low salinity oligohaline 
regions (salinity <5), upstream regions, and N limitation 
typifying more saline (salinity >5), downstream waters [73]. 
Elevated levels of phosphorus, particularly in relation to 
nitrogen, can promote the development of algal blooms, 
particularly favoring N2 �xing cyanobacterial genera. �ese 
cyanobacteria have the capacity to meet their own nitrogen 
requirements by enzymatically converting atmospheric 
nitrogen (N2) to biologically available ammonia (NH3) [75]. 
Water bodies enriched with nutrients are particularly 
susceptible to bloom formation, particularly when they exhibit 
prolonged residence times (low �ushing rates), experience 
periodic water temperatures exceeding 20 °C in the subtropics 
and temperature conditions, and remain at around 30 °C in the 
tropical water bodies, calm surface waters, and persistent 
vertical strati�cation [76]. Elevated phosphorus (in relation to 
nitrogen) loading is not a universal “trigger” for forming algal 
blooms.

 Nutrient inputs from agricultural, urban, and industrial 
sources have undergone rapid acceleration in recent decades, 
and nitrogen loads o�en surpass phosphorus inputs [77]. As a 
result of increased N-fertilizer application, human and 
agricultural wastes, stormwater runo�, groundwater discharge, 
and atmospheric deposition, which are all high in nitrogen 
relative to P, water bodies already impacted by nutrient 
depletion are being loaded with nitrogen [78]. Aquatic 
ecosystems with elevated nitrogen levels (high N:P ratios) can 
also experience the occurrence of blooms, particularly those 
comprised of non-N2-�xing genera. �is category primarily 
includes species belonging to Microcystis and Planktothrix, 
although various non-N2-�xing genera, such as Aphanocapsa, 
Raphidiopsis, and Woronochinia, possess the capacity of 
aggressive expansion in nitrogen-enriched aquatic 
environments. In numerous cases, maximum daily loads for 
phosphorus have been de�ned and implemented; however, 
nitrogen inputs are subject to less strict regulation, resulting in 
their increase in many ecosystems. N augmentation in both 
developed and developing regions has raised concerns that 
excessive N loading is accelerating eutrophication and 
promoting standing algal blooms in downstream freshwater and 
marine ecosystems [77,79,80]. Hence, the “P-only” paradigm 
for blooms control [81] needs to be revised [82]. Recent 
research, however, has demonstrated that cyanobacterial N2 
�xation does not meet the nitrogen requirements of 
phytoplankton or the ecosystem [82,83] for various factors, 
including (1) the high energy demands of N2 �xation, (2) the 
inhibition of this anaerobic process by production of oxygen in 
blooms through photosynthesis, (3) disruption of N2 �xation by 
turbulence and wind mixing, and (4) potential limitations 

imposed by other cofactors such as Fe, Mo, and/or other trace 
metals [84]. In aquatic environments where N2 �xation fails to 
meet the ecosystem's nitrogen demands, external nitrogen 
inputs play a vital role in augmenting nutrient availability, with 
excessive nitrogen inputs frequently resulting in undesirable 
and excessive algal production. �us, eutrophic systems that 
are already subjected to HAB occurrences are prone to further 
expansion of these blooms due to supplementary nitrogen 
inputs, particularly when they already possess adequate 
autochthonous phosphorus. Certainly, eutrophic systems on a 
global scale demonstrate the ability to absorb increasing 
amounts of nitrogen as they progress through higher trophic 
states [77,85]. An evaluation of algal productivity under 
nutrient enrichment in geographically diverse eutrophic lakes, 
reservoirs, estuarine and coastal waters, as well as a range of 
experimental enclosures (<1L to over 10,000L), showed that 
the strongest stimulation was found for both nitrogen and 
phosphorous additions, indicating widespread nutrient 
colimitation [72,86,87].

Nutrient regulation of algal blooms
Nitrogen o�en serves as the principal limiting nutrient for 
phytoplankton formation in several freshwater habitats, 
particularly in the tropics, subtropics, high-altitude regions, 
and various large lake ecosystems [88]. In contrast, some 
marine ecosystems in both the tropics and the subtropics can 
display P-limited conditions [89]. �ere are rare occurrences 
of blooms of temporary nature in the marine systems of the 
temperate, but freshwater bodies have no problem of bloom 
appearance.

 Blooms of freshwater cyanobacteria are commonly linked 
to water bodies characterized by eutrophic conditions and 
limited water exchange [76,90]. A signi�cant number of 
cyanobacteria exhibit the capacity for nitrogen �xation 
[17,76], and given that numerous freshwater ecosystems 
experience phosphorus limitation [89], there has been a 
prevalent assumption that phosphorus loading fosters the 
development of toxic cyanobacterial blooms [76]. �e exact 
e�ect of phosphorus on cyanobacterial development is 
complex and varies between taxa. According to laboratory 
studies, increasing phosphorus concentration can result in 
increased, decreased, or unaltered growth, as well as toxin 
levels in cyanobacteria [91]. Similarly, the presence of 
microcystin can exhibit either positive or negative correlations 
with varying levels of phosphorus loading in freshwater [92]. 
Nitrogen loading may hold equal signi�cance in the 
occurrence of toxic cyanobacterial blooms, especially in the 
case of non-N2-�xing cyanobacteria, such as Microcystis spp., 
Oscillatoria spp. [93,94]. 

 Toxic cyanobacteria have been shown in �eld and 
laboratory investigations to disturb grazing by some 
zooplankton [95,96]. Mesozooplankton (>200mm), such as 
cladocerans and copepods, can be harmed in various systems 
that have dense and/or toxic algal blooms, experiencing 
reduced feeding rate, impaired food assimilation, or even 
mortality [95,96]. Many factors determine how much 
zooplankton feed on cyanobacteria, including the levels of 
toxins, the speci�c cyanobacterial strains, zooplankton 
species, and ecological conditions [95-97]. Organisms that 
have lived in isolated environments rich in nutrients, where 
they likely encountered harmful cyanobacteria over extended 

periods, exhibit enhanced resilience when it comes to feeding 
on and thriving alongside toxic Microcystis sp. cultures 
compared to individuals without prior exposure to such 
blooms. �is suggests their capacity to withstand toxins and 
adapt to life within these blooming species [98]. While these 
studies indicate the adaptive potential of Daphnia in response to 
toxic cyanobacteria, other research �ndings have shown that 
these grazers may remain unable to feed on cyanobacteria 
despite repeated exposure [99]. It has been proposed that 
microzooplankton (20-200 mm) consume harmful 
cyanobacteria [17,100].

 A potentially stimulatory nutritional e�ect may be 
diminished or eliminated by other elements like suspended 
sediments or grazing pressure. In turbid lakes and reservoirs 
characterized by light limitations and frequent water turnover, 
elevated phosphorus loading may not necessarily stimulate 
phytoplankton blooms. �is phenomenon is particularly 
notable in water bodies subject to substantial episodic sediment 
inputs and featuring relatively rapid �ushing rates [101]. 
Cyanobacteria have the capacity to proliferate in environments 
with reduced light availability by positioning themselves 
towards the water's surface during the intervals between 
episodic sediment loading episodes or by utilizing buoyancy 
regulation systems [101]. �e grazing pressure from 
macrozooplankton can drastically diminish the populations of 
most phytoplankton species in lakes characterized by low to 
moderate nutrient loading, counteracting the e�ect of 
nutritional stimulation [102]. �e Pearl River Estuary, the South 
China Sea, Victoria Harbour, and regions to the east have all 
reported similar phenomena in coastal waterways and estuaries. 
�e high sediment loads in such estuaries and oceans, according 
to Tang et al.'s hypothesis, cause the negative relationship 
between nutrient loading and algal biomass [103]. Limitations 
in light would inhibit phytoplankton from fully utilizing the 
nutrients that were provided to them.

The grazing pressure
�e formation, growth, and development of the algal bloom are 
signi�cantly in�uenced by the grazing pressure. �e quality of 
the available biomass generally determines the grazing rate and 
directs it towards speci�c palatable species, which are typically 
not the bloom-forming ones. Grazers may reduce the growth of 
phytoplankton biomass (of species other than the 
bloom-forming ones) by feeding, but they may also promote the 
regeneration of nutrients by releasing and excreting waste 
products. �is will consequently change the ratio of reduced to 
oxidized forms of nitrogen that are available to the 
phytoplankton for utilization [104].

Physiological adaptation of algal blooms
�e rate of nutrient delivery may not consistently align with the 
rate of nutrient uptake by the algae responsible for bloom 
formation, as the latter process is in�uenced by factors such as 
nutritional selectivity, uptake capacities, and physiological or 
nutritional conditions. �is complicates the physiological 
responses of bloom-forming species to modi�ed ecological 
conditions. Numerous other elements, like as interactions with 
grazers and physical forcings (such as turbulence), a�ect how 
the entire phytoplankton population and various species within 
it react [104,105]. �e ability of phytoplankton to assimilate 
nutrients depends on environmental parameters such as light, 
temperature, and the stability of the water column, with various 

environmental e�ects having varying e�ects on various 
nutritional substrates. According to Glibert et al., the 
assimilation of ammonium and urea is typically believed to 
exhibit a lower dependency on light than nitrate uptake [105]. 
Additionally, the temperature dependency of ammonium 
uptake may di�er from that of nitrate [105]. �e stability of the 
water column is yet another important aspect that a�ects 
species composition.

 �e ability to utilize available light e�ciently and the 
development of physiological tolerance to low light provide 
blooming species an edge over competing species in terms of 
growth. In contrast to other species, they are more favored by 
low grazing pressure to expand in density quickly and utilize 
all resources e�ectively. Warm, stable weather has been linked 
to Karenia mikimotoi blooms, which can endure long periods 
of low light and nutrients [106]. �ese blooms begin in 
Norwegian waters at the pycnocline in the summer or the �rst 
few weeks of fall, then gather at hydrographic fronts within 
close proximity to the shoreline [106]. A link between the 
formation of blooms and decreasing day length has been seen 
in Tunisian lagoons, where blooms of G. aureolum have 
repeatedly killed �sh [107]. �is aligns with the higher 
frequency of these blooms occurring during the late summer 
and autumn periods. When assessing the potential 
consequences of nutrient stimulation on HAB biomass or 
productivity, it is imperative to consider the physiological and 
ecological tolerances of the particular species under 
examination.

 For the regulation and management of algal blooms, 
research on the physiological mechanisms employed by 
various groups of organisms to obtain their nutrients has 
become crucial. Because marine diatoms, owing to the 
physiological adaptations that enable them to take advantage 
of nitrate-enriched circumstances, there has been a strong 
correlation between rapidly growing marine diatoms and 
substantial and/or frequent nitrate inputs [108]. �ere are 
many �agellate species, including some HAB species, that are 
capable of obtaining both nitrogen and carbon by consuming 
particles or up taking dissolved organic molecules [108]. As a 
result of such mixotrophic or heterotrophic tendencies, these 
cells can bloom when non-organic nutrients or light are 
insu�cient for their nutritional needs. Numerous Dinophysis 
species, particularly those that cause diarrhetic shell�sh 
poisoning, are now thought to depend on mixotrophy for their 
survival and growth. Heterosigma carterae, A. tamarense [109], 
and Gyrodinium galatheanum [21] have all been proven to be 
mixotrophic.

 Numerous organisms that produce planktonic blooms 
possess the physiological capacity to obtain some of their 
nutrients through extracellular oxidation or hydrolysis. 
Extracellular amino acid oxidation has been demonstrated to 
occur in various �agellates and ecosystems, but it seems to be 
more pronounced when ambient inorganic nutrient levels are 
at or close to depletion [9]. At the cell surface, proteins and 
peptides can also undergo hydrolysis, resulting in smaller 
molecules that the cells can absorb. In addition to the N or P 
that HAB cells need, organic substances may help to meet their 
C needs as well [9]. 

Molecular biology 
Since they all belong to the same family, the molecular biology 

characteristics of bloom-forming species are not signi�cantly 
di�erent from those of non-blooming species. However, the 
presence of toxin-producing genes distinguishes 
bloom-forming species from non-blooming species. Although 
not a uniform trait of HABs, synthesizing hazardous chemicals 
is a typical aspect. Unexpectedly, only a small number of HAB 
toxins have been identi�ed, and they are produced by a small 
number of algal species [9]. As toxins a�ect a wide variety of 
organisms' survival, growth, fecundity, and recruitment, toxic 
algae may thus have a large impact on ecological dynamics. �e 
diarrhoeic, paralytic, neurotoxic, and amnesic shell�sh 
poisoning symptoms are caused by the most well-known marine 
HAB toxins. �e toxins linked to each of these poisoning 
incidents are created by planktonic dino�agellates, with the 
exception of the ASP toxin, domoic acid, which is largely made 
by diatoms. �e ��h form of marine HAB toxin event, ciguatera 
�sh poisoning, is brought on by benthic dino�agellates [110]. 

 Alkaloids, polyethers, or substituted amines are the three 
main chemical types of marine HAB toxins. However, other 
toxins, including superoxide and/or hydroxyl radicals, 
lipoteichoic acids with hemagglutinin activity, and pentacyclic 
derivatives with a fused azine, have also been linked to HAB 
species [111]. Toxins found in freshwater di�er from those 
found in marine environments in two ways. First, cyanobacteria 
almost always produce freshwater HAB toxins rather than 
dino�agellates [112]. In addition, freshwater poisons have a 
wider range of chemical structures, including alkaloids, 
phosphate esters, macrolides, chlorinated diary lactones, and 
penta- and heptapeptides. According to Ferreira et al., these 
cyanobacterial toxins can be neurotoxic, hepatotoxic, or 
dermatotoxic [113]. Saxitoxins, the main cause of paralytic 
shell�sh poisoning (PSP), are interestingly produced by 
cyanobacteria in freshwater, whereas dino�agellates and 
bacteria do so in marine settings [113]. According to research to 
date, HAB poisons have intricate chemical structures. �ese 
toxins appear to result from complex metabolic processes, and 
some of the enzymatic reactions probably involve extremely 
particular and specialized reactions. As a result, our 
understanding of the biology involved in toxin production is 
quite limited.

Discussion
Algal blooms are intricate oceanic phenomena that need 
interdisciplinary research in �elds like molecular and cell 
biology, as well as extensive �eldwork, numerical modeling, and 
remote sensing. Bilateral and multilateral initiatives are working 
to unite scientists from various nations and �elds in a 
coordinated attempt to address this intricate and multifaceted 
problem. As our understanding of these processes grows, so do 
the technologies and management strategies that can lessen the 
incidence and e�ects of harmful blooms. One signi�cant result 
of the rising investment in the Global Ocean Observing System 
will undoubtedly be more e�cient HAB management. 
Increasing concern has been expressed about the damaging 
e�ects of excessive nutrient enrichment on surface waterways 
and aquaculture waterways. Groundwater, row crops, and 
atmospheric deposition are all sources of 'nonpoint source' 
nutrient loading. Large-scale animal feed lots and aquaculture 
farms are also sources of 'point source-like' nutrient inputs, 
fueling concerns about their environmental sustainability [114]. 
According to numerous studies, microalgae directly and 
frequently distinguishably respond to such environmental 

changes in many physiological processes (such as 
photophysiological regulation, respiration, protein and 
enzyme kinetics, secondary metabolite synthesis, etc.) 
[90,115]. Such physiological reactions serve as the foundation 
for cell maintenance, growth, and, eventually the expansion of 
an undesirable phytoplankton population. Additionally, the 
molecular and/or cellular regulation of physiological processes 
�rmly controls the size and duration of a given reaction 
[116-118].

Conclusions
In order to e�ectively manage algal blooms and related 
metabolites, it is important to understand their genetic and 
physiological basis. It is crucial to know these kinds of details 
to understand phenomena such as why certain taxa displace 
others in taxon assemblages, how some taxa sustain long-term 
competitive dominance, and why some taxa (and usually 
di�erent strains of a taxon) produce harmful metabolites and 
alter their habitats directly or indirectly. Over the past ten 
years, the rapid development of new computer-based 
technologies has nearly ''leaped-frogged'' the ability of 
scientists to evaluate such instrumentation and analysis. �e 
general consensus in society is that algae are undesirable and 
should be removed whenever possible. However, this 
misconception is false because only a few species pose a threat, 
with Homo sapiens being the worst of these. Algae produce 
oxygen, �sh are a signi�cant food supply for aquatic life, and 
many other bene�ts. HABs are a necessary evil that we must 
deal with but cannot completely eradicate, even if algal blooms 
are detrimental and dangerous for human society. �is is 
because algae have more good e�ects than negative ones, 
making HABs a necessary evil that we must deal with but 
cannot completely eradicate. �ere is a widespread perception 
that algae are toxic and should be eliminated at every 
opportunity. �ere are many kinds of animals that bene�t from 
the presence of algae and �sh, but only a few species pose a 
threat to the environment, and the worst of these is the Homo 
sapiens. �ough algal blooms are harmful and are problematic 
to human society but still algae cannot be eradicated 
worldwide only for their harmful property as they have many 
positive e�ects as compared to some negative ones, so HABs 
are a necessary evil that we have to cope with but cannot 
eliminate them.
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Earth is the only known planet capable of supporting life, 
accommodating a wide spectrum of life forms ranging from the 
tiniest prokaryotes to the largest eukaryotes. Scienti�c research 
indicates that the origins of life on our planet trace back to a 
primordial environment characterized by a lack of oxygen, with 
oxygen being present solely in the form of compounds such as 
oxides, hydroxides, peroxides, superoxides, and the like. �ese 
early life forms likely contributed to the emergence of oxygen 
gas by breaking these compounds and engaging in anoxygenic 
photosynthesis, ultimately paving the way for developing more 
complex organisms. Algae represent one such primitive life 
form within this context. �e term "algae" encompasses a 
diverse array of organisms endowed with the ability to generate 
oxygen through photosynthesis. �ese organisms display a 
remarkable range of diversity in pigmentation and their capacity 
to perform photosynthesis under varying environmental 
conditions. However, they share certain de�ning characteristics 
that set them apart from other major groups of photosynthetic 
organisms [1]. Planktonic algal species exhibit a wide spectrum 
of sizes, spanning from a few nanometres to several 
micrometers in diameter, primarily classi�ed into three 
categories: pico-sized (<2 µm), nano-sized (2-20 µm), and 
microplankton (>20 µm). Together, they signi�cantly 
contribute, accounting for an estimated 60% of the global 
oceans' primary production. Microplankton is the primary 
producers in coastal oceans and estuaries, while nano and 
picoplankton assume this role in the open ocean regions.

 �e review aims to the ecological, physiological, and 
molecular aspects of algal blooms, particularly emphasizing the 
genetic and physiological basis underlying their formation and 
development. It provides a multifaceted analysis of these 
complex oceanic phenomena by integrating insights from 

molecular and cell biology, �eldwork, numerical modeling, 
and remote sensing. �rough interdisciplinary research, this 
contributes to a deeper understanding of the complicated 
mechanisms governing algal blooms, including the factors 
in�uencing their growth, the role of nutrients, the impact of 
grazing pressure, and the molecular characteristics of 
bloom-forming species.

Importance of Algae in Aquatic Ecosystem
As a long-term photosynthesis generator, algae make an 
important contribution to the environment and health. �is 
vital process has been ongoing for millions of years. 
Planktonic algae, which dominate the oceanic ecosystem, play 
a crucial role as the largest reservoir for CO2 absorption 
through photosynthesis. When examining the ancient history 
of biofuels, it is suggested that petroleum may have partially 
originated from ancient algae deposits. Some of the oldest oil 
reserves are linked to cyanobacteria, although the exact 
identi�cation of the mechanism remains unknown [2]. More 
recent oil deposits likely stem from eukaryotic marine green 
algae, coccolithophorids, and other microscopic marine 
phytoplankton. Various microalgal species, including green 
algae, diatoms, and cyanobacteria, are recognized as 
promising candidates for biofuel production. All types of 
algae possess the capability to synthesize energy-rich oils, and 
numerous microalgal species naturally accumulate signi�cant 
oil content in their dry mass. Furthermore, algae are 
distributed across various habitats and are known for their 
rapid reproduction rates [3].

Role of Algae in Oceanic Food Chain and Ecology
Algae play a crucial role in the world's ecosystems as they 
contribute to the formation of clouds and ocean food webs. 

Phytoplankton, the microscopic algae, establish the primary 
trophic level in the oceanic food web [4]. Phytoplankton serve 
as the primary nutritional source for smaller �sh and 
crustaceans, which subsequently constitute prey for larger 
species at the trophic level. �is trophic transfer extends 
through successive levels of the food chain, ultimately reaching 
the largest predators and human consumption of algae, with 
speci�c varieties employed for numerous commercial and 
industrial applications. Algae synthesize organic nutrient 
molecules by utilizing carbon dioxide and water in the process 
of photosynthesis, a mechanism by which they capture solar 
energy. Additionally, to synthesize organic compounds, algae 
generate oxygen as a byproduct during the process of 
photosynthesis. Algae are estimated to contribute 
approximately 30 to 50 percent of the total global oxygen supply 
available to humans and other terrestrial animals for the 
purpose of respiration [5].

Algal Blooms
When favorable environmental conditions arise, speci�c algal 
species can experience rapid population growth, leading to the 
proliferation of their numbers, o�en reaching several million 
cells per liter. �is abundance of algae can manifest as visible 
patches on the water's surface or a noticeable change in the 
water's color. �is dense and rapid algal growth is referred to as 
a 'bloom,' which can be either persistent (commonly observed 
in polluted freshwater systems) or seasonal (typically seen in 
mesotrophic lakes and coastal ocean regions). �e coloration of 
these blooms corresponds to the types of algae present within 
them. Many of the species responsible for bloom formation are 
planktonic and produce toxins, resulting in disruptions to the 
ecological balance of oceans and freshwater bodies. However, 
it's worth noting that green algal blooms are generally non-toxic 
[6].

 In oceanic environments, the primary species responsible 
for bloom formation are certain types of dino�agellates and 
diatoms. In freshwater systems, blooms are primarily caused by 
cyanobacteria and planktonic green algae. Under speci�c 
estuarine conditions, planktonic green algae can also reach 
bloom levels, albeit typically for a brief duration. In natural 
settings, algae produce toxins as a defense mechanism to deter 

consumption by small organisms, requiring only a minimal 
quantity to ensure their protection [7]. �e “bloom” 
concentrations di�er across species; e.g., 105 cells/L constitutes 
a bloom of Protogonyuulux, while blooms of Aureococcus 
unophuge�eruns occur at the concentration of 109 cells/L [8]. 
In freshwater bodies, Microcystis attains a population as high 
as 109 cells/L, forming the dense bloom, but bloom condition 
appears with a cell density of 105 cells/L. Blooms are typically 
visible occurrences that can take on a variety of colors, such as 
green, red, brown, or bluish-green, depending on the 
dominant species within the population. While a few species 
may form blooms together, most standing blooms are 
generated by a combination of 2 to 5 species. �ese blooms 
may or may not be visible, and their coloration can vary. 
Interestingly, some of the most destructive blooms in recent 
history have been brown in color [7,9].

 In most cases, red water blooms are caused by wind and 
currents on the water's surface. It is supported by the incidents 
that nearly all signi�cant blooms initiate within the open 
ocean rather than in the bay environment [10]. Such blooms 
can either be toxigenic, producing speci�c toxins, or harmful, 
leading to anoxia due to the decay process, or, in certain cases, 
they can basically obstruct the gill structures of �lter-feeding 
organisms. Additionally, algal blooms can emerge suddenly 
and induce the rapid development of shell�sh toxicity within a 
short period. �ere is a threat of Harmful algal blooms 
(HABs), and the presence of harmful algal species has the 
potential to impact aquaculture negatively. �ese outbreaks 
not only represent a public health hazard, with numerous 
fatalities historically linked to paralytic shell�sh poisoning but 
also lead to substantial mortality among shell�sh populations 
and signi�cant economic challenges for coastal �sheries and 
aquaculture enterprises. �e challenges linked to toxic algal 
blooms are no longer con�ned to dino�agellates and are 
increasingly evolving into a worldwide concern. Various 
research investigations and symposia have concentrated on 
the most prevalent species of toxic dino�agellates [11]. �e 
existence of toxic algal species and the potential for blooms 
have clear, negative impacts on aquaculture development. 
Table 1 summarises di�erent algal species and their blooming 
environments.

Causes of algal bloom
It is widely acknowledged that the increase in human activities 
and the expansion of coastal populations have played a role in 
the rise of toxic and harmful micro and macro-algae over the 
past two decades [61-63]. �is surge in HABs poses a signi�cant 
threat to our valuable marine ecosystems. What makes this 
situation particularly concerning is that, unlike chemical 
pollution, HABs, a form of 'biological pollution' have the 
potential to proliferate and thus become more frequent and 
severe. HABs have detrimental and swi� e�ects on both natural 
ecosystems and aquaculture systems, including factors like 
temperature and chemical imbalances and drastic �uctuations 
in hydrogen, oxygen, and carbon dioxide levels. �ey also have 
enduring impacts, such as changes in chemical dynamics and 

disruptions in food chains. �ese consequences can limit the 
use of resources and negatively impact commercial �shing and 
shell�sh production. �e most alarming aspect is that certain 
HABs produce toxic substances that harm and even kill marine 
organisms, including mammals, �sh, and birds while posing 
substantial health risks to humans [64-66].

 Furthermore, some microalgae generate taste and odor 
compounds that are undesirable, although not toxic. �ese 
compounds lead to substantial losses in aquaculture 
production and raise concerns about the safety of water 
resources containing them. Consequently, marine resource 
administrators, public health authorities, commercial �shing 
enterprises, and industries such as aquaculture, potable water 
production, and processed food and beverages have identi�ed 

algal-derived toxins and compounds associated with taste and 
odor as serious issues [67-69]. In light of these concerns, this 
review will examine the ecology, physiology, and molecular 
biology of algal blooms.

Ecological factors
�e main ecological factor for the bloom is the excess 
enrichment of nutrients in both freshwater and marine 
ecosystems [17,70-72]. Nitrogen inputs are o�en cited as 
controlling "new" production in the marine environment [73], 
while phosphorus is thought to limit primary productivity in 
freshwater ecosystems [74]. Estuarine ecosystems o�en exhibit 
intermediate nutrient limitation “paradigms” where P-limited 
conditions are characteristic in the low salinity oligohaline 
regions (salinity <5), upstream regions, and N limitation 
typifying more saline (salinity >5), downstream waters [73]. 
Elevated levels of phosphorus, particularly in relation to 
nitrogen, can promote the development of algal blooms, 
particularly favoring N2 �xing cyanobacterial genera. �ese 
cyanobacteria have the capacity to meet their own nitrogen 
requirements by enzymatically converting atmospheric 
nitrogen (N2) to biologically available ammonia (NH3) [75]. 
Water bodies enriched with nutrients are particularly 
susceptible to bloom formation, particularly when they exhibit 
prolonged residence times (low �ushing rates), experience 
periodic water temperatures exceeding 20 °C in the subtropics 
and temperature conditions, and remain at around 30 °C in the 
tropical water bodies, calm surface waters, and persistent 
vertical strati�cation [76]. Elevated phosphorus (in relation to 
nitrogen) loading is not a universal “trigger” for forming algal 
blooms.

 Nutrient inputs from agricultural, urban, and industrial 
sources have undergone rapid acceleration in recent decades, 
and nitrogen loads o�en surpass phosphorus inputs [77]. As a 
result of increased N-fertilizer application, human and 
agricultural wastes, stormwater runo�, groundwater discharge, 
and atmospheric deposition, which are all high in nitrogen 
relative to P, water bodies already impacted by nutrient 
depletion are being loaded with nitrogen [78]. Aquatic 
ecosystems with elevated nitrogen levels (high N:P ratios) can 
also experience the occurrence of blooms, particularly those 
comprised of non-N2-�xing genera. �is category primarily 
includes species belonging to Microcystis and Planktothrix, 
although various non-N2-�xing genera, such as Aphanocapsa, 
Raphidiopsis, and Woronochinia, possess the capacity of 
aggressive expansion in nitrogen-enriched aquatic 
environments. In numerous cases, maximum daily loads for 
phosphorus have been de�ned and implemented; however, 
nitrogen inputs are subject to less strict regulation, resulting in 
their increase in many ecosystems. N augmentation in both 
developed and developing regions has raised concerns that 
excessive N loading is accelerating eutrophication and 
promoting standing algal blooms in downstream freshwater and 
marine ecosystems [77,79,80]. Hence, the “P-only” paradigm 
for blooms control [81] needs to be revised [82]. Recent 
research, however, has demonstrated that cyanobacterial N2 
�xation does not meet the nitrogen requirements of 
phytoplankton or the ecosystem [82,83] for various factors, 
including (1) the high energy demands of N2 �xation, (2) the 
inhibition of this anaerobic process by production of oxygen in 
blooms through photosynthesis, (3) disruption of N2 �xation by 
turbulence and wind mixing, and (4) potential limitations 

imposed by other cofactors such as Fe, Mo, and/or other trace 
metals [84]. In aquatic environments where N2 �xation fails to 
meet the ecosystem's nitrogen demands, external nitrogen 
inputs play a vital role in augmenting nutrient availability, with 
excessive nitrogen inputs frequently resulting in undesirable 
and excessive algal production. �us, eutrophic systems that 
are already subjected to HAB occurrences are prone to further 
expansion of these blooms due to supplementary nitrogen 
inputs, particularly when they already possess adequate 
autochthonous phosphorus. Certainly, eutrophic systems on a 
global scale demonstrate the ability to absorb increasing 
amounts of nitrogen as they progress through higher trophic 
states [77,85]. An evaluation of algal productivity under 
nutrient enrichment in geographically diverse eutrophic lakes, 
reservoirs, estuarine and coastal waters, as well as a range of 
experimental enclosures (<1L to over 10,000L), showed that 
the strongest stimulation was found for both nitrogen and 
phosphorous additions, indicating widespread nutrient 
colimitation [72,86,87].

Nutrient regulation of algal blooms
Nitrogen o�en serves as the principal limiting nutrient for 
phytoplankton formation in several freshwater habitats, 
particularly in the tropics, subtropics, high-altitude regions, 
and various large lake ecosystems [88]. In contrast, some 
marine ecosystems in both the tropics and the subtropics can 
display P-limited conditions [89]. �ere are rare occurrences 
of blooms of temporary nature in the marine systems of the 
temperate, but freshwater bodies have no problem of bloom 
appearance.

 Blooms of freshwater cyanobacteria are commonly linked 
to water bodies characterized by eutrophic conditions and 
limited water exchange [76,90]. A signi�cant number of 
cyanobacteria exhibit the capacity for nitrogen �xation 
[17,76], and given that numerous freshwater ecosystems 
experience phosphorus limitation [89], there has been a 
prevalent assumption that phosphorus loading fosters the 
development of toxic cyanobacterial blooms [76]. �e exact 
e�ect of phosphorus on cyanobacterial development is 
complex and varies between taxa. According to laboratory 
studies, increasing phosphorus concentration can result in 
increased, decreased, or unaltered growth, as well as toxin 
levels in cyanobacteria [91]. Similarly, the presence of 
microcystin can exhibit either positive or negative correlations 
with varying levels of phosphorus loading in freshwater [92]. 
Nitrogen loading may hold equal signi�cance in the 
occurrence of toxic cyanobacterial blooms, especially in the 
case of non-N2-�xing cyanobacteria, such as Microcystis spp., 
Oscillatoria spp. [93,94]. 

 Toxic cyanobacteria have been shown in �eld and 
laboratory investigations to disturb grazing by some 
zooplankton [95,96]. Mesozooplankton (>200mm), such as 
cladocerans and copepods, can be harmed in various systems 
that have dense and/or toxic algal blooms, experiencing 
reduced feeding rate, impaired food assimilation, or even 
mortality [95,96]. Many factors determine how much 
zooplankton feed on cyanobacteria, including the levels of 
toxins, the speci�c cyanobacterial strains, zooplankton 
species, and ecological conditions [95-97]. Organisms that 
have lived in isolated environments rich in nutrients, where 
they likely encountered harmful cyanobacteria over extended 

periods, exhibit enhanced resilience when it comes to feeding 
on and thriving alongside toxic Microcystis sp. cultures 
compared to individuals without prior exposure to such 
blooms. �is suggests their capacity to withstand toxins and 
adapt to life within these blooming species [98]. While these 
studies indicate the adaptive potential of Daphnia in response to 
toxic cyanobacteria, other research �ndings have shown that 
these grazers may remain unable to feed on cyanobacteria 
despite repeated exposure [99]. It has been proposed that 
microzooplankton (20-200 mm) consume harmful 
cyanobacteria [17,100].

 A potentially stimulatory nutritional e�ect may be 
diminished or eliminated by other elements like suspended 
sediments or grazing pressure. In turbid lakes and reservoirs 
characterized by light limitations and frequent water turnover, 
elevated phosphorus loading may not necessarily stimulate 
phytoplankton blooms. �is phenomenon is particularly 
notable in water bodies subject to substantial episodic sediment 
inputs and featuring relatively rapid �ushing rates [101]. 
Cyanobacteria have the capacity to proliferate in environments 
with reduced light availability by positioning themselves 
towards the water's surface during the intervals between 
episodic sediment loading episodes or by utilizing buoyancy 
regulation systems [101]. �e grazing pressure from 
macrozooplankton can drastically diminish the populations of 
most phytoplankton species in lakes characterized by low to 
moderate nutrient loading, counteracting the e�ect of 
nutritional stimulation [102]. �e Pearl River Estuary, the South 
China Sea, Victoria Harbour, and regions to the east have all 
reported similar phenomena in coastal waterways and estuaries. 
�e high sediment loads in such estuaries and oceans, according 
to Tang et al.'s hypothesis, cause the negative relationship 
between nutrient loading and algal biomass [103]. Limitations 
in light would inhibit phytoplankton from fully utilizing the 
nutrients that were provided to them.

The grazing pressure
�e formation, growth, and development of the algal bloom are 
signi�cantly in�uenced by the grazing pressure. �e quality of 
the available biomass generally determines the grazing rate and 
directs it towards speci�c palatable species, which are typically 
not the bloom-forming ones. Grazers may reduce the growth of 
phytoplankton biomass (of species other than the 
bloom-forming ones) by feeding, but they may also promote the 
regeneration of nutrients by releasing and excreting waste 
products. �is will consequently change the ratio of reduced to 
oxidized forms of nitrogen that are available to the 
phytoplankton for utilization [104].

Physiological adaptation of algal blooms
�e rate of nutrient delivery may not consistently align with the 
rate of nutrient uptake by the algae responsible for bloom 
formation, as the latter process is in�uenced by factors such as 
nutritional selectivity, uptake capacities, and physiological or 
nutritional conditions. �is complicates the physiological 
responses of bloom-forming species to modi�ed ecological 
conditions. Numerous other elements, like as interactions with 
grazers and physical forcings (such as turbulence), a�ect how 
the entire phytoplankton population and various species within 
it react [104,105]. �e ability of phytoplankton to assimilate 
nutrients depends on environmental parameters such as light, 
temperature, and the stability of the water column, with various 

environmental e�ects having varying e�ects on various 
nutritional substrates. According to Glibert et al., the 
assimilation of ammonium and urea is typically believed to 
exhibit a lower dependency on light than nitrate uptake [105]. 
Additionally, the temperature dependency of ammonium 
uptake may di�er from that of nitrate [105]. �e stability of the 
water column is yet another important aspect that a�ects 
species composition.

 �e ability to utilize available light e�ciently and the 
development of physiological tolerance to low light provide 
blooming species an edge over competing species in terms of 
growth. In contrast to other species, they are more favored by 
low grazing pressure to expand in density quickly and utilize 
all resources e�ectively. Warm, stable weather has been linked 
to Karenia mikimotoi blooms, which can endure long periods 
of low light and nutrients [106]. �ese blooms begin in 
Norwegian waters at the pycnocline in the summer or the �rst 
few weeks of fall, then gather at hydrographic fronts within 
close proximity to the shoreline [106]. A link between the 
formation of blooms and decreasing day length has been seen 
in Tunisian lagoons, where blooms of G. aureolum have 
repeatedly killed �sh [107]. �is aligns with the higher 
frequency of these blooms occurring during the late summer 
and autumn periods. When assessing the potential 
consequences of nutrient stimulation on HAB biomass or 
productivity, it is imperative to consider the physiological and 
ecological tolerances of the particular species under 
examination.

 For the regulation and management of algal blooms, 
research on the physiological mechanisms employed by 
various groups of organisms to obtain their nutrients has 
become crucial. Because marine diatoms, owing to the 
physiological adaptations that enable them to take advantage 
of nitrate-enriched circumstances, there has been a strong 
correlation between rapidly growing marine diatoms and 
substantial and/or frequent nitrate inputs [108]. �ere are 
many �agellate species, including some HAB species, that are 
capable of obtaining both nitrogen and carbon by consuming 
particles or up taking dissolved organic molecules [108]. As a 
result of such mixotrophic or heterotrophic tendencies, these 
cells can bloom when non-organic nutrients or light are 
insu�cient for their nutritional needs. Numerous Dinophysis 
species, particularly those that cause diarrhetic shell�sh 
poisoning, are now thought to depend on mixotrophy for their 
survival and growth. Heterosigma carterae, A. tamarense [109], 
and Gyrodinium galatheanum [21] have all been proven to be 
mixotrophic.

 Numerous organisms that produce planktonic blooms 
possess the physiological capacity to obtain some of their 
nutrients through extracellular oxidation or hydrolysis. 
Extracellular amino acid oxidation has been demonstrated to 
occur in various �agellates and ecosystems, but it seems to be 
more pronounced when ambient inorganic nutrient levels are 
at or close to depletion [9]. At the cell surface, proteins and 
peptides can also undergo hydrolysis, resulting in smaller 
molecules that the cells can absorb. In addition to the N or P 
that HAB cells need, organic substances may help to meet their 
C needs as well [9]. 

Molecular biology 
Since they all belong to the same family, the molecular biology 

characteristics of bloom-forming species are not signi�cantly 
di�erent from those of non-blooming species. However, the 
presence of toxin-producing genes distinguishes 
bloom-forming species from non-blooming species. Although 
not a uniform trait of HABs, synthesizing hazardous chemicals 
is a typical aspect. Unexpectedly, only a small number of HAB 
toxins have been identi�ed, and they are produced by a small 
number of algal species [9]. As toxins a�ect a wide variety of 
organisms' survival, growth, fecundity, and recruitment, toxic 
algae may thus have a large impact on ecological dynamics. �e 
diarrhoeic, paralytic, neurotoxic, and amnesic shell�sh 
poisoning symptoms are caused by the most well-known marine 
HAB toxins. �e toxins linked to each of these poisoning 
incidents are created by planktonic dino�agellates, with the 
exception of the ASP toxin, domoic acid, which is largely made 
by diatoms. �e ��h form of marine HAB toxin event, ciguatera 
�sh poisoning, is brought on by benthic dino�agellates [110]. 

 Alkaloids, polyethers, or substituted amines are the three 
main chemical types of marine HAB toxins. However, other 
toxins, including superoxide and/or hydroxyl radicals, 
lipoteichoic acids with hemagglutinin activity, and pentacyclic 
derivatives with a fused azine, have also been linked to HAB 
species [111]. Toxins found in freshwater di�er from those 
found in marine environments in two ways. First, cyanobacteria 
almost always produce freshwater HAB toxins rather than 
dino�agellates [112]. In addition, freshwater poisons have a 
wider range of chemical structures, including alkaloids, 
phosphate esters, macrolides, chlorinated diary lactones, and 
penta- and heptapeptides. According to Ferreira et al., these 
cyanobacterial toxins can be neurotoxic, hepatotoxic, or 
dermatotoxic [113]. Saxitoxins, the main cause of paralytic 
shell�sh poisoning (PSP), are interestingly produced by 
cyanobacteria in freshwater, whereas dino�agellates and 
bacteria do so in marine settings [113]. According to research to 
date, HAB poisons have intricate chemical structures. �ese 
toxins appear to result from complex metabolic processes, and 
some of the enzymatic reactions probably involve extremely 
particular and specialized reactions. As a result, our 
understanding of the biology involved in toxin production is 
quite limited.

Discussion
Algal blooms are intricate oceanic phenomena that need 
interdisciplinary research in �elds like molecular and cell 
biology, as well as extensive �eldwork, numerical modeling, and 
remote sensing. Bilateral and multilateral initiatives are working 
to unite scientists from various nations and �elds in a 
coordinated attempt to address this intricate and multifaceted 
problem. As our understanding of these processes grows, so do 
the technologies and management strategies that can lessen the 
incidence and e�ects of harmful blooms. One signi�cant result 
of the rising investment in the Global Ocean Observing System 
will undoubtedly be more e�cient HAB management. 
Increasing concern has been expressed about the damaging 
e�ects of excessive nutrient enrichment on surface waterways 
and aquaculture waterways. Groundwater, row crops, and 
atmospheric deposition are all sources of 'nonpoint source' 
nutrient loading. Large-scale animal feed lots and aquaculture 
farms are also sources of 'point source-like' nutrient inputs, 
fueling concerns about their environmental sustainability [114]. 
According to numerous studies, microalgae directly and 
frequently distinguishably respond to such environmental 

changes in many physiological processes (such as 
photophysiological regulation, respiration, protein and 
enzyme kinetics, secondary metabolite synthesis, etc.) 
[90,115]. Such physiological reactions serve as the foundation 
for cell maintenance, growth, and, eventually the expansion of 
an undesirable phytoplankton population. Additionally, the 
molecular and/or cellular regulation of physiological processes 
�rmly controls the size and duration of a given reaction 
[116-118].

Conclusions
In order to e�ectively manage algal blooms and related 
metabolites, it is important to understand their genetic and 
physiological basis. It is crucial to know these kinds of details 
to understand phenomena such as why certain taxa displace 
others in taxon assemblages, how some taxa sustain long-term 
competitive dominance, and why some taxa (and usually 
di�erent strains of a taxon) produce harmful metabolites and 
alter their habitats directly or indirectly. Over the past ten 
years, the rapid development of new computer-based 
technologies has nearly ''leaped-frogged'' the ability of 
scientists to evaluate such instrumentation and analysis. �e 
general consensus in society is that algae are undesirable and 
should be removed whenever possible. However, this 
misconception is false because only a few species pose a threat, 
with Homo sapiens being the worst of these. Algae produce 
oxygen, �sh are a signi�cant food supply for aquatic life, and 
many other bene�ts. HABs are a necessary evil that we must 
deal with but cannot completely eradicate, even if algal blooms 
are detrimental and dangerous for human society. �is is 
because algae have more good e�ects than negative ones, 
making HABs a necessary evil that we must deal with but 
cannot completely eradicate. �ere is a widespread perception 
that algae are toxic and should be eliminated at every 
opportunity. �ere are many kinds of animals that bene�t from 
the presence of algae and �sh, but only a few species pose a 
threat to the environment, and the worst of these is the Homo 
sapiens. �ough algal blooms are harmful and are problematic 
to human society but still algae cannot be eradicated 
worldwide only for their harmful property as they have many 
positive e�ects as compared to some negative ones, so HABs 
are a necessary evil that we have to cope with but cannot 
eliminate them.
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Earth is the only known planet capable of supporting life, 
accommodating a wide spectrum of life forms ranging from the 
tiniest prokaryotes to the largest eukaryotes. Scienti�c research 
indicates that the origins of life on our planet trace back to a 
primordial environment characterized by a lack of oxygen, with 
oxygen being present solely in the form of compounds such as 
oxides, hydroxides, peroxides, superoxides, and the like. �ese 
early life forms likely contributed to the emergence of oxygen 
gas by breaking these compounds and engaging in anoxygenic 
photosynthesis, ultimately paving the way for developing more 
complex organisms. Algae represent one such primitive life 
form within this context. �e term "algae" encompasses a 
diverse array of organisms endowed with the ability to generate 
oxygen through photosynthesis. �ese organisms display a 
remarkable range of diversity in pigmentation and their capacity 
to perform photosynthesis under varying environmental 
conditions. However, they share certain de�ning characteristics 
that set them apart from other major groups of photosynthetic 
organisms [1]. Planktonic algal species exhibit a wide spectrum 
of sizes, spanning from a few nanometres to several 
micrometers in diameter, primarily classi�ed into three 
categories: pico-sized (<2 µm), nano-sized (2-20 µm), and 
microplankton (>20 µm). Together, they signi�cantly 
contribute, accounting for an estimated 60% of the global 
oceans' primary production. Microplankton is the primary 
producers in coastal oceans and estuaries, while nano and 
picoplankton assume this role in the open ocean regions.

 �e review aims to the ecological, physiological, and 
molecular aspects of algal blooms, particularly emphasizing the 
genetic and physiological basis underlying their formation and 
development. It provides a multifaceted analysis of these 
complex oceanic phenomena by integrating insights from 

molecular and cell biology, �eldwork, numerical modeling, 
and remote sensing. �rough interdisciplinary research, this 
contributes to a deeper understanding of the complicated 
mechanisms governing algal blooms, including the factors 
in�uencing their growth, the role of nutrients, the impact of 
grazing pressure, and the molecular characteristics of 
bloom-forming species.

Importance of Algae in Aquatic Ecosystem
As a long-term photosynthesis generator, algae make an 
important contribution to the environment and health. �is 
vital process has been ongoing for millions of years. 
Planktonic algae, which dominate the oceanic ecosystem, play 
a crucial role as the largest reservoir for CO2 absorption 
through photosynthesis. When examining the ancient history 
of biofuels, it is suggested that petroleum may have partially 
originated from ancient algae deposits. Some of the oldest oil 
reserves are linked to cyanobacteria, although the exact 
identi�cation of the mechanism remains unknown [2]. More 
recent oil deposits likely stem from eukaryotic marine green 
algae, coccolithophorids, and other microscopic marine 
phytoplankton. Various microalgal species, including green 
algae, diatoms, and cyanobacteria, are recognized as 
promising candidates for biofuel production. All types of 
algae possess the capability to synthesize energy-rich oils, and 
numerous microalgal species naturally accumulate signi�cant 
oil content in their dry mass. Furthermore, algae are 
distributed across various habitats and are known for their 
rapid reproduction rates [3].

Role of Algae in Oceanic Food Chain and Ecology
Algae play a crucial role in the world's ecosystems as they 
contribute to the formation of clouds and ocean food webs. 

Phytoplankton, the microscopic algae, establish the primary 
trophic level in the oceanic food web [4]. Phytoplankton serve 
as the primary nutritional source for smaller �sh and 
crustaceans, which subsequently constitute prey for larger 
species at the trophic level. �is trophic transfer extends 
through successive levels of the food chain, ultimately reaching 
the largest predators and human consumption of algae, with 
speci�c varieties employed for numerous commercial and 
industrial applications. Algae synthesize organic nutrient 
molecules by utilizing carbon dioxide and water in the process 
of photosynthesis, a mechanism by which they capture solar 
energy. Additionally, to synthesize organic compounds, algae 
generate oxygen as a byproduct during the process of 
photosynthesis. Algae are estimated to contribute 
approximately 30 to 50 percent of the total global oxygen supply 
available to humans and other terrestrial animals for the 
purpose of respiration [5].

Algal Blooms
When favorable environmental conditions arise, speci�c algal 
species can experience rapid population growth, leading to the 
proliferation of their numbers, o�en reaching several million 
cells per liter. �is abundance of algae can manifest as visible 
patches on the water's surface or a noticeable change in the 
water's color. �is dense and rapid algal growth is referred to as 
a 'bloom,' which can be either persistent (commonly observed 
in polluted freshwater systems) or seasonal (typically seen in 
mesotrophic lakes and coastal ocean regions). �e coloration of 
these blooms corresponds to the types of algae present within 
them. Many of the species responsible for bloom formation are 
planktonic and produce toxins, resulting in disruptions to the 
ecological balance of oceans and freshwater bodies. However, 
it's worth noting that green algal blooms are generally non-toxic 
[6].

 In oceanic environments, the primary species responsible 
for bloom formation are certain types of dino�agellates and 
diatoms. In freshwater systems, blooms are primarily caused by 
cyanobacteria and planktonic green algae. Under speci�c 
estuarine conditions, planktonic green algae can also reach 
bloom levels, albeit typically for a brief duration. In natural 
settings, algae produce toxins as a defense mechanism to deter 

consumption by small organisms, requiring only a minimal 
quantity to ensure their protection [7]. �e “bloom” 
concentrations di�er across species; e.g., 105 cells/L constitutes 
a bloom of Protogonyuulux, while blooms of Aureococcus 
unophuge�eruns occur at the concentration of 109 cells/L [8]. 
In freshwater bodies, Microcystis attains a population as high 
as 109 cells/L, forming the dense bloom, but bloom condition 
appears with a cell density of 105 cells/L. Blooms are typically 
visible occurrences that can take on a variety of colors, such as 
green, red, brown, or bluish-green, depending on the 
dominant species within the population. While a few species 
may form blooms together, most standing blooms are 
generated by a combination of 2 to 5 species. �ese blooms 
may or may not be visible, and their coloration can vary. 
Interestingly, some of the most destructive blooms in recent 
history have been brown in color [7,9].

 In most cases, red water blooms are caused by wind and 
currents on the water's surface. It is supported by the incidents 
that nearly all signi�cant blooms initiate within the open 
ocean rather than in the bay environment [10]. Such blooms 
can either be toxigenic, producing speci�c toxins, or harmful, 
leading to anoxia due to the decay process, or, in certain cases, 
they can basically obstruct the gill structures of �lter-feeding 
organisms. Additionally, algal blooms can emerge suddenly 
and induce the rapid development of shell�sh toxicity within a 
short period. �ere is a threat of Harmful algal blooms 
(HABs), and the presence of harmful algal species has the 
potential to impact aquaculture negatively. �ese outbreaks 
not only represent a public health hazard, with numerous 
fatalities historically linked to paralytic shell�sh poisoning but 
also lead to substantial mortality among shell�sh populations 
and signi�cant economic challenges for coastal �sheries and 
aquaculture enterprises. �e challenges linked to toxic algal 
blooms are no longer con�ned to dino�agellates and are 
increasingly evolving into a worldwide concern. Various 
research investigations and symposia have concentrated on 
the most prevalent species of toxic dino�agellates [11]. �e 
existence of toxic algal species and the potential for blooms 
have clear, negative impacts on aquaculture development. 
Table 1 summarises di�erent algal species and their blooming 
environments.

Causes of algal bloom
It is widely acknowledged that the increase in human activities 
and the expansion of coastal populations have played a role in 
the rise of toxic and harmful micro and macro-algae over the 
past two decades [61-63]. �is surge in HABs poses a signi�cant 
threat to our valuable marine ecosystems. What makes this 
situation particularly concerning is that, unlike chemical 
pollution, HABs, a form of 'biological pollution' have the 
potential to proliferate and thus become more frequent and 
severe. HABs have detrimental and swi� e�ects on both natural 
ecosystems and aquaculture systems, including factors like 
temperature and chemical imbalances and drastic �uctuations 
in hydrogen, oxygen, and carbon dioxide levels. �ey also have 
enduring impacts, such as changes in chemical dynamics and 

disruptions in food chains. �ese consequences can limit the 
use of resources and negatively impact commercial �shing and 
shell�sh production. �e most alarming aspect is that certain 
HABs produce toxic substances that harm and even kill marine 
organisms, including mammals, �sh, and birds while posing 
substantial health risks to humans [64-66].

 Furthermore, some microalgae generate taste and odor 
compounds that are undesirable, although not toxic. �ese 
compounds lead to substantial losses in aquaculture 
production and raise concerns about the safety of water 
resources containing them. Consequently, marine resource 
administrators, public health authorities, commercial �shing 
enterprises, and industries such as aquaculture, potable water 
production, and processed food and beverages have identi�ed 

algal-derived toxins and compounds associated with taste and 
odor as serious issues [67-69]. In light of these concerns, this 
review will examine the ecology, physiology, and molecular 
biology of algal blooms.

Ecological factors
�e main ecological factor for the bloom is the excess 
enrichment of nutrients in both freshwater and marine 
ecosystems [17,70-72]. Nitrogen inputs are o�en cited as 
controlling "new" production in the marine environment [73], 
while phosphorus is thought to limit primary productivity in 
freshwater ecosystems [74]. Estuarine ecosystems o�en exhibit 
intermediate nutrient limitation “paradigms” where P-limited 
conditions are characteristic in the low salinity oligohaline 
regions (salinity <5), upstream regions, and N limitation 
typifying more saline (salinity >5), downstream waters [73]. 
Elevated levels of phosphorus, particularly in relation to 
nitrogen, can promote the development of algal blooms, 
particularly favoring N2 �xing cyanobacterial genera. �ese 
cyanobacteria have the capacity to meet their own nitrogen 
requirements by enzymatically converting atmospheric 
nitrogen (N2) to biologically available ammonia (NH3) [75]. 
Water bodies enriched with nutrients are particularly 
susceptible to bloom formation, particularly when they exhibit 
prolonged residence times (low �ushing rates), experience 
periodic water temperatures exceeding 20 °C in the subtropics 
and temperature conditions, and remain at around 30 °C in the 
tropical water bodies, calm surface waters, and persistent 
vertical strati�cation [76]. Elevated phosphorus (in relation to 
nitrogen) loading is not a universal “trigger” for forming algal 
blooms.

 Nutrient inputs from agricultural, urban, and industrial 
sources have undergone rapid acceleration in recent decades, 
and nitrogen loads o�en surpass phosphorus inputs [77]. As a 
result of increased N-fertilizer application, human and 
agricultural wastes, stormwater runo�, groundwater discharge, 
and atmospheric deposition, which are all high in nitrogen 
relative to P, water bodies already impacted by nutrient 
depletion are being loaded with nitrogen [78]. Aquatic 
ecosystems with elevated nitrogen levels (high N:P ratios) can 
also experience the occurrence of blooms, particularly those 
comprised of non-N2-�xing genera. �is category primarily 
includes species belonging to Microcystis and Planktothrix, 
although various non-N2-�xing genera, such as Aphanocapsa, 
Raphidiopsis, and Woronochinia, possess the capacity of 
aggressive expansion in nitrogen-enriched aquatic 
environments. In numerous cases, maximum daily loads for 
phosphorus have been de�ned and implemented; however, 
nitrogen inputs are subject to less strict regulation, resulting in 
their increase in many ecosystems. N augmentation in both 
developed and developing regions has raised concerns that 
excessive N loading is accelerating eutrophication and 
promoting standing algal blooms in downstream freshwater and 
marine ecosystems [77,79,80]. Hence, the “P-only” paradigm 
for blooms control [81] needs to be revised [82]. Recent 
research, however, has demonstrated that cyanobacterial N2 
�xation does not meet the nitrogen requirements of 
phytoplankton or the ecosystem [82,83] for various factors, 
including (1) the high energy demands of N2 �xation, (2) the 
inhibition of this anaerobic process by production of oxygen in 
blooms through photosynthesis, (3) disruption of N2 �xation by 
turbulence and wind mixing, and (4) potential limitations 

imposed by other cofactors such as Fe, Mo, and/or other trace 
metals [84]. In aquatic environments where N2 �xation fails to 
meet the ecosystem's nitrogen demands, external nitrogen 
inputs play a vital role in augmenting nutrient availability, with 
excessive nitrogen inputs frequently resulting in undesirable 
and excessive algal production. �us, eutrophic systems that 
are already subjected to HAB occurrences are prone to further 
expansion of these blooms due to supplementary nitrogen 
inputs, particularly when they already possess adequate 
autochthonous phosphorus. Certainly, eutrophic systems on a 
global scale demonstrate the ability to absorb increasing 
amounts of nitrogen as they progress through higher trophic 
states [77,85]. An evaluation of algal productivity under 
nutrient enrichment in geographically diverse eutrophic lakes, 
reservoirs, estuarine and coastal waters, as well as a range of 
experimental enclosures (<1L to over 10,000L), showed that 
the strongest stimulation was found for both nitrogen and 
phosphorous additions, indicating widespread nutrient 
colimitation [72,86,87].

Nutrient regulation of algal blooms
Nitrogen o�en serves as the principal limiting nutrient for 
phytoplankton formation in several freshwater habitats, 
particularly in the tropics, subtropics, high-altitude regions, 
and various large lake ecosystems [88]. In contrast, some 
marine ecosystems in both the tropics and the subtropics can 
display P-limited conditions [89]. �ere are rare occurrences 
of blooms of temporary nature in the marine systems of the 
temperate, but freshwater bodies have no problem of bloom 
appearance.

 Blooms of freshwater cyanobacteria are commonly linked 
to water bodies characterized by eutrophic conditions and 
limited water exchange [76,90]. A signi�cant number of 
cyanobacteria exhibit the capacity for nitrogen �xation 
[17,76], and given that numerous freshwater ecosystems 
experience phosphorus limitation [89], there has been a 
prevalent assumption that phosphorus loading fosters the 
development of toxic cyanobacterial blooms [76]. �e exact 
e�ect of phosphorus on cyanobacterial development is 
complex and varies between taxa. According to laboratory 
studies, increasing phosphorus concentration can result in 
increased, decreased, or unaltered growth, as well as toxin 
levels in cyanobacteria [91]. Similarly, the presence of 
microcystin can exhibit either positive or negative correlations 
with varying levels of phosphorus loading in freshwater [92]. 
Nitrogen loading may hold equal signi�cance in the 
occurrence of toxic cyanobacterial blooms, especially in the 
case of non-N2-�xing cyanobacteria, such as Microcystis spp., 
Oscillatoria spp. [93,94]. 

 Toxic cyanobacteria have been shown in �eld and 
laboratory investigations to disturb grazing by some 
zooplankton [95,96]. Mesozooplankton (>200mm), such as 
cladocerans and copepods, can be harmed in various systems 
that have dense and/or toxic algal blooms, experiencing 
reduced feeding rate, impaired food assimilation, or even 
mortality [95,96]. Many factors determine how much 
zooplankton feed on cyanobacteria, including the levels of 
toxins, the speci�c cyanobacterial strains, zooplankton 
species, and ecological conditions [95-97]. Organisms that 
have lived in isolated environments rich in nutrients, where 
they likely encountered harmful cyanobacteria over extended 

periods, exhibit enhanced resilience when it comes to feeding 
on and thriving alongside toxic Microcystis sp. cultures 
compared to individuals without prior exposure to such 
blooms. �is suggests their capacity to withstand toxins and 
adapt to life within these blooming species [98]. While these 
studies indicate the adaptive potential of Daphnia in response to 
toxic cyanobacteria, other research �ndings have shown that 
these grazers may remain unable to feed on cyanobacteria 
despite repeated exposure [99]. It has been proposed that 
microzooplankton (20-200 mm) consume harmful 
cyanobacteria [17,100].

 A potentially stimulatory nutritional e�ect may be 
diminished or eliminated by other elements like suspended 
sediments or grazing pressure. In turbid lakes and reservoirs 
characterized by light limitations and frequent water turnover, 
elevated phosphorus loading may not necessarily stimulate 
phytoplankton blooms. �is phenomenon is particularly 
notable in water bodies subject to substantial episodic sediment 
inputs and featuring relatively rapid �ushing rates [101]. 
Cyanobacteria have the capacity to proliferate in environments 
with reduced light availability by positioning themselves 
towards the water's surface during the intervals between 
episodic sediment loading episodes or by utilizing buoyancy 
regulation systems [101]. �e grazing pressure from 
macrozooplankton can drastically diminish the populations of 
most phytoplankton species in lakes characterized by low to 
moderate nutrient loading, counteracting the e�ect of 
nutritional stimulation [102]. �e Pearl River Estuary, the South 
China Sea, Victoria Harbour, and regions to the east have all 
reported similar phenomena in coastal waterways and estuaries. 
�e high sediment loads in such estuaries and oceans, according 
to Tang et al.'s hypothesis, cause the negative relationship 
between nutrient loading and algal biomass [103]. Limitations 
in light would inhibit phytoplankton from fully utilizing the 
nutrients that were provided to them.

The grazing pressure
�e formation, growth, and development of the algal bloom are 
signi�cantly in�uenced by the grazing pressure. �e quality of 
the available biomass generally determines the grazing rate and 
directs it towards speci�c palatable species, which are typically 
not the bloom-forming ones. Grazers may reduce the growth of 
phytoplankton biomass (of species other than the 
bloom-forming ones) by feeding, but they may also promote the 
regeneration of nutrients by releasing and excreting waste 
products. �is will consequently change the ratio of reduced to 
oxidized forms of nitrogen that are available to the 
phytoplankton for utilization [104].

Physiological adaptation of algal blooms
�e rate of nutrient delivery may not consistently align with the 
rate of nutrient uptake by the algae responsible for bloom 
formation, as the latter process is in�uenced by factors such as 
nutritional selectivity, uptake capacities, and physiological or 
nutritional conditions. �is complicates the physiological 
responses of bloom-forming species to modi�ed ecological 
conditions. Numerous other elements, like as interactions with 
grazers and physical forcings (such as turbulence), a�ect how 
the entire phytoplankton population and various species within 
it react [104,105]. �e ability of phytoplankton to assimilate 
nutrients depends on environmental parameters such as light, 
temperature, and the stability of the water column, with various 

environmental e�ects having varying e�ects on various 
nutritional substrates. According to Glibert et al., the 
assimilation of ammonium and urea is typically believed to 
exhibit a lower dependency on light than nitrate uptake [105]. 
Additionally, the temperature dependency of ammonium 
uptake may di�er from that of nitrate [105]. �e stability of the 
water column is yet another important aspect that a�ects 
species composition.

 �e ability to utilize available light e�ciently and the 
development of physiological tolerance to low light provide 
blooming species an edge over competing species in terms of 
growth. In contrast to other species, they are more favored by 
low grazing pressure to expand in density quickly and utilize 
all resources e�ectively. Warm, stable weather has been linked 
to Karenia mikimotoi blooms, which can endure long periods 
of low light and nutrients [106]. �ese blooms begin in 
Norwegian waters at the pycnocline in the summer or the �rst 
few weeks of fall, then gather at hydrographic fronts within 
close proximity to the shoreline [106]. A link between the 
formation of blooms and decreasing day length has been seen 
in Tunisian lagoons, where blooms of G. aureolum have 
repeatedly killed �sh [107]. �is aligns with the higher 
frequency of these blooms occurring during the late summer 
and autumn periods. When assessing the potential 
consequences of nutrient stimulation on HAB biomass or 
productivity, it is imperative to consider the physiological and 
ecological tolerances of the particular species under 
examination.

 For the regulation and management of algal blooms, 
research on the physiological mechanisms employed by 
various groups of organisms to obtain their nutrients has 
become crucial. Because marine diatoms, owing to the 
physiological adaptations that enable them to take advantage 
of nitrate-enriched circumstances, there has been a strong 
correlation between rapidly growing marine diatoms and 
substantial and/or frequent nitrate inputs [108]. �ere are 
many �agellate species, including some HAB species, that are 
capable of obtaining both nitrogen and carbon by consuming 
particles or up taking dissolved organic molecules [108]. As a 
result of such mixotrophic or heterotrophic tendencies, these 
cells can bloom when non-organic nutrients or light are 
insu�cient for their nutritional needs. Numerous Dinophysis 
species, particularly those that cause diarrhetic shell�sh 
poisoning, are now thought to depend on mixotrophy for their 
survival and growth. Heterosigma carterae, A. tamarense [109], 
and Gyrodinium galatheanum [21] have all been proven to be 
mixotrophic.

 Numerous organisms that produce planktonic blooms 
possess the physiological capacity to obtain some of their 
nutrients through extracellular oxidation or hydrolysis. 
Extracellular amino acid oxidation has been demonstrated to 
occur in various �agellates and ecosystems, but it seems to be 
more pronounced when ambient inorganic nutrient levels are 
at or close to depletion [9]. At the cell surface, proteins and 
peptides can also undergo hydrolysis, resulting in smaller 
molecules that the cells can absorb. In addition to the N or P 
that HAB cells need, organic substances may help to meet their 
C needs as well [9]. 

Molecular biology 
Since they all belong to the same family, the molecular biology 

characteristics of bloom-forming species are not signi�cantly 
di�erent from those of non-blooming species. However, the 
presence of toxin-producing genes distinguishes 
bloom-forming species from non-blooming species. Although 
not a uniform trait of HABs, synthesizing hazardous chemicals 
is a typical aspect. Unexpectedly, only a small number of HAB 
toxins have been identi�ed, and they are produced by a small 
number of algal species [9]. As toxins a�ect a wide variety of 
organisms' survival, growth, fecundity, and recruitment, toxic 
algae may thus have a large impact on ecological dynamics. �e 
diarrhoeic, paralytic, neurotoxic, and amnesic shell�sh 
poisoning symptoms are caused by the most well-known marine 
HAB toxins. �e toxins linked to each of these poisoning 
incidents are created by planktonic dino�agellates, with the 
exception of the ASP toxin, domoic acid, which is largely made 
by diatoms. �e ��h form of marine HAB toxin event, ciguatera 
�sh poisoning, is brought on by benthic dino�agellates [110]. 

 Alkaloids, polyethers, or substituted amines are the three 
main chemical types of marine HAB toxins. However, other 
toxins, including superoxide and/or hydroxyl radicals, 
lipoteichoic acids with hemagglutinin activity, and pentacyclic 
derivatives with a fused azine, have also been linked to HAB 
species [111]. Toxins found in freshwater di�er from those 
found in marine environments in two ways. First, cyanobacteria 
almost always produce freshwater HAB toxins rather than 
dino�agellates [112]. In addition, freshwater poisons have a 
wider range of chemical structures, including alkaloids, 
phosphate esters, macrolides, chlorinated diary lactones, and 
penta- and heptapeptides. According to Ferreira et al., these 
cyanobacterial toxins can be neurotoxic, hepatotoxic, or 
dermatotoxic [113]. Saxitoxins, the main cause of paralytic 
shell�sh poisoning (PSP), are interestingly produced by 
cyanobacteria in freshwater, whereas dino�agellates and 
bacteria do so in marine settings [113]. According to research to 
date, HAB poisons have intricate chemical structures. �ese 
toxins appear to result from complex metabolic processes, and 
some of the enzymatic reactions probably involve extremely 
particular and specialized reactions. As a result, our 
understanding of the biology involved in toxin production is 
quite limited.

Discussion
Algal blooms are intricate oceanic phenomena that need 
interdisciplinary research in �elds like molecular and cell 
biology, as well as extensive �eldwork, numerical modeling, and 
remote sensing. Bilateral and multilateral initiatives are working 
to unite scientists from various nations and �elds in a 
coordinated attempt to address this intricate and multifaceted 
problem. As our understanding of these processes grows, so do 
the technologies and management strategies that can lessen the 
incidence and e�ects of harmful blooms. One signi�cant result 
of the rising investment in the Global Ocean Observing System 
will undoubtedly be more e�cient HAB management. 
Increasing concern has been expressed about the damaging 
e�ects of excessive nutrient enrichment on surface waterways 
and aquaculture waterways. Groundwater, row crops, and 
atmospheric deposition are all sources of 'nonpoint source' 
nutrient loading. Large-scale animal feed lots and aquaculture 
farms are also sources of 'point source-like' nutrient inputs, 
fueling concerns about their environmental sustainability [114]. 
According to numerous studies, microalgae directly and 
frequently distinguishably respond to such environmental 

changes in many physiological processes (such as 
photophysiological regulation, respiration, protein and 
enzyme kinetics, secondary metabolite synthesis, etc.) 
[90,115]. Such physiological reactions serve as the foundation 
for cell maintenance, growth, and, eventually the expansion of 
an undesirable phytoplankton population. Additionally, the 
molecular and/or cellular regulation of physiological processes 
�rmly controls the size and duration of a given reaction 
[116-118].

Conclusions
In order to e�ectively manage algal blooms and related 
metabolites, it is important to understand their genetic and 
physiological basis. It is crucial to know these kinds of details 
to understand phenomena such as why certain taxa displace 
others in taxon assemblages, how some taxa sustain long-term 
competitive dominance, and why some taxa (and usually 
di�erent strains of a taxon) produce harmful metabolites and 
alter their habitats directly or indirectly. Over the past ten 
years, the rapid development of new computer-based 
technologies has nearly ''leaped-frogged'' the ability of 
scientists to evaluate such instrumentation and analysis. �e 
general consensus in society is that algae are undesirable and 
should be removed whenever possible. However, this 
misconception is false because only a few species pose a threat, 
with Homo sapiens being the worst of these. Algae produce 
oxygen, �sh are a signi�cant food supply for aquatic life, and 
many other bene�ts. HABs are a necessary evil that we must 
deal with but cannot completely eradicate, even if algal blooms 
are detrimental and dangerous for human society. �is is 
because algae have more good e�ects than negative ones, 
making HABs a necessary evil that we must deal with but 
cannot completely eradicate. �ere is a widespread perception 
that algae are toxic and should be eliminated at every 
opportunity. �ere are many kinds of animals that bene�t from 
the presence of algae and �sh, but only a few species pose a 
threat to the environment, and the worst of these is the Homo 
sapiens. �ough algal blooms are harmful and are problematic 
to human society but still algae cannot be eradicated 
worldwide only for their harmful property as they have many 
positive e�ects as compared to some negative ones, so HABs 
are a necessary evil that we have to cope with but cannot 
eliminate them.
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