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Preface

The rapid pace of industrialization and expanding urbanization is a global vulnerability 
that requires immediate attention, particularly to the replacement of fossil resources. 
Anthropogenic activities continually force ecosystem remodeling for more sustainable 
projects. With the high interest in renewable resources, the field of biotechnology has 
become greatly important in recent years, and microalgal biotechnology has come to be 
seen as a promising biofactory of the future.

Indeed, microalgae biotechnology and the valorization of the primary and secondary 
metabolites of microalgae are driving forces for sustainable development. Several 
applications of these emerging microorganisms are becoming increasingly attractive 
in terms of research and the market. The close interaction of biology and process 
engineering is necessary to realize a “green” future.

This book provides a comprehensive overview of microalgae research to build and 
strengthen more sustainable pathways. It discusses technological barriers, future 
efforts, and microalgal challenges involving current issues of biological nature, culture 
bioprocessing, bioactive potential, applications beyond those for the environment, and 
biorefinery approaches. We hope that the information contained herein will trigger a 
process of critical reflection and provide future avenues for research in this area.

Dr. Leila Queiroz Zepka, Dr. Mariany Costa Deprá  
and Dr. Eduardo Jacob-Lopes

Federal University of Santa Maria,
Santa Maria-RS, Brazil
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Chapter 1

Introductory Chapter: Microalgal 
Biotechnology - The Gold-Green in 
Modern Sustainable World
Mariany Costa Deprá, Eduardo Jacob-Lopes  
and Leila Queiroz Zepka

1. Introduction

As the global economy unfolds and the population increases, environmental  
concerns associated with greenhouse gas emissions and wastewater discharges, 
as well as issues involving food security, become unavoidable problems [1]. Given 
this devastating and worrying scenario, the challenges of sustainable development 
aroused interest in defining a potentially promising target that was recognized, 
consensually, as the future salvation.

Under this slant, the macro- and microalgae—known as the most primitive form 
of life on Earth—become the hype in the academic world. Over years, the discoveries 
surrounding these green microorganisms formed a glorious path in the biotechnologi-
cal industry. So, its robust adaptability and metabolic plasticity, beyond its highly 
flexible capacity for genetic and environmental changes, have reiterated the microal-
gae, such as gold coins in the global market [2].

Without delay, macro- and microalgae were seen as a biological pump that not just 
could drive, balance, and maintain global ecosystems, but could also be used in many 
different technological fields. From this perspective, pioneering studies were traced 
to the application of microalgae as the main feedstock for bioenergy production [3]. 
However, obstacles involving low productivity, fractionation of biomass, as well as 
technical questions of scalability, have repercussions on technical-economic attri-
butes, delaying the consolidation and commercialization of biofuels [4]. Later, the 
clean technologies concept applied to microalgal biotechnology was extended to the 
microalgae application as an effective tool for environmental processes, such as waste-
water bioremediation and also the capacity to mitigate polluting gases. However, 
more than once the limitations of the process, already advanced in various aspects, 
have continued to haunt the microalgae consolidation [5].

Since then, the research objective has changed over time. To rectify this gap, it 
was necessary to understand basic aspects involving the biological fundamentals of 
microorganisms and extend the research to optimization of the production stages. 
Forthwith, the new research efforts return for advances in genetic engineering,  
mapping from to complex evaluation of the upstream and downstream stages until 
the ascertainment of new methods of biomass harvesting and extraction, gave the 
path to new erudition [6].
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However, the current plans, at the time, to establish the consolidation of microal-
gal biotechnology in the fields of bioenergy and environmental bioremediation were 
still not sufficiently developed, and research agencies and private companies have 
shown interest in returning to microalgal biotechnology as a viable economy in the 
immediate future. Consequently, the green gold could not lose its brilliance, and the 
hype of microalgal biotechnology could not disappear without more, nor less.

Therefore, the most sublime strategy to intertwine the microalgae application 
was to establish a key connection for the hungry reduction, giving weight to health 
aspects, concomitant to a sustainable environment [7]. Thus, microalgae as the future 
food were launched as a promising game against the fulfillment of the sustainable 
development goals [8]. This is because its excellent nutritional content, attributing 
prominence to its high protein, lipid, and carbohydrate fractions, is considered a food 
with high value-added. Besides, the attention paid to fine chemical products, such as 
pigments, fatty acids, and nucleic acids contained in their biomass would attract the 
food and pharmaceutical industries as a platform for marketing the function of their 
biological properties [9].

However, although microalgae have been strategic resources for sustainability 
and promising market trends, the process challenges remained. Among them, the 
problems associated with excessive demand for nutrients and energy imputed by 
microalgae processes urgently need a solution [10]. In this way, it is the need to align 
the optimization and integration of processes, which turned into the key point for 
success. Thus, the triumph of microalgae-based processes would consist of a techno-
logical advance that would lead to a significant degree of self-sufficiency [11].

In this sense, in order for the microalgae processes in conjecture with biotechnol-
ogy to grow larger and, in fact, become self-sufficient, it is imperative that public and 
private research tread exploration paths that lead to the discovery of new scientific 
studies that break the barriers hitherto imposed. The truth is that these jewels of 
nature, regardless of which way they emerge, will always play a vital role in the trans-
formation of a sustainable modern world. This is because, in this scientific universe, 
there are tens of thousands of other green microscopic singularities, with a variety of 
shapes and functions to breathtaking, still waiting to be explored. For science, micro-
algae are not just a scum from lakes and seas, but they are in a universe of possibilities. 
From a commercial point of view, they are considered the feedstock of the future, this 
is, the jack of all trades.

So, perhaps, it would be appropriate to think that—in a period that is difficult to 
predict—all the benefits of microalgae for new processes and products are just wait-
ing to be harvested. However, now, it is important that we become part of a revolution 
in the way we consider and conduct our research, ensuring that the results obtained 
will eventually, indeed, be used more and more for our benefit and applied to our 
planet. In this regard, we expect that the next chapters found in this book will serve as 
building blocks for the advancement of microalgal biotechnology, to build on top of a 
robust theoretical knowledge, an important practice contribution to the transition to 
a more sustainable society.
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Chapter 2

Climate Change and Algal 
Communities
Umme Tamanna Ferdous and Zetty Norhana Balia Yusof

Abstract

Climate change is one of the major global concerns jeopardizing human health 
and wildlife. This event is considered a threat to the marine ecosystem as well. Marine 
algae are the leading producer in the benthic food chain. Therefore, any change in 
marine algal communities will disrupt the whole ecosystem. Currently, algal species 
face significant changes in their abundance and distribution worldwide. Toxic species 
are frequently invading and causing a phenomenon called the harmful algal bloom, 
which threatens the seafood industry and public health. This chapter will focus on the 
significant distribution of algal communities worldwide and the impact of climate 
change on these marine algal species. Besides, this chapter will shed some light on 
how these changes affect the marine food chain and ultimately affect human health.

Keywords: climate change, harmful algal bloom, Marine algae, public health, seafood

1. Introduction

Microalgae are unicellular photosynthetic organisms that can be eukaryotic or 
prokaryotic (cyanobacteria) and are ubiquitous; they can be found in fresh or marine 
water, soil and even extreme habitats [1]. Microalgae can transform atmospheric 
inorganic carbon into organic carbon biomass, and it has been estimated that half of 
their biomass comprises carbon (w/w) [2]. In addition, they contain approximately 
50 % (w/w) carbon in their biomass, which helps them grow better [3]. Surprisingly, 
some species of marine microalgae can grow at high CO2 (40 %) concentrations, 
which is known to help curb greenhouse gases that ultimately have a positive effect on 
Blue Economy [4]. One of the main benefits of using microalgae in mitigating CO2 is 
that they can fix this gas up to 50 times more than terrestrial plants [5].

On the other hand, macroalgae or seaweeds are multicellular and macroscopic 
algae that contribute as huge biomass producers in the benthic region. Besides their 
consumption as nutritious food and feed, they are frequently used as fertiliser [6]. 
Like microalgae, seaweeds also contribute to mitigating climate change through the 
Blue Carbon strategy. Seaweed can sequester a large amount of CO2 from the environ-
ment that has been predicted that ongoing seaweed farming can capture more than 6 
% of CO2 globally by 2050 [7]. Seaweed aquaculture benefits coastal habitats in dif-
ferent ways. For instance, a study showed that Chinese seaweed farming upgrades the 
coastal water quality by eliminating nitrogen and phosphate as well as by sequestering 
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carbon, which in turn also helps in decreasing eutrophication. Interestingly, this kind 
of farming needs no chemical fertiliser pesticides as well saves cultivable lands [8].

Currently, changes in climate patterns give rise to several environmental hazards 
and the most drastic effect is evident in the marine ecosystem. Consequently, marine 
microalgae and seaweeds are also experiencing the negative impact of climate change. 
Studies revealed that changes in habitat conditions make the species migrate or to 
extinction [9]. Therefore, migration in seaweed species is becoming common. Range 
shifts in seaweed communities disturb the local distribution pattern and species rich-
ness, reported globally [10].

2. Climate change

According to NASA, climate change can be defined as persisting modification in 
the earth's climate, resulting from anthropogenic activities (industrialisation, burning 
fossil fuels, deforestation, etc.), which gives rise to greenhouse gases (GHGs) and 
ultimately contributes to global warming. Climate change is attributed to the increase 
of greenhouse gases, mainly CO2 (418 ppm currently), which helps increase the 
surface temperature of our planet by about 1.01°C, and this trend is on the rise. This 
phenomenon also engenders warming of the oceans exceeding 0.4°F since the early 
70s, a rapid decrease in ice mass (about 147 gigatons/year) in Antarctica, increasing 
in sea level (3.4 mm/year) and finally gives rise to different natural disasters like 
drought, heavy rainfall or acidification in the ocean [11].

3. Effect of climate change on living organisms

Changing climate conditions have a profound impact on human health. It can 
directly affect our health through extreme environmental conditions like drought, 
heavy rainfall or indirectly through transmissible diseases or malnutrition along 
with other mental health complications [12]. Severe weather condition helps spread 
pathogenic microorganisms yielding different waterborne or zoonotic diseases 
as well as increasing allergens in the air can cause respiratory infections [13, 14]. 
Climate change is not only impacting human life but also jeopardising wildlife. 
Many terrestrial and aquatic organisms are at the risk of extinction due to environ-
mental chemical pollutants. Altered environmental conditions can make wildlife 
more susceptible to chemical toxicants and retard their physiological capability 
[15]. The impact of climate change on tree mortality is another pressing problem 
in the forest ecosystem. This temporal rise in tree mortality has been seen in both 
areas with an increased water shortfall or no such undersupply [16]. Birds, one 
of the main indicator groups of climate change effects, are more prone to extinc-
tion due to severe weather change. It has been predicted that about 900 land bird 
species will be terminated because of global warming. Moreover, loss of habitat, 
augmentation of invasive bird species and hunting and spreading of infectious 
diseases are also contributing factors to bird extinction, which is the outcome of 
change in climate [17]. Climate change has the most vulnerable effect on agricul-
ture. Changing in climate pattern gives rise to land degradation, desertification or 
heavy rainfall and floods, which in turn can able to make the soil nutrient deficit, 
highly saline and less productive. All these stresses are attributable to the risk of 
global food security [18].
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The marine ecosystem is greatly affected by climate change. The oceans absorb 90% 
of the extra heat of the climate, which would be increased to 5–7 times by 2100 if global 
warming exceeds 2 °C. Additionally, the ocean absorbs up to 30 % of anthropogenic 
CO2 emissions, which renders acidification in the marine system. Ocean acidifica-
tion and heat cause depletion of nutrients and O2 supply, which eventually endanger 
distribution and abundance of marine fishes as well as other organisms, and along with 
these, climate change also affects demography, calcification and phenology of phyto-
plankton and zooplankton [19, 20]. It accelerates the bleaching of reef-building corals, 
which makes great barrier reef (GBR) vulnerable. It has been estimated that a 0.5 °C 
increase in local temperature may cause rapid degeneration of GBR [21].

4. Global distribution of microalgae and macroalgae

In the marine coastal area, green algae are the major contributor to photo-
synthesis, especially microalgae from the Mamiellophyceae class are abundant in 
number while Chlorophyceae are the least. Microalgae from Pyramimonadales and 
Chlorodendrophyceae are ubiquitous in marine coastal regions [22]. In desert soil, 
cyanobacterial species are mostly found than other microalgae species because of 
their greater desiccation tolerating capacity [23]. In the alpine region of New Zealand, 
microalgae from Chrysophyceae, Xanthophyceae, Chlorophyceae, Trebouxiophyceae, 
and Charophyceae are more prevalent [24]. A study on the southeast coast of 
India showed that Isochrysis galbana was the dominant species in that area, while 
Nannochloropsis oculata was the less common species observed. The dominance of 
other species found were Chlorella marina > Chromulina freibergensis > Dicrateria inor-
nata > Chaetoceros calcitrans [25]. On the other hand, the coastal region of Indonesia is 
dominated by diatoms, especially Rhizosolenia spp., Chaetoceros spp. and Coscinodiscus 
spp. [26]. In the case of benthic harmful algal bloom species (BHABs), two main 
species, Gambierdiscu and Fukuyoa, are widespread in the Caribbean Sea, the South 
Pacific, Indian Oceans, North Atlantic Ocean and the Canary Islands. Additionally, 
they are also reported from the coastal area of Japan, Korea, New Zealand and 
Australia. On the other hand, Ostreopsis spp. is common in the Mediterranean Sea [27].

A wide variety of seaweed species are distributed on the coasts, and their 
similarity is dependent on climatic zones. Most of the Rhodophyta belongs to 
warm temperate Pacific flora. The number of Rhodophyta is more than double in 
these Pacific florae compared to the cold temperate floras [28]. Seaweed species are 
vastly available in 30–50° latitude, which covers southern Australia, Japan and the 
Mediterranean as well as in the Philippines [29]. In recent studies, the distribution 
of invasive seaweeds has been documented. The highest invasion cases belong to 
the Mediterranean region (132), followed by the NE Atlantic region, covering the 
North and Baltic Sea and the eastern Atlantic Islands. Among the Rhodophytes, 
the Rhodomelaceae and the Ceramiaceae accommodate more invaders, while 
Chlorophyta, Caulerpa spp. and Codium spp. are recorded as the most successful 
invader species [30].

5. Effect of climate change on microalgae globally

The growth of microalgae and the production of microalgal bioactives are signifi-
cantly driven by different stress conditions. For instance, under oxidative and salinity 
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stress, carotenoids production is upregulated [31]. Similarly, phenolics, antioxidative 
properties and thiamin biosynthesis are augmented under abiotic stress [32, 33]. In 
water bodies, microalgal growth is greatly influenced by temperature, nutrients, 
salinity, the direction of wind and current, light as well as other organisms present 
in that habitat [34]. Increased CO2 level helps increase nutrient acquisition, photo-
synthetic activity and growth of microalgae in the freshwater ecosystem [35]. In a 
freshwater ecosystem, green microalgae, compared to diatom and cyanobacteria, can 
better adapt to elevated CO2. Still, with increased temperature, cyanobacteria start to 
proliferate rapidly and become dominant [36]. However, the pitfalls of climate change 
like elevated temperature, CO2 or UV radiation have severely affected algal growth 
and productivity [37].

Microalgae produce a myriad of pharmaceutically important secondary metabo-
lites, especially antioxidant and anticancer agents [38]. They are also a reservoir of 
various biotoxins, and the production of these toxins is more influenced by climate 
change [34]. Warming in the global climate affects fresh and marine water bodies by 
the formation of algal blooms of harmful species, which harms other organisms in 
those aquatic systems as well as human health, food security and the overall economy. 
Mainly, harmful algal blooms (HAB) in the freshwater system are caused by cyano-
bacterial species, and in the marine ecosystem, dinoflagellates are responsible for 
this kind of blooms [39]. Dinoflagellates like Gambierdiscus spp., Fukuyoa spp. and 
Ostreopsis spp. are well-known HAB species (also known as BHABs) in the benthic 
region of the ocean. Though microalgae are used as fish feed in mariculture industries 
and also used as vectors for vaccine delivery for these fishes, HAB species are getting 
a major threat to aquaculture [40]. Their notorious toxins production (ciguatoxin, 
palytoxins, ovatoxins) leads to many health risks, such as food poisoning, irritation 
and respiratory illness. Climate-directed ocean warming is the key factor for the dense 
and prompt growth of BHABs in many tropical and subtropical marine ecosystems 
globally. Elevated temperature helps to flourish these toxin-producing BHABs beyond 
their geographic area and even in an overly populated area where toxicity is a rare 
concern. Surprisingly, Gambierdiscus sp., one of the BHABs, can propagate in the 
degraded coral environment due to bleaching events [27]. On benthic microalgae, sea 
warming exhibits a direct positive and strong correlation to whole biomass accrual and 
growth rate where the presence of abundant mesograzers (gastropods, crustaceans) 
even cannot deplete their total biomass [41]. Furthermore, pelagic HABs, including 
Pseudo-nitzschia, Alexandrium catenella and Pseudochattonella, promote toxic blooms 
which are highly linked to climate change and cause huge mortality in fish farms 
[42]. Moreover, Alexandrium catenella and Pyrodinium bahamense can form cysts that 
can persist as long-dormant phases in warmer conditions have short quiescence and 
germination phases [43].

Studies have shown that tropical seas, such as the Red, sea often face HAB from 
different microalgae genres, such as dinoflagellates, raphidophytes, cyanobacteria, 
diatoms, due to the warmer climate. Currently, five other HABs have been reported 
in this tropical sea area, including Noctiluca scintillans, P. bahamense, Protoperidinium 
quinquecorne, Heterosigma akashiwo and Trichodesmium erythraeum. Moreover, cysts of 
toxic microalgae species have been found on the Red sea coast responsible for further 
bloom formation [44]. Additionally, microalgae can withstand ocean acidification 
effects though the capability is different from species to species. A study showed that 
Tetraselmis chuii exhibited better adaptability in terms of metabolic activity in com-
parison to Phaeodactylum tricornutum [45].
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6. Effect of climate change on global seaweed communities

The development and the survival of macroalgae depend on a range of environ-
mental factors, such as temperature, CO2 concentration, nutrients, wave peak, etc., 
which are also related to climate. Among these parameters, the temperature has an 
intense influence on their growth and distribution [46]. Elevated oceanic tempera-
ture from the result of global warming accelerates the poleward shift of macroalgal 
species. In a study of Australian seaweed distribution, it has been reported that 
continued ocean warming is responsible for the abrupt range shift of indigenous 
seaweed species, which may cause the extinction of 100–350 species within the next 
few decades. It is noteworthy that over 25% of macroalgal species solely belong to 
southern Australia, which infers that extinction of these species has a huge impact on 
total seaweed communities worldwide [47]. Along the North-Atlantic shores, canopy-
forming seaweeds will show a northward shift due to the ongoing ocean warming 
incident. Fucus serratus, Ascophyllum nodosum, Saccharina latissima, Laminaria hyper-
borea and Chondrus crispus will be eradicated from the warm-temperate region of 
the North-Atlantic. Moreover, temperate species will be migrated to cooler Southern 
Arctic areas. With the absence of these seaweeds, Northwest-African and Northwest-
Atlantic coasts will be transformed completely [48].

In a study of ocean acidification (OA) impact on the Baltic sea, researchers found 
that with elevated CO2 levels, the photosynthetic rate of Furcellaria lumbricalis and 
Coccotylus truncatus has been augmented. This augmentation rate is much higher in 
C. truncates in comparison to F. lumbricalis. However, the effect of CO2 on photo-
synthesis is also influenced by other environmental factors, especially temperature. 
Increased water temperature can lessen the photosynthesis activity of F. lumbricalis 
[49]. Though a positive effect is always expected regarding the growth benefit of non-
calcifying seaweeds with increased CO2 concentration in coastal water, the opposite 
result has been found in some seaweeds like Fucus vesiculosus, which is frequently 
found in the North Sea. With increased CO2 in water, F. vesiculosus growth rate has 
been reported to decrease up to 15% [50]. Increased CO2 has a drastic effect on the 
tissue density of F. vesiculosus. It lowers the breaking strength, making this seaweed 
vulnerable to water waves and storms. Simultaneously, phlorotannin contents may 
decrease in this phenomenon [51].

OA has an impact on the different developmental stages of seaweeds. Macrocystis 
pyrifera can face a slightly reduced germination rate when OA is at an extreme level, 
though this seaweed successfully withstands increased OA with even lowered pH [52]. 
Surprisingly, extract of brown seaweed Sargassum vulgare from the acidified ocean 
exhibited higher bioactivity like anti-oxidant, anti-microbial, anti-lipid peroxidation, 
as well as anti-cancer activities [53].

7. Impact of HAB on animal and human health

Frequent HAB events in a particular area are reported to endanger and kill marine 
organisms, especially fish, shellfish, birds, and other marine organisms on a large 
scale. HAB formation can be associated with either toxic or non-toxic phytoplank-
tons. Non-toxic species are responsible for discolouration sometimes for fish and 
shellfish mortality. In this case, oxygen depletion due to dense bloom is accountable 
for such killing. On the other hand, toxic species cause poisoning in marine fish and 
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bivalves, which renders large-scale fish killing and also severe health hazards for 
humans [54]. Ciguatera poisoning (CP) is the most common type of HAB-related 
contamination in fish. Dinoflagellates, Gambierdiscus and Fukuyoa, are attributed 
to produce ciguatoxins, which ultimately cause CP. Upon consuming contaminated 
fish, individuals may experience gastrointestinal, cardiovascular, and neurological 
disturbances [55].

Other HAB-related diseases include amnesic shellfish poisoning, caused mainly by 
Pseudo-nitzschia and Nitzschia; azaspiracid shellfish poisoning, caused by Azadinium 
and Amphidoma; diarrhetic shellfish poisoning, caused by Dinophysis, Phalacroma 
and Prorocentrum; neurotoxic shellfish poisoning, caused by Karenia and Chatonella; 
paralytic shellfish poisoning, caused by Alexandrium, Gymnodinium and Pyrodinium; 
and palytoxicosis ovatoxin poisoning, caused by Dinoflagellate, Ostreopsis. All of 
these poisonings are mainly associated with gastrointestinal, respiratory or neuro-
logical disturbances in humans. In severe cases, it may lead to coma or even death. 
HAB toxins kill marine piscine species and may amalgamate in these marine crea-
tures, which may further transfer to the food web. This may affect other animals as 
well [56]. For example, birds, snakes and turtles found in HAB affected wetlands are 
reported to face sub-lithal effects. HAB toxins like microcystin can elevate physi-
ological stress in these organisms, resulting in immune function or reproduction 
anomalies [57].

Besides direct consumption, exposure to HAB related toxins may also affect 
human health. Aerosolised brevetoxin from Karenia brevis is responsible for impaired 
respiratory function. This brevetoxin can spread quickly to the entire water column 
and maybe end up in the diet of the biota of that area. Not only that, this toxin has a 
detrimental impact on the larval stages of aquatic creatures [58].

8. HAB mitigation strategies

HABs are the major threats to public health and the economy in benthic areas. 
HAB formation is not only responsible for destroying aquaculture industries but also 
severely affecting the tourism industries. Besides fish poisoning, HAB affected beaches 
become vulnerable due to fouling of water, which may cause skin diseases and other 
illnesses [59].

Several biological, chemical or physical measures are taken worldwide to mitigate 
these HAB events. The most popular and effective action is modified clay (MC). By 
using inorganic and organic substances clay surface is reformed and used to remove 
the blooms. MC does not damage the water quality and can decrease the eutrophica-
tion by absorbing nutrients. Furthermore, MC can quickly reduce algal toxins with 
a faster degradation rate without affecting other marine organisms [60]. Biological 
control measures like using lactic acid bacteria and other marine bacteria (e.g. 
Paracoccus spp.) also effectively reduce HAB toxin [61]. Macroalgae cultivation is 
another potent way to control HAB events. A study showed macroalgae Saccharina 
latissima, Chondrus crispus, and Ulva spp. can hinder the growth and toxin production 
of Alexandrium catenella in aquaculture settings [62].

Besides these control measures, early risk assessment for eutrophication around 
the fish farming areas may help the related authorities to take precautionary mea-
sures. Climate change risk maps also can play a vital role in predicting upcoming HAB 
events in risk areas [63]. To further minimise economic loss and emotional stress, 
income diversification and skill development are highly recommended [64].
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9. Conclusion

Though seaweed and microalgae farming help in curbing greenhouse gases, these 
algal communities are now observing threats of extinction and migration. Moreover, 
toxic microalgae species are becoming a major public health hazard in coastal areas. A 
proper mitigation plan would help slow down the negative impact of climate change. 
More research is needed to take necessary and effective mitigation action in terms 
of the current status of the indigenous seaweed species globally. The actual effect of 
global warming on the macroalgal communities should be scrutinised first. Moreover, 
the harmful microalgae bloom events in the coastal regions should be documented 
and studied profusely, which, in turn, will help the authorities to take actions for 
preserving the Blue economy.
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Chapter 3

Cryptophyte: Biology, Culture,  
and Biotechnological Applications
María Concepción Lora Vilchis

Abstract

Cryptophytes are single-cell biflagellate algae, with extrusive organelles called 
ejectosomes. They live in fresh and marine water, mainly in shaded environments 
where light levels are reduced relative to the surface. They are the product of a 
secondary endosymbiosis of a red alga, which still retains the endosymbiont nucleus’s 
reminiscences and has four membranes around its plastids. Cryptophytes have a 
metabolic diversity that makes them very interesting from a nutritional point of view 
since they present a balance of fatty acids w3/w6, sterols, carotenoid pigments, and 
phycobiliproteins, these last also have antioxidant effects. Their composition makes 
them attractive for food in aquaculture and human consumption, pharmaceuticals 
and cosmetics; their fluorescent potential has attracted the attention of researchers 
in genomics, neuroscience and molecular biology. The biochemical composition of 
the cells is modulated by illumination, available nutrients, and its growth phase. This 
work reviews the general biology of cryptophytes, emphasizing the photosynthetic 
ones, culture properties and its biotechnological potential.

Keywords: endosymbiosis, phycoerythrin, phycocyanin, stress, culture, biotechnology

1. Introduction

Cryptophytes or cryptomonads are eukaryote algae that are biflagellate and 
unicellular, with sizes between 3 and 50 μm, most are photosynthetic and motile, 
and a few are palmelloid and form colonies surrounded by mucilaginous sheaths 
[1]. They are classified into the kingdom Chromista, phylum Cryptophyta, class 
Cryptophyceae, and order Cryptomonadales. They live in environments from fresh 
to marine water usually of good quality [2, 3]; also they can be found at varying 
light conditions and at different temperatures, including those that are extreme 
such as the Antarctic [4], blooms of cryptophytes have been reported in fresh [5] 
and marine waters [6]. Cryptophyte’s genus Goniomonad lacks plastids; they are 
heterotrophic and feed on bacteria and small organic particles. Due to their small size 
and biochemical composition, Cryptophytes are essential contributors to the food 
chains of a diversity of organisms [7–10]. Some cryptophytes are plastid donors for 
dinoflagellates like Dinophysis acuminata [11] and ciliates like Mesodinium rubrum and 
M. major [12]. Their importance has been underestimated mainly due to their delicate 
structure, which can be easily altered or broken by common fixatives such as Lugol 
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and formalin. However, cryptophyte inter-species morphology is not that different 
allowing for species-level taxonomy by light microscopy [13, 14].

The abundance of cryptophytes is increasing in places like the Antarctic Peninsula 
[6] and Chesapeake Bay [12], where a notable change has been observed in species 
composition and size distribution, significantly influencing local ecosystems.

There is general agreement that cryptophytes evolved from a secondary endosym-
biosis, which occurred by the engulfment of a red alga by an unknown eukaryote  
[15, 16]; this event resulted in a cell with two nuclei, two cytoplasms, one of each is 
in the chloroplast, which is covered with four membranes, and with unique content 
and distribution among algae of harvesting-light pigments, they have chlorophylls 
a and c2, phycocyanin (PCY) or phycoerythrin (PER) [17, 18]. The cryptophytes are 
complex cells with specific movements and unique structures that allow easy recogni-
tion. The main morphological characteristics are slightly ovoid asymmetric cells, 
two asymmetric flagella with mastigonemes bipartite, an internal and an external 
periplast plate that surrounds the cell membrane, the structure of the furrow/gullet 
(groove/throat) [19], ejecti- or ejectosomes that allows them to suddenly alter its 
swimming direction in the opposite direction [1, 3, 8, 20].

The composition of the cryptophytes, especially in fatty acid, phycobiliproteins 
(PBPs), and carbohydrates, has attracted the attention of aquaculture and diverse 
business sectors, such as pharmaceutical, nutraceutical, chemical, and cosmetic 
industries [21, 22]. The culture of these cells and the production of these substances 
have some difficulties to overcome, as these delicate cells have a low growth rate 
compared to other cells in the market.

This chapter will address the Cryptophytes, mainly focusing on those that are 
photosynthetic, observing their biology, biochemical composition, culture systems, 
and some of their products with antioxidant potential, as well as fluorescent pigments 
which are of increasing interest as a marker in biotechnology applications.

2. Morphology, biology, and function

The cell morphology is flatter on the ventral side and concaves on the dorsal side 
(Figure 1a); the cell shape is like a bean or a drop of water; the form is mainly influ-
enced by the furrow/gullet complex located at the anterior part. A gullet, or a furrow, 
or some combination of both (Figure 1b) is one of the main diagnostic features of 
the genera [23]. The complex can be localized by light microscopy in big cells, by the 
presence of big ejectisomes surrounding it; in small cells, an electron microscope 
is necessary [9]. The furrow is a ventral groove of variable length that begins in the 
vestibular region and extends posteriorly to half of the cell. The gullet is an invagina-
tion that extends to the posterior side; it originates from surrounding the furrow 
when it is present, but when the furrow is absent it is found on the ventral side near 
the vestibulum [8, 20, 23]. The vestibulum is a structure at the anterior side, present 
in all cells, an outwardly facing depression, from which two asymmetric flagella have 
a subapical origin on the ventral right side; it is connected to the beginning of the 
furrow/gullet complex.

2.1 Evasion and defense

Ejectisomes are present in all cryptophytes and are located on the furrow/gullet 
complex underlying the periplast around the cell, the size of these organelles can be 
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big (500–700 nm) or small (250–250 nm) [24]. Ejectisomes are cylinders-like struc-
tures formed by two tightly spiraled taper tapes of unequal size, coiled together and 
surrounded by a membrane. When the organisms are stressed by sudden changes 
in pH, osmolarity, or light intensity, ejectisomes are discharged, and the cell can be 
pushed backward, showing jerky movements [8, 9, 19, 25], probably by the impact 
of the ejectisomes with an object, it is a defense mechanism that allows the cell to 
escape from predators [26]. The ejected ejectisomes are tapes unrolled that look like 
long ribbons with ruffled edges; the big ones can be 7 μm × 228 nm and small ones 
3.6 μm × 50 nm [24]. Ejectisomes are synthesized in the Golgi apparatus and are 
degraded in cytolysosomes during nutrient starvation [27].

2.2 Protection and support

Cryptophytes do not have a cell wall, but the cell membrane is covered and sand-
wiched by both an inner and surface periplast layer (Figure 1A and B), observed only 
by electron microscopy. The inner periplast component (IPC) or epiplast can be flat 
or consist of several plates of different forms, among the shapes identified are polygo-
nal, rectangular, and hexagonal [9, 14, 28, 29]. The surface periplast layer is formed 
by plates and rosulate scales; however, in some a fibrous coat can be present instead. 

(A) (B)

Figure 1. 
General drawing of a cryptomonad cell. A. Ventral view. B. Side view showing part of the inner periplast 
component. C—chloroplastid, CER—chloroplastid endoplasmic reticulum, CM—cell membrane, CV—
contractile vacuole, DF—dorsal flagellum, F—furrow, G—gullet, GA—Golgi apparatus, IPC—inner 
periplast component, LE—large ejectisome, LV—lipid vesicle, Mg—mastigonemes, Mi—mitochondrion, Nm—
nucleomorph, No—nucleolus, Nu—nucleus, PS—periplastid space, Py—pyrenoid, Ri—ribosome, SE—small 
ejectisomes, SG—starch granule, TH—tubular hair, Thy—thylakoid, TTF—thin terminal  
filament, V—vestibulum, VF—ventral flagellum.
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The epiplast is made of epiplastin, a proteinaceous substance that provides flexibility 
and protection to the cell membrane [30]. The periplast plates decrease in size toward 
the rear of the cell and disappear at the furrow/gullet complex and vestibulum [9, 31].

2.3 Motility

The motility of these cells is due to two asymmetric flagella and its cellular form. 
Both flagellums have rows of mastigonemes similar to those of stramenopiles [32]. 
The longest flagellum directed to the front has two rows of bipartite hairs, and the 
shortest flagellum directed to the back only has one, they can be observed by elec-
tron microscopy, and structure variations have been described [28]. The bipartite 
hairs are composed of a tubular attached to the axoneme, it terminates with a single 
non-tubular filament in the longest flagellum, but in the case of the shortest, it ends 
with two unequal terminal filaments [9, 20, 28]. In addition, delicate seven-sided 
scales measuring 140–170 nm in diameter are commonly attached to the hairs [33]. 
Other structures that are part of the mechanism for motility are the rhizostyle and 
a compound rootlet system. The rhizostyle is a peculiar microtubular flagellar root 
that originates near one basal body and extends toward the posterior extreme of the 
cell; in some species until the nucleus, without a physical connection, but in others, 
just to the first third of the cell and has a wing-shaped lamellar projection [29, 34]. 
The cryptophytes have a phototaxis response that is mediated by a two-rhodopsin-
based photosensory mechanism, similar to what is observed in green flagellated algae 
Chlamydomonas reinhardtii [35]. The structure of this mechanism includes an integral 
membrane protein, with a seven transmembrane alpha-helices covalently bonded to 
the retinal chromophore to make a channel structure, it is the anion channelrhodop-
sin, which is light-gated, and initially discovered in chlorophyte algae, which serve 
as photoreceptors to guide phototactic orientation [36, 37], this structure has been 
utilized in optogenetic applications [38].

2.4 Control of volume and osmolarity

The Cryptophytes do not have a cell wall, so variations in osmolarity could induce 
turgidity causing it to burst or plasmolysis causing the cell to compress. However, 
they possess a remarkable organelle, a contractile vacuole (CV), which has a rhythmic 
activity with diastolic and systolic cycles allowing for filling and emptying of CV, 
respectively [39]. This rhythmic mechanism maintains the cell volume and osmolar-
ity, the cycle last either10s in freshwater or 40s in marine water [40]. The CV is near 
where the flagella structure originates and functions usually by discharging excess 
water and ions to the vestibulum [41]. Cryptophytes and red algae also employ 
another mechanism for osmolarity and volume control, synthesis of floridoside 
(2-O-D-glycerol-α-D-galactoside); which is a low molecular weight carbohydrate that 
functions as an osmolyte [41–43]; a similar mechanism is used by red algae algae’s 
what signals an endosymbiotic inheritance [41].

2.5 Plastid of the cryptophytes

The plastids in alga and plants evolved from the endosymbiosis of a cyanobacte-
rium, which means the incorporation of one cyanobacterium in a heterotrophic cell 
[44]; this primary endosymbiosis explains the plastid origin in chlorophytes, glau-
cophytes, and red algae. Other algae stramenopiles, haptophytes, and cryptophytes 
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are the product of a secondary endosymbiosis by an unknown eukaryotic host and 
a red algal symbiont (Figure 2). Many scientific works confirm this hypothesis 
[45, 46]. These organisms possess four membranes around the plastid; the outermost 
membrane is thought to be the phagocytotic vacuole membrane that endocytosed 
the red algae and evolved to become the chloroplastic endoplasmic reticulum (CER) 
[47]. The CER is contiguous to the exterior nuclear membrane [9, 19, 48] (Figure 1), 
it involves the two outer membranes of the plastid, and has ribosomes on its outer 
surface (Figure 1) [49]. However, in contrast to other algae, the plastid of crypto-
phytes is more complex [48, 49]; between its two outer and two inner membranes, 
there is a space that is thought to correspond to the remains of the endocytosed red 
algae cytoplasm, it is called periplastid compartment (PC). One of the significant 
adaptations for endocytosis was the loss of genetic information of the endocytosed 
cell (from the nucleus and chloroplast of the red algae). However, not all nuclear 
information disappeared in Cryptophytes and Chlorarachniophytes, as occurred in 
all other secondary endosymbioses, which were sent to the host nucleus by endosym-
biotic gene transfer [50, 51]. The remanent of the nuclear information is harbored 
in the PC and constitutes consists of a small nucleus or nucleomorph (NM). The PC 
also harbors eukaryotic ribosomes, and numerous starch globules produced over the 
pyrenoid are visible in the PC (Figure 1A) [49]. The plastids of the cryptophytes 
require that most of their proteins be nucleus-encoded, and are synthesized as 
precursors in the cytosol, and subsequently imported through the four membranes 
surrounding the plastid [47, 52]. This is possible because there is a mechanism for 
importing proteins that allows crossing of 2–5 membranes when the information is 
sent to the PC, stroma, or the thylakoid lumen. There should also be a mechanism 
for the retrograde pathway, from plastid to other organelles [47]; the CER functions 
are associated with this pathway [53, 54]. Other CER functions are related to bidi-
rectional lipid and metabolite transfer and division [55]. The proteins directed to the 
plastid are synthesized as preproteins with a bipartite N-terminal signal sequence, 
which is used for a co-translational translocation of them across the outermost 
membrane, and after passing this membrane, the signal sequence is cleaved off [53]. 
The mechanism for passing the second membrane is possibly like the other four 

Figure 2. 
Secondary endosymbiosis of a red algae that evolved in a cryptomonad cell. The cryptomonads have four 
membranes plastids; the outer is the plastid endoplasmic reticulum which surrounds plastid and nucleus. The 
phycobilisomes disappeared, and only one pigment not organized in a structure that is in the thylakoid lumen. 
Nu—nucleus, No—nucleolus, Thy—thylakoid, Nm—nucleomorph, C—chloroplastid, Ri—ribosome, CER—
chloroplastid endoplasmic reticulum.
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membrane plastids. The cryptophytes possess a nuclear-encoded symbiont-specific 
ERAD machinery (endoplasmic-reticulum-associated protein degradation) and also 
SELMA (symbiont-derived ERAD-like machinery); the origin of these mechanisms is 
unclear but is being studied [47]. To reach the stroma, Toc-Tic machinery (translocon 
of the outer and inner membrane of chloroplasts) similar to that of chlorophytes and 
diatoms may need to be present; this machinery existed in the common ancestor of all 
Archaeplastida, organisms with primary plastids [47, 51, 53].

All cryptophytes have one NM in each PC (Figure 1) with a double membrane 
with pores similar to those in the nucleus and three chromosomes that NM replicates 
in coordination with the nucleus [9, 44, 56]. The understanding of the presence of 
NM could resolve some fundamental questions such as the phylogeny of other algae 
with secondary plastids that also lack this vestigial structure [48]. The position of the 
NM is characteristic of the Cryptophyte species [9, 49].

2.6 Pigments and light harvesting by red algae endosymbiont and cryptophytes

Like all phytoplankton, cryptophytes have chlorophyll a as the primary light-
harvesting pigment [57], and other accessory pigments ∝-carotene, alloxanthin, 
chlorophyll c2, and the PBPs for the capture of low light intensity in wavelengths not 
well absorbed by chlorophyll a (500–650 nm) [17, 58, 59].

The red algae and cyanobacteria have a color that depends on the predominance of 
PBPs, the orange-red PER or the blue PCY, which are in several hundred and are highly 
organized in supramolecular complexes, the phycobilisomes (PBS) (Figure 2). The PBS 
are their main light-harvesting antennae and cover the stromal surface of thylakoids 
[60]; the PBSs have mobility that lets them distribute the absorbed energy between 
photosystems (PSI and PSII) [61]. PBPs are composed of two kinds of α and β protein 
subunits and are more stable in trimer (3α + 3β) or hexamer (6α + 6β). The protein 
part of apoprotein is covalently bonded to a chromophore or phycobilin [32, 60, 62], 
these chomoproteins are united to colorless linker polypeptides [63], and constitute the 
light-harvesting antenna for transferring energy to chlorophyll a to PSII and possibly to 
PSI [32, 60, 62].

Like red algae, cryptophytes have PBPs pigments, but they do not have PBSs, and, 
they only produce one kind of PBP pigment per cell (Cr-PE or Cr-PC), packed into 
the thylakoid lumen [17, 64] without any arrangement [32, 65, 66], it gives the cell a 
red or blue color [9, 18, 19], but cells possess other accessory pigments, allowing them 
to display a great diversity of colors [67]. The ratio of Chlorophyll a: PBPs of crypto-
phytes can be several times higher than that of non-PBPs pigments [18]. The endo-
symbiosis provided the cryptophytes with new machinery that allowed diversification 
of light capture [65]; the PBPs are an auxiliary or second light-harvesting system, 
allowing them to occupy light spectra niches for more efficient light capture [65].

The PBPs of the cryptophytes are composed of two α and two β protein subunits 
and four linear tetrapyrrole chromophores or phycobilins covalently bonded by one 
or two thioether bonds to specific cysteine residues on the protein [68]; these PBPs 
provide unique spectral properties of absorption and emission fluorescence (Table 1).

The number and location of phycobilins within the protein are the primary factors 
that determine the visible absorption, the fluorescence spectrum, and the energy 
transfer pathway for any given PBP [66]. The complex of chromophores and protein 
subunits is a complete light-capturing unit; the α subunits of PBPs are encoded 
in the nuclear genome (derived from the ancestral host), whereas the β subunits 
are encoded in the plastid as in red algae, so the PBPs are unique chromoprotein 
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complexes that originated from secondary endosymbiosis [17, 65]. Another function 
of PBPs in cryptophytes is to help them with photoacclimation; this process involves 
changes in PBPs concentrations and shifts in the PBPs absorbance peaks when they 
are grown under red, blue, or green light [58]. The anterior means the photosynthetic 
system of cryptophytes is very different from other algae [75, 76], the location of PBPs 
in thylakoid lumen, the presence of dimeric PBPs forms, and the principal connection 
to PSII, but the precise mechanism remains to be discovered.

Another structure in the chloroplast is the pyrenoid, where the enzyme RUBISCO 
responsibly for CO2 fixing is located, there is one pyrenoid per plastid, and its posi-
tion is an identifying characteristic of each species (Figure 1) [31].

3. Isolation, maintenance, and availability of cryptophytes

Cryptophytes are inhabitants of still waters with a low trophic state, they reach 
maximal biomass near the summer chemocline [77], and vertically migrate as a 
mechanism for harvesting inorganic nutrients; they can grow in turbid waters with 
low light due to their efficient greenlight harvesting PBPs [64]. Nets of different kinds 
and sampling bottles can be used for collecting cryptomonads from the water col-
umn; sediments or mucilage should be placed in the water, so the cells can be  
motile while transporting them to the laboratory, and all samples should be placed at 
a low temperature [20, 77]. In the lab, the samples should be gently filtered 
(>30 μm–<200 μm) and cultured by enriching the water with one standard culture 

PBPs Color Absorption 
(nm)

Emission 
(nm)

Cryptomonad genera References

Cr-PE 545 Red 538–551 580–587 Teleaulax, Plagioselmis, 
Geminigera, Hanusia 

Guillardia, Rhinomonas, 
Pyrenomonas/Rhodomonas, 

Storeatula, Proteomonas, 
Cryptomonas, Baffinella

[13, 18, 67, 
69–71]

Cr-PE 555 Red 553–556 578 Hemiselmis [69]

Cr-PE 566 Red 563–567 600–619 Cryptomonas, Baffinella, 
Chilomonas Campylomonas, 

Falcomonas

[13, 18, 65, 70]

Cr-PC 564 Blue 557–566 N. R. Hemiselmis [72]

Cr-PC 569 Blue 568–569 650, 656 Falcomonas, Hemiselmis [13, 69, 73]

Cr-PC 577 Blue 576–578 634–641 Hemiselmis [18, 74]

Cr-PC 615 Blue 612–615 580–589 Hemiselmis subgen. 
Plagiomonas

[18, 69, 70]

Cr-PC 630 Blue 625–630 648, 649 Chroomonas [17]

Cr-PC 645 Blue 641–650 654–662 Chroomonas, Komma [69, 70, 73]

Adapted from table VI [67, 68]. The PBPs are named, including the wavelengths of maximum absorption [9, 17].N.R. 
= no reported.

Table 1. 
Different classes of phycobiliprotein (PBPs) in cryptophytes, spectral ranges of the main absorption and 
fluorescence emission maxima at visible wavelengths (nm) (Cr, cryptophytes; PE, phycoerythrin; PC, 
phycocyanin); and the actual Cryptomonad genera.
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media diluted (1:5–1:10), WARIS, and BBM (freshwater); ASP-12, ESM, f/2, and ASP 
(marine; check recipes on the CCAC, CCAP, CCMP, NIES, and SAG websites) [9, 78]. 
Cryptophytes do not grow in agar (only the palmella-forming taxa). Fluorescent light 
(20–50 μmol/m2/s), 16:8 or 12:12 light:dark cycle, and 16–25 °C. It is recommended 
that culture conditions should be the same or as close as possible to that of the 
sampling site. When cells establish a population, they can be isolated, and the method 
of choice is using a micropipette [9, 79]; another way is by dilution in a sterile 24-well 
microplate. The delicate cells do not resist the fixation with Lugol or formol, but 
glutaraldehyde 2% can be an option [9, 80, 81]. The cells can be identified as crypto-
phytes using a standard optical microscope, with respect to size, form, and move-
ment. Photographs are difficult to obtain because of cell movement, but dark field, 
phase contrast, differential interference contrast (DIC), and fluorescence microscopy 
help identify some features of cells [9, 20]. For maintaining the isolated cells, low 
temperature and low light are recommended. With heterotrophic cryptophytes like 
Goniomonas and Chilomonas, an organic carbon source, like a sterilized wheat seed, 
pea, or lentil, in a soil-water media are typically provided. Some also grow in WARIS 
added with soil extract [9, 20]. Different strains of cryptomonads are available in 
collections around the world.

4. Taxonomy

Although distinguishing cryptophyte cells from other flagellated cells is relatively 
easy by their movement, gross morphology, and epifluorescence; classifying by genus 
and species is difficult [9, 82]. Initial investigations proposed the morphology and 
color as a basis for this definition [20, 23, 25], but color changes depending on the cell 
stage and culture conditions, mainly light and nitrogen [83, 84]. Characteristics such 
as the groove/gullet complex, or ultrastructural features such as flagella, the position 
of NM, pyrenoid, and IPC, can only observed with an electron microscope, but could 
be characters of taxonomic value. However, this is view has changed after discovery 
that some species with haploid and diploid phases can have very different morpholo-
gies, suggesting that there is an intermediary stage sexual reproduction that could be 
confounding taxonomic certainty of species [9, 31, 81].

Among the characteristics used in Cryptophyte systematics are the presence or 
absence and the kind of accessory pigment (PER or PCY) (Table 1) [23, 28, 33]. 
The ultrastructural traits such as the arrangement of flagellar hairs [28], the number 
and location of the NM in the PC [1, 23], the presence and location of the eyespot in 
Chroomonas species, the type of scales comprising the outer periplast component, 
number location, and type of pyrenoids [8, 23], number of chloroplast per cell [85] 
are some of the taxonomic keys still used. Advances in molecular tools improved the 
phylogeny of the groups. There is a correspondence between molecular data with 
biliprotein, but it has not found with other morphological traits like IPC.

Life histories may be another character. Although initially it was thought that all 
cryptophytes divided only vegetatively, now species such as Proteomonas sulcata have 
been identified to have a dimorphic life cycle [86], Cryptomonas/Campylomonas [83], 
Teleaulax/Plagioselmis [13], are known to have complex life cycles. In some cases, 
those species have shown alternation of generations, with very different forms [10] 
and haploid/diploid phases. They had even been classified as different species. The 
aforementioned shows how complicated the taxonomic classification of crypto-
phytes can be.
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Few of the genes more employed in the cryptophytes phylogeny are nuclear, 18S, 
ITS1, 5.8S, ITS2, 28S, SSU, LSU rDNA [13, 70, 87]; the nucleomorph SSU rDNA and 
18S rDNA [83], and the chloroplast psbA [32].

The Cryptomonad classification of the Phylum Cryptophyta is shown in Table 2; 
however, this table will change in the future to reflect advances in knowledge, cultur-
ing, and electron microscopy.

5. Culturing of Cryptophyta

Due to their biochemistry, Cryptophytes have applications in aquaculture 
and a wide variety of biotechnology applications. The most studied species are 
Pyrenomonadales of the Pyrenomonadaceae family, Rhodomonas/Storeatula/
Rhinomonas, and from the family of Geminigeraceae, Geminigera, Teleaulax, 
Guillardia, Proteomonas.

5.1 For aquaculture

At the experimental level, cryptophytes have been cultivated using batch systems 
to determine the effect on the growth of environmental parameters, temperature 
(12–32°C) [91–94], light in quality (white, blue, green, and red) [94, 95] and quantity 
(11–600 μM m−2 s−1) [91, 93, 94, 96–98], nitrogen sources (nitrates, ammonium, 
urea) [90, 99, 100] and quantities [92, 96], all of this has been carried out to optimize 
the culture under laboratory conditions (Figure 3).

References

Class Goniomonadophyceae

Order: Goniomonadida

Family: Goniomonadaceae; Genus: Goniomonas

Class Cryptophyceae

Order: Cryptophyceae

Family: Cryptomonadaceae; Genus: Cryptomonas (includes Campylomonas/Chilomonas) [82, 88]

Order: Pyrenomonadales

Family: Pyrenomonadaceae

Genus: Rhodomonas/Storeatula/Rhinomonas [89]

Family: Geminigeraceae

Genus: Geminigera/Teleaulax/Plagioselmis, Hanusia, Guillardia, Proteomonas [13]

Family: Chroomonadaceae

Genus: Chroomonas, Falcomonas, Komma [88]

Family: Hemiselmidaceae

Genus: Hemiselmis

Clay, Kugrens and Lee [23, 90]. The color of the genus indicates the kind of pigment it contains. Red = Cr-phycoerythrin, 
Blue = Cr-phycocyanin, Black = No color = no photosynthetic, no chloroplasts present.

Table 2. 
Cryptomonad classification of the phylum Cryptophyta Cavalier-Smith emend.
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Cells are easily cultured in small volumes and can reach cell densities of 4–6 × 106 
cells ml−1; they are considered an important food source for use in aquaculture since 
the biomass has a high content of proteins, lipids, fatty acids (PUFA, HUFA), and 
sterols; with an EPA/DHA ratio close to two [22, 101, 102]. The high nutritional value 
was especially recognized for copepods [98, 102–105] and mollusks [105, 106]. The 
cryptophytes Rhodomonas sp., R. salina, R. baltica, and R. reticulata have been among 
the most widely used in aquaculture, and their size (5–20 μm) allows them to be 
ingested by copepods (medium and adult sizes) that prefer these to other algal groups 
(Diatoms or Chlorophytes) (personal observation), and mollusks in seed stage, 
juveniles, and adults. Cryptophytes do not have a cell wall, therefore allows for easier 
digestion and absorption. The most employed medium is f/2- Si [22, 90, 92, 93, 96, 
99, 100, 107], followed by B1 [98, 108], L1 [91], Z8 [109], and 2f [94], with average 
specific growth rates (μ) between 0.48 and 0.88, indicted that growth is slow for these 
organisms. Optimal temperatures of 19–24°C for cultivation make using these cells 
less feasible in temperate zones.

For aquaculture, Rhodomonas has been cultured in carboys (20 L) as a batch system; 
it has been reported that bigger scale cultures have presented difficulties, with unex-
pected plateau phases or even death compared to Cryptomonas sp., more stable and 
predictable [102]. Semicontinuous cultures of Rhodomonas sp. (20 L) have been used for 
aquaculture, with exchange rates of 0.33 every third day [102]. The main limitations for 
scaling cultures in nutrient sufficiency are the maintaining light conditions and culture 
in suspension without damaging cells. Continuous cultures of Rhodomonas salina and 
Rhodomonas sp. in column photobioreactors (94 L) have been carried out for feeding 
copepods [108], with exchange rates of 0.46 d−1 and mean cell densities of 2.40 × 106 
cells ml−1. The main changes in those systems were: a smaller column diameter (0.2 m), 
agitation by supplying air mixed with CO2 from the bottom, and in wider columns 
(0.8 m and 500 L), the central and external illumination of indoor cultures with differ-
ent strains (Teleaulax amphioxeia—TA, Rhinomonas sp., Chroomonas sp.) [90]. In this 
last, cell densities were lower than previously reported (4.6–6.4 × 105 cells ml−1). However, 
the percentages of EPA and DHA (of TFA) were very stable during the stationary phase, 
higher for TA (14.6–11%) with slight variations depending on the culture medium  
(f/2 or urea compound fertilizer), which confirms its high nutritional potential.

The first to work on continuous cultures of Rhodomonas sp. using a photobioreactor 
tubular (200 L) in a greenhouse with natural light [109] showed biomass concentra-
tions up to 1.5 g L−1, 2–5 times higher than previous reports [108]. These results suggest 
that outdoors cultures can be a good strategy for improving the productivity of crypto-
phytes and could be a field to open these cells to more biotechnological applications.

Figure 3. 
Photographs of Proteomonas sulcata cultures in a batch system.
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5.2 Pigments production (Cr-PE and Cr-PC)

There are advantages to the production of PBPs from Cryptophytes. The first is 
that they are water-soluble compounds; furthermore, compared to cyanobacteria 
and red algae, each species of Cryptophyte produces only one type of PBP pigment 
(Cr-PE or Cr-PC) (Table 1), and the cells are easily broken to free PBPs by freezing 
and thawing. An inversely proportional relationship relates the PBPs production to 
irradiance [107, 110]; it is contrary to the biomass, which is directly related [95]. The 
Cr-PE production (pg cell−1) is also related to wavelength, and has been observed 
that red light induces a greater production, followed by green light [110] during the 
exponential stage of culture when there are sufficient nutrients. The cryptophytes 
studied were Rhodomonas sp., Proteomonas sulcata, [92, 98, 110–112]; Guillardia theta, 
R. salina, P. sulcata, Storeatula sp., and Chroomonas mesostigmatica [69]. The content of 
PBPs in Cryptophytes can be up to 20% of dry cell weight, which contrasts with other 
photosynthetic pigments (chlorophyll and carotenoids), which are up to 10 times 
lower [69]; these PBPs percentages can be reached under the sufficiency of nutrients 
and low irradiance (20–40 μM m−2 s−1). It is important to mention, when cells lack 
nutrients, especially nitrogen, the decrease in pigment content is proportional to 
the nutrient deficit, this fact has suggested that pigments are a nitrogen reserve [84] 
like in cyanobacteria. Understanding the role of PBPs in the cryptophytes would 
help solve the problem of high biomass with low pigment or low biomass with high 
pigment.

The best method for extracting PBPs from biomass, which is obtained by centrifu-
gation, is to suspend biomass in buffer phosphate (0.1 mol L−1) (pH 6, 7–7.2) in accord 
to [69, 113]. Then cycles of frozen/thaw, homogenize the suspension and centrifugate 
(11,000 g) to remove the cellular debris, obtain the supernatant; measure the absor-
bance by a scan (450–750 nm), determine the maximal absorption employing 1 cm 
quartz cuvette, and use buffer phosphate as blank. Samples not analyzed immediately 
can remain at −20°C or − 80°C (until six months). For determining the PBPs content 
(C pg cell−1), Eq. (1) is proposed by [69]:

 
1210A VbC MW

d Vs Nε
= × × ×

∗
  (1)

Where A = absorbance of sample, ε  = extinction coefficient, for Cr-PE (5.67 × 
105 L mol−1 cm−1) [114] and for Cr-PC (5.7 × 105 L mol−1 cm−1) [115], d = path length, 
MW = molecular weight (Cr-PE =45,000; Cr-PC = 50,000 Da) Vb and Vs = volume of 
buffer and sample, N = number of cells L−1.

The extraction mentioned produces a crude extract, which has to be purified 
for higher quality and value; depending on the purity, PBPs can reach a price of 130 
USD – to 15–33 × 103 USD per gram [116, 117]. In general, the purification procedures 
consist of removing impurities by precipitation with ammonium sulfate, dialyzation, 
and separation by gel filtration chromatography [118]; in [119], Table 1 lists various 
procedures employed for PBPs purification.

6. Biotechnological applications

Cryptophytes are cells with unique biochemistry; for example, it has a high 
and balanced content of PUFA (ALA, SDA, EPA, DHA) [21, 22], phytosterols, 
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carbohydrates [21], and fluorescent pigments PBPs. Each of these compounds has 
effects on health [21, 22, 83, 120], giving them a wide variety of potential applications 
in food, cosmetics, pharmaceuticals, medicine, immunology, as well as for scientific 
research [116]. There are many patents for these applications, but most are related to 
fluorescent properties of PBPs [121].

The food and beverage industries have increased attention to natural pigments 
from microorganisms, especially aquatic products from macro and microalgae [21]. 
This trend is predicted to continue in the future due to increasing consumer health 
consciousness of potential and known harmful effects of synthetic compounds. Other 
advantages are stability, considering temperature, pH, osmolarity, low reactivity 
[122–124], and the health-promoting effects from another point of view [121]. An 
advantage is that the market for cyanobacteria and their PBPs (mainly Arthrospira, 
Anabaena) and red alga (Porphyridium and Galdieria) has been established. For 
PBPs and their products, in 2010, it was estimated to be around US$60 million 
[125]. Another critical factor for industries is the stability of PBPs, they showed 
good range of stability between pH 5–10 and between −20 and 80°C, and it could be 
prolonged by adding preservatives [124]. The blue (PCY) and red (PER) pigments 
that Cryptophytes provide is attractive to the food and cosmetic industries [21]. Some 
of their uses are in chewing gum, desserts, candies, dairy products, ice cream, soft 
drinks in different presentations (aqueous and alcoholic), and cosmetics like lipstick 
and eyeliners [116, 119, 126, 127]. Some applications like food and cosmetics do not 
need high purity, thus semi-purified pigments are an attractive option since they 
are less expensive than highly purified pigments, that are needed for using them as 
molecular markers. The purity is measured by the ratio of the maximum pigment 
absorbance divided by its absorbance at 280 nm; for food, a ratio of ≥0.7 is accepted, 
a reagent grade is ~3.9, and analytical grade ≥4.0 [117], that is the reason why PER is 
expensive and sold anywhere from US$200 to US$100,000/kg.

In regards to the effects of PBPs, some are related to their antioxidant potential 
[119, 128, 129] as they are natural ROS scavengers, have anti-inflammatory [130, 131], 
and anti-aging properties [119, 128, 129]. Other protective effects of PBPs are located 
in mitochondria membrane from ROS stress, which could maintain cellular viability 
and proliferation [131, 132] in different health problems. PCY also has a pro-apoptotic 
effect in different cancer cell lines and is an inhibitor of COX-2 enzyme, which con-
verts arachidonic acid to prostaglandins and plays a crucial role in tumor progression 
and chemical resistance, and the PGE2, which participates in promoting angiogenesis 
[132]. PCY has been observed as an inhibitor of viral protease activities (i. e. SARS-
CoV-2) [133, 134], which could mean antiviral protection. The anti-diabetes activity 
of phycocyanobilin could be due to the inhibition of NADPH oxidase and the protec-
tive effects against human lymphatic endothelial cells apoptosis, which also explains 
its neuroprotective effects [135].

PBPs play an essential role in fluorescent-based detection systems, like with flow 
cytometry, epifluorescence, and confocal microscopy for fluorescent immunoassays 
like protein electrophoresis [136], immunophenotyping; they can also be used as 
selective markers of specific biological structures, i.e., arterial wall thickness, athero-
sclerotic plaque, luminal boundaries and to better delineate tumors mass outlines and 
such other fluorescent studies [121, 137]. Spectral properties, such as excitation and 
emission at the red end of the spectrum and diminished interference from biological 
matrices give it considerable stability for quenching compared to other biological 
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compounds. In addition, PBPs have high water solubility with minimal interac-
tion with other substances, and the ease of binding to antibodies by conventional 
cross-linking reagents, have made these fluorochromes unique and superior to other 
products, i.e. for medical tagging [137–139]. All of this is motive for developing new 
biotechnological processes and products, and the commercialization of new patents is 
still a goal in the near future.

7. Conclusion and prospects

The cryptophytes are secondary endosymbionts that inherited many red algae 
characteristics, but differences involving morphology and physiology make them 
unique and not completely understood. The functioning of PBPs as a secondary 
antenna into the thylakoid and its connection to photosynthesis, the PBPs as an 
energy reserve, to understand why these cells still have a vestigial nucleus NM with 
three chromosomes, the way the nucleus coordinates the activities of NM and plastid 
are some of the mysteries for the scientist to solve. From an applications point of view, 
cryptophytes have high nutritive value that includes a balanced PUFA profile, high 
protein content, and the possibility to induce a high content of PCY or PER, antioxi-
dant pigments, as well as having a very stable fluorescence making it attractive for 
use in research, thus its future looks promising and applications using cryptophytes 
should grow. From a production perspective, these cells have some advantages com-
pared to other producers of PBPs, they have only one type of pigment. Cryptophytes 
lack of a cell wall facilitating digestion and nutrient absorption by organism and 
the extraction of products, and in addition have high content of PBPs with a lower 
molecular weight. The low growth rates and how to achieve the scaling necessary for 
high biomass with high pigments content will continue to be a challenge in the near 
future. Improvements will come probably by improved understanding of its physiol-
ogy. Also, needed is to increase the variety of organisms in collections, improve the 
culture procedures including photobioreactors, and finally make more accessible 
purification methods.
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Chapter 4

Transcription Flexibility of 
Dunaliella Chloroplast Genome
Leila Zarandi Miandoab

Abstract

When a Dunaliella salina cell is stressed, a series of adaptive changes occur, 
including gene expression regulation, acclimating to new conditions, and maintain-
ing survival. Due to the natural habitat and the high adaptability of this extraordinary 
organism to the intolerable environment for other photosynthetic organisms, the 
plasticity of metabolic pathways has been proven. In this regard, it seems that manip-
ulating the amount and activity of enzymes involved in these pathways is inevitable. 
Therefore, both nuclear and organelles genomes must sense environmental fluctua-
tion quickly and accurately to respond appropriately to those changes during tran-
scription or post-transcriptional stages. In addition to the nuclear genome, D. salina 
has an autonomous chloroplast genome, consisting of 66, and a mitochondria genome 
consisting of seven genes encoding proteins. The mystery of D. salina survival in 
harsh environments, from 5 M salinity salt lakes to the Atacama Desert Caves, lies in 
this flexibility and adaptability from molecular levels to the metabolic pathway of  
D. salina cells. Therefore, who can say prudently that the prosperity of D. salina 
depends on flexibility in the regulation of plastid gene expression?

Keywords: acclimation, transcription, Dunaliella salina, chloroplast genome, survival

1. Introduction

Microalgae are worldwide microscopic organisms capable of producing valuable 
bioactive components from biomass to molecules with drug properties. The rapid 
growth, utilization of a wide variety of water sources, and photosynthetic activity 
are the reason for microalgae’s success in producing such compounds. High photo-
synthesis efficiency in microalgae and acclimation power in various ecosystems make 
microalgae attractive model organisms for the investigation of tolerance mechanisms.

Dunaliella is one of the important microalgae Genus with special characteristics in 
the dominated territory. Dunaliella spices also have wonderful ecological attributes, 
for example, Dunaliella acidophila can survive in pH 1 and D. salina can live in hyper-
saline even crystallizer ponds.

Though the genus and its species have been studied for over a century and a half, 
there are still a lot of unanswered questions about its magic tools for such behavior.

The interest in D. salina and the hired methods and used strategies by it to survive 
in intolerable environments for other photosynthetic organisms dates back to the 
1870s. Till now the research on those strategies has reached molecular levels, and 
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regulating the expression of genes involved in cellular metabolic pathways leads to 
acclimation and adaptation to diverse environments. It is thought that the flexibility 
of nuclear and organellar gene expression is one of these mysterious tools.

So, in this chapter, an attempt has been made to be paid a slight aspect of the flex-
ibility of D. salina, this particular cell, in the regulation of chloroplast gene expression 
focusing on transcription factors.

2. Endosymbiotic theory and the origin of the organelle genome

Endosymbiosis proposes that the origin of today’s eukaryotic organelles evolved 
through a symbiosis process between two primitive free-living cells. One prokaryote 
cell was swallowed by the precursor of modern eukaryotes. According to Martin et 
al. [1], the primary nucleus probably consists of pressing a piece of the cytoplasmic 
membrane around chromosomes. The nucleated primary cell, which moved like an 
amoeba by creating false feet, then swallowed the primary prokaryotic cells during 
phagocytosis, and, for some unknown reason, a number of the ingested prokaryotes 
survived inside the amoebic cell and became the basis for the symbiosis of above-
mentioned cells [1].

According to endosymbiont theory, ingested early prokaryotes retained their spe-
cific traits while surviving. They benefited their nucleated host from the advantages 
of their specific metabolic abilities. It is believed that a bacterium capable of oxidative 
metabolism is the ancestor of primary mitochondria and a photosynthetic bacterium 
is the ancestor of primary chloroplast [2].

They eventually lost their cell wall and much of their DNA because they were 
useless inside the host cell. Thus, both mitochondria and chloroplasts have their 
DNA, but both also depend on nuclear genes for some functions [2]. Some organellar 
protein genes (as whole or partial) are present in the nucleus.

Three issues mentioned by Mereschkowsky [3] about plastid insertion into eucary-
otic cells are as follows:

i. plastids are indubitably diminished cyanobacteria that entered into a symbio-
sis with a heterotrophic nucleated host cell in early evolution,

ii. heterotrophic nucleated host cell was itself the product of an earlier symbiosis 
between a larger, heterotrophic, amoeboid host cell and a smaller “micrococcal” 
endosymbiont that make the nucleus, which gained plastids,

iii. the plant’s autotrophy and self-sufficiency are completely beholden to  
cyanobacteria [1].

The following provides further evidence for the Endosymbiotic Theory:

• Chloroplast’s size, division method (fission), and the existence of Fts proteins at 
their dividing surface is similar to prokaryotic cells.

• Mitochondria size, division method (dual fission), and the existence of Fts 
homologs at their dividing surface are similar to prokaryotic cells.

• Mitochondria and chloroplasts have their DNA, which is circular, not linear.
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• Mitochondria and chloroplasts have their organellar ribosomes (the 30S and 50S 
subunits), not 40S and 60S [1].

The possibility of the presence of some genes outside the nucleus – which were 
originally known as extra-chromosomal genes –was first proposed in the 1950s to 
justify the unusual inherited pattern of some genes in the fungus Neurospora crassa, 
the yeast Saccharomyces cerevisiae, and the photosynthetic alga Chlamydomonas 
reinhardtii.

Simultaneous biochemical and electron microscopy studies have increased the 
possibility of the presence of DNA in mitochondria and chloroplasts. As a result, in 
the early 1960s, different sets of data were put together and the existence of chlo-
roplasts and mitochondria genomes was accepted independently of the eukaryotic 
nucleus genome.

The theory of endosymbiotic is corroborated by observations in which the pro-
cesses of gene expression in organelles are similar to those processes in bacteria. In 
addition, when the nucleotide sequences were compared, the genes of the organelles 
were very similar to their counterparts in the bacteria rather than to the genes in the 
eukaryotic nucleus.

The theory of endosymbiotic was confirmed by the discovery of organisms that 
show more primitive stages of endosymbiosis than mitochondria and chloroplasts. 
For example, the early stages of endosymbiosis have been observed in the single-
called Cyanophora paradox, whose photosynthetic structures are different from those 
of chloroplasts and consist of a community of ingested cyanobacteria. In a similar 
vein, Rickettsia, which lives inside eukaryotic cells, is likely to be an advanced type of 
bacteria that makes up mitochondria.

According to the theory of endosymbiotic, after the primary cyanobacteria 
eaten by the primary eukaryotic cell are not digested for unknown reasons, the 
newcomer’s behavior must be controlled by the host and transform from a self-
sufficient organism to a semi-self-sufficient employee. They exchanged genetic 
material and somehow divided tasks. Regarding the information required for 
the biosynthesis of the important photosynthetic enzyme Rubisco, this division 
of tasks has been done in such a way that the genes related to the large subunit 
remain in the genome of the old cyanobacterium and the new organ that had 
been the feature of oxygen photosynthesis. However, small subunit genes that 
were responsible for regulating enzyme function and activity were transferred 
to the host cell nucleus. It seems that the original genome thus wanted and was 
able to control and initiate the function and status and activity of the enzyme 
within the primary chloroplast. Another group of genes in the chloroplast 
organelle genome is related to the proteins and nucleic acids of the organellar 
ribosomes.

2.1 Physical properties of the organelle genome

Almost all eukaryotes have a mitochondrial genome and all photosynthetic 
eukaryotes have a chloroplast genome in addition to the mitochondrial ones. All 
organelle genomes were initially thought to be circular DNA molecules. Electron 
microscopy showed that in some organelles, DNA was present in both circular and 
linear shapes. But linear molecules were assumed to be simple fragments of circular 
genomes created by breaking circular genomes during sample preparation for elec-
tron microscopy.
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The genomes of most mitochondria and chloroplasts are now believed to be 
circular, but it has recently been discovered that there are many different forms of 
genomes in different organisms. In many eukaryotes, circular genomes are present 
along with linear types in the organelles, and in chloroplasts, there are small circular 
fragments that make up the entire subset of the genome. A recent pattern culminates 
in seaweed Dinoflagellate, whose chloroplast genome is divided into many small 
rings, each carrying only one gene. We now find that the mitochondrial genomes of 
some microbial eukaryotes, such as Paramecium, Chlamydomonas, and the types of 
yeasts, are always linear.

The number of organelles genome copies is not well defined. Each mitochondrion 
of a human cell has approximately 10 identical molecules, reaching about 8000 
copies per cell, but in S. cerevisiae, even if there are more than 100 genomic copies 
in each mitochondrion, the total number of genomes per cell is less (less than 6500) 
will be. Photosynthetic microorganisms, such as Chlamydomonas, have approxi-
mately 1000 chloroplast genomes per cell, which is about one-fifth of the number in 
the plant cell.

The size of the mitochondrial genome varies and does not depend on the complex-
ity of the organism. Most multicellular organisms have small mitochondrial genomes 
with a compact genetic organization in which the genes are close together and slightly 
apart. Most lower eukaryotes, such as S. cerevisiae and flowering plants, have larger, 
less compact mitochondrial genomes, some of which have introns. The genome of 
chloroplasts is less varied in size and most of them have the same structure as the 
genome of rice chloroplast.

2.2 Genetic content of an organelle genome

The genome of organelles is much smaller than the genome of the cell nucleus, 
so their gene content is expected to be very limited. In terms of genetic content, the 
mitochondrial genome shows more diversity. Their gene content varies from five 
genes in the malaria parasite Plasmodium falciparum to 92 genes in the Reclinomonas 
americana unicellular. All mitochondrial genomes have genes for noncoding rRNAs 
and some respiratory chain protein components that are linked to the main biochemi-
cal characteristics of mitochondria.

In genomes with higher gene content, there are genes for tRNA, ribosomal pro-
teins, and proteins involved in the transcription, translation, and transfer of other 
proteins from the cell cytoplasm into the mitochondria. Most chloroplast genomes 
have a similar set of 200 genes or more than encode rRNA, tRNA, ribosomal proteins, 
and photosynthetic proteins.

An important principle of the endosymbiotic theory is the preservation of 
organelles genomes. Why have organelles preserved their DNA? John F. Allen’s CoRR 
hypothesis (co-location for redox regulation) described the best answer to that 
question: It proposes that organelles have protected genomes to be independent in the 
expression of the respiratory and photosynthetic electron transport chains elements. 
This independence is essential to maintain Redox Balance in the bioenergetic mem-
brane. Hence the CoRR hypothesis states that plastids and mitochondria have focused 
on genes encoded electron transport chain components, and organellar ribosome 
rRNA and proteins as organelle translation machine tools. The ribosome biogenesis 
and assembly process require that some proteins need to be co-expressed in the same 
compartment as their nascent rRNAs. The convergence observed in gene content in 
plastid and mitochondrial genomes is striking [4].
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For the explanation of the redox balance phrase, can be said it refers to the smooth 
flow of electrons through the electron transport chain in mitochondria and chlo-
roplasts. These two organelles have electron transport chains that generate proton 
gradients and produce ATP. Quinols and quinones are essential components in both 
electron transport chains [5].

If the flow of electrons through the inner mitochondrial membrane or the thy-
lakoid as a bioenergetic membrane is disrupted, the steady-state quinol (reduced 
form of the quinones) concentration increases and the quinols can transfer electrons 
non-enzymatically to O2 and generate the superoxide radical (O2−), the start point of 
ROS dissemination. Electron flow disturbance occurs when, downstream components 
are in insufficient amounts, or upstream components are too active. Without retain-
ing the genome, the electron transport chain and the redox state of the organelle will 
be abandoned, leading to the destruction of the organelle [6].

3. Why Dunaliella

Given the title of this book, the author intends to clarify the importance and 
role of adaptation and flexibility of transcription regulation of all proteins encod-
ing proteins in organelles genomes, especially chloroplasts, by focusing on popular 
microalgae D. salina.

D. salina is considered for high ability in production and accumulation of massive 
amounts of β-carotene. Because of its spatial properties, various fields of scientists 
and researchers like D. salins. From 1870 decades of investigation about mechanisms 
and strategies for optimization of production, extraction and application started and  
followed now. But it is not only about orange pigment and other subjects, such as 
genetics, proteins, bioactive compounds, and phytoremediation properties, also 
attractive [7–13]. Among all Dunaliella spices, D. salina is a typic organism for the 
magic and strong power of survival in harsh environments.

D. salina lives in saline rivers, saline lakes exposed to intense light and dryness, 
and out-of-mind places on earth. Azúa-Bustos and his collage in 2010 reported a 
novel subaerial Dunaliella species growing on cave spiderwebs in the Atacama Desert, 
which was very surprising. In ancient Atacameño culture and the original language of 
the Atacameños “Kunza,” there is no word equivalent to “rain,” and the growth and 
survival of a photosynthetic organism in such conditions are very wonderful.

Easiness of cultivation, diversity of known strains (such as CCAP19/18, CCAP 
19/20, and CCAP 19/30) and geographical isolates, lack of disturbing rigid cell wall 
for DNA extraction, being unicellular and having only one cup shape chloroplast 
(that means only a plastid genome that facilitates the develop homoplasmic lines of 
plastid transformants versus multicellular species) and relativity with C. reinhardtii 
and Volvox carteri, has made D. salina marvelous algae for organelle genome research 
and plastome engineering [14].

Such a large area and habitation in a diverse environment in terms of physical and 
chemical conditions can only indicate and confirm the fact that “D. salina has the 
solution to deal with any environmental fluctuations.” D. salina can easily and quickly 
understand the changes in its living environment and select and implement the best 
response leading to survival.

Environmental changes can include light intensity, temperature, acidity (pH), the 
amount and concentration of nutrients, the amount of water, salinity, heavy metals, and 
even the presence of other organisms for which they may appear as pathogens or pests.
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Understanding such a variety of physicochemical and biological factors requires 
highly sensitive and efficient sensors and receivers that can transmit environmental 
messages to the cell control room scilicet NUCLEUS.

In the next step, the nucleus genome modulates the biosynthesis of some metabo-
lites and overproduces some other metabolites, including glycerol and beta-carotene, 
by regulating the transcription of specific genes, especially those involved in specific 
metabolic pathways.

The presence of some protein-coding genes in organelle genomes inevitably 
regulates their transcription and coordination with the transcription process of 
nuclear genes. Therefore, the nucleus sends representatives, including transcription 
factors, to the organelles to control transcription. Each TF is affected by one or more 
environmental factors. It carries the message to genes that have the corresponding 
transcription elements and the TF binding site above the initial codon.

One or more TF may be located in the regulatory and promoter region of a gene or 
gene clusters (some organelles genes, especially in chloroplasts, are operated under 
the control of a promoter), the result of which can accelerate gene recognition by 
RNA polymerase and start transcription, or vice versa, prevent the establishment of 
RNA polymerase in its area and do not allow transcription.

3.1 Dunaliella organellar genome

The D. salina mitochondrial and plastid genomes are 28.3 and 269 kb, respectively, 
and assemble as circular molecules The mitochondrial genome (mtDNA) of D. salina 
is average, 51.5 kb; the size of the D. salina plastid genome (ptDNA) is more pro-
nounced than its mitochondrial counterpart, being the largest ptDNA sequenced thus 
far, complete mitochondrial DNA named mtDNA and plastid DNA as ptDNA. A pair 
of inverted repeats (14.4 kb), in the D. salina ptDNA, divide into a large (127.3 kb) and 
a small single-copy region (112.9 kb), named the LSC and SSC regions.

The GC content of the D. salina mitochondria DNAs is 34.4% and plastid 32.1%, 
which regarding other Archaeplastida organelle genomes is common.

D. salina organelles in the members of the Chlamydomonadales are poor in GC or 
rich in AT, which is important because the Chlamydomonadales contain species with 
GC-rich mitochondrial genomes. The different regions of the D. salina mitochondrial 
and plastid genomes have relatively constant GC content. As:

• Coding DNA: 33%(mtDNA) and 34%(ptDNA);

• Introns and intronic open reading frames (ORFs): 34%(mtDNA) and 
32%(ptDNA);

• Intergenic regions: 37%(mtDNA) and 31%(ptDNA).

It is better to know the GC content for the different codon-site positions of the 
mtDNA and ptDNA protein-coding regions, is approximately.

• 1st position: 38%(mtDNA) and 42%(ptDNA);

• 2nd position: 38% (mtDNA) and 52% (ptDNA);

• 3rd position: 19% (mtDNA) and 13% (ptDNA).
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The D. salina organelle genomes are large, circular-mapping molecules with ~60% 
noncoding DNA, this amount of noncoding DNA led to placing them among the 
most inflated organelle DNAs sampled from the Chlorophyta. The D. salina plastid 
genome, about 269 kb, is the largest complete plastid DNA sequence currently depos-
ited in GenBank. D. salina organelle genomes have uniquely high intron densities. For 
mitochondria DNA ~1.5 and plastid DNA ~0.4 introns per gene [14].

3.2 Transfer of genetic material between the Dunaliella chloroplast and nucleus

The CoRR theory seems to explain well the presence of independent genomes of 
organelles comes from the Endosymbiotic theory. But the grade of independence of 
organelle genomes has changed over time.

In this way, several genes have been transferred to the nucleus genome, and some 
have been intelligently conserved in the organelle’s genome. But the same genes 
located in the organelle’s genome can be controlled and regulated by the nucleus 
genome.

Numerous regulatory regions and sites can be identified above the origin codon 
organelle’s genome. Cis-regulatory elements are known to be controllable by organ-
specific transcription factors. These transcription factors originate from the nuclear 
genome and enter the organelle to regulate the transcription of the organelle’s 
genome.

4.  The importance of collaboration and coordination between  
Dunaliella genomes

Nuclear monitoring of chloroplast transcription is essential for harmony. The 
expression of genes encoded by the chloroplast genome is highly dependent on a 
wide range of factors of nuclear origin. In turn, these factors regulate the expression 
of plastid genes in response to various environmental and developmental signals. 
Regulatory factors are widely present at various stages of plastid gene expression, 
including transcription, RNA editing, post-transcriptional RNA modification, RNA 
binding, and translation [15].

The transcription system of prokaryotes is different and simplest than that of 
eukaryotes. It is believed that the prokaryotic gene transcription features have 
been hired for genome transcription in chloroplasts. Although, at the plastome 
whole-genome level, the polycistronic operon transcription model cannot account 
for all the chloroplast transcription products, especially regarding various 
RNA isoforms. Analysis of algal and higher plants plastids and cyanobacteria 
transcriptomes revealed that the entire plastome is transcribed and that this 
attribute is inherited from prokaryotic cyanobacteria, the ancestor of the chlo-
roplast genomes that separated about 1 billion years ago. A multiple arrangement 
transcription model was proposed by Shi and Wang that multiple transcription 
initiations and terminations combine randomly to execute the genome transcrip-
tion followed by subsequent RNA processing events, which elucidates the full 
chloroplast genome transcription phenomenon and numerous functional and/or 
aberrant pre-RNAs [16].

Despite living in eukaryotic host cells for almost one billion years since their 
coexistence event, plastids still retain their prokaryotic properties. Previous 
studies have shown that plastids preserved some prokaryotic properties, such as 
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prokaryotic gene promoters and terminators, and clustered transcripts of the gene. 
At first, it was thought that some chloroplast functional genes are transcribed as 
polystyrene transcripts and then processed into small, mature RNAs. There are 
almost 20 large transcription units and most of these areas are not transcribed, 
such as areas between two transcription units. Under such a polystyrene operon 
transcription model, plastome genes can be transcribed from intrinsic true promot-
ers and later constituted constant-size transcripts. However, this model cannot 
consider all transcription products across the genome, including massive plastid-
encoded RNA output, gene-like transcription, multiple or multiple alternative 
promoters and terminators, overlapping isoforms, and gene transcription binding 
in the same polystyrene. This transcriptional and heterogeneous dynamics suggest 
that an additional overall transcriptional mechanism causes transcription of the 
entire plastom.

Transcription of chloroplast genome genes is controlled by various factors of 
nuclear origin. Primary factors affecting the transcription of genes in the chloro-
plast genome are NEP and additional and non-nuclear PEP subunits. In a group of 
additional PEP subunits, additional nuclear-encoded protein factors (PAPs) and 
transcription initiation factors (sigma factors) can be detected. It is well known that 
PAPs are essential in transcription regulation, however, some of their exact functions 
have not been proven.

5.  Transcription machine and transcription regulation  
methods in chloroplasts

Chloroplasts are believed to have emerged as a result of the coexistence of photo-
synthetic cyanobacteria and the ancestors of modern eukaryotic plant cells following 
various genomic rearrangements. Compared to the genome of cyanobacteria, which 
is 3Mpz, the genome of terrestrial chloroplasts is 20 times smaller. Despite such a size 
difference between the two genomes, the expression of chloroplast genes is regulated 
by more complex systems than cyanobacterial genes. Most importantly, the expres-
sion of chloroplast genes strongly depends on post-transcriptional regulation, which 
includes polystyrene mRNA processing, intron binding, and RNA editing. Chloroplast 
genes are transcribed in flowering plants by two types of RNA polymerase. Multi-
subunit bacterial species (PEP) RNA is encoded by the chloroplast genome and Phage 
Polymerase T3/T7 RNA (NEP) is encoded by the nuclear genome. In adult chloro-
plasts, PEP represents the primary transcription machine, which transcribes more 
than 80% of the original chloroplast transcripts. NEP, on the other hand, transcribes 
chloroplast housekeeping genes. NEP is a phage-type RNA polymerase enzyme with a 
single subunit [15].

Both PEP and NEP are essential for the transcription of chloroplast proteins. 
Even though NEP and PEP identify different promoters, many chloroplast genes 
have promoters that are detected by both PEP and NEP. Promoters detected by NEP 
can be divided into three groups—2,1a, 1b. All promoters belonging to species 1a are 
identified by a protected nuclear motif called YRTa. Promoters of this type are several 
nucleotides higher than the transcription initiation sequence. Type 1b promoters, 
in addition to the protected motif in their structure called the GAAbox, are located 
between the 18th and 20th nucleotides above the YRTa motif.

Experiments on mutant tobacco have shown an essential role of the GAA motif for 
proper recognition of the promoter performed by NEP.
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In contrast, type 2 promoters all consist of NEP promoters without the YRTa 
motif. Many promoters have been identified by PEP similar to bacterial G70 promot-
ers and are identified by two motifs of normal sequences spaced from the transcrip-
tion start site by −10 and −35 nucleotides. The first motif of 10 nucleotides that is 
farther from the transcription site is the TATAAT sequence. Whereas, the second 
motif of 35 nucleotides that is farther away from the transcription site is the TTG 
ACT sequence. Due to the great diversity among plants, the position of conventional 
sequences of specific PEE promoters may be different. For example, in the barley 
chloroplast genome, the TATAAT 3–9 nucleotide sequence is located above the tran-
scription start site, while the TTG ACT 15–21 nucleotide sequence is located upstream 
of the transcription start site.

PEP is mainly responsible for the transcription of chloroplast genes, which are 
protein products that are related to photosynthesis in various ways. However, some 
genes encoding proteins involved in photosynthesis are encoded by NEP. There is a 
small group of chloroplast genes that are not related to photosynthesis and are specifi-
cally transcribed by NEP. It includes the ACCD gene encoding acetyl-CoA carboxylase 
subunit in dicotyledonous plants, RPL23 gene encoding ribosomal protein L23, CLPP 
gene encoding ATP-dependent proteolytic subunit in monocotyledonous plants, and 
RPOB gene encoding all major subunits in PE. Therefore, chloroplast genes with their 
promoters can be divided into three categories, which are as follows:

1. Transcribed genes only with the participation of NEP.

2. Genes transcribed only with the participation of PEP.

3. Genes transcribed with both NEP and PEP.

In the case of dicotyledonous plants where two different NEPs have been detected, 
an extended portion of the promoters can be suggested. The activity of RPOTp and 
RPOTmp in tissues is different at different stages of plant development. In Arabidopsis 
taliana, increased RPOTmp activity has been observed mainly in young dividing 
cells and photosynthetic inactive tissues, whereas enhanced RPOTp activity has 
been observed in photosynthetic green tissues. Differences in the structure of known 
promoters were identified by the two types of NEP. Interestingly, both NEP and PEP 
are active at all stages of plant development in plastids of unbleached tissues, includ-
ing roots, fruits, and seeds. The persistent activity of these two types of polymerases 
is related to their involvement in the transcription of housekeeping genes, such as 
tRNA-encoding genes [17].

Regulation of transcription of chloroplast genes is essential for the proper 
functioning of chloroplasts and overall plant growth under normal and adverse 
conditions.

5.1 RNA polymerase types

It is an enzyme that consists of several subunits. Although most of the genes in 
the PEP subunit have been transferred to the nuclear genome, the genes encoding 
the primary and nuclear PEP subunits (α, β, β′, and β′′) have been preserved in the 
chloroplast genome. One of the main differences between the central subunits of 
PEP is their molecular weight. The alpha subunit has a molecular weight of 38 kDa, 
the beta subunit has a molecular weight of 120 kDa, the beta subunit has a molecular 
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weight of 85 kDa, and the beta subunit has a molecular weight of 185 kDa. Similarly, 
in bacteria and most land plants, the RPOA gene encodes the alpha major subunit and 
with the ribosomal protein genes, organizes into an operon under the control of the 
same promoter. In contrast, the RPOC2, RPOC1, and RPOB genes encode the major 
and central subunits of β, β′, and β′′, respectively, and form a separate operon des-
ignated as RPOBC. In addition to the major subunits, PEP is composed of additional 
protein factors encoded by the nucleus genome, including sigma factors (SIGs) and 
PAPs, polymerase-related proteins. Sigma chloroplast factors, which are stations for 
the bacterial transcription initiation factor, play an essential role in the transcription 
of the chloroplast encoded gene. Sigma factors regulate transcription at different 
developmental stages by identifying different promoters and allowing a complete set 
of PEP to begin to polymerize. The highlighted secondary PEP factor appears to be 
PAPs that are involved in almost every stage of transcription [17].

PEP has a promoter-identifier subunit called the sigma factor. The major PEP 
enzyme subunits are encoded by a set of genes located in the plastid genome: rpoA, 
rpoB, rpoC1, and rpoC2. Conversely, during evolution, the sigma factor genes, 
which specifically provide the promoter needed for PEP, have been transferred to 
the nucleus genome to possibly allow the nucleus to regulate the expression of the 
chloroplast gene in response to environmental and developmental signals. PEP and a 
set of proteins associated with polymerase PAPs constitute a massive protein complex 
required for transcription. All PAPs are encoded by genes in the nucleus, and most 
are components of the active pTAC transcription chromosome. These proteins are 
predicted to be involved in DNA and RNA metabolism, regulate redox from photo-
synthesis, and protect the PEP complex from reactive oxygen species (ROS).

5.2 Sigma factors

Chloroplasts are the cytoplasmic organs in which photosynthesis takes place in 
plants and algae. Due to their cyanobacterial strain, chloroplasts contain a small 
transcriptional active genome and a bacterial gene expression machine.

Sigma factors are separable subunits of bacterial RNA polymerases that ensure 
effective transcription initiation of gene promoters. Chloroplasts together have a type 
of bacterial RNA polymerase with a sigma factor subunit due to their prokaryotic 
origin. The excellent plant A. taliana contains six sigma factors (SIGs) for hundreds 
of its chloroplast genes. The role of this relatively large number of transcription initia-
tion factors for the small chloroplast genome is not fully understood.

Sigma factors are bacterial RNA polymerase subunits. They are capable of effective 
transcription of bacterial genes with their three distinct activities—transferring the 
promoter recognition property to RNA polymerase, melting two strands of the promoter 
region into single single-stranded open complexes capable of transcription, and interact-
ing with other DNA-binding transcription factors that are regulated for gene expression.

The genome of chloroplasts usually contains 100–300 genes that are mostly 
organized in polystyrene operons, such as bacteria. Most chloroplast genes contain 
promoter elements of bacterial types 10 and 35 that are identified and transcribed 
by a multi-subunit bacterial RNA polymerase. The major subunits of the bacterial 
RNA polymerase are encoded in the plastid genome and are called PEP. Like bacterial 
polymerase, the original PEP enzyme requires reversible binding to the sigma factor 
subunit encoded in the nucleus for effective transcription [18].

Is a single subunit enzyme that performs a single transcription protein; from the 
identification of the promoter to the end of the process, regardless of the structural 
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pattern of DNA. This enzyme evolved through replication of the mitochondrial RNA 
polymerase encoding nuclear gene and bears a strong resemblance to phage species 
RNA polymerase and is also made of a subunit. Three types of NEP are detectable, and 
all three are encoded by RPOT genes. RPOTp occurs in monocotyledonous plants, while 
RPOTp and RPOTmp have been identified in dicotyledonous plants. In addition, the 
third form of the NEP family enzyme, RPOTm, has occurred in mitochondria [17]. In 
A. taliana, NEP is encoded by the two nuclear genes rpoTp, and romp [15].

In flowering plants and mosses, one or more single subunits of phage RNA poly-
merase, known as NEP, transcribe a small subset of chloroplast genes from distinct 
promoter elements. Genes transcribed by NEP include rpoB, the PEP beta subunit 
encoder, and several tRNA genes. Some chloroplast genes include NEP and PEP 
promoters, which are transcribed by two RNA polymerases at all stages of plastid 
development and in all plant tissues [18].

Conversely, SIGs (sigma factors) are important for PEP binding to promoters 
of relevant genes. Six different SIGs are involved in the transcription of A. thaliana 
genes, bacterial-derived sigma factors that show great similarity to their ancestors only 
through the conservative region at the end of their molecules. The nonconservative 
region seems to be crucial for the functioning of certain sigma factors. SIGs sigma 
factors are regulated by phosphorylation of specific sequences in the aforementioned 
nonconservative region. Research on the activation of sigma factors has often been con-
ducted exclusively in SIG1 and SIG6. Phosphorylation of SIGs appears to be a complex 
process performed by various enzymes. In 1996, Baginsky and his team proposed that 
SIG6 phosphorylation was mediated by a PEP associated with the serine–threonine 
protein kinase called plastid transcription kinase. In addition, in the literature, PTK has 
been abbreviated as cpck2 due to the high similarity between the catalytic components 
of PTK and the casein kinase2 (ck2) subunit. However, cpck2 has been shown to use 
SIG6 as a substrate for regulatory phosphorylation and is not the most sensitive site 
for SIG6 phosphorylation for conventional cpck2. Therefore, this hypothesis requires 
the presence of other kinases involved in this process. Phosphorylation of SIGs can 
both initiate and stop the transcription of genes identified by the PEP complex. A type 
of promoter known to be determined by a specific factor in this process appears to be 
determined, for example, SIG6 factor phosphorylation is necessary for transcription of 
the ATPB gene, but does not affect transcription of the PSBA gene. In turn, the lack of 
phosphorylation of SIG1 reduces the transcription of two DOGA and PSBA genes. The 
transcription of genes encoded by the chloroplast genome can be affected by smaller 
molecules, such as rare nucleotides. Recent studies show an interest in these molecules, 
they are considered new signal molecules that stimulate the response of plants to 
various types of biotic and abiotic stresses, and they are called Alarmones. Laboratory 
studies have shown that under different stress conditions, guanosine tetraphosphate is 
produced in plastids and then binds to the beta subunit of the PEP enzyme and inhibits 
RNA synthesis [19].

Large-scale prediction and analysis of primary operons in plastids reveal unique 
genetic features in the evolution of chloroplasts. While bacterial operons have been thor-
oughly studied, therefore, there is little analysis of chloroplast operons (limited ability to 
study the basic elements of these structures and apply them to synthetic biology).

Plastids are cellular organelles found mainly in a diverse group of photosynthetic 
organisms. The endosymbiotic theory explains the origin of plastids (Section 2). 
Since the beginning of this common evolutionary interaction, most cyanobacterial 
genes have been lost or transferred horizontally to the host nucleus genome, while the 
plastid genome has largely retained photosynthesis-related genes and conservative 
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genes. As a result, the plastid is heavily dependent on encoded nuclear proteins for 
basic operations, making it a non-autonomous organelle. Nevertheless, it retains 
many of its ancestral characteristics and genomic traits, such as the cyclic structure of 
the genome, bacterial 70S ribosomes, and PEP or the organization of genes in operon 
transcription units such as bacteria. Operons are DNA units made up of several genes 
controlled by a single promoter that often share a common function.

Unlike bacteria, plastid operons are not available in databases and are only exam-
ined by a small number of studies focused on higher plant model organisms, in which 
the entire operon map was revealed in the atmosphere by a differential RNA sequence. 
In tobacco, part of the polystyrene transcripts was detected using the northern stain. 
In spinach, psbB and rpoBC operons were detected using Northern blot, while ATP 
synthase operons were proposed in Escherichia coli by comparing their gene content 
and ordering their homology to gene clusters.

In algae, part of the operons of C. reinhardtii was studied, and several operons 
were detected using the northern spot. Whereas, two recent reports identified 16 
and 22 polystyrene subunits by research for compatibility in RNA sequence overlap, 
called intergenic regions of adjacent genes. However, there is no extensive analysis of 
chloroplast operons. The ability to identify them, identify their features, and use this 
data for synthetic biology purposes remained limited.

The expression of the plastid gene differs from the bacterial model in terms of 
different characteristics. Chloroplast transcripts are often edited and bound by RNA. 
The role of transcription termination is significantly reduced, many noncoding 
RNAs are replicated repeatedly, and the plastid genome is suggested to be completely 
transcribed. In addition, gene expression often relies on RNA-binding proteins 
(Pentatricopeptide repeat family) that bind Cis elements upstream of the starting 
codon. Thus, it inhibits the activity of exoribonucleases and stimulates translation 
by suppressing the stem-loop, which inhibits ribosome binding. In addition, polysty-
renes are regulated by several promoters and are widely processed, thus contribut-
ing to the formation of various transcript isoforms derived from a single primary 
transcription unit. Thus, the structure of plastid operons has evolved significantly 
compared to classical bacterial operons. This difference likely affected the com-
position and properties of chloroplast operons and gave rise to unique properties. 
Consequently, the ability to convert synthetic and synthetic genes into plastids has 
had a major impact on plant biotechnology, when it points to significant advantages 
over nuclear deformation. These benefits include uniform composition based on 
specific coalition location, no gene silencing, relatively high expression of dissimilar 
genes, and long-term deformation in most crops due to maternal inheritance.

One obvious advantage specifically for this study is the use of the ability of 
natural plastids to express polystyrenes and to design vectors with multiple genes 
under the control of a single promoter, thus minimizing plasmid sizes and allowing 
the introduction of multiple metabolites to the cells. Associated with transgenes in a 
single deformation. Because both basic scientific questions and biological ideas are 
hampered by the lack of extensive information on plastid operons.

5.3 Transcription factors

Transcription factors are proteins that bind to DNA regulatory sequences (ampli-
fiers, suppressors, or extinguishers), which are usually located in the 5′ region of 
target genes, to adjust the speed of transcription and the number of transcripts. 
This may lead to enhancing or reducing gene transcription and protein synthesis, 
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consequently altering cell function. There are several families of transcription fac-
tors, and members of each family may have common structural characteristics. These 
families include:

• Helix-turn-helix

• Helix–loop–helix

• Zinc finger

• Basic protein-leucine zipper

• β-sheet motifs.

Many transcription factors are common to several cell types (ubiquitous), while 
others are cell-specific and may specify the phenotypic characteristics of a cell. 
Transcription factors may be activated directly by ligands, such as glucocorticoids 
and vitamins A and D. Also, stimulation of cell surface receptors launches multiple 
intracellular signal transduction pathways, including MAPK, PKA, JAK, and PKC 
that lead to indirect activation of transcription factors. Transcription factors may act 
as the nucleus messenger and translate transient peripheral signals at the cell surface 
into long-term changes in gene transcription. Transcription factors may be activated 
within the nucleus, often with a transcription factor already attached to DNA, or 
within the cytoplasm, leading to exposure to nuclear localization signals and target-
ing the nucleus. Phosphorylation, acetylation, and nitration in transcription factors 
as post-translational changes can affect the DNA binding quality or transcriptional 
activity [20].

Membrane-transcription factors are transcription factors that are anchored 
in the membranes in a passive state and are activated by external or internal 
stimuli. These transcription factors are released from the maternal membranes 
and transported to the nucleus. Research shows that some proteins attached to 
the cytoplasmic membrane (PM) and some proteins attached to the endoplasmic 
reticulum can enter the nucleus. Based on specific signal recognition signals, some 
transcription factors attached to membrane-bound proteins undergo proteolytic 
cleavage to release intracellular fragments that enter the nucleus to control gene 
transcription. In addition, some transcription factors bind to membrane proteins 
as integral proteins in the cell nucleus through smuggling into the Golgi and endo-
plasmic reticulum, where membrane-releasing mechanisms rely on endocytosis. 
In contrast, transcription factors attached to the membrane of the endoplasmic 
reticulum are transmitted directly to the nucleus or by transfer to the Golgi. In 
both pathways, only fragments of transcription factors attached to the membrane 
of the endoplasmic reticulum are transported to the nucleus. Most transcription 
factors are located in the cytoplasm. After receiving a signal from the transmem-
brane signal transduction, the transcription factors are activated and transported 
to the nucleus after the cytoplasm, where they interact with the corresponding 
DNA framework (cis active elements) [21]. But keep in mind that transcription 
factors originate from the nucleus and target the promoter of nuclear and chloro-
plast genes.

Transcription factors are proteins involved in the process of converting DNA 
to RNA. They contain a large number of proteins, except RNA polymerase, which 
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initiates and regulates gene transcription. One of the hallmarks of transcription 
factors is that they have DNA-binding domains that give them the ability to bind 
to specific DNA sequences called amplifier sequences or promoter sequences. 
Other transcription factors bind to regulatory sequences, such as activating and 
suppressing sequences, which can stimulate or suppress transcription of the 
relevant gene [22].

The task of transcription factors is to regulate and turn off genes to ensure that 
they are expressed in the cell at the right time and in the right amount throughout the 
life of the cell. The transcription factor group acts in concert to guide cell division, 
cell growth, and cell death throughout life. Transcription factors are members of the 
proteome as well as the regulome. Transcription factors alone or with other proteins 
in a complex act as activators or inhibitors of RNA polymerase affinity to specific 
genes [23]. They are classified into different classes based on their DNA-binding 
domains [24].

5.3.1 Family classification of transcription factors belonging to D. salina species

D. salina transcription factors include a total of 31 different transcription factors, 
presented in Table 1, each of which is classified into specific families of transcription 
factors. In D. salina CCAP 19/18 TF involved in nuclear and chloroplast gene tran-
scription is a few differences.

Out of a total of 31 types of transcription factors related to D. salina, 10 types of 
transcription factors are involved in the regulation of the nucleus genome and are not 
involved in the regulation of the chloroplast genome. The 21 other types are involved 
in the regulation of the chloroplast genome and are located on the promoter regions 
of 66 chloroplastic proteins encoding gens.

In this way can be arranged D. salina 31TFs in 23 families according to Table 2.
The GARP transcription factor family (made up of G2-like and ARR-B) (family 

number 11 in Table 2) has a structural but distant relationship with the MYB tran-
scription factor (family number 12 in Table 2).

The SBP transcription factor family (family number 20 in Table 2) interacts with 
the C3H transcription factor (family number 7 in Table 2).

Homeobox encodes a DNA helix-turn-helix binding motif called the homeodo-
main. The second DNA binding is a second independent folded protein that contains 
at least one structural motif that recognizes dual or single-stranded DNA. A second 
DNA binding can identify a specific DNA sequence (a recognition sequence) or have a 
general tendency for DNA [7].

Transcription-activating domains are regions of transcription factors that, in con-
junction with a DNA-binding domain, can activate transcription from the promoter 
by direct contact with the transcription machine (general transcription factor and 

TF involve in nuclear gene 
transcription (10 No)

TF involve in chloroplast gene transcription (21 No)

RWP-RK, C2C2-CO-like, C2C2-LSD, 
DDT, TUB, NF-X1, C3H, Whirly, 
PLATZ, Nin-like.

AP2, ERF, HSF, CSD, B3, WRKY, CPP, MADS box, ARR-B, MYB, 
MYB-related, C2C2-YABBY, C2C2-GATA, SBP, GARP-G2-like, C2H2, 
NF-YB, NF-YC, bZIP, Homeodomain, bHLH.

Table 1. 
D. salina CCAP 19/18 TF involved in nuclear and chloroplast gene transcription.
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RNA polymerase) or via other proteins that are known as co-activators. Transcription 
suppressor domains are regions of transcription factors that, in conjunction with a 
DNA binding domain, can suppress transcription from the promoter by contact with 
transcription machines or through other proteins known as Co. repressors.

No D. salina 31TFs TF families

1 1. AP2 (APETALA2)
2. ERF (ETHYLENE-RESPONSIVE FACTOR)

AP2/ERF Domain

2 3. B3 B3 DNA-binding Domain

3 4. bHLH (Basic Helix–Loop–Helix) HLH DNA-binding domain

4 5. bZIP (Basic Region/Leucine Zipper Motif) bZIP Domain

5 6. C2C2-LSD
7. C2C2-CO-like (CONSTANS LIKE)
8. C2C2-YABBY
9. C2C2-GATA

C2C2 Zinc Finger

6 10. C2H2 (Cysteine2Histidine2) C2H2 Zinc Finger

7 11. C3H CCCH Zinc Finger

8 12. CPP (Cysteine-rich Polycomb-Like Protein) CxC Domain

9 13. CSD (Cold Shock Domain) Cold Shock Domain, β-Sheet

10 14. DDT DDT Zinc Finger (NEW)*

11 15. GARP-G2-like (Golden 2-Like) GLKP
16. ARR-B (Arabidopsis Response Regulator-B type) or 
ARRM

MYB-like DNA Binding Domain

12 17. MYB (myeloblastosis Oncogene)
18. MYB-related

MYB-like DNA-binding Domain

13. 19. HB-other (Homeobox) Homeodomain (helix-turn-helix)

14 20. MADS box (M-type, …) (Maintenance of 
minichromosome1 Agamous deficiency Serum)

MADS Domain

15 21. HSF (Heat Shock Factor) Heat Shock Domain

16 22. NF-X1 NF-X1 type zinc finger

17 23. NF-YB (Nuclear Factor Y Subunit β)
24. NF-YC (Nuclear Factor Y Subunit γ or Gamma)

CCAAT motif, CBF (NF-Y, CP1), 
HisFold Domain

18 25. PLATZ (Plant AT-rich sequence and zinc binding  
Protein 1)

PLAT zinc binding Domain

19 26. RWP-RK27. Nin-like (Nodule inception) NLP RWP-RK Domain or RKD

20 28. SBP (Squamosa Promoter Binding Protein-like) SPL SBP Domain

21 29. TUB (TUBBY-like) or TUB Bipartite TF -tubulin, TUB Familyβ

22 30. Whirly (Why) ssDNA-binding transcriptional regulator 
or Protein (TF)

single-stranded DNA-binding 
Domain

23 31. WRKY (WRKY DNA-binding Protein) WRKY Domain or β-Sheet DBD 
(ZF-Like)

Table 2. 
Classification of D. salina transcription factors.
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5.3.2 Stresses affecting transcription factors of D. salina

Plant stress is a condition in which the plant grows in non-ideal conditions, which 
increases the demand for it. The effects of stress can lead to stunted growth, crop 
yield, permanent damage, or death if the stress is too much for the plant. Plant stress 
factors are mainly classified into two main groups: Biotic and abiotic factors. Abiotic 
factors include various environmental factors that affect plant growth (such as light, 
water, and temperature), while biotic factors are other organisms that share the envi-
ronment with plants (such as pathogens, pests, and weeds). Stress response usually 
involves complex molecular mechanisms, including changes in gene expression and 
regulatory networks [19].

Stress-responsive transcription factors play a key role in responding to abiotic stresses 
and stress tolerance [25]. Therefore, these stress-responsive transcription factors may be 
important targets for product development by increasing abiotic stress tolerance. Plant 
stress hormones, such as abscisic acid and jasmonic acid, regulate plant abiotic stress 
responses. The abscisic acid signaling pathways activate target transcription factors. For 
example, bZIP, ABF, and Jasmonic acid signaling pathways activate MIC bHLH tran-
scription factors. This abscisic acid and jasmonic acid-dependent transcription factors 
control the expression of stress-responsive genes, as demonstrated by overexpression 
and deletion systems. In addition, computational and experimental approaches have 
identified other transcription factors belonging to the WRKY, MYB, AP2/ERF, and NAC 
families that are not direct components of the abscisic acid and jasmonic acid signaling 
pathways but are essential to responding plants to Abiotic stress [26].

6. Conclusion

Plants are constantly exposed to environmental fluctuations, including biotic and 
abiotic stresses that cause metabolic, morphological, physiological, and molecular 
changes in plants/algae and all photosynthetic organisms that affect the growth, 
development, and final production of the plant. In response to these stresses, algae-
like plants have evolved various defense systems and have mechanisms to deal with 
abiotic and biotic stresses. As a result, the stress response in cells begins with percep-
tion. Stress clues to living or nonliving factors in cell walls or membranes that are per-
ceived by secondary messengers (such as calcium ions, reactive oxygen species, and 
hormones) and as intracellular signals. They are transmitted to signal transduction 
or transduction pathways of downstream signals, such as kinases or phosphatases. 
Transduction pathways regulate the expression of transcription factors, which in turn 
modulate the expression of stress-responsive genes in photosynthetic cells.

When a plant is stressed, several adaptive changes occur in plant cells to maintain 
growth, including over-regulation or under-regulation of various genes. Regulatory 
proteins act in stress signal transduction by influencing the expression of downstream 
target genes (functional genes). These regulatory proteins include protein kinases, 
protein phosphatases, and transcription factors. Transcription factors bind to specific 
sequences (Cis elements) in the promoter of target genes (stress-related genes), thereby 
regulating gene expression and affecting biological phenotypes. Transcription factors 
are key regulatory components of the biotic and abiotic stress signaling pathway.

The chloroplast genome like the nuclear genome is a potential binding site for 
transcription factors. It can be concluded that environmental stresses affect the 
regulation of expression and transcription of D. salina chloroplast genes.
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Abstract

The saltern of Sfax is a thalasso haline paralic ecosystem were the salinity ranged 
from 45 to 450 PSU. The microalgae distribution of saltern showed a spatial ecological 
succession. The specific richness of microalgae decreased with the salinity, accounting 
37, 17 and 5 species at three level of salinity from 40 to 80, 80 to 200 and 200 to 450 
PSU, respectively. To better understand the behavior of the hyper-halo tolerant micro-
algae, three autotrophic species Halamphora sp. SB1 MK575516 (Diatom), Phormidium 
versicolor NCC-466 (Cyanophyceae) and Dunaliella salina (Chlorophyceae) were 
isolated from each level of salinity and they are grown in batch in artificial seawater 
at laboratory scale. Growth and metabolites synthesized by these microalgae were 
assessed. Salinity reacts on the physiology of these three species which possess mecha-
nisms of resistance to more or less effective stresses and generally by the synthesis of 
different biomolecules such as pigments, sugars, proteins and fatty acids.

Keywords: solar saltern, Halamphora sp., P. versicolor, D. Salina, culture, metabolites

1. Introduction

An ecosystem is qualified as extreme when it’s physicochemical parameters 
are most often hostile to life Grégoire, Fardeau, Guasco, Bouanane, Michotey and 
Bonin [1]. Indeed, any biotope characterized by a very low or very high value of the 
main parameters that influence their life cycle can be characterized as an extreme 
environment [2]. These parameters are essentially temperature, salinity, pH, pres-
sure, radiation, desiccation, and oxygenation. Organisms with the ability to live in 
extreme environments are called “extremophiles”. And as a result, several groups 
have been described taking into account the extreme conditions they can tolerate [1]. 
These are essentially prokaryotic microorganisms, mostly belonging to the Archaea 
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group. Eukaryotes can also be recorded in extreme environments. They are essentially 
unicellular algal or fungal organisms [3].

Among these environments, hypersaline ecosystems are very widespread and they 
can be classified into natural and artificial biotopes. While the natural environments 
are essentially represented by salt lakes, lagoon and, Sabkhas, the artificial hypersa-
line environments are represented by saltworks. These latter are transitional ecosys-
tems between the marine and the continental domain [4], consisting of shallow ponds 
used for the production of halite (NaCl) from seawater which is pumped to the first 
series of ponds. After an evaporation cause a sufficient increase in salinity, the water 
is transferred to the next series of ponds, and so on, until brine saturated with NaCl 
is obtained, from which the halite precipitates in the last series of ponds recognized 
the crystallization ponds. The salinity in each of the ponds is thus maintained more or 
less constant over time [5]. This process leads to the selection of the variety of micro-
bial heterotrophs and autotrophs and ciliated protozoa [4]. Species were adapted 
to different salinity variations [6]. The Sfax solar saltern (Tunisia) is an artificial 
paralic ecosystem characterized by its floristic and faunal richness [7], as well as by 
its microalgae richness [8, 9]. This biotope has been the site of several studies since 
1998: (i) microalgae [10], (ii) ciliates [11] and (iii) zooplankton [12–14] especially the 
branchiopod crustacean Artemia salina [15, 16]. The cultures of microalgae sampled 
from the Sfax solar saltern have been the subject of several studies [17–20].

Microalgae are very rarely grouped according to their energy metabolism or even 
according to their ability to synthesize the necessary metabolites, but rather according 
to their morphological properties [21]. There are therefore different taxonomic classes 
of microalgae, the main ones being Rhodophyceae, Chlorophyceae, Bacillariophyceae, 
Euglenophyceae, Dinophyceae and Cyanobacteria. Microalgae occupy a very important 
place in nature since they are at the base of a long food chain and contain impressive 
nutritional proerties [22]. Moreover, they have various fields of exploitation, due to the 
value-added molecules. The biochemical composition of microalgae proves that they 
contain high value natural fatty acids (omega-3), which can produce a high value dietary 
supplement [23]. Furthermore, microalgae contain a high amount of proteins reaching 
up to 70% of the dry matter for Spirulina and also producing mineral elements such as 
calcium and magnesium [24]. Also, extremophile microalgae have many substances 
recognized by their bioactive properties such as antiviral, antiproliferative and anticancer 
properties [25]. These biomolecule possess a powerful antioxidant effect as determined by 
several authors [26, 27]. Finally, microalgae are largely used in wastewater treatment [28].

In this chapter we will present the biodiversity of the halophilic microalgae of the 
Sfax solar saltern and the different techniques used for the isolation and valorization 
of culture or metabolites extracted from three microalgal species.

2. Biodiversity of halophilic microalgae in solar saltern of Sfax

The Sfax solar salternor the Thyna salt works (Figure 1) is an artificial system 
located in the Gulf of Gabes in an arid climate (34° 39′N and 10° 42′E). This system is 
composed of several interconnected shallow ponds (20 to 70 cm deep) with increas-
ing salinities from the water intake (40 PSU) to the salt Tables (450 PSU) [9]. The 
saline is separated from the sea by a dam of red silt about 4 m high running along the 
southern coast of the city of Sfax for about 13 km (Figure 1), from the port area to  
the village of Gargour, occupying an area of 1500 ha [29]. It is one of the most 
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Figure 1. 
General map of the Sfax Saltern showing the three levels of increasing salinity.

Salinity (PSU) Microalgae Species

40–80 Pennate diatoms Achnanthes brevipes
Achnanthes sp.
Cocconeis sp.
Cylindrotheca closterium
Diatomella sp.
Diploneis sp.
Epithemia sp.
Lichomphora sp.
Nitzschia longissima
Nitzschia ventricosa
Navicula sp.
Navicula elegans
Navicula neoventricosa
Pinnularia sp.
Pleurosigma
Stenopterobia sp.
Surirella sp.
Synedra longissima

Centric diatoms Biddulphia sp.
Chaetoceros sp.
Coscinodiscus sp.
Halamphora sp. SB1 MK 575516*
Thalassiosira mendiolana

Dinoflagellates Akashiwo sanguinea
Gymnodinium sp.
Mesoporos sp.
Oxyrrhis marina
Peridinium afrinacum
Peridium sp.
Prorocentrum bipes
Prorocentrum gracile
Protoperidinium micans
Protoperidinium mite
Protoperidinium pellucidum
Scrippsiella gregaria
Scrippsiella trochoïdea

Euglenophyceae Euglena sp.
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important salt production areas in Tunisia (300,000 T of salt per year). A total of 
45 microalgae taxa were recorded from the Sfax solar saltern and identified belong-
ing to five groups: diatoms, dinoflagellates, Chlorophyceae, Euglenophyceae and 

Figure 2. 
Mean relative contribution of microalgae groups to total microalgae biomass in six ponds of increasing salinity in 
the saline of Sfax Tunisia [30].

Salinity (PSU) Microalgae Species

80–200 Pennate diatoms Cylindrotheca closterium
Cymbella sp.
Epithemia sp.
Gyrosigma attenuatum
Nitzschia longissima
Pleurosigma

Dinoflagellates Gymnodinium sp.
Oxyrrhis marina
Peridium sp.
Polykrikos sp.
Protoperidinium micans
Protoperidinium sp.

Cyanobacteria Aphanothece sp.
Phormidium versicolor NCC 466*
Spirulina subsalsa

Chlorophyceae Chlamydomonas rubrifilum
Dunaliella salina

200–450 Cyanobacteria Aphanothece sp.
Phormidium versicolor
Spirulina subsalsa

Chlorophyceae Chlamydomonas rubrifilum
Dunaliella salina*

*Species isolated and cultured in laboratory.

Table 1. 
Classification of microalgae species recorded in Sfax solar saltern according to the salinity gradient [9].
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Cyanobacteria. For each group, we clearly observed a marked decrease in the 
number of taxa with the increase of salinity (Table 1, Figure 2). Diatoms were 
dominant in ponds that have salinity ranges from 40 to 80 PSU (67.95% of the 
microalgae total abundance), whereas the dinoflagellates represented only 22.19% 
and Euglenophyceae were poorly represented in this pond (1.2%) (Figure 2). 
Dinoflagellates dominated the densities and biomasses of microalgae in the ponds of 
80–200 PSU, contributing to 56.7% and 34.4% of the microalgae total abundance, 
respectively. Chlorophytes largely dominated in the crystallization ponds>200 salin-
ity which accounting for 69.1% of the total microalgae. While Cyanobacteria were 
relatively abundant in ponds of medium salinity (19.9%) they were rare in hypersaline 
ponds (0.5%) (Figure 2, Table 1).

3. Valorization of three algal species

Three different microalgae species were isolated from the three level of salin-
ity of Sfax solar saltern: the diatom Halamphora sp. (45–80 PSU) cyanobacterium 
Phormidium versicolor (80–200 PSU) and the chlorophyceae Dunaliella salina (200–450 
PSU) (Figures 1 and 3). These species were cultured in the laboratory. The extraction of 
the various pigments and biomolecules contained in these species was carried out.

3.1 Isolation and culture conditions

Halamphora sp. was isolated via micromanipulation and serial dilution from 
a collected water sample. Both D. salina and P. versicolor were isolated on agar 
medium. Several antibiotic and antifungal treatments were performed in order 
to obtain monoclonal and axenic cultures. These three algal species were batch 
cultured in flasks 500 ml Erlenmeyer flask with artificial sea water of 80 PSU. 
The cultures were initiated with cell densities of 106 cells ml−1 for D. salina [31], 
50,000 cells ml−1 for Halamphora sp. [19] and an initial concentration of chloro-
phyll a of 0.005 μg ml−1 for P. versicolor because the numeration was impossible 
(the filaments intertwine) [9]. P. versicolor was cultivated using BG-11 medium as 
culture medium [32], D. salina was grown in Walne’s growth medium as modified 
by Guermazi, Elloumi, Ayadi, Bouain and Aleya [17] and for Halamphora sp., the 
culture was carried out in F/2 Provasoli medium [33]. Cultures were maintained 
in incubator (FRIOCELL) and incubated in 24-light cycles at (25°C). Phormidium 
and Halamphora were reared under light intensity of 130 μmol photons m−2 s−1, 
while Dunalielal was cultured under low irradiance of 27 μmol photons m−2 s−1. 

(a) (b) (c)

Figure 3. 
Microscopic observation (G ×100) of (a) P. versicolor, (b) D.salina and (c) Halamphora sp. isolated from the 
Sfax solar salternand cultured in the laboratory.
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The biomass of each microalga was separated from the culture media by centrifu-
gation (4500 × g, 10 min), and the pellet was washed with distilled water and 
centrifuged again at 4500 × g for 10 min (the washing was repeated twice). The 
pellet was freeze-dried and stored at −70°C.

3.2 Growth tracking

The growth of D. salina and Halamphora sp. was determined by a daily cell count 
using a Malassez hemocytometer under a light microscope.

The cyanobacterium P. versicolor being filamentous, the chlorophyll a was deter-
mined to assess the growth of this cyanobacterium according to the equation of 
Speziale, Schreiner, Giammatteo and Schindler [34]:

 
( )1

664nm 750nm

664nm 750nm

Chl g l = [11. 47 OD -OD  
                         - 0.4 OD -O

( )
( )] D / V

a −µ
υ  

with.
OD: Optical density.
υ: volume of the acetone extract (ml).
V: volume of the algae suspension (ml).

3.3  Determination of pigments content: chlorophyll a, carotenoids and 
phycocyanin

The dosage of photosynthetic pigments of each microalgal species was carried out 
after extraction in 90% acetone. The concentration of Chlorophyll a was calculated 
according to the equation of Speziale, Schreiner, Giammatteo and Schindler [34] for 
the cyanobacterium and conforming to the equations of Jeffrey and Humphrey [35] 
for Chlorophyceae and the diatom.

Equation of Jeffrey and Humphrey [36] for Chlorophyceae:

 ( )1
664nm 647nmChl g l =11.93OD -1.93ODa −µ  

Equation of Jeffrey and Humphrey [35] for Diatom

 ( )1
664nm 630nmChl g l 11.47OD - 0.40ODa −µ =  

Carotenoid concentrations were calculated according to the equation of 
Chamovitz, Sandmann and Hirschberg [36] for cyanobacterium and according to 
Salguero et al. [37] for Chlorophyceae.

Cyanobacteria carotenoid (μg l−1) = (OD461nm − 0.046OD664nm) × 4
Chlorophyceae Carotenoid (μg l−1) = 0.0045 (3000OD470nm − 1.63OD750nmChl a).
The phycocyanin (C-PC) pigment was isolated from P. versicolor using the method 

developed by Silveira et al. [38] With light modification. The C-PC contents were 
quantified according the following equation:

 ( ) ( )-1
615nm 652nmC PC mg ml = OD – 0.474OD /5.43−  
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3.4  Determination of dry matter, proteins, lipids, Total sugars and phenolic 
compounds

The dry matter of microalgae was determined according to the AOAC standard 
methods [39]. The protein assay method of Lowry [40] was used by the combination 
of Folin with Biuret’s reagents. The Lipids content was determined gravimetrically 
after the Soxhlet extraction of dried samples with hexane for 2 hours using Nahita 
Model 655 (Navarra, Spain). The sugars were estimated by phenol-sulfuric acid 
method [41] using glucose as a standard. The total phenol content of the P. versicolor 
extract was determined by the method of Singleton and Rossi [42].

3.5 Determination of mineral content of Halamphora sp.

The analyses of sodium, potassium, calcium, magnesium, iron, copper, and zinc 
contents in Halamphora sp. were carried out using the inductively coupled plasma 
optical emission spectrophotometer (ICP-OES) Model 4300 DV, PerkinElmer, 
Shelton, CT, USA, according to the method of AOAC 1999 [43]. Measurements were 
done in triplicates.

3.6 Determination of fatty acids profile of Halamphora sp. and D. salina

For fatty acids analyses, cultures were harvested at the end of the log phase. All 
lipids were evaporated to dryness with nitrogen and concentrated with hexane. Fatty 
acids methyl esters (FAMEs) were prepared from the lipid extract by transesterifica-
tion using a direct transmethylation method according to Lepage and Roy [44]. The 
FAMEs were then extracted with hexane and determined quantitatively by capillary gas 
chromatography. We used a Chromopack, CP 9001 gas chromatograph, HPS 5890 series 
II chromatograph, equipped with a polar 25-m capillary column CP wax 58 (Varian SA, 
France) (0.32 mm diameter and a layer thickness of 0.52 mm), and a flame ionization 
detector (FID). We used a splitless injection system with nitrogen as the carrier gas. 
The oven was programmed to rise from an initial temperature of 180–250°C at rates of 

Figure 4. 
Growth curves of Halamphora sp., D. salina and P. versicolor cultured batchwise.
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10°C min−1 (from 180 to 220), 2°C min−1 (from 220 to 240), and 5°C min−1 (from 240 
to 250). Individual FAMEs were identified by comparing retention times with those 
obtained with laboratory standards and the manufacturer’s instructions (Supelco).

3.7 Growth kinetics of three microalgae

The four growth phases—lag, exponential, stationary and decline growth 
phases—are only observed on growth curves of Halamphora sp. (Figure 4). While 
Halamphora showed a short lag phase of 2 days, this phase was absent for Phormidium 
and Dunaliella. The exponential growth phase was observed for all the microalgae 
under continuous light but with different slopes. Phormidium and Halamphora grew 
faster with similar exponential phase about 5–6 days and reached maximum yield of 
2.66 µg. ml-1 and 10.22 × 106 cells. ml-1, respectively at 8th day. During the exponential 
phase, the specific growth rate (µ) was about 2.40 and 2.15 day-1 for both Phormidium 
and Halamphora, respectively. However, it did not exceed 0.7 day-1 for Dunaliella 
salina. The growth rate of microalgae is very sensitive to culture conditions, such as 
irradiance and photoperiod limitation [45]. The density of Halamphora sp. is higher 
than those of Halamphora acutiuscula (5.91 × 105 cells. ml-1) and Halamphora cof-
feaeformis (6.17 × 105 cells. ml-1) which they are cultured in artificial sea water under 
light-dark (14/10h) cycles at a photon flux density of 300 μmol photons m−2 s−1 [46].

For Dunaliella salina, the maximum cell density was recorded at 10th and did not 
exceed 1.65 × 106 cells. ml-1 (Figure 4). This value is higher than that reported in solar 
saltern by Elloumi et al. [47]. Guermazi et al. [31] stated that D. salina reached 6 × 
106 cells. ml-1 when reard under 12h/12h light dark regime. Moreover, all microalgae 
curves are characterized by a short stationary phase (Figure 4). It seems that nutri-
ents composition of the culture medium need to be optimized in order to maintain the 
cells at stationary phase.

3.8 Physicochemical characterization of three microalgal species

Microalgae could be easily grown in a laboratory and used for large-scale cultiva-
tion in bioreactors with the ability to control the quality of the cultures by providing 
purified culture medium that is free of toxic substances. Therefore, microalgae 
provide a more accessible way to produce qualitative biomolecules of interest [48–50]. 
Physicochemical characteristics of D. salina, Halamphora sp. and P. versicolor are 
presented in Table 2. The biomass of these microalgae contains moderate amounts 
of lipids, proteins, carbohydrates and an important percentage of chlorophyll a and 
carotenoids. The 7% dry matter content of Halamphora sp. is close to that found for 
other strains: 8% for Halamphora sp. [51], and for P. versicolor content 13% similarly 
with Singh, Parmar and Madamwar [52], who showed that the dry matter content 
of Phormidium ceylanicum is 10%. However, the lipids and proteins content of 
Halamphora sp. were relatively lower than the values published for other strains of 
Halamphora [53], and it was higher than that of Amphora coffeaformis [54]. For D. 
salina, the total lipids increased during growth hereas the amounts of proteins and 
sugars decreased, while for P. versicolor, it recorded a high level of protein (45%). 
The total sugars content of Halamphora sp. was 12.60% DW, which is consistent with 
that of some microalgae (5–23% DW) [55] and of P. versicolor was 21.56%. Moreover, 
these three algal species were found to be rich in chlorophyll, mainly chlorophyll a, 
and carotenoids. Continuous illumination favored also the synthesis of these pig-
ments in D. salina. In fact, the synthesis of pigments was also stimulated under the 
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effect of light and allowing sufficient photosynthetic activity to be maintained for 
the synthesis of glycerol [56]. Our results also show that the 80% ethanolic extract of 
Bacillariophyceae and cyanobacterium the highest phenols and flavonoids contents. 
These high levels may be due to the culture conditions under the high salinity of 
80 psu and the extraction conditions. Additionally, a high production of phycocyanin 
has been proven by the blue microalgae P. versicolor content 13%. These results are 
consisting with the observation by Singh, Parmar and Madamwar [52]. With respect 
to the ash content of Halamphora sp. (37.78% DW) (Table 2), it is in line with that 
found for another Amphora strain. Ash content exceeds 50% (55.8 to 67.9%) of the 
dry weight for some diatoms [54]. Halamphora sp. From Sfax solar salter has moder-
ate amounts of sodium, potassium, calcium, and magnesium (Table 3). According to 
Boulay, Abasova, Six, Vass and Kirilovsky [57], the different species of microalgae do 
not develop the same strategies in order to survive under stressful conditions. We can 
assume that the species we studied might be a potential candidate for the production 
of biomolecules for pharmacological purposes.

Mineral Halamphora sp.

Sodium (g Kg−1DW) 1.125 ± 0.2

Potassium (g Kg−1DW) 0.485 ± 0.05

Calcium (g Kg−1DW) 0.584 ± 0.05

Magnesium (g Kg−1DW) 0.747 ± 0.1

Iron (g Kg−1DW) 0.016 ± 0.002

Copper (g Kg−1DW) 0.008 ± 0.001

Zinc (g Kg−1DW) 0.008 ± 0.001

Table 3. 
Mineral content of Halamphora sp. [19].

Component Halamphora sp. Phormidium versicolor Dunaliella salina

Dry matter (%Fw) 7 ± 0.45 10 ± 0.66 —

Proteins (%Dw) 27.62 ± 0.33 42 ± 0.78 41.39 ± 6.40

Lipids (%Dw) 11.14 ± 0.19 15.7 27.04 ± 19.74

Total sugars (%Dw) 12.60 ± 0.76 21.56 ± 0.99 13.33 ± 8.06

Aches(% Dw) 37.78 ± 0.43 — —

Chlorophyll a (%Dw) 4.94 ± 0.27 7.05 ± 0.81 17.02 ± 7.78

Phycocyanin (%Dw) — 13 ± 0.47 —

Cartenoids(%DW) 1.083 ± 0.05 1.79 ± 0.08 1.22 ± 0.39

Polyphenols(mgGAE g−1) 38.27 ± 2.21 408.5 ± 18,18 —

Flavonoides(mgGAE g−1) 17.69 ± 0.70 13.67 ± 0.78 —

Data are expressed as mean ± standard deviation of triplicates. FW: fresh weight; DW: dry weight; GAE: gallic acid 
equivalent; − not realized.

Table 2. 
Physicochemical characteristics of three microalgae species.
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3.9 Fatty acids composition of Halamphora sp. and D. salina

The fatty acid profile of Halamphora sp. and Dunaliella sp. was composed of 
saturated (SFA), monounsaturated (MUFA), and polyunsaturated fatty acids (PUFA) 
which differed significantly from an alga to another (Table 4). The level of SFA 
recorded in Halamphora sp. and Dunaliella sp. is high, averaging 41.308 and 35.90% of 
total fatty acid, respectively. The pattern of SFA show that Halamphora is richer in SFA 
than Dunaliella. However, Dunaliella and Halamphora recorded a high level of palmitic 
acid (16:0) which accounted 21.0 and 27.42%, respectively. Hence, Halamphora sp. 
could be a suitable producer of SFA, which are easily convertible to biodiesel [58].

Moreover, Halamphora exhibited a high amount of palmitoleic acid (C16:1) which 
reached 45.089%, while that of Dunaliella did not exceed 2.2% of total FA. High levels 
of palmitoleic acid and other bioactive fatty acids were also detected in the fusi form 
morphotype of the Bacillariophyceae [59]. For D. salina, MUFAs were represented by 
14:1 (n-5), 16:1 (n-7) and 18:1 (n-9). D. salina is an important source of 18:1 (n-9), 
whichreached14.9 ± 1.2%.

Fatty acids Halamphora sp. D. salina

C14:0 3.623 ± 0.3 2.8 ± 1.2

C15:0 3.418 ± 0.3 —

C16:0 27.427 ± 0.5 21.0 ± 3.5

C17:0 1.664 ± 0.4 —

C18:0 1.974 ± 0.3 9.05 ± 1.0

C20:0 0.734 ± 0.2 —

C24:0 2.468 ± 0.2 —

SFA 41.308 ± 0.8 35.9 ± 0.6

C14:1 3.386 ± 0.3 9.6 ± 1.1

C16:1 45.089 ± 0.8 2.2 ± 1.2

C17:1 0.521 ± 0.1 —

C18:1 3.658 ± 0.3 14.9 ± 1.2

MUFA 52.654 ± 1.2 30.2 ± 0.8

C16:2 1.603 ± 0.2 —

C16:3 0.924 ± 0.3 0.1 ± 0.1

C16:4 — 14.0 ± 2.3

C18:2 0.432 ± 0.1 0.9 ± 0.2

C18:3 — 0.8 ± 0.3

C18:4 — 0.6 ± 0.2

C20:4 0.712 ± 0.2 —

C20:5 (EPA) 2.367 ± 0.3 0.1 ± 0.1

C22:6 (DHA) — 4.3 ± 1.3

PUFA 6.038 ± 0.5 28.66 ± 0.8

(−): not detected.

Table 4. 
Percentage of fatty acids composition of Halamphora sp. and D. salina reared in laboratory [19, 31].
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Dunaliella is rich in PUFAs with a percentage of 28.66%, while those of 
Halamphora did not exceed 6% of total fatty acid (Table 4). While Halamphora 
produced a noticeable level of EPA (2.367%), Dunalila is an important source of DHA 
reaching 4.3% of total fatty acid. Indeed, it is known that EPA is an important PUFA 
for health protection from many pathologies, including cardiovascular diseases [60] 
and cancer [61]. These PUFAs are known to have a number of important nutritional 
and pharmaceutical applications [62, 63]. They are also known to have beneficial 
effects on the health of human beings and to play a major role in the prevention of 
medical disorders in three areas: the heart and the circulation [64], inflammatory 
conditions and cancers, in particular colon tumorigenesis [65].

4. Conclusion

In conclusion, the saline of Sfax presents a high microalga diversified. Three 
species Halamphora sp., P. versicolor and D. salina are interesting for biomolecules 
production such as cartenoid, protein, sugar, fatty acids which they could be valo-
rized in several fields.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Progress in Microalgae Research - A Path for Shaping Sustainable Futures

72

References

[1] Grégoire P, Fardeau M, Guasco S, 
Bouanane A, Michotey V, Bonin P. Les 
micro-organismes de l’extrême. La Presse 
Thermale et Climatique. 2009;146:49-61

[2] Oarga A. Life in extreme 
environments, Revista de Biologia e 
ciencias da. Terrain. 2009;9(1):1-10

[3] Cantrell SA, Casillas-Martinez L, 
Molina M. Characterization of fungi 
from hypersaline environments of 
solar salterns using morphological and 
molecular techniques. Mycological 
Research. 2006;110(8):962-970

[4] Elloumi J, Guermazi W, Ayadi H, 
Bouain A, Aleya L. Abundance and 
biomass of prokaryotic and eukaryotic 
microorganisms coupled with 
environmental factors in an arid multi-
pond solar saltern (Sfax, Tunisia). Journal 
of the Marine Biological Association of 
the United Kingdom. 2009;89(2):243-253

[5] Oren A. Thoughts on the “missing 
link” between saltworks biology and 
solar salt quality. Global NEST Journal. 
2010;12(4):417-425

[6] Baati H, Amdouni R,  
Gharsallah N, Sghir A, Ammar E.  
Isolation and characterization of 
moderately halophilic bacteria from 
Tunisian solar saltern. Current 
Microbiology. 2010;60(3):157-161

[7] Chokri MA, Sadoul N, Medhioub K,  
et al. Analyse comparative de la richesse 
avifaunistique du salin de Sfax dans le 
contexte tunisien et méditerranéen. 
Revue d'Ecologie, Terre et Vie. 
2008;63(4):351-369

[8] Ayadi H, Abid O, Elloumi J, 
Bouaïn A, Sime-Ngando T. Structure of 
the phytoplankton communities in two 

lagoons of different salinity in the Sfax 
saltern (Tunisia). Journal of Plankton 
Research. 2004;26(6):669-679

[9] Masmoudi S, Tastard E, Guermazi W, 
Caruso A, Morant-Manceau A, Ayadi H. 
Salinity gradient and nutrients as major 
structuring factors of the phytoplankton 
communities in salt marshes. Aquatic 
Ecology. 2014;49(1):1-19

[10] Khemakhem H, Elloumi J, 
Ayadi H, Aleya L, Moussa M. Modelling 
the phytoplankton dynamics in a nutrient-
rich solar saltern pond: Predicting the 
impact of restoration and climate change. 
Environmental Science and Pollution 
Research. 2013;20(12):9057-9065

[11] Kchaou N, Elloumi J, Drira Z, 
Hamza A, Ayadi H, Bouain A, et al. 
Distribution of ciliates in relation 
to environmental factors along the 
coastline of the Gulf of Gabes, Tunisia. 
Estuarine, Coastal and Shelf Science. 
2009;83(4):414-424

[12] Toumi N, Ayadi H, Abid O, Carrias 
J-F, Sime-Ngando T, Boukhris M, et al. 
Zooplankton distribution in four ponds 
of different salinity: A seasonal study 
in the solar salterns of Sfax (Tunisia). 
Hydrobiologia. 2005;534(1):1-9

[13] Thabet R, Leignel V, Ayadi H, 
Tastard E. Interannual and seasonal 
effects of environmental factors on 
the zooplankton distribution in the 
solar saltern of Sfax (South-Western 
Mediterranean Sea). Continental Shelf 
Research. 2018;165:1-11

[14] Ladhar C, Tastard E, Casse N, Denis F, 
Ayadi H. Strong and stable environmental 
structuring of the zooplankton 
communities in interconnected salt 
ponds. Hydrobiologia. 2015;743(1):1-13



The Solar Saltern of Sfax: Diversity of Hyperhalophilic Microalgae Species as a Promising...
DOI: http://dx.doi.org/10.5772/intechopen.104712

73

[15] Guermazi W, Elloumi J, Ayadi H, 
Bouain A, Aleya L. Coupling changes 
in fatty acid and protein composition 
of Artemia salina with environmental 
factors in the Sfax solar saltern 
(Tunisia). Aquatic Living Resources. 
2008;21(1):63-73

[16] Guermazi W, Ayadi H, Aleya L. 
Correspondence of the seasonal patterns 
of the brine shrimp, Artemia salina 
(LEACH, 1819)(Anostraca) with 
several environmental factors in an arid 
solar saltern (Sfax, southern Tunisia). 
Crustaceana. 2009;82(3):327-348

[17] Guermazi W, Elloumi J, Ayadi H, 
Bouain A, Aleya L. Rearing of Fabrea 
salina Henneguy (Ciliophora, 
Heterotrichida) with three unicellular 
feeds. Comptes Rendus Biologies. 
2008;331(1):56-63

[18] Gammoudi S, Athmouni K, Nasri A,  
Diwani N, Grati I, Belhaj D, et al. 
Optimization, isolation, characterization 
and hepatoprotective effect of a novel 
pigment-protein complex (phycocyanin) 
producing microalga: Phormidium 
versicolor NCC-466 using response 
surface methodology. International 
Journal of Biological Macromolecules. 
2019;137:647-656

[19] Boukhris S, Athmouni K, Hamza- 
Mnif I, Siala-Elleuch R, Ayadi H, 
Nasri M, et al. The potential of a brown 
microalga cultivated in high salt 
medium for the production of high-
value compounds. BioMed Research 
Internationa. 2017;2017:1-10

[20] Belhaj D, Frikha D, Athmouni K, 
Jerbi B, Ahmed MB, Bouallagui Z, et al. 
Box-Behnken design for extraction 
optimization of crude polysaccharides 
from Tunisian Phormidium versicolor 
cyanobacteria (NCC 466): Partial 
characterization, in vitro antioxidant and 
antimicrobial activities. International 

Journal of Biological Macromolecules. 
2017;105:1501-1510

[21] Fogg GE, Westlake D. The importance 
of extracellular products of algae in 
freshwater: With 3 figures and 2 tables in 
the text. Internationale Vereinigung für 
theoretische und angewandte Limnologie: 
Verhandlungen. 1953;12(1):219-232

[22] Santini A, Tenore GC, Novellino E. 
Nutraceuticals: A paradigm of proactive 
medicine. European Journal of 
Pharmaceutical Sciences. 2017;96:53-61

[23] Harun R, Singh M, Forde GM, 
Danquah MK. Bioprocess engineering 
of microalgae to produce a variety 
of consumer products. Renewable 
and Sustainable Energy Reviews. 
2010;14(3):1037-1047

[24] Marfaing H, Lerat Y. Les algues 
ont-elles une place en nutrition? 
Phytothérapie. 2007;5(1):2-5

[25] Zeid A, Sigamani S. Pharmaceutically 
valuable bioactive compounds of algae. 
2016;9(6):43-47

[26] Shariati M, Hadi MR. Microalgal 
biotechnology and bioenergy in 
Dunaliella. In: Progress in Molecular and 
Environmental Bioengineering-from 
Analysis and Modeling to Technology 
Applications. IntechOpen; 2011

[27] Li H-B, Cheng K-W, Wong C-C, 
Fan K-W, Chen F, Jiang Y. Evaluation 
of antioxidant capacity and total 
phenolic content of different fractions 
of selected microalgae. Food Chemistry. 
2007;102(3):771-776

[28] Suali E, Sarbatly R. Conversion 
of microalgae to biofuel. Renewable 
and Sustainable Energy Reviews. 
2012;16(6):4316-4342

[29] Kobbi-Rebai R, Annabi-Trabelsi N, 
Khemakhem H, Ayadi H, Aleya L. 



Progress in Microalgae Research - A Path for Shaping Sustainable Futures

74

Impacts of restoration of an uncontrolled 
phosphogypsum dumpsite on the 
seasonal distribution of abiotic variables, 
phytoplankton, copepods, and ciliates in 
a man-made solar saltern. Environmental 
Monitoring and Assessment. 
2013;185(3):2139-2155

[30] Elloumi J, Guermazi W, Ayadi H, 
Bouaïn A, Aleya L. Detection of water 
and sediments pollution of an arid 
saltern (Sfax, Tunisia) by coupling 
the distribution of microorganisms 
with hydrocarbons. Water Air and Soil 
Pollution. 2008;187(1):157-171

[31] Guermazi W, Masmoudi S, Boukhris S, 
Ayadi H, Morant-Manceau A. Under low 
irradiation, the light regime modifies 
growth and metabolite production in 
various species of microalgae. Journal of 
Applied Phycology. 2014;26(6):2283-2293

[32] Stanier R, Kunisawa R, Mandel M,  
Cohen-Bazire G. Purification and 
properties of unicellular blue-green algae 
(order Chroococcales). Bacteriological 
Reviews. 1971;35(2):171-205

[33] Guillard RR. Culture of 
phytoplankton for feeding marine 
invertebrates. In: Culture of Marine 
Invertebrate Animals. Boston, MA: 
Springer; 1975. pp. 29-60

[34] Speziale BJ, Schreiner SP, 
Giammatteo PA, Schindler JE. Comparison 
of N, N-dimethylformamide, dimethyl 
sulfoxide, and acetone for extraction of 
phytoplankton chlorophyll. Canadian 
Journal of Fisheries and Aquatic 
Sciences. 1984;41(10):1519-1522

[35] Jeffrey ST, Humphrey G. New 
spectrophotometric equations for 
determining chlorophylls a, b, c1 and 
c2 in higher plants, algae and natural 
phytoplankton. Biochemie und Physiologie 
der Pflanzen. 1975;167(2):191-194

[36] Chamovitz D, Sandmann G, 
Hirschberg J. Molecular and biochemical 
characterization of herbicide-resistant 
mutants of cyanobacteria reveals that 
phytoene desaturation is a rate-limiting 
step in carotenoid biosynthesis. 
Journal of Biological Chemistry. 
1993;268(23):17348-17353

[37] Salguero A, de la Morena B, Vigara J, 
Vega JM, Vilchez C, León R. Carotenoids 
as protective response against 
oxidative damage in Dunaliella 
bardawil. Biomolecular Engineering. 
2003;20(4-6):249-253

[38] Silveira ST, Burkert JDM, Costa JAV, 
Burkert CAV, Kalil SJ. Optimization 
of phycocyanin extraction from 
Spirulina platensis using factorial 
design. Bioresource Technology. 
2007;98(8):1629-1634

[39] Horwitz W, Albert R. The Horwitz 
ratio (HorRat): A useful index of method 
performance with respect to precision. 
Journal of AOAC International. 
2006;89(4):1095-1109

[40] Classics Lowry O, Rosebrough N, 
Farr A, Randall R. Protein measurement 
with the Folin phenol reagent. The 
Journal of Biological Chemistry. 
1951;193(1):265-275

[41] Dubois M, Gilles KA, Hamilton JK, 
Rebers PT, Smith F. Colorimetric method 
for determination of sugars and related 
substances. Analytical Chemistry. 
1956;28(3):350-356

[42] Singleton VL, Rossi JA. 
Colorimetry of total phenolics with 
phosphomolybdic-phosphotungstic acid 
reagents. American Journal of Enology 
and Viticulture. 1965;16(3):144-158

[43] Cunniff P, Washington D. Official 
methods of analysis of aoac international. 
Journal of AOAC International. 
1997;80(6):127A



The Solar Saltern of Sfax: Diversity of Hyperhalophilic Microalgae Species as a Promising...
DOI: http://dx.doi.org/10.5772/intechopen.104712

75

[44] Lepage G, Roy CC. Improved 
recovery of fatty acid through direct 
transesterification without prior 
extraction or purification. Journal of 
Lipid Research. 1984;25(12):1391-1396

[45] Ho SH, Huang SW, Chen CY, 
Hasunuma T, Kondo A, Chang JS. 
Characterization and optimization 
of carbohydrate production from 
an indigenous microalga Chlorella 
vulgaris FSP-E. Bioresour Technol. 
2013;135:157-165

[46] Nguyen-Deroche TLN, Caruso A, 
Le TT, Bui TV, Schoefs B, Tremblin G, 
et al. Zinc affects differently growth, 
photosynthesis, antioxidant enzyme 
activities and phytochelatin synthase 
expression of four marine diatoms. The 
Scientific World Journal. 2012;2012:1-15

[47] Elloumi J, Carrias JF, Ayadi H, 
Sime-Ngando T, Bouaïn A, Communities 
structure of the planktonic halophiles 
in the solar saltern of Sfax. Tunisia, 
Estuarine: Coastal and Shelf Science; 
2009;81(1):19-26

[48] Corrêa PS, Morais Júnior WG, 
Martins AA, Caetano NS, Mata TM. 
Microalgae biomolecules: Extraction, 
separation and purification methods. 
PRO. 2021;9(1):10

[49] Widowati I, Zainuri M, 
Kusumaningrum HP, Susilowati R, 
Hardivillier Y, Leignel V, et al. Antioxidant 
activity of three microalgae Dunaliella 
salina, Tetraselmis chuii and Isochrysis 
galbana clone Tahiti. In: IOP Conference 
Series: Earth and Environmental Science. 
Vancouver, BC, Canada: IOP Publishing; 
2017. p. 012067 

[50] Pouvreau J-B, Taran FDR, 
Rosa P, Pin S, Fleurence Jl, Pondaven P. 
Antioxidant and free radical scavenging 
properties of marennine, a blue-green 
polyphenolic pigment from the diatom 

Haslea ostrearia (Gaillon/Bory) 
Simonsen responsible for the natural 
greening of cultured oysters. Journal 
of Agricultural and Food Chemistry. 
2008;56(15):6278-6286

[51] Chtourou H, Dahmen I, Jebali A, 
Karray F, Hassairi I, Abdelkafi S, et al. 
Characterization of Amphora sp., a 
newly isolated diatom wild strain, 
potentially usable for biodiesel 
production. Bioprocess and Biosystems 
Engineering. 2015;38(7):1381-1392

[52] Singh NK, Parmar A, Madamwar D. 
Optimization of medium components for 
increased production of C-phycocyanin 
from Phormidium ceylanicum 
and its purification by single step 
process. Bioresource Technology. 
2009;100(4):1663-1669

[53] Khatoon H, Banerjee S, Yusoff F, 
Shariff M. Evaluation of indigenous 
marine periphytic Amphora, Navicula 
and Cymbella grown on substrate as 
feed supplement in Penaeus monodon 
postlarval hatchery system. Aquaculture 
Nutrition. 2009;15(2):186-193

[54] Lee S-H, Karawita R, Affan A, Lee 
J-B, Lee K-W, Lee B-J, et al. Potential of 
benthic diatoms Achnanthes longipes, 
Amphora coffeaeformisand Navicula 
sp.(Bacillariophyceae) as antioxidant 
sources. Algae. 2009;24(1):47-55

[55] Brown MR. The amino-acid and 
sugar composition of 16 species of 
microalgae used in mariculture. Journal 
of Experimental Marine Biology and 
Ecology. 1991;145(1):79-99

[56] Liska AJ, Shevchenko A, Pick U, 
Katz A. Enhanced photosynthesis and 
redox energy production contribute 
to salinity tolerance in Dunaliella as 
revealed by homology-based proteomics. 
Plant Physiology. 2004;136(1):2806-2817



Progress in Microalgae Research - A Path for Shaping Sustainable Futures

76

[57] Boulay C, Abasova L, Six C, Vass I, 
Kirilovsky D. Occurrence and function 
of the orange carotenoid protein 
in photoprotective mechanisms in 
various cyanobacteria. Biochimica et 
Biophysica Acta (BBA)-Bioenergetics. 
2008;1777(10):1344-1354

[58] Gao C, Zhai Y, Ding Y, Wu Q.  
Application of sweet sorghum for 
biodiesel production by heterotrophic 
microalga Chlorella protothecoides. 
Applied Energy. 2010;87(3):756-761

[59] Desbois AP, Walton M, Smith VJ. 
Differential antibacterial activities 
of fusiform and oval morphotypes 
of Phaeodactylum tricornutum 
(Bacillariophyceae). Journal of the 
Marine Biological Association of the 
United Kingdom. 2010;90(4):769-774

[60] Iglesia I, Huybrechts I,  
Gonzalez-Gross M, Mouratidou T, 
Santabárbara J, Chajès V, et al. Folate 
and vitamin B12 concentrations are 
associated with plasma DHA and EPA 
fatty acids in European adolescents: The 
healthy lifestyle in Europe by nutrition 
in adolescence (HELENA) study. British 
Journal of Nutrition. 2017;117(1):124-133

[61] Zheng W, Wang X, Cao W, Yang B, 
Mu Y, Dong Y, et al. E-configuration 
structures of EPA and DHA derived from 
Euphausia superba and their significant 
inhibitive effects on growth of human 
cancer cell lines in vitro. Prostaglandins, 
Leukotrienes and Essential Fatty Acids. 
2017;117:47-53

[62] Apt KE, Behrens PW. Commercial 
developments in microalgal 
biotechnology. Journal of Phycology. 
1999;35(2):215-226

[63] Ward OP, Singh A. Omega-3/6 
fatty acids: Alternative sources of 
production. Process Biochemistry. 
2005;40(12):3627-3652

[64] Mozaffarian D, Wu JH. Omega-3 
fatty acids and cardiovascular disease: 
Effects on risk factors, molecular 
pathways, and clinical events. Journal 
of the American College of Cardiology. 
2011;58(20):2047-2067

[65] Bourre J-M. Dietary omega-3 
fatty acids for women. Biomedicine & 
Pharmacotherapy. 2007;61(2-3):105-112



Chapter 6

Algae Toxins and Their Treatment
Ahmed Aidan Al-Hussieny

Abstract

Algae are distributedworldwide in the sea, in freshwater and inwet situations on land.
Most aremicroscopic algae, but some of themare so large, also somemarine seaweeds that
can exceed 50m in length. The algae have chlorophyll and canmake their own food
through the steps of photosynthesis. Recently they are classified in the kingdom of
protested, which include a variety of unicellular and some basic multinuclear and
multicellular eukaryotic organisms that have cells. Algal poisoning is an intense, often
lethal condition caused by high concentrations of toxic blue-green algae (more commonly
known as cyanobacteria—literally blue-green bacteria) in drinking water as well as in
water used for recreation, agriculture and aquaculture. The study cur in the productive
dangerous from the algae toxin that productive from cyanobacteria in aquatic environ-
ment. The important contamination forwater source identification andnon-identification
and identify on algae that responsible on productive of toxin in water that represented by
Cylindrospermum,Aphanizomenon Anabaena,Microcystis, Lyngbya,Oscillatoria,
phormidium, and suitable environment for algae to productive toxin. Such as temperature,
pH, nutrient, salinity, density identify on the toxin concentration in water that content
organisms that productive toxin between (1–100mg/l).With the use of differentmethods
of treating algal toxins such as (potassium permanganate, activated carbon, oxidation,
chlorine and ozone), and the best treatment was the use of potassium permanganate at a
concentration (2mg/l), which gave the best treatment while preserving the ecosystem.

Keywords: microalgae, toxin, treatment, harmful algal bloom, cyanobacterial toxins,
potassium permanganate

1. Introduction

The enrichment of lakes and reservoirs with nutrients leads to an increase in the
growth of algae, especially cyanobacteria, forming floating masses on the surface,
causing a decrease in the concentration of dissolved oxygen and death in fish, and the
death of livestock and other animals as a result of ingesting algae toxins. Filamentous
cyanobacteria and green algae (Chlorophytes) cause clogging in filters of water treat-
ment systems or problems in industrial systems when such water is used. The dinofla-
gellates are another group of phytoplankton that can secrete toxic substances. One of the
by-products of algal blooms are high concentrations of organic carbon [1]. Increased
phosphorous concentration and low P:N ratio are major factors for such a condition, and
several studies indicate that toxins from cyanobacteria pose a health risk. According to
the World Health Organization (WHO), the maximum acceptable concentration of
the toxic substance (Microcystin-LR) in tank water that may be used for drinking is
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(0.5–1.0 μg/cubic decimeter), as exposure to an increase of this substance causes liver
cancer. Human exposure to this type of poison is possible because it is difficult to carry
out a complete treatment of cyanobacterial toxins in drinking water plants.
Cyanobacteria also cause the death of animals when they ingest these toxins and also lead
to a lack of oxygen and the death of fish [2]. Algae are distributed worldwide in the sea,
in freshwater and in wet situations on land. Most are microscopic algae, but some of
them are so large, also some marine seaweeds that can exceed 50 m in length. The algae
have chlorophyll and can make their own food through the steps of photosynthesis.
Recently they are classified in the kingdom of protiste, which include a variety of
unicellular and some basic multinuclear andmulticellular eukaryotic organisms that have
cells. Algal poisoning is an intense, often lethal condition caused by high concentrations
of toxic blue-green algae (more commonly known as cyanobacteria—literally blue-green
bacteria) in drinking water as well as in water used for recreation, agriculture and
aquaculture. Severe illness of livestock and Fatalities, birds, pets, fish and wildlife from
high growths of cyanobacteria water blooms occur almost in all of the countries in the
world. Severe deadly poisonings have also been notarized in people. Poisoning usually
comes during warm seasons when the water blossom are more acute and of longer
duration. Almost poisonings come among animals drinking cyanobacteria infested
freshwater, but aquatic animals, mostly mariculture fish and prawn, are also affected.
The toxins of cyanobacteria comprise six special chemical classes collectively called
cyanotoxins [3]. Toxic algae, micro-algal blooms, phytoplankton blooms, red tides, or
harmful algae, are all terms for normally occurring phenomena. Around 300 species of
micro algae are notify at times to form mass appearance, so called blooms. About one
fourth of these species are recognized to produce toxins. The scientific society points out
to these events with a generic term, ‘Harmful Algal Bloom’ (HAB), understanding that,
because a wide range of organisms are implicated and some species have toxic impacts at
low cell intensity, not all HABs are ‘algal’ and not all occur as ‘blooms’ [4]. Many of the
organisms in charge for red tides are closely distributed and, in recent years, the organ-
isms appear to be markedly spreading. Natural events such as hurricanes can spread over
organisms, and it is doubtful that some organisms may be moved long distances in ship
ballast waters. Another factor that may motivate algal proliferation in both freshwater
and marine systems is augmentation nutrient loading. Certain algae occur more usually
in some areas than others and it is useful to know which ones are problems in particular
locations. Good sources of information about algal blooms are the State public health
department or the State division of marine resources or marine fisheries [5].

2. Pollutant removal

2.1 Sources of water pollution

Water, especially surface water, is exposed to the dangers of pollution, as the water
source is considered polluted when it directly or indirectly changes its composition or
condition as a result of human action, that is, if it becomes less suitable for some or all
uses. These include sewage, household waste, hospital wastewater, and rainwater,
where these pollutants are loaded with large quantities of various organic and
inorganic materials and many types of microorganisms that cause many diseases, as
well as urination, defecation, and throwing dead animals into the water, especially in
rural areas, as well as picnic places represented by excreta. and food waste, where the
type of sewage network systems plays a major role in the aggravation of these
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pollutants, as there are two types of sewage network systems in Baghdad, which are the
separate system and the combined system. Also, the term (red tide) is considered to
refer to types of Plankton (phytoplankton) that are spread in high density in any water
body (may reach more than ten million cells per liter) and are known as harmful algae.
Of the (4400 species) of Plankton plant there are only from (50–60 poisonous species).
One of the most important spread of the phenomenon of red tide is a defect in envi-
ronmental factors, including the difference in the ratio of phosphorous to nitrogen
through sewage pollution. The higher the phosphorous rate in the water mass, the
higher the rate of red tide or harmful algae appearing with the availability of other
environmental conditions. The effects of the red tide are the destruction of fish from
economic fish farms if this phenomenon spreads in the farm and costs thousands or
even millions of dollars annually. The eyes, nose and mouth are irritated during the
presence of algae toxins in the tourist beaches. The toxins increase the toxicity rate of
marine food, which is transmitted to humans through marine meals (Figure 1).

2.2 Definite sources pollution

Industrial and domestic flows result in high concentrations of pollutants that find
their way into natural waters, and they are among the primary factors that lead to the
deterioration of water quality. As it is known, one of the reasons for the occurrence of
nutritional enrichment is the influx of these pollutants containing high concentrations
of nutrients estimated at more than (four times) than what is present in natural
waters. Therefore, reducing or limiting these sources of pollution is the first successful
and important step for water quality management. It is easy to control the known
sources of pollution using treatment methods, the most important and most effective
of which is the establishment of wet areas (Wetlands) (Figure 2).

2.3 Non-definite sources pollution

Sources that cause problems that are difficult to control and unknown sources of
pollution prepare more nutrients resulting from the modification that humans make

Figure 1.
Fish damage through the spread of toxin-producing algae.
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in nature such as deforestation, agriculture, industrial and urban development. These
sources supply fresh water with low concentrations of nutrients, but it is difficult to
control because they are transferred to water bodies from the vast surrounding lands.
The preparation of these sources increases in the heavy rainy season, which leads to
erosion in the surface of the soil and then filtering of these nutrients from the soil to
the aquatic organisms. Man directly and indirectly affects the occurrence of the
phenomenon of food enrichment from several aspects, in addition to the industrial,
household and agricultural waste it raises. There are many sources of pollutants
affecting the Tigris River, including human pollutants, industrial pollutants, agricul-
tural pollutants, and pollutants resulting from groundwater, and thus affected the
physical, chemical and biological characteristics, which can be broadly classified into:

A.Pollutants affecting the physical properties: Some toxic pollutants lead to a
change in the color, turbidity, taste or temperature of the water.

B. Pollutants affecting chemical properties: They represent organic and inorganic
substances that makewater toxic and dangerous and affect public health and aquatic
life through their impact on the pH value or the water content of salts andminerals.

C.Pollutants affecting biological properties: Pollutants that affect aquatic
organisms in general, including microorganisms that have an impact on human
health (bacteria and viruses). These pollutants also play a major role in the
phenomenon of eutrophication of some algae and aquatic plants.

2.4 Cyanobacterial toxins

Cyanobacteria create a variety of toxic secondary metabolites that are detrimental
to a variety of other organisms. Scientists feel that these pollutants are currently
posing a serious threat to society’s health in numerous parts of the world. The toxins

Figure 2.
Nutritional enrichment in the waters of the Iraqi marshes.
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produced by cyanobacteria and the species that produce them are listed in Table 1.
Toxins produced by cyanobacteria are divided into two categories: cytotoxins and
biotoxins [7]. The varieties of algal toxins produced by various blue-green algae, as
well as their impacts, are listed in Table 1.

2.4.1 Cytotoxins

This type of toxin is produced by some marine cyanobacteria species, and while it
has no harmful effects on animals, it is poisonous to cells generated in cell cultures and
inhibits the growth of a wide spectrum of microorganisms. Toxins such as these are
examples (Tolytoxin, Tubericidin, Scytophycins and Actiphycins). Indolocarbazoles,
tautazoles, microbilinisonitriles, and paracyclophares are more examples).

2.4.2 Biotoxins

These compounds are made by cyanobacteria, which can have a variety of negative
health consequences on humans and animals, and are frequently lethal. Toxins are
categorized into three categories: neurotoxins, hepatotoxins, and endotoxins [7].

2.4.3 Neurotoxins

Alkaloids are poisonous in a short amount of time and are usually lethal, as they
cause paralysis of the surrounding skeletal muscles, followed by paralysis of the
respiratory muscles, resulting in incapacity to breathe and death. Several forms of
these toxins have been identified (e.g., Oscillatoria and Trichodesmium).

i. Anatoxin: It is produced by the species (Anabaena flos-aquae) with a
molecular weight of (765 Da), and it is also produced by species of the genus
(Oscillatoria) as well.

Toxin types Cyanobacteria genera Effect of toxins

Hepatoxins
Microcystin
Nodularin

Anabaena, Anabaenopsis,
Aphanocapsa, Hapalosiphon,
Microcystis, Nostoc, Oscillatoria,
Nodularia

These toxins directly affect the zooplankton
community, especially those that prefer
cyanobacteria species as an important food
source for them

Neurotoxins
Anatoxin-a
Homoanatoxin-a
Anatoxin-a (s)
Saxitoxin

Anabaena, Aphanizomenon,
Cylindrospermum, Microcystis,
Oscillatoria, Phormidium.
Anabaena, Oscillatoria, Anabaena,
Aphanizomenon, Cylindrospermopsis
Lyngbya

Infection with these types of toxins leads to
the inability to breathe and then death
through paralysis of the respiratory muscles

Cytotoxin
Cylindrospermopsin

Aphanizomenon, Cylindrospermopsis,
Umezakia

Its toxic effect on the liver, but it was found
that it affects the kidneys as well, causing
the destruction of the tissues that it attacks

Lipopolysaccharides
(LPS)

Many species of Cyanobacteria These substances have a toxic effect that
causes ill health in humans, and it was also
found that they are fatal to mice when
injected into the peritoneal membranes

Table 1.
Cyanotoxins with public health significance from acute exposures [6].
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ii. Homoantoxin: It is also produced by the type (Oscillatoria rubescence), and it
is less toxic than the first type [8].

iii. Anatoxin-a(s): It is produced by species of the genus (Anabaena), which is
about ten times more toxic than the first and differs from it in its chemical
composition and has a molecular weight of 252 Da.

iv. Paralytic Shellfish Poisons (PSPs): The complicated set of 18 toxins that
paralyze crustaceans is grouped into three classes (saxitoxin, gongyautoxins,
and C-toxins), and these toxins are usually produced by species
(Aphanizomenon flos-aquae and Anabaena circinalis). These toxins are thought
to have a quick neurological effect by interrupting nerve communication by
closing sodium channels, but they have no effect on potassium permeability.

2.5 Hepatotoxins

Toxins of this sort cause a variety of types and strains that belong to the genera
(Microcystis,Anabaena,Nodularia,Cylindrospermopsis,Oscillatoria andNostoc). These
toxins are themost frequent among cyanobacterial toxins, and they have a strong toxic
impact. However, they take longer to kill than neurotoxins, and death can take anywhere
from 5min to a few days, depending on numerous factors such as the animal’s weight, the
type of poison, and the dose. These toxins are divided into three categories [9].

2.5.1 Microcystins

They’remonocyclic seven-chain peptides with an unique amino acid namedAdda
connecting the side chains. Because the peptide ring comprises five amino acids that are
used in the synthesis of all forms ofmicrocystins produced by the species (Microcystis
aeruginosa), it was named after it. Other species from the genera (Oscillatoria,Nodularia,
Anabaena,Nostoc) and others are used tomake it. So far, more than amillionmicrocystins
have been identified (60 species). MicrocystinsMC-LR,MC-RR, andMC-YR are themost
frequent and poisonous kinds of microcystins. Microcystins have amolecular weight of
909–1044Da, depending on the species. Microcystins are known for their long-term
resilience to high temperatures, however it has been discovered that they can tolerate
boiling without denaturation. It withstands pH changes and dissolves easily in water,
ethanol, methanol, and acetone, and cells require energy to consume the poison [10].

2.5.2 Nodularin

It’s a pentacyclic monocyclic peptide that looks a lot like MC–LR but is smaller. The
peptide ring has a molecular weight of 824 Da and comprises amino acids similar to
those found in MC–LR. Only one variety has been identified as being produced by the
species (Nodularia spumigena), and this proliferation has a poisonous impact identical
to that of MC-LR.

2.5.3 Cylindrospermopsin

It is one of the toxins produced by the type (Cylindrospermopsis mceberskii), and it
is the only alkaloid compound among the hepatotoxicants, as it shares this
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characteristic with neurotoxins, and its toxic effect is not limited to the liver, as it has
been discovered that it also affects the kidneys, causing tissue destruction [11].

2.6 Endotoxins

It refers to the lipo polysaccharide (LPS) that forms the cell wall of pan
cyanobacteria, and it has been discovered that these chemicals are hazardous to
humans. When injected into the peritoneal membranes at a dose of (1–1.2 mg/kg after
48 h), it was likewise proven to be deadly to rats [12].

3. Toxic effect of microcystins

Many researches have confirmed that the compounds produced by various varieties
of cyanobacteria are harmful to many animals and humans, as they have been discovered
to cause the death of many creatures in many parts of the world, including cattle, horses,
dogs, birds, fish, and crocodiles. These toxins have a direct impact on society Zooplank-
ton, particularly those that prefer cyanobacteria species as a major food source, such as
the genus Daphnia, where it was discovered that low concentrations of these toxins
reduce the ability of these organisms to reproduce new generations, as well as their
members’ growth rates. Toxic levels above a certain threshold cause death [13]. The use
of water contaminated with microcystins in the dialysis process in a hospital’s hemodial-
ysis unit, which resulted in damage Acute hepatitis, confirms the seriousness of these
toxins, as the worst accident recorded so far occurred in 1996, with the victim (60
patients) due to the use of water contaminated with microcystins in the dialysis process.
Due to the usage of recycled water for drinking, Western culture is one of the societies
most exposed to these poisons, as proven by two occurrences in Australia. Due to
pollution of drinking water with these chemicals, the first victim (139 children) and a
number of adults became infected, resulting in severe liver, hematuria, renal failure, and
death. The high concentration of toxin in the drinking water was caused by the chemical
treatment of water containing blooming algae (Microcystis aeruginosa) with copper sulfate
CuSO4, which is commonly employed to kill algae cells. High body temperature, skin
rash, enteritis, general weakness, lack of appetite, pallor of mucous membranes,
vomiting, diarrhea, liver poisoning, and death within hours or days, depending on the
amount of dose given and the weight of the animal, are common signs of microcystin
poisoning. The most common cause of death is an abrupt bleeding within the liver.
Microcystins, according to the majority of researchers in this subject, have a stimulating
influence on the growth of malignant tumors when consumed low concentrations and
for long periods [14].

4. Hazards resulting from algal toxins

Environmental parameters such as temperature, illumination, pH, salinity, macro-
and micronutrients are among the most important regulators of toxins production
from blue-green algae, according to environmental studies in continuous cultures of
algae. Microcytins and Anatoxin-a are maintained to a significant extent inside the
cell. Because the degree of (Microcytins) harm to the environment and neighboring
creatures increases as the logarithmic length of growth increases, the presence of
(Microcytins) cannot be overlooked. According to certain research, the quantities of
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toxins in water containing creatures that emit toxins range from (1–100 g/l) and can
be higher, and as a result, (microcytins) are among the contents that pose a health risk
and have an effect if the water has been ingested from change the detoxification of
cyanobacteria and their cells [15].

5. Algae producing toxins
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6. Methods for treating algal toxins

6.1 Treatment of algal toxins

6.1.1 potassium permanganate

After reducing the quantity of algae that produces food enrichment (excessive
growth), a potassium permanganate mixture with a concentration of 30 mg/l textured
alum as coagulate was used. The concentrations of chlorophyll algal toxins per trans-
action were examined and compared to the standard at the end of the 72-h experiment
mediated by the GC/MS device, in addition to reducing the productivity of the initial
algae by reducing the concentrations of chlorophyll algal toxins per transaction. The
results revealed the presence of algal toxins belonging to the groups Neurotoxins,
Hepatotoxins, Pyriproxyfen, Emodin, Brevetoxins-10 (A), and Cytotoxins in the
standard treatment, with a note detoxification algal 100% concentrations of 8 and 16
mg/l, respectively, textured potassium permanganate in comparison to the standard,
which contained a lot of chemical compounds to algal toxins (Figure 3).

A result of the cessation of photovoltaic installation process stops the outer wall
systems (systems enzymatic) to withdraw nutrients that enter into the composition of
the algal toxin combination the non-arrival of light to stop light receptors [16], and the
concentrations of 2 and 4 mg/l for the same article have some toxic compounds
converted into non-toxic compounds and Figures 4–8 describe them. Were treated
toxins algal belonging to the group Neurotoxins a Besnfein Anatoxin-a,
Homoanatoxin-a and the various toxins which is alkaline compounds Alkaloids with
effect very quickly called and can be fatal in most cases where the cause muscle
surrounding paralysis followed by a respiratory muscle paralysis, which leads to an
inability to breathe then death.

These toxins, as seen in Hepatotoxins group Class Microcystin-LA, are the most
common among toxins Cyanobacteria and have a severe impact, but death takes
longer than nerve toxins, ranging from 5 min to a few days depending on several
factors such as the weight of the animal, the type of poison, and the dosage, among
others. Other forms of toxins, such as Pyriproxyfen, Emodin, and Brevetoxins-10,
were shown to be effective in removing algal toxins that had emerged within the

Figure 3.
GC-MASS of algal toxins within the treated standard.
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Figure 4.
GC-MASS of algal toxins within concentration of 2 mg/l.

Figure 5.
GC-MASS of algal toxins within concentration of 4 mg/l.

Figure 6.
GC-MASS of algal toxins within concentration of 8 mg/l.
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conventional treatment of 8 and 16 mg/l potassium permanganate, as shown in
Table 2.

The same material with concentrations of 2 and 4 mg/l has been converted into
non-toxic and hazardous chemicals, as indicated in Table 2. The current study also
suggests that potassium permanganate at concentrations of 8 and 16 mg/l, respec-
tively, could be used to treat algal cells by stopping photosynthesis and disabling all
vital events without tearing the outer wall of the moss, and then deposition blocs
blooms to the pelvic floor and a rise in turbidity levels in the water column, as opposed
to the standard, which shows a rise in biomass value and low turbidity Figure 8.
Furthermore, all potassium permanganate concentrations of 2, 4, 8, and 16 mg/l had
no effect on the algae’s outer wall. This is because to the potassium permanganate
mixture’s precise concentration of alum, which caused the algae’s exterior wall to not
tear, preserving the outer toxic blooming. It inhibits photosynthesis, resulting in a
decrease in the primary productivity of chlorophyll-producing algae, solution Alum is
necessary for the production of potassium permanganate and aids in the sintering,
coagulation, and sedimentation processes [17]. Furthermore, potassium permanga-
nate affects some algal toxins but not others, as it affects the toxins anatoxin-a,
cylindrospermopsin, and microcystin and analyses have valued the final removal,

Figure 7.
GC-MASS of algal toxins within concentration of 16 mg/l.

Figure 8.
Concentrations of potassium permanganate and its impact on algae society compared to standard.
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while it does not affect saxitoxin toxin, despite the fact that it is produced by algae
greens blue—this is what the organization confirms [18].

6.1.2 Activated carbon

The use of activated carbon for the removal of a wide range of organic compounds,
including numerous algal toxins, is a well-accepted treatment approach. Powdered
activated carbon (PAC) and granular activated carbon (GAC) can both be used as a
physical process to adsorb toxins in source water, while GAC can also be used as a
biological process to degrade toxins by allowing bacteria to grow on GAC media
(instead of sand or anthracite) in rapid gravity filters. The nature of the source water,
particularly the sort of toxins and competing natural organic matter (NOM) constitu-
ents present, has a significant impact on the efficacy of the adsorption or biological
process. Operators should consider improving reactivation and replacement fre-
quency based on the seasonal prevalence of blue-green algae if GAC is currently being
used. Because algal toxin occurrences occur on a regular or seasonal basis, the use of
PAC can be beneficial because it may be introduced sporadically to the traditional
treatment procedure to react to the presence of toxins in a relatively cost-effective
manner.

Algal toxins Synthetic version of the toxin Standard Concentrations of potassium
permanganate (mg/l)

2 4 8 16

1-Neurotoxins
Anatoxin-a

C2H3C12NO * - - - -

C9H13NO2
* - - - -

C18H27NO3
* - - - -

C11H12N2O6
* - - - -

C11H17N3O
* - - - -

C10H17N3O
* - - - -

C9H15Br2NO * - - - -

Homoanatoxin-a CH4N2O2
* - - - -

C11H17NO2
* - - - -

C13H9BrN2O3
* - - - -

2-Hepatotoxins
Microcystin- LA

C3H7NO4S
* - - - -

3-Pyriproxyfen C20H29NO3
* - - - -

4-Emodin C15H10O5
* - - - -

5-Brevetoxins-10(A) C4H8O2
* - - - -

6- Cytotoxins C2H2Cl3NO * - - - -

-, absence of toxins.
*The presence of toxins.

Table 2.
Treatment of algal toxins of different concentration of potassium permanganate with chemical formulations
statement mediated by GC-MASS.
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PAC can be added before coagulation and removed in the settling tanks, or it can
be added after coagulation and removed by filtering. When employing PAC, keep in
mind that it must be removed by a downstream operation and discarded, as PAC is
rarely reused or regenerated. When utilizing PAC, detention times must be considered
to ensure that enough time is provided for adequate adsorption removal. Prior to
coagulation, PAC basins are occasionally employed, but care must be taken to ensure
that the PAC adsorption rate correctly accounts for any NOM compound competition
for adsorption sites. For details on selection and dosing, contact your PAC supplier.

6.1.3 Oxidation

Chlorination (gaseous elemental chlorine, liquid sodium hypochlorite, or calcium
hypochlorite), chloramines, chlorine dioxide, potassium permanganate, and ozone are
all examples of oxidation in this section. UV with hydrogen peroxide is also demon-
strated. Because most oxidants will lyse the blue-green algae cells present and release
their toxins, peroxidation (the administration of an oxidant at any point in the treat-
ment process prior to filtering) is not suggested. To keep the cell structure intact and
the toxins contained, blue-green algae cells should be removed during the coagulation
process before adding an oxidant if at all possible (i.e., intracellular). Water systems
should consider using a weaker oxidant such as potassium permanganate if pre-
oxidation is required for acceptable turbidity and/or organic carbon removal.

6.1.4 Chlorine

Chlorine reacts with microcystins, cylindrospermopsin, and saxitoxins to a lesser
amount. Anatoxin-a does not seem to react well with chlorine. In addition, saxitoxin
inactivation works best at higher pH levels, whereas microcystin inactivation works
best at lower pH levels. The pH of the water and the presence of NOM affect the
reactivity of chlorine with contaminants. Depending on the water quality circum-
stances, the contact time (CT) values necessary for the elimination of microcystins
with free chlorine may be many times higher than those required for the surface water
treatment rule. Chloramine and chlorine dioxide in commonly used levels have not
been shown to be effective against any of the four poisons. Chloramines are effective
against microcystins at very high doses and over long periods.

6.1.5 Ozone

Microcystins, anatoxin-a, and cylindrospermopsin react more quickly with ozone
than with other common oxidants. Saxitoxin is the one that is least affected by ozone.
Only 20% of the saxitoxins present would be destroyed under equivalent settings
when microcystins would be fully removed. Although hydrogen peroxide alone is
ineffective in removing pollutants, ozone combined with hydrogen peroxide is
significantly more powerful (Table 3).
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Anatoxin-a Cylindrospermopsin Microcystin Saxitoxin

Chlorine Not effective Effective Effective Somewhat effective

Chloramine Not effective Not effective Not effective Inadequate information

Chlorine dioxide Not effective Not effective Not effective Inadequate information

Potassium permanganate effective Date ranges from not
effective to possibly
effective

Effective Not effective

Ozone Effective Effective Effective Not effective

UV/advanced oxidation Effective Effective Not effective Inadequate information

Table 3.
General effectiveness of blue-green algal toxin inactivation with specific oxidants [19].
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Abstract

Environmental pollution is a severe and common problem in all the countries 
worldwide. Various physicochemical technologies and organisms (e.g., plants, 
microorganisms, etc.) are used to address these environmental issues, but low-cost, 
practical, efficient, and effective approaches have not been available yet. Microalgae 
offer an attractive, novel, and little-explored bioremediation alternative because 
these photosynthetic organisms can eliminate pathogenic microorganisms and 
remove heavy metals and toxic organic compounds through processes still under 
study. Our research team has conducted some experiments to determine the biore-
mediation potential of native microalgae on some pollutant sources (i.e., leachate and 
wastewater) and its ability to remove hazardous chemical compounds. Therefore, in 
this chapter, we provide the results of our research and updated information about 
this exciting topic. Experiments were conducted under controlled culture conditions 
using several native microalgae species, variable time periods, different pollutant 
sources, and hazardous chemicals such as ethidium bromide. The results indicated 
that native microalgae can remove pollutants (i.e., phosphorus, ammonia, etc.) of 
wastewater, leachate, and some hazardous chemical compounds such as ethidium 
bromide. In conclusion, native microalgae have an excellent potential for remov-
ing several pollutants and, consequently, could be used to develop bioremediation 
technologies based on native microalgae from the Peruvian Amazon.

Keywords: bioremediation, native microalgae, leachate, pollutants, wastewater

1. Introduction

Microalgae have aroused the scientific community’s interest by their biotechno-
logical potential and increased commercial demand because these microorganisms 
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are an excellent source of a wide range of chemicals with biomedical interest (e.g., 
carotenoids, essential fatty acids, polyphenols, polysaccharides, etc.) [1–3]. In 
addition, they are helpful for bioremediation applications in wastewater treatment 
and other decontamination applications [4, 5]. Some advantages of this biological 
system are that bioremediation reinforces biogeochemical processes, toxic chemicals 
are degraded and not simply physically separated from the environment, and the 
process requires less energy than other technologies and uses less manual supervision. 
Furthermore, the bioaccumulation of heavy metals by microalgae cells may represent 
a feasible method for the treatment of leachates and wastewater containing bioavail-
able heavy metals [6–10].

Additionally, microalgae could be cultivated in wastewater lagoons with small 
nutrient requirements for their maintenance and development. This component 
usually constitutes the final step to completing the decontamination process in many 
wastewater treatment systems [11–13]. Therefore, massive cultivation of microalgae 
using wastewater as a source of nutrients is a cost-effective approach due to the 
simplicity of the technology allowing both pollutants (i.e., biological and chemical) 
remotion and the obtention of a valuable microalgae biomass rich in proteins, lipids, 
pigments, bioactive chemicals, etc. [14–17].

In this context, this chapter aims to provide updated information based on the 
results of investigations conducted by our research team using some strains from the 
freshwater microalgae collection culture native from the Peruvian Amazon.

2. Use of native microalgae for pollutants removal

2.1 Leachate treatment from an open-air garbage dump

Solid waste production in Iquitos city and other cities worldwide has been 
increased in direct relation to the demographic explosion. Commonly, cities such as 
Iquitos and other main cities of the Peruvian Amazon have an inefficient garbage col-
lection system, and their main streets and popular markets are often full of garbage 
(Figure 1). In addition, these cities do not have a proper garbage disposal approach, 
and landfill sites are missing; consequently, the solid wastes are directly deposited in 
open-air garbage dumps (Figure 1).

In these open-air garbage dumps, the solid wastes can be dispersed and degraded 
by abiotic and biotic factors, producing a gamma of solid, gaseous, and liquid prod-
ucts; the latter is known as leachate. This wastewater flows out from a landfill or an 
open-air garbage dump sites due to precipitation, ground-water intrusion, moisture 
content of waste, and rate of evaporation [18]. The volume and pollutant composi-
tion of this leachate wastewater fluctuate over time; therefore, in the early acid 
phase, there exists a high concentration of the four groups of pollutants (dissolved 
organic matter, heavy metals, inorganic macrocomponents, and xenobiotic organic 
compounds); finally, in the long methanogenic phase, the leachate liquid has a lower 
concentration of the four groups of pollutants and is characterized by its very low con-
centration of heavy metals and biochemical oxygen demand/chemical oxygen demand 
(BOD/COD) ratio [19–21]. In addition, leachate liquid has a great diversity and com-
position of bacterial and archaeal populations of the members Alphaproteobacteria, 
Betaproteobacteria, Gammaproteobacteria, and Epsilonproteobacteria, among others 
[22–24]. For these reasons, leachate liquid should be appropriately disposed and 
treated to keep away ecotoxicological and environmental damage [25].
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According to these necessities, our research team evaluated the potential use of 
native microalgae of the Peruvian Amazon for leachate treatment generated in an 
open-air garbage dump. To do these experiments, leachate liquid samples (3 L) were 
collected from leachate pools generated from an open-air garbage dump of Nauta city, 
Loreto, Peru. After, leachate liquid samples were subsequently filtered through 0.45- 
and 0.25-μm filter membranes to remove particulate matter and microorganisms.

The experiments were conducted for 5 days with three native microalgae strains 
(Ankistrodesmus sp., Chlorella sp., and Scenedesmus sp.) of the freshwater microalgae 
collection culture native from the Peruvian Amazon. Each experiment included a 
control group (microalgae strain cultured with Chu-10 medium) and two treatments. 
The first treatment contained 100% leachate and the second 50% leachate and 50% 
Chu-10 culture medium. Assays were conducted by triplicate in 500-mL Erlenmeyer 
flasks and started using in each one a 200-mL final culture volume, 3 × 108 microalgae 
cells, a light intensity of 100 μE⋅m2⋅s−1, a photoperiod regime of 12–12 h (light-dark), 
ambient temperature at 25°C ± 2°C, and constant homogenization at 200 rpm.

We evaluated the microalgae capabilities for chemical pollutant removal in leach-
ates by quantifying these pollutants in the culture medium at the beginning and on 
the 5th day of the experiments, using standardized methods with the multiparameter 
LaMotte 3633-04 Fresh Water Aquaculture Test Kit. In addition, phosphate was 
quantified using a spectrophotometric method [26].

The results showed that the three microalgae strains were able to eliminate chemi-
cal pollutants in leachate (Table 1). Ammonium was efficiently removed from 90% 

Figure 1. 
Solid waste accumulation in the main streets and popular markets of Iquitos city (A, B, and C) and its final 
disposal in an open-air garbage dump (D).
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(Chlorella sp.) to 100% (Ankistrodesmus sp.). These microalgae strains displayed 
similar pollutant elimination capabilities for nitrite, chloride, phosphate, carbon 
dioxide, and other chemical pollutants. CO2, carbonate, and bicarbonate decrease can 
be related to its consumption by the microalgae cells in the photosynthetic process.

Pollutant 
compound/
chemical 
parameter

Microalgae 
strain

Concentration at 
the beginning of the 
experiments (mg/L)

Concentration on 
the 5th day of the 

experiments (mg/L)

Percentage 
decrease

Ammonium Ankistrodesmus 
sp.

0.20 ± 0.01 0.00 ± 0.000 100 ± 0.00

Chlorella sp. 0.20 ± 0.03 0.02 ± 0.001 90 ± 0.95

Scenedesmus sp. 0.20 ± 0.01 0.01 ± 0.000 95 ± 0.22

Nitrite Ankistrodesmus 
sp.

0.50 ± 0.05 0.05 ± 0.002 90 ± 0.72

Chlorella sp. 0.50 ± 0.01 0.04 ± 0.001 92 ± 0.16

Scenedesmus sp. 0.50 ± 0.06 0.03 ± 0.002 94 ± 0.33

Chloride Ankistrodesmus 
sp.

24 ± 1.00 2 ± 0.10 91.7 ± 0.68

Chlorella sp. 24 ± 1.15 2 ± 0.21 91.7 ± 0.49

Scenedesmus sp. 24 ± 0.58 2 ± 0.10 91.7 ± 0.33

Phosphate Ankistrodesmus 
sp.

100 ± 5.03 10 ± 0.26 90 ± 0.39

Chlorella sp. 100 ± 3.61 10 ± 0.17 90 ± 0.21

Scenedesmus sp. 100 ± 1.00 10 ± 0.20 90 ± 0.30

Carbon dioxide Ankistrodesmus 
sp.

37 ± 1.00 0.0 ± 0.0 100 ± 0.0

Chlorella sp. 37 ± 1.73 0.0 ± 0.0 100 ± 0.0

Scenedesmus sp. 37 ± 0.58 0.0 ± 0.0 100 ± 0.0

Calcium and 
magnesium salts 
(hardness)

Ankistrodesmus 
sp.

160 ± 1.53 28 ± 0.50 82.5 ± 0.24

Chlorella sp. 160 ± 0.58 28 ± 0.92 82.5 ± 0.59

Scenedesmus sp. 160 ± 1.53 48 ± 1.00 70.0 ± 0.90

Carbonate and 
bicarbonate salts 
(alkalinity)

Ankistrodesmus 
sp.

180 ± 0.58 76 ± 1.00 57.8 ± 0.44

Chlorella sp. 180 ± 1.00 96 ± 0.50 46.7 ± 0.29

Scenedesmus sp. 180 ± 1.15 96 ± 1.00 46.7 ± 0.31

pH Ankistrodesmus 
sp.

9 ± 0.50 9 ± 0.50 0.0 ± 0.0

Chlorella sp. 9 ± 0.51 9 ± 0.50 0.0 ± 0.0

Scenedesmus sp. 9 ± 0.50 9 ± 0.00 0.0 ± 0.0

Table 1. 
Decrease in pollutant compound concentration and some chemical parameter values in landfill leachate cultures 
(100% leachate) of three native microalgae strains from the Peruvian Amazon.
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2.2 Wastewater treatment

The generation of great volumes of wastewater in the main cities of the Peruvian 
Amazon is increasing notably in the past 20 years. This environmental issue is associ-
ated with the intense migration of people from rural to urban areas with the hope to 
get better opportunities to improve their life qualities. This unplanned migration is 
generating unorganized human settlements in the marginal areas of the big cities, 
which lack basic services, such as electric fluid, potable water, and sewage system 
(Figure 2). In addition, none of these cities have wastewater treatment plants; then, 
wastewater is directly disposed into the main rivers of the Amazon basin, causing 
significant pollution of the aquatic ecosystems and affecting the aquatic flora, fauna, 
microbiota, and, of course, the human settlements located along the main rivers.

In this context, with a view to alleviate this pollution problem, we need to investi-
gate eco-friendly, efficient, and low-cost options to treat wastewater. In this sense, we 
did experiments to determine whether native microalgae are useful to decontaminate 
wastewater generated in Iquitos city because there are several successful experiences 
around the world using these microorganisms [4, 5, 11, 27].

Therefore, to do the experiments, wastewater samples (5 L) were collected 
from the two main wastewater drainage systems of Iquitos city (Moronacocha and 
Huequito), Loreto, Peru. Furthermore, particulate matter and microorganisms were 
removed from the wastewater samples using the same previously described filtration 
approach (item 2.1) and were sterilized by autoclaving at 121°C for 30 min.

The experiments were conducted for 15 days with two native microalgae strains 
(Ankistrodesmus sp. and Chlorella sp.) of the freshwater microalgae collection culture 
native from the Peruvian Amazon. Each experiment included a control group (micro-
algae strain cultured with Chu-10 medium) and three treatments. The first treatment 
contained 100% wastewater from the Moronacocha wastewater drainage system and 
the second one contained 100% wastewater from the Huequito wastewater drainage 
system. Assays were conducted by triplicate in 250-mL Erlenmeyer flasks and started 
using in each one a 100-mL final culture volume, 4 × 1010 microalgae cells, a light 

Figure 2. 
Typical open-air sewage systems in Iquitos city and other main cities of the Peruvian Amazon.
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intensity of 150 μE⋅m2⋅s−1, a photoperiod regime of 12–12 h (light-dark), an ambient 
temperature at 27°C ± 2°C, a relative humidity at 83%, and constant aeration with an 
air pump system.

We evaluated the microalgae capabilities for chemical pollutants removal in 
wastewater by quantifying these pollutants in the culture medium at the beginning 
and on the 15th day of the experiments, using standardized methods with the multi-
parameter LaMotte 3633-04 Fresh Water Aquaculture Test Kit. In addition, phosphate 
was quantified using a spectrophotometric method [26].

The results showed that the two microalgae strains were capable to remove chemi-
cal pollutants from the two wastewater samples (Tables 2 and 3). However, there are 
marker differences; for example, ammonium was efficiently removed from wastewa-
ter of the Huequito wastewater drainage system (from 97.2% to 100%); in contrast, 
this pollutant was poorly removed from wastewater of the Moronacocha wastewater 
drainage system (only 20% with both microalgae strains).

2.3 Ammonium removal using an immobilized microalgae

Ornamental fish export is an important economic activity in Iquitos city, they 
provide benefits to several families dedicated to this area. A frequent problem dur-
ing the process of ornamental fish transportation is high mortality rate, which could 
be attributable to decrease in water quality during transportation. These changes 
are due to the accumulation of toxic and metabolites of the fish catabolic process, 
such as ammonium [28], which, in turn, alkalinizes the pH and decreases the dis-
solved oxygen concentration in the aqueous medium [29]. Oxygen deficiency, toxin 

Pollutant 
compound/
chemical 
parameter

Microalgae 
strain

Concentration at 
the beginning of the 
experiments (mg/L)

Concentration on 
the 15th day of the 

experiments (mg/L)

Percentage 
decrease

Ammonium Ankistrodesmus 
sp.

50 ± 1.00 40 ± 1.00 20 ± 0.40

Chlorella sp. 50 ± 1.50 40 ± 2.00 20 ± 3.47

Chloride Ankistrodesmus 
sp.

24 ± 0.76 2 ± 0.10 91.7 ± 0.57

Chlorella sp. 24 ± 0.76 2 ± 0.26 91.7 ± 1.29

Phosphate Ankistrodesmus 
sp.

2 ± 0.10 1.10 ± 0.20 45.0 ± 0.83

Chlorella sp. 2 ± 015 1.05 ± 0.07 47.5 ± 0.72

Carbon dioxide Ankistrodesmus 
sp.

40 ± 1.53 8.5 ± 0.57 78.8 ± 2.08

Chlorella sp. 40 ± 1.53 5.0 ± 0.55 87.5 ± 1.33

Calcium and 
magnesium salts 
(hardness)

Ankistrodesmus 
sp.

65 ± 0.70 60 ± 1.73 7.7 ± 1.86

Chlorella sp. 65 ± 1.76 52 ± 2.29 20.0 ± 4.63

Table 2. 
Decrease in pollutant compound concentration in wastewater cultures obtained from the Moronacocha wastewater 
drainage system using two native microalgae strains from the Peruvian Amazon.
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accumulation, and an increase in total ammonium concentration in the water are 
believed to be the main cause of fish mortality during transportation [30].

To help solve this problem, our research team evaluated the hypothesis that by 
using immobilized microalgae, the ammonium concentration decreased significantly. 
To test the formulated hypothesis, the experiments were conducted by triplicate for 
2 weeks with one native microalgae strain (Chlorella sp.) of the freshwater micro-
algae collection culture native from the Peruvian Amazon. To do the experiment, 
first, Chlorella sp. (Figure 3) was cultured in increasing volumes of BG-11 medium 
(100, 250, and 500 mL) to obtain sufficient microalgal biomass to begin the experi-
ments. Once sufficient microalgal biomass was generated, the microalgae cells were 
harvested by centrifugation. The culture conditions were a light intensity of 100 
μE⋅m2⋅s−1, a photoperiod regime of 12–12 h (light-dark), an ambient temperature 
at 27°C ± 2°C, a relative humidity at 83%, and constant aeration with an air pump 
system, after microalgae cells were immobilized (Figure 3) according to Zamani et al. 
[31]. Finally, 2 × 103 alginate beads with trapped microalgae cells were transferred to 
polypropylene boxes of 40 × 50 × 40 cm (W × H × L) with 5 L of distilled water and 
ammonium chloride (NH4Cl) at 800 μM. These immobilized cells were cultured for 2 
weeks under the conditions described earlier, monitoring in the culture supernatant 
each 24 h the ammonium levels according to Solórzano [32, 33].

The results showed that immobilized Chlorella sp. can efficiently remove the toxic 
ammonium from the aqueous medium. Thus, 33.07% and 76.10% of ammonium were 
removed from the culture system on the 7th and 14th days of culture, respectively 
(Figure 4). These results are similar to previously reported studies that showed that 
microalgae of the genus Chlamydomonas, Chlorella, Scenedesmus, Picochlorum, and oth-
ers can efficiently remove ammonium ions from several kinds of wastewater [34–39].

Pollutant 
compound/
chemical 
parameter

Microalgae 
strain

Concentration at 
the beginning of the 
experiments (mg/L)

Concentration on 
the 15th day of the 

experiments (mg/L)

Percentage 
decrease

Ammonium Ankistrodesmus 
sp.

36 ± 1.00 0.0 ± 0.00 100 ± 0.00

Chlorella sp. 36 ± 1.73 1.0 ± 0.10 97.2 ± 0.39

Chloride Ankistrodesmus 
sp.

38 ± 1.00 36 ± 2.00 5.3 ± 0.06

Chlorella sp. 38 ± 2.00 28 ± 1.05 26.3 ± 3.28

Phosphate Ankistrodesmus 
sp.

1.9 ± 0.10 1.5 ± 0.10 21.1 ± 4.94

Chlorella sp. 1.9 ± 0.20 1.2 ± 0.10 36.8 ± 1.25

Carbon dioxide Ankistrodesmus 
sp.

50 ± 3.46 14 ± 1.59 72 ± 1.30

Chlorella sp. 50 ± 1.73 4 ± 0.15 92 ± 0.54

Calcium and 
magnesium salts 
(hardness)

Ankistrodesmus 
sp.

60 ± 1.73 38 ± 1.01 36.7 ± 3.28

Chlorella sp. 60 ± 2.00 32 ± 2.00 46.7 ± 1.56

Table 3. 
Decrease in pollutant compound concentration in wastewater cultures obtained from the Huequito wastewater 
drainage system using two native microalgae strains from the Peruvian Amazon.
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Ammonium ions enter microalgae cells through ammonium transporters/ammo-
nia permeases (AMTPs) embedded into the plasmatic membrane. These membrane-
spanning proteins be made of 11 highly conserved transmembrane domains that fold 
into a channel across ammonia or ammonium translocates [40, 41]. According to 
X-ray crystallographic studies of some prokaryotic partners of these protein trans-
porters, these are characterized as a compact trimer with 11 transmembrane helices 
per monomer and a narrow, mainly hydrophobic, channel for substrate conduction, 
located at the center of each monomer of the trimeric molecule. In addition, at the 

Figure 3. 
Microphotography of Chlorella sp. cells (A) and immobilized microalgae cells in alginate beads (B).

Figure 4. 
Ammonium removal from the aqueous medium by Chlorella sp. immobilized in alginate beads.
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periplasmic side of the transporter protein, a binding site for NH4
+ is observed [42, 43]. 

In the particular case of Chlamydomonas reinhardtii, this microalga possesses the 
largest family of ammonium transporters consisting of eight members, which have 
complexly and finely regulation mechanisms at transcriptional and post-translational 
levels (Figure 5) [44–46].

According to Ahmad and Hellebust [47], the microalga Chlorella autotrophica can 
use two mechanisms to incorporate inorganic nitrogen sources into amino acids and 
proteins, which are related to the levels of the enzymes glutamate dehydrogenase 
(GDH) and glutamine synthetase (GS). Thus, GS levels are high in microalgae cells 
grown in nitrate and under nitrogen-starved conditions. However, in cells growing 
on ammonium, the GDH catalytic activity is increased. Both the enzymes require 
ammonium as a secondary substrate (Figure 6). Frequently, plant and microalgae 
cells prefer ammonium (NH4

+) since it has the lowest metabolic energy cost than 
other inorganic nitrogen forms [36] because it can be directly ligated to amino acids 
by the action of three enzymes: glutamate dehydrogenase, glutamine synthetase, and 
glutamate synthase.

Figure 5. 
Three key enzymes of microalgae involved in the incorporation of ammonium into amino acids and proteins.
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2.4 Ethidium bromide removal using microalgae

The release of untreated effluent from research laboratories in our country and 
worldwide into water bodies is a major threat to the environment and human health. 
Commonly, effluent from laboratories and other research facilities is rich in toxic 
organic compounds, such as dyes used in the nucleic acid analysis, especially ethidium 
bromide, which is considered a serious biohazard due to its mutagenic, carcinogenic, 
teratogenic, and very toxic potentials when inhaled, ingested, or absorbed through 
the skin, and can irritate the eyes, mouth, and upper respiratory tract [48, 49]. To 
overcome these pollution problems, ethidium bromide and other toxic compounds 
could be partially or completely degraded to nontoxic forms before disposal. 
Consequently, some research laboratories worldwide are testing the biodegradation of 
ethidium bromide using plants and various kinds of microorganisms, including bac-
teria and microalgae [50–53], to develop, in the next future, modern, cost-effective, 
and eco-friendly bioremediation approaches.

In this context, our research team has evaluated the ability of a microalgae 
consortium for the removal of ethidium bromide from aqueous medium. For this 
experiment, three previously cultured native microalgae strains Ankistrodesmus sp., 
Chlorella sp., and Scenedesmus sp. were proportionally mixed (106 microalgae cells per 
milliliter of each strain) and transferred by triplicate into 250-mL Erlenmeyer flasks 
until a 100-mL final culture volume of BG-11 medium containing ethidium bromide 
at 1 mg/mL. In the experiments, a control group containing the same quantity of 
heat-inactivated microalgae cells and ethidium bromide at equal concentrations was 
included. Then, the assays were conducted for 7 days with a light intensity of 150 
μE⋅m2⋅s−1, a photoperiod regime of 12–12 h (light-dark), an ambient temperature 
at 27°C ± 2°C, a relative humidity at 83%, and constant aeration with an air pump 
system. Ethidium bromide concentrations were monitored every day measuring the 

Figure 6. 
Ethidium bromide removal kinetics by a microalgae consortium from the Peruvian Amazon.
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intensity of fluorescence emission at 470 nm with a Qubit™ 4 Fluorometer (Thermo 
Fisher Scientific, Inc., Waltham, MA, USA).

The results showed that on the 7th day of starting the experiments, it was evi-
denced that the microalgal consortium was able to decrease the ethidium bromide 
concentration (directly related to fluorescence intensity) in the culture supernatant 
until 70.5% (Figure 6). These results corroborate the previous report of Cavalcante 
de Almeida et al. [52]. These authors also evaluated the capability of the microalgae 
Chlorella vulgaris, Desmodesmus subspicatus, and Raphidocelis subcapitata separately 
and in a consortium for ethidium bromide removal from an aqueous medium [52]. 
Their results strongly suggest the great potential of these microalgae species for 
phycoremediation application for ethidium bromide removal, which was directly 
dependent on the microalgae biomass.

Probably, the phycoremediation process used for microalgae to remove ethidium 
bromide is similar to several detoxification strategies used against aromatic organic 
pollutants (e.g., polycyclic aromatic hydrocarbons, phenolic compounds, dyes, etc.), 
including biosorption, bioaccumulation, biotransformation, and biodegradation 
[54, 55]. The first one is a metabolically independent process, which is a physico-
chemical phenomenon, supported by a gamma of mechanisms comprising absorp-
tion, adsorption, surface complexation, ion exchange, and precipitation [56]. The 
second one consists in the selective transportation by the monovalent cation uptake 
transport system [57] and other unidentified transporters, followed for its accumu-
lation into some organelles such as nucleus, mitochondria, and chloroplast, which 
can be intercalated with DNA molecules (Figure 7). Finally, biotransformation 
and biodegradation are dependent on the metabolic capabilities of the microalgae 
cells, which are determined for their genomic background that codes a repertory 
of required enzymes [54]. To date, however, none of the metabolic pathways for 
ethidium bromide biodegradation has been described.

3. Conclusions

Native microalgae isolated from the Peruvian Amazon have a potential biotechno-
logical application in the remotion of diverse chemical pollutants. These microorgan-
isms showed abilities to remove pollutants contained into leachate generated in an 
open-air garbage dump and from two wastewaters from Iquitos city. In addition, an 
immobilized version of the microalgae Chlorella sp. was capable to remove ammonium 

Figure 7. 
Fluorescence microphotography of three native microalgae cells exposed to ethidium bromide. Ankistrodesmus sp. 
(A), Chlorella sp. (B), and Scenedesmus sp. (C).
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efficiently. Finally, a microalgae consortium composed of three microalgae from the 
genus Ankistrodesmus sp., Chlorella sp., and Scenedesmus sp. was competent to remove 
the toxic compound ethidium bromide. Together, these experimental pieces of evi-
dence indicate that native microalgae have an excellent potential for removing several 
pollutants and, consequently, could be used to develop bioremediation technologies 
based on native microalgae from the Peruvian Amazon.
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Chapter 8

Mixotrophyc Culture of 
Dunaliella salina in Cuban Fishing 
Wastewaters
Gerardo Suárez Álvarez and Teresita de Jesús Romero López

Abstract

This report presented all the referring information about the organic culture of 
microalgae Dunaliella salina, Teodorescu, 1905, produced in organic effluents of 
Cuban Fishing Industry, and in a synthetic organic medium (MIP-1) and in control 
(Johnson medium). Here were studied the possibilities possessed by its algae as high-
added value, in food industry and pharmaceutical products. A comparative study is 
offered on 69 bullfights (57 at laboratory scale and 8 in pilot plant), with different 
combinations and offered an economic valuation on the production of the algal bulk 
in form of paste in a pilot plant and to industrial scale as well as some possibilities for 
its use. This report suggest that the culture medium MIP-1 resulted advantageous, 
which is capable of achieving algae concentrations about 500,000 to 870,000 cell/mL 
during 15 days of be inoculated, represented a yield between 1,7 and 2,2 g/L on the 
dry weight base. According to the result data from the culture of this microalgae, to 
produce 1 kg of wet bulk was calculated a cost that fluctuates between $6.40 and 6.50, 
where the culture means in the case of the MIP-1 alone represents $0.09/m3 of culture 
medium.

Keywords: Dunaliella, technology, fishing effluent, culture medium, ß-carotene, 
proteins, bromate ecological analysis, algal growth

1. Introduction

This research is in a pilot’s plant phase and with the same one it is sought to 
interpret the behavior of the growth, carotenogenesis and protein contain of the 
microalga Dunaliella salina cultivated in synthetic medium with addition of a source 
of inorganic or organic carbon. The growth was measured with the purpose of 
evaluating its development under different culture conditions, since this can facilitate 
the decrease of the production costs in a climbed bigger. With the same principle 
the carotenogenosis was evaluated, to look for that fertilizer or which are those that 
increase the concentration of this pigment so important for the human health for its 
high nutritious value. If one wants to achieve a quick growth and development of 
this algae is an indispensable requirement the employment of near areas to salines, 
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fundamentally those that are not subjected to the commercial exploitation of the salt, 
to have bigger area readiness, what represented a bigger net production. The culture 
medium that intends with this work is since of novel character, until the moment it 
has been planted in the existent bibliography that this microalgae species is not able to 
grow in a nutritive medium that its base of carbon is organic, reason because it is the 
first time that is cultivated in this way.

Among their perspectives uses, the culture in areas near natural saline, is the best 
option for commercial exploitation, also as high rate ponds. The lack of vitamins 
in the human feeding is a problem of world character, for what is indispensable to 
increase the sources of these, to achieve the man’s bigger survival. A way of achieving 
this end is with the culture of D. salina, which is able to accumulate a great quantity 
of Beta-carotene, a biological precursor of the vitamin “A”, which transforms it in this 
when are being ingested by the man and it is not toxic to the human organism like in 
the case of the ingest of synthetic vitamin “A” pills; for what that biological practice is 
of fundamental importance.

In the current world, the microalgae cultivation is of great interest, due to the 
uses but diverse that one makes of these, since they can be used in the production 
of food animal and human, as aide of high value, as chemical and biochemical 
products, as fertilizer and in the purification of polluted waters, among others 
[1, 2].

The microalgae D. salina that belong to the class Chlorophyceae and to the order 
Dunaliellales is of great importance for the man, since it is the fundamental natural 
source of the ß-carotene or provitamin “A”. The ß-carotene is recognized by its high 
one to be able to as antioxidant, what is the same thing an anti-carcinogenic of having 
proven effectiveness that can be used also as coloring [3], in the alimentary industry 
(mayonnaise’s, pastry, bakery, soups, juices, jells, etc.).

At the present time several countries are devoted to the commercial exploitation of 
the D. salina, among them the main ones are Australia and Israel, both although they 
use different technologies, they have been able to obtain a sustained production of 
this microalga.

Australia, the main producer of natural ß-carotene, not uses salt lakes dedicated 
to the exploitation of the salt, with very little energy expense but with use of big 
extensions of lands of which they prepare with easiness in this country. Israel uses 
high-speed lagoons with land saving but with more energy expense. Other countries 
have also attempted new cultivation technologies to increase the production of this 
microalga with the smallest possible cost.

In Cuba we have been carried out several studies to find the solutions, as 
culture medium, but economic and offer a high yield, for this in the Fisheries 
Industry Ministry (MIP) the work has been guided in two ways: one with a 
medium of where the source of carbon is organic and it comes from the residual 
waters of the fishing industry and another with a inorganic carbon that tries to 
substitute the conventional nutrients for its use in the salines. This in turn can use 
a source of inorganic or organic carbon, in dependence of the requirements of the 
cultivation.

2. Materials and methods

To know the effect of different synthetic culture medium, on the growth and 
development of D. salina, were carried out 57 testes, according to the established 
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experimental design as it is shown in the Table 1. As control the modified Johnson 
medium (MJ), was used [4], that is it usually used for the commercial culture of this 
microalgae. The employee inoculates belongs to the strain HFI-1; obtained in the MIP by 
sexual crossing among a strain from the Algal Culture Collection (ACC) of the “Centro 
Nacional de Investigaciones Científicas” (CENIC) in Cuba, whose origin is Chilean and 
another (MUR-8) from ACC at Algal Biotechnology Laboratory (ABL) of Murdoch 
University, Western Australia. The seeding, was carried out adding a seed of 300,000 
cel/mL in erlenmeyers flask of 200 mL with 100 mL of salininzated medium with addi-
tion of sodium chloride (NaCl), until obtaining a concentration of 20%. The culture 
mother’s cells were in the phase of exponential growth and Betacarotene production.

The incident illumination received on all the experimental flasks, was continuous, 
during all day, with fluorescent light tubes of 40 Watts and the rotation of the flasks 

No. Design Key

1 H2O + KNO3 0.30 g/l 41

2 H2O + KNO3 0.30 g/l 9

3 H2O + KNO3 0.30 g/l + Az 0.1 g/l 11

4 H2O + KNO3 0.30 g/l + NH4NO3 0.05 g/l 42

5 H2O + KNO3 0.30 g/l + KH2PO4 0.035 g/l 43

6 H2O + KNO3 0.30 g/l + KH2PO4 0.035 g/l + 0.05 g/l NH4NO3 44

7 H2O + KNO3 0.50 g/l 10

8 H2O + KNO3 0.50 g/l 35

9 H2O + KNO3 0.50 g/l + Sugar 0.1 g/l 12

10 H2O + KNO3 0.50 g/l + Sugar 0.1 g/l 36

11 H2O + KNO3 0.50 g/l + PO4-S 0.05 g/l 33

12 H2O + KNO3 0.50 g/l + PO4-S 0.05 g/l 13

13 H2O + KNO3 0.50 g/l + PO4-S 0.05 g/l + 0.1 g/l Sugar 14

14 H2O + KNO3 0.50 g/l + PO4-S 0.05 g/l + 0.1 g/l Sugar 34

15 H2O + KNO3 0.50 g/l + Urea 0.1 g/l + 0.05 g/l PO4-S + 0.1 g/l Sugar 17

16 H2O + KNO3 0.50 g/l + Urea 0.1 g/l + 0.05 g/l PO4-S 16

17 H2O + KNO3 0.50 g/l + Urea 0.1 g/l + 0.05 g/l PO4-S + 0.1 g/ Sugar 18

18 H2O + KNO3 0.30 g/l + Urea 0.1 g/l + 0.03 g/l PO4-S 39

19 H2O + NaNO3 0.30 g/l + Urea 0.1 g/l + 0.03 g/l PO4-S + 0.1 g/l Sugar 40

20 H2O + NaNO3 0.50 g/l 19

21 H2O + NaNO3 0.50 g/l + Sugar 0.1 g/l 20

22 H2O + NaNO3 0.50 g/l + Sugar 0.1 g/l 21

23 H2O + NaNO3 0.50 g/l + Sugar 0.1 g/l 22

24 H2O + NaNO3 0.50 g/l + Sugar 0.1 g/l + CaCl2(MJ) + KH2PO4 26

25 H2O + NaNO3 0.50 g/l + Sugar 0.1 g/l + KCl(MJ) + KH2PO4 25

26 H2O + NaNO3 0.50 g/l + Sugar 0.1 g/l + KH2PO4 (MJ) 28

27 H2O + NaNO3 0.50 g/l + Sugar 0.1 g/l + MgCl2(MJ) + KH2PO4 23

28 H2O + NaNO3 0.50 g/l + Sugar 0.1 g/l + MgSO4(MJ) + KH2PO4 24
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facilitated that it’s received a mean value of 9. 85 Klux. The luminous intensity was 
measured with a battery lux meter with three work ranges.

All the experimental series to laboratory scale got ready with distilled water, as 
diluent of the reagents that conform the synthetic medium. According to the applied 
reaction, was used commercial sugar cane like source of organic carbon; also for a 
specific culture molasses was used and for another, sodium bicarbonate (NaHCO3) to 
carry out a comparison among the different experiments, diverse culture medium were 
used with the unlike reagents that compose the Johnson medium in an individual way.

Of the obtained results, with the purpose of checking to a bigger scale the best 
results, was carried out an experiment to pilot plant scale with a lagoon that contained 

No. Design Key

29 H2O + NaNO3 A11 + Sugar 0.1 g/l + NaHCO3(MJ) + KH2PO4 27

30 H2O + Urea 0.02 g/l + Sugar 0.1 g/l 48

31 H2O + Urea 0.02 g/l + PO4-S 0.05 g/l + 0.1 g/l Sugar 52

32 H2O + Urea 0.05 g/l + Sugar 0.1 g/l 47

33 H2O + Urea 0.05 g/l + PO4-S 0.05 g/l + 0.1 g/l Sugar 51

34 H2O + Urea 0.10 g/l + Azúcar 0.1 g/l 46

35 H2O + Urea 0.10 g/l + PO4-S 0.05 g/l 15

36 H2O + Urea 0.10 g/l + PO4-S 0.05 g/l 37

37 H2O + Urea 0.10 g/l + PO4-S 0.05 g/l + 0.1 g/l Sugar 38

39 H2O + Urea 0.10 g/l + PO4-S 0.05 g/l + 0.1 g/l Miel de Purga 53

40 H2O + Urea 0.20 g/l + Sugar 0.1 g/l 45

41 H2O + Urea 0.20 g/l + PO4-S 0.05 g/l 6

42 H2O + Urea 0.20 g/l + PO4-S 0.05 g/l 8

43 H2O + Urea 0.20 g/l + PO4-S 0.05 g/l + 0.1 g/l Sugar 7

44 H2O + Urea 0.20 g/l + PO4-S 0.05 g/l + 0.1 g/l Sugar 49

45 MJ 54

46 MJ 55

47 MJ 56

48 MJ 57

49 MJ 1

50 MJ 2

51 MJ 3

52 MJ 29

53 MJ + Sugar 0.1 g/l 4

54 MJ + Sugar 0.1 g/l 5

55 MJ + Sugar 0.1 g/l 30

56 MJ + KNO3 0.5 g/l 31

57 MJ + KNO3 A7 + 0.1 g/l Sugar 32

Table 1. 
All test carry out.
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1000 liters of culture, whose dilution water was fresh water with addition of commer-
cial salt until reaching a concentration of 20% (Weight/Volume).

Cell counts were determined daily by a Neubauer cell hemocytometer with 1 mm2 
of useful area. The pigments ß-carotene and chlorophyll a and b, was extracted with 
acetone and were determined according to the standard method of the ABL [5], in a 
cellular button after centrifuging during 8 minutes to 4500 r.p.m. A volume of 5 mL 
of blended cultivation with 5 mL of distilled water (H2O), for this way to diminish 
the salinity of the sample and to avoid that the cells that lack rigid cellular membrane 
break, being ignored this way the spill of the liquid, plasmatic to the water of the 
means. The calculations were carried out according to:

Total carotene = ABS452 * 3.86 (Vol. extract/Vol. it shows)

Chlorophyll to = 11.93 * ABS664 - 1.93 * ABS647

Chlorophyll b = 20.36 * ABS647 - 5.50 * ABS664

The primary data of the different series of growth in number and the ß-carotene 
concentrations did not resist a test of normality, and when relating the logarithm of 
the variances of each data series against the logarithms of the stockings of the cel/
mL counts, a pending “b” of 2.47 was obtained since all the values were normalized 
according to expression log10 (x + 1). The slope for the regression of the ß-carotene 
concentrations was 2.33; because the same transformation was applied to normalize 
the data. Total proteins were determinate following the method of Lowry et al. [6]. 
The dry weight was analyzed by gravimeter. The validity of the results was analyzed 
applying an analysis of variance (ANOVA) of double classification with Duncan and 
Tuckey tests using a significance level of 95% and were solved by means of the pack-
ages of programs StatWin 8.0 and Excel 2016.

3. Results and discussion

In all the experimental series to laboratory scale, the temperature of the cultiva-
tion stayed between 25 and 30°C. The rotation of the different experimental flasks 
favored in the luminous intensity of the same ones (80000–140,000 lux). The growth 
curves of 57 experimental series, with a salinity of 20%, are shown in the Figure 1; 
where clearly it is understood that there is a separation of the same ones in 2 groups, 
in those which the growths improve they evidenced in those that contemplated the 
addition in common of urea. When carrying out an analysis of hierarchical classifica-
tion with the strategy of the complete binding with the Euclidean distances, must be 
proven, the separation in two groups, one that understands to the cases 37; 38; 39; 
40; 50; 51 and 52; all with inclusion of urea and other big with three subdivisions that 
they offered significant statistical differences among them according to an analysis 
of variance of double classification. The F calculated for the 57 treatments was of 7.29 
and the F of chart of 1.34 with 95% of probability. For the effect of the time of reac-
tion the calculated F was of 15.10 against an F of chart of 1.53; for what thinks about 
that significant statistical differences exist among them.

Of these groups, 12 cases were chosen (MJ; 10; 12; 19; 20; 33; 39; 40; 48; 49; 50 
and 51) that represent the groups where the rates of more growth were presented as 
one observes in the Figure 2. For the condition MJ, a curve average of 5 repetitions 
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was used where an ANOVA offered a smaller Fc 1.08, at 2.26 of chart to indicate that 
they did not have statistical differences at a level of 95% among them. The conditions 
10; 12 and 33 represent to the experiments where the fundamental nutriment was 
the potassium nitrate (KNO3) and they embrace the highest values (33); half and 
under (12 and 10). The conditions 19; 20; 39 and 40 represent the experiment that the 
fundamental nutriment have possessed sodium nitrate (NaNO3) and finally the 48; 
4; 50 and 51, those the urea was the fundamental nutritional component. With these 
12 groups to be carried out an analysis of hierarchical classification that it offered 
the cluster that is presented in the Figure 3, and 2 subgroups was obtained, one that 
represents the use of the urea and the other one subdivided in three, has in an end 
to the group that uses the Johnson medium and the NaNO3 to reason of 0.5 g/L, to 
which unites the condition 33 that is constituted by potassium nitrate (KNO3) and 
superphosphate (PO4-S). Among these, there are others represented by the other 
nutritional medium as it was presented in the Figure 2. A factor that apparently has 
favored the acceleration of the speed of growth in number, is the addition of sugar 
like source of organic carbon. The osmoregulation of this microalga species depends 
fundamentally on the glycerol production that accumulates inside the own cell and 

Figure 1. 
The growth curves of 57 experimental series, salinity of 20%.
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it allows him to survive drastic changes of salinity and bigger salinity the ß-carotene 
production it is bigger that in turn allows him to support bigger intensity of luminous 
radiation, but Ben-Amotz and Avron [7], had pointed out that the polysaccharides 
facilitate the glycerol synthesis for that, apparently the addition of sugar facilitates the 
whole process of the cycles of life and ß-carotene production.

In any case, any company dedicated to the commercial exploitation of the D. salina 
in the world uses the addition of carbon in its organic form, because traditionally they 
have thought about according to the revision given by Borowitzka and Borowitzka 
[8] and Ben-Amotz and Avron [7, 9] that this species is unable to use this source of 
carbon, being emphasized that the same, alone can use it in its inorganic form, for 
what this form constitutes something new for this species; being significant in all the 
experiments carried out in the MIP, those series that used the Johnson medium always 
reached never bigger values to 500,000 cel/mL and with the addition of sugar were 
arrived until almost 2,000,000 cel/mL, what represents a great advantage for obtain-
ing of biomass protein.

With the obtained results at the laboratory scale, were carried out two tests at pilot 
plant level in a high-speed lagoon, with paddles and with a 1000 L of culture medium 
(Figure 4) where used medium was fresh water salinized up to 20% with NaCl to 
which was added 0.5 g/L of NaNO3 and NaHCO3 to the concentration of the Johnson 

Figure 2. 
Experimental groups where the high rates of growth were presented.
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medium in a case (0.043 g/L) and 0.1 g/L of sugar. In the other case urea was used to 
reason of 0.2 g/L; 0.02 g/L of superphosphate and 0.1 g/L of sugar. These two vari-
ants were adopted because they represent to the highest results obtained regarding 
the growth in number of the cells of D. salina. In the lagoon with NaNO3 the speed 
of growth from a beginning was bigger, to reach values from 800,000 to 900,000 
cel/mL among the day’s 8 and 14; but in the lagoon with urea and superphosphate, 
although the speed of growth was not presented so quick the cellular concentrations 
reached the 900,000 cel/mL equally, to the 14 days to arrive until near values to 
1,200,000 cel/mL, to the 20 days, for what anyone of these culture can be used for the 
commercial exploitation of this microalga; since generally the companies that market 
it harvest to the 20 days of initiate the cultivation and with near concentrations to the 
500,000 cel/mL.

The illumination in the experiments outdoors, in the lagoons to plant pilot’s scale, 
had fluctuated between 120,000 and 180,000 lux, with picks at 12 in the day; indi-
cating that the received illumination was adapted for the growth of this microalga 
species, according to the data that report Ben-Amotz et al. [10] and Borowitzka and 
Borowitzka [4].

Regarding the pH, it is understood that the same one during the first hours of the 
day this in the surroundings of 8.15 to be increased up to 8.3 as it lapses the day and 
this is product of the consumption of CO2 for the algae during the hours of light [11]. 
These values are also among those understood among the good ones for the develop-
ment of this species [8].

In the case of ß-carotene production, concentrations were reached of up to 11 μg 
ß-carotene/mL, of them those that understood addition of KNO3 arrived up to 
6.5 μg ß-carotene/mL, those that had alone addition of NaNO3 arrived up to 3.5 μg 
ß-carotene/mL, those that used Johnson medium, 8 μg ß-carotene/mL was reached, 
but those that used urea arrived to concentrations of 11 μg ß-carotene/mL, those 
represent the best option for the cultivation to commercial scale.

Figure 3. 
Analysis of hierarchical classification that it offered the cluster more effective.
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For the 12 groups obtained by means of the analysis of hierarchical classifica-
tion, regarding the growth in number, that offered significant statistical differences 
with 95% of probability according an ANOVA of double classification, for the dif-
ferent types of used medium (Fc = 2.52 > Ft = 1.99) and for the days of cultivation 
(Fc = 10.35 > Ft = 2.25); the evolution of the production of ß-carotene was analyzed 
(Figure 5), of which is understood that the biggest concentration (10–12 of μg Bc/mL) of 
this pigment, it happened in the cases 49; 50 and 51 all with use of the urea and the super-
phosphate like nutritious medium, with sugar as organic carbon. Results that they did not 
offer significant statistical differences with the cultivation carried out with the Johnson 
medium, reason because it is feasible to use the urea to commercial scale. For the rest of 
the cases the levels of ß-carotene did not surpass the 3 μg ß-carotene/mL, being among 
them those that used NaNO3 that so good results offered for the production of biomass.

Figure 4. 
Two tests at pilot plant level in a high-speed lagoon, with paddles.
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Analyzing the production of carotene for the results of the cultures employees 
for the lagoons to pilot scale (Figure 6), the biggest evolution was reported for 
the lagoon with addition of urea (0.2 g/L); superphosphate (0.05 g/L) and sugar 
(0.1 g/L).

The content of proteins in this microalga strain fluctuated between 50 and 88%, 
being obtained the highest values with those that were in cultivation that it was added 
NaNO3. Concentration is it presents it like an alternative in the animal or human 
feeding.

The dry weight of the D. salina corresponded to values between 10 and 40 pg./cel, 
like to yields between 1.7 and 2.2 g of cells per liter of culture, which are inside the 
highest among those reported in the literature like commercial scale. The highest 
coincide with the culture those was added NaNO3 or urea and sugar.

Figure 5. 
Evolution of the production of ß-carotene, with the better results.
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4. Economic evaluation

The evaluation of the economic feasibility of the process of obtaining of the 
microalgas D. salina was carried out on the base of the experience gathered until that 
moment with the one made for the Chlorella sp. [12, 13], and keeping in mind the 
pilot plant capacity installed at “Industrial de alimentos” (INDAL).

In this calculations was considerate:

a—a volume of cultivation of 3 m3.

b—a yield of 0.8 kg of dry alga for m3 of culture medium.

c—a productivity of humid alga that represents a biomass from 1.6 to 2.1 kg/day.

d—a retention time of 15–20 days for each harvesting, representing a crop cycle every 
two weeks.

Figure 6. 
Carotene for the lagoons to pilot scale, the biggest evolution was reported for the lagoon with addition of urea 
(0.2 g/l); superphosphate (0.05 g/l) and sugar (0.1 g/l).
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e—an available time of 300 days troops, foreseeing 60 days of bottom of technological 
requirement and other causes.

The methodology for these calculations were carries out using the pattern of 
economic evaluation created by the ABL of the University of Murdoch, Western 
Australia, being calculated the cost of a kg of alga for the pilot plant installed at 
INDAL industry, as well as for an industrial plant. In the Table 2 a summarized 
information of the calculation about the unitary cost is presented. The cost obtained 
to produce 1 kg of alga, as it has been calculated with the pattern in question it was 
among $6.4 and $4.0 USD.

5. Cost of the means of cultivation

The fundamental culture medium for the commercial cultivation of the D. salina 
was the modified Johnson (Borowitzka, [4]); the Ben-Amotz 1 [7]; the Ben-Amotz 2 
[9] and those of the MIP with urea and the sodium that are presented in this work. The 
reagents to prepare the different culture that can be used by D. salina are presented in 
the Table 3 and their respective unitary costs in the Table 4.

Inputs Pilot plant Industrial plant

Number of lagoons 2.0 2.0

Total Area (m2) 19.4 720.0

Total Volume (m3) 1.9 216.0

Outputs Pilot plant Industrial plant

Annual productivity (ton) 1.4 52.0

Total Power centrifugation (kW/d) 1.8 82.76

Losses for evaporation (m3/año) 11.7 1798.8

Hours for lagoon crop (h) 1.5 13.7

Centrifugal required 1.0 3.0

Volume harvested by day (m3/día) 3.7 205.20

Volume harvested by year (m3/año) 1170 65304.4

Biomass harvested by day (Kg/day) 1.2 68.2

Total biomass harvested (Kg/year) 389 21718.5

Cost for nutritious ($) 0 0.03

Construction Pilot plant Industrial plant

Land preparation ($/ha) 50.0 5000.0

Cultivation system ($/ha) 838.0 50000.0

Crop system ($/ha) 2102.0 459.8

Contingency ($/ha) 30.2 29.6

Total capital ($) 3050.0 621936.0

Relative cost Pilot plant Industrial plant

Work (%) 0.01 2.7
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According to the unitary costs that are presented in the Table 4, for the cultivation 
means used for the microalgae D. salina the most economical is since in fact the one that 
offered better results in the production of ß-carotene, without considering the addi-
tion of alone NaCl it represents $0.09 USD, for each m3 of cultivation. The cost of the 
salt (NaCl) that ascends $5.94 USD, for m3 of cultivation represent an initial expense, 
because when recycling 95% of the medium after the harvesting of microalgae, alone 
it would be necessary to add 5% of this cost ($0.30/m3) to the represented value, but it 
must de adding to all the culture medium, because for the comparison, all they use it.

Inputs Pilot plant Industrial plant

Energy (%) 5.0 13.7

Maintenance (%) 6.2 70.3

Over heads (%) 7.00 5.8

Capital (%) 0.03 7.34

Operation Pilot plant Industrial plant

Energy cost ($/kWh) 0.02 0.07

Maintenance (% of capital) 5.0 10.0

Average cost yearly Pilot plant Industrial plant

Algae cost Kg ($) 6.4 4.0

Table 2. 
Summarized information of the calculation about the unitary.

Reagents 1 2 3 4 5

g/l mM mM g/l g/l

MgCl2.6H2O 1.5 — — — —

MgSO4.7HH2O 0.5 5 5 — —

KCl 0.2 — — — —

CaCl2.H2O 0.2 0.2 0.3 — —

KNO3 1.0 0.75 0.5 — —

NaHCO3 0.043 50 50 — —

KH2PO4 0.035 0.2 0.2 — —

NaNO3 — — — — —

CuCl2 — 0.001 — — —

Traces 10 ml/l — — — —

Sol. FeCl2 10 ml/l — — — —

NaCl 200 200 200 200 200

Sugar — — — 0.1 0.1

Urea — — — 0.2 —

PO4-S — — — 0.05 —

Table 3. 
Reagents to prepare the different culture medium.



Progress in Microalgae Research - A Path for Shaping Sustainable Futures

124

6. Conclusions

1. The addition of a nitrate source like NaNO3 or Urea, it increased the speed of 
growth of this microalgae species with relationship to other cultures employees 
for D. salina.

2. With the substitution of the nutrients proposed in this work it is possible to 
diminish the cycle of life of this species since about 15 days, less than the 20; that 
it is when is commercially harvested.

3. The concentration of ß-carotene obtained by means of the medium of proposed 
culture is at the same level of the yields that were obtained in the world with this 
species.

4. The protein levels for this microalgae on the base of dry weight are reported be-
tween 50 and 88%, what allows their use like source of animal or human feeding.

5. Yields were obtained among 1.6 and 2.1 kg/m3 of culture with the medium that 
used urea, superphosphate or sodium nitrate, in substitution of the Johnson 
medium.

6. The additions of sugar as source of organic carbon accelerate the growth and 
carotenogenesis in the cultivation of this species.

Reagents $/ton

Urea 260.0

PO4-S 239.0

KNO3 667.5

NaNO3 456.0

MgCl2 4400.0

KH2PO4 700.0

MgSO4 599.8

KCl 26200.0

CaCl2 480.0

NaHCO3 302.2

NaCl 33.0

Sugar 225.0

Culture Medium $/m3 NaCl $/m3

Johnson 5.93 5.94

Ben-Amotz “1” 1.93 5.94

Ben-Amotz “2” 1.91 5.94

MIP (urea) 0.09 5.94

MIP (sodium) 0.22 5.94

Table 4. 
The most economical reagents.
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7. D. salina can grow and to be developed heterotrophic, besides autotrophic like 
are recognized by all the authors.

8. According to the used evaluation pattern, the production of 1 kg of alga, is 
considered as $6.50 USD and the culture medium proposed for the commercial 
production of D. salina without considering the addition of alone NaCl represent 
$0.09 USD for each m3 of cultivation.

7. Recommendations

It is recommended to use a synthetic culture medium constituted by Urea, super-
phosphate and sugar cane, like Cuban MIP-1 medium for the commercial exploitation 
of microalga D. salina, as alternative for their cultivation to great scale, in areas near 
to natural salines that it does not explode commercially and it would allow their 
constant production for the ß-carotene extraction or use like biomass protein for the 
human feeding or animal.

Due to the carotene concentrations that can be obtained of this strain, 
their cultivation is recommended to great scale, for its later extraction and 
commercialization.

We intends to use sugar cane, like source of carbon to accelerate the growth and 
the carotenogenesis of this species and to diminish their cycle of life to less than 
20 days, that which will benefit their commercial exploitation.
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Chapter 9

Water Cleaning by Means of
Microalgae in the Channels of
Xochimilco, Mexico
Saúl Almanza Encarnación, María Guadalupe Figueroa Torres,
María Jesús Ferrara Guerrero,
Aída del Rosario Malpica Sánchez
and José Roberto Angeles Vázquez

Abstract

The lake of Xochimilco, Mexico presents a high degree of chemical contamination,
despite belonging to a Protected Natural Area and RAMSAR site, due to this, it was
decided to evaluate the quality of its waters and propose solutions to its contamina-
tion. The objective of this work was to know the relationship that exists between the
microalgae species associated with a dump that affects the site, coming from a
Wastewater Treatment Plant and the physicochemical factors coupled with the
development of bioassays. Water sampling was carried out in the site and adjacent
areas to know the microalgae species and their cleaning role, in addition to laboratory
bioassays to verify the results. There are 88 species of microalgae and their influence
on water cleaning. In laboratory, it was confirmed that some algae species were
purifiers of contamination by nutrients.

Keywords: residual water treatment, microalgae, physicochemical factors,
Xochimilco, Mexico

1. Introduction

Nowadays the majority of water bodies are with some degree of affectation, in
Mexico City one of the main aquatic ecosystems are Xochimilco channels located in
the political delegation of the same name, this zone have different appointments
including that of Natural and Cultural Heritage of Humanity in 1987 by UNESCO, it
was recognized as Protected Natural Area in 1992, also, is considered an ecological
conservation area, it is part of the RAMSAR wetlands of global importance, and is
cataloged as a GIAHS site [1].

Previously, Lake Xochimilco received water from various rivers and springs, which
was mainly used for crop irrigation; besides being the habitat of native and migratory
birds [2]; nevertheless, nowadays it is threatened by several problems, mainly by
overexploitation of water and contamination by use of agrochemicals [3, 4].
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Also, pollutant sources have been observed such as clandestine discharges of sew-
age from human settlements, and the deposit of solid waste [5]. Since the growth of
the urban spot, there have been changes in the productive activities causing diverse
problems in the area such as the excessive growth of introduced aquatic vegetation
like water lilies. Water control structures have been affected in the area and it has
been observed a decrease in the extension of the main and secondary channels. This
has caused that in places with little or no movement of water, there is an increase in
eutrophication levels and flooding during the rainy season [6].

Due to the above, the aquatic communities have been affected, one of these
communities are the microalgae which, by having short life cycles, present changes in
its structure and dynamics in short period of time. Also, microalgae have a great
importance for Xochimilco channels, despite their small size and being unnoticed by
most people, because they provide important environmental services, such as: CO2

capture, oxygen liberation from photosynthesis, natural cleaning of the water of the
channels (deseutrophication), in addition to reduce the concentration of heavy
metals, which are harmful to the ecosystem [7–11].

On the other hand, microalgae serve as food for other species present in water
bodies, such as copepods, crustaceans, small fish, and some amphibians in juvenile
stages, helping to the conservation of biodiversity. Also, can be used as biological
indicators to monitor water quality [4].

Considering the above, the aim of this investigation was to know the role of
microalgae in the purification of water from a Wastewater Treatment Plant, under
field and laboratory conditions.

2. Material and methods

2.1 Study area

The lake system of Xochimilco is located south in Mexico City, surrounded by a
mountainous area formed by the hills Xochitepec, Cantil and the volcanoes Teoca,
Zompole and Teutli [12]. It is in the geographic coordinates 19° 000 and 19° 20’ North
Latitude; 99° 000 and 99° 16’ West Latitude, with an approximate surface of 2657 ha,
at an altitude between 2240 and 2500 m [13–15].

The climate is sub-humid temperate, with rains in summer and an average annual
temperature varying between 8 and 18°C. The average rainfall is of 620 mm/year, the
most abundant rains occur between the months of June and September and the
minimum from December to February [16].

Among the most important channels are Cuemanco, Canal Nacional, Chalco, del
Bordo, Apatlaco, San Sebastián, Apampilco, Texhuilo and Japón. Also, the main
lagoons are Tlilac, del Toro, Huetzalin, Apampilco, Texhuilo and the Lake of conser-
vation of flora and fauna of San Gregorio Atlapulco [17].

2.2 Field work

Sampling was carried out at the dump of water from Cerro de la Estrella wastewa-
ter treatment plant, located in the old channel of Cuemanco. The samples of
microalgae were collected directly from the outlet of the dump water pipe, just at the
drop and at the distances of 10, 20, 40 and 60 m (Figure 1).
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For microalgae study two types of samples were taken, for the quantitative and
qualitative analysis. For the first, samples were taken with the aim of a Van Dorn
bottle, placed in 500 mL containers with lugol at 1% solution. For qualitative samples
it was used a trawl net with a mesh opening of 54 μm, this samples were placed in
amber jars of 30 mL and it was added formalin at 4%. In each sampling point it was
recorded the pH, temperature, conductivity, depth, and turbidity. Also, were taken
water samples of 100 mL to determine nutrients concentrations of NO2-, NO3-, NH4+,
and PO4

3� in laboratory.
On the other hand, water samples with live organisms were stored for the isolation

of three species for use in wastewater purification bioassays from the Cerro de la
Estrella treatment plant.

2.3 Laboratory work

The sample review of microalgae was carried out in Phycology and Phyto-
pharmacology laboratory from UAM Xochimilco, using a Zeiss optical microscope
model Axiostar. Aliquots of 0.1 mL were taken and reviewed with the scanning
technique [18], which consist on locate a starting point and make the revision in the
form of “transects”, from each sample the necessary aliquots were revised until no
new organism was observed.

For the isolation of microalgae different techniques were used, including capillary
pipetting, seeding in agar plates, and reseeding in liquid medium.

The nutrients (NO2-, NO3-, NH4+, PO4
3�, TP, and TN) were evaluated using a

multiparametric photometer HI 83200 [19]. Initial parameters were valuated, which
were the different forms of inorganic nitrogen (NO2-, NO3-, and NH4+), phosphate as
orthophosphate and heavy metals (Pb, Ni and Cu), using a multiparametric photom-
eter HI 83200 and a spectrophotometer HACH 3900.

Bioassays of removal of nutrients and heavy metals were conducted, for which the
isolated microalgae were used in the samples of treated wastewater from the Cerro de

Figure 1.
Study zone and sampling points map, based on Google earth, 2020.
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la Estrella treatment plant. To bioassays, manual agitation twice a day were given to
avoid sedimentation of microalgae and water nutrients.

To provide the necessary amount of light, white light bulbs were used and
controlled at intervals of 12 hours light and 12 hours dark with a timer clock.

2.4 Data analysis

In order to know the differences in the values of nutriment concentrations and
parameters taken in situ in the sampling points located at different distances, were
obtained a coefficient of variation, standard deviation, and arithmetic mean, using the
program Excel 2013, in addition to a linear correlation analysis to know the interaction
with the physicochemical parameters registered in field.

On the other hand, counts were made for 10 days and plotted to know the growth
curve of each isolated microalgae.

Regarding bioassays, with the obtained values population growth graphs were
made for each microalga; also, it was made a comparison between physicochemical
parameters measured in each bioassay. In addition, this data was analyzed to observe
the change in nutrient and heavy metal concentrations in each bioassay and evaluated
the purification capacity of each microalga.

3. Results

3.1 Microalgae

A total of 88 species belonging to five Divisions were found, being Bacillariophyta
the most diverse Division with 35 species, followed by Chlorophyta Division with 27
species, while Euglenophyta, Cyanoprokaryota and Pyrrophyta Divisions had 16, 6,
and 4 species respectively (Figure 2).

The sampling point with the highest number of species was the one located at 20
meters away from the dump, presenting 56 species, while the sampling point with the
lowest quantity of species was the one located directly under the dump with only 16
species observed (Figure 3).

Figure 2.
Percentage of algae species by division found in the “Cerro de la Estrella” treatment plant dump.
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3.2 Physicochemical parameters

The values of the physicochemical parameters taken in the field and the nutrients
of the samples analyzed in the laboratory are shown in Table 1. It is included the
coefficient of variation, which showed that physicochemical parameters showed a low
proportion of variation in most of them (2–18%), except in depth where it was
obtained 37%. On the other hand, the nutrients also showed a low variation ranging
from 14 to 20%.

The concentrations of NO2�were found at an interval between 0.621mg/L obtained at
20 meters and 0.751 mg/L in the sample taken directly under the dump; for NO3� the
concentrations interval was between 6.9mg/L in the sampling point of 20m, and 14mg/L

Figure 3.
Total number of species in the sampling points.

Turbidity
(cm)

Depth
(cm)

Temperature
(°C)

Conductivity
(μS/cm)

pH TN
(mg/L)

TP
(mg/L)

Direct ND ND 21.5 711 8.3 14.6 7.6

Fall 70 70 21.7 772 8 11.5 9.4

10 m 70 150 21.6 772 7.8 11.1 7.3

20 m 85 95 21.8 775 8 10.3 6.4

40 m 72 92 22.1 784 7.9 10.4 6.9

60 m 50 60 22.5 787 7.7 11 5

Standard deviation 12.52 34.90 0.37 28.07 0.21 1.60 1.50

Arithmetic mean 69.4 93.4 21.87 766.83 7.95 11.48 7.1

Variation
coefficient

0.18 0.37 0.02 0.04 0.03 0.14 0.20

VC expressed in
percentage

18% 37% 2% 4% 3% 14% 20%

The nutriments are shown as total nitrogen (TN) and total phosphorus (TP). Variation coefficient (VC) is expressed as
the ratio between the standard deviation and the arithmetic mean.

Table 1.
Values of environmental factors (physical and chemical) in the Cerro de la Estrella treatment plant dump and in
the different sampling points (at different distances).
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registered in the sample taken directly under the dump; moreover, the lowest concentra-
tion of NH4+ was found in the sample taken directly under the dump with 0.0129 mg/L
and the highest value was obtained in the sample of the spot 20 m with 0.0174 mg/L,
observing that the water from the dump, was enriched by mixing with the water of the
ecosystem, which is more rich in this compound in the further sampling points. The
concentrations of ortho PO4

3�were between 5.4 and 7.1 mg/L, having the lowest value in
the sample from 40 m and the highest in the sample from 10 m (Figure 4).

Regarding the linear correlation analysis, it can be observed that NO2�, NO3� and
NH4+ have a higher correlation value compared to the parameters measured in field,
this in Ref. to species richness, instead in terms of abundance it is observed that NO2�
and NH4+ together with turbidity are those that have a higher correlation, neverthe-
less, the correlation was lower when comparing it to the one obtained with species
richness (Table 2).

3.3 Isolation and growth of microalgae

As a result of the isolation methods (capillary pipetting and seeding in agar plates),
it was possible to achieve the growth of three species of microalgae, two belonging to
the Division Chlorophyta (Chlamydomonas sp. and Chlorella sp.) and one of the
Division Bacillariophyta (Nitzschia cf. amphibia).

3.3.1 Growth curves

For the growth of isolated microalgae, the three strains were seeded in enriched
liquid culture medium, based in the Bold Basal formula and cell counting were made
for 10 days, having as a result the following:

Figure 4.
(a-d). Nutrient concentrations (NO2

�, NO3
�, NH4+ y PO4

3�) at the different sampling points.
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Chlamydomonas sp.
In the following graph it is shown the growth behavior of microalga

Chlamydomonas sp. in liquid culture medium presenting a maximum growth at ten
days (Figure 5).

Chlorella sp.
Regarding Chlorella sp. it was observed that its growth was exponential even after

14 days (Figure 6).
Nitzschia cf. amphibia.
This microalga presented a heterogeneous growth in time, having its maximum

growth point at thirteen days and then decrease (Figure 7).

3.4 Bioassays

3.4.1 Growth curves

As for the growth of microalga Chlamydomonas sp., it can be observed that there
was an exponential increase of organisms during the first five days with a slight

Parameter Species richness correlation Abundance correlation

NO2� 0.7584 0.6497

NO3� 0.8485 0.5187

NH4+ 0.9059 0.7887

PO4
�3 0.0009 0.0704

Temperature (°C) 0.1295 0.00001

Conductivity (μS/cm) 0.6184 0.3647

pH 0.4663 0.0848

Turbidity (cm) 0.6920 0.7997

Depth (cm) 0.4803 0.4484

Table 2.
Linear correlation analysis of the physicochemical parameters on the richness and abundance of the species.

Figure 5.
Growth curve of Chlamydomonas sp.
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decrease at day six, recovering on the seventh day and from there presented marked
fluctuations in the number of individuals until the end of the experiment. In the case
of Chlorella sp. it was observed the same behavior as Chlamydomonas sp. because the
maximum growth was reached at day five, presenting a decrease of organisms from
day six until day ten, nevertheless, at day eleven there was an upturn of organisms
maintaining it during three more days, to have a downbeat in the last two days.

On the other hand, the growth of Nitzschia cf. amphibia had an exponential growth
in the first four days and a decease during the next two days, at seventh and eighth
day it presented an upturn and then continue with ups and downs until the end of
experiment (Figure 8).

3.4.2 Nutriments and heavy metals comparison between treatments

The concentrations of NO2
� in water of bioassay were higher after incubation

time, as opposed to expected, however this could be since not being an axenic culture

Figure 6.
Growth curve of chlorella sp.

Figure 7.
Growth curve of Nitzschia cf. amphibia.
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it could present nitrifying bacteria that can oxidate NH4+, increasing the NO2
� at the

end of incubation (Figure 9).
In the case of NO3-, it was observed that in treatments with Chlamydomonas sp.

and Chlorella sp. there was a decrease in the quantities of this nutriment, contraire to
the bioassays with Nitzschia cf. amphibia where its values increased after three days
(Figure 10).

Moreover, in NH4+ there was a decrease of this nutriment with the three
microalgae from day three to the end of the experiment (Figure 11).

Regarding phosphate it did not show a continuous decrease in any of the
treatments with the three microalgae, so there were ups and downs over the
course of the days in all treatments, nevertheless, Chlamydomonas sp. and
Nitzschia cf. amphibia presented the lowest quantities of this nutriment at day 12
(Figure 12).

Figure 8.
Growth curves of the three microalgae in the bioassays.

Figure 9.
Nitrites values of each treatment.
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Figure 11.
Ammonium values of each treatment.

Figure 12.
Phosphates values of each treatment.

Figure 10.
Nitrates values of each treatment.
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As regards heavy metals, in the case of copper a graph is not included because
the values obtained were zero from the beginning of the experiment in the three
treatments.

For nickel, it is noted that the quantities of this metal were not completely reduced,
instead there were sharp fluctuations in values especially in Chlorella sp. and Nitzschia
cf. amphibia, only in the bioassay with Chlamydomonas sp. it was observed a decrease
of the metal from day nine (Figure 13).

In the case of lead treatments, it was observed that the three species of microalgae
decreased the quantities of this metal, however, the bioassay with Chlamydomonas sp.,
was the one that obtained the lowest concentration of lead at the end of the 15 days of
experimentation (Figure 14).

Figure 13.
Nickel values of each treatment.

Figure 14.
Lead values of each treatment.
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Table 3 shows the removal percentage of each nutrient by the three microalgae in
the different bioassays. Negative numbers indicate that there was no nutrient
removal, but that its value increased.

4. Discussion

4.1 Microalgae

According to obtained results a total of 88 species of microalgae were determined,
from which 55 have been previously reported by diverse authors, in different points in
the Xochimilco channels and at different seasons. On the other hand, 24 species were
new registers for the study zone, which indicates that nowadays there’s no full
knowledge of the species present in this place, this can be due to the fact that over
time the conditions of the environment are changing, making changes in the
microalgae community composition, as well as the introduction of new species, that
come from treated water.

4.2 Physicochemical parameters

Regarding the parameters taken on field, it could be observed that most of them
did not vary significantly, only depth had a variance higher than 30%, which decrease

Treatment Day 0 Day 3 Day 6 Day 9 Day 12 Day 15

Nitrite Chlamydomonas sp. 0 �34 �38 �84 �166 �141

Chlorella sp. 0 �41 �41 �50 �97 �147

Nitzschia cf. amphibia 0 �34 �53 �191 �269 �553

Nitrate Chlamydomonas sp. 0 28 29 45 49 61

Chlorella sp. 0 33 40 55 53 57

Nitzschia cf. amphibia 0 58 30 15 �46 �28

Ammonium Chlamydomonas sp. 0 99 100 99.5 98 98

Chlorella sp. 0 98 100 99 95 97

Nitzschia cf. amphibia 0 92 95 96 97 95

Phosphate Chlamydomonas sp. 0 �302 �12 15 52 �157

Chlorella sp. 0 �286 26 �157 �144 1

Nitzschia cf. amphibia 0 �644 �212 12 36 �538

Nickel Chlamydomonas sp. 0 0 �25 �13 50 75

Chlorella sp. 0 �50 38 13 0 �113

Nitzschia cf. amphibia 0 13 63 38 0 25

Lead Chlamydomonas sp. 0 34 45 64 73 79

Chlorella sp. 0 37 58 55 61 64

Nitzschia cf. amphibia 0 2 45 49 47 48

Table 3.
Percentage of removal of each compound with each microalga.
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according to distance, one of the reasons can be the movement that the waterfall
generates on the lake, because the greater the distance the movement of the water is
less, which favors a higher deposit of sediments.

Nutriments values were compared with the NOM-001-ECOL-1996 [20], where the
maximum permissible limits for basic pollutants in wastewater discharges are
established. It was observed that the values of total nitrogen (TN) for use for agricul-
tural irrigation do not exceed the maximum permitted limits (40–60 mg/L), because
in the present investigation a maximum value of 14.6 mg/L was obtained. Neverthe-
less, this value is near the maximum limits permitted for urban public use which is of
15 mg/L.

Regarding to obtained total phosphorus values (TP), the values were in a range of 5
to 9.4 mg/L and they did not exceed the maximum permitted limits for use for
agricultural irrigation which are of 20 mg/L daily average and 30 mg/L monthly.
However, for urban public use, the obtained values are above the monthly average
(5 mg/L) and very close to the permitted daily average which is of 10 mg/L [20].

As for nitrogen, it was observed a higher concentration in the form of Nitratos
(NO3

�) in the site of the dump (14 mg/L), observing a decrease as the sites were
farther away from the waterfall, this can be due to the higher density of microalgae
found in those sites, which could be using this nutrient, because NO3� are one of the
main forms of nitrogen that absorb microalgae [21].

The above is complemented with the linear correlation analysis because the higher
correlation values were obtained in the NO3� and NH4+ on species richness, which
points out that the presence of these nutrients is essential for the growth and forma-
tion of biomass, as microalgae absorb them directly [22].

4.3 Isolation and growth of microalgae

After work with isolation techniques, the species Chlamydomonas sp. and Chlorella
sp., responded better to isolation in liquid medium, because both species are more of
planktonic character, in addition to being species with wide ranges of tolerance
regarding temperature and nutriments.

Nitzschia cf. ampphibia being a specie of benthic character, was isolated in solid
medium with the Pasteur pipette spraying technique, so when growing it produced
brown spots, which is a characteristic of the species of Bacillariophyta Division.

It should be mentioned that the species Chlamydomonas sp. and Nitzschia cf.
amphibia did not were very abundant in in reviewing field samples, only Chlorella sp.
was.

4.4 Bioassays

4.4.1 Growth curves

Regarding the growth of the three microalgae in the wastewater from the dump, it
was observed that none of them presented a normal growth curve [23], in such a way
that in the case of Chlamydomonas sp. and Chlorella sp. they had an exponential
growth until the fifth day of experiment without having a stationary phase, but
continued directly to death phase during the sixth day for Chlamydomonas sp. and
tenth day for Chlorella sp., to then observe ups and downs in the number of cells until
the end of the experiment. These results differ from the study conducted by [24]
which worked with Chlorella sp. and obtained a more normal growth curve, and it was
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observed that the maximum growth value was obtained at 15 says, having its death
phase between 17 and 18 days of their experimentation.

Nitzschia cf. amphibia also showed a different growth than conventional curves,
because it had an exponential growth during the firsts days having its maximum
growth on day four without having an stationary phase, but as in the other two species
went directly to the death phase during the five and six days of the experiment,
followed by various phases of exponential growth and death in few days, which could
be explained due to the rapid growth that is given by this species, that according to
Brennan and Owende [25], some species of microalgae can duplicate its biomass in
less than 24 hours.

Additionally, it was observed that in some time the cells remained glued to the glass
in the flask and despite the care a smaller number of cells was counted. When the flask
was vigorously agitated it was not counted the same number of individuals as the days
before.

4.4.2 Comparison between treatments

Regarding to comparison of the nutriment evaluation it was observed that
Chlamydomonas sp. and Chlorella sp. use NO3- and NH4+ as source of nitrogen
because they reduced the NO3� in 61% for Chlamydomonas sp. and 57% for Chlorella
sp. at the end of the experiment, and both species reduced up to 100% the NH4+ at
day six, in this regard. Oliveros andWild [26] point out that Chlorella sp. was capable of
removing up to 95% of NO3� in wastewater and mentioned that this microalga is
suitable for this type of treatment because it has a great ability to remove nutrients in
wastewater. Meanwhile, Chacón et al. [27], mentioned in their study that the highest
reductions by Chlorella sp. were of NH4+, reducing it by 100% as in this study.
However, their experimentation time was 27 days while in this investigation was
15 days.

In the case of Nitzschia cf. amphibia, it was observed that this specie use NH4+ as
source of nitrogen, because it reduced this nutriment in a 97% at 12 days of experi-
mentation and according to Pérez [28], some microalgae prefer nitrogen in form of
NH4+, so when looking at the graphs of the nitrite and nitrate values an increase was
noticed instead of decreasing.

On the other hand, in the case of phosphates, the method of using it was
more dynamic, which was reflected in increases and decreases during the experiment
by the three microalgae, so a removal of this nutriment could not be found. However, it
was observed thatNitzschia cf. amphibia and Chlamydomonas sp., presented higher per-
centages of removal of this nutriment at 12 days of experimentation with 36% and
52% respectively. This is like the reported by Oliveros andWild [26], which worked
with Chlorella sp. and obtained a removal percentage of 20% at 8 and 12 hours of
experimentation.

About heavy metals, as mentioned above the values of copper were zero, so they
were discarded from the subsequent analyses. Meanwhile, the levels of nickel were
reduced by Nitzschia cf. amphibia, after six days of experimentation by 63%. Never-
theless, after that time the values increased again, which might suggest that
microalgae adsorb and retain it for some time, but when it dies, the metal is released
again, and the value increase. Instead, Chlamydomonas sp. had a slight increase in the
values on the first six days; however, from day nine it reduced the value of nickel by
75% at the end of experiment, being this specie that show the highest removal per-
centage of removal. On the other hand, Chlorella sp. at the third day of
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experimentation had an increase in nickel values, and at sixth day there was a slight
decrease of 63%, nevertheless, after that it was observed that the values increased util
the end of the experiment, contraire to the experiment made by Hammouda et al. [29]
which reported a removal of 77.3% up to 81% of Ni by Chlorella sp.

The lead was the metal that presented highest removal by the three microalgae,
with 49% by Nitzschia cf. amphibia, 64% with Chlorella sp. and 79% with
Chlamydomonas sp., being this last one the one with the highest capacity of absorption
of this metal. It is worth mentioning that the experiment lasted 15 days and it was not
possible to decrease the totality of this metal by the microalgae. Perhaps, if the
experimentation time was longer, the totality of this metal could have been removed,
but would be necessary to remove the produced biomass, because the metal would
remain in the microalgae and could be transferred to the next food chain levels,
including reaching humans.

Of the three microalgae study, Chlamydomonas sp. appears to be the one that
have better capacity of nutrients and heavy metals removal with 50%, except in NO2-,
so it is reiterated that apparently, they do not use this form of nitrogen for their
growth. Secondly, there is Chlorella sp. which although with some nutrients such as
phosphate had a low percentage of removal (26%), in other nutrients such as NH4+
reached to remove from 95 to 100% throughout the experiment. This match with
what was reported by Martínez et al. [30], which mention that some species of
chlorophytes are capable of remove 98% of the phosphorus and up to 100% of
nitrogen in wastewaters.

Meanwhile, Nitzschia cf. amphibia resulted being the microalgae with lowest effi-
ciency regarding the quantity of removed compounds, because of not decreasing
nitrite and nitrate values and had low removal of heavy metals, nevertheless, it can be
considered as highly efficient in the removal of NH4+ since it reached a 97%.

5. Conclusions

• The algal community was composed by a total of 88 species from the Divisions
Bacillariophyta, Chlorophyta, Euglenophyta, Cyanoprocaryota and Pyrrophyta.

• 24 new records were found for the study area.

• Physicochemical parameters taken on field did not vary significantly over the
sampling points.

• NO3- and NH4+ are the parameters that had highest relation with species richness.

• Valued nutriments in laboratory did not surpass the maximum permissible limits.

• The spraying and seeding techniques in agar were the most effective for the
isolation of microalgae species.

• Chlorella sp. was the microalgae that best developed to the conditions of
cultivation and the one that presented the greatest population growth.

• Chlorella sp. was the specie that had better growth in the treatments.

• Chlamydomonas sp. was the specie that presented highest percentages of
nutrients and heavy metals removal.

141

Water Cleaning by Means of Microalgae in the Channels of Xochimilco, Mexico
DOI: http://dx.doi.org/10.5772/intechopen.104711



• Regarding nutrients, the three species presented good efficiency in the removal
of NH4+.

• Regarding heavy metals, the three species were efficient in the removal of lead.

• It is recommended for future laboratory experiments, to workwith axenicmicroalgal
cultures, even though in natural conditions, microalgae coexist with bacteria.
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Chapter 10

A New Insight of Phycoremdiation
Study: Using Filamentous Algae
for the Treatment of Tertiary
Municipal Wastewater
Yan Li, Ethan Wood, Gergely Kosa, Bushra Muzamil,
Christian Vogelsang and Rune Holmstad

Abstract

This book chapter demonstrated that the filamentous algae could be used as a
promising phycoremediation approach to purify municipal tertiary wastewater. Initial
screening of 25 algae strains across multiple genera revealed that Spirogyra sp. and
Klebsormidium sp. were suitable to treat the tertiary effluent from a modern waste-
water treatment plant (WWTP), and their co-culture was validated in three consecu-
tive outdoor pilot tests. In the first two pilot tests, the nutrient concentrations of
phosphorous and ammonium were depleted close to zero within 24 hours, whereas the
pH value increased from 7 to 9 in the wastewater. Therefore, CO2 was added for pH
control in the 3rd batch, but the nutrient removal efficacy indicated that fresh algae
inoculum was critical to maintain treatment efficiency. The biomass accumulated
notable amounts of Ca, Mg, K, Fe, Al, and heavy metals from the effluent, while the
algae production increased by two to three times over 7 days with an average algae
biomass productivity of 1.68 g m2 d�1. The derived biomass can be used for biogas
production and biofertilizer applications based on the biochemical constituent. Given
a great potential for further optimization and improvement, we provide a new insight
to use phycoremediation approach to facilitate the green transition of wastewater
treatment plants.

Keywords: filamentous algae, treated wastewater, phycoremediation, co-culture,
Klebsormidium, Spirogyra

1. Introduction

Wastewater management has received increasing attention and interest in the
context of circular economy. Different from the conventional perception, waste
streams become emerging resource for valorisation instead of being treated as a
problem [1]. This has gradually become a new consensus for the green transition of
wastewater treatment plants (WWTPs), include the request to neutralize carbon
emissions. Thereby, it is imperative to introduce new technologies and solutions to
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WWTPs to alleviate their environment footprints as part of the green transition. Algae
represent a promising tool to recover and recycle the residual nutrients from waste-
water into bioproducts, coupled with significant carbon abatement. However, due to
several constraints of scalable microalgae cultivation, it is still debatable whether the
algae-based treatment technique (or phycoremediation) is a viable approach to facil-
itate the circular economy development of WWTPs. Therefore, this book chapter will
provide a new insight to evaluate the phycoremediation for wastewater treatment.

Based on a case study, this book chapter will elaborate the potentials of using
filamentous algae to treat the municipal tertiary effluent from a modern Norwegian
WWTP. Both laboratory research and pilot scale tests were employed for the demon-
stration, since transferring the results from lab-scale R&D to pilot scale is a critical
process for phycoremediation studies. Different from the conventional monoculture
approach, the filamentous co-culture was exploited on purpose in order to enhance
the resilience and viability of proposed phycoremediation strategy. High Rate Algal
Pond (raceway) was used for the pilot study as it is an efficient system for algae—
wastewater treatment [2]. The depletion of nutrients was monitored to indicate the
treatment efficiency, while the productivity of algae biomass was detected in the pilot
tests. Finally, the biochemical constituent and elemental content of the produced algae
biomass were characterized with an attempt to assess the potential valorisation. It is
anticipated that this study will shed light on how to effectively deploy the
phycoremediation technology to facilitate the green transition of WWTPs.

2. Emerging interest on filamentous algae

Research in the application of microalgae in wastewater treatment was initiated in the
1950s. It has been highlighted that phycoremediation can remove up to 99% of nitrogen
(N) and phosphorous (P) and reduce these nutrients concentration below 1 mg/L [3].
Moreover, the produced algal biomass can be valorised from niche markets of special
materials (e.g. biopolymers and coatings) to the large-scale uses of fertilizer [4].
Phycoremediation has been demonstrated to be technically possible at lab scale, pilot
scale, and industrial scale, but not economically viable. Although the cost for microalgae
cultivation can be subsidized to a large extent by recovering nutrients from wastewater
and sequestrating CO2 released byWWTPs [5], harvesting microalgae cells is actually a
premier obstacle to impede the popularity and scalability of phycoremediation [1]. It is an
energy-intensive and expensive process. For an operational facility, this process can
occupy over 90% of capital expenses [6] and above 20–30% of the overall production
cost [7]. Meanwhile, it cannot be ignored that most fast-growing microalgae are vulner-
able to the fluctuation of biotic and abiotic conditions in wastewater [1]. This is another
inevitable challenge for those delicate microalgae cultivations, especially for the com-
monly proposed monoculture [4]. To address these inherent problems on
phycoremediation, research attention has gradually shifted to filamentous algae in recent
years, as they possess some unique traits that singular microalgae does not have.

Species from the genera Oedogonium, Cladophora, Spirogyra, Klebsormidium, and
Stigeoclonium have been demonstrated as good candidates for wastewater treatment
applications [4]. These filamentous algae have several impressive advantages for
wastewater treatment, such as robust ability to uptake nutrients from wastewater to
achieve about 60% increase in dry biomass per day [8], simplicity of harvesting,
stronger resistance to a variety of aquatic grazers and competing organisms, as well as
better adaptation to dynamic conditions [9]. Even in the environment with varying N:P
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ratios, the filamentous algae still can remove 99% of N and P simultaneously [10].
Moreover, these filamentous algae can naturally grow and bloom in a broad spectrum of
waste streams including ash dam water [11]. Although filamentous algae have been
highly recommended for wastewater treatment [4], there is little information to inves-
tigate their potentials for the contemporary requirement of WWTPs. With the declined
interest of algae bioenergy and increased knowledge on pragmatic algae potentials,
there is a growing consensus that the appropriate phycoremediation should be
implemented and aligned with realistic demand and specific wastewater conditions.

3. New demand for treating municipal tertiary wastewater

In the past decades, there have been numerous attempts to employ
phycoremediation technologies for the treatment of primary or secondary effluents,
while less attention has been given to tertiary treated effluents. Although the
advanced physical, chemical, and/or biological techniques used in modern WWTPs
can remove the most nutrients, the tertiary effluents still contain considerable loads of
N and P contributing to eutrophication. With more concerns of environmental eutro-
phication and rapid loss of nonrenewable resource of P, how to effectively eliminate
the residual nutrients in the final discharge becomes an emerging request for most
WWTPs. In Norway, for example, it was reported that more than 900 tons of phos-
phorus and about 15,000 tons of nitrogen were discharged into the ecosystem via
WWTPs per annum [12]. These nutrients are equivalent to approx. 5% and 15% of
agriculture P and N fertilizer consumptions as reported at a national level in 2017 [13].
Instead of releasing them to the aquatic environment as pollutants, it is apparently
beneficial to recover these nutrients from the released wastewater.

Compared to primary and secondary wastewaters, tertiary treated wastewater has
relatively stable pH and less turbidity, and these are acceptable conditions for algae to
grow. Furthermore, along with the biological oxidation and denitrification process,
tertiary wastewater contains much less organic macronutrients and the major dissolved
nutrients are inorganic forms and less bioavailable organic compounds. In fact, they are
the preferable medium conditions for algae proliferation. With the potential benefits of
biomass valorisation and carbon sequestration, it is conceived that the application of
filamentous algae to purify tertiary wastewater could represent a new win-win strategy
for WWTPs. However, there is a suspicion on the algae productivity when the filamen-
tous algae are exposed to the treated municipal wastewater. After all, the low concen-
tration of those nutrient residuals (normally in a level of mg L�1) seems not optimal for
the algae growth. In order to address this concern, the case study introduced in this
book chapter will provide more details to demonstrate the possibility of employing
filamentous phycoremediation for a Norwegian WWTP.

4. Experimental validation of filamentous algae co-culture

In the case study, a total of 25 freshwater algae strains from 11 genera (Table 1)
were selected from the Norwegian Culture Collection of Algae (NORCCA, www.
norcca.no) aiming to test the suitability of phytoremediation to local climate condi-
tion. According to the record from a local WWTP (VEAS: VeasSelvkost AS,
Slemmestad, Norway), the temperature of municipal discharge primarily ranges from
10 to 15°C over the year. This range was thereby used a criterion in the case study for
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the algae screening and tests. Based on the previous knowledge on local rivers ecosys-
tem [e.g., 14, 15], inclusion of filamentous algae selection was to avoid the potential
risk of introducing invasive species to the local environment. The VEAS tertiary
wastewater was freshly sampled and filtered (0.2 μm) on the day for the laboratory
test below. All the selection process was conducted following the NORCCA’s standard
protocols. There were two selection criteria, (1) being filamentous and (2) at least
100% of increase in chlorophyll fluorescence. The filamentous strains with the highest
growth rates were selected for co-culture combination studies.

Among these candidates, only K-1454 (Spirogyra sp.) and NIVA-CHL142
(Klebsormidium sp.) passed the criteria, and their growth rates (109–137%) were
comparable to the level of unicellular strains (129–195%) (Figure 1). Although
Trichormus sp. was selected as the third candidate for the subsequent co-culture tests,
the growth of monoculture was only detected on Spirogyra sp. and Klebsormidium sp.
when these three strains were exposed directly to the VEAS effluent, rather than on
Trichormus sp. (Figure 2). In the following combination model that simulating the co-
culture conditions, the results showed that the co-culture of Spirogyra sp. and
Klebsormidium sp. could grow in the effluent, based on the detection of fluorescence
increment in the end. Actually, the different sized algae cells have different uptake
and scaled uptake affinities for the nutrient utilization [16], so the algae mixture in
different cell sizes will be better for the purpose of nutrient recovery from wastewater
reclamation. As the cell of Spirogyra sp. was much bigger than that of Klebsormidium
sp. (approx. 10 time of difference), their co-culture was supposed a matched combi-
nation. Moreover, mixed culture would have a better resilience to the variable condi-
tions and complex microbial community in the wastewater. Therefore, the co-culture
of Klebsormidium sp. and Spirogyra sp. was selected as a model filamentous combina-
tion to treat the tertiary VEAS effluent.

At NIVA’s Solbergstrand Algae R&D Facility, these two filamentous algae of
Klebsormidium sp. and Spirogyra sp. were scaled up to 100 liters separately. All the
algae cells were harvested by filtration (35 mm plankton net) when the inoculum
biomass reached to the level of 2 g L�1, and then washed by clean water, and weighed
(after 10 min of air-drying) for the pilot test. A few grams of biomass were sampled
from each species and lyophilised for a benchmark study, and the rest was used for

Figure 1.
The comparison of fluorescence increments among different selected algae in the screening test (mean � SD). (note:
The first 3 days were omitted to allow inoculated cells for acclimation, and thereby the results were obtained
between days 3 and 10 during their exponential growth phase. The chlorophyll fluorescent was measured at a
wavelength of 685 nm with excited emission at 450-550 nm.)
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pilot tests. The pilot test was performed in three consecutive cycles with about 1500 L
of municipal tertiary effluent (non-filtered, provided by VEAS) on each, which was
conducted on 1:15 (v/v) with each indoor inoculum in a raceway. The 1st batch was
inoculated with about 242 g wet Klebsormidium (equal to 22.3 g of dry weight, DW)
and 547 g wet Spirogyra (about 39.9 g DW). With an attempt to continue algae
cultivation, a similar amount (wet weight, WW) of co-culture was taken from the
final produced biomass and subsequently used as the new inoculum for second batch,
and so did on third cycle. The outdoor pilot test was carried out at 10–15°C (similar to
the conditions at VEAS), with supplemental 24 hr. of LED light radiation (30–95 μE
m�2 s�1). The three batches were all monitored for 7 days, with 2 L of water sampling
on each day. As the pH value in the raceway increased from 7 to 9 within 24 hr in the
first 2 cycles (personal communication), the pH in the third batch was controlled at
7.5 with automatic CO2 addition after day 2. In the end, the total co-culture biomass in
the raceway was filtrated via a 80-mm plankton net, rinsed with tap water, and
quantified for the yield measurement. The biomass was freeze-dried for various
analytical analyses, including protein, starch, and lipids.

5. Nutrients depletion and biomass yield in the pilot test

This case study showed that the N and P residues (mg L�1 range) in the tertiary
treated wastewater could be effectively removed by the inoculated co-culture
(Figure 3). In the 1st and 2nd batches, most of NH4

+ and P were depleted within
1 day. However, the depletion rate became slower in the 3rd batch. Moreover, the
nutrient depletion followed a similar pattern. The depletion of NH4

+ preceded the
other inorganic N nutrients. Then, nitrate and nitrite started to deplete once NH4

+ was
close to 0. This is consistent with the previous reports that algae have a preference on
inorganic N: NH4

+ over other sources of NO3
� [17, 18]. Regardless of the difference in

3rd batch, it seems that the total N could be reduced by 1.5 mg L�1 in 3 days. As this
rate was achieved by the experimental amount of inoculated co-culture, perhaps the
nutrient depletion could be accelerated with more co-culture inoculum.

Albeit of a similar amount of algae inoculum used in each batch (Table 2), their
production was different. As there was a low level of nutrients (especially P) in the

Figure 2.
Monoculture and co-culture flask experiments (mean � SD; Kleb: Klebsormidium sp. Tric: Trichormus sp. Spir:
Spirogyra sp.)
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treated wastewater, the exposed biomass was likely to confront prolonged P starvation
with each subsequent batch. This is contradictive to findings that initial P-starvation
can be implemented on microalgae to maximize the P uptake in wastewater [19]. This
could happen in the 2nd pilot test but did not occurr in the 3rd batch. Although it was
attempted to recycle the produced algal biomass for continuous effluent purification,
the results support that the efficiency turned unsustainable after 14 days (duration of
first two batches) even with CO2 supplement. It is thereby deduced that the fresh
algae inoculum is imperative to the rapid nutrient recovery in municipal tertiary
wastewater.

Overall, the biomass of co-culture increased by 330, 250, and 200%, respectively,
in three consecutive pilot tests (Table 2). The obtained algae productivity was con-
sistent with the reported range of 0.8– 50.0 g m2 d�1 on filamentous algae [4]. The
results showed that the algae grew slower after day 3 in the first two pilot tests, when
the N and P became deficient afterward (Figure 3). It is indicated that the real
productivity of co-culture would be above the average level over 7 days. The effective

Figure 3.
Macronutrients during WWTP effluent treatment with algal co-culture.

Batches Batch #1 Batch #2 Batch #3

Initial biomass inoculum (g L�1, DW) 0.04 0.04 0.05

Harvested biomass on day 7 (g L�1, DW) 0.13 0.10 0.10

Algae productivity over 7 days (DW g m2 d�1) 2.27 1.51 1.26

Biomass yield vs. total N consumed in 7 days (DW g g�1) 55.59 19.93 19.13

Biomass yield vs. total P consumed in 7 days (DW g g�1) 1668 1801 641

Initial N:P ratio in the wastewater 30.38 123.29 58.94

Table 2.
The summary of algae production and nutrient consumed in the pilot tests.
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retention time for the wastewater reclamation could be less than 3 days as well.
Obviously, the biomass yield can be elevated purposely by using an optimal amount of
algae inoculum. Given the more biomass yield (vs both N and P consumed) in the first
two batches (especially in the 1st cycle), this also underpins the above suggestion on
fresh inoculum preparation for tertiary wastewater reclamation. Therefore, how to
optimize the algae inoculum for the pilot treatment will be vital for further (semi-)
continuous treatment process.

During the pilot test, both algae species grew well in the municipal treated waste-
water. There was no sign of growth inhibition (dead cells or faded color) identified in
the microscopy examinations (Figure 4). Interestingly, these two filamentous species
clumped together. The co-culture formed numerous small algae colonies (about 1 cm) in
the raceway, making biomass harvested much easier and quicker via a simple filtration
on a 35 mm plankton net. Apparently, this can benefit to the practicability and scalabil-
ity of selected co-culture cultivation for wastewater treatment. Only a few ciliates
Vorticella were visualized to attach to the filamentous algae colonies in the 3rd batch,
and they were possibly the “carryover”with the consecutive cultivation. However, they
were not a predator to the co-culture as filamentous algae were too big to be the prey.

In this case study, big variations were obtained for algae growth measurements
between sampling days (data not shown) by filtering 2 L of water samples. So, the
biomass quantification was only based on the total algae production at the end of each
pilot batch. The cell density of Klebsormidium sp. appeared gradually increase in the
colonies along with the tests according to the microscope observation. In order to
identify the change of combination ratio in the co-culture, the sensitive gene
sequencing techniques (e.g. QPCR) or laser scanning confocal microscope (LSCM)
with appropriate probes could be considered for future study.

6. Other discoveries in the phycoremediation pilot tests

Three consecutive pilot batches showed that the pH value increased from 7 to 9
within a day and stabilized at 9 if CO2 was not supplied. At this point, it needs to
clarify that the treated wastewater used in this study was collected after the denitrifi-
cation treatment, and the water thereby could be CO2 saturated. Apparently, the 3rd

Figure 4.
Microscopy picture of co-culture: A taken from the 1st batch pilot test on day 6. B taken from the 3rd batch
pilot test on day 7. (Spirogyra sp.—Wider, spiral chlorophyll; Klebsormidium sp.—Thinner filaments; and
air bubble—Empty round cycle).
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batch needed CO2 addition to maintain pH level. Albeit its algae growth was not as
good as previous two batches (with the reasons mentioned above), it is believed that
the fresh filamentous co-culture can rapidly deplete CO2 in the treated wastewater.
With this regard, a large amount of CO2 supplement will be needed for the proposed
filamentous co-culture in the process of wastewater purification. As a return, it is
foreseen that this can significantly reduce the carbon footprint of WWTPs.

A total of 14 elements were measured in this case study, but only the mercury (Hg)
was undetectable (Table 3). As a background study, these elements were also
analysed on the indoor monocultures (inoculum), to exclude the influence of indoor
cultivation medium. The differences between indoor inoculums of Klebsormidium sp.
and Spirogyra sp. showed that they had variable update affinities to these elements. In
contrast, the detected discrepancies from the outdoor co-cultures indicated the effec-
tiveness of accumulation/absorption of these chemicals and heavy metals from the
wastewater treatment. As discussed above, it was conceived that the biomass pro-
duced in pilot test could have less P. Interestingly, the indoor and outdoor biomass
contained similar amount of Mg and K, while Ca content was more in the outdoor
biomass. As showed in the results, these mineral chemicals in the municipal treated
wastewater can be assimilated effectively by the tested co-culture to constitute the
produced algae biomass at a level of g kg�1.

It is worth noticing that there was a substantial accumulation of AI and Fe residues
in the outdoor samples (g kg�1). Although these two metal ions also existed in the algal
cultivation medium, indoor algae samples contained much less than that of outdoor
samples. One side, it is verified that there were still certain amounts of AI+ and Fe+ ions
in the treated wastewater. It is believed that they were derived from the WWTP’s
chemical treatment process, as cationic coagulants/flocculants (e.g. ferric chloride,

Parameter Unit Spirogyra# Klebsormidium Batch #1 Batch #2 Batch #3

K g kg�1 6.10 11.2 � 0.1 7.00 � 0.09 6.50 � 0.04 6.10 � 0.05

Mg g kg�1 1.45 2.35 � 0.02 2.82 � 0.04 3.21 � 0.02 1.70 � 0.01

Ca g kg�1 9.14 2.74 � 0.07 84 � 1 77.3 � 0.4 41.3 � 0.6

Tot-P g kg�1 3.24 8.31 � 0.05 2.31 � 0.03 1.46 � 0.00 1.79 � 0.01

Fe g kg�1 0.13 0.34 � 1.69 0.97 � 0.04 1.29 � 0.02 2.65 � 0.03

Al g kg�1 <0.07 <0.07 0.82 � 0.00 1.34 � 0.01 2.08 � 0.03

Cr mg kg�1 <2 <2 6.4 � 0.2 5.14 � 0.05 7.79 � 0.02

Cu mg kg�1 <17 23.1 � 1.69 19.2 � 0.3 18.02 � 0.09 45 � 1

Ni mg kg�1 <2 <2 5.1 � 0.3 3.5 � 0.1 3.1 � 0.1

Mn mg kg�1 187 34.0 � 0.18 176 � 4 334 � 3 357 � 5

Pb mg kg�1 <2 <2 2.6 � 0.3 2.50 � 0.06 3.6 � 0.1

Zn mg kg�1 102 56.9 � 0.06 153 � 1 121.8 � 0.4 194 � 2

Cd* mg kg�1 <0.06 <0.06 0.07 0.07 0.08

Hg mg kg�1 <0.04 <0.04 <0.04 <0.04 <0.04
#Spirogyra is the mean value of 2 replicates because of an accident with one of the replicates.
*Cd is the result of only one replicate.

Table 3.
Chemical elements analysis in the experimental algae biomass (mean � SE).
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aluminum chloride, and polymers) are usually used for P precipitation at the secondary
treatment process of municipal wastewater. Although there is little information on their
scavenge in water, using the filamentous algae can act a new approach to reduce these
cationic residues from the municipal tertiary wastewater. Apparently, this can further
diminish the environmental burden of the chemical treatment for the WWTP.

Heavy metals are hazardous substances and persistent pollutants in municipal
wastewater [4]. Although they are close to undetectable levels at ug L�1 or ng L�1

[20], their appearance is a recalcitrant problem. As indicated in this case study, these
trace elements were encapsulated in the algae biomass at a level of mg kg�1 from tons
of municipal wastewater. This process is normally accomplished through a robust
combination of non-active biosorption and active metabolism-dependent mechanisms
[21, 22] because of algae’s high binding affinity, abundance of binding sites, and large
surface area [23]. Numerous studies in recent years have approved the existence of
heavy metals and emerging contaminants in aquatic system and pointed out waste-
water discharge as one of the main pollution sources [24, 25]. Therefore, using fila-
mentous algae co-culture can be an effective and pragmatic approach to purify the
tertiary wastewater in an environmental-friendly manner.

7. Potential valorisations of produced biomass

Since Fourier-transform infrared spectroscopy (FTIR) represents a rapid, simple,
and reproducible method to identify the different compositions in the different bio-
mass [26], it was employed to firstly examine the quality of algae samples in this
study. FTIR spectroscopy revealed different proximate biochemical composition
(lipids, carbohydrates, phosphates, and proteins) of indoor and outdoor cultivated
algae (Figure 5A). In comparison, Klebsormidium biomass had more lipid, protein,
and phospholipid, but Spirogyra contained more carbohydrates (Figure 5B). For the
co-culture, the biochemical profile was a bit consistent among three batches, and the
proportion of those biochemicals seemed to between the levels of inoculums. In the
principal component analysis (PCA) analysis (Figure 5C), it seemed that the
Klebsormidium could take over Spirogyra during consecutive pilot tests. This result was
coincident with the microscopy observation. This is probably because that Spirogyra
prefers growing in warm temperature [28].

FTIR results were further validated by the following analytical analysis. About 50%
of Klebsormidium biomass was protein, but Spirogyra biomass was only 21% (Figure 6).
However, Spirogyra had more starch (7% of DW) than Klebsormidium (3.3%). In the
outdoor pilot test, the protein content of co-culture was increased gradually from 1st to
3rd batch with 20–30% of DW. However, the starch content became less from 5–4%.
Like the PCA analysis, this result also suggested that the proportion of Klebsormidium in
the co-culture increased. The lipid content was detected below 8% of DWwith a small
variation across different samples. Despite microalgae could increase lipid content in a
condition of nutrient starvation [6], this is not applicable to the biological response of
experimental filamentous algae in the outdoor pilot tests. Maybe it is why that filamen-
tous algae are not compelling to the research attention as did on most of microalgae for
typical algae economy values (e.g. biofuel and omega-3 oil). Moreover, with the notable
protein content, the potential impact on anaerobic digestion (AD) process shall be
investigated if the biomass is used for AD biogas production.

Another consideration is the ash content in the produced biomass. It was high in
the first two WWT batches (26.6% –23.3%), lower in 3rd batch (13.8%). However,
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they were all more than the content in the indoor inoculums of Klebsormidium (6.4%)
and Spirogyra (9.4%). Since the ash content is almost associated with the minerals
content in biomass [29], those higher values of ash content in the pilot test also can

Figure 5.
FTIR analysis of microalgae biomass. (A) FTIR spectra with characteristic bands noted (note: The moisture
condition was similar between different algae samples (3400–3200 cm�1). As the variation between 3000 and
2500 cm�1 was not correlated to the changes in biochemical composition [27], the major differences between 1800
and 800 cm�1 were used for assessment.), (B) peak height of characteristic bands, and (C) scores plot of principal
component analysis (PCA).
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evidence that filamentous algae removed certain amounts of mineral chemicals and
heavy metals along with the treatment of tertiary wastewater in this case study.
Regardless of heavy metals and/or other hazardous substances accumulated in the
biomass, high ash content will also affect the algae inclusion level for food and feed
utilization [30] and increase problems in combustion for energy conversion [31].

Given these concerns, there is still a great potential to utilize the produced biomass
for biofertilizer, soil ameliorator, or new material development. For example, the
heavy metals content in the produced biomass was below the maximum limit for
permissible content in the organic fertilizers, according to the Norwegian regulations
on organic fertilizers (FOR-2003-2007-04-951). There is no doubt that a comprehen-
sive evaluation will be needed prior to this viable application, such as to match the
restrictions of hygiene conditions, pesticides, and requirements for soil mixtures, as
well as public perception. Apparently, it is going to be an inclusive question to
evaluate the potential usage of produced biomass from this case study. However, it is
undeniable that this represents a new value creation, as an authentic solution to
facilitate the green transition of WWTP. Therefore, this case study provides a new
paradigm for WWTPs to integrate the management of tertiary wastewater with
emerging circular economy requirement.

8. Conclusions

Based on a realistic case study, this book chapter reveals that the mixed culture of
filamentous algae Klebsormidium and Spirogyra can act as an effective tool to treat the

Figure 6.
Proximate biochemical analyses of microalgae biomass from indoor monocultures and outdoor co-cultures on
wastewater.
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municipal tertiary wastewater, with notable algae productivity. The co-culture can
effectively recover macronutrients, mineral elements, and heavy metals from the
wastewater, and their cultivation potentially can consume a considerable amount of
CO2 for biomass production. Thereby, this phycoremediation process could signifi-
cantly reduce or eliminate the environmental footprint of municipal tertiary waste-
water in the ecosystem. Future research will focus on the remaining questions derived
from the case study, which require proper optimization in areas of algae inoculum
preparations, the nutrient depletion vs. carbon supplementation, hydraulic retention
time reduction, and new cultivation strategy (e.g. two-stage) for continuous process.
In order to improve the viability of proposed concept, the associated techno-economic
analysis and environmental impact assessment will need to be deployed prior to the
full-scale implementation.

Although the produced filamentous algae biomass will not be suitable for some
typical algae economy purpose, their nutrient profiles and the easy scalable produc-
tion can bring new hopes to other different value-added applications. As highlighted
in the case study, the produced bulk biomass can become an optimal feedstock for
new green fertilizer production. Although the case study was performed in pilot test,
the outcomes endorse the feasibility of extrapolation to a full-scale wastewater purifi-
cation or deployment. Thus, the proposed wastewater algae will represent a win-win
strategy for WWTP and agriculture enterprise, as a typical model of circular econ-
omy. Apart from the contribution to the green transition of WWTP, this approach
also can alleviate the pressure of soil deterioration and environment pollution due to
the vast usage of chemical fertilizers. With a better understanding on the filamentous
algae for municipal tertiary wastewater treatment, it is anticipated that this new
phycoremediation approach can shape future investment plans of WWTPs or other
new business consideration. Overall, this book chapter sheds lights on a new
approach for the green transition of wastewater management and provides a new
insight on the potentials of phycoremediation technology for WWTPs’ sustainable
development.
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Abstract

Microalgae are photosynthetic organisms able to grow faster than land plants 
and produce biomass with relatively high energy potential. Accumulated high-value 
compounds like lipids, minerals, or proteins have focused the attention of scientists 
due to the potential production of biofuels and other value-added products. However, 
several drawbacks regarding both the biochemical structure of these organisms and 
technological difficulties have prevented the industry for implementing a compre-
hensive low-cost process regarding energy and environmental contamination. Among 
these technologies, anaerobic digestion (AD) has greatly increased research atten-
tion because of its simplicity and the ability to produce easily recycle by-products. 
Moreover, anaerobic co-digestion (AcoD) has shown promising results as a method 
to bypass the AD problems of microalgae as a sole substrate. This review is focused on 
the recent trends and comparison of the AcoD process to maximize energy recovery 
from microalgae biomass and agro-industrial wastes. The yield of methane gas among 
the studied bibliography is compared and a critical review of published data and 
methods used is included.

Keywords: anaerobic co-digestion, microalgae, methane production,  
review methodology, agro-industrial wastes

1. Introduction

Microalgae are a wide family of photosynthetic organisms able to increase their 
biomass by using CO2 and sunlight as energy sources by a rate 100 times faster than 
plants [1]. Moreover, the water and nutrients consumption is lesser than the needed 
for the same amount of biomass of terrestrial crops and it does not compete with 
other biomass from land areas [1, 2].

For the above-mentioned reasons, microalgae have been studied for decades for 
their potential conversion to energy. However, it was not until recently that micro-
algae have been considered feasible biomass to be used as a feedstock to produce 
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biofuels (e.g. biohydrogen, biodiesel, biomethane, bio-oil, bioethanol, etc.) [1–4]. 
This is mainly due to several drawbacks (e.g. the need of solvents to produce biodiesel 
contributing to greenhouse gas emission, the use of expensive enzymes for bioethanol 
production, etc.) that have been overpassed thanks to technology and research efforts 
over the years focusing on the understanding and optimizing those factors that affect 
the different systems along with a better understanding of the biomass itself (e.g. the 
effect of the cell wall, the algae growth requirements, etc.) [1–5].

Among these technologies, anaerobic digestion (AD) has shown promising results. 
AD is a biological process where the organic compounds from certain biomass are 
degraded in the absence of oxygen (O2) by a microbial consortium. The main efflu-
ents of this process are biogas (i.e. a gas composed primarily of methane and CO2) 
and a nutrient-rich digestate [3]. While the produced biogas is considered a renewable 
energy source to produce electricity and heat in cogeneration plants, the nutrient-rich 
digestate could be used as a fertilizer [3, 4].

Microalgae are not only a viable AD feedstock, but can also serve as a means of 
biogas upgrading and its cultivation in the digestate can reduce the excess of nutrients 
and mitigate its potential toxicity [5]. However, the mono-digestion of microalgae 
has shown some concerns regarding its viability at industrial scales. Briefly, these 
concerns are related to the presence of long-chain organic compounds, mainly in the 
cell wall, the low carbon to nitrogen (C/N) ratio, and the high retention time needed 
in the reactors, which led to low methane yields, undigested organic matter in the 
digestate and more importantly to the inhibition of the AD process [2, 3].

In order to overpass these problems, anaerobic co-digestion (AcoD) of microalgae 
along with a wide range of co-substrates has been the focus of several research groups 
recently [1–7]. AcoD has several benefits due to its capacity to enhance the C/N ratio, 
the buffer capacity, the nutrient balance, and to dilute inhibitory compounds [4]. 
These improvements produce higher methane yields which in most cases are higher 
than the theoretical values obtained from the sole digestion of each co-substrate 
showing a synergetic effect [1–5].

Nevertheless, AcoD presents some drawbacks such as a higher organic load in the 
digestate, the usual need of pretreatments, or the difficulties to maintain a stable 
feedstock along the seasons [3]. This chapter aims to summarize the state of the art 
of microalgae used as co-substrate in AcoD processes and to highlight knowledge 
gaps and potential future developments. Moreover, a comprehensive analysis of 
the parameters affecting AcoD of microalgae in order to enhance methane yield is 
included in detail. Lastly, the energetic viability of several scenarios is discussed and 
future trends proposed.

2. Review methodology

For this bibliographic review, 92 articles have been selected from the 137 articles 
were carried out on the Scopus with the keywords “microalgae” and “anaerobic 
co-digestion” during the periods of 2011–2021 [8–100]. The bibliometric analysis was 
realized using the VOSviewer software using these 92-original articles.

Thanks to this software, it has been verified that there are few groups dedicated 
to the study of AcoD with microalgae. These investigations focus mainly on countries 
such as Spain (30 articles), the United States (17 articles), China (8 articles), Mexico 
(8 articles), and Brazil (5 articles). In addition, only eight authors have five or more 
articles to 321 authors (Figure 1a). In Figure 1b, as can see the connection between 
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different authors and groups. The color and size indicate the group and the citations of 
these eight authors.

3. Microalgae and growth mediums

Since the first study on biogas production with microalgae by Golueke [101], a 
wide variety of microalgae genera have been studied. Due to the composition of the 
microalgae, it has been seen that each strain has a very specific biogas production, and 
has very diverse productions. One of the factors that most affect the AD of microalgae 
is the structure of its cell wall, which is why the selection of the type of microalgae 
is important. One of the main characteristics for microalgae to have a good methane 
production potential is to have a thin or null cell wall, large cytoplasmic components, 
a high growth rate, and a high tolerance to stress [102]. Other important aspects are 
whether it has a low content of hollocellulose in the cell walls, metabolic, and growth 

Figure 1. 
Bibliometric analysis with VOSviewer: (a) authors with five or more articles, (b) connexion between authors,  
(c) substrates and (d) microalgae.
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conditions are favorable, the morphological traits of the microalgae strains [27]. In 
addition, the selected strains offer a feasible genetic manipulation to control meta-
bolic activities and improve tolerance to nutrient and ecological stress [102].

Nineteen genera of microorganisms have been investigated in the 92 articles 
found on the AcoD of microalgae. Of these 92 articles, 51 of these works have been 
studied with the genus Chlorella and 24 of these works with the genus Scenedesmus. 
The rest of the work carried out was with Chlorophyta as Nannochloropsis (5 stud-
ies), Micractinium (3 studies), Dunaliella (2 studies), Dictyosphaerium, Closteriopsis, 
Desmodesmus, Chlamydomonas, Stigeoclonium, Botryococcus and Tetraselmis genus. 
Other genus as Tribonema (Ochrophyta), Phaeodactylum (Bacillariophyta) and 
Tisochrysis (Haptophyta) have been also studied as co-substrate. In addition, the fol-
lowing cyanobacteria have been studied: Arthrospira (4 studies), Spirulina (2 studies), 
Merismopedia, Oscillatoria.

Another factor that should be considered is the culture medium for microalgae 
growth. Depending on the medium, it could favor the production of biogas in a later 
step due to the nutrient requirement of the microorganisms in the AD process [96]. 
According to the reviewed bibliography, the microalgae used for AcoD are obtained 
through other research groups or are cultivated using three different types of medium 
for growing it.

1. Synthetic medium: BG11, Bold’s basal (BBM), Conway enriched medium, Ja-
worki’s medium, modified Zarrouk medium, BlueBIOTech Ltf. (Table 1).

2. Digestate or effluent anaerobic: Anaerobic sludge, continuous stirred tank reac-
tor (CSTR) digestate, up-flow anaerobic sludge blanket (UASB) digestate, pri-

Algae N-NH4 P-PO4 Ref.

[Conc] mg/L %Remove [Conc] mg/L %Remove

Scenedesmus sp. + Chlorella sp. 7.9 97 2.5 93 [10]

Mix culture 35.5 61 nd* nd* [80]

Arthrospira platensis 375 88.4 158 97.01 [42]

Chlorella vulgaris 285 99.6 117 91.2 [13]

Oscillatoria tenius 10.2 96.1 0.8 82.9 [18]

Chlorella 1067 202.68 94.33 7.18 29.67 [38]

Chlorella sp. 1144 58 188 98 [84]

Micractinium nov 2.2 94 4 95 [82]

Chlorella sp. 1.5 96 3.5 95

Micractinium nov 27 92 0.7 51 [88]

Chlorella sp.

Spirulina platensis 120 68 55 30 [92]

Chlorella sp. 225 85 120 20

Cholerella sp. 45 88 9 58 [56]

*nd: not determined.

Table 2. 
Removal of N-NH4 and P-PO4 in microalgae culture.
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mary effluent and sludge, chicken manure digestate, swine digestate, Anaerobic 
membrane bioreactor (AnMBR) digestate.

3. Wastewater: Tannery effluents, piggery WW, industry, domestic, municipal, fresh 
waters, lake waters, natural seawater enriched, soft drink. WW, Winery WW.

As shown in Table 1, microalgae are microorganisms that need certain nutrients to 
perform vital functions. Therefore, synthetic culture media contain macronutrients 
such as calcium, sodium, potassium, magnesium, and chloride. In addition to add-
ing micronutrients such as iron, cobalt, molybdenum, manganese, copper, zinc, and 
vitamins. Finally, ethylenediaminetetraacetic acid (EDTA) is also added to form a 
complex ring (a chelate) with the trace elements, which, when used in low concentra-
tions, stimulates the growth of microalgae by making this element available in low 
quantities. These nutrients are found in nature and are bioavailable in the other two 
natural culture media such as anaerobic digestate and wastewater, but may be found in 
lower concentrations than necessary [10].

In addition, using wastewater for the growth of microalgae could prevent eutro-
phication of the water due to the consumption of excess nutrient of these type of 
waters. In this sense, microalgae have been succesfully used for removing nitrogen 
and phosphorous from various wastes as shown in Table 2. Significant amounts of 
removal of nutrients and biomass production achieved in these studies demonstrate 
the feasibility of coupled wastewater treatment and microalgae cultivation processes.

4. Co-substrates

AcoD is the use of a mixture of biomasses to obtain a relatively higher methane 
yield [10]. This modified technique is considered economically more viable and 
easier to control mixed biomass compared to traditional mono-digestion systems. 
Depending on the species, microalgae contain significantly high or low amounts of 
protein, carbohydrates, and lipids. To balance the nutritional requirements of micro-
organisms in anaerobic reactors [13]. In addition, it would be possible to improve 
the stabilization of the process with well-balanced mixtures. With this, it could be 
possible to increase the organic load capacity, reduce the concentration of possible 
inhibitors, and increase the buffering capacity of the digestates. Apart from the nutri-
ent balances and net synergistic effects that would occur when co-digesting microal-
gae with an efficient substrate. In the revised bibliography, synthetic co-substrates, 
agri-food residues and slurry, and liquid residues can be found.

1. Synthetic substrate: Cellulose and glycerol, and synthetic food wastes.

2. Solid waste: Cattle manure (chicken, cow, pig), cheese whey powder, chicken litter, 
green willow, chromium tanned leather shavings (SHA), coffee wastes, corn silage, 
fat, oil and grease (FOG), food waste, millet grass (Pennisetum glaucum), model 
kitchen waste, olive mill solid waste (OMSW), oil palm empty fruit bunches, Opun-
tia maxima, papaya waste, potato wastes, rice straw, Sida hermaphrodita (L.), silage 
and seaweed, sugarcane leaves, teak leaves (Tectona grandis), used cooking oil.

3. Wastewater: Bacteria biomass from anaerobic sludge, biosolids of water  
resource recovery facilities, catering waste leachate and raw sludge, cow  rumen 
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liquid, deproteinated cheese whey, dewatered ww, food waste leachate, mill 
residue, municipal, paper sludge, palm oil mill effluent, septic tank sludge 
(STS), sewage sludge, swine wastewaters, waste activated sludge (WAS), and 
thickened WAS.

The production and processing of food and feed results in the generation of a 
large amount of waste. AD stands out as a suitable technology to reduce the environ-
mental impact of agro-industrial waste and increase the energy self-sufficiency of 
these industries [29]. However, agro-waste is characterized by the lack of nutrients 
in its composition necessary for AD. In addition, having a high C/N ratio can affect 
the performance of AD. Another waste used as a co-substrate is animal manure (i.e. 
pig, cattle, and poultry). Contrary to agri-food residues, it has a relatively low C/N 
ratio, which increases the risk of ammonia inhibition [102]. Finally, one of the most 
studied co-substrates is sewage sludge, which was studied for the first time in 1983 
[103], when it was co-digested with Spirulina maxima. Sludge of various varieties can 
be used as co-substrate, although like the rest, the interactions between microalgae-
substrate must be studied to obtain a good balance between the different parameters 
that can affect AD [12].

5. Factors influencing anaerobic co-digestion

AD process is affected by several factors which led to a higher or lower biogas 
yield; these factors can be split into two main sources: operational conditions and 
substrates composition. Although both sources are widely related, they can be studied 
and controlled separately. The main operational conditions are temperature, pH, 
configuration of bioreactors, acclimation of inoculum, hydraulic retention time 
(HRT), organic load rate (OLR), and inoculum to substrate ratio (ISR) [1, 104]. 
The main factors related to substrates composition are the C/N ratio and macro and 
micronutrients [1, 5, 6, 104].

In this sense, AcoD is proposed as a feasible alternative in order to balance these 
factors and allow a better performance and a higher biogas production.

5.1 Effect of initial conditions

Most studies agree that the best operational temperatures for AD are under 
mesophilic (20–45°C) or thermophilic (>45°C) conditions [104]. Temperature affects, 
either directly or indirectly, the solubility of substrate compounds and the specific 
growth rate of the microorganisms involved, provoking a change in the HRT, the 
pH, and the methane yield [104]. Among the literature, the most common range is 
the mesophilic conditions due to its lower energy cost requirements and the similar 
methane yield when compared with higher temperature conditions [105]. However, 
temperature variations during AD performance have shown significant reductions in 
methane yield and the kinetics of the process [104, 106].

The effect of pH is mainly related to the optimum pH of the microorganism 
performance during AD. Based on that, a pH between 4.6 and 6.0 favored the hydro-
lysis, acidogenesis, and acetogenesis stages, while a pH between 6.0 and 8.0 favored 
the methanogenesis phase [1]. Literature shows that the most suitable pH range 
is between 6.5 and 7.5, where the methane production is most benefited [1, 104]. 
Furthermore, it has been reported that the initial pH of the substrate had a significant 
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impact on methane yield, being the optimum value in the range of 7.0–7.5 for the 
co-digestion of swine manure and maize stalk [107]. However, pH is highly affected 
during the AD process, lowering its value if the buffer system is not strong enough 
due to the accumulation of volatile fatty acids (VFA) (e.g. acetic, propionic, butyric, 
and valeric acids) [104] or increasing it if ammonium nitrogen is accumulated 
(around 5.0 g NH3-N L−1) [33].

Temperature and pH have been linked to free ammonium nitrogen and ammonium 
ions equilibrium, showing that when one parameter is fixed there is a linear increase in 
methane yield when the other two independent variables increased up to a certain limit, 
after which the methane production decrease [104, 108]. A recent study showed opti-
mal conditions for the mono-digestion of chicken manure of 34.0°C, 5.0 g NH3-N L−1, 
and pH 7.5 [108]. Moreover, in an earlier study, an increase of pH from 7 to 8 and above, 
enhanced the biogas production with similar methane proportion when temperature 
conditions increased from 37 to 55°C during the AD of buffalo manure [109].

As shown above, temperature and pH have a significant impact on AD  
performance and biogas production. Thus, co-digestion is presented as a suitable 
technique able to enhance the buffer system, the substrate pH, and free ammonium 
nitrogen values, allowing a higher methane yield and a more stable process  
[67, 77, 78, 99, 100]. Meneses-Reyes et al. showed that increasing the C/N ratio of 
the substrate by reducing the microalgae ratio provoked an increase in pH, how-
ever, the pH of digestate is similar among the different co-digestion ratios studied 
(7.33–7.51) [41]. AcoD of Chlorella sp. and food waste in batch mode (35°C) showed 
that methane yield was related to the initial pH of the substrates (7.3–8.7), being 
the optimum value 8.0 and reporting that the methane yield decreased almost 
linearly when pH differs from the optimum value, although these results were not 
conclusive as other variables were also different (e.g. VSfeeding from 8.0 to 9.2 g) 
[35]. However, a mixture of microalgae biomass with thermally treated wheat straw 
presented a pH of 12 with no significant effect on AcoD performance when com-
pared with the AcoD of microalgae biomass and untreated wheat straw (pH: 6.82) 
[71]. Another study assessed the effect of temperature within the mesophilic range 
(25°C, 30°C, 35°C, 40°C) in biogas production, reporting a significant increase 
of biogas production (45%) when the temperature was increased up to 35°C, but 
a reduction of production or no significant improvement (depending on the C/N 
ratio of substrates) when the temperature was set up at 40°C [24]. This result is in 
accordance with other studies reporting a decrease of methane yield for the AcoD of 
microalgae with undigested sewage sludge in batch mode when increasing the tem-
perature from mesophilic (37°C) to thermophilic (55°C) conditions, even though 
the pH was not affected (6.91–7.03) and the processes were stable [45]. AcoD of 
corn silage and Nannochloropsis salina in a semi-continuous mode (38°C; C/N: 21.2) 
do not present any stability deviation by the increasing OLR (2–4.7 g VS L−1 d−1), 
while the AcoD of two microalgae (Scenedesmus sp. and Opuntia maxima) in 
semi-continuous mode (37°C; C/N: 15.6) showed that pH was affected by OLR 
(2–6.67 g VS L−1 d−1) and ISR (6:8% VS basis), is the most stable conditions OLR: 
2 g VS L−1 d−1 and ISR: 8% VS basis [60, 110]. Furthermore, a study assessing the 
effect of alkali, acid, and thermal pretreatment of Oscillatoria tenuis, before the 
AcoD with pig manure, reported that pH control affected the biogas production 
rather than physical or chemical pretreatments [18]. Similar results were reported 
during the AcoD of alkali pretreated microalgae consortium with swine wastewater, 
where the negative effect of ammonia inhibition at high pH (11) was stronger than 
the positive effect of the destruction of microalgae’s cell walls [47].
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pH is also being widely used as a control parameter able to indicate the stabil-
ity of the reactors since is strongly linked to VFA accumulation [40, 43]. AcoD of 
Arthrospira platensis with several carbon-rich co-substrates proved to be stable at 
low OLR (1 g VS L−1 d−1) in a semi-continuous mode but unstable at higher OLR 
(2–5 g VS L−1 d−1) due to VFA accumulation and pH dropped, this study is in accordance 
with the AcoD of Chlorella sp. and glycerol that presented a stable pH range (6.6–7.32) 
when the HRT was above 5 days, at which point volatile fatty acids (VFA) accumulation 
inhibit the biogas production [24, 33]. However, AcoD of naturally grown microalgae 
consortium with WAS in a semi-continuous mode (37°C) showed that when the HRT 
was increased from 1 to 3 to 4–6, pH was reduced (from 7.51 to 7.04), although VFA 
accumulation was not observed and the system remained stable with no difference in 
methane production except at HRT of 6 were slightly dropped [46].

Another important factor is alkalinity, which helps to prevent large changes in pH 
due to the accumulation of volatile fatty acids, or the generation of ammonia due to 
protein hydrolysis. Alkalinity provides the necessary buffering capacity to counteract 
possible changes in pH, produced by the balance between carbonate and bicarbonate. 
The ideal alkalinity values for AD would be between 2000 and 4000 mg CaCO3 L−1 
[99, 100]. A study assessed the relation between pH and alkalinity, where the initial 
pH was fixed at 7.0 while the initial alkalinity changed (70–3200 mg CaCO3 L−1), 
however, pH remained around neutral values (6.9–7.2) during the AcoD process 
suggesting that initial alkalinity has no impact avoiding an ammonium concentration 
from nitrogen-rich substrates as microalgae [30].

The C/N ratio is another factor that influences the AD process [29]. A good substrate 
C/N ratio can range between 20 and 30, with an optimal value of 25 [102]. With a C/N 
ratio below 20, there is an imbalance between C and N in the reactor, which ultimately 
releases a large amount of NH3, which usually happens with the degradation of microal-
gae [102]. The high concentration of NH3 in the digester affects the growth and metabo-
lism of microorganisms and produces an accumulation of volatile fatty acids, which 
results in a decrease in biogas yield. This factor can also be supplied by choosing a good 
co-substrate and optimizing this C/N ratio [94].

The ISR is another key parameter that influences AD and methane production 
[13]. To find the maximum methane potential, a proper balance between the substrate 
and the microorganisms is necessary so that limitations and inhibitions do not occur 
due to the loading of the substrate. For biochemical methane potential (BMP) assays, 
a ISR ≥ 2 is suggested as the default value [111].

5.2 Effect of pretreatments

As a common way to improve the methane yield of AcoD of microalgae, several 
studies have reported the effect of pretreatments on microalgae biomass. Table 3 
shows some of these pretreatments and the effect on AcoD calculated as the increase 
of biomethane production in percentage over the non-pretreated AcoD.

It has been reported that although some pretreatments can improve the methane 
yield of microalgae as a sole substrate, these have a negative effect during the AcoD, 
mainly due to the high organic matter consumption or the inefficacy of pretreatments 
breaking down the cell wall [47, 86, 97].

From Table 3 it can be seen that low thermal pretreatments (60–55°C; 1−2d) 
have none or very little effect on AcoD [19, 86], however, when the temperature 
increased to 120°C, the biomethane production improve greatly (up to 43%) [18, 49]. 
Other successfully tested pretreatments are ultrasonication, hot water, and a 
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combination of thermal and alkaline pretreatments [57, 71]. Nevertheless, based on 
the higher improvement on biomethane production, thermal pretreatment at 120°C 
is the most effective process, where time and pressure would be the variables to 
analyze [49, 57].

6. Biomethane potential (BMP) performance

Table 4 summarizes all the BMP assay results up to date complying with the fol-
lowing prerequisites:

• The co-substrates ratio is well described as VS or C/N.

• ISR has been considered.

• Methane yield have been reported under standard conditions.

The above prerequisites have been selected as they are crucial for comparison 
purposes. The authors of this review acknowledge the lack of homogenization 
regarding BMP performance, which difficult the task to evaluate scientific data 
and provide reliable conclusions. The authors of this review also acknowledge the 
lack of a widely approved and used standard methodology for BMP tests, although, 
some are published and proved to be reliable enough [111, 112]. The authors of this 

Pretreatment Conditions Microalgae Co-substrate Improvement Reference

Enzymatic 0.1% v/v; 
0.5 h

Scenedesmus 
sp. + Chlorella sp.

WAS -2% [97]

Ultrasonication n/d Nannochloropsis 
oculata

Cow manure 16.7% [57]

Hot water 121°C; 
15 psi

Nannochloropsis 
oculata

Cow manure 36.7% [57]

Ultrasonication:hot 
water

121°C; 
15 psi

Nannochloropsis 
oculata

Cow manure 16.7% [57]

Thermal 60°C, 24 h Scenedesmus 
sp. + Chlorella sp.

WAS −33.8% [86]

Thermal 55°C, 2d Chlorella vulgaris WW 8.3% [19]

Thermal 120°C, 
20 min

Oscillatoria tenius Pig manure 43% [18]

Alkaline NaOH 3% 
w/v

Scenedesmus 
sp. + Chlorella sp.

Swine WW −10.4% [47]

Thermal 120°C, 1 h Chlorella sp. Coffee wastes 13.9% [49]

Thermo-alkaline 10%CaO, 
75°C, 24 h

Chlorella sp. Wheat straw 9.0% [71]

Thermo-alkaline 10%CaO, 
75°C, 24 h

Chlorella sp. Wheat Straw 15% [71].

Table 3. 
Effect of pretreatment on AcoD.
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review would also like to highlight that only 20 out of 120 reports complies with the 
above prerequisites, and if other crucial factors were included within the prereq-
uisites (e.g. use of positive control or details on inoculum acclimation) no reports 
could have been included in this review. Additionally, when more than one co-
substrate ratio was measured in the same study, only the one producing the highest 
methane yield was included in Table 4.

As can be observed in Table 4, methane yield ranged from 237.1 to 
4

1639.8 CH VSNL kg − . AcoD of microalgae with industrial wastes showed positive 
synergetic effects in most cases, being the improvement against the theoretical values 
up to 37%. However, some studies had reported negative effects. This could be due to 
the limits of batch methodologies and could lead to higher methane productions 
during continuous tests as pointed out by several authors [16, 33] or could be related 
to the low C/N ratio [45].

The optimum C/N ratio produced higher synergetic effects than those studies where 
the C/N ratio was above 30 or below 20. The most common and successful temperature 
is within the mesophilic range with an ISR of 2–3, although, some studies have reported 
improvements when applying thermophilic temperature at a higher ISR (4–5) [40, 77].

Regarding the co-substrates ratio, when microalgae were used as a nitrogen 
source in order to balance the C/N ratio, it was added commonly as a fourth part of 
the whole influent, or even less. When microalgae were co-digested with other low 
C/N substrates, it was added at higher concentrations. Nevertheless, the optimum 
ratio between microalgae and other co-substrates is unique and needs to be assessed 
through experimentation.

7. Scaling up the AcoD process

Table 5 summarizes all the results obtained by semi-continuous or continuous 
assays at lab or pilot scale results up to date complying with the following prerequisites:

• The co-substrates ratio is well described as VS or C/N.

• Temperature, OLR, and HRT/ISR has been considered and reported.

• Methane yield have been reported under standard conditions (when values were 
reported under normal conditions a factor of 0.8871 was applied to obtain the 
methane yield under standard conditions).

Semi-continuous or continuous processes could overpass some drawbacks from 
batch assays as reported by several authors [71, 77, 84]. This could be due to the accli-
mation of the inoculum during the experiments. To this sense, these processes had 
shown successful results in the co-digestion of substrates with low C/N ratios, low 
pH, and higher ammonium content, allowing a higher concentration of microalgae in 
the influent. However, some studies had shown negative results when compared with 
the AD of sole substrates [32, 46, 77]. This low methane production had been related 
to the difficulty of microalgae cell-wall digestion, accumulation over time of ammo-
nium, or high OLR [32, 46, 77].

Regarding operational parameters, the most common used temperature was 
within the mesophilic range due to its low energy cost and good performance. OLR 
ranged from 0.5 to 4 g COD L−1 d−1, although, most studies showed a higher methane 
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production when the OLR is below 1.5 g COD L−1 d−1. HRT was around 30 days, with 
some studies reporting 90 days when the OLR is around 4 g COD L−1 d−1. OLR and 
HRT had been discussed as key factors for a complete energy-effective harnessing of 
microalgae AcoD, to this sense, high OLR and low HRT would be the most effective 
way for achieving this. However, pH decreases due to VFA accumulation, and ammo-
nium release are the main factors affecting the OLR.

8. Conclusions

The status and current trends of AcoD of microalgae and industrial wastes were 
reviewed in this chapter. AcoD performance improvements still need further research 
on varied co-substrates and optimal mix ratios. Operational parameters and their 
control are key to achieving optimal biogas. Pretreatments of microalgae biomass are a 
promising way to enhance biogas production. The majority of research investigations 
are done by a few research groups and centered on biomethane potential tests lack-
ing a common methodology, thus, further research and the application of common 
criteria need to be implemented. Moreover, pilot-scale assays have shown promising 
results, however, very few research groups have the ability to implement these studies.
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Chapter 12

Removal of Divalent Nickel from
Aqueous Solution Using Blue Green
Marine Algae: Adsorption
Modelling and Applicability of
Various Isotherm Models
Ramsenthil Ramadoss, Durai Gunasekaran
and Dhanasekaran Subramanian

Abstract

The adsorption of Ni(II) onto blue green marine algae (BGMA) in batch conditions
is being investigated. The highest adsorption capacity of BGMA was found to be
42.056 mg/g under ideal testing conditions, where the initial Ni(II) metal ion concen-
tration was adjusted from 25 ppm to 250 ppm. The optimal pH, biomass loading, and
agitation rate for maximum Cu(II) ion removal have been determined to be 6, 2 g and
120 rpm, respectively. For the equilibrium condition, 24 hours of contact time is
allowed. At room temperature, all of the experiments are conducted. The isotherm has
a L shape, based on the equilibrium experimental data. It indicates that there is no
considerable competition for active sites between the solvent and Ni(II). There is no
strong competition between the solvent and Ni(II) for the active sites of BGMA,
indicating that there is no strong competition between the two. It also suggests that
the BGMA’s Ni sorption ability is restricted (II). The experimental data is validated
using multiple isotherm models, and the mechanism of adsorption is then discovered,
as well as the process design parameters. The Fritz-Schlunder-V isotherm model is
particularly relevant in defining the mechanism of Ni(II) adsorption under the
conditions used in this study, according to modelling studies. This model’s qmax of
41.89 mg/g shows that it matches experimental data more closely.

Keywords: divalent nickel, adsorption, isotherm models, blue green marine algae,
modelling

1. Introduction

Metal-processing industries would undoubtedly have a challenge in disposing of
metal-bearing effluents. Most industries dishonestly discharge their effluents into
surrounding drains and water streams, either untreated or partially treated [1] due to
increase in overall industrial cost. Industries such as alloys, pigments, electroplating,
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mining, metallurgical activities, nuclear power plant operations, aerospace industries,
electrical contacts, printing, and the manufacture of paper, rubber, plastics, and
batteries play a major role in water pollution by releasing heavy metal ions in their
effluents [2].

Nickel, a non-biodegradable hazardous metal ion, is the heavy metal ion studied in
this work [3]. Ni(II) ions in drinking water are allowed to be at a concentration of
0.02 mg/L. Anaemia, diarrhoea, encephalopathy, hepatitis, lung and kidney damage,
gastrointestinal distress, pulmonary fibrosis, renal edoema, skin dermatitis, and cen-
tral nervous system dysfunction are just some of the negative health impacts of
exceeding the permissible limit [4]. As a result, before being discharged into the
environment, industrial effluents containing Ni(II) must be treated [5].

Traditional methods for removing Ni(II) metal ions include coagulation, electro
dialysis, flotation, ion exchange, precipitation, reverse osmosis, and others [6]. Low
competency performances, especially when using these methods on very small concen-
trations of metal ions [7], are some of the limitations of these traditional approaches.

Adsorption with a low-cost sorbent is a frequently used approach in the treatment
of industrial effluents [8]. However, it is still necessary to develop a low-cost, readily
available, high-adsorption-capacity waste water treatment material that can address
the aforementioned environmental concerns [9]. Because it is efficient, avoids sec-
ondary wastes, and utilises low-cost resources, biosorption onto live or non-living
biomass, such as fungi, bacteria, yeast, moss, aquatic plants, and algae, can be a viable
approach for removing heavy metals from their source [10]. Marine algae in coastal
locations play a significant role in world ecology, are exceedingly efficient, and are
taxonomically varied [11]. Many sections of the world gather or produce marine
macroalgae, making them easily accessible in huge amount in the manufacture of very
efficient bio sorbent resources [12]. The goal of this study is to utilise Blue Green
Marine Algae (BGMA) as an adsorbent to adsorb the metal ions Ni(II) present in an
artificial aqueous solution [13].

There is a scarcity of relevant literature on Ni(II) adsorption with three, four, and
five parameter models [14, 15]. The constraints of the simple, one- and two-parameter
models would be overcome by the high-parameter models. The use of large parameter
models to describe the adsorption process under equilibrium conditions can provide
highly clear and accurate information. The purpose of this work is to determine the
biosorption capacity of BGMA for the removal of Ni(II) metal ions from a syntheti-
cally generated stock solution under optimal experimental circumstances of pH 6, 2 g
biomass loading, and 120 rpm agitation speed. In addition, the experimental data is
examined using one, two, three, four, and five parameter isotherm models. For the
purpose of modelling, the experimental data is examined using one, two, three, four,
and five parameter isotherm models.

2. Materials and methods

The BGMA was collected along the coast of Tamil Nadu, India, near Chidambaram.
It is cleaned and dried at room temperature with distilled water. It is then pulverised to
150–200 microns in size. For IR spectrum investigations of dried biomass and Ni(II)-
sorbed biomass in the range of 4000–400 cm�1, a Fourier transform infrared (FT-IR)
spectrometer (BRUKER FT-IR, ALPHA-T, GERMANY) was employed.

The synthetic Ni(II) solution is made with an analytical grade salt, Nickel(II)
sulfate heptahydrate (NiSO4�7H2O). To make 1 L of solution for the stock purpose of
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1000 ppm, exactly 4.7852 g of NiSO4�7H2O is weighed and utilised. For stock solution
preparation, double distilled water is employed. This stock solution is diluted to a
concentration of 25–250 parts per million.

Each solution’s pH is changed from 2 to 7. pH is adjusted with 0.1 N nitric acid
(HNO3) and 0.1 N sodium hydroxide (NaOH) solutions. The amount of biomass put
to the conical flask varies from 0.5 to 2.5 g (0.5, 1.0, 1.5, 2.0 and 2.5 g).

A 500 mL conical flask is used for the batch adsorption experiment. The starting
concentrations of metal ions are 25, 50, 75, 100, 125, 150, 175, 200, 225, and 250 parts
per million. Each 500 mL Erlenmeyer flask contains 400 mL of 25 ppm metal ion
solution. Each Erlenmeyer flask receives 0.5, 1.0, 1.5, 2.0, and 2.5 g of BGMA, respec-
tively. In all five flasks, the pH of the solution is kept at 2. The flasks are agitated at
120 rpm in a rotary shaker. There is a total of 24 hours of contact (shaking) time
given. This is more than enough to attain the desired equilibrium (maximum adsorp-
tion). The starting and ultimate concentrations of the solution are determined using a
double-beam Atomic Adsorption Spectrophotometer (AAS SL176-Elico Limited
India). The % removal of metal ions is computed using Eq. (1) from the starting (Cin)
and equilibrium final concentration (Ceq).

%Removal ¼ Cin � Ceq

Cin
� 100 (1)

Eq. (2) is used to compute the equilibrium metal uptake, qeq, using the starting
(Ci) and equilibrium (Ceq) concentrations of the metal ion solution.

qeq ¼
V
M

Cin � Ceq
� �

(2)

where V is the litre volume of the liquid sample and M is the gram weight of the
adsorbent. In order to improve the pH value and biomass loading, the same operation
is repeated with adjusting the solution pH as 3, 4, 5, 6 and 7. Similarly, 50 ppm,
75 ppm, 100 ppm, 125 ppm, 150 ppm, 175 ppm, 200 ppm, 225 ppm, and 250 ppm
metal ion concentrations are used in the studies. For concordant results, experiments
are repeated (Table 1).

S. no. Cin (mg/L) Ceq (mg/L) qeq (mg/g) Removal (%)

1 25 1.52 4.696 93.92

2 50 3.25 9.350 93.50

3 75 5.23 13.954 93.03

4 100 6.54 18.692 93.46

5 125 15.39 21.922 87.69

6 150 21.58 25.684 85.61

7 175 27.64 29.472 84.21

8 200 29.39 34.122 85.31

9 225 35.79 37.842 84.09

10 250 39.72 42.056 84.11

Table 1.
Experimental values of adsorption of Ni(II) onto BGMA.
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One parameter model (Henry’s law), two parameter models (Henry’s law with
intercept, Langmuir, Freundlich, Dubinin-Radushkevich, Temkin, Hill-de Boer,
Fowler-Guggenheim, Flory-Huggins, Halsey, Harkin-Jura, Jovanovic, Elovich and
Kiselev), three parameter models (Hill, Redlich-Peterson, Sips, Langmuir-Freundlich,
Fritz-Schlunder-III, Radke-Prausnits-I, Radke-Prausnits-II, Radke-Prausnits-III,
Toth, Khan, Koble-Corrigan, Jossens, Jovanovic-Freundlich, Brouers-Sotolongo,
Vieth-Sladek, Unilan, Holl-Krich and Langmuir-Jovanovic), four parameter models
(Fritz-Schlunder-IV, Baudu Weber-van Vliet and Marczewski-Jaroniec) and five
parameter model (Fritz-Schlunder-5) are used to examine the experimental facts and
to discover its applicability for modelling purpose. The parameter values are predicted
using the cftool kit available in MATLAB R2010a software. This toolkit aids in the
estimation of model parameters, including the non-linear regression coefficient (R2),
Sum of Squares due to Error (SSE), and Root Mean Squared Error (RMSE).

3. Isotherm models: theoretical knowledge

Isotherm models are used to determine an adsorbent’s maximal sorption capacity
and is represented in terms of the amount of metal absorbed per unit mass of adsorbent.

3.1 One parameter model

The simple adsorption isotherm model has only one parameter to explain the
adsorption mechanism. The most basic adsorption isotherm is one in which the
amount of solute adsorbed is proportional to the equilibrium effluent concentration
[16]. Eq. (3) is the model.

qeq ¼ KCeq (3)

3.2 Two parameter models

This section focuses on gaining theoretical insight into models with two parame-
ters that explain the adsorption mechanism. Henry’s law with constant, Langmuir,
Freundlich, Dubinin-Radushkevich, Temkin, Hill-de Boer, Fowler-Guggenheim,
Flory-Huggins, Halsey, Harkin-Jura, Jovanovic, Elovich, and Kiselev are among the 13
models covered.

3.2.1 Henry’s law with intercept isotherm model

This model was created to address the contradiction highlighted by the one
parameter model and to be applicable over a wide range of metal ion concentrations
[16]. Eq. (4) describes the model.

qeq ¼ KCeq þ C (4)

3.2.2 Langmuir isotherm model

The Langmuir model assumes a homogenous surface and explains how the adsor-
bate forms monolayer coverage on the adsorbent’s outer surface [17, 18]. The rate of
adsorption is proportional to the percentage of open adsorbent surface, and the rate of
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desorption is related to the fraction of covered adsorbent surface. The model is
described in Eq. (5).

qeq ¼
qmaxbLCeq

1þ bLCeq
(5)

bL is the Langmuir constant, which links the fluctuation of the appropriate area
and porosity of the adsorbent with its adsorption capacity (mg/g). A dimensionless
constant called the Langmuir separation factor RL, which is computed as Eq. (6), helps
explain the key properties of the Langmuir isotherm.

RL ¼ 1
1þ bLqmax

(6)

When RL > 1, adsorption is unfavourable, when RL = 1, linear when RL = 1,
favourable when RL = 0, and irreversible when RL = 0.

3.2.3 Freundlich isotherm model

The Freundlich adsorption isotherm model depicts the adsorbent surface hetero-
geneity. The adsorptive sites are made up of tiny homogenous heterogeneous adsorp-
tion sites [19]. Eq. (7) is the model.

qeq ¼ aFC
1
nF
eq (7)

Freundlich adsorption capacity (L/mg) is denoted by aF, while adsorption intensity
is denoted by nF. The higher the adsorption capacity, the larger the aF value. The
magnitude of 1/nF, which varies from 0 to 1, indicates favourable adsorption and
becomes more heterogeneous as it approaches zero [18–21].

3.2.4 Dubinin-Radushkevich isotherm model

This empirical model implies that physical adsorption processes are multilayered
and involve Van Der Waal’s forces [22], it is frequently used to estimate the charac-
teristic porosity. This model [23] gives insight into gas and vapour adsorption on
micro porous sorbents.

The Dubinin-Radushkevich isotherm’s temperature dependence is another
distinguishing trait [24, 25]. Eq. (8) represents the Dubinin-Radushkevich isotherm.

qeq ¼ KDR exp �BDR RTln 1þ 1
Ceq

� �� �2
" #

(8)

ε ¼ RTln
1
Ceq

� �
(9)

ε is known as the Polanyi potential, as seen in Eq. (9). The activation energy or
mean free energy E (kJ/mol) of adsorption per molecule of adsorbate when it is
transported from infinity in the solution to the surface of the solid may be computed
using Eq. (10).
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E ¼ 1ffiffiffiffiffiffiffiffiffiffiffi
2KDR

p (10)

The value of E is used to forecast whether an adsorption is physical or chemical. In
nature, physisorption occurs when E = 8 KJ/mol, whereas chemisorption occurs when
E = 8–16 KJ/mol [23].

3.2.5 Temkin isotherm model

For forecasting the gas phase adsorption equilibrium, the Temkin adsorption
isotherm model is quite useful [25, 26]. Eq. (11) illustrates the Temkin adsorption
isotherm model.

qeq ¼
RT
bT

lnATCeq
� �

(11)

The heat of adsorption is represented by the equation RT/bT, and the equilibrium
binding constant (L/mg) corresponding to the maximal binding energy is represented
by AT.

3.2.6 Hill-de Boer isotherm model

This Hill-Deboer isotherm model accurately describes mobile adsorptions as well
as lateral interactions between adsorbed molecules [27, 28]. Eq. (12) depicts the
Hill-Deboer isotherm model.

K1Ceq ¼ θ
1� θ

exp
θ

1� θ
� K2θ

RT

� �
(12)

A positive value of K2 implies attraction between adsorbed species, whereas a
negative value of K2 suggests repulsion. If K2 is equal to zero, there is no interaction
between adsorbed molecules, and the Volmer equation [29] is used

3.2.7 Fowler-Guggenheim isotherm model

The Fowler-Guggenheim adsorption isotherm model describes how adsorbed
molecules interact laterally. Eq. (13) represents the Fowler-Guggenheim adsorption
isotherm.

KFGCeq ¼ θ
1� θ

exp
2θW
RT

� �
(13)

The presence of a positive W indicates that the contact between the adsorbed
molecules is attractive. In contrast, if W = 0, the contact between adsorbed molecules
is repulsive, and the heat of adsorption decreases with loading, the Fowler-
Guggenheim equation reduces to the Langmuir model. W = 0 when there is no contact
between adsorbed molecules. Furthermore, this model is only viable when the surface
coverage is less than 0.6 [30, 31].
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3.2.8 Flory-Huggins isotherm model

The degree of surface coverage of the adsorbate onto the adsorbent is discussed by
the Flory-Huggins isotherm [32–35]. Eq. (14) shows the Flory-Huggins adsorption
isotherm.

θ
Cin

¼ KFH 1� θ½ �nFH (14)

KFH is used to calculate the spontaneity Gibbs free energy.

3.2.9 Halsey isotherm model

In multi layer adsorption, the hetero porous nature of the adsorbent is demon-
strated by the fitting of experimental data to this equation [36]. Eq. (15) denotes the
Halsey adsorption isotherm model.

qeq ¼ exp
ln KHa � ln Ceq

nHa

� �
(15)

3.2.10 Harkin-Jura isotherm model

The Hurkin-Jura adsorption isotherm is used to explain multilayer adsorption on
the surface of absorbents with heterogeneous pore distribution [37]. Eq. (16)
describes the Hurkin-Jura adsorption isotherm model.

qeq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

AHJ

BHJ � log Ceq

s
(16)

3.2.11 Jovanovic isotherm model

With the approximation of monolayer localised adsorption without lateral con-
tacts, the Jovanovic adsorption isotherm model is analogous to the Langmuir model
[38]. Eq. (17) shows the Jovanovic adsorption isotherm model.

qeq ¼ qmax 1� e� KJCeqð Þh i
(17)

It forms the Langmuir isotherm at large adsorbate concentrations but does not
obey Henry’s rule.

3.2.12 Elovich isotherm model

Adsorption sites expand exponentially with adsorption, demonstrating multilayer
adsorption, according to the Elovich isotherm model [39]. The Elovich adsorption
isotherm model is depicted in Eq. (18).

qeq
qmax

¼ KECeq exp
qeq
qmax (18)
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3.2.13 Kiselev isotherm model

The Kiselev adsorption isotherm model is also known as localised monomolecular
layer model [40]. This model is valid only for surface coverage θ > 0.68. The Kiselev
adsorption isotherm model is given in Eq. (19).

KeqKCeq ¼ θ
1� θð Þ 1þ KnKθð Þ (19)

3.3 Three parameter models

Models containing three parameters to explain the mechanism of adsorption are
discussed using 16 models viz., Hill, Redlich-Peterson, Sips, Langmuir-Freundlich,
Fritz-Schlunder-III, Radke-Prausnits, Toth, Khan, Koble-Corrigan, Jossens,
Jovanovic-Freundlich, Brouers-Sotolongo, Vieth-Sladek, Unilan, Holl-Krich and
Langmuir-Jovanovic.

3.3.1 Hill isotherm model

To characterise the adhesion of diverse species to homogeneous substrates, the Hill
isotherm model is developed [41]. Eq. (20) depicts the Hill adsorption isotherm
model.

qeq ¼
qmaxC

nH
eq

KH þ CnH
eq

(20)

If nH is greater than 1, this isotherm indicates positive co-operativity in binding, nH
is equal to 1, it indicates non-cooperative or hyperbolic binding and nH is less than 1,
indicating negative co-operativity in binding.

3.3.2 Redlich-Peterson isotherm model

The Redlich-Peterson isotherm model is created by combining elements of the
Langmuir and Freundlich isotherms [42]. Eq. (21) depicts the Redlich-Peterson
isotherm model.

qeq ¼
ARPCeq

1þ BRPCβ
eq

(21)

When the liquid phase concentration is low, this model approaches Henrys Law.
βRP, the exponent, is usually between 0 and 1. When βRP = 1, this model is similar to
the Langmuir model, and when βRP = 0, this isotherm is similar to the Freundlich
model.

3.3.3 Sips isotherm model

The Sips adsorption isotherm model [43] was designed to represent localised
adsorption without adsorbate-adsorbate interactions [44] at high adsorbate concen-
trations. Eq. (22) is the Sips adsorption isotherm model.
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qeq ¼
qmKsCβS

eq

1þ KsCβS
eq

(22)

When βS equal to 1 this isotherm approaches Langmuir isotherm and βS equal to 0,
this isotherm approaches Freundlich isotherm.

3.3.4 Langmuir-Freundlich isotherm model

Adsorption in heterogeneous surfaces is described by the Langmuir-Freundlich
isotherm model [17, 18]. Eq. (23) depicts the Langmuir-Freundlich isotherm model.

qeq ¼
qmax KLFCeq

� �mLF

1þ KLFCeq
� �mLF

(23)

mLF is a heterogeneous parameter with a value between 0 and 1. This value rises
when the degree of surface heterogeneity decreases. For mLF is equal to 1, this model
covert to Langmuir model.

3.3.5 Fritz-Schlunder-III isotherm model

Because of the large number of coefficients in their isotherm, the Fritz-Schunder
three parameter isotherm model was constructed to suit a wide variety of experimen-
tal findings [45]. Eq. (24) has this expression.

qeq ¼
qmaxKFS3Ceq

1þ qmaxC
mFS3
eq

(24)

If mFS3 is equal to 1, the Fritz-Schlunder-III model becomes the Langmuir model
but for high concentrations of adsorbate, the Fritz-Schlunder-III reduces to the
Freundlich model.

3.3.6 Radke-Prausnits isotherm model

At low adsorbate concentrations, the Radke-Prausnits isotherm model has numer-
ous essential qualities that make it preferable in most adsorption systems [46]. When
the Radke-Prausnits model exponent mRaP3 is equal to zero. Eqs. (25)–(27) show
Radke-Prausnits isotherm models.

Model 1 : qeq ¼
qmaxKRaP1Ceq

1þ KRP1Ceq
� �mRaP1

(25)

Model 2 : qeq ¼
qmaxKRaP2Ceq

1þ KRP2Ceq
mRaP2

(26)

Model 3 : qeq ¼
qmaxKRaP3CmRaP3

eq

1þ KRP3Ceq
mRaP3�1

(27)

When both mRaP1 and mRaP2 are equal to 1, the Radke-Prausnitz 1, 2 models
decrease to the Langmuir model; nevertheless, at low concentrations, the models
become Henry’s law; but, at high adsorbate concentrations, the Radke-Prausnitz 1 and
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2 models become the Freundlich model. When the exponent mRaP3 is equal to 1, the
Radke-Prausnitz-3 equation simplifies to Henry’s law, and when the exponent mRaP3
is equal to 0, it becomes the Langmuir isotherm.

3.3.7 Toth isotherm model

The Toth adsorption isotherm model is used to explain heterogeneous adsorption
systems that fulfil both the low and high end boundaries of adsorbate concentration
[47]. Eq. (28) represents the Toth isotherm model.

qeq ¼
qmaxCeq

1
KT

þ CnT
eq

� � 1
nT

(28)

When n = 1, this equation simplifies to the Langmuir isotherm equation, indicating
that the process is approaching the homogenous surface. As a result, the value n
describes the adsorption system’s heterogeneity. The system is considered to be
heterogeneous if it deviates farther from unity.

3.3.8 Khan isotherm model

For adsorption of bi-adsorbate from pure dilute equations solutions, the Kahn
isotherm model is devised [48]. Eq. (29) presents the Kahn isotherm model.

qeq ¼
qmbKCeq

1þ bKCeq
� �aK (29)

When aK is equal to one, the Toth model approaches the Langmuir isotherm
model, and when aK is more than one, the Toth model simplifies to the Freundlich
isotherm model.

3.3.9 Koble-Corrigan isotherm model

The Sips isotherm model is similar to the Koble-Carrigan isotherm model. This
model includes both the Langmuir and the Freundlich isotherms [49]. Eq. (30)
depicts the Koble-Carrigan isotherm model.

qeq ¼
AKCCnKC

eq

1þ BKCCeq
nKC

(30)

This model reduces to the Freundlich isotherm at large adsorbate concentrations. It
is only acceptable when n is higher than or equal to 1. When n is lesser than one, it
indicates that the model, despite a high concentration coefficient or a low error value,
is incapable of describing the experimental data.

3.3.10 Jossens isotherm model

The Jossens isotherm model is based on the energy distribution of adsorbate-
adsorbent interactions at adsorption sites [50]. At low concentrations, this model is
reduced to Henry’s law. Eq. (29) depicts the Jossens isotherm model.
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qeq ¼
KJCeq

1þ J CbJ
eq

(31)

At low capacity, J equates to Henry’s constant. bJ is the Jossens isotherm
constant, which is constant regardless of temperature or the composition of the
adsorbent.

3.3.11 Jovanovic-Freundlich isotherm model

To depict single-component adsorption equilibrium on heterogeneous surfaces,
the Jovanovic-Freundlich isotherm model is developed [51]. Eq. (32) represents the
Jovanovic-Freundlich isotherm model.

qeq ¼ qmax 1� e� KJF Ceq
nJFð Þh i

(32)

3.3.12 Brouers-Sotolongo isotherm model

This isotherm is built in the form of a deformed exponential function for
adsorption onto a heterogeneous surface [52]. Eq. (33) depicts the Brouers-Sotolongo
model.

qeq ¼ qmax 1� e �KBSC
αBS
eqð Þh i

(33)

The parameter αBS is related with distribution of adsorption energy and the energy
of heterogeneity of the adsorbent surfaces at the given temperature [53].

3.3.13 Vieth-Sladek isotherm model

This model includes two independent parts for calculating transient adsorption
diffusion rates in solid adsorbents [54]. Eq. (34) represents the Vieth-Sladek isotherm
model.

qeq ¼ KVSCeq þ
qmaxβVSCeq

1þ βVSCeq
(34)

3.3.14 Unilan isotherm model

The application of the local Langmuir isotherm and uniform energy distribution is
assumed for the Unilan isotherm model [44]. Eq. (35) presents the Unilan isotherm
model.

qeq ¼
qmax

2βU
ln

1þ KUCeqeβU

1þ KUCeqe�βU

� �
(35)

The higher the model exponent βU, the system is more heterogeneous. If βU is equal
to 0, the Unilan isotherm model becomes the classical Langmuir model as the range of
energy distribution is zero in this limit [50, 55, 56].
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3.3.15 Holl-Krich isotherm model

The Langmuir Isotherm [57] is a version of the Holl-Krich Isotherm Model. The
Freundlich isotherm is formed when the concentration of the solvent is low [22]. The
Holl-Krich Isotherm Model may be seen in Eq. (36).

qeq ¼
qmaxKHKCnHK

eq

1þ KHKCnHK
eq

(36)

3.3.16 Langmuir-Jovanovic isotherm model

This empirical model is the combined form of both Langmuir and Jovanovic
isotherm [58]. The Langmuir-Jovanovic model is given in Eq. (37).

qeq ¼
qmaxCeq 1� e KLJC

nLJ
eqð Þh i

1þ Ceq
(37)

3.4 Four parameter models

The four parameter models discussed in this study are Fritz-Schlunder-IV, Baudu,
Weber-van Vliet and Marczewski-Jaroniec models.

3.4.1 Fritz-Schlunder-IV isotherm model

Fritz-Schlunder IV model is another model comprised of four-parameter with
combine features of Langmuir-Freundlich isotherm [45]. The model is given in
Eq. (38).

qeq ¼
AFS5 CαFS5

eq

1þ BFS5CβFS5
eq

(38)

When the values of αFS5 and βFS5 are less than or equal to one, this isotherm is true.
The Fritz-Schlunder-IV isotherm transforms into the Freundlich equation at high
adsorbate concentrations. If both αFS5 and βFS5 are equal to one, the isotherm is
reduced to the Langmuir isotherm. This isotherm model becomes the Freundlich at
large concentrations of adsorbate in the liquid-phase.

3.4.2 Baudu isotherm model

The Baudu isotherm model was created in response to a disagreement in comput-
ing the Langmuir constant and coefficient from slope and tangent across a wide range
of concentrations [59]. The Langmuir isotherm model has been modified into the
Baudu isotherm model. Eq. (39) explains it.

qeq ¼
qmax bo C

1þxþyð Þ
eq

1þ boC 1þxð Þ
eq

(39)
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This model is only applicable in the range of (1 + x + y) < 1 and (1 + x) < 1. For
lower surface coverage, Baudu model reduces to the Freundlich equation [58], i.e.:

qeq ¼
q
m0 boC

1þxþyð Þ
eq

1þ b0
(40)

3.4.3 Weber-van Vliet isotherm model

With four parameters, the Weber and van Vliet isotherm model is used to
represent equilibrium adsorption data [60–62]. Eq. (41) depicts the model.

Ceq ¼ P1q
P2q

P3
eqþP4

� �
eq (41)

Multiple nonlinear curve fitting approaches based on the reduction of the sum of
squares of residuals can be used to define the isotherm parameters P1, P2, P3, and P4.

3.4.4 Marczewski-Jaroniec isotherm model

The Marczewski-Jaroniec isotherm model is analogous to the Langmuir isotherm
model [62, 63]. Eq. (42) represents the Marczewski-Jaroniec isotherm model.

qeq ¼ qmax
KMJCeq
� �nMJ

1þ KMJCeq
� �nMJ

" #
(42)

The spreading of distribution along the route of increasing adsorption energy is
described by KMJ.

3.5 Five parameter model

Accounting for the high parameter models offers unmistakable information on the
process of adsorption under equilibrium conditions. Only one five-parameter model,
the Fritz-Schlunder-V isotherm model, is used in this section.

3.5.1 Fritz-Schlunder-V isotherm model

The Fritz-Schlunder adsorption isotherm model was created with the goal of more
precisely reproducing model modifications for applicability over a wide range of
equilibrium data [45]. Eq. (43) represents the Fritz-Schlunder adsorption isotherm
model.

qeq ¼
qmaxK1FS5CαFS5

eq

1þ K2FS5CβFS5
eq

(43)

4. Results and discussion

The findings of the experiments suggest that the highest Ni(II) adsorption by
BGMAmay be attained at a pH of 6 and a biomass loading of 2 g of BGMA. BGMA has
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an adsorption capability of 42.056 mg/g. During the continuous 24 hours of contact
time, the agitation rate of 120 rpm is maintained.

Figure 1 depicts the visual effect of Ni(II) starting metal ion concentration on
equilibrium metal absorption and % clearance. The largest percent elimination of Ni
(II) metal ions is observed at low starting metal ion concentrations. The diminishing
trend in Ni(II) metal ion removal is observed with an increase in initial metal ion
concentration due to an increase in the ratio of the initial number of metal ions to the
fixed number of active sites. Furthermore, for a certain number of active sites, the
amount of substrate metal ions accommodated in the interlayer gap rises, resulting in
decreased metal ion removal. An increase in the initial metal ion concentration causes
a decrease in the ionic strength of the solution, which helps to improve metal absorp-
tion. As a result of the lowering ionic strength, a rise in initial metal ion concentration
raises the equilibrium metal uptake (qeq).

4.1 FTIR-characterisation of BGMA biomass

Figure 2 depicts an FTIR spectroscopic investigation of BGMA prior to Ni(II)
adsorption. The dNH stretching is shown by the wide adsorption bands at
3696.36 cm�1, 3620.77 cm�1, and 3408.94 cm�1. The dCH2 stretching is measured at
2928.18 cm�1. The wide adsorption band at 1643.81 cm�1 might be attributed to the
carboxylic C]O group, whereas the carboxylate group is represented by the adsorp-
tion band at 1427.97 cm�1. Furthermore, the band at 1039.87 cm�1 shows CdN amide
stretching. Figure 3 depicts an FTIR spectroscopic investigation of BGMA following
Ni(II) adsorption. The shifts of peaks at 3695.90–34696.36 cm�1, 1643.81–
1644.54 cm�1, and 1041.07–1039.87 cm�1 after Ni(II) adsorption indicate that the
amide dNH bonding, CH stretching, carboxylic acid, and hydroxyl groups are the
main functional groups involved in the adsorption of Ni(II) metal ions.

4.2 Adsorption isotherms

Figure 4 depicts the experimental adsorption behaviour of Ni(II) from its syn-
thetic aqueous solutions onto BGMA, which is particularly important in distinguishing

Figure 1.
Effect of initial metal ion concentration of equilibrium metal uptake and % removal for adsorption of Ni(II) onto
BGMA.
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the form of the isotherm [32, 64]. According to Giles et al. [65], the isotherm of Ni(II)
onto BGMA is detected as an L curve pattern. As a result, it is determined that there is
no considerable rivalry between the solvent and the adsorbate for the active sites of
BGMA. Also According to Limousin et al., [66], BGMA has a restricted sorption
capability for Ni(II) adsorption at the circumstances used in this study.

4.2.1 One parameter model

The experimental data for the adsorption of Ni(II) onto BGMA is fitted to Henry’s
law (one parameter) model. This model’s parameter values and regression coefficient
R2 are shown in Table 2. The model fails to match the experimental data under
equilibrium conditions due to the small R2 value.

Figure 3.
FTIR spectra of BGMA biomass before adsorption of Ni(II).

Figure 2.
FTIR spectra of BGMA biomass after adsorption of Ni(II).
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4.2.2 Two parameter models

Table 3 shows the regression coefficients and parameter values of two parameter
adsorption isotherm models for Ni(II) adsorption onto BGMA. The R2 values for the
Dubinin-Radushkevich, Hill-de Boer, Fowler-Guggenheim, Halsey, Harkin-Jura,
Elovich, and Kiselev models are weak and negative when compared to the experi-
mental data. Though the R2 values of the Temkin and Flory-Huggins models suggest
their relevance, the parameter values found in both models (bT and nFH) appear to be
too high and negative, which are not physically realisable.

Only four models, namely Freundlich, Henry’s law with intercept, Jovanovic, and
Langmuir, are considered to carry out the following discussion. Figure 5 depicts a plot
of Ceq (mg/L) vs. qeq (mg/g) for the two models, as well as experience data.

With experimental data, the Freundlich isotherm model performs better. Its R2 score
indicates its relevance to a large extent. Adsorption sites are stimulated via the surface
exchange process, resulting in enhanced adsorption. Because the value of nF is in the 1–10
range, It means that Ni(II) adsorption from its synthesised solution onto BGMA is
favourable. The value of 1/nF is calculated as 0.5608, which is closer to zero, assuring that
the active sites of BGMA for Ni(II) adsorption on its surface are more heterogeneous.

Henry’s law with intercept model has a high R2 value, implying its importance. The
incorporation of the intercept term considerably improves the linear connection
between qeq and Ceq.

Langmuir gives improved agreement (R2 = 0.9432) with experimental adsorption
data when followed by the Freundlich and Henry’s law with intercept model. It denotes
monolayer coverage of the Ni(II) at the BGMA’s outer surface. The value of bL is

Figure 4.
Experimental results of adsorption of Ni(II) onto BGMA.

Model Parameter Value SSE R2 RMSE

Henry’s law model K 1.132 274.4 0.8001 5.522

Table 2.
Parameter values of one parameter (Henry’s law) model for adsorption of Ni(II) onto BGMA.
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0.05284 mL/g, which quantifies the affinity of Ni(II) and BGMA. The computed value of
RL is 0.2534, indicating that the adsorption of Ni(II) onto BGMA is favourable.

However, the qmax of BGMA calculated by this model (55.75 mg/g) differs from the
observed qmax value (42.056 mg/g). The variation cannot be significant. The concor-
dance between experimental adsorption data and the Jovanovic isotherm model is quite
substantial. It is demonstrated by its R2 value (0.9359) and qmax value (42.04 mg/g).

Because the R2 values of the four models are high and provide strong mathematical
agreement with the experimental results, it cannot be stated that the four isotherms or
processes are suitable for adsorption of Ni(II) onto BGMA across the whole concentra-
tion range studied. Figure 6 confirms this by comparing the four models to experimental
equilibrium metal uptake and demonstrating the amount of concordance.

S. no. Model Parameter Value SSE R2 RMSE

1 Henry’s law with intercept model K 0.8521 58.67 0.9573 2.708

m 7.926

2 Langmuir isotherm model bL 0.05284 83.52 0.9432 3.231

qmax 55.75

RL 0.2534

3 Freundlich isotherm model aF (mg/g) 5.029 45.44 0.9669 2.383

nF 1.783

4 Dubinin-Radushkevich model BDR 0.5688 7027 �4.118 29.64

KDR 0.1927

5 Temkin model AT 0.7986 97.87 0.9287 3.498

bT 240

6 Hill-de Boer model K1 2.024 � 104 1.294 � 104 �1.401 40.22

K2 1.535 � 105

7 Fowler-Guggenheim model KFG 4.692 � 10�8 559.2 0.8963 8.36

W �1.067

8 Flory-Huggins isotherm KFH 0.0008136 5092 0.9012 25.23

nFH �1.067

9 Halsey isotherm model KHa 1.91 � 104 3907 �1.845 22.1

nHa 2.855

10 Harkin-Jura isotherm model AHJ 1.379 23 �5.9015 23

BHJ 2.559

11 Jovanovic isotherm model KJ 0.05745 16.9 0.9359 3.655

qmax 42.04

12 Elovich isotherm model KE �4.5 � 10�18 1.66 � 106 �1210 455.8

qmax 0.9139

13 Kiselev isotherm model KeqK 85.68 7027 �4.118 29.64

KnK 85.64

Table 3.
Parameter values of two parameter adsorption isotherm models for adsorption of Ni(II) onto BGMA.
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The Freundlich isotherm mechanism clearly indicates maximum satisfaction with
the equilibrium experimental data based on the R2, SSE, and RMSE values.

4.2.3 Three parameter models

Table 4 shows the parameter values for three parameter adsorption isotherm
models for the adsorption of Ni(II) onto BGMA. Hill, Redlich-Peterson, Langmuir-

Figure 5.
Comparison of experimental values of equilibrium uptake of Ni(II) with two parameter model values.

Figure 6.
Concurrence of two parameter model values of equilibrium uptake of Ni(II) with experimental values.
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S. no. Model Parameter Value SSE R2 RMSE

1 Hill isotherm model KH 423.4 350.2 0.745 7.073

nH 0.2637

qmax 5630

2 Redlich-Peterson isotherm model ARP 1.333 � 104 188.3 0.8628 5.187

BRP 7939

β 0.1181

3 Sips isotherm model KS 0.002087 49.55 0.9639 2.661

qmax 2749

β 0.5235

4 Langmuir-Freundlich model KLF 7.23 1613 0.07953 15.18

mLF 0.657

qmax 26.28

5 Fritz-Schlunder-III isotherm model KFS3 0.8637 274.7 0.7999 6.265

MFS3 �8.958

qmax 1.31

6 Radke-Prausnits isotherm model-I KRaP1 115.2 50.34 0.9633 2.682

MRaP1 0.39

qmax 0.2358

Radke-Prausnits isotherm model-II KRaP2 5300 158.3 0.8847 4.756

MRaP2 0.1612

qmax 1.953

Radke-Prausnits isotherm model-III KRaP3 0.0248 45.5 0.9669 2.549

MRaP3 0.5569

qmax 206.7

7 Toth isotherm model KT 0.9765 70.13 0.9489 3.165

nT 0.06976

qmax 1.614 � 105

8 Khan isotherm model aK 0.4462 45.39 0.9669 2.546

bK 6.611

qmax 1.814

9 Koble-Corrigan isotherm model AKC 5.277 39.14 0.9715 2.364

BKC �0.169

nKC 0.3292

10 Jossens isotherm model bJ �0.2596 483 0.6482 8.307

J 10,710

KJ 4789
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Freundlich, Fritz-Schlunder-III, Radke-Prausnits, and Jossens isotherm models have
low R2 values. However, the models Sips, Radke-Prausnits -I, Radke-Prausnits -III,
Toth, Khan, Koble-Corrigan, Jovanovic-Freundlich, Brouers-Sotolongo, Vieth-Sladek,
Unilan, Holl-Krich, and Langmuir-Jovanovic isotherm models demonstrate their rele-
vance by strong R2 values, however the parameter and qmax (mg/g) values produced
are either negative or excessively high, implying that they are not physically
realisable. As a result, all 16 models are dropped from the ongoing debate.

4.2.4 Four parameter models

Table 5 shows the parameter and R2 values for four parameter isotherm models.
To understand the adsorption mechanism of Ni(II) onto BGMA, the Fritz-Schlunder-
IV isotherm model, Baudu isotherm model, Weber-van Vliet isotherm model, and
Marczewski-Jaroniec isotherm model are investigated.

The Baudu and Fritz-Schlunder-IV models, which have higher R2 values than the
Weber-van Vliet and Marczewski-Jaroniec models, are the most significant of the four
models. Unfortunately, the exponents and parameters of all four models are either
zero, very low, or excessively high, making them physically impossible to realise. Like
a result, just as in the case of the three parameter models, all four parameter models
fail to describe the process of adsorption, and the discussion is unnecessary.

S. no. Model Parameter Value SSE R2 RMSE

11 Jovanovic-Freundlich isotherm model KJF 0.00255 46.92 0.9658 2.589

nJF 0.5391

qmax 2133

12 Brouers-Sotolongo isotherm model KBS 0.003327 49.44 0.964 2.658

αBS 0.523

qmax 1724

13 Vieth-Sladek isotherm model KVS 0.6782 33.05 0.9759 2.173

βVS 0.3985

qmax 14.37

14 Unilan isotherm model KU 10.59 49.87 0.9637 2.669

βU �3.1

qmax �0.08062

15 Holl-Krich isotherm model KHK 0.002149 49.6 0.9639 2.662

nHK 0.5234

qmax 2671

16 Langmuir-Jovanovic isotherm model KLJ �0.009672 52.96 0.9614 2.751

nLJ 0.4409

qmax 820.8

Table 4.
Parameter values of three parameter isotherm models for adsorption of Ni(II) onto BGMA.
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4.2.5 Five parameter model

Table 6 shows the Fritz-Schlunder-V model’s parameter values. The R2 value
denotes its relevance. Figure 7 depicts a comparison of experimental Ni(II) metal
uptake with the Fritz-Schlunder-V model under equilibrium conditions. Figure 8
depicts the agreement of Fritz-Schlunder-V parameter model results for equilibrium
Ni(II) uptake with experimental data.

The qmax value of 41.89 mg/g for this isotherm model is extremely similar to the
experimental qmax value of 42.056 mg/g. As a consequence, the Fritz-Schlunder-V
isotherm model is firmly established for the adsorption of Ni(II) metal ions from
synthetic aqueous solution onto BGMA.

Model Parameter Value SSE R2 RMSE

Fritz-Schlunder-IV isotherm model AFS5 5.188 � 10�5 110.7 0.9194 4.296

BFS5 �1

αFS5 1.092

βFS5 �1.58 � 10�5

Baudu isotherm model x 3.491 42.03 0.9694 2.647

y 0.5412

bo 0.3431

qmax 5.373

Weber-van Vliet isotherm model P1 29.91 1373 �1.861 � 10�10 1.471

P2 �6.569

P3 8.425

P4 0.795

Marczewski-Jaroniec isotherm model KMJ 16.93 652 0.5252 10.42

mMJ 11.11

nMJ 0.7926

qmax 27.26

Table 5.
Parameter values of four parameter isotherm models for adsorption of Ni(II) onto BGMA.

S. no. Model Parameter Value SSE R2 RMSE

1 Fritz-Schlunder-5 isotherm model K1FS5 0.3518 45.45 0.9669 3.015

K2FS5 1.927

αFS5 0.5605

βFS5 0.0001938

qmax 41.89

Table 6.
Parameter values of five parameter isotherm model for adsorption of Ni(II) onto BGMA.
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5. Conclusion

The adsorption of Ni(II) metal ions from synthetic aqueous solutions is investi-
gated using BGMA as a low-cost adsorbent. At a pH of 6, 2 g of biomass input, and an
agitation speed of 120 rpm, the greatest adsorption capacity of BGMA was determined
to be 42.056 mg/g. Because the ionic strength decreases with increasing initial Ni(II)
metal ion concentration, the percentage elimination decreases and the equilibrium
metal absorption (qeq) increases. The equilibrium experimental data suggests that the
isotherm has a L shape, indicating that solvent and Ni(II) are competing for the active
sites of BGMA. Furthermore, it suggests that the BGMA has a restricted capacity for

Figure 7.
Comparison of experimental values of equilibrium uptake of Ni(II) with five parameter model values.

Figure 8.
Concurrence of five parameter model values of equilibrium uptake of Ni(II) with experimental values.
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Ni adsorption(II). Furthermore, the efficacy of various isotherms for modelling is
investigated using a 1-parameter isotherm, a 13-parameter isotherm, a 16-3-parameter
isotherm, a 4-4-parameter isotherm, and a 1-5-parameter isotherm. The experiences
are graphically depicted. The Fritz-Schlunder-V isotherm model is obviously relevant
in characterising the mechanism of Ni(II) adsorption under the conditions utilised in
this work, which was followed by Freundlich. The qmax of 41.89 mg/g for this model
reveals its significance even more clearly.

Nomenclature

A Fritz-Schlunder parameter
aF Freundlich adsorption capacity (L/mg)
AHJ Harkin-Jura isotherm constant
aK Kahn isotherm model exponent
AKC Koble-Carrigan’s isotherm constant
ARP Redlich-Peterson isotherm constant (L/g)
AT Temkin equilibrium binding constant corresponding to the maximum

binding energy
B Fritz-Schlunder parameter
BGMA blue green marine algae
b Langmuir constant related to adsorption capacity (L/mg)
b0 Langmuir isotherm equilibrium constant
BDR Dubinin-Radushkevich model constant
BHJ Harkin-Jura isotherm constant
bJ Jossens isotherm model parameter
bK Khan isotherm model constant
BKC Koble-Carrigan’s isotherm constant
bL Langmuir constant related to adsorption capacity (mg/g)
BRP Redlich-Peterson isotherm constant (L/mg)
bT Temkin constant which is related to the heat of sorption (J/mol)
C Henry’s law model intercept
Ceq concentration of adsorbate in bulk solution at equilibrium (mg/L)
Cin initial adsorbate concentration (mg/L)
J Jossens isotherm model parameter
K Henry’s constant
K1 Hill-de Boer constant (L/mg)
K1FS5 Fritz-Schlunder-V parameter
K2 energetic constant of the interaction between adsorbed molecules (kJ/mol)
K2FS5 Fritz-Schlunder-V parameter
KBS Brouers-Sotolongo model isotherm parameter
KDR Dubinin-Radushkevich model uptake capacity
KE Elovich constant (L/mg)
KFG Fowler-Guggenheim equilibrium constant (L/mg)
KFH Flory-Huggins equilibrium constant (L/mol)
KFS3 Fritz-Schlunder III equilibrium constant (L/mg)
KH Hill isotherm constant
KHa Halsey isotherm constant
KHe Henry’s constant
KHK Holl-Krich isotherm model parameter
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KJ Jossens isotherm model parameter
KJ Jovanovic constant
KJF Jovanovic-Freundlich isotherm equilibrium constant
KK Kiselev equilibrium constant (L/mg)
KLF Langmuir-Freundlich equilibrium constant for heterogeneous solid
KLJ Langmuir-Jovanovic model parameter
KMJ Marczewski-Jaroniec isotherm model parameter that characterise the

heterogeneity of the adsorbent surface.
KnK equilibrium constant of the formation of complex between adsorbed

molecules
KRaP Radke-Prausnits equilibrium constant
KS Sips isotherm model constant (L/mg)
KT Toth isotherm constant (mg/g)
KU Unilan isotherm model parameter
KVS Vieth-Sladek isotherm model parameter related to Henry’s law
mFS3 Fritz-Schlunder III model exponent
mLF Langmuir-Freundlich heterogeneity parameter
mRaP Radke-Prausnits model exponent
nF Freundlich adsorption intensity
nFH number of adsorbates occupying adsorption sites
nH exponent of Hill adsorption model
nHa Halsey isotherm exponent
nHK Holl-Krich isotherm model exponent
nJF Jovanovic-Freundlich isotherm exponent
nKC Koble-Carrigan’s isotherm constant
nLJ Langmuir-Jovanovic model exponent
nMJ Marczewski-Jaroniec isotherm model parameter that characterise the

heterogeneity of the adsorbent surface
nT Toth isotherm exponent
P1 Weber and van Vliet isotherm model parameter
P2 Weber and van Vliet isotherm model parameter
P3 Weber and van Vliet isotherm model parameter
P4 Weber and van Vliet isotherm model parameter
qeq amount of adsorbate in adsorbent at equilibrium (mg/g)
qmax maximum quantity of solute adsorbed by the adsorbent (mg/g)
R gas constant (8.314 J/mol K)
RL Langmuir separation factor
T absolute temperature (K)
W interaction energy between adsorbed molecules (kJ/mol)
x Baudu isotherm model parameter
y Baudu isotherm model parameter

Greek letters

θ fractional surface coverage
βRP Redlich-Peterson isotherm exponent
βS Sips isotherm exponent
αBS Brouers-Sotolongo model isotherm parameter is related to adsorption energy
βVS Vieth-Sladek isotherm model parameter related to Langmuir
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βU Unilan isotherm model exponent
αFS5 Fritz-Schlunder-V parameter
β2FS5 Fritz-Schlunder-V parameter
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Chapter 13

Microalgae: An Exquisite Oil 
Producer
Ishita Bhattacharya

Abstract

With the influx in population and shortage of conventional energy-sources, an 
exponential-rise of the microalgal oil-production has been observed in the past two 
decades. The algal bio-oil is used in various industries viz. food, pharmaceutical, 
cosmetic and biodiesel plants. The present study is focused towards the production 
of oil from oleaginous microalgae in photo-bioreactors and open water systems. 
Moreover, microalgae can thrive in non-cultivable waters like seawater, salt water 
and even wastewater which make the algal technology more attractive in terms of 
soil and water preservation. Using sunlight and nutrients like salts of magnesium, 
potassium, sodium etc. the autotrophic microalgae can grow in large quantities in 
indoor photo-bioreactors and in open ponds. Microalgae are able to produce approxi-
mately 10,000 gallons of oil per acre as compared to the higher plants that produces 
only 50 gallons per acre (soy), 110 to 145 gallons per acre (rapeseed), 175 gallons per 
acre (Jatropha), 650 gallons per acre (palm). The biomass productivity is 10 times 
higher than that of the phytoplanktons and 20–30% higher than that of the ter-
restrial biomass. In terms of the fatty acid composition, the microalgal oil can well 
match with the plant-derived oil, mainly C16 and C18 fatty acids. Some microalgae 
are also rich in valuable polyunsaturated-fatty-acids, which have multiple health 
benefits.

Keywords: microalgae, bio-oil, photo-bioreactor

1. Introduction

In this twentieth century due to the shortage in the conventional energy sources 
as well as exponentially rising trend of environmentally harmful products, micro-
algae have been chosen as an alternative source for a wide variety of metabolic 
products, viz. dietary supplements, pharmacological compounds, lipids, enzymes, 
biomass, polymers, toxins, pigments, wastewater treatment, and “renewable 
energy”.

The microalgal cultivation chiefly follows autotrophic growth. Almost all 
 microalgae are photosynthetic in nature having chlorophyll a, chlorophyll b and 
bacterio-chlorophyll in some blue-green algae (cyanobacteria) [1], and thus are 
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significant solar energy convertors, so, they are cultivated in illuminated environ-
ments either in open or closed cultivation systems [2].

For the last two decade microalgae have been recognized as a prominent 
alternative source for oil production. Several oleo genic species of microalgae can 
be manipulated to overproduce specific lipids and fatty acids through alteration 
of their physical and chemical properties of the culture medium. Microalgae 
can accumulate substantial amounts of lipids – up to 50% of dry cell weight in 
certain species [3]. Many microalgal species can thrive well in water with high salt 
concentration, viz. brackish water or seawater, thereby avoiding the demand for 
fresh water which has been designated as a limited resource in many parts of the 
world [4].

In microalgae, lipids play an important role in the synthesis of plasma membranes 
lipid protein lipid structure, in maintaining buoyancy and as an energy reserve 
during adverse growth conditions [5]. Accumulation of lipids in the microalgae can 
be attributed to the consumption of sugars at a rate higher than that of the rate of cell 
doubling, which promote conversion of excess sugar into lipids which favor the algae 
in its stationary phase of growth to fight the nutrient depletion [6].

Different saturated Fatty acids (SFA), monounsaturated Fatty acids (MUFA), 
and polyunsaturated Fatty Acids (PUFA) have been reported in microalgae. 
Hexadecanoic acid (C16:0) and oleic acid (C18:1) are common fatty acids in the 
microalgae. Omega-3 (ω-3) FA) can be traced in some [7]. Significantly, the 
microalgae can produce essential Fatty Acids, viz. alphalinolenic acid, which can 
be converted to eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) in 
mammals by metabolic pathways [8]. The concentration of EPA is insignificant in the 
terrestrial plants. Seaweeds, such as Palmaria palmata [9] can produce EPA, but in 
lesser concentration in comparison to the microalgae [10].

Microalgae have been designated as a producer of different types of renewable 
biofuels viz. methane produced by anaerobic digestion of the biomass [11], biodiesel 
derived from oil [12–14]; and biohydrogen can be produced photo-biologically [15, 
16]. The concept of using microalgae as a source of fuel is not new [17], but for 
the past few decades it has being taken seriously because of the escalating price of 
petroleum and, most importantly, the emerging concern about global warming that is 
associated with the burning of fossil fuels [18].

2. Attributes of microalgae

2.1 Cultivation of microalgae

Cultivation of microalgae for biodiesel production aims at maximizing the lipid 
productivity along with the growth rate of the microalgae. In the batch cultivation 
system, microalgae are exponentially grown in the log phase to increase their biomass 
and then they subjected to a starvation phase by omitting or limiting the nutrient 
supply towards the end of the stationary phase of growth. As, algal oil is a secondary 
metabolite, so nutrient deprivation can lead to a higher yield.

The two most common methods of microalgae cultivation are open cultivation 
systems and controlled closed cultivation systems.

Open-air cultivation systems comprise natural or artificial ponds, raceway ponds, 
and the inclined surface systems driven by paddle wheels, usually operating at water 
depths of 15–30 cm [19]. They represent the classical processes used for production 
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of algal biomass. Although different types of open reactors have been studied since 
last few decades by different research groups, but the most commonly used systems 
are shallow big ponds, tanks, circular ponds, and raceway ponds. Some of the major 
advantages of an open cultivation system are minimal capital, operating costs, and 
lower energy requirement for culture mixing. The disadvantages are open systems 
require large areas to scale up, susceptibility to contamination (by birds, small insects 
and rotifers), adverse weather conditions, difficulty to regulate growth parameters 
viz. evaporation rate, culture temperature, etc. A scientific investigation reported the 
damaging effects of the occurrence of rotifers to the cultures of Tetraselmis, Chlorella, 
Nannochloropsis, Scenedesmus, and the damage caused by amoeba to diatoms.

On the other hand, closed and controlled cultivation systems employ photobiore-
actors to attain axenic single-species culture of microalgae. Photobioreactors are suc-
cessfully used for producing large quantities of microalgal biomass [20]. The different 
types of photobioreactor (PBR) include horizontal or serpentine tube, flat-plate, 
bubble column, airlift column and stirred tank. PBRs can be designed and calibrated 
according to the research need and the experimental organism. This closed system 
utilizes relatively little space, while increasing the light availability and minimum 
contamination issues. However, the limitations of PBRs include bio-fouling, overheat-
ing, benthic algal growth, cleaning issues, growth limitation due to high build-up of 
dissolved oxygen and costlier operation [21, 22].

2.2 Oil productivity

Oleaginous microalgae (Table 1) are a promising source for the production of 
renewable biofuels because of their efficient photosynthetic capabilities. Moreover, 
microalgal growth requires less area in comparison to the terrestrial plants, and they 
are capable to channel the majority of the acquired energy into cell division, which 
increases the biomass yield [23]. Microalgae can be subdivided into four different 
groups depending on the carbon source (inorganic and organic), namely, autotrophic, 
mixotrophic, heterotrophic, and photoheterotrophic [24].

The synthesis of triacylglycerol in microalgae takes place mostly in the chloro-
plast and endoplasmic reticulum through multiple enzymatic reactions [25]. Fatty 
acid synthesis in the chloroplast, assembly of glycerolipids in endoplasmic reticu-
lum, and accumulation of TAGs into the oil bodies are the three major steps involved 
in the accumulation of lipids in the microalgae [26]. It has been proven that facilitate 
the synthesis of high amounts of lipids is influenced by different stress conditions 

Microalgae Oil yield (%)

Scenedesmus sp 38

Chlorella protothecoides 49

Botryococcus braunii 28

Tetraselmis elliptica 14

C. vulgaris 89

Auxenochlorella protothecoides 66

Chlamydomonas reinhardtii 59

Table 1. 
Some prominent oleaginous microalgae.
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such as physical, chemical, or environmental, individually or in combination [27]. 
Under the aforementioned stress conditions, microalgae can switch their metabo-
lism towards the synthesis of neutral lipids in the form of TAGs, which serves as a 
form of carbon and energy storage [28–30]. Microalgae employ the de novo pathway 
to synthesize lipids. It starts in the chloroplast by CO2 fixation into sugars, which 
are further metabolized to acetyl-CoA, which acts as a precursor of fatty acid 
synthesis [31].

Marine microalgae have a higher content of PUFA in comparison to the freshwater 
species because they need to produce more unsaturated fatty acids to survive in the 
salty marine environment [32]. Thus, cultivation of marine microalgae can render 
higher economic interest to the cultivars. According to reported literature, the marine 
oleaginous diatom Fistulifera solaris when cultivated in photoautotrophic conditions 
can produce 135.7 mg/(L·day) EPA. On the otherhand, the heterotrophic growth of 
the marine diatom Nitzschia laevis, when supplemented with glucose, resulted in EPA 
production of 174.6 g/(L·day) [33].

2.3 Extraction of oil

During lipid extraction, the microalgal biomass is exposed to an organic eluting 
solvent which extracts the lipids out of the cell cytoplasm. A lipid extraction technol-
ogy for microalgal oil production needs to be highly specific towards the lipids in 
order to avoid the co-extraction of non-lipid contaminants, viz. protein and carbo-
hydrates. The lipid extraction technology should be more selective towards acylglyc-
erols than other lipid fractions as they are not readily convertible to biodiesel, such 
as polar lipids and non-acylglycerol neutral lipids (free fatty acids, hydrocarbons, 
sterols, ketones, carotenes, and chlorophylls) [34]. Moreover, the technology should 
be efficient (both time and energy saving), non-reactive with the lipids, relatively 
cheap (capital cost and operating cost), and safe (environmentally and mechani-
cally) [35]. Dewatering of the microalgal biomass beyond a paste consistency (200 g 
dried microalgal biomass/L culture) is energy consuming, so, it will be economically 
friendly if the selected lipid extraction technology is effective for the wet feedstock, 
i.e. concentrate or disrupted concentrate with concentrations between 10 and 200 g 
dried microalgal biomass/L culture [36].

2.3.1 Solvent extraction

The principles underlying solvent extraction of microalgal lipids are based on the 
concept of chemistry ‘like dissolving like’. The long hydrophobic fatty acid chains 
interact with neutral lipids through weak van der Waals forces, thus forms globules 
in the cytoplasm [37]. The mechanism for organic solvent extraction is depicted in 
Figure 1. When a microalgal cell is exposed to a non-polar organic solvent, such as 
hexane or chloroform, the organic solvent penetrates through the cell membrane into 
the cytoplasm and interacts with the neutral lipids trough van der Waals forces to 
form an organic solvent-lipids complex. This organic solvent–lipids complex, driven 
by a concentration gradient, diffuses across the cell membrane. The neutral lipids are 
thus extracted out of the cells and remain dissolved in the non-polar organic solvent. 
However, some neutral lipids remain as a complex with polar lipids in the cytoplasm. 
The complex is strongly linked via hydrogen bonds to the proteins in the cell mem-
brane. The van der Waals interactions formed between non-polar organic solvent and 



225

Microalgae: An Exquisite Oil Producer
DOI: http://dx.doi.org/10.5772/intechopen.104895

neutral lipids are inadequate to disrupt these membrane-based lipid–protein associa-
tions. On the other hand, polar organic solvent (viz. methanol or isopropanol) is able 
to disrupt the lipid–protein associations by forming hydrogen bonds with the polar 
lipids in the complex [38].

Figure 2 depicts the extraction steps generally, undertaken for laboratory-scale 
production of microalgal oil and finally trans-esterified to biodiesel using an organic 
solvent mixture.

2.4 Compositional analysis of algal oil

Algal oil is very high in unsaturated fatty acids [39]. The mentioned fatty acids are 
present in abundance in algal oil [40].

• Arachidonic acid (AA)

It is an unsaturated, essential long chain (C20) fatty acid and acts as a precursor in 
the biosynthesis of prostaglandins, thromboxanes, and leukotrienes.

• Eicospentaenoic acid (EPA)

EPA is an omega-3 fatty acid. Omega-3 fatty acid helps lower risk of heart disease, 
lower triglycerides in the blood, blood pressure, and inflammation.

Figure 1. 
Schematic representation depicting the solvent extraction of oil from oleaginous microalgae. 1. Penetration of 
the solvent inside the cell cytoplasm. 2.Solvent interaction with the lipids. 3. Formation of lipid-solvent complex. 
4. Diffusion of the complex through the cell membrane. 5. Diffusion of the complex in the surrounding bulk 
organic solvent.



Progress in Microalgae Research - A Path for Shaping Sustainable Futures

226

• Docasahexaenoic acid (DHA)

DHA is a long-chain, highly unsaturated omega-3 fatty acid. It affects cell and tissue 
physiology and function by altering the membrane structure. It also has prominent roles 
in membrane protein function, cellular signaling and production of lipid mediator.

• Gamma-linolenic acid (GLA)

GLA is an essential fatty acid belonging to omega-6 fatty acid. Omega-6 fatty acids 
play a crucial role in brain function, growth and development, stimulate skin and hair 
growth, maintain bone health, regulate metabolism, and maintain the reproductive 
system.

• Linoleic acid (LA)

It is an essential fatty acid belonging to the omega-3 group. It has been reported to 
inhibit the synthesis of prostaglandin resulting in reduced inflammation and preven-
tion of certain chronic diseases.

2.4.1 Elemental (CHNO) analysis of the algal oil

CHNO analysis of the algal oil depicts the elemental constitution in order to 
assess its economic and environmental significance. The Carbon (C), Hydrogen 
(H), Nitrogen (N) and Oxygen (O) percentage (wt/wt) are reported as 64.2, 16.11, 
0.87, and 21.8% respectively in the oil obtained from C.vulgaris [41]. The higher 
heating value (HHV) of the algal oil has been reported as high as 40.43 MJ/kg [42]. 
The high fraction of carbon and HHV ensure large energy content of the oil that 

Figure 2. 
Microalgal oil and further trans-esterification to bio-diesel extraction procedure.
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can be further trans-esterified to bio-diesel or any bio-oil. A negligible fraction 
of nitrogen (0.89%) and no sulfur content advocate that there is probably no or 
minimal chance of NOx and SOx emission during the utilization of the algal oil for 
energy generation.

2.4.2  Analysis of lipids as total fatty acid methyl ester (FAME), protein, 
carbohydrate, and ash content of the microalgae

According to Table 2 the composition of different microalgal species viz. S. acutus, 
C. vulgaris, and N. granulata varies significantly depending on the growth-stage and 
the growth environment. As per a scientific investigation [43], longer cultivation time 
and nutrient depletion, the lipid content increases and protein content decreases. 
The carbohydrate content in N. granulata and S. acutus increased from early to mid 
growth stage, while decreased from mid to late stage. On the other hand, an increase 
in carbohydrate content has been noted in C. vulgaris in the starvation phase.

3. Conclusion

The present study advocated the different attributes of oil production through 
micro-algal route. Conventional algal cultivation systems include raceway ponds with 
lower investment cost but also renders lower yields while high value products (micro-
algae and oil) are produced with closed photobioreactors with high cost investments. 
However, fresh water demand can be reduced employing the photobioreactors, using 
waste water, brackish water or seawater as the culture broth.

The presence of high amount of polyunsaturated fatty acids gives micro-algal biofuel 
good flow properties under low temperatures, thus, reducing the risk of cold filter 
plugging and making it suitable as aviation fuel. Most importantly, the oil composition 
can be manipulated by selecting the desired strain and the cultivation parameters. This 
significant feature of the algal oil probably can be a solution to overcome the falling 
economy. Micro-algal biofuel production can possibly be solutions to reduce conven-
tional energy demand. But increase in yields by enhanced reactor designs, optimized 

Microalgae Growth phase (batch 
cultivation)

FAME 
lipids

Ash Carbohydrates Proteins

N. granulata Early 12.30 14.2 8.92 32.7

Mid 25.52 13.6 11.12 23.1

Late 57.33 5.1 10.89 9.4

S.acutus Early 9.15 4.5 16.88 46.3

Mid 17.03 1.8 49.71 17.4

Late 38.55 2.2 39.42 7.85

C.vulgaris Early 12.07 6.7 11.12 43.27

Mid 15.02 4.4 35.69 24.00

Late 23.14 5.3 38.00 15.2

Table 2. 
Compositional analysis of the microalgae.
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Abstract

In order to meet the ever-growing global demands for food, healthcare, and energy, 
among other sources, the twenty-first century has seen a significant surge in the use of 
microalgae. They have seen applications in varied industries ranging from pharmaceu-
ticals to energy to even the food industry, where its role as a source of proteins shines 
the most among other bioactive compounds. The microalgal biomass has the innate 
ability to grow in varied ecological conditions and has diverse compositions. While not 
economically competitive with fossil fuels or other renewable energy sources such as 
solar and wind, microalgal sources are technically viable, and a multitude of resources 
and time have been poured into the research of microalgal renewable fuels (biodiesel, 
ethanol, hydrogen, etc.). The rich diversity of microalgae, which is still underutilized, 
provides a variety of physiologically active metabolites of economic importance. These 
bioactive metabolites have antioxidant, antibacterial, antifungal, antiviral, anti-inflam-
matory, and anticancer properties. The microalgal biomass is a rich source of various 
compounds such as fatty acids, carotenoids, polysterols, and phenolics that can be 
utilized to synthesize pharmaceutical compounds and other nutraceuticals. Considering 
microalgae as a superfood, space food, functional food, strong agent for detoxifica-
tion with high content of micro and macronutrients has found potential application in 
occupational, systematic, and life style disorders subsequently enhancing immunity. The 
path from algal research to the launching of new food products or dietary supplements is 
strongly affected by industrial, regulatory, and nutritional considerations. Our purpose 
is to review and assess what is known about different food components (i.e., proteins, 
polysaccharides, lipids, vitamins, minerals, and antioxidants, potential toxicants) in the 
context of improving knowledge about the efficacy of algal foods as nutraceuticals. This 
review will add be an asset for food, pharma, nutra, and cosmetic sector.

Keywords: microalgae, nutraceutical, bioactive, food, immunity
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1. Introduction

1.1 Microalgae

Microalgae have a vast biodiversity and are an almost unexplored resource. 
Microalgae, also known as microphytes, are minute, microscopic algae that cannot 
be seen with the human eye. They are phytoplankton that live in both the water 
column and the sediment and can be found in both freshwater and marine systems 
[1]. Microalgae and bacteria form the foundation of the food web, providing energy 
to all trophic levels above them. Chlorophyll a concentrations are frequently used to 
quantify microalgae biomass, and they can be a good indicator of prospective produc-
tion [2]. They are unicellular organisms that live individually, in chains, or in groups. 
Their diameters can range from a few micrometers to a few hundred micrometers 
depending on the species. Microalgae, unlike higher plants, lack roots, stems, and 
leaves. They’ve evolved to thrive in an environment dominated by viscous forces.

It is estimated that there are between 200,000 and 800,000 species in various 
genera, with roughly 50,000 species described [3]. Chemically, over 15,000 new 
chemicals derived from algal biomass have been identified [4]. Carotenoids, antioxi-
dants, fatty acids, enzymes, polymers, peptides, toxins, and sterols are some examples 
[5]. Microalgae, capable of performing photosynthesis, are important for life on 
earth; they produce approximately half of the atmospheric oxygen [6] and develop 
photoautotrophically while using carbon dioxide as a greenhouse gas. Microalgae and 
cyanobacteria, collectively known as phytoplankton, dominate photosynthesis in the 
ocean [7]. Microalgae chemical composition is not a continuous factor; it fluctuates 
depending on a variety of circumstances, including species and growth conditions. 
Some microalgae have the ability to adapt to changes in environmental conditions by 
changing their chemical composition in response to variation in the environment. 
Their ability to substitute phospholipids with non-phosphorus membrane lipids 
in phosphorus-depleted settings is a particularly striking example [8]. Changing 
environmental parameters such as temperature, illumination, pH, CO2 supply, and 
nutrients can help microalgae collect desired products to a great amount [9–20].

1.2 Major classification of microalgae

Chlorophyta: The phylum’s members can be found in freshwater, marine, or 
even terrestrial habitats. It includes unicellular and multicellular organisms with 
chlorophylls a and b in a single chloroplast surrounded by two envelope membranes. 
Unicellular representatives of the phylum Chlorophyta, such as Chlorella vulgaris, 
Dunaliella salina, and Haematococcus pluvialis, are used in commercial manufacturing 
today and Parietochloris incisa and Botryococcus braunii have the ability to produce 
lipids and hydrocarbons respectively.

Rhodophyta: The phylum Rhodophyta is mostly made up of marine multicellular 
species, with a few freshwater or unicellular species thrown in for good measure. 
A huge single chloroplast is encircled by two envelope membranes with a single 
central pyrenoid, and cells are spherical with an eccentric nucleus. The brown-to-
olive-colored unicells are coccoid, nonmotile, and have a single pyrenoid-containing 
chloroplast, and the mucilaginous sheath can be thickened unilaterally.

Haptophyta: Haptophyta algae are mostly marine and unicellular or colonial, 
while several freshwater species have been discovered. The two most well-known 
Haptophyta species utilised as feed microalgae in aquaculture are Isochrysis aff. 
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galbana (T-ISO) and Pavlova salina. All haptophytes have one or more pyrenoid-con-
taining chloroplasts and an antapical nucleus, with the nuclear envelope connected to 
the chloroplast ER and a peripheral ER beneath the plasma membrane.

Dinophyta: Members of the phylum Dinophyta are unicellular and mostly marine,  
with a few freshwater species. Only around half of the Dinophyta are photosyn-
thetic, with the remaining 50% being heterotrophs lacking chloroplasts. It is a marine, 
heterotrophic, colourless dinoflagellate with dinokont flagellation, in which the 
transverse flagellum is encircled by a medial encircling cingulum that is displaced and 
drops downhill [21].

1.3 Nutraceuticals

A nutraceutical, often known as a “bioceutical,” is a pharmaceutical substitute 
that claims to have physiological benefits [22, 23]. A product that provides nutritional 
values as well as pharmaceutical values was coined as nutraceutical by Dr. Stephen 
DeFelic in 1989. There have been many definitions for this uprising term. The American 
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Nutraceutical Association has defined the term as follows: “A nutraceutical is any sub-
stance conceived as a food, or part of a food which provides medical or health benefits, 
as well as the prevention and treatment of a disease” while according to the US Institute 
of Medicine, nutraceuticals include “any substance that is a food or part of a food 
which provides medicinal or health benefits including the prevention and treatment of 
disease, beyond the traditional nutrients it contains.” Nutraceuticals, in general, have 
a favorable impact in improving customers’ health and wellness. Therefore, health-
promoting substances generated from food or food items to aid in the prevention or 
treatment of disease and/or dysfunction have also been considered as nutraceuticals.

2. Nutraceuticals from microalgae

2.1 Role of microalgae

Microalgae have been making its waves in the scientific community over the last few 
decades for the multitude of derivatives that can be obtained from them and the poten-
tial they hold in a vast number of fields. Microalgae have a massive biodiversity and are 
an essentially unexplored resource. It is believed that there are between 200,000 and 
800,000 species in various genera, with approximately 50,000 species described [4]. 
Over 15,000 new chemicals derived from algal biomass have been chemically identi-
fied [5]. The various types of products include carotenoids, antioxidants, fatty acids, 
enzymes, polymers, peptides, toxins, sterols, etc. [6].

Figure 1. 
An overview of nutraceuticals used from microalgae.
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2.2 Microalgae and nutraceuticals

The market for nutraceuticals extracted from microalgae is dominated, if not 
composed majorly of products from around four species of microalgae—Spirulina, 
Chlorella, Haematococcus, and Dunaliella. Other species that are involved in nutraceu-
tical production include Odontella aurita, Schizochytrium sp, Phaeodactylum, etc.

There are numerous essential compounds of interest (as show in Figure 1) that 
are and can be produced by means of these microalgae. These compounds are then 
further used for production of their respective functional and nutraceutical feed. 
Some of the important nutrients include

• Long-Chain Polyunsaturated Fatty Acids (PUFAs) – Arachidonic acid (AA), 
Eicosapentaenoic acid (EPA), etc.

 ○ These are defined as fatty acids with more than 18 carbon atoms and at least 
one double bond in their chemical structures. These can be synthesized as 
food supplements and are essential nutrients for humans and animals that are 
not produced internally. They have been recorded to have antimicrobial, anti-
inflammatory, antioxidant properties.

• Pigments/Carotenoids – β-Carotene, Astaxanthin, etc.

 ○ Carotenoids and other pigment groups such as phycobilins are the most 
industrially produced algal pigments. Carotenoids are known to be strong 
antioxidants and to provide photoprotection to cells. Lately these algal carot-
enoids have been shown to have anticancer properties as well.

• Phenolic Compounds – Caffeic acid, p-coumaric acid, etc.

 ○ Phenolic compounds are one of the most significant types of natural antioxidants 
that may be used as dietary supplements. These molecules are primarily engaged 
in the defense against biotic stimuli and stress, such as grazing and UV radiation, 
bacteria colonization, or other fouling organisms, or metal contamination.

• Proteins/Amino Acids/Peptides – Lysine, Isoleucine, Tryptophan, etc.

 ○ Proteins being one of the major constituents of microalgae are now being 
studied as viable alternative protein sources. These compounds have been 
found to have hepatoprotective, anti-inflammatory, immunomodulating, 
anticancer, and antioxidant properties.

• Vitamins – Vitamin C, E, Riboflavin (B2), Pyridoxine (B6), etc.

 ○ Microalgae have shown good capability to produce important vitamins. Spirulina 
and Chlorella have been observed to produce quality bioavailable vitamin B12.

• Minerals – Zinc, Phosphorus, Potassium, etc.

 ○ Microalgae have the ability to accumulate trace elements and can be consumed 
as a daily nutritional supplement for minerals. Minerals provide significant 
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functions and are either incorporated into compounds or stay in their elemen-
tal state.

• Polysaccharides – Extracellular polysaccharides, sulfated polysaccharides, etc.

 ○ Microalgal polysaccharides have been reported to be rather complex polysac-
charides such as immulina and other compounds that contain sugars such as 
galactose, xylose, fucose, etc.

• Sterols – Phytosterol, Poriferasterol, clionasterol, etc.

 ○ While sterols play a fundamental role in microalgae physiology, particularly 
with respect to their membrane integrity, they have gained popularity for their 
potential to lower LDL cholesterol and boost cardiovascular health.

Furthermore, sterols have been linked to anti-inflammatory and anti-atheroge-
nicity, anticancer, and anti-oxidation actions, as well as protection against nervous 
system illnesses such as autoimmune encephalomyelitis, amyotrophic lateral sclerosis, 
and Alzheimer’s disease.

2.3 Important microalgal species

2.3.1 Spirulina

Spirulina (classified as Arthrospira sp) is a prokaryotic cyanobacterium that has 
been commercially produced for over 30 years for a variety of applications such as fish 
food, vitamin supplements, aquaculture, medicines, and nutraceuticals. Spirulina, by 
means of photosynthesis, converts sunlight into a lot of life essential nutrients (Fatty 
Acids, Carbohydrates, proteins, etc.). It is often regarded as a superfood and is widely 
farmed to fulfill current demand, particularly in specially built raceway ponds and 
photobioreactors.

Spirulina is one of the algae being researched for large-scale commercial cultiva-
tion. Spirulina has 60–70% protein by weight (containing several amino acids) and 
up to 10 times more beta-carotene per unit mass than carrots. Spirulina is high in B 
vitamins, phycocyanin, chlorophyll, vitamin E, omega-6 fatty acids, and minerals.

2.3.2 Chlorella

Chlorella is a photoautotrophic, single-cell, spherical (2–10 m in diameter) green 
microalga with no flagella. It is simple to cultivate and produces massive amounts of 
biomass in a short period of time. It grows quickly and requires just CO2, water, sun-
shine, and a minimal quantity of minerals to thrive. They contain about 11–58% protein, 
12–28% carbohydrate, and 2–46% lipids of its dry weight. Other composites include 
β-carotene, inositol, vitamin B6, vitamin B12, etc. Chlorella has been observed to lower 
cholesterol levels, decrease blood pressure, and even enhance the immune system.

2.3.3 Haematococcus

Haematococcus pluvialis (H. pluvialis) is a unicellular freshwater green microalgae 
that is most known for being the major producer of Astaxanthin, a red pigment that 
has shown innovative anti-inflammatory and antioxidant applications in human 
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nutrition. It has also been recently observed to have preventive powers for diabetes and 
certain neurodegenerative diseases. The Astaxanthin levels of H. pluvialis are around 
1.5–3% of its dry weight making it the largest known natural source of the same.

2.3.4 Dunaliella

Dunaliella is a green unicellular algae that has been observed to contain large 
quantities of β-carotene, protein, and glycerol. Dunaliella has the ability to grow in a 
relatively vast array of conditions and does not need specific waters for its cultivation. 
The extraction of the nutritional compounds can take place through its thin cell wall. 
It is known for the production of many carotenoid pigments, and these pigments are 
potent free-radical scavengers that have shown to reduce levels of enzyme inactiva-
tion and lipid peroxidation.

2.4 Therapeutic applications of microalgal nutraceutical substances

Microalgae are known for being a fantastic source of protein, which enables it to 
meet the ever-growing demands of a growing population. Microalgae-derived protein 
products exhibit a high concentration of protein with complete essential amino acid 
profiles. Other than proteins, microalgae are known to contain crucial vitamins such 
as A, B12, C, D, E and minerals such as iron, calcium, potassium, and more. Foods 
derived from common microalgae species Chlorella sp. and Spirulina platensis are 
known for their high protein content and nutritional value and are available in form 
of capsules, powders, and liquids. These have great abilities to combat various types 
of diseases due to their antimicrobial, anti-inflammatory, anticancer, and immuno-
suppressive properties [24].

Generation of reactive oxygen species induced by prooxidants leads to oxidative 
stress and is a cause of swelling and lysis of mitochondria and mutagenic actions. 
They accelerate the aging process and contribute to various threatening chronic and 
degenerative diseases such as diabetes mellitus, rheumatoid arthritis, and cancer. 
Enzymatic and nonenzymatic antioxidants from microalgae have the capability to 
quench free radicals and have high radical scavenging activities [25]. The antimicro-
bial properties of microalgae-based food products are mainly due to its lipid composi-
tion. Fatty acids affect the membranes of microbes resulting in the damage of internal 
constituents. This has a direct impact on the cells’ metabolism [26].

Monounsaturated and polyunsaturated fatty acids (PUFAs) in microalgae derived 
food products also contribute to their antibacterial properties. Microalgal fatty acids 
intrusively interfere with bacterial mechanisms and can result in fatal effects such 
as cell leakage, reduced uptake of nutrients and inhibition of cellular respiration. 
Antiviral and antifungal properties of microalgae food products are attributed to 
polysaccharides and lipid fractions respectively [27]. High concentrations of polyphe-
nols, polysaccharides, and phycobiliproteins in microalgae-derived nutraceuticals are 
the reason for their exhibition of anticancer properties due to their abilities to induce 
apoptosis in tumor cells [28]. The biological response due to diverse factors such as 
pathogens, allergens, irritants is termed as inflammation, and this is mainly observed 
in damaged or infected cells and tissues [29]. Chronic inflammation can directly 
contribute to chronic illnesses such as diabetes, cardiovascular and neurodegenerative 
disorders, and several inflammatory responses are a direct consequence of oxidative 
stress. Anti-inflammatory compounds such as carotenoids produced by microalgae 
reinvigorate the body’s immunity and accelerate healing [27].
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Despite the obvious benefits, due to lack of awareness, microalgae are underex-
ploited as a potential food source. There are a plethora of microalgal species that have 
the ability to produce therapeutic bioactive compounds with their respective func-
tional properties, which are impacted by the varying biotic and abiotic stresses [27].

Carotenoids produced by microalgae have excellent therapeutic effects on humans 
due to their antioxidant properties, thus yielding protection against oxidative and free 
radical stresses [24].

They play a significant role in the inhibition of oxidative injury to cells and tissues. 
Two of the industrially important carotenoids include β-carotene and astaxanthin. 
The 9-cis-isomer of β-carotene has been observed to possibly prevent the advance-
ment of artherosclerosis in humans. Studies have also evaluated the positive effects of 
β-carotene in cardiovascular health. Other than its addition in multivitamin tablets, 
β-carotene can also be used in food products such as cheese and butter. Astaxanthin 
is another important carotenoid that is known for its exceptional antioxidant prop-
erties. It has been proved to reduce oxidative stress and inflammation and aids in 
improving the immune system to combat cardiovascular diseases [27].

Another valuable bioactive compound extracted from the microalgal biomass is 
chlorophyll, which possesses powerful antioxidant and antimutagenic properties. 
Studies have demonstrated its wound healing properties and stimulation of tissue 
growth. Due to its facilitation of rapid oxygen and carbon dioxide interchange, it is 
used in the treatment of oral sepsis and ulcers. By trapping mutagens in the gastroin-
testinal tract, chlorophyll contributes to prevention of cancer [30]. Chlorophyll also 
consists of a component called chlorophyllin, which has the ability to target multiple 
carcinogen pathways and invade their cell cycle [24]. Despite the various benefits, 
utilization of chlorophyll for dietary needs has disadvantages of its own. Apart from 
being an expensive natural food dye, it is also unstable to changes in pH conditions, 
and to ensure its stability, it has to undergo chemical modification [30].

Carbohydrates from microalgae are in the form of reducing sugars such as sucrose, 
lactose, fructose, and polysaccharides. Despite limited food applications, microalgal poly-
saccharides have garnered attention due to their nontoxicity and biocompatibility [31]. 
They boost the immune system functionality and have the ability to block tumorigenesis. 
Polysaccharides such as immulina and immurella demonstrate great anticancer properties 
while β-1,3 glucan from Chlorella species alleviates gastric ulcers and atherosclerosis [27].

Most microalgae consist of polar lipids such as phospholipids and galactolipids 
in the exponential growth phase and then tend to accumulate triacylglycerols under 
stressful conditions [31]. In general, microalgae are rich in poly monounsaturated 
fatty acids, which play crucial roles in cellular metabolism, balancing of membrane 
fluidity and electron-oxygen transport. External administration of lipids is important 
for humans due to the lack of ability of synthesizing lipids for the maintenance of 
homoeostasis. Poly monounsaturated fatty acids have also been proven to decrease the 
prevalence of various chronic diseases and have demonstrated health benefits with 
respect to the nervous system [27]. Microalgal fatty acids have also shown therapeutic 
effects against inflammation and numerous cardiovascular diseases such as myocar-
dial infarction and cardiac arrhythmia. Docosahexaenoic acid (DHA) shows excellent 
cardiovascular and nervous system benefits and is therefore used as a nutritional 
supplement in infant formula [32]. Species of microalgae such as Cryptothecodininum 
cohnii are cultivated in fermenters for the mass production of DHA [31].

Microalgal protein extraction has a lot of benefits regarding enhanced nutritional 
value, productivity, and efficiency [33]. Phycobiliproteins are hydrophilic complexes 
used in popsicles, gum, soft drinks, and dairy products. These pigments are found 
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majorly in Cyanobacteria and have innate wound healing, antiviral, antioxidative 
properties and can act as neuroprotective agents. It also has the ability to function 
as an immunotoxin against B-cell lymphoma and also has an enhanced resistance to 
UV-induced stress [24, 27].

Microalgal species contain a plethora of vitamins (e.g., Pro-Vitamin A, Vitamin 
B12, Vitamin C, Vitamin D, Vitamin E), which are used as food supplements and 
are proven to help detoxify, revitalize cells and are involved in the activation of the 
immune system. The precursor of Vitamin A produced by microalgae has been seen to 
hinder the development of tumors in various types of cancers such as bladder, lung, 
and skin cancers. Cobalamin (Vitamin B12) has been demonstrated to aid in DNA 
repair, whereas ascorbic acid acts as an immunomodulatory agent for the prevention 
of severe diseases. Through the blockage of cell cycle progression, Vitamin D has dem-
onstrated anticancer properties. Tocopherols and tocotrienols (Vitamin E) meanwhile 
have shown beneficial effects against atherosclerosis and pancreatic cancer [27, 34].

Microalgae consist of high levels of sterols and are components of the cellular mem-
brane. The sterol composition is directly impacted by algal strain and the external condi-
tions they are subjected to. Microalgae-derived sterols have been reported to demonstrate 
good anticancer, antioxidant, and anti-inflammatory properties. These have also been 
utilized as supplements for lowering cholesterol levels leading to the decrease in cardio-
vascular disease risks [27]. Figure 2 summarizes some of the various diseases that can be 
targeted by bioactive compounds derived from microalgae based food products.

2.5 Challenges and future prospects

Despite the discovery of several compounds of high biological value and health ben-
efits, microalgae continue to remain one of the most sparsely explored groups of organ-
isms with an overwhelming majority of microalgal compounds yet to be isolated and 
identified. Although several thousand species of microalgae are believed to exist, only 
a small handful of these are currently cultivated and used for industrial applications. 

Figure 2. 
This figure summarizes some of the various diseases that can be targeted by bioactive compounds derived from 
microalgae based food products [27, 35].
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This dearth of information calls for intensive research in the field of microalgal bio-
prospecting. These developments, however, give rise to a new set of challenges.

While the nutritional content of a few microalgal species has been thoroughly 
researched upon, their palatability, digestibility, and nutritional value ultimately 
depend upon the genetic makeup of the individual strains used, as well as the pro-
cesses involved in large-scale biomass production. A major constraint in the use 
of large amounts of microalgae for human nutrition is the presence of excessive 
quantities of nucleic acids, which when metabolized in the human body to form urea 
may prove deleterious to human health. Microalgal cultivation strategies in the past 
include the use of natural lagoons or artificial ponds. While these open air systems are 
relatively economical, they suffer from a number of challenges including frequently 
varying climatic conditions, the prevalence of non-axenic cultures, etc. To combat 
these issues, the recent years have seen a rise in the use of closed systems. However, 
major constraints encountered with the use of closed culturing systems are the lack of 
inexpensive equipment and the inefficient use of light, both of which make scale-up 
problematic. Despite these challenges, closed reactors are promising candidates for 
the production of high-value nutraceuticals by microalgae including their production 
by recombinant technologies. Food safety is a highly pertinent matter in microalgal 
technology, particularly when open air systems are involved, and these products are 
thoroughly scrutinized by regulatory bodies in developed countries to determine their 
safety and efficacy prior to human consumption.

Despite being rich sources of proteins, microalgal foods and nutraceuticals have 
failed to carve a market niche for themselves due to the unpleasant odors and tastes 
associated with them, and better marketing strategies need to be developed to attract a 
larger consumer base There are also several considerations involving the specific doses to 
be prescribed to consumers. Proper labeling and marketing must be ensured to specify 
the quantities of all the ingredients, including details on allergenics and side effects.

Another key area of future research is the whole-genome sequencing of microalgal 
species producing high quantities of nutraceuticals to better understand the genes, 
enzymes, and metabolic pathways involved in nutraceutical production as well as the 

Figure 3. 
Depicts challenges faced during microalgal nutraceuticals production.
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mechanisms involved in the upregulation/downregulation of these genes and path-
ways. The development of engineered microalgae to boost protein expression, metabo-
lism, photosynthesis, etc., is integral to large-scale production in the future. Figure 3 
depicts challenges faced during microalgal nutraceuticals production.

3. Conclusion

Microalgae have been used since time immemorial to provide food to humans 
and animals, but their nutritional largess has only been exploited very recently to 
provide high-value products on an industrial scale. Microalgae are currently used for 
pharmaceuticals, cosmetics, food and food additives, therapeutics, etc. While the 
effects of microalgae and their nutraceutical products have been tested worldwide to 
positive results, further health benefits are likely to be discovered with more intensive 
research. Advances in bioprospecting are required to further isolate and characterize 
microalgal compounds as they remain among the least explored groups of organisms 
on the planet. Other key areas of research include the development of efficient and 
economical microalgal cultivation technologies, metabolic engineering, genomics, and 
synthetic biology. Increased research and development will no doubt enable greater 
production as well as the identification and characterization of more microalgal spe-
cies and continued investigation into their benefits for human health and nutrition.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
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Chapter 15

Microalgae and Fish Nutrition
Nasreen Mohi Alddin Abdulrahman

Abstract

Fish has long been a source of “rich food for poor people” and has played an 
important role in increasing food security and nutrition in developing countries. 
Because various chemicals in algae can have confusing effects, the results of experi-
mental research can be difficult to understand. Algae has been associated with 
strengthening immune systems, lipid metabolism, antiviral and antibacterial action, 
improved gut function, stress resistance besides providing a source of protein, amino 
acids, fatty acids, vitamins and minerals, and other biologically active phytochemicals 
in cattle and aquaculture feeds, even when used in modest amounts. The addition 
of algae to the fish diet modified the growth performance of the fish, causing it to 
improve. Its use resulted in a decrease in feed conversion ratio expenses, which plays 
an important part in determining aquaculture costs, an increase in feed efficiency 
ratio, and a decrease in feed conversion ratio. In accordance with the findings of 
chemical composition, various statements were acquired wherein the high proportion 
of algae significantly affects the protein and fat ratio. The outcomes demonstrated 
that algae could be a decent option as an additive for fish feed.

Keywords: microalgae, freshwater fish, health, growth

1. Introduction

Diet supplementation is an important aspect of aquaculture management, especially 
in intensive or semi-intensive fish culture, and is promising for increasing fish produc-
tion [1]. Protein, on the other hand, is required for normal tissue function, fish body 
protein maintenance and replenishment, and growth. Due to the high cost of protein, 
it is more cost-effective to use all of the protein for tissue repair and growth rather than 
catabolizing it for energy [2].

This cost is determined by a variety of factors, including the amount of protein in 
the product, the source and kind of ingredients sourced from plant or animal sources, 
and manufacturing techniques. Different feeding management solutions, such as 
on-demand feeding regimes, are in addition to generating low-cost diets and/or good 
husbandry and pond management [3] possibly aid in the growth of fish. One issue 
that fish farmers face is finding a balance between rapid fish growth and the most 
efficient use of available feed. Because managing their feed intake in accordance with 
their energy needs is expected to improve when fish are fed with a proper feeding 
frequency, growth and feed conversion ratio are expected to improve.

The concept of a feeding schedule was created to account for fluctuations in the 
protein requirements and digestibility of farmed fish. In terms of practicality, the 
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ideal condition would maximize the utilization of dietary protein for growth while 
reducing the usage of proteins for functional protein synthesis, gluconeogenesis, 
lipogenesis, and energy production [4].

Algae are photosynthetic creatures that provide the ultimate source of cellular 
carbon as well as chemical energy to other organisms. As a result, they were frequently 
referred to as primary producers. Microalgae (seaweed) and macroalgae (seaweed) 
are the two types of algae (unicellular). Microalgae require light, carbon dioxide, and 
nutrients to grow. Microalgae are grown for food, to produce valuable compounds, as 
biofilters to remove nutrients and other contaminants from wastewater, in the cosmetic 
and pharmaceutical industries, and for aquaculture. Also, due to their high oil content 
and quick biomass production, microalgae could be a viable source of biofuel [5].

Because the fish expends energy to collect prey but gains no energy from ingest-
ing it, some plankton pass through the gut of planktivorous fishes undigested. In this 
circumstance, the fish may detect and reject such undesirable creatures. In the early 
stages of a fish’s life, natural food is essential [6].

Cyanobacteria have been used in photosynthesis and its genetic control, pho-
toregulation of genetic expression, cell differentiation and N2fixation, nitrogen, 
carbon, and hydrogen metabolism, resistance to environmental stress, and molecular 
evolution due to their benefits for humans, animals, and the environment (photosyn-
thesis) [7]. When carp are removed, algal output decreases due to nutrient deple-
tion, macrophytes grow due to reduced turbidity, and zooplankton increases due to 
increased macrophyte cover.

Spirulina is a cyanobacterium that has been commercially produced for over 
10 years because of its high nutritional content, which includes protein, amino acids, 
vitamins, minerals, vital fatty acids, and carotene [8]. Spirulina can be used as a 
nutritional supplement for people, as well as a feed supplement for animals with 
economic benefits. For example, when fed to trout, sea bass, fancy carp, red tilapia, 
shrimp, and mollusk, it can be a good food supplement. The alga has been discovered 
to be a good source of protein as well as a way to improve the color, flavor, and quality 
of meat [9].

Spirulina has been shown to have therapeutic effects in animals, including fish, as 
a growth promoter, probiotic, and immune system booster [10]. Spirulina is used to 
help livestock, poultry, prawns, carp, canaries, and exotic birds develop faster [11]. 
Preclinical research indicates Spirulina possesses antimutagenic, hypocholesterol-
emic, immunological, and antiviral effects.

Spirulina’s chlorophyll functions as a purifying and cleansing agent against 
harmful chemicals. It is also utilized as a probiotic agent and as a food supplement 
to increase color in ornamental fish. Spirulina contains protein (60–70%), necessary 
amino acids and fatty acids, phycocyanin (14%), chlorophyll (1%) and carotenoid 
colors (0.37%), vitamin B-12, and minerals that play key functions in animals in a 
variety of ways [10, 12].

Spirulina is a source of linolenic acid (GLA), an important fatty acid with 
therapeutic effects. Iron, calcium, chromium, copper, magnesium, manganese, 
phosphorus, potassium, sodium, and zinc are among the minerals found in Spirulina. 
By breaking down indigestible feed components, Spirulina promotes the intestinal 
flora of fish, according to Bargey’s Manual of Determinative Bacteriology, Spirulina 
is an oxygenic photosynthetic bacterium that belongs to the Cyanobacteria and 
Prochlorales families. In this classification, the sequence of the rRNA subunit 16S is 
considered. In 1989, these microorganisms were classified into two genera, according 
to the suggestion by Gomont in 1892 [12].
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Spirulina is becoming a popular health food all over the world. It is a filamen-
tous Cyanobacterium that belongs to the Cyanophyte class of algae. Furthermore, 
Spirulina is a natural resource that is high in protein, amino acids, vitamins, minerals, 
essential fatty acids, B-complex, and -carotene [13].

Spirulina has been shown to be capable of breaking down indigestible feed com-
ponents and improving the intestinal flora in fish in previous studies [12]. In fish, the 
creation and release of enzymes that transfer lipids for growth rather than storage. 
Furthermore, the -carotene in Spirulina helps to keep the mucous membrane in place, 
preventing hazardous materials from entering the body. Spirulina’s chlorophyll func-
tions as a purifying and cleansing agent against harmful chemicals [14].

Phosphorus and nitrogen from agricultural and industrial effluents, as well as 
home wastewater, can produce major eutrophication in any aquatic body. These nutri-
ents, on the other hand, can be used to boost plant growth, such as phytoplankton, 
which can be used as natural fish food or in pharmaceuticals. Due to its great nutri-
tional content, Spirulina is one of the most promising microalgae for culture [15].

2.  Importance of fish and aquaculture to alleviate poverty and 
malnutrition

The nutritional benefits of fish and fish oil consumption on human health, such 
as cancer, diabetes, and heart disease prevention, have long been known. The global 
demand for aquatic foods is predicted to continue to climb as public knowledge of the 
health advantages of fish intake grows [16].

Furthermore, by 2050, the world’s population is predicted to increase by more than 
30%, resulting in an additional 2.3 billion mouths to feed, with the majority of this expan-
sion occurring in developing countries where fish is the primary source of protein [17].

The progressive intensification of production systems has resulted in the aquacul-
ture sector’s exponential rise during the last two decades. The use of manufactured 
feeds intended to fulfill the nutritional requirements of the targeted fish species is a 
major contributor to this intensive production system. For many fish species, feeds 
account for up to 70% of the variable cost of a commercial aquaculture operation [18].

The cost of fishmeal, an important protein source in fish diets, drives feed produc-
tion prices. In recent years, the price of fishmeal has climbed more than twofold. It 
increased from around US$600 per metric ton in 2005 to around US$2000 in the first 
quarter of 2010 [19].

3. Using of algae as a supplement to enhance the nutritional value of fish

In place of artificial vitamin and mineral pre-mixes, 15% of mineral-rich seaweed 
has been included in commercial salmon meals [20]. Final testing revealed that 
salmon fed the “seaweed” diets were healthier and more energetic, with superior 
flavor and texture, possibly due to bromophenolic chemicals contained in seaweeds. 
In other studies, adding Enteromorpha prolifera and Cladophora sp. to laying hens’ 
diets improved egg weight and eggshell thickness.

The vitamin content of algal biomass varies a lot depending on the species. 
According to Brown and Miller [21], ascorbic acid has the most variability, which 
could be related to changes in algal processing, drying, and storage, as ascorbic acid is 
particularly heat sensitive. This demonstrates the disadvantage of obtaining essential 
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micronutrients from natural sources: there is too much variability due to the com-
bined effects of different algal species, growing seasons, culture conditions, and pro-
cessing methods to reliably supply the required micronutrients in a pre-determined 
manner. As a result, algal biomass in animal diets is primarily used as a supplement 
rather than a complete replacement for produced minerals or vitamins.

Carotenoids are a group of pigments that exist naturally in the living world and 
are yellow, orange, or red in color. Only bacteria, fungus, algae, and higher plants can 
synthesize carotenoids from scratch; therefore, animals must rely on the pigment or a 
similarly comparable precursor being provided in their diets, which would otherwise 
have gone down the food chain.

Due to the inclusion of fishmeal and fish oil in formulated aquafeeds, farmed fish 
and shellfish are rich sources of long chain, highly unsaturated fatty acids (HUFA). 
HUFA are essential for human health since they aid in the prevention and treatment 
of coronary heart disease, hypertension, diabetes, arthritis, and other inflammatory 
and autoimmune diseases. Due to a global lack of fish oil and fishmeal, researchers are 
increasingly looking at other lipid sources, such as algal biomass [22].

Unlike terrestrial crops, algae can directly produce HUFA such as  
arachidonic acid (AA, 20:4n-6) (Porphyridium), eicosapentaenoic acid (EPA, 
20:5n-3) (Nannochloropsis, Phaeodactylum, Nitzschia, Isochrysis, Diacronema) and 
docosahexaenoic acid (DHA, 22:6n-3) (Crypthecodinium, Schizochytrium). While 
most of these algae are not acceptable for direct human consumption, adding 
them to animal feeds could increase their nutritional value for people indirectly. 
However, only a few studies have been conducted to date to assess microalgal lipids 
in farmed fish meals [23].

% Crude 
Protein

% Crude 
Lipid

% Crude 
Carbohydrate*

% Ash Gross Energy 
MJ/kg

Fishmeal 63.0 11.0 — 15.8 20.1

Poultry meal 58.0 11.3 — 18.9 19.1

Corn-gluten 62.0 5.0 18.5 4.8 21.3

Soybean 44.0 2.2 39.0 6.1 18.2

Wheat meal 12.2 2.9 69.0 1.6 16.8

Spirulina 58.0 11.6 10.8 13.4 20.1

Chlorella 52.0 7.5 24.3 8.2 19.3

Tetraselmis 27.2 14.0 45.4 11.5 18.0

Gracilaria sp1 34.0 1.5 37.1 26.9 13.4

Gracilaria sp2 10.0 0.9 50.1 34.0 11.2

Ulva lactuca1 37.4 2.8 42.2 17.4 15.7

U. lactuca2 12.5 1.0 57.0 24.5 11.2

Schizochytrium3 12.5 40.2 38.9 8.4 25.6

*Carbohydrates calculated as the difference % DM – (% protein + % lipid + % ash).
1Cultured in the effluent of fish tanks.
2Collected from natural habitat.
3Commercial product, Martek Biosciences.

Table 1. 
Typical composition of commercially available feed ingredients and algae species (per dry matter).
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Despite the low lipid content of seaweeds, Dantagnan et al. [24] found that 
including Macrocystis pyrifera meal in the diet at a rate of 6% increase the level of 
PUFAs in trout flesh. Micro- and macroalgae have also been investigated as poten-
tial alternatives to fish oil and flaxseed for increasing the HUFA content in hens’ 
eggs [25].

The Table 1 compares the usual nutritional profiles of commercially available 
animal feed ingredients with some selected micro- and macroalgae to aid in evaluat-
ing algae as a potential source of protein and energy in the form of carbs and fats.

4. Algae

Cyanobacteria (blue–green algae) are Gram-negative oxygenic photosynthetic 
autotrophs that are among the most successful and oldest living organisms on the 
planet [26, 27]. The majority of oxygen in the early atmosphere originated from cya-
nobacteria’s oxygenic photosynthesis [27]. They are important primary producers on a 
global scale and play important roles in nitrogen, carbon, and oxygen biogeochemical 
cycles (30% of the annual oxygen production on earth) [28, 29].

They are the organisms that deliver oxygen to the earth and hence played an 
important part in the evolution of life. Some cyanobacteria have a unique biological 
mechanism (which combines N2-fixation and oxygenic photosynthesis) and can be 
used as a model to research significant biological activities or capabilities. Unicellular, 
colonial, filamentous, and branched filamentous forms are all included [30]. They are 
broken down into five pieces [31].

Cyanobacteria are also responsible for the origin of eukaryotic plant life on the 
planet, as the chloroplast of eukaryotic cells is descended from a cyanobacterial 
predecessor. It is a filamentous Cyan bacterium that belongs to the Cyanophyta class 
of algae. Spirulina was deemed “the best for tomorrow” by the United Nations (UN) 
world food conference, and it has gained appeal as a nutritional supplement in recent 
years [32].

The utilization of cyanobacteria as a nontraditional food and protein source 
appears to be promising [33–35]. Extremophyles are cyanobacteria that live in severe 
settings, such as Spirulina (alkalophilic), Extremophyle mass cultures are expected to 
be free of microbial contamination due to their high needs, avoiding a serious prob-
lem in outdoor cultures [34].

Pigments, such as chlorophyll a, carotenoids, and phycobiliproteins, are abundant 
in cyanobacteria. Spirulina phycocyanin buffer extract is utilized in eye shadow, 
eyeliner, and lipsticks. Because the product is water-insoluble, it does not fade or 
irritate the skin when exposed to water or sweat [36]. Cyanobacteria manufacture 
carbohydrates, particularly the compatible solutes glucosyl glycerol, trehalose, and 
sucrose, under various osmotic conditions.

In both animals and people, cyanobacteria can help lower cholesterol levels. When 
a high cholesterol meal was supplemented with cyanobacteria, the levels of total 
cholesterol, low-density lipoprotein, and very low-density lipoprotein cholesterol in 
rat serum were lowered. Mollusks, fish, and crabs feed on cyanobacteria. It has been 
found that the cyanobacterium Spirulina not only increases protein content but also 
improves the color of fish flesh. Cyanobacteria, in conjunction with bacteria, perform 
a crucial function in regulating the water body’s O2 and CO2 balance, supporting 
aquaculture. Cyanobacteria assist in the removal of phosphate and nitrogen from 
polluted water while also producing biomass.
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Cyanobacteria are vulnerable to unexpected physical and chemical changes 
in environmental factors, such as light, salinity, temperature, and nutrient con-
straint, in their native habitat. Spirulina is prokaryotic cyanobacteria that are 
spirally coiled or filamentous and have a lot of similarities morphologically (as 
shown in Figures 1 and 2) [37]. The loosely coiled trichomes of varied width with 
cross-walls, visible in light microscopy, are the most distinctive feature of Spirulina 
[31]. The morphology of these related strains has traditionally been used to distin-
guish them: helix type, distribution of pores in the cell wall, appearance of septa 
under light microscopy, and trichome diameter and fragmentation type [38].

The cyanobacterium Spirulina platensis is cultivated commercially as a possible 
source of proteins and medicines. Diatoms, dinoflagellates, green and yellow–brown 
flagellates, and blue–green algae are all examples of phytoplankton.

These groups, as photosynthetic organisms, play a critical role in ocean productiv-
ity and form the foundation of the marine food chain. Spirulina and Chlorella are two 
alga genera that require special attention because of their value as human food and in 
vitro and/or in vivo antioxidant capacity. These algae can be widely farmed to produce 

Figure 2. 
Spiral shaped of Spirulina.

Figure 1. 
Spirulina in natural shape.
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a protein-rich material for alimentary (diet supplementation) or industrial usage 
(blue pigments, emulsifiers, thickening, and gelling agent) [39, 40].

Due to a wide spectrum of vital elements, such as vitamins, minerals, and pro-
teins, Spirulina’s chemical makeup suggests that it has a high nutritional value [41]. 
Microalgae play a vital function in aquaculture as a source of zooplankton for fish and 
larvae to eat [42]. Spirulina may boost carotenoid and pigment levels, according to a 
study by Lu et al. [43].

Furthermore, the usage of Spirulina meal in the animal feed business is grow-
ing [44, 45]. Aquaculture of macro- and microalgae is a lucrative global business. 
Macroalgae are grown for both their hydrocolloids and their nourishment.

In the commercial rearing of many aquatic species, microalgae are an essential 
food source and feed supplement. Algae are the natural food source for these crea-
tures, therefore their relevance in aquaculture is unsurprising, only a few algae species 
contain components that have antioxidant properties. It has been reported that 
including Spirulina in ayu’s feed produces in better flavor, firmer flesh, and brighter 
skin color. Other research has found that a 5% dietary Spirulina supplement reduces 
muscle lipids and improves the flavor and texture of striped bass jack.

Spirulina has been identified as a potential protein source for fish feed. Earlier 
research looked into how adding dry Spirulina powder to a diet changes the taste and 
quality of fish. Spirulina supplementation in freshwater fish feed has been shown to 
improve growth and promote gonad development and maturation, according to other 
studies.

Antioxidants from marine organisms, including alga extracts from several spe-
cies, were studied. Many algae species have been shown to be powerful antioxidants. 
Due to a wide spectrum of vital elements, such as vitamins, minerals, and proteins, 
Spirulina’s chemical makeup suggests that it has a high nutritional value. Aztecs have 
been collecting and using Spirulina (now known as Arthrospira) [34].

Externally, Spirulina is used as a poultice to treat certain disorders. The 
International Association of Applied Microbiology designated Spirulina as a “great 
future food source” in 1967. While no microbe ever delivered on its promise of 
inexpensive protein, Spirulina continues to spur research and production, owing to its 
claimed nutritional benefits [46].

The ability of this microbe to use ammonia as a nitrogen source at high alkaline pH 
values may be due to a comparatively high cytoplasmic pH (4.2–8.5). Spirulina con-
tains a higher percentage of high-quality protein (59–65%) than other regularly used 
plant sources such as dried soybeans (35%), peanuts (25%), or cereals (8–10%). Due 
to the absence of cellulose in its cell walls (as is the case for eukaryotic green micro-
algae, such as Chlorella, Ankistrodesmus, Selenastrum, Scenedesmus), Spirulina has 
a unique value: after 18 hours, more than 85% of its protein has been digested and 
assimilated.

Spirulina is also a common ingredient in ornamental fish feed, such as carp, 
because it improves coloration. Algal carotenoids may also operate as a growth factor, 
which could lead to yet another use for algae in aquaculture diets. Because of its 
incredible ability to generate high-quality concentrated food, cyanobacteria, particu-
larly Spirulina, is being developed as the “Food of the Future.” Spirulina is said to offer 
a full protein content of 65–70%, with all essential amino acids in perfect balance.

When the necessary circumstances for producing Spirulina can be attained, 
culturing this organism is not difficult. Spirulina, on the other hand, has a high 
protein and vitamin content despite its low protein output by an order of magnitude. 
20 g dried Spirulina offers 100% of the recommended daily allowance of vitamin B12, 
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70% of the recommended daily allowance of thiamine, 50% of the recommended 
daily allowance of riboflavin, and 12% of the recommended daily allowance of niacin. 
Spirulina also has a high level of p-carotene (provitamin A) and important unsatu-
rated fatty acids, which are both beneficial nutritionally. For the feeding of artificially 
grown clams, a semi-commercial concept on Cape Cod, USA, uses three different and 
relatively pure algae cultures in unheated water. The three species employed enable 
seasonal changes in growing conditions to be compensated for. After that, the algae is 
diluted with seawater and circulated through the hatchery beds, where the clams filter 
feed to get the protein source. Algae has also been discovered to give a growth factor 
to the larvae’s culture media, improving their survival and growth.

The following are some of the primary advantages of using Spirulina in aquacul-
ture, according to their promotional literature:

1. Because of Spirulina’s intrinsic palatability, better growth rates are achieved and 
less feed is lost. Fish fed this cyanobacterium have reduced belly fat, indicating 
that the energy has been transferred to growth. In feeding trials with Cherry 
salmon, this theory was tested and confirmed.

2. In terms of meat flavor, consistency, and color, fish-fed Spirulina has a higher 
quality. Henson [47] cites research in which Spirulina supplements improved the 
coloration of Sea Bream, Mackerel, Yellowtail, and ornamental koi carp.

3. Henson [47] also mentions research in which yellowtail was shown to have 
improved survival rates after being reared with Spirulina, with mortality rates 
lowering by 14%.

4. The blue pigment phycocyanin has been blamed for the reduced toxicity and greater 
effectiveness of fish medicines in Spirulina-fed fish. Spirulina reduced the hazard-
ous effects of heavy metal poisoning in particular fish, according to Henson [47].

Due to the unpopularity of artificial dyes, one of the key areas of research into 
the aquacu1tural relevance of Spirulina has been the color improvement potential. 
Spirulina is used to improve the color of ornamental koi carp, trout, salmon, and 
shrimp, sweet smelt, red tilapia, and the striped jack [48].

The high production costs of pure-culture-produced biomass have hampered the 
use of Spirulina as a protein and pigment source in aquaculture. As a result, the algae 
are either utilized as a beginning feed for larvae or as a specialty diet for adults (e.g., 
for color enhancement in ornamental fish). Given Spirulina’s nutritionally complete 
nature, it appears that if production costs could be kept to a low, this cyanobacterium 
might provide a novel feed source for aquaculture creatures.

Spirulina was named “The Best for Tomorrow” by the United Nations World Food 
Conference, and it has gained appeal as a food supplement in recent years. Spirulina, 
planktonic blue–green microalgae, has been proposed as a future food source that is 
both acceptable and safe. Due to its antioxidant, anti-inflammatory, antimetastasis, 
and blood cholesterol-lowering properties, it has recently been considered a source 
for possible medicines. Spirulina, for example, increased interferon production and 
natural killer cell activity when given orally [49].

Aquacultural systems based on microalgae and their animal consumers, which 
can be considered an indirect use of microalgae in human food, have been far more 
successful thus far, however, the uptake of microalgal biomass by commercially 
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important filter-feeders is very promising from an energetic standpoint. Microalgae 
are the biological starting point for energy transfer in most aquatic ecosystems and 
are, hence, the foundation of many aquaculture operations’ food chains.

Spirulina is also used in fish farming, primarily for colored fishes [50], as a good 
source of antioxidant pigments, such as carotenoids, lutein, astaxanthin, zeaxanthin, 
and others, for intracellular protection of fish larvae against various diseases as well 
as the bright coloration of fishes [50]. Spirulina supplementation has been shown to 
prevent ischemic brain damage [51].

Despite its widespread distribution and economic importance, little is known 
about the feeding ecology of the common carp in natural settings. The influence of 
this cyprinid species on macrophytes has been well described, as has the functional 
anatomy of its feeding mechanism.

However, the majority of diet research has been conducted in fish culture ponds. 
The risk of consuming Spirulina was evaluated, and after a subchronic therapy, mice 
showed no harmful effects. Spirulina maxima oil extract or defatted fraction feeding 
reduced carbon tetrachloride-induced fatty liver growth in rats, showing a hepato-
protective activity. This lower plant group contains a large range of vitamins, colors, 
and practically all-important nutrients, including PUFA (polyunsaturated fatty acid), 
and is also a good source of proteins and carbs. A lot of algae have been validated over 
time due to their remarkable impact on fish development and vitality, but only about 
40 genera have gained widespread use in aquaculture.

Furthermore, some Spirulina species lack a cell wall, resulting in enhanced 
digestion and absorption. A number of studies have previously reported that dietary 
inclusion of Spirulina improves fish growth [13]. The ability of Spirulina to act as an 
antiviral, anticancer, hypercholesterolemia, and health improvement agent is receiv-
ing interest as a nutraceutical and a possible pharmaceutical source. When Spirulina 
alga is fed to young prawns and fingerlings, the fish have good coloring, a low death 
rate, and a high growth rate. These studies have also discovered an increase in the 
amounts of linoleic acid, GLA, protein, and an improved color in the meat of the fish 
when compared to fish fed on standard instant feeds [52].

The use of plant products as protein sources in fish meals has a lot of potential 
for aquaculture around the world. Spirulina is multicellular, filamentous blue–green 
algae that have grown in popularity in the health food sector and is increasingly being 
included in people’s diets. Because muscle protein deposition is the primary cause of 
growth in fish, the flow of amino acids (A.A) from diet to developing biomass must 
be maintained. Fish require a variety of essential elements, including protein, fat, 
carbohydrate, vitamins, and minerals, although these requirements differ depending 
on the species. In comparison to the basal diet, 1–10% Spirulina supplementation 
boosted growth rate (up to 1.5 times), survival rate, and feed efficiency. There was 
also evidence of illness resistance to bacterial infection.

Bermejo et al., [53] found that the biliproteins found in Spirulina, such as 
phycocyanin, are responsible for the majority of the antioxidant capacities of this 
microalga’s protean extract, and they suggested that Spirulina could be used to make a 
natural dietary antioxidant supplement or added to healthy food products like cereals, 
fruit bars, or drinks to prevent some chronic diseases involving free radicals.

Furthermore, Spirulina is gaining popularity due to its bioactive components, 
which have antioxidant properties [51]. Supplementing with live Spirulina enhanced 
fish growth and feed utilization, which could be related to improved feed intake and 
nutrient digestibility. Spirulina, on the other hand, contains a number of nutrients, 
including vitamins and minerals, that may aid in the development of growth.
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Increased fish appetite may have resulted in higher feed intake and improved 
growth in Spirulina-enriched diets, leading to better feed intake and growth. Changes 
in protein and lipid content in the fish body, on the other hand, could be linked to 
changes in their synthesis, muscle deposition rate, and/or different growth rates. 
Additionally, it works as an immunomodulator [54]. Spirulina platensis is more 
extensively dispersed and found primarily in Africa, Asia, and South America. 
Several studies have been undertaken using dried Spirulina as a feed supplement [55]. 
Spirulina has been shown to have an accessible energy content of 2.50–3.29 kcal/gram 
and a phosphorous availability of 41%.

Spirulina typically contains only trace amounts of zinc (21–40 g/g), although it is 
easily enhanced [56] (Azina®: 6000 g Zn/g). There are simple methods for obtaining 
zinc-rich Spirulina [46]. Magnesium is abundant in Spirulina, and its bioavailability is 
excellent [57]. Spirulina has been designated a national food in China [58].

It is said to have been consumed as food in Mexico during the Aztec civilization 
400 years ago. It is still eaten by the Kanembu tribe in the Republic of Chad’s Lake 
Chad region, where it is sold as dried bread known as “dihe.” [59].

Chlorella is a freshwater single-celled microalga with a grassy odor. Its distinctive 
emerald-green hue and lovely grass odor are attributed to its high chlorophyll concen-
tration, which is the highest of any known plant. The name “Chlorella” comes from 
the Latin words “chlor” which means “green” and “ella” which means “little.” Its size 
ranges from 2 to 8 microns, making it only visible through a microscope. It is about 
the same size as a human red blood cell, but the shape is different: Chlorella is spheri-
cal, whereas human red blood cells are disc-shaped. Chlorella reproduces quickly, 
dividing into four new cells every 17–24 hours. This exceptional ability to reproduce 
indicates a high level of “qi,” or life energy [60].

Chlorella spp. is being investigated as a potential source of a wide range of nutri-
ents (carotenoids, vitamins, minerals) that are widely used in the healthy food indus-
try, as well as in animal feed and aquaculture Gastric ulcers, wounds, constipation, 
anemia, hypertension, diabetes, newborn malnutrition, and neurosis are all problems 
that Chlorella spp. can help. Glycolipids and phospholipids are also thought to have 
antiatherogenic and antihypercholesterolemic properties, whereas glycoproteins, 
peptides, and nucleotides have antitumor properties. However, a beta-1,3-glucan, 
which is a strong immunostimulator, a free-radical scavenger, and a blood lipid 
reducer, appears to be the most important component in Chlorella spp. [61]. These 
groups, as photosynthetic organisms, play a critical role in ocean productivity and 
form the foundation of the marine food chain. Spirulina and Chlorella are two alga 
genera that require special attention because of their importance as human meals and 
in vitro and in vivo antioxidant capacity. These algae can be widely grown to produce a 
protein-rich material for alimentary (diet supplementation) or industrial usage (blue 
pigments, emulsifiers, thickening, and gelling agent) [39, 40].

At technical medium, C. vulgaris grew satisfactorily. Up to 10% phyto-s, 57.63% 
crude protein, 5.84% fat, 6.44 mg/gram beta-carotene, 4.12 mg/gram vitamin C, 
and 1.32 mg/gram vitamin E Chlorella vulgaris has the potential to be a natural and 
ASUH feed additive, and Phyto-s can be employed for mass production nutrition 
[62]. C. vulgaris is a spherical, unicellular microalga that grows in fresh water and 
has a diameter of 2–10 M. It grows quickly under ideal conditions and is resistant to 
invaders and the harsh climate. In the aqueous medium, light and CO2 are the bare 
minimum conditions for algae formation. Their development is expedited and targets 
the synthesis of a specific set of compounds by changing the medium and changing 
the circumstances [63].
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5. Chlorella as a feed supplement for humans

Microalgae are effective producers of high-protein biomass due to their quick 
growth rates and use of renewable resources. Microalgae are photosynthetic het-
erotrophic organisms that include vital amino acids, protein, minerals, vitamins, 
chlorophylls, antioxidants, and bioactive compounds [64]. Microalgae have been used 
in food and medicine because of their qualities. Researchers have recently become 
interested in the immunostimulating effects of microalgae.

The use of algae as animal feed is more frequent than the use of algae in human 
diets. A vast number of nutritional and toxicological studies revealed that algal 
biomass can be employed as a beneficial feed supplement that can effectively 
replace conventional protein sources (soy, fish meal, rice bran, etc.) [65]. Seaweeds 
are also high in minerals, including salt, potassium, and iodine, as well as fiber. 
Supplementation of seaweeds to improve the texture of foods is another potential 
area where their use becomes crucial [66]. Both national governments and intergov-
ernmental organizations have a role to play in re-evaluating the potential of Spirulina 
to meet both their own food security demands as well as a tool for their international 
development and emergency response initiatives [39]. Algae are high in vitamins, 
minerals, proteins, polyunsaturated fatty acids, antioxidants, and other nutrients 
[67]. The enormous potential of microalgae arises from the fact that they are less 
thoroughly studied than agricultural crops, that they may be cultivated in conditions 
that are inappropriate for plants (requiring less or no seasonality), and that some 
species produce several times more than plants. Their potential for producing useful 
molecules or biomass is generally recognized, and they can be employed to improve 
the nutritional value of food and feed since they use sunlight energy more efficiently.

6. Feeding algae to fish

The utilization of Spirulina (Arthrospir platensis) as a growth and immunity 
enhancer for Nile tilapia, Oreochromis niloticus, was investigated (L.). Fish have been 
shown to benefit from Spirulina’s growth-promoting properties. Although Spirulina 
supplementation boosted protein deposition in the fish body, especially when fed a 
1.25–5.0 g/kg diet, there were no significant differences in fish survival among the 
three treatments. When fish were provided a Spirulina supplement, their physiologi-
cal indicators improved. With increased Spirulina levels in fish diets, total fish mortal-
ity 10 days after IP injection with A. hydrophila and its count following incubation 
with fish serum decreased. When fish were given 5.0–10.0 g Spirulina/kg, the lowest 
mortality and bacterial levels were observed. These findings suggest that Spirulina 
supplementation is effective in preventing disease in tilapia culture, with an optimum 
dose of Spirulina in the diet of 5.0 to 10.0 g per kg of food [68].

In the study of Al-Koye [69], replacing fishmeal with 10% Spirulina had a posi-
tive impact on all growth metrics, including weight gain, daily growth rate, specific 
growth rate, relative growth rate, and productivity, particularly food efficiency ratio 
and survival. The protein content of the fish carcass was also affected, as was the lipid 
content of the fish diet, and had a significant impact on blood parameters. Different 
Ulva levels in the diet of [70] were utilized, and the fish maintained at 10, 15, and 
20% nutritional Ulva had the most significant (P 0.05) values of protein efficiency 
ratio (PER), protein production value (PPV percent), and energy retention (ER 
percent). Green seaweeds (Ulva sp.) could thus be added to the diet of red tilapia 
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(Oreochromis sp.) at a rate of 15% to boost growth performance without affecting feed 
efficiency or survival rate.

The goal of [71]'s study was to see how a diet including Ulva lactuca, green mac-
roalgae, affected the growth, feed consumption, and body composition of African 
catfish Clarias gariepinus. Weight gain, specific growth rate, and feed consumption all 
showed significant differences. Overall, the experiment revealed that African catfish-
fed diets containing 20% and 30% U. lactuca had poorer growth and feed utilization 
than the control group and fish-fed diets containing 10% U. lactuca. Güroy et al. 
[72] demonstrated that adding dietary low-level Ulva meal to numerous fish species, 
including rainbow trout Oncorhynchus mykiss and tilapia O. niloticus [73], improved 
growth performance and lipid deposition.

The effects of two algal meals (Cystoseira barbata or Ulva rigida) on feed consump-
tion, development, and nutrient usage in young Nile tilapia, O. niloticus, were exam-
ined in a 12-week feeding experiment. The fish fed the 5% Cystoseira diet, control 
diet, and 5% Ulva diet gained the most weight (156%, 151%, and 150%, respectively), 
but the values were not significantly different (P > 0.05) from the other treatments, 
with the exception of the fish fed the 15% Ulva diet (P 0.05), which gained the least 
weight. 15% of the diet is made up of fish. The feed change ratio of Ulva meal was 
poor (FCR). At the maximal supplementation level of 15%, protein and energy 
utilization contribute to a decline in the groups fed algal meals. Carcass lipid levels fell 
as Ulva meal concentrations increased, but carcass lipid levels increased as Cystoseira 
meal concentrations increased (P 0.05). According to the findings, C. barbata or U. 
rigida meals could be utilized in tilapia diets in small amounts [74].

Rybak et al. [75] investigated the ability of freshwater Ulva species (Ulvaceae, 
Chlorophyta) to serve as metal bioindicators in rivers and lakes. From June to August 
2010, researchers looked at changes in heavy metal (Ni, Cd, and Pb) and alkaline 
earth metal (Ca and Mg) concentrations in freshwater Ulva thalli. Ni was detected in 
the highest concentration among the heavy metals studied in thalli, whereas Cd was 
found in the lowest concentration. Metal concentrations in macroalgae, water, and 
sediment had statistically significant connections. Ulva populations from freshwater 
habitats were more efficient in bioaccumulating nickel than those from marine 
ecosystems.

7. Nutritional considerations of algal usage

Algae must compete with similar feed ingredients, namely fishmeal and oilseed 
meals, to break into the animal feed market and be economically viable (soya, etc.). 
Green, blue–green, and colored flagellates have all been utilized as animal feeds in the 
past, with the benefit that artificially farmed algae are very efficient protein producers 
in terms of land and water utilization. In animal production systems, good nutrition is 
critical for producing a healthy, high-quality product at a low cost. Nutrition is crucial 
in fish farming since feed accounts for 40–50% of production costs. With the introduc-
tion of new, unbiased commercial foods that support optimal fish development and 
health, fish nutrition has evolved dramatically in recent years. The creation of new 
species-specific diet formulations aids the aquaculture (fish farming) business in meet-
ing the rising demand for inexpensive, safe, and high-quality fish and seafood [76].

Abdulrahman [77] evaluated the effect of replacing fishmeal with Spirulina spp. 
at four different levels, 0, 5, 10, 15, and 20%, such as T1, T2, T3, T4, and T5 on carcass 
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mean weight (CMW) with head and without peripheral organs and CMW without 
head and peripheral organs, where the third and fifth treatments give the higher 
value in CMW with head and without peripheral organs, and the fifth treatment gives 
the highest value in C When it comes to chemical composition, the T3 and T5 have a 
greater significant difference in crude protein than the other treatments, while the T5 
has a greater significant difference in crude fat.

The purpose of [78] was to look into the effects of Chlorella powder (CHP) 
as a feed additive on the growth of juvenile Korean rockfish, Sebastes schlegeli 
(Hilgendorf). Chlorella powder (CHP) was added to six experimental diets at 0, 0.5, 
1.0, 1.5, 2.0, and 4.0% (CHP0, CHP0.5, CHP1.0, CHP1.5, CHP2.0, and CHP4.0, 
respectively) of the dry matter basis. These findings imply that the optimum dietary 
CHP supplementation amount for juvenile Korean rockfish growth and feed utiliza-
tion is around 0.5% of the diet, with no deleterious impacts on blood parameters or 
body composition.

Abdulrahman researched the effects of varying quantities of the alga Spirulina 
spp. in the fish laboratory of Sulaimani University’s Animal Production Department 
(2014). T1 was a control treatment with no Spirulina spp., T2 was a treatment with 1 
gm Spirulina /kg diet, T3 was a treatment with 3 gm Spirulina /kg diet, and T4 was a 
treatment with 5 gm Spirulina /kg diet. Weight gain of 6.89, Daily growth rate of 0.17, 
Specific growth rate of 0.147, Relative growth rate of 15.31, and Food change ratio of 
2.14 were all significantly higher in the fourth treatment than in the other treatments, 
while the Food effectiveness ratio was significant in T3 and T4 (62.48 and 62.47), 
respectively.

According to Abdulrahman et al., [79], adding Spirulina platensis to a fish’s diet as 
a feed additive or a partial replacement for expensive fishmeal results in significant 
improvements in growth, coloration, reproduction, and flesh quality. According to 
the findings of Sleman et al., [80], Chlorella supplementation in the diet may have an 
effect on blood and biochemical parameters.

According to Abid [81], it can also be added to the diets of common carp in various 
quantities to have an effect. (T4) algae as a feed additive in combination with a 7.5 
gm Chlorella/kg diet had a positive impact on weight increase, daily growth rate, and 
relative growth rate. The findings of chemical studies (proximate analyses) revealed 
that common carp flesh had a positive impact on protein, lipids, ash, and moisture. 
Blood parameters, such as monocytes, granulocytes, RBC, HGB, and glucose, were 
also affected. The addition of (T3) algae as a feed additive to a diet containing 5 gm 
Chlorella/kg food had an effect on the relative growth rate. It also had a positive 
impact on feed utilization, such as the protein efficiency ratio. The condition factor 
had a significant impact on fish meat indices, as well as on fish weight without vis-
cera. The effects of lipid and moisture on proximate analysis and some blood picture 
parameters were positive.
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Chapter 16

Exploring the Anti-cancer Potential 
of Microalgae
Abhishek Saxena, Aditi Raj and Archana Tiwari

Abstract

Cancer, the deadliest disease in the world, is taking away the lives of millions of 
people. The disease and its property of metastasis are still understudied. Various 
therapies have been discovered to cure this malignancy, but nearly all of them intro-
duce a lot of side effects. Therapies such as radiation, chemotherapy, surgery, etc., are 
in vogue but are not so economical and approachable for many needy people. Since 
the nature of cancerous cells is very complex among different individuals, it becomes 
even more complex to treat them. In modern times, biologically active compounds 
extracted from plants, weeds, and, most importantly, algae (marine drugs) found 
in the sea have proved to possess excellent anti-cancer potential. However, the major 
bottlenecks are the extraction of active substances in ample quantity with high qual-
ity. This chapter describes the role of microalgae as anticancer agents. Several aspects 
of bioactive compounds and challenges linked to microalgae will be discussed. A brief 
account of nanotechnology and its role in the treatment of cancer in the context of 
microalgae will be highlighted. The level of algal properties that affect cell prolifera-
tion, cell arrest, and apoptosis is elaborated. The current scenario of this investigation 
is extensively discussed in the study, along with the chemical structure, pros and 
cons.

Keywords: anti-cancer, cancer, microalgae, nanotechnology, bioactive compounds

1. Introduction

Cancer, the second leading cause of death worldwide, is severely affecting the 
health of our society and the circumstances do not appear to improve [1]. The 
continuous and exponential cell division amplifies the tumor and leads to meta-
static cancer [2]. Several drugs are designed to treat the disease. Therefore, the cost 
touches the sky, it requires that the cell lines which are isolated from the biopsy are 
found to be different varieties that require personalized medication [3]. The stan-
dard chemotherapy comprises radiation, medication, and drugs, that after some 
time show the side effects [3, 4]. Besides this, the ideology used is that the target 
is to destroy the cell line which is killing the natural defense cells as well as the 
other cells which are captured by these tumor cells and leading to proliferation [5]. 
Sometimes, the cancer is cured completely but after years, it comes back, and this 
stage is secondary metastasis [6].
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Nature might have the solution to this problem as well [7]. The microalgae, which 
can be easily cultivated and can tolerate extreme environmental conditions, prove to 
be suitable for various purposes [4, 8]. The extensive variety of microalgae can open 
the doors for various chemical and biological interactions, which could lead to treat-
ment pathways [4]. The unique compounds found in the microalgae are derived and 
experimented with cancer cell lines [9]. This treatment can be effective and has a high 
biological activity for the purpose [10]. The microalgae can be effortlessly cultured 
and nurtured in bioreactors. From this, enormous biomass is obtained, which signi-
fies it is renewable for various purposes [11]. It is still inadequately investigated for 
drug innovations [12]. They utilize the energy from the sun and fix carbon dioxide, 
which amplifies the greenhouse gas outcomes and eliminates nitrogen and phospho-
rus [13]. The activity depends on the variant of replicas’ nurturing conditions. It is a 
maker of stable isotopes 13C, 15N, and 2H [13]. The entity has many roles to play in 
pharmaceuticals, cosmetics, nutraceuticals, aquaculture, etc. [14].

The components of great importance found in them are lipids, proteins, carbo-
hydrates, and nucleic acids, supplemented by pigments, vitamins, minerals, and 
polysaccharides [13]. The biologically active compounds found in the variants are for 
example acetylic acids, β-carotene, agar, agarose, alginate, PUFAs, vitamin B, lutein, 
etc. [15]. For instance, sterols are utilized to cure cardiovascular diseases. Most face, 
skin, and sun protection cosmetics incorporate microalgae into their composition 
[14]. For example, Tetraselcuis suecica, which belongs to the Chlorophyceae, gives 74g 
PUFA per kg. It is effective against lung adenocarcinoma. A549 is an alveolar base 
epithelial cell and H460 is a lung tumor cell line with an operative quantity of 5-μg 
μL−1 [16, 17]. Chlorella vulgaris arrests cell proliferation and metastasis of lines H1299, 
which are non-small lung cancer cells extracted from lymph nodes, A549 adenocar-
cinoma alveolar base cells, and H1437 which is the same caused by p53 mutations. 
It is treated which affects the cell arrest at 200 μg mL−1 [17–19]. The cost of biomass 
processing is high due to its poorly researched situation. It can be further augmented 
to obtain maximum benefit for various purposes. The exploitation of resources is yet 
to be done. Proper protocols and ethical issues must be retained [12]. Nature should 
not be hampered by treatments, industrial requirements, and research work [6]. It 
possesses antimicrobial, antifungal, antiviral, anti-HIV, anti-neurological, and anti-
cancer qualities [20]. It also has its part in environmental issues like wastewater man-
agement and greenhouse effects. The component here is natural, safe, and renewable 
which is the biggest aspect to be researched, it invites the various departments of 
biological sciences, and the motif of fighting the cancer is attracted towards it [17].

2. Microalgae: a potential anticancerous source

Structurally, they are unicellular, photosynthetic microorganisms [13] and are 
seen as colorful plumes [21]. They have a simple cell structure [22], which is typically 
a marine or freshwater organism [23]. They transform sunlight, water, and carbon 
dioxide into algal biomass. Phosphorus, nitrogen, and carbon are the basic nutrients, 
which are required in high quantities for their growth and productivity [13]. They 
can form colonies and can also exist as filaments or spheres with the same kind of 
cells. The ability to carry out food making process, which is photosynthesis, is pos-
sible because of photosynthetic pigments [22]. The major chemical constituents are 
lipids, proteins, and carbohydrates [22]. Their ability to carry out the food making 
process, which is photosynthesis, is possible because of photosynthetic pigments [22]. 
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The color is due to the pigments found in it, which are categorized as Chlorophyta 
(green), Rhodophyta (red), and Phaeophyta (brown) [13]. The different modes of 
nutrition are found in the variants whether it is autotrophs, heterotrophs, or mixo-
trophs [22]. They are capable of nitrogen fixation. The symbiotic relationship can also 
be found in fungi in lichens [22, 24]. Situations and nutrition when favorable can lead 
to algal bloom, which is red tide. The increased production of this releases a toxin that 
kills the fish. The species can absorb oxygen and hydrogen from water [6].

The microalgae have various aspects of being a potential source for medication [9]. It 
has several positive outlooks, which make it the best choice for people suffering from can-
cer [1]. The major priority basis is its production sources, bioactive substances, survival in 
extreme areas, adaptability, and cost efficiency [5]. The production of these species is very 
easy in the laboratory as well as in real-life areas. They are easily found, but their unique 
benefits can be reaped only when they are cultivated in different parts of the world [9]. 
The second aspect is the bioactive elements that are found in the variants [8]. They are 
proved to be very much fit to be applicable in the biotechnology sector. They are used in 
medications for various diseases and work as a drug delivery systems too [9]. It is a very 
good option for various processes, and in previous sections of this article, it is highlighted 
that it works effectively against malignancy with lesser or fewer side effects [25]. It is 
found in different areas, climates, and environmental conditions, so different varieties 
could be extracted and assessed to determine which element is suitable to fit in which 
sector and treatments [9]. It is cost-efficient because it is cheap and readily available, but 
everything which comes from nature expects humanity to pay the price for it [25].

The ethical issues need to be taken care of precisely. Nature should not be ham-
pered, and it should not exceed the limit [9]. The medication for cancer and the 
different elements extracted from it work for different stages of the disease [26]. 

Algae name Algal group Mechanism of action Cancer cell line References

Enteromorpha intestinalis Green algae • Invasion

• Cease cancer cell growth

HepG2 [31–34]

Gayralia oxysperma Green algae • Myotoxicity U-87 MG [35–38]

Fucus evanescens Brown algae • Anti-tumour activity RPMI-7951 [39, 40]

Laminaria japonica Brown algae • Induce apoptosis HeLa cells
HT29

[41, 42]

Laurencia obtusa Red algae • Anti-oxidative

• Cytotoxic

• Anti-metastatic

THP-1 [43, 44]

Padina tetrastromatica Brown algae • Anti-proliferative HeLa cells [45, 46]

Sargassum horneri Brown algae • Anti-Neuroinflammatory DLD-1 [36, 38, 47–49]

Laurencia papillosa Red algae • Cell cycle arrest

• Apoptosis

MCF-7 [49, 50]

Sargassum plagiophyllum Brown algae • Anti-inflammatory 
action

HepG2
AG549

[49, 51]

Sargassum wightii Brown algae • Cytotoxic AG549
MCF7

[36, 38, 49, 51]

Table 1. 
Algae variants with mechanism of action and the cancer cell lines.
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The concentration of that medicine needs to be altered according to the patient's stage 
of cancer, his body and health condition, and the characteristics of the medicine 
that depend on which phase it is made to act. Some medicines and compounds are 
naturally designed to inhibit or completely cease malignancy [27]. Some could act 
in an intravasation state, and some could lead to dormancy. The dormancy can lead 
to secondary metastasis, which then could relapse after some years [28]. The con-
centration of elements specifically matters, which is different for different patient’s 
according to the patient reports and conditions [27]. Chemo-prevention: the quality 
which either prevents or delays the onset of cancer [9]. Microalgae are adaptive, fast 
proliferation, renewable, and of interest for genetic process and modification for 
industrial purposes, and can be utilized as a whole [29]. It is autotrophic, which uses 
light for both positive and negative effects, like photo-inhibition. It requires second-
ary sources or metabolites for its various mechanisms, like protection, defense, etc. 
[9]. For instance, amino acids and peptides from Chlorella vulgaris protect the genetic 
evidence, hydroxyl radicals, scavenger effects, and gastrointestinal enzyme resis-
tance, which comprises of 7.5 μm [30]. Algae variants with the mechanism of action 
and the cancer cell lines are presented in Table 1.

3. Types of bioactive compounds

The biological elements found in a different classes of microalgae are beneficial 
for various diseases, and they acts as a treatment, which further helps in lowering the 
complexity of the ailment. Many therapeutic and pharmacological benefits can be 
availed [52]. The compounds act upon the tumors and could suppress their ability to 
metastasize. High-value chemicals (HVC) are isolated from variants of microalgae 
that could toxicant the cell at the cellular level, reduce the invasiveness of the tumor, 
and increase the possibility of apoptosis [17]. In Table 2 different types of bioactive 
compounds effective against cancer cell lines are presented in Table 2. A detailed 
overview of the different bioactive from microalgae are summarized below:

3.1 Pigments

Fucoxanthin, which is a carotenoid, can excite the tumor suppressor genes and cease 
the life cycle of the cell, but unfortunately, it cannot be effective for apoptosis. It is 
purified from microalgae, diatom, and brown seaweeds [67, 68]. When the agent 
5-fluorouracil was blended with colorectal cancer, it showed good results. It works by 
natural medication inhibition and cure of reactive oxygen species (ROS) [69]. The basis 
is the deoxyribonucleotide acid cleavage of the topoisomerases complex, which is Box-2 
[70]. It is the intermediate stability in the working catalytic aspect of topoisomerase 
that stimulates apoptosis [62]. An example includes astaxanthin-KATO-III and SNU-1 
cell lines for gastric cancer. There is an escalated expression of p27 in gastric cell lines 
because of the kinase regulated by the extracellular environment (ERK) [62]. To treat 
rats with induced colon carcinoma, astaxanthin was utilized, but it is very expensive 
[64]. The anti-inflammatory action of nuclear factor Kappa (Nf-kB) [55] is responsible 
for creating disruptions leading to cancer, and one of them is breast cancer [57, 58]. 
Acetylenic carotenoids like Fucoxanthin HL-60, which homosapiens leukemia cell 
line [58]. C-Phycocyanin is a product of Spirulina platensis, which labors for pathologi-
cal amendment, the formation of fragments of the genetic material, and the regression of 
Bcl-2 proteins, accelerates and excites caspase 2, 3,4,6,8,9,10 HeLa MCF-7 cell line [9]. 
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Effective extract Potential Cancer line/Treatment Reference

Fucoxanthin Induction of Apoptosis • Apoptosis of HL-60 cell line for 
leukaemia.

• Procaspase-3 is cleaved by 
mitochondrial permeabilization.

[53, 54]

Cryptophycin-1 Activity against solid tumour • Mouse lymphatic cells [55, 56]

Borophycin Cytotoxic effect • Human epidermoid cancer

• Colorectal adenocarcinoma

[57–60]

Lyngbya majuscule Suppress binding capacity of 
tubulin polymerization.

• A549 Human lung cancer cell 
line

[9]

Coibamide - A Cytotoxicity • H460 Lung cancer cell [56, 61]

Astaxanthin DNA-topo cleavage complex • KATO-III SNU-1

Gastric cancer cell line

[17, 62]

Dicosahexoienoic acid 
(DHA)

Cytotoxicity
Lipid upregulation

• HT29

Colon tumour cell lines

[9, 57, 63]

Yessotoxin Apoptotic death • HeLa cells death [53, 64]

Scytonemin Antiproliferative
Anti-inflammatory

• Human fibroblast

• Endothelial cells

[62, 65]

C-phycocyanin Alteration of DNA and 
fragmentation
Downregulate BCL-2 expression

• HeLa cells

Cervical cancer line

• MCF-7

Breast tumour cell line

[9]

Fucoxanthin Induction of Apoptosis • Apoptosis of HL-60 cell line for 
leukaemia.

• Procaspase-3 is cleaved by 
mitochondrial permeabilization.

[54, 66]

Cryptophycin-1 Activity against solid tumour • Mouse lymphatic cells [55, 56]

Borophycin Cytotoxic effect • Human epidermoid cancer

• Colorectal adenocarcinoma

[57–60]

Lyngbya majuscule Suppress binding capacity of 
tubulin polymerization.

• A549 Human lung cancer cell 
line

[9]

Coibamide - A Cytotoxicity • H460 Lung cancer cell [56, 61]

Astaxanthin DNA-topo cleavage complex • KATO-III SNU-1

Gastric cancer cell line

[17, 62]

Dicosahexoienoic acid 
(DHA)

Cytotoxicity
Lipid upregulation

• HT29

Colon tumour cell lines

[9, 57, 63]

Yessotoxin Apoptotic death • HeLa cells death [30, 53, 64]

Scytonemin Antiproliferative
Anti-inflammatory

• Human fibroblast

• Endothelial cells

[62, 65]

C-phycocyanin Alteration of DNA and 
fragmentation
Downregulate BCL-2 expression

• HeLa cells

Cervical cancer line

• MCF-7

Breast tumour cell line

[9]

Table 2. 
Bioactive compounds effective against cancer lines.
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Scytonemin is a natural sunscreen, and it ceases proliferation and inflammation. It is puri-
fied from Stigonema sp. It is not in favor of human fibroblast and endothelial cells [65].

3.2 Polysaccharide and Polyunsaturated fatty acids (PUFAs)

Polysaccharides are intracellular storage compounds. They also include an extracel-
lular mucilaginous matrix or exopolysaccharides (EPS’) and sulfated polysaccharides 
[63] They provide several health benefits, such as anti-cancer, anti-inflammatory, and 
immunostimulant [71]. Chrysolaminarin, a food storage polymer, inhibits the prolif-
eration of tumoral colon cells [72]. For example, chrysolaminarin from Chaetoceros 
muelleri showed an immuno-stimulatory effect. Sulfated polysaccharides have radical 
scavenging activity that prevents oxidative stress, which otherwise cause l chronic 
degenerative diseases [73]. Fucoidan-sulphated, which has a high amount of fucose 
and is isolated from kelp, is effective against HeLa cells and human uterine cancer 
[74]. GA3P (D-galactose+ L-(+) Lactic acid) constrains the DNA topoisomerase I and 
II duties and is further obtained from the dinoflagellate Gyminidium [70]. The micro-
algae are rich in docosahexaenoic acid (DHA) which results in toxic accumulation in 
cells and highly controlled lipid peroxidation [9]. It stimulates programmed cell death 
of colonic malignant cell HT29 and aggregation of DHA in cardiolipin. In stomach 
cell lines, the compound DHA escalates in-cell cytochrome c, Bax, and p53 [57].

3.3 Toxins and polyketide

Algal species, Protoceratium reticulatum, Yessotoxins are isolated, which intensi-
fies the apoptotic death in HeLa cells. It could upturn pathological group of cell 
alterations, segregation of genetic material, and changes in membrane potential 
of a powerhouse of the cell [53]. The neurotoxin Cryptophycin1, which is obtained 
from Nostoc sp. GSV 224, shows promising results against solid tumors and cell lines 
[56]. Cryptophycin-8 is a semi-synthetic alternative of Cryptophycin, which exhibits 
action on proliferation in vivo [9] Borophycin is an acetate derivative of polyketide. 
It is mined from marine Spongioform [59]. It shows its activity in kB cell lines, which 
are supposed to contain human papillomavirus18 sections, and LoVo lines, which were 
first found in a supraclavicular region with the diagnosis of colon cancer. It works as 
a cytotoxic agent against human epidermoid and colorectal tumors [60]. Bio-product 
by Lyngbya majuscule, Cucarin-A is operative for breast and renal carcinoma [75]. It 
dominates the binding capacity of the process of making polymers of tubulin into the 
formation of a Colchicine pocket for binding [9].

3.4 Peptides

As basic knowledge or key concept, which delivers the point that peptide, is 
obtained from enzymatic hydrolysis, which means the cleavage of bonds by water 
in which enzyme is involved [9, 76]. Dolastatin works for human ovarian and colon 
malignant tumors. The B16, colon 26 adenocarcinoma, and M50 76 sarcoma and 
HT29 [77]. The medicine is extracted from Lyngbya sp. and Sympleca sp. The Chlorella 
vulgaris isolated peptide stops AGS gastric cancer after the stage of the G1 step of 
the life of a cell. Algal sulfolipids, which are subjected to Nostoc ellipsosporum, are 
operational against HIV [78]. It can also be extracted from E.coli, which could even 
deactivate HIV. The glycolipids are effective against HT29 in colorectal cell lines 
which also use 5-fluorouracil and oxaliplatin for the cure [79].
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4. Cancer: a leading cause of death

Cancer is the leading cause of death worldwide [9]. It is a disorder, which has no 
standard treatment feasible for all. To treat cancer, chemotherapy, radiation, targeted 
drug delivery are standardized [12]. However, the matter of fact is that there are 
numerous cancer cell lines, which makes treatment a tedious process. As a basic fact, 
the structure and type of tumor line found in a person are often different for differ-
ent people [80]. The cells multiply exponentially [9]. They are very invasive, and the 
process of extravasation goes hand in hand, which makes it even more miserable [57]. 
Studies show that the neoangiogenesis in these cancer cells is highly disorganized. It all 
is detected later [80]. In addition, by that time tumors would have invaded the primary 
site and even metastasized to the secondary site for invasion and development [3]. The 
technology and methodology we possess are not able to detect the growth at the earli-
est. The treatment and detection technology should increase its accuracy and should 
be able to detect to the earliest. That is why microalgae are combined with different 
technologies to treat malignancy [14]. The basic objective is to at least cease the process 
if it cannot be removed completely [80]. The area of marine chemotherapeutics is 
scarcely researched and if done it has sure that the cure of the disease lies on this planet 
and this land only [9]. Figure 1 depicts the hallmarks of cancer.

4.1 Bio-engineered microalgae: systematic approach

Microalgae are produced naturally but not in so much abundance that they 
could help in research, medical, and other fields [66]. Therefore, it is cultured 
and grown artificially to meet the requirements. To protect environmental and 

Figure 1. 
Illustration depicting hallmarks of cancer.
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ethical issues, the consumption of this nature’s gift is kept to a minimum [81]. Now 
on the take for medical fields, the compound cannot be directly taken or consumed 
intravenously, there is a proper procedure to use up [66]. The bioactive compound, 
which shows potential as an anti-cancer agent, needs to be fully accepted by the body 
to get maximum benefits [82]. Here comes the role of genetic engineering, which 
further modifies and makes microalgae and other special compounds hostile to the 
human body [82]. The complete transformation is a required process for the nucleus 
and chloroplast. However, the studies point out the biological synthesis of lipids, 
carotenoids, and photosynthesis. Chlamydomonas reinhardtii is the supreme class for 
modification and engineering processes [83]. The lipids and carotenoids have the 
utmost qualities, which were discussed with several examples in previous sections 
[84]. The latest update regarding this is the use of the CRISPR gene editing tool, but it 
might not work on all microalgae as it also has some of its limitations like delivery by 
the large size of proteins, activity of nuclease activity, etc. In this section, the study of 
RBCM-Algae is taken [85]. The microalgae are isolated from Chlorella vulgaris, which 
is engineered with red blood cells from human [86]. The purpose is to get a layer of 
blood on the membrane to serve some respectful purposes [87]. This engineered 
element promotes oxygen content and tumor tissues because the tumor grows better 
in hypoxia conditions and increasing the levels would make it sensitive [88]. Then it is 
subjected to irradiation, which many times is successful to remove the tumor com-
pletely [89]. But this is not always the case. It is effective against breast cancer [90].

4.2 Effectiveness over other therapies

The traditional protocol to treat tumor lines is radiation and chemotherapy 
[9]. This set does not usually affect the patient's condition in various aspects but 
numerous other factors in the body of the patient either benefit worsen day by day 
[11]. The survivor must be able to fight the tumor, but he won’t be able to fight the 
opportunist diseases which might take over [14]. These aspects only regress the 
condition of the body, which then many times leads to a relapse of the malignant 
tumor and then the person falls into cancer syndromes like cachexia [91]. The delay 
in detection of the tumor, carelessness, cost of the treatment, the ability of the cells 
to divide uncontrollably, metastasize to a secondary site, etc. point out the severity 
of the disease [91]. Research on the new drugs and different drug delivery systems 
is being done to provide maximum comfort and relief to the patient. The major side 
effect observed in the patient is that immunity is chiefly affected [9]. It is seen that 
the condition takes a toll toll on health [1]. The already in-market drugs, which are 
known as anti-malignant drugs, inhibit or cease the escalation of the outgrowth. It 
stimulates the action of the immune system and, along with it, triggers the killer cell 
activity naturally and initiates the defense mechanism of the host [9]. As it is known 
cancer multiplies in the hypoxia condition [3]. Cancer cells are immune to oxygen 
species which are reactive or scavenging capacity of the fundamental unit of cell stirs 
programmed cell death called apoptosis [92]. The standard chemotherapy eliminates 
tumor tissues, liver, nephron, nausea, anorexia, and mucous membrane inflam-
mation [91]. The sector of nutraceuticals composed of antioxidant supplements is 
supposed to cover up for the side effects [9]. These are generally plant-based herbal 
medications, and the antioxidants polyphenols, carotenoids, etc. [25]. The chemicals 
produced by plants, which are called phytochemicals, work as antioxidants to per-
form defense against chemotherapy in normal cells by exerting pressure on radiation 
or other forms of treatment via oxidative stress [9].
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4.3 Reactive oxygen species and its role in metastasis

As explained earlier, the electrons which are not paired up usually have one or 
two-electron atoms in the shell, which is the outermost shell [93]. It is formed in the 
body in the form of products like reactive species of oxygen, nitrogen, sulfur, etc. It 
is formulated by the cytosol [94]. One aspect of it is to get the form of a radical one 
with unpaired electrons, and the other one without unpaired electrons of these spe-
cies [95]. It is also a form of secondary messenger [93]. The general question arising 
here is why oxidative stress occurs, and the easiest way of approaching the solution 
is that there is a misbalanced proportion in the generation and detoxification of the 
species [31]. The activation of all phases of them is by several transcription factors 
like NF-𝜿𝜿B, activator proteins like in AP, and p53, where most mutations take place 
[93]. It works in both directions; that is, it works in the tumorigenic’s favor as well 
as against the tumorigenic via signaling pathway of cancer MAPK/AP-1/NF- 𝜿𝜿B and 
it also triggers inflammation cytokines, chemokine, etc. [93]. When there is an esca-
lation of reactive species, there is an elevation in cancer cell division. Tumor cells 
require higher levels of reactive oxygen species as cancer cells prefer to proliferate 
in hypoxia conditions without even cell death. Reactive species have a vital role to 
play in metastasis and angiogenesis [93]. It also provides resistance to chemotherapy 
[32]. The category of transporter protein P-glycoproteins which is thereby also 
known as a multi-drug resistant, that work on moving out of particles “efflux” of 
cancer-inhibiting drugs from malignant cells [31].

4.4 An experiment with Spirulina and cancer cell lines

The simplest experiment was performed with the help of Spirulina [28]. It was 
the key ingredient in the protocol. The easy methodology adopted was devised 
after considering cancer patients. The patients taking four cycles of chemotherapy 
were randomized into groups and categorized as “control” and “patient consum-
ing the medication” [35]. In the first two cycles, the Spirulina was made to be 
consumed in 3 capsules of 100 mg each, 3 times a day [28]. The patients were 
taking their medications as normal, as prescribed. It influenced many things like 
it inhibits tumor growth interferon and interleukins like the TNF-alpha [35]. 
It works against HIV and increases the growth of CD4 cells and works on liver 
inflammation. The reduction of breast malignant is 87 to 13 percent [28, 39]. 
When the blood test was taken, the account of WBC and NEUTR. It was better 
with patients treated with spirulina and low for control [39]. The hemoglobin 
levels were approximately the same, whereas myelosuppression was lower in the 
treated patients rather than in the control group. IgM and CD8 were higher in 
treated patients [28]. The fact is that Spirulina slows down the MAPK pathway. 
When CD8 needs to be more numbered, as when it is exhausted, it increases apop-
tosis [39]. This was effective against HepG2, MCF-7, AG49, HT29 which are liver, 
breast, alveolar basal epithelial cell, and colon cancer cell lines respectively [28]. 
A few limitations were also reported like the population size was comparatively 
small, and the effects after treatment were not observed [28]. There was a lack of 
evidence for treatment applied to the neoplasm. Observation and research were 
not performed at the molecular level [35]. Vitamin extract from the algale variant 
is effective for metastasis treatment and its effectiveness is presented in Table 3. 
Coenzyme Q: Ubiquinone in combination with ɑ-lipoic acid and cisplatin ceasees 
colon cancer cell line HCT116 [29].
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5. Challenges and limitations

5.1 Life expectancy post-treatment

The cost of cancer treatment is always reported to be costly, and it is observed 
that the majority of the families couldn't even afford the treatment [41]. Developed 
countries tend to even afford it to some extent, but developing countries struggle a 
lot. Poor countries cannot even think of fighting cancer [9]. The treatment is not even 
accessible to many people. Going into depth and breaking some of the myths, the 
cost-bearing factor is subdivided by the stage of a cancer diagnosis [39]. It is based on 
how severe the malignancy is and what stage it is in transition to [41].

A person who gets diagnosed at the very first or early stage can fully recover from 
it and the billing amount is very less but if the stage is the second, third, or fourth 
stage, the bill amount tends to increase [28]. The body of the patient is often not even 
capable of surviving the chemo and radiation it becomes hollow [39]. The body loses 
its virtues and qualities, and eventually, the fight to defeat cancer fails and a high 
number of deaths have been reported in recent years [43]. The company for cancer 
drugs has increased several folds and the point to highlight here is that the treatment 
is costly due to the commercialization and industrialization of the medications [41]. 
People tend to believe the brand names of medications as safest but in fact, both the 
substances are the same [45].

The life expectancy factor comes into play when the treatment is done, and the 
patient is free from any kind of medication related to cancer [28]. The condition of 
the patient improves to some extent in the first or second stage, but it hasn't proven 
to be very beneficial for other stages or severe cases like leukemia [9]. The therapy 
if includes microalgae will increase the cost as well. The ethical issues need to be 
kept in check [8]. The availability and incorporation into the therapy will require 
new technology as well as a new system to sustain its shelf life as well [9]. The only 

Vitamin Algae source and potential Cancer Reference

• Pro vitamin A Tetraselmis suecica

• Retinoland rhodopsin

• Skin, Breast, Oral, 
Lung, Hepatic, 
Prostatic

[30, 96]

• Cobalamin Porphyra sp.

• DNA repair, Methylation of histone, Folate 
elevation regress breast malignancy.

• Lung cancer [89, 97]

• Ascorbic acid Chaetocerosmuelleri
Regulate hypoxia condition via HIF1α and 
protects from opportunist tuberculosis infection.

• Antioxidant effect in 
treatment

[29, 98]

• Vitamin D S. costatum

• blocks cell cycle via CDK - p21, p27, prevent-
ing cancer, anti-neuro degenerative and alter 
insulin growth factor IGF-1

• colorectal, breast, pan-
creatic and prostate

[29, 98]

• Tocopherol P. lutheri

• per-oxidation of lipid, damage by oxidation

• Pancreatic cancer [29, 98]

Table 3. 
Vitamin extract from algal variant effective for metastasis treatment and effectiveness.
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way to have cheap treatment is to find out the fittest technology and techniques and 
fulfill the requirements as well as to have multiple units in countries so there is no 
stress for the production of medication [35]. Proper analysis and molecular studies 
need to be done for future updates [9].

5.2 Limiting factors of the treatment

Each treatment has its pros and cons, and so this also has the same [41]. The limi-
tations reported were very few, and the research is being done to have a deeper knowl-
edge of this aspect [45]. The high intake of nutraceuticals can be toxic, which can 
cause side effects rather than improvising the condition [9]. There should be a proper 
balance between the protection of healthy and tumor cells called prophylaxis and 
inhibition of the growth of only cancer cells known as therapeutic doses [31]. When 
the concentration of antioxidants increases, the low concentrations of free radicals 
escalate [3]. The supplements which are derived from plants and herbs are observed 
to have a higher risk of pharmacokinetic interaction with agents of chemotherapy 
[92]. The synergic effect is by concentration, which decides whether it is beneficial 
or harmful. The mixture of antioxidants increases that effect in several phases and 
is more important than a single one [9]. A limiting factor is an aspect that lowers the 
possibility of achieving the best. Here, comes the most important aid to getting the 
treatment, which is the cost [28]. The amount we pay includes goods and services tax 
(GST), hospital amenities and services, and imported medicines [35]. The medicines 
are very expensive because only developed countries have the services and industry 
to manufacture their medicines and could afford these medicines to some extent. 
But a large proportion of the world starves for it [41]. The technology and pharma 
industries take up their roles, which builds up their money graphs. Medicines and 
treatment are costly due to technology and less accessible to most people. The elite 
classes of society could afford them easily [43]. The point is the world doesn’t revolve 
around a small proportion. Many people use up all their savings, but very few can win 
the battle [28]. Supportive aids like antiemetics and other medications are already 
at higher rates. For instance, in the case of colorectal cancer, the use of cisplatin and 
fluorouracil types of drugs will increase the cost, and then the synthesis will increase 
it. Chemotherapy, diagnostics, and all add up to it [29].

5.3 Cultivation issues with microalgae

The cultivation of microalgae is required on a large scale considering its potential 
benefits for developing the target medicine and other applications. The need for 
arable land, light, oxygen, pH and other climatic conditions is required [12]. They 
can grow in various places, but they will possess various properties and potential 
[12]. If a specific industry requires a specific compound extract that is only found in a 
particular area, then these conditions are mandatory to be fulfilled [28]. Now, consid-
ering this, the laboratory where attempts are made to cultivate them, but they show 
setbacks. The setbacks include not being able to provide all conditions, chemicals to 
some extent, and obviously, the technology which makes it even harder to process 
[9]. The ability to protect it from contamination is a tough task as well [70]. Proper 
instruments are not there to aid in this. Nature is incredible as the laboratories are try-
ing hard. To take a step further large bioreactors have opted, but they are not getting 
beneficial results [12].
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5.4 Lack of technology and awareness

Cancer treatment requires more sophisticated technology. The invention is the 
mother of all innovations, so the technology has upgraded itself a lot. The biotechnol-
ogy industries have grown so much because of the tools and medication [47]. The 
technology is an expensive brand, which costs a lot. It takes a lot for a technology to 
be launched and reach out to the people [50]. The technicians working on the preven-
tion and treatment of cancer sometimes become clueless because proper protocol 
and complete research on a disease like cancer are still incomplete. The disease is an 
elaborative and extensive field that requires many aspects of treatment but is still not 
researched [51]. Technology and awareness are missing; therefore, the requirement 
is for a higher level that could diagnose cancer at the earliest stage, and surgery and 
chemotherapy should have alternative ways as well [36].

6. Recent advances and technology

The innovations take technology and techniques to sustain them. The betterment 
lies in the up-gradation of the recent technology and creating innovations in the 
current timeframe [12]. The more progressive the medication gets, the more effec-
tive it will become but more supplements are required to overcome the side effects 
[9]. Till now, no treatment has been found which is free of side effects [5]. The role 
of Spirulina is always vital and valued, even in space technology. The food additives 
like Chlorella vulgaris and Spirulina pacifica [28] their biomass production is used in 
several areas of biotechnology because of the bioactive molecules and composition 
that are beneficial. The primary and secondary metabolic products have found the 
place where they fits perfectly [19].

The bioactive elements have to cope with environmental stress, which stands out 
as a challenge. Some of the variant features are known and discovered and tested, 
while many are anonymous to the field till now [19]. The food industry, repair mecha-
nisms, defense, etc. fields are very much flourishing but alterations and modifications 
cannot harm them [14]. The best way to use microalgae as a drug delivery system is 
fine, but combining it with nanotechnology can do wonders [98]. Nanotechnology 
promises a better future because of its compact size and dimensions and its adapt-
ability to various metals and compounds, making it industrially and biologically 
acceptable and compatible [96]. The nanotubes or nanostructure can be successfully 
engineered and incorporated with other treatments [99]. Already, nanotechnology 
is working with various diseases and treatments. This combination can lead to better 
innovations and the betterment of humanity without even hampering nature [98].

At present, Nanotechnology is the leading technology that has evolved with time 
and is considered to be the best one to cure malignancy at a nanoscale level [99]. The 
biopolymer synthesized from carbon, platinum, and gold colloids can be taken up 
to cure the disease [100]. The nanorods prove to be beneficial for small tumors [9] as 
well as various sizes and morphologies of nanoparticles can be directly incorporated 
into the treatment [98]. The biological synthesis of the nanoparticle is not a complex 
phenomenon because no reducing, as well as capping agents, are involved. Instead, 
the bioactive compounds present in microalgae themselves act as strong reducing 
and capping agents leading to the synthesis of nanoparticles [100]. Sometimes both 
reducing, as well as capping agents, could also be added as a reactant to form the 
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desired and most efficacious products. The reducing agent can be sodium citrate, 
sodium borohydride, or ascorbic acid, and the capping agent could be polymers like 
polyvinyl chloride, thiols, or citrate [98, 97]. The passivating agent is to prevent 
aggregation and promotes nucleation. The therapeutic molecule can also be kept 
inside the molecule synthesis so that it could target the tumor [28]. The schematic 
representation of nanoparticle synthesis from microalgae extracts is presented in 
Figure 2.

Microalgae have various biotechnological applications. There is a need to have 
supplements and capsules that could be consumed to prevent cancer and are also 
proved to be human-friendly [9]. The algal extracts could directly be incorporated 
into them just like we intake probiotics [101]. Rapid advancement in pharmaceutical 
and diagnostic technology allow rapid blood tests could detect malignancy on an early 
stage [96]. A recent study shows promising results with this concept, it is proven to be 
effective against a few cancer cells lines [9]. There should be an advancement in tech-
nology to cultivate microalgae on a large scale without exploitation of nature, con-
sidering the ethical issue at top priority [9, 51]. People should be made aware of the 
benefits to humanity and the environment. Microalgae could be a gift and a curse to 
many issues be it environment, pharmaceutical, biotechnology, chemical industries, 
etc. [102]. This is a nature’s gift that is meant to cherished and protected [73, 103].

7. Conclusion

Microalgae are rich in industrial and human consumption needs and require-
ments. The present study is an attempt to highlight the importance and potential 
of bioactive compounds isolated from microalgae as an anti-cancer agent. The 

Figure 2. 
Schematic representation of nanoparticle synthesis from algae.
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aim of presenting a suitable treatment with unique features and lesser side effects 
using nanotechnology and other technologies was discussed concerning the species 
of microalgae. The incorporation of bioactive compounds can be useful when the 
proper dosage required by the patient is known. The concentration of bioactive 
compounds added to the final formulation as anti-cancerous compounds should 
be added carefully in order to get the desired results. The antioxidants found in the 
microalgae prove to be anti-inflammatory, anti-cancer, anti-diabetic, and skin pro-
tectors as well. The microalgae have evolved to such an extent that they can thrive in 
extreme conditions, but still, they are a major oxygen supplier to the environment. 
Extensive and deep investigations need to be carried out to explore more varieties 
of microalgae so that they can be taken down for more experiments with cancer cell 
lines. A technology that could cultivate microalgae in the lab needs to be developed 
so that ethical issues are controlled and its proper utilization could lead to signifi-
cant benefits. The role of nanotechnology can be important as the smaller the scale, 
the bigger the possibility of treating the disease. The aim is to assess and analyze 
the root cause, which has to be inhibited and removed to ensure a better lifestyle. A 
significant view is that technology is required for the cultivation of microalgae in a 
short period and diagnostic tools to identify tumor growth in the body.
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Abstract

In the recent years, due to heavy surge in the price of petrochemical products, 
researchers are getting interest towards renewable bioenergy resources such as 
algal-based biomass. In order to meet a world energy demand, current bioeconomy 
challenges and to produce valuable products, intensive and integrated research on 
algal biorefinery is highly required. Even though several research carried out study 
for the conversion of algae biomass to biofuel, but none of these proved economi-
cally viable. Hence, range of value added product (biodiesel, biochar, fertilizer, etc.) 
must be produced subsequently from algae. The utilization of microalgae for biomass 
production is better than agricultural crops as microalgae do not required fresh water 
for its growth, it can readily grow on wastewater throughout the year. Generation 
of wastewater is severe concern throughout the world and discharge of wastewater 
without proper treatment in to water bodies causes water pollution. Microalgae bear 
vast potential in significantly deescalating pollutant load (nitrate, TDS, ammonium, 
phosphate, organic load) from wastewater. The harvested algal biomass after reme-
diation has significance role in producing biofuels and by-products in a sustainable 
way. In this chapter, emphasis would be given on role of algae in wastewater treatment 
and its biorefinary approach for sustainable energy development.

Keywords: microalgae, wastewater, phycoemediation, biorefinery

1. Introduction

Globally, the severe problem humanity is facing today is the availability of fresh 
water, wastewater generation and energy supply. As the continuous use of fossil 
fuel are depleting day by day the natural stock of fossil fuels. This natural energy 
reserve may end in next 45–50 years. This depletion is posing stress to continue the 
various anthropogenic activities i.e. industry, agriculture, production of precious 
chemicals for food, and pharmaceutical which directly affects the global economics 
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due to shortage of energy sources. In these circumstances, this is the high time to 
identify and develop alternative, cost-effective, efficient renewable energy resources 
for enhancing the sustainability of anthropogenic activities. Algal biomass could 
be utilized to generate extensively energy support as algae bear high productiv-
ity of biomass [1]. The more concentration for diversification of agro-ecosystem 
from food to fuel is also fulfilled by the algal biofuel as these living being are also 
not required agricultural land due to their aquatic nature. As per the report of the 
Central Pollution Control Board of India [2], 71853 MLD [million liters per day] 
wastewater (considering both sewage and industrial discharge) is discharged into 
the water bodies of India and out of which only 37% get treated. In these days, 
pollution of natural resources especially water is also at alarming point and the 
climate change making it more serious. Thus, minimum contamination/waste of 
water and reuse of the contaminated/waste/used water is also the highly required. 
The presently available technologies of wastewater treatment are not only costly but 
also generate huge amount of sludge. The generated sludge after wastewater treat-
ment essentially need to be treated and disposed, these two requirements further 
increases the financial effectiveness of the any technology [3, 4]. The algae mediated 
wastewater treatment is an environmentally sustainable and efficient approach 
and can be integrated with secondary wastewater treatment process. Algae are the 
small, mostly aquatic, photosynthetic (converts sunlight into the oil form stored 
energy) organisms, currently, getting more attention due to their capabilities to 
address the different environmental issues including energy. Microalgae have been 
noted for their enormous potential to remediate waste water i.e. Phyco-remediation. 
Phycoremediation is the utilization of alga culture to remove/biotransformation of 
pollutants, nutrients, xenobiotic from waste water. Phycoremediation can handle 
more than one environmental problem such as pH correction, BOD, COD and TDS 
removal simultaneously over the chemical methods. Phycoremediation consider 
highly eco-friendly as did not cause secondary pollution. Presently, biodiesel 
production utilizing microalga is not economically sound due to its cost. Thus, 
algal biorefinery concept can serve an important option to minimize the microalgal 
biofuel cost. Algal biorefinery is the analogous concept to present petroleum refinery 
as petroleum refinery produces multiples products including fuels from petroleum. 
Algal biorefinery is having potential to increase the values of the products obtained 
from the biomass feed stocks. Algal biorefinery can be integrated among biomass 
conversion process, fuels (low value, but high volume), intermediate compounds 
(low volume, but high value) and value added chemicals along with electricity 
generation through advanced technologies such as combined heat and power (CHP) 
technology. Microalgae are having high capacity to convert the solar energy to 
chemical energy per unit land than terrestrial phototrophs due to their high produc-
tive rate. Thus, microalgae can address the increasing energy demands as well as 
growing environmental issues such as climate change. Beside this, microalgae having 
some advantages as feedstock for value added product generation. The microalgae 
are capable of synthesize huge quantity of lipids (20–50% dry cell weight). The 
growth of algae is very fast compared to terrestrial plants (double the biomass within 
20–25 days), so can be used for bioremediation [4]. Algae do not require arable land 
and fresh water for the growth. Algal biomass can also contribute significantly to 
reduce the enhanced atmospheric carbon. Keeping this view, the present chapter is 
focused towards the utilization of algae in wastewater treatment, biofuel, biofertil-
izer production, CO2 sequestration, bioremediation and challenges with future 
perspective through algal biorefinery interventions.
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2. Wastewater characteristics and their treatment

Due to industrialization, population expansion and modern life style the wastewater 
generation is increasing day by day. The discharged of wastewater without proper treat-
ment in to waterbodies are continuously overloading the fresh water bodies and mini-
mizing their self-cleaning capacity. This overloading of waste into the freshwater bodies, 
disturbing the nutrient recycling process along with the disturbance in biogeochemical 
cycles i.e. nitrogen, carbon and water cycles through physical (evaporation, precipita-
tion etc.), ecological (eutrophication, bio-magnification etc.) and biological process 
(photosynthesis, nitrogen fixation, respiration etc.). Availability of fresh water/irriga-
tion water for fulfillment of daily requirement of the human society is also decreasing 
in the present changing environment [5]. To meet out the current demand of water for 
various anthropogenic activities, this is very necessary to increase the water reuse poten-
tial. This can be achieved through proper treatment of the wastewater generated during 
different activities. Wastewater is generally composed of water and wastes originate 
from commercial, industrial, home and institution activities. Wastewater at the point 
of origin contains high organic load, colorants, pesticides, heavy metals, hydrocarbons, 
numerous pathogens, toxic compounds and nutrients. The minimum treatment of 
this generated wastewater is required and recommended before disposing into the 
environment. The mechanistic understanding of the environmental effects, influencing 
factors, controls and effective utilization of the treatment process is essential to design 
the treatment process and its operation. There are three methods which are used to 
treat wastewater. These methods are physical, chemical and biological methods. The 
treatment of waste water is general divided into three systems of treatment i.e. primary, 
secondary and tertiary based on the capacity to remove the different contaminants. The 
general wastewater treatment process details are depicted in Figure 1.

Figure 1. 
General wastewater treatment process.
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3. Algae mediated wastewater treatment

Algae are autotrophic organism however; there are some other algae, which are 
heterotrophy or mixotrophy in nature. The dominant mode of microalgae metabolism 
in wastewater is heterotrophic (approximately 50%) in nature. The heterotrophic 
microalgae metabolize organic components in wastes, and convert them into organic 
biomass along with inorganic components. Microalgae contribute approximately 
50% of global primary production (GPP) i.e. most efficient convertor of solar energy 
to chemical energy and act as producer of aquatic food chain [6]. The quantity and 
quality of bioactive compounds of microalgae is based on the ambient environmental, 
ecological factors and taxonomic position. The removal of this generated algal bio-
mass results in the purification of wastewater as their removal decreases the biologi-
cal oxygen demand especially in case of their death to minimizing the chance of back 
release of nutrients in the ecosystem.

In 1960s Oswald and Gotta, [7] reported the potential role of microalgae for 
the removal of pollution load from the tertiary wastewater treatment by algae. 
Phycoremediation is the removal/biotransformation of pollutants such as nutrients, 
xenobiotics from wastewater and CO2 from air. Thus, phycoremediation can be 
used for to extract nutrient from municipal wastewater/effluents which are rich in 
organic matter; to complete removal/transformation and degradation of xenobiotic 
compounds utilizing as biosorbent; to treatment of acidic wastewaters; to sequestrate 
CO2; and to detect toxic compounds using algae-based biosensors. There are various 
studies which recommends the removal of nitrogen and phosphorous from wastewa-
ter to protect the waterbodies from eutrophication [5, 8–12]. The controlled growth 
of algae in wastewater leads to reduction of contamination load on natural resources 
and can also be enhance reuse efficiency. The utilization of algae in the treatment of 
different waste such as agro-based industrial wastes, sewage, industrial wastes (metal 
finishing, paper, and textile) and even landfill leachate [10, 12–15]. Waste mitiga-
tion potential of an algal species entirely depends on the algal productivity, nutrient 
and pollutant removal efficiency, and cost of biomass harvest [16–18]. In addition 
to removal of pollutant load from wastewater, algae make available oxygen (O2) to 
bacteria (heterotrophic aerobic) for mineralization of pollutants and CO2 produces 
by bacterial catabolism is subsequently consumed by the photosynthetic activity of 
algae (Figure 2). The photosynthetic process of algae is reduces the pollutant volatil-
ization through mechanical aeration and contribute to reduce the cost of operation 
directly. Thus, the dual purpose utilization of microalgae in biorefinery approaches is 

Figure 2. 
Principle of photosynthetic oxygenation in BOD removal.
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providing high sustainable solution to the long standing environmental concerns than 
any other equivalent approaches. The important products of the algal biorefinery are 
biomanure, biodiesel, ethanol, pharmaceutical, fish feed, biohydrogen and several 
other valuable products [19–22]. The role of various microalgae in the remediation of 
wastewater is given in Table 1.

4. Algal bio-refinery based production

Algal biorefinery approach aims to promote harvesting of several value-added 
products from the algae feedstock, towards economic and environmental effectivity 
of algal based technology. There are plenty of the research efforts has been made to 
harness the algal biomass to produce biofuel, biofertilizer, biodiesel, pharmaceuti-
cal products as well as for wastewater remediation. The industrial production of the 
biofuel through algal biomass utilizing different photobioreactors could be possible 
to burden off the current energy demand. The basic process of biodiesel production 
through bio-refinery is explained in Figure 3. Additionally, the nutrient qualities such 
as carbohydrates, proteins, nitrogen, phosphorous, potassium and other nutrients of 
the algal biomass can also be utilized as nutrient feed for animal as well as for fish etc. 
The algal dry biomass composition contains up to 46% Carbon (C), 10% Nitrogen 
(N) and 1% Phosphates (P) and 1 kilogram (kg) of dry algal biomass utilizes up to 
1.7 kg carbon dioxide (CO2) (Hu et al., 2008). The algal biomass after remediation of 
wastewater having vast potential as biofertilizer. The N,P and K content in microalgae 
algae biomass varies from 7 to 9%, 1–2% and 0.1–1%, respectively [5, 13]. The algal 
biomass can also be used as biofertilizer in agro-ecosystems. The algal biomass not 
only provides essential nutrients to the agricultural crops but also significantly con-
tribute to improve the soil carbon and soil fertility [5, 13]. Sharma et al. [5] in a study 
conducted on the impact of algae biomass as manure on the nitrate leaching reported 
that microalgal manure are slow releasing in nature and less leaching of nitrate as 
compared to chemical fertilizer was observed, so application of microalgae biomass 

Figure 3. 
A conceptual process (Biorefinery based) for producing microalgae biofuels for better economy.
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also results in reduction of nitrate leaching from agricultural fields as compared to 
chemical fertilizer, hence prevent eutrophication of the water bodies. Thus based on 
the available literature and recent research it can be concluded and put forward that 
algal biorefinery is one of the most promising cutting-edge economic alternative of 
existing traditional technologies to cater the environment through direct reduction of 
the primary and/or secondary pollutants as well as sustainable solution for essential 
required developmental process.

5. Microalgae as potential source of biofuels

Microalgae has a potential to deliver renewable energy resources such as biofuels. 
Due to the problem of global warming (burning of fossil fuels) and day-to-day surge 
in petroleum, prices the role of microalgae has been rethink by various domains for 
using as a source of clean energy. The reason behind microalgal biomass as suitable 
feedstock for biofuel as the algae has high biomass productivity, high lipid content 
and high photosynthetic efficiency than terrestrial plant. Algae is considered as third 
generation biofuel and have advantage over first and second generation biofuel in 
terms of readily available, ability to grow throughout the year, water consumption is 
very less, can grow on wastewater, ability to grow under harsh condition, and high 
biomass production. The oil content of algae compared to first and second generation 
biofuel is given in Table 2. In this section we will discussed the important product 
obtained from algae as biodiesel, biofertilizer and biochar.

5.1 Biodiesel

The recent research developments in microalgae reveals that microalgal biomass 
is one of the promising sources of biodiesel, which partially could met the demand 
of transportation sector. Using microalgae to produce biodiesel will not compromise 
production of food, fodder and other products derived from crops. The microalgae 

Source Oil (Liter/ hectare)

Algae 1,00,000

Oil Palm 1413

Coconut 2684

Jatropha 741

Rapeseed/Canola 1187

Peanut 1057

Sunflower 954

Safflower 776

Soybeans 636

Hemp 364

Corn 172

(Demirbas and Demirbas, [29]; Ahmad et al. [30]).

Table 2. 
Comparison of algae with different crops for biofuel.
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species such as Kirchneriella lunaris, Ankistrodesmus fusiformis, Chlamydocapsa bacillus, 
and Ankistrodesmus falcatus are prominent species for biodiesel production as they 
contain high polyunsaturated FAME [31]. The comparison of various oil yielding 
crops is given in Table 2. Thus, considering the potential of the algal based biodiesel 
production, it can be concluded that the biodiesel can be used to displace fossil diesel 
partially/completely. The oil percentage in various algae are in the range of 20–50% 
(Table 3) and increase in oil content can be achieved >80% by weight of dry biomass 
in microalgae. The oil productivity of microalgae is the mass of oil produced per unit 
volume of the microalgal broth per day, depends on the algal growth rate and the oil 
content of the biomass.

5.2 Bio-fertilizer

The microalgae can assimilate excess N&P from the wastewater and convert it 
into the valuable biomass which has potential as a manure for the agricultural crops. 
Various researches have reported that %N content in the dry algae biomass is signifi-
cantly higher than the available organic manure (cow dung, farmyard manure etc.) 
[10, 13, 36]. The NPK content of dry algae biomass ranged from 3 to 7%, 0.5–2% 
and 0.4–0.8%, respectively [13, 14, 36, 37]. The algal based fertilizers are composed 
of high OC which support to increase the moisture retention capacity and nutrient 
bioavailability than chemical fertilizers and other organic inputs such as farm yard 
manure [38]. Algal bio-fertilizer being rich in carbohydrates, soluble protein contents 
and other important plant organic nutrients, ensure higher vegetative yield [39, 40]. 
The algal-biofertilizer input also enhance the microflora of the soils along with the 
availability of inorganic nutrients [13]. Renuka et al. [41] confirms that the microal-
gae-based biofertilizer decreases the nutrient losses as nutrients are slowly release into 
the soil and available to the crop in longer periods than the synthetic fertilizers. In a 
leaching experiment conducted by Sharma et al. [5] the application algae biomass (C. 
minutiisma) after harvesting from sewage wastewater results in reduction of nitrate 
leaching in spinach crops as compared to application of chemical fertilizer, hence pre-
vent eutrophication in water bodies. The immobilization and mineralization of any 
fertilizer depends on its C:N ratio. If the C:N ratio of any fertilizer is more than 20, it 

Microalgae Oil content (%) References

Botryococcus terribilis 49 [32]

Chlorella vulgaris 41–58 [33]

Chlorella emersonni 23–63 [33]

Chlamydomonas sp. 22.7 [33]

Desmodesmus sp. 6.5–9.1 [34]

Chlorella sp. 28–53 [34]

Scenedesmus sp. 17–24 [33]

Scenedesmus obliqus 30–50 [34]

Nannochloris sp. 31–68 [35]

Chlorella salina 11 [32]

Table 3. 
Oil content of microalgae.
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promotes immobilization and therefore not advisable for application in soil. The C:N 
ratio of phycoremediated algae manure is around 9.16, hence its application promotes 
mineralization in the soil [13]. In addition, algae fertilizer also reported to reduce 
nitrate leaching from the agricultural fields than synthetic fertilizer [5, 21]. Therefore, 
it can be summarized that phycoremediation of sewage wastewater with biofertilizer 
production is a resource conservation approach and recycling of wastewater as well as 
nutrient for improvement in crop quality.

5.3 Biochar

Algae biomass is potential feedstock for various value added products. Since last 
decades, interest has been raised in production of biochar from microalgae biomass. 
As biochar is rich in organic carbon, so its application enhances carbon sequestration 
and improving the soil quality [42–44]. Generally, carbon, hydrogen, nitrogen and 
sulfur content in biochar is 48.45, 1.78, 1.47, and 0.78 (wt%) and it varies with the 
feedstock [45]. The microalgae derived biochar (Chlorella vulgaris FSP-E) is slightly 
alkaline in nature having carbon, hydrogen, nitrogen, oxygen and sulfur content 
(% dry wt) is 61.32,3.55, 9.76, 11.92, and 0.02% [46]. Similarly, Chaiwong et al. [47] 
reported volatile matter 16.8%, carbon 62.4%, and nitrogen 2.1% in spirogyra micro-
algae derived biochar. Generally, compared to lignocellulosic biochar, algae derived 
biochar have low organic carbon content and CEC, but having high nitrogen, P, K, Ca 
and Mg content [48]. Due to its high nutrient content and ion exchange capacity, algae 
biochar can be utilized for agricultural inputs and adsorbents in wastewater remedia-
tion [42]. Being an alkaline in nature, algae biochar could be used as amendment in 
acidic soil. Due to high biosorption capacity of associated with the large amount of 
functional group, microalgae biochar results enhancing the efficiency for the removal 
of organic contaminants [49]. Producing algae biochar also results in sequestration of 
atmospheric carbon dioxide, hence prevent global warming. Biochar is the carbon-
enriched (coke) obtained after pyrolysis under temperatures (600–700°C) and under 
anaerobic conditions. The produce yield from pyrolysis is related to parameters, such 
as temperature, heating rate, and residence time [50]. The yield of biochar increased 
with decrease in pyrolysis temperature, and with increase in the duration. Chen 
et al. [45] showed that the yield of biochar algae in terrified microalgae residue at the 
temperature ranged from 200 to 300°C with a residence time of 15–60 min. Similarly, 
the yield of 50.8–95.7% in microalgae Chlamydomonas sp. JSC4 under the temperature 
of 200–300°C for 15–60 min [51]. Hence, it can be concluded that, production of algal 
biochar is expected to contribute to a further sustainable environment in the future.

5.4 Carbon dioxide sequestration

Global climate is a challenging issue, and reason behind is increasing concentration 
of greenhouse gases in atmosphere. Currently, CO2 concentration in the atmospheres 
is around 400 ppm and it may reach to 750 ppm by the end of century [52]. CO2 is 
well known greenhouse gases contributing climate change and global warming. The 
industrialization, and population expansion is the main cause of greenhouse gases 
emission. Several technologies has develop for capturing CO2, although biological 
capture of CO2 is a potential and attraction alternative. The algae mediated CO2 fixa-
tion coupled with wastewater treatment is gaining attention as compared to terrestrial 
plants [53]. The microalgae that are effective in CO2 sequestration generally belongs 
to Chlorococcum, Chlorella, Scenedesmus and Euglena genus. The carbon dioxide 
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sequestration potential of microalgae is around 10–50 times higher than terrestrial 
plants [54]. The nutrients content in wastewater (N & P) can be utilized by microal-
gae for source of food and resulting biomass could be utilized for biofuel, biofertilzer, 
biochar and value added products. Microalgae can be grown in photobioreactor by 
carbon dioxide from the point sources such as industry, cement kiln, thermal power 
plant etc. Tang et al. [55] conducted a study on the impact of CO2 concentration on 
biomass productivity of algae Chlorella pyrenoidosa in a photobioreactor and found 
that at 10% CO2 concentration, biomass production was highest (1.8 g/L). However 
the process is cumbersome and faced problem in down streaming process (harvest-
ing). Open pond system and closed PBR are generally suggested for the purpose of 
growing algae. Open pond system/raceway ponds are cost effective, but significant 
amount of CO2 loss to the atmosphere as compared to closed PBR. The CO2 sequestra-
tion with remediation of wastewater thorough algae is cost efficient, sustainable, and 
recycling approach.

6. Microalgal biomass production

6.1 Open ponds

Cultivation of algae in open pond is oldest and simple practice in which algae are 
cultivated in similar condition as external environment. This type of system was first 
introduced in 1950s [56, 57]. Open pond consists of close loop system for circulation 
which is around 0.3 m depth with a paddlewheel constructed as clay, or plastic-lined 
ponds. Paddlewheel is used for circulation of water and for proper aeration. Open 
pond system is still used for large scale production of algae in outdoor condition. With 
time various designs has emerged for open-pond systems, but three designs (race-way 
ponds, circular ponds, and unstirred ponds) succeeded for mass multiplication of 
algae (Figure 4).

6.2 Closed photobiorector

As name suggest, growing of algae in closed system. Closed photobioreactor can 
produce higher biomass than closed system, but it is not cost effective. The most com-
mon cultivation technology in closed system is the photobioreactor (PBR) (Figure 5). 
Typically, closed reactors include tubular and flat bioreactors. The system consists of 
glass or plastic, although glass PBR is frequently used for large scale production [58]. 
In closed system, glass tubes are arranged normally in vertical, helical of in horizontal 

Figure 4. 
Open pond system for algae biomass production.
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manner and mechanical pumps fixed to allow CO2 and O2 exchange. Closed PBR 
has advantage over open system as it harnesses more sunlight and hence enhance 
productivity (from 20 to 40 g/m /d) in short span of time, although it is costly due to 
complexity in structure [59]. The advantages and disadvantages between open pond 
and closed bioreactor is given in Table 4.

7. Challenges and future perspective

Despite of the importance of algae mediated wastewater treatment and further 
production of several bioproducts form harvested algae biomass such as (fuel, 

Method of 
cultivation

Advantages Disadvantages

Open system Cost effective, easy to maintain Biomass production is low, low light use 
efficiency, high risk of contamination of other 
microorganism, not suitable for all sensitive 
microalgae species

Closed 
system

High biomass yield, high sunlight use 
efficiency, less space is required, can be 
suitable, highly suitable for monoculture 
and sensitive species

High cost in construction as well as in 
maintenance including cleaning of reactor

Yaakob et al. [60].

Table 4. 
Comparison between open and closed photobioreactor system.

Figure 5. 
Tubular photobioreactor with parallel tubes.
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feed, food, ferilizer), some challenges are also associated with algae technology. 
Various microbial contaminants can also be act as inhibitors to algae growth. The 
pH and organic impurities such as i.e. lignin and tannins present in wastewater can 
affects the algal growth negatively and the concentration of heavy metals above 
the permissible levels can unfit the products for subsequent utilization of the 
pharmaceutical products. The microbe (bacteria, protozoa) present in wastewater 
may affect the growth of algae, there pre-treatment methods such as autoclaving, 
filtration is not feasible at large scale production. Therefore, advanced technologies 
are required for the removal of pathogens particularly for the commercial scale 
production. The major problem associated with conventional wastewater treatment 
process is generation of sludge. The algae mediated wastewater treatment process 
overcomes the problem of sludge generation as sludge contains only algae biomass 
[61]. Different types of wastewater has different composition in terms of pollution 
load like TDS, heavy metals contents, dissolved oxygen, so the selection of micro-
algae and its strain should be according to the source of the wastewater, resistibility 
to the pollution load, easily accessible and achieve the goal of preferred outcome. 
The harvesting methods of microalgae from wastewater are tedious, costly and 
laborious too, particularly for the unicellular microalgae. But with scientific devel-
opment, biotechnological approach and emergence of advanced technology, the 
problem of microalgae harvesting would be elucidated. Genetic modifications of 
microalgae hold a great potential for biofuel production from commercialization 
point of view. However, there are certain challenges that need to be overcome for 
its large scale production. Hence, more and more studies are required to unfold 
the enzymatic pathway of lipid/ biofuel production to understand the mechanism 
involved in the process. To date, several metabolic engineering processes have been 
developed for enhanced production of algal biofuel, high carbohydrate and lipid 
content in algal biomass and improving the photosynthetic efficiency of algal spe-
cies through the cellular expression or down regulation of various genes encoding 
a specific enzyme [62–64]. The complex nature of fatty acid biosynthetic pathway 
and lack of molecular transformation techniques for most of the oleaginous micro-
algae is cumbersome for genetic engineering process. Moreover, enhanced lipid 
production through genetic manipulation are not fully evolved and recent advance-
ment in the genetic engineering methodology and techniques still promising to 
reach the desired goal. For the commercial purpose, mass multiplication of microal-
gae is required. The growth of microalgae is governed by the temperature, seasonal 
variations and climatic conditions. The laboratory facility with controlled condition 
of temperature, humidity and invariable seasonal variation is required for the mass 
multiplication. By viewing the importance of microalgae in the wastewater treat-
ment, production of various valuable products and its combination with the other 
emerging technologies would definitely overcome the current challenges and cost in 
near future.

8. Conclusion

Algae are considered as a third generation biofuel, having high oil content than 
terrestrial crops. In the present scenario, biorefinery approach of microalgae is a 
promising approach towards reducing the cost of operation of decontamination as 
well as fuel production. Algae can easily grow on wastewater, which further pre-
serving the resources (arable land and fresh water) for other purposes. In spite of 
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producing various value added products from harvested algae biomass, it can act as 
a potential agent for wastewater remediation. Microalgae biomass production after 
wastewater remediation, could be a suitable fertilizer option. The microalgae biomass 
production reduces the organic load, and TDS, in wastewater which may further 
utilized as ferti-irrigation, hence reduces the burden on utilization of fresh water in a 
green circular economy. In addition, production of microalgae biochar which is rich in 
organic carbon, further enhances carbon sequestration and improving the soil quality 
and productivity. In this way, algae mediated wastewater treatment integrated with 
biochar, biodiesel and biofertilizer production from algae biomass is a recycling and 
resource conservation practice.
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