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Abstract: Colombia is the country with the sixth highest amount of water reserves in the world, and
25% of its territory is covered by wetlands. However, approximately 50% of the country’s water is
estimated to exhibit some type of contamination related to anthropic activities. An alternative for the
treatment and the recovery of its bodies of water is the use of microalgae, unicellular, and mixotrophic
microorganisms, as these bioreactors are highly adaptable to the environment, and their maintenance
costs are minimal, because they feed on almost any substrate. In fact, different countries have already
reported using microalgae as bioremediators for bodies of water. The use of these microphytes is
efficient because they metabolize, degrade, or bioaccumulate heavy metals, pesticides, emerging
pollutants, and antibiotics. In general, strategies relying on microalgae to eliminate pollutants are
very similar to one another. For example, the first stage often includes a process of bioadsorption,
consumption, degradation, and accumulation, wherein the microalgae use molecules generated from
their own cellular metabolism. Some pilot studies focusing on the phycoremediation of marshes and
other bodies of water have already been conducted in Colombia; however, more studies on process
optimization, effectively leveraging the biodiversity of the existing microalgae, and better adapting
microalgae to the region are still required.

Keywords: wastewater; biological contamination; chemical contamination; microalgae; bodies

of water

1. Introduction

Marshes, known as flood plain lakes, are shallow, slow bodies of water (<10 m), with
temperatures rising above 25 °C and rainfall exceeding 2000 mm per year that play an
important role in the biogeochemistry and the ecology of tropical river systems. Life in
these systems is well adapted to the spatial-temporal and physicochemical variations
caused by extreme water level fluctuations, which depend on the degree of connectivity
(direct or indirect) between the corresponding marsh and the rivers from which they receive
water (during floods) or to which they discharge their water in (in dry periods) [1,2]. The
hydrodynamic nature of these systems fosters complex primary and secondary production
cycles in addition to being water reoxygenators, ecological refuges, a breeding and feeding
area for local and migratory species, and, thanks to their high biological productivity, a
significant means of sustenance for several economic activities [3].

Colombia reports 1900 marshes covering an area of 478,418 ha. Still, 80% of this area
is related to the Magdalena marsh system divided into four complexes: Bajo Magdalena—
Canal del Dique, Delta rio Magdalena—Alto rio Cauca y Magdalena medio, el sistema
cenagoso de la depresion de la Momposina, and the Sint river system [4].

The contamination of the marsh and wetland systems of the Colombian Caribbean
region is largely associated with water management from their feeding natural (rivers)
and anthropogenic sources (Figure 1A), some of which are easily distinguishable at the
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discharge site (direct), and others not as clearly visible, but causing environmental alter-
ation and degradation (diffuse) [5]. Overall, the bodies of water feature different sources of
contamination, which vary both in intensity and volume [6] and are closely linked to the
expansion of agriculture, cattle ranches, mining, illegal plantations, and urban growth [7].
Wastewater is often a complex mixture of organic and inorganic materials coupled with
artificial compounds. For example, 75% of the organic carbon found in wastewater is in the
form of biomolecules such as carbohydrates, fats, proteins, amino acids, and volatile acids.
Inorganic constituents include large concentrations of sodium, calcium, potassium, magne-
sium, chlorine, sulfur, phosphate, bicarbonate, ammonium salts, and heavy metals [6]. This
large number of organic and inorganic substances affects water quality, thus generating an
“eutrophic crisis”, which is characterized by an excessive and uncontrolled proliferation of
phytoplankton, plants, and cyanobacteria (blue-green algae).

Photodegration

Created in BioRender.com bio

Figure 1. Effects from wastewater discharges on bodies of water, phycoremediation mechanisms.
(A) In natural ecosystems, primary producers are in equilibrium, supporting the entire ecosystem;
(B) in the eutrophication of bodies of water, there is an increase in the levels of phosphorus, nitrogen,
and carbon. This generates proliferation of cyanobacteria and pathogenic microorganisms, which,
in turn, triggers an increase in biochemical oxygen demand (BOD) and toxin biosynthesis, causing
the death of the native fauna. (C) Phycoremediation mechanisms for antibiotics (ATB), heavy metals
(HM), and pesticides (PeS); (D) microalgae biological control mechanisms against viruses and bacteria.

Perhaps the most visible effect of eutrophication (Figure 1B) is the generation of
phytoplankton blooms on the surface, which constrain the penetration of light, hinder
growth, and cause plant deaths, while, in turn, reducing the success rate of predators that
require light to chase and catch their preys [8]. Furthermore, high photosynthesis rates can
deplete dissolved inorganic carbon and raise pH to extreme levels, leaving large numbers
of chemosensory organisms, which depend on the perception of dissolved chemical signals
for their survival, without communication [9]. Ultimately, when these dense blooms die,
microbial decomposition severely depletes the oxygen dissolved, thus creating a hypoxic
environment, which is insufficient for sustaining most organisms [10].

Some algal blooms pose an additional threat, as they produce toxins (microcystin and
anatoxin) that negatively affect the fishing industry and create significant risks to public
health. Poisonings of domestic animals, wildlife, and even humans by toxic cyanobacteria
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blooms have been documented throughout the world, dating back to their first observation
in Australia (1878), where cases of cattle killed by cyanobacterial blooms had been reported.
In addition to posing significant public health risks, cyanobacteria have been identified
as poor-quality food for most zooplankton grazers, thus reducing the efficiency of energy
transfer in aquatic food webs [11].

In South America, blooms have been severely underestimated due to the lack of
records and poor monitoring. One of the most notorious cases occurred in Brazil in
1996, where 52 people died from drinking microcystin-poisoned water. In Colombia,
one of the first documented cases occurred in Ciénaga Grande de Santa Marta in 1971,
where an unprecedented level of fish mortality was observed due to the proliferation of
Anabaenopsis cyanobacteria. However, this was not an isolated event. In fact, this same
event has been repeated several times in the same region: in 1985 and 1994 [12], and more
recently in 2015 [13,14].

In addition to chemical contamination and direct environment eutrophication, mi-
crobial contamination is another issue that has become prominent in recent years. Marsh
systems with direct sewage discharges are an ideal medium for the development of a wide
range of microorganisms, especially bacteria, viruses, and protozoa. These microorganisms
can cause diseases of different severity, ranging from gastroenteritis to severe diarrhea,
dysentery, typhoid, or hepatitis. Most of these microorganisms are harmless (in fact, they
are commonly used in wastewater treatments), but a few (excreted in large numbers by ill in-
dividuals) have the ability to survive and cause the aforementioned diseases. Some studies
conducted on marshes denote a high microbial load related to fecal contamination (Table 1)
and/or the prevalence of other enteropathogenic bacteria associated with autochthonous
fauna, such as Vibrio [15], Citrobacter freundii [16], and Pseudomona aeruginosa [17].

In general, there are few studies related to marsh system contamination in the Caribbean
region. Current information available is punctual and assesses few parameters (physical,
chemical, biological, and ecological), and most of the studies available are gray litera-
ture and in many cases lack scientific rigor. Table 1, below, summarizes some research
studies related to this subject matter. This type of marsh contamination and, in general,
of continental bodies of water, is closely related to neighboring anthropic activity. For
the marshes of the Colombian Caribbean, most reports indicate three major pollutants:
coliform bacteria, pesticides, and heavy metals. These pollutants generate a eutrophication
of the environment, with proliferation of pathogenic microorganisms, reduced primary
production, genotoxic bioaccumulation, and, ultimately, loss of biodiversity.

Microalgae are unicellular organisms that convert the energy of solar radiation into
chemical energy through photosynthesis. In terms of biomass, microalgae are one of the
largest primary producers, and are responsible for at least 32% of global photosynthesis
and oxygen production and CO, sequestration [18]. The introduction of these microorgan-
isms in the wastewater sector represented one of the most promising advances in recent
decades [19,20]. This idea aims to use wastewater as a medium for the cultivation of
biomass (microalgae) with high commercial value and, at the same time, contribute in
a sustainable way to the purification of the effluent during the growth process. [21,22].
In this way, it would be possible to carry out both a bio-cleaning action of wastewater
and a bio-recovery of nutrients, helping to mitigate the negative environmental impact
of industrial and agricultural practices that depend significantly on a constant supply
of macronutrients [23]. The commercial use of this technology was proposed more than
60 years ago by Oswald et al. [24]; however, it only recently received a significant boost in
its implementation, thanks to the new sustainability policies. Biorefineries (as currently
referred to as systems for the sustainable production of algae biomass used to generate
subproducts and energy) are complex systems from an operational point of view, with
operating costs higher than traditional wastewater treatment plants [23]; however, over
time, they will be profitable, as long as some general rules are adopted, for example,
(a) production and extraction of biocomposites with high added value, for which there is
already a market [25]; (b) production of slow-release biofertilizers [26]; and (c) sustainable
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bio-recovery of heavy or precious metals and rare-earth elements through bioaccumulation
and biosorption processes [27-29].

Microalgae have a wide range of applications in the pharmaceutical, food, animal,
renewable energy, and cosmetics industries; it is estimated that there are approximately
45,000 to 100,000 species. Generally, and as they are not considered a taxonomic group,
microalgae are eukaryotic unicellular organisms (with a size that can vary between 0.5
and 200 nm), mixotrophic, with strong adaptability to the environment. This polyphyletic
group of microorganisms is divided into subgroups called diatoms (Bacillariophyta), red
algae (Rhodophyta), green algae (Chlorophyta), and blue-green algae (Cyanophyta) [30].
Currently, efforts are being made to standardize the double application of microalgae in
the restoration of contaminated water bodies and the production of value-added products
such as carotenoids, antioxidants, fatty acids, enzymes, polymers, peptides, toxins and
sterols [31], and using industrial waste [32,33], livestock waste [34], agro-industrial waste
and pesticides [35,36] as a substrate, making microalgae cultivation profitable [37]. Another
promising approach is using these microorganisms as a phytoremediator of aquatic envi-
ronments contaminated with antibiotics or toxic metals such as Aluminum, Nickel, Lead,
Cadmium, Mercury, Tin, Arsenic and Bromine [38-41], and the elimination of pathogenic
bacteria [42] and viruses [43]. In this review, we will delve into the physiological mecha-
nisms used by microalgae to carry out these processes.

2. Phycoremediation

Phycoremediation refers to the use of macroalgae, microalgae, and cyanobacteria to
eliminate or biotransformation of toxic and recalcitrant pollutants present in water and
capture atmospheric CO, (for environmental cleaning). This technology has ecological
and economic advantages, mainly due to its high-efficiency adsorption, rapid process, and
widely available resources [44]. To date, the relevant literature abounds in studies focusing
on those strains with a high content of pigments, starches and especially lipids, the latter
being used to obtain biofuels through transesterification processes [45]. However, microal-
gal species tend to have different physiological requirements related to temperature, pH,
the presence/absence of heavy metals and potentially toxic elements, the presence/absence
of light radiation in the culture system, as well as the ability to perform an autotrophic,
heterotrophic, or mixotrophic metabolism [23]. In this sense, microalgae, unlike other
organisms (bacteria and fungi) used in the restoration of ecosystems, can perform several
functions in parallel (metabolize, accumulate or adsorb pollutants, decrease organic load,
capture CO,, and produce oxygen and added-value compounds and biomass). Although
the removal, production or degradation rates seen independently are lower than those of
other microorganisms, in systems based on bacteria or fungi, the final degradation products
are organic acids and inorganic minerals that make up most of the sludge, the disposal of
which becomes a problem [46].

There are three main strategies used by microalgae for environmental remediation,
providing advantages compared to other biological processes that use microorganisms. The
ability to remove polluting compounds is mediated by: (a) Biosorption—considered a pas-
sive process that allows immobilizing organic pollutants such as aromatic compounds and
pesticides, by electrostatic bonding of the pollutant with the cell wall and the extracellular
matrix [47]. Due to the microalgae’s surface properties and retention capacity, its biomass
is used as a biosorbent for diclofenac [48] and Cr+6 [49] present in water. In many cases,
physical factors (pH and temperature) are among the essential parameters, since they affect
the normal development of the microorganism and the pollutant, altering the pollutant’s
color, solubility, and viscosity. For example, in the phytoremediation of synthetic dyes,
the biosorbent surface of microalgae has numerous functional groups such as carboxyl,
hydroxyl, amino, and phosphates. Due to this, the net charge of the biosorbent depends
on the pH. If the pH drops, the biosorbent surface will have more positively charged sites,
favoring the adsorption of anions due to electrostatic attraction. [50]. Therefore, at lower
pH, the biosorbent surface binds to anionic molecules [51]; (b) Bioaccumulation—it is con-
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sidered an active process where biomass captures organic and inorganic pollutants (heavy
metals, pesticides, nitrates, sulfates and phosphates) and transfers them to the interior of
the cells, eliminating them from the aqueous matrix [47]. This process is actively used to
bioconcentrate metals such as Zn, Al, Fe, Cd and Cu [39]. (c) Biodegradation—essential
process to eliminate organic matter and small molecules present in the water through
transformation and /or mineralization [52]; it has been observed that microalgae are capa-
ble of degrading pollutants and transforming them into intermediates, or improving the
degradation rate of the microbial community present [53].

2.1. Phycoremediation In Situ

These techniques involve the treatment of contaminated substances at the site of con-
tamination. They do not require any movement of the contaminated material and, therefore,
no alteration of the matrix structure. Taking into account that slow ecosystems such as
swamps and wetlands are large bodies of water, ex situ bioremediation techniques such
as tubular photobioreactor, open raceway pond, and a two-stage hybrid system are more
efficient in terms of quality since they can operate in more controlled conditions [54]. How-
ever, they have a limited maximum volume of cargo and investment costs ranging between
180,000 and 3,400,000 USD/hectare [55] for the open raceway pond and tubular photobiore-
actor, respectively, making this type of strategy economically unviable for the recovery
of bodies of water. Ideally, these in situ techniques should be less expensive compared
to ex situ bioremediation techniques; however, the cost of designing and installing some
sophisticated equipment on-site to enhance microbial activities during bioremediation is a
significant concern [55].

Some in situ bioremediation techniques include: (a) Biosparging, which is the injection
of air (or oxygen) and nutrients (if necessary) into the contaminated area, generating an
upward movement of volatile organic compounds to the unsaturated area, thus promoting
biodegradation. The effectiveness of this technique depends mainly on the bioavailability
and biodegradability of the pollutant. [55,56]; (b) Intrinsic bioremediation, also known
as natural mitigation, which is a technique that involves passive remediation (without
human intervention). The process is based on natural aerobic and anaerobic microbial
processes to biodegrade pollutants, transforming them into less dangerous compounds.
The absence of external force implies that the technique is less expensive. However, the
process must be monitored to establish that bioremediation is continuous and sustainable;
and (c) Bioaugmentation, which is the process of adding selected strains/mixed cultures to
improve the catabolism of specific compounds, generally divided into two main strategies.
Bioaugmentation is performed either by enrichment with native or indigenous microor-
ganisms previously adapted and isolated from the site or enrichment with non-native
microorganisms. This methodology is used in places with no active macro-organisms that
degrade the contaminant. [57].

2.2. Microbial Consortia

Microalgae and bacteria are closely related (from a nutritional exchange point of
view), covering many interactions ranging from mutualism/commensalism to competi-
tion/parasitism [58,59]. Generally, microalgae produce O, and dissolve organic carbon
that bacteria can use as an electron and energy acceptor. For their part, bacteria release CO,
during the degradation of organic matter, nitrogen, vitamin B, and siderophores, which
are easily accessible to microalgae [60,61]. The substrate/metabolite interdependence pro-
motes the growth of the associated groups and provides stability against environmental
oscillations, minimizes the invasion of other species, and improves the global absorption
of nutrients [62]. These interactions are not limited only to the exchange of nutrients, but
also to communication through chemical signals, such as indole-3-acetic acid (IAA) and
N-acyl-homoserine lactones (AHL), which mediate a variety of collective behaviors and
ecological functions, for example, acquisition of nutrients, construction of ecological niches
(where the microalgae act as a secondary habitat, and the bacteria provide polysaccharides
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or proteins) and reproduction [63,64]. The antagonistic effects of microalgae/bacteria in-
teractions cannot be ignored; in these cases, one microorganism controls the accelerated
growth of the other. For example, bacteria produce toxic metabolites (mycotoxins and alle-
lochemicals) and lytic enzymes that inhibit excessive growth of microalgae; and microalgae
are capable of releasing exotoxins that act as bacteria growth-inhibiting compounds to
maintain the balance of the community [64]. However, knowledge about the interaction
mechanisms is limited at the moment [65], and is focused on understanding biological and
physical interactions, with few studies having illustrated interactions at the molecular and
biochemical level [58].

2.3. Microalgal Biomass

One of the main drawbacks of cultivation or bioremediation with microalgae is their
collection and final disposal. Although there are multiple techniques available for sep-
arating biomass from the bulk of the crop, adopting a harvesting technique depends
mainly on the application of the biomass produced and the energy requirement per unit
of biomass production. In the preliminary step, collection techniques such as sedimenta-
tion, flocculation, filtration, electrocoagulation, and filtration are used to obtain a biomass
suspension [66]. This biomass can be used as an alternative raw material (compared to the
raw material that is typically generated from plants). The use of polluted water limits the
application of the algae biomass produced [67]. In general, the microalgae biomass from
contaminated waters can be used to produce alternative energies (biodiesel, biomethane,
bioethanol, bioglycerol, polysaccharides and bioplastics). Therefore, removing contami-
nants would be necessary for use in specific applications. There are limited studies on the
recovery of metals from coagulated-flocculated biomass. For this reason, it is imperative to
study the recovery of other organic polymers from microalgae biomass [66].

3. Biodiversity

Microalgae are a very diverse group that includes prokaryotes (cyanobacteria) and
photosynthetic eukaryotes located in three kingdoms: protozoa, chromista, and plantae [11].
Microalgae classification has been based on morphological, physiological, and ecological
characteristics. However, molecular and ultrastructural characteristics have recently been
included as part of their classification [68]. Given the differences between the International
Code of Nomenclature of Prokaryotes and the classification systems used for eukaryotes,
such as the International Code of Nomenclature for Algae, Fungi, and Plants, many authors
exclude cyanobacteria from microalgae classification [67,68]. Still, a prokaryotic lineage is
often identified within the group: Cyanophyta (blue-green algae), and nine eukaryotes:
Prochlophyta, Glaucophyta, Rhodophyta (red algae), Cryptophyta, Chlorophyta (green al-
gae), Euglenophyta, Chlorarachniophytes, Pyithophyta (dinoflagellates), and Chromophyta
(heterokont algae) [67,68].

These microorganisms are characterized by exhibiting chloroplasts or photosynthetic
cell structures, and phycobiliproteins, such as chlorophylls and carotenoids [11,69,70]. They
are widely distributed in environments as diverse as freshwater or marine, in surface
waters, in water columns, deep waters, and sediments; and in terrestrial environments, in
soils rich in organic matter, hot and cold sandy regions, and in extreme regions such as
the Antarctica [11,69,71,72]. Microalgae are a part of plankton and play a critical ecological
role at the bottom of the food chain. In fact, they account for approximately half of
photosynthesis and oxygen production on the planet and play an essential part in carbon
fixation [12,13,72]. In Colombia, although some metagenomics and microbial ecology
studies have identified microalgae in rivers, marshes, and hot springs in different regions,
there are very few studies on microalgal diversity [13,73-76].

4. Chemical Biodegradation through Microalgae

Microalgae can degrade several chemical pollutants, such as heavy metals, contaminat-
ing gases, pesticides, antibiotics, and other toxic chemical compounds. For these purposes,
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and depending on the nature of the agent, microalgae use one of the following strategies to
either degrade or internalize and bioaccumulate each agent (Figure 1C).

4.1. Phycoremediation of Heavy Metals

Heavy metals, such as arsenic, cadmium, chromium, lead, and mercury, are carcino-
genic and may exhibit toxicity even in trace amounts, threatening ecosystems and human
health. Within this context, there is an emerging trend of employing microalgae in the
phycoremediation of heavy metals, due to their several benefits, including their abundant
availability, affordable costs, excellent metal removal efficiency, and eco-friendly nature [75].

Meanwhile, even when microalgae are able to use heavy metals, such as boron, cobalt,
copper, iron, molybdenum, manganese, and zinc, as enzymatic cofactors in cellular pro-
cesses, other heavy metals, such as arsenic, cadmium, chromium, lead, and mercury, are
toxic to them. However, due to the hormesis phenomenon, some low-toxicity heavy metals
can even stimulate the growth and the metabolism of microalgae (Figure 1C).

In fact, microalgae use several self-protection strategies against toxicity, such as heavy
metal immobilization, gene regulation, exclusion, chelation, antioxidant overexpression,
and enzyme reduction; however, each strategy depends on the microalgae species and the
nature of the metal. Below, we provide an overview of some of these strategies, but, for

further information on this subject matter, please refer to Leong (2020) [75].

Table 1. Studies conducted in the main marshes of the Caribbean region.

Location Pollution Sources Type of Assessment Conclusions Reference
Plli?:phorus Eutrophication and
srogen microbiological /fecal [5]
Heat-resistant coliforms Contamiignation
Total suspended solids
Domestic waste Metal (Pb, Cq, an; Zn) ?etermmahon High heavy metal levels [77]
Grande de Santa Marta . In sediments
Marsh-Magdalena Manufafta:;?rig%ndustry Determination of organochlorine pesticides C - ith
(lindane, heptachlor, aldrin, DDE, DDD, and Omiml;‘l art;(i)n ;Nlt [78]
DDT) in sediments agrochercals
Characterization of cyanobacteria and Eutropl'uca@on ani 12214
their toxins contamination wit] [12-14,79]
phycotoxins
R e Determination of Petroleum Hydrocarbons S .
Mir Rlvei{]istiiiry—Pac1f1c Trans-Andean pipeline equivalent of Chrysene (HP) and Polycyclic Cor:a;géﬁiﬁgaﬁlth [80]
g Aromatic Hydrocarbons (PAH) &
La Mojana Region (San
Antonio Marsh, Machado . Determination of Mercury in sediments, fish, . ;
Marsh, and San Marcos Gold mining hair, rice crops, and macrophytes High heavy metal levels (81]
Marsh)-Sucre
Nitrogen
Phosphorus Eutrophication and
Solids (total, suspended, sedimentable, microbiological /fecal [82]
and dissolved) contamination
Total coliforms
< Municipal and L o
Ayapel Marsh- Cérdob. p
yape Marsh--ordoba industrial wastewater. Determination Oii:r?}izfaci?;r}{tlsn fish and marsh High heavy metal levels [83]
Not specified Mercury contamination [84]
Cyanobacteria characterization Eutrop hl_catlon, high leyels of [85]
toxic cyanobacteria
Tubificidae and Planorbidae counts- Indicators
Municipal and industrial of highly contaminated waters from organic eutrophication [86]
T t i i
Mata de Palma Marsh-Cesar wlgzr::i/iger matter, polysaccharide waters, and hypoxia
Cattle farming Fecal coliforms Microbiological / fecal 187]
Open-pit mining Total coliforms contamination
Organochlorine pesticides S .
Farming DT, DDE, and DDD Cogtz‘rﬁﬁ:ﬁ;ﬁ”ﬂ‘ [88]
Heptachlor and methoxychlor 8
La Virgen Marsh-Bolivar Total suspended solids
Municipal and industrial Ammonium Eutrophication and
P Phosphorus microbiological /fecal [89]

wastewater

Fecal coliforms
Total coliforms

contamination
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Table 1. Cont.

Location Pollution Sources Type of Assessment Conclusions Reference
Metal (Hg, Cd, Cu, Pb, Cr, Ni, and Zn) [90]
determination in sediments
. . Municipal and industrial ; .
Mallorquin Marsh-Atlantic wastewater Metal (Hg, Cr, Cd, Spd Ni) determination in High levels of heavy metals [91]
Ocean Farming sediments
Metal (Zn, Cu, Pb, Cd, and Hg) determination [92]
in water
Total suspended solids o
- . . . Heavy metal contamination,
Municipal and industrial Fats and oils eutrophication, and
Miramar Marsh-Santander wastewater Metal determination (Al, Ba, Hg, Pb, and Cd) utrop s 1 f [93]
Farming in water m1cr0b1ologlca}/ ecal
Total coliforms and fecal coliforms contamination
Opén and Miramar Municipal and industrial A )
Marshes-Santander wastevrater Phytoplankton and zooplankton Eutrophication [94]
Farming Metal (Fe, Mn, Ni, Cr, Al, Hg, Pb, Cd, Cu, and
Soledad Marsh-Cérdoba Cattle farming Zn) determination in water, fish, and Heavy metal contamination [95]
Gold mining sediments
Municipal and industrial Total coliforms and fecal coliforms Hea‘éit];)etﬂctz?;in:rr:calnon,
La Quinta Marsh- Bolivar p Metal (Hg, Cr, and Cd) determination in utrop Y [77]
wastewater sediments microbiological/fecal
contamination
Puerto Caiman Municipal and industrial
X wastewater Phytoplankton Eutrophication [96]
Marsh-Atlantic ytop P
Cattle farming
. Organochlorine compounds in fish Organoghlopne [97]
Grande del Bajo Sint Farming contamination
Marsh-Cérdoba Cattle farming Cyanobacteria evaluation and Eutrophication, high levels of 98]

characterization toxic cyanobacteria

The phycoremediation of heavy metals through microalgae is achieved using a
two-stage system. The first stage is rapid passive extracellular adsorption (biosorption).
The outer surface of the cell presents a large number of peptides and exopolysaccharides
with uronic groups, as well as functional groups, such as amino, carboxyl, hydroxyl, imi-
dazole, phosphate, sulfonate, thiol, and others, capable of binding to anionic and cationic
species of different heavy metals. The second stage begins when the metal is internalized
through positive diffusion, and phytochelatin biosynthesis (peptides and proteins rich in
thiol groups) is activated. These peptides and proteins form metalloprotein complexes,
which are subsequently stored in vacuoles (bioaccumulation), helping to control metal ion
concentrations in the cytoplasm and minimizing their toxic effects [99]. To counteract the
free radicals released by heavy metals during adsorption, microalgae synthesize antioxidant
enzymes, such as ascorbate peroxidase, catalase, glutathione reductase, peroxidase, and
superoxide dismutase (SOD), as well as nonenzymatic antioxidants, such as carotenoids,
cysteine, ascorbic acid (ASC), glutathione (GSH), and proline. SOD acts as the first line
of defense against superoxide anions by decomposing them into oxygen and hydrogen
peroxide molecules. Hydrogen peroxide is further degraded by catalase into water and
oxygen molecules [75].

An example of bioremediation used in bodies of water contaminated with heavy
metals is provided by Sivasubramanian et al. [100], who used Desmococcus oivaceus in
the treatment of chromium-rich sludge generated by the electroplating industry. Based
on this, microalgae play a critical role as primary producers in aquatic ecosystems, and
their absorption capacity is a big additional advantage. Chlorella vulgaris, Scenedesmus
incrassatulus, Chlamydomonas reinhardtii, Scenedesmus obliquus, and Chlorella pyrenoidosa have
the ability to reduce chromium (VI) concentrations by 42% to 100% through chromium
reductase and a glutathione purifying molecule [101]. Table 2, below, lists other examples
in which microalgae have been used to remove heavy metals.
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Table 2. Using microalgae to remove heavy metals from bodies of water.
Name Metal Reference

Chaetoceros calcitrans Cadmium [102]

Chlorella vulgaris Nickel, zinc, lead [103]

Scenedesmus obliquus Cadmium [104]

Pithophora lanceolatum Lead, mercury, cadmium [105]

Spirogyra hialina Mercury, cadmium, lead, arsenic, and cobalt [106]

4.2. Pesticide Phycoremediation

The increase in the population worldwide has generated agricultural activities to be
increasingly intensive as they seek to satisfy the need for food of the different populations,
becoming an important source of contamination for groundwater and surface water systems
in different rural areas [107].

Microalgae can use a variety of organic pollutants, including pesticides, as an en-
ergy source (Figure 1C). Most of these compounds have recalcitrant chemical structures
that are difficult to degrade, and in some cases, the degradation products are more toxic.
Biodegradation of pesticides is determined by two groups of factors, the first relates to
microorganisms including the presence and number of appropriate microorganisms, the
contact between microorganisms and the substrate (pesticide), pH, temperature, salinity,
nutrients, light quality and intensity, available water, oxygen tension and redox poten-
tial, surface binding, presence of alternative carbon substrates and alternative electron
acceptors. The second group of factors including chemical structure, molecular weight
and functional groups of the applied pesticides, their concentration and toxicity and their
solubility in water [108]. In general, pesticide degradation (it is a similar process for an-
tibiotic degradation) is a multistep process that includes the initial attack on substances,
which thereby transforms the most hydrophilic compounds. In general, this process is
characterized by reactions of hydrolysis, reduction, or oxidation of hydroxyl groups. The
most common reactions portrayed are carboxylation, hydrogenation, and ring cleavage.
The enzyme responsible for this initial process is cytochrome P450 [109]; in the second
phase, the enzyme glutathione protects cells against oxidation processes. These catalysts
are developed with the junction between electrophilic compounds and glutathione, glucose,
or malonate [110,111]. In general, identifying enzymes responsible for the biodegradation
of these contaminants in biodegradation processes is a highly complex process and there
are only a few investigations on the same [111]. There are several studies that use algae
from Chlorophyta phylum (green algae), Rhodophyta (red algae) and Chromophyta, to
degrade organophosphate pesticides such as methyl parathion, parathion, malathion, phor-
ate, quinalphos and monocrotophos; however, it has been proven that microalgae-bacteria
microbial consortia are more effective in degrading compounds, for example: the use of
Chlorella sp. and Scenedesmus sp. to degrade organophosphates, pyrethroids and oxadia-
zole [112], Chlorella vulgaris in non-anoxic cultures showed a high long-term removal rate
in 10 of the most used industrial pesticides (carbofuran, carfentrazone-ethyl, fludioxonil,
phenmedipham, propamocarb and terbuthylazine, among others) [35]. Chlorella sorokini-
ana [113] and Coccomyxa subellipsoidea [114] break down organophosphates (paraoxon,
malathion and diazinon) through a mechanism that requires the formation of reactive
oxygen species (ROS)

4.3. Emergent Contaminant Phycoremediation

Water quality management aimed at human health protection has focused on eutroph-
ication, suspended sediments, heavy metals, and human pathogens. However, there has
been a recent growing concern about the presence of Emergent Contaminants (CE, for the
Spanish acronym) in bodies of water. Mainly, ECs (emergent contaminants) are compounds
of different nature (synthetic or organic chemicals) with a high degree of solubility and are
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potentially dangerous for humans and the environment. These compounds are typically
classified into several categories including pharmaceuticals, personal care products, illegal
drugs, artificial sweeteners, plasticizers, and flame retardants. There are three main ap-
proaches through which microalgae can bioremediate EC: bioadsorption, bioconsumption,
and biodegradation. Microalgae bioadsorption occurs when ECs are adsorbed on cell wall
components or organic substances excreted by cell. Bioconsumption involves the active
transport of ECs into the cell, where they link to intracellular proteins and other compounds.
Unlike bioadsorption and bioconsumption, which simply act as biological filters that con-
centrate pollutants, biodegradation involves the transformation of complex compounds
into simpler molecules through catalytic metabolic degradation. This process can occur
through two mechanisms, either by metabolic degradation, where the EC serves as a carbon
source; or by cometabolism, where EC is degraded by cytochrome P450 enzymes and other
enzymes, such as glutathione-S-transferase, SOD, catalase, glutamyl-tRNA reductase, and
malate/pyruvate dehydrogenase [115].

4.4. Antibiotic Phycoremediation

Antibiotic contamination has attracted increasing attention in recent years due to the
potential harmful risks it represents to the environment and human health. Although
most antibiotic traces found in the environment were in relatively low concentrations,
growing evidence has demonstrate that they exert negative ecological effects on organisms,
constraining the proliferation of beneficial microorganisms, and altering the composition
and the activity of the microbial communities. Meanwhile, an excessive and improper
use of antibiotics could promote the development and the spread of Antibiotic Resistant
Bacteria and Antibiotic Resistant Genes, thus creating strong selection pressure on human
and natural microbial systems [116].

Antibiotic removal rates depend to a large extent on the species of microalgae. For ex-
ample, the species of the genus Chlorella are effective for the degradation of cephalosporins,
ceftazindin, cephradine, cephalexin, amoxicillin, azithromycin, enrofloxacin, florfenicol,
and levofloxacin. Some antibiotics can also be removed by photodegradation and volatiliza-
tion; however, for these processes to occur, very special conditions must be met, which are
not common and are generally considered insignificant. The degradation of antibiotics by
microalgae occurs in three steps: (a) rapid passive adsorption through physicochemical
interactions between the cell surface and contaminants; (b) a transfer of molecules across
the cell membrane; and (c) bioaccumulation and biodegradation within the cell [117]. The
mechanism of antibiotic adsorption and internalization is practically the same as that for
heavy metals, but the underlying biodegradation mechanisms can be classified into two
categories: (1) metabolic degradation, in which the antibiotic acts as a standalone carbon
source or as a microalgae electron donor/acceptor (Figure 1C); and (2) cometabolism, in
which additional organic substrates both sustain biomass production and act as electron
donors. For further information on this matter, please refer to Xiong, 2021 [116].

4.5. Polycyclic Aromatic Hydrocarbons Degradation

Combined contamination of xenobiotics in aquatic ecosystems represents an envi-
ronmental issue due to the limited information on the reciprocal interactions between
chemicals and their toxic mechanisms [118]. The carcinogenic and mutagenic potential of
Polycyclic aromatic hydrocarbons (PAHs) is well known; therefore, their effects on aquatic
organisms are a critical concern [119]. PAHs consist of two or more benzene rings fused in
linear, angular, or cluster [120]; they are considered recalcitrant compounds due to their low
solubility, relative stability, low volatility, and resistance to biological degradation [121].

Compared to bacteria and fungi, not enough attention has been paid to the biodegra-
dation of PAHs by microalgae, despite their ubiquitous distribution, their central role in
carbon fixation and renewal, and the recognition of their heterotrophic capabilities. The
information on the relationship between heterotrophy of algae and biodegradation of
xenobiotic compounds is less than the broad information on bacteria and fungi [122].
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Several microalgae strains are known to have the ability to metabolize/transform
different PAHs (naphthalene, phenanthrene, anthracene, benzopyrene) [123]. Generally,
microalgae have three mechanisms for eliminating PAHs from the environment: (1) PAHs
adsorption on the surface of algae cells depending on the active groups present on those sur-
faces; (2) accumulation of PAH within algae cells; and (3) transformation of PAH depending
on enzymatic actions [122-124]. The enzymatic degradation of PAHs depends on the nature
and structure of the aromatic compound. For example, Warshawsky et al. (1995) [125]
evaluated the degradation of benzopyrene (BaP) by Selenstrum capriconutum, discovering
that the algae used a dioxygenase system (similar to the bacterial degradation systems of
PAHs, but different from those of eukaryotic organisms) to oxidize the compound and
convert it to glucoside ester sulfate conjugates. Benzene undergoes reduction followed
by hydrolytic cleavage of the ring to produce aliphatic acids used in cell growth [124].
On the other hand, the biotransformation of naphthalene by Oscillatoria sp. produces
four primary metabolites, 1-naphthol, 4-hydroxy-4-tetralone, cis-naphthalene dihydrodiol
and trans-naphthalene dihydrodiol in concentrations that were not toxic. However, total
naphthalene degradation was low, ranging from 1 to 1.9% [126,127].

In the biodegradation of Fluoranthene (FLT) by Chlorella vulgaris, enzymatic studies
confirmed that the enzyme involved in the metabolism of FLT was catechol 2,3-oxygenase
and peroxidase (POD). The analysis showed that growth rate, biomass, chlorophyll, car-
bohydrate and protein content were negatively affected. In contrast, lipid and carotenoid
content increased significantly [123], a similar study where the degradation of phenol
and its methylated homologues by Ochromonas danica showed that the enzyme catechol
2,3-oxygenase is directly involved in the degradation of this type of compound [124]. For a
more in-depth description, refer to these articles [122-124,128,129].

5. Biological Contaminant Phycoremediation

The wastewater environment is an optimum medium for a wide range of microorgan-
isms, especially bacteria, viruses, and protozoa. Most are harmless and, in some cases, are
used in the biological treatment of wastewater. Nevertheless, wastewater also contains
pathogenic microorganisms, which are excreted in large numbers by ill individuals and
symptomatic carriers. For example, wastewater can contain the bacteria that cause cholera,
typhoid fever, and tuberculosis, the viruses that cause infectious hepatitis and COVID-19,
and the protozoa that cause dysentery [6].

5.1. Bacteria Removal

The photosynthetic activity of microalgae results in an increase in Dissolved Oxygen
(DO) and temperature, which decreases the number of pathogens found in the body of water.
The increase in DO promotes oxidative stress from the production of Reactive Oxygen
Species (ROS) that damage cellular components, such as the proteins and the lipids of the
cell membrane, and DNA, which increases the removal of pathogens (Figure 1D) [130,131].

During microalgae proliferation, the CO, assimilation, nitrogen adsorption (in photo-
synthesis), and carbon immobilization (in respiration) processes occur (Figure 1B), which
decrease the number of nutrients available, thus fostering nutrient competition between
the microalgae and bacteria. These two effects together (pH increase and nutrient decrease)
generate a hypoosmotic shock producing irreversible changes in the cell membrane and
wall, and, consequently, cell lysis in pathogenic bacteria such as fecal coliforms (Enterococci
and Escherichia coli), Clostridium perfringens, and Salmonella enterica [127]. In addition, some
studies have determined that Synechocystis sp. and C. vulgaris produce toxins that affect the
environment (raise its pH level). The former is known as microsistin-LR, while the latter is
a toxin derived from long-chain fatty acids. These toxins kill cells due to pH changes [132].

Developed countries often use microalgae in the treatment of wastewater and the
elimination of pathogenic bacteria. For example, Chlorella sorokiniana and Scenedesmus
obliguus have been used for treating water with high organic loads and the elimination of
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pathogenic bacteria and pollutants, such as fecal coliforms, total coliforms, E. coli, Salmonella,
and Shigella, managing to destroy up to 99.78% of the microorganisms [78,133,134].

In addjition, in recent studies, Galdieria sulphuraria (red extremophilic microalgae) has
been used to reduce dissolved organic carbon, phosphates, and ammoniacal nitrogen in
eutrophied waters, observing that, after four days, the nutrient concentrations and pH level
decreased significantly (from pH 2.5 to pH 4), which removed 99% of the bacteria [135].

5.2. Viral Inactivation

Several pathogenic viruses associated with major disease outbreaks are commonly
found in wastewater. However, conventional approaches to pathogen elimination are
often associated with different economic and logistics drawbacks [76]. Conventional viral
inactivation protocols use ultraviolet radiation, which in addition to being an economically
unfeasible methodology, it is not equally effective for all viruses as its effectiveness depends
on the type of virus genome. For example, RNA viruses are often more resistant to
direct light inactivation [136]. Alternative and nontraditional systems use polysaccharides
extracted from Porphyridium sp., which inhibit a large percentage of viruses, including
the Human Immunodeficiency Virus (HIV 1 and 2). This viral inactivation occurs by
inhibiting viral reverse transcriptase and RNase H, which are essential for the replication
and synthesis of viral proteins [132,137,138].

Furthermore, microalgae have recently been used for the removal of Enterovirus and
Norovirus from wastewater [139,140]. A team of researchers from Bangladesh developed a
system of algae immobilized on filter paper [141], which managed to remove 100% of the
viral particles found in wastewater, and generated 3 L of microbiologically safe drinking
water in 25 min. In general, terms, there are only four models of viral particle removal or
inactivation mechanisms.

One mechanism is mediated by direct sunlight induced by UV-B light or indirect
sunlight induced by UV-A light. In the former case, viruses adsorb photons, causing
damage to the capsid and proteins associated with their genetic material. The latter indirect
form is related to the ROS produced during respiration and that are released by microalgae,
which lead to the destruction of viral particles.

Another mechanism is the elevation of dissolved oxygen and the increase in pH
mediated by microalgae, which is detrimental to several wastewater pathogens. In the
cultivation of the Galdieria sulphuraria acidophilic microalgae, studies have been observed
that these microalgae decrease wastewater pH levels, which, coupled with extreme temper-
atures and inactivation mediated by sunlight, play an important role in virus inactivation
by changing the general virus load, impacting its structural proteins and improving the
adsorption process.

Bioadsorption to the matrix followed by sedimentation of the microalgae biomass is
considered one of the most effective mechanisms for the removal of viral particles. Virus
binding is mediated by electrostatic interactions with exopolysacchariums or toxic exudates
produced by microalgae. The ionization state of the carboxyl and amino groups from
capsid proteins is highly dependent on pH levels, and conducts an electrical charge leading
to the aggregation of viral particles on microalgae surfaces [142].

Predation is another important mechanism used in virus elimination. Here, the
presence of heterotrophic and ciliated nanoflagellates in wastewater systems reduces virus
viability [143]. In addition, predation can help remove viruses that become trapped in
extracellular polymeric substances. Alternatively, the killing of virus predators and their
subsequent settlement to the bottom of the water system by sedimentation may also
contribute in reducing the number of wastewater viruses. Finally, microalgae also serve
as the foundation for aquatic food networks as they feed on zooplankton and protozoa,
specifically rotifers, copepods, and ciliates [144].
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6. Microalgae in Colombia

In Colombia, water treatment systems are very common in urban settlements, whereas
they are practically nonexistent in rural areas. Possibly, poor knowledge, economic tech-
nologies, and less cumbersome processes have constrained the implementation of water
treatment plants in the country, resulting in pollutants being directly discharged to marshes,
rivers, and reservoirs, often generating high levels of pollution, which far exceed the
maximum permissible values, and negatively impacting the ecosystem and its surround-
ing populations. However, some promising research is currently being conducted in the
country for the treatment of industrial wastewater using microalgae as bioreactors. For
example, Chlorella sp. and Scenedesmus sp. in the wastewater treatment of a textile com-
pany [145,146], Synedra sp. as an inhibitor of pathogenic bacteria [147], Chlorella vulgaris and
Scenedesmus acutus to remove chromium from tannery wastewater [148], Spirulina maxima;
Spirulina platensis; and Chlorella vulgaris as an alternative for treating eu-trophication of the
Ubaque lagoon [149], Chlorella vulgaris in the removal of organic matter in wastewater [150],
Chlorella sp. for treating wastewater from the paint industry [151], Chlorella sp. for the
production of biofuel from wastewater treatment [152], Chlorella sp. used in the degradation
of phenol [153], Chlorella vulgaris and C. sorokiniana coupled with Azospirillum brasilense in
the treatment of wastewater [154], Chlorella vulgaris used to remove nitrogen and organic
matter through artificial wetlands [155], and Chlorophyta division in the biological treat-
ment of acidic coal mine drains [156]. Despite 1695 micro-algae reports in the Colombian
territory [157], majority of these studies have focused on a reduced number of species, not
fully leveraging the biotechnological potential available in the country.

In addition, the microalgae have huge bioprospective potential, of importance for
sustainable development, which has been studied and applied in Colombia, as the use of
Chlorella sp. as a soil fertilizer [158], Scenedesmus sp. as a nutritional source for crustaceans
used as food in the early stages of larviculture of freshwater [159,160], the species Dunaliella
salina, Chlorella sorokiniana and Chlorella vulgaris for the production of fatty acids and
subsequently as a source for biodiesel [161-163], and the use of the microalgae as an
improvement in the carotenoids production with the biochemical and metabolic charac-
teristic exhibited by Dunaliella salina [164].

The diversity of ecosystems, climates and water resources present in Colombia imply
great conservation commitments. In this sense, within its biodiversity there are numerous
species of microalgae known and yet to be explored, which contribute to solving environ-
mental problems and the preservation of ecosystems. Some studies have shown that there
is a great diversity of microalgae [79,85,165]; however, there is still much to explore, to
identify new species and evaluate their biotechnological potential in water treatment and
other applications.

7. Conclusions

Phycoremediation is an environmentally sustainable technology with great potential
in traditional water treatment. This approach is a living example of the Circular Economy,
which is so popular right now. The cultivation and application of microalgae is a promising
approach for the recovery of hard-to-reach bodies of water and populations with few
resources since it not only decreases eutrophication rates and increases dissolved oxygen
concentrations in the bodies of water, but also generate innovative by-products (pigments,
enzymes, sugars, and lipids). Currently, several Colombian companies and universities
are using this eco-friendly technology under the premise of “restoring by producing”. In
Colombia, a mega-diverse country with serious pollution problems, the bioprospecting,
development, and application of microalgae in bodies of water would be an excellent
strategy for the recovery of these ecosystems, thus improving the quality of life of their
surrounding communities.
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