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Preface

Plankton are fundamental components of aquatic ecosystems, serving as the primary
producers and forming the aquatic food web base. These microorganisms signifi-
cantly influence global biogeochemical cycles, climate regulation, and biodiversity
maintenance. Despite their microscopic size, plankton is critical in maintaining
ecological equilibrium across freshwater and marine environments.

This volume aims to provide a comprehensive examination of the biology, ecological func-
tions, and environmental interactions of plankton. It also explores their potential applica-
tions in biotechnology, sustainability, and environmental management. The content is
organized into three sections, each focusing on a crucial aspect of plankton research.

Section 1, “Introduction”, introduces the ecological significance of plankton in
aquatic systems. The initial chapter by Leonel Pereira presents an overview of the
diverse forms and ecological roles of plankton, providing a foundation for subsequent
detailed discussions. Moshe Gophen investigates the complex interactions within the
Lake Kinneret ecosystem, highlighting the relationships between biotic and abiotic
factors. Historical analysis by Timothy B. Mihuc and colleagues examines 50 years

of phytoplankton community changes in Lake Champlain, revealing the long-term
effects of environmental variations. Maria lasmina Moza and her team analyze the
influence of environmental factors on cyanobacteria genotypes and toxin production.
Additionally, Hichem Nasri and collaborators study the impact of physicochemical
parameters on the growth and toxicity of Microcystis sp., a common cyanobacterium
associated with harmful algal blooms.

Section 2, “Marine and Coastal Ecosystem Studies”, focuses on plankton dynamics
in marine environments. Amira Rekik and her team explore the seasonal variability
of zooplankton communities in the El Bibane Lagoon, emphasizing the impact of
environmental factors on community structure and species interactions. This study
underscores the sensitivity of marine planktonic communities to environmental
fluctuations and their potential as indicators of ecosystem health.

Section 3, “Innovations and Applications”, addresses advancements in plankton
research and their practical applications. Barbara Saucedo and her team discuss the
use of mathematical models to understand the metabolic pathways of photosynthetic
plankton, which have implications for optimizing plankton cultivation for biotechno-
logical applications. Irene Gallego concludes the book by examining biocompounds
derived from freshwater and marine phytoplankton. These natural products,
including pigments, antioxidants, and biofuels, offer significant potential for com-
mercial and pharmaceutical applications, positioning plankton as a key resource for
sustainable innovation.

This volume represents a collaborative effort by leading researchers worldwide, con-
tributing diverse insights into plankton research. The chapters collectively highlight



the ecological, environmental, and economic importance of plankton. By integrating
fundamental research with applied sciences, this book aims to inspire new directions
in plankton research and underscore their role in addressing global challenges such as
climate change and food security.

The volume is intended as a valuable resource for scientists, students, and practitio-
ners in aquatic ecology, environmental management, and biotechnology. It is hoped
that readers will gain a deeper understanding of plankton and their potential to
contribute to a sustainable future.

Leonel Pereira

CFE—Centre for Functional Ecology: Science for People & Planet,
Marine Resources, Conservation and Technology,

Marine Algae Lab,

Department of Life Sciences,

University of Coimbra,

Coimbra, Portugal
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Chapter1

The Unsung Heroes of Aquatic
Ecosystems: The Vital Roles of
Plankton

Leonel Pereiva

Abstract

Plankton, a diverse group of organisms suspended in freshwater and marine
ecosystems, plays a crucial role in aquatic environments. They are categorized into
phytoplankton, zooplankton, and bacterioplankton, each contributing uniquely to
ecological processes. Phytoplankton, as primary producers, drives photosynthesis and
oxygen production, forming the base of aquatic food webs. Zooplankton, as primary
consumers, link primary producers to higher trophic levels and aid in nutrient recy-
cling. Bacterioplankton is essential for decomposing organic material and mediating
biogeochemical cycles. Plankton distribution is influenced by environmental factors
such as light, nutrients, temperature, and salinity, with distinct communities in fresh-
water and marine habitats. Understanding plankton dynamics is vital for appreciating
their role in global biogeochemical cycles and ecosystem health.

Keywords: symbiosis, competition, aquatic ecosystems, biogeochemical cycles, blooms

1. Introduction

Plankton is a diverse group of organisms that live suspended in the water column
of freshwater and marine ecosystems [1]. They are primarily defined by their limited
ability to swim against currents, relying on water movements for their distribution.
Despite their microscopic size, plankton plays a crucial role in aquatic ecosystems by
forming the base of the food web and driving global biogeochemical cycles [2, 3].

Plankton can be broadly classified into three main categories based on their
biological characteristics and ecological roles: phytoplankton, zooplankton, and
bacterioplankton [1]. Phytoplankton are photosynthetic microorganisms, often
referred to as the “grass of the sea”. They use sunlight to convert carbon dioxide
and water into oxygen and organic compounds, contributing significantly to global
oxygen production [4]. Examples include diatoms (Bacillariophyceae), dinoflagellates
(Dinoflagellata), blue-green algae (Cyanobacteria), and green algae (Chlorophyta)
[5]. Phytoplankton forms the foundation of aquatic food webs, supporting
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The Role of Plankton in Freshwater and Mavine Ecology

herbivorous zooplankton and higher trophic levels [6]. Additionally, they play a key
role in carbon sequestration through the biological pump, where carbon is transferred
from the ocean’s surface to its depths [7].

1.1 Zooplankton

Zooplankton, on the other hand, are heterotrophic organisms that feed on phyto-
plankton, other zooplankton, or organic detritus. Although they exhibit some mobil-
ity, they remain largely at the mercy of water currents. Common examples include
copepods (Copepoda), krill (Crustacea), jellyfish larvae (Cnidaria), and protozoa
such as ciliates (Ciliophora) and Foraminifera. Zooplankton serve as primary con-
sumers, linking the energy generated by primary producers to higher trophic levels
like fish, birds, and marine mammals. They also contribute to nutrient recycling by
breaking down organic material. Their sensitivity to environmental changes makes
them valuable indicators of water quality and ecosystem health [8, 9].

1.2 Bacterioplankton

Bacterioplankton, which includes Bacteria and Archaea in planktonic form, are
avital component of the microbial loop in aquatic systems. Examples range from
heterotrophic bacteria like Vibrio species to nitrifying bacteria and methanogenic
Archaea [10]. These microorganisms play a crucial role in decomposing organic
material and recycling essential nutrients such as nitrogen and phosphorus back into
the ecosystem. They also mediate key biogeochemical processes, including nitrogen
fixation, denitrification, and sulfur cycling. Bacterioplankton often interacts with
phytoplankton, competing for nutrients or forming mutualistic relationships, such as
providing essential vitamins [11].

1.3 Plankton size

Plankton are also categorized based on size, life cycle, and habitat. Size-based clas-
sifications range from picoplankton, less than 2 pm in diameter (e.g., Cyanobacteria),
to macroplankton, larger than 200 pm (e.g., jellyfish larvae) [1, 12]. In terms of
life cycle, holoplankton spends their entire lives as plankton, while meroplankton
are only planktonic during certain life stages, such as the larval phase of starfish
(Asterozoa) [13, 14]. Habitat distinctions separate freshwater plankton, found in
lakes, rivers, and ponds, from marine plankton, which inhabit oceans, seas, and
estuaries [1].

This diverse classification underscores the ecological importance of plankton.

By driving primary production, recycling nutrients, and supporting aquatic food
webs, plankton sustain biodiversity and ecosystem health. Their roles as indicators of
environmental change and contributors to global biogeochemical processes highlight
their foundational position in the study of aquatic ecology [15]. Plankton are found
in nearly all aquatic environments, with their distribution shaped by a combination
of environmental factors such as light availability, nutrient levels, temperature, and
salinity. Their presence spans both freshwater and marine ecosystems, with distinct
communities adapted to each habitat [16].

In freshwater ecosystems, plankton inhabit lakes, rivers, ponds, reservoirs, and
wetlands. The distribution and abundance of freshwater plankton are influenced by
the size and depth of the water body, flow dynamics, and nutrient availability [17].
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For instance, in lakes, phytoplankton populations often peak in the upper layers
(epilimnion), where sunlight penetrates, while zooplankton follow the vertical migra-
tions of their prey [18]. In fast-flowing rivers, plankton populations may be less stable
due to turbulence and limited nutrient retention [19]. Eutrophic lakes and reservoirs,
which are rich in nutrients, often support high densities of Cyanobacteria and green
algae, while oligotrophic (nutrient-poor) lakes are dominated by smaller picoplank-
ton and diatoms [20].

1.4 Marine ecosystems plankton

In marine ecosystems, plankton are distributed across vast oceanic regions, from
shallow coastal waters to the open ocean and even into the deep-sea environment [2].
Coastal areas and estuaries, rich in nutrients from terrestrial inputs and upwelling
processes, often harbor abundant and diverse plankton communities. These regions
are dominated by larger phytoplankton like diatoms and dinoflagellates, which
support productive food webs, including commercially significant fisheries [21]. In
contrast, open ocean (pelagic) regions, where nutrients are limited, are dominated by
smaller phytoplankton such as Cyanobacteria and nanoplankton, which are adapted
to low-nutrient conditions [22]. Zooplankton distributions in marine systems often
follow similar patterns, with species composition and abundance influenced by the
availability of phytoplankton and physical factors like currents and water tempera-
ture [23].

Salinity plays a critical role in differentiating plankton communities between
freshwater and marine systems. While marine phytoplankton like diatoms and dino-
flagellates thrive in saline environments, freshwater systems are often dominated by
green algae and Cyanobacteria, which are adapted to lower salinity [24]. Transitional
environments such as estuaries support unique plankton communities that can toler-
ate wide salinity fluctuations, with organisms like euryhaline copepods bridging the
gap between freshwater and marine species [25].

Overall, plankton distribution reflects the dynamic interplay of abiotic factors,
such as nutrient availability and hydrodynamics, and biotic factors, including preda-
tion and competition. Understanding these patterns is crucial for appreciating the
ecological roles plankton play in both local ecosystems and global processes, such as
nutrient cycling and carbon sequestration [26]. Plankton are fundamental to aquatic
food webs, serving as both primary producers and primary consumers, roles that are
essential for maintaining ecosystem function and supporting biodiversity. Together,
they drive the flow of energy and nutrients through freshwater and marine ecosys-
tems, underpinning nearly all aquatic life [27].

As primary producers, phytoplankton performs photosynthesis, using sunlight,
carbon dioxide, and water to produce organic matter and release oxygen. These
microscopic, plant-like organisms are responsible for nearly half of the Earth’s oxygen
production, playing a critical role in sustaining life on the planet [28]. Phytoplankton
forms the base of aquatic food webs by generating the biomass that supports her-
bivorous zooplankton, which then sustains higher trophic levels such as fish, marine
mammals, and birds. In regions with abundant nutrients, such as coastal upwelling
zones and estuaries, phytoplankton blooms drive high biological productivity, sup-
porting diverse ecosystems and economically important fisheries [29].

As primary consumers, zooplankton feed on phytoplankton, bacteria, and organic
detritus, converting these primary resources into forms of energy and biomass that
can be utilized by larger predators [30]. Herbivorous zooplankton, like copepods
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and cladocerans (Cladocera), act as a vital intermediary, transferring energy from
microscopic producers to fish, crustaceans, and other carnivores [8]. Carnivorous
zooplankton, such as chaetognaths (arrow worms — Chaetognatha) and jellyfish
larvae, consume smaller zooplankton, ensuring the energy flow continues through
the food web [23]. These feeding relationships maintain ecosystem balance and enable
the cycling of nutrients across different trophic levels [31].

Beyond their direct contributions to food webs, plankton plays a broader role in
ecosystem processes [32]. Phytoplankton is central to the biological pump, a mecha-
nism by which carbon is sequestered from the atmosphere to the deep ocean. By
absorbing carbon dioxide during photosynthesis and contributing organic material to
sinking particles, they help mitigate global climate change [7]. Zooplankton further
enhance this process by producing fecal pellets that sink rapidly, transferring carbon
and nutrients to deeper layers of the water column. This coupling of production and
consumption is vital for regulating the Earth’s carbon cycle and supporting nutrient
recycling in aquatic environments [33].

Plankton’s dual roles as primary producers and consumers are indispensable to
aquatic ecosystems. They sustain food web dynamics, drive essential biogeochemical
cycles, and support the productivity and stability of freshwater and marine systems.
Without plankton, aquatic ecosystems would collapse, disrupting the balance of life
both within and beyond these habitats [34].

2. Ecological roles of plankton

Plankton, particularly phytoplankton, plays a crucial ecological role as the pri-
mary producers in aquatic ecosystems, driving primary production and contributing
significantly to oxygen generation. These microscopic, photosynthetic organisms
form the foundation of food webs and are essential for maintaining ecological balance
in both freshwater and marine environments [1].

2.1 Phytoplankton

Phytoplankton utilizes sunlight, carbon dioxide, and water to perform photo-
synthesis, producing organic compounds that serve as the primary source of energy
for aquatic food webs. This process also releases oxygen as a byproduct, making
phytoplankton major contributors to the global oxygen supply. It is estimated that
phytoplankton is responsible for nearly 50% of the Earth’s annual oxygen production,
rivaling terrestrial forests in their capacity to sustain life. This oxygen is critical not
only for aquatic organisms but also for maintaining atmospheric balance and support-
ing terrestrial and marine life alike [3].

In terms of primary production, phytoplankton are remarkably efficient at
converting solar energy into biomass, providing the energy necessary for herbivorous
zooplankton, which then feed higher trophic levels [35]. This role is especially pro-
nounced in nutrient-rich regions such as coastal upwelling zones, estuaries, and polar
seas, where phytoplankton blooms can lead to extraordinarily high levels of biological
productivity [36]. In nutrient-poor areas like the open ocean, smaller phytoplankton,
such as Cyanobacteria and picoplankton, dominate and sustain food webs adapted to
oligotrophic conditions [37].

Phytoplankton also plays a key role in the global carbon cycle through their
involvement in the biological pump. During photosynthesis, they absorb carbon

6



The Unsung Heroes of Aquatic Ecosystems: The Vital Roles of Plankton
DOI: http://dx.doi.org/10.5772/intechopen.1009861

dioxide from the atmosphere and incorporate it into organic material. Some of

this material sinks to the ocean depths as particulate organic carbon, effectively
sequestering carbon and mitigating climate change. This dual contribution to both
oxygen generation and carbon cycling underscores the central role of phytoplankton
in regulating Earth’s climate systems [38]. The contribution of plankton to primary
production and oxygen generation is a cornerstone of aquatic and global ecological
processes. By driving food web dynamics, supporting biodiversity, and influencing
atmospheric and oceanic systems, plankton underscore the interconnectedness of life
on Earth. Their role highlights the importance of conserving aquatic ecosystems and
understanding the factors that influence plankton dynamics in a changing environ-
ment [39].

Plankton are integral to nutrient cycling in aquatic ecosystems, driving the trans-
formation and redistribution of key elements such as carbon, nitrogen, and phospho-
rus. These cycles are essential for maintaining ecosystem productivity, supporting
biodiversity, and regulating global biogeochemical processes [40].

2.2 Carbon cycle

Phytoplankton play a central role in the carbon cycle through photosynthesis,
where they absorb carbon dioxide (CO,) from the atmosphere and convert it into
organic compounds. This process not only supports their growth but also forms
the basis of the aquatic food web. When plankton is consumed or dies, the carbon
stored in their bodies can follow various pathways [41]. Some of it is recycled within
the upper water column through microbial decomposition, while a portion sinks to
deeper waters as organic detritus or fecal pellets produced by zooplankton. This sink-
ing carbon contributes to the biological pump, a critical mechanism for sequestering
carbon in the deep ocean, where it can remain for centuries. By reducing atmospheric
CO;, levels, plankton play a significant role in mitigating climate change [42].

2.3 Nitrogen cycle

Plankton are also key players in the nitrogen cycle, particularly through their roles
in nitrogen fixation, assimilation, and regeneration. Certain phytoplankton, such
as Cyanobacteria (e.g., Trichodesmium) (Figure 1), are capable of nitrogen fixa-
tion, converting atmospheric nitrogen (N,) into bioavailable forms like ammonium

Figure 1.
Picture of Trichodesmium sp. by Prof. Ondoej Priil, Institute of Microbiology, Czech Academy of Sciences,
Czech Republic. Creative Commons Attribution-Shave Alike 4.0 International license.
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(NH,") [43]. This process provides an essential source of nitrogen in nutrient-poor
(oligotrophic) regions, supporting primary production. Zooplankton and bacte-
rioplankton further influence the nitrogen cycle by recycling nitrogen compounds.
When zooplankton consumes phytoplankton or detritus, they excrete waste prod-
ucts like ammonium, which can be taken up by phytoplankton for growth [44].
Bacterioplankton contributes to processes such as nitrification (oxidation of ammo-
nium to nitrate) and denitrification (conversion of nitrate to nitrogen gas), complet-
ing the nitrogen cycle and regulating nitrogen availability [45].

2.4 Phosphorus cycle

Phosphorus, primarily in the form of phosphate (PO,>"), is another essential
nutrient cycled by plankton. Phytoplankton assimilates phosphate from the water col-
umn to build cellular components like nucleic acids and membranes. As plankton dies
or is consumed, phosphorus is released back into the water through decomposition
or excretion by zooplankton and bacteria [46]. Bacterioplankton plays a significant
role in mineralizing organic phosphorus, converting it back into inorganic phosphate,
which can be reused by primary producers. This regenerative loop ensures the avail-
ability of phosphorus, a limiting nutrient in many aquatic systems [47].

2.5 Plankton in nutrient hotspots

In regions like upwelling zones, estuaries, and areas influenced by riverine inputs,
plankton activity accelerates nutrient cycling. These hotspots often experience rapid
turnover of carbon, nitrogen, and phosphorus, leading to high productivity and
supporting complex food webs. Conversely, in nutrient-poor regions, plankton adapts
to efficiently utilize scarce resources, maintaining ecosystem function even under
limiting conditions [48].

2.6 Global significance

Plankton-mediated nutrient cycling not only supports local ecosystems but also has
far-reaching implications for global environmental processes. By driving the movement
of carbon, nitrogen, and phosphorus through aquatic ecosystems and into long-term
reservoirs, plankton helps regulate climate, sustain fisheries, and maintain the balance of
life in both freshwater and marine environments [49]. Plankton is indispensable to nutri-
ent cycling, ensuring the availability and flow of essential elements within and beyond
aquatic ecosystems. Their roles highlight the interconnected nature of nutrient dynamics
and underscore their importance in sustaining life on Earth [50].

Plankton serves as highly effective indicators of ecosystem health and environ-
mental changes due to their sensitivity to physical, chemical, and biological factors
in aquatic ecosystems. As the base of the food web and direct participants in bio-
geochemical cycles, plankton responds rapidly to alterations in their environment,
making them invaluable for monitoring ecological stability and detecting emerging
environmental issues [51].

2.7 Sensitivity to environmental conditions

Plankton communities are highly influenced by variations in water temperature,
light availability, salinity, nutrient levels, and pollution. For example, changes in
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a @

Figure 2.

a. Microcystis aeruginosa, by Kristian Peters http://www.korseby.net/outer/flora/algae/index.html — Own
work. Creative Commons Attribution-Share Alike 3.0 International license. b. Karenia brevis, by Florida Fish
and Wildlife Conservation Commission. U.S. Fish and Wildlife Service. Image is in the public domain.

nutrient availability, such as eutrophication from agricultural runoff, can lead

to phytoplankton blooms dominated by harmful algal species like Microcystis
(Cyanobacteria) (a) or Karenia brevis (Dinoflagellata) (b) (Figure 2). These blooms
may produce toxins that harm aquatic organisms and humans, signaling declining
water quality. Conversely, a decrease in phytoplankton abundance or diversity may
indicate nutrient depletion, pollution stress, or unfavorable physical conditions such
as reduced light penetration [52, 53].

Zooplankton, which feed on phytoplankton and other organic material, are also
sensitive to environmental changes. Shifts in zooplankton species composition can reflect
broader ecological disruptions, such as changes in predator populations, water quality, or
habitat structure. For instance, a decline in copepod populations, which are a crucial food
source for fish larvae, may foreshadow declines in higher trophic levels [54-56].

2.8 Indicators of climate change

Plankton dynamics are closely tied to water temperature, making them excellent
indicators of climate change. Warming waters can lead to changes in the timing and
magnitude of phytoplankton blooms, with cascading effects on zooplankton and
higher trophic levels. Warmer temperatures may also favor the proliferation of harm-
ful algal blooms and shifts in the composition of the plankton species, such as the
dominance of smaller, warm-adapted phytoplankton species in place of larger diatoms
[55]. In polar regions, planktonic shifts are among the first visible signs of climate-
induced changes. For example, receding sea ice alters the timing of phytoplankton
blooms, which can disrupt the tightly linked food web dynamics in these sensitive
ecosystems. Similarly, acidification of oceans caused by increased CO, absorption can
reduce calcification in species like coccolithophores and pteropods, indicating shifts in
carbonate chemistry that affect marine biodiversity and ecosystem function [56].

2.9 Biodiversity and ecosystem monitoring

Plankton diversity and abundance are often used as metrics for assessing
ecosystem health. High diversity typically indicates a stable and resilient ecosys-
tem, while a decline in diversity or the dominance of a few opportunistic species
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may signal environmental stress or degradation. Long-term monitoring programs,
such as those tracking phytoplankton and zooplankton populations in major lakes
or oceans, provide valuable data for detecting trends in ecosystem health over
time [57].

2.10 Applications in management and conservation

The use of plankton as ecological indicators supports effective management
and conservation strategies. For instance, monitoring harmful algal blooms
helps mitigate their impact on fisheries, tourism, and public health. Similarly,
tracking zooplankton populations can inform the management of fish stocks, as
these organisms are critical prey for commercially important species. Planktonic
indicators also aid in assessing the success of restoration projects in degraded
aquatic systems and detecting the impacts of pollution, overfishing, and habitat
destruction [58, 59].

Plankton are sensitive, dynamic, and integral components of aquatic ecosystems,
making them invaluable indicators of ecosystem health and environmental changes.
By analyzing changes in their composition, abundance, and diversity, scientists and
policymakers can better understand the impacts of human activities and natural
processes on aquatic ecosystems, enabling informed decision-making to preserve
ecological balance and sustain biodiversity [60, 61].

2.11 Blooms and their impacts

Bloom Characteristics and Causes Blooms: often referred to as algal blooms, are
rapid increases in the population of algae or phytoplankton in aquatic environments.
These events are typically triggered by a combination of factors, including nutrient
enrichment (often from agricultural runoff), favorable light conditions, and stable
water temperatures. Blooms can occur in both freshwater and marine ecosystems and
are characterized by the discoloration of water, often turning green, red, or brown
depending on the type of algae involved. While some blooms are harmless, others,
known as harmful algal blooms (HABs), can produce toxins that pose risks to aquatic
life, animals, and humans [55].

Ecological and Fisheries Impacts: the effects of blooms on ecosystems can be
profound. In many cases, they lead to hypoxia (low oxygen levels) as the dense algae
die off and decompose, consuming oxygen in the process. This can result in “dead
zones” where aquatic life cannot survive. Additionally, toxins produced by HABs can
kill fish, shellfish, and other marine organisms, disrupting food webs and diminish-
ing biodiversity. Fisheries, particularly those reliant on shellfish, can suffer significant
economic losses due to bloom events. The accumulation of toxins in shellfish can
make them unsafe for consumption, leading to closure of fishing areas and affecting
local economies dependent on these resources [21, 29].

Human Health and Activities: blooms also have a direct impact on human activi-
ties and health. Recreational waters can become unsafe for swimming or other activi-
ties, leading to beach closures and a decline in tourism. HABs pose health risks to
humans through the consumption of contaminated seafood, causing illnesses such as
shellfish poisoning. The economic implications extend beyond the seafood industry
to public health costs and the loss of income from tourism and recreational activities.
Effective monitoring and management strategies are essential to mitigate the impacts
of blooms, protect ecosystems, and safeguard human health [29].
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3. Plankton diversity and adaptations

Plankton exhibits remarkable diversity and a range of adaptations that enable
them to thrive in both freshwater and marine environments. This diversity encom-
passes various taxa, functional roles, and ecological strategies, reflecting the unique
challenges and opportunities presented by these habitats [62, 63]. Plankton can
be broadly classified into three main groups: phytoplankton, zooplankton, and
bacterioplankton. Phytoplankton, such as diatoms, dinoflagellates, green algae,
Cyanobacteria, and coccolithophores, are photosynthetic organisms that form the
base of aquatic food webs and drive primary production [64]. Zooplankton, including
protozoans, crustaceans like copepods and cladocerans, and other small heterotrophic
organisms, act as primary consumers, linking primary producers to higher trophic
levels. Bacterioplankton, including bacteria and archaea, play essential roles in nutri-
ent cycling, such as nitrogen fixation and carbon recycling [65].

3.1 Freshwater plankton

Despite their shared ecological roles, plankton communities differ significantly
between freshwater and marine ecosystems due to variations in salinity, nutrient avail-
ability, and physical conditions. In freshwater environments, plankton faces challenges
like fluctuating temperatures, variable nutrient concentrations, and low salinity [66].
Adaptations such as osmoregulation help maintain osmotic balance, while some phyto-
plankton, like green algae and Cyanobacteria, are equipped to rapidly exploit nutrient
pulses from terrestrial inputs by forming blooms [67]. Freshwater zooplankton, such as
cladocerans, often produce resting eggs during adverse conditions, ensuring survival and
repopulation when environmental conditions improve. Some freshwater plankton are
mixotrophic, combining photosynthesis with heterotrophy to survive in nutrient-poor
conditions by consuming organic matter [68].

3.2 Marine plankton

Marine plankton, in contrast, must cope with high salinity, vast spatial scales,
and strong vertical gradients in light and nutrients. Many marine plankton exhibit
adaptations for buoyancy regulation, such as diatoms with siliceous frustules that
reduce sinking or zooplankton like copepods that use lipid reserves for buoyancy.
Marine species are also osmotically adapted to high salinity, with cellular mechanisms
that prevent dehydration. In nutrient-poor open ocean regions, smaller planktons like
picoplankton and nanoplankton dominate due to their high surface area-to-volume
ratios, which enhance nutrient uptake efficiency [69]. Additionally, many zooplank-
ton, such as copepods and krill, perform diel vertical migrations, ascending to surface
waters at night to feed and descending to deeper waters during the day to avoid
predators. Symbiotic relationships are also common in marine environments, such as
mutualistic associations between dinoflagellates and corals or dinoflagellates hosting
photosynthetic endosymbionts [70].

3.3 Adaptation and diversity of plankton in freshwater versus marine
environments

The differences between freshwater and marine plankton communities are
often shaped by their respective environmental conditions. Freshwater systems are
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typically dominated by green algae, Cyanobacteria, and smaller zooplankton like
rotifers, whereas marine systems, especially open oceans, support diverse phyto-
plankton communities, including diatoms, dinoflagellates, and coccolithophores,
alongside larger zooplankton like copepods, chaetognaths, and krill [71]. These
adaptations not only ensure the survival of plankton in their respective habitats but
also highlight their ecological significance as energy transfer, nutrient cycling, and
global biogeochemical processes. Their diversity and resilience underscore their vital
role in maintaining ecosystem stability and the interconnected n plankton exhibits

a wide range of responses to abiotic factors such as temperature, light, salinity, and
nutrients, reflecting their adaptability to diverse aquatic environments. These factors
profoundly influence their physiology, distribution, growth, and ecological roles [72].

3.3.1 Temperature

Temperature is a critical determinant of planktonic activity and community
composition. Phytoplankton growth rates typically increase with temperature up
to an optimal range, beyond which thermal stress can inhibit photosynthesis and
metabolism. Warm water species, such as Cyanobacteria, often dominate tropical
and temperate regions, while cold-adapted species, like diatoms, thrive in polar
and subpolar waters [73]. Temperature also affects zooplankton development and
reproductive cycles. For instance, warmer temperatures can accelerate the life cycles
of copepods, leading to shifts in predator-prey dynamics. Seasonal temperature
changes drive phenomena like spring phytoplankton blooms in temperate zones,
as rising temperatures stratify the water column and enhance light availability for
photosynthesis [74].

3.3.2 Light

Light availability is essential for phytoplankton, as it drives photosynthesis. Light
penetration in the water column varies with depth, turbidity, and season, shaping
the vertical distribution of plankton. Phytoplankton in surface layers maximize light
capture, while deeper-dwelling species often possess pigments adapted to absorb
low-intensity light at specific wavelengths [75, 76]. Zooplankton, though not directly
dependent on light for energy, are influenced by diel light cycles, often exhibiting diel
vertical migration to avoid predation during daylight hours. In polar regions, extreme
seasonal variations in light availability profoundly affect plankton dynamics, with
bursts of productivity during periods of continuous daylight and dormancy during
prolonged darkness [77].

3.3.3 Salinity

Salinity is a defining factor in distinguishing freshwater from marine plankton.
Freshwater plankton are adapted to low-salinity conditions, employing osmoregula-
tory mechanisms to prevent excessive water influx. In contrast, marine plankton
maintains osmotic balance in high-salinity environments through cellular ion
regulation. Euryhaline species, capable of tolerating a wide range of salinities, are
often found in estuaries and brackish waters, where salinity fluctuates due to tidal
mixing and freshwater inputs. Changes in salinity, such as those caused by freshwater
inflows, evaporation, or climate-induced alterations, can shift plankton community
composition and productivity [78, 79].
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Figure 3.

Harmful Cyanobacteria Bloom in the Banter Lake (Germany). The slimy mass was concentrated at the
Grodendamm, by wind drift. By Ein Dahmer — Own work. Creative Commons Attribution-Share Alike 4.0
International license.

3.3.4 Nutrients

Nutrients are a primary driver of plankton growth and distribution.
Phytoplankton requires macronutrients like nitrogen (N), phosphorus (P), and silica
(Si) and micronutrients such as iron (Fe) for cellular processes. Nutrient availability
often limits primary production, with nitrogen commonly limiting in marine systems
and phosphorus in freshwater ecosystems [80]. Upwelling zones, where nutrient-rich
deep water rises to the surface, support high plankton productivity, while nutrient-
depleted (oligotrophic) regions like open oceans favor smaller phytoplankton adapted
to low-nutrient conditions [76, 81]. Nutrient imbalances or surpluses, often caused
by anthropogenic inputs, can trigger harmful algal blooms (HABs) (Figure 3),
characterized by excessive growth of toxic phytoplankton species [82]. Zooplankton
indirectly responds to nutrient levels through their dependence on phytoplankton as
a food source, with their populations peaking during or shortly after phytoplankton
blooms [83].

The responses of plankton to abiotic factors like temperature, light, salinity, and
nutrients demonstrate their adaptability to varying environmental conditions. These
factors not only regulate plankton physiology and behavior but also shape their eco-
logical interactions, distribution patterns, and contributions to ecosystem processes.
Understanding these responses is critical for predicting plankton dynamics in the face
of environmental changes and managing aquatic ecosystem health [84].

4. Interactions within ecosystems

Plankton plays pivotal roles in aquatic food webs, forming the foundation of tro-
phic interactions and driving the transfer of energy and nutrients across ecosystems.
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These interactions are highly dynamic and complex, involving both direct feeding
relationships and indirect effects that shape the structure and functioning of aquatic
communities [85].

At the base of the food web, phytoplankton serves as primary producers, using
sunlight and nutrients to generate organic matter through photosynthesis. This pro-
duction supports a diverse array of organisms, from microscopic zooplankton to large
marine mammals like whales [86]. Zooplankton, in turn, are the primary consumers,
feeding on phytoplankton and forming a critical link between primary producers and
higher trophic levels. For instance, copepods, a dominant group of zooplankton, con-
sume phytoplankton and are themselves preyed upon by fish larvae, small fish, and
other secondary consumers. These interactions are the backbone of energy transfer in
aquatic ecosystems [67, 87, 88].

Higher up in the food web, nekton (such as fish, squid, and marine mammals) and
other predators rely on zooplankton as an essential food source. For example, krill, a
type of zooplankton, is a keystone species in polar ecosystems, serving as a primary
food source for predators like whales, seals, and penguins. Changes in krill abundance
can have cascading effects on the entire food web, illustrating the critical role of
plankton in maintaining ecological balance [89].

Planktonic trophic interactions also involve microbial food webs, which are
particularly important in nutrient cycling and energy flow. Bacterioplankton and
protozoans consume dissolved organic matter and detritus, recycling nutrients back
into forms usable by phytoplankton. This microbial loop complements the traditional
grazing food web, ensuring the efficient use of organic material and sustaining
productivity, especially in nutrient-poor (oligotrophic) regions [90]. Beyond direct
consumption, plankton interacts through indirect processes such as competition and
facilitation. For example, blooms of one phytoplankton species can outcompete oth-
ers for nutrients or light, altering the community composition. Conversely, the pres-
ence of certain planktonic species can enhance the survival of others through nutrient
remineralization or mutualistic relationships, such as nitrogen-fixing Cyanobacteria
enriching nitrogen-poor waters for other phytoplankton [91].

Environmental changes, such as temperature shifts, nutrient loading, and ocean
acidification, can significantly affect trophic interactions. For instance, rising tem-
peratures may favor smaller phytoplankton species, which could reduce the energy
transfer efficiency to larger zooplankton and fish. Similarly, nutrient imbalances from
agricultural runoff can promote harmful algal blooms, disrupting food web dynamics
and causing declines in zooplankton and fish populations [92].

Trophic interactions involving plankton are the cornerstone of aquatic food webs,
facilitating energy flow from primary producers to apex predators and ensuring eco-
system stability. The intricate connections between phytoplankton, zooplankton, and
other organisms underscore the importance of plankton in supporting biodiversity,
regulating biogeochemical cycles, and maintaining the productivity of freshwater
and marine systems [93]. Understanding these dynamics is essential for predicting
ecosystem responses to environmental changes and managing aquatic resources
sustainably [94].

Planktonic organisms engage in a wide array of symbiotic and competitive
relationships that play essential roles in maintaining ecosystem balance and driving
ecological processes. These interactions, ranging from mutualism to parasitism, and
from direct competition to resource partitioning, are critical for the survival and
coexistence of diverse planktonic species in aquatic ecosystems [95, 96].
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4.1 Symbiotic relationships

Symbiosis is common among plankton and includes mutualism, commensalism,
and parasitism. In mutualistic relationships, both organisms benefit. One well-known
example is the partnership between coral reef-building organisms and photosynthetic
dinoflagellate (Symbiodinium) [97, 98]. Although primarily associated with coral, these
dinoflagellates also form symbiotic relationships with other planktonic organisms, such
asjellyfish and radiolarians, providing energy through photosynthesis in exchange for
nutrients like nitrogen and phosphorus [99]. Another form of mutualism occurs within
microbial plankton communities. Nitrogen-fixing Cyanobacteria, such as Trichodesmium,
benefit other phytoplankton by converting atmospheric nitrogen into bioavailable forms,
supporting productivity in nutrient-poor waters. Similarly, certain diatoms form symbio-
ses with nitrogen-fixing Cyanobacteria, enhancing growth for both partners in environ-
ments where nitrogen is limited (Figure 4) [100].

Commensalism is also prevalent in planktonic ecosystems. For instance, some zoo-
plankton species benefit from associating with larger, non-predatory organisms that offer
protection or transport without being harmed or benefited in return. Certain bacteria
attach to larger planktonic organisms, taking advantage of nutrient-rich microenviron-
ments around their hosts without impacting them [65, 101]. Parasitic relationships among
plankton include interactions where one organism benefits at the expense of the other.
Parasitic fungi, such as chytrids (Chytridiomycota), infect phytoplankton like diatoms
and Cyanobacteria, reducing their populations and influencing bloom dynamics. These
infections can significantly alter community structure and nutrient cycling [102, 103].

4.2 Competitive relationships

Competition among plankton typically arises from the limited availability of
resources, such as light, nutrients, or space. Phytoplankton competes intensely for

I

Figure 4.
Various specimens of the genus Symbiodinium, by Allisonmlewis — Own work. Creative Commons Attribution-
Share Alike 4.0 International license.
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light in the upper layers of the water column, with species that possess efficient light-
harvesting pigments, like chlorophyll and accessory pigments, often outcompete with
others under specific light conditions [104, 105]. For example, green algae dominate
in nutrient-rich freshwater systems, while diatoms and Cyanobacteria can thrive in
environments with different light intensities and nutrient profiles [106].

Nutrient competition is another major driver of planktonic dynamics. Phytoplankton
species compete for essential nutrients like nitrogen, phosphorus, silica, and iron.
Diatoms, for instance, require silica for their frustules, making them sensitive to silica
availability. When silica is depleted, other phytoplankton, such as dinoflagellates or
Cyanobacteria, may dominate. Similarly, blooms of certain species can deplete nutrients
and suppress the growth of competitors, leading to shifts in community composition
[107]. Allelopathy, a form of chemical competition, is also observed among plankton.
Some species release chemicals that inhibit the growth of competitors. For instance,
certain dinoflagellates produce toxins that can suppress the growth of co-occurring
phytoplankton, providing a competitive advantage during blooms [108].

4.3 Balancing Symbiosis and competition

In many cases, planktonic organisms navigate a delicate balance between symbiosis
and competition. For example, while nitrogen-fixing Cyanobacteria benefit other
phytoplankton, they also compete for light and space. Similarly, zooplankton grazing
can control phytoplankton populations, indirectly benefiting non-grazed phytoplankton
species by reducing competition for nutrients. These interactions highlight the complex
interplay between facilitation and competition in planktonic ecosystems [98, 109].

4.4 Ecological implications

The symbiotic and competitive relationships among plankton influence species
diversity, population dynamics, and nutrient cycling. Symbioses enhance productiv-
ity in nutrient-poor regions, while competition determines community structure and
succession. Together, these interactions ensure ecosystem resilience and adaptability
to environmental changes [110]. The intricate web of symbiotic and competitive rela-
tionships among plankton underscores their ecological significance. Understanding
these interactions provides valuable insights into ecosystem functioning, helping to
predict responses to environmental stressors such as climate change, nutrient enrich-
ment, and habitat alteration [111].

5. Plankton in global context

Plankton plays a vital role in global carbon sequestration and climate regulation,
making them indispensable to Earth’s biogeochemical cycles and climate systems.
Their ability to absorb carbon dioxide (CO,), produce oxygen, and drive nutrient
cycling places them at the heart of processes that influence atmospheric CO, levels,
oceanic carbon storage, and overall climate stability [112].

5.1 Phytoplankton and the biological carbon pump

Phytoplankton, the photosynthetic component of plankton, is critical in
the biological carbon pump, a process by which carbon is transferred from the
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atmosphere to the ocean depths. These microscopic organisms use sunlight to
convert CO, into organic matter through photosynthesis. This process not only
contributes to nearly half of global primary production but also helps remove
significant amounts of CO, from the atmosphere [38]. Once carbon is incorpo-
rated into phytoplankton biomass, it enters the marine food web. As phytoplank-
ton is consumed by zooplankton and other organisms, a portion of the carbon is
respired back into the water or atmosphere. However, some of the organic mate-
rial sinks to deeper ocean layers as part of fecal pellets, dead organisms, or aggre-
gates. This sequestration of carbon in the deep ocean can lock it away in centuries
to millennia, reducing atmospheric CO, concentrations and mitigating the effects
of climate change [113, 114].

5.2 Role of calcifying plankton

Certain planktonic organisms, such as coccolithophores, contribute to carbon
cycling through the formation of calcium carbonate (CaCOs3) shells. While this
process releases CO, into surface waters during shell formation, the sinking and
long-term deposition of these shells in marine sediments also sequester carbon over
geological timescales. This dual role underscores the complexity of Plankton’s contri-
butions to the global carbon budget [115, 116].

5.3 Zooplankton and carbon transport

Zooplankton are key players in carbon export through their grazing activities
and diel vertical migration. By feeding phytoplankton near the surface and releasing
waste products or dying in deeper waters, they enhance the downward flux of organic
carbon. Vertical migration, where zooplankton moves to surface waters at night to
feed and descends during the day, further aids in transporting carbon to the ocean’s
depths, facilitating its storage away from the atmosphere [117].

5.4 Bacterioplankton and microbial carbon processing

Bacterioplankton and other microbes are crucial for re-mineralizing organic
matter, breaking it down into inorganic forms that can be reused by phytoplankton or
transported deeper into the ocean. This microbial loop ensures efficient recycling of
carbon and nutrients, supporting productivity and regulating the flow of carbon in
marine ecosystems [118, 119].

5.5 Plankton and climate regulation

In addition to carbon sequestration, plankton influences climate regula-
tion through the production of climate-active compounds. For instance, certain
phytoplankton, such as Gephyrocapsa huxleyi (formerly Emiliania huxleyi)
(Coccolithophyceae) (Figure 5a), produce dimethylsulfoniopropionate (DMSP)
(Figure 5b), a precursor to dimethyl sulfide (DMS). DMS contributes to cloud
formation by serving as cloud condensation nuclei, which reflects sunlight and cools
the Earth’s surface. This feedback mechanism links planktonic activity directly to
atmospheric processes and climate modulation [120, 121].
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Figure 5.

a. gGephyrocapsa huxleyi, by Dr. Jeremy Young, University College London — Extracted from this Commons file,
CC BY-SA 4.0, https://commons.wikimedia.org/w/index.php?curid=109751103 b. dimethylsulfoniopropionate
(DMSP), by Benjah-bmmz2y7 - Own work, Public Domain, https://commons.wikimedia.org/w/index.
php?curid=952850

5.6 Threats to Plankton’s role in carbon and climate regulation

Anthropogenic stressors, including ocean warming, acidification, and nutri-

ent imbalances, threaten the efficiency of planktonic carbon sequestration. Rising
temperatures can stratify ocean layers, reducing nutrient availability for phytoplank-
ton and potentially lowering primary production [122]. Ocean acidification impairs
calcifying organisms, such as coccolithophores and foraminifera, which are essential
for long-term carbon storage in marine sediments [123]. Moreover, shifts in plankton
community composition due to climate change and pollution may favor smaller, less
efficient species for carbon export, diminishing the effectiveness of the biological
carbon pump. Harmful algal blooms (HABs), often fueled by eutrophication, fur-

ther disrupt planktonic processes, potentially releasing stored carbon back into the
atmosphere [124].

5.7 Global implications

The contributions of plankton to carbon sequestration and climate regulation
are pivotal in maintaining Earth’s climate equilibrium. By absorbing large amounts
of CO, and supporting long-term carbon storage, plankton mitigate the impacts of
anthropogenic emissions. However, disruptions to their ecological roles could exac-
erbate climate change, emphasizing the need for global efforts to protect planktonic
ecosystems and their functions [125]. Plankton are fundamental to carbon sequestra-
tion and climate regulation, driving processes that stabilize atmospheric CO, levels
and influence Earth’s climate. Their contributions underscore the interconnectedness
of biological and physical systems in maintaining global environmental balance.
Protecting these microscopic yet powerful organisms is critical for ensuring the
health of the planet and its climate [126].

Plankton, with their remarkable diversity and biochemical capabilities, hold immense
potential for biotechnological applications across various fields, including energy
production, pharmaceuticals, and environmental management. Their rapid growth rates,
adaptability to diverse environments, and ability to produce high-value biomolecules
make them ideal candidates for sustainable and innovative technologies [127].
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5.8 Biofuels and renewable energy

Phytoplankton, particularly microalgae, are gaining attention as a sustainable
source of biofuels. These organisms efficiently convert sunlight and CO, into biomass,
with some species accumulating high levels of lipids that can be processed into bio-
diesel. Unlike terrestrial biofuel crops, microalgae do not require arable land or fresh-
water for cultivation, making them a more environmentally friendly option [115].
Species such as Chlorella (Chlorophyta) and Nannochloropsis (Eustigmatophyceae)
are extensively studied for biofuel production due to their high lipid content and
rapid growth rates. Advances in genetic engineering have further enhanced lipid
yield, improving the economic feasibility of algal biofuels. Additionally, some
Cyanobacteria are being explored for biohydrogen production, a clean energy source,
through their natural photosynthetic pathways [128, 129].

5.9 Pharmaceuticals and nutraceuticals

Plankton produces a vast array of bioactive compounds with significant phar-
maceutical potential. For instance, diatoms and Cyanobacteria synthesize unique
secondary metabolites with antibacterial, antiviral, and anticancer properties.
Spirulina/Arthrospira/Limnospira sp. (Figure 6), blue-green algae, is widely regarded
as a superfood due to its exceptional nutritional profile. Comprising 60-70% protein
by dry weight, it ranks among the most protein-rich foods available. As a complete
protein, Spirulina/Arthrospiva/Limnospira provides all essential amino acids, making
it especially valuable for vegetarians, vegans, and anyone looking to boost their pro-
tein intake. Beyond its protein content, Spirulina/Arthrospiva/Limnospira are packed
with vital vitamins and minerals, including B vitamins, iron, calcium, magnesium,
and potassium. These nutrients play critical roles in supporting energy production,
immune function, and overall health.

This file is licensed under the Creative Commons Attribution-Share Alike 4.0
International license.

Certain dinoflagellates and Cyanobacteria produce toxins, such as saxitoxin
and brevetoxin (Figure 7), which, while harmful in natural ecosystems, have been
studied for their potential use in developing pain-relieving drugs or neuroprotec-
tive agents. Microalgae such as Haematococcus lacustris (Chlorophyta) produces
astaxanthin, a powerful antioxidant with applications in treating oxidative stress-
related diseases [129, 130]. Marine plankton, including some foraminifera and
radiolarians, are also being investigated for their potential to produce biomineral-
ized structures, which can be used in regenerative medicine, particularly in bone
and dental repair [131, 132].

5.10 Nutritional applications

Plankton, especially microalgae, are a valuable source of omega-3 fatty acids (e.g.,
eicosapentaenoic acid [EPA] and docosahexaenoic acid [DHA]), which are essential
for human health. These compounds, traditionally derived from fish oil, are increas-
ingly sourced directly from algae, providing a sustainable alternative for dietary
supplements [133, 134]. In aquaculture, microalgae are already used as feedstock to
enhance the nutritional profile of farmed fish and shellfish. Incorporating plankton-
derived nutrients into human and animal diets holds promise for addressing malnu-
trition and improving global food security [135].
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Figure 6.
Picture of Limnospira maxima (formerly Arthrospira maxima) was kindly provided by the Culture Collection
of Autotrophic Organisms (CCALA), http://ccala.butbn.cas.cz

Figure7.
Brevetoxin A, a group of neurotoxins isolated from the marine dinoflagellate Karenia brevis. Image in Public
Domain.

5.11 Environmental applications

Plankton also offers solutions for environmental challenges. Their ability
to sequester CO, has inspired efforts to cultivate phytoplankton on a large scale to
mitigate climate change. Additionally, microalgae can be used in bioremediation to
remove pollutants from wastewater. Genus like Chlorella and Scenedesmus are efficient
in absorbing heavy metals and organic contaminants, helping to clean industrial
effluents and reduce environmental pollution [136, 137].

5.12 Cosmetics and biotechnology

Plankton-derived compounds are increasingly incorporated into cosmetics and
personal care products. For example, microalgal extracts are used in anti-aging
creams, sunscreens, and moisturizers due to their high antioxidant content and ability
to protect against UV radiation [138, 139]. In biotechnology, plankton enzymes are
being explored for industrial applications. Algal enzymes, for instance, are used
in the production of bioethanol, while others serve as catalysts in pharmaceutical
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synthesis. Furthermore, genetic engineering techniques applied to the plankton
species have unlocked their potential for producing recombinant proteins and other
valuable bioproducts [140].

5.13 Challenges and future prospects

Despite their potential, scaling up plankton-based technologies presents chal-
lenges. Large-scale cultivation requires optimization of growth conditions, efficient
harvesting methods, and cost-effective processing techniques. Environmental
concerns, such as the risk of harmful algal blooms from uncontrolled cultivation,
must also be addressed [141]. Advances in synthetic biology and bioprocess engineer-
ing are paving the way for overcoming these challenges. Genetic modifications are
enhancing the yield of desirable products, while innovations in photobioreactors are
improving the efficiency of large-scale plankton cultivation [142]. Plankton’s biotech-
nological applications span renewable energy, healthcare, nutrition, and environ-
mental management, offering sustainable solutions to some of the world’s pressing
challenges. Continued research and development in this field hold immense promises
for harnessing the full potential of these microscopic organisms, paving the way for a
more sustainable and innovative future [143].
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Glossary

Bacterioplankton: Bacteria and archaea that inhabit the water column play a
crucial role in the decomposition of organic matter and the recycling of nutrients.

Biogeochemical cycles: Cycles that involve the circulation of essential chemical ele-
ments between living beings and the non-living environment (land, water, and air).

Copepods (Copepoda): Small planktonic crustaceans that are an important food
source for many fish and other marine organisms.

Cyanobacteria: A group of photosynthetic bacteria, also known as blue-green
algae, that produce oxygen and can form blooms in nutrient-rich waters.

Diatoms (Bacillariophyceae): A group of photosynthetic unicellular algae with a
silica cell wall, contributing significantly to oxygen production.

Dinoflagellates (Dinoflagellata): Single-celled algae with flagella that can be
photosynthetic or heterotrophic and are known to cause red tides.
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Euryhaline: Organisms that can tolerate a wide range of salinities, common in
transitional environments such as estuaries.

Eutrophic: Nutrient-rich bodies of water promote abundant growth of phyto-
plankton and Cyanobacteria.

Holoplankton: Organisms that spend their entire lives in the form of plankton,
such as diatoms and some species of jellyfish.

Meroplankton: Organisms that are planktonic only during one phase of their life
cycle, such as starfish larvae.

Nutrient recycling: The process by which nutrients are reused in the ecosystem,
often mediated by decomposer organisms.

Oligotrophic: Nutrient-poor bodies of water, often dominated by smaller plankton
and diatoms.

Phytoplankton: Photosynthetic microorganisms considered “the grass of the sea”,
that produce oxygen and organic compounds through photosynthesis.

Plankton: Aquatic organisms that live suspended in the water column and have a
limited ability to swim against currents.

Zooplankton: Heterotrophic organisms that feed on phytoplankton, other zoo-
plankton or organic detritus, serving as primary consumers. Upwelling: The process
of deep, nutrient-rich water rising to the ocean surface, boosting marine productivity.
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Chapter?2

Complex Interactions in the Lake
Kinneret Ecosystem

Moshe Gophen

Abstract

Published models indicate that phytoplankton density, and consequently water
quality is dependent on grazing capacity by herbivore zooplankton (small and large
Cladocera and Rotifera). Moreover, the top-down eco-force, cascading effect, pro-
duced by zooplanktivore fishes, Cyclopoid predator zooplankton, or both, attributes
the principal pressure. Nevertheless, complex interactions within the ecosystem have
also indicated an impact induced by other factors such as nutrients (bottom-up eco-
force), which affect the major food resource of herbivore zooplankton, and grazeable
algae (Chlorophyta, Diatoms) density. Temperature significantly affects zooplankton
density as well as lake water residence time and Water Level. Two methods of sta-
tistical analyzes were utilized aimed at the evaluation of a multivariate comprised
ecosystem: Principal Component Analyzes (PCA) and its illustrated plot (Biplot).
Results conclusively indicate that zooplanktivore fishes (Sardines) and temperature
are the Principal Components. Seclude of isolated single factor as a unique impacting
parameter on zooplankton density, either predator Cyclopoida or Sardine fishes is
therefore misleading.

Keywords: Kinneret, predation, nutrients, Sardine, Cyclopoida, herbivore
zooplankton, temperature

1. Introduction

Statistical analyzes of Principal Component Analysis (PCA) and Graphical
Representation of a PCA that combine both the scores and loading into a single plot
(Biplot) was carried out using the software of STATA 17.0-Standard Edition, Statistics
and Data Science, Copyright 1985-2021 StataCorp LLC, 4905 Lakeway Drive,
800-STATA-PC, Stata license: Single-user perpetual, Serial number: 401706315938,
Licensed to Moshe Gophen, Migal. The life cycle of Copepoda within the zooplankton
community comprised 10-12 stages, of which the first five are nauplii and taxonomic
definitions were not applied in routine sample analysis. Within the next 10-11 copep-
odite stages the last four and five stages, as well as adults, were routinely defined as
Cyclopoida. Nauplii and 1-3 of copepodite stages are herbivores, while 4-5 copepo-
dite stages and adult copepods (termed as Cyclopoida) are predators. Consequently,
the “Copepoda” variable includes all life cycle stages, and “Cyclopoida”—the predator
stages. The fish, namely “Sardine” variable, includes two endemic bleak species,
the most common fish in Lake Kinneret creating the heaviest predation pressure on
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Parameters Units

Annual means, Rotifera, Cladocera, Copepoda density G(ww)/m2
Predator Cyclopoida, herbivore Copepeoda No/L

Small (1-3 neonates) and large (Adult) Cladocera No/L
Small/large Cladocera ratio No/L
Diaphanosoma sp., Bosmina spp., Ceridaphnia spp. No/L
Herbivores zooplankton production (gC/m*/month)
Herbivores zooplankton grazing (gC/m?/month)
Chlorophyta, Diatoms, Peridinium density g(ww)/ m’

TN, TP, TN/TP mass ratio ppm; Ton
Water Level (annual mean) (higher value = lower level) mbsl

Primary production (gC/m?/day)
Annual mean epilimnion temperature ‘C

Monthly mean residence time Year values
Sardine annual harvest Ton/Year
Annual means, Rotifera, Cladocera, Copepoda density G(ww)/m2

Table 1.
Environmental variables and their units.

zooplankton: Common Hebrew names are Lavnoon Kinneret and Lavnoon lisner
and both are “Sardine” variable; Mirogrex terraesanctae and Acanthobrama lissneri.
The Lake Kinneret limnological data sources were applied by the Lake Kinneret Data
Base and annual reports of the Kinneret Limnological Laboratory, IOLR, 1969-2001.
Information about the Sardine (Bleaks) annual harvest was applied by the annual
reports of the Department of Fishery, Agriculture Ministry, Lake Kinneret Fishery
Unit 1969-2001. Variable list and their units are given in Table 1.

2. Results

Eight different variable combinations of the environmental parameters (Table 1)
were analyzed by Biplot and PCA and are presented in Figures 1-8.

Results given in Table 2 indicate a high level of explained variance by the two
coordinates of the PCA analysis, as illustrated by the components in Biplots illustra-
tions. Moreover, the higher the number of variables, the lower the value of the Total
Explained Variance (V). Moreover, the assumption of top-down eco-force, as graz-
ing capacity by herbivore zooplankton (small and large Cladocera and Rotifera) is
just one variable (predator cyclopoids or Sardine fishes) attribution, the explained
variance of the grazer’s density is high. Nevertheless, the complexity of interactions
within the ecosystem justifies the involvement of surplus other factors which has
an impact on the major food resource of herbivore zooplankton, grazeable algae
(Chlorophyta, Diatoms) density. Consequently, several environmental factors
(Table 2) were involved in PCA/Biplot analyzes (Figures 1-8; Table 1).
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Figure 1.

Densities (No/L) of total Rotifera plus Cladocera; herbivore Copepoda, predator Copepoda (Cyclopoida), and
Sardines (ton, annual harvest).

Results of eight PCA analyzes and Biplot illustrations of paired variables that
were randomly selected are presented in Figures 1-8. The positive and negative (—)
Eigenvector values are given.

The negative (inverse) correlations were sorted into five classes (A) of correlated
variables.

A: Lake loads of Nutrients, Lake Water Level, Lake Residence Time, and
Epilimnetic Temperature correlated with Zooplankton communities.

B: Lake Nutrient Loads correlated with Phytoplankton.

C: Zooplankton correlated with Phytoplankton.

D: Correlative relations in-between Zooplankton communities.

E: Zooplankton and Phytoplankton correlated with Fish.

A summary of Eigenvectors that were calculated for each paired correlation sorted
by class is shown in Table 3.

Results given in Table 3 indicate a high level of data variability, as expressed by
the 38-71% range of the SDs from the mean. The high level of variability resulting

37



The Role of Plankton in Freshwater and Mavine Ecology

Two panel biplot

Observations Variables
wn w
ol ] ol ]
o o 4
tn
\n - -
- wCypnophyta
5. o s
3 $
5!0- .‘3.7 Em_ tntp
i:E; qz” 27 o o -
° oy . Bk o*‘ﬁ 0 @ o
® 15 ®.
®
7 22.:2‘.23 (] o4 kN
A5 4 -5 0 5 1 15 2 45 1 -5 0 5 1 15 2
Dimension 1 Dimension 1
Principal ecomponents (eigenvectors)
Variable Compl Comp2 Comp3 Comp4d Comp5
tn e 0.6819 0.3463  -0.0446 -0.5033
tp -0.4603 - == 0.5944 0.2912 0.4822
tntp 0.5439 0.2653  wemmmwmens -0.3182 0.7132
wl 0.4666 -0.1393 -0.0443  -——--- 0.0742
cyanophyta -0.3390 0.5724  -0.7078 02377 -
Figure 2.

Lake load (ton) of total nitrogen (TN), total phosphorus (TP), and TN/TP mass ratio.

from these tested paired correlated parameters comprise the structured multivariate
communities creating the Kinneret complex interaction system. Seclude of isolated
single factor as a unique impacting parameter on zooplankton density, for example,
either predator Cyclopoida or Sardine fishes is therefore misleading. Nevertheless, an
indication that the Sardine factor, among others including Cyclopoida, is a dominant
or principal component is justified.

3. Discussion

The study of ecological interactions is commonly disputed between two major
concepts: (1) on an individual basis, specifically between one independent environ-
mental parameter in relation to one or several dependent factors [1-3]. (2) Modeling
construction which is supplied by experimental algorithms [4-8]. The first is limited
between one influence and one or more influencers’ parameters. Models are evalu-
ated by experimental algorithms that are changeable and might be therefore flexible.
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Figure 3.
Biomass (g(ww)/m*) of Copepoda, Cladocera and Rotifera.

Moreover, an old discussion among limnologists was dedicated to the issue defined
as each lake is different as phrased by the popular proverb “But in My Lake” [9]. A
relevant case study was carried out in Lake Kinneret during the late 1990s to early
2000s. The lake suffered from overwhelmed zooplankton predation pressure by the
most common fish in the lake. A recommendation was submitted to the governmental
authorities to subsidize the removal of unwanted sardine fishes aimed at reducing
predation pressure from herbivore Cladocera to enhance algal grazing capacity for
the improvement of water quality. This recommendation was accepted and several
thousand tons of noncommercial Sardines were removed. Nevertheless, besides the
significant recovery of the Cladocera community, algal biomass did not decline.

The reason was indicated; the reduction of Phosphorus inputs was not considered.
The factor that enhanced the outbreak of Cyanobacteria in Lake Kinneret (1994) is
not solely nitrogen deficiency [1, 2] or Phosphorus sufficiency [3] and algal biomass
reduction is not only reduction of their grazing pressure and the density of herbivore
Cladocera is not the only dependent of predator cyclopoids. The ecological instruc-
tive lesson given by those few case studies is that in the management of an ecosystem
comprised of complex interaction, a multivariate evaluation is required and the PCA
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Figure 4.
Savdine (ton, annual harvest), densities (No/L) of herbivore Copepoda, predator Copepoda (Cyclopoida), total
Cladocera; biomass (g(ww)/m?) of Chloropyta and Diatoms, and primary production (gC/m’/day).

and Biplot analysis presented here is the answer. The utilization of the PCA and Biplot
method avoidance of manipulated data management was carried out.

PCA analysis represents the directions of the loaded data that explain the maximum
amount of variance. Those directions are presented as arrowed lines that capture most
of the loaded data. The higher the variance included by a line, the larger the disper-
sion of the data points along it and the more information it has. This results in a better
visibility of the differences between the observations. Moreover, the located position
of the arrowed lines also indicates the correlation within variables: Positively correlated
— the two tested variables are correlated, increase, or decrease together. Negatively or
inversely correlated — among the two tested variables when one increases, the other
decreases, and vice versa. The Eigenvector of the covariance matrix is a PCA compo-
nent. The Eigenvalues are the coefficients attached to the Eigenvector which give the
amount of variance carried in each Principal Component. The Eigenvector represents
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Epilimnion temperature; lake residence time; herbivore graging, and herbivore production (¢C/m?/month,).

the direction of the axes where there is the most variance information. The Eigenvector
value represents the best fit of the line direction, with maximum variance indicated.
The Eigenvalue is the number representing the data spread on the line, the Eigenvector.
The larger the Eigenvalue the higher the impact on the tested object. Data given in
Table 3 consequently indicate a higher impact of Sardine fishes on herbivore zooplank-
ton density than the impact of Cyclopoida predation.

Complex interactions research within a lake ecosystem is therefore an appropriate
stimulator for comparative scientific bridging between versatile variables supported
by multivariate evaluation. Positive correlations between paired parameters from
different disciplines (nutrient, phytoplankton, zooplankton, fishes, physical trait
etc.) that were indicated between variables within Figures 1-8 imply another factor
such as temperature, mutual predator, or mutual food resource which has a similar
impact on the two others. Nevertheless, negative (inverse) correlations between
paired parameters from different disciplines (nutrient, phytoplankton, zooplankton,
fishes, physical traits, etc.) point to contrasting relations implying environmental
significance. The ecosystem’s complex interactions include interfingering through
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many interlocking processes which partly or completely overlap and therefore con-
found multifarious structures. The following inverse relations in paired variables with
respect to the Figure illustrations were indicated.

PCA analysis of the fish (Sardine) predation predator Cyclopoida impact on the
density of herbivore Zooplankton (Figure 1) resulted in two inverse relations:

Sardine vs. densities of herbivore zooplankton (Rotifera plus Cladocera) and
Herbivore zooplankton vs. Herbivore Copepods. It is suggested that zooplankton densi-
ties are dependent on Sardine biomass. Herbivore Copepoda is in the early life cycle stages
of predator Cyclopoida. Therefore, the potential impact of other than fish predation on
zooplankton is possible [4, 5, 7, 10-15]. A principal issue in the complex interaction of
freshwater ecosystems is who the dependents of phytoplankton biomass are. Nutrients
(bottom-up) or grazers (top-down). During the 1990s, a significant change in the phy-
toplankton community structure occurred when Cyanobacteria replaced Peridinium as
the dominant phytoplankton component. Consequently, the impact of total nitrogen and
total phosphorus, as well as lake Water Level fluctuations on Cyanobacteria biomass, was
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analyzed (Figure 2). Peridinium is not edible to herbivore zooplankton and most of the
Cyanobacteria as well. Nevertheless, Chlorophyta and Diatoms are edible and favored by
herbivore zooplankton. Consequently, a PCA-Biplot analysis was carried out to evaluate
the relations between Cyanobacteria and TP, TN, and Water Levels. Inverse relations of
TN vs. TP, Cyanobacteria Biomass vs. TN, Water Level vs. TP, Cyanobacteria biomass vs.
TN/TP mass ratio, and Tn/TP Mass ratio vs. Water Level. Earlier studies confirmed that
the appearance and fluctuated biomass in Lake Kinneret are dependent on TN and TP
lake loads regime and probably not affected by zooplankton grazing [1-3]. Nevertheless,
Water Level is indirectly involved. The lower the level altitude (Figure 2): the higher the
numbers below sea level, lake location) is the lower TP load as affected by changes in
climate conditions (precipitation and river discharge decline) [8].

Among several prime issues that are predicted to be involved within the Kinneret
ecosystem complexed interactions, the optional of intra-community predation
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Figure 8.
Epilimnion temperature, total phytoplankton biomass (g(ww)/m’); lake load (ton) of TN, TB TN/TP mass ratio;
Sardine (ton, annual harvest); densities (No/L) of small/large Cladocera, and Predator Copepoda (Cyclopoida,).

was analyzed through biomass (g(ww)/mz) densities of Copepoda, Cladocera, and
Rotifera (Figure 3). Copepoda was considered to include predator life cycle stages
(Cyclopoida) and Cladocera and Rotifera as herbivores [16-23]. PCA-Biplot analysis
results have indicated a significant impact of the biomass of Copepoda on the biomass
of Rotifera and, to a lesser extent, on Cladocera. It probably resulted from an indirect
effect of top-down eco-force pressure. Several studies have documented the selectiv-
ity of large body size prey by visual predators by fishes (Sardine and young stages
Tilapias) in Lake Kinneret. Large body zooplankters are preyed more efficiently
[7, 11, 16-23]. The decline of preferable consumption of large body size predator
Cyclopoida was therefore accompanied by enhancement of smaller body size rotifers
and, to a lesser extent, young neonates Cladocera [7].

A step forward was carried out as a multivariate internal correlation between
phytoplankton, zooplankton, and fish variables (Figure 4):
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PCA/Biplot Number of Explained variance Explained variance Total
figure variables by component by component explained
number (Coordinate)1 (Coordinate)2 variance
1 4 0.6414 0.1866 0.8280
2 5 0.5606 0.1952 0.7558
3 3 0.5620 0.2704 0.8324
4 7 0.3750 0.2450 0.6200
5 4 0.4707 0.3878 0.8585
6 4 0.6015 0.2511 0.8526
7 6 0.5877 0.1855 0.7732
8 8 0.4735 0.1517 0.6252
Table 2.

Number of variables, values of explained variance by coordinate (Component) 1 and 2, and the total explained
variance resulted by the PCA/Biplot.

Class Mean SD % Minimum Maximum n

A 0.3032 0.1399 46 0.0443 0.4603 8

B 0.1997 0.0924 46 0.1182 0.3390 5

C 0.3345 0.2370 71 0.1752 0.6869 4

D 0.3347 0.2137 61 0.0458 0.7275 13

E 0.4492 0.1722 38 0.2212 0.6869 8
Table 3.

The class (A-E) averaged Eigenvalues of the negatively paired correlated (inversely) variables (see Figures 1-8)
are summariged as mean class values (mean), SDs, and its % (%), of the mean, maximum, minimum, and a
number of parameters (n) are given.

The following inverse correlations between ecosystem variables were indicated:
Between the biomass density of edible algal groups (Chlorophyta plus Diatoms) and
Sardine, interpreted that if Sardine biomass was increased, resulted in an intensifica-
tion of zooplankton predation created, grazing pressure was reduced and consequently
algal biomass enhancement; An inverse correlation between the Primary Production
(PP) of total Phytoplankton and the density of edible algal and Herbivore life stages
of Copepoda (nauplii and copepodite stages) was indicated. Until the mid-1990s the
dominant phytoplankter was the un-edible bloom-forming Peridinium and edible algal
groups (Chlorophyta and Diatoms) were therefore suppressed. The PP enhancement is
due to the Peridinium biomass while edible algal biomass was diminished.

Further inverse correlations were indicated between Sardine biomass vs.
Herbivore Copepoda density and the density of Herbivore vs. Predator Copepoda;
The density of Rotifera vs. Predator Copepoda; The density of Total Cladocera vs.
Herbivore Copepoda.

The density of Total Cladocera vs. Predator Copepoda; The density of Total
Cladocera vs. biomass density of edible phytoplankters (Chlorophyta plus Diatoms);
Total Cladocera and Primary Production; Herbivore Copepoda density vs. biomass
density of edible algal groups (Chlorophyta and Diatoms); Density of Total Cladocera
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vs. the biomass density of edible algal groups (Chlorophyta and Diatoms); and finally,
between the Biomass density of edible algal groups (Chlorophyta and Diatoms) vs.
Primary Production reflecting the positive correlation between total biomass and PP
of Peridinium dominated Phytoplankton assemblages.

Inverse correlation between lake hydraulic residence time (RT) (years) and
epilimnetic temperature vs. metabolic active capacities (grazing and production) of
herbivore and predator Cyclopoida zooplankton were identified (Figure 5): Residence
Time vs. herbivore grazing capacity (gC/m*/month); Residence Time vs. predator
Cyclopoida production.

Herbivores grazing capacity vs. predator Production. It is concluded that these
inverse correlations indicate that RT prolongation was accompanied by temperature
increase and temperature elevation enhanced metabolic activity of zooplankton
(herbivores and predators). Temperature increase is likely a result of RT prolongation
as a consequence of seasonality [14, 16, 17, 24-28].

A critical issue was tested through the correlation between fish (Sardine) biomass
and the density of the total number of Cladocera which resulted in significant inverse
relations (Figure 6). A low statistical probability of the correlation between the
density of the total number of Cladocera and Small/Large Cladocera ratio vs. predator
Cyclopoida was also indicated. The correlation between fish biomass and Cladocera
density was significantly high. Consequently, the intensive fish predation pressure on
Cladocera which is more efficient than that of Cyclopoida pressure on Cladocera was
confirmed. The known cascading top-down fish predation pressure accompanied by
lower pressure of Cyclopoida on Cladocera is confirmed.

The required sensible step forward is aimed at the test of indicative Cladocera prey
selectivity by predator fish or Inverse correlation Cyclopoida as well as an in-between
crustacean (Bosmina spp., Ceriodaphnia spp., Diaphanosoma sp., and predator
Cyclopoida) community densities (Figure 7). Significant inverse correlations of the
following were indicated: Sardine vs. Diaphanosoma sp., Sardine vs. Bosmina spp.,
Bosmina spp. vs. Diaphanosoma sp., Ceripodaphnia spp. vs. Diaphanosoma sp., and
Cyclopoida vs. Bosmina spp. It has to be considered that food item selection by visual
attackers zooplantivore fishes is dependent on body size and highly affected by
skillful escapability. Therefore, Diaphanosoma and Cyclopoida are better escapers
and less vulnerable than Bosmina and Ceriodaphnia. Moreover, the inverse correlation
that was indicated between Cyclopoida and Bosmina might be a result of an indirect
predation effect where Sardin visual attack predation selectively preyed more Bosmina
and Ceriodaphnia while Diaphanosoma and Cyclopoida were therefore enhanced.

A microscopical survey confirmed negligible residual fragments of Bosmina in the
Cyclopoida gut content [16].

The complexity of the Kinneret ecosystem comprises verified variables of nutrients
(TN, TP, TN/TP mass ratio) zooplankton densities, (Cladocera, Small/Large body
size ratio of Cladocera, Cyclopoida), phytoplankton biomass distribution, and epi-
limnetic temperature (Figure 8) are presented as the following inverse correlations:
Temperature vs. Phytoplankton, TP, Small/Large; Phytoplankton vs. epilimnetic
temperature; Phytoplankton vs. TN, TP, Sardine, Small/Large cladoceran life cycle
neonates; TN vs. TP, and Cyclopoida density; TN/TP mass ratio vs. Phytoplankton, TP,
Sardine, and Cyclopoida density; Sardine vs. Phytoplankton, TN/TP, and Cyclopoida
density; Small/Large of cladoceran life cycle neonates vs. Phytoplankton and TN; and
finally Cyclopoida density vs. TN, Small/Large cladoceran life cycle stages ratio.

Those indicated inverse correlations reflect the temporal regular dynamics sequence
pattern in the Kinneret ecosystem prior to the outbreak of Cyanobacteria (1994).
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Starting during the second half of the winter after heavy external inputs of nitrogen
(TN) during the winter which induce the formation of the dominant Peridinium bloom
creating a high biomass of total phytoplankton which transfer Phosphorus from bottom
sediments through the germination of dormant Cysts into free-swimming vegetative
cells. Nevertheless, due to the second part of the winter q continuation of a spawning
season of the Sardine fishes, their zooplankton predation is not yet enhanced while for
the Cladocera it is the optimal season for reproduction resulting in high densities of
young neonates and high-value of Small/Large body size ratio [5, 17, 29].

4, Conclusion

The basic assumption attached to the utilized statistical method of PCA/Biplot
was: positive relation between two environmental variables within the complexity
of the Kinneret ecosystem are mutual dependents of one or more factors. Whereas,
if the correlation is inverse, these two (or more) variables might have an impact of
one on the other, and if the correlation is positive, there is an involvement of another
variable on both. Moreover, the higher the significance values, the stronger the impact
of one on other factors. Paired variables were randomly selected within eight groups
of PCA/Biplot analysis. The bilateral impact between two inversed variables maybe
done through a third (or more) variable indirectly. An inverse correlation between
the Cladocera Bosmina and predator Cyclopoida is created through the selectivity of
the predator by Sardine. Seasonal or temporal elevation of epilimnetic temperature
and/or climate condition changes clearly affect the metabolic activity and popula-
tion density of Cladocera, and also nutrient inputs (TN, TP) into lake Kinneret and
consequently replacement of dominant algal bloom of Peridinium by Cyanophyta.

Four model types aimed at comprehensive (physical and biological traits) struc-
turing of the ecological complexity of the Kinneret ecosystem were published: (1)
The Carbon flow pattern [5]; (2) A numerical simulation of the role of zooplankton
in C, N, and P cycling [6]; (3) ECOPATH [4]; and (4) Intraguild predation dynamics
based on a coupled Hydrodynamic-Ecological model [7]. Three of the models, 1st-
3rd, postited zooplankton predation by Sardine as a solid cardinal status within the
Kinneret ecosystem. The 4th model type attributed the major impact of Cyclopoida
on zooplankton consumption. The model presented in this paper eliminated the
usage of metabolic variables and ecological value algorithms, and the only usage of
statistical distribution was evaluated. The level or value ranges of eco-physiological
traits were replaced by statistical distribution through the PCA/Biplot method.
Conclusively, the present study is in agreement with conclusions presented by 1-3
models and disagrees with the conclusion of model No. 4. Nevertheless, this conclu-
sive summary does not confound the side effect of other variables on the distribution
of zooplankton communities in Lake Kinneret.
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Chapter 3

Long-Term Shifts in Phytoplankton
Community Composition and
Abundance in Lake Champlain:

A 50-Year Comparison

Timothy B. Mihuc, Kayleen Snyder, Zachary Cutter
and Shelly Bouyea

Abstract

In this study, we examined long-term patterns in phytoplankton community
composition and abundance in Lake Champlain from 1970 to 2021. Seven study
sites were sampled across three time periods (1970, 2003-2005, and 2017-2021).
Phytoplanktons were identified to the lowest possible taxonomic level, typically
genus. Our results illustrate differences in phytoplankton community composition
across the three time periods, particularly between 1970 and the two recent time peri-
ods. In 1970, diatoms and Chromista were dominant in phytoplankton assemblages
while in latter time periods: 2003-2005 and 2017-2021. Diatoms remained abundant
while cyanobacteria increased in abundance. Within each phytoplankton functional
group, there were changes in the dominant phytoplankton genera from 1970 to pres-
ent. Notably, Dolichospermum (formerly Anabaena) was the dominant Cyanobacteria
in 1970, while Microcystis abundance increased in 2003-2005 and 2017-2021. The
diatom community also shifted with increasing abundance of Fragilaria in 2017-2021.
Phytoplankton community composition was similar across study sites within each
study period suggesting the observed community patterns are lake wide. Shifts in the
phytoplankton assemblage and genera from 1970 to the present were likely a result of
climate change-induced water temperature increases and invasive species impacts,
favoring taxa adapted to warmer conditions in recent years.

Keywords: Lake Champlain, phytoplankton, community dynamics, long-term
patterns, climate change
1. Introduction

Lake Champlain is among the largest freshwater lakes in the United States, with a
diverse phytoplankton assemblage [1]. It is located between New York and Vermont,

USA, and extends into Québec, Canada [2]. The drainage basin is 21,326km? and
consists predominantly of forests and agriculture [3]. This temperate, stratified
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dimictic lake is commonly divided into five main basins with varying depths and
trophic status, resulting in a range of habitats for biotic communities [1]. Several
studies have collected long-term data on phytoplankton community composition and
abundance in Lake Champlain. Some of the earliest known collections of phytoplank-
ton occurred in 1929 [4] and 1970, which revealed diatoms as one of the dominant
taxonomic groups in the phytoplankton assemblage [1]. Comparisons between these
early time periods showed a long-term shift from oligotrophic to mesotrophic-eutro-
phic phytoplankton species in sections of the lake [1]. Diatoms (Bacillariophyceae)
were the predominant phytoplankton group in Lake Champlain during 1991-1992,
along with an abundance of perennial cryptophyte flagellates while Cyanobacteria
and green algae were present at low abundance [5].

The Laurentian Great Lakes’ long-term monitoring has shown similar trends in
phytoplankton assemblages over time [6]. In the 1970s, diatoms were the dominant
phytoplankton group in most basins of Lake Erie, accompanied by a high presence of
Chromista (Chrysophyceae, Cryptophyceae, and Dinoflagellata) [7]. Comparably,
Lake Superior had a phytoplankton community comprised mostly protozoa and
diatoms in 1973 [8]. In 1983, Lake Huron, Michigan, and Erie were sampled from
spring to fall and found diatoms continued to have the highest biovolumes, while
Cyanobacteria had the greatest overall densities [9]. Diatoms, Cyanobacteria, and
Chlorophyta remained the dominant phytoplankton groups in Lake Erie during late
summer of 2003-2005 [10]. More recently, in an 11-year study of the Great Lakes,
spring diatom abundance was noted to decline in Lake Huron and Lake Michigan,
whereas cyanobacteria cell densities increased in Lake Superior and Erie [6].

Climate change and other human-induced environmental changes are considered
among the greatest threats to large freshwater lake ecosystems [11, 12]. Summer
surface water temperatures have risen for several large lakes worldwide [13]. In the
Lake Champlain Basin, the average summer air and surface water temperatures have
increased over time [14, 15]. Higher surface temperatures in Lake Champlain during
mid-summer months could lead to stronger thermal stratification and result in less
mixing in the long term [15]. As temperatures continue to rise, Lake Champlain could
experience fewer lake freeze-over events during winter, along with more intense but
irregular storm occurrences [14, 16]. Changes in the lake’s thermal structure could
drive shifts in phytoplankton community composition and abundance, with impor-
tant implications for water quality and the aquatic food web [16, 17]. Additionally,
Lake Champlain is particularly susceptible to a nutrient runoff because of its large
watershed, with a watershed-to-surface area ratio of 18:1 [1, 2].

Aquatic invasive species represent another major threat to lake ecosystems and can
impact food web dynamics and reduce the resiliency and biodiversity of an ecosystem
[18-20]. In Lake Champlain, there are >50 invasive species including fish, plants,
mollusks, crustaceans, and pathogens [21, 22]. Aquatic invasive species have dis-
persed through a variety of transportation methods like ballast water, canals attached
to boats and trailers, aquarium trade, and baitfish [22]. One of the most impactful
invasive species that enter Lake Champlain is the zebra mussel (Dreissena polymor-
pha). Zebra mussels were first reported in Lake Champlain in 1993 and quickly
populated throughout the lake [23]. These efficient filter feeders have been noted to
directly reduce phytoplankton biovolume, rotifer abundance, and chlorophyll aand
increase water clarity [18, 24, 25]. Mihuc and Recknagel [26] noted that zebra mussels
preyed upon slow-moving rotifers and likely graze phytoplankton. Likewise, nitrogen
and phosphorus concentrations may be reduced by zebra mussels, which indirectly
impacts phytoplankton biomass [25]. More recently, spiny water flea (Bythotrephes
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Figure 1.
Timeline of sampling periods and major events in Lake Champlain.

longimanus) and fishhook water flea (Cercopagis pengoi) invaded Lake Champlain in
2014 and 2018, respectively [26, 27]. Spiny water flea have been noted for reducing
cyclopoid copepods and cladocerans species [28]. Comparably, in Lake Mendota, fol-
lowing the invasion of zebra mussels and spiny water flea Cyanobacteria dominance
occurred earlier in the growing season [29]. These two invasive species are considered
generalist feeders, which outcompete native zooplankton predators like Mysis diluvi-
ana (Arthropoda) [30].

The objective of this study was to examine long-term patterns in phytoplankton
abundance and community composition in Lake Champlain. Historical phytoplank-
ton data from 1970 [1] were compared to recent data (2003-2005 and 2017-2021).
Study sites included five sites in the Main Lake and one in both St. Albans Bay and
Malletts Bay. Overall, long-term monitoring is useful for understanding patterns and
revealing potential drivers of change in the ecosystem over time [31]. Summary of
Lake Champlain major environmental events (Figure 1) illustrates how monitoring
can address patterns over multiple decades and environmental issues.

2. Methods
2.1 Study sites

The seven study sites were selected in Lake Champlain based on historical
data collected in 1970 (Figure 2) [1]. Each site varies by depth and trophic status
(Table 1). Phytoplankton samples were collected at each site from May to September
for all sampling periods (1970, 2003-2005, and 2017-2021).

2.2 Field and laboratory procedures

Phytoplankton samples were collected in 1970 using a Van-Dorn bottle sample, at
avertical depth of 5 m [1]. The samples were filtered through a #20 silk bolting cloth
(63.5 pm micron mesh) and placed into preservation vials with 95% ethyl alcohol for
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Figure 2.
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Map of the seven monitoring sites in the Lake Champlain Basin.

Site # Site name Depth (m) Trophic status Latitude Longitude

7 Northwest Bay 50 Oligo-mesotrophic 44°7'33.60"N 73°24'46.20"W
19 Four Brothers Island 100 Oligo-mesotrophic 44°28'1560"N 73°17'57.00"W
21 Burlington Bay 15 Oligo-mesotrophic 44°28'29.40"N 73°13'54.00"W
25 Malletts Bay 32 Mesotrophic 44°34'55.20"N 73°16'52.20"W
33 Cumberland Bay 1 Oligo-mesotrophic 44°42'420"N 73°25'5.40"W

36 Cumberland Trench 50 Oligo-mesotrophic 44°45'22.20"N 73°21'18.00"W
40 St. Albans Bay 7 Eutrophic 44°47'720"N 73°9'43.80"W

Trophic status based on 1977 trophic status report from EPA [32].

Table 1.

Physical characteristics of the seven study sites in Lake Champlain.

preservation. About 45 phytoplankton samples were collected for the seven study
sites during 1970. The Lake Champlain Research Institute collected the 2003-2005
and 2017-2021 samples using a 63.5-pm micron Wisconsin plankton net witha 13 cm
opening [33]. Samples were collected at twice the Secchi depth during the recent
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time periods and preserved with Lugol’s iodine solution. The Secchi depth allows for
measurement of water clarity and serves as an indicator for the phytoplankton bio-
mass and suspended materials are in the water column [34]. The number of samples
collected during 2003-2005 and 2017-2021 varied, with a total count of 60 and 310,
respectively. Samples were stored in a dark room until laboratory analysis.

In the laboratory, phytoplankton samples were thoroughly mixed, and subsamples
were pipetted from a centrifuge tube into a Sedgewick-Rafter counting cell. The
Sedgewick-Rafter cell holds a 1 mL capacity with 100 counting cells. Phytoplankton were
identified to the lowest feasible taxonomic level, using an inverted microscope. Each
sample was counted until a minimum of 10 fields or 100 of the most abundant phyto-
plankter had been assessed, or up to three 1 mL aliquots were examined [33]. All samples
in our study required a single aliquot. Phytoplankton samples were stored for 5 years.

2.3 Data analysis

Phytoplankton data were analyzed using R programming language version 4.2.2.
Seventy-four phytoplankton taxa recorded over the three time periods and study
sites. Phytoplankton were arranged into four functional groups: Cyanobacteria,
diatoms (Bacillariophyceae), green algae (Chlorophyta), and flagellated Chromista
(Dinoflagellates, Cryptomonads, and Chrysomonads). Phytoplankton counts were
converted to relative abundance (#/m?) and analyzed for 1970, 2003-2005, and
2017-2021. Taxa that accounted for less than 1% of the total abundance across the
majority of the samples were not included in the analysis. Furthermore, the genera
Chroomonas, Cryptomonas, and Rhodomonas (phylum Cryptista) were combined
under the class Cryptophyceae, given their relatively small size and potential for
misidentification. All other phytoplankton were identified to genus level. Mean
phytoplankton relative abundances were calculated for each month during each of the
sampling periods.

The resulting data set contained the top 15 most abundant taxa, which were
analyzed using non-metric multidimensional scaling (NMDS) ordination, based
on Bray-Curtis dissimilarity distances [35]. The ordinations were performed in R
studio using the metaMDS function from the ‘vegan’ package. NMDS ordinations are
often applied to community abundance data to show distribution of dissimilarities
between a large number of ecological samples [36]. The sampling time periods (1970,
2003-2005, and 2017-2021) and seasonality (May—September) were used to iden-
tify patterns in phytoplankton community composition. Simpsons diversity index
was calculated to compare similarities among the three time periods. In addition,
water quality parameter (surface temperature, total nitrogen, total phosphorus, and
chloride) data from 1992 to 2021 were obtained from the Lake Champlain Long-term
Monitoring database. A full list of phytoplankton taxa from each study period can be
found in Appendix A.

3. Results
3.1 Long-term changes in phytoplankton composition and abundance
Phytoplankton community composition experienced shifts in dominance

during the three time periods (Figure 3). In 1970, diatoms (40.92%) and protozoa
(34.64%) were dominant within phytoplankton assemblages (Figure 3). Diatoms
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Figure 3.

Relative abundance of phytoplanktonic functional groups over the three time periods.

exceeded 50% of total abundance in 2003-2005 while protozoa Chromista were <10%.
In 2017-2021, diatoms continued to be the main phytoplankton assemblage until
2020-2021 when Cyanobacteria exceeded 50% of total community abundance.

A noticeable increase in cyanobacteria relative abundance occurred from 2017 to
2021. Phytoplankton assemblage composition was relatively similar within each
study site during the 1970, 2003-2005, and 2017-2021 periods. Overall, between
study periods, community shifts were observed, most notably a decline in proto-
zoa abundance from 1970 to 2003-2005 and 2017-2021, while diatoms remained
abundant throughout the entire study period and Cyanobacteria increased in the
latter time periods.

Community patterns from the NMDS ordination showed differences in com-
munity composition between the three time periods (1970, 2003-2005, and 2017)
(Figure 4). Particularly, there was a separation between phytoplankton assemblages
from 1970 compared to 2003-2005 and 2017-2021. The phytoplankton assemblage
shifted in composition primarily with respect to Cyanobacteria and diatom genera
present in the community. This change is reflected in percent community similarity
between the time periods (Table 2). Phytoplankton assemblages showed the lowest
percent community similarity (~21.5%) between 1970 and 2003-2005; 2017-2021,
indicating a major temporal shift in community composition. The highest similarity
(40% or greater) was between samples from 2003 to 2005 and 2017-2021, suggest-
ing there were fewer changes in overall community abundance between these two
time periods. The similarity was highest within the 2017-2021 samples (68%) and
in general remained high within all time periods. Likewise, there was a difference in
Bray-Curtis similarity between years (1970, 2003-2005, and 2017-2021) and months
during the study (Table 3).

Dolichospermum (formerly Anabaena), Aphanizomenon (Cyanobacteria), Synedra
(Bacillariophyceae), Schroederia (Chlorophyta), and Cryptophyceae were more abun-
dant in the 1970 samples in the ordination (Figure 4). The 2003-2005 and 2017-2021
sites were distributed away from 1970 sites and clustered moderately close together,
illustrating the overlap between phytoplankton community structure between 2003
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Figure 4.

NMDS ordination (using Bray-Curtis index of similarity) of the 15 most abundant phytoplankton during the
three time periods (1970, 20032005, and 2017-2021), with a plot stress value of 0.189.

1970 2003-2005 2017-2021
1970 0.41413296 0.19921026 0.23245990
2003-2005 0.44345036 0.42240605
2017-2021 0.68061292
Table 2.
Average similarity (Bray-Curtis) for all sites and time periods.
Groups PERMANOVA
Df SS R’ F p-Value
Years 2 9.478 0.36145 431764 0.001"**
Site 6 0.8773 0.03346 13322 0.162
Month 4 5.1550 0.19659 11.7417 0.001"**
Years: Site 12 1.2122 0.04623 0.9203 0.610
Years: Month 7 1.8123 0.06911 2.3588 0.002**
Site: Month 24 2.4165 0.09215 0.9173 0.658
Years: Site: Month 49 3.7345 0.14242 0.9724 0.781
Residual 14 1.5366 0.05860

Significance codes: 0 “** 0.001 ** 0.01 * 0.05.

Table 3.
Permanova results using Bray-Curtis distance for the years, sites, and months.
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and 2005 and 2017-2021 and the shifts in community structure from 1970. The phyto-
plankton that exhibited higher occurrences in samples collected during 2003-2005
and 2017-2021 include Asterionella, Fragilaria (Bacillariophyceae), Microcystis
(Cyanobacteria), Dinobryon (Chrysophyceae), Tetraspora (Chlorophyceae), Ceratium
(Dinophyceae), and Pediastrum (Chlorophyceae). Study site location did not show an
effect on distribution of phytoplankton communities within or between time periods
(Table 3), suggesting the observed community patterns and shifts across the time
periods occurred lake wide.

Relative abundance plots were created using the ordination results to illustrate the
shift in relative abundance for the dominant phytoplankton taxa with consideration
of sites and time periods (Figure 5). The relative abundance for Aphanizomenon
and Dolichospermum was the largest in 1970 samples lake wide (Figure 5a,b). These
cyanobacteria remained present in the recent samples (2003-2005 and 2017-2021)
but in lower abundance. The cyanobacterium Microcystis had higher abundance in

a) Aphanizomenon b) Dolichospermum €) Microcystsis

g) Ceratium
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Figure 5.

Distribution of relative abundance between 1970 (red symbols), 2003—2005 (green symbols), and 2017-2021(blue
symbols) for the dominant cyanobacteria (panels a, b, c), diatoms (panels d, e, f), and chromista (panels g, h, i)
using NMDS ordination.

58



Long-Term Shifts in Phytoplankton Community Composition and Abundance in Lake...
DOI: http://dx.doi.org/10.5772/intechopen.1007276

Lake Champlain during 2003-2005 and 2017-2021 (Figure 5c) and were absent in
1970 samples. Overall, Lake Champlain’s Cyanobacteria community has exhibited a
major temporal shift in taxa dominance from Dolichospermum, and Aphanizomenon
(1970) to Microcystis (since the early 2000s) with the highest abundances observed in
2017-2021).

Asterionella, Aulacoseira, and Fragilaria were the dominant diatom genera
throughout the three time periods (Figure 5d—f). Asterionella was lower in abundance
in 1970, but increased in recent time periods, with particularly high levels in 2005.
Fragilaria was overall the most abundant diatom in 1970 and 2017-2021 sampling
period. Between 2017 and 2021, Asterionella (Bacillariophyceae) and Aulacoseira
(Coscinodiscophyceae) increased in relative abundance during years that Fragilaria
were less abundant in the samples. During 1970, Cryptophyceae were high in abun-
dance for almost every sample (Figure 5h). In 2003-2005 and 2017-2021, Ceratium
(Dinophyceae) and Dinobryon (Chrysophyceae) increased in abundance (Figure 5g, i).
Overall, many taxa illustrated shifts in composition from 1970 to 2017-2021.

3.2 Seasonal succession of phytoplankton assemblages

We observed differences in the seasonal succession of phytoplankton assemblages,
among the three time periods (Figure 6). In 1970, diatoms (Bacillariophyceae) and
Chromista were the dominant early season phytoplankton groups until August.
Within the diatom assemblage, Aulacoseira typically had high abundance in May,
while Fragilaria generally increased in relative abundance in June and July for all time
periods. Additionally, Stephanodiscus and Synedra accounted for a greater proportion
of relative abundance within diatom assemblage in 1970 compared to recent sampling
periods and were more abundant in the early season. Cryptophyceae were abundant
throughout the sampling season of 1970 but showed a decline in September, following
an increase in Cyanobacteria. Dolichospermum and Aphanizomenon were the dominant
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Figure 6.
Seasonal relative abundance for the top 15 most abundant phytoplankton between May and September for the
three time periods.
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Cyanobacteria in 1970 with notable increases in abundance during August. Green
algae had greater relative abundances during July and August.

In 2003-2005, diatoms constituted a majority of the phytoplankton community
composition and abundance. Asterionella increased from May to July during this
period but were notably less abundant in the 1970 samples (Figure 6). Aulacoseira
(Coscinodiscophyceae) and Fragilaria (Bacillariophyceae) maintained high rela-
tive abundance throughout the season. During September 2003-2005, there were
increases in green algae, Cyanobacteria, and Chromista. A prominent switch
in Cyanobacteria genera occurred from Dolichospermum dominance in 1970 to
Microcystis in 2003-2005. Comparably, protozoa composition changed from primarily
Cryptophyceae in 1970 to Ceratium and Dinobryon. Despite being a minor component
of the overall relative abundance, green algae (Chlorophyceae) experienced a shift
from Schroederia dominance in 1970 to Tetraspora and Staurastrum.

Between 2017 and 2021, we observed a rise in the abundance of Cyanobacteria,
primarily Microcystis, which also occurred earlier in the growing season (Figure 6).
Microcystis remained a dominant community member throughout 2017-2021 in Lake
Champlain and was much less common in 1970 and 2003-2005. Dolichospermum and
Aphanizomenon continued to exhibit lower abundance, with slight increases during
August to September, similar to previous time periods. Fragilaria was the most abundant
diatom for the growing season. Protozoa relative abundance generally decreased from
1970 to 2017-2021, with Dinobryon as the prevailing Chromista genera from 2017 to 2021.

The average surface water temperature (°C) at the seven study sites displayed
an upward trend from 1992 to 2021 during the growing season (May-September)
(Figure 7, Table 4). In May, there was a noticeable rise in surface temperature
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Average surface temperature (°C) at 1 m for the seven sites from May to September from 1992 to 2021 with plotted
linear regression lines.
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Site name 1965-1969 2003-2005 2017-2021 1970 Max  2003-2005 2017-2021

Mean Secchi MeanSecchi  Mean Secchi temp Max temp Max temp
(m) (m) (m) (°C) (°C) (°C)

Northwest Bay 2.8 3.8 39 219 254 24.7

Four Brothers 4.7 55 4.9 221 24.7 249

Island

Burlington Bay 44 54 4.5 23 24.9 25.8

Malletts Bay 4.0 53 43 253 26.2 25.8

Cumberland 3.0 4.5 4.3 233 253 254

Bay

Cumberland 54 52 51 23 24.8 254

Trench

St. Albans Bay 1.8 2.7 22 246 26.5 26.8

Maximum temperatures and mean Secchi depth for 1970 weve based on Myers and Gruendling [1], while the
2003-2005 and 2017-2021 were obtained from the long-term monitoring (LTM) data.

Table 4.
Mean Secchi depth and maximum surface temperature for the seven study sites.

across the sites, with an average increase of 0.103°C. Malletts Bay, Northwest Bay,
and Cumberland Trench had the highest recorded increases in May for the seven
sites, during this time. In June, there were marginal rises in temperatures at six of

the study sites. June and September exhibited overall average increases of 0.034 and
0.061°C, respectively. Comparatively, July and August had the same average increase
of 0.094°C for all sites combined. Maximum water temperatures increased from 1970
to 2021 at all sites with increases up to 2.8°C over the 50-year period, primarily in the
main lake (Table 4).

4. Discussion
4.1 Long-term changes in phytoplankton composition

Long-term shifts in phytoplankton community composition and abundance
have occurred in Lake Champlain over a 50+ year time period from 1970 to 2021. In
1970, diatoms and protozoa were the dominant phytoplankton groups. Likewise,
these two phytoplankton groups were predominant in samples from Lake Superior
and Lake Erie, during this time [7]. Diatoms remained the predominant phyto-
plankton group in 2003-2005, with a decline in protozoa. This decline in protozoa
likely occurred in the mid to late 1990s. Shambaugh et al. [5] found diatoms and
cryptophytes flagellates were both dominant phytoplankton in 1991-1992. In 1993,
zebra mussels invaded Lake Champlain and quickly achieved high abundance [23].
Since zebra mussels are efficient suspension feeders, this change in the community
could have caused the shift in phytoplankton assemblages we observed between
1970 and the 2003-2005 period, similar to the impacts of zebra mussels on rotifer
densities in Lake Champlain [18, 26]. A study in Lake Erie found that Dreissenidae
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(zebra mussel) invasion caused an increase in cyanobacterial abundance, while other
phytoplankton assemblages were reduced [37]. During 1970 in Lake Champlain,
water transparency was reported to decrease in spring and summer as phytoplank-
ton proliferated [1]. Comparatively, our results found the mean Secchi depth (m)
increased for all sites except Cumberland in subsequent time periods, which sup-
ports the suggestion that the zebra mussel “filtration effect” can induce changes in
phytoplankton abundance and composition. During 2017-2021, Cyanobacteria and
diatoms were the dominant groups in the phytoplankton community, but protozoa
remained relatively less abundant.

One of the most notable results from our study was the long-term shift in
dominant Cyanobacteria assemblage composition from Dolichospermum and
Aphanizomenon in 1970 to Microcystis in 2003-2005 and 2017-2021. Similarly,
in 1970, in Lake Erie, Dolichospermum and Aphanizomenon flos-aquae (formerly
Anabaena flos-aquae) were common Cyanobacteria that formed summer blooms
[9]. Both of these Cyanobacteria are nitrogen fixers, which provides a competitive
advantage under nitrogen-limited conditions relative to other phytoplankton [38].
By the mid-1990s Cyanobacteria blooms occurred more frequently in Lake Erie,
but Microcystis aeruginosa had become the dominant species [39]. The general shift
in dominant Cyanobacteria genera to Microcystis in numerous freshwater lakes
and rivers worldwide suggests similar underlying factors influencing the change
[39, 40]. The highest abundance of Microcystis observed in our study was during
2020-2021, following invasion of “fishhook waterflea” (Cercopagis pengoi) in Lake
Champlain in 2018-2019. This suggests possible planktonic food web interac-
tions following introduction of a top planktonic predator may have resulted in
increased niche availability for Microcystis. These possible trophic interactions
require more study.

The increasing predominance of Microcystis in Lake Champlain and the Great
Lakes could be due to a combination of factors including increased invasive species
mediated interactions, water temperature increases and altered nutrient dynamics
[15]. Warm water temperatures are likely to be the factor influencing Microcystis
bloom formations in Lake Champlain, with large blooms forming above 25°C, a
threshold more commonly reached in recent decades [41-43]. The shift in domi-
nance could be a result of Microcystis having a higher optimal temperature range
compared to Dolichospermum and Aphanizomenon. Experiments performed in Lake
Champlain demonstrated that elevated water temperatures yielded significantly
higher growth rates of toxic and non-toxic Microcystis [43]. Additionally, nitrogen
and phosphorus enrichment lead to notably increased growth rates of toxic strains
of Microcystis [43]. One study noted that Microcystis has an optimal N:P ratio of 32:1
[40], while another study which noted high abundance of microcystin was found
in <23 N:P ratio environments [44]. Paerl and Huisman [45] found that Microcystis
blooms became more prevalent with a combination of increased temperatures,
nutrient inputs, and CO, levels. Microcystis blooms have been noted to reduce nitro-
gen in the water column [46].

The most common diatoms for our study sites during 1970 were Aulacoseira,
Fragilaria, Stephanodiscus, and Synedra. Many of the species in these genera are con-
sidered eutrophic or mesotrophic indicators [47]. We observed a general shift toward
a high abundance of Asterionella in 2003-2005, which has been noted as an oligo-
trophic or mesotrophic diatom [47]. Comparatively, in Lake Erie, Asterionella was
dominant until 1950 when nutrient-dominant diatoms like Aulacoseiva and Fragilaria
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increased [47]. In Lake Champlain during 2017-2021, Asterionella decreased in abun-
dance compared to other time periods, while Fragilaria became the dominant diatom.
Fragilaria have been noted to increase with higher inputs of phosphorus and a supe-
rior competitor for silica compared to Asterionella [47]. In addition, Fragilaria has an
optimal temperature of 10-30°C, which is higher than most diatoms found in Lake
Champlain (see Appendix B) [48]. In another study from Lake Michigan, a decrease
in Asterionella was observed while Stephanodiscus increased with phosphorus inputs
[49]. The transition in phytoplankton assemblages to taxa better adapted to warmer
water is a common occurrence throughout the Great Lakes and Lake Champlain and
other lakes worldwide.

Cryptomonads were the dominant perennial protozoa in 1970. Cryptomonads
and Cyanobacteria have a red accessory pigment phycoerythrin, which allows for
high photosynthetic absorption rate and ability to grow at greater depths [50].

A mesocosm experiment found that warming water caused a relative decrease in
Cryptophyceae abundance [51]. These relatively small phytoplankton are often
found in deep water column of oligotrophic lakes [52]. A general decline was
observed for Cryptophyceae from 1970 to 2003-2005, which could be a result

of sample collection depth and increased water temperature. However, Naddafi
etal. [53] found that zebra mussels reduced biomass of Cryptophyceae. Likewise,
zooplankton grazing pressure have been reported to select Cryptophyceae as prey,
which could have impacted their abundance [47]. In 2003-2005, the dominant
Chromista was Ceratium (Dinophyceae), which commonly inhabits mesotrophic
to eutrophic conditions during stable stratification [47]. Comparably, during
2017-2021, protozoa were overall less abundant with Dinobryon (Chrysophyceae)
as the most common.

4.2 Seasonal succession of phytoplankton

Phytoplankton community composition and abundance changed throughout
the growing season during 1970, 2003-2005, and 2017-2021. In freshwater ecosys-
tems, water quality variables such as temperature, nutrients, and sunlight strongly
influence phytoplankton dynamics [47]. Seasonal succession of phytoplankton
assemblages in dimictic lakes generally follows a pattern of high abundance of
diatoms in spring turnover due to the readily available silica, essential for the cell
walls of diatoms [54], and relatively low temperatures and light intensity [55]. In
summer, green algae (Chlorophyta), Cryptophyceae, and Cyanobacteria typi-
cally become dominant within phytoplankton assemblage [55]. Cyanobacteria are
typically the most abundant in late summer because they have a higher optimal
temperature compared to other phytoplankton assemblages, along with some
Cyanobacteria being grazing resistant [39]. Additionally, Cyanobacteria are better
equipped for handling nutrient depletion in the epilimnion due to lower nutrient
demands, and certain genera have the capability to perform nitrogen fixation
[56]. Diatoms typically return as the dominant phytoplankton assemblage in fall
turnover [55].

Seasonal succession of phytoplankton followed a similar pattern in 1970 and
2003-2005 sampling periods in Lake Champlain. Diatoms were the main community
assemblage from May to July. Green algae were most abundant in June and July in
1970 samples but now appear at higher density later in the field season in recent years.
Filter-feeding zooplankton has been noted to preferentially graze on green algae,
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causing their abundance to decline [57]. Davis et al. [43] found Cyanobacteria blooms
occurred in late summer during 2006 in Missisquoi Bay (Lake Champlain), with
Dolichospermum as the dominant Cyanobacteria in late summer, then transitioning to
Microcystis dominance.

During 2017-2021, this seasonal pattern changed, with Cyanobacteria abun-
dance increasing earlier in the season (May-June), while other phytoplankton
assemblages decreased in relative abundance. Cyanobacteria blooms have been
shown to outcompete other phytoplankton groups in warm water, which could have
caused a decline in some taxa during 2017-2021 [54]. Surface water temperature
(°C) has exhibited a continuous rise at all seven sites since 1992 and is most likely
the main driver for the increased Cyanobacteria abundance earlier in the growing
season in recent years.

5. Conclusion

Long-term monitoring of phytoplankton community composition and seasonal
abundance is useful to provide a better understanding of long time scale patterns in
freshwater lakes. In this study, changes in phytoplankton community composition
and abundance occurred over a 50-year time scale. Diatoms (Bacillariophyceae)
and Chromista were the predominant phytoplankton assemblages in 1970 but
shifted to cyanobacteria and diatoms in 2003-2005 and 2017-2021. Cyanobacteria
displayed higher abundance earlier in the growing season during 2017-2021 com-
pared to previous sampling periods. Notably, Dolichospermum and Aphanizomenon
were dominant in 1970 but shifted to Microcystis dominance in 2003-2005 and
2017-2021, illustrating that phytoplankton that are adapted to warmer waters may
replace previously dominant phytoplankton genera over time. Shifts in commu-
nity composition also occurred among diatoms and protozoa from 1970 to 2021.
Overall, our results suggest that climate change and invasive species-mediated
impacts (e.g., zebra mussel) are likely the main causes for shifts in phytoplankton
assemblage in Lake Champlain.
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List of phytoplankton genera identified for each time period

See Table Al.
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1970 2003-2005 2017-2021
Cyanobacteria Cyanobacteria Cyanobacteria
Aphanizomenon Aphanizomenon Aphanizomenon
Coelosphaerium Aphanocapsa Aphanocapsa
Dolichospermum Coelosphaerium Coelosphaerium
Pseudomonas Cylindrospermum Cylindrospermum

Dolichospermum Dolichospermum

Eucapsis Gloeotrichia

Gloeocapsa Merismopedia

Gloeotrichia Microcystis

Microcystis Snowella

Nostoc

Oscillatoria

Snowella

Spirulina
Green Algae Green Algae Green algae
Actinastrum Ankistrodesmus Actinastrum
Ankistrodesmus Botryococcus Ankistrodesmus
Chlamydomonas Coelastrum Coelastrum
Coelastrum Dictyosphaerium Dictyosphaerium
Dictyosphaerium Eudorina Eudorina
Eudorina Hematococcus Kirchneriella
Qocystis Kirchneriella Pediastrum
Pediastrum Mougeotia Sphaerocystis
Scenedesmus Oedogonium Spirogyra
Schroederia Oocystis Tetraspora
Tetvastrum Pediastrum Crucigenia

Scenedesmus Microactinium

Sphaerocystis Volvox

Spirogyra

Tetraspora

Volvox
Desmid Desmid Desmid
Closterium Closterium Closterium
Cosmarium Cosmarium Staurastrum
Staurastrum Staurastrum Staurodesmus

Staurodesmus Xanthidium

Xanthidium Xanthidium
Diatom Diatom Diatom
Asterionella Amphora Asterionella
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1970 2003-2005 2017-2021
Fragilaria Asterionella Cyclotella
Aulocoseira Cyclotella Diatoma
Navicula Diatoma Fragilaria
Nitzschia Fragilaria Aulocoseira
Stephanodiscus Frustulia Navicula
Synedra Aulocoseira Stephanodiscus
Tabellaria Navicula Synedra
Suriella Stephanodiscus Tabellaria
Synedra Suriella
Tabellaria
Chromista Chromista Chromista
Ceratium Acanthocystis Acanthocystis
Chroomonas/Cryptomonas Actinosphaerium Actinosphaerium
Chrysococcus Ceratium Ceratium
Dinobryon Chroomonas/Cryptomonas Chroomonas/cryptomonas
Glenodinium Difflugia Difflugia
Gymmodinium Dinobryon Dinobryon
Mallomonas Euglena Euglena
Peridinium Euglypha Euglypha
Rhodomonas Mallomonas Mallomonas
Synura Synura Synura
Rhizosolenia Trachelomonas Trachelomonas
Vorticella
Miscellaneous

Coccoid Green

Table A1.

B. Ecological traits of the top 15 phytoplankton taxa in our study
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Abstract

Starting from the well-known fact that a poor ecological status is associated
with increasing phytoplankton abundance, greater proportions of cyanobacteria,
and more frequent and intense toxic blooms, the main purpose of this chapter was
to investigate abiotic and biotic factors influencing the ecology of Cyanobacteria
populations and the expression of their toxigenic potential, by presenting results and
conclusion both from field and laboratory studies found in the literature so far. A
general overview of the complexity of factors is summarized at the end of the review
in five scenarios about the Cyanobacteria behavior in freshwater ecosystems under
different ecological statuses.

Keywords: cyanobacteria, freshwater, toxic bloom, mcyE, environmental factors,
allelopathy

1. Introduction

In the last decades, toxic or so-called harmful algal blooms (HABs) have been
increasingly reported on a global scale in frequency, distribution, and impact of
their effects on public health, living resources, and local economies [1-3]. Such
blooms occur not only in marine and estuarine environment, where there are about
150 harmful or toxic microalgal species [4], but also in the freshwater ecosystems
impacted by eutrophication, where Cyanobacteria represent the dominant. Mass
populations of toxic Cyanobacteria are a global phenomenon and the recent recogni-
tion that incidences of blooms may increase significantly under future climate change
serves to reinforce further the seriousness of the potential risks to human health [1].
Due to this, toxic cyanobacteria have gained in recent years increasing amounts of
attention by the scientists, authorities, and general public worldwide [5].

The cyanotoxins are secondary metabolites produced by about 40 species of
Cyanobacteria [6], that include neurotoxic, hepatotoxic, genotoxic, inflammatory
and cytotoxic agents [7]. The genera known for their potential ability to produce
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toxic substances include Anabaena, Aphanizomenon, Cylindrospermopsis, Lyngbya,
Microcystis, Nodularia, Nostoc, and Planktothrix [8]; however, even if the species able
to produce toxins are present, they may release toxins only in special circumstances,
under the pressure of several anthropogenic or environmental factors. With over 90
known congeners globally, hepatotoxic microcystins (mcyE gene is involved in their
synthesis) are among the most potent and commonly encountered toxins [9] and
they are mainly produced by species belonging to the Microcystis, Anabaena, and
Planktothrix genera, although many other taxa were shown to have toxic potential
[10, 11]. Genetic-based methods enhanced the understanding of the natural distribu-
tion of genes that are involved in cyanotoxins production, despite only indicating
potential toxin producers [12]. Quantitative real-time PCR (qPCR) has been increas-
ingly applied to monitor potentially toxic cyanobacteria population shifts in diverse
aquatic ecosystems worldwide [13, 14], due to its sensitivity and rapidity.

Although the ecology of Cyanobacteria is well described, the relationship
between population dynamics and environmental factors that trigger the presence
of genes involved in microcystins synthesis is poorly understood [15]. For example,
the density of the hepatotoxic cells was directly correlated with the microcystins
(MCs) concentration from water [16] and, in concordance, with the gene (mcyE
for example) copies number inside the cells. Some strains may produce higher MC
concentrations than others under the same laboratory conditions, while others can be
more or less toxic depending on cultivating conditions [17]. In addition, the suc-
cession of Cyanobacteria species and biomass is influenced by seasonal changes in
several factors including nutrients, grazing, light, and temperature, which affect also
the concentration of MC in the field [18]. In environment, different strains produce
different concentrations of MCs but not all the time target genes involved in MCs
synthesis are well correlate with these concentrations as a recent study demonstrates
[15]. The effects of environmental factors on the abundance of MC-producing and
non-toxic Microcystis genotypes have, however, been studied on a limited scale [15].

A brief overview of the influence of several physic-chemical parameters is pro-
vided in [18] and summarized below: a positive correlation between toxic genotypes
(mcyA) and nitrate (NO;-N) concentrations was noticed, while temperature and
orthophosphate (PO4-P) concentration seem not to influence mcyA abundance
[19]. In the same lake, a direct influence of the cyanophage assemblage in shifts of
MC-producing and non-MC-producing subpopulations was suggested [20]. NH, and
NO; were also shown to increase toxic (mcyA), Microcystis strains abundance, and MC
concentrations in a hypereutrophic pond [21], without affecting the total Microcystis
abundance. Total phosphorus was shown to positively correlate with both toxic
(mcyD) and total Microcystis abundance in Lake Erie, USA, while mcyD genotypes
correlated negatively with NO;, total nitrogen, nitrogen to phosphorus ratio, and pH
[22]. Phosphorus was also shown to correlate positively with the relative abundance of
potentially hepatotoxic (mcyE/ndaF) cyanobacterial community of river Nile, Egypt,
at a site showing strong phosphorus limitation [23].

In spite of the fact that both nitrogen and phosphorus influence the numbers/
proportion of toxic genotypes, other factors such as low water depth, high pH, high
temperature, lack of wind and water column stability, and nutrient and light avail-
ability favor cyanobacteria development [24] increasing the risk hazard.

Also, allelopathic relationships with macrophytes or other algal groups and graz-
ing pressures of zooplankton or fish communities should be further considered as it
has been noticed that competition and grazing stimulate toxin production [25, 26].
The cumulative impact of all these factors on toxin-producing cyanobacteria requires
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more detailed investigations to elaborate effective management measures to prevent
health hazards. Within this review, we summarize the effect of biotic and abiotic
factors on cyanobacteria abundance, genotype, and toxicity.

2. Interaction with environmental factors

Is well known that organisms interact with their living and non-living environ-
ment so, they are affected by abiotic (physical and chemical) and biotic (presence
and activities of other organisms) factors. These adaptations are the result of evolu-
tion, the driving force of which is natural selection [27, 28]. Cyanobacteria play an
invaluable role in freshwater ecosystems because of their ability to produce oxygen
via oxygenic photosynthesis and convert atmospheric nitrogen to the biologically
available form, ammonium (NH,") [9, 29-31]. Additionally, their status as primary
producers strengthens their connection to the aquatic environment, as they contrib-
ute to the foundation of the food web, especially stimulating bottom-up food web
shifts in shallow, eutrophic lakes [32].

2.1 Abiotic factors
2.1.1 Physical and chemical parameters

Light conditions in shallow lakes may change on a time scale of days to weeks
due to changes in cloudiness or wind-induced resuspension of sediments. It was
demonstrated that light intensity is a critical factor influencing the production of
cyanotoxins [33]. Changes in light conditions may profoundly affect the microcystin
composition and thereby the toxicity of cyanobacteria [34]; the transcription of two
genes responsible for microcystin production was already shown to be influenced by
light quality [33]. For example, the harmful cyanobacterium Planktothrix agardhii, a
species that prefers mostly shallow, turbid lakes, produces a more toxic variant during
periods of sunny weather, when recreational activities in lakes are most attractive
[34]. It has been documented that the excessive growth of Cyanobacteria can reduce
water transparency with light penetration to only few centimeters, and thus hav-
ing important effects on both pelagic and benthic communities [35]. The reduction
of the euphotic zone together with the excessive increase in the ratio between the
epilimnetic mixing layer and the euphotic depth is an unfavorable factor for other
organisms [35].

Another physical parameter of the water, which has exhibited a high positive cor-
relation with MCs concentration, but not with the number of mcyE gene copies, was
the conductivity. Conductivity is a parameter related to the ability of electric con-
duction of water and can indicate the ion concentration. Microcystis utilizes various
inorganic ions such as macronutrients and trace metals for growth [36]. This confirms
previous studies showing that alkaline pH (7.5-8.5), electrical conductivity from
241 to 367 pS/cm, and temperature ranging from 24.8 to 32°C promote microcystin
development [37].

The pH of water may also influence toxin production. For M. aeruginosa, higher
MC production occurred at pH values above and below their optimum growth
threshold [33].

Temperature is a crucial parameter of the environment that influences the sur-
vival, metabolism, growth, and reproduction of all Cyanobacteria, as well as the
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interactions between them and other species [38] as well as a fundamental relation-
ship with cyanotoxin production [33]. For example, some cyanotoxins are often
found at temperatures that would be considered sub-optimum for cell growth, with
a maximum reported at 20°C and production ceasing at temperatures exceeding
35°C, namely cylindrospermopsin [33]. Anatoxin-a production has also been shown
to be highest at 20°C, whereas maximum production of MC and nodularin has been
reported to occur between 18 and 25°C [33]. Other studies showed that temperature,
DO, and Microcystis biomass are positively correlated with MC accumulation as

well [39]. Temperature alone may only partly determine bloom formation and it is
accepted that a combination of factors are responsible for a bloom to develop: increas-
ing temperatures, decreasing nutrients, and increased water column stability [40];
temperature has the most pronounced effect on toxicity; the highest toxicity was
found at 20°C, but reduced at temperatures in excess of 28°C.

According to Paes and his colleagues [41], in all studied reservoirs that experi-
enced toxic blooms, water transparency was reduced. P, rubescens abundance appears
to be strongly influenced by water transparency, at least in pre-alpine lakes [42].

A series of mild winters with earlier ice break-up can lead to an earlier
stratification and a shift in the composition of the phytoplankton from diatoms to
Cyanobacteria [43]. After some scientists, the bloom of Cyanobacteria is associated
with thermal stratification [44]. Other authors suggest that both growth and toxin
production as Anabaena may be controlled by salinity [45].

2.1.2 Nutrients

Freshwater enrichment with nitrogen is a dynamic process, reflecting land use,
hydrologic conditions, population, and economic growth [46, 47]. Recent field stud-
ies have shown that bloom production by Microcystis sp. (a widespread cyanobacterial
genus frequently producing blooms) is often associated with high levels of nitrogen
[48, 49]. Other experiments have demonstrated that toxic blooms are more likely to
occur under elevated nitrogen concentrations [50].

Toxin production in non-nitrogen fixing Cyanobacteria, such as Microcystis and
Planktothrix, has been shown to peak with high concentrations of nitrogen [33].
According to a recent study [51], total MC concentrations could be explained by a com-
bination of abiotic factors like dissolved organic nitrogen (DIN), water temperature,
and ammonium (NH,"). In this study, however, the best overall model to predict MC
concentration combined both environmental variables and species biomass [51]. Total
nitrogen, water temperature, ammonium, and dissolved organic nitrogen influenced
the cyanobacterial community structure, which in turn resulted in differences in the
dominant MC congener and the overall toxicity. Ammonium (NH,") did not emerge as
a significant variable in the multivariate model although it is considered important in
structuring cyanobacterial communities based on empirical studies of some lakes [51].

The presence of N can contribute to both increased and decreased MC production,
depending on the genera [33]. Nitrogen and phosphorus are the main elements for the
matter and energy metabolism of the algae [52]. Toxin production in non-nitrogen fixing
Cyanobacteria, such as Microcystis and Planktothrix, has been shown to peak with high
concentrations of nitrogen [33]. When attempting biomanipulation, the omission of
nitrogen causes approximately ten-fold decrease in toxicity [40]. High levels of nitrogen
and phosphorus in freshwaters favor the growth of toxic strains over non-toxic ones [53].
Total nitrogen, pH, and the surface area of the lake predicted the occurrence probability
of mcyE genes, whereas total phosphorus alone accounted for MC concentrations [54].
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Historically, phosphorus was seen as the primary limiting nutrient in freshwa-
ters [55], and now, it is generally accepted that reduction in phosphorus input is an
effective way to inhibit cyanobacterial dominance in freshwater ecosystems. Unlike
nitrogen, which can exist in gaseous form, phosphorus can only be found in dissolved
ionic and particulate forms in natural waters. Cyanobacteria are able to dominate the
phytoplankton communities at very low phosphorus concentrations because they
have a very high natural affinity for this element [56, 57].

The findings related to phosphorous also demonstrate the importance of this
nutrient to toxin production [33]. It is known that phosphorus was the limiting
resource for phytoplankton biomass but the mixotroph Dinobryon (Chrysophyceae)
biomass increased with decreasing total phosphorus concentrations [58]. There are
studies where the regression analysis showed that the densities of phytoplankton
and total phosphorus were positively and linearly correlated (R = 0.715) [52]. In
the same study, the correlation between the concentration of TN and the density of
phytoplankton was not remarkable (R = 0.166). P and N sources have been considered
the main factors to affect the growth of Microcystis cells and MC levels, and such an
influencing process is so complicated that different conclusions were obtained by
different investigators from different lakes [59].

N:P ratio in water is an important parameter in controlling cyanobacterial blooms,
with several data suggesting that total molar N:P ratios above 15 discourage the
occurrence of these phenomena [60, 61]. After a screening of more than 240 water
bodies, scientists concluded that maximum concentrations of microcystins occurred
in hypereutrophic lakes at mass ratios of N:P below 23 and that many planktonic
cyanobacteria have a benthic life stage where they engage in “luxury uptake” of P
from sediments, and consequently, episodes of cyanobacterial recruitment from
sediments can dramatically decrease the N:P ratio in the water column [62]. “TN/TP
rule” hypothesis suggests that Cyanobacteria tended to dominate in the lake when
TN/TP <29, while decreased when TN/TP >29, but this rule is less applicable to highly
eutrophic waters when both N and P nutrients are very high [59]. It was also suggested
that, at least in one highly eutrophic lake, TN/TP ratio is not the factor bursting of
blooms of Microcystis [59]. Microcystis occurred only at higher TN, TP, temperature,
and pH values [63], for example. The toxicity of M. aeruginosa is known to change
depending on seasons [41, 64].

2.1.3 Variation in toxin concentration

Cyanotoxin production is dependent on a number of environmental condi-
tions. Predominantly, these could include nutrient concentration, light intensity,
and temperature [33]. Eutrophication increased the co-occurrence of potentially
MC-producing cyanobacterial genera, raising the risk of toxic bloom formation
[54]. In general, studies considering the effects of nutrients on toxin production
find a positive correlation between the nutrient of interest and cellular toxin
content. Research focusing on nitrogen, cyanobacterial growth, and subsequent
toxin production report that increased nitrogen corresponds to increased toxin
production [65-67]. Recent studies showed that physical and chemical parameters
did not significantly account for both intracellular and dissolved microcystins
occurrence [68].

World Health Organization has set a guideline value of 1 pg/1 for microcystin-LR
in drinking water [69]. It is notable that typical environmental concentrations of MC
are below 10 pg/L [33].
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For some organisms that accumulate microcystins, total MC concentrations
declined after October and began to increase in May, from the season point of view,
that give us also a clue about the toxin production in the ecosystem [39]. Microcystins
production did not correlate with the high level of nutrients (¢ test, p > 0.1). In fact,
microcystins were never detected in the more eutrophic reservoirs [68]. The cyano-
bacterial biomass in water, pH, and temperature also explains the variability of MC
concentration in the sediment of shallow lakes [70]. MC and abundances of total
Microsytis and MC-producing Microsystis (MCM) were shown to be positively corre-
lated with pH, DO, and TP [59]. A significant difference was found for conductivity,
phosphates, and the presence of microcystins Mc-LR and Mc-Tot in the oligo- and
eutrophic reservoirs [68]. It is speculated that N and P nutrients and the associated
genes (e.g., mcy) may jointly drive MC concentration and toxigenicity [59]. Also, spe-
cies biomass was the best predictor of MC concentrations [51] and the highest growth
rate is not correlated with the highest toxicity [40] that reveals that cell density may
not be the best predictor for toxicity. Microcystis was often observed coexisting with
Anabaena, Planktothrix, and Phormidium [59] and therefore can bloom together.

2.2 Biotic factors
2.2.1 Zooplankton

When the density of phytoplankton was too high, it was concluded that the
multiplication of zooplankton was restrained or harmed by the worse eutrophica-
tion of the system [52]. Zooplankton and cyanobacteria may interact directly via
the feeding and excretion of zooplankton [71] and indirectly via trophic linkage
pathways and behavioral responses to physical and chemical parameters (light,
temperature, turbulence, pH, and dissolved oxygen). Results of laboratory studies
[72] suggest that many colonial cyanobacteria are either not eaten or are poor food
for large zooplankton, particularly Daphnia. Therefore, at times when these colonial
forms dominate the phytoplankton, Daphnia populations might be expected to show
decreased growth and fecundity in response to food limitation or toxicity. It is very
probably that any effect of cyanobacteria on zooplankton could be influenced by
evolutionary mechanisms in natural systems with a long history of cyanobacterial
blooms. Zooplankton that co-occur with dense biomass of Cyanobacteria have better
chance to adapt than others that were not exposed to these conditions [41]. It was
already demonstrated that, if the proportion of any toxic Cyanobacteria and any
edible algae studied is in concordance with tested microorganism needs, the survival
rate is growing [64, 73-76]. This suggests that in nature, at least some of the total
amount of M. aeruginosa is consumed, but only when the strain is not highly toxic.
Therefore, changes in the cyanobacterial abundances in nature are not only related to
physical and chemical variables but are also likely due to grazing from zooplankton
[64]. There were species-specific differences in the filtration and feeding rates of
zooplankton when offered mixed diets of green algae and toxic cyanobacteria. These
probably explain the coexistence of different zooplankton species in Microcystis-
dominant waterbodies [76].

2.2.2 Rotifers

It has been previously shown that some rotifers like Brachionus calyciflorus react
negatively to the presence of Cyanobacteria (Microcystis aeruginosa and Synechococcus
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elongatus) because they lack essential compounds and not because of their cell size
[77]. On the other hand, when nutrient-rich green algae serve as food, the difference
in the cell size matters and it is reflected directly in the lower growth rate of the rotifer
population.

Among zooplankton, rotifers were shown to display a high range of tolerance to
temperature. Thus, in some subtropical shallow lakes, the rotifer density increased
with the increase in temperature, reaching its maximum at approximately 23°C but
decreased slightly when the temperature exceeded 25°C [78]. An experiment focused
on the effect of Microcystis aeruginosa on the survival and reproduction of the rotifer
Brachionus calyciflorus using the life table method at different temperatures showed
that M. aeruginosa suppressed the survival and reproduction of B. calyciflorus,
particularly at a concentration of 10° cells/mL according to [79].

Some laboratory experiments have shown that temperature can play an important
role in modifying the effect of toxic cyanobacteria on freshwater and planktonic
herbivores. Thus, in rotifers acclimated for many generations to low (12-14°C),
intermediate (19°C), and high (25-26°C) temperature, susceptibility to the cyano-
bacterium and its toxin increased significantly with temperature. The results indicate
that seasonal increases in water temperature and climate warming may exacerbate the
impact of toxic cyanobacteria on rotifers like Brachionus calyciflorus and Asplanchna
girodi, and perhaps other zooplankton taxa [80]. So, it is clear that a potentially
modifying effect of temperature needs to be considered when investigating the
effect of the dynamics of zooplankton populations on toxic Cyanobacteria as well.
For example, temperature is one of the important variables affecting the population
growth and reproduction of rotifers including B. calyciflorus; higher temperatures
(30°C) stimulate their population growth [81]. Usually, when two or more rotifer
species compete for limited resources, one or more of them may be adversely affected
by the presence of others [64], so bad food quality is not the only limiting factor for
rotifers to be taken into account.

Even if the Cyanobacteria strain is non-toxic or toxic, at least in the case of B.
calyciflorus, this type of diet suppresses the population growth; effects were less severe
than those produced by toxic M. aeruginosa [73]. It was observed that in eutrophic
systems, a higher abundance of rotifers is often observed with a higher abundance
of Cyanobacteria, which indicates that not all cyanobacteria inhibit rotifer growth
[41, 74]. Additionally, rotifers are affected by three selected forms (unicellular,
filamentous, and colonial) of Cyanobacteria [73]. Raphidiopsis raciborskii (formerly
Cylindrospermopsis vaciborskii) is less harmful to the rotifer Brachionus calicyflorus
than the worldwide occurring cyanobacterium Microcystis aeruginosa; Microcystis did
not support the growth of Brachionus, but even killed them within the 2-day experi-
mental period [74]. Asplanchna girodi was sensitive to the toxins of Dolichospermum

flos-aquae (formerly Anabaena flos-aquae) and Lyngbya majuscula [82]. Moreover,
the toxin-producing Dolichospermum flos-aquae has been shown to decrease the
lifespan, fecundity, and population growth rate of the rotifers Brachionus calycijlorus
and Synchaeta pectinata [33]. Usually, MCs are released into the water after demise of
cells and dissolved MCs during the collapse of heavy blooms can come into contact
with a wide range of aquatic organisms including rotifers and have adverse effects on
them by increasing mortality [81]. Notably, different species in the ecosystem react
differently to the toxins [64]. For example, the impact of M. aeruginosa in the diet
had a more adverse effect on B. calyciflorus than on B. havanaensis, [64] but the same
strain managed to kill the cladocerans Ceriodaphnia dubia and Moina macrocopa
(Arthropoda) in the previous study [75].
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Important to be mentioned is that rotifer density and water temperature were nega-
tively correlated [83]. Depending on the ecosystem type (either temperate or tropical),
rotifers react differently: some species could survive if they are exposed to Raphidiopsis/
Cylindrospermopsis, but can be profoundly affected if they are exposed to Microcystis, for
example [41]. However, when analyzed at the population level, rotifers and cladocerans
showed a weak positive response to microcystin. For rotifers, negative relationships were
observed for Brachionus calyciflorus, Conochilus sp., Hexarthra sp. with respect to the dif-
ferent orders, whereas calanoid copepods showed a positive response to microcystin [41].

Rotifers consume half of what cladocerans consume in terms of food; that could
be an explanation why rotifers resist longer in nature if the ecosystem experiences a
toxic bloom [76]. Also, in the same study, it was revealed that cladocerans’ filtrate rate
is growing if the food quality is lower, so again another motive because their survival
rate is less: they manage to eat more Microcystis cells compared to rotifers in the same
time interval.

Sometimes, a higher density of zooplankton, particularly rotifers, showed a
worse trophic state of the ecosystem [52]. This suggests that, in some species, toxin
production is likely linked to defense mechanisms against protozoan predation [33].
It has already been confirmed that toxins produced by M. aeruginosa did not change
significantly the protozoan’s mobility, morphology, or viability. In contrast, micro-
cystins produced by Gloeotrichia echinulata were lethal for Paramecium caudatum
(Ciliophora), while extracts of L. majuscula acted very fast to provoke the lysis of the
protozoan Tetrahymena pyriformis [82]. Another study demonstrated that Microcystis
aeruginosa was unable to produce MC in response to direct and indirect exposure to
a protozoan grazer, this suggests that toxin production could be linked with defense
against protozoan grazing only for some species [33].

A study conducted on the ciliate Nassula sp. isolated from a water body with
no history of toxic blooms and fed with a toxic strain of Planktothrix agardhii for
8 months showed that this species can survive feeding exclusively on toxic cyanobac-
teria over an extended period of time, despite increasing MC concentrations [84].
Conversely, a number of protozoan grazers are known to actively feed and grow on
toxic Cyanobacteria, and in some cases, Microcystis aeruginosa was unable to produce
MC in response to direct and indirect exposure to a protozoan grazer [33]. The toxins
are probably accumulated in the ciliates and only fractions of MC remain in the water.
Therefore, water often contains a lower concentration of cyanotoxins compared to the
amount found in zooplankton tissues [85]. For these reasons, this group is seen as a
potential biotic agent to reduce toxin levels in freshwater bodies that typically experi-
ence cyanobacterial blooms. However, the ability to synthesize microcystin does not
seem to offer toxic Microcystis populations a significant defense against grazing by
co-occurring zooplankton communities [86].

2.2.3 Other zooplankton

Unlike with rotifers, the presence of cladocerans can trigger MC production in
Microcystis sp. More exactly, in the presence of high zooplankton abundance (Daphnia
pulex and Brachionus calyciflorus), at low cell density of Microcystis sp., the MC con-
centration was significantly higher as compared to controls [87]. Therefore, cladoc-
erans react differently compared to other zooplankton groups, for example, Keratella
cochlearis was superior in competition with Daphia pulex under toxic Microcystis [88].
One must consider that natural mesozooplankton were better grazers of both toxic
and non-toxic strains of Microcystis than their cultured counterparts [86].
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A study designed to test the development of tolerance in several zooplankton
species to MC in a range of temperatures showed that the ability to utilize Microcystis
improved at 30°C in species like Moina macrocopa, Daphnia carinata, and Hexarthra
mira, but significantly decreased in case of rotifers [89]. It was also shown that low
concentrations of edible algae favor small-sized cladocerans, while high concentra-
tions favor large-sized cladocerans, such as Daphnia, but the presence of cyanobac-
teria can affect the dominance status of large-bodied daphnids, especially. Some
cladocerans can coexist well with Microcystis sp. in nature but colony size affects
cladoceran population and their interactions [88]. There are also strong intraspecific
differences in the tolerance of different Daphnia clones to toxic/non-toxic cyanobac-
teria, and therefore, the dynamics of the daphnid populations vary significantly in
the presence of these microalgae in their diet [90].

Zooplankton groups may act as vectors of the toxin uptake in the aquatic food
web [91] and it seems that toxins are bioaccumulated in the ciliates and in the water,
remain mostly fractions of microcystins (referring to their chemical structure) [84].
Therefore, water frequently contains a lower concentration of cyanotoxins compared
to the amount found in zooplankton tissues [85].

2.2.4 Macrophytes and algae

It is well known that one of the more serious impacts of eutrophication on aquatic
ecosystems is the disappearance of submerged macrophytes and the shift to a phyto-
plankton-dominated state [92]. When aquatic plants cover the wetland by 60% of the
water surface, the equilibrium of the ecosystem was maintained and the proportion
of the Cyanobacteria was maintained below 25%, almost the same with other algae
groups namely Chlorophyta (36.8%) and Bacillariophyceae (31.0%) [52].

Experiments provide evidence that resource competition can occur between ben-
thic and water column primary producers [93] and studies have shown that macro-
phytes can successfully suppress the growth of algae through releasing allelochemicals
in nature and in experimental systems [94]. However, there is a lack of studies to
integrate laboratory and field observations with respect to establishing allelopathic
effects of macrophytes [33]. There are good hints for allelopathic mode of action of
cyanobacterial secondary metabolites within a lake phytoplankton community but
not much is known on the mechanisms of interactions between cyanobacteria and
algae, and how both sides contribute to phytoplankton dynamics during the year [92].

Some charophytes germinated less in the presence of MC in the sediment, and
they also had lower chlorophyll concentrations. Different species have displayed vari-
able sensitivity to the presence of MC in the water [95]. MC-LR affects macrophyte
Ceratophyllum demersum (loss of pigmentation, loss of leaves) [96]. High concentrations
of exudates and extracts of M. aeruginosa can allelopathically inhibit both seed germina-
tion and the early growth and photosynthesis of Potamogeton malaianus seedlings [97]. A
reduced growth in the presence of M. aeruginosa was observed for Lemna minor and for
submerged plant Ceratophyllum demersum and also a significant decrease of chlorophyll
aand b as well as total carotenoids [92]. MC-LR has also been shown to exert inhibitory
effects on aquatic plants, such as Ceratophyllum demersum, with the toxin inhibiting
growth, morphology, and photosynthesis at environmentally relevant concentrations
(5 pgL™) [33] or 90% inhibition of photosynthesis Elodea canadensis [92].

There is one study that shows that golden algae have a great potential for biode-
grading microcystin-LR (MC-LR) [98]. They reported that the alga Poterioochromonas
sp. (Chrysophyceae) was able to degrade MC-LR in cells of M. aeruginosa while
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digesting the whole cells; the degradation process was determined to be car-

ried out inside the algae cell. Also, another study showed that Ochromonas sp.
(Chrysophyceae) was able to feed on all four cyanobacterial strains tested, including
the very toxic single-celled strain PCC 7806 [63].

Notably, symbiosis between diatoms and cyanobacterial colonies may also occur in
natural water ecosystems [99]. Cyanobacterial toxin production can be regulated by
complex growth phase-dependent and environmental parameters and suppressed by
the presence of extracellular products of a eukaryotic green alga like Chlamydomonas
reinhardtii (Chlorophyta) [100].

However, Microcystin-LR extracted from Microcystis aeruginosa had a negative
effect on the growth of several green algae [33].

3. Conclusions

In conclusion, since we cannot discuss one or a few direct factors that trigger the
cyanobacteria mass development, target genes involved in cyanotoxin production
and toxin production, and release into the environment, we formulate, in this short
review chapter, five possible scenarios of cyanobacteria behavior in any freshwater
ecosystem, especially shallow lakes (Figures 1-5).

Scenario 1 (Figure 1). Interpretation\explanation: in this ideal case, in our lake
ecosystem, there are also fish, zooplankton (especially daphnia), phytoplankton, bac-
terioplankton, and aquatic plants, an ideal freshwater ecosystem. Cyanobacteria from
here do not need to release toxins to any of other trophic compartment because: (i)
there exists enough zooplankton that will eat microalgae, so those are not a stress fac-
tors for our Cyanobacteria; (ii) there exists enough fish that will eat the zooplankton
so that is not a stress factor for our Cyanobacteria community; (iii) there are enough
plants that will keep under control an algal bloom so that our zooplankton and fish
could survive, but not that many that could disturb our Cyanobacteria community.

»==:% no action

alellopathy
=3 predatorism

Figure 1.
First scenario of cyanobacteria behavior in a freshwater ecosystem: no toxin velease.
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SCENARIO 2: NO TOXINS RELEASE
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Figure 2.
Second scenario of cyanobacteria behavior in a freshwater ecosystem: no toxin release.
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Figure 3.
Third scenario of cyanobacteria behavior in a freshwater ecosystem: no toxin release.

Conclusion: this represents the ideal picture of a typical lake ecosystem and a scenario
where Cyanobacteria could live in “no stress”. Lake type: oligo-mesotrophic.

Scenario 2 (Figure 2). Interpretation\explanation: in second case, in our lake
ecosystem, we have also fish, zooplankton, (especially daphnia), bacterioplankton,
and aquatic plants but less phytoplankton, because we have cyanobacteria blooming.
Cyanobacteria from here do not need to release toxins to any of other trophic com-
partment because: (i) there exists enough zooplankton that will eat Cyanobacteria
(because those are the main food source), but will not survive enough to become a
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SCENARIO 4: TOXINS RELEASE

—  toxins
alellopathy
=3 predatorism

Figure 4.
Fourth scenario of cyanobacteria behavior in a freshwater ecosystem: toxin release.

SCENARIO 5: TOXINS RELEASE

—3> toxins
alellopathy
=3 predatarism

Figure 5.
Fifth scenario of cyanobacteria behavior in a freshwater ecosystem: toxin release.

stress factor for our Cyanobacteria population; (ii) there is enough fish that will eat
plants and the zooplankton so that will be kept under control limit and not eat very
much Cyanobacteria; (iii) there are some plants that will keep under control a massive
algal bloom so that our zooplankton and fish could survive, but not that many that
could disturb our cyanobacteria community. Conclusion: this represents the picture of a
small Cyanobacteria blooming but where the environmental changes are not that dvamatic
like in hypereutrophic lake, for example, so our Cyanobacteria have only “low stress”. Lake
type: meso-eutrophic.
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Scenario 3 (Figure 3). Interpretation\explanation: in this ideal case, in our lake
ecosystem, there are also fish, phytoplankton, bacterioplankton, and aquatic plants,
but no cladocerans, for example. Cyanobacteria from here do not need to release tox-
ins to any of the other trophic compartments because: (i) there is enough fish that will
eat other microalgae and zooplankton so that they do not represent as much of a stress
factor for our Cyanobacteria community; (ii) there are enough plants that will keep
under control an algal bloom by other microalgae so that our zooplankton and fish
could survive, but not that many that could disturb our Cyanobacteria community.
Conclusion: this represents the ideal picture of a typical lake ecosystem and a scenario
where Cyanobacteria could live in “medium stress”. Lake type: meso-eutrophic.

Scenario 4 (Figure 4). Interpretation\explanation: in this ideal case, in our lake
ecosystem, there are also fish, zooplankton, bacterioplankton, and aquatic plants, but
no other microalgae, because we have a Cyanobacteria bloom. Cyanobacteria from
here began to release toxins to any of the other trophic compartments because: (i)
there exists enough zooplankton that will eat them because they do not have other
microalgae, so those are stress factors for our cyanobacteria; (ii) there do not exist
enough fish that will eat the zooplankton and keep them under control; (iii) there
are some plants that are struggling to survive, so they release allelopathic compounds
against cyanobacteria, so this is another stress factor. Conclusion: this represents
the picture for instability of a typical lake ecosystem, if one important group is missing,
and a scenario where Cyanobacteria live in “high stress” and become toxic. Lake type:
eu-hypertrophic.

Scenario 5 (Figure 5). Interpretation\explanation: in this ideal case, in our lake
ecosystem, there are also fish, zooplankton, phytoplankton, bacterioplankton,
and aquatic plants, but the diversity is low regarding species. We do not have
Cyanobacteria bloom. Cyanobacteria from here began to release toxins to any of the
other trophic compartments because: (i) there exists too much zooplankton that will
eat microalgae, but also cyanobacteria, so those are stress factors for our cyanobac-
teria; (ii) it does not exist enough fish that will eat the zooplankton so that is a stress
factor for our Cyanobacteria community; (iii) there are not enough fish to consume
the zooplankton, which creates a stress factor for the cyanobacteria community.
Conclusion: this represents the ideal picture for the instability of a typical lake ecosystem
and a scenario where Ccyanobacteria live in “high stvess” and become toxic. Lake type:

eu-hypertrophic.
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Abstract

Microcystis sp. are ubiquitous and highly prevalent Cyanobacteria found in fresh-
water ecosystems. They are known for episodic, large-scale proliferations known
as “blooms”, which are driven by factors such as elevated nitrogen and phosphorus
concentrations, enhanced water column stability, and increased temperatures.
Microcystis sp. are infamous for producing a class of potent hepatotoxins known as
“microcystins (MCs)”, which exert their toxicity primarily through the inhibition of
serine/threonine protein phosphatases 1 (PP1) and 2A (PP2A). This inhibition dis-
rupts cellular signal transduction pathways and affects numerous cellular processes
by preventing the dephosphorylation of proteins. As a result, there is a significant
disruption of the cytoskeleton, altered cellular signaling, and, ultimately, cell apop-
tosis. Additionally, microcystins interfere with cellular antioxidant defense mecha-
nisms, causing oxidative stress by generating reactive oxygen species (ROS). This
oxidative stress can lead to damage across various organs and tissues, including the
liver, which is particularly susceptible to microcystin toxicity. This chapter provides a
comprehensive overview of how physicochemical parameters influence the prolifera-
tion of Microcystis sp. and the production of microcystins. It explores the intricate
relationship between environmental factors and the enhanced biosynthesis of these
toxins, thereby elucidating the conditions that lead to their intensified production.

Keywords: Microcystis sp., cyanobacteria, microcystins, physiochemical parameters,
prevention

1. Introduction

As primary producers, microalgae play a key role in nutrient cycling and are
essential for maintaining the equilibrium of food web dynamics, maintaining energy

99 IntechOpen



The Role of Plankton in Freshwater and Mavine Ecology

flow, ecological balance, nitrogen fixation, material circulation, and pollution degra-
dation [1, 2]. But they can also contribute to the accumulation of contaminants that
can negatively impact the ecosystem [3, 4]. Cyanobacteria require specific conditions
to perform their physiological processes effectively [5-7]. Cyanobacteria have been
reported to contaminate water bodies such as lakes, lagoons, oceans, rivers, streams,
reservoirs, and wells [8-11].

In the presence of certain environmental conditions, i.e., higher water tempera-
tures, high light intensity, and eutrophication (excess nitrogen and/or phosphorous),
the growth and dominance of algae species are favored, which can result in the
formation of Blooms [12-14]. It has emerged as a global ecological and environmental
problem [15, 16]. Excessive proliferation of cyanobacteria can lead either to hypoxia,
by depleting dissolved oxygen levels, or the production of a variety of cyanotoxins
[17], such as microcystins (MC), a group of over 248 congeners [18], the most toxic
of which are MC-LR (leucine, arginine), MC-RR (arginine, arginine), and MC-YR
(tyrosine, arginine) [18]. They can also generate a significant amount of odor com-
pounds derived from algal volatile organic compounds (VOCs). These compounds
severely impair the esthetic quality of water, substantially increase water treatment
costs, prompt numerous consumer complaints about unpleasant odors, and can even
precipitate drinking water crises [19, 20].

The genus Microcystis is one of the most important and major bloom-forming
Cyanobacteria due to its ecological and public health importance [21, 22].
Microcystis, a cyanobacterium with a widespread distribution, often dominates
phytoplankton communities in nutrient-rich drinking water sources. It produces
gas vesicles that reduce its density relative to water. In stable water columns,
buoyant Microcystis rises to the surface, creating dense blooms. Minaglia et al.

[23] and Medrano et al. [24], in natural conditions, Microcystis occurs in colonies
with sheaths and mucilage that protect the cells from zooplankton grazing, viral

or bacterial attacks, desiccation, and other potential environmental threats, while
also increasing their buoyancy [25-29]. They present a formidable challenge in
freshwater ecosystems due to their pervasive distribution, frequent blooms, and
substantial toxicity [16, 30]. It is well-established that toxic Microcystis blooms pose
significant ecological hazards, with the potential to severely impact water quality,
biodiversity, and human health [31, 32] and can induce oxidative stress in aquatic
species [18, 33].

Numerous researchers have determined that both biotic factors (e.g., zooplankton,
bacteria) and abiotic factors (e.g., light intensity, temperature) contribute to the
colony formation of Microcystis [34-40]. The presence and synthesis of Microcystis
toxins are significantly affected by environmental conditions such as elevated water
temperatures, severe nitrogen-phosphorus imbalance (N), reduced salinity, and
increased water clarity. Nevertheless, these influences remain contentious due to
variations in geographic locations and seasonal changes [4, 41]. They are likely to
be the first to benefit from the changing global climate [42, 43]. This proliferation
has led to significant environmental, economic, and societal challenges, resulting in
long-term negative impacts on water quality, fisheries, esthetics, tourism, and other
economic activities [4].

This chapter summarizes the effects of physicochemical parameters on the poten-
tially toxic species Microcystis sp., elucidating the relationship between these factors
and the intensive production of toxins.
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2. Effects of environmental parameters on Microcystis sp. cells
2.1 Effects of temperature

The role of temperature in cyanobacterial growth and bloom formation is well-
established. It is considered one of the major determinants influencing nutrient
uptake, phytoplankton growth, and spatial-temporal distribution in freshwater
systems. The importance of this environmental factor for cyanobacterial growth and
bloom formation in shallow water bodies is well documented.

2.1.1 Temperature positive effect
Table 1 presents the major influence of T°C fluctuation on Microcystis sp. Bloom.
2.1.2 Temperature negative effect

Table 2 resumes the interaction between T° and Microcystis sp. Bloom.

Both tables indicate that temperature fluctuations significantly impact the
growth, metabolism, and toxin production of Microcystis sp. Cyanobacteria like
Microcystis typically thrive within a specific temperature range, and deviations from
this range can affect their physiological processes. Higher temperatures generally
accelerate metabolic rates and cellular division, leading to enhanced algal growth
and increased biomass accumulation. However, extreme temperature fluctuations,
including both abrupt warming and cooling, can stress the organisms and disrupt
their growth. Elevated temperatures often enhance the synthesis of microcystins,
the potent hepatotoxins produced by Microcystis, by increasing the activity of the
enzymes involved in their biosynthesis. Conversely, sudden cooling can slow down
metabolic processes and reduce toxin production, but it may also lead to the release
of toxins from lysed cells as the algae experience stress. Additionally, temperature-
induced stratification of water bodies can create stable conditions favorable for
Microcystis blooms, as warmer surface waters are less likely to mix with cooler,
nutrient-rich deeper waters. Understanding how temperature fluctuations affect
Microcystis is crucial for predicting bloom dynamics and managing the associated
risks in freshwater systems.

2.2 Effects of pH

The pH of the water environment plays a crucial role in the growth and toxicity
of Microcystis (Table 3). At higher pH levels, typically above 8, Microcystis tends to
proliferate more rapidly, as alkaline conditions favor its photosynthetic processes.
This increase in growth is often accompanied by elevated production of microcys-
tins, the potent toxins produced by these cyanobacteria. Conversely, at lower pH
levels, the growth of Microcystis is generally inhibited, leading to a reduction in toxin
production. However, extreme pH levels, whether acidic or alkaline, can cause cell
lysis, potentially releasing accumulated toxins into the water, thereby posing a risk
to aquatic life and human health. Therefore, managing pH levels in water bodies is
vital for controlling the spread and toxicity of Microcystis blooms. The variability of
the pH compensation point (pHc) between strains of the cyanobacterium Microcystis
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T °C Major Effect Ref.
M. aeruginosa 28.80-30.50°C * M. aeruginosa rapid growth. [44]
M. aeruginosa 32.00°C * A faster M. aeruginosa growth [45]
Microcystin 24°Cand 285°C Highest MC concentrations record (Kucukcekmece (46]
Lagoon)
M. aeruginosa _16°Cand 32°C  * Increase in the biovolumes
FACHBO15 =24°C * Significant competitive advantage
M. aeruginosa 1.16°C, 24°C, ¢ 1-Coexistence
FACHB469 32°C. * 2- A higher growth rate + significant increase in total [47]
2.at24°C biovolume
3.at32°C * 3-A slight increase in the growth rate
M. aeruginosa —16°C, 24°C, . . . .
FACHB905 32°C. Dominance in the mixed population
M. aeruginosa * Increase in the growth rates
-24°C 48]
* Advantages to outcompete other phytoplankton
M. aeruginosa —20°C * Perfect for growth and dominance [49]
Microcystin 25°C or greater . P'max (photosynthetic capacity), Rest (specific respira- (50]
tion rate), and growth rate
M. aeruginosa * Lowest values of colonies variation and cell-free space
-at 30°C [51]
complex (MAC) percentage
M. viridis —25°C
M. aeruginosa -30°C Optimal activity of photosynthesis [52]
M. wesenbergii -30°C
Microcystis Duting summer Microcystis dominance with a biomass and ratio driven by 53]
T°C
MC-LR -15°C Slight M. aeruginosa growth
at15°C, 20°C, . -
25°C, and 30°C Anincrease in intracellular MC-LR content
[54]
30°C * The highest content of extracellular MC-LR
15 t0 30°C The‘ ca\hpacity of cyanobacteria to produce MC-LR toxin was
optimized
Microcystis Water temperature was the main variable Influencing
Autumn and G b ; ; ; : ;
yanobacteria, Microcystis, and microcystin occurrence [55]
summer seasons
* Microcystis dominance
Microcystis Juneand August Cyanobacterial density increase [43]
Microcystin * Temperature high degrees increase the chance of MC
20-25°C occurrence with the highest probability of having [56]
microcystin concentrations
Microcystis * Climatic conditions such as temperature have the great-
summer season est impact on the biovolume of Microcystis [57]
* With higher temperatures biovolume would be higher
Microcystis 18-20°C * Great amount of recruitment from culturing sediment [58]
samples
Table 1.

Effects of temperature on Microcystis sp. growth.
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T °C Major Effect Ref
M. aeruginosa —-32.50°C A rapid decrease of the Bloom [44]
M. aeruginosa under 16.5°C * M. aeruginosa was not recorded [46]
Microcystis -below 15°C * Microcystis was the most severely limited [50]
Microcystis - below 14°C * No cyanobacteria recruitment occurred. [58]
M. viridis; M. aeruginosa; —33t036°C * Sharp decline in growth rates and photosyn- [59]
M. wesenbergii thetic activity
Microcystis decrease of water * Gas vesicle formation reduction and hydrocar- [60]

temperature bon accumulation

.

A loss in Microcystis colonies buoyancy and
make them sink to the bottom

M. aeruginosa decrease of water
temperature

An inhibition in M. aeruginosa cell growth. [61]

Increase in ROS levels

Reduction in the content of photosyn-
thetic pigment and (PSII) photosystem II
performance,

A gradual increase in 102 levels

B-carotene content decreased by quenching
102 with - cyclocitral emission increasing

Negative effect on their development and
proliferation

MC-LR -at35°C

.

The content of intracellular MC-LR decreased [54]

The capacity of Cyanobacteria to produce
MC-LR toxin diminished

Table 2.
Negative effects of temperature on Microcystis sp. Growth.

aeruginosa was investigated by [73]. It was demonstrated that the pHc can be used to
distinguish whether the organism is able to take up HCO; as an inorganic carbon (Ci)
source in photosynthesis or not.

2.3 Light effect

Microcystis has a strong relationship with light, as it relies on sunlight for pho-
tosynthesis, which fuels its growth and proliferation. Adequate light exposure is
essential for Microcystis to produce energy and, consequently, to thrive in aquatic
environments. High light intensity often leads to increased photosynthetic activity,
promoting the growth of Microcystis blooms. However, intense light can also induce
stress, potentially leading to the production of protective pigments and even micro-
cystins, the toxins associated with these Cyanobacteria. Conversely, low light condi-
tions can limit the growth of Microcystis, reducing the likelihood of bloom formation
and toxin production. Thus, light availability is a key factor in the dynamics of
Microcystis populations and their associated risks. Table 4 shows the effect of light
changes on Microcystis strains’ growth and metabolism.

Hesse et al. [82] conducted a study focusing on the comparison of growth and
pigment content of strain PCC 7806 and its mcyB3 mutant deficient in microcystin
biosynthesis, under semicontinuous culture conditions. Both wild-type and mutant
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Acidic Neutral 6.5t0 7.5 Alkaline ref
MC-LR pH1+40°C / Ph9 +21-30°C [62]
* MC-LR decomposition * MC-LR decomposition
* Hydrolysis of the Mdha moiety to  Hydrolysis of the Mdha
several linearized peptides. moiety to several linearized
¢ The half-life of MC-LR was peptides.
3 weeks. ¢ The half-life of MC-LR was
* Adding methanol esterification 10 weeks
predominated over hydrolysis
MC -RR / Ph70: Ph9.2: [63]
¢ Anincrease ¢ Anincrease in MC-RR
in MC-RR productivity
productivity
MC-LR pH=1 / * pH=10: [64]
¢ Log Dow of MC-LR was 2.18 * Log Dow of MC-LR
decreased to —1.76.

* The Cyanobacteria may be
flourishing in a basic pH
environment

MC-LR pH1.0: pH6.5: pHof 6.5~12.0: [65]
* Log DOW was 1.63 * log DOW decreased ¢ Log DOW stabilized
to 1.26. between —1.04 and — 1.56.
MC-RR pH of 1.00 ~ 4.00: / pH of 4.00 ~12.00: [65]
* Log DOW varied * Log DOW stabilized
between —1.24 and — 0.67 between —1.20 and — 1.54.
MC-LR ¢ The difference between MC-RR / / [65,
MC-RR and -LR in their hydrophobic- 66]
ity in acidic condition may be
important to understand the
toxicity difference to animals
between the two toxins, not for
the analytical method only
MC-LR below pH = 4: ¢ Aslow slight * A slow slight MC-LR [67]
« The rate of degradation acceler- MC-LR degradation dlelgrlz'idatlon (moderately
ated in correlation with the pKa alkaline)
of the carboxylic acid functional-
ity present in MC-LR
MC- pH3: Ph7: Ph13: [68]
LR + MC-LW

* Concentration of 0.25g/L SPM
(Suspended Particulate Matter)
solution where most microcys-
tins spiked into were adsorbed
(>95%) onto solids

* A linear isotherm effectively
described the adsorption of
MC-LR and MC-LW.

¢ Concentration of
0.25 g/L SPM solu-
tion where most
microcystins spiked
into were adsorbed
(>85%) onto solids

.

a linear isotherm
effectively
described the
adsorption of
MC-LR and
MC-LW.

A decrease in the adsorbed
microcystin proportion
from 8 to 29%

A decrease in the adsorbed
microcystin proportion
from 38 to 47% for MC-LW

The adsorption decreased
significantly with increasing
pH, aligning with the pH-
dependent hydrophobicity.
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Acidic Neutral 6.5t0 7.5 Alkaline ref
Microcystis / / Ph about 8.80: [69]
* a higher cell abundance
of Cyanobacteria was
found
M. aeruginosa  pH 5.0: / pH 10.0 [70]
* the extracellular MC-LR con- * the intracellular MC-LR
centrations in M. aeruginosa levels were high after
were low after being exposed being exposed to
to either naphthalene or either naphthalene or
phenanthrene, phenanthrene,
* MC-LR production of M.
aeruginosa was affected by
the pH value
Microcystis ¢ Acidic pH improved the / / [71]
Microcystis unicells flocculation
because they clump together
to form flocs which can be
easily removed by filtration or
sedimentation.
* Regulating the pH isan
environmentally friendly
and economical process to
remove Microcystis colonies by
coagulants.
M. aeruginosa  + if the pH was acidic to neutral, « Polytitanium * Polytitanium chloride [72]

M. they had satisfactory removal coagulants, (PTC) and polytitanium
wesenbergii of organic matter representa- polytitanium sulfate (PTS) were able
tive of humic acid chloride (PTC), to remove turbidity and
and polytitanium algae by flocculation and
sulfate (PTS) flushing.
were used and
they were highly
dependent on the
solution pH
Table 3.

pH effects on Microcystis and its toxins.

are characterized by very low light demand and low-maximum specific growth rates
in comparison to other strains studied. And their growth was similar under different
light conditions.

Controlling the excessive growth of M. aeruginosa is a matter of great concern,
many algaecides were used in correlation with natural light to inhibit and control
Microcystis proliferation, such as AgBiO; can inhibit the proliferation of Microcystis
due to its high photocatalytic activity, which irreversibly damages the cell walls and
membranes [83] and Zn-Fe LDHs that also had a strong degradation and inhibition
effect under visible light and achieved a removal rate of 80% by damaging the cell
membrane and degraded cell inclusions due to its visible light catalytic activity [84].
In addition, the nanocomposite Ag/AgCl@g-C3N4@UIO-66 (NH2) can efficiently
inactivate cyanobacteria under visible light [85].
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Light intensity

Light Effect

Ref.

M. aeruginosa Summer season

M. aeruginosa growth rates had a sig-
nificant correlation with the extinction
coefficient and mean daily photosyn-
thetically active radiation irradiance.

The amount of light supplied to the
water column is the most important fac-
tor controlling M. aeruginosa growth.

[74-77]

Microcystis >10 pEinsteins m sec™

Microcystis growth was generally
inhibited.

(771

* 0.52t01.32 day™
+ (UV-008)

M. aeruginosa

Maximum specific growth rate was the
most sensitive

(771

Aphanocapsa e (UV-003)
incerta (formerly

Microcystis incerta)

Was less sensitive

[77]

M. aeruginosa * 10 to 100 pmol m % sec™

A high tolerance for extreme light
conditions and its favorable range for
growth-

[78]

* under 100 pmol m~ sec™

¢ under 500 and
1000 pmol m~ sec™

M. aeruginosa

Cell growth was promoted.

An increase in the reactive oxygen spe-
cies (ROS) levels

A reduced photosynthetic pigment
content and photosystem II (PSII)

A gradual increase in 102 levels

So a growth inhibition.

[53]

Microcystin + Upto 60 pmol m-* sec™

e greater than
100 pmol m™? sec-*

The total microcystin production rate
increased.

A positive effect of light on microcystin
production and content of Microcystis
strain PCC 7806

The maximum growth rate is reached

The total microcystin production rate
started to decrease

The microcystin production is inhibited.

[79, 80].

M. aeruginosa 1. Red light (620-700 nm),
2.white (400-700 nm)

3.red (620-700 nm)

1.In monocultures and cocultures,
white light color favored the growth of
M. aeruginosa more than other species

2.Light color mainly affected the absorp-
tion flux of reaction center (ABS/RC)
in photosynthetic system II (PSII) and
its potential photosynthetic capacity
(Fv/Fm).

3.The red light was the suitable color to
enhance its growth (Fv/Fm)

[81]

Table 4.

The effect of light changes on Microcystis sp. and its toxins.

As light intensity has been suggested to play a role in MC production, Chaffin et al.
[86] have found that High light intensities (300 mmol photons/m2/s) with nitrogen
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(N) enrichment resulted in greater cyanobacterial biovolumes and MC concentra-
tions than lower light intensities (30 and 3 mmol photons/m2/s) and they suggest
that high light intensities enhance MC production during elevated N concentrations.
Another significant interaction exists between M. aeruginosa polysaccharide content
and both light intensity and nitrogen concentration.

2.4 Salinity effect

Worldwide, aquatic ecosystems are experiencing higher salinity levels due to
long-term drought, anthropogenic activities, climate change, changes in water flow,
and rising sea levels [87, 88]. Presently, the rise in salinity represents one of the
most crucial environmental changes, and it is essential to anticipate how this altera-
tion will impact Microcystis and microcystin production in harmful strains. The
previous study aimed to determine the effects of salinity on M. aeruginosa algae,

a dominant algal species, which is known to release toxins that can contaminate
drinking water sources [89, 90].

Microcystis blooms usually develop in freshwater environments due to their sen-
sitivity to salt. Enhancing salinity levels in freshwater reservoirs has been proposed
as an effective method to curb the growth of M. aeruginosa [91, 92]. However, some
strains of M. aeruginosa can tolerate low to medium levels of salinity [93-95]. In 2021,
Sun et al. [2] demonstrated that salinity restricts the growth of other phytoplankton,
while the rapid increase in seawater temperature and changes in nutrient availability
create favorable conditions for the swift proliferation of Microcystis sp. Additionally, a
direct correlation was observed between the growth rate and the net production rate
of MCs, as evidenced by [96].

According to the literature, salinity exposure can be conducted using two main
methods: shock exposure, where organisms are suddenly exposed to high saline con-
centrations, and graded dose exposure in laboratory settings, simulating gradual salin-
ity conditions. Additionally, in situ studies are conducted to investigate the effects of
salinity in natural environments, providing a realistic perspective on the ecological and
physiological impacts of salinity variations. When organisms face minimal selective
pressure, they adapt by altering gene expression within hours to days, a process termed
acclimation. However, once the threshold of physiological adaptation is surpassed,
survival necessitates the development of new mutations that provide resistance [97,
98]. The mechanism of salt tolerance in Microcystis sp. includes the active extracellular
transport of toxic inorganic ions and the accumulation of compatible solutes, known as
osmoprotectants [99]. Research involving genomic inspection and molecular genetic
analyses has revealed that the synthesis of sucrose, one of the well-known compatible
solutes, is a key factor in conferring salt tolerance to M. aeruginosa, this process is criti-
cal for the organism’s ability to cope with saline conditions [95, 100-103].

Several studies have documented the impacts of salinity on M. aeruginosa.
Increased salinity levels resulted in decreased growth rate, reduced cell size,
reduced biovolume, enhanced mucilage production, and reduced intercellular space
[51, 96, 104-106]. The fluctuation in salinity, whether an increase or decrease,
induced stress within the algae, causing an increase in total lipid content, which acted
as an energy reserve until favorable conditions returned [107].

M. aeruginosa could tolerate salinity levels up to 4.0 g NaCl L™". However, as
salinity increased, both cell density and chlorophyll content declined. The increase in
metabolites might be a response to counteract osmotic stress. The rise in malondialde-
hyde (MDA) under salt stress suggests that excess reactive oxygen species (ROS) were
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damaging the membrane structure. It was inferred that M. aeruginosa under salinity
stress accumulated a more efficient antioxidant enzyme system, including superoxide
dismutase (SOD) and catalase (CAT). However, the activities of these antioxidant
enzymes decreased sharply under hypersaline conditions, which could cause ROS
to exceed critical levels and pose a serious threat to the cells [90]. The salinity toler-
ance of M. aeruginosa, focusing on growth rate, microcystin production, and cellular
responses, has been studied extensively. Results indicate that M. aeruginosa maintains
stable growth and microcystin production at salinity levels up to 9.8 g/l (Numerous
strains of M. aeruginosa are capable of withstanding salinities <10 g NaCl L™") [93,
108-110], this stability reflects the high salt tolerance characteristic of freshwater
Cyanobacteria. Nonetheless, when salinity exceeds 10 g/L, the limits of osmoregula-
tion are surpassed. This leads to a reduction in cell size, an increase in extracellular
microcystin concentrations, and, ultimately, growth inhibition. The extracellular
microcystin concentration showed no significant change at salinity levels up to 10 g/L.
At salinity levels of 12.5 and 15 g/L, an abrupt cessation of growth was observed,
with extracellular microcystins surging notably and making up nearly 100% of the
total microcystins [94]. Other authors proved that M. aeruginosa demonstrates the
ability to tolerate elevated salinity levels through infrequent spontaneous mutations
that arise during the growth of cultures subjected to lethal salinity concentrations.
This acclimatization process enables survival at salt concentrations beyond the initial
lethal threshold. Furthermore, successive selective mutations can enhance the lethal
dose by up to 1.5 times the original amount [32]. Salt-shock experiments demonstrate
temporary survival and continued microcystin production at higher salinities (10
gl™"), highlighting adaptive mechanisms in response to environmental stressors. [94]
After exposure to salt shocks at 15 and 17.5 g/L, there was a decline in growth rates
and microcystin production. Despite this, M. aeruginosa persisted in growth and
microcystin production for at least one week.

Bormans et al. [106] showed that a sudden increase in salinity (S > 20) over
5-6 days had both morphological and physiological impacts on M. aeruginosa, result-
ing in larger colony sizes and decreased intercellular spacing, which enhanced buoy-
ancy and reduced predation. The study revealed variable responses among strains in
terms of cell size, mucilage production, and autofluorescence, with mucilage offering
partial protection against salinity stress, suggesting potential survival in estuarine
environments and implications for estuarine ecosystems and shellfish industries.

Microcystis, typically a freshwater species, though higher salinity can disrupt
osmotic potential and sodium export, inhibiting growth [111, 112]. Adaptability
to salt stress is crucial, with nitrogen availability enhancing salt tolerance and cal-
cium supplementation mitigating damage from salt stress [94, 103]. The ability of
Microcystis to survive in oligohaline to low mesohaline conditions (5-18%o0) suggests
that low nitrogen levels might be elevated.

2.5 Nutrient’s effect

Freshwater bodies are frequently overloaded with nitrogen and phosphorus due to
intensive anthropogenic activities, including domestic sewage, agricultural fertilizers,
industrial discharges, and fossil fuel combustion. These nutrient inputs promote the
global proliferation of harmful cyanobacterial blooms (HABs) [113, 114]. HABs are
generally linked to nutrient-rich waters with limited water circulation. [8, 115-117]

Elevated phosphorus concentrations have been shown to increase microcystin
production per cell in specific cyanobacteria [116, 118]. Nonetheless, nitrogen (N)
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also plays a crucial role in the formation of toxic blooms by non-N-fixing cyanobacte-
ria, including Microcystis sp. [119].

2.5.1 Nitrogen effect

In eutrophic water bodies, nitrogen nutrients exist in multiple forms, including
both inorganic and organic nitrogen, resulting from the diverse influx of substan-
tial volumes of agricultural runoff, livestock waste, urban effluent, and industrial
wastewater [21, 120-122].

Nitrogen (N), a vital macronutrient, plays a significant role in cyanobacterial
growth and various physiological processes, including the synthesis of microcystins
(MCs) [123]. It is also a crucial nutrient for Microcystis in temperate and subtropical
lakes and reservoirs, significantly influencing photosynthesis and the biosynthesis of
essential macromolecules such as proteins, nucleic acids, and chlorophyll, which are
necessary for its growth and metabolic functions [124, 125]. Nitrogen is a key constit-
uent of pigments involved in photosynthesis [126, 127]. In freshwater systems, nitrate
and ammonium are the predominant nitrogen sources, these variabilities influence
growth rates, photosynthetic health, MC concentrations, and the composition of total
MCs and their congeners [21, 128-131].

Ammonium served as the principal nitrogen source for the Microcystis bloom in
the studies by [132, 133]. Elevated levels of urea-N are now recognized as a crucial
factor influencing the survival and distribution of aquatic organisms, sometimes
surpassing inorganic nitrogen concentrations [125, 134-136]. Nitrate (NO”") is the
dominant form of dissolved inorganic nitrogen in most lakes and reservoirs and can
be taken up by Microcystis for development [137, 138]. Cells using NO* must induce
nitrate reductase and expend extra energy, but NO> can be more readily accumulated
within cells than other nitrogen forms [139]. In comparison, ammonium can be
directly transported into algal cells and assimilated with minimal energy expenditure.
However, NH** concentrations in natural water bodies are typically low, and excess
cellular NH* is toxic to algal cells [140] due to the diffusion of ammonia into cells,
causing photodamage [140] and pH imbalances [141], which ultimately suppress
growth. Elevated concentrations of ammonia not only inhibited the uptake of other
nutrients but also suppressed nitrogen assimilation, resulting in a significant decrease
in primary productivity [127, 142]. Elevated nitrate concentrations can cause the
accumulation of intracellular nitrite, generated by nitrate reductase activity, which
in turn can inhibit algal growth [143, 144]. Due to its small size, the organic nitrogen
molecule urea-N penetrates phytoplankton cells more readily than other organic
nitrogen compounds [145]. Inside the cell, urea is broken down into ammonia and
carbon dioxide, which are then incorporated into amino acids and proteins. This con-
version involves the enzyme urease and generally requires additional energy, except
in certain Chlorophyta species [125, 146-148]. When levels of inorganic nitrogen and
urea are notably reduced or depleted, algae can also assimilate other organic nitrogen
sources, primarily amino acids such as arginine (Arg), cysteine (Cys), and leucine
(Leu) [149, 150], as well as those resulting from extracellular deamination, including
lysine (Lys), serine (Ser), and alanine (Ala) [21, 151].

Previous studies have shown varying effects of nitrogen concentrations on
Cyanobacteria blooms. Chaffin and Bridgeman [152] reported that low nitrogen
concentrations promote cyanobacterial blooms. A study made in Algeria in 2007
proves that physical and chemical data measured at the Chaffia reservoir, Algeria,
during sampling in October 2007, are particularly valuable, as these were recorded
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in conjunction with the presence of dense cell concentrations of the morphospe-

cies Microcystis sp. M. aeruginosa is dominant under the following conditions:

surface temperature of 23°C, alkaline pH of 8.6, with high orthophosphate content
(180 pg L") and low nitrate content (12 pg L") [153]. Conversely, Cai and Tang
[125] found that elevated nitrogen levels were responsible for a Microcystis densa
bloom. Additionally, low nitrogen concentrations favor the growth of N2-fixing
Cyanobacteria over non-N2-fixing species [128, 154, 155]. Under nitrogen-deficient
conditions, Microcystis cells undergo various physiological changes that affect their
sinking properties. Nitrogen deficiency in cyanobacteria leads to an excess of carbon,
which accumulates in storage granules such as polyhydroxyalkanoate and glycogen,
increasing cell density [156-159]. Proteomic analysis showed that proteins involved
in starch and sucrose metabolism were differentially regulated, resulting in reduced
glucose-1-phosphate (G1P) entry into the glycolysis pathway and decreased pyruvate
production, decreased glycolysis was linked to reduced photosynthetic activities and
inorganic carbon fixation [157, 160]. These findings suggest that nitrogen deficiency
induced carbohydrate accumulation due to the slowed catabolic consumption of
carbohydrates [161].

2.5.2 Phosphorus effect

Phosphorus is introduced into lakes from the widespread use of phosphorus-
containing fertilizers and washing agents in agriculture, as well as from industrial
wastewater and municipal sewage discharges; this influx of phosphorus greatly
enhances the proliferation of cyanobacterial blooms [162, 163]. Sun et al. [2] and
Kong et al. [164] noted that Microcystis has a higher maximum phosphorus uptake
rate and greater phosphorus binding capacity compared to other algae. M. aeruginosa
can use various phosphorus sources, giving it a competitive advantage within the
phytoplankton community [165]. They possess several adaptive traits that enhance its
competitive success, including gas vesicles [166], the ability to consume phosphorus
in excess and store it as polyphosphate granules, tolerance to high light intensities, and
the formation of large colonies encased in mucilage, which reduces grazing [39, 167].

Phosphorus is crucial for the formation of ribosomes, DNA, and cell membranes,
synthesizing nucleic acids, phospholipids, and various biochemical intermediates
facilitating algal growth in aquatic environments [168-170]. Phosphorus occurs
in many forms, with dissolved inorganic phosphate (DIP) being the primary form
directly utilized by microorganisms [165]. Phosphorus loading is a key determinant of
bloom size and Microcystis biomass [171], which is why management strategies often
focus on phosphorus [172]. Organophosphates (DOP) constitute a major portion of
the phosphorus sources in many ecosystems and must be converted to dissolved inor-
ganic phosphate before they can be used by plankton [165]. DOP is a more favorable
phosphorus source for M. aeruginosa growth compared to three organophosphates:
glucose-6-phosphate, B-glycerol phosphate, and glyphosate.

Phosphorus (P) levels are a crucial regulatory factor for the occurrence of
Microcystis blooms (MCBs) and the synthesis of microcystins (MCs). The biosynthesis
of MCs in cyanobacterial cells requires significant energy, which in turn demands high
phosphorus availability [165, 173]. Additionally, P influences Microcystis resistance
to external stress by adjusting cellular physiological processes [174-176]. Spiramycin
inhibited Microcystis growth at high P levels (71 mg/L) but stimulated growth at low
P levels (0.7 mg/L) by altering photosynthesis, transcription, and cell division [177].
M. aeruginosa can grow at a low DIP concentration of 0.02 mg P/L, but its growth
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rate slows and photosynthetic activity declines. At such a low concentration of phos-
phorus, energy metabolism and cell synthesis are inadequate, affecting processes like
energy recovery, nucleic acid metabolism, and phospholipid synthesis for membranes
and chlorophyll [165, 178]. Higher phosphate levels correlate positively with increased
MC content in natural ecosystems, suggesting that more phosphorus enhances toxin
production [179]. DOP contributes minimally to toxin production due to its limited
uptake by M. aeruginosa, which also experiences inhibited growth and reduced MC
levels. Elevated DOP concentrations (0.6 and 1.0 mg P/L) suppress M. aeruginosa
growth, leading to fewer cells but higher single-cell toxin production [165, 180]. The
availability of phosphate influences the physiological metabolism of algal cells, acting
as a substrate for ATP phosphorylation and affecting nucleotide synthesis [181, 182].
Extracellular alkaline phosphatase (AP) serves as a biochemical indicator of phos-
phorus limitation. When ambient orthophosphate levels are low, AP is expressed on
the cell surface, cleaving various phosphomonoesters into bioavailable phosphorus
for direct uptake by phytoplankton [183]. Increased phosphorus enhances the growth
and microcystin production of M. aeruginosa. This suggests that in bloom conditions,
reducing phosphorus in eutrophic waters could decrease growth and microcystin
production, thus reducing toxicity [184]. Nalewajko and Murphy [185] observed that
Microcystis growth declined under phosphorus-limited conditions. In such conditions,
the biomass of Microcystis was restricted, and the protein content per cell decreased in
vivo [186]. Microcystis has evolved several adaptive strategies to handle phosphorus-
limited conditions. They store inorganic phosphorus as polyphosphate (PolyP) when
itis abundant and break it down during phosphorus stress, allowing them to endure
extended periods of dissolved inorganic phosphorus (DIP) deficiency [187, 188]. At
low phosphorus concentrations, colonial Microcystis strains outperformed unicel-
lular strains, as they required less phosphorus for growth. These colonial strains also
exhibit a higher affinity for low Pi levels, a high phosphorus cell quota, and superior
photosynthetic efficiency, enabling them to sustain normal growth for extended
periods under fluctuating phosphorus conditions. Indeed, mucilage may enhance the
physiological traits of Microcystis species, providing colonial strains with a competitive
advantage in nutrient acquisition within natural water columns [189].

3. Conclusions

The growth and toxin production of Microcystis sp. are intricately influenced by
various environmental parameters. Key factors include nutrient concentrations,
particularly nitrogen and phosphorus, which are critical for Cyanobacteria prolifera-
tion. Higher levels of both nutrients often lead to eutrophication, creating favorable
conditions for Microcystis sp. blooms. Additionally, water temperature plays a crucial
role as warmer temperatures enhance the metabolic rates of these Cyanobacteria,
promoting rapid growth and increased toxin production. The stability of the water
column, influenced by factors such as wind and stratification, affects nutrient avail-
ability and the physical mixing of water layers, which can either support or limit algal
bloom formation. Furthermore, light intensity and duration impact photosynthesis
and growth rates, with optimal conditions fostering higher biomass. The interplay
between these environmental parameters can lead to synergistic effects, exacerbating
the frequency and intensity of Microcystis blooms and associated microcystin produc-
tion. Understanding these interactions is essential for managing water quality and
mitigating the risks posed by harmful algal blooms.
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Abstract

Studying zooplankton variability in coastal lagoons is crucial for environmental
monitoring and preserving marine biodiversity. These organisms are highly valued
as bio-indicators and helpful in identifying environmental phenomena such as
eutrophication and assessing water quality. We studied the distribution of zooplank-
ton in relation to environmental factors, phytoplankton, and ciliates in the coastal
waters of the El Bibane lagoon during the summer of 2009 and 2010. Zooplankton
assemblages were dominated by copepods, which represented 73-89% and 95-98%
of total zooplankton abundance in summer 2009 and summer 2010, respectively. A
total of 11 (summer 2009) and 21 (summer 2010) copepod species were identified in
all stations, with an overwhelming abundance of Oithona nana in the summer of 2009
and Oithona similis in the summer of 2010. The prevalence of the two Oithona species
is attributed to their adaptive strategies, which enables them to withstand environ-
mental disturbances. Other zooplankton developed in association with an important
proliferation of Cladoceran and Fish larvae, contributing 51% and 37% of total
other zooplankton abundances in summer 2009 and summer 2010, respectively. The
abundance of copepods or other zooplankton showed no significant correlation with
phytoplankton and ciliates for both periods, suggesting an omnivorous/detritivorous
diet hypothesis in El Bibane lagoon.

Keywords: El Bibane lagoon, zooplankton, phytoplankton, ciliate,
environmental factors, summer season
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1. Introduction

Plankton communities are viewed as being structured by a combination of factors
such as climate change, abiotic properties, biotic factors [1], and regional effects (pol-
lution) [2]. Zooplankton is a critical trophic link between phytoplankton, commercial
fish stocks, and sea birds [3], and small zooplankton is an essential link between classi-
cal and microbial trophic levels [4]. The zooplankton species may respond differently
to food concentration and environmental parameter variations [3]. In this context, it is
important to understand the fluctuations in zooplankton abundance and their associa-
tions with physicochemical changes in the marine environment. These factors affect
zooplankton at different scales [5], both directly [6] and indirectly, by shaping the
abundance and repartition of their predators and prey [7], which will define popula-
tions’ growth [8] and mortality rates [9]. Planktonic copepods are the major members
of zooplankton in marine pelagic ecosystems [10]. They graze on nano-micro-phy-
toplankton and microzooplankton [11], and at the same time, they are preyed on by
higher trophic levels, such as fishes. Planktonic ciliates play an important role in trans-
ferring the production of pico and nanoplankton to meso- and macroplankton [12].
Variations in the repartition of ciliates may significantly affect other components of
the marine food web and thus may influence the community structure and species
composition of lower and higher organisms [13]. This study deals with the El Bibane
lagoon (Gulf of Gabes, Tunisia), a symbolic Mediterranean ecosystem classified as
Ramsar Wetland since 2007. This shallow lagoon is under eutrophication stress. The
Gulf of Gabes, situated in southern Tunisia, is a unique and ecologically significant
area in the Mediterranean Sea. Unfortunately, this dynamic marine ecosystem is
undergoing cultural eutrophication, characterized by nutrient enrichment from phos-
phorus and nitrogen salts [14]. Major contributors to nutrient pollution in the Gulf of
Gabés include industrial discharges, urbanization, and agricultural activities [15]. A
preceding study concerns the micro-phytoplankton communities [16]. Here, we focus
on zooplankton, a crucial biological indicator of water quality and trophic status in
lagoons, as they rapidly respond to environmental changes. With the objectives to (i)
determine whether physicochemical properties such as water temperature, salinity,
pH, and nutrient concentrations significantly impact the occurrence of the different
zooplankton species; and (ii) analyze the dynamic and diversity of the zooplankton
community in relation to phytoplankton and ciliates.

2. Materials and methods
2.1 Study site

The El Bibane lagoon, also known as Bhiret el Bibane, is a large lagoon of around
33 km in length by 10 km in width next to the Libyan limit. It is 10 km North of Ben
Gardane city and 20 km West of Zarzis city. It is linked to the sea by a series of small
channels, the largest of which is 800 m wide. This lagoon is the second largest in
Tunisia after the Boughrara lagoon (Figure1).

2.2 Field sampling

Samples for nutrients, phytoplankton, zooplankton, and ciliates were collected
during one-day campaigns performed in summer (July 2009 and July 2010) at four

130



Summer Variability of the Zooplankton Community along the El Bibane Lagoon (Tunisia...
DOIT: http://dx.doi.org/10.5772/intechopen.1006102

Figure 1.
Location of sampling stations along the El Bibane lagoon.

stations (Figure 1). Seawater samples for nutrients, phytoplankton, and ciliates were
collected with a Van Dorn-type closing bottle deployed horizontally. Zooplankton
samples were collected using a cylinder-conical net (30 cm aperture, 100 cm high,
and 100 pm mesh size). The volume of water filtered was about 1 m®. Back in the
laboratory, samples for nutrient analyses (120 mL) were immediately filtered under
alow vacuum (<50 mm Hg) through pre-combusted (500°C, 4 h) GF/F (~0.7 mm)
glass fiber filters (25 or 47 mm diameter, Whatman) using glassware filtration sys-
tems. Nutriment samples (120 mL) were kept immediately upon collection at —20°C
in the dark. Samples for phytoplankton were preserved with acid Lugol solution (at
3%; [17]), and alkaline Lugol solution was used for fixation of ciliates samples (at 5%;
[18]). Zooplankton samples were preserved in a 2% buffered formaldehyde solution
and were stained with rose Bengal to facilitate dissection. Samples for plankton were
placed at 4°C in the dark for enumeration.

2.3 Physicochemical variables

Physicochemical parameters (temperature, salinity, and pH) were measured using
a multi-parameter kit (Multi 340 i/SET) immediately after sampling. Water for nutri-
ent (nitrite, nitrate, ammonium, orthophosphate, silicate, total nitrogen, and total
phosphate) analyses was collected in plastic containers of 4.5 mL previously washed
with distilled water. Samples were analyzed with a Bran and Luebbe type 3 auto-
analyzer, and concentrations were determined colorimetrically using a UV-visible
(6400/6405) spectrophotometer [19]. Analyses are independent. The automatic
analysis system provides a fast and accurate analysis of these nutrients. Although each
nutrient is determined differently, the method remains similar. It used colorimetry to
determine the dosage of each nutrient.

2.4 Plankton enumeration

Sub-samples (50 mL) for phytoplankton and ciliates counting were analyzed
under an inverted microscope using the Utermé6hl method [20] after 24 h settling.
Phytoplankton and ciliates species counts were carried out on the entire sedimenta-
tion chamber with 40X magnification. Phytoplankton and ciliates were identified
using morphological criteria. Phytoplankton species were identified according to
various keys [21, 22]. Ciliates were identified at the genus or species level after the
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works [23-25]. Zooplankton enumeration was performed under a vertically mounted
deep focus dissecting microscope (Olympus TL 2) after being colored with Bengalrose
to identify internal tissues of the different zooplankton species and also to facilitate
copepod dissection such as various appendixes and leg 5 of the different species.
Zooplankton species identification was identified using various keys [26-28]. Their
relative frequency determined the importance value for the different species.

2.5 Statistical analyses

The environmental parameters assessed at four stations and two periods were
submitted to a normalized principal component analysis (PCA) [29]. Physical-chemical
variables, such as temperature, salinity, pH, nutrient concentrations, and biological
parameters, were assessed by examining the projection of the plots of the extracted
factors on a factorial plan consisting of the statistically significant axis of the PCA. A
simple log (x + 1) transformation was applied to the data in order to stabilize variance
correctly [30]. The spatiotemporal patterns of zooplankton taxonomic groups were
assessed with a non-metric multidimensional scaling (NMDS) after square-root trans-
formation of data using PRIMER v7 software. Means and standard deviations (SD) were
reported when appropriate. The spatial variability of biological communities and their
relationships with environmental factors were assessed using Spearman rank correlation.

3. Results
3.1 Physical, chemical, and trophic parameters

The mean and range values of the four studied stations for physical and chemi-
cal variables recorded in July 2009 and July 2010 are given in Table 1. Surface water
temperature was slightly warmer in summer 2010 (28.68 + 0.54°C) than in summer
2009 (28.20 £ 0.39°C) (Table1). The highest temperature (29.15°C) was recorded in
the summer of 2010 and the lowest one (27.74°C) in the summer of 2009 at station 3.
The average salinity was 45.46 + 0.77 psu in the summer of 2010, and 45.77 + 0.96 psu
in the summer of 2009 (Table 1). pH was higher in the summer of 2009 (8.35 + 0.19)
than in the summer of 2010 (8.29 + 0.16) (Table1).

The concentration of total nitrogen (T-N) was, on average, 5.67-6.51 pM, ranging
from 4.85 (station 2, Summer 2009) to 717 uM (station 1, summer 2010). NO;™ and
NH," concentrations were relatively high (> 1 pM), while NO,™ concentration was
much lower (0.22-0.24 pM) (Table 1). The concentration of total phosphorus (T-P)
varied from 10.29 (station 1, summer 2009) to 15.97 pM (station 2, summer 2009).
The relatively important T-P concentrations were due to the high contribution of
PO, close to 23% of T-P, which displayed a mean concentration of 3.25 + 1.67 pM
and 2.52 + 0.42 pM in summer 2009 and summer 2010, respectively, showed the high-
est value 5.65 pM in summer 2009 station 2 (Table 1). Nutrient values were indicative
of a generalized eutrophication. The N/P was always lower than the Redfield ratio,
suggesting potential N limitation in this area (Table 1).

3.2 Zooplankton community structure and spatial distribution

The total zooplankton abundance varied from 2212 (station 2) to 65,688 ind m™
(station 3) in summer 2010. Zooplankton assemblages were dominated by copepods,
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representing 73-89% and 95-98% of total zooplankton abundance in summer

2009 and 2010, respectively (Figure 2). Total copepod abundance was negatively
associated with salinity (r = —0.891, p > 0.05) and positively with phosphates

(r = 0.923, p > 0.05). The highest copepod abundances were observed at station

3 (62,470 ind m™?) in July 2010. Their abundance did not exceed 21,120 ind m~

in July 2009 (Table 1). Other zooplankton (Appendicularia, Bivalvia, Cirripedia
nauplii, Cladoceran, Euphausiacea, Fish larvae, Gasteropoda larvae, Hydromedusae,
Ostracoda, Polychaeta larvae and Zoea) presented low relative abundances at the two
periods (2-26% of total zooplankton abundance) (Figure 2), with mean abundances
of 1734 + 1320 ind m™> in summer 2010 and 3592 + 2187 ind m™* in summer 2009
(Table 1). Other zooplankton abundance was positively correlated with phosphates
(r=0.985, p < 0.05).

Copepods composition and abundance showed four groups: Calanoids (on average
19-77% of the total copepod abundance), Cyclopoids (12-76%), Harpacticoids
(0-12%) and Poecilostomatoids (0-1%) (Figure 3). A total of 23 copepod spe-
cies were found at all stations (Table 2), with Oithona nana dominating the total
abundance of copepods (35%) in the summer of 2009. Oithona similis abundances
were also higher in the summer of 2010 (104.73 + 7279 ind m~>) than in the sum-
mer of 2009 (2777 + 497 ind m~?). Copepod richness was higher in the summer of
2010 (21 species) than in the summer of 2009 (11 species) (Table 2). Among other

July2009 July 2010
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Figure 2.
Spatial variations of zooplankton groups abundance in summer 2009/2010 along the El Bibane lagoon.
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Figure 3.
Spatial variations of the relative abundance of copepod groups in summer 2009/2010 along the El Bibane lagoon.
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July 2009 July 2010

S1 S2 S3 S4 S1 S2 S3 S4
Copepoda
Nauplii 982 591 528 1240 23,730 500 11,700 15,330
Calanoida
Acartia clausi 328 — — — 8820 250 21,775 10,920
Acartia italica — — — — — — 98 —
Paracartia latisetosa — 444 — — — — — —
Centropages kroyeri 1474 148 352 620 — — 231 —
Centropages typicus 4910 1035 2464 1705 315 — 325 —
Isias clavipes — — — — 210 — 325 210
Temora stylifera — — — — 210 — — —
Temora longicornus 164 — — — — 42 — 210
Temora sp. — — — — — 167 1950 210
Paracalanus parvus 1473 5169 1408 3875 — 42 — 1050
Megacalanus princeps — — — — — — — 210
Cyclopoida
Oithona nana 1147 2365 12,848 2635 420 417 6825 1890
Oithona similis — 2217 3168 2945 12,600 500 17,875 10,920
Oithona plumifera 164 — 176 465 — — — —
Poecilostomatoida
Corycaeus clausi — — — — — — — 210
Farranula rostrata — — — — 210 — — —
Oncaea conifera — 148 176 155 — — — 420
Oncaea mediterranea — — — — — — 228 —
Harpacticoida
Euterpina acutifrons 164 — — 310 210 — 325 210
Microsetella norvegica — — — — 420 — 650 —
Microsetella rosea — — — — 1890 84 — —
Macrosetella gracilis —_ — — — — 84 _ _
Tisbe battagliai — — — — 840 84 163 —
Other Crustaceans
Cladocera 328 148 4048 2790 210 — 325 —
Ostracoda — — 176 — — — — —
Euphausiacea — — — — 210 — — —
Gelatinous
Appendicularia 328 739 704 930 — — — —
Hydromedusae — — — — 315 42 325 —
Meroplankton
Gasteropoda larvae 982 591 704 1085 210 — 650 210
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July 2009 July 2010
S1 S2 S3 S4 S1 S2 S3 S4
Bivalvia 328 — 176 310 — — 293 210
Cirripedia nauplii — — — — — — — 210
Polychaeta larvae — — — — 210 — 325 —
Zoea — — — — 210 — — 420
Fish larvae — — — — 210 — 1300 1050

Table 2.
List and abundance (in ind.m™) of the zooplankton species observed in the summer 2009/2010 along the El
Bibane lagoon.

zooplankton, Cladocerans were dominant in abundance (51% of total other zooplank-
ton) in the summer of 2009, followed by Fish larvae with 37% in the summer of 2010
(Figure 4).

3.3 Relationships between zooplankton, phytoplankton, and ciliate

The spatial distribution of zooplankton abundance with the prevailing poten-
tial prey (total phytoplankton and total ciliate) is illustrated in Figure 5. The
abundance of zooplankton does not show any significant correlations between the
abundance of copepods or other zooplankton and phytoplankton and ciliates for
both periods.

3.4 Multivariate analysis

The first factorial plane (axes 1 and 2) of the PCA analysis on environmental,
phytoplankton, and ciliate variables explained 86.36% of the total variance,

July2009 July 2010
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Figure 4.
Average distribution of the relative abundance of other zooplankton groups in summer 2009/2010 along the El
Bibane lagoon.
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Results of (A) principal component analysis (axes I and II) performed on environmental, phytoplankton,
and ciliate variables and (B) non-metric multidimensional scaling on percentage abundance of zooplankton

taxonomic groups.
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58.35% of it for the first component and 28.01% for the second component
(Figure 6a). The first axis shows an opposition between stations 2-3 correlated to
all nutrients and stations 1-4 correlated to phytoplankton, Chla pH, and ciliates.
The second axis opposes the two periods for stations 2-3 associated with phos-
phorous nutrients in July 2009 and nitrogen nutrients and silicium in July 2010.
The NMDS on zooplankton taxonomic groups clearly separates the communities
of the two periods, with July 2009 associated with non-copepod crustaceans and
gelatinous organisms and July 2010 associated with nauplii, Poecilostomatoide,
Calanoida, and Harpacticoids.

4. Discussion

The present study is the first to examine the spatial distribution of zooplankton
communities in the coastal waters of the El Bibane lagoon in relation to nutrients,
phytoplankton, and ciliates. Nutrient concentrations showed a generalized eutrophi-
cation status (Table 1). High eutrophication levels of the coastal waters of the Gulf of
Gabeés were confirmed [13, 14].

Copepods dominated the zooplankton community in all the stations in the El
Bibane lagoon in summer. The dominance of copepods has already been reported
in several studies in the Gulf of Gabés region: on western area of the Djerba coasts
(54-100% of total zooplankton abundances; [16]); on the northern coast of Sfax
(61-82%; [2, 31]); along the southern coast of Kerkennah Islands (98%; [32]), in
Kneiss Islands (30-96%; [33]) in summer. Among copepods, Calanoids were highly
dominant (19-77% of the total copepod abundance), which is very similar to what
was observed by Rekik et al. [16] in the coastal area of Djerba Island (up to 79% of
total copepod abundance) and Drira et al. [34] on the coast of Sfax (43% of total
copepod abundance).

Although the environmental and tropic conditions did not change significantly
between the summer of 2009 and the summer of 2010, the structural composition
of the zooplankton community showed very distinctive traits between the two
periods in the El Bibane lagoon. Cladocerans were much more abundant in 2009,
and appendicularians, relatively abundant in the four stations in 2009, were absent
in 2010. The copepod community was dominated by Oithona nana (35% of total
copepods) in the summer of 2009 and Oithona similis (40% of total copepods) in
the summer of 2010. Small planktonic copepods reached important abundance
throughout the study period. Small species, particularly Oithonids, were found
to mostly dominate the copepod community in both summer 2009 and summer
2010. This appears to be a common feature in coastal areas of the Gulf of Gabes
[2, 35] in offshore waters of the Gulf of Gabés [36]. The prominence of small
planktonic copepods in the Gulf of Gabes, such as Oithona nana and Oithona
similis, in diverse marine sites of the Gulf of Gabés, was inferred owing to its adap-
tive strategies [37], combined with an omnivorous diet [14] and lower metabolic
needs [14], allowing it to tolerate environmental perturbations and tolerance to
pollution [38]. The omnivorous/detritivorous diet can be confirmed by the lack of
significant correlation between copepods and phytoplankton and between cope-
pods and ciliates for both periods.

Oithona similis is known as the most omnipresent copepod species in the world
sea [38]. This small species has a clear eurythermal and euryhaline distribution
[39, 40].
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5. Conclusion

This study analyzes zooplankton distribution in the El Bibane lagoon, emphasizing
their connections with nutrients, phytoplankton, and ciliates. It confirms a generalized
eutrophication status in the Gulf of Gabés and highlights the dominance of copepods,
particularly Calanoids, consistent with regional findings. Significant changes in zoo-
plankton composition between summer 2009 and summer 2010, despite stable condi-
tions, are noted. The prominence of small planktonic copepods like Oithona nana and
Oithona similis is linked to their adaptive strategies, including an omnivorous/detritivo-
rous diet and tolerance to environmental disturbances. This study highlights the ecologi-
cal importance of zooplankton as an environmental indicator and offers valuable insights
into the marine ecosystems of the Gulf of Gabés. To address eutrophication, efforts in
the Gulf focus on sustainable development, stricter industrial regulations, improved
agricultural practices, and enhanced wastewater management.
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Abstract

Currently, our understanding of microalgae metabolism has been increasing due
to the combination of experimental and computational tools developed for differ-
ent kinds of photosynthetic microorganisms. The groundbreaking discoveries were
enabled by high-throughput experiments and multi-scale modeling approaches
for marine and freshwater microalgae, resulting in better understanding of single
organisms and ecosystems. By connecting outcomes of the mathematical tools with
big-scale datasets we are laying down the foundation for whole ecosystems model-
ing using environmentally relevant parameters. The revision of the state-of-the-art
tools to understand the metabolism will facilitate and inform decisions for ecosystem
restoration and production of commodities using light-driven biotechnology.

Keywords: microalgae, metabolism, genetic tools, metabolic models, artificial
intelligence (AI), kinetic modeling

1. Introduction

All living organisms share an intricate network of chemical reactions that con-
nects and sustains life which is referred to as metabolism. This process occurs within
various biological scales from individual cells to full ecosystems on Earth. Between
these scales are commonalities which reflect shared and organism-specific metabolic
capabilities. Photosynthetic organisms offer an exciting platform for advancing both
theoretical and applied metabolic research. We can enhance our understanding of
physiology in regard to expression and metabolic pathways with metabolic models.
These models allow us to develop testable hypotheses for practical applications,
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including ecosystem restoration and the production of valuable commodities. Recent
developments in genetic tools, such as CRISPR/Cas9, RNA interference, and omics-
based techniques, have significantly enhanced our ability to manipulate and optimize
microalgal strains for industrial purposes. By modifying key metabolic pathways,
scientists can increase the production of specific metabolites, such as lipids, pig-
ments, and biofuels, while simultaneously improving stress tolerance and pollutant
degradation. However, there is a challenge due to lack of tools and limitations in the
broad applicability of genetic tools for non-conventional photosynthetic organisms.
Both experimental and mathematical approaches face additional limitations such

as regulation and low transformation rates. Despite the limitations, exploration of
commonalities and differences will allow for approximation of effects and enable
understanding of light-driven mechanisms.

To better understand metabolism at the microbial level scientists have developed
computational pipelines and mathematical models. These models describe, test,
calculate, and integrate metabolic processes through the establishment of balanced
equations used to demonstrate biomass production rates of individual reactions,
whole organisms, and ecosystems. A key advantage of using mathematical models
across biological scales is the ability to integrate data from different levels of organi-
zation. To comprehend changes in chemical properties such as pH or temperatures
(e.g. day and night cycles, climate change) we must be able to understand processes
occurring in a single bacterium to untangle how the carbon cycle flows globally
across-scale. By integrating information from single organisms to entire ecosystems,
models become powerful tools for contextualizing large datasets and exploring the
connections between life processes in response to environmental changes.

We envision that genome-scale metabolic modeling (GEM), artificial intelligence
tools (AI) and high-throughput multi-omics technologies will facilitate the enrich-
ment and organization of data in a meaningful way. In addition to this, questions
should be answered about the effects of noisy environments and cellular stress
on ecological timescales. With high-throughput experiments and model-driven
approaches, scientists can quantify variables at previously unseen rates. Here we
review the state-of-the-art of metabolic modeling, genetic tools, and Al tools applied
to understand and modulate the metabolism of photosynthetic organisms.

2. Developed genetic tools for photosynthetic organisms and their
applications for ecosystem restoration and specialty chemicals
production

The main sources of anthropogenic water pollution, i.e., wastewater, landfill
leachates, agricultural waste, and oil spills, contain different types of contaminants
that do not inhibit, and even enhance blooms of photosynthetic organisms [1]. Asa
result, microalgae and cyanobacteria have traditionally been associated with detri-
mental impacts on the environment such as eutrophication of freshwater bodies and
the oceanic red tides [2, 3]. Eutrophication is characterized by the uncontrolled abun-
dance of nutrients. These experimental observations of high growth rates in natural
environments opened a new field of light-driven biotechnology using photosynthetic
organisms as key players in bioproduction.

Interestingly, photosynthetic microorganisms have resulted in key participants in
circular economy biotechnology, which aims to couple bioremediation operations with
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chemical production [4]. Specifically, microalgae encompass numerous potential appli-
cations because of their photosynthetic nature and ability to metabolize a wide range of
chemical compounds with uncommon structures [5]. These natural capabilities, com-
bined with advances in genetic engineering have profoundly transformed the study and
application of marine and freshwater microalgae, especially within biotechnology and
molecular biology. Innovative methods now enable the identification of industrially
valuable microalgae and the enhancement of specific genetic traits. Through advance-
ment screening techniques and cultivation methods, researchers can isolate promising
organisms. Subsequently, molecular approaches, including omics-based tools and
genetic engineering, can be employed to further refine and optimize these algae for
various applications. Understanding metabolic pathways and genomes is essential for
advancing genetic engineering, as they reveal the organization of metabolic pathways
and identify critical regulatory elements that can optimize genetic modifications

[6]. Therefore, the targeted overexpression of key enzymes can lead to an increased
production of specific metabolites, like lipids, carbohydrates, or pigments [7].

2.1 High-throughput and genetic tools for marine and freshwater algae

Together with the big data era of the twenty-first century, new high-throughput
technologies have been developed, resulting in new genetic and high-throughput
experimental tools such as CRISPR/Cas9 and Adaptive Laboratory Evolution (ALE).
Initially used in bacteria and fungi, these tools are also being applied to microalgae to
improve traits such as growth rate, stress tolerance, and product yield by selecting for
beneficial genetic mutations [8].

Furthermore, these experimental approaches enabled better understanding of
the metabolism and have enhanced different microalgae species to attain industry
potential. The use of genetic engineering in microalgae is not limited to a few spe-
cies; a wide array of marine and freshwater microalgae has been subject to these
techniques. Table 1 summarizes the names of microalgae, application, and provides
valuable insight into the breadth of research in this field. As expected, most of the
tools have been optimized for Chlamydomonas reinhardtii (Chlorophyta) which is
a model organism with growth capabilities over a broad range of conditions and
organic substrates.

Development of genetic tools has enabled testing of regulatory elements, such
as promoters and untranslated regions (UTRs), that regulate gene expression and
stabilize transcripts. Additionally, codon optimization further enhances gene expres-
sion by aligning codon usage with the host’s preferences. Selectable markers, like
antibiotic and herbicide resistance genes, allow for the identification of successfully
transformed cells, while screen-able markers such as GFP and LUC provide visual
confirmation of gene expression. RNA interference (RNAi) enables gene silenc-
ing by using double-stranded RNA to specifically degrade target mRNAs and has
been applied to various microalgae for functional studies [21]. Tools like zinc-finger
nucleases (ZFNs), mega-nucleases (MNs), and transcription activator-like effec-
tor nucleases (TALENSs) have been used for genome editing in microalgae, however
CRISPR/Cas9 has become the most popular and advanced tool for photosynthetic
organisms [22]. This is because CRISPR/Cas9 is simpler and more versatile compared
to the other tools, which often face challenges such as high cost, complexity, or lower
efficiency. The CRISPR-Cas9 system offers precise genome editing capabilities,
allowing for targeted modifications that improve traits such as lipid production and
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biomass yield. Together, these advancements facilitate the development of microalgae
with enhanced productivity and utility in industrial applications [21].
High-throughput phenotypic included during ALE experiments enable the study
of genetic and expression trajectories of microorganisms when they are subjected
to environmental stress conditions by culturing cells for hundreds or thousands of
generations. ALE experiments can be performed manually or automatically. For pho-
tosynthetic organisms this approach has been applied to Picochlorum sp., a champion
on bioenergy production, Skeletonema costatuni, a planktonic alga, and C. reinhardtii
among other for acclimatation experiments [8]. During ALE experiments new strains
can be enriched that can survive extreme conditions or various types of pollutants. In
the next section we will review what those mechanisms are and their applications.

2.2 Mechanisms of pollution control with algae

Some microalgae have evolved specialized metabolic pathways to precipitate,
assimilate, fixate, absorb, degrade, or accumulate harmful contaminants [23]. A
significant group of contaminants are xenobiotics, which is a diverse group of natural
and artificial emerging contaminants with atypical structures and complex degrada-
tion routes [23]. Currently, xenobiotics are consistently released to the environment
in the form of pharmaceuticals, personal care products, agro-chemicals (such as
fertilizers, herbicides, and pesticides), veterinary products, and industrial chemicals
and their by-products [1]. While xenobiotics can have different chemical structures,
the most common moieties comprise polycyclic aromatic hydrocarbons (PAH),
halogenated organic compounds (e.g., dioxins and dioxin-like compounds), heavy
metals (e.g., Lead, Mercury, Arsenic, Cadmium, and Chromium), steroids, and
steroid derivatives [23, 24]. Considering these features, the underlying metabolic
pathways supporting bioremediation with photosynthetic organisms involve enzymes
that degrade phenolic compounds (i.e., polyphenol oxidase and laccase) [25, 26],
broad-spectrum hydroxylation Cytochrome P450 monooxygenases (CYPs/P450s)
[24], and exopolysaccharide mediated biosorption of heavy metals [27]. Although the
degradation and assimilation of xenobiotic compounds require specialized metabolic
pathways, essential nitrogen, phosphorus, and carbon nutrients are still necessary to
maintain the base metabolism and balance oxidative stress, leading to increased activ-
ity levels of antioxidant enzymes, especially catalase, superoxide dismutase (SOD),
glutathione reductase, and glutathione and ascorbate peroxidase [23]. While xenobi-
otics metabolism is gaining space in the design of bioremediation operations, syn-
thetic biology and metabolic engineering strategies are also considering CYPs/P450s
monooxygenases as bio-catalyzers for light-induced production of specialty chemicals
in microalgae [28, 29]. Overall, the characterization of the metabolic capabilities of
photosynthetic organisms has resulted in innovative methods to control pollution that
in combination with heterotrophic organisms can be applied to restore ecosystems or
for the development of bioremediation methods.

2.3 Algae-mediated bioremediation and photo-biocatalysis

Traditional methods of wastewater treatment, particularly those of physical
and chemical background, often have cost and efficiency downsides [30]. Similarly,
traditional remediation of polluted soil has been criticized for its low efficacy and
further generation of pollutant byproducts [31]. Macroalgae and microalgae have
been extensively reviewed as practical solutions for treating wastewater, soil, and air
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pollution [32]. Remarkably, green microalgae and cyanobacteria isolates have been
shown to remove heavy metals from wastewater by ion biosorption, overcoming a
hurdle in traditional physical techniques [33-35]. Effective applications for heavy-
metal biosorption involve the formation of microalgal-bacterial consortia (MBC).
Co-microalgal-bacterial consortia have been utilized as an alternative to traditional
wastewater treatment. The consortium formed by activated sludge in tandem with
alab culture of Chlorella vulgaris (Chlorophyta) microalgae was effective for the
treatment of municipal sewage at comparable rates to traditional filtration systems
[36]. In another study, microalgal-microbial granular sludge reactors proved useful
for removing carbon and ammonia from dairy wastewater [37]. Investigations on
aromatic compounds degradation mechanisms point towards extracellular processes,
especially in exopolysaccharide-producing cyanobacteria that have a positive effect
on the growth of heterotrophic bacterial degraders [26]. For example, the consortium
formed by Pseudomonas sp. (bacteria) and Pseudanabaena PP16 (cyanobacteria)
isolated from pulp and paper wastewater was able to degrade between 70% and
100% of phenol in 24 h and ~80% of dichloroacetate after 1 week of treatment

[25]. Another study on biological soil crusts reported that cyanobacteria-fire moss
consortia were able to remedy soil erosion and restore soil fertility in post-fire eco-
systems [38]. Similarly, Crouzet et al. [39] reported that cyanobacteria-soil algae
communities can stabilize soil aggregates in cereal cropping systems found in dryland
areas. While the biological treatment of air contaminants with microalgae has not
been addressed in detail, Jo et al. studied the conditions to minimize the generation
of irritant greenhouse gas nitrous oxide in algal-bacterial photobioreactors during
wastewater treatment [40]. Similar efforts have been used to record and optimize the
oxygen levels, and other culture conditions (pH, temperature, etc.) of cyanobacterial
and bacterial-algal consortia for wastewater treatment [41, 42]. Recently, microalgae
CYPs/P450s monooxygenases were reviewed to demonstrate their involvement in

the biotransformation of pharmaceuticals and personal care products often found in
aquatic environments. Interestingly, while green microalga Chlamydomonas sp. Tai-o3
could partially degrade ciprofloxacin and sulfadiazine antibiotics, Chlorella sp. could
efficiently achieve nearly 97% biodegradation of thiamphenicol. In the same review,
the CYPs/P450s monooxygenases of marine macroalgae, e.g., Polysiphonia stricta
(formerly Polysiphonia urceolata), Fucus vesiculosus (Phaeophyceae), and Ulva lactuca
(Chlorophyta), granted increased tolerance to xenobiotics, and the ability to serve

as metabolic sinks for contaminants [43]. Currently, the striking ability of algae to
degrade contaminants from the environment is serving as an inspiration to develop
artificial photo-bio-catalyzers such as inorganic semiconductors, organic dyes, and
natural materials to enhance cofactor regeneration and expand the degradation
capabilities of light-driven bioremediation [44, 45].

2.4 Restoration facing global warming and acidification

Oceans are natural sinks of excess atmospheric carbon dioxide and seawater
acidification is another detrimental consequence of rising greenhouse gas emissions
[46]. Besides, higher temperatures and increasing levels of dissolved carbon dioxide
in water bodies promote changes in the biodiversity of harmful and non-harmful
phytoplankton (i.e., microalgae), especially on the surface ocean layer [47, 48].
Dinoflagellates, Chlorophytes, and cyanobacteria were identified as the most
likely types of phytoplankton benefiting from warmer waters [49]. Among these,
Dinoflagellates and cyanotoxin-producing cyanobacteria are under environmental
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scrutiny because they are responsible for harmful algal blooms (HAB), which might
become more frequent in warmer non-tropical regions of the world [49, 50]. While
enhanced harmful algae growth should be addressed as a serious environmental
threat in the coming years, higher temperatures also open a window of opportunity
for further biotechnological applications of thermophilic microalgae [51].

2.5 Microalgal commodities and high-value chemicals

In 2016, the global bioproduct economy was worth ~$280 billion, with an antici-
pated annual increase of 11% [52]. Harnessing the power of gene and metabolism
editing, many studies have proposed genetic engineering in algae as a viable solution
to further enhance the biotechnological production of chemicals [53, 54]. Currently,
the applications of non-cyanotoxin-producing cyanobacteria and non-harmful
Chlorophytes (green microalgae) for wastewater management and high-value chemi-
cal production are being enhanced by recent developments in microalgal in synthetic
biology and metabolic engineering [29, 55, 56]. Microalgae are source of commodities
(i.e., ethanol, butanol, fatty acids, organic acids) and specialty high-value chemicals
(i.e., pigments, terpenes, secondary metabolites, and peptides) [5, 57, 58]. Algae of
many species have been shown to produce secondary metabolites, which are impor-
tant bioproducts in the highly valued biomedical sector, such as antibiotics, antivirals,
antiparasitic and antifungal compounds [59]. Moreover, microalgae metabolites are
dabbling in the world of novel cosmetics with prophylactic properties [60]. In the
long list of high value bioproducts, microalgal pigments have become popular for
their potential health benefits [61, 62]. In addition, several studies have cited the
coculture of algae and bacteria, yielding biofuel, and even lignin, simultaneously
[63-66]. With new technologies and monetary incentive, the optimization of biopro-
duction is a clear sequential step, which could also benefit from recent developments
on Cytochrome P450-based biocatalysis for the production of novel drugs [28]. These
emerging technologies can also utilize bacterial biosurfactants and offer a cost-
effective alternative for purifying microalgae-based products, or even oil spill biore-
mediation efforts [67, 68], making light-driven processes more profitable. Given the
broad range of metabolic properties of microalgae the development of computational
methods is necessary. In the next section we will describe the reconstruction and
simulation of kinetic and metabolic models, describing datasets and developed tools,
that use AI and ML tools to unravel hidden properties of photosynthetic organisms.

3. Mathematical modeling of photosynthetic organisms

Each living cell manages a metabolic network consisting of metabolites, reactions,
and genes. Elements and energy are constantly being channeled through this network
in the form of metabolic fluxes, driving the production of macromolecules and
biomass growth. These fluxes are influenced by the metabolic structure, environment
and evolutionary adaptations. Additionally, mechanisms of replication and transla-
tion are also integral to understanding the metabolic network.

Mathematical models have been used to simulate nearly all biological processes
at different levels. At metabolite level, genome-scale metabolic models are employed
under steady-state conditions, while kinetic modeling is used in a dynamic frame-
work. In both cases stoichiometric balances of supply and demand are described
through the definition of equations and parameterization also referred to as
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constraints. Equations are built to describe specific circumstances and assumptions,
such as the Michaelis-Menten equation or the Monod equation for enzymatic activi-
ties or whole cell growth in kinetic models and photoautotrophic or mixotrophic
conditions in metabolic models. In this section basis and examples of kinetic and
metabolic modeling are discussed in the context of their role in the enhancement of
our knowledge about photosynthetic organisms.

3.1 Reconstruction, simulation and application of genome-scale metabolic models
of algae and cyanobacteria

GEMs are a system biology tool that comprehensively represents the metabolic
network of an organism (e.g. cyanobacteria, algae) [69]. Reconstruction of GEMs has
significantly increased the efficiency of predicting species links among genotypes
and phenotypes. These models are also effective for experimental design as well as
to modulate functions and control of biological systems occurring within photo-
synthetic organisms. Additionally, GEMs give insights into cellular behavior under
various nutritional conditions while optimizing metabolic pathways for biotechno-
logical applications [69, 70]. GEMs are built based on genomic information that is
used to extract all metabolic capabilities of a target organism by identifying proteins,
metabolites, and reactions present and compiling them. GEMs describe the quantita-
tive relationships between reactants and products for all the relevant biochemical
reactions which is combined to create a mathematical matrix describing the stoichi-
ometry of the entire metabolic network [71]. The flux through every reaction can
then be simulated under various conditions using Flux Balance Analysis (FBA) [72].
GEMs are especially useful in studying the metabolism of a wide range of organisms,
as they provide a holistic view of the interconnected pathways which govern cellular
functions.

Metabolic models are also knowledge bases that are systematically curated using
different computational methodologies. Model reconstruction consists of several
steps, including retrieving the genomic and proteomic information of the target
organism while identifying the basic metabolic structure of your microorganism of
interest. Computational tools use this information to automatically reconstruct a draft
model that it is subjected to manual curation to verify Gene-Reaction-Protein (GRP)
associations, add a biomass objective function, and gap-fill pathways and reactions
based on experimental data such as untargeted metabolomics or high-throughput
phenotyping. Finally, addition of metadata to metabolites and reactions is critical to
ensure compatibility and reusability in a sharable format such as JSON, MAT, SBML
or XML [73].

Photosynthetic organisms present unique modeling challenges, such as the
integration of light-dependent reactions with the broader metabolic network. As a
result, GEMs have been generated for only a few well studied photosynthetic organ-
isms (Table A1). Chlamydomonas reinhardtii is one of the most studied organisms,
as shown by the frequency of updates that its model has had over the last decade
(Figure1).

The application of GEMs to photosynthetic organisms has led researchers
to gain insights into how these organisms convert light energy into chemical
energy and how this process interacts with other metabolic pathways [92]. The
model of C. reinhardtii (iRC1080) was used to study lipid metabolism and light
acclimatation, generating new hypotheses about the evolution of C. reinhardtii
[75]. Similarly, the model of Phaeodactylum tricornutum (Bacillariophyceae),
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Figure 1.

Overview of the changes in the model properties of C. reinhardtii. For biotechnology purposes, a model of
Auxenochlorella protothecoides was curated to study seveval variables affecting lutein production at commercial
levels, where sodium citrate was found to have the greatest effect on its production [83]. Additionally, the models
of Nannochloropsis oceanica and salina, S3_iSO1949_Noceanica and iNS934, weve used to design different
media compositions which optimized triacylglycerol production [77, 79]. The model iAR632 of Scenedesmus
obliquus was simulated in three growth modes (autotrophy, mixotrophy and heterotrophy) with mixotrophy
being the one that favors the biomass and lipid production [78]. Similarly, the model of freshwater microalgae
Chlorella vulgaris (i1CZ843) simulates growth on photoautotrophic, hetevotrophic, and mixotrophic modes with
high accuracy [82], and a model of Auxenochlorella pyrenoidosa (formerly Chlorella pyrenoidosa) identified
that cycling between autotrophic and heterotrophic modes was optimal for biomass production [84]. By combining
GEMs and kinetic models, vesearchers can achieve a more comprehensive understanding of the metabolic processes
in these organisms, which is crucial for applications in bioengineering and sustainable energy production.

iLB1027_lipid, was used to study the relationship between the biochemical com-
position of biomass and the dynamic equilibrium between photosynthesis and
heterotrophic metabolism during light-dark cycles [74]. The model of Thalassiosira
pseudonana (Mediophyceae), CCMP 1335, was created with the objective to inves-
tigate the dissipation of reductants generated through light-dependent processes
and the role of nitrate and sulfate assimilation to predict the availability of these
compounds in the ocean surface [80]. The model of Microchloropsis gaditana (for-
merly Nannochloropsis gaditana) (Eustigmatophyceae), iRJ1321, was used to study
the effect of nitrogen limitation on the Calvin cycle [81]. Meanwhile, the model of
Cylindrotheca (Bacillariophyceae), iMK1961, was used to identify the role of this
microorganism in global carbon cycling [70].

3.2 Basis and applications of kinetic models of algae and cyanobacteria

Kinetic models are used to predict microalgae growth by analyzing the relation-
ship between environmental inputs (such as nutrients, light, and temperature) and
outputs like biomass production. Two main approaches to the kinetic models exist:
one focuses on optimizing external growth conditions to maximize yields, while the
other examines how carbon is distributed within the cells, however both are impor-
tant for optimizing growth and productivity [21]. Unlike GEMs, which are typically
constraint-based and operate under steady-state assumptions, kinetic models incor-
porate the rates of the biochemical reactions, allowing for the simulation of time-
dependent changes in metabolite concentration [93].

The generation of kinetic models requires a more detailed understand-
ing of enzyme kinetics and reaction mechanisms [94] and they are often more
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computationally intensive and parameter-fitting-demanding than GEMs due to the
need for extensive kinetic parameters. The first step involves gathering parameters,
such as reaction rates and substrate affinities, usually derived from complex in vitro
experiments [95]. This data is then used to parameterize rate laws, such as Michaelis-
Menten kinetics, for each enzymatic reaction [95]. Once the kinetic parameters

are defined, the model is calibrated using experimental data to ensure it accurately
represents the dynamics of the system under various conditions [95].

Kinetic models are also used to quantify the effects of nutrient availability and
physicochemical conditions. These models can represent only one of these limiting
factors at a time using a threshold (also called minim law), or multiple factors using a
multiplicative law [96]. The effect of light availability on growth rate can be described
by saturation kinetics such as the Monod equation, although several modifications
to consider the effect of photo-inhibition have been proposed [97, 98]. Alternatively,
the effects of photo-inhibition can be quantified by using semi-structured models
in which biomass is segregated into active, resting and inhibited fractions [99, 100].
Segregated models are also capable of quantifying the effects of nutrient limitations
[101]. Because of absorbance and scattering effects of cell particles, light availability
is heterogeneous inside of photo-bioreactors. The heterogeneity can be modeled using
the Beer-Lambert equation, which is a good compromise between accuracy and com-
putational costs, although quantifying the effects of light scattering is possible using
the laws of radiative transfer [102-104]. Finally, multi-level models can integrate
metabolism, light transfer and fluid dynamics, increasing the descriptive capabilities
at the cost of computational complexity [99].

4. Large-scale resources available of photosynthetic organisms can enable
better artificial intelligence and machine learning approaches

4.1 Large-scale data generates environmentally relevant parameters and
constraints

Biogeochemical cycles have co-evolved over hundreds of years together with
metabolic pathways. They are the biggest biological system altering chemistry in the
ocean, atmosphere, and terrestrial ecosystems [105]. Those cycles have been studied
for long periods of time through the collection of samples and their associated proper-
ties (metadata). Resources such as the Earth Microbiome Project (EMP), the National
Microbiome Data Collaborative (NMDC) from DOE and the National Ecological
Observatory Network (NEON) from NSF contain large-scale data publicly available
for academic purposes [106-108]. The EMP dataset focused on sequencing the 16S
rRNA gene to profile the taxonomic composition of 23,828 samples from 97 different
studies. Meanwhile, the NMDC dataset has whole genome sequencing data for 4333
samples. Data mining plays a critical role during the development of new compu-
tational tools through the assessment of multi-omics data (e.g. metagenome, tran-
scriptome, metabolome, and proteome) in EMP, NMDC, and NEON. Model-driving
findings can be compared with experimentally observed patterns in natural systems.

In the work of Pushpakumara et al. [109] the authors used 10 studies in the EMP
dataset to identify key bacterial associates in microalgae associated microbiomes.

In particular, the authors used sequences from the 16S rRNA gene found in the
chloroplast to infer co-occurrence patterns between microalgae and bacteria. They
found that members of the phyla Bacteroidetes, Proteobacteria, Planctomycetes and
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Verrucomicrobia are tightly associated with microalgae taxa [109]. Our analysis of the
metadata of the EMP dataset (filtering out sequences originated in the chloroplast)
shows that Cyanobacteria were highly abundant across ecosystems, present in 68% of
all samples (23,828 total). Figure 2 shows how abundance ratios highly change when
dividing the samples in six groups for different temperature and pH ranges. Metadata
collected from these studies showed that pH and temperature greatly influence the
abundance of organisms such as Bacillus in all collected samples (Figure 2). On the
contrary, Cyanobacteria genera such as Synechococcus and Phormidium remain highly
abundant among five of the different groups of samples, demonstrating the capacity
of these organisms to grow at non-optimal conditions. This meta-analysis highlights
the physiologic robustness of Cyanobacteria, a property that is desirable to preserve
the stability of production processes, especially when cultivated in outdoor condi-
tions. Analysis of data collected directly from ecosystems will facilitate hypothesis
testing and increase the likelihood of success for the development of interventions.

4.2 Genome analysis and gene localization

Modeling for photosynthetic organisms has the added complexity of determining
compartmentalization. Eukaryotic microalgae contain different organelles, and the
exact location a protein can be found is species dependent [111]. The same reaction
may occur in two different compartments but be facilitated by different proteins. This

’Qs@:?

$ A c- %a%

"% % " % U,
,, =0 e SO (ncn -saline) %i%% Soil (non-saline) Synachococous

Synechonoccus Pantosa / «\f‘lanlmlzu‘sphere Pantoea /

Pseudomaonas
\Walar (non-saline)

Water (non-saline)

Pantoea n Pseud
ph:[2.1, 5] outomenE - pn: 501,91V e sainey ph: [9.01, 12.63]
Samples: 437 Water (non-saline) Samples: 3279 J Sediment (saline) Samples: 126 Yo i
Brad erlklfali:g::a‘\ 7 Hypersaline (saling) swl;c:f;f‘fa::z:
N,
Pseudomonas =‘¢,m Surtaca (non-saline) a ‘Aace (saline) x Q’X;’Imeﬂt (non-saline]
'é‘f P ab,; Bacillus Vanovorax Bacillus  Sedment (saline)
\" A
& @> S
< 2,
" %90 Wﬁ@,@ Aoy
B ’ RS
3 % %,,, ’“@
Achromobacter %q. &
E; °'_“‘\\, Soil (non-saline)  Synechococcus k2 Water (saline) ":' Surface (non-saline)
s, Water (non-saline) \
Plant surface
Pseudomonas Pantosa ¢ Sowl (non-saling)
T: [-16, 15] [ T: [16, 37] Synech T: [38, 91]
Samples: 3441 | plant rhizosphere Samples: 2548 ynechococels || samples: 193
Pseudomonas Surlece (saline) Sul‘fana (saline)
Bradyrhizobium Varlnvnrax
u;khulderla o Erauyﬂmz&mr:m :Surfaoe (non-saline)
\\@" i\ t% urkno derla x—‘-"%nﬁemscl (non-saline) oe?ag ater(non saline)
\69 @é:’ %6% <2 ew°
% oy Yoy, @b@f*
5‘&6@ g <
~ O

%

Figure 2.

Chord plots showing the co-occurrence of the most abundant heterotrophic bacteria and Cyanobacteria in the
EMP dataset. Samples are segregated in six groups: three different ranges for temperature (°C) and three for pH.
The weight of the chord is proportional to the abundance of a genus in a given environment. Environments are
grouped at level 3 of the EMP ontology. The plots were generated using OTU tables produced by closed-reference
sequence clustering against the Greengens [110] database. Cyanobacteria genera ave highly abundant among five
of the different groups of samples.
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is why it is important to consider where each enzyme/protein is localized in the cell.
Accurate annotation of proteins and compartmentalization in the model is necessary
for maximizing information content and gaining detailed knowledge about microal-
gal metabolism [112]. A metabolic model’s predictive capabilities is highly dependent
on the accurate representation of metabolic exchange between organelles. Proteomics
techniques can be used to experimentally identify localization of proteins in an organ-
ism [113]. However, these experimental techniques have their limitations and are
difficult to implement for an entire genome [113]. AI and machine learning tools can
be used to determine the localization of each protein within a genome and increase
the quality of the metabolic model.

Machine learning tools allow for an increase of understanding of gene functions
that can be expanded to genome wide. One tool, PredAlgo, has been developed
specifically aimed at microalga predictions. PredAlgo uses a neural network machine
learning technique to assign localization predictions to algal proteins [114]. The
training set was developed from C. reinhardtii experimental data. The tool is capable
of classifying proteins into three compartments: Chloroplast (C), mitochondrion (M)
and secretory pathway (SP) [114]. PredAlgo calculates a score for the three cellular
compartments and assigns a classification based on set cutoffs. If the three scores are
below a certain cutoff, the protein was assigned to the “Other” (O) category [114].
This tool has been used in previous studies like lipid degradation [115] and identify-
ing key proteins in C. reinhardtii needed during photosynthesis [116]. While PredAlgo
is specifically for green algae, other tools have been developed to analyze and predict
localizations of eukaryotic organisms.

DeepLoc is a neural network machine learning tool that can predict the subcel-
lular localization of eukaryotic proteins [117]. This tool can differentiate between
10 different protein classes: Nucleus, Cytoplasm, Extracellular, Mitochondrion,

Cell membrane, Endoplasmic reticulum, Chloroplast, Golgi apparatus, Lysosome/
Vacuole and Peroxisome [117]. The latest version, DeepLoc 2.1, additionally classifies
membrane association of a protein [118]. The membrane association can be defined as
peripheral, transmembrane, lipid anchor or soluble. This algorithm allows for multi-
label identifiers in which a protein can be localized into multiple compartments. It has
benefited research including a study that analyzed the viral protein interactions and
localizations of three coronaviruses, including SARS-CoV-2 [119]. With the continued
advancement in Al and machine learning tools, protein annotations and localizations
can be determined and further improved for genomes of photosynthetic organisms.

4.3 Metabolic modeling and artificial intelligence enhance our understanding of
photosynthetic organisms

The high-throughput generation of genome sequences has significantly enhanced
the understanding of gene functionality in organisms [120]. Genes encode proteins
that perform diverse roles, including catalyzing metabolic reactions essential for
cellular processes. One of the most widely used tools for studying metabolic net-
works in photosynthetic organisms is the flux balance analysis (FBA) [111]. FBA
is a mathematical approach that calculates metabolic fluxes while optimizing an
objective function (usually biomass production). Although FBA is a very useful
tool for elucidating metabolism, it is still constrained to a single objective func-
tion [121]. Therefore, different efforts were applied to develop an extended FBA
analysis in photosynthetic organisms that optimizes multi-objective functions [121].
Briones-Baez et al. [121] proposed an evolutionary algorithm capable of optimizing
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multiple objective functions by getting a good approximation of the Pareto frontier
(Figure 3). The Pareto frontier represents a set of different optimal solutions where
no single objective can be improved without worsening another. Therefore, the new
algorithm was able to find a set of optimal solutions that balance trade-offs between
two or more competing objectives. The algorithm was tested on the microalgae C.
reinhardtii. They could successfully optimize simultaneously three metabolic objec-
tives (protein production, carbohydrate production, and CO, uptake).

A more advanced method for studying the physiological functions of photosyn-
thetic organisms is through the application of digital twins [122]. A digital twinisa
virtual representation of a real-world physical asset, system, or process by integrat-
ing real-time data from sensors, instruments, and mathematical models [122]. This
innovative technique, if applied in photosynthetic systems, can be used to predict
ecosystem and climate changes and to test hypotheses in a virtual environment [122].
For example, the generation of a plankton digital twin can be used to simulate the
ecological interaction among plankton species in their natural habitats [122]. Since
the plankton population is a good indicator of climate change, researchers can predict
long-term impacts on the environment and develop mitigation strategies [122].

The integration of genetic engineering tools and Machine Learning (ML) tech-
niques in microalgae processes has allowed a better understanding of microalgae
metabolism and genetic information. In combination with next-generation sequenc-
ing techniques, ML methods improved the acquisition of a wide range of genome
sequence features without requiring full sequencing details [123] . For example,
different studies showed that ML methods helped with the identification of differ-
entially expressed genes, the detection of meta-genes related to a specific microalga
pathway, among others [123]. Furthermore, artificial intelligence (AI) algorithms
can also be applied to the design of experiments that involve microalgae, such as the
determination of microalgae concentration, microalgae characterization, microalgae
conversion, microalgae cultivation and species, and strain identification [123]. For
example, Long et al. [124] utilized ML models to predict the light distribution pat-
terns in algal cultures, which allowed the optimization of a semi-continuous bioreac-
tor for algal cultivation.

Pareto frontier

CO, uptake

Carbohydrates

Figure 3.
The Pareto frontier shows the trade-off between CO, uptake and carbohydrates. Different solutions that allow
cellular growth are represented in the shadow area, while the optimal trade-offs are highlighted with the blue line.
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The applications of microalgae for bioproduct production are not limited to low
scale. Different efforts have studied the use of microalgae in wastewater treatment
processes as a sustainable alternative [125]. However, the synchronicity of choosing
the correct algal strain, optimum temperature, pH, type of bioreactor, CO,, light
intensity, and media composition is a complex challenge for achieving optimal growth
conditions [125]. Thus, ML algorithms have been developed to find the best condi-
tions for enhancing biomass production at larger scales. Ansari et al. [126] utilized a
three-layer feed-forward back-propagation artificial neural network (ANN) model to
predict the algal dry cell weight in an outdoor pilot-scale system using circular pools
as a cultivation system. The parameters used as inputs for the model were tempera-
ture, pH, dissolved oxygen (DO), electrical conductivity (EC), nitrate (NO;"), and
phosphate (PO,>), being NO;™ and PO,~ the most influential factors.

In recent years, microalgae have gained recognition as a sustainable alternative for
producing value-added products. Consequently, advanced technologies for under-
standing and applying microalgae at an industrial scale have been developed. Al tools
and ML algorithms are set to play a crucial role in optimizing these bioprocesses.
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Appendix
ID Name Metabolites Reactions Genes Reference
iLB1027_lipid Phaeodactylum tricornutum CCAP 2172 4456 1027 [74]
1055/1
iRC1080 Chlamydomonas reinhardtii 1706 2191 1086 [75]
iCY1170_DHA Schizochytrium limacinum 1659 1769 1170 [76]
(Thraustochytrids) SR21
S3_iS01949_ Nannochloropsis oceanica 3018 3485 1981 [771
Noceanica
iAR632 Tetradesmus obliquus (formerly 734 1467 632 [78]
Scenedesmus obliquus)
iNS934 Microchloropsis salina (formerly 1985 2345 934 [79]
Nannochloropsis salina)
CCMP 1335 Thalassiosiva pseudonana 2,792 6,079 1,432 [80]
iRJ1321 Microchloropsis gaditana 1862 1918 1321 [81]
(formerly Nannochloropsis
gaditana)
iCZ843 Chlorella vulgaris 1770 2294 843 [82]
Auxenochlorella protothecoides 2121 1974 0 [83]
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ID Name Metabolites Reactions Genes Reference

Auxenochlorella pyrenoidosa 61 67 0 [84]
(formerly Chlovella pyrenoidosa)
Tetradesmus obliquus 183 351 0 [85]
iMK1961 Cylindrotheca closterium 3559 6718 1961 [70]
iJN678 Synechocystis sp. PCC6803 795 863 622 [86]
iJB785 Synechococcus elongatus PCC7942 768 850 785 [87]
iMS837 Synechococcus elongatus PCC7942 801 887 837 [88]
iAK888 Avrthrospira platensis C1 1096 994 888 [89]
Arthrospiva platensis NIES-39 673 746 620 [90]
iCyj826 Cyanothece sp. PCC 7822 1110 1258 826 [91]
Table A1.

Overview of the genome-scale metabolic models available for photosynthetic organisms.
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Chapter 8

Biocompounds of Commercial
Interest from Freshwater and
Marine Phytoplankton

Irene Gallego

Abstract

Microalgae are photosynthetic microorganisms that produce a wide range of
biocompounds, such as proteins, omega-3 fatty acids or pigments like astaxanthin;
with various applications in the pharmaceutical, cosmetic, bioenergy and food
sectors. This chapter provides an overview of the compounds and molecules synthe-
sized by microalgae, ranging from polysaccharides to vitamins, minerals and other
secondary metabolites. Additionally, the chapter reviews the key biological aspects
that influence the production of such biocompounds, including strain selection,
strain improvement and cultivation conditions, as well as the biotechnological factors
necessary to optimize the production and processing of these compounds, such as
cultivation system, extraction and purification. Lastly, the chapter presents the main
applications of commercially relevant microalgae-derived compounds, emphasizing
the most notable microalgae-based products currently being developed in the global
market.

Keywords: microalgae, bioactive compounds, nutraceuticals, biofuels, animal feed,
food supplements, cosmetics, biotechnology

1. Introduction

Biocompounds —chemical compounds derived from biological sources— are
gaining attention in the global market because of their sustainable production and
higher acceptance compared to synthetic compounds. In 2010, one third of the total
p-carotene production had a ‘natural’ origin [1]. Today, the high demand for omega-3
fatty acids is searching for alternative, non-fish sources to reach the expected market
size of 3.8 billion USD (US dollars) by 2026 [2].

Microalgae, a diverse group of photosynthetic microorganisms responsible for
capturing 50% of the global atmospheric carbon [3], can also synthetize dozens of
biocompounds with various commercial applications, including the pharmaceutical
sector, food and feed industries, and the bioenergy sector, among others [4]. These
cell microfactories use sunlight and carbon dioxide (CO,) to sustainably produce
high-value biocompounds, such as proteins, lipids, polysaccharides, pigments,
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vitamins, minerals and other secondary metabolites [5]. The commercial exploitation
of some microalgae-derived biocompounds, such as p-carotene, astaxanthin, omega-3
fatty acids, pigments and extracts, is well stablished [1], with a global market size
valued in 3.4 billion USD in 2020 [6]. Some microalgal biocompounds, with relatively
low production costs, have been commercialized for decades. This is the case of
p-carotene from Dunaliella salina, with a market price that may reach 300-1500 USD/
kg, commercialized since the 1980s [1]. Other biocompounds, however, are still far
from being economically viable and require further biotechnological advancements.
Microalgae are predominantly single-celled organisms widely distributed in
aquatic ecosystems, —including freshwater, marine or brackish environments— as
well as in terrestrial habitats, such as soils and sand [4]. Due to their fast life cycles
and short generation times (around 24 h), microalgae can generate relatively high
biomass without the need of fertile soils, as opposed to terrestrial crops [7].
According to Whittaker’s classification system [8], microalgae can be divided into
eukaryotic microalgae and prokaryotic cyanobacteria. While organisms belonging
to the former group contain membrane-bound organelles, such as the nucleus or the
chloroplast, prokaryotes lack these structures. Within the eukaryotic microalgae group,
the most abundant groups belong to phylum Chlorophyta (green algae), phylum
Ochrophyta (class Bacillariophyceae includes diatoms and class Chrysophyceae includes
golden algae) and phylum Miozoa (class Dinophyceae includes dinoflagellates) [9].
Prokaryotic cyanobacteria (phylum Cyanobacteria) are commonly referred to as blue-
green algae. Interestingly, taxonomists use the term ‘microalgae’ to refer exclusively to
the eukaryotic microalgae. However, the physiology and biotechnological applications
of both groups of microorganisms are similar, and cyanobacteria are colloquially con-
sidered as microalgae [7]. In this chapter, for the sake of simplicity, I will use the term
‘microalgae’ to indistinctively refer to cyanobacteria and/or eukaryotic microalgae.
Microalgae only require a few essential resources to grow and reproduce, namely
light and nutrients. In most cases, a liquid culture medium with nitrogen, phosphorus
and silica, in the case of diatoms will suffice to allow microalgal growth. However, to
achieve competitive productivities and an economically viable production of microal-
gal biomass —and derived biocompounds—, some factors must be considered, such
as the strain and optimal growth parameters, the type of cultivation system and the
bioprocessing techniques to obtain the final product. Before targeting the production
of one (or more) biocompounds of interest, it is recommended to follow a roadmap
to clarify some questions, such as: (1) which strain(s) produce(s) larger amounts of
biocompound(s); (2) how to optimize the strain cultivation conditions (nutrients,
environmental variables, genetic techniques); (3) what is the preferred cultivation
system (open systems vs. closed systems); and (4) what are the most common down-
stream processing techniques (harvesting and processing). In this chapter, I will focus
on the most relevant biocompounds and metabolites that are produced by microalgae,
how to increase their production yields, and what are the applications of these valu-
able compounds that are currently under development, or available in the market.

2. Compounds of interest

2.1 Main biocompounds of interest produced by microalgae

Microalgae are an excellent source of primary metabolites that are necessary for
their own survival, e.g., proteins, essential amino acids, lipids, fatty acids, etc.; and
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secondary metabolites, which are not essential for microalgae survival, and include
hydrocarbons, pigments and vitamins, among others (see Figure 1) [10].

2.1.1 Proteins and derivatives

The two most common microalgae cultivated nowadays, Chlorella spp.
(Chlorophyta) and spirulina—commercial name for Arthrospira/Limnospira spp.
(phylum Cyanobacteria) [11]—have been historically exploited as an alternative
source of proteins, as their average composition may contain up to 60-70% of pro-
teins (dry weight, DW) [12]. The first documented records of the consumption of
microalgae go back to the sixteenth century, when the Spanish chroniclers described
that the Aztecs harvested spirulina from Mexican lagoons [13]. Chlorella spp. also
has a relatively long tradition of culturing and consumption in Asia due to its high
protein content, and commercial cultivation at large scale started to develop in Japan
in the 1960s [13]. Chlorella spp. and spirulina are an excellent source of proteins
in plant-based diets, generally with higher concentrations of essential amino acids
(not synthetized) than other plant or animal protein sources [14]. Additionally,
microalgae-derived peptides have demonstrated antioxidant, immune-protector,
anticancer, hepatoprotective and anticoagulant properties, but the technology
readiness level to produce microalgal peptides for biomedical applications is still in
its early stage [15].

Microalgae also produce enzymes that can be directly used in the industry, and
enzymes that are involved in the biosynthesis of microalgal biocompounds (carot-
enoids, peptides, etc.). For instance, L-asparaginase is an enzyme widely used in the
food processing industry and is mainly produced not only by bacteria, but also by
cyanobacteria, such as Limnospira maxima [16].

Mycosporine-like amino acids (MAAs) are a group of ~40 secondary metabolites
that have recently gained commercial interest because of their photoprotective
function against ultraviolet (UV) radiation [17, 18], being commonly referred to as

Proteins and derivatives Lipids and fatty acids Polysaccharides

Glycerolipids
Paptides and essential Starch and glycogen

amino acids

Hydrocarbons

| Exopolysaccharides (EPS)

Fatty acids polysaccharides (sPS)

l Polyhydroxyalkanoates (PHA) }

Mycosporine-like amino
acids (MAAs)

PUFAs (DHA, EPA, etc)

Pigments Vitamins and minerals Other biocompounds

Chlorophylls Vitamins Phenolic acids

Carotenoids Macrominerals Flavonoids

Phycobiliproteins (PBPs)* Terpenoids

Figure 1.

Compounds of commercial interest produced by microalgae, classified into six main groups. Primary metabolites
are given in white boxes and secondary metabolites are given in green boxes. Arrows point to different subtypes of
compounds. *Phycobiliproteins (PBPs), composed by proteins and phycobilins, are shown as pigments.
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‘microbial sunscreens’. More than 150 species of marine microalgae are known to
produce MAAs, including cyanobacteria, green microalgae, red microalgae, diatoms,
cryptophyceans and dinophyceans [19].

Phycobiliproteins (PBPs) are proteins bound to microalgal photosynthetic pig-
ments (phycobilins) that capture and transfer light inside the cell. Examples of PBPs
are further detailed in the specific section on pigments (Section 2.1.4).

2.1.2 Lipids and fatty acids

Microalgae are renowned for their high ability to accumulate lipids, in compari-
son with plant oil crops [20]. The yield of microalgal oils is strain dependent, and
several species have received high attention for commercial exploitation as potential
biofuels and nutrition supplements. For example, the unicellular marine thraus-
tochytrid Aurantiochytrium (formerly Schizochytrium, phylum Bigyra) may reach up
to 77% of lipid content inside the cell, and the green microalgae Botryococcus braunii
(Chlorophyta) can store up to 75% of lipids. Lipid accumulation is also dependent on
the cultivation conditions, and nitrogen limitation has shown to be very effective to
increase the lipid content [21].

Microalgae produce a large range of lipid-like compounds, such as glycerolipids,
sterols and hydrocarbons (see also Figure 1) [22]. Fatty acids (FAs), the building
blocks of lipids, can be categorized into two main groups: neutral, e.g., triacylglycer-
ols (TAGs); or polar, with a more complex structure, e.g., long-chain polyunsaturated
fatty acids (LC-PUFAs) [23].

Microalgal PUFAs have attracted commercial interest because of their multiple
health benefits (antioxidant, anti-inflammatory, antibacterial activities and a pro-
tective effect against cardiovascular problems) [24]. The most extensively studied
PUFAs are omega-3 docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA) and
arachidonic acid (ARA). Because mammals are unable to synthesize these molecules,
they must be acquired through the diet. Traditionally, the primary source for PUFAs
is fish oil, but its quality and availability are unfortunately declining due to pollution
and unsustainable management practices. Microalgae are seen as a promising alterna-
tive and sustainable source of PUFAs, as they produce at least 70 different PUFAs
[25]. Aurantiochytrium sp. and Ulkenia sp. (Bigyra) have the highest productivity
of DHA [26]. The red microalga Porphyridium purpureum (formerly Porphyridium
cruentum) is one of the richest natural sources of ARA, with 36% of the total FA
composition [14]. Phaeodactylum tricornutum (Bacillariophyceae), Pavlova spp.
(Pavlovophyceae), Nannochloropsis oculata (Eustigmatophyceae) and Isochrysis galbana
(Coccolithophyceae) have also shown considerable levels of DHA and EPA [27, 28].

Glycerolipids (or glycolipids) are lipids with a glycerol backbone and FAs and
mono- or oligosaccharide attached, and they can have either a structural function
(in cellular membranes) or storage lipids (TAGs). Green microalgae (Tetraselmis
sp., Scenedesmus sp., Tetradesmus spp.) and the diatom Phaeodactylum tricornutum
are known to produce different glycolipids with anticancer and anti-inflammatory
activities [29].

Phytosterols are steroids widely used as additives in many food products. They
have received great attention because they can reduce blood cholesterol and pre-
vent cardiovascular disorders [29]. Diacronema lutheri (formerly Pavlova lutheri)
(Pavlovophyceae) is the most promising strain for microalgal phytosterols, with a
content over 5% DW [30].
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Hydrocarbons derived from fatty acids, i.e., alkanes and alkenes, are ubiquitous
not only in plants, in insects’ external tissues, but also in cyanobacteria. Alka(e)nes
of different chain lengths are important targets for biotechnology because they are
major components of gasoline, jet fuels and diesel fuels. For instance, Chlamydomonas
reinhardtii, Chlovella variabilis (Chlorophyta) and Microchloropsis gaditana (formerly
Nannochloropsis gaditana) (Eustigmatophyceae) produce relatively large amounts of
heptadecene [31]. Other relevant hydrocarbons for commercial use include carotenes,
a subtype of carotenoid that will be described in Section 2.1.4.

2.1.3 Polysaccharides

Microalgae polysaccharides (and oligosaccharides) are considered as byproducts
of pigments and/or lipids production [32], but there are some polysaccharides with
industrial uses, e.g., moisturizing and aggregating agents in cosmetics, or substrates
for bioethanol production [33, 34].

The most relevant polysaccharides for industrial exploitation include exopoly-
saccharides (EPS), i.e., saccharides excreted outside the cells as mucilage or in the
culture media. The advantage of EPS is that the downstream processing (extraction
and purification steps) can be simpler than for intracellular compounds [32]. Other
polysaccharides of commercial interest are starch and glycogen, which can be used as
feedstock and chemical products (Figure 1).

The composition of EPS may include sugars (glucose, galactose, fucose, xylose,
arabinose, rhamnose, mannose, fructose, etc.) and other non-sugar substituents,
such as proteins, or sulfated groups. Both freshwater and marine microalgae (mainly
green microalgae, diatoms) segregate EPS with a content of protein and sulfate that
can reach up to 26% of the total EPS composition (up 20% sulfate groups and 9%
proteins). For more details, see [35, 36] and references therein.

Sulfated polysaccharides (sPS) have drawn attention because of their pharma-
ceutical and biomedical application; with antiviral, anti-inflammatory, antioxidant,
hypoglycemic and anticoagulant properties [35]. For instance, the segregated sPS
from Porphyridium purpureum (red microalga) show a strong inhibitory effect on
Herpes simplex virus [37]. Spirulan, another sPS extracted from spirulina, presents
antibiotic bioactivity [38]. Additionally, sPS can be used for other industrial applica-
tions, as drag reducers and biolubricants (see review in Ref. [33]).

Eukaryotic microalgae and cyanobacteria use the polysaccharides such as starch
and glycogen, respectively, as energy storage. Microalgal starch is a potential candidate
to replace synthetic polymers, particularly those used in packaging. Some examples
of microalgae that produce a high content of intracellular starch are Chlorella vul-
garis, Tetraselmis subcordiformis, Chromochloris zofingiensis and Parachlorella kessleri
(Chlorophyta) [39]. Moreover, glycogen derived from cyanobacteria has demonstrated
potential as an alternative fermentation feedstock to produce liquid fuels and chemi-
cals. Heterotrophic organisms, e.g., yeasts, can use glycogen from cyanobacteria as
substrate to produce biofuel [40]. The glycogen content in cyanobacteria is dependent
on the strain and the growth conditions. For instance, while Synechococcus sp. PCC
6803 has shown a content of glycogen equivalent to 12% (DW) [41], spirulina may
contain 13.7-63% of glycogen (DW), depending on the cultivation conditions [42].

Cyanobacteria also have the ability to autotrophically produce polyhydroxyalkano-
ates (PHAs) as storage compounds. PHAs are biopolymers (polyesters) produced by
bacteria and cyanobacteria, and serve as a promising alternative to petroleum-based
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plastics. A recent review on cyanobacterial PHA production identified only six strains
producing five types of PHAs relevant for the chemical industry, concluding that
PHA productivity is still far from being economically viable and that research should
expand towards more screening studies and genetic-engineered strains [43].

2.1.4 Pigments

Microalgae may contain three different pigments: chlorophylls, carotenoids and
phycobiliproteins (Figure 1).

Chlorophylls are green pigments present in photosynthetic organisms (from
microalgae and cyanobacteria to higher plants), involved in light energy absorption
during photosynthesis, and the synthesis of other pigments [44]. In microalgae,
the estimated amount of chlorophyll is around 1% DW [45]. Chlorophylls are com-
mercially exploited as food colorants, cosmetic ingredients, and in biopharma due to
their coloring properties, stimulating effects and antioxidant action [44]. There are
five major groups of chlorophylls based on their colors and light absorption char-
acteristics. The most abundant types of chlorophyll are chlorophyll @ (dark green),
particularly abundant in cyanobacteria and red microalgae —but present in all micro-
algae— and chlorophyll b (brilliant green), present in green microalgae. Spirulina is
a good source of chlorophyll a, while Chlorella spp. contains high concentrations of
both chlorophylls 2 and b [46]. Chlorophyllsc, d and f are less abundant and are only
present in certain microalgal groups [47]. Extraction of chlorophylls can be challeng-
ing, since the pigments can become unstable under oxygen, light, temperature and
pH variations [45, 48].

Carotenoids are colored, liposoluble pigments that are responsible for the
yellow, orange, red or purple color of some microalgae, as well as plants (fruits,
vegetables and flowers), to protect them against photodamage. At least 1204
natural carotenoids have been described from 722 source organisms, 297 of which
are algae (macro- and microalgae) [49]. Carotenoids can be classified into two
groups: Carotenes, which are hydrocarbons, and xanthophylls, which are oxygen-
ated derivatives of carotenes. Generally, the most commonly exploited carotene
worldwide is p-carotene, while the most commonly used xanthophylls are astax-
anthin, lutein, fucoxanthin and zeaxanthin. Carotenoids account for an average
of 0.1% of the DW of algae, but some microalgae may reach 14% under certain
growth conditions, such as the halophytic Dunaliella salina (Chlorophyta) [50].
Due to their photoprotective properties, carotenoids are widely used as antioxi-
dants for human health and well-being.

Astaxanthin is the most stable carotenoid and has the most potent antioxidant
action [51]. Haematococcus lacustris (formerly Haematococcus pluvialis) (Chlorophyta)
can naturally accumulate up to 5% astaxanthin (DW), but achieving economically
viable yields of astaxanthin is challenging and requires careful consideration of
numerous factors [52]. Chromochloris zofingiensis can achieve productivity of astaxan-
thin close to 2.0 mg/L/d [53].

p-Carotene is a red-orange carotenoid, precursor of vitamin A (retinol), and
together with lutein, it is one of the most pigments with the highest market value.
The economic demand for p-carotene is expected to increase 3.8% yearly (from 2018
t0 2026), with an expected global market size of 620 million USD [54]. Dunaliella
salina (Dunaliella bardawil) are the most important species that naturally accumulate
p-carotene (14%, DW) [55], with a usual range of p-carotene concentrations between
0.1 and 1 mg/L, in large production systems [56].

176



Biocompounds of Commercial Interest from Freshwater and Marine Phytoplankton
DOI: http://dx.doi.org/10.5772/intechopen.1008500

Lutein is also a potent antioxidant and has drawn much interest in its health-
promoting functions. Dosages of 6 mg day " have been proven to be beneficial for
human health, including eye health [57]. The lutein market is also important and may
reach 357.7 million USD by the end of 2024 [58]. Several microalgae, including species
of the genera Chlorella, Chlamydomonas, Desmodesmus, Dunaliella and Scenedesmus,
naturally accumulate lutein in a range of 4.5-7.05 mg/g (DW) [59, 60], with dozens of
reported cultivation strategies (even under different cultivation modes) to increase
the content of lutein, particularly for Chlorella sorokiniana and Auxenochlorella proto-
thecoides (formerly Chlorella protothecoides) (Chlorophyta) (see review in [61]).

Fucoxanthin, a brown pigment mostly present in marine microalgae, accounts
for more than 10% of the total natural carotenoids [46]. Although the main natural
sources of fucoxanthin are brown macroalgae, many microalgae groups (e.g., diatoms,
haptophytes, chrysophytes, etc.) are potential candidates for fucoxanthin produc-
tion. In addition to the antioxidant effect, fucoxanthin has also reported anticancer
properties (antiproliferation of cancer cells and cytotoxicity) [62]. Isochrysis galbana,
Isochrysis zhanjiangensis and Tisochrysis lutea (Coccolithophyceae) may contain up
to 23 mg/g fucoxanthin (DW) after optimization [57]. The diatoms Phaeodactylum
tricornutum, Cylindrotheca sp., Odontella aurita, Chaetoceros muelleri, Amphora sp. and
Navicula sp. also show considerable fucoxanthin production capacity (see review in
Ref. [63]).

Zeaxanthin and canthaxanthin are the orange-color xanthophylls, both pre-
cursors of astaxanthin. Both pigments have antioxidant properties and are used
as food colorants [64]. Red microalgae (P. purpureum and Rhodosorus sp.), green
microalgae Chloroidium ellipsoideum (formerly Chlorella ellipsoidea) and cyano-
bacteria (Arthrospira spp., Synechococcus sp.) are the main sources of microalgal
zeaxanthin [57, 65, 66], while canthaxanthin is naturally occurring in Chlorella
vulgaris and Coelastrella striolata (Chlorophyta) [65]. The production of these
pigments requires complex downstream processing (extraction and separation),
which increases costs [57].

Phycobiliproteins are water-soluble fluorescent pigments, commonly present
in cyanobacteria, red microalgae and some cryptophytes. Attending the pigment
colors and light absorption characteristics, there are four groups of PBPs, namely,
phycocyanin (PC), allophycocyanin (APC), phycoerythrin (PE) and phycoerythro-
cyanin (PEC). PC is a blue pigment abundant in spirulina, Aphanizomenon and other
cyanobacteria; APC is also a blue pigment present in extremophilic red microalga
Galdieria sulphuraria (Rhodophyta, Cyanidiophytina); PE is a red pigment from
Porphyridium spp. and Rhodomonas salina (Cryptophyceae), and PEC is a magenta
pigment found only in some cyanobacteria [67]. PBPs are currently used as natural
colorants in cosmetics and the food industry. Moreover, they show antioxidant and
anti-inflammatory properties and can be used as fluorescent markers [68-70].

2.1.5 Vitamins and minevals

Microalgae constitute an alternative source of vitamins and minerals that can
fulfill human and animal nutritional requirements. Consumption of microalgae-
derived vitamins may offer some advantages over other sources: renewable source,
low-carbon footprint production, good absorption, vegan origin and no toxic
byproducts, and higher vitamin content than some terrestrial plants [71, 72]. Besides
the high concentration of p-carotene (precursor of vitamin A), microalgae also con-
tain vitamins C, D, E and K, and the entire B group. In their seminal study, Fabrega
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and Herrero [73] demonstrated that four marine microalgae (Tetraselmis suecica,
Isochrysis galbana, Dunaliella tertiolecta, Chlovella stigmatophora) contain higher con-
centrations of vitamins A, E, B; and By compared to conventional food sources typi-
cally recognized for their vitamin content. Another study showed that Diacronema
lutheri (formerly Pavlova lutheri; Pavlovophyceae), Tetraselmis suecica (Chlorophyta)
and Skeletonema costatum (Mediophyceae) contain ~20-fold more vitamin D than
cod liver oil [74]. Vitamin K;, essential for prevention of chronic diseases, was found
in the highest concentrations in Anabaena cylindrica (Cyanobacteria), with levels of
200 pg/g (DW) [75].

Minerals represent the inorganic portion of human and animal diets, and can be
classified as macronutrients (e.g., calcium, phosphorus, potassium, sodium, magne-
sium, sulfur) or micronutrients (e.g., zinc, iron, copper, manganese, cobalt). The min-
eral composition of microalgae is not only heterogeneous and varies across species, but
also indicates variation between marine and freshwater microalgae [76]. A study that
evaluated the mineral content of 11 microalgal strains revealed that marine Tetraselmis
chui (Chlorophyta) contained significantly higher levels of calcium, copper and zinc
than other strains; Phaeodactylum tricornutum and Porphyridium aerugineum (also
marine species) were richest in magnesium and iron, respectively; and freshwater
Botryococcus braunii contained the highest levels of phosphorus and manganese [77].

2.1.6 Other secondary metabolites

Microalgae produce other valuable compounds to different industries and human
health, such as phenolic acids and flavonoids. These compounds with antioxidant
properties have gained attention recently, but their bioavailability and bioefficacy
are limited [78]. Cyanobacteria (Anabaena spp., Phormidium sp., Nostoc sp.) and
Chlorophyta (Scenedesmus spp., Chlorella sp., Haematococcus sp.) may produce up to
20 different phenolic acids and flavonoids [79].

Terpenes (squalene, pinene, limonene, bisabolene) are isoprenoids with aromatic
properties, responsible for scents. Due to the low production, metabolic engineering
is currently applied to increase terpenoids’ yields [80].

2.2 Factors influencing the productivity of compounds of interest

There are four main factors that must be carefully considered to enhance micro-
algal biomass production or microalgal biocompounds of interest: the type of strain,
cultivation parameters, cultivation mode and cultivation system.

2.2.1 Strain selection

The selection of the strain will mainly depend on the product of interest for com-
mercial use. Strains can be purchased from microalgae culture collections, donated
by laboratories or directly isolated from the natural environment. The advantages of
microalgae culture collections (living libraries of biological resources) are various: the
strains have been previously isolated and are ready to use, additional information is
provided (genetics, morphological and physiological traits, culture conditions), and
usually meet regulatory standards. Strain isolation is a time-consuming process that
involves different techniques, including traditional techniques such as serial dilution
and/or micro-pipetting, and/or automated techniques, such as flow cytometry with
cell sorting [81].
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Additionally, purification methods must be applied if the ultimate goal is to obtain
axenic strains. In this case, techniques such as sonication, agar plating and the use of
antibiotics, might be necessary to decontaminate the microalgal culture [14, 81].

Strain growth rate is in some way interconnected to cell/colony size [82]. Strains of
larger sizes are expected to show lower growth rates than smaller size strains, but a likely
trade-off might arise, i.e., bigger strains might contain higher concentrations of biocom-
pounds, in comparison with smaller strains. Therefore, using only strain size as a param-
eter for strain selection would not be recommended, as it is not informative enough.

Strain selection can be challenging due to the unknown productivity of the target
compound(s), or because our target strain might be (physiologically) similar to
other strains. In this case, strain screening is essential prior to strain selection. Since
microalgae screening studies can include from dozens to hundreds of strains, e.g.,
[83, 84], the use of bioinformatics and Al tools can facilitate the microalgal analysis
by providing more accurate identification and quantification of the strains [85].

2.2.2 Strain genomic improvement

To increase production yields, microalgae can be genetically improved by selec-
tive breeding, either with random (UV-induced) or with targeted (gene editing)
mutagenesis. Microalgal production systems can also be optimized using genetic
and metabolic engineering, by adding (or removing) specific genes in the metabolic
pathways involved in the production and accumulation of biocompounds [86].

2.2.3 Growth parameters

Choosing the most appropriate growth culture medium to ensure long-term culti-
vation is critical to avoid microalgae stress and to achieve a competitive productivity,
at a later stage [81]. Furthermore, resource levels (nitrogen, phosphorus and light are
essential non-substitutable resources for microalgae) and environmental conditions
(pH, temperature, aeriation, CO, levels) are highly connected to microalgal produc-
tivities and biomass [14, 87]. Optimization of growth conditions for each strain and
product of interest remains crucial for enhancing productivity. A simple search of the
terms ‘microalga®” AND ((‘growth condition*” OR ‘growth parameter* OR ‘optim*’))
in the bibliographic database Web of Science shows more than 10,700 peer-reviewed
scientific publications [88], which gives an estimation of the relevance of these
factors to maximize the microalgae production. Since analyzing the output of Web of
Science is beyond the scope of this chapter, I will only describe briefly the importance
of light, temperature, pH, nutrient starvation, aeration and CO; levels.

It is well established that light intensity and the duration of the light:dark cycle
(photoperiod) have a strong influence on microalgal growth, and that high light
intensities, above the maximum threshold, will cause photoinhibition [14, 87]. Also,
different light wavelengths can induce the production of certain compounds. For
instance, it is known that microalgal lipid production is enhanced under relatively
high light intensities (but the amount of PUFAs might decrease), and that the produc-
tion of certain carotenoids is stimulated by blue light wavelengths [89, 90].

Temperature also plays a crucial role in cell growth and metabolism, and each
strain is likely to have a different (negatively skewed hump-shaped) thermal perfor-
mance curve, with optimal temperature levels relatively close to the threshold values,
as it occurs in natural populations of phytoplankton [91]. The amplitude of the

179



The Role of Plankton in Freshwater and Mavine Ecology

thermal gradient is also dependent on the strain, which is usually wider (and reach
higher optimal temperatures) for cyanobacteria, and narrower (with lower optimal
temperatures) for diatoms [92].

Nutrient starvation is recognized as one of the most common strategies to increase
the production of storage compounds [14, 81]. In general, nitrogen limitation
enhances the intracellular concentration of lipids or saccharides. A recent review on
microalgal lipid production showed that 117 out of 189 studies induced nitrogen star-
vation [93]. Also, it is well known that the synthesis and accumulation of carotenoids,
such as B-carotene and astaxanthin, can be stimulated under low nitrogen conditions
[14]. In the case of diatoms (with silicon as a non-substitutable resource), low levels
of silicon rather than low nitrogen, enhance lipid accumulation [14]. Increasing the
salinity concentration in the medium is another strategy to induce the intracellular
accumulation of valuable compounds. High salinity induces the accumulation of
flavonoids, probably due to their antioxidant activity [79], and has also proven to be a
highly effective method for enhancing lipid content [94].

Maintaining an equilibrium between air and dissolved CO;, in the culture is
crucial for the optimal strain growth. CO, removal rates increase with increasing bio-
mass densities, and consequently, pH and dissolved CO, will fluctuate. Fluctuations
in pH and dissolved CO, might change the availability of metals and minerals such as
iron and calcium, and essential nutrients such as phosphorus [95]. These fluctuations
can (and must) be minimized with CO, injections and/or continuous aeration. Also,
pH is strain dependent, and strains from the same genus can show totally different
values. For instance, Chlorella vulgaris optimal growth occurs at pH values between
7.5 and 8.0 [96], but Chlorella sorokiniana grows better at pH 6 [97].

The key variable(s) for enhancing the production of high-value biocompounds
will depend on both the strain and type of biocompound. A recent review (>200
studies) on growth variables from 95 marine and freshwater phytoplankton spe-
cies revealed that temperature, light-dark cycle and irradiance levels were the most
frequently manipulated parameters to enhance the production of lipids, concluding
that understudied factors, such as pH, phosphorus limitation or metals, might lead to
higher lipid yields [93].

2.2.4 Cultivation mode

Three cultivation modes can be used for large-scale microalgae production: photo-
autotrophic (using CO; and light to generate biomass), mixotrophic (using an organic
carbon source in the presence of light) and heterotrophic (using an organic carbon
source in the absence of light) conditions. Mixotrophic cultivation allows shifting
from photoautotrophy (in the presence of light and CO,) to heterotrophy under dark
conditions, while heterotrophic cultivation cannot use CO, as a carbon source, since
the accumulation of the gas will decrease the pH of the medium. Mixotrophic cultures
have demonstrated higher biomass productivity than photoautotrophic cultures, and
more cost-efficient system than heterotrophic cultivation modes. The use of byprod-
ucts as organic substrates (e.g., acetate) enhances biomass productivity and reduces
cost and environmental impacts [98].

2.2.5 Cultivation system

Microalgae can be cultivated in open or closed systems. Open ponds (OPs) are
shallow ponds or tanks that usually allow mixing the culture, have low energy

180



Biocompounds of Commercial Interest from Freshwater and Marine Phytoplankton
DOI: http://dx.doi.org/10.5772/intechopen.1008500

requirements and construction costs, and are easy to scale up. Photobioreactors
(PBRs) are closed systems (transparent culture vessels) designed to enhance light
penetration and photosynthesis. Fermenters are also closed systems used to culti-
vate mixotrophic and heterotrophic microalgae. The advantage of closed systems is
that growth parameters can be easily controlled and monitored, there is low risk of
contamination and the scale-up process is accelerated. PBRs are the predominant
cultivation systems within the European Union (EU) [99]. However, the global use of
fermenters has increased over the last decade, particularly for food production [100].

A recent meta-analysis on cultivation modes (OP vs PBRs) elucidated that the
environmental performance of microalgae cultivation not only depends on the culti-
vation system, but also on the location and the species considered, concluding that no
cultivation system is favorable in terms of productivity [101]. OP systems require the
least amount of land because these systems are usually placed in locations with high
temperatures and irradiances, which increase the productivity [101].

2.2.6 Downstream processing

Extraction and purification of microalgal compounds is challenging because con-
ventional techniques are highly energy-dependent. Common harvesting techniques
include mechanical pressing, milling and solvent extraction, which are time- and
energy-costly [102]. Indeed, ionic liquids may be toxic and pose environmental risks
if they are not treated properly before discharge [103]. The use of genetic techniques
to produce cell-wall deficient microalgal strains can be advantageous to optimize
the production system, but in general, these techniques have a focus on improving
a microalgal trait with a clear commercial application rather than improving the
production system [104]. Sometimes, strains that were improved with random-
mutagenesis techniques are used instead. This is the case of the model organism
Chlamydomonas reinhardtii and its recombinant cell-wall deficient UVM4 strain.

2.3 Commercial applications of microalgae
2.3.1 Dietary supplements and functional foods

The global market of dietary supplements and functional foods has exponentially
increased in the last years, both in terms of sales and variety of products available
[105]. Microalgae play an important role in both sectors due to the variety of valuable
compounds including pigments with antioxidant properties, PUFAs and vitamins,
and the high protein content and balanced amino acid profiles, with numerous
health benefits [15, 106]. A bioinformatics-based review on microalgae genomes and
metagenomes shows that microalgae contain compounds with antiviral, antibacte-
rial, anti-inflammatory, anticancerogenic, antioxidant, immune-protective and
prebiotic activity [107]. Microalgal extracts rich in astaxanthin, p-carotene, lutein or
chlorophylls, soft gels containing microalgal oils rich in omega-3 PUFAs, lyophilized
capsules containing microalgal biomass rich in vitamins and proteins, are some
examples of what is currently available in the market [108].

Also, feed enriched with microalgal biomass improves animal immune response,
disease resistance and gut function of the animal. Camacho et al. reviewed the health
benefits of microalgae-derived biocompounds on animals, and they proposed poten-
tial industrial applications of microalgae to increase the quality of cattle, poultry,
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piglets, lamb, fish and crustaceans’ meat, as well as the production (and quality) of
eggs [109]. For example, astaxanthin is utilized in aquaculture as feed additive, not

only to enhance the color of farmed fish and shrimp, but also to improve the quality
of seafood for human consumption [110].

Incorporating microalgae into foods can also lead to potential benefits for human
and animal health due to the presence of several biocompounds. Nowadays, it is not
uncommon to find in our supermarkets and stores a variety of products with micro-
algal extracts as ingredients: biscuits, breads, snacks, oils, drinks, pasta, condiments,
emulsions and dairy products [15, 106, 111]. A higher consumer demand of non-
animal protein sources and more sustainable production might explain this trend.

Additionally, most microalgal pigments (chlorophylls, f-carotene, astaxanthin,
lutein, phycocyanin, phycoerythrin) are used in the food and beverage industry
as natural food/beverage colorants, to replace synthetic colorants and ensure food
safety. For example, phycocyanin from spirulina is a blue natural colorant commonly
used in beverages and some foods.

Spirulina and chlorella, colloquially referred to as ‘superfoods’, dominate the
microalgal market due to their nutrient-rich profile: high protein content, PUFAs,
pigments, vitamins (including the B group) and minerals [12].

2.3.2 Fertilizers and biostimulants

The new paradigm of circular bioeconomy, with valorization of the microalgal
residual biomass after extraction of high-value compounds, has potential applications
in agriculture. Crop production and quality can be improved with the use of micro-
algae-derived biostimulants rich in minerals and micronutrients. Some benefits of
using microalgae include the mineralization with simpler molecules for direct uptake
by plants, plant protection against pathogens, pH buffering, higher resilience against
stressors (droughts or salt stress) and stimulation of plant growth [112]. Osorio-Reyes
et al. compiled some recent applications of foliar and soil application of microalgae
and their effects on plant crops, and spirulina and/or Chlorella spp. were the most
common biostimulants [113].

2.3.3 Cosmetics and personal care products

Different biocompounds are used in the cosmetics industry. Astaxanthin and
lutein are usually included in cosmetics formulations due to their powerful antioxi-
dants and antiaging activity [52]. MAAs are well-stablished photoprotective agents,
used in sunscreens, anti-photoaging agents and wound-healing agents [18]. EPS is
endowed with moisturizing and hydrating properties [32].

2.3.4 Biofuels

Despite the considerable amount of research on biofuels over the past decades,
large-scale production of third- and fourth-generation biofuels (with microalgae as
feedstock) remains challenging, but the microalgal biofuel industry (particularly in
China) is expected to experience rapid development [114]. Alternative bioenergy
sources include the production of biohydrogen, bioethanol or biobutanol, among oth-
ers [115]. Genetically improved cyanobacteria can produce polysaccharides that will
be used as a substrate for the production of bioethanol (by anaerobic fermentation)
or produce bioethanol directly [86].
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2.3.5 Pharmaceuticals and biomedicine

Microalgae can also be genetically transformed to generate cell factories with
applications in biomedicine, such as the production of recombinant proteins. A recent
review on microalgal recombinant vaccines has compiled 18 vaccines against various
animal and human infectious diseases, with Chlamydomonas reinhardtii as the pre-
ferred cell factory [116].

2.3.6 Biopolymers

The production of microalgal biopolymers, such as PHAs, starch and cellulose,
may contribute to a more sustainable economy and reduce the production of non-bio-
degradable plastics. Nonetheless, the industrial production of microalgal polymers is
still in its infancy, but the number of scientific studies on microalgae-derived plastics
is growing [117].

2.3.7 Bioremediation and wastewater treatment

Microalgae can remove nutrients, metals and organic contaminants, and have been
proven to decontaminate industrial, urban and agricultural effluents. Wastewater
treatment plants use microalgae in their tertiary treatment to remove pollutants and
excess macronutrients -nitrogen (N), phosphorus (P)- from effluents. Green microalgae
(Tetradesmus obliquus, Chlorella spp., Chlamydomonas spp., filamentous Spirogyra spp.)
and cyanobacteria (Limnospira maxima) have a high nutrient and/or metal removal rate
(see review in Ref. [118]). Microalgae can also improve air quality by removing toxic gases
from the atmosphere and increasing oxygen concentrations, as shown in Ref. [119].

2.3.8 Carbon sequestration

Microalgae are known as the most efficient biological sequesters of CO,, which are
used to produce compounds of interest. The voluntary carbon markets are including
microalgae production as a nature-based solution to reduce the emission of green-
house gases, and the number of microalgal biotechnologies providing this service has
recently multiplied [108].

2.4 Examples of microalgae-based products currently commercialized

Microalgae are commercially exploited worldwide. Here, I selected some examples
of microalgal producers across the globe (Table 1). In the Pacific region, the Hawaiian
biotech Cyanotech Corporation is one of the pioneers in microalgae nutritional
supplements, and a world leader in astaxanthin production from Haematococcus
lacustris [120], followed by the Swedish AstaReal. In Japan, with a long tradition of
incorporating microalgae as food ingredients, the biotech corporation Euglena Co. has
developed a full line of products from Euglena gracilis (Euglenophyta) as functional
food and nutritional supplement. The omega-3 fatty acid DHA is produced at indus-
trial scale in at least 20 countries, including France [121]. DHA from Schizochytrium
sp. is generally recognized as safe (GRAS) by the US Food and Drug Administration
(FDA) and commonly added to infant formula products. In Inner Mongolia (China),
the largest agglomeration of alkaline lakes allows the cultivation of spirulina under
optimal growth conditions, with an annual production estimated in >3000 t [122].
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Location Main Strain Cultivation Product/service Notes
compound system
Hawaii Astaxanthin H. lacustris OP, PBR BioAstin® Net sales (2024)
(USA) Spirulina nutritional 151 M USD
biomass supplement
Nacka Astaxanthin H. lacustris Indoor AstaReal® Estimated
(Sweden) bioreactor revenue (2024)
16.9 M USD
Tokyo Biomass rich in Euglena gracilis “Euglena for the Net sales (2024)
(Japan) amino acids and Body” nutritional 23.649 M JPY
glutamic acid supplement and (2024)
health foods
Libourne LC-PUFAs Schizochytrium Fermenter DHA ORIGINS© —
(France) (DHA) sp.
Inner Spirulina Spirulina OP (enclosed)  Food supplements 87 Ha
Mongolia biomass Food colorants cultivation area
(China) Phycocyanin (blue) Annual
production
>3000 Ton
Malaysia Biomass — Flat-panel Carbon capture Largest carbon
(HQin PBR capture farm (5
Japan) Ha, 100 Hain
3 years)
Lyon Recombinant Genetically PBR, NINKARAK® —
(France) proteins improved strains  fermenter and ALGAVAX®
platforms

Abbreviations: HQ = headquarters, OP = open pond, PBR = photobioreactor, H. lacustris = Haematococcus lacustris.

Table 1.
List of seven examples of relevant microalgae-derived products currently commercialized or under development,
at a global scale.

Innovative services include carbon sequestration using microalgae to boost the
corporate climate finance (voluntary carbon markets). The largest microalga biomass
production farm for carbon capture is located in Malaysia, with an estimated total
surface of 100 Ha in 2027. In France, microalgal cell chassis are genetically improved
to produce therapeutic recombinant proteins at large scale: Immunotoxins for immu-
notherapy, thermostable vaccines, etc.

3. Conclusions

Microalgae production is increasing worldwide due to the growing interest in
biocompounds. These microorganisms are a potent source of proteins, lipids, pig-
ments, vitamins and other valuable compounds with industrially relevant applica-
tions. Different economic sectors, including the food and feed industries, agriculture,
cosmetics, pharmaceutical and biomedicine, bioenergy sector, or carbon capture
markets, are incorporating microalgal compounds to fulfill the society demands and
to achieve a more sustainable economy. Selection of the adequate strain and optimiza-
tion of the growth conditions (e.g., light intensity and photoperiod, temperature,
nutrient optimal and limiting levels, salinity, pH) are crucial steps to maximize the
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production of microalgae valuable compounds. Yet, productivities of some micro-
algal-derived compounds are not fully optimized, but new screening techniques,
innovative cultivation and bioprocessing technologies, as well as strain improvement
with genetic and metabolic engineering, may contribute to enhance the production of
microalgal biocompound(s) and to move towards a circular bioeconomy.
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