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Red algae are a phylum of about 7100 mostly
marine, unicellular and multicellular photosyn-
thetic eukaryotes that belong to the Supergroup
Plantae. Multicellular taxa consist exclusively of
a filamentous construction lacking true tissues
despite their often superficially complex plant
body. This group is unique in the Tree of Life in
lacking both flagella and centrioles with a 9+2
microtubule arrangement in all stages of the life
history.

They include species with elaborate life cycles,
significant ecological importance and extensive
economical applications. The oldest known taxo-
nomically resolved eukaryotic fossil, ca. 1250-1100
million years ago, is a red alga.

Introduction: Definition
and Characterisation

The phylum Red Algae or Rhodophyta belongs in the Supergroup
Plantae or Archaeplastida, an anciently diverged group that also
includes the glaucophyte (Glaucophyta), green algal (Chloro-
phyta) and land plant (Embryophyta) clade with which they
share a single common ancestor. The red algae are composed of
seven classes (i.e. Bangiophyceae, Compsopogonophyceae,
Cyanidiophyceae,  Florideophyceae,  Porphyridiophyceae,
Rhodellophyceae and Stylonematophyceae) (Yang et al., 2016).
The Florideophyceae is the largest class containing greater than
95% (6760 spp.) of reported species diversity in the phylum
(approximately 7100 species) (Guiry and Guiry, 2016). It is
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widely accepted that red algae are crucially important in the
evolution of photosynthetic eukaryotes since their ancestor
hosted a cyanobacterium that became the plastid through the
event of primary endosymbiosis. A putative member of the
Bangiophyceae played a central role in the eukaryote tree of
life as a donor through a single or more likely multiple sec-
ondary plastid endosymbioses that gave rise to chlorophyll-c
containing groups, such as diatoms, brown algae, dinoflagellates,
haptophytes and cryptophytes (Bhattacharya et al., 2013). See
also: Plastid Origin and Evolution; Haptophyta; Diatoms;
Gymnodinium and Related Dinoflagellates; Algal Pigments;
Endosymbionts; Phycology; Green Algae; Brown Algae
Currently, there are approximately 41 orders of red algae
(Rhodophyta) (Guiry and Guiry, 2016), but more are expected
to be proposed in the future. The evolutionary relationships
and taxonomic classification systems in red algae, across
all levels of biological organisation, have been extensively
advanced in the past 20+ years with the aid of molecular-based
phylogenetic and genomics-based analyses. Red algae are a
widespread group of uni- to multicellular marine and fresh-
water photoautotrophic plants. Multicellular taxa exhibit a
broad range of morphologies ranging from simple filaments
to pseudoparenchymatous thalli (Figure 1) and display a wide
array of life cycles. About 98% of the species are marine, 2%
freshwater and a few rare terrestrial/subaerial representatives.
Many macroscopic species exhibit a characteristic triphasic,
haplo-diplobiontic life cycle, with one haploid (gametophytic)
and two diploid (carposporophytic and tetrasporophytic) stages.
Characters that distinguish red algae from any other algal group
are the lack of flagella and centrioles, presence of phycobil-
isomes on unstacked thylakoids in the chloroplast, absence
of parenchyma (true tissues) and presence of pit connections
between adjacent cells resulting from incomplete cytokinesis. Pit
connections linking neighbouring cells are one of the diagnostic
features characterising multicellular red algal orders. Diverse
combinations of pit connection structures (i.e. plug core with
different number of cap layers and membranes) with molecular
data have been used to define the ordinal boundaries of the
Florideophyceae. The characteristic red colour and its many
variations are the result of the ratio between photosynthetic
pigments (chlorophylls and carotenoids) plus phycobilisomes,
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Figure 1 A sampling of red algal body plans: large and small unbranched
blades (Halymenia); grape-like branched thalli (Botryocladia); crustose,
non-geniculate coralline species collected in the vicinity of the Dry Tortugas,
FL, at ~50 m depth.

the light-harvesting complex composed of three main classes
of water-soluble protein-based pigments (phycobiliproteins):
phycoerythrin (red), phycocyanin (blue) and allophycocyanin
(blue—greenish). Red algal cell walls are composed of a suite
of carbohydrates, for example, cellulose fibrils and a matrix of
phycocolloids that are sulfated polysaccharides classified in two
main groups: agar and carrageenan. See also: Plant Chloro-
plasts and Other Plastids; Cryptomonads; Plant Cell Division
and its Unique Features; Algal Photosynthesis; Evolution of
Multicellularity

Fossils and Molecular Clock Time
Lines

The oldest known taxonomically resolved eukaryotic fossil,
ca. 1250-1100 million years ago (Ma), is a red alga, Ban-
giomorpha pubescens, from the Hunting Formation, Arctic
Canada. Anatomically preserved florideophyte fossils found
in the 600 Ma Doushantuo Formation of China exhibit growth
forms and features resembling reproductive structures of modern
corallines (Xiao et al., 2004). An evolutionary timeline for the
divergence date of the Class Florideophyceae was estimated at
approximately 943 Ma using a seven-gene concatenated dataset
and several constraints based on the fossil record of both red
and green algae, and plants (Yang et al., 2016). The major
divergences in this class involved the emergence of Hilden-
brandiophycidae (ca. 781 Ma), Nemaliophycidae (ca. 661 Ma),
Corallinophycidae (ca. 579 Ma), and the split of Ahnfeltiophyci-
dae and Rhodymeniophycidae (ca. 508 Ma). Divergences within
Florideophyceae were accompanied by evolutionary changes
in the carposporophyte stage, leading to a successful strategy
for maximising spore production from each fertilisation event.
The subclass Corallinophycidae provides an excellent context
to stratigraphy and molecular clock analysis because it is the
only living red algal group that has an extensive fossil record
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due to their calcified cell wall structure. See also: Fossils in
Phylogenetic Reconstruction; Molecular Evolution: Rates

Genomics

The field of red algal genomics, the study of total DNA (deoxyri-
bonucleic acid) including its content and arrangement, and phy-
logenomics, the study of phylogenetic relationships based on
comparative genomes, are still in their infancy. While currently
there are only a few complete red algal genomes (nuclear, plas-
tid, mitochondrial) released, that is, of Chondrus crispus with a
genome size of 105 Mbp (and 9606 predicted genes, Collén et al.,
2013), Pyropia yezoensis with a genome size of 43 Mbp (and
10327 predicted genes, Nakamura et al., 2013) and Porphyrid-
ium with a genome size of 19.7 Mbp (and 8355 predicted genes,
Bhattacharya er al., 2013), assembled plastid and mitochon-
drial genomes are becoming more available. Typically, the red
algal mitochondrial genome is relative small, averaging 37 Kbp
in the classes Cyanidiophyceae and Bangiophyceae and 26 Kbp
in the Florideophyceae. Mitochondrial genomes among multi-
cellular red algae of the Florideophyceae are highly conserved,
supporting the notion of a rapid radiation among the morpho-
logically divergent multicellular lineages of a major subclass, the
Rhodymeniophycidae. In contrast, extensive mitochondrial gene
rearrangements took place between Bangiophyceae and Florideo-
phyceae, with multiple examples of gene loss among the different
red algal lineages (Yang et al., 2015). Lee et al. (2016) anal-
ysed plasmid-derived sequences from red algal plastid genomes
to elucidate the impact of plasmids over the evolutionary history
of red algae and suggested that they spread as parasitic genetic
elements. See also: Chloroplast Genome; Genomics of Algae;
Mitochondrial Genome

Coralline Algae, Biomineralisation
and Rhodoliths

One of the most diversity-rich subclasses of red algae are the cal-
cifying Corallinophycidae that are of two morphological types,
non-geniculate crusts (Figure 1, lower center), and geniculate,
segmented taxa (Figure 2). These coralline algae are of major
ecological importance and grow in all marine habitats worldwide,
from the poles to the tropics, and from shallow subtidal coastal
habitats to offshore banks on continental shelves. The deepest
growing algae on record, at 286 m depth (Littler et al., 1985),
corallines grow where there is sufficient light and either on hard
substratum or as free-living benthic nodules of various sizes
called rhodoliths (maérl) (Figure 3). In the tropics, they are the
principal cementing agents and reef builders of nearly all tropical
reefs. It is well known that coral larval settlement is chemically
mediated by crustose coralline algae (Ritson-Williams et al.,
2014). Rhodoliths may form loose beds of aggregated live
and dead material. Water motion or bioturbation is critical for
rhodoliths to grow and remain unburied by sediments; it also
limits fouling and enables periodic rotation to allow light expo-
sure on all sides. The world’s most expansive and contiguous
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Figure 2 Amphiroa hancockii, a geniculate, segmented coralline, Bocas del
Toro, Caribbean Panama, collected at 1 m depth.

Figure 3 Rhodolith nodules in rhodolith bed, Gulf of Chiriqui, Pacific
Panama, collected at ~20 m depth.

rhodolith beds cover about 20900 km? of the Abrolhos Shelf
off eastern Brazil (Amado-Filho et al., 2012). Rhodolith beds
cover 40-50% of the seafloor from 50 to 110 m depth in southern
Queensland, Australia and 95.8% of the bottom in the Bahamas
at depths of 67-91 m. They are often associated with coral reefs
in tropical ecosystems. In spite of the complexity of the rhodolith
habitat and supported community, their functional ecology has
received little attention in contrast to other marine ecosystems
such as seagrass beds, kelp forests or coral reefs.

Coralline algae are intrinsically linked with the effects of
global climate change and ocean acidification. They contribute
to global-scale biogeochemical cycles of carbon and other ele-
ments and are acutely sensitive to variations in ocean temperature.
Their thalli are composed of high-magnesium biogenic calcite,
the CaCO; polymorph most sensitive to decreases in ocean pH.
Furthermore, they are considered to be one of the major produc-
ers of dimethylsulfoniopropionate (DMSP), which, upon being
metabolised by algal-associated bacteria, produces volatile com-
pounds such as (dimethylsulfide) DMS (Burdett er al., 2015).
When extrapolated to the scale of massive rhodolith beds, exten-
sive rocky bottoms, coral reefs and algal ridges, coralline algal
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communities contribute greatly to atmospheric sulfur through the
breakdown of DMSP to DMS and therefore directly affect the
global sulfur cycle and global climate change. Their carbonate
skeleton provides protection from grazers and boring animals,
strength and resistance to wave action, and space-competition
advantages. These organisms are widespread, long-lived barom-
eters of ocean health and real-time indicators of global warm-
ing and ocean acidification impacts (Adey et al., 2013, 2015).
Crustose coralline algae can suppress macroalgal growth and
recruitment on coral reefs (Vermeij er al., 2011). See also:
Biogeochemical Cycles

The Corallinophycidae, comprised of four orders, are the only
group of calcifying red algae that precipitate calcite; in contrast,
all other calcified red algae deposit calcium carbonate in the form
of aragonite. The presence of calcium carbonate is often in the
form of high-magnesium calcite in which Ca(Mg)CO, is initially
metabolically emplaced as 5-25% Mg within most organic cell
walls. In addition, aragonite precipitates within overgrown repro-
ductive conceptacles in Lithothamnion sp. (Krayesky-Self et al.,
2016). Dolomite and magnesite have also been discovered within
living coralline algae (Nash et al., 2011), leading to discussions of
the geobiological implications of the various carbonate minerals
in a changing world. See also: Climate Change and Biogeo-
chemical Impacts; Algal Calcification and Silicification

Sexual Reproduction

It was only after culture methods were introduced in 1965 that it
was finally verified that in most red algae there is a fundamen-
tal linkage of the sexual system and a life history consisting of
three phases (summarised in Hommersand and Fredericq, 1990;
Guiry, 1990; Hawkes, 1990; West and Hommersand, 1981, figs
4.4-4.6) summarised as follows: The basic scheme of sexual
reproduction includes the development of a specialised female
filament called the carpogonial branch. The female gamete (car-
pogonium or egg) is recognisable by the presence of the tri-
chogyne, an elongated hair-like extension to which the male
gamete (spermatium) will attach. After fertilisation, the zygotic
nucleus develops, directly or indirectly, into a diploid phase,
the carposporophyte, which grows parasitically on the female
gametophyte. During the direct development, the fertilised car-
pogonium matures into a carposporophyte usually composed of
diploid gonimoblast filaments bearing carposporangia. Mature
carposporangia release diploid carpospores into the water col-
umn, whereupon they will settle on various substrata. However,
in many groups with indirect development, the zygotic nucleus
undergoes mitotic divisions and these nuclei are transferred to
other specialised cells, called auxiliary cells, where they will,
in turn, develop into carposporophytes remote from the origi-
nal fertilisation site. The auxiliary cell can be located or orig-
inated in close proximity to the carpogonial branch, in a short
distance to receive the zygotic nucleus (procarpic condition), or
away from it, in another vegetative-independent filament (non-
procarpic condition). In the latter case, a complex network of
unsegmented connecting tubes or segmented connecting fila-
ments can develop to deliver the diploid nuclei to several auxiliary
cells.
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Figure 4 Post-fertilisation cystocarps (carposporophytes) growing on
Gracilaria intermedia female gametophytes.

The arrangement, morphology and number of cells that make
up the carpogonial branch, and the origin, location and homol-
ogy of auxiliary cells are prime characters for the taxonomy of
multicellular red algae. In many red algae, the fully mature first
diploid stage is called carposporophyte. The cystocarp (Figure 4)
is composed of the carposporophyte plus vegetative haploid cells
or filaments of the female gametophyte encircling and interacting
with it (pericarp). Carpospores develop into a second free-living
phase called the tetrasporophyte, which can be morphologi-
cally similar (isomorphic alternation of generations) or differ-
ent (heteromorphic alternation of generations) from the gameto-
phytes. Tetrasporophytic plants produce tetrasporangia by meio-
sis, which release tetraspores. This pattern of meiotic cell division
in the tetrasporangium can be one of three main types: cruciate,
tetrahedral and zonate. When released, tetraspores will germi-
nate into either separate male or a female haploid (dioecious) or
bisexual (monoecious) gametophytes. The carposporophyte may
produce thousands of diploid carpospores from a single fertili-
sation event taking advantage of cell-to-cell fusions that occur
between the fertilised carpogonium and auxiliary cells. The addi-
tional carposporophyte and tetrasporophyte phases are thought
to be evolutionary innovations that explain the success of the
red algae. A few exceptions to a triphasic life cycle include the
‘asexual tetrasporophytes’ of the Hildenbrandiales, the derived
diphasic life cycle in Palmariales, and abbreviated life cycles
lacking a free-living tetrasporophyte in some members of the
Acrochaetiales, Nemaliales and Gigartinales in the Florideophy-
cidae. In contrast to multicellular red algae, evidence for sexual
reproduction in most of the unicellular red algae is not known.
See also: Gametophyte and Sporophyte; Life History Theory;
Post-fertilization Reproductive Strategies

Vegetative Propagation

Vegetative propagation is quite common in red algae. Thallus
fragmentation is considered by many as the most significant kind
of vegetative reproduction in red algae due to the huge drifting
biomass mats observed, many times accumulating and piling high
at beaches. In many places, such as the intracoastal waterways

along the Eastern coast of the United States, bottom deposits of
drifting populations of seaweeds are constant components of the
benthic community. Key species in this case include Hypnea cer-
vicornis, Spyridia hypnoides and Acanthophora spicifera. Some
species produce propagules such as spores from bisporangia (e.g.
Caloglossa apomeiotica) monospores from monosporangia (e.g.
Monosporus sp., Ceramiaceae), and frail branchlets designed to
break apart, disperse and develop into new plants (e.g. star-shaped
branchlets of Hypnea cornuta). Vegetative growth and fragmenta-
tion is the primary mode of reproduction in many invasive species
of red seaweeds such as Gracilaria salicornia and Hypnea mus-
ciformis in Hawaii. See also: Dispersal: Biogeography; Plant
Reproduction; Algal Spores

Ecological Importance

General importance

In many tropical and subtropical intertidal communities, red algae
are the primary component of the flora in terms of biomass and
species diversity. As primary producers and conspicuous mem-
bers of the benthic marine community, red algae serve as a
source of oxygen for the environment, food for heterotrophic
species, substratum for many epiphytic species of animals and
plants and as a refuge, nesting and egg depository site for many
other organisms. In the marine environment, red algae can be
found inhabiting the upper littoral zone to the deepest benthic
region of the continental shelves. As littoral organisms, many
species can endure severe abiotic stresses such as nutrient lim-
itation, intensive light exposure, osmotic pressures and desicca-
tion, for example, Bostrychia spp. growing on mangrove prop
roots. The deepest known marine plant in the world is a crustose
coralline red alga growing at about 265-268 m depth, offshore the
Bahamas, at the limit of the photic zone, where the light avail-
able for photosynthesis is only 0.0001% of the surface irradiance
(Littler et al., 1985). See also: Algal Ecology; Marine Commu-
nities; Phycology

Invasive species

Human-mediated introductions of nonindigenous red seaweeds
have been reported in several parts of the world: Australia, Brazil,
Europe and the United States, among others. Compared to other
seaweeds, in the United States alone, red algae account for twice
the number of algal species introduced in coastal marine commu-
nities (Williams and Smith, 2007; Mineur et al., 2012). In general,
these introductions can be classified in two major groups: delib-
erate and nondeliberate introductions. Deliberate introductions
have the purpose of developing local aquaculture practices of
economically important exotic seaweed species; notorious among
this kind of imports is the introduction of Kappaphycus alvarezii
in many tropical coastal marine environments (Ask et al., 2003;
Sellers et al., 2015). Nondeliberate introductions may occur as the
result of marine practices such as ballast water carry over and the
international animal aquaculture trade; in particular, the importa-
tion, introduction and farming of the Japanese oyster, Crassostrea
gigas. This latter scenario includes species such as Gracilaria
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vermiculophylla in Northern Europe and Grateloupia spp. in
Europe and Eastern United States (Hu and Lopez-Bautista, 2014).
Invasive species of red algae are a threat to coastal coral reefs
and cause major ecosystem changes with conspicuous losses in
biodiversity (Gulbransen et al., 2012; Verlaque et al., 2015). See
also: Invasion of Introduced Species; Harmful Algal Blooms;
Conservation Biology and Biodiversity

Economical Importance

Red algae have a wide array of economic applications supporting
a diversified industry worth billions of dollars every year. At least
125 different species of red algae are used worldwide with differ-
ent applications. The two most important uses in terms of annual
economic value, aquaculture intensity and biomass production
are, first, food (Loureiro et al., 2015), and, second, in hydrocol-
loid production (agar and carrageenan — discussed in more detail
below). Porphyra and Pyropia are the source of sushi wrap, kim
or nori. Exploitation of natural stocks of red algae is also com-
mon and accounts for about 50% of red algae annually. Besides
the food and phyllocolloid usages, other known red algal applica-
tions include the production of paper, silage for animal aquacul-
ture (e.g. Palmaria palmata in abalone farming), water nutrient
removal from natural (ponds) and artificial (tanks) containments
in animal aquaculture, energy production (e.g. methane gas), phy-
cobiliproteins as fluorescent tags, fertilisers and pH control for
agricultural soils (i.e. calcareous species are washed, crushed and
added to acid soils to correct the pH) and as a potential source
of natural products with pharmaceutical relevance. Examples of
biologically active substances extracted from red algae include
several lectins with haemagglutinating, cell migrating and antico-
agulation properties; domoic and kainic acids have anthelmintic,
insecticide and medical research applications (the latter as a neu-
ronal agonist). Certain secondary metabolites found in red algae
are poisonous (e.g. manauealide and polycavernoside found in
Pacific members of Gracilariaceae), showing either antitumour or
tumour-promoting activities, or display viral inhibitory activity.
A plethora of other substances with pharmaceutical applications
are extracted from red algae (see review in Smit, 2004; Cornish
et al., 2013; Mouritsen et al., 2013; Blunt et al., 2015; Balboa
et al., 2015). See also: Phycology; Lectins; Algal Metabolism

Phycocolloids

Red algal hydrocolloids (aka red algal phycocolloids) are
polysaccharides with gel-forming capabilities. They can be
classified in two classes, each bearing a basic sugar skeleton con-
sisting of 1,3-linked b-p-galactopyranose plus either 1,4-linked
3,6-anhydro-a-L-galactopyranose (i.e. agars) or 1,4-linked
3,6-anhydro-a-p-galactopyranose units (i.e. carrageenans).
However, several other sugar residues are present, making all
natural phycocolloid products (whether agars or carrageenans)
a complex mixture of neutral and charged polysaccharides.
Phycocolloid gel quality is measured by its rheological prop-
erties such as gel strength, density, gelling and melting points.
These properties are in turn influenced by the overall chemical

composition of the gels, that is, the ratio among different polysac-
charides and modified sugar residues found in it. Some groups
of red algae exhibit higher concentrations of one particular
class and thus are known as either agarophytes (agar-producers,
e.g. Gracilariales, Gelidiales and Ceramiales) or carrageeno-
phytes (carrageenan-producers, e.g. most families currently
in the Gigartinales such as Solieriaceae, Hypneaceae, Cysto-
cloniaceae, Caulacanthaceae, Furcellariaceae, Tichocarpaceae,
Sphaerococcaceae, Polyideaceae, Kallymeniaceae, Dumonti-
aceae, Rhizophyllidaceae, to name a few) (Bixler and Porse,
2010). See also: Plant Gums; Algal Cell Walls

Agar

Agar was the first phycocolloid discovered and purified, giving
rise to a whitish powder product. Agar (or agar—agar) is a word
derived from Malay meaning ‘seaweed jelly’. At first used as food
in Eastern Asia, its applications have multiplied. Agar can be frac-
tionated into two distinct components: agarose and agaropectin.
The former is the one with the highest gelling capacity and is
a neutral molecule, the latter is charged and can have several
of its sugar residues replaced by methylated and sulfated sugar
units, among other modifications. The ratio between agarose and
agaropectin may vary according to taxonomical, ontogenetical,
life-cycle phase, strain selection (genetics) and abiotic factors. In
general, the higher the concentration of 3,6-anhydrogalactose, the
stronger the gel and higher the quality of the agar.

The current most important economic applications of agar
relate to biotechnology, molecular biology and biomedical
research industries. Agar gels are the main solidifying agent
in microbiological cultures (e.g. bacterial, fungi, viral culture
plates), and is used in many electrophoretic applications (e.g.
DNA size separation). Agar gelling point usually varies between
35 and 50.8 °C and its melting point is situated between 80 and
100°C (Weinberger et al., 2010; Croce et al., 2015). See also:
Isolation of DNA from Low Gelling Temperature Agarose;
Algal Ecology

Carrageenan

Phycocolloids belonging to the carrageenan group are also het-
erogeneous and complex. Different carrageenan types have tradi-
tionally been designated by letters from the Greek alphabet. There
are three main commercial classes of carrageenan: k-, i- and
l-carrageenans. k-type may have galactose units esterified with
sulfate at the 4-position, k- and i-carrageenans contain significant
amounts of 3,6-anhydro-p-galactose residues (and can undergo
thermally reversible gelation in the presence of potassium and
certain other cations), while the I-type contain smaller amounts
to none. Each type of carrageenan exhibits distinct gelling prop-
erties and are found in distinct concentrations within red algal cell
walls. The amount of a particular kind of carrageenan varies taxo-
nomically, with life-cycle phases, biotic and abiotic factors. The
current most economically relevant applications of carrageenan
refer to the dairy industry, where it is used as thickening and
stabilising agents in items such as yogurts, heavy and whipping
creams, ice creams, chocolates, and so on. (Sangha et al., 2011;
Lietal.,2014; Collén et al., 2014; Hafting ez al., 2015). See also:
Algal Ecology; Algal Cell Walls
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Red Algae

Aquaculture

China, Korea and Japan seem to lead the aquaculture of red
algae in the world regarding biomass production and economic
value generated. Most of their production targets the food market
of direct seaweed consumption, making Pyropia and Porphyra
(nori) the second most cultured seaweed in the planet in terms
of biomass produced (Zemke-White and Ohno, 1999; Craigie,
2011; Food and Agriculture Organization of the United Nations,
2014). Several indoor and outdoor algal farming techniques
and technologies have been developed and tested throughout
the world. A significant amount of publications regarding algal
aquaculture practices, techniques, management and environ-
mental consequences are available in the literature. Tropical
countries such as Indonesia, the Philippines and Tanzania are
regarded as major sources of cultured carrageenan-producing
species, for example, Kappaphycus, Betaphycus and Eucheuma,
while the temperate coast of Chile is the main source of agar
in the world (i.e. from Gracilaria chilensis). Other countries
recognised as red algal phycocolloid producers include Canada,
the United States and France. However, seaweed aquaculture
for food consumption leads the biomass production and such
industries are particularly significant in China, Japan and Korea.
See also: Fisheries Management
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