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Abstract Algal blooms have become a major concern in
coastal areas and the great lakes of the world. Because of their
various consequences for aquatic ecosystems and resources,
algal blooms are called “harmful algal blooms” (HABs).
HABs often become severely detrimental when they involve
one or more toxin-producing microalgae of various taxonomic
origins. The accumulation of algal biomass also has deleteri-
ous effects on the ecological status of water. However, appro-
priate management strategies can allow the beneficial utiliza-
tion of these events by consuming the biomass feedstock in
the production of valuable biocommodities, including
biofuels, functional food ingredients, UV-absorbing com-
pounds, pharmaceutical products, etc. However, if the algal
biomass can be harvested prior to the onset of their death
phase, nutrients (carbon, nitrogen, and phosphorus) can also
be removed from the ecosystem by harvesting the algal
blooms. Great progress has been made in the last decade in
monitoring and predicting HABs, and a demand is emerging
for persuasive postevent management policies that focus on

the potential utilization of these blooms as natural renewable
bioresources. This review summarizes various potential appli-
cations of nuisance algal blooms and the need for scientific
research into their economic and industrial potential. Major
algal products with great ecological and economic signifi-
cance and their contemporary global utilization are analyzed.

Keywords Algal blooms . HABs . Renewable bioresources .

Biomass

Introduction

Algal blooms have become a global epidemic, and the nature
and frequency of harmful algal bloom (HAB) outbreaks has
changed considerably over the last several decades (Anderson
et al. 2012; Ferreira et al. 2011; O’Neil et al. 2012). Recently,
countries including the USA, Canada, Greece, Norway, Spain,
Portugal, Ireland, China, Japan, and Korea have invested
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considerable funds and effort into HAB management pro-
grams (Kitsiou and Karydis 2011; Shen et al. 2012; Kim
et al. 2014; Latimer et al. 2014).

Various legislative authorities throughout the world have
been considering the development of technologies to prevent,
control, and mitigate HABs and cost-effective ways to reduce or
eliminate the risks they pose. For instance, the USCongressional
legislation led to the establishment of a National Research Plan
for coastal HABs to monitor and assess algal blooms in the
oceans, estuaries, and Great Lakes of the USA (HABHRCA
1998; Atmospheric Administration 2014). Such efforts increase
our understanding of HAB patterns and interactions, and the
scale of algal variability (Cloern and Jassby 2010).

In contrast, algae have huge potential as a potent
bioresource, so diverting the biomass of algal blooms to other
value-added applications is promising. During the last decade,
algae have received increasing attention as a feedstock for
pollution remediation and renewable energy production be-
cause of their growth rate, as well as their carbohydrate and
lipid productivities. They can grow in saline and degraded
water, they can utilize waste carbon dioxide and nutrients,
and they can produce fuel precursors and high-value biochem-
icals (Roesijadi et al. 2008; Huesemann and Benemann 2009;
Mata et al. 2009; Holdt and Kraan 2011; Kim et al. 2014).
Moreover, algal secondary metabolites are biomolecules with
great potential for application in various industrial sectors,
including in the production of food, pharmaceuticals, and cos-
metics (Cardozo et al. 2007; Cornish and Garbary 2010). One
important prerequisite for the commercial use of algae is the
development of large-scale culture systems with optimized
high-density cell culture conditions (Huesemann and
Benemann 2009). In this context, nuisance algal blooms can
provide a natural, but largely untapped, renewable source of
innate algal biomass. It has been estimated that the amount of
algae collected fromGreat Lake blooms can reach thousands of
tonnes a day (Zhong et al. 2012). Previous researchers have
demonstrated various ways of treating this biomass, including
composting and methanization, to recover nuisance algae and
combat serious secondary environmental pollution (Yan et al.
2010; Zhong et al. 2012).

Since numerous studies have discussed prevention, control,
and mitigation of algal blooms (Anderson 1997; Boesch et al.
1997; Anderson et al. 2012), this study focuses on the possi-
bilities and prospects of the utilization of algal blooms as a
natural resource and their various beneficial applications. We
also discuss challenges for this application.

Prospects for the beneficial use of algal blooms

Algal blooms are natural phenomena and have distinct eco-
logical significance in aquatic ecosystems. For example,
spring phytoplankton blooms in temperate and polar regions

are characterized by algae that are subsequently consumed by
the zooplankton, ensuring the efficient transfer of energy to
higher trophic levels (Rose and Caron 2007). Algal blooms
are also potential sources of algal biomass, a valuable natural
resource (Maddi et al. 2011). Although the overall yield of
algae from large water bodies is quite low, some promising
low-cost technologies have recently been reported for the
recovery of algal biomass from sources such as lakes (Smith
2011). The algal biomass can be profitably utilized for other
viable processes, and the possibility of obtaining bioactive
compounds from algal blooms remains largely unexplored
(Maddi et al. 2011).

Algal blooms as a natural resource

In general, algae have developed various defense strategies to
survive in a competitive environment, which result in a sig-
nificant level of structural–chemical diversity, involving dif-
ferent metabolic pathways (Barros et al. 2005). Both second-
ary and primary algal metabolisms have been studied as a
prelude to their future rational economic exploitation (Cardo-
zo et al. 2007). In this context, our need to determine how to
utilize algal blooms industrially is growing. Algal blooms
should be an important source of biocompounds and other
industrially useful materials, able to fulfil the increasing de-
mand for algal extracts, as fractions or pure compounds, for
economic exploitation. Advances in algal biotechnology have
led to significant exploration of the use of novel algal bioac-
tive metabolites in energy, functional foods, pharmaceutical,
and cosmetics industries (Waters et al. 2010; Holdt and Kraan
2011; Borowitzka 2013a).

Biofuels

Considering the various ways available for the disposal and
resource utilization of algal blooms, harvesting and using
them as a “green” fuel source is one of the most promising
future options. An algal biomass can provide several different
types of renewable biofuels when treated with thermochemi-
cal or biochemical/biological technologies, including methane
produced by anaerobic digestion, biodiesel derived from algal
oil, and photobiologically produced biohydrogen (Chisti
2007; Huesemann and Benemann 2009). Maddi et al. (2011)
recently suggested that the nuisance algae obtained from
natural blooms can be utilized for the production of liquid
fuels with thermochemical methods such as hydrothermal
liquefaction (Elliot et al. 2013). Algae from blooms in Mau-
mee Bay of Lake Erie (dominated by Lyngbya spp.) were
pyrolyzed in a fixed-bed reactor and the yields, and composi-
tions of the products were compared. The results suggested
that it is feasible to convert algal cultures deficient in lipids,
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such as nuisance algae from natural blooms, into liquid fuels.
Similarly, the pyrolysis of nuisance algae (Lyngbya spp. and
Cladophora spp.) obtained from eutrophic water bodies pro-
vided N-rich biochar, which is a useful competent raw mate-
rial for the production of biofuels (Chaudhari et al. 2003).
Cyanobacterial blooms in large lakes that arise as products of
eutrophication have gained attention as promising biomass
feedstocks for bio-oil production via pyrolysis. It has recently
been estimated that the total potential yield of bio-oil from
algal blooms in Dianchi Lake, China can reach 6,800 t year−1

(Hu et al. 2013). Euglena, a common bloom genus in fresh-
water bodies, has moderately higher amounts of lipids (14–
20 % on a dry weight basis) than other microalgae, such as
Scenedesmus obliquus (12–14 %), Dunaliella spp. (6–8 %),
Spirulina spp. (4–9 %), Anabaena spp. (4–7 %), and
Synechococcus spp. (11 %), which is important in the search
for sustainable resources for the production of biodiesel
(McMichens, anonymous). Management policies involving
the application of the “biorefinery” concept could increase
the economic value of algal bloom biomasses by improving
their suitability for the production of bioenergy-exploiting
bioremediation capacities during production and extracting
high-value products from them before energy production
strategies are applied (Mulbry et al. 2010; Bruhn et al.
2011). This approach would also reduce cost of nuisance algae
treatments and should mitigate the eutrophication of lakes (Li
et al. 2012; Hu et al. 2013).

Functional food ingredients

The algal metabolites that can be used as functional food
ingredients are carotenoids, lipids, proteins, polysaccharides,
and phenolics (Cornish and Garbary 2010; Ibañez and
Cifuentes 2013). Among these, carotenoids have great poten-
tial utility as food colorants, feed supplements, and
nutraceuticals. Carotenoids (from all sources) have a com-
bined market value of almost US$1.2 billion (BCC Research
2011). The bloom-forming supralittoral green microalga
Dunaliella salina is widely used as a natural source of high-
value β-carotene (Hejazi et al. 2004; Raja et al. 2007). Its
production is a substantial growth industry, and its commer-
cial utilization is economically viable (Singh et al. 2005), with
an estimated global market of US$280 million by 2015
(Ribeiro et al. 2011). β-Carotene is used in food industries
as a coloring additive, an antioxidant, and provitamin A (Pisal
and Lele 2005). It also has anticancer, antiaging, and immu-
nomodulatory properties (Rock 2002). Pisal and Lele (2005)
found that the β-carotene production by D. salina can be
increased by various stress parameters, including cell division
inhibition, nitrogen starvation, high salinity, and high irradia-
tion with high salinity, and the highest yield (8.28 pg cell−1)
was obtained with high irradiation combined with high

temperature. D. salina can accumulate up to 14 % of total
dry weight asβ-carotene, and several commercial facilities for
β-carotene production operate in Australia, Israel, and China
(Borowitzka 2013b). The largest commercial production plant
(∼800 ha in area) in Australia is operated by BASF (Germany)
and produces β-carotene extracts and Dunaliella powder for
human use and animal feeds. The prices of these products
range from US$300 to US$3,000 kg−1 (Borowitzka 1992;
Spolaore et al. 2006; Emeish 2012). Grung and Liaaen-
Jensen (1993) have also reported a high yield of astaxanthin
(75 % of the total carotenoids) from a natural bloom of
Euglena sanguinea. The high content of ketocarotenoids
(0.7 % of the dry weight) is characteristic of secondary carot-
enoid production under stressed growth conditions. The an-
nual worldwide aquaculture market for astaxanthin is estimat-
ed to be US$226 million per year, with an average price of
US$2,500 kg−1 (Hejazi and Wijffels 2004; BCC Research
2011).

Among the various complex compounds present in algae,
phycobiliproteins (PBPs) stand out as natural dyes that can be
used for food products. Phycobiliproteins are eco-friendly,
nontoxic, and noncarcinogenic and are therefore receiving
attention in preference to synthetic colorants (Chakdar et al.
2012). Because they are stable at low temperatures (Patel et al.
2004) and in acidic and basic solutions, with some preserva-
tive like citric acid (Mishra et al. 2010), they can be used as
food colorants in chewing gum, jellies, and health drinks and
as coloring agents in sweet confectionaries (Eriksen 2008).
Dainippon Ink & Chemicals (Sakura, Japan) developed “Lina
Blue,” the phycocyanin extracted from Arthrospira
(Spirulina) platensis, for application in various food indus-
tries, including chewing gum, ice sherbets, popsicles, candies,
soft drinks, dairy products, and wasabi (Chakdar et al. 2012).
Purified phycobiliproteins are sold for about US$5,000–
30,000 g−1 in a modest US$5–10 million market (Radmer
1996; Sekar and Chandramohan 2008).

The bloom-forming cyanobacterium, Aphanizomenon flos-
aquae, has been marketed as a food supplement (Torres et al.
2006). However, some strains of this species have been shown
to produce PSP toxins, such as saxitoxin (Pereira et al. 2008).
Therefore, the appropriate monitoring and study of the toxin
production profiles of various strains of bloom-forming algae
is essential (Grobbelaar 2003).

UV-absorbing compounds

Mycosporine-like amino acids (MAAs) are natural com-
pounds found in a wide variety of marine and freshwater
organisms, including fungi, bacteria, cyanobacteria, phyto-
plankton, and macroalgae (Singh et al. 2008a; de la Coba
et al. 2009). They are water-soluble, low-molecular-weight
(generally <400 Da) compounds composed of either an
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aminocyclohexenone ring or an aminocyclohexenimine ring
carrying nitrogen or amino alcohol substituents (Nakamura
et al. 1982) and are particularly characterized by their high UV
absorption. However, evidence is accumulating that MAAs
may have additional functions: they may act as antioxidant
molecules, providing some protection against the photo-
oxidative stress induced by reactive oxygen species (ROS)
(Dunlap and Yamamoto 1995); they can accumulate as com-
patible solutes following salt stress; their formation is induced
by desiccation or by thermal stress in certain organisms; they
may function as accessory light-harvesting pigments in pho-
tosynthesis or as an intracellular nitrogen reservoir; and they
are involved in fungal reproduction (Oren and Gunde-
Cimerman 2007). Furthermore, MAAs can block the forma-
tion of most cytotoxic and mutagenic DNA lesions, including
cyclobutane pyrimidine dimers (CPDs) and 6-4 photoprod-
ucts (6-4PP), inhibiting mutation and cell death (Misonou
et al. 2003). Experiments investigating the photo-
degradation and photo-sensitization of several MAAs have
demonstrated their possible roles as stable and effective sun-
screen compounds (Whitehead and Hedges 2005) and support
their commercial exploitation as sun-care products for the
protection of skin and other nonbiological materials, e.g., as
photostabilizing additives in plastics, paint, and varnish
(Bandaranayake 1998). Mycosporine-based sunscreen use
has increased significantly in recent decades as a consequence
of the perception that UV-B radiation is the main cause of skin
cancer and the photoaging process (Maier and Korting 2005).
The cosmetic industry has become a profitable business, gen-
erating an estimated annual turnover of US$382 billion (Leon-
ard 2011; Łopaciuk and Łoboda 2013). The value of the
cosmetic market in the USA is estimated to reach US$78.4
billion in 2016 and US$94.9 billion in 2021 (Rossi et al.
2007). With the increasing market size, this area is potentially
very lucrative and the use of MAAs as highly efficient natural
UV blockers in sunscreen formulations is commercially at-
tractive (Cardozo et al. 2007; Bhatia et al. 2011). Thus, MAAs
are versatile biometabolites with various types of biotechno-
logical potential. Therefore, the large-scale acquisition of UV-
absorbing biocompounds is of growing economic importance
in the cosmetics and biomedical industries.

The increasing demand for algal extracts by the commer-
cial sector can be met by exploiting the biomass of algal
blooms. Algal blooms usually form floating surface scums
that are exposed directly to high solar irradiance, including
UV radiation. Therefore, bloom-forming algae must have
evolved adaptations to protect their photosynthetic apparatus
and other labile cellular constituents from photo-oxidation and
direct cell damage (Paerl et al. 1983). One of their strategies to
overcome the stress generated by short-wavelength radiation
is the accumulation of UV-absorbing/screening compounds as
a third line of defense (Singh et al. 2010). MAAs effectively
dissipate the absorbed radiation energy as heat, without

producing harmful effects on the cytoplasmic targets (Conde
et al. 2004). Surface-bloom-forming dinoflagellates,
cryptomonads, prymnesiophytes, and raphidophytes are re-
ported to accumulate much higher concentrations of MAAs
than other microalgae (Carreto et al. 2001), and the most
efficient protection of blooming algae from UV damage in
the Great Lakes may be provided by the constant synthesis of
MAAs (Liu et al. 2004). More recently, in Kongsfjorden Bay,
located in Arctic Svalbard, the total MAA concentrations were
higher in the bloom areas (10.75±5.01 μg L−1) than in the
outer bay (6.9±2.5 μg L−1) where porphyra-334, in particular,
was found in very high concentrations in the bloom area, with
an average concentration of 5.07±3.35 μg L−1 (Ha et al.
2012). MAAs significantly facilitate the survival of blooming
algae and cyanobacteria as surface scums, and massive
blooms can clearly be regarded as potent natural sources of
MAAs. The wide occurrence of MAAs and other UV-
absorbing compounds has been reported in several bloom-
forming cyanobacteria genera (Table 1). Among them,
Nodularia spumigena, Nodularia baltica, and Nodularia
harveyana (Sinha et al. 2003a) and A. flos-aquae (Torres
et al. 2006) are potential natural sources of porphyra-334
(λmax=334 nm). MAAs also occur in varying compositions
in the bloom-forming dinoflagellates Gymnodinium
sanguineum (Neale et al. 1998), Alexandrium tamarense,
Alexandrium catenella, and Alexandrium minutum (Carreto
et al. 2001). The MAA contents per cell and the MAA per-
centage ratios reported in three Alexandrium species are sum-
marized in Table 2. It has been reported that a mixture of P-
334 and shinorine can suppress aging in human skin and may
thus be used in cosmetics and toiletries as UV protectants and
activators of cell proliferation (Daniel et al. 2004). The ability
of these compounds to prevent UV-induced skin damage
in vivo (de la Coba et al. 2009) has led to their commercial-
ization as Helioguard 365™, a formulation containing
shinorine and porphyra-334 that is used in skin-care and
cosmetic products (Balskus and Walash 2010).

Pharmaceutical products

In general, natural products play a valuable role in the drug
discovery process (Cragg et al. 1997). Therefore, investigation
of new algal secondary metabolites, a different source of
natural products, has proved to be a promising area of phar-
maceutical study (Cardozo et al. 2007). The bloom-forming
cyanobacteria can be used as rich sources of PBPs (phycoer-
ythrin and phycocyanin), which are used extensively as ther-
apeutic agents in oxidative-stress-induced diseases and as
fluorescent markers in biomedical research (Glazer 1994;
Rodríguez-Sánchez et al. 2012). The accessory light-
harvesting pigments, PBPs, are chromoproteins with anti-
inflammatory, hepatoprotective, neuroprotective, and
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antioxidant properties, which could play crucial photodynam-
ic roles during tumor and leukemia treatments (Mishra et al.
2011). They can also be used as fluorescent neoglycoproteins
probes in fluorescent labeling of antibodies (Romay et al.
1998; Richa et al. 2011) in diagnostic kits for immunology,
cell biology, and biomedical research (Sekar and
Chandramohan 2008). Phycobiliprotein conjugates prepared
by the covalent at tachment of phycoerythr in to
allophycocyanin, protein A, or avidin have been developed
as fluorescent probes, with wide use in histochemistry,

fluorescence microscopy, flow cytometry, and fluorescence
immunoassays (Oi et al. 1982; Glazer and Stryer 1983; Glazer
1994). Their various properties, including their high molar
absorbance coefficient, high fluorescence quantum yields,
large Stokes’ shift, high oligomer stability, and high
photostability, make phycobiliproteins very powerful and
highly sensitive fluorescent reagents (Chakdar et al. 2012).
Furthermore, the oxygen-radical-scavenging properties of
phycobiliproteins allow them to be used to treat oxidative-
stress-induced neuronal injury in neurodegenerative disorders

Table 1 Major UV-absorbing compounds reported in bloom-forming cyanobacteria

Taxa Compound Amount Reference

Lyngbya aestuarii Total MAAs 0.32 mg mg−1 dry wt Garcia-Pichel and Castenholz (1993)

Scytonemin 0.23 mg mg−1 dry wt

Nostoc commune Shinorine NA Böhm et al. (1995)

Aphanothece halophytica Various MAAs (shinorine and palythene) 98 mmol cm−3 Oren (1997)

Lyngbya aestuarii Various MAAs 218 mg m−2 Karsten et al. (1998)
Scytonemin 140 to 1,300 mg m−2

Trichodesmium spp. Sterina-330 357±193 ng colony−1 Subramanian et al. (1999)
Shinorine NA

Anabaena sp. Shinorine 3.6 mg mg−1 protein Sinha et al. (1999)

Oscillatoria spp. Scytonemin 7.2 μg cm−2 Quesada et al. (1999)

Nodularia spumigena Porphyra-334 2.45 μmol g−1 dry wt Sinha et al. (2003a)
Shinorine 0.65 μmol g−1 dry wt

Nodularia baltica Porphyra-334 2.5 μmol g−1 dry wt
Shinorine 0.6 μmol g−1 dry wt

Nodularia harveyana Porphyra-334 2.0 μmol g−1 dry wt
Shinorine 0.55 μmol g−1 dry wt

Nostoc commune Shinorine 2.9 μmol g−1 dry wt Sinha et al. (2003b)

Microcystis sp. Shinorine NA Liu et al. (2004)
Porphyra-334 NA

Aphanizomenon flos-aquae Porphyra-334 NA Torres et al. (2006)

Nostoc sp. Prenostodione NA Ploutno and Carmeli (2008)

Anabaena sp. Shinorine 1.1 μmol g−1 dry wt Singh et al. (2008b)

Microcystis sp. Various MAAs (Shinorine & Porphyra-334) 4.58 μg mg−1 Sommaruga et al. (2009)

Nostoc flagelliforme Various MAAs 32.1 mg g−1 dry wt Ferroni et al. (2010)

Nostoc commune 478-Da MAA 11 mg L−1 Matsui et al. (2011)
1,050-Da MAA 11 mg L−1

Scytonema sp. Mycosporine-glycine 0.88 μmol g−1 dry wt Rastogi et al. (2010)

Phormidium tenue Shinorine, Scytonemin NA Bhandari and Sharma (2011)

Anabaena spp. Total MAAs 62–101.1 μg g−1 dry wt Mushir and Fatma (2011)

Lyngbya sp. Total MAAs 58.6 μg g−1 dry wt

Nostoc muscorum Total MAAs 45.2 μg g−1 dry wt

Oscilitoria sp. Total MAAs 48.8 μg g−1 dry wt

Phormidium sp. Total MAAs 146 μg g−1 dry wt

Scytonema sp. Total MAAs 122.9 μg g−1 dry wt

Anabaena doliolum Total MAAs (shinorine, porphyra-334
and mycosporine-glycine)

1.6 μmol g−1 dry wt Singh et al. (2013)

Anabaena strain L31 Shinorine 1.4 μmol g−1 dry wt

NA data not available
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such as Alzheimer’s and Parkinson’s diseases (Rimbau et al.
1999). The prices of phycobiliprotein products are US$3–
25 mg−1 for the native pigments, but they can reach
US$1,500 mg−1 for certain cross-linked pigments (with anti-
bodies or other fluorescent molecules), and their globalmarket
was estimated to be more than US$50 million (Spolaore et al.
2006); Del Campo et al. 2007; Bux 2013). The algal toxins
can bioaccumulate in the food chain to very high concentra-
tion in mollusks, fish, and other aquatic organisms, causing a
health hazard for humans, domestic animals, and wildlife.
Toxicological effects can include neurotoxicity, hepatotoxici-
ty, cytotoxicity, and dermatotoxicity (Cardozo et al. 2007). On
the other hand, the toxins of some of the bloom-forming algae
may be used in some pharmaceutical applications (Waters
et al. 2010; Zimba et al. 2010). Cardozo et al. (2007) discussed
potential uses of the microcystins (protein phosphatase types 1
and 2A inhibitors), cylindrospermopsin (protein synthesis
inhibitor and depletion of reduced glutathione), homo- and
anatoxin-a, anatoxin-a(s) (postsynaptic nicotinic agonist and
acetylcholinesterase inhibitor), saxitoxins (voltage-dependent
sodium channel site 1), and domic acid (glutamate receptors)
from freshwater bloom-forming algae including Microcystis,
Anabaena, Oscillatoria, Alexandrium, Pseudo-nitzschia, and
Nostoc. Recently, Zimba et al. (2010) also characterized the
alkaloid toxin euglenophycin (inhibit the growth of the cancer
cell) from the bloom-forming species E. sanguinea. Euglena
species can also simultaneously produce antioxidant vitamins,
such as β-carotene, L-ascorbic acid, and α-tocopherol
(Takeyama et al. 1997), which have antioxidant, industrial,
and medicinal applications. Moreover, Euglena species are
good sources of paramylon, which has strong medicinal (used
as an immunostimulant and immunopotentiator), antioxidant,
antiviral, and anticancer properties (Kataoka et al. 2002;

Nakashima et al. 1994; Quesada et al. 1976). For example,
paramylon has recently been shown to protect against acute
hepatic injury induced by carbon tetrachloride, based on its
antioxidative effects, and it can inhibits the development of
atopic-dermatitis-like lesions in mice (Sugiyama et al. 2010).
The biggest challenge will be to harvest algal blooms for
pharmaceutical applications. However, the harvest must be
made prior to the algal bloom causing poisoning and even
death of surrounding organisms. In addition, the target com-
pounds must be harvested and extracted without releasing
them to the surrounding waters (see “Challenges and future
directions”).

Other applications

Apart from the applications described above, nuisance algal
blooms can be used in numerous other ways. For instance,
blooms of diatom are natural sources of siliceous shells, which
are widely used as filter substances and mild abrasives. Diat-
omite, a porous and lightweight sedimentary rock resulting
from the accumulation and compaction of diatom valves, has a
range of commercial applications, including food, beverage,
pharmaceutical, chemical, and agricultural industries, because
of its low density, high porosity, low thermal conductivity,
high melting point, and chemical inertia (Lopez et al. 2005).
Diatom valves are also being developed to produce specific
nanostructures with a range of applications (Chauton et al.
2014) including for use in drug delivery applications (Aw
et al. 2012) and solar devices (Jeffryes et al. 2011).

Algal feeds are particularly valuable for seafood species
with fastidious dietary requirements that cannot be met by
formulations based on traditional agricultural commodity

Table 2 MAA content per cell
and percent ratios in Alexandrium
species (for details, see Carreto
et al. 2001)

MAAs A. catenella A. tamarense A. minutum

pg cell−1 % pg cell−1 % pg cell−1 %

Shinorine 0.70 7.6 0.44 7.2 0.53 5.6

Palythine 0.69 7.5 0.09 1.5 0.12 1.3

Myc-methylamine-serine 0.12 1.3 0.04 0.6 0.19 2.0

Porphyra-334 0.39 4.2 0.82 13.2 0.19 2.0

Palythinol 0.04 0.4 0.02 0.3 0.02 0.2

Mycosporine-glycine 0.81 8.8 0.35 5.7 0.23 2.4

M-333 0.04 0.5 0.08 1.4 0.30 3.1

Palythenic acid 0.51 5.6 0.45 7.4 – –

M-320 0.46 5.1 0.17 2.7 0.34 3.6

Usujirene 0.05 0.5 Traces Traces Traces Traces

Palythene 4.01 43.9 2.82 45.6 1.09 11.6

M-335/360 1.21 13.3 0.59 9.5 0.86 9.1

M-328/360 – – – – 0.26 2.8

Other MAAs 0.12 1.0 0.31 5.0 5.30 56.8
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products, such as corn, soybeans, and fish- and food-
processing by-products (Metting 1996; Borowitzka 1997).
Algae also provide essential amino acids, fatty acids, or other
unidentified growth factor requirements and add natural col-
oration to aquaculture feeds. Algae have also been proposed
as an apt feed for aquaculture, allowing the development of
the fatty acid profiles in fish and seafood desired by con-
sumers (Ibañez and Cifuentes 2013).

The sale of dried algal biomass as an organic fertilizer
could also provide a significant source of revenue (Mulbry
et al. 2006). The use of blue-green algae as soil-conditioning
supplements and as biofertilizers for rice cultivation has al-
ready been reported (Metting 1996). Algal biofertilizers can
provide nitrogen and mobilize inorganic phosphates, thereby
improving the soil structure. The widespread use of algal
materials in lieu of inorganic fertilizers in urban/suburban
areas could reduce fertilizer-related nutrient losses from these
areas (Mulbry et al. 2008). However, the presence of toxin-
producing algal species constitutes a great concern in this
context.

Nitrogen-rich biochar obtained from the pyrolysis of eu-
trophic nuisance Lyngbya spp. is a useful soil supplement to
improve soil quality and as feedstock for the production of
valuable materials including carbon fibers, activated carbon,
and carbon nanotubes (Lehmann and Joseph 2009). Other
algal metabolites receiving increasing attention are the
exopolymeric substances from certain cyanobacteria, which
are rich in monosaccharides (Klock et al. 2007) that are useful
gumlike substances in the textile and cosmetic industries.
Nichols et al. (1993) reported that diatom blooms are excellent
sources of essential polyunsaturated fatty acids (PUFAs, 40–
50 % of total fatty acids), with potential commercial uses.

Carbon, nitrogen, and phosphorus remediation

Seasonal blooms of microscopic algae in the ocean are report-
ed to absorb enormous quantities of CO2, much like terrestrial
forests. The potential for CO2 capture by microalgae has been
estimated to be 10–50 times greater than that of terrestrial
plants (Li et al. 2008). In fact, excessive algal growth can
contribute to the oceanic uptake of CO2, amounting globally
to about one third of the CO2 emitted each year from burning
fossil fuels (Sayre 2010; Mahadevan et al. 2012). However,
the biggest challenge in microalgae is increasing the intervals
of CO2 sequestration. Since John Martin suggested the “iron
hypothesis” and said “give me half a tanker of iron, and I’ll
give you an ice age,” ocean iron fertilization has been consid-
ered as a potential solution for global climate change and
examined in different locations (Martin 1990; Sedwick and
DiTullio 1997; Buesseler et al. 2008; Raiswell et al. 2008;
Smetacek et al. 2012). Ocean iron fertilization involves stim-
ulating net phytoplankton growth by releasing iron to certain

parts of the surface ocean, such as high-nutrient low-chloro-
phyll regions, so that the bloom biomass sink to the deep sea
floor. Thus, iron-fertilized microalgal blooms may sequester
carbon for timescales of centuries in ocean bottom water and
for longer in the sediments. This hypothesis is still under
debate and has been reviewed by a number of researchers
(see Woods Hole Oceanographic Institution 2008; Smetacek
et al. 2012).

Algal blooms in coastal zones, ponds, or lakes have been
considered as one of the biggest environmental problems. The
sinking of algae to the bottom in shallow waters delivers
biomass to microbes, with decomposition consuming oxygen,
leading to hypoxia and anoxia. However, the increased inter-
vals of CO2 sequestration may be achieved if the algal bio-
mass can be harvested prior to the onset of their death phase
and utilized in environmentally friendly ways (e.g., biofuel,
food ingredients, cosmeceutical compounds, fertilizer etc.;
Wosnitza and Barrantes 2006; Kuo 2010; Maddi et al.
2011). Kuo (2010) estimated that 1,350–2,700 t of nitrogen
can be removed by harvesting 23,000 t of algal biomass
during spring blooms (April–June) in the Gulf of Mexico.
His estimate was based on tissue nitrogen contents of 5.8–
11.6 % (Veldhuis et al. 2005). Considering the Redfield ratio,
9,000–18,000 t of carbon and 85–170 t of phosphorus can also
be removed by harvesting algal blooms in this region. The
nitrogen removal estimate of Kuo (2010) was 0.25–0.50 % of
the daily nitrogen loading in the Gulf of Mexico. This model-
ling suggests that harvesting algal biomass during spring
blooms could reduce hypoxia if, again, harvested prior to the
algae death phase.

Challenges and future directions

The biggest challenge for useful applications of algal blooms
is cost-effective harvesting and further concentration of the
algal biomass before they cause problems in surrounding
environments, so the biomass can be processed into value-
added products. Microalgal harvesting methods have been
extensively reviewed, and there are number of ways to harvest
algae, such as sedimentation, flocculation, flotation, centrifu-
gation, and filtration or a combination of any of these
(Milledge and Heaven 2013; Pragya et al. 2013). In general,
the optimal harvesting method should not be species-specific,
should use as few chemicals and minimal energy as possible,
and, preferably, should not release intracellular material (Chen
et al. 2011). However, there are a number of difficulties facing
the harvesting and recovery of microalgal biomass due to the
nature of microalgal cells, low concentrations of biomass, and
high costs (Pahl et al. 2013). In the case of harvesting HAB
species, biomass quantity is not an implement although the
other two factors remain problematic. In particular, HAB
species may present problems associated with the likely
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release of toxins to the environment during the harvesting
process, which could cause various impacts to ecosystems.
In some toxin-producing cyanobacteria, microcystins can be
synthesized within the cells and released to the surrounding
waters when the cells are lysed or become old and leaky
(Sangolkar et al. 2006). In this case, two steps of harvesting
process may be used. The algal biomass can be initially
concentrated by about 30-fold with a very low-cost harvesting
process; then, further centration processing can be conducted
on land afterward. The cell lysis may occur during the con-
centration process, therefore no negative impact to the eco-
system from the harvesting and concentration process
(Huesemann and Benemann 2009). Despite the fact that har-
vesting can never be the simple solution to mitigate HAB
events, a wide range of technologies have been employed to
treat water sources affected by cyanobacterial toxins, includ-
ing the use of powdered activated carbon (PAC), coagulation/
clarification, etc. However, these conventional treatments are
typically only effective when the problem of cyanobacterial
toxin is relatively minor (Ghernaout et al. 2010). It has been
suggested that the highest level of removal of unwanted
materials can be achieved by postclarification ozonation
followed by granulated activated carbon filtration (Ghernaout
et al. 2010). Other promising technologies to remove variable
cyanobacterial loading that may prove to be cost-effective
includes dissolved air floation and titanium oxide/UVoxida-
tion combined with membrane filtration (Ghernaout et al.
2010).

Recently, electronic yarns have been synthesized using
bovine serum albumin as the electrostatic glue between com-
mercial yarns and graphene oxide (GO) (Yun et al. 2013).
Electronic yarns are considered as the flexible conducting
wires for wearable electronics.Moreover, a GO/nylon-6 fabric
composed of randomly oriented nanofibers was also fabricat-
ed using an electro-spinning method (Kim et al. 2012). Since
the diameter of nanofiber can be controlled by an applied bias
voltage during electrospinning, it is possible to synthesize the
fabric with the various pore sizes. In this respect, physical
adsorption of algae may be achieved by a porosity control.
Moreover, chemisorption of algae using the GO-based fabric
is also expected because GO easily interacts with different
functional groups.

After technical feasibility, economics is the critical issue.
Even when considering the most efficient algae biomass pro-
duction methods and the current technology of biomass to oil
conversion rate (∼33 %), the price of algae derived biofuels
has been estimated to be over 20 times higher than the current
oil price (Huesemann and Benemann 2009). If harvested from
algal blooms, the production cost may be significantly re-
duced; however, the harvesting costs should be very high
because the occurrence of algal blooms may be sporadic and
its continued use may not be feasible. Therefore, future studies
should focus on cost- and technology-effective methods that

are appropriate for harvesting algal cells under specific bloom
conditions.

Conclusions

Algae have several existing and potential applications, rang-
ing from human and animal nutrition to cosmetics manufac-
ture and the production of high-value molecules such as fatty
acids, pigments, and other biometabolites. Among the 10,000
species of microalgae thought to exist, only a few thousand
strains are kept in collections, the chemical contents of a few
hundred have been investigated, and just a handful are cul-
tured in industrial quantities for various purposes (Olaizola
2003). Currently, most microalgal production occurs in out-
door culture, together with the closed-system commercializa-
tion ofHaematococcus in Japan and Israel and of Chlorella in
Germany (Spolaore et al. 2006). The most striking aspect of
algal blooms is the large quantity of biomass that is generated
naturally. The ecological, economic, and health risks of algal
blooms have been widely studied in recent decades, with
particular attention to their toxic effects on other aquatic
organisms and humans (Anderson 1997; Boesch et al. 1997;
Anderson et al. 2012). However, very few attempts have been
made to explore the beneficial aspects of these phenomena. It
seems that harvesting algal blooms is a versatile approach that
will not only provide an abundance of biomass but will also
counter eutrophication and restore the esthetic qualities of
natural water bodies. Nuisance algal blooms can thus be
utilized potentially as solar-powered natural cell factories for
the production of various metabolites with enormous econom-
ic value. However, this aspect of algal blooms is still largely
unconsidered and unexplored. Therefore, more comprehen-
sive research is required to effectively utilize algal blooms.

This work was supported by Incheon National University and Future
Marine Project of Ministry of Oceans and Fisheries.
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