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Recently research interest has focused on the production of biofuel from microalgae. Microalgae are pho-
tosynthetic microorganisms that grow utilizing solar energy, nevertheless, the quantities of fertilizers
that should be used for their production are enormous. One alternative to the use of synthetic fertilizers
is to employ wastes and wastewaters (W&WWs), especially from the agro-industrial sector which are
rich in inorganic pollutants such as nitrogen and phosphorus, which can be recovered. Simultaneously
with the cultivation of microalgae using wastes and wastewaters for biomass production, treatment of
the wastes and wastewaters occur through removal of the pollutants. Filamentous cyanobacteria appear
to be suitable candidates for cultivation in wastes and wastewaters because they produce biomass in sat-
isfactory quantity and can be harvested relatively easily due to their size and structure. In addition their
biomass composition can be manipulated by several environmental and operational factors in order to
produce biomass with concrete characteristics. Herein we review the factors that affect the biomass com-
position of cyanobacteria and present several studies that discuss the culture of filamentous cyanobacteria
in agro-industrial wastes and wastewaters, with special emphasis on Spirulina.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Microalgae, a broad category encompassing eukaryotic microal-
gae and cyanobacteria, can be cultivated to produce biomass for a
wide range of applications, including animal and human nutrition,
the health sector, cosmetics and agriculture (biofertilizers) [1–4].
In parallel, an important application for the cultivation of microal-
gae is the production of biomass for energy purposes. Microalgae
produce biomass, which can be converted into energy or an energy
carrier through a number of energy conversion processes. They in-
clude thermochemical conversion (gasification, direct combustion
and pyrolysis), biochemical conversion (anaerobic fermentation,
anaerobic digestion and photobiological hydrogen production)
and esterification of fatty acids to produce biodiesel [5–12].

Microalgae biomass contains considerable amounts of proteins
[13] and on the basis of biomass composition the quantity of nitro-
gen (N) required as fertilizer is estimated to be 8–16 tons N/ha,
which means that microalgae production involves enormous
amounts of N fertilizers. The use of such large quantities of fertil-
izer for microalgae cultivation raises questions about their envi-
ronmental impact [14,15]. Furthermore, the use of fertilizer
contributes to the cost of algal biomass production. For example
the use of fertilizer constitutes nearly half of the overall cost of Spi-
ll rights reserved.
rulina cultivation [16]. In order to reduce the use of fertilizer,
wastewaters rich in N and phosphorus (P) can be used as a cultiva-
tion medium, while at the same time microalgae can be used to re-
duce the inorganic and organic load of these wastewaters, thereby
providing a method of biological wastewater treatment [17–24].

A serious drawback to unicellular micro-algal cultivation is the
harvesting of the biomass due to the microscopic dimensions of
microalgae (0.5–30 lm) [25,26]. In essence, harvesting means that
the algal biomass is separated from the liquid cultivation medium.
As a result algal biomass is concentrated or dewatered, forming a
slurry that consists of 5–15% dry solids [7]. Harvesting of biomass
from the broth is thought to contribute 20–30% of the total cost of
biomass production [25]. Filamentous cyanobacteria, with dimen-
sions of around 200 lm can help reduce the harvesting problem
because they may be harvested relatively easily by filtration. In
addition, some filamentous cyanobacteria form aggregates and
can be harvested by sedimentation or by flotation [27–29].

Today research is focused on the cultivation of microalgae rich
in lipids in order to produce biodiesel [6,9,30]. Although cyanobac-
teria are not rich in lipids (up to 20%), they have relatively high bio-
mass productivity. Microalgae with high biomass productivity may
generate energy more efficiently by means of other types of energy
conversion besides biodiesel production technology [10,11,14,31].
In addition, the majority of the existing techniques for lipid extrac-
tion, in order to produce biodiesel, require the drying of slurry har-
vested from the algal biomass [7,14,25]. The drying of the biomass
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is an energy consuming process and must be taken into consider-
ation [32]. Therefore, using wet concentrated biomass may be a
more cost-effective way to produce biofuels. Biomass energy con-
version technologies in which wet algal biomass could be applied
include anaerobic fermentation [11], anaerobic digestion [33] and
thermochemical liquefaction [34].

Moreover, the composition of algal biomass in lipids, proteins
and carbohydrates can be affected and consequently manipulated
by various cultivation factors. Each biomass energy conversion
technique is suitable to a specific type of biomass composition.
For instance, anaerobic fermentation technology requires carbohy-
drates, which are fermented into alcohol [11]. Thus for this tech-
nology biomass with a high carbohydrate content is desirable. On
the other hand, in anaerobic digestion the substrate must have a
carbon to nitrogen ratio (C:N) suitable for the digestion process
[33]. Therefore, in respect to biomass energy conversion, the bio-
mass composition would be manipulated in order to produce the
most suitable composition for each of the energy conversion
technologies.

This paper aims to present basic knowledge for the culture of
cyanobacteria, to review the factors that affect biomass composi-
tion and to give useful references for further research into this to-
pic. This review concerning the cultivation of filamentous
cyanobacteria focuses on two areas: the production of biomass
using agro-industrial wastes and wastewaters as substrate and
on the reduction of the organic and inorganic load of these agro-
industrial wastes and wastewaters.
2. Photosynthesis and carbon metabolism

Photosynthesis is a process conducted by photoautotrophs in
which inorganic compounds and light energy are converted to or-
ganic matter. Microalgae are oxygen producing photosynthetic
organisms, which means that they use light energy to extract pro-
tons and electrons from water (H2O) to reduce CO2 in order to form
organic molecules (glucose). The organic matter is formed accord-
ing to the stoichiometric formula:

6H2Oþ 6CO2 þ light energy! C6H12O6 þ 6O2 ð1Þ

The photosynthesis process can be divided into two reaction
stages, namely the light and the dark stage. In the light reactions
stage the light energy is absorbed by pigments of the photosystem
antennae and converted into a biochemical reductant NADPH2 and
a high energy compound ATP [35]. The pigments that absorb the
light energy are chlorophylls, which absorb the red light region
(650–700 nm), carotenoids, which absorb the blue light region
(400–500 nm), and phycobilins, which absorb the orange-red light
region (600–650 nm). The latter are pigments which are present
only in the cyanobacteria and the red-algae [35,36].

In the dark reactions stage the products of the light reactions
are subsequently consumed by the reduction of CO2 to carbohy-
drates [35]. In microalgae, as well as in higher plants, the light
and dark reactions can operate independently. When the microal-
gae are subjected to illumination, the light reactions are automat-
ically activated and are deactivated if the quality and quantity of
light decreases below the threshold for photopigment stimulation
or if organic substrates are present in adequate concentration.
These organic substrates can be utilized as a carbon source and/
or as an energy source to generate ATP [37].

In general microalgae are photoautotrophic organisms [38], but
some microalgae species grow utilizing organic compounds as en-
ergy or/and carbon sources [39–42]. Since microalgae have this
ability, their carbon metabolism can be divided into four types
(1) photoautotrophy, (2) heterotrophy, (3) photoheterotrophy
and (4) mixotrophy. In photoautotrophy the sole energy source
for biomass production is light energy and the sole carbon source
is inorganic compounds. In contrast, in heterotrophy, the cells uti-
lize organic compounds as energy and carbon sources. In photohet-
erotrophy the energy source is light, which is required so that
microalgae can utilize the organic compounds as a carbon source.
Finally in mixotrophy the main energy source is light, although
both organic compounds and CO2 are essential [43]. Photoautotro-
phic, photeheterotrophic and mixotrophic growth are influenced
by light intensity and by carbon source concentration, while het-
erotrophic growth is influenced only by the organic substance con-
centration [43–46]. Mixotrophy has several advantages over the
other types of metabolism mentioned above. In mixotrophic cul-
tures photoinhibition is reduced, growth rates are improved and
biomass night losses due to respiration are less [45,47–51]. It is
supposed that in mixotrophic cultures the specific growth rate is
approximately the sum of the autotrophic and heterotrophic spe-
cific growth rate [47,52] but Chojnacka and Noworyta [48] suggest
that the mixotrophic specific growth rate is not the simple combi-
nation of the autotrophic and heterotrophic specific growth rate
and Vonshak et al. [53] suggest that the two metabolic processes
affect each other.
3. Cyanobacteria genera

Cyanobacteria (or cyanophyceae) are non-motile, planktonic,
occasionally forming blooms and belong to the kingdom of
eubacteria and to the division of cyanophyta. They are also gram-
negative and are common in some extreme environments. Cyano-
bacteria are a large and morphologically diverse group [3,54,55],
which can thrive in all kinds of waters with some species thriving
in freshwater while others thrive in brackish water or the marine
environment. The habitats and the ecological requirements of cya-
nobacteria are diverse and depend on the genera and even on the
strain. For example, Spirulina platensis shows growth at pH 9.0–
10.0 and grows well at 11.5 but not at 7.0, while Anabaena sp. dis-
plays optimal growth at pH 7.4–8.4 and its productivity decreases
significantly at pH values higher than 9 [56]. Vonshak and Tomas-
elli [57] have isolated several Spirulina strains, a number of which
have a range of optimum temperatures between 24–28 �C and
other up to 40–42 �C.

Therefore, an important factor in the production of algal bio-
mass is the selection of the strain that is best suited to the environ-
mental and cultivation conditions. For instance, Sheshardi and
Thomas [58] found that the cultivation of a locally isolated species
of Spirulina in Zarrouk medium supplemented with biogas effluent
demonstrated higher productivity (12.39 g/m2 d) compared to S.
platensis (10.88 g/m2 d).

Some of the filamentous cyanobacteria genera are: Anabaena,
Anabaenopsis, Aphanizomenon, Nadularia, Oscilatoria, Spirulina, Pho-
rmidium, Nostoc, Nostochpsis, and Scytonema. In Table 1 the biomass
concentration, the productivity and the biomass composition of se-
lected cyanobacteria are listed. From the above genera, Spirulina sp.
is by far the most researched cyanobacterium due to its impor-
tance for food and the production of several metabolites. Thus, this
review will be based mainly on the knowledge that we have
regarding this particular species.
4. Cultivation factors

In order for a culture to be successful, various environmental
and operational factors, which affect the biology and habitats of
the organisms, must be taken into account. These factors also affect
cyanobacterial biomass productivity as well as biomass composi-
tion. The most important factors are: nutrients, pH and alkalinity,



Table 1
Biomass concentration, productivity and biomass composition of selected cyanobacteria.

Species Biomass concentration Productivity Protein (%) Lipid (%) Carbohydrates (%) References

Anabaena cylindrica 43–56 4–7 25–30 [59]
Anabaena cylindrica 10.7–12.3 [60]
Anabaena sp. 9–35 g/m2 d [61]
Anabaena variabilis 6–13 g/m2 d 51.9 22.7 9.2 [56]
Nostoc sp. 0.2–0.3 g/L 30.66–32.85 [62]
Oscillatoria rubescens 0.05–0.327 g/L 28–53.8 11.3–12.8 [63]
Oscillatoria sp. 49.3–79.4 [64]
Oscillatoria sp. 0.26 g/L 19.32 [62]
Phormidium angustissimum 28.48 [62]
Spirulina maxima 0.21–0.25 g/L d 60–71 6–7 13–16 [7,59]
Spirulina platensis 46–63 4–9 8–14 [62]
Spirulina platensis 0.06–0.42 g/L d [65]
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light and cultural cell density, temperature, and contamination by
other microorganisms.
4.1. Nutrients

4.1.1. Carbon
Carbon is an essential nutrient for cyanobacteria cultivation and

can be taken up from inorganic and organic forms. Inorganic car-
bon is utilized through the CO2 concentrating mechanism, an ac-
tive function that enables the cyanobacteria to acquire and
concentrate inorganic carbon from the extracellular environment.
Cyanobacteria have the ability to utilize both CO2 and HCO�3 as
an inorganic carbon source. As intercellular carbon is in the form
of HCO�3 , it is converted to CO2 by the enzyme carbonic anhydrase
(CA) according to the reaction [66–69]:

CO2 þH2O$ HCO�3 þHþ ð2Þ

The CO2 dissolved in water generates a weak acid/base buffer
system, namely the bicarbonate–carbonate buffer system. The
bicarbonate–carbonate buffer system is the most important buffer
system generally present in natural waters and anaerobically di-
gested wastes and forms with the phosphate, ammonium and var-
ious organic acids buffer subsystems a mixed weak acid/base
system [70–73]. The formation of an inorganic carbon species is
Fig. 1. Formation of inorganic carbon species as a fu
a function of pH and temperature. As is shown in Fig. 1, in pH val-
ues up to about 10.5, bicarbonate species dominate, while in higher
pH values carbonate CO2�

3

� �
species dominate. Under high pH val-

ues the cyanobacteria calcify, promoting calcium carbonate
(CaCO3) precipitation. This calcification process:

Ca2þ þHCO�3 ! CaCO3 þHþ ð3Þ

generates minerals and protons. The protons are used in photosyn-
thesis for carbon and nutrient assimilation [74]. In general, calcifi-
cation stimulates photosynthesis [74–76]. However, biomass
productivity of Spirulina decreases in environments with pH values
higher than 9, even though Spirulina thrives in media with pH val-
ues that range from 8 to 11.5 [77,78].

The bicarbonate–carbonate buffer system provides carbon for
photosynthesis through the following reactions:

2HCO�3 $ CO2�
3 þH2Oþ CO2 ð4Þ

HCO�3 $ CO2 þ OH� ð5Þ

CO2�
3 þH2O$ CO2 þ 2OH ð6Þ

Although the dissolution of CO2 in water results in acidification
due to the forming of carbonic acid, the photosynthetic process of
CO2 fixation causes a gradual rise in pH due to accumulation of
nction of pH (H2CO�3, refers to CO2(aq) + H2CO3).
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OH� [79,80]. Moreover, the tendency of pH to rise is related to pho-
tosynthetic activity, which means that pH becomes higher where
photosynthetic activity is higher [45]. Rising pH can be regulated
by the addition of mineral acids, such as HCl [81] or organic acids.
The latter is advantageous in cultures based on mixotrophic
metabolism, because organic acids can function as a carbon source
[79].

Cyanobacteria and chlorophyceae can grow with up to 18% dis-
solved CO2 in the cultivation medium, but cyanobacteria utilize
CO2 at a higher rate than chlorophyceae [80,82,83]. CO2 fixation
efficiency can amount up to 38% in Spirulina sp. cultures [77,80]
and in Anabaena sp. ATCC 33047 CO2 fixation rates achieve 1.45 g
CO2/L d [84].

CO2 as a nutrient represents one of the most costly components
in the cultivation of microalgae [85]. Therefore a system that cou-
ples a waste CO2 source with the cultivation of CO2 fixing organ-
isms, like cyanobacteria, can not only reduce cultivation costs
but also mitigate or remove CO2, an environmental pollutant.
Waste CO2 can be provided by the flue gases from power plants
[86] or as sodium bicarbonate (NaHCO3) following the recovery
of CO2 by means of NaOH from combustion flue gasses [87]. In
the agro-industrial sector, CO2 can be provided by using biogas
from the anaerobic digestion of agro-industrial waste [88], which
contains 30–45% CO2 [89] or by using CO2 emissions from the aer-
obic composting of animal manure [16]. In the case of biogas from
anaerobic digestion, there are two aims: on the one hand to pro-
vide the algal culture with carbon and on the other hand to purify
the biogas by removing CO2 from it. At the experimental level the
CO2 concentration in biogas after its removal by algal culture ran-
ged from a negligible percentage up to 11.5% [88,90]. There would
appear to be a linear relationship between the rate of algal growth
and the removal of CO2 from the biogas. Carbon utilization effi-
ciency of biogas CO2 for biomass production can reach 95% [90].

Bicarbonate alkalinity and carbon can be provided by the addi-
tion of sodium bicarbonate to the cultivation medium. In synthetic
cultivation media for the cultivation of Spirulina sp. the most fre-
quently used medium is Zarrouk medium, which provides carbon
as sodium bicarbonate in the amount of 16.8 g/L [64]. In the earlier
studies sodium bicarbonate was added to media containing anaer-
obically digested wastes in amounts in the range of 9–17 g/L, but
2–4 g/L is now considered as sufficient [91–93]. Lincoln et al.
[94] suggest that supplementation of sodium bicarbonate does
need not to exceed 0.5% of the culture medium to be adequate
for Spirulina growth in effluents of anaerobically digested pig and
cattle manure.

As mentioned above, a source of carbon for cyanobacteria
growth can be organic substances, such as sugars, fatty acids and
amino acids. However, the ability to grow heterotrophically or
mixotrophically on one or other of the organic substrates is species
dependent [40,41,95–99]. It has been found that S. platensis can be
cultivated in high strength organic artificial wastewater, which
contains acetate up to 10 g/L [100]. In Table 2 some species culti-
vated in organic substrates are listed.

4.1.2. Nitrogen
Nitrogen is also an important nutrient for the production of

microalgal biomass. The nitrogen content of the biomass can range
from 1% to more than 10% and is dependant upon the amount, the
availability and the type of the nitrogen source [56,79,105]. Nitro-
gen can be utilized as NO�3 , NO�2 or NHþ4 and also as N2. Some cya-
nobacteria, such as Oscilatoria, Anabaena and Spirulina, are
diazotrophic, which means that they are capable of utilizing ele-
mental nitrogen as their sole nitrogen source by the reduction of
N2 to NHþ4 [106]. This process is catalysed by the enzyme nitroge-
nase [107]. The order in which cyanobacteria prefer to utilize nitro-
gen is NHþ4 > NO�3 > N2. When NHþ4 is available, cyanobacteria do
not utilize other nitrogen sources until all the ammonia is utilized
[108]. In cyanobacteria the most important route for ammonium
utilization is through the glutamine synthetase enzyme system.
When only nitrate is available it is reduced intracellularly by ni-
trate reductase to nitrite and nitrite is reduced by nitrite reductase
to ammonium [91,109,110]. The uptake of nitrate is light energy
dependent, and since the reduction of nitrite consumes energy,
cyanobacteria prefer to utilize already reduced nitrogen such as
ammonium [111]. Hence, nitrate consumption in wastewater is re-
duced due to the high turbidity of the wastewater [112]. However,
nitrate seems to be important for the cultivation of cyanobacteria
[27]. High concentrations of ammonium will inhibit uptake of ni-
trate because ammonium represses the synthesis of nitrate reduc-
tase, while high nitrate concentration inhibits ammonia uptake
[54,108,113]. When ammonia is used as the sole nitrogen source,
the pH will drop due to the release of H+ ions [79].

The form in which nitrogen is present in a solution is pH and
temperature dependent. According to Fig. 2, in pH values higher
than 9.25 free ammonia begins to dominate over ammonium. Also,
high temperatures favour the formation of free ammonia. Free
ammonia is generally toxic to photosynthetic organisms [114],
but the toxicity appears to be reduced in alkalophilic species such
as S. platensis [110,115]. In the presence of 5 and 10 mM of NH4Cl,
the photosynthetic activity of S. platensis retained 70% and 50% of
its maximal photosynthetic capacity respectively [116]. However,
the growth of S. platensis is nearly completely inhibited in waste-
water, which contains 200 mg/L ammonia [100,117]. In other cya-
nobacteria such as Anabaena sp., the ammonia inhibition occurs in
lower concentrations. The growth of Anabaena sp. is completely
inhibited in 10 mM of NH4Cl, while the photosynthetic activity of
Anabaena sp. in 5 mM of NH4Cl is 10% of its photosynthetic activity
capacity [110]. The ammonia toxicity level for Phormidium bohneri
is reported to be around 3.2 mM N—NHþ4 =L [28].

The composition of cyanobacterial biomass composition is af-
fected by nitrogen nutrition. Crude protein biomass content ap-
pears to be related to the nitrogen available in the medium [118]
and the variation of the nitrogen content of the cultivation media
shows that the proteins contained in the cyanobacterial biomass
increase to some extent with the increasing of the nitrogen content
[63,119,120]. Thus, W&WW rich in nitrogen may be considered a
suitable cultivation medium for protein production. For example,
Spirulina maxima grown on fermented cattle and poultry manure,
which is rich in nitrogen, had 60.1% and 71.8% protein content
respectively [121].

The effect of variation in nitrogen concentration on biomass li-
pid content is not clear; according to Piorreck et al. [63], cyanobac-
teria do not significantly change their lipid composition, while
Walach et al. [122] observed that under nitrate limitation the lipid
content increased and Sassano et al. [120] observed that under ni-
trate limitation the lipid content decreased. However, according to
Colla et al. [123], at 30 �C the protein and lipid content is not sig-
nificantly affected by variation in nitrogen concentration, while
at 35 �C an increase in proteins and lipids occurs.

In most of the research work studied Spirulina sp. is cultivated
in Zarrouk medium, in which nitrogen is available as sodium ni-
trate (NaNO3). Various researchers have tried to use different types
of nitrogen sources such as ammonium chloride [105,111,124],
ammonium sulphate [105,125] acid ammonium phosphate [105]
and urea, the latter in order to reduce the costs of nitrogen as nutri-
ent [111,126,127]. However, sodium nitrate is the most suitable
nutrient for Spirulina cultivation [105].

4.1.3. Phosphorus
Phosphorous is also an essential macro-nutrient for microalgae

growth. Although cyanobacterial biomass do not need large
amounts of phosphorus, as it contains less than 1% of it, phosphorus



Table 2
Selected cyanobacteria cultivated in organic substrates.

Species Organic carbon source Cultivation type Production Cell concentration References

Spirulina platensis Glucose Mixotrophic 2.66 g/L [44]
Spirulina platensis Glucose Mixotrophic 2.521 g/L [52]
Spirulina platensis Glucose Heterotrophic 0.827 g/L [52]
Spirulina platensis Glucose Mixotrophic 84 mg/L d [101]
Spirulina platensis Acetate Mixotrophic 76 mg/L d [101]
Spirulina platensis Propionate Mixotrophic 60 mg/L d [101]
Spirulina platensis Acetate Mixotrophic 1.81 g/L [44]
Anabaena variabilis Fructose Mixotrophic 2.1 g/L [102]
Anabaena variabilis Glucose, Ribose, Maltose Mixotrophic 0.22 g/L [102]
Anabaena variabilis Sucrose Mixotrophic 0.26 g/L [102]
Anabaena variabilis Fructose Heterotrophic 10 g/L [103]
Nostoc sp. strain Mac Glucose Heterotrophic 0.37 g/L [104]
Nostoc sp. strain Mac Fructose Heterotrophic 0.41 g/L [104]
Phormidium sp. Sucrose Heterotrophic 1.18 g/L [97]

Fig. 2. Formation of ammonia/ammonium species as a function of pH.
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is an important growth limiting factor, especially in natural environ-
ments where phosphorus is limited [79,128]. Low phosphorus con-
centration is related to low cell densities [129]. However,
cyanobacteria are able to store excess P as polyphosphate reserves,
which can be sufficient for prolonged culture in phosphorus defi-
cient media [79,109]. Phosphorus deficient cells take up phosphates
at higher rates than phosphorus sufficient cells do [130]. The form of
phosphorus, which is utilized by microalgae, is the orthophosphate

PO3�
4

� �
form. Fig. 3 shows the formation of phosphate species as a

function of pH. In aquatic systems phosphorus occurs in pentavalent
form as a mixture of dissolved and particulate types and the avail-
able organic phosphorus is hydrolyzed to PO3�

4 by extracellular en-
zymes [131].

The utilization of phosphate is energy dependent and its uptake
rate is slower in dark than in light environments [132–134]. More-
over, the uptake of phosphate is influenced 1 by pH; uptake rates
decrease in acid and relatively alkaline environments [133]. Addi-
tionally, the presence of ions also influences the uptake of phos-
phate; namely, lack of ions such as K+, Na+ and Mg2+ decreases
the phosphate uptake rate [129,131–133].

The variation of phosphorus concentration in the culture med-
ium influences biomass composition, but there is lack of research
regarding this topic. Nevertheless, the decrease of phosphorus con-
centration in cultures of Anabaena variabilis causes an increase in
carbohydrate and a decrease in protein content [79,135].

4.2. Other macro- and micro-nutrients

Besides the essential nutrients mentioned above cyanobacteria
also require for their growth a number of other macro-nutrients in
considerable amounts, including sulphur (S) [88], calcium (Ca)
[136], magnesium (Mg) [137] and potassium (K) [138]. Micronutri-
ents required include molybdenum (Mo) [139], iron (Fe) [133],
nickel (Ni) [140], copper (Cu) [141], zinc (Zn) [142], cobalt (Co)
[142], boron (B) [143], manganese (Mn) [144] and chloride (Cl)
[145]. In Table 3 some of the macro- and micro-nutrients con-
tained in selected agro-industrial W&WW are listed.

4.3. Temperature

Temperature is an important physical factor, which strongly
influences the oxygen evolving activity of the photosystem II (PSII),
has a number of effects on the cyanobacterial membranes and
influences nutrient availability and its uptake [150–152]. There is



Fig. 3. Formation of phosphate species as a function of pH.

Table 3
Several macro- and micro-nutrients contained in selected agro-industrial W&WW.

W&WW K Na Ca Mg Mn Ni Cu Co Fe Zn References

Digested
swine
manure

366 mg/L 111 mg/L 174 mg/L 225 mg/L 1.15 mg/L 0.02 mg/L 0.09 mg/L 38 mg/L 0.08 mg/L [121]

Swine slurry 3–7.5 mg/L 0.6–1.5 mg/L 309
(mg/kg TS)

[146]

Poultry
manure

12.5–32.5
mg/g manure

2–7.4 mg/g
manure

36.2–59.6
mg/g manure

1.8–6.6 mg/g
manure

259–378 lg/g
manure

38–68 lg/g
manure

8–560 lg/g
manure

[147]

Digested
poultry
manure

592 mg/L 214 mg/L 42 mg/L 54 mg/L 0.1 mg/L 0.04 mg/L 0.12 mg/L 2.5 mg/L 0.1 mg/L [115]

Digested
cattle
manure

116 mg/L 38 mg/L 171 mg/L 60 mg/L 0.12 mg/L 0.04 mg/L 0.02 mg/L 9.1 mg/L 0.44 mg/L [115]

Dairy
wastewater

8.6–155.5
mg/L

263–1265
mg/L

1.4–58.5 mg/L 6.5–46.3 mg/L <1–835 lg/L 12–71
lg/L

<1–30 lg/L <1–7 lg/L 39–4329 lg/L [148]

Olive-oil mill
wastewater

11–42 mg/L 2–64 mg/L 44–220 mg/L 1.1–6 mg/L 1.5–6 mg/L 18.3–120 mg/L [149]
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a connection between temperature, light and photoinhibition. At
low temperatures cyanobacteria are photoinhibited by high light
intensities and thus temperature can be considered as the most
important limiting factor in outdoor cultivation during the winter.
However, photoinhibition can be considerably reduced by an in-
crease in temperature [152–154].

Optimum temperature for biomass production is genera and
strain dependent [152,155]. For instance, optimal temperature
for A. variabilis is 35 �C [56], while for Spirulina sp. it is in the range
of 30–38 �C [57,78,156]. Nevertheless, even among the genera of
Table 4
Minimum and maximum temperature and growth rate of some cyanobacteria.

Species Tmin (�C) Topt (�C)

Anabaena variabilis – 35
Anabaena variabilis <10 35
Oscillatoria <15 27
Spirulina maxima 15 30–35
Spirulina platensis 15 25–30
Spirulina sp. some strains are more thermophilic than others
[151]. In Table 4 the minimum and maximum temperature and
the growth rate of some cyanobacteria are listed.

Temperature is a factor that also affects cyanobacterial biomass
composition. Nevertheless contradictory results are reported in the
literature. Some report that protein content decreases with an in-
crease in temperature [157] while at the same time carbohydrate
content increases [158] however others report exactly the opposite
[51]. Ogbonda et al. [78] and Abu et al. [159] report a variation in
biomass composition as the temperature rises. According to the
Growth rate lmax (1/d) References

– [53]
1.1 [161]
– [155]
0.26–0.45 [152]
0.46–0.58 [152]
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same authors, the highest crude protein content in Spirulina sp.
was achieved at 30 �C combined with a pH value of 9.0. The lipid
content is also affected by temperature. It seems that it is favoured
by an increase in temperature [78,123,158,160].

4.4. Light and cell density

As mentioned above, light is the primary energy source for cya-
nobacteria growth, enabling it to carry out all the necessary meta-
bolic processes. Photosynthesis is strongly dependent on the
quality and the quantity of light. The first is expressed as the wave-
length of light and the latter as photon-flux-density (PFD) [36,162].
Cyanobacteria absorb light mainly in the 400–500 nm and 600–
700 nm light wavelength range.

Cyanobacterial growth rates are enhanced by increasing light
density up to the point of light saturation, at which point photosyn-
thetic activity reaches its maximum [159,163]. At high light densi-
ties, the photosynthetic capacity decreases and cyanobacterial
growth is inhibited. This phenomenon is called photoinhibition
and occurs at light oversaturation, a situation in which the photosys-
tem II (PSII) is negatively affected [154,164]. However, cyanobacte-
ria are able to repair the damage caused from photoinhibition. Thus,
photoinhibition is the balance between damage and its repair
[165,166]. Photoinhibition depends mainly on light [164], tempera-
ture [148], strain [155,167] and cultivation type (indoor or outdoor)
[167,168].

In contrast, at high cell densities, cell mutual shading takes
place and light intensity decreases due to the increase in turbidity
of the culture, causing a reduction in the photosynthetic activity
[56,162]. The light intensity decreases exponentially according to
the following equation:

IL ¼ Io � eð�cLÞ ð7Þ

where IL is the light intensity at depth L, Io is the initial light inten-
sity and c is the turbidity [156]. Especially in cultivation in waste-
waters, which contain particulate matter and have higher
turbidity, a further reduction in light intensity may occur [169].
Thus, the light/dark cycle, namely the speed of a cell moving from
illuminated to darkened layers and vice versa, also appears to be
an important factor affecting the photosynthetic efficiency in cul-
tures with high cell density [170]. Therefore, mixotrophic cultures
may be more advantageous because they are less sensitive to light
oversaturation, require less light for growth and have higher meta-
bolic activity [53]. Optimal light intensity for S. platensis is reported
to be 72 lmol photon/m2 s [124].

Biomass composition is affected by light intensity. In general, to-
tal lipid, fatty acids and protein content decreases as light intensity
increases [160,163,171]. Spirulina sp. cultivated in seawater supple-
mented with anaerobically digested pig waste produced more lipids
at low light intensities, while the protein content was nearly the
same [93]. However, Tedesco and Duerr [160] report that, although
the total lipids content decreased from 170 to 860 lmol photon/
m2 s, at the higher light density of 1400 lmol photon/m2 s1 the total
lipids content was higher than that of 860 lmol photon/m2 s, and
that light intensity variation had little effect on the fatty acid
content.

4.5. Contamination and competition

Outdoor cultures of microalgae suffer from contamination by
other microorganisms such as bacteria, fungi, yeasts and other
microalgae genera, the metabolites or growth rates of which may
inhibit the growth of the cultivated microalgae [121,169]. Autoch-
thonous microalgae survived better than S. platensis and even out-
competed it in cultures with a high percentage of waste in the
growth medium [172]. With regard to wastewater treatment the
purpose is not to produce well controlled biomass with a definite
composition from a specific microalga but to remove pollutants
efficiently from the wastewater [172,173] but from the energy pro-
duction viewpoint, biomass with specific characteristics may be
desirable. However, contamination can be eliminated or alleviated
by chosen strains from extreme habitats, like Spirulina, which is
strongly competitive in environments with high pH and relatively
high ammonia concentrations [115,174]. It is known that in gen-
eral cyanobacteria are competitive in environments with high pH
(8.5–10) [168]. Another way to prevent contamination is to keep
the culture under optimal conditions for the selected species
[27], to cultivate diazotrophic species in nitrogen-free media, as
these species can utilize elemental nitrogen in the air [61], or to
immobilize the cyanobacterial filaments in various immobilization
media, such as chitosan, alginate and agarose. [21–23,28]. De la
Noüe and Bassères [28] found that the contamination of the cyano-
bacterium P. bohneri by other algal species occurred when the inoc-
ulum, which served as the cultivation starter, was too small. In
addition, no supplementation with sodium bicarbonate in the cul-
ture of Spirulina caused chlorophytes to dominate [94].
5. Agro-industrial wastes and wastewaters

The agro-industrial sector generates considerable amounts of
W&WW, most of which are rich in organic or/and inorganic pollu-
tants. The intensification of agro-industrial production and the dis-
posal to land of the W&WW generated have raised a number of
environmental issues, including eutrophication, surface and
ground water pollution, odour pollution, gas emissions etc. High
concentrations of livestock in small areas generate enormous
quantities of waste, which are insufficient for land disposal and
land application because of soil saturation [175–179]. The major
source of organic waste is animal manure, but there are consider-
able amounts of organic waste originating from the food industry,
such as dairy, olive-oil mill, and winery. There are various biolog-
ical, physicochemical, and mechanical methods to treat all these
W&WWs [178–182], but the most common methods of treatment
used today are aerobic and anaerobic digestion. However, these
techniques achieve only secondary treatment, which means that
they remove at most the organic pollutants and have almost min-
imal effect on the management of inorganic pollutants [183]. Inor-
ganic pollutant removal requires very expensive physico-chemical
methods [106], especially the removal of phosphorus, which is the
most difficult pollutant to remove [23]. Mixotrophic cyanobacteria
can be used for the removal of organic pollutants and in general
microalgae can be employed as an alternative secondary or post-
secondary treatment process at a lower cost [106,184]. As none
of the cyanobacteria species can utilize all of the pollutants con-
tained in W&WW at the same removal rate, higher total treatment
efficiency can be achieved by polyculture, namely the use of a mix-
ture of various species of microalgae or even the combination of
microalgae and bacteria. Each of the microalgae species in the
polyculture remove a specific amount of certain species of the pol-
lutants and as a result the overall removal of pollutants may be
higher. The effect of the synergism between the bacteria and the
microalgae is that the latter produce oxygen, which is utilized by
the bacteria, which decompose the various organic substances to
CO2, ammonia and phosphate, which in turn are essential for mic-
roalgae growth [100,172,185,186]. This oxidation of the organic
pollutants may also be related to the oxidizing of odorous com-
pounds and their deodorization [94].

However, removal of ammonia can occur as a result of the strip-
ping and removal of phosphorus by precipitation and sinking. The
latter method in particular is enhanced by photosynthesis, which
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increases the pH values [187,188]. Ammonia stripping to the atmo-
sphere may be the most important mechanism for nitrogen re-
moval [189], which can reach up to 70% [91]. It is worth
mentioning that livestock is responsible for 64% of anthropogenic
ammonia emissions [178]. Thus, for an agro-industrial W&WW
treatment method to be effective it is required to have the least
possible ammonia emissions.

Some animal wastewaters, such as from pig and poultry, con-
tain high concentrations of ammonia and although cyanobacteria
can grow in a wide range of salinity, wastewaters must first be di-
luted before they can be used as cultivation media, especially for
pH values exceeding 8.0, because the free form of ammonia is toxic
for cyanobacteria growth [28,118]. However, one of the major
advantages of cyanobacteria cultivation in digested animal waste
is that the macro- and micro-nutrients (Table 3 and Table 5)
required are provided by this kind of raw material [24].

A serious drawback to using W&WW for the cultivation med-
ium is the wide variation in composition among the various types
of W&WW and even in the same type, which depend on physiolog-
ical and management variables (Table 5). This makes it difficult to
manipulate the cyanobacteria biomass content without monitor-
ing the W&WW composition and adding various substances to reg-
ulate the synthesis of the media and to adjust them according the
needs of the species under cultivation. A further serious drawback
is the seasonal nature and the seasonal variation in the amount of
W&WW generated.

In what follows, we briefly describe research dealing with the
cultivation of cyanobacteria using various W&WW as cultivation
medium or as element of cultivation medium.

5.1. Swine W&WW

Pig waste consists mainly of faeces, urine and wash water,
which forms a slurry material that contains high amounts of organ-
ic and inorganic pollutants. Pig waste together with cattle waste
are the most studied among the agro-industrial W&WWs as a cul-
tivation medium for cyanobacteria growth.

Chung et al. [192] cultivated S. platensis in effluent from anaer-
obically digested pig waste. The dilution used was in the range of
0.88–7.05%. They found that Spirulina growth increased with the
increasing of NaHCO3 up to 16.8 g/L and of NaNO3 up to just 1 g/
L. Even when NaHCO3 was reduced to 1.7 g/L Spirulina growth in
wastewater was better than in the synthetic medium, suggesting
that the organic substances contained in wastewater are a good
source of carbon. The yield of S. platensis biomass was 5 g/m2 d
and the efficiency of nitrogen recovery was 76%.

Pouliot et al. [27] investigated the effect of the type of agitation
(stirring or aeration) on a culture of Phormidium sp. in a medium
enriched with settled pig manure. They found that the best agita-
tion mode was bubbling (aeration) on a 14–24 h basis. Stirring
was not a suitable system for agitating filamentous cyanobacteria
due to the low aeration of the culture, the breakage of algal cells
and the accumulation of nitrate due to nitrification, which is an
indicator of poor health in algal cultivation. Ammonia and phos-
phate removal was 95% and 62% respectively and the growth rate
was 0.34 1/d.

De la Noüe and Basséres [28] used anaerobically digested man-
ure at concentrations of 0.6–3% in the medium and cultivated P.
bohneri at two different temperature regimes (19 and 20 �C). The
cyanobacterium responded strongly to increasing temperature,
with a 2.3-fold increase in biomass productivity from 10 to 20 �C.
A higher COD reduction of about 80% was found at 20 �C and 2%
manure concentration. Ammonium, nitrogen and phosphate were
completely removed after 12 days at 0.6% manure concentration
and 20 �C. At manure concentration of 0% and 2% respectively Pho-
rmidium bonheri was able to remove just half the amount of
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N—NHþ4 and P—PO3þ
4 . However, in another study [174] Phormidium

sp. was capable to grow in 10–50% diluted effluent of anaerobically
digested pig waste. Ammonium, total phosphorus, P—PO3�

4 and
N—NO�3 removals were 48%, 68%, 100% and 87% respectively. The
best removal efficiency was obtained at 25% dilution. The COD of
the pig waste was reduced 91%, mainly due to the synergism be-
tween the microalgae and oxidative bacteria present in these
cultures.

Chaiklahan et al. [91] calculated that the use of 20% diluted
anaerobically digested pig waste supplemented with 4.5 g/L NaH-
CO3 and 0.2 g/L urea was 4.4 times cheaper than the modified Zar-
rouk’s medium. They also found that the average productivities
were 19.9 and 12 g/m2 d for laboratory and pilot scale conditions
respectively. Nitrogen and phosphorus removal rates were
34 mg/L d and 4 mg/L d respectively.

Supernatant of aerated swine wastewater was used by Caňi-
zares and Domínguez [18] as medium for the cultivation of S. max-
ima. Spirulina grew very well at any dilution tried. Even without
dilution Spirulina grew well indicating its toleration to the concen-
tration of inorganic pollutants contained in this waste. However,
the maximal biomass concentration and maximal removal of
N—NHþ4 (75%) and of total phosphorus (53%) was obtained with a
dilution of 50%. In another study of Canizares et al. [193] S. maxima
was immobilized in K-carrageenan and was cultivated in the same
medium as in the study mentioned above. The immobilization en-
hanced the removal of N—NHþ4 and the total phosphorus. In 50%
dilution the removal was 80% and 90% for N—NHþ4 and total phos-
phorus respectively. Nevertheless, maximum removal was ob-
tained by 25% dilution and was 90% for both ammonium
nitrogen and total phosphorus. Biomass composition of S. maxima
and Phormidium sp. was found by Cañizares-Villanueva et al. [112]
to be varied in relation to the growth medium. In a medium with
50% diluted aerated pig wastewater the protein content was 36%,
for lipids 6% and for carbohydrates 44% in S. maxima biomass,
whereas in Phormidium sp. the protein content was 53.4%, for lipids
9.4% and for carbohydrates 27.5% [111].

Olguín et al. [24,189,194] have used in their studies seawater
supplemented with effluent from anaerobically digested pig waste.
They suggest that a supplementation of 2% offers the optimal con-
centration for the cultivation of S. maxima in high rate oxidation
ponds. Total nitrogen removal was 76–96%, NH3–N was almost
completely removed (up to 100%) and phosphate removal was
99%. Volatile solids were reduced by 28% and COD was reduced
by 25.2–52.2%. The productivity in outdoor conditions ranged be-
tween 3.6–15.1 g/m2 d and varied with temperature, light inten-
sity, pond depth and season. Protein content of biomass
amounted to 17–71% [24,189,194] and it was found that enrich-
ment of lipids or of polysaccharides was dependent on the specific
light flux under nitrogen-deficiency accumulation [93].

5.2. Cattle W&WW

Worldwide there are around 1.3 billion head of cattle [195].
Cattle manure contributes to methane emissions as much as pig
manure does (8 Mt of gas for the year 2004) [196]. Cattle manure
possesses a considerable amount of nitrogen and has a high organ-
ic pollutant content.

Ayala and Vargas [118] cultivated S. maxima in a medium sup-
plemented by effluent of anaerobically digested cow manure.
Growth rates of 45.3 mg/L d were obtained.

Mitchell and Richmond [197] cultivated Spirulina in Zarouk
medium enriched with cattle waste leachate. The highest cell den-
sity was obtained in the medium that contained 16.3% waste leach-
ate and 83.7% Zarouk medium. However, the authors judged that a
medium that contained 33.3% of waste leachate and 66.7% Zarouk
medium had the greatest practical benefit. Higher output rates
were obtained by the addition of NaHCO3, nitrate and phosphate.
The addition of 2 g/L NaHCO3 gave three times higher output rate
than that obtained without NaHCO3 and the addition of nitrate
and phosphate gave around 100% and 50% higher output rates
respectively. In outdoor experiments, in which the only nutrients
added to the leachate were NaNO3 and NaHCO3, the highest rate
of production amounted to 14 g/m2 d.

In a study by Lincoln et al. [94], Spirulina was cultivated in a
medium with diluted (1:1) anaerobically digested cattle manure.
Growth was rapid and no inhibition occurred in the presence of
N–NH3 at a concentration of less than 75 mg N–NH3/L, but growth
was inhibited at concentrations above 100 mg N–NH3/L. However,
N–NH3 removal was 24 mg/L d and biomass productivity was
70 mg/L d for laboratory experiments and 24 mg/L d for outdoor
cultivations.

Oron et al. [198] used raw cow manure to cultivate S. maxima
under field conditions. They report a yield of Spirulina biomass of
3158 mg/L.

5.3. Poultry W&WW

The most significant wastes from poultry are litter, manure and
slaughterhouse waste [147,199]. Poultry manure contains high
amounts of total nitrogen (average 46 g/kg manure) and high
amounts of ammonia nitrogen (average 14.4 g/kg manure) [141]
and thus it must be diluted in order to be used as a cultivation
medium for cyanobacteria. Data regarding the use of poultry man-
ure for cyanobacteria cultivation is scarce. The only study located
dealing with this topic is the one by Mahadevaswamy and Venka-
taraman [200]. These researchers diluted effluent from anaerobi-
cally digested poultry droppings and then cultivated S. platensis
in the effluent. They found that the effluent with 2% dilution was
the most suitable. The cell density of the culture on the effluent
amounted to about 100 mg/L in 19 days, which was about 20%
lower than the cell density achieved in the synthetic cultivation
medium.

5.4. Dairy W&WW

Dairy industry generates high strength wastewaters character-
ized by high BOD and COD concentrations [190,201]. Dairy waste-
waters contain ammonia, minerals and phosphates along with high
levels of dissolved or suspended solids, such as lactose, fats and
proteins, originating from the milk [202–204]. However, dairy
industry produces various products such as milk, butter, and
cheese, and the generated W&WWs vary widely [191]. Process-
water used for cleaning the production apparatus also generates
high amounts of wastewaters [148]. The dairy W&WW that con-
tains the highest value of organic pollutants is cheese-whey, which
usually contains 30–50 g/L BOD and 60–100 g/L COD [205].
Cheese-whey also contains considerably high levels of nitrogen
and phosphorus [191], which can be recycled through the use of
cyanobacteria. Thus, Blier et al. [206] used P. bohneri to tertiary
treat the effluents of anaerobically digested cheese. The growth
rate obtained was 0.62 1/d and the biomass yield was 329 mg/L.
Ammonia removal was almost complete and after 4 days of culti-
vation no significant amounts was left in the medium. Phosphorus
removal after 4 days exceeded 69%. The ammonia and phosphorus
removal rate was 5.9 mg N–NH3/L d and 2.9 mg P—PO3�

4 =L d
respectively. In a further study by the same authors [207] P. boh-
neri was cultivated with three nitrogen dilutions (30, 40 and
50 mg N–NH3/L). They found that the maximum biomass concen-
tration and growth rate was achieved in the more diluted effluent
(30 N–NH3/L). Biomass concentration amounted to 565 mg/L after
16 days of cultivation and the growth rate was 0.58 1/d. Ammonia
removal (2.9–3.1 mg N–NH3/L d) was almost the same for all
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dilutions but the highest removal of phosphorus
(4.9 mg P—PO3�

4 =L d) was achieved in the least diluted effluent.

5.5. Other agro-industrial wastes and wastewaters

Studies which discuss the cyanobacterial treatment of agro-
industrial wastes besides animal and livestock wastes are scarce.
Ayala and Vargas [118] used waste from industrial yeast produc-
tion to cultivate Spirulina, obtaining a growth rate of 85.7 mg/L d.
Adrade and Costa [45] used molasses at a concentration of 0.25–
0.75 g/L as a substrate for the cultivation of S. platensis. The bio-
mass concentration that they obtained was 2.94 g/L and the spe-
cific growth rate was 0.147 1/d, while the productivity amounted
to 0.32 g/L d on average. There was an increase of pH values during
the light phase and a decrease during the dark period, in which
heterotrophic growth occurred.

Bonemeal as a substitute of calcium and phosphate salts was
used by Vankataraman et al. [16] and Sheshardi and Thomas
[58]. The biomass production using bonemeal was almost the same
with the one of the controls and 3% of bonemeal was considered to
be adequate for completely replacing calcium and phosphate salts.

In the study by Vankataraman et al., [16] sheep’s blood at a dilu-
tion of 1% increased the growth of cultures of Spirulina almost three
times in comparison with the control.

Phang et al. [208] used wastewater from the production of sago
starch to cultivate S. platensis. The specific growth rate was 0.51 1/
d and the biomass productivity was 14.4 g/m2 d. The highest pro-
tein, carbohydrate and lipid content of the biomass were 68%,
23% and 11% respectively. The removal of COD, N–NH3 and phos-
phate reached 98%, 99.9% and 99.4% respectively.

6. Conclusions

Cyanobacteria can make a significant contribution to the treat-
ment of agro-industrial W&WW, reducing considerably their inor-
ganic and organic pollutants. The produced cyanobacterial
biomass, which may be rich in carbohydrates and/or proteins can
possibly contribute to the production of biofuels besides biodiesel.
The manipulation of the composition of cyanobacterial in order to
suit a specific biomass energy conversion is feasible by controlling
the cultivation conditions. However, a serious drawback to the use
of W&WW as cultivation media is their seasonal nature and the
strong variation in their composition.
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