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Chapter 4
Production of Carotenoids Using Microalgae 
Cultivated in Photobioreactors

Alexei Solovchenko and Konstantin Chekanov

Abstract Carotenoids comprise a diverse group of natural biomolecules with a 
plethora of beneficial effects. These compounds include potent bioantioxidants, 
provitamins, and safe colourants that are in high demand by pharmaceutical, cos-
metic and food industries. A few species of unicellular algae (called carotenogenic 
microalgae) mainly the representatives of Chlorophyta, are among the richest bio-
logical source of carotenoids such as β-carotene and astaxanthin. This chapter cov-
ers the mass cultivation of the microalgae in closed systems (photobioreactors) for 
the production of value-added carotenoids. The biochemistry and regulation of the 
biosynthesis of secondary carotenoids are considered together with the biotechnol-
ogy of most important carotenogenic microalgae species. Special attention is paid 
to the real-time optical monitoring of carotenoid accumulation in microalgal 
cultures.
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4.1  Introduction

“Carotenoids” is the name of a diverse (ca. 800 members) group of C40 coloured 
lipid-soluble molecules ubiquitous in photoautotrophic organisms [1–3]. In nature, 
carotenoids (Car) serve mainly as the accessory light-harvesting pigments and pho-
toprotective compounds preventing photo-oxidative damage to photoautotrophic 
cells [4–6]. These compounds are also responsible for the red, orange and yellow 
colours of leaves, fruits, as well as many flowers. Numerous animal species contain 
carotenoids (e.g. astaxanthin in shrimp and salmon or rhodoxanthin in bird feathers) 
which are absorbed from the food, mainly unicellular algae [2]. The remarkable 
ability of Car to eliminate harmful reactive oxygen species (ROS) and other radical 
and non-radical harmful species in the cell [7, 8] is determined by the characteristic 
structure of these compounds featuring nine or more conjugated double bonds 
(Fig. 4.1).

It was found that Car exert a plethora of beneficial effects in animals and humans 
[9]; at the same time these organisms cannot synthesize Car pigments and the only 
source of Car for them is through the uptake of food. Probably the most studied is 
the role of vitamin A (retinol) produced from its precursor β-carotene. Being a 
potent scavenger of the free radicals, Car protect essential biological functions 
within the cell by terminating peroxidation of membrane lipids, preventing oxida-
tive damage  to proteins and DNA by UV and other pro-oxidant  factors  [10, 11]. 
Accordingly, Car could prevent or in some instances, cure various diseases such as 
cancers of various types, chronic inflammatory diseases, metabolic syndrome, dia-
betes, diabetic nephropathy, cardiovascular diseases, gastrointestinal diseases, liver 
diseases, neurodegenerative diseases, eye diseases, skin diseases, exercise-induced 
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Fig. 4.1 Carotenoids native and non-native to photosynthetic apparatus which could be accumu-
lated as secondary (extrathylakoid) carotenoids [35, 44]
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fatigue, male infertility and renal failure [12–14]. The knowledge on the biological 
roles of carotenoids in humans and animals is advancing rapidly providing an impe-
tus for research on the efficient ways of the production of Car.

Due to the important role of these pigments in pigmentation, growth and repro-
duction of commercially valuable animal species, certain Car found extensive use in 
the food and feed industry [15, 16]. Aquaculture which is currently the fastest grow-
ing sector of agriculture is another field supporting the rapid increase in the demand 
of Car, mainly astaxanthin, for the production of feed additives [2]. In particular, the 
farming of salmon and shrimp grew exponentially from 1980s till 2000s and the 
trend continued [17] so the market of Car feed, particularly of astaxanthin, tended 
to expand rapidly.

The traditional technique of industrial production of Car (particularly, β-carotene) 
is through the extraction from higher plant materials such as carrot roots, palm oil etc. 
[18, 19]. The market share of natural Car dwindled significantly upon the emergence 
of synthetic Car, since artificial synthesis is generally cheaper and offers a greater 
productivity. At the same time synthetic Car have their drawbacks such as lower 
bioavailability and increased toxicity when compared to their natural counterparts 
[20, 21] which leave alone the environmental hazards of the chemical synthesis [19].

The growing demand of Car stimulated the search for a robust industry-scale 
source of these compounds. It became clear that chemical synthesis of complex Car 
species that exist in nature as configurational isomers is greatly complicated by low 
yields and the necessity of the complex purification steps. On the other hand, micro-
bial synthesis of Car appeared as an attractive alternative. Heterotrophic and photo-
autotrophic microbial processes employing respectively carotenogenic fungi or 
unicellular algae (microalgae) were developed for this purpose [2]. The latter pro-
cess attracted a considerable attention over the last two decades as a result of the 
impressive progress in microalgal biotechnology. The advances in the fields of bio-
chemistry and regulation of carotenogenesis in microalgae as well as design of 
highly efficient bioreactors and processes made it possible to produce Car from 
microalgae in a cost-effective manner. Indeed, a number of companies have estab-
lished for the production of Car from the algal biomass at an industrial scale [22, 23].

An important choice for the production of Car from microalgae is that between 
cultivation in open ponds or in closed system—photobioreactors (PBR). Both culti-
vation methods have their advantages and drawbacks (Table 4.1) which are analyzed 
in detail elsewhere [22, 24]. Briefly, cultivation in PBR appears to be a more versatile 
method (although more expensive as well) specifically designed for cultivation of the 
species requiring precisely controlled conditions and susceptible to contamination. 
At the same time, outdoor cultivation in open ponds is feasible only in the regions 
characterized by a suitable climate and inexpensive supply of fresh water meaning 
that cultivation in PBR is an only option for the areas with temperate climate.

The present chapter is dedicated to the advantages and caveats of the production 
of secondary Car from microalgae cultivated in PBR. We will discuss the specifics 
of biosynthesis of Car in these organisms and its regulation. Special attention will 
be paid to PBR operation and maximizing Car output as well as for online monitor-
ing of the microalgal culture conditions.
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4.2  Biotechnologically Important Carotenoids 
and Carotenogenic Microalgae

More than 800 carotenoid species with linear or cyclic structure were discovered in 
plants, including microalgae so far [5, 25]. These pigments are divided according to 
their substituent composition into carotenes, the simple hydrocarbon compounds, 
and xanthophylls containing oxygen atoms within hydroxy-, epoxy- or keto-groups 
(Fig. 4.1). The carotenoids of the most of microalgal species are represented by 
carotenes and xanthophylls with characteristic three-headed absorption maxima in 
the blue part of the spectrum, 400–490 nm [3, 26, 27]. The carotenes, β-carotene, 
the xanthophylls, astaxanthin and lutein are the major carotenoids from the stand-
point of commercial biotechnological production. The microalgal species and pro-
cesses used for their commercial production are elucidated below.

4.2.1  Primary vs. Secondary Carotenoids

According to their role, Car could be divided into two major groups. Photosynthetic 
or primary Car are closely associated with photosynthetic apparatus (PSA) of the 
plant cells i.e. with thylakoid membranes where they participate in light-harvesting 
quench  triplet  Chl  molecules,  eliminate  ROS  and  stabilize  the  pigment-protein 
complexes [28–31]. Primary carotenoids include β-carotene and a number of xan-
thophylls such as lutein, neoxanthin, violaxanthin, antheraxanthin, and zeaxanthin 
(in Chlorophyta); the structures of xanthophylls of other groups algae are much 
more diverse [4]. The composition of primary carotenoids is highly conserved 
[26, 28]. Lutein is a biotechnologically important xanthophyll but it is accumulated 
within microalgal cells as a primary Car. So, the production of lutein is out of 

Table 4.1 The comparison of open and closed systems for cultivation of microalgae

Parameter Open pond Closed photobioreactor

Cultivation conditions control Impossible Easy achieved
Operational expenses Lowa High
Capital expenses Lowb High
Footprint Large Small
Maintenance Simple Complex
Contamination Susceptiblec Easy to control
Productivity Very low Moderate to high
Light utilization efficiency Low High
Optimal cell density Low High to very high

aIf a free water supply is available
bProvided that the land cost is negligibly low
cUnless extremophile algae resistant to contamination are cultivated
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scope of the present review. The following discussion will be focused on the spe-
cific group of Car—secondary Car which are quite widespread in different taxa of 
plants [5, 32].

Under stressful conditions certain microalgal species accumulate Car outside the 
thylakoid membranes in dedicated structures such as plastoglobuli (inside the chlo-
roplast) or cytoplasmic oil bodies (outside the chloroplast) similar to oleosomes of 
higher plants [33]. These extrathylakoid or extraplastidial secondary Car  do not 
participate in photosynthesis and are represented by carotenoids of both native (e.g. 
β-carotene in Dunaliella salina [34, 35]) and non-native to PSA such as astaxan-
thin[36]. The secondary xanthophylls are often accumulated in the form of fatty 
acid esters [36]; the significance of xanthophyll esterification is covered in the 
Sect. 4.3.3. The proposed functions of secondary Car in the microalgae include 
blocking excess PAR, sink  for  the excess photo assimilates,  suppression of ROS 
generation (mainly via consumption of O2 in xanthophyll biosynthesis) and the 
detoxification of already produced ROS [33, 37–43].

 (a) carotenes:β-carotene (Dunaliella)
 (b) xanthophylls, keto-carotenoids:astaxanthin (Haematococcus pluvialis)

The composition and stoichiometry of primary Car within PSA is under strict 
genetic and regulatory control, it means that these pigments cannot accumulate in 
very high amounts but only in certain proportion when compared to the other pho-
tosynthetic pigments, mainly chlorophylls [28]. On the contrary, secondary carot-
enoids can be accumulated in microalgae in the amounts by far superior to that of 
primary Car e.g. up to 6 % of dry weight in the case of astaxanthin in Haematococcus 
pluvialis [45].

Until recently, the functions of secondary Car in microalgae remained largely 
unclear. The studies carried out during the past decade suggest that the photoprotec-
tive function of secondary Car seems to be the most important. Evidently, secondary 
Car participate in the screening of excess PAR, prevent photooxidation of PSA com-
ponents and storage lipids as recently reviewed by Solovchenko [33]. Understanding 
of the physiological significance of secondary Car accumulation is essential for the 
development of an efficient process for their production from microalgae. So, this 
topic is elaborated as below.

Optical screening. A large body of evidence points to the higher tolerance of 
microalgae with increased secondary Car content to high-light stress. The structural 
stability of cytoplasm-localized lipid droplets referred to as oil bodies (OB) contain-
ing secondary Car is important since it allows attaining a high local concentration 
of secondary Car. It is essential for the efficient attenuation of light before it reaches 
vulnerable structures in the cell [40, 42, 46].

Elimination of ROS. As noted above, Car are powerful scavengers of free radi-
cals and quenchers of excited molecules. Evidently, secondary Car protect against 
peroxidation of storage lipids accumulated in OB. It is supposed that secondary 
Car-containing OB  located around  the nucleus  form a barrier  that protects DNA 
from oxidative damage [47]. The intensive synthesis of oxygenated Car in microal-
gae is also believed to reduce the O2 concentration in the cell [48]. An important 
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factor controlling the formation of ROS under adverse environmental conditions is 
a sink of electrons from plastoquinone pool in the plastidic electron transport chain 
to plastidial terminal oxidase (PTOX) via the desaturase enzymes participating in 
the synthesis of Car [48, 49].

Sink for excessive photosynthates. Under unfavorable conditions, intense bio-
synthesis of secondary Car evidently provides a sink for the excess photo assimi-
lates, thereby reducing the risk of photooxidative damage due to over-reduction of 
electron carriers in the chloroplast electron transport chain. Additionally, photo-
assimilates can be consumed for the biosynthesis of FA required for the esterifica-
tion of secondary Car such as astaxanthin[49].

4.2.2  The Most Commercially Important Secondary 
Carotenoids

 β-carotene

The β-carotene (Fig. 4.1a) is a pigment of increasing demand and a wide spec-
trum of commercial applications: as a safe food colorant (the most important 
application [22]); as vitamin A (retinol) precursor in food and animal feed; as an 
ingredient of cosmetics and multivitamin preparations; and as a health food 
product [2].

The main process employed for the production of natural β-carotene is the cul-
tivation of the green, unicellular alga Dunaliella salina accumulating this Car to 
12–14 % of cell dry weight under stressful conditions [50]. Chemically synthe-
sized β-carotene is the all-trans isomer whereas β-carotene from Dunaliella is a 
mixture of two stereo isomers, all-trans and 9-cis in approximately equal propor-
tions resulting in superior bioavailability and health-promoting properties substan-
tiating the commercial interest to the algal carotenes[51]. The pioneering works on 
mass- cultivation of Dunaliella were carried out by Masyuk [52] and Semenenko 
[53] in USSR at 1965–1975 but essentially were not recognized at that time. Later, 
their vision was proved by vast experience of commercial growing of this micro-
alga in other countries. State of art in Dunaliella production is extensively reviewed 
in [50, 54].

One of the greatest promises of microalgal sources of β-carotene is the mitiga-
tion of global deficiency of (pro) vitamin A. As emphasized by [55], the deficiency 
of this vitamin, especially in children, is one of the most noticeable nutritional 
 problems in many parts of the world and affects an estimated 250 million children 
under 5 years of age (according to World Health Organization surveys, http://www.
who.int/nutrition/topics/vad/en/index.html).

Market price of Dunaliella biomass could be as high as € 2,000 kg−1; prices of 
β-carotene from D. salina are ranging from $300–$3,000 kg−1 depending on the 
purity and the form, crystals or 1–13 % oil solution; useful byproducts of β-carotene 
from Dunaliella are glycerol (up to 30 % of dry) and feed protein [54, 56].
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 Astaxanthin

Astaxanthin, the most powerful natural antioxidant [9] is synthesized by some 
microalgae [4], plants, fungi, and bacteria [2, 27]. Astaxanthin does not exert a pro-
oxidant effect typical of other carotenoids [57]. Furthermore, astaxanthin is not a 
vitamin precursor hence it’s overdose does not pose the threat of hypervitaminosis.

Molecule of astaxanthin has two asymmetric carbon atoms at the positions 3 and 
3′ of the ionone rings at either ends of the molecule. Depending on the hydroxyl 
groups attached to these carbon atoms, different enantiomers of the molecule may 
appear. Generally, two configuration of an asymmetric atom are possible: R, when 
the hydroxyl group is above the plane of the molecule, and S, when the hydroxyl 
group is below the plane of the molecule. Hence the three possible enantiomers of 
astaxanthin are designated R, R, S,S and R,S (meso-form). The bulk of astaxanthin 
in Haematococcus pluvialis, the richest natural source of astaxanthin [58], is in the 
form of mono- and diesters of palmitic (16:0), oleic (18:1) orlinoleic (18:2) fatty 
acids. Fatty acids are esterified onto the 30 hydroxyl group(s) of astaxanthin after 
biosynthesis of the carotenoid, increasing its solubility and stability in the cellular 
lipid environment. The composition of astaxanthin esters in H. pluvialis is similar 
to that of crustaceans, the natural dietary source of salmonids: the astaxanthin pool 
of H. pluvialis red cysts is comprised of ca. 70 % monoesters, 25 % diesters and 5 % 
of the free xanthophyll [2].

Both free and fatty acid-esterified astaxanthin in H. pluvialis have optically pure 
(3S, 30S)-chirality [59]. The Phaffia yeast contains pure 3R, 30R astaxanthin, and 
synthetic astaxanthin is a mixture of all three isomers [60]. As reviewed by Johnson, 
Schroeder [2] and, more recently, by Lorenz, Cysewski [15], over 95 % of the feed 
market  consumes  synthetic  astaxanthin,  mainly  from  BASF  (Germany)  and 
Hoffman-La Roche (Switzerland) [56]. Synthetic astaxanthin contains only 25 % of 
the biologically active isomer. On the other hand, consumers demand natural prod-
ucts making the synthetic pigments, especially in feed additive, much less desirable 
extending hereby the opportunity for the production of natural astaxanthin by 
Haematococcus.

The production of synthetic astaxanthin for aquaculture is about 100 ton per year 
selling at $ 2,500 kg−1. Estimated global production of microalgae for the same 
purpose is 1,000 ton per year. Accordingly, the production of H. pluvialis biomass 
should be increased to 10 000 ton per year to displace the synthetic pigment only in 
aquaculture [15, 56]. The main disadvantage of the natural astaxanthin from H. 
pluvialis is its high price ($ 7,000 kg−1).

4.2.3  Carotenogenic Microalgae

Microalgal species, which display a characteristic accumulation of gross amounts 
of Car within the cells, are commonly referred to as carotenogenic microalgae. 
Accumulation of secondary Car is a typical of microalgae withstanding extreme 
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temperatures, irradiances, nutrient deficiencies, and salinities. Domination of caro-
tenogenic microalgae in the ecosystems with extreme growth conditions is ascribed 
to their high tolerance to unfavorable environment, one of factors of which is the 
high content of secondary Car in their cells. Therefore, it is not surprising that the 
overwhelming majority of biotechnologically important microalgae are represented 
by extremophilic species.

 Dunaliella salina

The genus Dunaliella (Chlorophyceae, Volvocales)  includes a variety of biflagel-
lated marine and fresh water microalgae (Fig. 4.2), detailed information about the 
taxonomy, the cell morphology and the ultrastructure of these species could be 
found elsewhere [61]. Algae from the genus Dunaliella lack a rigid polysaccharide 
cell wall, and are enclosed by a thin elastic plasma membrane covered by a mucous 
surface coat [50]. A few extremophilic representatives of Dunaliella (e.g. some 
strains of D. salina) are capable of accumulation of large amounts of β-carotene(up 
to 12 % of cell dry weight). This pigment is accumulated within the chloroplast but 
represents a typical secondary Car localized in the lipid droplets (so called carotene 
granules) surrounded by the dedicated proteins [62]. Accordingly, the induction of 
carotenogenesis in the Dunaliella occurs under severe stress.

The process of β-carotene accumulation is apparent as the change of color from 
green to orange or even red which often observed during season blooms of the algae 
in saline lakes and lagoons, the natural habitats of the carotenogenic Dunaliella spe-
cies. Apart from high salt concentration, such habitats are often characterized by 
low availability of nitrogen, high temperatures and irradiance. Under such stressful 
conditions the carotenogenic representatives of Dunaliella not only grow well but 
thrive and often become the dominant microalgal species. Currently Dunaliella is 
mass cultivated predominantly in open ponds on saline and brackish or even sea 
water in desert areas. A few attempts to grow Dunaliella in PBR of different design 
(plastic tubes, plastic sleeves, shallow trays etc.) were not successful due to eco-
nomical limitations [50].

10 µm

Fig. 4.2 Changes in the cell morphology of Dunaliella salina (from left to right) in the course of 
high-light and salinity stress induced accumulation of β-carotene (Courtesy of Dr. Elena Seliwanova 
(unpublished))
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 Haematococcus pluvialis

The green microalga Haematococcus pluvialis (Figs. 4.3 and 4.4) is the richest and 
therefore the most extensively studied [47, 63–65, 49] biological source of astaxan-
thin, the xanthophyll with a plethora of beneficial effects. Since the culture of green 
(vegetative) cells of H. pluvialis is very sensitive to contamination, this microalga is 
mass  cultivated  almost  exclusively  in PBR  (Table 4.1). H. pluvialis accumulates 

Fig. 4.3  Palmelloid cells (left) and (right) red cysts of Hamatococcus pluvialis. Note the begin-
ning of astaxanthin accumulation in the green palmelloid cells. Astaxanthin content reaches the 
maximum in the cysts that almost lack chlorophyll (A. Solovchenko, unpublished)

SG SG

SG
OB

OB

OB Th

Fig. 4.4 Oil bodies in transmission electron micrograph of a red cyst of Hamatococcus sp. OB oil 
bodies, SG starch grains, Th thylakoids. Scale bar is 5 μm. K. Chekanov, unpublished. Cultivation 
of H. pluvialis in tubular photobioreactor(Algatech, Israel). Note the tubular fences with green 
vegetative cell suspension (right) and those with red astaxanthin-rich cysts ready for harvest (right) 
(Photo: A. Solovchenko)
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astaxanthin in cytoplasmic OB. Generally, accumulation of astaxanthin is induced 
under stressful conditions slowing down the cell division and enhanced by high 
irradiance [47].

4.3  The Biosynthesis of Secondary Carotenoid and Its 
Regulation

4.3.1  The Basic Steps of the Carotenoid Biosynthesis

The initial steps including the assembly of the carbon skeleton, desaturation, cycli-
zation, and hydroxylation (all steps in case of secondary β-carotene) of the synthesis 
of primary and secondary Car are common and briefly described below; more elab-
orate reviews could be found elsewhere [33, 34, 48]. The specific stages of second-
ary Car biosynthesis are considered below; for additional detail see the recent 
review by Lemoine and Schoefs [49].

Assembly of the carbon skeleton. As in higher plants, the precursor of Car in 
green  microalgae  is  isopentenyl  pyrophosphate  (IPP,  C5) originating from 
glycerophosphate- pyruvate  or  mevalonate  pathway.  The  enzyme  IPP  isomerase 
reversibly converts IPP to its allyl isomer dimethyl allyl pyrophosphate (DMAPP), 
a  primer  for  the  isoprenoid  chain  synthesis.  Successive  attachment  of  three  IPP 
molecules to a DMAPP molecule in the reaction catalyzed by GGPP synthase yields 
the molecule of geranyl geranyl pyrophosphate (GGPP, C20). Two GGPP molecules 
add up to form the symmetric molecule of phytoene in the reaction catalyzed by 
phytoene synthase (PSY).

Desaturation and cyclization. Phytoene molecule, via four desaturation reac-
tions catalyzed by phytoene desaturase (PDS) and ζ-carotene desaturase (ZDS), is 
converted sequentially to phytofluene, ζ-carotene, neurosporin, and lycopene. The 
elongation of the conjugated double-bond system results in the transformation of 
the colorless Car precursors into colored compounds, starting from ζ-carotene. 
Plastid terminal oxidase (PTOX) supposedly serves as a co-factor of desaturases in 
microalgae contributing considerably to cell protection against oxidative stress (see 
above). Desaturation is also a rate-limiting stage of secondary Car biosynthesis.

The membrane-bound enzymes β-lycopene cyclase (CRTL-B) or ε-cyclase cata-
lyzes the formation of cyclic Car from the symmetric linear molecule lycopene. 
Major Car of microalgae feature β- and ε-rings differing from each other by the 
position of the double bond (a typical example is lutein comprising one β- and one 
ε-ring). In spite of the high homology to β-cyclase, ε-cyclase, it produces only a 
single ε-ring with the formation of the monocyclic δ-carotene (ε-, ψ-carotene). It is 
assumed that cyclases play a key role in the control of cyclic secondary Car 
formation.

Oxygenation. The pathway of the biosynthesis of oxygenated secondary Car is 
relatively well studied [66–68]. The hydroxylation of α- and β-carotenes at the 
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 position 3 yields, respectively, zeaxanthin and lutein. The addition of a ketogroup at 
the position 4 of one or both rings results in the formation of orange-red ketocarot-
enoids echinenone and canthaxanthin, the precursors of astaxanthin.

The reaction of β-carotene oxygenation is catalyzed by β-C-4-oxygenase (the 
ketolase designated as CRTO or BKT) encoded in H. pluvialis by crtO or nkt gene. 
The enzyme CRTO plays a key role in the accumulation of astaxanthin [67].

4.3.2  Stimuli Promoting Accumulation of Carotenoids 
in Microalgae

Primary or photosynthetic accumulated under conditions favorable for the cell divi-
sion and culture growth i.e. under optimal irradiance, nutrient availability, and tem-
perature. A certain increase in the primary Car yield could be achieved by application 
of mild stress conditions which promote accumulation of the Car over Chl but do 
not compromise the culture growth [22]. More severe stress leads to a decline in Chl 
and hence in primary Car due to highly conserved stoichiometry of these pigments 
within PSA.

The physiology of secondary Car accumulation appears to be more sophisticated. 
Generally, these pigments are accumulated under the influence of various stressors 
which slowdown or cease completely the algal cell division. A number of studies 
indicate the involvement of ROS in the induction of Car biosynthesis as secondary 
messengers.  In particular,  the  addition  to  the culture of ROS generators,  such as 
hydrogen peroxide, induces accumulation of secondary Car even in darkness, mim-
icking the action of environmental stressors; On the contrary, the addition of ROS 
scavengers suppresses carotenogenesis[69]. Overall, the plastoquinone pool which, 
under stressful conditions, stays in a reduced state most of the time serves as the 
redox sensor for the regulation of both primary and secondary Car biosynthesis [49].

Light intensity and quality. Many researchers concur that high irradiance 
 efficiently induces the accumulation of secondary Car in carotenogenic microalgae, 
often in dose-dependent manner [47, 70, 71]. The data on the role of light in the 
induction of astaxanthin synthesis in H. pluvialis are more controversial. Although 
many findings confirm the stimulatory effect of high PAR irradiance on astaxanthin 
synthesis, the accumulation of this pigment occurs even in darkness in the presence 
of  the organic source of carbon or a ROS generator [64, 72]. Remarkably, under 
unfavorable conditions the increased ROS concentrations triggering carotenogene-
sis could be reached even at a relatively low illumination intensity.

The spectral quality of light is also an important factor inducing carotenogenesis. 
However, little is known about the impact of UV on secondary Car biosynthesis in 
microalgae so far. Still, irradiation with UV-A (but not UV-B) in addition to PAR 
stimulated massive accumulation of β-carotene in Dunaliella [73, 74].

Lack of mineral nutrition. The deficiency or lack of nutrient elements, 
mainly nitrogen and phosphorus, is also a factor stimulating accumulation of 
secondary Car. Thus, nirogen and/or phosphorus starvation of H. pluvialis 
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resulted in the  formation of cysts from vegetative cells accompanied by 
 accumulation of astaxanthin [47]. Parietochloris incisa growing on nitrogen-free 
medium displayed an enhanced accumulation of β-carotene in OB [75]. 
Interestingly, herbicides impairing nitrogen assimilation by inhibiting glutamine 
synthase induced astaxanthin accumulation in H. pluvialisas efficiently as 
 nitrogen starvation [76].

Osmotic stress. An abrupt increase in the concentrations of osmotics in the cul-
ture medium enhances Car accumulation in carotenogenic microalgae, usually after 
a certain lag. Thus, in D. salina treated with high NaCl concentration the duration 
of this lag depends on the initial salt concentration and the degree of its increase 
whereas the magnitude of carotenogenesis is determined by the final salt concentra-
tion [70].

Temperature. Suboptimal temperatures, especially in combination with high 
PAR also induce secondary carotenogenesis. In particular, in D. salina these stresses 
induced gross accumulation of β-carotene. Apparently, low temperatures are impor-
tant for induction of carotenogenesis in snow algae [41].

Organic carbon feeding.  Feeding  with  the  organic  carbon  source  such  as 
organic acids or sugars often enhances accumulation of secondary Car by caroteno-
genic microalgae capable of heterotrophic of photoheterotrophic growth as reviewed 
by Solovchenko [33]. This effect was observed in Trentepohlia aurea after addition 
of peptone to medium and in Chlorella protothecoides at the addition of glucose and 
urea. The presence of mono- and disaccharides enhanced the synthesis of astaxan-
thinin C. zofingiensis. It is essential that the addition of the glucose analogs does not 
have the same effect. So, it cannot be ascribed to the osmotic action of the added 
sugars. Probably, the molecules sensing the presence of glucose such as hexokinase 
are involved in the induction of carotenogenesis.

4.3.3  Relationships Between Accumulation of Carotenoids 
and Lipids

It is important to realize that such hydrophobic molecules as Car, especially caro-
tenes, cannot accumulate in an appreciable amount within the hydrophilic cytoplas-
mic or stromal compartments of the cell without a suitable depot. The primary Car 
are contained within the nonpolar ‘pouches’ of thylakoid membrane-bound pigment- 
protein complexes of PSA. So, they essentially do not interact with the hydrophilic 
environment [77]. By definition, secondary Car cannot share the same subcellular 
compartment with a primary Car. As noted above, they accumulated in the dedi-
cated structures—plastoglobuli and OB. All the structures serving as the depot for 
secondary Car are formed with the participation of neutral lipids, mainly triacylg-
lycerols (TAG) and dedicated amphiphilic proteins, oleoresins [78]. Furthermore, 
xanthophylls such as astaxanthin are esterified by fatty acids. Thus, in H. pluvialis 
and carotenogenic members of the genus Chlorella during the final steps of cyst 
formation, more than 95 % of secondary xanthophylls are converted to fatty acid 
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(predominantly from the C18 family) esters [58]. This makes possible the 
 accumulation of large amounts of relatively polar xanthophylls in the hydrophobic 
environment of the OB.

The induction of secondary Car biosynthesis in H. pluvialis and other caroteno-
genic microalgae is accompanied by rapid TAG accumulation. Eventually, in this 
microalga TAG more than 95 % of cell lipids are represented by the TAG of second-
ary Car-containing OB. So, it is not surprising that a close connection exists between 
the secondary Car biosynthesis and lipid, in particular FA and TAG biosynthesis. 
Moreover, the formation of lipid inclusions, the potential depots for secondary Car, 
readily proceeds even when Car biosynthesis is inhibited but inhibition of TAG 
accumulation essentially abolishes the accumulation of the Car [79]. Therefore, it is 
clear that stress-induced accumulation of neutral lipids in the form of cytoplasmic 
or stromal inclusions is a prerequisite for the accumulation of secondary Car in 
microalgal cells. Accordingly, these events explain the similarity of the stimuli trig-
gering the mass accumulation of lipids and those stimulating the biosynthesis of 
secondary Car in microalgal cells.

4.4  Production of Microalgal Carotenoids 
in Photobioreactors

A considerable effort is being invested into the development of cost-effective 
 production of microalgal biomass which is difficult to achieve. Different cultivation 
systems have been designed for large-scale cultivation of microalgae [80, 81] which 
roughly fall into two distinct groups—open (ponds and their variations) and closed 
(photobioreactors, PBR; see e.g. Fig. 4.5). Each group has its advantages and draw-
backs as summarized in Table 4.1.

Collectively, open systems are economically viable only if the cost of the land is 
very low, there is a free source of water, a contamination-resistant algal species (e.g. 
extreme halophile such as Dunaliella salina) is cultivated, and the climatic condi-
tions are suitable. Mass cultivation of microalgae in open ponds is reviewed else-
where [24, 82].

More recently developed and technologically advanced closed PBR are more ver-
satile to support the growth of any microalga under precisely controlled conditions 
and without the risk of contamination. The major drawback of PBR is high construc-
tion and operation cost due to a technical complexity. At the same time PBR provide 
considerably higher productivity, higher quality of biomass and, what is more impor-
tant, robust biomass composition due to more stable cultivation conditions.

The objective of the cultivation is to obtain maximum yield of biomass with 
certain minimal content of certain Car. The strategy to achieve this goal depends on 
the type of the Car. Generally, primary or photosynthetic Car such as lutein are 
accumulated along with biomass accumulation under conditions favorable for pho-
tosynthesis. The larger the photosynthetic antenna size, the higher the productivity 
of the microalgal culture in terms of primary Car content since lutein is  predominantly 
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bound to light harvesting proteins comprising the antenna [29]. On the contrary, 
secondary Car such as β-carotene or astaxanthin are accumulated under stressful 
conditions retarding microalgal cell division [47, 62]. This makes apparent the 
importance of correct choice and careful maintenance of the cultivation conditions 
suitable for the algal growth and accumulation of the ‘target’ Car. In the following 
subsections, general considerations regarding the cultivation conditions of microal-
gae in PBR are given; the section concludes with the approaches for the production 
of secondary Car from the microalgae grown in PBR.

4.4.1  Illumination and Optimal Cell Density

Autotrophic cultivation of microalgae presumes adequate illumination of the cul-
ture in PBR. Illumination can be natural, artificial or combined. The productivity of 
cultivation under sunlight is less stable because of diurnal and seasonal fluctuations 

Fig. 4.5 Cultivation of H. 
pluvialis in tubular 
photobioreactor (Algatech, 
Israel). Note the tubular 
fences with green vegetative 
cell suspension (right) and 
those with red astaxanthin- 
rich cysts ready for harvest 
(right) (Photo: 
A. Solovchenko)
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in solar light. On the other hand, in PBR with artificial illumination a substantial 
part of cultivation costs is comprised by energy costs which are mitigated in part by 
increased productivity. Obviously, the optimal approach to illumination should 
combine the advantage of both natural and artificial illumination.

The conditions commonly referred to as ‘intensive cultivation conditions’ presume 
high cell density in PBR. Under such conditions, strong light absorption of pigments 
in the algal cells resulting in strong mutual shading. Therefore, at a cell density high 
enough (>1 g·L−1) only the cells within the thin (>10 mm) surface layer of the suspen-
sion are getting enough light for photosynthesis, other part of the PBR volume essen-
tially resides in darkness [83]. At the same time, it is not feasible to increase the 
illuminated  (photic)  zone of  the PBR by mere  increase of  the  incident  irradiance. 
The reason is that photo inhibition of the cells in the surface layers increases whereas 
the cells, those within more deep layers will not get enough light [83, 84].

There could be several ways to achieve a uniform illumination of microalgal 
cells in PBR at high cell densities. The first is to keep the light path (volume-to- 
surface  ratio)  in PBR  to a minimum by choosing a flat panel design or  a  small- 
diameter tubular design. Essentially, an important goal of PBR design is to make the 
entire volume of a PBR its photic zone.

Another option is to mix the suspension at an optimal rate, so that each cell 
would reside in the photic zone just enough time to absorb the amount of light nec-
essary for photosynthesis (see the Sect. 4.4.2 below). The ATP and NADPH mole-
cules synthesized during the stay in the photic zone are supposed to support the CO2 
fixation when the cell travels through the dark volume of the PBR [85]. This allows 
the construction of PBR supporting ultra-high cell densities and to supply enough 
light without the risk of photo inhibition [86].

The third strategy is based on intermittent illumination [87]. The length and the 
intensity of light flashes as well as the lengths of dark intervals between the flashes 
are also selected to allow the cells to absorb enough light and to utilize the photosyn-
thates during the dark periods. However, finding the optimal parameters for intermit-
tent illumination appeared to be a complex task which has not been solved yet [85].

4.4.2  Mixing and Sparging

Mixing prevents the cell sedimentation and accelerates the mass transfer within 
PBR thereby assuring proper distribution of nutrients. Apart from a sufficient PAR 
irradiation, continuous CO2 supply is also necessary for efficient photosynthesis. 
Moreover, photosynthetic O2 evolution in a closed vessel of PBR would dramati-
cally increase the dissolved O2 to the level conductive for the photooxidative dam-
age. So, it is clear that adequate gas (CO2/O2) exchange and nutrient distribution 
which is achieved through mixing is essential for attaining high growth rates and 
productivity of a microalgal culture in PBR [88].

The current PBR designs most frequently adopt mechanic or pneumatic mixing 
[89]. Mechanic mixing is usually accomplished by pumping the microalgal  suspension 
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into a stirred tank fitted with some kind of stirring wheel. More practical is the 
 pneumatic stirring with air or air-CO2 mixture bubbled through the suspension in a 
vertical column or a flat panel (also called airlift). Additional benefits of pneumatic 
mixing include simultaneous CO2 feeding and O2 removal from the suspension.

Atmospheric CO2 concentration is limiting photosynthesis in most photoautotro-
phic organisms. Accordingly, a certain enrichment of the gas mixture used for 
sparging PBR with CO2 generally enhances the productivity [90–92]. The extent of 
the enrichment depends on the tolerance of the cultivated microalga to CO2 which 
is species-specific [93]. Interactive effects of elevated CO2 percentage in the bub-
bling gas mixture and other factors are so far largely unknown. Nevertheless this 
problem is expected to draw a considerable attention in view of the possible use of 
flue gases for CO2 enrichment of microalgal cultures with the added value of the 
greenhouse gas sequestration [94].

Generally, higher the mixing rate, the higher will be the mass transfer efficiency. 
At the same time, one cannot increase the mixing rate above a certain threshold level 
because in a suspension flowing too rapidly microalgal cells encounter shear stress. 
This stress may result in the decline of the culture growth or even in cell disruption. 
Consequently, mixing rate will be limiting the growth of microalgae in PBR [95].

4.4.3  Temperature and pH

Together  with  illumination,  mineral  nutrition,  and  mixing  temperature  and  pH 
(acidity) of the medium are among the most important factors determining the pro-
ductivity of microalgal cultures [83]. A common approach to maintain the pH of the 
culture is CO2 sparging on demand by means of a pH controller.

The temperature values close to the optimum promote the biomass accumulation 
and hence are favorable for the biosynthesis of primary Car such as lutein (see 
above). Extremely low temperatures induce the accumulation of secondary Car in 
so called snow algae many of which are carotenogenic species [41]. In spite of the 
fact that low temperatures efficiently induce carotenogenesis, it is impractical to 
apply in large-scale PBR.

Cultivation of microalgae in outdoor PBR poses the challenge of maintaining the 
optimum temperature which is mandatory e.g. during the first stage of cultivation 
(accumulation of biomass, see the Sect. 4.4.5 below). In particular, to prevent over-
heating of the culture in a cost-effective manner local resources are used such as 
cooling with deep ocean cold water via heat exchanger (in Hawaii) or evaporative 
cooling by mean of water sprinkling (in arid areas).

4.4.4  Medium Composition

Cultivation of algae can be photoautotrophic, heterotrophic and mixotrophic. Media 
with organic carbon sources such as acetate, glucose or molasses are used for mixo- 
and heterotrophic cultivation[96]. Such type of cultivation are not light-dependent 
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and lead to increase in the productivity in some cases. As a result, PBR for hetero-
trophic cultivation has a relatively small surface to volume ratio hence their design 
could be simpler in comparison with PBR for photoautotrophic cultivation. On the 
other hand, the use of organic carbon sources increases the risk of culture contami-
nation, so, the sterility should be maintained more strictly in this case.

As shown by Kobayashi et al. [72], H. pluvialis can be grown mixotrophically or 
even heterotrophically (i.e. in the dark) employing an organic acid (e.g. acetate) or 
carbohydrate as the carbon source. Nevertheless, the current mainstream process of 
the production of astaxanthin from H. pluvialis relies on its photoautotrophic culti-
vation in PBR. The reason is higher productivity of the photoautotrophic process, 
let alone the high cost of organic medium constituents and the risk of contamination 
of the culture by heterotrophic bacteria. Still, examples exist for successful com-
mercial implementation of the mixotrophic process (Table 4.2).

4.4.5  Cultivation of Carotenogenic Microalgae  
in Photobioreactors

Photobioreactors employed for cultivation of microalgae are evolved to a vast diver-
sity, which has been reviewed extensively [97–100]. The most common designs 
include  tubular, flat  plate PBR, vertical  and horizontal. An  efficient PBR  should 
provide uniform illumination of the culture, adequate mass transfer for nutrient 
delivery and gas (CO2/O2) exchange, easy maintenance and a precise control of 
cultivation parameters in a cost-effective manner. At the same time, there is no ‘best 
reactor’ performing equally well for different cultures and target products [100].

Generally,  a  PBR  operates  under  conditions  providing  a  rapid  culture  growth 
(biomass accumulation). At the same time, secondary Car are accumulated under 
stressful conditions that slow down the growth of microalgae. As a result, obtaining 
sufficient  and  sustainable biomass  and Car productivities  even  in PBR  is  a non- 
trivial problem, especially under outdoor conditions, which are less controllable. 
Optimized productivity can be achieved by cultivation under conditions that allow 
at least partially circumventing the negative consequences of nutrient or light stress 
such as optimized cell densities, light path and geometry of the cultivation facility, 

Table 4.2 The companies commercially producing astaxanthin-enriched biomass of H. pluvialis

Company Country
Yield (ton/
year) PBR type

AstaReal (subsidiary of Fuji Chemical, 
www.bioreal.se, www.astareal.com)

Sweden –a Cylindric (indoor, 
mixotrophic)

Alga technologies (www.algatech.com) Israel –a Tubular (outdoor)
Cyanotech (www.cyanotech.com) USA 

(Hawaii)
13–15 Tubular + open pond

Mera pharmaceuticals (www.merapharma.
com)

USA 
(Hawaii)

6.6 Tubular

Adapted from Del Campo et al. [22]
aNo data
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growth stage of the inoculum etc. Another option is to employ various types of the 
double-stage process, the form of batch cultivation where the culture is first grown 
under optimal conditions promoting accumulation of biomass with low Car content. 
After accumulation of sufficient amount of the green biomass the culture is sub-
jected, at the second phase, to stressful conditions (e.g. nitrogen and/or phosphorus 
deprivation or an increase in salinity) causing cessation of cell division and promot-
ing the accumulation of Car. For more efficient use of light energy, PBR designs 
were proposed combining the two stages (Suh et al. 2006) where the cells cultivated 
in the central vessel (vegetative cells) are shaded by the culture grown in outer 
jacket. The surface of the outer jacket can be illuminated at high irradiances induc-
ing carotenogenesis without the risk of photoinhibition of the cells grown in the 
inner shaded vessel.

The first stage (accumulation of the green biomass) in the case of H. pluvialis 
cultivation is almost exclusively carried out in PBR to prevent contamination and to 
strictly maintain near optimal growth conditions. The second stage (induction and 
accumulation of Car) occurs under stressful conditions making the contamination 
less likely hence this stage could be carried out in open ponds (Table 4.2). Still, con-
tamination, especially by parasitic fungi (Fig. 4.6), is one of the most frequent rea-
sons for the H. pluvialis culture crash [101]  so,  cultivation  in  PBR  remains  the 
preferred methods. Most methods for commercial production of astaxanthin- enriched 
H. pluvialis biomass provide the pigment content in the range 1.5–3 % DW [22].

The same time certain level of secondary Car accumulation could be achieved 
during vegetative cell growth as it was shown for H. pluvialis [22]. It is possible, by 
careful control of nutrient (nitrogen) content of the medium, to obtain a descent 
yield of astaxanthin under continuous culture. These findings made it possible to 
develop an alternative single-stage process for the astaxanthin-enriched biomass of 
H. pluvialis.

[AU1]

10 µm

Fig. 4.6 A cell of H. 
pluvialis infested by a 
parasitic fungus 
(K. Chekanov, unpublished)
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To the best of our knowledge, a commercially viable process for cultivation of 
Dunaliella  in  PBR  does  not  yet  exist  but  is  arguably  possible.  The  key  drivers 
behind this effort are higher productivity and better quality of the biomass. As a 
result of optimization of cultivation conditions (irradiance and nitrogen availabil-
ity), an average β-carotene content as high as 10 % DW is attainable [22].

4.4.6  Biomass Harvesting and Downstream Processing

One of the most challenging issues of developing commercially viable processes for 
microalgal bioproducts is biomass harvesting and dewatering. Sedimentation of the 
cells under the action of gravity is time-consuming and often incomplete. The most 
widespread techniques of microalgal cell harvesting are filtration, centrifugation, 
and chemical flocculation or bioflocculation and combinations of these methods 
[91, 92, 102]. For harvesting the Car-enriched biomass in large-scale cultivation in 
open ponds, a combination of flocculation and surface adsorption is used whereas 
the biomass grown in PBR is usually harvested by centrifugation. The astaxanthin- 
rich cysts of H. pluvialis feature higher density than the cultivation medium. Hence, 
they could be harvested by sedimentation under the action of gravity or a low-speed 
centrifugation.

Several attempts were made to employ vacuum or pressurized filtration for bio-
mass harvesting. The diatomite and cellulose filters were efficient only for the sepa-
ration of large cells whereas smaller cells such as that of Chlorella required 
membranous filters, which were clogged rapidly. Taking into account the need for 
frequent change or cleaning of the filters and high energy input, there was but small 
difference in the costs between filtration and centrifugation [92]. Centrifugation is a 
convenient, though energy intensive, and hence expensive method since it allows 
quick separation from the medium of more than 95 % of algal cells regardless of the 
species. As a result, the latter method remains preferred for obtaining the biomass 
for value-added product such as Car [103].

Flocculation is based on the use of reagent (such as FeCl3 or Al2(SO4)3) which 
compensates the negative charges at the surface of the cells which normally prevent 
the aggregation of microalgae [104]. Alternatively, alkali and polycations such as 
chitosan are used [105].

Some microalgae such as Chlorella minutissma are capable of bioflocculation 
i.e. begin to flocculate without addition of chemicals at the late stationary or under 
certain growth conditions. As a result of flocculation, cell aggregates are formed 
which are much easier to separate by filtration, low-speed centrifugation or even by 
gravity [104].

For large and heavy cells such as H. pluvialis red cysts, it turned feasible to use 
the combined process of sedimentation with subsequent centrifugation and drying 
of the paste in thin layer. Then, the biomass could be cracked e.g. by milling to 
fracture the thick and tough cell wall to increase the extractability or bioavailability 
of astaxanthin. However, the downstream processing of the biomass of  carotenogenic 
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microalgae often constitutes the know-how of the corresponding companies which 
scarcely share any information about this step.

A considerable challenge is represented by extraction of Car from the microalgal 
cells. One of the main problems with extraction of pigments from microalgae is the 
presence of tough cell walls. A variety of organic solvents is used for pigments 
extraction [23]. The most common is extraction with a non-polar solvent, usually 
hexane. Selective extraction of astaxanthin from H. pluvialisis also achieved with 
dodecane and methanol. The extractability with this method could be as high as 
95 % of the total pigments. Vegetable oils (so-called green solvent) such as olive oil 
allows the extraction up to extract 93.9 % of the pigments with the added benefit for 
environmental  safety.  Finally,  extraction  with  super  critical  CO2 is a promising 
alternative to the existing methods. This method provides shorter extraction time 
and saves toxic and expensive organic solvents. By contrast, CO2 is relatively cheap, 
chemically inert, non-toxic and stable [23]. Major drawbacks of supercritical fluid 
extraction are contamination of the extract with chlorophylls and the need for 
expensive equipment.

4.5  Approaches for Optical Monitoring of Carotenogenic 
Algal Cultures

Mass cultivation of microalgae for value-added products such as Car requires fast 
and reliable techniques, preferably non-destructive, for on-line monitoring of the 
target product contents and the physiological condition of the algal culture. These 
techniques provide information, which is essential for timely and informed decisions 
on adjustment of illumination conditions, medium composition and for the choice of 
the time for biomass harvesting. Often, the decisions must be taken within hours and 
mistakes may lead to a significant reduction in productivity or in total culture loss 
[106]. Traditionally, the pigment content in microalgal cells is determined with the 
use of spectrophotometry and chromatography [79] which are time- consuming, 
expensive, and not readily available at mass cultivation facilities. These consider-
ations make obvious the need for a reliable, rapid and preferably non- destructive 
technique for fast appraisal of the relative Car content in microalgal cultures.

Remarkably, the engagement of protective mechanisms based on the build-up of 
secondary Car within OB in the cells is accompanied by specific and directional 
changes in the optical properties of the algal suspensions [107].  Recent  reports 
show that astaxanthin presence and subcellular distribution in vivo could be charac-
terized [108] and even distinguished from β-carotene[44] using advanced spectral 
techniques  such  as  Raman  spectroscopy.  Development  of  methods  for  non- 
destructive monitoring based on optical spectroscopy requires a deep understanding 
of the relationships between the changes in light absorption by algal cells and 
dynamics of their pigment and lipid contents.

In particular, the increase in the Car/Chl ratio under various stresses, including nitro-
gen starvation and high light, is characteristic of many microalgal species [33]. In par-
ticular, in H. pluvialis [47, 109] carotenogenesis occurs under stressful conditions in 
parallel with the degradation of Chl manifesting the reduction of photosynthetic 

A. Solovchenko and K. Chekanov

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672



 apparatus in order to avoid photooxidative damage [107, 110]. It was found that the 
Car/Chl ratio, but not the absolute amount of Chl or Car correlates directly with high 
light-stress tolerance in H. pluvialis [107] making Car/Chl an informative index of the 
cell physiological condition. As a result, the molar Car content exceeds that of Chl and 
the Car begin to exert the dominant contribution strongly to the absorption between 400 
and 500 nm evident in many algal species [111]. This spectral feature was employed 
for the development of algorithms for estimation of Car/Chl ratio in the biomass of 
Parietochloris incisa [112, 113], H. pluvialis [107, 114], and Nannochloropsis sp. 
[115]. It should be noted that the correction for the contribution of light scattering into 
overall attenuation of light by the suspension prior to the normalization turned to be 
necessary for the precise estimation of the pigment ratio. The peculiarities of the spec-
tra processing and the development of the algorithms are reviewed elsewhere [111].

Finding relationships between pigment content  in H. pluvialis whole-cell sus-
pension, especially cysts with high Car content (or Car/Chlratio), turned to be a 
non-trivial problem, primarily due to the optical complexity of this system. In par-
ticular, H. pluvialis cells contain high amounts of pigments which are localized in 
specific structures (thylakoid membranes of chloroplast or cytoplasmic OB in case 
of Chl and primary Car or secondary Car, respectively) non-uniformly distributed 
within the cell volume [47, 78]. As a result, a number of serious obstacles for mea-
surement of optical density spectra in H. pluvialis cell suspension arise including 
rapid cell sedimentation, significant influence of light scattering, strong pigment 
aggregation, and sieving effect.

The analysis of cell suspension spectra revealed that the amplitude of the raw 
absorbance spectra was not directly correlated to their pigment content. The nor-
malization of the spectra to the red Chl maximum essentially equalized the contri-
bution of Chl to light absorption making apparent the relative contribution of Car, 
which drastically increased in the course of carotenogenesis. Hence, the absorbance 
normalized to the Chl red maximum exhibited a tight relationship with Car/Chl in a 
broad range of its changes [114].

Collectively, there is a solid ground to believe that one could obtain a quantitative 
record of the development of stress-induced carotenogenesis in H. pluvialis and a 
number of other carotenogenic microalgae non-destructively via optical density 
measurements. In particular, the normalized optical density in the broad band 
around 500 nm, as well as the green edge features, could be employed in the devel-
opment of models for rapid assay of Car/Chl in the algal cells suspensions. However, 
obtaining a calibration in the widest possible range of Car/Chl changes in any par-
ticular culture system and careful control of the biomass load per filter is crucial for 
the robustness of Car/Chl estimation.

4.6  Economic Aspects of Carotenoid Production 
with Microalgae

Global market of nutraceuticals and food supplements containing Car is 
 characterized with confidence as vigorously growing. Thus, in 2010 it was esti-
mated $1.2 billion and expected to grow to $1.4 billion by 2018 (BCC research; 
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http://www.bccresearch.com/pressroom/fod/global-carotenoids-market-
reach-$1.4-billion- 2018). The market is dominated by β-carotene, lutein and 
astaxanthin (Fig. 4.7). The highest consumption of carotenoids is expected by the 
pharmaceutical industry [56].

Carotenoids  from microalgae grown  in PBR are,  in main  instances, unable  to 
compete with their synthetic counterparts. This situation could be amended by opti-
mization of the production processes. Thus, the basic steps of the commercial pro-
duction of Car from microalgae include (i) algae cultivation, (ii) biomass harvesting, 
and (iii) extraction and purification of carotenoids [22]. The capital expenses for 
cultivation of microalgae include the cost of land, PBR, equipment for the harvest-
ing and drying of biomass, communications and infrastructure. The operational 
expenses include salaries, nutrients (mineral components of the media and CO2), 
energy, water, maintenance of machinery, taxes, insurance etc.[45]. The typical cost 
structure of H. pluvialis cultivation in PBR is as follows. Energy for illumination 
makes up ca. 40 %, the cost of culture medium is ca. 6 % [116]; biomass harvesting 
contributes up to 30 % to the total cost of product. The rest is comprised by the cost 
of biomass dehydration [92].

Generally, cost-efficiency of the system is determined by many factors including 
the design and the size of PBR. Thus, in case of a flat panel PBR, scaling up from 
17 to 200 L significantly reduced the total costs of production per year from $ 
394 kg−1 to $ 242 kg−1 dry biomass [116]. Still, the cultivation using raceway is 20 
times cheaper  than cultivation  in PBR [45]. So,  the  target productivity  in a PBR 
should be at least 20 times higher than in a raceway pond. On the other hand, open 
pond cultivation is not suitable for microalgal species susceptible for contamination 
such as vegetative cells of H. pluvialis. Hybrid technologies combining cultivation 
of vegetative cells  in PBR with subsequent  induction of carotenogenesis  in open 
ponds (see Sect. 4.4.5 above) appear to be the cheapest solution. As shown by Li 

β-apo-carotenal-
ester

β-carotene

Iutein

Astaxanthin

Capsanthin

Annatto

β-apo-8-
carotenal

Lycopene

Canthaxanthin

ZeaxanthinFig. 4.7 The structure of 
global carotenoid market at 
2010 (BCC research)
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et al. [45], the cost of astaxanthin in this case is estimated at $ 718 kg−1($ 18 kg−1 
biomass containing about 2.5 % astaxanthin). This cost is much lower than the cur-
rent cost of natural and even synthetic pigment. However, such a low expenses are 
achievable only if the labor cost and other costs are as low as they are in China [45].

4.7  Conclusions and Outlook

Carotenoid molecules are naturally designed for protection of vulnerable biomole-
cules  in  the cell  from harmful  effects of  environmental  stresses, ROS, and other 
aggressive chemical species. Certain Car such as β-carotene, astaxanthin, and lutein 
are of immense practical significance. These compounds are potent antioxidants 
with diverse beneficial effects on health. They are used as medicine preparations, 
widely consumed as nutraceuticals and safe food colorants and beauty product 
ingredients, functional food and feed additives.

Microalgae are the most efficient cellular factories of carotenoids though the 
examples of successful commercial cultivation of microalgae for Car are so far lim-
ited. The key reasons are expensive production of high-quality microalgal biomass 
and strong competition with cheap (though less efficient and environmentally safe) 
synthetic Car.

Several approaches could be proposed to make natural carotenoids from micro-
algae more competitive. First, we need to put an emphasis on the investigation of 
natural biodiversity to search for more efficient algal strains. Thus, Olaizola [117] 
estimated ca. twice more productive strains accumulating 10 % astaxanthin (vs. cur-
rent 3–5 %) will make astaxanthin from H. pluvials competitive as feed additive. 
Taking into account that only 1–2 % of microalgal biodiversity currently estimated 
as several million species are known, the search for new efficient strains definitely 
holds promise.

Second, we need more thorough understanding of the physiology of secondary 
carotenogenesis in microalgae. The insight into these processes forms the founda-
tion for the development of more energy-efficient and hence cost-efficient photobio-
technology for commercial production of Car from microalgal biomass. In particular, 
a considerable progress is being made in the techniques for on-line monitoring of 
physiological condition and biochemical composition of microalgal cultures in situ 
(in  the  PBR  vessel)  for  timely,  informed  decisions  for  the  culture  management. 
Then, a considerable effort is invested in metabolic engineering of microalgae 
aimed to remove the major bottlenecks of the biosynthesis of Car.

Third, innovative methods for harvesting and preparation of the microalgal bio-
mass and the extraction of Car are needed. The most important targets here are 
energy savings, completeness and selectivity of the extraction as well as avoidance 
of the expensive and toxic solvents.

Finally, there is a need to bridge the gap between the developed technology suit-
able for implementation at industrial scale and the latest scientific achievements in 
the field of Car production from microalgae.
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