Chapter 9
Astaxanthin and Related Xanthophylls

Jennifer Alcaino, Marcelo Baeza, and Victor Cifuentes

Introduction

In 1837, the Swedish chemist J6ns Jacob Berzelius described the yellow pigments
extracted from autumn leaves, which he named xanthophylls (from the Greek xan-
thos: yellow and phyllon: leaf). Later, the Russian-Italian botanist M.S. Tswett
found that these pigments were a complex mixture of “polychromes” and, using
adsorption chromatography, isolated and purified xanthophylls and carotenes,
which he named carotenoids in 1911. These yellow, orange, or red pigments play
important physiological roles in all living organisms, but their synthesis is circum-
scribed to photosynthetic organisms, some fungi and bacteria. Animals must obtain
these essential molecules from food, as they are not able to synthesize carotenoids
de novo [1]. Since H-W.F. Wackenroder isolated the first carotenoid from the cells
of carrot roots in 1831 [2], more than 750 different chemical structures of natural
carotenoids have been described [3]. The annual production of carotenoids is esti-
mated to be more than 100 million tons [4].

The molecular structure of carotenoids consists of a hydrocarbon backbone of forty
carbon atoms (C40) usually composed of eight isoprene units joined such that the two
methyl groups nearest the center of the molecule are in a 1,6-positional relationship
and the remaining nonterminal methyl groups are in a 1,5-positional relationship
(Nomenclature of Carotenoids, [IUPAC and IUPAC-IUB, rules approved in 1974). All
carotenoids derived from the acyclic CyHss structure have a long central chain of
conjugated double bonds (that constitutes the chromophoric system of the carot-
enoids) that may have some chemical modifications such as hydrogenation, the incor-
poration of oxygen-containing functional groups and the cyclization of one or both
ends, resulting in monocyclic or bicyclic carotenoids [5]. The oxygenated carotenoids

J. Alcaino * M. Baeza ¢ V. Cifuentes (<)

Departamento de Ciencias Ecoldgicas, Facultad de Ciencias,
Universidad de Chile, Santiago, Chile

e-mail: vcifuentes@uchile.cl

J.-F. Martin et al. (eds.), Biosynthesis and Molecular Genetics of Fungal 187
Secondary Metabolites, Fungal Biology, DOI 10.1007/978-1-4939-1191-2_9,
© Springer Science+Business Media New York 2014


mailto:vcifuentes@uchile.cl

188 J. Alcaino et al.

with a hydroxy, epoxy, and/or oxo group form a separate subclass named the
xanthophylls [6], while the non-oxygenated carotenoids are named carotenes. The
oxygenation in these molecules contributes to the enhanced solubility of xanthophylls
and is the reason why they are more polar than the purely hydrocarbon carotenes, thus
allowing the separation of xanthophylls from carotenes by chromatography.

Xanthophylls: Functions and Applications

Xanthophylls are synthesized by several organisms in which they fulfill important bio-
logical roles. For example, in photosynthetic organisms they work as accessory light
harvesting pigments and are involved in the protection against photo-oxidative dam-
age, such as the peroxidation of lipid membranes by reactive radicals [7]. Their photo-
protective properties are attributed to their strong light absorption in the 400-500 nm
range of the visible spectrum. In recent decades, there have been an increasing number
of reports confirming the beneficial effects of xanthophylls to animal and human
health, which has positioned these metabolites as a very promising group of phytonu-
trients. In this sense, the first functional role recognized for carotenoid pigments was
as a vitamin A precursor in animals. Because of the coloring properties of xantho-
phylls, there is interest in their economic impact on the production of animal feed; for
example, the poultry industry uses xanthophylls to contribute to chicken and egg yolk
pigmentation [8, 9]. For consumers, appearance is one of the most important factors
affecting the decision to purchase a food product, and the color together with the fresh-
ness are ranked as the main criteria for selection [10]. Furthermore, the outstanding
antioxidant properties of xanthophylls have been linked to their capacity to protect
animal cells from free radicals. Cumulative reports refer to their positive influence on
human health and their anti-disease effects in cancer and obesity. For these reasons, the
use of xanthophylls has been explored in several industries over the past 30 years, and
they have been used as active ingredients in medicinal pharmaceuticals, as cosmetics
ingredients and as colorants and additives in the food industry [11]. In particular, there
has been a significant increase in their use in the Functional Food field. Currently, the
global market for astaxanthin (see below) is similar to that for f(beta)-carotene and is
followed by lutein and canthaxanthin in economic importance [12, 13].

Even though efforts to develop commercial methods for the extraction and puri-
fication of carotenes and xanthophylls date back to the middle of the twentieth cen-
tury [14], chemical synthesis remains the main method for the production of
xanthophylls and remains in high demand. However, the modern world’s penchant
for natural products has increased the search of naturally occurring xanthophylls. In
this regard, advances in fermentation processes have been driven by a strong demand
for microbial sources of carotenoids for the food industry. Moreover, the develop-
ment of recombinant DNA technologies and metabolic engineering protocols has
contributed to advances in the microbial production of some xanthophylls, even in
non-carotenogenic organisms [15, 16], which can provide competitive alternatives
to chemical synthesis (Table 9.1).

Some commercially relevant xanthophylls are described as follows:
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Astaxanthin [3,3'-Dihydroxy-f(Beta),$(Beta)-Carotene-4,
4’-Dione]

Astaxanthin is a red-orange pigment naturally synthesized by a number of bacteria,
microalgae, and yeasts. The commercial production of this pigment has tradition-
ally been performed by chemical synthesis, but the yeast Xanthophyllomyces den-
drorhous (e.g., Phaffia rhodozyma) and the microalga Haematococcus pluvialis
appear to be the most promising sources for its industrial biological production.
Astaxanthin has strong antioxidant properties, shown to be better than those of
B(beta)-carotene or even a(alpha)-tocopherol [17]. There are an increasing number
of reports on the potential benefits of astaxanthin on human health, including ben-
efits on cardiovascular diseases [ 18], the prevention of Helicobacter pylori infection
in mice [19], the enhancement of the immune response in humans [20], and the
inhibition of carcinogenesis in mice [21]. Furthermore, astaxanthin is a very impor-
tant pigment worldwide. It is used in aquaculture for the pigmentation of salmonid
flesh, which is desired by the consumers, thus having considerable economic impact
on this industry. In the same way, astaxanthin is used to enrich the nutritional value
of egg yolks and to enhance the health and fertility of layer hens [17]. Consequently,
the global market for astaxanthin was US$234 million in 2004 [22], which was
approximately a quarter of the total global market for carotenoids.

P(Beta)-Cryptoxanthin [B(Beta),f(Beta)-Caroten-3-ol/

This xanthophyll is mainly found in fruits such as papaya, tangerine, orange, and
watermelon, and has the potential to act as a provitamin A [23, 24]. The main medi-
cal application reported for f(beta)-cryptoxanthin is in bone homeostasis. It has a
stimulatory effect on bone calcification (demonstrated in vitro) and in periodontitis,
preventing bone resorption most likely by inhibiting the interleukin production
induced by bacterial pathogens and mechanical stress [23, 25]. Cancer-preventative
effects of P(beta)-cryptoxanthin have been reported as well. For example, p(beta)-
cryptoxanthin protects HeLa and Caco-2 cells from H,O, and visible light damage
and induces DNA repair [26]. Moreover, in combination with hesperidin, p(beta)-
cryptoxanthin has inhibitory effects on chemically induced tumorigenesis in several
rat and mouse tissues [27]. The commercial production of f(beta)-cryptoxanthin is
based on natural sources such as citrus and capsicums, but new methods have been
developed for its production by the conversion of lutein or lutein esters [28]. There
are very few reports on microbial sources of f(beta)-cryptoxanthin. Bacteria trans-
formed with the B(beta)-carotene hydroxylase gene from Arabidopsis thaliana were
able to produce B(beta)-cryptoxanthin as the principal carotenoid [29]. In addition,
although produced in low yields, P(beta)-cryptoxanthin production has been
described in Brevibacterium linens [30] and in Flavobacterium lutescens [31].
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Canthaxanthin [B(Beta),p(Beta)-Carotene-4,4’-Dione/

Canthaxanthin has an orange-red color and is naturally produced by some plants,
fungi, microalgae, Archaea, and bacteria [32]. Together with other carotenoids, it
was reported that canthaxanthin induces gap junction communication in murine
fibroblasts and, therefore, intercellular communication. Moreover, it has important
effects on the immune response. Due to its antioxidant properties, it has been noted
that canthaxanthin is the most potent methyl linoleate inhibitor, providing a model
for lipid peroxidation in vivo [33]. Together with astaxanthin, canthaxanthin is the
most important pigment used in aquaculture for salmonid flesh coloration and is
also used for chicken skin and egg yolk coloring [8, 34]. The main microbial source
of commercial canthaxanthin is the alga Haematococcus lacustris [35]. Nevertheless,
there are laboratory-scale reports of canthaxanthin production by several microor-
ganisms with the potential for use at larger industrial scales for organisms such as
Aspergillus carbonarius [36], Dietzia natronolimnaea [37], and the microalga
Chlorella zofingiensis [38, 39], to name a few.

Capsanthin [3,3'-Dihydroxy-f(Beta),x(Kappa)-
Caroten-6'-One/

Capsanthin is the major xanthophyll in peppers and in Lolium lancifolium
“Splendens” flowers (tiger lily) [40]. This pigment is not produced by chemical
synthesis and is mainly extracted from red peppers to be used for pigmentation of
poultry feed [34]. Recently it was described that paprika pigments contain large
amounts of capsanthin and capsorubin and reduce adipocyte chronic inflammation
caused by obesity [41]. In addition, epidemiological studies suggested that capsan-
thin has a strong inhibitory effect on colon carcinogenesis [42].

Fucoxanthin [5,6-Epoxy-3’-Ethanoyloxy-3,5’-
Dihydroxy-6',7’-Didehydro-5,6,7,8,5’,6'-Hexahydro-#(Beta),
p(Beta)-Caroten-8-One]

The fucoxanthin pigment is found in different types of comestible seaweeds and is
responsible for their brown or olive-green color [43]. Seaweeds are the main sources
of this pigment [44] because chemical synthesis is still very expensive. Fucoxanthin
is considered to be an anticarcinogenic compound and was recently demonstrated to
have apoptosis-inducing effects, most likely through the down-regulation of STAT3/
EGFR signaling [45]. Furthermore, anti-obesity and antidiabetic roles have been
described for fucoxanthin [43].
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Lutein [p(Beta),e(Epsilon)-Carotene-3,3’-Diol/

Together with zeaxanthin, lutein forms the macular pigment, which is the yellow
spot at the center of the human retina. The adequate intake of lutein might help to
prevent or ameliorate age-related macular degeneration and other degenerative
human diseases [46—48]. Studies on the effects of lutein on the immune response
have been performed in several animal species, and its immune-modulatory effect
on macrophages was recently reported in both murine and primary-cultured perito-
neal macrophages [49]. Lutein is the major xanthophyll present in green leafy veg-
etables. Currently, lutein is extracted from marigold petals [50], mainly in the
esterified form. The market for lutein in the USA is estimated at $150 million [51].
Because of the assumption that esterification diminishes the bioavailability of lutein,
a preceding saponification step is performed in commercial formulations to remove
esters; however, it has been demonstrated that this modification does not signifi-
cantly affect lutein bioavailability, which mainly depends on its solubilization [52, 53].
Several studies have been performed to develop carriers to enhance lutein bioavail-
ability, for example, by using solubilized lutein in mixed micelles containing lyso-
phosphatidylcholine [54] and water-soluble, low molecular weight chitosan [55].
There is a constant search for alternative sources of lutein besides plants, and it has
been mainly reported that algae and microalgae might become real economic alter-
natives for the production of lutein. This is the case for Chlorococcum humicola
[56] and Coccomyxa acidophila (which also accumulate significant amounts of
B-carotene) [57], C. zofingiensis (which also accumulates astaxanthin) [58], and
Dunaliella salina [59] and Chlorella protothecoides (which also contain significant
amounts of canthaxanthin, echinenone, and astaxanthin) [60].

Neoxanthin [5',6'-Epoxy,6,7-Didehydro-5,6,5",6’'-Tetrahydro-
B(Beta), f(Beta)-Carotene-3,5,3"-Triol/

Neoxanthin is a precursor of the plant growth regulator abscisic acid [61] in green
leafy vegetables, including common edible vegetables [62]. It has been demon-
strated that neoxanthin affects the proliferation of human prostate cancer cells, most
likely by caspase induction [63, 64].

Violaxanthin [5,6:5,6'-Diepoxy-5,6,5',6’-Tetrahydro-f(Beta),
p(Beta)-Carotene-3,3'-Diol]

Violaxanthin is a xanthophyll of orange color synthesized by a variety of plants,
including the well-known pansies. Significant amounts of violaxanthin have also
been reported in orange juices and peels. Together with neoxanthin, violaxanthin is
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commercially attractive because it is also one of the abscisic acid precursors—the
plant hormone indispensable for plant adaptation with important roles in dormancy
and embryo development [65]. Recently, low amounts of violaxanthin were reported
in intracellular extracts from microalga Scenedesmus obliquus strain M2-1 [66].

Zeaxanthin [pB(Beta),p(Beta)-Carotene-3,3'-Diol/

Zeaxanthin is a yellow pigment found in vegetables and fruits. By far the main
reported role for zeaxanthin in human health is in ocular health, where, together
with lutein, zeaxanthin provides protection against age-related macular degenera-
tion [67, 68]. In addition, potential antitumor properties have been described for
zeaxanthin [69]. Furthermore, it was recently found that meso-zeaxanthin has an
inhibitory effect on the mutagenicity of five mutagenic agents, including nitro-o-
phenylenediamine and N-methyl- N'-nitro-N-nitrosoguanidine [70]. At present, the
commercial production of zeaxanthin is mainly based on the extraction from plant
tissues such as marigold flowers [71] and its use in the generation of new functional
foods has been successfully explored [72]. A recent study indicated that spirulina is
a rich dietary source of zeaxanthin, as the administration of spirulina increased the
zeaxanthin concentration in human serum [73]. No commercial microbial sources
for the production of zeaxanthin have been established yet; however, microorgan-
isms that produce zeaxanthin are continuously being described and some of them
are promising sources for satisfying the zeaxanthin demands of the future market.
Examples include a marine bacterium belonging to the genus Algibacter [74],
Flavobacteriumsp.[75],novelbacterial speciesbelongingtothe Sphingobacteriaceae
and Sphingomonadaceae families [76] and a new Chlorella saccharophila strain
that has the potential to be used for biofuel and carotenoid co-production [77].

Biosynthesis of Xanthophylls

The biosynthesis of xanthophylls derives from the synthesis of carotenoids
(Fig. 9.1). Although the carotenoid compounds found in nature are enormous in
structural diversity, all of them are synthesized through the universally conserved
isoprenoid biosynthesis pathway. The biosynthesis of isoprenoids originates from a
basic Cs isoprene unit to which prenyl transferase enzymes sequentially add three
other isoprenic units [78] resulting in the formation of C,, geranylgeranyl-pyro-
phosphate (GGPP). The active forms of the isoprene unit are the isopentenyl-pyro-
phosphate (IPP) and its allylic isomer dimethylallyl-pyrophosphate (DMAPP).
In most eukaryotes, IPP derives from the mevalonate pathway [79], while in pro-
karyotes and in plant plastids, it is synthesized via the 2-C-methyl-D-erythritol-4-
phosphate (MEP) pathway, which is also known as the non-mevalonate pathway
[80]. In the first step of isoprenoid biosynthesis, one IPP molecule is isomerized to
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Fig. 9.1 Biosynthetic pathway of xanthophylls. Systematic illustration of the metabolic pathways
leading to the synthesis of the xanthophylls described in the text (adapted from [147, 148]). The
biosynthesis of astaxanthin is enclosed in a box indicating the proposed genes that control each
step in X. dendrorhous (in squares, adapted from [114]), H. pluvialis (in circles, adapted from
[149]), bacteria (no special mark, adapted from [150]), and in A. aestivalis (in dotted box, adapted
from [99]). Abbreviations: MVA mevalonate, [IPP isopentenyl-pyrophosphate, DMAPP
dimethylallyl-pyrophosphate, GGPP geranylgeranyl-pyrophosphate. Metabolite structures were
confirmed according to [151]

DMAPP by the isopentenyl-pyrophosphate isomerase and then both molecules are
joined together generating C,-geranyl pyrophosphate (GPP), the precursor of
monoterpenes [81]. The addition of a second molecule of IPP to GPP by prenyl
transferases gives the precursor of sesquiterpenes, Cjs-farnesyl pyrophosphate
(FPP), which is converted to GGPP (the precursor of diterpenes) by the further addi-
tion of IPP by the GGPP synthase enzyme. Next, phytoene synthase condenses two
molecules of GGPP in a tail-to-tail manner, yielding phytoene [79]. This is the first
carotenoid synthesized in the pathway, which is colorless as it has a symmetrical
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carotenoid skeleton with only three conjugated double bonds. The huge structural
diversity of carotenoids is generated by further modifications such as desaturations,
cyclizations, isomerizations, and oxygenations [82].

The phytoene synthase enzyme is well conserved among carotenogenic organ-
isms. It is encoded by the crtB gene in bacteria and by the PSY gene in plants, algae,
and cyanobacteria [11]. Fungi have a bifunctional enzyme, named phytoene p(beta)-
carotene synthase (PBS) because it has both phytoene synthase and lycopene cyclase
activities, which gives rise to f(beta)-carotene. In this particular enzyme, encoded by
the crtYB gene, the phytoene synthase and lycopene cyclase activities are restricted
to the C-terminal and the N-terminal functional domains, respectively. It is likely that
such a bifunctional enzyme was acquired early in the evolution of fungi [83] because
genes encoding this unique enzyme have been reported in ascomycetes, zygomyce-
tes, and basidiomycetes such as Neurospora crassa [84], Mucor circinelloides [85],
Phycomyces blakesleeanus [86], and Xanthophyllomyces dendrorhous [87].

Next, phytoene is desaturated by the incorporation of two, three, four, or five
double bonds producing the colored carotenoids {(zeta)-carotene (yellow, synthe-
sized by some plants, cyanobacteria, and algae), neurosporene (yellow, accumulates
in Rhodobacter capsulatus and R. sphaeroides), lycopene (red, found in most
eubacteria and fungi), or 3,4-didehydrolycopene (found in N. crassa) [79], respec-
tively. In photosynthetic organisms, the formation of {(zeta)-carotene by the sequen-
tial insertion of two double bonds in phytoene is generally performed by a phytoene
desaturase, encoded by PDS in plants and algae or by crtP in cyanobacteria [11].
Next, the {(zeta)-carotene is converted into lycopene by the introduction of two
additional double bonds, which is catalyzed by a {(zeta)-carotene desaturase,
encoded by ZDS in plants and algae or by crfQ in cyanobacteria [11]. In non-
photosynthetic carotenogenic organisms, such as fungi and eubacteria, the desatura-
tion of phytoene leading to lycopene is controlled by only one gene, cr#l [11].

Although there are acyclic carotenoids, the cyclization of lycopene is a frequent
step in the biosynthesis of carotenoids, forming three types of ionone rings:
B(beta)-, e(epsilon)-, and y(gamma)-rings [81]. The P(beta)-ring is the most com-
mon form; the e(epsilon)-type is found in plants and in some algae, and the
y(gamma)-ring is the rarest. Several non-phylogenetically related lycopene p(beta)-
cyclases have been described, which are encoded by the crtL gene (also known as
LCY) in plants, cyanobacteria, and algae, and by cr#Y in eubacteria, which produces
B(beta)-carotene when a P(beta)-ring is introduced at both ends of lycopene [88].
Another type of lycopene cyclase was described in the actinomycete bacterium B.
linens, in which a heterodimeric enzyme formed by polypeptides encoded by the
crtYc and crtYd genes (unrelated to crtY or crtL) is responsible for the conversion
of lycopene into P(beta)-carotene [83]. In fungi, the domain of the bifunctional
enzyme PBS that exhibits lycopene cyclase activity seems to be related to the crtYc
and crtYd genes of B. linens, which led to the hypothesis that PBS developed from
arecombination of these two genes and a phytoene synthase gene [83]. Nevertheless,
the existence of other types of lycopene cyclases is still expected because no lyco-
pene cyclase genes have been found in the completely sequenced and available
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genomes of the cyanobacteria Synechocystis sp. and Anabaena sp., both of which
are P(beta)-carotene-producers [89].

The synthesis of xanthophylls involves the oxidation of post-phytoene carot-
enoid molecules, mainly from a(alpha)- and f(beta)-carotenes, resulting in oxygen-
ated products with hydroxyl-, epoxy-, and oxo-functional groups.

Astaxanthin Biosynthesis in X. dendrorhous
and in Other Organisms

In the late nineteenth century, Ludwig described a red yeast-like organism respon-
sible for the color of the sap of deciduous trees and named it Rhodomyces den-
drorhous [90]. In the late 1960s, Herman Phaff and coworkers isolated a red
fermenting yeast from natural slime fluxes and exudates on wounded trees from
mountainous regions of Japan and Alaska. It was originally designated as Rhodozyma
montanae nov. gen. et sp, but in 1976 it was renamed Phaffia rhodozyma because it
has a basidiomycetous origin [91]. Subsequently, many strains were isolated from
the European part of Russia, where it was noticed that P. rhodozyma was the pre-
dominant yeast in the red exudates of trees, suggesting that it corresponded to
Rhodomyces dendrorhous, as originally described by Ludwig [90]. In 1995, Golubev
described the life cycle of this yeast, which was unknown in the basidiosporogenous
yeasts, indicating that it was a new teleomorphic genus, and the name
Xanthophyllomyces was proposed [90]. Currently, the anamorphic strains are desig-
nated as P. rhodozyma and the teleomorphic strains as X. dendrorhous. In 1976,
Andrewes and coworkers reported that astaxanthin was the principal carotenoid pig-
ment produced by this yeast and one of the first models for the biosynthesis of
astaxanthin in X. dendrorhous was suggested [92].

The biosynthesis of astaxanthin is limited to a few organisms such as the micro-
algae H. pluvialis [93], some marine bacteria such as Paracoccus haeundaensis [94]
and Brevudimonas sp. [95], the basidiomycete yeast X. dendrorhous [92] and the
plant Adonis, which accumulates astaxanthin in the petals of the flower [96].

The formation of astaxanthin from P(beta)-carotene involves the introduction of
a hydroxyl and a keto group at carbons 3 and 4, respectively, for each of the p(beta)-
ionone rings via eight possible intermediate xanthophylls, depending on the produc-
ing organism. In the bacterial, plant, and algal systems, these reactions are catalyzed
by hydroxylases and ketolases. Ketolases have been described in several organisms
that do not produce astaxanthin, but produce other keto-xanthophylls such as echine-
none. The bacterial ketolases, encoded by the crtW gene, can use a non-substituted
B(beta)-ionone ring as well as 3-hydroxylated P(beta)-ionone rings as a substrate
[97]. Two paralogous genes with significant identity to crtW, bktl and bkt2, encode
B(beta)-carotene ketolases (BKT) and were described in H. pluvialis. The microalga
BKTs can only accept a non-substituted f(beta)-ionone ring as a substrate, so it is
unlikely that the astaxanthin synthesis from f(beta)-carotene begins with a hydrox-
ylation step in H. pluvialis [93]. During the green vegetative phase of H. pluvialis, a
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hydroxylase (CHY) incorporates a hydroxyl group onto the carbon at position 3 of
both B(beta)-ionone rings of the P(beta)-carotene substrate, producing zeaxanthin.
However, under stress conditions, B(beta)-carotene is converted into astaxanthin
primarily via echinenone, canthaxanthin, and phoenicoxanthin, being P(beta)-
carotene and echinenone substrates of BKT, while canthaxanthin and phoenicoxan-
thin are the substrates of CHY. In this way, astaxanthin accumulates as a secondary
carotenoid under stress conditions [98]. Further introduction of fatty acids to the
hydroxyl groups by esterification leads to the production of mono- and di-esterified
astaxanthin in H. pluvialis [93].

It has been suggested that in Adonis plants, the synthesis of a 3-hydroxy-4-keto-
B(beta)-ionone ring from the P(beta)-ionone ring substrate is controlled by two
genes and occurs in three steps [99]. First, a 4-hydroxy-f(beta)-ring is formed by
carotenoid-p(beta)-ring-4-dehydrogenase (CBFD); second, 4-hydroxy-p(beta)-ring-
4-dehydrogenase (HBFD) continues with the further dehydrogenation of carbon 4
giving a keto group at this position; and third, CBFD introduces a hydroxyl group at
carbon 3 of the 4-keto-p(beta)-ring to form the 3-hydroxy-4-keto-p(beta)-ring.

There are two major groups of f(beta)-carotene hydroxylases: the non-heme di-
iron (NH-di-iron) hydroxylases and the cytochrome P450 monooxygenases
(reviewed in [100]). The NH-di-iron hydroxylases are related to fatty acid desatu-
rases, and based on their primary structure, are classified into three groups corre-
sponding to (1) non-photosynthetic eubacteria, (2) plants and green algae, and (3)
cyanobacteria. These enzymes require molecular oxygen, iron, ferredoxin, and fer-
redoxin oxido-reductase for their function; and even though they share low protein
identity, carry out the same reaction and conserve iron-coordinating histidines
essential for enzyme activity [101]. The bacterial p(beta)-carotene hydroxylases,
encoded by crtZ, can convert non-substituted and 4-ketolated B(beta)-ionone rings
into the respective 3-hydroxylated forms [97]. A cytochrome P450 monooxygenase
involved in the p(beta)-carotene hydroxylation was first described in the thermo-
philic bacterium Thermus thermophilus [102]. By functional complementation in an
Escherichia coli strain carrying the Erwinia uredovora carotenoid biosynthetic
genes [103], it was demonstrated that this enzyme could introduce hydroxyl groups
to both p(beta)-rings of f(beta)-carotene producing zeaxanthin [102].

Cytochrome P450s (P450s) are a large superfamily of heme-containing mono-
oxygenases that have been described in organisms from all domains of life [104,
105], playing significant roles in the oxidative metabolism of a wide range of exog-
enous and endogenous substrates [106]. They are involved in the metabolism of
many physiologically important compounds such as sterols, fatty acids, and vita-
mins [107]; secondary metabolites [108]; and in the activation and detoxification of
many xenobiotics, such as drugs, carcinogens, and environment-polluting chemi-
cals [109]. These enzymes act as a terminal electron acceptor in multicomponent
P450-dependent monooxygenation systems (P450 systems) that lead to the reduc-
tive activation of molecular oxygen followed by the insertion of one oxygen atom
into the substrate molecule and the reduction of the other to water [110]. The two
electrons required for cytochrome P450 activity are transferred primarily from
NADPH via a redox partner [111], but the specificity of a particular reaction is
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given by the P450 enzymatic properties and substrate specificity. In the eukaryotic
microsomal P450 system, the general P450 redox partner is a cytochrome P450
reductase, CPR [104, 110, 112]. Although in most organisms there are several genes
encoding different P450 enzymes, in most species there is only one CPR-encoding
gene, with few exceptions [113].

In this regard, X. dendrorhous has a single astaxanthin synthase (CrtS, encoded
by the crtS gene), belonging to the cytochrome P450 protein family, which cata-
lyzes the hydroxylation and ketolation of B(beta)-carotene to produce astaxanthin
[114, 115]. To the best of our knowledge, the synthesis of astaxanthin from P(beta)-
carotene through a P450 system has only been reported in X. dendrorhous, demon-
strating that only in this yeast a unique P450 system evolved and specialized for the
synthesis of astaxanthin.

An X. dendrorhous mutant strain missing the cr¢R wild-type gene, which encodes
a CPR-type enzyme (CrtR), accumulates (beta)-carotene and is unable to synthe-
size astaxanthin, demonstrating that CrtR is essential for the synthesis of astaxan-
thin [116]. It is important to highlight the fact that the disruption of crfR was not
lethal because the mutant strain was able to grow normally under the studied condi-
tions. Additionally, Ukibe and coworkers [15] stated that CrtS has a high specificity
for its own CPR. As in metabolically engineered S. cerevisiae strains with the
X. dendrorhous carotenogenic genes, astaxanthin production was only achieved
when CrtS was co-expressed with CrtR. This result indicates that the S. cerevisiae
endogenous CPR was not able to reduce the X. dendrorhous CrtS, even though the
heterologous expression of several cytochrome P450s in this yeast has been func-
tionally successful [110]. The introduction of crtR was crucial for the functional
expression of CrtS and astaxanthin production in S. cerevisiae, suggesting “that the
X. dendrorhous CrtS is a unique cytochrome P450 protein that has high specificity
for its own P450 reductase” [15].

Genetic Improvement of Astaxanthin Production
in X. dendrorhous

The specific production of astaxanthin in natural X. dendrorhous isolates is too low
(200400 pg/g of dry weight of yeast, ppm) to provide an economically competitive
natural source of this xanthophyll [117]. Therefore, several efforts have been made
to improve the production of astaxanthin in this yeast (reviewed in [118]). There is
acomplex interaction between nutritional factors, such as carbon or nitrogen sources
and vitamins [119, 120], and physical factors such as oxygen levels [119, 121], pH
[122], and light intensities [123], that influence the cell growth and carotenogenesis
in X. dendrorhous. Moreover, different natural isolates and astaxanthin-
hyperproducing mutant X. dendrorhous strains may respond differently in their
carotenoid production when cultivated under the same conditions, hindering the
process of optimization of culture parameters.
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In contrast, classical random mutagenesis methods have been applied to generate
mutants with increased astaxanthin production [124-126]. N-Methyl-N'-nitro-
N-nitrosoguanidine (NTG) has proven to be an effective chemical mutagen for
X. dendrorhous, although the achieved astaxanthin levels are still not very attractive
from an industrial point of view.

A promising strategy to increase the astaxanthin yield in X. dendrorhous is meta-
bolic engineering, and several attempts have been made, including the overexpres-
sion of genes involved in carotenoid synthesis. Although the overexpression of the
crtYB gene (which encodes the phytoene-lycopene synthase) led to an increase in
the overall carotenoid synthesis, it was mainly due to higher amounts of p(beta)-
carotene and echinenone with an unaffected (or even lower) astaxanthin content
observed [127]. In contrast, the overexpression of the crtl gene (phytoene desatu-
rase encoding gene) decreased the total carotenoid production and varied its compo-
sition. The carbon flux was diverted to the synthesis of monocyclic carotenoids such
as 3-hydroxy-3’,4’-didehydro-p(beta)-¢(phi)-caroten-4-one (HDCO), torulene and
hydroxy-ketotorulene, while the astaxanthin proportion was reduced to half [127].

An interesting alternative genetic modification is to increase the metabolic flow
towards the synthesis of the precursor molecules of a specific pathway. However,
when the isopentenyl-isomerase encoding gene (idi) was overexpressed in X. den-
drorhous, the amount of total carotenoids decreased [128]. In contrast, the overex-
pression of the geranylgeranyl-pyrophosphate synthase encoding gene (crtE)
resulted in a strain with slightly higher carotenoid levels, which was improved when
the strain was cultured under additional air supply and permanent illumination
[129]. More recently, a combinatorial approach fused conventional mutagenesis,
metabolic pathway engineering (including the simultaneous overexpression of
crtYB and crtS) and different culture medium analysis, and resulted in the highest
astaxanthin content for X. dendrorhous reported to this day (9,700 ppm) [130].
Although these studies represent a great contribution, the achieved astaxanthin lev-
els are still not industrially sufficient.

Improved astaxanthin yields have been achieved by the addition of the
carotenogenesis precursors such as MVA to the culture medium [117]. Many of the
regulatory aspects of isoprenoid biosynthesis involve elements of the MVA path-
way, which are well conserved throughout evolution. The limiting step in the meta-
bolic flux control of the MVA pathway is catalyzed by the enzyme
3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase [131]. For example, the
overexpression of the catalytic domain of a HMGR from S. cerevisiae (HMG1 gene)
increased the heterologous production of carotenoids in Candida utilis [132]. In the
same way, additional HMGR gene copies in N. crassa also resulted in an increase in
the amount of carotenoids produced [133]. In X. dendrorhous, only one HMGR
gene has been detected and results by Miao and coworkers [134] indicated that its
transcript levels were increased in an astaxanthin overproducing X. dendrorhous
strain obtained by random mutagenesis. This mutant also showed lower ergosterol
content, suggesting that ergosterol might regulate the HMGR gene expression in X.
dendrorhous and, in turn, affect the carotenoid biosynthesis. Recently, the X. den-
drorhous CYP61 gene involved in the ergosterol biosynthesis was identified and
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characterized [135]. The disruption of this gene abolished ergosterol production and
the carotenoid content, including astaxanthin, was almost doubled relative to the
parental strain. Moreover, it was shown that the transcript levels of HMGR were
significantly increased in the cyp6/~ mutant strains. This background suggests that
engineering the steps involved in the MVA pathway could be a good approach for
the improvement of astaxanthin production in X. dendrorhous.

Conclusion

Future Perspectives

As described in this chapter, the biosynthesis of astaxanthin in X. dendrorhous is a
complex process. Although the structural genes that control this metabolic pathway
are known, knowledge of the mechanisms regulating the synthesis of carotenoids in
this yeast is still rather limited. Currently, it is known that carotenogenesis is affected
by numerous internal and external factors. Among the external factors, the carbon
source plays a fundamental role in the regulation of the synthesis of astaxanthin in
this yeast. Specifically, when X. dendrorhous is cultivated with glucose as the sole
carbon source, carotenogenesis is only induced after this sugar is completely
depleted. This point (the late exponential - early stationary phase of growth) also
coincides with the maximum ethanol concentration reached, which is produced by
the fermentative metabolism of glucose. Along the same lines, when the yeast is
cultivated with a non-fermentable carbon source, such as succinate, the synthesis of
astaxanthin starts at the beginning of the growth and the achieved carotenoid levels
are higher than those reached when the cells are grown in glucose [136]. Furthermore,
there are astaxanthin-overproducing strains, obtained by random mutagenesis, in
which carotenogenesis starts at the beginning of the culture even in the presence of
glucose, indicating that they might be deregulated [137]. Moreover, glucose reduces
the mRNA levels of at least three carotenogenic genes (crtYB, crtl and crtS) [138].
All these findings suggest that carotenogenesis in X. dendrorhous is regulated by
catabolite repression. Similarly, it is known that the carbon to nitrogen (C/N) ratio
and the levels of oxidative stress are also relevant factors that can alter the produc-
tion of carotenoids in this yeast, and may also participate in the mechanisms that
govern the carotenogenesis. Among the internal factors that might regulate caro-
tenogenesis in X. dendrorhous, we highlight the fact that alternative carotenogenic
mRNAs are produced for at least two genes: crtYB and crtl [139].

Based on the aforementioned observations, understanding the regulatory mecha-
nisms of the astaxanthin biosynthetic pathway in X. dendrorhous will have a key
impact on the comprehension of the complexity of this biological process. Similarly,
the knowledge of the interactions between carotenogenesis and other metabolic
processes, whether at the genetic level of the structural and regulatory genes or at
the level of their gene products, will be useful in developing new astaxanthin-
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overproducing strains important for the industrial production of this xanthophyll.
Thus, molecular genetic studies leading to the identification of regulatory genes,
their targets, and the genetic interactions involved in carotenogenesis will aid in the
design of new genetic improvement strategies for the production of astaxanthin in
X. dendrorhous. Similarly, this knowledge could be applied to develop strains in
which the metabolic flux towards intermediary metabolites of carotenogenesis
could be diverted to favor the production of new biotechnological products, such as
drugs, vitamins, nutrients, or other carotenoids, to name a few.

Finally, the use of metabolic engineering—for example, by modifying the meta-
bolic flux of pathways that interact with carotenogenesis at different levels—will
not only generate a greater knowledge of the process itself, but will also create new
tools that can be applied in the construction of attractive strains for carotenoid pro-
duction processes.
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