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Abstract

Carotenoids are produced by photosynthesizing organisms, i.e. plants and algae, as well as some bacteria, protists 
and fungi. Their role lies mainly in the function of complementary photosynthetic pigments and antioxidants. Ca-
rotenoids are distinguished according to their structure into carotenoids of the hydrocarbon type, e.g. α-, β- and 
γ-carotene and oxygen derivatives – xanthophylls, among which astaxanthin, which excels in its antioxidant and 
nutraceutical properties, is the most important. It is used as a dietary supplement both in human nutrition and in 
the aquaculture and poultry industry, as a nutritional supplement in salmonid and hen farming. Many works have 
focused on the search for natural sources of astaxanthin as an alternative to synthetic astaxanthin. In nature, very 
few astaxanthin producing organisms are known in non-minor amounts, with green alga Haematococcus pluvialis and 
the yeast Xanthophyllomyces dendrorhous (anamorph Phaffia rhodozyma) being the most promising microorganisms 
for the biotechnological production of this xanthophyll. In this review we focus on the biosynthesis and caroteno-
genesis including the regulation mechanisms, generation of hyperproducing mutants by random mutagenesis and, 
last but not least, also metabolic engineering (genetic techniques). Attention is also paid to the optimization of 
fermentation conditions.
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1 Introduction

Astaxanthin belongs to carotenoids, i.e. compounds de-
rived from tetraterpenes having 40 carbon atoms. Struc-
turally and functionally, carotenoids can be classified as 
hydrocarbons (carotenes) and oxygen derivatives (xan-
thophyls), i.e. compounds containing hydroxyl and a ke-
tone as a functional group. Astaxanthin is red because it 
contains a chain of conjugated double bonds. This chain 
of conjugated double bonds is also responsible for the 
antioxidant function of astaxanthin (as well as other ca-
rotenoids).
 Astaxanthin is the third economically most important 
carotenoid after β-carotene and lutein. The astaxanthin 
market reached 29% of total carotenoid sales, with an es-
timated global market size of $ 225 million (Mata-Gomez 
et al., 2014).

Astaxanthin is found above all in primary sources – 
in some algae and yeasts and then in secondary sources – 
marine invertebrates (small crustacean plankton (krill), 
shrimp, crayfish, etc.), salmon, trout and waterfowl feath-
ers. It is the cause of the red color of salmon and the red 
color of cooked crustaceans. Astaxanthin, unlike some 
carotenes, is not a precursor to vitamin A. Like other ca-
rotenoids, astaxanthin is poorly absorbed orally and no 
toxic syndrome is known. It has high antioxidant effects 
due to its conjugated chain and its solubility in polar sol-
vents (e.g. water) is higher due to four functional groups 
(2x ketone and 2x hydroxyl) than that of e.g. β-carotene.
 Astaxanthin is used as a food supplement both in hu-
mans and animals and in aquaculture. Commercial astax-
anthin comes from both natural and synthetic sources.  
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 Astaxanthin is approved by both the US Food and 
Drug Administration (FDA) and the European Commis-
sion (E161j). Among the uses of astaxanthin is, e.g. its use 
for improving pigmentation of yolk and poultry color (El-
wan et al., 2019). 
 The sources of astaxanthin are either sea krill (see 
above) or cultivated algae (mainly Haematococcus pluvi-
alis) or yeasts, e.g. X. dendrorhous, formerly P. rhodozyma. 
 The X. dendrorhous taxonomy was determined in 
2015 and 2016 for two strains based on the entire ge-
nome sequence, ranging in size from 19.1 to 19.5 Mb 
(GenBank LN483142.1 and BCJZ01000001.1). 
 Currently, the main natural source of astaxanthin is 
the microalga Haematococcus pluvialis. Commercially, 
more than 40 g of astaxanthin can be obtained from one 
kg of dry biomass. Cultivation takes place in two 
phases; in the first phase there is an increase in 
biomass, in the second phase the alga is cultivated 
under nutrient starvation and strongly irradiated 
by visible light. In the case of cultivation in nature, 
the cultivation is limited to the tropical belt and 
places with sufficiently long sunshine. In addi-
tion, the algae produce not only astaxanthin but 
also mainly its esters and diesters, which must 
be chemically hydrolyzed before being adminis-
tered as a dietary supplement. Yeasts, which do 
not have these drawbacks, can be grown in the 
dark. In addition, they produce only free astaxan-
thin and yeast fermentation has been industrially 
mastered in hundreds of thousands of liters (e.g. 
beer production). Astaxanthin has two centers 
of chirality, is symmetric and therefore occurs in 
3 isomers (3R, 3’R), (3R, 3’S), and (3S, 3’S). Syn-
thetic astaxanthin contains a mixture of all three 
isomers in a ratio of 25:50:25. Natural astaxan-
thin also contains all three isomers, but not in 
a 25:50:25 ratio. Astaxanthin produced by algae, 
e.g. freshwater Haematococcus pluvialis, produces 
more than 90% of the isomer 3S, 3’S, while the 
yeast Xanthophyllomyces dendrorhous produces 
more than 90% of the 3R, 3’R isomer, see Figure 
1. Therefore, in contrast to salmon caught in the 
wild, it is very easy to prove that farmed salmon 
fed with synthetic astaxanthin has been artificial-
ly fed with it. The price of synthetic astaxanthin 
is several times lower than that of the compound 
isolated from algae and yeast (the price of syn-
thetic astaxanthin ranges from about $ 5,000 to 
$ 6,000 per kg, according to other sources it can 
be up to $ 7,000/kg from (http://www.astaxan-
thin.company).

2 Organic synthesis

Total astaxanthin synthesis is the cheapest method to 
obtain it on an industrial scale. It has been very suc-
cessful – see for example, the book describing organic 
synthesis, including hundreds of intermediates (Britton 
et al., 1996). The disadvantage of this synthesis, as men-
tioned above, is the mixture of three isomers. Though 
the synthesis of both high purity 3R, 3’R and/or 3S, 3’S 
enantiomers has been mastered, the cost of the resulting 
product is many times higher due to the use of special 
chiral catalysts based on the central ruthenium atom 
complexed with an optically active amine (Lockwood et 
al., 2007). Another possibility of obtaining an optically 
active isomer is the separation of the three isomers on 

Figure 1  HPLC comparison of astaxanthin isomers found in alga, 
yeast and synthetic astaxanthin. Column CHIRALCEL® 
OD-RH, 150 x 4,6 mm, 5 µm was used with mobile phase 
acetonitrile/phosphoric acid (3.5 mM) at a flow rate of  
0.5 ml/min under isocratic conditions and a temperature 
of 25 °C. Identification of astaxanthin peaks was achieved 
by using the wavelength of 470 nm (Rezanka et al., 2013).
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a preparative chiral column, but for economic reasons 
(the cost of a column with such a special chiral phase), 
this procedure is currently not feasible.

3 Biosynthesis

Carotenoid biosynthesis probably originates from an-
cient anoxygenic and photosynthetic microorganisms, 
such as cyanobacteria, that are up to 3.5 billion years old. 
The change of the Earth’s atmosphere from anaerobic to 
aerobic is the main factor responsible for the biosynthe-
sis of structurally diverse carotenoids, using oxygen-de-
pendent enzymes (Liang et al., 2006).
 The biosynthetic pathway of carotenoids in eukary-
otic cells includes the following reactions (Mata-Gomez 
et al., 2014). The synthesis begins with the condensa-
tion of acetyl-CoA to 3-hydroxy-3-methylglutaryl-CoA 
(HMG-CoA), which is catalyzed by HMG-CoA synthase. 
Then, HMG-CoA produces mevalonic acid (MVA), the 
first ancestor of the terpenoid biosynthetic pathway. The 
following steps include two sequential phosphorylation 
reactions performed by mevalonate kinase and phos-
phomevalonate kinase, and the final step is phosphom-
evalonate decarboxylase catalyzed decarboxylation to 
produce isopentenyl pyrophosphate (IPP, or isopentenyl 
diphosphate, IDP) (Mata-Gomez et al., 2014; Werner et 
al., 2016). IPP is isomerized to dimethylallylpyrophos-
phate (DMAPP). Reaction of three IPP molecules with 
DMAPP, catalyzed by prenyltransferases, yields gera-
nylgeranyl pyrophosphate (GGPP). The condensation 
of two GGPP molecules produces phytoene, the first 
C40 carotene, which is subsequently desaturated to form 
lycopene (Mata-Gomez et al., 2014). Lycopene undergoes 
many modifying and cyclic reactions leading to the bio-
synthesis of compounds such as β-carotene, γ-carotene, 
torulene, torularhodin and astaxanthin (Mata-Gomez et 
al., 2014). This general overview varies depending on the 
microorganisms. Only astaxanthin biosynthesis in X. den-
drorhous will be discussed below.

3.1 Microbial production of astaxanthin in X. dendrorhous
It is currently believed that the main function of carote-
noids in X. dendrorhous is to protect yeast from the dam-
age caused by oxidative stress. This hypothesis is support-
ed by the fact that strains that do not produce astaxanthin 
are more sensitive and grow less in the presence of reac-
tive oxygen species (ROS) (Schroeder and Johnson, 1993). 
Singlet oxygen and peroxyl radicals have been reported 
to increase total carotenoid content (Schroeder and John-
son, 1993; Schroeder and Johnson, 1995). Furthermore, 
X. dendrorhous has significantly lower catalase activity 

than, for example, Saccharomyces cerevisiae, so the low 
enzyme activity can be compensated by carotenoid bio-
synthesis (Schroeder and Johnson, 1993), since superox-
ide dismutase is also not present in the cytosol of X. den-
drorhous, and carotenoids could again compensate for its 
deficiency (Schroeder and Johnson, 1993). Meanwhile, 
X. dendrorhous is the only known yeast producing astax-
anthin de novo (Ambati et al., 2014).
 Lycopene is converted to β-carotene by the bifunction-
al enzyme phytoene-β-carotene synthase (PBS) having ly-
copene cyclase activity. Finally, β-carotene is oxidized by 
incorporating the hydroxyl group at the 3-position and the 
keto group at the 4-position on both β-ionic rings to form 
astaxanthin as the final product. Unlike other organisms 
that produce astaxanthin, in X. dendrorhous these last oxi-
dation steps from β-carotene to astaxanthin are catalyzed 
by a single enzyme called astaxanthin synthase (CrtS, en-
coded by crtS gene), a cytochrome P450 monooxygenase 
(Ojima et al., 2006). Astaxanthin synthase requires a re-
dox partner, the cytochrome P450 reductase encoded by 
the X. dendrorhous crtR gene (Alcaíno et al., 2008; Alcaíno 
et al., 2012; Gutiérrez et al., 2015), which provides the 
necessary electrons for enzymatic catalysis. The outcome 
of the biosynthesis can be summarized as the production 
of xanthophylls with astaxanthin in between 80 and 90% 
of total carotenoids (Schmidt et al., 2011).
 Biosynthesis of astaxanthin in H. pluvialis proceeds 
similarly, though different biosynthetic steps, including 
esterification of one or both hydroxyl groups, have been 
described (Lorenz and Cysewski, 2000).
 In addition to these two major microorganisms pro-
ducing carotenoids, Brevibacterium linens, Agrobacte-
rium aurantiacum and marine bacterium Paracoccus 
haeundaensis are also listed for the production of astax-
anthin, but are not considered commercially important 
sources (Vachali et al., 2012).
 X. dendrorhous has two evolutionary special meta-
bolic features. One is the synthesis of astaxanthin, which 
is considered unique among fungi. The other is the fer-
mentation of sugar to alcohol under oxidative conditions 
(Reynders et al., 1997). Astaxanthin serves as an anti-
oxidant, quenching reactive oxygen species to protect  
X. dendrorhous from damage by oxidative stress (William 
and Schroeder, 1993; William and Schroeder, 1995). Its 
biosynthesis is via the mevalonate pathway to the for-
mation of β-carotene with enzymes similar to other ca-
rotenogenic fungi (Sandmann, 2002). However, all steps 
of 3-hydroxylation and 4-ketolation at both terminal 
β-ionone rings leading to the formation of astaxanthin are 
carried out by a very unique P450 monooxygenase. This 
protein, Asy, belongs to the 3A subfamily (Ojima et al., 
2006); electrons are provided by a specific cytochrome 
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P450 reductase (Alcaíno et al., 2008). Although the astax-
anthin concentration in wild-type strains of X. dendror-
hous is too low for commercialization, attempts have been 
made to increase the astaxanthin yield, developing X. den-
drorhous as a production system for this carotenoid. The 
most promising yields were obtained by a combination 
of classical random mutagenesis followed by systematic 
engineering of the whole biosynthesis pathway (Gassel et 
al., 2014).

4 Biotechnological production of astaxanthin

First and foremost, for economic reasons, it is important 
to both optimize fermentation parameters and improve 
the ability of wild-type yeast strains to produce indus-
trially used astaxanthin. Therefore, low-cost culturing 
media such as alfalfa residual juice, cane molasses, sugar 
cane juice, corn wet-milling co-products, grape juice, hy-
drolyzed peat, raw coconut milk or vegetable oils were 
used. The nutrient-rich culture medium and the presence 
of astaxanthin precursors have generally been shown to 
be favorable to increased astaxanthin production. It has 
also been reported that carotenogenesis in many organ-
isms is regulated by light. An et al. (1996) investigated the 
effect of oxygen radicals and aeration on the carotenogen-

esis and growth of P. rhodozyma and found increased as-
taxanthin production. Kim et al. (2003) report that both 
biomass and astaxanthin production are stimulated by 
the addition of ethanol (10 g L-1) and acetic acid (5 g L-1) 
to a culture of P. rhodozyma, resulting in a respective yield 
of 45.62 mg L-1 and 43.87 mg L-1 of carotenoids. Similarly, 
Gu et al. (1997) found increased carotenoid production 
(from 1.65 mg g-1 carotenoids to 2.65 mg g-1 carotenoids) 
by adding 0.2% ethanol to X. dendrorhous yeast cultures.
 Various approaches have been taken to enhance the 
content of astaxanthin in Phaffia, such as genetic manip-
ulation (An et al., 1989; Fang and Chiou, 1996; Meyer and 
du Preez, 1994) and protoplast fusion (Chun et al., 1992).
Another possibility is to use genetically modified yeast. 
Using wild strains, conventional mutagenic agents, includ-
ing, e.g. the mutagenic effects of N-methyl-N’-nitro-N-ni-
trosoguanidine, hydrogen peroxide, ethidium bromide or 
UV irradiation and/or γ-rays have been successfully used 
to isolate various strains producing astaxanthin.
 The greatest potential approach is the cloning and 
overexpression of the carotenoid biosynthetic genes of 
the Phaffia/Xanthophyllomyces strains, see Table 1.
 Table 1 gives examples of successful mutagenesis, i.e. 
the use of both cloning and expression of carotenoid bi-
osynthetic genes in Phaffia/xanthophyllomyces strains. 
Chemical mutants with significantly higher astaxanthin 

Table 1 Summary of astaxanthin production by natural producers and engineered non-carotenogenic organisms. Single black arrow (↓) 
represents downregulation.

Organism Genotype Astaxanthin production  
and type of cultivation Reference

X. dendrorhous crtYB and asy (native genes) 9.7 mg/g DCW (bioreactor) Gassel et al., 2013

X. dendrorhous crtYB, asy, crtE and trHMG (native genes) 9 mg/g DCW (shake-flasks) Gassel et al., 2014 

H. pluvialis site-directed mutagenesis of PDS (native gene) 11.4 mg/g DCW (shake-flasks) Steinbrenner and Sandmann, 
2006

E. coli crtE, crtY, crtI, crtB, crtZ (from P. ananatis); trBKT 
(from C. reinhardtii); ispD and ispF (native genes)

432 mg/L, 7 mg/g DCW 
(bioreactor) Park et al., 2018

E. coli 

Module 1: atoB (native), hmgS (S. cerevisiae), and 
thmgR (S. cerevisiae); 

Module 2: mevk (S. cerevisiae), pmk (S. cerevisiae), 
pmd (S. cerevisiae), and idi (native); 

Module 3: crtEBI (amplified from pAC-LYC 
plasmid) and ispA (native); crtY (P. ananatis), crtZ 

(from P. ananatis), crtW (Brevundimonas sp.)

320 mg/L, 2 mg/g DCW 
(simultaneous fermentation 

and extraction)
Zhang et al., 2018

S. cerevisiae 
crtW (from Brevundimonas vesicularis),crtZ (from 
Agrobacterium aurantiacum), and mutagenesis of 

CSS1, YBR012W-B and DAN4

217.9 mg/L, 13.8 mg/g DCW 
(bioreactor) Jin et al., 2018

S. cerevisiae crtE, crtI, crtYB (from X. dendrorhous); trHMG1 
(native gene); BKT and crtZ (from H. pluvialis)

47 mg/L, 8 mg/g DCW  
(shake-flasks) Zhou et al., 2017

S. cerevisiae BKT and crtZ (from H. pluvialis) 4.7 mg/g DCW  
(shake-flasks) Zhou et al., 2015

Y. lipolytica 
crtYB, crtI, crtE (from X. dendrorhous); HMG1 

(native gene); ↓SQS1; crtW (from Paracoccus sp.) 
and crtZ (from P. ananatis)

54.6 mg/L, 3.5 mg/g DCW 
(microtiter plates) Kildegaard et al., 2017

Y. lipolytica GGPPs7 (from Synechococcus sp.), HpBKT, 
HpcrtZ (from H. pluvialis)

285 mg/L, 6 mg/g DCW 
(bioreactor) Tramontin et al., 2019
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production were produced. To further improve astaxan-
thin production, it is an advantage that in X. dendrorhous, 
carotenoid biosynthesis can be genetically manipulated. 
All necessary pathway genes were cloned. They include 
those encoding a 3-hydroxymethyl-3-glutaryl coenzyme 
A reductase, geranylgeranyl pyrophosphate synthase, 
phytoene synthase/lycopene cyclase, and astaxanthin syn-
thase. Combination of classical mutagenesis with genetic 
engineering has improved the flow of metabolites into the 
carotenoid pathway and the efficient conversion of inter-
mediates to the desired end product astaxanthin. Starting 
with two mutants with a 15-fold higher astaxanthin con-
tent, transformants were obtained with a further 6-fold 
increase in the last step of the biosynthetic pathway. Thus, 
a maximum astaxanthin content of almost 9 mg per g dry 
weight (Gassel et al., 2014) was achieved in shake cultures.
 A very sophisticated approach to increase astaxan-
thin production was to use multivariate modular meth-
ods to optimize astaxanthin production, which allows re-
ducing regulatory complexity by grouping multiple genes 
into modules. Unfortunately, there was a shortcoming of 
this method in that it works well for balancing the in-
ter-modules but not the intra-modules. Therefore, to fur-
ther increase astaxanthin production, a multidimension-
al heuristic process (MHP) has been developed. At the 

same time, MHP balances different modules by changing 
promoter potency and coordinating activities within 
the module using ribosome binding sites and enzyme 
variants. A simultaneous fermentation and extraction 
of astaxanthin by isopropyl myristate was performed 
which was supplemented to the culture medium. The 
bioreactor worked in a fed-batch process and isopropyl 
β-D-1-thiogalactopyranoside was used to induce carote-
nogenesis. Using all of the above methods, the production 
of the enantiomer of 3S, 3’S – astaxanthin of 184 mg L-1 

day-1 or 320 mg L-1 (Zhang et al., 2018) was achieved.
 Tramontin et al. (2019) described a genetically mod-
ified yeast Yarrowia lipolytica producing astaxanthin in 
a yield of 285 mg L-1 after 7 days of cultivation on a com-
plex glucose medium. Cultivation was performed in 
a 1 L bioreactor, the initial culture volume was 0.4 L, the 
fed-batch process of 50% glucose solution was started 
6 hours after inoculation. The glucose concentration was 
kept below 5 g L-1 throughout the fermentation process. 
First, the authors created a strain that was optimized for 
the production of β-carotene, an important biosynthetic 
precursor of astaxanthin (see Figure 2 for astaxanthin bi-
osynthesis). Furthermore, it included key genes encoding 
β-ketolase and β-hydroxylase from Paracoccus sp. and/
or Pantoea ananatis and the alga H. pluvialis. 

Figure 2 Astaxanthin biosynthetic pathway in X. dendrorhous.
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 A pilot plant process for the production of astaxanthin 
by fermentation of X. dendrorhous has been developed. In 
an 800 L fermenter, up to 350 mg of L-1 (4.1 mg g-1) astax-
anthin was achieved by optimizing the culture conditions, 
i.e. by UV-light illumination and by optimizing the glucose 
flow. The resulting mixture contained 84% astaxanthin, 
4% β-carotene, 4% canthaxanthin, 5% 3-hydroxy-3′,4′-di-
dehydro-β,φ-carotene-4-one, 2% phoenicoxanthin and 
1% zeaxanthin as minor components. This pilot plant 
technology can easily be extended to an industrial ap-
plication for the production of this xanthophyll, which is 
now in high demand (de la Fuente et al., 2010).
 Industrial fermentation of X. dendrorhous to de-
termine astaxanthin production was performed in 
a 10,000 L fermenter (Zheng et al., 2006). It has been re-
ported that the astaxanthin content of the cells reached 
a maximum of 52.32 mg L-1 and 2.57 mg per g dry weight 
after 156 hours of culture.

5 Conclusion

Yeast having the red astaxanthin pigment has caused con-
siderable biotechnological interest. It serves as a natural 
source of astaxanthin in the diet for coloring salmon, lob-
sters and egg yolk in poultry. The excellent antioxidant 
properties of astaxanthin are also commercially attrac-
tive to the pharmaceutical, cosmetic and food industries. 
Although all-trans astaxanthin can be produced syntheti-
cally, interest in Phaffia/Xanthophyllomyces as one of the 
most promising natural sources of this pigment will cer-
tainly continue in the future.
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