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Abstract Carotenoids are one of the most common

classes of pigments that occur in nature. Due to their bio-

logical properties, they are widely used in phytomedicine

and in the chemical, pharmaceutical, cosmetic, food and

feed industries. Accordingly, their global market is con-

tinuously growing, and it is expected to reach about

US$1.4 billion in 2018. Carotenoids can be easily produced

by chemical synthesis, although their biotechnological

production is rapidly becoming an appealing alternative to

the chemical route, partly due to consumer concerns

against synthetic pigments. Among the yeasts, and apart

from the pigmented species Phaffia rhodozyma (and its

teleomorph Xanthophyllomyces dendrorhous), a handful of

species of the genera Rhodosporidium, Rhodotorula,

Sporobolomyces and Sporidiobolus are well known car-

otenoid producers. These are known as ‘red yeasts’, and

their ability to synthesize mixtures of carotenoids from

low-cost carbon sources has been broadly studied recently.

Here, in agreement with the renewed interest in microbial

carotenoids, the recent literature is reviewed regarding the

taxonomy of the genera Rhodosporidium, Rhodotorula,

Sporobolomyces and Sporidiobolus, the stress factors that

influence their carotenogenesis, and the most advanced

analytical tools for evaluation of carotenoid production.

Moreover, a synopsis of the molecular and ‘‘-omic’’ tools

available for elucidation of the metabolic pathways of the

microbial carotenoids is reported.
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Introduction

Carotenoids are 40-carbon isoprenoids that are generally

separated into carotenes (e.g., b-carotene) and xanthophylls

(oxygenated carotenoids, such as astaxanthin), and are

usually localized within intracellular lipid droplets (Buz-

zini et al. 2010). Owing to their bright colour, and because

of a variety of their properties, carotenoids represent a

valuable class of molecules for industrial applications

(Johnson and Echavarri-Erasun 2011). In particular, they

are widely exploited on an industrial scale as additives in

pharmaceutical, chemical, food and feed products, mostly

as vitamin A precursors (Johnson and Schroeder 1995;

Vachali et al. 2012). Consequently, their industrial market

is expected to reach about US$1.4 billion in 2018 (BCC

Research 2011).

To satisfy the increasing demand for carotenoids, they

can be produced easily by chemical synthesis. However,

due to general consumer concern against synthetic pig-

ments, the biotechnological production of carotenoids (via

de-novo microbial synthesis) is becoming an appealing

alternative to the chemical route.

Among the microorganisms that can produce car-

otenoids, there are a number of basidiomycetes yeast spe-

cies that grow as pigmented colonies, and are for this

reason known as ‘red yeasts’. Phaffia rhodozyma and its

teleomorph Xanthophyllomyces dendrorhous are by far the
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most well-known representatives of the red yeasts. They

have significant biotechnological potential because of their

particular carotenoid profiles, which include astaxanthin as

the main pigment (Buzzini et al. 2010; Fell and Johnson

2011; Fell et al. 2011). However, other basidiomycetes can

also produce different carotenoids. Apart from those

ascribed to the genera Bulleromyces, Cystobasidium,

Cystofilobasidium, Mixia and Occultifur (Boekhout 2011;

Nishida et al. 2011; Sampaio 2011a; Sampaio and Ober-

winkler 2011a, b), which are apparently characterised by

traces of intracellular carotenoids, some other species that

belong to the genera Rhodotorula and Sporobolomyces,

along with their teleomorphs Rhodosporidium and

Sporidiobolus, are known to produce higher amounts of a

mixture of carotenoids (Buzzini et al. 2007, 2010; Hama-

moto et al. 2011; Johnson and Echavarri-Erasun 2011;

Sampaio 2011b, c, d).

Indeed, the biosynthetic pathway that leads to car-

otenoid production has been defined for the red yeasts.

Moreover, great progress has been achieved in the study of

the regulation of the carotenogenic pathway in X. den-

drorhous (Marcoleta et al. 2011; Martinez-Moya et al.

2015). Therefore, the production of astaxhantin by X.

dendrorhous has been scaled-up to the industrial level, and

for this reason, this yeast will not be considered in this

review.

On the other hand, the less characterised red yeast

species ascribed to the genera Rhodotorula, Spor-

obolomyces, Rhodosporidium and Sporidiobolus still

deserve attention (Mata-Gomez et al. 2014). These yeast

have good potential as biocatalysts, due to their bio-

transformation of a plethora of carbon sources into a

variety of primary and secondary metabolites (Johnson and

Echavarri-Erasun 2011; Johnson 2013; Mata-Gomez et al.

2014), and to their marked tolerance to inhibitory com-

pounds that can occur as by-products of the agro-food

industry used for their growth (Hu et al. 2009).

Here, in agreement with the renewed interest towards

the red yeasts ascribed to the genera Rhodotorula, Spor-

obolomyces, Rhodosporidium and Sporidiobolus, this

review provides an update of the most recent literature

regarding their taxonomy, the stress factors that affect their

carotenogenesis, the most advanced analytical tools for

evaluation of their pigment production, and the molecular

and ‘-omic’ tools that have been recently proposed for the

elucidation of their metabolic pathways.

Taxonomy of the red yeasts

Red yeasts of the four genera Rhodotorula, Spor-

obolomyces, Rhodosporidium and Sporidiobolus constitute

a heterogeneous group of basidiomycetous yeast that are

typically isolated from air, the phylloplane, and decaying

plant debris, and have a worldwide distribution (Fell and

Johnson 2011; Fell et al. 2011; Hamamoto et al. 2011;

Johnson and Echavarri-Erasun 2011; Sampaio 2011b, c, d).

Although the genera Rhodotorula, Rhodosporidium and

Sporidiobolus include a large number of recognized spe-

cies (Sampaio 2011b, c, d), only a few of these can accu-

mulate significant amounts of carotenoids; their phylogenic

placement is reported in Fig. 1. Rhodosporidium diobova-

tum, Rhodosporidium toruloides, Rhodotorula glutinis,

Rhodotorula graminis, Rhodotorula mucilaginosa,

Sporidiobolus johnsonii, Sporidiobolus metaroseus,

Sporidiobolus pararoseus and Sporidiobolus salmonicolor

are included in Class Microbotryomycetes, while Rhodo-

torula minuta and Rhodotorula aurantiaca are included in

Class Cystobasidiomycetes (subphylum Pucciniomycotina)

(Fig. 1). Finally, Rhodotorula bacarum is included in Class

Exobasidiomycetes, Order Microstromatales (subphylum

Ustilaginomycotina) (Sampaio 2011b, c, d). In contrast, in

its current concept, Sporobolomyces is a polyphyletic

genus. The species known for their carotenogenesis (i.e.,

Sporobolomyces patagonicus, Sporobolomyces roseus)

belong to the subphylum Pucciniomycotina (Hamamoto

et al. 2011) (Fig. 1). These species produce a mixture of

carotenoids, namely, b-carotene, c-carotene, torulene and

torularhodin (Buzzini et al. 2007, 2010; Hamamoto et al.

2011; Johnson and Echavarri-Erasun 2011; Sampaio

2011b, c, d), the main properties of which are reported in

Table 1. c-Carotene represents a key precursor and an

essential branch point in the synthesis of either b-carotene

or torulene (after desaturation at the 30,40 position), and

subsequently of torularhodin (Johnson and Schroeder

1995).

Stress factors and carotenogenesis in red yeasts

Within the species indicated above, the yield and compo-

sition of their carotenoids vary significantly according to

strain, medium components, and environmental conditions

(Marova et al. 2011). Therefore, optimisation of culture

conditions has been extensively studied, with the aim of

improving the yeast performance and reducing the cost of

carotenoid production (Bhosale and Gadre 2001a, b; Cutzu

et al. 2013a, b; Davoli et al. 2004; Hernandez-Almanza

et al. 2014; Maldonade et al. 2008; Marova et al. 2004,

2012; Wang et al. 2008; Yen and Zhang 2011). As car-

otenoids are apparently involved in stress responses of

microorganisms, their production is influenced by several

exogenous stress factors. Carotenoids are membrane-pro-

tective antioxidant pigments that can efficiently scavenge
1O2 and peroxyl radicals. Their protective effect depends

on their chemical structures, and in particular on the length
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of their polyene chromophore, the nature of their end

groups, and the various substituents that they contain

(Marova et al. 2010). Some studies have reported that R.

glutinis, R. mucilaginosa and S. salmonicolor can produce

increased amounts of carotenoids when they are grown

under unfavourable conditions (Marova et al. 2004); in

particular, under oxidative, osmotic and salt stress (Marova

et al. 2004, 2010), although an excess of NaCl and UV

exposure results in significant decrease in carotenoids

biosynthesis in R. glutinis (Mahmoud et al. 2014).

Some solvents can act as stress factors and stimulate

carotenogenesis in red yeasts, such as ethanol, methanol,

isopropanol and ethylene glycol (Bhosale 2004). Similarly,

some metal ions can influence the red yeast carotenoid

profile, as a probable result of metal-mediated activation

(or inhibition) of specific key enzymes involved in

 Sporidiobolus metaroseus EU003461 CBS 7683T 

 Sporobolomyces roseus AF070441 CBS 486T 

 Sporobolomyces patagonicus AY158655 CBS 9657T 
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Fig. 1 LSU phylogenetic Maximum Likelihood tree of the type

strains of the species recognized for their ability to accumulate

significant amounts of carotenoids. The tree was rooted with

Rhodotorula bacarum type strain. Bootstrap percentages from 1000

replications are shown on the branches (values below 50 % are not

shown). GenBank accession numbers of the sequences and strain

numbers are indicated. D1/D2 domains of the large sub-unit 26S of

the rDNA (Large SubUnit LSU) sequences were downloaded from

NCBI website (http://www.ncbi.nlm.nih.gov). Phylogenetic analysis

of type strains was performed considering the final Muscle alignment

(www.ebi.ac.uk/tools/msa/muscle) based on 623 positions including

gaps, implemented in Mega5 software. The final alignment was

exported and the best-fit substitution model was determined using

Model selection of Mega5. 24 models were evaluated and the phy-

logenetic tree were reconstructed by maximum likelihood (ML). The

robustness of the phylogenetic inference was estimated with the

bootstrap method with 1000 replicates generated

Table 1 Characteristics, properties and biotechnological applications of carotenoids produced by red yeasts

Pigment Absorption maxima (nm)

in different solvents

Properties Biotechnological

application

References

c-Carotene 439 461 491 Acetone

446 475 509 Chloroform

440 460 489 Ethanol

437 462 494 Hexane, petroleum ether

Vitamin A precursor Rodrı́guez-Amaya (2001)

b-Carotene 429 452 478 Acetone

435 461 485 Chloroform

425 450 478 Ethanol

425 450 477 Hexane petroleum ether

Radical scavenger

Vitamin A precursor

Colorant and additive for

food, beverages and

animal feed

Colorant for cosmetic and

body care products

Rodrı́guez-Amaya (2001)

Dufossé (2006)

Kirti et al. (2014)

Torulene 460 484 518 Petroleum ether Vitamin A precursor Proposed as food colorant Maldonade et al. (2008)

Zoz et al. (2015)

Torularhodin 465 492 523 Petroleum ether Vitamin A precursor

Singlet oxygen quencher

Antioxidant activity

Proposed as colorant for

meat products

Colorant for poultry and

fish

Maldonade et al. (2008)

Sakaki et al. (2001)

Zoz et al. (2015)
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carotenogenesis, or due to activation of a cellular defence

mechanism against active oxygen radicals that are gener-

ated by some metals (Bhosale 2004; Buzzini et al. 2005;

Irazusta et al. 2013; Rapta et al. 2005).

Nicotine and diphenylamine can be used to modify the

carotenoid profile. Nicotine is known to inhibit the

cyclising steps in b-carotene synthesis, while dipheny-

lamine blocks the desaturation of phytoene, which is a

precursor of c-carotene (Squina and Mercadante 2005).

Thus, the addition of 5 lmol diphenylamine increases the

total amount of carotenoids in R. mucilaginosa and sig-

nificantly reduces the torularhodin/torulene ratio in both R.

mucilaginosa and R. glutinis. On the other hand, higher

amounts of diphenylamine result in higher b-carotene

accumulation in both R. mucilaginosa and R. glutinis,

while nicotine promotes selective biosynthesis of lycopene

(Squina and Mercadante 2005).

Advanced analytical tools for evaluation
of carotenoid production

Evaluation and quantification of carotenoids produced by

microorganisms (including yeast) have gained increasing

importance in recent years. The microbial carotenoids are

difficult to extract and analyse due to their intracellular

compartmentalisation, the variability of their chemical

structures, and their poor stability. Indeed, carotenoids can

be found both in their free form and in a more stable,

esterified form with fatty acids (Herrero et al. 2008). They

are subjected to some alterative reactions, such as oxida-

tion and isomerisation (cis–trans), especially due to light,

heat, acid and oxygen (Provesi et al. 2011). They can also

undergo cyclisation, hydrogenation/dehydrogenation reac-

tions, or additions of lateral groups, which results in the

formation of an extremely complex variety of compounds

that are characterised by the same basic scaffold. In addi-

tion, the lack of commercially available standards, the low

carotenoid concentrations found in some microorganisms,

and the presence of potentially interfering intracellular

compounds (e.g., lipids) gives added difficulty to the

development of methods for carotenoid analysis in micro-

bial samples (Amorim-Carrilho et al. 2014).

The traditional carotenoid detection methods involve a

number of steps, with the need for cell disruption, and

carotenoid extraction, separation and quantification (Kaiser

et al. 2007). Considering that carotenoids are often tightly

bound to cellular membranes, efficient disruption of the

whole cell is necessary. Red yeast cells have been dis-

rupted using a mortar and pestle (Maldonade et al. 2008),

and sometimes by addition of sand and acetone (Petrik

et al. 2013; Somashekar and Joseph 2000). Glass beads

have also been used to disrupt Sporobolomyces ruberrimus

(Razavi 2006). Chemical disruption using dimethyl-

sulphoxide has also been used to break R. glutinis cells

(Tinoi et al. 2005). The extraction step should be per-

formed as rapidly as possible, to avoid oxidation or enzy-

matic degradation. Sometimes cell disruption and

carotenoid extraction are carried out simultaneously

(Malisorn and Suntornsuk 2008; Ferrao and Garg 2012).

Dimethylsulphoxide, acetone and petroleum ether are the

most popular solvents used in these steps, and according to

Park et al. (2007), the use of multiple solvents increases

carotenoid recovery, due to synergistic effects.

The classical method for carotenoid quantification in

yeast is spectrophotometry (Aksu and Eren 2005; Park

et al. 2007; Tinoi et al. 2005). This method is simple and

accurate when there is only one carotenoid in the sample,

but when a carotenoid mix is analysed, the identification of

the pigment can be hampered by partial overlap of the

carotenoid absorption peaks (Soroka et al. 2012).

A more accurate method for carotenoid quantification in

yeast uses reverse-phase high-performance liquid chro-

matography (RP-HPLC). This allows detection and quan-

tification of the individual carotenoids (Malisorn and

Suntornsuk 2008), although it has the disadvantage of

being more time and cost intensive than spectrophotome-

try. By coupling HPLC to mass spectrometry (LC–MS),

carotenoid identification can be easily confirmed by com-

paring the mass spectra with published fragment-ion

abundances, or mass spectra libraries. In comparison to

UV–Vis spectrophotometry, LC–MS allows unambiguous

identification of even unknown carotenoids and isoprenoid

quinones (Nishijima et al. 1997). In the case of unknown

peaks, the coupling of on-line photodiode-array or UV–Vis

detectors and LC–MS/MS can provide valuable data for

their identification. However, chromatograms are usually

very complex, due to the great variety of isomers and

structurally related compounds and metabolites. In addi-

tion, there are no standards available for all of the car-

otenoids, and only one isomeric form is commercially

available (Amorim-Carrilho et al. 2014).

Kaiser et al. (2007) proposed a novel small-scale

method for determination of a wide range of carotenoids in

yeast and bacteria, with some variations in the above-

mentioned steps. For cell disruption, they combined pri-

marily mild techniques (i.e., lyticase, lipase), and for car-

otenoid extraction, they applied chemical treatment to

yeast cells, using dimethylsulphoxide. Separation of the

compounds obtained was achieved with HPLC, and the

total carotenoids were quantified as trans-b-carotene

equivalents. However, the procedures used by Kaiser et al.

(2007) and most of the other studies that have quantified

carotenoids in yeast using these more traditional steps are

time consuming, can promote carotenoid degradation, use

large amounts of toxic organic solvents, and require

1668 World J Microbiol Biotechnol (2015) 31:1665–1673

123



significant amounts of biomass for carotenoid extraction

and quantification (Freitas et al. 2014). Therefore, it is

crucial to develop rapid carotenoid detection methods that

can give accurate results in the shortest time possible, so

that the operational growth conditions can be adjusted, to

achieve higher carotenoid productivity.

Multi-parameter flow cytometry is a powerful advanced

technique that allows evaluation of the intracellular car-

otenoids content in near real time (at-line), and with a high

degree of accuracy (Cutzu et al. 2013a; Freitas et al. 2014;

Ukibe et al. 2008). As flow cytometry analyses the cells

in vivo immediately after sampling, carotenoid degradation

is reduced. In addition, flow cytometry allows evaluation of

other cellular parameters during the yeast cultivation.

Cutzu et al. (2013a) used multi-parameter flow cytometry

for b-carotene quantification in R. glutinis. In their study,

the R. glutinis autofluorescence intensity showed good

correlation with its b-carotene content detected by tradi-

tional analytical methods. Furthermore, there was also the

possibility to determine cell-membrane permeability, and

cell size and granularity, which provided a better under-

standing of the yeast physiology during b-carotene accu-

mulation. More recently, Freitas et al. (2014) used flow

cytometry to quantify for the first time the total carotenoid

content in a R. toruloides strain that produces b-carotene,

torulene and torularhodin, and c-carotene at low

concentrations.

Despite the benefits of using flow cytometry for

microbial carotenoid at-line detection, this technique only

gives information on the total carotenoid content, although

this information is crucial when optimising the total car-

otenoid production bioprocess.

Molecular and ‘-omic’ tools for definition
of metabolic pathways and management of carbon
fluxes within red yeast cells

A survey of the most recent literature indicates that there is

growing interest in the development of effective molecular

and -omic tools that are aimed at the definition of red yeast

metabolic pathways, and also for management of carbon

fluxes within the cells. The first attempt at DNA delivery

into red yeasts dates back to the middle 1980s, when a R.

toruloides polyethylene glycol/protoplast transformation

method was described (Tully and Gilbert 1985). A rela-

tively long time later, other studies developed more

effective transformation methods, with the perspective of

studying gene function in red yeasts. Great impulse was

given by the study of Ianiri et al. (2011), who described the

construction of plasmids containing the URA3 and URA5

auxotrophic markers (Table 2). These were delivered into

Sporobolomyces spp. through biolistic or Agrobacterium-

tumefaciens-mediated transformation (ATMT) methods

and targeted disruption of the LEU1 gene by homologous

recombination, thus paving the way for development of

functional genetics in Sporobolomyces spp. Two years

later, Abbott et al. (2013) evaluated the possibility of using

common plasmids and transformation methods for R. kra-

tochvilovae, R. sloffiae, R. graminis and Sporobolomyces

spp., with their aim being to increase the range of red yeast

species that are amenable to genetic engineering. Based on

these results, they concluded that the efficiency of trans-

formation of these species is largely affected by the origin

of the DNA and the recipient species. In particular, they

observed that genes from Sporobolomyces cannot be

transformed in R. kratochvilovae and R. graminis, but serve

as selection markers in R. sloffiae. Conversely, genes from

R. graminis can be transformed in all of these species, with

the exception of R. sloffiae. According to this study, the

possibility to use common selection markers in different

species might be precluded by the marked differences in

G?C content and in codon use preference. In agreement

with this hypothesis, Liu et al. (2013) reported that ATMT

of R. toruloides only succeeds when a codon-optimised

version of the hygromycin phosphotransferase (HYG) gene

is used, while no transformants were obtained when the

original HYG gene was used. ATMT was subsequently

used by Lin et al. (2014) for the integration of multiple

genes into R. toruloides haploid and diploid strains, while

at the same time, Takahashi et al. (2014) described elec-

troporation of a cassette that integrated randomly into the

R. gracilis genome. Finally, based on the assumption that

targeted gene deletion is crucial to determine gene func-

tion, Koh et al. (2014) reported on the successful genera-

tion of R. toruloides KU70-deficient strains. KU70 codes

for a subunit of the KU heterodimer, a DNA-binding pro-

tein that is involved in non-homologous end joining. KU70

deletion results in impairment of non-homologous end

joining, with a consequent increase in the frequency of

homologous recombination. Targeted gene deletion was

obtained by transforming a KU70-deficient mutant with the

set of gene deletion plasmid vectors reported in Table 2.

ATMT was also used in this case, thus indicating that it is

the favoured transformation method, at least for R. toru-

loides, although alternative methods are still under study.

The development of plasmid vectors for red yeast

transformation (Table 2) and of DNA transformation

methods is a prerequisite for the construction of genetically

modified strains for the production of metabolites of

interest. This has also been accompanied by the release of

an increasing number of red yeast genome sequences. At

present the whole genome sequences of R. graminis, R.

minuta, and a few strains of Rhodotorula sp. and Spor-

obolomyces sp. are available at http://genome.jgi-psf.org/.

The genome sequences of some strains of R. toruloides
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(Kumar et al. 2012; Zhu et al. 2012), R. glutinis (Debarati

et al. 2014) and R. mucilaginosa (Deligios et al. 2015) have

been deposited at NCBI, and the draft genome sequence of

another strain of R. toruloides has been deposited in the

European Nucleotide Archive (Morin et al. 2014).

The availability of whole genome sequences of red

yeasts is crucial for the analysis of the -omic datasets. As

an example, due to the lack of genomic data for R.

toruloides in 2009, Liu et al. proceeded to identify proteins

that were differentially expressed by R. toruloides during

lipid accumulation, in comparison with the database of the

yeast Saccharomyces cerevisiae. This strategy markedly

hampered the impact of the investigation, as only highly

homologous proteins were identified. Accordingly, only

184 proteins were identified, 46 of which were differently

expressed during lipid production. In 2012, Zhu et al. re-

Table 2 Vectors designed for genetic engineering of red yeast

Vector Description Source

Backbone Characteristics

pAIS1

pAIS2

TOPO pCR2.1 URA3 and URA5 auxotrophic markers for genetic

manipulation and gene replacement

in Sporobolomyces sp.

Ianiri et al. (2011)

pAIS3

pAIS4

pZPK-201BK

pEK627 and derivatives

pPZP627 and derivatives

TOPO pCR2.1

pZPK-201BK

car2::URA5 cassette for CAR2 gene deletion in

Sporobolomyces sp.

Abbott et al. (2013)

pRS2 pRS426 URA5 auxotrophic markers of Sporobolomyces sp.

for transformation of Sporobolomyces sp. and

Saccharomyces cerevisiae

pEKWU3

pEKWU5

TOPO pCR2.1 URA3 and URA5 auxotrophic markers of R.

graminis, for genetic manipulation of different red

yeast species
pPZWU3

pPZWU5

pZPK-201BK

pGI1

pGI2

TOPO pCR2.1

pZPK-201BK

NAT resistance marker under the control of b-

tubulin promoter and terminator of R. graminis for

transformation of different red yeast species

pRH203Pxxx-RtGFP pPZP200 GFP under the control of GPDH promoter of R.

toruloides for genetic manipulation of R.

toruloides

Liu et al. (2013)

pEC3Pxxx-HPT3 HPT-3 resistance marker under the control of GPDH

promoter of R. toruloides for genetic manipulation

of R. toruloides

pPGK1E/rD/ME pPICZ-E ME under the control of PGK promoter of S.

cerevisiae, and 5.8S rDNA and 26SrDNA of R.

glutinis for homologous integration of the

exogenous gene into the R. glutinis genome

Li et al. (2013)

PZPK-pPGK-HYG-Tnos

PZPK-pGPD-HYG-Tnos

PZPK-pGPD-NAT-Tnos

PZPK-pPGK-BLE-Tnos

pZPK HPT-3, NAT, and BLE resistance markers under the

control of GPDH or PGK promoters of R.

toruloides, for integration and expression of

exogenous genes in R. toruloides

Lin et al. (2014)

pKOKU70

pKOCAR2

pKOSTE20

pKOURA3

pEX2 Homologous sequences of target gene at each side of

hygromycin selection cassette (HPT-3 under the

control of GPDH promoter of R. toruloides) for

targeted gene deletion in R. toruloides

Koh et al. (2014)

pBKSTZP pBluescript II KS(?) URA3 flanking regions and Sh ble resistance marker

for targeted gene deletion in R. gracilis

Takahashi et al. (2014)

BLE bleomycin resistance marker gene, CAR2 phytoene synthase and carotene cyclase encoding gene, GFP green fluorescent protein encoding

gene, GPDH glyceraldehyde phosphate dehydrogenase promoter, HPT-3 Hygromycin phosphotransferase encoding gene, ME malic enzyme

encoding gene, NAT nourseothricin resistance marker gene, PGK phosphoglycerate kinase promoter, Sh ble zeocin resistance marker gene,

STE20 mating type specific gene, URA3 orotidine 5-phosphate decarboxylase encoding gene, URA5 orotate phosphoribosyltransferase encoding

gene
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analysed the proteomic dataset obtained by Liu et al.

(2009) in comparison with a protein dataset obtained from

the assembly of the available genomic data of R. toru-

loides. They thus identified 3108 proteins, 538 of which

were differentially expressed during lipid accumulation.

The combination of proteomic and transcriptomic analyses

led Zhu et al. (2012) to determine the central and lipid

metabolism of R. toruloides, while also producing infor-

mation that was useful for the study of the regulation of

carotenoid biosynthesis. For instance, they reported that in

R. toruloides under nitrogen starvation, ATP cytrate lyase

is highly expressed, while acetyl-CoA hydrolase and

acetyl-CoA C-acetyltranferase expression is decreased.

These results indicate that under nitrogen starvation,

acetyl-CoA is deviated towards the production of fatty

acids instead of isoprenoids, and it highlighted possible

molecular targets to increase carotenoid production.

Moreover, genome sequencing and annotation of R. toru-

loides led to the identification of two genes that code for

carotenogenic enzymes: phytoene synthase and phytoene

dehydrogenase (Zhu et al. 2012). These genes were

recently isolated also from R. diobovatum (Guo et al. 2014,

2015). It was thus shown that a single gene of R. diobo-

vatum (crtYB) encodes a bifunctional phytoene syn-

thase/lycopene cyclase enzyme that is similar to that

observed in X. dendhrorous (Verdoes et al. 1999), and in

other fungal species. Similarly, the phytoene dehydroge-

nase of R. diobovatum showed significant similarities with

these genes of other fungi (Guo et al. 2015).

Indeed, most of the studies carried out so far have

mainly focussed on R. toruloides. However, other red yeast

are also gaining increasing attention, as shown by Irazusta

et al. (2012) and Wang et al. (2013). Their studies included

proteomic analyses of R. mucilaginosa and Rhodotorula

taiwanensis, respectively, to determine the cell responses

to metal stress, and they produced two different protein

datasets. At present, the number of proteins identified in

these two yeast is relatively low, although the amount of

information generated by these analyses is expected to

increase upon the release of the genomic datasets for these

yeast.

Concluding remarks

Yeast species ascribed to the genera Rhodosporidium,

Rhodotorula, Sporobolomyces and Sporidiobolus are

characterised by marked taxonomic and phenotypic

heterogeneity. Thus, although it is generally recognized

that different stress factors and culture conditions can

influence carotenogenesis, and can result in a diversity of

carotenoid structures (Marova et al. 2004), much work is

still needed to understand how to enhance the biosynthesis

of carotenoids. Indeed, due to renewed interest in these

yeasts in view of their biotechnological potential and to the

recent development of molecular and -omics tools, our

knowledge of red yeasts is expected to increase. On the one

hand, over the past 4 years, transformation, gene targeting,

and random insertional mutagenesis have also started to be

possible in some red yeast species. Even though these

techniques are in their infancy, they can now be used for

the production of collections of gene knock-out strains of

great importance for our understanding of the function of

single genes and gene networks, and for the management of

carbon fluxes. On the other hand, the generation of pro-

teomic data is leading to good coverage of the red yeast

metabolic pathways.

The identification of genes coding for key enzymes in

the carotenogenic pathway has recently been achieved in

R. toruloides and R. diobovatum, although more will be

done now with the increase in the number of red yeast

genome sequences that are available. The information

derived from these studies can then be coupled with

further studies of the culture and environment conditions

that induce carotenogenesis, the development of analytical

tools for at-line quantification of carotenoids, and the

development of functional genomics in these yeast. This

combination can be expected to provide useful tools for

optimisation of carotenoid production at an industrial

level, and to convert these non-conventional yeast into

convenient ‘cell factories’.
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