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ABSTRACT

The expression, at the mRNA level, of carotenoid biosynthetic genes from Xanthophyllomyces dendrorhous
was studied by RT-PCR. The experimental conditions for the RT-PCR assay were standardized to quantify the
relative transcript levels of idi, crtE, crtYB and crtl genes. This work attempted to correlate astaxanthin
production with the transcript levels of carotenogenic genes in a wild-type strain (UCD 67-385) and two
overproducer deregulated strains (atxS1 and atxS2). At 3 day cultures, the wild-type strain contained higher
transcript levels from the cr?E and crtYB genes on minimal medium than on rich medium. Similarly,
carotenoid production was higher on minimal medium than on rich medium. However, carotenoid production
in the atxS1 and atxS2 strains was not correlated with the transcript level of carotenogenic genes under the
same experimental conditions. This result suggests that there is not a linear relationship between
carotenogenic transcript levels and carotenoid biosynthesis.

Key terms: Carotenoid biosynthesis, overproducer strains, Xanthophyllomyces dendrorhous, Phaffia

rhodozyma.

INTRODUCTION

Xanthophyllomyces dendrorhous (Golubev,
1995) is a budding carotenoid-producing
fermentative basidiomycetous yeast with
astaxanthin as the main carotenoid pigment
synthesized, with minor amounts of -
carotene as well (Miller et al., 1976;
Andrewes et al., 1976; Johnson 2003). This
yeast and the green alga Haematococcus
pluvialis have been identified as the best
biological sources of astaxanthin (Johnson
and Lewis, 1979). The major use of this
pigment is in aquaculture as a food additive
for salmons and trouts (Johnson et al.,
1977). In addition, its antioxidant properties
(Palozza and Krinsky, 1992; Schroeder and
Johnson, 1993; 1995) and the preference of

consumers for natural products have
resulted in a growing interest for its
biotechnological production (Johnson and
Schroeder, 1996).

In the past, several astaxanthin
overproducing strains of X. dendrorhous
have been isolated after classical mutagenic
treatments (An et al., 1989; Lewis et al.,
1990; Cifuentes et al., 1997). Mutant strains
have been shown to be affected in
geranylgeranyl diphosphate synthase, crtE,
phytoene synthase, crtYB, (Girard et al.,
1994), phytoene desaturase, crtl, (Martinez
et al., 1998) or blocked in the step after
B-carotene, therefore accumulating this
pigment (Chun et al., 1992, Cifuentes et al.,
1997). Furthermore, using methods based
on parasexual analysis, it has been possible
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to improve the production of astaxanthin
after protoplast fusion of overproducing
mutant strains (Chun et al., 1992; Girard et
al., 1994). However, these techniques have
been exploited to the limit and attempts to
increase astaxanthin production in this
yeast have to involve new advances in the
molecular biology of the biosynthesis
pathway. In X. dendrorhous, the carotenoid
controlling genes to the P-carotene step
have been isolated in the last few years
(Verdoes et al., 1999; Verdoes et al.,
1999b; Alcaino et al, 2001).

On the other hand, there are studies
about the influence of some environmental
factors on carotenoid production by X.
dendrorhous. Some of these factors include
oxygen and glucose concentration (Yamane
et al., 1997), light (An et al., 1990) and
culture conditions (Vdzquez and Santos,
1998; Ducrey and Kula, 1998). However,
no data are available on the expression of
specific astaxanthin controlling genes at the
mRNA level, as it was established for other
eukaryotic organisms. In this respect, in
plants, fungi and algae, a relationship
between mRNA levels of carotenogenic
genes and carotenoid production have been
described (Ruiz-Hidalgo et al., 1997;
Hirschberg, 1998; Sun et al., 1998; Arrach
et al., 2001).

In the present work, we isolated an
overproducing mutant after classical
mutagenic treatment, and developed an RT-
PCR assay to investigate the expression of
specific carotenoid controlling genes in the
wild-type and deregulated strains in
different culture conditions.

MATERIALS AND METHODS
Yeast strains and culture conditions.

X. dendrorhous diploid strain UCD 67-
385 (ATCC 24230) was used as the wild-
type (Hermosilla et al., 2003). The
phylogenetic relationship of UCD 67-385
to other lineages of this yeast have been
described by Fell & Blatt (1999) after the
sequence analyses of ribosomal DNA
internal transcribed spacer (ITS) and
intergenic spacer (IGS) regions. The

wild-type UCD 67-385 was mutagenised
using N-methyl-N"-nitro-nitrosoguanidine
(NTG) treatment (40 pg/ml), in the
conditions described before (Cifuentes et
al., 1997). A highly pigmented colony
was selected by visual inspection and it
was resuspended in distilled water. This
suspension was plated on YM (An et al.,
1989) and a highly pigmented colony,
named atxS2, was analysed for carotenoid
production and pigment composition. The
atxS2 cultures produced about 2.230 mg
of total carotenoid per g of dry yeast and
HPLC analysis of carotenoids indicate
that the principal pigment was
astaxanthin.

The wild-type and mutant strains were
grown at 22 °C with constant shaking, in
250 Erlenmeyer flasks containing 50 ml of
YM or the minimal medium (MM)
described by Yamane et al. (1997), with
sodium nitrate at 1.29 g 1 ! used as a
nitrogen source instead of ammonium
sulphate. The MMv (Retamales et al., 2002)
using 2% glucose as a carbon source was
the growth medium employed to obtain the
cells which were subjected to the protoplast
formation and fusion procedure as
previously described (Retamales et al.,
1998; 2002).

Carotenoid extraction and analysis

Total carotenoids were extracted
according to An et al. (1989). Their
concentrations were calculated using a 1
% absorption coefficient of 2100 and the
maximal peak absorbance value at 474
nm. The carotenoids were dissolved in
hexane and separated by HPLC on a
LUNA 3 silica column (Phenomenex, 150
x 4.60 mm) at 1 ml/min and 20 °C. The
mobile phase was hexane:acetone (86:14
v/v) in isocratic conditions. The spectra
were recorded directly from elution peaks
using a 996 photodiode detector (Waters).
Astaxanthin and p-carotene were
identified based on their absorption
spectra and retention times, as compared
to authentic standards (Sigma and Roche,
respectively).
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Total RNA purification of X. dendrorhous:

Cells were harvested by centrifugation at
5,900 x g for 10 min, frozen in liquid
nitrogen and then stored at —70 °C until
processing. The RNA extraction was
performed using TRIzol Reagent (Gibco
BRL) as described elsewhere (Chomczynski
and Sacchi, 1987) and modified for X.
dendrorhous as follows. To the cellular
material, 3 to 5 ml of Chomczynski solution
in phenol (Ch-P solution) were added
followed by one volume of glass beads
(Sigma, 425 - 600 um). Cellular breakage
was performed by shaking on a vortex at
maximum speed for 10 min. The mixture
was incubated for 10 min at room
temperature followed by the addition of 0.2
ml of chloroform for each ml of Ch-P
solution, shaking and an incubation at room
temperature for 5 min. After centrifugation
at 12,100 x g, the RNA in the aqueous phase
was transferred to a sterile tube, and 1
volume of isopropanol was added. After
incubation for 10 min at room temperature
the RNA was precipitated by centrifugation
at 12,100 x g for 10 min at 4 °C. The RNA
pellet was washed with 1 ml of 75% ethanol.
The RNA was resuspended in water (DEPC
treated), and then stored at -20 °C. Total
RNA concentration was determined
spectrophotometrically at 260 nm, and
aliquots of the extracts were subjected to
denaturing agarose gel electrophoresis to
check RNA integrity.

Synthesis of single stranded cDNA by
reverse transcription (RT reaction):

The RNA samples were previously treated
with 1U/ul of DNase I (RNase free, Roche)
in 2.5 mM MgCl, for 30 min at 25 °C.
Reactions were terminated by addition of
EDTA to a final concentration of 2.5 mM
and heating at 65 °C for 15 min. The reverse
transcription reaction was performed in a
final volume of 25 ul containing between 3
to 9 ug of total RNA, 75 pmol of oligo dTjs,
0.5 mM dNTPs and 200 U of M-MLV
reverse transcriptase H minus (Promega).
The reaction mixture was incubated 60 min
at 42 °C and then heated 10 min at 65 °C.

Amplification by PCR of cDNA from the RT
reaction:

The PCR amplification was performed in a
final volume of 25 ul containing: 2.5 ul of 10
x Tagq buffer, 0.5 pl of dNTPs 10 mM, 1 pl of
MgCl, 50 mM, 1 pl of each 25 mM primers,
2 ul of RT reaction, 2 U Tag pol (Promega)
and water. The amplification was performed
in a Perkin Elmer 2400 equipment with the
following program: 95 °C for 3 min, 28 cycles
of 94 °C for 30 s, 55 °C for 30 s, 72 °C for 3
min, and a final extension of 72 °C for 10
min. For the quantification of RT-PCR
products, all PCR amplifications were made
by triplicate and were standardized for the
volume of reaction used, total RNA
concentration and number of amplification
cycles. In the quantification of RT-PCR
products, equal volumes of PCR reactions
were loaded on 1 % agarose gels containing
ethidium bromide. After agarose gel
electrophoresis, the mass of the bands was
quantified using ®29/HindIIl as a molecular
weight standard of known concentration by
Kodak Digital Science 1D Image Analysis
Software. Only those bands whose intensity
was not oversaturated were considered for
quantification. To normalize for sample-to-
sample variation in RT and PCR efficiency,
relative values were obtained by comparing
the intensity of the carotenoid gene product
bands with the intensity of the actin product
band used as a control.

The primers were designed according to
the published sequences of genes idi, crtE,
crtYB, crtl (Kajiwara et al., 1997;
GenBank accession number A63889;
Verdoes et al., 1999a; 1999b) and the
sequences of the genes crt/ (Ledn, 2000)
and crtYB (Alcaino, 2002) from a genomic
library of the wild-type UCD 67-385
strain. The genomic library of the UCD
67-385 strain has been constructed in the
BamHI restriction site of the Bluescript
SK- plasmid (Martinez, 1995; Martinez et
al., 1998). Primers of the actin encoding
gene (act) from X. dendrorhous were
designed according to published sequences
(Wery et al., 1996). The forward primers
(sense) were designed to contain
sequences of two adjacent exons as shown
in table I.
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TABLE I

Primers used in RT-PCR to determine the mRNA level of carotenogenesis genes.

Gene

Primers

Expected size
of products

act Exon IV

Exon V
“actcctacgttggtgacgag 3°

970 pb

‘cactttcggtggacgatgga 37

Exon V

crtl Exon VI

g

R 57

Exon VII

5°ccacttccacgagaagagac 37
aacggatcgagcgatcacgg 3°

1441 pb

Exon XII

crtE Exon I

Exon IT

685 pb

F 57ttcagtcttctgagtatgcce 3°

R 5'cattgcgagaagacgaagact 3°
Exon III

idi Exon I

Exon IT

670 pb

F 5"tacgatgaggagcaggtcag 3°

R 5’ccgagagatcctccaacgat 37

crtYB

Exon IV Exon V

485 pb

F 5°ggctggttggactatacgca 3°

R 57caatagctcggcgactgage
37 Exon V

F: forward primer; R: reverse primer. In forward primers, the 3’ end of the first exon (underlined) and the 5’
end of the second exon on the boundary exon-exon are shown.

RESULTS AND DISCUSSION

Mutagenesis and selection of the axtS2
strain.

After nitrosoguanidine treatment of X.
dendrorhous strain UCD 67-385, several
colonies with higher levels of astaxanthin
production as compared to the parental
strain were obtained. The mutagenic
treatment using NTG produces color
mutants with a mutation frequency of 8.6 x
104 and over 80 % of these mutants
overproduce astaxanthin (Retamales et al.,
1998). A colony was selected based on its
highest carotenoid production in relation to
the wild-type and its stability after repeated
transfers on YM or MMv (Table II). This
strain named atxS2, has a spontaneous
reversion rate of less than 10°¢ as
determined by repeated plating on YM

agar. The analysis of carotenoid
composition at 3 days of growth in YM,
indicates that astaxanthin was the principal
pigment (72 % of total carotenoids) (Fig.
1). A complementation assay was
performed by fusion of protoplasts obtained
from strains atxS2 and atxS1, the latter
being an astaxanthin overproducing mutant
of strain UCD 67-385 (Cifuentes et al.,
1997). The resulting fusants_showed a
phenotype like that of the wild-type,
suggesting that atxS1 and atxS2 strains
carry different mutations.

RT-PCR. assay

The reverse transcriptase -polymerase chain
reaction (RT-PCR) amplification assay has
been employed to analyze transcript levels
of carotenogenic genes in plants (Giuliano
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TABLE II

Carotenoids production at three days of cultivation in MM and YM.

Strain Carotenoids (mg/g) MM Carotenoids (mg/g) YM
UCD 67-385 232.1 £9.67 86.1 +1.45
atxSl1 850.2 £ 41.80 680.7 £ 61.40
atxS2 538.5+22.0 398.5+3.13
2
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Figure 1. HPLC separation of carotenoid pigments extracted from atxS2 cells of 3-day-old cultures
in YM. The carotenoids identified were B-carotene (peak 1), all-trans-astaxanthin (peak 2), 9-cis-
astaxanthin (peak 3) and 13-cis-astaxanthin (peak 4).

et al., 1993; Bartley and Scolnik, 1993) and
in the alga Haematococcus pluvialis
(Griinewald, 2000) due to its level of
sensitivity to detect rare transcripts. In this
work we standardized an RT-PCR
procedure to study transcript levels of
carotenogenesis genes, idi, crtl, crtE and
crtYB of X. dendrorhous. For this purpose,
primers for carotenoid biosynthetic genes
and the actin gene were designed from
published genomic DNA sequences and the
sequences of the genes crtl (Leén, 2000)
and crtYB (Alcaino, 2002) from the wild-
type strain UCD 67-385. One primer
(forward) of each pair was placed on
different adjacent exons within a gene to
avoid amplification from minute quantities

of genomic DNA. The expected fragment
length of each RT-PCR product is shown in
table I. The transcript level of act gene was
employed to normalize for sample-to-
sample variation and to determine the
relative amount of carotenogenic trancripts
in different conditions and strains. Under
the conditions described above, only one
band was observed for each transcript (Fig.
2A) and more than one carotenogenic
mRNA in one RT-PCR reaction could be
co-amplified simultaneously using four
pairs of specific primers (Fig. 2B).

The conditions of RT-PCR reactions were
standardized for the volume of RT reaction
employed in the PCR, the cycle number, and
the amount of total RNA in RT. To
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TR B

Figure 2. RT-PCR amplification of idi, crtE, crtYB, crtl and act transcripts. Equal volumes of PCR
reactions were loaded on a 1 % agarose gel and stained with ethidium bromide.

M, Marker (100 bp). (A) Lanes 1-4, act (970 bp); Lane 1, idi (670 bp); Lane 2, crtYB (485 bp);
Lane 3, crtYB (728 bp); Lane 4, crtE (685 bp), predicted fragment sizes in base pairs are indicated
in parenthesis. (B) Co-amplification of crtl, act, idi and crtYB transcripts.

determine the effect of increasing the
volume of the reverse transcription reaction
(single stranded cDNA) in the RT-PCR
assay, act and crtl genes were
simultaneously amplified using volumes
between 0.5 to 3 pl. The results indicated
that the DNA yield from each gene was
proportional to the increase of single
stranded cDNA quantity (Fig. 3A and B). To
determine the number of amplification
cycles required to obtain an exponential
accumulation of products, a calibration curve
was performed with a different number of
amplification cycles using total RNA and
two pairs of primers to detect act and idi
transcripts respectively. The results indicate
that products accumulate exponentially up to
amplification cycle 31 (Fig. 3C), and at 28
cycles it was possible to obtain a quantitative
response. The effect of total RNA
concentration in the RT reaction on the final
production of specific DNA bands after 28
cycles of amplification in the PCR for act,
crtl, crtE, idi and crtYB genes was studied.
The results show that the intensity of the
RT-PCR products of the five genes studied
was proportional to the amount of input
RNA in RT reactions (Fig. 4A and B). The
response obtained is semilogarithmic as was
shown by Giuliano et al. (1993). These

authors quantified RT-PCR products after
ethidium bromide staining, although after 9
ug of total RNA the amplification products
decayed visibly and were no longer
quantitative. Thus a volume of 2 pul of RT
reaction containing 3 pg of total RNA were
used in most experiments with 28 cycles of
amplification.

Carotenoids biosynthetic gene expression
on wild-type and mutants strains.

With this procedure it was possible to
detect carotenogenic gene transcripts in
mutant and wild-type strains under different
nutritional conditions (Fig. 5). The relative
level of carotenogenic transcripts in relation
to act transcript levels was determined for
the wild-type, atxS1 and atxS2 strains at 3
days of growth on YM and MM media. In
the wild-type, the relative transcript level of
crtE and crtYB genes were higher on MM
than on YM (Fig. 5A). However, there was
no significant difference for relative
transcript levels in the deregulated strains
(Fig. 5B and C). Concerning carotenoid
production, the ratio betweeen MM and YM
at 3 days was 2.7 for wild-type, yet only 1.2
and 1.4 for atxS1 and atxS2 respectively
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Figure 3. RT-PCR amplifications were standardized for the volume of RT reaction employed
(single stranded cDNA) and the number of cycles.

(A) M, Marker (100 bp). act and crtl transcripts were amplified for 28 cycles employing the following
volumes of RT reactions in PCR: 0.5 ul (lane 1), 1 ul (lane 2), 2 pul (lane 3), 2.5 pl (lane 4) and 3 pl
(lane 5). (B) Quantification of bands in part A corresponding to act (O) and crzl (l) cDNA was done
by Kodak Digital Science 1D Software. (C) act (O) and idi (A) cDNA amplification with different
number of cycles, 2 ul of RT reactions were employed for each point of the curve.
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Figure 4. Quantification of RT-PCR products after 28 cycles of amplification with different
amounts of total input RNA in RT reactions (1.4 pug, 2.8 ug, 5.6 ug, 8.4 ug and 14 ng).
(A) act (O), crtI (M), crtE (*). (B) idi (A), crtYB (A).

(Table II). Thus, one of the reasons for the
difference in carotenoid production on the
two media for the wild-type, would be
differences in the crtE and crtYB transcript
levels. There is also a relationship between
carotenogenesis and mRNA levels of
geranylgeranyl-pyrophosphate synthase (al-

3 gene) and phytoene synthas-lycopene
cyclase (al-2 gene) of Neurospora crassa as
a response to blue light (Carattoli et al.,
1991; Schmidhauser et al., 1994). On the
other hand, similar carotenogenic transcript
levels detected in the overproducing strains,
atxS1 and atxS2, in the two media could
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explain the lower difference in carotenoid
production. This could be due to the
carotenoid biosynthesis being deregulated
and therefore insensitive to change in
environmental factors such as culture media
(Fig. 5B and C). Another possibility would

be that subtle differences between levels of
mRNA exist, which are out of the detection
limit of this method. However, as the
difference in carotenoid production between
wild-type and mutants could not be
explained by a difference in carotenogenic
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Figure 5. Relative expression of carotenogenesis transcripts at 3 days of growth on MM and YM
for the wild-type (A), atxS1 (B) and atxS2 (C) strains.
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transcript levels at three days of cultivation,
sampling at different stages of the yeast
growth cycle would be a necessary
approach (Lodato et al, 2002). Our
preliminary results indicate that
carotenogenic mRNA levels decrease
during stationary phase on YM, except for
crtE gene, (Lodato et al, 2003). At present,
we are performing experiments analyzing
the transcript levels at different time points
including the ast gene (GenBank accession
number, AX034666) which is involved in
the conversion of B-carotene to astaxanthin.
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