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Abstract The gdhA gene encoding the NADP-dependent
glutamate dehydrogenase (GDH) activity from Xantho-
phyllomyces dendrorhous has been cloned and character-
ized, and its promoter used for controlled gene expression
in this red-pigmented heterobasidiomycetous yeast. We
determined the nucleotide sequence of a 4701 bp DNA
genomic fragment, showing an open reading frame of
1871 bp interrupted by five introns with fungal consensus
splice-site junctions. The predicted protein (455 amino
acids; 49 kDa) revealed high identity to GDHs, especially
to those from the fungi Cryptococcus neoformans (70%),
Sclerotinia sclerotiorum (66%), and several species of
Aspergillus (66-67%). Gene phylogenies support the
grouping of X. dendrorhous GDH close to those from the
majority of the filamentous fungi. The promoter region of
the gdhA gene (PgdhA) contains a TATA-like box and two
large pyrimidine stretches. The use of PgdhA for gene
expression was validated by electrotransformation of
X. dendrorhous using an in-frame fusion with the hygro-
mycin resistance gene (hyg®) as a reporter. X. dendrorhous
transformants were able to grow in YEME complex med-
ium and in Czapek minimal medium supplemented with
50 pg/ml hygromycin, but gene expression in Czapek
medium was repressed when using ammonium acetate as a
nitrogen source. PgdhA is a valuable tool for controlled
gene expression in Basidiomycetes.
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Introduction

Xanthophyllomyces dendrorhous, the teleomorphic state of
Phaffia rhodozyma, is a red-pigmented heterobasidiomyc-
etous yeast that accumulates astaxanthin as a main
carotenoid [1]. Because the astaxanthin production level of
X. dendrorhous needs to be increased to become com-
mercially competitive versus the chemically synthesized
astaxanthin [2], several strategies have been approached
including isolation of astaxanthin hyperproducing strains
by classical random mutation, optimization of culture
media and fermentation conditions, and the use of recom-
binant-DNA technology to enhance gene expression [3, 4].
Genetic strategies to enhance astaxanthin production and
pathway engineering involve gene expression under the
control of strong promoters such as those from the actin or
glyceraldehyde-3-phosphate dehydrogenase (gpd) encod-
ing genes. Some of the genes involved in primary
metabolism present high expression level, suggesting that
their promoters contain specific enhancers or regulatory
sequences that contribute to the high transcription level.
Glutamate dehydrogenase (GDH), a key enzyme of the
primary metabolism, links carbohydrate (energy) and
nitrogen metabolism [5]. NADP(H)-dependent GDHs (EC
1.4.1.4) are essentially involved in ammonia assimilation
and glutamate biosynthesis, catalyzing the reductive ami-
nation of 2-oxoglutarate to form glutamate. The genes
encoding NADP-dependent GDHs (gdh) from the fungi
Neurospora crassa [6], Saccharomyces cerevisiae [7],
Aspergillus nidulans 8], Schwanniomyces occidentalis [9],

KU
3 Humana Press



166

Mol Biotechnol (2009) 41:165-172

Agaricus bisporus [10], Aspergillus awamori [11], Peni-
cillium chrysogenum [12], and Hebeloma cylindrosporum
[13] have been described, and some gdh promoters have
been used for gene expression [11, 12]. However, the use
of a gdh promoter from Basidiomycetes for gene expres-
sion has not yet been described.

We report in this article the cloning and characterization
of the gdhA gene of X. dendrorhous and the use of its
promoter (PgdhA) for the expression of the hygromy-
cin resistance gene (hyg"N) from Escherichia coli in
X. dendrorhous.

Materials and Methods
Microorganisms, Phages, and Plasmids

The astaxanthin producing strain X. dendrorhous VKPM
2410 [14] was used as a source of DNA. E. coli SURE
(Stratagene) and E. coli LE392 [15] were the hosts for
AGEM12 (Promega) phage derivatives. Phage AGEM12
was used to construct a genomic library of X. dendrorhous.
E. coli DHS5o [15] was the recipient for high-frequency
plasmid transformation. pGEM-3Zf(+4) (Promega), pBlue-
script II KS (+4) (Stratagene), and pBC KS (+) (Stratagene)
were used for subcloning and sequencing. General proce-
dures for plasmid DNA purification, cloning, and trans-
formation of E. coli were those previously described [15].

Construction and Screening of a X. dendrorhous
Genomic Library

X. dendrorhous was grown [14, 16, 17] and total DNA was
purified according to described methods [18]. Fragments of
genomic DNA (17-22 kb) were selected from Sau3Al
partially digested DNA, ligated to AGEM12, and packaged
using the “Packagene” kit (Promega) to yield approxi-
mately 2.6 x 10° pfus. For screening, the library was
amplified in E. coli LE392, plated to obtain around
5 x 10* pfu, and hybridized according to standard meth-
ods [15] using an 1.3-kb HindIIl fragment from the gdhA
gene of P. chrysogenum [12] as a probe. Recombinant
phages were amplified in liquid medium to purify their
DNA according to standard procedures [15].

Nucleic Acid Hybridization and Sequencing

Southern hybridizations were made with digoxigenin-
labeled probes (Non-radioactive labeling and immunolog-
ical detection kit, Roche Molecular Biochemicals)
according to the recommendations of the manufacturer.
Clones to be sequenced were constructed with the “Erase a
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base” system (Promega) and sequenced with an ABI
PRISM 377 DNA sequencer (Applied Biosystems). DNA
sequences were analyzed with the Dnastar and Winstar
packages (DNASTAR Inc.), and compared to known
sequences by using the BLASTP and BLASTX programs
[19]. The codon-preference algorithm (Geneplot, Winstar)
was used to detect the presence of open reading frames
(ORFs). Multiple protein alignments were made with the
Clustal V algorithm and pair wise alignments with the
Lipman—Pearson method (MegAlign, Winstar). The
nucleotide sequence corresponding to the gene encoding
GDH has been deposited in the GenBank with the acces-
sion No. EU791456.

hyg® Gene Expression Using PgdhA

Plasmid pGDHAHg was constructed to express the hyg"
gene from E. coli under the control of PgdhA from
X. dendrorhous. PgdhA was amplified by PCR with primers
XDF (5 CGGTACCCGGGGATCCGGGGTGAGTACCT
GAACTAACCAG 3'; BamHI site underlined) and XDR
(5" GAGTTCAGGCTTTTTCATGGTTGATGGAAGATG
TGGAGGA 3'). Optimized amplification reactions (50 pl)
contained about 20 ng of X. dendrorhous genomic DNA as
a template, 10 mM Tris—=HCI pH 8.3, 1.5 mM MgCl,,
50 mM KCl, 20 pmoles of each primer, 1.25 U of Plati-
num® Pfx DNA polymerase (Invitrogen), and dNTPs
200 mM each. A Biometra TGradient Thermocycler was
used for amplification with a program of 29 cycles [95°C,
40 s (5 min for the first cycle); 60°C, 40 s; 68°C, 30 s].
The hyg® gene was amplified by PCR with primers HPHF
(5" CATCTTCCATCAACCATGAAAAAGCCTGAACTC
ACCGCGA 3') and HPHR (5 GAATACTCAAGCTTG
CATGCGGGGGATCTGGATTTTAGTACTGG 3).

After sequencing to verify the lack of mutations, PgdhA
and hyg® were subcloned into BamHI/Sphl digested pGEM-
3Zf(+) using the In-Fusion' 2.0 PCR Cloning Kit (Clon-
tech) to give pGDHAHg (PgdhA-hygR-T35S). The DNA
sequence showed the correct in-frame fusion PgdhA-hygR-
T35S. The transcriptional terminator signal (T35S) was from
the 35S cauliflower mosaic virus transcriptional terminator.
Plasmid pGDHAHg confers hygromycin resistance in
X. dendrorhous and ampicillin resistance in E. coli.

Transformation of X. dendrorhous by Electroporation

A method for electrotransformation of X. dendrorhous was
developed based on described protocols [20]. Electro-
competent cells were mixed with 10 pg of linearized DNA,
and the mixture was transferred to a pre-cooled electro-
poration cuvette (0.2 cm). A pulse (0.8 kV, 1000 Q,
25 puF) was applied with a Gene Pulser (Bio-Rad), and
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1.5 ml of YEME medium was added immediately. Then,
the mixture was transferred to a sterile 10-ml tube. After
incubation for 3.5 h at 21°C, 200 pl aliquots were spread
onto YEME (Difco) plates supplemented with 15-30 pg/
ml hygromycin (Sigma). The plates were incubated at 20°C
for about 10 days. Hygromycin resistance levels were
checked in YEME complex medium and Czapek minimal
supplemented with either ammonium acetate (10 and
30 mM) or glutamate (15 mM) as nitrogen sources.

Analysis of Carotenoids

X. dendrorhous flask fermentations for astaxanthin pro-
duction were done as previously described [17]. Carotenoids
were extracted with methanol/dichloromethane (50/50) and
re-dissolved in acetone. High performance liquid chroma-
tography (HPLC) analyses were performed at 474 nm with a
Nucleosil 100 NH2 column (resin particle diameter, 5 pum;
250 x 4.6 mm) and hexane/ethyl acetate (50:50 ratio) with
a flow rate of 1 ml/min as the mobile phase. The astaxanthin
HPLC standard was obtained from Sigma.

Results and Discussions

Cloning and Characterization of the gdhA Gene
from X. dendrorhous

To identify the gdhA gene, a genomic library of
X. dendrorhous was screened using an 1.3-kb HindIIl
DNA fragment from the gdhA gene of P. chrysogenum
[12] as a probe. Three positive clones were identified and
characterized by restriction mapping and Southern anal-
ysis. A 4.7-kb EcoRI fragment common to all the three
clones was subcloned in pBluescript II KS (+) to yield
pALPR6 and pALPR7 (both orientations). A DNA region
of 4701 bp including the gdhA gene was sequenced in
both strands and analyzed with the codon-preference
algorithm (Geneplot), showing the presence of an ORF
of 1871 bp interrupted by five introns at positions
1004-1169 (166 bp), 1203-1280 (78 bp), 1329-1404
(76 bp), 1489-1577 (89 bp), and 1652-1748 (97 bp)
(Fig. 1). The presence of many introns per gene is a
common phenomenon in most of X. dendrorhous known
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Fig. 1 Restriction map of the genomic DNA region of X. dendror-
hous including the gdhA gene. The gdhA gene is represented by an
arrow, PgdhA is dashed, and white boxes inside the arrow represent
five introns. Potential regulatory sequences identified in the 5’ non-
coding region such as pyrimidine-rich stretches and TATA-like box
are bold and underlined. Location and partial sequence of exons
(upper case) and introns (lower case) in the deduced protein are

indicated. Fungal consensus intron processing sites for intron/exon
boundaries at 5 (g/GTAHGTY) and 3' (MYAG/g) and splice signal
for lariat formation (WRCTRAC) are conserved. His A or C or T, D
isGorAorT,YisCorT,WisAorT,Ris AorG,Mis CorA, and
Kis G or T, according to the IUB codes. The conserved adenosine at
the lariat branch site is bold and underlined
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genes; remarkably the crtS gene, encoding a cytochrome-
P450 hydroxylase involved in the astaxanthin biosynthetic
pathway, has 17 introns [14, 21]. The gdhA exons code
for 12, 11, 16, 28, 25, and 363 amino acids, respectively.
Although there is still little information on consensus
splicing sequences in Basidiomycetes, fungal consensus
sequences described for intron/exon boundaries and splice
signal for lariat formation [22] were detected (Fig. 1). The
consensus of the lariat sequences maintains an adenosine
(bold and underlined in Fig. 1) at the branch site, which
has been shown to be crucial for the chemical steps of
splicing in other genes [23]. The consensus lariat
sequence for the gdhA gene of X. dendrorhous (CTVAY)
is similar to that found in higher plants (CTRAY) (V is A
orGorC,YisCorT,Ris A or G, according to the IUB
codes).

Fig. 2 a Intron/exon structure
of the gdh genes of several
species of Basidiomycota.

C. cinereus (Agaromycetes),
L. bicolor (Agaromycetes),

P. chrysosporium
(Agaromycetes),

X. dendrorhous
(Tremellomycetes), S. roseus
(Microbotryomycetes),

and C. neoformans
(Heterobasidiomycetes). Exons
(E1, E2, etc.) are in black and
introns in white. b Identity
among fungal GDH protein
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Intron comparisons of X. dendrorhous gdhA gene (Basidi-
omycota, Tremellomycetes) were done with gdh genes from
the Basidiomycota Coprinus cinereus (Agaromycetes), Lac-
caria bicolor (Agaromycetes), Phanerochaete chrysosporium
(Agaromycetes), Sporobolomyces roseus (Microbotryomyce-
tes), and Cryptococcus neoformans (Heterobasidiomycetes)
(Fig. 2a). Curiously, the number (from 3 to 10) and location of
the introns in these gdh genes do not match, even when com-
pared between the Basidiomycota X. dendrorhous and
C. neoformans, that appeared very closely related according to
the phylogenetic tree of Fig. 3.

Analysis of Regulatory Elements in the 5" and 3’
Flanking Sequences of the gdhA Gene

Potential regulatory elements were found in the promoter
region of the gdhA gene. Two large (26- and 35-bp)

E2 E3 E4 E5 E6

E2 E3 E4 ES5 EG E7

E2 E3 E4

E2 E3 E4 E5 E6

Xanthophy11omyces dendrornous [N NI T
E1

sporobolomyces roseus [ 1N NN W NN | DN WEN W |

E2 E3 E4 E5 E6 E7 E8 E9 E10 E11

E3 E4 E5 E6 E7 E8

cryptococus neofornans [ I NI 1 NN NN NN W

sequences. First result shows ( ) Xde | Sce| Ani [ Aor | Acl | Pch | Eni | Ssc | Pan | Gze | Cne| Hey | Lbi | Abi | Cci | Pha | Uma| Tbo | Sro
conserved amino acid residues, Yoo | 10074 | ©1% | 6% | 67% | 66% | 65% | 66% | 66% | 63% | 65% | 70% | 65% | 64% | 62% | 63% | 63% | 64% | 64% | 65%
and second result corresponds to °| 75% | 77% | 77% | 76% | 78% | 78% | 78% | 75% | 79% | 83% | 76% | 76% | 76% | 76% | 75% | 77% | 78% | 76%
. - 66% | 66% | 64% | 63% | 65% | 65% | 61% | 62% | 60% | 57% | 56% | 57% | 57% | 58% | 55% | 64% | 56%
o
conservative substitutions. Xde, See | 100% | coo, | 7a% | 76% | 78% | 77% | 76% | 73% | 75% | 7a% | 71% | 719% | 7196 | 72% | 70% | 70% | 7796 | 712%
X. dendrorhous; Sce, At | 100%| 9% | 86% | 84% | B4% | 75% | 70% | 73% | 64% | 62% | 62% | 61% | 61% | 62% | 62% | 67% | 61%
A
S. cerevisiae; Ani, A. niger; 94% | 93% | 91% | 90% | 84% | 78% | 83% | 76% | 75% | 75% | 75% | 74% | 75% | 76% | 77% | 75%
89% | B7% | 86% | 74% | 69% | 73% | 65% | 61% | 60% | 60% | 61% | 62% | 62% | 68% | 61%
Aor, A. oryzae; Acl, A. czqva’”s’ AOT | 190% g5e, | o4% | o3% | 5% | 70% | 83% | 77% | 76% | 76% | 75% | 75% | 76% | 76% | 78% | 78%
Pch, P. chrysogenum; Eni, acl | 100%| 84% | 8% | 74% | 69% | 74%| 64% | 62% | 61% | 61% | 60% | 61%| 61% | 66% | 60%
A
Emericella nidulans: Ssc 91% | 91% | 84% | 78% | 83% | 76% | 75% | 74% | 74% | 74% | 75% | 76% | 77% | 74%
S scleroti P ’ p d pon | 100%| 3% | 74% | 66% | 70% | 65% | 60% | 59% | 58% | 60% | 62% | 62% | 67% | 61%
- Scterotiorunt; ran, Fodospora °| 92% | 84% | 79% | 83% | 76% | 76% | 75% | 74% | 75% | 76% | 76% | 78% | 75%
anserina; Gze, Gibberella zeae; Eni | 1007 73% | 66% | 71% | 65% | 62% | 61%| 59% | 61% | 61% | 63% | 66% | 60%
Cne, C. neoformans; Hey, °l 84% | 77% | 83% | 77% | 77% | 76% | 75% | 76% | 75% | 78% | 77% | 74%
H eviind - Lbi oo | 100%| 74% | 76% | 64% | 61% | 63% | 61% | 62% | 62% | 64% | 67% | 62%
A
- cylindrosporunt, L1, 83% | 89% | 77% | 77% | 76% | 76% | 75% | 75% | 77% | 78% | 78%
L. bicolor; Abi, A. bisporus; pan | 100%| 70% | 63% | 59% | 59% | 60% | 60% | 59% | 58% | 64% | 60%
Cci, Coprinopsis cinerea; Pha °l 81% | 75% | 72% | 71% | 71% | 72% | 70% | 71% | 75% | 73%
p ’h e U T Goe | 100%%| 69% | 62% | 62% | 60% | 61% | 61% | 60% | 63% | 50%
. carysosporium; Uma, °l 77% | 78% | 77% | 76% | 75% | 75% | 75% | 76% | 75%
Ustilago maydis; Tbo, Tuber Cne | 100%| 65% | 62% | 62% | 62% | €2%| 63% | 61% | 63%
A
borchii: Sro. S. roseus 77% | 76% | 76% | 76% | 75% | 76% | 74% | 78%
’ ? oy | 100%| B5% | 8% | 82% | 74% | 62% | 59% | 62%
v °| 91% | 90% | 92% | 85% | 74% | 72% | 75%
) 81% | 82% | 74% | 62% | 60% | 60%
100%
LB 1 100% ! o0, | goos | 4% | 74% | 74% | 74%
; 79% | 72% | 61% | 59% | 59%
AB | 100%) o100 | a3, | 7a% | 72% | 7%
: 75% | 60% | 56% | 61%
1009
Coi' | 100%] ooy | 74% | 73% | 75%
61% | 60% | 59%
Pha | 1007
31 100%) 240, | 729 | 72%
58% | 60%
0

Uma | 100% 700 | 74%
59%

100%
Tbo | 100%| >_7
Sro | 100%

Mo,

%« Humana Press




Mol Biotechnol (2009) 41:165-172

169

pyrimidine-rich regions were detected between positions
813-838 and 861-895 (Fig. 1), suggesting possible tran-
scription start sites. Usually, the region immediately
upstream of the transcription start point is pyrimidine rich
in the coding strand, particularly in highly expressed genes
[24]. A TATA-like box (ATATAT) (position 488) was
located upstream (474 bp) from the translation initiation
site. ATG (position 968) (Fig. 1). The majority of pro-
moters in higher eukaryotes contain this box 25-30 bp
upstream from the transcription initiation site [24].

The polyadenylation-like sequence TTATATT, poten-
tially involved in the polyadenylation of the 3’ terminus,
was found at position 2998.

Analysis of the Deduced Amino Acid Sequence
Encoded by the gdhA Gene

The 455 amino acid-deduced protein has a predicted
molecular mass of M, 49 kDa and an isoelectric point of
6.2. Comparison to SwissProt & PIR databases gave high
identity scores with fungal NADP-dependent GDHs,
especially with those from C. neoformans (70%), Asper-
gillus oryzae (67%), A. nidulans (66%), Aspergillus niger
(66%), Aspergillus clavatus (66%), Sclerotinia sclerotio-
rum (66%), and P. chrysogenum (65%) (Fig. 2b).

A phylogenetic tree was constructed with NADP-
dependent GDH sequences from fungal representatives of
the different taxonomical classes and some examples of
higher eukaryotes (Fig. 3). GDH phylogenies perfectly
agree with taxonomical classifications, discriminating
among Fungi, Metazoa, and Viridiplantae.

Three signature sequences have been developed for
family I hexameric GDH in the Prosite database [25]: (1)
8pSVNLY, (2) *'KFLGFEQ®’, and (3) '"'RPEATGY"".
One of the conserved regions in the sequence includes the
putative NADP-binding motif **GSGNVAQYAALKV-
IELQMZ, The primary structure of NADP-dependent
enzymes was identified by amino acid fingerprinting [26]
and by homology comparison [27]. A lysine residue
potentially involved in the binding of 2-oxoglutarate and in
the catalytic activity of the enzyme was identified at
position 112.

Gene Expression Under the Control of the Nitrogen
Regulated PgdhA: Promoter Validation Studies

The functionality of PgdhA was tested in X. dendrorhous
using the hyg® gene from E. coli as a reporter [28]. Plasmid
pGDHAHg (Fig. 4) was constructed by in-frame fusion of
PgdhA to hyg® at the ATG translation initiation codon.
pGDHAHg contains the PgdhA-hyg®-T35S cassette and the
ampicillin resistance gene for selection in E. coli.
Hygromycin (30 pg/ml) resistant transformants were
selected and tested by Southern hybridization with an
800 bp EcoRI/Xmnl probe from the hyg® gene (Fig. 5a),
and with a 550-bp probe amplified from PgdhA (Fig. 5b).
All of them showed a 4.7-kb EcoRI hybridization band
corresponding to the endogenous gdhA gene, and a 2.7-kb
EcoRI hybridization band corresponding to the PgdhA-
hygR-T35S cassette. Transformation resulted in one or
more integration events of pGDHAHg into the X. dend-
rorhous genome. The intensities of the 2.7 and 4.7 kb
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Agaricomycetes . -
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Fig. 3 Phylogenetic tree of NADP-dependent GDHs. The protein
sequence of X. dendrorhous (Basidiomycota, Tremellomycetes) was
compared with sequences from fungi Basidiomycota (Agaricomycetes,
Tremellomycetes) and Ascomycota (Eurotiomycetes, Saccharomyce-
tes), Metazoa (Chordata, Arthropoda, Nematoda), and Viridiplantae
(Streptophyta). The alignment was performed with the program

Megalign by using the Clustal method with the PAM250 residue
weight table. Multiple alignment parameters were: gap penalty 10 and
gap length penalty 10. Pairwise alignment parameters were: ktuple 1,
gap penalty 3, window 5, and diagonals 5. The length of each pair of
branches represents the distance between sequence pairs. The units at
the bottom of the tree indicate the number of substitution events
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Fig. 4 Restriction map of the plasmid pGDHAHg used for hygro-
mycin resistance (hyg®) gene expression under the control of the
gdhA gene promoter (PgdhA) from X. dendrorhous. T35S is the 35S
cauliflower mosaic virus transcriptional terminator. XDF and XDR
primers were used to amplify PgdhA, and HPHF and HPHR primers
to amplify hyg®

bands in the transformants showed in Fig. 5b agree with
the presence of two copies of pGDHAHg. Depending on
the locus and number of integrations, hybridization bands
of different size and intensity were detected in other
transformants (data not shown), but only the hybridization
signal corresponding to the gdhA gene (4.7 kb EcoRI)
appeared in the parental untransformed strain (Fig. 5b).

Stability of the transformants was proved after five
consecutive cycles of growth, for 10 days each cycle,
without hygromycin as a selective agent, a relevant period
of time according to the extent (4-5 days) of the
X. dendrorhous culture for astaxanthin production. All
transformants analyzed so far proved to be stable in these
conditions.

The hygromycin resistance level of six transformants
(T13, T15, T16, T17, T20, and T21) was tested by solid
and liquid cultures in minimal medium (Czapek) supple-
mented with either ammonium acetate (10 and 30 mM) or
glutamate (15 mM) as nitrogen sources. Results (Fig. 6)
showed that transformants can grow in the presence of 30
and 50 pg/ml hygromycin in Czapek-glutamate, reaching
dry weights in the range of the controls without hygro-
mycin supplementation (around 5-6 g/l). However,
transformants did not grow in Czapek-ammonium acetate
30 mM supplemented with either 30 pg/ml or 50 pg/ml
hygromycin (dry weights from 0.5 to 1.5 g/l). When
transformants were checked in Czapek-ammonium acetate
10 mM, they were able to grow in 30 pg/ml hygro-
mycin (dry weights about 4-5 g/I) but not in 50 pg/ml
hygromycin (dry weights from 0.5 to 1.5 g/l). In brief,
X. dendrorhous PgdhA expression is repressed when using
ammonium acetate as a nitrogen source.

These results show that PgdhA is able to direct hygR®
gene expression in X. dendrorhous, conferring the hygro-
mycin-resistant phenotype. Lower hygromycin resistance
levels have been described in Acremonium chrysogenum
and P. chrysogenum by expressing hyg" under the control
of the A. nidulans gpdA promoter (5-10 pg/ml) [28, 29].

KU
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Fig. 5 Southern analyses of pGDHAHg transformants. a Southern
hybridization of EcoRI digested total DNAs using an 800 bp EcoRl/
Xmnl DNA fragment internal to hyg® gene as a probe. Lanes 1-6,
pGDHAHg transformants (T13, T15, T16, T17, T20, and T2I,
respectively). Lane 7, parental untransformed strain. Lane 8, molec-
ular weight marker. The 2.7-kb hybridization band corresponds to the
PgdhA-hygR-T358 cassette. b Southern hybridization of EcoRI
digested total DNAs using a 550-bp probe amplified from PgdhA.
Lanes 1-6, pGDHAHg transformants (T13, T15, T16, T17, T20, and
T21, respectively). Lane 7, molecular weight marker. Lane 8, parental
untransformed strain. The 4.7-kb hybridization band corresponds to
the endogenous gdhA gene, and the 2.7-kb band to the PgdhA-hyg®-
T35S cassette

Astaxanthin Production

The parental untransformed strain X. dendrorhous VKPM
2410 and six hng transformants (T13, T15, T16, T17, T20,
and T21) were fermented under astaxanthin production
conditions. After extraction and analysis of carotenoids by
HPLC using an astaxanthin commercial standard (Sigma)
with a retention time of 8.39 min, equivalent astaxanthin
production was obtained with all seven strains (from 150 to
200 pg/g dry weight; about 0.5 mg/l) (Fig. 7).

In summary, we described a new gene from X. dendror-
hous, a microorganism with great importance from a
commercial point of view because of its potential in
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Fig. 6 Hygromycin resistance level of six transformants (T13, T15,
T16, T17, T20, and T21) tested in liquid Czapek minimal medium
supplemented with either ammonium acetate (10 and 30 mM) or
glutamate (15 mM) as nitrogen sources. 30 pg/ml (a) and 50 pg/ml

250

200 T

150 A

Astaxanthin

100 A

50

T13 T15 T16 T17 T20 T21 WT

Fig. 7 Astaxanthin production by X. dendrorhous VKPM 2410 (WT)
and pGDHAHg hygromycin-resistant transformants (T13, T15, T16,
T17, T20, and T21). Astaxanthin average results (pg/g of dry weight)
of three independent cultures + standard deviations are shown

industrial use for the biotechnological production of asta-
xanthin. The gdhA promoter region can be used as a valuable
tool to guide controlled gene expression for the metabolic
engineering of X. dendrorhous and other Basidiomycetes.
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