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Abstract: The first carotenoid biosynthetic gene from the
basidiomycetous yeast Xanthophyllomyces dendror-
hous was isolated by heterologous complementation in
Escherichia coli. The isolated gene, denominated as crtl,
was found to encode for phytoene desaturase. The co-
ding region is interrupted by 11 introns. The deduced
amino acid sequence showed significant homology with
its bacterial and eukaryotic counterparts, especially
those of fungal origin. A plasmid containing the gera-
nylgeranyl diphosphate synthase and phytoene synthase
encoding genes from Erwinia uredovora was introduced
in E. coli together with the phytoene desaturase enco-
ding cDNA from X. dendrorhous. As a result, lycopene
accumulation was observed in these transformants. We
conclude that in X. dendrorhous the four desaturase
steps, by which phytoene is converted into lycopene, are
carried out by a single gene product. © 1999 John Wiley &
Sons, Inc. Biotechnol Bioeng 63: 750-755, 1999.
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INTRODUCTION

More than 600 carotenoids have been identified in natur(%l
which display a large variety of biological functions de-
pending on their structure, chemical, and physical proper

Carotenoids can be synthesized chemically or extracted
from biological sources (Johnson and Schroeder, 1995).
These latter ones can be used as natural colorants in food
and feed industry. Although much interest and effort has
been devoted to the use of biological sources for industrially
important carotenoids, only biological production of
B-carotene and astaxanthin has been reported (Johnson and
Schroeder, 1995). Besides the green afgematococcus
pluvialis and crustacean extracts, the red basidiomycetous
yeastXanthophyllomyces dendrorho(the perfect state of
Phaffia rhodozymaGolubev, 1995) has been identified as
the best biological source of astaxanthin (Johnson and
Schroeder, 1995, 1996).

Astaxanthin (3,3-dihydroxy{3,3-carotene-4,4dione) is
widely distributed in nature; also in organisms which are
unable to synthesize carotenoids in vivo. Astaxanthin pro-
duced primarily by phytoplankton contributes to the distinct
red or pinkish color of some marine animals (i.e. salmons,
crustaceans, and birds). Presently, chemically synthesized
staxanthin is added to the feed for the pigmentation of
arm-raised salmon and crustaceans. The potential market in
aquaculture, the health-promoting role of carotenoids

ties. Details on the structure, function, and biosynthesis ofJohnson and Schroeder, 1995, 1996), and the preference of

carotenoids have recently been reviewed (Britton, 1995: o|consumers for natural products have resulted in consider-
son and Krinsky, 1995; Armstrong and Hearst, 1996 Demf"ble commercial interest for developiXg dendrorhousas

ming-Adams et al., 1996; Johnson and Schroeder, 1995:0mPpetitive biological sources of astaxanthin.
Parker, 1996; Mayne, 1996). Carotenoid biosynthesis is A scheme, based on mutants affecting carotenoid biosyn-

found in bacteria, fungi, algae, and plants. A few of thethesis and the use of specific inhibitors of biosynthetic en-
identified carotenoids are used industrially for food color-2Ymes, for the astaxanthin biosynthetic pathwaiXirden-

ing, animal feeding, pharmaceuticals, and cosmeticglrorhouswas proposed by Andrewes et al. (1976). Meta-
(Johnson and Schroeder, 1995). bolic engineering of this multi-enzyme biosynthetic

pathway using recombinant DNA technology is one of the
approaches to improve the production level of astaxanthin,
which is rather low (400ug/g dry weight) in wild type
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strains. For such an approach a transformation system ankhis plasmid contains alErwinia uredovoragenes in-
the availability of the genes encoding astaxanthin biosynvolved in the biosynthesis of the yellow/orange carotenoid
thetic enzymes are essential. Recently, an efficient transfozeaxanthin diglucoside (Misawa et al., 1990) with the ex-
mation system forX. dendrorhoushas been developed ception of the phytoene desaturase encoding gerté).(
(Wery et al., 1997, 1998). However, the molecular basis ofThe cDNA library of X. dendrorhousvas introduced irE.
the astaxanthin production M. dendrorhouss still unre-  colijpACCAR25Acrtl] and plated on LB-agar plates con-
solved. taining ampicillin, chloramphenicol and IPTG. The plates
In this paper, we describe the isolation of the first genewere incubated overnight at 37°C, and incubation was
from X. dendrorhousnvolved in astaxanthin biosynthesis continued at room temperature until proper pigmentation
by a heterologous complementation approachEsth- of the transformants occurred. A phytoene accumulating
erichia coli. The function of the cDNA was determined E. coli strain was made by the introduction of the plasmid
through chromatographic analysis of pigments in differenppACCRT-EB in strain JM101, further indicated as

carotenogeni. coli transformants. JM101[pACCRT-EB]. This plasmid contains the genes en-
coding GGPP synthase and phytoene synthase Eouame-
MATERIALS AND METHODS dovora(Misawa et al., 1995).

Analysis of Carotenoid Production

; . . lementation experiments tBecoli strain JIM101

Plasmid preparations, transformations, and other standallao rcomp R .

molecular biology techniques were carried out as describely 2 9rown for_ 48 hat 28 C'. Thg plasmid pii2 used for
o . cotransformation together with either pACCRT-EB (Linden

(Sambrook et al., 1989). Determination of a nucleotide se-et al., 1991), for synthesis of phytoene, or pACCARZEI

quence was performed using a Taq DYE Primer Cycle Se-". " ' y pny orp

quencing kit (Applied Biosystems). The plasmid pBlue- with a deletion ofcrtl in the Erwinia carotenoid gene clus-
script was used for subcloning expériments. ter. As control an empty cloning vector pUC18 was used.

Carotenoids were extracted from freeze-dried cell either
with hot methanol at 60°C for 20 min when the yellow
zeaxanthin glucoside was expected or with hot acetone at
All strains and plasmids used in this study are outlined in55°C in case of carotenoids. The carotenoids were parti-
Table I. The construction of a genomic library Xf den-  tioned into 50% ether in petroleum and separated, identi-
drorhousCBS 6938 in a cosmid vector was described prefied, and quantitated by HPLC. The HPLC system involved
viously (Verdoes et al., 1997). The cDNA library of an a 25-cm Nucleosil C18, |8 column with acetonitrile/
overproducing mutant oK. dendrorhousCBS6938 was methanol/2-propanol (85:10:5, v/v/v) as eluent at a flow rate
constructed in the Uni-ZAP XR vector (Verdoes et al.,of 1 mL/min. Absorbance spectra were recorded on-line
1997). The carotenogeni€. coli to be used in the com- from the elution peaks with a Kontron Model 440 photodi-
plemention experiments was made by the introduction obde array detector. Identification was by spectral character-
the plasmid pACCARZ2Acrtl in strain XL-Blue-MRF. istics and by cochromatography with authentic standards.

General Procedures

Strains and Cultivation Conditions

Table I. Strains and plasmids used in this study.

Strain Genotype References
E. coli
XL-Blue-MRF’ A(mcrA)18A(mcrCB-hsdSMR-mrr) 173 endAl supE44 thi-1
JM101 recAl gyrA96 relAl la¢’' proAB lad’ZAM15 Tn10 Gibco BRL
supE thiA(lac-proAB) F[traD36 proAB" lac19acZAM15)| Messing (1979)
X. dendrorhous (P. rhodozyma):
CBS 6938
Plasmids Insert
puUC19 Cloning vector Yanisch-Perron et al. (1985)
Uni-ZAP XR Cloning vector Strategefie
pACYC184 Cloning vector Rose (1988)
pMT6 Cloning vector Breter et al. (1987)
pACCAR2%Acrtl Fragment carrying genes encoding geranylgeranyl diphosphate (GGPP) Linden et al. (1991)
synthasgcrtE), phytoene synthasgrtB), lycopene cyclasécrtY),
B-carotene hydroxylasgertX), zeaxanthin glycosylasgrtZ) of E.
uredovorain pACYC184
pACCRT-EB Fragment carryingrtE andcrtB genesk. uredovorain pACYC184 Linden et al. (1991)
pPRcos Clone of genomic library of. dendrorhousn pMT6 Verdoes et al. (1997)
pPRpd Fragment carrying cDNA encoding phytoene synthasé dendrorhous This study
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RESULTS AND DISCUSSION dendrorhousphytoene desaturase was found to have 582
amino acids residues with a calculated mass of 65.1 kDa.
To determine the nucleotide sequence of the phytoene
desaturase encoding gene and its flanking regions the cDNA
fragment was used to screen a cosmid libraryXofden-
To clone the phytoene desaturase encoding gene ¥om drorhous.One positive cosmid called ppEcosl was de-
dendrorhousa cDNA library was introduced in a geneti- tected by analyzing 6000 clones. Southern blot analysis of
cally engineered, phytoene accumulatthgeoli strain. This  several restriction enzyme digests of this cosmid indicated
strain was constructed by the introduction of the plasmidhat a 3-kbHindIll and a 4-kbHindlll-BamH fragment
pPACCAR28crtl (Linden et al., 1991) in strain XL-Blue- hybridized strongly with the probe. These fragments, which
MRF’. This plasmid contains alE. uredovoragenes in- were also present on blots containiXg dendrorhousye-
volved in the biosynthesis of the yellow/orange carotenoichomic DNA digested with the same enzymes, were sub-
zeaxanthin diglucoside (Misawa et al., 1990) with the ex-cloned into pUC19 and used for sequence analysis. To
ception of the phytoene desaturase encoding gerté).( prove that both fragments were contiguous, the nucleotide
The selection method is based on the assumption that th&quence of the cosmid clone was determined using oligo-
color of XL[pACCAR25Acrtl] containing a cDNA encod- nycleotides near the bounderies of tHindlll restriction
ing phytoene desaturase will change from white (phytoenegjie.
into yellow/orange (zeaxanthin diglucoside) as Eheure- Comparison of the nucleotide sequence of both the ge-
dovora biosynthetic pathway is restored. Two of about nomic and the cDNA sequences revealed that the coding
14,000 colonies were foun.d to have a yellow/orange C°|°rregion of X. dendrorhouggene encoding phytoene desatu-
The corresponding plasmids called pPRpd1l and pPRpdgse compared to phytoene desaturase encoding genes from
were separated from the complementation plasmigyher organisms, is interrupted by an extremely high num-
PACCAR23Acrtl and used for further analysis. ber of intervening sequences (Fig. 1). The intron sizes range
All transformants obtained after reintroduction of both yahveen 74 and 176 nucleotides and are positioned at the
plasmids in XL[pACCAR23&crtl] had a yellow/orange \_terminal part of the gene. These characteristics and the
phenotype. The carotenoids from these transformants Wefigi on structure are consistent with data concerning the ge-
extracted and the composition was analyzed by HPLC. If,omic structure in otheX. dendrorhougienes (Wery et al.,
was found that complementation resulted in the formationlg%; Verdoes et al., 1997). Compared to geneX.afen-
of the cyclic carotenoids zeaxanthin and zeaxanthin digludrorhousencoding actin (Wery et al., 1996) and glyceral-
coside (671g/g dry weight, Table II). In control comple-  jopyde-3-phosphate dehydrogenase (Verdoes et al., 1997),
mentation experiments using pUC18 no conversion of thgne codon usage in the gene encoding phytoene desaturase is
substrate phytoene was detected (Table II). less biased. With the exception of ATA, all triplets are used
in the phytoene desaturase encoding geneX.oflendro-
Nucleotide Sequence of the Phytoene Desaturase rhous. In.contrast to the strong bias observed in .bacterial
Encoding Gene of X. dendrorhous carotenoid genes (Matsumura et al., 1997), als¥.iden-
drorhousthe triplets CTA, GTA, and TTA are used albeit
Restriction analysis of pPRpd1 and pPRpd2 indicated thatith a low frequency. The observed differences in codon
both carried an insert of 2 kb and that the inserts weraisage in the cloneX. dendrorhousgenes might be the
almost identical (not shown). Both cDNA were sequencedesult of the differences in expression levels or in genetic
and small differences in length at both tHe &nd 3-ends of  evolutionary origin. The amino acid sequence of phytoene
the untranslated region were observed (Fig. 1). The deducedesaturase fronX. dendrorhousvas aligned with all avail-
amino acid sequence was compared with EMBL proteinable phytoene desaturase protein sequences. The highest
data base and was found to have moderate but significafitomology between phytoene desaturase proteins was found
homology with other phytoene desaturase sequences{Thein the region forming dinucleotides (NAD(H)/NADP(H) or

Cloning of a cDNA Coding for
Phytoene Desaturase

Table Il.  Formation of carotenoids i&. coli transformants.

Carotenoid? (yg/g dry weight)

Plasmids Phytoene Lycopene Zeaxanthin Zeaxanthin—glucoside
pACCAR2%Acrtl + pUC18 285.4 nd nd nd
pACCAR2%Acrtl + pPRpd1 1145 0 50.3 17.4
pACCRT-EB + pUC18 365.8 nd
pACCRT-EB + pPRpd1 183.5 144.3

#Average from 3 determinations; nd, not detected.
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aagcttaaactgacgtgcctctgeggtgetectctacagaceeggaacagtegetetteg 60

agagatccgacgataccagaagtcgaccgagcetcecteatcegaaagetccecttecageg 120
actcgttcgagagatcgeccaggacttcaagactgatcteegattecagtecttcagecgt 180
tatggcectcecaggaggettecgaggettaccttgtectetetetttgaggacacecaactt 240
ggctgctattcacgecaagegagtgacgatccagectaaggatctccagetegetecgacy 300
actcegaggagagcgagcataagegtetgtccgtagagaggagaagtagtagtgtttect 360
ggatcagttgccagttgtacaaccetgtaccaatatcgttatataatcaatttatccate 420
cattctetgaaacatcacattaaaatgattgccgacaagataacagcaagttacacaaaa 480
gacacgtgagcgtacageacgtgacattgctgatataagcgacgataagatcagacggec 540 . . . . .
gatcgagatgaatgactgggcatagatcgtatcaacatcgtcgateggecaaaattggge 600 ATCTGGTATCCGAGAGGAGGCTTTTGGCAgttcgtgctcatcctgatecttatgtttggt 2280
gagatggecgaacaccettgatttttgttcggegatcaaacttctegttcttogttettgt 660 I W Y P R G G F W Qf.........o i,
¥ 12
ttgcacttctettecacctettecaccctegecgaatctaacttgacacataactetagt 720 tctitccgettcagagaattaacaattactgacagaaaatcgtatcaacgeacgetttet 2340
......................... intron IX............ivininni..,
atctatactcgATGGGAAAAGAACAAGATCAGGATAAACCCACAGCTATCATCGTGGY tg 780
M G K E Q D Q DK P T ATITICV [. ccaatagGGTTCCTAATACTCTTCTTCAGATCGTCAAGCGCAACAATCCCTCAGCCAAGT 2400
...... } v P N TL L Q@ I V K RNUDNUP S A K
agtgtcaggccatcaccttttgaagecatatacccatcacttgattgatgggttttccatt 840
___________________________________________________________ TCAATTTCAACGCTCCAGTTTCCCAGGTTCTTCTCTCTCCTGCCAAGGACCGAGCGACTG 2460
F NP N APV S Q VL L 8 P A K DR
tgattcaaaccttgtttccgaatggttctectagtttaatcegtatcagctaacattcte 200
,,,,,,,,,,,,,,,,,,,,,,,,, Sntron T... ..o GTGTTCGACTTGAATCCGGCGAGGAACATCACGCCGATGTTGTGATTGTCAATGCTGACC 2520
@ VR L E §$ G E EHHADV V I V N ATD
ttgatcacttgttgcttttgcttactcgttactctttccgttcctacttgttagGATGTG 360
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, TCGTTTACGCCTCCGAGCACTTGATTCCTGACGATGCCAGAAACAAGATTGGCCAACTGG 2580
L vV Y A 8 E HL I P DD AURUNIKITIUGU QL
GTATCGGTGGAATCGCCACTGCCGCTCGTCTTGCTAAAGAAGGTTTCCAGETCACGGTGT 1020
G I 6 G I A T A A R L A K E G F Q VvV T V¥ GTGAAGTCAAGAGAAGTTGGTGGGCTGACTTAGTTGGTGGAAAGAAGCTCAAGGGAAGTT 2640
G E V X R 8§ WWADU LV G 6 K KL K G 8§
TCGAGAAchatgcttcctcgctcactcatgaaatgtacctcacatcggtcaaatatgga 1080
F | U GCAGTAGTTTGAGCTTCTACTGGAGCATGGACCGAATCGTGGACGGTCTGGGCGGACACA 2700
¢ 8§ 5 L 58 F Y W S M DR I VD G L G G H
atcgagatcgtacaaaactgatcgaccegctattettattgtgteoccacctetttetttt 1140
_________________________ ANEXON I . e e eee e e e e e gtgcgtagtccatccogegaaatectcetttcaaaatcgtaagtgecagaggotgaagttta 2760
(e INEron X..o.o..oiiiiiii e
cccteteatcattegtccacategetaataccegettgtcaacct taghACGACTACTCC 1200
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ] N D Y s tttttacactttatctagATATCTTCTTGGCCGAGGACTTCAAGGGATCATTCGACACAA 2820
................. JN I F L A E D F K G 8 F D T
GGAGGTCGATGCTCTTTAATCGAGCGAGATGGTITATgtcagttcctccgatecatcaggea 1260
G G R € 8 L I E R D G Y ... et iininniiiannn TCTTCGAGGAGTTGGGTCTCCCAGCCGATCCTTCCTTTTACGTGAACGTTCCCTCGCGAA 2880
I F E E L GL P ADUP S F Y V NV P 8§ R
agagcategttcatttctecaatactaacccageggecttttctetcteteteegtetey 1320
......................... intron IIT.........co'uuueemnannannn TCGATCCTTCTGCCGCTCCCGAAGGCAAAGATGCTATCGTCATTCTTGTGgtatgtgcta 2940
I DP S A AP EGE KD ATIUVTIULUVI[.........
acccteegatttaacagCGATTCGATCAGgt tagaatactctecttgegetgtetctcaac 1380
,,,,,,,,,,,,,,,, I : S I » T S (Y ttctetgtactttegtttttcgeccgecatgatgtetcgattetcaaacatactatateg 3000
......................... intron XI............ ...,
acaataccaaaagactgacctcaactttaatgcttggccttccagGGGCCCAGTTTGCTG 1440
,,,,,,,,,,,,,,,,,,,,,,,,, intron IV..........1 6 P 8 L L aaccecect tagCCETGTGGCCATATCGACGCTTCGAACCCTCAAGATTACAACAAGCTT 3060
........... lP ¢ G H I DASNUPIGQDTYNKL
CTCTTGCCAGATCTCTTCAAGCAGACATTCGAAGATTTGGGAGAGAAGATGGAAGATTGEE 1500
L L P DL F K Q T F EDILGEZ XKMMTETD W GTTGCTCGGGCAAGGAAGTTTGTGATCCAAACGCTTTCCGCCAAGCTTGGACTTCCCGAC 3120
VvV A R ARKVPF VI QTUL S A K UL G L P D
GTCGATCTCATCAAGTgta tgtctagagettgtatcettcagaatcgtettggt egeteat 1560
v D L I [ S, Intron V... e TTTGAAAAAATGATTGT AGAGAAGGTTCACGATGCTCCCTCTT AGAAAGAATTT 3180
F BE K M I V A E K V HD AP S W EIK E F
cctectetcatttecttttctttcaaaacaaatataagGTGAACCCAACTATGTTTGCCA 1620
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ¢ E P N Y V C H AACCTCAAGGACGGAAGCATCTTGGGACTGGCTCACAACTTTATGCAAGTTCTTGGTTTC 3240
N L X p 6 §$ I L L A HNUVFMOQV L G F
CTTCCACGATgtatgtaccctcgtaggetogatatcattectetttccaagaceactgac 1680
F H D Levrrnnnnnnnn IREXON VI vwr o 0T AGGCCGAGCACCAGACATCCCAAGTATGACAAGTTGTTCTTTGTCGGGGCTTCGACTCAT 3300
R P s T R R P K _ ¥ D K L F F V G A S8 T H
atcctacaaccattttcaccgttcagGMGAGACTTTCA(.;;.uu.AACCGACAumLuL 1740
,,,,,,,,,,,,,,,,,,,,,,,,, 1 E T F T F S T D M A CCCGGAACTGGGGTTCCCATCGTCTTGGCTGGAGCCAAGTTAACTGCCAACCAAGTTCTC 3360
P G T g v P I V L A G A K L T A N Q V L
TGCTCAAGCGGGAAGTCGAGCGTTTTGAAGGCAAAGATGCGATTTGATCGGTTCTTGTCGT 1800
L L K R E VvV ERVF E G XK D G PF DR F L § GAATCCTTTGACCGATCCCCAGCTCCAGATCCCAATATGTCACTCTCCGTACCATATGGA 3420
E 8 P D R S P A P D P NMS L 8 V P Y G
TTATCCAAGAAgtccgtgaatgtttgtcatctcactcatgaccaagtggtggtcccgact 1860
F I @ [ inEron VII. ... e i AAACCTCTCAAATCAAATGGAACGGGTATCGATTCTCAGGTCCAGCTGAAGTTCATGGAT 3480
K P L XK §$s NG T 6 I D 8 Q V Q@ L K F M D
ccatcgeattacggtcta tagGCCCACAGACATTACGAGCTTGCTGTCGTTCACGTCCTG 1920
,,,,,,,,,,,,,,,,,,,, A H R H Y EL AV V BH V L TTGGAGAGATGEGTATACCTTTTGETGTTGT TGATT GGGGCCGTGATCGCTCGATCCGTT 3540
L E R WV YL L VL L I G AV I A R § V
CAGAAGAACTTCCCTGGCTTCGCAGCATTCTTACGGCTACAGTTCATTGGCCAAATCCTG 1980
Q K N F P GF A AFLRUILUGQTFTIGOQQTI L GGTGTICTTGCTTTCTGAagcaagacaacgatcgtttecttagagttttttttagtetett 3600
@ vV L A F -
GCTCTTCACCCCTTCGAthcagtgacatctgccaaacatattcgtttcacatggccttt 2040
A L H P F [ intron VIII..........o.... cctgtgttetctctatatacatactetgetegtetgttetettetegagggttoctettt 3660
gtgtcagagtcatacccggtetctctcaacgteegttt gacaattgt 3720
ttttgactatcgatagtgtgttgtcaatatcaccagTCTATCTGGACAAGAGTTTGTCGA 2100 tcgaaatetecatcacctcaagtetgatgttcatcate cgttgcaa 3780
................................... ]§ I W TRV CR *
tatacatgactgttatggaccgecttetegatcgtcaattgataagtcaaaaattatgtt 3840
TATTTCAAGACCGACAGATTACGAAGAGTCTTCTCGTTTGCAGTGATGTACATGGGTCAA 2160 +
Y F K T DRUILURTGERVYTF S F AV M Y ¥ G Q tgatttgataacaacatcaagcgtatatacttgatgagaaaaggaggaggagaggtgtet 3900
gaacgcatctaaacccgctcaatagteggttceectagaaaccacctetttgecacgtggg 3960
AGCCCATACAGTGCGCCCGGAACATATTCCTTGCTCCAATACACCGAATTGACCGAGGGC 2220 teggagaaggatggtgtgctegtactgagccgtcatggatctgtegtggtcaatgaagaa 4020
s P Y S AP GT Y S L L QY T ETULTTE G gagtacaagagtgagttgatgatcggatcggaggttatgagatggatagagaga 4074

Figure 1. The nucleotide sequence of the dendrorhougphytoene desaturase encoding gesté ) and its flanking regions. The sequence is numbered

from the first nucleotide. The deduced amino acid sequence is shown below the nucleotide sequence. The regions homologous to the dinucleotides
(NAD(H)/NADP(H) or FAD(H))-binding domain (Pecker et al., 1992: Linden et al., 1994) and the carotenoid-binding domain (Armstrong et al., 1989) are
indicated respectively by underlining and double underlining. Tharfsl 3 intron splice junctions and putativé $ternal splice signal sequence are
indicated by italics. The putative polyadenylation signals are indicated by red lines. The first and last nucleotide of the two cDNA clones snalyzed i
indicated by! and 1, respectively. The nucleotide sequence has been submitted to the EMBL Data Bank with accession number Y15007.

FAD(H))-binding domain (Pecker et al., 1992; Linden et al., phylogenetic clusters formed by plants, eubacteria, fungi,
1994) and a postulated sequence to be the carotenoiénd cyanobacteria, a clear homology is found. Fungal phy-
binding domain (Armstrong et al., 1989) (Fig. 1). This latter toene desaturases are more related to the eubacterial phy-
region is also found in the phytoene desaturase sequencestoene desaturase proteins than to the phytoene desaturase
other fungi and bacteria but not in cyanobacteria and plantgroteins within the clusters formed by plants and cyanobac-
The deduced phylogenetic tree (Fig. 2) indicates that withirteria. The phytoene desaturase protein of the heterobasidio-
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_{ Xanthophyllomyces dendrorhous
Phycomyces blakesleeanus Fungi
l Neurospora crassa

Cercospora nicotianae
Myxococcus xanthus
Erwinia herbicola
‘J—' Erwinia uredovora
Agrobacterium aurantiacum
Erythrobacter longus Eubacteria
i Rhodobacter capsulatus
Rhodobacter sphaeroides
—— Streptomyces griseus
- Streptomyces setonii
Arabidopsis thaliana
Glycine max (soybean)
Capsicum annuum (bell pepper) Plants
Lycopersicon esculentum (tomato)
-——————— Zea mays (maize)
[ Synechococcus sp.
Synechocystis sp. Cyanobacteria
Aphanocapsa sp.

Figure 2. Dendogram of the alignment of the deduced sequences of 21 phytoene desaturases from different organisms. Amino acid sequences were
analyzed using PC/GENE programs package.

mycetous yeasK. dendrorhousorms a cluster with phy- 1991). This latter plasmid contains the genes encoding
toene desaturases from other fungi. The distantly relate@GPP synthases(tE) and phytoene synthaser{B) from E.
fungal phytoene desaturase encoding genes Nenrospo-  uredovoraresulting in the accumulation of phytoene, the
ra crassa(Schmidhauser et al., 199hycomycegRuiz-  substrate for phytoene desaturaseEircoli. The resulting
Hidalgo et al., 1997), an€ercospora nicotiana€Ehren-  transformant JM101[pACCRT-EB/pPRpdl] was red pig-
shaft and Daub, 1994) contain respectively 2, 1, and 0 inmented, and the carotenoid composition was analyzed by
trons. Among these fungi the position of the introns in theHPLC. It was shown that only altranslycopene was
phytoene desaturase encoding gene is not conserved as liasmed which exhibits the characteristic absorbance spectra
been found with the fungal glyceraldehyde-3-phosphate deat 445, 470, and 505 nm. These results indicate ¥at
hydrogenase encoding genes (Verdoes et al., 1997). dendrorhouscontains acrtl-type phytoene desaturase, by
which phytoene is dehydrogenated into lycopene.

Since accumulation of lycopene K. dendrorhousvas
only observed in the presence of the inhibitor nicotine and
since so far no lycopene accumulating strainkofdendro-

For the conversion of phytoene into lycopene four enzymatrhous has been isolated, the question was raised whether
ic dehydrogenation reactions are required. Three differeniycopene was the substrate for the cyclization reactions (Gi-
functional types of phytoene desaturase have been found. hard et al., 1994). Based on the molecular genetic and bio-
cyanobacteria, algae, and higher plants two distinct enehemical evidence irt. coli we conclude that iX. den-
zymes are necessary for this four-step dehydrogenation prakorhouslycopene is the end product of the desaturation
cess, the first phytoene desaturasgR-type) converts phy- steps and therefore is the most likely substrate for further
toene into zeta-carotene by two dehydrogenation reactionsyclization reactions. Recently we isolateXanthophyllo-
This intermediate is further dehydrogenated into lycopenenycesgene ¢rtB+) which encodes a bifunctional protein
by azdstype desaturaseitQ). The phytoene desaturase of involved in both phytoene synthesis from GGPP and cy-
Rhodobactercarries out three desaturation steps yieldingclization of lycopene int@-carotene (Verdoes et al., manu-
neurosporene. However, in most eubacteria and fungi thessript in preparation). Apparently, mutations in tbeB+

four steps are catalyzed by a single gene product encoded lggne will affect much more frequently phytoene synthesis
a crtl-type gene (for reviews, see: Sandman, 1994; Armthan lycopene cyclization and therefore result in mutants

Expression of the X. dendrorhous Phytoene
Desaturase Encoding Gene in E. coli

strong and Hearst, 1996). which accumulate the colorless GGPP instead of the red
To determine the number of desaturase steps carried olyicopene.
by the phytoene desaturase proteinXofdendrorhoughe For the fungusPhycomyces blakesleean(Bramley,

cDNA clone (pPRpdl) was introduced . coli strain  1985; Ruiz-Hidalgo et al., 1997) and the cyanobacterium
JM101 together with plasmid pACCRT-EB (Linden et al., Synechococcu¢Sandmann and Kowalczyk, 1989), feed-
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back regulation of phytoene desaturase has been demokinden H, Misawa N, Chamovitz D, Pecker I, Hirschberg J, Sandmann G.
strated in vitro. This step may be the rate-limiting in astax- 1991. Functional complementation Escherichia coliof different

. . L phytoene desaturase genes and analysis of accumulated carotenoids. Z
anthin biosynthesis inX. dendrorhous(Johnson and Naturforsch 46C:1045-1051.

Schroeder, 1996) and thereere is_ one of the best targets {Ghqen H, Misawa N, Saito T, Sandmann G. 1994. A novel carotenoid
start metabolic pathway engineering. Presently, the effects biosynthesis gene encoding forcarotene desaturase: Functional ex-
of deregulation and overexpression of thegl gene on pression, sequence and phylogenetic origin. Plant Mol Biol 24:

astaxanthin biosynthesis ¥ dendrorhousre being tested. 369-379.
Matsumura H, Takeyama H, Kusakabe E, Grant Burgess J, Matsunaga T.

) ) 1997. Cloning, sequencing and expression the carotenoid biosynthesis
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ABBREVIATIONS

GGPP geranylgeranyl diphosphate
IPTG isopropyl-Re-thiogalactopyranoside
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