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Abstract A delta-9 fatty acid desaturase gene, homolo-
gous to animal and fungal acyl-coenzyme A (CoA) desa-
turases, was isolated from the red alga Cyanidioschyzon
merolae using a degenerate PCR strategy. This gene, des-
ignated as CmFAD9, has no intron. The encoded delta-9
fatty acid desaturase (CmFad9p) consists of 476 amino ac-
ids and has an estimated molecular mass of 55.4 kDa.
CmFad9p is a unique delta-9 fatty acid desaturase among
plants, in that it is fused with the cytochrome b5 domain
at itscarboxyl terminus. Thisischaracteristic of yeast acyl-
CoA desaturase. Genomic Southern hybridization sug-
gested that the C. merolae genome contains a single gene
for delta-9 fatty acid desaturase of the animal and fungal
type. Southern hybridization combined with pulsed-field
gel electrophoresis revealed that CmFAD9 is probably lo-
cated on chromosome XI| of the 17 C. merolae chromo-
somes. A 1.6-kb product of this gene was transcribed
throughout a light/dark synchronization culture. The dis-
covery of CmFAD9 indicates the existence of anovel type
of plant delta-9 fatty acid desaturase that may function in
the endoplasmic reticulum, but not in the plastid.
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Introduction

Fatty acids are an essential component of membrane lip-
ids. The fatty acid composition of each membrane deter-
minesthe characteristicsof themembrane, such asitsfluid-
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ity, permeability, and ultrastructure. Furthermore, a series
of recent yeast genetic studies have shown that fatty acid
synthesis is closely related to the structure, function, and
inheritance of organelles (Schneiter and Kohlwein 1997).
In the budding yeast Saccharomyces cerevisiae the mdm?2
(mitochondrial distribution and morphology 2) alele of
OLEL, encoding delta-9 acyl-coenzyme A (CoA) desatu-
rase, interferes with the transfer of mitochondria into the
bud andleadsto the aggregation and fragmentation of those
mitochondria. (McConnell et al. 1990; Stewart and Yaffe
1991). Mitochondrial movement and morphology are
probably extremely sensitive to changes in the fluidity of
mitochondrial membranes resulting from the absence of
unsaturated fatty acids produced by the fatty acid desatu-
rase (Stewart and Yaffe 1991).

Delta-9 acyl-CoA desaturase, a microsomal membrane
intrinsic enzyme, synthesizes mono-unsaturated fatty ac-
ids from saturated fatty acids in animal and fungal cells.
This enzyme introduces a double bond between the ninth
and tenth carbons of both palmitoyl (16:0) and stearoyl
(18:0) CoA substratesto makethe monoenoic productspal -
mitoleic (16:1) and oleic (18:1) acid respectively. To per-
form this reaction, the microsomal membrane enzyme cy-
tochrome b5 must transfer electronsfromitsinternal heme
totheiron centersof thedelta-9fatty acid desaturase. I nter-
estingly, the delta-9 fatty acid desaturases of S. cerevisiae
(Olelp) and other yeast species are chimeric proteins of
thesetwo enzymes. Cytochrome b5 isfused to the carboxyl
terminus of the delta-9 fatty acid desaturase (Mitchell and
Martin 1995).

Two other types of delta-9 fatty acid desaturases have
been identified in cyanobacteriaand plants (Fukuchi-Miz-
utani et al. 1995). Delta-9 acyl-lipid desaturases in cyano-
bacteria desaturate fatty acids bound to glycerolipids.
Delta-9 acyl-acyl carrier protein (ACP) desaturasesin the
chloroplast stroma of higher plants desaturate fatty acids
esterified to ACP. Delta-9 acyl-ACP desaturase is structu-
raly unrelated to either delta-9 acyl-CoA desaturase or
delta-9 acyl-lipid desaturase, although the last two desatu-
rases have similar amino-acid sequences (Shanklin and So-
merville 1991; Sakamoto et al. 1994).
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We isolated the delta-9 fatty acid desaturase gene from
the unicellular red alga Cyanidioschyzon merolae as the
first step toward determining which type of delta-9 fatty
acid desaturase functions in algae, and in an attempt to
understand the mechanism by which fatty acid desaturase
regulates mitochondrial morphology and inheritance. We
believe that C. merolae is a model organism for studying
the morphology and inheritance of mitochondria for four
reasons:

(1) It contains a single, simple-shaped mitochondrion per
cell (Kuroiwaet al. 1994).

(2) This mitochondrion multiplies by binary division dur-
ing cell division (Ohta et al. 1993; Suzuki et al. 1994).
(3) Mitochondrial division can be synchronized by the use
of light-dark cycles and inhibitor treatment (Terui et al.
1995; Itoh et al. 1996, 1997).

(4) It isthe only organism in which the apparatus of mito-
chondrial division, the mitochondrion-dividing ring, can
bevisualized by electron microscopy (Kuroiwaet al. 1993,
1995).

Therefore, by studying C. merolae we can increase our
understanding of how the intracellular distribution and
temporal expression of delta-9 fatty acid desaturase affects
morphological changes and the division of mitochondria.
In this paper we describe the isolation of a yeast-like
delta-9 fatty acid desaturase gene, containing the carboxyl
terminal cytochrome b5 domain, from C. merolae. Thisis
thefirst report of the existence of ayeast-like delta-9 fatty
acid desaturase in the plant kingdom.

Materials and methods

Material and culture conditions. The C. merolae cells were the gen-
erous gift of Prof. G. Pinto (University of Napoli, Italy). The culture
and synchronization of C. merolae cells were performed according
to Suzuki et al. (1994).

PCR amplification. Degenerate PCR was used to prepare a delta-9
fatty acid desaturase gene-specific probe. Nuclear DNA of C. mer-
olae, the generous gift of Dr. N. Ohta (Waseda University, Japan),
was used as a template. A pair of oligonucleotides [5'-CA(CT)
(AC)GI(CT)TITGG(AT)(GC)ICA(CT)(AC)G-3 and 5-(AG)TG
(AG)TG(AG)AA(AG)TT(AG)TG(AG)TAICC(CT)TCICC-3'] cor-
responding to the highly conserved amino-acid sequencesHRLWSHR
and GEGYHNFHH flanking the delta-9 fatty acid desaturase of S.
cerevisiae (Olelp) and rat liver stearoyl-CoA desaturase (Stukey et
al. 1990), were synthesized and used as primers. PCR was performed
for 40 cyclesof 94°Cfor 1 min/56°Cfor 1 min/72°Cfor 1 min. Under
these conditions, a single 525-bp fragment was amplified.

DNA cloning and sequencing. The genomic DNA library (Takaha-
shi et al. 1995) was screened according to the method of Takahashi
et al. (1995) using the 525-bp PCR fragment as a probe. One posi-
tive candidate was obtained after a second screening. Phage DNA
was isolated from this candidate by the liquid lysate method (Sam-
brook et al. 1989). The phage DNA wasdigested with Notl and South-
ern hybridization (Takahashi et al. 1995) was performed using the
degenerate PCR fragment as the probe. The 7.7-kbp fragment iden-
tified was cloned into pBluescript 1| SK+ (Stratagene, USA). This
clone was digested with Sall and the resulting 4.2- and 2.8-kb frag-
ments, both of which hybridized with the probe, were subcloned. De-
letion clones were obtained from these three clones, covering the en-

tireregion of the delta-9 fatty acid desaturase gene, using the pBlue-
script 11 Exo/Mung DNA Sequencing System (Stratagene, USA) ac-
cording to the instruction manual supplied. Sequencing of the dele-
tion clones was performed according to Matsunaga et al. (1996).

Southern hybridization. Genomic Southern hybridization was car-
ried out using the degenerate PCR fragment as a probe under the fol -
lowing low-stringency conditions. The DNA probewas|abelled with
[a-*2P]-dCTP using a Megaprime DNA labelling system (Amers-
ham LIFE SCIENCE, USA) according to the manufacturer’sinstruc-
tions. Pre-hybridization and hybridization were performed at 42°C
inhybridization solution [6 x SSC (90 mM sodium citrateand 0.9 M
sodium chloride), 5 x Denhardt’s solution (0.1% (w/v) Ficoll 400,
0.1% (w/v) polyvinylpyrrolidone, and 0.1% (w/v) bovine serum al-
bumin), 0.5% (w/v) sodium dodecy! sulfate (SDS), and 100 pg/mi
denatured salmon testis DNA] for 1 h and 16 h respectively. After
hybridization the membrane was washed with a series of buffers (2,
2,1, 0.5, and 0.1 x SSC each containing 0.1% (w/v) SDS) at 42°C
for 20 min per buffer. The chromosome location of the fatty acid de-
saturase gene was determined by pulsed-field gel electrophoresis
(Takahashi et al. 1995) and Southern hybridization using Fluoresce-
in Genelmages (Amersham LIFE SCIENCE, USA) according to the
supplied instruction manual, using the 2.8-kb Sall clone asthe probe.

Northern hybridization. Total RNA of C. merolae was extracted by
the method of Ohta et al. (1994). Northern hybridization was per-
formed using the degenerate PCR fragment as a probe under the fol -
lowing high-stringency conditions. Onemicrogram of total RNA was
glyoxylated and electrophoresed in a1.1% agarose gel in 10 mM so-
dium phosphate buffer (pH 7.0) for 2.5 hat 70 V with rapid circula-
tion of the buffer. After electrophoresis, the samplesweretransferred
to anylon membrane filter, baked for 2 h at 80°C, and boiled in TE
buffer [10 mM Tris-HCI (pH 7.5), 1 mM EDTA] at 100°C for 5 min.
Pre-hybridization and hybridization were performed at 42°C in hy-
bridization solution [5 x SSPE (0.75 M sodium chloride, 43.25 mM
NaH,PO,, 6.25 mM EDTA), 50% (v/v) formamide, 5 x Denhardt’s
solution, 0.5% (w/v) SDS, and 20 pg/ml of denatured salmon testis
DNA] for 1 h and 16 h respectively. After hybridization the mem-
brane was washed in a series of buffers: 2 x SSPE, 0.1% (w/v) SDS
at room temperature twice for 10 min, 1 x SSPE, 0.1% (w/v) SDS at
65°C twicefor 20 min, and 0.1 x SSPE, 0.1% (w/v) SDSat 65°C for
20 min.

Results and discussion

Structure of the C. merolae delta-9 fatty acid
desaturase gene

We designed oligonucleotide primers based on conserved
histidine motifsin delta-9 fatty acid desaturases to isolate
the gene from C. merolae. PCR with these primers ampli-
fied asingle 525-bp fragment. The nucleotide sequence of
this fragment showed significant DNA homology to ani-
mal and fungal delta-9 acyl CoA desaturases. Using this
fragment as a probe, we screened the C. merolae genomic
DNA library. Screening produced asingle candidate. DNA
sequence analysis indicated that this clone contained an
open reading frame of 1431 bp, including the sequence
identical to the probe (Fig. 1). It encoded a protein com-
posed of 476 amino acidswith an estimated mol ecular mass
of 55.4kDa A search of genetic databases using the
BLAST algorithm (Altschul et al. 1990) and the derived
amino-acid sequencereveal ed significant homol ogieswith
fungal and animal delta-9 acyl-CoA desaturases and the
delta-9 acyl-lipid desaturases of cyanobacteria. The se-
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GCTCTGCACGGTTTTTTTTGTAAACGAGACGAGCTTATCGGAGCGTAGCGACGTCGGCTGGGGATC
GTCGGAAGCGAGCCCCACGAGATTCGCACAACCGCACCTCTACGCGTACGTGTCGTGACGCCTCTC

Fig. 1 The nucleotide sequence of the C. merolae delta-9 fatty ac-
id desaturase gene (CmFAD9) and its 5’ and 3' flanking regions. The
derived amino-acid sequence is shown below the nucleotide se-
guence. Nucleotide and residue numbers are indicated to the left of
each line. An asterisk under codon TGA indicates a stop codon.
Underlining of a nucleotide sequence indicates the probe used to
screen the genomic DNA library, as well as for genomic Southern
hybridization and Northern hybridization. Three bold lines beneath
the amino-acid sequence indicate the conserved histidine boxes.
Broken lines beneath the amino-acid sequence indicate the cyto-
chrome b5 domain of CmFad9p. This sequence data will appear in
the GSDB, DDBJ, EMBL, and NCBI nucleotide sequence databas-
es with the accession number AB006677

guence of the C. merolae desaturase gene was well con-
served compared to those of other species, except at the
amino- and carboxyl-termini. The histidine motifs, which
are associated with the diiron-oxo moieties of desaturase
[HRXXXH (residues 130-135 in Fig. 1), HRXHH
(167-171), and HNXHH (304-308)], were highly con-
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served. The similarity of the C. merolae desaturase amino-
acid sequence to that of other species suggests that the C.
mer ol ae desaturase gene has no intron. We designated this
gene as CmFAD9 (for C. merolae delta-9 fatty acid desat-
urase). Until now, aplant delta-9 fatty acid desaturase gene
homologousto animal and fungal delta-9 acyl-CoA desat-
urase has only been reported in rose petals (Fukuchi-Miz-
utani et al. 1995). CmFAD9 is the second gene reported in
plants, and the first in algae, that encodes a fatty acid de-
saturase homologous to the delta-9 acyl-CoA desaturases
of animals and fungi. We could not find any signal peptide
sequences that indicated the localization of the protein.

The outstanding feature of CmFAD9 isits carboxyl-ter-
minal region, which resembles those of yeast. In the yeast
delta-9 fatty acid desaturases, a cytochrome b5-like do-
main is linked to the carboxyl terminus. The cytochrome
b5 domain of yeast delta-9 fatty acid desaturase plays a
rolein the desaturation of fatty acids, as revealed by trun-
cation or disruption experiments of this domain, while cy-
tochrome b5 proteinitself isnot required for fatty acid de-
saturation (Mitchell and Martin 1995). Alignment of the
carboxyl termini of C. merolae (CmFad9p) and S. cerevi-
siae (Olelp) desaturases with the entire sequence of cyto-
chromeb5 of several speciesrevealed that CmFad9pisalso
achimeric protein of delta-9 fatty acid desaturase and cy-
tochrome b5 (Fig. 2). The conserved amino acids that cor-
respond to the heme-binding pockets common to cyto-
chrome b5, (D/E)HPGG (residues 4448 in Fig. 2), DAT
(59-61), and H(S/T) (71-72), were also conserved in
CmFad9p. The only difference was a Q at position 44 in-
stead of aD or an E. The discovery of CmFAD9 indicates
the existence of a novel type of delta-9 fatty acid desatu-
rase in the plant kingdom, a fusion enzyme combining
delta-9 fatty acid desaturase and cytochrome b5.

Copy number, chromosome location, and expression
of the C. merolae delta-9 fatty acid desaturase gene

The copy number of the delta-9 fatty acid desaturase gene
in the C. merolae genome was studied by genomic South-
ern hybridization (Fig. 3). Under low-stringency condi-
tions, a single obvious band appeared in the EcoRI and
Xhol restriction digests. Pstl-digested genomic DNA pro-
duced two bands, perhaps because the Pstl site is located
in the middle of the region that the probe hybridized to.
From this we conclude that the C. merolae genome prob-
ably contains a single delta-9 fatty acid desaturase gene.
The homology between the cytochrome b5 region of
CmFAD9 and the cytochrome b5 genes of other speciesis
low at the nucleotide-sequence level. It therefore appears
tobetoodifficult to detect thegenefor theonly cytochrome
b5 protein of C. merolae by Southern hybridization using
the CmFAD9 cytochrome b5 region as a probe.

Southern hybridization combined with pulsed-field gel
electrophoresis was used to determine the chromosomal
location of CmFAD9. Electrophoretic karyotyping re-
vealed that C. merolae has 17 chromosomes (Takahashi et
al. 1995). The chromosomal DNA was separated using a
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Fig. 2 Comparison of the carboxyl-terminal sequence of CmFad9p
(Cm) with the carboxyl terminus of S. cerevisiae delta-9 fatty acid
desaturase Olelp (Sc; accession number J05676) and the entire cy-
tochrome b5 sequences of Homo sapiens (Hs.b5; L39945), Oryza sa-
tiva (Os.b5; X75670), and S. cerevisiae (Sc.b5; L22494). The posi-
tions of conserved amino acids that correspond to a heme-binding
pocket common to cytochrome b5 are indicated by double under-
lines
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Fig. 3 Genomic Southern hybridization with the CmFAD9 probe.
In each case, 1 ug of nuclear DNA from C. merolae was digested
with EcoRl (1), Xhol (2), and Pstl (3) and then Southern hybridiza-
tion was performed on each restriction digest under low-stringency
conditions. ADNA digested with Styl was used for size markers

modification of the standard conditions described by the
supplier for separation of S. cerevisiaechromosomal DNA.
With Southern blotting, the hybridized band was detected
in the region of five stacked chromosomes (IX-XIII;
Fig. 4-1, 2). To determine which chromosome hybridized
withthe CmFAD9 probe, thesefive chromosomeswerefur-
ther separated. Re-hybridization provided asingle band in
the region of two chromosomes (X1 and XII; Fig. 4-3, 4).
These two chromosomes were difficult to separate com-
pletely, because their sizes are too similar. We concluded
that CmFAD9 is probably on chromosome X1, because the
hybridized band on the autoradiogram was located in the
lowest part of this region.

The cell and organelle division cycles of C. merolae
were synchronized by subjecting cellsto a 12-h light/12-h
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Fig. 4 Southern hybridization analysis of chromosomes separated
by pulsed-field gel electrophoresis with the CmFAD9 probe. Ethid-
ium bromide-staining patterns (1, 3) and the corresponding autora-
diograms (2, 4) areindicated. Separation of chromosomes was made
using standard conditions for overall separation (1, 2) and then with
specialized conditions to separate the five mid-sized chromosomes
(auto-algorithm for separation of DNAs between 650 kb and 770 kb;
3,4)

dark cycle. Most cellsareininterphase during the light pe-
riod. At the beginning of the succeeding dark period, the
mitochondrion, chloroplast, and nucleus begin to divide,
inthat order. Oncedivision of thesethreeorganellesiscom-
plete, cytokinesis occurs during the middle of the dark pe-
riod. To assess the relationship between organelle division
and expression of the delta-9 fatty acid desaturase gene,
total RNA was extracted at various times during the
light/dark cycle and was studied by Northern hybridiza-
tion (Fig. 5). A 1.6-kb CmFAD9 molecule istranscribed at
all stages examined. No stage-specificity of CmFAD9 ex-
pression was observed. This suggests that CmFad9p func-
tionsconstitutively throughout the cell cycle. Western-bl ot
analysis and immunolocalization of CmFad9p during the
cell cycle will be the subject of future studies.

Evolutionary implications

Why does C. merolae possess a yeast-like chimeric fatty
acid desaturase different from other plant fatty acid desa-
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Fig. 5A, B CmFAD9 expression during mitotic cycle. A synchron-
ization of cell division of C. merolaeinal2-hlight/dark culture. The
x-axis indicates time after the beginning of the light period. The
y-axis indicates the frequency of cell division. Five hundred cells
were observed for each time. B Northern hybridization with the
CmFAD9 probe. In each case, 1 g of total RNA from C. merolae at
the different times indicated above was hybridized under high-strin-
gency conditions. A 0.24-9.5-kb RNA Ladder (GIBCO BRL, USA)
was used for size markers

turases, and how did this evolve? One hypothesis is that
CmFAD9 isderived from theinherent delta-9 fatty acid de-
saturase and cytochrome b5 of an ancestral C. merolaein
afusion event, independently of yeasts. Mitchell and Mar-
tin (1995) point out that there might be some selective ad-
vantage for this type of enzyme system. Tethering cyto-
chrome b5 to the fatty acid desaturase could potentially
speed up electron transfer, by positioning a correctly
oriented heme group with respect to the dioxo-iron clus-
ter. Thisorientation would eliminate the need for diffusion
of NADH cytochrome b5 reductase, the electron donor,
across the microsomal membrane to the fatty acid desatu-
rase, and re-orientation of the reduced cytochrome b5.
Other types of plant desaturases containing an amino-ter-
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minal cytochrome b5 domain have been discovered re-
cently, including the acyl-lipid desaturase of sunflower
(Sperling et al. 1995) and the delta-6 fatty acid desaturase
of borage (Sayanova et al. 1997). These findings support
the hypothesis that fusion of the fatty acid desaturase and
cytochrome b5 occurred independently in C. merolae and
yeasts.

An alternative hypothesis is that the fatty acid desatu-
rase-cytochrome b5 fusion enzyme of C. merolae and
yeasts is derived from a common ancestor. According to
this hypothesis, the fusion event occurred once in either
yeasts or C. merolae, and the other group obtained the fu-
sion enzyme by horizontal transfer, although the mecha-
nism of this process is unknown.

It is also possible that the chimeric enzyme of desatu-
rase and cytochrome b5 was present in an ancient ances-
tor and split into two independent enzymes in the phylo-
genetic lines that led to today’s higher organisms. This
seems unreasonable, however, in view of the advantage
conferred by the chimeric fatty acid desaturase discussed
above. To determine which hypothesis is more appropri-
ate, delta-9 fatty acid desaturase should beisolated, and its
structure determined, for more taxa, including green and
brown algae and many phyla of protozoa and fungi.
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