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Ferulate.5-hydroxylase (FSH) is a cytochrome P450-dependent monooxygenase that catalyses the hydroxylation of ferulic 
acid, coniferaldehyde, and coniferyl alcohol in the pathways leading to sinapic acid and the syringyl unit of lignin. We have 
isolated two FSH genes, OsFSHL and OsFSHU, from a japonica-type rice (Oryza sativa L. cv. |lpoombyeo). They are the first 
FSH genes experimentally identified in monocotyledonous plants. Phylogenetic analysis indicated that both genes are 
closely related to dicot FSH genes from Arabidopsis thaliana and Brassica napus. Southern blot analysis showed that these 
genes exist as single copies in the rice genome. Alignments of the OsFSHL and OsFSHI.2 cDNAs to their genomic DNAs 
revealed that OsFSHL has an open reading frame (ORF) of 1590 b from four exons, while OsFSHL2 has an ORF of 1560 b 
from two exons. Expression of OsFSHL is highest in young leaves, whereas that of OsFSHL2 is greatest in mature leaves. In 
the roots and stems, transcription levels for both genes are markedly low. These data suggest that the OsFSHL and 
OsFSHL2 genes belong to the CYP84 subfamily and that their expressions are tissue.specific. 
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Plant cytochrome P450-dependent monooxygenases 
(Cyt P450s) participate in many biochemical pathways, 
such as for phenylpropanoids, alkaloids, terpenoids, lip- 
ids, cyanogenic glycosides, glucosinolates, and brassinos- 
teroids (Gravot et al., 1993; Frank et al., 1996; Urban et 
al., 1997; Ro et al., 2001). Among these, the phenylpro- 
panoid pathway is one of the most critical processes 
because its general products are important to plant sur- 
vival. Those products include UV-absorptive plant sec- 
ondary metabolites, e.g., flavonoids, hydroxycinnamic 
acid esters, and lignin. Several Cyt P450 genes involved 
in the phenylpropanoid pathway have now been iso- 
lated and characterized: phenylalanine ammonia lyase 
(PAL), cinnamate-4-hydroxylase (C4H), and 4-coumarate 
CoA ligase (4CL) (Hahlbrock and Scheel, 1989; Gravot 
et al., 1993; Mizutani et al., 1997; Chapple, 1998; Yang 
et al., 2005). Unfortunately, ferulate-5-hydroxylase (FSH) 
is a more difficult target for identification because its 
protein is relatively unstable, of low abundance, and 
membrane-bound (Chapple, 1998; Meyer et al., 1998). 
Despite these difficulties, FSH cDNAs and genomic 
clones have been reported from many dicot species, 
e.g., Arabidopsis thaliana (AF068574), Brassica napus 
(AF214008), Broussonetia papyrifera (AY850934), 
Camptotheca acuminata (AY621153), Lycopersicon 
esculentum x L. peruvianum (AF150881), and Populus 
balsamifera (A}010324). F5H has been extensively stud- 
ied because it gives rise to a wide array of important 
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metabolites, including guaiacyl lignin, sinapic esters 
(sinapoylglucose, sinapoylcholine, and sinapoylmalate), 
and a host of other secondary metabolites. This enzyme 
catalyzes an irreversible hydroxylation step in the phe- 
nylpropanoid pathway that diverts ferulic acid away 
from guaiacyl lignin biosynthesis and toward sinapic acid 
and syringyl lignin (Chapple, 1998; Meyer et al., 1998) 
(Fig. 1). In angiosperms, sinapic acid is an intermediate 
in syringyl [ignin biosynthesis and, in some taxa, it serves 
as a precursor for soluble secondary metabolites. FSH 
defines the CYP84 subfamily in the Cyt P450 superfam- 
ily (Nelson et al., 1993; Chapple, 1998; Ruegger et al., 
1999). Although genetic information for dicot F5H is 
available from the GenBank database, no reports have 
been made of this gene in monocotyledonous plants. 

Rice was used in the current study because it is not 
only an important food crop but also a scientific model 
plant for monocots due to its small genome size, high 
synteny to other monocots, and efficiency in its trans- 
formation (Ahn and Tanksley, 1993; Hiei et al., 1994; 
Havukkala, 1996; Izawa and Shimamoto, 1996). Here, 
we describe the isolation and characterization of two 
cDNA clones for rice F5H, as well as their expression 
analysis in different tissues. 

MATERIALS A N D  M E T H O D S  

Plant Material 

Rice (Oryza sativa L. cv. Ilpoombyeo) plants were 
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Figure 1. The conversion of ferulic acid to 5-hydroxyferulic 
acid is catalyzed by ferulate-5-hydroxylase. 

hydroponically cultivated in half-strength Murashige 
and Skoog (MS) nutrient solution. The growth chamber 
was maintained at 28/20~ (D/N), under a 14-h photo- 
period provided by two natrium lamps and six fluores- 
cence lamps, with a photosynthetic photon flux density 
(PPFD) at pot level of 330 t~mol m -2 s -1. To extract total 
RNA and genomic DNA, three-week-old seedlings 
were harvested and excised into root, stem, and leaf 
segments. They were immediately frozen in liquid nitro- 
gen and stored at -70~ 

Cloning of Rice F5H cDNA 

Total RNA from the rice stems was extracted with TRI- 
zol reagent (Invitrogen, USA), according to the manufac- 
turer's instructions. Single-strand cDNA was synthesized 
from 5 pg of total RNA, using the RevertAid TM H Minus 
First Strand cDNA Synthesis Kit (MBI Fermentas, USA). 
The synthesized cDNAs were amplified with FSH-spe- 
cific primers -- forward (5'-C-Iq-CTCCCACTACGGCCACT- 
3') and reverse (5'-AGCTCGTACATCCCGAGCAC-3') - 
that had been designed by comparing the sequences of 
other FSH genes, e.g., A. thaliana (AF068574), C. acumi- 
nata (AY621153), and R balsamifera (AJ010324). The 
amplified fragments were then cloned into the pGEM-T- 
easy vector (Promega, USA) and sequenced. To deter- 
mine the full-length F5H cDNA sequences, 5'/3' rapid 
amplification of cDNA ends (5'/3' RACE) was performed 
using a 5'/3' RACE kit (Roche Diagnostics, USA), and the 
partial cDNAs were isolated and sequenced. Finally, the 
full-length cDNA sequences of our two rice FSH genes, 
OsF5HL (AB207252) and OsFSHL2 (AB207253), were 
submitted to the DNA Data Bank of Japan (DDBJ, http:// 
www.ddbj.nig.ac.jp) 

Sequence and Phylogenetic Analyses 

Sequence analyses were performed online (http:// 
www.ncbi.nlm.nih.gov, http://www.shigen.nig.ac.jp, http:/ 
/www.gramene.org, and http://www.softberry.com). The 
amino acid sequences were aligned by ClustalX 
(Thompson et al., 1997) and phylogenetic trees were 
generated by the neighbor-joining method, with 1000 
repeats, using MEGA2 (Kumar et al., 2001). All neigh- 
bor-joining trees were drawn by NJplot (Perri?~re and 

Gouy, 1996). The GenBank accession numbers for the 
genes used in this sequence comparison are: F5H 
(AF068574, A. thaliana), BNFSH2 (AF214008, B. napus), 
FSH (AY850934, B. papyrifera), F5H (AY621153, C. 
acuminata), CYP84 (AF150881, L. esculentum x L. peru- 
vianum), and F5H (AJ010324, P. balsamifera). 

Southern Blot Analysis 

Genomic DNA was extracted from young rice leaves 
using the DNeasy Plant Mini kit (Qiagen, USA). Aliquots 
(10 I~g) of genomic DNA were digested with EcoRV, 
BamHI, and Hindlll, and then fractionated on a 0.8% 
(w/v) agarose gel. The gel was blotted onto a nylon 
membrane (Hybond N§ Amersham, UK) and the 
membrane was cross-linked and hybridized with a 32p_ 
labeled cDNA fragment that included either the 
OsFSHL or the OsF5HL2 open reading frame (0.6 kb) as 
a probe. Hybridization was carried out overnight at 
65~ in a modified Church buffer (Church and Gilbert, 
1984) containing 7% (w/v) sodium dodecyl sulfate 
(SDS), 0.5 M EDTA, 0.5 M sodium phosphate, and 1% 
(w/v) bovine serum albumin. The blots were washed 
twice with 2X SSC, 0.1% SDS for 20 min at 65~ then 
twice with lX SSC, 0.1% SDS for 10 min at 65~ 
before being exposed for 1 d using the PERSONAL 
MOLECULAR IMAGER FX System (Bio-Rad, USA). 

Expression Analysis 

To investigate the transcription levels of our two rice 
F5H genes in different tissues, total RNA was extracted as 
described above from the roots, stems, and leaves for 
Reverse Transcription (RT)-PCR analysis. PCR was carried 
out as follows: denaturation at 94~ for 5 rain, 26 cycles 
of 95~ (30 s), 58.2~ (30 s) and 72~ (30 s), and an 
extension at 72~ for 7 min. OsF5HL-specific primers for- 
ward (5'-AAAATTACTATGGCCTGGTGAAGTC-3') and 
reverse (5'-GACGAAGTAGGCATCTI-GACTGTAG-3'); as 
well as OsFSHL2 forward (5'-CGACCTGGAGAAGCTC- 
CCCTI-C-3') and reverse (5'-CTCCACACGTTGACCAC- 
CACGCG-3'); were designed by comparing the 
sequences of the respective OsF5HL and OsFSHL2 genes. 
As a control reaction, amplification of OsActl (Yamanou- 
chi et al., 2002) was performed with forward (5'- 
TCCATCTTGGCATCTCTCAG-3') and reverse (5'-GTAC- 
CCTCATCAGGCATCTG-3') primers to ensure that equal 
amounts of cDNA were added to each PCR reaction. 

RESULTS AND DISCUSSION 

Isolation and Sequence Analysis of Rice FSH cDNA 
Clones 

We used RACE (Frohman et al., 1988) and a cDNA 
pool made from rice stems to isolate the OsF5HL and 
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Figure 2. Sequence alignment and phylogenetic relationship of rice FSH genes. A, Comparison of deduced amino-acid sequences 
for OsF5HL and OsF5HL2 with those previously reported for At FSt-I from A. thaliana; Bn_BNF5H2, 8. napus; Bp_FSH, 8. papyrifera; 
Ca FSH, C. acuminata; Le_CYP84, L. esculentum x L. peruvianum; and Pb f5h, P. balsamifera. B, Phylogenetic relationship of OsF5HL 
and OsF5HL2 from CYP85 (FSH) subfamily. Neighbor-joining tree was generated by Clustal X. Numbers next to nodes are bootstrap 
values from 1000 replicates. 
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Figure 2. Continued. 

OsF5HL2 genes. Sequence analyses showed open read- 
ing frames of 1590 b (OsF5HL) and 1560 b (OsF5HL2), 
encoding putative proteins of 530 and 520 amino 
acids, respectively. BLAST searches revealed that our 
rice OsFSHL shares 49% identity with F5H from A. 
thaliana, while the sequence homology is 53% between 
OsFSHL2 and FSH of B. papyrifera. The predicted 
amino acid sequences of both genes showed the pri- 
mary characteristics of Cyt P450 gene family members, 
i.e., a heine-binding region (FxxGxxxCxG) near the C- 
terminus and a consensus sequence (PPGPx(G/P)xP) of 
the proline hinge in the N-terminal region (Fig. 2A). 
Subfamilies in that superfamily are grouped by their 
amino acid sequence identity; within a Cyt P450 sub- 
family, homology should be greater than 40%. Only 
when a novel gene has 40% or less identity can a new 
gene family be defined (Frank et al., 1996; Chapple, 
1998). Therefore, we can suggest that our isolated 
cDNA clones, OsFSHL and OsFSHL2, represent an 
OsFSH-like gene from O. sativa L., and that they belong 
to the FSH gene family. 

To investigate the evolutionary relationships among 
various FSH (CYP84) genes, we conducted a phyloge- 
netic analysis using genes in the CYP84 subfamily (Nel- 

Figure 3. Schematic diagrams of rice FSH genes, and Southern 
blot analysis of OsFSHL and OsFSHL2 loci in rice genome. A, 
Schematic diagrams of OsFSHL and OsFSHL2 genes. Exons 
and introns are presented as solid bar and line, respectively. 
Parentheses indicate accession numbers. B, For Southern blot 
analysis, genomic DNA (10 pg per lane) was digested with 
enzymes and followed by hybridization, with about 0.6-kb 
cDNA fragment of respective gene as probe. E, EcoRV; B, 
BamHI; H, Hindlll. 

son et al., 1993). Our two OsF5H-like genes from a 
monocot plant fell into that subfamil)~ showing high 
affinity to F5H genes from two dicot species, A. thaliana 
and B. napus (Fig. 2B) 

The genomic sequences of our rice genes were esti- 
mated based on data from various websites: http:// 
www.gramene.org, http://www.ncbi.nlm.nih.gov, http:// 
www.shigen.nig.ac.jp, and http://www.softberry.com. 
OsF5HL and OsF5HL2 were located to Chromosomes 6 
and 3, respectively, in the rice genome, where their 
coding sequences are interrupted by either three 
introns - at 506 b, 72 b, and 112 b (Chromosome 6) - 
or one intron -- 74 b (Chromosome 3) (Fig. 3A). South- 
ern blots confirmed that both genes exist as single cop- 
ies in the genome (Fig. 3B). 

OsFBHL and OsFSHL2 Expression in Rice 

Expression patterns were investigated using total RNA 
isolated from roots, young and mature leaves, and 
stems (Fig. 4). RT-PCR analysis revealed that OsF5HL 
and OsFSHL2 transcript levels are highest in the young 
leaves and the mature leaves, respectively. However, in 
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Figure 4. Expression profiles of OsFSHL and OsFSHL2. RT- 
PCR was performed with total RNA prepared from different 
tissues: S, stems; R, roots; YL, young leaves; ML, mature 
leaves. All tissues, except mature leaves (from 14-week-old 
plants) were excised from 3-week-old seedlings. Amplification 
of OsActl was performed as control to ensure that equal 
amounts of cDNA were added to each PCR reaction. 

the roots and stems, transcription of both genes is mark- 
edly low. This may mean that their expressions are tis- 
sue-specific. 

Here, we have demonstrated the isolation and 
sequencing of two F5H genes from rice. Although we 
can speculate that their expressions vary according to 
the organ in which they are induced, we must still use 
enzyme activity assays of their products to confirm that 
OsF5HL and OsFSHL2 are members of the CYP84 sub- 
family. A detailed expression analysis of their function- 
ing also is necessary. 
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