


flowers, the synthesis and accumulation of specific carotenoids
are controlled by developmental cues. Transcriptional regulation
of gene expression appears to be a major mechanism by which
the developmental control occurs (Giuliano et al., 1993; Ronen
et al., 1999; Isaacson et al., 2002).

Despite significant progress in our understanding of caroteno-
genesis in plants, the control mechanisms regulating overall
carotenoid biosynthesis and accumulation remain an enigma.
Specifically, we do not know the regulatory genes that positively
or negatively modulate carotenogenesis and the regulatory fac-
tors that govern carotenogenic gene expression in plants. Novel
carotenoid mutants could provide useful tools for exploring the
regulation of carotenogenesis in plants.

A spontaneous, semidominant Orange (Or) mutant in cauliflower
(Brassica oleracea var botrytis) represents an interesting genetic
mutation that confers carotenoid accumulation in normally unpig-
mented tissues (Crisp et al., 1975; Dickson et al., 1988). It provides
an excellent model to elucidate the regulatory control of carote-
noid accumulation. The Or gene induces many tissues of the plant,
most noticeably the white edible curd (Figure 1A) and shoot apical
meristem (Figure 1D), to accumulate high levels of B-carotene,
turning them orange (Figures 1B, 1C, and 1E). Plants that are
heterozygous for Or possess bright orange coloration in these
tissues and exhibit normal growth, while Or homozygous plants
produce smaller curds with stunted growth, presumably due to
unknown pleiotropic effects. The orange hue was observed to be
due to the presence of massive, sheet-like structures in chromo-
plasts (Li et al., 2001; Paolillo et al., 2004). Or appears not to affect
the biosynthetic capacity of carotenogenesis and causes no sig-
nificant upregulation of genes required for B-carotene biosynthe-
sis (Li et al., 2001, 2006). Hybrid Or cauliflower containing large
amounts of B-carotene is commercially available.

In this article, we report the positional cloning and functional
characterization of the Or gene. We show that Or is likely a gain-
of-function mutation and encodes a plastid-associated protein
containing a Cys-rich domain found in DnaJ-like molecular chap-
erones. A functional role of Or involves the differentiation of
noncolored plastids into chromoplasts, which provide the depo-
sition sink for carotenoid accumulation. Furthermore, we demon-
strate that Or works across different plant species in inducing
carotenoid accumulation and thus can serve as a new genetic tool
for improving the nutritional value in important food crops.

RESULTS

Positional Cloning of Or

Our previous characterization of the Or mutant suggested that Or
may represent a novel gene in regulating carotenoid accumula-
tion in plants (Li et al., 2001). To investigate the molecular and
biochemical basis of Or in regulating carotenoid accumulation,
we initiated the isolation of Or by a map-based cloning strategy.
Using an amplified fragment length polymorphism technique, we
identified 10 amplified fragment length polymorphic markers
closely linked to the Or locus and established a high-resolution
genetic map of the Or region following analysis of 1632 F2
individuals (Li et al., 2003). To facilitate the isolation of Or, a
cauliflower BAC library was constructed. Through four succes-
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Figure 1. Phenotype of the Or Mutant and Complementation of the
Orange Phenotype.

(A) Curd of wild-type cauliflower plant grown in the field.

(B) Curd of commercial orange cauliflower (Or/or) grown in the field. The
Or heterozygous plants exhibit normal growth like the wild type with
general curd sizes of 15 to 20 cm in diameter.

(C) Curd of Or homozygous mutant grown in the field. The homozygous
mutant plants exhibit stunted growth with small curd sizes of 3to 5 cmin
diameter.

(D) Apical shoot of a 3-month-old wild-type cauliflower plant grown in a
greenhouse.

(E) Apical shoot of a 3-month-old Or homozygous mutant plant grown in
a greenhouse.

(F) and (G) Cauliflower plants transformed with the pBAR1 binary vector
alone (F) or with the Or gene (G). Curds of transformants expressing the
Or transgene show the orange phenotype. The transgenic plants were
grown in a greenhouse for 4 months.

sive hybridization steps, a BAC contig encompassing Or was
assembled. The Or locus was delimited into a genetic and
physical interval of 0.3 centimorgan and 50 kb, respectively,
within a single BAC clone, BAC84S (Li et al., 2003).

The entire BAC84S clone was sequenced, and nine putative
genes were identified. Because Or was defined genetically be-
tween markers BAC76L and BAC61L (Figure 2A), we fine-mapped
the putative genes between these two marker sequences, which
encompass a physical distance of ~23 kb. Four new restriction
fragment length polymorphism (RFLP) markers within the 23-kb
fragment were developed based on the BAC sequence. While
putative gene 5 and a fragment between genes 3 and 4 were
mapped on opposite sides of the Or locus with one recombina-
tion event, respectively, gene 4 was found to cosegregate with
the Or locus (Figure 2B). Sequence analysis of this gene revealed
a 4.7-kb copia-like long terminal repeat (LTR) retrotransposon
insertion in the Or mutant allele. Subsequent sequencing of the
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Figure 2. Identification of the Or Candidate Gene.

(A) Schematic diagram of the high-resolution genetic map of the Or
region. The Or locus is flanked by the markers BAC76L and BAC61L with
a genetic distance of 0.3 centimorgan.

(B) Schematic diagram of the 50-kb BACB84S insert. Horizontal arrows
represent the orientation and relative sizes of the nine putative genes
predicted by the GENSCAN program. Small vertical arrows denote the
positions of cross-over events with the number of recombinant plants
indicated above the arrows. The dashed lines align the location of
BAC76L and BAC61L markers to BAC84S sequence. Gene 4 was found
to cosegregate with the Or locus.

wild-type allele confirmed this insertion in the Or mutant allele.
Thus, fine genetic mapping, along with the identification of a
large retrotransposon insertion in the mutant allele, defined a
single candidate gene for Or.

Functional Complementation of the Orange
Phenotype by the Or Candidate Gene

To confirm the identity of the Or candidate gene, a 9.2-kb genomic
fragment (GenBank accession number DQ_482460) containing
only the candidate gene with the retrotransposon insertion was
transformed into wild-type cauliflower plants by Agrobacterium
tumefaciens—mediated transformation (Cao et al., 2003). More
than 20 independent TO transformants expressing the Or trans-
gene and the vector-only control construct were generated. While
the vector-only controls showed the wild-type phenotype (Figure
1F), the Or transformants converted the white color of curd tissue
into the distinct orange color (Figure 1G). HPLC analysis confirmed
that the color change in the curds was indeed associated with the
accumulation of B-carotene (data not shown). Thus, these results
demonstrate the successful cloning of Or.

Structural Analysis of Or

The full-length cDNAs of Or and its wild-type counterpart (or) were
isolated following 5" and 3’ rapid amplification of cDNA ends using
RNA isolated from curd tissue. The cDNA and the deduced amino
acid sequence of the wild-type or gene are shown in Supplemental
Figure 1 online. Alignment of the wild-type cDNA with its genomic
sequence defined a gene structure of eight exons and seven in-
trons (Figure 3A).

Retrotransposons are widely distributed in the plant king-
dom and account for a large portion of some plant genomes
(Feschotte et al., 2002). Recently, Alix et al. (2005) estimated that
60 to 570 copies of copia-like retrotransposons are present in the
B. oleracea genome. We also observed a high copy number of
copia-like retrotransposons in our DNA gel blots when using the
retrotransposon insertion fragments as probes (data not shown).

The insertion of a copia-like LTR retrotransposon in the Or allele
occurs in exon 3 and results in the production of three alterna-
tively spliced Or transcripts (Figure 3; see Supplemental Figure 2
online). Analysis of these transcripts revealed that the retrotrans-
poson sequence had been excised, leaving a 39-bp footprint in
one insertion transcript (insertion, Or;,s) and a 21-bp footprint
in another two exon-skipping deletions (deletion, Orpe, and large
deletion, Or;pe) as depicted in Figure 3A. PCR analysis of the
Or mutant cDNA pool using primers close to the insertion site
revealed that Orp,, is the most abundant transcript (Figure 3B,
lane 2). As was found for the maize (Zea mays) waxy gene
(Varagona et al., 1992), despite the insertions of the retrotrans-
poson footprint sequences and the deletions, all of the alterna-
tively spliced transcripts code contiguous open reading frames
and use the original translation stop codon to encode proteins
(see Supplemental Figures 2 and 3 online). For simplicity and
clarity of presentation, we use the nomenclature Or transcripts to
describe the mRNA for all the variants of the alternatively spliced
transcripts and OR for the potential translated products. The
wild-type gene and its product are denoted by or and ORwt
protein, respectively.
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Figure 3. Schematic Presentation of the Or Allele and Three Alternatively
Spliced Transcripts, and Relative Abundance of These Transcripts.

(A) The top diagram depicts the Or allele with the 4.7-kb LTR retro-
transposon insertion site and orientation. Open boxes with numbers
represent exons, and solid lines represent introns. The bottom diagrams
show the structural alteration of the three alternatively spliced transcripts
in comparison with the wild-type transcript. The number of nucleotides
inserted in each Or variant and the location of exon-skipping deletion
sites are indicated. Or,s, insertion; Orpg, deletion; Or; pe, large deletion;
CR, Cys-rich domain.

(B) RT-PCR ampilification of the cDNA pools from curds of the wild-type
(lane 1), Or homozygous (lane 2), and heterozygous plants (lane 3). The
presence of three different sizes of Or transcripts with Orpe being the
most abundant one were revealed using the primers P-M1-F and P-M1-R
(see Supplemental Figure 1 online). Bo Act1 serves as an internal control.
PCR amplification of 30 cycles for Or transcripts and 22 cycles for Bo
Act1 was performed as detailed in Methods.
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ORw Is a Dnad Cys-Rich Domain-Containing Protein The or gene appears to be plant specific and shares no
and Is Highly Conserved in Divergent Plant Species significant sequence similarities with genes from bacteria, cya-
nobacteria, yeast, or other organisms. Homologs are present in
all plant species that have been examined, including the unicel-
lular green alga Chlamydomonas. Protein sequence alignment
revealed that with the exception of the targeting sequence
region, ORwr and its homologs exhibit exceptional conservation
(Figure 4A; see Supplemental Figure 4 online). Although OR
contains the highly conserved Cys-rich domain of Dnad proteins,
the overall amino acid sequence similarity between ORyt and an

The open reading frame of the wild-type gene is predicted to
encode a protein of 305 amino acids with an estimated molecular
mass of 33.5 kD. The deduced protein is predicted to be plastid
targeted and has two putative transmembrane domains. The most
prominent feature of ORy is that it contains a Cys-rich zinc finger
domain that is highly specific to DnaJ-like molecular chaperones
(Miernyk, 2001) (Figure 4A). DnaJ-like proteins represent a large
structurally diverse protein family that participates in protein fold- Escherichia coli DnaJ protein is low (e.g., 11.1%). Phylogenetic
ing, protein assembly and disassembly, and translocation into .\ qis indicates that ORwr is related most closely to the ho-

organelles (Chegtham ar.1d Caplan, _1998; Hartl and Hayer-Hart!, molog from Arabidopsis thaliana (At5g61670) (Figure 4B).
2002). The Cys-rich zinc finger domain has four repeats of the motif

CxxCxGxG with the eight Cys residues and five of the Gly resides The or RNA Interference Lines Do Not Exhibit the
absolutely conserved from Archaea to humans (Martinez-Yamout
et al., 2000). As OR lacks the N-terminal J domain that defines
the DnaJ-like molecular chaperones (Miermyk, 2001), ORytis more To obtain information on whether Or is a dominant negative mu-
likely a Cys-rich zinc finger protein for a unique cellular function. tation whose gene product is nonfunctional and interferes with
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Figure 4. Multiple Sequence Alignments of the DnaJ Cys-Rich Domain and Phylogenetic Tree of Or Homologs.

(A) The alignment includes the comparison of the sequences of 13 plant ORwt homologs with an E. coli DnaJd protein. The amino acid sequences were
translated from GenBank NM_203246 for Arabidopsis thaliana, from The Institute for Genomic Research (TIGR) Plant Transcript Assemblies Database
numbers TA6709_29760 for Vitis vinifera, TA6503_4081 for Lycopersicon esculentum, TA2322_3635 for Gossypium hirsutum, TA4160_3880 for
Medicago truncatula, TA6293_3847 for Glycine max, TA5326_4513 for Hordeum vulgare, TA19897_4565 for Triticum aestivum, TA394_4530 for Oryza
sativa, TA4814_4558 for Sorghum bicolor, TA16877_4577 for Zea mays, and TA9883_3055 for Chlamydomonas reinhardtii, and aligned with an E. coli
DnaJ protein (GenBank accession number NP_414556). Conserved residues are shaded. The highly conserved Cys-rich domain of four repeats of the
CxxCxGxG motif are indicated. All of the ORwt homologs contain eight Cys and six Gly residues.

(B) The phylogenetic analysis was performed on the alignment of the full-length OR\+ homologs shown in Supplemental Figure 4 online using the MEGA
3 program. The phylogenetic tree was constructed with the neighbor-joining method. The bootstrap values were determined from 1000 trials. Numbers
along branches indicate the percentage of bootstrap support. The length of the branch lines indicates the extent of divergence according to the scale
(relative units) at the bottom.
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the function of the wild-type gene product, we generated >30
independent or RNA interference (RNAI) transgenic lines in cauli-
flower by expressing a transgene that encodes double-stranded
or RNA. Analysis of these or RNAi transgenic lines showed that in
comparison with wild-type and vector-only controls, these trans-
formants displayed greatly reduced levels of or transcript, rang-
ing from 7 to 43% of that in the wild type (Figure 5). Examination
of these or RNAI plants revealed no observable Or mutant pheno-
type or increased levels of carotenoid accumulation (data not
shown). These results suggest that Or is most likely not a domi-
nant negative mutant of the wild-type or gene.

Expression of the Or Gene and Protein

To better understand the molecular basis of Or action, the ex-
pression of Or was examined. Or represents a single-copy gene
in the cauliflower genome (Figure 6A). Probing the mRNA from
wild-type and mutant plants with either the 5’ or 3’ end fragment
of Or revealed no notable smaller or larger transcripts, suggesting
that the retrotransposon insertion does not cause the production
of truncated or chimeric transcripts. Due to the small size difference
among the Or variants and between the Or variants and the wild-type
or transcript, we detected similar sizes of transcripts in both wild-
type and mutant plants (Figure 6B). Or was found to be expressed
highly in young leaves, curds, and flower buds at a comparable
abundance to the wild-type or mRNA. The steady state transcript
levels were significantly less in either mature leaves or roots.
To investigate OR protein expression, we overexpressed ORwt
as a His-fusion protein and raised a polyclonal antibody against
it. Protein gel blot analysis using the purified antigen-specific
antibody revealed that the protein was abundant in young leaves,
curds, and flower buds, showing a similar general expression
pattern as was seen for transcript abundance (Figure 6C). While
ORyy is predicted to be a 33.5-kD protein, the predicted sizes of
the OR variants OR|,s, ORpg), and OR| pe are 34.8, 32.6, and 29.6
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Figure 5. Relative Expression Levels of or in the or RNAI Lines and
Control Plants.

The transcript levels for or in curd tissue were measured using semi-
quantitive RT-PCR with the primers of P-M1-F and P-M1-R. The levels of
each transcript normalized against the internal control of Bo Act? are
presented as percentages of the wild-type control, which is set at 100%.
Samples were nontransformed wild-type control, pFGC5941 vector alone
transformed control (Vector), and independent or RNAI transgenic lines.
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Figure 6. Molecular Characterization of Or.

(A) DNA gel blot analysis showing that Or represents a single gene in the
cauliflower genome. Genomic DNA (10 p.g) from leaves of the wild type
was digested with restriction enzymes as indicated. DNA size markers
are at the left.

(B) RNA gel blot analysis of Or expression in different tissues of wild-type
and Or mutant plants. Total RNA samples were used for the detection of
Or transcript levels. The gel was stained with ethidium bromide as loading
control (25S and 18S rRNA). ML, mature leaf; YL, young leaf.

(C) Protein gel blot analysis of OR proteins in different tissues of the wild
type and Or mutant. OR proteins were detected with antigen-specific
antibodies as described in Methods. The bands around 34 kD are likely
the unprocessed precursors (P). The band around 29 kD represents ma-
ture protein (M). Protein size standards are indicated at the left.

kD, respectively. Low levels of what are most likely unprocessed
proteins corresponding to the predicted sizes of ORyt and OR
variants were usually observed, except for OR|pe. It is possible
that the OR|_pg, protein is either not translated or is not stable. The
slightly smaller size of the mature OR protein in the mutant ver-
sus the protein in the wild-type plants (~29 kD) possibly results
from the most abundant transcript Orpe-encoded form of the
OR protein.

ORywr Is Targeted to Plastids

The ORy protein is predicted to have a transit peptide. To define
the potential function of Or, we experimentally determined the
subcellular localization of ORy in plants. The coding region of
the wild-type or gene was fused to a modified green fluorescent
protein (GFP) gene under the control of the cauliflower mosaic
virus (CaMV) 35S promoter (von Arnim et al., 1998) and trans-
formed into Arabidopsis. Examination of two independent or-GFP
transgenic lines revealed that the fusion protein was accumulated
predominantly as green dots in the epidermal cells of young
leaves (Figure 7A). These localized accumulations of ORy-GFP



Figure 7. Subcellular Localization of ORwr-GFP in Stable Transgenic
Arabidopsis Lines.

(A) Projection image of z axis series of GFP (green) and chlorophyll (red)
fluorescence in cells of young leaves expressing the or-GFP transgene.
The small green dots were observed in the epidermal cells and are most
likely localized to leucoplasts.

(B) Projection image of z axis series of GFP (green) and chlorophyll (red)
fluorescence in cells of young leaves expressing GFP alone as the con-
trol. No specific organelle targeting was observed.

(C) Image of the GFP signal overlaid on a transmitted light image in young
developing seeds from the or-GFP transgenic line. The globular intra-
cellular inclusions resemble amyloplasts. The green fluorescence appears
to be concentrated to the site of plastid division.

(D) Transmitted light image of cells from nontransformed young devel-
oping seeds showing amyloplasts within cells. The arrowheads point to
amyloplast division sites.

These images represent multiple analyses of two independent transgenic
lines. Bars = 20 pm.

protein are most likely associated with leucoplasts, which are
known to exist in nongreen differentiated tissues (e.g., the epider-
mis) (Gunning and Steer, 1996). The ORw-GFP fusion is unlikely
localized in the other organelles, such as mitochondria or perox-
isomes, due to the fact that the green fluorescent signal was
observed only in the epidermal cells of the leaf tissue. In addition,
the fusion protein appears not to accumulate in the fully developed
chloroplasts since no increased GFP signal was observed in the
transgenic lines expressing ORy-GFP in comparison with the
nontransformed controls. No specific organelle targeting was
observed in the GFP vector-only control (Figure 7B).

In the developing seeds of transgenic Arabidopsis, the ORy -
GFP fluorescent signal was found to be associated with globu-
lar intracellular inclusions (Figure 7C). These inclusions were
observed in both the or-GFP transgenic lines and the wild-type
controls (Figure 7D). They resemble the plastids that have been
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previously demonstrated to be amyloplasts in Arabidopsis wild-
type seeds at 8 d after pollination (Western et al., 2000). Further-
more, the GFP fluorescence appears to be concentrated at the
amyloplast division sites (Figure 7C). These results suggest that
ORyr is targeted to nongreen plastids but appears not to ac-
cumulate in chloroplasts.

Or Is Expressed Highly in Tissues Normally
Rich with Proplastids

To further characterize Or, a 2.0-kb promoter sequence of Or
was translationally fused to the uidA reporter gene encoding a
B-glucuronidase (GUS) protein and transformed into Arabidop-
sis. High levels of GUS expression were found in apical shoots
and very young leaves (Figure 8A), which are the tissues rich in
proplastids (Pyke, 1997). In addition, GUS activity was also ob-
served in the developing leaves, flower buds, siliques, and young
roots (Figures 8A to 8C). The overall GUS expression pattern in
the transgenic Arabidopsis plants recapitulated the Or mRNA ex-
pression pattern in cauliflower. Thus, the Or-induced carotenoid
accumulation in apical shoot and curd tissues in cauliflower is
likely due to specific gene expression in tissues normally rich with
proplastids and/or other noncolored plastids.

The Or Transgene Induces Chromoplast Formation

To further study the functional role of Or in carotenoid accumu-
lation, we examined the cytological effects of the Or transgene in
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Figure 8. Localization of GUS Activity in Stable Transgenic Arabidopsis
Lines Expressing ProoGUS.

(A) A 3-week-old transgenic seedling stained for GUS activity. GUS
activity was highly expressed in shoots and young leaves and was also
observed in the developing leaves and roots.

(B) and (C) Flower buds (B) and young silique (C) showing GUS activity.
WT, nontransformed control.

These images are representative results of multiple plants from four
independent transgenic lines.
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transgenic plants expressing the Or allele with light microscopy.
We found that inducing Or into wild-type cauliflower leads to the
formation of chromoplasts in the curd tissue (Figures 9A and 9B).
These chromoplasts are seen as needle-like orange structures
within each cell. They closely resemble those observed in the Or
homozygous mutant (Li et al., 2001; Paolillo et al., 2004). These
chromoplasts express the same full spectrum and details of
morphological forms and the same dichroism for carotenoid
accumulation. In addition, the Or transgene also confers the
limitations on plastid division, with one or two large chromoplasts
per affected cell in the curd meristem and curd pith of the Or
transformants (Figures 9A and 9B). This reduction in plastid
division is similar to the phenotype found in the Arabidopsis plas-
tid division mutant, arc6, which has one or two enlarged plastids
per cell (Robertson et al., 1995). The orange organelles were not
observed in the wild-type controls (Figures 9C and 9D).

The Or Mutant Has an Increased Expression of Bo Pftf
Involved in Chromoplast Differentiation

The presence of Or triggers the differentiation of plastids in the
shoot and curd inflorescence meristems into one or two large
chromoplasts (Figures 9A and 9B). A previous study revealed
that the chromoplasts are the only plastids in the affected cells in
the mutant (Paolillo et al., 2004). To further investigate the effect
of Or on chromoplast differentiation, we examined the expres-
sion of the cauliflower homolog of Pftf, the gene that has been
shown to be involved in chromoplast differentiation in red pepper
(Capsicum annuum) (Hugueney et al., 1995). RNA gel blot anal-
ysis of the transcript levels from curd and leaf tissues of the wild
type and the Or mutant revealed that the mutant has an in-
creased level of expression of the Bo Pftf gene (Figure 10),
implying a possibly enhanced chromoplast biogenesis activity in
the Or mutant plants.
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Figure 9. Cytological Analysis of the Curd Tissue from Or Transformants
and Wild-Type Controls.

(A) and (B) Individual curd meristematic (A) and curd pith immature
parenchyma cells (B) of the transgenic cauliflower expressing the Or
transgene. The one or two yellow needle-like structures within each cell
represent chromoplasts containing high levels of carotenoid deposits.
(C) Curd meristematic cells of wild-type cauliflower.

(D) Wild-type curd pith immature parenchyma cells showing multiple
organelles without orange color.

Bars = 5 pm.
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Figure 10. Expression of the Cauliflower Homolog of the Pepper Pftf Gene.

RNA gel blot analysis of the transcript levels for the cauliflower homolog
of the chromoplast biogenesis gene Pftf. Total RNA samples (10 pg)
were used for the detection of Bo Pftf abundance. The ethidium bro-
mide-stained rRNA was used as an internal control.

Or Functions across Species to Increase
Carotenoid Accumulation

To examine whether Or can be used as a new genetic tool to
enhance carotenoid content in a major staple crop, Or was
transformed into potato (Solanum tuberosum) plants under the
control of a granule-bound starch synthase gene promoter (Van
der Steege et al.,, 1992) to obtain tuber-specific expression.
Remarkably, expression of Or in the transgenic potato tubers
results in the production of orange-yellow tubers (Figure 11A).
HPLC analysis confirmed that this color change is indeed asso-
ciated with enhanced levels of carotenoids, including the accu-
mulation of B-carotene that is present at negligible amountsinthe
controls (Figure 11B). The total carotenoid contents in the tubers
expressing the Or transgene were sixfold higher than those in the
controls (Figure 11C). This successful transformation result dem-
onstrates that Or functions across plant species and can be used
as a novel molecular tool to enrich carotenoid contents for im-
proving the nutritional value of crops.

DISCUSSION

The spontaneous, single-locus Or gene mutation in cauliflower
confers high levels of B-carotene accumulation in tissues where
the accumulation of carotenoids is normally repressed. In this
study, we have successfully isolated the gene representing Or by
map-based cloning and verified its role in conferring carotenoid
accumulation via functional complementation in wild-type cauli-
flower. We show that Or encodes a plastid-associated protein
with a DnaJ Cys-rich domain (Miernyk, 2001) and is expressed
highly in tissues normally rich in proplastids or noncolored plastids.

The Functional Role of Or Is Associated with
Chromoplast Formation

Or encodes a novel regulatory gene involved in conferring carot-
enoid accumulation in the cauliflower mutant plant. Several lines
of evidence suggest that Or functions in association with a cel-
lular process that triggers the differentiation of proplastids and/or
other noncolored plastids into chromoplasts, which in turn pro-
vide a metabolic sink for carotenoid accumulation. First, Or im-
poses its strong effect on carotenoid accumulation in the apical
shoot meristems and the outer periphery of curd (Figures 1B, 1C,
and 1E), the tissues that normally are rich in proplastids and
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Figure 11. Enhancing Carotenoid Accumulation by Expression of Or in
Transgenic Potato Tubers.

(A) Cross section of potato tubers transformed with the empty vector
(vector) and the Or gene (Or). Orange-yellow color was observed in the
Or transformant.

(B) HPLC elution profiles of pigments extracted from transgenic potato
tubers expressing either the empty vector or the Or transgene. The
elution profile of the vector control was shifted slightly for easy compar-
ison. 1, violaxanthin; 2, lutein; 3, B-carotene.

(C) Total carotenoid levels in nontransformed control (NT) and transgenic
potato tubers. The carotenoid levels represent the averages from at least
five individual tubers. Error bars indicate sb. VC, vector control; L#,
individual Or transgenic lines; DW, dry weight.

leucoplasts (Pyke, 1997). Second, the gene is expressed highly
in these tissues (Figure 6), and ORwt protein was found to be
associated with nongreen plastids (Figure 7). Third, the presence
of Or induces the formation of one or two large chromoplasts per
affected cell (Figure 9). These chromoplasts were found to be the
only plastids in the orange cells (Paolillo et al., 2004). Fourth,
concomitantly with chromoplast formation, we observed that the
Or mutant has an increased expression of the cauliflower homo-
log of Pftf (Figure 10), a gene known to be involved in chromo-
plast differentiation in red pepper (Hugueney et al., 1995).

High levels of carotenoids are accumulated in chromoplasts
that act as a metabolic sink. There is evidence demonstrating
that the biosynthesis of a structure that facilitates the storage of
carotenoids provides a driving force for carotenoid accumulation
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by creating a chemical disequilibrium to effectively sequester the
end products of synthesis (Rabbani et al., 1998; Vishnevetsky
et al., 1999). Previously we have shown that the Or mutant ex-
hibits no increased expression of carotenoid biosynthetic genes,
suggesting that the Or-induced carotenoid accumulation is not
due to anincreased capacity for carotenoid biosynthesis (Li et al.,
2001). Thus, the accumulation of carotenoids in both the Or
cauliflower mutant and transgenic potato is likely the result of
an increase in sink strength that facilitates the sequestration of
carotenoids.

OR Also Affects Chromoplast Division

Apart from its primary effect on chromoplast differentiation and
the associated carotenoid accumulation, Or may exert an addi-
tional control on plastid division. Or confers a plastid division
arrest phenotype resembling the Arabidopsis plastid division
mutant arc6, which shows only one or two enlarged proplastids
per cell in the shoot apical meristems (Robertson et al., 1995). In
contrast with the arc6 mutant that also contains one or two large
chloroplasts in leaf mesophyll cells, the Or mutant has a normal
number of chloroplasts in leaves (data not shown), suggesting
that chloroplast division is normal once the effects of Or are over-
come by the leaf developmental program. Recently, ARC6 was
shown to encode a Dnad-like plastid protein containing an atyp-
ical J-like domain localized to the plastid division midpoint (Vitha
et al., 2003). Like the ARC6 protein, ORt also appears to be
expressed highly at the plastid division site. Plastid division is or-
chestrated by multiple proteins (Osteryoung and Nunnari, 2003).
It is likely that ORwt constitutes a new component of the plastid
division machinery.

OR Might Exert Its Functional Role through
Protein-Protein Interactions

Chromoplasts can be derived from chloroplasts, proplastids,
and other nonphotosynthetic plastids in plants (Marano et al.,
1993). Chromoplast differentiation involves complex cellular pro-
cesses, leading to the formation of the specialized metabolic and
sequestering structures (Camara et al., 1995). A new set of
proteins during differentiation of chloroplasts to chromoplasts in
flowers and fruits has been identified (Deruere et al., 1994;
Hugueney et al., 1995; Vishnevetsky et al., 1996). However, the
essential biochemical and molecular processes that are associ-
ated with the differentiation of noncolored plastids into chromo-
plasts are unknown. OR may define an important component
of the cellular processes for the differentiation and division of
chromoplasts.

The predicted OR proteins and ORwt contain the Dnad Cys-
rich domain, which is known to mediate protein—protein interac-
tions (Banecki et al., 1996; Szabo et al., 1996). The striking
homology of the Cys-rich domain between OR and DnaJ-like
proteins suggests that OR may exert its functional role in asso-
ciation with the molecular chaperone system through protein—
protein interactions. As OR lacks the J domain essential for
biological function of chaperones (Miernyk, 2001) and is not a
heat shock-inducible protein (data not shown), it is unlikely that
OR acts as a molecular chaperone. The only protein of known
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function from plants that contains just the Cys-rich domain of
Dnad-like proteins is maize BSD2 (Brutnell et al., 1999). This
protein is postulated to bind the newly translated large subunit of
ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco)
and acts together with a DnaJ chaperone system for the folding
or assembly of the Rubisco holoenzyme complex (Brutnell et al.,
1999). By analogy, it is possible that ORyt normally works in as-
sociation with a Dnad-like protein to bind to a protein(s) specific
for the plastid differentiation/division in meristematic tissue dur-
ing normal plant growth and development. The mutation of OR
could alter the binding ability to its target protein(s), causing the
differentiation of proplastids into chromoplasts. Alternatively, the
mutation may create a novel functionality for the protein, which
makes it essential for chromoplast biogenesis. Recently, Liu et al.
(2005) showed that the Dnad chaperone system directly interacts
with VIPP1 for the biogenesis of thylakoid membranes. Further
experiments to identify and functionally characterize proteins as-
sociated with OR will be critical for a full understanding of the
precise mechanism by which Or triggers chromoplast formation
for the associated carotenoid accumulation.

A second or-like gene was also isolated from cauliflower. It
shares 55% nucleotide sequence identity to Or and encodes a
protein of 313 amino acids. Whether or not the or-like gene is
associated with plastid differentiation is unclear. However, the
conferring of chromoplast formation with the associated carot-
enoid accumulation by the single gene mutation of Or implies
that the two genes may not be functionally redundant.

Or Appears to Be a Gain-of-Function Mutation

The semidominant phenotype of a mutant can be due to (1) a
gain-of-function mutation whose gene product becomes con-
stitutively active or gains a novel function normally not found in
the wild-type protein; (2) a dominant negative mutation whose
gene product adversely affects the normal wild-type gene product;
or (3) a loss-of-function mutation (i.e., haploinsufficient) where
the wild-type allele cannot compensate for the loss-of-function
allele. The fact that expression of the Or transgene confers carot-
enoid accumulation in wild-type cauliflower implies that Or is
unlikely to be haploinsufficient. To determine whether Or is a
dominant negative mutant, silencing the wild-type or gene could
be informative. Our results showed that none of the or RNAI
transgenic lines exhibited the observed Or mutant phenotype. In
addition, we also overexpressed the wild-type or gene under the
control of the CaMV 35S promoter. Four independent transgenic
lines showing high levels of or transcripts were obtained. None
of these transgenic lines exhibited the characteristic features of
the Or mutant with enhanced levels of carotenoid accumulation
(D.M. O’Halloran and L. Li, unpublished data). These results
suggest that Or is not a dominant negative mutant of the wild-
type or gene but is likely a gain-of-function mutation that posi-
tively controls carotenoid accumulation.

As Or is likely a gain-of-function mutation, we reasoned that
there was a possibility that one of the alternatively spliced tran-
scripts, especially the most abundant form, Orpe, might play a
major role in conferring carotenoid accumulation in the Or mu-
tant. To examine this possibility, we generated >20 independent
transgenic lines expressing high levels of the individual alternatively

spliced transcript. However, none of these transformants ex-
hibited the orange phenotype and the associated carotenoid
accumulation in the curd tissue (D.M. O’Halloran and L. Li, un-
published data), suggesting that the Or-induced carotenoid accu-
mulation may require the expression of more than one alternatively
spliced transcript. There is evidence that multiple alternatively
spliced transcripts are required for carrying out particular functions
in plants (Zhang and Gassmann, 2003).

Use of Or for Improving Crop Nutritional Value

Carotenoids provide important nutrients and antioxidants for
human diets. Increasing carotenoid levels in major staple crops
are expected to have a broad and significant impact on human
nutrition and health (Fraser and Bramley, 2004). A breakthrough
in the metabolic engineering of a crop to increase its provitamin A
content has been achieved in Golden Rice by expression of
genes in the carotenoid biosynthetic pathway (Ye et al., 2000;
Paine et al., 2005). In nearly all of the cases except one (Davuluri
et al., 2005), the metabolic engineering of carotenoid biosynthesis
has focused solely on the manipulation of expression of carote-
nogenic genes. In many cases, this is insufficient to achieve the
desired levels of carotenoid enhancement in plants (Fraser and
Bramley, 2004; Howitt and Pogson, 2006). Here, we show that
Or as a novel regulatory gene functions across different plant
species to enhance carotenoid accumulation. The demonstration
of significantly increased carotenoid levels in transgenic potato
provides strong evidence for the potential use of Or for the ge-
netic engineering of carotenoid contents in major staple food crops.
Manipulating the formation of chromoplasts for carotenoid ac-
cumulation, together with increased expression of the catalytic
components of the carotenoid biosynthetic pathway, may prove
to be a more effective strategy for enhancing carotenoid levels
in food crops to the levels required for optimal human nutrition
and health.

METHODS

Plant Materials and Growth Conditions

The cauliflower (Brassica oleracea var botrytis) plants used in this study
include the homozygous wild-type cultivar Stovepipe (wild type, genotype
oron), the homozygous mutant line 1227 (Or, genotype OrOr), and a hetero-
zygous line (Oror) that was produced from a cross between the two homo-
zygous lines. A mapping population of F2 individuals was generated from
selfing of the heterozygous plants. Plants were grown in a greenhouse at
24°C under a 14-h-light/10-h-dark cycle. Leaf and curd samples for DNA,
RNA, and protein extraction and for HPLC analysis were harvested, frozen
in liquid nitrogen, and stored at —80°C until use.

Nucleic Acid Analysis

For DNA gel blot analysis, genomic DNA (10 p.g) isolated from leaf tissue
of cauliflower plants was digested with restriction enzymes, separated on
0.8% agarose gels, and blotted onto Hybond N* membranes (Amersham).
Prehybridization, hybridization, and washing of the membranes were con-
ducted as previously described (Li et al., 2001).

For RNA gel blot analysis, total RNA was extracted using Trizol reagent
(Invitrogen). RNA samples (20 p.g each) were separated on formaldehyde



agarose gels and transferred onto Hybond N+ membranes. Equal loading
of the samples was monitored by ethidium bromide staining of the rRNA.

For semiquantitative RT-PCR analysis, total RNA (2 ..g) was primed with
oligo(dT) and reverse transcribed into cDNA using Superscript Il reverse
transcriptase (Invitrogen). The cDNA concentrations in different samples
were normalized based on the amplification of Bo Act? (a cauliflower
homolog of Arabidopsis thaliana actin gene; GenBank accession number
AF044573). The number of cycles for amplification of the target genes was
optimized to ensure amplification at liner range. Primer sequences used
were as follows: Bo Act1 forward, 5'-CCGAGAGAGGTTACATGTTCAC-
CAC-3’; Bo Act1 reverse, 5'-GCTGTGATCTCTTTGCTCATACGGTC-3';
or gene forward (P-M1-F), 5'-GAAGGACCTGAAACAGTACAGGACTTT-
GCC-3';and or genereverse (P-M1-R), 5'-CCAGTTCCTAGACAGTATTT-
GCATCTCTTGTG-3'. Quantification was performed using AlphaEaseFC
(Alpha Innotech).

Identification of Candidate Gene Cosegregating with Or

The entire BAC84S clone was sequenced by the MWG Sequencing Service.
The putative genes were predicted based on the program GENSCAN
(http://genes.mit.edu/GENSCAN.html). Primers were designed based on
the BAC sequence, and the amplified DNA fragments were used as probes
for RFLP maker development (Li and Garvin, 2003). The newly developed
RFLP markers were used for fine mapping to identify candidate genes that
cosegregated with Or.

Isolation of Or cDNA and Analysis of the Sequences

Total RNA (2 ng) was used for reverse transcription by the strategy of
5" and 3’ rapid amplification of cDNA ends using the Smart RACE cDNA
amplification kit (Clontech). Full-length cDNAs were amplified from cDNA
pools of wild-type and the mutant plants with PfuUltra DNA polymerase
(Stratagene), subcloned into pCR-Blunt-Il vector (Invitrogen), and se-
quenced.

DNA and protein sequences were analyzed using the Lasergene pro-
gram (DNASTAR) and Vector NTI (Invitrogen). TargetP (http://www.cbs.
dtu.dk/services/TargetP/) and ChloroP (http://www.cbs.dtu.dk/services/
ChloroP/) were used for the predication of subcellular localization of the
ORwr protein. InterProScan (http://www.ebi.ac.uk/InterProScan/) was
employed for the prediction of functional domains of the protein. Se-
quences of ORwt homologs from other plant species were obtained by
BLAST searches of the or cDNA against TIGR Unique Gene Indices
(http://tigrblast.tigr.org/tgi). The aligned sequences were manually edited
by GeneDoc (http://www.psc.edu/biomed/genedoc). Phylogenetic anal-
ysis was performed on the alignment shown in Supplemental Figure 4
online using the program MEGA 3 (Kumar et al., 2004). Bootstrap values
were determined from 1000 trials.

Plasmid Construction and Plant Transformation

To create the phenotypic complementation construct, a 9.2-kb DNA
fragment encompassing only the Or gene and the retrotransposon from
BACB84S was digested with Scal and Sacl and subcloned into the binary
vector pBAR1 (pGPTV-BAR containing the modified pBS cloning site,
obtained from Jeffery Dangl’s lab, University of North Carolina, Chapel Hill,
NC). To make a double-stranded RNAI construct for specifically silencing
the wild-type or gene, a 450-bp fragment of the gene in antisense and sense
orientations was constructed into the binary vector pFGC5941 obtained
from The Arabidopsis Information Resource (http://www.arabidopsis.org/).

To generate the construct for subcellular localization in plants, the coding
region of the wild-type or cDNA was fused into a modified GFP gene
under the control of the CaMV 35S promoter (von Arnim et al., 1998). The
expression cassette was then inserted into the binary vector pPCAMBIA1300
(CAMBIA). To create the Proo:GUS construct, a 2.0-kb promoter se-
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quence of the Or gene from Or homozygous plants was fused to the GUS
coding sequence (Gan and Amasino, 1995) and subcloned into pCAM-
BIA1300. For the potato (Solanum tuberosum) transformation construct,
Or genomic DNA starting from the ATG codon was amplified with PfuUltra
DNA polymerase, fused behind the potato granule-bound starch syn-
thase gene promoter (Van der Steege et al., 1992), and subcloned into the
pBI101 vector.

The constructs and the empty vectors were electroporated into Agro-
bacterium tumefaciens strain LBA4404 and transformed into Arabidopsis
Columbia ecotype using a floral dipping method (Clough and Bent, 1998),
into cauliflower wild-type hypocotyl explants following the method de-
scribed by Cao et al. (2003), or into the potato cultivar Desiree (J. Van Eck,
unpublished data) to generate stable transformants. Positive transform-
ants were confirmed by PCR amplification of the selective markers.

Carotenoid Analysis

Carotenoids were extracted and analyzed following the method as de-
scribed by Li et al. (2001). Quantification was performed using a calibration
curve generated with commercially available B-carotene and lutein stan-
dards (Sigma-Aldrich).

Anti-OR Antibody Production and Purification

A truncated form of or without putative transit peptide sequence was
inserted into pET-32a vector (Novagen) and pGEX 4T-1 (Amersham) vec-
tors and transformed into Rosetta2 (DE3) cells (Novagen) for a high level of
expression of His- and GST-ORyt proteins. Expression of the fusion
proteins was induced by 1 mM isopropylithio-B-galactoside for 4 h at 37°C.
His-OR and GST-OR were purified by affinity chromatography using Ni-NTA
superflow (Qiagen) and a Glutathione Sepharose 4B (Amersham) column,
respectively. Purified His-OR fusion protein was used to inject rabbits for
raising polyclonal anti-OR antibody at the Cornell Center for Animal Re-
search and Education. Antigen-specific antibody was purified from immu-
noblots containing the purified GST-ORyt (Harlow and Lane, 1988).

Protein Gel Blot Analysis

Total proteins from plant tissues (100 mg) were extracted in 200 pL of
CellLytic P (Sigma-Aldrich) containing 1% (v/v) protease inhibitor cocktail
(Sigma-Aldrich) and quantified using the RC DC protein assay kit (Bio-
Rad). Protein samples (30 p.g) were loaded onto 15% SDS-PAGE gel and
blotted onto nitrocellulose membrane (0.2 wm; Schleicher and Schuell).
Membranes were blocked with 5% nonfat dry milk in Tris-buffered saline
with 0.1% Tween 20 and incubated with primary antigen-specific anti-
serum at 1:200 dilution and secondary AP-conjugated goat-anti-rabbit IgG
antibody (Bio-Rad) at 1:3000 dilution. Western Blue Stabilized Substrate
(Promega) was used for chromogenic detection.

Microscopic Detection of GFP Fluorescence and GUS
Histochemical Staining

GFP fluorescent signal in the transgenic Arabidopsis plants was moni-
tored with a Leica TCS SP2 confocal microscope. The fluorescence was
excited by the 476-nm laser line and detected with the monochromator
mirrors set to 500 to 564 nm. Chlorophyll fluorescence was monitored
with the same excitation and with monochromator mirrors set to 660 and
710 nm. GUS staining of the transgenic plants was performed using 5-bromo-
4-chloro-3-indolyl-B-D-glucuronide as substrate following the published pro-
tocol (Jefferson et al., 1987).

Accession Numbers

Sequence data for the Or mutant allele and the Or transcripts from the
wild type and mutant used in this article can be found in the GenBank data
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library under the following accession numbers: Or allele (DQ_482460),
wild-type or cDNA (DQ_482456), Or),s (DQ_482457), Orpe (DQ_482458),
and OrLDe/ (DQ_482459)

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. cDNA and Deduced Amino Acid Sequences
of the Wild-Type or Gene.

Supplemental Figure 2. Alignment of the Nucleotide Sequences of
or, Orins, Orpey, and Or per.

Supplemental Figure 3. Alignment of the Predicted Protein Se-
quences of ORwr, OR|hs, ORpel, and OR| pe.

Supplemental Figure 4. Alignment of the Predicted Protein Se-
quences of ORywt Homologs.
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