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We identify here the Arabidopsis (Arabidopsis thaliana) gene encoding the third enzyme in the biotin biosynthetic pathway,
dethiobiotin synthetase (BIO3; At5g57600). This gene is positioned immediately upstream of BIO1, which is known to be
associated with the second reaction in the pathway. Reverse genetic analysis demonstrates that bio3 insertion mutants have a
similar phenotype to the bio1 and bio2 auxotrophs identified using forward genetic screens for arrested embryos rescued on
enriched nutrient medium. Unexpectedly, bio3 and bio1 mutants define a single genetic complementation group. Reverse
transcription-polymerase chain reaction analysis demonstrates that separate BIO3 and BIO1 transcripts and two different types
of chimeric BIO3-BIO1 transcripts are produced. Consistent with genetic data, one of the fused transcripts is monocistronic and
encodes a bifunctional fusion protein. A splice variant is bicistronic, with distinct but overlapping reading frames. The dual
functionality of the monocistronic transcript was confirmed by complementing the orthologous auxotrophs of Escherichia coli
(bioD and bioA). BIO3-BIO1 transcripts from other plants provide further evidence for differential splicing, existence of a fusion
protein, and localization of both enzymatic reactions to mitochondria. In contrast to most biosynthetic enzymes in eukaryotes,
which are encoded by genes dispersed throughout the genome, biotin biosynthesis in Arabidopsis provides an intriguing
example of a bifunctional locus that catalyzes two sequential reactions in the same metabolic pathway. This complex locus
exhibits several unusual features that distinguish it from biotin operons in bacteria and from other genes known to encode
bifunctional enzymes in plants.

Biotin is a vitamin that functions as an enzyme co-
factor in cellular metabolism to facilitate CO2 transfer
during carboxylation and decarboxylation reactions.
Biosynthesis of biotin from pimeloyl-CoA and Ala,
first elucidated in bacteria more than 40 years ago,
occurs through four reactions that result in the se-
quential production of 7-keto-8-aminopelargonic acid
(KAPA), 7,8-diaminopelargonic acid (DAPA), dethio-
biotin (DTB), and ultimately biotin. In Escherichia coli,
four genes that encode these enzymes (bioF, bioA, bioD,
bioB) are clustered into an operon whose structure and
function has been examined in detail (DeMoll, 1996).
Biosynthesis of biotin in plants occurs through a
similar pathway but is divided between two compart-
ments. The initial production of KAPA occurs in the
cytosol (Pinon et al., 2005), whereas the final conver-
sion of DTB to biotin occurs in mitochondria (Weaver

et al., 1996; Baldet et al., 1997; Picciocchi et al., 2003;
Arnal et al., 2006). Intracellular localization of the inter-
mediate reactions remains unresolved (Rébeillé et al.,
2007). Metabolic enzymes that require biotin as a co-
factor are located in four different compartments: chlo-
roplasts, mitochondria, protein bodies, and the cytosol
(Nikolau et al., 2003). Plants must therefore possess
transport mechanisms for delivering biotin and re-
lated intermediates to their proper locations in the cell.

Two auxotrophic mutants of Arabidopsis (Arabidopsis
thaliana) have played an important role in the analysis
of biotin biosynthesis in plants. The bio1-1 mutant was
isolated following a forward genetic screen designed to
identify embryo-defective (emb) mutants in which ar-
rested embryos were rescued on an enriched nutrient
medium (Schneider et al., 1989). Aborted seeds from
heterozygous siliques contain reduced levels of biotin,
consistent with a defect in biotin synthesis (Shellhammer
and Meinke, 1990). Embryo rescue experiments and sub-
sequent complementation with the bioA ortholog from
E. coli demonstrated that mutant embryos are defec-
tive in the conversion of KAPA to DAPA (Schneider
et al., 1989; Patton et al., 1996). The bio2-1 mutant was
isolated through a similar genetic screen for embryo
defectives and was shown to be disrupted in the final
reaction of the pathway (Patton et al., 1998). A second
allele (bio2-2) with an insertion identified through re-
verse genetics has recently been described (Arnal et al.,
2006). Because the original bio2-1 mutant contains a
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deletion that includes an adjacent gene (FPA) required
for flowering (Schomburg et al., 2001), rescued bio2-1
homozygotes produce giant rosettes under long days.
Rescued bio1-1 and bio2-2 homozygotes, in contrast,
appear normal when supplemented with biotin.
A complete list of Arabidopsis genes and mutants
involved in biotin synthesis is presented in Table I.

Several years ago, we initiated a large-scale T-DNA
insertional mutagenesis project with colleagues at
Syngenta that was designed to identify genes required
for embryo development in Arabidopsis (McElver
et al., 2001; Tzafrir et al., 2004). Two additional alleles
of bio1 uncovered through that forward genetic screen
are described in this article. We also began to pursue
reverse genetic approaches to identify EMB genes missed
through forward genetics. One approach was to focus
on nonredundant genes associated with metabolic path-
ways that were known to be required for embryo de-
velopment. The effectiveness of this strategy is illustrated
by the recent identification of multiple His auxotrophs
defective in embryo development (Muralla et al., 2007).
In addition, we focused again on the biotin pathway
and the bioD ortholog (BIO3) required for the conver-
sion of DAPA to DTB. This eventually led to the un-
expected discovery that BIO3 and BIO1 are positioned
adjacent to each other on the chromosome, in the same
orientation as found in a variety of microorganisms,
and that differential splicing results in production of
two types of full-length transcripts, one with the po-
tential to encode separate proteins and the other ca-
pable of producing a bifunctional fusion protein. We
document here the structure and function of this un-
usual locus, provide indirect evidence that both of the
corresponding enzymatic reactions take place within
mitochondria, examine related genes and transcripts
from other plants and fungi, and present the results of
a genome-wide scan for similar types of complex loci
associated with metabolic pathways in Arabidopsis.

RESULTS

Molecular Identification of the BIO1 Locus

Three candidate BIO1 genes were identified based
on the genetic map location of the bio1-1 mutant allele

(Patton et al., 1991) and BLASTP searches of the
Arabidopsis genome queried with the BioA ortholog
from E. coli. Two of these candidates, At5g46180 and
At5g63570, were eliminated from consideration because
they encode known enzymes, Orn-d-aminotransferase
(Roosens et al., 1998) and chloroplastic Glu-1-semialdehyde
2,1-aminomutase (Ilag et al., 1994). The remaining can-
didate, At5g57590, is predicted to encode an amino-
transferase class III protein that shares 26% sequence
identity with BioA. Experimental confirmation that
this gene corresponds to BIO1 was obtained by se-
quencing PCR-amplified genomic fragments from res-
cued bio1-1 homozygotes grown on biotin. A single
nucleotide substitution (G to A) that modifies the 3#
acceptor site of the final intron was found in mutant
plants. To ensure that this polymorphism was not due
to a sequencing error, we amplified and sequenced this
genomic region from progeny plants derived from a
single heterozygote. Three different genotypes of plants
were found at the expected frequencies in this popu-
lation. Heterozygotes and homozygotes exhibited the
predicted polymorphism (A and G) at the mutation
site (Fig. 1, A–C). These results confirmed that At5g57590
corresponds to the BIO1 gene.

Characterization of Additional bio1 Mutant Alleles

Two embryo-defective mutants identified through a
forward genetic screen of T-DNA insertion lines gen-
erated at Syngenta (McElver et al., 2001) were found to
contain insertions in the BIO1 region. Genetic comple-
mentation tests revealed that both mutants (bio1-2 and
bio1-3) were allelic to the original ethyl methanesulfo-
nate (EMS) allele (bio1-1). Mutant embryos from im-
mature siliques of bio1-2 heterozygotes were rescued
in culture on DAPA, DTB, or biotin, consistent with the
results of previous experiments with bio1-1 (Schneider
et al., 1989; Shellhammer, 1991). Mutant embryos from
both insertion lines exhibited a range of phenotypes
similar to bio1-1 and less severe than either bio2-1 or
bio2-2.

The locations of mutation sites in bio1 mutant alleles
in relation to different annotated versions of the BIO3-
BIO1 locus are presented in Figure 2. The bio1-2 mutant

Table I. Biotin biosynthetic genes and auxotrophic mutants of Arabidopsisa

Arabidopsis

Gene

Bacterial

Ortholog

Arabidopsis

Locus

Enzymatic

Product
Allele Mutagen Line No. Reference on Mutant

BIO4 bioF At5g04620 KAPA NAb NAb NAb None identified
BIO1 bioA At5g57590 DAPA bio1-1 EMS 122G-E Schneider et al. (1989)

bio1-2 T-DNA 36172 www.SeedGenes.orgc

bio1-3 T-DNA 46455 www.SeedGenes.orgc

BIO3 bioD At5g57600 DTB bio3-1 T-DNA RATM53-2665-1G This article
bio3-2 T-DNA RATM53-3000-1G This article
bio3-3 T-DNA SALK_023399 This article

BIO2 bioB At2g43360 Biotin bio2-1 EMS emb49 Patton et al. (1998)
bio2-2 T-DNA GABI_100C11 Arnal et al. (2006)

aGenes are listed in order of their function in the pathway. bNot applicable (NA) because no mutants have been identified. cRefer also to
McElver et al. (2001) and Tzafrir et al. (2004).
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represents a putative null allele because the insertion is
located within an exon in the middle of the BIO1
coding region. Flanking sequences obtained from both
sides of the insert revealed a small deletion associated
with the insertion (Supplemental Fig. S1). The point
mutation in bio1-1 results in a longer transcript but a
shorter open reading frame (ORF), which leads to a
defective protein lacking the normal C terminus (Fig.
1D). Based on a comparison of mutant phenotypes,
this altered protein appears to retain little BIO1 func-
tion. The bio1-3 insertion is located downstream of the
BIO1 coding region, but the precise location remains
unresolved because flanking sequences obtained from
both sides of the insert gave contradictory information
(Supplemental Fig. S1). The failure of bio1-3 to com-
plement either bio1-1 or bio1-2 in genetic crosses nev-
ertheless confirms that BIO1 function in this mutant is
disrupted.

Isolation and Characterization of bio3 Mutant Alleles

A candidate BIO3 gene (At5g57600) was identified
in the Arabidopsis genome based on sequence homol-
ogy to the BioD protein of E. coli. Three insertion lines
that disrupted the coding region were obtained from
the Arabidopsis Biological Resource Center (bio3-3)
and the RIKEN Bioresource Center in Japan (bio3-1
and bio3-2). All three lines generated heterozygous
plants that produced siliques with approximately 25%
aborted seeds. Linkage between the T-DNA insert and
mutant phenotype was confirmed by PCR genotyping
of individual plants. Genetic complementation tests
demonstrated that all three mutants are allelic (Table
II). Phenotypes of bio3-arrested embryos are similar to
bio1 alleles and less severe than bio2 alleles (Table III).
Mutant embryos are pale and typically block at the
transition to cotyledon stages of development. All
three bio3 mutants are likely to be nulls based on insert

locations. It therefore appears that interfering with the
initial reactions in biotin synthesis, catalyzed by BIO1
and BIO3, is less detrimental to embryo development
than elimination of the final (BIO2) step. One possible
explanation is that maternal supplies of DAPA and
DTB may contribute somewhat to continued develop-
ment of bio1/bio1 and bio3/bio3 embryos.

Mutant embryos from parental bio1 and bio3 hetero-
zygotes were rescued by watering plants with biotin
(Table IV). Progeny seedlings derived from rescued
siliques exhibited the expected 1:2:1 ratio of genotypes
(wild type, heterozygote, and homozygote). Responses
of mutant embryos in culture are illustrated in Figure 3
and Table V. Immature embryos from bio3 heterozy-
gotes were fully rescued on DTB and biotin but not on
DAPA, consistent with the predicted role of BIO3 in
biotin synthesis. Biological activity of the DAPA used
in culture experiments was confirmed by successful
rescue of bio1 mutant embryos. Failure to rescue bio2
embryos indicated that DAPA stocks were not con-
taminated with biotin. We conclude from these exper-
iments that bio3 mutants of Arabidopsis are defective
in the conversion of DAPA to DTB.

Allelism between bio1 and bio3 Heterozygotes

An unexpected result was obtained when genetic
complementation tests were performed between bio1
and bio3 heterozygotes (Table II). In every combination
examined, mutants failed to complement, suggesting
that a single gene was disrupted. Because these results
were initially analyzed without knowledge of the types
of transcripts produced, we reasoned that T-DNA in-
sertions in BIO3 might be reducing expression of the
downstream BIO1 gene. We then attempted to locate
EMS mutations in the BIO3 coding region by searching
the Arabidopsis TILLING database (Henikoff et al.,
2004) with the hope that point mutations would have

Figure 1. BIO1 gene identification and nature of the point mutation in bio1-1. The 3# end of the last intron of At5g57590 in wild-
type plants (TTTCAG) is modified in bio1-1 homozygotes (TTTCAA). The 5# end of the last exon (GTAT) remains unchanged.
Refer to Supplemental Figure S1 for additional details on the location of this sequence polymorphism. A, Sequencing of genomic
DNA from wild-type plants reveals a G nucleotide at the mutation site. B, Genomic DNA from heterozygotes yields a doublet
peak that results from the expected mixture of A and G nucleotides at the mutation site. C, Rescued homozygotes exhibit a single
peak, consistent with the G to A substitution. D, RT-PCR products obtained from this region demonstrate that transcripts from
rescued homozygotes (lane 3) are longer than normal because they include the final intron (confirmed by sequencing) not found
in transcripts from wild-type plants (lane 2). The five smallest bands in the DNA ladder (lane 1) range from 100 to 500
nucleotides.
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more limited effects. Unfortunately, no candidate mu-
tations in the appropriate region were identified. We
therefore concluded, based on genetic evidence alone,
that BIO1 and BIO3 define a single genetic locus.

BIO1 and BIO3 Define a Single Locus That Exhibits
Differential Splicing

Molecular evidence in support of a single chimeric
locus was obtained by characterizing cDNAs derived
from this region of the genome. The Arabidopsis EST
clone RZ128g09R (GenBank accession no. AV551591)
was first sequenced and found to match the exon
structure of At5g57590. Sequencing of a 3#-RACE
product derived from this cDNA identified a 121-
nucleotide 3#-untranslated region (UTR). A 5#-RACE
product was then sequenced and found to contain a
single ORF that included both BIO3 (At5g57600) and
BIO1 (At5g57590). The 78-nucleotide 5#-UTR was later
confirmed in a cap-dependent RACE experiment
(Maruyama and Sugano, 1994). These combined results
demonstrate the existence of monocistronic, full-length
cDNA (GenBank accession no. EU089963) capable of
encoding a single fusion protein (833 amino acids)
with potentially two different catalytic activities.

Two additional full-length cDNAs spanning the
BIO3-BIO1 locus were found in public databases:
RAFL22-07-J07 (Seki et al., 2002) and BX842298 (Castelli
et al., 2004). The RAFL22 clone is bicistronic and con-
tains separate BIO3 and BIO1 ORFs. The BX842298 clone
includes small insertions and deletions that disrupt the
BIO1 ORF. Whether these single nucleotide polymor-
phisms reflect true differences in transcripts or repre-
sent artifacts of sequencing remains unresolved. Another
bicistronic cDNA was identified in the Nikolau labo-
ratory (GenBank accession no. EU090805). Sequence
alignments revealed a 10-nucleotide region in the
bicistronic clones that is missing in the monocistronic
clone (Supplemental Fig. S2). This short sequence
(5#-GCTGTTTCAG-3#) provides an alternative 3#-splice

acceptor site that corresponds to the end of intron 4 in
monocistronic (210) transcripts and the start of exon
5 in bicistronic (110) transcripts.

Four different ORFs can be identified within this
region based on gene models and cDNA sequences
(Figs. 2 and 4). The BIO3 (long) ORF found in the
bicistronic clones terminates right after the (110) se-
quence. The Arabidopsis Information Resource (TAIR)
7.0 annotation of the BIO3 (short) ORF utilizes an up-
stream stop codon that is predicted in other models to
be part of intron 2. The resulting protein is not likely to
be functional because it lacks a region conserved in
orthologs from a variety of microorganisms. The TAIR
7.0 annotation of BIO1 (long) requires that a (210)
transcript be produced. In contrast, the BIO1 (short)
protein encoded by the bicistronic transcript requires a
(110) transcript. This shortened protein also lacks
conserved regions shared among microorganisms. The
long BIO1 and BIO3 proteins are therefore most likely
to be functional, if they are indeed produced.

Figure 2. Genome annotation and mutation sites for the BIO3-BIO1 region. Two separate genes (BIO3 short and BIO1 long) are
predicted at TAIR (www.arabidopsis.org). Bicistronic cDNA has the potential to encode two distinct proteins (BIO3 long and
BIO1 short). Monocistronic cDNA contains a single ORF that encodes a bifunctional fusion protein. Monocistronic (210) and
bicistronic (110) transcripts differ with respect to the presence or absence of 10 nucleotides (arrow) at the end of intron 4. White
triangles represent insertion sites for T-DNA mutant alleles. Horizontal arrows designate the locations of flanking sequences
obtained. The asterisk marks a single nucleotide substitution that disrupts splicing of the last intron in the bio1-1 allele. The final
33 nucleotides of BIO1 exon 7 in the TAIR model (white rectangle) are differentially spliced and are not present in the full-length
cDNAs.

Table II. Results of genetic complementation testsa

Female Parent Male Parent Siliques Screened Results Obtained

bio1-2 bio1-3 5 Allelic
bio1-1 bio3-1 4 Allelic
bio1-1 bio3-2 4 Allelic
bio1-1 bio3-3 2 Allelic
bio3-3 bio1-1 3 Allelic
bio1-2 bio3-1 3 Allelic
bio1-2 bio3-2 3 Allelic
bio1-2 bio3-3 5 Allelic
bio3-3 bio1-2 7 Allelic
bio3-1 bio3-2 4 Allelic
bio3-2 bio3-1 4 Allelic
bio3-3 bio3-1 2 Allelic
bio3-3 bio3-2 2 Allelic

aCrosses were performed between heterozygotes and the resulting
siliques were screened for aborted seeds prior to maturity.
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Because evidence of a monocistronic, full-length tran-
script was at first limited to a single 5#-RACE exper-
iment, we designed additional reverse transcription
(RT)-PCR primers capable of distinguishing between
(110) and (210) mRNAs. The results obtained (Fig. 5)
confirmed that significant amounts of both types of
transcripts are present. The (110) version is somewhat
more abundant than the (210) version in most parts of
the plant. Although the (110) sequence can be found
in both the bicistronic full-length transcript and BIO1
single gene transcripts, the (210) sequence appears to
be limited to monocistronic full-length transcripts.
Arabidopsis therefore has the potential to produce a
full-length BIO3-BIO1 transcript that encodes a bi-
functional fusion protein capable of catalyzing two
sequential reactions in biotin biosynthesis.

Organization of BIO1 and BIO3 Orthologs in
Flowering Plants

Further evidence of differential splicing and the pres-
ence of a monocistronic transcript encoding a bifunc-
tional protein was obtained by searching GenBank for
homologous sequences from other plant species that
spanned the junction region. Two different types of rice
(Oryza sativa) transcripts were identified. A full-length
cDNA (accession no. AK100945) and EST (accession
no. AU0033128) confirm the presence of a monocis-
tronic transcript. Another full-length cDNA (accession
no. AK241284) and EST (accession no. CT857795) pro-
vide evidence for an alternative splice variant that does

not encode either a fusion protein or a functional
BIO1 protein. The only source of BIO1 activity in rice
therefore appears to be the bifunctional protein. The
main difference between the two types of transcripts
is a region 37 nucleotides in length that provides an
alternative 3#-acceptor site for splicing. This rice se-
quence (5#-gcaatttttgtagcctaaatttctctttgctcattag-3#) aligns
in part with the (110) region from Arabidopsis. Mono-
cistronic transcripts were also identified from EST
databases with a TBLASTN search using a query
(WWTQGPDPTFQAELAREMGY) based on the junc-
tion region of the predicted Arabidopsis bifunctional
protein. This search identified ESTs from snapdragon
(Antirrhinum majus; accession no. AJ788704), Jerusalem
artichoke (Helianthus tuberosus; accession no. EL452781),
and barley (Hordeum vulgare; accession no. CA029744)
that appeared to encode a bifunctional protein. We
have therefore found evidence to support the wide-
spread occurrence of transcripts capable of producing
a bifunctional DAPA synthase/DTB synthetase pro-
tein in a variety of plants.

Organization of Biotin Biosynthetic Genes
in Microorganisms

Several recent studies have surveyed the organiza-
tion of biotin biosynthetic genes in microorganisms
(Rodionov et al., 2002; Streit and Entcheva, 2003; Hall
and Dietrich, 2007). We focused on the identification of
BIO3 and BIO1 orthologs in bacteria and fungi to
search for additional evidence of a bifunctional fusion

Table IV. Rescue of mutant embryos in siliques of heterozygous plants supplemented with 1 mM biotina

Mutant
Plants

Rescued

Progeny Seedlings

Transplanted

Total Seedlings

Genotyped
WT HET HMZ

bio3-1 7 111 71 14 40 17
bio3-2 6 121 90 23 38 29
bio1-2 6 131 89 17 46 26
Total 19 363 250 54 124 72

aRescued heterozygotes were identified by the absence of aborted seeds in developing siliques. Mature
seeds from three rescued siliques (per mutant) were germinated on agar plates containing 0.1 mM biotin.
The resulting seedlings, which all appeared normal, were transplanted to pots watered with 100 mM biotin
and PCR genotyped. WT, Wild type; HET, heterozygote; HMZ, homozygote.

Table III. Phenotypes of arrested embryos recovered from mutant seedsa

Mutant Allele
Mutant

Seeds

Average

Embryo Size

Phenotypic Classes of Mutant Embryos

Preglobular Globular Transition Cotyledon

% mm 6 (SD)

bio1-1 23.1 270 (80) 0 1 2 97
bio1-2 27.0 300 (100) 2 9 0 89
bio1-3 34.8 320 (90) 0 9 4 87
bio3-1 23.5 210 (80) 0 6 29 65
bio3-2 23.8 190 (60) 0 3 36 61
bio3-3 24.3 230 (110) 9 12 13 66
bio2-1 27.6 50 (40) 22 64 5 9

aEmbryos were removed from 100 aborted seeds and classified as described at www.seedgenes.org.
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protein and determine whether this region of the
Arabidopsis genome might represent a novel remnant
of a bacterial operon. Figure 6 illustrates some of the
different types of gene organization encountered. The
BIO3 ortholog (bioD) is located just upstream of bioA
(BIO1) and in the same orientation in a wide range of
bacteria, including Agrobacterium tumefaciens, Staphy-
lococcus aureus, and Bacillus sphaericus. Twenty exam-
ples of this pattern of organization are included among
the 90 eubacterial and archaeal genomes characterized
by Rodionov et al. (2002). However, no evidence of a
BioD-BioA fusion protein can be found among these
sequenced genomes or in public databases (www.igs.

cnrs-mrs.fr/FusionDB) of prokaryotic gene fusion
events (Suhre and Claverie, 2004). This novel feature
of biotin gene organization and enzyme function there-
fore appears to be limited to eukaryotes.

BIO3 and BIO1 orthologs are adjacent but oriented
in opposite directions in yeast (Saccharomyces cerevi-
siae). Separate orthologs are also found in a variety of
hemiascomycete fungi, including Candida albicans but
not Yarrowia lipolytica. A different situation is encoun-
tered in the basidiomycetes and filamentous fungi.
Evidence of a single ORF encoding a bifunctional
protein can be found in at least 18 different species,
including Aspergillus nidulans, Ustilago maydis, and
Cryptococcus neoformans. This list includes data from
Hall and Dietrich (2007) and additional examples ob-
tained from BLASTP searches at GenBank using
Arabidopsis and Aspergillus fusion proteins as queries.
A significant match was also found with a protein
from the sequenced genome of the green alga, Ostreo-
coccus tauri. The existence of a bifunctional BIO3-BIO1
fusion protein in flowering plants is therefore supported
by extensive sequence data from lower eukaryotes.

Functional Complementation of E. coli
Biotin Auxotrophs

To assess the functions of different BIO3-BIO1 gene
products, Arabidopsis proteins encoded by the mono-
cistronic (210) and bicistronic (110) full-length
cDNAs were produced in E. coli using a Gateway
expression vector (pDEST17) that fused an N-terminal
63-His tag to each recombinant protein. This added
about 3 kD to the molecular mass of each product. The
(210) construct was therefore expected to produce a
95-kD BIO3-BIO1 fusion protein and the (110) version
a 48-kD BIO3 protein. Plasmid DNA from the expres-
sion clones was transformed into E. coli and evaluated
for expression of targeted proteins (Fig. 7, A and B).
Expression of the (110) construct in E. coli strain
BL21(lDE3) resulted in accumulation of the BIO3
protein (48 6 4 kD). Expression of the (210) construct
in strain C41(lDE3) (Miroux and Walker, 1996) gener-
ated a fusion protein (95 6 8 kD). Both polypeptides
uniquely reacted with anti-His tag antibodies (data not
shown). The failure of E. coli cells carrying the (110)
construct to accumulate BIO1 (short) protein suggests
that bacterial ribosomes are unable to initiate transla-
tion effectively at the required internal AUG site.

Functional properties of recombinant proteins were
evaluated by introducing each construct into E. coli
strains bioD (JW0761) and bioA (JW0757) obtained from
the Keio collection of single gene knockouts (Baba
et al., 2006). We also examined the ynfK knockout (JW5264)
because this gene encodes a DTB synthase-like protein
that shares 50% sequence identity with BioD. The bioD
and bioA mutants exhibited the expected biotin re-
quirement for growth, whereas the ynfK mutant grew
on basal medium (Fig. 7, C and D). We therefore used
only the bioD and bioA mutants for subsequent com-
plementation studies.

Figure 3. Responses of mutant embryos in culture. Immature embryos
were removed from heterozygous siliques, plated on agar medium
containing the supplements noted, and observed after the specified
number of days in culture. Top, Dual images of three embryos at two
different time points. DAPA, a biotin intermediate, was expected to
rescue bio1 embryos but not bio3 embryos. DTB, a later intermediate,
was expected to rescue bio3 embryos. See Table V for additional
details. Scale bar 5 1 mm.
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Because the expression vector used for complemen-
tation utilizes the T7 RNA polymerase promoter to
control expression of the targeted sequence, auxotro-
phic E. coli strains were first lysogenized with l(DE3)
to introduce the required T7 RNA polymerase. The
resulting strains were then transformed with (110) and
(210) constructs and with a negative control (pDEST17)
and evaluated for growth in the absence of biotin. Both
the (210) and (110) constructs complemented the
bioD mutant and supported growth on basal medium,
although the (110) construct was less effective than
the (210) construct (Fig. 7, E and G). In contrast, only
the (210) construct complemented the bioA mutant
(Fig. 7, F and H). As expected, transformation with the
control pDEST17 vector resulted in no growth on basal
medium. We therefore conclude that the monocis-
tronic (210) transcript encodes a 92-kD fusion protein
that is bifunctional, catalyzing both the DTB synthe-

tase (BioD/BIO3) and DAPA aminotransferase (BioA/
BIO1) reactions. The (110) transcript, in contrast, en-
codes a smaller protein that exhibits only DTB syn-
thase (BioD/BIO3) activity.

Evidence for Distinct BIO1 and BIO3 Transcripts
in Arabidopsis

Having established that an Arabidopsis fusion pro-
tein produced from the monocistronic transcript is
bifunctional in E. coli and that similar proteins should
be present in a variety of plants and fungi, we next
sought to determine whether single gene transcripts
capable of producing distinct BIO1 and BIO3 proteins
are produced in Arabidopsis. We were initially sur-
prised by the striking differences in expression levels
for BIO1 and BIO3 in public microarray databases. If
full-length transcripts alone are produced, then the

Table V. Response of mutant embryos cultured on DAPAa

Genotype Embryos Cultured
Extent of Embryo Response in Culture

A B C D F

bio1-1 60 44 6 10 0 0
bio1-2 60 36 8 12 0 4
bio3-3 60 0 0 1 52 7
bio2-1 20 0 0 0 0 20
Wild type 40 25 5 2 8 0

aEmbryos were removed from immature siliques of heterozygotes and cultured on 1 to 2 mM DAPA.
Embryo stages were noted at the time of culture. Responses were ranked after 21 d: A, extensive green
callus with shoots; B, green callus with small shoots; C, green callus without shoots; D, trace amount of
callus (unpigmented); F, no change in culture.

Figure 4. Region of the Arabidopsis genome spanning the BIO3-BIO1 junction. Exons are shown in capital letters (orange) and
introns in lower case (blue). Boxed and underlined sequences identify potential start and stop codons for bicistronic and single
gene transcripts. The long BIO1 start site is located upstream of the long BIO3 stop site. Alternative BIO3 stop and BIO1 start sites
for translation are underlined. The large boxed (110) region is differentially spliced from the full-length monocistronic transcript
(GenBank accession no. EU089963). RT-PCR primers are noted beneath the sequence with black (BIO3, forward), green (BIO1,
long), violet (BIO1, short), and red (BIO3, reverse) arrows. Flanking sequences from bio3-3 begin at green (Oklahoma State
sequence) and red (Salk sequence) arrowheads located within the second exon.
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relative levels of transcripts identified using primers
localized to different regions of this locus should be
the same. However, as shown in Figure 8, multiple
microarray experiments indicate that BIO1 expression
is consistently above BIO3 levels.

RT-PCR primers were therefore designed to distin-
guish between single gene and full-length transcripts
based on the assumption that portions of the 3#-UTR
for BIO3 transcripts and the 5#-UTR for BIO1 tran-
scripts were positioned within introns of full-length

transcripts. The locations of primers used in these ex-
periments are illustrated in Figure 4. A PCR product of
expected size (approximately 0.7 kb) was obtained
when a BIO3 forward primer (9385) joining the first
two exons was used in combination with a reverse
primer (9387) located in the fifth intron of the BIO3-
BIO1 locus, downstream of the BIO3 (long) ORF and
within the putative 3#-UTR of the BIO3 (long) tran-
script (Fig. 9, lanes 6 and 7). Sequencing of this product
(lower band) confirmed that a BIO3 (long) single gene
transcript is produced. We did not attempt to identify
BIO3 (short) single gene transcripts because the result-
ing protein would not likely be functional.

No product was obtained when BIO1 forward primers
(9381 and 9414) located in BIO3-BIO1 intron 3 and
far upstream of the predicted ATG for BIO1 (short)
were used in combination with a reverse primer that
spanned two downstream exons (e.g. Fig. 9, lane 3).
We concluded that these forward primers were located
beyond the start of the BIO1 (short) 5#-UTR. Addi-
tional primers (9415 and 9382) located further down-
stream gave a small amount of product of expected
size (approximately 1.2 kb) that was confirmed by
sequencing to represent BIO1 (short) single gene (110)
transcripts (Fig. 9, lanes 4 and 5). A more dramatic
result was obtained when forward primers (9412 and
9413) located in the predicted 5#-UTR for BIO1 (long)
were combined with the same reverse primer span-
ning downstream exons (Fig. 9, lanes 1 and 2). Se-
quencing of this product (approximately 1.4 kb) of
expected size confirmed the presence of a (110) BIO1
(long) single gene transcript. The abundance of this
transcript may explain in part the high BIO1 signal
observed in microarray experiments. What remains
surprising is the consistently low BIO3 signal observed
in multiple microarrays. This appears to indicate that
much of the BIO1 signal observed in microarrays
corresponds to single gene transcripts and that only

Figure 5. RT-PCR confirmation of (110) and (210) transcripts. A, One
strategy used a reverse primer (underlined) that spanned the fourth and
fifth exons and skipped the 10 nucleotides (red) that are alternatively
spliced. Sequencing confirmed that the single product obtained was
derived from the (210) transcript. B, A second strategy used a reverse
primer located in a downstream exon. As expected, two products that
differed in length by 10 nucleotides were obtained from leaves (L),
flowers (F), and siliques (S). Sequencing confirmed that these products
differed with respect to the 10 nucleotides in question. A small amount
of genomic DNA was also amplified. C, Semiquantitative RT-PCR
analysis of the (110; white rectangles) and (210; black rectangles)
products obtained using a reverse primer that spanned two downstream
exons. Ubiquitin served as an internal standard. Band intensities were
quantified using ImageJ (http://rsb.info.nih.gov/ij) and normalized rel-
ative to the maximal intensity in the flower sample.

Figure 6. Genomic organization of biotin biosynthetic genes in mi-
croorganisms. Orthologs are depicted using the same color. Gene
names (bio; BIO) and directions of transcription (pointed edge) are
noted. Adjacent genes are abutted, genes that are close but not adjacent
are joined by a thin line, and unlinked genes are separated by a hatched
line. Green rectangles represent dissimilar genes involved in the
biosynthesis of the initial biotin precursors. The BIO5 gene of yeast is
involved in transport. A BIO3-BIO1 fusion protein is found in some
fungi but not in yeasts.
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trace levels of the BIO3-BIO1 monocistronic tran-
script and bifunctional protein are present in Arabi-
dopsis plants.

Predicted Intracellular Localization of Biotin
Biosynthetic Enzymes

The BIO3 protein contains an N-terminal sequence
that is predicted to target the protein to mitochondria.
All of the major prediction programs for intracellular
localization of plant proteins (Emanuelsson et al., 2007)
support this conclusion. It therefore appears that the
bifunctional protein produced from the monocistronic,
full-length transcript and whatever BIO3 (long) pro-
tein is produced from the single gene transcript all
function in mitochondria. In contrast, the BIO1 (long)
protein encoded by the single gene transcript does not
appear to contain a mitochondrial localization signal.
The short version of this protein encoded by the pre-
dominant (110) single gene transcript is also missing
conserved N-terminal sequences found in microor-
ganisms. BIO1 activity required for biotin biosynthesis
in Arabidopsis therefore appears to be associated pri-
marily with the bifunctional protein. Whether alterna-
tive pathways exist for production of small amounts of
cytosolic DAPA utilizing related S-adenosyl Met trans-
aminases remains to be explored.

These results help to explain the failure of bio3
and bio1 mutants to complement. BIO1 activity is dis-
rupted by insertion mutations in either the BIO3 or BIO1
coding regions. Following genetic crosses between BIO3/
bio3 and BIO1/bio1 heterozygotes, embryos with a
bio3-BIO1/BIO3-bio1 genotype become arrested be-
cause the bio3 insertion mutation disrupts the function
of the adjacent copy of BIO1, whereas the second copy
(bio1) located on the homologous chromosome is al-
tered by mutation. The BIO3 (long) protein produced
from single gene transcripts should be functional based
on bacterial complementation experiments. But this
protein cannot rescue mutant embryos devoid of BIO1
activity in complementation tests. Whether a majority
of BIO3 activity in Arabidopsis is associated with the
bifunctional protein or with the BIO3 (long) protein
remains an open question. Comparative studies with
fungi nevertheless suggest that the bifunctional pro-
tein is ancestral and may therefore be predominant.

Figure 7. Heterologous expression (A and B) and functional charac-
terization (C–H) of BIO3-BIO1 gene products in E. coli. A and B,

Protein extracts from isopropylthio-b-galactoside-induced E. coli cul-
tures harboring either the empty vector (pDEST17) or the BIO3-BIO1
bicistronic (110) or monocistronic (210) full-length cDNA were
subjected to SDS-PAGE and stained with Coomassie Blue. Putative
BIO3 (A) and fusion (B) proteins are marked with arrows. C and D,
Expected responses of wild-type (WT) and mutant strains of E. coli in
the presence and absence of biotin. E and F, Responses of a wild-type
control strain and bioD (E) and bioA (F) mutants transformed with either
the pDEST17 (empty) vector or recombinant vectors containing the
(210) or (110) cDNA. G and H, Responses of wild-type and trans-
formed bioD (G) and bioA (H) strains in liquid cultures. E to H, Strains
were lysogenized with lDE3 and cultured on a kanamycin medium
without biotin.
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A Genome-Wide Survey for Gene Clusters with Related
Metabolic Functions

Three approaches were taken to search for addi-
tional examples of gene clusters encoding proteins
with related metabolic functions in Arabidopsis. We
first searched for full-length cDNAs that covered two
distinct genes based on TAIR 7.0 annotation of the
genome, which updated the list of 58 complex loci
published by Thimmapuram et al. (2005). We then com-
pared this dataset with genes listed in the AraCyc
(Zhang et al., 2005) database of metabolic pathways at
TAIR. This approach uncovered only the BIO3-BIO1
locus described here. Next, we scanned the Arabidop-
sis genome for examples of adjacent loci that encoded
proteins with related metabolic functions but did not
produce a full-length transcript that covered both
genes. This identified 99 adjacent sets comprising 262
total genes. The vast majority of these cases are tandem
duplications involving genes annotated as having the
same enzymatic function. Several of these clusters con-
tain more than two adjacent genes. Two clusters of
interest were identified in addition to the BIO3-BIO1
locus. One is required for chorismate biosynthesis in
plastids: At1g48850 (chorismate synthase) and At1g48860
(5-enolpyruvylshikimate-3-phosphate synthase). The
other involves branched-chain amino acid catabolism
in mitochondria: At3g06850 (branched-chain keto-acid
dehydrogenase) and At3g06860 (enoyl-CoA hydratase).

Because the success of these initial strategies for
identifying clusters of interest is dependent on correct
annotation of gene function, we pursued a third ap-
proach by looking for Arabidopsis orthologs of clus-
tered yeast genes with related metabolic functions. A
recent study by Hall and Dietrich (2007) identified 14
examples of such clusters in the sequenced genome of

yeast. BLASTP (Altschul et al., 1997) analyses and Kyoto
Encyclopedia of Genes and Genomes database (Ogata
et al., 1999) searches failed to identify any definitive
clusters of putative orthologs in Arabidopsis. We there-
fore conclude that with respect to the regulation of
metabolic pathways, the BIO3-BIO1 locus described
here provides an interesting and atypical example of
gene organization and function in plants.

DISCUSSION

Gene Clusters with Related Metabolic Functions

Clusters of genes with related metabolic functions
are a defining feature of prokaryotic genomes. Eukary-
otic orthologs of these genes, in contrast, tend to be
dispersed throughout the genome and do not typically
produce a polycistronic transcript. A significant num-
ber of eukaryotic operons have been described over the
years (Blumenthal, 2004), particularly in Caenorhabditis
elegans, but most of these are not involved in basic
metabolism. Even in yeast, there are few known exam-
ples of gene clusters that produce enzymes with related
metabolic functions (Hall and Dietrich, 2007). The locus
described here provides an interesting example in
Arabidopsis of two adjacent genes involved in sequen-
tial reactions of the same pathway that produce a
combination of separate and chimeric transcripts. This
locus does not appear to be an evolutionary remnant of
a prokaryotic operon. Instead, it defines a genomic
region in Arabidopsis that represents both a single gene
for a bifunctional enzyme and two adjacent genes that
produce multiple, distinct types of transcripts.

There are numerous examples of adjacent genes
in Arabidopsis that produce a chimeric transcript
(Thimmapuram et al., 2005). These transcripts can be
either monocistronic, encoding a single bifunctional

Figure 8. Summary of expression data for BIO genes of Arabidopsis.
Results of microarray experiments were obtained from https://www.
genevestigator.ethz.ch. BIO3 expression levels are low in all tissues
examined.

Figure 9. Semiquantitative RT-PCR evidence of BIO1 and BIO3 single
gene transcripts in extracts from wild-type plants. BIO1 forward primers
were located either in the predicted 5#-UTR for the long transcript
(lanes 1 and 2) or short transcript (lanes 4 and 5) or upstream (U) of the
5#-UTR for the short transcript (lane 3), but in all cases within an intron
for the BIO3-BIO1 transcript. The BIO3 reverse primer was located in
the predicted 3#-UTR for the long transcript but in an intron for the
BIO3-BIO1 transcript. The lower band in lanes 6 and 7 was confirmed
by sequencing to be the expected product. This band is less abundant
than the BIO1 (long) product (lanes 1 and 2) when gels are run under
equivalent conditions. The top band in lanes 6 and 7 represents
contaminating genomic DNA. Plant extracts were prepared from leaves
(lanes 1–6) and flowers (lane 7).
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protein, or bicistronic, encoding two distinct polypep-
tides. Transcripts limited to individual genes can also
be produced from these loci. The BIO3-BIO1 region is
not part of the original list of 60 loci characterized by
Thimmapuram et al. (2005) because the corresponding
full-length cDNAs were not yet deposited in GenBank.
The distinctive feature of the BIO3-BIO1 locus is the
involvement of both gene products in the same met-
abolic pathway. The updated survey described here
failed to identify additional examples of adjacent
genes, based on current genome annotation, that pro-
duce a chimeric transcript for related but distinct
enzymes. Even the broader search for adjacent genes
involved in the same metabolic pathway, but not
necessarily transcribed as a unit, identified only two
new candidates. One of these clusters (At1g48850 and
At1g48860), involved in aromatic amino acid biosyn-
thesis, is of special interest because At1g48850 is re-
quired for embryo development (EMB1144; www.
seedgenes.org) and At1g48860 (5-enolpyruvylshikimate-
3-phosphate synthase) represents the well-characterized
target for glyphosate herbicides. Orthologs of these
two genes (aroA and aroC) are dispersed in the E. coli
chromosome, whereas in Saccharomyces and Neuros-
pora they constitute part of a complex (arom) locus that
encodes a large, pentafunctional polypeptide (Duncan
and Coggins, 1986). The second cluster of Arabidopsis
genes (At3g06850 and At3g06860), involved in the
metabolism of branched-chain amino acids, is more
difficult to analyze from a comparative perspective
because a definitive ortholog of At3g06860 (enoyl-CoA
hydratase) remains to be identified in fungi and bac-
teria. The general conclusion, however, is that the
Arabidopsis genome contains few examples of adja-
cent genes with sequential roles in metabolism.

Bifunctional Enzymes in Arabidopsis

At least 19 examples of bifunctional enzymes asso-
ciated with cellular metabolism have been identified in
Arabidopsis (Moore, 2004). In each case, a single gene
product catalyzes more than one reaction in a common
pathway. Six of these enzymes are involved with amino
acid metabolism, six with lipid and carbohydrate
metabolism, and the remainder with miscellaneous
biochemical pathways. Some of these enzymes have
well-characterized, bifunctional counterparts in lower
eukaryotes. Two factors argue against the simple in-
terpretation that BIO3-BIO1 should be viewed as an-
other bifunctional plant protein that was incorrectly
annotated in the Arabidopsis genome and previously
escaped detection in biochemical studies. First, the
predominant full-length transcript from this locus is
bicistronic and encodes separate BIO3 and BIO1 pro-
teins, not the bifunctional protein. Furthermore, single
gene transcripts can also be produced, although the
BIO1 transcript does not appear to encode a functional
protein. Some bifunctional Arabidopsis proteins, how-
ever, are also encoded by complex loci that produce
more than one type of transcript. One intriguing ex-

ample with notable similarities to the case described
here is the bifunctional Lys ketoglutarate reductase-
saccharopine dehydrogenase enzyme that catalyzes
the initial reactions in Lys degradation. In some plants,
including Arabidopsis, this enzyme is encoded by a
complex locus with an internal promoter that allows
expression of the monofunctional (downstream) sac-
charopine dehydrogenase, as well as internal poly-
adenylation sites that result is the production of
monofunctional (upstream) Lys ketoglutarate reduc-
tase (Tang et al., 2002).

Origin of the BIO3-BIO1 Bifunctional Protein

Although the presence of adjacent genes oriented in
the same direction and associated with a single meta-
bolic pathway is reminiscent of gene organization in
bacterial operons, the probable origin of the BIO3-BIO1
locus of Arabidopsis is a gene fusion event that occurred
early in the evolution of eukaryotes. This conclusion is
supported by evidence of a bifunctional protein from
whole-genome sequencing of O. tauri, a basal member
of the green alga lineage that gave rise to land plants
(Derelle et al., 2006) and Cyanidioschyzon merolae, a prim-
itive red alga (Matsuzaki et al., 2004) used for compar-
ative studies of plant evolution (Misumi et al., 2005), and
from extensive sequence data derived from a wide
range of basidiomycetes and filamentous fungi. Hall
and Dietrich (2007) propose that much of the biotin
pathway was lost in fungal ancestors of Saccharomyces
and Candida, and that BIO3 and BIO1 orthologs were
reacquired through separate, horizontal gene transfer
from an unspecified prokaryotic donor. The ability to
produce a bicistronic transcript and separate gene prod-
ucts through differential splicing appears to have
been a more recent event because it is limited, based on
available sequence data, to selected angiosperms, in-
cluding Arabidopsis, Brassica, and rice. Two examples of
adjacent Arabidopsis genes with related functions in
amino acid metabolism identified here are different in
that rice orthologs of these genes are not physically
adjacent. We are therefore unable to point to a single
example of adjacent genes with related but distinct
metabolic functions in Arabidopsis that remain adja-
cent in unrelated angiosperms but do not produce a
chimeric transcript or encode a fusion protein.

Implications for Biotin Biosynthesis in Plants

The intracellular localization of intermediate reac-
tions in biotin synthesis in plants has remained unre-
solved despite the demonstration that the first reaction
catalyzed by KAPA synthase occurs in the cytosol and
the final reaction involving biotin synthase occurs in
mitochondria (Rébeillé et al., 2007). Results presented
here provide strong evidence that both of the inter-
mediate steps catalyzed by the bifunctional BIO3-BIO1
protein and the monofunctional BIO3 protein also take
place in mitochondria. This underscores the central
role that mitochondria serve in the biosynthesis of
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vitamin coenzymes (Rébeillé et al., 2007). The mem-
brane transport system that delivers KAPA into the
mitochondrion of plant cells remains to be identified.
The proteins involved may be difficult to identify
through sequence homology because of differences in
the compartmentalization of the biotin biosynthetic
pathway in plants and microorganisms. The ability of
a single plant protein to convert KAPA into DAPA and
then DTB raises interesting questions about enzyme
mechanics that remain to be addressed. Improved
catalytic efficiency of the bifunctional enzyme may be
advantageous in light of the trace amounts of inter-
mediates available. The presence of a bifunctional
enzyme also has implications for ongoing efforts to
design herbicides that interfere with biotin production
(Ashkenazi et al., 2007) and with biotechnological
strategies to increase biotin levels in crop plants.

Another issue that needs to be reconciled is the abil-
ity of an E. coli bioA transgene to rescue the phenotype
of the Arabidopsis bio1-1 point mutant (Patton et al.,
1996). Because the bacterial protein introduced into
mutant plants did not include a mitochondrial local-
ization signal, the enzymatic conversion of KAPA to
DAPA probably took place in the cytosol, with the
product transported into mitochondria. BIO3 activity
in this case must have been provided either by a de-
fective fusion protein altered only at a site associated
with BIO1 activity, or by small amounts of monofunc-
tional BIO3 protein. The incomplete rescue observed
in these experiments, despite high levels of transgene
expression, is consistent with inefficient reaction and
transport mechanisms related to aberrant localization
of biotin intermediates.

The presence of a bifunctional BIO3-BIO1 protein in
cell extracts from Arabidopsis plants remains to be
definitively established. Based on the low transcript
levels detected in multiple microarray and RT-PCR
experiments, and the small amounts of biotin pro-
duced in plant cells, this may be a challenging task.
Indeed, our initial efforts to generate and utilize anti-
bodies against purified Arabidopsis BIO3 and BIO1
proteins produced in E. coli have not been successful.
These Arabidopsis proteins have also not been iden-
tified in a broad survey of the plant mitochondrial
proteome (Heazlewood and Millar, 2005). Detailed bio-
chemical studies on the enzymatic production of DAPA
and DTB in plants may therefore need to focus initially
on protein generated in E. coli rather than isolated
from plant extracts. The work presented here provides
an important framework for a variety of future studies
on the BIO3-BIO1 protein of Arabidopsis, the regula-
tion of biotin synthesis in plants, and the role of mito-
chondria in plant growth and development.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

All three bio1 alleles (Columbia ecotype) and the bio3-3 insertion line

(Columbia ecotype) from the Salk Institute (Alonso et al., 2003) can be ob-

tained through the Arabidopsis Biological Resource Center at Ohio State

University. We used internal seed stocks for the bio1-1 EMS allele identified in

the Meinke laboratory (Schneider et al., 1989) and the bio1-2 and bio1-3

insertion lines generated at Syngenta (McElver et al., 2001). The Syngenta lines

are distinct from the SAIL population (Sessions et al., 2002) designed for

reverse genetics. The bio3-1 and bio3-2 mutants (No-0 ecotype) were obtained

from the RIKEN Bioresource Center in Japan. Plants at Oklahoma State Uni-

versity were grown in a soil mixture and placed in a growth room (24�C 6

2�C) under fluorescent lights (16-h light/8-h dark cycles) as described by

Berg et al. (2005). At Iowa State University, seeds were first germinated on

Murashige and Skoog agar medium (Invitrogen) containing 0.1% Suc. Seed-

lings were then transferred to LC1 Sunshine Mix soil (Sun Gro Horticulture)

and grown to maturity under continuous illumination (170 mmol m22 s21) at

22�C. Heterozygous plants were identified by screening siliques for the

presence of aborted seeds. Allelism tests were performed by crossing two

heterozygotes and screening immature F1 siliques for the presence of aborted

seeds. Detailed information on the methods used to characterize mutant seeds

is presented in the tutorial section at www.seedgenes.org.

PCR Genotyping of Plants

Gene-specific primers for each mutant were designed using the SIGnAL

iSect Primer Design program at http://signal.salk.edu and were purchased

from IDT. Primers for the left T-DNA border in Salk and Syngenta lines and

the Ds border in the RIKEN lines were used in combination with the ap-

propriate gene-specific primers to detect and confirm insertions. A complete

list of primers used is presented in Supplemental Table S1. Genomic DNA was

isolated in the Meinke lab using a modified cetyl-trimethyl-ammonium

bromide protocol (Lukowitz et al., 2000) and in the Nikolau lab using an SDS-

phenol-chloroform extraction protocol. Two different PCR parameters were

used: 94�C for 2 min, followed by 30 cycles of 94�C for 30 s, 56�C for 40 s, 72�C

for 80 s, and a final elongation step of 72�C for 10 min (Meinke); and 96�C for

10 min followed by 35 cycles at 94�C for 15 s, 65�C for 30 s, and then at 72�C for

4 min for final extension (Nikolau). Reactions were performed with a Biometra

Uno II (Meinke) or an MJ Research (Nikolau) thermocycler. Amplified prod-

ucts were separated in 1.0% agarose gels, stained with ethidium bromide, gel

purified (Qiagen), and sequenced at the Oklahoma State University Recom-

binant DNA/Protein Resource Facility or the DNA Facility at Iowa State

University to confirm insert locations.

Biotin Rescue Experiments

Biotin rescue of mutant seeds in heterozygous plants grown in soil was

accomplished by daily watering of plants (20–40 mL/pot) with a solution of

fertilizer (Berg et al., 2005) supplemented with 1 mM biotin. The solution was

refrigerated between applications to limit microbial contamination. Hetero-

zygous plants chosen for treatment were first identified by screening imma-

ture siliques for aborted seeds and then trimmed to remove excess branches

and stems before supplementation began. Embryo rescue experiments were

performed under aseptic conditions (Schneider et al., 1989) on plates contain-

ing Murashige and Skoog salts, 3% (w/v) Glc, 0.8% (w/v) agar, 0.1 mg/L

1-naphthylacetic acid, and 1.0 mg/L 6-benzylaminopurine. Two different

sources of DAPA were used. The first (adjusted to 2 mM final concentration in

the culture medium) was derived from an ethanol stock prepared 15 years

ago (Shellhammer, 1991) using a powdered sample of DAPA provided by

Nicholas Shaw and stored since that time at 220�C. The second sample (1 mM

final concentration) also originated from the Shaw laboratory, but was

provided in 2005 by Peter Roach (University of Southampton) in powdered

form and then dissolved (8.0 mg in 10 mL 50% ethanol) to form a concentrated

stock. Both sources of DAPA gave similar responses in culture. D,L-desthiobiotin

(2 mM final concentration) and d-biotin (1 mM final concentration) were both

obtained from Sigma Chemical Company.

Sequencing of the bio1-1 Mutant Allele

Genomic DNA was isolated from leaf tissue of plants homozygous for the

bio1-1 allele and grown in the presence of 1 mM biotin. Using a set of primers

that spanned the At5g57590 gene, PCR was used to generate a series of over-

lapping amplicons that were directly sequenced and compared to the wild-

type Arabidopsis (Arabidopsis thaliana) genome (TAIR 7.0). Any polymorphisms
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identified between the sequences derived from bio1-1 plants and the pub-

lished genomic sequences were confirmed by PCR amplifying the homolo-

gous DNA fragment from wild-type Columbia plants.

RT-PCR Analysis of Transcript Diversity

Cauline leaves, young flowers, and siliques with embryos up to the tran-

sition stage were harvested from plants grown in soil, flash frozen in liquid

nitrogen, and stored at 280�C without thawing until RNA extraction. Frozen

tissue (0.1 g) was homogenized in liquid nitrogen. Total RNA was prepared

from powdered tissues using the RNeasy plant mini kit (Qiagen), treated

with RNase-free DNase I (TaKaRa Bio), quantified with a Shimadzu UV-160

spectrophotometer, and visualized on a 1.0% formaldehyde agarose gel. For

the two-step RT-PCR reaction, 5 mg total RNA was reverse transcribed using

the SuperScript first-strand synthesis system (Invitrogen). A 1-mL aliquot of

reverse transcribed reaction was then used as a template for the second-step

PCR with REDTaq DNA polymerase (Sigma-Aldrich). Flower cDNA was used

as a template to amplify separate BIO3 and BIO1 transcripts. Leaf, flower, and

silique cDNAs were used to amplify (210) and (110) chimeric transcripts.

Reactions were performed with a Biometra Uno II thermocycler. Primers are

listed in Supplemental Table S1. PCR parameters were: 94�C for 1 min,

followed by 30 cycles of 94�C for 1 min, 55�C for 1 min, 72�C for 2 min, and a

final elongation step at 72�C for 10 min. Amplified products from (210)

transcripts (112 bp) and (110) transcripts (122 bp) were separated using a

high-resolution 4% MetaPhor (Cambrex Bio Science) agarose gel.

5#- and 3#-RACE Experiments

Initial 5#-RACE experiments designed to identify the full-length mRNA

sequence that corresponded to ESTclone RZ128g09R were conducted with the

Invitrogen 5#-RACE system. The 5# and 3# ends of the BIO3-BIO1 mRNA were

authenticated with an RNA ligase-mediated rapid amplification method

(Maruyama and Sugano, 1994) using the GeneRacer kit (Invitrogen).

Complementation of Bacterial Biotin Auxotrophs

Escherichia coli strains carrying mutations in biotin biosynthetic genes were

obtained from the Keio collection of single gene knockouts (http://ecoli.aist-

nara.ac.jp/gb6/Resources/deletion/deletion.html), which replaced each cod-

ing region with a kanamycin resistance gene (Baba et al., 2006). Four different

strains were used in these studies: BW25113 (wild-type parental strain),

JW0761 (bioD knockout), JW0757 (bioA knockout), and JW5264 (ynfK knock-

out). Mutant strains were confirmed by their ability to grow on kanamycin

and by sequencing of PCR products that amplified the mutant allele. Strains

were first lysogenized with l(DE3) to introduce the required T7 RNA poly-

merase and then transformed with pDEST17-derivative plasmids that carried

either the BIO3-BIO1 (110) or (210) cDNA versions. These plasmids were

constructed using PCR products corresponding to full-length Arabidopsis

transcripts that were amplified using forward (5#-CACCATGATACCCG-

TAACCGC-3#) and reverse (5#-AGCTGGAGAGAGAGTTTTGGGT-3#) primers

spanning the entire BIO1-BIO3 locus and then cloned in pENTR vector

(Invitrogen). The (110) and (210) splice variants were identified by sequenc-

ing. Constructs were then moved from pENTR to pDEST17 using Gateway

Technology as recommended by the manufacturer. E. coli strains were grown

in isopropylthio-b-galactoside (0.1 mM) and kanamycin containing solid or

liquid (M9 Glc) medium that were either depleted of biotin by the addition of

50 mg mL21 of avidin (basal medium) or supplemented with 1 mM biotin.

Sequence Alignments and Genome Analyses

BLASTP and TBLASTN searches of GenBank datasets were performed

using default settings at the National Center for Biotechnology Information

(www.ncbi.nlm.nih.gov). Sequences were aligned using the MultAlin pro-

gram (http://bioinfo.genopole-toulouse.prd.fr/multalin/multalin.html) as

described by Corpet (1988). Potential coding regions were identified with

ORF finder at the National Center for Biotechnology Information. Putative

orthologs of selected Arabidopsis genes were identified using the Kyoto

Encyclopedia of Genes and Genomes (www.genome.ad.jp/en/gn_kegg.html)

database. The AraCyc dataset (Zhang et al., 2005) of metabolic pathways in

Arabidopsis was used to search for adjacent genes with related functions. Two

different AraCyc datasets were downloaded in February and July, 2007, from

TAIR 7.0 (www.arabidopsis.org): aracyc_dump_20070213 and aracyc_dump_

20070703. These datasets were then analyzed using a computer program that

we developed to first read into memory the AraCyc pathway designation for

each gene and then scan down the ordered list of Arabidopsis Genome

Initiative locus identifiers to look for instances where sequential genes shared

the same pathway designation. The output was compared with the original

list of complex loci obtained from Thimmapuram et al. (2005), with an up-

dated list of such loci provided by David Swarbeck at TAIR, and with detailed

AraCyc assignments of Arabidopsis genes to specific metabolic reactions.

Sequence data from this article can be found in the GenBank/EMBL data

libraries under accession numbers EU089963 and EU090805.

Supplemental Data

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

Supplemental Figure S1. Region of the Arabidopsis genome that includes

the entire BIO3-BIO1 locus (At5g57600/At5g57590) and part of the

downstream gene (At5g57580).

Supplemental Figure S2. Sequence alignments between four different

full-length cDNAs from the BIO3-BIO1 locus: Nikolau (210; GenBank

EU089963, monocistronic); Nikolau (110; GenBank EU090805, bicis-

tronic); RIKEN (110; RAFL22-07-J07, bicistronic); and French (110;

BX842298, bicistronic).

Supplemental Table S1. Primers for RT-PCR and genotype analyses.
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