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Abstract Sequencing of the onion (Allium cepa) genome
is challenging because it has one of the largest nuclear
genomes among cultivated plants. We undertook pilot
sequencing of onion genomic DNA to estimate gene densi-
ties and investigate the nature and distribution of repetitive
DNAs. Complete sequences from two onion BACs were
AT rich (64.8%) and revealed long tracts of degenerated
retroviral elements and transposons, similar to other larger
plant genomes. Random BACs were end sequenced and
only 3 of 460 ends showed signiWcant (e < ¡25) non-
organellar hits to the protein databases. The BAC-end
sequences were AT rich (63.4%), similar to the completely
sequenced BACs. A total of 499,997 bp of onion genomic
DNA yielded an estimated mean density of one gene per
168 kb, among the lowest reported to date. Methyl Wltration

was highly eVective relative to random shotgun reads in
reducing frequencies of anonymous sequences from 82 to
55% and increasing non-organellar protein hits from 4 to
42%. Our results revealed no evidence for gene-dense
regions and indicated that sequencing of methyl-Wltered
genomic fragments should be an eYcient approach to
reveal genic sequences in the onion genome.

Keywords Bacterial artiWcial chromosome · 
Reduced representation · Retrovirus · Transposon

Introduction

Onion (Allium cepa L.) is a diploid (2n = 2x = 16) plant and
possesses one of the largest nuclear genomes among all cul-
tivated species with over 16 gigabasepairs of DNA per 1C,
similar to that of hexaploid wheat (Triticum aestivum) and
six times bigger than maize (Zea mays) (Arumuganathan
and Earle 1991). The enormous genome of onion has
slowed the development of genomic resources for this eco-
nomically and phylogenetically important plant. In addition
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to its huge size, the nuclear genome of onion possesses
other distinguishing characteristics, including a unique GC-
rich telomeric repeat (Adams et al. 2001, Fajkus et al. 2005)
and GC content (32%) among the lowest known for angio-
sperms (Kirk et al. 1970). Codon biases and GC content of
onion ESTs were more similar to Arabidopsis thaliana and
the eudicots than to the grasses (Kuhl et al. 2004). Reassoci-
ation kinetics (Cot) of onion DNA have revealed a signiW-
cant component of middle-repetitive sequences occurring in
short-period interspersions among low-copy regions (Stack
and Comings 1979). This structure of the onion DNA was
supported by FISH analyses of random bacterial artiWcial
chromosomes (BACs). An onion BAC library of 48,000
clones (0.3£ coverage of the onion nuclear genome) has
been synthesized and FISH analysis of random BACs
revealed that 80% carried common repetitive DNAs and
hybridized to entire chromosomes, 15% hybridized to cen-
tromeric or telomeric regions, and only 5% of BACs
hybridized to speciWc regions on chromosomes (Suzuki
et al. 2001). These results indicate that much of the onion
genome is likely composed of many repetitive elements. In
order to determine eYcient approaches for sequencing of
onion, we completed sequence analyses of onion BACs and
BAC ends to estimate gene density and reveal types of
repetitive elements. We also assessed the eYcacy of methyl
Wltration to increase the proportion of genic hits after shot-
gun sequencing.

Materials and methods

Onion BAC and BAC-end sequencing

Onion BACs from a 0.3£-coverage library synthesized
from the cultivar ‘Cheonjudaego’ (Suzuki et al. 2001) were
randomly selected, isolated from overnight cultures using a
minipreparation (Marra et al. 1997), and end sequenced
using 10 pmol of primer and an initial denaturation of 95°C
for 5 min., followed by 50 cycles of 95°C for 30 s, 50°C for
20 s, and 60°C for 4 min. For comparisons with other
plants, ten random samples of BAC-end sequences were
randomly chosen from datasets of Arabidopsis thaliana
(47,788 bp from http://www.tigr.org/tdb/at/atgenome/bac_
end_search/bac_end_search.html.ld), Zea mays (370,117 bp
from Genbank), Medicago truncatula (177,786 bp from
Genbank), Oryza sativa (127,459 bp from ftp://ftp.genome.
clemson.edu/pub), and Sorghum bicolor (17,283 bp from
ftp://ftp.genome.arizona.edu/pub), and were compared to
the random onion BAC-end sequences. The onion BAC
ends were used in BLASTX comparisons with the Non-
Redundant Protein Database at TIGR using a minimum
threshold of e < ¡25. Any BAC ends containing a top pro-
tein hit similar retro- or DNA-transposons were removed. A

second round of Wltering was carried out using BLASTN
against the TIGR Plant Repeat Database using a e < ¡5
threshold.

We screened DNA pools (Suzuki et al. 2002) from the
onion BAC library using oligonucleotide primers from
onion cDNAs and isolated one BAC (1G-12-89) carrying a
region similar to sulWte reductase (McCallum et al. 2002).
A second onion BAC (S1-D12) was sequenced that showed
discrete FISH signals to onion chromosomes (Fig. 2c of
Suzuki et al. 2001)]. BAC 1G-12-89 was nick translated
and hybridized as previously described (Bark and Havey
1995) to EcoRI digests of DNAs of bunching onion (A. Wst-
ulosum), chive (A. schoenoprasum), Chinese chive (A.
tuberosum), garlic (A. sativum), and onion (A. cepa). The
two onion BACs were sequenced to GenBank HTGS phase
2 quality sequence so that the structure, relative orientation,
and position of all genes in the contig were revealed. Ran-
dom small (2–3 kb) and large (10–12 kb) insert libraries
were constructed from hydrodynamically sheared, size-
selected DNA in a medium copy vector. These libraries
were sequenced at »3:1 ratio (small:large) up to a total
sequence coverage of at least 8x using 1/32 volume Big
Dye reactions in 384-well format and analyzed on ABI
3730xl sequencers. Base-calling was performed by Paracel
TraceTuner, speciWcally trained for machine type and poly-
mer. Sequence quality trimming and elimination of vector
and E. coli sequences were conducted using in-house soft-
ware (Chou and Holmes 2001). Sequences were assembled
using TIGR assembler and the assemblies were ordered and
oriented with respect to one another using Bambus software
(Pop et al. 2004). Assembled sequences were submitted to
the HTGS Division of GenBank. Individual shotgun reads
and contigs of assembled sequences were compared using
nucleotide and translated searches with the databases to
search for genic-like regions. Similarities among repetitive
sequences on the onion BACs were revealed using online
versions of PipMaker and MultiPipmaker (Schwartz et al.
2000) after masking with RepeatMasker (Smit et al. 1996)
using the PANICOID/RICE repeats. Basic program param-
eters were used in all analyses.

Methyl Wltration and sequencing of onion DNA

DNA was isolated by CsCl-banding (Bark and Havey
1995) from etiolated seedlings of the onion double haploid
(DH) 15197 (gift of Seminis Seed Company, Woodland
CA). DNA was sheared by nebulization, the 1 to 2 kb frac-
tion was size-selected, end polished, ligated with BstXI
adapters and cloned into the BstXI site of TIGR vector
pHOS2 (a pBR322 derivative). Clones were propagated in
E. coli DH10B to recover all sequences and in E. coli
DH5alpha for methyl Wltration. Sequencing was carried out
as described above.
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Results

Sequence characteristics of onion BACs and BAC ends

Onion BAC-end sequencing yielded 460 unique sequences
(Genbank accessions ET222737 to ET223030) from 316
BACs totaling 297,703 bp with an average AT content of
63.4%. These end sequences were searched against the
non-redundant protein database at TIGR and 5% (16
sequences covering 16,144 bp) showed signiWcant similari-
ties (e < ¡25) to the protein or EST databases and 54%
(250 of 460 ends) to retroelements or transposons at
e < ¡6. Of the 16 BAC-end sequences with high-quality
matches to the protein database, 13 ends from 10 BACs
were highly similar to parts of organellar genes, yielding an
estimate of 3.2% organellar BACs in the onion library.
Three ends from three diVerent BACs were putative nuclear
genes (glutamine synthase, subtilase, and hypothetical pro-
tein AT2g13670) that gave high-quality alignments of open
reading frames with well-deWned exon boundaries, suggest-
ing that they are parts of intact genes rather than degener-
ated pseudogenes. None of three putative nuclear genes was
present in the onion gene index at TIGR (August 2007),
although a paralog of glutamine synthase was present. We
generated 10 random samples of 460 BAC-end sequences
from A. thaliana, rice, M. truncatula, sorghum, and maize
and revealed higher numbers of hits to protein databases

(141.7 § 6.2, 84.0 § 7.6, 69.2 § 7.9, 39.2 § 7.2, and
24.5 § 5.2, respectively) which closely paralleled diVer-
ences in genome sizes (Fig. 1). Analyses of BAC-end
sequences revealed high frequencies (>50%) of transpos-
able elements, consistent with large genome sizes in other
plants (SanMiguel et al. 1996).

We used onion cDNAs to screen a 0.3£-coverage BAC
library of onion and identiWed one BAC (1G-12-89) carry-
ing sequences similar to sulWte reductase (onion EST ACA-
AJ79). This BAC was 108,232 bp in size, 65.8% AT, and
contained no intact genes (Table 1). The region between
49.5 and 53.7 kb carried several degenerated exons with
similarity to the target sulWte reductase and the region
between 54.9 and 60.1 had similarity to a MYB-related
DNA-binding protein. The degrees of similarity between
the genomic and EST sequences for sulWte reductase were
low, indicating that this genomic region did not produce
onion EST ACAAJ79. Over 50% of onion BAC 1G-12-89
showed similarities to transposon-like sequences (Fig. 2a).
Hybridization of the entire 1G-12-89 BAC to a gel blot car-
rying DNA from various Alliums revealed the strongest
cross-hybridizing repetitive DNAs in onion and bunching
onion (Fig. 3), both members of Allium section Cepa
(Hanelt 1990; Havey 1992; Raamsdonk et al. 1992).

Onion BAC S1-D12 showed discrete FISH signals at the
ends of two onion chromosomes (Fig. 2c in Suzuki et al.
2001) and was selected for sequencing to determine if this
BAC was gene-rich or possessed fewer repetitive DNAs.
We produced two contigs (84,316 and 9,746 bp) from S1-
D12 totaling 94,062 bp, which showed no signiWcant hits to
any of the protein or EST databases. This BAC possessed
no genes and a plethora of AT-rich regions and short
regions similar to parts of retroviruses or transposons
(Fig. 2b). This result indicates that discrete FISH signals
are not necessarily indicative gene-rich regions.

Methyl Wltration of onion genomic DNA

Reduced representation sequencing using methyl-Wltered
libraries is an eVective tool to reduce the frequencies of
repetitive DNAs and increase the proportion of random
shot-gun reads showing signiWcant similarities to expressed
sequences (Rabinowicz et al. 1999; Palmer et al. 2003;
Whitelaw et al. 2003). We completed pilot sequencing from
whole genome shot-gun (WGS) and methyl-Wltered geno-
mic libraries created from a doubled-haploid population of
onion. Sequences from the WGS and methyl-Wltered librar-
ies had average phred 20 read lengths of 883 and 781 bases
yielding 95% and 88% sequencing eYciencies, respec-
tively. Out of 6,590 random unWltered sequences (Genbank
accessions ET642110 through ET648699), 14% matched
transposons and 2.6% matched other nuclear-encoded pro-
teins. Out of 2,712 methyl-Wltered sequences (Genbank

Fig. 1 Histogram showing mean number of signiWcant (e < ¡25) hits
to protein databases (left axis) for 460 unique onion BAC-end sequenc-
es and for an equal number of randomly selected BAC-end sequences
from Arabidopsis, rice, Medicago, sorghum, and maize. Lines show
standard deviations among samples. Dots show the increased size of
the onion nuclear genome relative to these plants (right axis)
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accessions ET639398 through ET642109), 3% matched
transposons and 42% were similar to other non-organellar
proteins. These results indicate that methyl Wltration of
onion DNA was very eVective in reducing the proportion of
both identiWable transposons (from 14 to 3%) and anony-

mous sequences (from 82 to 55%), and increasing non-
organellar protein hits (Fig. 4).

Discussion

Our sequence analyses of onion BACs revealed AT-rich
regions and low gene densities, as expected given enor-
mous genome of onion. In total, we produced 499,997 bp of
onion genomic sequence and identiWed only three puta-
tively nuclear-encoded genes, yielding an average gene
density of one per 168 kb. A similar low gene density was
previously reported for an onion BAC (GeneBank acces-
sion AB111058) that carried only the target alliinase gene
(Do et al. 2003). The average AT content of the BACs was
64.8%, comparable to the BAC ends (63.4%) and higher
than the mean of 55% for onion ESTs (Kuhl et al. 2004).
Multi-PIP analysis revealed that the two onion BACs
shared repetitive elements (Fig. 2). Over 50% of the onion
BAC sequences were similar to transposons, many of
which were degenerated. In the grasses, transposable ele-
ments contributed signiWcantly to genome-size increases;
approximately 14% of the rice genome (Jiang and Wessler

Table 1 Sequence characteris-
tics and estimated gene densities 
of onion bacterial artiWcial chro-
mosomes (BACs) and BAC ends

BAC Genbank accessions Sizes (bp) AT (%) Estimated 
gene density

Ends ET222737 to ET223030 
and ET437813 to ET437978

297,703 63.4 1 gene/99 kb

1G-12-89 DQ273270 108,232 65.8 1 gene/108 kb

S1-D12 DQ273272 94,062 63.8 No genes

Fig. 2 Percent identity plots (PIPs) showing similar (50–100%) repet-
itive DNAs across the Wrst 40 kilobases of BAC 1G-12-89 (a), BAC
S1-D12 (b), and between BACs 1G-12-89 and S1-D12 (c) of onion.

Below PIPs are regions (boxes) showing signiWcant (e < ¡6) similari-
ties to retroviral or transposon-like sequences and percent GC plots
(30–50%). Positions in kb are shown on scale at bottom

Fig. 3 Autoradiogram from hybridization of onion BAC 1G-12-89 to
DNA of bunching onion (A. Wstulosum), garlic (A. sativum), chive (A.
schoenoprasum), Chinese chive (A. tuberosum), and onion (A. cepa)
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2001), 50–60% of the maize (Meyers et al. 2001), and more
than 70% of the barley (Vicient et al. 1999) genomes are
comprised of retrotransposons. Our survey sequencing indi-
cates that the onion genome likely has low gene density,
carries a plethora of degenerated retroviral and transposable
elements, and may have experienced numerous increases of
transposable elements without elimination of more ancient
elements. These repetitive sequences were shared between
onion and closely related bunching onion, and showed
lower hybridization intensities to more distantly related
chive, garlic, and Chinese chive (Fig. 3) (Klaas 1998).
These results indicate that map-based cloning of onion
genes will likely be diYcult due to very low gene densities
and common repetitive elements. However, construction of
BAC contigs by Wngerprinting (Marra et al. 1997) may be
productive because tracts of unique sequences and degener-
ated transposable elements should yield unique restriction
patterns.

Reduced representation sequencing has been proposed
as a valid approach to increase the proportion of genic
sequences from shot-gun sequencing of large genomes
(Whitelaw et al. 2003). Methyl Wltration of onion DNA
reduced the numbers of anonymous (82–55%) and transpo-
son-like (14–3%) sequences, as well as increased non-
organellar protein hits over tenfold (Fig. 4). These reduc-
tions in transposon-like and anonymous sequences were
greater than those reported for methyl Wltration of maize
DNA (Rabinowicz et al. 1999; Palmer et al. 2003; White-
law et al. 2003). The relatively low frequencies of organel-
lar DNAs among the methyl-Wltered fragments indicate that
puriWcation of nuclei prior to cloning was successful in
reducing hypo-methylated organellar DNAs (McCullough
et al. 1992). Therefore, sequencing of methyl-Wltered geno-
mic clones should complement EST sequencing (Kuhl et al.
2004) as an eYcient approach to enrich for genic regions of
the onion genome.
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