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Abstract The Poales (includes the grasses) and
Asparagales [includes onion (Allium cepa L.) and
asparagus (Asparagus officinalis L.)] are the two most
economically important monocot orders. The Poales
are a member of the commelinoid monocots, a group
of orders sister to the Asparagales. Comparative geno-
mic analyses have revealed a high degree of synteny
among the grasses; however, it is not known if this synt-
eny extends to other major monocot groups such as the
Asparagales. Although we previously reported no evi-
dence for synteny at the recombinational level between
onion and rice, microsynteny may exist across shorter
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genomic regions in the grasses and Asparagales. We
sequenced nine asparagus BACs to reveal physically
linked genic-like sequences and determined their most
similar positions in the onion and rice genomes. Four
of the asparagus BACs were selected using molecular
markers tightly linked to the sex-determining M locus
on chromosome 5 of asparagus. These BACs possessed
only two putative coding regions and had long tracts of
degenerated retroviral elements and transposons. Five
asparagus BACs were selected after hybridization of
three onion cDNAs that mapped to three different
onion chromosomes. Genic-like sequences that were
physically linked on the cDNA-selected BACs or
genetically linked on the M-linked BACs showed sig-
nificant similarities (e < —20) to expressed sequences
on different rice chromosomes, revealing no evidence
for microsynteny between asparagus and rice across
these regions. Genic-like sequences that were linked in
asparagus were used to identify highly similar
(e < —20) expressed sequence tags (ESTs) of onion.
These onion ESTs mapped to different onion chromo-
somes and no relationship was observed between phys-
ical or genetic linkages in asparagus and genetic
linkages in onion. These results further indicate that
synteny among grass genomes does not extend to a sis-
ter order in the monocots and that asparagus may not
be an appropriate smaller genome model for plants in
the Asparagales with enormous nuclear genomes.

Introduction
The Commelinanae and Asparagales are sister groups

within the monocots (APG II 2003). The commelinoid
monocots include the orders Arecales (palms),
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Commelinales, Zingiberales (bananas and ginger), and
Poales (grasses). The grasses are the most economi-
cally significant monocots and include such important
plants as barley (Hordeum vulgare L.), maize (Zea
mays L.), rice (Oryza sativa L.), sorghum (Sorghum
bicolor L.), or wheat (Triticum aestivum L.). The order
Asparagales is the second most economically valuable
group of monocots and carries significant plants such as
aloe (Aloe vera L.), agave (Agave tequilana Web.),
asparagus (Asparagus officinalis L.), garlic (Allium sati-
vum L.), leek (Allium ampeloprasum L.), and onion
(Allium cepa L.), as well as ornamental amarylids,
irises, and orchids (Chase et al. 1995). Onion is the
most economically significant member of the Aspara-
gales and the second most valuable vegetable in the
world, following only tomato (FAO 2003). Sequencing
of chloroplast genes has revealed that the Alliaceae
(garlic and onion), Agavacaeae (agave and yucca), and
Asparagaceae (asparagus) are members of a monophy-
letic group within the Asparagales, termed the core
Asparagales (Chase et al. 2000).

In spite of their economic importance, few genomic
resources have been developed for the Asparagales
primarily due to their enormous nuclear genomes.
Onion is a diploid (2n = 2x = 16) with a genome size of
16,415 Mbp/1C, similar in size to that of hexaploid
wheat and 107, 36, and 6 times greater than Arabidop-
sis, rice, and maize, respectively (Arumuganathan and
Earle 1991). C.t reassociation kinetics revealed that
the onion genome consists of middle-repetitive
sequences occurring in short-period interspersions
among low-copy regions (Stack and Comings 1979).
Do et al. (2003) sequenced a 35-kb genomic region of
onion and revealed the target alliinase gene, one hypo-
thetical gene, and copious retroviruses and transpo-
sons. These results suggest that much of the onion
genome is composed of repetitive elements; however,
it is not known if gene-rich regions exist in the onion
genome similar to those in the grasses (Keller and
Feuillet 2000).

Asparagus is a diploid plant (2n = 2x = 20) with one
of the smallest nuclear genomes (1,308 Mbp/1C)
among all plants in the core Asparagales, over 12 times
smaller than onion and about half that of maize
(Arumuganathan and Earle 1991). Leitch et al. (2005)
observed that the Asparagaceae may have undergone a
significant reduction in genome size relative to other
families in the core Asparagales. Although European
Asparagus species have the same chromosome number
and twice the nuclear DNA as South African species
(Stajner et al. 2002), there is no evidence of a recent
genome doubling of European relative to South Afri-
can Asparagus species (Kuhl et al. 2005). As a result,
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the relatively small asparagus genome may be a useful
genomic model for plants in the core Asparagales with
enormous nuclear genomes, such as the Alliums.

Extensive genetic-linkage conservation (synteny)
among related species aids in the identification, map-
ping, and cloning of economically important qualita-
tive and quantitative trait loci (Paterson et al. 1996;
Maughan et al. 1996). Synteny among the cultivated
grasses is widely recognized (Binelli et al. 1992; Ahn
et al. 1993; Ahn and Tanksley 1993; Devos et al. 1994;
Dunford et al. 1995; Dubcovsky et al. 2001), although
exceptions exist at the recombinational and sequence
levels (Chen et al. 1997; Tikhonov et al. 1999; Tarchini
et al. 2000; Bennetzen 2000; Bennetzen and Rama-
krishna 2002; Ma and Bennetzen 2004). Genomic com-
parisons are necessary to establish if the grass genomes
are representative of other major monocots. We ana-
lyzed expressed regions in the asparagus, onion, and
rice genomes and revealed significant differences for
GC contents (Kuhl et al. 2004, 2005), as well as little to
no synteny on the recombinational level between
onion and rice (Martin et al. 2005). These results sug-
gest that the grass genomes (family Poaceae in order
Poales of the commeliniod monocots) may not be rep-
resentative of the Asparagales. In this study, we
selected and sequenced asparagus BACs to assess synt-
eny with onion and rice and to establish whether the
smaller genome of asparagus could serve as a model
for larger genome plants in the Asparagales.

Materials and methods

The BACs were selected by screening an asparagus
library (Jamsari etal. 2004) with P32-labeled onion
cDNAs (Bark etal. 1994) for sucrose transporter
(Genbank accession BE205593), a sulfite reductase
(AF403294), and AOB272 [(AA451592) which reveals
a restriction fragment length polymorphism (RFLP)
tightly linked to the Ms locus of onion (Gokce et al.
2002)]. These three cDNAs revealed simple hybridiza-
tion patterns in onion and mapped to onion chromo-
somes 5, 3, and 2, respectively (Martin et al. 2005). The
BAC library was also screened with molecular markers
tightly linked at 0.25 (Asp4-SP6, STS3156, and
STS4150.3) and 0.37 (EM3646) cM to the M locus on
asparagus chromosome 5 (Telgmann, unpublished),
which controls male versus female plants (Loptien
1979). BAC ends of positive clones were sequenced,
cloned, and hybridized to DNA-gel blots of asparagus
to identify low-copy regions, which were then used to
select adjacent BACs. Putative BAC contigs were con-
structed after fingerprinting using FPC (Soderlund
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et al. 2000). A total of nine asparagus BACs were
selected, corresponding to four different regions of the
asparagus genome.

The cDNA-selected BACs were sequenced to Gen-
Bank HTGS phase 2 quality sequence revealing struc-
ture, relative orientation, and position of all genes on
the BACs. Random small (2-3kb) and large (10-
12 kb) insert libraries were constructed from hydrody-
namically sheared, size-selected BAC DNA in a
medium copy vector. These libraries were sequenced
up to a total coverage of at least §x. Base calling of the
cDNA-selected BACs was performed by Paracel
TraceTuner and sequence quality trimming and elimi-
nation of vector and E. coli sequences were conducted
using TIGR software (Chou and Holmes 2001).
Sequences were assembled, ordered, and oriented
using Bambus software (Pop et al. 2004). The M-linked
BACs were sequenced after shearing and subcloning
into a high-copy plasmid vector. For each BAC, 182
subclones with an average insert size of 1.1 kb were
sequenced in both directions to yield coverage between
2.6 and 4.0x, corresponding to GenBank HTGS phase
1 in which ordering and the orientation of the contigs
were not complete. Base calling, quality trimming, and
elimination of vector sequence was performed using
PHRED (Ewing et al. 1998; Ewing and Green 1998)
and contigs were assembled using the Staden Package
(Staden 1996). The GC contents of BAC sequences
were calculated and GC distributions revealed using
the Swaap program (Pride 2000) with a window size of
200 and step size of 100 bp. Repetitive DNAs among
the asparagus BACs were revealed using multi-percent
identity plots (PIP) masking against the PANICOID
database with repeat masker (Schwartz et al. 2003).

Asparagus BAC sequences were compared using
translated searches to identify similar sequences in the
EST and genomic databases at TIGR. Hypothetical
gene-like regions were identified when greater than
100 amino acids by Genemark.hmm using the Arabid-
opsis matrix, excluding all matches with even low simi-
larities to transposons or transposon-related
sequences, and were used to calculate the percentage
of putative genic-like regions on the asparagus BACs.
Hypothetical proteins greater than 100 amino acids
and having significant (e < —20) hits in the rice data-
bases were compared to their most similar positions in
the rice genome. E-values between asparagus genomic
DNA and the onion and rice ESTs were determined by
the Blast 2 sequences program available on the NCBI
site (Tatusova and Madden 1999). Copy numbers of
highly similar (e < —20) onion ESTs were estimated
after hybridizations (Bark etal. 1994) to DNA-gel
blots of onion doubled haploid (DH) populations

RNG3616, RNG4088, REG654, or REG652 (gift of
Seminis Seed Company, Woodland, CA, USA), singly
digested with at least three restriction enzymes. Onion
ESTs revealing 1-3 fragments on DH DNAs were
mapped in the BYG15-23 x AC43 mapping popula-
tion (King etal. 1998). ACAEV16 (GeneBank
CF452679) and ACAHWS5 (GeneBank CF446239)
were mapped as RFLPs using EcoRI and HindlIll,
respectively. ACADN70 (GeneBank CF451233) was
amplified as 1,042-bp fragment from AC43 and
BYG15-23 using nested primers TGAGTATCCCTT
TGCTTTCATGT (external forward), GGACTGAA
ATCCCACCAATATG (external reverse), CTTGTG
GTGGCTATTTGCTTACT (nested forward), and
AGCTTTGTTTTCTGCACCAACT (nested reverse)
and was mapped as an A/T single nucleotide polymor-
phism (SNP) at position 249. ACAER17 (GeneBank
CF452530) was amplified using nested primers
[GGACCCACAATGGGAGCTT (external forward,
CCCAAACACCTCATGAAACC (external reverse),
GACGAAGCCCTAGGTTGCT (nested forward),
and CCAACATCAAGAACAGCATCA (nested
reverse)] and mapped by scoring a 4-bp indel. The
PCR conditions were optimized as previously
described (Martin et al. 2005). Mapping of all polymor-
phisms was completed using Map Manager (Manly
et al. 2001).

Results
Sequencing of asparagus BACs

We selected asparagus BACs showing strong hybrid-
ization signals with independently inherited onion
cDNAs for sucrose transporter (BAC B4-L7-94),
sulfite reductase (BAC B2-A14-8), and AOB272
(overlapping BACs B1-K23-67, B6-A19-72, and C5-
01-101). We also selected four asparagus BACs carrying
markers flanking the M locus at 0.25 cM (Ki-55B1, Ko-
106C13, and Ko-31L4) and 0.37 (Ko-109H1) cM on
asparagus chromosome 5. Sequencing of these nine
BACs yielded 705,279 bp (Table 1) and revealed a
plethora of repetitive sequences showing significant
similarities to retroviruses such as Copia-Tyl and
Gypsy-Ty3-like elements (Fig.1). The average GC
content across all BACs was 39.8% (Fig. 1). Multi-PIP
analyses revealed similarities among repetitive
sequences on different asparagus BACs (Fig. 1), which
were primarily retroelements or AT-rich regions. We
observed only weak similarities among repetitive
sequences in the asparagus and rice genomes (data not
shown).
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Table 1 Sizes and Genbank accessions for bacterial artificial chromosomes (BACs) of asparagus with estimated percentage of putative

coding regions in asparagus and rice

Target gene?® Asparagus BACs Genbank accessions Size in basepairs Percent genic-like regions®
Asparagus Rice
AOB272 B1-K23-67 and DQ273273 213,317 16 24
B6-A19-72 C5-01-101 and DQ273275

Sucrose B4-1.4-94 DQ273271 112,052 16 25
transporter

Sulfite B2-A14-8 DQ273274 67,545 11 16
reductase

STS4150.3 Ki-55B1 AC183433 89,413 1 10

Asp4-SP6 Ko-106C13 AC183434 71,281 2 8

EM3646 Ko-109H1 AC183435 52,700 0 -

STS3156 Ko-31L4 AC183436 98,971 0 -

& Asp4-SP6, EM3646, STS4150.3, and STS3156 are genetic markers tightly linked to M locus on asparagus chromosome 5 (Jamsari et al.

2004; Telgmann unpublished)

b Percent genic-like regions across equally sized, putatively orthologous locations in the asparagus and rice genomes were estimated by
counting all hypothetical proteins greater than 100 amino acids with similarities of at least e—20 in databases. All matches to transposon-

like sequences were excluded

Physically linked sequences in asparagus show
no synteny in rice

We previously demonstrated that expressed regions in
the onion genome show no evidence for synteny on the
recombinational level with rice (Martin et al. 2005).
Because microsynteny may exist between the Aspara-
gales and grass genomes, we compared the physical
locations of highly similar sequences in asparagus and
rice. The cDNA-selected asparagus BACs had 33%
fewer genic-like regions than corresponding, similarly
sized locations in the rice genome (Table 1), which
would be expected given the larger asparagus genome.
Asparagus BAC B2-A14-8 was 67,545 bp in size and
carried coding regions with high similarities to the tar-
get sulfite reductase, a calcium-dependent kinase
(CDPK), and a MYB-related DNA-binding protein.
Comparisons with rice revealed that the most highly
similar region to sulfite reductase was on rice chromo-
some 5, and a sequence highly similar to CDPK was on
rice chromosome 2 (Table 2). The contig of BACs
B1-K23-67, B6-A19-72, and C5-O1-101 was 213,317 bp
in size and carried target sequences highly similar to an
Isp-4-like oligopeptide transporter protein (corre-
sponding to the onion cDNA AOB272 used for selec-
tion), a zinc transporter, and a eukaryotic initiation
factor 3E subunit; the corresponding most similar
regions in rice were located on chromosomes 3 and 7
(Table 2). The two highly similar regions on rice chro-
mosome 3 corresponding to the zinc transporter and
Isp4-like protein were separated by 14 megabases. We
also compared the positions in rice of physically linked
asparagus sequences of lower similarities (between
e—20 and the most significant hit) and observed no
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evidence for synteny among these regions (data not
shown). Asparagus BAC B4-L7-94 was 112,052 bp in
size (Table 1) and possessed only the target sucrose
transporter and no other putative coding regions as
defined by >100 amino acids with hits to databases
below e—20.

Sequencing of the four M-linked BACs generated
312,365 bp (Table 1). Asparagus BAC Ki-55B1 was
89,431 bp in size and carried two putative coding
regions with high similarities to one uncharacterized
protein in rice. BAC Ko-106C13 was 71,281 bp in size
and possessed a putative coding region similar to a
photosystem I protein. These regions cosegregate in
asparagus and showed significant similarities to
sequences on rice chromosomes 2 and 12 (Table 2). No
regions with significant similarities to rice genes were
found on asparagus BACs Ko-31L4 and Ko-109H1.
The M-linked BACs had fewer genic-like regions than
rice or the cDNA-selected BACs, and carried 31
regions with high similarities to retroelements or trans-
posons.

Genetic mapping in onion of physically linked
sequences on the asparagus BACs

Synteny may exist among plants within the monophy-
letic core Asparagales. We assessed synteny between
the smaller genome of asparagus and the enormous
genome of onion by genetic mapping of onion ESTs
showing highly significant (e < —20) similarities to
physically linked sequences on the asparagus BACs.
The asparagus BACs B1-K23-67 and B6-A19-72 car-
ried sequences highly similar to Isp4-like protein
(AOB272) that reveals a single-copy RFLP mapping to
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Fig. 1 a Multi-percent iden-
tity plots (multi-PIP) from 100
to 150 kb on the contig of
asparagus BACs B1-K23-67
and B6-A19-72 as compared
to the whole contig (1) and
individual BACs C5-0O1-101
(2), B4-L4-94 (3), B2-A14-8
(4), Ki-55B1 (5), Ko-106C13
(6), Ko-109H1 (7), or Ko-
31L4 (8). Positions in kilobas-
es are shown at bottom and se-
quence similarities from 50 to
100% are shown on right. Bars
above plots show CpG islands
(low gray and white bars rep-
resent >0.75 and 0.60, respec-
tively), simple repeats (clear
tall bars), and long terminal
repeats (pointed bars) (Sch-
wartz et al. 2003). b GC slid-
ing window analysis with a
window size of 200 and step
size of 100 bp for the genomic
region from 100 to 150 kb on
the asparagus BAC contig
B1-K23-67 and B6-A19-72.

¢ Graphical representation of
sequences from 100 to 150 kb
on BAC contig B1-K23-67
and B6-A19-72 with putative
annotations shown in red

(* designates retroviral or
transposon-like sequences)
and significant similarities to
onion ESTs shown in blue
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Table 2 Physically linked sequences on asparagus BACs and their corresponding most similar positions in the rice genome and genetic

map of onion

Asparagus Rice Onion
BAC? Putative gene Marker Chromosome 5’ Position Score EST Chromosome cMP
(bp)

DQ273273 Zinc transporter 0J1212_C05.1 3 16,975,302 e—73 ACADN70 5 54.9

DQ273273 Eukaryotic initiation 0s07g12110 7 6,765,633 e—73 ACAEV16 1 134.2
factor 3E subunit

DQ273273 Isp4-like protein OSJNBa0047E24.17 3 30,916,235 e—150 AOB272 2 98.0

DQ273274 Calcium-dependent 0Os02g58520 2 35,720,142 e—109 ACAHWSS 1 149.2
protein kinase

DQ273274 Sulfite reductase 0s05g42350 5 24,594,944 e—90 ACAAJ79 3 229.8

AC183433 Uncharacterized 0Os02g46150 2 28,143,483 e—40 ACAER17 8 71.7
protein family

AC183434 Photosystem I subunit 051223200 12 13,115,162 e—33 API56 6 ¢

XI chloroplast precursor

4 Genbank accession number for asparagus BACs
b Map positions described by Martin et al. (2005)

¢ Onion cDNA API56 was assigned to onion chromosome 6 by the former Native Plants, Inc., as described by King et al. (1998). We
were unable to map this cDNA because it was not polymorphic in the BYG15-23 and AC43 segregating family

the center of onion chromosome 2 (Gokce et al. 2002;
Martin et al. 2005). Annotation of these asparagus
BAC:s revealed physically linked sequences highly sim-
ilar to onion ESTs ACADN70 and ACAEV16 (Fig. 1,
Table 2). We established that these onion ESTs are low
copy in the onion genome by hybridizations to DNA-
gel blots carrying onion doubled-haploid DNAs
(Fig. 2). The three onion ESTs that showed high simi-
larities to physically linked sequences on asparagus
BAC contig B1-K23-67 and B6-A19-72 mapped to
onion chromosomes 1, 2, and 5 (Fig.3). Two onion
ESTs showing significant similarities to putative coding
regions on two M-linked BACs (Ki-55B1 and Ko-
106C13) were assigned to onion chromosomes 6 and 8
(Table 2). Overall, no genetic linkages were detected
in onion among ESTs highly similar to physically
linked sequences on the cDNA-selected BACs or
genetically linked sequences on the M-linked BACs
from asparagus (Table 2).

Discussion
Sequence characteristics of the asparagus genome

Sequencing of the cDNA-selected asparagus BACs
revealed putative coding regions showing significant
similarities to other plants. These regions were sur-
rounded by pockets of repetitive DN As, most of which
showed similarities to retroviral elements and transpo-
sons (Fig.1). This structure is similar to the maize
genome, in which isolated coding regions are flanked by
long stretches of retroelements and transposons (San-
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Fig. 2 Autoradiograms revealing low-copy numbers of onion ex-
pressed sequence tags (ESTs) ACAEV16 (top) and ACADN70
(bottom) after hybridization to doubled haploid onion DNAs
[RNG3616 (1) and REG652 (2)] digested with EcoRI (E1),
EcoRV (ES5), or HindIII (H3). These ESTs show highly signifi-
cant similarities to physically linked sequences on the B1-K23-67
and B6-A19-72 BAC contig

Miguel et al. 1996). Sequencing of the M-linked BACs
revealed that 312,365 bp carried only three putative
coding regions showing significant (e < —20) similarities
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Fig. 3 Onion expressed sequence tags (ESTs) AOB272,
ACAEV16, and ACADN70 are highly similar to physically
linked sequences on asparagus BAC contig B1-K23-67 and

in rice and gene densities on the M-linked BACs were
lower than the cDNA-selected BACs (Table 1). The
lower gene densities (Table 1) and plethora of repeti-
tive DNAs on the M-linked BACs are consistent with
high frequencies of repetitive elements in chromosome
regions carrying sex-determination loci. Dioecy in
plants is conditioned by homomorphic [papaya (Carica
papaya)] or heteromorphic sex chromosomes [Silene
latifolia, sorrel (Rumex acetosa), and hemp (Cannabis
sativa)]. Accumulation of repetitive sequences has been
documented on the Y chromosomes of S. latifolia
(Lengerova et al. 2004), sorrel (Shibata et al. 1999), liv-
erwort (Marchantia polymorpha) (Okada et al. 2001;
Ishizaki et al. 2002), and hemp (Sakamoto et al. 2000,
2005). Liu et al. (2004) demonstrated that the male-spe-
cific chromosome region of papaya accumulated ret-
roelements due to suppression of recombination. In a
previous study, five AFLP markers tightly linked to the
M locus of asparagus were characterized by FISH and
Southern analyses and found to be highly repetitive and
not specific to chromosome 5 (Reamon-Biittner et al.
1999). The accumulation of repetitive DNAs near the
M locus indicates that map-based cloning of this locus
may be difficult.

B6-A19-72 and map to different onion chromosomes (positions
shown with bold characters). Genetic markers in onion were de-
scribed by King et al. (1998) and Martin et al. (2005)

Asparagales genomics

The larger grass genomes exist as gene-rich islands in a
sea of repetitive elements (SanMiguel etal. 1996).
Orthologous gene islands show a high degree of synteny
among the grasses (e.g. Chen etal. 1997; Devos and
Gale 2000; Paterson et al. 2000, 2003), with tandem
duplications and small inversions common among these
gene islands (Bowers et al. 2003; Dubcovsky et al. 2001;
Fu and Dooner 2002; Li and Gill 2002; Song et al. 2002).
We did not reveal synteny among rice, asparagus, and
onion on the recombinational (Martin et al. 2005) and
sequence levels (Table 2, Fig. 3). Although physically
linked sequences on the asparagus BACs occasionally
showed high similarities to sequences on the same rice
chromosomes, these regions were separated by mega-
bases and provided little evidence for microsynteny
between asparagus and rice (Table 2). This lack of synt-
eny may be expected because the lineages giving rise to
the grasses and Asparagales split over 130 million years
ago (MYA), and the Asparagaceae and Alliaceae split
approximately 87 MYA (Jansson and Bremer 2005).
The Asparagaceae, Alliaceae, and Poaceae diversified
over the last approximately 87, 85, and 83 MYA,
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respectively. Therefore, the older split of the Asparaga-
ceae from the Alliaceae, relative to the diversification
of the grasses, may be responsible for the deterioration
of synteny among these Asparagales genomes. How-
ever, it is possible that highly similar sequences on the
asparagus BACs and the onion ESTs were not ortholo-
gous. Paterson et al. (2004) proposed that the progeni-
tor of the grasses may have experienced a whole-
genome duplication approximately 70 MYA, after the
split of the Alliaceae and Asparagaceae. Such duplica-
tion events, followed by targeted or random gene loss
(Ilic et al. 2003; Paterson et al. 2004), may have pro-
duced paralogs that retain significant sequence similari-
ties, but show no synteny. Within the core Asparagales,
we observed no synteny between physically linked cod-
ing regions in the smaller genome of asparagus and
genetic linkages in onion. These results demonstrate
that the grass genomes are not necessarily representa-
tive of the genomes of other monophyletic groups of
monocots, at least across the sequenced regions, and
that genomic resources may have to be independently
developed for the Asparagales and possibly for impor-
tant families such as the Alliaceae and Asparagaceae.
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