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The 5S rRNA gene in higher eukaryotes is organized into repeated units of tandem array that comprise a conserved 120-bp
coding region and a non-transcribed spacer (NTS) of variable length with nucleotides. The allotetraploid genome of Allium
sacculiferum consists of two unknown diploids (2n=32). Analyses have not been successful toward clarifying the origin of
each genome due to their similar chromosome morphology and unmatched C-banding patterns. We PCR-amplified the cod-
ing and NTS regions of its 55 rRNA genes, cloned them into vectors, and determined their DNA sequences. Interestingly, the
aligned sequences of the NTS clones could be divided into two distinctive groups based on the existence of a 3-bp CCT inser-
tion/deletion at the beginning of the NTS region. This feature makes it an important genetic marker for distinguishing the ori-
gin of the A. sacculiferum chromosomes. Furthermore, by applying fluorescence in situ hybridization, we located the 55 rRNA
gene loci on Chromosomes 5, 7, 8, 9, and 14; their distribution is unique to A. sacculiferum. These data support the idea that
one set of this genome has originated from a CCT-containing close relative -- A. deltoid-fistulosum -- and that the NTS region

may be used as a molecular marker for identifying parental lines for the allotetraploidity of A. sacculiferum.
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In higher plants, nuclear-encoded ribosomal RNA genes
are organized into two distinct multigene families that are
clustered in two tandem arrays. One family is formed by
moderate repeats of a transcription unit (45S rRNA) that
includes three ribosomal RNA molecules located at a sec-
ondary constriction of particular chromosomes. The other
family comprises 5S rRNA genes that are organized into tan-
dem repetitive units located at one or more loci on at least
one chromosome (Goldshborough et al., 1981; Samson and
Wegnez, 1984; Lee et al., 1999; Baum and Bailey, 2001).
Each repetitive unit includes a highly conserved 120-bp
sequence coding the 55 rRNA plus a divergent non-tran-
scribed region that is typically 100 to 900 bp long (Appels et
al., 1980; Long and David, 1980; Flavell, 1986; Rogers et
al., 1986; Rogers and Bendich, 1987; Specht et al., 1990;
Lewin, 2004). 55 rRNA genes have been studied in several
plant species (Mascia et al., 1981; Lee et al., 1999; Tronin et
al., 1999; Do and Seo, 2000).

The phylogenetic relationship within Alfium species has
been examined using such molecular markers as RAPDs,
RFLPs, and AFLPs (Klaas, 1998; Fritsch and Friesen, 2002),
sequences from the nuclear ribosomal ITS region (Mes et al.,
1999), and sequences from the 5S non-transcribed region
(Do and Seo, 2000). Cronn et al. (1996) have reported that
most nucleotide positions in the spacer region are expected
to change because variants are selectively neutral and, con-
sequently, those variant nucleotides can become fixed, caus-
ing definite interspecific differences to accumulate. By
contrast, most mutations in the 55 gene are expected to be
selectively neutral only when they occur in a subcritical
position of repeats in the array. Therefore, fixed differences
between species fail to accumulate in 5S genes despite their
potential for undergoing mutations equal to those in the
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NTS sequences. The somatic chromosomes of Allium saccu-
liferum are known to be allotetraploid (2n=XXYY=32, plus
zero to several B chromosomes with different morphology),
comprising chromosomes from two unknown diploid spe-
cies. Although genome analyses have been conducted to
determine the composition of the original genomes for that
species, no evidence has revealed the family relationship
due to similar chromosome morphologies and unmatched
C-banding patterns (Seo and Kim, 1989).

As in many tandem-repeating multigene families, numer-
ous copies of ribosomal DNA families can undergo con-
certed evolution because of homogenizing forces. This can
result in sequences of all gene copies from such a family
being virtually identical within a species, despite the pres-
ence of normal levels of divergence between orthologous
genes in different species (Brown et al., 1972; Dover, 1982;
Wendel et al., 1995; Liu et al., 2003; Yoon, 2003). Never-
theless, in several plant groups, sequence heterogeneity
among 55 rDNA repeats within genomes has been reported,
indicating that homogenizing forces have not been strong
enough to overcome the processes that generate such varia-
tions (Kellogg and Appels, 1995; Cronn et al., 1996; Camp-
bell et al., 1997).

In a phylogenetic study, polymorphisms of informative
factors, e.g., DNA sequence variations, play an important
role when analyzing the molecular relationship within or
among genera. Two typical types of polymorphism can be
described: 1) an autapomorphic site with only a single,
unique nucleotide aligned to other nuclectides; or 2) a syn-
apomorphic site, which is usually preferred as an informa-
tive factor in phylogenetic evaluations where it is considered
the main molecular factor when classifying the relationships
between species, providing sequence variations in nucle-
otides for at least two accessions from the aligned sequences
(Maughan et al., 2006).

To overcome the difficulties of identifying the chromo-
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somes with C-bands in satellite and terminal regions, fluo-
rescence in situ hybridization (FISH) has been widely
performed to identify the exact localization of species-spe-
cific repetitive, ribosomal genes and unique sequences
(Mukai et al., 1990; Maluzynska and Heslop-Harrison
1991; Leitch and Heslop-Harrison, 1993; Do et al., 1999).
Multigene families, e.g., 55 rDNA, 185-5.85-265 rDNA, and
highly repetitive DNA sequences, have now been mapped
to indicate more significant molecular factors with the corre-
sponding chromosomal refationships between species {(Lapi-
tan et al., 1989; Mukai et al., 1990; Leitch and Heslop-
Harrison, 1993; Do et al., 1999).

In the currert study, we hypothesized that polymorphic
parental types might be maintained in the hybrid genome of
the allotetraploid for A. sacculiferum, and that it may be
possible to identify different genomes by analyzing multiple
numbers of 55 rDNA units and NTS sequences in this spe-
cies. Our aim was to characterize the structural features of
the 55 rDNA repeat unit via sequencing analysis and FISH.

MATERIALS AND METHODS

Plant Materials, Chromosome Preparation, and DNA
Extraction

We collected 76 plants of A. sacculiferum from Uedo, a
South Sea island of Korea, and grew them in a greenhouse.
From these, fresh root tips were excised and transferred to
ice water for 21 h at 0°C to allow for the metaphase to accu-
mulate before being fixed in ethanol-acetic acid (3:1). Cyto-
logical preparations for chromosome analyses were
obtained using the methods described by Mukai et al.
(1993). Genomic DNA was extracted from fresh young
leaves according to the protocol of Rogers and Bendich
(1988).

Amplification and Cloning of 55 rRNA Genes

PCR was used to amplify the 55 rRNA genes, including
the coding and NTS regions. We designed primer sequences
of the forward primer (corresponding to nucleotides 30 to
47: 5-GGATCCCATCAGAACTCC-3") and the reverse primer
(nucleotides 11 to 29: 5-GGTCCTTTAGTGCTGGTAT-3)
based on previous reports of the conserved coding region
for the 55 rRNA gene repcat units. The reaction mixture (25
ul) contained 10 ng of template (i.c., total genomic DNA);
5 pM of each primer; 200 mM each of dATP, dGTP, dCTP,
and dTTP; and 2.5 U of Ex Tag polymerase in a 1X Ex Taq
buffer with 2 mM MgCl,. PCR was performed in a thermal
cycler (Takara, Japan). Amplification involved a preliminary
2-min denaturation at 94°C; then 1 min at 94°C (denatur-
ation), 1 min at 55°C (annealing), and 1 min at 72°C (exten-
sion); and a final extension for 7 min at 72°C, followed by
slow cooling to 4°C. PCR products were visualized by elec-
trophoresis in 1% agarose gels, and stained with ethidium
bromide. Integral multiples of the smallest size were found
among the DNA fragments within a set of discrete sizes. A
prominent band corresponding to the full length of a single
unit from the 55 rRNA genes was isolated with a Gel extrac-
tion kit (Qiagen, USA), ligated into a pMD 18-T vector
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(Takara, Japan), and introduced into DH5a £. coli compe-
tent cells by transformation (Hanahan, 1983). Recombinant
plasmids were obtained using a Miniprep kit (Qiagen, USA).

Sequencing Analyses and Alignments

To identify the nucleotide sequences for both the coding
and the NTS regions in the 55 rRNA gene unit, DNA
sequences of the inserts that originated from 40 randomly
selected colonies were determined by the chain termination
method through a commercial sequencing service (Geno-
tech, Korea). These sequences were then aligned by the
Clustal W muiltiple alignment program. The Bio-edit pro-
gram was used for visual-editing to aid in dissecting homolo-
gies and specific variations (Thompson et al., 1994; Reddy
et al., 2003).

Fluorescence in Situ Hybridization

Fluorescence in situ hybridization (FISH) was used to
ascertain the physical location of the 55 rRNA gene unit.
Chromosome samples were prepared by the 1% acetic-car-
rine method of Mukai et al. (1990). For probe-labeling,
sequenced plasmid DNA with the insert of the 55 rRNA
gene was amplified with digoxigenin-11-dUTP (Roche Diag-
rostics, Germany). The reaction mixture and PCR condi-
t'ons were the same as those described for the experiments
with genomic DNA, except for the following substitutions:
140 uM dTTP and 60 mM digoxigenin-11-dUTP instead of
200 uM dTTP Chromosomal DNA on slides was denatured
for 2 min at 67°C in 70% formamide-20XSSC (1XSSC is
0.15 M NaCl with 0.015 M sodium citrate; pH 7.0), then
dehydrated immediately in an ethanol series (70%, 95%,
and 100%) for 5 min each at —20°C. Afterward, the probe
rnixture (PCR products with digoxigenin-11-dUTP. forma-
rmide, 50% dextran sulfate, 20XSSC, and 500 mg mL™" of
salmon sperm DNA) was applied to the slides before hybrid-
izing them at 37°C for 12 h in a humidified chamber. These
hybridized slides were washed in a series of 2XSSC, 50%
formamide, 2XSSC, 1XSSC and 4XSSC, then incubated at
27°C for 1 h, followed by staining with anti-digoxigenin-
rhodamine (Roche Diagnostics, Germany). The slides were
again washed with 2XSSC, 4XSSC/0.1% triton-100, and
4XSSC, before overlaying cover slips with counterstaining by
4,6-diamino-2-phenylindole (DAPl) and the Vectashield
rmounting medium (Vector, USA). Signal detection for each
slide was examined with an epifluorescence microscope
(Zeiss Axiophot, Germany).

RESULTS AND DISCUSSION

The PCR products of the 55 rRNA gene were cloned into
the pMD 18-T vector. Clones with an approximate insert
size of 360 bp were selected for further characterizations. A
total of 10 clones with inserts were isolated (pAsac in Fig. 1)
end the DNA sequence analysis revealed two distinctive
groups, ASACT and ASAC2 (Fig. 2). All the clones examined
were unique and varied in size. The coding regions of the
5S rDNA showed high homology with previously identified
55 rRNA genes from Pinus (Liu et al., 2003), Capsicum (Park
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O O I PN P P T P R PR DTS M IR o

pAsacO1 GGGTGCGATC GTACCAGCAC TAAAGCAGCG GATCCCATCA GAACTCTGAA GTTAAGCGTG CTTGGGCGAG AGTAGTACTA GGATGGGTGA CCTCCTGGGA AGTCCTCGTG TTGCACTGCT 120
pAsac02  GGGTGCGATC GTACCAGCAG TAAAGCACCG GATCGCATCA GAACTCTGAA GTTAAGCGTG CTTGGGCGAG AGTAGTACTA GGATGGGTGA CCTCCTGGGA AGTCCTCGTG TTGCACTCCT 120
e e o I
pAsac01 CCTTTTTACT TCTTCTCGTT CGCGGTTTAA GTTTTAAATT TAAATTCTAT TTTTTT-CTT TCTTCTGATT TTTAATTCGA ATTCTTAACG TTATCTTCTT CCCGTTACTA TTATTTTCTG 239
pAsac02  CCTTTTTACT TCTTCTCGTT CGCGGTTTAA GCTTTAAATT TAAATTCTAT TTTTTTTCTT TCTTCTGATT TTTAATTCGT ATTCTTAACG TTGTCTTCTT TCCGTTTCYT TTTTTTICCA 240
e e T O A PO O P
pAsacdl ATTTATTTCC CTTTATTTTC AAATTTATTT GAATTTTTAA ACGTTGTTAG AACTAGCCGC TGCCGTCGTA TACGCAGTCG TACCGGT-GA TTAATATAAA CTTTCGAATG CACTTTCTGAC 359
pAsac02  ATTTGTTTCC TTTTATTTTC AAATTTATTT GAATTTTTAA ACGTTGTTAA AACTAGCCGT GGCCGTCGTA TACCCAGTCG CACCGCTGTA TTAATA---A TCTTTCAATG CACTTTCTGAC 3857
b) T e T e e e e N PV T N I P
pAsac03 GGGTGOGATC ATACCAGCAC TAAAGCACCG GATCCCATCA GAACTCCGAA GTTAAGCGTG CTTGGGCAAG AGTAGTACTA GGATGGGTGA CCTCCTGGGA AGTCGTCGTG TTGCACTCCT 120
pAsac04 ~ GGGTGCGATC ATACCAGCAC TAAAGCACCG GATCGCATCA GAACTCCGAA GTTAAGCGTG CTTGGGCGAG AGTAGTACTA GGATGGGTGA CCTCCTGGGA AGTCCTCGTG TTGCACTCCT 120
pAsac05 ~ GGGTGCGATC ATACCAGCAC TAAAGCACCG GATCCCATCA GAACTCCGAA GTTAAGCGTG CTTGGGCGAG AGTTGTACTA GGATGGGTGA CCTCCTGGGA AGTCCTCGTG TTGCACTCCT 120
pAsac08  GGGTGOGATC ATAGCAGCAC TAAAGCACCG GATCCCATCA GAACTCCGAA GTTAAGCGTG CTTGGGCGAG AGTAGTACTA GGATGGGTGA CCTCCTGGGA AGTCCTCGTG TTGCACTGCT 120
pAsac07 GGGTGCGATC ATACCAGCAC TAAAGCACCG GATCCGATCA GAAGTCCGAA GTTAAGCGTG CTTGGGCGAG AGTGGTACTA GGATGGGTGA CCTCATGGGA AGTGCTCGTG TTGCACTCCT 120
pAsac08  GGGTGCGATC GTACCAGCAC TAAAGCACCG GATCCCATCA GAACTCTGAA GTTAAGCGTG CTTGGGCGAG AGTAGTACTA GGATGGGTGA CCTCCTGGGA AGTCCTCGTG TTGCACACCT 120
pAsac09 GGGTGCGATC GTACCAGCAC TAAAGCACCG GATCCCATCA GAACTCTGAA GTTAAGCGTG CTTGGGCGAG AGTAGTACTA GGATGGGTGA CCTCCTGGGA AGTCCTCGTG TTGCACTCCT 120
pAsaci®  GGGTGCGATC GTACCAGCAC TAA-GCACCG GATCCCATCA GAACTCTGAA GTTAAGCGTG CTTGGGCGAG AGTAGTACTA GGATGGGTGA CCTCCTGGGA AGTCCTCGTG TTGCACTCCT 120
R T e T T v P S PP S OO AT R I |
pAsac03  TTTTGCTTCT TCTCGTTCGT AGTTTAAGTT TTCAATTCAA ATTCTTTTTT TCTCTTCCTT CCGTTTTI-A ATTCGAATTC TTAACGTTAT CTTCTTCCCG TTACTTTTAT ATTCCGATTT 239
pAsac04  TTTTGCTTGT TCTGGTTCGT AGTTTAAGTT TTCAATTCAA ATTCTTTTTT TCTGTTCCTT CCGTTTTT-A ATTCGAATTC TTAACGTTAT CTTGTTCCCG TTAGTTTTAT TTTCCGATTT 239
pAsac05  TTTTGCTTCT TCTCGTTCGT AGTTTAAGTT TTCAATTCAA ATTCTTTTIT TCTCCTCCTT COGTTTTT-A ATTCCAATTC TTAACGTTAT CTTCTTCCCG TTACTTTTAT TTTCCGATTT 239
pAsac08  TTTTGCTTCT TCTCGCTCGC AGTTTCAGTT TTCAATTCAA ATTCTTTTTT TCTCTTGCTT CCGTTTTTCA ATTGGAATTC TTAACGTTAT CTTCTTCCCG TTACTATTAT TTTCCGATTT 240
pAsaco7 TTTTGCTTCT TTTCGCTCGC AGTTTCAGTT TTCAATTCAA ATTCTTTTIT TCTCTTCCTT CCGTTTTTTA ATTCGAATTC TTAACGTTAT CTTGTTCGCG TTACTATTAT TTTCGGATTT 240
pAsac08  TTTTGCTTCT TCTCGTTCGT AGTTTAAGTT TTCAATTGAA ATTCTTTTTT TCTCTTCCTT CCGTTTTT-A ATTCGAATTC TTAACGTTAT CTTCTTCCCG TTACTTTTAT TTTCCGATTT 239
pAsac08  TTTTGCTTCT TCTCGTTCGT AGTTTAAGTT TTCAATTCAA ATTCTTTTIT TCTCTTGCTT CCGTTTTT-A ATTGGAATTC TTAACGTTAT CTTCTTCCCG TTACTTTTAT TTTCCGATTT 239
pAsac10  TTTTGCTTCT TCTCGCTCGC AGTTTCAGTT TTCAATTCAA ATTCTTTTIT TCTGTTCCTY CCGTTTTTTA ATTCGAATTC TTAACGTTAT CTTCTTCCCG TTAATATTAT TTTCTGGTTT 240
O P Y Y I P [N
pAsac03 ATTTCCTTTT ATTTTCAATT TTATCTGAAT TTTTAAACGT TGTTAAAACT AGOCGCTGCC GTCGTATACG CAGTCGCATC GCTGCATTAA TATAATCTAC GAATGCACTT TCTGAC 359
pAsac04  ATTTCCTTTT ATTTTCAAAT TTATTTGTAT TTTTAAACGT TGTTAAAACT AGCCGCTGCC GTCGTATACG CAGTCGCACC GCTGCATTAA TATAATCTTC GAATGCACTT TCTGAC 359
pAsac05  ATTTGCTTTT ATTTTCAAAT TTATTTGAAT TTTTAAACGT TGTTAAAACT AGCCGCTGCC GTCGTATACG CAGTCGCACC GCTGCATTAA TATAATCTTC GAATGCACTT TCTGAC 359
pAsac08  ATTTCCCTTT ATTTTCAAAT TTATTTGAAT TTTTAAACGT TGTTAGAACT AGCCGCTGCC GTCGTATGTG CAGTCGCACC GCTGCATTAA TACAAACTTC GAATGCACTT TCTGAC 360
pAsacO7  ATTTCCTTTT ATTTTCAAAT TTATTTGAAT TTTTAAACGT TGTTAGAACT AGCCGCTGCC GTCGTATACG GAGTCGCACC GCTGCATTAA TATAAACTTC GAATGCACTT T~TGAC 359
pAsac08  ATTTCCTTTT -TTTTCAATT TTATTTGAAT TTTTAAACGT TGTTAAAACT AGCCGCTGCC GTCGTATACG CAGGCGCACC GCTGCATTAA TATAATCTTC GAATGCACTT TCTGAC 358
pAsac09  ATTTCCTTTT ~TTTTCAATT TTATTTGAAT TTTTAAACGT TGTTAARACT AGCCGCTGCC GTCGTATATG CAGTCGCACC GCTGCATTAA TATAATCTTC GAATGCACAT TCTGAC 358
pAsacl0  ATTCCCTTTT ATTTTCAAAT TTATT-GAAT TTTTAAACGT TGTTAGAACT AGCCGCTGCC GTCGTATACG CAGTCGCACC GCTGCATTAA TATAAACTTC GAATGCACTT TCTGAC 359
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Figure 1. Clones containing 55 rDNA from A. sacculiferum were separated into 2 distinctive groups: a) aligned sequences of 55 rRNA gene con-
taining 3 bp of CCT, with polymorphic sites indicated by gray background; and b) aligned sequences of 55 rRNA gene without 3 bp of CCT,
with polymorphic sites indicated by gray background.
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Figure 2. Comparison of 2 consensus sequences for 55 rRNA gene from A, sacculiferum with 55 rDINA repeat units from A, deltoid- tsstulmum

AC-con stands for consensus sequence from group of clones containing 3 bp of CCT: dones dwg,mmd for ASAC-con2 do not hav
sequences. The first 120 bp {underined) indicate coding region from 55 rRNA gene. Deleted bases

sequence differences among 3 groups are shown by black rectangles.

s are represented by dash lines, and

et al., 2000), and the Poaceae family (Baum and Johnson,
1999). We examined 120 bp of the coding regions and
found that they were highly conserved, starting with 5'-
GCGCTGCGA and ending with GCACTCCT-3’ (positions 1 to
120 in Fig. 1). Four polymorphic sites were located in
ASAC2 whereas no variations were found in ASAC1 (Table
1). DNA sequences for all 55 rRNA coding regions were
highly homologous.

In contrast, the sequences of the NTS region were vari-
able (see also Park et al., 2000; Liu et al., 2003). Based on
the two distinctive groups, 22 polymorphic sites were found
in the NTS of ASACT, including 1 deletion; these were all
autapomorphic. In contrast, ASAC2 showed 24 sites, includ-
ing 4 deletions and 1 synapomorphie (Table 1). Despite
these numbers of polymorphic sites, two reasonable consen-
sus sequences could be constructed as ASAC-con1 and

ASAC-con2 by reading the major group of sequences within
each polymorphic site. A significant informative factor of 3
bp of insertion/deletion (CCT) was found at the beginning of
the spacer; 80% of the clones showed the deletion in ASAC-
con2, but none appeared in ASAC-con1 (Fig. 2). The
aligned consensus sequences in the two groups revealed
variations at 20 sites, whereas the coding region was highly
conserved except for the base substitution of guanine with
alanine at Position 9. The polymorphism of 55 rRNA coding
and the variations in NTS regions within many plant and
animal species have been widely used as genetic markers to
distinguish closely related species, subspecies, lines, and
hybrids, as well as to analyze evolutionary relationships
(Crisp et al., 1999). Therefore, when one considers the
composition of the original genome for this species, we
might presume that each group came from different origins.
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Table 1. Sequence analysis and autapomorphic, synapomorphic, and deletion nucleotide polymorphism in the coding and NTS regions from

Allium sacculiferum.

Nucleotide Polymorphism

Clones  Unique Size of clones . . .
Taxon Code solated  clone solated Autapomorphie Synapomorphie Deletion
Coding NTS Coding NTS Coding NTS
Al i ASACT 2 2 357-359 0 21 0 0 0 1
M SACCUTEM asac2 8 8  358-360 4 18 0 1 1 4
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Figure 3. Chromosomal localization of 55 rRNA gene loci in A saccu-
liferumn. Digoxigenin-labelled 55 rRNA genes were detected by anti-
digoxigenin-rhodamine conjugated (Spectrum-Red) on DAPI (blue)-

counterstained metaphase chromosomes. Idiogram represents loca-
tion of 55 rRNA gene loci in species {cirdles) on each chromosome.

Moreover, the deletion of 3 bp in the NTS region can be
very useful when distinguishing between related species
and, thus, identifying the origin of A. sacculiferum.

Fluorescent in situ hybridization was carried out to local-
ize the 55 rRNA gene locus in A. sacculiferum. Figure 3 indi-
cates the patterns of the 55 rRNA gene on the metaphase,
as well as the idiogram for chromosomes carrying the 55
rRNA gene loci in that species. Signals were detected at
Chromosomes 5, 7, 8, 9, and 14, and distribution of the 55
rRNA loci was unique to A. sacculiferum. Due to the highly
conserved region of 55 rRNA coding and the similar
sequence pattern of NTS, we were unable to determine the
two isolated distinctive groups by FISH.

Our data from the sequencing analysis present evidence
that one set of the A. sacculiferum genome has originated
from a CCT-containing close relative species, A. deltoid-fistu-
fosum. Therefore, this demonstrates that the 55 rRNA gene

is useful for identifying parental lines for allotetraploids.
Although the significant patterning of 55 rRNA in our two
groups of A. sacculiferum could not be localized via FISH
because of the highly conserved sequences in both regions
for coding and NTS, the information obtained from each
consensus sequence will be very beneficial when analyzing
more significant relationships during the molecular phyloge-
netic study of Allium species. Further research should focus
on finding an origin and sequencing for each genome. FISH
analyses of the 55 rRNA in this species also will enable us to
confirm the relationship of other closely related species in
this genus.
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