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Abstract. Fluorescence in situ hybridization (FISH) is a powerful tool for the detection of DNA sequences in a 

specific region of a chromosome as well as for integrated physical mapping. The detailed karyotypes of two onion 

cultivars (‘Eumjinara’ and ‘Sinseonhwang’), which are resources for the onion genome sequencing project were constructed 

based on dual color FISH using 5S and 45S rDNAs, telomeric tandem repeats, and Cot-1 DNA. All materials showed 

2n = 2x = 16. Four loci of 5S rDNAs were located on the interstitial regions of the short arms of one pair of chromo-

somes in both onion cultivars. One loci of 45S rDNA signal was distally detected on each short arm of the two pairs 

of chromosomes in ‘Eumjinara’ and ‘Sinseonhwang’, but the latter possessed another locus of 45S rDNA on the distal 

part of the long arm in one homolog of a chromosome pair. Co-localization of telomeric tandem repeats and 45S rDNA 

signals was observed in ‘Eumjinara’ and ‘Sinseonhwang’. A difference in the distribution of 45S rDNA sites and the 

co-localization of signals observed between the two cultivars are indicators of recent activities in the nuclear genome 

that may involve homologous recombination or transposition of certain repeats. Cot-1 DNA signals are distributed through-

out the chromosomes and show stronger signals in the terminal regions. The elucidation of Cot-1 DNA through in-situ 

hybridization would only show a large amount of tandemly repeating, non-coding and dispersedly repetitive DNAs in 

onion genome.
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Introduction

Allium is a large and polymorphic genus that comprises 

730 spp. with six subgenera and more than 60 sections that 

are spread throughout the Northern hemisphere (Hanelt, 

1990; Pich et al., 1996). The phylogenetic relationships in 

some variable groups of Allium are not yet clear. Nevertheless, 

comparison of species at the molecular level has been con-

firmed (Pich et al., 1996) and refined the phylogenetic rela-

tionship between the taxa of the genus Allium (Bark and 

Havey, 1994; Jorgensen and Cluster, 1998; Linne Von Berg 

et al., 1996). The genomic constitution of Allium includes large 

amounts of repetitive DNA sequences (Flavell et al., 1974) 

that are categorized into tandemly and dispersedly repeats 

(Kubis et al., 1998). DNA sequences comprised of an array 

of tandem repeats (e.g., rDNA) may serve as cytogenetic 

markers that distinguish homologous chromosomes (Ricroch 

et al., 1992).

A. cepa L. is considered to have one of the largest nuclear 

genomes among cultivated plants (16,400 Mbp/1C) and is 

composed of 95% repetitive elements (Flavell et al., 1974; 

Jakse et al., 2008; Kim et al., 2014). Enormous amount of 

repetitive DNA sequences in plants play a significant role in 

augmenting the genome (Vitte and Benetzzen, 2006). The 

redundancy of these DNA repeats would complicate whole 

genome sequencing (Yuan et al., 2003).

Two multigene families of rDNA that are composed of 

tandemly ordered repeats have been investigated for the past 

several decades in a number of organisms, including plants 

and animals. A gene family known as 5S rDNA is composed 

of conserved coding sequence (120 bp) and non-transcribed 

spacer (NTS) region, but unlike the other gene family it is 

not associated with a nucleolar organizing region (NOR) (Long 

and David, 1980; Martins et al., 2000; Shibata and Hizume, 
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2002b). The second gene family of rDNA, which is associated 

with NOR, encodes genes for 18S, 5.8S, 26S-28S, and an 

internal transcribed spacer (ITS) (Gurushidze et al., 2007; 

Long and David, 1980; Suzuki et al., 1996 ).

A type of satellite DNA that has a tandem repeat length of 

approximately 375 bp was isolated and sequenced in A. cepa 

L. (Barnes et al., 1985). This satellite sequence hybridizes on 

the telomere region of the species (Pich and Schubert, 1998). 

Do et al. (2001) characterized a 314 bp tandem repeat which 

is closely associated with constitutive heterochromatin. The 

tandem repeat has 81% similarity with the 375 bp repeat, 

suggesting that both are under the same family of repeats. 

The association between satellite DNAs and C-heterochromatin 

would only signify a specific role (i.e., structural) they render 

in the chromosomal and nuclear organization of a genome 

(Yunis and Yasmineh, 1971).

Repetitive DNA sequences that are not tandemly organized 

are localized on the entire regions of chromosomes (Pearce 

et al., 1996). To elucidate the distribution of these repeats in 

the genome, a technique (Cot analysis) that is based on rena-

turation kinetics is used (Peterson et al., 2002). Cot analysis 

guides a HAP-based fractionation of a genome to create a 

Cot library for further comprehensive assessment of genomic 

components (Peterson et al., 2002).

The localization of DNA sequences on the chromosomes 

was made possible through the in situ hybridization technique. 

Fluorescence in situ hybridization (FISH) technique allows 

the visualization of multi-gene families (Castilho and Heslop- 

Harrison, 1995) and highly repeated DNA sequences (Irifune 

et al., 1995). The combination of cytogenetics with FISH 

has augmented the power of karyotype analysis. In this study, 

we test the presence and chromosomal distribution of two 

types of ribosomal DNA, telomeric tandem repeats, and Cot-1 

DNA on somatic metaphase chromosomes of onion cultivars 

‘Sinseonhwang’ and ‘Eumjinara’ by using FISH.

Materials and Methods
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The bulbs and seeds of A. cepa L. ‘Eumjinara’ and ‘Sin-

seonhwang’ were obtained from the Rural Development 

Administration (RDA), Korea. The fresh root tips were 

excised when they reached 2-3 cm in length and were 

treated with 2 mM 8-hydroxyquinoline for 5 hr at 20°C. The 

materials were fixed in aceto-ethanol (1:3, v/v), stored at 

room temperature for 2 hr, and soaked in 70% ethanol at 

25°C until used. The root tips were treated with an enzyme 

mixture (2% cellulose and 1% pectolyase) in 0.01 M citrate 

buffer at 37°C for 1 hr and homogenized in 60% acetic acid 

solution. The prepared slides were dehydrated with an ethyl 

alcohol series.
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The young leaves of A. cepa L. were used for the extraction 

of genomic DNA following the protocol of Allen et al. 

(2006). The genomic DNA of onion was sheared using S220 

focused-ultrasonicator (Covaris, Woburn, MA, USA) at the 

National Instrumentation Center for Environmental Man-

agement (NICEM), SNU. The protocol of Zwick et al. (1997) 

was followed to isolate the Cot-1 DNA from the genomic 

DNA of A. cepa L.
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The genomic DNA of A. cepa L. was used as a template 

for the generation of PCR products. 45S rDNA (Gerlach and 

Bedbrook, 1979) was obtained from Triticum aestivum and 

5S rDNA (Do and Seo, 2000) was amplified using the primer 

sets 5’-GGATCCCATCAGAACTCC-3’ and 5’-GGTGCTT 

TAGTGCTGGTAT-3’. PCR conditions started with an initial 

denaturation at 94°C for 5 min and followed by 30 cycles of 

amplification - denaturation at 94°C for 1 min, annealing of 

primers at 55°C for 1 min, DNA extension at 72°C for 1 

min, and a final extension at 72°C for 7 min. 5S and 45S 

rDNAs were labeled with Alexa flour 488-5-dUTP (NEN, 

Eugene, OR, USA) and biotin-16 dUTP (Roche, Penzberg, 

Balvaria, Germany), respectively. A 375 bp repeat DNA 

(Barnes et al., 1985) was PCR amplified using the primer 

sets 5’-GGCCATAACTGTTGCCTGCTT-3’ and 5’-CCAC 

TCTCCAGGGATGGTAA-3’. Its PCR products were labeled 

with Texas Red 5- dUTP (Perkin Elmer, Boston, MA, USA). 

Cot-1 DNA was labeled with Alexa flour 488-5-dUTP 

(NEN, Eugene, OR, USA). 
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Slides were pre-treated with 100 µg·mL
-1

 RNase A (Sigma, 

St. Louis, MO, USA) for 1 hr at 37°C, washed in 2× SSC 

several times, then incubated in 0.01 N HCL and 0.1% pepsin 

for 2 min and 10 min, respectively. 4% paraformaldehyde was 

applied to slides after a few minutes of 2× SSC treatments. 

Slides were washed with 2× SSC and dehydrated with an 

ethanol series. The probe mixture was denatured at 70°C for 

10 min and placed on ice for 5 min. After the hybridization 

mixture (50% formamide, 10% dextran sulfate, 4 µL 20× 

SSC, 5 ng·µL
-1 

salmon sperm DNA, 500 ng·µL
-1

 of each 

probe, and water to a total volume of 40 µL per slide) was 

added cover slips were placed on the slides, the latter were 

heated at 80°C for 5 min and incubated overnight at 37°C in 

a humid chamber. The slides were washed in 2× SSC for 5 

min, 0.1× SSC at 42°C for 40 min, 2× SSC for 5 min, and 

1× detection buffer for 5 min. The biotin-labeled probe was 

detected by streptavidin-Cy3. The chromosomes were coun-

terstained with 2 µL·mL
-1

 of 4′, 6-diamidino-2-phenylindole 
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Table 1. Karyotype analyses of Allium cepa L. ‘Eumjinara’ and ‘Sinseonhwang’

����� ���

����	�
�	�� ������ ��	�

���������� ���	���
�

����� 
����

�

������ ��	

���

���� ��	

���

������ ������

���  � ��

!�	� �����
� "��

�#�!

$"��

�#�!

����	���%�

��&�	�

������

���'(

#�!

)*�	+����,

( -�./� 0� 1�("
�

� 2�"3� 0� 1�12 (/�24� 0� 1�1/ (�($

3	�  � 3	�  � 3	�  � 3	�  �

3	�  � 3
��  � 3	�  � 3
	

' '   

3 4�"/� 0� 1�31 (1�$1� 0� 1�1" (4�24� 0� 1�($ (�"- ' '   

. 4�(2� 0� 1�(( (1�3(� 0� 1�(3 (4�.-� 0� 1�33 (�4" ' '   

$ 4�((� 0� 1�(2 � -�-2� 0� 1�1. ("�(.� 0� 1�(. (�$- ' '   

" 4�-3� 0� 1�.. � /�$2� 0� 1�1$ ($�$2� 0� 1�33 (�(1 ' '   

4 .�."� 0� 1�14 (1�42� 0� 1�3" ($�3/� 0� 1�1. .�(2 ' �   

/ 4�$4� 0� 1�3" � 4�/(� 0� 1�14 (.�.2� 0� 1�(3 (�1$ � '   

- $�12� 0� 1�.$ � /�.4� 0� 1�(( ((�$(� 0� 1�$3 (�-( ' �   

����� $/�24 /(�3/ ((2�22

)��
���5��,

( /�4(� 0� 1�3. -�11� 0� 1�1. ("�4(� 0� 1�33 (�1"

3	�  � 3	�  � 3	�  � 3	�  �

3	�  � 3
��  � 3	�  � 3	

' '   

3 4�1$� 0� 1�31 2�1-� 0� 1�(2 ("�3.� 0� 1�($ (�"1 ' '   

. "�.-� 0� 1�31 -�/4� 0� 1�3. ($�($� 0� 1�3- (�4. ' '   

$ 4�4$� 0� 1�(- /�.1� 0� 1�3" (.�2$� 0� 1�$( (�(1 ' '   

" "�((� 0� 1�(. -�(3� 0� 1�34 (.�33� 0� 1�(2 (�43 ' '   

4 3�-.� 0� 1�1" � 2�.� 0� 1�(3 (3�(-� 0� 1�(" .�.1 ' �   

/ $�21� 0� 1�1" � 4�4� 0� 1�31 ((�".� 0� 1�3. (�.4 � '   

- .�24� 0� 1�($ 4�"3� 0� 1�33 (1�4-� 0� 1�12 (�4" ' �   

����� $3�$/ 4.�/4 (14�".

�

���� ��	� �����6
����� ��	� ������

�

7��� 0� 
��&��&� &�8������

�

	9� 	���%����%:� 
	9� 
�;	���%����%:� 
�9� 
�;����%����%�

�

�9�  9� �&� <�&�%���� ���� 
����� ��	� ��� %���	�
�	�9� ���
��9� �&� �;
��� 
����
9� ��
��%��8�����

(DAPI) in a Vectashield (Vector Lab, Inc., Burlingame, CA, 

USA).

��!
��!��#� ��� ����	� �
�!	�����

The prepared slides were examined with an Olympus 

BX63 fluorescence microscope equipped with a CCD camera 

(CoolSNAP 
TM

cf). Images were captured, analyzed, and 

measured using UV excitation filters and Cytovision
©

/ 

Genus
TM

 version 7.2 “Probe Measurements” tool (Applied 

Imaging Corporation, CA, USA). Karyotype analysis was 

confirmed based on the analysis of at least ten metaphase 

cells using their morphological characters and FISH results. 

Chromosome formula was made based on the arm ratio 

values (Levan et al., 1964). 

Results and Discussion
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The chromosomes were arranged according to their sizes 

in decreasing order and paired by their sizes, position of 

centromeres, and FISH markers (5S and 45S rDNA) (Table 1). 

The chromosome count for ‘Eumjinara’ was determined to 

be 2n = 2x = 16 with a basic chromosome number of x = 8. 

The lengths of the shortest and longest chromosomes were 

11.41 ± 0.42 µm and 17.96 ± 0.07 µm, respectively (Table 1). 

Six pairs of chromosomes were metacentric (chromosome 1, 

2, 3, 4, 5, and 7), one pair was subtelocentric (chromosome 

6) and another pair was submetacentric (chromosome 8). Its 

chromosomal formula is 2n = 2x = 16 = 2m + 2m + 2m + 

2m + 2m + 2st
sat

 + 2m + 2sm. The somatic chromosomal 

images of ‘Sinseonhwang’ showed 2n = 2x = 16 with a basic 

chromosome number of x = 8. The longest chromosomes 

measured 15.61 ± 0.22 µm, while the shortest was 10.68 ± 

0.09 µm. There were seven pairs of metacentric chromosomes 

(chromosome 1, 2, 3, 4, 5, 7, and 8) and one pair was 

subtelocentric chromosome (chromosome 6). Its chromosomal 

formula is 2n = 2x = 16 = 2m + 2m + 2m + 2m + 2m+ 2st
sat

 

+ 2m + 2m.

Chromosomal indices such as arm ratios or the number of 
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A B

Fig. 1. FISH images of A. cepa L. ‘Eumjinara’ (A) and ‘Sinseonhwang’ (B) probed with 5S rDNA (red), 45S rDNA (green), and telomeric 

tandem repeats (red). White arrows indicate weak signals of 5S rDNA. Red arrows point out 45S rDNA. Yellow arrows show co-localization 

of telomeric tandem repeats and 45S rDNA. Bar = 10 µm.

A

B

Fig. 2. FISH mapping with three markers of A. cepa L. ‘Eumjinara’ (A) and ‘Sinseonhwang’ (B). Telomeric tandem repeats and 5S rDNA 

are shown in red while 45S has green signals. Bars = 10 µm.

metacentric and subtelocentric chromosomes of the two 

studied cultivars were similar with those of the several 

onion species studied by Mukherjee and Roy (2012), except 

that a pair of submetacentric chromosomes were found only 

in ‘Eumjinara’.
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The two cultivars possessed four loci of 5S rDNA on the 

interstitial regions of the short arms of each chromosome 7 

(Figs. 1, 2, and 3). Shibata and Hizume (2002b) have reported 

that A. cepa L. possessed two loci of 5S rDNA (four loci in 

duplicated chromosomes). This results were also confirmed 

by Do et al. (2001) and Seo et al. (2007). It could be deduced 

from the results that the distribution of 5S rDNA loci between 

the two cultivars did not vary compared with the 45S rDNA. 

This could be explained by looking at the chromosomal 

position of 5S rDNA, which is not prone to the reassignment 

of its loci, since it is interstitially located along the chromo-

somes that protect it from the dispersion in the genome that 

is observed in the other rDNA family (Martins and Wasko, 

2004). 

On the other hand, a minor difference of the 45S rDNA 

signal distributions between the two onion cultivars were 

observed. In ‘Eumjinara’, four loci of 45S rDNA were detected: 

one on each NOR of chromosome 6 and on the terminal 

regions of the short arms of chromosome 8 (Fig. 2A). A 

distinct 45S rDNA locus found on the terminal region of the 

long arm of chromosome 8 caused ‘Sinseonhwang’ to have 

five loci (Fig. 2B). However, Ricroch et al. (1992) reported 

that A. cepa L. possessed 5 loci of 45S rDNA: 3 signals are 

on the short arms of subtelocentric satellite chromosomes 
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A B

Fig. 3. Localization of Cot-1 DNA (green signals) in A. cepa L. ‘Eumjinara’ (A) and ‘Sinseonhwang’ (B) chromosomes. Note the intense 

signal at the telomeric region. Bar = 10 µm.

A

B

Fig. 4. Dual color FISH idiograms of A. cepa L. ‘Eumjinara’ (A) and ‘Sinseonhwang’ (B); showing telomeric tandem repeats and 5S 

rDNA in red signals and 45S rDNA in green signals. The NOR region of one chromosome of pair 6 in ‘Sinseonhwang’ is localized 

with 45S rDNA together with a telomeric tandem repeat. This can be observed also in chromosome 8.

and the other 2 are on the short arms of the shortest chromo-

somes pairs. Nevertheless, Shibata and Hizume (2002a) 

reported signal distribution of 45S rDNA in A. cepa L., 

which coincide with the results of our study.

The localization of 45S rDNA locus on the distal region 

of the long arm in one chromosome of the smallest pair in 

‘Sinseonhwang’ would imply that the nucleolus organizing 

region (NOR) could also reside in that region. Several 

studies have documented that the 8th pair of chromosome in 

A. cepa L. contained an NOR other than on the satellite 

chromosomes (Maggini et al., 1978; Ricroch et al., 1992), 

which could be attributed to the localization of rDNA 

sequences on the terminal ends of the short and long arms of 

chromosome 8. Another possible explanation is that this rDNA 

tandem repeats in the NOR may have undergone a concerted 

evolution which is driven by extrachromosomal excision- 

amplification–reintegration mechanisms (i.e., excision and 

amplification of DNA sequences and integration to a new 

region of the chromosome) (Do et al., 2001; Ricroch et al., 

1992; Stupar et al., 2002). A similar view from Schubert and 

Wobus (1985) illustrated that the rDNA in A. cepa L. has its 

means of moving from one locus to another region of the 

chromosomes. Apparently, all 45S rDNA loci were positioned 

in the telomeric region as shown in this study, suggesting 
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that repeats from the rRNA gene may have undergone an 

excision-reintegration process that is mediated by sequence 

recognition, taking into account its original location and 

relocation site that resided in the same chromatin domain 

(i.e., heterochromatin) (Paolozzi et al., 1999). Nevertheless, 

Paolozzi et al., (1999) elaborated that reintegration occurs 

without sequence recognition; these findings may not gener-

alize the reintegration mechanisms since they focused on 

prokaryotic DNA, contrary with this study.

The labeled telomeric tandem repeats hybridized extensively 

on the terminal regions of the chromosomes, except on the 

short arms of chromosome 6 in ‘Eumjinara’ and on one 

satellite chromosome in ‘Sinseonhwang’ (Figs. 2 and 4). Do 

et al. (2001) have also shown a similar pattern of hybridization 

of telomeric tandem repeat probes with an absence of signals 

on the short arm of chromosome 6. It is interesting to note 

the co-localization of signals between telomeric tandem 

repeats and 45S rDNA probes in both cultivars (Fig. 4). A 

bi-color chromosome fiber FISH on Chrysanthemum segetum 

L. conducted by Li et al. (2012) shows that telomere se-

quences are structurally connected or interspersed into the 

rDNA sequences. Further investigation of a DNA fragment 

obtained by using a combined primer of telomere and rDNA 

suggested that telomere sequences have invaded the conserved 

rDNA sequences (Li et al., 2012). However, Do et al. (2001) 

have only documented integration of satellite DNA on the 

rDNA sequences in chromosome 8 of A. cepa L., which is 

also evident from this study. On the other hand, 2D8 tandem 

repeat-DNA elements in potato, with high homology to 

rDNA intergenic spacer (IGS) sequences, have cross-hybridized 

with the NOR, which contains the 45S rDNA unit (Stupar et 

al., 2002). These rDNA related sequences may have invaded 

the satellite DNA during evolution (Falquet et al., 1997). 

Transposition and amplification of DNA repeats could occur 

in a genome, although the mechanism remains ambiguous 

(Gernand et al., 2007). The absence of the telomeric sequence, 

TTTAGGG, has promoted the repetition of satellite and 

rDNA sequences on the telomere during the evolution of A. 

cepa L. (Do et al., 2001). The use of bi-color FISH with 

satellite and rDNA sequence probes may reveal signals of 

satellite or rDNA sequences, since these two repeats may 

substitute each other in a specific position of the telomere 

(Do et al., 2001), or they may yield signals simultaneously 

as observed in this study. It is also evident that the two 

onion cultivars differ in the distribution of 45S rDNA and 

telomeric tandem repeats. Putatively, modification of a genetic 

makeup is steered by the occurrence of nuclear mutation 

(Scitable by nature education, 2014). Hence, the species dif-

ferentiation between these cultivars may have resulted in an 

accumulation of mutations in the satellite or rDNA sequences 

during the union of two or more genomes.

Cot analysis has been proven to be an efficient way of 

elucidating the major fraction of most plant nuclear genomes 

(e.g., repetitive DNA) (Kubis et al., 1998; Peterson at al., 

2002). Repetitive elements, (e.g., satellite sequences, trans-

posable elements) are congregated in the heterochromatic 

region, particularly at the telomere and centromere (Shiv et 

al., 2007). In A. cepa L., Shibata and Hizume (2002a) 

reported a chromosomal hybridization of Cot-1 DNA with 

more prominent probe signals at the terminal ends of the 

chromosomes. Similarly, the results of this study show intense 

telomeric signals and weak dispersed signals along the chromo-

some (Fig. 3). The concentration of signals at the telomere 

clearly shows the heterochromatic regions, which comprise 

a large amount of repetitive DNAs (tandem repeats), while 

the dispersed signals on the chromosomes show transposable 

elements, such as long terminal repeat retrotransposons, the 

major components of A. cepa L. genomes (Barnes et al., 1985; 

Vitte et al., 2013). 

Wei et al. (2007), who reported Cot-1 DNA localization 

in Brassica oleracea L. on its pericentromeric region, have 

insisted that Cot-1 DNA contains rDNA. This could be pos-

sible in A. cepa L. since these results show weak signals in 

the NOR (Fig. 3). Cot-1 DNA constituted various classes of 

repetitive DNA together with some repeats that are normally 

found in the NOR. A thorough investigation of these dispersed 

repetitive DNAs, together with rDNA and telomeric tandem 

repeat markers would be a valuable means of understanding 

the genome complexity of A. cepa L. and provide adequate 

information for the future breeding program and whole 

genome sequencing.

Acknowledgement: This work was carried out with the 

support of “Cooperative Research Program for Agriculture 

Science & Technology Development (Project title: National 

Agricultural Genome Program, Project No. PJ010448)” Rural 

Development Administration, Republic of Korea. 

Literature Cited

Allen, G.C., M.A. Flores-Vergara, S. Krasnyanski, S. Kumar, and 

W.F. Thompson. 2006. A modified protocol for rapid DNA isolation 

from plant tissues using cetyltrimethylammonium bromide. Nature 

Protocols 1:2320-2325.

Barnes, S.R., A.M. James, and G, Jamieson. 1985. The organization, 

nucleotide sequence, and chromosomal distribution of a satellite 

DNA from Allium cepa. Chromosoma 92:185-192.

Bark, O.H. and M. Havey. 1994. Similarities and relationship among 

populations of the bulb onion as estimated by nuclear RFLPS. 

Theor. Appl. Genet. 90:407-414.

Castilho, A. and J.S. Heslop-Harrison. 1995. Physical mapping of 

5S and 18S- 26S rDNA and repetitive DNA sequences in Aegilops 

umbelluta. Genome 38:91-96.

Do, G.S., B.B. Seo, M. Yamamoto, and G. Suzuki. 2001. Identification 

and chromosomal location of tandemly repeated DNA sequences 

in Allium cepa. Genes Genet. Syst. 76:53-60.

Do, G.S. and B.B. Seo. 2000. Phylogenetic relationships among Allium 



Hortic. Environ. Biotechnol. 56(6):793-799. 2015. 799

subg. Rhizirideum species based on the molecular variation of 5S 

rRNA genes. Korean J. Biol. Sci. 4:77-85.

Falquet, J., R. Creusot, and M. Dron. 1997. Molecular analysis of 

Phaseolus vulgaris rDNA units and characterization of a satellite 

DNA homologous to IGS subrepeats. Plant Physiol. Biochem. 

35:1011-1022. 

Flavell, R.B., M.D. Bennett, and J.B. Smith. 1974. Genome size and 

the proportion of repeated nucleotide sequence DNA in plants. 

Biochem. Genet. 12:257-269.

Gerlach, W.L. and J.R. Bedrook. 1979. Cloning and characterization 

of ribosomal rDNA genes from wheat and barley. Nucleic Acids 

Res. 7:1869-1885.

Gernand, D., H. Golczyk, T. Rutten, T. Iinicki, A. Houben, and A. 

Joachimiak. 2007. Tissue culture triggers chromosomes alterations, 

amplification, and transposition of repeat sequences in Allium 

fistulosum. Genome 50:435-442.

Gurushidze, M., S. Mashayekhi, F.R. Blattner, N. Friesen, and R.M. 

Fritsch. 2007. Phylogenetic relationship of wild and cultivated 

species of Allium section Cepa inferred by nuclear rDNA ITS 

sequence analysis. Plant Syst. Evol. 269:259-269.

Hanelt, P.1990. Allium taxonomy, evolution and history, p. 1-16. In: 

H.D. Rabinowitch, and J.L. Brewster (eds.). Botany, Physiology 

and Genetics. CRC Press Inc., Boca Raton, FL, USA.

Irifune, K., K. Hirai, J. Zheng, R. Tanaka, and H. Morikawa. 1995. 

Nucleotide sequence of a highly repeated DNA sequence and its 

chromosomal localization in Allium fistulosum. Theor. Appl. Genet. 

90:312-316.

Jakse, J., J.D.F. Meyer, G. Suzuki, J. McCallum, and F. Cheung. 

2008. Pilot sequencing of onion genomic DNA reveals fragments 

of transposable elements, low gene densities, and significant gene 

enrichment after methyl filtration. Mol. Genet. Genomics 280: 

287-292.

Jorgensen, R. and P. Cluster. 1998. Modes and tempos in the evolution 

of nuclear ribosomal DNA: new characters for evolutionary studies 

and new markers for genetic and population studies. Ann. Mo. 

Bot. Gard. 75:1238-1247.

Kim, S., J.Y. Park, and T.J. Yang. 2014. Characterization of three 

active transposable elements recently inserted in three independent 

DFR-A alleles and one high-copy DNA transposon isolated from 

the pink allele of the ANS gene in onion (Allium cepa L.). Mol. 

Genet. Genomics 290:1027-1037.

Kubis, S., T. Schmidt, and J.S. Heslop-Harrison. 1998. Repetitive 

DNA elements as a major component of plant genomes. Ann. Bot. 

82:45-55.

Levan, A., K. Fredga, and A.A. Sunderge. 1964. Nomenclature for 

centromeric position on chromosomes. Hereditas 52:201-220.

Li, J., S. He, L. Zhang, Y. Hu, F. Yang, L. Ma, J. Huang, and L. 

Li. 2012. Telomere and 45S rDNA sequences are structurally linked 

on the chromosomes in Chrysanthemum segetum L. Protoplasma 

1:207-215.

Linne Von Berg, G., A. Samoylov, M. Klaas, and P. Hanelt. 1996. 

Chloroplast DNA restriction analysis and the infrageneric grouping 

of Alllium L. Plant Syst. Evol. 200:253-261.

Long, E.O. and I.D. David. 1980. Repeated genes in eukaryotes. Annu. 

Rev. Biochem. 49:727-764.

Maggini, F., P. Barsanti, and T. Marazia. 1978. Individual variation 

of the nucleolus organizer regions in Allium cepa and Allium 

sativum. Chromosoma 66:173-184.

Martins, C. and A.P. Wasko. 2004. Organization and evolution of 

5S ribosomal DNA in the fish genome, p. 335-363. In: C.R. 

Williams (ed.). Genome Research. Nova Science Publishers Inc., 

Hauppauge, NY, USA.

Martins, C., A.P. Wasko, C. Oliveira, and J.M. Wright. 2000. 

Nucleotide sequence of 5S rDNA and localization of the ribosomal 

RNA genes to metaphase chromosomes of the Tilapiine cichlid 

fish, Oreochromis niloticus. Hereditas 133:39-46.

Mukherjee, A. and S.C. Roy. 2012. Karyotype analysis of five species 

of Allium. Indian J. Fund. Appl. Life Sci. 2:374-383.

Paolozzi, L., G. Fabozzi, and P. Ghelardini. 1999. Mu DNA reintegration 

upon excision: evidence for a possible involvement of nucleoid 

folding. Microbiology 3:591-598.

Pearce, S.R., U. Pich, G. Harrison, A.J. Flavell, J.S. Heslop-Harrison, 

I, Schubert, and A. Kumar. 1996. The Ty1-copia group retro-

transposons of Allium cepa are distributed throughout the chromo-

somes but are enriched in the terminal heterochromatin. Chromosome 

Res. 4:357-364.

Peterson, D.G., S.R. Wessler, and A.H. Peterson. 2002. Efficient 

capture of unique sequences from eukaryotic genomes. Trends 

Genet. 18:547-550.

Pitch, U. and I. Schubert. 1998. Terminal heterochromatin and 

alternative telomeric sequences in Allium cepa. Chromosome Res. 

6:315-321.

Pich, U., J. Fuchs, and I. Schubert. 1996. How do Alliaceae stabilize 

their chromosome ends in the absence of TTTAGGG-sequences? 

Chromosome Res. 4:207-213.

Ricroch, A., E.B. Peffley, and R.J. Baker. 1992. Chromosomal location 

of rDNA in Allium: in situ hybridization using biotin- and 

fluorescein-labelled probe. Theor. Appl. Genet. 83:413-418.

Schubert, I. and U. Wobus. 1985. In situ hybridization confirms 

jumping nucleolus organizing regions in Allium. Chromosoma 92: 

143148.

Scitable by nature education. 2014. DNA is constantly changing 

through the process of mutation. http://www.nature.com/scitable/ 

topicpage/dna-is-constantly-changing-through-the-process-6524898.

Seo, J.H., S.Y. Lee, and B.B. Seo. 2007. Genome analysis using 

sequence variation and chromosomal localization of tandem repeats 

of SS rRNA gene in Allium w�kegi. Korean J. Breed. Sci. 39:70-76.

Shibata, F. and M. Hizume. 2002a. The identification and analysis 

of the sequences that allow the detection of Allium cepa chromo-

somes by GISH in the allodiploid A. wakegi. Chromosoma 111: 

184-191.

Shibata, F. and M. Hizume. 2002b. Evolution of 5S rDNA units and 

their chromosomal localization in Allium cepa and Allium 

schoenoprasum revealed by microdissection and FISH. Theor. Appl. 

Genet. 105:167-172.

Shiv, I.S., G. Jia, and S. Jia. 2007. Heterochromatin revisited. Nature 

Rev. Genetics 8:35-46.

Stupar, R.M., J. Song, A.L. Tek, Z. Cheng, F. Dong, and J. Jiang. 

2002. Highly condensed potato pericentromeric heterochromatin 

contains rDNA-related tandem repeats. Genetics 162:1435-1444.

Suzuki, H., S. Sakurai, and Y. Matsuda. 1996. Rat 5S rDNA spacer 

sequences and chromosomal assignment of the genes to the extreme 

terminal region of chromosome 19. Cytogenet. Cell Genet. 72:1-4.

Vitte, C. and J.L. Bennetzen. 2006. Analysis of retrotransposon 

structural diversity uncovers properties and propensities in angiosperm 

genome evolution. Proc. Natl. Acad. Sci. USA 103:17638-17643.

Vitte, C., M.C. Estep, J. Leebens-Mack, and J.L. Bennetzen. 2013. 

Young, intact and nested retrotransposons are abundant in the onion 

and asparagus genomes. Ann. Bot. 122:881-889.

Wei, W.H., S.F. Zhang, L.J. Wang, B. Chen, X.M. Wu, and Y. Chun. 

2007. Karyotyping of Brassica oleracea L. based on COt-1 and 

ribosomal DNAs. Bot. Stud. 48:255-261.

Yuan, Y., P. San Miguel, and J.L. Bennetzen. 2003. High-cost analysis 

of the maize genome. The Plant J. 34:249-255.

Yunis, J.J. and W.G. Yasmineh. 1971. Heterochromatin, satellite DNA, 

and cell function. Science 174:1200-1209.

Zwick, M.S., R.E. Hanson, M.N. Islam-Faridi, D.M. Stelly, and R.A. 

Wing. 1997. A rapid procedure for the isolation of COt -1 DNA. 

Genome 40:138-14.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


