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Abstract BAC FISH (fluorescence in situ hybridization

using bacterial artificial chromosome probes) is a useful

cytogenetic technique for physical mapping, chromosome

marker screening, and comparative genomics. As a large

genomic fragment with repetitive sequences is inserted in

each BAC clone, random BAC FISH without adding

competitive DNA can unveil complex chromosome orga-

nization of the repetitive elements in plants. Here we per-

formed the comparative analysis of the random BAC FISH

in monocot plants including species having small chro-

mosomes (rice and asparagus) and those having large

chromosomes (hexaploid wheat, onion, and spider lily) in

order to understand a whole view of the repetitive element

organization in Poales and Asparagales monocots. More

unique and less dense dispersed signals of BAC FISH were

observed in species with smaller chromosomes in both the

Poales and Asparagales species. In the case of large-chro-

mosome species, 75–85% of the BAC clones were detected

as dispersed repetitive FISH signals along entire chromo-

somes. The BAC FISH of Lycoris did not even show

localized repetitive patterns (e.g., centromeric localization)

of signals.
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Introduction

Plant chromosomes vary in size from small to large, being

reflected by their genome size and chromosome number.

For example, mitotic chromosomes are as small as

*1.5 lm in length in Arabidopsis thaliana (2n = 10)

(Lysak et al. 1998), whose genome size (1C) was estimated

as 125 Mb from sequencing (Arabidopsis Genome Initia-

tive 2000) or 157 Mb from DNA amount (Bennett et al.

2003), while Lycoris aurea (2n = 15, 1C = 24,000 Mb)

have over 20 lm large chromosomes in mitotic metaphase

(Kurita 1986, 1987; Zonneveld et al. 2005). Such remark-

able difference of genome size of diploid plants is gener-

ally explained by different copy number of repetitive

elements, including retroelements, in the non-coding

regions. Comparative sequence studies in various plant

species suggested that amplification of the retroelements

drives expansion of genome size (SanMiguel and Bennet-

zen 1998; Shirasu et al. 2000; Piegu et al. 2006; Hawkins

et al. 2006; Neumann et al. 2006). It is noteworthy that

fluorescence in situ hybridization (FISH) is frequently used

to visualize chromosomal distribution of the repetitive

sequences (Miller et al. 1998; Presting et al. 1998; Zhang

et al. 2004) as a powerful tool for comparative genomics at

the microscopic level.

In the case of monocot plants, most of the recent

genomic studies have been done in Poales, including cereal

crops (such as rice, maize, barley and wheat), and genomic

information of other monocot species, including Aspara-

gales, has so far been limited. In order to elucidate genomic

organization of Asparagales, which is different from that of

cereal monocots, we have constructed a bacterial artificial

chromosome (BAC) library of onion (Allium cepa), and

used it for molecular cytogenetic analysis (Suzuki et al.

2001) and sequencing studies (Do et al. 2004; Jakse et al.

2008). In particular, FISH studies using randomly selected

BAC clones (here we call it random BAC FISH) without

competitive DNA have been performed to compare gen-

omes of onion (Asparagales) and hexaploid wheat (Triti-

cum aestivum, Poales): onion FISH with 91 BAC clones

(Suzuki et al. 2001) and wheat FISH with 202 BAC clones

(Suzuki and Mukai 2004). As a result, frequent occurrence

of dispersed repetitive sequences was revealed in both the

monocot species having large chromosomes, in addition to

the finding of BAC clones showing (peri) centromeric and

(sub) telomeric localization. Similarly, Zhang et al. (2004)

reported more detailed FISH experiments of selected 56

BAC clones with subclone sequencing in wheat. Overall

results of wheat BAC FISH in Suzuki and Mukai (2004)

and Zhang et al. (2004) are comparable.

In the present study, we further constructed the BAC

libraries of rice (Oryza sativa, Poales) and asparagus

(Asparagus officinalis, Asparagales) for representative

small-chromosome species, and that of spider lily (Lycoris

radiata) for representative Asparagales with large chro-

mosomes, and performed the random BAC FISH to com-

pare their genomes. Difference of genomic organization

between small- and large-chromosome species was

revealed by the BAC FISH analysis.

Materials and methods

Chromosomal preparation

Root tips of A. cepa, A. officinalis, L. radiata, and T. aes-

tivum were pretreated at 0�C for 18–20 h with water. For

O. sativa (japonica rice), root tips were pretreated with

2 mM 8-hydroxyquinoline for 4 h at room temperature.

The pretreated root tips were fixed in ethanol/glacial acetic

acid (3:1) for several days, and then squashed in 45%

acetic acid on glass slides as described by Mukai et al.

(1990).

Construction of BAC libraries

Megabase DNA embedded in agarose plugs was prepared

from young leaf tissue using the rapid method described by

Suzuki et al. (1997). The megabase DNA in agarose plugs

was partially digested with HindIII (Takara) at 37�C for

optimum amount of time, and was subjected to pulsed field

gel electrophoresis (PFGE) using a CHEF mapper (Bio-

Rad) with a 1% low melting point agarose gel (SeaPlaque

GTG, FMC) in 0.59 TBE buffer with the conditions of

6 V/cm, constant linearly ramped pulse time of 90 s for 4 h

at 14�C, followed by 6 V/cm, constant linearly ramped

pulse time of 6 s for 12 h at 14�C. The selected fractions

containing the target sizes of DNA fragments were released

from the gel with b-Agarase I (New England Biolabs), and

ligated to HindIII-digested pBeloBAC11 vector with T4

ligase (Promega). After ligation, DNA was electroporated

into Escherichia coli strain ElectroMAX DH10B (Invitro-

gen) using a Gene Pulser II (Bio-Rad) under the conditions

of 1.25 or 1.5 kV, 25 lF, and 100 X. The electroporated

cells were spread on an LB agar plate containing 12.5 mg/l

chloramphenicol (Cm), X-gal and IPTG. Recombinants

(white colonies) were clearly distinguished from non-

recombinants (blue colonies) after 20–24 h of incubation at

37�C.

Probe labeling

BAC clones (randomly selected white colonies) were

picked up, inoculated into 3 ml of LB with 12.5 mg/l Cm,

and shaken at 37�C overnight. BAC DNA purified by the

standard alkali method was dissolved in 20 ll of TE, and a
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5 ll aliquot was used to determine the concentration and

insert size by PFGE analysis of NotI digested DNA.

Another 5–10 ll aliquot was labeled with digoxigenin-

11-dUTP using a Dig-Nick Translation Mix kit (Roche

Diagnostics). For the rDNA probe, DNA purified by the

QIAGEN Plasmid Midi kit (QIAGEN) was labeled with

biotin-16-dUTP with Biotin-Nick Translation Mix kit

(Roche Diagnostics).

FISH analysis

Chromosomal DNA was denatured in 70% formamide-29

SSC for 2 min at 69�C and dehydrated in an ethanol series

at -20�C. The hybridization mixture (100 ll) consisted of

50% formamide, 10% dextran sulfate, 50 lg of salmon

sperm DNA, 29 SSC, and the labeled BAC DNA or rDNA.

The mixture was denatured for 10 min at 100�C and

immediately quenched in ice for at least 10 min. A 10 ll

aliquot of the mixture was applied to each slide. Hybrid-

ization took place overnight in a moist chamber at 37�C.

After hybridization, the slides were washed in 29 SSC at

room temperature for 5 min, 50% formamide-29 SSC at

37�C for 15 min, 29 SSC at room temperature for 15 min,

19 SSC at room temperature for 15 min, and 49 SSC at

room temperature for 5 min. For the simultaneous detec-

tion of digoxigenin and biotin, slides were incubated in

2 lg/ml rhodamine-conjugated anti-digoxigenin (Roche

Diagnostics) and 2 lg/ml fluorescein isothiocyanate

(FITC)-conjugated avidin (Roche Diagnostics) in the

detection buffer containing 49 SSC-1% BSA for 1 h at

37�C. After incubation, the slides were washed in 49 SSC

for 10 min, 0.1% Triton X-100 in 49 SSC for 10 min, 49

SSC for 10 min, and 29 SSC for 5 min, all at room tem-

perature. The slides were mounted in a fluorescence an-

tifade solution (1.25% DABCO, 90% glycerol). DAPI was

used as chromosome DNA counterstaining in the antifade

solution at 200 ng/ml. Each fluorescent signal on the slide

was captured with an Axioskop fluorescence microscope

(Zeiss) coupled to a cooled CCD camera (Hamamatsu

Photonics, model 4880). Images were pseudo-colored and

merged using Photoshop 5.0 software (Adobe).

Results and discussion

Random BAC FISH in rice, asparagus, and spider lily

In this study, we constructed partial BAC libraries of rice

(O. sativa), asparagus (A. officinalis), and spider lily

(L. radiata) with average insert size of 104.0 kb, 60.4 kb,

and 63.6 kb, respectively (representative results of PFGE

analysis determining the insert size are indicated in Online

Resource 1). By using these BAC clones, we conducted

random BAC FISH analysis in rice, asparagus, and spider

lily to compare the results with those in wheat (T. aes-

tivum) and onion (A. cepa) (Fig. 1) (Suzuki et al. 2001;

Suzuki and Mukai 2004). Although successful detection of

the single locus by BAC FISH has usually been reported by

masking repetitive DNA by adding C0t1 DNA as compet-

itor (Jiang et al. 1995), we did not add the competitive

DNA in these BAC FISH experiments in order to reveal

chromosomal distribution of repetitive DNA included in

the BAC insert.

BAC FISH results of randomly selected clones in rice

are summarized in Table 1. Although we used only 18

BAC clones as FISH probes, one-third of the clones

showed distinct signal(s) detecting one or several loci

(Fig. 1a), which we classified as ‘‘unique’’ type signals

(Table 1). Easy detection of the unique signals without

competitive DNA might be due to less repetitive sequences

in the BAC clones, which is characteristic of the small

genome plant species. Results of ‘‘repetitive’’ type FISH

signals were classified in ‘‘localized repetitive’’ and ‘‘dis-

persed repetitive.’’ All the localized repetitive type signals

were detected in (peri) centromeric regions of the rice

chromosomes (Fig. 1b). The (peri) centromeric-repetitive

BAC clones were much more frequently observed than

BAC clones containing dispersed repetitive sequences,

whose BAC FISH signals were detected as ‘‘mottled’’ or

‘‘entire chromosomal’’ localization (Table 1).

In the case of asparagus, whose chromosomes are small

but larger than the rice chromosomes (Fig. 1), random BAC

FISH of 40 clones resulted in detection of six unique, eight

localized repetitive, and 23 dispersed repetitive types of

signals (Table 2). In the 15% (6 out of 40) of BAC clones

showing the unique FISH signals, two BAC clones were

hybridized with the distinct one locus (Fig. 1c), indicating

the small proportion of repetitive sequences in the small

asparagus genome, but more repetitive than in the rice

genome. Confirming such characteristics of the asparagus

genome, over half of the BAC clones showed the dispersed

repetitive FISH signals (Table 2; Fig. 1e). In the clones

showing localized repetitive signals, one clone showed

(sub) telomeric FISH signals, whereas all the others showed

(peri) centromeric signals (Table 2; Fig. 1d).

Differing from the small-genome monocot species (rice

and asparagus), spider lily with the large genome and

chromosomes showed highly repetitive signal distribution

in random BAC FISH using 211 clones (Table 3; Fig. 1k, l).

Only dispersed repetitive type BAC FISH signals were

obtained, which were further classified in entire chromo-

somal (Fig. 1k) and mottled localization (Fig. 1l). These

results strongly indicated that highly complex repetitive

sequences are dispersed in entire chromosomes, and con-

stitute gene-flanking sequences in the large genome of

Lycoris.
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Comparison of BAC FISH results in monocot plants

We compared the random BAC FISH results in rice,

asparagus, and spider lily (Tables 1, 2, 3; Fig. 1a–e, k, l)

with our previous reports in wheat and onion (Suzuki et al.

2001; Suzuki and Mukai 2004). Chromosome number,

genome size, and length of mitotic metaphase chromo-

somes of the five plant species used in this study are

Fig. 1 Representative results of random BAC FISH analysis in five monocot species. BAC FISH signals (red) were detected in Oryza sativa (O s). (a, b),

Asparagus officinalis. (A.o.) (c–e), Triticum aestivum (T.a.) (f, g), Allium cepa (A.c.) (h–j), and Lycoris radiata (L.r.) (k, l). The bars represent 10 lm
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summarized in Table 4. Chromosome sizes of rice and

asparagus are relatively small (less than 6 lm; Table 4;

Fig. 1a–e). The large-genome species (wheat, onion, and

spider lily) have extremely large mitotic chromosomes, up

to 20 lm (Table 4; Fig. 1f–l).

Figure 2 shows a summary of our random BAC FISH

results of the five monocot species. It is obvious that spe-

cies with larger chromosomes contain more complex

repetitive DNA than those with smaller chromosomes in

both Poales (rice and wheat) and Asparagales (asparagus,

onion and spider lily). Proportion of BAC clones with

unique or localized repetitive FISH signals is less in the

larger chromosome species and more in the smaller chro-

mosome species. Especially in spider lily, which has the

largest genome, there were no BAC clones showing unique

or localized repetitive FISH signals out of 211 BAC clones

examined (Table 3; Fig. 2). This difference might be

mainly due to the amount of the dispersed repetitive DNA;

an increased number of BAC clones with dispersed repet-

itive FISH signals might lead to a reduction of the pro-

portion of the unique or localized category in the larger

chromosome species. These dispersed repetitive sequences,

which have been accumulated in the large chromosome

species, might consist of complex, mixed and nested

structures of different kinds of retroelements (SanMiguel

et al. 1996; Ramakrishna et al. 2002). Thus, the present

comparative study of random BAC FISH analysis suc-

cessfully reveals differential distribution of repetitive DNA

elements vis-à-vis large and small chromosomes in

monocots. This random BAC FISH is a unique approach to

discern the differences in large-scale chromosome organi-

zation with respect to distribution of repetitive DNA ele-

ments. Such molecular cytogenetic analysis can be

effectively applied to species with extremely large genome

size, in which the entire genome sequence has not yet been

available.

Regarding the localized repetitive BAC FISH signals,

most of them were detected in (peri) centromeric chro-

mosomal regions (Fig. 1b, d, f, h). Patterns of this (peri)

centromeric signal localization vary among species;

slightly broad signals in rice (Fig. 1b), several spotted

signals in asparagus (Fig. 1d), compacted spot signals in

wheat (Fig. 1f), and apparently peri-centromeric broad

signals in onion (Fig. 1h). The (peri) centromeric signals in

wheat (Fig. 1f) might correspond to the cereba sequence,

which is a Ty3/gypsy retrotransposon-like sequence family

Table 1 BAC FISH results of randomly selected clones in Oryza
sativa

Type of signals Number

of clones

Detected

region

Number

of clones

No signal 2 2

Unique 6 1 locus 4

Several loci 2

Localized repetitive 8 (Peri) centromeric 8

Dispersed repetitive 2 Mottled 1

Entire chromosomal 1

Total 18 18

Table 2 BAC FISH results of randomly selected clones in Asparagus
officinalis

Type of signals Number

of clones

Detected

region

Number

of clones

No signal 3 3

Unique 6 1 locus 2

Several loci 4

Localized repetitive 8 (Peri) centromeric 7

(Sub) telomeric 1

Dispersed repetitive 23 Mottled 13

Entire chromosomal 10

Total 40 40

Table 3 BAC FISH results of randomly selected clones in Lycoris
radiata

Type of signals Number

of clones

Detected

region

Number

of clones

No signal 33 33

Unique 0 0

Localized repetitive 0 0

Dispersed repetitive 178 Mottled 122

Entire chromosomal 56

Total 211 211

Table 4 Chromosome number, genome size and chromosome size of

monocot plants used in this study

Species Chromosome

no. (2n)

Genome size

(Mb/1C)a
Length of mitotic

metaphase

chromosomes (lm)

Oryza sativa 24 380 1–3

Asparagus
officinalis

20 1,300 2–6

Triticum
aestivum

42 17,000 10–15

Lycoris
radiata

33 18,000 15–20

Allium cepa 16 17,000 15–20

a Genome sizes are referred or calculated from previous reports

(Arumuganathan and Earle 1991; International Rice Genome

Sequencing Project 2005; Zonneveld et al. 2005; Zhou et al. 2007)
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localized near the centromeric region of cereals (Presting

et al. 1998; Fukui et al. 2001; Hudakova et al. 2001;

Houben and Schubert 2003). Existence of the onion BAC

showing (sub) telomeric signals (Fig. 1i) indicates repeti-

tive organization of the characteristic terminal hetero-

chromatin (Suzuki et al. 2001), which suggested the

substitution of telomere sequences in Allium (Pich et al.

1996; Pich and Schubert 1998; Do et al. 2001). The

asparagus BAC showing (sub) telomeric signals (Table 3)

might be related to the onion terminal heterochromatin

sequences, which is expected to be characterized further in

the future.

Around 10% of BAC probes did not show any signals

(classified in ‘‘no signal’’) in these monocot species. These

BAC inserts might contain DNA derived from organelles.

Alternatively, single unique sequences could not be

detected on chromosomes because of low intensity of the

FISH signals, or because of difficulty with the hybridiza-

tion. In particular, it is possible that a relatively higher

proportion (16%) of no-signal BAC clones in spider lily is

due to difficulty with the probe hybridization to the target

DNA embedded in its highly condensed chromosomal

structure with steric complexity.

Thus, the BAC FISH detection of the single locus

without the competitive DNA is quite difficult in the large-

chromosome species of both Poales and Asparagales.

Although we used randomly selected clones without

sequence information in the present BAC FISH studies, a

similar tendency is observed in the selected BAC clones

with gene sequences; the asparagus BAC clones containing

AODEF genes (Ito et al. 2005) were easily detected as

distinct FISH signals showing the single locus on the

chromosome with rDNA in the absence of the competitive

DNA (Fig. 3a), and on the other hand, the sequenced onion

BAC clones, 1G-12-89 with a MYB–related DNA binding

protein-like gene (Jakse et al. 2008) and 4F4-77 with an

alliinase-like (ALL1) gene (Do et al. 2004) showed dis-

persed FISH signals (Fig. 3b, c). Single-locus FISH

detection of the 4F4-77 clone has not been successful by

BAC FISH adding the competitive DNA or using selected

probes with less repetitive fragments. These BAC clones

actually contain many degenerated retroelements and

transposon sequences (Do et al. 2004; Jakse et al. 2008),

which are major components of the large onion genome,

and specific in closely related species (Jakse et al. 2008).

Similarly, in our selected BAC FISH experiments in wheat,

it is not necessarily the case that competitive DNA such as

C0t1 can successfully repress the dispersed repetitive sig-

nals to detect the single locus (data not shown). Again, it

suggests the complex nature of the dispersed repetitive

sequences in the large-chromosome species.

In conclusion, our BAC FISH analysis in monocot

plants reveals that the complex dispersed repetitive ele-

ments have been accumulated in the large chromosomes in

both Poales and Asparagales, whose genomes are, how-

ever, quite different in their GC contents (Do et al. 2004;

Kuhl et al. 2004, 2005). Such genome-size expansion by

accumulation of repeats and proliferation of transposable

Fig. 2 Comparison of random

BAC FISH results. Relative

percentages of types of BAC

FISH signals were compared

among five monocot species
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elements might have occurred commonly in Asparagales as

well as in Poales, although it could have occurred inde-

pendently in both species.
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