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Review

Recent advances in rice genome and chromosome structure research by
fluorescence in situ hybridization (FISH)

By Nobuko OHMIDO,*! Kiichi FUKUT*2 and Toshiro KINOSHITA*3:f

(Communicated by Koichiro TSUNEWAKI, M.J.A.)

Abstract: Fluorescence in situ hybridization (FISH) is an effective method for the physical
mapping of genes and repetitive DNA sequences on chromosomes. Physical mapping of unique
nucleotide sequences on specific rice chromosome regions was performed using a combination of
chromosome identification and highly sensitive FISH. Increases in the detection sensitivity of
smaller DNA sequences and improvements in spatial resolution have ushered in a new phase in
FISH technology. Thus, it is now possible to perform in situ hybridization on somatic chromo-
somes, pachytene chromosomes, and even on extended DNA fibers (EDFs). Pachytene-FISH
allows the integration of genetic linkage maps and quantitative chromosome maps. Visualization
methods using FISH can reveal the spatial organization of the centromere, heterochromatin/
euchromatin, and the terminal structures of rice chromosomes. Furthermore, EDF-FISH and the
DNA combing technique can resolve a spatial distance of 1 kb between adjacent DNA sequences,
and the detection of even a 300-bp target is now feasible. The copy numbers of various repetitive
sequences and the sizes of various DNA molecules were quantitatively measured using the mole-
cular combing technique. This review describes the significance of these advances in molecular
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cytology in rice and discusses future applications in plant studies using visualization techniques.
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Introduction

In situ hybridization (ISH) is a useful method to
visualize the localization of nucleotide sequences on
chromosomes, nuclei, and tissues. The principle of
ISH is to hybridize labeled nucleotide sequences (or
probes) as reporter molecules directly onto comple-
mentary DNA or RNA sequences on slide glass. Fol-
lowing hybridization, the reporter molecule in the
hybridized DNA is detected by antibodies or affinity
chemicals labeled with fluorescent molecules, to be
visualized under a microscope, for example. This
ISH using fluorescence to detect DNA probes is
referred to as fluorescence in situ hybridization
(FISH). Technical details on using this technique in
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both animals and plants have been published in
many good manuals.!? The visualization of DNA
probes using various techniques has been performed
in recent decades and has been applied in the study
of many plants of agricultural importance as well as
in plant genome research. FISH has been extensively
used in important members of the plant kingdom,
such as rice, wheat, maize, tomato, Brassica, and
Arabidopsis.?® Technical advances in cytology and
FISH applications, such as DNA mapping on chro-
mosomes, nuclei, and DNA fibers, have dramatically
progressed to allow the detection of DNA sequences
of fewer than a few kilobase pairs. FISH mapping of
single genes enables a direct comparison of the phys-
ical location of a gene and its position on the linkage
map.? Currently, the functional aspects of histone
protein modifications are being analyzed. Histone
modifications, such as methylation and acetylation,
are known to be involved in the epigenetic regulation
of gene expression and are thus related to functional
regions of chromosomes, aiding in the differentiation
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of heterochromatin and euchromatin. Technological
advancements have been utilized in the development
of a number of genetic methods, each with advan-
tages and drawbacks. In this review, we discuss the
effects and versatility of these methods in plant re-
search, as the development of visualization methods
is considered a significant milestone in molecular
cytology.

Detection of ribosomal RN A genes by
in situ hybridization

Efforts to visualize specific DNA sequences di-
rectly on chromosomes had been pursued for years,
but good methods for identifying chromosomes or de-
tecting genes on a chromosome first became available
at the beginning of the 1980s. The first reproducible
result was the success of Fukui in physically locating
18S-5.85-25S ribosomal RNA gene (45S rDNA) loci
at the end of a pair of chromosomes using '?iodine-
labeled rRNA probes.” Following hybridization with
a radioactive ribosomal RNA probe, the radioactive
hybridizing signals were detected using a photo-
graphic emulsion layered over the surface of the sam-
ples. Ten years later, ISH using haptenes such as
biotin for a reporter molecule was developed, and
soon it was found that these methods had many ad-
vantages over the earlier radioactive methods. One of
several remarkable achievements that employed non-
radioactive labeling systems, such as a colorimetric
procedure using an enzymatic reaction, was the de-
tection of 458 rDNA sites on rice chromosomes.!?)
Although the stability and safety of the detection
procedures were high, the low spatial resolution, the
probe size limitation, and the limited number of
probes that could be used in single ISH experiment
remained problems.

Based on these technological achievements, fluo-
rescence in situ hybridization (FISH) technology was
developed. The FISH technique for human chromo-
somes was developed first,!D-12) followed by a method
for the wheat genome.!?-19 The significant advan-
tages of FISH included good sensitivity and high
spatial resolution, the ability to simultaneously de-
tect several probes using different fluorochrome/color
combinations, and versatility in three-dimensional
analyses. The development of the FISH methodology
allowed dramatic advances in molecular cytological
studies even in rice, which has very small chromo-
somes. For example, 455 rDNA loci were detected in
different rice species, and variability in the number of
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45S rDNA loci among several rice species was dem-
onstrated.!» A FISH study was also performed using
two-color fluorescence to simultaneously detect 5S
and 45S rDNAs loci.'® Both rDNA loci were visual-
ized on the chromosomes of six species of the genus
Oryza, and the rice chromosomes harboring the
rDNA loci were identified based on their condensa-
tion patterns.!® The positions of the rDNAs were
shown to be different in the different rice species.!”)
The 45S rDNA locus of japonica rice is localized on
chromosome 9. Indica rice has the two loci on chro-
mosomes 9 and 10. O. officinalis and O. eichingeri
both have the three loci on chromosomes 4, 7, and
11 (Fig. 1, Table 1). Recent studies have demon-
strated that the number of rDNA loci varies from
one to eight among wild rice species.!® This variabil-
ity is likely caused by either chromosome exchange
or translocation and/or by a ribosomal RNA gene
during the evolution of rice wild species. Variations
in the location of the rDNA loci might indicate the
transpositional nature of the rDNAs, as has been
suggested in the genera Triticeae and Allium.19-20)
Recently, flow cytometry and sorting studies of plant
chromosomes have been carried out using suspen-
sions of intact chromosomes, and individual chromo-
somes have been discriminated in cereals.2)-22) 5§
rDNA, 17S rDNA, and centromeric DNA have been
used as probes in FISH for rye and barley chromo-
somes in suspension to label the specific chromo-
somes. Bright signals were detected at the specific
regions of interest on the chromosomes. These results
indicate that this method would be useful for the
selection and sorting of plant chromosomes.

Variability of chromosomal construction by
repetitive sequences in Oryza species

Tandem repeat sequences and retroelements
constitute a large fraction of the genomic DNA of
plants. Rice, 2n =24 with a genome size of 390
Mbp, has the smallest genome size among the major
cereals,?® smaller than the other important cereals
such as sorghum, maize, barley, and wheat (with
genome sizes of 735, 2,600, 5,400, and 16,900 Mbp,
respectively). The rice genome is an important refer-
ence point for all cereal genomes because it shows co-
linearity with other agriculturally important crops.2¥
The rice genome contains 28,000 genes,?> and it also
contains abundant repeated sequences. In plant ge-
nomes, repetitive DNAs are known to contribute
considerably to the chromosome structure, including
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Distribution patterns of the genome-specific repetitive sequence TrsA and rDNA sites on a rice chromosome idiogram.

Black and gray boxes: heavily and moderately condensed regions, respectively, based on the condensation patterns determined
by CHIAS3. Doublet circles: Trs sites—two in O. sativa ssp. japonica (red), six in O. sativa ssp. indica (yellow), three in

O. glaberrima (blue) and 12 in O. meridionalis (green). Most of those sites are located on the distal ends of long arms. Arrow-
head: rDNA site—one in O. sativa ssp. japonica (red), two in O. sativa ssp. indica (yellow) and three each in O. officinalis and

O. eichingeri (orange).

Table 1. Chromosomal locations of 45S rDNA, 5S rDNA and TrsA of rice species
Respective chromosomes

45SrDNA 5SrDNA TrsA

Genome Species Ribosomal RNA Ribosomal RNA Tandem repeat A
gene gene

AA 0. sativa ssp. japonica 9 11 6, 12
AA 0. sativa ssp. indica 9,10 11 5,7,8,9,10, 11
AA 0. glaberrima 9 5,6,7
AA 0. meridionalis 1,2,3,4,5,6,7,8,9,10, 11
BB 0. punctata, diploidx 9 11
cC 0. officinalis 4,7, 11 11
cC O. eichingeri 4,7, 11 11
EE O. australinensis 9 7
FF 0. brachyantha 9 7

* Oryza punctata (diploid) has BB genome, while the tetraploid form of this species possesses the genome formula,

BBCC.89

the heterochromatin, centromere, and telomere. FISH
is very useful in identifying the genome-wide dis-
tribution pattern of different types of repetitive se-
quences in rice.

TrsA?® and 0s48%7) were the first tandem re-
peat sequences identified in rice. TrsA repeats have

a 355-bp unit length and are present at 2,000-6,000
copies in japonica rice with the A genome. TrsA re-
peats occupy at least 10% of the total genome in
indica rice. TrsA was localized to the short arm of

chromosome 6 (6S) and the long arm of chromosome
12 (12L) (Fig. 1, Table 1). TrsA sites have also been
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detected in the subtelomeric regions in both japonica
and indica rice chromosomes.?® TrsA copies are
located at the distal end of chromosomes 6 and 12
in japonica rice and chromosomes 5, 7, 8, 9, 10, and
11 in indica rice.?? Although two pairs of TrsA were
visually detected in japonica rice by FISH, six chro-
mosome ends (3L, 5L, 6S, 8L, 9L, 12L) have been
reported to contain TrsA.3® This suggests that four
of the chromosomal ends (3L, 5L, 8L, 9L) are low-
copy sites of TrsA that are undetectable by FISH.
Wild rice species with the A genome shows variable
numbers of TrsA copies and chromosomal positions;
for example, chromosomes 5, 6, and 7 in O. glaber-
rima and all chromosomes but chromosome 12 in O.
meridionalis contain TrsA copies (Table 1). Hetero-
chromatic chromomere regions at the distal ends of
O. meridionalis chromosomes consist of TrsA copies.
Thus, TrsA likely contributes to the chromosome
terminal structures and genome sizes of various rice
species.3D

FISH studies have revealed different classes of
retrotransposons that contribute to the chromosomal
organization. The retrotransposable elements named
LTR (long terminal repeats), such as Ty-1 copia-
type and Ty-3 gypsy-type, are widespread in plant
genomes.?? These elements also contribute to the
large variations in genome size among diploid rice
species.?® For example, O. australiensis (E genome)
has the largest and O. brachyantha (F genome) the
smallest genome size in rice. O. sativa (A genome),
including all cultivated species, has an intermediate
genome size. O. brachyantha, with a genome size of
346 Mb/1C, has a limited number of repetitive DNA
sequences specific to the F genome.?® In comparison,
O. australiensis, with a genome size of 946 Mb/1C,
shows an overall amplification of the genome-specific
DNA sequence RIRE1 throughout its chromosomes.
RIRE1, a Ty-1copia-type retroelement, is detected
throughout the chromosomes of O. australiensis ex-
cept the nucleolar organizing region (NOR) and cen-
tromeric regions. Other plant retroelements, such
as BARE1 of barley, have high homology to RIRE1
and have been reported to show a chromosomal
distribution pattern similar to that of RIRE1.3% The
amplification of such copia-type retroelements causes
variations in chromosome morphology and genome
size among species, even within the same genus. The
genetic markers of the wild-type rice O. punctata
(BB genome) and O. officinalis (CC genome) have
synthetic arrangements similar to the corresponding
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chromosomes of O. sativa.3® The positions of indi-
vidual markers on the corresponding chromosomes
among the three different rice species with A, B, and
C genomes were quite similar.

In plant genomes, centromeres contain several
kinds of retrotransposons and satellite repeats with
100—200 bp units of the short motif. The centromeric
satellite sequences are the most rapidly evolved in
the genome. The Ty-1 copia-type transposable ele-
ment is considered the main tandem array that
composes the pericentromeric regions in Arabidopsis
thaliana.?” Moreover, the maize centromere is com-
posed of fragments of the Ty-3 gypsy-type retrotrans-
posons; CentA (a 156-bp satellite repeat) and CentC
(a 156-bp repeat) are present in the centromeric re-
gions.?® An RIRE7 with a tandem repeat sequence,
named TrsD, is homologous to the tandem repeat
sequences RCS2 and CentC, which were previously
identified in the centromeric regions of rice and
maize chromosomes, respectively.3®-40) Interestingly,
the RIRE7 sequence is homologous to several DNA
segments present in the centromeric regions of cereal
chromosomes. FISH analysis using a BAC clone
containing both RIRE7 and TrsD sequences also re-
vealed their presence in the pericentromeric regions
of the pachytene chromosomes in O. sativa cv. Nip-
ponbare. High copy numbers of Ty-3gypsy-type have
been confirmed in many plant species, including rice,
Arabidopsis, maize, barley, and wheat.37-38)4D-43)
The gag-polymerase region of the Ty-3gypsy-type
retrotransposon, appearing as RIRE7, CRM, and
LjRE2 repeats in rice, maize, and Lotus, respectively,
has been detected in the pericentromeric regions of
pachytene chromosomes by FISH.3®-4D:43)-45 The
centromeric sequences and structures are well under-
stood in rice.4)47

The relationship between chromosomal function
and repeat sequences in the centromere has been
demonstrated by the concentration of histone var-
iants. CentO, which is the sequence corresponding
to the spindle-binding region of the kinetocore, pro-
vides evidence to confirm the relationship between
chromosome function and the DNA sequence.*® Ty-
3gypsy-type centromere specific retrotransposons
containing CentO are highly enriched in chromosome
domains containing the centromere-specific histone
H3 variant (CENH3).#® The CENH3 binding regions
are thought to be the functional regions of the cen-
tromere. CENHS3 genes have been found in all eukar-
yotes investigated, including humans (CENP-A)#)
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and A. thaliana (HTR12).°® Nagaki et al. have de-
termined that centromeric sequences of approxi-
mately 750 kb bind to the rice CENH3.5D In the
case of rice with 390 Mb genome size, which has no
distinct heterochromatic chromocenters like Arabi-
dopsis in nuclei,’® but has conspicuous heterochro-
matic regions in pachytene chromosomes, the signals
of histone H3K9me2 were dispersed all over the nu-
clei with strong spot-like signals and enriched at het-
erochromatic regions in pachytene chromosomes.3?
It is also worth noticing that histone H3K9me2 espe-
cially marked condensed regions within each chromo-
mere. Pericentromeric regions composed of highly
condensed chromomeres showed stronger and larger
signals, that suggests chromatin condensation might
directly or indirectly correlate with histone H3K9me2
in rice, too. In the centromeric regions responsible
for kinetochore assembly and microtubule attach-
ment, where a specialized histone H3 variant called
CENH3 (CENP-A) replaces the canonical histone,>?
H3K9me2 was not detected. We suppose that rice
histone H3K9me2 can occur at condensed regions
within each chromomere in varying degrees, and the
degree of H3K9me2 is proportional to the degree of
chromatin condensation. Moreover, it can be said
that the pattern of H3K9me2 in rice pachytene chro-
mosome might be consistent with uneven transcrip-
tional activity along chromosomes.

Physical mapping of agricultural important
genes on rice chromosomes

Molecular cytology techniques enabled the de-
tection of unique rice genomic DNA sequences re-
lated to important agricultural traits. A yeast artifi-
cial chromosome (YAC) covering the gall midge
resistance gene (Gm2) was mapped to chromosome 1
of the resistant variety of rice.’®:5% Jiang et al.>®
and Nakamura et al.>*-57) visualized bacterial artifi-
cial chromosome (BAC) clones closely linked to a
rice bacterial blight resistance locus, Xa21, and to
the rice blast resistance gene Pi-b, respectively, both
on chromosome 2 (Fig. 2). Finally, the improved
detection sensitivity enabled the visualization of a
small RFLP marker of only 1.29 kb’ A single
RFLP marker of 1.29 kb in size was mapped to the
distal end of the long arm of rice chromosome 4
(chromosomal address: 4g2.1). Image analysis of the
FISH results allowed the refinement of the localiza-
tion of the molecular markers on the quantitative
rice chromosome map. The combination of chromo-
some identification, physical mapping, and image
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analysis gives the most accurate physical mapping of
genes. For example, a 180 kb BAC clone was FISH-
mapped at 96.2% distance from the end of the short
arm of chromosome 2 (Fig. 2g). The position of this
BAC clone was localized at 98.7% (190.4 cM) from
the end of the same chromosome arm on the genetic
map.>® Thus, only a small difference was found be-
tween the estimated positions of this BAC clone on
the physical and genetic map.

High resolution analysis for the integration
of genetic, physical and cytological
chromosome maps

Genetic linkage maps and physical maps are
both beneficial to determine the positions of genes
and specific DNA sequences in plant genomes. How-
ever, linkage maps based on recombination frequen-
cies do not directly reflect physical distances, because
genetic recombination does not occur at random
along chromosomes. Therefore, the integration of
linkage maps and physical maps is essential for the
accurate positioning of genes and specific DNA se-
quences.’®0 A standardized rice karyotype was
constructed using pachytene chromosomes of O.
sativa to facilitate rice chromosome identification.®V
This karyotype consists of landmarks in cultivated
and wild rice species by FISH using centromere spe-
cific and chromosomal arm specific BAC clones.62)-63)

Further integration among the linkage map,
somatic prometaphase map, and pachytene map,
based on the positions of common BAC/PAC clones
by FISH,3® was demonstrated. An idiogram depict-
ing the distribution of heterochromatin in the rice
pachytene chromosome was developed based on the
patterns of 4’,6-diamidino-2-phenylindole (DAPI)
and propidium iodide (PI) staining. In comparing
the three maps, discrepancies between the positions
of DNA markers on the linkage map and the FISH
signal positions on pachytene chromosomes map
were detected.®® In addition, a difference among the
three maps in the position of NOR on chromosome
9 was shown. In the linkage map, NOR was not
mapped, suggesting that the NOR region has no
effective genetic marker. As previous studies demon-
strated on chromosome 4, consistencies were found
between the condensation patterns of somatic pro-
metaphase chromosomes and the chromomeric char-
acters in pachytene chromosomes. This result suggests
that chromosomes might condense during mitosis and
meiosis through the same mechanism.%>
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Fig. 2. Figure legend is on the next page.

Fig. 3. Figure legend is on the next page.
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Characterization of genome organization of
hybrids and polyploids by GISH

Chromosome painting by genomic in situ hy-
bridization (GISH), a modified version of FISH tech-
nology, is also versatile tool in the field of plant
cytology and cytogenetics.®®© GISH allows the visual-
ization and comparison of chromosomes and genomes
of different materials, enabling one to characterize
them as polyploids, F; hybrids and their progenies,
partial allopolyploids, polyhaploids, or recombinant
lines.6”-7D Fig. 3 shows the distinction between two
kinds of genomes in two wild tetraploids, O. minuta
(BBCC, Fig. 3a and b) and O. latifolia (CCDD, Fig.
3c and d). The genetic distances among the three
genomes in the two species can be resolved (Fig. 3e).
Using the C genome as a pivotal genome by GISH,
the genetic distance of the B genome from C is larger
than that of the D genome from C. Recombination
events can be diagnosed using GISH, which allows
new insights into chromosome structure differentia-
tion between the three genomes.

Shishido et al.®® have shown the introgression of
chromosome fragments among different genomes in
somatic hybrids of rice species. Somatic hybrids be-
tween O. sativa (AA, 2n=24) and O. punctata
tetraploid (BBCC, 2n = 48) were produced by soma-
tic cell fusion. Multicolor GISH (McGISH) with two
genomic probes, one for the A genome and the other
for the C genome, and DAPI staining of DNA were
performed. Although the expected hexaploid somatic
hybrid (2n = 6z = 72) should have the A, B, and C
genomes with 72 chromosomes, the somatic hybrids
showed aneuploidy with 65-72 chromosomes (Fig.
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4). GISH revealed that A genome chromosomes
were never eliminated, whereas frequent loss of B
genome chromosomes and an occasional loss of C
genome chromosomes were observed (Fig. 4a, 4b, 4f,
4g). GISH revealed the chromosome constitution of
all aneuploids, demonstrating its important role as a
tool for genome monitoring in plant breeding. Shi-
shido et al.’» have reported highly reproducible,
complete protocols for chromosome painting by GISH
in rice chromosomes. GISH is also an effective method
for basic genetic research and practical breeding in
tomato and eggplant species.”?-’ However, the fea-
sibility of chromosome painting by GISH for hybrids
consisting of different genomes depends on the diver-
sity of the different contributor genomes. For exam-
ple, the use of GISH in Brassica allopolyploids con-
sisting of a combination of the A, B, and C genomes
could not discriminate the three genomes because the
repeated sequences are highly homologous among the
three genomes.” However, recently, total genomic
DNA from B. oleracea (CC genome, 2n = 18) was
hybridized to mitotic or meiotic chromosomes of B.
napus (AACC, 2n = 38) in the presence of blocking
DNA from B. rapa (AA, 2n = 20), and nine pairs of
the C genome chromosomes were clearly detected.”®

High spatial resolution for visualizing
DNA domains and sequences using
extended DNA fiber FISH

In plants, FISH resolution is 5-10 Mb using
well-spread metaphase spread chromosomes, 1.2 Mb
in pachytene chromosomes, and 100 kb for inter-
phase nuclei.”” These values depend on the degree
of chromatin compactness and also on the genome

Fig. 2. Physical mapping by FISH of a YAC clone (400 kb) carrying the gall midge resistance gene, Gm2, and a BAC clone

(180 kb) containing a rice blast resistance gene, Pi-b, on rice haploid chromosomes.”” a-d: Mapping of the Gm2 carrying
YAC clone that appeared as green fluorescent doublets on the probed chromosome 1. e-h: Mapping of the Pi-b carrying
BAC clone that appeared as the green fluorescent doublets on the probed chromosome 2. a and e: An entire somatic haploid
metaphase plate with 12 chromosomes, of which probed chromosome is indicated by a white arrowhead. b and f: Enlarged im-
age of the respective signal-tagged chromosome, of which centromere is shown by red arrowhead. ¢ and g: Cytological maps of
chromosome 1 and 2, carrying Gm2 and Pi-b gene, respectively. Green doublet circles show the site of the probed YAC or
BAC clone. d and h: Genetic maps of chromosome 1 and 2, of which centromeric regions are indicated by red boxes, and the
sites of probed YAC and BAC clones by red arrows.

Fig. 3. Genomic in situ hybridization (GISH) of two amphidiploids, O. minuta (BBCC, 2n = 48) and O. latifolia (CCDD,
2n = 48).5%) a and b: Chromosomes of O. minuta. (a) Counterstained with propidium iodide, and (b) composite chromosome
images of the counterstaining (red) and C genome signal image (yellow). ¢ and d: GISH of O. latifolia (CCDD, 2n = 48) chro-
mosomes. (¢) Giemsa stained chromosomes before GISH and (d) a composite chromosome image of counterstaining (red) and
signal image (yellow). e: Schematic representation of the genetic relationships between the B, C, and D genomes. Distances
between the genomes are in arbitrary units. Bar indicates 10 pm.
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Fig. 4. Multicolor genomic in situ hybridization (McGISH) of somatic hybrids having the A, B, and C genomes with the
different combinations of the genomic probes.®) Upper panel: McFISH results with two probes of A (red) and B (green)
genomes with the counterstained C genome (blue) with 4’,6-diamidino-2-phenylindole (DAPI). Lower panel: McFISH results
with two probes of A (red) and C (green) genomes with the counterstaining B genome with DAPI (blue). a and f: McGISH of
the whole nucleus, in which A genome is colored in red, B genome in green or blue, and C genome in blue or green. b and
g: Identification of the chromosomes of three genomes by their fluorescent color, those of the A, B and C genome chromosomes
being identified with red, green or blue, and blue or green fluorescence, respectively. ¢ and h: Identification of the A genome
chromosomes with red fluorescence. d and i: Identification of the B and C genome chromosomes with green fluorescence. e and
j: Insertion of the B genome chromosome fragments to the C genome chromosomes and that of the A genome chromosome
fragments to the B genome chromosomes, respectively. Bar indicates 5 pm.

Pac 1}16116 cNromosome

Prometaphase chromosome Interphase nucleus

DNA fibers

Fig. 5. High resolution FISH of rice somatic chromosomes, pachytene chromosomes, the nucleus, and extended DNA fibers.
Upper left: DAPI- stained mitotic prometaphase chromosome 12 with telomere signals (green) and the subtelomeric tandem
repeat TrsA (red). Upper middle: A pachytene bivalent of the same chromosomes with TrsA (red), in which heterochromatin
and euchromatin are well differentiated. Upper right: Interphase nucleus, in which telomere sequences, TTTAGGGs and
TrsA are colored in green and red, respectively. Bottom: Extended DNA fibers (EDFs) measuring 74 pum with 242 kb TrsA’s
(red) and telomere sequence (green). EDFs resemble ‘‘beads-on-a-string”’. All figures are at the same magnification. Bar
indicates 5 pm.
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size, phase of nuclear division, cell type, and degree
of heterochromatinization. Two target sequences lo-
cated in close vicinity would show overlapping FISH
signals on chromosomes and even in nuclei.

Fiber DNA technology provided a breakthrough
for estimating the distance between TrsA and telo-
mere sequences at a chromosomal end. Extended
DNA fibers (EDFs) were isolated from rice nuclei
according to the modified methods of Fransz et al.”®
Calculations showed that 1 pm of signal track on a
DNA fiber corresponded to 3.27 kb of actual nucleo-
tide length, indicating that EDF-FISH provides a
much higher spatial resolution power than does any
other FISH method. Resolution ranging from 2 to
3.29 kb can be obtained on fully extended chromatin.
In fact, the detection sensitivity can be further in-
creased to detect a probe of only 300 bp in size by
using EDF-FISH. This approach allows the accurate
estimation of the number of copies of a repetitive
sequence and of the physical length of target nucleo-
tide sequences.”

Fig. 5 shows multicolor FISH (McFISH)3 using
telomere- and TrsA specific DNA probes on rice
somatic cells, pachytene chromosomes, and EDFs.
TrsA’s were localized to the terminal regions of the
long arms of two japonica rice chromosomes.?®) The
simultaneous detection of TrsA and telomere sequen-
ces by dual-color FISH experiments on chromosomes
even allowed detection of overlapping signals (Fig.
5). TrsA and telomeric signals overlapped partially
in nuclei as well. This result demonstrates that the
two DNA sequences are located within a distance of
less than 1 Mb. The fluorescent signals on the EDF's
showed a ‘‘beads-on-a-string’’ pattern, as shown in
previous reports (Fig. 5). EDF-FISH also revealed
the approximate copy numbers of telomeric and
TrsA sequences, based on their previously reported
unit sizes of 7 and 355 bp, respectively. The lengths
of the FISH signal tracks of the telomere (green) and
TrsA (red) were measured using the chromosome
image analyzing system CHIAS3, and their copy
numbers were estimated. The results of TrsA and
telomere FISH on rice chromosomes and extended
DNA fibers are as follows. 1) All chromosome ends
possess telomere repeats measuring roughly 3-4 kb.
2) The subtelomeric TrsA is located only at the ends
of the long arms of chromosomes 6 and 12 and is 82
and 241 kb long, respectively, corresponding to 231
and 682 copies. 3) The telomere and TrsA repeats
are separated by less than a few thousand interven-
ing nucleotide sequences.
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Quantifying the length of purified DNA clones

Measurement of amounts of DNA molecules is
essential for many molecular biological experiments.
Ordinary methods for measuring the amount of DNA
molecules include gel electrophoresis, sometimes fol-
lowed by Southern blot analysis. An alternative and
simple technique, a modified DNA combing proto-
col, has also been reported.8)) This technique allows
DNA molecules to be stretched on aminosilane-coat-
ing glass slides, requires only small amounts of DNA
(1020 ng), and can be performed rapidly with a
fluorescence microscope to measure DNA lengths.
This procedure allows measuring the length of BAC,
PAC, cosmid, and plasmid DNAs with sizes ranging
from fewer than 10 kb to 300 kb. DNA molecules
appear as relaxed circles, supercoiled fibers, and/or
strands with a nick. Fiber lengths are measured using
a fluorescence microscope equipped with a CCD
camera, and sizing is done by calculating the number
of pixels between two points on the digital image. In
this method, generating the pixel-to-kilobase conver-
sion is essential and can be done by determining the
length of known DNA fibers (such as lambda DNA)
under the same magnification. A 100 kb DNA mole-
cule corresponds to 250 pixels under the condition
that a 10 pm long DNA molecule corresponds to
73.5 pixels using the x 100 objective lens microscope,
when the DNA molecule is fully stretched to its
theoretical size.

Size measurement of DN A molecules by
visualization with combing FISH

DNA combing is a useful technique for high-
resolution measurements in plants.8? Digitally mea-
sured distances can also be transformed into kilo-
bases of DNA using the length of a BAC clone of
known length along with the length of a standard.
The lengths of plant DNA fragments as small as 2
kb have been directly measured on circular BAC
molecules using this method.

DNA combing in conjunction with FISH has
enabled the high-resolution visual mapping of a
multiple gene cluster on a large DNA fragment.
Cheng et al.3¥ calibrated the average DNA extension
of seven sequenced BAC clones using the fiber-FISH
technique in rice and obtained a value of 3.21 kb/um.
Fiber-FISH results obtained from a BAC contig
spanning 1 Mb of DNA strongly matched sequencing
data, demonstrating the utility of this technique in
cytological mapping. Other research has confirmed
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the insertion of organellar DNA on the long arm of
rice chromosome 10.89 Sequence of the inserted
chloroplast DNA is nearly identical to regions of the
rice chloroplast genome sequence, suggesting that
the chloroplast DNA was transferred recently. In
Brassica species, self-incompatibility is regulated by
a single S locus with multiple alleles that span
several hundreds of kilobases and contain several
genes, including SLG and SRK.3% A 76-kb fragment
in a Pl-derived artificial chromosome (PAC) clone
containing the SLG® and SRK® genes was used to
directly visualize the S locus. Using DNA combing
and FISH, Suzuki et al. demonstrated that the posi-
tions of the fluorescent signals of SLG?® and SRK® on
the clone are consistent with their positions on the
restriction map.®> Combing-FISH has superior re-
solving power and can be used to determine the pre-
cise lengths of repetitive sequences. Genes mapping
performed visually by high-resolution FISH is an im-
portant technique in genome research.

Conclusions

Rice genetics and chromosome research has a
long history.8©-87 FISH has much been improved
since its first development some 20 years ago. FISH
is currently one of the major techniques in plant cy-
tology and biology. The increased sensitivity of the
technique and its ability to detect gene locations pro-
vide a powerful research tool in genetic studies. The
detection sensitivities of FISH are well improved that
>10 kb DNA detection on the chromosome and >0.3
kb on the extended DNA fibers. Gene mapping of
rice genomes is becoming ever more important in
rice genetics and breeding. The accumulation of se-
quence data and gene functional data would further
support rice breeding efforts.

The improved sensitivity of FISH is leading
FISH technology to the next step, detecting DNA-
protein interactions with the use of chromatin im-
munoprecipitation (ChIP) and immunostaining. His-
tone acetylation occurs at N-terminal lysines of H3
and H4. Three-dimensional observation revealed that
barley shows typical heterochromatin configuration
in interphase nucleus.®® These techniques should
greatly aid in studies of genetics and also epigenetics.
Fluorescence techniques using green and/or red fluo-
rescence protein, like GFP and DsRed, respectively,
could also be applied to study living cell dynamics in
plants.89
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