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A higher GC content region of an 

 

Oryza sativa

 

 chromosome can be specifically
visualized by double staining with propidium iodide (PI) and 4, 6-diamidino-2-phe-
nylindole (DAPI). This procedure allows identification of chromosome 9 from the
other rice chromosomes at the pachytene stage. Using rice chromosome 9 as a
model, an imaging method to construct a pachytene chromosomal map was devel-
oped by quantifying the fluorescence profile (FP) of each chromomere. The
pachytene map of chromosome 9 consists of twenty-two chromomeres including
four chromomeres within the nucleolar organizing region (NOR) and satellite
region. The pachytene map was compared with the corresponding somatic
prometaphase map and the linkage map. The differences among the three maps
indicate that each map depicts specific biological information, which is difficult to
be substituted by the other maps.
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INTRODUCTION

 

Pachytene chromosomes have higher resolution than
somatic chromosomes, due to their elongated structure in
meiosis. In pachytene chromosomes, linearly arranged,
bead-like, compacted segments named chromomeres are
observed. Pachytene chromosome analyses are espe-
cially effective in plants with small chromosomes (Fransz
et al., 2000). Development of trisomic series in tomato
(Rick and Barton, 1954), identification of 

 

Arabidopsis

 

chromosomes (Ross et al., 1996), and examination of chro-
mosome aberrations in tomato (Havekes et al., 1994), etc.
were all performed using pachytene chromosomes. In
rice, this approach was developed early, and several
reports on pachytene chromosomes were published
(Shastry et al., 1960; Kurata et al., 1981; Khush et al.,
1984) but the results were somewhat divergent. Cheng
et al. (2001a) developed a pachytene karyotype, anchored
by centromere-specific and chromosomal arm-specific
molecular markers.

However, there is no literature report on the quantita-
tive image analyses of the chromomeres. Such an objec-

tive analysis method, allowing quantitative image
analysis of chromomeres, has long been awaited.

 

 

 

Previ-
ous development of a comprehensive image analysis sys-
tem for plant chromosome research (CHIAS; Fukui, 1986;
Fukui and Mukai, 1988), and its subsequently improved
versions, i.e., CHIAS2 (Nakayama and Fukui, 1997) and
CHIAS3 (Kato and Fukui, 1998) lead us to develop a new
imaging method, aimed at the analysis of the more com-
plicated structure of the pachytene chromosomes.

In this study, a new image analyzing method for
pachytene chromosomes is described. Three different
maps, the pachytene chromosome map, the somatic chro-
mosome map and the linkage map of rice chromosome 9
are compared, and the biological significance is discussed.

 

MATERIALS AND METHODS

Plant materials.

 

A rice cultivar, Nipponbare (

 

Oryza
sativa

 

 L.) was used throughout the experiment.

 

 

 

Anthers,
about 0.72–0.75 mm in length, were taken from the young
panicles and fixed with a fixative (ethanol 3: acetic acid
1). The root tips were excised, treated with the fixative
solution and stored at –20

 

°

 

C until use. For longer stor-
age, the fixative was substituted with 70% ethanol.

 

Chromosome preparation.

 

After rinsing the fixed

 

Edited by Minoru Murata
*

 

 

 

Corresponding author. E-mail: kfukui@bio.eng.osaka-u.ac.jp

 

†

 

Present address: Yamanashi Prefectural Agricultural Research
Center, Kitakoma 407-0105, Yamanashi, Japan



 

156 S. KATO et al.

 

anthers in distilled water for about 20 min, pollen mother
cells were removed from the anthers, placed on a glass
slide and squashed. The slides were frozen on dry-ice,
their coverslips removed, and samples were air-dried
(Ohmido et al., 2001). Chromosome samples from root
tips were prepared according to the enzymatic maceration
and air-drying (EMA) method (Fukui and Iijima, 1991;
Fukui, 1996b). RNase A treatment (100 

 

µ

 

g/ml, 60 min)
was performed prior to staining. After 5 min washing
with 2 

 

×

 

 SSC, the slides were dehydrated through an eth-
anol series (70%, 95% and 99.5%). After air-drying, the
samples were stained with a solution containing 1 

 

µ

 

g/ml
propidium iodide (PI) and 1 

 

µ

 

g/ml 4’,6-diamidino-2-phe-
nylindole (DAPI). Images of pachytene and somatic
prometaphase chromosomes were visualized by fluores-
cent microscopy (BY60, Olympus) and digitally captured
with a CCD camera (PXL1400, Princeton Instrument,
USA). Digital images were stored as 12 bit-gray scale
images.

 

Fluorescence 

 

in situ

 

 hybridization (FISH).

 

The FISH
method used was based on a procedure described by Ohm-
ido and Fukui (1997) and Ohmido et al. (1998). The
DNA probe, containing a 3.8 kb insert of 17S-5.8S-25S
rDNA (45S rDNA, Sano and Sano, 1990), was biotin-
labeled by nick translation. The hybridized DNA was
detected with avidin-FITC (Vector Laboratories, USA),
followed by biotinylated anti-avidin D (Vector Laborato-
ries) and avidin-FITC (secondary signal amplification).

 

Image analysis.

 

Digital capture of chromosome images
was performed using specialized software (IP Lab Spec-
trum ver. 3.1.1, Scanalytics Inc., USA) and Photoshop
(ver. 3, Adobe Systems Inc., USA). CHIAS3 (Kato and
Fukui, 1998) was used for chromosome image analysis,
after converting the 12 bit gray-scale images into 8 bit
images. To measure the length and the fluorescence pro-
file (FP) of the chromosomes, the improved CHIAS3 step1
macro-program (Kato et al., 1997) was used in conjunc-
tion with “Object-Image” (ver.2.06). Object-Image is an
extended version of “NIH Image” for Mac OS. The Win-
dows PC version of Object-Image is currently available at
ARDI http://www.ardi.com/.

 

 

 

CHIAS3 software is freely
available via the Internet, at: http://www.bio.eng.osaka-
u.ac.jp/cl/biocladm/chias or http://www2.kobe¯u.ac.jp/

 

~

 

ohm-
ido/cl/chiasIII.

 

 

 

The “Object-Image” developed at the
Institute for Molecular Cell Biology, BioCentrum Amster-
dam, University of Amsterdam, is available at http://
simon.bio.uva.nl/object-image.html.

 

 

 

Chromomere length
and FPs were averaged using a step2 macro-program
(EXCEL ver.8, Microsoft, USA).

A calibration curve was calculated for the gray value of
each pixel, using the averaged profile lines at the mid-rib
of chromosome 9, in both the PI and DAPI images. The
satellite region, where the fluorescent patterns of PI and

DAPI are quite different, was excluded from the
calculation. The gray values of DAPI staining were
adjusted to the values of PI, based on the secondary regre-
ssion equations obtained. The quantitative pachytene
chromosome map, or the pachytene idiogram, was drawn
using Object-Image and Photoshop.

 

RESULTS

Identification of rice pachytene chromosome 9.

 

Chromomeres along the pachytene chromosome were
observed with both PI and DAPI staining (Fig. 1). We
confirmed that the PI and DAPI staining showed almost
identical patterns along the chromosomes. However, a
region of strong PI staining (arrow, Fig. 1b) and weak
DAPI staining (arrow, Fig. 1c) was also observed at the
end of one chromosome within the complement (arrow,
Fig. 1a). At the pachytene stage, a certain chromosomal
region was often attached to the nucleolus (Fig. 1a and
1f). A nucleolus, shaped as a twin ball or ball (Fig. 1d
arrows, Fig. 1g), was observed on most nuclear plates as
already reported (Kurata et al., 1981). Thus, most
likely, this region was the NOR of chromosome 9, because
Japonica rice has one NOR on chromosome 9 in the
complement. In addition, partial separation of the
homologous chromosome 9s at the pachytene stage was
often observed (arrows, Fig. 1f). Fluorescent signals
(green color) were detected after hybridization with the
FITC-labeled 45S rDNA probe (Fig. 1h), further confirm-
ing that this chromosome region was the NOR. Double
staining of somatic prometaphase chromosomes revealed
two chromosomes with long, stretched, intense PI stain-
ing regions (arrows, Fig. 1e). Two chromosomes, identi-
fied as chromosome 9 by their mitotic condensation
pattern (Fukui and Iijima, 1991; Iijima et al., 1991;
Fukui, 1996), had the NOR at the end of the short arm.

Figure 2 shows the averaged fluorescence profiles (FP)
along the mid-rib of pachytene chromosome 9 after PI and
DAPI staining. The FPs of PI (FP

 

PI

 

) and DAPI (FP

 

DAPI

 

)
staining were similar along whole chromosomes, except
for the NOR. The highest value in the FP

 

PI

 

 was mea-
sured at the NOR. The FP

 

DAPI

 

, however, did not show
the similar tendency in the same region.

 

Characteristics of chromosome 9.

 

The ratio of the
difference in fluorescent intensity between FP

 

PI

 

 and
FP

 

DAPI

 

 at the NOR was 5.75, much higher than in other
chromosomal regions (0.80–1.28). The fluorescent
intensities of DAPI were adjusted to PI for individual
chromomeres. We used ten FP

 

PI

 

s from five chromosome
9s, with little overlapping, and statistically at the same
stage in the cell cycle, based on their length (26.27 

 

µ

 

m–
30.13 

 

µ

 

m, 99% confidence intervals) determined by image
analysis. The mean length value of the five chromo-
somes was 27.87 

 

µ

 

m (418 pixels). Twenty-two chro-
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momeres were visually identified on chromosome 9. The
FP

 

PI

 

 was used to develop a pachytene chromosome map,
because the FP

 

PI

 

 and FP

 

DAPI

 

 were similar to each other,
and because PI stains DNA regardless of its GC content
(Fig. 2). The average length of each chromomere was
1.27 

 

µ

 

m (19.02 pixels) (Table 1). Differences in staining

intensity and in length were observed among chro-
momeres.

 

 

 

For example, chromomere No. 14 was short
(15.1 

 

µ

 

m) and less condensed. On the other hand, chro-
momere No. 16 was long (26.0 

 

µ

 

m) with large heterochro-
matic region.

 

Image analysis of the pachytene chromosome 9.

 

Figure 3 depicts the three major steps of the procedure for
mapping of a pachytene chromosome.
1st step: Two chromosome images, of PI (Fig. 3a) and
DAPI (Fig. 3b) staining, were stacked and handled as a
single image. After noise reduction and normalization of
gray levels, midrib-lines were interactively drawn along
pachytene chromosome 9 (Fig. 3d). Using the PI and
DAPI chromosome images as the references, segmented
line-shaped ROIs (“regions of interest”) were interactively
drawn at the boundaries between any two chromomeres
in these images, and were laid over the 0-gray-level
binary image (white) with 255-gray-level (black).

 

 

 

Indi-
vidual chromomeres were numbered, and each chromomere
region was pseudo-colored based on its chromomere num-
ber (Index image; Fig. 3c). The gray values of FP

 

PI

 

 and

 

Fig. 1. Rice chromosome 9 visualized by double staining with PI and DAPI.

 

a

 

. Pachytene chromosome complement with double
staining. Arrow indicates the NOR (nucleolar organizing region) where DAPI stained weakly and PI strongly. “Cen” indicates the
centromeric region.

 

b

 

. Rice pachytene chromosome 9 with PI staining.

 

c

 

. Rice pachytene chromosome 9 with DAPI staining.

 

d

 

. A
twin-ball shaped nucleolus 

 

e

 

. Somatic prometaphase chromosomes. Arrows point to the satellites. “Cen” indicates the centromeric
region of chromosome 9.

 

f

 

. Chromosome 9 at mid-pachytene stage. Homologous chromosomes were separated as indicated by
arrows, along the NOR.

 

g

 

. A ball-shaped nucleolus.

 

h

 

. FISH on pachytene chromosomes using 45S rDNA as probe. Arrow shows
the FISH signals (green) on the NOR. Bars show 5 

 

µ

 

m.

 

Fig. 2. Comparison between FP

 

PI

 

 and FP

 

DAPI

 

 of pachytene chro-
mosome 9 after PI and DAPI staining. Bold black and gray
lines represent the FP

 

PI

 

 and FP

 

DAPI

 

, respectively. Arrows show
primary and secondary constrictions.
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FP

 

DAPI

 

 along the midrib-line of each homologous chromo-
some (Figs. 3a, 3b) and the length of each chromomere
region of the Index image (Fig. 3c) were obtained.
2nd step: The average of FP

 

PI

 

 values and the length val-
ues of each chromomere were measured using the ten
FP

 

PI

 

 (five chromosomes), and were stored.
3rd step: A bar image of the average chromosome width
was developed from the average FP

 

PI

 

 values, converting
black (gray value = 255) to white (gray value = 0) (Fig. 3e:
FP

 

PI

 

 image). The two intermediate images (Figs. 3g, 3h)
obtained from the FP

 

PI

 

 image plus the Chromomere index
image (Fig. 3i) lead to the development of the Index idio-
gram (Fig. 3k). Combination of the two intermediate
images (Figs. 3g, 3h) with the binary bar image (Fig. 3f)
generated a Condensation pattern idiogram (Fig. 3j).
The intermediate images were produced as follows,
1) Local mean gray values of FP

 

PI

 

 were subtracted from
the gray values of FP

 

PI

 

 (Fig. 3e). Afterwards, dark
stained and light stained regions were determined setting
the local mean values as standard. Thresholding the
dark and the light regions of Fig. 3e, followed by binariza-

tion, which is converting 255-level gray-scale images into
black-and-white (darker regions, black and blighter
regions, white), yielded a banding pattern (Binary image;
Fig. 3f).
2) A smoothing filter treatment, acting vertically across
the midrib-line of the chromosome was applied to the
FP

 

PI

 

 image (Fig. 3e) and a filtered image (Fig. 3g) was
obtained.
3) The contour line of the filtered image was obtained and
subjected to binarization (Outline image; Fig. 3h).

Figure 4 details the process by which the condensed
and de-condensed regions of the chromomeres are
defined.

 

 

 

These regions were initially observed as bright
or dark regions on the stained chromosome. The bold
line in the graph shows the FP

 

PI

 

, whereas the gray line
shows the locally averaged values calculated by the mov-
ing average. Subtraction of the averaged values from
the original FP

 

PI

 

 values results in an up-and-down line on
the X-axis. Each region above the X-axis of the graph
corresponds to a condensed or light region. The sub-
tracted gray values of the pixels were replaced with the

 

Table 1. Length of each chromomere on chromosome 9.

Meiotic pachytene chromosome
Mitotic prometaphase

chromosome

Chromomere
(Unit No.)

Length of chromomere
(pixels)

Arm
symbol

Arm
length

Recombination
frequency per mm

Arm length

mean S.E. (

 

µ

 

m) (cM/

 

µ

 

m) (

 

µ

 

m)

1 25.0 3.18 sat 5.69 0.00 –

2 20.6 3.16

3 16.4 1.07

4 23.4 2.25

5 20.7 3.43 p 3.75 0.21 0.52

6 17.5 3.14

7 18.1 2.79

8 22.2 2.91 q 18.40 5.18 2.11

9 23.3 2.12 (a) ( 7.39)

10 16.0 1.34

11 14.9 1.46

12 19.0 3.39

13 15.5 1.39

14 15.1 2.96 q

15 19.6 1.54 (b) (11.01)

16 26.0 1.92

17 16.2 2.06

18 18.8 2.16

19 15.2 1.42

20 16.2 0.87

21 18.4 3.45

22 19.6 1.77

Average 19.0 2.26 3.45
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averaged median value of three successive pixels in order
to remove the small fluctuation of gray values. As a
result, we obtained the standardized data for develop-
ment of an idiogram with the information of condensation
patterns and the position of the chromomeres.

 

Comparison of three maps: the pachytene chromo-
some, the somatic prometaphase chromosome and
the linkage map of chromosome 9.

 

Figure 5 shows
the somatic chromosome map (Fukui and Iijima, 1991;
Fukui 1996a), the pachytene chromosome map currently
developed, and the linkage map (RGP Public Data, http:/
/web.staff.or.jp/), adjusted for chromosome length. Eight
addresses are mapped on the somatic prometaphase chro-
mosome map, and 48 addresses on the pachytene map,
with 22 chromomeres. The arm ratio (satellite region
excluded) of the prometaphase chromosome 9 is 3.90
(Fukui and Iijima, 1991), whereas that of the pachytene
chromosome 9 is 4.92. The arm ratio of the linkage map
is 119.13. The overall recombination frequency per unit
length (cM/

 

µ

 

m) was 3.45 for the pachytene chromosome 9,
with values of 0.21 for the short arm and 5.18 for the long
arm (Table 1). Centromeric positions are more or less
similar between the prometaphase and pachytene chro-
mosomes.

 

 

 

However, the position of the centromere on the
linkage map (RGP Public Data, http://web.staff.or.jp/) was

 

Fig. 3. Representative steps for development of a pachytene
chromosome map. Starting from two images of chromosome 9
stained with PI and DAPI, two idiograms showing heavily con-
densed regions within each chromomere (Condensation pattern
idiogram) and each chromomere (Index idiogram) were gener-
ated through three major steps.

Fig. 4. Extraction of the condensed regions from chromomeres
of chromosome 9. Subtraction of the moving average from aver-
aged FP

 

PI

 

 yields the condensed region within each chromomere
along the chromosome.

 

Fig. 5. Comparison of the three chromosome maps of rice
chromosome 9. From left to right, idiogram for somatic
prometaphase stage, idiograms for pachytene chromosomes
(Condensation pattern idiogram, Index idiogram), and linkage
map.
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quite different from those of the two maps. NOR posi-
tions were also different, even between prometaphase and
pachytene chromosome maps. NOR position in the link-
age map can be explained either by lack of its recombina-
tion or by lack of detection.

 

DISCUSSION

Rice chromosome 9.

 

In this study, structural charac-
teristics of rice pachytene chromosome 9 were defined by
image analysis. A study of rice pachytene chromosomes
was first reported by Shastry et al. (1960). Kurata et al.
(1981) and Khush et al. (1984) also studied rice pachytene
chromosomes using Japonica and Indica rice, respec-
tively.

 

 

 

In their reports, there was no description of the
satellite regions, probably because ordinary staining
(such as Giemsa staining of the nucleolus) interfered with
the detailed observation of the NOR and the satellite
region at the nucleolus. The idiogram currently devel-
oped is consistent with that of Kurata et al. (1981) except
for the NOR and satellite region. Three chromomeres
located within the NOR and satellite region were newly
identified by the present study.

DAPI and PI stained the NOR and satellite region dif-
ferently, as described in our study. PI is a cationic fluo-
rochrome classified as a phenonthridium-type dye, which
intercalates within the double helix structure of deoxyri-
bonucleic acids. DAPI is a specific intercalator for AT
base pairs of DNA. Past and present research indicates
that the NOR is a GC-rich region. Using a double stain-
ing technique with CMA (Chromomycin A3) and DAPI,
Lorite et al. (1997) reported that the NOR had a high GC
content. The 45S rDNA, which is the main component of
the NOR, shows 60–70% GC content in the coding regions
(DNA Data Bank of Japan, http://www.ddbj.nig.ac.jp/). It
was also reported that the spacer regions have a GC con-
tent of 70.17%, even higher than the coding regions
(Takaiwa et al., 1990).

 

Image analyses.

 

Computerized image analysis, to
characterize the chromomeres of pachytene chromosomes,
has not been available in the past, because the size and
fluorescence intensity of chromomeres are quite different
from each other. In this study, we established a method
to evaluate gray values relative to adjacent regions, to
help us discriminate the condensed, chromomeric regions,
distributed along the axis of the pachytene chromosomes.
The procedure described in this manuscript is based on a
method previously developed to extract C-band positive
regions in 

 

Crepis

 

 chromosomes, simulating the human
visual sense (Fukui and Kamisugi, 1995). The main dif-
ference from the previous method is that the current one
uses a one-dimensional smoothing method, instead of
applying a two-dimensional low-pass filter. The reason
for this change is that the result of a low-pass filter treat-

ment of the image was significantly influenced by the
gray values of the pixels outside of the chromosomal
regions, especially in constricted regions such as the
centromeres. The current method was proven to be very
effective for the outlining of the condensed regions of the
chromomeres. Dawe et al. (1994) and Peterson et al.
(1999) also analyzed pachytene chromosomes, using
either three-dimensional imaging methods in maize, or
FISH methods in tomato, respectively. Our procedure is
a alternative approach to pachytene chromosome analy-
sis, which produces quantitative chromosome maps with
banding landmarks, similar in aspect to the well-known
G-banding of vertebrate chromosomes.

 

Advantages of pachytene chromosome mapping.

 

There are two major advantages in using the quantitative
pachytene chromosome map for genetic research. First,
in gene mapping, the pachytene chromosome map is more
suitable for detailed allocation of genetic information,
because more addresses can be assigned on pachytene
chromosomes (1 pixel = 67nm) than on prometaphase
chromosomes. This also allows a higher resolution gene
mapping by FISH on pachytene compared to somatic
chromosomes. Cheng et al. (2001b) developed a physical
map of rice pachytene chromosome 10, by FISH mapping
of bacterial artificial chromosome (BAC) clones.

 

 

 

Combin-
ing our imaging system with FISH mapping of DNA
markers (e.g., genomic anchor clones, cDNAs and trans-
genic DNAs) would reveal a more accurate physical
position of genes and other DNA probes along rice chro-
mosomes.

Second, mapped chromomeres can easily serve as a
landmark for precise positioning of structurally unique
features, such as heterochromatic and euchromatic
regions. Morphological characteristics observed and
described in the pachytene chromosomes could not be
detected in the corresponding somatic chromosomes.

 

 

 

For
example, the constriction between the chromomere Nos.
13 and 14 was confirmed only in pachytene chromosomes.
The same was true for chromomeres Nos. 16, 17 and 18
which cover the heterochromatic region. These minute
morphological characteristics may serve as clues for the
analysis of higher chromosomal structures.

On a linkage map, the distance between two loci is mea-
sured by recombination frequency, with the assumption
that the recombination frequency is even throughout the
chromosome. However, there are several reports of
uneven recombination frequencies along chromosomes
(Fukui and Kakeda, 1990; Gustafson et al., 1990; Künzel
et al., 2000). It is likely that, by combining the pachy-
tene chromosome map with the linkage map, better
understanding between the recombination frequency and
the unit-length of a chromosome can be obtained. This
would result in a more accurate, integrated chromosomal
map.
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We believe that the pachytene chromosome map carries
important biological information which is not replaced by
the other maps. In combination with other procedures,
it could play a crucial role in developing highly integrated
chromosomal maps.
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