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ABSTRACT  The fluorescence fading and chromosome imaging method were used together to analyze chromosomal DNA contents
(haploid set) in Pacific red abalone Haliotis rufescens (Archacogastropoda: Haliotidae). The fluorescence intensity was measured each
1.6 sec in H. rufescens chromosomes (2 n = 36) stained with DAPIL The fluorescence of each chromosomal t ype was recorded using
color digital images of 24 bits. These kind of images allowed converting the RGB (true color) images to pseudocolor images o quantify
the fluorescence intensily by means of 256 levels of brightness. Algorithms built with MATLAR software were used to determine the
area under the curve (fading function). Therefore, estimates of DNA contents in individual chromosome types were obtained. Their
DNA contents were related with chromosomal sizes (P < 0.001). The DNA values found showed a range from 0.1106 + 0.0045 pg
(chromosome # 1) 1o 0.0890 = (L0060 pg (chromosome # 18). The genome size calculated for . rufescens by sum of all chromosomal
DNA contents was 1.77 & 0,005 pg. This study describes an alternative imaging method to analyze the chromosome marphology and
chromosomal DNA contents in molluscs, and represents an alternative approach to the lack of cell lines required in flow cytogenetics.
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INTRODUCTION

The Pacific red abalone Haliotis rufescens (Swainson 1822) is
a marine gastropod inhabiting rocky substrates together with kelp
along the Pacific coast from Southern Oregon to Northern Cali-
fornia in the United States to the Baja California Peninsula in
Mexico (Lindberg 1992). Abalones are economically important
marine gastropods that reach moderate to high prices in the world
market (Oakes & Ponte 1996), and aquaculture production of red
abalone began during the last decade in Mexico. The whole life
cycle is managed under controlled conditions. Because of its eco-
nomical importance, several studies of ploidy manipulation have
been carried out to enhance the production of different abalone
species (Arai & Wilkins 1986, Fujino et al. 1987, Kudo et al. 1991,
Zhang et al. 1998, Maldonado et al. 2001). However, the knowl-
edge on abalone cytogenetic characteristics is sparse.

Modern cytogenetic methods such as chromosome banding and
fluorescent in situ hybridization (FISH) proved to be useful in
understanding the genomic organization of numerous vertebrate
species (Gray et al. 2002). The same methods have sporadically
been used 1o examine the chromosome in the phylum Mollusca
(Guo & Allen 1997, Zhang et al. 1999b). In particular, available
karyologic data on the class Gastropoda indicate that more than
300 species have been analyzed cytogenetically (Patterson 1969,
Nakamura 1985, Thiriot-Quiévreux 1994)), whereas <20 of them
have heen examined using these techniques (Vitturi et al. 2002). In
this context, to ascertain the cytogenetic characteristics of H. rufe-
scens, the Karyotype of this species (2 n = 36) has been reported
with eight metacentric, eight submetacentric, one submetacentric/
metacentric and one subtelocentric chromosome pair (Gallardo-
Escdrate et al. 2004, Gallardo-Escérate et al. 20035a).

Together with banding and FISH techniques, flow cytometry
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has been used for the analysis of DNA contents of genomes, spe-
cific chromosomes and chromosomal karyotyping (Langlois et al,
1982, Rodriguez-Juiz et al. 1996, Lucretti & Dolezel 1997, Dole-
zel et al. 2004). In addition, flow cytometry can be used for the
isolation of specific chromosomes for the construction of chromo-
some-specific libraries, and for gene cloning from a chromosomal-
specific region of a complex genome (Macas et al. 1993). How-
ever, the application of flow cytometry and sorting (flow cytoge-
netics) has been used mainly in plant (Dolezel et al. 2004) and
human genomes (Trask 2002). The application of these techniques
in molluses has been delayed by difficulties in obtaining cellular
line cultures, therefore preparation of suspensions of intact chro-
mosomes and discrimination of individual chromosome types by
cytometry remains in stand by until now.

Recently, image analysis methods have been introduced in cy-
togenetic research (Kato & Fukui 1998, Zhang et al. 1999a, Houts-
muller et al. 2000). It has been shown that the genome size data
obtained by image analysis methods are comparable to flow cy-
tometry data (Uozu et al. 1997). We also reported a new method
for the estimation of cell DNA content using fluorescence fading
(Gallardo-Escdrate et al. 2005b). We measured the fluorescence
intensity in DAPI-stained nuclei of several species. The estimation
of the area under the curve (integral fading) during a fading period
was related with the genome size. Our results showed that the
fluorescence in spermatozoa and red blood cell nuclei of Oreo-
chromis mossambicus, spermatozoa of Haliotis rufescens and red
blood cell nuclei of Oncorhynchus mykiss, decreases rapidly when
these nuclei were exposed to ultra violet light. The integral fading
values calculated for each nuclear type showed a linear relation-
ship with genome size reported for these species (r = 0.99), there-
fore we proposed a linear equation (¥ = 3337.2% + 596.8) to esti-
mate other genome size. This work demonstrated the feasibility to
estimate genome sizes by quantification of fluorescence fading.

In this study, we analyzed chromosomal DNA contents and
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their DNA variations. Furthermore, to propose chromosomes as
markers in Haliotis rufescens we analyzed the correlations among
DNA contents measured by fluorescence image analysis, and chro-
mosome areas and lengths. Finally, we proposed an alternate tech-
nique for DNA content estimation in abalone chromosomes using
image analysis.

MATERIALS AND METHODS

Chromosome Preparation and DNA-fluorescent Staining

Swimming trochophore larvae of Pacific red abalone (20-24 h
after fertilization), were placed in a colchicine seawater solution
(0.005%) during 3 h. After the antimitotic treatment, the samples
were kept for 45 min in a hypotonic solution (seawater: distilled
water, 1:1). The larvae were fixed in modified Carnoy solution
(methanol: acetic acid, 3:1) by rinsing the samples three times in
the fixative at 10 min intervals. Fixed cells were stored at 4°C in
70% ethanol solution. The cell suspension of each sample was
made by cell dissociation in 50% acetic acid and strong agitation
with a Pasteur pipette. The cell suspension was then dropped onto
preheated glass slides (45°C) and air-dried. Then slides were
washed in three changes with Phosphate Buffer Saline (13 mM
NaCl, 0.2 mM KCl, 0.8 mM Na2HPO4, 0.2 mM KH2PO4, pH 7.4)
(PBS1X) for 5 min each time, and incubated with DAPI solution
in the dark for 25 min at room temperature (25°C) using a Coplin
jar. The DAPI solution stain was prepared with 4,6-diamidino-2-
phenylindole (DAPI) (Sigma-Aldrich, USA) in PBSIX at 0.5

g/mL. Slides were then observed only with PBS1X, none anti-
fading was used.

Image Capture

The image capture was generated by programming the digital
capture process using QWIN software (Copyright by Imaging Sys-
tems Ltd, Cambridge, United Kingdom 1997). This program cap-
tured a color digital image of 2088 x 1550 pixels. For each ob-
servation field, images were captured in intervals of 1.6 sec during
a fluorescence-fading period in the same field. The aim of these
sequential image capturing was to obtain images to be used for
chromosomal {luorescence fading estimation, and chromosome
morphologic measurements. The image capture conditions were:
CCD exposure time of 209 milliseconds, gamma equal to 1 (linear
response) and color depth of 8 bit/channel, The fluorescence was
measured using a motorized epifluorescent microscope (Leica
model DMRXAZ) equipped with ¢ RGB color digital camera of
36-bits and 3.3 Mega Pixels (Leica model DC300).The fluores-
cence conditions were: excitation filter UV 340-380 nm, dichro-
matic mirror DM 400 nm, suppression filter LP 425, absorption
band AB 435-485 nm and objective lens PL Fluotar 100X/1.3.

Chromosome Sorting

Identification of homologue chromosomes was performed by
digital measurements according to (Gallardo-Escarate et al. 2004).
After identification of homologue chromosomes, determinations of
chromosomal arm lengths (short and large) and chromosome areas
were determined using Image ProPlus software version 4.0 (Copy-
right 19931998 Media Cybernetics). A total of 356 chromosomes
were randomly measured and their centromeric index was calcu-
lated (100 x length of short arm/total chromosome length).
Karyotype was arranged, and classified according to (Levan et al.
1964) by decreasing size and centromeric position.
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Fluorescence Fading Analysis

The image analysis was performed by three algorithms specifi-
cally built using MATLAB software (Copyright 1984-2000, The
MathWorks, Inc.). The first algorithm was built to obtain subim-
ages of 51 x 51 pixels from the initial captured images of 2088 x
1550 pixels. Each subimage of 51 x 51 pixels contained a single
chromosome, which was captured during the fading period. The
fluorescence Tading period was recorded in a stack of 20 images
(fading period). The second algorithm was used to generate a
binary mask or a contour of the chromosome. The purpose of this
mask was to filter the image background by multiplication be-
tween pseudocolor image and binary mask (0 and 1 pixel values),
to obtain the highest brightness information (fluorescence) from
each chromosome image. The third algorithm was generated to
estimate the area under the curve by one integration function of the
pixel intensities (fluorescence intensity) in 256 level of brightness,
thus for each chromosome DNA-[luorescent mean intensity in a
256 scale was calculated. The pixel mean intensity (PMT) was
estimated using the binary mask on the [luorescent image of each
chromosome type. Each chromosome image was measured during
the fluorescence-fading period until the fading time was com-
pleted. It all PMT are plotted during a fluorescent fading period, the
area under the curve represents the integral fading (/F) like:

n
IF = > (PMI), * At (1)
=]
where i represents the number of images in a fading period and Az
time among ecach image captured. Thus [F represents the integral
fading by the sum of the mean intensity (fluorescence) during the
fading period. The haploid value of each chromosome was ob-
tained by the linear model built with standard C-values, Using the
linear model equation ¥ = 3337.2% + 596.8, we obtained the un-
known chromosomal DNA content for each chromosome type
from the /F value estimated by quantification of fluorescence fad-
ing. To obtain the value of haploid chromosomal DNA content, the
value of the bivalent chromosome was divided by two.

Statistical Analysis

To obtain the chromosomal DNA content variations, several
analyses were carried out to estimate the percentage of chromo-
somal variation and their contribution to the total genome size
variation. These calculations were performed using [-way
ANOVA and a posteriori Tukey HSD test. The ANOVA assump-
tions, normal distribution and homogeneity of variances were
tested vsing Kolmogorov-Smirnov test and Bartlett test respec-
tively. The statistical analyses were carried out using Statistica 6.1
software (Copyright 1984-2002, StatSoft, Inc.).

RESULTS
Chromosomal Fluorescence Fading

All chromosomal images in this study were processed using
image analysis. The karyological observations on larvae of Pacific
red abalone showed a diploid number equal to 36 chromosomes.
The karyotype of Haliotis rufescens indicated that this species
possessed 8 metacentric pairs (1, 3, 6. 7, 14, 15, 17 and 18), &
submetacentric pairs (2, 4, 5, 8, 9, 10, 11 and 13), 1 (12) was
classified as a submetacentric/ metacentric chromosome and one
of subtelocentric chromosomes (16) (Fig. 1).
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Figure 1. Karyotype of Haliotis rufescens obtained from trochophore
larvae with 2 n = 36.
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The brightness in DAPI-stained chromosomes was analyzed to
determine the fluorescence intensity. The fluorescence images of
H. rufescens chromosomes, recorded in color digital images of 8
bits, allowed converting the RGB (true color) images to pseudo-
color images. The pseudocolor image allows visualizing and quan-
tifying the fluorescence intensity by means of 256 levels of bright-
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ness (Fig. 2a, 2b). Furthermore, the fluorescence intensity was
measured in a subimage of 51 x 51 pixels obtained from initial
images of 2088 x 1550 pixels.

In this study we used the fluorescence fading to estimate the
DNA content in chromosomes of H. rufescens. First, chromosome
images (subimages) were digitally measured to classify all cap-
tured chromosomes. Figure 3a shows the measurements in both,
large and short arms. The fluorescent image was transformed to
pseudocolor in reference to fluorescence intensity or 256 bright-
ness levels (Fig. 3b). To discriminate the background, a chromo-
somal binary mask was built around the chromosome edge. Mask
application on the pseudocolor images allowed discrimination of
chromosomal regions from the background field (Fig. 3c). The
region of interest was obtained by multiplication between (b) and
(c) images (Fig. 3d).

To demonstrate the fluorescence fading in single chromosomes,
we built a sequence of images from the initial exposures to ultra-
violet light until its complete blanching (Fig. 4). The Profile of
fading function was generated by fluorescence intensity quantifi-
cation (Eq. 1). The Figure 5 shows a fading profile in the chro-
mosomes 16 of H. rufescens. The fluorescence intensity was high-
est in the first seconds, after that fluorescence decreased until its
total blanching. The area under the curve is proportional to chro-
mosomal DNA content.

Chromosomal DNA Contents

According to the linear model used (¥ = 3337.2% + 596.8),
where ¥ represents the integral fading value (/F) and £ the DNA
content, we determined the chromosomal DNA content for each
chromosome using the fluorescence fading information obtained
from the stack of fluorescence images. The DNA content calcu-
lated for each chromosome type is shown in Table 1. The highest
DNA content was found in the chromosome pair 1, and the lowest
DNA content was found in the chromosome pair 18. To determine
the base pair content for each chromosome, we assumed that the

Figure 2. Digital image of a metaphase spread in Haliotis rufescens. (a) Metaphase chromosomes stained with DAPL (b) Digital image obtained
by conversion of fluorescence information into pseudocolor (0-255 level of brightness).
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Figure 3. Representative steps of the image manipulation for estimation of fluorescence fading in single chromosomes. (a) Chromosomal
measurements. (b) Pseudocolor image in reference to fluorescence intensity. (¢) Chromosomal binary mask built from the chromosome edge. (d)
The chromosomal regions were discriminated from the background field by the mask built from the chromosomal edge. The region of interest

was obtained multiplying the (b) and (c¢) images.

number of base pairs is equivalent to the mass in picograms (pg)
x 0.978 x 10” bp (Dolezel et al. 2003). Therefore, the total DNA
content or genome size obtained from the sum of all chromosomes
was estimated as 1.77 £ 0.005 pg or 1,732,724 converted into base
pairs (Mbp).

Analysis of variance was performed to detect the effects of
chromosomal variability of DNA contents in chromosomes of
Haliotis rufescens. Significant differences were detected among
chromosome type (P < 0.001). However, the posteriori analysis
using Tukey HSD test, showed statistical differences only among
extreme chromosomes, specifically among chromosomes 1—4 and
chromosomes 13—18 (P < 0.03). The mean DNA contents showed
a significant increment from chromosome 18 to chromosome |
(P < 0.001) (Fig. 6). The largest variability of chromosomal DNA
contents was observed in chromosomes 2, 4, 8, 11 and 15.

The correlation between DNA content and chromosome length
was performed to ascertain the relationship among chromosomal
size and condensation level of DNA. The correlation value was
statistically significant (P < 0.001) with r = 0.8783 (Fig. 7). The
same analysis was carried out for the chromosomal DNA content

and chromosome area. The correlation value was r = (0.9066 and
statistically significant (2 < 0.001) (Fig. 8). The numbers inside the
chart represent the chromosome type.

DISCUSSION

For several decades chromosomes have been analyzed by tra-
ditional karyotyping, which depends on the analysis of character-
istic banding patterns along the length of each chromosome. The
major disadvantage of conventional cytogenetic banding methods
is the limited resolution (Langer et al. 2004). Computerized chro-
mosome analyses began mainly by analyzing mammal chromo-
somes during the 1960s (Carlson et al. 1963). Several advances, in
theoretical and in applied disciplines have made it possible to
develop various automated systems, that can be used for cyloge-
netic diagnostic purposes (Weierich et al. 2003). In plants, the
chromosome image analyzing system (CHIAS), which uses a uni-
versal image analyzer, has been developed and applied in several
studies (Fukui et al. 1998, Kato & Fukui 1998, Lee et al. 2004).
The CHIAS allows the identilication of small plant chromosomes
based on their condensation pattern.
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Figure 4. Chromosomal fluorescent fading of chromosome 16 stained with DAPL The sequence shows the fluorescence fading period in a
chromosome exposed to ultraviolet light. The color bar indicates 256 level of brightness or fluorescence intensity form 0-255.

In reference to cell DNA content estimation, several methods
have been developed (Hardie et al. 2002). However, the main
method applied to estimate the DNA contents in chromosomes has
been so far flow cytometry. In flow cytometry, isolated chromo-
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Figure 5. Fluorescent fading profile of chromosome 16 stained with
DAPL T hg fading function was generated by quantification of fluores-
cence intensity (I'). The area under the curve represents the integral
fading.

somes suspended in a fluorescent stain solution flow one at a time
through a laser beam. The fuorescence signals resulting from laser
excitation are measured for the chromosomes, yielding a frequency
distribution of chromosomal fluorescence. The advantage of this
method is related to the large number of chromosomes analyzed,
providing high-precision population averages, that are not affected
by cell-to-cell variations in chromosome condensation (Langlois et

1982).

The cytogenetic studies in invertebrates like molluscs are par-
ticularly problematic mainly because of their smaller chromosome
size. However, several studies have been developed successtully,
obtaining chromosomal banding and location by FISH of some
genes of interest (Guo & Allen 1997, Zhang et al. 1999b, Vitturi
et al. 2002, Gallardo-Escdrate et al. 2003a). Nevertheless, flow
karyotyping in molluses showed problems caused by difficulties in
obtaining pure cellular line cultures. In this context, this study
represents an alternative method to estimate the chromosomal
DNA contents by fluorescence image analysis, Our results showed
that there is a positive correlation with their chromosome sizes
(# < 0.001). Correlation values determined for chromosome length
and area showed an improvement in the correlation value usir !
chromosome area (r = 0.8783 and r = 0.9066 respectively).
Possibly, this increase in r value could be because of condensation
variation between chromosomes, and then the area measurement
was a better indicator for chromosome size. According to Zhang et
al. (1999a) the difference (percentage variation) among measure-
ments of individual chromosomes was less than 5% in Crassostrea
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TABLE 1.

GALLARDO-ESCARATE ET AL.

Chromosome DNA content of Haliotis rufescens and its conversion
into Mega base pairs (Mbp).

Mean DNA Standard Deviation
Chromosome Content (pg) (pg) Mbp*

1 0.1106 0.0045 108,201
2 0.1051 0.0095 102,752
3 (1.1035 0.0053 101,175
4 0.1010 0,0093 98,824
5 0.0999 0.0077 97.655
6 0.0976 0.0072 95,490
T 0.0997 0.0089 97474
8 0.0982 0.0099 96,087
9 0.0994 0.0063 97,243
10 0.1006 0.0094 98,393
11 0.0975 0.0104 95,319
12 0.0979 0.0085 95,757
13 0.0969 0.0075 94,784
14 0.0958 0.0087 93,690
15 0.0934 0.0090 91,355
16 0.0939 0.0076 91,825
17 0.0017 0.0077 89.640
18 0.0890 0.0060 87,056
Tatal 1.7717 0.0050 1,732,720

* Number of base pairs = mass in pg x 0.978 x 10° (Dolezel et al. 2003)

virginica, which accounted for technical variation (including
manual error). Variation caused by biologic factors was analyzed
by comparing different spreads of the same tissue type and spreads
of different tissue types. The difference in relative lengths average
was found to be as high as 9% among different spreads from
individual embryos. In this sense, the difference found in our data
could be largely derived from the continuous changes of chromo-
some morphology produced during the cell cycle. On the other
hand, results of this study demonstrate that our measurement sys-
tem is sensitive and capable of detecting minor differences among
individual chromosomes. However, it was difficult to sort chro-
mosomes of intermediate sizes using chromosomal DNA contents.
Statistical analysis showed differences only among extreme chro-
mosomes (1-4 and 13-18). This study shows the largest chro-
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Figure 6. Chromosomal DNA contents in Haliotis rufescens. The mean
DNA contents were obtained by fluorescence image analysis method.
The bars represent 2 standard deviations.
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Figure 7. Correlation between the chromosomal DNA content and
chromosome length (n = 18). The numbers inside represent the chro-
mosome pair according to the karyotype. The linear equation was
estimated by Fisher analysis. Discontinuous plotted line represents
calculated standard error.

mosomal DNA variability in following chromosomes: 2, 4, 8, 11
and 15.

In reference to fluorescence fading method, this technique is
based on the fluorescent decay lifetime of the fluorochrome when
this is exposed to excitation light. The photochemical process un-
derlying the fluorescence decay of DAPI has not yet been fully
explained, although theories suggesting the involvement of oxy-
gen, triplet states and protein denaturalization have been proposed
(Hirschfeld 1979, Song et al. 1995, Song et al. 1996). However, to
prevent retardation of fading in microscopy, several methods can
be used to remove oxygen from the mounting medium. Further-
more it is feasible to increase the viscosity of the medium and
avoid the oxvgen diffusion (Johnson et al. 1982, Onoa et al. 2001).
The point is to retard the diffusion of oxygen and consequently
reduce the amount of oxidized fluorochromes. Our proposed
method only used phosphate buffer saline (PBS) as mounting me-
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Figure 8. Correlation between chromosomal DNA content and chro-
mosome area (2 = 18). The numbers inside represent the chromosome
pair according to the karyotype. Discontinuous plotted line represents
calculated standard error.
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dium, therefore the photochemical process is not modified. In this
study we estimated the individual DNA content for each chromo-
some type (Table 1), and the total DNA content or genome size
refers to the haploid amount of DNA. Our data show a genome size
for Haliotis rufescens of 1.77 £ 0.005 pg. Hinigardner (1974) us-
ing classic techniques reported for this species a genome size of
1.8 pg.

We have described here a fluorescent imaging method for ana-
lyzing chromosome morphology and especially chromosomal
DNA contents. To our knowledge, this is the first report of chro-
mosomal DNA content in molluscs by image analysis. Further-
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more, this methodology has been applied to estimate the genome
size of two populations of the northern scallop Argopecten purpu-
ratus (Gallardo-Escdrate et al. 2005¢).
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