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Abstract Two complete, independently maintained
sets of 21 monosomic wheat lines derived from cv.
‘Chinese Spring’ were analyzed for their DNA content
at the G1 stage with flow cytometry. The DNA content
of individual chromosomes was estimated by subtract-
ing the value of a monosomic line from that of euploid
wheat. Our data show that the estimated 2C DNA of
individual wheat chromosomes in 21 monosomics at
the G1 stage ranges from about 0.58 pg in chromosome
1D to approximately 1.12 pg in chromosome 3A. The
A genome (2C"6.15 pg) seems to contain more DNA
than the B (2C"6.09 pg) and D (2C"5.05 pg)
genomes. Analysis of variance showed significant
differences (a"0.01) in DNA content both among
homoeologous groups and among genomes. Our esti-
mates of interphase DNA content of wheat chromo-
somes from monosomic lines were poorly correlated
to the chromosome sizes at metaphase (r"0.622,
P40.01). This poor correlation might be due to differ-
ential coiling among chromosomes during cell division,
possible bias of fluorochrome binding to hetero-
chromatin, or heterogeneity among monosomic lines.
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Finally, flow cytometry may aid but cannot replace
cytological checks in aneuploid maintenance.
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Introduction

The flow-sorting of individual chromosomes following
synchronized cell division is a particularly promising
technique for use in developing chromosome-specific
genomic DNA libraries for the mapping and isolation
of agronomically important genes, particularly for spe-
cies with a large genome size such as bread wheat
(¹riticum aestivum L.) (Bennett and Smith 1976; Yen
1988; Wang et al. 1992). Flow cytometry sorts indi-
vidual chromosomes on the basis of the strength of
the fluorescent signal, which in turn reflects the DNA
content of the fluorochrome-stained chromosomes.
DNA contents for individual wheat chromosomes have
been estimated on the basis of Feulgen microspectro-
photometry (Nishikawa 1971; Nishikawa and Furuta
1978; Furuta et al. 1988). However, these estimates
have not been verified by DNA content measurements
based on flow cytometry. Therefore, the latter informa-
tion is needed for flow sorting of wheat chromosomes.

Pfosser et al. (1995a) reported that flow cytometry
can detect differences as small as 1.84% in the nuclear
DNA content. The DNA content of individual rye
chromosomes or chromosome arms has been deter-
mined by this techniques (Bashir et al. 1993: Pfosser
et al. 1995b). Apparently, the sensitivity of flow
cytometry is sufficient to analyze DNA variations
caused by a missing chromosome from wheat nuclei.
Whether flow cytometry is reliable for identifying
wheat monosomic lines remains untested.

The objectives of this study were: (1) to determine the
DNA content of each bread wheat chromosome by



flow-cytometric DNA analysis of a complete set of
monosomic wheat lines derived from cv ‘Chinese
Spring’, and (2) to study the reliability of flow
cytometry in monosomic identification.

Materials and methods

Plant materials

A complete set of 21 monosomic lines derived from bread wheat
(¹riticum aestivum L.) cultivar ‘Chinese Spring’ (CS) were assayed for
their DNA content. To avoid errors caused by any potential mono-
somic shift, we obtained and analyzed two independently main-
tained sets of the CS monosomic lines from Dr A. Lukaszewski of
the University of California-Riverside and Dr. B. S. Gill of Kansas
State University. In addition, techniques of mitotic chromosome
counting (Yen and Liu 1987) and N-banding (Endo and Gill 1984) or
C-banding (Gill et al. 1991) were applied to confirm monosomic
identity. Euploid ‘Chinese Spring’ was used as the standard control,
and barley (Hordeum vulgar L.) line NE86954 was used as the
internal control. Seeds were allowed to germinate in petri dishes at
room temperature for 4 days. Since leaf age has been found to affect
the accurate estimation of nuclear DNA content (Blondon et al.
1993; Lee et al. 1996), both disomic and monosomic lines were
germinated at four different intervals to make sure that young leaves
at a similar developmental stage were used for flow-cytometry
analysis.

Flow cytometry

Nuclei were isolated from 1-week-old young leaves about 2 cm in
length by the chopping method described by Arumuganathan and
Earle (1991). Leaf materials from individual plants were put together
with internal control barley leaf material into a plastic petri dish
containing 0.5 ml ice-cold nucleus isolation buffer [10 mM
MgSO

4
· 7H

2
O, 50 mM KCl, 5 mM Hepes, 3 mM dithiothreitol,

0.25% Triton X-100, and 100 lg/ml propidium iodide (PI)]. The leaf
materials were chopped with a sharp scalpel. The nucleus suspension
was filtered through a 80-lm nylon mesh, and incubated on ice for
30 min, and then analyzed on a FACScan flow cytometer (Becton
Dickinson, San Jose, Calif.). Each line was analyzed four times, and
duplicated samples were run per experiment (i.e., a total of eight
replicates were analyzed for each line). In addition, samples from
each filtered nuclei suspension were also treated with DNase-free
RNase (at a final concentration of 1.25 lg/ml, Boehringer Man-
nheim, Indianapolis, Ind.) and incubated at 37°C for 15 min before
flow-cytometric analyses to determine the effect of the presence of
double-stranded RNA on the estimation of nuclear DNA content.

The wheat nuclear DNA content (2C) of 34.6 pg (Bennett and
Smith 1976), which was recommended by Price and Johnson (1996)
as a standard in flow cytometric DNA analysis, was used in this
study to calculate the DNA content of each wheat chromosome. To
avoid any possible variation of fluorescent intensity between assays,
we mixed barley nuclei as an internal control with wheat nuclei in
every experiment. The mean G1 fluorescent intensity (pulse area) of
each wheat line was adjusted based on the variance between the
mean barley G1 fluorescent intensity in each assay to the grand
barley mean G1 fluorescent intensity of all the assays. A mono/
disomic index (i.e., the percentage of the adjusted mean wheat
fluorescent intensity for each monosomic line in relation to that of
euploid ‘Chinese Spring’) was then calculated for each monosomic
lines. The nuclear DNA content for a monosomic line was estimated
by multiplying the mono/disomic index of that line by 34.635 pg.
The DNA content of each chromosome was then obtained by
subtracting the nuclear DNA content of a monosomic line from that

of the euploid. The t-statistic test was applied to test the difference
between dual monosomic lines, between RNA-free and non-RNA-
free samples, and between disomic and monosomic CS lines. Analy-
sis of variance and multiple comparison were also conducted to test
differences among monosomic lines, among genomes, and among
homoeologous groups.

Results and discussion

No significant difference was observed on the mean PI
fluorescence intensities between the dual lines of each
monosomics (data not shown), suggesting that no
monosomic shift has occurred. Cytological observa-
tions also ruled out monosomic shift in all the mono-
somic lines. Therefore, the means for each chromosome
were pooled for calculating DNA content. Flow-
cytometric DNA analysis showed that all of the mono-
somic lines contain less DNA than euploid ‘Chinese
Spring’ (Table 1). For instance, the linear PI fluores-
cence intensities of barley and disomic and monosomic
3A ‘Chinese Spring’ were 145.87, 493.52, and 477.58,
respectively (Fig. 1).

Since PI will also bind to double-stranded RNA, it is
necessary to determine the influence of existing RNA
on the estimation of DNA content. For this purpose,

Fig. 1A,B Flow cytometric histograms showing relative DNA con-
tent on linear scale. Linear PI fluorescent intensity of G1 nuclei was
used for calculating nuclear DNA content. Barley nuclei were used
as an internal control. A ‘Chinese Spring’ (CS) and barley line NE
86954, B CS monosomic 3A and barley line NE 86954. Note that the
linear PI fluorescence intensity of barley was 140.59 in both A and
B and that the linear PI fluorescence intensity of CS monosomic 3A
(453.55) was lower than that of disomic CS (484.88)
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Table 1 DNA content of
individual chromosomes of
common wheat cultivar
‘Chinese Spring’!

Monosomics Mean nuclear Mean DNA Range of G1 Significant
DNA content content at G1 per chromosome difference"
(pg/2C) chromosome

(pg) DNA content
(pg)

1A 33.80 0.84 0.82—0.87 hg
2A 33.68 0.95 0.93—0.98 lm
3A 33.52 1.12 1.08—1.15 n
4A# 33.86 0.77 0.75—0.80 de
5A 33.84 0.80 0.78—0.84 ef
6A 33.94 0.70 0.68—0.72 c
7A 33.67 0.97 0.94—1.00 m
Subtotal 6.15 5.98—6.36

1B 33.77 0.87 0.85—0.91 hi
2B 33.71 0.92 0.89—0.96 kl
3B 33.72 0.92 0.90—0.97 k
4B# 33.84 0.80 0.77—0.84 ef
5B 33.76 0.87 0.84—0.91 ij
6B 33.73 0.90 0.88—0.95 jk
7B 33.83 0.81 0.79—0.85 fg
Subtotal 6.09 5.92—6.41

1D 34.05 0.58 0.57—0.61 a
2D 34.00 0.64 0.62—0.66 b
3D 34.00 0.64 0.61—0.65 b
4D 33.95 0.68 0.67—0.70 c
5D 33.88 0.76 0.74—0.79 d
6D 33.73 0.91 0.88—0.93 k
7D 33.79 0.84 0.82—0.86 hi
Subtotal 5.05 4.91—5.20

Total (n"21) 17.31 16.53—17.97

Chinese Spring 34.635
Barley (NE86954) 10.24

! The nuclear DNA content (2C"34.635 pg) reported by Bennett and Smith (1976) for ‘Chinese
Spring’ wheat was used as a reference. The barley line NE 86954 was used as the internal control. The
means were calculated from eight duplicates per line. The DNA content for each monosomic was
calculated by subtracting the nuclear DNA content of the corresponding monosomics from that of
‘Chinese Spring’
"Base on mean nuclear DNA content. Lines with the same letter are not significantly different
(a"0.05, LSD"0.03, df"63, critical t"2.00)
# 4A and 4B were designated according to the resolution passed in the 7th International Wheat
Genetic Symposium

samples of RNA-free nuclei suspensions were made for
each wheat line assayed, and their DNA content was
estimated and compared with the estimated DNA con-
tent of the non-RNA-free samples of the same wheat
lines. No significant difference was observed between
the two estimations for any of the wheat lines assayed
(data not shown). Obviously, the existence of a relative-
ly tiny amount of double-stranded RNA at the G1
stage will have little impact on the accurate estimation
of DNA content at this stage.

Table 1 shows the results of flow cytometric DNA
analysis of all the monosomic and euploid ‘Chinese
Spring’ lines. The estimated DNA content for each
wheat chromosome at the G1 stage was calculated by
subtracting the monosomic value from the euploid
value and ranged from 2C"0.58 pg in 1D to
2C"1.11 pg in 3A. Our estimates are different from

those obtained by Furuta and his colleagues who used
Feulgen cytophotometry (Nishikawa and Furuta 1978;
Furuta et al. 1988). In their studies, relative DNA
content (in an arbitrary unit) was estimated for each
univalent monosomic or monotelosomic chromosome
at meiotic metaphase I of the pollen mother cells
(PMC). They reported different chromosomes as hav-
ing the highest and lowest DNA contents in different
studies (Nishikawa 1971; Nishikawa and Furuta 1978;
Furuta et al. 1988), although the same technical proced-
ure was used. The tightness of chromatin coiling cha-
nges during meiosis, and the degree of DNA hydrolysis
in the Feulgen staining procedure varies among PMCs
and may account for the differences in DNA content
estimated by the two techniques and among different
studies from their laboratory. Direct estimates of the
DNA content of isolated metaphase chromosomes
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by flow cytometry are needed to further analyze this
problem.

It should also be noted that heterogeneity for protein
content among monosomic lines has been demon-
strated (Stein et al. 1992). If cytological heterogeneity
also exists, it may affect the accurate comparison be-
tween a monosomic and euploid lines and, thus, the
precise estimation of the DNA content for each mono-
somic chromosome with flow cytometry. Therefore, for
estimating the DNA content of a monosomic chromo-
some, a disomic plant obtained from the same mono-
somic parent plant from which the assayed monosomic
plants were derived should be used as a control (Yen
and Baenziger 1992).

It is generally believed that the B genome has the
highest and the D genome the lowest DNA content of
the three wheat genomes. However, our data suggested
that slightly more DNA was contained in the A genome
than the B genome (Table 1). This is due to chromo-
somes 2A, 3A, and 7A, which contain more DNA than
any B-genome chromosome. Our data also indicated
that wheat chromosomes generally have their inter-
phase DNA content poorly correlated (r"0.622,
P40.01) to their relative mitotic metaphase chromo-
some size (Fig. 2). As shown in Fig. 2, the poor correla-
tion was mainly due to 3A, 4A, 7A, 3B, 4D, 6D, and 7D.
Poor correlation between interphase DNA content and
metaphase chromosome size was previously observed
in the flow cytometric DNA analysis of some rye chro-
mosomes (Bashir et al. 1993; Pfosser et al. 1995a,b). It
seems that the poor correlation reported in all these
studies may, at least partly, reflect differential coiling of
chromatin during cell division. Variations in the rela-
tive chromosome size of wheat chromosomes among
different cell division stages have been reported pre-
viously (see review by Schlegel and Mettin 1978). For
example, Sears (1954) measured monosomic wheat
chromosomes at metaphase I and anaphase II and
found chromosome 5B to be the longest of all the wheat
chromosomes. However, when N- and C-banded
mitotic metaphase wheat chromosomes were meas-
ured, chromosome 3B was observed to be the longest
(Gill 1987). Also, Larsen and Kimber (1973) reported

Fig. 2 A comparison between the relative chromosome sizes (Gill
et al. 1991) and the estimated interphase DNA content (pg) of 21 CS
wheat chromosomes at mitotic metaphase

that wheat chromosome 5B had different arm ratios at
mitosis and meiosis. Apparently, two different chromo-
somes may not have the same degree of coiling at
a certain cell division stage, and the process of coiling
and uncoiling may not be synchronized among chro-
mosomes in a cell.

As in the majority of flow cytometric DNA analyses
in plants, PI was used in this study, because it is the best
fluorochrome available for plant DNA analysis. PI is
an intercalating fluorochrome. It can produce relatively
bright fluorescence with low coefficients of variation
(CVs) and is also stain-reliable under most conditions.
PI can also preserve chromosome structure during the
assay (Metezeau et al. 1993). PI is generally considered
to be both chromosome-condensation- and base-com-
position-independent (see review by Gray and Langlois
1986) and to have the most precise stoichiometric re-
sponse to DNA content (Price and Johnson 1996).
However, since PI is a intercalate-binding fluoro-
chrome, PI staining is not believed to be totally
free from bias (Price and Johnson 1996). Price and
Johnson (1996) suggested that bias from the binding
stoichiometry of DNA stains could be the most consis-
tent source of error in determining DNA content. If this
is true, the poor correlation between the DNA content
at the G1 stage and relative chromosome size at the
mitotic metaphase for some wheat chromosomes might
also result from differential binding of the fluoro-
chrome PI to heterochromatin.

With the DNA content for each wheat chromosome,
known, flow-cytometric DNA analysis may be used to
distinguish the disomic, monosomic, and nullisomic
offsprings without cytological check. Our analysis of
variance showed significant differences (a40.01) in
DNA content both among homoeologous groups and
among genomes (Tables 2 and 3). Wheat chromosomes
can be classified into five DNA-content groups (name-
ly, 1D, 2D and 3D, 4D and 6A, 3A, and all the others),
with significantly different DNA content (a40.05)
among groups (Table 1). Our statistical analyses
showed that, while significant difference exists between
a monosomic and a disomic CS lines (a40.0000) and
among monosomics (a40.001) (Table 3), some ho-
moeologues are indistinguishable by flow-cytometric
DNA analysis (Table 1). Generally, the A- and the B-
genome chromosomes are clearly distinguishable from

Table 2 Analysis of variance for DNA content among homoeo-
logous groups and among genomes in ‘Chinese Spring’ wheat!

Source df ANOVA Mean F value Pr'F
SS square

Group 6 0.1981 0.0330 54.38 0.0001
Genome 2 0.4354 0.2177 358.61 0.0001
Group*Genome 12 0.6976 0.0581 95.76 0.0001

!Based on nuclear DNA content of monosomic lines
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Table 3 Analysis of variance for DNA content among monosomic
‘Chinese Spring’ wheat lines

Source df Sum of Mean F value Pr'F
squares square

Genotype 20 1.3310 0.0666 109.63 0.0001
Error 63 0.0382 0.0006
Corrected total 83 1.3693

their D-genome homoeologues, except for 6B which is
indistinguishable from 6D. Also, chromosomes 3A, 5A,
6A, and 7A have a significantly (a40.05) different
DNA content from their B-genome counterparts.
However, chromosomes 1A, 2A, and 4A are not dis-
tinguishable from their B-genome homoeologues by
flow-cytometric DNA analysis. Therefore, our results
suggested that flow-cytometric DNA analysis cannot
completely replace cytological checks in aneuploid
identification, but only aid it.
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