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ABSTRACT
The aim of this study was to develop an improved procedure for preparation of chromosome suspensions,

and to evaluate the potential of flow cytometry for chromosome sorting in wheat. Suspensions of intact
chromosomes were prepared by mechanical homogenization of synchronized root tips after mild fixation
with formaldehyde. Histograms of relative fluorescence intensity (flow karyotypes) obtained after the
analysis of DAPI-stained chromosomes were characterized and the chromosome content of all peaks on
wheat flow karyotype was determined for the first time. Only chromosome 3B could be discriminated on
flow karyotypes of wheat lines with standard karyotype. Remaining chromosomes formed three composite
peaks and could be sorted only as groups. Chromosome 3B could be sorted at purity .95% as determined
by microscopic evaluation of sorted fractions that were labeled using C-PRINS with primers for GAA
microsatellites and for Afa repeats, respectively. Chromosome 5BL/7BL could be sorted in two wheat
cultivars at similar purity, indicating a potential of various wheat stocks for sorting of other chromosome
types. PCR with chromosome-specific primers confirmed the identity of sorted fractions and suitability of
flow-sorted chromosomes for physical mapping and for construction of small-insert DNA libraries. Sorted
chromosomes were also found suitable for the preparation of high-molecular-weight DNA. On the basis
of these results, it seems realistic to propose construction of large-insert chromosome-specific DNA libraries
in wheat. The availability of such libraries would greatly simplify the analysis of the complex wheat genome.

GENE mapping and isolation in wheat (Triticum aesti- chromosomes (flow cytogenetics) were originally devel-
oped for humans (Carrano et al. 1979) and subse-vum L. Em. Thell., 2n 5 6x 5 42) is hampered

by the complex genome. The complexity is due to both quently modified for farm animals (Dixon et al. 1992;
Burkin et al. 1997). Flow cytometric classification ofthe allohexaploid nature, i.e., the presence of three

homeologous genomes, A, B, and D, and the enormous chromosomes (flow karyotyping) has proven to be a
useful tool for detection of numerical and structuralsize of the genome (1C z 16 3 109 bp, Bennett and

Smith 1976). Until now, several genetic linkage maps chromosome aberrations (Boschman et al. 1992). Flow-
sorted chromosomes were used for gene mappingof wheat have been published (Devos and Gale 1993;

Gill et al. 1996; Cadalen et al. 1997; Röder et al. 1998). (Lebo 1982), construction of chromosome-specific
However, their density needs to be increased to permit DNA libraries (Van Dilla and Deaven 1990), including
effective marker-assisted breeding as well as map-based large-insert (YAC) DNA libraries (McCormick et al.
cloning of genes of interest. In wheat, Röder et al. 1993), generation of chromosome painting probes
(1998) have found nonhomogenous distribution of mi- (Ferguson-Smith 1997), and targeted generation of
crosatellite markers among individual chromosomes, molecular markers (Lan et al. 1999).
which may complicate saturation of maps in certain After the first report of De Laat and Blaas (1984),
areas of genome. flow cytogenetics has been developed for 12 plant spe-

Fractionation into individual chromosomes is an at- cies (Doležel et al. 2000), which include economically
tractive route to simplify the analysis of the complex important crops such as tomato (Arumuganathan et
wheat genome and to facilitate targeted isolation of al. 1994), maize (Lee et al. 1996), and barley (Lysák
molecular markers. Although this can be done by micro- et al. 1999). Sorted plant chromosomes were used for
dissection (Stein et al. 1998), flow cytometric sorting physical mapping (Macas et al. 1993), isolation of chro-
appears to be more attractive as large numbers of chro- mosome-specific probes (Arumuganathan et al. 1994),
mosomes can be purified in a short time (Doležel et and for construction of chromosome-specific DNA li-
al. 1999). Flow cytometric analysis and sorting of mitotic braries (Macas et al. 1996).

In wheat, two groups (Wang et al. 1992; Lee et al.
1997; Schwarzacher et al. 1997; Gill et al. 1999) re-
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centration, 10 ml of chromosome suspension was dried oncytometric analysis) of wheat has not been described
microscope slides. After mounting in LB01 buffer containingaccurately. Thus it was not clear which chromosomes
0.2 mg/ml DAPI (49,6-diamidino-2-phenylindole), the slides

and/or chromosome groups were sorted. In this work, were observed using a fluorescence microscope.
we have developed a novel procedure for preparation Flow cytometry: Chromosome analysis and sorting were per-

formed on the FACS Vantage flow cytometer (Becton Dickin-of chromosome suspensions in wheat and have analyzed
son, San José, CA) equipped with argon laser set to multilineisolated chromosomes using flow cytometry. Chromo-
UV and 300 mW output power. A solution of 40 mm KCl andsomes were sorted from individual peaks observed on
10 mm NaCl was used as a sheath fluid. The suspension of

high-resolution flow karyotypes and were identified us- isolated chromosomes was stained with DAPI at a final concen-
ing PRINS (primed in situ labeling) and PCR with spe- tration of 2 mg/ml and analyzed at rates of 200–400 particles/

sec. DAPI fluorescence was measured through a 424/44 band-cific primers. Wheat lines with standard karyotype as
pass filter in front of fluorescence 1 (FL1) detector. Relativewell as lines carrying chromosome translocations were
fluorescence intensities, which corresponded to relative DNAanalyzed to evaluate their potential for sorting of indi-
content of gated populations, were acquired on histograms

vidual chromosomes. of FL1 pulse area (FL1-A). Approximately 20,000–50,000 chro-
mosomes were analyzed in each sample. For chromosome
sorting, gates were set on a dot plot of FL1-A vs. FL1 pulse

MATERIALS AND METHODS width (FL1-W).
Cycling PRINS: Two thousand chromosomes were sortedPlant material: Seeds of wheat (T. aestivum L., 2n 5 6x 5 42)

on a microscope slide into a 15-ml drop of PRINS buffercv. Chinese Spring with a standard karyotype and cv. Cappelle
supplemented with 5% sucrose (Kubaláková et al. 1997).Desprez, which carries a translocation chromosome 5BL/7BL,
After air drying, a Frame-Seal incubation chamber (MJ Re-were kindly provided by Dr. R. Koebner (JIC, Norwich, UK).
search, Watertown, MA) was stuck to the slide over the driedSeeds of wheat cultivars Saxana, Titus, and Jubilar were ob-
drop containing sorted chromosomes, and 25 ml of PRINStained from Dr. Z. Stehno (RICP, Prague, Czech Republic).
reaction mix was placed into the frame. The reaction mixCv. Jubilar carries a translocation chromosome 5BL/7BL. All
consisted of 100 mm dCTP, dGTP, 2 mm fluorescein-12-dUTP,seeds were germinated in the dark at 25 6 0.58 on moistened
fluorescein-12-dATP, 34 mm dTTP, dATP, 2 mm (GAA)7 andfilter paper in glass petri dish for 2–3 days to achieve optimal
(CTT)7 primers, or AS1 and AS2 primers (Nagaki et al. 1998),root length (2–3 cm).
1.5 U/25 ml Dynazyme II DNA polymerase (Finnzymes OY,Cell cycle synchronization: All incubations were performed
Finland), and 4 mm MgCl2 in 13 PCR buffer. The reactionin the dark at 25 6 0.58, and all solutions were aerated. Seed-
was performed on PTC 100 cycler (MJ Research) equippedlings were transferred to an open mesh basket positioned on
with an actively controlled heated plate. The first reactiona plastic tray filled with Hoagland’s solution (Gamborg and
cycle consisted of 5 min at 948, 5 min at 558, and 10 min atWetter 1975) containing hydroxyurea (HU) at various con-
728, followed by 1 min at 918, 1 min at 558, and 3 min atcentrations (1.0, 1.5, 2.0, 2.5, 3, 4, and 5 mm) and incubated
728 during eight cycles. In the final cycle, the annealing wasfor 18 hr. The roots were then washed in distilled water and
prolonged to 5 min and extension was prolonged to 10 min.immersed in HU-free Hoagland’s solution. Samples of root
Reaction with microsatellite primers gave stronger andtips were taken at 1-hr intervals up to 10 hr for analysis of cell
sharper signals when the duration of each step (denaturation,cycle synchrony and mitotic activity. To accumulate cells at
annealing, and extension) was shortened to 45 sec and themetaphase, seedlings were transferred 6, 6.5, 7, 7.5, or 8 hr
number of cycles increased to 30. The reaction was stoppedafter the recovery from HU block to Hoagland’s solution con-
in a stop buffer (0.5 m NaCl, 0.05 m Na2EDTA, pH 8.0) fortaining 2.5 mm amiprophos-methyl (APM). This concentration
5 min at 708, and the slides were washed in a wash buffer (0.1was found to be optimal for metaphase arrest in preliminary
m maleic acid, 0.15 m NaCl, 0.05% Tween-20, pH 7.5) atexperiments. Samples of root tips were taken 2, 3, or 4 hr
room temperature for 5 min. Slides were counterstained withafter the incubation in APM to determine the frequency of
propidium iodide (PI) at 0.2 mg/ml and mounted in Vectas-metaphases. To improve chromosome spreading, the effect
hield antifade solution (Vector Laboratories, Burlingame,of overnight treatment in ice water (1–28) after APM treatment
CA).was evaluated. To determine mitotic activity and frequency of

Fluorescence microscopy: The preparations were evaluatedmetaphases, root tips were fixed in ethanol:acetic acid (3:1)
using Olympus BX 60 microscope equipped with filter setsand then squash preparations were prepared according to the
appropriate for fluorescein and PI. The images of fluoresceinFeulgen procedure. One thousand cells per slide and five
and PI fluorescence were acquired separately with a black andpreparations per variant were analyzed; each experiment was
white CCD camera, which was interfaced to a PC running ISISrepeated three times.
software (Metasystems, Altlussheim, Germany). The imagesPreparation of chromosome suspensions: Roots were cut
were superimposed after contrast and background optimiza-1 cm from the tip and fixed for periods from 10 to 45 min
tion.at 58 in various concentrations of formaldehyde (1, 2, 3, or

Polymerase chain reaction: The number of chromosome4%) in Tris buffer (10 mm Tris, 10 mm Na2EDTA, 100 mm
types represented by each peak on flow karyotype was esti-NaCl, 0.1% Triton X-100, pH 7.5). After three 5-min washes
mated according to its area. Amounts of chromosomes corre-in Tris buffer, meristem tips (1 mm) of 30 roots were cut and
sponding to 1000 chromosomes of each type (i.e., 4000 fortransferred to a tube containing 1 ml of LB01 lysis buffer
peak I, 6000, 10,000, and 1000 for peaks II, III, and IV, respec-(Doležel et al. 1989) of the following composition: 15 mm
tively) were sorted into 0.5-ml PCR tubes containing 40 ml ofTris, 2 mm Na2EDTA, 80 mm KCl, 20 mm NaCl, 0.5 mm sperm-
sterile deionized water. The tubes with sorted chromosomesine, 15 mm b-mercaptoethanol, 0.1% Triton X-100, pH 9.
were frozen and kept at 2208. Before reaction, the chromo-The chromosomes were released by homogenization with a
somes were thawed and PCR premix was added to reach thePolytron PT 1200 homogenizer (Kinematica AG, Littau, Swit-
reaction volume of 100 ml. The final concentrations of thezerland) at 9500 rpm for 10 sec. The suspension was passed
reagents were as follows: 10 mm Tris-HCl, pH 8.3, 50 mm KCl,through 50-mm nylon mesh to remove large tissue and cellular

fragments. For checking chromosome morphology and con- 1.5 mm MgCl2, 0.001% (w/v) gelatin, 0.2 mm dNTPs, 5 units/



2035Flow Sorting of Wheat Chromosomes

Figure 1.—Cell cycle (a–d) and mi-
totic (e) synchrony observed in root tip
meristems of wheat after hydroxyurea
treatment (2.5 mm/18 hr). (a–d) Histo-
grams of relative DNA content were ob-
tained after flow-cytometric analysis of
nuclei isolated from root tips. (a) Three
subpopulations of nuclei could be de-
tected at the time of release from the
block: G1, early S, and G2. The cells at
early S represented the synchronized
subpopulation; (b–d) samples taken
during a recovery from the hydroxyurea
block: (b) 2 hr; (c) 4 hr; (d) 8 hr. Most
of root tips cells synchronously tran-
sited S, G2, and M phases. (e) Mitotic
activity was determined on Feulgen-
stained squash preparations made from
root tips sampled at 1-hr intervals after
the removal.

100 ml Taq DNA polymerase (Sigma, St. Louis). Primers for of the cells entering G2 phase z5 hr after the HU re-
chromosome-specific microsatellite markers (Röder et al. moval. Synchronized cells subsequently passed mitosis
1998) were used at 0.5 mm. PCR was performed under the

and entered the next G1 phase (Figure 1, b–d). Thefollowing conditions: denaturation step 3 min at 948 followed
highest degree of mitotic synchrony was obtained afterby 35 cycles consisting of 1 min denaturation at 928, 1 min

annealing at 52, 55, or 578, 2 min extension at 728, and final the treatment with 2.5 mm HU for 18 hr, which resulted
extension at 728 for 10 min. PCR products were analyzed by in a sharp peak of mitotic activity 7 hr after the removal
electrophoresis on a 1.5% agarose gel. from HU. At this point, .50% cells were found in mito-

Isolation of high-molecular-weight DNA: Approximately 8 3
sis (Figure 1e). The frequency of cells blocked with 2.5105 chromosomes were sorted into 640 ml of ice-cold 1.53 IB
mm APM in metaphase depended both on the timingbuffer (13 IB: 15 mm Tris, 10 mm EDTA, 130 mm KCl, 20

mm NaCl, 1 mm spermine, 1 mm spermidine, 15 mm b-mer- and the length of the treatment. Prolongation of the
captoethanol, 0.1% Triton X-100, pH 9.4). After pelleting at APM treatment up to 4 hr resulted in increased fre-
200 3 g for 30 min at 48, the chromosomes were resuspended quency of metaphases (#65%). However, it also re-in 40 ml of IB, warmed to 508, and mixed with an equal amount

sulted in increased occurrence of cells with single chro-of prewarmed 1.5% low-melting-point (LMP) agarose made
matids. The highest frequency of metaphases (50%)in IB. The mixture was poured into an 80-ml plug mold to

form an agarose plug. The plug was solidified on ice and with a negligible occurrence of single chromatids was
incubated in 1 ml of lysis buffer (0.5 m EDTA, 1% lauroylsarcos- observed after a 2-hr treatment with 2.5 mm APM applied
ine, 0.1 mg/ml proteinase K, pH 8–9) at 378 for 2 days. The 4.5 hr after the removal from HU. Incubation of APM-quality of chromosomal DNA was checked using the CHEF-DR

treated roots in ice water improved chromosome spread-II pulsed-field gel electrophoresis system (Bio-Rad, Hercules,
CA). To prove the purity of the high-molecular-weight (HMW) ing without a negative effect on the frequency of meta-
DNA, prepared DNA samples were digested with HindIII re- phase cells.
striction endonuclease (MBI Fermentas, Vilnius, Lithuania). Preparation of chromosome suspensions: The extent
Agarose plugs were washed for 5 hr in five changes of ice-

of fixation with formaldehyde critically determined thecold TE buffer (10 mm Tris, 1 mm EDTA, pH 8.0). The DNA
quantity and the morphology of isolated chromosomes.in the plugs was digested with 5 units of enzyme for 5 min or

with 25 units for 2 hr at 378. Control reaction without addition Chromosome yield was higher after fixation with 1–2%
of enzyme was included. Quality of the digested DNA was formaldehyde for 10–15 min. However, isolated chro-
checked using pulsed-field gel electrophoresis (PFGE). The mosomes were damaged and chromosome suspensionselectrophoresis was run on a 1% agarose gel in 0.53 TBE, at

contained large amounts of chromosomal and nuclear13.58, 6 V/cm with a 90-sec switch time for 20 hr.
debris. On the other hand, suspensions obtained after
homogenization of root tips fixed with 2–4% formalde-

RESULTS hyde for 30–45 min contained an increased number of
chromosome clumps and intact cells. Fixation in 2%Cell cycle synchronization and accumulation of root
(v/v) formaldehyde for 20 min was selected as optimaltip cells in metaphase: Flow cytometric analysis of iso-
producing .5 3 105 chromosomes with well-preservedlated nuclei showed that root tip cells were traversing
morphology from 30 root tips.early S phase at the time of HU removal (Figure 1a),

Flow karyotyping and chromosome sorting: High-res-indicating that the cells did not remain arrested at the
olution flow karyotypes were routinely obtained afterG1/S interface until the end of HU treatment. After the
the analysis of chromosomes isolated from all genotypesremoval of HU, the cells continued in synchronized

progression through middle and late S phase, with most of wheat used in this study. Flow karyotype of cv. Chinese
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Figure 2.—Flow karyotype of T. aestivum
cv. Chinese Spring (a) and images of chro-
mosomes sorted from individual peaks re-
solved on the karyotype. Sorted chromo-
somes were identified after fluorescent
labeling using C-PRINS with primers for
GAA microsatellites (b, d, and f–h) or with
primers for Afa repeats (c and e). The chro-
mosomes were counterstained with propid-
ium iodide. (a) Flow karyotype obtained
after analysis of DAPI-stained chromosomes
contains three dominant composite peaks
(I, II, and III) representing various num-
bers of chromosome types and well-resolved
peak IV, which represents chromosome
3B. (b and c) Chromosomes sorted from
peak I; (d and e) chromosomes sorted
from peak II; (f and g) chromosomes sorted
from peak III; (h) Chromosomes 3B sor-
ted from peak IV.

Spring consisted of three composite peaks (labeled I, a GAA satellite sequence (Pedersen and Langridge
1997). Chromosome 1A and some D chromosomes wereII, and III) corresponding to various chromosome types

and a peak IV corresponding to a single chromosome not labeled by this procedure and were identified after
C-PRINS with primers specific for repetitive Afa familytype (Figure 2a). In addition to chromosome peaks,

composite peaks representing chromatids were visible. sequences (Figure 2, c and e). Fluorescent banding
patterns thus obtained were comparable to those ob-Chromosome content of individual peaks was deter-

mined after fluorescent labeling of flow-sorted chromo- served after FISH with a probe containing Afa repeats
(Pedersen and Langridge 1997). Combined use ofsomes using cycling PRINS (C-PRINS) and after PCR

on sorted chromosomes using primers for chromosome- C-PRINS with primers for GAA microsatellites and Afa
repeats permitted unambiguous assignment of all wheatspecific markers. Chromosomes were sorted at a rate of

z5–10/sec. To achieve the highest count precision and chromosomes to peaks on flow karyotype (Table 1). As
can be seen, peak IV corresponded to chromosome 3B.purity, a “counter” sorting mode and one drop sort

envelope were used for sorting. The chromosome could be sorted at purity .95% as
determined by C-PRINS.C-PRINS with primers for GAA microsatellites on

sorted chromosomes resulted in intensive and sharp In addition to PRINS, PCR with primers for chromo-
some-specific microsatellite markers was used to verifysignals on all of B genome chromosomes. With the

exception of chromosome 1A, one to several bands were the assignment of chromosomes to the peaks on flow
karyotype. Chromosome content of composite peaks aslabeled on the A genome chromosomes. In addition,

one or two bands were labeled on chromosomes 1D, determined by C-PRINS was confirmed after PCR with
chromosome-specific primers as shown in Figure 3a.2D, and 7D (Figures 2, b, d, and f–h). GAA banding

patterns were similar to those obtained after C banding Furthermore, the identity and purity of sorted chromo-
some 3B was confirmed (Figure 3b).(Gill et al. 1991) and after FISH with a probe containing
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TABLE 1

Determination of chromosome content of the four peaks on flow karyotype
of common wheat cv. Chinese Spring

Genome/chromosome

A B D

Peak 1 2 3 4 5 6 7 1 2 3 4 5 6 7 1 2 3 4 5 6 7

I X X X X
II X X X X X X
III X X X X X X X X X X
IV X

Polymorphism of chromosome 3B: Flow karyotypes sec. To increase sort yield, the “normal-r” sorting mode
was used. Under these conditions, it was possible to sortof cv. Chinese Spring and other wheat cultivars used in

this study differed in the shape of composite peaks as 1.6 3 106 chromosomes during one working day. This
quantity was sufficient to prepare two plugs for PFGE.well as in the position of peak IV corresponding to

chromosome 3B (Figure 4, a and c). In case of cv. The analysis by PFGE revealed that the majority of DNA
did not migrate into the gel remaining in the sampleCappelle Desprez, the chromosome 3B-representing

peak could be discriminated only partially. This observa- well, which suggests the DNA to be of megabase size.
To prove that the low migration ability was not due totion indicated that flow cytometry was sensitive enough

to detect small differences in relative DNA content of an insufficient purity of the samples, the HMW DNA
was digested by HindIII (Figure 5). After a 5-min incuba-wheat chromosomes. The polymorphism of chromo-

some 3B was confirmed after C-PRINS with primers for tion in HindIII buffer with 5 units of HindIII, the DNA
was considerably digested whereas no digestion oc-GAA microsatellites. Differences were observed in the num-

ber, position, and size of GAA-rich clusters (Figure 4d). curred in the control DNA incubated in buffer without
addition of the enzyme. Nearly complete digestion wasFlow karyotyping in translocation lines: The analysis

of chromosomes isolated from cv. Cappelle Desprez and achieved after 2 hr of treatment with 25 units of HindIII.
These results showed that the chromosome DNA wascv. Jubilar carrying translocation chromosome 5BL/

7BL showed that in addition to chromosome 3B, the well accessible for the restriction endonuclease.
chromosome 5BL/7BL could also be discriminated and
sorted (Figure 4, b and c). Microscopic analysis of sorted

DISCUSSION
chromosome 5BL/7BL fractions after fluorescent label-
ing of GAA microsatellites using C-PRINS (Figure 4e) Two research groups previously reported preparation

of chromosome suspensions in common wheat andshowed that the chromosome could be sorted at purity
.91% in both cultivars. their analysis by flow cytometry. In the first report, Wang

et al. (1992) isolated mitotic chromosomes from suspen-Isolation of high-molecular-weight DNA: Wheat chro-
mosomes were purified by flow sorting at rate of 50/ sion-cultured cells. The authors observed a number of

Figure 3.—Assignment of chromosomes
1A, 2D, 5D, and 6A to peaks on flow karyotype
(a) and identification of sorted chromosome
3B by PCR (b). (a) The reaction was performed
on 4000 sorted chromosomes from peak I
(lanes I), 6000 sorted chromosomes from peak
II (lanes II), and 10,000 sorted chromosomes
from peak III (lanes III) with the following
microsatellite primers: WMS136L, R, specific
for chromosome 1A (lanes 1A); WMS349L, R,
specific for chromosome 2D (lanes 2D);
WMS190L, R, specific for chromosome 5D
(lanes 5D); and WMS169L, R, specific for chro-
mosome 6A (lanes 6A). PCR products were
analyzed by agarose-gel electrophoresis. The

results showed that chromosomes 1A, 6A, 2D, and 5D are comprised in peak II. (b) PCR reaction was performed on chromosomes
sorted from peak I (lane I), peak II (lane II), peak III (lane III), and peak IV (lane IV) with microsatellite primers WMS 340L,
R (Röder et al. 1998), which are specific for chromosome 3B. PCR products were analyzed by agarose gel electrophoresis. A
band of 132 bp was obtained only with chromosomes sorted from peak IV.
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Figure 4.—Flow karyotypes
obtained after analysis of DAPI-
stained chromosomes in three
cultivars of wheat (a–c), and
images of sorted chromosomes
obtained after fluorescent label-
ing using C-PRINS with pri-
mers for GAA microsatellites
(d and e). The chromosomes
were counterstained with pro-
pidium iodide. Differences in
the relative position of peak IV,
which corresponds to chromo-
some 3B, can be seen on flow
karyotypes of cv. Saxana (a), cv.
Jubilar (b), and cv. Cappelle
Desprez (c). Peaks represent-
ing chromosomes 5BL/7BL
can be seen on flow karyotypes
of cv. Jubilar (b) and cv. Cap-
pelle Desprez (c). Images of
chromosomes 3B sorted from
five cultivars of wheat (d). Note
the differences in the size and
position of GAA clusters. (e)
Images of chromosomes 5BL/
7BL sorted from two wheat cul-
tivars. Tit, Titus; CD, Cappelle
Desprez; Sax, Saxana; Dra,
Drake; Jub, Jubilar.

peaks on flow karyotype obtained after analysis of chro- cells in metaphase. The degree of mitotic synchrony in
root tips achieved after HU treatment is comparable tomosome suspensions. However, they were not able to

assign chromosome peaks to individual chromosomes other reports on cell cycle synchronization (Clain and
Brulfert 1980; Pan et al. 1993). However, chromosome(Schwarzacher et al. 1997). An alternative procedure

for preparation of wheat chromosome suspensions from yield is about four times higher compared to the proto-
col developed by Gill et al. (1999).synchronized root tips was described by Lee et al. (1997).

Although the flow karyotypes had relatively good resolu- Chromosome isolation from formaldehyde-fixed root
tips offers many important advantages. Fixed chromo-tion, the authors were only able to identify groups of

peaks representing chromosomes and chromatids. How- somes are resistant to mechanical shearing forces and
thus can be released using a mechanical homogenizer.ever, they failed to determine the chromosome content

of individual peaks. Neither research group identified Isolated chromosomes are mechanically stable and can
be stored and withstand shearing forces during flowthe peak representing single chromosome 3B.

The high-yield procedure for preparation of wheat sorting. This permits reanalysis of sorted fractions and
even resorting, an approach that may be used to im-chromosome suspensions presented here is a modifica-

tion of the method originally developed for Vicia faba prove the purity in sorted fractions (Lucretti et al.
1993). It should also be noted that plant chromosomes(Doležel et al. 1992). Unlike in other protocols, intact

chromosomes are mechanically released from synchro- isolated from formaldehyde-fixed root tips were shown
to be suitable for scanning electron microscopy (Schu-nized root tips after a mild fixation with formaldehyde. A

combined treatment with HU (DNA synthesis inhibitor) bert et al. 1993), localization of DNA sequences using
in situ hybridization (Fuchs et al. 1994) and PRINSand APM (mitotic spindle inhibitor) results in effective

cell cycle synchronization and accumulation of cycling (Kubaláková et al. 1997), and for immunolocalization
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GAA and Afa fluorescent banding patterns. A further
advantage of C-PRINS over FISH is that it does not
require labeled probes and is much faster.

A possibility to sort only a single chromosome type
could compromise the usefulness of flow cytogenetics
for gene mapping and isolation in wheat. However, this
problem could be solved using various chromosome
stocks, such as translocations and deletions. This ap-
proach was first proposed by Lucretti et al. (1993)
and was applied successfully in V. faba (Doležel and
Lucretti 1995), Pisum sativum (Neumann et al. 1998),
and Hordeum vulgare (Lysák et al. 1999). An almost un-
limited range of stocks is available in wheat (Sears 1954;
Endo and Gill 1996), making this approach feasible.
To develop a procedure for sorting of other chromo-
some types, we have analyzed chromosomes isolated
from cv. Cappelle Desprez and cv. Jubilar. A peak corre-

Figure 5.—Pulsed-field gel electrophoresis of high-molecu- sponding to chromosome 5BL/7BL could be discrimi-
lar-weight DNA prepared from flow-sorted chromosomes after nated clearly and the chromosome could be sorted atdigestion by HindIII. Wheat HMW DNA in agarose plugs was

high purity, thus extending the number of wheat chro-incubated in HindIII buffer containing 0 (lane 1), 5 (lane 2),
mosome types that can be sorted. Furthermore, Gill etor 25 units (lane 3) of HindIII for 5 min (lanes 1 and 2) or

2 hr (lane 3) at 378. The electrophoresis was run on a 1% al. (1999) reported sorting chromosome arm 1DS from
agarose gel in 0.53 TBE at 13.58, 6 V/cm with a 90-sec switch a wheat ditelosomic line. The problem of sorting small
time for 20 hr. Lane l, lambda ladder; lane S, chromosomes chromosomes and/or chromosome arms is that theyof Saccharomyces cerevisiae used as size markers.

often fall into the region of chromatids, which compro-
mises the purity in sorted fractions (our unpublished
observations). On the other hand, large chromosomes,of chromosomal proteins (Binarová et al. 1998). Our

results obtained in five different genotypes of wheat such as 3B and 5BL/7BL, can be sorted at very high
purity. This approach could be feasible also for singleproved that the procedure is not genotype dependent.

In this study, flow karyotype of wheat was described chromosome arms, if lines carrying isochromosomes are
used.accurately and chromosome content of individual peaks

was determined for the first time. The results indicated A rapid identification of chromosome 5BL/7BL
showed that flow karyotyping might be an elegant toolthat in wheat with a standard karyotype only chromo-

some 3B could be sorted at high purity. Other chromo- to detect the presence of such a chromosome, or other
translocation chromosomes that are larger than 3B, insomes formed three composite peaks and could be

sorted only as groups. Interestingly, peak I corre- wheat lines. It is also interesting to note that we have
found flow karyotyping sensitive enough to detect poly-sponded to four D-genome chromosomes. This gives an

opportunity to separate part of the wheat D genome. morphism of chromosome 3B. The differences between
chromosomes sorted from different wheat cultivars wereClear discrimination of chromosome 3B is possible due

to its size and, hence, relative DNA content. According observed also after GAA banding using C-PRINS with
specific primers. The polymorphism in the number andto Gill (1987), chromosome 3B is the longest chromo-

some in the karyotype of common wheat. position of diagnostic bands has been described already
(Friebe and Gill 1994). However, this is the first reportAlthough a large variation in the degree of chromatin

condensation of sorted chromosomes was observed, it demonstrating suitability of flow cytometry to detect this
type of variation.was possible to identify them using PCR and C-PRINS.

The latter method facilitated quantitative determina- The quality of DNA obtained from flow-sorted chro-
mosomes is an important factor that determines thetion of purity in sorted fractions. Because C-PRINS with

primers for GAA repeats did not permit identification usefulness of flow cytogenetics in wheat. Our results
demonstrate that chromosomes isolated and sorted ac-of all wheat chromosomes, we also used primers specific

for repetitive Afa family sequences, first cloned from cording to our protocol are a suitable template for PCR.
Thus flow-sorted chromosomes can be used for physicalAegilops squarrosa (Rayburn and Gill 1986). As shown

previously by Pedersen and Langridge (1997), FISH mapping of DNA sequences using PCR with specific
primers and for construction of small insert DNA librar-with probes for GAA and Afa repeats is suitable for

unambiguous identification of wheat chromosomes. In ies after degenerate oligonucleotide-primed-PCR (Tel-
enius et al. 1992). Furthermore, we have also shownthis study, C-PRINS was used for the first time to identify

all wheat chromosomes. Compared to FISH (Pedersen that high-molecular-weight DNA could be prepared
from flow-sorted wheat chromosomes and that the DNAand Langridge 1997), C-PRINS resulted in sharper



2040 J. Vrána et al.

and chromosome sorting in Vicia faba lines with standard andcould be partially digested to obtain large fragments
reconstructed karyotypes. Theor. Appl. Genet. 90: 797–802.

suitable for construction of large-insert DNA libraries. Doležel, J., P. Binarová and S. Lucretti, 1989 Analysis of nuclear
DNA content in plant cells by flow cytometry. Biol. Plant. 31:In conclusion, a high-yield method for preparation
113–120.of suspensions of intact wheat chromosomes, which are

Doležel, J., J. Čı́halı́ková and S. Lucretti, 1992 A high-yield pro-
suitable for analysis and sorting using flow cytometry, cedure for isolation of metaphase chromosomes from root tips

of Vicia faba L. Planta 188: 93–98.has been developed. Wheat flow karyotype has been
Doležel, J., J. Macas and S. Lucretti, 1999 Flow analysis andcharacterized and chromosome content of all peaks on

sorting of plant chromosomes, pp. 5.3.1.–5.3.33. in Current Proto-
the karyotype was determined for the first time. While cols in Cytometry, edited by J. P. Robinson, Z. Darzynkiewicz,

P. N. Dean, L. G. Dressler, A. Orfao, P. S. Rabinovitch, C. C.only chromosome 3B could be sorted from wheat culti-
Stewart, H. J. Tanke and L. L. Wheeless. John Wiley & Sons,vars with a standard karyotype, the results indicate a
New York.

possibility to sort other chromosome types using various Doležel, J., M. A. Lysák, M. Kubaláková, H. Šimková, J. Macas et
al., 2000 Sorting of plant chromosomes, in Methods in Cell Biol-chromosomal stocks. A possibility to prepare high-
ogy: Flow Cytometry, Ed. 3, edited by Z. Darzynkiewicz. Academicmolecular-weight DNA from flow-sorted chromosomes
Press, San Diego (in press).

opens a way for construction of large-insert chromo- Endo, T. R., and B. S. Gill, 1996 The deletion stocks of common
wheat. J. Hered. 87: 295–307.some-specific DNA libraries, which will aid in genome
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ing and painting: phylogenetic and diagnostic applications. Eur.
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