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Summary. A procedure for the preparation of tomato 
chromosome suspensions suitable for flow cytometric 
analysis is described. Rapidly growing cell suspension 
cultures of Lycopersicon esculenturn cv VFNT cherry and 
L. pennellii LA716 were treated with colchicine to enrich 
for metaphase chromosomes. Metaphase indices between 
20 and 35% were routinely obtained when cultures were 
exposed to 0.1% colchicine for 15 18 h after 2 days of 
subculture. Mitotic ceils were isolated by brief treatment 
with cell wall digesting enzymes in a medium with low 
osmolarity ( ~  325 mOsm/kg of H20  ). The low osmolar- 
ity medium was needed to avoid the chromosome clump- 
ing and decondensation seen in standard media. Suspen- 
sions of intact chromosomes were prepared by lysing 
swollen protoplasts in various buffers (MgSO4, 
polyamines, hexylene glycol, or KCl-propidium iodide) 
similar in contents to the buffers used to isolate mam- 
malian chromosomes. For univariate flow cytometric 
analysis, chromosome suspensions were stained with a 
fluorescent DNA-binding stain (propidium iodide, 
Hoechst 33258, mithramycin, or chromomycin A3) and 
analyzed using an EPICS flow cytometer (Profile Ana- 
lyzer or 753). Peaks for the chromosomes, chromatids, 
clumps of chromosomes, nuclei, and fluorescent debris 
were seen on a histogram of log of fluorescence intensity, 
and were confirmed by microscopic examination of the 
objects collected by flow-sorting. Chromosome suspen- 
sions prepared in MgSO4 buffer have the highest fre- 
quency of intact chromosomes and the least fluorescent 
cellular debris. Peaks similar to theoretical univariate 
flow karyotypes of tomato chromosomes were seen on 
the observed univariate flow karyotypes, but were not 
as well resolved. Bivariate flow analysis of tomato chro- 
mosome suspension using double-stain combination, 
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Hoechst 33258 and chromomycin A3, and two laser 
beams showed better resolution of some chromosomes. 
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tometry Univariate analysis - Bivariate analysis - 
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Introduction 

Preparation of suspensions of intact metaphase chromo- 
somes followed by collection of single chromosome types 
by fluorescence-activated flow-sorting has been useful 
for construction of chromosome-specific libraries and 
gene mapping of the human genome (Gray and Langlois 
1986; Van Dilla and Deaven 1990). We are interested in 
developing analogous procedures for tomato chromo- 
somes to aid in mapping, isolation, and transfer of im- 
portant plant genes. 

Chromosome-specific or chromosome-enriched li- 
braries would facilitate isolation of agriculturally impor- 
tant plant genes for which no protein product is known. 
These include genes for disease, insect, and stress resis- 
tance, as well as genes underlying quantitatively inherited 
characters (QTLs). If  each Of the tomato chromosomes 
could be purified by flow cytometry, it would be possible 
to construct chromosome-specific libraries of clones use- 
ful in gene isolation by chromosome walking. Selecting 
clones from a chromosome-specific library (correspond- 
ing to the chromosome on which the target gene is lo- 
cated) should be approximately 12-fold more productive 
than screening random libraries. 

In contrast to the substantial body of work on mam- 
malian chromosomes, experimental studies with isolated 
plant chromosomes are limited. Several authors have de- 
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scribed methods for isolating chromosomes from cell sus- 
pensions, root  tips, or microsporocytes  of  various p lant  
species (Malmberg  and Griesbach 1980; Gr iesbach et al. 
1982; Hadlaczky  et al. 1983; Mat thews 1983; de Laa t  and 
Blaas 1984; Conia  et al. 1987). Published work  on flow 
cytometric  character izat ion and sorting of  p lant  chromo-  
somes has focused on three species, Haplopappus gracilis 
(de Laa t  and Blaas 1984), Petunia hybrida (Conia et al. 
1987, 1988), and Nicotiana plumbaginifolia (Conia et al. 
1989), but  not  on any major  crop plant.  Obtaining high 
quali ty chromosome samples suitable for flow cytometry  
has been very difficult. This requires not  only that  a 
sufficient number  of  cells be arrested in metaphase,  but  
also that  prepara t ions  be free of  contaminat ing  debris 
that  confounds the analysis. The presence of  cell walls on 
plant  cells, as well as plastids,  starch grains, vacuoles, etc. 
within them, makes the sample prepara t ion  more  diffi- 
cult than for animal  cells. Suspensions of  chromosomes 
that  appear  to have normal  morpho logy  by microscopic 
examinat ion may still not  be suitable for flow cytometry  
(Conia et al. 1987). This makes opt imizat ion of  chromo-  
some isolat ion procedures more  laborious,  since effects 
of  al terat ions in isolat ion media  must  be tested by actual  
flow analysis. 

This repor t  describes a reliable procedure  for obtain-  
ing large numbers of  metaphase  chromosomes  in suspen- 
sion, suitable for flow cytometry,  f rom various tomato  
cell culture lines. Stains that  show little nucleotide prefer- 
ence (e.g., p rop id ium iodide), as well as stains that  pref- 
erentially bind to AT-rich regions (e.g., Hoechst  33258) 
or to GC-r ich  regions (e.g., mithramycin,  chromomycin  
A3) (Gray  and Langlois 1986), were used for univariate 
flow cytometric  analysis. To our knowledge,  this is the 
first repor t  of  the univariate flow analysis of  chromo-  
somes of  a crop plant.  We also present  a first repor t  of  
bivariate flow analysis of  p lant  chromosomes using a 
double-s ta in  combinat ion,  Hoechst  33258 and chro- 
momycin  A3, and two laser beams. In the bivariate kary-  
otype, tomato  chromosome types are resolved based on 
the differences in base composi t ion  and D N A  content.  
The tomato  flow karyotypes  will be useful for sorting 
chromosomes  to construct  chromosome-specif ic  or chro- 
mosome-enr iched D N A  libraries. 

Materials and methods 

Cell lines and culture conditions 

Tomato chromosome suspensions were prepared from cell sus- 
pension cultures of (1) Lycopersicon esculentum Mill. cv VFNT 
cherry (both a cell line obtained from Dr. J. Steffens, Cornell 
University, and freshly established cell lines), and (2) Lycopersi- 
con pennellii Corr. P.I. 246502 (LA716), a green-fruited wild 
relative of cultivated tomato collected in Atico, Peru, and ob- 
tained from Tomato Genetics Cooperative (University of Cali- 
fornia, Davis). Lycopersieon species have a haploid chromosome 

number of 12; however, cells in culture became polyploid within 
about 3 months and had 48-96 chromosomes per cell. 

Cell suspension cultures were established from rapidly 
growing, soft white calli initiated from root-hypocotyl explants 
of seedlings. The seeds were surface sterilized in 10% commer- 
cial bleach and washed three times in sterile distilled water. The 
seeds were germinated either on hormone-free MS medium 
(Murashige and Skoog 1962) solidified with 0.22% Gelrite or 
directly on callus-inducing medium. The medium for callus ini- 
tiation and culture and cell suspension cultures consisted of 
macronutrients, micronutrients, and myo-inositol according to 
Murashige and Skoog (1962), vitamins according to Nitsch 
(1969), and 3% sucrose, pH 5.7 (DuPont eta1. 1985). The 
medium was supplemented with growth regulators of either 
2 mg/1 2,4-dichlorophenoxy acetic acid (2,4-D) and 1 rag/1 2iP 
(N6[2-Isopentenyl]adenine) or 0.5 rag/1 2,4-D, 0.3 rag/1 kinetin, 
and 5 rag/1 indole-3-aeetic acid (Malmberg and Griesbach 1980). 

Suspension cultures were grown in 250-ml Erlenmeyer 
flasks on a rotary shaker (100 rpm) in 50 ml culture medium at 
25 ~ in the dark. They were subcultured every 7 days, when 
they were in early stationary phase of growth by diluting, (1:4) 
with fresh medium. Growth rate of the cell cultures was deter- 
mined according to the method of DuPont et al. (1985), by 
calculating the ratio of settled cell volume to total volume 
(SCM) at 24 h intervals, using either side-arm flasks or gradu- 
ated centrifuge tubes. Cells were allowed to settle for 15 min to 
measure the settled cell volume. In some experiments, in order 
to maintain uniform cell density, suspension cultures were sub- 
cultured by diluting 5 ml of settled cells into 50 ml total medium 
(SCM=0.1). 

Procedure for collecting large number of cells at metaphase 

Two days after subculture, ceils were exposed to colchicine 
(Sigma Co., St. Louis/MO) to accumulate a large number of 
cells at metaphase. Colchicine, freshly dissolved in culture 
medium (10 mg/ml), was added to the cell suspensions to a final 
concentration of 1 mg/ml (0.1%). Cells were incubated in the 
dark at 25~ for 15-18 h. 

Metaphase index (number of ceils at metaphase x 100/total 
number of cells) was determined after staining the cells in a 
modified carbol fuchsin solution (Kao 1982). One drop of cell 
suspension was mixed with one drop of modified carbol fuchsin 
on a siide, and was warmed by passing it over an alcohol lamp 
several times. Stained cells were then flattened by pressing the 
slide (covered with a coverslip) between several layers of paper 
towelling. Tomato cells could be flattened easily without treating 
with wall-degrading enzymes, since they have thin cell wails and 
occur in small clumps in suspension culture. At least 250 cells 
were observed under the microscope to estimate the metaphase 
index. 

Protoplasts were isolated from the cell suspension cultures 
with high metaphase index, in culture medium supplemented 
with 60 mM KC1 (to adjust the osmolarity to about 325 mOsm/ 
kg HzO ), 2% cellulysin (Calbiochem, La Jolla/CA), 1% mac- 
erase (Calbiochem, La Jolla/CA), and 0.1% pectolyase Y-23 
(Seishin Pharmaceutical Co. Ltd., Tokyo). In some experiments, 
different levels of KC1 were added to the culture medium to find 
a suitable osmolarity for protoplast isolation (Table 1). A stan- 
dard protoplast isolation medium (Tan et al. 1987), which con- 
tained 0.5 M mannitol as an osmoticum, was initially used for 
protoplast isolation but was later found to be unsuitable, since 
its high osmolarity (> 700 mOsm/kg H20 ) causes clumping of 
metaphase chromosomes. 

Aliquots of 3 ml of cell suspension were mixed with 3 ml 
of culture medium containing 4% cellulysin, 2% macerase, 
0.2% pectolyase, and 120 mM KC1 and incubated for 1 h at 
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30~ on a shaker at 50 rpm. The digestion mixture was then 
diluted with 6 ml of washing buffer (150 m M  KC1, 5 m M  hepes, 
pH 8.0, ~290 mOsm/kg of H20  ) and centrifuged at 500 rpm 
(~40  g) for 2 min. The pellet was resuspended in 6 ml of wash- 
ing buffer and passed through 80-pro nylon mesh. The filtrate 
was collected directly in a 15-ml disposable centrifuge tube and 
diluted with 6 ml of washing buffer. The protoplasts were 
pelleted by centrifuging at 500 rpm for 2 rain and kept on ice. 

Chromosome isolation procedure 
Protoplasts were resuspended in 12ml of ice-old hypotonic 
buffer and immediately centrifuged at 500 rpm for 2 rain. The 
hypotonic buffer was usually the MgSO 4 buffer (10raM 
MgSO~, 50 m M  KC1, 5 m M  hepes, 3 mM dithiothreitol, 
pH 8.0) (van den Engh et al. 1984), but a solution of 75 m M  KCI 
was used when other chromosome isolation buffers [polyamines 
(Sillar and Young 1981; de Laat and Blaas 1984), hexylene glycol 
(Wray and Stubblefield 1970; Hadlaczky et al. 1983), KCl-pro- 
pidium iodide (Buys et al. 1982)] or tomato cell culture medium 
without growth regulators were investigated for the preparation 
of chromosome suspensions. One milliliter of the ice-cold 
MgSOa buffer (or other chromosome isolation buffer) was 
added to the protoplast pellet, and the protoplasts were allowed 
to swell for 10 rain at room temperature. Triton X-100 was then 
added to a final concentration of 0.25% [25 pl 10% (w/v) Triton 
X-100 per nal]. After 10 min incubation with Triton X-100 at 
room temperature, the protoplasts were mechanically ruptured 
by drawing the suspension into a sterile Pasteur pipette and 
extruding it forcefully from the pipette, with the stream directed 
along the side of the tube. This process was repeated five times. 
The resulting chromosome suspension was filtered through 33- 
gm nylon mesh or one layer of miracloth, to remove large par- 
ticles which might clog the nozzle of the flow cytometer. The 
preparation was kept on ice and stained with DNA-specific 
dye(s). Flow cytometry was performed on the same day of prep- 
aration. 

Univariate ffow cytometric chromosome analysis 
For univariate flow karyotype analysis, chromosomes were 
stained with a single dye at least 30 min before analysis. Propid- 
ium iodide (PI), mithramycin (MITH), chromomycin A3 (CA3), 
and Hoechst 33258 (HO) were used at concentrations of 25 p,g/ 
ml, 12.5 ~tg/ml, and 1.25 I-tg/ml, respectively. Stock solutions of 
PI (5.0 mg/ml) and HO (0.5 mg/ml) were made in sterile distilled 
water, and the stock solutions of MITH or CA3 (0.5 mg/ml were 
prepared freshly in MgSO 4 buffer. 

Flow cytometric analyses of chromosome preparations 
stained with PI were performed with an EPICS Profile Flow 
Cytometer and/or an EPICS 753 Flow Cytometer (Coulter Elec- 
tronics, Hialeah/FL). Analysis of MITH- and HO-stained sam- 
ples was done with the EPICS 753 Flow Cytometer. PI-stained 
samples were excited with an Argon ion laser, all lines at 15 mW 
(Profile, Omnichrome 150) or at 488 ran, 500 mW (EPICS 753, 
Coherent Innova 90-5), and the red fluorescence of the PI-DNA 
complex was collected through a 457-502 nm laser blocking 
filter and a 590 or 610 nm long pass absorbance filter. Samples 
stained with MITH or CA3 were excited at 457 nm (100 mW), 
and the yellow fluorescence of MITH-DNA or CA3-DNA com- 
plex collected through a 457-nm laser blocking filter and a 
550 nm iong pass dichroic filter. HO-stained samples were ex- 
cited in the UV region (351 and 364 nm, 100 roW), and the blue 
fluorescence of HO-DNA complex was collected through a 
418 nm long pass interference filter and a 530 nm short pass 
dichroic filter. A 76-gm quartz flow tip was used during analysis 
and sorting on the EPICS 753. 

All signals (integral, peak, and log integral fluorescence, and 
forward scatter) were processed through a gated amplifier trig- 

gered by fluorescence, to allow discrimination against low level 
nonspecific fluorescence. Objects were analyzed for logarithmic 
(LIFL) and linear integral fluorescence (IFL) and forward angle 
light scatter (FALS) relating to size. At least three histograms 
were generated: (1) LIFL versus FALS (64 x 64 channel); (2) 
frequency versus LIFL (256-channel, 3-decade log scale); and 
(3) frequency versus IFL (256- or 1024-channel). The high 
voltage (HV) of the photomultiplier (PMT) was adjusted so that 
the modes of the peaks of fluorescence corresponding to the 
G a/M nuclei (or nuclei of the highest ploidy) would fall closer 
to the last channel of the 256-channel, 3-decade log histogram. 
The gain of the fluorescence amplifier or HV of PMT was ad- 
justed so that the peaks corresponding to the largest chromo- 
somes would fall closer to the last channel of the histogram of 
linear fluorescence. A gain setting greater than 5 gave signals 
that were not clearly discriminated. A gating region (bitmap) 
was set around the zone containing chromosomes in the LIFL 
versus FALS to eliminate extraneous signals from the condi- 
tioned histogram of fluorescence. 

Flow sorting 

Sorting was conducted on the EPICS 753 flow cytometer. 
Sheath fluid was ice-cold MgSO 4 buffer, without dithiothreitol, 
filtered through a 0.22-gm Miltipore filter and kept on ice. Sort- 
ing windows were set on log or linear histogram of relative 
fluorescence intensity. About 2 x 104 objects from the selected 
peak area were collected directly onto a black nitrocellulose 
filter (Millipore Type AA, pore size 0.8 gin) placed on a filter 
paper cushion in a 60-mm Falcon plastic petri dish, in order to 
obtain high concentrations of objects over a smalI area. 

Fluorescence microscopy 

For identification of the sorted fractions, the piece of the filter 
that contained the sorted objects was carefully snipped out and 
soaked in dye solution (50 ~g PI/ml, 100 gg MITH/ml,  or 2.5 gg 
HO/ml) in MgSO 4 buffer for 5 rain. The pieces of filter were 
mounted between a slide and a coverslip and observed under a 
Zeiss fluorescence microscope with an appropriate filter set. 
Photographs were taken with Kodak Ektachrome 400 ASA film 
or Kodak technical pan 2415 black and white film. 

Bivariate flow cytometric chromosome analysis 

For bivariate flow cytometric analysis, the chromosomes were 
stained with two stains, HO (1.25 gg/ml) and CA3 (12.5 I~g/ml), 
about I h before the analysis. The chromosome suspensions 
were analyzed with an EPICS 753 flow cytometer equipped with 
two lasers. The first laser excited HO at 351-364 nm (100 mW) 
and the second laser excited CA3 at 458 nm (250 roW). Fluores- 
cence resulting from the passage of chromosomes through each 
laser beam was collected through 405 and 495 nm long pass 
filters by a single photomultiplier tube. The two fluorescence 
signals measured on a single detector are separated in time by 
7 gs, and are processed and acquired using the electronics pro- 
vided with the EPICS 753. Both integrated fluorescence signals 
were acquired in bivariate histograms (Hoechst 33258 fluores- 
cence versus chromomycin A3 fluorescence), with 64 or 128 
channels on each axis. Chromosomes were analyzed at a rate of 
150-300/s at all times. 

Results 

Obtaining high metaphase index 

The  m e t a p h a s e  index of  the rapid ly  g rowing  ( 3 6 - 4 8  h 

doub l ing  t ime) t o m a t o  cells in suspension cul ture  dur ing  



104 

the log phase was less than 5%. Treatment with col- 
chicine for an extended period increased the fraction of 
cells at metaphase in the population. The lowest effective 
colchicine concentration was 0.01%. The frequency of 
cells at metaphase increased in proportion to the col- 
chicine concentration of up to 0.1% (data not shown). 
Figure 1 shows the metaphase index of the VFNT cherry 
tomato cells exposed to 0.1% colchicine for various time 
intervals. During the first 9 h of colchicine treatment, the 
frequency of cells at metaphase did not exceed 10-12%, 
but it increased steadily in the following hours with the 
peak at 18 h. Higher colchicine concentrations and 
longer exposure times produced lower metaphase in- 
dices. Up to about 45% metaphase index was obtained 
with VFNT cherry tomato cell suspension cultures 
treated with 0.1% colchicine exposure for 18 h; however, 
there were day-to-day variations in metaphase index of 
cells cultured under similar conditions. Metaphase in- 
dices between 20 and 35% were routinely obtained for 
most of the fast-growing tomato cell lines exposed to 
0.I % colchicine for 18 h, 2 days after subculture. Some- 
times, higher metaphase indices were obtained from 3-, 
4-, or 5-day-old cultures, but results were more consistent 
with 2-day-old cultures. 

50 
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C o l c h i c i n e  e x o o s u r e  t ime  (h) 
Fig. 1. Percentage of cells in metaphase in L. esculentum cv 
VFNT cherry cell culture after treatment with 0.1% colchicine. 
At least 250 cells were observed under the microscope to deter- 
mine the metaphase index. Each point represents an average of 
four observations _+ SE 

Isolation of protoplasts 

Since the cell wall is the main barrier for isolation of 
plant chromosomes, protoplasts were prepared by treat- 
ment of cells with wall-degrading enzymes. The enzymes 
used for this purpose also contain proteases and nucle- 
ases which could degrade nuclei and chromosomes. 
Thus, the conversion of cells to protoplasts was initially 
performed in a high osmolarity medium (Tan et al. 1987), 
which optimizes the release of intact protoplasts. Proto- 
plasts were also washed with high osmolarity medium 
( ~  700 mOsm/kg of H20 ) to remove the enzymes before 
rupturing th e plasma membrane, in order to release chro- 
mosomes and nuclei into a chromosome stabilizing 
medium. 

In protoplasts isolated from mitotic cells in standard 
isolation medium, chromosomes either clumped together 
to form micronuclei or became decondensed (Fig. 2 a). 
This made it impossible to prepare suspensions of 
monodispersed chromosomes. Tests of different osmo- 
larities for protoplast isolation showed that high osmo- 
larity was responsible for chromosome clumping 
(Table 1). Well-dispersed, unclumped metaphase chro- 
mosomes were observed in protoplasts isolated in culture 
medium without osmoticum but, in this case, the proto- 
plasts were not intact. Table 1 shows the relationship 
between different osmolarities during protoplast isola- 
tion, clumping of chromosomes, and intactness of proto- 
plasts. Intact protoplasts with little or no clumping of 
metaphase chromosomes could be obtained in a medium 

Fig. 2aandb. Protoplasts isolated from L. esculentum cv 
VFNT cherry cell suspension culture and stained with modified 
carbol fuchsin, a Protoplasts isolated in standard high osmolar- 
ity medium (711 mOs/kg H20 ) showing clumped chromosomes, 
micronuclei, and decondensed metaphase chromosomes. 
630x. b Protoplasts isolated in low osmolarity medium 
(323 mOs/kg H20 ) showing dispersed, unclumped metaphase 
chromosomes. 250 x 
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Table 1. Relationship between osmolarity of the protoplast iso- 
lation medium, clumping of metaphase chromosomes, and in- 
tactness of protoplasts. Protoplast isolation medium is tomato 
cell culture medium (without growth regulators) plus varying 
levels of KC1 

KCI in proto- Osmolarity Chromo- Proto- 
plast isolation (mOsm/kg H20 ) some clum- plast in- 
medium ping tactness 
(raM) Without With 

enzymes enzymes a 

300 799 907 + + + + + + 
240 641 806 + + + + + + 
180 543 697 + + + + + + 
120 431 582 + + + + + 
6O 323 468 - + + 
30 261 373 - + 
0 190 272 -- - 

a 2% cellulysin and 1% macerase 

with osmolarity of  about  325mOsm/kg  of  H 2 0  
(Fig. 2 b). Thus, for preparation of  high-quality chromo- 
some suspensions, the osmolarity of  the protoplast isola- 
tion medium was adjusted to about 325 mOsm/kg of  
H 2 0  by adding KCI to a final concentration of  60 m M  
before the addition of  wall-degrading enzymes. 

Selective harvesting of mitotic protoplasts 

A further enrichment of  metaphase chromosomes was 
achieved by selectively harvesting mitotic cells from cell 
suspension cultures. Actively dividing cells were ob- 
served at the periphery of  the microcalli in the suspension 
cultures. One-hour treatment o f  V F N T  cherry cell sus- 
pension with cell wall digesting enzymes at 30 ~ releases 
protoplasts from these cells, which are mostly in mitotic 
(M) or G 2 phase of  the cell cycle. Undigested cell clumps 
composed mostly of  nonmitotic cells were removed by 
passing the digestion mixture through a 80-1xm nylon 
filter. Low speed centrifugation of  the filtrate pelleted 
protoplasts and eliminated small particles. Up  to about  
80% of  the protoplasts obtained from V F N T  cherry cell 
suspensions using the procedure contain metaphase 
chromosomes. However, enrichment of  mitotic cells 
from L. pennelIii cell suspensions has not been attained 
by the above method. This may be due to the presence of  
smaller cell aggregates in the suspension cultures of  
L. pennellii. 

Preparation of chromosome suspension 

One of  the most  important  steps in any chromosome 
isolation procedure is the swelling of  the cells in hypo- 
tonic buffer (Trask 1989). In this step, the cells increase 
in volume and the chromosomes move apart  from one 
another. Either MgSO~ buffer (van den Engh et al. 1984) 
or a hypotonic solution of  75 m M  KC1 (Conia et al. 
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Fig. 3aandb. Univariate histogram of a L. esculentum cv 
VFNT cherry, and b L. pennellii obtained from PI-stained chro- 
mosome suspensions prepared in MgSO,~ buffer. About 40,000 
events were analyzed using an EPICS Profile, with the photo- 
multiplier tube voltage at 735. A logarithmic amplifier (3- 
decade, 256-channel) was used to amplify the signal to include 
all the events detected by the photomultiplier tube. The logarith- 
mic transformation allows objects represented in equal numbers 
to have the same peak height and uniform peak width (Cram et 
al. 1989). Peaks of debris (Deb), chromatids (Cds), chromo- 
somes, clumps of chromosomes, and nuclei were confirmed after 
examination of the flow-sorted objects under the microscope 

1987) caused swelling of  tomato protoplasts, but the 
MgSO 4 buffer produced less cellular debris. After incu- 
bating with Triton X-100, protoplasts were physically 
ruptured by passing them forcefully through a Pasteur 
pipette to release the chromosomes into the chromosome 
stabilizing medium. Observation of  chromosome suspen- 
sions prepared in MgSO 4 buffer and stained with D N A -  
binding stains under the fluorescence microscope showed 
monodispersed intact chromosomes with very little or no 
fluorescent debris. Rupturing protoplasts by syringing 
them through a hypodermic needle fitted on a syringe or 
by vortexing caused rupture of  nuclei and breakage of  
chromosomes, and created a high level of  DNA-conta in-  
ing debris which interfered with flow cytometric analysis 
of  chromosomes. 

Univariate Jlow eytometric analysis 

Histograms of  fluorescence distributions, such as the 
ones shown in Fig. 3, were routinely obtained from the 
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Table 2. Relative percentage of fluorescent debris, chromatids, 
chromosome, clumps, and nuclei in VFNT cherry tomato chro- 
mosome suspensions (PI-stained) prepared in different isolation 
media, as measured using a computer program provided on 
EPICS Profile. From 100 gl of each preparation, 60,000-80,000 
events were analyzed 

Medium Debris Chroma- Chromo- Clumps Nuclei 
tids somes 

(pH) (%) (%) (%) (%) (%) 

MgSO 4 15.4 14.4 48.4 18.7 2.1 
(8.0) 
Polyamines 18.7 14.4 44.5 22.2 3.2 
(7.2) 
Hexylene 36.5 12.6 31.2 17.2 2.5 
glycol 
(8.6) 
KC1-PI 32.6 19.6 35.7 11.1 0.9 
(8.o) 
Cell culture 55.3 17.8 19.3 6.3 1.3 
medium 
(5.8) 

Fig. 4. Chromosomes ofL. esculentum cv VFNT cherry collect- 
ed onto a black nitrocellulose filter by flow-sorting and stained 
with PI. 1,150 x. Chromosomes of different sizes are seen, rep- 
resenting 12 types of tomato chromosomes. Chromosomes mor- 
phology is not always preserved as some chromosomes decon- 
densed to form micronuclei 

analysis of tomato chromosome suspensions prepared in 
MgSO 4 buffer and stained with propidium iodide, 
Hoechst 33258, or mithramycin. The relative positions 
and surfaces of  the various peaks and shoulders were 
reproducible in over 25 experiments. Figures 3 a and 3 b 
show histograms (for both L. esculentum and L. pennel- 
lii) ofpropidium iodide fluorescence intensities after log- 
arithmic amplification, and include all the events de- 
tected by the photomultiplier tube. The 3-decade range 
of fluorescence intensities of this histogram can accom- 
modate signals varying in amplitude by at least a factor 
of 1,000. Peaks corresponding to nuclei, chromosomes, 
chromatids, and low fluorescence cellular debris are 
clearly recognized by their relative fluorescence level. The 
nature of the peaks was confirmed by flow-sorting ob- 
jects from each peak area on to filters and examining 
them with a fluorescence microscope at 400 x .  

The largest and most prominent peak (with minor 
peaks or shoulders) contained metaphase chromosomes 
(Fig. 4). Metaphase chromosomes corresponded to a 
large proportion (up to 48%) of the total objects in the 
chromosome suspensions prepared from VFNT cherry 
tomato suspension cultures in MgSO, buffer; nuclei rep- 
resented less than 5% (Table 2). At least 10 s metaphase 

chromosomes can be collected by flow-sorting from 
chromosome suspensions prepared from one ml of 
VFNT cherry tomato cell suspension cultures. 

Three peaks corresponding to nuclei were seen on the 
L. pennellii histogram in Fig. 3 b. Their positions were 
equivalent to relative fluorescence intensities of 1:2:4. 
They represent Go + G1 nuclei (2), G2 + M nuclei (4C), 
and doublets of nuclei or different ploidy levels or a 
mixture of both. Nuclear peaks were less prominent in 
VFNT cherry (Fig. 3 a) because the nuclei represented 
less than 5% of the total objects in the chromosome 
suspensions (Table 2). The peak of Go+G1  nuclei is 
practically nonexistent in VFNT cherry. This is mainly 
due to our procedure for selectively collecting mitotic 
cells and excluding most of the nonmitotic cells (Go + G 
nuclei) for chromosome preparation. This procedure is 
optimized only for the VFNT cherry cell line and not yet 
for the other cell lines. The area of the histogram between 
chromosomes and Go + G1 nuclei represents micronuclei 
and clumps of chromosomes. 

A peak for chromatids was consistently seen and lo- 
cated at a position equivalent to one-half of the fluores- 
cence intensity of the chromosome group. There were 
variations in the number of chromatids between cell 
lines. L. pennellii had a consistently higher level of chro- 
matids than VFNT cherry. 

Effect of different chromosome stabilizing buffers 

Suspensions of intact tomato chromosomes were also 
prepared in various hypotonic buffers similar in content 
to the buffers used in isolation of chromosomes from 
mammalian cells (Gray and Langlois 1986) and plant 
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cells (de Laat and Blaas 1984; Conia et al. 1987, 1989). 
Figure 5 compares the flow karyotypes obtained from 
chromosome suspensions prepared in MgSO4 (van den 
Engh et al. 1984; Conia et al. 1989), polyamines (Sillar 
and Young 1981; de Laat and Blaas 1984), hexylene gly- 
col (Wray and Stubblefield 1970; Hadlaczky et al. 1983), 
and KCl-propidium iodide (Buys et al. 1982) buffers and 
in tomato cell culture medium (Conia et al. 1987). Chro- 
mosome suspensions were stained with propidium iodide 
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and analyzed on an EPICS Profile. The flow cytometer 
was first calibrated by analyzing a chromosome suspen- 
sion prepared in MgSO 4 buffer; samples prepared in 
other chromosome isolation buffers were then analyzed 
without changing the instrument settings. MgSO 4 buffer 
and polyamine buffer produced a lower frequency of 
cellular debris and a higher frequency of intact chromo- 
somes than hexylene glycol buffer or KCl-propidium 
iodide solution (Table 2). The chromosome suspensions 
prepared in tomato cell culture medium had a very high 
level of cellular debris, and the percentage of intact chro- 
mosomes among the total objects was low. MgSO 4 
buffer is the best since it produces the least debris and the 
highest frequency of intact chromosomes and can also be 
used with most DNA stains. Other chromosome isola- 
tion buffers require addition of Mg + + ions for staining 
chromosomes with mithramycin or chromomycin A3. 

Theoretical and observed univariate f low karyotype 

It is possible to predict the univariate flow karyotype of 
an organism if the values of relative length or DNA 
content of the chromosomes are known. Conia et al. 
(1987, 1989) developed a formula for calculating univari- 
ate models of flow karyotypes of several plant species 
with computer software. They also prepared a theoretical 
flow karyotype (CV 2 and 3 %) of tomato, using the data 
for chromosome length from Lapitan et al. (1989) (J. 
Conia, personal communication). Figure 6 a - d  shows 
theoretical univariate flow karyotypes of tomato pre- 
pared on a 256-channel linear scale, with coefficients of 
variation (CV) for each chromosome peak of 1, 2, 3, and 
5%, respectively. The model assumes that there is no 
cellular debris and no noise due to the flow cytometer. 

The theoretical flow karyotype shows that chromo- 
somes 1 and 12 would form isolated peaks suitable for 
sorting. Chromosomes 2, 3, and 4 have similar lengths, so 
they would be identified as one composite peak, as would 
chromosomes 5, 7, 8, and 9. In the best case, with a CV 
of 2% (Fig. 6b), chromosome 6 on one side and chromo- 
somes 10 and 11 on the other side would form shoulders 
on the latter peak. As CV increases, resolution of the 
peak decreases. The resolution of peaks, and thus the 
possibility of physically sorting chromosome types, is 
determined both by the inherent differences among the 
chromosomes and by the coefficient of variation, which 
in turn depends on the quality of chromosome prepara- 
tion and on the resolution of the measurements. 

Figure 7 a and 7 b shows observed linear fluorescence 
intensity distributions, due to tomato chromosomes and 
chromatids, in suspensions of L. esculentum and L. pen- 
nellii, respectively. Peaks are better resolved in L. pennel- 
lii. There are four main peaks for chromosomes (cl -c4). 
Chromosome peaks in the observed flow karyotypes re- 
semble the theoretical distribution of tomato chromo- 
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stained chromosome preparations (in MgSO 4 buffer) of L. eseu- 
lenturn cv VFNT cherry (a) and L. pennellii (b). Peaks corre- 
sponding to chromatids are also seen 

somes when CV is 3% (Fig. 6c). Peaks for the chro- 
mat ids  reflect one-half  the fluorescence intensities of  the 
respective chromosome peaks. The peaks cl  and c5 may 
contain chromosome 1 and chromat ids  of  chromosome 
1, respectively. Chromosome 12 may  be represented by 
peak  c4. Peaks for the other chromosomes are not  re- 
solved clearly. Based on the theoretical  karyotype,  the 
largest peak, c3, may  contain chromosomes 5, 6, 7, 8, and 
9. Chromosomes  2, 3, and 4 may  be in peak c2; however, 
the area of  the peak c2 in the observed flow karyotype  is 
smaller than expected to include all three of  these chro- 
mosomes.  We are now developing molecular  techniques 
for determining the actual  contents and puri ty of  the 
sorted chromosomes represented in each peak. 
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Bivariate JTow analysis of tomato chromosomes 

Tomato chromosomes were analyzed using a double- 
stain combination, Hoechst 33258 and chromomycin A3. 
The bivariate histogram for L. pennellii is displayed as a 
contour plot in Fig. 8. The axis labelled Hoechst 33258 
fluorescence corresponds to UV excitation, and the axis 
labelled chromomycin A3 fluorescence corresponds to 
458-nm excitation. The fluorescences of AT-specific 
Hoechst 33258 and GC-specific chromomycin A3 are 
primarily determined by differences in base composition 
among chromosome types (Gray and Langlois 1986). 
Thus, in the bivariate karyotype, chromosomes may be 
separately resolved on the basis of differences in base 
composition and DNA content. The bivariate analysis 
shows two well-resolved peaks (indicated by large ar- 
rows). L. pennellii has at least one class of chromosomes 
with very high GC content (i.e., high chromomycin A3 
fluorescence) in a well-resolved peak. Peaks correspond- 
ing to chromatids (indicated by small arrows) of these 
classes of chromosomes were also seen. The chromo- 
somes and chromatids from these peaks can be flow- 
sorted and collected with high purity. We are now at- 
tempting to identify the chromosomes corresponding to 
these peaks. 

Discussion 

We have developed a reliable procedure for producing 
chromosome suspensions suitable for obtaining flow 
karyotypes of tomato. A key requirement for obtaining 
such chromosome suspensions is a high metaphase index 
in the cell population from which the chromosomes are 
to be isolated. Conia et al. (1987, 1989) took advantage 
of spontaneously occurring synchrony of the first divi- 
sion of the cultured leaf protoplasts of Petunia hybrida 
and Nicotiana plumbaginifolia, and combined it with a 
colchicine treatment to accumulate high frequency of 
metaphase cells. We could not use this procedure for 
tomato since the division frequency of tomato proto- 
plasts has been very low. Cell suspension cultures of 
tomato, as in Haplopappus gracilis (de Laat and Blaas 
1984), have proven to be a convenient source for isola- 
tion of chromosomes. Unlike Haplopappus gracilis, syn- 
chronization of tomato cell suspension culture with hy- 
droxyurea (S-phase blocker) prior to colchicine treat- 
ment was not effective in increasing metaphase index 
(Roeder et al. 1989). As in Papaver somniferum (Had- 
laczky et al. 1983) and Petunia hybrida (Conia et al. 
1987), exposing fast-growing tomato cell suspensions to 
0.1% colchicine, without hydroxyurea, accumulates a 



110 

sufficiently high frequency of metaphase cells. Tomato 
cells are partially synchronized to the G0/G 1 portion of 
the cell cycle by growing the cultures to stationary phase. 
Then cultures are diluted with fresh medium so that the 
cells proceed through the cell cycle. Colchicine is added 
to arrest cells in metaphase when the largest portion of 
cells is about to divide. We were also able to enrich for 
mitotic cells by collecting protoplasts from the periphery 
of the cell clumps of VFNT cherry tomato. However, the 
enrichment of mitotic cells by this method may not be 
possible for cell suspension culture lines in which the cells 
are not in clumps (e.g., L. pennellii). 

The extent of chromosome clumping and the fraction 
of DNA-containing debris fragments in the population 
determines the quality of the preparation. Minimization 
of chromosome clumps and DNA debris is important to 
flow karyotyping, since these often complicate quantita- 
tive analysis of the flow karyotype (Lozes 1989). They are 
also undesirable during sorting, since they reduce the 
effective sorting rate (by reducing the frequency of chro- 
mosomes in the population) and the purity of the sort (if 
they cannot be distinguished from the chromosomes to 
be sorted). 

We have identified some factors that increase the 
quality of the chromosome suspensions. Preparing pro- 
toplasts in low osmolarity medium and swelling them in 
a hypotonic medium before lysis minimizes chromosome 
clumping. Rupturing protoplasts by passing them 
through a Pasteur pipette minimizes breakage of nuclei 
and chromosomes. Chromosome suspensions prepared 
in MgSO4 buffer have minimal aggregation of cytoplas- 
mic particles. Some cell lines consistently produce a 
higher level of debris than others. This is due to the 
presence of unhealthy or dead cells, which are susceptible 
to disruption during chromosome preparation. Un- 
healthy cells tend to have a high accumulation of starch 
grains (leucoplasts), which contribute to a high level of 
debris (unpublished observations). Production of popu- 
lations enriched in healthy mitotic cells containing mini- 
mal DNA fragments requires culture conditions that 
maintain high viability, rapid cell division, and a high 
proportion of dividing cells. Thus, careful attention must 
be given to optimizing the culture of cells for preparation 
of chromosome suspensions to be used for sorting chro- 
mosomes with high purity and efficiency. 

Chromosomes with single chromatids are observed 
mainly in the analysis of plant chromosome preparations 
(L. esculentum, L. pennellii, Petunia hybrida, and Nico- 
tiana plumbaginifolia). Chromatids are not reported in 
the analysis of chromosome preparation from human or 
Chinese hamster cell lines. Chromatids may represent 
some of the contamination among the metaphase chro- 
mosomes and contribute to the underlying debris level. 
This can present a problem, since the peak(s) for smaller 

chromosomes would then also contain larger chromatids 
that would be sorted together. The peak corresponding 
to tomato chromosome 12 may overlap with the peak for 
chromatids of chromosome I since they have similar 
DNA content (Lapitan et al. 1989). Clumps of chro- 
matids may also contaminate the peaks for metaphase 
chromosomes. Thus, the presence of chromatids is 
clearly not desirable for high resolution flow karyotyping 
and sorting of chromosomes with high purity. Long ex- 
posure to colchicine and mechanical forces during prepa- 
ration and flow analysis has been suggested as the cause 
of metaphase chromosomes splitting into chromatids 
(Conia et al. 1987). Studies are in progress to minimize 
the production of chromatids. 

Our ultimate goal is to discriminate each of the 12 
tomato chromosome types by flow cytometry with suffi- 
cient resolution, so that they can be purified by sorting 
for use in gene mapping and cloning. The univariate flow 
karyotype of tomato obtained with propidium iodide 
should reflect interchromosomal DNA contents, since 
the chromosomal PI-fluorescence is unaffected by the 
differences in DNA base composition or sequence. Based 
on this flow karyotype, and according to the theoretical 
flow karyotype, large quantities of chromosomes I and 
12 could be collected separately by flow-sorting with high 
purity. With a very high-resolution flow karyotype, chro- 
mosome 6 could also be collected, perhaps with less pu- 
rity. Other chromosome types cannot be separated by 
univariate flow cytometry with propidium iodide. How- 
ever, several fractions enriched for two or more chromo- 
some types - (1) chromosomes 2, 3, and 4, (2) chromo- 
somes 10 and 11, and (3) chromosomes 5, 7, 8, and 9 - 
could be collected from their composite peaks. 

The bivariate flow karyotypes obtained with Hoechst 
33258 and chromomycin A3 should reflect interchromo- 
somal differences in AT contents or GC contents, respec- 
tively. The tomato genome has about 37% GC 
(Messeguer et al. 1991), but the short arm of chromo- 
some 2 has about 23 Mbp of tandemly repeated 45S 
ribosomal RNA genes with more than 50% GC content 
(Kiss et al. 1988; Perry and Palukaitis 1990). The well-re- 
solved peak with high GC content on the bivariate kary- 
otype (Fig. 8) may therefore contain chromosome 2. We 
are now exploring various methods for the identification 
of chromosome types or their enrichment in flow-sorted 
fractions. These include: (1) fluorescence in situ hy- 
bridization, (2) polymerase chain reaction (PCR) using 
oligonucleotide primers for chromosome-specific mark- 
ers, and (3) spot-blot hybridization analysis (Lebo 1989; 
Minoshima et al. 1990). Preliminary results from spot- 
blot hybridization of chromosomes sorted from the two 
well-resolved peaks in the bivariate flow karyotype 
(Fig. 8) identify the peak with high GC content as chro- 
mosome 2 and the other as chromosome 1 (G. Martin, 
unpublished results). 
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