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Abstract

This paper presents a bird_s-eye view of the major repeats and chromatin types of tomato. Using fluorescence in-
situ hybridization (FISH) with Cot-1, Cot-10 and Cot-100 DNA as probes we mapped repetitive sequences of

different complexity on pachytene complements. Cot-100 was found to cover all heterochromatin regions, and

could be used to identify repeat-rich clones in BAC filter hybridization. Next we established the chromosomal

locations of the tandem and dispersed repeats with respect to euchromatin, nucleolar organizer regions (NORs),

heterochromatin, and centromeres. The tomato genomic repeats TGRII and TGRIII appeared to be major

components of the pericentromeres, whereas the newly discovered TGRIV repeat was found mainly in the

structural centromeres. The highly methylated NOR of chromosome 2 is rich in [GACA]4, a microsatellite that

also forms part of the pericentromeres, together with [GA]8, [GATA]4 and Ty1-copia. Based on the morphology

of pachytene chromosomes and the distribution of repeats studied so far, we now propose six different chromatin

classes for tomato: (1) euchromatin, (2) chromomeres, (3) distal heterochromatin and interstitial heterochromatic

knobs, (4) pericentromere heterochromatin, (5) functional centromere heterochromatin and (6) nucleolar

organizer region.

Abbreviations

BAC bacterial artificial chromosome

PBS phosphate-buffered saline (Na2HPO4 and NaH2PO4)

BSA bovine serum albumin

CONSED software for editing sequence assemblies

Cot ( = C0�t) C0 is the initial concentration of single

stranded DNA in mol/L and t is the reannealing time

in seconds. Cot is a measure of DNA complexity

DAPI 4¶,6-diamidino-2-phenylindole

FITC fluorescein isothiocyanate

GYPSODE GYPSY-like LTR retroelement

HB50 hybridization buffer containing 50% deionized

formamide

LTR long terminal repeat

NEB New England Biolabs Restriction

Enzyme buffer

NOR nucleolar organizer region
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SSC standard saline citrate

(1�SSC=0.15 M NaClY0.015 M Na3-citrate)

PHRED software for reading DNA sequencing trace files

PHRAP software for assembling shotgun DNA

sequence data

PCRT pericentromere repeat

TGR tomato genomic repeat

Introduction

Tomato (Solanum lycopersicum) is genetically one of

the best studied Solanaceous species with a fully satu-

rated genetic map of 1270 cM based on segregating

S. lycopersicum � S. pennellii/pimpinellifolium F2

populations (http://www.sgn.cornell.edu/; Tanksley

et al. 1992). The species is also recognized for its

eminent pachytene morphology (Ramanna & Prakken

1967, Khush & Rick 1968, Zhong et al. 1998) and

well-differentiated synaptonemal complexes (Sherman

& Stack 1995, Peterson et al. 1999). Its genome size

amounts to 950 Mb (Arumuganathan & Earle 1991)

and tomato thus ranks among plant species with

middle-sized genomes. About 25% of the genome

consists of single copy sequences which reside mostly

in the euchromatin fraction of the chromosomes

(Peterson et al. 1996, Van der Hoeven et al. 2002).

Genomics has long underestimated the significance of

heterochromatin because of the low proportion of

coding sequences. However, recent DNA sequence ana-

lyses of centromeres and flanking pericentromeres in

various plants (e.g. Budiman et al. 2004, Copenhaver

et al. 1999, Nagaki et al. 2004) demonstrated that

transcribed genes exist in these regions. The repeat

fraction of the tomato genome can be divided into

tandem repeat families like the 45S and 5S rDNAs, the

[TTTAGGG] telomere repeat, and several species-

specific repeats that are abundant in the centromeres,

telomeres and other heterochromatic regions, and other

dispersed repeats such as retrotransposons and trans-

posable elements that occur both in heterochromatin

and in euchromatin.

The precise way in which the repetitive sequence-

rich part of the tomato genome is organized is still

to be elucidated. This is partly due to difficulties in

reconstituting long stretches of repetitive sequences

owing to their unstable maintenance in cloning

vectors (Song et al. 2001), but also because of the

problematic assemblage of repeat arrays into longer

genome scaffolds (Tilford et al. 2001). Although cur-

rent sequencing technologies can produce sequence

reads of more than a thousand bases, they are still not

able to cover reasonable stretches of repeats in hete-

rochromatin domains.

Typical of the pachytene chromosomes of tomato

and other Solanum species are the clearly distin-

guishable centromeres, heterochromatin and euchro-

matin domains, which make them outstanding for the

characterization of different chromatin classes with

respect to the presence and organization of tandem

and dispersed repeats. The first repetitive sequence

described in tomato was the highly repetitive species-

specific 452 bp HindIII DNA motif, THG2 (Zabel

et al. 1985), which was identified as a member of a

larger repeat complex dispersed throughout the

genome. FISH showed that this repeat is present in

the heterochromatin of all pericentromeres, but not in

the nucleolar organizer regions (NORs) (Zhong et al.
1996). Three major genomic repeats, TGRI, TGRII

and TGRIII, were described by Schweizer et al.
(1988), Ganal et al. (1988, 1991) and Lapitan et al.
(1989, 1991). It was shown that TGRI is located

in the distal regions, and that TGRII and TGRIII

are located in the pericentromere heterochromatin

regions of the chromosomes. Studies of the

[TTTAGGG] telomere repeat and the subtelomeric

TGRI repeat (Lapitan et al. 1989, 1991) in pachytene

and in extended DNA fibre FISH (Zhong et al. 1996,

1998) revealed accurate distributions and size esti-

mates of these repeats in the chromosome ends and

in the long-arms interstitial knobs. Initial low

resolution in-situ hybridizations at metaphase com-

plements also identified the TGRII repeat family on

nearly all chromosomes except for chromosome 2,

whereas TGRIII occurred in the centromere regions

of only nine of the chromosomes (Ganal et al. 1988).

The ribosomal DNA repeats, including the 45S

rDNA tandem repeat family, have been identified

at a single locus at the end of the short arm of chro-

mosome 2 in the nucleolar organizer region with

minor loci on the 2L, 6S, 9S and 11S arms. The 5S

ribosomal RNA gene cluster was found in the short-

arm pericentromere of chromosome 1 close to the

centromere (Lapitan et al. 1991, Xu & Earle 1994,

1996a,b). The [GA]n motif is the most abundant of

the 17 microsatellites tested for the tomato genome

(Broun & Tanksley 1996). [GACA]4 and [GATA]4

were among the less abundant microsatellites in the

tomato genome and were used by Vosman et al. (1992)

to discriminate 15 cultivars on the basis of unique

fingerprints. Vosman & Arens (1997) showed that

these microsatellite motifs are frequently associated
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with one other repetitive element, which they termed

U30 (cf. Ganal et al. 1988, Yang et al. 2005, Wang

et al. 2006).

In this paper we present an updated view of the

molecular organization of the major repetitive DNA

sequences and chromatin types in tomato (S. lyco-
persicum cv. Cherry). We first present a simplified

technique for isolating different Cot-DNA fractions,

based on typical DNA renaturation of sheared heat-

denatured genomic DNA and show their FISH

signals on mitotic and pachytene cell complements,

and the hybridization intensities on a BAC filter of

the Heinz 1706 HindIII BAC library. Secondly, we

have established the FISH distribution of various

major repeats in tomato, including U30, as compo-

nent of TGRII, TGRIII and a newly characterized

centromere-specific retrotransposon-like repeat,

termed TGRIV. Thirdly, we have studied the chro-

mosomal distribution of the dispersed repeat Ty1-

copia and the microsatellites [GA]8, [GACA]4,

[CAA]n and [GATA]4. The data of all repeats in this

study were used for generating an overview showing

the chromosomal positions of these repeats with

respect to chromatin, heterochromatin regions, NORs

and centromeres.

Material and methods

Tomato Solanum lycopersicum cv. VFNT Cherry

(LA1221, 2n=2�=24) was used in all our FISH

experiments. For the spread preparations of mitotic

root tip and meiotic pachytene complements we

followed the protocols of Zhong et al. (1996) and

Budiman et al. (2004).

Isolation of genomic DNA and production
of Cot fractions

Cot fractions of tomato genomic DNA were prepared

according to Zwick et al. (1997) with some modifi-

cations. Total genomic DNA was isolated according

to the CTAB method and sonicated into a fragment

size of about 1 kb. We denatured 0.5 2g/2l sonicated

DNA in 0.3 M NaCl at 95-C for 10 min, and then trans-

ferred it to a water bath at 62.4-C (Peterson et al. 1998)

for single-strand DNA reassociation. Reassociation

time according to Chang (2004) for Cot-1 is 11 min

18 s, for Cot-10 is 1 h 53 s, and for Cot-100 is 18 h

50 min. The remaining single-strand DNA was digested

with 1 U/2g S1-endonuclease (Fermentas) for 90 min

at 37-C and the double-strand DNA fraction was finally

purified by ethanol precipitation.

Tandem and dispersed repeats

The list of all repeats is given in Table 1. As probe

we used the 327 bp DNA fragment of plasmid

pWVA322, containing the U30 element (Vosman &

Arens 1997). The probe showed a FISH distribution

that was identical to that of the TGRII repeat (data

not shown), but with a far brighter fluorescence

intensity, and we therefore considered this repeat as

a component of TGRII (hereafter referred to it as

TGRII*). The synthetic oligonucleotides [GA]8,

[GACA]4 and [GATA]4 (Vosman & Arens 1997)

Table 1. Overview of the tandem and dispersed tomato repeats used in this study

Repeats Probe (origin) Unit length Copy number Reference (tomato) GenBank accession no.

45S rDNA pW71 9.1 kb 2300 Ganal et al. (1988)

5S rDNA pW74 400 bp 1000 Lapitan et al. (1991)

Telomere[TTTAGGG] pAtT4 7 bp N.D. Richards & Ausubel (1988)

TGRI 162 bp 77000 Schweizer et al. (1988) X87233

TGRII* U30 780 bp 4200 Vosman & Arens (1997) X90770

pWVA332 Yang et al. (2005)

Wang et al. (2006)

TGRIII PCR product 509 kb 2100 Ganal et al. (1988) AY880063

TGRIV (BAC 57J04) 7 kb N.D. This study AC211033.1

Ty1-copia PCR product N.A. N.D. Kuiper et al. (1998)

[GA]8 2 bp N.D. Broun & Tanksley (1996)

[GACA]4 4 bp N.D. Vosman & Arens (1997)

[GATA]4 4 bp N.D. Vosman & Arens (1997)

Repetitive sequences of tomato 921



were end-labelled with biotin by terminal transferase

(Pharmacia Biotech). The 266 bp conserved domain

of the reverse transcriptase gene of the Ty1-copia
retrotransposons was amplified from tomato cv. C31

genomic DNA according to Flavell et al. (1992), and

cloned as described by Kuipers et al. (1998). The

consensus sequence of the TGRIV repeat was cal-

culated using the Fcons_ program of the FEMBOSS_
package (version 5.0.0.) after clustal W (version

1.83) alignment of three different repeat units

obtained from BAC 57J04.

The Gypsode1 part and the presumed LTR part of

TGRIV were amplified form BAC 57J04 using the

following primer sets:

Gypsode part

Gypsode-forward1: CATCTCCCATTTCCAAGTCG

Tm=60.5-C
Gypsode-reversed1: TGTTGGCTGCTTGTTATGC

Tm=62.1-C
Gypsode-forward2: CAAGCAGCCAACCAATC

CAT Tm=63.3-C
Gypsode-reversed2: TGCACCACATCTATAAA

CAGGAAG Tm=60.4-C

LTR part

Specific-forward3: AACTGCGCGTCTACACCTG

Tm=60.1-C
Specific-reversed3: GGCGTGACCAGTAGCT

TAGG Tm=59.9-C
Specific-forward4: GGGGGTCAGTACGAAC

AATG Tm=60.2-C
Specific-reversed4: TGGAGAAATCCACTCC

ATGC Tm=61.0-C

Isolation of repeat and BAC DNA

DNA from BACs and repeats in plasmids were

isolated by plasmid isolation kit using the man-

ufacturer_s protocol (Roche). The Ty1-copia was

PCR-amplified with the specific forward primer

5¶-ACNGCNTTYYTNCAYGG-3¶ and reverse primer

5¶-ARCATRTCRTCNACRTA-3¶.

BAC filter hybridization

BAC filter hybridization was based on the Southern

blotting protocol described by Van Daelen & Zabel

(1994) with some modification using non-radioactive

dig-11-dUTP labelling (Roche). One BAC filter of

the tomato Heinz 1706 BAC library (LeHba-A,

http://www.genome.arizona.edu) representing 2�
tomato genome equivalents was hybridized with

tomato Cot-100 DNA, TGRII, and TGRIII repeats.

We spotted two dots of unlabelled and denatured

Cot-100 DNA at margins as 100% reference and

randomly picked three points at margins as 0%

reference. We repeated the hybridization in two

laboratories and both gave similar results. In addi-

tion, there are the dual spots for the same BAC

clones in the arrangement of the 4�4 matrix (see

the inset of Figure 2). Only the right orientation of

the dual spots confirmed the true hybridization of the

target BAC clones. We also found that the difference

of the intensity between dual spots was less than 3%

in those randomly selected 800 clones.

Detection of 5-met-Cyt DNA

Cell spread preparations were incubated at 60-C for

30 min before RNaseA treatment (100 2l per slide of

a 10 mg/ml, 1:100 in 2� SSC solution) at 37-C for

1 h. Three washing steps followed in 2� SSC for

5 min, 10 mM HCl for 2 min, and pepsin (200 2l per

slide of a 1:100 pepsin solution in 10 mM HCl) at

37-C for 7 min. After 2�5 min PBS steps the pre-

parations were postfixed in 1% (para)formaldehyde

in PBS for 10 min, followed by two more washing

steps in PBS. After dehydrating in an ethanol series

(70%Y90%Y98%, 3 min each), and HB50 treatment

(20 2l), slides were denatured at 80-C for 2 min, then

cooled in ice-cold 2� SSC, 2�5 min. Slides were

incubated in 1% BSA in PBS at 3-C for 30 min and

washed in PBS 3�5 min before incubation in

purified Anti-5-methyl-Cytosine Polyclonal Anti-

body (Megabase Research Products, USA) in 1:50

PBS (50 2L per slide) at 37-C for 2 h (or at 4-C
overnight). Then washing steps in PBS 3�5 min, 4�
SSC+0.05% Tween for 5 min and treatment with

Alexafluor 488-conjugated goat anti-rabbit (Invitro-

gen) in 1% BSA in PBS (1:1000, 100 2l per slide) at

37-C for 40 min, followed by 3�4T (4� SSC+0.05%

Tween 20). The chromosomes were counterstained

with 1 2g/2l DAPI in Vectashield antifading (Vector

Laboratories). For Southern hybridization, total

genomic tomato DNA was digested with 3 2l MboI

(NEB, 5 U/2l) and Sau3AI (NEB 4 U/2l) at 37-C for

3 h. Repetitive DNA sequences were labelled with

922 S.-B. Chang et al.



[32P]dATP (ICN Biomedicals) and detected with the

use of a DecaLabel DNA Labeling Kit (Fermentas).

Hybridization took place at 42-C overnight.

Fluorescence in-situ hybridization

Each repeat DNA and Cot fraction DNA sample

(1Y2 2g) was labelled with either biotin-16-dUTP or

digoxigenin-11-dUTP by nick translation using the

manufacturer"s protocol (Roche) and FISH was

performed according to Zhong et al. (1996). The

post-hybridization wash for microsatellite repeats

was modified and followed the protocol of Cuadrado

& Schwarzacher (1998). The slides were washed

three times for 30 min in 6� SSC at 20-C, followed

by a stringent wash in 6� SSC at the respective

duplex stability temperature (Tm) Y 5-C for 2 min.

The Tm value was calculated for each probe

following Wallace et al. (1981). The detection and

amplification of microsatellite signals was also

modified using 6T (6� SSC+0.05% Tween 20)

instead of 4T. Chromosomes were counterstained

with 5 2g/ml DAPI mounted in Vectashield anti-fade

(Vector Laboratories). Slides were examined under a

Zeiss Axioplan 2 photomicroscope equipped with

epifluorescence illumination and filter sets for DAPI,

FITC and Texas-Red fluorescence. Selected images

were captured either by 35 mm photocamera using

ISO 100 Kodak films (FISH of microsatellites), or by

a Photometrics Sensys 1305�1024 pixel CCD

camera and processed with Genus Image Analysis

Workstation software (Applied Imaging Corpora-

tion). We sharpened the DAPI images with a 7�7

Hi-Gauss high pass spatial filter to accentuate minor

details and heterochromatin differentiation of the

chromosomes. Fluorescence images were displayed

in gray value (DAPI) or pseudo-coloured and

processed in the multichannel mode of Adobe Photo-

shop. We also used this program to further improve

brightness, contrast and colour saturation. Selected

images of pachytene chromosomes were selected

and straightened in ImageJ 1.37V (http://rsb.info.nih.

gov/ij) using the straighten plugin (Kocsis et al.
1991).

DNA sequencing and analysis

The TGRIV clones were sequenced using BigDye

terminators chemistry v3.0 (ABI) with m13fow and

m13rev primers. The sequences were analysed using

ABI3730 automatic DNA sequencer (ABI). Sequen-

ces were base called with PHRED. Bad-quality and

vector sequences were filtered with CROSS_

MATCH. High-quality sequences (over PHRED 30)

were assembled and edited with PHRAP and

CONSED (Ewing & Green 1998, Ewing et al.
1998). The TGRIV sequences were compared against

the genome sequence database (http://www.

ncbi.nlm.nih.gov/) and newly characterized tomato

transposons (Yang et al. 2005) using BLAST and

PipMaker (Schwartz et al. 2000, http://bio.cse.psu.

edu/cgi-bin/pipmaker?advanced).

Results

We isolated Cot-1, Cot-10 and Cot-100 fractions as

representative pools of highly repetitive (HR), high+

moderately repetitive (MR) and high+moderate+low

copy (LC) components of the tomato genome

(Peterson et al. 2002). Next, we established the

chromosomal locations of these repeat fractions by

FISH on mitotic and pachytene complements

(Figure 1aYe). The Cot-1 FISH signals were most

prominent in the macrosatellite and the nucleolar

organizer of chromosome 2 but also displayed

weaker foci in some distal and pericentromere

regions (Figure 1a). This Cot fraction is therefore

supposed to contain mainly the 45S rDNA and

telomere repeats. The Cot-10 fraction, which con-

tains the repeats of the Cot-1DNA pool as well, also

showed fluorescing foci on most chromosome ends

and on pericentromere regions (Figure 1b). FISH

with Cot-100 DNA resulted in bright signals over all

chromosomes, except for some interstitial and distal

regions (Figure 1c). The distribution of this fraction

in heterochromatin and in euchromatin was also

studied using FISH on the far longer and better-

differentiated pachytene complement. Hybridization

with Cot-100 showed that all pooled repeats in this

fraction are located on the distal and pericentromere

heterochromatin regions of all chromosomes and to a

lesser extent on some minor regions in the euchro-

matin areas (Figure 1d,e).

We also tested the abundance of repetitive DNA in

tomato BACs by hybridizing Cot-100 DNA to one

of the tomato genomic BAC library filters. Figure 2

shows the hybridization of Cot-100 on filter A of

the Heinz 1706 tomato BAC library, of which the

Repetitive sequences of tomato 923



small 4�4 matrix contains twin sets of eight different

BAC clones (inset figure). We distinguished four

grey levels for the hybridization signals of BAC

clones as a criterion for the relative repetitive

sequence content of the corresponding BAC insert.

FDark_, Fmedium_, Fweak_ and Fnull_ were used as

classes to define relative intensities (compared with

the surrounding background) of 66Y100%, 33Y66%,

5Y33% and G5%, respectively (Table 2). Intensities

of less than 5% were considered negligible. We

randomly selected 100 matrices, involving a total of

800 BAC clones, to estimate their repetitive se-

quence content. The Fdark_ class represented 10% of

the library; Fmedium_ represented 7.75% and Fweak_
represented about 12.5%. In total, BAC clones

hybridizing to the Cot-100 pool of repetitive DNA

represented 30.25% of the 800 analysed BACs.

Next, we carried out a number of FISH analyses

using a subset of defined tomato repeats on mitotic

and pachytene cell spread preparations, see Figures 3

and 4. The fluorescence pattern of the pachytene

chromosomes revealed a clear heterochromatin pat-

tern as described in previous studies (Ramanna &

Prakken 1967, Zhong et al. 1998, de Jong et al. 1999,

2000). Bright DAPI fluorescent parts were consid-

ered as heterochromatin, and weaker fluorescent

parts were considered to be euchromatin. The

obtained fluorescence signals of TGRII, TGRIII,

TGRIV, Ty1-copia-like retrotransposon, and the

microsatellites [GA]8, [GACA]4 and [GATA]4 were

catalogued in terms of presence/absence in (i) the

distal heterochromatic knob of the short arm, (ii) the

short-arm euchromatin, (iii) the short-arm pericen-

tromere heterochromatin, (iv) the weakly fluorescing

Figure 1. FISH analysis of different Cot DNA fractions on metaphase chromosomes: (a) Cot-1, (b) Cot-10, (c) Cot-100; and pachytene

complement, (d) DAPI, (e) Cot-100. The arrows indicates the positions of the nucleolar organizer region of chromosome 2. eu=euchromatin;

het=heterochromatin; cen=centromere; tel=telomere. Bar represents 5 2m.

924 S.-B. Chang et al.



centromere, (v) the long-arm pericentromere hetero-

chromatin, (vi) the long-arm euchromatin, (vii) the

long-arm interstitial heterochromatic knob, (viii) the

distal heterochromatic knob, and (ix) the nucleolar

organizer region. Figure 4a displays the DAPI

patterns of all 12 chromosomes. Representative

chromosomes from different cell complements were

selected, straightened, and arranged with their cen-

tromeres on a horizontal line. As most of the borders

between euchromatin and pericentromere heterochro-

matin areas contain several smaller heterochromatin

blocks, we used the better-defined heterochromatin

patterns in the carmine-stained pachytene cell com-

plements of Ramanna & Prakken (1967) to measure

heterochromatin size. The values for euchromatin

and pericentromere heterochromatin were used for

estimating their DNA content, using the 950 Mb for

the whole tomato genome (Arumuganathan & Earle

1991) and the heterochromatinYeuchromatin density

factor of 5.8 (Peterson et al. 1995). The results are

described in Table 3.

Figure 4b gives an overview of the distribution and

relative intensity of the FISH signals for each repeat

in the different chromosomal regions. For compa-

rison, the hybridization patterns of Cot-1, Cot-10,

Cot-100 and of the previously published tandem

Figure 2. Filter hybridization of Cot-100 on the tomato Heinz 1706 BAC filters. Hybridization with labelled Cot-100. The inset shows an

enlargement of six 4�4 matrices, each containing 8 BAC clones spotted in duplo. Identical figures in the matrix refer to the same clone.

Table 2. Scoring of peroxidase deposit intensities on the Heinz 1706 BAC filter A hybridized with Cot-100 in a random selection of 100

matrices (800 BAC clones)

Intensity Dark (66Y100%) Medium (33Y66%) Weak (5Y33%) Sum of hits (5Y100%) Null (G5%) Total

Clones 80 62 100 242 558 800

% 10 7.75 12.5 30.25 69.75 100

Repetitive sequences of tomato 925
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repeats 45S rDNA, 5S rDNA, the telomere repeat

TTTAGGG and TGRI (Zhong et al. 1998), and the

[CAA] microsatellite (Yang et al. 2005) are also

included in this figure. The TGRII repeat (and its U30

component, Vosman & Arens 1997) was detected in

all heterochromatin regions except in the NOR

region (Figure 3a). This repetitive element shares

82% sequence identity with a novel putative Ty3-

Gypsy type pericentromere retrotransposon of tomato

and contains the LTR-region of the previously

described PCRT1a element (Yang et al. 2005), which

is similar to the Jinling element (Wang et al. 2006).

The TGRIII repeat (Figure 3b) and the tomato

specific Ty1-copia-like retrotransposon (data not

shown) were found in the pericentromere hetero-

chromatin. The 509 bp TGRIII element is similar to a

part of the LTR sequence of the PCRT2 element,

which is another novel tomato Ty3-Gypsy type

pericentromere retrotransposon, showing homology

to Athila in Arabidopsis (Yang et al. 2005). Like

TGRII, TGRIII was not detected in the NOR regions

and, overall, TGRIII appeared to be less abundant

than TGRII. In addition, neither TGRII nor TGRIII

was detected in the tomato centromeres.

The TGRIV-element was found as a component

of the structural centromere itself (Figure 3c,d).

TGRIV is a repeat that was identified in the course

of the Tomato Genome Sequencing project in the draft

sequence of the BAC clone 57J07 (AC211033.1). The

TGRIV element shows partial homology to tomato

retrotransposons with the closest similarity to GYP-

SODE1 (Jurka 2005). When FISH experiments were

carried out with the entire BAC 57J04 as a probe

(results not shown), strong signals on all tomato

centromeres were observed as well as weak signals in

some pericentromeres. Sequence analyses showed

that this BAC for the larger part is composed of

retrotransposon-like sequences of the TGRIV-type

and of homologues of the pericentromere retrotrans-

posons PCRTY1, Y2, Y3, and Y4 (Yang et al. 2005).

Next to a part with high similarity to the GYPSODE1

element (nt 2401Y7000), the TGRIV element also

contains a unique part at its 5¶ end (nt 1Y2400) that

shows no homology with any entry in the database

but which could be an LTR of an ancestral TGRIV-

type retrotransposon. When both these parts were

labelled separately and used in a two-colour FISH

assay it was confirmed that both the GYPSODE1-like

part of this element and the presumed LTR sequence

co-localize and occur in all tomato centromeres; see

Figure 3e.

The FISH experiments with the microsatellites

were performed both on metaphase and on pachytene

complements. The [GA]8 and [GATA]4 signals

overlapped entirely in the pericentromere heterochro-

matin (Figure 3f,h), although [GA]8 was far brighter

than [GATA]4. Strikingly, hardly any [GA]8 signals

were observed in the NOR region, while the

[GATA]4 probe partly painted this region. [GACA]4

clustered almost entirely at the NOR regions and

only very few foci were found in heterochromatin

regions (Figure 3g).

We also analysed the pattern of methylated DNA

in the heterochromatin of pachytene complements.

As shown in Figure 3i, we observed very strong

fluorescence of the 5-methylated-Cyt DNA in the

satellites and NORs of chromosome 2, bright

fluorescence in the pericentromeres, and less or no

fluorescence in the centromeres and the euchromatin

regions. Southern hybridizations of MboI- and

Sau3AI-digested genomic DNA probed with 45S

rDNA and TGRII were in agreement with the

microscopic observation that both the 45S rDNA

NOR and pericentromere were highly methylated

(results not shown).

Discussion

The FISH of Cot fractions and of various tandem and

dispersed repeats in tomato have shown that most of

the repeats are confined to the clearly distinguishable

heterochromatin blocks at the telomeres, in the

pericentromeres and in the large nucleolar organizer

region (NOR). None of the repeats is diagnostic for

the identification of individual chromosomes in the

Figure 3. FISH of repetitive sequences on chromosome complements of tomato. (a) Pachytene complement showing TGRII in the

pericentromere of all bivalents. (b) TGRIII which also occurs in the pericentromere, but is weaker and less abundant as TGRII. (c) Pachytene

complement showing the TGRIV in the centromeres of all bivalents and some weak signals in the pericentromeres of some chromosomes.

(d) FISH of TGRIV on a metaphase I complement. (e) Two-colour FISH of the GYPSODE1-like part (purple) and LTR-part element (blue)

of the TGRIV-element on a pachytene complement. (f) FISH of the [GA]8 microsatellite. (g) [GACA]4. (h) [GATA]4 on a mitotic metaphase

complement. (i) Immunodetection of methylated DNA detected with anti-5-methylcytosine AB-FITC.

R
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Figure 4. (a) DAPI images of straightened pachytene complements, ordered according to the tomato chromosome nomenclature (Ramanna

& Prakken 1967) with the centromeres positioned on the dotted line. Chromosomes were taken from different cell complements and their

lengths adapted fit the karyotype representation. The chromocentres in the middle of the long arms are polymorphic. (b) Overview of the

major repeat and chromatin classes, along with the Cot hybridizations and methylated DNA on the chromosomes of tomato (S. lycopersicum).

The chromatin classes (aYg) as described in the text are displayed in different colours. Chromosome 2 is the only chromosome with a large

satellite and NOR and a chromatin class unique in its methylation status and microsatellites. Chromosome 1 has the 5S rDNA locus. All other

chromosomes are essentially the same for the distribution of the repeat classes. The cells in the table show a solid colour if the repeat has a

strong fluorescence signal and a textured pattern if the fluorescence in weak or interrupted.



cell complement, except for the 5S rDNA that maps

exclusively on the short-arm pericentromere hetero-

chromatin of chromosome 1, and the 45S rDNA and

the [GACA]4 microsatellite, which paint exclusively

the satellite and NOR of chromosome 2. In addition,

Zhong et al. (1998) showed that TGRI occurs in most

distal heterochromatic blocks and the small intersti-

tial long-arm heterochromatic knobs. The repeat in

BAC 57J04 that we refer to as tomato genomic

repeat TGRIV hybridizes to all structural centromere

regions and in small amounts to the pericentromeres.

It is not clear yet whether this repeat is associated

with the centromere-specific histone H3 variant

CenH3 (Jiang et al. 2003).

The use of Cot hybridization of chromosomes and

BACs provides most useful tools in molecular

cytogenetics, chromosome walking and studies on

the physical organization of the genome. First,

painting the chromosomes with the Cot-100 in

tomato reveals the distribution of all repeats along

the tomato chromosomes. Zamir & Tanksley (1988)

and Ganal et al. (1988) have already shown that

about 70% of the tomato genome is composed of

single-copy DNA sequences, which agrees with our

filter hybridization data of about 30% of BAC clones

with clear Cot-100 DNA hybridization. These con-

sistent results, together with the FISH analysis, imply

that most tomato repeats are clustered in the large

pericentromere and NOR heterochromatin. However,

a recent study on the number of genes in tomato

indicated that the genome encodes approximately

35 000 genes, which together cover less than 25%

of the nuclear DNA (Van der Hoeven et al. 2002).

It is likely that the discrepancy between both

estimates can be explained by the numerous low

copy sequences, introns, and intergenic spacers, and

different transposable element classes that have not

yet been detected by FISH or are below detection of

FISH and Southern hybridization. A second major

application of Cot-100 hybridization on BAC filters

is the identification of BAC clones containing detect-

able proportions of low, moderate or high repetitive

DNA. A short study describing the Cot-100 values

of all 33 000 clones from the HindIII Heinz 1706

BAC library is now in preparation and will soon be

made available on the internet for public consulta-

tion. Providing this supplementary information will

aid the ongoing Tomato Genome Sequencing pro-

gram, which aims at sequencing only the euchroma-

tin of tomato.

Our study has revealed some controversies in the

FISH positions of Cot fractions on the chromosomes.

Peterson et al. (1998) established the Cot value of a

repeat of more than 1000 copies at 0.819; that of

more than ten copies is 81.9 and the value for single-

copy sequences is more than 819. The major repeats

contain more than 1000 copies (Table 1) and

therefore the Cot-1 fraction was expected to cover

the 45S rDNA, 5S rDNA, and the tandem repeats

TGRI, TGRII and TGRIII. However, our FISH

study of Cot-1 showed fluorescence signals only on

the NOR and chromosome ends, which are the

domains of 45S rDNA, TGRI and telomeric repeats

(Figure 4b). The Cot-100 fraction contains high-,

medium- and low-copy repeats and was distributed

mainly within all heterochromatin blocks and even

in euchromatin regions. Further studies will be

needed to determine more precisely the compo-

nents and the copy number of each repeat of every

Cot fraction.

Table 3. DNA content estimates (in Mb) of euchromatin and heterochromatin regions for each tomato pachytene chromosomea

Chromosome Total

1 2 3 4 5 6 7 8 9 10 11 12

Short-arm euchromatin 5.7 0.0 9.2 8.4 9.7 4.1 6.2 6.2 8.1 5.5 10.0 8.0 81.2

Short-arm heterochromatin 29.3 23.5 13.3 9.1 25.1 9.6 24.0 14.9 17.6 16.0 11.7 25.6 219.7

Long-arm heterochromatin 33.6 27.2 35.2 44.8 32.0 18.7 29.9 25.6 38.4 50.1 32.0 29.9 397.3

Long-arm euchromatin 44.5 38.8 30.4 19.5 9.7 26.9 18.9 19.3 15.5 10.2 9.7 8.4 251.8

Total amount 113.1 89.5 88.2 81.7 76.4 59.2 79.0 66.0 79.6 81.9 63.5 71.8 950.0

% Heterochromatin 55.6 56.6 55.0 65.9 74.7 47.7 68.2 61.4 70.3 80.8 68.9 77.2 64.9

aAverage length values for euchromatin and heterochromatin patterns in all pachytene chromosome of tomato were taken from Ramanna &

Prakken (1967) and converted into DNA content using 950 Mb as the content of the whole tomato genome (Arumuganathan & Earle 1991)

and the heterochromatinYeuchromatin density factor of 5.89 (Peterson et al. 1995). The long and short arm euchromatin values include the

distal heterochromatin blocks.
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The different chromatin types of tomato

Based on Bennetzen_s concept of different plant

heterochromatin hues (Bennetzen 2000), we propose

here for tomato chromosomes a classification of six

different chromatin classes, based on light-micro-

scopic pachytene morphology and presence of spe-

cific repetitive DNA sequences:

1. Euchromatin. These are the chromosome regions

with weak DAPI fluorescence in pachytene

chromosomes and the domain of most of the

coding sequences. Our FISH data showed little or

no detectable amount of any of the repetitive

sequences. FISH mapping of BACs located in

these regions may not need Cot-100 for blocking

of repeat signals.

2. Chromomeres and other minor heterochromatin
islands in the euchromatin regions. A closer look

at pachytene chromosomes stained with the

classical chromosome staining solutions acetocar-

mine, or acetoorcein (Ramanna & Prakken 1967)

or with the DNA-specific DAPI fluorochrome

reveals smaller heterochromatin structures known

as chromomeres or small heterochromatin knobs.

Future FISH analysis of BACs covering these

domains will be needed to elucidate whether these

regions contain the short stretches of Ty1-copia,

and other repeats that we incidentally detected in

our study.

3. Distal heterochromatin and long-arm interstitial
heterochromatic knobs. Studies of Ganal et al.
(1988, 1991) and Zhong et al. (1998) have shown

that all 24 chromosome ends contain the Arabi-
dopsis type telomere repeat and all except for the

arms 1L, 2S, 2L and 7L contain the TGRI repeat.

In addition, TGRI was also detected in long-arm

interstitial heterochromatin knobs of the chromo-

somes 6, 8 and 9, probably resulting from a DNA

repeat copying mechanism between non-homolo-

gous chromosome alignments like the meiotic

prophase I bouquet or mitotic interphase Rabl

orientation (Zhong et al. 1998). TGRI is the

diagnostic repeat for this chromatin class and can

be helpful in identifying the chromosomes 1, 2, 3,

6, 8 and 9 depending on the long-arm interstitial

heterochromatin polymorphisms in the cultivars

or genotype under study. So far we have not been

able to demonstrate whether interstitial hetero-

chromatin knobs also contain TGRII or other

repeats of the pericentromere heterochromatin

class. We also observed in a recently performed

BLAST analysis that TGRI is homologous to the

5¶ part of a 4532 nt repeat which is classified as

FL. esculentum microsatellite repeat DNA region_
in the TIGR Solanaceae repeat database. Interest-

ingly, it also shows a very high similarity to the

5¶ part of FL. esculentum PCRT1a-like retro-

transposon_ in the the same database.

4. Pericentromere heterochromatin. This by far the

largest chromatin class of the tomato chromo-

somes covers 65% of the total genomic DNA

(Table 3), and contains TGRII, TGRIII (Ganal

et al. 1988), [GATA]4 and [GA]8 microsatellites,

and Ty1-copia-like retrotransposons. It is also the

region where the bulk of the methylated DNA in

the tomato genome is found. In our study we have

shown that TGRII mainly occurs on all hetero-

chromatin regions except for the NOR region,

whereas TGRIII occurs on few specific pericen-

tromere heterochromatin sites and clearly in

different amounts between the chromosomes.

The abundance of TGRII signals over TGRIII is

consistent with the higher copy number of TGRII

(Ganal et al. 1988 and Table 1). TGRII and

TGRIII may be diagnostic molecular markers for

heterochromatin regions in the ongoing Tomato

Genome Sequencing program.

DNA sequencing showed that TGRII and TGRIII

are components of Ty3-Gypsy type retrotranspo-

sons, and resemble two additional repeat classes

recently discovered in the pericentromere hetero-

chromatin regions (Yang et al. 2005). Over 2000

copies of the major pericentromere-specific retro-

transposons, named PCRT1a (Yang et al. 2005)

and Jinling (Wang et al. 2006) containing TGRII

sequence, seem to have spread in the heterochro-

matin of tomato genome since about 5 million

years ago (Wang et al. 2006). It is not known,

however, whether the 452 bp pericentromere Hind
III repeat THG2 described by Zabel et al. (1985)

and Wolters et al. (1991) is part of the TGRII

repeat, in spite of their apparent similar FISH

distribution. Neither is it known where the

chromosome 6 pericentromere sequences, show-

ing homology to the human satellite III and the

mammalian CENP-B binding box (Weide et al.
1998), are located. Other components of this

heterochromatin class are the [GA]n and [GATA]n
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microsatellites (Figure 3f,h, Figure 4), of which

[GA]n appeared much more abundant in the

genome than [GATA]n (Broun & Tanksley 1996).

However, [GA]8 FISH was hardly seen in the

euchromatin, which contradicts Broun & Tanksley

(1996), who found [GA]n motifs in the GenBank

database, and suggested that the [GA]n micro-

satellite might be located in the euchromatin. Such

differences might be due to differences in detec-

tion of the two techniques; FISH detects only

large arrays of tandem repeats, which may only be

present in heterochromatin as was shown by

Areshchenkova & Ganal (1999), while in the

GenBank database short tandems may be more

typical for euchromatin domains. Other more recent

studies on the occurrence of microsatellites in

tomato BAC end sequences shows that [AT]n is

by far the most abundant microsatellite in tomato

(E. Datema, unpublished).

The [GATA]4 FISH patterns coincide with the

genetic data of Arens et al. (1995) and Broun &

Tanksley (1996), who mapped several clustered

[GATA]n markers in the genetically defined

(peri)centromeric region. One possible explana-

tion for long tetranucleotide microsatellites in

pericentromere heterochromatin is that they can

only persist in areas with reduced recombination

(Sherman & Stack 1995). [GACA]4 mainly

co-localized with 45S rDNA at NOR regions.

Furthermore, Southern analysis often co-loca-

lized the GACA-repeat with the GATA-repeat

(Vosman et al. 1992, Vosman & Arens 1997), but

this could not be confirmed by FISH. Most of the

bands identified with the [GACA]4 probe also

appeared with the [GATA]4 probe, suggesting

that they have a similar distribution pattern. Nine

fragments containing [GATA]n mapped within

clusters of markers that are believed to be

adjacent to centromeres (Broun & Tanksley

1996, Arens et al. 1995, Grandillo & Tanksley

1995). Finally, large blocks of the [CAA] repeat

were described by Yang et al. (2005) in the

centromere of chromosome 12. FISH with this

microsatellite showed abundant signals on all

centromeres and pericentromere blocks but not

in the distal heterochromatin blocks and the NOR.

The Ty1-copia retrotransposon signals were dis-

persed over all heterochromatin blocks, weak in

euchromatin regions and absent from the rDNA

sites. Exclusion from (terminal) ribosomal sites is

typical for Ty1-copia-like retrotransposons in

various plant species (Brandes et al. 1997).

Preferential heterochromatic accumulation has

also been found for Arabidopsis, where Ty1-

copia-like retrotransposons are clustered in the

centromere heterochromatin (Brandes et al.
1997), and for Allium cepa, where accumulation

occurs in the GC-rich heterochromatic regions

(Pearce et al. 1996a). This is in contrast with

Vicia faba (Pearce et al. 1996b) and Alstroemeria
aurea (Kuipers et al. 1998), two species with

large genomes, where Ty1-copia-like retrotrans-

posons were reported to be excluded from AT-

rich heterochromatic regions that contain highly

repetitive tandem repeats.

Although all chromosomes have clear and con-

spicuous pericentromere regions, it is not easy to

indicate precisely the borders of heterochromatin

and euchromatin domains in the DAPI fluores-

cence patterns. FISH analyses with Cot-100 FISH

on pachytene complements and sequence analy-

ses of BACs around the heterochromatin euchro-

matin borders for the presence of pericentromere

repeats are more precise and reliable tools for

defining the borders more accurately (Szinay et al.
2008).

5. Structural centromere heterochromatin. The

structural centromeres in tomato pachytene chro-

mosomes have a smooth structure, are relatively

uncondensed and have a DAPI fluorescence inten-

sity comparable to or even less than that of

euchromatin and always far less than that of the

surrounding pericentromere heterochromatin

blocks. We have shown that TGRIV is one of the

major components. Yang et al. (2005) also showed

a large block of the [CAA]n microsatellite in addi-

tion to a nested complex of various repeat sequen-

ces. There is still no indication which of these

repeats are associated with centromere function.

6. Nucleolar organizer region. The largest hetero-

chromatin segment of the cherry tomato is the

macrosatellite and secondary constriction, which

together form the nucleolar organizer region. Our

FISH study showed exclusive signals of the 45S

rDNA and [GACA]4 for this region, whereas the

bright propidium iodide fluorescence as used for

genomic in-situ hybridization studies demon-

strated a high GC ratio in this part of the genome.

It is also the genomic part with high levels of

DNA methylation.
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Towards a bar coding of tomato repeats

This paper and several previous studies on tomato

repeats have provided a plethora of repetitive

sequences in this species, with which a bar-coded

FISH ideogram as suggested by Schmidt & Heslop-

Harrison (1998) can be constructed. However, as we

show in our study and display schematically in

Figure 4, most of the repeats reside in the pericen-

tromere heterochromatin and are not diagnostic in the

sense of providing unequivocal tools to identify

chromosomes. With a few anchor-point BACs for

each chromosome and repeats in a multicolour FISH

(Szinay et al. 2008) it will be possible to construct

repeat bar codes for every chromosome.
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