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A b s t r a c t  The centromeric region of a telocentric field 
bean chromosome that resulted from centric fission of the 
metacentric satellite chromosome was microdissected. The 
DNA of this region was amplified and biotinylated by de- 
generate oligonucleotide-primed polymerase chain reac- 
tion (DOP-PCR)/linker-adapter PCR. After fluorescence 
in situ hybridization (FISH) the entire chromosome com- 
plement of Viciafaba was labelled by these probes except 
for the nucleolus organizing region (NOR) and the inter- 
stitial heterochromatin, the chromosomes of V. sativa and 
V. narbonensis were only slightly labelled by the same 
probes. Dense uniform labelling was also observed when 
a probe amplified from a clearly delimited microdissected 
centromeric region of a mutant of Tradescantia paludosa 
was hybridized to T. paludosa chromosomes. Even after 
six cycles of subtractive hybridization between DNA frag- 
ments amplified from centromeric and acentric regions no 
sequences specifically located at the field bean centro- 
meres were found among the remaining DNA. A mouse 
antiserum was produced which detected nuclear proteins 
of 33 kDa and 68 kDa; these were predominantly located 
at V. faba kinetochores during mitotic metaphase. DNA 
amplified from the chromatin fraction adsorbed by this 
serum out of the sonicated total mitotic chromatin also did 
not cause specific labelling of primary constrictions. From 
these results we conclude: (1) either centromere-specific 
DNA sequences are not very conserved ~mong higher 
plants and are - at least in species with large genomes - 
intermingled with complex dispersed repetitive sequences 
that prevent the purification of the former, or (2) (some of) 
the dispersed repeats themselves specify the primary con- 
strictions by stereophysical parameters rather than by their 
base sequence. 
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Introduction 

The centromere, usually the primary constriction, is the 
chromosomal domain of monocentric eukaryotic chromo- 
somes and is responsible for their correct segregation dur- 
ing mitotic and meiotic nuclear divisions. Centromeres 
form the final points of adhesion for sister chromatids at 
the metaphase:anaphase transition, the attachment points 
for mitotic spindle fibers and the location for motor pro- 
teins mediating active chromosome movement during mi- 
tosis (for review see Earnshaw and Mackay 1994; Pluta et 
al. 1995; Sunkel and Coelho 1995). The kinetochore, pre- 
viously a term synonymous to the centromere, now refers 
to a button-like proteinaceous structure resting on the sur- 
face of the centromeric chromatin, into which most of the 
microtubuli of the mitotic spindle attaching to the centro- 
meric region are inserted (for review see Earnshaw 1991). 

At present, detailed knowledge about DNA components 
essential for the functioning of centromeres is available 
only for yeasts. Centromeres of Saccharomyces cerevisiae 
and KIuyveromyces lactis consist of three to four conserved 
centromeric DNA elements (CDEs) of about 250 bp all to- 
gether, while in the fission yeast Schizosaccharomyces 
pombe the essential centromeric DNA consists of 
44-100 kb with a central core of 4-7 kb (Clarke et al. 1993). 
These components are species-specific and do not function 
when transferred into another species (Heus et al. 1993). 

For several insects and vertebrates satellite sequences 
are known to be located at centromeric regions. Murphy 
and Karpen (1995) have found a 220-kb island of complex 
DNA to be essential for the functioning of the centromere 
of a Drosophila minichromosome. For complete mitotic 
and meiotic stability this core had to be flanked on either 
side by approximately 200 kb of satellite DNA (AATAT). 
Despite extensive studies, especially ones on human 
alphoid sequences (see Haaf et al. 1992; Tyler-Smith et al. 
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1993; Page et al. 1995), the contr ibut ion  of  these sequences 
to cen t romere  funct ion has not  yet  been defined.  In plants  
only  very few cases  are known of  t andem repeats  be ing  
spec i f ica l ly  loca ted  at or around the cent romeres  (see Dis-  
cussion).  

Some specif ic  nuclear  proteins,  such as CENPs A to F 
(centromeric prote ins)  and INCENPs  ( inner  centromeric 
prote ins) ,  are pe rmanen t ly  or t ransient ly  (during mitos is)  
loca ted  at the cen t romeres /k ine tochores  of  man and other 
mammals .  For  a few of  these, puta t ive  homologs  have been 
repor ted  in yeast  (for rev iew see Sunkel  and Coelho  1995). 
The first  CENPs  were detected by  au to immune  sera f rom 
patients  with CREST (calcinosis ,  Raynauds  phenomenon,  
esophagea l  dysmoti l i ty ,  s c l e rodac ty ly  and te langiectas ia)  
syndrome  (Moroi  et al. 1980; Brenner  et al. 1981; Earn-  
shaw and Rothf ie ld  1985). A cross - reac t ion  of  C R E S T  sera 
with plant  k ine tochores  may  occur  (Mole-B ajer  et al. 1990; 
Pa levi tz  1990; Houben  et al. 1995). The cen t romere -asso-  
c ia ted prote ins  that were  de tec table  by ind iv idua l  sera re- 
vea led  spec ies-spec i f ic  d i f ferences  among the e lec t ropho-  
retic mobi l i t ies  of  m a m m a l i a n  (Had ladczky  et al. 1986) as 
wel l  as p lant  species  (Mole -Ba je r  et al. 1990; Houben  et 
al. 1995). These  prote ins  as well  as the cen t romere-asso-  
c ia ted D N A  sequences  seem to be much more  var iable  than 
the protein  compos i t ion  of  the micro tubul i  (for rev iew see 
Shaw 1994). 

More  de ta i led  knowledge  about  the D N A  and prote in  
compos i t ion  of  plant  cent romeres  is not only  an indispens-  
able prerequis i te  for unders tanding  the mechan i sms  that 
regulate  ch romosome  segregat ion  during nuclear  d iv is ions  
and of  the evolu t ionary  convergence /d ive rgence  of  this 
ch romosomal  ' o rgane l l e '  be tween  phyla  but  also for future 
const ruct ion of  ar t i f ic ial  p lant  chromosomes .  We repor t  
here on our efforts to isola te  and ampl i fy  D N A  of  plant  
cent romeres  using al ternat ive strategies:  (1) mic rod i s sec -  
tion of  cen t romer ic  chromat in  (Vicia faba, Tradescantia 
paIudosa); (2) immunoadso rp t ion  of  cen t romer ic  chroma-  
tin from sheared total  mi tot ic  chromat in  by  k ine tochore-  
specif ic  ant ibodies  (V. faba), each fo l lowed  by  PCR with 
degenera ted  and/or  l inker -adapte r  pr imers .  D N A  ampl i f i ed  
f rom microd i ssec ted  f ie ld bean cent romeres  was subtrac-  
t ive ly  hybr id ized  with D N A  of  an acentr ic  region.  The re- 
main ing  f ragments  were cloned.  Af te r  each step of  the 
procedure  the D N A  was tested in situ for its cen t romere-  
specif ic  loca t ion  on homologous  chromosomes .  Add i t ion -  
ally, the ampl i f i ed  D N A  of  the f ie ld bean cent romer ic  
region  was hybr id ized  in situ to ch romosomes  of  V. sativa 
and V. narbonensis, and the speci f ic i ty  of  the used anti- 
bodies  used was checked  by indirect  immunof luorescence  
staining in situ and Western  blot  analysis  of  f ield bean nu- 
clear  prote ins  pr ior  to immunoadso rp t ion  exper iments .  

Materials and methods 

Preparation of chromosomes for microdissection, 
indirect immunofluorescence and in situ hybridization 

Chromosome suspensions were prepared from synchronized root 
meristems of field bean (�89 lines with reconstructed karyo- 

types (ACB and 'Peru 14', Schubert and Rieger 1991) according to 
Schubert et al. (1993). The chromosome suspension was dropped on- 
to slides for in situ hybridization and indirect immunofluorescence, 
or for microdissection on sterile coverslips and frozen on dry-ice. 
Air-dried preparations were used immediately or stored in glycerol 
at 4~ for up to several weeks for microdissection or in situ hybrid- 
ization. For indirect immunofluorescence air-drying of the chromo- 
somes had to be avoided. 

For microdissection of the centromeric region, young buds of 
T. paludosa mutant 3-1-56 were squashed immediately in 45% ace- 
tic acid between two coverslips. This mutant is characterized by 
c!early delimited thin centromeric threads during pollen mitosis 
(Ostergren and Ostergren, unpublished) and was kindly provided by 
Dr. Lena Clapham, Uppsala. 

For in situ hybridization, colchicine-treated (0.05%, 2 h) and fixed 
root-tip meristems of T. paludosa, Vicia sativa and V. narbonensis 
were softened in 1% cellulase (Onozuka R10) and 1% pectinase for 
30 minutes at 37~ and squashed in 45% acetic acid on glass slides. 

Microdissection and preparation of the DNA of specific 
chromosome segments 

An inverted microscope equipped with a micromanipulator was used 
for chromosome dissection (Houben et al. 1996). The centromeric 
region of the telocentric satellite chromosome of the field bean kar- 
yotype 'Peru I4', characterized by a stable centric fission, was dis- 
sected from 20 chromosomes (Fig. 1). These dissected regions and 
the corresponding acentric fragments were each collected in a 1-[.tl 
drop containing proteinase K (Boehringer, 0.5 mg/ml) in 10 mM 
TRIs-HCI (pH 8.0), 10 mM NaC1 and 0.1% SDS overlaid with wa- 
ter-saturated paraffin oil. The DNA was amplified by DOP-PCR (de- 
generate oligonucleotide-primed polymerase chain reaction) accord- 
ing to Pich et al. (1994) using a degenerated primer ('MW-6'; Tele- 
nius et al. 1992). The delimited centromeric region of the gameto- 
phytic metaphase chomosomes of Tradescantia was treated likewise. 

Alternatively, DNA of the microisolated centromeric region was 
manipulated according to a modified microcloning procedure of 
Johnson (1990). Chromosomal fragments were collected in a 1-nl 
collection drop of the same composition as above. The volume of the 
microdrops was estimated by the diameter of the drops. The drop- 
lets were extracted three times with water-saturated phenol and 
washed in a gentle stream of chloroform. The DNA was digested 
with the endonuclease Sau3A for 2 h at 37~ After heat-inactiva- 
tion of the enzyme the DNA fragments were ligated for 12 h at 13~ 
to a Sau 3A linker-adapter (24 mer/20 mer; Johnson 1990) under oil. 

Finally, 1 btl of TE-buffer was added to the microdrop and trans- 
ferred to 0.5 ml tubes for subsequent PCR amplification. The 20-mer 
component (5'GGATTTGCTGGTGCAGTACA3') of the linker- 
adapter was used as the primer. After denaturation for 5 rain at 94~ 
2.5 U Taq DNA polymerase (Promega) was added; this was followed 
by 25 cycles of amplification (47~ 2 min, 72~ 3 rain, 94~ 1 min) 
with a final primer extension step of 10 rain. The extension time was 
prolonged by 3 s each cycle. For reamplification one-tenth of the first 
PCR products was amplified by a further 20 cycles. The final con- 
centration of compounds in the PCR mix was 0.2 mM dNTPs, 6 btM 
primer, 1.5 mM MgCI 2, 50 mM KC1, 10 mM TRIS HC1 and 0,1% Tri- 
ton X-100. An aliquot of the PCR products was checked by electro- 
phoresis on 1.2% agarose gels. 

Subtractive DNA-DNA hybridization 

The subtractive hybridization with magnetic beads was as described 
by Tagle et al. (1993) with some modifications. The DOP-PCR prod- 
ucts of the centric and the corresponding acentric chromosome frag- 
ments were digested with Sau3A and purified using QUIAquick-spin 
columns (QUIAGEN). The digested DNA of the centric part was li- 
gated to linker-adapter A (5'GGATTTGCTGGTGCAGTACA3', 
3'CCTAAACGACCACGTCATGTCTAG5 ) and that of the acentric 
part to linker-adapter B (5'BioTTACCACGCTTCTATGTATC3', 
3"AATGGTGCGAAGATACATAGCTAG5") (Johnson 1990). For 
hybridization, denaturated DNA fractions of the centric and the acen- 
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tric chromosome part were mixed in a ratio of 1:10 and incubated at 
65~ for 16h in 1.5M NaCI, 5 0 m M  Hepes (pH7.5), 10ram 
EDTA (pH 8.0) and 0.2% SDS under oil. The hybridization products 
were captured by streptavidin-coated magnetic beads M280 (Dynal). 
The beads (1 mg) were first washed three times in 6xSSC and re- 
suspended in 1 M NaC1/1 xTE-buffer. Then, hybridization mixture 
was added to the beads. After 1 rain at room temperature the hybri- 
dized DNA bound to the beads was fixed by a magnetic particle con- 
centrator while the unbound DNA of the centric chromosome region 
was pipetted off, precipitated and amplified by PCR using the 20- 
mer component of the linker-adapter A as primer. After denaturation 
for 10 min at 94~ 2.5 U Taq DNA polymerase (Promega) was add- 
ed; this was followed by 25 cycles of amplification (60~ 30 s, 72~ 
90 s, 94~ 30 s) with a final primer extension step for 10 min. The 
autoextension time was 5 s. The final concentration of PCR com- 
pounds was 0.2 mM dNTPs, 0.3 btM primer, 1.5 mM MgCI2, 50 mM 
KC1, 10 mM Tins HC1 and 0.1% Triton X-100. Subtractive hybrid- 
ization and amplification of the remnant DNA were repeated six 
times. From each subtraction cycle the PCR products were cloned 
into the BamHI site of the vector KS + (Stratagene) and propagated 
in E. coli strain DH5alpha. 

In total 1014 plasmids (169 from each subtraction cycle) were 
isolated for characterization of the recombinant clones, and the size 
of their inserts was determined. Undigested recombinant plasmid 
DNA (2 btg) was blotted onto Hybond N + membranes (Amersham). 
The fiIters were subsequently hybridized with labelled genomie 
V.faba DNA and with DNA of the acentric chromosome region and 
DNA of the centromeric chromosome region after each cycle of sub- 
traction and amplification. The DNA probes were labelled by ran- 
dom priming in the presence of [32p]-dCTP (Amersham). 

Isolation of genomic DNA and Southern blotting 

Genomic DNA was isolated from leaf tissue and digested by the en- 
donucleases Sau3A, HindlII, DraI, BamHI and EcoRI. After elec- 
trophoresis on 0.8% agarose gels the DNA was transferred by alka- 
line blotting onto nylon membranes. 

nized by indirect immunostaining using CREST serum S 174 (Hou- 
ben et al. 1995) in combination with alkaline phosphatase conjugat- 
ed to anti-human immunoglobulin. The area containing kinetochore 
proteins of a molecular weight between 58 kDa and 65 kDa was ex~ 
cised from a part of the unstained Western blot membrane. The ni- 
trocellulose pieces were grinded to fine powder under liquid nitro- 
gen, resuspended with phosphate-buffered saline (PBS) and after 
supplementation with Freud's adjuvant used for immunization of the 
NMRI mice. Mice were prirned and boosted four times over a peri- 
od of 7 weeks by intraperitoneal injections of the same kinetochore 
proteins. Antibodies were raised from ascites fluid of immunized 
mice, and the immunoglobulin fraction was isolated by ammonium 
sulfate precipitation at 33 % saturation followed by affinity chroma- 
tography on protein A-sepharose (Pharmacia). 

Indirect immunofluorescence 

After three washes (10 min each) in PBS (pH 7.3), the slides were in- 
cubated for 1 h at room temperature in prima U kinetochore-specific 
serum 5/1 diluted 1:50 in PBS in a humidified chamber. After an ad- 
ditional three washes in PBS the slides were incubated for 1 h at room 
temperature with FITC-conjugated anti-mouse IgG (Dianova) diluted 
1:40 in PBS. Following three further washes in PBS, the preparations 
were counterstained with 4,6-diamino-2-phenylindole dihydrochlorid 
(DAPI, 1 ,ug/ml) and propidium iodide (1 btg/ml) in antifade. 

Western blot analysis 

Primary antibody 5/1, diluted 1:300 in PBS for binding to separated 
and blotted centromeric proteins, was detected using secondary anti- 
bodies (anti-mouse IgG, MAB, 1:l 000) conjugated to alkaline phos- 
phatase and NPT/BCIP (nitroblue tetrazolium/5-bromo-4-chloro-3- 
indolyl phosphate) as a substrate. Blocking treatment with BSA (bo- 
vine serum albumin) and washing of membranes was performed fol- 
lowing the manufacturer's instructions (Amersham manual). 

Isolation of centromeric DNA fragments via immunoadsorption 

Fluorescence in situ hybridization (FISH) 

The DNA isolated and amplified from the centromeric region was 
labelled with biotin 16-dUTP (Boehringer) by PCR according to 
Fuchs et al. (1994) using the 'MW-6' sequence or the 20 mer of the 
linker-adapter (see above) as primers. Fluorescent in situ hybridiza- 
tion was carried out as described by Fuchs and Schubert (1995). Hy- 
bridization of the biotinylated probes was detected by the strep- 
tavidin-fluorescein isothiocyanate(FITC)-antistreptavidin-system 
(Camon) using a fluorescence microscope with an appropriate filter 
system. Epifluorescence signals were recorded on Kodak Ekta- 
chrome film ASA400. 

Protein extraction and polyacrylamide gel electrophoresis 

Chromosomes or nuclei isolated from 100 root tips were centrifuged 
and resaspended in 250 btl of 10 mM T~Is/HC1 (pH 8.0), 1 mM ethy- 
lene diaminoethanetetra-acetic acid disodium salt (EDTA), 12.5 btl 
1 M dithiothreitole (DTT), 15 btl 100 mM phenylmethylsulfonyl fluo- 
ride (PMSF) and 62 bt120% sodium dodecyl sulfate (SDS). After son- 
ication on ice 1 btl Benzonase (Merck) was added. The solution was 
then incubated for 30 min at 37~ and finally diluted in gel loading 
buffer. The proteins were separated on 15% SDS-polyacrylamide gels 
and transferred to a nitrocellulose membrane using a semi-dry blotter. 

Preparation of kinetochore-specific antibodies 

A chromosomal protein fraction separated under denaturing condi- 
tions on i5% SDS-polyacrylamide gels was electro-transferred from 
gels to nitrocellulose membranes (Schleicher & Schiill BA85, 
45 btm), and the kinetochore proteins on the membrane were recog- 

Chromosomes of 200 root-tip meristems were isolated as described 
above, centrifuged and resuspended in 200 ,ul of ice-cold lxPBS 
(pH 7.3) containing 400 mM NaC1, 1 mM MgCI 2, 10 mM PMSF, 
5 mM EDTA, 0.1% Triton X100, 0.1% Nonidet P-40 and 2% BSA. 
The suspension was sonicated five times for 30 s until the size of the 
chromosome fragments was less than 0.5 um when checked under 
the microscope. 

Tosylaetivated magnetic Dynabeads M-280 (Dynal) were load- 
ed with purified anti-kinetochore antibody 5/1 according to the 
manufacturer's instructions. Antibody-loaded magnetic beads 
(100 btl) and the sonicated chromosome suspension (200 ftI) were in- 
cubated together for 2 h under gentle rolling. Unbound chromosome 
fragments were pipetted off, while the beads with bound fragments 
were kept at the wall of the Eppendorf tube by means of a magnetic 
particle concentrator. After five washes of 10 min each at room tem- 
perature, each in 200 bfl lxPBS with 0.1% Tween 20 and 2% BSA, 
the beads were washed in 1 x PB S, 0.1% Tween 20 for 10 min at room 
temperature and treated with 0.2 mg proteinase K in 0.5 ml of 10 mM 
TRIs-HC1 (pH 8.0), 10 mM NaC1 and 0.1% SDS for 8 h at 50~ The 
DNA was then phenol/chloroform-extracted and ethanol-precipitat- 
ed. The precipitate was resuspended in 5 btl TE, and the DNA am- 
plified by DOP-PCR. 

Results 

A t t e m p t s  to i so la te  c e n t r o m e r e - s p e c i f i c  D N A  o f  p lants  
v ia  m i c r o d i s s e c t i o n  and sub t rac t ive  h y b r i d i z a t i o n  

F r o m  a t e l ocen t r i c - s a t e l l i t ed  f ie ld  bean  c h r o m o s o m e  
(Fig.  1), w h i c h  r ep re sen t s  one  o f  the p roduc t s  o f  a cen t r i c  



480 

Fig. 1 Microdissection of the 
centromeric region of the telo- 
centric satellite chromosome of 
field bean karyotype 'Peru 14' 
before A, during B and after C 
isolation by means of a micro- 
needle 

fission of the metacentric satellite chromosome (Schubert 
and Rieger 1990; Schubert et al. 1995), the centric end 
(<1 gm) and the complementary acentric chromosome part 
were isolated by microdissection. The DNA of both iso- 
lated chromosome segments was amplified separately by 
DOP-PCR; the DNA of the centromeric region was addi- 
t!onally amplified by linker-adapter PCR. The amplified 
DNA of the microisolated chromosome regions formed a 
smear within the range of 0.1-1.8 kb on agarose gels. 

After the in situ hybridization of labelled DNA of the 
centromeric region all of the chromosomes revealed dis- 
perse signals except for the nucleolus organizing region 
(NOR) and the interstitial heterochromatic regions. These 
latter areas were more or less free of hybridization signals 
(Fig. 2). The labelling pattern was identical when DNA 
was amplified via linker-adapter PCR or via DOP-PCR. 
Since the hybridization patterns on the Southern filters 
were similar for labelled DNA of both the centric and acen- 
tric chromosome parts (Fig. 3), it was concluded that both 
regions harbour the same disperse repetitive DNA se- 
quence(s) that are responsible for the hybridization pat- 
terns observed. Three fragments (Fig. 3, I: A, C) which 
gave hybridization signals with the DNA of the centric re- 
gion were isolated from the gels. After biotinylation and 
in situ hybridization they yielded disperse signals. 

Assuming that functional centromeric sequences rather 
than dispersed repetitive sequences Should be conserved 
between related species during evolution, we hybridized 
labelled DNA probes of the centromeric region of the field 
bean to chromosomes of V. sativa and V. narbonensis. This 
yielded a low number of dispersed signals over the entire 
chromosome complements without any distinct label at the 
primary constrictions (data not shown). The biotinylated 
DNA amplified by DOP-PCR from the microdissected Tra- 
descantia centromere (Fig. 4) hybridized at a uniform den- 
sity along all of the chromosomes of that species (Fig. 5). 
To enrich and purify centromere-specific sequences, we 
performed six cycles of subtractive hybridization between 
DNA probes amplified from centromeric and those from 
acentric chromosome regions. 

The remaining DNA fractions supposed to be enriched 
in centromere-specific DNA were cloned after each cycle. 
In total, 1014 clones were used for subsequent dot-blot 
hybridization with labelled probes of total genomic DNA 
and DNA of both the centromeric and acentric regions 
after each cycle of subtractive hybridization. Single clones 
which revealed strong signals with total genomic DNA and 

Fig. 3 Sequential Southern hybridization ofA BamHI-; B HindiIl-; 
C EcoRI-; and D Sau-3A-digested genomic V. faba DNA with la- 
belled DOP-PCR products of the centric chromosome region (I); and 
with labelled DOP-PCR products of the acentric chromosome region 
(H) 

DNA of the centromeric region but no or only weak sig- 
nals with DNA of the acentric region were selected for fur- 
ther in situ hybridizations. None of the 28 clones selected 
in this way yielded pronounced centromere-specific sig- 
nals on V. faba chromosomes. In most cases disperse la- 
belling was observed. Only 1 clone (A160) with an insert 
of 84 bp revealed a faint signal at the homologous centro- 
meric region (on chromosome I of karyotype ABC, data 
not shown). This clone was used for screening a phage li- 
brary of V. faba genomic DNA with larger inserts. How- 
ever, homologous clones with an insert size of approxi- 
mately 20 kb resulted in a disperse in situ hybridization 
pattern comparable to that of the centromeric DNA probe 
before subtractive hybridization. 

Attempts to isolate centromere-specific DNA via 
immunoadsorption by means of a kinetochore-specific 
antibody 

Previously we reported a CREST serum (S 174) which spe- 
cifically detects antigenic proteins of V.faba kinetochores 
(Houben et al. 1995). Since there was not a sufficient 
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Fig. 2 FISH of biotinylated 
PCR products obtained with 
linker-adapter primers from 
DNA of the centromeric region 
of the telocentric satellite chro- 
mosome of field bean karyo- 
type 'Peru 14' to metaphase 
chromosomes I - VI of karyo- 
type ACB 

Fig. 5 Metaphase chromo- 
somes of T. paludosa after 
FISH with labelled DNA am- 
plified from the microdissected 
centromeric region. Bar: 5 btm 

Fig. 7 A - D  Indirect immun- 
ofluorescence staining with the 
antiserum 5/1. A Examples of 
V.faba chromosomes I-VI of 
karyotype ACB showing one 
fluorescent spot at the centro- 
meric region (arrowheads) of 
each chromatid; photographed 
using a filter combination spe- 
cific for FITC plus propidium 
iodide. The second chromo- 
some I (second from left, A) 
and the nucleus (D) were pho- 
tographed using the fluoresce- 
in-specific filter only. B A telo- 
centric satellite chromosome of 
the karyotype 'Peru 14'. C 
Stretched V.faba chromosome 
showing fluorescence along the 
entire centromere region. I) 
Interphase nucleus showing 
weak disperse labelling. C' and 
D' are the same as in C and D 
after DAPI staining 
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F i g .  4A-C Sequence of microdissection of the delimited centro- 
meric region from a chromosome of T. paludosa during pollen grain 
mitosis (A-C) 

Fig. 6 Protein profiles of 
interphase nuclei (N) and meta- 
phase chromosomes (C) of V. 
faba separated electrophoreti- 
cally and stained with Coomas- 
sie brillant blue (/). Western 
blot of the same gel after reac- 
tion with the antiserum 5/1 ; 
proteins of 33 kDa and 68 kDa 
are recognizable (I/) 

and is comparable to CENP-E and CENP-F of human chro- 
mosomes (Yen et al. 1991; Liao et al. 1995) and to a pro- 
tein of Allium, homologous to a mammalian centrosomal 
antigen (Schmit et al. 1994) and to a mitotic phosphopro- 
rein of the field bean (Binarova et al. 1993). 

Serum 5/1 was also used to identify antigenic kineto- 
chore proteins by Western blot analysis. Of the separated 
proteins of the chromosomes and nuclei two proteins of a 
relative molecular weight of 33 kDa and 68 kDa were de- 
tected by the serum (Fig. 5). These proteins differ in size 
from human centromeric proteins as well as from those of 
Haemanthus detected using CREST serum EK (Mole- 
Bajer et al. 1990). The larger one corresponds in size to the 
68-kDa protein that was detectable via Western blot anal- 
ysis by the CREST serum S174 (Houben et al. 1995). 

Similar to the strategy of Hadlaczky et al. (1991) and 
Ouspenski and Brinkley (1993), a purified antibody prep- 
aration of the kinetochore-specific antiserum (5/1) was 
used for attempts to enrich a centromere-specific fraction 
from sonicated chromatin by immunoadsorption. The 
DNA isolated from the adsorbed chromatin fraction was 
amplified by DOP-PCR, biotinylated and used for in situ 
hybridization to V. faba chromosomes. Comparable to the 
probes derived from the microdissected centromeric re- 
gion, this DNA labelled all chromosomes uniformly ex- 
cept at the NOR and the interstitial heterochromatin. 

amount of this serum to perform immunoadsorption ex- 
periments in order to enrich kinetochore-specific chroma- 
tin, it was necessary to prepare a new antibody specific for 
V. faba kinetochores. With this purpose in mind, chromo- 
somal proteins were isolated and separated by SDS-poly- 
acrylamide gel electrophoresis. A comparison of proteins 
isolated from interphase nuclei and metaphase chromo- 
somes revealed similar profiles (Fig. 6). Since the two ma- 
jor kinetochore-specific proteins of V. faba detected by 
CREST serum S 174 (Houben et al. 1995) have a molecu- 
lar weight of 64 kDa and 68 kDa, respectively, proteins of 
corresponding size were isolated from protein-loaded 
membranes and used for immunization of the mice. 

Sera from 25 immunized mice were screened for their 
ability to detect kinetochore-specific antigens on field bean 
chromosomes by indirect immunofluorescence. With 8 of 
these sera no clear signals were found on the chromosomes, 
while 16 of them resulted in dispersed labelling of the en- 
tire chromosome complement. One antiserum (5/1) clearly 
labelled the centromeric region with a low background 
staining of the remaining mitotic chromosomes. Fluores- 
cent spots at the primary constriction of both chromatids 
were regularly visible. The interphase nuclei revealed a ho- 
mogeneous fluorescence (which was reduced but not abol- 
ished in controls without serum 5/1), but no pronounced 
labelling of prekinetochores (Fig. 7). This is indicative of 
a protein that accumulates at kinetochores during mitosis 

Discussion 

It could be demonstrated that plant kinetochores also con- 
tain proteins that accumulate at mitotic centromeres in ad- 
dition to those that remain in that position during inter- 
phase. 

Our efforts have shown that plants with large genomes 
contain disperse repetitive sequences within their primary 
constrictions. However, it was not possible to isolate DNA 
sequences specifically located at the centromeres of these 
plants. Neither microdissection and subsequent subtractive 
hybridization between amplified DNA fragments of cen- 
tromeric versus acentric chromosome regions, nor immu- 
noadsorption of centromeric chromatin fragments by ki- 
netochore-specific antibodies yielded purified DNA se- 
quences that were located at field bean centromeres exclu- 
sively and thus could be considered as candidates for cen- 
tromere-specific sequences. 

What could have been the reasons? 
- T h e  centromere-specific sequence might selectively 
have been excluded from PCR amplification by the use of 
the degenerated MW-6 primer and by the distribution of 
recognition sites for the restrictase Sau3A used for DNA 
digestion prior to ligation of the linker-adapters. Though 
not very probable, this possibility cannot be excluded. 
- Because it is usually impossible to delimit exclusively 
the centromere from the remaining chromatin, too many 
nonspecific sequences may have been dissected out in ad- 
dition to the centromere. However, the results obtained 
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with DNA from microdissected centromeric regions of 
Tradescantia pahtdosa mutant 3-1-56 clearly demonstrate 
that disperse repetitive sequences themselves may consti- 
tute one component of the primary constrictions of higher 
plants. 
- A single unique sequence, even if it covers several kil- 
obases, could have escaped from detection since the cloned 
amplification products of a few hundred base pairs cannot 
yield resolvable hybridization signals in situ (Jiang and 
Gill 1994). The chance to isolate this sequence completely 
and free of flanking repetitive ones from a phage library is 
rather low. However, the assumption that a single unique 
sequence organizes a structure of the dimensions of a cen- 
tromere also does not seem to be realistic. 
- The centromere specificity could be mediated by one or 
more short repeats embedded and interspersed by disperse 
repetitive sequences. Due to their high complexity within 
large genomes, the latter cannot be removed completely, 
neither by conventional subtractive procedures nor by pre- 
hybridization with total genomic DNA in excess (Fuchs et 
al. 1996). A single such sequence remaining in the probe 
will yield disperse hybridization signals. The same hap- 
pens when disperse repetitive sequences that usually flank 
coding sequences in the field bean genome are not removed 
from phage clones before FISH (Fuchs et al. 1994). 
- The failure to purify centromere-specific sequences by 
immunoadsorption could have been due either to disperse 
repetitive sequences within the centromeric chromatin 
fraction or to the weak cross-reaction of serum 5/1 with 
noncentromeric chromatin sufficient to contaminate the 
probe by (a) dispersed repeat(s). Similar observations were 
made by Ouspenski and Brinkley (1993). 

- Finally, it cannot be excluded that a centromere-specific 
DNA, based on a distinct base sequence, does not exist at 
all in plants. Vig (1994) has speculated that the physical 
appearance of the centromere is based on stereophysical 
properties, particularly the curvature of DNA, recogniz- 
able by a proteinaceous binding factor ( 'centromerase'),  
rather than on a specific base sequence in this region. It is 
also possible that a special folding structure of the nucle- 
osomal DNA protein complex mediated by posttransla- 
tional histone modifications (Loidl 1988; Turner 1993) is 
essential for functional centromeres but does not strictly 
depend on a defined DNA sequence. 

satellite or other simple sequences. The presence of these 
sequences is supposed to be a necessary (Haaf et al. 1992) 
but not sufficient (Page et al. 1995; Murphy and Karpen 
1995; Sullivan and Schwartz 1995) condition for a func- 
tional centromere. However, the association of the minor 
satellite with the centromere of mouse chromosomes was 
recently questioned by the data of Vig et al. (1994). In plant 
chromosomes centromeric heterochromatin is usually not 
that pronounced. In V.faba primary constrictions revealed 
small Giemsa bands only after extended barium hydroxide 
pretreatment, when the structure of euchromatin and inter- 
stitial heterochromatin already appeared to be disrupted 
(DSbel et al. 1978). Also, after heat denaturation the struc- 
tural integrity of centromeric regions remains well-pre- 
served (Houben, unpublished). Tandemly repeated se- 
quences have been found to be located at positions of inter- 
stitial heterochromatin but not at centromeres in V. faba 
(Fuchs et al. 1994). Although there are a few reports of 
pericentromerically located repetitive sequences in plants 
with small genomes (Maluszynska and Heslop-Harrison 
1991; Murata et al. 1994; Harrison and Heslop-Harrison 
1995; Alfenito and Birchler 1993; Leach et al. t995) it re- 
mains to be elucidated whether or not they are of impor- 
tance for the centromere function. 

In our opinion the most reasonable alternative interpre- 
tations of available data are: (1) either centromere-specific 
DNA sequences are not very conserved in higher plants 
and may occur intermingled with complex dispersed re- 
peats; or (2) some dispersed repeats themselves specify the 
centromeres by stereophysical parameters (and specific 
interaction with kinetochore proteins) rather than simply 
by base sequence. 
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