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The Self-incompatibility S Locus of Antirrhinum Resides
in a Pericentromeric Region
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Institute of Genetics and Developmental Biology ~The Chinese Academy of Sciences Beijing 100080 China

Abstract  The self-incompatibility S loci from the Solanaceae Rosaceae and Scrophulariaceae encode a
class of ribonucleases known as S RNases which have been shown to control the pistil expression of self-in-
compatible reaction. In the former two families the S loci have been shown to be located near centromere.
However the chromosomal location of the S locus in Antirrhinum a species of the Scrophulariaceae is not
known. To determine its chromosomal location and genomic organization an S, RNase gene and its corre-
sponding 63 kb BAC clone were separately used for fluorescence in situ hybridization FISH of mitotic
metaphase chromosomes of a self-incompatible Antirrhinum line of S,Ss5. The results showed that the
S, RNase detected a doublet signal near the centromere of the smallest chromosome 2n=16 . Two separate
doublet signals of the tested BAC sequence were shown on both sides of the centromeres of all eight pairs of the
chromosomes  suggesting that the Antirrhinum S locus is located in a pericentromeric region. Furthermore a
retrotransposon named RISI  retrotransposon in the S locus  which has not been identified yet in Antir-
rhinum was found next to S, RNase. Taken together the centromeric location of the S locus from the three
S-RNase-based self-incompatible families provides a further support on a common origin of their evolution as
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well as suppressed recombination.

Key words

Self-incompatibility SI is an intraspecific repro-
ductive barrier which prevents self-fertilization and pro-
motes cross-fertilization in angiosperms. SI in the
Solanaceae  Scrophulariaceae and Rosaceae is of the ga-
metophytic type controlled by a multi-allelic locus the S
locus de Nettancort 2001 . A known product encoded
by the S locus is a class of ribonucleases called S RNas-
es which have been shown to be the style determinant in
SI response by loss- and gain-of-function transformation
experiments in the solanaceous species Clarke and New-
bigin 1993 McCubbin et al 2000a .
identity of a pollen S-determinant or Sp is still elusive al-
though it is genetically linked to the S RNase gene Mec-
Cubbin and Kao 2000 . Li et al 2000 obtained three
¢DNA markers linked to the S locus in Nicotiana alata
and found that one ¢cDNA 484 is specifically expressed
in anther. McCubbin et al 2000b also obtained several
pollen ¢cDNA makers linked to the S locus in Petunia in-
flata. Lai et al 2002 identified an F-box gene Ah-
SLF-S, which was located 9 kb downstream of S, RNase

in Antirrhinum and specifically expressed in pollen and

However the

tapetum. Further experiments is required to demonstrate
whether any of them encodes Sp or simply is S-linked
pollen expressed genes.

Phylogenetic analyses of the S RNase sequences from
the Solanaceae Rosaceae and Scrophulariaceae have sug-
gested that they likely share a common origin  Xue et al
1996 Igic and Kohn 2001 . This is supported by the

findings that the S loci from the former two families are
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both located near the centromere Brewbaker and Natara-
jan 1960 Pandey 1965 Ten Hoopen et al 1998 En-
tani et al 1999 . The chromosomal location of the S lo-
cus in Antirrhinum a member of the Scrophulariaceae is
unknown. In the present study we have shown that the
Antirrhinum S locus is also located in the pericentromeric
region providing an additional support for a common ori-
gin of the S locus within the S-RNase-based self-incom-
patible species. Furthermore such a centromeric location
is consistent with the recombination suppression observed
for the S locus.

1 Materials and Methods

1.1 Plant material

Antirrhinum majus M™  self-incompatible  and
self-incompatible line derived by interspecific crosses be-
tween A. majus and A. hispanicum
S allele segregating populations were described previous-
ly Xue et al 1996 Lai et al 2002 . The plant materi-
al used in this experiment was A} S,Ss .
1.2 Genomic DNA blot analysis

Genomic DNA was isolated from Antirrhinum leaves
by using the method as described Xue et al 1996 .
The DNA 10 pg  was digested
agarose gel and transferred onto hybond N* Amersham
membrane. Prehybridization hybridization and washing
of the blots were performed as recommended by the manu-
factures. DNA sequence analysis was performed by a dot-
ter  program http //www. cgr. ki. se/cgr/ groups/

as well as several
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sonnhammer/Dotter. html . RISI  retrotransposon in the
S locus was part of S, BAC sequence under the EMBL
accession number AJ300474.
1.3 Chromosome preparation
Root tips of Antirrhinum A S, Ss
and fixed with ethanol : acetic 3:1 at 4 °C overnight.
The fixed root tips were washed thoroughly with distilled
water and 0.4 mol/L sorbitol buffer pH 4.8  then di-
gested in 3% cellulase Onozuka and 0.5% pecteolyase
Onozuka for 1 h at 37 °C. The enzyme was carefully

were excised

washed away from the softened material and replaced with
the sorbitol buffer and then with distilled water. The soft-
ened root tip was transferred to ethanol-washed glass
slides and was macerated in a drop of 45% acetic acid
with razor blade. The slides were air dried and stored in
4 °C. Before hybridization the slides were treated with
an ethanol series 70% 90% and 100% ethanol 10
min each and then pretreated with RNase 100 pg/mlL

at 37 C for 1 h after washed with 2 x SSC. The slides
were incubated with 0.01% pepsin  Sigma in 0.2 mol/
L HCI at 37 °C for 15 min and subsequently washed with
1 x PBS with 50 mmol/L MgCl, and then 1 x PBS. The
slides were dehydrated in an ethanol series of 70% 90%
and 100% and air-dried.

1.4 Probe labeling

Plasmid and BAC DNA were isolated by an alkaline-

lysate method Maniatis et al 1982 . Purified S, RNase

a PCR fragment covering its genomic DNA and the
BAC clone was labeled by a standard nick-translation re-
action mixture containing Dig-11-dUTP.
1.5 Fluorescence in situ hybridization FISH

FISH essentially followed that of Jiang et al

1995 . About 10 ng of labeled BAC DNA was used for
each slide in a hybridization mixture with 50% for-
mamide/10% dextran sulfate/2 x SSC/10 pg of salmon
sperm DNA /1 pg of cot-1 fraction of Antirrhinum genom-
ic DNA the mixture was denatured at 80 °C for 10 min
centrifuged briefly and preannealed at 37 °C for 1 h be-
fore applied to slide. Slide-bound chromosome DNA was
denatured in a solution of 70% formamide in 2 x SSC for
1.5 min at 80 °C and dehydrated in a — 20 °C ethanol
series 70% 90% and 100% ethanol 10 min each .
Twenty microliters of a hybridization mixture was applied
to each slide and sealed under a coverslip denatured at
80 °C and then incubated at 37 °C overnight.

After the overnight incubation the coverslips were
removed in 2 x SSC at room temperature washed twice at
42 °C in 20% formamide in 2 x SSC solution for 10
min twice at room temperature in 2 X SSC for 10 min
and then the fluorescence antibody enhancer set for DIG
Detection kit Roche Diagnostics was used to enhance
the fluorescence signal. The slides were washed twice
with 4 X SSC and the chromosomes were conterstained
with Pl phenylindole and dehydrated with the ethanol
series 70% 90% and 100% ethanol .

1.6 Digital imaging

Images were obtained with an Olympus microscope
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Fig.1. DNA blot analysis of RISI.
Ten pg genomic DNA from various S allele-containing lines were re-
stricted by Hind[ll EcoR1 and BamH 1 respectively. After sep-
aration by agarose gel electrophoresis and blotting the DNA was hy-

Hus ]l |

bridized with a RISI genomic sequence. Lanes 1 — 4 represent self-
incompatible lines of S;Ss S,S; S;S; and S,Ss respectively.
The molecular weight markers are indicated on the right side in kb.

BX-50 coupled with a cooled CCD camera Apogee
camera control and digital image acquisition were imple-
mented with a computer using software Image-Pro. Fluo-
rescence was selectively imaged with filter cubes especial-
ly prepared by filter to minimize image registration prob-
lems and then they were merged into a single composite
image. The composite images were printed out using a
color printer.

2 Results

2.1 Association of the S locus with a nested retro-
transposon

In a previous study
63 kb containing S, RNase was isolated in Antirrhinum

a genomic fragment of ca.

and its DNA sequencing analysis revealed that four pre-
dicted ORFs open reading frames are homologous to
retrotransposons and another five ORFs representing un-
known origins Lai et al 2002 . In addition a gene
called ARSLF-S, was found to be specifically expressed
in pollen and tapetum Lai et al 2002 . To investigate
further the nature of these predicted unknown ORFs one
ORF Gene8  located besides S, RNase encoding a pre-
dicted polypeptide of 151 amino acids Lai et al 2002
was studied here. Northern blot using Gene8 as a probe
and RT-PCR

action indicated that it was not expressed in several tis-

reverse transcription-polymerase chain re-
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sues tested including anther pistil petal sepal and leaf
data not shown  indicating that it unlikely encodes an
authentic ORF .

To determine its genomic organization DNA blot
analysis was carried out using Gene8 as a probe. The re-
sult showed that it hybridized to multiple fragments in ge-
nomic DNA digested by several restriction enzymes rang-
ing from 0.1 to over 20 kb Fig.1  indicating that it is
highly repeated within the genome. To classify which type
of repeats this sequence belongs to it was further ana-
lyzed by a dot blot analysis and two nest inverted repeats
183 bp and 196 bp long respectively resembling LTRs

long terminal repeats of retrotransposons Vicient et
al 2001 as well as a target site duplication of 5 bp
were detected Fig. 2 showing that it is an LTR
retroelement and was referred to as RISI which is 2 953
bp in length. However no RNA expression and a diver-
gence of LTRs of the RISI suggested that it had lost its
transpositional activity and was a silent copy of the RIS
type retrotransposns in Antirrhinum . Database searches

unannoted rice BAC sequence ~ EMBL Acc. No.
ACO7985.2  which is highly repeated in the rice
genome based on a search against a draft rice genome se-
quence http//btn. genomics. org. cn/rice/ . Therefore
RISI represents a repetitive sequence not previously char-
acterized in Antirrhinum .
2.2 Chromosomal location of S, RNase gene
To investigate the chromosomal location of the S lo-

cus we performed fluorescence in situ hybridization

FISH of Antirrhinum mitotic metaphase chromosomes
from a self-incompatible line of S,Ss using S, RNase
gene as a probe. Consistent with the previous observation

Stubbe 1966  Antirrhinum has a total of sixteen chro-
mosomes 2n=16 Fig.3C . A doublet signal was de-
tected with S, RNase and located near the centromere
judged by the chromosome morphology Fig.3A  similar
to that in the Solanaceae and Rosaceae Entani et al
1999 Hoopen et al 1998 . No signal was detected on
the chromosome containing Ss allele Fig. 3A
tent with the sequence divergence between S, RNase and

consis-

revealed that RISI was only homologous to a part of an Ss RNase Xue et al 1996 . Although genetic and

AATCE _AMCCTACTTA GGCACCACAT GCCTATTTCG ACAAGACTCT CAGGTACCAC GTGCCATACT CTACGAAGAC ACGCAAGTAC TCTATTACCC TCGAAATCAA CATGCATGCC GCCACGTACC

CCTGGTAAGA_TTACATCTAT GCCCTTCCTT CGCCCTATAA ATAGGGAAGC AGGCAGGTCA TAAAGGAGTA GGGAAGTCAG GTCAGAGGTA GACUGGGTGA GATCCAGAAG TAAGTAGGCA GGACACGCAC
B

»
AAMAATCAAG GAACATAGAC GACAATCCAG CGAGCAGACA GCTAAAGGCC ACACCTAGAG AGAGTGAGCA TAAGGGAGCA CGAGCCCACA GTGGAAGATC GAGCGAATGA AGAATGGGTT CCCCACGAGE

»>
ACARCCGTTG AGTACATGCT AGRAAGGAAG AAATTCTTAG AGGTACTTTC ATGCTAGAAR GGARGARATT CTTCCTGAAT TCGACAATGA GCTGAGTACA TGCTTTTACT TACTAAAGGG AATCGTCAAC

TGAAGGGTGT AGCAATCAAC [ATGGTCAATC AACATTAATT TGGGGGTCCC CAGGTTGATG ATTCGAGAGA GCATCCGAGG AACTCTATAA GGGTTTITAG TGGATTTGGA TGTGAGGATG ATGCCTOGATI

PTTGQAACTA TTTCAATTTT CACTACATAG TTGAGCAAAG AAATGGCTTG AATAACTACA AACCAATAGT ATCAACACAT GAGAAAGAAT GGCGAGATTA TTCTTATCTG AATGCTACCC ACCATGAAAQ

[TTATGAAGCT CAAGAATAAT ATAATGAGTT TCGCTCAAAA GGATACTGAG AAGGTCTGTG AAGCTTGGAC TAGATTTTAA ACTCTAGTAG CTAATTTCCC ACAACATGAG ATGTTICAAT TTTCTCATTT|

ETGTAACITC TATGCTGGGC GACATAAAGA CAAAAAGAAT ACATTATATG CCACAACAGG AGGGAGTTTT ATGACATTAG CTGATGACGA AGCTTTTGAA CTTATGGAGT ATATCGTGTA AAATCAGAGG

ARATGGATAA CAAAAGGGAG TGGGATAGGA AGACTACGGG TTTACACCAA GTCGGAGAGT ATGTGATGAG TCTCTCATAT ACTCATCTTA TATGTGACAA AAAAGACTAA TTATGAGCTA GTTTCTTAAG
TATTTTGTGT CTATTTACTT GTTTTCCTTT GTTTTCATGT TTAGGAATTA ATTTGGTAAA RATGGATGAA AAGTGGTCGA AAAATGGAGG TACGGACAAA CATGCAAGCA ACCATGCGAA GGGATGGGAA
GGAGCAAAAT CGCATAGAAG TATGCGAACC TATGCAATCA CATAGGACCG CATAGGAAAG ATTGGGAAGC ACAATGCGAC TGAACAGATC TCATAACTTG AAGATGACGT GGCCATAATT ATGCATCCGC
TGCATGCARA GGGAGTATGC GATCACATAG GCTCTACCAA ACCATCTTCA CAAATAAAAC GTAACAAAGC TACGATGGCC TAAACTTGGC CAACCTCAAT AAAGTTTTTT ACATAGGAAT TGAACTAATA
CGGTGACAAC ATATCCTATA AATATAGCAT CGCTAATCAA CTACCTTCAT GTCATGGAAT GTCTCGGGCA TTTCCACATT CTCTTCAAGC ATTATGCGTC CAAAAGACTA CAAAGCCTAG TCTATTACAA
ACACAGACTC ACCCCAAAAG TGGGTGCCCT GAAAGTTTAT TCTTCAAAAC TTTAGTACAT TGATTCATGT TTAAATTGCA TATCTCCCAC ATCATTTTGG AAGTTGCTGT AGTCATAGTG TCTGTARAGT
CTAGATATGC ATCCACCTAT GCTTCCTATC GGTTCATTAT TTCTGATAAC ACTCCATGTT TTTGCTTTTT TTGCTATGTT TGGAATGTAG TCTTCGGTGT AGGAACTGTT AGTGAATTAT GTGTAAACAT
CCACCATTGT GCGTAGCCTC TATCTTACTT TTTCCCACCT ATATATGAAA CAGGTAGAAA TCCACACAAC TTTTGGAGCT TTTTAGGGTA TTTGAAAGAA AGGGAGAGCC AAGAACAAGA CTCAGAGTTT

GAATTGATGT ATTTACGTAT TTTTACTTTG TTAAGTCTTT AGTTTATGTT TTTGAAACAC TTAGTATTTA GTTCATTATT GATGATGCCT GCGGATCGCC ATGCCCGTTA CTGAGGUAGT TCGCACGCCG

TGGGTATGTA TTCTCTAGTT GTTTCCTCTT TATATCTCCC TATCTATITA TGACATGTCT GCTTCCCTAT TTATAGGGCG AGGGAAGGGC ATAGATGTAA TCTTACCAGG GGGCACGTGT CGGCATGCAT
<~

<
GTTGATTCGG_AGGGTAATAG AGTGCTTTGE GTGICTTCGT AGAGTGGGGC ACGTGGTGCC TCAGTAGGTT CGTAGAGTAG GGCACGTGGT GCCTGAGTAG GTT AATCG

Fig.2. Recrotransposon in the S locus RISI sequence.
Two nested inverted repeats are indicated by arrowed straight and dotted lines respectively. A target site duplication is italicized and the se-
quence corresponding to the predicted ORF  Gene8 is boxed.
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Fig.3.

Chromosomal location of the Antirrhinum S locus by FISH.

A. FISH using S, RNase as probe. The arrows indicate the doublet signal detected near the centromere of the smallest chromosome. Bar =
1 pm. B. FISH using S, BAC as probe. The arrows indicate two separate doublet signals on both sides of the centromere of all eight pairs of

the chromosome. Bar=1 pm. The same chromosome spread was separately used in A and B. C. Antirrhinum root tip at metaphase.

RFLP analysis showed that the Antirrhinum S locus is
linked to ¢yc  cycloidea it is not clear which chromo-
some contains ¢yc  Xue 2000 . Based on an estimation
of the chromosome sizes Fig.3  the S, RNase-contain-
ing chromosome appeared to be the smallest and therefore
we tentatively conclude that the S locus is located on
chromosome 8 in Antirrhinum .
2.3 The pericentromeric position of the S locus
To further determine in which particular portion of

the centromere the S locus resides the S,BAC clone

Lai et al 2002 was used for FISH analysis. The result
showed that it hybridized to two doublet signals near the
centromeres on all eight pairs of the chromosomes located
on separate chromosomal arms Fig.3B  indicating that
the S, allele contains repetitive sequences rich on both
sides of the centromeres a region known as pericen-
tromere Mayer et al 1999 Fransz et al 2000 . Due
to the chromosome preparation some chromosomes had
faint and obscure signals but the signals were clearly as-
sociated with the centromeres Fig.3B . Taken together
the Antirrhinum S locus specifically resides in the peri-
centromeric region.

3 Discussion

We have provided the evidence that the Antirrhinum
S locus is located within the pericentrimeric region —giv-
ing rise to further support for the notion that the S RNase-
based self-incompatibility systems share a common evolu-
tionary origin Xue et al 1996 Igic and Kohn 2001
The pericentromeric position of the S locus has important
implications in its origin and functional maintenance as

well as further structural analysis.

The centromeric location of the S locus of several
species in the Solanaceae and Rosaceae Bernacchi and
Tanksley 1997 Entani et al 1999 Ten Hoopen et al
1998 and in Antirrhinum  this study clearly supports a
monophyletic origin of the S loci from three S-RNase-
based self-incompatible families Xue et al 1996 Igic
and Kohn 2001 . However it is not clear in which par-
ticular portion of the centromere the S locus resides. The
flanking sequence analysis of an S RNase gene in
Petunia hybrida showed that it has three repeats of 666
bp long which specifically hybridized to the centromere
but it is likely that the hybridization could be due to the
presence of similar repeats within the centromere Entani
et al 1999 . In this study we demonstrated that the
Antirrhinum S locus is actually located in the pericen-
tromere indicating that the S loci in the S RNase-based
self-incompatible families are located at the similar chro-
mosomal region .

The sequenced pericentromeric regions in Arabidop-
sis have shown that they are repetitive in structure but dif-
ferent from the centromere core consisting of numerous
dispersed repeats sometimes interspersed with functional
genes Mayer et al 1999 Fransz et al 2000 Haupt et
al 2001 . The centromere core is largely composed of
abundant tandem arranged 180 bp repeats and dispersed
repeats such as 106B  whereas the pericentromere con-
tains mainly retrotransposon elements  Fransz et al
2000 . At present the number of active genes is not
known but at least some active genes reside within these
highly heterochromatic regions Fransz et al 2000 . The
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pericentromere of Arabidopsis chromosome 4 has a pre-
dicted gene density of less than one gene per 100 kb
Mayer et al 1999 two transcribed
genes have been found in the S locus within a space of
10 kb and sequence analysis of the Antirrhimum 63 kb
BAC clone insert revealed that this region is rich in retro-
transposons Lai et al 2002 . Extensive experiments on
several other predicted genes within the sequenced 63 kb
region did not yield any confirmation of their expression
data not shown . The association of RISI or its relatives
with two expressed genes in the 63 kb region shows that
the pericentromeres in Antirrhinum and Arabidopsis are
similar in structure with up to about 30% transposable
elements and a similar expressed gene density Fransz et
al 2000 Haupt et al 2001
The association of the S locus with the pericen-
tromeric region is likely closely related to its origin and
functional maintenance. A centromere is a distinguished
morphological primary construction of chromosome and
plays an important role in the segregation of chromosome.
In general the centromeric region is condensed through-
out the cell cycle thus there is little possibility of recom-
bination in the region around the centromere Haupt et
al 2001 . Therefore the S locus exists in a region of
high genetics stability. The allelic specificity of S RNases
exemplified by their extensive divergence is likely an out-
come of accumulation of point mutations rather than intra-
genic recombination Coleman and Kao 1992 Tsai et
al 1992 . The lack of the intragenic recombination in the
S locus appears to be related to its pericentromeric loca-
tion where recombination is severely suppressed resulting
in the preservation of the sequence uniqueness of each S
allele. The retrotansposons like RISI and other repeats
Entani et al 1999 identified in the S locus suggest
that frequent transpositions occur within this region. Its
implications in shaping up the S locus as well as its func-
tion are clearly worthy of further investigation. As sug-
gested before McCubbin and Kao 2000  the abundant
repeat sequences in the S locus will make the identifica-
tion of Sp through a fine structural analysis of the S locus
in the S RNase-based self-incompatible systems a difficult
task. In the future a functional complementation strategy
using BIBAC  McCubbin et al 2000b or TAC clones
covering the S locus via transformation might be useful for
cloning Sp .

. In Antirrhinum
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