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Abstract

Self-incompatibility in Brassica species is regulated by a set of S-locus genes: SLG, SRK, and SP11/SCR.
In the vicinity of the S-locus genes, several expressed genes, SLL2 and SP2/ClpP, etc., were identified
in B. campestris. Arabidopsis thaliana is a self-compatible Brassica relative, and its complete genome
has been sequenced. From comparison of the genomic sequences between B. campestris and A. thaliana,
microsynteny between gene clusters of Arabidopsis and Brassica SLL2 regions was observed, though the
S-locus genes, SLG, SRK, and SP11/SCR were not found in the region of Arabidopsis. Almost all genes
predicted in this region of Arabidopsis were expressed in both vegetative and reproductive organs, suggesting
that the genes in the SLL2 region might not be related to self-incompatibility. Considering the recent
speculation that the S-locus genes were translocated as a single unit between Arabidopsis and Brassica, the
translocation might have occurred in the region between the SLL2 and SP7 genes.
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Many flowering plants have mechanisms to avoid
self-fertilization. One of such mechanisms is
self-incompatibility (SI), which is defined as the inability
of a fertile hermaphrodite plant to produce zygotes af-
ter self-pollination.1 In Brassica species, the SI system is
sporophytically controlled by a single S locus with mul-
tiple alleles.2 At the Brassica S locus, three highly poly-
morphic genes, SRK (S receptor kinase), SLG (S locus
glycoprotein) and SP11/SCR (S locus protein 11 or S
locus cysteine-rich protein), regulate the recognition re-
action of SI, and occur in tandem.3–10

In the flanking regions of the three SI genes,
12 expressed genes, including SP2, SP4, and SLL2
(S locus-linked gene 2), were identified in the S9

haplotype of B. campestris.3 The genomic organiza-
tion of S locus might be conserved in Brassica
species.5,11 In self-compatible cruciferous plants such as
Arabidopsis thaliana, SP2/ClpP, and SLL2 were iden-
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tified on chromosome I, and the region was reported
to be homeologous to the S locus region.12 Because
SRK and SLG were not in the S homeologous region of
A. thaliana, the report was interesting as it provides evo-
lutional evidence of deletion of self-recognition genes in
the self-compatible Brassica relatives.

In the present report, by using information of genome
sequence of A. thaliana, we analyzed the 170-kb con-
tiguous DNA sequence that was expected to contain
the S-locus homeologous region of A. thaliana in or-
der to examine the gene organization and microsyn-
teny of the S-homeologous regions at the sequence level.
The results revealed that not only SLG and SRK, but
also SP11/SCR, were absent in the SLL2 region of
A. thaliana. All of the genes expressed in this region were
characterized in detail, and the evolutional relationship
between the region and SI is discussed.

1. Genomic Organization of the SLL2 Region in
A. thaliana

According to Conner et al. (1998),12 several genes
whose orthologs were linked to the SI genes in Brassica
were localized on the right arm of chromosome I in



216 Characterization of SLL2 Region in Arabidopsis [Vol. 8,

10 kb

T12I7 F4N21
F28G11

5' 

telomere

AtSLL2

3' 

AtSP3

AtSP4 AtSP8 AtSP2F28G11-13

F28G11-11

F28F11-14 F28G11-1

Atorf-b1
Atorf-b2

AtSP1-1AtSP1-2
AtSP1-3

F28G11-10

F4N21

 3'

 centromere

  5'
AtSP7

F4N21-14

F4N21-2

F4N21-4

Figure 1. Gene map of the 170-kb contiguous genomic region of A. thaliana SLL2 region. The region corresponding to the BAC
F28G11, T12I7, F4N21 is indicated by the thin bar below the map. The boxes denote the location of the 47 predicted genes: the
transcription of the genes is in the opposite direction above and below the physical map. Microsynteny observed between genes
is indicated by filled boxes between Arabidopsis and Brassica (see text and Fig. 2 in detail). Striped boxes on the map represent
the genes which were reported by Cui et al. (1999)11 and Conner et al. (1998).12 Open boxes indicate the predicted genes by AGI
annotation. The possible existence of genes (exons) in the 170-kb contiguous DNA sequence was predicted by using GENSCAN
program18 and GenMark.19

A. thaliana. In Conner’s map, SLL213 and SP2/ClpP3,14

were tightly linked in A. thaliana. To determine whether
or not other Brassica S-linked genes were linked to
SLL2 and SP2/ClpP in Arabidopsis, we searched the
Arabidopsis BAC database at the TAIR (The Arabidopsis
Information Resource) web site for BAC clones which
contain SLL2 and SP2/ClpP. We found a 180-kb
BAC clone, named T12I7, containing both SLL2 and
SP2/ClpP, and speculated that T12I7 might include
the Brassica S-locus counterpart region of A. thaliana
reported in Conner et al. (1998).12 When we found
the BAC clone T12I7, the sequence data was merely
draft data and contained many undetermined sequences.
Therefore, we obtained BAC DNA of the T12I7 clones
(kindly gifted from the Arabidopsis Biological Resource
Center), for further analysis. PCR amplification with the
T12I7 BAC DNA as a template confirmed the existence
of the SLL2, SP2/ClpP, SP3/CePP, SP4/SPA, SP7, and
SP8/Fmt (all of them were known to be linked to the
S-locus genes in Brassica)3,11,13–16 in the T12I7 clones.
The nucleotide sequence homology of the Brassica and
Arabidopsis genes ranged from 46% to 88%. Therefore,
we designated them as AtSLL2, AtSP2, AtSP3, AtSP4,
AtSP7, and AtSP8, respectively.

At the time the complete genome sequence of
A. thaliana was published by AGI (Arabidopsis Genome
Initiative),17 the T12I7 region was covered by three new
BAC clones (F28G11: AC074025, T12I7: AC079285,
F4N21: AC013288). The contig of the three BAC clones
(F28G11, T12I7, F4N21) was about 170-kb in length.

From the complete sequence of the 170-kb contig,
47 protein-coding regions were predicted by GENSCAN
and GENMARK (Fig. 1); all of them were predicted
as genes in the annotation of the AGI sequence.17 The
gene density of this region was high at one gene ev-

ery 3.61 kb. AtSLL2, AtSP2, AtSP3, AtSP4, AtSP7,
and AtSP8 were located on these contigs, as shown in
a gene map of Arabidopsis SLL2 region (Fig. 1). AtSP3,
AtSP4, and AtSP8 were clustered, and AtSP2 was lo-
cated in the immediate vicinity of SLL2; these gene ar-
rangements are similar to that observed in the S9 haplo-
type of B. campestris.3 Three annotated ORFs (T12I7-6,
T12I7-7, and T12I7-8) homologous to SP1 were tandemly
located upstream of AtSP2, and were named as AtSP1-1,
AtSP1-2, and AtSP1-3, respectively (Fig. 2). In the
case of orf-b, one of the ORFs in the Brassica S9 lo-
cus estimated by Suzuki et al. (1999),3 two homolo-
gous ORFs (F4N21-20 and F4N21-21) were tandemly
duplicated between AtSP1-3 and AtSP2, and were des-
ignated as Atorf-b1, Atorf-b2, respectively The high de-
gree of synteny between gene clusters of Arabidopsis and
Brassica SLL2 regions indicates that the two regions are
homeologous (Fig. 2).

However, SP5, SP6, SP10, orf-a, orf-c, and SAE1
that were reported to be linked to the S locus in the
S9 haplotype of B. campestris3,15 were not identified in
T12I7. The counterpart of SP5 had been found in chro-
mosome I, as described previously.3 An ORF homologous
to SAE1 was mapped in chromosome V. ORFs homolo-
gous to both SP10 and orf-c were widely scattered in the
Arabidopsis genome. In contrast, no orf-a counterpart
was found in Arabidopsis. Because of the short nucleotide
sequence of SP6, we could not determine which gene was
a counterpart of Arabidopsis.

In the 170-kb SLL2 region, putative genes for
F28G11-13 (calmodulin), F28G11-11 (fructokinase),
F28G11-1 (sucrose proton sympoter), and F4N21-14
(DNA ligase), whose orthologs were mapped on the flank-
ing region of the S locus in Brassica species,11,12 were also
identified, indicating that this SLL2 region of Arabidopsis
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Figure 2. Comparative map of SLL2 region between B. campestris S9 haplotype and A. thaliana. Microsynteny was observed between
genes indicated by filled boxes between Arabidopsis and Brassica. The sequences represented by striped boxes in B. campestris
S9 were not identified in the Arabidopsis SLL2 region. Homology searches were performed using the BLAST program20 and
GENETYX-WIN Ver. 5.0 software (Software Development).

is homeologous to the Brassica S region (Fig. 1).
Sequences orthologous to Brassica SI genes, such as

SRK, SLG, and SP11/SCR, were not found in the
Arabidopsis SLL2 region. Very recently, Kusaba et al.
(2001)21 reported that SRK and SP11/SCR orthologs
were mapped to an ARK3 region of chromosome IV of
A. thaliana from the comparison with the S locus re-
gion of self-incompatible A. lyrata, a close relative of
A. thaliana. The SRK and SP11/SCR orthologs of
A. thaliana encodes nonfunctional protein, suggesting
that A. thaliana is self-compatible due to inactivation
of the SI genes by mutation. Thus, the Brassica S lo-
cus is located in a region that is syntenous with the
SLL2 region of A. thaliana chromosome I,12 whereas the
A. lyrata S locus is in a region corresponding to the
ARK3 region of A. thaliana chromosome IV.21 Therefore,
the S locus complex was translocated as a unit between
these chromosomal positions, and only genes related to
self-recognition, SRK and SP11/SCR, were included in
the unit. Although the direction of the S-locus translo-
cation events cannot be determined, either insertion of
SI genes in Brassica or deletion of those in Arabidopsis
occurred in the SLL2 region, possibly between SLL2 and
SP7 (see the gene map in Fig. 2), because the SI genes
are located between SLL2 and SP7 in the S9 haplotype
of B. campestris.3

2. Expression of Predicted Genes in the
Arabidopsis SLL2 Region

In a wild species of tomato having gametophytic SI,
genes regulating floral traits have been mapped near the
S locus, indicating that genes related to reproductive
functions formed a cluster.22 Thus, it is important to
determine the function of the genes, which are located at
the flanking region of S locus in Brassica species.

Thus, we performed RT-PCR analysis followed by

DNA gel blot analysis to determine the expression of the
genes in the Arabidopsis 170-kb SLL2 region. AtSP2,
AtSP3, AtSP4, AtSP7, AtSP8, and AtSLL2 were ex-
pressed in both leaves and flower buds (Fig. 3). RT-PCR
products of AtSP3 were more abundant in leaves than
in flower buds. The signal intensity of the RT-PCR
products of AtSP2, AtSP4, AtSP7, AtSP8, and AtSLL2
was similar between samples of leaves and flower buds.
Among other genes located in the SLL2 region, we per-
formed RT-PCR analysis for selected 22 genes. Repre-
sentative results of RT-PCR of six genes are presented
in Fig. 3. Expression of the LTP (Lipid transfer protein:
F4N21-4) was identified in flower buds but not in leaves.
The expression of serine/threonine-type protein kinase
(F28G11-10) and β-1,3-glucanase-like protein (F4N21-2)
was predominant in flower buds. Therefore, it is possible
that the genes for LTP, serine/threonine-type protein ki-
nase, and β-1,3-glucanase-like protein are involved in the
biological reaction of the reproductive organs, for exam-
ple, pollen-stigma interaction. In fact, a gene homolo-
gous to LTP (F4N21-4) was specifically expressed in the
anther at the uninucleate microspore stage.25 During mi-
crosporogenesis, a β-1,3-glucanase has important roles in
the degradation of callose, a β-1,3-glucan.26,27 However,
other all genes we examined were expressed in both leaves
and flower buds with the same intensity, as in the case of
calmodulin (F28G11-13), zinc-finger protein (F4N21-6)
and cytochrome P450 (F28G11-4) in Fig. 3. Thus, ex-
pression of most of the genes in the SLL2 region was
not specific to flower buds. It is likely that these genes
in the SLL2 region are related to housekeeping functions
and/or vegetative development rather than pollen-stigma
interaction. It appears that the SLL2 region is not
related to SI recognition reaction. This conclusion is
consistent with the report that the true S homeolo-
gous locus of A. thaliana is the region containing the
SRK and SP11/SCR orthologs near the ARK3 gene in
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Figure 3. Expression of the predicted genes in Arabidopsis SLL2 region. Poly(A)+ RNA was extracted from leaves (L) and flower buds
(F) of A. thaliana ecotype Columbia using the FastTrack mRNA isolation kit (Invitrogen). A reverse transcriptase reaction was carried
out in the presence (+) or absence (−) of reverse transcriptase enzyme (First-Strand cDNA synthesis kit; Amersham-Pharmacia), and
then cDNA was used as a template for PCR amplification with gene-specific primers. RT-PCR was performed according to the method
of Watanabe et al. (2000).6 The V-ATPase gene23 was amplified as a positive control. The PCR products were size-fractionated
by agarose electrophoresis and transferred to a nylon membrane (Roche). Hybridization and detection of the hybridized probe was
carried out as described by Watanabe et al. (2000)6 and Matsuda et al. (1996),24 except that the membranes were washed twice in
0.1 × SSC, 0.1% SDS at 65◦C for 20 min.

chromosome IV.21
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