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Figure 8. Histochemical Localization of GUS Activity in Transgenic Arabidopsis Expressing the ARK2 Promoterr.uidA Fusion.
(A) A vernalized seed and two 2-day-old seedlings. There is no detectable GUS activity. Bar = 0.5 mm.
(B) and (C) Four-day-old seedlings. Note the blue staining in the tip of the cotyledons in (B) and the basipetal progression of staining in (C).
Bars = 1 mm.
(D) Five-day-old seedling. The entire cotyledonary blade stained blue. Bar = 1 mm.
(E) Seven-day-old seedling. Blue staining is visible in the tips of the first pair of leaves. Bar = 1 mm.
(F) and (G) Two- and four-week-old seedlings. Intense blue staining is visible only in the leaf blades of mature leaves. Bars = 1 mm.
(H) Inflorescence. Intense blue staining is restricted to the sepals of floral buds and flowers. Bar = 0.5 mm.
(I) Mature flower. In addition to strong staining in the sepals, weak blue staining is visible in the style (arrow). Bar = 0.5 mm.

9E and 9F). In addition, six of the seven transgenic families
exhibited very low levels of GUS activity in leaves (data not
shown).

DISCUSSION

We have shown that the Arabidopsis genome contains six
genes that exhibit sequence similarity with members of the
Brassica S gene family. Of the four functional genes contained

in these regions, only the AtSI gene was found to exhibit floral-
specific expression. The observation that the AtS1 promoter
is active specifically in papillar cells together with the immuno-
logical relatedness of AtS1 to Brassica SLR1 supports the
hypothesis that the AtS1 and SLR1 genes are functional homo-
logs and strongly suggests that their respective protein
products perform a pollination-related function common to self-
incompatible and self-fertile crucifers.

In contrast to AtS1, the ARK2 and ARK3 genes are expressed
predominantly in vegetative tissues. We found that the activi-
ties of VneARK2 and ARK3 promoters differed both qualitatively
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Figure 9. Histochemical Localization of GUS Activity in Transgenic Arabidopsis Expressing the ARK3 Promoter::u/d/\ Fusion.

(A) Eight-day-old seedling. Blue staining is visible in the central core of the transition zone (arrow) between the root and hypocotyl. No staining
is evident in the aerial parts of the seedling. Bar = 0.5 mm.
(B) and (C) Enlarged view of GUS staining in the root-hypocotyl transition zone (B) and at the base of lateral root initials (arrows in [B] and
(C)). Bars = 1 mm.
(D), (E), and (F) Five-week-old plant. In (D), roots were stained blue at the base of emerging lateral roots. In (E), a nodal region was stained
at the site of origin of an axillary bud. In (F), a portion of an inflorescence showed staining at the base of axillary buds and flower pedicels (arrow).
Bars in (E) and (F) = 1 mm; the bar in (D) = 0.3 mm.
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and quantitatively. The ARK2 promoter was found to direct con- 
sistent and relatively high expression in the leaf blade as well 
as in sepals, paralleling the maturation of these structures. 
No expression from this promoter was detected in anthers, pe- 
tals, pedicels, petioles, stems, or roots. The ARK3 promoter 
was also active in leaves but at much lower levels than the 
ARK2 promoter, as revealed by the faint and variable blue stain- 
ing observed in leaves of different transgenic plants. No overlap 
between the sites of ARK2 and ARK3 expression was observed 
in other organ systemsof the plant. Thus, in roots and inflores- 
cences, ARK3 promoter activity was limited to a small subset 
of cells at the root-hypocotyl transition and at the base of lateral 
roots, lateral shoots, and flower pedicels. Significantly, except 
for the low leve1 of ARK2 promoter activity observed in the styles 
of mature flowers, the ARK2 and ARK3 promoters as well as 
the ARKl promoter (C.M. Tobias and J.B. Nasrallah, manu- 
script in preparation) were not active in reproductive organs. 
In particular, the observation that the ARK promoters are not 
active in stigmatic papillar cells argues against a functional 
association between ARK and AS7  gene products and sug- 
gests that, unlike Brassica SLG, AtSl does not function in 
conjunction with a receptor-like protein kinase, at least not one 
with which it would share a substantial degree of sequence 
identity. More generally, the absence of ARK promoter activ- 
ity in stigmas, ovaries, anthers, and pollen grains argues 
against a pollination- or fertilization-related function for these 
receptor-like protein kinases in Arabidopsis. 

Rather, the data presented in this study are consistent with 
the notion that theARK2and ARK3 genes function during de- 
velopment of the Arabidopsis sporophyte, perhaps in processes 
related to organ maturation andlor the establishment of growth 
pattern transitions. Based on DNA sequence analysis, the 
ARK2 and ARK3 proteins are predicted to be transmembrane 
proteins, with extracellular S domains that are proposed to func- 
tion in the binding of a specific ligand, thereby initiating signal 
transduction and eliciting the appropriate cellular response. 
Biochemical evidence will be required to determine whether 
the ARK2 and ARK3 proteins do in fact exhibit intrinsic kinase 
activity. Nevertheless, based on the presence of the DLKASN 
and GTYGYMSP consensus sequences in their kinase domains, 
these proteins are predicted to have serinelthreonine rather 
than tyrosine kinase specificity. Indeed, the Brassica SRK 
proteins were shown to exhibit intrinsic serinehhreonine protein 
kinase activity (Goring and Rothstein, 1992; Stein and Nasrallah, 
1993), and a similar substrate specificity was shown for the 
Arabidopsis ARKl protein (C.M. Tobias and J.B. Nasrallah, 
manuscript in preparation). 

The relatively high degree of sequence conservation ob- 
served between the ARK kinase domains suggests that they 
may phosphorylate the same or related cytoplasmic substrates. 
In contrast, we found that the S domains of the ARK genes 
exhibit a higher degree of sequence divergence than their ki- 
nase domains (Tables 1 and 2). This was especially apparent 
in the comparison of the tandemly repeated ARKl and ARK2 
genes, for which the divergences in amino acid sequence iden- 
tity for the S and kinase domains were 21.4 versus 7%, 

respectively. This divergence of the S domains among the var- 
ious ARK receptor protein kinases suggests that they may be 
activated by different ligands. Taken together with the nonover- 
lapping expression patterns of the ARKgenes, the data suggest 
that the putative receptor protein kinases encoded by these 
genes have distinct functions. 

The Arabidopsis S-related sequences define four genomic 
regions that occur as two genetically linked clusters on two 
distinct chromosomes. In Brassica, it has been shown that gene 
duplication events have occurred repeatedly during the evo- 
lution of the Sgene family. In particular, a duplication apparently 
led to the generation of the S locus gene pair SLG and SRK 
(Tantikanjana et al., 1993). Duplication events appear to have 
occurred in the Arabidopsis genome as well. A relatively re- 
cent gene duplication event is suggested by the arrangement 
of the highly similar ARKl and ARK2 genes as a tandem re- 
peat. Gene duplications are also likely to have been involved 
in generating the S pseudogenes of region 3. These pseu- 
dogenes show >90% identity with the A S 7  gene. The SY7 
gene also shows >87.9% identity in its flanking sequences rel- 
ative to the corresponding flanking sequences of AtS7. When 
the S pseudogene sequences are compared with each other, 
35 point mutations and two deletions relative to theAfS7 gene 
are found common to both SY7 and SY2a, SY2p, and SY2y. 
This observation suggests that two duplication events may have 
occurred to generate the S pseudogenes: an initial duplica- 
tion of theAfS7 gene to an unlinked chromosomal site would 
have generated SY7 and related flanking regions; a second 
duplication of SY7 to a linked site followed by a series of inser- 
tions of extraneous DNA would have subsequently generated 
thesplit SY2a, SY2p, and SY2y pseudogenes. It is interesting 
to note that neither SY7 nor SY2y contains the 1-bp insertion 
that occurs in AtS7 at nucleotide position 1252, which shifts 
the reading frame of the AfS7 gene relative to the Brassica 
SLR7 gene (Dwyer et al., 1992). This mutation must have oc- 
curred in theAfS7 gene after the initial duplication event that 
generated the S pseudogenes. 

Interestingly, when S pseudogene sequences are compared 
with the Brassica SLRl and SLGs genes, all consistently show 
more nucleotide identity with SLRl (high 70%) than with SLGs 
(low 70%). Furthermore, no kinase-homologous sequences 
occur in the vicinity of the pseudogenes, as determined by 
pulse field gel electrophoresis (data not shown). These two 
observations support the hypothesis that the S pseudogenes 
are derived from the AtS7 gene, as suggested previously, and 
intimate that these pseudogenes are not the remnants of an 
Arabidopsis equivalent of the Brassica S locus SLG and SRK 
genes. In fact, we found no evidence, based on either nucleo- 
tide sequence or expression pattern, for the existence of an 
SLGISRK-like gene pair in the Arabidopsis genome that might 
correspond to the Brassica S locus or that might function in 
pollination. In particular, the AtS7 and ARK3 genes, which ex- 
hibit tight genetic linkage, share only 60% sequence identity, 
are expressed in different cell types, and are therefore func- 
tionally unrelated. Thus, if an ancestral S locus equivalent ever 
existed in the Arabidopsis lineage, it has apparently been 
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deleted during the evolution of this self-fertile genus. It is in- 
teresting to note in this context that deletion of Brassica S locus 
gene sequences has been reported to result in the breakdown 
of self-incompatibility (Nasrallah et al., 1994) and is therefore 
an important factor in shaping breeding behavior in the largely 
self-incompatible Brassica species. 

In any event, the observation that the papillar cells of 
Arabidopsis apparently do not express an S-related receptor 
protein kinase suggests that pollination responses in this spe- 
cies, although perhaps requiring a secreted glycoprotein such 
as AtS1, are not likely to be mediated by signaling receptors 
closely related to the Brassica S locus gene products. This 
conclusion is consistent with the results of previously reported 
transgenic studies in which papillar cells were specifically ab- 
lated in Arabidopsis plants transformed with a gene fusion 
between the promoter of the Brassica SLG promoter and 
subunit A of diphtheria toxin (Thorsness et al., 1993). These 
ablated papillar cells, although biochemically inactive, still al- 
lowed, albeit at reduced efficiency, the development of pollen 
grains in crosses to the wild type, indicating that successful 
pollen tube development in Arabidopsis does not require sig- 
naling by papillar cells. Thus, the comparative analysis of 
Arabidopsis and Brassica provides no evidence for the evolu- 
tion of the Brassica self-incompatibility system from a signaling 
system operative in compatible pollination. However, the se- 
quence and expression data presented here strongly suggest 
that the Brassica SLG/SRK gene pair operative in the highly 
specific discrimination between self- and cross-pollen was 
recruited from vegetatively expressed genes that have a func- 
tion unrelated to pollination. 

METHODS 

Plant Material 

Arabidopsis thaliana strain C24 was obtained from M. Jacobs (Vrije 
Universiteit, Brussels, Belgium) and strain RLD from C. Somerville 
(Carnegie lnstitution of Washington, Stanford, CA). For restriction frag- 
ment length polymorphism (RFLP) mapping, the recombinant inbred 
lines developed by C. Lister and C. Dean (John lnnes Institute, Nor- 
wick, U.K.) were obtained from the Arabidopsis Biological Resource 
Center at Ohio State University (Columbus, OH). 

lsolation of Arabidopsis S-Related Sequences and Nucleotide 
Sequence Analysis 

An Arabidopsis Columbia genomic library consisting of parlially 
digested Mbol DNA fragments and constructed in the vector EMBL3 
was obtained from Clonetech (Palo Alto, CA) and used for lhe first 
screening with cDNA probes derived from the Brassica SLG (S Locus 
Glycoprotein) and SLR7 (S Locus-Related 1) genes. An Arabidopsis 
Columbia genomic library consisting of partially digested Sau3Al DNA 
fragments and constructed in the bacteriophage h vector EMBL4 was 
used for the second screening with Arabidopsis AtSl and Arabidop- 
sis Receptor Kinase ( A R 4  gene probes. The AtS7 and ARK cDNA 

probes were obtained from a cDNA library derived from Arabidopsis 
floral bud poly(A)+ RNA and constructed in the A. vector Uni-ZAP XR 
(Stratagene). The libraries were screened as described by Sambrook 
e1 al. (1989). DNA probes were labeled with phosphorous-32 by the 
method of Feinberg and Vogelstein (1983) using the random primer 
labeling system of Boehringer Mannheim. Positively hybridizing phage 
from the genomic libraries were purified and their DNA isolated ac- 
cording to the methcd of Thomas and Davis (1975). Positively hybridizing 
phage from the cDNA library were purified and their DNA isolated as 
pBluescript phagemids according to protocols supplied by the manufac- 
lurer (Stratagene). The regions that hybridized to S domain and kinase 
probes found on the genomic clones were delinealed by DNAgel blot 
analysis (Southern, 1975) and subcloned either into pUC118/pUC119 
(Vieira and Messing, 1987) or pBluescript SK+ and KS+ (Stralagene) 
plasmid vectors. Nested deletions spaced at -200-b~ intervals were 
generated by Exolll digestion using the Erase-A-Base system 
(Promega). Nucleotide sequence was determined by the dideox- 
ynucleotide chain termination melhod (Sanger et al., 1977) modified 
for double-stranded DNA sequencing (Chen and Seeburg, 1985) and 
using the Sequenase V2 kit (U.S. Biochemical Corp.). For lhe DNA 
blot analysis used to correlate the cloned S-related regions with the 
organization of the S gene family in the Arabidopsis genome, genomic 
DNA from the Columbia ecotype was obtained from Clonetech. The 
method used in this and DNA gel blot analyses performed to deter- 
mine the chromosomal location of the S-related regions by RFLP 
mapping was as described by Dwyer et al. (1992). 

Detection of Gene Expression by RNA Polymerase Chain 
Reaction Amplification 

Poly(A)+ RNA was isolated from the indicated Arabidopsis tissues 
using the MicroFast Track kit (Invitrogen, San Diego, CA). For amplifi- 
cation by polymerase chain reaction (PCR), poly(A)+ RNA was treated 
with RNase-free DNasel (Boehringer Mannheim), as suggested by Grillo 
and Margolis (1990). The resulting DNA-free poly(A)+ RNA was am- 
plified with the GeneAmp RNA PCR kit (Perkin Elmer Cetus, Norwalk, 
CT) using gene-specific synthetic oligonucleotides (Midland Co., Mid- 
land, TX). PCR-generated fragments were detected by electrophoresis 
of one-lenth to one-fifth of lhe PCRs in 1 to 1.2% (wh) agarose gels. 

Protein lmmunoblot Analysis 

To produce an AtSl fusion protein, we generated a 982-bp 89111 frag- 
ment containing AtS7 coding region sequences from position +314 
through +1291 bp and subcloned this fragment into the BamHl site 
of expression vector pGEX-3X (Pharmacia). The resulting clone, pKDX9, 
determined to have the correcl orientation of theAtS7 insert by Hindlll 
and Sstl digestion, contained the glutathionine S-transferase coding 
region fused to that of AtS7 commencing 106 codons downstream of 
the start codon and ending at codon 430. The pKDX9 fusion protein 
was expressed in Escherichia coli JM109 afler induction wilh 0.1 mM 
isopropyl P-o-thiogalactopyranoside for 4 hr at 3OOC. Cells were lysed 
by sonication in phosphate-buffered saline, pH 7.4, containing 1% (vh) 
Triton X-100, and the bacterial extracts were subjected to SDS-PAGE 
on 10% (wh) polyacrylamide preparative gels and detected by Coomas- 
sie Brilliant Blue R 250 staining. The fusion protein was isolated by 
electroelution according to the procedure of Hunkapillar et al. (1983) 
and was used to immunize a rabbit at the Cornell University Polyclonal 
Anlibody Production Facility. 
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For immunoblot analysis, Arabidopsis stigmas were ground at liq- 
uid nitrogen temperature in an Eppendorf tube with a fitted pestle. 
Proteins were extracted either in 10 mM Tris-HCI buffer, pH 7.2, or in 
a sample extraction solution containing 80 mM Tris-HCI, pH 6.8, 1% 
(w/v) SDS, 1.5% (w/v) dithiothreitol, and 10% (v/v) glycerol. Routinely, 
three stigmas were extracted in 25 pL of buffer, and the entire extract 
was loaded in one gel lane for electrophoresis. Stigmas of Brassica 
napus were processed in the same manner, except that proteins from 
two stigmas were extracted in 50 pL of buffer and one-tenth of the 
final volume was loaded per lane. SDS-PAGE, electrophoretic trans- 
fer to nitrocellulose membrane, and treatment with primary antibody 
followed by treatment with alkaline phosphatase-conjugated anti-rabbit 
IgG secondary antibody were performed as described earlier (Umbach 
et al., 1990). 

Construction of Reporter Gene Fusions, Plant Transformation, 
and Histochemical Analysis of b-Glucuronidase Activity 

DNA fragments containing 5' upstream sequences of the AfSI, ARK2, 
and ARW genes were generated by PCR amplification using the 
GeneAmp PCR kit and the appropriate promoter-specific primers (Mid- 
land Co.). To facilitate cloning, a BamHl restriction site was incorporated 
into the synthetic primers. All of the antisense primer sequences were 
chosen to locate the ATG start codon of the P-glucuronidase (GUS) 
reporter gene at the same relative position as the ATG start codon 
of the corresponding S gene. The DNA fragments thus made were 
cloned into the pCRll vector using the TACloning kit (Invitrogen). Each 
of the promoter inserts was excised from this vector by BamHl diges- 
tion and cloned into the BamHl site of the GUSexpression vector pBllOl 
vector 5' of the uidA gene encoding the GUS protein followed by a 
polyadenylation site (Jefferson et al., 1987). The correct orientation 
of the promoter relative to the GUS coding sequences was verified 
by restriction enzyme digestion, by PCR amplification with appropri- 
ate primers, and by DNA sequencing. 

The resulting chimeric ConStructs were introduced into Agmbac@rium 
rumefaciens pCIB542/A136 (derived from helper plasmid pEHA101; 
Hood et al.; 1986). Transformation of Arabidopsis C24 was performed 
by the method of Valvekens et al. (1988), and transgenic plants were 
selected on the basis of kanamycin resistance. Stable integration of 
the transgene was confirmed by DNA gel blot analysis. 

GUS assays were performed histochemically with the chromogenic 
substrate 5-bromo-4-chloro-3-indoyl glucuronide (X-gluc; Jefferson et 
al., 1987) as detailed by Toriyama et al. (1991). To monitor GUS activity 
at early stages of plant development, T2 seeds generated by the self- 
ing of primary transformants were sterilized, sown on Murashige and 
Skoog plates (Murashige and Skoog, 1962), and vernalized for 3 days 
at 4OC. The plates were then transferred to a 25OC growth chamber 
for germination and subsequent growth. Staining for GUS activity was 
performed on developing seedlings starting 1 day after transferring 
the plates to 25OC. GUS activity at later stages of development was 
assayed in growth chamber- or greenhouse-grown plants. 
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