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ABSTRACT Gametophytic self-incompatibility in the So-
lanaceae is controlled by a single, nultiafleic locus, the S locus.
We have recently described an allele of the S locus of Lyco-
persicon peruvianum that caused this normally self-incompat-
ible plant to become self-compatible. We have now character-
ized two glycoproteins present in the styles of self-compatible
and self-incompatible accessions of L. peruvianum: one is a
ribonuclease that cosegregates with a functional self-incom-
patibility allele (S6 allele); the other cosegregates with the
self-compatible allele (S, allele) but has no ribonuclease activ-
ity. The derived amino acid sequences of the cDNAs encoding
the S6 and Sc glycoproteins resemble sequences of other ribo-
nucleass encoded by the S locus. The derived sequence for the
S. glycoprotein differs from the others by lacking one of the
hidine residues found in all other S-locus ribonucleases.
These findings demonstrate the essential role of ribonuclease
activity in self-incompatibility and lend further weight to
evidence that this hisidine residue is involved in the catalytic
site of the enzyme.

Self-incompatibility is a major factor affecting mating sys-
tems in flowering plants (1, 2). In plants with gametophytic
self-incompatibility such as members of the Solanaceae,
rejection or acceptance of pollen tubes by the style is
controlled by a single, multiallelic locus, the S locus. Pollen
expresses its haploid S genotype, and matings are incompat-
ible if the S allele of the pollen is matched by one of the two
alleles expressed in the pistil. Thus, self-incompatibility is an
example of recognition between plant cells; the underlying
mechanism may be similar to other recognition systems in
plants such as those involved in host-pathogen interactions
(3, 4). The products of the S locus are a class of extracellular
glycoproteins with RNase activity called S-RNases (5, 6).
The genes that encode these proteins cosegregate with alleles
of the S locus (7, 8). S-RNases are abundant proteins found
in high concentrations in the transmitting tract of the style,
the site at which inhibition of pollen tubes occurs during
incompatible matings (9). Sequences of S-RNase alleles from
different solanaceous species share a characteristic structure
that includes five short stretches of highly conserved se-
quence (10). Two of these conserved regions correspond to
the sequences surrounding the catalytic domains of fungal
RNases and include both of the histidine residues essential
for catalytic activity (11).

Recently, Lee et al. (12) and Murfett et al. (13) have shown
that manipulating the expression of S-RNases in Petunia
inflata or a hybrid Nicotiana affected the self-incompatibility
phenotype ofthe style. This finding provided direct evidence
for the role of the stylar S-RNase protein in self-
incompatibility. We have worked with Lycopersicon peruvi-

anum, a species that is almost entirely self-incompatible
except for a single self-compatible accession (LA2157) found
in Peru growing near a population of self-incompatible plants
(accession LA2163; refs. 14 and 15). Previously, we demon-
strated that self-compatibility in LA2157 is controlled by a
single gene that behaves as an allele of the S locus in a series
of crosses with LA2163 (16), a result also reported by
Bernatzky and Miller (17). We called this nonfunctional
allele, Sea Here, we report the purification of the protein
encoded by the S, allele, the cloning and sequencing of a
cDNA corresponding to this protein, and the comparison of
this sequence to that derived from the S6 allele isolated
similarly from the LA2163 accession. We demonstrate that
the S, allele encodes a protein that lacks RNase activity
presumably due to the lack of a histidine that is thought to be
at the active site ofthe enzyme; these findings reinforce other
evidence that the RNase activity of stylar S glycoproteins is
essential for the expression of self-incompatibility.¶

MATERIALS AND METHODS
Plant Materials. Two accessions of L. peruvianum

(LA2157 and LA2163) were collected in the province of
Cajamarca, northern Peru, by Charles Rick (Tomato Genet-
ics Resource Center, University of California, Davis).
LA2157 is self-compatible and has S genotype SS,; LA2163
is self-incompatible and has the S genotype 56S7 (16). L.
peruvianum plants homozygous for the S6 allele were pro-
duced by self-pollinating heterozygous individuals at the
green bud stage as described (16).

Purification and N-Terminal Sequencing of the S6 and S,
Glycoproteins. Extracts from 50 styles of plants homozygous
for the S6 or S, alleles were prepared and fractionated by
cation-exchange chromatography as described (18). S glyco-
proteins recovered from the extract after ammonium sulfate
fractionation (50-95%) were desalted on a Sephadex G-25
column and applied to a Mono S (HR 5/5) cation-exchange
column (Pharmacia). The column was washed with a linear
NaCl gradient (0-0.5 M) and the eluant was continuously
monitored for absorbance at 280 nm. Each fraction was
assayed for RNase activity as described (6).

Following initial enrichment by cation-exchange chroma-
tography, fractions containing S glycoproteins were rechro-
matographed on a reverse-phase column (C-8, Brownlee
Lab) using a gradient of acetonitrile (0-60%) in 0.1% tri-
fluoroacetic acid. The eluant from the column was continu-
ously monitored at 280 nm, the peak containing S glycopro-
teins was collected, and the N-terminal sequence of the

Abbreviations: S locus, self-incompatibility locus; S-RNase, S-locus
ribonuclease; Sc allele, self-compatible allele.
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1The sequences reported in this paper have been deposited in the
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Z26583 (S6 glycoprotein)].
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FiG. 1. (A) Elution profiles of style extracts from self-compatible
and self-incompatible accessions of L. peruvianum. (a) Profile after
cation-exchange chromatography of style extracts obtained from
plants homozygous for the S6 allele. (b) Profile after cation-exchange
chromatography of style extracts obtained from plants homozygous
for the Sc, allele. Chromatography was performed on a Mono S
cation-exchange column washed with a linear salt gradient (0-0.5 M).
The eluant was continuously monitored for absorbance at 280 nm
(solid line) and RNase activity ofeach fraction was measured (dotted
line). The S6 glycoprotein co-eluted with a major peak of RNase
activity; no RNase activity was detected in the peak containing the

S, glycoprotein. (B) N-terminal amino acid sequence ofthe S6 and Sc
glycoproteins. Fractions containing S glycoproteins (A) were rechro-
matographed on a reverse-phase column prior to automated sequenc-
ing as described by Mau et al. (19). The amino acid sequences ofboth
glycoproteins can be aligned with those of other S-RNases (see Fig.
3B).

proteins was determined by automated Edman degradation
on a gas-phase sequencer as described (19).
RNA Exftraton and PCR. RNA was isolated from styles of

S6S6 or SS, plants using the hot-phenol method (20) and
first-strand cDNA was synthesized from 3 Mg of total RNA
by avian myeloblastosis virus reverse transcriptase (BRL)
using oligo(dT) as a primer. PCR was performed on the
cDNA template using Taq DNA polymerase (Perkin-Elmer)
according to the manufacturer's recommended protocol and
primers pC2f [5'-AA(T/C)TT(T/C)AC(A/C/G/T)(A/
G)T(A/C/G/T)CA(T/C)GG(A/C/G/T)(C/T)T(A/C/G/
T)TGGC] and pC5 [5'-GTCGAAACATATACCTATCTCC]
that correspond in sequence to conserved regions C2 and C5
of S-RNases (10, 21). The amplified products were ligated
into plasmid pCRII (Invitrogen) and sequenced to confirm
similarity to S-RNase sequences. Fragment 2B20 was de-
rived by the above protocol using RNA from S6S6 styles as
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FIG. 2. Northern analysis of RNA from styles of S6 or S,
homozygous plants probed with DNA fragments specific to each
genotype. The DNA fragments were obtained by reverse transcrip-
tion of style RNA, followed by PCR using as primers, oligonucleo-
tides based on conserved domains found in S-RNases (10). The probe
2B20 was obtained by this procedure using RNA from styles of S6S6
plants as a template; 2B20 detects a message of "1 kb present in the
S6S6 genotype but not the ScS, genotype (A). The probe FB33 was
obtained by this procedure using RNA from styles of ScS, plants as
a template; FB33 detects a message of -1 kb present in the ScS
genotype but not the S6S6 genotype (B). The sizes of the molecular
mass markers (BRL) are in kb.

starting material and fragment FB33 was obtained usingRNA
from SS, styles.

Northern Blot Analyses. Samples containing 5 ig of RNA
were electrophoresed on formaldehyde/1.5% (wt/vol) aga-
rose gels and transferred to Hybond-N filters (Amersham).
The PCR-derived DNA fragments, 2B20 and FB33, were
labeled with [32P]dCTP and hybridized to the filters, which
were then washed in 0.1x SSC/0.1% SDS at 500C for 20 min
before being exposed to film.

Isolation ofcDNA Clones. Double-stranded cDNA, synthe-
sized from 2.5 Mg of poly(A)+ RNA isolated from styles of
SS, or S6S6 individuals, was used in the preparation of
cDNA libraries using a commercial kit (Stratagene). Librar-
ies were screened with 32P-labeled 2B20 or FB33, plaques
that hybridized to these probes were isolated, and plasmid
DNA was purified by standard procedures. The sequence of
the cDNA inserts was determined using a Taq DyeDeoxy
sequencing kit (Applied Biosystems) and analyzed on an
Applied Biosystems 373A DNA sequencer.

RESULTS AND DISCUSSION
Although L. peruvianum is a highly polymorphic species, the
accessions LA2163 and LA2157 are morphologically identi-
cal, indicating that they are closely related (16). The two
accessions differ in that LA2163 is self-incompatible, as are
all other available accessions of L. peruvianum, whereas
LA2157 is self-fertile. Styles of S, homozygous plants lack
RNase activity and the S, allele cosegregates with a protein
that resembles other S-RNases in its biochemical properties
(16).
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Protein extracts from styles of plants of the LA2157
accession (genotype SCSC) and plants derived from the
LA2163 accession (genotype 56S6) were fractionated by
cation-exchange chromatography, and the individual frac-
tions were assayed for RNase activity (Fig. 1A). In both
extracts, a major protein peak that eluted from the column
with -0.4 M NaCl was detected. This peak coeluted with a
single peak of RNase activity in the extracts from'S6S6 styles
(Fig. 1A, a), while no RNase activity was detected in the
protein fractions from ScSc styles. The proteins in these major
peaks from S6S6 or ScS, stylar extracts were examined by
SDS gel electrophoresis and contained a single major poly-
peptide of 30.4 and 29.7 kDa, respectively (data not shown).
These polypeptides comigrated with the stylar proteins that
were previously shown to be associated with the S6 or Sc
alleles (16). The N-terminal sequences ofthese proteins were
determined (Fig.- 1B) and could be aligned with the sequence
of conserved amino acids found at the N terminus of
S-RNases (see Fig. 3B).
Two probes for genes that encode S glycoproteins were

obtained by PCR using cDNA derived from stylar RNA as
template and oligonucleotides that matched' regions of con-
served sequence in S-RNases as primers. The region ofDNA
amplified by these primers includes the "hypervariable"
domain of S-RNases, a region of sequence rich in variation
between different alleles (2, 10). One of the probes (FB33)
was produced by using RNA from ScSc styles and the other
(2B20) by using RNA from S6S6 styles. The probes do not
hybridize with each other (data not shown) and only hybrid-
ized to stylar RNA of the genotype from which they were
derived (Fig. 2). Both probes detected a mRNA of '1 kb.
These probes were used to screen cDNA libraries prepared
from styles of either the ScSc or the S6S6 genotype, and the
sequence ofrepresentative clones from each library is'shown
in Fig. 3. The derived amino acid sequences at the N termini
of these clones correspond exactly with those obtained from
the purified S6 and S, glycoproteins, and overall, the two
sequences share 78% positional identity. Significantly, the S'

A Cl
S6 D F E L L E L V S T W P A T F C Y A Y G C

SC Y 1 1 Y : : : : : :

allele has an asparagine residue at position 33, a position
occupied by a histidine residue in all other S-RNases se-
quenced to date (Fig. 3B). This substitution in the S, allele
results from a single nucleotide alteration (C -- A) at the first
base of the codon. The replacement of this histidine is
particularly interesting because the sequence motifs sur-
rounding Se histidine residues at positions 33 and 96 (C2 and
C3 in Fig. 3B) are common to all members of the RNase T2
family (2, 6, 23) and are essential for enzymatic activity of
S-RNases tY. H. Liu and A.E.C., unpublished results) and
fungal RNases (11).
Because of the predominance of self-incompatibility in L.

peruvianum, Rick (15) considered that self-compatibility in
LA2157 must be derived from a self-incompatible progenitor.
We have observed that self-compatibility in this accession
results from a nonfunctional 'allele of the S locus and,
furthermore, this allele encodes a protein that lacks RNase
activity (16). Neither the self-incompatible progenitor of
LA2157 nor the functional allele from which the S, allele was
derived is available. Thus, we cannot exclude the possibility
that changes other than the histidine-to-asparagine change at
position 33 were involved in the conversion of the self-
incompatible ancestral line into the modem self-compatible
accession. Further testing is necessary to determine whether
this single amino acid change is sufficient to change the
self-incompatibility phenotype to a self-compatible pheno-
type by expressing a modified version of the S, allele in
transgenic L. peruvianum. Notwithstanding this limitation,
we have shown that the RNase activity of these style glyco-
proteins is an essential part of self-incompatibility.

Secreted RNases are distributed widely in eukaryotic
organisms (24, 25). Some RNases such as angiogenin, a
potent inducer of blood vessel growth (26), have hormonal
functions with the RNase activity playing some rolein the
biological action (27, 28). In our study of self-incompatibility
in plants, the availability ofa natural mutant that had lost both
stylar RNase activity' and self-incompatibility provided a
system to demonstrate the direct involvement ofthis enzymic

C2
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S5 lyc

Srl sol
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FelleLVstWP ..... nFTiNGLWP ......kHGsCs..... ikdrfDLL ... EigiCl
FelleLVstWP ..... nFTiHGLWP ......kHGtCg..... ikdkfDLL ... EigiCl
FeymqLVltWP ..... nFTiHGLWP ......kHGtCc..... lrdkfDLL ... EigiCf
FeymqLVlqWP ..... nFTiHGLWP ......kHGtCc..... lkdkfDLL ... EvgiCf
FdymqLVltWP ..... nFTiHGLWP ......kHGtCc..... lkekfDLL ... EigiCf
FelleLVstWP .....nFTiHGLWP .....kHGsCs.... ikdrfDLL ... EigiCl

FiG. 3. (A) Derived amino acid sequence of the S6 allele from L. peruvianum (shown in the one-letter code) and comparison of this to the
S, allele. Identical amino acids in the S, allele are indicated as: and gaps as -. Only the amino acids present in the mature S6 and S, glycoproteins
are considered in this comparison, and the N terminus determined from the purified proteins (Fig. 1B) is underlined. Boxed regions show the
conserved domains, C1-C5 (10). All residues normally conserved in S-RNases (10) are present in the S, glycoprotein except the histidine residue
at position 33, which is replaced by an asparagine. This amino acid change results from a single change inthe codon (CAC-- AAC). (B) Alignment
of the conserved domains (Cl-C5) from five representative S-RNases and the Sc glycoprotein. Uppercase letters indicate amino acids present
in all sequenced S-RNases (10). The Sc lyc and S6 lyc sequences are L. peruvianum sequences taken from this paper; S2 nic and S6 nic are
sequences oftwo alleles from Nicotiana alata (7), S5 lyc is another allele from L. peruvianum (10), and Sri sol is from Solanum tuberosum (22).
The asparagine residue present in the Sc glycoprotein sequence is indicated in bold-face type.
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function in the physiological role of S-RNases. However, the
enzymic function of the protein is unlikely to be the sole
determinant of self-incompatibility; in particular, the hyper-
variable region of S-RNases is believed to be required for
allelic specificity (10). Furthermore, mutational studies indi-
cate that other genes within the S locus are essential for
self-incompatibility (for example, see ref. 29). This is con-
firmed by the presence of RNases similar to S-RNases in the
pistils ofa number of self-compatible solanaceous plants (ref.
30; J. Golz and M.A., unpublished results). Thus, it appears
that the RNase activity of S-RNases is necessary but not
sufficient to determine self-incompatibility in solanaceous
plants.
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