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The genes encoding three RNases were cloned from the style of a self-incompatible cultivar,
Nijisseiki (&£,), and its self-compatible mutant, Osa-Nijisseiki (S^S,501, sm means stylar
part mutant), of Japanese pear. For Nijisseiki, cDNAs coding for two S-RNases (Sj-RNase
and S,-RNase) and an RNase unrelated to self-incompatibility (non-S-RNase) were cloned
from the stylar cDNA library. The cDNAs coding for S>-RNase, S4 -RNase, and non-S-RNase
include 678-, 684-, and 681-bp open reading frames, respectively. Their deduced ami no acid
sequences were composed of signal peptides and mature RNases (201-203 residues) which
were verified by partial ami no acid sequencing. The primary structures of mature proteins
revealed that these RNases are of the RNase T2 type; only the two S-RNases have several
potential iV-glycosylation sites and 60% of their ami no acid residues are identical,
compared with 25% sequence identity with the non-S-RNase. Such a distinct difference in
the primary structures between S-RNases and non-S-RNase has not previously been
reported and may be a feature typical of S-RNases in the family Rosaceae. Similar
experiments were performed for Osa-Nijisseiki. The cDNAs coding for Sz-RNase and
non-S-RNase were similarly cloned from the stylar cDNA library. However, the cDNA
coding for S< -RNase was neither amplified by PCR nor cloned from the library, suggesting
that the mutation of self-incompatible Nijisseiki to self-compatible Osa-Nijisseiki is due to
a failure of expression of S4-RNase. These results lead to the idea that Osa-Nijisseiki is a
variant of Nijisseiki in which the S,-allelic gene in the S-locus is exclusively mutated or
deleted, causing severely impaired or suppressed expression of its gene product, S4 -RNase,
at the style.
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Self-incompatibility is a system that prevents inbreeding Nicotiana alata (tobacco) Sj-glycoprotein is a member of
and promotes outbreeding in higher plants and that is the RNaseT2 family (8, 9) and this has been confirmed
controlled by a single locus (S-locus) with multiple alleles experimentally (10). RNase activity has subsequently been
(I). This system is classified into two types, gametophytic found for other S-glycoproteins from tobacco (11), petunia
and sporophytic, on the timing of S gene expression in (12-16), tomato (17-21), and potato (22-25). The S-
pollen. In gametophytic self-incompatibility, growth of the glycoproteins showing this enzyme activity are referred to
pollen tube having the same S-allele as one of the S-alleles as S-RNase. Very recently, experiments using transgenic
in the pistil is inhibited in the style. The S-allele specific plants for petunia (26, 27) and tobacco (28) revealed that
protein (S-glycoprotein) that is synthesized in the style active RNase in the style is essential to the expression of
prior to an thesis has been proposed to be responsible for self-incompatibility for these solanaceous plants. The
segregation between self and nonself pollens and for arrest involvement of S-RNase in the degradation of ribosomal
of pollen tube growth (2-7). We have predicted that RNA in the pollen tube upon self-pollination has been

proposed, but the mechanism of access of the enzyme to the
• This work was supported in part by a Grant-in-Aid for Scientific ribosome remains unclear (29, 30).
Research on Priority Areas to F.S. ('Genetic Dissection of Sexual W e are interested m the system of gametophytic self-
Differentiation and Pollination Process in Higher Plants," No. incompatibility in Japanese pear of the family Rosaceae for
07281103) from the Ministry of Education, Science, Sports and several reasons. The first is to determine if the self-incom-
Culture of Japan. The nucleotide sequences data reported in this patibility system of rosaceous plants involves S-RNase.
paper will appear in the GSDB, DDBJ, EMBL, NCBI nucleotide S e v e n geno types have been genetically identified and
S^tot^-^^S^^^'MWimd - i ^ t o a v a i l a b l e ^dividual cultivars of Japanese pear
'To whom correspondence should be addressed. Tel: +81-6-879- (31-33). This indicates that, m most cases, the stylar
8618, Fax: +81-6-879-8619, E-mail: norioka6protein.osaka-u.ac.jp S-RNase can be unambiguously assigned to each S-geno-
Abbreviation: PTH, phenylthiohydantoin. type by identifying a common S-RNase among two or more
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cultivars of which the S-genotypes are genetically identi-
fied. The second reason is based on the fact that a self-in-
compatible cultivar, Nijisseiki (S2S4), and its natural
self-compatible mutant, Osa-Nijisseiki, have been found in
Japanese pear. Based on the result of crossing experiments,
Osa-Nijisseiki is identified as a cultivar in which the
self-incompatibility gene (S-gene) in the style of Nijisseiki
is exclusively mutated without affecting the S-genotype of
its haploid pollen. This self-compatible mutant of Nijisseiki
is referred to as SiS,*" (sm denotes stylar-part mutant)
(34). Accordingly, it was expected that the comparative
investigation of S-RNases in these two closely related
cultivars would provide a deeper understanding of the
molecular basis of the association between gametophytic
self-incompatibility and S-RNase.

In this communication, we deal with the molecular
cloning and nucleotide sequences of cDNAs encoding
RNases from the style of Nijisseiki and Osa-Nijisseiki and
discuss a possible mechanism for the mutation of the
former self-incompatible cultivar to the latter self-com-
patible cultivar. We also describe the amino acid sequence
deduced from nucleotide sequences, assignment of individ-
ual RNases to S-RNase or non-S-RNase, a self-incom-
patibility unlinked RNase, and the analysis of sequence
information of the three RNases in the style of Nijisseiki.

MATERIALS AND METHODS

Materials—The flowers of Nijisseiki and Osa-Nijisseiki
were collected at the Tottori Horticultural Experiment
Station (Yura, Tottori) in 1994. The styles of each flower at
the white bud stage were collected, rapidly frozen in liquid
nitrogen and stored at — 70*C until use. Fast Track™
mRNA isolation kits were purchased from Lnvitrogen.
AmpliTaq DNA polymerase, cDNA synthesis kit and
BcaBEST™ dideoxy sequencing kit were bought from
Takara. EcoBI-Notl adaptor and Packaging INN were from
Pharmacia and Nippon Gene, respectively. Hybond N+

filter and a--32P-dCTP were purchased from Amersham.
Isolation of Total RNA—Total RNA was extracted from

the styles of Nijisseiki white buds based on the method of
Chomczynski and Sacchi (35). The frozen styles from 500
Nijisseiki white buds were ground to a fine powder with a
mortar and a pestle in liquid nitrogen. After the liquid
nitrogen had evaporated, 10 ml of the extract buffer (5 M
guanidine isothiocyanate, 50 mM Tris-HCl pH 7.5, 10 mM
EDTA, 30 mg/ml Polyclar AT, 5% 2-mercaptoethanol, and
0.5% sodium iV-lauroyl sarcosinate) was added and the
insoluble materials were removed by centrifugation. Sub-
sequently, 2M sodium acetate (pH4.0) (800 pt\), water-
saturated phenol (8 ml), and chloroform-isoamyl alcohol
mixture (24:1) (4 ml) were added to the supernatant (8
ml), and the solution was mixed thoroughly and cooled on
ice for 15 min. After centrifugation, the aqueous phase (9
ml) was mixed with isopropanol (9 ml) and held at — 20"C
for 2 h to precipitate RNA. The RNA pellet collected by
centrifugation was washed with 70% ethanol and dried in
vacuo.

Isolation of mRNA—mRNAs were isolated from total
RNA using the Fast Track™ mRNA isolation kit according
to the manufacturer's instructions.

Construction of cDNA Library in XgtlO—cDNAs were
synthesized with cDNA synthesis kits according to the

manufacturer's instructions. Following the addition of the
EcoBl-Notl adaptors and the kination of their 5'-ends, the
cDNAs were ligated to the .EcoRI site of AgtlO and
packaged in vitro with Packaging INN according to the
manufacturer's instructions.

PCR Amplification of cDNA—Oligonucleotides #1 and #2
were synthesized based on the amino acid sequence of
non-S-RNase and oligonucleotides #3 and #4 were synthe-
sized based on the amino acid sequence of S,-RNase. A pair
of primers #1 and #2 (primer #l-#2) or primers #3 and #4
(primer #3-#4) was used for PCR amplification. The se-
quences of these oligonucleotides are as follows:

#1 5' CA(C/T)ACITG(C/T)TG(C/T)TA(T/C)CC 3'
#2 5' (C/T)TT(A/G)TT(A/G)CA(C/T)TGIATICC 3'
#3 5' TTTACGCAGCAATATCAG 3'
#4 5' G(C/T)GGGGGCA(A/G)T(T/C)TATGAA 3'

The reaction mixture for PCR amplification contained 10
mM Tris-HCl (pH8.3), 50 mM KC1, 1.5 mM MgCl2,
0.001% (w/v) gelatin, 0.2 mM each of dNTP, 2.5 U Ampli-
Taq DNA polymerase, 15 pmol each of two appropriate
primers, and 30 ng of cDNA in a 50 /xl reaction volume. The
reaction was run for 30-35 cycles of 40 s at 94*C, 2 min at
40'C for primer #l-#2 or at 48'C for primer #3-#4, and 2
min at 70'C, with initial denaturation for 2 min at 94"C and
final extension for 10 min at 70*C using a HYBAID™
Thermal Reactor (Hook & Tucker Instruments). The PCR
products were applied to 6% polyacrylamide gels to check
their sizes, or separated by 1.5% agarose gel electropho-
resis to purify DNA fragments. DNA fragments were also
purified from excised gel slices according to the method of
Qian and Wilkinson (36), blunt-ended by T4 polymerase
and ligated to the HincU site of the multiple cloning site of
M13mpl9 for DNA sequencing.

Screening of the cDNA Library—Plaques were grown at
a density of 10,000-20,000/10 X 14 cm square plate at 3TC
overnight. For the Nijisseiki cDNA library, 100,000
plaques were screened with PCR-fragments from primer
#l-#2 and 80,000 plaques with those from primer #3-#4.

1 2 3 4 5

Fig. 1. PCR-amplIfied fragments from Nijisseiki and Osa-
Nijisseiki cDNAs. PCR was carried out by the method described in
•MATERIALS AND METHODS" and 5 ̂ 1 of a 50 //I PCR mixture of
each sample was subjected to 6% PAGE. Lane 1, amplified with
primers #1 and #2 for Nijisseiki cDNA; lane 2, with primers #1 and
#2 for Osa-Nijisseiki cDNA; lane 3, with primers #3 and #4 for
Nijisseiki cDNA; lane 4, with primers #3 and #4 for Osa-Nijisseiki
cDNA; lane 5, pHY molecular marker.
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For the Osa-Nijisseiki cDNA library, 50,000 plaques Were
screened with those from primer #l-#2 or #3-#4. Plaques
were transferred to a Hybond N+ filter according to the
manufacturer's instructions. Prehybridization of the filters
was carried out for 1-4 h at 42*C in a hybridization buffer
containing 50% formamide, 5 X SSC, 5 X Denhardt's solu-
tion, and 100 //g/ml of denatured salmon sperm DNA. The
filters were then hybridized at 42°C overnight with the
32P-labeled PCR-amplified fragments, washed three times
with 0.1 X SSC containing 0.1% SDS at 65"C for 30 min and

autoradiographed for one day with an intensifying screen
at -80*C.

DNA Sequencing Analysis—cDNA clones encoding
RNases were subcloned into M13mpl9 or M13mpl8. The
single strand DNA sequencing was performed by the
dideoxynucleotide chain terminating method using Bca-
BEST™ Dideoxy Sequencing Kits with a DNA sequencer
DSQ-1 (Shimadzu).

FRl
CACAC6T6CT6CTATCCCAA6TCAG6AAA6CCTACAGCA6ATTTT6ECATTCATBGTCTATG6CCTAATTATAAGAAT6GT66CTACCCC 90

H T C C Y P K S G K P T A O F G I H G L W P N Y K N G G Y P

TCCAACTGTGATCCCGACAGCGTCTTCGACAAATCTCAGATCTCAGAGCTGTTGACCABTCTTAATAAGAACTGGCCATCACTGAGCTBC 180

S N C D P D S V F D K S Q I S E L L T S L N K N W P S L S C

CCAAETA6CAACBGTTACAGGTTCT66TCACATGAAT6GGAAAA6CACGGGACTT6CTCCBA8TCC6A6CTCGATCAGAAAGA6TACTTC 270

P S S N 6 Y R F W S H E W E K H G T C S E S E L D Q K E Y F

6AA6CA6CCCTCAAACTCA6AGAAAAA6TTAACCTTCTACAAATTCTAAAAMT6CTG6AATC6TGCCAAATGAT6AACTTTACAACCTA 360

E A A L K L R E K V N L L Q I L K N A G I V P N O E L Y N L

6AGAECATA6T6GAA6CTATAAAAGTAGET6TTGGGCACACCCCAG6CATCCAAT6CAACAA6

E S I V E A I K V G V C H T P G I Q C N K

423

PR2
TTTAC6CA6CAATATCA6CAG6CTTTCTGCAACTCTAATCCTACTCCTT0TAA6GATCCTCCTEACAAfiTTGTTTAC66TTCACGETTTG 90
F T O Q Y Q Q A F C N S N P T P C K D P P O K L F T V H G L

TG6CCTTCAACCAAAGTA6GAC6TGACCCAGAATATTGCAAGACAAAGAGATATCGGAA6ATACAAAGACTC6AACCCCAGTTGGAAATT 180
W P S T K V G R D P E Y C K T K R Y R K I Q R L E P Q L E I

ATTT66CC6AAC6TATCC6ATCGAAAAGCTAATCGAGGCTTCTGGC6TAAACAGT6GTACAAACATGGCTCCTGTGC6TCTCCCGCATTG 270
I W P N V S 0 R K A N R 6 F W R K Q W Y K H G S C A S P A L

CCGAACCAGAAGCATTACTTTGAAACAGTAATCAGAATGTTCTTAGCGGAGAAACAAAACGTCTCTAGAATCCTCTCAAT6GCGACGATT 360
P N O K H Y F E T V I R M F L A E K Q N V S R I L S H A T I

GAACC66AGGG6AAAAACAG6ACACTGTTBGAAATTCAAAAT6CCATAC6C6CTGGTACCAACAATAT6ATACCAAAACTCAAGTGCCAA 450
E P E G K N R T L L E I Q N A I R A 6 T N N U I P K L K C Q

AA6BTTAAT6S6ATBACTGAATT66TT6A66TCACTCTTTGCCAC6ATASCAACTTAAC6CA6TTCATAAATT6CCCCCGC
K V N G H T E L V E V T L C H D S N L T Q F I N C P R

531

PR3
TTTAC6CA6CAATATCA6CC66CCGTAT6CAACTCTAATCCTACTCCTT6TAACGATCCTACT6ACAA6TTGTTTAC66TTCACG6TTT6 90

F T O Q Y Q P A V C N S N P T P C N D P T D K L F T V H G L

T6GCCTTCAAACA6GAATG6ACCTGACCCAGAAAAATGCAAGACTACAACCATGAATTCTCA6AA6ATAGGAAATAT6ACAGCCCAGTTG 180

W P S N R N G P D P E K C K T T T M N S Q K I 6 N M T A Q L

BAAATTATTTGGCCGAACGTTCTCAATCBAA6CGATCATGTAGGCTTCTGGGAAAGAGAGTG6CTCAAACATGGCACCTGTG6GTATCCC 270

E l I W P N V L N R S D H V 8 F W E R E W L K H G T C 6 Y P

ACAATAAAG6.ACGACATGCATTATTTAAAAACAGTAATCAAAATGTACATAACCCAGAAACAAAACGTCTCTGCAATCCTCTCA/UG6C8 360

T I K O O U H Y L K T V I K H Y I T Q K O N V S A I L S K A

ACGATTCAACCGAACGGGAATAACAG8TCACTGGT66ATATTGAAAATBCCATACGCAGTG6TAACAACAATACGAAACCAAAATTCAAG 450

T I O P N G H N R S L V O I E N A I R S G N N N T K P K F K

TGCCAAAA6AATACTA66AC6ACGACT6AATT66TT6A68TCACTCTTT6CAGTAATA6A6ACTTGACTAA6TTCATAAATTGCCCCCAC 540

C Q K N T R T T T E L V E V T L C S N R D L T K F I N C P H

Fig. 2. Nucleotide sequences of the fragments amplified with primers #1 and #2 (FRl) and with primers #3 and #4 (PR2 and FR3)
for Nijisseiki cDNA library. The regions corresponding to primers #1, #2, #3, and #4 are underlined.
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RESULTS

Construction of cDNA Library and PCR-Amplified
Fragments—The cDNA library was constructed with highly
pure mRNA that was carefully prepared from styles
collected at the white bud stage of Nijisseiki or Osa-Nijis-
seiki. Since two and more RNases have been detected in the
style of either cultivar, primers for PCR amplification using
cDNA were selected based on partial amino acid sequences
determined for non-S-RNase and S4-RNase separated
chromatographically (manuscript in preparation). Primers
#1 and #2 were designed according to two amino acid
sequences, HTCCYP (residues 21-26) andGIECNK (resi-
dues 156-161), for non-S-RNase, respectively. Similarly,
primers #3 and #4 were prepared according to the amino
acid sequences of FTQQYQ (residues 6-11) and FINCPH

(a)

(residues 180-185), respectively, in S4-RNase. For Nijis-
seiki, a 450-bp fragment was amplified with a set of
primers #1 and #2 and two closely migrating 520-bp
fragments were amplified with a pair of primers #3 and #4
(lanes 1 and 3 in Fig. 1). For Osa-Nijisseiki, the 450-bp
fragment was similarly amplified, but the 520-bp fragment
was detected as a single band (lanes 2 and 4 in Fig. 1). Then,
amplified 450- and 520-bp DNAs were purified on 1.5%
SeaPlaque" GTGR agarose gels and separately ligated into
the HincH site of M13mpl9. Although the two Nijisseiki
520-bp DNAs were separated on 6% PAGE (lane 3 in Fig.
1), they were not isolable individually on the 1.5% agarose
gel and were ligated into M13 phage without further
separation.

Nucleotide Sequences of PCR Fragments—Nucleotide
sequence analyses revealed that the 450-bp fragment from
either Nijisseiki or Osa-Nijisseiki was composed of 423 bp

10 20 30 40 50 60 70 80 90
AOCirrCAOCTAOCCATATTOTCATTCCTATAAAAAAAAACAAACCTATTTCCTCAOAAAOAAAAAAAAAAAAAAOOAOAOMAATaAOA

100 110 120 130 140 150 160 170 180

TACAOCAATACTTTOATCTTaATCAAOCTTTTMTCATTCAOTACCTCTC

190 200 210 220 230 240 250 260 270

OTTCAACAOTO<WCAa<JAOCATACT<KIOACACAAAOCATACTTOTT<X:TATCCCAAOTCAOOAAAOCCTACAOCAOATTTTO<KATTC

V Q Q W P Q A Y C D T K H T C C Y P / S O j C P T A D F O I H

280 290 300 310 320 330 340 350 360

OOTCTATOOCCTAATTATAAOOATOOTOTCTACCCCTCTAACTOTOATCCCOACAOCOTCTTCOACAAATCTCAOATCTCAOAOC

O L W P H Y _K D O 0 Y P S B C D P D 8 V F D K S Q . I S E L L

370 380 390 400 410 420 430 440 450

ACCAQTCTTAATAAOAACTarcCATCACTaAOCT<X:CCAAaTAaCAAC<MTTACA<MTTCT(K

T S L B K B W P S L 8 C P S 8 B O Y R F W 8 H E W E K H O T

460 470 480 490 500 510 520 530 540

TOCTCCOAaTCCOAKTCaATCAQAAAOAaTACTTCaAAaCAOCCCTCAAAClCAaAOAAAAAaTTAACCTTCTACAAATTCTAAAAAAT

C 6 E S E L D O . K E Y F E A A L K L R E K V B L L O . I L K B

550

OTCG

A O I V P

640 450

560 570 5B0 590 600 610 620 630
.TOATGAACTTTACAACCTAOAOAaCATAOTaaAAGCTATAAAAaTAGGTaTTaOOCACACCCCAaoaATTOAa

D E L Y B L E S I V E A I K V O V O B T P O I E

660 670 680 690 700 710 720

C H K D 8 A O H S Q L Y Q I Y L C V D T S 0 Q H I I E C P L

730 740 750 760

AAOOOACOATOTOCTTCCAAAATTCAATTCCCTAJ

L P K O R C A S K I Q F P K F

820 830 840 850

770

860

780

870

790

880

800 810

ATCTTTTACTTT

890 900

910 920 930 940 950

TOAACTrTCATOTTOCTAATAAATTTTAACCAAACTTTTOQCTAAAAAAAAAA

Fig. 3a
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(FRl) and has the same nucleotide sequence (Fig. 2). The
amino acid sequence deduced from the nucleotide sequence
included all partial amino acid sequences determined by
protein sequencing for non-S-RNase, FRl being assigned as
the PCR product of mRNA for non-S-RNase. Sequence
analyses also revealed that the two 520-bp DNAs from
Nijisseiki were actually two fragments composed of FR2
and FR3 (Fig. 2), because, of ten M13 plaques bearing the
520-bp DNA, four plaques held the FR2 fragment and the
six others included the FR3 fragment. FR2 was composed of
531 bp and its deduced amino acid sequence completely
matched all partial amino acid sequences determined for
Sj-RNase, implying that FR2 is the PCR product of mRNA
for Sj-RNase. FR2 could be amplified by PCR using the
primers for the cloning of the St -RNase gene because of the
extremely high sequence similarity (97%) of the primer
regions between & -RNase and S4-RNase. FR3 was a
540-bp fragment whose deduced amino acid sequence was
identical with the partial amino acid sequences of S4-
RNase. These results are consistent with the fact that the

339

S-genotype of Nijisseiki is &S, and that the 520-bp
fragment was amplified from Nijisseiki as double bands,
corresponding to the genes of S2- and S4-RNases, on the
polyacrylamide gel. On the other hand, the nucleotide
sequence analysis revealed that the 520-bp fragment from
Osa-Nijisseiki was a single DNA composed of 531 bp and its
nucleotide sequence was identical with that of FR2 from
Sj-RNase.

Screening of cDNA Libraries and Nucleotide Sequences
of Genes Encoding Non-S-RNase, Si-RNase, and S4-
RNase—For the Nijisseiki style cDNA library, four, six,
and six positive transfonnants were obtained by plaque
hybridization using FRl, FR2, and FR3, respectively, as
probes. The size of the inserted gene of each transformant
was checked by PCR with AgtlO primers and insertion of
the target gene was confirmed by PCR with primer #1 -#2 or
#3-#4. Two, five, and six positive clones were selected as
genes encoding non-S-RNase, S?-RNase, and S,-RNase,
respectively. Among these clones, the longest cDNA for
eachRNase {ns-nons for non-S-RNase, ns-s^ for S^-RNase,

(b )

10 20 30 40 50 60 70 80 90

100 110

A R Y D Y F Q F T Q Q Y Q Q A J ' C H S S P T

190 2 0 0 2 1 0 2 2 0 2 3 0 2 4 0 2 5 0 2 6 0 2 7 0
CCTTOTAAOOATCCTCCTOACAAGTTOTTTACGOTTCACOGTTTGTS<^CTTCAACCAAAGTAO<;ACOT(}ACCCAOAATATTGCAAOACA

P C K D P P D K L F T V H G L W P S T K V G R D P E Y C K T

280 290 3 0 0 310 3 2 0 330 340 3 5 0 360

AAGAGATATCGOAAfiATACAAAOACTCGAACCCCAGTTGGAAATTATTT(lGCCGAACOTATCCOATCGAAAAGCTAATCGAOTCTTCTOO

K R Y R K I Q R L E P Q L E I I H P H V S D R K A H R G F W

3 7 0 3 8 0 3 9 0 400 4 1 0 4 2 0 4 3 0 4 4 0 4 5 0

COTAAACAGTtWTACAAACATOOCTCCTGTGCGTCTCCCGCATTGCCGAACCAOAAGCATTACTrTGAAACAGTAATCAGAATOTTCTTA

R K Q H Y K H O B C A S P A L P B Q K H Y F E T V I R M F L

A E K Q H V S R I L S M A T I E P E O K H R T L L E I O . N A

I R A G T H H M I P K L K C Q K V H O H T E L V E V T L C B

640 650 660 670 680 690 700 710 720

OATAOCAACTTAAC(KAOTTCATAAATTOCCCCCGCCCATT(X:CACAAGCATCACCATATTTCT«CCCATTGATGATATTCAGTATTAA

D S H L T Q F I H C P R P L P Q A S P Y F C P I D D I Q Y *

730 740 750 760 770 780 790 800 810

820 830 840 850 860 870

TCAATAAATraXTITAATCAATrAAAACTCTTOTGAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

Fig. 3b
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and ns-s4 for S4-RNase) was subcloned into the M13 vector
and sequenced. The same experiment was performed for
the Osa-Nijisseiki style cDNA library. Seven and fifteen
positive transformants were obtained by plaque hybridiza-
tion using FR1 and FR2, respectively, and cDNA clones
positive to both A.gtlO primers and primer #l-#2 or primer
#3-#4 were selected. The number of positive clones thus
selected was 6 for FR1 and 14 for FR2. The longest cDNA
among these clones detected with FR1 (os-nons) and that

detected with FR2 (0S-S2) were individually subcloned into
M13 and sequenced. However, no positive DNA clone was
detected by plaque hybridization using FR3, suggesting
that the style cDNA library of Osa-Nijisseiki lacks the
cDNA corresponding to the S4-RNase gene.

The nucleotide sequence analysis revealed that ns-nons
(853 bp) and os-nons (953 bp) shared the identical 853
nucleotide sequence. Os-nons sequence included an open
reading frame of 681 nucleotides which encoded 227 amino

( C )

10 20 30 40 SO 60 70 80

CCACCACCTATACTACITaAAAAOTTTTAATC<IATCTAATTACTAATTAATCTrcCT^

90

100 110 120 130 140 150 160 170 180

ATTAC«HX»TOACATATATOTTTACAATOOTATTOTCATTAATTOTATTAATATTC

msmm F D Y F Q

F T Q Q T Q P A V C B S H P T P C W D P T D K L F T V H O L

O P D P E K C K T T T H B S Q K I O H M T A O . L

280

rCAA

K P S H R

370

OAAATTATTTOOCCi

B I I H P

460

390 400 410 420 430 440 450
AATC0AAOC<^TCATOTAa<^

V L B R S D H V O F W E R E W L K H O T C O Y P

520 530 540

T I K D D M H T L K T V I K M Y I T Q K Q V S A I L S K A

550 560 570 580 590 600 610 620 630

AC<MTTCAACCaAACQ<}aAATAACAQGTCArrGGTQ<MTATTaAAAATQCCATA^

T I Q P W O H H R 6 L V D I E H A I R S O H H M T K P K F K

640 650 660 670 680 690 700 710 720

TrcCAAAAOAATACTAO<iACaAC<MCTaAATT<WTTaAaOTCACTCTTTrc

C Q X I T X T T T B L V E V T L C S B R D L T K F I I C P B

730 740 750 760 770

AATQTTAA<mTTA

O P P K Q S R Y F C P A B V K Y *

780 790 800 810

820 830 840 850 860 870 880 890 900

OTOTOTOTQTOTOTOTOTOTOTWOTOTOTOTOTOTOTOTQ^^

910 920 930 940 950 960 970 980 990

CACTTATOTOATTOTATTTCTOATOCATAAATTO<reTTAATTAATTAAAACTCCT

997

AAAAAAA

Fig. 3. Nucleotide and deduced amino acid sequences of cDNAs owed. The amino acid sequences determined by protein sequence
encoding stylar RNases. The consensus sequences encompassing a analysis are underlined with arrows. A dashed line denotes the
translation initiation codon in a plant gene are doubly underlined, unidentifiedPTH-aminoacid, (a) os-nonscodingfornon-S-RNase; (b)
Underlines and asterisks indicate a putative polyadenylation signal ns-s, coding for S»-RNase; (c) ns-s, coding for S,-RNase.
and stop codon, respectively. The putative signal peptides are shad-
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acid residues (Fig. 3a). A putative polyadenylation signal
was found at positions 918-923. The amino acid sequence
deduced from the nucleotide sequence for mature protein
was identical with the sequences of peptides from non-S-
RNase as determined by protein sequencing (manuscript in
preparation). A typical signal peptide sequence composed
of initiator methionine and a cluster of hydrophobic resi-
dues rich in leucine and isoleucine was found in the
N-terminal 24 residues. But the cleavage site with signal
peptidase remains to be determined because the N-termi-
nus of mature non-S-RNase is blocked (unpublished data).

Similarly, the nucleotide sequence was analyzed for
ns-Sz, os-82, and ns-8t. Ns-fy was 875 bp long and included
an open reading frame of 678 nucleotides (positions 40-717
in Fig. 3b). Comparison of the amino acid sequence deduced
from the nucleotide sequence and the sequences deter-
mined for Sj-RNase showed that ns-S2 encoded the precur-
sor of S2-RNase, composed of a 201-residue mature protein
and a 25-residue signal peptide. Ns-82 had a putative
polyadenylation signal at positions 813-818. Os-fy was
approximately 250 bp longer than ns-s2- Elongation of the
nucleotide chain of 0S-S2 was due to a long poly A tail,
starting at position 846, attached to the 3'-end. However,
the size and the nucleotide sequence of an open reading
frame and the sequence and location of a putative polyA
addition signal were identical with those of ns-S2- Ns-s4 was
composed of 997 bp including a 684-bp open reading frame
at positions 85-768 (Fig. 3c). There were two candidates
for the putative polyadenylation signal at positions 925-
931 and 943-950. The amino acid sequence translated from
the nucleotide sequence was 228 residues long, which
comprised a 27-residue signal peptide and a 201-residue
mature protein. Partial amino acid sequences including
N-terminal and several internal sequences were verified by
amino acid sequencing (underlined with arrows in Fig. 3c),
suggesting that ns-st encodes the precursor of S4-RNase.

DISCUSSION

Since the discovery of RNase activity in S-glycoprotein
from Nicotiana alata (10), the mechanism of the involve-
ment of the enzyme activity in the self-incompatibility
reaction has been a major issue. To address the question of
why the self-incompatible NijisseiM had mutated to self-
compatible Osa-Nijisseiki, we must establish the role of
S-RNase in the reaction of Japanese pear. Based on genetic
analysis using crossing experiments, it has been proposed
that acquisition of self-compatibility by Osa-Nijisseiki is
due to mutation only at the S<-gene in the style (34). In the
present investigation, emphasis was placed on both charac-
terization of the genes coding for the style RNases from
NijisseiM and Osa-Nijisseiki and their structural compari-
son. It has been shown that except for one point, the
fertilization by accepting self pollen upon pollination,
Osa-Nijisseiki retains the same entities as Nijisseiki. In
fact, the apparent features of fruit, flower, tree form and
many other properties are identical for Nijisseiki and
Osa-Nijisseiki. Accordingly, it is thought that the differ-
ence in the structure and function of style S- RNases
between these two closely related self-incompatible and
self-compatible cultivars must be biochemically subtle, but
physiologically critical.

The present investigation revealed that the style of
heterozygous Nijisseiki produces three RNases. These
three RNases were unambiguously assigned as non-S-
RNase, Sj-RNase, and S4-RNase by a comparison of their
deduced amino acid sequences with the amino acid se-
quences determined at the protein level, since these
enzymes were separately isolated from style extract either
by two-dimensional gel electrophoresis (37) or by a series
of chromatographic steps (manuscript in preparation). The
presence of non- S-RNase in the style is not surprising since

650
E L V E V T L C H D S N L T Q F I N C P R P L P Q A S P Y

ns-s2 GAATlBOTTeAQGTCACrCTTreCOCGATAQCtACTTAACGCAeTTCATAAATTeCCCCCGCCCillGCCACAAflrArCACCAlAF
ns-s4 GAATTGBTTBAfiBTCACTCTITBOiGTAATAaAGACTTGACTAABTTCATAAAnBCCCCCACGCGCCICCAAAUGArCACGkTAT

E L V E V T L C S N R D L T K F I N C P H 6 P P K G S R Y
700

700
F C P I D D I Q Y *

ns-s2 irCT6CCCC«l!GATG»IATTCAGTAHAA BASE
ns-s4 TTCTaCCCCCCf»ftT---GTTMfiTArTAArr«»aA0Cfir.GCCIGGCGTCir,lCIGICTGlGrCTGIGrCTGI0rCTGICICTGIGT

F C P A N V K Y *
750 800

750 800
ns-s2 TfSr»IAl«TATA».G.MGITSGCCTA-ArACfiCATCGC(;ATrTCCArATATA0«A&SAC--6AAtGCAGrr>TSrCAtTBT
ns-s4 r:IGIGCTIGTGTGTGTGTGI6IGI»tO6CCTAIATACQSA.T6»CIATtfCCATATATA.CfiAC6*«»TGAMACAVTTATiTS>TTBT

850 900

850
ns-s2
ns-s4

950

Fig. 4. Nucleotide sequence alignment between ns-8z and ns-s,. Conserved nucleotides between the two genes are shadowed. Underlines
and asterisks indicate a putative polyadenylation signal and stop codon, respectively. The numberings shown above and below the alignment
are based on ns-Sj and ns-84, respectively.
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at least one non-S-RNase exists in the style of self-in-
compatible Nicotiana alata (38) and Petunia inflata (39).

Three cDNA clones encoding style RNases were obtained
from Nijisseiki. However, the cDNA coding for S4-RNase
was not detected for Osa-Nijisseiki. This difference is
critical for these two cultivars, leading to the notion that the
absence of S4-RNase mRNA in the style is responsible for
self-compatibility in Osa-Nijisseiki. This is consistent with
the finding that Osa-Nijisseiki is a stylar-part mutant of
Nijisseiki (34) and that the former cultivar retains Si-
RNase, but lacks S4-RNase in the style (manuscript in
preparation). Two reasons could be considered for the
absence of S4-RNase mRNA in the style of Osa-Nijisseiki.
One is to assume deletion of the S4-RNase gene at the
S- locus in the pear genome and the other is to assume no or
extensively suppressed transcription of the S-RNase gene
in the style of the self-compatible mutant. Interestingly,
the acquisition of self-compatibility by Osa-Nijisseiki is a
substantial but independent event that induces no or only
minor effects on the other inherent characters of Nijisseiki.
It is tempting to speculate that the stylar-part mutation
represented by S4

sm in Osa-Nijisseiki may have occurred by
deletion of the iS4-RNase gene, one of multiple alleles at the
S-locus, from the genome. Further studies of genomic DNA
will be needed to verify this interesting hypothesis.

It is informative to analyze the sequences of S- RNases
and non-S-RNase(s) with respect to their structures and
functions at the DNA and protein levels. At the DNA level,
several interesting features are apparent. Firstly, the
sequence CAATG is consistently found at the putative
initiator Met codon in three cloned cDNAs, ns-nons, ns-s?,
and ns-sA. This structure is homologous to the AACAATG-
GC consensus sequence encompassing a translation initia-
tion codon in plants (40) and serves to assign the initiator
methionine. In particular, for ns-s2, three sites (positions
40, 55, and 73) were detected as candidates for the transla-
tion initiation site. Eventually, position 40 was proposed as
the initiation site because its neighboring sequence, TTCA-
ATGAC, is very similar to the afore-mentioned consensus
sequence. Similar structures, GACAATGAG and TTCAA-
TGGG, were found around the codon for the initiator
methionine in ns-nons and ns-s4, respectively. Position 55
(the 20-re8idue signal peptide) in ns-s2 and position 100
(the 22-residue signal peptide) in ns-s4 have been assigned
to translation initiation sites (41), since the solanaceous
S-RNases have about a 22-residue signal peptide (15, 16).
But, position 40 in ns-s^ and position 85 in ns-st are more
likely to be translation initiation sites because of their
CAATG consensus sequences.

Identity of the nucleotide sequences of ns-S2 and ns-s4

was 74% overall and 80% for the coding region. In contrast,
the identity between ns-nons and either ns-s? or ns-st was
low and smaller than 30% even for the coding region. These
results indicate that the two S-RNase genes, ns-St/os-Si
and ns-st, are S-locus-associated and structurally distinct
from the non-S-RNase gene. In spite of the high nucleotide
sequence similarity between ns-S2 and ns-st, there is a great
structural difference between the two genes. Most impor-
tant is the presence of GT repeats in ns-st; 30 consecutive
GT sequences comprise the nucleotide chain from positions
789 to 852, though they are interrupted by a GCTT
sequence at position 833 upstream from the putative
polyadenylation signal (Fig. 3c). Except for the region from

positions 780 to 834 involving part of the GT repeat in
n8-st, the nucleotide sequences of ns-82 and ns-st are highly
homologous to each other (Fig. 4). The GT repeat, classified
as a microsatellite, was first detected for the S-RNase gene.
In general, satellite sequences, characterized by specifically
repeated short nucleotide sequences, are ubiquitously
present in eukaryotic genomes, but their biological function
is not known (42). Whether the microsatellite of ns-st has
any connection to the occurrence of deletion or mutation of
the S4-RNase gene in the style of Nijisseiki remains to be
investigated. In this regard, it is noteworthy that replica-
tion errors often occur in the microsatellite region (43).

The two key amino acid sequences, HGLWP and KH-
GTC, for the putative active site were detected in the
sequences deduced from the nucleotide sequences of
ns-nons, ns-s^, and ns-st, suggesting that all three enzymes
are of the RNaseT2 type. Sequence comparison indicated
that S2-RNase and S4-RNase share 60% identical residues,
while the sequence identity between either S-RNase and
non-S-RNase was only 25%. Such a large sequence differ-
ence between S-RNase and non-S-RNase has not previous-
ly been reported; no difference was observed in the degree
of sequence identity between non-S-RNase and S-RNases
of Nicotiana alata and Petunia inflata in the family
Solanaceae (38, 39). The absence of a potential iV-glycosyl-
ation site was an additional feature characteristic of pear
non-S-RNase. S2-RNase and S4-RNase have five and six
potential iV-glycosylation sites, respectively.

Sequence comparison of S-RNases between pear and
apple was very interesting (Table I). The sequence identity
between pear Sj-RNase and an apple S-RNase and between
pear S4-RNase and two apple S-RNases (44) was a little
higher than that between the two pear S-RNases. Such a
close similarity of the S-RNase sequences from these two
different genera in the same family may be related to the
fact that certain pear cultivars accept apple pollens, pro-
ducing an intergeneric hybrid of Japanese pear and apple
(K. Banno, personal communication). Alignment of two
pear S-RNases sequenced here and two apple S-RNases led
us to assign seven conserved regions specific for the family
Rosaceae and two hypervariable regions (Fig. 5). In partic-
ular, two conserved regions at the N-terminus (Cl and C2)
are thought to be Rosaceae family-specific as discussed
later.

The alignment of four rosaceous S-RNases and nine
typical solanaceous S-RNases provided important informa-
tion on the similarity and differences in their primary

TABLE I. Percentage sequence identity among stylar ribonu-
cleases from Rosaceae and Solanaceae families. PP, Japanese
pear (Pyrus pyrifolia); MD, apple (Malusx domestica); NA, tobacco
(Nicotiana alata); PI, petunia (Petunia inflata); SC, potato
(Solanum chacoense).

PPSt

PPSt
MDS,
MDS,
NAS,
NAS.
PIS,
SCS,

25
26
25
25
19
20
17
22

nonS

60
59
62
17
21
19
21

PPS,

Rosaceae

64
67
19
20
19
22

PPS,

65
18
22
20
21

MDS,

19
23
19
22

MDS,

Solanaceae

57
43
46

NASr

37
43 39

JVAS. PIS,
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nonS
PPS2
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MDS2
MEGl

NAS2
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Q Q Q P G I H C 2 « P N Y K E ^ ^
ARjrDYPQFIQCWQQAPCHSNPIKKDPPDK LFIVHC3«PSTKVO)DPEYCKIKR YRKIQRLEPCII£IIW

FDYPQFIQQYQPAVaeNPn>CNDPTOK L W r f l U
YDYPQFIQQYQPAM3ENPTTCKDPPDK

C l C 2 C 3 HV1

AFEYHXVLTOPriFCRIKH—CTKT-PT NFnBC2*lPD«inTMIJnf-<I)RSKPTOHFIDGKKKNDUffiRW

PISl
PI52
PffilB

NFDYPCJLVLTOPASPCY-PKNFCKRK-SN NFnB3J<PIMKHFRI£F-Cni>-KYSRFKEI»IINVIZRHW

SCS2
SCSI

NFDYPCfiVLTOPASPCY-PKHKOQRR-
1TOVMKLVLQHPPHYCR-NKF-CERI-PR NFIVHGUmMOCYUMJ-CRSYA-YNALTNVREQSKIJIIBH

Cl

70 80

nonS PSLSCP-SSNGYR—
PPS2

PPSi
MEl P-NVFNFK-NHLG—]
M S ]

C4

BV1 C2 BV2

90
++ *

100 110 120 130

C5 C6

tost
PISl
PISl

Pffitt
SCS2
SCSI

KK^

IOCKNLYIXIA^

HV3 C3 C4

Fig. 5. Amino acid sequence align-
ment of non-S-RNase, Rosaceae S-
RNases, and Solanaceae S-RNases.
The numbering shown above the align-
ment is based on that of mature &-
RNase. Asterisks show the amino acid
conserved in all RNases listed. NonS,
non-S-RNase from Japanese pear; PPS,
and PPS,, S,- and S4-RNases from
Japanese pear; MDSi and MDSj, Sj-
and S,-RNases from apple {Malusx
domestica) (44); NAS7, NAS,, and
NAS,, &-, SJ-, and S,-RNases from
tobacco (Nicotiana alata) (10, 11); PIS,
and P/S,, S,- and S,-RNases from
Petunia inflata (12); PHS,t and PHSU,
SIB- and SiA-RNases from Petunia hy-
brida (16); SCS, and SCS3, Si- and
Sj-RNases from potato (Solanum chaco-
ense) (25).

140 150 160 170 180 190

nonS
PPSj
PPS*
HDBl
«DS3

JOS2
SfSi
NASf,

PISl
PIS2
PlBlB
PIBJA
SCSI
SCS)

200

QFPKF

VDAIRKGIBGJCEPHUQCJQKNrCH—TELVEVTI/SDGNU^QFIDCPHHFPNGSKIOCPraHILY
VNMSQ6IDYKKPKIJCCKNNHQI

HV2 C7

KATIQGY
P N U I C S F L REI^EIGiara^VKNVIDCPNPKr CKPT-NKGVHFP

PNLSCIKR OEtI£IGICFI)SKVKNVIDCPHPKT CKPHGNRGIKFP
PNLSCnCG CEUffiVGICTOSTRKNVIDCPNPKT CKTASNQGIMFP

KIVTOOV DPniJ^CvTmKG-VCEUffilGICniPAAIWFYPCHHSYr CDBTOSKMILFR
RIVINNK DPDUCCVBJIKG-VKEIJEIGICFNPAAD-FHDCRHSKT CDETDSTPLTLFRR
ASVTRVK PNUg^YY-RG-KULTEIGICTORriVSMCCPRISTS CKKJINARTIFRQ
KTvTTOIK DPDUXVHTD03VK-EUIEIGICFNPAADSFHDC31HSYT CE&TDSTQTLFKR
RQLTOKV FPSI^CIIJ0I^I-MEII£WSICFDPAA3KVIPCHRPWI CHADQnRIELVK
KSVTQGV PHVT^lSffiSJgJSpiIZIAI^pPQBQNVIHCPFPKT CNSKglKGrTFP

HV4 C5 BV5

structures (Fig. 5). In this alignment, eight half-cystine
residues were conserved and two short stretches of con-
served active-site residues are placed at definite positions
for all S-RNases. Four gaps ranging from one to six
residues are observed between rosaceous and solanaceous
S-RNases and the family-specific structural motif may be
integrated into these regions. As for conserved and hyper-
variable regions, the Rosaceae-specific regions roughly
overlapped with those in solanaceous S-RNases. But sev-
eral critical differences in their numbers and locations were
found by a comparison between rosaceous and solanaceous
S-RNases. Rosaceous S-RNases have two more conserved
regions with the loss of hypervariable regions 1, 3, and 5

(C2 in place of HV1) and lack the thiol group at residue 95,
which is readily modified by iodoacetic acid, leading to the
inactivation of Nicotiana alata So-RNase (45). However,
the eight conserved half-cystine residues are likely to form
four disulfide linkages by analogy to the location of disul-
fides of the S«-RNase (manuscript in preparation).

In conclusion, the present investigation has determined
that Osa-Nijisseiki gains self-compatibility through
severely impaired or extensively suppressed expression of
the product of the S4-RNase gene in the style. This is
compatible with the finding that the S4-RNase of this
cultivar was not detectable at the S-protein zone on 2D gel
electrophoresis, as described in the preceding paper (37).
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The involvement of S-RNase in the self-incompatibility
reaction has clearly been demonstrated by anti-sense
targeted suppression of the expression of S-RNase (26),
S-RNase activity-loss events by mutation (27), and S-
RNase activity-gain experiments (26, 28). Osa-Nijisseiki
is a case of a native activity-loss event for Nijisseiki. Its
consequence is quite clear; Osa-Nijisseiki is self-compati-
ble because of the absence of S4-RNase, one of the two
proteins responsible for self-incompatibility in heterozy-
gous Nijisseiki. Knowing why and how Nijisseiki lost the
ability to express S4-RNase in the style will help us to
understand the mechanism of gametophytic self-incom-
patibility involving S-RNase.
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