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Abstract The gene SFB encodes an F-box protein that
has appropriate S-haplotype-specific variation to be the
pollen determinant in the S-RNase-based gametophytic
self-incompatibility (GSI) reaction in Prunus (Rosaceae).
To further characterize Prunus SFB, we cloned and
sequenced four additional alleles from sweet cherry (P.
avium), SFB', SFB?, SFB?*, and SFB’. These four alleles
showed haplotype-specific sequence diversity similar to
the other nine SFB alleles that have been cloned. In an
amino acid alignment of Prunus SFBs, including the four
newly cloned alleles, 121 out of the 384 sites were
conserved and an additional 65 sites had only conserva-
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tive replacements. Amino acid identity among the SFBs
ranged from 66.0% to 82.5%. Based on normed variabil-
ity indices (NVI), 34 of the non-conserved sites were
considered to be highly variable. Most of the variable
sites were located at the C-terminal region. A window-
averaged plot of NVI indicated that there were two
variable and two hypervariable regions. These variable
and hypervariable regions appeared to be hydrophilic or at
least not strongly hydrophobic, which suggests that these
regions may be exposed on the surface and function in the
allele specificity of the GSI reaction. Evidence of positive
selection was detected using maximum likelihood meth-
ods with sites under positive selection concentrated in the
variable and hypervariable regions.

Keywords Pollen-S - Rosaceae - SFB - S-RNase -
Self-incompatibility

Introduction

Self-incompatibility (SI) is a widespread mechanism in
flowering plants that prevents self-fertilization and the
deleterious effects of inbreeding (de Nettancourt 2001). In
the most widespread form of SI, gametophytic SI (GSI),
the haploid pollen is rejected if it carries an S-allele that
matches either S-allele in the diploid pollen recipient.
Several lines of evidence indicate that different S-locus
genes confer pollen and pistil specificity (McCubbin and
Kao 2000).

The pistil determinant of the SI reaction is known to be
an S-ribonuclease (S-RNase) in three plant families, the
Rosaceae (Sassa et al. 1992), Solanaceae (Anderson et al.
1986; McClure et al. 1989) and Scrophulariaceae (Xue et
al. 1996). On the other hand, the pollen determinant has
eluded characterization for almost two decades (McCub-
bin and Kao 2000). Recently a good candidate for the
pollen-S, an S haplotype-specific F-box gene (SFB) was
identified by sequencing the S-locus region of several
Prunus species (Rosaceae), such as almond (P. dulcis;
Ushijima et al. 2003), Japanese apricot (P. mume; Entani
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et al. 2003; Yamane et al. 2003b), and both sweet and
sour cherry (P. avium and P. cerasus; Yamane et al.
2003a). Features of SFB, such as pollen-specific expres-
sion and a high level of allelic polymorphism, are
appropriate characteristics for the pollen determinant in
the S-RNase-based GSI system (Entani et al. 2003;
Ushijima et al. 2003, Yamane et al. 2003a, 2003b). In
addition to these characteristics, S-RNase and SFB may be
inherited as a unit because SFB is present in the S-locus
region where DNA sequence is highly divergent and thus
recombination is believed to be suppressed (Entani et al.
2003; Ushijima et al. 2001, 2003). The physical distance
between SFB and S-RNase varies from 380 bp to 30 kb
depending on the S-haplotype (Entani et al. 2003;
Ushijima et al. 2003; Yamane et al. 2003a).

The presence of F-box genes physically linked to the
S-RNase and exhibiting pollen-specific expression was
first reported in Antirrhinum (Lai et al. 2002). However,
none of the S-locus F-box genes (termed SLF) identified
in Antirrhinum exhibit the level of polymorphism that is
predicted for the pollen-S gene (Zhou et al. 2003).
Subsequently, polymorphic and non-polymorphic S-locus
F-box genes physically close to the S-RNase were
simultaneously identified by Ushijima et al. (2003) and
Entani et al. (2003) in P. dulcis and P. mume, respec-
tively. Entani et al. (2003) named the F-box gene that
exhibited allele polymorphism SLF, and the three F-box
genes that did not exhibit allele polymorphism, SLFL.
Ushijima et al. (2003) also used nomenclature that
differentiated between the polymorphic and non-poly-
morphic F-box genes, SFB and SLF, respectively.
Yamane et al. (2003b) also identified the S-locus F-box
gene of P. mume that exhibited allele polymorphism and
named this gene SFB. The DNA sequences of the two
SFB alleles of P. mume reported by Yamane et al. (2003b)
were identical to the SLF alleles reported by Entani et al.
(2003). It is likely that the Prunus SFB and SLF (Entani et
al. 2003) genes are ortholgous based on their close
phylogenetic relationship (Zhou et al. 2003). However,
because AARSLF is likely not an orthologue of SFB, and
because SFB is the only highly polymorphic S-locus F-
box gene that has been identified to date in Prunus, we
use SFB for the Prunus candidate pollen-S gene to
recognize these differences.

To date, two main models, an inhibitor model and a
receptor model, and several modifications of these
models, have been proposed for pollen-pistil recognition
in S-RNase-based GSI (Thompson and Kirch 1992; Wang
et al. 2003). According to the inhibitor model, a pollen-§
protein is an intracellular S-RNase inactivator and inhibits
all the S-RNases apart from the cognate S-RNase. In the
receptor model, the pollen-S protein is a membrane
receptor that recognizes the cognate S-RNase. Currently,
the inhibitor model is favored. Luu et al. (2000) described
the S-haplotype-independent uptake of S-RNase by pollen
tubes and Golz et al. (2001) described the essential role of
products of pollen-S genes in pollen tube growth.

Recent identification of SFB has raised the possibility
that S-RNase stability rather than its activity is controlled

by the SI reaction. F-box proteins, of which more than
500 have been identified in Arabidopsis thaliana (Gagne
et al. 2002; Kuroda et al. 2002), are involved in the
ubiquitin/26S proteasome pathway of protein degradation
(Deshaies 1999; Craig and Tyers 1999). The F-box
protein associates with Skpl through the F-box motif to
form the SCF complex and binds specifically to the target
protein that is to be polyubiquitinated (Deshaies 1999;
Craig and Tyers 1999). The polyubiquitinated protein is
recognized and degraded by the 26S proteasome. There-
fore, SFB might function in the polyubiquitination of all
non-self S-RNases leading to their degradation, and may
also specifically interact with its self S-RNase to protect it
from degradation, leading to the arrest of self-pollen tubes
(Ushijima et al. 2003; Yamane et al. 2003a).

Comparisons of different S-RNase alleles in rosaceous
and solanaceous species revealed a single variable (RHV)
and two hypervariable (HVa and HVb) regions, respec-
tively (Ioerger et al. 1991; Kheyr-Pour et al. 1990;
Ushijima et al. 1998). The hypervariable regions appear to
be under positive selection (Clark and Kao 1991, Ishimizu
et al. 1998) and are believed to be important for allele-
specific recognition and triggering of the GSI response.
Since we anticipate that S-RNase and SFB interact in an
allele-specific manner, we expect the presence of variable
regions, which would interact with the variable regions of
the S-RNases, to be under positive selection in SFB.
Although systematic and comprehensive sequence com-
parisons of Prunus SFB with a reasonably large number
of alleles is needed to determine the primary structural
features of Prunus SFBs, at least two variable regions
were found in Prunus SFBs (Ushijima et al. 2003;
Yamane et al. 2003a, 2003b).

Our objectives were: (1) to clone the SFB genes that
are linked to the S-RNase gene in four additional sweet
cherry S-haplotypes (7, $?, $* and $°); (2) to compare the
structural features and amino acid similarities of the four
additional SFB alleles with the nine other alleles previ-
ously cloned from sweet cherry, almond, and Japanese
apricot; and (3) to look for evidence of regions under
positive selection among the known SFB genes from
Prunus.

Materials and methods
Plant materials

Ten sweet cherry (P. avium) cultivars, ‘Early Rivers’ (S §2), ‘Van’
(8" §%), ‘Rainier’ (S! §%), ‘Seneca’ (' §°), ‘Rockport Bigarreau’ (S’
5%, “Velvet’ (87 §%), ‘Bing’ (§° $%), ‘Emperor Francis’ ($° $%),
‘Hedelfingen” (S §°), and ‘Satonishiki’ (S° $%), and a selection
‘NY54" (§? S° were used in this study. Young leaves were
collected in the spring and used for total DNA extraction, as
described elsewhere (Tao et al. 1999).

PCR-cloning of partial sequences for SFB', SFB?, SFB*, and SFB’
Total DNA from ‘Van® (S’ §%), ‘Early Rivers’ (S §%), ‘Bing’ °

§%), and ‘Hedelfingen’ (S° S°) was PCR-amplified with the SFB
gene-specific primer set, SFB-C1F and SFB-C5R (Table 1), as
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Table 1 Sequences® and amino  pjyer Sequence Location®

acid locations for the oligonu-

cleotide primers used in this SFB-C1F¢ 5'-RTTCGRTTTCTDTTTACRTG-3’ 30-37

study SFB-C2F 5'-CCWATACAMATATGGAACCC-3’ 129-136
SFB-C2R¢ 5'-GGGTTCCATATKTGTATWGG-3' 129-136
FB3R® 5-CCATCGTTTTTCTTGCAGAACCC-3' 287-294
SFB-CSF 5'"TACCAYWTMATTGAGAAAGGTCC-3' 221-228
SFB-C5R® 5'-RCTGMATRWRGGACCTTTCTC-3’ 225-232

# Primer sequences were designed from the alignment of four Prunus dulcis SFB sequences (SFB¢,

SFBY, SFB*, SFBY)

> Numbers refer to the location of the primer on the amino acid alignment shown in Fig. 1

¢ From Yamane et al. (2003a)
4 From Ushijima et al. (2003)

described by Yamane et al. (2003a). PCR-amplified products were
cloned into the TA cloning vector ((GEM-T Easy Vector System,
Promega, Madison, Wis.) and sequenced using an ABI PRISM 310
Genetic Analyzer (Applied Biosystems, Foster City, Calif.).

DNA blot analysis

A 5-ug sample of total DNA from young leaves of the sweet cherry
cultivars was digested with Dral, run on a 0.9% agarose gel,
transferred to a nylon membrane (Hybond-N, Amersham, Piscat-
away, N.J.), and probed with an SFB gene-specific probe under
high stringency conditions to avoid cross hybridization with DNA
sequences for F-box proteins other than SFB. The SFB gene-
specific probes were obtained by PCR-labeling of partial sequences
for SFB!, SFB?, SFB * and SFB’ with DIG-dUTP using either the
SFB-CIF and SFB-C5R primers (Table 1) for SFB/, SFB?, and
SFB’, or SFB-C2F and SFB-C5R primers (Table 1) for SFB*. The
alternative primers were used for SFB* because of the presence of a
Dral restriction site between the SFB-C1F and SFB-C2F sequences
in the partial sequence of SFB*. Hybridization signal was detected
using the anti-DIG-alkaline phosphatase conjugate and the chemi-
luminescent substrate CSPD (Roche Diagnostics, Mannheim,
Germany) after high stringency washes, as described previously
(Yamane et al. 2003a).

Construction and screening of cosmid and fosmid libraries

Cosmid libraries were constructed from ‘Emperor Francis’ (§° $%)
and ‘NY54> (§? S%), using the pWEB::TNC cosmid cloning kit
(Epicentre, Madison, Wis.), while a fosmid library was constructed
from ‘Seneca’ (S’ §°) using the CopyControl fosmid library
production kit (Epicentre). The genomic libraries from ‘Seneca’,
‘Emg)eror Francis’, and ‘NY54’ were screened for SFB! and SFB’,
SFB’ and SFB?, and SFB? and SFB®, respectively, with DIG-dUTP
labeled SFB gene-specific probes, as previously described (Ushi-
jima et al. 2001). The DIG-labeled SFB gene-specific probes were
obtained by PCR-labeling of partial sequences for SFBs that were
cloned in this study and SFB® and SFB° of ‘Satonishiki’ (Yamane et
al. 2003a) with SFB-CIF and SFB-C5R primers (Table 1). The
clones were sequenced to determine the entire coding sequence of
the SFBs by primer walking using essentially SFB-C1F, SFB-C2R,
SFB-CSF, and FB3R primers (Table 1) with several allele-specific
primers and an ABI PRISM 310 Genetic Analyzer (Applied
Biosystems).

Construction of a phylogenetic tree

DNA sequences of 13 Prunus SFBs (Fig. 1), including the four
sweet cherry SFB alleles cloned in this study, were aligned using
Clustal X (Thompson et al. 1997) and adjusted manually. The best
fit model of nucleotide sequence evolution was first determined in
Modeltest (Posada and Crandall 1998) and then used for a
maximum likelihood tree search in PAUP* (Swofford 2001). The

average amino acid identity among SFB and S-RNase alleles was
also calculated. Since we have identified a P. mume S° allele (Tao
et al. 2003) that is different from the S° allele found by Entani et al.
(2003), we used the name S for the $° allele found by Entani et al.
(2003). We used SFB® but not the S®-RNase for amino acid
sequence comparisons because only a partial sequence has been
reported for S% -RNase.

Identification of variable sites

Normed variability indices (NVI) for each site of the aligned SFB
sequences (Kheyr-Pour et al. 1990) were calculated. This index
ranges from -1 (perfectly conserved) to +1 (every residue
different), regardless of the number of residues at the site. For
sites with one residue, the NVI is defined to be 0. The sites that had
NVI of more than —0.25 were considered to be variable. NVI at
each site was averaged with its neighbors in a sliding-window of
size 11 to generate a window-averaged plot of NVI.

Generation of hydrophobicity plot

Average amino acid hydrophobicity indexes (Kyte and Doolittle
1982) at each site were calculated over the 13 SFBs. A hydropho-
bicity plot of the 13 SFBs was generated by averaging the value at
each site with its neighbors in a sliding-window of size 11.

Identification of sites under positive selection

We used codeml implemented in PAML 3.13 (Yang 1997) for all
likelihood calculations and estimates of nonsynonymous/synony-
mous substitution rate ratio (@). Recent application of maximum
likelihood methods and Bayes’ theorem to studies of nucleotide
polymorphism (see Nielsen and Yang 1998; Yang 1998) have led to
the development and widespread use of methods to assess posterior
probabilities that a particular codon has been under positive
selection. Sites with values of w significantly smaller than 1
indicate an excess of synonymous substitutions, and therefore are
inferred to be constrained by purifying selection. Alternatively,
those sites for which a significant excess of nonsynonymous
substitutions is recorded (@w>1) suggest evolution under positive
selection pressure. When @ is not significantly different from 1,
neutrality cannot be rejected. Here, we calculate the average values
of @ across SFB sites and present their variation across the
molecule in a centered 11-codon sliding window. In addition, we
calculate the posterior probabilities that each codon is under
positive selection.

We analyzed the SFB data for molecular selection by compar-
ing the maximum likelihood evaluated fit of a number of models
(see review by Yang and Bielawski 2000). Our methodology and
nomenclature follow those of Yang and colleagues (Yang and
Bielawski 2000; Yang and Swanson 2002). First, we compared the
null models that do not allow for positive selection (models MO and
M1) with successively more complex models that do allow for
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F 12. 1 Amino acid sequence PasFB1 MAFJIRKKEILIDILVRLPTKSIVRFLWICK SWSDF 1GSSSFVSTHIJDRNVTKHAHVYLLCLHHPNYECHVDPDDPYVKKEF QWSLF PNQTCEVFYKLSH
alignment of 13 Prunus SFBs. PasFB2 MIFALRKKETLIDILVRLPSKSLVRFLFTCKSWSDLICSSSFVSTQUHRNVTKHAQI YLLCLHHPNYERNDDPDDPYVEQEFHWSLF SNETFEECSKLSH
Th . id i PasFB3 MTFYLRKNE ILIDILVRLPAKSLIRFLCTCK SWSDL IGSSSFVRTHLHRNVTKHAHVYLLCLHHPOHERQNDNDDPYD IEEL.QWSLF SNEKFEQF SNLSH
€ amino acid sequences o PaSFB4 MTFYLRKKE ILIDILARLPAKSLIRFLCTCK SWSDLIGSSSFVSTHIHRNVTKHDHVYLLCLHHPNHERLVDPDNPYFRKEFQWSLF SNETFKQCYKLNH
SFBs were aligned using Clus- PasFB5 MTFYLRKEE ILIDILVRLPAKSLVRFLCTCK SWSDLVGSSSFVSTHLHRN I TKHAHVHLLCLHHPNYRRQVNPDDP YVTQEFOWSLFPNETFEECSKLSH
PasFB6 MTFYLRKEDILIDILVRLPARSLVRFLCTCKSWIDLIGSSSFISTHLHRNATKHTHVYLLCLHHPNYERNDDPDDPYVEQEFOWSLFSNETFEECSKLSH
tal X (Thompson et al. 1997). PdSFBa  MTFIPRKKEILIDILVRLPAKSLVRFLFTCKVWSDLISSSSFVSTHLNRNVTKHAHVYFLCFHHPNHECLVDPDDPCFEQE}.QWSLFSYETFEQCSELSH
Dashes Gaps. asterisks con- PASFBb  MTFILRKKETLIDILVRLPAKSLVRFLCTCKSWMDLIGSSSFVSTHLHRNVTKHAHVSLLCLHEHQSHECQVDPDDPYVGQELQWSLFCDETFVLCSKLSH
ps, PASFBC MTFHLGKKEILIDILARLTAKSLVRFLCTCK SWSDL IGRSSFVSTHINRNVTKHAHVYLLCLHHP THERQNDNDDPFVEEELLWSLFSNETFEQF SKLSN
served sites, dOlS Conservative PASFBd MTFALRKKEILIDILVRLPAKSLVRFLCTCKSWSDLIGSSSFVGTHIHRNVTGHAQAYLLCLHHPNHJECQRDDDDPYFKEELQWSLFSNVTFEE SSKLSH
. R PMSFB1 MTFILGKKE ILIDILVRLPAKSLVRFLCTCK SWSDLIGSSSFVRTHLPRNVTKHAHVYLLCLHHPNHECAIDPNDPY TEEEYQWSLF SNETFEQCSKLSH
replacements [ammo acid PmSFB7 MTFYLRKKEILIDILVRLPAKSLVRFLCTCK SWGDLIGSSSFVSIHINRNVTKHAHVYLLCLHHPNJERQVDPDDPYVEQKFHWS IFSNETFEECSKLSH
s . PmSFB9b  MAFJLRKKEIVIDIL! s 3
groups defined in Dayhoff et al. R TV R .1 Y TSV T AV YL CLEP e YOm0 VKGR oM S TS o7
(1979): C, STAPG, MILV, E-box
: -box Vi1
HRK, NDEQ, FYW], hash hy- 110 120 130 140 150 160 170 180 190 200
pervariable sites. F-box and PasFBl PLGNTEHY-GIYGSSNGLVCISDE ILNFDSPIHIWNPSVRKLRTTPISTNINMKF SLVSLQFGFHPVVNDYKAVRMMRTNKGALAVEVY SLRTDSWKMIQ
- - PasFB2 PLGSTEHY-VIYGSSNGLVCISDE ILNFDSPLHIWNPSVRKLRTPPISTNISIKFSHVALQFGFHPEVNDYKVVRMMRTNKNTLAVEVY SLRRDRWKMIE
(hyper)variable regions, V1, PasFB3 PLENTEHF-RIYGSSNGLVCMSDE ILNFDSPIQIWNPSVRKFRTLPMSTN INMKF SHVSLQFGFHPGVNDYKAVRMMHTNKGALAVEVY SLKTDCWEMIE
V2. HV d HVb boxed PasFB4 PLGSTEHY-VIYGSSNGLVCISDE ILNFDSPIHIWNPSVRKFRTPPMSTS INIKFNY IALQFGFHPRVNDYKAVRMMRTNK DALAVEVY SLRTDSWEKMIE
5 a an are boxed. PaSFBS PLGSTEHY-GIYGSSNGLVCISDE ILNFDSPILMWNPSVRKFRTAPTSTNINLKFAYVALQFGFHHAVNDYKVVRMMRTNKDALAVEVY SLRTDSWKMIE
Aligned SFBs: Pa sweet cherry ~ Basess PSGSTKHY-VIYGSSNGLVCISEEILNFDSPIHIWNPSVKKFRTPPMSTNINIKFSHVALQFGFHPGVNDYKAVRMMRTNKNALAVEVY SLKTDSWKMIE
e PASFBa PLGSPEPY-RIYGSTNGLICISDAILSLESPIHIWNPSVRKLRTLPMTTN-NIEFSYIDLHFGFHPGVNDYKAVRMMGIDKDAFAVE IYSLSTDSWKRIE
(Prunus avium), Pd almond (P. PASFBb  PLGSTEQYYGIYGSSNGLVCISDEILNFDSPIYIWNPSVRKLRTPPLSTNINIKFSHVALQFGFHPGVNDYKTVRMMRTNKSALAVEVYSLRTDCWKMIE
dulcis). Pm 1 icot (P PASFBC PLGSTEHY-GIYGSSNGLVCISDEILNYDSPIHIWNPSVRKFRTPPISPN-NIKFVYVALQFGFHSGVNDYKAVRMMR SNKDTFAVEVY SLRTDSWKMIE
ulcis), Pm Japanese apricot (P. PASFBA PLGSTEHY-VIYGSSNGLVCISDE IMNFDSPIHIWNPSVKKLRTTPISTSINIKFSHVALQFGFHSGVNDYRAVRMLRTNONALAVE I YSLRTDSWTMIE
PmMSFB1 PLGSTEHY~VIYGSSNGLVCISDE ILNFDSPIHIWNPSARKLKTPPISTNINIKFSCVVLOFGFHPGVNDYKAVRMMRTNKNALAVEVY SLRTNSWKMIE
m ”me).' EMBL/GenBank/D ]? BJ PmMSFB7 PLGSTERY-GIYGSSNGLVCISDE ILNFDSPTHIWNPSVRKLRTPPMSAN INVKF SHVALQFGFHPGPNDYKVVRMMRTNKNALAVEVY SLRTDFWKMIE
accession numbers: Pa-SFB PmSFB9Db  PLRSTEDY-MIYGSSNGLVCVSDEILNFDSPILIWNPSVKKFRTPPMSININIKFSYVALQFGFHPGVNDYKAVRMMRTNKNALATEVYSLGTDSWKMIE
(ABlllSlS) Pa SF32 * LOH. HErER xkk K k| K| _kk, _xkkk % % xf, R T Y A T
N
3
(AB111519), Pa SFB4 210 220 230 240 250 260 270 280 290 300
(AB096857), Pa-SFB PasFBl  AIPPWLKCTWQHHKGTFSNGVAYHIIEKGHIISIMSFNSGSEEFEEFIAPDAVCSSWRSCIEVYKEQIJCFLTL - SCEEEGMERFPLWVLOEKRWKQLCP
(AB111521), Pa-S FB’ PasFB2 ATPPWLKCTWQHHKGTFFNGVAYHIIQKGPLFSIMSFDSGSEVFEEF IAPDAICNLWGLCIQVYREQIQLL SGFYGCEEEGMEK IPFWVLQENRWKQLCP
> PasFB3 VIPPWLKCTWKHHKGTFFNGVAYHIIEKGPICSIMSFDSGSEKFEEF ITPDAICSPRELCIDVYKEL IQLIFGFYGCDEEGMDKVPLWVLQEKRWKQLCP
(AB111520), Pa-SFB° PasFB4 AIPPWLKCTWQHHKGTFFNGISYHITEKCPIFSIMSFDSGSEEFEEF IAPDVICSSWGLF IDLYKEQIQLLSSFYSCEEKGMRK IPFWVLOEKRWKQLCP
" PasFBS ATPPWLKCTWQHHRGTFFNGVAYHIIQKGP IFSIMSFDSGSEEFEEF IAPDAVCSSWGLCIDVYNDQIQLLSGFYGCEDEGLDK IPLWVLQEKQWKELCP
(AB096858), Pd-SF. PasFB6 ATPPWLKCTWQHHKGTFFNGVAYHIIEKGPICSIMSFDSGSDEFEEF IAPDAICSPSELCIDIYRERVQLLFSFYSCDEEGMVPNPLWVLQEKRWKQLCP
(AB092966), Pd-SF Bb PdSFBa  VIPPWLKCDWQHYKGIFLNGVVYHLIEKGPTFSLMSFDSGNAEFEEFITPGAICRSRGLFIAVYREQIQLLFDFYCC IPFWVLEEKQWTQLAP
> . PASFBb  AIPPWLKCTWRHHKGTFLNGVAYHIIEKGPIFSIMSFNAGTEEFQEFIAPDAVCSLWELRIDVYKENIQLLLDLYPSEEDGMER IPLWVLQEKRWKQLCP
(AB092967), Pd-SFB¢ PASFBC TIPPWLKCTWQHHTGTFFNGAAYHIIEKGPLFSIMSFDSGSEEFEEF IAPDAICNSRGLCIDAYKDQIQLLFRFYGCEEEGMRKVPLWVLQEKRWKQLCP
d PASFBd  AIPPWLKCTWQHHQGTFFNGVAYHIIEKGPTFSVISFDSGSEEFEEFIAPDAICSLWRLCIRVYKEQIQLLFGYYSC IPLWVLQEKRWKQLCP
(AB079776), Pd-SFB PmMSFB1 ATPPWLKCTWQHHKGIFFNGVAYHI IEKGPIFSIMSFDSGSEEFEEF IAPDAICSSLGLCIHVYREQIQLL SGFYGSEEEDMDK IPLWVLQEKRWKQLCP
(AB081648), Pm-SF B! PMSFB7 TIPPWLKCTWQHHKGTFFNGVAYHI TEKGPLFSIMSFDSGSEEFEEFLAPDAICNSWGLCIDVYKEQIQLLFTFYDCEEEDMER SPFWVLOEKRWKQLSP
4 7 PmSFB9b  AIPPWLKCTWQHLKGTFFNGVAYHVIQKGPIFSIISFDSGSEEFEEFIAPDAISTPWGLCIDVYREQIQLLFDCYPFGEEGMEK IPLWVLOERMWKQLRP
AB101440). Pm-SFB Wakkakn Kok kK AR AR A% L akL ok wewl e oo 7R M
( . Pm o
(AB101441), Pm-SFB V2
(AB092646) 310 320 330 340 350 360 370 380
PasFB1 F{7-SSDYCYRTLGISIDNELYTARIGFDK - GVADLOLCNYETNQLLETGIKLAIMRYGE IEFLFAITY IESSGLLNNH-~- = 375
PasFB2 FYYDPLDYCHRIj[GI SIDNEL]MEREDFLR-GVGYLHLCNYE SKQVLETGIELAVMK YGE IEFSYATTY IESLVLLDKY~ 377
PasFB3 FYF-PLNHCHRTLGI SIDNEL JMORRDF IK-~GVAYLYL.CNYESKQVLETGIQLAVMRYGE IEFLFAITYTE SLVLLNSY~ 376
PasFB4 F}Y-PSH-YYGTLGISKDNELYMEKRDF SR-GIGDLHL.CNYESKQVLETGIDLATIKYGE IEFLFATITY IESLVLLNNT- 375
PasFBS VYFPPLGDCDRI[[GISIGIELYMEKKDFDK~GVGELYL.CNYESKQVLQTGIKLAVMK YDE IEFVFATTYTESLVLLNNY~ 377
PasFB6 F1Y-PAG- SYGTGITIDNKL]YMVRRDFLR-GAGDLOJLCNYE SKQUFETGIELAVMK YGE IELLFAITY IESLALPNKY -~~~ 375
PASFBa  F\Y-PSD-SYKIfGISIDNELJLRKHDFSSVGLADLYLCNYESKQVRQAGIKLAVME YGHHELFFATTY IESLLFLNKSLKRDV 380
PASFBb  F}Y-PSDHYYRT{GMSMDNKLIMPRRDYTS-GIADLHLCDYE SKQVLETGIKLAVMK YGEIEFLFSISYIESLVLLNNY -~~~ 377
PASFBC FYI-PWKYCR-T{GTSIDNEL]LOKKDFNK-GAADLOLCNYE SKQVLETGIKLAIMTYGE IDFLFSFTYIESLVLLNNY~ 374
PASFBA  FYYDPLDDFYQIfGISTDNKLIMARKDFSK GGVELQJLGNYESKQVLETGIKLAIMRYGESEFLFAMTYVESLALLNN-— 376
PMSFB1 FYF-PLDHCHRTJ{GF SADNEL]MERRDF IK~GITHLJLCNYE SKQUVLETGIRLAVMK YGDIEFLFAITY IESLVLSN-Y - 375
PMSFB7 F}Y-PSN-CYSTMGISIDNELYMQRRDHIK GGADLYLCNYESKQVLETGLRLGTVTYGE IEFLFSVTYIETLVLLNSLQY-~- 377
PMSFB9b  FYY-PEDYCYGIf[GINVDNELJMGRRDLAK-GVADLYLCNYESKQVIETGIKLGLMSYGE IEFLFSITY IESLVLLN=—-=-— 375
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positive selection (M2 and M3). We also used a second method that

HVa HVb

tively (Fig. 1). Partial sequences for SFB’

from ‘Van’,

involves testing another null model (M7) and a more parameter-rich
model (M8). In this case, the null model allows a beta distribution
of @ values across sites, but is limited to values between 0 and 1.
The more complicated model (M8) adds an extra site class with a
free w ratio that may take values >1 and is estimated from the data.
Finally, when positive selection is detected, one can use Bayes’
Theorem to identify particular sites under positive selection. This is
achieved by calculating the posterior probability that each site
belongs to one of the selection classes. For example, in model M3,
three different classes of codons evolving under different selective
regimes (values of @) are assumed. The first, @y, may be near 0, @,
near 1, and @, greater than one. Those sites with a large posterior
probability (>95%) of being in class w, would be considered
positively selected. If SFB is the pollen-part determinants of the SI
reaction, exposed sites under positive selection are expected to
interact with those of the S-RNase from the same haplotype.

Results

Cloning of four SFB alleles of sweet cherry

Partial sequences for SFB' and SFB’, SFB' and SFB’,
SFB? and SFB?, and SFB’ and SFB’, were cloned from
‘Van’, ‘Early Rivers’, ‘Bing’, and ‘Hedelfingen’, respec-

‘Bing’, and ‘Hedelfingen’ were exactly the same as the
corresponding region of the previously reported SFB? of
‘Satonishiki’ (Yamane et al. 2003a). The probes from
partial sequences for SFB! of ‘Van’, SFB? of ‘Early
Rivers’, SFB? of ‘Bing’, and SFB’ of ‘Hedelfingen’
specifically hybridized to cultivars with the respective
alleles when used in DNA blot analysis under high
stringency conditions, confirming that the probes were
from the corresponding SFB allele (Fig. 2). The faint
signals observed in lanes 5 and 6 of the SFB? panel
(Fig. 2) were from SFB? since the molecular weight of the
signals were identical to those of signals from SFB’
(Yamane et al. 2003a). These probes were used to
identify SFB-containing cosmid or fosmid clones. The
entire coding sequences for SFB' and SFB’, SFB® and
SFB?, and SFB? and SFB® from ‘Seneca’, ‘Emperor
Francis’, and ‘NY54’, were determined from these clones.
The sequences of the genomic clones of SFB’, SFB?,
SFB* and SFB’ were identical to the partial sequences
used as probes and the sequences for SFB® and SFB° were
identical to the previously reported sequences for SFB’
and SFBY of ‘Satonishiki’ (Yamane et al. 2003a).
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Fig. 2 Genomic DNA blot analysis for SFBs. Genomic DNAs from
seven sweet cherry cultivars were digested with Dral, separated on
a 0.9% agarose gel, and transferred to a nylon membrane. The
membrane was hybridized with probes for each SFB allele. Arrows

Table 2 Identities of the putative amino acid sequences of the
Prunus S locus genes. The upper half presents amino acid sequence
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1234567 1234567
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S:J
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SFB4 SFB5

S§7, 8%, 8% and §° mark S-haplotype-specific signals. Lanes: / ‘Early
Rivers’ (S/S?), 2 ‘Ranier’ (S’S*), 3 ‘Seneca’ (S'S%), 4 ‘Rockport
Bigarreau’ (S/S%), 5 “Velvet’ (S°S%), 6 ‘Bing’ (S°S¥), 7 ‘Hedelfin-
gen’ (S°S%)

SFBY (AB081648), Pm-SFB' (AB101440), Pm-SFB’ (AB101441),
Pm-SFB® (AB092645), Pa-S’-RNase (AB028153), Pa-S’>-RNase

identities (%) between Prunus SFBs; the lower half between the S-  (AB010304), Pa-S>-RNase (AB010306), Pa-S*-RNase
RNases. S?-RNase is not listed as its published sequence is partial ~(AB028154), Pa-S°-RNase (PAV298314), Pa-S°-RNase
(AB092646). Pa P. avium, Pd P. dulcis, Pm P. mume. EMBL/ (AB010305), Pd-S*-RNase (AB0268306), Pd-SP-RNase
GenBank/DDBJ accession numbers: Pa-SFB' (AB111518), Pa- (AB011469), Pd-5°-RNase (AB011470), Pd-S?-RNase
SFB? (AB111519), Pa-SFB? (AB096857), Pa-SFB* (AB111521), (ABO11471), Pm-S'-RNase (AB101438), and Pm-S’-RNase
Pa-SFB’  (AB111520), Pa-SFB° (AB096858), Pd-SFB® (AB101439)
(AB092966), Pd-SFB® (AB092967), Pd-SFB® (AB079776), Pd-

Prunus avium P. dulcis P. mume

PaS1 PaS2 PaS3 PaS4 PaS5 PaS6 PdSa PdSb PdSc PdSd PmS1  PmS7 PmS9
PaS1 - 76.4 76.6 77.4 75.1 75.3 66.0 717.5 75.0 76.4 78.7 76.3 75.0
PaS2 86.5 - 71.5 80.1 79.8 80.1 67.6 78.0 76.9 79 82.5 80.5 71.7
PaS3 74.4 71.9 - 77.4 77.5 79.5 67.8 77.2 78.5 76.4 82.2 717.7 76.1
PaS4 80.5 81.8 70.3 - 78.5 81.1 70.6 79.3 78.9 77.2 82.2 80.1 77.7
PaS5 72.8 75.2 69.7 72.6 - 76.4 66.3 76.2 77.2 75.6 79.8 77.0 76.7
PaS6 80.0 85.9 72.9 79.3 72.8 - 68.2 78.2 76.5 71.5 80.6 79.4 78.5
PdSa 56.3 55.8 57.4 55.6 57.8 54.6 - 67.9 68.9 67.4 69.7 70.3 67.3
PdSb 82.4 83.9 73.7 75.1 75.6 79.0 57.8 - 75.6 76.2 80.6 78.9 76.9
PdSc 80.5 81.8 73.5 77.8 73.3 78.3 55.6 77.1 - 75.6 80.3 80.1 74.5
PdSd 74.8 73.8 71.3 71.1 73.1 71.3 58.5 74.6 71.3 - 79.8 76.3 75.8
PmS1  76.0 80.8 73.1 73.6 73.0 74.7 57.8 74.1 72.7 66.2 - 81.0 77.4
PmS7  73.0 75.0 67.8 76.9 69.2 74.5 56.6 71.7 68.0 72.1 74.9 - 79.4

Comparisons of SFB and S-RNase sequences

Amino acid sequences of six sweet cherry SFB alleles,
SFB!, SFB?, SFB°, SFB?, SFB> and SFB°, were aligned
with four almond alleles, SFB®, SFB?, SFB‘, and SFB,
and three Japanese apricot alleles, SFB', SFB’, and SFB®
(Fig. 1). Amino acid identity among the 13 SFB alleles
ranged from 66.0% to 82.5% while identity among the
linked S-RNase alleles, except for the S% _RNase allele,
ranged from 54.6% to 86.5% (Table 2). The S* -RNase
allele was not incorporated into this analysis because only
a partial sequence has been reported. The average amino
acid identity among SFB alleles was 76.5%, while the
average among S-RNase alleles was 72.0%. SFB“ always
showed the lowest identity with a given SFB, as in the
case of identities between S“ -RNase and the other 11 S-
RNases (Table 2). Inter-specific amino acid identities of

SFBs were often higher than intra-specific identities.
Because amino acid divergence can be affected by
differences in the proportions of the proteins under
positive or purifying selection, we also compared levels
of synonymous change in SFB and S-RNase DNA
sequences. Using the method of Nei and Gojobori
(1986), the average percent of synonymous substitutions
per site (D ) for SFB and S-RNase sequences were 0.278
(SD 0.026) and 0.284 (SD 0.026), respectively, and not
significantly different.

Phylogenetic reconstruction
The phylogenetic tree of 13 Prunus SFB alleles was

poorly resolved, with no group receiving more than 72%
bootstrap support (Fig. 3). The tree is consistent with
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Fig. 3 Phylogenetic tree of Prunus SFBs. All phylogenetic recon-
struction was conducted in PAUP* (Swofford 2001) as described in
the text. Despite considerable variation among sequences, little
phylogenetic signal was recovered. The highest bootstrap support
for any grouping was only 72% for the node that joins PaSFB3 and
PdSFBc

trans-specific evolution of SFBs since alleles from
different species group together; however, there is little
support for such groupings. The tree is extremely star-like
with all alleles diverging from one another near the base.
A phylogenetic tree of the cognate S-RNases (not shown)
is similarly star-like, making any assessment of whether
or not S-RNases and SFBs share the same phylogenetic
history difficult.

Primary structural features of Prunus SFB

In an alignment of 13 SFBs (Fig. 1), a total of 121 out of
384 sites were conserved and an additional 65 sites had
only conservative replacements, which are scattered
throughout the SFB. A total of 34 sites were considered
to be variable sites having NVI values of more than
—0.25, with most of the variable sites being located at the
C-terminal region of SFB, as reported previously (Ushi-
jima et al. 2003; Yamane et al. 2003a, 2003b). A window-
averaged plot of NVI identified two variable regions, V1
and V2, and two hypervariable regions, HVa and HVb
(Fig. 4). Three of these are located at the C-terminal
region of SFB and the other is located directly down-
stream from the F-box motif (Fig. 4). A hydrophobicity
plot of the 13 SFBs showed that the variable and
hypervariable regions are not strongly hydrophobic, but
there is no overall correlation between an amino acid’s
hydrophobicity and its NVI (r=—0.04, NS) (Fig. 5).

02 4 HVa HVb

Vi
04 4 V2

-06 4

Window Averaged NVI

08 4

LIS s S S S B S S S B B B S B B S N B B e B
1 51 101 151 201 251 301 351

Residue Number

Fig. 4 Window-averaged plot of normed variability index (NVI) at
each site in the alignment of the 13 SFB proteins. The NVI for each
site was calculated as described by Kheyr-Pour et al. (1990). The
NVI at each site was then averaged with its neighbors in a sliding-
window of size 11. The last two peaks, HVa and HVb, were
hypervariable regions. They corresponded to the variable regions A
and B as defined previously (Ushijima et al. 2003). In addition, two
new variable regions, V1 and V2, were detected in this study

Vi V2 HVa HVb
20

Hydrophobicity

1 51 101 151 201

Residue Number

Fig. 5 Window-averaged composite hydrophobicity plot of the 13
SFB proteins. The amino acid hydropathicity indices (Kyte and
Doolittle 1982) were averaged at each site over all 13 alleles. A
hydrophobicity plot of the 13 SFBs was generated by averaging the
average at each site with its neighbors in a sliding-window of size
11. Shaded regions (Hyper)variable regions V1, V2, HVa and HVb

Evidence of positive selection

Likelihood ratio tests comparing different models of
selection on SFB are presented in Table 3. Models that
allow for positive selection provide a significantly better
fit to the data than models that do not (models M2 and M3
tested against models MO and M1). A more refined test of
selection tested a model with a flexible distribution of @
values between O and 1 (no selection; M7) against a
similar model that allows an additional class with @w>1
(positive selection; MS8). This test is significant



Table 3 Likelihood ratio tests of models of selection on the SFB
gene from Prunus. Models MO-MS8 follow Yang and Swanson
(2002). Model MO assumes one selective class for all sites. Model
M1 assumes two selective classes with conserved (wo=0) and
neutral (@w=1) sites. Model M2 adds a third selective class which is
free to vary, allowing for positive selection. Model M3 assumes
three free selective classes. Model 7 assumes a beta distribution of
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 over sites varying between 0 and 1. Model 8 adds to model 7 an
additional selective class with @ free to vary, allowing for positive
selection. All likelihood ratio tests are highly significant. In
particular, models allowing for positive selection provide a
significantly better fit to the data than models which do not (M2
and M3 vs MO and M1; M8 vs M7)

Model p? InL —2(AlnL)®
MO M1 M2 M3 M7 M8
MO 1 -6,461.50 - 180.7 261.1
Ml 1 -6,414.36 - 86.42 166.82
M2 3 -6,371.15 - 80.4
M3 5 -6,330.95 -
M7 2 -6,369.97 - 75.6
M8 4 -6,332.17 -

4 Number of parameters in each model associated with assumptions about the number and type of selective classes among codons
b Fits of the models to the data evaluated using twice the difference in the log-likelihoods. This value is tested against the Chi-square
distribution with degrees of freedom equal to the difference in the number of free parameters
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Fig. 6 Posterior probabilities of sites inferred to be under positive
selection using PAML 3.13 (Yang 1997). Vertical lines posterior
probability of positive selection on each codon under model M3,
continuous line average ratio of non-synonymous (dN) to synony-
mous (dS) substitutions per site. Window size was 11 codons with
the window centered over each codon

(2AInL=175.6, 2 df, P<0.001). Thus our results suggest that
positive selection acts on SFB.

The next step in our analysis attempts to identify
specific sites under positive selection. The posterior
probability values are significant (95% level) for six sites
(70, 110, 273, 324, 329, 355) under the M3 model, in
which w3=2.8, indicating positive selection. Model M8
identifies the same sites as M3 as well as an additional six
sites (79, 94, 283, 326, 337, 352). Obviously, the 95%
significance level is somewhat arbitrary, and although
some sites identified as belonging to the selected class
may not be significant at the 95% level, they are still
potentially under positive selection. Posterior probabili-
ties that sites belong to the positively selected class and a
moving average of @ are shown in Fig. 6. Sites under
positive selection are particularly common in the C-
terminal end of the protein, in accordance with the results

of the NVI analysis, and there is a strong correlation
between a residue’s NVI value and its estimated dN/dS
ratio (r=0.8, P<0.001). Also as expected, the N-terminal
F-box region of the molecule is under mostly purifying
selection (low dN/dS).

Discussion

We have cloned and sequenced four SFB alleles from
sweet cherry and showed that they have allele-specific
sequence polymorphism. The characteristics of all SFB
alleles that have been cloned so far, including the four
newly cloned alleles in this study, provide several lines of
evidence that SFB is a very good candidate for the pollen
determinant in the GSI system in Prunus (Ushijima et al.
2003; Yamane et al. 2003a). Furthermore, the cloning of
four additional alleles in this study made it possible to
perform a detailed characterization of the primary struc-
tural features of Prunus SFBs.

Comparisons of amino acid sequences of the 13
Prunus SFB alleles and their linked S-RNase alleles,
except for S% -RNase, revealed similar levels of variabil-
ity among SFBs (66.0-82.5%) and S-RNases (54.6—
86.5%). For both genes, the allele from the P. dulcis S°-
haplotype was least similar to all other alleles. On
average, 88.9 amino acid residues (23.2%) differ between
two SFB alleles, whereas 56.7 (27.5%) differ between two
S-RNase alleles. Similarity in divergence values of SFB
and S-RNase genes is one piece of evidence that SFB
plays a role in pollen specificity. Comparisons of the SFB
sequences identified both conserved and variable sites.
About one-half of the total residues of SFB are conserved
or have only conservative replacements. These conserved
sites could be important for the structure and function of
SFB. For example, many conserved residues at the N-
terminal region of SFB belong to the F-box motif, which
is essential for forming an SCF complex for protein
degradation by the ubiquitin/26S proteasome pathway
(Deshaies 1999). Other conserved sites scattered through-
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out the SFB molecule could also be critical to SFB
structure and function.

Variable sites could be important for determining the
allelic specificity of the SFB protein. We calculated NVI
values, which were previously used to asses the variable
sites of S-RNases (loerger et al. 1991; Kheyr-Pour et al.
1990; Ushijima et al. 1998), to quantify the degree of
variability for the non-conserved sites of Prunus SFBs.
The NVI values of Prunus SFB sites were lower than
those of rosaceous S-RNase sites as reported by Ushijima
et al. (1998). This could be partly because a single genus
was compared in this study to estimate NVI for SFB sites
while several genera from different subfamilies were used
to estimate NVI for rosaceous S-RNase sites (Ushijima et
al. 1998). In fact, NVI values for Prunus S-RNases were
comparable to those for Prunus SFBs (data not shown). In
this study, we used the cut-off value of —0.25 to decide
which sites are variable based on previous findings by
Ushijima et al. (2003). Most of the variable sites are
located at the C-terminal region of SFB, where the two
previously identified variable regions A and B are located
(Ushijima et al. 2003; Yamane et al. 2003a, 2003b). The
HVa and HVb regions determined in this study are several
residues narrower than the previously identified variable
regions. Comparisons of more SFB alleles in this study
made it possible to more precisely determine the HVa and
HVb regions. The window-averaged plot of NVI that was
constructed in this study confirmed that HVa and HVb
were hypervariable regions.

We found significant support for the hypothesis that
positive selection acts on the SFB molecule and where it
acts is largely consistent with hypotheses generated from
the NVI analysis. Sites under positive selection are
largely, though not entirely, found in the C-terminal
region of the protein, overlapping with regions identified
as hypervariable. The good correspondence between V1,
hydrophilicity, and sites inferred to be under positive
selection also points to the region being potentially
important in determining specificity. In addition, the N-
terminal F-box motif is confirmed to be under purifying
selection.

Hypervariability, lack of strong hydrophobicity, and
evidence of positive selection of HVa and HVb as well as
V2 at the C terminal region of SFB implies that the region
may be responsible for the discrimination between self
and non-self S-RNases. It is known that the C-terminal
region of the F-box protein functions as a receptor to
incorporate a target protein into an SCF complex, thus
causing the incorporated protein to be polyubiquitinated
and then degraded by the 26S proteasome (Deshaies
1999). Since Ushijima et al. (2003) proposed that SFB
interacted specifically with the cognate S-RNase to
maintain it in an active state, the cognate S-RNase may
serve as a pseudosubstrate of SCFSF as in the case of the
mammalian pseudosubstrate hnRNP-U of SCFAT"P (Da-
vis et al. 2002). Investigation of the interaction between
the (hyper)variable regions of the C-terminal region of
SFB (HVa, HVb, and V2) and RHV of S-RNase is
intriguing because a hypervariable region, RHV, of

Prunus S-RNase is hydrophilic (data not shown) and
thought to be exposed on the surface of the S-RNase
molecule, as is the case with Pyrus S-RNases (Matsuura
et al. 2001). In addition to the (hyper)variable regions at
the C-terminal region of SFB, a window-averaged plot of
NVI identified a variable V1 region at the N-terminal half
of SFB, which is also hydrophilic and under positive
selection, suggesting that this region may have some
important function in discrimination between self and
non-self S-RNases.

In summary, we have cloned four additional SFB
alleles from sweet cherry, which made it possible to
perform a detailed characterization of primary structural
features of Prunus SFBs. The analysis revealed two
hypervariable regions at the C-terminus of SFBs, which
could be responsible for discrimination between self- and
non-self S-RNases. Furthermore, codons inferred to be
under positive selection are clustered in the hypervariable
C-terminal region of the molecule. Levels of divergence
between S-RNases and between SFB genes were similar,
and the most divergent allele for each gene came from the
same haplotype. All these features are consistent with the
hypothesis that SFB is the pollen-S in GSI of Prunus.
Although the overall structural features identified based
on the analysis of 13 SFB alleles in this study likely
represent the essential primary structural features of
Prunus SFBs, a more precise picture could be constructed
if comparisons were made with homologous sequences in
Solanaceae, Scrophulariaceae and/or the subfamily Mal-
oideae of Rosaceae, providing the SFB locus is present in
these species.
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