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ABSTRACT

The transition from self-incompatibility (SI) to self-compatibility (SC) is regarded as one of the most
prevalent transitions in Angiosperm evolution, having profound impacts on the genetic structure of
populations. Yet, the identity and function of mutations that result in the breakdown of SI in nature
are not well understood. This work provides the first detailed genetic description of the breakdown of
S-RNase-mediated gametophytic self-incompatibility (GSI) in a polyploid species that exhibits genotype-
dependent loss of SI. Genetic analyses of six natural sour cherry (Rosaceae, Prunus cerasus) selections
identified seven independent, nonfunctional Shaplotypes with disrupted pistil component (stylar-S) and/
or pollen component (pollen-S) function. A genetic model demonstrating that the breakdown of SI in
sour cherry is due to the accumulation of a minimum of two nonfunctional Shaplotypes within a single
individual is developed and validated. Our finding that sour cherry is SI when only one nonfunctional
Shaplotype is present has significant evolutionary implications since nonfunctional Shaplotypes would
be maintained in the population without causing an abrupt shift to SC. Furthermore, we demonstrate that
heteroallelic sour cherry pollen is selfincompatible, which is counter to the well-documented phenom-
enon in the Solanaceae where SC accompanying polyploidization is frequently due to the SC of hetero-

allelic pollen.

AMETOPHYTIC self-incompatibility (GSI) is a com-
mon genetic mechanism that promotes out-
crossing in flowering plants (DE NETTANCOURT 1977).
In GSI, self-incompatibility (SI) is determined by a
single, multi-allelic locus, called the Slocus, in which
the compatibility of a cross is determined by the hap-
loid genome of the pollen and the diploid genome
of the pistil. Pollen tube growth is arrested if the pollen
tube has an Sallele in common with one of the two
Salleles in the style. The $locus contains a minimum
of two genes, one controlling stylar specificity and
the other controlling pollen specificity of the SI reac-
tion. The stylar-S in three plant families, the Solana-
ceae, Scrophulariaceae, and Rosaceae is a ribonuclease
($-RNase) (ANDERSON et al. 1986; MCCLURE et al. 1989;
Sassa et al. 1992; XUE et al. 1996), which is expressed in
the pistil and specifically degrades RNA of incompat-
ible pollen (McCLURE et al. 1990). The pollen-S gene is
an F-box gene named $locus F-box (SLF) in Antirrhi-
num (LAT1 et al. 2002) and in Prunus mume (ENTANI et al.
2003), PiSLF in Petunia inflata (S1jacic et al. 2004), and
Shaplotype-specific F-box gene (SFB) in Prunus dulcis,
Prunus avium, and Prunus cerasus (USHIJIMA et al. 2003;
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YAMANE et al. 2003; IKEDA et al. 2004). The function of
this F-box gene in the SI reaction remains unknown.

Within the Rosaceae, Prunus has emerged as the
model GSI genus due to the small physical size of the
Shaplotype region that facilitated map-based cloning of
the pollen-S (ENTANTI et al. 2003; UsHIijiMA et al. 2003).
Four diploid Prunus species, sweet cherry (P. avium),
almond (P. dulcis), and apricot (P. mume and Prunus
armeniaca) have well-characterized GSI systems with >50
S-RNases and 10 SFBs isolated and sequenced (UsHIJIMA
et al. 1998, 2003; TAo et al. 1999; TAMURA et al. 2000;
SONNEVELD et al. 2001, 2003; YAEGAKI et al. 2001; MA and
OL1VEIRA 2002; BEPPU ef al. 2003; ROMERO et al. 2004;
WiunNscH and Hormaza 2004; pE CUYPER et al. 2005).
Within Prunus, cherry represents a natural diploid—
tetraploid series with the tetraploid sour cherry arising
through hybridization between sweet cherry and the
tetraploid ground cherry (Prunus fruticosa) (OLDEN and
NysoM 1968). Like sweet cherry, sour cherry exhibits an
S-RNase-based GSI system (YAMANE et al. 2001; Hauck
et al. 2002; ToBUTT et al. 2004); however, in contrast
to sweet cherry, natural sour cherry selections include
both SI and self-compatible (SC) types (LANSARI and
Iezzont 1990).

This genotype-dependent loss of SI in sour cherry
indicates that genetic changes, and not polyploidy
per se, cause the breakdown of SI. This is in contrast
to the Solanaceae where polyploidy can result in the
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breakdown of SI (LIVERMORE and JOBNSTONE 1940; StouT
and CHANDLER 1942; PANDEY 1968). This breakdown of
GSI accompanying polyploidy in Solanaceous species is
a result of competitive interaction (LEwis 1943; GoLz
et al. 1999, 2001) in which pollen grains containing
two copies of the same pollen-S allele (homoallelic
pollen) are arrested if the cognate S-RNase is present in
the style, while pollen grains containing two different
pollen-S alleles (heteroallelic pollen) are compatible,
regardless of the S-RNase composition of the style (Luu
et al. 2001).

Competitive interaction describes a specific example
of a pollen-part mutation caused by the presence of two
different functional pollen-S genes within a single
pollen tube. However, numerous other types of muta-
tions have been associated with the occurrence of SC
from normally SI populations or individuals. Pollen-part
mutations can also result from a structural alteration of
the SLF or SFB gene (UsHIJIMA et al. 2004; SONNEVELD
et al. 2005). Stylar-part mutants can result from a
structural alteration of the S-RNase gene or its cis-acting
promoter region (YAMANE et al. 2003). Finally, SC can
be caused by mutations affecting so-called “modifier”
genes that are required for pollen rejection but not for
the allele specificity of the reaction (McCCLURE et al.
1999).

We used a genetic approach to elucidate the basis for
the breakdown of SI in sour cherry. Six diverse sour
cherry selections representing the habitat range of the
species were used, making it highly unlikely that these
selections would contain similar mutations in modifier
genes. To determine if the breakdown of SI is due to
changes affecting the allele specificity of the SI reaction
or to changes affecting the ability to carry out the
incompatibility reaction, we took advantage of func-
tional Shaplotypes shared between the sweet and the
sour cherry and the full fertility of the reciprocal
interspecific crosses. Four functional and seven non-
functional S$haplotypes present in sour cherry are
described. A model was developed and validated, con-
firming that SC in sour cherry is caused by the presence
of two or more nonfunctional S$haplotypes within an
individual. Furthermore, the demonstration that hetero-
allelic pollen is SIin sour cherry suggests that the pollen-S
genes of Prunus and the Solanaceae may differ.

MATERIALS AND METHODS

Plant material: Six SC sour cherry cultivars—Cigany, Erdi
B6termd (EB), Montmorency (Mont), Rheinische Schatten-
morelle (RS), Surefire (Sure), and Ujfehértoi furtés (UF)—
and four sweet cherry cultivars—Chelan, Emperor Francis
(EF), Gold, and Schmidt—were used (see supplemental Table
1 at http: /www.genetics.org/supplemental). The Salleles for
the sweet cherry cultivars have been previously reported
(Iezzont et al. 2005). Initial Sallele characterizations for
Cigany, EB, Mont, RS, Sure, and UF have also been previously

reported (YAMANE et al. 2001). Triploid progeny were gener-
ated from reciprocal interspecific crosses between sweet and
sour cherry. Tetraploid progeny were generated from self-
pollination of each of the sour cherry selections and the fol-
lowing sour cherry crosses: RS X EB, UF X Sure, UF X RS, and
UF X Mont. $haplotype segregation was examined from a
total of 1200 progeny from 25 different self- and hybrid pop-
ulations. For the triploid progeny and a portion of the tetra-
ploid progeny, genotyping was done using DNA extracted
from mature seed. All other plant material was grown at the
Michigan State University Experimental Stations in Clarksville,
Traverse City, or Benton Harbor, Michigan.

DNA extractions: From leaves: DNA extractions were con-
ducted as previously described (HAuCK et al. 2002).

From seed: The testa was removed from the cherry seed and
the remaining embryo and cotyledons were ground in liquid
nitrogen and mixed in a buffer consisting of 1% CTAB, 150
mM TrissHCI (pH 8.0), 20 mm EDTA, 800 mMm NaCl, 0.25%
SDS, and 1% B-mercaptoethanol. The DNA was purified by
chloroform extraction and precipitated using isopropanol.

S-RNase genotyping: The S-RNase gene-specific primer set,
composed of Pru-C2 and PCE-R (YAMANE ¢t al. 2001), was used
for Shaplotype determination for all self- and interspecific
seed. This primer pair could differentiate between most
S-RNase alleles on the basis of polymorphisms in the length
of the second intron in the Prunus S-RNase. However, the S
and S; 3-RNasealleles could not be reliably amplified using this
primer pair. Instead, either PaS2-Fnew/PaS2-R (SONNEVELD
et al. 2003) or newly designed PcS13-F (AGC AAA CCT TCC
CAC CAA C)/PcS13-R (AGG AGG GGT GTT CTT CCA GT)
was used. In certain crosses, other S-RNase-allele-specific prim-
ers were used to verify S-RNase genotypes (SONNEVELD et al.
2001, 2003). The S, and S;haplotypes can be differentiated
using RFLP analysis, as described previously (YAMANE et al.
2001). We previously aligned the amino acid sequences for the
Sr, S¢, S13-, S26, and S,-RNases from sour cherry (HAUCK et al.
2002).

SFB genotyping: Thirty-three progeny from the cross RS X
EB, 17 from UF X Mont, and 22 from UF X RS were genotyped
using allele-specific primers for each of the functional SFB
alleles to verify cosegregation of the S-RNase and SFB alleles.
Allele-specific primers for SFB; (PaSFB4-F/PaSFB4-R) and
SFBs (PaSFB6-F/PaSFB6-R) were used as previously described
(IKEDA et al. 2005). The newly designed PcSFB26-F (GATTTG
CTTGCTTTTTAAATGTTACGG) /PcSFB26-R  (CTTAATTCT
TGTGTCAAGAACTTGCC) were used for SFB,; genotyping.

Model testing: The S-RNase genotypes for 92 mature seed-
lings with known pedigrees were determined using RFLP
analyses following digestion with either HindIIl or Dral as
previously described (YAMANE et al. 2001). Predictions of the SI
or SC phenotype for seedlings were made on the basis of our
developed hypothesis of the genetic control of SI and SC
in sour cherry. The growth of self-pollen in each of the 92
seedlings was observed by aniline blue staining and UV
microscopy (HAuck et al. 2002).

RESULTS

Sour cherry styles reject sweet cherry pollen in an §-
allele-specific manner: The ability of sour cherry styles
to arrest pollen in an Shaplotype-specific manner was
tested by crossing sour cherry and sweet cherry cultivars
that have common $haplotypes. When the sour cherry
cultivar RS (S5S;5 S265,) was pollinated with pollen from
the sweet cherry cultivar Gold (S5S4), all the progeny
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TABLE 1

Segregation of pollen-derived Shaplotypes in interspecific crosses between sour cherry and sweet cherry

Segregation of paternal Shaplotypes

Population

Parents (S-genotype)* size Observed ratio Expected ratio” X® (Pvalue)

RS (S6515S8265,) X Gold (S55Ss) 31 31:0 (S5S6) 1:1 31.0 (<0.0001)
Mont (Sg S;5SeSpun) X Gold (S55S6) 55 55:0 (55S6) 1:1 55.0 (<0.0001)
UF (S S4SuSnun) X Schmidt (S,S.) 66 66:0 (S:54) 1:1 66.0 (<0.0001)
Sure (S; S15S:Snu) X EF (S5S4) 30 30:0 (S5Sy) 1:1 30.0 (<0.0001)
EB (S486S2Snun) X EF (S5S4) 18 18:0 (S584) 1:1 18.0 (<0.0001)
Cigany (S6,2805265.) X Chelan (S5S) 45 45:0 (S5:S0) 1:1 45.0 (<0.0001)
EB (S4Sem Sa Snu) X Gold (S5Ss) 33 22:11 (S55S4) 1:1 3.67 (0.0555)
Cigany (Sgn2805265.) X Gold (S5S4) 36 16:20 (S5:S6) 1:1 0.44 (0.5050)

“The Shaplotypes being tested are underlined.

* Observed ratios were tested for fit to the ratio expected if the shared Shaplotype is nonfunctional (1:1). If
the shared Shaplotype were functional, it would not be inherited from the paternal parent.

contained the Srhaplotype (Table 1). This indicates
that Gold S; pollen was compatible in RS styles, whereas
the Gold S, pollen was arrested by the presence of a
functional Ss-RNase (Figure 1A). Likewise, Ssand not S5
pollen was selectively inhibited in Mont (S4S;5 S:Snuu)
styles, Syand not S;pollen was selectively inhibited in UF
(S S484Snun) styles, Sy and not S5 pollen was selectively
arrested in Sure (84575 SuSnux) and EB (8456,.5:8n.2)
styles, and Soand not S5 pollen was selectively inhibited
in Cigany (S5,2595265,) styles (Table 1). These results
demonstrate that sour cherry retains the ability to reject
pollen in an Shaplotype-specific manner; therefore, SC
must be caused by genetic changes affecting the
specificity of the GSI reaction. See supplemental Table
2 (http:/www.genetics.org/supplemental) for com-
plete segregation of the Sgenotypes in the triploid
progeny from the interspecific reciprocal crosses be-
tween sweet and sour cherry.

Two stylar-part mutants are identified in sour cherry:
Sweet cherry S, and Sopollen was selectively inhibited in
EB (S456mSaSnu) and Cigany (S4,2595265,) styles, re-
spectively, indicating that these sour cherry cultivars are

A ‘RS’ x ‘Gold’ B ‘Gold’ x ‘RS’

Sbs 13 SZ(JSu SJ Sﬂ

1193

C ‘RS’ self pollination

ShS.'J'SZ!iSu

able to carry out an Sl reaction (Table 1). In contrast, Sg
pollen from the sweet cherry cultivar Gold successfully
grew down the styles of these two selections, indicating
that the S4RNases in these two cultivars are nonfunc-
tional (Table 1). These nonfunctional stylar-part muta-
tions, which can be distinguished on the basis of RFLP
patterns (YAMANE ef al. 2001) and PCR amplification
products (YAMANE et al. 2003), are termed Sg,, and Sg,,,2
in EB and Cigany, respectively. We previously have
shown that S, consists of a functional S;SFB but a
nonfunctional S-RNase due to a 2600-bp insertion up-
stream from the S4-RNase (YAMANE et al. 2003).

Sweet cherry styles reject sour cherry pollen in an
allele-specific manner: When RS (S45;5 S265,) pollen
was placed on Gold (S5Ss) styles, the absence of progeny
containing both the S and Sshaplotypes indicated that
Sscontaining pollen from RS was selectively rejected by
the SsRNase in Gold styles, regardless of what other
Shaplotype was in the pollen (Table 2; Figure 1B). This
establishes that the RS Sghaplotype also exhibits Ss
pollen-specific rejection and is, therefore, fully func-
tional. Sgcontaining pollen of EB and Cigany was

FIGURE 1.—Schematics of the inter-
specific crosses between RS (S45;5
$265,) and Gold (S53S4) and the self-pol-
lination of RS. (A) Pollination of RS
styles with Gold pollen results in the
rejection of all pollen containing the
Sshaplotype. Pollen containing the Sx
haplotype is successful. (B) Pollination
of Gold styles with RS pollen results in
the rejection of all pollen containing
the Sghaplotype. Any pollen that does
not contain the Sghaplotype is success-
ful. Because sour cherry exhibits homol-
ogous and occasional nonhomologous

pairing (BEAVER and Irzzonr 1993), all possible chromosome-pairing configurations are considered. Pollen types formed by
homologous pairing are shaded. (C) Self-pollination of RS results in rejection of all pollen containing either S; or Sy4 or both.

The only successful pollen is S;5S,.
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TABLE 2

Shaplotypes of successful pollen types from interspecific crosses between sweet cherry and sour cherry selections

Parents (S-genotype)“

No. of progeny

Possible sour cherry pollen types

Successful Not detected

Gold (S585) X RS (SgS55265,) 13
Gold ($555) X EB ($,S5SuS ) 14
Gold (558, X Cigany (Sg,2505265) 40
Gold (S3£6) X Mont (£6S13,S(1S7lull) 15
EF (855,) X Sure (S4515SaSuun) 37
EF (8389 X UF (SyS4SaSnun) 40
EF (5587 X EB (S4SsmSaSnun) 20

SI]’ SZﬁa SI}’Sa

S4Sw S4Snulla Sasnull
SQS(U 89826> 8268(1
813’Snulb Sl)"'sw Sasnull
Sl?’Snull’ Slj"Sw S(LSnull
SI'Snull’ SI'Sda SdSnull
SGmSnulb Sémsa’ SaS7z'ull

So 82658654556 513758265,
S6msw SémSnull’ S4S6m
Sém,ZSw 861:/,2826’ S6m289
S(JSnulla Sﬁsm S6SZ’
S4Snullr S4Sm S4SI3'
S4Snulla S4Sds SI'S4
S4Snull, S4Sw S4SGW

“The Shaplotypes being tested are underlined.

"The S24S, gamete type is rare, resulting in only 3% of the progeny in a fully compatible cross (see supplemental Figure 1 at

http:/www.genetics.org/supplemental/).

selectively rejected in Gold styles, indicating that the
Sem- and  Sg,zhaplotypes in these selections have a
functional pollen-S (Table 2). Likewise, Ss;containing
pollen from Mont was selectively rejected in Gold styles,
and Srcontaining pollen of Sure, UF, and EB was
selectively rejected in EF (S5S,) styles (Table 2). This
demonstrates that sour cherry pollen containing a
functional pollen-Sfrom an Shaplotype that is identical
to the one in sweet cherry is always rejected. This allele-
specific pollen rejection occurred regardless of the
other Shaplotype present in the diploid pollen.

Self-pollinated progeny of sour cherry segregate for
functional and nonfunctional $haplotypes: All of the
progeny from the self-pollination of RS (S$4S;5 S265.)
inherited the S;5- and S;haplotypes, whereas the S
and Syshaplotypes segregated 1:1 (present:absent)
(Table 3). This can be explained by the arrest of pollen
containing either the Ss or S;shaplotype, or both, and
the self-compatibility of S;3S,containing pollen (Fig-
ure 1C). Therefore, we conclude that both the S5 and
the S,shaplotypes are fully functional, as pollen con-
taining either of these Shaplotypes was incapable of

TABLE 3

Segregation of S-haplotypes following self-pollination of six sour cherry selections to determine
the functionality of each Shaplotype

Segregation of Shaplotypes

Parent No. of progeny
(Sgenotype) observed Shaplotype Observed ratio Expected ratio® X® (Pvalue)
RS 54 Ss 28:26 1:1 0.07 (0.7855)
(86813 52654) S13 54:0 1:1 54.0 (<0.0001)
So6 23:31 1:1 1.19 (0.2763)
Sa 54:0 1:1 54.0 (<0.0001)
Cigany 59 Semz2 59:0 1:1 59.0 (<0.0001)
(S6m259S2654) So 24:35 1:1 2.05 (0.1521)
S26 36:23 1:1 2.86 (0.0906)
Sa 59:0 1:1 59.0 (<0.0001)
EB 25 Sy 9:16 1:1 1.96 (0.1615)
(S4S6mSaSnunr) Sem 25:0 1:1 25.0 (<0.0001)
Sa 20:5 1:1 9.00 (0.0027)
Sure 64 Sy 35:29 1:1 0.56 (0.4533)
(84873 SaSnunr) S5 64:0 1:1 64.0 (<0.0001)
Sa 63:1 1:1 60.1 (<0.0001)
UF 102 Sy 102:0 1:1 102.0 (<0.0001)
(SI'S4SdSnull) S4 60:42 1:1 3.18 (00747)
Sq 98:4 1:1 86.6 (<0.0001)
Mont 135 Se 72:63 1:1 0.60 (0.4386)
(86813 SaSnunr) S5 131:4 1:1 119.4 (<0.0001)
Sa 131:4 1:1 119.4 (<0.0001)

“A 1:1 ratio is expected if the shared Shaplotype is fully functional, resulting in pollen rejection. A shared
nonfunctional Shaplotype would not result in pollen rejection; therefore, the shared Shaplotype would be
transmitted to the progeny at a higher frequency than expected.
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self-fertilization, whereas the S;3- and S;haplotypes
were nonfunctional. §;3 was also determined to be a non-
functional Shaplotype on the basis of self-pollinations
of Sure and Mont (Table 3). S;5 was previously shown
to have a functional stylar component in crosses with
sweet cherry containing an S;sallele (ToBUTT et al
2004); therefore, we predict that the mutation affects
the pollen component. S,was also confirmed to be anon-
functional S$haplotype from self-pollinations of Cigany,
EB, Sure, and Mont (Table 3). Finally, S;5 was also con-
firmed to be a fully functional S$haplotype on the basis
of the self-pollination of Cigany (Table 3).

For four of the sour cherry selections (EB, Sure,
Mont, and UF), only three different Shaplotypes could
be identified (YAMANE et al. 2001). Segregation data
presented in this study indicate that each Shaplotype
was present in a single copy (Table 3). Therefore the
fourth Shaplotype is hypothesized to be S, contain-
ing a deletion of the $locus since no RFLP fragment
associated with S,,,;was visualized with either an S-RNase
or an SIB probe (YAMANE et al. 2001).

In UF, S,is the only fully functional Shaplotype, whereas
S7 and S, are nonfunctional Shaplotypes (Table 3). Pre-
liminary sequence and genetic analyses indicate that S
is a pollen-part mutant (N. R. Hauck, unpublished
results). The nonfunctional S, and Shaplotypes likely
represent different mutations of a common Shaplotype,
since partial S-RNaseand SFBsequences of the S,-and S,
haplotypes are identical (N. R. Hauck, unpublished
results). These two Shaplotypes can be differentiated
on the basis of HindIII S-RNase fragments (S,, 6.4 kb; S,
6.2 kb) (YAMANE et al. 2001).

Heteroallelic sour cherry pollen is SI: The presence
of two fully functional Shaplotypes (S5 and Sy6) in RS
allowed us to test whether heteroallelic pollen is SI or
SC. Evidence that RS S$4554 pollen is viable is provided by
the fully compatible cross UF X RS where 11 of 59 prog-
eny inherited S4S24 pollen from RS (see supplemental
Figure 1 at http://www.genetics.org/supplemental/).
RS $4856 pollen was always rejected by Gold (S5S4) styles
and self-styles, presumably due to the presence of the S4
RNase in the Gold and the Ss and S,s+RNases in RS
(Tables 2 and 3). Rejection of the RS S§4525 pollen
containing two functional pollen-S$ alleles in both Gold
and RS styles indicates that heteroallelic pollen is SI in
sour cherry.

Additional evidence that the breakdown of GSI in
sour cherry is not caused by the SC heteroallelic pollen
is provided by the self-pollinations of Cigany, which
contains two fully functional Shaplotypes (S9and Sy),
and EB, which contains at least two functional pollen-S
genes (Sy and Sg,) (Table 3). Similar to RS, self-
pollination of Cigany and EB resulted in the rejec-
tion of pollen containing these Shaplotypes. Cigany
and EB pollen containing the Sg, S, or Sg,2-haplo-
types was also arrested in styles of sweet cherry culti-
vars containing the S, or Sghaplotypes, respectively

(Table 2 and see supplemental Table 2 at http:/
www.genetics.org/supplemental/). Additionally, previ-
ous work with the SI sour cherry cultivar Crisana ($
RNase phenotype: S;545,) demonstrated that it contains
two fully functional Shaplotypes (S; and S,) and all
Crisana pollen was rejected in sweet cherry styles known
to contain functional S;- and S-RNases (HAuck et al.
2002).

The SI of heteroallelic pollen in sour cherry could be
due to either the absence of competitive interaction or
the presence of genetic dominance/recessive relation-
ships between pollen-S alleles similar to that exhibited
by the sporophytic SI system in Brassica (THOMPSON
and TAayLOR 1966). Although the crosses made cannot
conclusively distinguish between these two possibili-
ties, we obtained no data consistent with dominant/
recessive relationships among the six functional pollen-
S alleles identified (Sy4 Sa Sems Semz So, and Spys) as
allele-specific pollen rejection occurred regardless of
the other Shaplotype present in the diploid pollen
(Table 2).

Model development and testing: Taken together, our
data indicate that the breakdown of GSI in sour cherry
is caused by the accumulation of stylar-part and pollen-
part mutants affecting multiple $haplotypes (Figure 2).
In sour cherry, four functional (Sy Ss So and Si)
and seven nonfunctional Shaplotypes (Sy, Sem Somz
S13, Se» S, and S,,) (HAUCK et al. 2002; YAMANE et al.
2003; ToBUTT et al. 2004; this work) have been identi-
fied. A comparison of the SI and SC selections revealed
that the SI selections contained only one nonfunctional
Shaplotype, whereas the SC selections contained two
to four nonfunctional Shaplotypes. From this, we
developed the “one-allele-match” model, in which a
match between a functional pollen-S gene product
in the pollen and its cognate functional $RNase in
the style would result in an incompatible reaction. A
similar reaction would occur regardless of whether the
pollen contained a single functional pollen-S gene or
two different functional pollen-S genes. The absence of
a functional match would result in a compatible re-
action; thus, for successful self-fertilization, pollen must
contain two nonfunctional Shaplotypes.

To test this model, we genotyped 92 seedlings
from four crosses among five sour cherry selections.
All seedlings that contained only one nonfunctional
Shaplotype (rn = 17) were SI and all seedlings that
contained two or more nonfunctional and noncomple-
mentary Shaplotypes (n = 75) were SC (Table 4 and
see supplemental Table 3 at http:/www.genetics.org/
supplemental/). Since the nonfunctional S, and S,
haplotypes likely represent different mutations of a
common Shaplotype, we hypothesize that S, and S,
have complementary pistil-S and pollen-S mutations,
resulting in a functional $haplotype. Therefore, these
results validate the one-allele-match model for the
genetic control of SC and SI in sour cherry.
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A Solanaceae

e
Polyploidy
5,5, 5,5,5,5,
B Prunus
Polyploidy First
mutation
5,53 515,555, S451555;
DISCUSSION

The transition from SI to SC has occurred repeatedly
and has had a profound impact on angiosperm evolu-
tion, yet the genetic and molecular basis of this
transition is not well understood. This study provides
the first detailed genetic analysis of GSI breakdown in a
diploid—polyploidy series involving multiple indepen-
dent Shaplotype mutations. In each case the mutations
were not in “modifier” genes that would cause a dis-

TABLE 4

Number of nonfunctional Shaplotypes and the SI or SC
phenotypes for 92 sour cherry seedlings

No. of nonfunctional No. of .
Shaplotypes in each seedlings Phenotype of scedlings
Seedling analyzed No. SI No. SC
1 17 17 0
2 17 3¢ 14
3 37 0 37
4 21 0 21

“Three progeny with Sgenotype S4555,5; were determined
to be SI, despite having two nonfunctional Shaplotypes. Par-
tial S-RNaseand SFBsequences from the S,- and S haplotypes
are identical (N. R. HAuck, unpublished results), suggesting
that the S, and S, represent different mutations of a common
Shaplotype. We are currently testing the possibility that S, has
a functional S-RNase and a nonfunctional SFB, whereas S, has
a nonfunctional S-RNase and a functional SFB. In this case,
$4565.5, individuals would be predicted to be SI under the
one-allele-match model since S,S; pollen would be rejected
due to a match between a functional S,-RNase and SFB,.

Second mutation

FIGURE 2.—Schematic of the
affects of polyploidy on GSI in
(A) the Solanaceae and (B)
Prunus. In the Solanaceae,
polyploidy directly causes the
conversion from SI to SC due
to the compatibility of heteroal-
lelic pollen. In Prunus, poly-
ploidy does not directly result
in a breakdown of SI. Rather,
SCrequires the loss-of-function
for a minimum of two S-hap-
lotype-specificity components.
Polyploidization creating tetra-
ploid sour cherry presumably
resulted from the mating of a
2n gamete from sweet cherry
and an n gamete from tetra-
ploid ground cherry (IEzzoNI
and Hancock 1984).

S(JS[J SE S2

ruption in the ability to carry out the SI reaction as four
Shaplotypes were found to be fully functional (S, Sg,
So, and Sy4). Instead, all mutations affected the allele
specificity of the reaction by disrupting pistil-S and/or
pollen-S function.

The one-allele-match model suggests a fundamental
difference in the effect of polyploidy on SI between the
Solanaceae and Prunus. In the Solanaceae, polyploidy is
a direct cause of SC as a result of competitive interaction
(Figure 2A), whereas in Prunus, polyploidy does not
directly cause SC since heteroallelic pollen retains its SI
phenotype. Rather, in sour cherry, mutations of the
stylar- and pollen-specificity components have occurred
and then accumulated to result in SC (Figure 2B). Our
finding that sour cherry is SI despite the presence of one
nonfunctional Shaplotype also has significant evolu-
tionary implications in that nonfunctional Shaplotypes
could be maintained in the population without causing
an abrupt shift to SC.

Molecular characterization of five of the seven non-
functional Shaplotypes that are completed or in pro-
gress, reveal structural changes of the Shaplotype
(YAMANE et al. 2003; N. R. HAuCK, unpublished results).
The Sg,-haplotype has a transposon-like element in-
sertion in the putative promoter region of the S-RNase
(YAMANE et al. 2003). The coding sequence of the
pollen-part mutant SFB; contains a 615-bp Dslike
element, while the coding sequence of the pollen-part
mutant SFB;y contains a nonsense mutation (N. R.
Hauck, unpublished results). The §,,; presumably
resulted from a deletion that encompasses the S-RNase
and SIB genes. The molecular characterizations of the
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Semzs S and Sghaplotypes are not yet complete.
However, we predict that ata minimum the S;haplotype
will have an ~2-kb deletion within the Shaplotype
region that is not present in the S,haplotype.
Phylogenetic analyses of S-RNases from the Solanaceae,
Scrophulariaceae, and Rosaceae support the conclusion
of a common evolutionary origin for S-RNase-mediated
GSI (Icic and Konn 2001; STEINBACHS and HOLSINGER
2002). The finding that the pollen-S in these three
families is an F-box protein implicates ubiquitination as
a common mechanism for S-RNase degradation (Kao
and TsukaMoTO 2004). Yet, the SI of heteroallelic pollen
in sour cherry suggests that the pollen-§ differs between
Prunus (Rosaceae) and the Solanaceae. Two other lines
of evidence support this contention. First, sweet cherry
pollen carrying the mutated SFB3, characterized by the
complete deletion of a functional SFB3, is viable and SC
(SoNNEVELD et al. 2005). However, in the Solanaceae,
loss of the pollen-§ gene is predicted to be lethal to the
pollen (Govrz et al. 1999, 2001). Second, the pollen-Sal-
lele in Prunus, SFB, exhibits a higher degree of sequence
diversity than the pollen-S allele, SLE in Antirrhinum
and Petunia (IKEDA et al. 2004; Koo and TsukamMoOTO
2004). Further insight will require an understanding of
the biochemical interactions involving the pollen-Sand
stylar-S genes in both the Solanaceae and Prunus.
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