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ABSTRACT

Self-incompatibility (SI) is a genetic mechanism that prevents self-fertilization (inbreeding) by enabling the pistil to
reject self-pollen. Fertilization of rosaceous fruit tree species is governed by gametophytic SI, which has a major
effect on commercial fruit production by regulating fruit set proportion. The GSI systems are homomorphic type,
which means that there are no morphological differences in the structure of flowers; the recognition of the genetically
related individual is based on the interaction between pollen- and pistil-expressed genes. It is controlled by a single
multi-allelic locus, called the S-locus. A female determinant gene encodes glycoprotein with ribonuclease (S-RNase)
activity in the pistils, and the male determinant gene expresses a specific F-box protein only in pollen. Cultivars
sharing different S-alleles must be interplanted in orchards; therefore information on the S-genotypes is necessary for
commercial fruit growing and breeding. Breakdowns in the pollen or pistil genes resulted in self-compatible
genotypes. Studies of the rosaceous tree fruit S-locus are primarily focused on diploid species, while information is
hardly available for polyploid fruit trees despite the fact that polyploidy is a prominent feature of plant genomes.
Characteristics of the self-incompatibility system in three polyploid rosaceous species including sour cherry (Prunus
cerasus, tetraploid), Chinese cherry (P. pseudocerasus, tetraploid) and European plum (P. domestica, hexaploid) are
compared and discussed.
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INTRODUCTION structure of flowers, instead, the recognition of the
genetically related individual is based on the interaction

. between pollen- and pistil-expressed genes (Busch ef al.
species) are among the most successful taxa on the planet 2014). Tt is controlled by a single multi-allelic locus,

(M(.)rale.tal. 2011). Qne ofthe major reasons for the great called the S-locus (named after the term, “sterility”)
variability of angiosperms is supposed to be self- (Lawrence ef al. 1985, Zavada & Tayler 1986).
incompatibility. Angiosperms display diverse
reproductive strategies to enhance outcrossing and
produce genetic diversity (McClure et al. 2011). Self-
incompatibility (SI) is a genetic mechanism that prevents
self-fertilization (inbreeding) by enabling the pistil to
reject self-pollen (Kao & McCubbin 1996). Most SI
systems are of homomorphic type, which means that
there are no any morphological differences in the

Flowering plants (over 200,000 documented

Gametophytic self-incompatibility represents the most
prevalent form of self-incompatibility existing in many
flowering plant families (Ebert et al. 1989). Two main
genes in the S-locus were clarified to be responsible for
male and female specificities. The female determinant
gene encodes a glycoprotein with ribonuclease (S-
RNase) activity in the pistils (McClure ef al. 1989), and
the male determinant gene expresses a specific F-box
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protein (SFB) only in pollen (Lai et a/. 2002, Ushijima et
al.2003). The term S-haplotype means the variants of the
S-locus, while S-alleles are used to characterize the gene
variants (pollen or pistil). The physical distance between
the tightly linked SFB and S-RNase varies from 380 bp to
30 kb in different S-haplotypes (Entani et al. 2003,
Yamane ef al. 2003a). Allele names are labelled by
different numbers or letters. Number of S-alleles is
dependent upon the population size (N) and the mutation
rate (Busch ef al., 2014). Fertilization of rosaceous fruit
tree species is governed by GSI (de Nettancourt 1997),
which mainly determines the commercial fruit
production by effecting fruit set proportion. Cultivars
sharing different S-alleles (belonging to different cross-
incompatibility groups) must be interplanted in orchards;
therefore, the information of S-genotypes is necessary for
fruit growing and breeding (Yamane & Tao 2009).

Background of pollen-pistil interactions in diploid
fruit tree species— S-RNases have been shown to have
five conserved regions, named C1 to C5. Ushijima ez al.
(1998) explained that positions and sequences of the
regions C1, C2, C3 and CS5 in the rosaceous gene were
similar to those of the solanaceous S-RNases, but
sequence motifrelated to the solanaceous C4 region was
not identified. The Rosaceae-specific conserved region,
named RC4 (the “R”-letter refers to the name of the

1. intron

Rosaceae family), was identified in a position similar to
that of the solanaceous C4. The hypervariable RHV
region is important for S-allele recognition and for
initiating the self-incompatibility response. In stone
fruit, the allelic variants of S-RNase contain two introns
(Fig.1.) and both of them unveiled considerable length
polymorphism (Tao et al. 1999).

First intron is located between the signal peptide
(SP) and the conservative region C1 while its 2nd intron
is located within the hypervariable region (RHV).
Generally, molecular techniques detected that sizes of
the second intron (approx. 110 to 3100 bp) were higher
than the sizes of the first intron (approx. 100-450 bp) in
rosaceous S-RNases (Sonneveld et al. 2003).

The S-haplotype-specific F-box gene (SFB) was
identified by sequencing the S-locus region of several
Prunus species, such as almond (Ushijima et al. 2003),
Japanese apricot (Entani et al. 2003; Yamane et al.
2003Db), and both sweet and sour cherries (Yamane ef al.
2003a). These genes, termed SLF (S-locus F-box) or
SFB (S-haplotype specific F-box), fulfilled the
conditions for a pollen S-determinant gene: (a) they are
tightly linked to the S-RNase gene in the S-locus,
(b) show high S-haplotype-specific polymorphism, and
(c) are specifically expressed in pollen. The primary
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s e )

5’ — signal peptide C1 C2

RIIY C3||RC4||C5

1. exon 2. exon

3.exon

Fig. 1—Structure of a Prunus S-RNase. It contains five conserved regions (C1, C2, C3, C5 and RC4) and a
hypervariable region (RHV) that exhibits evidence of positive selection (Sonneveld et al. 2003).
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Fig. 2—Schematic structure of the SFB gene. The F-box, variable regions V, and V., and hypervariable regions HV,
and HV,are shown according to Ikeda et al. 2004, Romero et al. 2004 and Nunes et al. 2006.
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structural features of Prunus SFBs showed the presence
of one F-box motif, two variable regions (V, and V,) and
two hypervariable regions (HV, and HV,) in the amino
acid sequence (Fig.2) (Ikeda et al. 2004).

The incompatibility reactions take place between
the pistil S-ribonuclease and the pollen-expressed S-
haplotype specific F-box proteins within the pollen
tubes. Based on the modified inhibitor model, SFB
proteins inhibit the degradation of self S-RNases. It
means that pollen RNA can be degraded and pollen tube
growth is stopped (Sonneveld et al. 2005).

Breakdowns in the pollen or pistil S-gene resulted in

self-compatible genotypes. Fruit breeders and growers
appreciate SC mutants because they could overcome
cross-pollination requirements. Nowadays, several SC
cultivars are available for growers due to induced and/or
naturally occurring mutation in case of cherries
(Sonneveld et al. 2006, Marchese et al. 2007), almond
(Boskovic et al. 1999, Kodad & Socias i Company,
2008), peach (Hegeds et al. 2006, Tao et al. 2007) and
apricot (Burgos et al. 1998, Halasz et al. 2007). A total of
27 non-functional S-haplotypes have been identified and
characterized, most (24) of which formed as a
consequence of natural mutations. In the Prunoideae, 50
% of haplotypes proved to be pollen-part mutants, while
36 % are stylar-part mutants, one haplotype shows both
mutations, and molecular changes for two haplotypes
still have not been clarified (Hegedls et al. 2012).
Study on the S-locus of polyploid fruit tree
species—Crop reliability of fruit species depends on
external factors and genetically controlled mechanisms.
Among such, sexual incompatibility is in the focus of
this review. Scientific achievements are primarily
limited to diploid species like peach, almond and sweet
cherry, while information is hardly available for
polyploid species despite the fact that polyploidy is a
prominent feature of plant genomes. It had an important
role in evolution but complex genome structure makes
understanding difficult (Dufresne et al. 2014). A
polyploid cell nucleus contains more than two genomes.
Two basic groups of polyploids are known:
autopolyploids, which contain more than two
genetically identical genomes, originating after genome
doubling within single species; and allopolyploids,
which combine genomes from more than one ancestral
species (Leitch & Benett 1997).
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In case of Rosaceae fruit trees, self-incompatibility

locus of three polyploid species were analysed until
now: sour cherry (Prunus cerasus, tetraploid), Chinese
cherry (P. pseudocerasus, tetraploid) and European
plum (P. domestica, hexaploid).
Sour cherry (Prunus cerasus L.— Sour cherry
(Prunus cerasus L.) is a tetraploid species with 32
chromosomes in sporophytic cells. It is an allotetraploid
spontaneous hybrid of sweet cherry (Prunus avium L.)
(2n=2x=16) and ground cherry, Prunus fruticosa Pall.
(2n=4x=32) (Olden & Nybom 1968, Brown et al. 1996).
It means that allele pools of sweet and sour cherry are
overlapping. S-haplotypes present in sweet cherry (S,
Sy Ser Sos S1s 13, Sy, and S;, ) have been shown to
occur in sour cherry, as well. The origin of the long-time
dubious S;,-allele has been recently clarified to be
transmitted by the sweet cherry parent because this allele
was identified in a wild cherry collected around the
Black Sea coast (Szikriszt et al. 2013). Previously,
Tsukamoto et al. (2008) hypothesized that this allele
together with S, and S, might have been derived from
ground cherry (P. fruticosa). Most of the sour cherry
cultivars are self-compatible but self-incompatible
genotypes are also known (Lansari & lezzoni 1990).
Yamane et al. (2001) demonstrated for the first time the
presence of S-ribonucleases in styles of both the SC and
SI cultivars. All the 13 tested genotypes contained at
least one sweet cherry S-allele. The presence of S, S, S,,
S, and S, sweet cherry alleles was proved and they found
new S-alleles labelled by letters until the confirmation of
their novelty (S, to S,). Correspondence between self-
compatibility and certain allelic combinations could not
have been resolved. In contrast to some solanaceous
species, heteroallelic pollen alone does not cause self-
compatibility in sour cherry. Analyses of fertility
properties in three progenies of sour cherry in the field
and by monitoring pollen tube growth after selfing
showed that seedling phenotypes correlated with
disomic segregation of the S-RNase alleles (Tobutt et al.
2004, Boskovic et al. 2006).

Hauck et al. (2002) compared sweet and sour cherry
S-allele function, S-RNase sequences and linkage map
location as initial steps towards the understanding of the
genetic basis of ST and SC in sour cherry. S-RNases from
two sour cherry cultivars that were the parents of a
linkage mapping population were cloned and sequenced.
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The sequences of the S, and S;-RNases in sour cherry
were identical to those of sweet cherry S-RNases,
whereas three other S-RNases had unique sequences.
Segregation analysis in a progeny from the cross
‘Rheinische Schattenmorelle’ (S, S, S, S,) x ‘Erdi
Botermd’ (S, S, S;,,) were optimal to understand the SI
mechanism in sour cherry (Yamane et al. 2001). It was
proved that the S, -RNase is not functionally active;
however, its pollen component is functional. The
expression analyses of the S;-RNase and the pollen-part
gene, SFB, helped to clarify what kind of mutation
conferred the SC phenotype. The first described non-
functional sour cherry allele was S, -RNase in ‘Erdi
Botermd’ derived from its pollen parent, ‘Nagy Angol’
and was ascribed to a natural mutation (Yamane et al.
2003a,b). In the S, haplotype transcription of the RNase
gene could not take place, because of a 2,715 bp
insertion in the upstream region of the S-RNase gene.
Sequence alignment highlighted a 1 bp deletion and 2 bp
substitutions in the S, ,-RNase compared to the wild
type S,. Deletion of a guanine at the nucleotide position
+555 resulted in a frame shift that led to a premature stop
codon (Tsukamoto et al. 2006). Sequence analysis of S;-
haplotype revealed that SFB,” was longer than the wild-
type SFB,, indicating the presence of a 615 bp insertion
located +225 bp from the translation start site. The insert
has 11-bp inverted repeats at the termini that are flanked
by 8-bp direct repeats. Both the terminal inverted repeat
and the direct repeat were characteristic of Ds
transposable elements. This insertion generates a
premature in-frame stop codon that would result in a
putative truncated SFB, containing only 75 of the 375
amino acids present in the wild-type SFB, (Hauck et al.
2006a). Mobile element insertion is an evolutionary
force contributing to the breakdown of GSI. Most of the
natural mutations leading to self-compatibility in
Prunus were clarified to be associated with transposable
elements. Recently, a Prunus-specific non-autonomous
Mutator element was identified in apricot and other
stone fruits that has been named Falling Stones (FaSt)
(Halasz et al., 2014a). The insertion of one or two copies
of such FaSt elements into the SFB gene of apricot
resulted in the breakdown of self-incompatibility. S,,-
haplotype in some sour cherry cultivars were also
determined to be non-functional. When the nucleotide
sequence for the ‘Montmorency’ S,,,-RNase was

aligned with the wild-type S,;-RNase sequence, two
deletions were identified in S,;,-RNase. The amino acid
sequence of S, -RNase differed from that of the wild-
type allele in position 130, resulting in a putatively
truncated protein. Moreover, comparison of nucleotide
sequences for the SFB,; and SFB,;’ alleles revealed a 2-
bp difference. At position +523, the adenine of SFB,,
was substituted by a guanine in SFB,,. resulting in an
amino acid change. At position +733, the guanine of
SFB,; was substituted by a thymine in SFB,;., resulting
in a premature stop codon. Due to these changes, the
SFB,;’ is unlikely to function as the pollen-S (Tsukamoto
etal. 2006).

The S;-haplotype has four different variants and all
the S, variants are nonfunctional. The S, -RNase
diverged from the S,,-RNase by one nucleotide
mismatch in their second intron. SFB,,, and SFB,,
differed by eight nucleotides but these molecular
alternations may not be linked to loss of specificity. A
comparison of the S,,, and S,,-RNases with other
functional cherry S-RNases did not reveal any molecular
alterations that are known to disrupt S-RNase activity.
The S,,,-RNase variant differed from the S, -RNase by
a 1-bp substitution in the conserved region C2, causing a
premature stop codon. But sequence analyses have not
explored an unequivocal defect that might explain the
loss of function for the Sy, S5, and S;,; haplotypes. It
can be possible that replacement of the amino acid
residue at position 188 (from tyrosine to phenylalanine)
of the SFB protein caused the transition from SI to SC or
another explanation can be the presence of a non-
autonomous Helitron element 38 bp downstream of the
stop codon of SFB in all four S, variants (Tsukamoto et
al. 2010).

The loss of SI in sour cherry is genotype-dependent
and caused by the accumulation of non-functional S-
haplotypes (Fig.3). These haplotypes can be classified as
pollen-part mutants, labelled as a prime symbol () or
stylar-part mutants, signed by “m” following the S-
haplotype number. This system named as ‘one allele-
match model’: pollen rejection occurs if one or both of
the fully functional S-haplotypes in the 2x sour cherry
pollen grain matches an S-haplotype in the style (Hauck
et al. 2006b). Therefore, a sour cherry selection is SC if it
has a minimum of two non-functional S-haplotypes. It is
different in the Solanaceae family because pollen grains
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containing two different pollen-S alleles (heteroallelic
pollen) are compatible, regardless of the S-RNase
composition of the style. If pollen grains contain two
copies of the same allele (homoallelic pollen), pollen
tube growth is arrested when a cognate S-RNase is
present in the style (Luu et al. 2001).

Tsukamoto et al. (2008, 2010) designed useful PCR
markers to detect non-functional S-haplotypes enabling
discrimination between SC and SI genotypes. Allele-
specific primers and CAPS-markers (cleaved amplified
polymorphic sequence) can distinguish between the
mutant and wild-type alleles in case of S|/, ”; S¢/ S/ Sem2
S13/815/S1;7 and S5¢/S6./ S5/ S3600/ S36p3-  This kind  of
CAPS system was also very effective in apple
S-genotyping (Kim et al. 2009). The markers are based
on length and sequence polymorphisms (restriction
enzyme cut sites) and are useful for early detection at the
seedling stage in sour cherry breeding programs
resulting cost and time savings. The progenies must be
screened for multiple alleles to decide whether the
genotypeis SC or SI.

A Solanaceae

1,1

Polyploidy

s-‘y! "l Sl‘gl's:

B Prunus

5.5 5.5,5.5;

Fig.3—Comparison of the polyploidy effect on GSI in (A) the
Solanaceae family and (B) Prunus genus. In the Solanaceae,
SC phenotype formed directly by polyploidy due to the
compatibility of heteroallelic pollen. In Prunus species it is
not polyploidy per se, which causes the breakdown of SI. The
absence of any functional match results in a compatible
combination. Self-fertilization requires two non-functional S-
haplotypes in 2x pollen (After Hauck et al. 2006b).

Chinese cherry (Prunus pseudocerasus L.)— Prunus
pseudocerasus Lindl. is commonly known as Chinese
sour cherry, and belongs to the family Rosaceae. Itis an
insect-pollinated, perennial species with a long history
of cultivation in Asian countries. It originates from
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Southwest China and is widely distributed in the
temperate zone of Northern Hemisphere (Li et al.
2009). Similarly to P. cerasus, Chinese cherry is also an
allotetraploid species (Zhang ef al. 2010) and it had
been found to be naturally self-compatible (Huang et al.
2008). Chinese cherry is very useful as a model plant for
the study of self-compatibility, and much of this
information will be valuable for further work on
fertility properties of other polyploid fruit trees.

For the first time, Huang et al. (2008) isolated four
PpsS-haplotypes comprising at least two genes, i.e.,
PpsS-RNase and PpsSFB in P, pseudocerasus Lindl. cv.
Nanjing Chuisi (“NC””) for which the S-genotype was
determined as S,5;'S,S,. No mutations leading to
dysfunction of S-haplotype were found in their
sequences, except for PpsS; -haplotype which was not
amplified by PCR. These four S-haplotypes showed
tetrasomic inheritance. Diploid pollen grains with S-
genotypes S.S,, S,5; and S,S; could have been growing in
the style after self-fertilization, while pollen grains with
S,’S,, S;’S, and S;’S; were stopped. The results suggest
that PpsS-haplotypes-1, -5 and -7 are functional, and that
competitive interaction between two of them confer self-
compatibility on cultivar “NC”. Furthermore, in terms
of recognition specificity, diploid pollen grains carrying
PpsS;’-haplotype are equal to monoploid pollen grains
carrying the other functional S-haplotype. Later, Gu ef
al. (2010, 2012) isolated nine S-RNase alleles from
cultivars of Chinese cherry by PCR amplification from
genomic DNA and stylar cDNA. Amino acid sequences
revealed five novel S-alleles (S,, S, S, S, and S,. Zhang
et al. (2010) described two functional S-RNases and two
non-functional S-RNases, which could be considered
stylar-part mutants and labelled as S;, and S, and hence
it might explain the self-compatibility of Chinese cherry
consistently with the system written for sour cherry. In
the meantime, Yu et al. (2010) characterized four SFBs.
Ofthe four SFBs, three showed typical characteristics of
SFBs from other Prunus species and functioned as SFB
genes (these were termed SFB,, SFB, and SFB,). The
fourth SFB, termed SFB,, has a 100-bp deletion that
resulted in the transcript for SFB, lacking the F-box
domain. Genetic analysis of the S-genotypes showed
that the pollen grains were hetero-diploid (Gu et al.,
2013). The distributions of single S-haplotypes
expressed in self- and cross-pollinated progenies were in
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disequilibrium. The abnormal segregation ratios of
pollen-S indicate that a few hetero-diploid pollen grains
could inactivate self-stylar S-RNase inside the pollen
tube and grow better into the self-ovaries than others. It
indicates that other factors can regulate this
phenomenon, which must be further investigated (Gu et
al.,2014) and this time the occurrence of SC in Chinese
cherry is notenough clear.
European plum (Prunus domestica L.)—Plums
belong to the genus Prunus of the family Rosaceae and
thereby all species show gametophytic self-
incompatibility system (Hegedis & Halasz 2006).
Plums are a diverse group of plants with many species
adapted to a broad range of eco-geographic conditions
and have been cultivated for centuries (Ayanoglu et al.
2007). This group contains 20-40 species (Szabo 2001)
that are distributed in different parts of the world. The
genus has a wide range of ploidy levels; the Japanese
plum (Prunus salicina Lindl.), the myrobalan plum (P.
cerasifera Ehrh.) and the American plums (P. americana
Marsh., P. munsoniana Wight and P. angustifolia Marsh)
are diploid (2n=2x=16), compared to the tetraploid sloe
P. spinosa L. (2n=4x=32) and the hexaploid European
species (2n=6x=48) (Shimada et al. 1999).

Domestic plum (P. domestica L.) is a hexaploid (2n
= 6x = 48) allopolyploid species (Botu et al. 2002). P.
domestica is assumed to be a relatively young species
and its wild state is unknown (Das et al. 2011). Luther
Burbank reported Caucasus Mountains near the Caspian
Sea as the place of origin for P. domestica and its
ancestors (Toth & Suranyi 1980, Malcolm 2006). A
number of hypotheses have been put forward to explain
the origin of European plum. It is assumed that domestic
plum is a naturally formed hybrid that originated about
2000 years ago from the parents of the diploid
myrobalan (P. cerasifera) and tetraploid sloe (P
spinosa). Molecular marker data analyses supported the
hybrid origin of plum because P. domestica, P. cerasifera
and P. spinosa shared common alleles. However, the
possibility of secondary hybridisation with other
species, cannot be ruled out. (Zohary et al. 1992, Zohary
& Hopf 2000, Horvath et al. 2011). European plum is a
less-investigated species in the Prunoideae subfamily,
partly due to its complex structure of genome.

Information on the S-genotype of European plum
cultivars is rather limited, there are only a few work

available for the characterisation of germplasm
collections. Until now, no cross-incompatibility groups
were determined and knowledge about the number of
plum S-alleles is rather limited. Based on the early
controlled self- and cross-pollination experiments,
“fully” self-compatible, “partially” self-compatible and
self-incompatible cultivars were described (Rawes
1921). Since self-incompatibility is general in plum,
cross-pollination is essential for most cultivars. Male
sterility may also occur in some domestic plum cultivars
and this further complicates the optimal orchard design
(Szabd etal. 1999).

The first reports on the molecular analysis of plum
S-alleles were published by Sutherland ez al. (2004a, b).
Analyses of trans-specific evolution of different Prunus
(including plum) alleles revealed the evolution of new
allele specificities, taxonomy of the genus and
speciation. Altogether three plum S-alleles (S, S, and S,)
were sequenced and characterized (Sutherland et al.
2008). Since there are no available specific markers of
plum S-alleles in comparison with other Prunus species,
primers designed for the conservative regions of S-
RNase and F-box genes can be used for gaining
information about hexaploid plums. Six S-locus-specific
markers were tested for the characterization of 33
European plum cultivars (Kota & Lacis 2013). The
average observed heterozygosity proved to be quite
high; 14-37 alleles were amplified in case of different
primer combinations. All plum cultivars were
characterized by unique S-genotypes. The markers used
did not show differences according to self-compatible or
—incompatible phenotype. Halasz et al. (2014b) scored
18 different alleles in 16 cultivars indicating high genetic
diversity. These alleles were labelled using alphabetical
codes from S, to S. A total of 16 different S-genotypes
were assigned, and discrimination of all plum cultivars
was successful based on their unique S-genotypes.
However, further research is required to reliably identify
the S-alleles based on their DNA sequence and clarify
complete S-genotypes.

Due to the lack of the complete gene sequences of
the European plum S-haplotypes, currently there are no
data on the emergence of self-compatibility in this
species. If the “one-allele-match” model of self-
incompatibility in tetraploid sour cherry is also valid in
the hexaploid European plum cultivars, then SC requires
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the loss-of-function for a minimum of three S-
haplotype-specificity components (Fig.4), but there is
no direct evidence of this to date.

SaS85:5:5555

81828548586
L IL.

Fig. 4—Putative function of gametophytic self-
incompatibility for the hexaploid Prunus domestica. SC
requires the loss-of-function for a minimum of three S-
haplotype-specificity components (a,b,c).
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