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The S-RNase-based gametophytic self-incompatibility (GSI)
reproduction barrier is important for maintaining genetic
diversity in species of the families Solanaceae,
Plantaginaceae and Rosaceae. Among the plant taxa with
S-RNase-based GSl, Prunus species in the family Rosaceae
exhibit Prunus-specific self-incompatibility (SI). Although
pistil S and pollen S determinants have been identified,
the mechanism underlying SI remains uncharacterized in
Prunus species. A putative pollen-part modifier was identi-
fied in this study. Disruption of this modifier supposedly
confers self-compatibility (SC) to sweet cherry (Prunus
avium) ‘Cristobalina’. To identify the modifier, genome re-
sequencing experiments were completed involving sweet
cherry individuals from 18 cultivars and 43 individuals in
two segregating populations. Cataloging of subsequences
(35 bp kmers) from the obtained genomic reads, while refer-
ring to the mRNA sequencing data, enabled the identifica-
tion of a candidate gene [M locus-encoded GST (MGST)].
Additionally, the insertion of a transposon-like sequence in
the putative MGST promoter region in ‘Cristobalina’ down-
regulated MGST expression levels, probably leading to the SC
of this cultivar. Phylogenetic, evolutionary and gene expres-
sion analyses revealed that MGST may have undergone lin-
eage-specific evolution, and the encoded protein may
function differently from the corresponding proteins
encoded by GST orthologs in other species, including mem-
bers of the subfamily Maloideae (Rosaceae). Thus, MGST
may be important for Prunus-specific SI. The identification
of this novel modifier will expand our understanding of the
Prunus-specific GSI system. We herein discuss the possible
functions of MGST in the Prunus-specific GSI system.

Keywords: ‘Cristobalina’ e cherry e Pollen-part modifier o
Self-incompatibility e S-RNase e Subsequence cataloging.

Abbreviations: BWA, Burrows—Wheeler Aligner; DEG, differ-
entially expressed gene; GSI, gametophytic self-incompatibil-
ity; GST, glutathione S-transferase; MGST, M locus-encoded
GST; qRT-PCR, quantitative real-time PCR; RPKM, reads per

kilobase per million total reads; SC, self-compatibility; SCK,
SC-specific kmer; SFB, S haplotype-specific F-box; SFBB, S
locus F-Box Brothers; SI, self-incompatibility; SLF, S locus
F-box; TE, transposable element.

Footnotes: The nucleotide sequences reported in this paper
have been submitted to the DDB) database with accession
numbers PRJDB6734, LC371283, and LC371380.

Introduction =

Self-incompatibility (SI) is a major reproductive strategy of
flowering plants to maintain genetic diversity within a species
(De Nettancourt 2001). The plant families Rosaceae, Solanaceae
and Plantaginaceae share the RNase-based gametophytic SI
(GSI) system. Self- and non-self recognition in this system is
controlled by a haploblock, called the S locus, which encodes
the pistil S determinant S-RNase (S-RNase) and pollen S deter-
minant F-box protein(s). The pollen F-box proteins are named S
locus F-box (SLF) proteins in the families Solanaceae and
Plantaginaceae, S locus F-Box Brothers (SFBB) in the subtribe
Malinae of the family Rosaceae and S haplotype-specific F-box
(SFB) in Prunus species of the family Rosaceae (McCubbin and
Kao 2000, McClure 2009, Sassa et al. 2010, Tao and lezzoni 2010,
Meng et al. 2011). These families use monophyletic homolo-
gous S-RNases as the pistil S determinant (Igic and Kohn 2006,
Morimoto et al. 2015). Because the most recent common an-
cestor of the three families is the ancestor of 75% of eudicot
families, RNase-based Sl is believed to be the ancestral state in
most eudicots (Igic and Kohn 2006). However, the pollen S, SLF/
SFBB/SFB, evolved in a lineage-specific manner probably be-
cause of the rapid birth/death of F-box genes (Xu et al. 2009),
which may have triggered the taxa-dependent functional diver-
sification of pollen S F-box proteins (Ushijima et al. 2003,
Sonneveld et al. 2005, Aguiar et al. 2015, Kubo et al. 2015,
Akagi et al. 2016). Several lines of evidence have revealed that
the SI recognition mechanism in Prunus species, especially re-
garding the pollen S determinant function, is distinct from the
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corresponding mechanism in other taxa that exhibit S-RNase-
based GSI (Ushijima et al. 2004, Hauck et al. 2006, Sonneveld
et al. 2005, Tao and lezzoni 2010). Multiple pollen S F-box genes
in the S locus are assumed to be involved in degrading and
detoxifying non-self S-RNases, but not self S-RNase, which func-
tions as a cytotoxin in the pollen tube in the families Solanaceae
and Plantaginaceae and in the subtribe Malinae (Kubo et al.
2010, Minamikawa et al. 2010, Kakui et al. 2011, Kubo et al.
2015). Meanwhile, a single pollen S determinant SFB is believed
to mediate the cytotoxicity of the self S-RNase in Prunus species
(Tao and lezzoni 2010, Matsumoto and Tao 2016). However,
little is known about the molecular basis for the functional
diversification of pollen S F-box genes.

In addition to the S locus Sl/self-compatibility (SC) specifi-
city determinant genes, other genes located outside the S locus
are expressed non-specifically and independently of the S
haplotype. Thus, characterizing these genes may be important
for elucidating the functional diversification and evolution of
the S-RNase-based GSI system. These ‘self-incompatibility
modifier’ genes are expressed at various stages of the SI/SC
reaction in the S-RNase-based GSI system (Goldraij et al.
2006, Zhao et al. 2010, Entani et al. 2014). In the family
Solanaceae, two genes expressed in the pistil, HT-B and 120K,
are candidate pistil modifier genes (Goldraij et al. 2006).
Additionally, PhSSK1 and PhCULT, which are expressed in the
pollen tube and encode components of the SCF complex, are
probably the pollen-part modifier genes in Petunia species
(Zhao et al. 2010, Entani et al. 2014). Prunus species mutants
exhibiting SC presumably caused by mutations to the pollen-
part modifier genes have also been described. ‘Cristobalina’ is a
Spanish sweet cherry (Prunus avium) cultivar whose SC is prob-
ably conferred by a mutation to a modifier gene located at the
edge of chromosome 3 (Wiinsch and Hormaza 2004, Cachi and
Wiinsch 2011). Although ‘Cristobalina’ exhibits SC, pollen tube
growth is significantly lower during self-pollination than during
cross-pollination (Cachi et al. 2014). Therefore, ‘Cristobalina’
may be more appropriately described as exhibiting semi-SC. A
pollen-part modifier gene conferring SC was also detected in
apricot (Prunus armeniaca) (Zuriaga et al. 2012, Zuriaga et al.
2013). This modifier gene was localized to apricot chromosome
3, in a genomic region similar to where the ‘Cristobalina’ modi-
fier gene is located.

In the era of ‘omics’-based studies, genome-wide sequencing
approaches have been used to identify causal mutations in
non-model plant species, even with minimal reference
genome information. For example, [llumina gDNA-sequencing
(gDNA-Seq) and mRNA-Seq data were assembled to identify
the sex-determining gene in Diospyros species with no
available reference genome information (Akagi et al. 2014).
We herein describe our attempts to use large-scale DNA
sequencing technologies to identify the pollen-part modifier
gene (M) in the ‘Cristobalina’ cultivar. Cataloging of genomic
DNA subsequences with mRNA-Seq data from diverse geno-
types, including a few individuals in two segregating populations,
enabled us to identify the candidate gene. We discuss the lineage-
specific evolution of this candidate gene, which may be useful for
functionally characterizing the Prunus-specific GSI system.

Results

Identification of candidate polymorphisms
representing the M locus

A co-segregation test using the polymorphisms in a segregating
population was effective for detecting the genetic region linked to
the M locus (Fig. 1A). However, an association test using the
polymorphisms in diverse randomly selected cultivars was effect-
ive for discarding additional polymorphisms that are difficult to
sort out in a small segregating population (Fig. 1B). We combined
these two tests to identify SC-specific genome sequences. The SC-
specific genome contigs were obtained by cataloging subse-
quences from 43 individuals in two segregating populations and
18 sweet cherry cultivars, including ‘Cristobalina’, based on
lllumina gDNA-Seq data (Fig. 2; Supplementary Table S1). We
cataloged the 35-mer subsequences (kmers) starting with an ‘A’
nucleotide among the random gDNA-Seq paired-end 150 bp
(PE150) or paired-end 100 bp (PE100) reads for 18 SC and 25 SI
F, individuals (approximately x 64 and x 114 sequence coverage
for the SC and Sl individuals, respectively) from the crosses be-
tween sweet cherry (P. avium) cultivars, ‘Brooks’ (5;SoMM) and
‘Cristobalina’ (S354Mm) (BxC) (Cachi and Wiinsch 2011) and
‘Lambert’ (S5S,MM) and ‘Cristobalina’ (LxC). A comparison of
the SC and SI kmer pools resulted in 31,388 pre-SC-specific kmers
(pre-SCKs, coverage x10 or more) (Fig. 2A) that were highly
abundant at the bottom edge of chromosome 3 (Fig. 2B),
which is where the M locus has been genetically mapped
(Cachi and Wiinsch 2011). Next, we compared the SC popula-
tion-specific kmers with the kmers extracted from 17 sweet
cherry cultivars with a homozygous MM genotype (‘Ambrunes’,
‘Benishuho’,  ‘Brooks’,  ‘Colt,  ‘Ferrovia’,  ‘Gassannishiki’,
‘Hedelfingen’, ‘Lambert’, ‘Napoleon’, ‘Rainier’, ‘Sam’, ‘Satonishiki’,
‘Stella’, ‘Sue’, ‘Summit’, ‘Takasago’ and ‘Vic') to select the SCKs
further (Fig. 1B). With this information, the 31,388 pre-SCKs were
filtered to 661 SCKs supposedly including candidate polymorph-
isms at the M locus. The paired-end lllumina reads containing
SCKs were assembled by the CAP3 assembler (Huang and Madan
1999) to construct the regions surrounding the SCKs, ultimately
yielding 235 contigs. Errors were removed from artifacts and re-
combinant contigs by genotyping and filtering of the polymorph-
isms via SC and SI mapping of the contigs. Thus, 29 candidate
contigs were obtained.

Anchoring the expressed genes surrounding the
candidate contigs

The 29 candidate contigs were annotated by blastn analyses
using the Prunus persica Whole Genome Assembly v2.0 &
Annotation v2.1 (v2.0.a1) database (Verde et al. 2013) and the
Prunus avium Whole Genome Assembly v1.0 & Annotation v1
(v1.0.a1) database (Shirasawa et al. 2017). Of the 29 contigs, only
eight overlapped with genic and/or regions flanking a gene
(Supplementary Table S2). The mRNA-Seq reads for the pollen
grains of 12 SC and 15 Sl individuals of the BxC/LxC popula-
tions as well as the pollen grains of 18 sweet cherry cultivars
(Supplementary Table S1) were mapped to the genes in the
sweet cherry genomes (n = 43,673) and to one peach candidate
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Fig. 1 Schematic representation of the method used to identify the M locus. Two genomic approaches were used to filter the candidate
polymorphisms in segregating populations (A) and in diverse cultivars (B). (A) A comparison of the genomic pools of segregated SC and SI lines
detected the polymorphisms in a genetically limited region (M-linked region) in which the length (or number of polymorphisms) depended on
break points in the recombinants. (B) Filtering of the ‘Cristobalina’-specific polymorphisms by subtracting those in various Sl cultivars, which is
not completely dependent on the linkage to the M locus. (C) Integration of these two approaches resulted in relatively few polymorphisms in the

M-linked region.

gene to estimate the expression levels in terms of reads per
kilobase per million total reads (RPKM) (Supplementary Data
S1). Four genes overlapping the candidate genomic contigs
were significantly expressed in pollen grains (Table 1,
RPKM >1). One of the four significantly expressed candidate
genes, which encodes a glutathione S-transferase (GST) kappa
protein (Table 1), was located on the bottom edge of chromo-
some 3, which corresponds to the middle of the SCK peak (Fig. 3)
and the M locus previously identified by genetic mapping (Cachi
and Wiinsch 2011). The genomic synteny in this region was high
between sweet cherry (subgenus Cerasus) and peach (subgenus
Amygdalus), and the orthologous genes present were highly con-
served (Fig. 3B, C). Although the candidate GST-like gene is
concatenated to another adjacent GST-like gene to form a
single gene (Pav.sc0000661.g340.1) in the draft sweet cherry
genome database (Shirasawa et al. 2017; http://cherry.kazusa.or.
jp/), we confirmed that they are expressed separately (Fig. 5A;
Supplementary Fig. S1). Thus, they were considered to be inde-
pendent  GST  genes (Pav.sc0000661.g340.1-1 and
Pav.sc0000661.g340.1-2), similar to the corresponding genes in
the peach genome. We named the candidate GST-like gene
(Pav.sc0000661.g340.1-1) MGST (M locus-encoded GST). Of the
genes in the region surrounding MGST, only three were substan-
tially expressed similar to MGST in pollen grains (RPKM >50)
(Fig. 3D, E). However, these three genes did not contain SC- or
SI-specific polymorphisms in the genic or promoter sequences,
consistent with the SCK cataloging results.

Characterization of the MGST mutation

Two SCK-derived genomic contigs were detected in the region
flanking MGST (Supplementary Fig. S2). An alignment of these

genomic contigs with reference genomic sequences (Shirasawa
et al. 2017) suggested the presence of an insertion in the MGST
promoter region 280 bp upstream from the start codon
(Fig. 4A). Sanger7 sequencing of the insertion amplified by a
PCR revealed a 1,848 bp putative transposable element (TE)
(Fig. 4A). This insertion was specifically conserved in the SC
individuals in the two F; populations and in SC sweet cherry
cultivars (‘Talegal Ahin’ and ‘Son Mird’) as well as in
‘Cristobalina’ (Fig. 4B). Although ‘Stella’ is SC, the causal mu-
tation for SCis located in the S locus (Ushijima et al. 2004) and
thus no PCR amplification specific to the TE insertion was
observed. The TE sequences were identical in the three SC cul-
tivars, ‘Talegal Ahin’, ‘Son Mird’ and ‘Cristobalina’. Considering
these cultivars are all from the same region of eastern Spain
(Cachi and Winsch 2014), the allele conferring SC probably
evolved recently, and then it dispersed in the surrounding geo-
graphical area. Sequences of about 200 bp were commonly
amplified by PCR in all F; progeny and cultivars regardless of
their phenotypes (SC/SI) (data not shown). The 200 bp band
appeared to be from an intact M allele, suggesting that ‘Talegal
Ahin’ and ‘Son Mird’ carry a heterozygous Mm genotype, similar
to ‘Cristobalina’.

We examined the MGST expression pattern in flower organs
(sepal, petal, filament, ovary, pistil and pollen grains) and leaves.
Expression levels were higher in pollen grains than in other
flower organs for both heterozygous SC ('Cristobalina’, Mm)
and homozygous SI (‘Satonishiki’, MM) cultivars (Fig. 5A).
However, significant MGST expression was detected in the
other tested organs with increasing PCR cycles. Thus, MGST
was defined as a pollen-enriched gene that is also expressed
in other flower organs, but at lower levels. To examine the effect
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Fig. 2 Cataloging of the SC-specific kmers (SCKs) and their genomic
distribution. (A) Flowchart of the method used for filtering the SCKs
from genomic fastq data for the SC/SI segregating populations and
cultivars, and for assembling the contigs including SCKs. Gray, orange
and purple boxes represent lllumina fastq data, 35-mer kmers and gen-
omic contigs, respectively. The two independent filtering methods
involving segregating populations and various cultivars (Fig.1) resulted
in the detection of 661 SCKs constituting 29 genomic contigs in which
polymorphisms were perfectly co-segregated with the SC/SI pheno-
types. (B) Genomic distribution of the reads, including pre-SCKs, in
the segregated lines [after the first filtering in (A), n = 108,354]. These
reads were significantly enriched in the putative M-linked region at the
bottom of chromosome 3, which is consistent with the results of a
previous study (Cachi and Wiinsch 2011).

of the TE-like insertion in the promoter region, we compared
the MGST expression levels in the pollen grains with MM, Mm
and mm genotypes. A quantitative real-time PCR (qRT-PCR)
analysis of Mm (‘Cristobalina’) and MM (‘Satonishiki’) individ-
uals as well as four mm individuals produced from the selfing of
‘Cristobalina’ plants revealed the m allele-specific substantial
decrease in MGST expression levels and the M allele dosage-
dependent expression pattern (Fig. 5B). Additionally, the
MGST transcript sequence in ‘Cristobalina’ included no specific
substitutions when compared with those of the analyzed SI
cultivars. Other candidate genes (six cherry genes and one
peach gene), which were identified based on the assembled
SCKs, had none of the potentially disruptive mutations affect-
ing protein sequences or gene expression levels (data not
shown).

Whole-genome expression profiling in SC and SI
pollen grains

The expression profiles based on the pollen mRNA-Seq data for
12 SC (Mm) and 15 SI (MM) individuals of the Bx C/Lx C popu-
lations and 18 sweet cherry cultivars were analyzed to detect
the differentially expressed genes (DEGs) (Supplementary Data
S1). In the sweet cherry genome, DESeq analysis (Anders and
Huber 2010) resulted in the identification of 160 DEGs [false
discovery rate <0.05, RPKM >1] (Supplementary Table S3).
Moreover, MGST was one of the DEGs (false discovery
rate = 0.048) with an expression ratio (1.97-fold higher in SI
than in SC individuals) that fits the theoretical value for the
comparison between the Mm and MM genotypes. This result
supported the presumption that the TE-like insertion in the
promoter region disrupts MGST expression in ‘Cristobalina’
plants. Enriched Gene Ontology (GO) terms were not detected
among the other 159 DEGs (P > 0.1, Fisher’s exact test), with
the peach genome as the background. According to the anno-
tated functions, the DEGs were associated with multiple types
of disease resistance gene products, such as NB-ARC domains
or chitinase, which are involved in immune responses, and are
potentially related to the SI mechanism. The use of individuals
with an Mm genotype that resulted in both m (SC) and M (SI)
haploid pollen grains made it difficult to analyze the DEGs be-
tween M and m pollen grains thoroughly. Nevertheless, we
could observe a considerable up-regulation of gene expression
levels in the m pollen grains.

Evolution of the MGST gene

A phylogenetic tree constructed with GST-like genes in the
Arabidopsis thaliana genome indicated that the Prunus MGST
gene and its orthologs in eudicots form a single MGST clade
with AT5G38900 (Fig. 6A). In contrast, when MGST orthologs
nested within the MGST clade in diverse representative species
were analyzed, two subclades (subclades | and Il) were formed
with well-supported bootstrap values (95/100 and 87/100, re-
spectively) (Fig. 6B). Subclade | comprised MGST and its ortho-
logs from two genera, Prunus and Fragaria, while subclade Il
included GST-like genes from most of the included species.
The detection of site-branch-specific positive selection
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Table 1 Details regarding candidate genes originating from 29 candidate contigs
Gene name Originating contig Genomic location Descriptions RPKM?*
sC sl
Pav_sc0000661.1_g340.1.mk"  Contig_13, chr3: 18395989-18401024 bp GLUTATHIONE S-TRANSFERASE KAPPA 102 129
Contig_194 (PRUPE_ppa011285mg)
Pav_sc0000661.1_g340.1-1 (MGST)® 529 1028
Pav_sc0000661.1_g340.1—2b 143 126
Pav_sc0000254.1_g670.1.mk  Contig_22 chr2: 16155791-16160496 bp  E3 ubiquitin-protein ligase RLIM-like isoform X1 758 60.0
Pav_sc0000254.1_g680.1.mk  Contig_22 chr2: 16155733-16156005 bp 00 03
Pav_sc0000254.1_g520.1.mk  Contig_305 chr2: 16244198-16250556 bp  E3 ubiquitin-protein ligase RLIM-like isoform X1 252 16.0
Pav_sc0000617.1_g440.1.mk  Contig_52 chré4: 12393454-12416603 bp  Polynucleotide 3’-phosphatase ZDP 03 02
Pav_sc0001710.1_g1630.1.br ~ Contig_349 chr3: 4128486-4131739 bp 00 00
Pav_sc0001607.1_g010.1.mk  Contig_31 chr0: 36428484-36429454 bp  Protein trichome birefringence-like 10 00 00
Prupe.1G105900° Contig_R4 chr1: 8495646-8503110 bp®  VESICLE TRANSPORT V-SNARE PROTEIN 169 155 9
VTI1-RELATED S
“RPKM values for SC or SI progeny are listed. §_
®Pav_sc0000661.1_g340.1.mk was divided into two genes (MGST and Pav_sc0000661.1_g340.1-2) according to the orthologous sequence in the peach genome. o]
“The Contig_R4 sequence was similar to that of a single peach gene (Prupe.1G105900), while it was also similar to the sequence of a non-genic region in the cherry -
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Fig. 3 Characterization of the genomic synteny and the expressed genes in the M locus. (A) Distribution of reads containing pre-SCKs in
chromosome 3. The hypothetical M region is highlighted by a red box. (B) Genomic synteny of chromosome 3 from P. persica and P. avium. (C)
Genomic synteny of chromosome 3 with a closed up region surrounding the M locus. The genomic sequences surrounding the M locus were
mostly conserved in two distantly related Prunus subgenera, Amygdalus and Cerasus. (D) Gene models and (E) expression levels provided as
RPKM values for the M locus and surrounding regions in ‘Brooks’ pollen grains. The MGST gene is indicated in red. Four genes substantially
expressed in pollen grains (RPKM >10) were annotated according to the gene models.
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Fig. 4 Characterization of the mutated MGST in ‘Cristobalina’. (A) Structure of the mutated MGST (m allele) in ‘Cristobalina’. A 1,848 bp
transposable element (TE)-like sequence is inserted 280 bp upstream of the MGST start codon. The TE-like sequence includes 9 bp target site
duplication (TSD) sequences and approximately 300 bp terminal inverted repeats (TIRs), but no transposase gene sequence, indicating that the
TE-like insertion is a non-autonomous DNA transposon. (B) Detection of the TE-inserted MGST genes in the Bx C/Lx C populations and various
sweet cherry cultivars. A PCR was conducted with primer sets designed to amplify sequences within and flanking the TE (Fw and Rv) indicted by
green arrows. The amplicons for the TE-inserted region were detected specifically in SC individuals and cultivars with the m allele (underlined in
red). Although ‘Stella’ is SC, the causal mutation for SC is located in the S locus (Ushijima et al. 2004).

(evolutionary rate dN/dS >>1) using PAML (Yang 1998) iden-
tified a few sites that were under significant positive selection
specific to the branch with Prunus MGST (Fig. 6B, P =0.0008
against the null hypothesis with dN/dS = 1, posterior probabil-
ity =0.991 and 0.965 for Thr92 and Asp96, respectively, in a
Bayes Empirical Bayes test). In contrast, significant positive

selection was not detected in the branch with the Fragaria
MGST ortholog in subclade | (mrna04224.1-v1.0-hybrid).
These observations implied that the Prunus MGST gene may
have undergone a neofunctionalization so the resulting protein
functioned differently from the proteins encoded by ortholo-
gous GST genes in other species.
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Fig. 5 Expression patterns of the MGST gene. (A) The MGST expres-
sion levels in the leaves and various flower organs of sweet cherry
‘Cristobalina’ were assessed by a reverse transcription—PCR (RT-PCR).
Pollen-enriched MGST expression was observed, but the gene was also
expressed in the other analyzed tissues. (B) A quantitative RT-PCR was
completed to compare the expression levels of the intact (M) and
mutated (m) MGST genes. Expression levels were determined using
‘Satonishiki’ (MM), Cristobalina (Mm) and four SC individuals with
mm genotypes (generated by the selfing of ‘Cristobalina’). The MGST
expression levels were approximately 5- to 10-fold lower in mm indi-
viduals than in ‘Satonishiki’ (MM). The expression level in
‘Cristobalina’” (Mm) was approximately the mean of the expression
levels in the MM and mm genotypes. The MGST expression level in
‘Satonishiki’ was set to 1 for the qRT-PCR analysis. A Ubiquitin-like
gene [similar to a peach Ubiquitin gene (Prupe.4G204200.1)] was used
for standardizing the RNA concentrations.

The expression patterns of the orthologs of the Prunus
MGST gene revealed distinct features among the subclade |
genes. Published pollen transcriptomic data for Prunus, Pyrus,
Fragaria and Petunia species with the S-RNase-based GSI
system were obtained from short-read databases and mapped
to the orthologous/paralogous MGST sequences in the refer-
ence genomes to determine RPKM values. The expression levels
of the MGST orthologs in pollen grains are provided in Fig. 6C.
The MGST genes of P. avium and P. mume, which are two
distantly related Prunus species, and the Fragaria MGST ortho-
log in subclade | were highly expressed at similar levels
(RPKM >50). In contrast, the MGST orthologs in subclade I
were expressed at much lower levels (Fig. 6C). Similarly, the
Petunia MGST ortholog expression level was considerably lower
than the subclade | gene expression levels.

Discussion

In this study, we confirmed the power of a genome-wide sub-
traction through cataloging of subsequences (kmers) generated
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Fig. 6 Evolution of the MGST orthologs/paralogs. (A) Phylogenetic
tree consisting of the Prunus MGST gene and its orthologs in apple
(Malus x domestica), grape (Vitis vinifera) and tomato (Solanum
lycopersicum) as well as the Arabidopsis thaliana GST-like genes.
The MGST clade, for which the divergence (dark green branch) was
statistically supported (bootstrap value = 100/100), was probably
broadly monophyletic. (B) Evolutionary tree of the MGST orthologs
in apple (Maldo), wild strawberry (Frave), sweet cherry (Pruav), peach
(Prupe), cucumber (Cucusa), soybean (Glyma), poplar (Poptr), A.
thaliana (Arath), sweet orange (Citsi), grape (Vitvi) and tomato
(Solly). The AT5G03880 gene, which was located in the clade adjacent
to that containing A. thaliana GST genes (A), served as the outgroup.
Subclades I and Il were statistically supported by bootstrap values (95/
100 and 87/100, respectively). The Prunus MGST gene was nested in
subclade I, which included only a Fragaria ortholog among the tested
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from large-scale DNA sequencing data. It is noteworthy that
this method enabled the efficient identification of a causal mu-
tation in a wild-type gene with only a few individuals in segre-
gating populations and existing cultivars. A similar
methodology was used to confine the male-specific region of
the Y chromosome and to identify the male determinant in
dioecious persimmon (Diospyros lotus) without any reference
genome sequence information (Akagi et al. 2014). Unlike the
relatively large male-specific persimmon genomic region com-
prising approximately 1 Mbp, the m allele-specific region iden-
tified in this study is small (about 2 kbp). Thus, this
investigation as well as a previous study (Akagi et al. 2014)
can be considered as model cases for the application of kmer
cataloging in diverse gene discovery studies involving non-
model plant species.

The candidate SC-specific polymorphism detected at the M
locus appeared to down-regulate ‘Cristobalina’ MGST expression
to produce the m allele. Consistent with our results, the most
likely candidate gene for an SC mutation in apricot was the
MGST ortholog, encoding a disulfide bond A-like oxidoreductase
(Supplementary Fig. S3). A putative apricot M locus gene was
recently identified by combining a map-based cloning approach
and mRNA-Seq analysis (Mufoz-Sanz et al. 2017). The FaSt
(Falling Stones) miniature inverted repeat TE inserted in the
third exon adversely affected this gene (Mufioz-Sanz et al.
2017). Although the candidate M genes in sweet cherry and
apricot seemed to be identical, the disruptive mutations were
different and appeared to be generated by independent TE in-
sertions. The transposon-like sequences in the MGST promoter
region in ‘Cristobalina’ have not been drastically amplified, al-
though there seem to be many transposon relics in the cherry
genome (Supplementary Fig. S4). The existence of this trans-
poson-like sequence in the putative MGST promoter region is
a possible causal mutation inducing SC in ‘Cristobalina’, ‘Talegal
Ahin” and ‘Son Mird’ (Cachi and Wiinsch 2014).

The MGST gene encodes a GST, but the fact that this gene
belongs to the thioredoxin (oxidoreductase) superfamily sug-
gests that in a broader sense, the encoded protein may help
stabilize substrate proteins (Montrichard et al. 2009).
Thioredoxin-h in Nicotiana alata is reportedly localized in the
extracellular matrix of the stylar transmitting tract and reduces
S-RNases in vitro (Juarez-Diaz et al. 2006). The Prunus MGST
proteins may have a similar affinity for S-RNases and potentially
contribute to the proper folding of S-RNases when they enter
pollen tubes. Alternatively, MGST may affect glutathione

Fig. 6 Continued

orthologs. The red branch, which corresponds to the divergence of Prunus
MGST, underwent specific positive selection. (C) Evolution of the MGST
orthologs in plant species with the S-RNase-based GSI system, including
three genera in the family Rosaceae and the genus Petunia, and their
expression levels in pollen grains. Only the Prunus MGST and its
Fragaria ortholog (mrna04224.1-v1.0-hybrid) were nested in subclade I.
Both of these genes were highly expressed (RPKM >50). Genes from
the genus Prunus, the subtribe Malinae and the genus Fragaria are high-
lighted in red, dark green and purple, respectively, in (B) and (C).

metabolism in the SI system. Glutathione metabolism and
the resulting tryptophan synthesis are likely to be important
for plant immune system activities, such as the hypersensitive
response against hyphae (Hiruma et al. 2013), which may be
associated with the S| reaction.

Regardless of the MGST function, it is likely that down-regu-
lated MGST expression disrupts the S reaction, leading to SC in
pollen grains with the m allele. However, m confers only partial
SC but not full SC. Cachi et al. (2014) observed that pollen tubes
grew more slowly in self-pollen grains with m than in non-self-
pollen grains with M. They also reported that the M allele was
more common than the m allele in the F; individuals of
MM xMm semi-compatible crosses sharing one S haplotype.
For example, there were fewer individuals with the S;S;Mm
and S;S,Mm genotypes than expected from the ‘Lambert’
(555,MM) x ‘Cristobalina’ (S55¢Mm) cross. Furthermore, there
were fewer than expected individuals with the Mm genotype
from the cross between the completely compatible ‘Vic’
(S,S4MM) and ‘Cristobalina’ (S3SsMm) (A. Wiinsch, unpub-
lished results). These observations suggest that MGST may in-
fluence incompatibility reactions as well as the elongation of
pollen tubes and/or fertilization in compatible crosses.

The Fragaria MGST ortholog (mrna04224.1-v1.0-hybrid) is
nested in subclade | with Prunus MGST, and was highly ex-
pressed in pollen grains, similar to Prunus MGST. However, a
phylogenetic analysis indicated that the subtribe Malinae has
no subclade | MGST orthologs nested with Prunus MGST,
suggesting that MGST is not an essential component of
the S-RNase-based GSI system in the family Rosaceae.
Furthermore, our evolutionary assessments indicated that an-
cestral MGST was potentially under positive selection, which is
specific to the origin of the Prunus MGST gene. In other words,
the Prunus MGST might have undergone a neofunctionaliza-
tion as part of an adaptive evolution. This implies that a more
thorough characterization of the MGST function may help to
elucidate the molecular basis of the Prunus-specific GSI system.

Materials and Methods I

Plant materials and phenotyping of self-
(in)compatibility

Several individuals from F; populations derived from ‘Cristobalina’ sweet cherry
(P. avium) were used for gDNA-Seq and mRNA-Seq analyses. Specifically, 18 SC
and 25 S| individuals from two F; populations from the ‘Brooks’
(MM) x ‘Cristobalina’ (Mm) (BxC) (Cachi and Wiinsch 2011) and ‘Lambert’
(MM) X ‘Cristobalina’ (Mm) (Lx C) crosses were used. Except for one individual
(BxC-0) the SC/SI phenotype of BXC family was previously (Cachi and Wiinsch
2011). Bx C SC/SI phenotyping was carried out by fruit set assay and pollen tube
growth test after self-pollination (Cachi and Wiinsch 2011). The SC/SI pheno-
type of BxCO was determined only by the pollen tube growth test. LxC was
phenotyped for SC/SI by fruit set assay and pollen tube growth test after self-
pollination according to the same protocol described in Cachi and Wiinsch
(2011). Another 17 sweet cherry cultivars with a homozygous M (MM) geno-
type (‘Ambrunes’, ‘Benishuho’, ‘Brooks’, ‘Colt’, ‘Ferrovia’, ‘Gassannishiki’,
‘Hedelfingen’, ‘Lambert’, ‘Napoleon’, ‘Rainier’, ‘Sam’, ‘Satonishiki’, ‘Stella’, ‘Sue’,
‘Summit’, ‘Takasago’ and ‘Vic’) and one SC cultivar, ‘Cristobalina’ (Mm; Wiinsch
and Hormaza 2004), underwent gDNA-Seq and mRNA-Seq analyses. Two add-
itional SC cultivars exhibiting SC similar to that of ‘Cristobalina’, ‘Talegal Ahin’
and ‘Son Mird’ (Cachi and Wiinsch 2014) were used for genotyping the M locus.
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Four selected SC accessions from the selfing of ‘Cristobalina’ (Cx C), which were
homozygous for the M locus (mm), were used for the qRT-PCR analysis of
candidate genes. The plant materials and their uses are summarized in
Supplementary Table S1. All plant materials were grown in the orchards of
CITA de Aragon in Zaragoza, Spain, with the exception of eight cultivars
(‘Benishuho’, ‘Colt’, ‘Gassannishiki’, ‘Napoleon’, ‘Rainier’, ‘Satonishiki’, ‘Stella’
and ‘Takasago’) that were grown in the experimental orchard of Kyoto
University in Kyoto, Japan.

Preparation of gDNA-Seq libraries

Genomic DNA was extracted from young leaves using the cetyltrimethylam-
monium bromide (CTAB) method. Approximately 1.5 jig of genomic DNA was
fragmented using NEBNext dsDNA Fragmentase (New England BioLabs; NEB)
for 20 min at 37°C and then cleaned using Agencourt AMPure XP (Beckman
Coulter Genomics) for a subsequent size selection as described by Akagi et al.
(2014). The DNA fragments underwent an end repair using the End Repair
Module Enzyme Mix (NEB), with A-base overhangs added with the Klenow
fragment (NEB). The end repair and A-base addition were completed in a 50 pl
reaction volume, after which the DNA fragments were cleaned using Agencourt
AMPure XP and eluted with distilled water. Barcoded NEXTflex adaptors (Bioo
Scientific) were ligated to the eluted fragments at room temperature using NEB
Quick Ligase (NEB) following the manufacturer’s instructions. To remove self-
ligated adaptor dimers, libraries were size-selected using Agencourt AMPure XP
and eluted from the beads in 20 pul of distilled water. Adaptor-ligated DNA
libraries were enriched by a PCR amplification using PrimeStar Max DNA poly-
merase (TAKARA), with the following program: 98°C for 30s; 8-12 cycles at
98°C for 105, 65°C for 30s and 72°C for 30s; 72°C for 5min. The enriched
libraries were purified with Agencourt AMPure XP, and the quality and quantity
were assessed using the Agilent BioAnalyzer (Agilent Technologies) and Qubit
fluorometer (Invitrogen).

Preparation of the mRNA-Seq libraries

Total RNA was extracted from mature anthers (containing mature pollen
grains) using the PureLink Plant RNA Reagent (Thermo Fisher Scientific).
Approximately 10 g of total RNA was used to construct an mRNA library.
The mRNA was purified using the Dynabeads mRNA Purification Kit (Life
Technologies). Next, cDNA was synthesized with a random hexamer primer
and Superscript lll reverse transcriptase (Life Technologies). Following a heat
inactivation at 65°C for 2 min, second-strand cDNA was synthesized by nick
translation using the second-strand buffer (200mM Tris—-HCl, pH 7.0,
22mM MgCl, and 425 mM KCl), DNA polymerase | (NEB) and RNaseH
(NEB) with an incubation at 16°C for 2.5h. Double-stranded cDNA was
purified using Agencourt AMPure XP with a 1.8:1 (v/v) AMPure:reaction
volume ratio. The cDNA was eluted from the beads in 10 ul of distilled
water. The resulting double-stranded cDNA was fragmented and used for
constructing a library as described for the genomic library. Ten or twelve
cycles of PCR enrichment were completed using the same temperatures and
times described above.

lllumina sequencing and processing

All libraries were sequenced using the lllumina HiSeq 2500/4000 systems (100
bp or 150 bp paired-end reads; Supplementary Table S1) at the Vincent ).
Coates Genomics Sequencing Laboratory at UC Berkeley. The raw sequencing
reads were processed using custom Python scripts developed in the Comai
laboratory and available online (http://comailab.genomecenter.ucdavis.edu/
index.php/Barcoded_data_preparation_tools). Briefly, reads were split based
on index information and trimmed based on quality (average Phred sequence
quality >20 over a 5 bp sliding window) and to remove contaminating adaptor
sequences. A read-length cut-off of 35 bp was applied to both DNA reads.

Cataloging of SC-specific subsequences from
gDNA-Seq reads

The method used to identify SCKs is summarized in Fig. 1A. The trimmed reads
were concatenated to derive SC and SI pools for the BxC and Lx C populations
as well as the selected cultivars. We cataloged 35 bp subsequences starting with
an ‘A’ nucleotide in the SC and SI pools using custom Python scripts (https://

github.com/Comai-Lab/kmer-extract-by-trigger-site) based on a previous study
(Akagi et al. 2014). We compared the kmer catalogs of the SC and SI pools and
extracted the completely SC-specific kmers (‘0" counts in the SI pool) (cover-
age >10; estimated coverage for a haploid = 32) to cover the SC-specific poly-
morphisms comprehensively. Next, 35 bp subsequences starting with an ‘A’
nucleotide were cataloged in the SI cultivar pool to filter the SC-specific kmers
further. These two steps involving the subtraction of SI kmer pools resulted in
the extraction of 661 SC-specific kmers. The paired-end Illumina reads including
these SC-specific kmers were assembled using the CAP3 assembler to derive the
genomic contigs covering the candidate polymorphisms responsible for the SC
phenotype and the surrounding genomic regions.

Linkage tests of the candidate genomic contigs

We conducted a two-step linkage test involving 235 candidate contigs. In
the first step, lllumina reads from the individuals of the BxC and LxC
populations and 17 MM cultivars were mapped to the 235 contigs with
the Burrows—Wheeler Aligner (BWA) version 0.7.7. Default parameters
(http://bio-bwa.sourceforge.net/) or the —n 0 parameter were applied,
which allowed up to approximately 5% and 0% nucleotide mismatches,
respectively. The single nucleotide polymorphisms or indels in a contig
were integrated to call genotypes for each individual as previously
described (Akagi et al. 2014). We then assessed the co-segregation between
genotypes and SC/SI phenotypes. In the second step, lllumina reads of the
18 SC progeny were divided into four groups (three BxC populations and
one LxC population) to check the commonality of the SCKs among SC
progeny. The SCKs existing in more than two of the four groups and the
associated contigs were selected.

Identification of the expressed genes surrounding
the candidate genomic contigs or located in the
M locus

The SCK-derived genomic contigs, which were filtered by the linkage/recom-
bination test, were subjected to blastn analysis (e-value <1e-10) using the sweet
cherry [Prunus avium Whole Genome Assembly v1.0 & Annotation v1 (v1.0.a1)
(Shirasawa et al. 2017)] and peach [Prunus persica Whole Genome Assembly
v2.0 & Annotation v2.1 (v2.0.a1) (Verde et al. 2013)] genomes as references to
identify their locations in the Prunus genomes. Next, the pollen mRNA-Seq
reads for 12 SC and 15 Sl individuals of the BxC/LxC populations and for 18
sweet cherry cultivars were mapped to the coding sequences of cherry genes
(n =43,673) and one peach candidate gene, which were annotated in the sweet
cherry and peach reference genomes. The mapping was completed with the
default parameters of BWA version 0.7.7 to calculate the expression level of
each gene in pollen grains. The RPKM value of seven cherry genes and one
peach candidate gene expressed in pollen grains from ‘Cristobalina’ F; progeny
and the RPKM value of M-linked genes expressed in ‘Brooks’ pollen grains are
presented in Table 1 and Fig. 3E, respectively. The substantially expressed
coding sequences that overlapped or were surrounded by the SCK-derived
genomic contigs were considered as candidate M genes.

Sequence characterization and genotyping of
MGST

The MGST (Pav.sc0000661.g340.1-1) gene and its 5'-flanking regions, which were
anchored by the SCK-derived polymorphic contigs, were amplified by PCR using
primers (Supplementary Table S4) designed based on the P. avium genomic se-
quences (Shirasawa et al. 2017). The amplicons for the 5’ promoter region of
‘Cristobalina’ and the SC individuals from the B:x C/Lx C populations were larger
than those of the Sl individuals (data not shown). Moreover, the Sanger sequen-
cing of the amplicons from the SC individuals revealed the existence of a TE-like
insertion. The ‘Cristobalina’ genomic reads were mapped to the TE-like insertion
and its surrounding sequences with BWA version 0.7.7, allowing no mismatches
to confirm the accuracy of the 1,848 bp TE-like sequence. To call the genotypes of
this TE-like insertion across the segregating populations and the sweet cherry
cultivars, PCR analyses were conducted using primers designed to amplify frag-
ments within or flanking the TE-like insertion (Fig. 4B; Supplementary Table S4).
The PCR was completed with the following program: 94°C for 1 min; 35 cycles of
94°C for 305, 53°C for 30s and 72°C for 30s; 72°C for 5min.
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Analyses of MGST evolution

The A. thaliana genes encoding GST or annotated with GST-associated GO/
PATHWAY/PFAM/PANTHER/KEGG terms were extracted from the TAIR10
database. A blastp search using P. avium MGST as the query (e-value <Te-18)
was used to extract Prunus MGST orthologs from the genomes of apple
(Malus x domestica), wild strawberry (Fragaria vesca), cucumber (Cucumis
sativus), soybean (Glycine max), popular (Populus trichocarpa), sweet orange
(Citrus sinensis) and grape (Vitis vinifera) available in the Phytozome v12 data-
base (https://phytozome.jgi.doe.gov). Furthermore, the MGST orthologs in
Chinese white pear (Pyrusx bretschneideri; Wu et al. 2013), Japanese apricot
(Prunus mume; Zhang et al. 2012) and Petunia inflata (Bombarely et al. 2016)
were extracted from their draft genome sequences with blastx using P. avium
MGST as the query (e-value <1e-20) to map the pollen transcriptomic data
(Fig. 6C). The protein sequences encoded by these genes were aligned using
MAFFT version 7 (https://mafft.cbrcjp/alignment/server/) (Katoh et al. 2017)
and manually pruned with SeaView version 2.4 (http://doua.prabi.fr/software/
seaview) (Gouy et al. 2010). Phylogenetic trees were constructed based on the
Neighbor—Joining (Fig. 6A) and maximum-likelihood (Fig. 6B) methods of the
MEGA v6 program (http://www.megasoftware.net/reltime) (Tamura et al.
2013). The WAG (Whelan and Goldman 2001) model with invariant sites
was used as part of the maximum-likelihood method, with the nearest neighbor
interchange applied as the tree-searching heuristic. All sites, including those
with missing and gap data, were used to construct the phylogenetic tree.
Meanwhile, the Neighbor—Joining method involved the Poisson matrix with
gamma-distributed rates (alpha parameter 3) as well as pairwise deletions for
missing data. To detect positive selection, the nucleotide sequences of the
analyzed genes and an outgroup ortholog (AT5G03880) were subjected to an
in-frame alignment using the Pal2Nal server (Suyama et al. 2006). We then
detected codon-based site-branch-specific positive selection using PAML.
The significance of the positive selection on the foreground branches was
evaluated using the likelihood ratio test, with a null hypothesis of dN/dS = 1.
Site-specific positive selection was assessed by Bayes Empirical Bayes analysis.

We mapped the published Illumina mRNA-Seq reads for pollen grains from
P. avium (DRX001700), P. mume (DRX001701), F. vesca (SRX426507),
P. x bretschneideri (SRX1356151) and P. inflata (SRX515117) to the MGST
ortholog/paralog sequences. The read counts were converted to RPKM
values to compare expression levels.

Accession numbers

All sequence data generated during this study have been deposited in appropriate
DDB]J databases. lllumina gDNA-Seq and mRNA-Seq reads were submitted to the
Short Read Archives database (BioProject ID PRJDB6734), while the MGST genic
sequences and the TE-like insertion sequences from P. avium ‘Cristobalina’” were
submitted to the GenBank database (IDs LC371238 and LC371380).
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