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Mutations overlying the miR172
target site of TOE-type genes
are prime candidate variants

for the double-flower trait in mei

Stefano Gattolin'*, Elisa Calastri?, Maria Rosaria Tassone? & Marco Cirilli?

Mutations affecting flower shape in many plants have been favored by human selection, and
various fruit trees are also grown for ornamental purposes. Mei (Prunus mume) is a dual purpose tree
originated in China well known in the Western world for its generous early blooms, often bearing
double flowers. Building on the knowledge of its genomic location, a candidate gene approach was
used to identify a 49 bp deletion encompassing the miR172 target site of the euAP2 gene pmTOE
(PmuVar_Ch1_3490) as a prime variant linked to flower doubleness. Searching within a large dataset
of genome sequencing data from Eastern germplasm collections demonstrated a tight variant-trait
association, further confirmed in a panel of commercial and non-commercial varieties available in
Italy. Moreover, two SNP mutations in the miR172 target site of pmPET (PmuVar_Ch1_1333) were
identified in some double flower accessions. The mei orthologue of PETALOSA genes already found
responsible for the phenotype in other plants suggests that independent variants may have been
selected throughout mei domestication history.

Mei (Prunus mume Sieb. et Zucc.) is a tree species native to southwest China, where it grows as an elegant small to
medium sized tree, highly appreciated for its flamboyant and fragrant bloom. Evidence for mei drupes collected
for food and offerings traces back to the Neolithic age, about 7,500 years ago’, being still nowadays an important
double-purpose (food and ornamental) crop in some Far East countries. Mei apricot-like fruits are harvested in
mid to late summer, and processed into different food products ranging from preserves, jam, syrup, wine and
vinegar?. In some environments, mei trees bloom in the coldest months of the year (from early December until
March in the winter season), being a symbol of resilience, vitality and dignity, praised in countless poems and
depicted in paintings and crafts throughout Chinese history. The ornamental value of mei trees was appreciated as
early as the third century; mei trees producing flowers of various color, size and types (either single and double),
were documented during the Tang Dynasty ruling from the seventh to the tenth century, when they were also
introduced to Japan? and referred to as Ume.

The classification of the mei germplasm is rather complex and cultivars are generally divided into various
groups (Cinnabar Purple, Pendulous, Green Calyx, Versicolor, Apricot Mei, Meiren Mei, Pink Double, Albo-
plena, Flavescent, Tortuosa and Single Flowered), sometimes without an univocal identification of independent
genotypes®. In the Western countries, P. mume is still widely and often erroneously referred to as Chinese Plum
or Japanese Apricot. Many Japanese varieties became available in European countries after the Paris Exposition
Universelle in 1878%, although the original Japanese names of the cultivars were not maintained, resulting in their
spread with new denominations, such as ‘Alba, Alboplena, ‘Pendula’ or ‘Alphandii’; many varieties available in
Europe and US are therefore likely synonymous with the true Japanese and Chinese counterparts.

The completion of P. mume whole-genome reference, along with the availability of genome sequencing data of
wide Eastern germplasm collections® 5, is allowing the investigation of the genetic basis of important traits, such
as cold resistance, plant architecture, flower type, color and aroma, as well as the development of useful tools for
molecular breeding in this species. Flowering mei represent a prime choice for landscaping, due to its extreme
blooming precociousness and traits associated to flower appearance, such as petal color and flower shape. The
number of petals is an utmost important character determining the overall flower shape and size. Based on corolla
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diameter, mei flowers have been classified into shallow dish-shaped single flowers (hereafter SF) with 5 (or rarely
6) petals vs. bowl-shaped double flowers (DF), with a variable number of extra-petals ranging from 15 to over 25°.

Elucidating the genetic basis underlying flower size diversity is instrumental for deepening our knowledge
on Prunus flower biology and to assist breeding for the ornamental market. Nevertheless, a variant and/or gene
responsible for single or double flower type has remained elusive in mei. Recent QTL mapping experiments
support a relatively simple inheritance of the trait, identifying a major locus on chromosome 1 affecting flower
diameter®!?, although the large mapping interval hindered a clear positioning and identification of the causal
mutation(s) or candidate gene variant(s). By contrast, several studies in Rosaceae and other plant families has
shed light on different classes of mutations leading to the double flower phenotype!!~1°. In these species, the trait
was linked to mutations in the euAP2-mir172 module integrated within the ABCDE model proposed to explain
flower development: the repression of translation of an euAP2 gene by miR172 ensures organ determinacy and
the definition of the boundary between the reproductive inner flower parts and the outer sterile perianth!’-%’.
In peach, a species closely related to mei, a recessive double-flower phenotype was linked to disruptions in the
gene encoding mirl72d, while a deletion depriving Prupe.6G242400, a TOE-like euAP2 gene, of its miR172
recognition sequence was proposed as the causal mutation in plants where the trait had dominant inheritance.
Support for the crucial role of such mutations was further found in rose species, carnation and petunia, where
analogous variants were identified in the corresponding orthologous TOE-like genes, all belonging to a subclade
named PETALOSA®".

Building on the knowledge of the genomic position of the major-linked QTL controlling flower shape in
mei, the availability of wide genomic and phenotypic information in mei germplasms and the conservation
of genetic mechanisms across phylogenetically distant Eudicots, in this study the genetic determinant of the
dominant DF trait in P. mume was investigated. Comparative genomic analysis within the map interval allowed
to identify a 49 bp deletion in a TOE-type (pmTOE) gene closely related to PETALOSA (pmPET), partially
ablating the miR172 recognition site. Sequencing-based genotyping of mei accessions from Eastern germplasm
collections confirm the strict association of this pmTOEPE. allelic variant with flower shape, and allowed to
identify likely alternative causative variants in two independent SNPs in the miR172 recognition sequence of
pmPET (pmPETSN?!, pmPETSN?). Finally, molecular analysis of European commercial mei varieties, confirmed
the association of pmTOEPEL with flower shape.

Results

Identification of a candidate DF variant in PmTOE, a TOE-type euAP2 gene

The dissection of the genetic architecture of DF trait in mei was recently reported in three independent stud-
ies, using accessions panels and/or bi-parental cross-progenies. Using a wide panel of wild and cultivated mei
accessions from different regions of China, major signals associated to petals number were identified in a region
spanning ~ 3.7 Mb (4,058,003-7,693,997) on chromosome Pal®. However, above-threshold signals were also
present within the unanchored scaffolds. In an F, ‘Liuban’ (SF) x ‘Huang Lve’ (DF) mei progeny using floral
diameter as an estimator of flower doubleness, strongly associated markers were mapped in a 5 Mb interval
on Pal, with signal peaks covering the interval between 4,580,444 and 6,253,182 bp®, but no information was
provided about the type of DF trait inheritance. Segregation of the DF trait was analyzed in another F, progeny
derived from the cross of mei accessions XM’(SF) x ‘FP’(DF), showing a segregation ratio SF vs DF of about
1:1'° consistent with a dominant inheritance of the causative variant(s). According to the position of the main
BSA-seq peaks interval detected on Pal (spanning a large region roughly comprised between 3.0 and 14.0 Mbp)
a series of molecular markers were developed by the authors, showing an accuracy (for some of them) close to
100% in a panel of 69 mei SF and DF cultivars'.

The amplitude of the associated intervals in these studies hinders the search for candidate genes. However,
the dominant inheritance of mei DF trait (at least in the XM’ x ‘FP’ progeny) and the strong conservation of
miR172-AP2/TOE module across species was suggestive of an involvement of mei euAP2 genes, possibly caused
by a mutation affecting the miR172 target site within'®. In order to test this hypothesis, all associated markers'
previously mapped on the Pmume_V1.0 genome reference (from a wild P. mume species collected in Tibet,
accession No. BJFU1210120008)° were re-mapped on the recently released double-flowered P. mume var. tortuosa
genome’. In this improved genome version, the Pal chromosome organization was rebuilt, allowing to correctly
repositioning almost all the associated markers (including the unanchored ones) within the interval between
24.7 and 32.1 Mb (Fig. 1). Interestingly, this region hosts only one gene sequence encoding an euAP2 transcrip-
tion factor, annotated as PmuVar_Chl_3490 (Chrl: 26,631,633 to 26,635,047) and belonging to the TOE-like
family (hereafter named PmTOE). Outside the mapped interval, two additional euAP2 genes sequences were
found, annotated as PmuVar_Chl_1333 and PmuVar_Chl_1236. Blast search of PmTOE confirmed that the
gene (NCBI code NC_024126.1) was originally mapped to the Chl: 6,036,293-6,040,539 position in P. mume
V1.0 assembly, in accordance with previous works, providing a first evidence of the involvement of this euAP2
gene in the DF trait.

Considering that wild mei accessions from Tibet** and P. mume var. tortuosa bear single and double-flowers,
respectively, genomic sequences from the two reference assemblies were aligned and compared with those of
peach and apricot (Supplementary File 1A), allowing to identify a major variant between the wild P. mume and
P. mume var. tortuosa, consisting in a 49 bp deletion in the DF tortuosa allele, PmuVar_Ch1_3490, affecting the
miR172 target site (Fig. 1). The DF-associated tortuosa allele was named PmTOEPEL, leaving the denomination
PmTOE for the SF-associated allele from wild P. mume accessions (Supplementary File 1B), also more similar
to the peach and apricot orthologs. Since mutations at the miR172 target site of euAP2 genes have previously
reported to induce dominant DF phenotype in various species'®, the PmTOEPE variant was considered a prime
candidate for the trait.
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Figure 1. pmTOE chromosome location and pmTOEPE: allele. (a) Schematic representation of P. mume var.
tortuosa chromosome 1 with the position of pmTOE and genes encoding two other euAP2 transcription factors
(pmAP2 and pmPET). Map position of markers previously reported as associated to the DF phenotype'

is indicated. (b) Schematic representation of the pmTOE gene structure with coding exons as black boxes
(bar=100 bp), the 49 bp deletion in pmTOEPEL encompasses the miR172 target sequence and causes a frameshift
of the coding sequence, as shown in more detail as sequence comparison of the gene region where the miR172
target sequence of pmTOE is boxed.

pmTOE belongs to a TOE-like euAP2 clade closely related to PETALOSA

A phylogenetic analysis was conducted to study the degree of relatedness between the AP2/TOE-like protein
sequences and other euAP2 sequences in the mei genome and previously identified sequences in Arabidopsis and
other Rosaceae, including P. persica and R. chinensis. As previously reported®, a clear distinction was obtained
between the AP2-type and TOE-type clades of euAP2, including also the three P. mume euAP2 sequences
found on chrl: PmuVar_Ch1_1236 clustered with Arabidopsis AP2 and TOE3, two members of the AP2 sub-
family of euAP2; PmuVar_Ch1_1333 resulted orthologue of PET genes'® and will be hereafter referred to as
pmPET, while PmTOE belongs to a different TOE-like clade closer to Arabidopsis TOE1 and TOE2, compris-
ing Prupe.6G091100 (Fig. 2). Protein sequence comparison of the three TOE-type genes from mei and peach
(Supplementary File 1C) suggests that pmPET and the PETALOSA Prupe.6G242400, PmTOE and the TOE-like
Prupe.6G091100 all contain the functional euAP2 domains: two Ethylene-responsive element binding factor-
associated amphiphilic repression motif (EAR-motif), a nuclear localization signal (NLS), two AP2 DNA binding
domains (AP2-R1 and AP2-R2) with a linker region. TOE-like peptides from the remaining clade, PmuVar_
Ch5_2600 and Prupe.2G220100 instead appear to lack a functional N-ter EAR motif and the AP2-R2 domain.

Search of pmTOEPE in resequenced accessions and identification of two pmPET candidate
variants.

To confirm the presence of the pmTOEP variant in the mei germplasm a Blast-based search was performed using
whole-genome data from SRA® along with available flower phenotype>®. After discarding low-coverage libraries,
a total of 209 mei re-sequenced accessions samples were retrieved: 53 out of 56 accessions belonging to the ‘Single
Flowered’ group resulted homozygous for the pmTOE allele (Supplementary Table 1) while the pmTOEPE" allele,
either homozygous or heterozygous (Fig. 3a), was found in 135 out of 153 DF accessions from various groups
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Figure 2. Evolutionary relationships among AP2-type and TOE-type euAP2 proteins in different plant species.
The tree was obtained using the peptide sequences from P. mume (Mei), P. persica (Peach), R. chinensis (Rosa)
and A. thaliana (Arabidopsis). Arrowheads indicate the position of pmTOE and pmPET.

reported as DF (‘Double Flowered; Albo-plena, Cinnabar Purple, Green calyx, Meiren, Pendulous, Versicolor and
Tortuosa). The discrepancies observed in 17 out of 153 accessions belonging to DF groups suggested the presence
of other variants affecting the miR172/TOE-type genes module in addition to pmTOEPL. This hypothesis was
supported by the presence of GWAS signals associated to petal number on the unanchored scaffolds and in the
middle of chromosome 1 in the same dataset®. Interestingly, two SNP variants were identified within the miR172
binding site of a pmPET ortholog located on the same chromosome (PmuVar_Chl_1333, Fig. 1): C to A (named
pmPETSN!) and C to G (named pmPETSNF?) (Fig. 3b) in 16 out of 18 DF cultivars (Supplementary Table 1).

The consistency of these mutations was then evaluated by graphically annotating the spread of the various
alleles within the phylogenetic tree of a large mei collection of over 351 re-sequenced accessions®. Observing the
clustering of the pmTOEPEL, pmPET ™! and pmPETSM alleles and the positioning of genotyped samples (Fig. 4)
strongly supports the hypothesis of sampling or assignment errors. For example, the presence of pmTOEP in 3
SF accessions (#182, #251 and #352) contrasts with the strong genetic similarity between #251 and DF #72 (both
carrying on the same pmTOEPE:/pmTOEPE: alleles) or #352 with DF accessions #154 and #171 (heterozygous
for pmTOE/pmTOEP). Instead, for the remaining two DF accessions recorded as ‘Pink Double’ but bearing no
pmTOEPEL or pmPETS™F alleles (#50 and #379), the presence of a yet unidentified mutation responsible for the
DF phenotype could not be excluded.

pmTOE alleles and pmPET are transcribed

To asses if pmPET and both pmTOE alleles are expressed at the mRNA level, RNA seq data from flower buds
(SRR19608366 and SRR19608359, Ref.??) of single flowered ‘Danban Lve’ and double flowered Xiao Lve’ (het-
erozygous for pmTOEPEL, sample #165) were mapped against the predicted transcripts of reference alleles. The
reads coverage clearly shows that only pmTOE expression is detectable in the single accession ‘Danban Lve’ while
in DF Xiao Lve’ both pmTOE and pmTOEPEL mapped correctly at the mRNA level (Fig. 5) and are therefore both
expressed. Mapping of the RNA seq reads of both genotypes on the pmPET gene indicates that this gene is also
expressed in bud tissues (Fig. 5).

Wet validation of the presence of the PmTOEPE" allele in commercial mei cultivars

To validate the presence of the 49 bp indel variant within PmTOEPE" gene candidate, a PCR assay was developed
by designing specific primers (pmTOE_MK). A total of 20 accessions were collected, of which 13 DF and 7 SE.
As shown in Fig. 6, PmTOEP™. allele was heterozygous in 13 DF accession while all the SF varieties only carried
the PmTOE alleles. Sanger sequencing was further performed to confirm the identity of both alleles at miR172
recognition site of pmTOE and verify that all samples carried only wt pmPET alleles.

Discussions

The mechanisms behind the dominant DF trait are of great interest for both plant researchers and breeders, in
view of the economic value of the ornamental flower market. Working models based on key mutations were
described also for members of the rose family'!~*>. With the availability of genomic resources and information
from recent mapping studies, and based on the knowledge gathered in related species, it was possible to put the
spotlight on a strong candidate P. mume euAP2 gene and a functional variant in one of its alleles as the main
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Figure 3. SRA reads coverage of pmTOE and pmPET in resequenced P. mume accessions. (a) Schematic
representation of pmTOE and pmPET gene structures with coding exons as black boxes and reads coverage of
five representative re-sequenced accessions Hongque (SRR5052904), Sanlun Yudie (SRR5046633), Wanyun
(SRR5046692), Xunzhi Dahe (SRR5046661), Fue Yudie (SRR5052868). The corresponding genotype for pmTOE
(WT) or pmTOEPEL (DEL) at the position indicated with a red arrowhead, or for an heterozygous (HET) SNP in
pmPET at the position indicated with a black arrowhead is reported at the bottom left corner of each stack. (b)
Closer inspection of the on the regions indicated with the arrowheads in (a), miR172 target sites on both genes
are highlighted with a red box. The dotted box delimits the 49 bp deletion in pmTOEPEL.

determinant of the trait in mei. The DF phenotype was previously found to be linked to loss of regulation of
members of the PET clade of TOE euAP2 transcription factors'' !4, and it was suggested that this was due to a
prolonged activity in the floral meristem where they would normally act as upstream regulators of AGAMOUS
(AG, Ref.?®) and restrict its expression to the inner floral whorls. AG-like factors also act in shaping meristem
size by negatively regulating homeodomain transcription factor WUSCHEL (WUS)'”?, and a mutation in the
AG homolog in P. lannesiana was found responsible for flower doubleness in this species®. In peach the loss of
regulation of the euAP2 function cascading in larger flowers with more petals can be brought about by either
the disruption of the gene encoding miR172d, regulating euAP2 activity in the meristem, or mutations at the
miR172 recognition site of PET gene Prupe.6G242400, impairing the ability of its mRNA to be silenced in this
way. In the second scenario the mutation is dominant, as persistence of the transcript of one of the two alleles is
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Figure 4. Distribution of pmTOEPEL, pmPETSN?! and pmPETSN? alleles in the mei germplasm. Genotyped
individuals scored as pmTOEPFL/ pmTOEPE (purple dots), pmTOE/ pmTOEPEL (orange dots), pmPET/
pmPETSN?! or pmPETSNP!] pmPETSN! (green dots) and pmPET/ pmPETSM? (blue dots) were highlighted in a
phylogenetic tree of 351 P mume individuals obtained using genome-wide SNPs (modified from Ref.°).

sufficient to confer the phenotype. Independent mapping works®®!® provided the position and markers tightly

associated to the DF trait in the mei germplasm on chromosome 1, ruling out the possibility that mutations on
the gene orthologous to that encoding miR172d in peach were responsible in those materials, as this is found
on chromosome 5 of the tortuosa genome (5: 25,786,770). Also considering the reported dominant inheritance
of the trait'® euAP2 genes on chromosome 1 were therefore prime candidates for closer inspection, and one of
them, pmTOE, fell within the genomic region under scrutiny. AP2-type PmuVar_Chl_1236 is also on chromo-
some 1, but studies in Arabidopsis indicate that expression of miR172-resistant versions of either AP2 or TOE3
(AP2-type euAP2 transcription factors) under their native promoters resulted in enlarged floral meristems
and the production of supernumerary stamens, whereas supernumerary petals and an indeterminate floral
meristem were obtained only when a constitutive promoter was used'”**?’, suggesting they have no direct role
in determining floral patterning, but their miss-expression could perturb the activity of TOE-type euAP2 genes
during flower development. This was substantiated in a recent study®® which also confirmed previous reports that
miR172-mediated regulation of these genes occurs through the modulation of protein translation rather than
post-transcriptional mRNA degradation?®**°. As compared to the counterpart from a wild P mume genome
and the sequences from closely related species P. persica and P. armenica (Supplementary File 1), the pmTOE
sequence from the genome of DF cultivar tortuosa, pmTOEPEL, revealed a 49 bp deletion affecting the miR172d
target site, similar to those found to be sufficient to give the phenotype when found in PET genes from peach,
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Figure 5. RNA-seq SRA reads coverage of pmTOE, pmTOEPEL and pmPET predicted transcripts. Schematic
representation at two different magnification of pmTOE (a), pmTOEPE (b) and pmPET (c) predicted transcript
structures (CDS in black, miR172 target sequence in blue, position of the 49 bp deletion as an arrowhead,

bar =100 bp) and read coverage of RNA-seq data® obtained from bud tissues of SF mei vaiety ‘Danban LVE’
(SRR19608366) and DF mei variety Xiao Lve’ (SRR19608359).

roses and dianthus, or induced in tobacco''"'. pmTOE is not, however, the orthologue of PET genes in other

species but of Prupe.6G091100, one of two other closely related TOE-type genes found in the mei and peach
genome. A recent manuscript published when the present work was under review identified the same 49 bp
deletion variant in pmTOE (named PmAP2L in that work) as responsible for the double-flower phenotype in
mei, also providing functional analyses to demonstrate its pivotal role in controlling flower morphology?'. By
analysing publically available data we confirmed a predominance of the pmTOEPE variant, found in 135 out of
153 accessions from DF cultivar groups. Furthermore, single base substitutions at the miR172 recognition site
of pmPET (also located on chromosome 1) were detected in a subset of DF accessions, helping to explain flower
doubleness in 16 out of 18 DF pmTOE/pmTOE genotypes. The effects of single nucleotide mutations altering the
miR172 binding site of PETALOSA gene orthologs have already been shown to induce extra-numerary petals
in gene-edited tobacco plants' and it is therefore plausible that pmPETSN! and pmPETSM represent alternative
alleles leading to flower doubleness in the mei germplasm, alongside pmTOEPE that we found more commonly
associated with the trait. These kind of mutations are known to work at the mRNA level?®?-3 however as a
result of translation, pmTOEPEL and pmPETSMP! would also result in a deletion and/or frame-shift of the N-ter
end of the translated peptides, while pmPETS? is predicted to result in a missense mutation directly causing a
truncated protein product, although all functional euAP2 domains are predicted to be retained (Supplementary
File 1C). pmTOEPE allele, either homozygous or heterozygous is well distributed across the various phylogenetic
clusters, while pmPET " allele is shared by only five subgroups (including individuals sampled in France, Japan
and different regions of China). Instead, pmPET"*! allele was found in a single cluster only comprising Chinese

Scientific Reports | (2024) 14:7300 | https://doi.org/10.1038/s41598-024-57589-8 nature portfolio



www.nature.com/scientificreports/

Figure 6. Molecular analysis of the pmTOE allele in different varieties. (a) PCR products obtained with the
primers pmTOE_Mk using genomic DNA of DF mei varieties ‘Aliphandif’ (1, 2, 3), Rosea Plena’ (4), ‘Pendule’
(7.8), ‘Bianco doppio’ (9), Alboplena’ (11, 12), ‘Bicolor’ (15, 16), ‘Bonsai double RM’ (18) and SF varieties
‘Beni-chidori’ (5, 6), ‘Bianco Singolo’ (10), ‘Dwarf single’ (13, 14), ‘Bonsai single RM’ (17), ‘Bonsai single MI-1’
and ‘MI-2’ (19, 20), see Supplementary Table 2 for details. (b) Flower phenotype of representative varieties
genotyped.

accessions, suggesting it may have originated more recently. The few cases of variant-trait inconsistency in avail-
able datasets are likely due to sampling, labeling or assignment errors.

pmTOE and pmPET, like their hortologues in peach (Prupe.6G091100 and Prupe.6G242400 respectively)
are predicted to encode euAP2 peptides carrying all the functional domains, unlike the third TOE-type gene
in both species PmuVar_Ch5_2600 and Prupe.2G220100. In P. persica it was previously reported that both
Prupe.6G091100 and Prupe.6G242400 were expressed at similar levels in flower buds, while no evidence of
the presence of the transcript of Prupe.2G220100 was found". There is, to date, no evidence that mutations
in Prupe.6G091100 cause DF in peach but the present paper on a related species raises the possibility that the
products of two genes have redundant function or they could affect different networks in an overlapping spatio-
temporal frame, and the effects of escaping miR172 regulation by either gene would have similar effects on
flower shape. In tetraploid petunia, simultaneous KO of both PET genes BEN and BOB was sufficient to induce
a strong reduction of second whorl petal development®, suggesting that the PET function is not redundant with
that of other TOE-type genes of this species, but in the same paper the authors concluded that the molecular
mechanisms of floral A-function genes controlling perianth identity are not well-conserved between Asterids
and a Rosids and great care should be taken when comparing models built in phylogenetically distant plants.
It is therefore possible that mutations at the miR172 binding site of Prupe.6G091100 could also lead to double
flowers in peach, but such mutations have not yet been found. In case of the two ‘Pink Double’ accessions not
bearing either pmTOEPEL, pmPETSNP! or pmPETSN? | the presence of a yet unidentified DF-causing mutation
could not be excluded, since the full spectrum of possible mutations might not have been unveiled. In other
Rosaceae, some larger structural variants affecting the PET genes were underlining the DF phenotype: in peach,
a 994 bp pet deletion depriving the last exon harboring the miR172 target site and in rosa a transposon inser-
tion resulting in the loss of coding sequence encoded by the near entirety of the last two coding exons of the
gene'! :such larger variants, whether present in some mei accessions would not be easily detectable in short
reads sequencing libraries.

Scientific Reports |

(2024) 14:7300 | https://doi.org/10.1038/s41598-024-57589-8 nature portfolio



www.nature.com/scientificreports/

Conclusions

Strong of the knowledge of genetic determinism pf the DF phenotype in other species and on the genomic loca-
tion of causative variant in mei, we identified mutations in TOE-type euAP2 genes strongly linked to the trait.
While SNP variants in the miR172 binding site of pmPET were found, the most widespread candidate variant
was identified as a 49 bp deletion in pmTOE. This discovery suggests that pmTOE-like sequences should be
included as candidate genes for DF in other species and entails further studies on the functions and interactions
between euAP2 genes.

Methods

Sample collection and PCR analysis

Leaf samples of the 20 mei accessions used in this study were kindly provided by private nurseries and are listed
in Supplementary Table 2. 16 samples were obtained from standard commercial trees while 4 samples were
obtained from trees kept as bonsai. Accessions used are referred to with local denominations and can be divided
into either SF or DE. Genomic DNA was extracted from 200 pg of young leaf tissue using the DNeasy Plant Kit
(Qiagen) and 20 ng for each sample were used in PCR reactions using GoTaq PCR Master Mix (Promega) in a
total volume of 10 ul and the appropriate primer combinations: pmTOE_Mk_F 5-GAAAGAGCAACAGAGAAG
AG-3’ and pmTOE_Mk_R 5-TTGAGAAGTATTGGCGGCAG-3’ to screen for the 49 bp variant in pmTOE, and
pmPET_seq F5-AAGAAGCATTGCAGGCTTCC-3’ and pmPET_seq_R 5-GATCCTCAAGTTTCATAAGC-3’
to amplify and sequence the miR172 target region in pmPET.

Sequence-based genotyping

For sequencing-based method, NCBI SRA databases were Blast-searched with the reference alleles of inter-
est, and for a deeper inspection resequencing data were retrieved and FASTQ files were mapped with Bowtie2
against the reference sequences on the Galaxy Platform®® and visualized using IGV*. The reads were aligned
against the genomic sequences of pmTOE and pmTOEPE! to identify homozygous or heterozygous presence of
the 49 bp deletion. The reads were also aligned against the sequence of pmPET to identify candidate variants in
this gene. SRA data SRR5046711, SRR5046712, SRR5046754 and SRR5046758 were excluded from the analysis
due to low coverage.

Molecular phylogenetic analysis by maximum likelihood method

Phylogenetic relations of P. mume euAP2 peptide sequences and orthologous sequences from P. persica, R.
chinensis and A. thaliana from previously published work'! were estimated in MEGAX?. Peptide sequences
were aligned by MUSCLE with default settings. Evolutionary relationships among euAP2 peptides were inferred
by using the Maximum Likelihood method based on the JTT matrix-based model. The rate variation model
allowed for some sites to be evolutionarily invariable and a discrete Gamma distribution was used to model
evolutionary rate differences among sites. The reliability of the phylogenetic tree was estimated by setting 200
bootstrap replicates.
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on reasonable request from the corresponding author.

Data availability
The datasets analyzed in the current study were already available on NCBI as Bioprojects PRINA352648° and
PRJNA847636%.

Received: 30 October 2023; Accepted: 20 March 2024
Published online: 27 March 2024

References
1. Li, Q, Chen, J. & Zhang, Q. Carbonated stone fruit from underground at Peiligang historical site in Xinzheng, Henan Province.
J. Beijing For. Univ. 29(S1), 59-61 (2007).
2. Li, Y. & Liu, Q. Prunus mume: History and culture in China. Chronica Hortic. 51(3), 29-35 (2011).
. Jia, Q, Li, Y., Xu, L. & Liu, Q. Identification of Chinese mei flower cultivars based on numerical taxonomy. Acta Hortic. 1035,
43-52 (2014).
. Moore, R. & Yoneda, K. Prunus mume: Rosaceae. Curtis’s Bot. Mag. 39(3), 409-431 (2022).
. Zhang, Q. et al. The genome of Prunus mume. Nat. Commun. 3(1), 1318 (2012).
. Zhang, Q. et al. The genetic architecture of floral traits in the woody plant Prunus mume. Nat. Commun. 9, 1702 (2018).
. Zheng, T. et al. The chromosome-level genome provides insight into the molecular mechanism underlying the tortuous-branch
phenotype of Prunus mume. N. Phytol. 235, 141-156 (2022).
. Li, M. et al. Mapping floral genetic architecture in Prunus mume, an ornamental woody plant. Front. Plant Sci. 13, 828579 (2022).
9. Lee, J. K., Hyun, S. K., Lee, S. S. & Chai, J. K. The variations of Japanese apricot (Prunus mume) cultivated around Mts. Jiri. Korean
J. Plant. Res. 5(1), 59-68 (2002).
10. Shi, Y., Zhu, H., Zhang, J., Bao, M. & Zhang, ]. Development and validation of molecular markers for double flower of Prunus
mume. Sci. Hortic. 310, 111761 (2023).
11. Gattolin, S. et al. Deletion of the miR172 target site in a TOE-type gene is a strong candidate variant for dominant double-flower
trait in Rosaceae. Plant J. 96, 358-371 (2018).

N O G w

sl

Scientific Reports |

(2024) 14:7300 | https://doi.org/10.1038/s41598-024-57589-8 nature portfolio



www.nature.com/scientificreports/

12. Frangois, L. et al. A miR172 target-deficient AP2-like gene correlates with the double flower phenotype in roses. Sci. Rep. 8, 12912
(2018).

13. Gattolin, S. et al. Mutations in orthologous PETALOSA TOE-type genes cause a dominant double-flower phenotype in phyloge-
netically distant eudicots. J. Exp. Bot. 71(9), 2585-2595 (2020).

14. Wang, Q. et al. Mapping a double flower phenotype-associated gene DcAP2L in Dianthus chinensis. J. Exp. Bot. 71(6), 1915-1927
(2020).

15. Cirilli, M. et al. Less is more: natural variation disrupting a miR172 gene at the di locus underlies the recessive double-flower trait
in peach (P. persica L. Batsch). BMC Plant Biol. 22, 318 (2022).

16. Gao, M. et al. SMRT and Illumina RNA-Seq identifies potential candidate genes related to the double flower phenotype and unveils
SsAP2 as a key regulator of the double-flower trait in Sagittaria sagittifolia. Int. J. Mol. Sci. 23(4), 2240 (2022).

17. Zhao, L., Kim, Y., Dinh, T. T. & Chen, X. miR172 regulates stem cell fate and defines the inner boundary of APETALA3 and PIS-
TILLATA expression domain in Arabidopsis floral meristems. Plant J. 51, 840-849 (2007).

18. Wollmann, H., Mica, E., Todesco, M., Long, J. A. & Weigel, D. On reconciling the interactions between APETALA2, miR172 and
AGAMOUS with the ABC model of flower development. Development 137, 3633-3642 (2010).

19. Rijpkema, A. S., Vandenbussche, M., Koes, R., Heijmans, K. & Gerats, T. Variations on a theme: Changes in the floral ABCs in
angiosperms. Semin. Cell Dev. Biol. 21, 100-107 (2010).

20. Li, X, Ping, L., Zheng, T. & Zhang, Q. Genomic insights into the important ornamental and stress resistance traits of Prunus mume.
Sci. Hortic. 302, 111179 (2022).

21. Wang, P. et al. Expansion and functional divergence of AP2 group genes in spermatophytes determined by molecular evolution
and Arabidopsis mutant analysis. Front. Plant Sci. 7, 1383 (2016).

22. Zhu, H,, Shi, Y., Zhang, J., Bao, M. & Zhang, J. Candidate genes screening based on phenotypic observation and transcriptome
analysis for double flower of Prunus mume. BMC Plant Biol. 22, 499 (2022).

23. Dubois, A. et al. Tinkering with the C-function: a molecular frame for the selection of double flowers in cultivated roses. PLoS
ONE 5, €9288 (2010).

24. Sharma, V. K., Carles, C. & Fletcher, J. C. Maintenance of stem cell populations in plants. Proc. Natl Acad. Sci. U. S. A. 100,
11823-11829 (2003).

25. Liu, Z., Zhang, D., Liu, D., Li, F. & Lu, H. Exon skipping of AGAMOUS homolog PrseAG in developing double flowers of Prunus
lannesiana (Rosaceae). Plant Cell Rep. 32, 227-237 (2013).

26. Chen, X. A microRNA as a translational repressor of APETALA?2 in Arabidopsis flower development. Science 303, 2022-2025
(2004).

27. Jung, J. H., Lee, S., Yun, J., Lee, M. & Park, C. M. The miR172 target TOE3 represses AGAMOUS expression during Arabidopsis
floral patterning. Plant Sci. 215-216, 29-38 (2014).

28. Sang, Q. et al. MicroRNA172 controls inflorescence meristem size through regulation of APETALA2 in Arabidopsis. N. Phytol.
235, 356-371 (2022).

29. Aukerman, M. J. & Sakai, H. Regulation of flowering time and floral organ identity by a microRNA and its APETALA2-like target
genes. Plant Cell 15, 2730-2741 (2003).

30. Schwab, R. et al. Specific effects of microRNAs on the plant transcriptome. Dev. Cell 8, 517-527 (2005).

31. Liu, W. et al. A 49-bp deletion of PmAP2L results in a double flower phenotype in Prunus mume. Hort. Res. 11(2), uhad278 (2024).

32. Morel, P. et al. Divergence of the floral A-function between an asterid and a rosid species. Plant Cell 29, 1605-1621 (2017).

33. Afgan, E. et al. The Galaxy platform for accessible, reproducible and collaborative biomedical analyses: 2018 update. Nucl. Acids
Res. 46, W537-W544 (2018).

34. Robinson, J. T. et al. Integrative genomics viewer. Nat. Biotechnol. 29(1), 24-26 (2011).

35. Kumar, S., Stecher, G., Li, M., Knyaz, C. & Tamura, K. MEGA X: Molecular evolutionary genetics analysis across computing
platforms. Mol. Biol. Evol. 35(6), 1547-1549 (2018).

Acknowledgements

This research was supported by the Agritech National Research Center funded by the European Union Next-
Generation-EU (PIANO NAZIONALE DI RIPRESA E RESILIENZA - PNRR, MISSIONE 4 COMPONENTE 2).
We would like to thank Vivai Nord, Nippon Tree, Crespi Bonsai and Andrea Campisi for providing plant material.

Author contributions
S.G. and M.C. designed the study and conducted data analysis; E.C. collected plant samples, M.T. and S.G. con-
ducted molecular analysis experiments. The manuscript was drafted by S.G and M.C,, and reviewed by all authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-57589-8.

Correspondence and requests for materials should be addressed to S.G.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2024) 14:7300 | https://doi.org/10.1038/s41598-024-57589-8 nature portfolio


https://doi.org/10.1038/s41598-024-57589-8
https://doi.org/10.1038/s41598-024-57589-8
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports | (2024) 14:7300 | https://doi.org/10.1038/s41598-024-57589-8 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Mutations overlying the miR172 target site of TOE-type genes are prime candidate variants for the double-flower trait in mei
	Results
	Identification of a candidate DF variant in PmTOE, a TOE-type euAP2 gene
	pmTOE belongs to a TOE-like euAP2 clade closely related to PETALOSA
	Search of pmTOEDEL in resequenced accessions and identification of two pmPET candidate variants.
	pmTOE alleles and pmPET are transcribed
	Wet validation of the presence of the PmTOEDEL allele in commercial mei cultivars

	Discussions
	Conclusions
	Methods
	Sample collection and PCR analysis
	Sequence-based genotyping
	Molecular phylogenetic analysis by maximum likelihood method
	Declaration on ethics and research permits

	References
	Acknowledgements


