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Abstract

Background Both parthenocarpy and stenospermocarpy lead to seedless grapes. Only parthenocarpy, which is
rather rare, generates berries with a complete absence of seed tissues. Stenospermocarpy, which is instead more
common, produces berries with seed traces because seed development is promoted by embryo formation and then
arrested by its abortion. In viticulture, parthenocarpic varieties account for a minority of the production of seedless
table grapes, while they are more commonly used for raisins and very rarely for winemaking. Parthenocarpy is the
putative cause of seedlessness in Corinto Nero, a bud sport of the seeded winegrape Sangiovese. In our previous
studies, embryo sac abnormalities arising from meiotic disorders were accompanied by transcriptional changes in
gene functions linked to gametophyte development and ovule fertilization. Here, with the aim of elucidating the
cause of parthenocarpy in Corinto Nero, comparative histological and genomic analyses were performed.

Results Histologically, Corinto Nero showed abnormalities in megasporogenesis and the arrest of female
gametophyte development very early during the megagametogenesis, compared to seeded Sangiovese. Genetically,
Corinto Nero showed putative private mutations in candidate genes with functions related to cell cycle, meiosis and
mitosis, compared to ten Sangiovese bud sports, which differed phenotypically from one another and from Corinto
Nero for diverse traits, but they all were seeded. One of these mutations was validated in a Disrupted Meiotic cDNAT
homolog gene, which has a missense variant and a significant lower expression at key reproductive developmental
stages in Corinto Nero.

Conclusions This work provided a list of candidate genes with somatic mutations in Corinto Nero that possibly
impair sporogenesis and gametogenesis, preventing seed development. Sangiovese has a genetic predisposition
to develop ovary disorders, and to forcibly set fruit in absence of pollination, which may have been turned into full
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expression of parthenocarpy in Corinto Nero by further mutations. A systematic genome editing of the candidate
genes in the seeded Sangiovese will be required for their functional validation.

Keywords Parthenocarpy, Corinto Nero, Sangiovese, Megasporogenesis, Megagametogenesis, Disrupted meiotic

progression, DMCT1

Background

Somatic variation is an important source of phenotypic
diversity in vegetatively propagated crops. This variation
contributes to some differentiation within each cultivar,
which may also provide favorable changes for adapting
to challenging environmental conditions and meeting
new market demands, especially in grapevine. This crop
requires, indeed, lengthy breeding cycles and, on top of
that, the wine industry is rigid against embracing new
breeds. By having a nearly identical genetic background
to the original seedling, somatic variants also serve as
near-isogenic lines for research in genetics and physiol-
ogy to understand the molecular basis of trait variation,
which in turn enables precision breeding [1, 2].

In viticulture, the phenotypic variation arising from
spontaneous somatic mutations that accumulate during
vegetative propagation has been selected over time to
differentiate clonal lineages within traditional varieties,
which are referred to by grape connoisseurs, multiplied
by nurseries, and planted by vine growers as “clones”. Up
to now, clonal selection has provided the only means to
incorporate novel diversity into the cultivated germ-
plasm, while maintaining the identity of each cultivar.
Examples of relevant grapevine mutations that originated
from somatic variation and were characterized down to
the molecular level are those affecting berry color, Mus-
cat flavor, seed and berry development [3-6].

Somatic mutations in grapevine range from single
nucleotide polymorphisms (SNPs) and small insertions/
deletions (InDels<50 bp) to structural variations (SVs),
including inter- and intra-chromosomal translocations,
deletions, and insertions (>1 kb), and even chromothrip-
sis [7-9]. Variant phenotypes were frequently associated
with the movement of transposable elements (TEs) alter-
ing the expression of the genes into or nearby which they
jump or from which they excise [1, 10-14]. Given this
breadth of mutational events, the identification and char-
acterization of somatic variation requires genome-wide
analyses [15]. Identifying bona-fide somatic variation
between grapevine bud sports is challenging, because
the frequency at which it occurs is orders of magnitude
lower than sequence variation between any two grape-
vine cultivars. Comparing a mutant for the phenotype of
interest with a group of other unrelated mutants of the
same cultivar for other phenotypic traits, as opposed to
using pairwise comparisons, is a means to increase the
statistical power for filtering out false positives caused

by sequencing errors, read misalignments, multiple map-
pings, and other inherent technical biases.

Two types of seedlessness are reported in grapevine:
(i) stenospermocarpy, in which ovule fertilization takes
place but the embryos abort and/or the endosperm or the
seed coat do not further develop, and (ii) parthenocarpy,
where ovaries develop into berries without ovule fertil-
ization [16]. So far, grape seedlessness has attracted inter-
est especially for fresh consumption of the so-called table
grapes and for producing raisins.

In the case of stenospermocarpy in the Sultanina cul-
tivar, the major causal factor has been identified in a
single nucleotide missense mutation in the VviAGLII
gene [17]. The VWiAGL11 mechanism of action has been
hypothesized accordingly [18]. Additional genes have
been proposed as regulators of the timing of the arrest of
seed development, in a polygenic model in which the Vvi-
AGL11 mutation is necessary for stenospermocarpy and
the quantitative variation in the amount of seed traces is
controlled by additive effects at other loci [19, 20]. Con-
versely, the genetic basis of parthenocarpy has not been
clarified yet. On the one hand, the very low number of
genotypes in which parthenocarpy manifests hampered
the study of the trait using association mapping. On the
other hand, the nearly complete female and male steril-
ity of parthenocarpic varieties prevents the generation
of segregating progenies and the study of the trait using
linkage mapping. This type of seedlessness is mainly
observed in a small group of genetically unrelated Vitis
vinifera L. cultivars that have been given similar names
like Black Corinth or ‘Black Currant’ (synonyms of Korin-
thiaki), White/Red Corinth, Cape Currant and Corinto
Bianco and, in which, different reproductive defects
affecting ovules, embryo sacs and pollen were reported
[21-23].

Parthenocarpy was also identified as the main physi-
ological mechanism leading to seedlessness in a seedless
somatic variant of Sangiovese, the Italy's most cultivated
winegrape. The identity of the seedless mutant was first
discovered from vines occasionally grown in Calabria,
in the Southernmost tip of the Italian peninsula, under
the name of Corinto Nero. The genotype of those plants
matched the one of the Corinto Nero grapevines tradi-
tionally cultivated on the Aeolian Islands, off Sicilian
shores in Insular Italy, thereby used once for raisins and
more recently with other varietals for blending the Mal-
vasia delle Lipari PDO wine [24—26]. Viticulture on the
volcanic archipelago of the Aeolian Islands extends over
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a mere 150-hectare vineyard area, and Corinto Nero is
planted only on a minority of this vineyard. While the
current relevance of Corinto Nero for the wine industry
is that limited in comparison with seeded clones of San-
giovese, it represents an ideal model for the genetic analy-
sis of parthenocarpy. Our previous pollination trials gave
clues to claim both male and female sterility as respon-
sible for a nearly total inability of Corinto Nero to pro-
duce seeds. Later, we confirmed male sterility by in vitro
pollen viability and germination tests. The genetic analy-
sis of seedlings, which occasionally derived from viable
seeds that develop in about 2% of Corinto Nero berries,
revealed that the few functional gametes produced by
this genotype are mostly unreduced [27]. Accordingly,
parthenocarpy seems to be obligatory in Corinto Nero
due to pollen and/or embryo sac defects, and both events
may arise from meiotic anomalies. Cytohistological stud-
ies of megasporogenesis and megagametogenesis, which
were previously done only in the seeded Sangiovese [28],
need to extend to Corinto Nero for investigating possible
abnormalities in the seedless mutant, which is one objec-
tive of the present paper. Sangiovese itself seems to have
a genetic predisposition to facultative parthenocarpy. If
the anthers are manually removed from the flowers prior
to pollen release and the emasculated inflorescences are
bagged until the end of the flowering period, thereby pre-
venting self-pollination and cross-pollination, Sangiovese
can produce a few parthenocarpic berries [27]. Histologi-
cal studies suggested, however, that megasporogenesis
and megagametogenesis occur normally in Sangiovese
as well as the formation of a fully developed embryo sac
at the onset of anthesis. Those observations nonetheless
highlighted the occurrence of some tricarpellate flow-
ers, i.e. developing an ovary with three locules with two
ovules each, instead of the typical bicarpellate flowers
with two locules [28], which signals the existence of some
inherent disorders in flower development.

The extent of this genetic predisposition to flower
development disorders in the grapevine germplasm is
largely unknown. The molecular bases of parthenocarpy
were studied only in natural seedless variants of Sangio-
vese [27, 29] and Pedro Ximenes [23]. As to causative
genetic variation, these investigations focused on SNPs
and InDels using available RNA-Seq data in pairwise
comparisons between one seeded line and one seedless
line. A comparative study of gametogenesis, gene expres-
sion and genetic variation was also conducted using a
mutant of the line ARI 516, in which parthenocarpy was
induced by gamma irradiation [30].

The aims of the present study were to further elucidate
anatomical and genetic alterations in Corinto Nero that
are associated with the parthenocarpic phenotype. To
this end, a comparative histological study was carried out
between the female gametophyte in Sangiovese and in
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Corinto Nero, which showed a lagged megasporogenesis
and the arrest of the female gametophyte development
at early stages of megagametogenesis in the seedless
mutant. A comparative genomic analysis was performed
between Corinto Nero and ten seeded Sangiovese clones,
which generated a list of functional candidate genes
related to cell cycle, meiosis and mitosis with putative
sequence variation.

Methods

Plant materials

A commercially available clone of Sangiovese identified
by the code R24 (hereafter R24) was used as the reference
seeded type for the histological study. The accession of
Corinto Nero (hereafter CN) was the same as described
in [29] and [27] and corresponds to the VIVC 24403
variety number, www.vivc.de. Inflorescences were sam-
pled from 4-year-old vines of CN and R24 grown in the
experimental field “Giaroni” (46.183787N, 11.118893E) of
the Fondazione Edmund Mach in San Michele all’Adige
(Trento, Italy. FAO Institute code: ITA362). All vines
were grown vertically using trellis and according to a
Guyot training system. DNA sequences were obtained
from ten commercially available seeded clones of San-
giovese (hereafter SG), identified by the codes R10, R24,
VCR5, VCR23, VCR30, VCR103, VCR106, VCR207,
VCR218 and VCR235. Vines of these proprietary clones
were maintained in nursery mother blocks at Vivai Coop-
erativi Rauscedo, San Giorgio della Richinvelda (Italy;
46.061193N, 12.839853E).

Comparative histological study of the female gametophyte
Flower samples were collected in the 2018 season from
young plants of R24 and CN. Growth stages at the sam-
pling dates were expressed according to the modified
Eichhnorn-Lorenz (E-L) system [31]. Plant material was
sampled from the same inflorescence every 2-3 days
starting at stage E-L15 (eight expanding leaves, rap-
idly elongating shoot, individual adjacent flowers form-
ing compact branches on the inflorescence; reached on
May 9.1, 2018) to E-L26 (cap-fall complete; Supplemen-
tary Material 1). Branches of the inflorescence carrying
from six to ten flowers were collected at each phenologi-
cal stage, immediately fixed in FAA (10:50:5:35 of 37%
formaldehyde: 95% ethanol: acetic acid: distilled water)
and processed by sectioning and staining with a safranin
O-fast green FCF staining combination according to the
protocol described by [28]. Then, 3—7 um thick sections
were obtained using an automated rotary microtome
(Leica RM2247) and examined in bright field using a
Leica DM500 microscope equipped with a Leica ICC50
HD camera (Leica Microsystems, Germany). LAS EZ
version 3.4.0 imaging software (Leica Microsystems,
Germany) for “live” imaging observations was used to
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capture Digital images and annotations were taken using
the LAS EZ version 3.4.0 software (Leica Microsystems,
Germany). Image post-processing, which consisted in
enhancing contrast and sharpness, was performed using
Image] software [32]

Analysis of genomic diversity between Corinto Nero and
ten different seeded clones of Sangiovese

Whole genome resequencing

DNA was extracted from young leaves. DNA of CN
was isolated using the DNeasy Plant Mini kit (QIA-
GEN, USA) with RNase treatment and according to the
manufacturer’s instructions. Before the identity of CN
as a SG mutant was disclosed, the other 10 Sangiovese
clones had been sequenced for different purposes. DNA
of 8 SG clones was isolated following a CTAB-based pro-
tocol [33]. DNA of R24 and VCR23 clones was isolated
following the same CTAB-based protocol but with a
preliminary step of nuclei isolation to reduce the contri-
bution of cytoplasmic DNA. DNA quality was checked
using a Nanodrop 8000 spectrophotometer (Thermo
Fisher Scientific, DE, USA), and on a 1% agarose gel by
electrophoresis. DNA was quantified using a Synergy
fluorimeter (Agilent Technologies, Waldbronn, Ger-
many). DNA fragmentation and library preparation were
performed according to standard Illumina protocols.
Paired-end sequencing was performed with Illumina
Genome Analyzer II (GAII) (2x75 bp), Illumina HiSeq
2000 (2x 100 bp) and Illumina Hiseq 2500 (2x 125 bp)
sequencers as described by [34]. Raw reads were pro-
cessed for adapter removal, quality trimming and filter-
ing for organelle DNA with erne-filter algorithm version
1.4 (https://erne.sourceforge.net). Post-processed paired-
end reads longer than 50 bp were aligned to the PN40024
12X.0 grapevine reference genome using the BWA-mem
algorithm, with default parameters (https://bio-bwa.sou
rceforge.net/bwa.shtml). To reduce false positives, PCR
duplicates were removed using MarkDuplicates from
Picard tools (http://broadinstitute.github.io/picard/).
Local realignment around InDels was performed with
the RealignerTargetCreator and IndelRealigner tools of
the GATKv2.0 (https://gatk.broadinstitute.org/hc/en-us).
Reads with a mapping quality > 10 were retained.

Analysis of genomic variation

SNPs and InDels shorter than 50 bp were identified using
GATK UnifiedGenotyper [35] with default parameters,
except that heterozygosity was set to 0.01. Raw Single
Nucleotide Variants (SNVs) were retained if biallelic,
with a coverage > 15 x, invariant in other V. vinifera cul-
tivars, not residing in repetitive regions, with allele fre-
quency >0.10, with <55% of missing data. Private variants
in CN were retained for further analysis. SNP annotation
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was performed using Annovar with the V2.1 gene predic-
tion [36].

Different types of SVs were identified with the fol-
lowing approaches. Deletions were called using DELLY
[37], only if the alternative genotype was invariable
among the ten seeded SG clones and different from
CN. TE insertions were identified by paired-end map-
ping (PEM), which uses deviation from the expected
span size and/or orientation of mapped paired-end
reads [38]. Reads that span the insertion breakpoint were
quantified to call the genotypes for the structural vari-
ant. The following thresholds were used for assigning
the genotype: ratio<0.25=absence of insertion (0/0),
0.25 < ratio <0.75 = insertion likely heterozygous (0/1) and
ratio >0.75 =insertion likely homozygous (1/1). The pres-
ence of mosaic structural variation (MSV) and chromo-
somal aberrations was investigated using the reduction of
heterozygosity (ROH) signal and the x-scan software, as
described by [39] and [40]. In this approach, allele read
coverage ratios are compared between any two pairs of
clones as a proxy for the presence of ROH and this is
combined with the information of local read coverage.

A Circos plot containing all SVs identified in the com-
parative analysis was drawn using ShinyCircos v.2.0 [41].

Genomic data analysis

The V. vinifera 12X reference genome release 52 anno-
tation available at the EnsemblPlants platform [42] was
used for gene annotation in the chromosomal regions
where putative structural variation was identified (dele-
tions, insertions of TEs and MSV). Gene functional cat-
egories were defined according to The Gene Ontology
Resource [43, 44], UniProt database [45], as well as using
the grape reference gene catalog [46] where the corre-
sponding gene IDs in the 12X.v2 grapevine reference
genome assembly and their annotations (VCost.v3) were
available [47]. Gene expression data in SG and CN were
retrieved from [29]. Candidate genes were also checked
for co-localization with known QTLs for fertility, seed
content and berry size as reported in [48]. QTLs were
projected onto a consensus genetic map anchored to the
12X.v2 grapevine reference genome assembly [48].

SNP validation and quantitative RT-PCR expression
analysis

The candidate gene VIT 0550020g04170 (DMCI),
carrying a C>T SNP at the chromosomal position
chr5:5,814,092, was selected for further exploration,
considering its predicted function and its putative role
in Arabidopsis [49, 50]. The presence of the DMCI
SNP variant was validated through PCR amplification
and Sanger sequencing of genomic DNA from young
leaves of the two Sangiovese clones (R24 and CN) and
of Pinot Noir as a control. Primers were designed using
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Primer3Plus [51] and the 12X.v2 version of the refer-
ence genome sequence. Primer sequences are reported in
Supplementary Material 2. PCR products were purified
using the Eurosap PCR Enzymatic clean-up kit (Euro-
clone S.p.A, MI, Italy). Sequencing reactions were per-
formed using the same primers as in the PCR and then
sequenced by capillary electrophoresis using an ABI
3730x] DNA Analyzer. Chromatograms were aligned
using the MEGAG6 software [52] and visually inspected
using BioEdit v7.2.0 [53]. The CD-Search tool available
on the NCBI portal was used to check whether mutations
affected conserved sites or domains. Quantitative RT-
PCR analysis was performed at ten different phenological
stages (Supplementary Materials 1 and 2). A T-student
test was performed using PAST version 3.14 to test the
statistical significance of the differences between R24 and
CN at each phenological stage (p <0.05).

Results

Comparative histological study of the female gametophyte
The R24 seeded clone and CN bloomed 19 and 21 days,
respectively, after the first sampling date (stage E-L15).
Sampling was performed from E-L15 stage to E-L26
stage. Detailed description of the developmental status
of the female gametophyte at each phenological stage

Nucellus and
inner integument
fully developed

Anatropy. Inner and
outer integuments and
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for each clone is reported in Supplementary Material 3.
Figure 1 summarizes the match between each step of
female gametophyte development and the phenological
stages studied in the two clones.

StageE-L15

The development of the female gametophyte in CN was
similar to the one of the seeded R24 clone (Fig. 2A and
B; Supplementary Material 3). However, while a compact
nucellus was consistently observed in all ovules in R24,
it appeared less compact presenting some intercellular
spaces in CN (Supplementary Material 4).

StageE-L15+2

No significant changes were observed in R24 regarding
the development of the integuments and nucellus, with
anatropy progressing normally. In contrast, anatropy in
CN was at a very early stage in all ovules of one sample,
while in the other one all ovules were almost completely
anatropous. Additionally, slight differences in integu-
ments development were observed between samples
(Supplementary Material 3). The megaspore mother cell
(MMC) was identified at various substages of prophase I
of meiosis in nearly all the examined ovules of both clones
(Fig. 2C and D, Supplementary Materials 3, 5 and 6).

A mature 8-nucleate,
7-celled embryo sac

nucellus fully developed
Sangiovese R24: +9 (E-L17) +12 +14 E-L26

MEGASPOROGENESIS MEGAGAMETOGENESIS
Mvc | Meiosis | Meiosis | Functional | Mitosis Mitosis Mitosis Mature
1 2 Megaspore 1 2 3 FG

ch do\

Monosporic g

(Polygonum @ =

type) "/ b= Jperd ‘ ’

mp

Corinto Nero: E'L15 +2 +4 +7 l “ ﬂll R

+9 (E-L17) Development arrest

‘ Nucellus and both
mteguments fully

Full anatropy: outer integument fully
developed. Nucellus and inner
integument not completly
developed

developed

Well developed nucellus at E-L26 without embryo
sac and/or degeneration processes of nucellar cells

-

Fig. 1 Modified Fig. 2 from Yadegari & Drews 2004 (http://doi.org/10.1105/tpc.018192). Schematic representation of the match between each step of
female gametophyte development according to the histological observations and the phenological stages analyzed in Sangiovese R24 and Corinto
Nero. Phenological stages in days after the beginning of the sampling at E-L15:4 2,45 (+4 in Corinto Nero),+7,+9 (E-L17),+ 12,4+ 14,+16,+ 19 and E-L.26

(flowering)
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Fig. 2 (See legend on next page.)



Moreno-Sanz et al. BMC Plant Biology (2025) 25:1758 Page 7 of 21

(See figure on previous page.)

Fig. 2 Developing female gametophyte from phenological stage E-L15 to E-L15+9 (=E-L17) in the Sangiovese R24 seeded clone (R24) and the seedless
mutant Corinto Nero (CN). Safranin O—fast green FCF staining combination stains with cyan/green hues the cytoplasmatic component of the cells while
nuclei and nucleoli stain in reddish/magenta. Stage E-L15:in all the investigated ovules of both clones the beginning of the nucellus was observed, with
nucellar cells in different stages of mitosis, as well as lateral bosses indicating the initiation of the inner integument (black arrows; A, B). Cells undergoing
periclinal divisions at the base of the inner integument were visualized, which likely points to an initial formation of the outer integument with larger
rectangular cells. In most of the ovules of both clones it was observed a centrally located, enlarged cell with dense cytoplasm and prominent nucleus, that
was going to be the MMC (megaspore mother cell, *). Stage E-L15+2: central MMC (¥) in early stages of prophase | of meiosis in both clones (C, D). Stage
E-L15+5in E(E-L15+4in CN, F): MMC in early stages of meiosis . Stage E-L15+7: a functional megaspore (fm) is already visible in R24 which indicates the
end of megasporogenesis (G); in CN the beginning of prophase Il of meiosis is undergoing, two cells are visible (H). Stage E-L15+9 (=E-L17):in R24 the
functional megaspore is entering megagametogenesis with the onset of mitosis | and megaspores appear as dead cells in the micropylar end (I). In CN,
two cells in prophase Il of meiosis are visible, it is still in megasporogenesis (J). Nu=nucellus. Magnifications: 400 xin A, B, I, J; 800 xin D, ovule overview
in E, G; 1000 x in details in B, 1 and J; 2000xin C, E, F, H and details in D and G

Stage E-L15+5 (E-L15+4in CN)

The MMC was observed in different stages of meiosis
I in the examined ovules of both clones (Fig. 2E and F,
Supplementary Material 7). However, while R24 pre-
sented a compact and well-developed nucellus, CN did
not show yet a fully formed nucellus. Slight differences
in the degree of integument development were also
observed between R24 and CN. Additionally, a small tri-
angular empty space between nucellus and inner integu-
ment towards the micropylar end, called endostome, was
observed in several ovules of the seeded R24. The endo-
stome was larger and present in most of the ovules of CN
(Supplementary Materials 3 and 8 A).

StageE-L15+7

All analyzed ovules of CN were completely anatropous at
this stage (Supplementary Material 8B) with both integu-
ments and nucellus fully and normally developed, as in
seeded R24 (Fig. 2G and H, Supplementary Material 3).
However, while R24 displayed a linear tetrad arrange-
ment consisting of the functional megaspore at the
chalazal pole and three degenerated megaspores at the
micropylar end following MMC meiosis (megasporogen-
esis; Supplementary Material 9), CN showed that mega-
sporogenesis was still ongoing in most of the examined
ovules, specifically in the early prophase of the second
meiotic division (Supplementary Material 10).

Stage E-L15+9 (=E-L17)

All examined ovules of both clones were fully anatro-
pous, with normally developed nucellus and integu-
ments. Megasporogenesis had been completed in R24 by
this stage. On the contrary, this process was delayed or
slowed, and still ongoing at this stage in CN (Fig. 2I and J,
Supplementary Material 3).

Stages E-L15 + 12 until E-L26 (anthesis)

No substantial changes were observed in R24 samples
regarding the integuments and nucellus cells at the
successive phenological stages analyzed (E-L15+12,
E-L15+14 and E-L26). However, notable developments
were detected in the transformation of the functional

megaspore into the mature embryo sac, which was fully
formed by the time of flowering. In some cases, early
signs that are indicative of the beginning of fertilization
were also observed (Fig. 3A, C, E and G, Supplementary
Materials 3 and 11—13).

In the samples from CN at stage E-L15+12, all the
examined ovules were well-developed and a functional
megaspore was observed in most of them along with
remains of the other three remaining megaspores that
had died out (Fig. 3B, Supplementary Materials 14—16).
By stage E-L15+14 all analyzed ovules were fully and
normally developed, but the functional megaspore was
observed only in a couple of them at the prophase of
mitosis I (Fig. 3D and F, Supplementary Material 17).
However, at stage E-L15+ 16, despite the presence of
a well-developed nucellus, the characteristic cell types
of the embryo sac were absent from most of the ovules,
with only a functional megaspore undergoing mitosis 1.
Traces of degenerated megaspores were observed in a
single ovule (Supplementary Materials 18—19). At the
last stage of observation before flowering (E-L15+19),
a binuclear embryo sac was observed in one ovule and
a clearly defined embryo sac containing two synergids
and the outline of the egg cell were present at the micro-
pylar end in another ovule. However, degeneration pro-
cesses from the center of the nucellus (dead nucellar
cells) and traces of dead megaspores were observed in
all other ovules examined (Supplementary Material 20).
At flowering (E-L26), although all the analyzed ovules
initially displayed a normal development, no embryo sac
was detected in the well-developed nucellus. Instead, we
observed ongoing processes of degeneration in the cen-
tral nucellar cells and/or traces of dead megaspores at the
chalazal end (Fig. 3H, Supplementary Material 3).

According to these histological observations, mega-
sporogenesis (i.e. development of a functional mega-
spore from the MMC through two consecutive meiotic
divisions) lasted around 7 days in R24, from stage E-L15
to stage E-L15+7. The second meiotic division likely
progressed faster than the first one, since only pro-
cesses of the first meiotic division were observed until
stage E-L15+5. Subsequently, megagametogenesis (i.e.
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Sangiovese R24 Corinto Nero

E-L15+12

E-L15+14

Fig. 3 (See legend on next page.)
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(See figure on previous page.)

Fig. 3 Developing female gametophyte from phenological stage E-L15+ 12 to flowering (E-L26) in the Sangiovese R24 seeded clone (R24) and the seed-
less mutant Corinto Nero (CN). E-L15+ 12: start of mitosis Il (megagametogenesis) in R24 (A), while in CN the functional megaspore (indicated by the
arrow) with a red nucleus is visible as well as traces of dead megaspores (dark purple cells to the right of the functional megaspore) which corresponds
to the end of megasporogenesis; B). E-L15+ 14: two nuclei (circle) of 4-nucleate embryo sac (which develops after mitosis II) with cytoplasmatic strands
connecting each pair of nuclei in the chalazal and micropylar poles and between opposite poles are visible in R24 (C, E); in CN the functional megaspore
(fm) is in the prophase of mitosis | in D, while in F fragments of dead megaspores (rectangle) are observed, without any cells or nuclei of a developing
embryo sac. E-L26 (flowering): ovule with normal embryo sac (es) structures: visible central cell (cc), egg cell contour (ec) and degradation signs of the
synergids (s) in R24 (G); two well developed ovules of CN without embryo sac and with initial degeneration signs in the center of the nucellus (*) and

integuments (H). Magnifications: 2000 xin A—F, 100 x detail in G, 400xin G and 200xin H

development of the functional megaspore into a mature
embryo sac through three consecutive mitoses by mono-
sporic polygonum-type) was observed to occur from
stage E-L15+9 until flowering (E-L17) over an interval
of at least 9-10 days (Fig. 2, Supplementary Material 3).
In contrast, histological analysis in CN revealed not only
a lag in the development of the nucellus relative to the
integuments during early stages, but also a significantly
slower progression of megasporogenesis. More specifi-
cally, megasporogenesis took approximately 12 days to
complete, due to a prolonged second meiotic division in
comparison with the seeded clone. Even in cases where
a functional megaspore was produced, its further devel-
opment into a mature embryo sac was arrested at early
stages of megagametogenesis (Figs. 1 and 3).

The majority of flowers from R24 presented a bicarpel-
late, syncarpous ovary (i.e. fused carpels into a unified
compound gynoecium) divided into two locules with
two ovules each, resulting in a total of four ovules per
flower. However, in four out of the 20 analyzed flowers a
tricarpellate, syncarpous ovary was observed, consisting
of three locules with two normally and fully developed
ovules in each one and, thus, with a total number of six
ovules per flower (Fig. 4A and C, Supplementary Mate-
rial 3). Unlike R24, all 23 analyzed flowers from CN dis-
played a bicarpellate, syncarpous ovary (Fig. 4B).

Comparative genomic analysis between Corinto Nero and
ten seeded clones of Sangiovese

Identification of private SNPs and InDels

A total of 2,542 putative variant sites were called in CN
potentially carrying novel and monoallelic mutations
(Fig. 5, track 1). Among these, 151 were in exons and one
affected a splicing site (Tables 1 and 2 and Supplemen-
tary Material 21). Gene ontology (GO) annotations under
the Biological Processes (BP) category (Supplementary
Material 22) allowed the functional classification of 119
out of 204 genes overlapping splicing and non-synony-
mous exonic SNPs (Tables 1 and 2). The remaining genes
included 69 unclassified ones and 16 with unmapped
IDs. All 119 classified genes were distributed accross
ten BP-GO main categories (Fig. 6). For complete and
detailed information about all genes within each category
see Supplementary Material 21.

A total of 1,038 putative heterozygous InDels were
called in CN. In 24.9% of cases, the seeded SG clones
were homozygous for the reference allele (with no more
than 2 missing data among samples); while in the remain-
ing 75.1% of cases, the seeded SG clones were homozy-
gous alternative with respect to the reference (Table 1).
Three putative InDels were in exonic regions. All of
them were frameshift mutations (VIT_1550024g00700,
VIT _1550048g00910 and VIT_00s2376g00010. Figure 5
track 2, Table 1 and Supplementary Material 23).

Larger deletions

A total of 92 signals of variation in depth of coverage
were identified, potentially suggesting differences in dele-
tion events between CN and SG seeded clones (Fig. 5,
track 3 and Table 3). These signals range in size from 422
to 1,274 bp (Supplementary Material 24). CN was het-
erozygous for two putative deletions (chrl:15,298,475—
15,299,482 and chr12:21,896,319-21,896,741), but in
both cases all SG seeded clones were homozygous for the
deletion with respect to the reference genome. As reli-
able somatic mutations are expected to be monoallelic
and novel, these events represent weak candidates for
explaining the CN phenotype. These putative deletions
did not overlap with any predicted gene (Supplementary
Material 24).

Insertions of transposable elements (TE)

A total of 433 discordant paired-end mapping signals
were detected, suggesting putative insertions of trans-
posable elements (Fig. 5 links in the innermost circle,
Table 4). However, the CN genotype differed from the
reference genome for only 358 of them. Of these, 210
signals were classified as heterozygous and novel in CN
and absent from SG seeded clones and from the refer-
ence genome. In these genomic regions, 37 genes were
predicted, but only a few of them were associated with
a strong reliable signal for the insertion (Supplementary
Materials 25 and 26); for instance, VIT_01s0182¢00020,
VIT 10s0092¢00470, VIT _19s0093g00140 are involved in
regulation of transcription and protein phosphorylation,
and VIT_0950002g03350 codes for an uncharacterized
protein. The other 148 signals were classified as homo-
zygous in CN and heterozygous in SG seeded clones. In
38 of the cases, the signals overlapped with 35 predicted
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Fig. 4 Bicarpellate, syncarpous ovaries divided into two locules with two ovules each in flowers of Sangiovese R24 (A) and in Corinto Nero (B). Tricarpel-
late syncarpous ovary divided into three locules with two ovules each observed in four out of the 20 analyzed flowers of Sangiovese R24 (C)

gene models. The genes associated with the strongest
signals of putative insertion were: VIT_09s0070g00010,
VIT_04s0023g03320 (involved in plant-type cell wall
modification processes), VIT_02s0025g03090, VIT_
1550046g01170, VIT 16s0022g00820, VIT _17s0119g00030
(involved in signal transduction), VIT_02s0012g00190
(involved in cellular component organization processes),
VIT 0550020902220, VIT_15s0046g03670 (tagged with
pyruvate and malate metabolic processes), VIT_
0750205g00140 (involved in mitotic sister chromatid seg-
regation, microtubule-based movement, microtubule
depolymerization) and VIT_09s0002g00020 (related to
cell cycle, cell division, homologous recombination and
mitotic sister chromatid cohesion; Supplementary Mate-
rials 25 and 27).

Search for mosaic structural variants (MSV) and
chromosomal aberrations

No significant ROH signal was detected in the compari-
son between CN and seeded SG clones, which excludes
the occurrence of large deletions and/or duplications and
chromosome replacements in CN (Supplementary Mate-
rial 28, Fig. 5 track 4). However, small regions where the
signal exceeds the threshold of statistical significance for
all ten SG clones were detected (Supplementary Mate-
rial 28). If present in homozygous or hemizygous regions,
MSV would have gone undetected using this approach.
We could exclude that CN is affected by aneuploidies,
but we cannot exclude from short-read sequencing data
that CN is affected by translocations not resulting into
evident copy number variation.

Genomic variation in genes

A total of 403 genes overlapped with putative SNPs
(Table 2 and Supplementary Material 21), InDels (Table 1
and Supplementary Material 23) or structural variation
(deletions in Supplementary Material 24; TE insertions
in Supplementary Material 25) between CN and the SG
seeded clones (Fig. 7). Of these, 32 were in the confidence
intervals of previously reported QTLs for fertility, seed

content and berry size, as reported by Delfino et al. 2019
(Supplementary Material 29).

DMC1 analysis

Among the candidate genes with annotated functions
related to cell cycle, the gene VIT_0550020g04170, a DNA
recombinase RecA/Rad51/DMCI homolog, was chosen
for further investigation. First, the C>T nucleotide sub-
stitution at the chromosomal position chr5:5,814,092 in
CN, was experimentally validated by amplicon sequenc-
ing in R24 and CN (Supplementary Material 30). This
is a non-synonymous substitution that causes an amino
acid change in the predicted protein (Supplemen-
tary Material 21). According to the tools VEP and CD-
Search, this R173Q amino acid substitution is predicted
to have a moderate impact on the protein structure, but
it is located within a conserved domain (P-loop NTPase
and PLN03187 domain superfamilies). Then, the DMCI
expression profile was analyzed in both clones at ten dif-
ferent phenological stages from the earliest development
of the inflorescence to pepper-corn sized berries (Fig. 8).
DMCI expression level notably increased at stage E-L14
in both clones, although it was lower in CN. However,
statistically significant differences were detected only at
stage E-L15, prior to the start of megasporogenesis (as
evidenced by the histological analysis, see above), and at
the stage E-L26 (anthesis) at the time that mature embryo
sacs have already formed in the seeded clone.

Discussion

Early arrest of female gametophyte development in
Corinto Nero ovules

Prior to the present study, seedlessness in CN was
thought to be caused by pollen and/or embryo sac
defects likely arising from meiotic anomalies. Indeed, the
rare functional gametes that are produced by CN are pre-
dominantly unreduced, mainly diploid, which suggests
they arise through apomeiosis (suppressed or imper-
fect meiosis) [27]. The histological analysis of the female
gametophyte reported in the present work supports this
hypothesis, revealing an altered megasporogenesis in CN
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Fig. 5 Distribution of genomic variation in the seedless mutant Corinto Nero (CN) in comparison with ten Sangiovese seeded clones (SG). Track 1: het-
erozygous SNPs. In grey 4047 non-exonic SNPs (3740 of them private for CN), in red 192 non-synonymous ones (all private SNPs in CN except three), in
purple 4 private splicing SNPs and in cyan 81 synonymous ones (all private except 5 of them); y axes: allele frequency 0-1, dark lines at 0.25 and 0.75.
Track 2: InDels. Red dots indicate the three ones located in exonic regions (y axes: allele frequency 0-1, dark lines at 0.25 and 0.75). Track 3: Deletions. No
private deletions for CN were detected, but heterozygous in CN and homozygous alternative in SG (cyan), absent in CN (homozygous reference) and het-
erozygous in SG (pink) or absent in CN and homozygous alternative in SG (green). Track 4: mosaic structural variation (MSV). Reduction of heterozygosity
(ROH) signal is statistically significant in CN (orange) and in SG seeded clones (blue); y axes indicate the number of seeded clones for which the signal was
consistent, 1-10. Links: TE insertions. Red for heterozygous events in CN and homozygous reference state in SG, blue for homozygous alternative events
in CN and heterozygous state in SG and green for homozygous reference state in CN and heterozygous event in SG

compared to SG. Specifically, CN exhibits a disrupted
meiotic progression with an extended second meiotic
division, ultimately leading to the arrest of the female
gametophyte development at the early stages of mega-
gametogenesis (Figs. 1 and 3). These findings indicate
that failure of ovule development in CN likely occurs

during or shortly after megasporogenesis. This pattern
aligns with observations in Corinto Bianco and Black
Corinth, where the formation of integuments and nucel-
lus starts normally, but their development ceases past
the formation of the megaspore or the degeneration of
the embryo sac. In contrast, ovule development in other
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Table 2 Number of SNPs in Corinto Nero overlapping exonic regions classified according to the type of variant and distribution of the
exonic variants according to the genotype: CN|XX = Corinto Nero genotype, SGy|XX = Sangiovese seeded clones genotype, subindex
indicates the number of seeded clones that presented that genotype (“00"=homozygous as in the reference genome PN40024 12X.0,

“01"=heterozygous variant, “11"=homozygous variant)

Variant type Number Percentage  CN|01—SG,4|00  CN[01—SG4[00  CN|01—SG4[00  CN|0T—SG,g|11  CN|01—SGg|11
Synonymous 82 29.1% 50 14 13 5 0
Non-synonymous 185 65.6% 91 68 22 3 1

Stop-gain 14 5.0% 9 5 0 0 0

Stop-loss 1 0.4% 1 0 0 0 0

TOTALE 282 100% 151 87 35 8 1

Reproductive process
Response to hormone
Signaling

Biological regulation
Macromolecule modification
Response to stress
Response to stimulus
Metabolic process

Cellular process

Biological process

Unclassified

0 10 20 30 40

50 60 70 80 90 100 110 120

B Number of genes

Fig. 6 Number of genes within the main BP-GO categories represented among the list of 204 genes overlapping splicing or non-synonymous, stop-gain
and stop-loss exonic SNPs between Corinto Nero and Sangiovese seeded clones

MMC was approaching the onset of the megasporogen-
esis (Fig. 8). Further investigation is needed to assess if
the observed lower expression of DMCI in the seedless
mutant might be causally associated with the pheno-
type. However, we did not detect genetic variation in and
around this gene in CN that may explain a differential
regulation with respect to seeded clones.

Other candidate genes

Besides DMCI, we identified other genes that might
determine seedlessness in CN (Fig. 6, Supplementary
Materials 21, 23, 25, 28, 29). They are discussed below.

VIT 0550049¢02100 (with a T>A SNP chr5:9,734,087
in CN) encodes a predicted protein with similarity to
the curly leaf 1-like protein PhCLF1 that is involved in
methylation processes. Petunia hybrida curly leaf 1 is
suggested to be an ortholog of the Arabidopsis CURLY
LEAF (CLF) gene. It is possible that PACLF1I, like CLF, is
involved in the maintenance of transcriptional repression

of a class C floral homeotic gene or other unknown tar-
get genes [69] that may control floral organ identity. The
expression of class C genes in the fourth whorl specifies
carpel identity, while its combined expression with class
B genes in the third whorl leads to stamen identity.

VIT 09s0002¢00020 (with a homozygous TE inser-
tion in CN) encodes a predicted protein with similarity
to the PDSS5 (Precocious Dissociation of Sisters 5) cohe-
sion cofactor. The cohesin protein complex is essential
for sister chromatid cohesion, ensuring faithful chro-
mosome segregation during mitosis and meiosis, and is
also involved in chromosome condensation, gene expres-
sion, development, DNA repair and somatic homologous
recombination. PDS5-like proteins are functional during
meiosis, although with particular features in different
species [70].

VIT_00s0485g00020 (with a T>C SNP
chrUn:30,378,589) is predicted to encode a DNA mis-
match repair protein with similarity to MSH3. In various
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Table 3 Distribution of the deletions detected by DELLY method
along chromosomes (Chr) and according to the genotype
("00"=absence of deletion as in reference genome PN40024
12X.0,"01"=heterozygous deletion, “11"=homozygous deletion)
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Table 4 Distribution of the TE insertions along chromosomes
and according to the genotype of Sangiovese seeded clones
and of the seedless mutant Corinto Nero (SG|XX and CN|XX,
respectively; "00"=absence of TE insertion, "01"=heterozygous

of the Sangiovese clones. Deletion was called if the genotype TE insertion, "11"=homozygous TE insertion)
was invariable among the ten seeded Sangiovese clones (SG) Chromosome SGl00—  SG|01—  SG|o1—  TOTAL
and different from the seedless mutant Corinto Nero (CN) CNJo01 CN|11 CNJoo
Chr Nr Percentage Number of detected deletions chrl 11 10 4 25

SG|01-CN|00  SG|11-CN|00  SG|11- chr2 13 8 7 28

CNjo1 chr3 9 10 3 22
chrl 4 4.35% 2 1 1 chr4 8 5 1 14
chr2 2 2.17% 2 0 0 chr5 9 9 4 22
chr3 5 543% 5 0 0 chré 10 6 2 18
chr4 4 4.35% 2 2 0 chr7 9 7 4 20
chr5 3 3.26% 3 0 0 chr7_random 0 1 0 1
chré 2 217% 2 0 0 chr8 8 2 0 10
chr7 5 543% 4 1 0 chr9 17 10 3 30
chrg 4 4.35% 4 0 0 chr9_random 0 1 0 1
chr9 7 7.61% 7 0 0 chr10 6 5 5 16
chrio 3 3.26% 2 1 0 chr10_random 0 1 0 1
chrit 1 1.09% 0 1 0 chr11 7 6 2 15
chr1i2 4 4.35% 2 1 1 chr11_random 1 0 0 1
chr12_ 1 1.09% 1 0 0 chr12 10 9 2 21
ran- chr13 11 4 3 18
dom chr13_random 1 0 0 1
chri3 12 13.04% 1 1 0 chrl4 9 3 3 15
fahr:j 3_1 1.09% 1 0 0 chrls 3 3 5 16
dom chr16 10 13 1 24
chrld 3 326% 3 0 0 chr16_random 2 0 0 2
s 7 761% 7 0 0 chr1/ 8 > 4 17
chrl6 1 109% 1 0 0 chr17_random 1 1 1 3
chri7 6 652% 5 1 0 chr1g ! 13 6 30
chr7_ 1 109% 1 0 0 chr18_random 1 2 2 5
fan- chr19 14 6 2 2
dom chrUn 21 3 11 35
chri8 6 6.52% 6 0 TOTAL 210 148 75 433
chri9 4 4.35% 4 0
0y

%::EE 22 102:2502 ;19 . g development, with a role during meiosis [74, 75]. The

plants, mismatch repair functions extend well beyond
post-replication error correction [71], as certain mis-
match repair proteins play positive roles in the pro-
motion of meiosis, including meiotic recombination,
and impact on fertility [72, 73]. VIT_04s0023g03350
and VIT_06s0004g03800 (affected by a T>C SNP
chr4:19,913,828 and a C>T SNP chr6:4,776,574) encode
components of SWRI(SWi2/snf2-Related 1)/INO8O
chromatin remodeling complex, TRAIa and NFRKBI
(nuclear factor kappa-B-binding-like protein 1), respec-
tively. The SWR1/INO80-complex plays essential roles
in DNA repair, checkpoint regulation, DNA replication,
telomere maintenance and chromosome segregation.
Interestingly, some core SWRI/INO80-complex subunits
were shown to act in Arabidopsis female gametophyte

chromatin remodeling complex SWRI was also suggested
to regulate DMCI expression [76]. VIT_16s0022¢00230
(with a G>T SNP chr16:11,018,044) is a member of the
SMC2 (Structural Maintenance of Chromosomes) gene
family. SMC2 and SMC4 are the core subunits of conden-
sin, a complex required for chromosome condensation
and segregation. Consistently, defects in the function of
SMC2 or SMC4 have been reported to cause mis-segrega-
tion of mitotic and meiotic chromosomes in A. thaliana.
In particular, double SMC2 mutants showed impaired
male and female gametogenesis, embryo lethality and
developmental defects [77]. VIT_12s0028g00110 (with a
G> A SNP chr12:766,875) encode a protein that is anno-
tated as a cyclin-dependent kinase (CDK), CYCLI1-1/
RCY1/MOS12 homolog, a cognate cyclin for CDKGI
required for synapsis and male meiosis [78]. CDK—cyclin
complexes also regulate progression through the meiotic
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Fig. 8 Expression of the VIT_0550020g04170 gene (DMC1 homolog) in the seedless mutant Corinto Nero (CN) in comparison with the seeded Sangiovese
R24 clone (R24) at ten phenological stages. The asterisk (*) indicates the phenological stages for which statistically significant differences in the expression
level were detected between R24 and CN according to the T-test (p <0.05)
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cell division at key checkpoints [54, 79]. For instance,
CDK1 is involved in activation of the Anaphase Promot-
ing Complex/Cyclosome (APC/C) [80], which controls
cell cycle transitions [81]. Inhibition of APC-C by the
Spindle Assembly Checkpoint (SAC) is enforced until
all of the sister chromatids are attached to the mitotic
spindle, and then lifted. This way, SAC ensures the cor-
rect attachment of microtubules to kinetochores in the
metaphase to anaphase transition, thus ensuring faith-
ful chromosome segregation [54, 79, 82]. The G>A
SNP chr5:2,962,594 is in the gene VIT_05s0020g01200,
which encodes a kinesin family member 2/24. Kines-
ins are cytoskeletal motor proteins that are involved in
chromosome segregation during mitosis and meiosis.
The Arabidopsis Kinesin-13A (AtKIN13) is specifically
associated with Golgi vesicles. Strong reductions in the
activity of AtKIN13 proteins cause gametophytic defects
and embryo lethality [83, 84]. VIT_0750205g00140,
which harbors a homozygous TE insertion in CN, is also
annotated as a kinesin-like protein and its Arabidop-
sis orthologue (KINS8B) is required for spindle assem-
bly [85]. The A>T SNP chr12:16,763,035 involves the
VIT 12s0034g00950 gene that also encodes for a kinet-
ochore protein. The product of its A. thaliana ortholog
gene encodes a unit of the NDC80 complex. This protein
complex has roles not only in assembling the structure of
the kinetochore, but also in chromosomes congression
and spindle checkpoint signaling [86, 87]. Checkpoints
are regulatory mechanisms that arrest or delay meiotic
cell cycle progression when key cellular processes are
defective or chromosomes are damaged, thus prevent-
ing the formation of imbalanced gametes. However, the
meiotic cell cycle control appears to be set less tightly in
plants compared to yeast and animals [88].

Other factors, such as environmental stresses, might
also influence chromosome segregation in plant meio-
sis [54], as well as cell cycle control and gametophyte
development. Consistently, we found putative mutations
in candidate genes belong to the “response to stress”
and “response to stimulus” categories (Fig. 6, Supple-
mentary Material 20). The C>A SNP chr3:4,108,589
affects VIT_03s0063g00600, which is related to autoph-
agy and senescence. Autophagy is required for efficient
meiosis progression and correct chromosome segrega-
tion in fission yeast [89]. Two SNPs, one A>T substi-
tution at chr6:6,524,413 and one C>G substitution at
chr8:14,520,767, are located in the VIT 06s0004g05770
and VIT_08s0007g00130 genes, respectively, that are
related to heat stress. The former encodes a heat shock
protein 17.6 kDa class I (Hsp17.6I) involved in pollen ger-
mination and tube growth [90]; while the latter encodes
a heat shock protein 70 (Hsp70). Hsp70 acts in chap-
erone cofactor-dependent protein refolding processes
and, together with Hsp110, is required to ensure correct
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spindle assembly and nuclear division. The modulation of
spindle length by molecular chaperones might be a mech-
anism by which cell division can be controlled under
proteostatic stress [91]. In addition, a C>T SNP chr18_
random:4,858,038 affects the gene VIT_ 18s0001g06480,
an aquaporin PIPI-3 homolog related to water stress.
Aquaporins play a role in anther dehydration, pollen
development, hydration and germination, and pollen tube
elongation [92]. An Arabidopsis PIP1;5 quintuple mutant
is disturbed in the normal dehydration and maturation
process of pollen grains and exhibits an abnormal pollen
exine shape, as well as reduced vitality and germination
rates [93]. On the other hand, the VIT 1450006g01850
gene carrying a A>G SNP chr14:18,458,177, encodes an
Exportin 1 protein (XPOI), which functions as a recep-
tor for nuclear export. The product of the ortholog AtX-
POIA gene is sensitive to heat and oxidative stress, and
binds to a variety of proteins having leucine rich export
signals. Along with XPO1B, it is involved in the devel-
opment of male and female gametophytes [94]. An A.
thaliana ortholog of the VIT_08s0007g03610 gene (with
a A>G SNP chr8:17,562,688) encodes a peroxisomal
monodehydroascorbate reductase (AtMDARI) involved
in the ascorbate—glutathione cycle, which removes toxic
H,0O,. Besides the implication of ascorbate and gluta-
thione in the defense against oxidative stress, these two
compounds are also involved in plant growth and cell
cycle control. Ascorbate metabolism is closely linked to
the development of embryos and seedlings. Furthermore,
ascorbate stimulates cell cycle activity in competent cells,
while the oxidized form blocks normal cell cycle progres-
sion [95].

Epigenetic regulatory pathways, in particular those
involved in DNA methylation and small RNA-based
gene regulation, are important for germline specifica-
tion and the control of sexual reproduction versus apo-
mixis [96]. VIT_19s0014g01500 is affected by a G>A
SNP chr19:1,606,950 and is putatively involved, besides
histone acetylation, in DNA methylation and gene silenc-
ing by RNA-directed DNA methylation processes. Its
A. thaliana ortholog, the Increased DNA methylation 1
gene (AtIDM1, a histone H3 acetyltransferase) negatively
regulates DNA demethylation, preventing DNA hyper-
methylation of highly homologous multicopy genes and
other repetitive sequences. Interestingly, methylation
of this gene has been linked to differences in reproduc-
tive modes in the comparison between apomictic and
sexual genotypes of the diplosporous grass Eragrostis
curvula species [97]. VIT_1550024g00700 (with an InDel
in chr5:1,168,070 causing a frameshift mutation) codes
for a Lysine-tRNA ligase. In Arabidopsis lysine-tRNA
ligases are related to gametogenesis and embryo develop-
ment [98] and its homolog in the Limonium genus was
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differentially expressed in ovules between apomictic and
sexual plants [99].

Other candidate genes for having a role in apomixis
are VIT 02s50033g00080 and VIT_02s0033g00120 (har-
bored in a MSV region, Supplementary Material 27),
which have similarity with the APOSTART gene. Based
on APOSTARTI1 and APOSTARTE6 differential expression
between Poa pratensis apomictic and sexual genotypes,
this gene was proposed to have a role in microspores,
in the programmed cell death of non-functional mega-
spores and in nucellar cell degeneration events that per-
mit embryo sac enlargement [100, 101]. A crucial role of
APOSTART in the formation of seeds by apomixis was
strengthened by its expression profile in other apomic-
tic species [102]. The Arabidopsis APOSTARTI ortholog
was found to be expressed in mature female embryo sacs
and developing embryos, and the phenotype of APOS-
TART1/APOSTART?2 double mutants suggested for this
gene a role in embryo and seed development [103].

Other candidate genes are involved in different
ways in the next steps of gametophyte development.
VIT_05s0020g01550 (with a G>A SNP chr5:3,230,483),
encodes an isoleucyl-tRNA synthetase with a role
in translation. Its A. thaliana ortholog, Ovule abor-
tion 2 gene (AtOVA2), may suggest a role in gameto-
genesis and female gametophyte development [98].
VIT_1850001g02090 (with a homozygous TE insertion
in CN) corresponds to REPLICATIPON FACTOR C4
(EMBRYO DEFECTIVE 1968), which is indispensable
for DNA replication and functions in both endosperm
and embryo development [104]. On the other side,
VIT_02s0154g00090 (with a C>T SNP chr2:4,882,706)
and VIT_12s0178g00190 (with a A>G SNP
chr12:8,663,241) are putatively involved in pollen devel-
opment [105, 106]. In the latter gene, a heterozygous
InDel was also identified in the parthenocarpic mutant of
ARI 516 [30].

Finally, a few candidates were identified owing to
their role in response to hormones. VIT_1650013g00950
(affected by a G>A SNP chrl6:6,676,634) encodes
an ethylene-responsive transcription factor ERFI05
(WERF080). The higher expression observed in CN
than in SG at stage E-L26 (Fig. 8) [29] is fully consistent
with the higher expression levels found for this gene
in seedless cultivars compared to seeded ones during
ovule development after anthesis. This supports a pos-
sible role in ovule abortion related to seedlessness [107].
VIT 015024400150 (with a C>T SNP chrl:21,724,007)
is annotated as the auxin response factor VVARFI [108].
Auxin is a key regulator of floral meristem and floral
organ identity genes [109] and controls the patterning
of the female gametophyte [110]. Along with gibberel-
lins and cytokinins, auxins are also required for fruit
set in grapevine, and consequently parthenocarpic fruit
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development may be triggered by a disruption in the bal-
ance of these hormones in ovary tissues [111, 112]. Inter-
estingly, gene expression data in apomictic genotypes
compared to genotypes that necessarily require fertiliza-
tion to produce seeds have also been suggested that hor-
mone signalling plays a role in the control of apomixis by
interacting with chromatin regulation and Reacting Oxy-
gen Species effectors [113].

Bicarpellate and tricarpellate flowers in seeded Sangiovese
A bicarpelar and syncarpous ovary is commonplace in
the Vitis genus [22]. Tricarpellate or multicarpellate
ovaries and/or the presence of more than four seeds per
berry has been previously observed in other V. vinifera
cultivars [21, 114-116] and in Vitis labrusca [117]. Houel
et al. [114] reported that 29% of 180 V. vinifera cultivars
analyzed formed tricarpellate flowers, with variation in
the proportion of bicarpellate and tricarpellate ovaries
among- and within-cultivars. The presence of tricarpel-
late ovaries in 20% of the flowers in R24, which therefore
contained six ovules instead of four, agrees with what
previously observed [28]. In terms of reproductive capac-
ity, cultivars containing only this type of flowers would
have theoretically a 1.5-fold higher fecundity and, hence,
potentially deliver higher yield [118]. This feature might,
at least in part, explain the higher fruit set rate and less
coulure that is observed in SG with respect to other vari-
eties [119]. Interestingly, tricarpellate ovaries were not
observed in any of the flowers from CN, which could
indicate that it probably does not exhibit this character-
istic, although examination of a larger sample would be
necessary to exclude a sample size bias.

The carpel is the last flower whorl to develop and
C-class genes of the ABCDE model, such VWAGA-
MOUS 1 and 2 (WAGI, VIT 1250142g00360, and
VVAG2, VIT_10s0003g02070) determine carpel iden-
tity and promote carpel development [120], in con-
cert with downstream targets like VWCRABS CLAW
(WCRC, VIT_01s0011g00140) [116]. The heterologous
overexpression of VVAG2 in tomato increased the num-
ber of carpels and ovules in the genetically modified
plants and, interestingly, all those transgenic lines do
not produce seeds [121]. In grapevine, the VWSUPER-
MAN-like gene (VvSUP-like, VIT 0550049¢00070) is
differentially expressed between two- and three-carpel
florets in the Xiangfei cultivar and negatively regulates
the number of carpels by inhibiting the feedback sig-
naling between WWAGI and WWUS (WWUSCHEL,
VIT_0450023g03300) expression [122], while VWwWUS
increases carpel number by upregulating VvAG2 expres-
sion [123]. In a previous study [29], we noted a signifi-
cantly higher expression of VWAG1 and WAG?2 in R24
compared to CN at stage E-L15. Further investigation
is necessary to elucidate the genetic regulation of this
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phenomenon in SG and to assess whether the absence of
tricarpellate flowers and the expression of parthenocarpy
in CN could be somehow related.

Conclusions

We have observed that ovules in CN do not contain a
mature embryo sac at anthesis due to an impaired pro-
gression of meiosis, which adds to the already known
male sterility [27]. We hypothesize that sterility is the
result of a more severe syndrome of a disorder that was
already manifest in SG. One or more somatic mutations
could have worsened this condition, causing a shift from
facultative parthenocarpy present in SG to obligate par-
thenocarpy in CN, similarly to what happens in other
species [124, 125]. The genes underlying seed develop-
ment, in which we have identified putative mutations,
could be targeted for genome editing to functionally
validate their association with the CN phenotype or to
generate seedless versions of existing seeded varieties,
as reported in other species [126, 127]. The application
of third-generation sequencing technologies, which in
recent years empowered the exploration of previously
inaccessible portions of the genomes and the detection of
chromosomal rearrangements and large events of pres-
ence/absence variation, could reveal other factors poten-
tially responsible for parthenocarpy in CN.
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