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orange accessions, allowing them to be clustered into varietal groups. Furthermore,
genotyping of SNPs and SVs was extended to leaf and juice samples of commer-
cial varieties belonging to two varietal groups (Moro and Tarocco) collected from
26 sites in Southern Italy, confirming the usefulness of the identified markers for
the identification of specific clones. Interestingly, we found that the insertion of the
transposable element VANDAL in the gene exons significantly affected the level of
allelic-specific expression. Finally, the markers developed in the present work con-
tribute to unraveling the origin and diversification of sweet oranges, representing
a reliable and efficient molecular tool for the unambiguous fingerprint of somatic

mutants and an asset for the traceability of orange plant material and fruit juice.

Plain Language Summary

The large variability (i.e., ripening time, fruit shape, color, acidity, and sugar con-
tent) of the sweet oranges arose from spontaneous mutations, which genetic basis is
largely uncharacterized and unexploitable using traditional markers. The sequencing
of the DNA of 20 Italian varieties allowed the identification of short and large muta-
tions, specific to each or shared among accessions. More than 200 short mutations
can separate more than 220 different accessions, clustering into varietal groups. A
subset of short and large mutations was used to trace leaf and juice samples of com-
mercial varieties collected from 26 sites in Southern Italy. Moreover, the insertion of
amobile element in a functional portion of genes modifies the expression of the gene.
The genetic modifications that we identified contribute to elucidating the origin and

variability of sweet oranges, representing a reliable and efficient molecular tool for

1 | INTRODUCTION

Sweet orange [Citrus sinensis (L.) Osbeck] is the most impor-
tant citrus species for the fresh market and the production of
juice, accounting for more than 48 of the 104 million tonnes of
global citrus production (orange, tangerine/mandarin, grape-
fruit, and lemon/lime) forecasted for 2023/2024 (https://apps.
fas.usda.gov/psdonline/circulars/citrus.pdf). A genome-wide
study (Q. Xu et al., 2013) suggested that C. sinensis originated
from a backcross hybrid between pummelo (P) and mandarin
(M). However, the citrus genome consortium challenged this
(P x M) X M backcross origin scenario since clear P/P seg-
ments were found in the sweet orange genome, which would
require both parents to have some P ancestry (Velasco & Lic-
ciardello, 2014; Wu et al., 2014). More recently, Wu et al.
(2018) proposed that the species’ genomic composition could
be explained by frequent pummelo introgressions into type-2
(early-admixture) mandarins (i.e., a mandarin having a small
percentage of pummelo alleles). Although the sweet orange
was first introduced into Europe in the 15th century (Langgut,
2017), it seems certain that the Portuguese contributed to the
spread of the species by introducing a superior variety in

the traceability of orange plant material and fruit juice.

the 16th century, favoring the establishment of its commer-
cial importance in Europe (Scora, 1975). Ferrari (1646) in
his Hesperides described 16 varieties but singled out the Por-
tuguese orange as something new and good. The Portuguese
orange is likely the ancestor of all the cultivars that origi-
nated over the last centuries in the different growing areas
worldwide (Deng et al., 2020).

Some citrus genotypes are clonally propagated apomic-
tically (X. Wang et al., 2017) through nucellar embryony
(the development of non-sexual embryos originating in the
maternal nucellar tissue of the ovule), and this natural
process may have been co-opted during domestication; oth-
erwise, grafting is a relatively recent phenomenon (Mudge
et al., 2009). Both modes of clonal propagation have led to
the domestication of fixed (desirable) genotypes, including
interspecific hybrids, such as oranges, limes, lemons, grape-
fruits, and other types (Wu et al., 2018). Notably, all sweet
orange varieties arose exclusively from somatic mutations,
so they differ for one or very few characters and share the
same genetic background with minimal sequence variation
(Caruso et al., 2016). Spontaneous mutations led to the
generation of hundreds of cultivated selections worldwide
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(Barry et al., 2020). Currently, sweet orange varieties can
be divided into varietal groups based on fruit characteristics
(common, acidless, Navel, and blood). Each varietal group
is also divided into subgroups (i.e., “Valencia” types among
the common ones and “Tarocco,” “Moro,” and “Sanguigno +
Sanguinello” among the blood oranges). Common and Navel
oranges are the most widespread group and have been culti-
vated worldwide for centuries with many different mutations
identified around the world. On the other hand, blood oranges
have been traditionally cultivated only in the Mediterranean
area, particularly in Italy, where most of the phenotypic diver-
sity was described (Caruso et al., 2016). Finally, some acidless
varieties are also cultivated for niche markets and are known
by different names (Barry et al., 2020).

In somatic mutants, mutations initially affect single cells
of the shoot apical meristem. Later, the mutation can spread
to one or more cell layers or in specific portions of them
and can remain as mosaic or become solid (Pelsy, 2010).
Among the woody, vegetatively propagated crops, the effect
of somatic mutations on phenotypic traits has been particu-
larly studied in grapevine through genetics (Cardone et al.,
2016; Hocquigny et al., 2004; Pelsy et al., 2015). The interest
in such effects led to the development of X-scan, a bioin-
formatics tool dedicated to the detection of somatic and
mosaic structural variants (Marroni et al., 2017). In citrus,
the majority of the mutations responsible for specific phe-
notypic changes, such as fruit color, ripening period, acidity,
and fruit size, remain unknown. However, recent findings
shed light on the molecular basis of some aspects of sweet
orange fruit pigmentation and flavor: All anthocyanins-rich
orange selections differ from common sweet oranges for
the presence of a Copia-like retrotransposon upstream of
an MYB gene regulating anthocyanin biosynthesis (Butelli
et al., 2012), while loss of acidity is due to mutations in the
sequence of the Noemi gene encoding a basic helix-loop-helix
transcription factor, as demonstrated in different studies com-
paring acidic and acidless citrus varieties (Butelli et al., 2019;
Strazzer et al., 2019). The mosaic nature of many somatic
mutations distinguishing varieties makes their detection par-
ticularly challenging because the new mutation will always
appear in a heterozygous state but with a frequency always
lower than that expected for a germinal mutation (0.5) that
will depend on the cell layer composition of the analyzed
sample.

The narrow genetic base of the sweet orange germplasm has
also implications for cultivar identification using molecular
markers. Traditional markers such as single-sequence repeats
or single nucleotide polymorphisms (SNPs) retrieved from
public databases and used for the genotyping of other citrus
species have been ineffective for sweet orange clonal fin-
gerprinting. Older molecular approaches based on dominant
random markers identified some polymorphisms, but those
markers suffered from a lack of reproducibility (Jones et al.,

Core Ideas

* Clonal mutations and genetic traceability in sweet
orange are reported.

e 221 sweet orange accessions have been success-
fully genotyped through a panel of 239 single
nucleotide polymorphisms (SNPs).

* Leaf and juice samples of commercial varieties
collected in 26 Italian sites have been genetically
traced using SNPs and structural variants.

* Significant allelic-specific expression of transpos-
able element VANDAL have been detected into
gene exons.

1997). Whole genome resequencing projects have helped
identify causative mutations of specific phenotypes in fruit
crops, such as peach (Falchi et al., 2013; Vendramin et al.,
2014), date palm (Hazzouri et al., 2015), apple (Zhang et al.,
2014), and grapevine (Carbonell-Bejerano et al., 2017; Y. Xu
et al., 2016), and provide reliable information to detect SNPs,
InDels, and structural variations (SVs) responsible for culti-
var diversification. In the case of citrus, resequencing projects
identified different kinds of mutations, such as chromosomal
rearrangements and deletions, as well as mosaicism, leading
to cultivar diversification in clementine (Terol et al., 2015),
and to different patterns of resistance genes to Huanglongbing
in Poncirus (Rawat et al., 2017). Analysis of resequencing
data from 100 citrus accessions allowed the identification of
the locus for nucellar polyembryony (X. Wang et al., 2017).
Furthermore, a large subset of sweet orange varieties ranging
in acidity content has been resequenced to identify muta-
tions, SVs, and transposable elements responsible for the
acidless trait (L. Wang et al., 2021). Recently, allele-specific
expression (ASE) and hidden somatic mutations from 87
sweet orange somatic varieties were collected to generate a
phased somatic variation map and combined to demonstrate
that somatic mutations influence fruit development in sweet
orange (N. Wang et al., 2024).

Here, we report the identification of SNPs, SVs, and InDels
from the resequencing of 20 sweet orange genomes, success-
fully differentiating varietal groups, subgroups, and specific
clonal selections. The resequenced sweet orange varieties
and mutants were chosen from diverse varietal groups differ-
ing for important phenotypic traits, such as ripening period,
fruit firmness and acidity content, presence/absence of antho-
cyanins or lycopene in the pulp, and anthocyanins in the
peel. Moreover, the comparison among the 20 genomes pro-
vided evidence that the mobile element families present in the
genome widely differed in their transpositional activity over
the time of clonal selection of sweet orange accessions.
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2 | MATERIALS AND METHODS

2.1 | Plant material

Sweet orange trees were grown at the CREA experimental
orchard located in Palazzelli (Siracusa, Italy). Table 1 lists
the 20 accessions selected for resequencing by specifying
their origin and main features and includes representatives
of the common, blood, and navel varietal groups. The list
contains old lines and nucellar selections, old varieties, such
as Shamouti (Barry et al., 2020), widespread cultivars (Lane
Late, Cara Cara, and Campbell), and some blood oranges that
represent typical Italian cultivars (Caruso et al., 2016). Some
selections are characterized by the acidless or low acid trait
(Vaniglia and Ferreri) or loss of pigmentation (Moro NP).
Selections also differ for the ripening period, ranging from
early to late (Table 1).

Illumina GoldenGate genotyping analyses were conducted
on 221 leaf samples and 18 juice samples collected from
221 accessions, consisting of commercial selections, nucellar
clones, and old germplasm lines sampled at the CREA exper-
imental farm located in Palazzelli (Siracusa, Italy) (Table S1).
Competitive allele-specific PCR (KASP) validations were
conducted on 52 leaf and 33 juice samples collected from the
certification and germplasm collection of CREA, four nurs-
eries, and 22 orchards, all located in Southern Italy (Table S2).

2.2 | DNA extraction

Around 200 mg of freeze-dried leaf tissue was used for each
extraction of genomic DNA (gDNA) using a NucleoSpin
Plant II kit (Macherey-Nagel). Orange juice gDNA samples
were obtained starting from 500 pL of filtered juice. Briefly,
the samples were supplemented with 3.5 mL TES buffer (Tris
0.2 M pH 8, ethylenediaminetetraacetic acid [EDTA] 1 mM,
and sodium dodecyl sulfate 1%) and incubated on ice for 20
min. After four 1:1 phenol extractions, the gDNA was ethanol
precipitated and resuspended in 10 mg/uL. RNase (Invitro-
gen). After 30 min of incubation at 37°C, the gDNA was
column purified using a NucleoSpin Plant II kit. The gDNA
of each sample was quantified using Picogreen (Invitrogen)
and normalized to 50 ng/uL with 10 mM Tris-HCI pH 8.0,
and | mM EDTA.

2.3 | Whole genome library construction and
sequencing

[lumina libraries of sweet orange samples were constructed
following the instructions of the manufacturer’s protocol of
the Nextera DNA Sample Preparation kit (Illumina Inc.). The
purification of the libraries was conducted with magnetic
beads AMPure XP (Agencourt), then quantified on a Caliper
GX (Perkin Elmer). The libraries were validated using a Bio-

analyzer 2100 (Agilent), ensuring that fragments average was
in the range of 300—400 bp, quantified using Qubit (Invit-
rogen), and then sequenced using an Illumina HiSeq 2500
(Illumina), generating 125 bp paired ends.

24 |
InDels

Variant calling, somatic SNPs, and

Reads were cleaned from any adapter residuals on both 5’
and 3’ termini with cutadapt 1.11 (Martin, 2011) and succes-
sively removed low-quality bases with the use of erne-filter
(Del Fabbro et al., 2013). Reads were then aligned using
BWA-MEM v 0.7.3 (Heng, 2013) using as reference genome
the Csi_valencia_1.0, while variant calling was performed
using GATK 4 after removal of reads with mapping quality
below 10 and filtering duplicated read pairs. Only variant
sites covered by at least 10 reads were retained. To exclude
most false positives, several classes of genomic intervals
were not considered: repetitive regions and N gaps longer
than 1000 bp, microsatellite sites extended by 10 bp on
both sides as identified with Sputnik algorithm, GATK
re-alignment intervals extended by 10 bp on both sides. Can-
didate somatic alleles were only retained with a minimum of
three supporting reads, while homozygous calls were only
considered with a coverage of eight reads. The following
filters were also applied to GATK parameters: —2.5 > Read-
PosRankSum > 2.5, ReadPosRankSum > StrandBias < 0.0,
Dels < 0.9, QUAL > 100. Control over coverage parameters
was also applied by not considering sites where more than
30% of samples fall either below 0.50 or above 1.75 of the
sample median coverage. A minimum of 15% for the minor
allele frequency was required to assess the presence of a
candidate mutant allele call, while a maximum of 2% was
considered as acceptable contamination of either reference
or alternative alleles to keep a homozygous (i.e., not mutant)
call. Calls not assessed as confident homozygous or het-
erozygous were labeled as ambiguous. Sites reporting more
than 5% of samples with ambiguous calls were dropped.
Code for detection of somatic SNP/INDEL sites is avail-
able at https://bitbucket.org/dscaglione-igatech/shortread-
somatic-variants-scripts as somatic_hunter_V03_alpha.py
and the simplified procedure is depicted in Figure SI.
Regions with a match on RepBasel18.08 via RepeatMasker
or simple tandem repeats identified with Tandem Repeat
Finder were extended by 5 bp and excluded from the
search space. Other parameters set to the script were
skip_indel=>False, max_jux=>500, slop=>0, privateness
=>0.8, min_call_ratio=>1.0, window=>5, only_alt=
>False, gatk=>-2.5,2.5,0.0,0.9,100, max_ambiguity=>0.1,
max_disgregation=>1, hcov_ratio=>0.5, max_alt_freq=>
0.02, cov_coeff=>3.0, groups=>[‘NAV= ar_Navel_Cara_
Cara, ar_Navel Nuc_Lane Late C2611, ar Navel Cara_
Cara_Lindcove’, ‘VAN= ar_Vaniglia_Biondo, ar_Vaniglia_
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Sanguigno’, ‘TAR= ar_Tarocco_Ferreri_acidless, ar_
Tarocco_Nuc_Lempso_C, ar_Tarocco_TDV, ar_Tarocco_
Dal_Muso, ar_Tarocco_Ippolito_VCR, ar_Tarocco_
Meli_C_8158_Nuc’, ‘SAN=ar_Sanguinello_Comune, ar_
Sanguinello_Moscato_RI’, ‘DSAN = ar_Doppio_Sanguigno’,
‘MOR= ar_Moro_Nuc_non_pigmentato, ar_Moro_Nuc_58-
8D-1_Russo, ar_Moro_VCR’], lowglob_coeff=>0.35. The
filtering process is based on calling parameters, allelic
coverage, and grouping coherence (e.g., a true somatic SNP
is expected to be fixed in one or more established clonal
types, yet impossible to be variable across multiple distant
groups such as common oranges and pigmented ones).

Phylogenetic trees were built using a presence/absence
matrix (1: call for a candidate somatic SNP; 0: absence of
somatic allele), as for dominant markers, considering the
somatic nature of the mutations in the analysis. Then a dis-
tance matrix was calculated using the dominant marker model
in GenAlex. The tree was built using NeighborNet.

2.5 | Somatic structural variants
identification

For each of the 20 resequenced sweet oranges, the mobile
element insertions were detected by a custom script based
on Abyss assembler and blast procedure. Briefly, clusters of
discordant read pairs were identified from the alignment file
through Abyss assembly of them and reciprocal positioning
of two contigs on both sides of a breakpoint with a mini-
mum alignment of 100 bp provided by blastn search. After,
paired reads linked to the former ones were subjected to
local Abyss assembly, and resulting contigs were searched
against a mobile element database RepBase 18.08. Mobile
element insertions were confirmed on successful blast hits
on both ends of a mobile element as present in the refer-
ence database. Insertions were then recalled across the cohort
by counting the fraction of discordant reads at each identi-
fied locus over a number of reads that spanned the insertion
breakpoint (absence of insertion) to determine the genotypic
state of the insertion. The python code used for this anal-
ysis is available at https://bitbucket.org/dscaglione-igatech/
shortread-somatic-variants-scripts, and the methodology is
described in detail by Pinosio et al. (2016). Insertions have
been detected using the insertion_analysis_db.py script and
further recalled using MAQuanti-MEI_dbg.py.

Deletions were identified with Delly (Rausch et al., 2012)
and re-called across the cohort with a similar approach as
above, by counting the proportion of read pairs spanning the
deletions (presence of deletion) over the single reads that are
reading through the breakpoints (absence of deletion). Re-
calling and genotyping of deletions were carried out with the
script MAQuanti-DEL_refine.py.

Large somatic copy number variation (CNV) was detected
with X-scan software (Marroni et al., 2017) using as input

the same variant call format file as used in somatic SNP
detection after filtration of repetitive regions. Default set-
tings have been used: each local test was carried out on a
dynamic sliding window of 200 SNP sites, with 180 SNPs
overlapping from window to window. In brief, the large SV
calls were manually revised, taking into consideration cov-
erage profiles and allelic imbalance. Heterozygous deletions
are the same as hemizygous deletions; they are marked by
a 50% reduction in coverage coupled with an alternative
allele fraction that peaks at 100% or 0% depending on in
which haplotype the deletion occurred. Chimeric deletions,
on the contrary, show a reduction in coverage below 50%,
and the two alleles are still present at any degree of reciprocal
prevalence. CNVs are identified with a significant deviation
from standard allelic balance coupled with increased cover-
age in multiples of 50% (one extra copy, CN3) of the original
coverage.

Phylogenetic trees were built using the same procedure
as for SNP sites. VANDAL-like insertion occurrences were
identified by a basic local alignment search tool (BLAST)
alignment of the inserted sequences with a representative set
of complete elements that have been identified in the Cit-
rus clementine genome (GCF_000493195.1) and C. sinensis
genome (GCF_000317415.1) by identification of complete
elements with target duplication sites of 9 bp on the struc-
ture of the presence of common sequence at 5’ and 3’ ends
(Table S3). VANDAL insertions were identified as candidate
somatic events due to the zygosity states as retrieved for all
insertion loci via MAQuanti_MEI_dbg.py script. By compar-
ing the coverage of short read pairs supporting the insertion
of VANDAL-like sequences versus the number of reads sup-
porting the absence of insertion in the same locus, we were
able to determine the genotypic state.

2.6 | Validation of SNPs, InDels, and
transposable element (TE) insertions

Sanger sequencing was performed to validate 76 SNPs, of
which 65 were specific to single accessions and 11 were
common to two or more accessions. Accession-specific SNPs
were chosen from 15 of the 20 resequenced accessions; one or
two clonal selections have been used as a negative control for
each SNP validation. Primers were designed in regions with-
out other polymorphic sites and to produce amplicons without
putative InDels to avoid the generation of potentially low-
quality sequences (Table S4). Table S4 lists the primers that
were used for polymerase chain reaction (PCR) amplification
of the regions flanking each SNP. PCR products were purified
using Wizard SV Gel and PCR Clean-Up System (Promega)
and sequenced using an ABI3130 Genetic Analyzer. GeneStu-
dio software version 2.2 (GeneStudio Inc.) was used to inspect
sequence alignments.
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Thirteen putative accession-specific insertions—deletions
(1-10 bp) were selected for validation using high-resolution
melting (HRM) analysis (Table S5). HRM genotyping was
performed on three accessions (one carrying the mutation
and two as controls) using a Rotor-GeneQ real-time PCR
(Qiagen) and PCR conditions as previously reported (Caruso
et al., 2014).

A subset of 42 putative TE insertions, of which 24 were
accession-specific and 18 shared among two or more acces-
sions, were selected for PCR validation (Table S6). Two sets
of primers for each putative insertion were designed: the first
set amplified the region on the left side of the putative break-
point, with the forward primer located in the reference genome
and the reverse in the TE (sx); the second set amplified the
right region using a forward primer designed in the TE and the
reverse primer located in the genome (dx) (Figure S2). PCR
products were amplified using the manufacturer conditions of
Platinum Taq DNA Polymerase (Invitrogen) and visualized
on 1% agarose gel. The number of accessions used for the
validation of each insertion is reported in Table S6.

2.7 | Sanger sequencing for Ruby validation
The DNA extracted from leaves of Tarocco nuc 57-1E-
1, Vaccaro, Tunnuliddu, Dolce Demmi, and Valencia
using the protocol (Qiagen), was amplified with primers
designed in the allele RD-2/RD-1 region used as a marker
for anthocyanins pigmentation. The primers TCS1FW
5'-ACCAAGCCGATAAATACTGAT-3" and PMC-2ESRev
5'-CTTCACATCGTTCGCTGTTC-3" were used to obtain
the amplicon. The amplification consisted of the denaturation
at 95°C for 6 min, 35 cycles of 95°C for 1 min, 58°C for 1 min,
72°C for 1.5 min, and the final extension at 72°C for 15 min.
PCR was performed using the manufacturer’s instructions
of Platinum Taq DNA Polymerase (Life Science). Primers
GAL-POL1-Fw 5’-gcccgtggacgtaggctaa-3’ (reported in
Butelli et al. [2012]), Itr_fw2 5-CACCCACCAATTTC
CTAACATTAAC-3', PMC-47 5-TCCTCTCCTGTCCAT
GCACCTTTACGAAC-3" (Butelli et al., 2012), and
RubylREV 5'-TCAGCCACCGCAGTCTACAGCT-3" were
used for Sanger sequencing. The following primers were used
to amplify and sequence R and r-2 alleles: Fw_RUBmicp3
5'-ATTTGCGGTTGGGTGGGTAA-3’, PMC-2ESRev 5'-
CTTCACATCGTTCGCTGTTC-3’, and RTPMC-1ESRev
5-TCTCCTCGTTTGATATTCGGGT-3'. Amplification
conditions are the same as used above, using an annealing
temperature of 56°C. Amplicons were verified on agarose
gel 1.5% in TAE 1x. Eurofins Genomics Service performed
the Sanger sequencing. The “.ab1 files” were aligned against
Ruby (JN402330; Butelli et al., 2012) using Benchling
(https://www.benchling.com)  (Supporting
Dataset 1; Figure S3).

Information

2.8 | Illumina GoldenGate genotyping
analyses

Using the 1169 sets of filtered polymorphic SNPs identi-
fied, 768 were selected to design two custom-made 384-plex
GoldenGate VeraCode oligo pool assay sets for the BeadX-
press Reader (Illumina), named Orangel and Orange?2 (Table
S7). SNP selection was based on the absence of neighboring
polymorphisms and Illumina Functionality Scores. The 384-
plex assays were used to genotype 221 orange gDNA leaf
samples, while the 18 gDNA samples obtained from juice
were genotyped with Orangel. The results were analyzed
using GenomeStudio software (Illumina) for automatic geno-
type clustering and calling based on the cy3/cy5 dye signal
intensities ratio.

Due to the highly clonal origin of sweet oranges, acces-
sions did not separate into three clusters but formed a large
cluster and, when the SNP was validated, a much smaller
cluster, which could in some cases include only the geno-
type on which that specific SNP was discovered. Therefore,
the cluster positions could not be correctly determined auto-
matically with GenomeStudio and a manual revision of the
genotype calls was carried out for each SNP, using the posi-
tion of the sequenced genotype to adjust the corresponding
cluster position.

Genotyping data were used to construct a neighbor-joining
tree using the functions dist.gene, nj, and compute.brlen of
ape package v 5.0 (Paradis & Schliep, 2019) of R software,
version 3.2.3, using the default parameters.

To identify the minimum number of SNPs to assign each
accession to the proper varietal group, we used a pipeline
starting with the R-cran package “adegenet” (Jombart &
Ahmed, 2011) to validate the varietal groups calculating the
Fst by “genet.dist”; the validated groups were imposed to
the discriminant analysis of principal components (DAPC)
(function dapc) to produce the subset of the SNP panels, keep-
ing the most informative ones. To get the private alleles of
the validated groups, the function “private_alleles” of the R-
cran Package poppr (Kamvar et al., 2015) was applied to the
dataset. To thin out the most informative SNPs from DAPC,
one private allele for Navel, Moro, Tarocco, and Vaniglia
groups was selected. The correlation with the groups selected
the most informative ones for Sanguigno-Sanguinello and
common-Valencia from DAPC analysis. The assignplot of the
DAPC validated the SNPs pruning performed on the subsetted
SNPs.

To define the unique combination of alleles across all loci
of the multi-locus genotypes (MLGs) and identify possible
accessions having the same genotype at all loci, the MLGs
were computed by the mlg.id function of “poppr” package.
Moreover, the minimum coverage network (MSN) was used
to visualize the genetic relationships between accessions of
oranges by the imsn() function of “poppr” package. To cluster
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the accessions without a priori assumption, the find.clusters
function with Akaike information criterion (AIC) option of
package adegenet was used.

2.9 | KASP genotyping on blood orange
commercial varieties

A subset of 14 SNP sites, of which five were exclusive
to the GoldenGate chip (chr5_27963361, chr2_27663272,
chrd_2468242, chr5_14646862, and chr8_14495489) and
nine were retrieved from the original source of SNPs
(chr6_18850775, chrl_14405110, chr3_25755721, chr2_
1340230, chr3_28292108, chr2_1098559, chr2_14040730,
chr8_8297233, and chr3_10588995), were selected for KASP
genotyping of 85 samples, of which 52 were from leaf and
33 from fresh juice (Table S4; Table S8). The KASP assays
were designed following LGC Genomics KASP assay design,
considering 70 bp surrounding the site of interest at the
5" and at the 3’, marking surrounding polymorphisms with
TUPAC codes, to optimize the primer design. Samples were
collected in different nursery foundation blocks (NFBs), nurs-
eries, and orchards to verify the reliability of SNP genotyping
for plant material and fresh juice traceability. Detailed infor-
mation regarding the leaf and juice samples and the sampling
sites is reported in Table S2. Among the selected SNPs, 10
were accession-specific of the following varieties: Ippolito,
Lempso, Meli, TDV; while four SNPs were common to Moro
nuc. and Moro VCR (Table S4).

2.10 | RNA-Seq library preparation and
sequencing

Total RNA was extracted from 3 mL of filtered juice from
three biological replicates of Moro nuc., TDV, Cara Cara, and
Van Biondo, as previously reported (Catalano et al., 2020).
Total RNA was resuspended in 50 uL. of RNase-free water
and quantified using a Nanodrop 1000 spectrophotometer
(Thermo Scientific). The qualities and the quantities were
evaluated using a Nanodrop 1000 spectrophotometer (Thermo
Scientific) and gel electrophoresis (agarose 0.8% in TAE 1x).
The quality was considered optimal for values of 260/280
between 1.80 and 2.0.

DNase treatment was carried out by adding to 40 mL of
RNA 1x of RNaseOUT Recombinant Ribonuclease Inhibitor
(Invitrogen), 0.1 M of dithiothreitol (Invitrogen), 5 m buffer,
and 1x of DNase in a final volume of 50 mL. Samples were
incubated at 37°C for 30 min and purified using the RNA
Cleanup protocol (Qiagen), according to the manufacturer’s
protocol.

Libraries were prepared with 100 ng of total RNA using
the Universal Plus mRNA protocol (Tecan) and sequenced on
[lumina NovaSeq 6000 with paired reads of 150 bp.

2.11 | Allele-specific expression analysis

ASE was performed on the four varieties described in the
previous paragraph (Moro nuc., TDV, Cara Cara, and Van
Biondo), which will be named for brevity: Moro, Tarocco,
Navel, and Vaniglia, respectively.

All the cultivars have the same MLG for each gene, com-
posed of one haplotype corresponding to the sweet orange
reference and of an alternative one. This facilitates the task of
obtaining the phases of the two haplotypes, which is required
for assessing the ASE (Le6n-Novelo et al., 2018). Briefly,
the alternative haplotype was obtained by substituting, in
each polymorphic position of the cultivar, the alternative
allele of heterozygous SNPs to the reference allele. Using
this approach, two haplotypes were obtained for each sample,
one corresponding to the reference and one to the alternative
haplotype.

ASE of the two haplotypes was assessed using allelic
imbalance metre (ALLIM) (Pandey et al., 2013) as previously
described (Magris et al., 2021), briefly summarized below.
The allelic imbalance ratio was expressed as the mean of three
replicates (except Moro for which only two libraries were suc-
cessfully analyzed) and the replicates were used for assessing
the statistical significance using a Stouffer’s meta-analysis
with weight and direction effect, and a Benjamini-Hochberg
correction was used to correct for multiple testing. Genes were
considered as showing allelic imbalance when the adjusted
p-value was lower than 0.05.

Genes with low coverage (less than 100 reads per cultivar)
were marked as uninformative. Genes were considered as car-
rying a heterozygous VANDAL insertion if the element was
located inside the gene or at a distance lower than 50 kb from
the gene. Variation of ASE as a function of VANDAL inser-
tion was tested by comparing genes with no insertion to genes
carrying a VANDAL element.

As a further test, each gene in each clone was classi-
fied as “No VANDAL” if no VANDAL element was located
inside the gene or outside at a distance lower than 50 kb,
as “Out of exon” if the insertion of a VANDAL element
occurred at a distance lower than 50 kb without affecting
exons, and as “Exon” if the VANDAL insertion disrupted the
gene exon. Differences in the distributions were tested using
the Wilcoxon—-Mann—Whitney test.

3 | RESULTS AND DISCUSSION

3.1 | Diversity among somatic mutants of
sweet orange varieties

In fruit crops, somatic mutants originate from bud mutations
and represent one of the most important resources for cit-
rus breeding. The sweet orange collection of CREA counts
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more than 200 somatic mutations belonging to varietal groups
named common, Valencia, navel, blond, Vaniglia, Moro,
Tarocco, Sanguigno, and Sanguinello (Caruso et al., 2016).
We decided to perform the resequencing of 20 sweet orange
accessions, choosing them among a subset of varieties that
can be considered representative of the main traits (Table 1).
These accessions belong to the typical varietal groups sepa-
rated for the presence (Tarocco, Sanguigno, and Sanguinello)
and the absence (all the remaining varieties including those
containing lycopene) of anthocyanins in the fruit; we con-
sidered acidless (Vaniglia group) and low acidic (Tarocco
Ferreri) accessions, differentiating also for the presence of
lycopene or anthocyanins in the fruit; we also included vari-
eties different for their origin, separating between old and
nucellar lines; we selected samples among early, medium, and
late varieties; we also considered the presence and absence of
seeds in the fruit; both local (such as Tarocco clones, Moro
clones, Sanguigno, Navel) and of foreign origin (Shamouti)
varieties were represented. Most local accessions have a com-
mercial interest and have a fair diffusion in some areas. It is
noteworthy that the subset included Navel Cara Cara Lind-
cove nuc. F8187, a nucellar line of a Navel Cara Cara that
has lost the lycopene pigmentation of the flesh, and Moro non
pigmentato Nuc., which is a nucellar line of Moro Nucellare
58-8D-1 lacking anthocyanins. Resequencing of both nucellar
lines could represent a valuable resource for the understanding
of the genetic control of pulp pigmentation.

3.2 | Sequencing and coverage analysis of 20
accessions of sweet oranges

More than 316 Gbp of raw data were generated from 20
accessions of sweet oranges, ranging from 9.74 Gbp for
Ovale to 22.43 Gbp for Ferreri with an average of 15.84
Gbp/accession. After filtering adapters read-through and low-
quality bases, an average of 13.58 Gbp per sample was
retained for alignment on Csi_valencia_1.0, corresponding
to an average coverage of 37x. After removing ambiguously
mapped reads, unpaired or improperly paired mapping reads,
and performing local re-alignment around InDels, median
coverages of samples ranged from 22x for Ovale to 35x for
Moro nuc. (Table S8).

3.3 | Somatic SNPs discriminate single and
multiple varieties

Following filtering of Illumina reads, alignment, and
SNP/INDEL calling via GATK Unified Genotyper, a total
set of 7,244,768 uncharacterized polymorphic sites has
been used as input to the filtering and re-calling pipeline
described in Section 2, which implemented the retention
of candidate somatic variants given a series of parameters

including coverage, quality, privateness, allelic ratio, and
whitelisted genomic regions. This latter yielded a final set
of 1169 SNPs (Table 2; Table S7). Of these, 837 were
found in a single accession (accession-specific) out of the
20 analyzed, whereas the remainder were shared between
multiple accessions or common to all representatives of one
or more varietal types. Note that 586 SNPs were identified
within the eight non-pigmented samples, including navel and
common oranges, and 583 in the 12 analyzed pigmented
oranges. Common orange Shamouti (also known as Jaffa
orange) had the highest number of 114 accession-specific
SNPs. InDels were not considered in this analysis to avoid
the presence of abundant false calls due to the misalignment
problems that often occur in the flanking regions of small
repetitive elements (microsatellites and homopolymers).

A total of 230 SNPs are found in genic regions (introns and
exons), of which 140 were distributed in the coding regions
of 49 genes, including 82 non-synonymous, one splice site
acceptor, one splice site_donor, five start gains, 11 stop gains,
and 40 synonymous (Table S9). Overall, 771 were reported as
transitions and 398 as transversions, with a Ts/Tv ratio of 1.94.

Figure 1(A) shows a neighbor-joining tree constructed with
SNP data as recorded by cohort-wise genotyping (Euclidean
distances are calculated with somatic SNP as dominant
markers).

Pigmented and common oranges are separated with 14
sites shared across the eight common oranges and 39 for the
pigmented oranges. The finding of seven shared mutations
suggests an early common selection lineage for Shamouti
and Vaniglia oranges. Similarly, Ovale shared a loss-of-
heterozygosity (LOH) region on chromosome 7 with Navel
types. It should be noted that three mutations shared between
Navel, Vaniglia, Campbell, and Shamouti were not found
in Ovale. Since Ovale was the accession with the lowest
median coverage, we consider it likely that we failed to
sequence the mutated allele on these sites, where the cov-
erage in Ovale ranged from five to eight reads only; it is,
therefore, reasonable to consider such sites as shared across
the eight common oranges. In pigmented oranges, four SNP
sites made it possible to highlight a common precursor for
Tarocco and Sanguigno + Sanguinello types, while Moro
types are depicted as an older selection lineage, with Moro
NP sharing only two mutations with the other two Moro
accessions (Moro VCR and Moro nuc.). Similarly, only one
site was shared by Doppio Sang with the two Sanguinello
(Moscato and Comune) types (Table S7). While specific
varietal groups we defined a priori (Navels; Sanguigno +
Sanguinello; Tarocco; Vaniglia) correspond to monophyletic
groups, our analysis confirmed the polyphyletic origin of
the clones classified as common (Campbell, Ovale, and
Shamouti). This result is in agreement with previous biblio-
graphic information (Hodgson, 1967) and resequencing data
(L. Wang et al., 2021).
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TABLE 2 Catalog of somatic single nucleotide mutations.

Private SNPs Shared SNPs Total SNPs
Common, navel, and acidless oranges 586
Van Biondo 40 Navel + Acidless + Common® 14
Van Sang 34 Acidless 42
Cara Cara 18 Acidless + Shamouti 7
Lane Late 39 Cara Cara (Navel Cara Cara + Navel Cara Cara Lindcove nuc. F8187) 34
Ovale 56 Acidless + Cara Cara (Navel Cara Cara + Navel Cara Cara Lindcove nuc. 1

F8187)°
Shamouti 114 Navel + acidless + Campbell + Shamouti® 3
Campbell 91 Navel 90

LOHY in Navel + Ovale (chr7: 25,148,001-25,188,014) 3
Pigmented oranges 583
Sanguinello 41 Tarocco + Moro + Sanguigno + Sanguinello 39
Moscato 23 Tarocco 20
Dal Muso 34 LOH in Tarocco® (chr5: 33,563,926-33,687,243) 17
Ferreri 33 Tarocco (w/o Dal Muso)
Ippolito 37 Tarocco + Sanguigno + Sanguinello 4
Meli 37 Sanguigno + Sanguinello 76
Lempso 40 Sanguinello 20
TDV 31 Moro 2
Moro nuc. 9 Moro (Moro nuc. + Moro VCR) 44
Moro NP 62
Moro VCR 11
Total 750 Total 419 1169

Note: Shared SNPs are polymorphisms found in more than one orange clone.
Abbreviation: SNP, single nucleotide polymorphism.

2One mutation here counted (chr3_6587269) is absent in F8187 because originally bear by the cell layer lost during its nucellar propagation, while another mutation

(chr3_6620528) is absent in Van Biondo;

®This mutation (chr3_6561168) has been lost in F8187 by its nucellar propagation.

¢Three sites of < Navel + Acidless + Campbell + Shamouti > (chr3_6603818, chr5_23287669, chrUn_44601499) are missing the somatic mutation for the Ovale accession.
dLoss-of-heterozygosity (LOH) detected as the absence of an allele for a contiguous set of SNPs.

Sanger sequencing was performed to validate 76 accession-
specific and group-specific SNPs. Considering the impor-
tance of clonal fingerprinting within the species, the SNPs
were mostly selected among the accession-specific ones. We
were able to validate 66 out of the 76 polymorphic loci (Table
S4) chosen among heterozygous and homozygous mutations
(Figure S4). The validation rate of 86.8% was slightly higher
than those reported by L. Wang et al. (2021), who were able to
validate 84% and 78% of SNPs in two independent validation
assays. This confirms the reliability of the custom pipeline
used for somatic SNP identification.

34 |
InDels

Accession-specific and varietal-group

A total of 59 accession-specific small InDels of 1-18 bp has
been identified, generally between 1 and 8 mutations for each
variety, except TDV; the other 16 mutations are shared among

accessions belonging to the same or different varietal groups
(Table S10). Note that 58.6% of all the 59 InDels were located
within intergenic regions, while the remaining 41.4% fell in
the gene bodies. Of the latter, 11 InDels were found in the
coding sequence and only one reported an insertion of three
nucleotides; all the others are deemed to cause a frameshift
mutation and potentially loss of function. Thirteen accession-
specific InDels were analyzed through HRM analysis. Eleven
of the 13 were correctly validated in the specific accession
by comparing it with the other two varieties used as negative
controls (Figure S5).

3.5 | Analysis of somatic transposable
element-related insertions

The analysis of mobile element insertions across the cohort
of 20 accessions allowed us to identify and genotype 234
sites transposable element-related insertions, while 36 calls
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FIGURE 1

Neighbor-joining tree constructed with (A) single nucleotide polymorphism (SNP) data and (B) insertion of structural variants

data. Different colors indicate the varietal groups: Navel types (yellow), Valencia (red), Sanguigno types (green), Tarocco types (light blue), Moro

types (brown), and other common oranges (orange).

identified by the bioinformatics pipeline were excluded due
to missing data or inconsistent patterns based on established
grouping of sweet oranges by SNP analysis and field informa-
tion (Table S11). Of 234 single-nucleotide variants, 21 were
common to all pigmented varietal groups (Tarocco, Moro, and
Sanguigno + Sanguinello). Tarocco and Sanguigno + San-
guinello types shared six additional events of transposable
element-related insertions (Figure 1B) indicating the presence
of a common ancestor, in agreement with the SNP analy-
sis (Figure 1A). Moreover, Tarocco accessions exclusively
shared 35 insertions, two of which were not present in Dal
Muso, confirming (as suggested by SNP data) that this is an
older selection compared to the other Tarocco accessions in
this panel. Ippolito and Ferreri shared three mobile element

insertions, suggesting a common origin, and similarly, one
insertion was shared between Lempso and Meli. For Moro,
most insertions were shared between Moro nuc. and Moro
VCR, which confirmed the same selection topology, as sug-
gested by the SNPs analysis. Similarly, Doppio Sang shared
two insertions with the two Sanguigno + Sanguinello types,
indicating a common distant ancestry as evident in SNP data
(Figure 2).

Unlike in pigmented oranges, in common ones, any inser-
tion is shared across all sub-groups. In the group of “non-
Vaniglia” and “non-Navel” pigmented oranges, the absence
of shared TE insertions (i.e., all are private to one or some
specific accession) precluded any hint about ancestry and con-
firmed the observation based on SNPs. In Navel types, Cara
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B) Tarocco types

C) Moro types

D) Blond oranges

E) Genes involved in deletions

I somatic SNPs
somatic mobile element insertions
B chimeric deletions

CN3
hemyzygous deletions

FIGURE 2

Circos representation of the somatic mutation landscape found through sequencing of 20 representative Italian sweet oranges.

“A-D” circles contain the accession of the four major groups (Sanguinello/Sanguigno, Tarocco, Moro, and all blond oranges, respectively). Circle

“E” reports the number of genes involved in large somatic deletions. SNP, single nucleotide polymorphism.

Cara and F8187 had the highest shared number of insertions
as did the two Vaniglia accessions. Lane Late with nine inser-
tions in common with the other two Navel types confirmed
its selection divergence (Figure 1B), as shown by the SNP
data (Figure 1A). Overall, the two topologies presented by
SNP data and insertion analysis independently corroborate
each other, confirming the reliability of the somatic mutation
discovery pipeline for lineage tracking purposes.

The annotation of TEs by sequence similarity provided evi-
dence that the integration landscape consists of two main
families of elements. Forty-seven events of transposable
element-related insertions determined by Class I long termi-
nal repeat (LTR) retrotransposon of the Gypsy (34) and Copia
(13) superfamily were mostly common to either all pigmented
oranges or Navel type or Acidless types and Shamouti. In con-
trast, 181 insertions were due to the activity of members of the
Class I DNA transposon VANDAL (mutator-like) family, for
which an anti-silencing mechanism operated by the VANC
protein family has been shown in Arabidopsis to operate a
demethylation of such elements and their activation (Hosaka
et al., 2017). VANDAL elements are peculiar because they

are autonomous but apparently lack entirely or have short
and degenerate inverted terminal repeats (Kapitonov & Jurka,
2000). We discovered a higher proportion of integrations near
transcription start sites (TSSs) for VANDAL-like sequences
compared with all the other TE families detected (Figure 3).
This agrees with previous reports of a strong insertional pref-
erence for VANDAL elements in Arabidopsis near TSS (Fu
et al., 2013). Also, VANDAL insertions are overrepresented
in occurrences identified in a single accession (private) or cov-
ering only partially a varietal group. Only the Tarocco group,
represented by six samples, shows a higher number of VAN-
DAL than Class I retrotransposons (Copia and Gypsy). On the
contrary, VANDAL occurrences shared across all pigmented
oranges do not show the same level of enrichment but Gypsy
and Copia all together make most of the somatic insertions
defining this macro-group.

On a time scale, since most VANDAL insertion events
are reported in single accessions, partial groups, and Tarocco
group, whereas common oranges groups and the aggregation
of all pigmented oranges show a prevalence of Gypsy/Copia
insertions, this can indicate a more intense activity of these
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FIGURE 3

Transposable element-related insertions. (A) Relative position of somatic integration sites of VANDAL elements versus

non-VANDAL elements. Gene body lengths are scaled from O (transcription start site [TSS]) to 1 on the x-axis, while the upstream and downstream

regions are represented as 1 kbp per unit. (B) Distribution of mobile insertions by group-specific, private, or present only on a fraction of a varietal
group. DTA, hAT; DTM, mutator-like; RLC, Copya-like; RLG, gypsy-like.

Class I elements in the past; DNA transposons, and specifi-
cally, VANDAL-like sequences showed a more recent activity
in more recent clonal selections.

A total of 42 insertions, of which 24 were accession-
specific, were selected for validation by PCR. Each PCR was
carried out by two independent amplicons (one for each side
of the mobile element). The validation rate was 80.9%. L.
Wang et al. (2021) reported a higher rate of PCR validation
of TE insertions, although they validated shared insertions.
We failed to amplify both amplicons in three putatively spe-
cific TE of Ippolito, two TE specific to Meli, and one specific
to TDV; we could not validate two putative group-specific
insertions shared among all Tarocco selections (Figure S6).
The remainder PCRs fully validated the specificity of the in
silico insertion genotyping method with at least one primer
combination (Table S6).

3.6 | VANDAL insertions affect the
expression of flanking genes

Insertions of mobile elements proximal to genes may be
responsible for ASE (Marroni et al., 2014). We thus inves-
tigated if VANDAL elements in or near genes elicited this
phenomenon. We performed ASE using RNA sequencing

(RNA-Seq) data from four accessions (Moro nuc., Tarocco
TDV, Navel Cara Cara, and Vaniglia Biondo), and we
analyzed a total of 80 VANDAL insertions, of which 23 were
in exons. Genes located at a distance lower than 50 kb from a
VANDAL element showed higher levels of ASE in terms of
statistical significance and of magnitude than genes without
VANDAL insertions (Figure S7). We also hypothesized that
genes affected by a VANDAL insertion in the exonic regions
may exhibit higher levels of ASE if the TE insertion results in
frameshift mutations that in turn trigger nonsense-mediated
mRNA decay (Mendell et al., 2004; Raxwal & Riha, 2023).
Our results suggest that the insertion of VANDAL in the
gene exons significantly affected the level of ASE, both
measured as p-value and as log2 ratio (Figure 4). Somatic
insertions of VANDAL elements that occur preferentially
near the TSS do appear to be able to affect gene expression
in an allele-specific manner.

3.7 | Analysis of somatic large structural
variants

Deviations from the expected equal frequency for the
two alleles in heterozygous SNP loci over relatively large

85U8017 SUOLULLIOD BAIER.D 3|qedl|dde 8y} Aq peusA0b 818 SBJ0LIe YO 88N JO S8 104 AXe1d178UIIUO AB]IM UO (SUORIPUOD-PUE-SWLBIALOD" A3| 1M Afe.q 1 [UI|UO//SUNY) SUORIPUOD PUe SWIS L 84} 88S *[5202/80/¢T] U0 Ariqrauliuo A8|IMm "1l pueIy00D Aq 1150z 26d)/Z00T 0T/I0p/LI0D: A3 1M AReiqjeul|u0'SSasde//SduY Wo.) papeoumoq ‘T ‘S20Z ‘ZLEE0VET



SCAGLIONE ET AL.

The Plant Genome

15 of 23

ASE p-value

15
1

o
§ °4
SR
T
Q
o
=
D
=)
I
©w

o - — J—rm—

T I I
No Out of exon In exon

Vandal presence

ASE magnitude

b
a
< = —_
H
,
ab !
H
H
1
H
0 ,
H
H
e i
G
©
2
N
[ I
o
—
& ol prr ey

T T T
No Out of exon In exon

Vandal presence

FIGURE 4 Effect of the presence of somatic VANDAL insertions on allele-specific expression in terms of statistical significance, measured as

—log 10 of the p-value (left), and in terms of magnitude, measured as the absolute value of the log2 ratio of the relative expression of the two

haplotypes (right). “No”: genes not interested by a VANDAL insertion. “Out of exon”: genes closer than 50 kb to a VANDAL insertion, but for

which the insertion is not located in an exon. “In exon”: genes for which a VANDAL insertion occurred in an exon. Different letters indicate

statistical significance according to Wilcoxon-Mann—Whitney test. ASE, allele-specific expression.

chromosomal regions can be used to detect mosaic structural
variants using the X-scan software (Marroni et al., 2017), with
a complete LOH indicating a fixed structural variant. We used
this approach to identify chimeric deletions and explore a
third type of somaclonal mutation in the 20 sweet oranges.
Table 3 summarizes the large structural variants we found
along with an indication of their nature (hemizygous deletion,
chimeric deletion, or copy number variant) derived by com-
bining the reduction of heterozygosity analysis results with
the depth-of-coverage analysis of the regions involved. All
the private deletions found as hemizygous were identified in
clones derived by nucellar embryogenesis, as expected when
those variants occurred before the nucellar propagation.

The double hemizygous deletion of Valencia Campbell in
chromosome 1 has been checked to verify if it could be
due to a misassembly issue in the reference sequence; an
independent analysis using as reference the C. clementine
genome confirmed that the two deletions are not juxtaposed.
A 330 kb hemizygous deletion on chromosome 3 appears to
be shared among all the 11 pigmented oranges (Table 3),
which further consolidates the hypothesis of a completely
independent selection lineage for the anthocyanin-pigmented
oranges. Instead, a 1.7 Mb copy number variant (three copies)
was found only in Tarocco clones. Only one event, shared
between Moro VCR and Moro nuc., was not classified due
to its short physical size (depth of coverage analysis and
manual inspection of alignments were also unsuccessful in
categorizing such signal). However, the latter (together with

another large hemizygous deletion shared between the same
two clones [1.9 Mb]) corroborates the diversity patterns also
found in SNP and insertion data. More interestingly, the
same genomic region of chromosome 4, where we found
the hemizygous deletion in Moro VCR and Moro nuc., was
involved in two other independent deletions in unrelated
clonal selections with different starting points (left-most coor-
dinate to the reference) and identical terminal breakpoint
(peritelomeric). The starting point of a hemizygous dele-
tion in common orange Shamouti was some 65 kb upstream
of Moro’s one, while Van Biondo showed a chimeric dele-
tion with a starting breakpoint some 600 kb closer to the
telomere (Figure 5). This could point to the existence of frag-
ile sites along the chromosomes where recurrent deletions
occur.

3.8 | Illumina GoldenGate, an approach to
genotyping of sweet orange germplasm

Out of 768 SNP positions tested, 498 were left after the
removal of genotyping failures (137) and monomorphic sites
(133). Wherever possible, manual correction of clusters for
calls has been applied considering the potential chimeric
nature of some of these mutations, which would generate
unbalanced intensities for the two alleles (i.e., chimeric SNPs
are closer to homozygous calls than true heterozygous ones)
(Figure S8). Likely, the higher validation rate we observed
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TABLE 3 List of large deletions/CNV found by allele frequency imbalance.
Chromosome Start Stop Size Type Clone(s)
chrl 6,223,238 8,765,559 2,542,322 H Ovale
chrl 6,705,607 6,969,702 264,096 H Campbell
chrl 7,780,439 8,004,214 223,776 H Campbell
chrl 19,310,486 19,365,970 55,485 C Moro VCR
chr2 1,328,704 1,507,656 178,953 C Campbell
chr2 7,819,940 9,606,679 1,786,740 CNV =3 All Tarocco analyzed (6)
chr2 16,212,221 17,075,956 863,736 C Ippolito
chr2 24,178,466 24,268,944 90,479 C Moro VCR
chr3 6,409,623 6,739,792 330,170 H All Tarocco, Moro, and Sanguigno + Sanguinello
analyzed (11)
chr3 19,359,467 20,051,614 692,148 C Van Biondo
chr3 22,697,634 22,760,398 62,765 H Lempso
chr3 23,790,150 24,204,815 414,666 C Sanguinello and Moscato
chr3 26,213,440 26,658,955 445,516 H Doppio Sanguigno
chr4 7,606,699 7,788,263 181,565 C Cara Cara
chr4 8,257,455 8,906,853 649,399 H Ovale
chr4 8,711,780 8,932,861 221,082 C Van Biondo
chr4 17,697,569 19,592,000 1,894,432 H* Shamouti
chr4 17,763,020 19,592,000 1,828,981 H* Moro VCR and Moro nuc.
chr4 18,372,427 19,592,000 1,219,574 c Van Biondo
chr5 8,861,746 8,927,616 65,871 b Moro VCR and Moro nuc.
chr5 35,606,772 36,049,614 442,843 H Campbell
chr7 7,248,051 9,369,668 2,121,618 CNV =3 Meli
chr7 8,050,210 8,110,014 59,805 H Tarocco TDV
chr7 24,840,261 24,970,488 130,228 C Sanguinello and Moscato
chr7 25,063,719 26,166,735 1,103,017 H Ovale
chr7 25,063,781 25,352,288 288,508 C/H Cara Cara: C F8187and Lane Late: H
chr7 26,261,242 26,329,987 68,746 C Sanguinello and Moscato
chr7 29,297,202 29,387,740 90,539 H Ovale
chr7 31,698,783 31,854,240 155,458 C Ippolito
chr8 20,442,860 20,605,831 162,972 C Ippolito

Abbreviations: C, chimeric deletion; H, hemizygous deletion.

2Coordinates have been manually revised by inspection of alignments, terminal breakpoint is indicative and it is not excluded a scaffold misplacement on chromosome

end masking a complete terminal deletion or chromosomal replacement.

®Too short span did not allow to classify this mutational event (either hemizygous deletion or CNV).

in Sanger compared to GoldenGate could be due to the
selection of SNPs with higher quality scores. A total of
223 leaves and 18 juice samples belonging to 223 acces-
sions were successfully genotyped with the SNP panel across
two 384 SNP plates. The 241 samples of leaves and juice
were represented by 10 Valencia, four Vaniglia, 41 Navel,
and 34 other common oranges along with 15 Moro, 28 San-
guigno/Sanguinello, 106 Tarocco, and three other accessions
for the blood oranges (Table S1; Table S12).

The neighbor-joining tree discriminated the accessions into
groups and subgroups, reflecting their ancestry and origin
(Figure 6). In particular, by using the set of SNPs represented
in the GoldenGate, we were able to discriminate the follow-

ing groups and subgroups: Navel, Moro, Tarocco, Vaniglia,
Common, Valencia, and Sanguigno + Sanguinello.

The population differentiation measured as Fst correctly
assigned the varieties to the proper varietal groups (Figure
S9). In one case, it was not possible to discriminate varietal
subgroups. Specifically, Sanguigno and Sanguinello acces-
sions did not form different clusters (Figure S9A,B). The two
subgroups share fruits with similar pomological traits and dif-
fer in the presence of seeds (Barry et al., 2020). The lack of
diversification between these subgroups might be due to the
few resequenced accessions in our dataset.

By combining the groups obtained on the DAPC and pri-
vate_alleles analysis, we identified the following 10 SNPs as
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coverage. Upper panel: example of the coexistence of both hemizygous and chimeric deletion on chromosome 2 of Ippolito. Lower panel: a series of

X-scan analyses in the same segment of chromosome 4 of different accessions indicating independent deletions. A shared hemizygous deletion in

Moro VCR and Moro nuc., yet absent in “Moro non pigmentato,” an extended version of the same deletion in Shamouti and a

chimeric—shorter—deletion in Van Biondo.

the minimum number of analyzed loci capable to discriminate
varietal groups and subgroups (Table S13): 106_GP_IGA_va,
065_GP_IGA_tabd, 001_GP_IGA_mo, 069_GP_IGA _tabd,
067_GP_IGA_tabd, 033_GP_IGA_na, 1024_GP_IGA_SAN,
1032_GP_IGA_SAN, 1029_GP_IGA_SAN, and
1327_SP_IGA_valCAMP (Table S14). This minimum
SNP subset could be useful to assign unknown clones, leaves
(Figure S10A-D), or juice samples (Figure S10E) to specific
varietal groups. The low value of Fst (Figure S9B) between
the Tarocco and Sanguigno + Sanguinello groups (0.31)
could reinforce the idea that these two groups differentiated
recently (Casella, 1935).

By using both plates of SNPs, not all the genotypes could be
differentiated; Table S14 shows the eight nonunique profiles
obtained for 24 genotypes. AIC clustering function gener-
ated 15 groups or clusters (Table S14). Ten of the 15 groups
are characterized by private alleles shared among all acces-
sions within each group. These clusters reflect the varietal and
clonal groups. The presence of small clusters, including few
accessions, is influenced by ascertainment bias arising from
the limited SNP calling to the 20 resequenced genomes. As
reported in Table S15, “C1” is synonymous with Sanguigno
+ Sanguinello, and all the accessions of this group shared a
common private allele, the T of 1029_GP_IGA_SAN; “C3”
groups together all the TDV clones (old line and different

nucellar selections), sharing 12 private alleles; “C5” is made
of a group of eight Moro accessions that shared 12 pri-
vate alleles. Interestingly, “C7” grouped four Moro nucellar
lines and one Moro mutant, all showing very low or absent
anthocyanin accumulation (Table S16), and shared 15 pri-
vate alleles; “C8” is synonymous with Vaniglia containing
four accessions and 29 private alleles; “C10” groups together
the two Dal Muso sharing 17 private alleles; “C11” con-
tains all the VA, sharing 15 private alleles; “C12” contains
all the Lane Late clones (from nucellar selection and shoot-
tip grafting) plus Chislett and Powell Navels, with 8 private
alleles; “C13” groups the Cara Cara clones (two old lines
with lycopene-pigmented pulp and four nucellar lines with-
out lycopene), all characterized by 14 private alleles; “C14”
groups the Meli clones with five private alleles; C15 groups
the Lempso clones with 14 private alleles. Table S14 lists the
numbers and names of the private alleles for each group.
The MSN analysis (Figure 7) helps to build the mutational
history of sweet orange varietal groups, supporting previous
information regarding many of the analyzed accessions and
revealing similarities that were not known. The Sanguigno
+ Sanguinello, Moro, Vaniglia, and Navel originate from the
common oranges. While Sanguigno + Sanguinello and Moro
seem to derive from different ancestral clones, it seems clear
that Tarocco branched from Sanguigno + Sanguinello, as
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previously reported (Casella, 1935). The link of Tarocco to
Sanguigno + Sanguinello appears to be due to Tarocco Liscio
Sellia and Ovaletto Sanguigno. The Vaniglia group shows the
closest similarity to the common selection Biondo dell’Etna.
The origin of Navel oranges is still debated (Barry et al.,
2020); from our data, they could derive from the Salustiana
or a very close accession not included in the CREA collec-
tion. Within the Navel group, we observed a subcluster made
of late-maturing clones. Although Chislett and Powell were
described as bud sports of Washington Navel (patent numbers
USPP8212P and USPP6733P, respectively; Edwards, 1993,
1995), our data reveal a common origin with Lane late.

, @ , ® Vaniglia, ® Candidate blood oranges ancestral (interrupted

, and ® Sanguigno. Arrows indicate the accessions whose genome has been sequenced in the present manuscript.

3.9 | Sanger sequencing of the Ruby D allele
elucidated the ancestry of pigmented oranges

To try to elucidate the clustering of pigmented oranges Vac-
caro, Tunnuliddu, and Dolce Demmi into the branch of
common oranges (Figure 6), Sanger sequencing of these
accessions, in addition to Moro and Tarocco, was performed
for the Ruby gene, confirming the presence of the RD alleles
(Supporting Information Dataset 1). The RD alleles consist
of RD-1, which includes the entire Tcs1 located upstream to
the Ruby gene, and RD-2, having the solo-3" LTR of Tesl
and Ruby (Butelli et al., 2012). The RD-2 is a consequence
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of RD-1 as the excision of Tcsl. The presence of the RD-1
allele, the ancestral insertional event, in Vaccaro, Tunnuliddu,
and Dolce Demmi is consistent with what has been observed
in Tarocco (Butelli et al., 2012), demonstrating that these
accessions can be considered the candidate ancestral acces-
sions for the Mediterranean pigmented oranges (Figure S11).
Moreover, the retrotransposon insertion represents the first
event that can discriminate common from pigmented oranges.
Consequently, while Tunnuliddu and Vaccaro are still charac-
terized by a common orange genetic background (Figure 6;
Figure S11), the presence of Tcsl insertion can explain the
pigmentation and indicate these accessions as early selection
events in the pigmented oranges lineage. We can hypothe-
size that the lack of SNPs specific to pigmented oranges is
due to the time in which this selection was generated and
maintained.

3.10 | KASP assay for plant and juice
traceability

A KASP assay was used to assess the genotyping consistency
of blood oranges from different sites of cultivation, nurseries,
and NFBs of four different Italian regions; it was performed
to verify the reliability of a set of cultivar-specific or group-
specific SNPs to implement traceability protocols for plants
and juices. For this purpose, we selected nine SNPs specific
for four of the most recent and highly propagated Tarocco cul-
tivars, namely, Ippolito (two SNPs), Lempso (three SNPs),
Meli (two SNPs), and TDV (two SNPs). We also selected five
SNPs shared by Moro nuc. and Moro VCR and a specific SNP
for Moro nuc. (Table S2).

The nine Tarocco accession-specific polymorphic loci were
validated in all leaf and juice samples of the four cultivars;
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these markers are adequate for traceability of specific com-
mercial clones of relatively recent origin (Table S4; Table
S2). In the case of Moro, genotyping was not always suc-
cessful: Chr2_14040730 was correctly validated in all the 22
Moro samples, while the three other SNPs (chr5_14646862,
chr8_8297233, and chr8_14495489) were validated in sam-
ples coming from NFBs, nurseries, and the CREA germplasm
collection, where plant material traceability is easier. The val-
idation failed for most samples labeled as Moro nuc., Moro
VCR, or generically as Moro, coming from different orchards.
It could be due to the presence of cultivar populations rather
than single clones in cultivation, so the SNPs identified in
the genomes of Moro nuc. and Moro VCR are not shared
with other Moro cultivated clones. The low validation rate
might also be due to mislabeling or wrong assignments of
some samples to specific cultivated clones. Interestingly, the
Moro nuc.-specific SNP (chr3_105889959) helped genotype
the CREA sample only, but not any other Moro samples. This
likely indicates that this specific mutation occurred on the
reference plant of the CREA germplasm.

4 | CONCLUSIONS

The study offers new perspectives in the understanding of
sweet orange diversity. The identified somatic variants effi-
ciently separated the resequenced and genotyped cultivars into
the known cultivar groups and subgroups; they also revealed
the lineage of many cultivars, including Italian accessions. An
excellent agreement was observed in the grouping inferences
obtained using variants differing in mutational mechanisms
and rates such as SNPs, TE-related insertions, and large SVs.
More importantly, the present study allowed cultivar finger-
printing of leaf and juice samples using different techniques
and strategies, from high-throughput genotyping to PCR,
HRM, and Sanger sequencing, which require conventional
laboratory equipment. The developed markers could be used
for juice traceability, to unambiguously identify commercial
clones in the framework of the plant certification program,
and they might be included as Supporting Information for
plant variety protection. In perspective, the developed tools
might be useful in associating the genotypes with interesting
pomological traits.
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