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Abstract

Cichorium intybus L. is an important horticultural leafy vegetable cultivated worldwide, as
in the countries of the Mediterranean basin as in the Americas, Oceania, Africa and
Southern Asia, and its phenotypic variability is well represented by the large number of
local biotypes, interspecific hybrids and cultivars. For the registration and protection of
new commercial lines, the characterization of genetic diversity is crucial. In particular,
population structure analysis, homozygosity estimates and genetic distinctiveness of
commercial materials are essential for protecting them from theft. Regarding this, the
Distinctness, Uniformity and Stability (DUS test) are the three major aspects considered in
the constitution, registration, and protection of a new variety. To verify these parameters,
beyond the classic morphological descriptors proposed by The International Union for the
Protection of New Varieties of Plants (UPOV), several molecular tools and approaches can
be adopted.

In this study, we investigated the genetic relationships of 94 chicory samples (Chicorium
intybus var foliosum), belonging to four different experimental populations of chicory,
using a genotyping-by-sequencing approach, based on the Restriction site-Associated DNA
sequencing (RAD-seq) technology.

The sequencing data were filtered by removing the missing data and the multiallelic loci.
A total of 2953 bi-allelic single nucleotide polymorphisms (SNPs) were retained and used
to determine the homozygosity (82.9% on average), the mean genetic similarity in all
pairwise comparisons (74.0% to 87.9%), to investigate the genetic relationships among the
populations considered, and to reconstruct the genetic structure of the core collection.
Moreover, a further investigation was performed to identify the SNPs contained in genic
coding sequences (> 40%), which could be of future interest for the development of
screening or selection essays. Overall, the RAD-Seq approach confirmed the
distinctiveness of the analyzed populations. Future studies could take place starting from
this study, leading to the development of a standardized, cheap and reliable analytical
method able to provide useful information for chicory variety breeding, registration, and

protection.






Riassunto

Cichorium intybus L. ¢ un importante ortaggio a foglia coltivato in tutto il mondo, sia nei
paesi del bacino del Mediterraneo che nelle Americhe, Oceania, Africa e Asia meridionale,
e la sua variabilita fenotipica ¢ ben rappresentata dal gran numero di biotipi locali, ibridi
interspecifici e cultivar. Per la registrazione e la protezione di nuove linee commerciali, la
caratterizzazione della diversita genetica ¢ fondamentale. In particolare, I'analisi della
struttura della popolazione, le stime di omozigosi e di distinguibilita genetica dei materiali
commerciali sono aspetti essenziali per proteggere le varieta commerciali da furti o frodi.
A questo proposito, la Distinguibilita, Uniformita e Stabilita (DUS test) sono i tre principali
aspetti considerati nella costituzione, registrazione e protezione di una nuova varieta. Per
verificare questi parametri, oltre ai classici descrittori morfologici proposti dall'Unione
Internazionale per la Protezione delle Nuove Varieta di Piante (UPOV), possono essere
adottati diversi strumenti e approcci molecolari.

In questo studio, abbiamo indagato le relazioni genetiche di 94 campioni di radicchio
(Chicorium intybus var. foliosum), appartenenti a quattro diverse popolazioni sperimentali
di radicchio, utilizzando un approccio di genotipizzazione tramite sequenziamento basato
sulla tecnologia di sequenziamento del DNA associato al sito di restrizione (RAD- seq).

I dati di sequenziamento sono stati filtrati rimuovendo i dati mancanti e i loci multi-allelici.
Un totale di 2953 polimorfismi bi-allelici a carico di singoli nucleotidi (SNPs) sono stati
mantenuti e utilizzati per determinare I'omozigosi (82,9% in media), la similarita genetica
media in tutti i confronti a coppie (dal 74,0% all'87,9%), per studiare le relazioni genetiche
tra le popolazioni considerate, e per ricostruire la struttura genetica della collezione di
campioni in esame. Inoltre, ¢ stata condotta un'ulteriore indagine per identificare gli SNP
contenuti nelle sequenze geniche codificanti (>40%), che potrebbero essere di futuro
interesse per lo sviluppo di saggi di screening o di selezione. Nel complesso, l'approccio
RAD-Seq ha confermato la particolarita delle popolazioni analizzate. A partire da questo
studio potrebbero svolgersi studi futuri, che portino allo sviluppo di un metodo analitico
standardizzato, rapido ed efficiente in grado di fornire informazioni affidabili per la

selezione, la registrazione e la protezione delle varieta di radicchio.



1. Introduction

Chicory (Cichorium intybus L.) is a traditional European horticultural crop, and it is known
as one of the most important crops cultivated in the region of Veneto [1]. It is a perennial
herb from the Cichorium genus from the Asteraceae family [2].

The genus Cichorium consists of two important cultivated species: Cichorium intybus, or
chicory (2n=18), and Cichorium endivia, or endive (2n=18). Moreover, other four wild
species are known within this genus.

The first cultivated species is a diploid, perennial and self-incompatible (SI) leafy
vegetable, while the second one is a diploid and annual crop, like the previous one, but it is
a self-compatible species (SC).

Chicory domestication, as a vegetable crop, occurred in continental Europe, where it
gradually differentiated into several cultivated varieties. The cultivation of this species is
very ancient, being mentioned in many works from Virgil, Pliny and Theophrastus [3].
The name of this plant seems to be derived from Greek and Latin: “Cichorium” means field
and “intybus” 1s partly derived from the Greek word “to cut”, because of the leaves, and
partly from the Latin “fubus” to indicate the hollow stem [4]. Noteworthy, other theories
connect the origin of chicory’s name to the Egyptian words Kio (= I) and chorion (= field)
[5].

So far, chicory has been used in the food industry for the preparation of ready-to-eat salads,
for teas and tea blends, for coffee supplementation, and as a source for inulin production,
both for humans and in animal feed preparation. Some compounds present in this plant,
such as polyphenols, inulin, oligofructose and sesquiterpene lactones may be considered as
potential carriers of food functionality [6].

For its utilization in medicine, over 100 chemical compounds have been isolated and
identified from this plant, the majority of which are accumulated in the root tissues.

These compounds are reported to have antimicrobial, anthelmintic, antimalarial,
hepatoprotective, antidiabetic, gastroprotective, and anti-inflammatory properties [7], as
well as many others that could be mentioned [8].

Chicory gradually underwent a process of naturalization in Europe. Although it cannot be
considered an autochthonous species, it became part of the natural and agricultural
European flora. Wild C. intybus covers a great portion of the European continent, and it has

become a part of the traditional diet of local populations as an important ingredient of



typical local dishes. The cultural aspects of this crop might be both the consequence and
the cause of the great differentiation that occurred in this species, which originated an ever-
increasing number of cultivar groups, types, and populations that altogether comprise the
horticultural landscape of the genus Cichorium. As said, this genus is important from a
historical, cultural, agronomical, commercial, and scientific point of view due to its
vastness of species, distribution, and cultivation around the world [9].

Chicory is a hardy plant and can endure extreme temperatures during both vegetative and
reproductive growth, for this reason, it is cultivated in many countries and environments:
it is widely distributed in Africa, temperate- Asia, tropical- Asia, Europe, Australia,
Northern and Southern America. For what concerns the Veneto region, the origins of
Radicchio (its common local name) are not clearly defined, although recent insights relate
the origin of the Venetian biotypes to two distinct developmental pathways [10].

Chicory cultivars that are nowadays grown in the Veneto region are mostly derived from
individuals having red leaves, which could be traced back to the biotype “Red of Treviso”,
firstly introduced in Veneto during the XV century [10].

Many types of radicchio are intensely cultivated nowadays, like the “Early” and “Late Red
of Treviso”, the “Red of Chioggia”, the “Variegated of Castelfranco” and the “Red of
Verona” [11].

Another division that can be done in separating the radicchio biotypes concerns two main
groups: in the first one the pure chicory biotypes are grouped in such a way that include the
two “Red of Treviso” and the “Red of Verona” biotypes, anciently developed by mass-
selection of Late Red of Treviso plant materials; the second group, instead, includes the
“Variegated of Castelfranco”, originated from a controlled or spontaneous cross between
the “Late Red of Treviso” and Cichorium endivia var. latifolium (endive), and the “Red of
Chioggia”, that was obtained by mass selection of the “Variegated of Castelfranco” biotype
[9,10].

Differently from the past, in which plant breeding was performed by mass selection to
promote the phenotype of interest, much progress has been achieved in the last few years
in crops’ genetic studies and in the use of molecular markers to improve their breeding
strategies [12].

Marker-assisted breeding (MAB) approaches are nowadays widely adopted by seed firms
when planning the development of new varieties. By determining the genetic similarity,

homozygosity and relatedness of parental lines, as well as the distinctiveness, uniformity



and stability (DUS test) of the progenies, the development of stronger, more resistant and
marketable cultivars has become easier, faster and more reliable.

Historically, commercial varieties were developed by recurrent mass selection based on
phenotypic markers, but, in the last years, synthetic varieties have been constituted by
breeders through inter-crossing or poly-crossing a considerable number of maternal
individuals or clonal lines selected based on their morpho-phenological and agronomic
traits, and, eventually, by performing progeny tests to assess their general combining ability
[13]. During the past two decades, the agricultural scenery in the Mediterranean countries
has radically changed for chicory cultivations, including radicchio biotypes, where
subsistence mixed farming units have been converted into extensive farming systems
growing mainly modern improved varieties instead of local varieties [13].

Currently, owing to the economic benefits, newly released varieties are mainly F1 hybrids
developed by Italian or European seed firms through large-scale single crosses between
inbred lines selected according to their specific combining ability and exploiting MAB
strategies. Thus, radicchio’s breeding programmes have significantly improved in recent
years due to more efficient biotechnological tools that have been adopted, where synthetic
varieties show higher distinctiveness, uniformity and stability for both agronomic and
phenotypic traits [14,15]. In this regard, saturated linkage maps with DNA markers spanning
the entire genome (approximately 2.6 Gb) are available for leaf chicory [16]. These maps
are important considering that biotechnology and molecular genetics are largely utilised in

breeding programmes of radicchio [16-20] as well as for most crops [21].

1.1.Aims of the study

This study was based on the characterization of 96 chicory samples belonging to four inbred
populations by means of the restriction site-associated DNA sequencing (RAD-seq)
approach.

Through this genotyping-by-sequencing (GBS) analysis, the genetic relationships and the
genetic structure of the core collection were evaluated to verify the presence of potential
crosses aimed at the maximisation of heterosis in the eventual progeny, and putative single
nucleotide polymorphisms (SNP) to be adopted in future screening essays were
investigated.

To maximize hybrids' uniformity and distinctiveness, the necessity of an informative
molecular characterization of the parental lines is necessary. For this reason, among the

genetic statistics that were calculated in this study, genetic similarity and homozygosity are



present, which are used to determine the uniformity and distinctiveness of the considered
populations.

Given the high data throughput of the analytical methodology adopted, a parallel
investigation of the possible location of the identified SNP markers was performed by
means of a BLASTn analysis. For this aim, two phylogenetically related species’ exomes
were retrieved from international databases and used for the creation of a local database
against which align the RAD-tags obtained by the RADseq analysis. This investigation was
carried out to identify those markers that could putatively be within coding regions of the
chicory genome, which could affect the plant phenotype and could, consequently, be

adopted in marker-assisted selection (MAS) approaches in breeding programs of this crop.



2. Materials and methods
2.1.Plant Materials

For this experiment 96 samples of Chicorium intybus var. foliosum have been used, which
were provided by a private seed company.

The genomic DNA samples have been extracted from 100 mg of fresh leaves using a
DNeasy® 96 Plant Kit (Qiagen, Valencia, CA, USA) and following the procedure provided
by the manufacturer. Both the quality and quantity of the genomic DNA samples were
assessed by agarose gel electrophoresis (1% agarose/1x TAE gel containing 1x Sybr Safe
DNA stain, (Life Technologies, Carlsbad, CA, USA) and a NanoDrop 2000c UV-Vis
spectrophotometer (Thermo Fisher Scientific Inc., Pittsburgh, PA, USA), respectively.

2.2.RADseq analysis and Data analysis

The 96 samples were analysed by means of a restriction site-associated DNA sequencing
(RAD-seq) approach. The RAD-based sequencing used is a well-established and powerful
method used for recovering thousands of polymorphic loci across the genomes of many
crop species. One microgram of DNA per individual was digested with the restriction
enzyme Msel (New England Biolabs, Ipswich, MA, USA), following the procedure
described by Stevanato [22].

For library preparation, digested DNA samples were diluted at a concentration of 3 ng/pL.
Indexing, library preparation, sequencing and bioinformatic analyses were performed
according to the protocol described by Stevanato et al [22].

Raw reads obtained through an Ion S5 sequencer (Thermo Fisher Scientific Inc., Waltham,
MA, USA) were trimmed according to the restriction enzyme recognition motif. After
quality assessment, all artifacts and Ns-containing reads were removed. Variants were
called using Stacks v2.41 software [23].

SNPs were filtered to remove those meeting the following criteria: (1) SNPs with greater
than 10% missing data, (2) SNPs with a sequence depth x 4, and (3) tri- and tetra-allelic
SNPs.

2.3.Data analysis and genetic statistics

The obtained data were used for the construction of an unweighted pair group method with
arithmetic mean (UPGMA) dendrogram based on Rohlf’s genetic similarity simple

matching coefficient and a principal coordinate analysis (PCoA) centroid using NTSYS



software v2.21 [24]. Additionally, a Bayesian clustering algorithm implemented in
STRUCTURE v.2.2 [25] was used to model the genetic structure of the chicory core
collection. The number of founding groups ranged from 1 to 20, and 10 replicate
simulations were conducted for each value of K based on a burn-in of 20,000 and a final
run of 100,000 Markov chain Monte Carlo (MCMC) steps. STRUCTURE HARVESTER
[26] was used to estimate the most likely value of K, and the results of membership were

then plotted as a histogram using an Excel spreadsheet.

2.4.BLASTn analysis and RADtags mapping

We analyzed 94 samples of Chicorium intybus var foliosum and the reads with no missing
data were used to identify those sequences most likely belonging to genomic coding
sequences (CDSs).

Thus, the genomes of two phylogenetically closely related species to this genus, namely
Lactuca sativa L. (GeneBank: GCA 002870075.2) and Cynara cardunculus L.
(GeneBank: GCA 001531365.1), were considered.

The RAD-tags were aligned against both the Lactuca sativa and Cynara cardunculus CDS
datasets using a local BLASTn (BLAST+ 2.11.0 package) with an E-value threshold
<1.0x107'° and a percentage of identity >80%. This step was made to retrieve suitable
information about the possibly expressed regions of the chicory genome, which could help

future breeding programs in adopting marker-assisted selection (MAS) strategies.






3. Results

3.1.RADseq, Genetic similarity, and homozygosity estimates

From the RAD-seq analysis of the 96 chicory samples belonging to a core collection, two
were not successfully sequenced because of poor DNA quality and were excluded from the
following analyses for this reason.

The RAD sequencing produced a considerable number of raw reads that, after quality
assessment and adapter trimming were used to create a catalog of consensus loci, then used
for variant calling as a reference. A starting pool of 9351 SNPs was first identified. The
RAD-tags (SNPs containing reads) considered in the following analyses were all 69bp long.
Unfortunately, the raw data obtained from the sequencing of the 94 chicory accessions were
lost due to a blackout that corrupted the server files containing the mentioned information.
After the filtering step, in which all the sequences that presented at least one missing value
in one sample were rejected, 2953 SNPs were retrieved in 2917 RAD-tags and used for the
subsequent genetic statistics analyses.

Among the 2953 SNPs presenting no missing data in the entire core collection, the number
of discriminative polymorphic sites among the most similar genotypes was 2 SNPs (0.0007
%), whereas the one calculated among the most dissimilar individuals was 1194 SNPs
(40.43%), be“th considering heterozygous loci as non-discriminant.

Among the 94 sequenced samples, the genetic similarity (GS) was computed in all pair-
wise comparisons, while the average GS was calculated within and among each population
of the core collection, together with the respective standard error (SE).

Genetic similarity ranged overall from 47.21% to 98.56%, with an average value of
65.53%, whereas the mean GS within populations ranged from 82.33% (Popl) to 91.05%
(Pop4) and the GS calculated among them ranged from 54.08% (Pop3 vs. Pop4), as the
lowest value, and 76.60% (Popl vs. Pop2), as the highest one. Standard errors were also
computed that were always SE < 0.05% (Table 1).

The lowest genetic similarity values were observed in the comparisons between “Pop3”
and the other populations, which were always below 57%, as reported in Table 1.

For each sample homozygosity was also estimated. The highest homozygosity was
observed in sample “Pop4-21” (Ho = 94.48%), and the lowest was observed in sample
“Popl1-03” (Ho = 66.71%). The mean homozygosity among the core collection was

82.90%. As for the GS, also the mean homozygosity was calculated within each of the four
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populations that ranged from 74.04 £ 0.31% to 87.91 = 0.13% (“Popl” and “Pop4”,
respectively) (Table 1).

Table 1. Average pair-wise genetic similarity matrix and average homozygosity calculated

within and among populations; standard error is also reported.

Population
1D

74.04 £ 0.31% Popl 82.33 £ 0.04%

83.67£0.15% Pop2 76.60 £0.01%  90.12 £0.01%

82.83+0.13% Pop3 56.46 +£0.00%  54.13+0.00%  82.50 £0.01%

87.91+0.13% Pop4 62.59+0.01% 58.46+0.00%  54.08 £0.00%  91.05+0.01%
Popl Pop2 Pop3 Pop4

Homozygosis Mean Genetic Similarity

From the GS matrix computed for the 94 chicory samples, a UPGMA dendrogram was
created that grouped samples into four branches (from Popl to Pop4), which agreed with
the populations’ information given by the seed company that provided the samples of the
core collection.

In the UPGMA, Pops 1, 2 and 4 were located in one main branch having an average within
GS equal to 72.79%, while that computed in the comparison of this large group with Pop3
exhibited a genetic similarity that is on average equal to 54.66%.

The only exception in the exact matching of the UPGMA'’s clusters with expected
populations interested sample Pop1-06 that was placed in the same branch containing

Pop2’s individuals (Figure 1, blue labelled arm in Pop2 cluster).
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Simple-matching Coefficient of Genetic Similarity

Figure 1. UPGMA dendrogram based on the pair-wise genetic similarity matrix
highlighting four main “Clusters” for the no missing values containing dataset.

As the clustering in the dendrogram showed, the PCoA (Principal Coordinate Analysis)
further divided the samples into four distinct populations. The PCoA clustered the samples
in the chart depending on Dimension 1 and Dimension 2, which represented, respectively,
50.4% and 35.7% of the molecular variability, and 86.1% of the molecular variation in
total. This analysis was based on the eigenvectors calculated starting from the genetic

similarity matrix and highlighted that the 4 groups, previously identified in the UPGMA
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dendrogram, once again agreed with the expected clustering based on the belonging
population of each of the 94 samples of the core collection analysed.

All four populations found were clustered independently from the rest of the other groups.
Pops 1,2, 3 and 4 formed unique groups with their respective individuals and were placed

in different quadrants of the chart, except for Popl and Pop2 which groped close to each

other, still remaining distinguishable (Figure 2).
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Figure 2. Principal Coordinate Analysis (PCoA) calculated starting from the genetic
similarity matrix and highlighting the 4 mains groups (Pop1 to Pop4) identified for the 94

analysed samples of chicory.
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3.2.Genetic structure evaluation of the core collection

As far as the genetic structure analysis of the chicory core collection was concerned, the
results obtained from STRUCTURE software, then analysed using STRUCTURE harvester
web software to estimate the most probable value of K [27], resulted in a value of K =4

(AK =40925.3) (Figure 3).

DeltaK = mean(|L"(K)|) / sd(L(K))

40000
30000

20000

Delta K

10000

Figure 3. Graph representing the AK values resulting from Structure Harvester software
analysis of the STRUCTURE software results.

Regarding the AK values (Figure 3) resulting from Structure Harvester software
computation, it estimated the second most probable number of groups equal to K= 11. This
said, after the results were plotted as a histogram, the observed clustering was completely
in agreement with that for K=4 with the 7 newly identified groups presenting memberships
< 5% (data not shown), and, for this reason, the result is not reported either discussed in the
present study.

For K = 4, the memberships of the 94 samples with the respective hypothetical ancestral
genotypes were plotted as a histogram and labelled with four different colours (Figure 4).
Among the analysed populations, Pops 2, 3 and 4 had high memberships (> 95% on
average) to one specific identified ancestral genotype, while Popl resulted to be equally
admixed in its samples between a fourth ancestral genotype (Cluster-1) and that of Pop2

(Cluster-2), thus resulting with memberships ratios of 50:50 on average.
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Figure 4. Genetic structure analysis of the radicchio core collection. Identified most likely
value of K = 4.

3.3.BLASTn investigation for putative expressed SNP markers
identification

For what concerned BLASTn analysis and RAD-tags mapping, the 94 samples of chicory
were also used to identify those sequences most likely belonging to genomic coding
sequences (CDSs) (Table 2). After the filtering steps, 2917 RAD-tags were aligned against
the exome of both L. sativa and C. cardunculus, both species belonging to the family of
Asteraceae. Concerning the lettuce exome, 1708 RAD-tags were mapped on 1710 CDS,
whereas in the case of artichoke 1209 RAD-tags aligned on 1175 CDS.

In both crops, the 1710 and 1175 CDS were translated and produced the same number of
proteins. In addition, the average percentage of identity (Avg ident) was respectively
90.01% with the exome of lettuce and 87.59% with the one of artichoke.

The calculated average nucleotide alignment length (Avg length) was equal to 66.46 bp and
66.44 bp in lettuce and artichoke, respectively. Considering the average E-value (Avg E-
value), values were 1.73E-1? in lettuce and 3.09E'2in artichoke, while the average bitscores
(Avg Bs) were equal to 90.83 and 83.69, respectively. Furthermore, the average
mismatches (Avg mis) resulted for the two investigations against both the related crops
resulted to be 6.53 and 8.22 respectively, as the average of identical matches and average

identity (Avg ident) were 59.79 and 58.16 (Table 2).
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Table 2. Summary statistics of the BLASTN analysis of the RAD-Seq reads against the
exomes of L. sativa and C. cardunculus. Average identity percentage (Avg ident), average
length (Avg length), average E-value (Avg E-value), average bitscore (Avg Bs), average
score (Avg score), average mismatches (Avg mis), average identity (Avg ident) and
average positive positions values (Avg pp) were calculated.

BLASTn RAD Proteins A Ve Ave Avg Avg  Avg A\./g A Ve

Result tags CDS (n) ident  length Ewvalue Bs  score Mis ident
(n) (%) (bp) m (M

Exome 1708 1710 1710 90.01 66.46 1.73E'2 90.83 99.43 6.53 59.79

L. sativa

Exome

1209 1175 1175 87.59 66.44 3.09E'> 83.69 91.45 822 58.16
C. cardunculus
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4. Discussion

The RAD-Seq has become a more and more useful technology in the last decades,
expanding its application from QTL mapping in crops [28-30] to gene mapping and marker-
assisted breeding (MAB) [31,32].

Moreover, it has also been applied for the identification of new crop varieties, for the
investigation of population structures [33] and in phylogenetics studies for the estimation
of the evolutionary relationships among species, individuals, and genes [34].

The aim of the study was to characterize and discriminate a pool of 94 chicory accessions
belonging to four different populations and, in the context of DUS testing, our findings may
have great implications for new F1 hybrids constitution and new varieties registration.
Another goal of the study was the investigation of the genetic relationships among the
populations considered and the reconstruction of the genetic structure of the core collection.
The RAD sequencing approach used in this research allowed to investigate the relatedness
degree existing among the samples of the core collection thanks to the 2953 SNP sites with
no missing data that were retrieved among 2917 RAD-tags, which were used for the
subsequent genetic statistical analyses and population structure reconstruction.

From the analyses of the genetic variability and relationships, it was observed that the four
chicory populations analysed were distinguishable and uniform within each of them. The
genetic structure reconstruction of the core collection, in accordance with the GS estimates,
the UPGMA clustering, and the PCoA grouping of samples, confirmed the distinctiveness
and uniformity of the analysed populations. Moreover, the histogram in Figure 4
highlighted the relatedness between Popl and Pop2, as already expected due to the results
obtained in the UPGMA and PCoA. From the combined results, it can be observed that
Popl and Pop2 share a putative common ancestor (Cluster-2 in Figure 4), fact that can
explain the close placing of their samples in the PCoA graph, the common branch of the
UPGMA dendrogram, as well as the presence of Sample01-06 next to Pop2’s accessions
in Figure 1 (labelled in blue in the red branch). Noteworthy, Pop2 presents high
membership with a single cluster, while Pop1 resulted admixed with a mean ratio of 50:50
with the cluster of Pop2. This result, together with the high GS among these two
populations (average GSpopi/pop2 = 76.60%), could indicate a common lineage, which makes
their crossing unsuitable for the constitution of new F1 hybrids characterized by high

heterosis (or heterotic vigor).
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On the other hand, an interesting insight that is related to the GS estimates was the high
dissimilarity of Pop3 when compared to Pops 1, 2 and 4. With a mean among-GS value
equal to 54.66%, Pop3 resulted as the most genetically distant population of the core
collection, which, in combination with its mean observed homozygosity (Hopops = 82.83%),
makes it a potential parental line for the constitution of new F1 hybrid varieties if crossed
with a highly uniform, homozygous and dissimilar population (e.g. Pop2 and Pop4).

For what concerned the BLASTn analysis, we considered the exomes of lettuce and
artichoke for the identification of the SNP markers contained in the CDSs because of the
absence of a chicory exome that is annotated and representative. In fact, the genome of
chicory has been sequenced and published, but it has not been annotated yet, making it
unsuitable for this analysis.

BLASTn results of the obtained RAD-tags against the two exome-based databases showed
that 1708 and 1209 RAD-tags matched with the coding regions of lettuce (1710 CDS) and
artichoke (1175 CDS) respectively, as expected from the phylogenetic relatedness of these
two species with C. intybus. Noteworthy, also the low E-values observed from this analysis
demonstrated the strong relatedness of these species belonging to the Asteraceae family.
From these findings, the analytical method adopted, which was inspired by the work of
Scariolo et al. [35], demonstrated its possible applicability to the genus Chicorium and its
species and related taxa.

This said, these results highlighted the presence of several putative markers which could
be of interest for the development of predictive screening essays aimed at the application
of marker-assisted selection (MAS) strategies for planning crosses to constitute new
varieties presenting phenotypic traits of interest. In the future, further studies should be
carried out to verify the suitableness of the identified markers for their application in MAS

essays for chicory, but these first insights provide a good starting point for this aim.

5. Conclusions

In conclusion, genotyping analysis by RAD-Seq approach demonstrated its usefulness in
assessing the genetic identity and relationships of the given accessions of chicory. The
discriminative ability of the molecular markers retrieved from the identified RAD-tags, the
informativeness of the retrieved molecular data and their possible use in the bioinformatic
analysis could help future projects aimed at developing new chicory varieties and their

registration, as well as their traceability. Furthermore, the high data throughput of RAD-
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seq could be applied for the further development of screening essays aimed at MAS

approaches in this species, and not only at MAB strategies.
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