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Abstract: Cichorium intybus L. is the most economically important species of its genus and among
the most important of the Asteraceae family. In chicory, many linkage maps have been produced,
several sets of mapped and unmapped markers have been developed, and dozens of genes linked
to traits of agronomic interest have been investigated. This treasure trove of information, properly
cataloged and organized, is of pivotal importance for the development of superior commercial
products with valuable agronomic potential in terms of yield and quality, including reduced bitter
taste and increased inulin production, as well as resistance or tolerance to pathogens and resilience to
environmental stresses. For this reason, a systematic review was conducted based on the scientific
literature published in chicory during 1980–2023. Based on the results obtained from the meta-
analysis, we created two consensus maps capable of supporting marker-assisted breeding (MAB) and
marker-assisted selection (MAS) programs. By taking advantage of the recently released genome
of C. intybus, we built a 639 molecular marker-based consensus map collecting all the available
mapped and unmapped SNP and SSR loci available for this species. In the following section, after
summarizing and discussing all the genes investigated in chicory and related to traits of interest such
as reproductive barriers, sesquiterpene lactone biosynthesis, inulin metabolism and stress response,
we produced a second map encompassing 64 loci that could be useful for MAS purposes. With
the advent of omics technologies, molecular data chaos (namely, the situation where the amount of
molecular data is so complex and unmanageable that their use becomes challenging) is becoming far
from a negligible issue. In this review, we have therefore tried to contribute by standardizing and
organizing the molecular data produced thus far in chicory to facilitate the work of breeders.

Keywords: chicory; molecular markers; genetic maps; marker-assisted breeding; marker-assisted
selection

1. Introduction

Chicories (2n = 2x = 18) are economically important dicot species belonging to the
Asteraceae family. The Cichorium genus contains six main species, of which four are
exclusively wild (Cichorium bottae Deflers., Cichorium spinosum L., Cichorium calvum Sch.
Bip. ex Asch., and Cichorium pumilum Jacq.), one is exclusively cultivated (Cichorium endivia
L.), and one contains both cultivated and wild individuals (Cichorium intybus L.) [1]. The
main botanical variety in terms of economic impact is Cichorium intybus var. foliosum,
widely appreciated for its leaves, which are eaten raw or cooked, and characterized by a
distinctive bitter taste and crispiness. This variety includes ‘Witloof Chicory’ or ‘Belgian
Endive’, commonly known in Europe for its typical etiolated buds named ‘chicon’, and Red
Chicory, known as ‘Radicchio’, mostly distributed in northeastern Italy [2–5]. Apart from
leaf chicory, mainly known for its nutritional and health-beneficial properties, an upsurge of
interest has been observed in ‘industrial’ or ‘root’ chicory (C. intybus var. sativum), which is
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mostly used for inulin extraction and as a coffee substitute [6–8]. Inulin, as a carbohydrate
reserve, accumulates during the first year’s growing season in taproot chicory and is used
for food and nonfood applications [9,10].

The other economically relevant species from the same genus is C. endivia, whose curly
and smooth leaves (var. crispum and var. latifolium, respectively) are consumed worldwide
in fresh salads, with Spain, France, and Italy as major EU producers [9].

From a reproductive point of view, Cichorium intybus is a diploid plant species that is
prevalently allogamous due to its efficient sporophytic self-incompatibility system [3,11,12].
Male sterility represents another efficient sexual barrier widely used in chicory to promote
outcrossing and to facilitate the exploitation of heterosis through the production of F1
hybrids. In contrast, endive is an autogamous species with a rate of outcrossing of approxi-
mately 1% [13]. Chicory and endive, as closely related but distinct species, are completely
interfertile and offer a vast genetic pool that, through cross-breeding schemes, might be
exploited to obtain progeny with wide genetic diversity [3,4].

One of the main goals in chicory breeding programs is to achieve the best selections
with valuable agronomic potential, such as yield, reduced bitter taste, increased inulin
production, and resistance to both biotic and abiotic stressors. Molecular markers are fully
addressed to assess genetic information on parental genotypes, heterozygosity evaluation
and prediction, population uniformity and distinctiveness [13,14]. Moreover, these tools
are employed not only in phylogenetic studies and genetic linkage map construction but
also for the genetic traceability of the final commercial product [15,16]. As a result, the aim
of generating a superior commercial product in accordance with market acceptance could
be facilitated through the efficient implementation of marker-assisted breeding (MAB) and
marker-assisted selection (MAS) programs [17–19].

In this study, after a systematic review of all the scientific literature produced for
chicory in the last 40 years, the assembled genome of Cichorium intybus L. by Fan et al. was
used to collect and physically map the genetic data available for this species [20]. The main
advancements in chicory genetics and how they might be employed in breeding programs
are the main topics of this study. To this aim, we developed two user-friendly genomic maps
for breeding purposes. The first map contains single-nucleotide polymorphisms (SNPs) as
well as simple-sequence repeats (SSRs), which might be helpful in MAB programs. The
second map contains all the available gene sequences and marker-related genes, providing
up-to-date information for MAS applications. The mapping of molecular markers and
genes responsible for relevant agronomic traits has a significant impact on crop productivity
and quality, and both maps are designed to act as a starting point for validating markers
and genes of interest in chicory.

2. Methods
2.1. Literature Research

The systematic review and meta-analysis were performed according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. An
overall bibliographic analysis for this work was conducted using Scopus and PubMed
databases in January 2023. The search was confined to articles published between 1980 and
2023 and written in the English language. Since extensive data availability was expected, we
split the research into two main parts representing MAB and MAS. A single list of articles
was generated for MAB research, while 10 lists were produced for MAS, corresponding to
the most relevant topics considered in chicory (namely, reproductive barriers, sesquiterpene
lactone biosynthesis, hydroxycinnamates, inulin metabolism, stress response, blue-lilac
color, flowering time, somatic embryogenesis, red discoloration and gene normalization).
MAB-related research was conducted using key words as follows: (“Cichorium intybus” OR
“chicory”) AND (“SSR” OR “microsatellite” OR “SNP” OR “SNV”). For the MAS part, the 10
most interesting topics were investigated using the specific terms reported in Table 1. After
list collection, duplicates (i.e., overlapping results from both databases) were deleted and
the eligibility assessment of the remaining articles was manually cured. We first excluded
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letters, conference papers, notes, articles without full-text availability, short reports and
non-suitable articles based on the evaluation of abstracts and keywords. The remaining
articles were deeply investigated and further filtered, by removing those either not fully
consistent with the topic or lacking molecular data. In addition, we exploited the citations
of the selected research papers, which led to an enrichment of the final reference list.

Table 1. Keyword terms searched within the scientific literature databases. In addition to “Cichorium
intybus” OR “chicory”, different keyword terms were applied to the selected databases according to
the purpose of the research.

Purpose Topic Keywords Terms Searched

Development of a consensus map
for marker-assisted breeding

Identification of SSR sequences “SSR” OR “microsatellite”

Identification of SNP sequences “SNP” OR “SNV”

Development of a comprehensive
map for marker-assisted selection

Reproductive barriers “male-sterility” OR “self-incompatibility” OR “CMS” OR “NMS” OR
“SSI” OR “S-locus”

Sesquiterpene lactone
biosynthesis “sesquiterpene lactones” OR “STL” OR “lactucin”

Hydroxycinnamates “hydroxycinnamates” OR “HCA” OR “chlorogenic acid”

Inulin metabolism “inulin” OR “fructan”

Stress response “stressors” OR “stress” OR “biotic stress” OR “abiotic stress” OR “stress
response” OR “stress tolerance”

Blue-lilac color “flavonoids” OR “anthocyanin” OR “flower color”

Flowering time “flowering” OR “flowering time” OR “flowering response”

Somatic embryogenesis “somatic embryogenesis” OR “SE”

Red discoloration “discoloration” OR “cuttings response”

Gene normalization “gene normalization” OR “reference genes” OR “data normalization”

2.2. Data Collection and Maps Drawing

A comprehensive map for marker-assisted breeding purposes was built by using
all the SSR- or SNP-containing sequences available in the scientific articles (identified
according to the methods described in the previous section). The sequences, according to
the indications provided by each article, were retrieved from GenBank and used as a query
in the alignment against the C. intybus genome (JAK-NSD01 [20]). A BLASTn search was
performed by setting the following parameters for SNPs-containing sequences: E-value,
<1 × 10−5; percentage of identity, ≥95%; and minimum query coverage, 95%. For SSR
primers, the following parameters were set: E-value, <1 × 10−5; percentage of identity, 100;
and query coverage, 100%. The results were then filtered to retain only the five best hits
for each query. Each query mapping with the same specificity and percentage of identity
in more than one location and/or chromosome was discarded to avoid ambiguities. A
consensus map was finally drawn using the ggplot2 (version 3.4.2) used in R environment
version 4.2.0.

A second map for marker-assisted selection purposes was built by using all the genes
available in the scientific articles (identified in accordance with the methods described in
the previous section). The sequences were retrieved from GenBank and used as a query
in the alignment against the C. intybus genome (JAK-NSD01 [20]). A BLASTn search was
performed by setting the following parameters: E-value, <1 × 10−5; percentage of identity,
≥95; and minimum query coverage, 95%. When available, the closest SNP and SSR (both
upstream and downstream) to each gene were selected too. A comprehensive map was
finally drawn by using the ggplot2 R package and by plotting the genes along with the
above-mentioned associated markers.
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3. Results and Discussion
3.1. Screening Literature Results

A preliminary survey of the literature led to the identification of 1441 records (910
from Scopus and 531 from PubMed). Briefly, 314 duplicate articles were removed, whereas
698 records including notes, articles without full-text availability, short surveys, and unre-
lated articles (based on abstract and keyword screening) were excluded. The remaining
429 results were analyzed based on their full content. From this filter, 361 were excluded
because they did not match with the purpose of the study or data availability was limited
or lacking. Five additional articles found in the references of the 68 remaining articles were
added. Hence, the final reference list comprised 73 studies (Figure 1).
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Figure 1. Flow chart of the screening and selection process followed for the inclusion of the studies
in the systematic review (n denotes the number of studies resulting from each filtering step).

3.2. Toward a Genetic Genomic Map of Chicory Useful for Marker-Assisted Breeding

Linkage maps lay the groundwork for marker-assisted breeding. In chicory, the
assembly of the first linkage map based on 371 markers (16 RAPDs, 72 SAMPLs and
283 AFLPs; 1201 cM) was reported in 1997 using an interspecific hybrid cross between
C. intybus L. and an inbred line of C. endivia L. [21]. Similarly, Van Stallen et al. built a
genetic linkage map based on an intraspecific cross between two inbred lines of witloof
chicory (129 RAPD, 609.6 cM) [22]. A further RAPD-based genetic map was focused
on the characterization of QTLs for the length and browning of pith [23]. Cassan et al.
constructed a RAPD- and SSR-based genetic map (987 cM) to identify QTLs controlling
physiological and agronomical traits under two levels of nitrogen fertilization during the
vegetative phase of witloof chicory [24]. Unfortunately, all the above-mentioned maps, due
to the type of markers (i.e., dominant markers), cannot be used for comparative studies. A
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turning point was the development by Cadalen et al. of a consensus genetic map from two
industrial chicory progenies and one witloof chicory progeny, containing 472 SSR markers
and covering 878 cM [25]. This study was further deepened by Gonthier et al. for the
identification of markers associated with nuclear male sterility (NMS) and sporophytic
self-incompatibility (SSI) loci [12]. Starting from the data produced in the two previous
studies, Ghedina et al. developed an efficient multiplex assay for genotyping elite breeding
stocks developed from old landraces of Radicchio of Chioggia [26]. This assay, composed
of 27 SSR markers selected according to the polymorphism index and distribution, was
further integrated with two additional SSR markers and successfully applied by Patella
et al., 2019 [13]. Muys et al. produced a genetic map for industrial chicory that included
237 marker loci and spanned a total length of 1208 cM [27]. The map was built combining
AFLPs, SSRs, SNPs, and 26 coding sequences. Finally, a high-density linkage map of leaf
chicory was constructed using genotyping-by-sequencing (GBS) technology [28]. The map
contained 727 SNP markers, covering a total length of 1413 cM. Most importantly, the map
was pivotal for the identification of the putative locus responsible for male sterility. All the
genetic maps produced in chicory are summarized in Table 2.

In addition to the aforementioned genetic maps, authors of several studies developed
sets of unmapped markers, some of which had applications for a wide range of purposes.
Thirty-one EST-SSRs with a high level of transferability potential between Cichorium
species were proposed but never validated by Ince [29]. Raulier et al. developed a new set
of 15 SSR marker loci to characterize the genetic diversity of the germplasm that originated
in the current industrial chicory and to establish the relationships between and within
chicory and endive species [1]. However, the sequences of this new set have never been
made public by the authors. An additional set of 12 SSR markers was generated by Zavada
et al. and used along with chloroplast DNA sequences to assess the temporal genetic
changes and diversity in North America and in New England chicory populations [30,31].

Ideally, plant breeders draw on genetic maps and markers to mine information useful
for MAB purposes [32]. However, as in the case of chicory, the availability of multiple
linkage maps (each based on single and independent populations) and unmapped markers
makes the interpretation and exploitation of the data very challenging. This challenge
can be overcome through the production of consensus maps. Based on the procedure
described in Section 2, we managed to position 639 markers within the physical map from
Fan et al. [20], namely 579 SNPs and 60 SSRs derived from the studies of Cadalen et al.,
Ince, Muys et al., Zavada et al., Patella et al., and Palumbo et al. [13,25,27–30]. The newly
developed consensus map is available in Figure S1.

The observed discrepancy between the number of markers actually used for the
consensus map and the total number of markers developed over the years essentially
relies on two factors. The first, which is far from negligible, is that in many cases, the
authors of the maps have not made (completely or partially) available the markers used.
The second is that some of the available markers did not map. This last aspect is not
surprising at all considering that almost all the markers were derived from extragenic
and therefore less-conserved regions. This observation assumes particular relevance if
we take into account that the different genetic maps and marker sets have been devel-
oped using interspecific hybrids (C. endivia × C. intybus) or different botanical varieties
(C. intybus var. sativum and var. foliosum). The consensus map allowed us to anchor to
specific chromosome positions those markers that until now lacked a position (i.e., all the
unmapped markers), such as those from Ince and Zavada et al. [29,30]. Furthermore, the
consensus map enabled us to establish the correspondences between the linkage groups of
the genetic maps produced by Cadalen et al., Muys et al., and Palumbo et al., and the chro-
mosomes assembled by Fan et al. (Table 2) [20,25,27,28]. An example is provided in Figure 2,
where chromosome 3 (JAKNSD010000003.1) was found to correspond to LG6 of Cadalen
et al. and LG1 of Palumbo et al. [20,25,28]. Within each linkage group/chromosome,
most of the markers showed full collinearity. The cases in which collinearity was not
observed could be the result of species/variety-specific rearrangements, errors in the con-
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struction of the genetic maps, or errors during genome assembly [32]. Finally, it should
be noted that, thanks to the integration between the genetic maps and the physical map,
it was possible to improve the latter by assigning some of the 199 unassembled contigs
(JAKNSD010000010.1-JAKNSD010000208.1) to specific chromosomes. For example, con-
tig 49 (JAKNSD010000049.1) in Figure S1 plausibly represents the terminal portion of
chromosome 1 (JAKNSD010000001.1).

3.3. A Comprehensive Map for Marker-Assisted Selection Purposes

Linkage maps based on molecular markers also have the potential to bridge the gap
between a given genotype and the resulting phenotype [33]. The basic principle of MAS is
to identify a tight linkage between a marker and a gene controlling a trait of interest (e.g.,
disease resistance, plant cycle length, flowering time, or the reproductive system). This
association can be used for practical purposes, including the preliminary screening of plant
materials or to verify the introgression of a given gene. Thus, knowing the association with
the gene of interest, traditional breeding methods, such as hybridization, backcrossing,
self-pollination, and selection, are facilitated in the constitution of new varieties [34]. In this
section, we first reviewed the scientific literature dealing with the identification of genes
underlying ten topics of interest in C. intybus, as summarized in Table 3.

According to the literature review described in Section 2, sixty-four sequences with
a unique match with as many loci in the genome as possible were retrieved and are
graphically represented in Figure S2. Moreover, when available, the closest SNP and SSR
(both upstream and downstream) to each gene were mapped too. One of the chromosomes
is shown as an example in Figure 3.
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Table 2. Genetic and physical maps developed over the years for Cichorium intybus. When available, for each map, we report the correspondence between each
linkage group (LG) and the chromosome (Chr) of the consensus map (from Fan et al., 2022 [20]), the number and type of markers employed, the length of each map,
and the taxonomy of the sample used for map construction.

References De Simone et al. [21] Van Stallen et al. [22] Van Stallen et al. [23] Cassan et al. [24] Cadalen et al. [25] Gonthier et al. [12] Muys et al. [27] Palumbo et al. [28] Consensus Map
(from Fan et al. [20])

LG←→ Chr N.a. N.a. N.a. N.a.

LG8 LG8 LG5 LG2 Chr1
LG3 LG3 LG6 LG3 Chr2
LG6 LG6 LG8 LG1 Chr3
LG1 LG1 LG3 LG6 Chr4
LG2 LG2 LG9 LG5 Chr5
LG9 LG9 LG4 LG8 Chr6
LG5 LG5 LG1 LG7 Chr7
LG7 LG7 LG2 LG4 Chr8
LG4 LG4 LG7 LG9 Chr9

Markers
16 RAPDs;

72 SAMPLs;
283 AFLPs

129 RAPDs RAPDs 73 RAPDs;
9 SSRs 472 SSRs SSRs;

AFLPs

170 AFLPs;
28 SSRs;

27 EST-SNPs;
12 EST-SSRs

727 SNPs 579 SNPs;
60 SSRs

Length 1201 cM 609.6 cM N.a. 987 cM 878 cM N.a. 1208 cM 1413 cM 1280 Mb

Source C. intybus (radicchio)
× C. endivia (escarole)

C. intybus
(witloof)

C. intybus
(witloof)

C. intybus
(witloof)

C. intybus
(industrial);

C. intybus (witloof)

C. intybus
(industrial)

C. intybus
(industrial);

C. intybus
(radicchio)

C. intybus
(Grassland Puna)
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Figure 2. Chromosome 3 (in the center) from the marker-assisted breeding (MAB) map (the full
MAB map is provided as Figure S1). On the left are the SSR sequences and their genetic distances
in cM derived from LG6 of Cadalen et al. [25] and other unmapped SSRs from Ince et al. [29] and
Zavada et al. [30]. On the right are all the available SNPs and LG1 of Palumbo et al. [28], with the
respective genetic distances in cM, and the SNPs deriving from the work of Muys et al. [27]. Contig
15 was associated with chromosome 3 due to the mapping of the SNP marker on the right.
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Table 3. The most relevant traits/features investigated in chicory, the responsible genes and/or
the associated markers, and the methods used for their identification are reported. The superscript
numbers (from 1 to 10) reported for each trait/topic were used to facilitate the correspondence with
the genes shown in Figure 3 (for chromosome 6) and Figure S2 (for the entire chromosome set). The
GenBank accession numbers of the genes/marker-related genes are reported in Table S1.

Traits/Topic Gene or Marker Locus Methods Citation

Reproductive barriers 1

NMS-related (NMS1, NMS2) Genetic mapping (AFLP-based SCARs) [12]

ms1 (MYB103-like) Genetic mapping (SSR; SNP) [25,28,35]

S-related (S1-S4), MIK2 Genetic mapping (AFLP-based SCARs) [12,36]

Sesquiterpene lactone
biosynthesis (STL) 2

GASlo, GASsh cDNA library construction; expression analysis
in E. coli [37]

GAO
Analyses of the metabolites from transgenic
yeast; immunoblot analysis; in vitro enzyme
assay; GC—MS enzyme assay

[38]

CYP71AV8 Isolation; cloning; coexpression in yeasts;
GC—MS analysis [39]

GASsh2, GAS1, GAO, COS
RNA sequencing, transcriptome assembly,
functional annotation, gene expression
analyses, qPCR

[40]

Hydroxycinnamates (HCAs) 3 HCT1, HCT2, HQT1, HQT2, HQT3
In vitro assays of recombinant proteins in E.
coli, transient expression in N. benthamiana,
SDS—PAGE and immunoblot analysis

[41]

Inulin metabolism 4

1-FEH I Cloning, MALDI-TOF and Q-TOF analyses,
and expression in transgenic potato tubers [42]

1-FEH IIa, 1-FEH IIb Sequencing, Q-TOF analyses, RNA isolation,
RT—PCR, and subcloning [43]

1-FEH IIa2 Northern blot hybridization, Transient
expression analysis, Promoter analysis [44]

1- FEH IIb2, CiMYB17, SUT1,
SUT2, SUT3,1-SST, 1-FFT

RNAseq, yeast one-hybrid assay, transfection
experiments, transient expression in grapevine
(Vitis vinifera), and qPCR

[10,45]

Stress response 5

nia gene Northern blot analysis, ln-situ hybridization,
cloning, and sequencing [46]

PPX1
Ion exchange chromatography, construction of
a cDNA library, cloning, Expression analysis in
E. coli, and ProTox assay

[47]

CAld5H (bip41) Genetic mapping (SNP) [27]

DHN1, DHN2 Southern blot analysis, Northern blot analysis,
cloning, and transcription promoter analysis [48]

CiNHX1 Cloning of CiDREB1, transformation in E. coli,
qPCR, and subcellular localization [49]

DREB1A, DREB1B
Subcloning, sequencing, qPCR, protein
localization, and functional expression in a
yeast mutant

[50]

Blue-lilac color 6 F3’H, F3’5’H
Extraction of anthocyanins, cloning of F3’H
and F3 5 H cDNAs, and expression analysis
in yeast

[51]

Flowering time 7 FL1 gene
Cloning, qPCR, construction of transgenics,
and transformation in Arabidopsis via floral
dip method

[52]
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Table 3. Cont.

Traits/Topic Gene or Marker Locus Methods Citation

Somatic embryogenesis 8

nsHb

Construction of cDNA library in a phage
lambda and integration in E. coli, differential
screening of the cDNA library, and Northern
blot analysis

[53]

chi-GST1 RT—PCR, Northern blot analysis, and
expression of the protein in E. coli, [54]

CG1
qPCR, RACE PCR, in vivo expression of
cDNAs in Escherichia coli, Southern blot
analysis, and Northern blot analysis

[55]

GTP1/2
Cloning, library construction and screening,
Northern blot analysis, (RACE) PCR, RT—PCR,
and expression analysis in BL21 bacterial cells

[56]

Red discoloration 9 PAL1, PAL2 Color analysis, RNA extraction, cDNA
synthesis, and qPCR [57]

Gene normalization 10

βTUB, UBQ10, SAND, Clath,
TIP41, PP2AA3, CYP5, ACT2,
PROF, ACT7

Determination of reference gene expression
stability using geNorm, NormFinder
and BestKeeper

[58]

ACT, EF-1αM, NADHD, His-H3,
rRNA, TUB

Determination of reference gene expression
stability using geNorm, NormFinder
and BestKeeper

[59]

3.3.1. Reproductive Barriers

The gene pool controlling the reproductive system of chicory is of great importance
for hybrid development [12]. Some of the available genetic maps have been successfully
used for the fine mapping of self-incompatibility and male sterility genes [12,25,28,35]. In
root chicory, Gonthier et al. mapped the nuclear male sterility 1 (NMS1) locus on LG5
(namely, chromosome 7) [12]. Although the gene responsible for the lack of pollen has
not yet been deciphered, the locus was finely confined to a region of 0.8 cM along with
thirteen co-segregating AFLP markers. However, only two of them were transformed into
SCAR markers named TGGC (1.03 cM) and ATGC (1.29 cM) and deposited in NCBI. In leaf
chicory, the study of male sterility is at a more advanced stage. Initially, two SSR markers,
M4.12 (acc. number, JF748831) and M4.11b (acc. number, KF880802), originally developed
by Cadalen et al. and named EU02C09 and EU03H01, were found to be 5.8 cM and 12.1 cM
away from the locus responsible for male sterility (ms1), respectively [25,28]. These two
markers were located within LG4 from Cadalen et al., which corresponds to chromosome
9 [25]. Based on a SNP-based linkage map and synteny analysis of Lactuca sativa, it was
finally possible to identify a four-nucleotide indel within the second exon of a MYB103-like
gene responsible for an anticipated stop codon in male sterile mutants [28]. This gene,
encoding a transcription factor involved in the callose dissolution of tetrads and exine
development of microspores, was chosen as a candidate for male sterility.

In C. intybus, self-incompatibility was demonstrated more than 40 years ago [60].
From a molecular point of view, Gonthier et al. assigned the genetic determination of SSI
to a single locus located in LG2 (corresponding to chromosome 5) [12]. Moreover, four
AFLP-derived SCARs were assigned as TACG, GGAT, TTAA, and AACC due to their
close association with the S-locus (the first two markers at 0.51 cM, the third at 0.39 cM
and the fourth at 0.52 cM). Within this chromosomal region, Palumbo et al. recently
identified MDIS1 INTERACTING RECEPTOR LIKE KINASE 2 (ciMIK2) as the putative
female determinant of SSI [36].
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Figure 3. Chromosome 6 from the marker-assisted selection (MAS) map (the full MAS map is
provided as Figure S2). On the left are the genes with their trait identity number (in the form of an
apex: 2: sesquiterpene lactone biosynthesis (STL); 4: inulin metabolism; 8: somatic embryogenesis).
On the right are reported the markers (SSRs or SNPs) closest to each gene and retrieved from
Cadalen et al. [25], Muys et al. [27], Palumbo et al. [28], Ince et al. [29] and Zavada et al. [30].
Each gene is also described in detail in Table 3, whereas Table S1 reports their respective GenBank
accession numbers.

The availability of molecular genetic resources for reproductive barriers, such as self-
incompatibility and male sterility, in chicory might have a great impact on the implementa-
tion of MAS programs to obtain highly heterozygous and phenotypically uniform progeny.

3.3.2. Chicory, the Special Bitter-Taste Vegetable—STL Biosynthesis

Sesquiterpene lactones (STLs) are secondary metabolites responsible for bitterness and
have a significant active role in defense against pathogens [61]. From a nutritional stand-
point, STLs also possess both beneficial (e.g., anticancer, and antileukemic) and allergenic
properties [40,62]. Moreover, a recent study demonstrated that the biosynthesis pathway of
sesquiterpene lactone (lactucin) is considered to provide antimalarial activity [63]. Three
main enzymes, namely, germacrene A synthase (GAS), germacrene A oxidase (GAO) and
costunolide synthase (COS), are involved in STL biosynthesis, as schematically represented
in Figure 4A [64].
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Figure 4. A schematic representation of three biosynthetic pathways of interest in chicory. Question
marks indicate enzymes that have been characterized biochemically but are not supported by molec-
ular data. (A) Sesquiterpene lactone (STL) biosynthetic pathway in chicory based on the studies of
De Kraker et al. [64], Cankar et al. [39], Testone et al. [40], and Bogdanovic et al. [65]; (B) putative
metabolic pathways involved in hydroxycinnamic acid (HCA) biosynthesis in plants and the two
main enzymes HCT and HQT according to Legrand et al. [41]; (C) model of inulin metabolism,
proposed by Van Laere and Van Den Ende [66] and Shoorideh et al. [67].

Due to the growing interest in these metabolites, several Asteraceae species have been
investigated in this respect [38–40,68–71].

The sequences of three different GAS genes (GASlo, GASsh and GAS1) were retrieved
and mapped on different chromosomes and they are represented in Figure S2 [37,40,65].
Initially, two isoenzymes referred to as long (GASlo) and short (GASsh) were isolated and
characterized in chicory by Bouwmeester et al. [37]. The short form of the GAS gene was
further confirmed via the study by Testone et al., named GASsh2, and published under a
different accession number [40]. Indeed, GASsh and GASsh2 mapped to the same position
and are indicated as GASsh/2 in Table S1 and Figure S2. GASlo and GASsh genes exhibited
a relatively low degree of homology, although their enzymes catalyze the formation of the
same product [37]. Based on the expression analysis, the transcripts of both genes were
particularly abundant within root and seedling tissues, where the accumulation of bitter
sesquiterpene lactones was indeed expected to be at the highest level [37,72]. However, it
was reported that the GASsh (chromosome 2) gene was poorly expressed in leaves, while
GASlo (chromosome 6) was expressed in both leaf and root tissues [65]. Testone et al.
characterized a third gene, named the GAS1 gene, that mapped to chromosome 5 [40].
From these results, the authors suggested the hypothesis of two distinct routes involved in
STL synthesis and the involvement of different GAS genes [40].

Similarly, different GAO genes were identified via independent studies and were
shown to convert germacrene A to its acid form [38–40]. According to Nguyen et al.
and Testone et al., two of these sequences, generically named GAO (but deposited under
different accession numbers), were mapped to the same position on chromosome 2 [38,40].
A third germacrene A oxidase gene, CYP71AV8, was mapped to chromosome 8 and was
found to be involved in STL biosynthesis [39].

In the last step of STL biosynthesis, COS is crucial for the formation of costunolide
derivates (Figure 4A). Testone et al., in addition to the GAS and GAO genes, also charac-
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terized a COS gene with the main idea of comprehending the regulation of bitter taste in
chicories [40].

3.3.3. Hydroxycinnamate Biosynthesis (HCA)

Hydroxycinnamates (HCAs) are secondary plant metabolites with phenylalanine as
a precursor and are widely distributed in plants [41,73,74]. In chicory, interest is mostly
focused on the biosynthesis of HCAs in the form of chlorogenic acid (CQA), isochlorogenic
acid, (diCQA), caftaric acid (CTA), and chicoric acid (diCTA) (Figure 4B). These valuable
molecules are responsible for many health benefits and are involved in plant protection
against abiotic and biotic stresses [75–77]. Legrand et al. shed light on the genetic basis
of HCA biosynthesis in C. intybus, isolating, cloning, and biochemically characterizing
five full-length cDNA sequences encoding hydroxycinnamoyl-CoA: shikimate/quinate
hydroxycinnamoyl transferases HCT1 and HCT2, and hydroxycinnamoyl-CoA/quinate
hydroxycinnamoyl transferases HQT1, HQT2, and HQT3 [41]. Similarly, three HQTs and
one HCT were discovered in artichoke, indicating the occurrence of several isoforms within
these two gene families [41,78].

3.3.4. Inulin Metabolism

Chicory root is one of the major natural sources of inulin, and this water-soluble
storage polysaccharide belongs to a group of nondigestible carbohydrates called fruc-
tans [79]. Inulin can act as a substitute for fats and sugars and as a texture modifier, and
it is becoming increasingly popular as a functional food ingredient [80,81]. The first year
of the growing season is a crucial determinant for inulin accumulation in chicory [10].
Inulin metabolism, schematically simplified in Figure 4C, is mediated by fructan-active
enzymes known as FAZYs, including sucrose 1-fructosyltransferase (1-SST) and fructan
1-fructosyltransferase (1-FFT), while inulin degradation is catalyzed by several isoforms
of fructan 1-exohydrolases (1-FEH Is and 1-FEH IIs), which remove terminal fructose
units [42,43,82].

A key factor in inulin accumulation is the allocation of sucrose as a substrate in
the taproot [10,83]. In this first step, the main actors are sucrose uptake transporters
(SUTs), which transfer sucrose from the source to the sink [10,84–86]. Wei et al. observed
distinct expression profiles of three SUT genes whose sequences were submitted to Gen-
Bank [10]. We localized these sequences to chromosome 5 and 2. A transcription factor
named CiMYB17 (chromosome 6) specifically activates the transcription of the 1-SST, 1-FFT,
1-FEH and SUT genes (Figure 4C) [45]. Briefly, 1-SST and 1-FFT were both mapped to
chromosome 6. Many independent studies have addressed instead the characterization of
fructan 1-exohydrolases (1-FEHs). The cDNA of the fructan 1-exohydrolase I-coding gene
(1-FEH I) of chicory (Cichorium intybus L.) was cloned, and its role was confirmed through
its heterologous expression in potato [42]. Based on our mapping, 1-FEH I is located on
chromosome 9.

Two isoforms were initially thought to be responsible for 1-FEH II production: 1-FEH
IIa and 1-FEH IIb [45]. These two sequences are located in LG4 of the Cadalen et al. map at
a distance of 1.8 cM from each other and 3.8 cM away from the EU07G10 SSR marker [25].
The same markers resulted in chromosome 9 of the physical map of Fan et al. [20]. In
parallel, Michiels et al. cloned and sequenced a cDNA derived from another putative
1-FEH IIa-coding gene (here renamed 1-FEH IIa2 and not to be confused with the original
1-FEH IIa sequence mentioned above) and partially characterized its promoter region in a
transient expression assay [44]. Similarly, a sequence analysis of the promoter region of
another putative 1-FEH IIb-coding gene (here renamed 1-FEH IIb2 and not to be confused
with the original 1-FEH IIb sequence mentioned above) was conducted by Wei et al. [45].
To summarize, 1-FEH IIb was mapped to chromosome 9, whereas the other three 1-FEH
II sequences (1-FEH IIa, 1-FEH IIa2, and 1-FEHII b2) retrieved from independent studies
was mapped within contig 45 of Fan et al. (JAKNSD010000045.1 [20]) very closely to each
other. However, the comparison between the genome assembly [20] and the GBS map by
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Palumbo et al. [28] supports the hypothesis that contig 45 is actually part of chromosome 9
(Figure S1). Thus, we can finally assume that the four 1-FEH II-related sequences are all
located on chromosome 9.

The specific role played by 1-FEH Is and 1-FEH IIs in inulin degradation has not yet
been fully elucidated. It was proposed that the induction of chicory 1-FEH Is is mainly
dependent on cold treatment, whereas that of 1-FEH IIs seems to be plausibly induced by
both cold treatment and defoliation [10,42,43,45,66].

3.3.5. Biotic and Abiotic Stresses

A significant number of studies have focused on biotic and abiotic stresses, demonstrat-
ing how crucial it is for breeding to understand the underlying mechanisms. In this section,
we will discuss some of the actors involved in the stress crosstalk response, including
nitrogen metabolism, protoporphyrinogen IX oxidase, dehydrins, dehydration-responsive
element-binding protein (DREB), a novel vacuolar Na+/H+ exchanger gene and a corky
root-related locus.

Nitrogen metabolism is one of the primary processes for plant growth, productivity,
metabolism, and stress tolerance [87,88]. Nitrate reductase is the main actor in the nitrogen
assimilatory pathway, catalyzing the two-electron reduction of nitrate to nitrite [89–91].
Using whole-mount in situ hybridization, Palms et al. demonstrated that young chicory
plants show the spatial regulation of nitrate reductase gene (named nia) in their roots as a
function of external nitrate concentration [46]. In this study, the full sequence of nia was
isolated and characterized in chicory, and it was further suggested that the chicory genome
contains a single nia gene (here mapped to chromosome 2) [46].

Protoporphyrinogen IX oxidase (protox, PPX1), a member of the protoporphyrinogen
oxidase (PPO) family, catalyzes the conversion of protoporphyrinogen IX (protogen) into
protoporphyrin IX (proto) [92,93]. PPO inhibitors prevent the formation of proto, causing
protogen to accumulate in chloroplasts and leak into the cytosol, where it is nonenzymati-
cally oxidized to proto [94,95]. Lipids and proteins are then oxidized, resulting in leaky
membranes and the rapid disintegration of organelles and cells [94,96,97]. Adomat et al.
isolated and sequenced the cDNA of plastidial PPX1 from chicory [47]. The sequence was
later mapped to LG1 in the map of Cadalen et al. [25] and on chromosome 4 in the physical
map of Fan et al. [20].

Dehydrins are plant proteins known to be induced in response to environmental
stresses (including drought, heat, freezing, metals/metalloids, or salinity), highlighting
their potential role in biotechnological strategies to increase resistance in adverse environ-
ments [98–102]. Mingeot et al. identified two dehydrin cDNAs (DHN1 and DHN2), both
expressed in roots and leaves, with seasonal variations in transcript accumulation [48]. As
dehydrins are involved in crosstalk processes, it would be interesting to further characterize
and identify correlated genes expressed in response to abiotic stresses.

The DREB1A gene, belonging to the A-1 subtype of the DREB gene subfamily [103,104],
has been identified as one of the most significant genes conferring tolerance in crops
overcoming stressors [105,106]. To this aim, Lang et al. identified genes involved in abiotic
stresses and reported their participation in ABA-independent stress signaling pathways in
chicory [49,50]. The results revealed that two genes (DREB1A and DREB2B) were induced
by low temperatures and that a novel vacuolar Na+/H+ exchanger gene (CiNHX1) was
induced by salt stress [49,50].

Finally, Muys et al. identified the close association between the bip-41 SSR marker
and CAld5H (coniferyl alcohol 5-hydroxylase) [27]. In lettuce, the same syntenic region
encompassing both bip-41 and CAld5H also contains a recessive gene (cor) conferring
resistance to Rhizomonas suberifaciens, the causal agent of corky root [27]. Further analyses
are needed to investigate whether or not the same locus is also available in chicory.
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3.3.6. Lilac-Blue Color

Flavonoids are a large group of secondary metabolites ubiquitously present in plants [107,108].
They are mostly known for their role as pigments, with studies primarily focusing on the an-
thocyanin subgroup [8,109–111]. In addition, flavonoids are involved in protection against
biotic and abiotic stress, in the regulation of developmental processes and in the integrity of
the plant structure [8,110] Seitz et al. studied F3′5′H (flavonoid 3′,5′-hydroxylase) evolution
from F3′H (flavonoid 3′-hydroxylase) in the Asteraceae family, probably triggered by an
amino acid change at one specific position of the substrate recognition site [51]. The attain-
ment of F3′5′H function allows the synthesis of delphinidin-based anthocyanins, which
usually provide the basis for lilac to blue flower colors. The two sequences of F3′H and
F3′5′H, obtained from this study, were retrieved and mapped nearby on chromosome 9.

3.3.7. Flowering Time

The study of Périlleux et al. focused on the root chicory FL1 gene, which belongs to
the FLC/MAF clade of MADS box genes and behaves like the AtFLC gene, the repressor
of flowering in Arabidopsis [52]. In this study, it was demonstrated that the FL1 gene
is downregulated in response to cold conditions and activated again at devernalizing
temperatures. Eventually, the overexpression of FL1 in Arabidopsis caused late flowering,
but FL1 repression was unstable when the postvernalization temperature was favorable
for flowering and when the plants were devernalized. However, this instability of FL1
repression may be related to the bienniality of root chicory as opposed to Arabidopsis’s
annual lifecycle [52]. The FL1 gene was mapped to chromosome 4.

3.3.8. Somatic Embryogenesis (SE)

Somatic embryogenesis (SE) is an asexual propagation pathway requiring a transition
of differentiated somatic cells toward embryogenic cells capable of producing embryos in
a process resembling zygotic embryogenesis [112]. This mechanism holds great promise
as a potential model in studies of early regulatory and morphogenetic events in plant
embryogenesis [113]. Studies on gene expression were conducted in chicory comparing
a SE-responsive genotype capable of undergoing complete cell reactivation, leading to
somatic embryogenesis, with a non-SE-responsive genotype [114,115]. Genes possibly
involved in somatic embryogenesis were first investigated through an extensive gener-
ation of expressed sequence tags (ESTs), but none of them turned out to be particularly
promising [114,115].

Some interesting gene loci expressed during the early stages of somatic embryogenesis
were studied in a Cichorium hybrid (C. intybus L., var. sativum × C. endivia L., var. latifolium)
after the differential screening of a cDNA library in the leaf tissue [53]. Nonsymbiotic
hemoglobin (nsHb) cDNA was isolated via Northern blot analysis. The gene was exclusively
expressed under somatic embryogenesis-inducing conditions, excluding the correlation
to stress caused by wounding or tissue culture conditions [53]. The sequence of this gene
was further integrated into the map of Cadalen et al. (LG9 [25]) and on chromosome 6
(Figure S2).

Furthermore, β-1,3-glucanases, glutathione S-transferases and GTP binding proteins
were investigated in independent studies as putative additional genes involved in SE
mechanisms. Grimault et al. showed that during SE, callose β-1,3-glucanases were localized
in the cell walls of embryogenic cells and embryos, suggesting a possible role in callose
degradation [116]. After SE induction, Helleboid et al. isolated three different and possibly
paralogous CG (callose glucanase) genes, all encoding β-1,3-glucanases [55]. The CG2 and
CG3 cDNA sequences showed very high identity (98.5%), whereas they shared only 70%
identity with CG1. In the map built and provided in Figure S2, these three genes were
localized on chromosome 5, with CG2 and CG3 mapping in the same position (and referred
to as CG2/3).

A cDNA encoding a glutathione S-transferase, chi-GST1, was isolated during the
early stages of SE via a differential display in leaf tissues of chicory [54]. This led to the
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hypothesis that the transcript accumulation of chi-GST1 was specific to the developing
leaf of the SE cultivar, whereas no expression was observed in the leaf tissue of the non-
SE-responsive cultivar [54]. Moreover, it was shown that GST genes were involved in a
variety of processes, such as the detoxification of xenobiotic molecules, protection against
the damaging effects of oxidative compounds resulting from cellular metabolism (such as
lipid peroxidation), and the intracellular transport of nonsubstrate molecules [54,117,118].

Similarly, transcripts from leaf tissue explants of a SE-responsive chicory and a non-SE
counterpart were compared to identify genes expressed during the early stages of SE [56].
By using the mRNA differential display method, two full-length GTP-binding protein
cDNAs were expressed exclusively in the leaf tissue of the SE-responsive genotype. The
two full-length GTP1 and GTP2 cDNAs differed by only 10 nucleotides, and the deduced
proteins diverged by three amino acids. The two sequences were mapped to the same
position on the physical map (Figure 3, chromosome 6, GTP1/2). GTP1 and GTP2 sequences
might represent two alleles of the same gene, as suggested by the authors [56].

3.3.9. Red Discoloration

Discoloration is a key postcutting trait that causes a loss of quality and consumer
rejection [57,119–122]. In response to cutting, chicory gradually turns red, since tissue
wounding induces the de novo synthesis of phenylalanine ammonia-lyase (PAL) and the
activation of the phenylpropanoid pathway. The expression patterns of the genes encoding
two phenylalanine ammonia-lyase (PAL) proteins (PAL1 and PAL2) were analyzed in
postcut chicon tissues in response to heat treatment and controlled atmosphere storage [57].
PAL1 and PAL2 were strongly expressed in unheated cut tissues, whereas heat shock was
found to reduce the level of PAL1 transcripts in sliced endive, preventing discoloration.
Transcript sequences of PAL1 and PAL2 were therefore included in the map reported in
Figure S2, specifically in chromosomes 4 (PAL1) and 1 (PAL2) [57]. Comparable experiments
in lettuce demonstrated that heat shock reduces the accumulation of PAL mRNAs and
hence inhibits tissue browning in leaves [123].

3.3.10. Gene Normalization

A critical step in the design of qRT—PCR experiments is the identification of reference
genes. They are essential for data normalization and responsible for the accuracy of the data.
Most importantly, the expression level of optimal reference genes should be comparable to
that of the target genes, and expression should be stable under the chosen experimental
conditions [58,59,124,125]. In chicory, Maroufi et al. identified seven candidate reference
genes, namely, nicotinamide adenine dinucleotide dehydrogenase (NADHD), actin (ACT),
β-tubulin (TUB), glyceraldehyde-3-phosphate-dehydrogenase (GADPH), histone H3 (H3),
elongation factor 1-alpha (EF) and 18S rRNA (rRNA) [59]. Six of the seven sequences
were available and are included in Figure S2. Similarly, Delporte et al., in a thorough
investigation, analyzed 12 reference genes for data normalization, suitable for both cell
cultures and seedlings [58]. Ten out of twelve were unequivocally matched with as many
loci of the physical map of Fan et al. as possible [20].

4. Conclusions

Molecular advances in chicory represent priceless information that deserves to be
properly collected, organized and stored for practical applications in breeding programs.
Molecular marker technologies have been widely and successfully employed in many
other horticultural crops and are considered extremely helpful for anticipating the selection
process for plants with desirable traits. The reported results aimed to provide researchers
with a simple mapping report that includes details on the genetic and physical locations of
markers as well as additional results from other datasets that include genes and molecular
markers. This led to the production of two easy-to-access consensus maps, one consisting of
639 molecular markers, useful for MAB applications, and a second reporting 64 sequences
of genes or marker-related genes, useful for MAS purposes.
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D.; Hendriks, T.; et al. Tissue Specific Expression and Genomic Organization of Bitter Sesquiterpene Lactone Biosynthesis in
Cichorium intybus L. (Asteraceae). Ind. Crops Prod. 2019, 129, 253–260. [CrossRef]

66. Van Laere, A.; Van Den Ende, W. Inulin Metabolism in Dicots: Chicory as a Model System. Plant Cell Environ. 2002, 25, 803–813.
[CrossRef]

67. Shoorideh, H.; Peighambari, S.A.; Omidi, M.; Naghavi, M.R.; Maroufi, A. Spatial Expression of Genes in Inulin Biosynthesis
Pathway in Wild and Root Type Chicory. J. Agric. Sci. Technol. 2018, 20, 1049–1058.

68. Ikezawa, N.; Göpfert, J.C.; Nguyen, D.T.; Kim, S.U.; O’Maille, P.E.; Spring, O.; Ro, D.K. Lettuce Costunolide Synthase (CYP71BL2)
and Its Homolog (CYP71BL1) from Sunflower Catalyze Distinct Regio- and Stereoselective Hydroxylations in Sesquiterpene
Lactone Metabolism. J. Biol. Chem. 2011, 286, 21601–21611. [CrossRef] [PubMed]

69. Liu, Q.; Majdi, M.; Cankar, K.; Goedbloed, M.; Charnikhova, T.; Verstappen, F.W.A.; de Vos, R.C.H.; Beekwilder, J.; van der Krol,
S.; Bouwmeester, H.J. Reconstitution of the Costunolide Biosynthetic Pathway in Yeast and Nicotiana Benthamiana. PLoS ONE
2011, 6, e23255. [CrossRef] [PubMed]

70. Ramirez, A.M.; Saillard, N.; Yang, T.; Franssen, M.C.R.; Bouwmeester, H.J.; Jongsma, M.A. Biosynthesis of Sesquiterpene Lactones
in Pyrethrum (Tanacetum cinerariifolium). PLoS ONE 2013, 8, e65030. [CrossRef]

71. Zhang, B.; Wang, Z.; Han, X.; Liu, X.; Wang, Q.; Zhang, J.; Zhao, H.; Tang, J.; Luo, K.; Zhai, Z.; et al. The Chromosome-
Scale Assembly of Endive (Cichorium endivia) Genome Provides Insights into the Sesquiterpenoid Biosynthesis. Genomics 2022,
114, 110400. [CrossRef]

72. Rees, S.; Harborne, J. The Role of Sesquiterpene Lactones and Phenolics in the Chemical Defence of the Chicory Plant. Phytochem-
istry 1985, 24, 2225–2231. [CrossRef]

73. Chandrasekara, A.; Shahidi, F. Content of Insoluble Bound Phenolics in Millets and Their Contribution to Antioxidant Capacity.
J. Agric. Food Chem. 2010, 58, 6706–6714. [CrossRef]

74. Roleira, F.M.F.; Siquet, C.; Orrù, E.; Garrido, E.M.; Garrido, J.; Milhazes, N.; Podda, G.; Paiva-Martins, F.; Reis, S.; Carvalho, R.A.;
et al. Lipophilic Phenolic Antioxidants: Correlation between Antioxidant Profile, Partition Coefficients and Redox Properties.
Bioorg. Med. Chem. 2010, 18, 5816–5825. [CrossRef]

75. Lallemand, L.A.; Zubieta, C.; Lee, S.G.; Wang, Y.; Acajjaoui, S.; Timmins, J.; McSweeney, S.; Jez, J.M.; McCarthy, J.G.; McCarthy,
A.A. A Structural Basis for the Biosynthesis of the Major Chlorogenic Acids Found in Coffee. Plant Physiol. 2012, 160, 249–260.
[CrossRef]

76. Bahri, M.; Hance, P.; Grec, S.; Quillet, M.C.; Trotin, F.; Hilbert, J.L.; Hendriks, T. A “Novel” Protocol for the Analysis of
Hydroxycinnamic Acids in Leaf Tissue of Chicory (Cichorium intybus L., Asteraceae). Sci. World J. 2012, 2012, 142983. [CrossRef]

77. Kandeler, R.; Ullrich, W.R. Symbolism of Plants: Examples from European-Mediterranean Culture Presented with Biology and
History of Art. J. Exp. Bot. 2009, 60, 3297–3299. [CrossRef]

78. Sonnante, G.; D’Amore, R.; Blanco, E.; Pierri, C.L.; de Palma, M.; Luo, J.; Tucci, M.; Martin, C. Novel Hydroxycinnamoyl-
Coenzyme a Quinate Transferase Genes from Artichoke Are Involved in the Synthesis of Chlorogenic Acid. Plant Physiol. 2010,
153, 1224–1238. [CrossRef]

79. Shoaib, M.; Shehzad, A.; Omar, M.; Rakha, A.; Raza, H.; Sharif, H.R.; Shakeel, A.; Ansari, A.; Niazi, S. Inulin: Properties, Health
Benefits and Food Applications; Elsevier: Amsterdam, The Netherlands, 2016; Volume 147.

80. Raninen, K.; Lappi, J.; Mykkänen, H.; Poutanen, K. Dietary Fiber Type Reflects Physiological Functionality: Comparison of Grain
Fiber, Inulin, and Polydextrose. Nutr. Rev. 2011, 69, 9–21. [CrossRef]

81. Stoyanova, S.; Geuns, J.; Hideg, É.; Van Den Ende, W. The Food Additives Inulin and Stevioside Counteract Oxidative Stress. Int.
J. Food Sci. Nutr. 2011, 62, 207–214. [CrossRef]

82. Kusch, U.; Greiner, S.; Steininger, H.; Meyer, A.D.; Corbière-Divialle, H.; Harms, K.; Rausch, T. Dissecting the Regulation of
Fructan Metabolism in Chicory (Cichorium intybus) Hairy Roots. New Phytol. 2009, 184, 127–140. [CrossRef]

83. van Arkel, J.; Vergauwen, R.; Sévenier, R.; Hakkert, J.C.; van Laere, A.; Bouwmeester, H.J.; Koops, A.J.; van der Meer, I.M. Sink
Filling, Inulin Metabolizing Enzymes and Carbohydrate Status in Field Grown Chicory (Cichorium intybus L.). J. Plant Physiol.
2012, 169, 1520–1529. [CrossRef]

84. Jian, H.; Lu, K.; Yang, B.; Wang, T.; Zhang, L.; Zhang, A.; Wang, J.; Liu, L.; Qu, C.; Li, J. Genome-Wide Analysis and Expression
Profiling of the SUC and SWEET Gene Families of Sucrose Transporters in Oilseed Rape (Brassica napus L.). Front. Plant Sci. 2016,
7, 1464. [CrossRef]

85. Péron, T.; Candat, A.; Montiel, G.; Veronesi, C.; Macherel, D.; Delavault, P.; Simier, P. New Insights into Phloem Unloading and
Expression of Sucrose Transporters in Vegetative Sinks of the Parasitic Plant Phelipanche ramosa L. (Pomel). Front. Plant Sci. 2017,
7, 2048. [CrossRef]

86. Lemoine, R.; La Camera, S.; Atanassova, R.; Dédaldéchamp, F.; Allario, T.; Pourtau, N.; Bonnemain, J.L.; Laloi, M.; Coutos-
Thévenot, P.; Maurousset, L.; et al. Source-to-Sink Transport of Sugar and Regulation by Environmental Factors. Front. Plant Sci.
2013, 4, 272. [CrossRef]

https://doi.org/10.1104/pp.125.4.1930
https://doi.org/10.1016/j.indcrop.2018.12.011
https://doi.org/10.1046/j.1365-3040.2002.00865.x
https://doi.org/10.1074/jbc.M110.216804
https://www.ncbi.nlm.nih.gov/pubmed/21515683
https://doi.org/10.1371/journal.pone.0023255
https://www.ncbi.nlm.nih.gov/pubmed/21858047
https://doi.org/10.1371/journal.pone.0065030
https://doi.org/10.1016/j.ygeno.2022.110400
https://doi.org/10.1016/S0031-9422(00)83015-0
https://doi.org/10.1021/jf100868b
https://doi.org/10.1016/j.bmc.2010.06.090
https://doi.org/10.1104/pp.112.202051
https://doi.org/10.1100/2012/142983
https://doi.org/10.1093/jxb/erp247
https://doi.org/10.1104/pp.109.150144
https://doi.org/10.1111/j.1753-4887.2010.00358.x
https://doi.org/10.3109/09637486.2010.523416
https://doi.org/10.1111/j.1469-8137.2009.02924.x
https://doi.org/10.1016/j.jplph.2012.06.005
https://doi.org/10.3389/fpls.2016.01464
https://doi.org/10.3389/fpls.2016.02048
https://doi.org/10.3389/fpls.2013.00272


Int. J. Mol. Sci. 2023, 24, 11663 21 of 22

87. Alves, H.L.S.; Matiolli, C.C.; Soares, R.C.; Almadanim, M.C.; Oliveira, M.M.; Abreu, I.A. Carbon/Nitrogen Metabolism and Stress
Response Networks—Calcium-Dependent Protein Kinases as the Missing Link? J. Exp. Bot. 2021, 72, 4190–4201. [CrossRef]

88. Di Martino, C.; Torino, V.; Minotti, P.; Pietrantonio, L.; Del Grosso, C.; Palmieri, D.; Palumbo, G.; Crawford, T.W.; Carfagna,
S. Mycorrhized Wheat Plants and Nitrogen Assimilation in Coexistence and Antagonism with Spontaneous Colonization of
Pathogenic and Saprophytic Fungi in a Soil of Low Fertility. Plants 2022, 11, 924. [CrossRef]

89. Kelly, S. The Amount of Nitrogen Used for Photosynthesis Modulates Molecular Evolution in Plants. Mol. Biol. Evol. 2018, 35,
1616–1625. [CrossRef]

90. Hoff, J.E.; Wilcox, G.E.; Jones, C.M. The Effect of Nitrate and Ammonium Nitrogen on the Free Amino Acid Composition of
Tomato Plants and Tomato Fruit. J. Am. Soc. Hortic. Sci. 1994, 99, 27–30. [CrossRef]

91. Hirel, B.; Bertin, P.; Quilleré, I.; Bourdoncle, W.; Attagnant, C.; Dellay, C.; Gouy, A.; Cadiou, S.; Retailliau, C.; Falque, M.; et al.
Towards a Better Understanding of the Genetic and Physiological Basis for Nitrogen Use Efficiency in Maize. Plant Physiol. 2001,
125, 1258–1270. [CrossRef]

92. Koch, M.; Breithaupt, C.; Kiefersauer, R.; Freigang, J.; Huber, R.; Messerschmidt, A. Crystal Structure of Protoporphyrinogen IX
Oxidase: A Key Enzyme in Haem and Chlorophyll Biosynthesis. EMBO J. 2004, 23, 1720–1728. [CrossRef] [PubMed]

93. Dayan, F.E.; Barker, A.; Tranel, P.J. Origins and Structure of Chloroplastic and Mitochondrial Plant Protoporphyrinogen Oxidases:
Implications for the Evolution of Herbicide Resistance. Pest. Manag. Sci. 2018, 74, 2226–2234. [CrossRef] [PubMed]

94. Park, J.; Ahn, Y.O.; Nam, J.-W.; Hong, M.-K.; Song, N.; Kim, T.; Yu, G.-H.; Sung, S.-K. Biochemical and Physiological Mode of
Action of Tiafenacil, a New Protoporphyrinogen IX Oxidase-Inhibiting Herbicide. Pestic. Biochem. Physiol. 2018, 152, 38–44.
[CrossRef]

95. Park, M.; Randel, W.J.; Kinnison, D.E.; Bourassa, A.E.; Degenstein, D.A.; Roth, C.Z.; McLinden, C.A.; Sioris, C.E.; Livesey, N.J.;
Santee, M.L. Variability of Stratospheric Reactive Nitrogen and Ozone Related to the QBO. J. Geophys. Res. Atmos. 2017, 122,
10103–10118. [CrossRef]

96. Duke, S.O.; Rebeiz, C.A. Porphyrin Biosynthesis as a Tool in Pest Management, an Overview. In Porphyric Pesticides; ACS
Symposium Series; ACS: Washington, DC, USA, 1994.

97. Hallahan, B.J.; Camilleri, P.; Smith, A.; Bowyer, J.R. Mode of Action Studies on a Chiral Diphenyl Ether Peroxidizing Herbi-
cide: Correlation between Differential Inhibition of Protoporphyrinogen IX Oxidase Activity and Induction of Tetrapyrrole
Accumulation by the Enantiomers. Plant Physiol. 1992, 100, 1211–1216. [CrossRef]

98. Close, T.J. Dehydrins: A Commonalty in the Response of Plants to Dehydration and Low Temperature. Physiol. Plant 1997, 100,
291–296. [CrossRef]

99. Puhakainen, T.; Hess, M.W.; Mäkelä, P.; Svensson, J.; Heino, P.; Palva, E.T. Overexpression of Multiple Dehydrin Genes Enhances
Tolerance to Freezing Stress in Arabidopsis. Plant Mol. Biol. 2004, 54, 743–753. [CrossRef]

100. Hundertmark, M.; Hincha, D.K. LEA (Late Embryogenesis Abundant) Proteins and Their Encoding Genes in Arabidopsis
Thaliana. BMC Genom. 2008, 9, 118. [CrossRef]

101. Tiwari, P.; Chakrabarty, D. Dehydrin in the Past Four Decades: From Chaperones to Transcription Co-Regulators in Regulating
Abiotic Stress Response. Curr. Res. Biotechnol. 2021, 3, 249–259. [CrossRef]

102. Abdul Aziz, M.; Sabeem, M.; Mullath, S.K.; Brini, F.; Masmoudi, K. Plant Group II LEA Proteins: Intrinsically Disordered
Structure for Multiple Functions in Response to Environmental Stresses. Biomolecules 2021, 11, 1662. [CrossRef]

103. Kohan-Baghkheirati, E.; Bagherieh-Najjar, M.; Abdolzadeh, A.; Geisler-Lee, J. Altered DREB1A Gene Expression in Arabidopsis
Thaliana Leads to Change in Root Growth, Antioxidant Enzymes Activity, and Response to Salinity but Not to Cold. J. Genet.
Resour. 2018, 4, 90–104. [CrossRef]

104. Abedi, S.; Iranbakhsh, A.; Ardebili, Z.O.; Ebadi, M. Nitric Oxide and Selenium Nanoparticles Confer Changes in Growth,
Metabolism, Antioxidant Machinery, Gene Expression, and Flowering in Chicory (Cichorium intybus L.): Potential Benefits and
Risk Assessment. Environ. Sci. Pollut. Res. 2021, 28, 3136–3148. [CrossRef]

105. Donde, R.; Gupta, M.K.; Gouda, G.; Kumar, J.; Vadde, R.; Sahoo, K.K.; Dash, S.K.; Behera, L. Computational Characterization of
Structural and Functional Roles of DREB1A, DREB1B and DREB1C in Enhancing Cold Tolerance in Rice Plant. Amino Acids 2019,
51, 839–853. [CrossRef]

106. Kidokoro, S.; Watanabe, K.; Ohori, T.; Moriwaki, T.; Maruyama, K.; Mizoi, J.; Myint Phyu Sin Htwe, N.; Fujita, Y.; Sekita,
S.; Shinozaki, K.; et al. Soybean DREB1/CBF-Type Transcription Factors Function in Heat and Drought as Well as Cold
Stress-Responsive Gene Expression. Plant J. 2015, 81, 505–518. [CrossRef] [PubMed]

107. Hollman, P.C.H.; Katan, M.B. Absorption, Metabolism and Health Effects of Dietary Flavonoids in Man. Biomed. Pharmacother.
1997, 51, 305–310. [CrossRef]

108. Robards, K.; Prenzler, P.D.; Tucker, G.; Swatsitang, P.; Glover, W. Phenolic Compounds and Their Role in Oxidative Processes in
Fruits. Food Chem. 1999, 66, 401–436. [CrossRef]

109. Verpoorte, R.; van der Heijden, R.; Memelink, J. Engineering the Plant Cell Factory for Secondary Metabolite Production.
Transgenic Res. 2000, 9, 323–343. [CrossRef] [PubMed]

110. Roy, A.; Khan, A.; Ahmad, I.; Alghamdi, S.; Rajab, B.S.; Babalghith, A.O.; Alshahrani, M.Y.; Islam, S.; Islam, R. Flavonoids a
Bioactive Compound from Medicinal Plants and Its Therapeutic Applications. Biomed. Res. Int. 2022, 2022, 5445291. [CrossRef]
[PubMed]

111. Amalesh, S.; Gouranga, D.; Sanjoy Kumar, D. Roles of Flavonoids in Plants. Int. J. Pharm. Sci. Technol. 2011, 6, 12–35.

https://doi.org/10.1093/jxb/erab136
https://doi.org/10.3390/plants11070924
https://doi.org/10.1093/molbev/msy043
https://doi.org/10.21273/JASHS.99.1.27
https://doi.org/10.1104/pp.125.3.1258
https://doi.org/10.1038/sj.emboj.7600189
https://www.ncbi.nlm.nih.gov/pubmed/15057273
https://doi.org/10.1002/ps.4744
https://www.ncbi.nlm.nih.gov/pubmed/28967179
https://doi.org/10.1016/j.pestbp.2018.08.010
https://doi.org/10.1002/2017JD027061
https://doi.org/10.1104/pp.100.3.1211
https://doi.org/10.1111/j.1399-3054.1997.tb04785.x
https://doi.org/10.1023/B:PLAN.0000040903.66496.a4
https://doi.org/10.1186/1471-2164-9-118
https://doi.org/10.1016/j.crbiot.2021.07.005
https://doi.org/10.3390/biom11111662
https://doi.org/10.22080/jgr.2019.15528.1117
https://doi.org/10.1007/s11356-020-10706-2
https://doi.org/10.1007/s00726-019-02727-0
https://doi.org/10.1111/tpj.12746
https://www.ncbi.nlm.nih.gov/pubmed/25495120
https://doi.org/10.1016/S0753-3322(97)88045-6
https://doi.org/10.1016/S0308-8146(99)00093-X
https://doi.org/10.1023/A:1008966404981
https://www.ncbi.nlm.nih.gov/pubmed/11131010
https://doi.org/10.1155/2022/5445291
https://www.ncbi.nlm.nih.gov/pubmed/35707379


Int. J. Mol. Sci. 2023, 24, 11663 22 of 22

112. Karami, O.; Aghavaisi, B.; Mahmoudi Pour, A. Molecular Aspects of Somatic-to-Embryogenic Transition in Plants. J. Chem. Biol.
2009, 2, 177–190. [CrossRef]

113. Zimmerman, J.L. Somatic Embryogenesis: A Model for Early Development in Higher Plants. Plant Cell 1993, 5, 1411–1423.
[CrossRef]

114. Legrand, S.; Hendriks, T.; Hubert, J.L.; Quillet, M.C. Characterization of Expressed Sequence Tags Obtained by SSH during
Somatic Embryogenesis in Cichorium intybus L. BMC Plant Biol. 2007, 7, 27. [CrossRef]

115. Lucau-Danila, A.; Laborde, L.; Legrand, S.; Huot, L.; Hot, D.; Lemoine, Y.; Hilbert, J.L.; Hawkins, S.; Quillet, M.C.; Hendriks, T.;
et al. Identification of Novel Genes Potentially Involved in Somatic Embryogenesis in Chicory (Cichorium intybus L.). BMC Plant
Biol. 2010, 10, 27. [CrossRef]

116. Grimault, V.; Helleboid, S.; Vasseur, J.; Hilbert, J.-L. Co-Localization of ß-1,3-Glucanases and Callose during Somatic Embryogene-
sis in Cichorium. Plant Signal. Behav. 2007, 2, 455–461. [CrossRef]

117. Islam, S.; Rahman, I.A.; Islam, T.; Ghosh, A. Genome-Wide Identification and Expression Analysis of Glutathione S-Transferase
Gene Family in Tomato: Gaining an Insight to Their Physiological and Stress-Specific Roles. PLoS ONE 2017, 12, e0187504.
[CrossRef]

118. Gullner, G.; Komives, T.; Király, L.; Schröder, P. Glutathione S-Transferase Enzymes in Plant-Pathogen Interactions. Front. Plant
Sci. 2018, 871, 1836. [CrossRef]

119. Kays, S.J. Preharvest Factors Affecting Appearance. Postharvest Biol. Technol. 1999, 15, 233–247. [CrossRef]
120. Hilton, H.W.; Clifford, S.C.; Wurr, D.C.E.; Burton, K.S. The Influence of Agronomic Factors on the Visual Quality of Field-Grown,

Minimally-Processed Lettuce. J. Hortic. Sci. Biotechnol. 2009, 84, 193–198. [CrossRef]
121. Hunter, P.J.; Chadwick, M.; Graceson, A.; Hambidge, A.; Hand, P.; Heath, J.; Lignou, S.; Oruna-Concha, M.J.; Pink, D.; Rada,

B.; et al. Elucidation of the Biochemical Pathways Involved in Two Distinct Cut-Surface Discolouration Phenotypes of Lettuce.
Postharvest Biol. Technol. 2022, 183, 111753. [CrossRef]

122. Giannakourou, M.C.; Tsironi, T.N. Application of Processing and Packaging Hurdles for Fresh-Cut Fruits and Vegetables
Preservation. Foods 2021, 10, 830. [CrossRef]

123. Belen Martin-Diana, A.; Rico, D.; Barry-Ryan, C.; Mulcahy, J.; Frias, J.; Henehan, G.T.M. Effect of Heat Shock on Browning-Related
Enzymes in Minimally Processed Iceberg Lettuce and Crude Extracts. Biosci. Biotechnol. Biochem. 2005, 69, 1677–1685. [CrossRef]

124. Gimeno, J.; Eattock, N.; Van Deynze, A.; Blumwald, E. Selection and Validation of Reference Genes for Gene Expression Analysis
in Switchgrass (Panicum virgatum) Using Quantitative Real-Time RT-PCR. PLoS ONE 2014, 9, e91474. [CrossRef]

125. Huang, L.; Yan, H.; Jiang, X.; Zhang, X.; Zhang, Y.; Huang, X.; Zhang, Y.; Miao, J.; Xu, B.; Frazier, T.; et al. Evaluation of Candidate
Reference Genes for Normalization of Quantitative RT-PCR in Switchgrass Under Various Abiotic Stress Conditions. Bioenergy
Res. 2014, 7, 1201–1211. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s12154-009-0028-4
https://doi.org/10.2307/3869792
https://doi.org/10.1186/1471-2229-7-27
https://doi.org/10.1186/1471-2229-10-122
https://doi.org/10.4161/psb.2.6.4715
https://doi.org/10.1371/journal.pone.0187504
https://doi.org/10.3389/fpls.2018.01836
https://doi.org/10.1016/S0925-5214(98)00088-X
https://doi.org/10.1080/14620316.2009.11512503
https://doi.org/10.1016/j.postharvbio.2021.111753
https://doi.org/10.3390/foods10040830
https://doi.org/10.1271/bbb.69.1677
https://doi.org/10.1371/journal.pone.0091474
https://doi.org/10.1007/s12155-014-9457-1

	Introduction 
	Methods 
	Literature Research 
	Data Collection and Maps Drawing 

	Results and Discussion 
	Screening Literature Results 
	Toward a Genetic Genomic Map of Chicory Useful for Marker-Assisted Breeding 
	A Comprehensive Map for Marker-Assisted Selection Purposes 
	Reproductive Barriers 
	Chicory, the Special Bitter-Taste Vegetable—STL Biosynthesis 
	Hydroxycinnamate Biosynthesis (HCA) 
	Inulin Metabolism 
	Biotic and Abiotic Stresses 
	Lilac-Blue Color 
	Flowering Time 
	Somatic Embryogenesis (SE) 
	Red Discoloration 
	Gene Normalization 


	Conclusions 
	References

