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Abstract: Fennel, or Foeniculum vulgare Mill., is an important horticultural crop belonging to the
Apiaceae family that is cultivated worldwide and used in the agri-food sector and for pharmaceutical
preparations. Breeding strategies in this species usually involve three parental lines, including two
maternal lines (one cytoplasmic male-sterile line and an ideotype representative maintainer line)
that are crossed to obtain an ideotype representative of the cytoplasmic male-sterile line and one
paternal line, used as a pollinator in crosses with the progeny of the derived maternal lines. From
this cross, F1 hybrid progenies are obtained, which are characterized by high levels of heterozygosity
and hybrid vigor. In this study, over 450 plants, representing 8 breeding populations and their
respective 3 parental and 1 progeny line, were genotyped by means of codominant molecular
markers. The 12 highly polymorphic microsatellites enabled the analyses of the genetic variability,
distinctiveness and stability of each breeding line. Moreover, the genetic structure of the core
collection was investigated, which, together with the homozygosity, gene flow and genetic similarity
results, allowed the identification of unsuitable lines to be used in breeding plans due to their low
homozygosity (10.4% in the pollinator line of population 7). Moreover, the Bayesian reconstruction of
the core collection’s genetic structure, based on the codominant markers used, allowed us to confirm
the distinctiveness results obtained from the genetic similarity investigation and the computed gene
flow estimates. Among these, a trend in hybrid heterozygosity was also observed, that increased
when the genetic similarity between the respective parental lines decreased. Thus, this research
proposes a suitable method for genotyping fennel populations in pre- and post-breeding approaches,
such as marker-assisted breeding or breeding line distinctiveness and stability verifications.

Keywords: SSR makers; marker-assisted breeding; genetic distinctiveness; genetic stability; popula-
tion genetic structure

1. Introduction

Fennel (Foeniculum vulgare Mill., 2n = 2x = 22) is a diploid horticultural crop character-
ized by a biennial or perennial developmental cycle. This species belongs to the Apiaceae
family and originates in the southern Mediterranean regions [1]. After its domestication,
fennel spread all over the world and became an important crop used for food and pharma-
ceutical purposes [2–5]. Due to the economic value of this species (nearly 2 million tons
around the world and over 42 thousand tons in Europe in 2019 [6]) and to the increasing
market demand, breeders need to develop better-performing varieties.

Breeding strategies in fennel are mainly based on the constitution and production of
F1 hybrids, which are greatly facilitated by the prevalently allogamous and proterandrous
behavior (i.e., anthers maturate before pistils) [7,8]. Although self-fertilization usually does
not occur within the same flower, it is still possible within the same umbel or between two
umbels of the same plant. For this reason, a male sterility system is required. In this regard,
hybrid seeds in fennel are commonly obtained by exploiting a three-line-based system
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characterized by a cytoplasmic male-sterile seed line (strain CMS), a male fertile sister line
(also known as maintainer line, strain M) and a pollinator line (strain P) with a general
combining ability (GCA) with the CMS line. Strains P and M are initially obtained through
several generations of selfing or siblings to achieve high uniformity and high homozygosity.
Strain CMS is developed through backcrossing by using strain P as a recurrent parent and
a CMS genotype as a nonrecurrent parent. After several cycles of backcrossing (usually
6–7), the resulting progeny will be isogenic to strain M, except for the cytoplasm, which
will be CMS. The newly obtained line (strain CMS) will then be used as a mother plant
(or seed plant) and crossed with strain P for F1 hybrid production, while strain M will
be used to maintain strain CMS. By crossing highly dissimilar strains P and CMS, the
resulting offspring are expected to exhibit a high level of heterozygosity, maximizing
heterotic vigor [7,9,10]. Following F1 hybrid development, the registration process of
the new plant variety is subject to compliance with rigorous and specific requirements
concerning distinctness (D), uniformity (U) and stability (S). Specifically, the new variety
must be distinguishable from those already registered, phenotypically uniform and stable
during subsequent propagation cycles.

The entire process, from the constitution of the parental lines to the evaluation of the
resulting F1 hybrids to variety registration, is greatly facilitated by molecular markers. In
particular, single nucleotide polymorphisms (SNPs) and simple sequence repeats (SSRs) are
the two most attractive classes of markers due to their reproducibility, codominant nature,
locus specificity and random genome-wide distribution. SSRs and SNPs can be used to
genotype the parents to select and to cross with the genetically more dissimilar offspring.
SSRs and SNPs are pivotal to estimate the homozygosity of the parental lines as well the
heterozygosity of the resulting offspring, and they are exploited to determine the stability
of a new variety and any possible similarity with registered cultivars. In addition, SSRs
and SNPs represent effective tools for addressing legal disputes related to improper use of
registered varieties.

In the present study, based on the SSR panel developed by Palumbo et al. [11], 8 breed-
ing populations, each represented by parental lines (cytoplasmic male sterile seed plants,
CMS; maintainers, M; and pollinators, P) and F1 hybrid progenies (H), were genotyped
by means of 12 highly polymorphic simple sequence repeat (SSR) markers. These analy-
ses aimed to determine the uniformity of each population in terms of genetic similarity
and homozygosity to identify a correlation between the stability of the F1 hybrids and
the genomic background of their parents. The effectiveness of the SSR panel was also
discussed in broader terms for marker-assisted breading (MAB) analyses, DUS testing and
varietal registration.

2. Materials and Methods

2.1. Plant Material
In this study, 451 samples belonging to 8 breeding populations of fennel were con-

sidered. Each population (numbered from 1 to 8) was composed of four different lines,
as follows: cytoplasmic male-sterile (CMS), maintainer (M), pollinator (P) and F1 hybrid
(H). Considering that populations 5 and 6 shared the same CMS and M lines, the study
involved 30 lines, with each composed of 4–28 individuals.

2.2. Genomic DNA Isolation and SSR Marker Analysis
Genomic DNA (gDNA) was extracted from 451 samples of young leaves using the

DNeasy 96 Plant kit (Qiagen, Hilden, Germany), following the manufacturer’s protocols.
DNA quality and quantity were estimated using a NanoDrop 2000c UV–Vis spectropho-
tometer (Thermo Fisher, Pittsburgh, PA, USA). The gDNA integrity of the extracted samples
was evaluated by electrophoresis on a 1% agarose/1⇥ TAE gel containing 1⇥ Sybr® Safe
DNA gel stain (Life Technology, Carlsbad, CA, USA). For the genotyping analyses, 12 SSR
markers were selected from a publication by Palumbo et al. [11] (Table 1) by selecting mark-
ers with high polymorphism information content (PIC). After an initial phase of testing
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to verify the presence of polymorphic alleles for each marker, primers were organized
into two multiplexes. Amplifications were performed using the M13-tailed SSR method
described by Schuelke [12] and modified as reported by Palumbo et al. [13,14] using four
different fluorophores (6-FAM, VIC, NED and PET). PCR was performed in a final volume
of 20 µL containing 1x Platinum Multiplex PCR Master Mix (Thermo Scientific, Carlsbad,
CA, USA), 5% GC Enhancer (Thermo Scientific), 0.25 µM of each tailed primer, 0.75 µM
of each nontailed primer, 0.5 µM of each labeled primer (Applied Biosystem, Carlsbad,
CA, USA), 30 ng of gDNA and sterile water to volume. PCR products were then analyzed
through capillary electrophoresis using an ABI 3730 DNA Analyzer (Applied Biosystem),
and the resulting chromatograms were screened to determine the fragment size at each
locus using Peak Scanner software 2.0 (Applied Biosystem).

Table 1. List of SSR markers reporting locus name, forward and reverse primer sequences (50 to 30),
microsatellite motif, minimum and maximum size (bp) and anchor type [11].

Locus Name Primer Forward Primer Reverse Motif Min Size Max Size Anchor

FV_2 CAAAGAATGGAAAACATGCTG CAAAGAATGGAAAACATGCTG CAA 129 152 PAN1
FV_6 TATGTTCTCAGATTCGGGTTA TATGTTCTCAGATTCGGGTTA TC 214 226 M13

FV_253 TTGTAGAGATACAGGGTCGAA TTGTAGAGATACAGGGTCGAA TC 196 252 PAN1
FV_9919 AGTAAAGGCATAATCTGTTGGTGG AGTAAAGGCATAATCTGTTGGTGG GT 231 248 PAN3

FV_11537 TTCATGTATCAACTACGCACAC TTCATGTATCAACTACGCACAC AG 152 166 M13
FV_15981 CTAGCGTTTCCATCTCGTCTC CTAGCGTTTCCATCTCGTCTC TC 235 245 PAN1
FV_18902 GTTTGAACTCGAATGACCACCT GTTTGAACTCGAATGACCACCT TC 410 424 PAN2
FV_179837 ATTCACCATGACATCACCTC ATTCACCATGACATCACCTC TC 320 336 M13
FV_217218 ACAAACGTACCTCTGTACGAA ACAAACGTACCTCTGTACGAA AG 345 360 M13
FV_217225 AAAGAATGGAGAGAAGAATGG AAAGAATGGAGAGAAGAATGG AG 309 344 PAN1
FV_290063 TGATTTCTCAAAGGCATTCTA TGATTTCTCAAAGGCATTCTA GA 294 324 PAN3
FV_290202 AGGGCTGAGATTAGTTTCTAGTT AGGGCTGAGATTAGTTTCTAGTT TA 139 210 PAN2

2.3. Genetic Diversity and Differentiation Statistics and Population Genetic Structure Analysis
Raw SSR data (available in Supplementary Table S1) were analyzed using the POP-

GENE software package v. 1.32 [15], and the following statistics were calculated for each
locus: number of alleles, frequency of the most abundant allele and PIC [11,16]. For each
line, the following statistics were calculated: number of observed (no) and effective (ne)
alleles [17]; number (npl) and percentages (%pl) of polymorphic alleles; observed (Ho) and
expected (He) homozygosity; Nei’s genetic diversity (H, [18]); and gene flow (Nm, [19]).
The same analyses were also repeated, considering together the CMS and M lines of each
population. In addition, total genetic diversity (HT) and genetic diversity within each
population (HS) [20] were also estimated, considering together the CMS and M lines of
each population.

Raw SSR data were also used to calculate the genetic similarity (GS) estimates between
individuals in all possible pairwise comparisons using Rohlf’s simple matching (SM)
coefficient, implemented in NTSYS v2.1 software [21]. The results were summarized in a
GS matrix, which was then used to calculate the average GS within and among each line.

Finally, the genetic structure of the core collection was investigated by a Bayesian
clustering algorithm using STRUCTURE v. 2.2 software [22]. The set number of possible
groups ranged from 1 to 30, and 10 replicates were conducted for each value of K based on
a burn-in of 200,000 and a final run of 1,000,000 Makarov chain Monte Carlo (MCMC) steps.
The obtained results were analyzed using STRUCTURE HARVESTER [23] web software to
calculate the most likely value of K and to determine the individuals’ memberships, which
were then plotted as a histogram using an Excel spreadsheet.

3. Results and Discussion

3.1. SSR Marker Descriptive Statistics and Genetic Variability
The descriptive statistics for all microsatellite markers are shown in Table 2, and the

raw dataset for the genotyped 451 samples is available in Table S1.
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Table 2. Descriptive statistics of SSR markers reporting the polymorphic information content (PIC),
number of marker alleles per locus and the highest marker allele frequency observed per locus (PIC
coefficients are calculated as Nei’s diversity, in agreement with Palumbo and Serrote [11,16]).

Locus Name PIC N. Alleles Highest Allele Frequency

FV_2 0.73 7 0.366
FV_6 0.65 7 0.514

FV_253 0.86 13 0.234
FV_9919 0.69 5 0.343
FV_11537 0.80 6 0.290
FV_15981 0.63 5 0.472
FV_18902 0.80 8 0.279

FV_179837 0.79 9 0.346
FV_217218 0.75 8 0.405
FV_217225 0.85 11 0.194
FV_290063 0.77 8 0.288
FV_290202 0.89 15 0.186

Mean 0.77 8.5 0.326

The descriptive statistics for the SSR markers used, which were selected from the study
by Palumbo et al. [11] for being highly polymorphic (with initial PIC > 0.5), demonstrated
their informativeness in relation to the high number of alleles observed among the core
collection, and the PIC values were consistently greater than 0.63. The polymorphism
degree was fully comparable between the present study and the study by Palumbo et al. In
both cases, FV_290202, FV_253 and FV_217225 resulted in the loci exhibiting the highest
PIC. According to Botstein et al. [24], marker loci with PIC > 0.5, 0.5 > PIC > 0.25 and
PIC < 0.25 are considered highly informative, reasonably informative and slightly infor-
mative, respectively. Thus, the results indicated that the SSR markers used in the present
study are all highly informative and suitable for comparative genotyping analyses.

The statistics calculated for each line are shown in Table 3.
Considering each line separately, the number of observed alleles ranged from 2 to 12,

with an average of 7.2. The highest numbers of polymorphic loci were observed in the F1
hybrid (H) group (on average 10.6 polymorphic loci), and several CMS lines (i.e., CMS1
and CMS8) also exhibited a considerable number of polymorphic loci. The average number
of observed alleles (na) per marker ranged from 1.17 to 2.75, and the number of effective
alleles (ne) ranged from 1.03 to 2.31. The number of effective alleles was lower than 1.5
in the parental lines and higher than 1.7 in hybrid lines, with the only exception being P7
(1.98). In agreement with previous results, the observed homozygosity (Ho) was greater
than 60% in parental lines and lower than 35% in hybrid lines, with an exception for the P7
line (Ho = 10.4%) (Table 3 and Figure 1).

As observed, Nei’s genetic diversity estimates were lower than 0.28 in parental lines
and greater than 0.38 in H lines (P7 was an exception, H = 0.47). The average Rohlf’s
genetic similarity (GS) (Figure 2) calculated within each line was constantly higher than
90%, with an overall mean value equal to 97.3%. Gene flow estimates were lower than 0.5
in parental lines (only P7 was higher, Nm = 4.78) and higher than 0.70 in H lines, with a
mean value of 2.11 and a range between 0.73 and 5.00. Thus, the parental lines presented
lower values in terms of the number of effective alleles (ne), genetic diversity (H) and gene
flow (Nm), while the same parameters in hybrid lines were consistently higher. Overall,
the parental lines demonstrated the expected results in terms of uniformity (due to the
high levels of genetic similarity calculated within lines and the low values of Nei’s genetic
diversity) and homozygosity (being derived from multiple cycles of sibling and selection).
The genotyping analyses allowed the identification of an undesired event related to the P7
line. This pollinator line had high values of genetic similarity and gene flow, in agreement
with the other parental lines, but its high effective number of marker alleles and its low
degree of homozygosity were more comparable to those of the F1 hybrids. This scenario
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suggested a possible origin of this line from a recent crossing (e.g., Px ⇥ Py or M ⇥ P)
between highly dissimilar and homozygous lines. However, it is worth mentioning that
the number of individuals analyzed for this line is very low, and consequently the genetic
population statistics related to P7 are considered less informative than those calculated for
the parental lines of the other populations. This said, the hybrid lines were all characterized
by high uniformity and low homozygosity as a consequence of crosses occurring between
highly homozygous parental lines for different alleles.

Table 3. Descriptive statistics for all SSR loci, including number of individuals (N), number (npl) of
polymorphic loci, percentage (%pl) of polymorphic loci, mean number of observed (na) alleles per
locus, mean number of effective (ne) alleles per locus, observed (Ho) homozygosity, expected (He)
homozygosity, Nei’s genetic diversity (H) and gene flow estimates (Nm).

Population ID N npl %pl na ne Ho He H Nm

CMS1 24 10 83.3% 2.33 1.39 0.72 0.77 0.23 0.32
CMS2 24 4 33.3% 1.67 1.11 0.91 0.92 0.08 0.33
CMS3 16 7 58.3% 1.58 1.21 0.83 0.86 0.13 0.44
CMS4 16 5 41.7% 1.42 1.15 0.90 0.91 0.09 0.33
CMS5 27 4 33.3% 1.33 1.10 0.94 0.94 0.06 0.24
CMS6 27 4 33.3% 1.33 1.10 0.94 0.94 0.06 0.24
CMS7 24 5 41.7% 1.50 1.09 0.93 0.94 0.06 0.34
CMS8 14 11 91.7% 2.25 1.47 0.64 0.72 0.28 0.43

Average CMS 20.7 6.6 54.8% 1.73 1.22 0.84 0.87 0.13 0.35

M1 23 7 58.3% 1.75 1.16 0.87 0.89 0.11 0.32
M2 24 4 33.3% 1.33 1.03 0.97 0.97 0.03 0.14
M3 13 4 33.3% 1.33 1.03 0.97 0.97 0.03 0.28
M4 14 3 25.0% 1.42 1.19 0.92 0.91 0.09 0.21
M5 28 5 41.7% 1.42 1.10 0.95 0.95 0.05 0.23
M6 28 5 41.7% 1.42 1.10 0.95 0.95 0.05 0.23
M7 19 5 41.7% 1.75 1.09 0.93 0.93 0.07 0.32
M8 13 5 41.7% 1.50 1.21 0.86 0.87 0.13 0.30

Average M 19.1 4.7 39.3% 1.50 1.12 0.92 0.93 0.07 0.26

P1 22 8 66.7% 1.83 1.18 0.92 0.88 0.11 0.34
P2 24 5 41.7% 1.50 1.11 0.98 0.92 0.07 0.05
P3 8 9 75.0% 2.00 1.23 0.81 0.84 0.15 0.39
P4 9 8 66.7% 1.90 1.49 0.69 0.75 0.24 0.42
P5 12 3 25.0% 1.50 1.27 0.92 0.87 0.13 0.10
P6 12 2 16.7% 1.17 1.05 0.96 0.96 0.03 0.39
P7 4 11 91.7% 2.08 1.98 0.10 0.46 0.47 4.78
P8 12 6 50.0% 1.50 1.23 0.86 0.86 0.13 0.18

Average P 11.6 6.3 52.4% 1.67 1.34 0.76 0.81 0.18 0.90

H1 12 10 83.3% 2.75 2.16 0.22 0.50 0.48 0.98
H2 12 11 91.7% 2.25 1.91 0.21 0.55 0.43 2.35
H3 8 11 91.7% 2.42 1.94 0.24 0.54 0.44 1.70
H4 7 11 91.7% 2.75 2.31 0.16 0.44 0.52 1.08
H5 7 10 83.3% 2.17 2.01 0.17 0.51 0.45 1.56
H6 7 10 83.3% 2.00 1.93 0.17 0.53 0.43 3.51
H7 8 12 100.0% 2.17 1.99 0.06 0.48 0.49 5.00
H8 8 9 75.0% 1.92 1.79 0.32 0.59 0.38 0.73

Average H 8.1 10.6 88.1% 2.24 1.98 0.19 0.52 0.45 2.28

Overall Mean 7.2 59.7% 1.82 1.43
Among overall 451 0.78 0.23 0.77 0.09
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Figure 1. Box plot of the median observed homozygosity (top) and observed heterozygosity (bottom)
related to, respectively, parental lines (M, maintainer; cytoplasmic male-sterile, CMS; P, pollen donor)
and F1 hybrid (H) offspring for each fennel breeding scheme. Each population is labeled with
different colors (the CMS and M lines of each variety have the same color tone whereas P lines are
represented by a darker color and H hybrids show a lighter color). The second and third quartiles are
marked inside the square and are divided by a bar (median). The cross (⇥) within each box represents
the mean value. Dots show outlier samples.

 

Figure 2. Average genetic similarity percentages (GS%) calculated within and among each population
using Rohlf’s simple matching coefficient. Variance values for each pairwise comparison between
lines and within lines were also computed, resulting in <0.5%.

3.2. Genetic Stability of Parental Lines and Distinctiveness of F1 Hybrids
In the constitution of F1 hybrids, the only possibility to sexually propagate the CMS

seed plant is through the exploitation of an isogenic fertile ideotype known as a maintainer.
To keep the seed plants (and, therefore, the resulting hybrids) uniform and stable over sev-
eral generations, it is of crucial importance that 1) the maintainer line is, in turn, genetically
uniform and 2) the CMS seed plants are produced exclusively by crossing CMS seed plants
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⇥ isogenic fertile maintainers. For this reason, the same statistics calculated singularly for
each line were also calculated for seven groups, each including the maintainer and the
related CMS line of each population (Table 4).

Table 4. Descriptive statistics for all SSR loci for CMS-M groups. The number of individuals (N),
number (npl) of polymorphic loci, percentage (%pl) of polymorphic loci, mean number of observed
(na) alleles per locus, mean number of effective (ne) alleles per locus, total (HT) genetic variability,
within (HS) genetic variability, observed (Ho) homozygosity, expected (He) homozygosity, Rohlf’s
simple matching genetic similarity (GS) coefficient and gene flow estimates (Nm). The mean values
within population (Mean CMS-M) and the mean values calculated considering all the possible
pairwise comparisons among the CMS-M groups were estimated.

Population ID N npl %pl na ne HT HS Ho He GS Nm

CMS1_M1 47 10 83.3% 2.58 1.28 0.19 0.80 0.81 0.96 2.38
CMS2_M2 48 6 50.0% 1.83 1.07 0.06 0.94 0.94 0.99 3.53
CMS3_M3 29 10 83.3% 1.92 1.13 0.10 0.89 0.90 0.98 1.78
CMS4_M4 30 6 50.0% 1.67 1.17 0.10 0.91 0.90 0.98 8.34
CMS5_M5 55 7 58.3% 1.58 1.10 0.06 0.95 0.95 0.99 69.19
CMS6_M6 55 7 58.3% 1.58 1.10 0.06 0.95 0.95 0.99 69.19
CMS7_M7 43 7 58.3% 1.92 1.09 0.07 0.93 0.94 0.98 4.39
CMS8_M8 27 11 91.7% 2.42 1.39 0.23 0.74 0.77 0.95 1.98

Mean CMS-M 279 8.1 67.9% 1.99 1.18 0.71

St. Dev. 2.1 17.6% 2.68 1.15

Among CMS-M 0.89 0.29 0.79 0.05

St. Dev. 0.07 0.07 0.02

Within male-sterile/maintainer groups (CMS-M), the number of polymorphic loci (npl)
ranged from 6 to 11, and the number of observed alleles (na) ranged between 1.58 and 2.58.
Notably, the number of effective alleles (ne), ranging from 1.07 to 1.39, was consistently
lower than the number of observed alleles, demonstrating a high uniformity (i.e., high
genetic similarity) within each CMS-M cluster. The high uniformity of most of the CMS-M
groups along with the robust differentiation from each other was also evident by comparing
the within and among GS estimates (on average 98% and 79%, respectively) and by relating
the gene flow (Nm) estimates calculated within and among the CMS-M groups (higher
than 1 in the first case and on average 0.05 in the second). In both cases, the low GS values
among the CMS-M groups and the total absence of gene flow among them demonstrated
the clear differentiation of each CMS-M and the lack of crossings between maternal lines
of different populations [25]. Moreover, within-population genetic variability (HS) was
found to be lower than 0.10 in seven of the eight groups analyzed in this study (exception
made for CMS8-M8, where HS = 0.23), thus demonstrating the high genetic uniformity of
the maternal lines in these populations, whereas total genetic differentiation (HT = 0.71)
demonstrated the extent of their genetic distinctiveness.

Another aspect to consider when constituting and maintaining a CMS-M group is
the degree of homozygosity. The aim is to develop a highly homozygous seed plant to
be crossed with a dissimilar and highly homozygous pollinator (P) line. The estimate of
the observed homozygosity (Ho) for each CMS-M group provided promising results, with
values between 0.74 and 0.95. Specifically, all the CMS-M groups had Ho values higher
than 90%, except for CMS1-M1, CMS8-M8 and CMS3-M3, in which additional cycles of
siblings are suggested to increase the uniformity of the resulting hybrids.

The high levels of uniformity and homozygosity of each P line are shown in Table 3.
In addition, a certain degree of distinctiveness among the pollinator lines was observed,
ranging from 69.3% (P4 vs. P7) to 95.8% (P5 vs. P6) (Figure 2). Thus, we hypothesized
that there is a genetic relationship among the most similar P lines used in these breeding
populations (e.g., P5 vs. P6), putatively derived from common ancestors.
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3.3. Genetic Dissimilarity among Parental Lines and Heterozygosity of F1 Hybrids
The GS was also calculated between parental lines (P and CMS). It is important for

the GS between CMS and P lines to be as low as possible to maximize the heterotic effect
and to obtain highly heterozygous F1 hybrids. The GS in the present study ranged from
67.2% (CMS7 vs. P7) to 80.1% (CMS3 vs. P3, Figure 2). Plotting and organizing the
population data based on the increment of hybrid heterozygosity (Figure 3) showed how
the hybrids (e.g., H3) exhibiting lower heterozygosity values (yellow area) resulted from
highly similar parental lines (e.g., CMS3 and P3; green dashed lines). Conversely, highly
dissimilar parental lines produced F1 hybrids characterized by high heterozygosity. In
terms of uniformity, Figure 3 clearly demonstrates how the genetic similarity of the parental
lines (blue and orange bars) affected the uniformity of the resulting offspring (gray bar).
The parental lines with low uniformity values gave rise to low uniform hybrid populations,
especially if the parents were characterized by suboptimal homozygosity values (POP1,
POP3 and POP8). In POP7, in which CMS and P lines were highly uniform and highly
dissimilar (67.2%), the H line resulted in the most heterozygous hybrid population, and one
of the most uniform, despite the homozygosity of its pollinator being among the lowest (Ho
of P7 = 10.4%). A possible explanation for this could be the small number of hybrids and
pollinators analyzed for POP7, resulting in a lack of representativeness. Nevertheless, the
results obtained in the other analyzed populations showed a trend for the latter to originate
uniform and heterozygous hybrids in relation to the uniformity, genetic dissimilarity and
homozygosity of the parental lines.

 

Figure 3. Graphical representation of the genetic similarity (Sim) calculated within the CMS (blue
bar), H (gray bar) and P (orange bar) lines of each population (vertical scale on the left) as well as the
H line heterozygosity (yellow area), genetic similarity among the CMS and P lines (green dashed
line) and their average homozygosity (red dashed line) (vertical scale on the right).

3.4. Genetic Structure of the Core Collection and Genetic Distinctiveness of Breeding Stocks
Following the hypothesis of putative relationships between several breeding lines be-

longing to different populations, the genetic structure of the fennel core collection was inves-
tigated. Using STRUCTURE software [22], 11 clusters were identified that grouped samples
in agreement with the breeding line to which they belonged (DK = 39.72) (Figures 4 and 5).
Specifically, each of the seven CMS-M groups (populations 5 and 6 shared the same mater-
nal lines) was represented by a specific cluster, showing an average membership percentage
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of 97.6%. According to the GS, and the within (HS) and total (HT) genetic differentiation
estimates, these findings confirmed the distinctiveness of each CMS-M group.

Figure 4. DK estimation from STUCTURE Harvester web software elaboration of the STRUCTURE
software results. The most probable value of K was equal to 11.

Figure 5. Histogram representing the membership of each sample to one of the 11 identified clus-
ters. The names of each line are reported above bars and are labeled with the same color of the
respective cluster.

The pollinator lines were all represented by four ancestors (different from the seven
observed for the CMS-M groups) as follows: P1 and P3 (GS = 90.2%) were ascribed to the
same cluster (colored in orange in Figure 5); P2 was grouped with P5 and P6 (average GS
= 81.3%) (colored in yellow in Figure 5); and P4 and P8 constituted two separate clusters.
Additionally, all samples scored membership values to their respective cluster, consistently
higher than 95%, with few exceptions. A separate case was represented by P7, from which
the results were (~40%/60%) admixed between P2–P5–P6 and the CMS1–M1 cluster. This
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finding, in addition to the suboptimal homozygosity and the abnormal gene flow values
observed for P7, corroborated the hypothesis that this line is the result of a recent crossing
between a maintainer (M1) and a pollinator line (P2, P3 or P6).

Finally, the memberships of the F1 hybrid lines consistently showed memberships
of ~50%/50% to the respective maternal and paternal clusters, thus demonstrating the
reliability of the clustering method. Thus, the results obtained from the genetic structure
reconstruction agreed with the genetic variability results described in Table 3.

4. Conclusions

The genotyping analysis of the core collection of fennel breeding stocks described in
this work, along with its genetic descriptive statistics calculation and its genetic structure
reconstruction, not only determined the reliability of the method proposed based on
microsatellite markers but also provided a suitable molecular approach for plant variety
traceability and post-breeding controls. The obtained results discriminated or clustered
plant samples depending on the breeding line to which they belonged and identified
unsuitable parental genotypes (e.g., P7), even though the hybrid progenies obtained in the
breeding program were genetically uniform and highly heterozygous. The overall results
highlighted the impossibility of the SSR marker panel used in this study to univocally
discriminate pollinator lines, thus suggesting the necessity of increasing the number of SSR
markers for the identification of closely related inbreds. Additionally, a certain correlation
between the uniformity and heterozygosity of the F1 hybrids with the respective parental
stability and dissimilarity, i.e., within-population genetic similarity and between-population
diversity, was observed, demonstrating the suitability of molecular markers in helping
breeders to partially predict the genetic background of F1 hybrids when planning two-
way crosses.

In conclusion, the genotyping method described in the present study can be used
for different applications related to the development of new fennel varieties and to the
assessment of their genetic identity for genetic traceability and legal protection purposes.
Further implementations will be performed in the future to investigate other informative
SSR marker loci to be used for marker-assisted breeding (MAB) aims or for assessing
distinctiveness, uniformity and stability (DUS) of new plant varieties.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agronomy12030542/s1, Table S1: Dataset containing the raw data of the 451 genotypes
analyzed with 12 SSR marker loci.
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