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Abstract: The present study was carried out to evaluate and characterize, for the first time, the genetic
potential of a collection of onion (Allium cepa L.) local accessions from the arid region of southern
Tunisia. The genetic diversity among 135 onion individuals, belonging to 23 accessions, was evaluated
using microsatellite (SSR) markers and phenotypic information. A total of 35 alleles were generated
with 11 SSRs. The polymorphic information content (PIC) value ranged from 0.08 to 0.95, with an
average PIC of 0.43. The expected heterozygosity averaged 0.37, and the observed heterozygosity
averaged 0.42. The analysis of molecular variance (AMOVA) revealed that 79% of genetic variation
existed within individuals. Structure and cluster analysis grouped the accessions into two major
clusters: landraces and pre-breeding lines. For the phenotypic traits evaluated, field trials were
conducted in two different environments. Significant differences among accessions were shown,
and for most traits, there was also a significant environmental effect and a significant interaction
between environment and accession. Great variability was found for all the traits that could be
exploited to create new varieties of onion adapted to local conditions by selecting appropriate parents
in hybridization breeding.

Keywords: diversity; landraces; microsatellites; breeding; phenotypic; G × E interaction

1. Introduction

Onion (Allium cepa L.) is a diploid (2n = 2x = 16) bulb crop that belongs to the Alliaceae
family. It is grown worldwide; hence, onion ranks second as the principal vegetable crop
after tomatoes, with an annual production of 100 million tons of dry bulbs [1]. The onion
bulb is highly nutritious and rich in flavonoids, such as quercetin, anthocyanins, fructo-
oligosaccharides, and organosulphur compounds [2]. Additionally, onions are specifically
rich in two chemical groups that have benefits for human health: flavonoids and alkenyl-
cysteine sulfoxides (ACSO) [3], which provide nutritional benefits and health-promoting
properties for human health such as anti-allergic effects [4], anti-cancerous activity [2],
cardiovascular support [5], and antiplatelet actions [6].

The long history of onion cultivation and its ability to adapt to different environments
have resulted in onions exhibiting great variation in bulb characteristics such as color, shape,
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size, flavor, and biochemical composition [6]. To characterize the wide genetic diversity of
onion genetic resources and thus be able to select the best parents to develop new onion
hybrids, breeders traditionally used morphological or biochemical markers. However, these
markers are limited in number and are influenced by the environment, agronomic practices,
and variable expressivity [7]. In this regard, molecular markers have helped to overcome
those problems and stand out due to their robustness, high polymorphism potential, and
stability to environmental changes. These markers allow the assessment of genetic diversity
based on various parameters, such as allele richness and heterozygosity. Co-dominant
simple sequence repeat (SSR) or microsatellite markers are among the most common
genetic markers used for the assessment of genetic diversity in vegetable collections [8–10].
SSR markers, developed from genomic regions and expressed sequence tag (EST)-SSR
markers, which represent coding regions of the genome, have been useful tools for the
characterization of genetic diversity in onion pre-breeding programs [11–14]. Nevertheless,
the combination of both morphological traits as well as molecular markers is the best
approach to exploring genetic diversity as they can provide complementary information,
which has already been shown in several plant species [8,15–19].

The diversity of Tunisian onion germplasm has scarcely been explored, and only
a few studies have been reported regarding the biochemical characterization of some
onion landraces [20]. The importance of Tunisian genetic resources as a valuable genetic
reservoir was demonstrated in several crops [21–25]. Therefore, both the conservation and
characterization of these materials are challenges to maintaining and protecting biodiversity.
Landraces are a very important source of genetic diversity, constituting an essential genetic
resource for plant breeders [22,26–28]. They contain genes that have been selected by
farmers or by nature based on their adaptation, productivity, or resistance to different
stresses [22,27]. These genes constitute an important gene pool to promote the breeding
of new cultivars suitable for low-input conditions. Therefore, the conservation of onion
landraces is crucial to maintaining the extant natural genetic diversity of the Allium species,
and their characterization will facilitate the selection of landraces with relevant traits for
cultivation in sustainable agri-food systems.

In this sense, to preserve Tunisian genetic resources, collections of open-pollinated
onion landraces were conducted in the southern region of the country, an area of traditional
cultivation in the arid zone, for their conservation and valorization [20]. In order to
give a sustainable output to these landraces, previous work of characterization, selection,
and improvement of this collected material is necessary. Thus, in the present study, the
genetic diversity and structure of a Tunisian onion collection have been assessed using
SSR molecular markers and phenotypic traits, revealing the genetic diversity available.
Characterization of the genetic variability will be a first step towards understanding the
diversity pattern of the onion landraces in Tunisia and the selection of appropriate parents
in future breeding studies.

2. Materials and Methods
2.1. Plant Material

A collection of 23 onion accessions was used in this study (Table 1, Figure 1). Among
these accessions, 19 were landraces collected from Tunisian farmers in the south of the
country during 2015–2017, and four were pre-breeding lines selected from accessions of
the UK Vegetable Genebank as having a good aptitude for postharvest conservation by
Dr. Rafika Sta-Baba at the Regional Research Centre on Horticulture and Organic Agricul-
ture (CRRHAB, Chott-Mariem, Tunisia). Most of these accessions have been previously
characterized by using physico-chemical traits [20].
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Table 1. Onion (Allium cepa L.) accessions used in the study.

Code Accession
Type

Site of Collection
/Origin Bulb Color Bulb Shape

Acce-1 Landrace Kebili White Transverse medium elliptic
Acce-2 Landrace Katana Gabes Yellow Broad elliptic
Acce-3 Landrace Ghannouch Gabes Red Transverse narrow elliptic
Acce-4 Landrace Kebili Violet Broad elliptic
Acce-5 Landrace Tozeur White Rhombic
Acce-6 Landrace Sidi Bouzid White Rhombic
Acce-7 Landrace Kebili Red Transverse medium elliptic
Acce-8 Landrace Chouba Gafsa Red Broad elliptic
Acce-9 Landrace Gabes Violet Transverse medium elliptic
Acce-10 PBL * Exotic White Circular
Acce-11 Landrace El hamma bechima Gabes White Transverse medium elliptic
Acce-12 Landrace Chouba Gafsa Yellow Circular
Acce-13 Landrace Chenchou Gabes Purple Transverse medium elliptic
Acce-14 Landrace Gabes Violet Broad elliptic
Acce-15 PBL Exotic Red Circular
Acce-16 PBL Exotic Yellow Rhombic
Acce-17 PBL Exotic White Circular
Acce-18 Landrace Gafsa Yellow Rhombic
Acce-19 Landrace Chenchou Gabes Red Circular
Acce-20 Landrace Ghannouch Gabes Red Transverse medium elliptic
Acce-21 Landrace Sidi Bouzid White Circular
Acce-22 Landrace Gabes Purple Transverse medium elliptic
Acce-23 Landrace Gabes Red Transverse medium elliptic

* PBL: pre-breeding line.
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Figure 1. Diversity of the onion bulb color and shape wise of some accessions used in this study.
(A) The pre-breeding lines Acce-10, Acce-15, Acce-16, and Acce-17; (B) Local onion landraces; Acce-7,
Acce-8, and Acce-19 with red color, Acce-6 and Acc-11 with white color; (C) Overview of the diversity
observed in the landraces collected from the Arid region of Tunisia.

2.2. DNA Extraction and SSR Genotyping

Fresh young leaves (0.05 g) from 30–45-day-old seedlings from onion accessions were
used for the extraction of genomic DNA using a modified CTAB method [29]. The purity
and quantity of DNA were evaluated using a NanoDropTM ND-10000 spectrophotometer
(Thermo Fisher Scientific, Wilmington, DE, USA). DNA working dilutions (10 ng/µL) were
prepared and stored at −20 ◦C until PCR analysis. Five to seven individuals per accession
were randomly sampled for molecular characterization except for Acce-19, Acce-20, Acce-
21, Acce-22, and Acce-23, of which only three individuals were used since they did not
germinate well.

A set of 11 EST-SSR markers, previously proven to be highly performant for genetic
onion characterization [12,30], was used to assess the genetic diversity among accessions in
our collection. PCR amplification reactions were carried out according to Mallor et al. [12]:
a total volume of 20 µL contained 12.5 ng genomic DNA, 1 × reaction buffer (20 mM
Tris-HCl pH 8.4 + 50 mM KCl), 2 mM MgCl2, 65 µM of each dNTP (Invitrogen, Carlsbad,
CA, USA), 0.2 U of Taq DNA polymerase (Invitrogen), 0.0625 µM forward primer contain
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an M13 tail (18-bp) at its 5′ end, 0.25 µM of each reverse, and labeled M13-forward primer
(5′-CACGACGTTGTAAAACGAC-3′). The four fluorescent dyes used were 6-FAM, VIC,
PET, or NED (Applied Biosystems, Foster City, CA, USA). Conditions of the amplification
reactions were: 94 ◦C (5 min)/4 cycles of 94 ◦C (30 s), 62 ◦C (45 s with each cycle and the
annealing temperature decreasing 1 ◦C), and 72 ◦C (45)/followed by 35 cycles of 94 ◦C
(30 s), 58 ◦C (45 s), 72 ◦C (45 s), and a final extension step at 72 ◦C for 10 min. Amplified
fragments were separated by automatic capillary electrophoresis on an ABI 3130XL Genetic
Analyzer (Applied Biosystems, Foster City, CA, USA). The raw data produced was analyzed
using Peak Scanner software (Applied Biosystems), and fragment size was scored in base
pairs (bp).

2.3. Molecular Data Analysis

Microsatellite fragments were scored as the presence (1) versus absence (0) of a spe-
cific allele, and the data were transformed into a biallelic matrix using allele size. For
EST-SSR data, the genetic indices, such as the number of alleles per locus (N), the ma-
jor allele frequency (MAF), the number of genotypes per locus (G), heterozygosity ob-
served (Ho), heterozygosity expected (He), Shannon’s information index (I), fixation index
(F = He − Ho/He), and the inbreeding coefficient, were performed using GenAlEx software
version 6.5 [31,32]. The informativeness of the SSR markers was measured by the polymor-
phism information content (PIC), which was calculated as follows [33]: PIC = 1 − (∑Pi2),
where Pi is the frequency of the ith allele in the set of onion accessions.

The software NTSYSpc v.2.1 [34] was used to estimate the genetic distances between
accessions based on the Simple Matching (SM) coefficient. The resulting matrix served as
input data for the cluster analysis using an unweighted pair-group method of averages (UP-
GMA) to generate a dendrogram. Moreover, analysis of the molecular variance (AMOVA)
was used to partition the genetic variation into inter- and intra-gene pool diversities in the
onion collection using GenAlEx program version 6.5 with 1000 permutations.

To provide the most reliable grouping of the onion accessions, the data were processed
using the STRUCTURE program version 2.3.4 [35]. The number of sup-populations was
estimated by 20 independent runs for each K (from 1 to 20) applying a Bayesian method,
100,000 burn-in periods and 100,000 Markov Chain Monte Carlo (MCMC) repetitions under
the admixture model and independent allele frequencies among populations. The means
of the log-likelihood estimates for each K were calculated. The most likely K value was
determined by implementing the ∆K method, described by Evanno et al. [36], using the
web-based program STRUCTURE HARVESTER [37].

2.4. Phenotypic Evaluation

Phenotypic differences among the accessions were also determined. For that, 19
accessions (from Acce-1 to Acce-19) were grown in two different regions: Gabes; an
oasis region (Latitude 33◦53′29′′ N, Longitude 9◦47′46′′ E and Altitude 64 m) in the arid
environment of south Tunisia; and Sahline station, Monastir (Latitude 35◦45′ N, Longitude
10◦48′ W and Altitude 10 m) near the coast, in the Centre-east Tunisia of semi-arid climate.

Sowing of the onion seeds started in mid-October under normal daylight greenhouse
conditions. Later, the onion seedlings were transplanted to the field in mid-January, and
the harvest took place from May to August. Onions were lifted by hand when 75% of the
foliage on each plot had collapsed. The experimental design was a randomized complete
block design with three replications. The agricultural practices (irrigation, fertilization, and
maintenance) were the same for all the plots in the same location and were according to
the crop husbandry practices of Tunisian farmers, which were as follows: irrigation was
applied twice a week until bulbing began, then reduced to once a week until maturity;
during cultivation, mineral fertilizers (85 kg ha−1 Ammonite, 70 kg P2O5 ha−1, 130 kg
KNO3) were applied; and weeds were removed manually every two weeks.

At harvest, the following measurements were recorded on 10 random bulbs per
accession and each location: diameter (cm) in two directions using a caliper; the fresh
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weight (g) of the bulbs; scales number; and thickness of neck (cm). Bulb color and shape
were determined visually according to the International Union for the Protection of New
Varieties of Plants (UPOV) descriptors. A sample of 100 g of each bulb was dried in a
convection oven at 80 ◦C for at least 48 h until a constant weight was reached, and dry
weight (g) and dry matter content (%) were determined as the ratio between dry weight
and fresh weight.

2.5. Phenotypic Data Analyses

All quantitative traits were subjected to analysis of variance (ANOVA) using the
generalized linear model (GLM) implemented in IBM SPSS Statistics, version 20.0 (IBM
Corp., Armonk, NY, USA) to determine the differences among the studied accessions.
Means were compared using Tukey’s test at the 0.05 level of significance. A two-factorial
linear model was used to determine the effects of genotype (G), environment (E), and their
interaction (G × E) on trait performance. Pearson correlation analysis was also carried
out to estimate the relationship between all phenotypic traits using SPSS v20.0. Besides,
the phenotypic, genotypic, and environmental variances, heritability, and coefficient of
variation were estimated by using the following equations [38]:

Genotypic variance: σ2
g = (GMS − EMS)/R,

where GMS is the genotypic mean square, EMS is the error mean square, and R is the
number of replications.

Environmental variance: σ2
e = EMS,

Phenotypic variance: σ2
p = σ2

g + σ2
e,

Broad-sense heritability estimates: H2 = σ2
g/σ2

p × 100,

Genotypic coefficient of variation: GCV =
√
σ2

g/
_
X × 100,

Phenotypic coefficient of variation: PCV =
√
σ2

p/
_
X × 100,

The expected genetic advance (GA) was calculated as suggested by Johnson et al. [39,40].
GA = k.H2.P, where k = 2.06 at 5% selection intensity or k = 1.76 at 10% selection intensity,
and P is the phenotypic standard deviation of the trait.

To measure the goodness of fit for the phenotypic and molecular analyses, cophenetic
correlation coefficient values between the dendrogram and the original distance matrix
were estimated from the phenotypic and SSR markers using a Mantel test procedure [41].
The correlation between phenotypic traits and SSR markers was also tested using the
same procedure.

3. Results
3.1. SSR Analysis

The set of 11 selected SSRs revealed that all markers were polymorphic and informa-
tive for describing the genotypic variation of 23 onion accessions, except ACM124 (which
was monomorphic) (Table 2). Three markers (ACM045, ACM134, and ACM187) were dinu-
cleotide SSRs, five were trinucleotides (ACM004, ACM006, ACL101, ACM146, ACM119)
and three were tetranucleotides. The amplicon size of loci across onion accessions varied
from 194 (ACM134) to 299 bp (ACM235). A total of 35 alleles were amplified, with an
average of 3.5 alleles per locus. The EST-SSR markers ACM235, ACM146, and AMCT119 de-
tected the lowest number of 2 alleles, whereas ACM006, ACM045, and ACM187 displayed
the highest number of 5 alleles. The major allele frequency ranged from 0.15 (ACM134) to
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0.89 (ACM235) (Table 2). Three specific alleles were detected: allele 211 (ACM006), allele
229 (ACM235), and allele 259 (ACM187), being specific to Acce-1, Acce-2, and Acce-13,
respectively (Table S2).

Table 2. Characteristics of the 11 SSR markers used for the genetic diversity analysis of onion accessions.

Locus Repeat Motif and
Number of Repeats

Forward Primer Sequence/
Reverse Primer Sequence

Expected
Size (bp) a

Obtained
Size (bp) N

Major
Allele

Frequency
PIC

ACM004 (CAA)4 TCGTTCTTTAGAACACGTTAGG
GTCGGCGGATATAGTGACA 220–203 220–230 3 0.81 0.20

ACM006 (CTC)7 GCAGTTCTCCCTTTGTAAAATCA
GTGATGGATGAGTGGATGGA 217–224 211–228 5 0.58 0.38

ACM101 (TCC)5 CCTTTGCTAACCAAATCCGA
CTTGTTGAGAAGGAGGACGC 227–239 227–239 4 0.71 0.17

ACM124 (AAAG)5 GCAAACTTGAATCCCTTCCA
AACCCGTTAAGAGGAGGGAA 217–225 240 - - -

ACM045 (TC)6 AAAACGAAGCAACAAACAAAA
CGACGAAGGTCATAAGTAGGC 255–280 260–268 5 0.17 0.94

ACM235 (TTTG)4 ACGCATTTTCAAATGAAGGC
TGAGTCGGCACTCACCTATG 288–299 290–299 2 0.89 0.08

ACM134 (GA)8 ACACACACAAGAGGGAAGGG
CACACACCCACACACATCAA 192–206 194–203 3 0.15 0.95

ACM146 (ACA)5 ATGTCCCAATTCGACCAGAG
CGTTACGGCTGAGAACTTCC 230–233 233–236 2 0.85 0.26

ACM187 (GT)6 GTACTCGGGCAGTGGAGGTA
GGAGCTGTCCAAATGCTAGG 228–266 226–265 5 0.68 0.33

ACM119 (AAT)8 TTTCAGCAACATAGTATTGCGTC
TCTTCGGGATTGGTATGGAG 242–206 246–254 2 0.49 0.54

ACM138 (CTGC)11 ACGGTTTGATGCACAAGATG
CCAACCAACAGTTGATACTGC 242–274 231–251 4 0.46 0.42

Mean ---- 3.50 ---- 0.43
a Expected size by Mallor et al. [12]. N: number of alleles, PIC: Polymorphic information content.

The polymorphism information content (PIC) was used to estimate the discriminatory
power of loci. The PIC value of the 10 EST-SSRs ranged from 0.08 (ACM235) to 0.95
(ACM134), with an average of 0.43. Two EST-SSRs (ACM045 and ACM134) showed the
highest PIC values, showing a PIC value > 0.8, making them the best markers for examining
the genetic diversity among individuals and for genetic mapping.

3.2. Genetic Diversity

The observed heterozygosity (Ho) ranged between 0.10 (ACM045), and 0.87 (ACM146)
with an average of 0.42 being higher than expected heterozygosity (He = 0.37). The high
level of heterozygosity within accessions is confirmed by a negative inbreeding coefficient
(Fis), with a mean value of −0.06. Shannon’s Information Index (I) was between 0.35
(ACM134) and 0.84 (ACM138), with an average of 0.59 (Table 3).

Cluster analysis revealed that the 23 accessions were assorted into two major groups
(Figure 2). Cluster I (CL1) was the largest, comprising the 19 accessions of landraces
collected from local farmers in South Tunisia. The second cluster (CL2) was formed by the
four pre-breeding lines selected during several years at the CRRHAB and which have an
exotic origin.

CL1 was further subdivided into three sub-clusters (CL1-1, CL1-2, and CL1-3), which
were not completely according to their geographical site of collection. CL1-1 contained
11 accessions characterized by a red bulb color for the majority of the accessions, except
for Acce-1, Acce-5, Acce-6, and Acce-11, which have white bulb colors, respectively. CL1-2
grouped 4 accessions, characterized mostly by circular bulb shapes, and CL1-3 grouped
4 accessions collected from Gabes-Oasis, which have a different microclimate from the
collection site.
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Table 3. Genetic features of the polymorphic SSRs used for the assessment of genetic diversity in
23 onion accessions.

Locus G Ho He I Fis

ACM004 6 0.47 0.38 0.60 −0.22
ACM006 10 0.55 0.48 0.80 −0.14
ACM101 8 0.58 0.45 0.72 −0.30
ACM045 9 0.10 0.26 0.48 0.60
ACM235 3 0.33 0.26 0.39 −0.25
ACM134 5 0.12 0.19 0.35 0.37
ACM146 4 0.87 0.48 0.67 −0.81
ACM187 7 0.58 0.39 0.66 −0.46
ACM119 3 0.25 0.32 0.48 0.20
ACM138 8 0.32 0.50 0.84 0.36

Mean -- 0.42 0.37 0.59 −0.06
G: number of genotypes, Ho and He: observed and expected heterozygosities, respectively, I: Shannon’s diversity
Index, and Fis: Inbreeding coefficient.
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Figure 2. Dendrogram of the Tunisian onion accessions studied by EST-SSR markers, based on
UPGMA analysis using the simple matching coefficient.

3.3. Population Structure

For population genetic structure analysis, the Bayesian clustering model was per-
formed using genotyping data generated according to the 10 polymorphic EST-SSR markers.
According to the clustering model, an Evanno test was performed and yielded K = 2 as the
highest log-likelihood, suggesting the existence of two major groups (subpopulations) in
the collection (Figure 3a,b), as previously revealed by the molecular cluster analysis.

Accessions were assigned to a group when they showed a membership higher than
0.7 in that particular group. Hence, at K = 2, 46 individuals (34%) were clustered in
subpopulation I, whereas subpopulation II consisted of 37 individuals (27%), showing that
they were strongly assigned to each subpopulation. The remaining individuals (39%) with
membership lower than 0.7 revealed an admixture structure (Figure 4).

The 19 collected Tunisian onion landraces were divided into five groups according to
the sampling locations (Tozeur, Kebili, Gafsa, Gabes, and Sidi Bouzid) (Figure 5). For each
group, the mean of the membership coefficient (Q) of the two subpopulations, detected
by structure analysis, was calculated. Subpopulation 1 (in green) was more abundant
in onion samples collected in Gafsa, Sidi Bouzid (both > 60%), and Kebili (nearly 60%).
The genetic structure of the samples collected in the Tozeur and Gabes locations is almost
equally distributed between the two subpopulations.
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coefficient (Q) mean of the local onion landraces is split according to each sampled location.

3.4. AMOVA Analysis

Analysis of molecular variance (AMOVA) showed a high proportion of variation
within populations (79%), whereas there was 21% genetic variation among populations
(Table 4). Genetic differentiation (FST) among the populations ranged from 0.063 to 0.398
(Supplementary Table S1), with the highest (FST = 0.398) being observed between the
landraces Acce-12 and Acce-14 and the lowest (FST = 0.063) between the pre-breeding line
Acce-16 and the landrace Acce-18.

Table 4. Analysis of molecular variance of onion accessions.

SV df SS MS Est. var PV (%) p-Value

Among populations 22 372.07 16.91 1.76 21% 0.001
Within populations 112 737.71 6.58 6.58 79% 0.001
Total 134 1109.78 8.35 100%

SV: source of variation; df: degree of freedom; SS: Sum of Squares; MS: Mean Squares; Est. var: estimated variance
component; PV: proportion of variance.

3.5. Phenotypic Diversity

Significant differences (p < 0.05) were observed among accessions for all the evaluated
traits: bulb diameter (4.8–9.5 cm), fresh weight (57.7–409.6 g), DMC (6.8–13.5%), number
of scales (6.7–13.0), and neck thickness (0.14–2.33) (Supplementary Tables S3 and S4). The
evaluated phenotypic traits varied according to the accessions and the location (Table 5).

The response of the accessions for all the phenotypic traits evaluated differs signifi-
cantly between environments, and the two-way ANOVA revealed a G × E effect (Table 6).

The results of phenotypic, genotypic, and environmental variances, as well as pheno-
typic and genotypic coefficients of variation for location 1 and location 2 (Table 7) showed,
for the two locations, that the PCV values exceeded the GCV values and the estimated
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heritability was high for all traits. An estimate of heritability is essential for applying an
optimum breeding strategy. The genetic advance was the highest for fresh weight.

Table 5. Morphological and quality features of the onion accessions by region.

Location 1 * Location 2

Traits Min ** Max ** Mean ± SD Min Max Mean ± SD

Bulb diameter (cm) 4.80 9.30 7.93 ± 1.35 5.50 9.50 7.76 ± 0.90
Fresh weight (g) 57.7 391.3 232.3 ± 104.1 176.6 409.6 281.1 ± 62.5
Dry matter content (%) 6.88 13.5 10.85 ± 1.95 8.43 12.95 11.27 ± 1.37
Scales number 6.70 11.7 9.19 ± 1.54 7.33 13.00 10.30 ± 1.61
Thickness of neck (cm) 0.60 2.19 1.25 ±0.41 0.14 2.33 1.47 ± 0.62

* Location 1: Gabes Oasis (South Tunisia) and Location 2: Sahline station (Centre-East Tunisia). ** Mini-
mum/maximum values; SD: standard deviation.

Table 6. Analysis of variance for effects of the onion accession (G), region of evaluation (E), and their
interaction (G × E) on the different morphological and quality features.

Sources BD * FW DMC SN NT

Accession (G) <0.001 <0.001 <0.001 <0.001 <0.001
Location (E) 0.313 <0.001 <0.001 <0.001 <0.001
G × E <0.001 <0.001 <0.001 <0.001 <0.001

* BD: Bulb diameter (cm); FW: Fresh weight (g); DMC: Dry matter content (%); SN: Scales number; NT: Thickness
of neck (cm). p-values are presented in the table.

Table 7. Estimates of genetic parameters (variance components, genetic variation, heritability, and
genetic advance) for quantitative traits in onion bulbs were evaluated at Location 1 (Gabes Oasis)
and Location 2 (Sahline Station).

Location 1 Location 2

BD FW DMC SN NT BD FW DMC SN NT

σ2e 1.03 1749.32 2.09 0.68 0.13 0.01 15.9 0.03 0.04 0.01
σ2g 1.36 10,243.67 3.11 2.15 0.12 0.86 3908.11 1.21 2.53 0.33
σ2p 2.39 11,992.99 5.20 2.83 0.25 0.87 3924.01 1.24 2.57 0.34
PCV (%) 19.49 47.13 21.03 18.3 40.28 12.04 22.75 10.27 15.69 43.00
GCV (%) 14.71 43.56 16.27 15.95 28.10 11.97 22.65 10.14 15.56 42.36
H2 56.90 85.41 59.81 75.97 48.00 98.85 99.59 97.58 98.44 97.06
GA 1.81 192.69 2.81 2.63 0.49 1.90 128.52 2.24 3.25 0.57
GAM (%) 22.82 82.93 25.89 28.65 39.55 24.48 46.56 20.63 31.81 38.77

BD: Bulb diameter, FW: Fresh weight (g), DMC: Dry matter content (%), SN: Scales number, NT: Neck thickness
(cm), σ2e: environmental variance, σ2g: genotypic variance and σ2p: phenotypic variance, PCV and GCV:
phenotypic and genotypic coefficient of variation, respectively. H2: broad sense heritability estimates, GA: genetic
advance, GAM: genetic advance as percent of the mean.

3.6. Phenotypic Correlation

A highly positive correlation occurred between the onion bulb diameter (BD) and fresh
weight (FW) (r = 0.874 **) and between the neck thickness (NT) and fresh weight (FW) (0.811
**). Moderately positive correlations occurred between the scale number and the fresh
weight (r = 0.477 **) and the bulb diameter (r = 0.460 **). The dry matter content (DMC)
was strongly correlated with onion fresh weight (FW) (r = 0.731 **) and BD (r = 0.782 **)
and moderately correlated with neck thickness (NT) (r = 0.458 *) and scale number (SN)
(r = 0.511 *).

3.7. Genotypic and Phenotypic Correlation

The cophenetic correlation coefficient value between the dendrogram and the original
distance matrix estimated from the phenotypic and SSR markers was rmorph = 0.83 and
rSSR = 0.34, respectively, indicating a good fit for both data. A negative and non-significant
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correlation between phenotypic traits and molecular markers (r =−0.12, p = 0.10) was found,
confirming the discrepancy between morphological variation and genetic polymorphism.

4. Discussion

Landraces are a valuable source of genes of interest, in particular genes for disease
resistance, adaptation to abiotic stresses, and quality. The genetic diversity that landraces
exhibit is very high due to factors such as the biotic and abiotic stresses to which they have
been subjected or some practices exercised by farmers that have favored the maintenance
and increase of this variability. Thus, for suitable exploitation and valorization of this
material in breeding programs to increase production, disease resistance, or crop quality,
evaluation and characterization are necessary. Our study represents the first report on
the analysis of the genetic diversity of a group of Tunisian Allium cepa landraces using
microsatellite markers and phenotypic traits to facilitate its use in onion breeding programs.

In A. cepa, SSR markers have been developed from genomic regions [14] and expressed
sequence tag (EST) [42], and they have been proven to be reproducible for cultivar discrim-
ination and mapping [43–45]. The EST-SSR markers used in our study have been a useful
tool in distinguishing all onion landraces, showing a wide genetic diversity of the landraces
from the arid region of Tunisia. A total of 35 alleles were generated with 11 EST-SSRs, of
which 10 were polymorphic. The percentage of polymorphic loci was 90.91%, which was
slightly lower than the 94.2% observed by Rivera et al. [11] but higher than those reported
in other onion collections from Brazil, India, or Spain evaluated with a comparable set
of markers [12,46,47], although this could be due to the volume, type, and origin of the
used accessions.

The PIC values oscillated between 0.17 and 0.95. This was higher than that observed
for tropical Indian onions (0.0–0.77) [46], but comparable to that reported in the collection
of Spanish landraces (0.0–0.89) [12]. The PIC value gives information on the relative ability
of the marker to detect genetic variability between accessions. Most of the EST-SSR markers
used in this study revealed a value of 0.43, which represented a moderate discriminatory
power, similar to that reported by Raj et al. [15] in a collection of 20 onion genotypes,
including released varieties and landraces. It should be noted that two molecular markers,
ACM045 and ACM134, had PIC values > 0.9, which were superior to those found (0.69 and
0.72, respectively) in a previous diversity study of 85 onion landraces from Spain [12].

The number of alleles in our onion collection ranged from 2 to 5, with an average
of 3.5 alleles per locus, slightly lower than the 3.9 alleles reported in the Spanish onion
collection [12]. The observed heterozygosity was higher (Ho = 0.42) than the expected
heterozygosity (He = 0.37), which revealed an excess of heterozygosity and indicated a
high genetic diversity, as confirmed by the negative value of the fixation index (Fis =−0.06).
Indeed, the degree of diversity, expressed as the frequency of heterozygotes, found in
our onion accessions was comparable to that reported in tropical Brazilian onions [47]
and agreed with the one observed by Simó et al. [48] in Spanish accessions. Besides, the
pairwise FST comparisons showed that the highest (FST = 0.398) was observed between the
landraces Acce-12 and Acce-14 and the lowest (FST = 0.063) between the pre-breeding line
Acce-16 and the landrace Acce-18. If FST is small, it means that allele frequencies within
each population are very similar; if it is large, it means that allele frequencies are very
different. A low level of genetic differentiation among onions may be caused by high gene
flow, and a high degree of gene flow can increase genetic diversity [48]. The presence of
specific alleles, detected in three onion landraces (Acce-1, Acce-2, and Acce-13) in our study,
might be of adaptive significance, and hence capture and preservation of these specific
alleles and genotypes is an important objective of any conservation strategy [12,49].

STRUCTURE and SM tree analyses based on EST-SSR markers showed that landraces
and pre-breeding lines were separated into two different clusters based on the accession
type and did not reveal any specific features based on bulb shape or dry matter content.
All landraces from the arid region of southern Tunisia were grouped in the CL1 cluster,
whereas pre-breeding lines were clustered together in CL2. Additionally, it should be
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noted that some landraces from the same geographical locations as Gabes Oasis were
closely sub-grouped in CL1-3, suggesting that these landraces probably have a common
genetic base.

The results of the AMOVA revealed that most of the variation could be attributed to
the differences within populations (79%). Although high variation within populations is
commonly expected for collections of open-pollinated onions, the results obtained are in
contrast with those found by Brahimi et al. [16], who reported that most of the marker
variation was due to the differences among onion populations in Morroco (58%). However,
Kumar et al. [50] reported, in garlic genetic diversity, that 84% of the variation was attributed
to intra-population and only 16% to variation among populations.

Regarding the phenotypic traits evaluated, field trials were conducted in two different
environments. The phenotypic characterization showed significant differences among
accessions, and for most traits, there was also a significant environmental effect and a
significant interaction between environment and accession (G × E). The strong influence of
the environment on phenotype was also reported by Brahimi et al. [16].

The quality of an onion bulb is determined by color (anthocyanin and flavonoid
content), firmness, number of scales, number of growing points, neck thickness, total
soluble solids (TSS), pungency, and antioxidants [51]. It has been observed that dry matter
(DMC), TSS, and pungency are positively correlated and show moderate to high heritability,
which allows simultaneous improvement through selection for these traits [51]. In our
study, significant differences in DMC contents were especially observed among the studied
onion accessions. DMC ranged from a minimum of 6.88% to a maximum of 13.50% in
Location-1 and between 8.43% and 12.95% in Location-2; these values are in accordance
with those reported previously (7.26–12.93%) by Sharma et al. [52]. DMC, consisting
mostly of fiber, starch, and sugars [53], is an important quality factor commonly estimated
indirectly as TSS by a refractometer. DMC determines, in part, the storage life, pungency,
and firmness [54]. DMC and TSS may be indicators of good storage [53]. Indeed, many
authors affirmed that the length of a healthy storage period was correlated with bulb dry
matter content. Onion bulbs with high dry matter content are more suitable for long-term
storage and tend to contain higher concentrations of fructans [53,54].

We reported herein that PCV values were slightly higher than the GCV values, demon-
strating an environmental influence on the evaluated traits. Similar results have been
reported [55,56], showing that the genetic coefficient of variation together with heritability
estimates would give the best indication of the amount of advance to be expected from
selection. Indeed, an estimate of heritability is essential for applying an optimum breeding
strategy. Dabholkar [57] reported that heritability estimates are classified as low (below
30%), medium (31–60%), and high (above 60%). In the present study, most of the traits had
high heritability (ranging between 48% and 85.4% in Location-1 and between 97.06 and
99.95% in Location-2) with moderate-to-high genetic advance (GA). Thus, the selection of
individuals showing interesting characteristics could be possible in the studied material.

The genetic advance was the highest for fresh weight, and the high heritability reflected
the predominance of additive gene action for the expression of this trait. Therefore, selection
based on this trait could predict the performance of the progenies. High heritability
estimates and high genetic advance are usually more helpful in predicting gain under
selection than heritability estimates alone [56]. Therefore, there could be a better chance for
improvement of the above trait with the relatively highest value of the genotypic coefficient
of variation. Bulb diameter, weight, and shape are the major determinants of onion yield.
Khosa et al. [51] reported that moderate to high heritability of shape and low to moderate
diameter and weight are responsible for slow progress in increasing bulb yield. However,
McCallum [58] stated that further development of F1 hybrids in onion should improve
the pace of productivity gains. Large yield improvements have been achieved through
heterosis breeding since the discovery of cytoplasmic-genic male sterility (CMS) [59]. This
great variability in all the traits is important to exploit to create new varieties of onion
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adapted to local conditions. Indeed, the genetic coefficient of variation, together with
heritability estimates, showed the advance to be expected from selection in this material.

A comparison of the phenotypic and molecular data in our study demonstrated the
discordance between the two data sets, revealed by the negative correlation exhibited by
the Mantel test. Inconsistences between phenotypic and genotypic data were also reported
in other vegetable species [8,17,19]. Molecular analysis is independent of environmental
effects and can provide additional and precise information for (i) the assessment of genetic
diversity within and among landraces; (ii) the population structure; (iii) the level of fixation
or heterozygosis; (iv) the establishment of genetic profiles, avoiding redundancy and
allowing improved management of global resources [28,60]. However, both types of
markers are complementary and important for increasing the precision and efficiency of
breeding new, potentially valuable cultivars by accelerating the selection process, helping
to determine the level of variation, and selecting parental lines in breeding programs.
Undoubtedly, the combination of both morphological and molecular approaches will result
in more reliable and accurate conclusions than any singular characterization [8,18,19].

Given the genetic diversity of the Tunisian germplasm from the arid region, it would
also be worth screening this material for resistance against the main pathogens affecting
this crop. The phenotypic and molecular analyses performed in this study provide valuable
information for increasing germplasm use and onion breeding programs.

5. Conclusions

This study added further information about the intra- and inter-variation among
local onion accessions in the Arid region of Tunisia, showing the great diversity in this
germplasm, mostly attributed to the differences within populations. Both molecular and
morphological features have been useful, showing different clusters based on the accession
type (pre-breeding or local) and significant differences among accessions for bulb diameter,
fresh weight, DMC content, number of scales, and neck thickness, possibly resulting from
their adaptation and the selection they have been subjected to by farmers. The findings of
the present study will facilitate the selection process and can be used for the conservation
and management of onion genetic resources for further breeding programs. Landraces
with agronomical performance and private alleles can potentially constitute a valuable
gene pool for onion breeding.
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onion accessions; Table S3: Morphological and quality features of the studied onion genotypes, field
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quality features of the studied onion genotypes, field experiment done at the semi-arid region of
Centre-East Tunisia (Sahline station).
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