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A B S T R A C T   

“Aglione della Valdichiana” (Allium ampeloprasum var. holmense) is a landrace of Great Headed Garlic (GHG), an 
historical and healthy vegetable that has been recently rediscovered and registered in the National and Regional 
catalog of local varieties. It is grown in small fields in a region between Tuscany and Umbria, Italy, and due to its 
high market value, it is at risk of commercial frauds. The morphological traits and molecular profile of 9 local 
populations were evaluated together with 36 accessions of leek, garlic, wild relatives and other GHGs of different 
geographic origins and used as controls. The 39 morphological descriptors were able to distinguish the 9 ac-
cessions from leek and garlic, but unable to distinguish among them. The 549 AFLP (Amplified Fragment Length 
Polymorphism) amplicons obtained from nine primer combinations were able to clearly distinguish Aglione 
accessions from all the others, both by UPGMA (Unweighted Pair Group Method with Arithmetic mean) clus-
tering and by STRUCTURE analysis, and this is due to several private AFLP bands, most from M+AGC/E+CTG 
primer combination. Despite its vegetative propagation, the within accession variability of Aglione is higher than 
expected and most likely due to somatic mutations. The genetic relationships are discussed, including the closer 
relationship found between Aglione and garlic vs. Aglione and leek.   

1. Introduction 

Allium is one of the largest genera of monocots, comprising around 
970 species (Han et al., 2020). The genus appeared in eastern Asia 
during the late Eocene (Li et al., 2016) and almost all species are 
distributed in the northern hemisphere, from the dry sub-tropics to the 
boreal zone (Xie et al., 2020), except A. dregeanum, native to South Af-
rica (Li et al., 2010). All species are bulbiferous, sometimes rhizomatous 
and, hence, perennial. As a result, the Allium genus combines sexual and 
asexual propagation, and this helps to overcome chromosome abnor-
malities (Xie et al., 2020). In fact, several basic chromosomes numbers 
are found (x = 7, 8, 9, 10, 11) that can give rise to many polyploids 
(Peruzzi et al., 2017) and aneuploids (A. schoenoprasum, A. victorialis, A. 
nutans, A. strictum; Xie et al., 2020). The first and hence oldest evolu-
tionary line is dominated by x = 7, but the most recent and common 
species are based on x = 8 (Han et al., 2020). Genetic studies of this 
genus are challenging also due to the enormous size of the genomes, 
averaging 16.3 Gb (Duangjit et al., 2013): diploid A. sativum and A. cepa 

are estimated to have genomes greater than 30 Gb (Peška et al., 2019), 
probably due to recurrent intrachromosomal duplications (Ipek et al., 
2005). Apart from garlic, onion, chives, shallot and leek of economic 
importance, many others species are used as ornamental plants and in 
traditional medicines (Fritsch and Friesen, 2002). 

Allium ampeloprasum L. is a “species-complex” of various cytotypes 
spread from South England to North Africa and Southwest Asia, with a 
major concentration in the Mediterranean Basin (Guenaoui et al., 2013). 
The species-complex appears to be formed by four main gene pools: 
Egyptian kurrat, European leek cultivars, wild leek and Great Headed 
Garlic (Jones, 1963) but also by minor gene pools/crops such as 
Pearl-onion, tarée irani, poireau perpetuél, prei anak and 
Mushuu-ninniku (Hirschegger et al., 2006, 2010). Wild leek, 
A. ampeloprasum, is the primary gene pool, with a high genetic variation 
regarding color of flowers, bulb size and ways of reproduction between 
cloves, bulblets or seeds (Figliuolo and Di Stefano, 2007). 
A. ampeloprasum var. kurrat Schweinf, or kurrat, is frequently used in the 
Middle and Near East and it is cultivated especially in Egypt (Brewster, 
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1995). A. ampeloprasum var. porrum J. Gay comprises leek cultivars, 
normally tetraploids, predominantly allogamous with 20% of 
self-fertilization (De Clercq et al., 2003). Overall, the A. ampeloprasum 
species complex is characterized by different ploidy levels (Hirschegger 
et al., 2006) and by irregularities during meiosis (Khazanehdari and 
Jones, 1997) linked to genome constitution (Smilde et al., 1999). A re-
sidual, variable part of fertility is maintained, probably related to cases 
with a low level of ploidy (Guenaoui et al., 2013). 

The interest in Allium vegetables resides in the organosulphur com-
pounds that are beneficial on health through antidiabetic, anti- 
asthmatic, anticancer, antiplatelet, anti-atherosclerotic and lipid 
lowering activities (Keusgen et al., 2006). Kim et al. (2018) found a 
positive correlation between antioxidant activities and organosulphur 
compounds. For these reasons A. ampeloprasum is locally cultivated in 
Iran, China, Caucasus and, occasionally, in the U.S.A., South America 
and Europe (Fritsch and Friesen, 2002). In Italy many historical docu-
ments report the use of A. ampeloprasum var. holmense since the begin-
ning of the 16th century, and it is known as ‘Aglione’ (the suffix “–one” 
in Italian indicates a big size, while “aglio” means garlic). It is locally 
cultivated in Val-di Chiana, a Central Italy valley between Tuscany, 
Umbria and Latium, a well-known area for the Chianina cattle breed, the 
giant of the species. The “Aglione della Valdichiana” is a local landrace 
belonging to the Great Headed Garlic group (GHG), together with 
Elephant Garlic, Big tex garlic and Tahiti garlic (Guenaoui et al., 2013). 
All of them can be considered as cultigens, are vegetatively propagated 
around the world being not able to produce seeds. The massive bulbs of 
Aglione (bulbs can weight more than 1 kilogram), the vigorous structure 
of the whole plant and its sterility are apparently associated to high 
ploidy levels, 6x to 8x (Figliuolo et al., 2001; Fritsch and Friesen, 2002; 
Khedim et al., 2020). Although their primary geographic origin is the 
Mediterranean basin (Guenaoui et al., 2013), the allopolyploid hybrid 
origin between GHG and A. ampeloprasum was excluded by microsatel-
lite patterns (Guenaoui et al., 2013). Plant sterility, chromosome num-
ber and sympatry with wild A. ampeloprasum support the hypothesis of 
GHG autopolyploidy (Guenaoui et al., 2013). 

Due to its resistance to biotic and abiotic stresses and its particular 
mild taste, “Aglione della Valdichiana” is appreciated by farmers and 
customers. Compared to the common garlic, its high digestibility is 
partially due to a lower amount of fibres and of sulfur-containing 
compounds, such as alliin and N-gamma-glutamyl-S-allyl cysteine 
(Ceccanti et al., 2021). Alliin and allicin, two organosuplhur compounds 
responsible for the pungent, sharp aroma, are both present also in GHGs 
but in lower concentration than in common garlic (Kim et al., 2018). 
Elephant garlic bulbs from Poland showed higher polyphenols concen-
tration and antioxidant activity than common garlic bulbs (Najda et al., 
2016); the opposite was reported by Lu et al. (2011) in bulbs from the U. 
S.A., a discrepancy that might depend on the origin of the bulbs analysed 
and on the harvesting period (Lu et al., 2011). Furthermore, compared 
to garlic the GHG accessions contain greater amounts of amino acids, not 
only in the bulbs but also in the leaves (Najda et al., 2016), lower solids 
content but higher than onion and chives (Barboza et al., 2020), an 
important parameter because positively correlated to the postharvest 
conservation and the shelf life (Diriba Shiferaw et al., 2013). 

The “Aglione della Valdichiana” risked extinction some decades ago 
with crop remnants found only in few family gardens, grown by elderly 
farmers (Terzaroli, 2015; Terzaroli and Caproni, 2020). Recently, the 
Italian Ministry of Agriculture included Aglione in the list of Traditional 
Agronomic and Edible Products of Italy (MiPAAF, 2017). It was also 
recognized as a Slow Food Presidia (https://www.fondazioneslowfood. 
com/it/arca-del-gusto-slow-food/aglione-della-chiana/) and added to 
the National Registry of Biodiversity of agricultural and food crops 
(MIPAAF, 2021), and in the Regional List of local varieties of Umbria 
(https://biodiversita.umbria.parco3a.org/risorsa/aglione/) and Tus-
cany (http://germoplasma.regione.toscana.it/MESI_Menu/Elemento.ph 
p?ID=1148). 

Despite the numerous studies in A. ampeloprasum (Figliuolo et al., 

2001; Figliuolo and Di Stefano, 2007; Hirschegger et al., 2010; Gue-
naoui et al., 2013; Khedim et al., 2020), it is difficult to characterize 
populations due to a large phenotypic variability and lack of morpho-
logical descriptors. In addition, quantitative traits are subjected to Ge-
notype × Environment interactions (Ipek et al., 2003; Guenaoui et al., 
2013). Depending on soil type, moisture availability, altitude, latitude 
and cropping practices, the same genotype can display a high degree of 
phenotypic plasticity (Volk et al., 2004). Even adding a karyotype 
analysis the discrimination efficiency could not be high enough to 
separate species and subspecies (Hirschegger et al., 2006). 

For all the above reasons, it is important to add a genetic charac-
terization based on molecular markers. As suggested by Kik et al. (1997) 
and by Li et al. (2010), new multiple unlinked loci are requested to 
discriminate the species-complex because also mitochondrial genetic 
variation is narrow. Amplified Fragment Length Polymorphism (AFLP) 
technique meets this requirement, is very reliable and does not need any 
probe or sequence information (Ipek et al., 2003). AFLP technique was 
extensively used in Allium (Ipek et al., 2003; García Lampasona et al., 
2003; Volk et al., 2004; Ipek et al., 2005; Kamenetsky et al., 2005, 2006; 
İpek et al., 2008; Ovesná et al., 2011; García-Lampasona et al., 2012; 
Morales et al., 2013; Wang et al., 2016; Gimenez and García Lamp-
asona, 2018). Furthermore, by using proper restriction enzyme combi-
nations, such as EcoRI/MseI, it is possible to represent hyper- and 
hypomethylated regions of the chromosomes and cover up the entire 
linkage map of onion (van Heusden et al., 2000). 

The objective of the present study was a phenotypic and genetic 
characterization of the landrace “Aglione della Valdichiana” in com-
parison with several accessions of leek, garlic and relatives. Its high 
market value encourages commercial frauds, hence the genetic charac-
terization could avoid them and safeguard the local germplasm and the 
income of small farmers at the same time. 

2. Materials and methods 

2.1. Morphological characterization 

The list of accessions (Supplementary Table 1) includes 9 local 
populations collected from different farmers, and two controls, a com-
mercial variety of garlic (Garcua) and a commercial variety of leek 
(Kripton). 

In the 2018–2019 growing season, twelve cloves per entry (weight of 
25–35 g) were grown in plots at a distance of 50 × 30 cm between and 
within rows, and arranged in a completely randomised design with three 
replications. The experiment was carried out in two locations of Val-
dichiana, Montallese (Chiusi, Siena; 43.062736 N, 11.911879E) and 
Porto (Castiglione del Lago, Perugia; 43.07096 N, 11.94173E). Soils of 
both locations are limestone-clay. 

Since no specific descriptors for GHGs or Aglione are available, we 
recorded thirty-nine morphological UPOV (International Union for the 
Protection of New Varieties of Plants) descriptors on a single plant basis, 
twenty-nine traits belonging to garlic (https://www.upov.int/edocs/ 
tgdocs/en/tg162.pdf) and ten to leek (https://www.upov.int/edocs/ 
tgdocs/en/tg085.pdf); traits are coded with the UPOV original num-
ber, followed by a letter (G and L, respectively for garlic and leek). By 
comparing the two lists we discarded one of the descriptors for the same 
trait, retaining the best tailored for Aglione. Traits were measured at 
various growth stages following the UPOV guidelines. Plant height, 
bulbs and bulbils traits were recorded at the harvest. Despite several 
descriptors are referred to leek, the differences in life cycle between leek 
and Aglione restricted the observations on the former only to the in-
tensity of the green color of leaves and their waxiness. 

2.2. Genetic characterization 

A total of 45 accessions were evaluated, the 11 entries characterized 
morphologically and additional 34 whose origin is reported in Table 1. 
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DNA was extracted from young leaves originated from morphologically 
healthy bulbs or from seeds, using three to five plants per accession. Due 
to the low viability of seeds/bulbs obtained from external germplasm 
banks, in few cases it was possible to rely only on 1–2 individuals. 

DNA extraction was performed by the GenEluteTM Plant Genomic 
DNA Miniprep Kit (Sigma-Aldrich) using young leaves. DNA concen-
trations were estimated using NanoDrop (Thermo Fisher) spectropho-
tometer and by visual comparison on ethidium bromide stained agarose 
gels with GeneRuler 1 kb DNA Ladder (Thermo Fisher). 

AFLP analysis was carried out according to the original technique of 
Vos et al. (1995), as modified by Cnops et al. (1996). The analysis was 
conducted on single plants, using nine primer combinations (Table 1). 

Five-hundred ng of genomic DNA were double digested for 4 h at 
37 ◦C with 5 unit of EcoRI and MseI restriction enzymes (New England 
Biolabs). In the same reaction, DNA fragments were ligated to EcoRI and 
MseI adapters using 1 unit of T4 DNA ligase (Thermo Fisher) and 10 mM 
of ATP. The buffer solution was composed by 10 μl of RL Buffer (CutS-
mart® Buffer 1X and 1 M DTT, New England Biolabs) 1X and 7.05 μl of 
ultrapure water. The reaction was stopped by incubation at 65 ◦C for 10 
min and then diluted 10 times in ultrapure water. The template DNA was 
pre-amplified using primers with one additional nucleotide (Eco+C and 
Mse+A) at the 3′ end. A volume of 5.0 μl diluted DNA was mixed with 45 
μl pre-amplification master mix containing 1.5 μl of each adapter (50 
ng/μl), 2 μl of dNTPs 5 mM, 34.8 μl of ultrapure water, 0.2 μl of 
DreamTaq (5 U/μl; Thermo Fisher) and 5 μl of its own buffer. These 
reactions were carried out on a SimpliAmp thermal cycler (Life Tech-
nologies) using the following profile: 1 cycle of 45 s at 94 ◦C, 30 s at 
65 ◦C, and 1 min at 72 ◦C, followed by a touch-down profile (13 cycles 
with -0.7 ◦C decrease in temperature for the annealing step in each 
successive cycle), followed by 18 cycles with annealing at 55.9 ◦C, and 
finally by an extension cycle of 10 min at 72 ◦C. 

Selective amplifications of the diluted pre-selective amplified prod-
ucts was carried out using a total of 9 primer combinations (Table 1). For 
each reaction, 5 μL of 1:10 diluted pre-selective amplified samples were 
added to the following selective amplification mix: 50 ng of EcoRI+3 
primer, 50 ng of Mse+3 primer (Table 1), 1X PCR Buffer (Thermo Fisher) 
and 1 unit of DreamTaq DNA polymerase (Thermo Fisher) in a final 
volume of 20 μL. The temperature profile for selective amplification PCR 
reaction was the same as that used for the pre-selection step. One μL of 
each amplified sample was added to 10 μL of formamide and to 0.5 μL of 
size standard (Genescan ROX 500, Applied Biosystems). After denatur-
ation (94 ◦C for 5 min) amplified fragments were separated with the ABI 
3130xl Genetic Analyzer sequencer (Applied Biosystems). Afterwards, 
the data, displayed as peaks in electropherogram files, were analysed by 
using the GeneMapper 4.0 software (Applied Biosystems). The frag-
ments sizes were determined by comparison with internal size standard 
(GeneScan-500, Thermo Fisher), limiting the analysis to fragments be-
tween 50 and 500 bp in size and allowing a resolution of ± 1 bp. 

2.3. Statistical analysis 

All qualitative and quantitative phenotypic traits were analysed by 
contingency tables the former, and by Analysis of Variance (ANOVA) the 
latter. In order to assess the within and among population variation, 
quantitative traits were investigated by removing garlic data. All the 
univariate statistics were performed by SAS software (SAS Institute Inc., 
1999). After standardization all traits together were analysed by Prin-
cipal Component Analysis (PCA), with or without garlic by PAST v. 4.03 
(Hammer et al., 2001). 

AFLP fragments were scored as dominant markers, with 1 for pres-
ence and 0 for absence. The binary data were analysed by tabulation and 
frequency procedures using GenAlEx 6.503 (Peakall and Smouse, 2012) 
to inspect for the presence of specific fragments and polymorphisms 
within and between species. All data generated pairwise distances based 
on a correlation method as follow: 1-cor(X)[j,k]. The matrix was then 
used in clustering the accessions by the UPGMA (Unweighted Pair Group 
Method with Arithmetic mean) algorithm with 1000 bootstrap replica-
tions. To estimate the goodness-of-fit of the clustering to the data matrix, 
the cophenetic matrix derived from the dendrogram was compared with 
the original similarity matrix by the Mantel Test (Mantel, 1967). Genetic 
distances, cluster analysis and Mantel test were carried out by R soft-
ware, version 3.6.3 (R Core Team, 2020) using the vegan v. 2.5–6 
(Oksanen et al., 2020) and pvclust v. 2.2–0 (Suzuki et al., 2019) 
packages. 

Population structure was inspected using STRUCTURE v. 2.3.4 
software (Pritchard et al., 2000), with a non-hierarchical clustering 
method based on a Bayesian approach. To classify the data with the 
optimum and realistic number of clusters (K), an admixture model and 
correlated allele frequencies with a burn-in period of 100,000 and 250, 
000 MCMC (Markov Chain Monte Carlo) simulations were assumed. The 
number of clusters tested ranged from 1 to 10, with 10 iterations for each 
K tested. The maximum K value to test was arbitrarily defined based on 
the UPGMA tree. ∆K was calculated as described in Evanno et al. (2005) 
using Structure Harvester v0.6.94 (Earl and vonHoldt, 2012), selecting 
the best K value the one corresponding to the largest ∆K. Individuals 
were assigned to the K groups with a threshold value of PqI ≥ 0.80. 

GenAlEx 6.503 (Peakall and Smouse, 2012) was also used to perform 
AMOVA (Analysis of MOlecular VAriance) for all loci and with 999 
permutations. We finally performed a Principal Coordinate Analysis 
(PCoA) on all molecular data with PAST software v. 4.03 (Hammer et al., 
2001). 

3. Results 

3.1. Morphological characterization 

Regarding qualitative traits, “Aglione della Valdichiana” was similar 
to leek for leaf color (6.22 vs. 6.83, respectively) and waxiness (9.0 vs. 
8.5) but significantly different from garlic for these and many other 

Table 1 
AFLPs Primer combinations used. Groups are indicated by the same colours used in STRUCTURE analysis with K = 4.     

Group specific fragments 
Primer combination* Total fragments Polymorphic fragments Green Yellow Red Blue Total 

M+AGC/E+CAC 55 46 0 0 0 0 0 
M+AGA/E+CAA 43 38 2 3 0 0 5 
M+AGC/E+CTG 121 117 2 3 2 1 8 
M+ACG/E+CTG 87 80 0 1 0 0 1 
M+ACG/E+CAC 73 56 2 2 0 1 5 
M+AGA/E+CTG 26 19 1 4 0 0 5 
M+AGC/E+CAA 63 57 1 8 0 0 9 
M+AGA/E+CAC 21 17 0 0 0 0 0 
M+ACG/E+CAA 60 52 3 9 0 0 12 
Total 549 482 11 30 2 2 45  

* M+3: 5′-GACGATGAGTCCTGAGTAG+NNN-3′; E+3: 5′-AGACTGCGTACCAATTC+NNN-3′. 
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traits (P-values ranging from 0.05 to 0.001) such as plant height, pres-
ence of flowering stem, size and shape of the bulbs and cloves (Table 2 
and Supplementary Table 2). These results were also confirmed by PCA 
(Fig. 1), where garlic was clearly distinguished from all Aglione acces-
sions by the first component, able to explain as much as 77% of the total 
variance. PC1 was positively correlated to leaf waxiness and presence of 
flowering stem, and negatively correlated with intensity of anthocyanin 
coloration at base of the plant. Aglione entries were scattered along PC2, 
explaining only 17.8% of the total variance, and correlated to several 
quantitative traits such as plant height, leaf size, thickness of the base of 
the plant and bulb size. For these reasons, while morphological de-
scriptors related to PC1 were abundantly sufficient to discriminate 
Aglione from garlic, PC2 was insufficient to discriminate well among 
Aglione accessions. In order to assess the within landrace variability we 
removed garlic from the dataset and performed the PCA analysis again 
(Supplementary Figure 1): PC1 explained 78.70% of the total variation 
and was correlated to the same variables of PC2 in Fig. 1. Here PC2 
accounted for 8.04% of variation and correlated only to plant length (10 
L). PC1 showed a gradient of accessions, from those of small size in terms 
of plant height, leaf and bulb, on the left (Cepina, Giorgi, Checconi), to 
the most vigorous on the right (Rampi, Melagrani, TreCapi). 

From the Analysis of Variance (Supplementary Table 3), it is evident 
how the source “Accession” was significant for all quantitative traits, 
except for 7 G (leaf shape in cross section). Despite the ANOVA sources 
“Location”, “Replicates” and “Accession × Location” showed statistical 
significance, quantitative traits were still useful in discriminating within 
Aglione population. However, by looking at the range of variation 
among mean accessions (Supplementary Table 2), it is evident their low 
entity. Environmental conditions, and especially the dimensions of 
sowed cloves, can act as a distorting lens when considering phenotypic 
data alone. 

3.2. Genetic characterization 

A total of 549 AFLP amplicons were scored; of these, 67 were 
monomorphic and 482 (87.8%) polymorphic (Table 1). The MseI+CTG/ 
EcoRI+AGC combination resulted the most informative, with as many as 
121 unambiguous fragments, as previously stated by Ovesna et al. 
(2011) in garlic. 

The correlations’ distance matrix was calculated using all 549 AFLP 
fragments. Based on the accessions pairwise genetic distance values, an 
UPGMA dendrogram was constructed to represent genetic relations 

Table 2 
Morphological traits used for phenotyping "Aglione della Valdichiana" with garlic used as control. UPOV code refers to leek (L) and garlic (G) descriptors, 
respectively. Characteristics in italic are those included in the Test Guidelines which are important for the international harmonization of variety descriptions and 
should always be examined for DUS and included in the variety description by all members of the EU, except when the state of expression of a preceding characteristic 
or regional environmental conditions render this inappropriate. SD=standard deviation; NA=not available; NS=not significant.    

Aglione della Valdichiana Garlic var. Garqua Significance (P) 
UPOV code Character Mean ± SD Expression level Mean ± SD Expression level  

Leaves 
1L Plant height 5.13 ± 0.809 medium 5.97±1.248 medium-tall 0.010 
2L Foliage attitude 1.20 ± 0.223 erect 1.00 ± 0 Erect NS 
3G Green color 6.22 ± 0.495 medium-dark 4.34 ± 0.482 medium-light 0.001 
4G Waxiness 9.00 ± 0 very strong 4.66 ± 0.481 medium-weak 0.001 
4L Leaf blade length 5.47 ± 0.821 medium-long 6.74 ± 0.780 Long 0.001 
5L Leaf blade width 5.47 ± 0.843 medium-broad 4.80 ± 0.677 Medium 0.048 
7G Shape in cross section 2.65 ± 0.321 flat 1.00 ± 0 strongly concave 0.001 
8L Anthocyanin coloration 8.07 ± 0.847 very strong 1.00 ± 0 absent or very weak 0.001 
Pseudostem/Shaft 
8G Intensity of anthocyanin coloration at base 1.00 ± 0 absent or very weak 7.00 ± 0 Strong 0.001 
9G Width of the base 4.69 ± 0.933 medium 5.26 ± 0.741 Medium NS 
10L Plant length (cm) 69.3 ± 6.14 very long 71.7 ± 10.75 very long NS 
15L Narrowing towards base 1.00 ± 0 absent 1.00 ± 0 Absent NS 
Flowering stem 
10G Presence 9.00 ± 0 present 1.00 ± 0 absent 0.001 
11G Curvature 1.00 ± 0 absent NA NA – 
13G Bulblets 1.00 ± 0 absent NA NA – 
16L Length 7.00 ± 0 long NA NA – 
17L Flower male sterility 9.00 ± 0 present NA NA – 
Bulb 
14L Formation 9.00 ± 0 very strong 9.00 ± 0 very strong NS 
14G Size 6.92 ± 0.074 large 5.00 ± 0 medium 0.005 
15G Shape in longitudinal section 2.00 ± 0 transverse broad elliptic 2.00 ± 0 transverse broad elliptic NS 
16G Shape in cross section 1.00 ± 0 elliptic 1.00 ± 0 elliptic NS 
17G Position of cloves at tip of bulb 3.00 ± 0 exerted 2.32 ± 0.475 exerted 0.001 
18G Position of root disk 3.00 ± 0 raised 1.65 ± 0.950 depressed-flat 0.001 
19G Shape of base 3.00 ± 0 rounded 2.32 ± 0.475 flat 0.001 
20G Compactness of cloves 7.00 ± 0 compact 7.00 ± 0 compact NS 
21G Ground color of dry external scales 1.00 ± 0 white 1.68 ± 0.475 yellowish white 0.001 
22G Anthocyanin stripes on dry external scales 1.00 ± 0 absent 9.00 ± 0 present 0.001 
23G Skin adherence of dry external scales 7.00 ± 0 strong 6.35 ± 0.950 medium-strong 0.001 
24G Thickness of dry external scales 5.00 ± 0 medium 4.35 ± 0.950 medium-thin 0.002 
Cloves 
25G Number 3.00 ± 0 few 7.00 ± 0 many 0.001 
26G Distribution 1.00 ± 0 radial 1.00 ± 0 radial NS 
27G External cloves 9.00 ± 0 present 1.00 ± 0 absent 0.001 
28G Size 7.00 ± 0 large 3.00 ± 0 small 0.001 
29G Color of scale 2.00 ± 0 cream 1.00 ± 0 white 0.001 
30G Intensity of color of scale 7.00 ± 0 strong 7.00 ± 0 strong NS 
31G Anthocyanin stripes on scale 1.00 ± 0 absent 1.00 ± 0 absent NS 
32G Color of flesh 2.00 ± 0 yellowish 2.00 ± 0 yellowish NS 
33G Time of harvest maturity 5.00 ± 0 medium 5.00 ± 0 medium NS 
34G End of dormancy of cloves in bulb 9.00 ± 0 very late 3.00 ± 0 early 0.001  
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(Fig. 2). Cophenetic correlation between the distance matrix and the 
phenetic matrix was r = 0.97, a “very good” fit according to Rholf 
(2000). The robustness of the dendrogram was also confirmed by the 
approximately unbiased (au) P-value (in red) and bootstrap values (bp, 
in green) at the bifurcation node (Fig. 2); only the nodes with au ≥95 
and/or bp ≥70 were considered statistically significant. 

As regards the dendrogram (Fig. 2), a sharp division between GHG 
and garlic (Cluster 1, C1, at top of the Figure), and leek (Cluster 2, C2, at 
the bottom) is evident. As a result, molecular data suggest that Aglione 
can be considered genetically closer to garlic than to leek. 

Aglione accessions represented a big and coherent group in C1. 
Remarkably, individuals belonging to the same accession tended to 
cluster together, with only minor exceptions, i.e. Rampi and Checconi 
and Amorosa and Melagrani, perhaps due to some degree of “seed” ex-
change between farmers. Despite the significant phenotypic uniformity, 
Aglione accessions showed a not negligible portion of internal genetic 
variability. Actually, only few profiles matched perfectly: even though 
Aglione is vegetatively propagated, we found many more different 
clones than expected. Within the same cluster, some other groups of 
accessions showed a close relationship to Aglione; the first includes 
ALL1270 (Croatia), ALL1357 (Russia) and ALL1898 “Ajo Poro” 
(Mexico), all belonging to the GHG group according to the Gatersleben 
IPK Genebank database; the second includes the commercial variety WC 
1171 (Peru) and NC104516 “Ajo Porro” (Spain), whose botanical clas-
sification is still unclear; the third is an accession provided by a farmer 
from Valdichiana and of presumed Chinese origin. 

In C2 it was possible to detect two well separated subgroups: the first 
comprises only cultivated, advanced varieties, such as the leek variety 
Krypton, ALL1743, ALL1755 and ALL697. The second subgroup, in 
addition to some cultivated varieties (HRI9019, HRI6463 and many 
more), includes also the wild relative (WILD), phenotypically akin to 
A. vineale L. Interestingly, the dubious accession HRI8026, listed in the 
U.K. Vegetable Genebank (Warwick) as “Allium ampeloprasum – Great 
Headed Garlic?”, clustered very close to Allium ampeloprasum subsp. 
babingtonii (BAB). 

The genetic structure of the whole population was investigated by 
STRUCTURE. The plot of the average log-likelihood values for Ks 
ranging from 1 to 10 and the distribution of ΔK values (Evanno et al., 
2005) according to K-values are shown in the Supplementary Figure 2. 
Two peaks were found, the first corresponding at K = 2 and the second at 
K = 4. At K = 2 “Aglione della Valdichiana” was clearly distinguished 
from all the rest of entries, with few exceptions corresponding to some 

GHG individuals (Fig. 2). All other accessions were closer to leek, while 
the garlic samples showed an intermediate pattern. At K = 2 only 13 out 
of 126 individuals (10%) were classified as admixed. A clearer picture 
appears at K = 4, where STRUCTURE defined four groups labelled by the 
same colors reported in the dendrogram (Fig. 2). With the threshold of 
PqI ≥ 0.80, only 19 out of 126 individuals (15%) were classified as 
admixed. Again, “Aglione della Valdichiana” accessions were grouped 
together with no exceptions. Similarly to the UPGMA clustering, other 
well defined groups included garlic (in yellow) and leek (red and blue). 
Most of GHG accessions were classified as admixed. 

The clear cut among groups, as evidenced both by STRUCTURE and 
UPGMA clustering, could be due to private fragments present in each 
group. In fact, the highest number of private fragments was found in 
garlic (yellow), followed by “Aglione della Valdichiana” (green; 
Table 1). The primer combination M+AGC/E+CTG was not only the 
most polymorphic, but also the most efficient in discriminating all four 
groups at the same time, and could be a valid tool for avoiding com-
mercial frauds. 

To validate the previous analyses, we performed PCoA on molecular 
data (Fig. 3) maintaining the same population colors of Fig. 2. PC1 
explained 42.67% of total variation, while PC2 11.86%, for a total of 
54.53%. PC1 clearly distinguished Aglione and GHGs (green) and garlic 
(yellow), both plot on the right side of the graphic, from leek accessions 
(red and blue). The latter two groups were distinguished by PC2, with 
only two blue samples admixed with the red group. In perfect agreement 
with the grouping shown by clustering and STRUCTURE, also PCoA was 
able to clearly distinguish Aglione accessions from all the rest, forming a 
clumped, dense cluster (circled in black). 

The total molecular variation based on the four groups indicated by 
STRUCTURE, was partitioned into 35% “within population” and 65% 
“among population”. This is in agreement with Fig. 3, where is evident a 
larger variation among than within groups. 

4. Discussion 

UPGMA clustering, PCoA and STRUCTURE analyses showed a closer 
relationship between A. sativum and A. ampeloprasum var. holmense than 
between A. ampeloprasum var. holmense and A. ampeloprasum var. por-
rum. Based on chloroplast DNA, a similar result was obtained by Havey 
(1991) and Mes et al. (1997). Despite our analysis cannot be considered 
as strictly phylogenetic and took into account only few accessions of 
leek, GHGs appear to differ from other ampeloprasum varieties. In our 

Fig. 1. Principal Component Analysis (PCA) based on phenotypic traits.  
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Fig. 2. Comparison of UPGMA clustering dendrogram (on the left) and STRUCTURE analysis results at K = 4 and K = 2 (on the right). Approximately unbiased P- 
values (in red) and bootstrap values (in green) are reported above the bifurcation nodes. C1=Cluster1; C2=Cluster2. 
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opinion, the hypothesis suggested by Hirschegger et al. (2010) to classify 
GHGs in a different species from leek should be investigated further. 
Also on the base of phytochemical volatiles, Ascrizzi and Flamini (2020) 
indicated a higher proximity of elephant garlic, and of Aglione in 
particular, to garlic rather than to leek. These results are in contrast with 
those reported by Figliuolo and Di Stefano (2007) who found a closer 
relationship between GHGs and leek rather than GHGs and garlic. Un-
fortunately, they analysed only one GHG accession from Southern Italy 
so it is difficult to draw final conclusions. Depending on morphological 
traits, GHGs were associated to garlic (Ariga et al., 2002) or to leek 
(Figliuolo et al., 2001) because they could resemble both of them (Najda 
et al., 2016). The same is true for “Aglione della Valdichiana”, whose 
epigean part shares features with leek and hypogeal part with garlic, 
respectively. 

It is interesting to note that despite we used a limited number of 
accessions, those clustering in the upper part of the tree (C1) are basi-
cally not able to produce seeds, except for NC104490 and NC104516. On 
the origin of their sterility we can hypothesize that (i) the GHG group 
might derive from garlic (or viceversa); (ii) they share a common 
ancestor, still unidentified; (iii) their genetic relatedness could be due to 
a convergent, evolutive phenomenon. The first hypothesis has already 
been discussed, while the others need further experimental testing. 

The presence of two groups within leeks with distinct genetic profiles 
(C2) could be explained by different origin and hence a non-admixed 
gene pool, with the North African diploid A. ampeloprasum being an 
ancestor of only the second group, which comprises wild accessions 
(Khedim et al., 2020). In fact, in the first group are present only 
advanced leek cultivars, while the second is a mixture of advanced and 
wild accessions. 

While previous results based on ITS sequencing (Hirschegger et al., 
2010; Terzaroli, 2015; Najda et al., 2016) placed GHG and 
A. ampeloprasum var. babingtonii in the same clade, our genetic rela-
tionship analyses do not corroborate this hypothesis, as they have 
different morphological characteristics. 

Genetic variation in garlic and its asexual relatives could arise 
through multiple mechanisms. It could be a residue from ancestral 
sexuality of species domesticated more times or an effect of somatic 
mutations then maintained by clonal propagation (Pooler and Simon, 
1993; İpek et al., 2008). Considering that Aglione does not undergo 
genetic recombination, the genetic polymorphisms found in the local 
landrace “Aglione della Valdichiana” may be considered moderately 

high, mostly attributable to somatic mutations. 
Even in populations with reduced genetic variability, such as 

Aglione, epigenetic modifications can accumulate easily and can 
contribute to phenotypic plasticity and, hence, to adaptation (Róis et al., 
2013). In fact, following thirteen years of phenotypic recurrent selection 
in garlic, a significant improvement in bulb weight was achieved, along 
with a decrease in genetic variability (Gimenez and García Lampasona, 
2018). The majority of the farmers that cultivate “Aglione della Val-
dichiana” are unconsciously doing the same since they tend to sow only 
cloves weighting more than 50 g (Terzaroli, 2015). 

Our results indicate the importance of carrying out both morpho-
logical and genetic characterization of populations. Qualitative traits 
were important in distinguishing “Aglione della Valdichiana” from 
garlic and leek. They were not able to detect significant differences 
among Aglione accessions (almost all S.D. were equal to 0, Table 2). On 
the other hand, quantitative traits did show significant differences 
among accessions (Supplementary Table 3) but these were not trans-
lated into sharp clear cuts. When traits had been taken all together (PCA) 
the among population variation was clearer. Overall, AFLP markers 
performed best in distinguishing “Aglione della Valdichiana” accessions, 
detecting even a moderate variability within them. 

5. Conclusions 

In conclusion, the molecular analyses showed the distinguishability 
and unicity of the “Aglione della Valdichiana” compared to all the other 
entries examined. By using Aglione private AFLP fragments, it would be 
possible to develop a routine marker (e.g. SCAR, Sequence Character-
ized Amplified Region) to prevent commercial frauds. 
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Peška, V., Mandáková, T., Ihradská, V., Fajkus, J., 2019. Comparative dissection of three 
giant genomes: allium cepa, allium sativum, and allium ursinum. Int. J. Mol. Sci. 20 
https://doi.org/10.3390/ijms20030733. 

Pooler, M.R., Simon, P.W., 1993. Characterization and classification of isozyme and 
morphological variation in a diverse collection of garlic clones. Euphytica 68, 
121–130. https://doi.org/10.1007/BF00024161. 

Pritchard, J.K., Stephens, M., Donnelly, P., 2000. Inference of population structure using 
multilocus genotype data. Genetics 155, 945–959. 

R Core Team, 2020. R: A Language and Environment for Statistical Computing. R 
Foundation for Statistical Computing, Vienna, Austria.  

Rohlf, F., 2000. NTSYS-pc - Numerical Taxonomy and Multivariate Analysis System, 2. 
Applied Biostatistics Inc., New York, p. 1. 
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