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Abstract The economically important Allium ampeloprasum L. represents a polyploid complex, comprising hexa- 
and octoploid Great Headed Garlic horticultural cultivars (6x-8x GHG) and several traditional varieties of the 
tetraploid (4x) leeks (Leek, Bulbous leek, Kurrat and Pearl onion). Its wild representatives were indicated as rare 
in the Mediterranean region. This study aims to explore the diversity and origin of polyploidy in this complex, 
including its wild relatives A. baeticum and A. guttatum with particular focus on the poorly investigated North-
African region. Natural populations were sampled in Algeria in various bioclimatic conditions, then subjected to 
karyological and molecular phylogenetic analyses based on nuclear rDNA ITS region and chloroplast trnL−trnF 
and trnD−trnT intergenic spacers. Comparative analyses included available Genbank accession sequences 
representing old-world relatives. Chromosome count surveys revealed an unexpected higher occurrence of diploid 
(2n = 16) than tetraploid (2n = 32) cytotypes. The phylogenetic analyses first allowed positioning the Algerian 
material within the A. ampeloprasum complex. Interestingly, all the Algerian diploid and tetraploid populations 
from A. ampeloprasum and A. baeticum form a distinct monophyletic group. The results provide novel and robust 
evidence demonstrating that the North African diploid A. ampeloprasum genetic pool widely contributed as a 
source of progenitors not only for the A. ampeloprasum and A. baeticum Algerian tetraploids, but also in the 
formation of the GHG and Leek cultivated allopolyploids. Therefore, the North African populations emerge as an 
important reservoir of new wild genetic resources of great interest for tracing the origin of crop domestication and 
for breeding programs of cultivated varieties.  
 
Key words Molecular phylogeny, diploids, polyploids, Allium ampeloprasum complex, Algeria, wild genetic 
resources 
 

Introduction 
 
Genus Allium L. is the largest group of Amaryllidaceae, comprising over 800 species widely distributed in the 
Northern hemisphere, mainly in the Mediterranean region and Central Asia (Fritsch et al. 2010). Its remarkable 
taxonomic diversity is accompanied by occurrence of polyploidy (4x, 5x, 6x, 8x and 10x) and a high disploidy as 
shown by several base chromosome numbers x = 7, 8, 9, and 11 (Peruzzi et al. 2017). It constitutes an interesting 
group of species which has led to numerous molecular studies in order to elucidate infrageneric relationships and 
sectional classifications (Nguyen et al. 2008; Fritsch et al. 2010; Gurushidze et al. 2010; Wheeler et al. 2013; 
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Herden et al. 2016; Li et al. 2010, 2016; Sinitsyna et al. 2016). The origin of Allium crops and ornamental taxa 
were also investigated (Friesen et al. 1999; Gurushidze et al. 2007; Hirschegger et al. 2010; Veiskarami et al. 
2019). 

Presently, 15 subgenera and 56 sections are recognized (Friesen et al. 2006). The largest subgenus Allium 
comprises 280 species the majority of which being grouped in the economically important Mediterranean section 
Allium, including the genus type A. sativum L. (garlic) (Mathew 1996; Fritsch and Friesen 2002). Species referred 
to this section are undoubtedly among the most variable and taxonomically difficult to circumscribe, as it is 
exemplified by the noteworthy A. ampeloprasum L. complex. The latter represents a polyploid complex (4x, 6x 
and 8x) comprising several crops and horticultural varieties e.g. 4x leek, kurrat, pearl onion, bulbous leek and 6x-
8x Great Headed Garlic (GHG) cultivar’s which origin remains enigmatic and controversial (Bohanec et al. 2005). 
Several species native to the Mediterranean region (A. polyanthum Schultes and Schultes f., A. pyrenaicum Costa 
and Vayreda, A. commutatum Guss., A. sphaerocephalon L., A. atroviolaceum Boiss., A. bourgeaui Rechinger, A. 
acutiflorum Lois., A. tuncelianum (Kollm.) Ozhatay, B. Mathew and Siraneci and A. leucanthum C. Koch), as well 
as others from the Middle East (e.g., A. truncatum (Feinbr.) Kollmann and D. Zohary and A. iranicum (Wend.) 
Wend.), were regarded as their wild relatives (Bothmer 1970, 1974, 1982; Guern et al. 1991; Jauzein and Tison 
2005). Autotetraploidy has been suggested in the leek group by cytological studies and meiotic behavior (Levan 
1940; Stack and Roelofs 1996; Maragheh et al. 2018) while segmental allopolyploidy was also suggested 
(Khazanehdari and Jones 1997). Conversely, the genetic diversity and cytogenetic characteristics observed in 
polyploid genomes of some GHG accessions emphasized their allopolyploid origin (Kollmann 1972; Figliuolo et 
al. 2001; Hirschegger et al. 2006). Molecular phylogenetic analyses provided support to the occurrence of 
allopolyploidy in the GHG group, based on the detection of three phylogenetically divergent ITS ribotypes in its 
genome (Hirschegger et al. 2010). Nevertheless, this study could not identify the diploid progenitors of polyploids 
due to the lack of sampling over the natural range of the species. In fact, the scarcity, narrow geographical 
distribution and rarity of its diploid relatives were previously underlined (Jauzein and Tison 2005). Another 
molecular phylogenetic study, using two A. ampeloprasum samples, provided some clues suggesting a potential 
hybrid origin of A. ampeloprasum cultivars, with probably A. iranicum as one of their potential parents 
(Veiskarami et al. 2019). Interestingly, recent studies in North Africa revealed that numerous scattered diploid 
populations of A. ampeloprasum occur in Algeria and Tunisia (Khedim et al. 2010; Guenaoui et al. 2013). 
Accordingly, it was of interest to deepen our knowledge on these natural populations, in order to explore their 
relationships within the A. ampeloprasum complex (including the horticultural groups) and their potential as novel 
genetic resources for crop improvement. 

In this study, chromosome numbers and phylogenetic relationships were examined within the Allium 
ampeloprasum polyploid complex and its two related taxa, A. baeticum Bossier and A. guttatum Steven. The 
objectives were to inventory and better understand the natural diversity of the A. ampeloprasum complex in the 
poorly explored northern Algerian regions (North Africa), in order to evaluate its evolutionary history. Here we 
present: (1) novel data on the geographical distribution of the wild diploid and polyploid populations of this 
species-group; and (2) new insights on their relationships and their involvement as progenitors of the horticultural 
groups, based on the ITS nuclear rDNA region and two chloroplast intergenic spacers trnL−trnF and trnD−trnT. 

Material and Methods  
Sampling and taxonomic identification 

Fresh material was sampled in various bioclimatic conditions of Northern Algeria, including thirty-four wild 
populations belonging to Allium ampeloprasum and two other species, A. baeticum and A. guttatum 
(Supplementary Table S1). In each sampling site, 5 to 10 plants per taxon were collected and cultivated in the 
Experimental garden of Houari Boumediene University of Sciences and Technology (Algiers, Algeria). Type 
specimens were also examined from K, MPU, P and the ENSA herbaria (National High School of Agronomy, 
Algiers, Algeria). Plant determination was based on the specialized literature (Desfontaines 1798; Battandier and 
Trabut 1895, 1902; Maire 1958; Quézel and Santa 1962; De Wilde-Duyfjes 1976; Stearn 1980; Boulos 2005). The 
three sampled species share the diagnostic criteria of section Allium consisting of papyraceous or rarely fibrous 
bulb tunics, inflorescence possessing bracteoles, stamens mostly exserted with tri-cuspidate internal filaments (Fig. 
1). Some characters such as papilla on tepals, tubercles on the margins of leaves and shape of bulbils were useful 
at species-level delimitation (Bothmer 1974, 1975; Jauzein and Tison 2005). We have also attempted to assign 
collected populations to the different varieties described by Maire (1958) for each taxon. All samples were 
subjected to karyological investigations in order to establish their chromosome number and ploidy level. Molecular 
phylogenies were based on sequences generated from our fresh materiel compared to sequences obtained from 
GenBank (http://www.ncbi.nlm.nih.gov/), corresponding to representatives of the A. ampeloprasum complex 
including all ploidy levels (2x, 4x, 6x and 8x). Other Mediterranean and Eurasian taxa belonging to the subgenus 
Allium were used as out-group (Supplementary Table S2). 

Chromosome counts  

The method followed the procedure used in Khedim et al. (2016). Briefly, chromosomes preparation was obtained 
from metaphase plates of root-tip cells from cultivated bulbs. Young roots (8–12 mm long) were pretreated with 
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0.03 % 8-hydroxyquinolein for 12 hours at 4°C and fixed in ethanol-acetic acid (3:1) for 48 hours, then hydrolyzed 
in 1N hydrochloric acid for 12–15 min at 60°C. Root tips were stained according to the Feulgen procedure, and 
then squashed in a drop of 45 % acetic acid. Metaphase plates were examined with a Zeiss Axiostar-Plus 
Microscope equipped with a Canon digital Camera. Chromosome counts of each population were performed from 
at least five exploitable metaphases plates. 

Molecular phylogenetic analysis  

DNA extraction, amplification and sequencing 

Total genomic DNA of the 32 sampled populations was extracted from 100 mg of fresh leaf, using the Nucleospin 
Plant II kit (Macherey-Nagel). Nuclear and chloroplast DNA sequences were amplified. For nuclear sequences, 
we screened the internal transcribed spacer region (ITS) of ribosomal DNA including ITS1 + 5.8S + ITS2 using 
universal ITS1 and ITS4 primers (Baldwin et al. 1995). Two non-coding chloroplast DNA regions corresponding 
to intergenic spacers (IGS), trnL−trnF and trnD−trnT, were amplified using universal primers: trnL(c) and trnF(f) 
(Taberlet et al. 1991) and trnD(d) and trnT(t) (Demesure et al. 1995). PCR was performed in a solution of 50 μL 
with 5 μL of 10 Taq-buffer, 5 μL of 2 mM dNTPs mix, 0.5 μM of each primer (forward and reverse), 2.5 μl of 
Green Go Taq DNA polymerase (Promega), and 1μl of DNA (20-50 ng/µl). PCR program was started by 3 min 
of DNA denaturation at 94°C, followed by 30 cycles of 1min denaturation at 94°C, 1 min at 48°C for primer 
annealing and 2 min of extension at 72°C for each cycle. A 7 min final extension at 72°C followed cycle 30. PCR 
products were purified with the EZ-10 Spin Column PCR Products Purification Kit (BioBasic Inc.). 

Sequence homogeneity in polyploid genomes of A. ampeloprasum, A. guttatum and A. baeticum were verified 
by searching multiple ITS copies within individuals. ITS-PCR products were cloned using the pGEM-T easy 
Vector System Cloning Kit (Promega). The DNA of clones was isolated with Wizard plus Minipreps Purification 
Kit (Promega). Positive plasmids containing an insert were sequenced employing T7 and SP6 primers. 80 
amplicons of ITS region (with average of 10 amplicons per individual) were obtained. Finally, 130 clean PCR 
products and amplicons were carried out using ABI system sequencer (Macrogen Inc. Company, Seoul, South 
Korea). All sequences were deposited under GenBank accession numbers (MG546691 − MG546821). 

Phylogenetic analyses 

Data sets were constructed for ITS, trnL−trnF and trnD−trnT sequences including data from this study and from 
GenBank (Friesen et al. 2006; Hirschegger et al. 2010; Figliuolo and Di Stefano 2007; Guenaoui et al. 2013). The 
analyzed taxa are presented in Table S2, including origins, distributions, chromosome numbers, ploidy levels, 
references and GenBank accession numbers. Sequences representing species from section Allium and other 
sections from the subgenus Allium were selected, based on the tree topology obtained following phylogenetic 
analysis of the entire genus data sets. Statistic parameters were computed for each sequence data set (Table S3). 

The original ITS data set included 160 sequences, among them 22 from diploids and 80 amplicons from 
Algerian tetraploids. Allium umbilicatum Boiss., and A. brevidens Vved. from subgenus Allium, A. cepa L. and A. 
fistulosum L. from subgenus Cepa, were chosen as outgroup based on previous studies (Hirschegger 2010). 
Phylogenetic analyses were first conducted on diploids (from Algeria and other origins) including 45 sequences, 
and then a global analysis was conducted on a data set including 147 sequences with all ITS amplicons from 
Algerian tetraploids (4x) and other polyploids (4x, 6x, 8x) of various origins. 

Chloroplast DNA analyses were conducted separately for each region trnL−trnF and trnD−trnT, then 
combined with Bioedit4 software (Hall 1999). The final chloroplast data set included 56 sequences of which 
sequences from A. cepa and A. fistulosum were used as outgroup. Sequences were aligned with the software 
MUSCLE (Edgar 2004). Phylogenetic analyses based on Maximum Parsimony (MP) and Maximum Likelihood 
(ML) methods were conducted using Mega 10 software (Tamura et al. 2013). MP analyses were performed by 
heuristic searches with Subtree-Pruning-Regrafting (SPR) and 10 random addition sequence replicates. The 
unweighted MP analysis resulted in most parsimonious trees. Consistency index (CI) and retention index (RI) were 
calculated. ML analyses were performed following the procedure described in Harrison and Langdale (2006). The 
appropriate nucleotide substitution model of sequence evolution was determined using Mega 10, based on the 
lowest value of the Bayes Information Criterion (BIC). For each nuclear or plastid DNA analysis, the robustness 
of clades was estimated by bootstrap method (BS) with 1000 replicates (Felsenstein 1985). 

Results 
Chromosome numbers and ploidy level 

Karyological data on the three investigated species Allium ampeloprasum, A. baeticum and A. guttatum 
emphasized two ploidy levels, a diploid one with 2n = 2x = 16 and a tetraploid 2n = 4x = 32 (Fig. 2; Table S2). 
The morphology and number of satellized chromosomes differ at infraspecific level. In all cases, satellite numbers 
varied between two and four per cytotype, with distal (terminal) or proximal (intercalary) position on the short 
arm of chromosomes (Fig. 2b-d,i,k,l). It is interesting to notice that the diploid cytotypes of A. ampeloprasum 
sampled in Algeria were scattered in the northeastern region whereas the tetraploid cytotypes occur mainly in the 
west-south localities. Both diploid and tetraploid cytotypes of A. guttatum were found in North of Algeria. With 
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regard to A. baeticum, the diploid cytotypes are widespread from the North to the South part of Central Algeria, 
while the tetraploid cytotype was restricted to the western area.  

DNA sequences diversity  

Sequences of ITS and cpDNA (trnL–trnF and trnD–trnT) regions were analyzed separately with the Maximum 
Likelihood (ML) and Parsimony analysis (MP) methods. The summary of statistical parameters for each data sets 
and phylogenetic analysis is presented in Supplementary Table S3.  

Diversity of the ITS sequences of diploid taxa 

The aligned ITS matrix includes 45 sequences of 11 taxa. The ITS region ranged from 585 bp for A. brevidens 
Vved. (AJ412721) to 614 bp for A. sphaerocephalon (AJ412717). The final alignment was 617 bp long with 216 
variable sites, of which 146 were parsimony-informative. The unweighted MP resulted in five most parsimonious 
trees for 279 steps long, with a consistency index of CI = 0.7397 and a retention index RI = 0.9068. For the ML 
analysis, the nucleotide substitution model selected by the lowest value of BIC was Kimura 2-parameter with 
invariable evolution (K2+I). 

Diversity of the ITS sequences of diploid and polyploid taxa  

The aligned ITS matrix includes 147 sequences from both diploid and polyploid taxa analyzed (13 taxa). The ITS 
region ranged from 585 bp in A. brevidens (AJ412721) to 614 bp in A. sphaerocephalon L. (AJ412717). No major 
length polymorphisms were observed among amplicons of the Algerian tetraploids and other amplicons previously 
generated. The final alignment was 620 bp long with 303 variable sites, of which 182 were parsimony-informative. 
The unweighted MP analysis resulted in three most parsimonious trees of 491 steps long, with a CI = 0.5374 and 
RI = 0.8840. For the ML analysis, the nucleotide substitution model selected was Tamura 3-parameter with discrete 
gamma distribution (T92+G). 

Chloroplast DNA data set 

The trnL−trnF region matrix includes 57 sequences from 17 taxa. The length of sequences ranged from 545 bp in 
A. ampeloprasum Kristel (MG546697) to 558 bp in A. cepa (FJ628603). The final alignment was 574 bp long with 
82 variable sites of which 45 were parsimony-informative. The trnD−trnT matrix includes 60 sequences of the 
same set of taxa. The length of sequences ranged from 859 bp in A. leucanthum (EU626273) to 890 bp in A. 
ampeloprasum Tikjda (MG546703). The final alignment was 928 bp long with 181 variable sites of which 54 were 
parsimony-informative. The trnL−trnF and trnD−trnT combined data set includes 56 sequences. The length of 
sequences ranged from 1306 bp in A. leucanthum (EU626259) to 1344 bp in A. ampeloprasum Tikjda 
(MG546703/MG546730). The final alignment was 1388 bp long with 188 variable sites of which 79 were 
parsimony-informative. The unweighted MP analysis resulted in one most parsimonious tree of 245 steps long 
with a CI = 0.6343 and RI = 0.8689. For the ML analysis, the nucleotide substitution model was Tamura 3-
parameter with discrete gamma distribution (T92+G). 

Phylogenetic analyses 

Maximum Likelihood and Parsimony analyses generated similar tree topologies and all major relationships were 
well supported by the two methods. Only ML phylograms or cladograms are presented (Figs. 3, 4, 5). 

Analysis of diploids  

The ITS ML tree (Fig. 3) shows that all diploids taxa, traditionally recognized as members of section Allium, form 
monophyletic group (99 % BS) which split into two major sister clades, A and B supported by 95 % and 100 % 
BS respectively. Within clade A, one supported monophyletic group (86%) includes all North African (NA) 
diploid populations referred to A. ampeloprasum and A. baeticum, hereafter called the NA clade (Fig. 3). 
Moreover, two well supported subclades can be distinguished in the latter NA clade: The first (hereafter called 
NA1) contains all Algerian diploid populations of A. ampeloprasum and A. baeticum (99 % BS); the second one 
(NA2, 100 % BS) includes only two populations of A. ampeloprasum originating from Samaeillette and Logroa 
in Tunisia. Within the clade A, other minor well supported groups are represented by accessions from A. sativum, 
A. scorodoprasum, and by three Algerian populations of A. guttatum which are closely related to a sample of A. 
sphaerocephalon. The A. guttatum Algerian population from Yakouren (central-eastern Algeria) is not resolved 
and stands apart from the A. guttatum-A. sphaerocephalon group. The clade B (100 % BS) only includes four 
GenBank accessions, two referred to A. commutatum and two other referred to A. ampeloprasum originating from 
Sardinia. 

Analysis of diploids and polyploids  

In order to clarify the relationship of polyploids within the Allium ampeloprasum complex, novel ML and MP 
phylogenetic analyses were performed on a data set including all diploid and polyploid ITS sequences generated 
from this study, together with those available from GenBank to represent the diversity of section Allium. The 
resulting general ML tree is provided in Fig. S1. A reduced version is presented in Fig. 4. In the latter tree, 
remarkable clades are condensed: The North African subclade NA1 (including G2) and the two distinct groups 
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(G1 and G3), representing amplicons of undetermined origin found by Hirschegger et al. (2010) in various 
polyploid accessions of the A. ampeloprasum horticultural group (Leek group and GHG).  

In this tree, all amplicons generated from Algerian tetraploid populations of A. ampeloprasum and A. baeticum are 
linked to the Algerian diploids of these same two taxa within subclade NA1 (91% BS). Moreover, all amplicons 
of the group G2 of Hirschegger et al. (2010), representing clones coming from GHG hexaploid and octoploid 
accessions and from the tetraploid South-European A. polyanthum, are clearly linked to the Algerian diploids and 
tetraploids (A. ampeloprasum and A. baeticum) within the NA1 subclade. The monophyletic group G3 (93% BS) 
of Hirschegger et al. (2010), which contains amplicons originating from octoploid GHG accessions, from the 
tetraploid Leek group (Leek, Kurrat, Pearl onion and Bulbous leek), A. truncatum, A. pyrenaicum and A. iranicum, 
obviously shares a common origin with the two Tunisian diploids of the NA2 subclade (51 % BS). The amplicons 
generated from the Algerian tetraploid population of A. guttatum (from Tazrout) rather share a common origin 
with the diploid population from Yakouren (outside the NA clade) than with the other A. guttatum diploid group 
(from Chréa, Benchicao and Cap Ténès). The remaining amplicons from GHG (6x and 8x) accessions (including 
those of A. ampeloprasum var. babingtonii) and from A. pyrenaicum (4x), form the monophyletic group G1 (99% 
BS) of Hirschegger et al. (2010) outside the NA clade. 

Two other slightly divergent amplicons from A. pyrenaicum are related to group G1, as well as few other remaining 
amplicons representing the leek group (Bulbous leek and Pearl onion) and A. iranicum, which are poorly resolved 
outside the NA clade. 

Initially, this phylogeny also included GenBank ITS sequences from European polyploid accessions (A. 
atroviolaceum (4x), A. bourguoui (4x), A. dregeanum (8x), A. pseudoampeloprasum (4x), A. leucanthum (4x?)), 
and other accessions with uncertain ploidy levels (A. tuncelianum (2x?) and A. acutiflorum (2x?)) which were all 
positioned outside the NA clade. However, as these sequences come from direct sequencing (i.e. not cloned), they 
were not included in Fig. 4 and Fig. S1 to prevent phylogenetic ambiguities, due to sequence uncertainties, which 
did not affect further interpretation of the tree topology. Thus, there is evidence that the undetermined sequences 
of the groups G2 and G3 (from Hirschegger et al. 2010) most likely derive from the wild North African A. 
ampeloprasum and A. baeticum gene pool (from Algeria and Tunisia). It appears that this gene pool obviously 
contributed, not only to the formation of the Algerian tetraploids but also to the formation of the polyploid 
accessions of the GHG group (6x, 8x), the leek group sensu lato (Leek, Kurrat, PO, BL), and of the tetraploids A. 
truncatum, A. iranicum and A. pyrenaicum. 

Analysis of chloroplast DNA  
The chloroplast regions trnD−trnT and trnL−trnF were first analyzed separately. Nearly the same and poorly 

resolved tree topology resulted from these two data sets; with however moderate bootstrap support to some clades 
in the trnL−trnF tree (not shown). The ML tree of the combined dataset presented in Fig. 5 shows two main clades, 
in accordance with the clades I and II identified by Hirschegger et al. (2010). The clade II (86% BS) includes 
Allium species with different ploidy levels, where A. tuncelianum (2x?) is sister (with 91% BS) to the group 
comprised of A. scorodoprasum (2x), A. sativum (2x), A. leucanthum (4x?), and A. pseudoampeloprasum (4x). All 
diploid and tetraploid Algerian samples of A. ampeloprasum, A. baeticum and A. guttatum, exclusively fall in the 
large clade I (84 % BS) together with Genbank accessions representing the remaining polyploid taxa in the section 
Allium, of which the A. ampeloprasum Leek and GHG groups. Although a low cpDNA sequence divergence, some 
moderately supported subgroups can be observed in this clade. The tetraploid A. ampeloprasum Leek group (63% 
BS) forms a subclade (63% BS) together with the tetraploids A. iranicum, A. truncatum and A. atroviolaceum. 
Another subclade with a higher support (87% BS) includes both hexa and octoploid accessions of the A. 
ampeloprasum GHG groups (85% BS), the group of the tetraploid A. commutatum and A. bourgeaui (95% BS), 
A. polyanthum, together with both 2x and 4x Algerian accessions of A. guttatum and one tetraploid population of 
A. ampeloprasum (Kristel, from West Algeria). Apart from the latter population, the cpDNA tree supports close 
maternal relationships of the A. ampeloprasum and A. baeticum tetraploids Algerian accessions with their North 
African diploid relatives.  

Discussion 
Novel diploid and tetraploid North-African wild resources for the A. ampeloprasum complex and section 
Allium 

Polyploidy has already been considered as a major mechanism of evolution in the genus Allium (Mathew 1996). 
As demonstrated recently by Han et al. (2019), the diversification within genus Allium can be determined by 
intraspecific polyploid frequencies through climatic and habitats shifts.  In the Mediterranean region, the A. 
ampeloprasum group displays a stable chromosome base number x = 8 (Hirschegger et al. 2006; Peruzzi et al. 
2017). In this region, polyploids have been widely distributed with high prevalence of tetraploids, pentaploids and 
hexaploids, whereas diploids have been sporadically encountered in the eastern areas (Kollmann 1972). In fact, 
the Eastern Mediterranean region accumulates the whole set of the ploidy levels (3x, 4x, 5x, 6x and 7x) centered 
around the Aegean area (Bothmer 1970, 1975; Karavokyrou and Tzanoudakis 1991). Throughout the Western 
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Europe, 4x, 5x and 6x cytotypes have been reported in the Iberian Peninsula (Pastor 1982) and only hexaploids 
were observed in Holm Island and Ile D'Yeu Island (Stearn 1980; Guern et al. 1991; Jauzein and Tison 2005). 

The natural populations from northern Algeria referred to as A. ampeloprasum (this study) exhibited an 
unexpected high frequency of diploids (2x) and tetraploids (4x). Among the two other related taxa A. guttatum and 
A. baeticum, only 2x and 4x cytotypes were found. Populations of A. guttatum were almost all diploids, except 
one tetraploid encountered in the locality of Tazrout. For this species, diploids were reported only in Eastern 
Mediterranean region (Tzanoudakis and Vosa 1988), as it was for A. ampeloprasum diploids. A. guttatum 
polyploids (4x, 5x and 6x) were reported in southeastern Europe (Stearn 1980). Interestingly for A. baeticum, while 
only tetraploid number was reported in Iberian material (Pastor 1982), our study allowed detection of diploids for 
the first time among the Algerian populations. Therefore, these new reports of diploid and tetraploid populations 
in North Africa represent a substantial enlargement of natural resources available to investigate origins, 
evolutionary relationships and wild relatives of subspontaneous and cultivated polyploids within A. ampeloprasum 
complex and section Allium. 

North-African wild resources provide new phylogenetic insights into section Allium  

In order to situate the Algerian populations within the section Allium, and in turn, to fill the gap of our knowledge 
on species diversity in the North African region, we used a previous phylogenetic estimate of section Allium as a 
reference framework (Hirschegger et al. 2010). We reconstructed novel phylogenies based on ITS, trnL−trnF and 
trnD−trnT data sets, including a wide range of sequences available in GenBank (Friesen et al. 2006; Hirschegger 
et al. 2010; Figliuolo and Di Stefano 2007; Guenaoui et al. 2013) and those generated from this study. Numerous 
former studies demonstrated that ITS sequence variation is not only helpful for phylogenetic inference at 
infrageneric and specific levels in a wide range of taxa, but also that it might be a useful marker for the detection 
of past cases of reticulation and allopolyploid speciation (Wendel et al. 1995; Aïnouche and Bayer 1997; Wendel 
2000). Intragenomic diversity of ITS sequences may reflect evolutionary divergences among paralogous copies, 
but also may results from different parental ITS ribotypes acquired following hybridization events. These multiple 
ITS loci are generally subjected to a more or less rapid homogenization through concerted evolution (Álvarez and 
Wendel 2003; Kovarik et al. 2005). Depending on their age, their life traits (life cycle, mode of reproduction), their 
intrinsic genomic features and evolutionary rate, the recently formed hybrids and/or allopolyploids may show an 
incomplete sequence homogenization and may retain parental ITS ribotypes (Suárez-Santiago et al. 2007; Liu et 
al. 2008; Soltis et al. 2008; Logacheva et al. 2010; Poczai and Hyvönen 2010). The intra-individual polymorphism 
of ITS loci was previously reported in several Allium species (Dubouzet and Shinoda 1998; Figliuolo and Di 
Stefano 2007; Gurushidze et al. 2007, 2008). Hirschegger et al. (2010) revealed a diversity of ribotypes at both 
inter- and intragenomic levels within section Allium and were able to suggest or confirm the auto- or allopolyploid 
origin of the horticultural groups and their close relatives. However, the detection of unidentified groups of 
ribotypes (G1, G2, G3) from Hirschegger et al. (2010), and their limited sampling of diploids, did not allow them 
to accurately identify their parental origins. The results generated from this study, based on a wider sampling and 
cloning to detect intragenomic sequence heterogeneity, allowed phylogenetic circumscription of the novel wild 
North African Allium resources, and shed new light on diversity and relationships at different ploidy levels within 
the A. ampeloprasum complex and section Allium. The results hereafter discussed are summarized in the 
phylogenetic schema presented in supplementary Fig. S2. 

New insights on the main basic diploid evolutionary lineages in section Allium 

In accordance with Hirschegger et al. (2010), the main basic lineages of ITS sequences derived from known extant 
diploid taxa included in this study were well circumscribed in the ITS phylogeny, although their inter-relationships 
remain widely unresolved within section Allium. These subgroups correspond to A. ampeloprasum, A. 
sphaerocephalon, A. scorodoprasum, A. sativum and A. commutatum. Ribotypes representing subgenomes of the 
allotetraploids A. pyrenaicum and A. iranicum are also positioned in the trees (Fig. 4; Fig. S2). Our results 
demonstrated that all the North-African (NA) diploid populations of A. ampeloprasum, as well as those of the 
previously uninvestigated A. baeticum and A. guttatum, are clearly positioned in section Allium. Within the North 
African genomic pool (NA), we detected two divergent diploid subgenomic pools, NA1 which is widely distributed 
from western Algeria to eastern Tunisia (including accessions referred to as A. ampeloprasum and A. baeticum) 
and NA2 which seems restricted to South Tunisia (Fig. 4; Fig. S2). The A. guttatum diploid populations were 
clearly distinguished from the NA clade, and splitted into two unresolved lines roughly corresponding to a western-
eastern divergence of the Algerian populations; the western ones (Chréa, Benchicao and Cap Ténès) being 
unambiguously related to the representative of the diploid species A. sphaerocephalon included in this study 
(AJ412717 from Turkey). Although a low sequence divergence (Fig. 5, clade I), the cpDNA data also lend support 
to the ITS distinction between the NA and the A. guttatum populations, which suggests that they derive from close 
but divergent maternal origins. Additionally, it is interesting to notice from these results that accessions referred 
to as A. ampeloprasum (Figliuolo and Di Stefano 2007) in Sardinia (Italy) are out of the A. ampeloprasum diploid 
lineages and are rather part of the A. commutatum lineage, which is strongly supported from both nuclear and 
chloroplast data. These new insights, on the main basic ribotype lines revealed in section Allium from the North-
African wild genetic resources, provide crucial complementary information to illuminate the general evolutionary 
framework of section Allium (Fig. S2). 
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New insights on the origin of the horticultural groups and uncultivated polyploids in section Allium  

All tetraploid accessions referred to as A. ampeloprasum and A. baeticum in North Algeria clearly derive from the 
NA1 genomic pool, as supported by both ITS and cpDNA data, suggesting their autotetraploid formation, which 
will need to be fully verified with other nuclear markers. The other three tetraploid Algerian accessions referred 
to as A. guttatum are unambiguously related to the eastern A. guttatum line (represented by an accession from 
Yakouren). Otherwise, one of the major results highlighted by this study is that our ITS data illuminate the origin 
of the previously unidentified groups of amplicons derived from several polyploids in section Allium (by 
Hirschegger et al. 2010). As summarized in Fig. S2, it has been shown that: (i) all G2 amplicons of Hirschegger 
et al. (2010), representing clones coming from GHG 6x and 8x accessions (including one clone of A. ampeloprasum 
var. babingtonii) and from the tetraploid A. polyanthum, clearly derive from the NA1 genomic pool; (ii) that G3 
amplicons, representing clones from GHG 8x accessions, and from the tetraploids of the Leek group (Leek, Kurrat, 
Pearl onion and Bulbous leek), A. truncatum, A. pyrenaicum and A. iranicum, share a common origin with the NA2 

Tunisian diploid genomic pool; and (iii) that G1 amplicons, originating from both 6x and 8x GHG accessions 
(including those of A. ampeloprasum var. babingtonii) clearly stand out of the NA clade and are closely related to 
other amplicons representing one subgenome of the tetraploid A. pyrenaicum, which are close relatives to A. 
atroviolaceum, A. leucanthum, A. pseudoampeloprasum (Hirschegger et al. 2010). All together, these results 
provide a more comprehensive overview of the diversity within the A. ampeloprasum complex and section Allium 
and allow making assumptions on the evolutionary history of the main horticultural groups and uncultivated 
polyploids, hereafter discussed. 

Allium porrum L. (4x Leek group) ─This group (including all its forms: leek, kurrat, bulbous leek and pearl onion) 
was extensively studied for its economic interest. Traditionally, these cultivars have been assigned to A. 
ampeloprasum as varieties or subspecies (A. ampeloprasum subsp. porrum (L.) Hayek) (Maire 1958; Stearn 1980; 
Guern et al. 1991; Khazanehdari and Jones 1997). Also, the leek group was referred to as the species A. porrum 
(Levan 1940; Gray et al. 1987; Stack and Roelofs 1996), which found support from various genetic data (Bohanec 
et al. 2005). Regardless of their taxonomic treatment, both ITS rDNA and cpDNA phylogenies (Hirschegger et al., 
2010) also support the leeks as a homogeneous evolutionary entity. Previous studies based on meiotic chromosome 
behavior already suggested an autotetraploid origin of leeks (Levan 1940; Stack and Roelofs 1996), while others 
supported segmental allopolyploidy based on karyotype details (Khazanehdari and Jones 1997). As demonstrated 
by the ITS-based phylogenies (Hirschegger et al. 2010; Veiskarami et al.2019; and this study Fig. 4), the leeks are 
close relative to A. iranicum. Together, the latter appear to share a common origin of at least part of their ribotypes 
with the East Mediterranean tetraploid A. truncatum. Interestingly, our results revealed that few diploid 
populations from South Tunisia (NA2 group) are not members of the wide NA1 clade, but are rather closer to A. 
truncatum, and hence close to the group including one subgenome of “A. iranicum and the Leeks”. The derived 
phylogenetic placement of these populations within A. truncatum (Fig. 4 and supplementary Fig. S2), raises the 
question of their taxonomic status, and it can be speculated that they could represent recently introduced diploid 
genotypes from the Middle East (the native region of A. truncatum) to South Tunisia. However, elucidating these 
questions will need further more accurate investigations. 

Allium ampeloprasum var. holmense (Mill.) Asch. and Graebn. (6x-8x Great Headed Garlic group)  

Previous reports suggested the separation of the A. ampeloprasum var. holmense from the tetraploid cultivars of 
the leek group (Kik et al. 1997; Ariga et al. 2002; Bohanec et al. 2005), while A. ampeloprasum var. babingtonii 
was confirmed as an isoclonal form of GHG (Treu et al., 2001). According to the phylogeny based on cpDNA data 
(Fig. 5), the GHG accessions (regardless of their ploidy level) appear to share the same maternal progenitor, which 
most likely derived (together with those of the diploids A. guttatum, A. commutatum and A. bourgeaui), from A. 
polyanthum within the ampeloprasum complex. As shown above, the leek group clearly showed a distinct maternal 
origin from that of the GHG groups. 

The allopolyploid nature of the octo- and hexaploid GHG cultivars was demonstrated in previous studies 
(Hirschegger et al. 2006) and was well illustrated by the intragenomic heterogeneity of ribotypes found by 
Hirschegger et al. (2010) in the 8x-GHG accessions (containing G1, G2 and G3 ribotypes) and the 6x-GHG ones 
(with G1, G2 ribotypes) (Fig. 4). According to our phylogenetic identification of the origin of the enigmatic 
ribotypes observed in the GHG genomes, this study provides evidence that the North African “ampeloprasum-
baeticum” genomic pool unambiguously contributed to the formation of GHG horticultural groups and to their 
close polyploid relatives in section Allium. The results demonstrated that both 6x- and 8x-GHG genomes (including 
A. ampeloprasum var. babingtonii) share very similar ribotypes (G2) that are poorly divergent from and closely 
related to those of most diploid and tetraploid Algerian and Tunisian accessions of the A. ampeloprasum and A. 
baeticum genomic pool and to those of the tetraploid A. polyanthum (within the NA1 clade; Fig. 4). With respect 
to its plastid and ribotype phylogenetic affinities, A. polyanthum appears as the most likely maternal progenitor 
line of the 6x- and 8x-GHG groups. As already shown by Hirschegger et al. (2010), the latter groups also exhibited 
ribotypes (G1 amplicons) which indicates that they share close relationships (out of the NA clade) with A. 
pyrenaicum and the genetic pool formed by A. atroviolaceum, A. pseudoampeloprasum and A. leucanthum. Also, 
there is evidence from the data of Hirschegger et al. (2010) and this study that the 8x-GHG separately (but not the 
6x-GHG) inherited from their progenitors a third line of ribotypes (G3) which are strongly related to those of the 
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leek cultivars and A. iranicum, and next to A. truncatum. Therefore, although a distinct maternal origin has been 
underlined between the leek and the GHG cultivars (see above), it is obvious from the nuclear data that the 8x 
GHG share a common recent origin with the leeks (Leek, Kurrat, Pearl onion and Bulbous leek).  

Taxonomical remarks on related wild species in North Africa  

Allium ampeloprasum L. (2n = 16; 2n = 32) ─The wild representatives of this taxon were indicated as rare in the 
Mediterranean region (Bothmer 1970; Jauzein and Tison 2005). Maire (1958) had reported in North Africa, six 
endemic varieties within the subsp. eu-ampeloprasum Hayek. The Algerian populations studied here correspond 
to four of these varieties and are illustrated in figure 1 (Fig. 1a,b: cf. var. typicum Regel; Fig. 1,c,d): cf. var. 
duriaeanum (Gay) Batt.; Fig. 1e,f: cf. var. tortifolium Batt. and Fig. 1g,h: cf. var. getulum Batt.). 

In this study, both ITS and cpDNA grouped all the A. ampeloprasum populations in a well-supported 
monophyletic assemblage, but provided no clues of delimitation at the varietal level. Despite the morphological, 
ecological and karyotypical diversity of the tetraploid populations, no divergent ITS copies in amplicons were 
observed. Therefore, the tetraploid populations are not distinguished from the diploids and do not appear as an 
independent taxonomic unit within this specific complex. 
Allium baeticum Boissier (2n = 16; 2n = 32) ─This species previously considered as restricted to Morocco and 
Iberian Peninsula (Valdès et al. 2002), represents new report for the Algerian flora. Maire (1958) has described in 
the Rif and Moroccan Atlas two varieties: var. laeve Maire and Weiller and var. papillosum (Lindberg) Maire and 
Weiller. According to cpDNA phylogeny, this species is closely related to the Iberian endemic A. pyrenaicum. In 
ITS phylogeny both of A. baeticum diploids and amplicons of tetraploids were positioned in the same clade (Fig. 
4 and supplementary Fig. S1). The Algerian samples of A. baeticum referred to as var. laeve, diploids as well as 
tetraploids, show no significant morphological differentiation (Fig. 1i-l). The tetraploid Iberian A. baeticum could 
have derived from North African diploids following polyploidization events. 

Allium guttatum Steven (2n = 16; 2n = 32) ─In the Algerian floras this species was described under the specific 
epithet A. margaritaceum Smith (Maire 1958; Quézel and Santa 1962). The numerous varieties described by Maire 
(1958) attest to high degree of polymorphism of this species, as shown in figure 1 (Fig. 1m,n: cf. var. battandieri 
Maire and Weiller and Fig. 1o,p: cf. var. typicum Regel). In Europe, three subspecies were reported, A. guttatum 
subsp. sardum Stearn and subsp. dalmaticum (Kerner ex Janchen) Stearn are endemic to Sardinia and Croatia, 
respectively (Stearn 1980), and the Euro-Mediterranean A. guttatum subsp. guttatum Steven, to which could belong 
the Algerian populations. The ITS phylogeny indicated in the first instance that A. guttatum is closely related to 
another Mediterranean taxon A. sphaerocephalon. Although this relationship is well supported, it should be 
reassessed in a context of a broader sampling of this taxon, as any European population of A. guttatum has been 
sequenced to date. Moreover, it is interesting to note that the Algerian populations of A. guttatum share a common 
maternal origin with A. commutatum and could represent a putative maternal progenitor of A. ampeloprasum GHG 
cultivars. 

Biogeographical consideration and polyploidy 

Most wild and cultivated taxa of the A. ampeloprasum polyploid complex, particularly those of high ploidy levels 
(6x, 8x), are closely related to the North African diploids A. ampeloprasum and A. baeticum. Multiple patterns 
could be hypothesized to retrace the evolutionary history which led to the formation of the A. ampeloprasum 
horticultural groups. Anyway, the involvement of North African diploid genomes is here clearly demonstrated. 
Phytogeographical investigations have identified a major regional hotspot of biodiversity in northern Algeria and 
Tunisia, which is centered in the coastal and mountainous habitats particularly from Kabylies and Kroumirie (Véla 
and Benhouhou 2007). The high species richness and endemism suggest that this region may hold several refugia 
subsequently to the Pleistocene glaciations (Médail and Diadema 2009).  

Among the fifty-two refugia recognized in the Mediterranean region, eight are located in North Africa (Médail 
and Diadema 2009) forming discontinuous areas that could have favored an active speciation process and playing 
a key role in maintaining biodiversity. That is emphasized by the occurrence of diploids of A. ampeloprasum in 
Algeria while their rarity in the rest of Mediterranean region has been signaled (Bothmer 1970; Kollmann 1972). 
The Quaternary glacial and interglacial oscillations in the circum-Mediterranean region could have broadened the 
distribution of diploids of A. ampeloprasum complex, initially confined in refugial areas, which probably 
generating the actual polyploid lineages as it was demonstrated in various secondary-contact speciation model 
(Taberlet et al. 1998; Casazza et al. 2012; Alix et al. 2017). According to our results (Fig. 4; Fig. S1), the North 
African samples are separated in a first subclade of native populations from North Algeria and Tunisia (NA1) and 
in a second one from South Tunisia (NA2). The North African clade (NA) as a whole is monophyletic (BS = 89%) 
and this separation implies that two distinct biogeographic patterns led to the diversification within the A. 
ampeloprasum complex. The present phylogenetic analysis including diploids indicates that Northern Algeria and 
Tunisia likely represent the center of diversity of this clade (NA), where dispersal events have led to lineages 
expansion across southwestern Europe and through the Middle East. Hence, current western Mediterranean 
tetraploids (A. baeticum, A. pyrenaicum and A. polyanthum) could have originated from North African diploids 
having undergone paleopolyploidization in the western areas of its range, before rising towards the Iberian 
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Peninsula. Other lineages could have borrowed the eastern pathway generating other tetraploids (A. truncatum and 
A. iranicum). In contrast, some regional endemics, such as A. pyrenaicum within the Northern African clade, 
suggest an enigmatic pattern of evolution regarding the closest relations between endemics and domesticated 
species. Within A. guttatum, the diploids seem to have an extensive distribution, from northeastern Africa to 
eastern Mediterranean region. This is probably a taxon which diverged earlier from the A. ampeloprasum complex. 

Conclusion 
This study represents the first karyological and molecular investigation on the North African representatives of the 
A. ampeloprasum polyploid complex including A. baeticum and A. guttatum. Novel diploid (2x) and tetraploid 
(4x) Algerian populations constitute a substantial enlargement of natural resources to investigate evolutionary 
relationships. The phylogenetic analyses emphasize two divergent diploid subgenomic pools within the North 
African group (NA), the NA1 which is widely distributed from Algeria to Tunisia, including accessions referred 
to as A. ampeloprasum and A. baeticum, and the NA2 restricted to Tunisia including accessions referred to as A. 
ampeloprasum. The hexa and octoploid GHG cultivars and the tetraploid A. polyanthum, clearly share subgenomes 
deriving from the NA1 genomic pool. The tetraploid Leek group, A. pyrenaicum and A. iranicum, share a common 
origin with the tetraploid A. truncatum and the Tunisian diploids from the NA2 genomic pool. All the Algerian 
diploids and tetraploids share a common ancestor, suggesting that the tetraploids likely arose from 
autopolyploidization events. The A. guttatum diploid and tetraploid populations were clearly distinguished from 
the NA group. The phylogeny of cpDNA highlighted the importance of gene flow and the continuum between 
North African and South European taxa. Data on the Algerian wild gene pool of A. ampeloprasum have led to 
extend understanding of the diversity within this polyploid complex and to make assumptions on the evolutionary 
history of the horticultural groups and uncultivated tetraploids. Future investigations using a much wider and 
appropriate sampling and involving genome wide based markers will be helpful to deepen our understanding of 
the diversification in this relevant group.  
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Titles of the Figures 
 
Fig. 1 Morphological traits, inflorescence and bulb with outer tunics of some sampled populations.  
A. ampeloprasum (a-d) diploids, (e-h) tetraploids, A. baeticum (i-j) diploids, (k-l) tetraploids, A. guttatum (m-p) 
diploids. Correspondence with varieties from Maire (1958). (a-b) A. ampeloprasum cf. var. typicum Regel, (c-d) 
cf. var. duriaeanum (Gay) Batt., (e-f) cf. var. tortifolium Batt., (g-h) cf. var. getulum Batt., (i-l) A. baeticum cf. 
var. laeve Maire and Weiller, (m-n) A. guttatum cf. var. battandieri Maire and Weiller, (o-p), cf. var. typicum 
Regel 
 
Fig. 2 Somatic metaphases of some sampled populations. Diploids (2n = 2x = 16): (a) A. ampeloprasum Bouzegza, 
(b) Chréa, (c), Tinekachine, (d), Bouhciène, (e) A. baeticum Redjredj, (f) A. guttatum Chréa. Tetraploids (2n = 4x 
= 32), (g) A. ampeloprasum Bouzeghaia, (h) El Mesrane, (i) Tizi Ouchir, (j) Matmata, (k) A. baeticum Cap Ténès, 
(l) A. guttatum Tazrout. Abbreviations: Sp, proximal satellite; St, terminal satellite. Scale bar = 10 µm 
 
Fig. 3 Phylogenetic tree resulting from Maximum Likelihood analysis based on ITS sequences of diploids A. 
ampeloprasum and related taxa within section Allium. Numbers by nodes represent maximum Likelihood bootstrap 
supports > 50% (1000 replicates). Solid symbols are used for diploids 
 
Fig. 4 Condensed phylogenetic tree resulting from a Maximum Likelihood analysis based on the ITS sequences of 
diploids, polyploids A. ampeloprasum complex and related taxa within section Allium (right). Focus on the NA 
group (lift). Numbers by nodes represent maximum Likelihood bootstrap supports > 50% (1000 replicates). Solid 
symbols are used for diploids and empty ones for polyploids. The scale bar indicates a branch length of 0.001 
substitutions per site. Clades of amplicons (G1, G2 and G3) from Hirshengger et al. (2010) are shown. G1, A. 
ampeloprasum var. holmense GHG (6x, 8x) + A. ampeloprasum var. babingtonii + A. pyrenaicum (4x). G2, A. 
ampeloprasum var. holmense GHG (6x, 8x) + A. ampeloprasum var. babingtonii + A. polyanthum (4x). G3, A. 
ampeloprasum var. holmense GHG (8x) + A. ampeloprasum Leek group (Leek, Pearl onion, Bulbous leek and 
Kurrat) (4x) + A. pyrenaicum (4x) + A. truncatum (4x) + A. iranicum (4x)  
 
Fig. 5 Phylogenetic tree resulting from a Maximum Likelihood analysis based on combined plastid DNA trn 
L−trnF and trnD−trnT regions of diploids, polyploids A. ampeloprasum complex and related taxa within section 
Allium. Numbers by nodes represent Maximum Likelihood bootstrap supports > 50% (1000 replicates). Solid 
symbols are used for diploids and empty ones for polyploids 
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Electronic Supplementary Material 
 
ESM 1 Table S1 Geographic location, elevation and bioclimatic range of the 31 sampling sites in Algeria. 
Bioclimat (*) from Stewart (1975): A, Arid; H, humid; SA, semiarid; SH, subhumid. Abbreviations: AA: A. 
ampeloprasum; AB, A. baeticum; AG, A. guttatum 

ESM 2 Table S2 Detailed information of the Algerian populations used for chromosome counting and DNA 
sequencing, and references of all analyzed taxa included from other studies 

ESM 3 Table S3 Summary of phylogenetic parameters from ML, MP analysis and model test of separate and 
combined datasets, based on ITS-rDNA and cpDNA (trnL−trnF/trnD−trnT) sequences. Abbreviations: BIC, 
Bayes information criterion; CI, consistency index; RI, retention index 

ESM 4 Fig. S1 Phylogenetic tree resulting from a Maximum Likelihood analysis based on a broad dataset of ITS 
sequences of diploid and polyploid accessions from the A. ampeloprasum complex and from related taxa within 
section Allium. Included are ITS sequences generated from this study and from GenBank. Numbers on nodes 
represent maximum Likelihood bootstrap supports (1000 replicates). Solid symbols are used for diploids and 
empty ones for polyploids 

ESM 5 Fig. S2 Summary of the evolutionary relationships in the A. ampeloprasum complex and origins of 
polyploids (redrawn from ITS phylogenetic analyses from this study and Hirschegger et al. (2010)). Major lineages 
sampled among the extant diploid species in the complex are represented by black triangles in the tree. In the 
absence of diploid representatives (not sampled or extinct), ribotypes representing subgenomes of the 
allotetraploids A. pyrenaicum and A. iranicum are also indicated in grey triangles. All taxa are boxed in shaded 
rectangles. The lines connecting the shaded boxes (dotted, dashed or solid according to their respective ploidy 
level (4x, 6x and 8x) indicate the sharing of genomic markers (ribotypes) contributing to polyploid genomes. 
Abbreviations: NA1, North African clade 1 (North Algeria and Tunisia); NA2, North African clade 2 (South 
Tunisia) 
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Supplementary Table S1 Geographic location, elevation and bioclimatic range of the 31 sampling sites in Algeria 

Site Locality Latitude Longitude 
Elevation in 

meters 
Bioclimat a Sampled species b 

Adni Irdjen 36°40′00″N 04°09′00′′E 720 H AA, AG 
Ammal  Lakhdaria 36°37′10′′N 03°32′43′′E 650 SH AA 
Benchicao Medéa 36°13′56.2′′N 02°52′27.2′′E 1092 H AG 
Beni Amrane  Thénia 36°40′00′′N 03°35′30′′E 294 SH AA 
Bouhciène Dellys 36.8°48.8′00′′N 04°33′18′′E 790 SH, AA 
Bouzeghaia Zeboudja 36°19′28.8′′N 01°14′41.7′′E 201 SA AA 
Bouzegza Keddara 36°37′31′′N 03°28′46′′E 600 H AA 
Brazza Lac Zoubiria 36°04′00′′N 02°56′50′′E 870 SH AA 
Cap Ténès  Ténès 36°30′44′′N 01°18′16′′E 120 SH AA, AB, AG 
Chiffa Blida 36°27′22′′N 02°43′06′′E 300 SH AA 
Chréa 1 National Park of Chréa 36°25′239′′N 02°53′54′′E 1020 H AA 
Chréa 2 National Park of Chréa 36.4°23′23.6′′N 02°52′66′′E 1500 H AG 
El Mesrane Djelfa 34°45′59.3′′N 03°10′26.2′′E 800 A AA 
Gelt Estel Djelfa 35°08′59.0′′N 03°01′59.0′′E 700 A AB 
Kristel Gdyel 35°46′38.8′′N 00°30′48.8′′W 49 SA AA 
Matmata Oued Djemaâ 35°48′00′′N 00°41′00′′E 650 SA AA 
Menaceur Hadjout 36°30′10.5′′N 02°15′59.9′′E 133 SH AA 
Moudjbar Ksar El Boukhari 35°56′7.1′′N 02°46′23.8′′E 410 SA AB 
Mont Zaccar Miliana 36°18′00′′N 02°16′60′′E 500 SH AB 
Msila Boutlélis 35°36′52.1′′N 00°53′43.3′′W 343 SH AB 
Ouled Farès Ténès 36°14′32.7′′N 01°14′17.4′′E 139 SA AA 
Redjredj Medéa 36°05′10.6′′N 02°57′51.1′′E 1075 SH AB 
Taksebt Takhoukht 36°39′00′′N 04°10′00′′E 450 SH AA 
Tarvent Agouni Bouaklane 36.8°60′37′′N  04°05.6′08′′E 810 SH AA 
Tazrout Semghoune 36°49′34.3′′N 04°04′31′′E 900 SH AG 
Tikjda 1 National Park of Djurdjura 36°27′43.4′′N 04°09′1.8′′E 1684 H AA 
Tikjda 2 National Park of Djurdjura 36°27′44.6′′N 04°10′5.4′′E 1800 H AA 
Timgad Batna 35°30′21′′N 06°28′00′′E 1069 SA AA 
Tinekachine Makouda 36°47′1.7′′N 04°01′48′′E 700 SH AA 
Tizi Ouchir Ain Torki 36°19′60′′N 02°18′09′′E 884 H AA 
Yakouren Akfadou 36°44′05′′N 04°26′19′′E 660 H AG 

a Bioclimat from Stewart (1975) A: Arid, H: humid, SA: semiarid, SH: subhumid 
AA: A. ampeloprasum, AB: A. baeticum, AG: A. guttatum 
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Supplementary Table S3 Summary of phylogenetic parameters from ML, MP analysis and model test of separate and combined 
datasets, based on ITS-rDNA and cpDNA (trnL-trnF/trnD-trnT) sequences  

Parameters ITS–2x ITS–4x, 5x, 6x, 8x trnL–trnF trnD–trnT 
Combined      

trnL–trnF + trnD–
trnT 

No. of included taxa 11 13 17 17 17 

No. of included accessions 45 160 60 57 56 

No. of included characters 617 620 928 574 1388 

No. of variable sites 216 303 181 82 188 

No. of potentially parsimony-informative sites 146 182 54 45 79 

No. of trees obtained by unweighted MP 7 3 1 2 1 

No. of steps for unweighted MP (tree length) 279 491 128 228 245 

CI 0.7397 0.5374 0.6200 0.6138 0.6343 

RI 0.9068 0.8840 0.8812 0.8368 0.8689 

Nucleotide substitution model selected by lowest BIC K2+I T92+G T92+G T92+G T92+G 

BIC, Bayes information criterion; CI, consistency index; RI, retention index 
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