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Abstract

The genus Allium comprises plants of significant economic and medical importance, including onion,
garlic, and leek plants. The genetic diversity of garlic plants (Allium sativum) is vital for improving
agricultural practices, developing resilient crops, preserving genetic resources, and exploring the full
range of culinary and medicinal potential within this important plant species. In this research, we
investigated the results of genetic barcoding, focusing on the internal transcribed spacer (ITS) region;
four distinct barcoding regions, matkK, rbcL, and trnH-psbA; and the trnL and Inter Simple Sequence
Repeats (ISSR) regions of Allium sativum L. (Amaryllidaceae), which were collected from three diverse
cultivation sites. Our findings revealed significant interspecific diversity and intraspecific divergence
among the three cultivars examined. Interestingly, the results from different genetic markers were
consistent, with BDUT 1451 and 1452 consistently grouping together, while BDUT 1450 diverged. These
findings emphasize the effectiveness of the multi-marker approach for exploring intricate genetic
landscapes. Furthermore, they highlight the importance of genetic studies in understanding the diversity
of breeding and the potential utility of this economically and medicinally important nutraceutical crop.

Introduction

Estimating Earth's species diversity has always been a contentious issue, with suggested numbers
ranging from approximately 1.5 million (described thus far) to more than 5 billion species (Larsen et al.
2017). On the other hand, reports indicate that numerous species are disappearing and that more than a
million are under the threat of extinction (Tollefson 2019). However, some studies suggest that nearly
two-thirds of the existing species were described already (Appeltans et al. 2012; Costello et al. 2013; Li
and Wiens 2023). Despite an increase in the number of taxonomists working on biodiversity, there has
been a decline in the identification of new species (Costello et al. 2013). Notwithstanding considerable
technological advancements in taxonomy, Engel et al. (2021) highlight persistent concerns regarding a
dearth of qualified taxonomists, inadequate funding, insufficient training programs, and limited job
opportunities within the field.

Conventional phytomorphological and plant anatomical studies limit our understanding of evolutionary
taxonomy and species identification. These approaches involve four significant limitations. First,
phenotypic plasticity and genetic diversity within the characteristics used for species identification can
lead to erroneous determinations. Second, this method often overlooks phenotypically cryptic taxa,
which are prevalent in many species groups (Knowlton 1993; Jarman and Elliott 2000; Aryakia et al.
2016). Third, phenotypic keys are often effective only for a specific life stage, leaving a substantial
portion of individuals unidentified. Finally, while modern interactive tools represent a significant
advancement, the use of keys often requires a high level of expertise, increasing the likelihood of
misdiagnosis (Hebert et al. 2003). These limitations, along with the declining rate of new species
identification, necessitate innovative approaches in taxonomic identification. In the late 1990s and early
21st century, the use of a microgenomic identification system emerged as a promising avenue for
determining biological diversity. Leveraging the power of genetic analysis through the examination of
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small fragments of an organism's genome (Hebert et al. 2003), this system utilizes genetic barcodes
present in every cell, akin to universal product codes used for retail product identification. Despite the
relative simplicity of determining life diversity through genomic barcoding, this approach provides a
more efficient and precise means of categorizing and understanding the incredible variety of life forms
on our planet.

DNA barcoding is a transformative methodology that empowers taxonomists by expanding their ability
to complete a global inventory of diversity (Hebert and Gregory 2005). DNA barcoding not only benefits
taxonomists but also scientists in diverse fields, such as forensic science, biotechnology, the food
industry, and animal diet research (Creer et al. 2016; Deiner et al. 2017; Yang et al. 2020; Fernandes et al.
2021; Gostel and Kress 2022). In summary, genomic barcoding provides an expansive and versatile tool
for untangling the intricate web of biological diversity, akin to how product barcodes streamline the
identification of consumer goods. Efforts to develop universal genomic databases and accessions
involve coordination among research organizations, government bodies, scientific societies, and others
associated with genomic studies. Initiatives such as the Barcode of Life Initiative (BOLI), established in
2003, aim to improve the applicability and cost-effectiveness of genomic taxon identification (Costa and
Carvalho 2010). Similarly, the International Barcode of Life (iBOL), established in 2008, seeks to
transform biodiversity science by building DNA barcode reference libraries, sequencing facilities,
informatics platforms, and analytical protocols through international collaboration (iBOL 2024).

Despite the potential benefits of DNA barcoding for both practitioners and users of classification, there is
controversy within various systematic circles (DeSalle and Goldstein 2019; Honeycutt 2021; Pfeiler
2023). Although employing a single gene region as a DNA barcode does not guarantee complete
taxonomic resolution, it offers a significant degree of proximity. Numerous studies on diverse animal
groups suggest that DNA barcoding can achieve high levels of species resolution (Garg and Biju 2021;
Dinca et al. 2023) and provides promising taxon identification and species determination in plant
communities (Besse et al. 2021; Raskoti and Ale 2021; Sawarkar et al. 2021; Chac and Thinh 2023).

The Consortium of Barcode of Life (CBOL) recommends a 2-locus combination comprising the ribulose-
1,5 bisphosphate carboxylase oxygenase large subunit (rbcL) and maturase K (matK) as the standard
plant barcode (CBOL 2009). These two regions of chloroplast DNA were chosen for their efficient
recovery of high-quality sequences and their ability to distinguish between species effectively (Burgess
et al. 2011). In recent decades, researchers have increasingly utilized rbcL and matK sequences for both
species identification (Starr et al. 2009; Asahina et al. 2010; Bieniek et al. 2015; Ho et al. 2021) and
phylogenetic analysis (Asahina et al. 2010; Kuo et al. 2011; Maulidya et al. 2020; Cetiz et al. 2023).
Additionally, the spacer between tRNA-His and photosystem Il protein D1 (trnH-psbA spacer) and the
ITS2 are widely employed for similar purposes (Chen et al. 2010; Gao et al. 2010; Fu et al. 2011; Bieniek
et al. 2015; Intharuksa et al. 2020; Jiang et al. 2023). However, it is important to note that the application
of universal barcode markers has its own limitations and is subject to further advances (Tekle and Wood
2018; Piper et al. 2019; Manzoor et al. 2022).
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Accurate identification of crucial agricultural crops is beneficial for DNA barcoding, and insights into the
evolutionary background of these crops have been obtained. However, the study of genetic diversity in
Allium species has faced challenges due to the absence of readily portable codominant molecular
markers during the early stages of this technology (McCallum 2007). While a variety of molecular marker
methods have successfully addressed questions related to genetic diversity and species relatedness
within Allium species, the search for robust and informative markers specific to Allium species has
proven to be considerably more demanding (Xie et al. 2020).

Despite being economically important crops, some Amaryllidaceae crops, such as bulb onions and
garlic, remain understudied compared to other major crops (Zhang et al. 2023). Allium sativum, an
essential aromatic and nutraceutical ingredient, offers a wide array of health benefits (Wang et al. 2014;
Rauf et al. 2022). Understanding the taxonomic evolution of functional traits requires exploring the
molecular breeding and genetic diversity of this important food crop. With these considerations in mind,
the present research aimed to explore the relationships among three distinct cultivars of garlic plants
(Allium sativum) using ITS sequence and DNA barcoding, employing primers for matK, rbcL, trnH-psbaA,
and trnL. This study provides valuable insights into the genetic diversity and relatedness of these
cultivars, contributing to our understanding of this important crop species.

Materials and Methods

We collected three distinct local cultivars of Allium sativum from different locations in Tamil Nadu, India:
Poomparai (BDUT 1450) in Kodaikanal District, Vadugapatti (BDUT 1451) in Theni District, and
Pannaikadu (BDUT 1452) in Kodaikanal District. Applying the CTAB method (Doyle and Doyle 1987), DNA
extraction was conducted with previously washed and sterilized fresh, young roots, each weighing 200
mg per cultivar. Subsequently, a spin column kit was used to purify the DNA extracts from the garlic
cultivars. Evaluation of the ethidium bromide-stained DNA extracts revealed the formation of bands upon
UV exposure. To evaluate the sequence information of the chosen cultivars, we targeted specific regions:
a spacer DNA (ITS) region, four candidate DNA coding regions (rbcL, matK, PsbA, and trnL) and an inter
simple sequence repeater (ISSR) of the microsatellite region. Amplification of these regions was
achieved through polymerase chain reaction (PCR) using the universal primers outlined in Table 1.
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Table 1
Primers used in the barcoding and sequencing of Allium species

Genomic Target Primers Primer Sequence 5-3' Reference
Internal Transcribed ITS1 TCCGTAGGTGAACCTGCGG White et al.,
Spacer Region 1990
ITS4 TCCTCCGCTTATTGATATGC
Barcoding Regions rbcLa-F ATGTCACCACAAACAGAGACTAAAGC Bafeel et al.,
rbcLa-R GTAAAATCAAGTCCACCRCG a
MatK-3F CGTACAGTACTTTTGTGTTTACGAG Costion et al,,
KIM 2011
I}\(/I?\\;IIK—1 R ACCCAGTCCATCTGGAAATCTTGGTTC
psbA3_f GTTATGCATGAACGTAATGCTC Kress et al.,
trnHf_05 CGCGCATGGTGGATTCACAATCC 2008
trnL F CGAAATCGGTAGACGCTACG Taberlet et al.,
trnL R GGGGATAGAGGGACTTGAAC 1o
Inter Simple Sequence ISSR8US G(AACA)4 Jabbes et al.
Repeats (2011)
ISSR9 HVH(TC)8
ISHY 1b (GA)8YT
ISHY 2 (AC)8YG
ISHY 3 (AG)8YT
ISHY 4 (CA)8RG
ISSR a GCV(TG)8

ISSR8US G(AACA)4

For each PCR mixture, we included 10 pl of Taq premix, 4 pl of water, 1.5 pl of each of the forward and
reverse primers, and 3 ul of DNA. The PCR Thermal Cycler Program was executed using an Eppendorf
ProS (Hamburg, Germany). The thermal cycling programme for all sequence analyses comprised an
initial cycle of 5 min at 94°C, followed by 35 cycles of 30 sec at 94°C, 30 sec at 58°C, and 60 sec at 72°C.
The amplification was completed with a final cycle of 10 min at 72°C. To visualize the PCR products, all
the samples were separated on a 1.2% agarose gel in 1x TAE buffer through electrophoresis at 60 V for
90 min. Subsequently, the separation was examined using a UV transilluminator.

Before sequencing, the PCR products were subjected to an additional purification step. The Sanger
dideoxy method of DNA sequencing was used for the PCR products, and the obtained data were
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imported and aligned using Molecular Evolutionary Genetics Analysis (MEGA v6.2.2). Key sequence
statistics, covering nucleotide frequencies, transition/transversion bias (R = s/v), and variability across
various sequence regions, were analysed. For sequence data analysis, both phenetic and cladistic
methods were employed. The phenetic analysis utilized the neighbour—joining (NJ) method, while the
cladistic approach employed the maximum parsimony (MP) method. These two complementary
methods provided comprehensive insights into the genetic relationships and patterns present in the
sequence data.

For each primer, the genetic sequence of the ISSR region was indexed to identify and compare
polymorphic loci (P) among the cultivars. This information was subsequently utilized to compute the
Shannon information index (I) (Lewontin 1972) and Nei’s standard genetic distance (D) (Nei 1972). The
allele diversity data obtained from these indices were used to evaluate the discriminative performance of
each primer. Subsequently, the genetic distance information was used to construct a dendrogram with
POPGENE v32 software. Finally, a population model was established through Bayesian analysis of the
ISSR data using STRUCTURE v3.2.2 software.

Results and Discussion

Various primers were used to amplify and sequence distinct genomic regions of three chosen Allium
cultivars. The number of base pairs in each sequenced region slightly differed among the three cultivars,
with the trnL region exhibiting shorter lengths than the other barcoding regions analysed in this study
(Table 2).

Table 2

Lengths of the sequenced genome regions of three selected Allium sativum cultivars for
different molecular markers used in this study (humber in base pairs).

Garlic Cultivar  Internal Transcribed Spacer Region  Barcoding Regions

ITS matK trnH-psbA rbcL trnL
BDUT 1450 645 851 650 537 287
BDUT 1451 651 853 646 540 291
BDUT 1452 630 851 640 547 259

The substitution pattern and rates for the ITS sequence were estimated using the Tamura and Nei (1993)
model with a discrete gamma distribution to account for evolutionary rate differences among sites (5
categories, [+ G]). In the ITS region analysis, the shape parameter for the discrete Gamma distribution
was estimated to be 200.0000. The mean evolutionary rates in these categories were 0.90, 0.96, 1.00,
1.04, and 1.10 substitutions per site, suggesting moderate evolution of these cultivars. The maximum
log likelihood for this computation was - 2594.439, indicating a good fit with the Tamura—Nei model,
significant heterogeneity, and a moderate evolutionary rate. The nucleotide frequencies of the ITS region
observed in this Tamura—Nei model were A =22.54%, T = 30.58%, C = 20.37%, and G =26.51%. The
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transition/transformation bias (R) for the ITS region was 1.09, indicating a bias higher than the expected
level. Additionally, when the Kimura (1980) 2-parameter model was used for substitution patterns and
rates, the nucleotide frequencies were A =25.00%, T =25.00%, C =25.00%, and G = 25.00%. For
estimating maximum likelihood (ML) values, a tree topology was automatically computed, and the
maximum log likelihood for this Kimura 2-parameter computation was - 2617.110.

Both models exhibit a typical ITS region with AT richness, which might contribute to the higher R value
than expected. When the phenetic neighbor—joining (NJ) method was applied to the ITS sequence, the
phylogeny of the three cultivars resulted in a divergence of BDUT 1451 from that of the other two
cultivars, BDUT 1452 and BDUT 1450, which were found to be in a separate cluster. In contrast,
according to the cladistic MP method, BDUT 1450 and BDUT 1452 formed a single cluster, while BDUT
1451 diverged into a separate cluster (Figs. 1 and 2). The discrepancy in clustering patterns could
conceivably be attributed to the high rate of heterogeneity, where the NJ method relies on overall
sequence similarity, whereas the MP method focuses on shared derived characters. Interestingly, both
methods consistently placed BDUT 1451 in a separate cluster, suggesting intraspecific divergence.

The phenetic neighbor-joining (NJ) method of ITS sequence analysis revealed that BDUT 1451 was
closely linked to A. sativum gi228015332, and BDUT 1452 diverged from this cluster. BDUT 1450 was
closely related to a cluster of A. ampeloprasum var. harmone gi338191565 and A. ampeloprasum var.
harmone gi338191566. According to the cladistic method of ITS, BDUT 1450 and BDUT 1452 formed a
single clade, whereas BDUT 1451 was closely linked to A. sativum gi228015332. The overall pairwise
distance between them was 6.153. A dendrogram created by Baghalian et al. (2006) using 24 ecotypes
revealed five main groups. Thirteen of the 24 ecotypes were included in cluster group A, two ecotypes in
group B and seven ecotypes in group C. They found that there was no relationship between genetic
divergence and geographical origin in the post planting stage, as genotypes from the same origin
entered into different clusters, and genotypes from different origins also entered the same cluster. In the
study by Figliuolo et al. (2001), molecular analysis confirmed the differentiation of A. sativum and A.
ampeloprasum in the sequence cluster. The A. ampeloprasum cluster diverged from A. sativum through
the use of single-nucleotide sequence variation in both the ITS1 locus and the RAPD locus. Sequence
analysis of ITS1 DNA revealed detailed variation within the A. ampeloprasum complex and
monomorphism within A. sativum in the study by Figliuolo and Di Stefano (2007). Several other studies
have revealed intricate phylogenetic relationships, and the whole-genome sequence of Allium was
generated through ITS analysis (Ipek et al. 2008, Hirschegger et al. 2010 and Nguyen et al. 2008).

One striking characteristic of the ITS data is the strangely large intrageneric genetic distances within
Allium species. Kimura distances greater than 40% were found in the Friesen et al. (2000) study and in
the Dubouzet and Shinoda (1999) study; Kimura distances often characterize the most distant genera
within subfamilies or even families (Baldwin et al. 1995; Blattner and Kadereit 1999; Hsiao et al. 1999;
Noyes and Rieseberg 1999). Intrageneric distances in other plant families are mostly less than 10%
(Baldwin et al. 1995). These findings make Allium species either extraordinarily rapidly evolving taxa or
ancient in origin, and molecular evolution is not accompanied by the increase in comparable numbers of
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taxonomic categories. Moreover, a phylogenetic plot showed that all three cultivars belonging to the
same species fell into distinct clusters, signalling their genetic divergence. Fredotovi¢ et al. (2014)
performed phylogenetic analyses of the ITS1-5.8S-ITS2 region of 35S rDNA and the non-transcribed
spacer (NTS) region of 5S rDNA of A. xcornutum and its relatives to the section A. cepa.

After the ITS region was sequenced, the phylogenetic relationships of the barcoding gene sequences,
such as matK, rbcL, trnH-psbA and trnL, were determined via cladistic methods. In the analysis of the
matK region, the shape parameter for the discrete Gamma distribution was estimated to be 0.0500. The
mean evolutionary rates in these categories were 0.00, 0.00, 0.00, 0.03, and 4.97 substitutions per site.
The fifth category stands out as remarkably divergent compared with the others. These results imply the
presence of a conserved matK region with a low rate of evolution and significant intraspecific
divergence. The nucleotide frequencies observed were A =32.28%, T=37.92%, C=15.24%, and G =
14.57%, which confirmed the characteristic AT-rich chloroplast DNA. The maximum log likelihood for this
computation was - 1210.897. Additionally, the estimated transition/transformation bias (R) is 0.11, and
the maximum log likelihood for this computation was - 1287.698.

According to the phenetic neighbor-joining (NJ) method of phylogenetic analysis for matk, all three
cultivars formed a single cluster, with BDUT 1450 and 1451 closely linked. According to the cladistic MP
method, BDUT 1450 and 1452 were found in a single cluster that diverged from BDUT 1451 (Figs. 3 and
4). According to the NJ method of matK analysis performed in this study, all three cultivars were found in
a single clade, and the overall pairwise distance between them was 0.012. Both phenetic and cladistic
methods concur that BDUT 1451 diverged from BDUT 1450 and 1452. The matK region had a high
evolutionary rate (4.97), suggesting the potential accumulation of mutations, possibly driven by neutral
evolutionary processes, adaptive evolution, or founder effects, in BDUT 1451. Conversely, BDUT 1450 and
1452 are closely related according to cladistic analysis, consistent with the overall low evolutionary rates
observed in the matK region. Overall, the analysis of the matK region revealed high conservation with
subtle divergence among the three cultivars.

The estimated shape parameter of the rbcL region was 28.0140 for the discrete gamma distribution,
suggesting that the heterogeneity in the rbcL region was significantly greater than that in the matK
region. The mean evolutionary rates in these categories were 0.75, 0.89, 0.99, 1.09, and 1.28
substitutions per site, implying a moderate evolutionary rate with high heterogeneity. The nucleotide
frequencies were A=30.11%, T = 28.62%, C = 21.73%, and G = 19.55%, which indicated slight GC bias,
contrasting with the AT bias observed in the matK analysis. The maximum log likelihood for this
computation was - 2070.782. The estimated transition/transformation bias (R) is 0.41. The maximum
log likelihood for this computation was - 2093.020. Analysis of the rbcL region of the tested cultivars
revealed that BDUT 1451 and BDUT 1452 were closely related to each other and formed a single cluster
according to both methods of phylogenetic analysis. BDUT 1450 was found in a separate cluster (Figs. 5
and 6). Both the phenetic and cladistic methods for rbcL placed BDUT 1450 in a separate cluster, while
BDUT 1451 and 1452 formed a closer cluster, aligning with the matK analysis. However, the rbcL analysis
revealed closer relationships between BDUT 1451 and 1452 than between BDUT 1451 and matk,
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potentially indicating incomplete lineage sorting in the rbcL gene, where ancestral polymorphisms have
not yet been sorted across lineages.

According to the trnH-psbA region analysis, the estimated value of the shape parameter for the discrete
Gamma distribution is 2.6231. The mean evolutionary rates in these categories were 0.32, 0.61, 0.88,
1.22, and 1.97 substitutions per site. These results suggest moderate rate variation across sites in the
trnH-psbA region. In addition, these findings indicate a mix of conserved and faster-evolving regions
compared to the matK and rbcL barcode regions. The nucleotide frequencies were A =31.48%, T =
33.73%, C=17.95%, and G = 16.84%, which indicated a rich AT-bias similar to that of matK, which
features characteristic chloroplast DNA. The maximum log likelihood for this computation was -
8919.082. The estimated R bias is 0.68, which is comparatively greater than that of matK and rbcL,
potentially reflecting differences in structural constraints in this region. The maximum log likelihood for R
bias computation was - 9236.580. In the phenetic NJ and cladistic MP methods of phylogenetic analysis
of trnH-psbA, BDUT 1451 and BDUT 1452 were linked in a single cluster, and this cluster diverged from
the cultivar BDUT 1450 (Figs. 7 and 8). The overall pairwise distance among the cultivars was 1.289 for
the trnH—-pspA sequence. This strengthens the confidence in the observed divergence and suggests a
fundamental split between BDUT 1450 and the other two cultivars. The closer relationship between
BDUT 1451 and BDUT 1452 in rbcL and trnH-psbA, compared to the more distinct separation in matk,
suggested potential incomplete lineage sorting (ILS) in these regions.

According to the results of the trnL sequence analysis, the estimated shape parameter for the discrete
Gamma distribution was 28.2892, similar to that of rbcL, indicating considerable rate of variation across
sites. Similarly, the mean evolutionary rates in these categories resembled those of the rbcL region and
were 0.75, 0.89, 0.99, 1.09, and 1.28 substitutions per site, suggesting comparable evolutionary
dynamics in these regions. The nucleotide frequencies were A=37.97%, T =27.16%, C =15.57%, and G =
19.31%, similar to those of matK and trnH-psbA. The maximum log likelihood for this computation was -
1030.978. The estimated transition/transformation bias (R) is 0.53. The maximum log likelihood for
transition/transformation computation was - 1074.046. The trnL sequence analysis showed that BDUT
1450 and 1452 formed a single cluster, and BDUT 1451 was found in a separate cluster via the phenetic
neighbor—joining (NJ) method and the cladistic difference—platelet method. Similarly, BDUT 1452
diverged from the BDUT 1451 cluster, and BDUT 1450 diverged from BDUT 1452 (Figs. 9 and 10). The
overall pairwise distance between them was 1.845. Thus, trnL uniquely clusters BDUT 1450 and 1452
together, contrasting with the groupings observed for matk, rbcL, and trnH-psbA.

Species discrimination was successful in an earlier study with 72% of the cases, with the remaining
species being matched to groups of congeneric species with 100% success using rbcL and matK.
According to the trnH-psbA and rbcL sequence analyses, BDUT 1451 and BDUT 1452 were closely
related to each other. BDUT 1450 evolved from a separate clade with A. textile as a closely related
species according to the cladistic method and diverged from a cluster with A. textile JX848396 and A.
sikkimense isolate LHXJ0489 according to the phenetic method of rbcL analysis. According to the
phenetic method, for trnL, BDUT 1452 and BDUT 1450 were found in a single cluster, which showed that
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they were closely related, and BDUT 1451 was found in a separate clade related to A. linearifolium
JF262666; therefore, these genes diverged from a large clade with different Allium species.

The ISSR primers used in this study produced a total of 91 scorable bands with sizes ranging from ~ 250
bp to 1500 bp (Figs. 11-13). The total number of bands for each primer ranged from zero to 21, with an
average of 13 (Table 3). The total number of polymorphic alleles and the percentage of polymorphisms
were 11 and 21.09%, respectively. This implies that low genetic diversity and limited polymorphism occur
among the three cultivars. The ISSR9 and ISHY4 primers did not produce any scorable fragments in
BDUT 1450, and ISSRa was observed to be an inefficient primer for amplifying all three garlic clones.
ISHY 1b and ISHY2 produced the maximum number of amplified fragments (21 bands).

Table 3

Characteristics of the ISSR primers

Primer Primer sequences 5-3°  Annealing AF PF %P
Temperature (°C)

ISSRBUS  G(AACA)4 50 14 4 28.57
ISSR9 HVH(TC)8 50 11 3 2727
ISHY 1b  (GA)8YT 39 21 3 14.28
ISHY 2 (AC)8YG 43 21 4 19.0
ISHY 3 (AG)8YT 39 19 3 1579
ISHY 4 (CA)8RG 44 5 1 20.00
ISSR a GCV(TG)8 51 - - -

V=G, A CH=A,CD+G, A, TB=G;C,TY=C, TR=AG
AF-Total amplified fragments; PF- Number of polymorphic amplicons; % P- Percentage of polymorphism

The highest percentage of polymorphisms was observed for ISSR8US, followed by ISSR9 (28.57% and
27.27%), suggesting that these regions offer potentially informative markers for differentiating these
cultivars. The statistics of genetic variation for all polymorphic loci were 2 for the observed number of
alleles (na), 1.6831 + 0.22 for the effective number of alleles (ne), 0.3969 + 0.79 for Nei’'s gene diversity
(h) (1972) and 0.5837 + 0.086 for Shannon’s information index (1). These results indicate moderate
genetic variation across the analysed loci. In this study, a UPGMA dendrogram of garlic cultivars was
constructed on the basis of ISSR data obtained by using POPGENE v32 software; BDUT 1450 and BDUT
1452 were linked together in a single cluster, whereas BDUT 1451 evolved as an outgroup from the BDUT
1450 and BDUT 1452 clusters. The average distance between individuals in the same cluster was
determined to be 0.5862 for BDUT 1450 and BDUT 1452 and 0.5838 for BDUT 1451. This finding aligns
somewhat with the clustering observed in the trnL barcoding region but contrasts with the consistent
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grouping in the matK, rbcL, and trnH-psbA regions. The estimated Ln probability of the data was - 10.3,
the mean value of the maximum likelihood was - 9.8, the variance in the maximum likelihood was 1.0,
and the mean value of the alpha was 0.3288. The Bayesian proportion of individual plants fora K =3
population model was identified by STRUCTURE software and is indicated in Fig. 14. The proportions
suggest a combination of divergence and heterogeneity among the cultivars.

Jabbes et al. (2011) revealed that, on the basis of the ISSR primers used, 7 to 21 polymorphic fragments
were pragmatic, with an average of 12 fragments, which correlates with our results with the same
primers used in this study. The presence of heterologous genomes was reflected by the accessibility of a
comparatively high number of polymorphic ISSR markers (Jabbes et al. 2011). The results of Sadeghi
and Cheghanirza (2012) demonstrated that ISSR analysis can be used not only to study the high diversity
among cultivars but also to study polymorphisms. Additionally, they confirmed that ISSR techniques are
advantageous for studying genetic diversity and are robust methods for characterizing plant genomes.
ISSR analysis has been extensively used to determine genetic diversity in important crops and fruits and
for biodiversity conservation. Furthermore, ISSRs can be used to evaluate relationships at the
interspecific level (Huang and Sun 2000). Hao et al. (2002) provided a clear picture of the relationships
among closely related congeneric species. Jabbes et al. (2011) reported that the diversity between
accessions is always greater than the diversity within accessions.

The discriminative ability of each marker was evaluated by the diversity index value. A higher diversity
index indicates more marker information (Kandasamy et al. 2013). The authors concluded that the ISSR
marker system was highly informative and efficient for observing the genetic diversity of flowering plants
via analytical methods. A total of 99.47% of the bands obtained in the Mukherjee et al. (2013) study were
polymorphic. Nagaoka and Ogihara (1997) reported that ISSR primers produce reliable and reproducible
bands.

Conclusion

The DNA barcoding results of this study provided us with insight into the genetic diversity of three
selected cultivars of Allium sativum. Among the cultivars, BDUT 1450 and 1452 seemed to be closely
related, while BDUT 1451 diverged significantly. Discrepancies in clustering patterns among different
markers suggest incomplete lineage sorting (ILS), where ancestral traits have not been fully separated.
Furthermore, moderate interspecific diversity and intraspecific divergence were observed with complex
genetic relationships. However, further studies with advanced methods and additional information from
various cultivars from different geographical locations are needed to fully understand the evolutionary
history of this important aromatic cum nutraceutical crop. Understanding this genetic landscape
presents exciting opportunities for garlic breeding programs, allowing for the development of cultivars
with enhanced nutritional profiles, improved disease resistance, and improved adaptation to specific
environments.
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NJ (phenetic method) tree based on the ITS region of Allium sativum
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Cladistic method (MP) tree based on the ITS region of Allium sativum
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KETOL458 Alliurn senescens isclate POBR0 20636
HOTO802 Al Lagodil I albafonem Salale PDEHI00G- 1389
HETER503 Alium sadvum voucher BOUT 1450
KFTE9504 Alurs salrum woucher BOUT 1451
HF 83505 Allum salrvum voucher BOUT 1452

]

HOS0T 14 Allun cyanaum isolafe K47
_l—uammm,.-,*- fum v Zheguah igoiate K HXCI (456
| I—mmrmmm

SOZTEIOT Allurm Cida
JNBOIST Allum thunbengi voucher DM Kim 08220
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Figure 3

NJ (phenetic method) tree based on the matKregion of Allium sativum
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HOSR0ETS Alum pratts isolale K16
HOES0ETE Al gvabiolium vie. ovaliflnm iaclale K10
HOESOTE Alluim remosum isnias K53
HQEMIR) Ay g oy K G Q483
HQEMIT Aluen condenapium wolate K FDC 0405
HACEROT S Aum pezewalshoanum isolate KT
HOSHERIR Alum przewalshoacsum wolale K RGP S
HOEG031 T Al fyrpate salale K HCT Q4T
HOSSM0Y Aum sikdomense solale K HCT 0489
HOSR03ED Al gl v Ehigush wgalate B HIH (G5
HOSS0TE) Ay plusdelalum v plusfobafum wsolae K120
OAS0ET Y Alum cyaneum molate K FOC) M43
HOSHOTH Allum mchusowsse isolate K HICT 52
MRG0 9 Ay pehoarinss aolafe KX 0457
HOSS0TES Alum ruce olste K HOCH 0445
HQERT I Ay chrysocephalon voucher Wi X0 WXQE00R0T 2604
HOESOET Alum muowenense isalale K ML) Q860
OSSN Aum mecwenenss isolale K HICS Q461
HOERATS Allum pchudnwsi Solale KEE
I—.ﬂmmm
{Wrmm

JNROIET Al Putdarge velotid DU Ko 08-220
-I—HWMMWMMKWM

KFTEQ50d Alum ot voucher BOUT 1857

HFTHRS00 Alum safrum voucher SBOUT 1850
KFTH%508 Aum satrum voucher BOUT 1452
HQEROT A Alum eysnsom (clade K4T
KCTHSTT Al macreatsnscn wgolite POEKI0 10661
KETOL88 Aoy sonascans mofale POERCT 20008
— KGTQIT Al fistiosum igolate FOBKI0N 20244
L KETQL407 Aerm totanaum isciate FOBKI00.2141
KCTOL492 Al faguate | aibdionem isolafe POER2000. 1389
KETRS Al fausbegs iy POBMIOTOZTTS
[— MCTOLE3 Ao spoculifonm solae POBKI00E 2458
L— KETOL401 Alium toguats isolale POBKZOTO-1 4T3

Figure 4

Cladistic method (MP) tree based on the matK'region of Allium sativum

Page 21/31



HOEG0445 Alum cyaneum isolale idT

HOGH03 Allurs evlfolur var, svaliabhur wolite A5
HOEG0430 Alum praiti isalade f140

HOGR0472 Alburn wallicha isolate [ HCT 0424
HOGG0480 Alum sikkomense isoale L HX) 0433
HOES0490 Alburn gyaneurn solate L H 0444
GO4IGIT Alium macrosternon voucher PSO0GSMTO
HGER0464 Alburn pluniolralum var plunfolalum isolate 0120
KCTdT44 Alium fistulosum isolale POBRHT 20244
HOSG0434 Alum wetanals solale 190

HOGS044T Ay macranifum isolale fd1

KCTO4T50 Alum monanthum isolate POBK20M0-0227
HOGER0S0S Alurn maowenense isolate L HXJ 0467
HOEH05M Allum maowenense isolate [ HXJ 0458
HOES0496 Alumn wichuanense isolate L HXJ 0452
HOE60494 Allum fude isclate L HXJ 0445

HOER0441 Allurn rude isolale 36

HOSG0488 Alum fomeaty isalade | HMJ 0441
HOGRISTS Allurn condensatum isolate L FXJ 0458
HOG0510 Alium ramosum isodafe L HXJ 0469
HOGA051 T Ay mane isolale L HXC) 0484
HOG004ET Alvum mairei isclate 138

i KFT659496 Alum cepa voucher BOUT 1455
L NYT4TET AMum cepa voucher SHB-0L6T
HOGLL035 Allum canadenss

KFT60457 Alfium saiivum voucher BOUT 1450
] JNBLEIDE Allurm dextile

— HOBB04ES Allium sikkimense isolate L HX.J 0469
HOE90513 Alhurn chrysocephalurn isalate L HC) 0474
ABT44224 Alium macrosiemon

[NSEIZET Allum fuberosum isolale Quanzhouyeshengru
1969270 Aliom fubsrmsurm isolate Huanjiu

AY140372 Alhu taxtde

KFFoe498 Alium sadvum voucher BDUT 1451
[#mmum satvum voucher BOUT 1452

Figure 5

NJ (phenetic method) tree based on the rbcL region of Allium sativum
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KCTOMT4d Al haduwagum molie FOER0T202404
HOES040T Alium cvalfolum var. ovalfolum isolale A6
HOESOSIS Alium pratts isolale A140
HOSPULLT Al mgcriniom golale fd7
HOER0L45 Allum cyareum solale F47

HOEROLTE Alvum walhcha isclate L MG 0424
HOSPUIED Alkum shoompass aolide [ HICT 0433
HOEP0LEE Allum forrpsly isolale L FOCT 04T
HOEROIG0 Alum cyanpum isolade L MK 0444
HOSR0S0T Alum mgcwisirds isolsle L HICT (M58
HOER0L%E Allum pchuanense isofale L HOGT 0452
HOEG Al ruce olale L HXT 0443
HOSP050M Album macwisrss isolsls L HICT MET
HOER0LLT Allum rude isolale 438

[— HOEROSTD Alum conchnaslum igclate L HYC 0458
L HOSS0510 Alium ramasur isclate L MM 0468
HOEOLYS Alum wotonals isolale B0

KETOMTS0 Al monasthum igolate POBKI0N0-0227
GOMIEI0T Alum macroatamon voochar PEO0ESMTOT
HOE048 Alum plunfoliatum war, plunfoliaturm isolale 1120
[ HQEROSTT Allum mgerer isolate L HL 0484

L HOSS0ET Allium maires isclafs d138

KFTER96 Allum capa voucher BOUT 1435

ST TETET Allers gl voucher SEE-0MGT
JRBROZET Al fub isoiade Cuanzhoupashengiu
JNGEIITO Allgrm fubsrosum solale Huatsy
HOSR0513 Alum chrpsocaphalum isclate L MO 0474
HOES0LES Alum sikckomenss isolsde [ HOCT D480
HOSLI03E Alum canadense

KFTES497 Allum sathurm woucher BOUT 1450
SRR Al lowtide

AYTEPATE Adlerm featde
ABTE4224 Allwn macroaimon

KETES408 Alkum safurm woucher BOUT 1454
KFTE400 Alum safvum wucher BOUT 1452

Figure 6

Cladistic method (MP) tree based on the rbcL region of Allium sativum
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Alliom flztulozum iS5 19640560
A v fcfulosum i 5 FAGARS 58
Al sacciclferam gt 19845574
Allinm tquati giS IOEEA590
Alliuom humbargit gi3 19649558
Al toqueti f ald jlorum gif I PEE0504
Allizom tumbargit gt 519665600
o Allium sacculferum gid 19668574
Allinom tumbargil gis 196655598
Rt i earialis g SSOARG0

| titrtum viceariclis gis 9660606

Allium macrestamon gii 19848566
4|..{4'Iﬁ.n-| matresement gil [ PEE0 164
Alltum macroctamon gi5 19668562

Allim seorodaprazum var, viviparum gl [P482580
Allfuom fub wm L5 T RSERE0S
Allium samercans gif IP862584
I.vlmw samercans pIIIPSE0184
Al cortmaium gid (6073450
Alltam farranit gI3TRAI 3443
|.{.I'|’r|n e pIITRITILAT
|.d.|'! tamm piuriioliarum var. shegushananse gldTRi2i438
(At xichuanerse gl FRI13604
Allbuom ruda gidTRI23443
Alltum victorialts g3 78323473
Allfum victorialis gi3 7323472
Allinom prastil gi3TRIIIEIR
Allium macnednese gi3 79323461
|, Attt preelikiamm 21379323830
Allitom prenealcbioneen gid 79323485
rl‘.‘nn condpatum gid re3II8IS
LAl uom condensarum gidTRIIE4TE
Allium sathviom SDUT 1430
— Allfum seritveom BDLT 14558
| Aftseem sxerviem BOUT 1452

—

Figure 7

Phylogenetic method (NJ) tree based on the trnH-psbA region of Allium sativum
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Alibum saccw!farwn gis 1600574
Al thembergii i3 [08E0555
Al sacewlrum gis 19808370
Al taquatii g3 1966590
Aliium thasebargit gri Foa8R558
Alibuem sogquaiti f albp giSIagaasod
Allbsm thembergti i3 [ OBE0600
Al firrulsymm ged [SGER5 60
Allbm fisrulosum gi3 PGSR 55
Allium b fegandal
Alltum macrostamon gil ! AEERISE
Allbum macraztemaon gif 1 PEERIE4
[— Alitum victorialis gi5 19685608
L il victorials gis I9GERS06
I—An‘u.nmmg:!.’.ﬂmm
L it samezcars gis IR6E9554
ALl seoredaprasum var. viviparus gl J PS50 350
Alliums fub PR
J—JHM:NHH.EDLTHJF
Alitwm sartveem BDUT 1451
I_EAHIHMHBDLTIIJJ
Allbm parivetom pid0SEIT450
Alibum forrasind gid 79323445

LEAHM,.'., ! var Shegich EIITRI13458
Al ik gid 7RI 4400

[ Aklho xichusnense gi3TRIIIEN
L i e 1370323009
Alltum mas PAEECTRIRET,

Allbum vicporfalis g3 PR12F47T
_E Altiwm victorialis gid 79325473
Alithow pratit gi3 78323519

— Alltum progwalsiionoms pid 73T 3830
L it proswaiskicmm gid 79323485
[— Alitum condensarum g3 79333835
L it comdimeatum gid 7323478

Figure 8

Cladistic method (MP) tree based on the trnH-psbA region of Allium sativum
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GLUSTI%EI Alium chrysocephalum
GUSTIRE2 Aliuvm cambinianum
JFIEXE5Y Alkur Satruldum
JEIEHEES Allium senescens
GLH 21586 Allum prrewalshoanum voucher LAQADES-T
GUT2T5TAMNurn edvardn veuchir LJCOTO01-1
JFAF2660 Allirm contansalum
GLHZ1984A T przewalshianum voucher LIQAODT-1
GUSS591S Alium mongalicum
JFRGR666 Al hinsaniolum
P KFFT3150 Alfivm salivem voucher BOUT 1451
EUG26261 Allvurn satvurn voucher BF-ALL-037
EUB2E244 Allurn truncalum voucher K Chase 24455
ELG26242 Alivm ianicumn voucher B Chase 24454
I_ EUG26241ANum afovelaceum vousher K Chase 24452
ELE28243ANum ampeloprasum voucher BF-ALL-048
ELG26256 Alivm acutifionum voucher BF-ALL-025
EUGG63 Allurn scomdoprasum voucher K Chase 26042
EUG2E262 Allum funcalignum voucher K .Chase 24456
EUGHG2G0 Alhum Feucanthum voucher IPRC TANXS034
EUE26258 Alburn pseudoampaloprasum voucher BF-ALL-024
FJG28601 Alfium scomdoprasum vouchar BE-ALL-044
KFTT9159 Afivm safivim voucher BOUT 1450
KFTT9161 Allum safrvum voucher BOUT 1452
KF 143839 Alum ramasum voucher 2g 201 2082901

KF 143856 Allum formeshi voucher m1 2401606
KF 143848 Al lenuissamim voucher 2er2012087908
KF143847 Alium anisapodium voucher HT 1071403
KF 143861 Aium galanthum voucher 97631

KF 143858 Aliurn casspilasum voucher HT 1071401
KF 143851 Alum mongalcun voucher HT10T2804

KF 143850 Alum bidenfatum voucher B7813

KF 143849 Altium polyruzum vovcher 97804
KF143853 Allum weschniakowi voucher X072
l}ﬂ:id.‘!&ﬁﬂ Al subhilissimum voucher H1T 1072605

05

Figure 9

Phylogenetic method (NJ) tree based on the trnL region of Allium sativum
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JEHME5G Alvum caandeum
GUSTO983 Aflum chrysoosphalm
GUSTOSE Aflum canbinianum

JSEPEDEH0 Al contken.asfum

JFHER65 Allumn sensscens
GUITGES Alum prrewalshianum voucher LIOADES- T
GUI2TSETANM eduandy voucher LADAOT00T-1
GUSE5919 Allum mongolicum

GUIZTGEEANGm prrewadskoancm voucher LAQACHH -1
JEPEE66 Allumn hneanfolum
KFTT150 Allyn sativum voucher BOUT 1454
KFTT181 Allym aatvum voucher BOUT 1452
HFTT159 Allum satvum voucher BDUT 1450
KF14383% Allgm mmosum voucher 2e 201 2082101
KF143856 Album forrasiy voucher m 12101606
KF143861 Al galanthum vouchsr 97631
KF143860 Allgm subliizsimom voucher M1 1072605
KF 143648 Allun lanwvasimurn vouchar 2e 201 2061508
KF 143847 Allym anisopodium vousher HT 1071403
KF143850 Allym bedenfatum vaucher STE13
KF143658 Allum casspiosum voucher H1 107 1407
KF 143849 Allgm polychizum voucher 37604

] KF143651 Allym mongobicum voucher HT 1072804
KF143653 Allum weschrnskoouwn voucher XJ0072
ELGE261 Alium salvem woucher BE-ALL-03T
ELG25258 Al peeutoampeloprasum voucher BE-ALL-024
FJG28601 Allium scorpdoprasum vousher BF-ALL-044
ELGEIE3 Alium soorcdoprasum voucher K Chase 20042
ELG25262 Alurn funcelanum vowcher K Chase 24456
ELG2E260 Alium levcanthum vousher (PR TANG034
ELgdE241AMum atrovalaceum voucher K Chase 24452
EL2E244 Al bruncalum wowcher K Chase 24455
ELGIG256 Alium soufifiorum voucher BFALL-025
— ELdb243Amum ampaloprasum voucher BF-ALL-04S
L— EUszE242 Allur iranicum voucher K Chase 24454

Figure 10

Cladistic method (MP) tree based on the trnL region of Allium sativum
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Figure 11

Amplified products of garlic cultivars for the ISSR8US and ISSR9 primers

(Lane 1- DNA ladder; Lanes 2, 3 and 4- Amplified products of BDUT 1450, BDUT 1451 and BDUT 1452 for

the primer pair ISSR8US; Lanes 5, 6 and 7- Amplified products of BDUT 1450, BDUT 1451 and BDUT 1452
for the primer pair ISSR9)
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Figure 12

Amplified products of garlic cultivars for ISHY 1b, ISHY 2 and ISHY 3 primers

(Lane 1- DNA ladder; Lanes 2, 3 and 4 — Amplified products of BDUT 1450, BDUT 1451 and BDUT 1452
for the primer ISHY 1b; Lanes 5, 6 and 7 — Amplified products of BDUT 1450, BDUT 1451 and BDUT 1452
for the primer ISHY 2; Lanes 8, 9 and 10 — Amplified products of BDUT 1450, BDUT 1451 and BDUT 1452
for the primer ISHY 3)
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Figure 13

Amplified products of garlic cultivars for ISHY4 and ISSRa primers

Lane 1- DNA ladder

Lanes 2, 3 and 4 — Amplified products of BDUT 1450, BDUT 1451 and BDUT 1452, respectively, for the
primer ISHY 4

Lanes 5, 6 and 7 — Amplified products of BDUT 1450, BDUT 1451 and BDUT 1452 for the primer pair ISSR
a
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Figure 14

Bayesian proportions of individual plants for the K=3 population model. The populations identified by
STRUCTURE software are indicated in different colours.
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