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Abstract: Fagopyrum spp. (buckwheat) is a dicotyledonous pseudocereal crop mainly cultivated in
the north-western Himalayan regions for its highly nutritional, antioxidant and therapeutic values.
In the present investigation, molecular characterization was performed by using ISSR (inter simple
sequence repeat) markers on 42 accessions of four buckwheat species (Fagopyrum esculentum, F.
sagittatum, F. tataricum and F. kashmirianum). The 12 pre-screened ISSR primers amplified 102 bands,
and amongst them 85 bands exhibited polymorphism with an average polymorphism of 82.73%. The
results revealed that Shannon’s information indices (I) and Nei’s genetic diversity (H) were low for F.
tataricum (I = 0.1028 £ 0.2307; H = 0.0707 £ 0.1617) and high for F. esculentum (I = 0.1715 £ 0.2622;
H =0.1164 £ 0.1796). It was estimated that within the accessions of Fagopyrum species, the species
diversity (Ht) and mean diversity (Hg) were 0.3200 and 0.1041, respectively. Molecular variance
partitioning by AMOVA also indicated a significant genetic differentiation accounting for 73% among
and 27% within the accessions of Fagopyrum species. Overall, accessions of F. esculentum had the
greatest distance from the other accessions of buckwheat species, which includes F. sagittatum, F.
tataricum and F. kashmirianum as revealed by Fsr distance and Nei’s unbiased genetic distance. The
dendograms based on UPGMA and PCoA segregated 42 accessions of four buckwheat species into
three major groups. This study clearly reveals a considerable amount of genetic diversity at the intra-
specific level in F. esculentum, F. sagittatum and F. kashmirianum accessions. The factors responsible
for it are diverse geographical conditions, pollinating behavior and cultivation practices adapted in
these regions. The study also indicated a close phylogenetic relationship between F. tataricum and
F. kashmirianum.

Keywords: buckwheat; genetic diversity; ISSR markers; PCoA; UPGMA dendrogram

1. Introduction

Fagopyrum spp. (buckwheat) is a minor pseudocereal food crop from the family
of Polygonaceae consisting of about 26 species (wild and cultivated) known so far [1-3].
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Its grains are enriched with flavonoids, especially rutin (3,34’ 5,7-pentahydroxyflavone-
3-thamnoglucoside) and some vitamins (B1: thiamine; B2: riboflavin; B3: niacin; Bé:
pyridoxine; C: ascorbic acid and E: tocopherol). The biological value (BV) is higher due to
presence of essential amino acids, particularly lysine, valine, tryptophan, arginine, threo-
nine, isoleucine, leucine, phenylalanine and sulfur-containing amino acids such as cysteine
and methionine [4-6]. The flowers of buckwheat during blossoming are enriched with a
high quantity of flavonoids, especially rutin or sophorin which is known for anticancer, anti-
mutagenic, antioxidant, antidiabetic, anti-inflammatory, anti-bacterial, anti-fungal, neuro-
protective, cardioprotective, hepato-protective, nephron-protective, haemato-protective,
anti-arthritis and anthelminthic properties [7-11]. Consequently, it has immense value in
the functional food industry due to its unique nutritional status and considerable nutraceu-
tical properties, which makes it a smart candidate for future crops. However, it is a minor
crop and received little attention so far, especially in developing nations where it holds
a great diversity in terms of species diversity, growth pattern and development. Despite
having considerable genetic variation in the Fagopyrum genus, no significant contribution
has been made in the development of improved cultivars. To address this problem, there
is an urgent need to develop global databases and core collections of accessions available
in the seed /genebanks for organized evaluation to decipher the enormous genetic ability
of buckwheat germplasm. Although, due to inter-specific crossing between genetically
distant buckwheat species, small achievements have been made, more efforts are needed
to overcome certain barriers. Moreover, inter-specific crossing between wild and cultivated
forms of buckwheat can help in the transfer of some of the desirable agronomic traits in the
latter. For instance, the wild relatives of F. cymosum, F. urophyllum and F. gracilipes consist of
a high content of amino acids, proteins, phenols and flavonoids in comparison to cultivated
species (F. esculentum and F. tataricum), and these characteristics (genetic variations) could
be utilized for crop improvement programmes of buckwheat [12].

Buckwheat has been first reported to be grown in China around 1000 BC, and from here
it was introduced to other parts of the world [13,14]. It is still being cultivated throughout
the world, especially in high altitude mountainous regions possessing diverse topography.
This is of great advantage as it conserves the diversity in the germplasm of different buck-
wheat species. The assessment of genetic diversity is an important aspect of any program
aimed at improving crops. Relationships and variability within and among the acces-
sions/landraces of buckwheat species and their population structure have been elucidated
by using a wide range of molecular markers, viz., allozymes [15,16], RFLP (restriction
fragment length polymorphism) [17], ITS (internal transcribed spacer) and the conserved
sequences based on mitochondrial and chloroplast DNA [18-20], RAPD (random amplified
polymorphic DNA) [21-23], AFLP (amplified fragment length polymorphism) [24-26], SSR
(simple sequence repeats) [27,28], SRAP (sequence-related amplified polymorphism) [29]
and STS (sequence-tagged site) [30]. The markers based on ISSRs are quite efficient for
determining genetic diversity at low levels. It is a promising DNA based dominant marker
system for studying genetic diversity, population genetics, gene tagging, genome mapping,
phylogeny and evolutionary biology in many plant species [31]. In some ways, the ISSR
marker technique has alleviated the limitations of RAPD (low reproducibility), AFLP
(high cost) and creates species-specific primers for SSR markers [32]. ISSR is an arbitrarily
primed PCR-based technique first reported by Zietkiewicz et al. [33] in which the primers
amplify the sequences between two microsatellite regions, producing a multi-locus marker
system that is useful for the identification of species, genotypes, cultivars or populations
and for evaluating genetic variation at intra-and inter-specific level [34,35]. It involves
primers that are based on repeat sequences along with a selective nucleotide degenerate 3/
anchor, such as (CA)g RG or (ACG)gTY. Furthermore, ISSR markers use longer primers,
usually 16-25 mer, as opposed to 10 mer primers in RAPD, which allows higher annealing
temperatures and, thus, improves reproducibility [32,33].

There is great significance with respect to inter-specific hybridization among Fagopy-
rum species as it allows the transfer of agronomically important traits such as cold tolerance,
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enhanced fertility, low seed shattering, increased content of rutin and other neutraceutically
important compounds from domesticated and wild relatives of Fagopyrum species. Fur-
thermore, genome mapping and conventional breeding are the essential biotechnological
tools that are important in the crop improvement of buckwheat germplasm through the
identification and transfer of important genetic traits within and among the species [36,37].
Studies based on various types of molecular markers in sweet buckwheat (F. esculentum
Moench) revealed that its local populations are actually represented as highly heterozy-
gous and heterogeneous. Moreover, it has also been reported that certain South-European
landraces exhibit a lower amount of genetic variation when compared to Asian and North-
European landraces in addition to greater genetic differentiation that can even be visualized
as variations in seed groat colour [38].

The genus Fagopyrum is represented in Kashmir and Ladakh regions by four distinct
cultivated species consisting of sweet (F. esculentum Moench), bitter (F. tataricum Gilib),
coarse (F. sagittatum Gaertn) and kashmir (F. kashmirianum Munshi) buckwheats [39,40].
Although in contrast to the mixed cropping used in other areas of India, buckwheat is
more commonly grown as a healthy crop in the north-western Himalayan region. It has
been recently reported that buckwheat species grown in these regions are enriched with
significant concentrations of phenolic and flavonoid compounds, in addition to possessing
higher antioxidant potential and essential macro-and micronutrients revealing their thera-
peutic value and, therefore, can be considered as a potential crop for bio-fortification [41].
In light of the above, this study used ISSR markers to analyse intra-specific and inter-
specific variability as well as population structure of four buckwheat species grown in
these regions.

2. Materials and Methods
2.1. Plant Materials

The accessions of buckwheat species (F. esculentum M., F. sagittatum G., F. tataricum
G. and F. kashmirianum M.) were collected from several locations of Gurez, Kargil and Leh
districts of Kashmir and Ladakh regions (Jammu and Kashmir (UT) and Ladakh (UT),
India) as shown in Figure 1. In this experiment, 42 accessions from four different buckwheat
species were used to perform genetic analysis utilising inter simple sequence repeat (ISSR)
DNA based markers. These include 16 accessions of F. esculentum (FESG1, FESG2, FESGS3,
FESG4, FESG5, FESG6, FESK1, FESK2, FESK3, FESK4, FESK5, FESK6, FESL1, FESL2,
FESL5 and FESL6), 11 accessions of F. sagittatum (FSGG1, FSGG4, FSGK3, FSGK4, FSGKS5,
FSGK6, FSGL1, FSGL2, FSGL3, FSGL4 and FSGL5), 9 accessions of F. tataricum (FTRG2,
FTRG4, FTRGS6, FTRK1, FTRK4, FTRK6, FTRL1, FTRL2 and FTRL5) and 6 accessions of F.
kashmirianum (FKMG1, FKMG4, FKMK1, FKMK3, FKML3 and FKMLS5). The identification
based data on the accessions of Fagopyrum species are presented in Table 1. Initially, the
seeds were kept in petri-plates, and a few drops of distilled water were added to check
their germination. A total of five to eight seeds of each accession of buckwheat species
were sown in labeled plastic pots containing soil and sand in a 2:1 ratio for germination to
obtain leaf material for genomic DNA extraction. Labeled plastic pots were placed in the
growth chamber at the Department of Bioresources, University of Kashmir, and monitored
regularly for seed germination. On the fourteenth day, as the seedlings attained a height of
12-25 cm, young and tender leaves were harvested for DNA extraction. Immediately after
harvesting, the leaf material was wrapped in aluminum foils and stored (—80 °C) until the
extraction of DNA was performed.
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Figure 1. Distribution map of collection sites of accessions of buckwheat species procured from Kashmir (district Gurez)
and Ladakh (districts: Kargil and Leh) regions.

Table 1. The collection sites of buckwheat accessions along with coordinates.

S. No. Collection Site * Species Accession Code Latitude (N) Longitude (E) (1:::11:31: E&rgsbsf;::
1. Neeru, dist. Gurez FES, FSG, FKM G1 34° 564’ 75° 026’ 2668 3
2. Jurniyal, dist. Gurez FES, FTR G2 34° 579’ 75° 004 2609 2
3. Achoora, dist. Gurez FES, G3 34° 632/ 74° 865 2584 1
4. Markoot, dist. Gurez FES, FSG, FTR, FKM G4 34° 659’ 74° 805 2451 4
5. Daawar, dist. Gurez FES G5 34° 633’ 74° 831/ 2421 1
6. Izmarg, dist. Gurez FES, FTR G6 34° 658’ 74° 683’ 2395 2
7. Marphodox, dist. Kargil FES, FTR, FKM K1 34° 556 76° 134 3064 3
8. Tolothang, dist. Kargil FES, K2 34° 386’ 76° 232/ 2856 1
9. Bargong, dist. Kargil FES, FSG, FKM K3 34° 394’ 76° 226’ 2829 3
10. Marphothang, dist. Kargil FES, FSG, FTR K4 34° 554/ 76° 134 2811 3
11. Goma, dist. Kargil FES, FSG K5 34° 565’ 76° 116 2739 2
12. Shelikchey, dist. Kargil FES, FSG, FTR K6 34° 586 76° 117 2446 3
13. Khaltsi, dist. Leh FES, FSG, FTR L1 34° 326 76° 881 2999 3
14. Domkhar, dist. Leh FES, FSG, FTR L2 34° 399/ 76° 776 2946 3
15. Skurbuchan, dist. Leh FSG, FKM L3 34° 434’ 76° 704/ 2926 2
16. Hanuthang, dist. Leh FSG L4 34° 561’ 76° 590’ 2909 1
17. Achithang, dist. Leh FES, FSG, FTR, FKM L5 34° 506’ 76° 626 2820 4
18. Dha, dist. Leh FES L6 34° 604 76° 507 2725 1

* represents buckwheat species as F. esculentum (FES), F. sagittatum (FSG), F. tataricum (FTR) and F. kashmirianum (FKM).

2.2. DNA Isolation

Total genomic DNA extraction was performed on the young tender leaves of different
accessions of Fagopyrum species by following the Cetyltrimethyl Ammonium Bromide
(CTAB) method proposed by Allen et al. [42] with some modifications. The purified DNA
concentration was determined by comparing intensities of the sample bands with a band
of uncut Lambda DNA (300 ng/pnL, Merck Biosciences), which was loaded in parallel with
the samples of these buckwheat species (Figure 2). For PCR amplification, each sample
was diluted to 20 ng/uL concentration.
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Figure 2. Total genomic DNA profile of 42 accessions of buckwheat species (uncut lambda DNA M, F. esculentum 1-16, F.
sagittatum 17-27, F. tataricum 28-36 and F. kashmirianum 37-42).

2.3. Optimization of PCR Program and ISSR Marker Analysis

ISSR fingerprinting was performed with 12 randomly selected 15-20 mer primers,
either anchored or unanchored by arbitrary and often degenerate nucleotides, at the 3’
and 5’ end of microsatellites. ISSR, which is a DNA-based PCR marker, was employed to
examine the degree of variation in the accessions of Fagopyrum species. The reaction volume
of 20 uL comprised genomic DNA (40 ng), 1 X Taq buffer, MgCl, (3 mM), dNTPs (0.2 mM),
Primers (0.5 mM) and Taq polymerase (0.5 U) (Merck Biosciences). PCR amplification was
performed in a Mastercycler (SureCycler 8800, Agilent Technologies) by using the thermal
cycling conditions such as initial denaturation (94 °C; 3 min) followed by 35 cycles with
denaturation (94 °C; 1 min), annealing ™ (4461 °C for 1 min) depending upon primers
used, extension (72 °C; 2 min) and a final extension (72 °C; 7 min). The PCR amplified
products were run on agarose gel (1.8 percent (w/v)) at 75-80 V for roughly 2 h, following
which the gels were imaged with a gel documentation device (UVC-1200, Major Science).

2.4. Scoring of Bands and Data Analysis

The bands were represented as (1) or (0) depending upon their presence or absence.
In this study, the bands that were consistently showing on replicates and reproducible on
separate runs were included.

Polymorphisms revealed by ISSR markers were used to evaluate the amount of ge-
netic heterogeneity present at intra-specific and inter-specific levels in buckwheat species.
POPGENE (Population Genetic Analysis software version 1.32) was used to calculate
percentage polymorphic bands (PPB), Nei’s genetic diversity (H), Shannon’s information
index of phenotypic diversity (I), coefficient of genetic differentiation (Gsr), degree of gene
flow (Nm) and Nei’s unbiased genetic distance coefficient [43]. Nei’s molecular genetic
diversity (related to expected heterozygosity) was computed for each marker locus as
well as entire loci as H = 1 — X pi? (pi = frequency of a given amplicon) [44]. Using
Shannon’s information index, the phenotypic diversity of marker alleles was calculated as
I = —X pi? log pi® [45,46]. The total genetic diversity (Hr) and intra-specific genetic diver-
sity (Hg) were measured using Nei’s genetic diversity statistics [44]. In order to measure
distinction among populations at gene level, the coefficient of gene differentiation (Ggr)
is used to calculate Gst=1 — Hs/Hrt. Gene flow is defined as the average per generation
of migrants transferred across populations and calculated as Nm = 0.5 x (1 — Ggsr)/Ggr.
Here, Nm < 1 implies that populations are differentiated locally, whereas Nm > 1 shows
that populations are not differentiated at all [47]. The population’s genetic divergence (GD)
was estimated by Nei’s unbiased genetic distances and genetic identities [48]. For buck-
wheat accessions, Nei’s unbiased genetic distances were computed, and a dendrogram was
constructed by UPGMA and cluster analysis by PHYLIP (version 3.5) [49]. The UPGMA
tree was viewed with TreeViewX (version 0.5.0) [50]. The data matrix samples were also
subjected to a bootstrap statistical analysis with 1000 resampling replicates to determine
their stability.

Furthermore, Fgr (fixation index) and AMOVA (analysis of molecular variance) were
estimated using software GenAlEx (Genetic Analysis in Excel) version 6.502 [51]. The
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proportionate depletion in overall heterozygosity because of differences in ISSR allele
frequencies across distinct sub-populations is the Fs measure of the genetic effect of the
entire population subdivision (i.e., accessions of buckwheat species) [52]. AMOVA was
performed to partition genetic variation at intra-specific and inter-specific levels in the
accessions of buckwheat species based on pair-wise squared Euclidean distances between
molecular haplotypes [53].

DARwin (Dissimilarity Analysis and Representation for Windows, version 6.0.21) was
used to analyse genetic dissimilarity by using the binary data matrix produced [54]. A
dendrogram was created using data from the UPGMA dissimilarity matrix. DARwin was
also used for principal coordinate analysis (PCoA) on the dissimilarity matrix generated by
ISSR data.

3. Results
3.1. Data Scoring and Polymorphism

ISSR is a DNA based marker technique that provides a simple, robust and inexpensive
method of fingerprinting buckwheat germplasm. Based on the consistency of amplification,
readability and scoring of amplicons or bands, 12 of the 30 random ISSR primers tested were
chosen for diversity analysis. All ISSR reactions were repeated at least twice to assess the
repeatability of the amplification profiles. The PCR primers were run on 1.8% (w/v) agarose
gel at 75-80 V for two hours. The gel was finally analysed for banding patterns by using
gel documentation unit, and the bands or loci were scored (Figure 3). The amplification
of primers generated 102 identifiable bands, of which 85 (83.33%) were polymorphic and
17 (16.66%) were monomorphic. The number of amplicons per primer varied between
6 (UBC 854) and 12 (UBC 888). The amplicons ranged in size from 250 to 3000 bp, with
an average of 8.5 bands per primer and 7.08 polymorphic bands. UBC 888 amplified the
most polymorphic bands out of all the ISSR primers tested. The polymorphism percentage
ranged from 57.14% for UBC 855 to 100% for UBC 856. The GA, TC, AC, ACC, GGAGA,
AG and CA repeat motifs displayed above 80% polymorphism (Table 2). An examination
of 42 accessions from four buckwheat species using 12 pre-screened ISSR primers produced
102 amplicons of which 18 (17.65) in F. tataricum to 33 (32.35%) in F. esculentum were
polymorphic among the accessions of buckwheat species (Table 3).

M
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Figure 3. ISSR amplification profile of 42 accessions of buckwheat species (100 bp DNA ladder M, F. esculentum 1-16, F.
sagittatum 17-27, F. tataricum 28-36 and F. kashmirianum 37-42).
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Table 2. ISSR primer details used for detecting polymorphism levels.

. . Size Range Annealin Total No. . Percentage
S. No. Primer Nucleotide Sequence (5'-3') (bps) & Tem;.a("C o?tlgarll\fios No. of Polymorphic Bands Polymor%hism (%)
1. UBC 840 GAGAGAGAGAGAGAGAYT 700-3000 474 8 7 87.5
2. UBC 841 GAGAGAGAGAGAGAGAYC 500-2000 48.5 8 7 87.5
3. UBC 842 GAGAGAGAGAGAGAGAYG 400-1500 48.8 8 6 75
4. UBC 854 TCTCTCTCTCTCTCTCRG 500-1500 50 6 5 83.33
5. UBC 855 ACACACACACACACACYT 400-2000 53.1 7 4 57.14
6. UBC 856 ACACACACACACACACYA 500-1300 52.8 8 8 100
7. UBC 857 ACACACACACACACACYG 500-2000 54.3 10 9 90
8. UBC 861 ACCACCACCACCACCACC 400-1900 60.6 7 6 85.71
9. UBC 880 GGAGAGGAGAGGAGA 250-1500 479 11 9 81.82
10. UBC 884 HBHAGAGAGAGAGAGAG 400-1500 46.1 10 9 90
11. UBC 886 VDVCTCTCTCTCTCTCT 400-1500 484 7 5 71.43
12. UBC 888 BDBCACACACACACACA 350-2200 524 12 10 83.33
Average 250-3000 8.5 7.08 82.73
Total 102 85

Table 3. Percentage of polymorphic bands (PPB), Nei’s genetic diversity (H) and Shannon’s information indices (I) for ISSR

data in Fagopyrum species.

Accessions PPB (%) *H (Mean) *I (Mean) *H (SD) *I (SD)

F. esculentum (ES) 32.35 0.1164 0.1715 0.1796 0.2622
F. sagittatum (SG) 28.43 0.1144 0.1691 0.1925 0.2759
F. tataricum (TR) 17.65 0.0707 0.1028 0.1617 0.2307

F. kashmirianum (KM) 26.47 0.1149 0.1649 0.1967 0.2798
Mean 26.23 0.1041 0.1521 0.1826 0.2622

(*H), mean values of Nei’s genetic diversity; (*I), mean values of Shannon’s information index.

3.2. Analysis of Genetic Diversity by ISSR Markers

In order to analyse genetic diversity both within and among the accessions of buck-
wheat species gathered from multiple geographical locations in Kashmir and Ladakh,
ISSR markers were utilized. Analysis of ISSR data revealed that accessions of Fagopyrum
tataricum (TR) showed the lowest frequency of percentage polymorphic bands (17.65%),
whereas accessions of Fagopyrum esculentum (ES) exhibited the highest frequency of per-
centage polymorphic bands (32.35%) with an average of PPB (26.23%) as shown in Table 3.
Similarly, Shannon’s information indices of phenotypic diversity (I) and Nei’s genetic di-
versity (H) were low for accessions of F. tataricum (I = 0.1028 & 0.2307; H = 0.0707 &+ 0.1617)
and high for accessions of F. esculentum (I = 0.1715 & 0.2622; H = 0.1164 £ 0.1796). The
average values of Shannon’s information indices of phenotypic diversity (I) and Nei's
genetic diversity (H) were (I = 0.1521 £ 0.2622; H = 0.1041 + 0.1826) as depicted in Table 3.

Based on the results of Nei’s genetic diversity within and among the accessions
of Fagopyrum species, a substantial degree of genetic difference was identified. Nei’s
diversity index based analysis provides the information about total species diversity (Hr),
its estimated value was 0.3200. Moreover, mean diversity within accessions of Fagopyrum
species (Hg) was at an estimated value of 0.1041, as shown in Table 4. The proportion of
diversity among the accessions of Fagopyrum species (Ggr) also referred to as the coefficient
of genetic differentiation was found to be 0.6747, suggesting that 67.47% of the genetic
diversity was disseminated among the buckwheat species. The latter comprised 0.3253
amount of the total diversity i.e., 32.53% of the total diversity was contributed within the
accessions of Fagopyrum species. Limited gene flow (Nm = 0.2411) and low seed dispersion
among the cultivars further showed a significant level of genetic diversity.
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Table 4. Nei's estimates of total genetic diversity, intra-specific genetic diversity, proportion of diversity within and among
the accessions and degree of gene flow in Fagopyrum species.

Proportion of Diversity Proportion of Diversity
Hr Hg within the Accessions of among the Accessions of Degree of Gene Flow (Nm)
Fagopyrum Species Fagopyrum Species (Ggr)
0.3200 0.1041 0.3253 0.6747 0.2411

(Hr), total species genetic diversity; (Hs), Intra-specific genetic diversity; Gsr, coefficient of genetic differentiation; (Nm), gene flow.

AMOVA revealed comparable findings with 27% variation existed within the acces-
sions of Fagopyrum species, which was statistically significant at p < 0.01, whereas 73%
of total molecular variance was observed among the accessions of buckwheat species as
depicted in Table 5.

Table 5. Analysis of molecular variance (AMOVA) of ISSR data from accessions of Fagopyrum species.

Source of Variation df ss msd vc % Variation p
Among accessions of Fagopyrum species 3 508.884 169.628 16.239 73% <0.01
Within accessions of Fagopyrum species 38 226.259 5.954 5.954 27% <0.01
Total 41 735.143 10.957 100%

df—degree of freedom; ss—sum of squares; msd—mean square deviation; vc—variance component; p—Probability.

The Fsr (fixation index) distance between accessions of Fagopyrum species ranged from
0.618 (between F. kashmirianum (KM) and F. tataricum (TR)) to 0.898 (between F. tataricum
(TR) and F. esculentum (ES)), as depicted in Table 6. Nei’s unbiased measure of genetic
distance between accessions of Fagopyrum species ranged from 0.1607 (between F. kashmiri-
anum (KM) and F. tataricum (TR)) to 0.6701 (between F. tataricum (TR) and F. esculentum
(ES)), as shown in Table 7. Overall, accessions of Fagopyrum esculentum (ES) had the greatest
distance from the other accessions of Fagopyrum species, which includes F. sagittatum (SG), F.
tataricum (TR) and F. kashmirianum (KM). Using the POPGENE programme, a dendrogram
was created by using the same distance matrix. In this dendrogram, the accessions of
buckwheat species are represented as a single unit. The accessions of buckwheat species
were partitioned into two primary groups using a UPGMA dendrogram based on distance
matrix (Figure 4). Group-I comprised the accessions of F. esculentum, and group-II consisted
of the remaining accessions of the buckwheat species (F. sagittatum, F. tataricum and F.
kashmirianum). Group-1 is based on the collections procured from different locations of
Kashmir and Ladakh revealing variations due to independent domestications, altitudinal
ranges and intra-species differences. Similarly, group-II is based on the collections of F.
sagittatum, F. tataricum and F. kashmirianum suggesting that these three species are closely
related as they may share some of the important ancestral traits.

Table 6. Fsr distances among accessions of Fagopyrum species.

Pop ID ES SG TR KM
ES 0.0000
SG 0.873 0.0000
TR 0.898 0.625 0.0000

KM 0.868 0.625 0.618 0.0000
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Table 7. Nei’s unbiased measures of genetic identity and distance among the accessions of

Fagopyrum species.

Pop ID ES SG TR KM
ES 0.0000 0.5357 0.5116 0.5423
SG 0.6243 0.0000 0.8444 0.8121
TR 0.6701 0.1692 0.0000 0.8515
KM 0.6119 0.2082 0.1607 0.0000

Nei's genetic identity (above diagonal) and genetic distance (below diagonal).

| F esculentum (ES) |

|  FE sagittatum (SG) |

30
1

—— E tataricum (TR) |

—F. kashmirianum (KM)|

20 19 9

Figure 4. UPGMA dendrogram based on Nei’s genetic diversity coefficient showing relationships among accessions of
buckwheat species. Bootstrap analysis was conducted with 1000 bootstrap samples in the data matrix.

Principal coordinate analysis (PCoA) and UPGMA radial and hierarchical dendro-
grams were constructed using the DARwin program. The PCoA plot genetically differenti-
ated accessions of buckwheat species into their respective groups along the coordinate axes
(Figure 5). The accessions of F. esculentum were more dispersed in comparison to accessions
of F. sagittatum and formed separate groups. However, the accessions of F. tataricum and F.
kashmirianum were less dispersed and shared the same group in the coordinate axes.

DARwin based UPGMA dendrogram also resolved 42 accessions of buckwheat species
into three groups and four major clusters, respectively (Figure 6A,B). These clusters were
exclusively formed based on genetic differences present in the accessions of respective
buckwheat species. Cluster-I comprised a total of 16 accessions of F. esculentum, cluster-II
had 9 accessions of F. tataricum, cluster-III had 6 accessions of F. kashmirianum and cluster-IV
had 11 accessions of F. sagittatum. Based on genetic variations among the accessions, these
four primary clusters create sub-clusters. The clustering of accessions of buckwheat species
into three groups exhibited reasonable variability, which may be further exploited for the
improvement of buckwheat genetic resources.
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Figure 6. UPGMA based dendograms (A) radial and (B) hierarchical of 42 accessions of Fagopyrum
species on the basis of ISSR marker data using Jaccard’s dissimilarity coefficient.

4. Discussion

In the present study, 42 accessions of four buckwheat species (F. esculentum, F. sagitta-
tum, F. tataricum and F. kashmirianum) were collected from Kashmir (Gurez district) and
Ladakh (Kargil and Leh districts) in order to acquire a deeper insight into their population
structure and genetic variability at the species level. The present investigation utilizing
ISSR markers revealed the availability of considerable polymorphism for the development
of buckwheat cultivars by assessing the extent and distribution of genetic variability, as
well as percentage polymorphic bands (PPB). The genetic structure of buckwheat species
also provides an idea about the various interactive processes including its long-term evo-
lutionary history (changes in distribution pattern, habitat isolation, species variation and
population structure) in addition to mating strategy, mutation, genetic drift, selection and
gene flow. Moreover, the ecological and geographical distributions also influence the
genetic diversity of different plant species [55].

4.1. Genetic Variability at Intra-Specific and Inter-Specific Level in Fagopyrum Species

The genome of Fagopyrum species indicated a high amount of allelic genetic vari-
ation, variety and differentiation. The extent of variation observed has been based on
geographical distribution, fertilization, habitat isolation, gene flow and selection pressure
that results in the evolution of genotypes in divergent agro-ecological zones. The data
obtained using 12 ISSR primers presented different levels of percentage polymorphic bands
(PPB) as F. esculentum (32.35%), F. sagittatum (28.43%), F. tataricum (17.65%) and F. kashmiri-
anum (26.47%) within the accessions of buckwheat species (Table 3). This suggests that
accessions of F. esculentum, F. sagittatum and F. kashmirianum exhibited significant levels of
genetic variation in comparison to accessions of F. tataricum during the present study. This
significant level of percentage polymorphism and genetic variation within the accessions (F.
esculentum, F. sagittatum and F. kashmirianum) may be attributed to its diverse geographical
distribution, pollinating behaviour, biological traits and selection pressure. Conversely,
a comparatively low level of percentage polymorphism and genetic variability within
the accessions of F. tataricum may be due to its declined cultivation among farmers, least
consumption rate, self-pollination and absence of germplasm exchange among farmers. In
addition, low levels of genetic diversity in plant species depend upon various factors from
breeding systems, seed dispersal mechanism, altitudinal/geographical ranges and natural
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selection. It has been considered that altitudinal /geographical ranges play a crucial role in
the maintenance of genetic variation among most of the factors mentioned above [56,57].
Thus, a close relationship has been found within the populations/accessions collected from
similar locations having the same environmental conditions followed by seed exchange
among these regions. These geographical variables result in the populations/accessions
having a restricted genetic base. Furthermore, a certain geographic region may possess
stable ecological characteristics, and low temperature may be a decisive factor in this case.
Other variables that might contribute to limited intra-specific genetic diversity include
altitude fluctuation and human involvement. Moreover, it has also been reported that
cross-pollinating plant species tend to exhibit more diversity within populations than
species that are mostly self-pollinating and genetically less diverse [58,59]. In the case of
accessions of F. tataricum, which is a self-pollinating plant species, and, thus, exhibits a
comparatively low level of genetic variation in addition to the factors discussed above,
although the accessions were collected from diverse ecological sites. In this study, the ISSR
markers that worked on accessions of buckwheat species proved to be quite efficient in
detecting the significant level of polymorphism percentage (Table 2). Given the advan-
tages of ISSR markers, the present study was based on genetic diversity and relationships
within and among the accessions of buckwheat species (Figure 3). Furthermore, the use of
pre-screened and randomly selected highly informative primers contributed to the study’s
effectiveness in detecting significant polymorphism.

Furthermore, Nei’s genetic diversity (H) and Shannon’s information indices (I) values
suggested that a significant amount of genetic variation present within the accessions
of buckwheat species. Nei’s genetic diversity (H) and Shannon’s information indices (I)
were significantly high within the accessions of F. esculentum (H = 0.1164; I = 0.1715), F.
sagittatum (H = 0.1144; I = 0.1691) and F. kashmirianum (H = 1149; I = 0.1649). However,
both the values were comparatively low within the accessions of F. tataricum (H = 0.0707;
I'=0.1028), as depicted in Table 3. Likewise, the genetic diversity of 10 wild and 2 cultivated
buckwheat species including four newly discovered wild species from South-Western
Sichuan buckwheats has been analysed using karyotypes, allozymes and ISSR markers,
which revealed a high degree of genetic variation especially among South-Western Sichuan
buckwheats due to the complex domestication process in this crop [60]. Similar results
were obtained from the genetic variability study in Tartary buckwheat using SSR and
ISSR markers [61,62]. Furthermore, using a set of eight nuclear SSR markers, molecular
characterization of 11 accessions of common buckwheat (Fagopyrum esculentum Moench), 9
from Italy and 2 from Poland and Nepal revealed that the majority of genetic diversity was
found within populations of common buckwheat [38].

The values of Nei’s genetic diversity (H) at the intra-specific and inter-specific levels
are the indicators of total genetic polymorphism present in the species. The Nei’s genetic
diversity (H) revealed that total species diversity (Ht = 0.3200) has been significantly
higher than intra-specific genetic diversity (Hg = 0.1040), signifying the distinctiveness
of each species analysed in this study. It is, therefore, not unexpected to find the low
extent of diversity existing at the intra-specific level (32.53%) than at the inter-specific
level (67.47%) during the present study (Table 4). When the findings of this study have
been compared to the results of AMOVA, it has been observed that 27% of variation
existed within the accessions of buckwheat species (intra-specific diversity), whereas 73%
of variation existed among the accessions of buckwheat species (inter-specific diversity)
and thereby confirmed the above findings (Table 5). The coefficient of genetic differentiation
value (Ggr = 0.6747) also indicates that a significant degree of genetic variation has been
distributed across the accessions of Fagopyrum species. Similar findings have been reported
on 27 cultivars (5 of F. tataricum and 22 of F. esculentum) of buckwheat species collected
from diverse geographical areas of the world which indicated significant intra-specific
polymorphism using ISSR markers. It has also been reported from the same study that
domestic cultivars of F. esculentum exhibited greater inter-varietal polymorphism than wild
forms [63]. Senthilkumaran et al. [64] made a similar finding while evaluating the genetic
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diversity of F. esculentum, F. tataricum and F. cymosum accessions by using phenotypic and
RAPD markers. These regions also follow conventional agricultural practices and utilizing
the stored germplasm in succeeding generations without any germplasm exchange, which
may contribute to maintaining its genetic diversity through stabilization of specific local
adaptations [62,65,66].

A rather high amount of genetic variation was identified among the accessions of the
Fagopyrum species in this study (Tables 4 and 5). Analysis of ISSR data using various statis-
tical software programs such as Popgene, GenAlEx and DARwin ascertained comparable
findings about the genetic structure of the buckwheat species. One of the major reasons for
a higher level of genetic diversity amongst the buckwheat accessions is the inter-specific
genetics and also the contributions made from altitudinal /geographical ranges. In order to
retain their wide geographic spread, plants of a specific species must adapt to a variety
of environmental conditions. Consequently, many common species have evolved into a
succession of ecological races or exhibit significant phenotypic flexibility as a result of their
great genetic variety [67,68]. As a result, the level of genetic variability present in a plant
species, as well as its distribution, is a critical element in determining its long-term viability,
fitness and evolutionary potential [69].

The presence of genetic variations as reflected by the varying number of alleles at each
locus and their frequency of distribution determines the amount of polymorphism in a
given species or population. Heterozygosity refers to the chance of utilizing DNA-based
molecular markers to identify two alleles randomly selected from a population. Thus, Nei’s
genetic diversity (H), Shannon’s information index (I), coefficient of genetic differentiation
(Gsr) and estimate of gene flow (Nm) in plant populations may be used to provide a quan-
titative assessment of marker utility and polymorphism identified. Moreover, it has been
proposed that plants adjust variously to selection pressures in diverse environments [62].

4.2. Relationship at Intra-Specific and Inter-Specific Level in Fagopyrum Species

The present study revealed that the Fgr (fixation index) distance between accessions
of buckwheat species ranged from 0.618 (between accessions of F. kashmirianum (KM) and
F. tataricum (TR)) to 0.898 (between accessions of E. tataricum (TR) and F. esculentum (ES)), as
shown in Table 6. Similarly, Nei’s unbiased measures of genetic distance between accessions
of buckwheat species ranged from 0.1607 (between accessions of F. kashmirianum (KM) and
F. tataricum(TR)) to 0.6701 (between accessions of . tataricum (TR) and F. esculentum (ES))
(Table 7). Thus, the values from both the analyses indicated that accessions of F. esculentum
have the greatest distance from the other accessions of F. sagittatum, F. kashmirianum and
F. tataricum. UPGMA dendrogram also indicated that accessions of F. esculentum are ge-
netically most distant as compared to other accessions of buckwheat species (Figure 4). Its
unusual genetic architecture can be attributed to several factors including cross-pollinating
nature and can even be confirmed by its unique morphological features than the other
species of buckwheat.

PCoA combined with cluster analysis is a powerful method for extracting valuable
details from molecular data. Principal coordinate analysis (PCoA) revealed the distribution
pattern of accessions of buckwheat species along the 2D-coordinate axes. Accessions of F.
esculentum have been distributed on one side of the coordinate axes and also exhibit more
dispersion in comparison to the accessions of other species. Conversely, accessions of F.
sagittatum, F. tataricum and F. kashmirianum have been distributed on the other side of the
coordinate axes (Figure 5). Moreover, the accessions of F. tataricum and F. kashmirianum
have been closely dispersed and shared the same space along with the coordinate system.
This indicates that the genetic similarity shared by the accessions of Fagopyrum tataricum
and Fagopyrum kashmirianum, respectively. Conversely, the UPGMA dendrogram based
on Jaccard’s dissimilarity coefficient grouped the 42 accessions of buckwheat species into
four major clusters and three groups. Cluster-1 comprised the accessions of F. esculentum,
cluster-II comprised F. tataricum, cluster-IIl comprised F. kashmirianum and cluster-IV
comprised F. sagittatum (Figure 6). Here, the accessions of F. tataricum and F. kashmirianum



Sustainability 2021, 13, 12165

14 of 17

have also been grouped as they are evolving from the same root of UPGMA dendrogram
indicating that they might have descended from the common ancestor. Moreover, different
accessions collected from various sites of each species were assembled into the same major
cluster. In general, the results obtained from PCoA and cluster analysis complemented one
another during the present study. Similar observations were made during morphological
characterization of 18 F. esculentum Moench and 18 F. sagittatum Gilib accessions gathered
from diverse agro-ecological locations of north-western regions of India [70].

The need for the improvement of buckwheat genetics by various breeding programmes
has been realized globally. Buckwheat is a promising pseudocereal crop; therefore, substan-
tial information about the intra-specific and inter-specific genetic variation of its germplasm
collections is of fundamental importance for crop improvement. Nevertheless, little is
known about intra-specific and inter-specific genetic variations and the relations within and
among the buckwheat accessions, and the results presented in this study might augment a
new understanding.

5. Conclusions

This study indicates the effectiveness of ISSR markers in molecular characterization of
buckwheat germplasm. The investigation reveals that buckwheat species possess a signif-
icant level of genetic diversity especially within accessions of F. esculentum, F. sagittatum
and F. kashmirianum. On the other hand, a low level of genetic variation has been detected
within the accessions of F. tataricum, which, therefore, needs to be conserved by the develop-
ment and adoption of an appropriate conservation strategy. The diverse eco-geographical
conditions, pollinating behavior and the low germplasm exchange among farmers are the
major factors in dictating the extent of genetic variation at intra-specific and inter-specific
levels in buckwheat germplasm, especially in Kashmir and Ladakh regions. In addition, the
phylogenetic analysis indicated a close relationship between the two species, i.e., F. tatar-
icum and F. kashmirianum. The present study also suggests the utilization of this buckwheat
germplasm by breeders for the improvement and development of new varieties.
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