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Abstract: Grain Amaranth is the most promising C4 dicotyledonous pseudocereal and is distributed
globally. It has an excellent nutritional profile and adaptability against a broad range of environ-
mental factors. These traits have renewed the interest of researchers and breeders in exploring this
underutilized orphan crop. The present study aimed to validate the genome-wide SSR to assess the
genetic diversity among 94 Amaranthus hypochondriacus accessions using 57 genomic SSR (g-SSR)
markers developed in-house. A total of 36 g-SSRs were recorded as polymorphic and amplified
138 alleles, with an average of 3.83 alleles per locus. Major allele frequency ranged from 0.29 to 0.98,
with an average of 0.63 per marker. The expected heterozygosity ranged from 0.03 to 0.81, with
an average of 0.46 per locus. Polymorphism information content (PIC) ranged from 0.03 to 0.79, with
an average of 0.40, indicating a high level of polymorphism across amaranth accessions. Population
structure analysis resulted into two major genetic clusters irrespective of their geographical origin,
which suggests there may be sharing of common genomic regions across the accessions. High allelic
frequency and heterozygosity levels indicate significant genetic variability in the germplasm, which
can be further used in future breeding programs.

Keywords: g-SSR; grain amaranth; PIC; Amaranthus hypochondriacus; genetic diversity; PCoA;
population structure

1. Introduction

Grain amaranth (Amaranthus spp.) is an underutilized, highly nutritious, cross-
pollinated pseudocereal that belongs to the family Amaranthaceae, which comprises ap-
proximately 60–70 widely distributed species in wild as well as domesticated forms [1].
Since ancient times, a variety of amaranth species have been cultivated for their diverse use
as leafy vegetables, grains, ornamentals, and forage crops [2]. Out of the known species,
55 are considered to have originated in the Americas, with the remaining species possibly
being native to Europe, Asia, Africa, and Australia [3,4]. Amaranth represents immortality
and derives its name from the Greek word “amarantos” because of its potential for growth
and fulfillment, even in unfavorable environmental conditions. Amaranth has been proven
to be more nutritious than our traditional staple food, rice, and it contains more than three
times the average amount of calcium present in most common used cereals. It is also a rich
source of iron, magnesium, phosphorus, and potassium [5]. Grain amaranth is recognized
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as a super grain, miracle grain, and grain of the future because of its high nutraceutical
value. It has higher content of protein, unsaturated oils, dietary fibers, flavonoids, vitamins,
and a well-balanced concentration of the essential amino acids, especially lysine, which
ranges from 0.73 to 0.84 percent of the total seed protein content and is often considered as
a limiting amino acid in other cereal grains [6–8]. Despite having a good-quality amino
acid profile, amaranth protein is gluten-free, making it an excellent diet for patients who
have coeliac disease [9]. The regular consumption of amaranth seed or seed oil provides
a significant amount of vitamin E and squalene, which benefit people suffering from hy-
pertension or cardiovascular disease by lowering blood pressure and cholesterol levels
and improving antioxidant status [10,11]. Squalene has strong antioxidant properties
that protect the skin from premature aging by preventing cell damage [12]. Worldwide
recognition of amaranth as an excellent crop is due to its extraordinary nutrient profile,
capacity to survive in extremely challenging eco-geographic conditions, and lack of any
severe diseases [13,14]. Thus, due to the growing demand for food and rising malnutrition,
development of amaranth as an alternative crop could prove to be a boon for developing
nations that suffer from malnutrition and overpopulation.

Genetic diversity plays a significant role in the development of superior cultivars
for crop improvement. Diversity in plant genetic resources provides an opportunity for
plant breeders to develop improved cultivars with variable characteristics, including both
farmer-preferred and breeder-preferred traits [15]. Diversity can be evaluated by using
morphological, cytological, biochemical, and molecular markers. Previously, morphologi-
cal markers were used for diversity analysis because they were naturally occurring variants
of a particular plant species [16,17]. Afterward, differentiation occurs at the cytological and
biochemical level in the genotypes of a particular species to be used in genetic diversity
assessment [18,19]. With the rapid advancements in sequencing technologies and bioin-
formatics analysis in recent years, the development of molecular markers has become the
method of choice for genetic diversity assessment because it was much easier and more
cost-effective [20]. Therefore, evaluating genetic diversity using molecular markers gives
more accurate, quick, and authentic results in less time. Among all molecular markers,
simple sequence repeat (SSR) markers have been considered more reliable markers for
genetic diversity analysis [21,22]. SSRs, also known as microsatellites, are short DNA
sequences consisting of tandem repeats of 1-6 nucleotides and distributed in both cod-
ing and non-coding regions of the genome. They are highly polymorphic, multi-allelic,
co-dominant, highly reproducible, transferable to related species, and easily detectable
with polymerase chain reaction (PCR), making them suitable for the understanding ge-
netic diversity in different plant species such as potato (Solanum tuberosum) [23], vetiver
grass (Vetiveria zizanioides L. Nash) [24], rice (Oryza sativa) [25], drumstick (Moringa oleifera
Lam.) [26], kala bhat (Glycine max (L.) Merrill) [27], Tinospora cordifolia [28], and guava
(Psidium guajava L.) [29]. They are important in the construction of linkage maps, diversity
assessment, marker-assisted selection, and identifying genetic relationships among closely
related species [30–32].

To efficiently utilize plant genetic resources, it is necessary to evaluate genetic diver-
gence among and within the crop species [33]. Amaranths exhibit high morphological
diversity among their species and display versatile levels of adaptation to a wide range
of environmental factors [34]. Different DNA markers have been employed over time for
the analysis of intraspecific and interspecific diversity along with hereditary relationships
among different species of amaranth due to their agro-economic importance. However,
only a few molecular studies with well-established markers such as random amplified
polymorphic DNAs (RAPDs) [35], restriction fragment length polymorphisms (RFLPs) [36],
amplified fragment length polymorphisms (AFLPs) [37], single nucleotide polymorphisms
(SNPs) [38] and simple sequence repeats (SSRs) [39–41] have been performed in Amaranthus
species. Identification of potential genotypes for different breeding purposes requires
an accurate evaluation of the genetic diversity and population structure of any germplasm
to achieve the ultimate goal of sustainable agriculture. Therefore, the present investiga-
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tion was undertaken to assess the informativeness of the g-SSR markers and screen them
against 94 different accessions of Amaranth hypochondriacus, consisting of 92 indigenous
and four exotic accessions from USA and Russia, to study their molecular diversity and
population structure.

2. Materials and Methods
2.1. Plant Materials

The seed materials of 94 diverse grain amaranth accessions belonging to differ-
ent Indian states (Himachal Pradesh (42), Uttarakhand (23), Uttar Pradesh (1), Madhya
Pradesh (3), Arunachal Pradesh (1), Maharashtra (7), and Gujrat (10)) and four exotic acces-
sions (USA (3) and Russia (1)) were obtained from the National Gene Bank, ICAR-National
Bureau of Plant Genetic Resources (NBPGR), New Delhi, as depicted in Figure 1 and Table
S1. The seeds were sown in the greenhouse at ICAR-NBPGR in three-dimensional seedling
trays with 18 cavities, with each cavity having dimensions of 8 cm × 8 cm × 8 cm.
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Figure 1. Distribution of grain amaranth accessions across India.

2.2. Plant Genomic DNA Extraction

The fresh and healthy leaves of each accession were collected from 30-day-old seedlings
and immediately stored at −80 ◦C until DNA extraction. The leaves of five seedlings for
each accession were pooled for genomic DNA isolation following the Triton-X 100 protocol
with slight modifications [42]. The isolated genomic DNA samples were diluted in 1X TE
(Tris-EDTA) buffer and stored at a temperature of −20 ◦C for further use. The quality and
quantity of the isolated DNA samples were measured using a NanoDrop 1000 spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA, USA). The quality of DNA was checked
on 0.8% agarose gel, and the final working concentration of each accession was further
tuned to 10 ng/µL and stored at 4 ◦C.

2.3. PCR Amplification and Gel Documentation

The genomic SSR (g-SSR) markers and their PCR primer pairs have been developed
using the MISA tool (http://pgrc.ipk-gatersleben.de/misa/, accessed on 15 June 2022)
and Primer3 (http://bioinfo.ut.ee/primer3-0.4.0/, accessed on 15 June 2022) software for
the development of our in-house database, the Amaranth Genomic Resource Database
(AGRDB) (http://www.nbpgr.ernet.in:8080/AmaranthGRD/, accessed on 15 June 2022),
using the A. hypochondriacus genome version 2.0. A total of 57 g-SSR markers that were

http://pgrc.ipk-gatersleben.de/misa/
http://bioinfo.ut.ee/primer3-0.4.0/
http://www.nbpgr.ernet.in:8080/AmaranthGRD/
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developed in-house were used to assess the genetic variability of the 94 amaranth accessions.
The PCR amplification reaction was performed in a total volume of 25 µL, containing 2 µL
template DNA (10 ng/µL), 1.5 µL of each forward and reverse primers (10 pmole/µL),
and 10 µL of PCR master mix (G-Biosciences, St. Louis, MO, USA) added along with
10 µL of double-distilled water (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA)
to make up the final volume. PCR amplification was carried out using a thermal cycler
(G-Storm, Essex, England) according to the following conditions: initial denaturation
for 5 min at 95 ◦C, followed by 30 cycles of denaturation for 40 s at 94 ◦C, annealing
temperature (determined by gradient PCR for each primer pair) for 40 s (Table S2), initial
extension for 40 s at 72 ◦C, and a final extension for 10 min at 72 ◦C accompanied by cooling
temperature of 4 ◦C. The final amplified PCR products were stained with ethidium bromide
and separated on 4% metaphor agarose gel (Lonza, Rockland, ME, USA) along with 100 bp
DNA ladder at a constant supply of 120 V for about 3 h in 1 X TAE (Tris-acetate-EDTA)
buffer. The pictures of the amplified products on the gel were captured under UV light
using a gel documentation system (CLiNX, Shanghai, China).

2.4. Scoring of Markers and Data Analysis

The scoring of PCR-amplified DNA fragments was carried out based on band size (bp)
as per Power Marker software format. Different indices of diversity viz., the major allele
frequency (MAF), gene diversity or expected heterozygosity, observed heterozygosity, and
polymorphism information content (PIC) values for every polymorphic g-SSR marker, were
estimated by unbiased estimator using Power Marker v3.5 [43]. The discriminating power
of the marker is represented by its PIC value, which is based on the number of amplified
alleles and their respective frequency distribution. PIC values were described using the
following formula [44].

PICi = 1 − ∑n
j=1 P2

ij − ∑n−1
j=1 ∑n

k=j+1 2P2
ij P2

ik

where Pij and Pik are the frequencies of the jth and kth alleles for marker i.
Percentage Polymorphic Loci (PPL) was calculated using GenAlEx v6.5 [45]. The

scored data obtained by selected polymorphic g-SSRs was used to construct a neighbor-
joining (NJ) tree based on genetic distances using DARwin v6.0.021 [46] software. The
phylogenetic tree was built according to the dissimilarity matrix formed by the application
of unweighed neighbor-joining algorithm. Analysis of population structure was performed
using the Structure v2.3.4 software [47]. A total of ten runs were carried out for each
value of K that was set from 1 to 10 with burn-in iterations of 500,000, accompanied by
500,000 Markov Chain Monte Carlo (MCMC) replications using the admixture model.
The Structure Harvester (https://taylor0.biology.ucla.edu/structureHarvester/ accessed
on 16 November 2022) was used to obtain the possible number of subpopulations by
∆K methodology.

Analysis of Molecular Variance (AMOVA) is a technique for studying molecular
variance within a species. It was performed to calculate the genetic variability among
and within the populations using GenAlex v6.5. Principal coordinates analysis (PCoA) is
a method of multidimensional scaling (MDS) which uses a similarity matrix or dissimilarity
matrix to assign a specific position to each variable in a low dimensional space. In our
present study, PCoA was also carried out using GenAlex v6.5 to assess percentage of genetic
variance based on dissimilarity indices.

3. Results
3.1. Genetic Diversity Indices for g-SSR Markers

A total of 94 accessions of A. hypochondriacus were analyzed using 57 g-SSR markers
that were developed in silico in our laboratory. Among them, 36 g-SSRs produced poly-
morphic alleles, and they were consequently used for molecular characterization (Table S2).
For the diversity analysis, parameters such as major allele frequency (MAF), gene diversity

https://taylor0.biology.ucla.edu/structureHarvester/
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(GD), observed heterozygosity (Ho), and PIC were computed and are summarized in
Table 1. A total of 138 alleles were amplified across 36 g-SSR markers, with a mean value
of 3.83 alleles per locus. The major allele frequency showed a range of 0.28 to 0.98 with
an average of 0.63. The gene diversity (expected heterozygosity) calculated among 36 g-SSR
loci varied from 0.03 to 0.81, with a mean of 0.46 per locus. The g-SSR marker AhySSR39451
showed the maximum gene diversity (0.81), while the minimum value (0.03) was recorded
in AhySSR31577. The value of observed heterozygosity was lowest in AhySSR31577 (0.016)
and the highest in AhySSR5081, AhySSR18586, AhySSR29571 (1.0), with a mean value of
0.61 per locus. The values of polymorphism information content (PIC) showed a range from
0.03 (AhySSR31577) to 0.78 (AhySSR29571) with a mean value of 0.40. Ten g-SSRs markers
viz. AhySSR0595, AhySSR5081, AhySSR18586, AhySSR19060, AhySSR23586, AhySSR29093,
AhySSR29571, AhySSR43465, AhySSR49996 and AhySSR39451, had PIC values greater than
0.5 for the amaranth accessions, indicating superior discriminatory power as compared to
others (Table 1 and Figure S1).

Table 1. Characteristics and genetic diversity indices of 36 g-SSR loci used for genotyping 94
accessions of A. hypochondriacus.

S.No. Marker
Name

Scaffold
Number

g-SSR Start
Position

g-SSR End
Position MAF

Allele
No GD Ho PIC

1 AhySSR0595 Scaffolds_1 5688613 5688666 0.4679 3 0.6304 0.9103 0.5557

2 AhySSR3176 Scaffolds_1 23101765 23101806 0.5054 2 0.4999 0.9891 0.375

3 AhySSR4597 Scaffolds_1 35176079 35176178 0.5915 4 0.4977 0.7683 0.391

4 AhySSR0261 Scaffolds_1 2618226 2618270 0.5068 2 0.4999 0.9315 0.375

5 AhySSR1363 Scaffolds_10 22467372 22467407 0.6902 2 0.4276 0.5761 0.3362

6 AhySSR33457 Scaffolds_10 39900 39915 0.7321 2 0.3922 0.5119 0.3153

7 AhySSR37960 Scaffolds_11 9628916 9628945 0.764 3 0.3656 0.427 0.3065

8 AhySSR39451 Scaffolds_11 22234840 22234866 0.2865 8 0.8102 0.8539 0.7845

9 AhySSR38506 Scaffolds_11 14445677 14445715 0.978 2 0.043 0.044 0.0421

10 AhySSR0471 Scaffolds_11 18505355 18505416 0.9773 2 0.0444 0.0455 0.0434

11 AhySSR41001 Scaffolds_12 12761843 12761877 0.8807 2 0.2102 0.0795 0.1881

12 AhySSR39465 Scaffolds_12 40173 40211 0.539 2 0.497 0.2987 0.3735

13 AhySSR12555 Scaffolds_13 146746 146817 0.7987 2 0.3216 0.4026 0.2699

14 AhySSR43989 Scaffolds_13 9524194 9524211 0.4839 5 0.5797 0.9355 0.4904

15 AhySSR43465 Scaffolds_13 6175139 6175180 0.5342 8 0.6538 0.4384 0.6173

16 AhySSR44477 Scaffolds_13 13640854 13640877 0.9477 2 0.0992 0.0814 0.0943

17 AhySSR46467 Scaffolds_14 7295227 7295270 0.5053 2 0.4999 0.9255 0.375

18 AhySSR48966 Scaffolds_15 6889536 6889637 0.5988 3 0.5349 0.8025 0.457

19 AhySSR49996 Scaffolds_15 13907952 13908026 0.5325 8 0.6273 0.9351 0.5736

20 AhySSR0542 Scaffolds_15 11049934 11050033 0.5495 2 0.4951 0.8352 0.3725

21 AhySSR51527 Scaffolds_16 8353654 8353737 0.7443 6 0.4301 0.5114 0.4124

22 AhySSR51061 Scaffolds_16 4284470 4284489 0.7527 2 0.3723 0.4946 0.303

23 AhySSR5081 Scaffolds_2 1020604 1020639 0.3444 10 0.7533 1 0.7189

24 AhySSR8059 Scaffolds_2 22784760 22784831 0.5774 2 0.488 0.0119 0.3689

25 AhySSR11576 Scaffolds_3 16269717 16269792 0.633 2 0.4646 0.6702 0.3567

26 AhySSR12579 Scaffolds_3 23384578 23384688 0.7926 2 0.3288 0.4149 0.2748
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Table 1. Cont.

S.No. Marker
Name

Scaffold
Number

g-SSR Start
Position

g-SSR End
Position MAF

Allele
No GD Ho PIC

27 AhySSR16096 Scaffolds_4 18892950 18892976 0.5722 4 0.5566 0.8556 0.4796

28 AhySSR18586 Scaffolds_5 10835301 10835348 0.4471 6 0.6828 1 0.6324

29 AhySSR19060 Scaffolds_5 14161515 14161619 0.4718 10 0.6646 0.9577 0.6119

30 AhySSR18091 Scaffolds_5 7461113 7461163 0.6193 2 0.4715 0.7614 0.3604

31 AhySSR23586 Scaffolds_6 20936577 20936639 0.3673 5 0.7097 0.9388 0.6602

32 AhySSR21572 Scaffolds_6 6051583 6051604 0.9506 2 0.0939 0.0741 0.0895

33 AhySSR28598 Scaffolds_8 10843033 10843092 0.6744 2 0.4392 0.6512 0.3427

34 AhySSR29093 Scaffolds_8 14673069 14673119 0.4902 6 0.682 0.7255 0.6407

35 AhySSR29571 Scaffolds_8 17923890 17923961 0.3404 9 0.8077 1 0.7855

36 AhySSR31577 Scaffolds_9 7849897 7849947 0.9828 2 0.0339 0.0115 0.0333

Mean 0.6286 3.8333 0.4641 0.6075 0.4002

The percentage of polymorphic loci across all the studied accessions was 85.42%.
Within the accessions, polymorphic loci percentages ranged from 63.89% to 100.00%. The
maximum values of polymorphic loci were detected in accessions from Himachal Pradesh
(100%) and with exotic origins (80.56%). The highest values of Shannon’s information index
(I) (0.883) and expected heterozygosity (He) (0.497) were observed in the population from
Himachal Pradesh indicating high genetic variability in accessions from Himachal Pradesh.
The maximum value of observed heterozygosity (Ho) (0.583) was recorded in accessions
belonging to Madhya Pradesh and with exotic origins (Table 2).

Table 2. Percentage of polymorphic loci detected by 36 g-SSR markers across A. hypochondriacus
populations, state-wise.

Population Percent Polymorphism I Ho He

Himachal Pradesh 100.00% 0.883 0.555 0.497

Uttarakhand 97.22% 0.82 0.527 0.48

Maharashtra 91.67% 0.751 0.484 0.459

Gujarat 91.67% 0.715 0.547 0.444

Madhya Pradesh 75.00% 0.587 0.583 0.39

Exotic species 80.56% 0.548 0.583 0.368

Unknown 83.33% 0.651 0.435 0.412

Other 63.89% 0.49 0.431 0.33

Mean 85.42% 0.681 0.518 0.423

3.2. Phylogenetic Analysis of Amaranth Accessions

To further investigate the genetic relationships among the studied amaranth accessions,
a neighbor-joining tree was constructed based on 36 g-SSR loci. The results based on genetic
distance, as observed in the NJ tree, clustered 94 amaranth accessions into three major
genetic clusters (Figure 2). In cluster I, 24 accessions were grouped. Among these accessions,
fifteen were from Himachal Pradesh, two accessions each were from Gujarat and the USA,
one accession each was from Uttarakhand, Maharashtra, and Russia, and two accessions
were of unknown origin. The major cluster II consisted of 48 accessions. Among these,
seventeen accessions were from Uttarakhand, seventeen accessions were from Himachal
Pradesh, six accessions were from Gujarat, three accessions were from Madhya Pradesh,
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two accessions were from Maharashtra, and one accession each was from Arunachal
Pradesh and the USA, along with one accession from unknown origin. Cluster III contained
22 accessions. It comprised ten accessions from Himachal Pradesh, five accessions from
Uttarakhand, four accessions from Maharashtra, two accessions from Gujarat, and one
accession from Uttar Pradesh (Figure 2).
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3.3. Analysis of Population Structure

The model-based population structure analysis of the 94 studied accessions revealed
the presence of two different genetic populations. The maximum value of ∆K was recorded
at ∆K = 2, which corresponded to the most possible number of populations in the study
(Figure 3). The accessions with a probability score of >0.80 can be considered as genetically
pure accessions, while those with a probability score of <0.80 can be considered as admix-
ture. The grouping of amaranth accessions is illustrated in the bar plot diagram obtained
using Structure Harvester (Figure 4). Population I contained 46 accessions and population
II comprised48 accessions without any admixture. Population I comprised twenty-five
accessions from Himachal Pradesh, seven accessions from Uttarakhand, six accessions from
Maharashtra, four accessions from Gujarat, two accessions from the USA, and one accession
each from Uttar Pradesh and Russia, along with two accessions belonging to an unknown
location. Population II included seventeen accessions from Himachal Pradesh, sixteen
accessions from Uttarakhand, six accessions from Gujarat, three accessions from Madhya
Pradesh, one accession each from Maharashtra, Arunachal and USA along with one ac-
cession of unknown origin. If we compare the grouping of population structure with the
neighbor-joining tree, Population I correspond to Clusters 1 and 3 of the neighbor-joining
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tree, whereas population II corresponds to Cluster 2. This shows that the neighbor-joining
tree and population correspond to each other. The only difference is that clusters 1 and 3
are becoming merged together in population 1 during structure analysis.
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3.4. AMOVA and PCoA Analysis

The Analysis of Molecular Variance (AMOVA) was first performed based on geo-
graphic populations and then based on the two populations as obtained by the model-based
population structure analysis. The genetic variance recorded between the subpopulations
in origin-based AMOVA was 11%, whereas within the individuals, 89% variance was
recorded (Figure 5a and Table S3). The model-based AMOVA displayed a genetic variation
of 8% between the two obtained subpopulations, and a variation of 92% was found within
the individuals (Figure 5b and Table S4). There was no significant difference observed
among the origin-based and model-based AMOVA analysis.

In addition, the principal coordinate analysis (PCoA) plot displayed the existence of
a significant amount of molecular diversity among the analyzed amaranth accessions. The
first three axes of the PCoA accounted for a cumulative variation of 27.7%, wherein the first,
second and third axes expressed 11.7%, 8.51%, and 7.48% of the total variation, respectively
(Table 3). Furthermore, in the PCoA matrix, the amaranth accessions were distributed across
the coordinates represented with different colors. The PCoA analysis clearly indicates that
accessions from Himachal Pradesh were very distinctly isolated from other states accessions.
Similarly, the exotic accessions shared more similarity among themselves and were very
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close to Himachal Pradesh accessions (Figure 6), whereas accessions from Uttarakhand
were more diverse and shared genetic similarity with accessions from Maharashtra, Gujrat,
and Madhya Pradesh.

Agriculture 2023, 13, x FOR PEER REVIEW 9 of 14 
 

 

 
Figure 5. AMOVA analysis depicting variation among populations and within individual acces-
sions. (a) The AMOVA analysis based on geographical origin, and (b) AMOVA analysis based on 
model-based population structure analysis. 

In addition, the principal coordinate analysis (PCoA) plot displayed the existence of 
a significant amount of molecular diversity among the analyzed amaranth accessions. The 
first three axes of the PCoA accounted for a cumulative variation of 27.7%, wherein the 
first, second and third axes expressed 11.7%, 8.51%, and 7.48% of the total variation, re-
spectively (Table 3). Furthermore, in the PCoA matrix, the amaranth accessions were dis-
tributed across the coordinates represented with different colors. The PCoA analysis 
clearly indicates that accessions from Himachal Pradesh were very distinctly isolated from 
other states accessions. Similarly, the exotic accessions shared more similarity among 
themselves and were very close to Himachal Pradesh accessions (Figure 6), whereas ac-
cessions from Uttarakhand were more diverse and shared genetic similarity with acces-
sions from Maharashtra, Gujrat, and Madhya Pradesh.  

Table 3. Percentage of cumulative variation explained by the first three axes among amaranth ac-
cessions in PCoA analysis. 

Axis Axis-1 Axis-2 Axis-3 
Variation (%) 11.72 8.51 7.48 

Cumulative variation (%) 11.72 20.23 27.71 

Figure 5. AMOVA analysis depicting variation among populations and within individual accessions.
(a) The AMOVA analysis based on geographical origin, and (b) AMOVA analysis based on model-
based population structure analysis.

Table 3. Percentage of cumulative variation explained by the first three axes among amaranth
accessions in PCoA analysis.

Axis Axis-1 Axis-2 Axis-3

Variation (%) 11.72 8.51 7.48
Cumulative variation (%) 11.72 20.23 27.71
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4. Discussion

A. hypochondriacus is an ancient paleopolyploid with high nutritional value and ex-
cellent agronomic characters [48]. Grain amaranth is a cross-pollinated crop species that
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is mainly pollinated by wind. To enhance the use of this crop, information on its genetic
diversity needs to be generated. Knowledge of genetic variability within crop species is
vital for the potential use of plant genetic resources [49]. Assessment of genetic diversity
is considered important in studies related to evolution, population structure, and plant
breeding programs [50]. Molecular markers are used to study genetic variability. Over
the years, SSRs have proved to be reliable genetic markers for molecular diversity studies,
linkage mapping, and marker-aided selection [39,51]. Construction of population structure
with the use of molecular data further enables the development of a framework for future
breeding programs.

In our present investigation, 36 g-SSR markers were used to analyze 94 accessions of
A. hypochondriacus. A total of 138 alleles were detected among 36 SSRs across 94 different
accessions of amaranth. The mean allelic richness in our study was 3.83 alleles per locus,
which was lower than the values obtained in most of the previous studies by Wang et al.,
2013 (4.79), Suresh et al., 2014 (11.1), Khaing et al., 2013 (12.9), and Mallory et al., 2008
(4.0) [39,40,52,53]. This difference may be due to the use of different g-SSRs and sample
sizes. The values of heterozygosity ranged from 0.01 to 1.00, with a mean value of 0.61 per
locus, which is comparable with the studies performed earlier in cultivated relatives of
amaranth such as sugar beet (0.61) [54], and quinoa (0.57) [55]. The average value of
PIC obtained in our study was 0.40, which is higher than the values obtained previously
0.34 [39] and 0.29 [56]), but lower than others 0.66 [40] and 0.71 [52]. The cause of this
difference in PIC values may be due to the variation in sample size considered for the study.

Understanding the population structure is a necessary condition for proper selec-
tion of accessions. The model-based structure analysis distributed 94 accessions into two
subpopulations. The ∆K at K = 2, meaning all of the accessions were assigned to two sub-
groups without admixture, suggesting rare genetic connection between the two subgroups
based on g-SSR used in this study. Similarly, Suresh et al., 2014 used 11 SSR markers to
study population structure among 348 amaranth accessions and classified these into two
populations [40]. The clustering analysis based on DNA polymorphism is a better and
more trustworthy approach of determining relationships between individuals. As DNA is
not affected by several environmental influences, the linkages revealed by DNA markers
can give a clear picture of syntenic relations, conservation, and differences between the
analyzed individuals of a group or distinct species. A large number of studies on SSR
markers in various crops have been reported previously [23–28]. The dendrogram of A.
hypochondriacus showed three major groups. However, no clear clustering pattern was
observed between accessions that were geographically close to each other, which shows
that genetic distance has no correlation with geographical distance which is consistent with
the results of Wang et al., 2013 [39]. Suresh et al. 2014 also performed clustering analysis
based on SSR markers across 348 amaranth accessions, but, similar to our study, no separate
groups were observed based on geographical origin. The lack of significant association
between genetic divergence and geographical diversity denotes that factors other than
geographical origin contribute to genetic diversity such as reproductive nature, genetic
sampling error, spontaneous mutation, and natural and artificial selection [57]. This disso-
ciation can also be a result of the cosmopolitan nature of amaranth and activities of human
interference such as breeding and resource exchange. Although the neighbor-joining tree
and population structure showed a grouping of 94 accessions in to three and two groups,
respectively, critical analysis shows that they correspond to each other and that Clusters 1
and 3 are represented by Population 1, while Cluster 2 corresponds to Population 2 with
exactly the same number accessions.

The scattered plot generated by PCoA distributed all of the 94 accessions into two dis-
tinct groups according to the dissimilarity indices. The total cumulative variation of 20.23%
showed less variation as compared to the 34.8% variation among 42 A. paniculata acces-
sions [21] and 57.6% variation among 46 pomegranate genotypes [58] reported previously.
In the PCoA plot, axis 1 explained a higher proportion of variance (11.72%) compared to
axis 2 (8.51%). Furthermore, the grouping pattern of 42 accessions from Himachal Pradesh
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showed that these accessions are very distinct from the rest of the accessions representing
other states (Uttarakhand, Maharashtra, Gujrat, and Madhya Pradesh) of India. This type
of clear distinction was not observed in the cluster analysis or population structure analysis.
The four exotic accessions from USA and Russia were very close to each other but were
grouped with accessions from Himachal Pradesh. The PCoA also showed that accessions
from Uttarakhand are distinct from those from Himachal Pradesh, although geographi-
cally both are adjoining states of North India. The Uttarakhand accessions are closer to
accessions of Gujrat, Maharashtra, and Madhya Pradesh. Thus, the in-house-developed
36 g-SSRs were found to be effective and informative, and can show that even accessions
from neighboring states are very distinct from each other and may represent two different
gene pools. Based on PCoA analysis it can be assumed that introduction of grain amaranth
might have occurred in Himachal Pradesh because exotic accessions were closer to those
from Himachal Pradesh in comparison with other Indian states’ accessions. The accessions
from Uttarakhand are distinct; this might be due to a different gene pool, or the accessions
may have moved from Himachal Pradesh in later stages, become further diversified and
moved to western (Maharashtra and Gujrat) and central parts (Madhya Pradesh) of India,
before becoming further diversified due to possible cross-pollination with weedy Amaran-
thus. This may be the reason that accessions from western and central parts of India were
not found to share much genetic similarity with exotic and Himachal Pradesh accessions
based on PCoA analysis, although this result was not supported by the neighbor-joining
tree or population structure study, where intermixing of accessions was observed.

5. Conclusions

In the present study, a set of 36 in-house-developed g-SSR loci were validated through
the assessment of genetic diversity and population structure among 94 diverse accessions
of A. hypochondriacus. The diversity indices represented a substantial amount of molec-
ular diversity among 94 accessions with the in-house-developed g-SSR markers. These
markers might distribute the amaranth accessions into different sub-populations. The
information related to population structure and diversity analysis of A. hypochondriacus
proved to be beneficial for further genomic selection, marker-assisted selection (MAS), and
genome-wide association studies (GWAS). Based on our study, we also conclude that these
36 polymorphic g-SSR markers are significantly efficient. PCoA studies based on these
markers indicated how exotic accessions and Himachal Pradesh accessions were close to
each other and distinct from those from other states. Further, this also indicated how grain
amaranth has moved to different states of India and diversified. Thus, these markers could
be added as new desirable genomic tools for further studies related to the characterization
of germplasm banks and future breeding programs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agriculture13020431/s1, Figure S1: Gel image representation dis-
playing g-SSR profile of 94 accessions of A. hypochondriacus using AhySSR0595 marker. Lane M
denotes 100 bp DNA ladder; Table S1: List of grain amaranth accessions used in the present study;
Table S2: List of g-SSR markers used along with their forward and reverse sequences and annealing
temperature; Table S3: Analysis of molecular variance (AMOVA) based on geographic populations
using 36 g-SSRs among and within subpopulation of 94 amaranth accessions; Table S4: Model-based
analysis of molecular variance (AMOVA) using 36 g-SSRs among and within subpopulation of
amaranth accessions.
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