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Abstract:

 Efficient utilization of plant genetic resources for nutrition and crop improvement requires systematic understanding of the important traits. Amaranthus species are distributed worldwide with an interesting diversity of landraces and cultivars whose leaves and seeds are consumed. Despite their potential to enhance food security and economic livelihoods, grain amaranth breeding to improve nutritional quality and adoption by farmers in sub-Saharan Africa is scanty. This study assessed the variation among 29 grain amaranth accessions using 27 phenotypic (10 morphological and 17 nutritional) characters and 16 random amplified polymorphic DNA (RAPD) primers. Multivariate analysis of phenotypic characters showed the first four principal components contributing 57.53% of observed variability, while cluster analysis yielded five groups at 87.5% similarity coefficient. RAPD primers generated a total of 193 amplicons with an average of 12.06 amplicons per primer, 81% of which were polymorphic. Genetic similarities based on Jaccard’s coefficient ranged from 0.61 to 0.88. The RAPD-based unweighted pair group method with arithmetic mean dendrogram grouped the accessions into nine clusters, with the same species clustering together. RAPD primers distinguished the accessions more effectively than phenotypic markers. Accessions in the different clusters as obtained can be exploited for heterotic gain in desired nutritional traits.
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1. Introduction


Amaranthus L. is a genus in the family Amaranthaceae consisting of more than 60 species, including cultivated grain amaranth species (e.g., A. caudatus, A. cruentus, and A. hypochondriacus) and leaf vegetable types (e.g., A. hybridus and A. tricolor) [1,2]. They are relatively short-lived annuals that grow vigorously, are drought resistant and adapt readily to new environments [3]. The major centers of distribution are tropical America, India, China, Nepal, Italy, Greece, Africa, and Australia [4,5]. Amaranths are ancient crops with promising economic and nutritional value and have attracted increasing interest over recent decades [6,7,8]. Grain amaranth has been gaining worldwide acceptance as a crop rich in high-quality protein (13%–19% of dry weight) and its remarkable essential amino acid balance which is close to the optimum protein reference pattern in the human diet according to FAO/WHO requirements [9,10,11]. Grain amaranth is also an excellent source of minerals, vitamins A, C, and E [12,13,14]. Considering its agronomic and nutritional importance, amaranth has potential to broaden the food base in sub-Saharan Africa [15]; therefore, attention should be given to the cultivation, genetic improvement, and sustainable utilization of this promising crop in the region.



Amaranth is a self-pollinated crop, but wide variation in genotypes exists due to varying amounts of outcrossing and frequent interspecific and inter-varietal hybridization [1,16]. Amaranths also exhibit tremendous diversity related to their wide adaptability to different eco-geographic situations [17]. Genotype identification in amaranth had been a long term challenge [18] due to the close relationships that exists within the genus.



Knowledge of genetic diversity and trait variations in populations is useful in plant breeding and for developing ex situ conservation strategies of plant genetic resources [19,20,21]. Plant phenotype is commonly used for estimating genetic diversity as it provides a simple way of quantifying genotypic variation. However, the efficiency of estimating genetic differences using morphological traits is largely limited by uncontrollable environmental factors and distinctness. Molecular-based analyses overcome many limitations of morphological and biochemical trait-based procedures and have been used variously in determining genetic diversity [22,23]. Various types of molecular markers are utilized to evaluate DNA polymorphism. Random Amplified Polymorphic DNA (RAPD), a PCR (polymerase chain reaction)-based technique has considerable advantage for studying plant genome characterizations because it is simple, relatively inexpensive, utilizes arbitrary primers, and randomly samples a potentially large number of loci in a less complex pattern [1,24,25]. Even though RAPD is criticized for low reproducibility, this is overcome by optimization of the reaction and maintenance of stringent conditions [26,27]. RAPD analyses has been employed for several plant species in relation to development of genetic conservation and improvement strategies, including the study of genetic diversity, taxonomic delimitations, and evolutionary relationships in Amaranthus species [1,17,28,29].



Grain amaranth remains a largely underexploited crop for grain purposes in sub-Saharan Africa despite the potential as a hardy field crop with generally excellent nutritional qualities. However, research aimed at its genetic improvement and agronomic adoption in sub-Saharan Africa is almost non-existent. A number of accessions of amaranth have been introduced that have acclimatized well in the region, but evaluation of agronomic and nutritional traits in the peculiar agro-ecologies of the region has not been conducted. The availability of genetic variation among and within the different accessions for these traits provides great scope for crop improvement through selection and other breeding methods to develop desired genotypes. Thus, insight into the genetic variation within and among the available amaranth genotypes in relation to the morphological and nutritional traits as revealed by RAPD markers is necessary. Such empirical knowledge will facilitate strategic marker-assisted selection (MAS) breeding, as well as enhance effective genetic resources exploration, conservation, management, and utilization of Amaranthus species in future breeding programs.



The aim of this work was therefore to study the genetic variation observable in 29 Amaranthus accessions in the agro-ecology of South West Nigeria using phenotypic traits of agronomic and nutritional significance, and RAPD markers. The goal is to provide an insight for further utilization of RAPD markers to characterize and identify quantitative trait loci (QTLs) for agronomic and nutritional quality in amaranth genotypes bred for adoption in sub-Saharan agro-ecologies. Subsequently, RAPDs adjacent to important QTLs will be used in marker-assisted selection (MAS) of breeding lines.




2. Materials and Methods


2.1. Plant Material


Twenty nine grain amaranth accessions were used for this study. Twenty-seven accessions of A. caudatus, A. cruentus, A. hypochondriacus, and a number of hybrids were obtained from the United States Department of Agriculture Research Station (USDA/ARS) Plant Introduction Station at Ames, IA, USA. Two accessions of A. hybridus were obtained from the Genetic Resources Unit, National Horticultural Research Institute (NIHORT), Ibadan, Nigeria (Table 1).



Table 1. Accessions and passport data of Amaranthus used in this study.







	
Amaranthus Species

	
Accession Number

	
Accession ID

	
Origin

	
Stem Colour

	
Inflorescence Colour

	
Seed Colour






	
A. caudatus

	
A1

	
P1 490458

	
Bolivia

	
Pink base to mid-stem and green mid-stem to tip

	
Green

	
Cream + black




	

	
A2

	
PI 511679

	
Argentina

	
Green

	
Golden yellow

	
Cream




	

	
A3

	
PI 553073

	
USA

	
Pink

	
Pink

	
Pink




	

	
A4

	
P1 642741

	
Bolivia

	
Pink base to mid-stem and green mid-stem to tip

	
Green

	
Cream




	
A. cruentus

	
A5

	
PI 477913

	
Mexico

	
Green

	
Green

	
Cream




	

	
A6

	
PI 511719

	
Guatemala

	
Green

	
Green, Pink, Green with Pink

	
Cream




	

	
A7

	
PI 515959

	
USA

	
Green

	
Green

	
Cream




	

	
A8

	
PI 538319

	
USA

	
Green

	
Green

	
Cream




	

	
A9

	
PI 590992

	
China

	
Wine, Green

	
Wine, green, speckled pink

	
Cream




	

	
A10

	
P1 604666

	
USA

	
Green, Orange

	
Green, Orange

	
Cream




	

	
A11

	
PI 641047

	
Nigeria

	
Pink

	
Pink

	
Cream




	

	
A12

	
PI 641045

	
Nigeria

	
Pink

	
Pink

	
Cream




	
Amaranthus Hybrid

	
A13

	
PI 538325

	
USA

	
Pink

	
Green, wine

	
Cream




	

	
A14

	
PI 538326

	
USA

	
Pink

	
Green, wine

	
Cream




	

	
A15

	
PI 538327

	
USA

	
Green

	
Green

	
Cream




	

	
A16

	
Ames 1974

	
Nigeria

	
Green, Pink

	
Normal green, with pink veins and margin

	
Black + Cream




	

	
A17

	
Ames 2256

	
Nigeria

	
Green, Pink

	
Normal green, with pink veins and margin

	
Black + Cream




	

	
A18

	
Ames 5644

	
Nigeria

	
Pink

	
Wine

	
Cream




	

	
A19

	
Ames 5647

	
Nigeria

	
Green, Pink

	
Normal green, with pink veins and margin

	
Black + Cream




	
A. hypochondriacus

	
A20

	
PI 337611

	
Uganda

	
Green

	
Green

	
Cream




	

	
A21

	
PI 511731

	
Mexico

	
Pink

	
Green

	
Cream




	

	
A22

	
PI 558499

	
USA

	
Pink

	
Wine

	
Cream




	

	
A23

	
PI 590991

	
China

	
Pink

	
Green

	
Gold




	

	
A24

	
PI 615696

	
India

	
Green

	
Green

	
Cream




	

	
A25

	
P1 619250

	
USA

	
Pink

	
Green, wine

	
Gold




	

	
A26

	
PI 633596

	
Nepal

	
Pink

	
Pink

	
Cream




	

	
A27

	
Ames 1972

	
Nigeria

	
Green

	
Green

	
Cream




	
A. hybridus

	
A28

	
NH 84/444-4

	
Nigeria

	
Purple

	
Green

	
Cream




	

	
A29

	
NAC 3

	
Nigeria

	
Green

	
Green

	
Cream













2.2. Phenotypic Characterization


Seeds were sown in heat-sterilized sandy loam in a protected nursery. At the 4–5 leaf stage, seedlings were transplanted to the experimental field of NIHORT, Ibadan. The experiment was a randomized complete block design with three replications. An experimental unit (plot) consisted of 10 individuals per accession planted in two rows 2 m long on 1 m-wide raised beds. Plants were spaced 50 cm apart between and within rows, with an inter-plot spacing of 1 m. Phenotypic traits were assessed on five randomly tagged plants in each plot. Phenotypic traits were, thus, assessed five times per accession per replicate giving a total of 15 observations of each accession. Cultural practices were as suggested by Van Sloten [30]. Neither chemicals nor fertilizers were used during the experiment. Weed control was by hand as and when due.



The morphological traits observed were plant height, number of leaves, number of branches per plant, stem diameter, leaf area, days to 50% flowering, grain yield, and 100-seed weight. Nutritional quality traits were determined by chemical analyses on seeds obtained at maturity, dried, and milled. Moisture, ash, starch, sugar, protein, crude fiber, and crude fat contents were determined according to the AOAC (Association of Official Agricultural Chemists) methods [31]. Minerals were determined according to Zarcinas et al. [32].



Phenotypic data were subjected to analysis of variance using the generalized linear model of SAS (Statistical Analysis System) [33]. Hierarchical cluster analysis was performed using SAS Procedure CLUSTER based on normalized Euclidean distance matrices and dendrogram was constructed by Procedure TREE. The Pearson-correlation coefficient was used to indicate the linear relationships among the traits. Principal component analysis (PCA) was computed from correlation matrices using SAS Procedure PRINCOMP in order to assess the patterns of phenotypic trait variation considering all 27 variables simultaneously.




2.3. Molecular Characterization


Total genomic DNA was isolated from fresh young leaves collected from a single plant for each of the 29 amaranth accessions using the cetyltrimethylammonium bromide (CTAB) method described by Doyle and Doyle [34]. The quality and quantity of the isolated DNA was checked using 0.8% agarose gel electrophoresis. DNA concentrations for polymerase chain reaction (PCR) amplification were estimated by comparing the band intensity of a sample with the band intensities of known dilutions that gave good amplifications. The dilutions were carried out by dissolving the genomic DNA in appropriate quantities of Tris(hydroxymethyl)aminomethane-ethylenediaminetetraacetic acid (Tris-EDTA) buffer (pH 8.0).



An initial analysis of individual plants from each accession was conducted with 40 arbitrary primers (Operon Technologies, Alameda, CA, USA). Out of the 40 random decamer primers screened for polymorphism, only 16 showed detectable distinct bands and were used for the study. DNA from the 29 accessions of amaranth was amplified in PCR using the selected primers. The PCR reaction contained 25 ng of genomic DNA, 1.5 mM of assay buffer, 0.5 mM each of 2′-deoxyadenosine-5′-triphosphate (dATP), 2′-deoxythymidine-5′-triphosphate (dTTP), 2′-deoxyguanosine-5′-triphosphate (dGTP), and 2′-deoxycytidine-5′-triphosphate (dCTP), 1.5 µM of primer, 0.25 mM MgCl2 and 0.03 units of Taq DNA polymerase. Amplifications were performed in a Peltier thermal cycler (PTC-200 DNA Engine, MJ Research, now Bio-Rad Laboratories, Inc., Hercules, CA, USA) programmed for an initial denaturation at 94 °C for 4 min, followed by 44 cycles of denaturation at 94 °C for 1 min, annealing at 37 °C for 1 min, 2 min extension at 72 °C and a final extension of 10 min at 72 °C, and then at 4 °C until storage. Amplified PCR products were electrophoresed on a 1.2% agarose gel in 1X Tris/Borate/EDTA (TBE) buffer at 100 volts for 2 h. The ethidium bromide-stained gels were documented using a gel documentation system (UVP Transilluminator M-20, Cambridge, UK). The reproducibility of the amplification products was checked twice for each polymorphic primer.



RAPD fragments with the same molecular weight and mobility were treated as identical bands, and scored for presence (1) or absence (0) across all accessions for each primer. The resulting banding matrix was subjected to cluster analysis. A pairwise genetic similarity matrix was constructed using the SIMQUAL module of SAS based on Jaccards’s coefficient [35]. Similarity coefficients were used to construct a dendrogram by the unweighted pair group method with arithmetic average (UPGMA). Sequential, hierarchical, and nested clustering (SHAN) was done using NTSYSpc version 2.1 [36]. Polymorphic information content (PIC) of the primers was determined from allele frequencies [37].





3. Results


3.1. Phenotypic Characterization


The summary of descriptive statistics for all the 27 quantitative traits is given in Table 2. There were significant differences (p < 0.05) among the amaranth accessions for morphological traits as some exhibited broad variability. High coefficient of variation was observed for leaf area (53.50%), number of leaves (39.70%), leaf width (30.80%), seed yield (26.40%), leaf length (22.40%), stem diameter (18.10%), and plant height (20.60%).



Table 2. Descriptive statistics of 27 quantitative traits of 29 accessions of amaranth.







	
Trait

	
Mean

	
Least Significant Difference (LSD)

	
Coefficient of Variation (CV%)

	
Min

	
Max






	
PH (cm)

	
116.54

	
39.24

	
20.60

	
60.00

	
162.80




	
NB

	
5.82

	
0.95

	
9.98

	
0.00

	
13.19




	
NL

	
103.75

	
67.44

	
39.70

	
32.00

	
185.50




	
SD (mm)

	
18.22

	
5.38

	
18.10

	
12.60

	
25.40




	
LL (cm)

	
14.74

	
5.39

	
22.40

	
7.50

	
21.70




	
LW (cm)

	
6.54

	
3.29

	
30.80

	
2.70

	
10.40




	
LA (cm2)

	
54.06

	
47.30

	
53.50

	
10.40

	
113.50




	
DTF

	
114.86

	
6.35

	
3.38

	
102.67

	
125.33




	
SY (g)

	
95.50

	
41.42

	
26.40

	
15.20

	
209.94




	
100-SW (g)

	
0.0067

	
0.0082

	
8.53

	
0.0036

	
0.0091




	
MC (g 100 g−1)

	
10.28

	
0.41

	
2.31

	
7.43

	
15.46




	
Sugar (g 100 g−1)

	
1.62

	
0.16

	
6.22

	
0.37

	
3.10




	
Starch (g 100 g−1)

	
32.67

	
0.52

	
0.98

	
24.63

	
48.89




	
Fat (g 100 g−1)

	
6.80

	
0.32

	
2.90

	
1.43

	
10.39




	
Ash (g 100 g−1)

	
4.03

	
0.31

	
4.73

	
2.35

	
6.98




	
Protein (g 100 g−1)

	
15.18

	
0.65

	
2.62

	
11.77

	
19.01




	
Crude Fiber (g 100 g−1)

	
3.03

	
0.23

	
4.58

	
1.04

	
6.27




	
Al (mg kg−1)

	
86.29

	
8.75

	
6.21

	
17.24

	
250.73




	
Fe (mg kg−1)

	
128.41

	
14.79

	
7.05

	
61.66

	
189.04




	
Zn (mg kg−1)

	
49.37

	
4.63

	
5.74

	
34.73

	
100.07




	
Cu (mg kg−1)

	
4.75

	
0.57

	
7.36

	
2.29

	
7.65




	
Mn (mg kg−1)

	
101.74

	
3.70

	
2.23

	
45.74

	
213.73




	
Mg (mg kg−1)

	
2125.13

	
75.15

	
2.16

	
1582.11

	
2624.40




	
Ca (mg kg−1)

	
1482.86

	
87.25

	
3.60

	
888.24

	
1980.32




	
K (mg kg−1)

	
4870.41

	
342.83

	
4.31

	
3157.00

	
10346.60




	
P (mg kg−1)

	
5162.41

	
218.92

	
2.59

	
3531.00

	
7462.40




	
Se (mg kg−1)

	
0.54

	
0.07

	
7.90

	
0

	
1.73








Notes: PH = Plant height; NB = Number of branches; NL = Number of leaves; SD = Stem diameter; LL = Leaf length; LW = Leaf width; LA = Leaf area; DTF = Days to 50% flowering; SY = Seed yield; 100-SW = 100-seed weight; MC = moisture content. 











3.2. Pearson Correlation Coefficient


Of all the correlation coefficients derived, 16 were positive and highly significant at p < 0.001 (Table 3). The highest correlation was between leaf width and leaf area (R = 0.97). Plant height correlated significantly (p < 0.001) with stem diameter, leaf area, and days to 50% flowering. Stem diameter correlated significantly (p < 0.001) with leaf area and days to 50% flowering. Seed yield exhibited significant (p < 0.01) and positive association with 100-seed weight (R = 0.62). Leaf area correlated significantly (p < 0.001) with days to 50% flowering (R = 0.69). Number of branches and number of leaves correlated negatively with most of the morphological traits.



Table 3. Pearson-correlation matrix of selected morphological characters of 29 Amaranth accessions.







	
Character

	
PH

	
NB

	
NL

	
SD

	
LL

	
LW

	
LA

	
DTF

	
SY






	
NB

	
−0.451 *

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
NL

	
−0.007

	
0.128

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
SD

	
0.703 ***

	
−0.476 *

	
0.002

	
-

	
-

	
-

	
-

	
-

	
-




	
LL

	
0.753 ***

	
−0.566 *

	
−0.234

	
0.793 ***

	
-

	
-

	
-

	
-

	
-




	
LW

	
0.651 ***

	
−0.524 *

	
−0.296

	
0.661 ***

	
0.918 ***

	
-

	
-

	
-

	
-




	
LA

	
0.712 ***

	
−0.530 *

	
−0.207

	
0.740 ***

	
0.960 ***

	
0.973 ***

	
-

	
-

	
-




	
DTF

	
0.486 ***

	
−0.467 *

	
−0.125

	
0.668 ***

	
0.678 ***

	
0.693 ***

	
0.694 ***

	
-

	
-




	
SY

	
0.113 *

	
−0.369 *

	
−0.230

	
0.203

	
0.452 *

	
0.512 *

	
0.519 *

	
0.208

	
-




	
100-SW

	
−0.146

	
−0.034

	
−0.100

	
−0.007

	
0.077

	
0.140

	
0.165

	
0.010

	
0.627 **








Notes: PH = Plant height, NB = Number of branches, NL = Number of leaves, SD = Stem diameter, LL = Leaf length, LW = Leaf width, LA = Leaf area, DTF = Days to 50% flowering, SY = Seed yield, 100-SW = 100-seed weight. * p < 0.05%, ** p < 0.01%, *** p < 0.001%. 











3.3. Principal Component Analysis


The percentage of total variance that each phenotypic variable represents and the coefficients used in the weighted sum (loadings or eigenvectors) are presented in Table 4. The first four principal components (PCs) contributed 57.53% of the variability present among the 29 accessions for the 27 traits studied. PC1, accounting for 30.23% of the variation had leaf length, leaf area, leaf breadth, copper, plant height, stem diameter, and fat as the variables with the largest positive coefficient, while number of branches had high negative coefficient. PC2, accounting for an additional 11.87% of the total variation depicted primarily the patterns of variation in number of leaves, aluminum, iron, magnesium, phosphorus, and selenium. All variables except iron and aluminum contributed positively towards PC2. PC3 contributing 8.2% of the variability among the 29 accessions for the 27 traits had high positive coefficient of variates for crude fiber, while starch and sugar had high negative coefficients. PC4 having eigenvalue of 1.931 and contributing to 7.2% of the variability had high coefficient of variates observed for seed yield, 100-seed weight, moisture, ash, and calcium.



Table 4. Eigenvalues, proportion of variability and phenotypic traits contributing to first four principal components of Amaranthus species.







	
Item

	
PC1

	
PC2

	
PC3

	
PC4




	
Eigen value

	
8.1620

	
3.207

	
2.213

	
1.931




	
% variance

	
0.3023

	
0.119

	
0.082

	
0.072




	
Cumulative variance

	
0.3023

	
0.421

	
0.503

	
0.575




	
Trait

	
Coefficient of Variates




	
Plant Height (cm)

	
0.262

	
0.036

	
0.225

	
−0.155




	
Number of Branches

	
−0.224

	
−0.117

	
0.145

	
0.071




	
Number of Leaves

	
−0.076

	
0.298

	
0.166

	
0.004




	
Stem Diameter (mm)

	
0.266

	
0.075

	
0.232

	
−0.172




	
Leaf Length (cm)

	
0.321

	
−0.009

	
0.113

	
−0.041




	
Leaf Breadth (cm)

	
0.318

	
−0.032

	
0.028

	
−0.020




	
Leaf Area (cm2)

	
0.326

	
0.018

	
0.074

	
−0.001




	
Days to 50% Flowering

	
0.237

	
0.098

	
0.163

	
−0.087




	
Seed Yield (g)

	
0.181

	
−0.103

	
−0.245

	
0.356




	
100-Seed Weight (g)

	
0.040

	
−0.125

	
−0.229

	
0.346




	
Moisture (g 100 g−1)

	
0.073

	
−0.186

	
−0.010

	
−0.374




	
Sugar (g 100 g−1)

	
−0.062

	
−0.043

	
−0.414

	
−0.212




	
Starch (g 100 g−1)

	
−0.084

	
−0.154

	
−0.427

	
−0.314




	
Fat (g 100 g−1)

	
0.231

	
−0.049

	
−0.031

	
0.064




	
Ash (g 100 g−1)

	
−0.197

	
0.087

	
0.236

	
0.381




	
Protein (g 100 g−1)

	
0.139

	
0.053

	
0.017

	
0.163




	
Crude Fiber (g 100 g−1)

	
0.073

	
−0.208

	
0.276

	
−0.044




	
Al (mg kg−1)

	
−0.175

	
−0.306

	
0.137

	
0.148




	
Fe (mg kg−1)

	
0.055

	
−0.410

	
0.181

	
−0.084




	
Zn (mg kg−1)

	
0.219

	
−0.083

	
−0.044

	
0.184




	
Cu (mg kg−1)

	
0.280

	
0.170

	
−0.064

	
0.042




	
Mn (mg kg−1)

	
0.145

	
−0.117

	
−0.173

	
0.178




	
Mg (mg kg−1)

	
−0.133

	
0.372

	
−0.020

	
−0.179




	
Ca (mg kg−1)

	
0.046

	
0.258

	
−0.035

	
0.290




	
K (mg kg−1)

	
−0.156

	
0.157

	
0.031

	
0.075




	
P (mg kg−1)

	
−0.168

	
0.287

	
0.214

	
−0.069




	
Se (mg kg−1)

	
0.128

	
0.345

	
0.252

	
−0.007













3.4. Cluster Analysis Based on Phenotypic Characters


Using the k-means non-hierarchical clustering, the amaranth accessions could be broadly divided into three groups at 85% similarity coefficient, and further into five clusters at 87.5% similarity coefficient as shown in the dendrogram (Figure 1). The mean values of accessions falling in each cluster are presented in Table 5. Cluster 1 included three accessions (A1, A3, and A21) having the highest mean values for moisture (12.37 g 100 g−1) and iron (164.94 mg·kg−1). In this group, mean values for seed weight, seed yield, protein, zinc, magnesium, and calcium were lowest. Additionally, the mean value for days to 50% flowering was highest, indicating late maturity. Cluster II comprised of ten accessions (A2, A20, A22, A24, A25, A26, A14, A15, A27, and A29) having high mean values for number of branches per plant (8.69), starch content (36.55 g 100 g−1) and lowest mean value for days to 50% flowering (110.36) indicating that they are early maturing. Cluster III comprising of 14 accessions (A4, A16, A19, A18, A13, A5, A17, A6, A7, A8, A9, A10, A12, and A28) had the highest mean values for protein (15.91%), selenium (0.76 mg·kg−1), and the lowest mean value for aluminum and iron. Cluster IV, having only one accession (A11) in its group, had the highest mean value for plant height (162.76 cm), stem diameter (23.86 cm), leaf length, leaf breadth, leaf area, seed yield, fat, crude fiber, zinc, copper, and manganese content. Accession A11 had the lowest mean value for number of branches, number of leaves, sugar, starch, ash, magnesium, potassium, and phosphorus. Cluster V, comprising only one accession (A23), was separated from other clusters owing to its high mean values for number of leaves per plant (171.95), 100-seed weight (0.0091 g), sugar, ash, aluminum, magnesium, calcium, potassium, and phosphorus. It had lowest mean values for plant height, stem diameter, leaf length, leaf breadth, leaf area, moisture, fat, fiber, and copper.


Figure 1. Dendrogram of 29 accessions of amaranth based on phenotypic data.
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Table 5. Cluster analysis for 27 phenotypic traits in 29 accessions of amaranth.







	
Trait

	
Cluster (Number of Accessions)




	
I (3)

	
II (10)

	
III (14)

	
IV (1)

	
V (1)






	
Plant Height (cm)

	
126.44

	
97.56

	
127.74

	
162.76

	
71.65




	
Branches Per Plant

	
4.82

	
8.69

	
4.01

	
3.53

	
7.75




	
Leaves Per Plant

	
121.16

	
87.24

	
109.13

	
72.95

	
171.95




	
Stem Diameter (cm)

	
21.38

	
15.18

	
19.64

	
23.86

	
13.66




	
Leaf Length (cm)

	
16.53

	
12.03

	
16.31

	
21.58

	
7.46




	
Leaf Width (cm)

	
7.04

	
5.31

	
7.34

	
9.94

	
2.74




	
Leaf Area (cm2)

	
63.20

	
33.91

	
65.37

	
113.48

	
10.37




	
Days to 50% Flowering

	
119.22

	
110.36

	
117.21

	
116.67

	
112




	
Seed Yield (g Per Plant)

	
45.85

	
84.96

	
108.96

	
158.87

	
98.07




	
100-Seed Weight (g)

	
0.0058

	
0.0068

	
0.0066

	
0.0077

	
0.0091




	
Moisture ( g 100 g−1)

	
12.37

	
11.12

	
10.63

	
9.24

	
7.43




	
Sugar (g 100 g−1)

	
1.85

	
1.69

	
1.55

	
0.73

	
2.07




	
Starch (g 100 g−1)

	
30.83

	
36.55

	
31.09

	
24.98

	
29.36




	
Fat (g 100 g−1)

	
5.71

	
6.04

	
7.50

	
10.39

	
4.46




	
Ash (g 100 g−1)

	
3.68

	
4.40

	
3.78

	
2.35

	
6.47




	
Protein (g 100 g−1)

	
12.88

	
14.92

	
15.91

	
15.71

	
14.01




	
Crude fiber (g 100 g−1)

	
3.10

	
3.40

	
2.70

	
4.41

	
2.38




	
Al (mg kg−1)

	
95.32

	
142.19

	
68.28

	
68.95

	
173.67




	
Fe (mg kg−1)

	
164.94

	
146.87

	
120.01

	
152.93

	
125.43




	
Zn (mg kg−1)

	
38.42

	
45.89

	
55.30

	
100.07

	
42.11




	
Cu (mg kg−1)

	
4.43

	
3.34

	
5.65

	
7.17

	
2.60




	
Mn (mg kg−1)

	
71.49

	
101.04

	
123.82

	
130.1

	
87.33




	
Mg (mg kg−1)

	
2423.17

	
2023.69

	
2083.36

	
1619.5

	
2604.2




	
Ca (mg kg−1)

	
1091.72

	
1303.72

	
1555.33

	
1263.10

	
1920.22




	
K (mg kg−1)

	
5691.95

	
4832.06

	
4490.81

	
3157.0

	
10,346.58




	
P (mg kg−1)

	
6111.03

	
4924.44

	
4965.05

	
3530.98

	
7462.41




	
Se (mg kg−1)

	
0.24

	
0.19

	
0.76

	
0

	
0















3.5. Molecular Characterization


Amplicons in the size range from ~298 to ~3054 bp were scored for an estimation of genetic similarities among the Amaranthus accessions. A total of 193 loci were generated (Table 6), of which 36 were monomorphic (18.65%), resulting in 81.35% polymorphism. An average of 12.06 loci per primer was produced, ranging from a minimum of seven loci using primer OPG-12 (Operon Technologies, Ebersberg, Germany) to a maximum of 16 loci using primer OPV-04 (Operon Technologies). The mean polymorphic information content (PIC) was 0.872, ranging from 0.739 to 0.923. The mean PIC score was greater than 0.872 for 68.75% of the RAPD primers. The lowest and the highest PIC values were recorded for primer OPG-12 and OPH-17 (Operon Technologies), respectively. The PIC value provides an estimate of the discriminatory power of a marker by taking into account not only the number of alleles at a locus but also the relative frequencies of these alleles. The extent of RAPD polymorphism can be observed among the amaranth accessions using primer OPT-08 (Operon Technologies, Figure 2).


Figure 2. RAPD profiles of 29 amaranth accessions using primer OPT-08 (Lane “M” is 1 kb ladder marker DNA. Lanes 1–29 are the amaranth accessions.
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Table 6. RAPD Polymorphism among 29 accessions of amaranth.







	
Primer

	
Sequence 5′-3′

	
Total No. of Fragments

	
Polymorphic Fragments

	
Polymorphism (%)

	
Polymorphic Information Content (PIC)






	
OPT-08

	
AACGGCGACA

	
12

	
10

	
83.33

	
0.904




	
OPV-10

	
GGACCTGCTG

	
13

	
8

	
61.54

	
0.909




	
OPB-17

	
AGGGAACGAG

	
10

	
10

	
100.00

	
0.893




	
OPQ-07

	
CCCCGATGGT

	
15

	
11

	
73.33

	
0.901




	
OPV-9

	
TGTACCCGTC

	
12

	
11

	
91.67

	
0.831




	
OPU-13

	
GGCTGGTTCC

	
12

	
8

	
66.67

	
0.893




	
OPU-14

	
TGGGTCCCTC

	
14

	
12

	
85.71

	
0.897




	
OPH-12

	
ACGCGCATGT

	
10

	
6

	
60.00

	
0.857




	
OPH-17

	
CACTCTCCTC

	
14

	
11

	
78.57

	
0.923




	
OPR-02

	
CACAGCTGCC

	
8

	
4

	
50.00

	
0.797




	
OPI-09

	
TGGAGAGCAG

	
12

	
9

	
75.00

	
0.883




	
OPV-19

	
GGGTGTGCAG

	
11

	
9

	
81.82

	
0.896




	
OPG-12

	
CAGCTCACGA

	
7

	
5

	
71.43

	
0.739




	
OPV-04

	
CCCCTCACGA

	
16

	
16

	
100.00

	
0.899




	
OPI-10

	
ACAACGCGAG

	
12

	
12

	
100.00

	
0.812




	
OPI-06

	
AAGGCGGCAG

	
15

	
15

	
100.00

	
0.913




	
Total

	
-

	
193

	
157

	
1279.07

	
13.947




	
Mean

	
-

	
12.06

	
9.81

	
79.94

	
0.872










The similarity matrix in Table 7 shows estimated genetic similarities among all the 29 accessions of amaranth based on the RAPD banding pattern. High correlations were observed as the similarity coefficients ranged from 0.61 to 0.89. The UPGMA dendrogram revealed two major clusters and nine sub-clusters (Figure 3). The dendrogram reflects that in spite of the apparent phenotypic similarities between some accessions, RAPD markers were able to detect sufficient polymorphisms to also distinguish them.


Figure 3. UPGMA-based dendrogram derived from RAPD analyses of 29 Amaranth accessions.
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Table 7. Similarity matrix of 29 Amaranthus accessions based on Jaccard’s similarity coefficient.







	

	
A1

	
A2

	
A3

	
A4

	
A5

	
A6

	
A7

	
A8

	
A9

	
A10

	
A11

	
A12

	
A13

	
A14

	
A15

	
A16

	
A17

	
A18

	
A19

	
A20

	
A21

	
A22

	
A23

	
A24

	
A25

	
A26

	
A27

	
A28

	
A29






	
A1

	
1.00

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
A2

	
0.75

	
1.00

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
A3

	
0.79

	
0.72

	
1.00

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
A4

	
0.85

	
0.70

	
0.83

	
1.00

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
A5

	
0.66

	
0.83

	
0.70

	
0.70

	
1.00

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
A6

	
0.71

	
0.83

	
0.73

	
0.68

	
0.84

	
1.00

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
A7

	
0.72

	
0.83

	
0.76

	
0.72

	
0.80

	
0.82

	
1.00

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
A8

	
0.69

	
0.81

	
0.73

	
0.72

	
0.79

	
0.79

	
0.84

	
1.00

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
A9

	
0.71

	
0.80

	
0.73

	
0.73

	
0.77

	
0.77

	
0.82

	
0.80

	
1.00

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
A10

	
0.74

	
0.84

	
0.75

	
0.70

	
0.79

	
0.78

	
0.83

	
0.81

	
0.87

	
1.00

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
A11

	
0.73

	
0.82

	
0.67

	
0.69

	
0.79

	
0.81

	
0.80

	
0.76

	
0.84

	
0.84

	
1.00

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
A12

	
0.73

	
0.80

	
0.70

	
0.67

	
0.78

	
0.78

	
0.79

	
0.78

	
0.82

	
0.85

	
0.87

	
1.00

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
A13

	
0.74

	
0.73

	
0.76

	
0.74

	
0.72

	
0.74

	
0.72

	
0.71

	
0.75

	
0.74

	
0.72

	
0.78

	
1.00

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
A14

	
0.69

	
0.68

	
0.77

	
0.70

	
0.67

	
0.69

	
0.69

	
0.65

	
0.72

	
0.69

	
0.66

	
0.70

	
0.81

	
1.00

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
A15

	
0.76

	
0.73

	
0.75

	
0.78

	
0.68

	
0.69

	
0.70

	
0.68

	
0.76

	
0.72

	
0.71

	
0.68

	
0.82

	
0.82

	
1.00

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
A16

	
0.72

	
0.71

	
0.73

	
0.75

	
0.70

	
0.72

	
0.72

	
0.73

	
0.75

	
0.74

	
0.73

	
0.72

	
0.68

	
0.67

	
0.68

	
1.00

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
A17

	
0.68

	
0.75

	
0.66

	
0.67

	
0.69

	
0.75

	
0.74

	
0.70

	
0.75

	
0.73

	
0.74

	
0.69

	
0.67

	
0.65

	
0.65

	
0.83

	
1.00

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
A18

	
0.71

	
0.75

	
0.70

	
0.68

	
0.74

	
0.75

	
0.74

	
0.74

	
0.74

	
0.71

	
0.72

	
0.68

	
0.68

	
0.69

	
0.68

	
0.68

	
0.72

	
1.00

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
A19

	
0.76

	
0.78

	
0.75

	
0.76

	
0.77

	
0.79

	
0.78

	
0.76

	
0.78

	
0.77

	
0.77

	
0.75

	
0.75

	
0.73

	
0.74

	
0.76

	
0.76

	
0.88

	
1.00

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
A20

	
0.70

	
0.70

	
0.74

	
0.71

	
0.67

	
0.68

	
0.73

	
0.69

	
0.73

	
0.74

	
0.70

	
0.70

	
0.74

	
0.68

	
0.74

	
0.64

	
0.66

	
0.74

	
0.78

	
1.00

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
A21

	
0.70

	
0.77

	
0.67

	
0.68

	
0.82

	
0.76

	
0.77

	
0.74

	
0.76

	
0.74

	
0.79

	
0.76

	
0.72

	
0.68

	
0.66

	
0.70

	
0.73

	
0.72

	
0.77

	
0.63

	
1.00

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
A22

	
0.74

	
0.67

	
0.70

	
0.73

	
0.68

	
0.69

	
0.68

	
0.69

	
0.73

	
0.74

	
0.75

	
0.78

	
0.78

	
0.69

	
0.75

	
0.67

	
0.65

	
0.67

	
0.73

	
0.78

	
0.65

	
1.00

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
A23

	
0.72

	
0.63

	
0.73

	
0.75

	
0.65

	
0.68

	
0.66

	
0.66

	
0.72

	
0.67

	
0.66

	
0.73

	
0.76

	
0.70

	
0.74

	
0.62

	
0.61

	
0.68

	
0.72

	
0.73

	
0.64

	
0.84

	
1.00

	
-

	
-

	
-

	
-

	
-

	
-




	
A24

	
0.72

	
0.65

	
0.68

	
0.72

	
0.68

	
0.67

	
0.68

	
0.67

	
0.70

	
0.70

	
0.67

	
0.66

	
0.70

	
0.69

	
0.71

	
0.69

	
0.68

	
0.70

	
0.76

	
0.76

	
0.64

	
0.77

	
0.72

	
1.00

	
-

	
-

	
-

	
-

	
-




	
A25

	
0.68

	
0.62

	
0.70

	
0.66

	
0.65

	
0.69

	
0.68

	
0.65

	
0.66

	
0.67

	
0.66

	
0.66

	
0.73

	
0.63

	
0.68

	
0.68

	
0.69

	
0.65

	
0.70

	
0.77

	
0.65

	
0.78

	
0.69

	
0.77

	
1.00

	
-

	
-

	
-

	
-




	
A26

	
0.74

	
0.71

	
0.70

	
0.74

	
0.74

	
0.74

	
0.69

	
0.70

	
0.75

	
0.70

	
0.75

	
0.73

	
0.73

	
0.67

	
0.70

	
0.74

	
0.75

	
0.72

	
0.77

	
0.78

	
0.68

	
0.82

	
0.72

	
0.80

	
0.82

	
1.00

	
-

	
-

	
-




	
A27

	
0.72

	
0.69

	
0.71

	
0.69

	
0.69

	
0.70

	
0.67

	
0.62

	
0.70

	
0.70

	
0.69

	
0.69

	
0.77

	
0.71

	
0.72

	
0.63

	
0.64

	
0.68

	
0.71

	
0.75

	
0.65

	
0.78

	
0.79

	
0.68

	
0.69

	
0.73

	
1.00

	
-

	
-




	
A28

	
0.73

	
0.77

	
0.72

	
0.74

	
0.73

	
0.74

	
0.77

	
0.73

	
0.81

	
0.76

	
0.76

	
0.76

	
0.75

	
0.70

	
0.72

	
0.73

	
0.74

	
0.72

	
0.75

	
0.70

	
0.78

	
0.69

	
0.69

	
0.72

	
0.67

	
0.75

	
0.72

	
1.00

	
-




	
A29

	
0.73

	
0.75

	
0.69

	
0.73

	
0.73

	
0.68

	
0.74

	
0.74

	
0.78

	
0.75

	
0.75

	
0.77

	
0.73

	
0.69

	
0.70

	
0.70

	
0.73

	
0.70

	
0.76

	
0.69

	
0.78

	
0.69

	
0.68

	
0.70

	
0.65

	
0.76

	
0.72

	
0.89

	
1.00










At 77.4% coefficient of similarity the dendrogram can be observed to have nine clusters. Accessions A28 and A29 appear to be genetically similar, clustering together at 89% similarity coefficient. These two accessions were obtained from NIHORT germplasm. Percentages of RAPD polymorphism were found to be 41.97%, 48.19%, 61.14%, 66.32% and 10.88% within accessions of A. caudatus, A. cruentus, A. hybrid, A. hypochondriacus, and A. hybridus, respectively (Table 8).



Table 8. RAPD polymorphism of Amaranthus accessions at the intraspecific level detected with 16 primers.







	
Species

	
No. of Accessions

	
No. of Polymorphic Fragments

	
Polymorphism (%)






	
A. caudatus

	
4

	
81

	
41.97




	
A. cruentus

	
8

	
93

	
48.19




	
Amaranthus hybrid

	
7

	
118

	
61.14




	
A. hypochondriacus

	
8

	
128

	
66.32




	
A. hybridus

	
2

	
21

	
10.88




	
Mean

	
5.8

	
88.2

	
45.7






















4. Discussion and Conclusions


Grain cultivars of Amaranthus species are cultivated in many regions of the world for the seeds which are rich in protein, vitamins, and mineral components [9,11,14]. In recent years, a lot of emphasis has been made on expanding their cultivation; however, seed yields may be low when grown outside environments for which the particular genotype was bred. This could largely limit the crop’s use for subsistence, as well as commercial cultivation in less-than-optimum environments such as sub-Saharan Africa. In view of the enormous nutritional benefits of the crop, there is a definite need for its genetic improvement to develop high yielding varieties with high content of desired nutritional traits that are well adapted to the agro-ecological climates of sub-Saharan Africa. In the process of genetic improvement of any crop, genetic diversity among germplasm plays a major role, since it opens the way to determine the most divergent parents based on contribution of different qualitative and quantitative traits for utilization in breeding programs.



The traits investigated in this study are important, as they have direct and indirect effects on seed yield and its nutritional components. Studies on vegetable amaranth showed the presence of wide range of diversity in both agronomic and qualitative traits especially leaf and stem color [38,39]. Xiao et al. [39] further opined that stem and leaf colour were useful indices in the classification of vegetable amaranths. Wu et al. [38] in a study of 229 genotypes from 20 Amaranthus species observed wide variability which was useful in cultivar improvement for agronomic traits such as plant height, seed yield, stem, and leaf color among genotypes. Similarly in this study, characters such as plant height, stem diameter, number of leaves per plant, leaf area, and seed yield had high coefficients of variation indicating scope for improvement in these traits through selection to enhance the potentiality of seed yield and plant vigor. Results from traits, such as days to 50% flowering, moisture content, starch, fat, protein, magnesium, manganese, and phosphorus had low values of coefficient of variation, which implies that chances of getting substantial gains under selection are likely to be less for these traits. Additionally, the negative correlation between plant height and number of leaves and branches is an indication that most of the tall accessions have fewer numbers of leaves and branches.



In this study, the PCA showed that the first four PCs accounted for about 57.53% of the total variation encountered among the accessions taking into account all the 27 traits simultaneously. PC1 distinguished those accessions that gave high plant height, number of branches, stem diameter, leaf area, fat, zinc, and copper content. PC2 distinguished accessions having high values of number of leaves and most of the mineral contents (iron, aluminum, magnesium, potassium, selenium, phosphorus, and calcium). Although calcium content had some strength in PC2, it appeared more strongly in PC4. Selenium content was prominent in PC3, but appeared more strongly in PC2. This may be an indication that calcium and selenium are not strongly correlated with the rest of the traits and, hence, it could be possible to select for genotypes with high calcium and selenium content without necessarily affecting other economically important traits. PC3 distinguished accessions having high values of sugar, starch, crude fiber, and selenium content, while PC4 distinguished accessions having high seed yield, 100-seed weight, moisture, ash, protein, manganese, and calcium content. Protein has been reported to be a major contributing trait of PC2 in Amaranthus [2,40]; in this study protein is a major contributing trait of PC4.



The germplasm under evaluation was grouped into five clusters on the basis of phehotypic traits. Accessions originating from the same region more or less clustered together in some cases, as was observed in Cluster III with accessions A16, A17, A18, and A19, which are from Oyo State in Nigeria. This may suggest that certain traits could be more confined to certain geographical regions than in others. Shukla et al. [2] reported a similar trend in strains of vegetable amaranth of the Tarai region and of the Himalayan region being segregated into same clusters. The clustering together of amaranth accessions from Oyo State of Nigeria indicates that they may be adapted to the agro-ecological conditions characteristic of the region. Accessions A5, A6, A7, A8, A9, A10, and A12 belonging to A. cruentus were also grouped together in cluster III. Thus, the Amaranthus hybrid aceessions and those of A. cruentus may be closely related in terms of phenotypic characteristics as they turned up together in cluster III having high protein and selenium contents. Accessions showing high mean performance for specific desired traits can be used as donor parents in hybridization for improving those traits in component breeding [41]. Cluster IV with only one accession, A11 (A. cruentus), was tall, thick stemmed, had high leaf area, seed yield, fat, and some microelements. Similarly, Cluster V also had only one accession, A23 (A. hypochondriacus), which had high leaf number, seed weight and most of the macroelements. These accessions can be considered as sources of genes for seed yield, plant vigor, and mineral elements in amaranth improvement programs. Ugborogho and Oyelana [42] observed in their investigations that many accessions of A. hybridus exist and they tend to vary in plant height, leaf, stem and seed inflorescence color, and grain yield. In this study, A. hybridus (A28 and A29) in Clusters II and III can be good sources of genes for starch, protein, and selenium content since they are high in these traits.



The result of cluster analysis is consistent with the results obtained through PCA, whereby the major differences between the clusters were attributed to the same traits that contributed most to PC1, PC2, and PC3. As similar result was observed in genotypic diversity studies on Ethiopian mustard [43], Amaranthus tricolor [2] and Amaranthus hybridus [44]. Findings from this study are in concordance with earlier reports that both PCA and cluster analysis can disclose complex relationships between taxa in a more understandable way and with equal effectiveness [45,46].



The amaranth germplasm collection was also assessed for diversity at DNA level. Only 16 of 40 RAPD primers screened gave amplification. These generated 193 fragments of which 157 were polymorphic (81%). Pejie et al. [47] reported that 150 polymorphic bands should make a reliable estimate of genetic similarities possible among genotypes within the same species. Hence, the number of polymorphic information produced by the 16 RAPD primers in this study can give an estimate of the genetic diversity in grain amaranth. The range of genetic diversity values broadly indicates the degree of heterogeneity or homogeneity in different accessions of the plant species [48]. Study on genetic diversity of 16 Butea monosperma accessions representing four agro-ecological zones from nine sub-climatic regions in India using 12 polymorphic RAPD primers generated a similarity matrix based on Jaccard’s coefficient ranging from 0.53 to 0.79. This low range of genetic diversity may imply conservation of germplasm and low level of heterogeneity [49]. In this study the 29 amaranth accessions which were of different geographical origins had genetic similarity coefficients of between 0.61 and 0.89. At the intraspecific level, percentage of RAPD polymorphism has previously been reported to be 22.5%, 18.3%, and 23.3% for A. hypochondriacus, A. caudatus, and A. cruentus [1]. Chan and Sun [29] reported a higher percentage of polymorphism in leafy amaranths at the intraspecific level than in grain amaranths. In this study, the high percentage of intraspecific polymorphism observed in A. hypochondriacus (66.32%) and in A. hybrid (61.14%) indicates that they both sustain greater genetic variation than the other amaranth species studied (Table 7). Most populations of a species clustered together as observed in the dendrogram generated by UPGMA (Figure 3), except for accessions A2, A20, A21, and A27 which were found clustering with other species. It is plausible that the primers used in this study amplified mostly the conserved part of the genome, so they could not show any variation within a population. Of the 29 accessions analyzed, two accessions, A28 (NH84/444-4) and A29 (NHAC3) belonging to A. hybridus from Oyo, Nigeria; displayed the maximum genetic similarity with a 0.89 similarity coefficient value. It is also evident from the RAPD-based clustering that A. caudatus is closely related to A. hybrid and A. hypochondriacus. Similar results were also observed in previous RAPD based analyses on Amaranthus [1,29,50]. This study revealed low level of diversity as can be observed in the dendrogram showing about 70% similarity and 30% diversity in the accessions.



This study showed some extent of geographic cohesiveness, as observed in accessions A13, A14, and A15; A16 and A17; and A18 and A19. These clustered together in clusters II, IX, and VIII, respectively (Figure 3). Similar observations were made by Ray and Roy [1] when they noted similar geographic and ecological patterns in the distribution of genetic diversity among populations of Amaranthus species from the Indo-Gangetic plains. Other studies have showed little relationship [51], whereas some clearly demonstrated noticeable associations between population characteristics and the environment in which they occur [52].



The study of genetic diversity among populations of different phytogeographic regions is important, as survival, perpetuation, and continuance of a species to meet the demands of changing environments largely depends on the extent of variability available in its gene pool. Selection in genotypes amaranth species should be based mainly on some distinctive morphological characters, such as plant height, stem diameter, number of leaves, number of branches, leaf area, and seed yield. Accessions A11 (PI 641047), A23 (PI 590991) and A28 (NH 84/444-4), having high seed yield, protein, crude fiber, and essential minerals could serve as promising sources of genes for these nutrients in future hybridization work. The RAPD analysis clearly revealed genetic diversity among and within accessions of the species studied, showing that this DNA marker is a useful tool not only for assessing intraspecific variation, but also for subsequent characterization and identification of quantitative trait loci (QTLs) for agronomic and nutritional quality in amaranth genotypes specifically bred for sub-Saharan agro-ecologies.
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