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Introduction

The genus Amaranthus (2n = 32 or 34) contains 60–75 
species (Brenner et al. 2000, Costea and Demason 2001, 
Mosyakin and Robertson 1996, Sauer 1967, Waselkov et al. 
2018), of which at least 17 are edible leafy species and 3 are 
grain species (grown for seeds) (Grubben and Denton 
2004). Amaranth species are widely distributed, but most 
are found in tropical and warm temperate regions (Sauer 
1967, Suresh et al. 2014). Approximately 55 species are 
native to the Americas, and the rest originated from Europe, 
Asia, Africa, and Australia (Sauer 1967, Waselkov et al. 
2018). The first recorded use of amaranth grain as a staple 
food was by the Aztec civilization in the central Mexico 
(Brenner et al. 2000, Sauer 1993), whereas amaranth leaves 
and stems are used as vegetables in South Asian and African 
countries (Achigan-Dako et al. 2014, Grubben and Denton 
2004, Rastogi and Shukla 2013). They can compete with 
spinach leaves in terms of protein content (Bui et al. 1998). 
Cultivated amaranths are also used as forage and ornamen-

tal crops. Some species are weeds (Brenner et al. 2000). In 
the last few decades, amaranth has been considered world-
wide as a new millennium crop owing to its excellent nutri-
tional value, good adaptability to severe conditions, and the 
absence of major diseases (Achigan-Dako et al. 2014, 
Brenner et al. 2000, Rastogi and Shukla 2013, Shukla et al. 
2006).

Vegetable amaranths are a rich and inexpensive source of 
protein, carotenoids, vitamins, dietary fiber, and a wide 
range of minerals (Akubugwo et al. 2007, Jimenez-Aguilar 
and Grusak 2017, Shukla et al. 2010). Among leafy ama-
ranth species, Amaranthus tricolor L. is grown widely 
owing to the high palatability of its leaves (Srivastava 
2017). It was domesticated in South or Southeast Asia and 
then spread throughout the tropical and temperate regions 
(Grubben and Van Sloten 1981, Khandaker et al. 2008). 
Like in other Southeast Asian countries, it has been an im-
portant summer vegetable in Vietnam for a long time. How-
ever, most of the amaranth germplasm grown by farmers 
comprises landraces with some desired phenotypes, and it 
has not been the subject of any breeding program. The Plant 
Resources Center of Vietnam maintains more than 270 ama-
ranth accessions collected from eight ecological areas of 
Vietnam, which are expected to contain a wide range of 
genetic variation and desired traits for crop improvement. 
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to evaluate the genetic diversity of Vietnamese and overseas 
accessions of A. tricolor, an economically important leafy 
vegetable in Vietnam.

Materials and Methods

Plant materials and DNA isolation
A total of 272 Vietnamese amaranth accessions (here

after referred to as VA accessions; Supplemental Table 1) 
preserved at the Plant Resources Center in Vietnam, and 
182 accessions collected from all over the world (WA acces-
sions; Supplemental Table 2) were used. Among VA acces-
sions, 268 belonged to unknown species collected in 8 eco-
logical areas of Vietnam (Fig. 1) and 4 accessions were 
imported from the World Vegetable Center. Among WA 
accessions, 166 were provided by the USDA National 
Plant Germplasm System, and 16 are preserved at the 
University of Tsukuba (9 are commercial cultivars and 7 are 
provided by the NARO Genebank). The WA collection 
included 176 accessions of A. tricolor and 6 accessions of 
A. hypochondriacus, which was used as an outgroup species 
in this study. DNA was extracted from the first true leaf of 
each seedling 14 days after sowing by using a DNeasy Plant 
Mini Kit (Qiagen, Hilden, Germany) according to the 
manufacturer’s protocol with minor modifications.

Phylogenetic analysis
We used the matK marker developed by Ooi et al. (1995) 

for phylogenetic analysis. The matK gene was amplified 

However, the Vietnamese amaranth collection has not been 
taxonomically classified or evaluated for genetic diversity.

Evaluation of genetic diversity is a key prerequisite for a 
crop breeding program and is also useful for the manage-
ment and exploitation of plant genetic resources from gene 
banks (Shukla et al. 2010). However, Amaranthus has been 
widely considered as a “difficult” genus in terms of taxono-
my and analysis of genetic variance using morphology 
alone because of the overall similarity among many species, 
small diagnostic parts, and the presence of intermediate 
forms (Achigan-Dako et al. 2014, Assad et al. 2017, Costea 
and Demason 2001). To overcome these difficulties, recent 
analyses of the genetic diversity of amaranths used chloro-
plast and nuclear DNA sequences (Stetter and Schmid 2017, 
Viljoen et al. 2018, Waselkov et al. 2018).

The maturase K gene (matK) is one of the most variable 
protein-coding chloroplast genes in angiosperms (Hilu et al. 
2003, Yu et al. 2011). The very high evolutionary rate of 
matK has made it suitable for phylogenetic analysis at vari-
ous taxonomic levels, from order to species (Chase et al. 
2007, Hilu and Liang 1997, Hilu et al. 2003, Lahaye et al. 
2008, Muller et al. 2006). Evaluation of eight potential 
DNA barcodes for biodiversity inventories using >1600 
samples collected in southern Africa and >1000 species of 
Mesoamerican orchids suggested matK as a universal bar-
code for flowering plants (Lahaye et al. 2008). In 58 species 
from 47 families of angiosperm plants, the matK primers 
showed high amplification (93.1%) and sequencing (92.6%) 
rates (Yu et al. 2011).

Over the last decades, simple sequence repeats (SSRs) 
have been considered the most powerful molecular markers 
in genetic analysis due to (1) their versatility, (2) high poly-
morphism provided by a large number of alleles per locus, 
(3) their co-dominance suitable for direct assessment of 
heterozygosity, (4) small amounts of DNA required, and (5) 
high transferability to related species (Guichoux et al. 2011, 
Kumar et al. 2009, Taheri et al. 2018, Varshney et al. 2005, 
Vieira et al. 2016). However, the development of SSRs is 
labor-intensive, economically costly, and time-consuming 
(Taheri et al. 2018). Studies on the genetic diversity of ama-
ranths were based only on 11–14 SSR markers (Khaing et 
al. 2013, Kietlinski et al. 2014, Lee et al. 2008, Mallory et 
al. 2008, Singh et al. 2013, Suresh et al. 2014, Wang and 
Park 2013). These markers were developed by Mallory et 
al. (2008) and Lee et al. (2008) on the basis of genomic 
DNA of A. hypochondriacus L. The advent of the high 
throughput sequencing technology along with bioinformat-
ics tools has facilitated fast discovery of thousands of poten-
tially amplifiable microsatellite regions at low cost, even for 
species with limited genomic information (Guichoux et al. 
2011, Silva et al. 2013, Taheri et al. 2018, Zalapa et al. 
2012).

In this study, we used the chloroplast matK marker to 
identify leafy amaranth species from Vietnam. We then de-
veloped SSR markers for A. tricolor based on PacBio se-
quence data obtained from genomic DNA of cultivar ‘Biam’ 

Fig. 1.	 Map of Vietnam showing the collection sites of amaranth 
accessions used in this study.
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WA003, WA004, WA011, WA012, WA017, and WA022). 
Ampdirect Plus PCR Mastermix (Ampdirect Plus Buffer, 
KAPA2G Fast DNA Polymerase, 0.5 μl of primer mix) was 
used to amplify each sample in a final volume of 5 μl. Reac-
tions were performed in a thermal cycler (Applied Bio
systems) as above. The sizes of the amplified fragments 
were estimated by using an automated DNA analyzer 
(model 3130xl) with a GeneScan-600LIZ size standard and 
GeneMapper v. 4.0 software (all from Thermo Fisher 
Scientific, Inc., Waltham, MA, USA).

Analysis of genetic diversity and population structure us-
ing SSR markers

Using 30 developed SSR markers (Supplemental 
Table 3), we analyzed the genetic diversity of 120 VA 
accessions of A. tricolor (the species was determined using 
the matK marker) and 181 WA accessions (175 A. tricolor 
and 6 A. hypochondriacus; of these, 25 A. tricolor and 1 
A. hypochondriacus used in the matK analysis). PCR and 
estimation of the sizes of the amplified fragments were per-
formed as above.

The GenAlEx package v. 6.503 was used to calculate the 
number of alleles (Na), the number of effective alleles (Ne), 
observed heterozygosity (Ho), expected heterozygosity (He), 
information index (I), Nei’s genetic distance (Peakall and 
Smouse 2006, 2012). Major allele frequency and the poly-
morphic information content (PIC) were determined and the 
phylogenetic tree was constructed by using PowerMarker 
v. 3.25 software (Liu and Muse 2005). Arlequin 3.5.2.2 
software (Excoffier and Lischer 2010) was used for analysis 
of molecular variance (AMOVA) and pairwise population 
FST values. Principal coordinates analysis (PCoA) was per-
formed using GenAlEx package v. 6.503. Population struc-
ture was inferred by using the STRUCTURE 2.3.4. soft-
ware package (Pritchard et al. 2000). The number of sub- 
populations (K) was set at 1–9, with 10 replications per K 
value. The K value was determined by running an admix-
ture and allele frequencies correlated model. Each run start-
ed with 1,000,000 burn-ins, followed by 100,000 MCMC 
(Markov chain Monte Carlo) iterations. The ad hoc statistic 
Delta K was calculated to detect populations by using the 
online program STRUCTURE HARVESTER (Evanno et 
al. 2005).

Results

Phylogenetic analysis of the amaranth collection by using 
the matK barcode

Alignment of the matK gene region sequences from 272 
VA, 27 WA, and 45 GRIN amaranth accessions had a total 
length of 434 bp per accession and contained 96.8% of 
constant, 3.2% of variable, and 2.5% of parsimoniously in-
formative sites. Phylogenetic relationships among the 344 
amaranth accessions inferred from all nucleotide sites are 
shown in Fig. 2. Leafy amaranths (A. tricolor, A. blitum L., 
and A. viridis L.), and weed amaranths (A. spinosus L., 

using primers matK-F (5′-CTATATCCACTTATCTTTCAG 
GAGT-3′) and matK-R (5′-AAAGTTCTAGCACAAGAA 
AGTCGA-3′) from 272 VA and 27 WA accessions (26 
A. tricolor and 1 A. hypochondriacus). Ampdirect Plus PCR 
Mastermix (Ampdirect Plus Buffer, Blend Tag Plus DNA 
Polymerase, and 3 μM forward and reverse primers) was 
used to amplify each sample in a final volume of 10 μl. The 
PCR was performed in a thermal cycler under the following 
conditions: denaturation at 94°C for 2 min, 40 cycles of 
94°C for 30 s, 55°C for 30 s, 72°C for 1 min, and a final ex-
tension at 72°C for 10 min. The PCR products were cleaned 
by using ExoSAP-IT Express PCR Product Cleanup, 
stained with The BigDye Terminator v3.1, and the DNA 
precipitate was dissolved in 10 μl of HiDi formamide. DNA 
was sequenced in an Applied Biosystems DNA Sequencing 
analyzer (model 3130xl). The sequencing data were analyz-
ed with the Sequencing Analysis 5.1.1 and GeneStudio soft-
ware. Sequences of the 272 VA and 27 WA accessions were 
aligned by using the ClustalW algorithm in the Molecular 
Evolutionary Genetics Analysis (MEGA) v7.0 software 
(Kumar et al. 2016) with default settings. The alignment 
sequences were used to produce a dendrogram with the 
Maximum Likelihood Algorithm in MEGA7. As references, 
we also used the matK sequences of 45 GRIN (Germplasm 
Resources Information Network) amaranth accessions 
(known species) deposited in GenBank (KX079543–
KX079587; Viljoen et al. 2018).

Development of SSR primers for leafy amaranths
The genome sequence data of A. tricolor cultivar ‘Biam’ 

were obtained by the single molecular real-time (SMRT) 
cell of PacBio RSII and used to develop SSR markers for 
leafy amaranth species. SSR isolation and primer design 
were carried out by using msatcommander software 
(Faircloth 2008) with the following criteria: di, tri and tetra-
nucleotide repeats, amplified fragments of 100–500 bp, op-
timal melting temperature of 60.0°C (range, 57.0–62.0°C), 
optimal GC content of 50%, and low levels of self- or 
pair-complementarity.

Of 27,690 markers, 817 novel SSR markers were ran-
domly selected, and amplification was assessed using 
‘Biam’ DNA. Forward primers were 5′-labeled with the 
fluorescent dyes 6-FAM, VIC, NED, or PET (Shimizu and 
Yano 2011). PCR was carried out using a KAPA2G Fast 
PCR kit in a final volume of 10 μl containing 1 μl of geno­
mic DNA, 2 μl of 5X KAPA2G buffer A, 0.2 μl of 10 mM 
dNTPs, 0.2 μl of 25 mM MgCl2, 0.02 μl of 5 U/μl KAPA2G 
FAST DNA polymerase, 6.08 μl of Milli-Q water, and 
0.5 μl of primer mix. Reactions were performed in a thermal 
cycler (Applied Biosystems) as follows: 94°C for 3 min; 
30 cycles of 94°C for 20 s, 54°C for 30 s, and 62°C for 30 s; 
3 cycles of 94°C for 20 s, 49°C for 10 s, and 72°C for 5 s; 
and a final extension at 72°C for 10 min. Amplification was 
assessed by electrophoresis in 8% polyacrylamide gels.

The polymorphism of amplified SSR markers was as-
sessed in eight accessions of A. tricolor (WA001, WA002, 
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(bootstrap support 62%), whereas the other two were placed 
in the hybridus complex clade, which contained three grain 
amaranth species and their putative ancestors, with low 
bootstrap support (48%). The hybridus complex clade also 
included five GRIN accessions of A. caudatus, five GRIN 
accessions of A. hybridus, three GRIN accessions of 
A. cruentus, six GRIN accession of A. hypochondriacus, 
two GRIN accessions of A. quitensis, one WA accession 
of A. hypochondriacus (WA10), one VA accession of 
A. hypochondriacus (VA228), one VA accession of A. dubius 
(VA227), one VA accession of A. caudatus (VA179), and 84 
unknown-species VA accessions.

Analysis of genetic diversity and population structure of 
A. tricolor using SSR markers

Nine out of 30 selected SSR markers performed poorly 
in GeneMapper, and one accession (VA276) with a high miss-
ing rate (47.6%) was excluded from the following analysis. 
The 294 accessions of A. tricolor were supported as a mono
phyletic group, with 6 accessions of A. hypochondriacus 
forming an outgroup (Fig. 3). The A. tricolor group was di-
vided clearly into two subgroups; one of them contained 15 
WA accessions, including WA012, WA016, and WA129, in 
agreement with the result obtained using the matK barcode.

A. retroflexus L., and A. powellii S. Watson) clustered with 
accessions from the same species, except for an A. powellii 
accession (GRIN28), which was classified to into the hy­
bridus complex clade. Three grain amaranths 
(A. hypochondriacus, A. caudatus L., and A. cruentus L.) 
and their putative ancestors (A. hybridus L. and A. quitensis 
Kunth) clustered together. All GRIN and 25 WA accessions 
of A. tricolor species were placed in the same clade with 
120 VA accessions (unknown species) with high bootstrap 
support (85%). The clade of A. tricolor was clearly divided 
into two subclades, of which one contained three accessions 
(WA012, WA016, and GRIN41 = WA129). Two GRIN ac-
cessions of A. blitum, which is another vegetable amaranth 
species native to Asia, clustered together with 18 VA and 
one WA (WA008) accessions (bootstrap support: 61%). All 
GRIN accessions of A. viridis were placed in one clade with 
high bootstrap support (83%) together with one VA acces-
sion of A. viridis (VA226) and 5 VA unknown-species ac-
cessions. We also determined the positions of three weed 
amaranth species (A. retroflexus, bootstrap support of 83%; 
A. powellii, 62%; A. spinosus, 74%). However, no VA ac-
cession fell into these clades. Two of the four GRIN acces-
sions of A. dubius Mart. ex Thell. (a wild relative of the 
grain amaranths) clustered together with 41 VA accessions 

Fig. 2.	 Phylogenetic dendrogram of 344 amaranth accessions inferred by using the maximum likelihood method based on the Tamura–Nei 
model in MEGA7 with 1000 bootstrap replicates.
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The statistics of the 21 SSR markers used for genotyping 
of 294 accessions of A. tricolor are summarized in Table 1. 
These markers amplified a total of 153 alleles, ranging from 
2 (TAM002, TAM016, and TAM021) to 20 (TAM006) per 
marker, with a mean allelic richness (Na) of 7.29, and Ne of 
2.28. The average values were: major allele frequency, 0.71; 
Ho, 0.14; He, 0.38; and PIC, 0.35 (Table 1). The number of 
rare alleles (frequency <5%) was 102 (66.7%).

The genetic diversity indices for the overseas (WA) and 
Vietnamese collections are shown in Table 2. The average 
number of alleles per marker was 4.52 in the Vietnamese 
collection, which was considerably less than in the overseas 
collection (6.24). The average values of almost all other 
indices (Na, Ne, He, I, and PIC) were also lower in the 
Vietnamese collection than in the WA one. The only excep-
tion was Ho (0.14 in both collections), indicating that most 
of the samples in the whole collection were highly homozy-
gous. Among the overseas geographical groups, the average 
number of alleles ranged from 2.0 (Africa) to 4.90 (South 
Asia). The African collection also had the smallest values of 
Ne (1.79), I (0.48), He (0.28), and PIC (0.24); except for 
Ho. The American collection had the largest values of I 
(0.90), He (0.52), and PIC (0.46). The average values of all 
indices were higher in the Vietnamese collection than in the 
commercial cultivar collection; the latter had the smallest or 
the second smallest values of all the indices, except for He 
in comparison with overseas groups (Table 2). Among 
Vietnamese geographical groups, the average number of al-
leles ranged from 2.05 (Southeast) to 3.62 (Northeast). The 

average values of Na, Ne, I, He, and PIC were the largest in 
the Northeast. The Southeast and South Central collections 
had the lowest or the second lowest values of all the indices, 
except for Ho.

Table 1.	 Statistics of the 21 SSR markers used for genotyping of 294 
accessions of A. tricolor

Marker name Na Ne Major allele 
frequency Ho He PIC

TAM001 7 1.24 0.88 0.04 0.19 0.19
TAM002 2 1.81 0.65 0.14 0.45 0.35
TAM006 20 3.41 0.46 0.56 0.71 0.67
TAM008 4 1.06 0.95 0.02 0.06 0.06
TAM009 4 1.74 0.71 0.00 0.42 0.35
TAM010 9 1.83 0.69 0.36 0.45 0.40
TAM011 3 1.20 0.89 0.01 0.17 0.16
TAM012 12 5.52 0.31 0.16 0.82 0.80
TAM014 8 3.10 0.45 0.11 0.68 0.62
TAM015 6 2.19 0.55 0.25 0.54 0.45
TAM016 2 1.11 0.93 0.00 0.10 0.09
TAM019 13 1.99 0.69 0.23 0.50 0.48
TAM020 6 1.15 0.91 0.02 0.13 0.12
TAM021 2 1.04 0.98 0.00 0.04 0.04
TAM023 6 1.74 0.73 0.25 0.43 0.40
TAM025 13 7.07 0.23 0.48 0.86 0.84
TAM026 4 1.18 0.91 0.02 0.16 0.15
TAM027 6 1.13 0.92 0.02 0.11 0.11
TAM028 6 1.22 0.89 0.14 0.18 0.18
TAM029 6 1.29 0.86 0.00 0.23 0.22
TAM030 14 5.77 0.26 0.20 0.83 0.81
Average 7.29 2.28 0.71 0.14 0.38 0.35

Na, number of alleles; Ne, number of effective alleles; Ho, observed 
heterozygosity; He, expected heterozygosity; PIC, polymorphism 
information content.

Table 2.	 Genetic diversity indices of the WA and Vietnamese collec-
tions, and variations among geographic groups

Geographical group Number of 
accessions Na Ne I Ho He PIC

Whole collection 294 7.29 2.28 0.84 0.14 0.38 0.35
WA collection 175 6.24 2.18 0.82 0.14 0.38 0.36

Africa 3 2.00 1.79 0.48 0.16 0.28 0.24
America 18 3.38 2.38 0.90 0.09 0.52 0.46
East Asia 54 3.38 1.83 0.57 0.15 0.29 0.27
South Asia 84 4.90 1.86 0.67 0.14 0.31 0.30
Southeast Asia 7 3.33 2.40 0.88 0.21 0.48 0.42
Commercial 

cultivars 9 2.24 1.80 0.52 0.10 0.30 0.24

Vietnamese collection 119 4.52 2.10 0.69 0.14 0.34 0.30
Northeast 25 3.62 2.16 0.70 0.14 0.35 0.32
Northwest 25 3.00 1.94 0.63 0.19 0.34 0.30
Red River Delta 9 2.71 2.02 0.61 0.16 0.33 0.30
North Central 

Coast 18 3.05 1.76 0.56 0.11 0.28 0.26

South Central 
Coast 13 2.24 1.68 0.46 0.12 0.26 0.23

Central Highlands 12 2.90 2.02 0.62 0.13 0.32 0.29
Southeast 5 2.05 1.66 0.48 0.13 0.28 0.25
Southwest 12 2.76 1.87 0.59 0.19 0.32 0.29

Na, number of alleles; Ne, number of effective alleles; I, information 
index; Ho, observed heterozygosity; He, expected heterozygosity; 
PIC, polymorphism information content.

Fig. 3.	 Phylogenetic tree of 300 amaranth accessions constructed 
using the neighbor-joining method based on the Nei (1983) distance 
in PowerMarker. Black triangles, VA A. tricolor accessions; open 
squares, WA A. tricolor accessions; black circles, A. hypochondriacus 
accessions (outgroup).
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2; 83 accessions, mostly from South Asia (92.8%), were as-
signed to subgroup 3; subgroup 4 was the same as subgroup 
2 at K = 2. Eight out of nine commercial cultivars were allo-
cated to subgroup 1 and one to the admixed group (Fig. 4, 
Table 4). The result of STRUCTURE analysis was support-
ed by PCoA (Fig. 5), which assigned most accessions to four 
major subgroups; subgroup 1 mostly included accessions 
from East Asia and Vietnam; subgroup 2 from Vietnam; 
subgroup 3 from South Asia; and subgroup 4 from America 
and South Asia. The first and second factors of the PCoA 
explained approximately 14.63% and 9.86% of the variation 
in the genetic distance matrix, respectively.

The degree of genetic differentiation (FST) among WA 
geographical groups and the Vietnamese collection was sig-
nificant, except for the African group compared with other 
groups and the American group compared with the South-
east Asian group. Pairwise FST ranged from 0.015 (Africa 
vs. East Asia) to 0.315 (America vs. East Asia) (Table 3). In 
comparisons between the Vietnamese and overseas groups, 
FST was 0.284 for America, 0.163 for South Asia, 0.116 for 
Southeast Asia, 0.100 for commercial cultivars, 0.078 for 
East Asia, and 0.029 for Africa. Nei’s genetic distance 
ranged from 0.042 (Vietnam vs. East Asia) to 0.275 (America 
vs. commercial cultivars). Similar to pairwise FST, the Nei’s 
genetic distance between Vietnam and other groups was 
also the highest for America, and the lowest for Africa and 
East Asia.

Population structure of A. tricolor
In STRUCTURE analysis, the highest likelihood value of 

ΔK was observed for K = 2, with a secondary peak of ΔK at 
K = 4 (Supplemental Fig. 1), indicating that the accessions 
could be grouped into two or four subpopulations. At K = 2, 
all 294 accessions were allocated to two subgroups with 
membership probabilities (Q) > 0.95 without admixture. 
Most accessions (279) were assigned to subgroup 1, where-
as subgroup 2 contained 15 accessions (5.1% of all acces-
sions), all from overseas (9 from America, 5 from South 
Asia and one from Southeast Asia; Fig. 4, Table 4).

At K = 4 with Q > 0.75, 115 accessions (87.8% from 
East Asia and Vietnam) were assigned to subgroup 1, which 
included 90.7% of all East Asian accessions; 61 accessions, 
mostly from Vietnam (96.7%), were allocated to subgroup 

Table 3.	 Pairwise FST (below diagonal) and Nei’s genetic distance (above diagonal) among overseas geographical groups and the Vietnamese 
collection

Africa America East Asia South Asia Southeast Asia Commercial 
cultivars Vietnam

Africa 0.269 0.043 0.091 0.107 0.089 0.055
America 0.186 0.253 0.222 0.194 0.275 0.260
East Asia 0.015 0.315*** 0.085 0.092 0.053 0.042
South Asia 0.089 0.254*** 0.144*** 0.110 0.129 0.093
Southeast Asia 0.039 0.120 0.152*** 0.139** 0.118 0.093
Commercial cultivars 0.031 0.234* 0.069* 0.172*** 0.112* 0.086
Vietnam 0.029 0.284*** 0.078*** 0.163*** 0.116*** 0.100***

Significance at the * 5%, ** 1% level, and *** 0.1% level.

Table 4.	 Geographic origin of A. tricolor accessions assumed by STRUCTURE

Geographical groups Number of 
accessions

K = 2 K = 4
Subgroup 1a Subgroup 2a Subgroup 1b Subgroup 2b Subgroup 3b Subgroup 4b Admixed

Whole collection 294 279 15 115 61 83 15 20
Africa 3 3 1 1 1
America 18 9 9 4 2 9 3
East Asia 54 54 49 1 1 3
South Asia 84 79 5 77 5 2
Southeast Asia 7 6 1 1 1 1 4
Commercial cultivars 9 9 8 1
Vietnam 119 119 52 59 2 6

a Membership probabilities Q > 0.95.
b Membership probabilities Q > 0.75.

Fig. 4.	 Population structure of 294 accessions of A. tricolor L. deter-
mined at different K values by using 21 SSR markers.
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higher between the WA collection and each Vietnamese 
geographical group than among the Vietnamese groups 
(Table 6).

The STRUCTURE analysis of 119 VA accessions of 
A. tricolor by using 21 SSR markers determined the highest 
likelihood value of ΔK at K = 8 (Supplemental Fig. 2), in-
dicating that the accessions could be grouped into eight 
subpopulations. With a membership probability threshold of 
0.75, 13 accessions were assigned to subgroup 1, 5 to sub-
group 2, 12 to subgroup 3, 13 to subgroup 4, 10 to subgroup 
5, 9 to subgroup 6, 19 to subgroup 7, and 9 to subgroup 3. 
The admixed group had the largest number of accessions 
(29), and each subgroup included accessions from several 
geographical groups (Fig. 6, Table 7). In STRUCTURE 
analysis of all accessions at K = 4, all accessions of sub-
groups 2, 4 and 7 were assigned to subgroup 1, and all ac-
cessions of subgroups 5 and 8, and most accessions of sub-
groups 1 (84.6%), 3 (75.0%) and 6 (78 %) were assigned to 
subgroup 2.

Discussion

In the current study, we aligned the chloroplast matK marker 
sequences (434 bp) from 272 VA and 27 WA accessions, 
and found 96.8% constant and 3.2% variable sites. The 
length of the aligned sequence was much shorter than in 
previous studies on amaranth genetic diversity that used the 
matK marker (Viljoen et al. 2018, Waselkov et al. 2018); 
however, the percentage of parsimoniously informative sites 
in our study was higher than that in Viljoen et al. (2018): 
about 2.5% vs. 2.15%. A phylogenetic tree was construct-
ed by combining these sequences with those of 45 GRIN 

Analysis of genetic diversity and population structure of 
the Vietnamese collection of A. tricolor using SSR markers

Analysis of molecular variance indicated significant dif-
ferences at all hierarchical levels (Table 5). The percentage 
of variation among individuals within geographical groups 
was the largest (55.54%), followed by that among loci 
within individuals (35.99%). The variance between the 
Vietnamese and WA collections, and among geographical 
groups was small (5.78% and 2.69%, respectively).

The FST between the WA collection and each Vietnamese 
group was significant and ranged from 0.065 (Central High-
lands) to 0.157 (Southeast; Table 6). The pairwise FST 
among Vietnamese groups ranged from 0.020 (Southeast vs. 
North Central Coast) to 0.127 (Southeast vs. South Central 
Coast) and was significant only in some comparisons. Simi-
lar to pairwise FST, Nei’s genetic distance tended to be 

Table 6.	 Pairwise FST (below diagonal) and Nei’s genetic distance (above diagonal) among eight Vietnamese geographical groups and the WA 
collection

Northeast Northwest Red River 
Delta

North 
Central 
Coast

South 
Central 
Coast

Central 
Highlands Southeast Southwest WA

Northeast 0.023 0.044 0.029 0.034 0.035 0.052 0.032 0.057
Northwest 0.025 0.048 0.054 0.053 0.058 0.066 0.025 0.071
Red River Delta 0.049 0.058* 0.072 0.066 0.046 0.085 0.065 0.092
North Central Coast 0.034 0.087*** 0.115** 0.055 0.053 0.035 0.073 0.093
South Central Coast 0.047 0.086** 0.096* 0.088* 0.057 0.093 0.056 0.048
Central Highlands 0.029 0.075** 0.038 0.084** 0.082* 0.092 0.046 0.053
Southeast 0.034 0.069 0.097 0.020 0.127 0.104 0.083 0.131
Southwest 0.038 0.021 0.081* 0.122** 0.095* 0.051 0.091 0.060
WA 0.086*** 0.108*** 0.122** 0.138*** 0.070** 0.065* 0.157** 0.088*

Significance at the * 5%, ** 1% level, and *** 0.1% level.

Fig. 5.	 Principal coordinates analysis (PCoA) of 294 accessions of 
A. tricolor with their origin areas.

Table 5.	 Hierarchical analysis of molecular variance among the eight 
Vietnamese geographical groups and the WA collection

Source of variation d.f. Percentage 
of variation

Between the Vietnamese and the WA collections 1 5.78***
Among groups 7 2.69***
Among individuals within geographical groups 285 55.54***
Among loci within individuals 294 35.99***

*** Significant at the 0.1% level for 1000 permutations.

Fig. 6.	 Population structure of 119 VA accessions of A. tricolor deter-
mined at K = 8 by using 21 SSR markers.
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al. (2014) (12.9 and 11.1, respectively). These differences 
may be caused not only by using different SSR markers, but 
also by differences in the sample size, which was smaller in 
the former two studies and much larger in the latter two 
studies than in our study. Average genetic diversity indices 
in our study were smaller than in most previous studies such 
as Suresh et al. (2014) (Ho, 0.29; He, 0.70; PIC, 0.66), 
Khaing et al. (2013) (PIC, 0.71), Lee et al. (2008) (Ho, 
0.28; He, 0.74), and Mallory et al. (2008) (He, 0.71). The 
cause of this difference may be the much higher number of 
species used in all of the above studies than in our study, 
especially in the first two studies (33 and 57, respectively). 
In the current study, the average values of almost all genetic 
diversity indices were smaller in the Vietnamese collection 
than in the WA collection. This result was supported by 
STRUCTURE analysis (Table 4, Fig. 4), which assigned all 
VA accessions to the same subgroup at K = 2. These results 
indicate that the Vietnamese collection has a lower level of 
genetic diversity than the WA collection.

In genetic differentiation analysis (Table 3), we found 
significant differences between the Vietnamese group and 
all overseas groups except the African one. The FST was rel-
atively very large between Vietnam and America (0.284), 
large between Vietnam and South Asia (0.163), and moder-
ate between Vietnam and East Asia (0.078). These data indi-
cate that the Vietnamese collection is relatively closely ge-
netically related to the East Asian collection but is divergent 
in comparison with the South Asian and American collec-
tions. The result was confirmed by the Nei’s genetic dis-
tance (Table 3) and PCoA results (Fig. 5); PCoA plot 
showed the differentiation of Vietnamese accessions from 
American and South Asian accessions, and a close distance 
between Vietnamese and East Asian accessions. Interesting-
ly, Vietnamese accessions are genetically closer to the East 
Asian accessions (FST = 0.078; Nei’s distance = 0.042) than 
to the Southeast Asian accessions (FST = 0.116; Nei’s dis-
tance = 0.093), likely because all East Asian accessions 
originated from China (a neighbor of Vietnam), whereas no 
Southeast Asian accessions originated from two other 
neighbors, Laos and Cambodia. Another cause could be the 
dispersal events of amaranth from East Asia (China) to 
Vietnam, partly owing to the migrations of ancestors of 

amaranth accessions from the study of Viljoen et al. (2018). 
The interrelationships among the GRIN accessions, which 
include leafy amaranths (A. tricolor, A. blitum, A. viridis, and 
A. graecizans), weed amaranths (A. spinosus, A. retroflexus, 
and A. powellii), and A. dubius in our dendrogram were 
highly similar to those in the dendrogram in Fig. 4 in 
Viljoen et al. (2018), which was based on whole chloroplast 
genome sequences. Most WA accessions of A. tricolor 
were assigned to the same group as the GRIN A. tricolor 
accessions, except that WA008 was in the same clade in our 
analysis as the A. blitum group, which was also determined 
in another study (our unpublished data). Our phylogenetic 
analysis determined the species of 68% of the Vietnamese 
accessions, including 120 accessions of A. tricolor with 
a high bootstrap support (85%), 41 of A. dubius, 18 of 
A. blitum, and 6 of A. viridis. Amaranthus tricolor account-
ed for the largest percentage of accessions (44%) in the 
Vietnamese collection, which agrees with a widely held 
view that A. tricolor is one of the most economically impor-
tant vegetable amaranths in Vietnam. Two of the four GRIN 
A. dubius accessions clustered together with 41 VA acces-
sions (bootstrap support 62%), whereas the other two were 
placed in the hybridus complex clade. Similar results were 
obtained by Viljoen et al. (2018). Therefore, the 41 un-
known VA accessions seem to belong to A. dubius. In this 
study, we identified A. dubius and three (A. blitum, 
A. tricolor and A. viridis) out of seven amaranth species re-
corded in Vietnam by Pham (1999), which included 
A. caudatus, A. hybridus, A. lividus (Synonym of A. blitum), 
A. retroflexus, A. spinosus, A. tricolor, and A. viridis.

We developed 21 SSR markers from the PacBio sequence 
data of cultivar ‘Biam’ and used them to genetically analyze 
294 Vietnamese and overseas accessions of A. tricolor. 
Each of these markers amplified a different single locus 
with relatively high polymorphism and could provide useful 
information for studies on genetic diversity of leafy ama-
ranths. The 21 markers amplified a total of 153 alleles in 
294 accessions with an average of 7.29 alleles per locus, Ho 
of 0.14, He of 0.38, and PIC of 0.35. The average allele 
richness in our study was larger than in Mallory et al. 
(2008) and Wang and Park (2013) (4.0 and 4.79, respective-
ly), but smaller than in Khaing et al. (2013) and Suresh et 

Table 7.	 Assignment of Vietnamese A. tricolor accessions to subgroups by STRUCTURE analysis

Geographical groups Number of 
accessions Suba 1b Sub 2b Sub 3b Sub 4b Sub 5b Sub 6b Sub 7b Sub 8b Admixed

Vietnamese collection 119 13 5 12 13 10 9 19 9 29
Northeast 25 3 5 2 2 2 4 1 6
Northwest 25 4 1 1 5 3 2 1 1 7
Red River Delta 9 4 1 1 1 2
North Central Coast 18 1 3 1 4 3 6
South Central Coast 13 3 2 7 1
Central Highlands 12 1 3 1 2 1 1 3
Southeast 5 1 2 2
Southwest 12 1 1 2 2 1 1 1 3

a Subgroup.
b Membership probabilities Q > 0.75.
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which we considered unique type to Vietnam.
In Vietnam, we found that the variation among geograph-

ical groups was significant but small, about 2.69%  
(Table 5). The result is supported by the genetic differentia-
tion analysis, in which the FST and Nei’s genetic distance 
in pairwise comparisons between Vietnamese geographical 
groups ranged from small to moderate (Table 6). The 
STRUCTURE analysis grouped all VA accessions into eight 
subpopulations (Q > 7.5) and one admixed group, with ac-
cessions from different geographical areas present in each 
subgroup (Fig. 6, Table 7). The result suggests no relation-
ship between geographic distance and genetic diversity and 
a high level of genetic exchange among A. tricolor acces-
sions in Vietnam. In conclusion, SSR markers developed in 
the current study allowed us to evaluate the overall genetic 
diversity of the Vietnamese and overseas collections of 
A. tricolor and genetic relationships among geographic 
groups. The STRUCTURE and FST analyses showed a 
positive relationship between geographic distance and ge-
netic diversity among most of the overseas groups and 
Vietnamese collection, but not among geographic groups 
within Vietnamese collection. The majority of Vietnamese 
accessions could be identified by using only the matK 
barcoding marker and included 120 A. tricolor accessions, 
with half of them belonging to the type unique to Vietnam. 
The genetic information from our research may be useful for 
effectively managing and exploiting the genetic resources in 
gene banks and for genetically improving amaranths.
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