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Abstract: Black amaranth (Amarantus quitensis Kunth) is an ancestral crop of the Ecuadorian An-
dean region, where traditionally it is called ataco or sangorache. Nowadays, there is some infor-
mation about the phenotypic diversity of black amaranth landraces, but there are no data about
their genetic diversity. In this study, we evaluated the genetic diversity of 139 black amaranth ac-
cessions collected twice (1981-1986 and 2014-2015) in three representative Ecuadorian Andean
provinces for this crop (Imbabura, Tungurahua, and Cafar) using nine simple sequence repeats
(SSR) markers. We detected low genetic diversity levels; only a total of 36 alleles were amplified in
139 accessions, with a mean allelic richness of 4.0 per marker, observed heterozygosity of 0.014,
expected heterozygosity of 0.134, and Shannon’s information index of 0.297. In addition, only 17
genotypes were found, with a predominant genotype (83.6%) and up to 12 accession-unique gen-
otypes. Moreover, a certain genetic diversity decrease was observed over the last decades, espe-
cially in Tungurahua and Cafiar, where today practically only the predominant genotype exists.
The ataco germplasm is genetically structured into two well-defined genotype clusters and could
constitute two different genetic lineages. Furthermore, a clear association of each genotype group
with a different color morphotype defined in a previous agromorphological characterization was
observed. The accessions of the majority group of genotypes showed purple pigmentation in
stems, leaves, and inflorescences, whereas those of the other genotype group showed less intense
pigmentation (pink stems, inflorescences, and green leaves). Molecular information obtained in
this study may be useful for the suitable management and conservation of this underutilized ge-
netic plant resource that is of great food and cultural significance for indigenous farming commu-
nities of the Ecuadorian highlands.

Keywords: amaranth; ataco; genetic structure; landraces; on-farm conservation; SSR markers;
traditional cultivars

1. Introduction

The genus Amaranthus L. (Caryophyllales: Amaranthaceae Juss.) comprises about 70
species of C4 dicotyledonous annual plants with a worldwide distribution, although
most species are found in temperate and tropical or subtropical regions [1,2]. Approxi-
mately 60 species are native to the Americas, and the rest originated from Asia, Africa,
Europe, and Australia [1,3].

Amaranth has an origin of approximately 8000 years B.C. in Central and South
America [4], and has been domesticated and cultivated for more than 4000 years in
Mesoamerica and the Andes mountain region, from where it probably spread to other
parts of the world [5,6]. A key domestication trait is the seed color, which changes from
dark seeds in wild species to white seeds in most cultivated species [7,8]. Regarding the
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genome, the genus Amaranthus originally underwent a process of allotetraploidization,
although today most species inherit their chromosomes as diploids (2 n = 4X = 32 or 34;
[9)).

The major cultivated amaranth species are A. caudatus L., A. cruentus L., and A. hy-
pochondriacus L., that together with A. hybridus L., A. quitensis Kunth, and A. powellii S.
Wats. constitute the so-called complex Hybridus [2,10,11]. A. quitensis is only distributed
in South America and has been considered a semi-cultivated species, being in an incipi-
ent state of domestication [1]. In the Ecuadorian Andean region, A. quitensis is tradition-
ally called ataco, sangorache, or simply black amaranth, and plants are usually red or
purple in color and produce black seeds [12].

Nowadays, amaranths are gaining importance in human and animal nutrition [13].
They have high levels of seed protein content with a balanced amino acid composition
[14] so their nutritional properties have been considered a strategic crop for food security
by the Food and Agriculture Organization of the United Nations (FAO) [15]. Amaranths
also have low gluten content, making them suitable as cereal replacements for patients
with celiac disease [16]. Additionally, amaranths have a relatively high tolerance to biotic
and abiotic stresses, showing good adaptability to severe conditions and the absence of
major diseases [14,17,18]. In the case of black amaranth, in addition to showing high and
quality seed protein content (13-17% of dry weight) [19], the extraction of natural dyes
has great agro-industrial potential since they can be used as food ingredients (in confec-
tionery, preparation of beverages, ice creams, or jams) and in pharmacology, because
they contain amaranthine, a betacyanin with a high antioxidant capacity [12,20].

The black amaranth is an ancestral crop that had great importance in the diet of the
pre-Hispanic Andean populations, which used seeds and leaves for food [12], but ama-
ranth cultivation rapidly declined after the Spanish conquest of the Americas [8]. Cur-
rently, ataco is cultivated on a small scale in the Ecuadorian highlands, but this un-
derutilized crop has great social, cultural, and food importance for the native population
[21,22]. Andean farmers use the leaves and inflorescences of ataco to make infusions as
natural medicine. The inflorescence is also used to extract dyes that are used in the
preparation of traditional beverages in many Andean provinces, such as “colada mora-
da”, “horchata”, or “draque” [12,23]. Nowadays, black amaranth grain is also beginning
to be used in traditional Ecuadorian gastronomy [24]. Furthermore, similar to other am-
aranth species, ataco is cultivated as an ornamental plant in home gardens and parks,
because its inflorescence has showy coloration and varied shapes [12,25].

In the last decades, the landraces from traditional crops of Ecuadorian highlands
seem to be suffering a process of genetic erosion due essentially to factors such as pro-
gressive abandonment of traditional agricultural landscapes due to rural population
migration, reduction in agricultural production to few crops, changes in eating habits,
low product prices, inadequate access routes, or unfavorable marketing policies [22,26].
Therefore, information on the biodiversity (phenotypic and genetic) present in landraces
of underutilized crops is an essential prerequisite for the efficient management and con-
servation of these plant genetic resources [27-29]. On the other hand, the germplasm
grown by local farmers could contain landraces with some interesting phenotypes or
genotypes for future breeding programs [28].

Regarding the phenotypic diversity studies in black amaranth, Mazoén et al. [30]
carried out the agromorphological characterization of accessions collected throughout
the inter-Andean corridor between 1981 and 1986 in order to select promising lines for
future breeding programs. Subsequently, that information on morphological diversity
was used to generate a core collection [31]. Recently, Delgado et al. [32] have character-
ized the phenotypic diversity of ataco landraces collected during 2014-2015 in three
provinces of the Ecuadorian highlands that have a greater representation of this crop
(Imbabura, Tungurahua, and Canar), comparing it with the agromorphological diversity
of accessions collected in the early 1980s in the same provinces.
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On the other hand, there are no specific studies in order to evaluate the genetic di-
versity in landraces of black amaranth. However, there is substantial research in which
different types of molecular markers have been used to genetically characterize the
germplasm of grain amaranth species and their wild relatives: PCR-Restriction Fragment
Length Polymorphisms (PCR-RFLPs) [33], Random Amplified Polymorphic DNAs
(RAPDs) [34-36], Amplified Fragment Length Polymorphisms (AFLPs) [37,38], In-
ter-Simple Sequence Repeats (ISSRs) [39—-41], Microsatellites or Simple Sequence Repeats
(SSRs) [6,10,42], and Single Nucleotide Polymorphisms (SNPs) [11,43-45].

SSR markers are a particularly powerful tool used most widely to characterize crop
germplasms because of their abundance, high transferability to related species,
co-dominance, and a greater degree of polymorphism provided by a large number of al-
leles per locus [28,46]. Microsatellite markers have been developed for the genus Ama-
ranthus by Mallory et al. [47] and Lee et al. [48] on the basis of the genomic DNA of A.
hypochondriacus, and they have successfully amplified in other amaranth species. Several
studies to assess the genetic and structural diversity in different amaranth species have
used many of these SSR markers [5,6,10,42,49,50]. Recently, Nguyen et al. [28] have also
developed new SSR markers from the genome sequence of the A. tricolor cultivar ‘Biam’
to evaluate the genetic diversity of Vietnamese accessions of this species.

In this study, we used the microsatellite markers to assess the genetic diversity of
black amaranth landraces collected at two different times in three representative prov-
inces of Ecuadorian highlands. In this context, the diversity data sets were compared to
determine genetic differences between collections and provinces in order to understand
the genetic conservation status of this underutilized crop of the Ecuadorian Andean re-
gion. In addition, a possible association of the genetic diversity detected with the phe-
notypic diversity found in a previous study will be analyzed. This information can be
very useful to develop suitable strategies for the conservation of this underutilized crop
and can serve as a starting point for planning future amaranth breeding programs in
Ecuador.

2. Materials and Methods
2.1. Plant Material

One hundred thirty-nine black amaranth (Amaranthus quitensis Kunth) landrace ac-
cessions were analyzed in this study, which were collected at two different times (“Col-
lection A” was carried out between 1981 and 1986; “Collection B” was carried out in 2014
and 2015), both in three representative provinces of the Ecuadorian Andean region for
this crop, in terms of cultivated area, production, consumption, and economic im-
portance [30,51]: Imbabura, Tungurahua, and Canar. Collection A was made up of 50
accessions (named Al to A50): 9 in Imbabura, 24 in Tungurahua, and 17 in Canar. Col-
lection B was made up of 89 accessions (named A51 to A139): 29 in Imbabura, 31 in
Tungurahua, and 29 in Cafar (see Figure 1 and Supplementary Table S1). The commer-
cial variety INIAP-Alegria was also included in our analysis and was used as a reference
to detect possible introgression of this improved germplasm in the landraces of black
amaranth. These accessions were purchased at the Germplasm Bank (GB) of the National
Institute for Agricultural Research (INIAP) in Pichincha, Ecuador. The INIAP-GB codes
are indicated in Supplementary Table S1, and all passport data are found in Delgado et
al. [32].
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Collection sites

Figure 1. Geographical map of Ecuador indicating the collection sites of black amaranth accessions
in the provinces of Imbabura, Tungurahua, and Cafiar during 1981-1986 (Collection A) and
2014-2015 (Collection B).

2.2. DNA Extraction and Microsatellite Genotyping

Leaf material was collected from five seedlings per accession (and for variety IN-
IAP-Alegria) grown under greenhouse conditions during 20-24 days and was stored at
-80 °C until DNA extraction. Total genomic DNA was extracted from about 100 mg of
leaf tissue following the protocol supplied in the “NucleoSpin® Plant II Kit” (Ma-
cherey-Nagel GmbH & Co. KG, Diiren, Germany). Quantification of the extracted DNA
was carried out by visual comparison with known concentrations of lambda DNA on
1.2% (w/v) agarose gels, and a working solution of DNA (approx. 10 ng/uL) was made.

Thirty SSR loci were shortlisted among the approximately 200 polymorphic mi-
crosatellite markers previously developed and validated by Lee et al. [48] and Mallory et
al. [47], taking into account the reported values of expected heterozygosity (He > 0.7) and
the number of alleles per locus (>5), as well as their efficiency in other studies, to analyze
the genetic diversity in different amaranth species/accessions. In a preliminary analysis,
the 30 SSR loci were screened using 20 representative samples of our black amaranth
landraces (three or four samples of each province/collection). Finally, nine of the 30 SSR
markers were selected for use over the 139 accessions (695 samples), because they were
the ones that presented analyzable amplified products, and in which some polymor-
phism was detected in the preliminary analysis. Table 1 summarizes forward and reverse
primer sequences, repeat motifs, fluorescent dyes used to label at 5 ends of the forward
primer of each pair, and annealing temperatures for nine selected microsatellite loci.
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Table 1. Primer sequences, repeat motifs, florescent dyes used to label the forward primer and
annealing temperatures for nine selected SSR loci used for molecular characterization of the black
amaranth accessions.

Forward Sequence (5’-3’)

Fluorescent Annealing

No. Locus * Reverse Sequence (5'-3") Repeat Motif Dye? Temp. (°C)
ST
2_GB-AMM-099 ??égig:gg:iii?gggg (TCA)12(TCT)s FAM 50
3_GB-AMM-136 Tcﬁggéé? (1; CCAA:FTT%AGTFCGIZ%},CFAA (GAA)s(CCA)s CFR590 50
T
s_aHaaCr;  CACTTATGGCCGAATITCCA cany cros0
o
7_AHAATO051 TGCTCACATCCAA%T%GGCT(;%—‘ZACgﬁ éfg CC A (AAC)’AGC(AAT)AGT(AAT)20 CFR590 50
o
9_AHACO062 CCCTCCCAAGTCACACTCTT (AC)11(AGACACAC)(AC)s (AGACACAQ)4(AC): Q570 52

TCATCTTTATCGTTGATTCGTTTC

21 to 3, SSR loci described by Lee et al. [48]; 4 to 9, SSR loci described by Mallory et al. [47]. ©
CFR590: CAL Fluor Red 590, CFG 540: CAL Fluor Gold 540, Q570: Quasar 570 (LGC Biosearch
Tech., CA, Petaluma, USA).

Polymerase chain reactions (PCRs) were performed in 15 pL of final volume con-
taining 20 ng of template DNA, 0.5 uM of each of the forward and reverse primers, 0.15
mM of each deoxynucleotide triphosphate (dANTP), 2 mM of MgCl2, and 1 U of Tth DNA
polymerase in 1X of the manufacturer’s reaction buffer (BIOTOOLS, B&M Labs, Madrid,
Spain). DNA amplifications were carried out in a PTC-100 thermalcycler (M] Research,
Inc., Waltham, MA, USA) with heated lid, using the same protocol for all microsatellite
loci: an initial denaturalization step of 4 min at 94 °C, followed by 35 cycles of 45 s at 94
°C, 1 min at 50 or 52 °C (depending of the primer pair; see Table 1) and 1 min 10 s at 72
°C, with a final extension step of 72 °C for 5 min. Amplified products were resolved by
capillary electrophoresis using an ABI PRISM® 3730 DNA analyzer (Applied Biosystems,
Foster City, CA, USA). GeneScan-500 LIZ (Applied Biosystems, Foster City, CA, USA)
was used as an internal size standard. Alleles were scored using Peak Scanner™ software
version 1.0 (Applied Biosystems, Foster City, CA, USA).

2.3. Data Analysis

Genetic diversity parameters for the nine microsatellite loci were calculated based on
data from all accessions studied, so for each locus: allele number (Na) and their frequen-
cies, effective allele number (N.), number of observed genotypes (Ng), observed (Ho) and
expected (H.) heterozygosity, and Shannon’s information index (I) were calculated using
GenAlEx software version 6.5 [52]. Furthermore, the discrimination power (D; [53,54]) is
an estimate of the probability that two randomly-sampled accessions could be distin-
guished by their microsatellite profiles and was calculated for each locus as D = 1—-C,
where C is the probability of coincidence, i.e., two samples match by chance at one locus
(C=ZP#? and Pi is the frequency of different genotypes observed at that locus). The dis-
crimination power for all loci combined (m = 9) was calculated as Dr=1—Cr, where Cr=
I1Cm, and represents the probability of coincidence cumulative for all loci.
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On the other hand, to analyze the genetic diversity among collections and among
provinces of the same collection or the different collections, six groups of accessions were
considered: Imbabura, Tungurahua, and Cafiar from Collection A, and Imbabura, Tun-
gurahua, and Cafiar from Collection B. Thus, data from the overall microsatellite loci
analyzed were used to calculate the percentage of polymorphic loci (P) and the number
of allelic combinations over all loci (or genotypes, G) in each of these groups of acces-
sions. Other parameters, such as the mean over all loci of Na, Ne, Ho, He, and I in each ac-
cession group, were also calculated using GenAlEx software. To detect significant dif-
ferences in these parameters among different accession groups, the corresponding anal-
ysis of variance (ANOVA) was performed and means were compared using a Fisher’s
least significant difference (LSD) test [55]. On the other hand, Nei’s genetic distances [56]
among different groups of accessions considered were also calculated. Additionally, in
order to determine the significance of partitioning of genetic diversity among and within
collections/provinces/accessions, an analysis of molecular variance (AMOVA; [57]) was
conducted using the GenAlEx package. Levels of significance of variance component es-
timates were computed by non-parametric permutational procedures using 10,000 ran-
dom permutations.

Additionally, STRUCTURE software version 2.3.4 [58] was used to identify genetic
groups in the ataco accessions studied. This Bayesian approach uses no a priori classifi-
cation and assigns accessions to K genetic clusters based on the allele frequencies at each
locus. The range of possible groups (K) tested varied from 1 to 10. The estimate of the
most likely number of genetic groups was performed following the procedure of Evanno
et al. [59], wusing the web of the Structure Harvester program
(https://taylor0.biology.ucla.edu/structureHarvester/(accessed on 20 October 2022); [60]).
Program settings used were the admixture ancestry and correlated allele frequencies
models. The degree of admixture (alpha) was inferred from the data, and lambda, the
parameter of the distribution of allelic frequencies, was set to 1 [59,61]. The program was
run 20 independent times for each K value. In each run, a burn-in period of 10,000 itera-
tions, and 100,000 post-burning MCMC (Markov chain Monte Carlo) simulations, were
carried out. Finally, among the 20 runs performed for the optimal K value estimated, the
run with the least negative log-likelihood value was used to obtain the assignation
membership coefficients (Q) for each accession in each of the K inferred groups [62].

Likewise, a comparative analysis of the genetic diversity in the K-obtained groups of
accessions was carried out. Thus, for each group, the mean values of Na, Ne, Ho, He, and 1
were calculated. To detect significant differences among groups, an ANOVA and a
Fisher’s LSD test were carried out. Nei’s genetic distances among groups of accessions
were also calculated. In addition, the partition of genetic diversity among groups, and
among and within accessions of each group, was estimated by an AMOVA, estimating
the variance components and their level of significance using a non-parametric proce-
dure with 10,000 permutations. All these analyses were conducted using GenAlEx
package. Furthermore, principal coordinates analysis (PCoA) of the different genotypes
found in the 139 accessions analyzed was carried out. The genotypes found in the com-
mercial variety INIAP-Alegria were included as a reference, in order to know their rela-
tionship with respect to genotypes of landraces. GenAlEx package was used to generate
the matrix of squared distances between pairs of genotypes that were used to carry out
the principal coordinates analysis. Finally, the matrix of squared distances among geno-
types was also used to produce a minimum spanning tree (MST) of genotypes using the
NTSYS-pc package version 2.20 [63], in order to verify the relationships among geno-
types previously obtained in the analysis of principal coordinates.

3. Results

The alleles obtained for the nine microsatellite loci analyzed in the 139 accessions of
black amaranth (A. quitensis) ordered by collections and provinces are shown in Sup-
plementary Table S1. Considering the set of nine SSR loci, 17 different allelic combina-
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tions or genotypes (G1 to G17) have been found in the 139 accessions (i.e., 695 seedlings)
analyzed. The same genotype was found for the five seedlings analyzed in 126 acces-
sions, whereas in the remaining 13 accessions, two different genotypes were detected (see
Supplementary Table S1). Thus, a total of 152 samples have been considered in the anal-
yses of diversity and genetic structure, as they are 139 accessions but 13 of them showed
two different genotypes.

3.1. Genetic Diversity

The results of the genetic diversity analysis carried out for the nine SSR loci in the
152 black amaranth samples considered are showed in Table 2. The alleles, as well as
their frequencies, found in each of the nine SSR loci analyzed in the set of 152 samples,
without considering the collection or the province of origin, are shown in Supplementary
Table S2. In addition, Supplementary Table S3 shows the genotypes detected, and their
frequencies, in each of the nine loci.

The number of alleles (Na) varied between 2 (loci 2_GB-AMM-099 and
4_AHAACO011) and 6 (loci 7_AHAATO051 and 8_AHAATO063), with a mean of 4.0 per lo-
cus and a cumulative of 36 alleles considering all loci (Table 2). One allele with a fre-
quency greater than 90% was always found at all loci (see Supplementary Table S52). The
number of genotypes (Ng) ranged from 3 (loci 2_GB-AMM-099 and 4 AHAACO011) to 6
(locus 9_AHAC062), with a mean of 4.3 per locus and a cumulative of 38 genotypes for all
loci (Table 2). One genotype with a frequency greater than 90% was also found in each
locus, coinciding with the homozygous genotype for the corresponding major allele (see
Supplementary Tables S2 and S3). On the other hand, it should be noted that 92.1% of the
analyzed samples (140/152) presented the nine loci with homozygous genotypes and
only the remaining 7.9% (12 samples) showed at least one heterozygous locus (see Sup-
plementary Table S1).

The effective number of alleles (Nc) presented an average value of 1.155 per locus,
varying between 1.118 for locus 4_AHAACO011 and 1.183 for locus 9_AHAAC062 (Table
2). The average values of observed (Ho) and expected (H.) heterozygosity were 0.014 and
0.134, respectively; in both cases, maximum values were obtained for 9_AHAC062 and
minimum for 4 AHAACO11 (Table 2). The average Shannon information index (I) for the
set of nine loci analyzed was 0.297, again with a maximum value for locus 9_AHAAC062
(0.373) and a minimum for locus 4_AHAACO011 (0.216) (Table 2). Finally, regarding the
discrimination power (D), the maximum and minimum values were once again for
9_AHACO062 (16.1%) and 4_AHAACO011 (11.2%), respectively; with a cumulative proba-
bility for the set of all loci of 75.1% (Table 2).

Table 2. Genetic diversity parameters calculated for each of the nine microsatellite loci analyzed in
152 black amaranth samples. Na: number of alleles, Ne: effective number of alleles, Ng: number of
genotypes, Ho: observed heterozygosity, He: expected heterozygosity, I: Shannon information in-
dex, C: probability of coincidence, and D: discrimination power.

No._Locus Na Ne Ng H, H. 1 C D
1_GB-AMM-051 4 1.149 4 0.013 0.129 0.278 0.864 0.136
2_GB-AMM-099 2 1.140 3 0.026 0.123 0.243 0.852 0.148
3_GB-AMM-136 4 1.150 5 0.013 0.130 0.292 0.863 0.137

4 AHAACO011 2 1.118 3 0.007 0.106 0.216 0.888 0.112
5_AHAACO021 3 1.149 4 0.013 0.129 0.273 0.864 0.136
6_AHAATO030 4 1.164 4 0.013 0.141 0.295 0.853 0.147
7_AHAATO051 6 1.166 5 0.026 0.143 0.344 0.840 0.160
8_AHAAT063 6 1.175 5 0.007 0.149 0.358 0.851 0.149
9_AHACO062 5 1.183 6 0.007 0.155 0.373 0.839 0.161
Mean 4.0 1.155 4.3 0.014 0.134 0.297 - -
Cumulative 36 - 38 - - - 0.249 0.751
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The results of the genetic diversity analysis comparing different collections and
provinces are shown in Table 3. The percentage of polymorphic loci (% P) was 100% for
accessions from the province of Imbabura in both collections; whereas the lowest values
(11%) were obtained for accessions collected during 2014 and 2015 in the other two
provinces under study, Tungurahua and Canar (Table 3), where only the locus
9_AHACO062 turned out to be polymorphic and the eight remaining loci were mono-
morphic (see Supplementary Table S1).

Regarding the number of allelic combinations or genotypes (G), Table 4 summarizes
the distribution of the 17 genotypes (G1 to G17) that were found in each collection and
province, as well as the number of samples (of the 152 considered) that presented them.
As with the percentage of polymorphic loci, the genotype number found was higher in
the two collections from Imbabura (six for Collection A and eight for Collection B) and
lower in Tungurahua and Cafiar, particularly in the accessions from Collection B, where
only two genotypes were found (Table 3), the same in both provinces (G1 and G3; Table
4). Likewise, it should be noted that 75.9% (44/58) of the samples from Collection A and
88.3% (83/94) of the samples from Collection B showed the same genotype (G1; Table 4)
and that 12 of the 17 genotypes were unique or accession-private genotypes (G6 to G17;
Table 4). On the other hand, when both collections were compared, although no signifi-
cant differences were detected, it was observed that in the recently collected accessions
(Collection B) there has been an increase in the number of unique genotypes in the
province of Imbabura, as well as a loss of unique genotypes in the other two provinces
(Tables 3 and 4).

Table 3. Genetic diversity parameters calculated for provinces of Imbabura, Tungurahua, and
Canar in accessions collected between 1981 and 1986 (Collection A) and accessions collected in 2014
and 2015 (Collection B). % P: percentage of polymorphic loci, and G: number of genotypes (allelic
combinations). Average values of allele number (Na), effective number of alleles (Ne), observed
heterozygosity (Ho), expected heterozygosity (He), and Shannon information index (I). For each
parameter (data column), different letters indicate significant differences (p < 0.05).

Provinces (Collection) % P G Na Ne H, H. I

Imbabura (A) 100 6 211a 1.770 a 0.034 a 0.435 a 0.637 a
Tungurahua (A) 33 4 1.33b 1.018b 0.009ab 0.017b,c 0.039b
Caniar (A) 44 5 1.44b 1.050b 0.023ab 0.043 ¢ 0.087 b

Mean Collection A 59.3 5.0 1.63 1.279 0.022 0.165 0.254
Imbabura (B) 100 8 367¢c 1417c¢ 0.029 a 0.292d 0.555 ¢
Tungurahua (B) 11 2 1.11b  1.007b 0.000b 0.007 b 0.016 b
Canar (B) 11 2 1.11b  1.008 b 0.000 b 0.007 b 0.017b

Mean Collection B 40.7 4.0 1.96 1.144 0.010 0.102 0.196

Table 4. Distribution of the 17 genotypes (G1 to G17) found in accessions collected in the provinces
of Imbabura, Tungurahua, and Cafiar between 1981 and 1986 (Collection A) and 2014 and 2015
(Collection B). The number of samples (of the 152 analyzed) in each province and collection that
presented each of the genotypes are indicated in parentheses. Different letters indicate significant
differences.

Collection A Collection B
Imbabura Tungurahua Canar Imbabura Tungurahua Canar
Gl1 (6) G1 (23) G1 (15) G1 (25) G1 (30) G1 (28)
G2 (3) G2 (3)
G3 (1) G3 (1) G3 (1)
G4 (1) G4 (1)
G5 (1) G5 (1)
G6 (1)
G7 (1)

G8 (1)
G9 (1)
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G10 (1)
G11 (1)

G12 (1)

G13 (1)

Gl14 (1)
G15 (1)
G16 (1)
G17 (1)

When comparing different collections and provinces, the ranges of average values
obtained for the parameters used to evaluate genetic diversity (Na, Ne, Ho, He, and I) were
relatively low (Table 3): 1.11-3.67 (Na), 1.007-1.770 (N¢), 0-0.034 (Ho), 0.007-0.435 (H.) and
0.016-0.637 (I). On the one hand, although no significant differences were detected, the
mean values of these genetic diversity parameters were usually higher for the set of ac-
cessions from Collection A (Table 3). On the other hand, in general, the diversity values
obtained for the accessions collected in the province of Imbabura, independently of the
collection, were significantly (p < 0.05) higher than those of the accessions collected in the
provinces of Tungurahua and Cafiar, which did not show significant differences between
them within the same collection (Table 3). Significant differences (p < 0.05) were also de-
tected between both collections in the province of Imbabura for the parameters Na, Ne, He,
and I and in the province of Cafiar for H,, so that in both cases significantly higher values
were obtained for the accessions collected at the beginning of the 1980s compared to
those collected more recently (Table 3).

Table 5 shows Nei’s genetic distances matrix among the six groups of accessions
analyzed (two collections X three provinces). Although all the genetic distances were less
than 0.1, we observed that for the same collection the accessions from Imbabura showed
a greater genetic distance than those from Tungurahua and Cafar, which showed prac-
tically zero values of genetic distance between them. When accessions collected in the
same province but at different times were compared, we observed that in Tungurahua
and Canar the genetic distances were again practically 0, whereas the genetic distance
between both collections in Imbabura was 0.037 (Table 5).

Table 5. Matrix of Nei’s genetic distances among the six groups of accessions analyzed (two col-
lections, A and B, x three provinces: Imbabura, Tungurahua, and Cafiar).

Imbabura_A Tungurahua_ A Caiar_A Imbabura_BTungurahua B Cafiar B

Imbabura_A -
Tungurahua_A 0.094 -—
Cafar_A 0.095 0.002 -—-
Imbabura_B 0.037 0.015 0.016 -—-
Tungurahua_B 0.095 0.000 0.001 0.016 -—-
Canar_B 0.095 0.000 0.001 0.016 0.000 -

Finally, the genetic diversity analysis was completed with an analysis of molecular
variance, AMOVA (see Supplementary Table S4). In all cases and hierarchical levels, the
estimates obtained for the different molecular variance components were highly signifi-
cant (p < 0.0001). When both collections were analyzed together, it was observed that the
percentage of molecular variance due to differences among collections was null (0%),
whereas 17.9% of the total variance was due to differences among provinces, and 82.1%
remaining to differences among and within accessions (72.4% and 9.7%, respectively).
When analyzing the results for each collection, in both cases the highest percentage of the
variance was due to differences among accessions within provinces, but the percentage
of the variance due to differences among provinces was greater in Collection A (26.8 %)
than in Collection B (10.9%) (see Supplementary Table 54).
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3.2. Genetic Structure

The STRUCTURE analysis of 152 black amaranth samples using the data of nine SSR
loci showed that the best estimate of the optimal number of genetically different groups
was obtained for the value of K = 2 [57], i.e., the detected genetic diversity seems to be
structured in two clusters of samples/accessions. To assign each of the 152 samples to one
of the two clusters, it was considered that they had a membership coefficient Q > 0.9.
Figure 2 graphically shows the membership coefficients depicted vertically for each of
the 152 samples analyzed. Thus, with a membership probability threshold of 0.9, 142
(93.4%) samples were assigned to Cluster 1 and the remaining 10 (6.6%) to Cluster 2.
These 10 samples assigned to Cluster 2 correspond to accessions collected in the Imba-
bura province, the first four (2-A1_G2 3-A2_G2, 4-A2_GS8, and 10-A7_G2) during Collec-
tion A and the other six (65-A56_G2, 67-A58_G2, 70-A61_G2, 78-A68_G6, 79-A69_G15,
and 92-A79_G7) during Collection B (see Figure 2 and Supplementary Table S1).

Figure 2. Assignment model of 152 black amaranth samples at the K = 2 genetic clusters by using
nine SSR markers (Cluster 1 in red and Cluster 2 in green). Membership coefficients (Q) are de-
picted vertically for each sample. Sample numbers coincide with the number assigned in Supple-
mentary Table S1.

Results of the genetic diversity comparative analysis for the two accession groups
defined by STRUCTURE analysis (Cluster 1 and Cluster 2) are shown in Table 6. Signif-
icant differences (p < 0.05) were obtained between both clusters for all the calculated pa-
rameters (Na, Ne, Ho, He, and I), and the obtained values for Cluster 2 were always higher.
The allelic composition of samples assigned to each cluster was clearly different (see
Supplementary Table S1), such that up to 10 unique or private alleles were found in
samples from Cluster 1, and up to 18 unique alleles were detected in Cluster 2. All these
significant differences between both sample groups were also reflected in a high value of
Nei’s genetic distance (2.908) between the two clusters. The results of the analysis of
molecular variance in the two clusters defined by using the STRUCTURE program are in
Supplementary Table S5. The AMOVA showed that 96% of the total variance was due to
differences among clusters, and only the remaining 4% to differences among (2.4%) and
within (1.6%) accessions.
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Table 6. Genetic diversity parameters calculated for accessions of Clusters 1 and 2 defined by
STRUCTURE analysis. Average values of allele number (Na), effective number of alleles (Ne), ob-
served heterozygosity (H,), expected heterozygosity (He), and Shannon information index (I). For
each parameter (data column), different letters indicate significant differences (p < 0.05).

Na Ne Ho, H. I
Cluster 1 2.00 a 1.018 a 0.009 a 0.018 a 0.049 a
Cluster 2 2.89b 1.401Db 0.089 b 0.264 b 0.510b
Mean 2,44 1,210 0,049 0,141 0,279

3.3. Genetic Relationships among Genotypes

In order to know the genetic relationships among 17 genotypes found in the 139
black amaranth accessions studied, a principal coordinates analysis was carried out
(Figure 3), in which the three genotypes found in the commercial variety INAP-Alegria
were also included as a reference (G_A1l, G_A2, and G_A3; see Supplementary Table S1).
The percentage of cumulated variation explained by the first two coordinates was 89.2%
(74.0% for Coordinate 1 and 15.2% for Coordinate 2). The first coordinate clearly sepa-
rated the genotypes into two groups, which completely coincided with the assignment of
the samples that presented them to each one of the two clusters previously defined by the
STRUCTURE analysis (see Figures 2 and 3), so that the results of STRUCTURE analysis
would be supported by the PCoA results. The three genotypes of the variety IN-
IAP-Alegria were located between the two groups of genotypes found in the accessions
of black amaranth landraces and relatively separated from them. Nevertheless, they were
closer to the genotypes group of the samples assigned to Cluster 2 and, particularly, to
the G15 genotype (Figure 3), which was only found in samples of accession A69, which

belongs to Collection B carried out in the province of Imbabura (see Supplementary Table
S1).

G6
G13
G8 ¢
- G2 G17
& 4 Gl4
o) G16 ¢
S ye G
o G99 @ G
K] GI2
g Gll‘.’Gl
—g G5® G10
] G7
G15
G Al
A A,
G_A3 G _A2
Coordinate1 (74.0%)

Figure 3. Principal coordinates analysis (PCoA) of the 17 genotypes (G1 to G17) found in the 139
black amaranth accessions, and the three genotypes found in the commercial variety INAP-Alegria
(G_A1, G_A2, and G_A3). Percentages of variation explained by each of the first two coordinates
are indicated. Color of each genotype matches that assigned in the STRUCTURE analysis: Cluster 1
in red and Cluster 2 in green. Genotypes of commercial variety INIAP-Alegria are in blue.
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On the other hand, in order to verify the genetic relationships previously obtained in
the PCoA, a minimum spanning tree (MST) of genotypes was generated, which is shown
in Figure 4. We can observe in the MST that genotypes were clustered again in two
well-defined groups (Groups I and II). The genotypes of Group I corresponded to acces-
sions that were assigned with the STRUCTURE analysis to Cluster I, and we found the
predominant genotype GI1, present in 83.6% of the 152 samples analyzed, and from
which the rest of the genotypes derive: G3, G4, and G5 (presented in two or three sam-
ples), and up to eight unique genotypes (G9, G10, G11, G12, G13, G14, G16, and G17). The
genotypes corresponding to accessions assigned to Cluster II were located in Group II,
which are accessions collected only in the province of Imbabura (Al, A2, and A7 from
Collection A; A56, A58, A61, A68, and A79 from Collection B), with genotype G2 and
three unique genotypes derived from it (G6, G7, and G8; see Table 4). The genotype G15
was separated between both groups, in the same way that it happened in the PCoA, alt-
hough in the STRUCTURE analysis, the only accession that presented it (A69) was as-
signed to Cluster II. Finally, note that there is a clear association between the two groups
of genotypes defined in the MST and the two color morphotypes previously found in the
agromorphological characterization (Figure 4).

Genotypes - Group IT Genotypes - Groupl  » ~ u
= ’ ~
RO /4 G3 ~
P ~ g 7 ~
7 b
7z G2

Morphotype 11
(less pigmentation)

S
Morphotypel ™~ o _

(more pigmentation)
. Imbabura

Stem = purple

-

Stem = pink

. Tungurahua

. Canar

§ Leaf = green <
Leaf = purple
SRR Inflorescence = pink
T4 Inflorescence = purple

Figure 4. Minimum spanning tree (MST) showing the genetic relationships of 17 genotypes (G1 to
G17) found in 139 black amaranth accessions. The circle sizes are proportional to the abundance of
each genotype (see Table 4), and the colors indicate the province to which the samples that present
them belong. The association of the two groups of Genotypes (I and II, circles with dashed lines)
with the two color Morphotypes (I and II; see Delgado et al. [32]) differentiated in the morpholog-
ical characterization is indicated.

4. Discussion
4.1. Genetic Diversity

In the present study, we found low levels of genetic diversity. These results coincide
with the reduced phenotypic diversity observed in the previous agromorphological
characterization of these landraces [32].
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The values detected for different genetic parameters calculated were lower than
those reported in other genetic diversity studies that used SSR markers in the germplasm
of different amaranth species [5,6,10,42,49,50]. These significant differences are probably
due to the fact that these studies have analyzed the diversity and genetic structure in
accessions of different Amaranthus species (between 5 and 33 species, depending on the
paper) and, generally, with very different geographical origins, usually with the main
objective of using the information to analyze the phylogenetic relationships between the
species under study.

In a study similar to ours, Nguyen et al. [28] evaluated the genetic diversity in a
sample of 119 accessions belonging only to the species A. tricolor and collected through-
out Vietnam, using 21 SSR markers developed by themselves. In this case, they also ob-
tained higher diversity values, but closer to ours, with 4.5 alleles per locus and a mean H.
of 0.340. These differences may be due to the greater amplitude of the sampling area, and
probably that the gene pool of A. tricolor Vietnamese accessions is greater than that of A.
quitensis accessions collected only in three provinces of the Ecuadorian highlands.

Kietlinski et al. [10] are the only ones that have reported genetic diversity data in A.
quitensis accessions using microsatellite markers, although they only used five SSR loci
among those described by Mallory et al. [47], and in 13 accessions from different South
American countries (one from Argentina, two from Bolivia, two from Brazil, four from
Peru, and four from Ecuador). They found 27 different alleles, with an average of 5.4 al-
leles per locus, and a high H. value (0.703), which could be due to the diverse origin of the
accessions.

On the other hand, in our study, very small Ho, values were obtained (0.007-0.026;
mean = 0.014), which indicates that the vast majority of the samples analyzed were highly
homozygous, specifically 92.1% of the samples had all nine loci in homozygosity.
Kietlinski et al. [10] obtained a similar mean Ho value (0.012) for the 13 A. quitensis acces-
sions they analyzed. A possible explanation for these very low H. values may be the
predominantly autogamous character of the species [12,21] and, in general, of cultivated
species of the genus Amaranthus [42,64]. Nguyen et al. [28] also obtained a low mean H,
value (0.140) in the A. tricolor accessions.

Regarding the efficiency of the nine SSR loci used in this study, it should be noted
that they showed a high theoretical discrimination power (75.1%), although in practice
only 17 different genotypes could be distinguished (11.2%), probably due to the existence
of a reduced gene pool in the traditional black amaranth accessions. Loci developed by
Mallory et al. [47], in general, were more informative than those described by Lee et al.
[48], although the latter were used in the vast majority of genetic diversity studies with
SSR markers in amaranth germplasm [5,6,42,49,50], and only Kietlinski et al. [10] used
microsatellites developed by Mallory et al. [47]. Based on our results, we could recom-
mend the use of the microsatellites developed by Mallory et al. [47] for future prelimi-
nary studies to characterize genetic diversity in accessions conserved in germplasm
banks belonging to different species of the genus Amaranthus.

Our results seem to indicate that a reduced gene pool exists in the black amaranth
accessions studied. In addition, when different collections and provinces were compared,
a certain decrease in genetic diversity seems to have occurred over the last decades, es-
sentially due to the loss of genotypes (most unique or private of accession) and, espe-
cially, in the provinces of Tungurahua and Canar, where there is practically only a single
genotype. The ataco is an ancestral crop that was of great importance in the diet of
pre-Columbian Andean populations, with the regime of subjugation to which it was
subjected after the arrival of the Spanish and, more recently, with changes in eating hab-
its, among other factors, it has been relegated and has become a “forgotten” and un-
derutilized crop [21,22,65] with the consequent progressive process of biodiversity loss or
genetic erosion. On the other hand, the ataco has traditionally been cultivated in the Ec-
uadorian highlands on a small scale, in isolation or in association with other crops, in
small plots or family gardens (chakras), or even in the gardens of farmers” houses [66]. So,
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as it is an underutilized and minority crop, in recent decades it has been lost in many
localities [12], which it has also contributed significantly, especially since the 1980s, to the
progressive abandonment of agricultural activities by the indigenous population due to
the high rates of migration to the cities, a factor that has been significant in provinces
such as Tungurahua and, especially, Canar [26].

In the case of the province of Imbabura, despite a certain loss of genetic diversity
being observed, together with the fact that amaranth cultivation is a minority and only
10% of the production corresponds to landraces [67], we can say that acceptable levels of
diversity have been maintained in the last four decades, and clearly higher than those
observed in the other two provinces under study. This may be due that, in this province
and since 2001, the rural populations have accepted in a very positive way the institu-
tional campaign carried out to increase the cultivation and consumption of forgotten and
underutilized traditional cultivars of different Andean crops [19], in addition to the
promotion among local farmers of the use of agroecological or organic production sys-
tems for these traditional Andean crops [68]. Likewise, the ataco is highly appreciated by
the indigenous population of the area, not so much for the consumption of the grain as
for the use of the inflorescence to give color to the “colada morada”, a very typical drink
in this province, especially during the celebration of the Day of the Dead [12]. All of this
demonstrates that good management of a minority and underutilized plant genetic re-
source, with adequate dissemination of its properties and benefits among the native
population, even emphasizing its social and cultural importance, in addition to food, can
ensure that the biodiversity of landraces germplasm can be maintained and conserved in
situ.

When comparing the results of genetic diversity for different collections and prov-
inces with those previously obtained of phenotypic diversity [32], we found that in both
cases practically no significant differences were detected between the two collections.
Therefore, all these results indicate that the biodiversity of the black amaranth landraces
does not seem to have undergone many significant changes in the last four decades,
which would mean that local farmers would have carried out an acceptable conservation
in situ (on-farm) of this germplasm.

However, when the comparative analysis between collections is carried out by
provinces, significant differences can be observed between them, just as they were ob-
served in relation to the phenotypic diversity found for the quantitative characters ana-
lyzed [32]. These differences between provinces could be related to socioeconomic cir-
cumstances, crop management, and traditional uses of ataco in each of the provinces
[12,23,32,68].

4.2. Genetic Structure and Association between Genotypes and Color Morphotypes

The assignment of the samples to each cluster was not related to their geographical
origin or to the time they were collected. However, a clear association was observed with
qualitative traits previously analyzed and referring to the pigmentation of stem, leaves,
and inflorescence. Thus, all the samples of Cluster 1 showed purple stems, leaves, and
inflorescences in adult plants, a typical coloration described for the type plant of the ataco
cultivated in the Ecuadorian highlands [12]; whereas, samples from Cluster 2 showed
less pigmentation in these organs, in general, with pink stems and inflorescences, and
green leaves [32]. Moreover, the two clusters showed to be clearly different in terms of
their molecular diversity analysis, since they presented significant differences for all the
diversity parameters calculated.

The three genotypes found in the commercial variety INIAP-Alegria (G_A1, G_A2,
and G_A3) were closer to the G15 genotype, found only in samples of the accession A69
(Imbabura—Collection B). This G15 genotype presented seven of the nine loci analyzed
in heterozygosis, whereas the rest of the genotypes associated with Cluster 2 presented
the nine loci in homozygosis. Furthermore, in six of these seven heterozygous loci, one of
the alleles was present in the genotypes of the INIAP-Alegria variety and four of them
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were clearly distinctive alleles of this variety. These molecular data seem to indicate that
in accession A69 there has been a clear introgression of the commercial variety IN-
IAP-Alegria, and the G15 genotype is the result of that introgression. This hypothesis
could not be corroborated with the data previously obtained through the morphological
characterization of the accession A69, referring to the pigmentation characteristics of the
stem, leaf, inflorescence, and grain color [32], since this accession showed the typical
pigmentation of an ataco type plant in the stem and inflorescence (both purple) and in the
black color of the grain [12] so that the only variation was observed in the green leaves.
This leaf color can be associated both with the INIAP-Alegria variety [69] and with the
majority of the ataco accessions that showed the color morphotype with less pigmenta-
tion [32].

MST tree and PCoA data indicate that the two groups of genotypes could constitute
two independent genetic lineages, which would represent part of the ancestral gene pool
that existed in the landraces of black amaranth cultivated by native farmers in the Ec-
uadorian highlands. Likewise, the association of each of these groups of genotypes (ge-
netic lineages) with the two color morphotypes previously defined in the agromorpho-
logical characterization of these landraces was confirmed. In this sense, it should be
noted that other previous morphological characterization studies have already found
some variability in the coloration of the inflorescence of black amaranth accessions col-
lected in the early 1980s and conserved in the INIAP Germplasm Bank, from pink to very
intense purple colors, the latter with great potential for extraction of the dye amaranthine
[12].

The most abundant morphotype with more intense pigmentation is the most ap-
preciated by the native population of the Ecuadorian highlands, due to the use of the dye
extracted from the ripe inflorescences in the preparation of food and, especially, typical
drinks such as “colada morada”, “horchata”, or “draque” [12,23]. The morphotype with
less intense pigmentation was only found in accessions collected in farms and gardens
from the province of Imbabura, being appreciated by farmers for its value as an orna-
mental plant [32].

On the other hand, the farms where the accessions with Morphotype II were col-
lected in the early 1980s were not the same ones in which the less pigmented accessions
were collected in 2014 and 2015, so the distance between these farms varied between 6
and 20 km [32]. This seems to indicate that in the last decades, within the province of
Imbabura and at least locally in the cantons where accessions with less pigmentation
were collected (Otavalo, Cotacachi, and Antonio Ante), there has been some mobility and
exchange of ataco germplasm, which would have favored the conservation of a minority
color morphotype and essentially with ornamental value. In this sense, it is worth men-
tioning that the flow of local cultivars of different Andean crops has been governed by a
system of relatively informal networks of seed exchange that connect farmers from dif-
ferent areas of the Andes, and that basically has served to conserve a large part of the
native agrobiodiversity that we can find today in the different Andean crops [70,71]. In
the case of the province of Imbabura, numerous “Seed Exchange Fairs” have been held
every year since 1998, where the germplasm exchange of traditional cultivars of different
native crops is promoted, which has favored agricultural diversity and the conservation
in situ of the native agrobiodiversity [22].

4.3. Implications for Conservation of Black Amaranth Landraces

In the present study, a preliminary genetic evaluation to assess the conservation
status of black amaranth landraces cultivated in the Ecuadorian highlands has been car-
ried out. The study has detected low levels of genetic diversity in the ataco accessions,
with a predominant genotype (G1) and up to 12 accession-unique genotypes among the
17 genotypes that were found. This seems to indicate that the ataco cultivated in the
Andean region of Ecuador has a reduced gene pool, and it is probably immersed in a
process of genetic erosion, at least in some of the provinces under study, such as Tun-
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gurahua and Cafar. In addition, in these provinces, the progressive abandonment of ag-
ricultural activity in recent decades due to the migration of the rural population to the
cities could be one of the reasons that have led to a greater loss of genetic diversity in
some of the Andean crops conserved by the indigenous farming communities [26,71].

On the other hand, the existence of government programs that have promoted the
cultivation and commercialization of commercial amaranth varieties does not favor the
use and conservation of landraces either [19], since the commercial varieties tend to be
more precocious and have a higher average yield [72].

Today, most of the amaranth produced and marketed in the provinces of the Ecua-
dorian highlands corresponds to the commercial variety INIAP-Alegria [67]. However,
native farmers still tend to keep their local “family landraces” of black amaranth, as well
as other typical Andean crops [71], as a very important part of their cultural heritage in-
herited from generation to generation, that they prefer to continue cultivating and con-
suming as opposed to commercial varieties, which they also cultivate but for more
commercial and economic purposes. In this sense, it can be said that the farmers of the
Andean region are carrying out important on-farm conservation labor.

Additionally, although most farmers simultaneously cultivate commercial varieties
of amaranth and landraces of black amaranth, practically no introgression cases of the
former into the latter have been detected, which has surely been helped by the fact that
they are eminently autogamous species. On the other hand, farmers also avoid mixing
seeds of different types of amaranth germplasm (personal communication from farmers
during the elaboration of the surveys carried out in the 2014-2015 collection). Whereas in
the case of other more relevant Andean crops, such as quinoa, the exchange without of-
ficial control and the seed mixture of local germplasm and commercial varieties seems to
be the cause of the existence of high diversity in the traditional cultivars, as well as the
loss of genetic homogeneity in the commercial varieties [71,73].

Studies to assess genetic diversity, as well as phenotypic diversity, are important to
improve the management and conservation of agrobiodiversity, being essential in the
case of landraces and even more so of ancestral and underutilized crops, since they could
be at risk of disappearing due to genetic erosion. Although local farming communities
are trying to conserve in situ the native agrobiodiversity of minority and underutilized
crops, such as black amaranth or ataco, the results obtained in this study indicate that it
would be necessary and urgent to take institutional measures to help and facilitate this
conservation in situ, which in turn would contribute to food security and reaffirm cul-
tural values of the Andean region of Ecuador.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/agriculture13010034/s1, Table S1: Allelic combinations or
genotypes (G1 to G17) found in the 139 black amaranths (A. quitensis) accessions analyzed with
nine microsatellite loci. The accessions are identified with the INIAP Germplasm Bank (BG) code
and the analysis code used for this study (Al to A139). The collection and province of origin are
indicated, as well as the number of the analyzed sample. At the end of the table, the genotypes
found in the commercial variety INIAP-Alegria are included. Table S2: Allele sizes (A; in base
pairs) and their frequencies (F) found for each of the nine SSR loci analyzed in 152 black amaranth
samples. Alleles with frequencies > 0.9 are shown in bold. Table S3: Genotypes (g) and their fre-
quencies (F) found for each of the nine SSR loci analyzed in 152 black amaranth samples. Geno-
types with frequencies > 0.9 are shown in bold. Table S4: Analysis of molecular variance (AMOVA)
of 152 black amaranth samples distributed in the three provinces (Imbabura, Tungurahua, and
Canar) and for both collections (A and B). The analysis has been carried out considering both col-
lections and also for each collection separately. Table S5: Analysis of molecular variance (AMOVA)
of 152 black amaranth samples distributed in the two clusters defined by STRUCTURE analysis.
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