
Tennessee State University Tennessee State University 

Digital Scholarship @ Tennessee State University Digital Scholarship @ Tennessee State University 

Agricultural and Environmental Sciences 
Faculty Research 

Department of Agricultural and Environmental 
Sciences 

7-20-2022 

SNP Genotyping for Purity Assessment of a Forage Oat (Avena SNP Genotyping for Purity Assessment of a Forage Oat (Avena 

sativa L.) Variety from Colombia sativa L.) Variety from Colombia 

Luis Fernando Campuzano-Duque 
Corporación Colombiana de Investigación Agropecuaria 

Diego Bejarano-Garavito 
Corporación Colombiana de Investigación Agropecuaria 

Javier Castillo-Sierra 
Corporación Colombiana de Investigación Agropecuaria 

Daniel Ricardo Torres-Cuesta 
Corporación Colombiana de Investigación Agropecuaria 

Andrés J. Cortés 
Corporación Colombiana de Investigación Agropecuaria 

See next page for additional authors 

Follow this and additional works at: https://digitalscholarship.tnstate.edu/agricultural-and-environmental-

sciences-faculty 

 Part of the Agronomy and Crop Sciences Commons, and the Genetics and Genomics Commons 

Recommended Citation Recommended Citation 
Campuzano-Duque, L.F.; Bejarano-Garavito, D.; Castillo-Sierra, J.; Torres-Cuesta, D.R.; Cortés, A.J.; Blair, 
M.W. SNP Genotyping for Purity Assessment of a Forage Oat (Avena sativa L.) Variety from Colombia. 
Agronomy 2022, 12, 1710. https://doi.org/10.3390/agronomy12071710 

This Article is brought to you for free and open access by the Department of Agricultural and Environmental 
Sciences at Digital Scholarship @ Tennessee State University. It has been accepted for inclusion in Agricultural and 
Environmental Sciences Faculty Research by an authorized administrator of Digital Scholarship @ Tennessee State 
University. For more information, please contact XGE@Tnstate.edu. 

https://digitalscholarship.tnstate.edu/
https://digitalscholarship.tnstate.edu/agricultural-and-environmental-sciences-faculty
https://digitalscholarship.tnstate.edu/agricultural-and-environmental-sciences-faculty
https://digitalscholarship.tnstate.edu/agricultural-and-environmental-sciences
https://digitalscholarship.tnstate.edu/agricultural-and-environmental-sciences
https://digitalscholarship.tnstate.edu/agricultural-and-environmental-sciences-faculty?utm_source=digitalscholarship.tnstate.edu%2Fagricultural-and-environmental-sciences-faculty%2F333&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalscholarship.tnstate.edu/agricultural-and-environmental-sciences-faculty?utm_source=digitalscholarship.tnstate.edu%2Fagricultural-and-environmental-sciences-faculty%2F333&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/103?utm_source=digitalscholarship.tnstate.edu%2Fagricultural-and-environmental-sciences-faculty%2F333&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/27?utm_source=digitalscholarship.tnstate.edu%2Fagricultural-and-environmental-sciences-faculty%2F333&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:XGE@Tnstate.edu


Authors Authors 
Luis Fernando Campuzano-Duque, Diego Bejarano-Garavito, Javier Castillo-Sierra, Daniel Ricardo Torres-
Cuesta, Andrés J. Cortés, and Matthew Wohlgemuth Blair 

This article is available at Digital Scholarship @ Tennessee State University: https://digitalscholarship.tnstate.edu/
agricultural-and-environmental-sciences-faculty/333 

https://digitalscholarship.tnstate.edu/agricultural-and-environmental-sciences-faculty/333
https://digitalscholarship.tnstate.edu/agricultural-and-environmental-sciences-faculty/333


Citation: Campuzano-Duque, L.F.;

Bejarano-Garavito, D.; Castillo-Sierra,

J.; Torres-Cuesta, D.R.; Cortés, A.J.;

Blair, M.W. SNP Genotyping for

Purity Assessment of a Forage Oat

(Avena sativa L.) Variety from

Colombia. Agronomy 2022, 12, 1710.

https://doi.org/10.3390/

agronomy12071710

Academic Editor: Andreas Katsiotis

Received: 20 May 2022

Accepted: 13 July 2022

Published: 20 July 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

agronomy

Article

SNP Genotyping for Purity Assessment of a Forage Oat
(Avena sativa L.) Variety from Colombia
Luis Fernando Campuzano-Duque 1 , Diego Bejarano-Garavito 2, Javier Castillo-Sierra 2 ,
Daniel Ricardo Torres-Cuesta 2 , Andrés J. Cortés 3,† and Matthew Wohlgemuth Blair 4,*

1 Corporación Colombiana de Investigación Agropecuaria (AGROSAVIA)-CI La Libertad,
Villavicencio 230002, Colombia; lcampuzano@agrosavia.co

2 Corporación Colombiana de Investigación Agropecuaria (AGROSAVIA)-CI Tibaitatá,
Bogotá 111321, Colombia; dbejarano@agrosavia.co (D.B.-G.); jcastillos@agrosavia.co (J.C.-S.);
dtorres@agrosavia.co (D.R.T.-C.)

3 Corporación Colombiana de Investigación Agropecuaria (AGROSAVIA)-CI La Selva,
Rionegro 054048, Colombia; acortes@agrosavia.co

4 Department of Agricultural and Environmental Sciences, Tennessee State University,
Nashville, TN 37209, USA

* Correspondence: mblair@tnstate.edu; Tel.: +1-615-963-7467
† Secondary Address: Departamento de Ciencias Forestales, Facultad de Ciencias Agrarias,

Universidad Nacional de Colombia, Sede Medellín, Medellín 050034, Colombia.

Abstract: Single nucleotide polymorphism (SNP) markers have multiple applications in plant breed-
ing of small grains. They are used for the selection of divergent parents, the identification of genetic
variants and marker-assisted selection. However, the use of SNPs in varietal purity assessment
is under-reported, especially for multi-line varieties from the public sector. In the case of variety
evaluation, these genetic markers are tools for maintaining varietal distinctness, uniformity and
stability needed for cultivar release of multi-line or pure-line varieties of inbred crops. The objective
of this research was to evaluate the purity and relationships of one original (AV-25) and two multi-line
sub-populations (AV25-T and AV25-S) of the inbreeding species, oats (Avena sativa L.). Both sub-
populations could be useful as forages in the central highland region of Colombia (>2000 masl), such
as in the departments of Boyacá and Cundinamarca, even though they were derived from an original
composite mixture widely used in the mountainsides of the southern department of Nariño named
Avena 25. Representative single plant selections (SPS) from the two sub-populations were grown
together with SPS harvests from off-type plants (early and late) and plants from the original AV25
composite mixture, to determine their genetic similarity. Plants were genotyped by DNA extraction
of a plateful of 96 individual plant samples and SNPs were detected for an Illumina Infinium 6K Chip
assay. The data were used for the analysis of genetic structure and population relationships. The
grouping observed based on the genetic data indicated that AV25-T and AV25-S were homogeneous
populations and somewhat divergent in their genetic profile compared to the original AV25-C mix. In
addition, to the two commercial, certified oat varieties (Cajicá and Cayuse) were different from these.
The early and late selections were probable contaminants and could be discarded. We concluded that
the use of SNP markers is an appropriate tool for ensuring genetic purity of oat varieties.

Keywords: composite mix; genetic structure; multi-line variety; single nucleotide polymorphism
markers; varietal purity

1. Introduction

Cultivated oat (Avena sativa L.) is a hexaploid small grain species (2n = 6x = 42) with a
large genome (11.3–14.0 Gb) that originated in the Fertile Crescent region known as the
Near East in western Asia and from there spread around the world [1]. Oats arrived in the
Americas with European conquests and are currently among the most important cereals in
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the world after maize (Zea mays L.), rice (Oryza sativa), wheat (Triticum aestivum), sorghum
(Sorghum bicolor), millets (Panucum, Pennisetum, Setaria spp.) and barley (Hordeum vulgare)
but more popular than rye (Secale cereale). Unlike some of these cereals, oats are confined to
temperate areas in northern latitudes or cool wet climates, such as those in highlands of
the subtropics.

Major producers of oats include Canada, Russia, Finland, Poland and the United
Kingdom in the northern hemisphere, and Australia and Brazil in the southern hemisphere.
In highland (>2000 m above sea level) areas of the Andes, from Bolivia to Colombia,
Ecuador and Peru, oats are used as a fodder source, in pasture, hay or silage, alone or
with forage legumes [2] and is considered a food alternative for the diet of dairy cows to
improve milk production and quality, especially in times of forage shortages by drought or
frost [3].

Molecular markers are well known tools for plant breeding [4] with many methods
developed since the advent of the polymerase chain reaction (PCR), which allowed the
development of easy-to-use genetic assays for varied purposes adaptable to many of the
different stages of genetic improvement of plants and animals [5–7]. These include the
pre-breeding steps of biodiversity analysis, conservation, utilization [6,8], breeding analysis
of the reproductive system of a species, characterization and selection of parents in crossing
plans and monitoring of segregating populations [9]. Markers have been used as genetic
tools for analysis of qualitative and quantitative characters and introgression of genes
from wild species (e.g., [10]). They have also been used successfully in other lines of
plant research, such as phylogeny [8], and the diagnosis of pests or pathogens [11]. In
post-breeding steps, molecular markers are useful for confirming the identity, purity and
homogeneity of varieties and in the tracking of genetically modified organisms (GMOs) [6,9]

In the last decade, single nucleotide polymorphisms (SNPs) have become the most
common type of biallelic sequence-based molecular marker used in plant and animal
genomes [7,12,13]. In addition to having stable inheritance from generation to generation,
SNP markers target loci where only two alleles are observed within a population that arise
from mutations or mismatch repair [9]. The use of SNPs is widespread in genetic studies
of plants, which includes genomic diversity [4,14], construction of linkage maps [15,16],
genomic selection [17,18], population structure analysis [19–21], genetic mapping [5] and
genome–environment associations [22].

The target number of SNPs for a crop depends on its genome size, level of ploidy,
research investments, population stratification and overall linkage disequilibrium pat-
terns [23]. As examples, the capacity of currently available SNP arrays from Illumina go up
to 820,000 (820K) in the large-genome hexaploid wheats (Triticum aestivum), 700K in rice
(Oryza sativa) [4], 487K in triploid apples (Malus domestica) [24], 345K in the dodecaploid
genome of sugar cane (Saccharum officinarum) [25], 90K in octoploid strawberries (Fragaria
vesca) [26] and 58K in tetraploid peanuts (Arachis hypogaeae) [27,28]. Diploid species require
less SNPs for coverage.

In the case of common oats, the first SNP array developed with Illumina technol-
ogy contained 3072 assays and was applied to build a consensus map with 985 mapped
loci [29]. The SNP chip was later expanded to the 6K Illumina oat BeadChip containing
nearly 6000 assays, with a success rate of 86.6% [6,7]. Recently, this SNP array has been
transformed into a 6K BeadChip layout containing 257 Infinium I and 5486 Infinium II
features corresponding to 5743 SNPs.

The goal of this study was to determine the variety purity, plant to plant diversity
and early or late season off-types of a multi-line (composite mix) population of forage oats
(AV25-C) commonly grown in the highlands (>2000 masl) of southern Colombia along with
the diversity of two derived sub-populations (AV25-S and AV25-T) selected for similar
altitudes in central Colombian departments of Boyacá and Cundinamarca by using SNP
fingerprinting based on the Infinium assay and two control genotypes along with selection
of phenological extremes and multi-plant sampling. This is a first use of SNP chips for
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evaluating varietal purity in a forage oat multi-line. We plan to utilize SNPs to determine
the genetic underpinning of the phenotypic variants of cereal oats.

2. Materials and Methods
2.1. Plant Materials Used

The main forage oat (Avena sativa L.) variety used in this study was AV25, a multi-line
population developed in southern Colombia early in the 21st century by the Colombian
Agricultural Research Corporation (AGROSAVIA). As a candidate population for varietal
release in 2014, the multi-line was grown in a plot for foundation seed at the Obonuco
Research Station of AGROSAVIA in Pasto, Colombia (1◦11′56′′ N, 77◦41′44′′ W). For the
next generation, dormancy was broken over a six-month storage period. Then, 100 spike-to-
row selections were established at two field sites in 2015: (1) in the Tibaitatá Experimental
station (near the town of Mosquera in the province of Cundinamarca) and (2) on the
Finca Sutacón near the town of Susacón in the municipality of Paipa (Province Boyacá).
Mass selection across and between rows was applied at each location, resulting in two
new composite sub-populations, called AV25-T and AV25-S from Tibaitatá and Susacón,
respectively. The original mixture: AV25-C (the population from Obonuco) was compared
to the two subpopulations: AV25-T (Tibaitatá selection) and AV25-S (Sutacón selection)
as well as to two off-types selections, namely AV25-P (early selection from Obonuco) and
AV25-Ta (late selection from Obonuco). Two commercial varieties (Cajicá and Cayuse) were
grown as checks.

2.2. Agronomic Locations Used

The grow out was carried out in the second half of 2016 at the Tibaitatá experimental
station where 400 rows each of single plant selections (SPS) from the populations AV25-C,
AV25-T, AV25-S were grown. In addition, 25 SPS rows for each of the off-type oats, AV-
25-P, AV25-Ta and each of the commercial varieties Cajica and Cayuse were established
there. Each row was 4.0 m long, and rows were planted 0.3 m apart. A planting density
of 60 kg seed ha−1 was used, and the fertilizer regime and weed control followed the
recommendation of AGROSAVIA [3], with the goal of obtaining approximately 60 t ha−1

in forage yield. Harvesting was set at stage Z7.0 as in Zadoks et al. [30].

2.3. Leaf Tissue and DNA Extraction

A total of 96 single plant DNA samples were taken from the flag leaves of an equal
number of plants that were selected based on representation of the full SPS plot when they
had reached the heading stage (Z6.0) according to the maturity scale of Zadoks et al. [30].
The leaf samples included 22 plants from AV25-C, 30 each from AV25-T and AV25-S; 4 each
from Cajicá and Cayuse, and 3 each from AV25-P and AV25-Ta. DNA was extracted from
approximately 4 cm of leaf tissue placed in individual 1.5 mL Eppendorf tubes on ice.
These tissue samples were then ground to a powder with liquid nitrogen and a plastic
mortar. The Mo-Bio® kit for plant tissue (PowerPlant® ProDNA Isolation, San Francisco,
CA, USA) was used to obtain DNA from ground leaves. The quantity and quality of the
DNA was evaluated with a NanoDrop® 2000 spectrophotometer (Thermo Fisher Scientific
Inc., Wilmington, DE, USA). Samples with a 260/280 UV wavelength ratio close to 1.8,
and a 260/230 ratio close to 2.0 with a minimum DNA concentration of 50 ng µL−1 were
obtained after dilution.

2.4. SNP Genotyping

The iSelect 6K BeadChip specific to oats [6] was used to evaluate the 96 DNA samples
describe above. The process was carried out in the molecular genetics laboratory at the
Tibaitatá research facility of AGROSAVIA, and the procedure for array hybridization was
according to the Infinium-II assay instructions (Illumina, Inc., San Diego, CA, USA). SNP
genotypes were analyzed with the software GenomeStudio v2011.1 with a GeneCaller set-
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ting of 0.15. Additionally, a quality control process was carried out on the genotyping data,
according to the rules described by Wiggans et al. (2010), using PLINK v1.9 software [31].

2.5. Data Analysis

The ‘genome function’ of the PLINK was used to perform the grouping analysis and
to evaluate diversity patterns. We used a grouping approach based on an identity matrix
estimated from the allelic frequencies. The distance matrix was also calculated and used
for (a) principal component analysis (PCA), and (b) neighbor joining (NJ) dendogram
reconstruction also in PLINK. These analyses allowed the visualization of direct relation-
ships and the grouping of samples from the different varieties, which were later quantified
explicitly by means on an analysis of molecular variance (AMOVA) test.

In addition, the population structure was determined with the ADMIXTURE software
version 1.3.0 [32]. Five independent simulations were run for values from K = 2 to K = 4,
under the parameters established by default (100,000 burn-ins and 200,000 iterations in the
MCMC analysis). The best K value was determined based on the PCA diagrams, AMOVA
analysis, cross-run cluster stability, and with the cross-validation likelihood procedure.
This methodology allowed us to determine the genetic profile of each sample and establish
the degree of purity or admixture of the individual plants. To graph the results of these
analyses, we used R software (R Core Team, 2017).

Based on the optimum level of clustering, pairwise relative divergence (FST) scores,
according to Weir and Cockerham (1984), were computed per marker for each pair of
clusters using customized R scripts. Bidirectional gene flow among pairs of clusters
was also estimated as the number of migrants per generation (Nem) following Beerli
and Felsenstein [33]. Networks depicting pairwise relative divergence and bidirectional
migration rates were drawn using the R package qgraph. Finally, in order to describe genetic
patterns of diversity and identify FST-outlier SNP markers, we further computed per-
marker expected (HE) and observed (HO) heterozygosity, nucleotide diversity as measured
by π (Nei, 1987), Watterson’s theta (θ) estimator [34], and Tajima’s D [35] using the software
Tassel v.5 [36] and customized R scripts. We compared these statistics among them via
Pearson’s correlations (cor.test function), and FST against the π score, using customized R
codes (R Core Team, 2017).

3. Results
3.1. Oat Selections Based on Harvest Date

During the grow-out for AV-25-C, phenotypic variation was observed especially for
days to flowering. About 20% of plants were late flowering (110 days after planting, dap),
34% were early (55 dap) and 46% were intermediate (80 dap). Correspondingly, harvests
were either late (starting at 150 dap), intermediate (135 dap) or early (100 dap). Selections
(Allard, 1967) of off-type plants were harvested and threshed to produce the AV25-P (early)
and AV25-Ta (late) mass selections from the original AV25-C population. Meanwhile,
the AV25-S and AV25-T selections made in Sutacón and Tibaitatá locations also from the
AV25-C composite were made over two years (2015–2017) to be more uniform. These were
both intermediate in phenology, with flowering around 55 dap and harvest around 135 dap
(Table S1).

3.2. Oat SNP Chip Success Rate

The iSelect 6K BeadChip array from Illumina® for oats allowed the genotyping of
4975 SNPs distributed throughout the A. sativa genome as described by Tinker et al. [6].
The initial screen was across the 96 DNA samples representing subsampling of each oat
varietal selection. SNPs were excluded if the call rate was less than 90%, or if they presented
an extreme deviation from a Hardy–Weinberg equilibrium (p-value < 0.01). In addition,
any SNPs that were monomorphic or having a minimum allele frequency (MFA) below
0.05% were removed. After applying these criteria for quality control, 1672 SNP loci were
retained that met the parameters for further analysis. In addition to SNP locus validation,
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there were eight DNA samples which had a call rate lower than 90%, perhaps indicating
worse quality DNA, and were eliminated. These included three lines from AV25-C (13.6%
of total), one from AV25-P (33.3%), one from AV25-S (3.3%) and one from AV25-Ta (33.3%).
The study, therefore had 88 genotype samples for population analysis that were sufficient
for evaluating structure with the main sub-populations (AV25-C, AV25-S and AV25-T),
while noticing trends on the off-types (AV25-P and AV25-Ta). The latter were of less interest
to us because they were not being considered for varietal release as the former were.

3.3. Clustering of Individual Plants

The analysis of the subpopulation structure made it possible to determine that there
was genetic differentiation between the evaluated oat genotypes (Figure 1). With a value of
K = 2, a subgroup with the largest number of genotypes (red bars) corresponded mostly to
the purified selections for AV25-T and AV25-S and some genotypes from the mixed original
population, AV25-C. The other subgroup observed (yellow bars) included the samples of
the commercial varieties, the AV25-P and AV25-Ta plants and some of the AV25-C samples,
mainly those that correspond to the early maturing phenotype. At K = 3 value, there was a
subgroup (yellow color) with a similar genetic profile as at K = 2, including all the samples
of the purified AV25-S and AV25-T genotypes and most but not all the AV25-C samples.
The second group (green color) included commercial varieties and plants with early and
late phenotypes, while the third genetic subgroup (red color) was present only in some of
the AV25-C samples. It is evident that within AV25-C there is a significant degree of mixture
and some late off-type genotypes that were eliminated by mass selection. These results
coincide with field observations, since this cultivar presents plants of different phenologies
(early, intermediate and late). With the K = 4 value, we still found a common genetic profile
for Cayuse and Cajicá and AV25-P and AV25-Ta genotypes.
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An AMOVA test relying on the grouping from the NJ tree and from the PCA indicated 
that 63.6% of the genetic variation could be explained by genetic cluster (data not shown), 

Figure 1. Genetic structure of 88 plants representing seven forage oat genotypes (A = Cajicá and
Cayuse, commercial varieties), B = AV25-C, the mixed source population, C = AV25-P, the early
selection D = AV25-S, mass selection samples from Sutacón, E = AV25-T mass selection samples from
Tibaitatá and F = AV25-Ta, the late selection. Each individual panel is divided into subgroups coded
in colors based on clustering K-value from 2 to 4 being the number of groups assumed. Length of the
bar segment represents the estimated proportion of sample membership.
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3.4. Principal Component Analysis

Figure 2 shows the principal component analysis for the 88 samples analyzed. The
first two components of the PCA analysis showed three clearly defined groups, with a
compact first group located to the left of the graph (Figure 2a) corresponding to the purified
genotypes of AV25-S (29 genotypes with SNP profiles), all the AV25-T (30 genotypes) and
some of the AV25-C samples (13 genotypes).
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Figure 2. Analysis of main components (PCoA) for estimating genetic structure patterns of forage
oat genotypes used in this study: with (a) first two components, (b) first and second components,
and (c) second and third components. The percentage of variation explained by each component is
shown within parenthesis in the label of the corresponding axis. Axes are drawn to the same scale to
make comparisons. Different colors represent groups.

When expanding the area of the graph to the third component (Figure 2b,c), there
was evidence of variation between samples for the AV-25 group: a second group located
in the upper right part of the graph included the AV25-P samples and a single AV25-S
sample. The variation that existed within this group was greater than that evidenced in
the other groups, which suggests a possible mixture with the other genotypes. The third
group identified in the PCA was in the lower right part of the graph with the first two
components (Figure 2a) and corresponded to the samples of commercial varieties and
AV25-P and AV25-Ta, which presented a well-defined, distinct genetic profile.

Different color dots were used to represent the groupings with the majority of the
AV25-S lines in the orange group, the AV25-T lines in the blue group, the AV25-P lines
in the brown group and the AV25-Ta lines in the purple group. The genotypes from the
original mixed sample AV25-C were together with other groups.

The patterns were broadly concordant with the distance-based dendogram using the
neighbor joining algorithm (Supplementary Figure S1) where dots on the tree and in the
PCA were in same grouping colors. Nonetheless, this approach exhibited less resolution at
distinguishing genetic differences among individual plants when compared to the PCA.
An AMOVA test relying on the grouping from the NJ tree and from the PCA indicated
that 63.6% of the genetic variation could be explained by genetic cluster, while 36.4% was
found within genotype (p-value < 0.001). Finally, unsupervised Bayesian clustering allowed
for a more detailed reconstruction of the admixture level within individual plants from
the selections compared to the original population of AV25-C (Supplementary Figure S2).
In K = 2, most AV25-T and AV25-S genotypes grouped together with some samples of
AV25-C. The other group included the samples of the commercial varieties, the AV25-P and
AV25-Ta plants and some of the AV25-C samples, mainly those that corresponded to the
early phenotype.

Given that PCA diagrams, AMOVA analysis, and cross-run cluster stability had
substructure beyond the hierarchical level of K = 2, we explored population stratification
and admixture at two additional K strata. When using a K = 3 value there was a subgroup
with a similar genetic profile to K = 2, which corresponded to all the samples of the purified
AV25-T genotype and most of the AV25-S samples, except for one sample showing a mixed
genetic profile. This group also included AV25-C samples. The second group was made
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up of commercial varieties and plants with extreme phenotypes (early and late), while the
third genetic profile was present only in some of the AV25-C samples. It was evident that
within AV25-C there was a significant degree of admixture, sharing genetic profiles with
the other groups evaluated.

3.5. Relative Divergence and Genetic Patterns of Diversity

Based on the unsupervised genetic clustering described above, pairwise relative
divergence (FST) scores were estimated between groups and ranged from 0.06 to 0.25
(Figure 3a). Pairwise FST scores were higher for all three comparisons of blue and red
clusters against the brown cluster for AV25-P samples and a single AV25-S versus purple
cluster with commercial varieties.
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Figure 3. Networks depicting (a) relative divergence scores (FST), and (b) bidirectional gene flow
(computed by migrants per generation, Nem) among four forage oat genetic clusters (circles). Clusters
were determined following the unsupervised clustering approaches of the previous section: where the
orange (1) and blue (2) clusters included samples of the purified genotypes AV25-S (29 lines), AV25-T
(30) and some of the AV25-C samples (13); the purple cluster (3) included samples of commercial
varieties, and AV25-P and AV25-Ta; and the brown cluster (4) included AV25-P samples and a single
AV25-S sample.

Meanwhile, the number of migrants per generation (Nem) ranked from 0.7 to 2.7
(Figure 3b) and was negatively correlated with the FST (r = 0.93, p-value < 0.001). The
width and color intensity of the green lines were proportional to the FST score in the sub-
figure (a), and proportional to number of migrants per generation (Nem) in sub-figure (b).
The thinnest lines in the sub-figure corresponded to Nem values below one. Nem values
above one indicated mixtures.

4. Discussion

Cultivated oat genotypes, whether they are for cereal or fodder, are considered au-
togamous, self-pollinating plants [1]. Therefore, the mixture of genotypes in the original
AV25-C population, uncovered by SNP analysis, show that the forage variety had become
contaminated and was a composite variety with multi-lines of different inbred oat lines.
Phenotypic analysis showed that the most variable feature of this population was pheno-
logical, including flowering and harvest time. The genotypes AV-P and AV-Ta selected from
this population showed that contaminant plant types were part of the composite AV variety
and genotyping showed that this could be related to other varieties grown in Colombia,
such as Cajica and Cayuse, which are both late flowering and maturing. Although the AV
variety was developed in southern Colombia (Obonuco station in Nariño), purification by
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mass selection (MS) was successful in both locations in central Colombia (Tibaitatá station
in Cundinamarca and Sutacón farm in Paipa, Boyacá), producing two sub-populations that
were uniform in SNP fingerprint and in phenological characteristics important for having a
uniform forage crop.

The results of genetic structure analysis coincided with field observations, since the
original multi-line oat cultivar AV25-C presented plants of different phenotypes (early,
intermediate and late). The purification of AV25-S and AV5-T was achieved to a certain
extent as shown by the admixture levels and PCA/dendogram results and given that they
all presented intermediate phenology and no longer included early and late plants. With
the structure K = 4 value, it was still possible to find a common genetic profile of the oat
varieties Cayuse and Cajicá with the early and late mass selections of AV25-P and AV25-Ta.
However, clear differentiation between the AV25-T, AV25-S and AV25-C selections was
not possible, showing that the derived mass selections for the central Colombian sites was
indeed derived from the original composite variety from southern Colombia.

The rapid advances in the development of large-scale genotyping platforms with
the consequent decrease in processing costs have made genotyping with SNP chips an
attractive and practical approach to rapidly characterize genomes and populations [6].
In the short term, these resources have opened the door to mass selection (MS) and the
evaluation of populations. Such processes can also lead to genomic selection (GS) programs
that use genome-wide molecular markers to predict the genetic merit of complex and
quantitative traits in the improvement plant populations [37]. However, these GS breeding
programs are often beyond the capacity of developing country national programs, such
as the one at AGROSAVIA. For example, our budget only allowed one 96-well plate to be
analyzed limiting the sampling for off-types, although providing room for evaluation of
mass selections for the new purified varieties of AV25-S and AV25-T is useful for central
Colombia. Therefore, in our study we emphasized the use of SNP arrays to evaluate varietal
purity in MS derived sub-populations from a forage oat originally from southern Colombia.

The same SNP chip we used here validated SNPs on 1100 genotypes from 6 recombi-
nant inbred line mapping populations [7]. Here we used fewer samples but had almost as
many validated SNP markers as that study with 4950 loci called in our study and 4975 loci
called in that previous study. This was better than some previous testing on pools of various
oat cultivars and lines, which only provided 3500 polymorphic Mendelian loci [38].

We evaluated fewer genotypes but found more SNPs to be successfully called on the
variety AV25-C and the AV25-S and AV25-T subpopulations derived from mass selections.
In addition, our ability to capture outlier SNP markers in our oat population further
endorsed the implementation of indirect polygenic selection strategies for the species in
addition to the uses of SNP chips for multi-or pure-line varietal certification.

The application of SNP technology is already a routine practice in the regulatory
processes of varietal identity and protection of plant breeders’ rights. SNP chips have
been used to strengthen the production of pure seed in other countries. For instance, the
4004 loci SoySNP6K chip (Lee et al., 2016) was used in 858 Glycine max varieties by the
Argentine National Seed Commission to regulate varietal purity. Similar scenarios have
been reported for other grain species: wheat (Triticum aestivum L., Akhunov et al., 2009; [9],
barley (Hordeum vulgare L., [11]), rice (Oriza sativa L., [18]) and quinoa (Chenopodium quinua
Willd, [39]).

Oat selections in Colombia have been classified as early, intermediate and late due to
the long growing period available in the tropical environment where no winter or summer
limits physiological growth. Here we had all three types of oats ranging from the earliest
AV25-P to the latest AV25-Ta. Early oats are characterized by <100 days to time of forage
harvest (Z7.1 stage). Intermediate oats are harvestable for forage at 135 days on average,
and late oats exceed 150 days to be harvested for forage [3]. Days to harvest affects dry
matter production and nutritional value of forage oats [30].

In addition to yield differences, the forage oat varieties showed differences in growth
habit, plant height, stems per plant, and leaves per plant. The use of oats for livestock feed
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is very common in some countries, especially where processing of oatmeal and rolled oats
for human consumption is limited. In some cases, oats are a dual function crop providing a
boiled porridge food for humans and a fodder for animals, such as milk cows and sheep.
Oats used for forage purposes in Colombia are grown in the same way as the cereal grain
that is grown for its seed, but fields of livestock oats are opened up for pasture directly by
animals, often sheep or cattle. On the other hand, the forage oats can be harvested for hay
to supplement dairy cows or for use by the large horse breeding industry.

In Colombia, varietal purity regulations follow an agreement of the Andean Commu-
nity of Nations (adopted by decision 345 and regulatory decree 533 in 1993–1994) called the
Common Regime for Protection of Plant Variety and Breeders’ Rights. The decree assigned
the Colombian Agricultural Institute (ICA) as the national authority for the management
of variety regulations. Likewise, the ICA standardized and implemented phenotypic
evaluation techniques for the identification of cultivars (Valencia et al., 2010). This tech-
nology follows UPOV rules that a new plant variety must be different (D) from any other
well-known variety, sufficiently uniform (U) and stable (S), according to Breeder’s Rights
(Community Plant Variety Office, 2015).

Conventional tests for DUS as outlined above, especially for multi-lines like the variety
used here, make use of morphological characteristics, such as descriptors, and are based
on UPOV’s or national protocols. The reliance on phenotyping alone is problematics, as it
is well known that morphological traits are highly influenced by the environment, which
makes the predictions unreliable [9,25]. The morphological testing should be complemented
using molecular markers, as a biotechnology tool for varietal identity. In the specific case of
the application of SNPs in varietal quality control, the markers are a complementary tool
to the use of morphological descriptors [7] and can give both within variety and between
variety diversity, as found in this study. Its application in variety development programs
among row crops has been successful in corn [40], chickpea (Cicer arietinum, [6]), pigeon
pea (Cajanus cajan, [41]) and canola (Brassica napus, [42]). Here we show the success of
marker fingerprinting in the first study of forage oats in Colombia.

5. Conclusions

Overall, our results showed that SNP marker analysis confirmed that visual selection
for phenology was reliable. SNP genotyping allowed the identification of genetic differ-
ences existing within the original multi-line oat variety AV25. The information on the
mass selected sub-populations AV25-S and AV25-T will facilitate registration [19,38] and
will support plant breeders’ rights through better fingerprinting [42]. Moving forward,
other cultivars might require the implementation of procedures for the purification of
single plant derived lines. The AV25 variety is now a candidate for wider release across
more departments of Colombia. Previous use of the forage variety was limited to the
southern department of Nariño and had become contaminated with off types. However,
now, it has been multiplied in two central highland locations (Susacón and Tibaitatá) for
distribution within other highland regions (>2000 masl) in Boyacá and Cundinamarca
departments. With a better understanding of the population structure for the variety and its
sub-populations we can disseminate the cultivar more widely with greater uniformity. Va-
rietal purity in oats is especially important due to the delayed production of late-maturing
genotypes compared to the mid-season intermediate maturing selections made here. Apart
from the varietal implications of this study, the results of this research also represent an
opportunity to generate new breeding techniques for oats, which might leverage GS for
complex polygenic selection (Heffner et al., 2010) in an improvement program for forage
oats, which would help accelerate a growing dairy industry. For this breeding to be suc-
cessful, it would be necessary to broaden the base population for local oats with novel
genomic and phenotypic resources while developing machine learning predictors [43] to
boost prediction of key yield and adaptive traits (Jannink et al., 2010). The oat SNP chip can
continue to be used for varietal certification of other forage oat cultivars. Similar procedures
would be useful in wheat and barley.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12071710/s1. Table S1: Variation in development for
Avena sativa phenological stages in days after planting (dap) for forage oat selections grown in high-
land Colombia (>2000 masl), including, AV25-P (early), AV25-C/AV25-S/AV25-T (all intermediate)
and AV25-Ta (late) with growth periods as defined by the Zadoks et al. [30] scale. Figure S1: neighbor
joining (NJ) dendogram for genetic clustering among oat genotypes. Dots are colored following same
coding, as shown in Figure 2. Figure S2: Unsupervised genetic clustering of 88 individual plants
from seven forage oat cultivars. Each individual is represented by a single vertical line divided into K
colors, where this is the number of groups; length of the colored segment represents the estimated
proportion of sample membership to a particular group. Bars in K = 4 are colored following Figure 2:
orange and blue dots shown as blue bars for purified genotypes AV25-S (29 samples) and AV25-T
(30 samples) with some of the AV25-C genotypes (13 samples); the bars in brown were AV25-P and a
single AV25-S sample; and purple bars included commercial varieties and AV25-Ta.
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