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ABSTRACT: Selection for heading date has been a decisive factor to increase areas
cropped with oats in Brazil. Although important to oat breeders, genomic regions controlling
heading date have not been completely identified. The objective of this study was to identify
genomic regions controlling oat heading date in subtropical environments. A set of 412 oat
genotypes, developed from 1974 to 2015, was assessed for heading date in contrasting
environments and genotyped using genotyping—by—sequencing (GBS). Phenotypic and
genotypic data were used in single and multi-environment association models. Quantitative
trait loci (QTL) associated to heading date were identified on oat consensus groups
Mrg02, Mrg05, Mrg06, Mrgl2, and Mrg21. Some of the findings confirmed the association
of genomic regions with heading date, while others emerge as new candidate regions
associated to the trait. The genomic regions identified on Mrg02 and Mrg12 were associated
to Vernalization 3 (Vrn3), while the genomic region identified on Mrg21 is associated with
Vernalization 1 (Vrnl). The Vrnl region was detected in Londrina, an environment with
reduced vernalization condition, and in the multi-environment model. The results reveal
that some genotypes of the panel are responsive to vernalization, increasing the days to
heading without this environmental stimulus. Our results provide important contribution for
a better understanding of heading date in subtropical environments and a strong basis for
marker—assisted selection in oats.

Introduction

Heading date is one of the most important traits for
selection in oats (Avena sativa L.). In southern Brazil,
adaptation to subtropical environments is the first
selection criteria of oat breeders, mainly focusing on
flowering time adequacy and disease resistance. After
many rounds of selections, varieties are developed
combining earliness, resistance to different pathogens,
and high yield potential. Although a significant genetic
gain has been achieved over the last decades, the
genetic basis involving oat adaptation to subtropical
environments has not been fully understood.

Many studies have aimed to identify genomic
regions associated to heading date in oats, which
represents an important step to implement marker-
assisted selection (MAS) and accelerate genetic gain.
Studying two biparental populations derived from naked
by hulled crosses, Zimmer et al. (2018) identified three
major quantitative trait loci (QTL) controlling heading
date in oats. One of these QTL was associated to the
SNP marker GMI_ES_LB_11316 on Mrg02 (Zimmer et
al., 2018). This QTL was first detected by Esvelt Klos et
al. (2016) in a genome-wide association study (GWAS)
involving a large oat panel assessed across 15 locations—
years. The Vernalization 3 (Vrn3) and CONSTANS (CO)
were suggested as candidate genes controlling heading
date on Mrg02 (Esvelt Klos et al., 2016).

The identification of QTL associated with oat
heading date in subtropical environments has been
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performed exclusively wusing biparental mapping
populations. Some of these QTL have major limitations
to be applied in oat breeding programs, including: i)
restricted allelic diversity segregating between parental
lines; and ii) mapping resolution that may be limited due
to reduced recombination events being captured. In this
context, GWAS emerges as an alternative approach to
overcome these pitfalls using ancestral recombination to
improve mapping resolution and accessing alleles from
more than two individuals. GWAS has been applied to
identify genomic regions controlling important traits
in oats, including B-glucan content (Newell et al.,
2012; Asoro et al., 2013; Zimmer et al., 2020), crown
rust resistance (Esvelt Klos et al., 2017; McNish et al.,
2020), and heading date (Esvelt Klos et al., 2016). The
objective of this study was to identify genomic regions
controlling oat heading date in subtropical environments
by performing a GWAS using a panel of 412 unrelated
diverse genotypes.

Materials and Methods

Plant material

We assessed 412 inbred lines for heading date.
These genotypes represent the Federal University
of Rio Grande do Sul (UFRGS) Oat Panel, which was
assembled with a priority placed on maximizing the
genetic diversity (Zimmer et al., 2020). The UFRGS Oat
Panel was originally composed by 384 hulled genotypes
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and 29 naked genotypes from different oat breeding
programs. The UFRGS Oat Breeding Program developed
360 genotypes from 1974 to 2015, 14 genotypes were
developed by other Brazilian oat breeding programs, and
39 were developed by foreign oat breeding programs,
mainly from North America.

Field experiments and heading date assessment

The experiments were carried out in two environments
in southern Brazil. In 2017, the UFRGS Oat Panel
was assessed in the municipality of Londrina (23°21'
S, 51°10" W, altitude 548 m), Parana State. The
experiment was conducted in a randomized complete
block design with two replicates. Each experimental
unit was composed by a single 1 m long row spaced
0.25 m apart. Planting was performed manually at a
rate of 50 and 60 seeds per plot for hulled and naked
genotypes, respectively. Base fertilization was 275 kg
ha™ of a 5-20-20 N-P-K formula. Topdressing N, in
the form of dry urea, was applied once, when plants
showed four extended leaves, at a rate of 20 kg ha!
of N. In 2018, the UFRGS Oat Panel was assessed
in Eldorado do Sul (30°07" S, 51°41" W, altitude 70
m), Rio Grande do Sul State. The experiment was
conducted in a randomized complete block design with
two replicates. Each experimental unit was composed
by two rows, 2 m long each, spaced 0.2 m apart,
and 0.4 m between experimental units. Planting was
carried out mechanically at a rate of 120 seeds per
row. Base fertilization was 300 kg ha™ of a 5-30-15
N-P-K formula, and topdressing N, in the form of dry
urea, was applied twice, when plants showed three
and six extended leaves, at a rate of 33 kg ha? of N
per application. Pests, fungal diseases, and weeds were
chemically controlled in both experiments.

Londrina is characterized by high temperature
averages and low precipitation rates during the oat
crop season, while Eldorado do Sul shows moderate
temperatures and high precipitation rates during
the oat crop season. In this sense, these contrasting
environments represent a broad range of the Brazilian
subtropical environments. Heading date was assessed
as the number of days from plant emergence in both
locations until the moment when 50 % of the plants
showed panicles emerged from the main stem (stage
55 from Zadoks' scale; Zadoks et al., 1974) in each
experimental unit.

DNA isolation and genotyping-by-sequence

DNA was isolated from freeze-dried tissue collected
from seedlings of a single panicle of each genotype at
the University of Minnesota Genomics Center (UMGC).
After quantification, genotyping-by-sequencing (GBS)
was carried out at UMGC, using a two-enzyme (Pstl
and Mspl) protocol adapted from Poland et al. (2012),
as described by Zimmer et al. (2020). Briefly, libraries
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were sequenced using a NovaSeq™ 6000 sequencer
(Illumina, San Diego, USA), producing individual 100-
bp single-end reads. Sequence data was trimmed using
Trimmomatic (Bolger et al., 2014) and quality control
of readings was verified using FastQC (Andrews, 2010).

SNP calling and filtering

Single-nucleotide polymorphisms (SNP) were called
using Haplotag (Tinker et al., 2016), aligned to the oat
consensus map (Bekele et al., 2018), and filtered as
described by Zimmer et al. (2020). After the filtering
steps, 10,209 SNP were kept in the final genotypic matrix.
The missing data were imputed using the 'expectation-
maximization’ (EM) method with the ‘A.mat’ function
from the rrBLUP (Endelman, 2011) package in the R
software.

Genome-wide association mapping for heading
date

GWAS was carried out for each trial separately and also
considering a multi-environment model. The analyses
were performed using the 'GWAS' function from the
rrBLUP (Endelman, 2011) R package, accounting for
population structure and kinship (O + K model), based
on Yu et al. 2006, as follow:

y=XB+Zg+ St +¢

where: y is a vector of phenotypic variation; f§ is a vector
of fixed effects that can model environmental factors
and the population structure; g models the genetic
background as a random effect; t models the additive
SNP effect as a fixed effect; and ¢ is a vector of residual
effects.

The population structure was accounted for using
the first three principal components, following Zimmer
et al. (2020). Relatedness was accounted using a kinship
matrix calculated using the 'A.mat’ function from the
rrBLUP (Endelman, 2011) R package. The population
structure and location were fit as fixed effect. Observed
versus expected p-values under the null hypothesis were
visualized for each model to verify signs of statistical
inflation. Two statistical significance thresholds
were considered: i) Bonferroni (p < 4.90%); and ii)
a false discovery rate (FDR) described by Benjamini
and Hochberg (1995). Both significance thresholds
considered a = 0.05.

Statistical analysis

The analysis of variance (ANOVA) was performed
to identify differences among genotypes, between
environments, and for the genotype by environment

interaction, as follow:

y=nu+G+E+GE +¢



Zimmer et al.

where: y is the trait mean (heading date); p is the
grand mean; G is the genotype; E is the environment;
GE is the genotype by environment interaction; and ¢
is the experimental error. The ANOVA was carried out
using PROC GLM in SAS (Statistical Analysis System,
version 9.4).

Results

Phenotypic variation for heading date in
contrasting subtropical environments.

The UFRGS Oat Panel showed a wide phenotypic
variation for heading date in both environments.
In Londrina, the number of days to heading ranged
from 54 to 124 days among genotypes, with an
average of 74 days (Figure 1). In Eldorado do Sul,
days to heading varied from 70 to 113 days among

Figure 1 - Phenotypic variation for oat heading date in two
subtropical environments. Dashed lines represent overall mean of
each environment.
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genotypes, with an average of 84 days (Figure 1).
Environmental stimuli recorded during the season
are shown in Figure 2, illustrating the contrasting
data between Londrina (Figure 2A) and Eldorado
do Sul (Figure 2B). Differences for heading date
were identified among genotypes and between
environments, as well as for the interaction between
genotype and environment.

Genomic regions associated with heading date in
each environment

Three and four QTL associated with heading date were
identified in Londrina and Eldorado do Sul, respectively
(Figures 3A and 3B). In Londrina, the QTL influencing
heading date were located on the linkage groups Mrg02,
Mrg05, and Mrg21 of the oat consensus map (Figure
3B). The QTL located on Mrg02 was associated with
SNP markers avgbs_95303.1.18, avgbs_95272.1.27, and
avgbs2_89121.1.55, covering a genetic region of 0.5 cM
(Table 1). The QTL detected on Mrg05 is associated with
the marker avgbs_110804.1.56, which is located at the
position 56.5 cM (Table 1). On the consensus linkage group
Mrg21, the OTL influencing heading date is associated to
markers avgbs_cluster_16378.1.28, avgbs2_188948.1.42,
avgbs_119304.1.27, avgbs2_165679.1.58, and avgbs_93789.1.22,
located at position 122.8 cM (Table 1).

Four QTL affecting heading date were detected
in Eldorado do Sul. Two of these QTL were located on
thelinkage group Mrg02, while the others were located
on the linkage groups Mrg05 and Mrgl2 of the oat
consensus map (Figure 3A). The first OQTL identified
on Mrg02 is associated to marker avgbs_95272.1.27,
located at position 34.1 cM. The second QTL was
associated to marker avgbs2_17557.1.22, mapped
at position 87.3 cM in the same consensus group.
The QTL on Mrg05 is associated to marker
avgbs_110804.1.56, mapped at position 56.5 cM.
On Mrgl2, the QTL influencing heading date was
associated to marker avgbs2_169922.1.31, located at
position 44.5 cM.

Figure 2 — Environmental conditions in Londrina (A) and Eldorado do Sul (B) from planting to heading date. Black arrows represent irrigation.
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Figure 3 — Manhattan plots for markers associated to heading date in oats. The red horizontal line represents the Bonferroni threshold while the
blue line represents the false discovery rate (FDR) of 5 %. A — Eldorado do Sul; B — Londrina; C — Multi-environment model.

Table 1 - Markers influencing oat heading date in subtropical environments.
LON ELD Multi-e

Consensus Candidate

Marker LG Position* ~log,, (p) ~log,, (p) ~log,, (p) PVE gene Reference
cM %
avghs2_82665.2.9 Mrg02 26.8 - - 4.81 4.17
avgbs_95303.1.18 Mrg02 33.6 5.84 - - 5.24 Vrn3 Esvelt Klos et al. (2016)
avghs_95272.1.27 Mrg02 34.1 12.25 8.65 13.82 13.22 Vi3 Esvelt Klos et al. (2016)
avghs2_89121.1.55 Mrg02 34.1 6.33 - 7.09 6.52 Vim3 Esvelt Klos et al. (2016)
avghs2_17557.1.22 Mrg02 87.3 - 6.02 5.86 5.42
avghs2_67891.1.49 Mrg02 87.3 - - 4.82 4.19
avgbs_110804.1.56 Mrg05 56.5 5.80 6.77 6.44 6.19
avghs_220423.1.53 Mrg06 14.5 - - 4.54 3.90
avgbs_cluster_42139.1.55 Mrg06 63.2 - - 4.31 3.66
avgbs2_169922.1.31 Mrg12 44.5 - 4.84 4.37 421 Vrn3 Nava et al. (2012)
avghbs2_71505.1.33 Mrg21 113.2 - - 4.73 4.09 Vil Maloney et al. (2011)
avgbs_cluster_16378.1.28 Mrg21 122.8 6.01 - 4.78 5.41
avgbs2_188948.1.42 Mrg21 122.8 5.94 - - 5.34
avghs_119304.1.27 Mrg21 122.8 5.56 - 4.69 4.95
avghs2_165679.1.58 Mrg21 122.8 4.46 - - 3.81
avghbs_93789.1.22 Mrg21 122.8 4.44 - - 3.79

cM = centiMorgans; LG = linkage group; LON = Londrina; ELD = Eldorado do Sul; PVE = variance explained by the single-nucleotide polymorphism (SNP); ‘Based
on Bekele et al. (2018).
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Genomic regions associated to heading date in the
multi-environment model

Seven QTL were detected influencing heading date in
the multi-environment model (Figure 3C). These QTL
were identified on Mrg02, Mrg05, Mrg06, Mrgl2,
and Mrg21 linkage groups of the oat consensus map,
with Mrg02 and Mrg06 showing two QTL each. The
first QTL located on Mrg02 was associated with SNP
markers avgbs2_82665.2.9, avgbs_95272.1.27, and
avgbs2_89121.1.55, covering a genetic region of 7.3
cM (Table 1). SNP marker avgbs2_82665.2.9 is mapped
at position 26.8 cM, while the others are mapped at
position 34.1 cM in the Mrg02 linkage group. The second
QOTL detected on Mrg02 is associated to SNP markers
avgbs2_17557.1.22 and avgbs2_67891.1.49, located at
position 87.3 cM (Table 1). The QTL detected on Mrg05
linkage group is associated to avgbs_110804.1.56,
mapped at position 56.5 cM (Table 1). On the Mrg06
linkage group, the QTL controlling heading date are
associated to SNP markers avgbs_220423.1.53 and
avgbs_cluster_42139.1.55, located at positions 14.5 and
63.2 cM, respectively. The QTL detected on Mrgl2
was associated to marker avgbs2_169922.1.31, mapped
at position 44.5 cM. Markers avgbs2_71505.1.33,
avgbs_cluster_16378.1.28, and avgbs_119304.1.27 were
associated to the QTL detected on the consensus linkage
group Mrg21, covering a genetic region of 9.6 cM.
Marker avgbs2_71505.1.33 is mapped at position 113.2
cM on Mrg21, while the others are mapped at position
122.8 cM (Table 1).

The loci detected on Mrg02 (avgbs_95272.1.27)
and on Mrg05 (avgbs_110804.1.56) were detected in
both environments, as well as in the multi-environment
model, suggesting high relevance of these genomic
regions on heading date in subtropical environments.
The second QTL detected on Mrg02 and the QTL
detected on Mrgl2 were identified only in Eldorado do
Sul and in the multi-environment model. Similarly, the
locus located on Mrg21 was detected only in Londrina
and in the multi-environment model. Conversely, the
two loci detected on Mrg06 consensus group were

GWAS for heading date in oats

identified only in the multi-environment model. The
0-0O plots show that the relationship between the
observed and expected p-values is closely aligned with
expectations under the null hypothesis, without any
signal of statistical inflation, regardless of the model
applied (Figures 4A-4C).

Discussion

In this study, we assessed a genetic diverse oat panel
for heading date in two subtropical environments.
Phenotypic and genotypic data were used in GWAS,
based on single and multi-environment models,
allowing the identification of QTL influencing heading
date in oats.

The phenotypic data illustrate that the UFRGS Oat
Panel show a wide variation for heading date, which is
more pronounced in Londrina (Figure 1). The observed
amplitude for heading date in Londrina, ranging from
54 to 124 days, reinforces that the UFRGS Oat Panel
has potential for GWAS, as described by Zimmer et al.
(2020). The UFRGS Oat Panel shows wider phenotypic
variation for heading date than biparental populations
previously studied in subtropical conditions. Studying
two hulled by naked oat mapping populations, Zimmer et
al. (2018) observed a phenotypic variation ranging from
70 to 103 days to heading date between recombinant
inbred lines, varying according with planting date
and mapping population. Characterizing heading
date of 563 F, individuals from a southern-by-spring
oat population, Mazurkievicz et al. (2019) identified a
phenotypic variation ranging from 79 to 132 days. In
this sense, the wider phenotypic variation of the UFRGS
Oat Panel, associated to a large set of markers, detected
important genomic regions associated to heading date.

The GWAS showed that the most significant
region associated to heading date is located on Mrg02
(Table 1), in both single and multi-environment
models (Figures 3A-3C), explaining up to 13 % of the
phenotypic variation (Table 1). This region has been
widely detected in other studies, in both biparental or
unrelated mapping populations (Locatelli et al., 2006;

Figure 4 - Quantile-quantile plots of observed versus expected p-values under the null hypothesis for heading date in oats. A — Eldorado do Sul;

B - Londrina; C — multi-environment model.

Sci. Agric. v.79, n.3, e20200355, 2022
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Esvelt Klos et al., 2016; Zimmer et al., 2018; Sunstrum
et al., 2019). Studying an oat panel of 682 lines across
15 locations-years in the United States, Canada, and
the United Kingdom, Esvelt Klos et al. (2016) detected
consistent effects on heading date between 29 and 34.1
cM on Mrg02, overlapping the same genomic regions
identified in our study (Table 1). The same genomic
region was detected by Zimmer et al. (2018) in a naked by
hulled oat mapping population, with the QTL peak near
to SNP marker GMI_ES_LB_11316, explaining 20-22 %
of the phenotypic variation for heading date, according
to the planting date. Esvelt Klos et al. (2016) showed
that marker GMI_ES_LB_11316, located at 34.1 cM in
the oat consensus map (Bekele et al., 2018), explains 18
% of the phenotypic variation on average, ranging from
12 to 28 % according to the environmental condition.
There is strong evidence that the QTL detected on Mrg02
(26.8 - 34.1 cM) corresponds to the major locus Ma-2,
as reported by Federizzi et al. (1996), and is associated
to early heading date. This locus possibly corresponds to
the locus Dil identified by Locatelli et al. (2006) in two
mapping populations involving the parental line UFRGS
8. Considered an important founder for modern oat
varieties of the UFRGS Oat Breeding Program, UFRGS 8 is
included in many pedigrees of the UFRGS Oat Panel. Dil
was mapped into a region syntenic to the linkage group 17
of the KO oat mapping population (O'Donoughue et al.,
1995), corresponding to the linkage group Mrg02 of the
current consensus oat map (Bekele et al., 2018). A QTL
associated to heading date on the mapping population
'"UTaw/U017' (Zimmer et al., 2018), associated to marker
GMI_ES_LB_11316 on Mrg02, revealed that alleles from
the Brazilian variety URS Taura acts by decreasing days
to heading, reinforcing that this region corresponds
to locus Ma-2, as described by Federizzi et al. (1996).
Possibly, all markers associated to heading date on Mrg02
(26.8 - 34.1 cM and 87.3 cM) corresponds to the same
QTL. These regions on Mrg02 seem to be in high linkage
disequilibrium, as revealed by Esvelt Klos et al. (2016),
McNish et al. (2020), and Zimmer et al. (2020).

A QTL influencing heading date was also detected
on Mrgl2 (Table 1, Figures 3A and 3C). Candidate genes
for heading date located on both Mrg02 and Mrgl2
include Vrn3, which corresponds to HEADING DATE
1 (HD1) in rice and FLOWERING LOCUS T (FT) in
Arabidopsis (Esvelt Klos et al., 2016). This is explained
because Mrg02 and Mrgl2 are suggested as homoeolog
chromosomes (Chaffin et al., 2016) that originate from
D and A genomes, respectively (Yan et al., 2016).
Nava et al. (2012) cloned a partial ortholog of Vin3 in
oats and mapped it to the region of the KO map that
corresponds to position 40.9 cM on Mrgl2, suggesting
that this locus may be associated to vernalization and
photoperiod. A comparative mapping study showed
that marker GMI_ES_LB_11316 (34.1 cM on Mrg02) is
highly conserved in oats, rice, and stiff brome, revealing
nucleotide similarities greater than 86 % between these
species (Zimmer et al., 2018). On the rice genomic
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region flanked by oat markers, Zimmer et al. (2018)
identified three important genes associated to heading
date: HEADING DATE 3B (Hd3b)/RICE FLOWERING
LOCUS T1 (RFT1), HEADING DATE 3A (Hd3a), and the
MADS-box gene OsMADS5. These results reinforce that
Vrn3 may be associated to the QTL identified on Mrg02
and Mrgl2.

Late flowering of some genotypes in Londrina
revealed a vernalization requirement for heading (Figure
1). Although Londrina showed a smaller average for
days to heading, the number of genotypes with late
heading was higher than in Eldorado do Sul (Figure
1). Genotypes with late heading in Londrina reduced
the number of days to heading in Eldorado do Sul,
where lower temperatures were recorded (Figure 2B),
confirming that a vernalization gene might be involved.
The QTL found on Mrg21 (six markers at 113.2 - 122.8
cM; Table 1) is associated to vernalization. An ortholog
of the vernalization gene Vinl was mapped on KO
(Nava et al., 2012) in a region that corresponds to the
consensus group Mrg20 (Bekele et al., 2018). The Vinl
gene was also suggested on Mrg21 (Esvelt Klos et al.,
2016; Maloney et al., 2011). The QTL for vernalization
response have been mapped on both Mrg20 and Mrg21
(Holland et al., 2002; Nava et al., 2012; Sunstrum et
al., 2019). This is explained because Mrg20 and Mrg21
are homoeolog chromosomes from A and D genomes,
respectively (Yan et al., 2016).

The loci on Mrg06 were identified only in the
multi-environment model (Figure 3C). As mentioned
previously for the QTL on Mrg02, both regions
possibly represent the same QTL due to chromosome
rearrangements. Esvelt Klos et al. (2016) identified two
different regions influencing heading date on Mrg06,
associated to markers GMI_GBS_24858 (45.2 cM) and
avgbs_15433 (67.6 cM). Marker avgbs_15433 is only 4.4
cM apart from marker avgbs_cluster_42139.1.55, which
was identified in our study (Table 1), suggesting that they
are associated to the same genomic region. On the other
hand, marker avgbs_220423.1.53 (14.5 cM on Mrg06)
may represent a new region associated to heading
date in oats. Similarly, a consistent QTL was found on
Mrg05 (avgbs_110804.1.56 at 56.5 cM), regardless of the
environment and mapping model (Figures 3A-3C and
Table 1). To our knowledge, this is the first report of this
region controlling heading date in oats. This region may
be specific for subtropical-adapted germplasm or was
not identified in spring oats.

Studies on QTL mapping in heading date have
been conducted on oats, including germplasm adapted
to subtropical conditions (Locatelli et al., 2006; Nava et
al., 2012; Zimmer et al., 2018). However, these studies
used exclusively biparental mapping populations. In
this sense, some of these QTL are possibly germplasm-
specific. In the present study, we assessed a large set of
unrelated oat genotypes in two contrasting subtropical
environments, allowing the detection of important
regions associated to heading date. Our results showed
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genomic regions controlling oat heading date on Mrg02,
Mrg05, Mrg06, Mrgl2, and Mrg21. Some of these regions
are well-known, such as regions on Mrg02 (Locatelli
et al., 2006; Esvelt Klos et al., 2016; Sunstrum et al.,
2019; Zimmer et al., 2018), Mrg06 (Esvelt Klos et al.,
2016), Mrg12 (Nava et al., 2012; Esvelt Klos et al., 2016;
Sunstrum et al., 2019), and Mrg21 (Esvelt Klos et al.,
2016; Sunstrum et al., 2019). Mrg02 and Mrgl2 regions
are associated to Vrn3 gene (Esvelt Klos et al., 2016;
Nava et al., 2012), while Mrg21 region is associated to
Vrnl (Esvelt Klos et al., 2016; Maloney et al., 2011). The
OTL on Mrg05 is a new genomic region associated to
heading date in oats and may be associated exclusively
to subtropical germplasm. Access to an annotated oat
genome could help identify candidate genes within
this region responsible for heading date, but current
resources allocated to genomic are limited. Our results
provide a strong basis for MAS in oats, allowing selection
for heading date in early generations using molecular
breeding.
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