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ABSTRACT

Context. Researchers have been accumulating information concerning the locations of genes and
quantitative trait loci (QTLs) in cultivated oat (Avena sativa L.) for more than 100 years. Aims. The
aim of this work was to create an inventory of genes and QTLs found in cultivated hexaploid oat and
produce tools to make this resource more useful. Methods. By using the positions of perfectly
matched, single nucleotide polymorphism markers, each centimorgan (cM) location along the
consensus map was assigned to a location on the OT3098 v2 physical map found on the GrainGenes
database website (https://wheat.pw.usda.gov/jb/?data=/ggds/oat-ot3098v2-pepsico). This information
was then used to assign physical locations to the genes and QTLs in the inventory, where possible.
Key results. A table comparing the major genetic maps of hexaploid oats to each other, to the 2018
oat consensus map, and to physical chromosomes was produced. Genome browser tracks aligning
the consensus map regions and the locations of the genes and QTLs to OT3098 v2 were added to
GrainGenes. Conclusions. Many oat genes and QTLs identified using genetic mapping could be
assigned positions on physical oat chromosomes. However, many of these assigned regions are
quite long, owing to the presence of large areas of reduced recombination. Specific examples of
identified patterns of recombination between the genetic and physical maps and validated gene
and QTL locations are discussed. Implications. These resources will assist researchers performing
comparative genetic and physical mapping in oat.

Keywords: Avena, comparative mapping, curation, genes, genetic maps, molecular markers, oat,
quantitative trait loci.

Introduction

Over a century ago, people interested in improving cultivated oats (Avena sativa L.) were
observing that certain characters were always present together. In the early 20th Century,
well before the structure of DNA had been elucidated, researchers began performing
experiments and making inter- and intra-specific crosses of Avena material to examine
these relationships in more detail. The traits studied were most often related to diaspore
characters and resistance to crown and stem rust disease. A summary of this early work
can be found in Simons et al. (1978), and was expanded by Marshall and Shaner (1992).
Some of the genes for these traits were found to occur in tightly linked clusters,
described by Luke et al. (1960) as ‘nests’ of genes.

By 1992, various types of markers, including the newer isozyme and restriction fragment
length polymorphism (RFLP) molecular markers, were being used to develop genetic maps
of different oat species. The first full molecular marker reference map of the oat genome was
of the diploid oat cross A. atlantica (M66/3)/A. hirtula (Cc7050-CAV4490) (AxH;
O’Donoughue et al. 1992). At the same time, partial maps focusing on one or a few traits
of interest were still being constructed; for example, Howes et al. (1992) demonstrated that
avenin proteins are linked to the stem rust resistant gene pg-9 in A. sativa. The first full
reference map of the hexaploid oat genome was of the red by white oat cross
A. byzantina cv. Kanota/A. sativa cv. Ogle (KxO; O’Donoughue et al. 1995). In 2016, a
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consensus map comprising data from 12 biparental mapping
populations (including KxO) was published (Chaffin et al.
2016). The 2018 consensus map built upon this to include
>90 000 additional markers (Bekele et al. 2018).

With the advent of more complete molecular marker maps,
quantitative traits controlled by more than one gene could be
mapped. The first comprehensive QTL (quantitative trait
locus) map was of the KxO cross, where traits such as heading
date, height and yield were mapped by Siripoonwiwat et al.
(1996). In the years since, more and more QTLs and single-
gene loci have been mapped in various types of populations,
including association mapping panels.

Some of the genetic resources used to produce these maps
can still be accessed and used, but over time, most seed stocks,
plant tissue and DNA samples have been lost. Even if the
parental lines were still available, it would take an inordinate
amount of time, effort and funding to reproduce a population,
genotype it using the latest technology, and phenotype it in
multiple environments. For this reason, it is important to
ensure that the information from these studies is collected
in one place and preserved for breeders and other researchers.
The GrainGenes database (https://wheat.pw.usda.gov; Yao
et al. 2022) was established in 1992 to do just that.

GrainGenes contains data related to molecular mapping
from wheat, barley, rye and oat and provides analysis tools
such as the CMap comparative mapping tool (Fang et al.
2003) and genome browsers. More complete reference maps
had been the focus of the database; however, resources
became available to allow for the addition of smaller oat
maps in 2019 (Blake et al. 2019). As part of this exercise, the
older ‘classical genetics’ maps were put into molecular map
format and included as well. This has resulted in dozens
more maps being curated and stored in one stable location,
and work is ongoing to add all of the available information.

As sequencing technologies have become more reliable
and much less expensive, it is now possible to produce
physical maps of Avena spp. chromosomes. The first ones
published were for the diploid oats A. atlantica (Cc 7277)
and A. eriantha (CN 19328) (Maughan et al. 2019). In 2020,
PepsiCo, in collaboration with Corteva Agrisciences, released
the completed sequence of the A. sativa line OT3098 to the
public via GrainGenes (Avena sativa — OT3098 v1, PepsiCo,
https://wheat.pw.usda.gov/GG3/graingenes_downloads/oat-
ot3098-pepsico). An updated version (v2) was released in
2021 (Avena sativa — OT3098 v2, PepsiCo, https://wheat.
pw.usda.gov/jb?data=/ggds/oat-0t3098v2-pepsico). These
sequences are also available in the GrainGenes database as
JBrowse tracks. Recently published sequences from studies
by Kamal et al. (2022) and Peng et al. (2022) are also available
at GrainGenes, and it is expected that sequences from the
first oat pangenome project (PanOat) will be made public
very soon.

As the technologies used to discover new information
concerning oat genes and QTLs have evolved, and as the
amount of information generated has increased, it has

become more and more difficult to keep track of the scientific
studies that have been done, even when most of the research
outcomes have been collected in one place. This difficulty
was exacerbated by the plethora of physical maps that have
been generated in recent years.

The objectives of this study were to develop curated
genetic and physical resources and approaches to guide
users in their work by:

1. creating a table of individual hexaploid oat maps linked to
the consensus map and OT3098 v2 chromosomes

2. aligning the locations of cM (centimorgan) regions from
the 2018 Mrg map to the OT3098 v2 sequence and
providing tools to visualise them

3. producing an inventory of genes and QTLs found in
hexaploid oat, locating them on the OT3098 v2 physical
map where possible, and providing tools to visualise them

4. validating the approach used to align the genetic and
physical maps.

The collected information will provide the oat research
community with a guide to which traits are associated with
which chromosome regions, and to which regions have
issues that could make studying particular genes and QTLs
more difficult (e.g. those with reduced recombination or
where there is evidence of structural variation).

Materials and methods

Sources of information

Maps of the hexaploid cultivated oat, Avena sativa L., both
genetic and physical, were located in the GrainGenes database
(https://wheat.pw.usda.gov; Yao et al. 2022) or through
literature searches. All marker, trait and associated informa-
tion from these maps was downloaded and compiled in an
MS Access database that was used as a means to produce
the tools described in this work.

Linking individual hexaploid oat maps to the
consensus map and OT3098 v2 chromosomes

Only the more complete maps were included in the
comparison. Smaller maps that focused on one or two regions
only, those maps that used other maps as a framework, and
maps with too few markers in common with other maps
were not included. This resulted in 28 of 215 maps being used.

The markers from each map identified as being present on
the consensus map were assigned the corresponding 2018
Mrg map linkage group names and cM distances. Marker
name synonyms were handled through the use of a ‘Preferred
name’ table. A simple sorting of the markers by original
linkage group and position allowed for the assignment of Mrg
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linkage group names to those linkage groups in many cases.
Information from SNP (single nucleotide polymorphism)
marker locations on the OT3098 v2 physical map was used
when available. Linkage groups were also lined up by using
the CMap tool in GrainGenes (https://wheat.pw.usda.gov/
cgi-bin/cmap/viewer?submit=Data+Source%3A&data_source=
GrainGenes). Linkage groups with few or no markers in
common with the 2018 Mrg map were assigned a Mrg linkage
group through the use of intermediate maps, where possible.

Linkage maps were initially assigned to physical chromo-
somes either by looking for disappearance of a marker in a
genotyped nullisomic plant compared with its disomic
genotype-of-origin; or by creating hybrids between a given
disomic parent and a series of monosomic lines isolated in
the genetic background of a contrasting parent and looking
for disappearance of marker-bands from the monosomic-
series parent in those monosomic F; hybrids (Fox et al.
2001). Identities of monosomes and nullisomes in two
aneuploid series, Kanota (Morikawa 1985) and Sun II (Hacker
and Riley 1965), were first identified via C-banding and then
used for this purpose (Jellen et al. 1993, 1997; Oliver
et al. 2013).

Defining the location of cM regions from the
2018 Mrg map on the OT3098 v2 sequence

The ‘Avgbs’ SNP marker set (Bekele et al. 2018) was used to
define the chromosomal regions covered by the markers at
each cM distance along the 2018 Mrg map linkage groups,
because large numbers of Avgbs markers are found on the
2018 Mrg map, and a genome browser track showing the
locations of Avgbs markers with perfect 64 base matches to
0OT3098 v2 was already available (https://wheat.pw.usda.
gov/jb/?data=%2Fggds%2Foat-ot3098v2-pepsico — track ‘GBS
markers’; N. Tinker, unpublished data). There are 43111
unique Avgbs sequences mapped on the 2018 Mrg map,
and 112796 unique Avgbs sequences mapped to the
OT3098 v2 chromosomes (including chrUn, for chromosome
unknown). Of these, 24 822 Avgbs sequences can be found on
both. For these markers, the physical distances covered by the
Avgbs markers at each cM location along the 2018 Mrg map
linkage groups were determined. Some markers had more
than one perfect match, and these were assigned to two or
more locations. Results were recorded for each cM region
as ‘chr##-Mrg##_###’, with the final digits being cM
distances. It was noted where only one marker defined a
cM region and whether the location assigned was primary
or secondary (i.e. expected or unexpected, based on the
linkage group as a whole).

Populating the inventory of genes and QTLs

Most of the early gene association studies involved
interspecific crosses and assessed linkages between characters
associated with domestication. Information from those studies

was not included in the inventory. Otherwise, all articles
published in 2022 or earlier are included. Also left out of
the inventory were gene clone, isozyme, and RGA (resistance
gene analogue) markers, unless they were associated with
specific traits mapped by phenotype.

Single genes located in different populations were
differentiated by adding the abbreviated name of the popula-
tion to the gene name. The QTL names assigned in the
literature were used as-is unless there were duplications. For
these QTLs, and for those to which no name had been assigned,
names were assigned following the rules recently published by
the International Oat Nomenclature Committee (Jellen et al.
2024; https://wheat.pw.usda.gov/GG3/oatnomenclature).

For each QTL, the markers at each end of the defined region
were recorded in the MS Access database. For single genes and
those QTLs defined by single markers, the same marker was
recorded twice. Markers also found on the 2018 Mrg map
were assigned the corresponding Mrg linkage group name
and cM distance. For those not found on the consensus map,
the CMap tool in GrainGenes was used to identify the closest
marker outside of the QTL region. Occasionally, this region
had to be expanded to the end of the linkage group. In the
case of some single genes, results from classical genetics
studies were used to assign their locations.

Once these assignments were made, the table of cM regions
and corresponding physical distances was used to assign a
physical location to each gene or QTL. If a particular cM
region had no location information (i.e. if the Avgbs markers
(if any) at that location did not have perfect matches to
OT3098 v2), then the next region further out was assigned
instead (e.g. genes at 79 c¢cM on Mrgl9 ended up with
ranges covering 78 to 85 cM).

Validating the results

Some of the results were validated using the standard BLAST
(Basic Local Alignment Search Tool; Altschul et al. 1990)
service provided by GrainGenes (https://wheat.pw.usda.
gov/blast/), as well as the BLAST tools associated with the
OT3098 v2 genome browser track (Yao et al. 2022). For
example, BLAST searches of nine rust- and avenin-related
RFLP clones and PCR-based markers contributed to the
work described in Table 1.

Results

Linking individual hexaploid oat maps to the
consensus map and OT3098 v2 chromosomes

To allow for a quick comparison between maps, and to aid in
identifying problematic map regions, 28 of the more complete
hexaploid oat maps available were matched to the 2018
consensus map of Bekele et al. (2018) and the OT3098 v2
physical map (Avena sativa — OT3098 v2, PepsiCo, https://
wheat.pw.usda.gov/jb?data=/ggds/oat-0t3098v2-pepsico).
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Table I. Locifound within 2.5 Mbp of the centre of the region identified in this work as containing the Pc/Pg rust resistance gene cluster (in bold) on
chr3D.

Feature Start Stop Feature ID Note

Gene 472976091 472982622 AVESA.00001b.r3.3Dg0002729 Rust resistance kinase Lr10

Gene 473219562 473225618 AVESA.00001b.r3.3Dg0002735 Putative disease resistance protein RGAI

473238266 477641586 NA Range for Pc/Pg gene cluster

Gene 473393262 473397218 AVESA.00001b.r3.3Dg0002742 Rust resistance kinase Lr10

Gene 473502193 473505920 AVESA.00001b.r3.3Dg0002746 Rust resistance kinase Lr10

RFLP 473502613 473505629 NA Oat Orkl0 sequence, best hit

Gene 473506501 473511096 AVESA.00001b.r3.3Dg0002747 Rust resistance kinase Lr10

RFLP 473506560 473510799 NA Oat Alrk|0 sequence, best hit

Gene 474501277 474504990 AVESA.00001b.r3.3Dg0002750 Receptor kinase-like protein Xa2|

Gene 476085954 476103958 AVESA.00001b.r3.3Dg0002753 Disease resistance protein RGA5

Gene 476105843 476111177 AVESA.00001b.r3.3Dg0002755 Disease resistance protein RGA4

Gene 476423969 476426000 AVESA.00001b.r3.3Dg0002756 12S seed storage globulin |

Gene 476439479 476441654 AVESA.00001b.r3.3Dg0002757 12S seed storage globulin |

Gene 477084202 477086230 AVESA.00001b.r3.3Dg0002763 12S seed storage globulin 2

Gene 477576863 477583065 AVESA.00001b.r3.3Dg000277 | Putative disease resistance protein RGAI

Gene 477618553 477626374 AVESA.00001b.r3.3Dg0002772 Putative disease resistance protein RGA4

Gene 477636514 477641912 AVESA.00001b.r3.3Dg0002773 Putative disease resistance protein RGAI

Gene 477800977 477805093 AVESA.00001b.r3.3Dg0002774 Putative disease resistance protein RGAI

These loci include the oat RFLP clones Ork|0 and Alrk10 (Cheng et al. 2002). More information concerning loci with feature IDs can be found at https://wheat.pw.usda.

gov/jb/?data=%2Fggds%2Foat-0t3098v2-pepsico — track ‘Gene Set v3 with annotations’.

NA, not applicable.

Supplementary File S1 contains four tables: (1) a ‘Read me’
file, (2) the table of 2018 Mrg vs other maps, (3) a list of
mapped markers and their 2018 Mrg consensus map linkage
group and OT3098 v2 physical map locations, and (4) the map
references.

Because aneuploids are missing all, or portions of,
chromosomes, any markers physically located on those
deficient chromosomes or segments will likewise be either
undetectable if the deficiency is homozygous or heterozygous-
polymorphic, or reduced in intensity if hemizygous (especially
for a hybridisation-based marker). Nullisomic lines or
monosomic-hybrid plants were available for 19 of the 21
physical chromosomes of A. sativa; therefore, essentially all
linkage groups could be associated with chromosomes, with
the exception of a few segments owing to heterozygosity of
parents for chromosomal rearrangements and transmission
of duplicate-deficient segments (Oliver et al. 2013).

The whole-genome assemblies of OT3098 v2 and Sang
(Kamal et al. 2022) were used to confirm these linkage-
group identities. They also allowed for precise sequence
synteny comparisons with the Hordeum vulgare genome
and, consequently, the confirmation of prior subgenome
assignments as well as homoeologous groupings of oat
chromosomes. For example, previously named oat chromosomes
7C, 17A and 14D, which early analysis with a very small
number of markers suggested might constitute homoeologous

group 1 (Jellen et al. 1995), were confirmed and are now
numbered as chromosomes 1C, 1A and 1D, respectively
(Kamal et al. 2022; Peng et al. 2022).

Locating the markers from the consensus map
on the OT3098 v2 sequence

Avgbs SNP markers found on the 2018 consensus map that
had perfect matches to the OT3098 v2 sequence were used
to assign specific chromosomal regions to markers collocated
at specific cM distances along each linkage group.
Supplementary File S2 contains four items: (1) a ‘Read me’
file, (2) a table summarising the location of each Mrg linkage
group region vs its location on the OT3098 v2 physical
sequence, (3) the same information in GFF format, and (4)
tables for each Mrg group listing all of the alignments of
the Avgbs markers with the OT3098 v2 sequence.

The summary table lists each region along the Mrg groups
and the ‘start’ and ‘end’ positions of the matching chromosomal
region(s) in base pairs. The length of each OT3098 v2
chromosome sequence covered is also listed. Single markers
will have a length of 64 bp (listed as 63 in the table);
however, the length of the chromosome covered is not
otherwise linked to the number of markers in the Mrg
group region. Whether the assigned location is primary or
alternate is also listed. The alternate locations are most often
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duplicates, because many Avgbs markers have perfect
matches in more than one location on the OT3098 v2
sequence.

Supplementary File S3 is the genome browser track file in
GFF format generated from the information in Supplementary
File S2. It was used to create the genome browser track
aligning the Avgbs marker regions of the 2018 consensus
map to the OT3098 v2 sequence in GrainGenes (https://
wheat.pw.usda.gov/jb/?data=%2Fggds%2Foat-0t3098v2-
pepsico —track ‘Oat-2018-Consensus (2018 Mrg) map regions
vs Oat-2018-Consensus (2018 Mrg) map regions vs. OT3098 v2’).

Visualising the 2018 consensus map regions
aligned with OT3098 v2

The information in the genome browser track aligning the
2018 consensus map regions to the OT3098 v2 sequence
can be visualised in other ways to look for patterns.
Supplementary Files S4-S7 present the data as charts
mimicking GFF-formatted tracks (rotated 90 degrees). The
four views are: (1) charts for each Mrg group sorted by cM
distance, (2) charts for each Mrg group sorted by
chromosome location and cM distance, (3) charts for each
chromosome sorted by Mrg group and cM distance, and (4)
charts for each chromosome sorted by the midpoint of the
range in base pairs covered by each cM region. Supplementary
File S7 includes a chart for Mrg groups that represent regions
on chromosome fragments with unknown locations.

The graphs in Supplementary File S7 are the smoothest,
because the Mrg group regions in those graphs are organised
solely by base pair location, and not their locations along the

linkage groups themselves. Fig. 1 presents the example of
chromosome 5C vs linkage group Mrg03. Other views are
more chaotic, but can make it easier to view regions of the
genetic maps that are problematic; for example, the region
of Mrg03 spanning 102-105 cM does not follow the
distribution pattern of the other regions, suggesting that
perhaps the markers associated with it were mapped to this
location in the 2018 consensus map in error (Supplementary
File S4).

Regions that cover longer sections of the chromosomes
show reduced recombination. The larger groupings of these
are expected to correspond to the locations of the centromeres.
2018 Mrg group regions associated with single markers are less
informative when looking to identify these areas. Note that the
chromosomes represented here reflect only the sequence of
0OT3098 v2 and not other versions of the assembly or other
genotypes, which might have different versions of any
translocations/inversions/insertions or deletions, etc.

Two notable gaps can be seen on the graphs in
Supplementary File S7. One is a short gap at the beginning
of chr4D, the chromosome that represents Mrg21 for the
most part. This gap extends from 0 to 31 691 287 bp. Looking
at the OT3098 v2 genome browser, there is no lack of Avgbs
markers with perfect matches to the chr4D sequence in this
region, and some of them match locations on more than
one linkage group. Many gene annotations have been made
in this region as well, yet no Mrg21 regions are associated
with this part of the chromosome. While there are various
reasons why this gap could exist, a BLAST search of some
of the Avgbs markers and random sections of OT3098 v2
chr4D sequence against version 1 of the OT3098 sequence

chr5C vs. Mrg cM regions
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chr5C of the OT3098 v2 physical map. The Mrg regions are ordered based on the location of the middle of the range for each region, meaning
that many of the regions are not in the same order as they are found on the consensus map. Although chr5C is mostly represented by Mrg03, a
number of regions from Mrg02 also match chr5C (stars), as do regions from various other linkage groups (dots).


https://wheat.pw.usda.gov/jb/?data=%2Fggds%2Foat-ot3098v2-pepsico
https://wheat.pw.usda.gov/jb/?data=%2Fggds%2Foat-ot3098v2-pepsico
https://wheat.pw.usda.gov/jb/?data=%2Fggds%2Foat-ot3098v2-pepsico
https://wheat.pw.usda.gov/jb/?data=%2Fggds%2Foat-ot3098v2-pepsico
www.publish.csiro.au/cp

C. P. Wight et dl.

Crop & Pasture Science 75 (2024) CP23246

shows that many of them match ‘chr00’ (or ‘chrUn’) - that is,
sequences whose locations could not be determined in the
OT3098 v1 assembly (data not shown).

Whereas the gap at the end of chr4D vs Mrg21 is quite
small, the second gap, involving chrlA and Mrgl8, is very
large. Chromosomes 1A and 1C exist normally in most
Mediterranean-origin red oat lines (the A. byzantina type)
but in a translocated state in spring lines (A. sativa type;
Jellen and Beard 2000). The consequences of this for
genetic mapping were discussed by Wight et al. (2003) and
Tinker et al. (2009). The implications of this translocation
difference being a bottleneck to breeding were discussed by
Tinker et al. (2022). Fully half of chrlA in OT3098 v2 is
not represented by linkage group Mrgl8 (Supplementary
File S4). A few duplicated regions do have locations on the
other half of chrlA, but most of the matching sequences are
duplicates from chr1D, which is represented by Mrg01, and
not Mrg28, which represents chr1C (Supplementary File S4).

The inventory of genes and QTLs

The main purpose of this work was to present an inventory of
genes and QTLs in hexaploid oat along with their most likely
locations on the 2018 consensus map and the OT3098 v2
sequence. Once the cM regions from the 2018 Mrg map
linkage groups had been associated with regions on the
0OT3098 v2 physical chromosomes, the information could
be used to associate QTLs and genes with those regions as
well. Supplementary File S8 contains five tables: (1) a
description of the column headings used in the QTL
inventory tables, (2) information concerning the positions of
all genes and QTLs sorted by chromosome number and
physical distance, (3) information concerning the positions of
all genes and QTLs sorted by trait name and chromosomal
location, (4) a list of references cited in the other tables, and
(5) the GFF-formatted track file information. Supplementary
File S9 contains the GFF file itself, which was used to produce
the genome browser track aligning the positions of the genes
and QTLs to the OT3098 v2 sequence in GrainGenes (https://
wheat.pw.usda.gov/jb/?data=%2Fggds%2Foat-0t3098v2-
pepsico — track ‘QTL/gene inventory: comparative mapping vs
QTL/gene inventory: comparative mapping vs. OT3098 v2’).

Information from 129 studies is included in the inventory,
representing 161 populations, 214 maps, and 2367 single
genes and QTLs. Of the 2367 genes and QTLs, 1688 could
be associated with regions on the OT3098 v2 sequence. The
chromosomes with the most genes and QTLs were chr7A
and 7D, with 176 each. In large part, this is because of the
heading date loci found in a number of studies, including
two using the CORE (Collaborative Oat Research Enterprise)
association mapping population sown in multiple locations
over a number of years (Klos et al. 2016; Bekele et al.
2018).

‘Notes’ and ‘Warning’ fields were added to the QTL
inventory tables to alert the user to any issues that might

affect how the information should be interpreted (e.g. if
information concerning the locations of markers on the
2018 Mrg map conflicted with data from other maps).
Traits associated solely with the chrlA/1C translocation
breakpoint are also flagged, as is the Pc38 gene, which isin a
translocated position in cv. Dumont (Mrg33/chr2A) versus
other lines carrying this gene (Mrg02/chr7D; Wilson and
McMullen 1997a, 1997b; Wight et al. 2005).

Validating the locations of genes and QTLs

As one would expect, because of the presence of large areas of
reduced recombination, the QTL and gene regions tend to
cover shorter distances when they are located toward the
ends of the chromosomes, and longer distances when they are
located in the more central regions. However, the distances
will also be longer in cases where there was more uncertainty
regarding QTL and gene positions, such as when there are few
markers in common between the original genetic map and any
bridging maps.

Several areas of concern in the genome have been
identified in other studies. As mentioned earlier, it has long
been known that there is a chr1A/1C translocation difference
between lines with spring versus winter habit (which includes
facultative lines such as Kanota; Salmon and Parker 1921).
However, other areas are also problematic. Tinker et al.
(2022), who used the sequence from cv. Sang in their
analyses (Kamal et al. 2022), also discuss a large inversion
on chr7D differing between lines. Most of the QTLs on this
chromosome relate to heading date and height. It is possible
that the presence of this inversion also varies between winter
and spring lines, because the corresponding linkage group in
the KxO cross (Kx0O_17) as mapped by Wight et al. (2003)
contained a large number of markers but was extremely
short (98 RFLPs and other older style markers over 41 ¢cM) —
an indication of reduced recombination.

As mentioned previously, the Pc38 gene (along with the
tightly linked genes Pc62 and Pc63) was found on chr7D in
some crosses and chr2A in another. What is interesting is
that the corresponding regions on Mrg02 (chr7D) and Mrg33
(most of which aligns with chr2A) look to be duplicated in
0T3098 v2 (Fig. 2).

Although not necessarily having any relation to the Pc gene
cluster in question, both chr7D and chr2A have genes
annotated as being ‘RGAl’ in the duplicated regions
(AVESA.00001b.r3.2Ag0002717 on chr2A:440876077.440882024
and AVESA.00001b.r3.7Dg0002323 on chr7D:433423695.
433429668). When the sequence of the putative gene on
chr2A is compared with the entire OT3098 v2 sequence using
the BLAST tool available in the feature box on the genome
browser track in GrainGenes, it shows 94.8% identity with
the putative gene on chr7D. Similar results are found for
random stretches of DNA chosen in this region as well.
Therefore, regions of closely related or duplicated sequence
may also complicate oat breeding efforts.
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Fig. 2. 2018 consensus genetic map (Mrg) regions aligned with chr7D of the OT3098 v2 physical map. The Mrg regions are in the order
found on the original linkage groups. Regions from seven Mrg groups match chr7D, including a large number of regions from Mrg33, which, for
the most part, represents chr2A. The duplicated region defined by the red box contains the rust resistance gene Pc38 mapped to Mrg02
(KXO_17 in the original work) and the alternate location of Pc38 mapped to Mrg33 (KXO_7_10_28) in a different cross (Wight et al. 2005).

Also mentioned in the work by Tinker et al. (2022) were
similar issues regarding the location of genes encoding
ACCase, the key enzyme in oil biosynthesis. An ACCase gene
clone mapped as an RFLP marker was associated with oil
content in three populations: KxO, Kanota/Marion (KxM),
and Aslak/Matilda (AxM) (Kianian et al. 1999; Tanhuanpaa
et al. 2010). The associated QTLs in KxO and KxM (Kianian
et al. 1999) were mapped to KxO group 11 or its homologue.
However, as pointed out by Tinker et al. (2022), most of the
markers in the KxO_11 QTL regions belong to Mrg05/chr6A,
whereas the ACCase marker belongs to Mrgl1/chr4C. This
suggests that there may be significant cytogenetic differences
in this region of the hexaploid oat genome as well, perhaps
related to winter versus spring habit. Wight et al. (2003)
noted that there was an area of reduced recombination at
the group 11 end of KxO_11_41 + 20 in the region of the
ACCase marker. They also noted the presence of distorted
segregation favouring alleles from Ogle.

In the AXM population (Tanhuanpéé et al. 2010), there
were two QTLs associated with the ACCase clone, one of
which was located on chr4C, but with a high degree of
uncertainty because of a lack of common markers with

other maps. These may represent the presence of oil QTLs
on both chr4C and chr6A. The sequence of the original
clone used by Kianian et al. (1999) was deposited into the
National Centre for Biotechnology Information (NCBI)
nucleotide database (Sayers et al. 2022) as ‘Avena sativa
acetyl-CoA carboxylase mRNA, partial cds AF072737.1°
(https://www.ncbi.nlm.nih.gov/nuccore/AF072737). When
this sequence is compared with the OT3098 v2 sequence
using the GrainGenes BLAST tool, it matches locations
identified as Acetyl-CoA carboxylase 2 genes on chr4C
(AVESA.00001b.r3.4Cg0000200; chr4C:15115008.15129125),
chr6A  (AVESA.00001b.r3.6Ag0003033; chr6A:420589269.
420603312), and also chr5D (AVESA.00001b.r3.5Dg0003130;
chr5D:468088859.468103812), where another oil QTL was
found in the AXM population (Tanhuanpai et al. 2010). It also
matches three putative ACCase genes annotated as being in
those positions. Several of the oil QTLs also locate to these
regions in the present work. Note that there is an ACCase gene
on each of the three genomes, but the chromosomes do not
represent a homoeologous set, as is the case with other genes
that are contained within the numerous ancestral transloca-
tions found in oat (Kamal et al. 2022).
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To confound this issue further, the Pc39/Pc55 rust
resistance gene cluster is also in this region. KxO group 37
(corresponding Mrg group unknown) was the location
determined for Pc39 by Wight et al. (2005), but Sowa and
Paczos-Grzeda (2020) and Zhao et al. (2020) both determined
it to be on Mrgll (KxO_11 41 + 20). KxO_37 had been
thought to be homoeologous to KxO_11_41 + 20 in earlier
work, but this group fell apart when the 2018 Mrg map was
produced. As with the ACCase clone, the clone and SCAR
sequences described by Sowa and Paczos-Grzeda (2020) are
found on both chr4C and chr6A, as well as chr5D (data not
shown). The Pc71 rust resistance gene does not seem to be
the same locus as Pc39 and Pc55, but maps further away on
Mrg05/chr6A (Supplementary File S8).

Further validation of the comparative mapping
approach used here

As noted above, the positions of the QTLs assigned using this
particular comparative mapping approach can be validated if
information is available concerning specific gene or marker
sequences.

Avenins, the storage proteins in oats, are known to
be linked to rust resistance genes (Howes et al. 1992;

Chong et al. 1994; Bush and Wise 1996; O’Donoughue et al.
1996; Wight et al. 2010; and Satheeskumar et al. 2011),
and numerous avenin gene sequences are available in the
NCBI nucleotide database (Sayers et al. 2022; https://www.
ncbi.nlm.nih.gov/nuccore). Therefore, this region can be
used as an example of how the new inventory and associated
genome browser tracks can be used to get a quick overview of
which genes and QTLs are in any particular region — the one
here being Mrgl19/chr3D (Supplementary Files S7 and S8;
https://wheat.pw.usda.gov/jb/?data=%2Fggds%2Foat-0t3098v2-
pepsico&loc=chr3D%3A48258662.433018487&tracks=panoat&
highlight=). The linkages identified in previous work between
the rust genes, avenin proteins, and different marker types are
summarised in Fig. 3.

To validate the physical locations of the genes/QTLs/
markers assigned in this work, a list of gene annotations
from the region in question (chr3D:473238266.477641586,
plus 5 Mbp either side of the middle of the region) was
filtered to identify putative genes related to rust resistance
and storage protein loci. Sequences from rust- and avenin-
related RFLP clones mapped in the region, as well as primers
defining PCR-based avenin markers, were also analysed
(BLAST data not shown). Fifty-three putative disease and seed
storage protein loci were found in this region, including a

Reference Year Pg3 pg9 Pc44 Pc46 Pc50 Pc68
McKenzie RIH and Green GJ| 1965 X X
Martens JW, et al. 1968 X X
Fleischmann G, et al. 1971 X X
Wong LSL, et al. 1983 X X
Howes NK, et al. 1992 X
Penner GA, et al. 1993a X
Penner GA, et al. 1993b X
Chong J, et al. 1994 X
Harder DE, et al. 1995 X
Bush AL and Wise RP 1996
O’Donoughue LS, et al. 1996 X
Cheng DW, et al. 2002 X
Kulcheski FR, et al. 2010 X
Wight CP, et al. 2010 X
Satheeskumar S, et al. 2011 X
Esvelt Klos K, et al. 2017
Sunstrum FG, et al. 2019

PcX

Avenins Other molecular markers
Pc95 |rust QTL| RGAs | protein RFLP SCAR | RAPD RFLP  AFLP  SNP
X
X
X
X
X
X X X X
X X X
X
X
X
X X
X X
X X

Fig. 3.

Summary of work describing Pc and Pg genes that form a part of the rust cluster on chr3D, along with links to seed storage protein

loci. RGAs, Resistance gene analogues. ‘X’ indicates that the gene or molecular marker in question was mapped in the associated study.
Horizontal lines make connections between genes or markers identified as being closely or tightly linked in the associated study. Vertical
lines make connections between studies performed to map the same genes or markers.
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number of RFLP clones and SCAR sequences (data not shown).
Table 1 lists loci found within 2.5 Mbp of the centre of the
region. These include the oat RFLP clones Ork10 and Alrk10,
which encode receptor kinase genes whose transcripts are
suppressed in response to virulent rust pathogen attack
(Cheng et al. 2002).

In newer studies, many single SNP markers have been
associated with various traits. Blake et al. (2022) aligned
the GMI SNP markers linked to B-glucan content in studies
by Fogarty et al. (2020) and Zimmer et al. (2020) to OT3098
v2 chromosomes. The present work has associated the same
traits to longer chromosome regions through assigning each
cM location a position on the OT3098 v2 sequence, rather
than through assigning the individual markers. The JBrowse
tracks from the two studies can be compared directly (https://
wheat.pw.usda.gov/jb/?data=%2Fggds%2Foat-0t3098v2-
pepsico — tracks ‘pB-glucan QTL (GrainGenes)’ and ‘QTL/gene
inventory: comparative mapping vs QTL/gene inventory:
comparative mapping vs. OT3098 v2’). The regions defined
in this work, while much longer, always include the QTL
locations determined by Blake et al. (2022). f-glucan QTLs
from other studies often overlap the ones from the more
recent studies but, as in the case of ACCase, not always. This
is most likely because of the errors inherent In generating
genetic maps, but could also mark the presence of other,
valid QTLs.

Discussion

Comparative mapping in oat: where it all began

The very first drawing of a genetic linkage map in oat may be
the one produced by AC Fraser, published in 1919. He
mapped the relationships between awnedness, seed base
type, and type of basal hairs on the seed in crosses using
the cultivars Burt and Sixty Day (Fig. 4).

This result was included in the QTL inventory, along with
data from 128 studies undertaken between 1918 and 2022.
These studies represent two different types of maps: some
created through the use of classical genetics, which mapped
phenotypes directly; and others created using molecular
markers, including isozymes, storage proteins, and DNA-
based markers such as RFLPs and SNPs.

Fraser may also have been the first to point out that, when
it comes to genetic maps, ‘These percentages [recombination

0 4.14 5.00
L1 [ 1 _J
A B C

FIG. 110. GROUP RELATION OF CERTAIN CHARACTERS IN THE VARIETY BURT
A, awning factor; B, factor for Burt base; C, factor for medium basal hairs

Fig.4. Copy of the original oat linkage group map from Fraser (1919).
The numbers in the figure are per cent recombination.

fractions], of course, can be accepted only as approximately
correct, not as indicating the exact distances between genes
on the chromosome.” The presence of areas of reduced
recombination, particularly around centromeres, as well as
cytogenetic differences between lines, means that genetic
maps will never completely reflect the reality of the physical
chromosomes.

The tools presented here are meant to be used to simplify
the identification of patterns such as those described above.
However, researchers should always refer back to the
original literature for more detailed information and context.
Certain assumptions have been made in creating these tools,
and artefacts in genetic mapping are common. They can result
from cytogenetic differences between lines, the type of
population being used (recombinant inbred lines (RILs) vs
F, populations vs association mapping populations), the
types of markers being used, the mapping program chosen
and its associated parameters, and, indeed, differing levels
of skill amongst those doing the mapping. These errors may
be compounded through comparative mapping. The physical
map used here represents the second version of one sequenced
hexaploid oat accession (OT3098 v2), and other work
showing slightly different results has already been published
using version 1 (e.g. Brzozowski et al. 2022). Oat being an
allohexaploid introduces another layer of complexity, as
does the fact that many interspecific crosses have been made
over the years, including with oat lines of differing ploidy (e.g.
Rines et al. 2018).

Linking individual hexaploid oat maps to the
consensus map and OT3098 v2 sequence

As indicated above, caution must be used when comparing
linkage groups from the different hexaploid oat maps with
the 2018 Mrg map. Often, the confusion involves markers
on homoeologous linkage groups, but sometimes markers
on non-homoeologous groups were differently placed as
well (Supplementary File S1). Note that some groups are
split across two Mrg groups. Very few of the groups match
all the way from one end to the other. It is very important
to keep that in mind when using the table.

Locating the markers from the consensus map
on the OT3098 v2 sequence and visualising the
consensus map regions aligned with OT3098 v2

It was somewhat of a surprise to realise just how much of each
physical chromosome showed reduced recombination in the
genetic map (Supplementary Files S4-S7). It was also
surprising to see just how many Mrg cM regions could be
assigned to more than one location in the genome. This can
be seen in Figs 1 and 2, for example. In Fig. 1, several regions
whose primary locations are on chr7D (Mrg02) have
secondary locations on chr5C (Mrg03). In Fig. 2, several
regions whose primary locations are on chr2A (Mrg33)
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have secondary locations on chr7D (Mrg02). In the latter
case, the regions in question are all at the end of chr7D
(Supplementary File S5). In Fig. 1, the situation is similar,
but less clear (Supplementary File S5).

What was less surprising, and more reassuring, was that the
2018 consensus map reflects the makeup of the physical
chromosomes quite well, particularly given that the line
0OT3098 was not used in its construction. The oat genome is
quite complex in its make-up and has numerous structural
variations that affect breeding (Fig. 2; Tinker et al. 2022).
The resources provided here will help to resolve those issues.

The inventory of genes and QTLs

The QTL and gene inventory tables will make information
concerning the 129 included studies easier to access and
compare (Supplementary Files S8 and S9; https://wheat.
pw.usda.gov/jb/?data=%2Fggds%2Foat-0t3098v2-pepsico —
track ‘QTL/gene inventory: comparative mapping vs QTL/
gene inventory: comparative mapping vs. 0T3098 v2’).

The ultimate goal would be to determine the sequences and
specific locations of single genes contributing to the
expression of a trait of interest. The tools presented here
can help in determining the best approach to use. Some
genes and QTLs have been located to smaller chromosome
regions that may contain useful candidate genes. Even if
the ranges along the chromosomes for many QTLs or genes
can be long, the number of QTLs for any one trait in any
one place will allow judgements to be made regarding the
strength of the evidence to suggest that a particular trait is
influenced by something in that region.

Knowing how different traits are associated (e.g. heading
date is very often correlated with height) can also be
useful. Many QTLs and genes are located in regions of
reduced recombination, and knowing that is also helpful. In
many cases, it may be that using linked markers from genetic
maps to follow a trait through the breeding process will be
more useful than using currently available technologies
to find a candidate gene, particularly if the trait of interest
is in a region of reduced recombination, or is associated with
a known breeding barrier such as the chr1A/1C translocation
or the chr7D inversion. Although cytogenetic differences
between winter and spring lines are the most obvious and
are known to be problematic, it is becoming clear that
many other, smaller differences exist and may also have a
large impact on breeding.

The tools described in this work are now available for
public use. The curation of maps for deposition into the
GrainGenes database is ongoing, and updates will be made
to the QTL and gene inventory genome browser tracks as
new work utilising genetic maps is published.

The ability to make use of oat genomic data for breeding
purposes is finally a reality, now that high-throughput
genotyping can be done routinely and many different oat lines
are being sequenced and assembled. The tools presented in

this work are designed to allow for more effective use of
genetic maps and their associated phenotypic information,
while assisting with the transition to using the new physical
maps, thus linking the accumulated knowledge of the past
to that of the future.

Supplementary material

Supplementary material is available online.
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