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Abstract

Cytogenetic observations, phylogenetic studies and genome analysis using high-density
genetic markers have suggested a tetraploid Avena species carrying the C and D genomes
(formerly C and A) to be the donor of all hexaploid oats (AACCDD). However, controversy
surrounds which of the three extant CCDD tetraploid species—A. insularis, A. magna and
A. murphyi—is most closely related to hexaploid oats. The present work describes a com-
parative karyotype analysis of these three CCDD tetraploid species and two hexaploid spe-
cies, A. sativa and A. byzantina. This involved the use of FISH with six simple sequence
repeats (SSRs) with the motifs CT, AAC, AAG, ACG, ATC and ACT, two repeated ribo-
somal sequences, and C genome-specific repetitive DNA. The hybridization pattern of A.
insularis with oligonucleotide (AC)o was also determined and compared with those previ-
ously published for A. sativa and A. byzantina. Significant differences in the 5S sites and
SSR hybridization patterns of A. murphyi compared to the other CCDD species rule out its
being directly involved in the origin of the hexaploids. In contrast, the repetitive and SSR
hybridization patterns shown by the D genome chromosomes, and by most of the C genome
chromosomes of A. magna and A. insularis, can be equated with the corresponding chromo-
somes of the hexaploids. Several chromosome hybridization signals seen for A. insularis,
but not for A. magna, were shared with the hexaploid oats species, especially with A. byzan-
tina. These diagnostic signals add weight to the idea that the extant A. insularis, or a direct
ancestor of it, is the most closely related progenitor of hexaploid oats. The similarity of the
chromosome hybridization patterns of the hexaploids and CCDD tetraploids was taken as
being indicative of homology. A common chromosome nomenclature for CCDD species
based on that of the hexaploid species is proposed.

Introduction

Hexaploid Avena species (2n = 6x = 42), including cultivated A. sativa and A. byzantina, have
three genomes of seven chromosome pairs each. Studies on the genome constitution of these
species [1, 2] have used a formula based on the putative origin of these genomes. Accordingly,
the hexaploids arose from an original hybridization between a tetraploid species with the
genomes A and C, and a diploid species with a D genome. These studies were mainly based on
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karyotype analyses involving conventional staining [3], C-banding [4-13] and fluorescent in
situ hybridization (FISH) with repetitive DNA probes [14-20]. However, no definite corre-
spondence among chromosomes from diploid, tetraploid and hexaploid species has yet been
confirmed. Analyses of chromosome pairing in interspecific hybrids showed a deviation from
the expected bivalent number, although close homology among chromosomes of the different
ploidy number species was maintained (revised in [21]). The detection of multivalents during
meiosis in interspecific hybrids indicates that the extant Avena species differ in their chromo-
some structure, mainly a consequence of translocations and inversions that occurred during
their evolutionary history. Genome i situ hybridization (GISH) has shown that C genome
segments are translocated onto the A or D genome chromosomes and vice versa [22-25]. FISH
with genome-specific repetitive sequences has identified chromosomes involved in transloca-
tions [14, 15, 26] in both tetraploid and hexaploid species. Structural changes have also been
deduced through comparisons of genetic maps of diploid, tetraploid and hexaploid species
[27-29]. As a result of these profuse rearrangements, none of the extant diploid species has
been unequivocally identified as the donor of the A, C and D genome.

The results of the above studies have led to the general agreement that no extant diploid
species possesses the D genome as it exists in the hexaploid species. However, growing evi-
dence supports the idea that tetraploid AACC species contain the genome designated as D in
hexaploid oats. Many studies have suggested that the D genome may have originated from an
A genome species given the close relationship between them [30-32]. However, FISH analysis
using the repetitive sequence 120a cloned from A. strigosa discriminated among the chromo-
somes of the A and D genomes in hexaploids [16]. This sequence is indeed present in both A
and D genomes of A. sativa, according to information from the genome assembly analyzed in
[33], but its small copy number in the D genome precluded its FISH detection on D genome
chromosomes of hexaploids [16] and on any chromosome of tetraploids [34]. Moreover, chro-
mosome morphology, and the distribution of chromosome markers (such as ribosomal loci
and translocated segments), showed a close resemblance between certain chromosome pairs of
the A genome of tetraploids and the D genome of hexaploids. Based on all these observations,
Fominaya et al. [34] suggested that tetraploids likely carried a D genome instead of an A
genome More recently, phylogenetic studies of the genus comparing nucleotide sequences
from chloroplasts and nuclear gene sequences [35-37], as well as genome wide analysis [38,
39] have supported this idea. Further, a comparison of the chromosome distribution of repeti-
tive sequences among tetraploid and hexaploid species has strongly suggested that the D
genome is present in these tetraploids [40].

Further discrepancies exist over whether one of the three known CCDD tetraploids—A.
insularis Ladiz., A. magna Murphyi et Terr and A. murphyi Ladiz.—or an extinct tetraploid
species, might have been the immediate tetraploid ancestor of hexaploid oats. A. insularis has
been proposed as this ancestor based on chromosome morphological similarities [9] and
hybrid pairing data [21], with additional evidence provided by genetic diversity studies using
SNPs [27] and high-density genetic markers revealed by genotyping-by-sequencing (GBS) [38,
39]. However, phylogenetic relationships in the genus Avena based on the ITS of 455 rDNA
and the nuclear Pgkl gene (widely used to reveal the evolutionary story of other grass species)
suggest a closer relationship of the hexaploids with A. magna and A. murphyi than with A.
insularis [41-43].

Microsatellites or simple sequence repeats (SSRs) are tandemly repeated sequences in
which the repeated unit covers 1-6 bp. Importantly, microsatellites are found throughout the
genome, with differences in the number of repeated units at each location leading to high levels
of polymorphism. Short microsatellite tandems are commonly used as genetic markers for the
study of many species. In Avena they have been used to infer genetic relationships within
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species, among closely related species [44] and in the construction of linkage maps [45-47].
Since microsatellites can also organize themselves into large arrays containing thousands of
units, they can also be used as physical markers. Indeed, since the work of Cuadrado and
Schwarzarcher [48], oligonucleotides containing a few copies of the repeated unit have been
much used as probes in FISH experiments for identifying and karyotyping plant chromo-
somes. This methodology overcomes the need for cloning repetitive sequences and increases
the number of available chromosome markers.

The distribution patterns observed for SSRs [49, 50] are not so different from those of the
known satellite DNA families. These satellites are often common to related species, whereas
some differ considerably between species. In general, satellite sequences are more similar
among closely related species than among distant species, but the content and diversity of tan-
dem repeated DNA can differ even in closely related species [51, 52]. Thus, the study of distri-
bution patterns can detect chromosome variation in terms of the abundance and distribution
of a repeat among close related species—which is of great interest when trying to determine
the genome constitution of polyploid species and the origin of their constituent genomes.

Comparative SSR-FISH karyotyping has been performed with many different grass species,
including wheat [49, 53], barley [54, 55] and Avena species [33, 40, 56-59]. These studies dif-
fered in the number of species and SSRs analyzed, although all of them confirmed the validity
of the strategy for karyotyping Avena chromosomes and detecting modifications in the chro-
mosome structure among diploid and polyploid species. However, no diagnostic chromosome
markers that could help trace the origin of the different genomes in polyploid species were
clearly revealed.

With respect to the relatedness of CCDD tetraploid species and hexaploids, FISH mapping
of the AC microsatellite sequence has indicated proximity between the chromosomes of A.
magna and A. sativa, with more distant hybridization patterns observed between A. murphyi
and A. sativa [56] (A. insularis was not included in the analysis). In their study of the distribu-
tion patterns of three SSRs, TTC, AAC and CAC, Yan et al. [40] found no FISH-derived tetra-
ploid karyotype closer than any other to the hexaploids. In contrast, Luo et al. [59] suggested
that A. insularis had the most similar ACT pattern to the hexaploids, although no precise cor-
respondence between the D chromosomes of the two polyploid species was seen.

In the present study, the distribution patterns of six SSRs, namely CT, AAC, AAG, ACG,
ACT and ATC, were analyzed by FISH in the three CCDD species A. insularis, A. magna and
A. murphyi, and two hexaploid species A. byzantina C. Koch and A. sativa L. In addition, AC
was analyzed in A. insularis and its distribution pattern was compared with the other CCDD
tetraploids and hexaploid species previously studied [56]. The results suggest A. insularis to be
the CCDD species most closely related to the Avena hexaploids.

Taking into account the possible similarities among the chromosomes of tetraploid and
hexaploid species, it is here tentatively proposed that homologous relationships exist between
specific tetraploid and hexaploid chromosomes, although this should be confirmed by chro-
mosome pairing analysis in hybrids or comparative genomics. A common nomenclature for
CCDD tetraploid species chromosomes is proposed on the basis of that used by Sanz et al. [18]
for hexaploids.

Materials and methods
Plant materials

Table 1 shows the Avena species used in the present study. These included three tetraploid
forms with a CCDD genome constitution, and two hexaploid species with an AACCDD con-
stitution. These species were kindly provided by different germplasm resource centres.
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Table 1. Plant material used in the present study.

Species Genomic composition Accession no Provider

A. insularis Ladiz. CCDD WIR2102 N. I. Vavilov Research Institute, Russia

A. insularis Ladiz. CCDD WIR2067 N. I. Vavilov Research Institute, Russia

A. magna Murph. et Ter. (A. maroccana Gdgr.) CCDD P1659402 National Small Grains Collection USDA, Beltsville, USA
A. murphyi Ladiz. CCDD P1657382 National Small Grains Collection USDA, Beltsville, USA
A. byzantina C. Koch “Kanota” AACCDD WIR5206 N. I. Vavilov Research Institute, Russia

A. sativa L. “Ogle” AACCDD Clav 9401 National Small Grains Collection USDA, Beltsville, USA

https://doi.org/10.1371/journal.pone.0257100.t001

Mitotic metaphase preparations

Root tips were obtained from seedlings, and mitotic metaphases prepared as previously
described [14, 56].

Probes and FISH

Ten synthetic oligonucleotides were initially used. Two of these contained di-nucleotide
motifs, and eight contained tri-nucleotide motifs (S1 Table). As a whole, motifs of these oligo-
nucleotides represent a 70% of the different di-nucleotide and tri-nucleotide unique combina-
tions. All were labelled with biotin at both ends. Four repetitive probes were used for
chromosome identification: (1) pAs120a, containing an insert of 114 bp isolated from A. stri-
gosa. This probe only shows hybridization with the A genome chromosomes [16]; (2) pAml,
containing an insert of 464 bp isolated from A. murphyi. This probe only shows hybridization
with the C genome chromosomes [60]; a biotin-labelled oligonucleotide containing 51-mers
derived from the Am1 sequence was alternatively used [57]; (3) p45S, a ribosomal probe
derived from A. strigosa [18] and (4) pTa794, containing an insert of 5S rDNA isolated from
Triticum aestivum [61]. All probes were labelled with digoxigenin-11-dUTP or biotin-
16-dUTP.

Prior to FISH, chromosome preparations were treated with 4% (w/v) paraformaldehyde
and dehydrated in an ethanol series followed by air drying. SSR-FISH was performed as
described by Fominaya et al. [56]. The hybridization mixture (30 uL) contained 50% (v/v)
formamide, 2xSSC, 10% (w/v) SDS, 10% dextran sulphate, 50 ug/mL of Escherichia coli DNA,
and 2.6 pmol of the SSR. Hybridization was performed at 37°C overnight. Post-hybridization
washing was carried out in 4xSSC/0.2% Tween-20 for 10 min at room temperature (RT). The
detection of labelling and FISH sequential hybridization with repetitive probes were per-
formed as previously described [16, 56].

Images were obtained using a Zeiss Axiophot epifluorescence microscope. Images captured
from each filter were recorded separately using a cooled CCD camera (Nikon DS) and the
resulting digital images processed using Adobe Photoshop. For each combination, at least
three slides were studied, and 5-10 metaphase cells were analyzed per slide.

Results
(AC),-FISH signal pattern in A. insularis

The karyotype of A. insularis was described by [9, 10] using C-banding. Similar C-banding pat-
terns were found in these two works although different chromosome nomenclatures were
employed. FISH with ribosomal probes to detect the 45S and 5S loci [10, 34] gave similar
results for 5S and the major loci of 45S, but three minor 45S loci were only detected in [10].
These ribosomal probes plus repeated sequences specific to the A and C genomes (As120a and
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Aml, respectively) were used in FISH by Fominaya et al. [34] although a complete assignment
of chromosomes was not provided in that work. Thus, for a complete description of the A.
insularis standard karyotype, the chromosome numbering used was that proposed by Jellen
and Ladizinsky [9] which was based on relative chromosome length and arm ratios, together
with the information provided here by the location of ribosomal probes and hybridization pat-
terns with pAml.

No polymorphic hybridization signals were detected between the two A. insularis acces-
sions with any of the probes or oligonucleotides used. FISH with pAs120a failed to reveal
hybridization on any chromosome of A. insularis (S1 Fig) whereas FISH with pAm1 detected a
dispersed pattern of hybridization on 14 chromosomes that corresponded to the C genome
(Fig 1A and 1D). Several C chromosomes, namely M1, M2, and SM3, showed no hybridization
on the terminal regions of their long arms, indicating presumable translocations from D chro-
matin. Other putative interstitial translocations in the long arms were identified in SM1 and
SM2. A large pAm1 hybridization signal was located at the terminal region of the long arm of
chromosome SM1, rendering this chromosome easily identifiable. In contrast, the D genome
chromosomes showed hybridization with pAm1 for only four chromosome pairs. SM5, SM6,
SAT1 and SAT?2 showed terminal hybridization signals of different intensity with this specific

Genome C Genome D

M2 M3 SM1SM2SM3 SM4 M4 M5 SM5SM6 ST 1SAT 1SAT 2

(AC)10

Fig 1. FISH of a mitotic metaphase cell of A. insularis showing the distribution of repeated sequences Am1, 458, 5S and AC. (a) Am1
(green). (b) 45S (green) and 58 (red). (c) SSR AC (red). (d) A. insularis karyotype showing a single chromosome of each homologous pair.
The standard karyotype is based on the distribution patterns of Am1 (green), 45S (green) and 5S (red). Chromosome nomenclature is based
on that of Jellen and Ladizinsky [9].

https://doi.org/10.1371/journal.pone.0257100.9001

PLOS ONE | https://doi.org/10.1371/journal.pone.0257100 October 15, 2021 5/22


https://doi.org/10.1371/journal.pone.0257100.g001
https://doi.org/10.1371/journal.pone.0257100

PLOS ONE

Cytogenetic evidence supports A. insularis being closely related to hexaploid oats

C genome probe, all diagnostic of intergenomic C/D translocations (Fig 1A and 1D and S1
Fig). Among these, the most intense hybridization signal was that seen for SAT2, and the least
intense for SAT1. Both chromosomes had 45S loci, and SAT1 also carried two 5S loci on its
long arm (Fig 1B and 1D). Two C genome chromosomes, M1 and M2, also had 5S loci on
their long arms.

Hybridization with oligonucleotide (AC),, gave very different patterns for the C and D
genome chromosomes (Fig 1C and 1D). All C genome chromosomes showed conspicuous AC
signals in the pericentromeric regions, covering areas of variable length on both arms. The
strongest were on chromosomes M2 and M3. However, the hybridization pattern obtained
with (AC);¢ added almost no new information to the standard karyotype in terms of differenti-
ating each individual C genome chromosome pair. Only a conspicuous signal observed inter-
stitially on the long arm of chromosome SM1 allowed this chromosome to be undoubtedly
identified. In contrast, and similar to that described for other tetraploid and hexaploid Avena
species [56]), the D genome chromosomes that hybridized with (AC),, showed discrete signals
of different intensity. Indeed, (AC),( unequivocally distinguished the seven D genome chro-
mosomes of this species. A combination of either subtelomeric, interstitial and pericentro-
meric signals on one or both arms of each chromosomes were shown by each chromosome
pair (Fig 1D).

SSR-FISH signal patterns in CCDD tetraploid species

The three CCDD tetraploid species were analyzed by FISH using nine oligonucleotide SSR
probes, although only six of them produced discrete hybridization signals (S1 Table). Hybrid-
ization patterns of these six SSRs are shown in Fig 2.

Chromosomes of A. insularis were numbered following the nomenclature described above
(Figs 1D and 3A). Chromosomes of A. magna (Fig 3B) and A. murphyi (Fig 3C) were num-
bered 1-14 according to the nomenclature of Fominaya et al. [5, 56]. These last two nomencla-
tures were based on chromosome arm ratios, relative lengths, and the FISH patterns for the
three repetitive probes. It is worth mentioning that the hybridization of A. magna with pAm1
revealed four terminal C/D intergenomic translocations on chromosomes 1D, 7D, 10D and
11D (Fig 3B, SI and S2 Figs) similar to that seen in A. insularis. In contrast, A. murphyi showed
two clear C/D translocations on chromosomes 7D and 8D, and two minor ones on chromo-
somes 4D and 12D that were visible after increasing the CCD exposure time (Fig 3C, S1 and
S3 Figs). 45S loci for both species were found in locations previously described [26] (Fig 3B
and 3C). Loci for 5S were identified in A. magna (Fig 3B, S3 Fig) similar to that described here
for A. insularis—namely, two loci on the 3C and 5C chromosomes, and a double signal on
chromosome 1D. In A. murphyi, four 5S loci were observed but with a distribution slightly dif-
ferent to that previously described [26] (Fig 3C): a double signal was present on the satellited
chromosome 4D as in the other two species, but single signals only were seen on chromosome
1C and chromosome 7D. Chromosome 7D had a C/D translocation, and the 5S signal lies
close to it. Minor loci for 45S and 5S for CCDD species as described by Shelukhina et al. [10]
were not observed in the accessions used in the present work.

In contrast to the hybridization pattern shown by (AC) in A. insularis (Fig 1), and the pat-
terns previously described for the other two CCDD species [56], none of the six SSRs analyzed
produced signals on all 14 chromosome pairs of either CCDD species (Figs 2 and 3). The SSRs
studied produced signals on a few chromosome pairs within each species and most produced
signals exclusively on chromosomes of one genome. D genome chromosomes were the best
represented in the hybridization patterns, with signals located in the centromeric and pericen-
tromeric regions. Oligonucleotide (CT);, returned a centromeric signal on chromosome pair
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A. insularis A. insularis A. magna

A. insularis A. magna A. murphyi

A. insularis A. magna i A. murphyi

A. insularis A. magna A. murphyi

A. insularis A. magna A. murphyi
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Fig 2. FISH of mitotic metaphases of CCDD tetraploid species, A. insularis, A. magna and A. murphyi, showing the distribution of SSR
hybridization signals in red. (a) CT. (b and c) AAG. (d-f) AAC. (g-i) ACG. (j-1) ACT. (m-o0) ATC. FISH analysis using each single SSR probe was
followed by re-hybridizations of the same metaphases with probes containing 5S, 45S and Am1 repetitive sequences to facilitate chromosome
identification (S2 and S3 Figs). Karyotypes of each species showing diagnostic hybridization signals were obtained (Fig 3).

https://doi.org/10.1371/journal.pone.0257100.9002

M5 of the D genome of A. insularis (Fig 2A), whereas it was dispersed throughout the chromo-
somes of A. magna and A. murphyi with no discrete signals at all (S2 Fig). The absence of a dis-
crete signal was also observed in A. murphyi for AAG (S2 Fig), although a centromeric signal
was seen on the M4 chromosome pair of A. insularis (Fig 2B) as well as on chromosome 13D
of A. magna (Fig 2C). Oligonucleotide (AAC)s revealed significant differences between A.
murphyi and both A. insularis and A. magna. Only two pairs of D chromosomes showed sig-
nals with this oligo, both in A. insularis, (M5 and SM5) (Fig 2D) and in A. magna (6D and
11D) (Fig 2E). In A. murphyi, however, four D genome chromosome pairs (7D, 8D, 12D, and
14D) and two C genome chromosome pairs (2C and 3C) showed pericentromeric or telomeric
signals (Fig 2F). Differences in signal intensity for this SSR between A. insularis and A. magna
were notable. A double strong pericentromeric AAC signal was evident on chromosome 6D of
A. magna (Fig 2C) while only single weaker signals were observed on M5 and SM5 of A. insu-
laris (Fig 2D). Distribution of ATC showed differences both in terms of signal intensity and
the presence/absence of discrete signals (Fig 2M and 2N). Oligonucleotide (ATC)s produced a
very faint centromeric signal on the D genome chromosome M5 of A. insularis (Fig 2M), and
more intense on 6D and 13D of A. magna (Fig 2N). In A. murphyi, and similar to that
described for oligonucleotide (AAC)s, ATC signals were observed on chromosomes of the two
genomes, 3C and 11D (Fig 20). Significant differences among A. insularis and the other two
species were observed for ACG signals. In the three species, signals appeared exclusively on D
genome chromosomes, but in A. insularis only the chromosome pair SM5 showed pericentro-
meric signals (Fig 2G), while three chromosome pairs of A. magna (6D, 11D and 13D) (Fig
2H) and A. murphyi (7D, 8D and 13D) showed them (Fig 2I). Unlike the distribution patterns
of the other SSRs studied, oligonucleotide (ACT)s produced pericentromeric hybridization
signals of variable intensity only on chromosomes of the C genome in the three tetraploids. A.
insularis and A. magna showed similar signals on three chromosome pairs (M2, SM2 and
SM3) in A. insularis (Fig 2]) and in A. magna (4C, 5C and 12C) (Fig 2K). However, only two
chromosome pairs (3C and 6C) showed ACT signals in A. murphyi (Fig 2L).

The pericentromeric regions of the chromosomes of the CCDD species seemed to be
enriched in different SSR sequences. Co-located signals were evident after FISH with different
oligonucleotides (Fig 3). For example, in A. insularis, CT, AAC and ATC co-localized on chro-
mosome M5, or in A. magna, AAG, ATC, and ACG co-localized to 13D (Fig 3A and 3B).
However, within a species, pairs of SSRs did not necessarily hybridize to the same chromo-
somes, indicating a specific combination of SSRs to be present at each centromeric or pericen-
tromeric location. For instance, not all chromosomes of A. magna with signals for ACG
showed signals for AT'C (Figs 2H, 2N and 3B), and in A. murphyi AAC and ATC signals did
not always coincide at the same chromosome locations (Figs 2F, 20 and 3C). However, certain
SSR combinations were common to the chromosomes of different species, especially those of
A. insularis and A. magna. For instance, M5 of A. insularis and 6D of A. magna shared the sig-
nal combination for AAC and ACG; the same was true for SM5 of A. insularis and 11 D of A.
magna (Fig 3A and 3B).

Despite the small number of chromosomes with identifiable FISH signals produced by
hybridization with each SSR, interspecies differences for each single SSR were observed in
terms of the number of chromosomes with signals, and the signal intensity (Fig 3). On the
whole, A. insularis showed fewer and more weak hybridization signals than the other two
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A. insularis

Genome C Genome D

M1 M2 M3 SM1SM2SM3 SM4 M4 M5 SM5SM6 ST 1SAT 1SAT 2

Standard Karyotype _ % ‘ ‘ , , ‘
s J' . b,

(cT)10 (AAG)5 (AAC)5 (ATC)5 (ACT)5 (ACG)5

SSR motifs

A. magna

Genome C Genome D

4 5 8 12 6 7 9 10 1 13

Standard Karyotype ’

A

4
(cT)10 (AAG)5 (AAC)5 (ATC)5 (ACT)5 (ACG)5

SSR motifs

A. murphyi

Genome C Genome D

2 3 5

Standard Karyotype

(€TI0 (AAG)S (AAC)5 (ATC)5  (ACT)5  (ACG)5

SSR motifs

Fig 3. Karyotypes of CCDD tetraploid species showing a single chromosome of each homologous pair from the
metaphases of cells in Fig 3. Standard karyotypes are based on the FISH distribution patterns of Am1, 45S and 5S.
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Chromosome nomenclature is based on that of Jellen and Ladizinsky [9] for A. insularis and Fominaya et al. [5, 56] for
A. magna and A. murphyi. (a) A. insularis standard karyotype: Am1(green), 45S (green, Satl and Sat2) and 5S (red, 1C,
2C and Satl). (b) A. magna standard karyotype: Am1 (green), 45S (red, 1D and 10D) and 5S (red, 3C, 5C and 1D). (c)
A. murphyi standard karyotype: Am1 (red), 45S (green, 4D and 8D) and 5S (red, 1C, 4D and 7D). Panels of SSR motifs
show chromosomes with specific SSR signals in red.

https://doi.org/10.1371/journal.pone.0257100.9003

species for most of the SSRs, while A. murphyi showed the most different hybridization pat-
terns with respect to the other two CCDD tetraploids. Although A. insularis and A. magna
showed few discordant hybridization patterns, clear differences between them were evident
(Fig 3A and 3B).

SSR-FISH signal patterns in cultivated hexaploid species

The hexaploid species A. byzantina and A. sativa were karyotyped with the same six oligonu-
cleotides previously employed with the tetraploid species. SSR hybridization patterns are
shown for the oligonucleotides (CT);q, (AAC)s, (AAG)s, (ACG)s, (ACT)5 and (ATC)s (Fig 4).

After hybridization, simultaneous and sequential FISH was performed on the same cells
with the repetitive probes pAs120a or pAm]l, in combination with a ribosomal probe (p45S or
pTa794) (S4-S6 Figs). This allowed all the chromosomes to be assigned to the A, C or D
genomes. The nomenclature used for the reference hexaploid karyotype was that proposed by
Sanz et al. [18] who used the same repetitive probes as used here. The present study confirms
the locations of the ribosomal probes and the intergenomic translocations described by the lat-
ter authors (Fig 4). Some variation was seen among metaphase cells in the detection of all chro-
mosome pairs with C/D translocations. This also happened with the CCDD species and is
related to the exposure time of the CCD camera. Certainly, the minor C/D translocation on
chromosome 20D was not always evident.

The hexaploid SSR-FISH results of interest (Fig 5) are summarised as follows: 1) The loca-
tion of the hybridization signals was mostly centromeric and pericentromeric, similar to that
seen found for the tetraploid species. 2) Each oligonucleotide produced signals on a few chro-
mosomes. 3) The A genome was the best represented in the hybridization patterns, with five A
chromosomes identified (8A, 11A, 13A, 15A and 16A), followed by three C genome chromo-
somes (2C, 4C and 6C), and three D genome chromosomes (9D, 10D and 12D). 4) As
observed in the SSR hybridization patterns for the tetraploids, different oligonucleotides gen-
erated co-localized signals on several chromosomes. For example, chromosomes 10D and 15A
showed a pericentromeric signal with oligonucleotides (AAC)s, (ATC)s and (ACG)s, as did
chromosome 2C with (AAC)s and (ACT)s. 5) Similar to that described for tetraploid species,
the SSRs located on the A and D genome chromosomes (all of them except for AAC) were not
detected on the C genome chromosomes, and vice versa. This indicates the C genome chromo-
somes and the closest related A and D genomes to have different pericentromeric chromatin
compositions. 6) The SSR hybridization patterns were identical for the two hexaploid species,
except for CT (Figs 4A, 4B and 5) which was detected on three chromosome pairs in A. byzan-
tina (8A, 13A and 9D) and on only one pair in A. sativa (13A). Moreover, AAC polymorphism
was also observed for chromosome 6C (Figs 4C, 4D and 5).

Discussion

Similar organization of SSR hybridization patterns in tetraploid and
hexaploid species

Regions enriched in long stretches of SSR are commonly detectable by FISH. The present
results indicate that most of the investigated tri-nucleotide SSR repeats do not form large
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A. byzantina A. byzantina A. byzantina

A sativa A sativa A sativa

A. byzantina A. byzantina A. byzantina

VAR ] A sativa A sativa

Fig 4. FISH of mitotic metaphases of hexaploid species, A. byzantina y A. sativa, showing the distribution of SSR hybridization signals in red. (a and b) CT. (c and
d) ACC. (e and f) AAG. (gand h ACG. (i and j) ACT. (kand 1) ATC.

https://doi.org/10.1371/journal.pone.0257100.9004
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Fig 5. Karyotypes of hexaploid species showing a single chromosome of each homologous pair from the metaphases of cells in Fig 4. Standard karyotype
is based on the FISH distribution patterns of Am1, 120a, 45S and 5S. Chromosome nomenclature is based on that Sanz et al. [18]. Standard karyotype: Am1
(red), 45S (green, 194, 20A, 21D) and 5S (green, 1C, 2C, 19D, 20D). Panels of SSR motifs show chromosomes with specific SSR signals in red.

https://doi.org/10.1371/journal.pone.0257100.9005

blocks on the chromosomes of the three CCDD species and the two hexaploid species ana-
lyzed, in general agreement with that previously reported [33, 40, 57-59]. Eight out of the 10
motifs which represent all the three-nucleotide combinations in different reading frames and
in complementary strands [45] were tested in this work (S1 Table), and five of them (AAC,
AAG, ACG, ACT and ATC) returned hybridization signals on chromosomes belonging specif-
ically to one genome (Figs 3 and 5). This genomic preference has been observed previously for
these and other SSRs in Avena species, although in these other reports [33, 40, 57-59] some of
the SSRs showed hybridization signals on more chromosomes than seen in the present work,
and with chromosomes belonging to different genomes. For instance, Luo et al. [58, 59]
described D genome chromosomes with hybridization signals for ACT and several C genome
chromosomes with signals for AAC. Also, minor differences in the hybridization pattern for
AAC were seen in the present work with respect to those reported [33, 40]. These differences
might be attributable to the different methods used for inducing metaphase chromosome
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contraction. A greater degree of metaphase condensation was achieved by the method used in
all these authors’ works. This greater condensation might have concentrated small but physi-
cally distant SSR stretches; in less condensed chromatin these stretches might not have been
revealed. All these results, however, underscore differences between the C and D genome chro-
mosomes consistent with the known strong divergence between these genomes [22, 24, 26, 34,
35]. These findings are confirmed by the results of a survey of repetitive sequences extracted
from Avena, which found some were common to the three genomes present in hexaploids,
while others were specific to individual genomes or shared by the A and D genomes. However,
none were shared by the C and A, or C and D genomes [62].

The tri-nucleotide SSRs investigated, and the di-nucleotide CT, located preferentially to the
centromeric and pericentromeric regions in the five species studied (Figs 3 and 5). However,
different SSRs or different combinations of SSRs were observed on each individual chromo-
some. Various SSRs co-localized on chromosomes within a species, but not always with similar
intensity. For instance, AAC and ACG on chromosomes SM5 of A. insularis 11D of A. magna
and 10D of the hexaploids, were present at the same locations with similar intensities,
suggesting they may be evenly distributed in an intermingled manner. However, these two
same SSRs showed variations in intensity on different chromosome. e.g., on chromosome 7D
of A. murphyi and 6D of A. magna, suggesting that the genomic distribution of these SSRs
would be one of proximity than intermixing. Each motif would then be amplified independent
of the other.

Information from the Avena sativa OT3098 genome assembly v1, PepsiCo (2020) https://
wheat.pw.usda.gov/GG3/graingenes_downloads/oat-0t3098-pepsico) confirms that both
kinds of organization are present in different regions of the chromosomes of A. sativa. The
predicted integration map based on that assembly shows a putative pericentromeric region in
chromosome 3C with two well separated clusters, each containing different SSRs [33]. Each
separate cluster might be amplified independently. In contrast, mixed SSRs in a cluster would
be amplified jointly. The present results suggest that an SSR combination need not necessarily
be arranged in the same way on all chromosomes of an Avena species, as suggested by other
authors [40, 49, 53]. Interestingly, the clusters integrating repeats of different SSRs, for exam-
ple, AAC, ATC and ACG, were clearly maintained in specific chromosomes of the tetraploid
species and hexaploids, suggesting the existence of a close relationship among these chromo-
somes (Figs 3 and 5).

The molecular nature of the Avena pericentromeric chromatin remains elusive; systematic
DNA sequencing of these genomic regions has not yet been performed. In many higher
eukaryotic organisms, satellite DNA is often abundant in centromeric regions, whereas the
surrounding areas of pericentric chromatin more frequently contain transposon elements
(TE) (mainly retrotransposon sequences) [63, 64]. Information derived from individual barley
BAC clones containing SSRs indicates these sequences to be adjacent and intermingled with
retrotransposon-derived sequences [65]. Given the evidence for TEs in the origin of other
repetitive sequences, such as centromeric satellites [66, 67], it cannot be ruled out that some
SSRs originated from TE sequences. Moreover, the relationship between TEs and SSRs offers
an explanation as to the distribution of SSRs in different pericentromeric regions: any SSR
might be mobilized together with an adjacent TE, as proposed for satellites [64]. Further, TEs
might be also involved in the distribution of SSRs, such as AC repeats, localized in other chro-
mosome regions far from centromeres. In Avena, numerous families of dispersed repetitive
DNA sequences localized throughout the genome have been described [62]. For instance, ret-
roelements are the major component of the genome of A. sativa genome, with Ty3/Gypsy ele-
ments representing more than 40% of all the DNA, and Ty1/Copia elements representing 5%.
The genomic instability generated by allopolyploidy likely promotes TE activity, resulting in
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the movement of these elements along with any associated SSRs from one chromosome to
another, followed by the proliferation of these SSRs in each location [68].

The poor hybridization patterns observed in Avena for the SSRs studied in the present
work are clearly different to those described for other Poaceae species. Together with other
genome information, this reveals features of Avena chromosome organization. For example,
oligonucleotides containing motifs such as AAG, ACG or ATC in Triticum and Hordeum pro-
duce strong hybridization signals on the chromosomes of their different genomes, in agree-
ment with estimates of the SSR frequencies [49, 53-55, 69]. However, the high SSR frequencies
in hexaploid oat genomes [44-46] are in clear disagreement with the paucity of SSR-FISH sig-
nals described here. In the latter authors’ work, a large number of clones from enriched librar-
ies for motifs such as ACT and ATA were obtained, but these SSRs do not seem to form large
blocks of repeats as neither FISH signals were detected with (ATA)s in the present work (S1
Table), and fewer than expected were detected with (ACT)s. The present results agree with
those of Yan et al. [40] who also observed little abundance of A/T rich SSRs in CCDD species.
The Avena species also lacked SSR clusters detectable by FISH that contained C/G muotifs, such
as CCT or CGG (S1 Table) Taken together, these results suggest that the slippage mechanism
proposed to explain the amplification of repeated sequences at individual locations [70] is at
work in Avena less intensely than in other members of Poaceae.

Phylogenetic relationships among polyploids

The close relationships among the CCDD Avena species is revealed by their similarities in the
chromosome distribution of the SSRs and ribosomal repeats, and their gross chromosome
translocations (Fig 3 and S1 Fig). This is in agreement with FISH results for 45S,5S and Am1
[15, 26] and with those of GISH when using A. eriantha DNA as a probe [22, 25]. As previously
discussed, clusters formed by most SSRs in any CCDD tetraploid species were present in the
chromosomes of the other species, suggesting that they already were in the ancestral genome
of the extant CCDD species. These results do not support the hypothesis that various allotetra-
ploid events took place involving the participation of different diploid species as donors of the
D genome—unlike that suggested by phylogenetic studies analyzing sequences of specific
nuclear genes and plastid genome fragments [36]. In contrast, the present results agree with
those based on genotyping by sequencing markers, which are consistent with the hypothesis
that these three species likely derived from a common ancestral tetraploid [38, 39]. There are,
however, interspecific differences in the chromosome structure and distribution of several
repeated sequences which reveal the species-specific amplification/deletion processes that
occurred during speciation. For example, the distribution of CT, AAC or ACG were very vari-
able in the species studied. SSR distribution differences were especially significant for A. mur-
phyi with respect to A. insularis and A. magna (Fig 3). The larger number of AAC clusters in
A. murphyi compared to the other two species, and the lack of CT and AAG clusters in A. mur-
phyi, suggest that the D genome of this species has been subjected to amplification processes
not shared by the common ancestor of the other two species. Other studies with different SSRs
also show little similarity among the SSR hybridization signals of A. murphyi and those of the
other tetraploids [40, 56]. These observations are in agreement with the major differences in
chromosome morphology and C-banding patterns observed in the karyotypes of A. murphyi,
A. insularis and A. magna [5, 9, 10]. The different location of one 5S locus in A. murphyi com-
pared to the other species is also noteworthy (Fig 3). The 5S locus on chromosome 7D is close
to a translocated segment from a C chromosome. The likely homologous chromosomes of the
other two CCDD species share the C/D translocation but not the 5S locus, suggesting that in
the ancestor of these three species the translocated segment from the C genome chromosome
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did not encompass the entire cluster of 5S repeats. During the separate evolution of A. mur-
phyi, the independent amplification of 5S sequences probably then occurred in the two chro-
mosomes involved in the C/D translocation. 5S repeat amplification/deletion events are widely
documented. A molecular diversity study of the 5S rDNA found that A. murphyi enclosed a 5S
sequence related to genome D of A. sativa [71]. This was not present in A. magna, suggesting a
molecular divergence in the composition of 5S repeats between these two CCDD species.
Interestingly, the C/D intergenomic translocations of hexaploid species and the chromosome
locations of 5S loci in these species are the same as those in A. insularis and A. magna (Figs 3
and 5). Other studies have also shown differences in the number of minor 45S rDNA loci in A.
murphyi with respect to the other two CCDD species [10]. Together, these cytogenetic data
indicate that A. murphyi may have undergone early chromosome differentiation from the
other two CCDD species, ruling it out as being directly involved in the origin of the
hexaploids.

As pointed out by Yan et al. [40] and as mentioned in the introduction to this paper, no
agreement has been reached regarding which tetraploid species may have contributed to the
hexaploid oat genome. From a cytogenetic point of view, identifying karyotypic similarities
possibly indicative of homology would help understanding the relationships among phyloge-
netically close species. In this endeavour, the rich pattern of signals detected by oligonucleotide
(AC);p in D genome chromosomes has been of great use (Fig 1). For purposes of comparison
among karyotypes, a representation of the hybridization signals of A. insularis, A. magna, A.
sativa/A. byzantina is shown (Fig 6). The information on the AC hybridization profiles from
A. magna and the hexaploids is taken from Fominaya et al. [56].

Great conservation of the interstitial AC signals was seen in the D genome chromosomes of
the different species, and in the pericentromeric areas of the C and D genome chromosomes
for the other SSRs studied here (Figs 3, 5 and 6). The polymorphism detected for several SSR
hybridization signals between A. insularis and A. magna—both in terms of the presence/
absence and signal intensity—was very useful for discerning which of these two extant species
was more closely related to the hexaploid taxa, and the present results suggests the likely
involvement of A. insularis in the origin of the hexaploids (Figs 3, 5 and 6). Certainly, not all

D genome chromosomes C genome
chromosomes
9D 18D 13D 2
Ms 60 10D o 11D 12D g0 7D 14D g, 9D 20D oo 1D 21D gpp 10D 18Dy 13 5C gy 2€
— — — — .
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Hexaploid A. insularis A. magna
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Fig 6. Schematic drawing of oligonucleotide (AC),, FISH patterns (red) showing all chromosomes of genome D
and chromosome 5C of hexaploids, (A. sativa and A. byzantina), and corresponding chromosomes of A. insularis
and A. magna. Loci for 5S (purple) and signals for Am1 (green) on translocated C/D chromosomes are also
represented. FISH patterns of hexaploids and A. magna were taken from Fominaya et al. [56]. Karyotypes and
chromosome nomenclatures were those of Sanz et al. [18] for hexaploids; Fominaya et al. [5, 56] for A. marocanna and
Jellen and Ladizinsky [9] for A. insularis. (AC),o polymorphism between A. sativa and A. byzantina for chromosome
21D is indicated.

https://doi.org/10.1371/journal.pone.0257100.9006
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the SSR hybridization signals present in A. insularis were exactly coincident with those
observed in the putative homologous of hexaploids, but the SSR hybridization patterns for A.
insularis matched those observed for the hexaploid species much better than did those of A.
magna. Indeed, the hybridization patterns of AC, CT and ACG of A. insularis and A. magna
were quite different in terms of the number of chromosomes and/or the specific chromosomes
bearing the signals, whereas they were mostly coincident in A. insularis and the hexaploids.
Moreover, the AAC and ATC signals were more intense in A. magna than in A. insularis (on
the related chromosomes M5 and 6D, respectively). These signals were, however, missing in
the hexaploids, indicating deletions of these SSRs in the lineage from A. insularis to the hexa-
ploids. The hybridization patterns of CT and AC in A. insularis in particular suggest a close
relationship of this species with A. byzantina (Figs 3, 5 and 6). Interestingly, prominent AC
hybridization signals were only observed on the long arm of chromosome M4 of A. insularis,
and on the short arm of 21D of A. byzantina. None of the other analyzed species returned a
similar signal (Figs 3 and 6). In addition, none of the tetraploid taxa showed a chromosome as
small and metacentric as chromosome 18D of the hexaploids (Figs 3 and 5), indicating this
chromosome came from an ancestral form that suffered an important reduction in size, which
likely occurred after the alloploidyzation leading to the hexaploid progenitor. Thus, all the 18D
chromosomes of the hexaploid taxa studied share this morphology [13]. This size reduction
might be partly explained by a translocation from the long arm of chromosome 4M of A. insu-
laris encompassing the large terminal AC cluster, to the short arm of chromosome 21D of the
hexaploid progenitor. In both chromosomes the size of the AC signal is very similar. Thereaf-
ter, A. byzantina would have maintained the AC block on 21D, whereas in A. sativa AC
sequences would have been deleted or rearranged in an independent event. To explain the dif-
ferences between A. byzantina and A. sativa with respect to chromosome 21D, a chromosome
reorganization between chromosomes 21D and 4C was postulated [56], since 4C of A. sativa
also has a terminal AC signal, although smaller than that of 21D of A. byzantina. This would
indicate a partial deletion of the AC cluster in chromosome 4C of A. sativa. Interestingly, chro-
mosome 21D participates in a translocation common to all the hexaploid species [18] and in
another cultivar-specific translocation involving chromosome 17A [56]. The important role
played by chromosome translocations in the evolution of the Avena genus is widely docu-
mented. Moreover, the isolation of new repeated sequences and their location by FISH have
led to several new minor intra- and intergenomic translocations being found in the hexaploid
genomes with respect to the diploid taxa [33, 62]. However, the use of different and poorly cor-
related chromosome nomenclatures between the latter articles and the present prevented the
carrying out of tests to determine whether chromosome 21D is prone to suffer such
rearrangements.

According to Loskutov [72] and Ladizinsky [21] who reviewed the origin of hexaploid oats
based on geographical distribution, botanical features and the chromosome pairing of hybrids,
the progenitor of all hexaploids is A. sterilis—or a closely related form. From it, two branches
evolved separately. One led to A. byzantina and the second to A. occidentalis and the other
hexaploids, including A. fatua and A. sativa. This early separation of A. byzantina from A.
sativa may have been accompanied by structural genome rearrangements—not all of them
well identified cytologically but detected by the presence of several distorted linkage groups in
the genetic map derived from crosses between these two hexaploids [73]. If the above hypothe-
sis holds, it is likely that the primitive form of A. sterilis carried an AC signal on chromosome
21D. During the present work, one A. sterilis accession was studied but it failed to show this
AC hybridization signal being its hybridization pattern like that of A. sativa However, Badaeva
et al. [13] observed polymorphism for the C-banding patterns of A. sterilis, especially on the
short arm of this chromosome. The study of this and other accessions might help determine
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Table 2. Common nomenclature for A. insularis and A. magna for D genome chromosomes and several C genome chromosomes regarding to chromosomes of the
hexaploid species, based on SSR hybridization patterns shared for at least two species, 45S and 5S loci, and intergenomic translocations (C/D or D/C).

A. insularis A. magna Common nomenclature SSR rDNA C/D or D/C
M5 D6 9D AC, AAC, ATC, CT - -
SM5 11D 10D AC, AAC, ACG - C/D
SM6 7D 12D AC - C/D
ST1 9D 14D AC - -
M4 13D 18D AC, AAG
SAT1 1D 20D AC 458§, 58 C/D
SAT2 10D 21D AC 458 C/D
M1 3C 1C - 5S D/C
M2 5C 2C ACT 5S D/C
SM2 4C 4C ACT - -
SM1 2C 5C AC - -
SM3 12C 6C ACT - -

https://doi.org/10.1371/journal.pone.0257100.t002

whether this C banding polymorphism matches the AC hybridization signal observed in A.
insularis and A. byzantina. If so, the present results suggesting A. insularis to be the closest
ancestor of hexaploids would be cytogenetically reinforced, strongly supporting those of geno-
mic studies on the role of this species in the origin of hexaploid oats.

Taken together our cytogenetic results on A. insularis and A. magna, it is feasible to relate
each D genome chromosome of one species with its putative homologue of the other, also with
the corresponding hexaploid chromosome. Although less chromosome markers were obtained
for C genome chromosomes, presumed relationships can be reached for several of these chro-
mosomes. Based on these data, a common nomenclature for chromosomes of these species is
proposed (Table 2). This should help to future works that could fine tune better the extension
of homology among chromosomes of these species.

Conclusions

FISH hybridization patterns of seven SSRs, two ribosomal repeated sequences, and a C
genome-specific repetitive DNA sequence, showed common hybridization signals on chromo-
somes with similar morphologies in three CCDD and two AACCDD species of Avena. The sim-
ilarities among chromosomes of different species allowed tentative homologous relationships to
be established among all D genome chromosomes and several C genome chromosomes of A.
insularis, A. magna, A. sativa and A. byzantina, highlighting the close genetic relationships
among them. In contrast, A. murphyi showed obvious differences in its SSR hybridization sig-
nals, and in its entire karyotype, suggesting it evolved somewhat separately from the other two
CCDD species. The few but significant differences in the SSR hybridization patterns of A. insu-
laris and A. magna helped to establish that A. insularis is more likely to be involved in the origin
of the hexaploids than is A. magna. A. insularis shared diagnostic FISH signals with the hexa-
ploids, especially with A. byzantina. The present results support the hypothesis that the extant
A. insularis, or its direct ancestor, is a strong candidate as the progenitor of hexaploid oats.

Supporting information

S1 Table. Occurrence and main distribution of SSRs in CCDD tetraploids: A. insularis, A.
magna and A. murphyi and AACCDD hexaploids: A. byzantina and A. sativa.
(DOCX)
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S1 Fig. FISH of mitotic metaphases of CCDD tetraploid species showing the distribution of
Aml (red) (a—c) and 120a (red) (d). (a) A. insularis. (b) A. magna. (c) A. murphyi. (d) A. insu-
laris. Arrows indicate C/D intergenomic translocations.

(JPG)

S2 Fig. FISH of mitotic metaphases of CCDD tetraploid species showing the distribution
of SSRs CT, AAG and AAC. When positive signals for SSRs were observed, the same cells
rehybridized with pAm1 are shown. (a and b) A. insularis. (c) A. magna. (d) A. murphyi. (e
and f) A. insularis. (g and h) A. magna. (i) A. murphyi. (j and k) A. insularis. (1and m) A.
magna. (n and o) A. murphyi.

(JPG)

S3 Fig. FISH of mitotic metaphases of CCDD tetraploid species showing the distribution
of SSRs ATC, ACT and ACG. Same cells after rehybridization showing signals for Am1, 45S
and 5S as indicated on the microphotographs. (a and b) A. insularis. (c and d) A. magna. (e
and f) A. murphyi. (g and h) A. insularis. (i and j) A. magna. (k and 1) A. murphyi. (m and n) A.
insularis. (0 and p) A. magna. (q and r) A. murphyi.

(JPG)

S4 Fig. FISH of mitotic metaphases of hexaploid species showing the distribution of SSRs

ACG and ACT. Same cells after rehybridization showing signals for Am1, 120a, 45S and 5S as
indicated on the microphotographs. (a-c) A. byzantina. (d-f) A. sativa. (g-1) A. byzantina. (j-1)
A. sativa.

(JPG)

S5 Fig. FISH of mitotic metaphases of hexaploid species showing the distribution of SSRs
CT and AAG. Same cells after rehybridization showing signals for Am1, 120a, 45S and 5S as
indicated on the microphotographs. (a-c) A. byzantina. (d-f) A. sativa. (g-1) A. byzantina. (j-1)
A. sativa.

(JPG)

S6 Fig. FISH of mitotic metaphases of hexaploid species showing the distribution of SSRs
AAC and ATC. Same cells after rehybridization showing signals for Am1, 120a, 45S and 5S as
indicated on the microphotographs. (ac) A. byzantina. (d-f) A. sativa. (g-i) A. byzantina. (j-1)
A. sativa.

(JPG)
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