
New insights into the genomic structure of the oats (Avena
L., Poaceae): intragenomic polymorphism of ITS1 sequences
of rare endemic species Avena bruhnsiana Gruner and its
relationship to other species with C-genomes

A. A. Gnutikov . N. N. Nosov . I. G. Loskutov . E. M. Machs .

E. V. Blinova . N. S. Probatova . T. Langdon . A. V. Rodionov

Received: 30 September 2021 / Accepted: 26 November 2021 / Published online: 8 December 2021

� The Author(s), under exclusive licence to Springer Nature B.V. 2021

Abstract The origin of diploid C-genome oat Avena

bruhnsiana, which is a rare endemic species from

Azerbaijan (Apsheron Peninsula) has been clarified.

This diploid oat was found only in Apsheron Peninsula

in Azerbaijan and is closely related to another diploid

species, A. ventricosa that belongs to C-genome oat

group. In culture these species form fertile progeny but

do not cross with other C-genome oats, A. clauda and

A. pilosa. For more precise phylogenetic picture we

used the next-generation sequence method that allows

to obtain the whole pool of marker sequences (in our

case, 18S rDNA(fragment)–ITS1–5.8S rDNA). Based

on NGS counts, we revealed that at least 67% of A.

bruhnsiana rDNA were received from A. ventricosa.

The second ancestor of A. bruhnsiana is probably A.

clauda. Avena clauda itself appears to be a homoploid

hybrid: one of its main ribotypes is identical to A.

pilosa and one of them is separate. Also, one of the

minor ribotypes of A. pilosa is related to A-genomes

(probably, ancestral state?). The only tetraploid in the
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genus, perennial A. macrostachya, has CmCm-gen-

ome and was also studied in our work. It takes distant

position among other C-genome oats having two

closely related main ribotypes. Avena macrostachya

ribotypes is connected only with A. clauda/A. pilosa

complex via minor ribotype fraction.

Keywords Cereals � Hybridization � Molecular

phylogeny � Next-generation sequencing � rDNA

Introduction

A comparative analysis of mitotic chromosomes

morphology in species of the genus Avena L. showed

that diploid oat species have A-type or C-type

genomes, and it was proposed to distinguish between

two variants of C-genomes, Cv and Cp, and five

variants of A-genomes (Ac, Ad, Al, Ap and As)

(Rajhathy 1991; Loskutov and Rines 2011). To date,

there are known one tetraploid Avena species with

C-genome, A. macrostachya Balansa and Durieu

(Rodionov et al. 2005; Loskutov and Rines, 2011)

and four C-genome diploid species—A. ventricosa

Balansa, A. pilosa Scop. (= A. eriantha Durieu), A.

clauda Durieu and A. bruhnsiana Gruner (Loskutov

and Rines 2011). The Cv genome of A. ventricosa

consists of only subacrocentric chromosomes (Ra-

jhathy 1971; Loskutov and Abramova 2006; Badaeva

et al. 2010). The genomes of A. pilosa and A. clauda,

called as Cp genome, are more complicated. There are

two large submetacentrics, one medium size meta-

centrics, two medium size acrocentrics, and two small

subtelocentrics (Fominaya et al. 1988; Shelukhina

et al. 2008). There is a single nucleolar organizer

region (NOR) in Cv genome but two NORs in both Cp

genomes of diploid species (Fominaya et al. 1988;

Loskutov and Abramova 2006; Shelukhina et al. 2008;

Badaeva et al. 2010). As for A. bruhnsiana, the fourth

diploid species with C-genome, it has a karyotype

2n = 14 with one or two pairs of submetacentrics

(Emme 1930; Rajhathy 1971; Loskutov and Abra-

mova 2006).

The initial stages of evolution of A- and C-versions

of oats karyotypes can be represented as follows: the

common ancestor of Avena had a seven pairs

submetacentric chromosome set with two pair of

NORs, similar in this respect to the Arrhenatherum

P.Beauv. karyotype (Mitchell et al. 2003), the chro-

mosome set of A. macrostachya, and the karyotypes of

diploid oat species with the A genomes (Rodionov

et al. 2005; Winterfeld et al. 2009; Badaeva et al.

2010). Then the separation of phylogenetic lines with

A and C genomes occurred, accompanied by the

accumulation of differences in scattered repeats (ap-

parently determining the results of GISH hybridiza-

tion) and the accumulation of chromosome

rearrangements specific for each branch. In particular,

amplification of some tandem repeats occurred in the

phylogenetic branch of C-genome species, which led

to the appearance of both few large C-heterochromatic

bands and the characteristic ‘‘diffuse heterochro-

matin’’ on the chromosome arms (Rodionov et al.

2005; Winterfeld et al. 2009; Badaeva et al. 2010).

In the branch of C genome species, diploid ancestor

of A. macrostachya was the first species that diverged

from the common C-genome group ancestor (Rodi-

onov et al. 2005; Winterfeld et al. 2009). Then several

translocations or inversions took place in the common

ancestor of current diploid C-genome species that led

to significant changes in karyotype morphology

C-genome and A-genome ? A. macrostachya (Ra-

jhathy 1991; Winterfeld et al. 2009; Badaeva et al.

2010). Avena ventricosa, the species which genome

has lost one of NORs, was the first C-genome diploid

species that diverged in this branch. C-banding and

rDNA mapping showed that A. clauda and A. pilosa

are closer relatives (Shelukhina et al. 2008; Badaeva

et al. 2010).

The question is what position on the phylogenetic

tree is occupied by the rare endemic species A.

bruhnsiana. For the first time, this species was

collected by pharmacist Alexander Bruhns on the

Apsheron Peninsula and Swyatoi Island (now Piral-

lakhi Isl.) in the Caspian Sea in 1863–1864 and was

published as a new species by Gruner (1867).

According to its morphological features, A. bruhn-

siana is very close to A. ventricosa, however A.

bruhnsiana, as a rule, is larger in size characteristics

(Musaev and Isaev 1971; Rajhathy 1971), especially

in larger spikelets (Tzvelev 1983). The species occurs

on the Apsheron Peninsula near coastal sands in

undisturbed plant communities with A. ventricosa on

gray-brown soils. Apparently, the species differs from

A. ventricosa in the morphology of at least one pair of

chromosomes (Emme 1930; Rajhathy 1971; Loskutov

and Abramova 2006). Unlike A. ventricosa, the
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species has only one pair of NORs (Loskutov and

Abramova 2006). The hybrids between A. bruhnsiana

and A. ventricosa appear to be not differ from the

parental species in fertility (Rajhathy 1971). On the

other hand, A. bruhnsiana, when crossed with A.

clauda and A. pilosa, did not produce fertile offspring

(Nishiyama and Yabuno 1975). Malzew (1930) united

A. ventricosa, which also occurs in the same Apsheron

Peninsula, and A. bruhnsiana, into one species A.

ventricosa Balansa, with two subspecies: subsp.

ventricosa and subsp. bruhnsiana. Tzvelev (1983)

considered A. bruhnsiana as a synonym of more

widely distributed A. ventricosa. Rajhathy (1971)

believed that karyologic data and the absence of

reproductive isolation support Malzew (1930) for

combining A. ventricosa Balansa and A. bruhnsiana

Gruner into one species. At the same time, Azerbaijan

botanists Musaev and Isaev (1971) suggested that A.

bruhnsiana is possibly an interspecific hybrid.

The hybrid origin of plants can be revealed by

examining its rDNA (Kovařik et al. 2005; Punina et al.

2012; Lunerova et al. 2017; Belyakov et al. 2019). In

the plant genome, these cistrons are organized in the

form of several repetitive transcription units encoding

pre-rRNA (45S pre-rRNA in animals, 35-37S pre-

rRNA in yeast and plants) (Kovařı́k et al. 2005; Garcia

et al. 2012; Lunerova et al. 2017; Sochorová et al.

2018). In the studied plant species, the 35S rDNA

cistron number varied from 150 to 26,048 per haploid

genome (Prokopowich et al. 2003). In particular,

among cereals, Secale cereale L. has 2900, Hordeum

vulgare L. 2900–4200, Aegilops umbellulata Zhuk.

2500 gene copies. Note that S. cereale, like A.

bruhnsiana, has single NOR per haploid genome,

while both H. vulgare and A. umbellulata have two

NORs per haploid genome (Rogers and Bendich

1987).

To study the origin of Avena bruhnsiana and

probable relationships between this species and A.

ventricosa, we investigated the intragenomic poly-

morphism of the 18S rDNA (partial sequence)-internal

transcribed spacers ITS1-5.8S rDNA (partial

sequence) loci using locus-specific sequencing of this

region on the platform Illumina.

Materials and methods

Oat samples for our analysis were obtained from the

collections of the Federal Research Center N. I. Vav-

ilov All-Russian Institute of Plant Genetic Resources

(VIR). Oats in VIR collections were gathered in their

native habitats and then maintained via replanting.

The following plant materials were used in our

research: Avena bruhnsiana (k-212, Azerbaijan,

Apsheron Peninsula, Coll. V.N. Soldatov; Genbank

accession numbers OK303012–OK303068); Avena

ventricosa (k-2056, Algeria, 3 km to the east of Oran,

Coll. M. Leggett; Genbank accession numbers

OK301935–OK302014); Avena clauda (k-269, Azer-

baijan, Agsu District, Agsu, Coll. V.N. Soldatov;

Genbank accession numbers OK273905–OK274031);

Avena pilosa (k-1890, Syria, 40 km to the north from

Damascus, Coll. M. Leggett; Genbank accession

numbers OK273862–OK273899); Avena macrosta-

chya (k-1856, Algeria, Atlas Mts, Djurdjura Mt., Coll.

M. Leggett; Genbank accession numbers OK256902–

OK256954).

DNA from leaf material was extracted according to

the modified protocol by Doyle and Doyle (1987) and

using Qiagen Plant Mini Kit (Qiagen inc., Germany)

following the product manual.

Sequencing of the 18S rDNA (fragment)–internal

spacer ITS1–5.8S rDNA (fragment) by the NGS

method was carried out at the Center for Shared Use

‘‘Genomic Technologies, Proteomics and Cell Biol-

ogy’’ of the All-Russian Research Institute of Agri-

cultural Microbiology. The resulting sequences were

trimmed using the Trimmomatic PE software (Bolger

et al. 2014). The sequences (reads) were combined

using the fastq-join program (Aronesty 2013). Then all

the sequences were sorted using the ‘‘the bubble

sorting’’ algorithm. We analyzed related sequences

using MEGA X (Kumar et al. 2016). Then we

processed the results of targeted-sequencing of the

‘‘population’’ ITS-sequences of studied Avena using

the TCS program, which was used to build a network

of haplotypes (Clement et al. 2000). The TCS

algorithm is based on the probabilistic method of

statistical parsimony and allows one to determine the

probability of a relationship between all haplotypes

with an indication of the number of mutations by

which the studied haplotypes differ. The results of

TCS calculations were visualized in TCS BU (Múrias

dos Santos et al. 2016). The analysis included
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sequences with at least 10 reads per genome. The

sequences of C-genome oats obtained by NGS method

were also used in neighbor-net analysis. Neighbor-Net

analysis was conducted with the aid of SplitsTree4

(Huson and Bryant 2006).

Results

The read and analyzed region of rDNA in our

experiments included the 3 ’end of 18S rDNA (71

b.p.), the ITS1 region (224 b.p.) and partial sequence

of 5.8S rDNA (54 b.p.). The study of the intragenomic

polymorphism of this sequence in the C-genome

species showed that the species with one NOR—A.

ventricosa demonstrates one dominant rDNA variant

ribotypeCm1(12,560 reads, 81%of all reads) (Table 1,

Figs. 1 and 2). 19% of the reads in this genome are

minor variants of the major version of rDNA (Fig. 1).

In the tetraploid species A. macrostachya, we see two

closely related major ribotypes (Cm1A—4971 reads,

52% and Cm1B 3033 reads, 32%) (Table 1). In a

diploid species with two NORs, A. pilosa, we found 2

main ribotypes—Cp1A (1366 reads, 82%) and Cp1B

(1748 reads, 11%). Minor variants are close to these

two major rDNA versions (Fig. 1). The level of

differences between different ribotypes is small—one

or several SNPs and oligonucleotide deletions

(Table 2).

A completely different ribotype pattern is in A.

clauda, the rDNA of this species is surprisingly

diverse. First, it is the Cc1A ribotype, which is

identical to the Cp1B ribotype (21% reads) and the

closely related Cc1B ribotype (10% reads) (Table 1).

Then a series of ribotypes Cc2A, Cc2B and Cc2C, the

sequence of which is close to the rDNA of the species

with type A genomes. The rDNA pattern of this

species is characterized by a large number of minor

variants, one group of which forms a ‘‘cloud’’ around

the major variants Cc1B–Cp1B/Cc1A, and the second

group is close to variants of ribotypes from the Cc2

family (Figs. 1 and 2).

The pattern of ribotypes of A. bruhnsiana shows

that this is a species of hybrid origin, in fact

nothospecies, in the genome of which the main part

of rDNA (67%) is represented by the ribotype C1v, but

11% of the genome is the ribotype Cc1B (11%) and

2% of reads is the ribotype Cp1B/Cc1A (Table 1,

Figs. 1 and 2). Note that the close relationship between

A. bruhnsiana and A. ventricosa is confirmed by the

fact that the minor rDNA variant with an extended

deletion in the ITS1 region with a length of 70 b.p.

Table 1 Major ribotypes of wild species of the genus Avena L. with C-genomes

Species Ploidy Genome Number of NORs in haploid

genome

Ribotype Number of the

reads

% from the total number of

the reads

Avena
macrostachya

4 Cm 4 Cm1A 4971 52

Cm1B 3039 32

Avena
ventricosa

2 Cv 1 Cv1 12,560 81

Avena pilosa 2 Cp 2 Cp1A 13,566 82

Cp1B/Ctotal

c1A

1749 11

Avena clauda 2 Cp 2 Cc1A 5320 21

Cc1B 2695 10

Cc2A 3195 12

Cc2B 1777 7

Cc2C 1305 5

Avena
bruhnsiana

2 ? 2 Cv1 10,350 67

Cc1B 1675 11

Cp1B/Cc1A 519 2
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(107 and 105 reads in A. ventricosa and A. bruhnsiana,

correspondently—0.7% of reads in both genomes) was

found only in the genomes of these two species. In

Fig. 1 these sequences are marked with a four-pointed

star.

The question of the second ancestor of this species,

A. pilosa or A. clauda, is not resolved so unambigu-

ously. However, it can be assumed that it was A.

clauda because we detected A. clauda ribotypes that

are common with the ribotypes of A. bruhnsiana. In

the genome of A. bruhnsiana, in addition to rDNA of

the Cc1B variant, we can see minor variants close to

ribotypes of the Cc2B—1.7% of such reads in the

genome.

Discussion

The nuclear RNA genes (rDNA) in higher plants are

arranged in long tandem repeating units, much like

those of other higher eukaryotes (Rogers and Bendich

1987). Plants generally have more rRNA genes than

do other groups of organisms. In grasses (Poaceae)

ribosomal genes are usually ca. 2000 per haploid

genome. The 18S, 5.8S and 25S genes are clustered

and transcribed as one unit (Rogers and Bendich 1987)

and we need to note that this unit is repeated several

times. Thus, our number of reads exceeding 10,000 per

genome reflects not the gene quantity but the pool of

Fig. 1 Scheme of the relationship and diversity of the C-genome oats according to the NGS data
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all marker sequences including repeats of this tran-

scription unit.

Homoploid hybrid speciation, where new hybri-

dogenous species originate without changes in chro-

mosome number has traditionally been considered as

rare in relation to more common allopolyploid hybrid

speciation (Abbott et al. 2010). Our results show that

the diploid A. bruhnsiana is a taxon of hybrid origin:

(nothospecies), one of its ancestors was A. ventricosa,

and the second, apparently, A. clauda. Hence, we

conclude that its name ought to be accepted more

correctly as Avena 9 bruhnsiana. Since the karyotype

of A. 9 bruhnsiana is diploid (2n = 14) (Emme 1930;

Rajhathy 1971; Loskutov and Abramova 2006), it is a

homoploid hybrid. According to the diversity of

rDNA, one of its ancestral species, A. clauda, is also

a homoploid hybrid, and perhaps one of its ancestors

was a species with rDNA close to rDNA of diploid

A-genome Avena species. Thus, of the four studied

diploid species in the genus Avena, at least two are

homoploid hybrids.

Another observation made in this work requires

further research. Species with two nucleolar organiz-

ers in their genome on different chromosomes have at

least two ribotypes, while A. ventricosa, which has a

single NOR, has only one ribotype. This may indicate

Fig. 2 Network of the major ribotypes of the C-genome oats obtained by SplitsTree
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that homogenization of rDNA occurs within one NOR

more efficiently than homogenization of rDNA at loci

lying on different chromosomes. This may be because

one of the mechanisms of rDNA homogenization is

associated with the conjugation of homologous chro-

mosomes and, therefore, it occurs more efficiently

within one chromosome than between different chro-

mosomes (Eickbush and Eickbush 2007; Sochorová

et al. 2018).

Among studied C-genome oats there is one

tetraploid (2n = 28), A. macrostachya. It is considered

to be the most ancient species in the genus Avena

(Nikoloudakis and Katsiotis 2008; Peng et al. 2008).

Avena macrostachya, a perennial, cross-pollinated

narrowly endemic species, was first collected in 1971

in the form of individual shoots (clones) in high

altitude (1500 m) at the very edge of the snow in the

mountainous region of Djurdjura of the Atlas Mts, in

the northeastern Algeria (Baum and Rajhathy 1976).

On mountain stony slopes covered by meadows and

pastures, this species can rise up to 2000 m a.s.l.

(Loskutov 2007). According to its morphological

features, this perennial appears to be a primitive

member of the genus Avena (Malzew 1930). Some

researchers even attributed it to the genus Helictotri-

chon (Holub 1958). Avena macrostachya differs from

diploid oat species with the C-genome in symmetric

karyotype with a predominance of equal-armed chro-

mosomes, absence of diffuse heterochromatin, pre-

dominantly pericentromeric arrangement of

C-positive bands, as well as the size and morphology

of satellite chromosomes (Badaeva et al. 2010). As it

was found, the symmetric karyotype is not character-

istic for diploid species with the C-genome. At the

same time, large blocks of C-heterochromatin in the

pericentromeric regions of chromosomes of this

species indicate its affinity to species with C-genome.

This confirms that A. macrostachya possesses a

special C-genome type designated as CmCm (Rodi-

onov et al. 2005). It was also considered that A.

macrostachya could have previously undescribed

genome EE (Loskutov 2007). Our analysis of NGS

data on 18S–ITS1-5.8S rDNA sequences revealed that

A. macrostachya ribotypes are comparatively distant

from other existing C-genome oats (Fig. 1, Table 2).

As a conclusion, we can see that the Next-Gener-

ation Sequence analysis of rDNA intragenomic poly-

morphism gives much more complicated but

informative results than the results of ‘‘traditional’’

sequence analysis. Here we see that even well-

established diploid species have the tracks of ancient

hybridization in their NORs.
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Table 2 Ribotype diversity of Avena macrostachya and diploid

Avena species with C-type genomes (only the positions for

which the variability is marked are given)

01111111111111111111112222222222222
90111112223345777888990124444566777
68346793565940367057236150367014014

Cm1A CCDCCGCCACCCGGCGGGCCTAGGACTTGGCTTAG
Cm1B ........................T..........
Cv1    ...D....G..T....A...ATAA......TC.C.
Cp1A ...D..T.GT.T....A.A...AA.........C.
Cp1B ...D..T.G..T....A.A...AA.........C.
Cc1A ...D..T.G..T....A.A...AA.........C.
Cc1B ...D....G..T....A.....AA.........CT
Cc2A A.T.T.TTG.DTAATA.........TGCAATCCCT
Cc2B AGT.T.TTG.D.AATA.T.T.....TGCAATCCCT
Cc2C A.T.TATTG.D.AA.A...T.....TGCAATCCCT

D marks deletions. Position 96 of the studies sequence

corresponds to nucleotide 26 ITS1 in C-genome Avena if we

consider the beginning of ITS1 from motive TCGTGACCC. All

variable positions shown in the table, except for 271 and 274,

are within the boundaries of the ITS1 region; 271th and 274th

positions—5.8S rDNA
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