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Abstract. A hybridological study of biotypes of species close to Elymus caninus: E. prokudinii, E. viridiglumis, E. golo-
skokovii, as well as a number of morphologically deviant biotypes in Russia and Kazakhstan, was carried out. The
objectives were to study the levels of reproductive relationships and the degree of integration of the species E. go-
loskokovii, E. prokudinii, and E. viridiglumis into the E. caninus complex. Our estimates of the seed fertility of natural
parental biotypes were within 60-90 %. Among the combinations of crossing in F,, the highest seed setting was
found in the hybrids formed by parental pairs from close habitats, regardless of the taxonomic rank of biotypes. The
highest fertility values (55.6 and 46.1 %) were found in combinations involving E. caninus, E. viridiglumis and E. go-
loskokovii. It has been concluded that the biotypes of these species included in sexual hybridization form a single
recombination gene pool, within which slight differences in reproductive compatibility are observed. The nature of
the inheritance of the diagnostic features of lemmas “presence of trichomes” and “length of awns’, according to the
digenic and monogenic type, respectively, is shown. The high seed fertility of the created hybrids and the presence
of intermediate forms in the F, generation according to distinctive features indicate the possibility of interspecific
introgression when species grow together in natural populations. Thus, the assessment of the inheritance of dia-
gnostic characters makes it possible to classify E. goloskokovii, E. prokudinii, and E. viridiglumis as intraspecific taxa of
E. caninus s. |. Data were obtained on the morphological and reproductive properties of interspecific hybrids with
the participation of the species E. mutabilis as a possible donor in the speciation of taxa close to E. caninus. In cross
combinations of E. caninus x E. mutabilis and E. mutabilis x E. caninus, lower values of seed fertility of hybrids in the
F, and F, generations were noted compared to hybrids between the species E. caninus, E. goloskokovii, E. prokudinii
and E. viridiglumis. Nevertheless, on the basis of chorological and morphological criteria, we concluded that E. cani-
nus and E. mutabilis are independent species.
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AHHoTayus. [MpoBefeHo rMOPUAOIOrMYeCcKoe N3yyeHme 61MOTMNOB BUAOB, 6nn3Kux K Elymus caninus: E. prokudinii,
E. viridiglumis, E. goloskokovii, a Takxe paga Mopdonornyeckn oTKIOHAILWMUXCA GUOTUMNOB C TeppuTopun Poccun
1 KasaxcrtaHa. bbina noctaBneHa 3afjaya M3yunTb YPOBHU PenpPOAYKTUBHBIX B3aVMOOTHOLWEHWI 1 CTENEHUN UHTE-
rpupoBaHHocTK BUAoB E. goloskokovii, E. prokudinii v E. viridiglumis B komnnekc E. caninus. 3HaueHUA CeMeHHOW
epTUNbHOCTY MPUPOAHBIX POANTENBCKUX OBUOTUMOB OLeHeHbl Hamu B npegenax 60-90 %. Cpean kombrHaLui
cKpewmBaHua B F; HaMBbICLIAA 3aBA3bIBAEMOCTb CEMAH BbIABMIEHA Y MMOPUAOB, 06Pa3oBaHHbIX POANTENLCKAMY
napamm u3 65IM3KNX MeCcToob/TaHUiA, HE3aBUCMO OT TaKCOHOMUYECKON NPUHAANEXHOCTM 61OTMMNOB. HamBbicwne
BENNUYNHBI GepTUNbHOCTY (55.6 1 46.1 %) OOHapy»KeHbl B KOMOMHaUKMAX ¢ ydacTem Buaos E. caninus, E. viridiglu-
mis v E. goloskokovii. CoenaH BblBO, UTO 61OTUMBI Ha3BaHHbIX BUAOB, BKOUEHHbIE B MOMIOBYIO MMOPUAN3aLIo,
06pasytoT eAnHbIN PEKOMOVHALMOHHDBIV FeHMys, BHYTPY KOTOPOro HabnioAaTca He3HaUUTeNIbHble pa3nnuma no
penpoayKTUBHON COBMECTMMOCTU. MoKa3aH XapaKkTep Hac/leAOBaHWA ANAarHOCTUYECKNX MPU3HAKOB HUKHIX LiBET-
KOBbIX YeLLyi «<HaIM4mne TPUXOM» 1 «AJIHA OCTEN» MO AUrEHHOMY U MOHOTEHHOMY TUMYy COOTBETCTBEHHO. BbicoKas
cemeHHasA $epTUIbHOCTb CO3AaHHbIX MMOPUAOB 1 HanmMuve B NokoneHun F, npomexyTouHbix Gopm no pasnunyu-
TeJSIbHbIM NPU3HAKaM CBUAETENbCTBYIOT O BO3MOXHOCTY MEXBUAOBOW MHTPOrPeccuy Mpu COBMECTHOM Npouspac-
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TaHUW BUAOB B NMPUPOAHbBIX Nonynauusax. Taknum o6pa3om, oLeHKa Hacne[oBaHUA AVArHOCTUYECKUX MPU3HAKOB
noseonset Knaccupuumposatb E. goloskokovii, E. prokudinii v E. viridiglumis Kak BHyTpvBULOBble TakCoHbI E. cani-
nus s. |. MonyyeHbl faHHble 0 MOPPONOTNYECKNX U PENPOLYKTVBHbBIX CBONCTBaX MEXBUAOBbIX TMOPUAOB C yyacTmem
Buaa E. mutabilis Kak BO3MOXHOIo fJoHOpa Npuv BUA0OOPA30BaHNMN TaKCOHOB, 6nn3KKX K E. caninus. B kombuHaumuax
cKpewwmBanus E. caninus x E. mutabilis v E. mutabilis X E. caninus oTmeuyeHbl 6o51ee HU3KMe 3HaueHUs ceMeHHoM dep-
TUNBHOCTW TM6PUAOB B NokoneHusx F, 1 F, no cpaBHeHuto ¢ rubpugamm mexay Bugamu E. caninus, E. goloskokovii,
E. prokudinii v E. viridiglumis. Tem He MeHee Ha OCHOBE XOPOIOrNYeCKoro 1 MOpPdONOrNMYecKoro KpUTepnues Hamm
c/lenaH BbIBOJ, 0 BUAOBOW camocToaTenbHocTu E. caninus v E. mutabilis.

KnioueBble cnioBa: BUaoobpasoBaHue; rmbpuamnsaums; npusHak; HacnefoBaHue; TakcoHomms; Elymus; Poaceae.

Introduction

Wild cereals of the tribe Triticeae Dumort. (fam. Poaceae Barn.)
are of great interest to researchers as possible donors of valu-
able traits for the main grain crops — wheat, barley and rye.
General ideas about the potential possibilities of using wild
relatives of wheat to enrich breeding material with new he-
reditary qualities were first outlined by N.I. Vavilov (1931).
Subsequently, the concept of primary, secondary and tertiary
gene pools was introduced (Harlan, De Wet, 1971). A similar
gene pool system proposed for barley and rye (von Bothmer
et al., 1992) includes, in general, some species of perennial
grasses.

The genus Elymus L. is the largest genus of the tribe, be-
longing to the tertiary gene pool, uniting allopolyploid species
of perennial grasses with different genomic constitutions.
Facultative self-pollination, which promotes the elimination
of spontaneous mutations and the consolidation of the con-
sequences of introgressive hybridization, accelerates the pro-
cesses of morphogenesis and at the same time complicates the
systematization of natural populations. In the ongoing micro-
evolutionary differentiation of the genus, the most relevant to
study are the phylogenetic relationships between taxa.

Elymus caninus (L.) L. is a species with a StStHH genome
(Dewey, 1968) and a vast range covering all of Europe from
Iceland and the Mediterranean Sea to the Ural Mountains,
almost the entire Palearctic part of Siberia, as well as some
areas of Central Asia (Tsvelev, 1976; Hultén, Fries, 1986). In
Northern Europe, E. caninus is distributed throughout Swe-
den and Denmark, and somewhat less frequently in Norway
and Finland. In Siberia, it is found in almost all areas west
of Lake Baikal (Peshkova, 1990). Taking into account the
wide distribution of this species and its high adaptability to
environmental factors, one can initially assume a noticeable
variation in morphological characters within E. caninus.
However, E. caninus exhibits low morphological variability
compared to other Elymus species. The main reason, in our
opinion, is that a number of natural morphotypes with deviat-
ing characters have been described as independent species.
At the same time, on the one hand, in most cases no evidence
was provided for the phylogenetic isolation of new species,
and on the other hand, these species were not considered as a
component of E. caninus, since they went beyond the limits
of its narrow variability. In Russia and Kazakhstan, these
species include E. viridiglumis (Nevski) Czer., E. prokudinii
(Seredin) Tzvelev (Tsvelev, Probatova, 2019) and E. golosko-
kovii Kotuch. (Kotukhov, 2004).

The species E. goloskokovii was described from Western
Altai (Ivanovsky Range), indicating its wide distribution
within the southwestern part of these mountains (Kotukhov,

2004). The protologue notes that E. goloskokovii is a stable
fertile hybridogenic species, probably derived from the hyb-
ridization of E. fibrosus (Schrenk) Tzvelev and E. trachycaulis
(Link) Gould et Shinners, with the possible participation of
E. mutabilis (Drob.) Tzvelev. At the same time, the species
E. goloskokovii differs from the widespread E. caninus mainly
in the character of short (up to 4 mm) awns of lemmas.

Elymus viridiglumis was described from the Southern Urals
in 1934 based on the collections of S.A. Nevsky as Roegneria
viridiglumis Nevski. The species is distributed in the Urals and
Western Siberia; it differs morphologically from E. caninus
in having hairy or scabrous lemmas. Small populations have
also been found in Eastern Kazakhstan.

Elymus prokudinii is an endemic of the subalpine meadows
of the forest belt of the Central and Eastern Caucasus, de-
scribed in 1965 as Roegneria prokudinii Seredin (Seredin,
1965) based on the collections of R.A. Elenevsky. The species
is morphologically similar to E. viridiglumis, and differs from
it only in its narrow endemic geographic range.

To date, much information has been accumulated indicating
that the single recombination gene pool of E. caninus, as a
species, is formed not only by typical individuals, but also by
a large number of morphologically deviant biotypes (MDBs)
that do not correspond to the diagnosis of the species (Gerus,
Agafonov, 2006; Agafonov, 2011). In particular, we have
obtained evidence that introgressive relationships between
E. caninus and E. mutabilis lead to a diversity of transitional
interspecific forms (Agafonov, 2013). Since that time, a num-
ber of questions remain and new problems have arisen from
the perspective of reproductive biology and taxonomy of this
vast complex.

One of the most important criteria for the relatedness of
living organisms is the ability to produce viable offspring
during crossing, which is due to the balanced recombination
of genetic material during generations. The study of intra- and
interspecific crossbreeding of biotypes makes it possible to
model the processes of hybridization and introgression oc-
curring within the genus Elymus. The results obtained from
crossing biotypes from close or distant populations make it
possible to clarify issues of intraspecific organization, outline
the genetic pool and predict the possible course of further
speciation pathways. The levels of crossbreeding of biotypes
Cs (sexual compatibility) and the fertility of the resulting
hybrids are under strict genotypic control and, accordingly,
reflect the phylogenetic relationships of the original taxa
(Agafonov et al., 2001).

In order to obtain additional data, work was carried out
to create and study F,—F, hybrids between selected biotypes
of different taxa of species rank, morphologically close to
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E. caninus s. 1. The objectives were to study the levels of re-
productive compatibility of biotypes and the degree of inte-
gration of the previously described species E. goloskokovii,
E. prokudinii and E. viridiglumis into the E. caninus complex,
as well as to supplement data on the morphological and repro-
ductive properties of interspecific hybrids E. caninus x E. mu-
tabilis.

Materials and methods

According to G.A. Peshkova (1990), the main diagnostic cha-
racteristics of E. caninus include: (1) leaf blades on top with
scattered long hairs; (2) glabrate lemmas, rarely with single
spines in the upper part; (3) lemmas with straight awns, equal
to the lemmas or longer; (4) hairy rachillas.

In addition to the typical morphotype of E. caninus GAT-
9210 and some morphologically deviating biotypes (MDB),
biotypes of the above-mentioned species were used in hybridi-
zation in eight cross-combinations.

Characteristics by which typical individuals of E. caninus
and E. mutabilis differ are as follows: long (up to 25 mm) —
short (up to 6 mm) lemma’s awns; glabrous — scabrous (hairy)
lemmas; the ratio of glume’s length and the adjacent lemma’s
length (k= Lgi/Lyom) is approximately 0.5-0.6 in E. caninus
and 0.7-0.8 in E. mutabilis. The last trait must be accompanied
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by the the presence of membranes at the edges of glumes,
which become thinner with increasing k value (the mutabi-
lis type), and conversely, membranes become wider as the
k value decreases (the caninus type). This trait is not always
clearly identified in most phenotypes due to the presence of a
spectrum of intermediate phenotypes in natural populations.
The locations of E. mutabilis accessions and species closely
related to E. caninus are given in Table 1.

Fragments of flowering spikes of some biotypes of species
close to E. caninus are shown in Figure 1. The chasmogamous
type of flowering characteristic of all taxa does not prevent
the predominant self-pollination of plants, which is supported
by the simultaneous maturation of male and female game-
tophytes, as well as the absence of genetic systems of self-
incompatibility (open (bursted) anthers are visible in Fig. 1).

In addition to the diagnostic character “length of the awns
of lemmas”, the biotypes included in the hybridization were
found to have variability in a number of secondary characters
inherent in specific taxa and geographic races: the relative
length of the glumes, pubescence of leaf blades (LB), color
of anthers, spike density, plant habit and height.

Since to study reproductive compatibility we use seeds
of wild plants collected from different points of the species’
ranges, where their morphometric characters largely depend

Table 1. Localization of E. mutabilis accessions and species close to E. caninus, and their morphological features

Taxon, Accession  Locality and Collectors

Russia, the Altai Republic, northern coast of the Teletskoye lake,
vicinity of the settl. Artybash, alt. 460 m N 51°47.674' E 87°16.446'

E. caninus
GAT-9210
(V. Makashov)

Morphological features

Lemmas glabrous;
Leaf blades hairy on upper surfaces;
Rachilla segments hairy

E. caninus MDB
AKL-0703

E. caninus MDB
SON-9904

E. caninus MDB
OSE-1427

E. caninus MDB
BAI-0401

E. viridiglumis
EK-1418

E. viridiglumis
BEL-1404

E. goloskokovii
TUV-9936

E. goloskokovii
EK-1513

E. prokudinii
TEB-1806

E. mutabilis
BAI-0402

E. mutabilis
ACH-8932
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Russia, the Altai region, vicinity of the settl. Blagoveshchenka,
alt. 98 m N 52°55.19" E 79°46.22" (N. Lashchinsky)

Russia, the Republic of Khakassia, Zapadniy Sayan range,
252 km of the Abaza-Ak-Dovurak highway,
alt. 713 m N 52°10.772" E 89°51.907’ (A. Agafonov)

Russia, the Republic of North Ossetia — Alania, vicinity of the settl. Stur-Digora,
alt. 1996 m N 42°52.898' E 43°35.959' (S. Asbaganov)

Russia, the Republic of Buryatia, vicinity of the settl. Goryachinsk,
coast of Lake Baikal, alt. 457 m N 52°58.588' E 108°16.335' (D. Gerus, A. Agafonov)

The Republic of Kazakhstan, vicinity of the settl. Berezovka,
alt. 1202 m N 50°07.623' E 83°49.210' (D. Gerus)

Russia, the Altai region, vicinity of the settl. Belokurikha,
alt. 287 m N 51°58.847' E 84°57.697' (A. Agafonov, M. Agafonova)

Russia, the Republic of Tuva, Todzhinsky district, floodplain of the Biy-Khem River,
Tos-Buluk shoal (D. Shaulo)

The Republic of Kazakhstan, vicinity of the settl. Poperechnoe,
alt. 1202 m N 50°21.128' E 83°53.527' (D. Gerus)

Russia, the Karachay-Cherkess Republic, the Teberda Nature Reserve,
alt. 2020 m N 43°26.508' E 41°42.693’ (S. Asbaganov, A. Agafonov)

Russia, the Republic of Buryatia, vicinity of the settl. Goryachinsk,
shore of Lake Baikal, alt. 457 m N 52°58.588' E 108°16.335' (D. Gerus, A. Agafonov)

Russia, the Altai Republic, Cheke-Taman pass,
alt. 1216 m N 50°38.367' E 86°18.166' (A. Agafonov)

Lemmas hairy;
Leaf blades hairless

Lemmas short and hairy;
Lemma’s awns up to 12 mm;
Leaf blades hairy on upper surfaces

Rachilla segments scabrous
due to short spinules

Lemmas scabrous;
Leaf blades hairy on upper surfaces

Lemmas short and hairy;
Leaf blades hairy on upper surfaces

Lemma’s awns up to 3 mm;
Leaf blades hairy on upper surfaces

Lemma’s awns up to 4 mm;
Leaf blades hairless

Lemmas short and hairy;
Leaf blades hairy on upper surfaces

Lemmas scabrous;
Lemma'’s awns up to 4 mm

Lemmas scabrous;
Lemma’s awns up to 2 mm
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Fig. 1. Fragments of flowering spikes of taxa and biotypes close to E. caninus, taken for hybridization.

on environmental factors, it is necessary to exclude modifica-
tion of taxonomic characters. To do this, plants were grown
under equalized conditions at the experimental site of the
Central Siberian Botanical Garden SB RAS, and only after
that their taxonomic affiliation was determined. When select-
ing parental individuals, forms with different characteristics
were selected — plants with glabrous lemmas were crossed
with plants that had trichomes on lemmas, plants with short
awns of lemmas were crossed with plants with long awns, etc.

The procedures for creating sexual hybrids were carried
out using an express method (Lu et al., 1990), which involves
preliminary preparation of the ear and manual pollination of
each pistil. One of the advantages of this technique is the
stimulation of the natural opening of flowers and the simulta-
neous removal of anthers that have not yet burst. Pollination
of each of the several opened emasculated flowers is carried
out by the newly burst anther of the father plant, which mini-
mizes the risk of its own or foreign pollen. The use of this
technique, with sufficient development, gives more reliable
results, since it does not require preliminary emasculation
of delicate immature flowers and leads to an increase in the
efficiency of hybridization.

Hybridity of F; plants was confirmed by the presence of
characteristics of the paternal plant. The assessment of seed
fertility (SF) of plants in generations F,—F, and levels of sexual

compatibility of biotypes (Cs) was carried out according to the
principles we developed (Agafonov, 1994; Agafonov, Salo-
mon, 2002). The correspondence of the type of inheritance of
morphological characters (presence of trichomes on lemmas
and length of lemma’s awns) to Mendel’s laws (monogenic
and digenic) in F, plants was checked using the Pearson cri-
terion (y2) (Pearson, 1900).

The segregation of the awn length trait in F, plants was
analyzed based on the maximum value of awn length among
the spikes of each individual.

Results

Crosses were carried out between species close to E. caninus
in six combinations: E. caninus X E. prokudinii (2 combina-
tions), E. caninus x E. viridiglumis, E. goloskokoviiX E. ca-
ninus, E. caninus X E. goloskokovii, E. goloskokovii x E. viri-
diglumis; there were also two cross combinations between
the biotypes E. caninus and E. mutabilis. From 1 to 3 hybrid
grains were obtained in each combination. The results are
presented in Table 2.

The inheritance of morphological characters was assessed in
small samples of the F, generation. Although the sample sizes
were not large, they made it possible to assess the degree of
discreteness of the trait in phenotypic classes and the nature
of their inheritance (Tables 3, 4).

Table 2. Maximum values of seed fertility in F, and F, hybrids (%) and levels of sexual compatibility (Cs)
of biotypes among taxa close to E. caninus and in cross combinations of E. caninus x E. mutabilis

No. Cross combination Ng,
1 caninus MDB AKL-0703 X prokudinii TEB-1806 2
2 goloskokoviiEK-1513 xviridiglumisEK-A418 1
3 goloskokoviiEK-1513 X caninus MOB SON-9904 3
4 caninus MDB SON-9904 x goloskokovi TUV-9936 2
5 caninus MDB OSE-1427 x prokudini TEB-1806 1
6 caninusMDBOSE-1427 x viridiglumis BEL-1404 2
7 caninusGAT9210x mutabils ACH-8932 1
8 mutabilsBA-0402 X caninusBAOAOT 1

Note. Ng; and N, are the number of analyzed plants in F; and F,, respectively.

F, (max) Ne, F, (max) Level of Cs
..................... 2441888801
..................... 4611577101
..................... 296125913(11
..................... 55682636(11
..................... 3971679401
..................... 10/7*679002
..................... 661354602
..................... 3214286a2

*The fraction shows the ratio of the number of completed seeds to the number of spikes from two F; plants.
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Table 3. Results of trait segregation in F, in small samples

Crossing combination Trait Trait expression Number of plants ~ Total plantsin F,

goloskokovii EK-1513 x viridiglumis EK-1418 Trichomes on lemmas

Lemma’s awn length

Length of lemma’s awns 1-4 mm 7
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Table 4. Analysis of trait segregation in the F, generation in the two largest samples

Cross combination Trait Trait expression p* q* ¥ P
goloskokovii EK-1513 x Trichomes on lemmas Glabrous 8 7.8125 x2=0.0048
caninus SON-9904 T B A A B
Scabrous, densely scabrous, 117 117.1875 (0.95>P>0.90)
Total 125 plants F, and short and hairy
Length of lemma’s awns 1-4 mm 34 31.25 ¥2=28.856
..
B (AR o2 (001>P>0025)
10-12 mm 17 31.25
caninus SON-9904 x Trichomes on lemmas Glabrous 7 5.125 x2=0.732
goloskokovii TUV-9936 105
Scabrous, densely scabrous, 75 76.875 (0.90>P>0.10)
Total 82 plants F, and short and hairy
Length of lemma’s awns 1-3mm 17 20.5 x2=3.15
s,
B SR N (090>P>0.10)
10-12 mm 16 20.5

* p — actual number of individuals; * q — expected number of individuals.

Pearson’s test %2 was applied and the level of significance
P was assessed for F, samples in two cross combinations:
E. goloskokovii x E. caninus and E. caninus % E. goloskokovii
(see Table 4).

Discussion

The results of the study showed that the biotypes included
in the hybridization, which are close in morphology to the
base species E. caninus (see Table 2, No. 1-6), form a single
recombination gene pool, within which minor differences in
reproductive compatibility are observed. Noteworthy is the
relatively small but clear decrease in SF values in F; hybrids
compared to mother plants. This means that all MDBs taken
for hybridization belong to the extensive gene pool of E. cani-
nus, but have gone through a certain microevolutionary path
in the direction of divergence.

We estimated the SF values of natural biotypes to be within
60-90 %. The maximum values of SF of F; plants among
species close to E. caninus (see Table 2, No. 1-5) were in the
range of 24.4-55.6 %, except for the crossing combination of
E. caninus x E. viridiglumis (No. 6), where SF was very low;
for this reason, the maximum value of SF could not be given.
In this combination, out of seven spikes (the total number of
spikes in two F; plants), only 10 seeds were fertile, of which
only six were able to grow to the generative stage and produce
offspring in F,. In cross combinations between the species
E. caninus and E. mutabilis (see Table 2, No. 7, 8), where
one F; plant was obtained, the maximum SF value was in the
range of 3.2-6.6 %.

The highest SF values in F; were found in hybrid plants
formed by parental pairs from geographically close habitats
(see Table 2): combination 4 from the border territory of the
Republic of Khakassia and the Republic of Tuva (E. caninus
SON-9904 x E. goloskokovii TUV-9936) — 55.6 %, and com-
bination 2 from North-Eastern Kazakhstan (E. goloskokovii
EK-1513 x E. viridiglumis EK-1418) —46.1 %. Combination 5

from the North Caucasus (E. caninus OSE-1427 x E. proku-
dinii TEB-1806) was also characterized by a relatively high
SF —39.7 %. This fact also confirms our assumption about the
joint microevolutionary path of different taxa within a specific
territory (Agafonov, 2011). Moreover, two interspecific com-
binations (7 and 8), formed by E. caninus and E. mutabilis,
showed significantly lower (6.6 and 3.2 %) SF values in
the F; generation than other combinations (1-5). As for the
hybridization variant E. caninus OSE-1427 x E. viridiglumis
BEL-1404 (6), low SF values in the F; hybrid can be explained
by the significant geographic isolation of the original parental
biotypes.

Generally, the values of seed fertility in F, represent a
range of variability within certain limits, determined, among
other things, by the degree of phylogenetic proximity of the
parental biotypes. In all crossing combinations, an increase in
SF values in F, was observed (see Table 2), which is associated
with the normalization of genetic recombination according to
the RGP principle. The levels of sexual compatibility of bio-
types in almost all crossing variants (except for two involving
E. mutabilis and variant 6) correspond to free genetic recom-
bination (a). The possibility of interbreeding and restoration
of seed productivity over several generations indicates the
presence of a homologous part of the genome in the parental
forms. Such hybridization can be considered as natural seed
propagation of two different forms of the same species.

Based on the presented results of hybridization, it was
concluded that the nature of inheritance of traits during the
segregation of hybrids in F, in self-pollinating taxa depends
on the parental genotypes, which can differ in a different
number of loci and alleles (one or more), forming the general
gene pool of the taxon. In these crossing combinations, the
nature of inheritance of the trait “presence of trichomes on
lemmas” was determined to be digenic, while the inheritance
of'the trait “awn length” was determined to be monogenic with
incomplete dominance.
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The distribution of phenotypes according to the trait “pre-
sence of trichomes on lemmas” by class allowed us to assume
a segregation of 1:15, which corresponds to digenic inheri-
tance. The level of significance test (P) was low in some cases,
which may be explained by the insufficient number of F, plants
forming the sample. However, based on the segregation of
phenotypes, one can roughly assume the type of inheritance
of diagnostic traits.

Previously, we conducted expeditionary collections of spe-
cies close to E. caninus in the Republics of Altai and Tuva,
the Caucasus, and Eastern Kazakhstan. The samples were
studied experimentally. Let us give a brief overview of the
most significant results for this article. Since small populations
of E. viridiglumis were found to occur in Eastern Kazakhstan,
we hypothesized possible routes for the formation of the spe-
cies in this territory (Agafonov, 2013). One cannot but agree
with the comment that according to spike characteristics,
some biotypes of E. viridiglumis are similar to E. komarovii
(Tsvelev, Probatova, 2019); however, the genetic distance of
these two species was experimentally shown (Agafonov et
al., 2017). A taxon similar to E. goloskokovii in the character
“short awns of lemmas” was described from Northern Europe
as E. caninus var. muticus (Holmb.) Karlsson. We studied
the living material of this taxon in an experiment (Gerus,
Agafonov, 2006), and it was concluded that this species has
a polyphyletic hybrid origin.

ISSR analysis using a wide range of samples of species
morphologically similar to E. caninus from different locali-
ties within Russia showed that the species E. viridiglumis,
E. prokudinii and E. goloskokovii represent groups of in-
dividuals that are also phylogenetically close to E. caninus
(Shabanova (Kobozeva) et al., 2020). The assumption was
confirmed that E. viridiglumis has a polyphyletic origin, as
a result of microevolutionary processes in populations of
E. caninus s. 1., possibly with the participation of E. mutabi-
lis. For the Caucasian endemic E. prokudinii and the Kazakh
endemic E. goloskokovii, origin is also assumed to be a result
of introgression or spontaneous mutagenesis, i.e. manifesta-
tions of natural intraspecific polymorphism of E. caninus.
The remoteness of E. fibrosus from all taxa phylogenetically
close to E. caninus cast doubt on the assumption of the origin
of E. goloskokovii from the hybridization of E. fibrosus and
E. trachycaulis, especially considering the introduced North
American origin of the latter (Agafonov, Baum, 2000). Taking
into account our early studies of species close to E. caninus
(Agafonov, 2011), it was concluded that the taxa E. viridiglu-
mis, E. prokudinii and E. goloskokovii are not phylogenetically
separate and should be transferred to the intraspecific rank of
E. caninus s. 1.

Reproductive relationships

between Elymus caninus and E. mutabilis

The typical morphotypes of E. caninus and E. mutabilis have
a special character of reproductive relationships. Previously,
we touched upon the topic of the influence of E. mutabilis on
speciation in Eastern Kazakhstan (Gerus, Agafonov, 2006),
including in comparison with data on intraspecific variability
of E. caninus (Agafonov, 2011). Some E. caninus x E. caninus
hybrids were found to have lower compatibility than E. cani-
nus * E. mutabilis hybrids.
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In this study, the parental biotypes of E. caninus and E. mu-
tabilis had typical characteristics of these species; differences
were identified only between biotypes of E. caninus in the
pubescence of the upper surfaces of leaf blades: hairy sur-
faces were noted in the parental biotype GAT-9210, scabrous
(hairless) ones were noted in the BAI-0401 biotype. Data on
SF and the segregation of morphological traits’ characters
in F, hybrid samples in two cross combinations are given in
Tables 5 and 6.

Elymus caninus GAT-9210 x E. mutabilis ACH-8932. In
the grown F, sample of 13 individuals (see Table 5), only one
absolutely sterile plant (4) was noted; the highest SF value
was 54.6 % (plant 8). This value was slightly lower than
in all combinations involving taxa close to E. caninus (see
Table 2). In addition, a wide range of SF values was noted,
which is a characteristic feature for relatively distant hybrids.
Based on a set of morphological characters, two individuals
(2 and 8) were recombinant ones (see Table 5), and cor-
responded to the diagnosis of E. viridiglumis (hairy upper
surfaces of leaf blades, scabrous lemmas and long awns up
to 18-22 mm). This fact confirms our assumption about the
polyphyletic origin of the abovementioned taxon. Moreover,
only two individuals had scabrous upper surfaces of leaf blades
(plants 7 and 13), the rest had hairy surfaces to a greater or
lesser extent (11 individuals). This fact may indicate a small
number of alleles by which the parental individuals differed,
since during segregation in F, for one discriminating allele,
there is a greater probability of obtaining 2 individuals with
recessive homozygotes per sample of 13 plants (1 out of 4)
than with two alleles (1 out of 16).

Based on the diagnostic trait of lemma’s awn length, we
identified morphotypes with six values from 3 mm (morpho-
type E. mutabilis) to 22 mm (morphotype E. caninus). The
large number of phenotypes for this trait can probably be
explained by the fact that each allele makes an additive
contribution to the formation of the awn length trait. And the
greater the difference in the length of the awns in the parental
forms, the greater the range of variability in the offspring. In
addition, the value of this quantitative characteristic is quite
difficult to fix.

Elymus mutabilis BAI-0402 X E. caninus BAI-0401. The
F, sample in this combination is represented by 14 individuals
with an average SF value of 11.0 % (see Table 6), which is the
smallest value among all studied samples. At the same time,
the maximum value of SF in F,, 28.6 %, was also the small-
est compared to other samples (see Table 2). In the sample,
six individuals with completely naked leaf blades were noted
(see Tables 3, 6). This may mean that the parental biotype
of E. mutabilis BAI-0402 was heterozygous for the allele(s)
controlling the trait. At the same time, three individuals with
glabrous lemmas (morphotype E. caninus) differed from each
other in the length of lemma’s awns (see Table 6). That is,
potentially new taxa have emerged if traditional classifica-
tion methods are followed. Despite the fact that individual 13
was completely sterile, the other two (3 and 4) had, although
reduced, quite sufficient seed fertility (9.4 and 7.0 %) for
their own reproduction and consolidation in the next gene-
rations.

In a small part of the overlapping areas of E. caninus and
E. mutabilis within the mountainous regions of the Republic
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Reproductive relationships between taxa morphologically

close to Elymus caninus (Poaceae)

Table 5. Main morphological characteristics and seed fertility (SF) in the F, sample

of the E. caninus GAT-9210 x E. mutabilis ACH-8932 hybrid

No. Upper surfaces of leaf blades k= Lg /L om Trichomes on lemmas Length of lemma’s awns, mm  SF, %
1 ............. Ha,ry ............................................. 07_08 ...................... Denselyscabrous .................... 4 ..................................................... 34 .........................

2 ............ Ha,ry ............................................. 06_07 ...................... Scabrous ................................ 22 ................................................... 375 .........................

3 ............ Ha,ry ............................................. 06_07 ...................... Scabrous .................................. 4 ..................................................... 55 .........................

4 ............ Ha,ry ............................................. 06_07 ...................... Denselyscabr OUS .................... 6 ..................................................... 0 ............................

5 ............ Ha,ry ............................................. 07_08 ...................... Den5e|yscabrous .................... 4 ................................................... 397 .........................

6 ............ Ha,ry ............................................. 08_09 ...................... Densewscabrousu ..................................................... 48 .........................

7 ............ 5cabrous ...................................... 06_07 ...................... G|abrous .................................. 3107 .........................

8 ............ Ha,ry ............................................. 06_07 ...................... Densewscabr ous .................. 22 ................................................... 546 .........................

9 ............ Ha,ry ............................................. 05_06 ...................... Denselyscabrous .................... 3 ..................................................... 36 .........................

10 ............ Ha,ry ............................................. 06_07 ...................... Dense|yscabrous1212/5* ......................

11 ............. Ha,ry ............................................. 07_08 ...................... Denselyscabrous .................... 4142 .........................

12 ............ Ha,ry ............................................. 06_07 ...................... Scabrousw ..................................................... 32 .........................

13 ............ Scabrous ...................................... 06_07 ...................... Glabrous .................................. 3 ................................................... 338 .........................
SFaverageva|ue%162 .........................
*The fraction shows the ratio of the number of completed seeds to the number of spikes from two Fy plants.
Table 6. Main morphological characteristics and seed fertility (SF) in the F, sample
of the E. mutabilis BAI-0402 X E. caninus BAI-0401 hybrid

No. Upper surfaces of leaf blades  k=Lg/Liem Trichomes on lemmas Length of lemma’s awns, mm  SF, %

of Khakassia (Krasnoyarsk Territory), we found biotypes with
extreme and all intermediate values of the trait “lemma’s awn
length” (Fig. 2). This phenomenon can only be explained by
acts of mutual introgression between the two species, as well
as multiple allelism of the genes that control this trait. The

existence of the introgression mechanism is confirmed by the
SF values in interspecific hybrids (see Tables 5, 6).

The hybrids we created in E. caninus x E. mutabilis combi-
nations had reduced seed fertility at the level of a,. This level
of SF certainly reduces the competitive ability in natural con-
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‘ Lo
4 5 6 7 cm

Fig. 2. Fragments of spikes in natural populations from Khakassia. Variation in the lemma’s awns length in mixed populations

of E. mutabilis and E. caninus.

1 - typical E. mutabilis; 7 - typical E. caninus; 2-6 — intermediate morphotypes.

ditions, but the probability of the formation of descendants and
their consolidation in populations is quite high. In general, the
increase in SF in E. caninus x E. mutabilis hybrids to a normal
level already in the F, generation confirms the possibility of
a fairly easy exchange of genetic material between species.
This means that some spontaneous hybrids in natural condi-
tions have a chance to survive in subsequent generations,
while increasing the overall population biodiversity, as has
been shown previously (Sun et al., 1999).

Conclusion

Thus, based on the indicators of interbreeding and character
segregation among taxa close to the widespread species
E. caninus, an integral assessment of the relationships between
biotypes was obtained. From the results of the study, the
feasibility of a taxonomic revision logically follows. In our
opinion, the taxa currently recognized as independent species
E. prokudinii, E. viridiglumis and E. goloskokovii due to their
polyphyletic origin must be transferred to the intraspecific
rank within the polymorphic species Elymus caninus s. 1. The
main confirmation of the phylogenetic unity of these taxa is
the high values of SF already in the first generation of hybrids
and free recombination of diagnostic characters (reproductive
compatibility) at the a; level.

Based on the results of chorological analysis and hybridiza-
tion of selected biotypes of Elymus mutabilis and E. caninus,
it was concluded that E. mutabilis is an independent species
with the widest range in the Northern Hemisphere and with
high intraspecific variability in many characters.
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