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Fifty-three species of perennial grasses in the genus Elymus L. (Poaceae), which are widespread in Russia, are gene-
rally assumed to have three haplome combinations: StH, StY and StHY. The StH-genome species, endemic to Russia,
remain the least studied. R. Mason-Gamer and co-authors have previously shown in a series of studies that a mo-
lecular phylogenetic analysis of the low-copy gene waxy (GBSST) sequences significantly complements cytogenetic
data on the genomic constitution and evolutionary relationships among both North American and Asian species of
the genus Elymus.To determine the species’genomic constitution and to evaluate the level of phylogenetic differen-
tiation, we examined the GBSST gene in 18 species of Elymus from Siberia and the Russian Far East, including the fol-
lowing 14 endemics:E. charkeviczii,E. jacutensis, E. kamczadalorum, E. komarovii, E. kronokensis, E. lenensis, E. macrourus,
E. margaritae, E. subfibrosus, E. sajanensis, E. transbaicalensis, E. peschkovae, E. uralensis, and E. viridiglumis. PCR ampli-
fication products of GBSST gene fragments (including exons 9-14) were cloned and 6-8 clones per accession were
sequenced. It appears that all the species studied have St and H subgenomic gene variations. The most significant
differences between the subgenomic variants St and H were found in intron 13. The H subgenome contains a
21-bp-long deletion in intron 13 in all Elymus genotypes, probably derived from a common ancestor of the H and
P genomes. Instead of this deletion, all St subgenomes have a relatively conservative sequence similar to that of the
genus Pseudoroegneria, whose ancestor is considered to be the donor of the modern St subgenome for all Elymus
species. Cluster phylogenetic analysis revealed differentiation in St and H subgenome sequences into two evolu-
tionary variants: St; vs. St;and H, vs. H,, respectively. Variants of the St and H subgenomes were found homologous
to various modern species of the ancestral genera Pseudoroegneria and Hordeum: St, to P. strigosa, St, to P. spicata,
H, to H. jubatum, and H, to H. californicum. The details of the relationships between Russian and North American
species of the genus, as well as a number of microevolutionary interconnections in the group of boreal endemic
species of Siberia and the Russian Far East were revealed. The new results obtained here are essential for the deve-
lopment of a phylogenetically oriented taxonomic system for the genus Elymus.
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pona Elymus (Poaceae) 1o JaHHbIM CEKBEHUPOBAaHUSI
SIIEPHOT'O TeHa waxy
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B Poccnmn pacnpocTtpaHeHbl 53 Buga MHoroneTHUx Tpas poaa Elymus L. (Poaceae) npeanonoXuntenbHo Tpex ran-
NOMHbIX KOM6UHauuia: StH, StY n StHY. HanmeHee nsyuyeHHbIMU ocTatoTcst 6opeanbHble StH-reHoMHble BUAbI — H-
femukn PO. PaHee R. Mason-Gamer c coaBTopamu B cepun UCCiefoBaHnin GbIno NoKasaHo, YTO MONEKYNAPHO-
dbunoreHeTNYECKNIN aHaNN3 NOCNIE[OBATENIbHOCTEN HU3KOKOMUIHOIO reHa waxy (GBSST) cylwecTBEHHO JOMNONHAET
uMTOreHeTMYeckne AaHHble Mo reHOMHOM KOHCTUTYLMWU W SBOMIOLMOHHBIM B3aMMOOTHOLLUEHUAM Kak Cpean ce-
BEepOaMepUKaHCKNX, TaK U Cpefmn asnmatckux Bugos poaa Elymus. Mbl uccnegosanu reH GBSSTy 18 sugos Elymus
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in Siberian and Far Eastern Elymus species

n3 Cnbupwu v [anbHero Boctoka Poccum (BKntoyas 14 sHAEMUYHDBIX), YTOObI OMpeAenuTb X FEHOMHYIO KOHCTU-
TYLMIO U OLEHUTb YPOBHU dunoreHeTuueckon auddepeHunauun: E. charkeviczii, E. jacutensis, E. kamczadalorum,
E. komarovii, E. kronokensis, E. lenensis, E. macrourus, E. margaritae, E. subfibrosus, E. sajanensis, E. transbaicalensis,
E. peschkovae, E. uralensis, E. viridiglumis. NMpopykTbl MUP-amnandurkauun dparmeHTos reHa GBSST (obnactb k-
30HOB 9-14) 6bINN KIOHUPOBaHbI N CEKBEHMPOBaHbI (Mo 6-8 KNOHOB Ha obpaseL). Bce n3yyeHHble BUAbI BKO-
Yanu cybreHomHble Bapuauuu St n H. Hanbonee cywectBeHHble pa3nnumsa mexagy cybreHomMHbiMy dparmeHTamm
St n H obHapy»KeHbl B MHTPOHe 13. OTOT UHTPOH B cybreHome H copeput aeneuuto B 21 n.H. BO BCEX r€HOTU-
nax Elymus, BeposTHO, yHacnefoBaHHy OT obLiero npeaka reHomos H 1 P. BmecTto 3Toit feneunmn Bce cybreHo-
Mbl St UMEIOT OTHOCKTENIBHO KOHCEPBATVBHYIO MOCe[0BaTeNIbHOCTb, 6/IM3KyI0 MO HYKNEOTVAHOMY COCTaBy K Ta-
KoBOW y popa Pseudoroegneria, npefoK KOTOPOro ABMAETCA JOHOPOM COBPEMEHHOro cybreHoma St Bcex BMOOB
Elymus. KnacTepHbiin punoreHeTmyeckunin aHanus BoiABun AnpdepeHumaumio nocnefoBaTeslbHOCTEN Kaxkaoro ns
cy6reHomoB St 1 H Ha ABa 3BOJIIOLMOHHbIX BapuaHTa — YyCnoBHO St; u St,, H; 1 H,. YcTaHoBREHO, 4TO BapuraHThl
cybreHomoB St 1 H romoreHHbl ¢ pasnMuHbIM COBPEMEHHBIMU BUAAMU NMPefKoBbIX POAOB Pseudoroegneria v
Hordeum: St, - P. strigosa, St, - P. spicata, H, - H. jubatum, H, - H. californicum. BbiaBneHbl 0CO6EHHOCTN B3aMMO-
OTHOLUEHUI MeXAY POCCUMCKUMMN 1 CeBEPOAMEPUKAHCKMUN BUAAMM POAA, a TakkKe PAA MUKPOIBOJTIOLMOHHbIX
CBA3eN B rpynne SHAEMUYHbIX 6opeanbHbix BuaoB Cnbmpn n OanbHero BocTtoka. MonyyeHHble HOBble AaHHble
Heo6XOAVMbI AN NOCTPOEHWs GUNOTreHETUYECKU OPUEHTUPOBAHHON TaKCOHOMMYECKON cucTeMbl pofa Elymus.

KnioueBble cnoBa: Elymus; dunoreHuns; anfiononmnionapbl; reHoOMHasa KOHCTUTYLMsA; GBSST.

Introduction

The genus Elymus L. (wildrye) is the largest genus of
the tribe Triticeae Dumort in the family Poaceae Barn. It
contains exclusively amphiploid self-pollinating perennial
grasses (Dewey, 1984; Love, 1984). Species of the genus
are widespread on all continents from the Holarctic to the
subtropics, with more than half populations growing in Central
Asia (Lu, 1994). The genomic constitution of all species
formed by haplomes from the ancestors of several modern
genera: Pseudoroegneria (Nevski) A. Léve (St haplome),
Hordeum L. (H haplome), Agropyron Gaertn. (P haplome)
and Australopyrum (Tzvelev) A. Léve (W haplome), as well
as the Y haplome from an unknown ancestor. The St haplome
is common for all species of the genus. After institution and
recognition of the genomic classification system for the tribe
Triticeae (Dewey, 1984), a taxonomic system began to spread,
in which the genus Elymus in the broadest sense is divided
into several separate genera on the basis of the genomic
composition of the species (Baum et al., 2011): Elymus L.
(StStHH genome), Roegneria C. Koch (StStYY genome),
Campeiostachys Drobov (StStHHY'Y genome), and Kengylia
C. Yen & J.L. Yang (StStYYPP genome), Douglasdeweya
C. Yen, J.L. Yang et B.R. Baum (StStPP genome). According
to the current concepts, the genus Elymus within Russia is
divided into four sections: Turczaninovia (Nevski) Tzvelev
(includes 4 species), Goulardia (Husn.) Tzvelev (includes
42 species), Elymus (includes 6 species), and Clinelymopsis
(Nevski) Tzvelev (includes 1 species) (Tsvelev, Probatova,
2010). This system was built according to the traditional
criteria (comparative-morphological and ecological-geogra-
phical) and ensures the integrity and consistency of the
genus, but the same sections include species with different
genomic constitutions.

Nowadays it becomes evident that a balanced integrated
approach is required to construct a phylogenetically oriented
system of taxa of the genus Elymus. The main difficulty here is
in combining two entirely different methodologies in botany:
traditional taxonomy with the priority of morphological crite-
ria and molecular genomics based on the modern molecular
technologies. Significant results on the use of molecular

markers were obtained by R. Mason-Gamer with collaborators
(Helfgott, Mason-Gamer, 2004; Mason-Gamer, 2001, 2004,
2008, 2013; Mason-Gamer et al., 1998; 2010a, b). In particu-
lar, their studies have shown that comparative data on nucleo-
tide sequences of the low-copy gene waxy (granule-bound
starch synthase 1, GBSS1) are consistent with cytogenetic
data in regard to the genomic constitution and evolutionary
origin of North American (Mason-Gamer, 2001) and Asian
(Mason-Gamer et al., 2010a) species of the genus Elymus.

We have analyzed the applicability of the nuclear low-copy
genes bmy2 and waxy, as well as ITS rRNA clusters as genetic
markers for the assessment of phylogenetic relationships
between species of the genus growing in Siberia and in the
Russian Far East (Shmakov et al., 2015). We confirmed that
comparative analysis of selected locus sequences in combina-
tion with other molecular markers allow phylogenetic relation-
ships between taxa to be reconstructed. Moreover, our studies
proved that data on the genomic constitution of species and
their microevolutionary relationships are to be taken as a fun-
damental basis to construct phylogenetically-oriented genus
systematics for the species grown in Russia. The availability
of numerous GBSS1 gene sequences in the NCBI Nucleotide
database (http://www.nchi.nIm.nih.gov/nuccore) enables a
more detailed assessment of the relationships between a large
number of genotypes of each species in comparative studies.

Here we present a comparative analysis of nucleotides
sequences of an ~1300-bp-long fragment of the GBSS1 gene
including exons 9 to 14 in 18 Elymus species (including
14 endemics) growing in Siberia and in the Russian Far East
in order to establish or confirm their genomic constitution and
to assess the evolutionary differentiation levels of subgenomes
in different species. This information is essential for the con-
struction of a phylogenetically oriented taxonomic system of
the genus species growing in Russia.

Materials and methods

The analyzed accessions included genus Elymus species
widespread in the Asian part of Russia, mainly with unknown
or unconfirmed genomic constitutions (Supplementary
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Material 1)!. Known GBSS1 gene sequences of the St, H and
Y genomes deposited in the NCBI database were used as
references for comparative analysis (Supplementary Mate-
rial 2). Genomic DNA was extracted from fresh or dried
leaves as previously described by Khanuja et al. (1999)
with modifications, or by using Nucleospin Plant II kits
(Macherey-Nagel, Germany) according to the manufacturer’s
recommendations.

The previously described (Mason-Gamer et al., 1998)
primers F-for (TGCGAGCTCGACAACATCATGCG) and
M-bac (GGCGAGCGGCGCGATCCCTCGC) were used
for PCR-amplification of an ~1300-bp-long GBSS1 fragment
overlapping gene exons from 9 to 14. The PCR reaction
mixture of a total volume of 15 pl contained Taq buffer,
0.2 mM of each dNTP, 1.5 mM MgCl,, 1 uM of each primer,
20 ng genomic DNA, and 1.0 unit of HS Taqg DNA polymerase
(Eurogen, RF). The following temperature profile was used
(a C-1000 thermal cycler, Bio-Rad, USA): primary dena-
turation for 4 min at 94 °C, then 38 three-step cycles with
denaturation for 25 sec at 94 °C, annealing for 30 sec at 65 °C
and elongation for 1 min at 72 °C, followed by final elongation
for 20 min at 72 °C to enhance the terminal non-matrix addition
of deoxyadenosine at the 3’-end of the PCR product (Mason-
Gamer et al., 1998). Amplification products were analyzed by
1.7 % agarose gel electrophoresis in TAE buffer at an electric
field strength of 4 V/cm.

Since allopolyploid Elymus genomes contain at least two
subgenomic variations of the GBSS1 gene, amplification was
performed in three replicates to minimize the “PCR drift”
effect due to stochastic fluctuations at the initial stages of
PCR (Wagner et al., 1994). The combined PCR product was
ligated into vector pAL2-T (Eurogen, RF) and then cloned
in chemically competent XL1-Blue E. coli cells. Positive
colonies containing recombinant plasmids with a GBSS1
insert were selected by blue/white coloring of E. coli grown
on Amp(+) LB-Agar containing X-gal/IPTG. Twenty white
colonies for each accession were tested for an insert of the
expected length by PCR-amplification with universal M13
primers (Eurogen, RF) followed by electrophoresis analysis.
At least 6 colonies containing pALT2 with an insert of the
expected size (~1300 bp) per each accession have been grown
in 4 ml LB liquid medium for 16 hours at 37 °C and 220 rpm.
Plasmid DNA was isolated with a Plasmid Miniprep Kit
(Eurogen, RF) according to the manufacturer’s instructions.

The Sanger sequencing reaction in a total volume of
40 ul contained 0.7 pg of plasmid DNA with a total length
of ~4300 bp, 20 pmol of primer M13F or M13R, 1.8 pl of
reagent BigDye v. 3.1 (ABI, USA), 7.2 ul of 5X sequencing
buffer (ABI, USA) and water up to the final volume. The
temperature profile for the Sanger reaction included primary
denaturation for 2 min at 95 °C, then 50 three-step cycles with
denaturation for 30 sec at 95 °C, then annealing for 10 sec
at 55 °C and elongation for 4 min at 60 °C. Sanger reaction
products were purified from excess of BigDye components by
gel filtration through micro columns containing 600700 pl
of prepared Sephadex G-50 (GE Healthcare) with liquid
removal from the dead volume by centrifugation for 2 min
at 900 g and subsequently analyzed on an ABI 3130XL

T Supplementary Materials 1 and 2 are available in the online version of the
paper: https://vavilov.elpub.ru/jour/manager/files/SupplAgafonov_engl.pdf
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automatic gene analyzer (ABI, USA) at the Genomics Core
Facility SB RAS. DNA sequences obtained were assembled
into contigs overlapping GBSS1 from exon 9 to 14, including
5 introns, by using Unipro UGENE v1.31.0 (Okonechnikov
et al., 2012). Finally, at least 6 clones of GBSS1 per each of
22 Elymus accessions have been sequenced. Additionally,
42 nucleotide sequences from the NCBI GenBank were used
for comparative analysis.

Multiple sequence alignment was performed using the
T-Coffee program (www.tcoffee.org) and refined manually.
The alignments of the GBSS1 fragment were used to generate
phylogenetic trees using the maximum likelihood (ML)
method on the IQ-TREE web server (Trifinopoulos et al.,
2016). For each exon and intron, the best models of nucleotide
substitutions were determined in PartitionFinder version 2.1.1
(Lanfear et al., 2016) with the following parameters: the AICc
selection model, “greedy” search algorithm and related (linked)
lengths of the branches (Lanfear et al., 2012). The previously
proposed (Mason-Gamer, 2004) sequence of Bromus tectorum
AY362757.1 from the NCBI GenBank was used to root the
dendrograms. The statistical support of topology in IQ-TREE
analysis was evaluated using 1000 replications produced by
SH-aLRT (Guindon et al., 2010) and UFBoot (Minh et al.,
2013) methods.

Results and discussion

The results obtained using reference accessions carriers of the
genus Elymus ancestor genomes, St (genus Pseudoroegneria
species) and H (genus Hordeum species), clearly indicated
the presence of only the St and H genomes in all the studied
species from Siberia and the Russian Far East, thus confirming
that these species belong to the tetraploid StH genome group.
Obviously, the center of species diversity for the StH genome
group is shifted to the north from the center of origin of most
StY genome species located in China (Lu, Salomon, 1992).
Interestingly, the allotetraploid group of Elymus species of
North America is also represented mainly by StH genome
species (Mason-Gamer, 2001). Only rare individuals of several
alien Asian StHY and StY genome species were reported there
(Barkworth et al., 2007).

The most notable differences between the St and H subge-
nomic fragments are located in intron 13 (Fig. 1). The H subge-
nome sequences of this intron in all Elymus genotypes analyzed
contained a 21-bp-long deletion, most likely coming from a
common ancestor of the H and P subgenomes, since it is also
present in modern representatives of related monogenomic
species from the genera Hordeum and Agropyron. However,
all St and Y subgenomes had at the very site of this deletion
a relatively conservative sequence, which largely matches a
sequence in the genus Pseudoroegneria, whose ancestor is
believed to be the donor of the modern St genome. Small dele-
tions are also common for other regions of this intron, but are
less frequent in the other GBSS1 fragment regions analyzed.

In addition, our analysis of the accessions did not confirm
the previously published data on the existence of conserva-
tive sites that are absolutely specific to the H and St haplomes
(Shmakov et al., 2015). This was true only partially of some
sequences belonging to different haplomes.

Cluster analysis of the whole GBSS1 region from 9 to 14
exon sequences, as well as separate sequences of introns or
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kamKS023_2 CAMAAMTITITITIIGEGIT T TAAA-TIEGTIEGETTIGC - - - ACAACAA- - - - - - T
chaKES70_1 CAMAAMTT T I EIGERGIT T T A A A - DICECITIEREIT T THSC - - - ACAACAA - - - - - - T
kroKES03_1 CATAANTATTICEGGTTITAAA - TEGTEGTITIGC- - -ACAGCAG- - - - - - m
len0125_4 CAFAARTE I T D IGERGIT T T A AA - TIGGITIGEEI T TIGIC - - - ACAACAA - - - - - - T
SubANAS81_2 CAMA AR A NI A A A - [ C - - - ACAACAA- - - - - - T
mac0135_1 CATAATTTTTTGGGEG T TTAAA-TEGTEGTTTGC---ACAACAA- - - - - - T
jac0443_5 C AR A AR TG T A A A - SRS C - - - ACAACAA- - - - - - ;i
marGUK09_6 CATAANTATTTITEGEGTITAAA -TIEGTEGTTIIGC- - -ACAACAA- - - - - - i
komGARO1_2 CATAATTATTITIGEGTITAAA-TIEGTIEGTTTIGC - - - ACAACAA- - - - - - &
komAUKO03_1 CAAAMTATT F I GG T T A AA- DI TG T BRSIC - - - ACAACAA ---- - - T
marAUK50_2 CATAAMTATITIEEGT I TAAA-TEGTEGTTIGC- - -ACAACAA- - - - - - i
marGUK09_1 CAA AT ATTI GG TTAAA- TICEITIGEEI T RIBIC - - - ACAACAA- - - - - - b
trnGAR30_1 CATAATTATTTITGGEGTITAAA-TEGTEGTITTIGC- - -ACAACAA- - - - - - i
H sajZUN02_4 CATAATTETETIGGGTTTAAA - TIEBGTIBGTTITIGIC - - - ACAACAA- - - - - - T
canABZ54_1 CARA AN T T A A A - SRR N C - - - ACAACAA- - - - - - i
can_5271_H CATAANTITTITIGGEGT I TAAA - TEGTEGTTIGC- - -ACAACAA- - - - - - i
can_5273_H CATAATMT R T IT IGEGITTTAAA-TIECGTIEEITTIGIC - - - ACAACAA- - - - - - il
can_5275_H CATAANTEITTITIGEG T ITAAA-TEGTEGTITTIGC- - -ACAACAA- - - - - - i
mutABZ06_2 CATAATTITITIGGEG TTITAAA-TEGTIEETTTGC - - - ACAACAA- - - - - - T
mut_9330_H CAMA AN AT IGEEE T A A A - DG IERE IC - - - ACAACAA- - - - - - o
mut_5279 H CATAARTEITITIGEGTIITAAA-TIEGTIEETTIIGC - - - ACAACAA- - - - - - T
virUKU18_1 CATAATTATTTTGGEGTTTAAA-TEGTEGTTTGIC---ACAACAA - - - - - - T
uraABZ28_1 CACAARNISI TSI ISR T A A A - IEEEIERE E C - - - ACAACAA- - - - - - i
conBERO7_1 CATAATTATTTTEGGTTTAAA-TEEGTEGTTTGC---ACAACAA- - - - - - T
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pesAMU04_1 CAREAAN- - -HNET - BT C A A - TSGR C - - - ACAACAA- - - - - - T
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[ Pstr 323 ABRcEE - - - ciciEETT c ABY - AlfacacEpccclBancaaciaBiaaABnaE cEl@lcicBrETTcB THT A Fccamsaa
kamKSO23_1 AGTCGT---CTCTGGTTCAGT-ATACACTTCCCGGAACAACTAGTAAGAG CTGCTCGEGTGTTCGATGTATCCATTAA
chaKES70_6 AGTCGT---CTCTGGTTTAGG-ATACATTTCCCAGAACAAC- --GAAGAG -TGEGCTTGTGTTCGATGCATCCATTAA
kIOKESOSLZ AGTCGEGT---CTCTGEGGTTTAGG-ATACATTTCCCAGAACAAC---GAAGAG -TECTTGEGTGTTCGATGCATCCATTAA
len0125_1 AGTCGEGT---CTCTGGTTTAGG-ATACATTTCCCAGAACAAC- - -GAAGAG -TEGCTTGTGTTCGATGCATCCATTAA
SUbANA81_3 AGTCGT---CTCTGGTTTAGG-ATACATTTCCCAGAACAAC- --GAAGAG -TGCTTGTGTTCGATGCATCCATTAA
mac0135_7 AGTCGT---CTCTGGTTCAGT-ATACACTTCCCGGAACAACTAGTAAGAG cHBcTcBTETIclATETAccalTAA
jac0443_1 AGTCGT---CTCTGGTTCAGT-ATACACTTCCCGGAACAACTAGTAAGAG CTECTFCBITETTCBATETACCCATTAA
komAUK0373 AGTCIGIT - - -CTCTEGETTIITAGGE - AMACATTTICCCABAACAAC- - -BAAGAG -TECTTGEGTGEGTTCGATGCATCCATTAA
marAUK50_4 AGTCGT---CTCTGGTTCAGT-ATACACTTCCCGGAACAACTAGTAAGAG CTGCTCGTGTTCGATGTATCCATTAA
trnGAR30_4 AGTCGT- --CTCTGGTTCAGT-ATACACTTCCCGGAACAACTAGTAAGAG CTECTCGETGTTCGEGATGTATCCATTAA
Sa]ZUN027] ABGTCIGIT- - -CTCTEGTTIAGG - ATACATTTCCCAGBAACAAC- --BAAGAG -TECTTGEGTGTTCGBGATGCATCCATTAA
canABZ54_2 AGTCGT---CTCTGGTTTAGG-ATACATTTCCCAGAACAAC- --GAAGAG -TGEGCTTGTGTTCGATGCATCCATTAA
can_5270_S AT CET - - - clEciiE T A - AR ACASRCCCAlAACAAC- - - [BA AR A -l c i EETET T C 8 T C A CC AR A A
St can_5272_S AGTCGT---CTCTGGTTTAGG-ATACATTTCCCAGAACAAC- - -GAAGAG -TGCTTGTGTTCGATGCATCCATTAA
can_5274_S AGTCGT---CTCTGGTTTAGG-ATACATTTCCCAGAACAAC---TAAGAG -FGCTETGTET T CBlATEICATCCATTAA
meA32067’ AGTCIGIT - - -CTCTEGETTTAGSE - ATACAFTICCCAGAACAAC- - -GBAABAG -TECTTGEGTGTTCGATGCATCCATTAA
mut_9331_5S AGTCGT---CTCTGGTTTAGG-ATACATTTCCCAGAACAAC- --GAAGAG -TGCTTGTGTTCGATGCATCCATTAA
mut_5278_S AGTCGT---CTCTGGTTTAGG-ATACATTTCCCAGAACAAC- --GAAGAG -TGCTTGTGTTCGATGCATCCATTAA
virUKU18_3 AGTCGT---CTCTGGTTTAGG-ATACATTTCCCAGAACAAC---GAAGASG -TGCTTGEGTGTTCGBATGCATCCATTAA
uraABZ28_2 AGTCGT---CTCTGGTTTAGG-ATACATTTCCCAGAACAAC- --GAAGAG -TECTTGTGTTCGBATGECATCCATTAA
CONBER0772 AGTCGIT- - -CTCTGEGTTTAGG - ATACATTICCCAGAACAAC- --GAAGAG -TGICTTIBTG T TCEATGCATCCATTAA
conTAR30_1 AGTCGT---CTCTGGTTTAGG-ATACATTTCCCAGAACAAC- - -GAAGAG -TGECTCGEGTGTTCGATGCATCCATTAA
pesAMU04_3 AGTCGT---CTCTGGTTTAGG-ATACATTTCCCAGAACAAC- --GAAGAG -TGCTTGTGTTCGATGCATCCATTAA
pesMJA06_3 AGTCGT---CTCTGGTTTAGG-ATACATTTCCCAGAACAAC---GAAGAG -TECTTGTGTTCGATGCATCCATTAA
sibJACO4_1 AGTCGT- - -CTCTGGTTTAGG-ATACATTTCCCAGAACAAC---GAAGAG -TGCTTGETGTTCGATGCATCCATTAA
5[b_5280_5 AGTCEGT---CTCTGEGGTTTAGG-ATACATTTCCCAGAACAAC---GAAGAG -TECTTGETGEGTTCGEGATGCATCCATTAA
sib_5282_S AGTCGT---CTCTGGTTTAGG-ATACATTTCCCAGAACAAC- --GAAGAG -TECTTGTGTTCGATGCATCCATTAA
gme_7726_5 CASBAARN- - - ECAIGRETDC ABSE - ABMRACACHMIBCCCABIAACAA-- -flBAACAIE CTEGCTCEBAGTTTGAGACATCCATTAA
pen_7731_S CATAAT---TTCTGGTTCAGG-ATACACTTCCCAGAACAA-T--TAACAG CTGCTCGAGTTTGAGACATCCATTAA
[ gme 7727 Y ABimcBiy - - - cciEST T G- ATBlc AW ncccacarcAaAC- - -WAARARE -FEcHcETET T CEATECATCCATHAA
Y L pen_7732_Y AGTCGEGT---CTCTGEGTTTAGG-ATGCATTTCCCACAACAAC- - -TAAGAG -EEcTcBTET T CcElAaTEBicaTCCATTAA

Fig. 1. H and St subgenome differences in intron 13 of the GBSST gene nucleotide sequences among Elymus species from the Asian part of Russia
in comparison with the sequences of the reference species of Eurasia.

exons, showed common patterns with certain nuances of  dulinus, but also in P. strigosa accession Pl 499637 from the
phyletic connections both within and between related groups  northeastern part of China.
of the Elymus taxa analyzed. The analysis of the most conser- The subgenomic group St, was formed by a larger part
vative sites (exons 9—14) showed uniformity within the same  of the species, including both strictly local (E. komarovii,
subgenomes and at the same time distinction among different  E. uralensis, E. sajanensis, E. margaritae) and widely vi-
subgenomes (Fig. 2). carious (E. caninus, E. sibiricus) species. This fact is clearly
In the species studied the two subgenomes were found illustrated by nucleotide sequence peculiarities in different
clearly differentiated. For instance, the sequences of the  regions of the gene, as shown in Fig. 3. Remarkably, accession
St subgenome were divided into two groups: St; and St,.  AUK-0650 of the Altai species E. margaritae contained both
The sequences of the St; subgenome for Siberian species are  variants of the St subgenome. At the same time, in the set of
probably older since they were found not only in the northern 8 sequences for each E. komarovii accession GAR-0501 and
biotypes E. macrourus, E. jacutensis, E. kamczadalorumand  E. margaritae accession GUK-1709 the sequences belonging
more southern StY genome species E. gmelinii and E. pen-  to the St subgenome were not detected.

820 BaBunoBckuii XXypHan reHeTuku n cenekuyum / Vavilov Journal of Genetics and Breeding - 201923 .7



leHOMHasA KOHCTUTYLMA 1 AnddepeHumaLma cybreHomoB 2019

A.B. AradoHos, C.B. AcbaraHoB
CMBVPCKINX 1 AarbHEBOCTOUHbIX BUAOB pofa Elymus 23.7

E.B. LLlabaHoBa (Ko6o3eBa), 11.B. Mopo3os, A.A. boHzapb

79/82 marAUK50_4
trnGAR30_4
93/99 P.str_323

P.str_823
canABZ54 2

pesAMU04_3
pesMJA06_3
can_5272'S
virUKU18_3
can_5270_S
uraABZ28_2
—— mut_5278 S

St 85/99 sibJACO4_1
_rrsib,szso,s
sib_5282_S
kroKES03_2
—— sajZUN02_2
mutABZ06_1

chaKES70_6
mut_9331_S

82/47

subANA81_3
len0125_3

87/90
98/99

conBER07_2

can_5274_S
a3 Pspi_999

ower [] P.spi_281

P.spi_000
0/35% L ppi 007
conTAR30_1
8004 82/89 jac0443_1
L‘:': mac0135_8
kamKSO23_1

93/90

90/99 gme_7726_S
pen_7731_S
99/100 | gme_7727_Y
| pen_7732_Y Y
45/78 H.bre_61_H
o ﬁ'—:,{pus_zw
H.bog_17_H

mut_5279 _H
chaKES70_1
mutABZ06_2
len0125_4
sajZUN02_4
mac0135_1

98/100

88/93

82790 jac0443_5
kamKSO23_2
84.2/86 kroKES03_1
83/95 pesAMU04_1
99100 pesMJA06_2
| pesamuoa_2
canABZ54 1
80789 uraABZ28_1
997100 can_5271_H H
can_5275_H

sibJACO4_2
w conTAR30_4
0/58 : conBERO7_1
H.jub_63_H

78/9, sib_5281_H
sib_5283 H
marGUK09_6
SUbANA8T_2
marAUK50_2
SUbANA8T_1
marGUK09_1
komAUK03_1
trnGAR30_1
komGARO01_2
5P8mut_9330_H

virUKU18_1

75/82 86/97

94.9/100

89/96

‘- — — — Bromus_AY3

0.02

Fig. 2. The maximum likelihood tree constructed from multiple alignment of all exon (9-14) sequences of the GBSST gene of the St and H subgenomes
in Elymus species from the Asian part of Russia in comparison with the sequences of the reference species of Eurasia (St, H and Y subgenomes).

SH-aLRT (%)/UFboot (%) support values are shown.

Sequences of a greater number of the Elymus species from  North American species. The sequences of the St subgenome
North American natural accessions initially were subdivided including exons 9 to 14 with introns were used. The results

according to the same principle (Mason-Gamer, 2001), there-  are shown in Fig. 4.
fore we have built a dendrogram that included the endemic In this version of the dendrogram, Asian species were also
species of Asian Russia in comparison with some sequences of  distributed among two clades with the same composition as in
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Fig. 3. Differentiation of St subgenomes on the basis of differences in nucleotide sequences in different parts of the GBSST gene
in Elymus species from the Asian part of Russia in comparison with sequences in reference accessions of the Eurasian species.

the dendrogram constructed using exons alone. Some of the
North American species (marked by dots on the dendrogram)
together with the Asian species P. strigosa formed a joint clade
with the group of the St, subgenome, while the others met in
the St, group along with all accessions of the North American
species P. spicata. GBSS1 sequences of the Y subgenome in
E. gmelinii and E. pendulinus showed a closer relationship
with the St, group, which does not contradict the data on the
evolutionary origin of this subgenome (Mason-Gamer et al.,
2010a).

The H subgenome showed a similar pattern of differentia-
tion. Figure 5 shows a dendrogram constructed from complete
sequences of the H genome introns and exons from Russian
and North American species (the latter are marked with dots
in the figure). Two perennial Hordeum species (marked with
asterisks) were taken as references. Gene copies from the
H genome appeared to be divided into two main clades (de-
signated as H, and H,). Clade H, included exclusively Russian
species, while clade H, was formed by Russian northeastern
and all North American species. Each of these clades has its
own ancestral taxon from the contemporary genus Hordeum:
widespread in Eurasia H. jubatum for the Russian H, group
and North American H. californicum Covas & Stebbins for
the H, group.
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Russian species from clade H, showed significantly greater
differentiation than the species from heterogeneous clade H,.
Clade H, appeared to be divided into 3 subclades. Primarily
three clones of the northeastern species E. kronokensis and
E. peschkovae went to a separate group. This fact indirectly
confirms the significant isolation of the latter from Siberian
E. confuses, although they are similar in spike morphology.
E. confusus, in turn, clustered most closely with the reference
H. jubatum. The most distant cluster was formed by all acces-
sions of E. caninus with an addition of the clone of South Ural
endemic E. uralensis. The largest cluster was formed by the
Siberian mountain species E. komarovii, E. transbaicalensis
and E. margaritae, which an addition of a pair of reference
clones of E. sibiricus and, as the most unexpected fact, a clone
of E. subfibrosus accession from Chukotka. Remarkably, the
different reference accessions of E. mutabilis fell into different
H subgenome clades.

Mixed clade H, included not only all North American clones
of Elymus species together with H. californicum, but also
clones from different regions of Russia: E. kamczadalorum
and E. charkeviczii (species from the Kamchatka Peninsula),
E. macrourus, E. jacutensis, E. lenensis (northern accessions
from the Taymyr Peninsula), E. sajanensis (a Siberian moun-
tain species) and two of three E. mutabilis (reference Chinese
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Fig. 4. The maximum likelihood tree constructed from multiple alignment of St subgenome GBSST intron and exon (9-14)
sequences in Elymus species from the Asian part of Russia in comparison with sequences in Eurasian and North American (marked
by dots) reference species (St and Y subgenomes). Asterisks indicate Pseudoroegneria species carriers of the St genome.

SH-aLRT (%)/UFboot (%) support values are shown.

mut_5279 H and South Ural ABZ06_2). The third reference,
mut_9330_H E. mutabilis, from Altai fell into clade H,.
Thereby, only some tendency toward relations between the
North American accessions and northern or eastern accessions
of Russian species can be derived from the H subgenome
sequence analysis. The close relationship between American
and Kamchatka species is easier to understand, taken into ac-
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count the historical connections of these flora with each other,
as well as with the species from the wide northern distribution
areas of E. macrourus and E. jacutensis. It is more difficult
to explain the close proximity of Chinese and South Ural ac-
cessions of E. mutabilis to this group.

Nevertheless, GBSS1 gene variability provides a tool to
trace evolutionary relations of species and local geographical
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Fig. 5. The maximum likelihood tree constructed from multiple alignment of H subgenome GBSST gene intron and exon (9-14)
sequences in Elymus species from the Asian part of Russia in comparison with sequences in Eurasian and North American (marked
by dots) reference species. Asterisks indicate the carriers of the H genome: the North American species Hordeum californicum and

the widely distributed species of Asian origin H. jubatum.
SH-aLRT (%)/UFboot (%) support values are shown.

races from Siberia and the Russian Far East. If we consider
the relative position of the accessions inside the clades of the
subgenomes, we will see that the clusters combined the species
accessions according to their perceived relationship. E. jacu-
tensis and E. macrourus species, for instance, united into the
common clusters in both H and St clades (see Fig. 2), as well as
on separate dendrograms of these subgenomes (see Fig. 4, 5),
thereby confirming the earlier assumptions about E. jacutensis
being an aristate subspecies of E. macrourus (Tsvelyov, 1964).
This fact is consistent with data on comparative morphological
and peptide electrophoretic analyses and hybridization of these
species’ particular biotypes (Agafonov, 2008).

A comparative sequence analysis confirmed the isolation of
E. kamczadalorum from the Kamchatka species E. charkeviczii,
which was previously established using data on compara-
tive morphology, electrophoresis of seed endosperm storage
proteins, sexual hybridization (Agafonov, Gerus, 2008) and
molecular ISSR analysis (Kobozevaet al., 2017). The species
E. komarovii and E. transbaicalensis formed indistinguish-
able branches inside clade H, together with the Altai species
E. margaritae, while E. transbaicalensis and E. margaritae

824

clones were grouped inside clade St,. The phylogenetic prox-
imity of the first two species has been repeatedly experimen-
tally confirmed previously (Agafonov et al., 2019), while the
degree of E. margaritae isolation is currently being studied
using biosystematic methods. The most unexpected data were
obtained regarding the relationships in the group of South
Ural biotypes of E. uralensis, E. viridiglumis, E. caninus,
and E. mutabilis. These data are currently being verified in
the field and laboratory experiments.

Conclusion

Therefore, despite a complicated reticulate evolution in paral-
lel with various related allopolyploid genera and constantly
ongoing active microevolutionary transformations, basic ge-
nomes seem to have retained unique ancestral features. This
makes it relatively easy to identify the genomic composition
and to classify modern species within the framework of a
phylogenetically oriented taxonomic model of the genus. In
our opinion, the integrity of the genus ought to be preserved,
because some species in the independent genus Roegneria
with the genomic formula StY (Baum et al., 1991) are similar
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in morphology to species in the newly proposed genus Cam-
peiostachys with the genomic formula StHY (Baum et al.,
2011), the species of which are significantly different from
each other in morphology. The St genome originating from
the ancestors of the genus Pseudoroegneria seems to be an
anchoring constant for a genetic unification of all members
of the genus.

We suppose that differentiation of the genus should be based
on a model of microevolutionary complexes representing an
aggregate of taxa evolving through hybridization and intro-
gression. The degree of taxa relationship within the complex
should be confirmed using biosystematic methods with the
obligatory determination of the ability to cross, i. e. taking into
account the position in the system of recombination (RGP) and
inrogressive (IHP) gene pools (Agafonov, Salomon, 2002). In
fact, the microevolutionary complex is a projection of the RGP
collection onto the taxonomic model of the genus, considering
the genomic constitution of the species. Each microevolution-
ary complex should be thought of as a branched system of
different ranks of taxa (species and subspecies), remaining
therefore a phylogenetically confirmed structure.

In the future, it is necessary to determine the taxonomic
rank of microevolutionary complexes, which can be sections
or aggregates of the same species in a broad sense, as shown
by the example of a revision of Pendulini (Nevski) Tzvelev
sub-section of the Goulardia (Husn.) Tzvelev section (Ko-
bozeva, Agafonov, 2015).
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