FTEHETUKA PACTEHUI BaBnnoBcKuUi xxypHan reHeTnkn n cenekumm. 2020;24(5):459-464

OpurnHanbHoe nccnegosaHue / Original article DOI 10.18699/VJ20.48-0

The consensus rye microsatellite map
with EST-SSRs transferred from wheat

D.O. Vidakovicl’ 2, D. Perovicl, T.V. Semilet3, A. Borner?, E.K. Khlestkina® > ¢ &

1 Julius Kuehn-Institute (JKI), Quedlinburg, Germany

2 University of Novi Sad, Department of Biology and Ecology, Novi Sad, Serbia

3 Federal Research Center the N.I. Vavilov All-Russian Institute of Plant Genetic Resources (VIR), St. Petersburg, Russia
4 Leibniz Institute of Plant Genetics and Crop Plant Research (IPK), Gatersleben, Germany

> Institute of Cytology and Genetics of Siberian Branch of the Russian Academy of Sciences, Novosibirsk, Russia

6 Novosibirsk State University, Novosibirsk, Russia

® e-mail: khlest@bionet.nsc.ru

Abstract. Microsatellite (SSR) markers with known precise intrachromosomal locations are widely used for map-
ping genes in rye and for the investigation of wheat-rye translocation lines and triticale highly demanded for
mapping economically important genes and QTL-analysis. One of the sources of novel SSR markers in rye are
microsatellites transferable from the wheat genome. Broadening the list of available SSRs in rye mapped to chro-
mosomes is still needed, since some rye chromosome maps still have just a few microsatellite loci mapped. The
goal of the current study was to integrate wheat EST-SSRs into the existing rye genetic maps and to construct
a consensus rye microsatellite map. Four rye mapping populations (P87/P105, N6/N2, N7/N2 and N7/N6) were
tested with CFE (EST-SSRs) primers. A total of 23 Xcfe loci were mapped on rye chromosomes: Xcfe023, -136 and
-266 on chromosome 1R, Xcfe006, -067, -175 and -187 on 2R, Xcfe029 and -282 on 3R, Xcfe004, -100, -152, -224 and
-260 on 4R, Xcfe037, -208 and -270 on 5R, Xcfe124, -159 and -277 on 6R, Xcfe010, -143 and -228 on 7R. With the
exception of Xcfe159 and Xcfe224, all the Xcfe loci mapped were found in orthologous positions considering mul-
tiple evolutionary translocations in the rye genome relative to those of common wheat. The consensus map was
constructed using mapping data from the four bi-parental populations. It contains a total of 123 microsatellites,
12 SNPs, 118 RFLPs and 2 isozyme loci.
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AHHoTauua. MukpocatennuTHble (SSR) MapKepb! LUMPOKO MCMONb3YIOT ANA KapTUPOBAHNA F€HOB PXKKW 1 aHanu-
32 TPAHCNOKALMOHHDIX IMHWIA MLEeHNLbl U TpUTUKane. SSR-MapKepbl ¢ M3BECTHON BHYTPUXPOMOCOMHOW JlOKa-
nn3aymen odeHb BOCTPe6OBaHbI AN1A KapTUPOBaHUA SKOHOMUYECKN 3HauMMbIx reHoB 1 QTL-aHanu3a. OgHum u3
MNCTOYHMKOB HOBbIX SSR-MapKepoB y pXu ABAAOTCA MUKPOCATENIMTHbIE MapKepbl NiweHuubl. HecMoTpAa Ha He-
CKOJIbKO HabOPOB MUKPOCATENUTHBIX MapKePOB, AOCTYMHbIX Y PN, MO-NPEXXHeMY HEOOXOAMMO pacluMpeHne
cnncka SSR, COMOCTaBMIEHHbIX C XPOMOCOMaMU PXKU, MOCKONbKY Ha HEKOTOPbIX FeHETUYECKMX KapTax KONMYecTBO
SSR-MapKepoB HeBenuKko. Llenb HacToALWEero MccnefoBaHNa COCTOANA B TOM, YTOObl nHTerpuposatb EST-SSR
MNWeHNLbI B CYLLECTBYIOWME FeHETMYECKME KapTbl PXKM Y MOCTPOUTb KOHCEHCYCHYI MUKPOCATENIINTHYIO KapTy
pxn. YeTbipe KapTupytowmx nonynaumm pxu (P87/P105, N6/N2, N7/N2 n N7/N6) Tectuposanu ¢ Ucnonb3osa-
Hvem npanmepos CFE (EST-SSR). B pe3ynbrate B MoneKynspHO-reHeThYecKre KapTbl PXKi Oblo MHTErpupoBa-
HO 23 MMKpOCATEIUTHBIX NIoKyca Xcfe: Xcfe023, -136 n -266 Ha xpomocome 1R, Xcfe006, -067, -175 n -187 Ha 2R,
Xcfe029 n -282 Ha 3R, Xcfe004, -100, -152, -224 v -260 Ha 4R, Xcfe037,-208 n -270 Ha 5R, Xcfe124,-159 n -277 Ha 6R,
Xcfe010, -143 v -228 Ha 7R. 3a ncknoueHnem Xcfe159 n Xcfe224, Bce KapTpoBaHHbIe NIOKYCbl Xcfe 6binn 0bHapy-
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MeHbl B OPTONOMMYHbIX MO3ULUAX C YHYETOM MHOXECTBEHHbIX TPAHCIOKaLMiA B XOfe 3BOJIIOLMM reHoMa PXKn Mo
CpaBHeHWIo C nweHunuein. KoHceHCycHas KapTa NOCTPOEHa C NCMOMb30BaHVEM AaHHbIX MO YETbIPEM KapTupyto-
WM nonynaumam pxu. OHa COpepKUT B 06LLein CNOXHOCTY 123 MUKpocaTennTHbIX Mapkepa, 12 SNP, 118 RFLP

1 2 n30pepMEHTHbIX JIOKYCa.

KntoueBble cnoBa: Secale cereale; SSR; Triticum aestivum; MMKpocCaTeNNINTHbIE MapKepbl; FfeHeTUYeCKne KapTbl.

Introduction

Several linkage maps of rye carrying RFLP, AFLP, SSR, DArT
and SNP markers are available to date (Devos et al., 1993;
Philipp et al., 1994; Senft, Wricke, 1996; Korzun et al., 2001;
Bednarek et al., 2003; Hackauf, Wehling, 2003; Khlestkina et
al., 2004; Varshney et al., 2007; Bolibok-Bragoszewska et al.,
2009; Gustafson et al., 2009; Milczarski et al., 2011, 2016;
Xu et al., 2012; Bauer et al., 2017).

SSRs (microsatellites) are among the most widely used
DNA-markers in rye genetics. For example, SSR markers
were used for mapping the sy/, sy9, syl8 and syl9 asynaptic
genes (Malyshev et al., 2009; Dolmatovich etal., 2013a, b), the
gene mol for supernumerary spikelets (Dobrovolskaya et al.,
2009), several anthocyanin biosynthesis genes (Khlestkina et
al., 2009, 2011, 2013), Ddw (Tenhola-Roininen, Tanhuanpai,
2010) and Ddw3 (Yang et al., 2018) dwarfing genes, the pow-
dery mildew resistance locus (Wang et al., 2010), the Elm-R1
gene related with embryo lethality in wheat-rye hybrids as well
as the hybrid dwarfness gene Hdw-R1 (Tikhenko et al., 2011;
Tsvetkova et al., 2018), aluminum tolerance loci in rye and
triticale (Fontecha et al., 2007; Benito et al., 2010; Niedziela
et al., 2014) and several QTL for agronomic traits including
grain yield (Hackauf et al., 2017).

SSRs can be suitable for marker-assisted breeding (Lapitan
et al., 2007), detection of the genetic variability in rye and
triticale (Bolibok et al., 2005; Vyhnanek et al., 2009) as well
as for marker-assisted identification of rye genetic material
in wheat cultivars and lines (Silkova et al., 2006; Schlegel,
Korzun, 2008; Schneider, Molnar-Lang, 2009; Adonina et al.,
2011; Silkova et al., 2011; Schlegel, 2015).

In spite of several sets of microsatellite markers available in
rye, broadening a list of SSRs mapped to rye chromosomes is
still needed, since some rye chromosome maps still have justa
few microsatellite loci mapped (Khlestkina et al., 2004). The
goal of the current study was to integrate wheat EST-SSRs,
expressed sequence tag SSR (from map of L.Y. Zhang et al.
(2005)) into the existing rye microsatellite map and construct
the consensus microsatellite map of rye genome.

Materials and methods

Four rye F, mapping populations (P87/P105; N6/N2, N7/N2
and N7/N6; see detailes in (Khlestkina et al., 2004)) were
used in PCR assays with CFE primers available at GrainGenes
database (http://wheat.pw.usda.gov). DNA was available from
previous studies (Korzun et al., 2001; Khlestkina et al., 2004).
PCR and analysis of the amplified fragments length was per-
formed as described in L.Y. Zhang et al. (2005). Chromosome
arm location of homologous sequences carrying the CFEs
(http://wheat.pw.usda.gov) was performed using BLAST
analysis (Altschul et al., 1990) of the corresponding wheat
ESTs given at http://wheat.pw.usda.gov against wheat chro-
mosome survey sequences available at https://urgi.versailles.
inra.fr/blast/blast.php. Linkage maps were constructed with
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MAPMAKER 2.0 (Lander et al., 1987) using Kosambi func-
tion (Kosambi, 1944), based on genotyping data obtained in
the current study and previously (Korzun et al., 2001; Khlest-
kina et al., 2004; Varshney et al., 2007). The consensus map
was constructed using JoinMap 2.0 program (Stam, 1993).

Results and discussion

Despite the possibility of a high-throughput marker analysis
using SNPs (Bauer et al., 2017), microsatellites remain con-
venient and low-cost markers for mapping genes and marker
assisted selection in rye and triticale. For these purposes mic-
rosatellite markers with known precise intrachromosomal lo-
cation are needed. The sources for mapping novel SSR loci in
rye were rye EST-SSRs (Hackauf, Wehling, 2003; Khlestkina
et al., 2004), or wheat genomic microsatellites (Khlestkina et
al., 2004). In the current study, we used wheat EST-SSRs for
genotyping rye mapping populations.

The parents of the four rye mapping populations (P87/P105,
N6/N2, N7/N2 and N7/N6) were tested with 301 CFE primer
pairs. Thirty-two pairs revealed polymorphism between the
parents of one or more mapping populations: 10 between
P87 and P105, 13 between N6 and N2, 11 between N7 and
N2 and 15 between N7 and N6. The portion of polymorphic
CFE markers (10.6 %) is comparable with that described for
genomic wheat SSRs GWM transferred to the same set of
mapping populations parents (9.2 %) (Khlestkina et al., 2004).

Twenty-three of the 32 markers were segregating in the
mapping populations, while nine pairs produced monomor-
phic PCR-products, that can be explained by rye heterogene-
ity. Twenty-three Xcfe loci were genetically mapped on rye
chromosomes (see the Table and Supplementary Materials)'.

A consensus map was constructed using mapping data for
the four populations. The consensus map contains 11 microsa-
tellite (Xcfe..., Xrems... or Xgwm...) markers on chromosome
IR, 23 0on 2R, 10 on 3R, 150n4R, 29 on 5R, 17 on 6R, 18 on
7R (see the Figure). In addition to these 123 SSR markers the
consensus map contains 12 SNPs (Xgbs...), 118 RFLP mar-
kers (other X... names), and two isozyme loci. The former rye
consensus map constructed in 2009 contained 10 microsatellite
markers only (Gustafson et al., 2009).

Most of the microsatellites mapped in the current study
consist of 3 bp repeats (15 loci), 5 of the mapped SSRs were
dinucleotide, 2 sequences carried tetra- and 1 hexanucleotide
repeat (see the Table).

Twenty-one of the 23 Xcfe loci mapped in orthologous
positions (see the Table) considering multiple evolutionary
translocations in the rye genome relative to those of common
wheat, as described in detail by K.M. Devos et al. (1993).
Two loci Xcfel59-6R and Xcfe224-4R have no orthology
with wheat Xcfel59 (5A, 5D) and Xcfe224 (5B). The por-
tion of the Xcfe loci showing orthology between wheat and

T Supplementary Materials are available in the online version of the paper:
http:/www.bionet.nsc.ru/vogis/download/pict-2020-24/appx5.pdf
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Characterization of CFE markers mapped in the current study

CFE No. Motif bp in wheat  bpin rye*
004 ............... (GAG)6 ..................... 2 17 ................... 124130 ..........................

006 ............... (CGT)7 ..................... 2 39 ................... 304307 ..........................

010 ............... (AGG)8 ..................... 324 ................... 3”314 ..........................

023 ................ (CGA)S ..................... 2 31 .................... 198207213 ..................

029 ............... (GA)7 ....................... 2 01 .................... 194196 ..........................

037 ................ (TACG)3 ................... ]50 ................... ]59171 ...........................

67 .................. (AG)H ...................... 175 ................... 180182194 ..................

100 ............... (TG)6 ........................ 2 43 ................... 237241255 ..................

1 2 4 ............... (GAACCC)3 .............. 2 63 ................... 250 272 ..........................

136 ............... (AG)7 ....................... 160 ................... 194200 ..........................

143 ................ (CAGG)4 .................. 150 ................... 168172 ..........................

152 ................ (CGA)S ..................... 150 ................... 226232235238 ..........
159 ............... (CAG)6 ..................... 163 ................... 164167170173176
175 ................ (GGC)6 ..................... 2 16 ................... 216219222 ..................

183 ................ (AG)M ...................... 2 15 ................... 210212 ..........................

2 0 8 ............... (AGG)4 ..................... 2 49 ................... 268 274 ..........................

224 ............... (GCC)7+4 .................. 2 75 ................... 212215 ..........................

228 ............... (CTG)B .................... 2 07 ................... 324333343 ..................

260 ............... (CCT)7 ..................... 149 ................... 136139 ..........................

266 ............... (ACC)4 ..................... 2 51 .................... 239244247 ..................

270 ............... (GTG)7 ..................... 126 ................... 129132 ..........................

277 ................ (ACA)4 ..................... 2 02 ................... 197203 ..........................

282 ................ (GAC)7 ..................... 149 ................... 129138 ..........................

2020
24.5

KoHceHcycHaa MrKpocaTennnTHasA KapTa pXu
C HTerprpoBaHHbIMU EST-SSR mapkepamu nweHuLbl

Chromosome
location in rye*

Chromosome location
in wheat™*

Orthologous between
wheat and rye

3B, 4BS, 4DS 4RS Yes
2AL’23L,2DL ..................... 2 RL .......................... Y es ....................................
7AS,7BS’7DS ..................... 7RS .......................... Y es ....................................
1AS,1BS’1DS ..................... 1RS .......................... Y es ....................................
3AL,3B,3DL ....................... 3 RL .......................... Y eS ....................................
SAL,SBLISDL ..................... 5 RL .......................... Y es ....................................
ZAS’zBS,ZD ....................... 2 RS .......................... Y es ....................................
7ASI7BS’7DS ..................... 4 R(cent) .................. Y es ....................................
6AL’6BL’6DL ..................... 6 RL .......................... Y es ....................................
1AL1BL1DL ..................... 1RL .......................... Y es ....................................
. SBL SDL .............................. 7RS .......................... Y es ....................................
6AS’6BS6DS7AS ............. 4 RL .......................... Y es ....................................
SBL’SDL .............................. 6 R(Cent) ................. No ....................................
ZAleBLIZDL ..................... 2 RL .......................... Y es ....................................
ZALIZBLIZDL ..................... 2 RL .......................... Y es ....................................
SAISBSISDS ....................... 5 RS .......................... Y es ....................................
SBL ...................................... 4 R(cent) .................. No ....................................
4AL,SBL .............................. 7RS .......................... Y es ....................................
4ALI4BS’4DS ..................... 4 RS .......................... Y es ....................................
1AL’1BL’1DL ..................... 1RL .......................... Y es ....................................
4DL’5DL'4BL’5AL ............. 5 RL .......................... Y es ....................................
6D ........................................ 6 RL .......................... Y es ....................................
3AS3B3DS4DL ............... 3 RS .......................... Y es ....................................

* Data obtained in the current study (different length of the PCR products correspond to different parents of the rye mapping populations used; each microsatel-
lite studied was monolocus and homozygous in all parents of the mapping populations, amplifying one fragment in each parental genotype).

** Chromosome location of homologous sequences carrying the CFEs (http://wheat.pw.usda.gov) was performed using BLAST analysis of the corresponding

wheat ESTs given at http://wheat.pw.usda.gov against wheat chromosome survey sequences available at https://urgi.versailles.inra.fr/blast/blast.php. Further

information is given according to http://wheat.pw.usda.gov.

rye (91 %) is higher than that found previously for genomic
SSR loci Xgwm (73 %) (Khlestkina et al., 2004). This may
reflect conservatism of the coding portion of plant genome, in
particular that of the regions complementary to the primers,
flanking microsatellites.

Usually the markers mapped to 7RS are found in a com-
prehensive region of the chromosome 7R corresponding to
ancient translocation, while just a few markers are available
for the small proximal region not involved in this transloca-
tion (Devos et al., 1993; Korzun et al., 2001; Khlestkina et al.,
2004). The Xcfe010-7R locus mapped in the current study is
located in this region (see the Figure) and can be used for tag-
ging the part of chromosome 7RS, which is orthologous to the
short arm of chromosome 7 of Triticeae (Devos et al., 1993).

The Xcfe loci mapped can be recommended for various ap-
plications in rye genetics and breeding. Some of them locate
in the regions carrying known rye genes and therefore have a

potential for marker-assisted selection. For example, compari-
son of the consensus map (see the Figure) with data available
from previous gene mapping studies suggests Xcfe270-5R to
be close to the dwarfing gene Ddw! (mapped by (Tenhola-
Roininen, Tanhuanpdi, 2010)), while the Xcfe006-2R locus
(see the Figure) is mapped in the region highly comparable
with location of the asynaptic genes sy9 and sy/8 on chromo-
some 2R (Malyshev et al., 2009; Dolmatovich et al., 2013a).

Overall, the consensus map of rye contains 123 microsatel-
lites. The list of mapped SSRs can be broaden in the future
based on 856 SSRs recently found in rye genome shotgun
survey sequences (Li et al., 2018).

Conclusion

The consensus map constructed in the current study contains
a total of 123 microsatellites (including 23 SSRs transferred
in our study from wheat to rye map), 12 SNPs, 118 RFLPs
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and 2 isozyme loci. Co-linearity between rye and wheat chro-
mosome regions carrying these microsatellite loci was shown
using 21 from 23 SSRs. These markers can be useful for both
comparative mapping between wheat, rye and triticale as well
as for marker-assisted breeding.
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