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Abstract— Microsatellites, or simple sequence repeats, are widely distributed in eukaryotic genomes, includ-
ing plant genomes. The peculiarities of the structure and location of the microsatellite loci determine their
potential as molecular genetic markers and can influence the assumed function of microsatellites in impor-
tant biological processes. The identification and study of the distribution of microsatellite loci in gene-rich
genome regions of the bread wheat and the development (based on them) of new microsatellite markers are
of practical interest and are important for the study of the organization of the bread wheat genome. The
sequences of BAC clones that contain the homoeologous WFZP genes of the bread wheat (Triticum aestivum L.)
controlling the development of the ear were the basis for the identification and localization of microsatellite
loci in gene-rich regions of the 2AS, 2BS, and 2DS chromosomes. Di- and trinucleotide microsatellite
repeats are the most widespread in the studied sequences. The AG and GA/TC motifs prevail among the
dinucleotide motifs; the dinucleotide repeats are found in noncoding gene regions, mobile elements, and
nonannotated DNA sequences. Most of the trinucleotide repeats are associated with mobile genetic ele-
ments. It was found that homoeologous microsatellite loci are located either in the genes or in the nonanno-
tated DNA sequences. The comparison of the structure of homoeologous loci demonstrated that the diver-
gence in them is associated both with a change in the number of repeats and with nucleotide substitutions.
The new microsatellite markers, which are colocalized in the genetic maps with the WFZP-A-B-D genes and
can be used for marking these genes in molecular genetic studies and in breeding controlled by markers, were

developed.
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INTRODUCTION

Microsatellites, or simple sequence repeats (SSRs)
are DNA regions consisting of tandemly repeated
short (1—6 bp) elements (motifs). Microsatellite
repeats are classified depending on the structure:
(1) perfect microsatellite repeats are an uninterrupted
sequence consisting of the same motifs; (2) imperfect
microsatellite repeats consist of blocks of similar
motifs divided by several nucleotides differing from
the ones of the repetition; (3) complex microsatellites
(or compounds) are blocks of motifs of one or different
types divided into not more than 100 bp. Depending
on the length, there are two classes of microsatellites,
including class I (=20 bp) and class II (<19 bp) (Tem-
nykh et al., 2001). The frequency of mutations in mic-
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rosatellite loci significantly exceeds the expected fre-
quency of spontaneous mutagenesis (Wierdl et al.,
1997; Thuillet et al., 2002). The variability of the SSR
loci is first of all associated with the change in the
number of simple repeats and arises as a result of DNA
replication errors due to DNA polymerase slippage or
an uneven crossingover (Sia et al., 1997). It was found
that the variability of the microsatellite loci is corre-
lated to their length. Thus, class I microsatellites are
more polymorphic than class II microsatellites (Tem-
nykh et al., 2001; Webster et al., 2002). The transfor-
mation of complete microsatellites into incomplete
microsatellites or compounds stabilizes them, as a
result of which they become less variable (Thuillet
etal., 2002).
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Microsatellites are widely distributed in eukaryotic
genomes (Tautz et al., 1984); it was demonstrated that
they constitute approximately 0.69% of the rice
genome (Grover et al., 2007). The microsatellite loci
are located both in coding and noncoding genome
regions, and the density and distribution of the differ-
ent types of microsatellites are not the same in differ-
ent genome fractions (Li et al., 2002; Morgante et al.,
2002; Grover et al., 2007).

Microsatellites are widely used for the analysis of
plant genomes; DNA markers developed based on
them are one of the most relevant markers in plant
molecular genetics. Molecular genetic mapping is the
most important area of their use; in addition, they are
irreplaceable in the study of genetic diversity and phy-
logeny of closely related taxa and are of interest for use
in the programs on marker-assisted selection (Ganal
and Roder, 2007). This is due to the following proper-
ties, including their wide distribution in the genome,
multiallelism, codominant nature of inheritance, high
reproducibility of the results, and the possibility to
automate genotyping. The microsatellite markers
obtained based on genomic libraries are called
genomic SSR (gSSR). Roder et al (1998) obtained the
first large pool of wheat microsatellite markers based on
the genomic DNA library of the Triticum aestivum L.
bread wheat. The search in silico for microsatellite loci
in the expressed sequence tags (ESTs) and the marker
development based on them is another way of develop-
ment of microsatellite markers. Such markers are
called EST microsatellites. Both types of markers are
widely used for mapping the genes and genomes of the
bread wheat and its congeners (Salina et al., 2006;
Ganal and Roder, 2007; Leonova et al., 2008; Dobro-
volskaya et al., 2009; Dobrovolskaya et al., 2011). At
present, use of the accumulated data massifs obtained as
a result of the performance of projects on plant genome
sequencing has provided new possibilities for identifying
microsatellite sequences and developing new microsatel-
lite markers. BACend sequences (BES)-SSR is a new
type of microsatellite markers obtained as a result of
the terminal sequencing of bacterial artificial chromo-
some (BAC) clones. It is widely used for integration of
physical and genetic plant maps (including the bread
wheat) (Paux et al., 2008). Determination of the refer-
ence sequence of chromosome 3B (Choulet et al.,
2014) and obtaining the results of the draft sequencing
of isolated bread wheat chromosomes (IWGSC, 2014)
allowed to make important conclusions about the
structural and functional genome organization in the
bread wheat. More than 5000 known microsatellite
markers were physically mapped in individual chro-
mosomes (IWGSC, 2014) and new SSR markers of
chromosome 3B were developed (Paux et al., 2008).
The study of the structure and distribution of micro-
satellite repeats in DNA sequences of the bread wheat
will provide the possibility of detecting regularities of
their localization in different fractions of genomic
sequences and establishing the functional role of these
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repeats in biological processes, and will be used for the
creation of new SSR markers.

The aim of the present work is to study the structure
and location of microsatellite loci in gene-rich regions
of chromosomes 2A, 2B, and 2D on the example of the
sequences of the homoeologous WFZP-A-B-D gene
loci and the development of new SSR markers mark-
ing these regions.

MATERIALS AND METHODS

The sequences of DNA regions of chromosomes 2AS,
2BS, and 2DS obtained as a result of 454Roch-
sequencing of BAC clones containing homoeologous
WFEZP-A, -B, and -D bread wheat genes were the
object of the study in this work. The CS248B13,
CS184F24, and CS305HS5 BAC clones were selected
during the screening of the genomic BAC library
obtained based on the bread wheat variety Chinese
Spring (http://cnrgv.toulouse.inra.fr/). The informa-
tion about the screening, sequencing, and annotation
of the DNA sequences of these BAC clones was previ-
ously published (Dobrovolskaya et al., 2015). In order
to identify SSR repeats, the SSR locator program was
used (Maia et al., 2008) at the following search param-
eters, including at least 6 repeats for dinucleotide mic-
rosatellites, 5 repeats for trinucleotide microsatellites,
and 4 repeats for tetra-/penta-/ hexanucleotide mic-
rosatellites for the perfect repeats; up to 3 nonrecur-
ring bases separating microsatellites for the imperfect
repeats; and up to 100 bp between microsatellite
blocks for the compounds. The primers to the micro-
satellite loci were developed using the Primer3 program
(http://bioinfo.ut.ee/primer3-0.4.0/). The structure of
the developed primers is given in Table 1. The poly-
merase chain reaction (PCR) was conducted using the
samples of total DNA previously isolated from the
plants of the bread wheat lines and varieties listed in
Table 1, as well as from the individual plants of the F,
mapping population obtained from the cross between
the Chinese Spring and Renan bread wheat varieties
(Dobrovolskaya et al., 2009; 2015) according to the
protocol of Nicot et al. (2004). The PCR fragments
were separated on an automatic ABI PRISM 3100
Genetic Analyser sequencer (Applied Biosystems,
Foster City, CA, United States). The fragment size was
calculated by the ABI GeneScan computer program
(version 2.1) developed by the Applied Biosystems
company. New microsatellite markers were integrated
in previously constructed genetic maps of the bread
wheat chromosomes 2A, 2B, and 2D (Dobrovolskaya
et al., 2015) by the computer program MAP-
MAKER/EXP ver. 3.0b (Lander et al., 1987) using the
Kosambi mapping function (Kosambi, 1943) at LOD
value > 3.00.
Vol. 6
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Table 1. Microsatellite markers

Marker Motif Primers Polymorphism (alleles, bp)
CS248B13-1 | (AG)16 F: 5'-CTCCAAGAAGATCGAGGTGAACAT-3' 1638, 1671-2.3.7
R: 5-TTGTTACCCTACCGATGATGTGTG-3' 171>, 175°
CS248B13-2 | (AT)11 F: 5-GTGCACTTTTGACCTCCCTACACT-3' 432 NP
R: 5-ATTTTGGGTTAAGTGGACGTAGCA-3'
CS248B13-4 | (AGCC)4 F: 5'-CGCTGACTCTACACCTTACCTCGT-3' 406 NP
R: 5-ACTTTTAATCGAATCGCACACG-3'
CS248B13-3 | (GCC)4(GCG)4 | F: 5-CGAGCTACATTTAGTGCATCTGGA-3' 427 NP
R: 5-TGACCGCTTTAGAGCCTTG-3'
CS184F24-1 |(TC)15 F: 5-CCATGGTGATGTGTGAGTAGTTCC-3' 367%6.7.9
R: 5-GTCGTAGAGTAAGGACACCGCAAT-3' 37153.4.5,8
CS305H5-1 (TA)20 F: 5-AACAATGATGCAATGAAGGAACAA-3' 301123, 325679
R: 5-CGGGTTTGATTCCTGATGAGTTAG-3' 3348, null* >
CS305H5-2 (GAG)8 F: 5'-~ACTACACCGACACCAACGTCTTC-3' 351 NP
R: 5-GAAGACTAAGGCATGACTTGGAGG-3'

NP is the nonpolymorphic fragment of the indicated size; superscript numbers designate the bread wheat lines and varieties in which these alleles
were found: 1'% 343 the Ruc163, Ruc167, So149, Ruc204, and Skle128 lines (Dobrovolskaya et al., 2009, 2015); ®7-3:2 the Saratovskaya 29,

Skala, Chinese Spring, and Renan varieties, respectively.

RESULTS AND DISCUSSION

During the work on determining the primary struc-
ture of homoeolog WFZP-A-B-D genes regulating the
development of the wheat ear and determining the fate
of the spikelet meristem, the sequencing of three BAC
clones (CS248B13, CS184F24, CS305H5) carrying
the target genes was conducted and the data on the struc-
tural organization of the regions of homoeologous chro-
mosomes 2AS, 2BS, and 2DS were obtained; the genes
and mobile elements within these sequences were
annotated, and the order of their mutual position was
determined (Dobrovolskaya et al., 2015).

The mrs1/WFZP-D gene was localized in the 250.8
gene-rich region of the homoeologous group-2 chro-
mosomes (Dobrovolskaya et al., 2009). The gene-rich
regions of the chromosomes were determined during
the study of the localization of the expressed DNA
sequence fragments or expressed sequence tag (EST)
sequences in the deletion bins of the bread wheat
chromosomes (Erayman et al., 2004). The uneven
gene distribution in the chromosomes was confirmed
by the results of sequencing the extended DNA
regions of the wheat chromosome 3B; however, no
clear separation on the large blocks of gene-rich and
gene-poor regions in chromosome 3B was found. It
was demonstrated that most of the genes (75%)
formed small gene islands consisting of on average
three genes separated by blocks of mobile elements,
while the extended non-coding DNA regions (longer
than 800000 bp long) are found very rarely (Choulet
et al., 2010, 2014).

In the present study, the sequences of BAC clones
containing homoeologous WFZP genes were the basis
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for the identification and localization of microsatellite
loci in the gene-rich regions of chromosomes 2AS,
2BS, and 2DS. It was found that AG, GA/TC (61.5%),
and TA/AT (27%) are prevalent among the dinucle-
otide repeats (Table 2). Previously, it was demon-
strated that the same classes of dinucleotide repeats
(AG/CT and AT/TA) are prevalent dinucleotide
repeats in the rice genome (Grover et al., 2007), the
genomes of nine species of cereals, including the Triti-
cum urartu (the wheat A genome donor) and Aegilops
taushii (the wheat D genome donor) species (Wang
etal., 2015), and in general are typical for the plant
genomes (Lagercrantz et al., 1993). Dinucleotide
microsatellites (that we identified) are localized both
in the gene loci and the loci of transposable elements
(TE), as well as in nonannotated DNA sequences. Tri-
nucleotide microsatellite repeats were found less fre-
quently than dinucleotide microsatellite repeats; no
prevalent motif/motifs were found. Most of the trinu-
cleotide microsatellites were presented by short class 11
(£19 bp) SSR repeats associated with TE (Table 2).

In general, most of the microsatellite loci that we
found were associated with the class I TE (retrotrans-
posons) and were located directly in the internal TE
regions. We did not find any series of homoeologous
microsatellite loci associated with TE (the microsatel-
lite loci of a single type with homologous flanking
sequences localized in homoeologous chromosomes
of different wheat subgenomes are homoeologous
microsatellite loci). This is apparently associated with
the fact that TE is a rapidly evolving fraction of
genomes, which mainly contributes to the interspe-
cific divergence. A high percentage of microsatellite
Vol. 6

No. 3 2016
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Table 2. Type and localization of microsatellite loci

Motif SRR locus Localization SRR marker
2AS (CS248B13)
AG/GA/CT (GA)6 na
(GA)20? G (5'-region) *
(GA)4(GA)6 na
(AG)6 TE (I)
(AG)16° na CS248B13-1
(CT)6 G (3'-region)
AT/TA (AD11 na CS248B13-2
(AT)7 na
(TA)8 TE (II)
(TA)19 TE (I)
(TA)6! G (intron)
TG/GT (TG)6 TE (I)
AGG/GGA (AGG)6 TE (I)
(GGA)5 TE (II)
TGA (TGA)7 TE (I)
(TGA)2(TGA)4 TE (I)
CTT (CTT)5 TE (I)
ACA (ACA)5 TE (I)
GCC, GCG (GCC)4(GCG)4¢ G (CDS) CS248B13-3
AGCC (AGCC)4! na
AAGAA (AAGAA)4 na
2BS (CS184F24)
AG/GA/TC (AG)7 na
(AG)7 TE (I
(GA)7 TE (I)
(GA)10 TE (I)
(GA)34 na *
(TC)6? G (5'-region) *
(TC)5-CA-(TC)10° na CS184F24-1
GGC/CGG/GCG (GGO)5 TE (I)
(GGO)19 imp TE (I)
(CGG)5 TE (I)
(CGG)5(CGG)Y4 TE (I)
(GCG))4(GCG))M4 TE (I)
GTG (GTG)5 TE (I)
TTTA (TTTA)4(TTTA)2
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Table 2. (Contd.)

DOBROVOLSKAYA et al.

Motif SRR locus Localization SRR marker
2DS (CS305H5)
AG/GA/TC (GA)9° na
(GA)7(GA)3® na
(AG)8-G-(GA)12 TE (I)
GC (GO)6 G (5'-region)
TCC (TCO)s TE (II)
GAG (GAG)8 na CS305H5-2
GCC, GCG (GCC)5, (GCG)4¢ G (CDS)
TTAT (TTAT)4 na
(TC)122 G (5'-region) *
AT/TA (TA)20 G (5'-region) CS305H5-1
(TA)7 TE (II)

The class I (length >20 bp) microsatellite loci are highlighted. The superscript letter (% b.cor CI) designates homoeologous microsatellite
loci. is the homoeologous locus with the number of repeats smaller than in the specified search criteria identified for this locus; G is a
gene; TE is the class I or I transposable element; na is nonannotated DNA sequences; 5'- and 3'-regions are noncoding DNA regions
with a length of up to 1800 bp (in this study) adjacent to the start or terminal codons of the gene, respectively; CDS is the gene coding
region; imp is an imperfect repeat; * means the locus is located at the border of the contig.

repeats associated with retrotransposons was previ-
ously found during the development of the barley
genomic library saturated with microsatellite repeats
(Ramsay et al., 1999).

Tetra- (three loci) and pentanucleotide (single
locus) microsatellites were found only in nonanno-
tated DNA sequences (Table 2). Of the nine microsat-
ellites found in the gene loci, five were in 5’-noncod-
ing gene regions; two, in the coding regions; and one,
in the 3'-region and intron; at the same time, the tri-
nucleotide repeat was localized in the coding region,
while the dinucleotide microsatellites were localized
in the others. The results of many studies indicate that
different types of microsatellite loci are unevenly dis-
tributed in the plant genome. Thus, it was found that
tri- and hexanucleotide repeats are most frequently
found in the coding sequences of Arabidopsis, rice,
maize, and wheat, while the noncoding fraction contains
other types of microsatellites (Morgante et al., 2002). A
high density of microsatellites in the sequences adja-
cent to the start codon (including 5'-untranslate
region (5'-UTR)) was found in rice; at the same time,
dinucleotide microsatellites (AG)n and (CT)n were
the most well represented, while (AT)n was the preva-
lent dinucleotide in the rice genome (Grover et al.,
2007). The high frequency of microsatellites in the
regions adjacent to the start codon can assume its
functional role. The microsatellite markers obtained
based on such loci are of interest for the development
of functional genetic markers in order to use them in
functional studies and breeding.

We note that the homoeologous microsatellite loci
that we found were located either in the genes (includ-
ing the 5'-regions adjacent to the start codon) or in
nonannotated sequences (Table 2) reflecting the con-
served nature of these regions. The comparison of the
structure of these loci demonstrated that the diver-
gence in them is associated both with the change in the
number of repeats and with the nucleotide substitu-
tions (Fig. 1); the presence of the insertion—deletion
polymorphism and single nucleotide substitutions in
the regions flanking the microsatellite repeats allows
us to develop locus-specific SSR markers (Tables 1, 2).

Temnykh et al. (2001) suggested dividing the mic-
rosatellite loci into two classes depending on the
length (class I (=20 bp) and class II (<19 bp)). Such
separation into classes reflects the potential of micro-
satellites as molecular markers, since class I is highly
polymorphic, while class II does not differ by the
mutation frequency from the unique DNA sequences
(Temnykh et al., 2001). Among the microsatellites
that we identified, 14 loci belonged to class I (Table 2),
while five of them were associated with TE (Table 2)
and were not suitable for the development of markers,
since nonconserved flanking sequences do not allow
us to develop locus-specific SRR markers. It was not
possible to develop one of the primers for several class I
loci located on the border of the contigs (Table 2). The
primer pairs were developed to seven microsatellite
loci and tested on nine bread wheat lines and varieties.
The information about the developed markers is pre-
sented in Table 1.

RUSSIAN JOURNAL OF GENETICS: APPLIED RESEARCH  Vol. 6 No.3 2016



DEVELOPMENT OF NEW SSR MARKERS FOR HOMOEOLOGOUS WFZP GENE 335
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2D CCATTGGGGAGACAATGTTCATCGACCTTGCTGCCTCCATG---ATGTGTGAGTAGTTCCTTCAGGACCTACGAG
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2A TCCATAGCAGTAGCTAGACGTCTCTCTCTCTCTCCCTCCCTCTCTCTC———————— CAATACAATGATCTCCTCT

2B TCCATAGCAGTAGCTAGATCTCTCTCTCCATCTCTCTCTCTCTCTCTCTCGATCTTCAACACAATGATCTCCGCT

2D TCCATAGCAGTAGCTAGACGTTTCTCTCTCCCTC-——----- TCTCTCTCTCTC----CAATACAATGATCTCCTCT

Fig. 1. Structure of homoeologous microsatellite loci.
The regions of the microsatellite CS184F24-1 marker primers

are underlined. Complementary sequences of the contigs of the

CS248B13 (2A) and CS305H5 (2D) BAC-clones containing the microsatellite loci were used for the alignment.
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C

Fig. 2. Microsatellite maps of the chromosomes 2AS, 2BS, and 2DS, including the WFZP-A-B-D genes.
C is centromere; genetics distances in cM are indicated to the left of each map; the names of the microsatellite markers and genes,

to the right.

Polymorphic markers were used for the genotyping
of individual plants from the F, population obtained
from the crossing between the Chinese Spring and
Renan bread wheat varieties and were integrated in the
previously constructed genetic maps of chromosomes
2AS, 2BS, and 2DS (Dobrovolskaya et al., 2015). It
was found that they are colocalized with the WFZP-A,
WFZP-B, and WFZP-D genes (Fig. 2). The microsat-
ellite CS248B13-1 and CS305H5-1 markers can be
subsequently used for marking the WFZP-A and
WFZP-D gene loci in the genetic background of dif-
ferent wheat varieties, including during the marker-
assisted transfer of these genes, along with the previ-
ously developed allele-specific markers (Dobrovol-
skaya et al., 2015). In addition, new microsatellite
markers are of interest for the BAC clone marking and

RUSSIAN JOURNAL OF GENETICS: APPLIED RESEA

genetic mapping of the genes localized in the gene-
rich 2S0.8 region of the homoeologous group-2 chro-
mosomes.
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