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Abstract

Main conclusion Different types of P genome sequences
and markers were developed, which could be used to
analyze the evolution of P genome in Triticeae and
identify precisely wheat-A. cristatum introgression lines.

P genome of Agropyron Gaertn. plays an important role
in Triticeae and could provide many desirable genes
conferring high yield, disease resistance, and stress tol-
erance for wheat genetic improvement. Therefore, it is
significant to develop specific sequences and functional
markers of P genome. In this study, 126 sequences were
isolated from the degenerate oligonucleotide primed-
polymerase chain reaction (DOP-PCR) products of
microdissected chromosome 6PS. Forty-eight sequences
were identified as P genome-specific sequences by dot-
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blot hybridization and DNA sequences analysis. Among
these sequences, 22 displayed the characteristics of
retrotransposons, nine and one displayed the character-
istics of DNA transposons and tandem repetitive
sequence, respectively. Fourteen of 48 sequences were
determined to distribute on different regions of P gen-
ome chromosomes by fluorescence in situ hybridization,
and the distributing regions were as following: all over P
genome chromosomes, centromeres, pericentromeric
regions, distal regions, and terminal regions. We com-
pared the P genome sequences with other genome
sequences of Triticeae and found that the similar
sequences of the P genome sequences were widespread
in Triticeae, but differentiation occurred to various
extents. Additionally, thirty-four molecular markers were
developed from the P genome sequences, which could be
used for analyzing the evolutionary relationship among
16 genomes of 18 species in Triticeae and identifying P
genome chromatin in wheat-A. cristatum introgression
lines. These results will not only facilitate the study of
structure and evolution of P genome chromosomes, but
also provide a rapid detecting tool for effective utiliza-
tion of desirable genes of P genome in wheat
improvement.

Keywords Evolution - Molecular marker - P genome -
Specific sequences - Wheat-A. cristatum lines

Abbreviations

DOP-PCR Degenerate oligonucleotide primed-
polymerase chain reaction
Fluorescence in situ hybridization
Genomic in situ hybridization

FISH
GISH
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Introduction

There are abundant repetitive sequences in lots of plant gen-
omes, which constitute the major component of these gen-
omes (Flavell et al. 1974; Consortium 2012). Repeated DNA
sequences could be categorized into two types: tandem
repetitive DNA sequences and dispersed repetitive DNA
sequences. Tandem repetitive sequences are mainly localized
to specialized chromosomal regions, such as centromeres,
telomeres, and heterochromatic regions (Gindullis et al. 2001;
Plohl et al. 2008). The variations of tandem repetitive
sequences could be used to study the evolution of plant gen-
ome as well as the evolutionary trends (Zhou et al. 2010). A
majority of dispersed repetitive sequences had the character-
istic of transposable elements (TEs) (Kubis et al. 1998), which
were not only the main components of plant genomes, but also
the major force in plant genome evolution (Fujimoto et al.
2008; Petitet al. 2010). TEs played a role in many processes of
evolution, including insertion into protein-coding genes,
illegitimate recombination and chromosome breakage (Slot-
kin and Martienssen 2007). To reveal the evolutionary
dynamics, TEs were often used to study the different abun-
dance of the same TE family among species and the copy
number variation in the process of polyploidization (Ragu-
pathy et al. 2010; Salina et al. 2011; Middleton et al. 2013;
Yaakov et al. 2013). In recent years, some new dispersed
repetitive DNA sequences have been isolated from plants,
such as Revolver, Superior of rye (Tomita et al. 2008; Tomita
2010), C1-10, pDbC2 from Dasypyrum villosum (Li et al.
2012; Zhang et al. 2013b). These repetitive DNA sequences
will be helpful to better understand the structure of retro-
transposons and the evolution of plant genome.

It is an effective way to obtain repetitive sequences by
means of chromosome microdissection. Some chromo-
some-specific DNA libraries of plant have been constructed
through chromosome microdissection and microcloning
which has been successful in wheat (Liu et al. 1997, 1999;
Hu et al. 2004), barley (Schondelmaier et al. 1993), rye
(Zhou et al. 1999), Haynaldia villosa (Kong et al. 2001),
oat (Chen and Armstrong 1995), soybean (Zhou et al.
2001), and cotton (Peng et al. 2012). The chromosome-
specific DNA library provides a basis for further screening
repetitive sequences. Some repetitive sequences were iso-
lated from DNA libraries, including pHVvMWG2314 and
pHVMWG2315 from chromosome 3HL of barley (Busch
et al. 1995), pHVMK134 from 6VS of H. villosa (Kong
et al. 2001), and some Revolver-related sequences from 1R
of rye (Deng et al. 2014).

To broaden the genetic basis of wheat, an increasing
number of desirable genes have been transferred from wild
relatives into common wheat (Friebe et al. 1996; Gill et al.
2006). It is an important step to identify the alien chromatin
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or genes. Actually, the effective transfer and utilization of
alien genes largely depended on the precise identification
of alien chromatin (Zhang 1991). Genome-specific
sequences, especially the genome-specific dispersed
repetitive sequences, could be considered as genome-
specific fluorescence in situ hybridization (FISH) probes to
identify alien chromosomes. At present, these sequences
have been isolated from wheat (Komuro et al. 2013), rye
(Ko et al. 2002; Liu et al. 2008a; Jia et al. 2009), D. vil-
losum (Zhang et al. 2013b), and A. cristatum (Han et al.
2015) in the tribe Triticeae. With the rapid development of
genomics, molecular markers have been widely used in the
identification of alien chromosomal segments in wide
hybrids. Molecular markers designed on the basis of gen-
ome-specific sequences are useful and convenient tools for
detecting alien chromatin incorporated into wheat gen-
omes. The genome-specific markers obtained from RAPD
analysis have been used to identify alien chromosomal
segments (Guidet et al. 1991; Ko et al. 2002; Liu et al.
2008a; Jia et al. 2009; Wu et al. 2010; Zhang et al. 2013b).

Agropyron Gaertn. (P genome) is an important genus of
wild relatives of wheat, which can provide many desirable
genes for wheat improvement, such as resistance to certain
diseases and abiotic stress, and high-yield characteristics of
more fertile tillers and more florets (Dewey 1984; Dong et al.
1992). In our laboratory, a series of disomic addition lines
has been obtained from the successful hybridization between
common wheat Fukuho and A. cristatum (accession Z559)
(Li et al. 1997, 1998). Wheat-A. cristatum 6P disomic
addition lines contained desirable genes conferring high
numbers of kernels per spike, and resistance to powdery
mildew and leaf rust (Wu et al. 2006; Han et al. 2014; Song
et al. 2016). Wheat-A. cristatum 2P addition lines showed
high resistance to powdery mildew and leaf rust resistance,
as well as narrow flag leaves (Li et al. 2016). Wheat-A.
cristatum 7P addition lines conferred longer grain length and
higher thousand-grain weigh (Lu et al. 2016). These wheat-
A. cristatum addition lines were used as the fundamental
materials to transfer useful genes from A. cristatum to wheat.
There were some reports about repetitive sequences of
Agropyron. Svitashev et al. (1998) developed two repeated
sequences pAgcl and pAgc30 from “Relic” DNA of A.
cristatum, and used them in genome identification of Elymus.
Wuetal. (2010) cloned three A. cristatum-specific sequences
by RAPD and applied them to detect P genome chromo-
somes. Han et al. (2015) isolated a P genome-specific Gypsy-
like sequence through chromosome microdissection and
microcloning. The rDNA spacer sequence pAcR4 which
located at NOR loci and the 5S DNA of A. cristatum were
developed (Appels et al. 1986; Xin and Appels 1988). The A.
cristatum repetitive sequences could not meet the needs of
the study on structure and evolution of P genome
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chromosomes and the characterization of wheat-A. cristatum
derivatives. Therefore, it is important to further isolate and
characterize A. cristatum-specific sequences.

In this study, a lot of P genome-specific sequences were
isolated from the microdissected chromosome 6PS which
was successfully microdissected from a wheat-A. cristatum
6PS addition line in our previous study (Han et al. 2015),
and their distribution patterns on P genome chromosomes
were explored, then many molecular markers specific for
A. cristatum were developed. The evolutionary relation-
ships among 16 genomes of 18 species in Triticeae were
analyzed by these markers. Meanwhile, P genome chro-
mosomal fragments in wheat-A. cristatum derivatives were
identified. These results will not only provide resources for
the further study of structure and evolution of P genome
chromosomes but also contribute to the identification and
utilization of excellent wheat-A. cristatum derivatives.

Materials and methods
Plant materials

The detailed information of all the materials used in this
study is shown in Table 1. The common wheat Fukuho was
used as maternal parent in cross with A. cristatum acces-
sion Z559 (2n = 4x = 28, PPPP). All the fifteen different
wheat-A. cristatum disomic addition lines (4844-12, 5113,
5114, 11-26, 11-29-2i, 5106, 1I-5-1, 11-4-2, 5038, 5043, II-
21-2, 1I-21-6, 11-9-3, 1I-7-1, 1I-8-1) used contain 42 wheat
chromosomes and a pair of alien A. cristatum chromo-
somes. Wheat-A. cristatum 6PL addition line D3-10 was
obtained from the hybrids between wheat-A. cristatum 6P
disomic addition line 4844-12 and T. aestivum cultivar
Chinese Spring-Aegilops cylindrica Host 2C addition line.
Wheat-A. cristatum 6PS addition line D14-19, deletion line
D4804-3 (6PS-0.00-0.15), translocation line Pubing3035,
and introgression line Pubing23667 were obtained from the
irradiation of hybrids between 4844-12 and common wheat
cultivar Gaocheng 8901. Eighteen species contain different
genomes including P, PP, PPP, ABD, A, AB, AG, C, D, M,
S, U, R, H, E, V, Ns, St, and Y genomes, with accessions
71842, 7559, 71750, Chinese Spring (CS), MOy, JingDR3,
TI;, Ael4, Y93, Y258, Aed49, Y39, RM2161, Zhepi 1,
PI1547326, Z1731, R429, Z1365, and Z2192, respectively.
Genome symbols were according to Wang et al. (1994).

Cloning of DOP-PCR products from microdissected
6PS

Chromosome 6PS were obtained by chromosome
microdissection and the DNA from microdissected chro-
mosome 6PS was subjected to two rounds of PCR

amplification by DOP (Han et al. 2015). The first- and
second-round DOP-PCR were performed in SOpL volume,
and the second-round PCR used 5SuL of the first-round
DOP-PCR products as a template. In this study, four
microlitres of the second-round DOP-PCR products were
ligated into pMDI19-T cloning vector (Code: D102A;
TaKaRa Biotechnology, Dalian, China), which was used to
transform competent cells of Escherichia coli strain DH50o..
Then the DNA library of chromosome 6PS was con-
structed. The clones were detected with the universal pri-
mers M13 forward/reverse and checked on 1% agarose
gels.

Dot-blot analysis

The positive clones were used as the DNA targets. The A.
cristatum genomic DNA and Fukuho genomic DNA were
used as probes, respectively. The dot-blot hybridization
was performed as previously described by Malinen et al.
(2003). The plasmids of which hybridization results varied
between the two probes were selected. Subsequently, the
selected plasmids were used for DNA sequencing (Si-
noGenoMax, Beijing, China) and FISH analysis.

Genomic in situ hybridization and FISH

Genomic in situ hybridization (GISH) was used to detect
the P genome chromosomes in wheat-A. cristatum addition
lines and introgression lines with A. cristatum and Fukuho
genomic DNA as the probe and blocker, respectively. FISH
using the DNA clones from DOP-PCR products as probes
was performed to detect their distribution patterns on P
genome chromosomes and wheat genome chromosomes.
The procedures of GISH and FISH were followed the
protocols described by Kato et al. (2004) and Han et al.
(2006). The probes were labeled with Texas Red-5-dCTP
or Fluorescein -12-dUTP (PerkinElmer, Boston, MA,
USA). All the images were obtained using an Olympus
AX80 (Olympus Corp., Tokyo, Japan) fluorescence
microscope and processed with Photoshop CS 3.0 (Adobe,
San Jose, CA, USA).

Sequence analysis and molecular marker analysis

Sequence analysis of isolated A. cristatum sequences was
performed using BLASTn program in National Center for
Biotechnology Information (NCBI) (http://www.ncbi.nlm.
nih.gov), RepeatMaster online (http://www.repeatmasker.
org/cgi-bin/WEBRepeatMasker), and Triticeae Repeat
Sequence Database (TREP) (http://wheat.pw.usda.gov/
GG2/blast.shtml).

The alignments were performed between isolated
sequences and their corresponding sequences with high
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Table 1 Materials used in this study

Accession no. Species Genome The number of chromosome Origin
4844-12% T. aestivum L. AABBDD + II6P 44 China
5113* T. aestivum L. AABBDD + II6P 44 China
5114% T. aestivum L. AABBDD + II6P 44 China
5106* T. aestivum L. AABBDD + II6P 44 China
11-26* T. aestivum L. AABBDD + II6P 44 China
11-29-2i* T. aestivum L. AABBDD + II6P 44 China
11-9-3* T. aestivum L. AABBDD + II2P 44 China
-7-1* T. aestivum L. AABBDD + IIPS 44 China
11-8-1* T. aestivum L. AABBDD + IIPS 44 China
11-4-2° T. aestivum L. AABBDD + IIP 44 China
11-5-1° T. aestivum L. AABBDD + II7P 44 China
5038* T. aestivum L. AABBDD + IIP 44 China
5043* T. aestivum L. AABBDD + IIP 44 China
m-21-2% T. aestivum L. AABBDD + IIP 44 China
11-21-6* T. aestivum L. AABBDD + IIP 44 China
D14-19° T. aestivum L. AABBDD + II6PS 44 China
D3-10° T. aestivum L. AABBDD + I1I6PL 44 China
D4804-3¢ T. aestivum L. AABBDD + 1II (6PS-0.00-0.15) 44 China
Pubing3035° T. aestivum L. TilAS-6PL-1AS-1AL 42 China
Pubing23667" T. aestivum L. AABBDD 42 China
MO, T. monococcum L. AA 14 Spain
JingDR;® T. durum Desf. AABB 28 Italy
TI,® T. timopheevii Zhuk. AAGG 28 Ussr
Z559" A. cristatum Gaertn. PPPP 28 China
71842" A. cristatum Gaertn. PP 14 China
71750 A. cristatum Gaertn. PPPPPP 42 China
Ael4h Ae. caudata L. cc 14 Germany
Y93h Ae. tauschii Cosson. DD 14 China
Y258" Ae. comosa Sibth.et Sm. MM 14 Greece
Ae49" Ae. speltoides Tausch. SS 14 Turkey
Y39" Ae. umbellulata Zhuk. 828 14 Germany
RM2161" S. cereale L. RR 14 China
Zhepi 1 H. vulgare L. HH 14 China
PI547326" Th. elongatum EE 14 America
Z1731" Ha. villosa L. Vv 14 China
R429" Ps. juncea (Fisch.) Nevski NsNs 14 Ussr
Z1365" P. strigosa A.Love StSt 14 Iran
72192" R. kamoji ohwi YY 14 China
Fukuho' T. aestivum L. AABBDD 42 Japan
cs' T. aestivum L. AABBDD 42 China
Gaocheng 8901 T. aestivum L. AABBDD 42 China

2 Wheat-A. cristatum addition lines; ® wheat-A. cristatum 6PS addition line; ¢ wheat-A. cristatum 6PL addition line; ¢ wheat-A. cristatum 6P
deletion line; © wheat-A. cristatum translocation line; © wheat-A. cristatum introgression line; ® rare species; " wild relative species of wheat;

' common wheat

similarity selected through BLASTn program in 7. aes-
tivum twenty-one chromosomes sequence database, T.
urartu genome sequence database, and Aegliops tauschii
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primer premier 5.0 (PREMIER Biosoft, Palo Alto, CA,
USA). All the primers were named after DOP-PCR
sequences without the first letter ‘p’. PCR was performed
as previously described (Luan et al. 2010). The amplifi-
cation products were separated on 1% agarose gels.

A cluster analysis of 16 genomes was carried out to
generate a dendrogram using the unweighted pair group
method with arithmetic averages (UPGMA) in the SAS
software package (V8.1, SAS Institute Inc., Cary, NC,
USA).

Results

Preliminary analysis of DNA library of A. cristatum
chromosome 6PS

A total of 1123 white colonies were recovered from the
transformation of DOP-PCR products, and 918 colonies
were positive detected by PCR amplification using M13
F/R primers (Suppl. Fig. S1). The size of the inserts was
more than 200 bp. Nine hundred and eighteen plasmids
were isolated from these positive colonies, and then
screened by dot-blot hybridization. The plasmids which
only hybridized with A. cristatum genomic DNA and the
ones with stronger hybridization with A. cristatum genomic
DNA than Fukuho genomic DNA were selected. Then 126
DNA clones were selected and sequenced according to this
standard. But most of them contained the same or high
similar sequences, and finally 48 different sequences were
obtained. All the 48 sequences were registered in NCBI
GenBank with the accession numbers KP231286 and
KX390693-KX390739 (Suppl. data).

Characteristics analysis of 48 sequences

Various sequence characteristics were found in these 48
sequences by sequence analysis in NCBI, TREP, and
RepeatMasker. The detailed information is shown in Suppl.
Table S1. Twenty-two sequences displayed the character-
istics of retrotransposons (45.8%), accounting for the
highest percentage of all the sequences. Nine sequences
displayed the characteristics of DNA transposons; one and
three sequences displayed tandem repeat sequence and
simple sequence repeat, respectively; however, the
remaining 13 sequences did not show any typical charac-
teristics. Eight of 48 sequences did not show any similarity
with wheat genomic sequences. The other 40 sequences
showed different similarity with species of Triticeae when
performing BLASTn in NCBI, including T. aestivum, T.
uraru, T. monococcum, T. turgidum, T. timopheevii, A.
tauschii, A. speltoides, H. vulgare, S. cereale, Th. elonga-
tum, Leymus arenarius. These results suggested that the A.

cristatum sequences with the corresponding sequences of
Triticeae might belong to the same family and these
sequences were widespread in the tribe Triticeae. In addi-
tion, pAcCR1 had the characteristic of Gypsy retrotrans-
poson through RepeatMasker, but its highly similar
sequence could not be found. Tandem repeat pAcTRTI1
showed 90% identity to the S. cereale tandem repeat
pSc200, which suggested that pAcTRT1 might belong to
350-bp family same as pSc200. pAcP10 and pAcP40 had
only one similar sequence in NCBI.

Distribution patterns of DNA clones on A. cristatum
chromosomes

To explore distribution patterns of A. cristatum DNA
clones on P chromosomes, FISH was performed on mitotic
metaphase chromosomes of wheat-A. cristatum 6P addition
line 4844-12 and diploid A. cristatum Z1842 using 48 A.
cristatum DNA clones as probes, respectively. FISH results
showed that only 14 DNA clones with the characteristics of
retrotransposons and tandem repeat could generate fluo-
rescence signals. According to the distribution patterns on
P genome chromosomes, 14 DNA clones could be classi-
fied into five types (Table 2; Fig. 1). The first type con-
sisted of eight DNA clones distributing all over A.
cristatum chromosomes with relative weaker signals in the
centromeric and telomeric regions. pAcCR1 was the only
one classified in the second type, which was a centromeric
sequence. The third and the fourth type comprised two
clones distributing in the pericentromeric regions and distal
regions, respectively; the fifth type (pAcTRT1) distributed
in the terminals of chromosomes and the signals varied on
different chromosomes. The remaining 34 DNA clones
could not produce any hybridization signals on all the A.
cristatum chromosomes. These results suggested that
repetitive sequences distributed on certain regions of
chromosomes, and some repetitive sequences differ
strongly in their abundance in A. cristatum genome.
When all the types of DNA clones were hybridized to
the chromosomes of 4844-12, the fourth type produced
fluorescence signals on some wheat chromosomes besides
the added A. cristatum chromosomes (Fig. 1g); other four
types only produced fluorescence signals on two added A.
cristatum chromosomes (Fig. la—f, i, j). These results
suggested that these four types of sequences were P gen-
ome-specific sequences, which could be used as P genome-
specific FISH markers. They could identify different
regions of chromosomes according to their distribution
patterns, and the origin of alien A. cristatum chromosomal
segments in wheat-A. cristatum derivatives could be
speculated. For example, pAcCR1 could identify cen-
tromeres of P genome chromosomes specifically. Type 1,
3, 5 sequences did not distribute on wheat chromosomes
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Table 2 Distribution of P genome-specific sequences on P chromo-
somes of A. cristatum

Type Distribution Number Sequences no.
patterns
Type 1 All over the whole 8 PACcPR2, pAcPR3,
P chromosomes PAcPR4, pAcPRS,
pAcPR7, pAcPR9Y,
PAcPR10, pAcP43
Type 2 Centromeres of P 1 pAcCRI1
chromosomes
Type 3 Pericentromeric 2 pAcpCR1, pAcpCR2
regions of P
chromosomes
Type 4 Distal regions of P 2 pAcTR1, pAcTR2
chromosomes
Type 5 Telomeres of P 1 pACTRT1
chromosomes

according to FISH results, but they showed similarity with
wheat genome sequences (Suppl. Table S1). This suggested
that repetitive sequences of the same family differed
between A. cristatum and wheat. It might indicate that
some transposons were genome-specific, and might pro-
mote genome evolution.

Development of P genome-specific molecular
markers

Sixty-six primer pairs were designed based on 48 A.
cristatum-specific sequences along with a P genome-
specific sequence pAcPR1 published previously in Han
et al. (2015). The molecular markers were used to analyze
A. cristatum accession Z559, addition line 4844-12, and
common wheat Fukuho. The number of markers specific to
7559 and 4844-12 with no bands in Fukuho was thirty-four
(Suppl. Table S2), accounting for 51.5%.

Evolutionary relationships between P genome
and other genomes in Triticeae

Thirty-four molecular markers were used to analyze 18
species containing 16 genomes (P, ABD, A, AB, AG, C, D,
M, S, U, R, H, E, V, Ns, St and Y). The amplification
results in these materials were good (Table 3). All the
primers could be amplified in diploid, tetraploid, and
hexaploid A. cristatum, except AcpCR2 and AcP6 which
could not be amplified in hexaploid A. cristatum. Fourteen
out of 34 primers were only amplified in P genome, such as
AcP54 (Fig. 2a). The remaining 20 primers could be
amplified in other genomes besides P genome, such as
AcPR3 (Fig. 2b). These results suggested that these 20
primers contained lower specificity than those 14 primers.
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Cluster analysis were performed using UPGMA (SAS V8.1
software) based on the results of molecular markers
amplified in 16 genomes (Fig. 3). The result of cluster
analysis showed that P genome was closest to St genome,
followed by Ns and E genomes.

Application of P genome-specific markers in wheat-
A. cristatum derivatives

The constitutions of six wheat-A. cristatum addition lines
(4844-12, 5113, 5114, 5106, 1I-26, and II-29-2i) were
identified to contain 42 wheat chromosomes and two 6P
chromosomes in the previous study (Han et al. 2014). In
this study, 5038, 5043, 11-4-2, 1I-5-1, 11-9-3, 1I-21-2, and II-
21-6 were confirmed to be wheat-A. cristatum disomic
addition lines by GISH, while II-7-1 and II-8-1 were
wheat-A. cristatum ditelosomic addition lines (Suppl.
Fig. S2). Thirty-four P genome markers were used to detect
these addition lines as well as wheat-A. cristatum 6PS
(D14-19) and 6PL (D3-10) addition lines. Twenty-six out
of 34 markers produced P genome-specific bands in these
wheat-A.  cristatum addition lines (Fig. 4a; Suppl.
Table S3), suggesting that these 26 markers could identify
multiple P genome chromosomes in wheat background.
Five markers including AcpCR2, AcP3, AcP4, AcP26,
AcP54 could only produce P genome-specific bands in
wheat-A. cristatum 6P addition lines 4844-12, 5113, 5114,
5106 and wheat-A. cristatum 6PS addition line D14-19
(Fig. 4b), suggesting that these five markers were 6PS-
specific markers. Then the precise locations of these five
markers were determined by deletion lines. AcpCR2
(Fig. 5a), AcP3 could generate specific bands in D4804-3
(6PS-0.00-0.15) and D14-19 (6PS-0.00-1.00), while AcP4,
AcP26 (Fig. 5b), and AcP54 could only generate specific
bands in D14-19. Thus, two markers (AcpCR2 and AcP3)
were located to 6PS-0.00-0.15, and the other three markers
(AcP4, AcP26, and AcP54) were located to 6PS-0.15-1.00
(Fig. 5c¢).

P genome-specific markers could be used to detect small
alien P genome chromosomal segments in wheat-A.
cristatum introgression lines. Pubing3035 was a wheat-A.
cristatum translocation line, which could enhance thou-
sand-grain weight and spike length (Zhang et al. 2015);
Pubing23667 was a wheat-A. cristatum introgression line,
which showed high numbers of kernels per spike (data not
shown). GISH results revealed that Pubing3035 was an
intercalary translocation line (Fig. 6a) and there was no
visible signal in Pubing23667 (Fig. 6b). Sixteen P genome-
specific markers could be amplified in Pubing3035
(Fig. 6¢). However, one P genome-specific marker could
be amplified in Pubing23667, suggesting that there were P
chromatin in Pubing23667 but below the detection limit of
GISH (Fig. 6d).
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Fig. 1 FISH patterns on mitotic chromosomes of wheat-A. cristatum
6P addition line 4844-12 (a, c, e, g, i) and diploid A. cristatum 71842
(b, d, £, h, j) using five types of sequences specific to A. cristatum as
probes. The probes used were pAcPR2, pAcCR1, pAcpCR1, pAcTR1
(a-h) and pAcTRT1 (i, j), respectively. Bars 10 pm

Discussion

High/medium copy sequences and low/single copy
sequences were usually present in amplification products of
microdissected chromosome. DNA library of microdis-
sected chromosome 1HS of barley contained approxi-
mately 60% high/medium copy sequences (Schondelmaier
et al. 1993). About 42% high/medium copy sequences were
present in microclone library of 1R chromosome of rye
(Zhou et al. 1999). The rate of the single and low copy
sequences was over 47% in the library of chromosome 5 of
Gossypium arboretum (Peng et al. 2012). Repetitive
sequences were the focus of our study. Among the 48
isolated sequences, 32 sequences were determined to be
high/medium copy sequences, including 22 retrotrans-
posons partial sequences, 9 DNA transposons partial
sequences, and one tandem repeat. In addition, the corre-
sponding sequences of five markers specific to chromo-
some 6PS should be single or low copy sequences.
Distribution patterns vary among different repetitive
sequences. In this study, five types of sequences with dif-
ferent distribution patterns were revealed by FISH. These
kinds of sequences were also found to exist in many plant
genomes. Lamb and Birchler (2006) published many
transposons of maize, and their distribution patterns were
similar to that of type 1 to type 4 sequences of this study.
Some repetitive sequences were discovered to distribute in
the pericentromeric and centromeric regions in alfalfa (Yu
et al. 2013), but they belonged to microsatellite or tandem
repeats different from the sequences in our study. There
were many reports on genome-specific sequences dis-
tributing all over the chromosomes. Komuro et al. (2013)
released many sequences only distributing along the A or B
genome of wheat. In addition, similar sequences could also
be found in rye and D. villosum (Liu et al. 2008a; Zhang
et al. 2013b). Sequences located at telomere or subtelomere
are mostly tandem repetitive sequences, which resembled
PACTRT1 mentioned in this study, pSc200 and pSc250
from rye (Vershinin et al. 1995), pAesKB52 from Ae.
speltoides (Anamthawat-Jonsson and Heslop-Harrison
1993), and pHvMWG2315 isolated from barley by
microdissection and microcloning (Busch et al. 1995).
Sequences distributing in the pericentromeric regions have
been reported in rye (Ko et al. 2002), but there are little
reports on the sequences which resemble type 4 in the
distal regions in Triticeae. Deng et al. (2014) thought that it
was difficult to isolate centromeric sequences from DOP-
PCR products of rye. Fortunately, we obtained a cen-
tromeric sequence pAcCRI1 specific to P genome from
DOP-PCR products of chromosome 6PS. Therefore, it is
feasible and efficient to isolate repetitive sequences with
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Table 3 The amplification

. Markers
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2 Positive amplification; ° negative amplification

different distribution patterns by microdissection and
microcloning.

There are variations in the amount and copy number of
TEs among different species in Triticeae (Middleton et al.
2013). Yaakov et al. (2013) assessed the relative copy
numbers of 16 TE families in 22 Triticum and Aegilops
species and revealed that high variations of TE were indeed
present among these species. In this study, repetitive
sequences of the same family differed between A. cristatum
and wheat based on the results of dot blot, sequence
analysis, and FISH. The different distributions of specific
repetitive sequences in A. cristatum may indicate their

@ Springer

different roles in the process of genome evolution, which
would be helpful for understanding the evolution of
repetitive sequences.

Dispersed repetitive sequences specific to P genome
could be used as probes to identify alien A. cristatum
chromosomes or chromosomal segments. The results of
FISH using genome-specific repetitive sequences as probes
are similar to that of GISH, because the efficacy of GISH is
largely based on the genome-specific dispersed repetitive
sequences (Kato et al. 2005). GISH using genomic DNA as
probes generates signals in NOR regions sometimes. But it
rarely occurs in FISH and there is no blocking DNA in
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M 1

750 bp
500 bp

Fig. 2 PCR amplification profiles using primers AcP54 (a) and
AcPR3 (b) in Triticeae plants. Lanes: M DNA ladder; I Z1842
(A. cristatum, 2x, P); 2 7559 (A. cristatum, 4x, P); 3 Z1750
(A. cristatum, 6x, P); 4 CS (T. aestivum L., ABD); 5 Fukuho
(T. aestivum L., ABD); 6 MO4 (T. monococcum L., A); 7 JingDR3
(T. durum Desf., AB); 8 TIl (T. timopheevii Zhuk., AG); 9 Ael4

Name of Observation or Cluster

PP
PPPP
PPPPPP

2 3 4 5 6 7 8 910111213 14 15 16 17 18 19 20

(Ae. caudata L., C); 10 Y93 (Ae. tauschii Cosson., D); 11 Y258
(Ae. comosa Sibth.et Sm., M); 12 Ae49 (Ae. speltoides Tausch., S); 13
Y39 (Ae. umbellulata Zhuk., U); 14 RM2161 (S. cereale L., R); 15
Zhepi 1 (H. vulgare L., H); 16 P1547326 (Th. elongatum, E); 17 R429
(Ps. juncea (Fisch.) Nevski, Ns); 18 Z1365 (P. strigosa A.Love, St);
19 Z1731 (Ha. villosa L., V); 20 Z2192 (R. kamoji ohwi, Y)

Stst

AABBDD
AA
AAGG
cc
DD
MM
S8
u
AABB
RR
W

Yy
HH

EE

|—

NsNs

T T T T
0.0 0.2 0.4 0.8
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0.8 1.0 1.2 1.4 1.8

fverage Distance Between Clusters

Fig. 3 Cluster tree of the genomes in Triticeae based on A. cristatum molecular markers and generated using UPGMA

Fig. 4 PCR amplification M 1
profiles using primers AcPR7
(a) and AcpCR2 (b) in the
wheat-A. cristatum addition
lines. Lanes: M DNA ladder; /
7559; 2 Fukuho; 3 4844-12; 4
5113; 5 5114; 6 11-26; 7 11-29-
2i; 8 5106; 9 1I-5-1; 10 11-4-2;
11 5038; 12 5043; 13 11-21-2;
14 11-21-6; 15 11-9-3; 16 11-7-1;
17 11-8-1; 18 D3-10; 19 D14-19

FISH. The eight P genome-specific sequences dispersed all
over the chromosomes of A. cristatum as well as pAcPR1
(Han et al. 2015) could be used as FISH probes to identify
P genome chromosomal segments in wheat-A. cristatum

2 34 56 7 8 910 111213 14 15 16 17 18 19

derivatives. It was noted that we isolated centromeric and
pericentromeric sequences specific to A. cristatum, which
as probes could be helpful to deduce the region of P gen-
ome chromosomes of translocated chromosome roughly;
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1.00
M 1 2 3 4 5 6
AcP4
750 bp
500 bp AcP26
a AcP54
M 1 2 3 4 5 6
0.15
750 bp AcpCR2
500 bp 00— AcP3
°%-@
b c 6PS

Fig. 5 Deletion mapping of 6PS-specific molecular markers. a,
b PCR amplification profiles of AcpCR2 (a) and AcP26 (b). Lanes:
M DNA ladder; 1 Z559; 2 4844-12; 3 Fukuho; 4 D14-19; 5 D4804-3;
6 D3-10. ¢ Diagram showing the physical location of the five 6PS-
specific markers

c

Fig. 6 Identification of wheat-A. cristatum introgression lines Pub-
ing3035 and Pubing23667. a, b GISH detection of Pubing3035
(a) and Pubing23667 (b), arrows indicated the P genome chromatin.
¢, d Amplification patterns of AcPR10 (¢) and AcPR1b (d). Bars
10 pm

just like Li et al. (2012), who isolated a centromeric
sequence specific to D. villosum and used it to detect the
centromere of D. villosum chromosomes.

Molecular markers based on P genome-specific dis-
persed repetitive sequences could realize efficient detection
of wheat-A. cristatum introgression lines. The high content
of dispersed repetitive sequences in genome determines
their widespread distribution on chromosomes. Thus, these
molecular markers could identify multiple sites of different
A. cristatum chromosomes which were well demonstrated
by the results in this study that one marker could identify
multiple different wheat-A. cristatum addition lines. There
was no lack of examples about identification of wheat-alien
species chromosomes by genome-specific markers (Ko
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et al. 2002; Liu et al. 2008a; Jia et al. 2009; Li et al. 2012;
Zhang et al. 2013b). Wu et al. (2010) obtained three SCAR
markers specific to A. cristatum and used them to identify
wheat-A. cristatum addition lines. More P genome-specific
markers with repetitive sequences were developed in this
study, which could identify small segment translocations
and introgressions below the detection limit of GISH. Low
copy sequences are usually chromosome-specific sequen-
ces, which can be used as chromosome-specific tags.
Schondelmaier et al. (1993) found that low copy sequences
from microdissected 1HS chromosome were all specific to
chromosome 1HS. In this study, five markers were specific
to chromosome 6PS and their amplified sequences should
be chromosome 6PS-specific sequences. Liu et al. (1997)
obtained four chromosome 5BL-specific sequences also by
chromosome microdissection and DOP-PCR. Understand-
ing of the homoeology between the alien and wheat chro-
mosomes would facilitate utilization of the favorable genes
on alien chromosomes in wheat improvement (McArthur
et al. 2012). Thus, the five 6PS-specific markers could be
used to judge whether the alien chromosomes belong to
6PS or not.

Repetitive sequences play an important role in genome
evolution. As the dispersed repeats evolve faster than
genes, they are the major force of genome evolution
(Schwarzacher et al. 1989). Divergence of retroelements
among the Zea and Tripsacum genera allowed to distin-
guish different genomes by FISH (Lamb and Birchler
2006). During the evolution of the genus Secale from wild
to cultivated species, Revolver-related sequences displayed
different variations (Tang et al. 2011). Cuadrado and Jouve
(1997) classified the species of the genus Secale into two
groups using repetitive sequences, and inferred that the
cultivated ryes evolved from wild weedy species. In this
study, cluster analysis indicated that the relationship
between P and St genomes was closest. Wang (1992) also
uncovered that P genome was closest to St genome
according to chromosome pairing in diploid hybrids, and
the relationships of P genome with other genomes were
similar to that of this study. Translocations between St and
P genomes were found in Kengyilia thoroldiana and K.
hirsute (Wang et al. 2012; Dou et al. 2013). These results
demonstrated that the relationship between P and St gen-
omes was very close, and the determination of genome
relationships based on repetitive sequences was reliable. In
addition, cluster analysis showed that the relationships of P
genome with genomes of Triticum were further than that
with other seven genomes. However, sequence analysis
indicated that P genome repetitive sequences showed
similarity with genomes of genus Triticum. The reasons
might be that the genome sequences of other genomes of
Triticeae were limited.
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Tandem repeat sequences could identify plant chromo-
somes. Rye chromosomes could be identified by tandem
repeat pSc119.2 (Mukai et al. 1992), and this sequence
could also be used to distinguish B genome chromosomes
of wheat (Mukai et al. 1993). The combination of tandem
repeats pAsl and GAA-satellite sequence pHvG38 allowed
to discriminate the entire chromosomes of wheat (Pedersen
and Langridge 1997). Busch et al. (1995) isolated a tandem
repetitive sequence from microdissected 3HL chromosome
and used it to discriminate barley chromosomes. Besides,
Afa-family sequence pHvA14 could also be used to dis-
tinguish H genome chromosomes (Tsujimoto et al. 1997).
In this study, we found that the distribution patterns as well
as the signal intensity of pAcTRT1 varied among different
A. cristatum chromosomes. Thus, A. cristatum chromo-
somes might be discriminated using these characteristics
together with chromosome length and arm ratio. In addi-
tion, tandem repeats could be used to study the genetic
rearrangements during the polyploidization (Han et al.
2005; Zhang et al. 2013a).

In plant centromeres, centromeric retrotransposons
(CRs) and satellite DNA are the most abundant DNA
elements and associated with the centromere-specific
histone H3 variant (CENH3) (Nagaki et al. 2003, 2004).
Although the functions of centromeres are conserved
among all eukaryotes, there is no conservation of cen-
tromeric DNA sequences (Jiang et al. 2003). Wheat
centromeres are mainly composed of centromeric retro-
transposons (Liu et al. 2008b; Li et al. 2013). CCS1 and
pSau3A9 are parts of Ty3/gypsy-type retrotransposons
and conserved among cereal species (Aragén-Alcaide
et al. 1996; Jiang et al. 1996). Besides the two highly
conserved CRs, some genome-specific CR sequences
were isolated in Triticeae (Francki 2001; Li et al. 2012).
However, there was no report about this in Agropyron.
In this study, a centromeric sequence pAcCRI1 of
Agropyron was obtained by chromosome microdissection
and microcloning, and it was part of Ty3/gypsy-type
retrotransposons and specific to P genome. The distri-
bution patterns of pAcCR1 on tetraploid A. cristatum
were similar to those on diploid A. cristatum (unpub-
lished data), suggesting that pAcCR1 was conserved
among different ploidy. Whether pAcCR1 associated
with CENH3 will be studied in the further work.
Therefore, it is significant to isolate a CR specific to A.
cristatum for studying the structure, function, and evo-
lution of centromeres of Agropyron chromosomes.
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