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Abstract

Main conclusion A general distribution of tandem repeats (TRs) in the wheat genome was predicted and a new web
page combined with fluorescence in situ hybridization experiments, and the newly developed Oligo probes will improve
the resolution for wheat chromosome identification.

Comprehensive sequence analysis of tandem repeats (TR) in the wheat reference genome permits discovery and applica-
tion of TRs for chromosome identification. Genome-wide localization of TRs was identified in the reference sequences of
Chinese Spring using Tandem Repeat Finder (TRF). A database of repeats unit size, array number, and physical coverage
length of TRs in the wheat genome was built. The distribution of TRs occupied 3-5% of the wheat chromosomes, with non-
random dispersal across the A, B, and D genomes. Three classes of TRs surrounding the predicted genes were compared. An
optimized computer-assisted website page B2DSC was constructed for the general distribution and chromosomally enriched
zones of TR sequences to be displayed graphically. The physical distribution of predicted TRs in the wheat genome by
B2DSC matched well with the corresponding hybridization signals obtained with fluorescence in situ hybridization (FISH).
We developed 20 oligonucleotide probes representing 20—60 bp lengths of high copy number of TRs and verified by FISH.
An integrated physical map of TR-Oligo probes for wheat chromosome identification was constructed. Our results suggest
that the combination of both molecular cytogenetics and genomic research will significantly benefit wheat breeding through
chromosome manipulation and engineering.
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Introduction

Tao Lang and Guangrong Li have contributed equally to this work. In humans and other higher organisms, repetitive DNA

Electronic supplementary material The online version of this sequences make up more than 50% of the genome (Charles-
article (https://doi.org/10.1007/s00425-018-3033-4) contains worth et al. 1994; Janicki et al. 2011). Based on their distribu-
supplementary material, which is available to authorized users. tion modes in linear genomes, the repetitive sequences can be
broadly classified into two categories: dispersed and tandem
repetitive sequences. Tandem repeats (TR) are organized as
‘head-to-tail’ arrays, while dispersed repeats are distributed
School of Life Science and Technology, University as individual copies in the genome (Jurka et al. 2005). DNA
of Electronic Science and Technology of China, repeats have been previously regarded as genomic ‘junk’,
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because, most apparently, they do not encode functional pro-
teins for host cells (Doolittle and Sapienza 1980; Orgel and
Crick 1980). However, research studies have continued to
unravel the many functions of TRs and have spurred a grow-
ing interest in gaining a better understanding of the evolution-
ary history and genomic composition of TRs (Gemayel et al.
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2010). Genomic tandem repeats (TRs) may serve as place-
holders for epigenetic signals that govern heterochromatin for-
mation, or may function in the repair of double-strand DNA
breaks (Gemayel et al. 2012).

Because of the abundance of published sequence data
for wheat, researchers now have an opportunity to apply
bioinformatic approaches to reveal the genomic locations
of tandem repeats in such large chromosomes (Pavlek et al.
2015). The chromosome complement of bread wheat, Triti-
cum aestivum L. (2n=6x=42), consists of three closely
related subgenomes (A, B, and D) totaling about 17 Gb with
a high proportion (>70%) of repetitive DNA (Brenchley
et al. 2012; Zimin et al. 2017). DNA sequences, in particu-
lar, the tandem repeats in the wheat chromosomes, have been
previously isolated based on a combination of genomic and
cytogenetic studies (Rayburn and Gill 1986; Anamthawat-
Jonsson and Heslop-Harrison 1993; Vershinin et al. 1994;
Kishii et al. 2001). Fluorescence in situ hybridization (FISH)
with labeled TRs as probes has greatly assisted in chromo-
some identification procedures (Mukai et al. 1993; Jiang and
Gill 2006). More recently, the simplified technique of non-
denaturing FISH (ND-FISH), using oligonucleotide probes
of repetitive sequences, has been proved to be a simple,
cheap, and high-throughput method for identifying the chro-
mosomes of wheat and its relatives (Cuadrado and Jouve
2010; Tang et al. 2014; Fu et al. 2015; Tang et al. 2016; Li
et al. 2016; Cuadrado et al. 2017; Du et al. 2017; Xiao et al.
2017). A key prerequisite for successful ND-FISH analysis
is the development of suitable oligonucleotide probes. The
essentials to the successful development of new multiplex
DNA probes for high-resolution FISH on wheat chromo-
somes are (a) analysis of the length of each potentially use-
ful probe, (b) determination of the number of repeat units,
and (c) physical localization of the probes on the A, B, or D
genomes (Pavlek et al. 2015; Lang et al. 2018).

In the current study, we present details of a new web
server B2DSC which can be used to predict the chromo-
somal distribution of TRs based on the recently uploaded
wheat genomic reference sequences v1.0. The locations of
TRs along chromosome arms by the FISH analysis were
mostly consistent with the physical localizations predicted
by the web server. The predicted TR-Oligo probes were
abundantly and widely distributed across the wheat genome,
which will be useful in the future for the precise identifica-
tion of chromosome segments.

Materials and methods
Plant materials

Common wheat line Chinese Spring was originally obtained
from the Wheat Genetics Resource Center, Kansas State
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University, USA, and maintained in our laboratory of Plant
Molecular Cytogenetics at the University of Electronic Sci-
ence and Technology of China. Wheat cultivar Chuanmai 62
(CM62) was developed and provided by Dr. Ennian Yang at
the Crop Research Institute, Sichuan Academy of Agricul-
tural Sciences, China.

TR search in wheat genome

The IWGSC RefSeq v1.0 assembly and genomic annotation
was downloaded from (https://wheat-urgi.versailles.inra.
fr/), and the chromosome sequence was input as a unique
FASTA file. The sequence of each chromosome was ana-
lyzed using the Tandem Repeats Finder (TRF) algorithm
(Benson 1999). All chromosomes were processed with the
TRF using alignment parameters of 2, 7, and 7 for match,
mismatch, and indels, respectively. A minimum alignment
score of 50 was used to identify the tandem repeats in each
chromosome (Benson 1999). The tandem repeats annotated
by the TRF were divided into three classes according to the
size of period distances (<20, 20-60 and > 60). Results on
the distribution of TRs among the A, B, and D chromosomes
were analyzed using the SPSS software (version 22.0, SPSS,
Chicago, IL).

Optimal web server for TR physical mapping

A web server B2DSC (http://mcgb.uestc.edu.cn/b2dsc) is
implemented based on Perl real-time web framework Mojo-
licious (v6.15). The main steps are shown in Fig. 1. The TR
sequence comparison for the wheat genome used the local
BLAST program (Camacho et al. 2009). Briefly, each query
for DNA sequences over 10 bp is submitted by clicking the
‘BLASTN’ button (Fig. S1). The ‘blastn’ parameters used
are customizable. The high-scoring segment pair (HSP) is
then produced by combining both parameters of the per-
centage of identical matches (pident) and query coverage
per subject (gcovs) values no less than 90% (Fig. S2). HSP
values lower than those pre-set are discarded. The number
of repeats found per Mbp is calculated. The start position,
end position, and strand are also collected for each Mbp, and
stored in a FASTA format.

After filtering, the counts of repeats per Mbp along each
chromosome are used to construct images, which are mainly
coded in JavaScript. Three categories of customizable
parameters: ‘Size’, ‘Offset’, and ‘Color’ can be set before
clicking on the button ‘Plot’ to draw (Fig. S2). Only the
chromosomes having matched HSPs are plotted. By default,
the gradient colors are utilized to indicate different levels
of counts per Mbp (Fig. S2). The physical distribution of
Oligo-CCS1 can be added on the left to show the positions
of the centromeres on each chromosome.
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Fig. 1 Schematic illustration

of the four steps for using the (a) (b)
B2DSC web server. Users are DNA sequences query Filter BLAST results
able to scrutinize the results
of each step. a BLAST search
against whole chromosome . |:>
sequences. b Filter HSPs (high- BLAST search against .
scoring segment pairs) and wheat genome Numbers and positions of
prepare data for an image plot. :
¢ Get the distribution chart of ¢ best hint HSPs per Mbp
the query sequence (per Mbp).
d Detail distribution in 1 Mbp BLAST results U
(c)
Plot
T— !
) Saving the data y
for drawing the image Distribution of HSPs
ll by counts/Mbp (Figure S1)

(Figure S2)

Detailed distribution
of HSPs within 1Mbp

The detailed distribution of the homologous sequences
is plotted within 1 Mbp. This section is coded in JavaScript
and interacts with the server based on AJAX (Asynchronous
JavaScript and XML). When a bar or barcode of the query
sequence is clicked, the data of the corresponding region are
pulled from the server, and then, the number of HSPs per
100 kb, 10 kb, and 1 kb is plotted (Fig. S3).

FISH analysis of TR-derived Oligo probes

Roots of wheat cv. Chinese Spring were collected when they
were about 2-3 cm long. Excised root tips were treated with
nitrous oxide for 2 h under 1.0 MPa pressure. The treated
root tips were fixed in 90% acetic acid for 10 min. After the
roots were washed with distilled water, they were digested
in 2% cellulase and 1% pectolyase (Yakult Pharmaceutical,
Tokyo) for 55 min at 37 °C. The digested root sections were
washed and then mashed to form a cell suspension in 100%
acetic acid. The cell suspension was dropped onto glass
slides for chromosome preparation according to Kato et al.
(2004). The TR-Oligo probes were synthesized by Shanghai
Invitrogen Biotechnology Co. Ltd. (Shanghai, China), with a
6-carboxyfluorescein (6-FAM) or 6-carboxytetramethylrho-
damine (Tamra) attached to the 5" end. The protocol of ND-
FISH using synthesized probes was described by Fu et al.
(2015). The chromosome squashes for sequential ND-FISH
were washed twice, each for 5 min with 0.1% Tween 20 in

2x SSC, to remove the hybridization signals. Photomicro-
graphs of FISH chromosomes were taken with an Olympus
BX-51 microscope equipped with a DP-70 CCD camera
operated with DPmanager software (Olympus).

Integrated physical map of TR probes

The FISH signals were measured using the mask tool to
select regions of interest for at least ten mitotic cells for
each probe. To integrate FISH results with the predicted
data produced by the website B2DSC, the relatively strong
hybridization signals and predicted copy number over 20
per Mb scale at the corresponding regions were used for
map construction.

Results
Genomic distribution of TRs in wheat subgenomes

To investigate the proportional contribution of the TRs in the
wheat genome, sequence data from all 21 assembled indi-
vidual chromosomes were analyzed using the TRF software.
A Perl script allowed us to identify non-redundant TRs from
the raw TREF result. The database of all the raw and filtered
non-redundant TRs is available at http://mcgb.uestc.edu.
cn/tr, where the physical regions of chromosomes 1A—7D
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can be used as queries to search. We obtained 2,847,865
non-redundant arrays of TRs comprising a total length of
431.05 Mb, which constitutes 3.06% of the total 14.06 Gb
assembled wheat genome (Table 1). The non-redundant
TRs were classified into three classes based on their lengths
of period distance (PD) of <20 bp, 20-60 bp, and > 60 bp.
It is evident that the array number of TRs of 20-60 bp is
more abundant (51.0%) than those with <20 bp (32.2%)
and > 60 bp (16.7%). The lowest proportion of chromosome
sequence length contributed by TRs was for chromosome
6A at 2.67%, and highest was for chromosome 4D reaching
4.41% (Fig. 2a). The coverage of TR content varied based
on the comparison of overall genomic content among those
of the A, B, and D genomes. Although the overall length
(in base pairs) of the D genome chromosomes was shorter
than the A- and B-genome chromosomes, the percentage of
TRs for the D genome was higher than those for the A- and
B-genomes. The Pearson coefficient comparison showed that
the chromosome length related to the TR contents had a
negative correlation (r=—0.77, p<0.001). The average TR
content among the A, B and D genomes was 2.85%, 3.06%
and 4.03%, respectively. The comparison among overall con-
tent indicated that the occurrence of tandem repeats in the
A, B, and D genomes differed significantly. The distribution
of TRs determined across the seven different linkage groups

Table 1 Predicted non-redundant TRs in wheat chromosomes by TRF

was also compared, and the results showed that a signifi-
cant variation existed between groups 1 and 3 (p =0.0073),
groups 2 and 5 (p=0.049), and groups 4 and 6 (p=0.0123),
respectively.

Enrichment of three classes of TRs and their
surrounding genes

To provide further evidence for the copy-number enrich-
ment of TRs, the TRs with patterns size > 20 bp, copy num-
ber > 50, and Percent match > 80 were clustered. The top 44
TR clusters with total length over 20 kb were selected and
listed in Table S1. Two large TR clusters TR-5B-1 (copy
number of 4435) and TR-4A-1 (copy number of 1038) were
the commonly used repetitive sequences pSc119.2 (Mclntyre
et al. 1990) and pAsl (Rayburn and Gill 1986) or pTa535
(Komuro et al. 2013).

The distribution of TRs with high confidential (HC) gene
annotation in the functional genomics data was analyzed
(Fig. 2). A total of 82.92% predicted HC genes contained
TRs among each 6 kb upstream of the transcription start
site (TSS) and downstream of transcription terminal sites
(TTS). The average distances of the three classes of TRs
to TSS and TTS were established across the A, B, and D
genomes. All three classes of TRs showed significantly

Chromosome TR array <20 bp TR array 20-60 bp TR array > 60 bp Total TR array
No. Length No. Length No. Length No. Length

1A 37,106 1,515,154 55,880 4,793,166 17,206 9,953,781 110,192 16,262,101
1B 48,302 1,976,323 70,323 6,107,163 23,439 11,605,094 142,064 19,688,580
1D 31,600 1,279,699 57,476 5,141,621 19,711 12,063,287 108,787 18,484,607
2A 49,046 2,014,359 73,201 6,313,247 22,096 11,890,216 144,343 20,217,822
2B 55,229 2,260,823 82,530 7,206,266 27,648 12,158,481 165,407 21,625,570
2D 40,580 1,653,904 75,836 6,828,238 25,709 15,425,397 142,125 23,907,539
3A 47,315 1,929,775 71,566 6,718,087 21,695 11,414,276 140,576 20,062,138
3B 57,322 2,339,074 86,195 7,528,124 28,845 13,298,349 172,362 23,165,547
3D 37,999 1,545,878 70,639 6,327,229 24,199 14,859,668 132,837 22,732,775
4A 47,266 1,938,797 69,063 5,936,842 21,428 12,804,182 137,757 20,679,821
4B 44,716 1,831,990 65,133 5,721,644 22,915 12,057,977 132,764 19,611,611
4D 29,483 1,200,005 54,015 4,833,655 19,735 14,764,295 103,233 20,797,955
S5A 44,242 1,800,239 66,924 5,961,863 20,490 11,450,735 131,656 19,212,837
5B 49,685 2,040,222 74,478 6,861,735 24,819 12,977,232 148,982 21,879,189
5D 36,328 1,471,608 63,984 6,971,876 21,985 13,804,499 122,297 22,247,983
6A 38,600 1,580,064 57,919 4,982,875 17,391 9,208,457 113,910 15,771,396
6B 50,128 2,051,456 73,612 6,385,373 24,132 11,814,778 147,872 20,251,607
6D 29,506 1,205,345 53,059 4,741,988 18,573 12,671,334 101,138 18,618,667
7A 48,608 1,996,931 74,223 6,667,751 21,699 12,351,198 144,530 21,015,880
7B 53,359 2,206,824 80,465 6,981,260 26,490 12,379,223 160,314 21,567,307
7D 41,828 1,724,518 76,936 6,863,145 25,955 14,666,230 144,719 23,253,893
Total 918,248 37,562,988 1,453,457 129,873,148 476,160 263,618,689 2,847,865 431,054,825
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Fig.2 Genomic distribution of TRs in assembled wheat genome. a
TR contents of 21 chromosomes showed the D genome of small chro-
mosome size had high TR content; b enrichment of TRs in the dis-

higher (p <0.03) frequencies of occurrence in the regions
approximately 1.5 kb upstream of TSS and downstream of
TTS in the genome, compared to other comparable regions
within a 6 kb distance. An example of 16 predicted HC
genes and their surrounding TRs are listed in Table S2. An
RNAseq data (NCBI SRR2306547) was used for investi-
gating the expression of the genes; one gene was highly
expressed (with RPKM value over 10) and seven genes were
unexpressed.

Physical location of known TRs and FISH validation

The results of 11 oligonucleotide probes from Tang
et al. (2014) as query sequences were stored in this

tance from transcription start sites (TSS) and transcription terminal
sites (TTS) by 1 kb windows in the A, B, and D genomes. *, **, and
*#*refer to p <0.05, p<0.01, and p <0.001, respectively

version of B2DSC using default parameters (pident=85
and gcovhsp =80). The probe Oligo-pSc119.2-1 can
replace the role of the original repetitive sequence pSc119.2
(Mclntyre et al. 1990) in FISH analysis of wheat, rye, and
wheat-rye hybrids (Fu et al. 2015). The core length of the
pSc119.2 family repeats is about 120 bp. An example of
genomic distribution analysis of Oligo-pSc119.2-1 (green)
by B2DSC in B-genome chromosomes is shown in Fig. 3a,
and the predicted copy number and the physical positions
have been listed in Table S3. The physical map indicates
that Oligo-pSc119.2-1 (green) has strong signals on all of
the B-genome chromosomes. ND-FISH results showed that
the hybridization sites of Oligo-pSc119.2-1 on chromo-
somes 1B-7B of Chinese Spring were mainly in telomeric
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and subtelomeric regions (Fig. 3b). The results showed
that the predicted physical locations on the wheat chromo-
somes (Table S3) match with the FISH hybridization sites
(Fig. 3b). Therefore, each of the hybridization positions of
Oligo-pSc119.2-1 had been assigned their physical positions
on the chromosomes (Fig. S4).

Similarly, to compare the location of the wheat repetitive
centromeric DNA sequences predicted by the B2DSC web
server (Table S4) with the FISH results, ND-FISH analysis
using probe Oligo-Quinta (Table 2) and Oligo-CCS1 (Tang
et al. 2014) was conducted and the results showed clear cen-
tromeric signals on all the wheat chromosomes (Fig. S5).
The hybridization signals of Oligo-Quinta were non-uniform
among the centromeres in these subgenomes of CS. The
strongest signals were observed on B and A genome chromo-
somes, while the weakest signals were commonly observed
on the D genome chromosomes. The question arises as to

3B 4B 5B 6B 7B

100

2004

3004

400

Fig.3 Physical mapping (a) and ND-FISH results (b) of Oligo-
pSc119.2-1 on B-genome chromosomes of wheat (Chinese Spring)
by B2DSC, using default parameters (pident=285, gcovhsp=380) for
the blast and filter steps. Gray bars: the distribution of Oligo-CCSl1
corresponding to the positions of centromeres. Blue-to-green bars and
barcodes: the number of HSPs per Mbp of Oligo-pSc119.2-1. Green
box: ND-FISH hybridization sites and numbers of HSPs were well
matched; yellow box: ND-FISH hybridization sites with low number
of HSPs predicted
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whether a correlation between the predicted copy number
and the observed strength of Oligo-Quinta hybridization
signals exists. The resulting FISH hybridization signal
intensities of Oligo-Quinta are clearly correlated to the pre-
dicted copy numbers (r=0.69, p=0.005) by the B2DSC
web server (Fig. S5), confirming the different centromeric
repeat distributions among the chromosomes of A, B, and
D genomes.

Prediction of new TR representative oligo probes

The probes pSc119.2 and pAs1 have been commonly used to
identify the wheat chromosomes by FISH (Rayburn and Gill
1986; Mukai et al. 1993). However, their hybridization pat-
terns were poorly distributed across several chromosomes.
Our aim is to setup a procedure to enable chromosomal
identification across numerous specific regions of wheat,
and to achieve this, we need a lot more probes with clearly
defined physical positions. In the present study, a total of
20 oligo probes were designed from the above-predicted
TR database and the physical distributions and estimation
of copy numbers of the 44 TRs clusters (Table S1) identi-
fied by TRF were obtained using the B2DSC web server
(Table 2). Furthermore, they appeared as distinct and stable
hybridization signals on wheat chromosomes as revealed by
ND-FISH. ND-FISH results demonstrated that Oligo-3D2
had hybridization site only on the distal region of the short
arm of chromosome 3D (Fig. 4a), while Oligo-1B5 pro-
duced hybridization signal in the centromeric region of 1B
(Fig. 4c). Oligo-4B5 produced multiple hybridization signals
on chromosomes 1B, 3B, 4B, 6B, and 7B (Fig. 4e), and
the wheat chromosomes were also identifiable using Oligo-
pSc119.2 and pTa535 (Fig. 4b, d, f). The hybridization pat-
terns of 12 probes for individual wheat chromosomes and
their predicted physical locations in the wheat genome, as
predicted by B2DSC, are presented in Fig. 5. The ND-FISH
results showed that the predicted TR-locations had distinct
signals on wheat chromosomes at those expected sites. As
an example, Oligo-5A1 hybridized to subtelomeric regions
of chromosomes 5AS, 1BS, 5BS, 1DS, and 5DS, which are
the locations of 5S rDNA regions as predicted by the web
server B2DSC. The probe Oligo-1BS1 was predicted to
hybridize onto 16 wheat chromosomes, and subsequently,
all hybridization sites on these 16 chromosomes matched
well with expected physical locations of accumulated high
copy numbers. However, 12 of the 59 hybridized signals to
CS chromosomes occurred despite the lack of any previous
predictions. In particular, the TR arrays in pericentromeric
regions of chromosome 6BL were displayed by ND-FISH,
but the copy number by TR prediction was largely underes-
timated, which possibly implied that the sequence assembly
of the related region needs to be improved.
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Table 2 Sequences of Oligo probes and their chromosomal distribution by ND-FISH

Probes Sequences ND-FISH hybridization sites on
chromosomes

Oligo-1B1 TAATAAAGTATTAGTGGATCACACGGGCTTCGCGGCACC 1B, 6B

Oligo-1B2 CGTTAAACTCGTCTCCGTAGTTGAGAGGGAGCGGCCAAAGC 1B, 5B, 1D

Oligo-1B3 CAATGGGTTCAGAAACTTGTCTGAAAAACAGCGACGAATGATG 1B, 5B, 6B, 7B

Oligo-1B5 CTTTTTTCTTGCGTGTTTTGTTTCAGGCATGATTTTGATTG 1B

Oligo-3D2 TTCTTCCTCGCGGGGGCGCGTCAGCGCACCCGCTGGGTGTAGCCCCCGAGATT 3D

Oligo-1BS1 ACAGGGTGGCATGGTGTCACGTGCTCGTCTCGGCGTCCGTCGTCGC 1A, 4A-7A, 1B-6B, 3D-7D

Oligo-1BS2 GCACCGGATCCCATCAGAACTCCGAAGTTAAGCGTGCTTGGGCGAGAGTAGTA  1A,4A-7A, 1B, 4B-6B, 1D, 4D-7D

Oligo-1BS4 GTCCTGCTTAAGGCTGAATTTGAGGGTACTCCGGGCCTTTTGGGTCAAGCGGGGA  6A, 1B-7B, 1D, 3D, 4D

Oligo-1BS6 TGCTCTCACTCGGAGTAGTTTTTTAACTTAGGCGAGGACGGGCTCGCGGCTAAGC  1A-7A, 1B-7B, 1D, 4D-7D

Oligo-1BS7 ATAGGAGTATATATATATTTCTCAGGCTGTTTTGATGAGGTGAGGGAGGGATGTG 1B, 2B, 4B, 7B

Oligo-1BS8 ATTTTCCTAGTGTCAACATAGAACAACATGAGTGTTGTGTTAATTTTTT 1A, 4A, 1D-7D

Oligo-4B5 GCTAGCTTCAAAATGACCTATACTTAGAATCTTTTCCTCCAAAATTAG 1B, 3B, 4B, 6B, 7B

Oligo-3A1 AATAATTTTACACTAGAGTTGAACTAGCTCTATAAGCTAGTTCA 3A, 5A,7A, 5B, 5D

Oligo-3D9 CTTAGCTGCGACTCCGTATCGCCTAAGTTAAAACAACTCCG 5A, 2B, 6B, 7B

Oligo-3D3 TAATAAGCTTAGTTAGCTCCAAAATGACATATTTTC 3B, 4B, 6B, 7B

Oligo-2D17 TTGGGTCCCGATGTGATCCGAATGTTTCGGGAACCCT 3B, 4B, 5B, 6B

Oligo-5A1 CGCATCCGACATGTTACCCCCGGCTTCATCCCTTATGCTTCCCACTCCCACGTC  5A, 1B, 5B, 1D, 5D

Oligo-1D1 CGGAGTCCGTTTTGGCTCCACAAGTAGTCAAAACGTTTGTGACGACCAGATGCT 1D, 2D, 4D-6D

Oligo-4H21 GTAAGCCTCTCTACTTTCTTGCACATGCTATGTGGGTG 1A-7A, 3B, 6B, 7B, 1D-7D

Oligo-2H1 AACTAACTGAACTAAGAGCGGCCGATGTTGGCTTGCAG 3B

Oligo-Quinta

TCAGCCTGAC CACGAAGGTC TATTCCTGCA AGCAATCGAA

1A-7A, 1B-7B, 1D-7D

Integrated physical map for TR-Oligos

After combining the ND-FISH results for the 35 reported
Oligo probes (Table S3) from Tang et al. (2014, 2016, 2018)
and with another 20 from Lang et al. (2018) and the present
study (Table 2), we found that several probes had similar
hybridization patterns. For example, probe Oligo-3A1 (Lang
et al. 2018) was similar to Oligo-44 (Tang et al. 2018), and
Oligo-1BS1 closely resembled Oligo-713 (Tang et al. 2018).
A total of 37 non-redundant oligo probes were allocated to
206 predicted chromosome locations with an accumulated
copy number over 50 per 1 Mb, which relatively closely
matched the physical locations revealed by ND-FISH. An
integrated Oligo-based ND-FISH map of Chinese Spring is
shown in Fig. 6. The 206 hybridization sites include 59 on
the A genome, 68 on the B-genome and 79 on the D-genome
chromosomes. About 25 of 37 (70%) oligo probes produced
single clear or strong hybridization signals on 13 chromo-
somes. Each chromosome appeared to have 4-15 hybridiza-
tion sites; in particular, chromosome 6D had 15 hybridiza-
tion sites from 10 oligos. There was a lack of hybridization
site on chromosome arms 2AL and 4AS. The probes hybrid-
ized specifically to the centromeric regions of 1B, 2B, 5B,
6B, 7B, and 6D chromosomes, which can be potentially used
to identify the breakpoints in translocations involving these

chromosomes. The newly produced TR-Oligos as well as
previously reported probes can be used as an oligo ‘cock-
tail’ to dissect specific chromosome regions effectively. Our
results suggested that 21 distinct hybridization sites involv-
ing five probes had higher copy number than predicted.
It might suggest that these specific segments rich in TRs
remained poorly assembled and underestimated in outputs
of wheat reference genome IWGSC RefSeq v1.0.

Multiple TR-Oligos for determining the breakpoints
of chromosome translocations

Multiple oligo probes can be used to determine the spe-
cific locations of the breakpoints on wheat translocated
chromosomes (Lang et al. 2018). Above all, the recipro-
cal non-Robertsonian translocation is particularly difficult
to identify by molecular markers only. As an example, a
wheat cultivar CM62 contains a pair of 5B—7B recipro-
cal translocations discovered by ND-FISH with probes
Oligo-pSc119.2 (green) and Oligo-pTa535 (Fig. 7a).
Oligo-1BS1 produced two distinct signals (located at
86 Mb and 151 Mb) on 5BS and one (279 Mb) on 5BL
(Fig. 7b). Another probe Oligo-18 (Tang et al. 2016) had
two specific hybridization sites (at positions of 379 Mb
and 470 Mb) on 7BL (Fig. 7c). Both Oligo-1BS1 and
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Fig.4 Sequential ND-FISH (a)
analysis with predicted TR-
oligo probes on metaphase chro-
mosomes of Chinese Spring.
The probes Oligo-3D2 (a),
Oligo-1BS5 (c), and Oligo-4B5
(e) were hybridized and their
chromosomal locations deter-
mined. The sequential FISH
with the Oligo-pSc119.2 (green)
and Oligo-pTa535 (red) were
used to identify the individual
wheat chromosomes (b, d, f)

(c)

(b)

(d)

Oligo-18 were used to determine the positions of the
breakpoints on the SB—7B translocations. As indicated in
Fig. 7d, the breakpoints are between the two hybridization
sites between 99 Mb (Oligo-pSc119.2 site) and 151 Mb
(Oligo-1BS1) of 5BS, while the hybridization signals of
Oligo-18 pinpoint the breakpoint between the centromere
(about 300 Mb) and 379 Mb on 7BL. The different physi-
cally mapped TR-Oligo probes can be used to localize the
chromosome structure variation in wheat effectively.

@ Springer

Discussion

Cytogenetic studies of wheat have revealed that a large
number of heterochromatic regions exist in wheat genomes,
particularly in the B-genome (Gill et al. 1991). The molecu-
lar-based evidence, including DNA blots and FISH studies,
has also revealed that TRs comprise a large proportion of
the wheat genome (Mukai et al. 1993; Komuro et al. 2013).
Due to the expansion of the tandem repeats in the wheat
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Fig.5 Hybridization sites of 13 oligo probes on metaphase chromo-
somes of Chinese Spring, which produced signals (green) with ref-
erence to the patterns of Oligo-pSc119.2 (green) and Oligo-pTa535

genome, the presence of massive blocks of heterochroma-
tin have been found, and the size of this heterochromatin
is correlated with the copy number of the tandem arrays
(Vershinin et al. 1995; Evtushenko et al. 2016). However,
the repeats, including the high tandem repeats, have largely
been ignored. Recently, the physical maps of wheat chro-
mosomes such as 1BS (Raats et al. 2013), 1BL (Philippe
et al. 2013), 5DS (Akpinar et al. 2015), and 5BS (Salina
et al. 2018) were constructed for analyzing the individual
chromosome arms. The availability of a whole-genome
assembly of Chinese Spring wheat provides opportunities
to examine the distribution of TRs at a whole-genomic level.
The present study performed a genome-wide survey of TRs
using TRF analysis, and built a database of TRs arrays with
repeats available at http://mcgb.uestc.edu.cn/tr, which may
be useful for the further analysis of structure or possible
function of TRs in the specific regions of wheat genome.
The total amount of detected TRs constitutes 3—-5% of the
17 Gb assembled wheat genome by TRF prediction. Arrays
are not uniformly distributed across the A, B, and D genome
chromosomes, and TRs showed a higher density on D than
A- or B-genome chromosomes (Fig. 2). The present IWGSC
reference genome v1.0 contained 3.1% of sequences with

(red) on the right. The numbers on the left side of each chromosome
indicate the mid points of their positions as predicted by IWGSC v1.0
reference genome using the B2DSC web server

an unassigned genome, and about 1.9% of the assembled
genome with undefined nucleotides. The TR contents by
TRF may increase to 5-6% of the entire genome, which is
in agreement with a previous report of overall TR contents
in grass genomes (Bilinski et al. 2017). Additional improve-
ments will thus be needed to generate complete assembly of
the wheat genomes. The essential to achieve this will be data
derived from FISH studies using different types of probes,
which can effectively validate the genome assembly qual-
ity (Zhao et al. 2017; Lu et al. 2018). Therefore, the bioin-
formatic analysis and validation by FISH are important for
improving annotation of genome projects. A genome-wide
survey of TRs has revealed that, for the genome regions
that are about 1.5 kb upstream of Transcription Start Sites
(TSS) and downstream of Transcription Terminal Sites
(TTS), these TRs were significantly accumulated (Fig. 2).
The differential gene expression level of selected 16 genes
surrounding TRs was demonstrated in Table S2. It is thus
worthwhile to have the gene family and TRs clusters data,
as well as the stress-induced transcriptomic data to reveal
the possibilities of TRs involved in gene regulation in wheat.

The comprehensive combination of molecular cytoge-
netic and genomic approaches will facilitate the precise
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Fig.6 Integrated physical map of TR-oligos predicted and validated
by ND-FISH. Numbers on the left represent the physical position
with unit of Mb. The copy number predicted over 50 is marked in
red. The superscripts a, b, ¢, and d refer to the publications of Tang

identification of chromosome structure variation in plants
by FISH (Kato et al. 2005; Jiang and Gill 2006; Lyslak et al.
2006). ND-FISH technology, based on repetitive probes, has
provided a low-cost, high-throughput technique to character-
ize the karyotypes of wheat (Cuadrado et al. 2009; Danilova
et al. 2012; Tang et al. 2014, 2016) and its related species
such as Aegilops (Mirzaghaderi et al. 2014), rye (Cuadrado
and Schwarzacher 1998; Fu et al. 2015), Dasypyrum (Li
et al. 2016; Xiao et al. 2017), Thinopyrum (Du et al. 2017; Li
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et al. (2016), (2018), (2014) and Lang et al. (2018), respectively. The
probes without superscript are from the present study. The blue lines
in the chromosomes were Oligo-CCS1 hybridization sites indicating
the locations of centromeric regions

et al. 2017), and Hordeum (Cuadrado et al. 2013; Tang et al.
2016). However, the positions of the signals generated with
the previously reported oligo probes on wheat chromosomes
were mostly estimated by the relative fraction length on the
chromosomes. The previously developed FISH probes from
TRs lacked definite physical locations in the wheat genomes
(Tang et al. 2018). The present study has established a user-
friendly B2DSC web server which provides an easily visible
and user-friendly means for viewing the general distribution
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Fig.7 Multiple ND-FISH for determining the breakpoint of the
5B-7B chromosome translocation in wheat cv. CM62. Oligo-
pSc119.2 (green) and Oligo-pTa535 (red) were used to identify indi-
vidual wheat chromosomes (a). The probes Oligo-1B1 (b), Oligo-18
(c), and Oligo-1BS1 (b, ¢) were used to identify the 5B—7B translo-

patterns of TRs and copy-number calculations of repeated
sequences in wheat chromosomes, and the output data can
be viewed through drawing a chromosome plot. The pre-
sent copy-number prediction of Oligo-CCS1 by B2DSC
was confirmed by ND-FISH, which was useful for defining
the centromere positions of wheat chromosomes (Table S3,
Fig. S5). Therefore, the B2DSC web server may become
a widely used and convenient resource for searching for
new tandem repeats of common wheat and designing new
oligo probes for ND-FISH. The present study located the
5B-7B non-Robertsonian translocation using a combination
‘cocktail’ of TR-oligos, namely Oligo-1BS1 and Oligo-18

& 5BL.7BL

5BL.7BL

e

0
5BS.7BS

e

5BS.7BS R
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.
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= 5BS.7BS

cations. d Structures of translocation chromosomes T5BS.7BS and
T5BL.7BL (upper) compared to the normal 5B and 7B chromosomes
(lower), showing the physical locations of the translocation break-
points (red arrowed) on 5B (99-151 Mb) and 7B (centromere to
379 Mb) of cv. CM62

(Fig. 7). In another example, probe Oligo-3A1 produced
three hybridization sites on the long arm of chromosome
3A by ND-FISH, a result which was unobtainable using the
other earlier-developed FISH probes. Probe Oligo-3A1 was
used to precisely determine that a breakpoint on chromo-
some arm 3AL was between the two hybridization sites in
a wheat-Th. intermedium translocation chromosome (Lang
et al. 2018). The breakpoint was predicted by B2DSC and
was also confirmed by molecular markers. A database of
an integrated physical map of Oligo probes (Fig. 6) will
be a useful tool for precise identification of wheat chromo-
some translocations in specific physical regions with largely
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increased resolution using the combinations of oligo probes.
We have also found that, using an integrated physical map
of the new TR based Oligo probes, we can successfully
identify specific chromosomal regions of related genera of
wheat, such as Secale, Dasypyrum, and Thinopyrum (Yang
et al. unpublished data). Our B2DSC web server can also
be available to search for the TRs in the other grass spe-
cies including maize, barley, Aegilops tauschii, Brachypo-
dium genomes. Our studies that integrate the cytogenetic
and genomic research approaches may facilitate not only
gene isolation, but also chromatin structure and chromosome
behavior studies of wheat and its related genomes (Abrouk
et al. 2017).
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