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Abstract

Key message We constructed a homoeologous recombination-based bin map of wheat chromosome 7B, providing
a unique physical framework for further study of chromosome 7B and its homoeologues in wheat and its relatives.
Abstract Homoeologous recombination leads to the dissection and diversification of the wheat genome. Advances in genome
sequencing and genotyping have dramatically improved the efficacy and throughput of homoeologous recombination-based
genome studies and alien introgression in wheat and its relatives. In this study, we aimed to physically dissect and map wheat
chromosome 7B by inducing meiotic recombination of chromosome 7B with its homoeologues 7E in Thinopyrum elongatum
and 7S in Aegilops speltoides. The special genotypes, which were double monosomic for chromosomes 7B’ +7E’ or 7B’ +7S’
and homozygous for the ph b mutant, were produced to enhance 7B —7E and 7B — 7S recombination. Chromosome-specific
DNA markers were developed and used to pre-screen the large recombination populations for 7B —7E and 7B — 7S recom-
binants. The DNA marker-mediated preselections were verified by fluorescent genomic in situ hybridization (GISH). In total,
29 7B —7E and 61 7B — 7S recombinants and multiple chromosome aberrations were recovered and delineated by GISH and
the wheat 90 K SNP assay. Integrated GISH and SNP analysis of the recombinants physically mapped the recombination
breakpoints and partitioned wheat chromosome 7B into 44 bins with 523 SNPs assigned within. A composite bin map was
constructed for chromosome 7B, showing the bin size and physical distribution of SNPs. This provides a unique physical
framework for further study of chromosome 7B and its homoeologues. In addition, the 7B — 7E and 7B — 7S recombinants
extend the genetic variability of wheat chromosome 7B and represent useful germplasm for wheat breeding. Thereby, this
genomics-enabled chromosome engineering approach facilitates wheat genome study and enriches the gene pool of wheat
improvement.

Introduction

Common wheat (Triticum aestivum L., 2n=6x=42), one
Communicated by P. Heslop-Harrison. of the most important food crops for humans worldwide,
originated from hybridization involving three or more dip-
loid ancestors and subsequent chromosome doubling (Feld-
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and can be utilized to expand genetic variability of wheat by
diversifying and enriching the wheat genome (Qi et al. 2007;
Zhang et al. 2017).

Meiotic homoeologous recombination-based chromo-
some engineering shuffles the genetic material of related
genomes and leads to gene introgression from one genome
to another. It has been widely used in alien introgression
and genome studies of wheat and its relatives (Liu et al.
2013; Zhao et al. 2013; Niu et al. 2014; Danilova et al. 2017;
Zhang et al. 2018a, b, 2019; Li et al. 2019; Dai et al. 2020).
Wheat has a diploidization system, controlled by Ph (pair-
ing homoeologous) genes. The Ph genes ensure homologous
pairing and recombination by preventing homoeologous
chromosomes from pairing and recombination in meiosis
(Riley and Chapman 1958; Riley et al. 1959). So, eliminat-
ing or inactivating Ph genes enhances homoeologous pairing
and recombination. Wheat phlb mutant, a large deletion at
the Phl locus (Riley and Chapman 1958; Riley et al. 1959;
Sears 1977; Gyawali et al. 2019), has been used to induce
meiotic homoeologous recombination for chromosome map-
ping and alien introgression (Naranjo and Fernandez-Rueda
1996; Lukaszewski et al. 2004; Niu et al. 2011; Zhao et al.
2013; Rey et al. 2015; Patokar et al. 2016; Danilova et al.
2017; Zhang et al. 2018b). Through this approach, wheat
chromosomes 2B and 3B were partitioned and physically
mapped (Zhang et al. 2018b, 2020). Two wild species-
derived disease resistance genes were identified, mapped,
and introgressed into wheat by homoeologous recombina-
tion (Zhang et al. 2019).

Wheat has a complex polyploid genome with three
homoeologous subgenomes (A, B, and D). Homoeologous
recombination-based partitioning and dissection of indi-
vidual chromosomes provide a unique approach for genome
study in wheat and its relatives. Wheat aneuploids and dele-
tion stocks have been developed and employed to physically
dissect the wheat genome and individual chromosomes
(Sears 1954, 1966; Gill and Gill 1991; Endo and Gill 1996;
Qi et al. 2003). In addition, various wheat-alien species
chromosome translocations have been produced and applied
in chromosome dissection and mapping (Chen et al. 1995,
2005; Friebe et al. 1996; Rabinovich 1998; Crasta et al.
2000; Zhao et al. 2013). Generally, meiotic homoeologous
recombination-derived translocations or recombinants are
genetically more stable than non-compensating transloca-
tions, and more useful for alien introgression in germplasm
development. Also, meiotic homoeologous recombinants are
invaluable resources for genome and chromosome studies,
including physical mapping, gene identification, and genome
evolution (Riley et al. 1968; Mago et al. 2002; Chen et al.
2005; Niu et al. 2011; Zhao et al. 2013; King et al. 2018;
Zhang et al. 2018a, b, 2019; Dai et al. 2020; Zhang et al.
2020).
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The reference genome sequences and high-throughput
genotyping technologies have dramatically improved the
efficacy and throughput of homoeologous recombination-
based chromosome engineering for alien introgression and
genome studies in wheat and its relatives (Wang et al. 2014;
The International Wheat Genome Sequencing Consortium
(IWGSC) 2018; Avni et al. 2017; Luo et al. 2017; Ling et al.
2018; Danilova et al. 2014, 2017; Zhang et al. 2017, 2018a, b,
2019; Dai et al. 2020; Wang et al. 2020). Wheat chromosomes
can be painted differentially from those in the homoeologous
genomes of wheat-related species by fluorescent genomic
in situ hybridization (GISH), allowing for visual detection
of chromosomal segments with different genomic origin in
homoeologous recombinants (Schwarzacher et al. 1992; Cai
et al. 1998; Zhao et al. 2013; Niu et al. 2014; Zhang et al.
2018b, 2019; Li et al. 2019; Zhang et al. 2020). Recently,
the high-throughput SNP genotyping technology and SNP-
derived PCR marker systems, including kompetitive allele
specific PCR (KASP) (Neelam et al. 2013) and semi-thermal
asymmetric reverse PCR (STARP) (Long et al. 2017; Zhang
et al. 2017), have permitted the homoeologous recombination-
based genome study and alien introgression in a significantly
improved throughput (Danilova et al. 2017, 2019; Zhang et al.
2017, 2018a, b, 2019; Grewal et al. 2020). GISH and SNP
markers demarcate wheat and alien chromosomal segments
in the homoeologous recombinants at the cytological and
molecular levels, respectively. Integrative GISH and marker
analysis of homoeologous recombination leads to the construc-
tion of unique physical frameworks useful for genome studies
in wheat and its relatives (Zhang et al. 2018b, 2020). In this
study, we aimed to cytogenetically dissect wheat chromosome
7B by inducing meiotic recombination with its homoeologous
counterparts 7E from Th. elongatum (2n=2x=14, EE) and
7S from Ae. speltoides (2n=2x=14, SS), and to physically
map chromosome 7B by delineating the 7B-7E and 7B-7S
recombinants with SNP markers and GISH.

Materials and methods
Plant materials

Common wheat ‘Chinese Spring’ (CS)—Ae. speltoides—dis-
omic substitution line 7S(7B) [DS 7S(7B)] (Friebe et al.
2011) and CS phlb mutant were supplied by the wheat
Genetics Resource Center at Kansas State University, USA.
The CS-Th. elongatum disomic substitution line 7E(7B) [DS
7E(7B)] was provided by J. Dvorak at University of Califor-
nia, Davis, USA.
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Construction of the ph7b-induced homoeologous
recombination populations

We constructed two special genotypes by crossing DS
7S(7B) and DS 7E(7B) to the CS phlb mutant as illustrated
in Fig. 1. The newly constructed genotypes were homozy-
gous for the phlb mutant and double monosomic for chro-
mosomes 7E’ +7B’ or 7S’ +7B’. The Phl-specific molecu-
lar marker PSR574 or PSRI128 (Roberts et al. 1999) was
used to select the individuals homozygous phlb mutant for
inducing homoeologous 7E — 7B and 7S — 7B recombina-
tion. The chromosome 7E-specific marker Xgpw1164 and
7S-specific marker Xgpw7518 were used to select the indi-
viduals double monosomic for chromosome 7E’ + 7B’ and
for chromosomes 7S’ +7B’, respectively (Sourdille et al.
2004). Meiotic homoeologous recombination of wheat chro-
mosome 7B with Th. elongatum chromosome 7E and Ae.
speltoides chromosome 7S was induced by the phlb mutant
in the special genotypes. 7B —7E and 7B — 7S recombinant
gametes were recovered by backcrossing to the respective
substitution line as described by Zhang et al. (2017, 2020).

Molecular markers analysis

Chromosome-specific STARP markers were developed
within the pericentromeric and distal regions on both arms
for the homoeologous pairs 7B-7E and 7B-7S (Long et al.
2017; Zhang et al. 2017). They were used to screen the
recombination populations for 7B —7E and 7B — 7S recom-
binants and chromosome aberrations involving the pericen-
tromeric and distal regions of both homoeologous pairs as
illustrated in Fig. 2. PCR was performed as described by
Long et al. (2017). STARP amplicons were sorted using IR?

Recombinants

7B
Marker 1
Marker 2 . .

Robertsonian
translocations

Marker 3

Telocentric
chromosome

Fig.2 Ideogram of wheat chromosome 7B (red), Th. elongatum chro-
mosome 7E (green), and Ae. speltoides chromosome 7S (green) illus-
trating chromosome-specific molecular markers for the detection of
meiotic homoeologous recombinants and chromosome aberrations

4200 DNA Analyzer with denaturing polyacrylamide gel
electrophoresis (LI-COR, Lincoln, NE, USA).

Wheat 90 K SNP assay was performed on the Illumina
BeadStation and iScan instruments following the manufac-
turer’s protocols. GenomeStudio v2.0.4 software was used

Fig. 1 Diagram showing induc-
tion, recovery, detection, and DS 7E(7B) and DS 7S(7B) CS phlb mutant
characterization of 7B — 7E (Ph1PhI) (phl1bphlb) -
and 7B —7S homoeologous / Incorporation (;f phlb
recombinants F into dOl}b e

Double monlosomic for Monosomics for

CS phlb mutant
7E+7B or 7S+7B X (;th boh1b) 7E+7B or 7S+7B
(PhIphlb)
BC/F, x DS 7E(7B) or 7S(7B)

(Select individuals homozygous for ph/b and |
double monosomic for 7E+7B or 7S+7B to |
induce homoeologous recombination) .

l (Ph1PhI)

F,

l Recombinant recovery l i/ (Phlphlb)

* Detect 7B-7E and 7B-7S recombinants by chromosome-specific STARP markers

* Verify 7B-7E and 7B-7S recombinants by GISH
* Genotype recombinants using wheat 90K SNP arrays
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to analyze and call SNP clusters (Illumina Inc., San Diego,
CA, USA) as described by Zhang et al. (2018b).

Cytogenetic analysis

Fluorescent genomic in situ hybridization (GISH) was per-
formed to differentiate Ae. speltoides and Th. elongatum
chromatin from wheat chromatin as described by Cai et al.
(1998). Total genomic DNA of Ae. speltoides and Th. elon-
gatum was used as GISH probes and was labeled with Bio-
16-dUTP by nick translation (Enzo Life Science, Inc., USA).
Total CS genomic DNA was used as blocking after being
sheered in boiling 0.4 M NaOH for 40-50 min. Hybridiza-
tion signals on Ae. speltoides and Th. elongatum chromatin
were detected with fluorescein isothiocyanate-conjugated
avidin (FITC-avidin) (Vector Laboratories, Inc., USA) as
green—yellow, and wheat chromatin was counter-stained
with propidium iodide (PI) as red.

Microscopy

A fluorescence microscope (BX51, Olympus, Japan) with a
CCD camera (DP72, Olympus, Japan) was used to visual-
ize the GISH signals and chromosomes. GISH images were
captured by Olympus CellSens software.

Results

Development and validation

of chromosome-specific STARP markers
for the detection of 7B—7E and 7B -7S
recombinants

The wheat 90 K SNP assay mapped 2347 SNPs to wheat
chromosome 7B (Wang et al. 2014). Out of these mapped
SNPs, we identified 1018 polymorphic for the homoeolo-
gous pair 7B — 7S (Zhang et al. 2018a, b) and 1055 polymor-
phic for 7B — 7E. Initially, the polymorphic SNPs, physically
mapped to the pericentromeric and distal regions on both
arms of chromosome 7B, were used as queries to search
against the IWGSC RefSeq v2.0 and the Ae. speltoides
genome sequences (https://wheat-urgi.versailles.inra.fr/),
and Th. elongatum RNA-Seq database (http://blast.ncbi.
nlm.nih.gov/blast/Blast.cgi) by BLASTn. The SNPs poly-
morphic between 7B and 7E or 7B and 7S, and also poly-
morphic between 7B/7S/7E and 7A/7D were ideal for the
development of STARP markers diagnostic for the homoe-
ologous pairs 7B —7E and 7B —7S. However, most of the
90 K SNPs within the targeted regions were found to be
polymorphic for the homoeologous pair 7B —7E or 7B — 78,
but not polymorphic between 7B/7S/7E and 7A/7D. Under
this circumstance, we searched for new SNPs nearby the
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90 K SNP loci within the targeted region on chromosome
7B by BLASTn and performed sequence alignment analysis
to identify the SNPs diagnostic for the homoeologous pair
7B —7E or 7B — 78S in the CS wheat background.

Four and eleven diagnostic STARP markers were devel-
oped for the homoeologous pair 7B —7E and 7B — 78,
respectively (Table 1). They were located either within
the pericentromeric region on the long arm or the termi-
nal region on the short or long arm. Three 7B — 7E spe-
cific markers (Xwgc2300, Xwgc2301, and Xwgc2303) and
three 7B — 7S specific markers (Xwgc2304, Xwgc2307, and
Xwgc2313) were selected to pre-screen the homoeologous
recombination population for 7B —7E and 7B —7S recom-
binants, respectively. They resided within the terminal
region of the short arm, pericentromeric region on the long
arm, and terminal region of the long arm in each of these
two homoeologous pairs (Table 1 and Fig. 3a). Xwgc2304
and Xwgc2307 are codominant markers, and Xwgc2313 is
dominant for the homoeologous pair 7B —7S. Xwgc2300,
Xwgc2301, and Xwgc2303 are dominant markers for the
homoeologous pair 7B — 7E (Fig. 3a).

Meanwhile, we identified six 7B —7E and eighteen
7B — 7S recombinants by GISH to verify the utility of the
chromosome-specific STARP markers in recombinant detec-
tion. Marker analysis of the GISH-delineated 7B —7E and
7B — 7S recombinants provided clear genotyping results con-
sistent with their GISH patterns in terms of recombination
breakpoints and sizes of the recombinant segments (Fig. 3).
Therefore, these STARP markers were diagnostic for dif-
ferentiating wheat chromosome 7B from Th. elongatum
chromosome 7E and Ae. speltoides chromosome 7S in the
targeted regions, and useful in detecting the recombinants
of 7B with 7E and 78S.

Pre-screening and verification of 7B—7E and 7B-7S
recombinants and aberrations by STARP markers
and GISH

The chromosome-specific STARP markers we developed for
the homoeologous pairs 7B — 7E and 7B — 7S enabled quick
pre-screening of large recombination populations for recom-
binants involving these two homoeologous pairs. We pre-
screened 578 individuals from the 7B — 7E recombination
population using the three STARP markers diagnostic for
7B —7E (Xwgc2300, Xwgc2301, and Xwgc2303) and identi-
fied 116 individuals containing either a 7B — 7E recombinant
chromosome or other structural aberration involving chro-
mosome 7B. Similarly, 288 individuals from the 7B —7S
recombination population were pre-screened by the STARP
markers diagnostic for 7B — 7S (Xwgc2304, Xwgc2307, and
Xwgc2313). Seventy-nine of them were found to contain a
7B — 7S recombinant chromosome or other structural aber-
ration involving chromosome 7B.
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Table 1 SNP-derived STARP markers specific for the 7B — 7E and 7B — 7S homoeologous pairs

Markers

SNP alleles

SNP locations®

Forward and reverse primers®

Polymorphism

Xwgc2300

Xwgc2301

Xwgc2302

Xwgc2303

Xwgc2304

Xwgc2305

Xwgc2306

Xwgc2307

Xwgc2308

Xwgc2309

Xwgc2310

Xwgc2311

Xwgc2312

Xwgc2313

Xwgc2314

[A/G]

[T/C]

[A/G]

[T/G]

[C/A]

[A/G]

[A/G]

[T/C]

[A/G]

[A/G]

[A/G]

[G/T]

[A/G]

[A/G]

[C/G]

7BS (603,689 bp)

7BL (379,299,483 bp)

7BL (386,081,398 bp)

7BL (758,280,973 bp)

7BS (3,695,566 bp)

7BS (4,121,716 bp)

7BS (244,368,635 bp)

7BL (379,299,435 bp)

7BL (396,962,870 bp)

7BL (465,240,318 bp)

7BL (654,629,105 bp)

7BL (655,975,979 bp)

7BL (754,572,320 bp)

7TBL (754,572,989 bp)

7BL (754,570,889 bp)

Fl1: [Tail 2]-5" GACGATGACAGCTCCGCA 3’

F2: [Tail 1]-5' GACGATGACAGATCCTCG 3’

R: 5" CCAAGTTTGCAGAGGCAGAAG 3’

Fl1: [Tail 2]-5" AAAGCTGTCCGGTTTACTCTT 3’
F2: [Tail 1]-5" AAAGCTGTCCGATTTGCCATC 3’
R: 5" CGCATGCATGTGCGTGTA 3’

Fl1: [Tail 2]-5" CATTCTACCCTACGCACGTA 3’
F2: [Taill]-5" CATTCTACCCTACGCATACG 3’
R: 5" CCATTTCCATTCCATTCAGGACAA

F1: [Tail 2]-5' CCAGGAGTCAACACAAAAT 3’
F2: [Tail 1]-5' CCAGGAGTCAACACAAGAG 3’
R: 5" GCACTCCGCCTCTGATGC 3’

Fl1: [Tail 1]-5' TATGCTCTTATTCGCGACC 3'
F2: [Tail 2]-5' TATGCTCTTATTCGCGGTA 3’

R: 5" GCGTACGTCAATCACGGATCAG 3’

F1: [Tail 2]-5' CGTAAGCAATGTAGTTTATATTGA 3’
F2: [Tail 1]-5' CGTAAGCAATGTAGTTTATACCGG 3’

R: 5" GAGAGTGGTCCCTGTCTGATG 3’

Fl1: [Tail 1]-5 GCAATAAAATATAACAATCAACAAAATAAA 3’
F2: [Tail 2]-5' GCAATAAAATATAACAATCAACAAAACCAG 3’

R: 5" GGTTTGCCGTTCTATCATATCAGC 3’

F1: [Tail 2]-5" GTCCATGGCATCACAACGT 3’

F2: [Tail 1]-5' GTCCTTGGCATCACACAGC 3’

R: 5" CAGCTTTGTTGCCACATTTCC 3’

F1: [Tail 1]-5' TCATTCATTTCATACAGAGACG 3’
F2: [Tail 2]-5' TCATTCATTTCATACAGAAGCA 3’
R: 5" CCAATGATGTTACTTTGATGCTGC 3’

F1: [Tail 1]-5' ACAAGGTGACAAGACTTCTCA 3’
F2: [Tail 2]-5" ACAAGGTGACAAGACTTTCCG 3’
R: 5" GGTTTGCCGTTCTATCATATCAGC 3’

F1: [Tail 2]-5" CCATATCGTAGCACATGAACGTA 3’
F2: [Tail 1]-5' CCATATCGTAGCACATGAATATG 3’

R: 5" TCTTCACTGTGGGTCGGCA 3’

F1: [Tail 1]-5' GACCACCTGTGTGTGTACATG 3’
F2: [Tail 2]-5' GACCACCTGTGTGTGTAACTT 3'
R: 5" CCCTACAACAACAAACAAAAGAACAT 3’
F1: [Tail 1]-5' TGACATGGGAGCCTAGG 3'

F2: [Tail 2]-5' TGACATGGGAGCCCGGA 3’

R: 5" CCCCAGGCAGACAATTCATTTT 3’

F1: [Tail 2]-5' ACTAAGACCCTGAACAAGCAAA 3’
F2: [Tail 1]-5" ACTGAGACCCTGAACAAGTCAG 3’

R: 5" CTGAATTCCACAGGAGATACCATTAA 3’
F1: [Tail 1]-5" AGAGGAAACGGGGCCCAC 3’

F2: [Tail 2]-5' GGCTCGTCAGTGTACCTG 3'

R: 5" GCTAAAGTATTTATTTATCCTCTGCCCA 3’

7B-TE

7B-TE

7B-TE

7B -T7E

7B -17S

7B-17S

7B-17S

7B-17S

7B -17S

7B -17S

7B -17S

7B -17S

7B -17S

7B -17S

7B -17S

4SNP locations in the IWGSC Reference Sequence v2.0 assembly (IWGSC RefSeq v2.0)
®[Taill]= GCAACAGGAACCAGCTATGAC; [Tail2] = GACGCAAGTGAGCAGTATGAC
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Fig.3 Detection of 7B—7E and 7B —7S recombinants by chromo-
some-specific STARP markers (a) and verification of the recom-
binants by GISH (b). GISH painted wheat chromosomes/segments in
red, and chromosome 7E and 7S and their segments in yellow—green.
Arrows point to 7B—7E or 7B —7S recombinant chromosomes and

The phIb mutant induces homoeologous recombination
of wheat chromosome 7B with Th. elongatum chromosome
7E and Ae. speltoides 7S, and with its wheat homoeologues
7A and 7D as well. In addition, other chromosome aber-
rations, including Robertsonian translocations, telocentric
chromosomes, and chromosome deletions, could occur in
the special genotypes constructed for homoeologous recom-
bination induction. Therefore, we expected to see these
chromosome aberrations in addition to 7B —7E or 7B — 7S
recombinants among the STARP marker-based selections.
Thus, GISH was performed to verify chromosome constitu-
tions of the preselected individuals. Out of 116 individuals
preselected from the 7B — 7E recombination population,
we detected 23 7B — 7E recombinants, seven Robertsonian
translocations, and one telocentric chromosome of 7E. The
rest 85 individuals were found to contain one or two copies
of chromosome 7E without any GISH-detectable recom-
binants or chromosome aberrations involving 7E. They were
preselected by the chromosome-specific STARP markers
probably because their chromosome 7B recombined with
chromosome 7A or 7D, leading to an absence of one or more
segments tagged by the markers. Similarly, GISH analysis
detected 43 7B — 7S recombinants, four Robertsonian trans-
locations, and three deletions of chromosome 7S from the
79 individuals selected from the 7B — 7S recombination

@ Springer

arrowheads to chromosome 7E or 7S. III-7 and II-4 are 7B—7E
recombinants, designated 7BS-7BL—7EL and 7ES-7EL-7BL,
respectively. I-23 and III-19 are 7B —7S recombinants, designated
7SS-7SL—7BLand 7BS-7BL —7SL, respectively. Scale bar= 10 pm

population. In addition, GISH detected two extra interstitial
7B — 7S recombination events (V-10 and V-11 in Fig. 4),
which involved the regions not covered by the STARP mark-
ers. The other 29 selected individuals contained one or two
copies of chromosome 7S and probably missed one or more
marker-tagged segments on chromosome 7B.

The 7B — 7E and 7B — 7S recombinants and chromosome
aberrations were placed into six categories, respectively,
according to their GISH-revealed structural components
(Fig. 4). A total of 29 7B — 7E and 61 7B — 7S recombinants
were detected and verified by chromosome-specific markers
and GISH (Table 2). The number of single crossover-derived
7B —78S terminal recombinants containing a small 7B seg-
ment (Category 1) and a small 7S segment (Category 2)
were 30 and 27, with a recombination rate of 6.88% and
6.19%, respectively (Fig. 4 and Table 2). The single crosso-
ver-derived 7B — 7E recombination rates for Category 1 and
Category 2 were 2.48% and 2.02%, respectively, which were
much lower than 7B —7S. Two double crossover-derived
(V-9 and V-12) and two multiple crossover-derived (V-10
and V-11) interstitial recombinants were detected for the
homoeologous pair 7B — 7S, but not for 7B — 7E. In addition,
we identified seven 7B — 7E Robertsonian translocations
(1.09%) and one 7E telocentric chromosome (0.16%) from
the 7B — 7E recombination population, and four 7B —7S
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Fig.4 GISH-painted 7B-7E
and 7B-7S recombinant
chromosomes and aberrations
in six categories, including
Category 1 (I & II)—terminal
recombinants with a small 7B
segment, Category 2 (III &
IV)—terminal recombinants
with a small 7E or 7S segment,
Category 3 (V) -interstitial
recombinants, Category 4
(VI)—Robertsonian transloca-
tion, Category 5 (VII) -telo-
centric 7E or 7S chromosomes,
and Category 6 (VIII)—chro-
mosome 7E or 7S deletions.
Chromosome 7B segments
were painted in red, and 7E and
7S chromosome segments in
yellow-green

Category

1 2 3 4

|vu'

| v

7B-7E recombinants/aberrations
RS N
SREBEPPXY

|v,gro 'AY D

H 7B-7S recombinants/aberrations
19 10 11 12 13 14 15 16 17 18 19 20 21 22 23
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Table 2 The frequencies of

. Homoe- No. indi- Recombinants Misdivision products Deletions
dlfferen.t 7B —7E and 7B .—7S ologous viduals
recombinants and aberrations pairs screened Category 1 Category 2 Category 3 Category 4 Category 5 Category 6
7B-T7E 644 16 13 0 7 1 0
2.48% 2.02% 0.00% 1.09% 0.16% 0.00%
7B-17S 436 30 27 4 4 5 3
6.88% 6.19% 0.92% 0.92% 1.14% 0.69%

4See Fig. 4 for detailed description of these six categories of recombinants and aberrations

Robertsonian translocations (0.92%) and five 7S telocen-
tric chromosomes (1.14%) from the 7B — 7S recombination
population. Also, the long arm deletions of chromosome
7S (0.69%) were identified from the 7B — 7S recombination
population, including VIII-9, VIII-10, and VIII-11 (Fig. 4).
Most of the 7B —7E and 7B — 7S recombinants involved
their long arms. Only one recombination event was recov-
ered in the short arm of the homoeologous pair 7B — 7E (II-
8) and eight in the short arm of 7B —7S (I1I-21-23, 11I-9-12,
and V-11) (Fig. 4; Supplementary 1). The detailed composi-
tions and pedigrees of all 7B —7E and 7B — 7S recombinants
and aberrations are provided in Supplementary 1.

Homoeologous recombination-based delineation
and dissection of wheat chromosome 7B

The 7B —7E and 7B — 78S recombinants were genotyped
together with several controls, including CS, DS 7E(7B), DS
7S(7B), and double monosomics 7E’ +7B’ and 7S’ + 7B’,
using wheat 90 K SNP arrays. Out of 2347 SNPs mapped
to wheat chromosome 7B (Wang et al. 2014), we identified
430 SNPs polymorphic for the homoeologous pair 7B — 7E
and 352 for 7B —7S. The 7B —7E and 7B — 7S homoeolo-
gous pairs shared 241 polymorphic SNPs. In total, 541

wheat 90 K SNPs were polymorphic for the homoeologous
pairs 7B —7E and 7B — 78S, with 189 SNPs specifically for
7B —7E and 111 for 7B — 7S (Fig. 5a). Overall, the homoe-
ologous pair 7B — 7E had a higher level of polymorphism
than 7B — 78S at the 90 K SNP loci.

The SNPs polymorphic for the homoeologous pair
7B —7E and 7B — 7S genetically mapped to chromosome 7B
(Wang et al. 2014). We physically aligned the SNP loci onto
chromosome 7B by BLASTn against the IWGSC RefSeq
v2.0 (https://wheat-urgi.versailles.inra.fr/) (Supplementary
2). The sequenced wheat 7B chromosome size in the IWGSC
RefSeq v2.0 was 763.71 Mb, which covered 85.91% of the
entire chromosome 7B (889 Mb) (https://wheat-urgi.versa
illes.inra.fr/; Safaf et al. 2010). The genetic and physical
positions of the SNPs were plotted as an “S” curve distribu-
tion (Fig. 5b). The average cM/MD ratio along the entire
chromosome was 0.25. The SNPs within the linkage block
of 67.47-78.44 cM, which traverses the centromere, span
the physical region of 118.71-589.04 Mb, with an average
cM/MBb ratio of 0.023. Thus, the homoeologous recombina-
tion rate in the proximal region was significantly lower than
the distal region for the homoeologous pairs 7B — 7E and
7B —17S.
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Fig.5 Polymorphic SNPs of the homoeologous pair 7B—7E and
7B —78S (a) and their genetic and physical positions on chromosome
7B (b)

Overall, the wheat 90 K SNP genotyping results of the
7B —7E and 7B — 7S recombinants were consistent with
their GISH patterns except for a few discrepancies. Wheat
90 K SNP genotyping identified IV-1 as an interstitial
7B — 7E recombinant with a small 7E segment proximal
to a 7BL terminal segment on the long arm. However, the
7BL terminal segment in IV-1 was not detected by GISH
(Fig. 4; Supplementary 3). IV-20 was initially identified as
a 7B — 78 terminal recombinant with a small 7S segment
at the end of the long arm by GISH. But, wheat 90 K SNP
genotyping detected a terminal 7B segment distal to the
7S segment on the long arm, identifying it as an interstitial
7B — 7S recombinant (Fig. 4; Supplementary 3). Some of
the 7B —7E and 7B — 7S recombinants had similar GISH
patterns and could not be resolved by SNPs. Only one of
the recombinants with the same SNP genotype was used
for delineation and dissection analysis. Thus, we selected
26 representative 7B —7E recombinants involving 23
unique recombination breakpoints and 38 representative
7B — 7S recombinants involving 31 unique breakpoints to
partition wheat chromosome 7B. The integrative SNP and
GISH analysis of the 7B —7E and 7B — 7S recombinants
resolved their recombination breakpoints and segment
sizes. Consequently, wheat chromosome 7B was physically
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partitioned and dissected by these homoeologous recom-
bination events. The overall results about 7B —7E and
7B — 7S recombination-based partition and dissection of
wheat chromosome 7B are graphically illustrated in Fig. 6.
The physical locations of the recombination breakpoints
were estimated as the middle point between the SNP loci
immediately flanking the breakpoint (Supplementary 3).
Most of the 7B —7E and 7B — 7S recombination break-
points clustered in the distal regions of the long arm
(Fig. 6).

Construction of the composite bin map for wheat
chromosome 7B

Chromosome 7B was partitioned into 24 bins with 430 SNPs
assigned based on the GISH patterns and SNP genotyping
data of the 26 representative 7B — 7E recombinants. Like-
wise, chromosome 7B was partitioned into 32 bins with 352
SNPs assigned based on the SNP data and GISH patterns of
the 38 representative 7B — 7S recombinants. A composite
bin map was constructed for chromosome 7B individually
based on the 7B — 7E and 7B — 7S recombination, respec-
tively (Supplementary 4). In addition, we integrated the SNP
data and GISH patterns of all representative 7B — 7E and
7B — 7S recombinants to construct an integrative composite
bin map for wheat chromosome 7B. The integrated genetic
and physical analysis with the reference of the IWGSC
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RefSeq v2.0 (https://wheat-urgi.versailles.inra.fr/) led to an
informative composite bin map containing 44 distinct bins
and 523 SNPs (Fig. 7). The estimated bin size ranged from
0.84 to 266.74 Mb, and the number of SNPs assigned to
each of the bins ranged from 1 to 107 (Supplementary 5).
The pericentromeric bins were significantly larger than oth-
ers toward the distal regions on both arms, indicating lower
recombination near the centromeric regions than in other
chromosomal regions for the homoeologous pairs 7B —7E
and 7B —78S.

Discussion

Meiotic homoeologous recombination generates genetically
compensating recombinants for genome studies and expands
genetic diversity of wheat and its relatives. Recent advances
in genomics and associated technologies have dramatically
increased the efficacy and throughput of homoeologous
recombination-based chromosome engineering in alien
introgression and provide a unique approach of investigating
the complex polyploid genome of wheat (Niu et al. 2011a,
b; Zhao et al. 2013; Zhang et al. 2015, 2017, 2018a, b, 2019,
2020; Danilova et al. 2017; King et al. 2018; Dai et al. 2020;
Grewal et al. 2020). The availability of the wheat reference
genome sequence IWGSC RefSeq v2.0 (https://wheat-urgi.
versailles.inra.fr/) and the genome sequences of Ae. spel-
toides and Th. elongatum permitted us to survey the poly-
morphisms of wheat chromosome 7B with its homoeologous
counterparts 7S in Ae. speltoides and 7E in Th. elongatum
for chromosome-specific marker development. Through that
approach, we identified homoeoalleles at multiple SNP loci
diagnostic for the pericentromeric and distal regions on both

Fig.7 Composite bin map of 300 -
wheat chromosome 7B and cor-
responding partitioned chromo-
some 7B. Vertical bars indicate
physical size of the bins, and
curved lines indicate SNP num-
bers within each bin. All bins
were color-coded according to
their physical size and locations
in the horizontal ideogram

of chromosome 7B (bottom).
The red triangle points to the
centromere

- N N
(4] o [
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Estimated physical size of bins (Mb)
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o
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chr. 78 [

5 bins on short arm

arms of the homoeologous pairs 7B —7E and 7B — 7S. The
chromosome-specific STARP markers developed from the
diagnostic SNPs tagged the critical homoeologous regions
of chromosomes 7B, 7E, and 7S, allowing for quick pre-
screening of large recombination populations for 7B —7E
and 7B — 7S recombinants. Thus, chromosome-specific
DNA markers enable homoeologous recombination-based
chromosome engineering in a large scale and improved
efficacy. We induced and recovered a total of 29 7B —7E
and 61 7B —7S recombinants using this genomics-enabled
chromosome engineering technology. Integrative SNP and
GISH analysis of the recombinants partitioned wheat chro-
mosome 7B into 44 distinct bins with 523 SNPs assigned
within, providing a unique homoeologous recombination-
based physical framework for wheat genome study. Overall,
the homoeologous pair 7B — 7S had a significantly higher
recombination rate than 7B —7E. Also, multiple crossover-
derived recombinants were recovered for 7B — 7S, but not
for 7B — 7E. In addition, SNP analysis indicated that the
homoeologous pair 7B — 7S had lower polymorphism than
7B —7E. All these results suggest that wheat chromosome
7B has a higher homology with Ae. speltoides chromosome
7S than with Th. elongatum chromosome 7E.

The majority of 7B —7E and 7B — 7S recombination
events clustered in the distal and sub-distal regions of these
two homoeologous pairs. No 7B —7E and 7B — 7S recom-
bination events were recovered within the large pericentro-
meric region (> 1/2 the physical length of the entire chro-
mosome 7B) (Fig. 7). Also, we observed extremely low
recombination frequency in the short arms of both homoe-
ologous pairs, especially for 7B — 7E. This might result from
the 4AL/7BS translocation in wheat, where the terminal seg-
ment of 7BS was translocated to the terminal region of 4AL
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(Devos et al. 1995; Miftahudin et al. 2004). Apparently, the
absence of the terminal region on 7BS limited its recombina-
tion with the homoeologous regions on 7E and 7S.

The phlb mutant induces meiotic homoeologous recom-
bination between wheat and alien chromosomes, and
between homoeologous chromosomes from different wheat
subgenomes (A, B, and D) as well. In this study, we used
the phlb mutant to induce 7B — 7E and 7B — 7S recombina-
tion under the double monosomic conditions (i.e., 7B’ +7E’
and 7B’ +7S’). This should enhance homoeologous recom-
bination of chromosome 7B with 7E and 7S as expected.
However, chromosome 7B under a monosomic condition
(i.e., 7B’) might occasionally recombine with 7A” or 7D”
by forming a heteromorphic trivalent during meiotic pair-
ing. Similarly, chromosome 7E or 7S could occasionally
recombine with the homologous chromosome pair 7A” or
7D”. Also, we found that chromosome aberrations, includ-
ing Robertsonian translocation, telocentric chromosomes,
and deletions, occurred in the special genotypes. These
untargeted homoeologous recombination and chromosome
aberrations complicated the marker-based pre-screening for
recombinants and led to false preselection of the recom-
binants. We identified 23 7B — 7E recombinants from 116
individuals preselected by STARP markers and 43 7B —7S
recombinants from 79 preselected individuals. Some of the
preselected individuals were verified by GISH as chromo-
some aberrations involving 7B and 7S or 7E, including
7B —7S and 7B — 7E Robertsonian translocations, telocen-
tric chromosomes, and deletions. Most likely, 7B —7S and
7B —7E Robertsonian translocations and telocentric chro-
mosomes resulted from centric misdivision of the univalent
chromosomes 7B’, 7E’, and 7S’. Fusion of the misdivision
products (i.e., telocentric chromosomes) resulted in 7B —7S
and 7B — 7E Robertsonian translocations (Friebe et al.
2005). In addition, some of the preselected individuals con-
tained one or two copies of chromosome 7E or 7S without
any GISH-detectable recombinants and aberrations involv-
ing chromosome 7E or 7S. They were selected in the STARP
marker-based pre-screening due probably to the absence
of the chromosome 7B-specific marker alleles caused by
homoeologous recombination of chromosome 7B with 7A
or 7D. The deletions might be induced by the Ae. speltoides-
derived gametocidal gene (Tsujimoto and Tsunewaki 1988).

Both homologous and homoeologous recombination
can be resolved by DNA markers. But, only homoeolo-
gous recombination can be visualized by GISH, making
it unique for genome study. We took this advantage of
homoeologous recombination to partition wheat chromo-
some 7B for physical mapping by performing integrative
marker and GISH analysis of the 7B —7E and 7B — 7S
recombinants. The composite bin map of chromosome
7B constructed through this approach provided a unique
physical framework for the complex polyploid genome
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of wheat. However, this homoeologous recombination-
based chromosome mapping may confront limitations
imposed by the physical coverage of markers on the tar-
geted chromosomes and resolution of GISH in chromatin
detection. In this study, we identified a total of 29 7B — 7E
and 61 7B — 7S recombinants. Some of the recombinants
with close recombination breakpoints could not be distin-
guished from each other by GISH. Also, they could not
be resolved by the wheat 90 K SNP genotyping assay due
to the lack of diagnostic SNPs within the chromosomal
regions flanking the breakpoints. In these cases, we used
only one of those recombinants for chromosome mapping.
Thus, increasing marker coverage on the recombination
chromosomes can make the similar recombinants more
resolvable and consequently improve the resolution of
homoeologous recombination-based chromosome map-
ping. On the other hand, small recombination segments,
which cannot be visualized by GISH, may be detectable by
the diagnostic markers tagging the segments. For instance,
the wheat 90 K SNP genotyping assay detected a tiny 7BL
terminal segment in the 7B — 7E recombinant chromosome
of IV-1 and in the 7B — 7S recombinant chromosome of
IV-20, respectively. However, both terminal segments were
too small to be visualized by GISH (Fig. 4; Supplementary
3). In the same manner, GISH might be able to detect the
recombination segments that are not resolvable by markers
due to the lack of diagnostic markers within the chromo-
somal region involved in the recombination, such as the
interstitial recombination segments in the 7B — 7S recom-
binants V-10 and V-11 (Fig. 4) and the homoeologous
recombination reported by Zhang et al. (2020).

In summary, we physically dissected wheat chromo-
some 7B by homoeologous recombination-based chro-
mosome engineering and developed a unique physical
framework of chromosome 7B useful for wheat genome
study. In addition, the 7B — 7E and 7B — 7S recombinants
diversify and enrich the wheat genome and represent a
useful gene source for wheat improvement. The genomics-
enabled chromosome engineering pipeline we developed
in this study will further facilitate homoeologous recom-
bination-based genome studies and alien introgression in
wheat improvement.
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