Theoretical and Applied Genetics (2024) 137:110
https://doi.org/10.1007/500122-024-04614-z

ORIGINAL ARTICLE q

Check for
updates

Pre-breeding of spontaneous Robertsonian translocations
for density planting architecture by transferring Agropyron cristatum
chromosome 1P into wheat

Bohui Han' - Xiao Wang' - Yangyang Sun*- Xilu Kang' - Meng Zhang' - Jiawen Luo' - Haiming Han' -
Shenghui Zhou' - Yuging Lu’ - Weihua Liu' - Xinming Yang' - Xiuquan Li' - Jinpeng Zhang'*3® . Lihui Li"%3

Received: 29 January 2024 / Accepted: 28 March 2024 / Published online: 24 April 2024
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2024

Abstract

Key message We developed T1AL-1PS and T1AS-1PL Robertsonian translocations by breakage-fusionmechanism
based on wheat-A. cristatum 1P(1A) substitution line with smaller leaf area, shorter plantheight, and other excellent
agronomic traits

Abstract Agropyron cristatum, a wild relative of wheat, is a valuable germplasm resource for improving wheat genetic
diversity and yield. Our previous study confirmed that the A. cristatum chromosome 1P carries alien genes that reduce
plant height and leaf size in wheat. Here, we developed T1AL-1PS and T1AS-1PL Robertsonian translocations (RobTs) by
breakage-fusion mechanism based on wheat-A. cristatum 1P (1A) substitution line II-3-1c. Combining molecular markers
and cytological analysis, we identified 16 spontaneous RobTs from 911 F, individuals derived from the cross of Jimai22 and
II-3-1c. Fluorescence in situ hybridization (FISH) was applied to detect the fusion structures of the centromeres in wheat and
A. cristatum chromosomes. Resequencing results indicated that the chromosomal junction point was located at the physical
position of Triticum aestivum chromosome 1A (212.5 Mb) and A. cristatum chromosome 1P (230 Mb). Genomic in situ
hybridization (GISH) in pollen mother cells showed that the produced translocation lines could form stable ring bivalent.
Introducing chromosome 1PS translocation fragment into wheat significantly increased the number of fertile tillers, grain
number per spike, and grain weight and reduced the flag leaf area. However, introducing chromosome 1PL translocation
fragment into wheat significantly reduced flag leaf area and plant height with a negative effect on yield components. The
pre-breeding of two spontaneous RobTs T1AL-1PS and T1AS-1PL was important for wheat architecture improvement.

Communicated by Ian D Godwin. .
Introduction

Bohui Han and Xiao Wang have contributed equally to this work.

Common wheat (Triticum aestivum L., 2n=6x=42,
AABBDD) is the most widely cultivated crop and is one of
the most important foods around the world IWGSC 2018;
Li et al. 2019; Rahmatov et al. 2016). With the growth of
population, wheat production must increase by more than
50% over current levels by 2050 to meet demand (Mottaleb
et al. 2023). However, the long-term improvement of wheat
varieties was mainly limited in the genetic recombination
between regular varieties, which led to the exploitation and
erosion of the genetic variation available and the decrease
of species diversity (Qi et al. 2007; King et al. 2022). An
effective means of increasing wheat yield is broadening
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its genetic diversity by transferring the alien genes of wild
relatives into wheat (Bohra et al. 2022; Zhang et al. 2015).
Agropyron cristatum (2n=4x=28, genomes PPPP), a ter-
tiary gene pool of wheat improvement, provides a vast and
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untapped reservoir of genetic variation for agronomic traits
of wheat. In addition to its resistance to biotic and abiotic
stresses, A. cristatum carries many useful traits for improv-
ing wheat yield such as high floret numbers and tillers (Dong
et al. 1992; Li et al. 1995). In our recently published study,
we found that A. cristatum 1P addition line also reduced
plant height and leaf area which were helpful for wheat plant
architecture suitable for dense planting and increasing yield
(Wang et al. 2022). But the addition lines may carry more
deleterious effects and are not stably inherited by offspring.
Hence, the development of translocation could be an effec-
tive method for transferring the alien genes from A. cris-
tatum into wheat.

On account of translocation lines generally carrying
smaller alien segments, they are genetically more stable
and less likely to have deleterious effects (Cai et al. 1998;
Faris et al. 2008; Jiang and Gill 1993). The use of substi-
tution lines to induce the whole arm RobTs proved to be
an effective way to produce translocation lines. The whole
arm translocation lines created by spontaneous translocation
have better compensation effects and genetic balance. Alien
chromosomes in whole arm translocation lines can com-
pensate for the loss of homoeologous wheat chromosomes.
Breakage-fusion mechanism induced by the substitution line
can produce spontaneous RobTs (Friebe et al. 2005). Centric
misdivision followed by the fusion of the broken arms from
different chromosomes results in whole-arm RobTs (Robert-
son 2005) which played a significant role in karyotype evolu-
tion (Friebe et al. 2005). It is reported that RobTs generally
occur between some homoeologous chromosomes, which
has the advantages of good compensation and is easier to
be used in wheat breeding. A successful case is the wide-
spread application of TIBL-1RS in wheat breeding due to its
remarkable yield potential and disease resistance (Lukasze-
wski 1993; Friebe et al. 1996; Rabanus-Wallace et al. 2021;
Villareal et al. 1991). In addition, Rahmatov et al. (2016)
used breakage-fusion mechanism of univalent chromosomes
to produce a new RobTs T2DS-2RL with stem rust resist-
ance gene Sr59, and the kernel protein content of translo-
cation includes segment 2DS, and 2RL has a significant
improvement (Jagannath and Bhatia 1972; May and Appels
1978; Zeller and Koller 1981a). Ghazali et al. (2015) pro-
duced wheat-Thinopyrum bessarabicum whole arm RobTs
T2EPS-2BL. Li et al. (2020) produced a spontaneous Robert-
sonian T4S'S-4BL translocation chromosome carrying Pm66
for powdery mildew resistance. Tiirkosi et al. (2018) devel-
oped a new T7BS-7HL RobTs conferring salt tolerance and
(1, 3; 1, 4)-p-D-glucan content. Liu et al. (2016) developed
a set of 13 compensating wheat-Ae. speltoides RobTs cover-
ing the S genome of Ae. speltoides except for the long arm
of chromosome 48S. Qi et al. (2021) identified T6DS-6PL
and T6PS-6DL translocation lines from wheat-A. cristatum
6P(6D) substitution line which could improve grain weight.
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Previously, we reported that II-3-1c was identified as
wheat-A. cristatum 1P (1A) disomic substitution line with
hair glume and reduced plant height phenotypes (Pan et al.
2017). Recently, we proved that the introgression of A. cris-
tatum chromosome 1P into wheat can improve plant architec-
ture, including reducing plant height and leaf size of wheat
(Wang et al. 2022). In this study, we developed two types
of heritable whole arm translocation lines TIAL-1PS and
T1AS-1PL from substitution line II-3-1c and evaluated their
genetic effects of the alien translocation segment through
genetic segregation population. These RobTs provide new
germplasm resources for wheat architecture improvement.

Methods
Plant materials

Jimai22 is an elite commercial common wheat cultivar
with a high yield and wide adaptability in the largest area
in China. II-3-1c is a 1P(1A) disomic substitution line from
the offspring of wheat-A. cristatum derivative II-3—1 (Pan
et al. 2017). The RobTs were selected from an F, popula-
tion with 911 individuals, derived from the cross of Jimai22
and II-3-1c. The F, and F; progenies were genotyped by
molecular markers for identification of putative RobTs. The
secondary segregating population of F; and F, were origi-
nated from the heterozygous individuals of 1PS and 1PL
RobTs. These wheat materials and RobTs were maintained
at National Crop Genebank in Institute of Crop Science,
Chinese Academy of Agricultural Sciences (CAAS), Bei-
jing, China.

Molecular markers analysis

Total genomic DNA was isolated from fresh leaf tissue
using the CTAB protocol (Zhang et al. 2017). To identify
the translocation events, we first use two chromosome 1PS-
specific and two chromosome 1PL-specific EST-STS mark-
ers to genotype these F, individuals (Table 1). The positive
individuals were selected to generate F; lines. According to
the genotyping of EST-STS markers, we selected positive
F; lines for cytogenetics identification. To distinguish the
homologous, heterologous and negative plants, we devel-
oped the co-dominant markers including EST-STS markers
(Zhang et al. 2017) and Kompetitive Allele Specific PCR
(KASP) markers (Table 1). These co-dominant markers were
used for tracking the alien translocation fragment and geno-
typing in the genetic analysis.

SNP markers have been applied to high-throughput SNP
genotyping arrays (Grewal et al. 2020) which are used to
test F., and F,.5 segregation population of 1PS translocation
lines. Orthologous CDS sequences from reference genomes
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Table 1 Markers used for tracing A. cristatum 1P chromosome in the wheat background

Primer name Marker type Position Primer sequence

Allelic effects Reference

209,189-FAM  KASP IPS  GAAGGTGACCAAGTTCATGCTTGTCCGGGAAGGCCT Dominant

AGTG
209,189-HEX KASP IPS  GAAGGTCGGAGTCAACGGATTTGTCCGGGAAGGCCT Dominant

AGTC
209,189-COM  KASP IPS  CAGAACAGGAGCATCATGACGG Dominant
P131676-FAM KASP IPS  GAAGGTGACCAAGTTCATGCTGGATCCAATAGAATTACA Co-dominant

ACTGGACAG
W131676-HEX KASP IPS  GAAGGTCGGAGTCAACGGATTGGATCCAATAGAATTACA Co-dominant

ACTGGACAC
131,676-COM  KASP IPS  GCTACCATGAACACAGATGATAGAACCT Co-dominant
AgC23256F  EST-STS IPS  GTACCACATCTGAACACAAATTGC Dominant  Zhang et al. (2017)
AgC23256R  EST-STS IPS  GATAGCGAGGTGCTTGACAAA Dominant  Zhang et al. (2017)
AgC8189F EST-STS IPS  GGAAAGCCTACATCCACATGTAC Dominant  Zhang et al. (2017)
AgC8189R EST-STS IPS  CGATGTCACTGCCGTCAGC Dominant  Zhang et al. (2017)
AgC6184F EST-STS IPL  CATTTTGTAGTGTTGCCCGTT Dominant  Zhang et al. (2017)
AgC6184R EST-STS IPL  TTGGCGTAGAGCGAGAAACA Dominant  Zhang et al. (2017)
AgC2142F EST-STS IPL  GGATGGGATTGGGTCTGATT Dominant  Zhang et al. (2017)
AgC2142R EST-STS IPL  CGTCTTTTGCGTTCCAGTTC Dominant  Zhang et al. (2017)
HIT4_2F EST-STS IPL  CTGCAGTCGAGGTACATCAACAG Co-dominant
HIT4_2R EST-STS IPL  CCAAGCTCATCTACCCAGCTTC Co-dominant
LEA14_2F EST-STS IPL  ACCGCCGGCGAGTTCAAG Co-dominant
LEAI4_ 2R EST-STS IPL  CACGCGGATGCAGAGCAAG Co-dominant

of diploid A. cristatum 21842 and wheat cv. Chinese Spring
(CS) RefSeq v1.0 were aligned to identify putative interspe-
cific SNPs. The primer design procedures were followed by
Grewal et al. (2020) with some slight modifications. Each
KASP PCR mixture is made by 50 ng of DNA template,
2.5 pl of HiGeno 2 x Probe Mix B (JasonGen Biotech Co.,
Ltd., Beijing, China), and 0.07 ul SNP-Specific primers.
Thermal cycling conditions were 95 °C for 10 min; followed
by 10 cycles of touchdown PCR: 95 °C for 20 s, 61 °C-55 °C
for 40 s (drop 0.6 °C per cycle) and final 28-34 cycles of
regular PCR: 95 °C for 20 s, 55 °C for 40 s. The fluorescence
reading was performed on the BMG LABTECH microplate
reader. EST-STS markers of A. cristatum chromosomelP
were developed based on non-denaturing polyacrylamide
gels according to the method of Zhang et al. (2017).

Cytogenetic analysis

To visualize P-genome chromatin in descendant of the 1P
(1A) substitution line II-3-1c, non-denaturing fluorescence
in situ hybridization (ND-FISH) was operated in root tip
cells using oligonucleotide probes (oligo-pAc). ND-FISH
use oligonucleotide probes (oligo-pSc119.2-1 and oligo-
pTa535-1) to identify which chromosome fragment of wheat
was translocated on chromosome 1P. The centromere was
analyzed by FISH using two centromeric sequences oligo-
pAcCRI1 and oligo-CCS1 as probes (Sun et al. 2021; Han

et al. 2017). The root tips of all the materials in this study
were excised when these roots grew to 1.5-2 cm and were
disposed with nitrous oxide gas and 90% acetic acid (King
et al. 2017; Sun et al. 2021).

To observe the meiotic behavior of the translocation
lines, we collect anthers containing pollen mother cells at
the wheat booting stage. The anthers were disposed in Car-
noy's Fluid (1:3 (v/v) acetic acid/ethanol) and saved in 70%
ethanol for 48 h (Megyeri et al. 2013). Anthers with appro-
priate stages were squashed in 45% acetic acid and viewed
under phase contrast and dispose it on the surface of liquid
nitrogen for 1 min (Jauhar 2006; Li et al. 2000). All slides
were observed by Zeiss Axio Imager Z2 upright epifluores-
cence microscope (Carl Zeiss Ltd, Germany) and captured
with a CCD camera. The GISH and FISH were followed
by previously described with some slight modifications (Fu
et al. 2015; Han et al. 2006; Li et al. 2021; Sun et al. 2021).

Junction region identification by resequencing
translocation lines

To explore junction regions of segments in fine detail, we
resequence the homozygous T1AL-1PS and T1AS-1PL
translocation lines. Resequence data were used for char-
acterizing A. cristatum introgressions into wheat based on
comparative mapping depths. By mapping raw reads of
TIAL-1PS and T1AS-1PL translocation lines to a combined

@ Springer



110 Page4of 11

Theoretical and Applied Genetics (2024) 137:110

reference genome made up of the pseudomolecules of A.
cristatum Accession No. z1842 (unpublished) and CS Ref
seq v1.0, we can get accurate translocation breakpoints
according to the sequencing depth and the distribution of the
reads. The genomic DNA sample was fragmented by soni-
cation to a size of ~350 bp, then DNA fragments were end-
polished, A-tailed, and ligated with the full-length adapters
for Illumina sequencing with further PCR amplification.
Subsequently, we used the Illumina Novaseq platform to
generate 10 X sequencing coverage raw sequences with a
150 bp read length. After sequence quality checking and
filtering, we retained 62.6 Gb and 69.8 Gb of high-quality
genomic data for sequence alignment. The remaining high-
quality reads were mapped to the mixed reference genomes
using Burrows-Wheeler Aligner software (Li et al. 2009)
with the command ‘mem -t 4 -k 32 -M’. To reduce mis-
matches generated by PCR amplification before sequencing,
duplicated reads were removed using SAMtools (v0.1.1) (Li
et al. 2009). Reads depth of each genome site were calcu-
lated by SAMtools (v0.1.1) (Li et al. 2009) with the com-
mand ‘samtools depth’. Then, average values of reads depth
were estimated for 1-Mb sliding windows with a 1-Mb step
size along each chromosome. Based on the average values,
we create fit curve using the R package ggplot2 (Wickham
2016).

Evaluation of agronomic traits

F;., and F,.s family segregation populations of heterozy-
gous T1AL-1PS and T1AS-1PL translocation plants were
planted in the experimental station of the Institute of Crop
Sciences, Chinese Academy of Agricultural Sciences, Xinxi-
ang, Henan Province during the 2020-2021 and 2021-2022
sowing seasons. The plant density was 30 cm by 10 cm with
a 2 m length. Leaf length and width of flag leaf, top sec-
ond leaf, top third leaf, plant height, fertile tillering num-
ber, spike length, total spikelet number, kernel number per
spikelet, and grain number per spike were measured for each
plant.

Results
The development of the translocation lines

In previous study, we have proved that the common wheat-
A. cristatum 1P addition line carries genes that reduce the
size of flag leaves. To produce chromosome 1P translocation
lines, we developed an F, population by crossing substitu-
tion line 1P(1A) II-3-1c with commercial wheat cv. Jimai22.
Six EST-STS markers and two KASP markers specific to
chromosome arms 1PS and 1PL, were used to genotype 911
F, individuals for identification of putative translocation
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lines (Table 2). As a result, a total of 32 plants were identi-
fied lacking chromosome1PS, and 28 plants lacking chromo-
somelPL. These 60 F, plants were selected to generate F;
lines, and the progenies of F; lines were genotyped by EST-
STS markers. These F; lines, which were showing > 50%
transmission rate of chromosome arm, were selected for fur-
ther GISH analysis. Finally, 9 TIAL-1PS and 7 T1AS-1PL
spontaneous compensating wheat-A. cristatum transloca-
tions were obtained (Fig. 1). The frequency of transloca-
tions was 1.77% in the F, population. The efficiency of iden-
tification was up to 26.7% in terms of the positive plants
after P-chromosome-specific molecular marker detection.
Therefore, the study provides a highly efficient method for
identifying the translocations by molecular marker detection.

Chromosome composition of RobTs

Based on the marker results, 60 F; families were identi-
fied as potential wheat-A. cristatum RobTs. To identify the
chromosome composition, GISH analysis was employed for
the cytogenetics detection for these selected F; lines. The
result showed that 9 F; families were short-arm RobTs, 7
F; families were long-arm RobTs, and the remaining plants
were telosomic addition lines (Table 2, Table S1). GISH/
FISH analysis revealed that there are 42 chromosomes in the
root tip somatic cells of these RobTs. The GISH/FISH pat-
tern showed that 3 and 6 short-arm translocation lines were
homozygous and heterozygous for the compensating RobT
T1AL-1PS, respectively, (Fig. 2a, c) and 4 and 3 long-arm
translocation lines were homozygous and heterozygous for
the compensating RobT T1AS-1PL, respectively (Fig. 2b, d).

To identify homologous chromosome pairing behavior
in metaphase I of meiosis of RobT lines TIAL-1PS and
T1AS-1PL, GISH analysis was conducted in pollen mother
cells. We found that 42 chromosomes paired as 21 bivalents
at meiotic metaphase I and the translocation chromosomes
formed a stable ring bivalent (Fig. 2e, f). The cytogenetics
results suggested that the translocation chromosome arms of
A. cristatum 1PS and 1PL could be stably inherited.

Table 2 Molecular marker and cytogenetics identification results of
progenies derived from 1P(1A) substitution line and common wheat
cv. Jimai22

Target P chromosome Number of  Ratio (%)
plants

F, population individuals 911 100

Plants missing short-arm marker 32 35

Plants missing long-arm marker 28 3.1

Plants with a short-arm RobTs (GISH) 9 1

Plants with a long-arm RobTs (GISH) 7 0.77

Frequency of RobT recovery (%) 16 1.77
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Fig. 1 Strategy to produce
RobTs in this study

Fig.2 GISH/FISH pattern of
mitotic metaphase chromo-
somes homozygous for wheat-
A. cristatum Robertsonian
translocation. GISH pattern for
the T1AL-1PS translocation line
(a) and T1AS-1PL translocation
line (b), FISH pattern for the
T1AL-1PS translocation line
(¢) and T1AS-1PL transloca-
tion line (d). GISH pattern

for the pollen mother cell in
T1AL-1PS translocation line
(e) and T1AS-1PL translocation
line (f). A. cristatum genomic
DNA was used as GISH probe
(red), and chromosomes were
counterstained with DAPI
(blue). Tam535 Cy5 (red) and
Psc119.2 (green) were used as
FISH probes; chromosomes
were counterstained with DAPI
(blue). A. cristatum chromo-
some segments are labeled by
white arrows in the images.
Scale bar=10 nm (color figure
online)
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Whole genome sequencing uncovers the junction
point of translocation

To reveal the junction point of translocation between chro-
mosomelP and chromosomelA, we conducted whole
genome sequencing (WGS) of RobT lines TIAL-1PS and
T1AS-1PL. The CS RefSeq v1.0 and the diploid A. cristatum
assembly were combined as an integrated mixed genome and
the Illumina paired-end reads of translocation lines were
mapped to this mixed genome. With an average read depth
of 10 xIllumina paired-end reads, the macro-level visualiza-
tion of RobT lines TIAL-1PS and T1AS-1PL showed that
the junction region occurred at the position of Triticum aes-
tivum chromosomel A 212.5 Mb and A. cristatum chromo-
somelP 230 Mb (Fig. 3 and Fig.S1), respectively.

Since the centromere position was located on
210.2-215.8 M in cChromosomel A of the Chinese Spring
genome based on CENH3 ChIP-seq (IWGSC 2018;
Coombes et al.2023), the junction of RobT lines T1AL-1PS
and T1AS-1PL was the same region of centromere. Mean-
while, the centromere of A. cristatum chromosomelP is
also predicted at the position of 230-238 Mb (unpublished).
Hence, the WGS data supported that the junction positions
are located in the region of centromere on wheat chromo-
somelA and A. cristatum chromosome 1P. To investigate
the detailed structures of the centromeres in T1AS-1PL and
T1AL-1PS translocation lines, we carried out FISH analy-
sis using two centromeric sequences oligo-pAcCR1 from

A. cristatum and oligo-CCS1 from wheat as probes (Wang
et al. 2022). The results showed that the translocated chro-
mosomes of TIAS-1PL and TIAL-1PS translocation lines
contained fusion centromeres and approximately half of the
centromere was derived from A. cristatum while the other
half was derived from wheat (Fig. 4). These results further
proved that TIAL-1PS and T1AS-1PL translocation lines in
this study are compensating RobTs.

Phenotypic characterization of T1AL-1PS
and T1AS-1PL translocation lines

To evaluate the genetic effect of the chromosome arms of
1PS and 1PL, the KASP and co-dominant EST-STS markers
were developed to genotype the genetic segregation popula-
tions (Fig. 5) and the plant architecture traits of the homozy-
gous positive plants and negative plants in segregation popu-
lation were investigated. The identification results are shown
in Table S3 and Fig. 5. Compared with the negative plants,
the flag leaf length of the TIAL-1PS plants reduced signifi-
cantly, but the flag leaf width increased significantly. The
similar effects were also observed in the top second leaves
of TIAL-1PS plants (Fig. 6). For the T1AS-1PL plants, the
length and width of flag leaf had a significant decrease in
two growing seasons, and the plant height also decreased
significantly. These results suggest that A. cristatum 1PS
and 1PL translocated fragments in RobT lines can bring the
same plant architecture changes as that of the addition line of

Triticum aestivum
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Fig.3 Resequencing-based whole genome uncovered the break-
point of translocation. Combining the Chinese Spring wheat genome
and diploid A. cristatum genome as mixed references, raw reads of
homozygous RobTs were mapped on group 1 chromosomes. Gain of
a large region of chromosome 1P from A. cristatum (light blue line)
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and loss of a large region on chromosome 1A of wheat (light blue
line) in translocation lines. Resequencing depth is about 10X depth
per million versus ‘Chinese Spring’. The resequencing result of
T1AL-1PS (a) and T1AS-1PL (b) (color figure online)
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Fig.4 Centromere structures in
T1AL-1PS translocation chro-
mosomes (a) and T1AS-1PL
translocation chromosomes

(b). Oligo-pAcCRI (green) and
oligo-CCS1 (red) were used

as centromere probes. Chro-
mosomes were counterstained
with DAPI (blue) (color figure
online)

Fig.5 Genotype calling of the KASP marker of TIAL-1PS (a) and
amplification patterns of EST-STS marker in T1AS-1PL (b). A red
dots correspond to negative plants (W:W), green dots correspond
to heterozygous plants (W:P), blue dots correspond to homozygous
plants (P:P), and black dots correspond to non-template controls

A. cristatum 1PS and 1PL reported previously (Wang et al.
2022).

To evaluate the agronomic traits of the RobT lines, we
completed two years of replicate phenotype investiga-
tion by using F;., and F,.5 family segregation populations
of heterozygous T1AL-1PS and T1AS-1PL translocation
plants (Table S3). Among three yield component factors,
the thousand-grain weight, the number of fertile tillers, and
the grain number per spike increased significantly after the
introduction of the translocated chromosomelPS, which
suggested that the introduction of 1PS may increase the yield
component factors. Compared with the negative plants, the
thousand-grain weight, the number of fertile tillers, and the
grain number per spike of positive plants with TIAL-1PS
increased significantly by 3.5, 3.1, and 7.4 g, respectively.
However, the introduction of the chromosome 1PL showed
an obvious negative effect on grain weight. Our results

(NTC). b Marker represents DNA marker, Z559 is A. cristatum,
JM22 is common wheat cultivar, II-3-1c¢ is 1P(1A) substitution line,
66501-6 is homozygous positive plant, 66706—1 is heterozygous
plant, and 66701-3 and 66691-3 are homozygous negative plant
(color figure online)

indicated that the 1PS translocation segment can be directly
used in wheat breeding for elite plant architecture improve-
ment, but the 1PL segment needs to overcome its linkage
drag with the reduction in the grain weight (Fig.S2).

Discussion

During the domestication and artificial selection of crops,
plant architectures suitable for density planting were con-
tinuously considered. Growing evidence has shown that
high-density planting is an effective measure for increasing
crop yield per unit of land area (Cao et al. 2022). Small
leaves allow better light to capture in the canopy under high-
density planting, thus enhancing photosynthesis efficiency
decreasing disease and increasing the grain yield. Through-
out the past half century, maize yields have increased in
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Fig.6 Comparisons of flag leaf, top second leaf, and top third leaf traits between the positive and negative plants of translocation lines (a). Leaf
shape of flag leaves in TIAL-1PS and T1AS-1PL RobTs (b) (color figure online)

part because plants have been grown at increasing densi-
ties (Duvick 2005). In wheat, the ideal plant architecture of
varieties with high-yield potential is expected to be small
leaves, strong stems, and large spikes for improving the
light transmission and absorption efficiency under popula-
tion competition in China (Ru et al. 2015). Wild ancestors
are reservoirs of valuable traits, including diverse forms of
high-yield potential and resistance to both biotic and abiotic
stresses, which remain crucial for the adaptation of modern
cultivars to future climates. Crop wild relatives have been
used for decades in crop improvement to enhance plant per-
formance (Bohra et al. 2022). Tian et al. (2019) reported
that introgressing the wild UPA2 allele from teosinte into
modern hybrids enhances high-density maize yields. Plant
architecture improvement is a new direction in crop breeding
(Wang et al. 2022), but the pre-breeding of plant architecture
in wheat has rarely been reported. In the wheat pre-breeding
using wild relatives, the transfer of rye chromosomelRS into
wheat can provide substantive yield and stress tolerance ben-
efits, and the famous T1BL-1RS translocations have been
widely used in bread wheat breeding programs worldwide
(Lukaszewski 1990; Rabanus-Wallace et al. 2021).

Here, we developed T1AL-1PS and T1AS-1PL RobTs by
transferring alien chromosome1P of A. cristatum into wheat.

@ Springer

We found that introducing 1PS fragment into wheat can
increase the number of tillers, the grain number per spike
and grain weight, and reduce the area of flag leaf of wheat
without yield penalty. However, introducing 1PL fragment
into wheat reduce significantly the area of flag leaf, top sec-
ond leaf, top third leaf and plant height, but the yield com-
ponent factors TKW was reduced. These novel germplasms
with good plant architecture from A. cristatum under natural
selection pave the way for plant architecture improvement
adapting to high-density planting.

Many wheat-alien translocations have been produced
for targeted chromosomes through the centromere break-
age-fusion mechanism (Ardalani et al. 2016; Li et al.
2000; Sears 1952). The hybrid centromere in transloca-
tion lines has a more stable structure and could transmit to
the next generation (Friebe et al. 2005; Wang et al. 2017).
According to statistics, most existing wheat-related spe-
cies translocation lines were obtained by spontaneous
translocation (Li et al. 2000). However, the frequency of
generating spontaneous translocation lines is low and the
high-throughput identification methods are lacking. Many
studies have been reported on the frequency of generating
spontaneous translocation lines between wild relatives and
wheat. Friebe et al. (2005) reported that the frequency of
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RobTs observed in progenies derived from double-mono-
somic 1Ht/1A plants is 1%. A higher frequency of about
5% RobTs involving chromosome 2B of wheat and 2E°
of Th. bessarabicum was reported (Ghazali et al. 2015).
The frequency of compensating RobTs was 0.83% among
progenies of double-monosomic wheat- Ae. Searsii intro-
gression plants (Liu et al. 2011a, b). Two short-arm wheat-
Th. Intermedium RobT plants have been identified from
1152 F, plants, and two long-arm wheat-Th. Intermedium
RobT plants were generated from 840 F, plants (Liu et al.
2011a, b). Liu et al. (2016) reported that the average fre-
quency of recovered RobTs between wheat and Aegilops
speltoides is 3.2%, ranging from 0.7% for chromosome
6S to 6.8% for 5S. The frequency of group-7 compensat-
ing translocation chromosomes was 0.3-0.9% by crossing
the monosomic stocks CSM7A, CSM7B, and CSM7D and
7H addition line (Danilova et al. 2018). A compensating
wheat-Thinopyrum elongatum RobTs with a positive effect
on flour quality TI1AS-1EL derived flour is better suited to
bread-making than Chinese Spring- and Norin 61-derived
flour and that this is because of its greater gluten diver-
sity (Tanaka et al. 2017). The mean frequency of recovery
cRobTs for the D.villosum was 2.3% among 2323 indi-
viduals from seven cross progenies of double-monosomic
plants (Liu et al. 2011a, b).

In the present study, the frequency of the compensating
RobTs recovery between A. cristatum 1P and wheat 1A is
1.76% and is up to 26.7% with the aid of specific molec-
ular marker detection. The frequency is close to that of
wheat-Aegilops speltoides RobTs 1A/1S (Liu et al. 2016).
The frequency observed in this study means that about 300
progenies would be sufficient to isolate five compensating
RoBTs by the breakage-fusion mechanism of univalent
chromosomes. If molecular markers specific for wild rela-
tives were used for assistance selection, the frequency of
recovered RobTs is up to 26.7%. Hence, our study provides
an effective universal strategy for the recovery of compen-
sating RobTs. The two RobTs T1AL-1PS and T1AS-1PL
were important pre-breeding lines for wheat architecture
improvement.
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