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Abstract

Thinopyrum species are an important source for new genetic variation for wheat improvement because
they carry many agronomically important traits, such as abiotic/biotic resistances. Accurate identification
of exogenous chromosome(s) or chromosome segments or genes is very important after alien genetic
material has been successfully introduced into wheat, but remains challenging. Here, we report the
development of a high-resolution wheat-Thinopyrum elongatum array, named GenoBaits® WheatplusEE,
to trace alien genetic information through genotyping with a target sequencing system and a liquid chip.
A total of 90000 capture probes derived from two species were integrated into one chip, including 10000
and 80000 within wheat and Th. elongatum, respectively. The capture probes were designed to be
preferentially located in genes and evenly distributed across the genome, supporting the development of
a roadmap guiding each alien genes. The array was applied to high-throughput identification of the alien
chromosomes or segments in Thinopyrum and distantly related species, as well as derivatives. Our
results validated that the GenoBaits®WheatplusEE array could direct identification of the breakpoint for
the alien segment, the alien chromosome copy number, and the wheat chromosome variation by target
sequencing the sample only once. Additionally, we can efficiently and cost-effectively genotype,
supporting the exploration of subgenome composition, phylogenetic relationships, and important gene
(e.g., Fhb7 gene) polymorphisms among Thinopyrum species and derivates. We expect
GenoBaits®WheatplusEE to become a popular tool or model that empowers future exploration of the wild
germplasm for wheat improvement.

Key message

A total of 90000 capture probes derived from wheat and Th. elongatum were integrated into one chip,
serving as a cost-effectively genotype for the exploration of Thinopyrum species and derivates.

Introduction

Bread wheat (Triticum aestivum L., 2n = 6x = 42) is one of the most widely grown crops and supplies one
fifth of the total protein and calorific requirements of mankind. Like all cultivated plant species,
domestication and improvement have resulted in the wheat that feeds the world today, but at the cost of
reducing its genetic variation, including resistance/tolerances to biotic/abiotic stresses (Dubcovsky and
Dvorak 2007; Haudry et al. 2007). Growing evidence suggests that wheat yields are now starting to
plateau around the world, and this is believed to be a direct result of a lack of genetic variation (Brisson et
al. 2010; Ray et al. 2013). Luckily, many of these traits are still preserved in wild relatives of crops, which
have been shown to be important sources for improving important agronomic traits in wheat, especially
in dynamic abiotic and biotic threats.

Th. elongatum (syn. Agropyron elongatum or Lophopyrum elongatum), a grass of the Triticeae family, is
of great interest to a diverse community of breeders and researchers as a tertiary gene pool of cultivated
wheat. The Thinopyrum taxon is composed of a complex of polyploidy series, including diploid (2n=2x=
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14), tetraploid (2n=4x=28), and decaploid (2n=10x=70). Over the past few decades, alien genes of the
Thinopyrum genus have been successfully transferred to wheat by distant hybridization and
chromosome engineering for a set of traits that include abiotic/biotic resistances (e.g., salinity, Sr24, Sr25,
Sr26, Pm51, FHB?) as well as morphological characteristics (e.g., blue grain) (Akhtar et al. 1994; Li et al.
2018; Tong et al. 2022; Wang et al. 2020; Zeven 1991; Zhan et al. 2014; Zheng et al. 2014a). The most
recent and successful example is the transfer of a segment of Th. elongatum and Th. ponticum to wheat
conferring resistance to Fusarium head blight (FHB) (Dvofak and Ross 1986; Guo et al. 2015; Wang et al.
2020; Zhang et al. 2022).

Traditionally, the identification of Thinopyrum-wheat derivatives has mainly relied on genomic in situ
hybridization (GISH), fluorescence in situ hybridization (FISH), non-denaturing FISH (ND-FISH), and
multicolor FISH (mcFISH). On the basis of these cytological methods, the karyotype of diploid Th.
elongatum has been established and served as a useful resource for the rapid identification of potential
donor chromosomes in wheat improvement programs (Linc et al. 2012). Recently, a chromosome
painting system was developed using seven synthesized group-specific bulked oligonucleotide pools
derived from single-copy sequences on chromosomes 1 to 7 of barley and the corresponding collinear
regions of wheat, which could achieve high-throughput karyotyping of the chromosomes of Thinopyrum
species (Li et al. 2021). In general, cytological-based methods can provide a whole image of the
chromosomal composition and alterations in both target region and background simultaneously, but their
application has been hampered by low-throughput and laborious. The development of next-generation
sequencing technologies and high-throughput marker systems is an important complement to cytological
detection.

Genotyping by Target Sequencing (GBTS) is an emerging technology that is developed based on targeted
sequence capture and high-throughput sequencing (Guo et al. 2019). According to their capture strategy,
the GBTS technology can be further classified as multiplex PCR-based target sequencing (markers
number: several to 5K) and probe-in-solution-based target sequencing (markers number: 1K-20K)(Guo et
al. 2019; Zhang et al. 2020). Until, multiple GBTS platforms have been developed, including SureSelect
(Jiang et al. 2014), AmpliSeq (Li et al. 2017), NimbleGen (Krasileva et al. 2017), GenoBaits, and
GenoPlexs (Guo et al. 2019). Due to high stability, reliability, flexibility, resolution, and cost-effectiveness,
GBTS have been designed for more than 100 organisms and widely used in numerous areas such as
genetic resource evaluation, genetic map construction, gene mapping, and cloning (Guo et al. 2021; Lee et
al. 2022; Liu et al. 2022; Si et al. 2022).

Recently, chromosome-level assemblies have become available for both wheat ((IWGSC) 2018) and
diploid Th. elongatum (Wang et al. 2020), which open up exciting prospects for harnessing the potential
of Thinopyrun species. Taking advantage of the released genome and resequencing data, we identified
candidate genomic regions specific for Th. elongatum and wheat, which were further used to design a
GBTS-based integrated wheat-Th. elongatum liquid chip, named GenoBaits®WheatplusEE. This chip has
been successfully applied in detecting and characterizing introgressions from Thinopyrum species
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containing the E or a closely related genome such as Pseudoroegneria spicata (Ps. spicata), Th.
bessarabicum, Th. intermedium, and Th. ponticum.

Materials and methods
GenoBaits probe design, evaluation, and synthesis

Genome sequences and annotation files for wheat (IWGSC RefSeq v1.1) and Th. elongatum
(Thinopyrum_elongatum-REFERENCE-SDAU-1.0) were collected from the EnsemblPlants and National
Genomics Data Center (NGDC) of the China National Center for Bioinformation (CNCB) database
(https://ngdc.cncb.ac.cn). Whole genome sequencing data from Th. elongatum and the wheat cultivars
(Chinese Spring and Abbondanza) were downloaded from the NCBI database under the BioProject
accession code PRUNA540081 and PRJNA597250. The raw reads were trimmed using Trimmomatic
(Bolger et al. 2014). To identify Th. elongatum specific regions, we aligned clean resequencing data from
CS and Abbondanza with Th. elongatum reference genomes (Wang et al. 2020) using BWA-mem 0.7.17
with default parameters (Li and Richard 2010). The genomic regions that could not be covered by both
CS and Abbondanza were identified as Th. elongatum-specific genomic regions, which were involved in
11830821 windows with total length of 1.85 Gb (40.77%). Then, Th. elongatum-specific genomic regions
with length = 100 nt were retained as liquid array candidate loci, which was further evaluated as follows:
(1) All loci that contained the ambiguous base N were discarded. (2) There should be no significant
sequence homology between the candidate loci and the CS reference genome sequence. (3) Loci with
sequences that mapped to multiple locations on the Th. elongatum reference genome sequence were
removed. (4) Loci overlapping with genes and their flanking regions were preferentially retained. (5) Loci
were selected with the goal of optimizing coverage and even spacing throughout the genome, notably
gene-poor regions. (6) Candidate regions were further filtered based on several criteria to choose the best
loci for the GBTS system, which have been described in detail previously (Guo et al. 2021). CS candidate
regions were identified in the same way.

Finally, 45135 target regions (5035 loci in the wheat genome, 40100 loci in the Th. elongatum genome)
were selected as candidate target loci. These loci were further used for GenoBaits probe design and
evaluation by MolBreeding Biotechnology Company (Shijiazhuang, China). As a result, 90000 liquid-
based hybrid capture arrays were selected for GenoBaits®WheatpluskEE, which constituted of 10000
wheat and 80000 Th. elongatum probes. All probes were 110 nt in size and were synthesized by
Shanghai Invitrogen Biotechnology Co. Ltd. (Shanghai, China).

Plant materials and genotyping

A set of 39 diverse materials was used for the initial evaluation of the GenoBaits®WheatplusEE panel,
including 4 wheat relatives, 3 wheat variates, 14 wheat-Th. elongatum addition lines, 16 wheat-Th.
elongatum substitution lines, and 2 wheat-Th. ponticum partial amphidiploids. More detailed information
can be found in Table S2. All materials were planted in the glasshouse of Northwest A & F University,

Yangling, China. Genomic DNA was extracted from freeze-dried young leaves using the
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cetyltrimethylammonium bromide (CTAB) method (Porebski et al. 1997). DNA concentration and quality
were estimated using a NanoDrop 2000 instrument. DNA library construction, probe hybridization, and
high-throughput sequencing was performed by MolBreeding Biotechnology Company (Shijiazhuang,
China) as described previously (Guo et al. 2021).

In-silico analysis of sequence data

The raw reads were trimmed using Trimmomatic (Bolger et al. 2014), and high-quality clean reads were
assigned to the mixed genome sequences of wheat and Th. elongatum by BWA-MEM (Li and Richard
2010). Potential PCR duplicate read filtering and genomic variation calling were performed using GATK
v4.1.9 (McKenna et al. 2010). The allelic data genotyped by the GenoBaits®WheatplusEE panel were
used to calculate the pairwise genetic distance matrix. The phylogenetic tree was constructed using the
neighbor joining method within PHYLIP-3.697 software and visualized using Evolview (He et al. 2016). In
addition, aligned reads were converted into a depth map for the overall targeted region by bamdst v.1.0.6
(https://github.com/shiquan/bamdst). The depth for each locus was then normalized by depth per
million (DPM) in each accession.

FISH-GISH and mc-GISH

The drop method of chromosomal preparations (Han et al. 2004) was used for sequential FISH-GISH
and mc-GISH analyzes. Total genomic DNA was extracted from all plant materials with a modified CTAB
method. The genomic DNA from Th. ponticum was used for GISH probes, while sheared CS DNA was
used for blocking during GISH or mc-GISH. The oligonucleotide probes Oligo-pSc119.2 (green) and Oligo-
pTa535 (red) were used for sequential FISH-GISH as previously described (Yang et al. 2014).

Results

Development of high-resolution GenoBaits probes for wheat- Th. elongatum

Chinese Spring (CS) and Abbondanza are the wheat cultivars that have been used the most for distant
hybridization. To design the GenoBaits array for Th. elongatum target capture-based sequencing, the
whole genome resequencing data from CS and Abbondanza were aligned with Th. elongatum reference
genomes (Wang et al. 2020). The genomic regions that could not be covered by both CS and
Abbondanza were identified as Th. elongatum specific genomic regions, which participated in 11830821
windows with total length of 1.85 Gb (40.77%) (Fig. S1).

The design of the GenoBaits probes used in this study was described in the Experimental Procedures. For
Th. elongatum, the goal of our probe design was to maximize the usability of the probes to trace each
gene. After a selection pipeline, 40100 regions were ultimately selected as targets. Subsequently, we
developed 80000 Th. elongatum bait probes to capture these targets. Each chromosome was covered by
7880 to 14315 probes (Fig. 1a). The interval length between the genes and adjacent probes was
distributed mainly from 0 to 3 kb, representing 87.0% (38391/44144) of the genes on the seven

assembled pseudochromosomes (Wang et al. 2020) (Fig. 1b). We observed that 42.2% of the probes were
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located in the gene body region, involving 18646 different genes (Fig. 1c). Only 4.4% (1933/44144) of the
gene-probe pairs were more than 100 kb apart. Additionally, a total of 7027 probes were collocated with
458 genes that are related to seed quality and disease resistance (e.g., high molecular gluten, FHB7, R
genes) to increase resolution for their haplotyping, with an average of 15.3 probes per gene. Overall, these
results indicate that we basically realize the goal of developing a roadmap that guids each gene in the
Th. elongatum genome.

For wheat, we primarily intended to select species-specific loci that would uniformly cover all the
chromosomes to ensure an even distribution of detection signals along each chromosome. The final
array contained 10000 probes, targeting 5035 loci in the wheat genome. The lowest number of probes
was for chromosome 4D at 332, and the highest number was for chromosome 3B at 711 probes, with a
variation of 2.1 times (Fig. S2a). However, the probe density on each chromosome was similar, ranging
from 0.61 to 0.88 probes per megabase (Mb) of DNA sequences. Of these probes, 82.7% were located in
the genic region, with 10.2% distributed from 0 to 100 kb, and 7.1% had a distance greater than 100 kb
between the gene-probe pairs (Fig. S2b).

Finally, a total of 90000 capture probes (each 110 nt in length) derived from two species were integrated
into one GBTS liquid chip, named GenoBaits®WheatpluskEE. The density of the probes decreased along
the chromosome from the distal regions to the centromere (Fig. 1a and 1d), which was consistent with
the fact that the distal regions are rich in genes ((IWGSC) 2018; Wang et al. 2020). Taken together, the
probes in the GenoBaits®WheatpluskEE array were well distributed throughout the genome for both wheat
and Th. elongatum.

Sensitivity and reproducibility of GenoBaits®WheatplusEE array

To evaluate the efficiency of target capture, we tested the array using wheat variates CS and Aikang58 in
DNA duplicates, as well as Th. elongatum. Following targeted capture and sequencing using the MGISEQ-
2000 platform (PE150), approximately 4.9x10"/ pair-end reads were generated, leading to an expected
average sequencing depth of 107.9x. More than 96.2% of the sequences aligned with the original
reference genome sequence (Table S1). The highest mapping rate was obtained for CS (98.5%) and the
lowest for Th. elongatum (89.1%). Meanwhile, about 78.1% of reads could be mapped back to the longer
references from which probes were originally designed (110-bp capture probe sequence + 1000-bp
flanking sequences at both sides of probe), with number ranged between 76.0% (CS repeat2) and 83.0%
(Th. elongatum).

To display the data in a form that is independent of the absolute number of sequences, the depths for
each targeted location were normalized by depths per million reads (DPM) in each sample. For CS, 99.5%
of the wheat-targeted loci received a detection signal (DPM 0), 97.5% received a detection signal with
DPM > 1, 0.5% was not covered in this experiment (Fig. 2a-b). Similar results were also observed for AK58,
except for chromosome 1B (Fig. 2b). We observed that weak detection signals occurred in the 1BL
chromosome of AK58 (Fig. 2¢), suggesting the potential of using this array to confirm wheat-rye 1BL.1RS
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translocation line. Furthermore, more than 78.6% of the wheat-targeted loci were not covered in Th.
elongatum. Consequently, Th. elongatum achieved a high detection rate level for the target loci derived
from Th. elongatum, 67.9% compared to 1.7% (AK58) and 0.1% (CS). For the two DNA replicates, the
normalized depth distribution plot for the targeted regional sequencing was considerably consistent
(Fig. 2d and Fig. S3-S4), indicating high reproducibility. In summary, the GenoBaits®WheatplusEE array
generated unambiguous high-reproducibility signal patterns for each of the chromosomes, allowing the
identification of individual chromosomes for wheat and Th. elongatum.

Characterization of chromosome constitution in wheat- Th. elongatum derivatives

The designed array was applied to direct the capture and targeted sequencing of various wheat-Th.
elongatum derivatives to evaluate its specificity and efficiency. We first tested in 14 disomic addition lines
of wheat (CS)-Th. elongatum. In the 7E addition line, 7E and 21 wheat chromosomes showed densely
and evenly detected signals along the chromosomes, while the successful captured loci in the remaining
6 Th. elongatum chromosomes were sparsely and randomly distributed (Fig. 3a). Similar results were
observed for the addition lines CS-1E, CS-2E, CS-3E, CS-4E, CS-5E and CS-6E (Fig. S5). Furthermore, the
designed array could clearly visualize the deletion of the chromosome and the corresponding break point
(Fig. 3b). According to the distribution pattern of the successfully captured loci among a set of Th.
elongatum telosomic addition lines, the arm ratio expressed as the ratio of the length of the short arm to
that of the long arm (Gill et al. 1996) was calculated for each of the Th. elongatum chromosomes

(Fig. 3c). For example, the longest chromosome for Th. elongatum was 7E (~ 744.1 Mb)(Wang et al.
2020). The overlap of successfully captured loci between 7EL and 7ES was the centromere region, with a
length of 19.8 Mb. Based on this, the fraction length in 7ES was 0.51 and that in 7EL was 0.49, with an
arm ratio of 1.02 for 7E chromosome. However, we did not observe robust capture signals in the
centromere region for CS-7ES when comparing it with CS-7E and CS-7EL, indicating that 7ES might lack a
natural centromere.

We also collected 16 wheat-Th. elongatum substitution lines for further evaluation. Referring to the
successfully captured loci, the array could determine the chromosome constitution for each material as
expected (Fig. S6). As shown in Fig. 3d, most of the probes only captured their corresponding
chromosomes, while very few detection signals were randomly distributed in the absence of the
chromosome. For example, three disomic substitution lines each with one of the three homoeologous
wheat chromosomes of group 1 (1A, 1B or 1D) were replaced by chromosome 1E, designated as CS-
1E(1A), CS-1E(1B), and CS-1E(1D), respectively. The sequencing results showed that the array could not
only reflect the composition of the foreign chromosome, but could also succeed in distinguishing the
three homoeologous chromosomes of wheat. These results demonstrated the high specificity and
efficiency of this array in capturing the wheat and Th. elongatum chromosomes.

Validation of array for chromosome identification in closely species
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Elytrigia Desv. and Pseudoroegneria (Nevski) A. Léve are important resources for breeding distant hybrids
of wheat. To examine the potential application of this array in distantly related species, three
representative species (Ps. spicata, Th. bessarabicum, and Th. intermedium) and 2 wheat-Th. ponticum
derivatives were used for targeted capture and sequencing analyzes. We found that a large number of
probes designed based on the Th. elongatum reference genome could capture sequences in these three
closely related species (Fig. 4a-c, Fig. S7a-d). The successfully captured loci appeared evenly distributed
across the chromosomes, indicating good conservation of homoeologous groups among them. Using a
DPM >1 as a threshold, the highest capture rate was obtained for Th. bessarabicum (37.0%,
14829/40100), followed by Th. intermedium (26.7%, 14829/40100) and Ps. spicata (23.9%, 9602/40100)
(Fig. S7e-f). This result indicated that Th. elongatum was more closely related to Th. bessarabicum.

A previous study has shown that it was difficult to identify the individual chromosomes of Th. ponticum
(Host) D.R. Dewey (2n = 10x = 70) using current tandem repeat-based probes (Li and Wang 2009; Xi et al.
2019). CH18058 was a stable line derived from a cross between the wheat(7182)-Th. ponticum partial
amphiploid line Xiaoyan784 (2n = 8x = 56). GISH using Th. ponticum genomic DNA as probes showed
that CH18058 contained three Th. ponticum chromosomes (Fig. 4d). The result of FISH analysis revealed
that a pair of 1D chromosomes were absent and replaced by two alien chromosomes, which was further
confirmed by the result of GenoBaits®WheatpluskEE array detection. Furthermore, the array data analysis
also showed that another alien chromosome was a short arm of the Th. ponticum group 5 chromosome
(Fig. 4e and Fig. S8a). Therefore, CH18058 carried 40 wheat chromosomes consisting of 14 A-genome,
14 B-genome, 12 D-genome, 2 Th. ponticum chromosome, and 1 Th. ponticum chromosome arm.

Analysis of chromosome compositions of the partial
amphiploid

XiaoYan693 is a wheat-Th. ponticum partial amphiploid (2n = 8x = 56). Using GISH and FISH, we
observed that XiaoYan693 possessed 16 Th. ponticum chromosomes and 40 wheat chromosomes
composed of 14 A chromosomes, 12 B chromosomes (missing a pair of 6B), and 14 D chromosomes
(Fig. 5a-b). This was consistent with the result of previous studies (Li et al. 2021; Zheng et al. 2014b).
Based on the results of the matrix, the 1B chromosome displayed a significantly lower capture rate than
other wheat chromosomes, 17.1% compared to 84.3% (average)(Fig. 5c). A comparable number of
successfully captured loci were observed for the 7 Th. elongatum chromosomes, ranging from 775 (4E)
to 1533 (2E). However, 6E has a higher sequencing depth than other chromosomes, with a 1.44-fold
variation (Fig. 5d). A similar result was observed for CH18058, in which the sequence depth of the single
chromosome arm could be reduced by 23.1% compared to the other pair of Th. ponticum chromosomes
(Fig. S8b). These results indicated that we can use sequence depth to estimate the chromosome copy
number.

We also compared the alien chromosomes of XiaoYan693 with other distantly related species and

derivates to infer its subgenome constitution. Based on the mapped sequence reads, we remained with

644180 high-quality biallelic SNPs for constructing phylogenetic trees. The highest frequency of SNPs
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was identified in chromosome 2E (17.9%, 115547), followed by 7E (17.9%, 115483), 6E (15.0%, 96590),
5E (14.0%, 90133), 3E (13.0%, 83853), 1E (12.4%, 79562) and 4E (9.8%, 63012). As expected, Th.
elongatum and its derivatives were preferentially clustered together. For XiaoYan693, the five alien
chromosome groups were more closely related to the E genome of Th. elongatum (E€) and Th.
bessarabicum (EP), while the remaining alien chromosomes were preferentially clustered together with the
St genome of Ps. Spicata. Based on these findings, we speculate that six chromosomes of the St genome
and one of the E genome (group 5) were present in its alien genomes for XiaoYan693. Similarly, the alien
genome of CH18058 may be composed of one pair of St chromosomes (1St) and one short arm of EP
chromosome (5EPS) (Fig. 5e and Fig. S8).

An investigation of polymorphism in Fhb7 homologs from Thinopyrum and its derivatives

Fhb7is a gene horizontally transferred from fungus and can confer broad resistance of wheat to head
blight and crown rot without a yield penalty (Wang et al. 2020). We designed 26 probes to target capture
of the gene body and flanking sequences (x 2Kb) of Fhb7in GenoBaits®WheatplusEE (Fig. 6a). Target
sequencing of Th. elongatum demonstrated that Fhb7 was successfully captured for both the coding and
flanking regions using GenoBaits®WheatpluskEE (Fig. 6b). Further results supported that Fhb7 homologs
were indeed detected in the genera Thinopyrum, including Th. bessarabicum, Th. intermedium, and Th.
ponticum (Guo et al. 2022). XiNong 511, a leading cultivar in China, was derived from the common
wheat- Th. ponticum line and has been shown to exhibit good resistances to FHB (Fig. 6¢). However, we
observed that Fhb7 was present in XiaoYan693 but absent in XiNong511 (Fig. 6b), indicating that
resistance was probably contributed by another gene than FAb7. In comparison, only 12 high-quality
biallelic SNPs occurred in the coding region of Fhb7 among Thinopyrum species, but significantly higher
levels of nucleotide variation (154 SNPs vs 12 SNPs) distributed in the flanking region. Furthermore, large
fragment deletions were observed in the flanking region of Fhb7 for Th. intermedium and XiaoYan693. In
summary, in contrast to solid chip-based technology, the GBTS platform is highly convenient due to
capture-in-solution (liquid chip), which will better serve Thinopyrum species functional studies and wheat
improvement.

Discussion

Since the initial discovery of the Ph7 chromosome pairing control locus in wheat, the utilization of wild
relatives based on distant hybridization is the widely used and very valuable approach to improving
wheat characters (Riley and Chapman 1958). However, the lack of high-throughput screening technology
to quickly identify and characterize exogenous chromatin remains the first block to the large-scale
exploitation of genetic variation in wild relatives. Traditional cytogenetic methods, such as GISH and
FISH, are highly specialized, low throughput, and difficult to clearly distinguish between wheat and alien
chromatin, especially for small alien fragment. Nevertheless, in contradiction with the situation, breeders
need to minimize the alien genomic regions to eliminate the issue of linkage drag, examine the targeted
genes, map their locations, and final clone.
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Due to the lack of a species-specific Thinopyrum genotyping array, using high-density wheat SNP
genotyping arrays is currently one of the most approaches to accelerate the exploitation of exotic genes
of Thinopyrum species in breeding (Grewal et al. 2018; Yu et al. 2019; Zhang et al. 2017). Initial wheat
SNP genotyping arrays were designed based on the genetic variation available in various wheat
germplasmes, such as the lllumina Wheat 9K iSelect SNP array (Cavanagh et al. 2013), and the lllumina
Wheat 90K iSelect SNP genotyping array (Wang et al. 2014). Although these arrays have facilitated the
identification of introgressions in Thinopyrum/wheat derivatives (Yu et al. 2019; Zhang et al. 2017), both
are ineffective in detecting polymorphisms in germplasms derived from secondary and tertiary gene
pools (Rasheed et al. 2018). Subsequently, several attempts have been made to design arrays by
integrating high-variability loci from both wheat and wild relatives to overcome this limitation, promoting
the development of the Axiom® Wheat 660K SNP array and the Axiom® HD Wheat genotyping (820K)
array (Winfield et al. 2016). These genotyping arrays facilitates high-throughput screening of
introgressions, including but not limited to Thinopyrum species (Grewal et al. 2018; Jia et al. 2022; Zhou
et al. 2018). However, the application of wheat genotyping arrays in tracing introgressions is dependent
on prior knowledge for the pedigree and cannot display the details on alien fragment/genes. In this work,
we present the development of a high-throughput system for genome-wide screening for introgressed
segments of Thinopyrum species in wheat background. In comparison, the GenoBaits®WheatplusEE
array contained 80000 bait probes that target the capture of 40100 loci in the Th. elongatum genome. We
have significantly reduced the probe density to reduce the initial cost of developing the probe pools while
maintaining a reasonable level of resolution to basically realize a roadmap guiding each gene in the Th.
elongatum genome. Our results validated that the GenoBaits®WheatplusEE array could not only detect
alien chromosomes in wheat-Thinopyrum substitution and addition lines, but also direct identification of
the break point for telosomic addition lines. This capability shows great potential in marker-assisted
reduction of the size of introgressed segments to eliminate the issue of linkage drag.

Because the three progenitor genomes of A, B, and D are very similar to each other, it is challenging to
perform specific genotyping to distinguish homoeologous chromosomes in polyploid wheat (Makhoul et
al. 2020; Mao et al. 2010), which will become more difficult when adding another closely related foreign
genome in wheat-Thinopyrum derivatives (Wang et al. 2020). Therefore, the development of the
GenoBaits®WheatplusEE array is focusing more attention on species-specific capture. This is different
from traditional genotyping arrays, which have a much greater appreciation of the genotype calling rate
and the locus polymorphic to study genomic patterns of diversity and investigate the genetic basis of
trait variation (Cavanagh et al. 2013; Wang et al. 2014; Winfield et al. 2016). To achieve this goal, the
resequencing data of Th. elongatum and wheat were searched against each other’s reference genome,
then the candidate species-specific sequences were extracted and further analysis to ensure that
GenoBaits probes could specifically capture the targeted sequences at the inter-genomes level, as well as
within intra-subgenomes. Based on the above works, GenoBaits probes from two species were integrated
into one array, providing opportunities to better utilize the assay that reveals chromosome variation for
both wheat and distant species by target sequencing of the derivative lines only once. Capture
sequencing analysis of a set of wheat-Thinopyrum derivates validated that the array could not only
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reflect the composition of foreign chromosomes but could also succeed in distinguishing the three
homoeologous chromosomes from wheat. Additionally, nearly 78.1% of the reads could be mapped back
to the sequences on the array, which was higher than for the Axiom® HD wheat genotyping (820K) array
(38%)(Winfield et al. 2016). These results proved the high specificity and efficiency of this array in
capturing wheat and Th. elongatum chromosomes.

Instead of using array-based SNPs, previous studies have demonstrated that introgression can be
identified by analyzing the coverage of data from whole-genome-sequencing (Causse et al. 2013;
Keilwagen et al. 2022; Walkowiak et al. 2020) and Genotyping-by-Sequencing (GBS)(Keilwagen et al.
2019). The GBTS platform is a sequencing-based genotyping technology (Guo et al. 2019). In this study,
normalized depth analysis was used to infer introgressed regions and wheat genomic variation because
chromosome intervals for sequencing reads are known for the GBTS platform, which is different from the
former coverage analysis (Keilwagen et al. 2019). In comparison, the normalized depth analysis enables
the researcher to identify the introgressed regions, as well as infer the chromosome copy number.
Furthermore, the GBTS platform is an efficient genotyping technology, which could generate multiple
marker panels with different numbers of mSNPs (from 1K to up to 40K) by sequencing at different depths
for only one mother mSNP panel (from 25x to 100x) (Guo et al. 2019). Based on the sequencing data
derived from GenoBaits®WheatplusEE, nearly 600K high-quality biallelic SNPs were obtained for
XiaoYan693, other distantly related species and derivates, supporting the exploration of the compositions
and structures of the introgressed Th. Ponticum chromosomes in partial amphiploids. Moreover, the array
will be conveniently improved with the addition or deletion of targeted capture loci as the knowledge of
Thinopyrum species increases. There are about 50 species of Thinopyrum and are represented with
species of various levels of ploidy including diploids, tetraploids, hexaploids, octaploids and decaploids
(Lu et al. 2007). The GenoBaits®WheatplusEE array will serve as a useful platform for efficiently and
cost-effectively exploring the subgenome composition and phylo-genetic relationships between
Thinopyrum species and derivates.
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Characteristics of GenoBaits probes located on Th. elongatum chromosomes for the
GenoBaits®WheatplusEE array. (a) Distribution of GenoBaits probes on seven Th. elongatum
chromosomes. GenoBaits probes are indicated by different bar colors, and each bar represents a window
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Assessment of reproducibility and sensitivity. (a) The distribution of the successful capture of target loci
along the chromosomes. Orange represents the successful capture of the target locus (DPM=1), while
grey represents the failure locus. Two biological repeats were performed for both AK58 and CS, which
corresponded to a wheat variety and landrace, respectively. (b) Boxplots showing the distribution of the
successful capture rate for each chromosome. (c)Normalized depth for each target locus along the wheat
chromosome 1B. (d) Correlation coefficients between the sequencing depth of the targeted loci from two
biological duplicates of CS. The colors are proportional to the numbers of targeted loci.
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Figure 3

Application of the GenoBaits®WheatplusEE array in the identification of alien chromosomes in wheat-Th.
elongatum derivatives. (a) Identification of alien chromosome in the disomic wheat (CS)-Th. elongatum
addition line 4E (CS-4E). (b) Identification of Th. elongatum chromosomes in a set of wheat-Th.
elongatumaddition lines. (c) Evaluation of the candidate centromere region for Th. elongatum
chromosomes based on capture sequencing analysis for a set of wheat-Th. elongatum ditelosomic
additions. (d) Characterization of the chromosome composition in a set of wheat-Th. elongatum
substitution lines. The x-axis indicates the physical position in Mb, while the y-axis indicates the
distribution and abundance of sequencing depth (DPM) for each targeted capture locus along the
chromosomes.
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Figure 4

Capture sequencing analysis of Thinopyrum and closely related species. (a) to (c) The distribution and
abundance of capture sequencing depth for Ps. spicata (a), Th. bessarabicum (b) and Th. intermedium
(c). (d) GISH analysis of the wheat-Th. ponticum addition line CH18058 using genomic DNA from Th.
ponticum as a probe (red). Chromosomes were counterstained with DAPI (blue). The alien chromosomes
are indicated by yellow arrows. (e) FISH analysis of CH18058 using Oligo-pSc119.2 (green) and Oligo-
pTa535 (red) probes. Chromosomes were counterstained with 4',6-diamidino-2-phenylindole. Green and
red signals are from FAM-green and digoxigenin-red probes, respectively. (f) Distribution and abundance
of the capture sequencing depth for CH18058.
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Figure 5

Capture sequencing analysis of a wheat-Th. ponticum partial amphiploid XY693by the
GenoBaits®WheatplusEE array. (a) Sequential GISH analysis of XY693 using Th. ponticum genomic DNA
as a probe (red). Chromosomes were counterstained with DAPI (blue). The alien chromosomes are
indicated by yellow arrows. (b) FISH analysis of XY693 using Oligo-pSc119.2 (green) and Oligo-pTa535
(red) probes. (c) The distribution and abundance of capture sequencing depth for XY693. (d) Boxplot
showing the distribution of sequencing depth for each chromosome. (€) Phylogenetic relationship
between XY693 and other derivatives of wheat-Th. elongatum.
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Figure 6

Application of the GenoBaits®WheatplusEE array for the genotyping of Fhb7 gene. (a) Probe design to
capture the genic and nearby region (+ 2Kb) of the FHB7 gene. TSS represents the transcription start site,
while TES represents the transcription end site. (b) Genome browser view of capture sequencing for the
FHB7 gene. (c) Infection of wheat spikes with FHB(F.g. PH1). (d) Overview of SNPs distributed in FHB7 of

Thinopyrumand its derivatives.
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