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Abstract
Key message  A spontaneous Robertsonian T4SlS·4BL translocation chromosome carrying Pm66 for powdery mildew 
resistance was discovered and confirmed by RNA-seq, molecular marker, and in situ hybridization analyses.
Abstract  Powdery mildew caused by Blumeria graminis f. sp. tritici (Bgt) is a severe disease of bread wheat worldwide. 
Discovery and utilization of resistance genes to powdery mildew from wild relatives of wheat have played important roles 
in wheat improvement. Aegilops longissima, one of the S-genome diploid wild relatives of wheat, is a valuable source of 
disease and pest resistance for wheat. Chromosome 4Sl from Ae. longissima confers moderate resistance to powdery mildew. 
In this study, we conducted RNA-seq on a putative Chinese Spring (CS)-Ae. longissima 4Sl(4B) disomic substitution line 
(TA3465) to develop 4Sl-specific markers to assist the transfer of a Bgt resistance gene from 4Sl by induced homoeologous 
recombination. A pairwise comparison of genes between CS and TA3465 demonstrated that a number of genes on chromo-
some 4BS in CS were not expressed in TA3465. Analysis of 4B- and 4Sl-specific molecular markers showed that 4BS and 
4SlL were both missing in TA3465, whereas 4BL and 4SlS were present. Further characterization by genomic and fluores-
cent in situ hybridization confirmed that TA3465 carried a spontaneous Robertsonian T4SlS·4BL translocation. Powdery 
mildew tests showed that TA3465 was resistant to 10 of 16 Bgt isolates collected from different regions of China, whereas 
CS was susceptible to all those Bgt isolates. The powdery mildew resistance gene(s) in TA3465 was further mapped to the 
short arm of 4Sl and designated as Pm66.

Introduction

Powdery mildew, caused by the biotrophic parasitic fun-
gus Blumeria graminis f. sp. tritici (Bgt), is an important 
disease of bread wheat (Triticum aestivum L., 2n = 6x = 42, 
AABBDD) worldwide and can cause severe yield losses 
in a relatively short period of time (Fried et al. 1981; Con-
ner et al. 2003; Morgounov et al. 2012). Development and 
cultivation of wheat varieties with resistance to powdery 
mildew are considered the most effective, economical, and 
environmentally friendly way to control losses caused by 
this disease (Bennett 1984; Wang et al. 2005). Currently, a 
total of 89 cataloged resistance genes/alleles (Pm1–Pm65) 
are cataloged. They are located on nearly all wheat chro-
mosomes. Forty-four of these genes originated from pro-
genitors and wild relatives of wheat, including Triticum 
urartu Tumanian ex Gandilyan, T. turgidum L., Aegilops 
tauschii Coss, Ae. speltoides Tausch, Ae. geniculata Roth, 
Ae. longissima Schweinf. & Muschl., Secale cereale 
L, Dasypyrum villosum (L.) P. Candargy, Thinopyrum 
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intermedium (Host) Barkworth & D. R. Dewey, Th. elon-
gatum (Host) D. R. Dewey, and Agropryron cristatum 
(L.) Gaertn. (McIntosh et al. 2017; Liu et al. 2017; Zou 
et al. 2018; Tan et al. 2018; Zhang et al. 2019). Some 
of these wheat relative-derived resistance genes, such as 
Pm8 derived from S. cereale, have been used in wheat 
cultivars worldwide (Zeller 1973; Zeller and Fuchs 1983; 
Luo et al. 2009). Pm21, on the short arm of chromosome 
6V from D. villosum conferring a high level of powdery 
mildew resistance, has been used in many wheat cultivars 
in China (Chen et al. 1995; Xing et al. 2018). However, 
up to now, only a few powdery mildew resistance (Pm) 
genes from wild relatives have been successfully used in 
wheat cultivars because of associated deleterious traits. 
Pm genes often break down once they are widely deployed 
in wheat cultivars. Thus, further discovery, identification, 
and transfer of new Pm genes for wheat improvement are 
still needed.

Aegilops longissima Schweinf. & Muschl. (2n = 2x = 14, 
SlSl), one of the S-genome diploid species belonging to sec-
tion Sitopsis (Jaub. & Spach) Zhuk. (Feldman et al. 1995; 
Liu et al. 2002), is an important source of disease and pest 
resistance for wheat. For example, Pm13 located on chro-
mosome 3SlS (Ceoloni et al. 1992) is one of the resistance 
genes utilized widely in wheat breeding programs in China 
(He et al. 2011) and chromosomes 4Sl and 6Sl also carry 
genes that confer resistance to powdery mildew (Xia et al. 
2018). QTL on 1Sl, 3Sl, 5Sl, and 7Sl confers resistance to 
eyespot in wheat (Sheng et al. 2012), and chromosome 2Sl 
carries genes that confer resistance to leaf rust.

Next-generation sequencing (NGS) technologies devel-
oped in the past decade provide new avenues for gene 
discovery and isolation with massive reductions in time, 
labor, and cost (Wang et al. 2009; van Dijk et al. 2014). 
Transcriptome sequencing, or RNA-seq based on NGS, 
provides extensive data for the analysis of the continuously 
changing transcriptome. RNA-seq has been used widely to 
discover resistance genes and reveals transcriptional expres-
sion patterns of targeted genes involved in pathogen-defense 
response pathways in crops, including hexaploid wheat with 
its closely related diploidized A, B, and D genomes consti-
tuting a huge genome exceeding 17 Gbp (Xin et al. 2012; 
Zhang et al. 2016; Boni et al. 2017). In recent years, RNA-
seq has been used to develop molecular markers for diagnos-
ing chromosomes, chromosome segments, or genes in wild 
relatives. This was previously difficult because of limited 
sequence data (Dai et al. 2012; Li et al. 2016, 2017; Wang 
et al. 2018).

We previously showed that chromosome 4Sl of Ae. lon-
gissima carried moderate resistance to powdery mildew 
(Xia et al. 2018). Here, we report the discovery and identi-
fication of a spontaneous CS-Ae. longissima Robertsonian 
T4SlS·4BL translocation conferring resistance to powdery 

mildew by integrating RNA-seq, molecular markers, and 
in situ hybridization analyses.

Materials and methods

Plant materials

Three accessions were used in the present study: TA3465, 
a putative wheat-Ae. longissima 4Sl(4B) disomic substitu-
tion line, produced and kindly provided by Drs. R.S. Kota 
and J. Dvorak, University of California, Davis, USA (Kota 
and Dvorak, unpublished). Because previous Ae. longissima 
introgression lines were made from six different Ae. longis-
sima parental accession designated from #1 to #6, the full 
designation of the group-4 Ae. longissima chromosome in 
TA3465 is designated 4Sl#7; TA7546, a wheat-Ae. longis-
sima 4Sl#3 disomic addition line (DA4Sl#3, Friebe et al. 
1993), and CS, a common wheat landrace and genetic back-
ground of TA3465 and TA7546. All materials are main-
tained by the Wheat Genetics Resource Center (WGRC) at 
Kansas State University, USA, and the Experimental Station 
of Henan Agricultural University.

Plant growth and tissue collection

Seeds of TA3465 and CS were sterilized with 5% sodium 
hypochlorite solution for 10 min at room temperature, and 
then planted in 8 cm diameter pots filled with autoclaved 
vermiculite. The seedlings were grown in an illuminated 
incubator at 18–20 °C, 18 h light and 6 h darkness, and 75% 
relative humidity. Three cm segments from the first leaves of 
10 individual plants were pooled for each line. The samples 
were immediately frozen in liquid nitrogen for subsequent 
RNA isolation. Two biological replicates were collected for 
each accession.

Construction of cDNA libraries for illumina 
sequencing

Total RNA was extracted from leaf samples using a mirVana 
miRNA Isolation Kit (Cat. No. AM1561, Ambion, Thermo 
Fisher Scientific Inc., Waltham, MA, USA) following the 
manufacturer’s protocol. RNA integrity was evaluated using 
an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa 
Clara, CA, USA). Samples with an RNA Integrity Number 
(RIN) ≥ 7 were subjected to subsequent analyses. Libraries 
constructed using a TruSeq Stranded mRNA LT Sample 
Prep Kit (Illumina, San Diego, CA, USA) according to the 
manufacturer’s instructions were sequenced on the Illumina 
sequencing platform (HiSeqTM 2500 or Illumina HiSeq X 
Ten) by OE Biotech (Shanghai, China), and 125-bp/150-bp 
paired-end reads (raw reads) were generated.
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RNA‑seq data analysis

Paired-end reads were pre-treated using an NGS QC Toolkit 
v2.3.3 (Patel and Jain 2012) to remove sequences contain-
ing adapters or poly-N above 5%, and low-quality reads to 
produce valid data for downstream sequence assembly. The 
validity ratio, Q30, and GC content of each sample were 
calculated after pre-treatment.

De novo assembly of valid data was applied using Trinity 
(vesion: trinityrnaseq_r20131110) (Grabherr et al. 2011), 
followed by removal of abundant sequences using TGICL 
(Pertea et al. 2003). The assembled sequences were desig-
nated as unigenes. Read counts of unigenes were normalized 
as fragments per kilobase per million mapped reads (FPKM). 
Genes with an FPKM ≥ 0.5 were considered expressed, 
whereas genes with FPKM = 0 were not expressed. Unigenes 
of CS and TA3465 were pairwise compared to identify genes 
present in CS and absent in TA3465. All the unigenes were 
assigned to chromosomes or chromosome arms based on 
blastn alignment against wheat reference genomic sequences 
(Wheat_IWGSC_RefSeq_v1_chromosomes) with cutoff of 
expect ≤ 1e−10 and qcov ≥ 75%) at UGRI BLAST (https​://
urgi.versa​illes​.inra.fr/blast​/blast​.php).

Molecular marker analysis

Genomic DNA (gDNA) was isolated from 5 to 10 cm seg-
ments of young leaves with a DNeasy Plant Mini Kit (Qia-
gen, Cat No. 69104) following the instruction guide. Total 
RNA was isolated using an RNA prep Pure Plant Kit (Tian-
gen Biotech Co. Ltd., Code No. DP432), and cDNA was 
synthesized using a PrimeScript™ Double Strand cDNA 
Synthesis Kit (Takara, Code No. 6111A).

A total of 23 specific PCR primer pairs for 4B and 4Sl 
were used in the study (Table 1). Twelve primer pairs spe-
cific for 4B and seven specific for 4SlS were designed based 
on RNA-seq sequences of CS and TA3465; the remaining 
four 4SlL-specific markers came from Wang et al. (2018). 
Specificity of chromosome 4Sl markers was validated using 
gDNA templates of TA3465 and TA7546. PCR amplifica-
tion by “Touch-down 63” followed Liu et al. (2017). PCR 
products were resolved in 1.5% agarose gels and visualized 
by ethidium bromide staining under UV light.

Chromosome preparation and in situ hybridization

Root tips were collected from TA3465 and TA7546 and 
treated in a gas chamber with nitrous oxide for 2 h fol-
lowed by a treatment with 90% acetic acid on ice for 
10 min, and then kept in 70% ethanol at − 20 °C. Squash 
preparations were made in a 45% acetic acid solution. 
Genomic in  situ hybridization (GISH) was according 
to Liu et al. (2017) with Ae. longissima genomic DNA 

probes labeled with fluorescein-12-dUTP. The ratio of 
genomic Ae. longissima DNA and CS blocking DNA 
was 1:120. For fluorescent in situ hybridization (FISH), 
eight oligonucleotide probes including six TAMRA 
(6-carboxytetramethylrhodamine)-modifed oligonucleo-
tides (pAs1-1, pAs1-3, pAs1-4, pAs1-6, AFA-3, and 
AFA-4) and two FAM (6-carboxyfuorescein)-modifed 
oligonucleotides [pSc119.2-1 and (GAA)10] were used 
to identify wheat and Ae. longissima chromosomes (Du 
et al. 2017; Huang et al. 2018). After hybridization and 
slide washing, a drop (25–30 µl) of Vectashield mounting 
medium containing 1 µg/ml DAPI (Vector Laboratories 
Inc, Burlingame, CA, USA) was added to each slide and 
then covered with a 24 × 30 cm glass cover slip. Fluores-
cent images were observed with a Zeiss Axio Scope A1 
fluorescence microscope (Germany) and captured with 
an AxioCam MRc5 CCD camera. Images were further 
processed with Adobe Photoshop CS3 (Version 10.0.1) 
(Adobe Systems Inc., San Jose, CA, USA).

Response to Bgt isolates

A mixture of Bgt isolates collected from different regions 
in the Henan province is maintained by Henan Agricultural 
University and used for preliminary identification of pow-
dery mildew resistance of TA3465. To accurately confirm 
the resistant spectrum of TA3465, sixteen single-pustule-
derived Bgt isolates collected from different regions in China 
and maintained at Yantai University, Shandong province, 
China, were used to inoculate TA3465. Each set of mate-
rial inoculated with a single Bgt isolate was placed in an 
isolated space. For each isolate, five seedlings of each of 
CS and TA3465 were planted in rectangular trays with 32 
cells (3 × 3 cm) in a spore-free space. Three replications 
were conducted for each test. When seedlings reached the 
one- to two-leaf stage, fresh conidiospores collected from 
Mingxian 169 seedlings were dusted onto the materials. 
The trays were then placed in a controlled greenhouse with 
a daily cycle of 14 h light at 22 ± 2 °C and 10 h of dark-
ness at 18 ± 2 °C. Inoculations were repeated once a day 
for three consecutive days. When the pustules were fully 
developed on the first leaf of CS, the infection types (IT) of 
each plant were assessed on a 0–4 scale, where 0 = no visible 
symptoms; 0 = hypersensitive necrotic flecks; 1 = small and 
sparse conidial development; 2 = colonies with moderately 
developed hyphae, but few conidia; 3 = colonies with well-
developed hyphae and abundant conidia, but colonies not 
joined; and 4 = colonies with well-developed hyphae and 
abundant conidia with mostly overlapping colonies. Plants 
with IT 0–2 were considered resistant, whereas those with 
IT 3–4 were susceptible (Shi et al. 1987).

https://urgi.versailles.inra.fr/blast/blast.php
https://urgi.versailles.inra.fr/blast/blast.php
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Infected leaves 10 days post-Bgt inoculation were cut 
into 1–2 cm segments and stained with Coomassie Bril-
liant Blue-R-250 following Li et al. (2016) for microscopic 
examination.

Results

Powdery mildew response of TA3465

Primitively, isolate mixture of Bgt collected from different 
regions in Henan province was used to inoculate seedlings 
with the first leaf fully extended to assay the resistance of 

Table 1   List of PCR primers used in the study

Name Forward Reverse Tm (°C) Specificity Position (Mb) References

CL67293Contig1 ACA​CCT​GAC​TGA​CTG​
AGA​CT

CCA​GGC​CAA​GAG​TCC​
AGT​TA

57 4BS 2 –

CL116905Contig1 GCC​GGC​CTA​TCT​AAC​
TGA​GG

TGG​TCA​ATC​AGT​TTC​
CCA​CGT​

57 4BS 9 –

CL47978Contig1 TTG​CTT​CGG​GGA​ATT​
GGG​TT

ACA​CCA​AGA​AGA​AGC​
CCT​CG

57 4BS 18 –

CL26655Contig1 GGT​TCC​CCA​TCG​ACA​
CAT​GT

TAT​TTG​GAC​CTC​AGC​
AGC​GG

57 4BS 109 –

CL38954Contig1 GGG​CTC​TGA​ATG​AAG​
ATA​TGGGT​

TCA​TGT​AGA​TGC​ACC​
TCT​CAC​

57 4BS 207 –

CL109675Contig1 GCT​GCA​TTC​TCT​CCC​
GAC​TC

GGA​AAG​AAT​GCG​GAG​
GGG​G

57 4BS 287 –

CL34Contig1 ACT​CGC​TCG​CAA​AGA​
TCA​CA

TGC​ATC​GCG​GTT​CAC​
AAA​AG

57 4BS 315 –

CL40713Contig1 TCC​TCC​TCC​CAG​AAC​
CAC​AT

CCA​TGC​GTC​TTA​GTG​
GGG​AG

57 4BL 358 –

CL51285Contig1 GGG​TGT​TTT​GGA​TGA​
GGG​CT

TGC​ATT​TCC​AAG​GAC​
CTG​GA

57 4BL 426 –

CL3273Contig2 TCC​TGT​GTA​GTT​TGC​
CCG​TC

CAT​CCG​CTG​AAC​TCC​
GAG​AA

57 4BL 489 –

CL33860Contig1 AGA​CTA​TAG​AGC​GGC​
AAT​GTCA​

CAA​AAT​AAG​TCT​CTG​
GGA​TGCCA​

57 4BL 595 –

CL47322Contig1 CCA​GGT​CTT​CTC​CCA​
GCT​CA

TGG​TTT​CAT​TTC​ATT​
CGT​CGCC​

57 4BL 639 –

CL113827Contig1 CAG​GGT​CTC​CAG​GCT​
CTA​

CAC​TCG​GGA​CCA​GAT​
TTT​

58 4SlS 3 –

CL115356Contig1 CCA​TGC​TCA​AGC​AGG​
AAG​AG

GTA​CCG​AAA​CGC​AAA​
GGG​AT

60 4SlS 34 –

CL103255Contig1 TCA​CCC​TAC​GCA​TCG​
CCT​

CCC​TCC​GGT​TTT​CAG​
CTC​

58 4SlS 68 –

CL107718Contig1 GAT​TCC​GAG​TCA​TTT​
CAA​GCC​

GAG​ACT​AAA​CGC​CGC​
ATC​AG

61 4SlS 95 –

CL112181Contig1 GCT​TCA​GGA​GCA​TAC​
AAC​AA

TAT​CCA​CCC​AAC​CAT​
ACT​TT

58 4SlS 95 –

CL116906Contig1/HaeIII ACA​AGC​CGA​TTG​ATA​
ACC​

TGA​CAT​AAC​GCT​ACC​
AGA​AT

56 4SlS 658 –

CL107914Contig1 TAG​GTC​GGT​TAT​CTA​
ATC​TTGC​

AAG​GCA​TTC​GGA​TGT​
ATT​G

58 4SlS 692 –

4SlL-03 TTA​ACC​AAT​GAG​ACC​
GAC​AA

CAA​GTA​GGA​CGT​ATT​
AGG​CATA​

55 4SlL 464 Wang et al. (2018)

4SlL-05 TTA​ACC​AAT​GAG​ACC​
GAC​AA

CCT​CCA​TTC​CAC​AAT​
ATA​GTAC​

55 4SlL 464 Wang et al. (2018)

4SlL-06 ACC​AAT​GAG​ACC​GAC​
AAC​

CCT​CCA​TTC​CAC​AAT​
ATA​GTAC​

55 4SlL 464 Wang et al. (2018)

4SlL-07 TTA​ACC​AAT​GAG​ACC​
GAC​AA

AGG​TAC​AAG​TAG​GAC​
GTA​TTAG​

55 4SlL 464 Wang et al. (2018)
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TA3465, TA7546, and susceptible control CS. Seedling 
reactions of 10 days post-inoculation Bgt isolate mixture 
indicated that TA3465 and TA7546 were moderately resist-
ant with IT 2, whereas CS was highly susceptible with IT 4 
(Fig. 1). Thus, chromosomes 4Sl#3 and 4Sl#7 have a gene(s) 
conferring moderate resistance to powdery mildew.

RNA‑seq quantity analysis, sequence assembly

Totals of 77,962,967 and 75,045,904 clean reads > 100 bp 
were obtained for CS and TA3465, respectively. An average 
of 91.29% of clean reads were mapped to genomic sites. 
The Q30 ratio inferred a base call accuracy of 99.90%, was 
93.06% for CS, and 90.27% for TA3465, both higher than the 
threshold value of 85.00%, thus indicating that the RNA-seq 
quality was satisfactory for sequence assembly.

Clean reads of both accessions were assembled further 
into a total of 158,953 unigenes with a median length of 
1247.95 bp using the short-read assembly software Trinity. 
The N50 value of the assembled sequences was 1725 bp.

Comparison of expressed genes between CS 
and TA3465

Expression levels of the 158,953 genes were normalized 
based on FPKM values of the sequences for further analysis 

of differential genes. This analysis revealed a total of 69,808 
transcribed unigenes in CS at an FPKM ≥ 0.5 in both biolog-
ical replicates, of which 37,058 (53.09%) could be assigned 
to wheat chromosomes by blastn to wheat reference genomic 
sequences (Wheat_IWGSC_RefSeq_v1_chromosomes) with 
a cutoff of expectation ≤ 1e−10 and qcov ≥ 75.00%. An 
analysis of the chromosomal distribution of 37,058 mapped 
genes in CS revealed that these genes were unevenly dis-
tributed on different chromosomes, of which chromosome 
2B had the maximum number (2066, 5.58%), followed by 
5B (2035, 5.49%), 2D (1937, 5.23%) and 6B (1931, 5.21%), 
whereas chromosome 6A had the least number of mapped 
genes (1385, 3.74%) (Fig. 2; Supplementary Tables 1, 2).

The 37,058 mapped genes were then pairwise compared 
between CS and TA3465, and yielded 913 non-expressed 
genes (NEGs) (2.46%) with FPKM values of 0.00 in both 
replicates of TA3465. Chromosome distribution analysis of 
these NEGs showed that each chromosome in TA3465 had 
an average of 42.3 NEGs (2.44%), whereas 4B had a signifi-
cantly higher number; 282 of 1646 genes (17.13%) mapping 
to chromosome 4B of CS were not expressed in TA3465 
(Fig. 3). Further analysis of these 282 NEGs revealed that 
259 of 710 genes mapped to the short arm of 4B (4BS) in 
CS were missing, with a NEG frequency of 36.48%, signifi-
cantly higher than the average ratio of 2.46% in TA3465. 
On the contrary, only 23 of 936 genes located on 4BL were 

Fig. 1   IT of wheat-Ae. longissima putative 4Sl#7(4B) disomic substi-
tution line (TA3465), 4Sl#3 disomic addition line (TA7546), and sus-
ceptible CS. ITs were scored 10 days post-inoculation using a mixture 
of Bgt races collected from Henan province. Upper images show the 

reactions of the first leaves, and lower images show Bgt colonies and 
hyphal developed on leaf segments stained with Coomassie Brilliant 
Blue-R-250 and observed at 400 × magnification
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absent, with a NEG ratio of 2.46%, similar to the overall 
average NEG ratio for TA3465 (Supplementary Tables 1, 3). 
The abnormally high NEG frequency for 4BS in TA3465 led 
to the subsequent study of whether those NEGs were caused 
by non-expression of 4BS-located genes or by the absence 
of 4BS in TA3465.

Molecular analysis of 4Sl‑ and 4B‑specific markers 
in TA3465

To verify that the 282 NEGs for chromosome 4B were either 
not expressed or missing in TA3465, 12 pairs of 4B-specific 

primers, including seven for 4BS-specific and five 4BL-spe-
cific, were designed based on RNA-seq (Table 1; Supple-
mentary Table 4). PCR amplification using genomic DNA 
and cDNA as templates showed that all markers produced 
specific bands in CS, confirming that the unigenes were pre-
sent and expressed in that genotype. All five 4BL-specific 
markers were present and the other seven 4BS-specific 
markers were absent in TA3465 (Fig. 4a), indicating that 
the short arms of 4B were missing in TA3465.

Analysis of 11 4Sl-specific markers, including seven for 
the short arm and four for the long arm of 4Sl, indicated the 
presence of all seven markers on 4Sl#7S and the absence of 

Fig. 2   Chromosomal distribution of mapped unigenes in CS

Fig. 3   Chromosomal distribution of CS-mapped genes in putative disomic 4Sl#7(4B) substitution TA3465, showing the number and ratio of CS-
mapped genes not expressed in TA3465. NEGs: non-expressed genes
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the 4Sl#7L markers in TA3465 (Fig. 4b). Thus, the 4B- and 
4Sl#7-specific molecular marker analyses demonstrated that 
line TA3465 was either a Robertsonian translocation consist-
ing of 4Sl#7S derived from Ae. longissima and 4BL derived 
from CS, or a double ditelosomic line containing telosomes 
of 4Sl#7S and 4BL in a CS background.

Chromosome identification of TA3465 by in situ 
hybridization

GISH and FISH were subsequently applied to root-tip cells 
of both the disomic 4Sl addition line TA7546 and the puta-
tive translocation line TA3465 using gDNA probes of Ae. 
longissima and a set of eight repetitive wheat sequences as 
probes, respectively. GISH of TA7546 confirmed the pres-
ence of a pair of 4Sl#3 chromosomes (Fig. 5a). FISH was 

able to distinguish the short and long arm of 4Sl#3 (Fig. 5b). 
GISH and FISH analysis of TA3465 revealed the presence of 
a pair of Robertsonian translocation chromosomes consisting 
of 4Sl#7S and 4BL, that is, T4Sl#7S·4BL (Fig. 5c, d), con-
firming the results of the molecular marker analysis. Thus, 
TA3465 was redesignated as a Robertsonian T4Sl#7S·4BL 
translocation line. GISH and FISH analysis of original seeds 
obtained by Drs. Kota and Dvorak revealed that the line 
was heterogeneous for a complete 4Sl#7 and T4Sl#7S·4BL 
Robertsonian translocation chromosomes (Fig. 6).

Multi‑isolate powdery mildew tests of TA3465

To accurately evaluate the response spectrum of TA3465, 
16 Bgt isolates collected from different regions in China 
were used to inoculate TA3465. As a result, TA3465 was 

Fig. 4   PCR patterns of CS, putative 4Sl#7(4B) disomic substitution 
line TA3465, and 4Sl#3 disomic addition line TA7546. a PCR ampli-
fications of CS and TA3465 by 4B-specific primer pairs using gDNA 
and cDNA as templates; and b specific PCR products of CS, TA3465, 

and TA7546 amplified using 4Sl-specific primer pairs. g: gDNA and 
c: cDNA. All specific molecular markers for 4BL and 4Sl#7S specific 
are present, whereas all markers for 4Sl#7L and 4BS are missing in 
line TA3465
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Fig. 5   GISH and FISH patterns 
of CS-Ae. longissima derivative 
TA3465, 4Sl#3 disomic addition 
line (TA7546), and CS. GISH 
(a) and FISH (b) patterns for 
disomic 4Sl#3 addition line 
TA7546; GISH (c) and FISH 
(d) patterns for T4Sl#7S·4BL 
translocation stock TA3465. 
Arrows indicate chromosome 
4Sl#3 from Ae. longissima (a, b) 
and T4Sl#7S·4BL translocated 
chromosomes (c, d). Ae. longis-
sima chromatin was visualized 
by green FITC florescence, 
and wheat chromosomes were 
counterstained with DAPI and 
fluoresce blue. FAM-modifed 
oligonucleoties pSc119.2-1 and 
(GAA)10 are in green color; 
TAMRA-modifed oligonucleo-
ties (pAs1-1, pAs1-3, pAs1-4, 
pAs1-6, AFA-3, and AFA-4) are 
red (color figure online)

Fig. 6   GISH and (GAA)10 
FISH pattern in a seedling from 
the original seeds of TA3465 
showing that this line was 
heterogeneous for a complete 
4Sl#7 chromosome (visualized 
in red) (a) and a T4Sl#7S·4BL 
Robertsonian translocation 
indicated by an arrow (b) (color 
figure online)
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resistant to 10 of the 16 Bgt isolates with IT ranging from 0 
to 2, whereas CS was highly susceptible to all those isolates 
with ITs of 3–4 (Table 2). Six Bgt races were virulent on 
TA3465. The phenotypes of three repetitions were consist-
ent. Therefore, the Pm gene that confers broad-spectrum 
resistance to Bgt isolates was further mapped to the short 
arm of chromosome 4Sl#7 in TA3465.

Discussion

Powdery mildew is a significant disease of wheat world-
wide. Exploring the gene pools of wild relatives for Bgt 
resistance is desirable for developing resistant wheat cul-
tivars. Over time, the genetic basis for disease resistance 
in wheat cultivars has been narrowed by wide use of a few 
resistance genes and/or loss of effectiveness due to virulent 
isolates. This situation leads to unprecedented challenges 
in resistance breeding (Johnson 1992; Gupta et al. 2010; 
Karsai et al. 2012). The T4Sl#7S·4BL translocation stock 
TA3465 identified in the present study confers resistance to 
many Bgt isolates. The gene for resistance in TA3465 was 
designated as Pm66 and is potentially useful for resistance 
breeding in China.

With decreasing genomic sequencing costs, RNA-seq is 
commonly used to develop molecular markers specific for 
alien chromatin in order to assist transfer to wheat and ana-
lyze chromosome structure in existing germplasm (Li et al. 
2017; Rey et al. 2018; Wang et al. 2018). For example, Rey 
et al. (2018) identified a 36 Mb deletion at the distal end 
of chromosome 7AL in a wheat–barley 7HL addition line 
based on the RNA-seq pattern. Here, we showed that a puta-
tive progeny of a wheat-Ae. longissima 4Sl#7 substitution 
line was, in fact, a T4Sl#7S·4BL Robertsonian translocation 
line by combined analysis of RNA-seq, molecular markers, 
and in situ hybridization.

Linkage drag caused by undesirable or deleterious genes 
located in introgressed alien chromosome segments is con-
sidered a major constraint to exploitation of genes derived 
from wheat relatives in wheat cultivars. However, the molec-
ular mechanisms underlying the impact of foreign chromatin 
on plant phenotype are kept unexploited by far. Recently, 
Rey et al. (2018) reported that a ditelosomic addition 7HL 
from H. vulgare into CS led to a 3% differential expression of 
genes in the 7HL stock. In this study, the translocated 4Sl#7 

also leaded to a genome-wide suppression of gene expression 
in CS wheat by an average of 2.46% (Fig. 3). In addition, 
expression levels of a large number of genes were either up- 
or down-regulated in TA3465 compared to that in CS. For 
example, of five genes used to develop 4BL-specific markers, 
four genes were significantly up-regulated in TA3465, with 
expression levels of 3.83–6.51 times higher than that in CS, 
whereas expression level of gene CL3273Contig2 in TA3465 
was only 1/5 that in CS (Fig. 4; Supplementary Table S4). 
The possible effects of those significantly affected genes of 
CS on the agronomic characteristics of TA3465 are currently 
under investigation.

It is likely that during development line TA3465 when 
the 4B and 4Sl#7 were both monosomic simultaneous mis-
division at the centromeres and rejoining led to the centric 
fusion of the 4Sl#7S and 4BL chromosome arms (Sears 
1952; Friebe et al. 2005). This centric fusion chromosome 
then remained undetected in the derived line TA3456. The 
nature of the translocation was resolved in this study by 
using more recently developed cytogenetic tools.
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Table 2   Reaction patterns of TA3465 and CS to Bgt isolates

Bgt isolates Y02 Y03 Y04 Y15 Y06 Y07 Y08 Y10 Y11 Y14 Y05 Y16 Y17 Y18 Y21 B18

TA3465 3 0 2 1 0 0 1 2 1 3 4 3 0 0 4 3
CS 4 3 4 4 4 4 4 4 4 4 4 4 4 3 4 4
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