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Abstract
Background  Interspecific hybridisation is a powerful tool for increasing genetic diversity in plant breeding 
programmes. Hexaploid wheat (Triticum aestivum, 2n = 42) × barley (Hordeum vulgare, 2n = 14) intergeneric hybrids 
can contribute to the transfer of agronomically useful traits by creating chromosome addition or translocation 
lines as well as full hybrids. Information on the karyotype of hybrid progenies possessing various combinations of 
wheat and barley chromosomes is thus essential for the subsequent breeding steps. Since the standard technique 
of chromosome in situ hybridisation is labour-intensive and requires specific skills. a routine, cost-efficient, and 
technically less demanding approach is beneficial both for research and breeding.

Results  We developed a Multiplex Polymerase Chain Reaction (MPCR) method to identify individual wheat and 
barley chromosomes. Chromosome-specific primer pairs were designed based on the whole genome sequences of 
‘Chinese Spring’ wheat and ‘Golden Promise’ barley as reference cultivars. A pool of potential primers was generated 
by applying a 20-nucleotide sliding window with consecutive one-nucleotide shifts on the reference genomes. After 
filtering for optimal primer properties and defined amplicon sizes to produce an ordered ladder-like pattern, the 
primer pool was manually curated and sorted into four MPCR primer sets for the wheat A, B, and D sub-genomes, and 
for the barley genome. The designed MPCR primer sets showed high chromosome specificity in silico for the genome 
sequences of all 18 wheat and barley cultivars tested. The MPCR primers proved experimentally also chromosome-
specific for the reference cultivars as well as for 13 additional wheat and four barley genotypes. Analyses of 16 wheat 
× barley F1 hybrid plants demonstrated that the MPCR primer sets enable the fast and one-step detection of all 
wheat and barley chromosomes. Finally, the established genotyping system was fully corroborated with the standard 
genomic in situ hybridisation (GISH) technique.
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Background
Consistent human selection has accumulated useful 
agronomic traits in the allohexaploid wheat (2n = 6x = 42, 
AABBDD) genome. However, due to the prevention of 
homoeologous pairing (and recombination) between its 
sub-genomes [1, 2], the allelic diversity of these traits 
cannot be fully unlocked and exploited for the genetic 
improvement of wheat. Of the several alternatives to 
increase genetic diversity in wheat, interspecific hybridi-
sation can be an efficient tool to further extend the exist-
ing range of useful traits such as biotic or abiotic stress 
tolerance [3]. As an example, the present cultivars of 
triticale (× Triticosecale sp. Wittmack ex A. Camus) 
combine the high yield of wheat with the adaptation 
of rye (Secale cereale L.) to abiotic stress allowing this 
man-made cereal to be grown successfully on a larger 
surface than ever before [4]. The hybridisation of wheat 
with barley (2n = 2x = 14, HH genome), too, promises the 
transfer of agronomically useful genes to wheat by creat-
ing chromosome addition and translocation lines or even 
full hybrids [5]. As a result of early uniparental genome 
elimination and its genotype dependence, 20–90% of the 
F1 generation can be maternal haploid wheat. The rest 
of the F1 will contain wheat and barley chromosomes in 
various combinations [6]. Due to the random chromo-
some composition, it is essential to determine the indi-
vidual karyotype of the F1 plants and their progeny. To 
this end, a standard cytological technique is Genomic In 
Situ Hybridisation (GISH: [7, 8]), which allows the detec-
tion of translocations as well as chromosome additions 
and substitutions [9]. In situ hybridisation also applies 
labelled DNA sequences as probes that provide spe-
cific hybridisation patterns on individual chromosomes, 
allowing their precise identification. While detailed cyto-
genetic information can be obtained by in situ hybridi-
sation techniques, they are time-consuming and require 
special tissues (young roots or anthers), which hampers 
the routine and large-scale testing of breeding lines 
[10]. Due to the relatively high number of chromosomes 
(between n = 3-4x = 21–28) present in wheat × barley F1 
hybrids, their individual detection could be complicated, 
so there is a need for an efficient, easy-to-implement, and 
easy-to-evaluate screening technique. Chromosome-
specific DNA markers offer a good alternative because 

sampling can be carried out from any tissue type and at 
any developmental stage.

Multiple attempts were made earlier to detect barley 
chromosomes in a wheat background using RFLP [11, 
12], AFLP [13], and EST [14, 15] markers but mainly 
for single chromosomes [16–20], not systematically for 
all wheat and barley chromosomes in an easy multiplex 
format.

In the present work, we have developed a Multi-
plex PCR (MPCR) method to identify each of the seven 
homoeologous chromosomes from each (sub-)genome 
(A, B, D, and H) in wheat, barley, and their hybrids. Via 
a bioinformatic analysis of wheat and barley reference 
genomes, we created a large set of unique primer pairs 
for individual chromosomes and verified their specific-
ity to a wide range of wheat and barley cultivars. The 
selected primer sets also proved to be highly specific 
simultaneously for all the chromosomes of the individ-
ual sub-genomes in wheat × barley hybrids. This chro-
mosome specificity was partially preserved even among 
more distantly related species belonging to the genera 
Triticum and Hordeum. Our workflow of primer design is 
suitable for adaptation to other agriculturally important 
species in which interspecific crossing is applied for their 
genetic improvement.

Materials and methods
Plant material and DNA extraction
F1 hybrids were produced by crossing M1, a doubled 
maternal haploid of ‘Sichuan’ [21] hexaploid spring 
wheat (Triticum aestivum, 2n = 6x = 42, AABBDD) as a 
female with the two-row spring barley ‘Golden Promise’ 
(Hordeum vulgare, 2n = 2x = 14, HH) as a male partner. 
Parental plants were kept in a reach-in growth chamber 
(Conviron, Winnipeg, Canada) under 13–15 h photope-
riod (150–500 µmol m− 2 s− 1 PPFD) and constant 18  °C 
temperature, while the synchronisation of flowering 
periods was achieved with successive plantings. Cross-
ings and subsequent embryo rescue at 14 days after pol-
lination were performed as described [21]. Plantlets of all 
other wheat and barley genotypes (Supplementary Table 
1: right panel) used for MPCR analyses were grown in 
peat blocks.

Total DNA was obtained from young leaf and root 
samples with a direct DNA extraction method. Leaf 

Conclusions  Wheat and barley chromosome-specific MPCR offers a fast, labour-friendly, and versatile alternative to 
molecular cytogenetic detection of individual chromosomes. This method is also suitable for the high-throughput 
analysis of distinct (sub)genomes, and, in contrast to GISH, can be performed with any tissue type. The designed 
primer sets proved to be highly chromosome-specific over a wide range of wheat and barley genotypes as well as in 
wheat × barley hybrids. The described primer design strategy can be extended to many species with precise genome 
sequence information.
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pieces of approximately 5 × 5  mm or root pieces of 
approximately 2 cm were placed into a 1.5 mL Eppendorf 
tube containing 100 µL of Extraction solution (E7526-
24ML, Sigma-Aldrich, St. Louis, MO, USA) together 
with a stainless-steel bead (3 mm diameter, Qiagen Sci-
ences, Germantown, MD, USA). The samples were 
homogenised in a mixer mill (Bullet Blender Storm Pro, 
Next Advance, Troy, NY, USA) at speed grade 8 for 30 s. 
The mixture was incubated at 95 ℃ for 15 min in a dry 
heat block followed by cooling on ice for 1 min. Finally, 
100 µL of Dilution solution (D5688-12ML, Sigma-
Aldrich) was added, and after vortexing, the samples 
were spun for 1 min at 18,000 × g. The supernatant (100 
µL) was transferred into a new 1.5 mL Eppendorf tube 
and the DNA was stored at -20 ℃ until required.

Generation of multiplex PCR primers for the wheat and 
barley genomes (Fig. 1)
First, the reference genomes of wheat (T. aestivum ‘Chi-
nese Spring’, IWGSC RefSeq v1.0) and barley (H. vul-
gare ‘Golden Promise’, GPv1) were downloaded from 
Ensembl (Supplementary Table 1: left panel). Both refer-
ence genomes were broken down to 20-mers (all possible 
20-bp long sequences) with Jellyfish [22]. These 20-mers 
were then compared with 20-mers obtained from three 
additional genome assemblies of ‘Weebill 1’ and ‘Claire’ 
wheat cultivars and the reference genome (V3) of ‘Morex’ 
barley (Supplementary Table 1: left panel). Twenty-mers 
that occurred more than once in either of the genomes 
or appeared in all genomes as exact matches in either ori-
entation were discarded. Then, 20-mers containing less 
than three types of nucleotides were also removed and 
the ones with 60% GC content were selected (Fig. 1: steps 
1–3).

Since primers can anneal incompletely during PCR, 
100 pairs per chromosome were randomly selected and 
mapped to the reference genomes with PatMaN [23] 
by allowing two mismatches. Putative primer pairs that 
had matched the target genome more than once within 
1000 bp in both orientations were removed. The remain-
ing primer pairs with a specific distance between them 
were selected for each chromosome so that the amplified 
fragments could be grouped as follows (± 5  bp): chr1–
100 bp, chr2–150 bp, chr3–200 bp, chr4–250 bp, chr5–
300  bp, chr6–350  bp, and chr7–400  bp. These primer 
pairs were then collected into four pools: plex-A, plex-
B, and plex-D for the wheat A, B, and D sub-genomes, 
respectively, and plex-H for the barley genome. To anal-
yse the cross-off-target effect, all primer pairs for each 
plex group were evaluated in silico, and the pairs with the 
highest number of unspecific products were iteratively 
removed until no cross-off-targets remained (Fig. 1: steps 
4–5).

We randomly selected a set of primer pairs for each 
chromosome and verified them manually by Ensembl 
BLAST. To improve specificity, the primer positions were 
occasionally shifted by a couple of nucleotides or their 
lengths were increased in a few cases. After individual 
PCR experiments of the selected primer pairs on the ref-
erence genomes (Fig. 1: step 6), the more universal appli-
cability was checked in silico for each plex by including 
an additional 16 bread wheat [24] and two barley genome 
assemblies (CAJHDD01, PRJEB34496) as well as those of 
progenitor and wild species (Fig.  1: step 7, Supplemen-
tary Table 1: left panel).

PCR and multiplex PCR assay
The single PCRs were performed in 20 µL volumes con-
taining 1 µL of direct total DNA extract, 4 µL of 5X 
Phusion Green HF Buffer (F-538, Thermo Scientific, 
Waltham, MA, USA), 0.5 µM of each forward and reverse 
primer, 4 µM dNTPs (Thermo Scientific), 0.4 U Phu-
sion Hot Start II High-Fidelity DNA Polymerase (F-549, 
Thermo Scientific) and water to the final volume. The 
PCR cycling conditions were as follows: 98 ℃, 3 min; 32x 
[98 ℃, 10 s; 65 ℃, 15 s; 72 ℃, 10 s]; 72 ℃, 10 min; 4 ℃ 
hold.

The Multiplex PCR (MPCR) assay was performed for 
the seven chromosomes of each wheat sub-genome (A, 
B, and D) and of the barley H genome using the 2X Phu-
sion U Green Multiplex PCR Master Mix (F-564, Thermo 
Scientific). MPCRs were carried out in a total volume of 
20 µL consisting of 10 µL of master mix, 0.3 µM of each 
primer, 1 µL of total DNA extract, and water to the final 
volume. In some experiments (Fig. 3B), we used the 5X 
Phusion Green HF Buffer with Phusion Hot Start II High-
Fidelity DNA Polymerase, or Phire Hot Start II DNA 
Polymerase (F-122, Thermo Scientific) either with its 5X 
Phire Green Reaction Buffer (F-527, Thermo Scientific) 
or the 5X Phusion Green HF Buffer as in the single PCRs 
except for the primer concentrations, which were at 0.3 
µM for each. MPCR cycling conditions for the Phusion 
U Green Multiplex PCR Master Mix were as follows: 98 
℃, 3 min; 32x [98 ℃, 10  s; 65 ℃, 30  s; 72 ℃, 10  s]; 72 
℃, 10 min; 4 ℃ hold for plex-A, plex-B, and plex-D. For 
plex-H, the annealing temperature was modified to 68 
℃. For all other enzyme and buffer combinations, 68 ℃ 
annealing temperature was constant for all primer plexes.

The PCRs were carried out on a Mastercycler® nexus 
gradient thermal cycler (Eppendorf, Hamburg, Ger-
many). The amplification products were separated by 
electrophoresis on 2% (w/v) ethidium bromide-contain-
ing agarose gels in 1X TBE (89 mM Tris-borate, 2 mM 
EDTA, pH 8.3) buffer for 30  min at 130  V. The GeneR-
uler™ 100  bp Plus DNA Ladder (Thermo Scientific) was 
the molecular size marker in all gels. Gel images were 
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captured using the ChemiDoc™ MP Imaging System (Bio-
Rad Laboratories, Hercules, CA, USA).

Molecular cytology techniques
Roots of the wheat × barley F1 hybrids were harvested 
from pots for mitotic chromosome preparations. The col-
lected roots were pre-treated in ice-cold water (contain-
ing melting ice) for at least 24 h. Roots were then fixed 
in Clarke’s fixative (3:1 v/v mixture of absolute ethanol 
and glacial acetic acid) for 5 d at 37 °C and stained with 
1% (w/v) acetocarmine (C1022, Sigma-Aldrich). After 2 
weeks of storage in Clarke’s fluid at -20 °C the root tissue 
was used to make chromosome preparations.

To produce the GISH probe, the total DNA of barley 
(‘Morex’) extracted from fresh young leaves using the 
CTAB method was fragmented for 6  min in a pressure 
cooker to obtain 300–500 bp long fragments. One µg of 
fragmented barley DNA was labelled by nick-translation 
(AF594 NT Labelling Kit, PP-305 L-AF594, Jena Biosci-
ence, Jena, Germany) and applied as a probe at 40–50 ng 
per slide.

The FISH probe was prepared by PCR amplification 
of the barley 5  S rDNA coding and flanking noncoding 
regions [25] followed by direct labelling via nick-trans-
lation (AF488 NT Labelling Kit, PP-305  L-AF488, Jena 
Bioscience).

The detection and identification of barley chromo-
somes by the GISH and FISH techniques were per-
formed simultaneously as described [26]. Briefly, the 
chromosome preparations were digested with a 50  mg/
mL pepsin-1 mM HCl solution for 1–2  min followed 
by post-fixation in 4% (w/v) PFA (diluted from 16% 
stock, 28,908, Thermo Scientific) for 10  min. The final 
hybridisation mixture consisted of 60% (v/v) deionised 
formamide (F9037, Sigma-Aldrich), 10% (w/v) dextran 
sulphate (D8906, Sigma-Aldrich), and 2X Saline Sodium 
Citrate buffer. Seventeen µL of this hybridisation mix-
ture was applied to each microscope slide containing 
40–50 ng of each of the labelled probes and an excess 
(30:1 to the GISH probe) of unlabelled wheat total DNA 
to block unspecific signals. The probe mixture was first 
denatured at 85 °C for 8.5 min, then, after adding to the 
slides, additionally denatured at 75  °C for 3  min. After 
the post-hybridisation washings, the slides were covered 
with 24 × 32 coverslips and 12 µL of Vectashield antifade 
solution with DAPI (H1200, Vector Laboratories, Burlin-
game, CA, USA). Images were taken by an SP8 confocal 
laser scanning microscope (Leica Microsystems GmbH, 
Wetzlar, Germany) equipped with an HC PL APO CS2 
63×/1.40 oil immersion objective.

Results
Bioinformatic analysis and design of chromosome-specific 
MPCR primers
To generate Multiplex PCR (MPCR) primer sets specifi-
cally detecting the individual chromosomes in wheat and 
barley, first we broke two reference genomes into approx-
imately 18.68 billion 20-bp long sequences. We screened 
for basic parameters, i.e., uniqueness (in exact matches), 
complexity, and GC content, to find the best primer 
candidates, and narrowed them down to 35.28  million 
suitable sequences. To facilitate easy and chromosome-
specific detection, sequences with specific distances 
between them were selected. The obtained 270,413 pairs 
were sorted into four sub-groups composing the MPCR 
sets (plex-A, wheat A sub-genome; plex-B, wheat B sub-
genome; plex-D, wheat D sub-genome; plex-H, barley 
genome). We tested several primer pairs by PCR, but we 
encountered an abundance of unspecific fragments in 
some cases.

To eliminate this shortcoming, we refined the proto-
col by using more genomes, allowing mismatches as well 
as controlling off-targets and cross-off-targets (Fig.  1). 
First, we discarded 20-mers with no or multiple occur-
rences in three additional genome assemblies (two wheat 
and one barley), then they were filtered for complexity, 
and GC content which reduced the number of poten-
tial 20-mer sequences with maximum two mismatches 
from the original 18.68 billion to 287.29 million. Then, we 
eliminated primer pairs producing off-target products, 
selected from the rest the defined size groups, and ran-
domly selected 100 primer pairs for each chromosome 
from the final 9437 pairs. By modelling the use of all 700 
pairs (per plex) in a PCR in the reference genomes allow-
ing two mismatches, we iteratively removed the pairs 
with the highest number of off-targets until a cross-off-
target free final set was reached (Supplementary Table 2). 
Some chromosomes had very few pairs to choose from, 
e.g., chromosome 2D had only three pairs, while other 
chromosomes had many more primer pairs.

The selected primer sets (Supplementary Table 3, 
Fig.  2) were fully confirmed manually by PCR and by 
cross-referencing in silico to the sequenced genomes of 
16 bread wheat and two barley cultivars with a few excep-
tions (Supplementary Table 4). The analysis by wheat-
specific 350bp_F_6A and 350bp_R_6A primers revealed 
the production of two 346  bp amplicons deriving from 
different locations of the ‘Robigus’ wheat genome. Due to 
the incomplete genome assembly of this cultivar, this pre-
diction might be a bioinformatic artifact. In the case of 
150bp_F_2B and 150bp_R_2B primers, the bioinformatic 
analysis did not predict the amplicon in the genome of 
‘LRPB Lancer’ wheat. However, PCR verification with 
these primers revealed the accumulation of the expected 
product using the DNA of this cultivar.
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Finally, the primer pair 250bp_F_4D and 250bp_R_4D 
could result in a 242-bp by-product from chromosome 
4B on DNA templates of the wheat cultivars ‘LRPB 
Lancer’, ‘Paragon’, ‘SY Mattis’, and ‘Julius’. The search for 
unspecific amplicons revealed a 3’ end mismatch in the 
250bp_F_4D primer that prevented the amplification 
as confirmed by sequence analyses of this PCR product 
(data not shown).

Verification of the designed MPCR primer sets
The amplicons of various MPCR sets were designed 
to exhibit product sizes that increased stepwise, char-
acteristic for each chromosome in the (sub-)genomes: 
chr1 − 100 bp, chr2–150 bp, chr3–200 bp, chr4–250 bp, 
chr5–300  bp, chr6–350  bp, and chr7–400  bp. To verify 
the specificity and sensitivity of the primer pairs, first we 
tested them in individual PCRs on the reference genomes, 
and products with the expected sizes were obtained in 

all cases (Fig. 3A). The wheat-specific (‘Chinese Spring’) 
primers precisely detected the individual wheat chro-
mosomes, and the barley-specific primers showed no 
cross-reactions with wheat. The chromosome-specificity 
of PCR products was confirmed by sequence analyses, 
which revealed that all 28 products corresponded to the 
sequences predicted with the bioinformatic analyses 
(Supplementary Table 5). These results prove that the 
various primer sets are specific for the individual target 
chromosomes in each genome.

Next, we tested the competency of the chromosome-
specific primer sets with the total DNA of the two ref-
erence cultivars (‘Chinese Spring’ and ‘Golden Promise’) 
and arranged the MPCR results according to the (sub-)
genomes, which resulted in distinct and clear bands for 
all chromosomes of wheat and barley (Fig. 3B). The size 
of the products corresponded to the proper sizes of the 
single PCRs (compare Fig.  3A and B). No unspecific 

Fig. 1  Schematic presentation of the refined protocol for the design of chromosome-specific MPCR primers
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products and no cross-reaction between wheat and bar-
ley DNAs were observed in the MPCRs. The techni-
cal flexibility of the elaborated MPCR method was also 
tested with various buffer-DNA polymerase combina-
tions. All four commercial buffer-polymerase systems 
equally supported DNA amplification without unspecific 
products (Fig.  3B). Altogether our data show that the 
designed primer sets are suitable for performing com-
plex MPCRs to obtain multiple specific products and the 
execution of MPCRs is technically flexible and economic.

Wide application of MPCR in a wheat and barley panel
Total DNA samples extracted from 14 wheat and five 
barley cultivars (Supplementary Table Supplementary 
Table 1: right panel) were studied in separate MPCRs 
for the wheat A, B, and D sub-genomes and the barley H 

genome (Fig. 4: panels A to H, respectively). The MPCRs 
resulted in distinct and clearly visible band patterns for 
all (sub-)genomes at the expected sizes. No unspecific 
cross-reactions were detected among the tested culti-
vars. However, the 5  A chromosome-specific amplicon 
exhibited a minor size increase in the ‘Bobwhite’, ‘Fielder’, 
‘Bánkúti 1201’, ‘LRPB Lancer’, ‘CDC Stanley’, ‘Paragon’, 
‘Cadenza’, ‘Weebill 1’, and ‘Jagger’ cultivars (Fig. 4: panel 
A, arrow). In silico sequence analyses of these amplicons 
revealed that they harbour a 12-bp insertion in the cor-
responding genomic region (Supplementary Table 4). 
Our data show that the designed MPCR primer sets are 
highly specific and exhibit no cross-reactions between 
the genomes of different cultivars and species.

Fig. 2  Schematic representation of target chromosomes with the target positions of Multiplex PCR primer sets. The upper three panels represent the 
positions of specific MPCR primers in seven chromosomes of the wheat A, B, and D sub-genomes (plex-A, plex-B, and plex-D, respectively). The bottom 
panel shows the positions of specific MPCR primers in the seven barley chromosomes (plex-H). The corresponding chromosome locations are indicated 
with arrowheads
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Fig. 4  MPCR amplification of chromosomes 1–7 of the A, B, and D sub-genomes of different wheat cultivars (1: Chinese Spring reference genome, 2: 
Bobwhite, 3: Fielder, 4: Bánkúti 1201, 5: LRPB Lancer, 6: CDC Stanley, 7: Paragon, 8: SY Mattis, 9: Julius, 10: Cadenza, 11: Weebill 1, 12: Claire, 13: Robigus, 14: 
Jagger) and the H genome of five barley cultivars (15: Golden Promise reference genome, 16: Morex, 17: Igri, 18: California Mariout, 19: Esperanza). Arrow 
– increased 5 A-specific product sizes. M – Molecular size marker (GeneRuler™ 100 bp Plus DNA Ladder). Reaction components: Phusion Green HF Buffer 
and Phusion Hot Start II High-Fidelity DNA Polymerase

 

Fig. 3  A Single PCR amplifications with primers specific to chromosomes 1–7 of the A, B, and D sub-genomes of wheat (‘Chinese Spring’) and the H 
genome of barley (‘Golden Promise’). 1–7: the PCR amplicons corresponding to each chromosome, M – Molecular size marker (GeneRuler™ 100 bp Plus 
DNA Ladder). Reaction components: Phusion Green HF buffer and Phusion Hot Start II High-Fidelity DNA Polymerase. B MPCR amplification of chromo-
somes 1–7 of the A, B, and D sub-genomes of wheat (‘Chinese Spring’) and the H genome of barley (‘Golden Promise’) using different buffers and DNA 
polymerases. 1: Phusion U Green Multiplex PCR Master Mix, 2: Phusion Green HF Buffer using Phusion Hot Start II High-Fidelity DNA Polymerase, 3: Phire 
Green HF buffer using Phire Hot Start II High-Fidelity DNA Polymerase, 4: Phusion Green HF buffer using Phire Hot Start II High-Fidelity DNA Polymerase. 
M – Molecular size marker (GeneRuler™ 100 bp Plus DNA Ladder)
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MPCR primer sets accurately identify the chromosome 
composition of wheat × barley hybrids
As a practical application, we investigated the designed 
MPCR primer sets in ‘Sichuan’ wheat (♀) × ‘Golden 
Promise’ barley (♂) F1 hybrid plants. Sixteen plants were 
regenerated from 18 embryos rescued from 20 pollinated 
spikes. MPCR analyses of the obtained plants revealed 
that they contained the full set of wheat chromosomes 
and only plant No. 14 exhibited a faint band for the 3B 
wheat chromosome-specific product (Fig. 5). When test-
ing for the barley chromosomes, seven out of 16 hybrid 
plants (Nos. 1–4, 7–8, and 15) showed the presence of all 
barley chromosomes in the MPCRs. For the rest, three 
(in plant Nos. 6 and 9), four (Nos. 10, 13, and 16), five 
(No. 14), and six (No. 5) barley chromosomes were main-
tained and not lost during early development (Fig.  5). 
Finally, two plants (Nos. 11–12) turned out to be mater-
nal wheat haploids because all barley chromosomes were 
missing. These results showed that the MPCR primer 
sets can easily and cost-effectively distinguish the vari-
ous chromosomes of wheat and barley even in a hybrid 
background.

To verify our MPCR technology we selected two 
hybrid plants (Fig.  5: Nos. 6 and 13) for GISH analy-
sis and FISH using a barley 5  S rDNA-specific probe 
for the identification of individual barley chromosomes 
(Fig.  6A and B). Since mitotic chromosomes are usu-
ally obtained from root tips, we selected two roots from 
each plant and simultaneously processed them both for 

in situ hybridisation and MPCR. According to GISH-
FISH analysis, the two root tips of the hybrid plant 
No. 6 carried the barley chromosomes 4  H + 5  H and 
4 H + 6 H + 7 H, respectively (Fig. 6A) as also revealed by 
MPCR (Fig. 6C), indicating the genetically mosaic nature 
of this plant. Both root tips of hybrid plant No. 13 con-
tained barley chromosomes 3-6  H, in agreement with 
the results of MPCR (Fig. 6A and C). Thus, GISH-FISH 
and MPCR resulted in an identical distribution of bar-
ley chromosomes in all four root samples demonstrating 
that MPCRs are a valuable tool for the fast screening of 
hybrid plants.

MPCR analysis of related Triticum and Hordeum species
To get an impression of the taxonomic limits of the prim-
ers’ broader utilisation, we tested them with wild relatives 
and progenitor species of wheat and barley. The in silico 
alignment of the final primer set with the available seven 
sequenced genomes (Supplementary Table 1: left panel) 
revealed perfect homologies and no unspecific products 
in the genome sequences of T. spelta (AABBDD sub-
genomes), T. turgidum ssp. durum (AABB), T. dicoccoides 
(AABB), and Aegilops tauschii (DD) as well as of H. spon-
taneum (Supplementary Table 6). On the other hand, 
only four and two out of the seven chromosome-specific 
target sites were present in the genomes of T. urartu 
(AA) and H. marinum (XaXa), respectively (Supplemen-
tary Table 6: red labels).

Fig. 5  MPCR amplification of chromosomes 1–7 of the A, B, D, and H sub-genomes of wheat × barley hybrids (1–16). M – Molecular size marker (GeneR-
uler™ 100 bp Plus DNA Ladder), GP – ‘Golden Promise’, CS – ‘Chinese Spring’, DW – no template control. Reaction components: Phusion Green HF Buffer 
and Phusion Hot Start II High-Fidelity DNA Polymerase
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In contrast to the results obtained with the cultivars, 
the in silico predictions were not fully in line with the 
MPCR results in the case of the Triticum and Hordeum 
species (Fig.  7). In the hexaploid T. spelta the 7B chro-
mosome-specific primer pair did not yield any product, 
similarly to the AABB tetraploid T. dicoccoides, although 
its amplification using T. dicoccum (also AABB) was 
successful. In addition to this 7B chromosome-specific 
product, in T. turgidum ssp. durum (AAABB) the 6  A 
chromosome-specific product was missing, too (Fig. 7A: 
top panel). The replacement of these two primer pairs 
with new ones (Supplementary Table 3) resulted in the 
amplification of correct products (Fig. 7B). The designed 
chromosome-specific primer pools thus represent useful 
alternatives and can serve as an additional resource.

The MPCRs performed with the A-genome containing 
T. monococcum and T. urartu gave a partial plex-A-spe-
cific pattern (four and five products, respectively, Fig. 7A: 
middle panel) and some unspecific products with the 
plex-B primers.

Remarkably, in Ae. speltoides, the hypothetical donor of 
the B sub-genome, up to six correct bands were obtained 
with the plex-D primers besides six faint bands with 
the plex-B primers as well as some correct-sized prod-
ucts with plex-A primers, too. Conversely, the definite 
D-genome donor Ae. tauschii also produced some bands 
with plex-A and plex-B primers (Fig. 7A: middle panel).

All plex-H primers worked as expected on H. sponta-
neum (HH genome) the closest relative of cultivated bar-
ley. However, the same primers gave only partial results 
with H. bulbosum (HbHb) and the even more distant H. 
marianum (Fig. 7A: bottom panel).

Discussion
The objective of this work was to develop a Multiplex 
PCR (MPCR) assay for the identification of individual 
wheat and barley chromosomes and their reliable track-
ing in heterogeneous genetic backgrounds and in wheat 
× barley hybrids. This requirement assumes sufficient 
sequence divergence between the barley and wheat 
(sub-)genomes to ensure the finding of genome- and 

Fig. 6  A Chromosome in situ hybridisation on two root segments from each of two wheat × barley hybrids (plant No. 6 and 13 on Fig. 4). The barley 
genome is detected by GISH (red label) and the barley chromosomes are identified by FISH (5 S rDNA, green label). The chromosomes are counterstained 
with DAPI (blue). Bars = 10 μm. B Schematic position of the 5 S rDNA-specific probe on the barley genome (red line, position of the centromere). C MPCR 
amplification of chromosomes 1–7 of the A, B, D, and H sub-genomes of wheat × barley hybrids (same plant Nos. 6 and 13) on DNA templates extracted 
from the root segments used for GISH (Fig. 5A). M – Molecular size marker (GeneRuler™ 100 bp plus DNA Ladder), GP – ‘Golden Promise’, CS – ‘Chinese 
Spring’, DW – no-template control. Reaction components: Phusion Green HF Buffer and Phusion Hot Start II High-Fidelity DNA Polymerase
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chromosome-specific targets without off-targets between 
the two species. The general sequence homology between 
hexaploid wheat and barley as evaluated by reassocia-
tion kinetic studies between cross-hybridised genomic 
DNA [27–30] and by sequencing more than one thou-
sand random ESTs [31] was in the range of 45–60% and 
ca. 45%, respectively. Since these two lines of data fall in 
the same range and appear to confirm each other, it can 
be safely estimated that the overall wheat-barley genome 
homology may be around 50%. This degree of sequence 
difference provided ample flexibility for the design and 
selection of species-specific primer sets.

The issue of interspecific genome homology also 
emerged when the MPCR assay was extended to the 
genome progenitor and tetraploid species of wheat. The 
less precise chromosome identification can be inter-
preted in light of recent data on the evolutionary his-
tory of hexaploid wheat. The uncertain assignment of the 
markers, especially in the B and D genome progenitors, 
is consistent with the proposed polyphyletic origin of the 
donor species [32]. Thorough sequence-based phyloge-
netic analyses indicated that about 3–4 million years ago, 
i.e., 1–2 million years before the presumed appearance of 
the D-genome donor Ae. tauschii (2–3 million years ago 
[33]), hybridisations between the ancestors of the A- and 
B-genome lineage contributed to the development of the 
D-genome lineage [34, 35], from which the actual wheat 
D-genome donor(s) would have emerged later. This sce-
nario should have led to A-B-D inter-genome sequence 
similarities even among the current wild species as 
observed in our analysis. Additionally, the ambiguous 
MPCR results with the wild species may have also been 
caused by the fact that the single accessions tested were 

different from the sequenced ones whereas the genetic 
variation in these ancient species is extremely large.

In contrast, the cultivars’ gene pool carries less genetic 
variation and the MPCR agreed with the in silico predic-
tion due to the many whole genome sequences available. 
This indicates that the reliability of the MPCR approach 
will be significantly improved and extended taxonomi-
cally when a higher number of accessions in the Triticum 
and Hordeum species are fully sequenced.

The GISH technique has been widely utilised for chro-
mosome identification experiments [36]. GISH is a 
labour-intensive and time-consuming technology rely-
ing on fluorescent genome probes that bind to target 
sequence patterns specific to the corresponding spe-
cies. The availability of an easy and cost-efficient tech-
nology suitable for fast karyotype analysis of different 
tissue types would be very beneficial for researchers 
coping with the characterisation of hybrid plants. Since 
PCR-based marker screening has a higher throughput 
and is much faster than cytogenetic techniques, DNA 
marker analysis is the preferred approach for the large-
scale karyotyping of hybrid plants. Possible chromosome 
dosage (e.g., monosomic conditions) and structural rear-
rangements such as translocation in candidate plants 
can still subjected to a more in-depth analysis by in situ 
hybridisation techniques.

An often-neglected advantage of molecular markers 
over the cytogenetic monitoring of chromosome com-
position (in interspecific hybrids) is related to the phe-
nomenon of genetic mosaicity. Cytogenetic analysis is 
performed on individual cells and can identify multiple 
cells with different chromosome numbers and com-
position ( [37, 38], also Fig.  6A and C: panel H) within 
the same tissue sample, which hampers the precise 

Fig. 7  A MPCR amplification of chromosomes 1–7 of the A, B, and D sub-genome of wheat and the H genome of barley using various wheat and barley 
species. B Improved MPCR amplification with substituted primer pairs specific for the 6 A and 7B chromosomes. M – Molecular size marker (GeneRuler™ 
100 bp Plus DNA Ladder). Reaction components: Phusion Green HF Buffer and Phusion Hot Start II High-Fidelity DNA Polymerase
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identification of the corresponding individual plant. The 
DNA template, however, is purified from tissues com-
posed of thousands of cells, therefore the rare mosaic 
variants are masked or underrepresented in the final 
DNA (Fig. 6A and C: plant No. 6 vs. Fig. 5: lane 6). Also, 
the exponential nature of PCR further diminishes the 
detection of these variants [6].

Whereas the objective of the described MPCR 
approach was here to characterise the chromosome com-
position in wheat × barley hybrids the same strategy of 
primer design will be useful and applicable to many other 
situations in which interspecific crossing is relevant such 
as chromosome stability in newly synthetised wheat [39–
41] or hybrids in the Brassicas [42].

Conclusion
This study describes for the first time a multiplex PCR 
(MPCR) assay optimised to identify individual chromo-
somes and monitor their composition in wheat × barley 
hybrids. Large primer sets were designed based on wheat 
and barley reference genomes and confirmed for specific-
ity in silico by alignments with genome sequences of 18 
cultivars. Experimental verification was performed with 
19 wheat and barley cultivars, as well as 11 Triticum, 
Aegilops, and Hordeum species. The developed MPCR 
assay was applied to analyse 16 wheat × barley F1 hybrids 
and the results were confirmed by the standard GISH 
technique. The strategy of MPCR primer design can be 
extended to many plant species with well-characterised 
and sequenced genomes.
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