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long arm of barley chromosome 7H. Likewise, wheat CslF6 
homoeologs were mapped near the centromere in the long 
arms of all group-7 wheat chromosomes. With the set of 
novel wheat–barley translocations, we demonstrate a valu-
able increase of β-glucan, along with a resource of genetic 
stocks that are likely to carry many other important genes 
from barley into wheat.

Introduction

The cell walls of cereal grains contain non-starch polysac-
charides, which are essential sources of dietary fiber in the 
human diet. The soluble dietary fiber fraction (1-3)(1-4) 
mixed linked β-d-glucan (further β-glucan) is especially 
important due to its effects on human health (Cui et al. 2013; 
Sibakov et al. 2013). The United States Food and Drug 
Administration (2006) and European Food Safety Author-
ity (2011) approved a health claim for barley β-glucan for 
lowering the risk of coronary heart disease by maintenance 
of normal blood LDL-cholesterol concentrations; preven-
tion of obesity and type-2 diabetes by increase in satiety 
leading to a reduction in energy intake and reduction of 
post-prandial glycaemic responses. Though wheat products 
prevail in human consumption, wheat fiber has low levels 
of β-glucan and does not decrease blood LDL-cholesterol 
(Collins et al. 2010).

Cereal-mixed linkage (1-3)(1-4)-β-d-glucans are poly-
mers of glucose residues joined by (1-3) and (1-4) link-
ages. Single (1-3) linkages are separated by two or three 
(1-4) linkages, resulting in trisaccharide (DP3) and tetra-
saccharide (DP4) hydrolysis products after digestion with 
a specific lichenase enzyme. Grain of different cereals vary 
in β-glucans content, distribution among grain tissues and 
β-glucans structure, such as the ratios of DP3/DP4 units, 
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amount of long cellulose-like fragments and molecu-
lar size. Barley and oat grain have the highest level of 
β-glucans, while wheat grain is very low in β-glucan and 
not a significant source of this polysaccharide. The content 
on a dry weight basis in a whole meal ranges between 3 
and 20% in oats, and between 3 and 7% in barley, but in 
wheat it is less than 1% (Beresford and Stone 1983; Havr-
lentova and Kraic 2006; reviewed in Collins et al. 2010).

The solubility of β-glucans is essential for positive 
health effects and varies among cereals. It decreases with 
an increasing DP3/DP4 ratio. The β-glucan DP3/DP4 
ratios from wheat, barley and oats are 4.5, 3.0 and 2.3, 
respectively. Also the ratio of DP3/DP4 depends on the 
grain tissue; β-glucans in the aleurone layer have higher 
ratios than those in the endosperm (reviewed by Izydorc-
zyk and Dexter 2008; Collins et al. 2010; Cui et al. 2000, 
2013; Shewry 2013). In barley, β-glucans are evenly dis-
tributed in the subaleurone layers and endosperm (Wirki-
jowska et al. 2012) and represent the major endosperm 
cell wall component, contributing about 75% of the total 
cell wall material (Fincher and Stone 1986). In wheat, 
β-glucans are concentrated in the subaleurone layer with 
little found in the endosperm (Jaaskelainen et al. 2013; 
Panato et al. 2017). Arabinoxylan is a major component of 
the wheat endosperm cell walls comprising 67%, whereas 
the β-glucan content is about 27% (Fincher and Stone 
1986). Thus, a number of factors lead to wheat having 
lower β-glucan content with poorer solubility than oats 
or barley.

The β-glucan content in barley grain is a quantitative 
trait controlled by several loci (QTL) with different impacts. 
Using bi-parental mapping populations, Han et al. (1995) 
and Szucs et al. (2009) identified grain β-glucan QTLs on 
chromosomes 1H and 2H with a larger effect associated 
with the locus on 2H. Molina-Cano et al. (2007) located 
two QTLs on the distal end of chromosome arm 1HL, near 
the centromere on 5H and the largest QTL at the pericentro-
meric region of 7HL with up to 21.4% of variance explained. 
Li et al. (2008) found four regions associated with β-glucan 
content on chromosomes 2H, 3H, 6H and 7H with a major 
QTL explaining up to 39% of the phenotypic variance also 
located on chromosome 7H near the centromere and a minor 
QTL located at the end of 7HL with a 12.7% impact. Kim 
et al. (2011) located two major QTLs on chromosome 7H. 
Using association mapping, Shu and Rasmussen (2014) 
mapped QTLs on chromosomes 1, 4, 5, 6, and 7H; the major 
QTL was detected on chromosome 7H, 4H and 6H. Houston 
et al. (2014) found significant associations between grain 
β-glucan content and loci on chromosomes 1, 2, 3, 5, 6 and 
7H, with the most significant loci on 2H and 3H. Five mark-
ers significantly associated with β-glucan content were found 
on chromosomes 2, 5 and 7H in genome-wide association 
studies by Pauli et al. (2015). Thus, in several studies the 

centromeric region of 7H has been consistently identified 
as a strong determinant of β-glucan content.

Though the genetic control of grain β-glucan content 
and metabolic pathways are not known completely, sev-
eral genes involved in the synthesis of barley β-glucan have 
been identified. Grass-specific Cellulose synthase-like (Csl) 
F and H gene families are involved in the biosynthesis of 
β-glucans (Burton et al. 2006, 2008; Doblin et al. 2009). 
Nine CslF gene sequences, one CslF pseudogene and one 
HvCslH1 gene were found in the sequence assembly of the 
barley genome (Schreiber et al. 2014). Some of these genes 
were co-localized with the grain β-glucan QTLs. A cluster 
of five CslF genes (HvCslF3, 4, 8, 10 and 12) and HvCslH1 
were mapped near the centromere on chromosome arm 2HS. 
Two genes HvCslF9 and HvCslF6 were mapped near the 
centromere on 1HS and 7HL, respectively. HvCslF13, HvC-
slF7 and HvCslF11 were located at the distal ends of 2HL, 
5HL and 7HL, respectively (Burton et al. 2008; Doblin et al. 
2009; Schreiber et al. 2014). Analysis of the CslF and H 
gene expression during grain development showed the tran-
scripts of CslF9 and CslF6 predominated in the endosperm 
with transient increase of CslF9 transcripts at the beginning 
of endosperm development and a high expression of CslF6 
throughout endosperm development with increase at later 
stages. The transcript levels of the CslF8, CslF10 and CslH1 
were low throughout endosperm development (Burton 
et al. 2008; Doblin et al. 2009; Schreiber et al. 2014). The 
importance of HvCslF6 for β-glucan accumulation in grain 
was confirmed by producing plants with complete lack of 
β-glucan in grain caused by a mutation in the HvCslF6 locus 
(Tonooka et al. 2009) and by nearly doubling the content 
of β-glucan in grain by overexpression of CslF6 in barley 
transformed with CslF6 cDNA (Burton et al. 2011). Over-
expression of CslF4 in the same experiment increased grain 
β-glucan content by 50% (Burton et al. 2011). Additional 
candidate genes influencing synthesis of grain β-glucan are 
HvGlb1 and HvGlb2 coding (1,3;1,4)-β-d-glucan endohy-
drolase isoenzyme EI and EII and co-localized with signifi-
cant QTLs at the pericentromeric region of 1HL (Han et al. 
1995) and the distal end of 7HL (Li et al. 2008; Kim et al. 
2011; Houston et al. 2014). A transient increase of HvGlb1 
transcripts at the beginning of endosperm development was 
observed in some barley cultivars (Burton et al. 2008).

Not much is known about β-glucan synthesis and its 
genetic control in wheat. A genome-wide association study 
of β-glucan content in grain of tetraploid wheat (Triticum 
turgidum L. 2n = 4x = 28, genome AABB) revealed seven 
genomic regions associated with the trait, located on chro-
mosomes 1A, 2A (two), 2B, 5B and 7A (two). In five of 
the seven QTL sites, candidate genes encoding glycosyl 
transferases (GT) or glycosyl hydrolases (GH) were identi-
fied (Marcotuli et al. 2016). Schreiber et al. (2014) found 34 
TaCslF sequences in the hexaploid wheat (Triticum aestivum 
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L. 2n = 6x = 42, genome AABBDD) sequence database 
(International Wheat Genome Sequencing Consortium). Ten 
sets of TaCslF gene sequences similar to 10 barley HvCslF 
genes were found in all three wheat genomes, located on the 
same homoeologous chromosomes as in barley. Four addi-
tional genes include one B-genome duplicate of HvCslF8 
paralogue and two B-genome and one D-genome duplicates 
of HvCslF13 paralogue. Three sequences similar to HvC-
slF6 were found on all three wheat group-7 chromosomes. 
Nemeth et al. (2010) showed the influence of TaCslF6 genes 
on β-glucan content in grain of hexaploid wheat by RNA 
interference suppression. In transgenic plants with sup-
pressed TaCslF6, the grain β-glucan content was decreased 
by 30–52%.

Adding barley to wheat-based products to elevate the 
β-glucan content can increase their potential health benefits 
(reviewed in Collins et al. 2010). However, barley flour per-
formance, appearance and flavor are limiting factors when 
making baked products (Limberger-Bayer et al. 2014).

Transferring barley traits to wheat can also be accom-
plished through the production of transgenic plants. The 
transformation of barley with HvCslF4 and HvCslF6 genes 
increased the β-glucan content in grain or leaf tissues 
(Burton et al. 2011). The transformation with rice OsCslF 
and barley HvCslH1 cDNAs resulted in the deposition of 
β-glucan into leaf cell walls of transgenic Arabidopsis (Bur-
ton et al. 2006; Doblin et al. 2009). However, this approach 
has some limitations. Foods from transgenic crops are not 
generally accepted by consumers. Besides, many countries 
have restrictions or prohibition to the use of transgenic 
organisms in food production (Law Library of Congress 
(U.S.) 2014).

Another possible approach to transfer barley traits to 
wheat is interspecific hybridization and chromosome engi-
neering. A set of six barley-wheat disomic addition lines and 
13 ditelosomic addition lines were developed by Islam et al. 
(1978, 1981) and Islam (1983) using hexaploid spring wheat 
cultivar Chinese Spring and two-rowed spring barley Betzes. 
Later, several other wheat and barley cultivars were suc-
cessfully used for the interspecific hybridization (McGuire 
and Qualset 1990; Molnar-Lang et al. 2012; Turkosi et al. 
2016). The possibility to increase the β-glucan content in 
wheat grain by introgressing barley genes was investigated 
by Cseh et al. (2011, 2013). Almost two-fold increase of 
β-glucan content in grain in comparison with wheat parent 
was detected in the wheat–barley non-compensating Rob-
ertsonian translocation line (RobT) T4BS·7HL produced 
from wheat Asakaze komugi and six-rowed winter barley 
Manas hybrid, but it was still two times less than in the 
barley parent (Cseh et al. 2011). These results indicated 
that the HvCslF6 gene is present on the long arm of chro-
mosome 7H and is functional in a wheat background. The 
expression of two barley genes HvCslF9 and HvCslF6 in 

winter wheat Mv9kr1—winter two-rowed barley Igri 1HS 
ditelosomic line and 7H disomic addition line was detected 
in grain (Cseh et al. 2013) and resulted in β-glucan increase 
by 22 and 60%, respectively, compared to the wheat parent, 
but was still about five times less than in the barley parent.

In our work, we produced a complete set of hexaploid 
wheat lines with compensating RobT chromosomes involv-
ing barley chromosome 7H and three homoeologous group-7 
wheat chromosomes and analyzed their effect on β-glucan 
content in wheat grain.

Materials and methods

Plant material

The material used in this study included barley (Hordeum 
vulgare L.) cv. Betzes (WGRC accession TA9001), wheat 
(Triticum aestivum L.) cv. Chinese Spring (CS, TA3008); a 
CS-Betzes 7H chromosome addition line (TA3697) and CS-
Betzes 7HS and 7HL ditelosomic addition lines (TA3588 
and TA3587) from a set of lines produced by Islam et al. 
(1978, 1981) and the CS monosomic stocks CSM7A, 
CSM7B and CSM7D (TA3047, TA3054 and TA3061, 
respectively). All lines are maintained at the Wheat Genet-
ics Resources Center at Kansas State University.

Cytogenetic analyses

Genomic in  situ hybridization (GISH) was performed 
according to Zhang et  al. (2001) with modifications 
described by Danilova et al. (2017). The GISH probe mix-
ture (20 μl/slide) contained 40 ng of barley gDNA probe 
labeled with fluorescein-12-dUTP (PerkinElmer, Waltham, 
MA, USA), 1 ng of Cy5-(GAA)9 oligonucleotide probe (syn-
thesized by Integrated DNA Technologies, Inc., Coralville, 
IA, USA) and no wheat-blocking DNA.

Fluorescent in  situ hybridization (FISH) with cDNA 
probe 7S-4 (tplb0015e09), physically mapped to the short 
arm of group-7 wheat chromosomes and mixture of oligo-
nucleotide probes FAM-(GAA)9 and FAM-pAs1 (Danilova 
et  al. 2012, 2014), labeling microsatellite (GAA)n and 
D-genome specific Afa family tandem repeat pAs1 (Nagaki 
et al. 1995), was used to identify chromosomes and deter-
mine the structure of the translocations. Physical position 
of the CslF6 gene and cDNA sequences, used for KASP 
marker development, were verified by FISH. Chromosome 
preparations, probe labeling and the FISH procedure were 
as described previously (Kato et al. 2004, 2006) with minor 
modifications (Danilova et al. 2012). The cDNA probes were 
labeled with Texas red-5-dCTP, (PerkinElmer, Waltham, 
MA, USA).Wheat full-length cDNA clones were obtained 
from the National BioResource Project-Wheat, Yokohama, 
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Japan. Barley full-length cDNA clones AK353650 and 
AK365097 were obtained from the Genebank of the 
National Institute of Agrobiological Sciences, Tsukuba, 
Japan. The sequence of cDNA AK365097 was verified by 
BLAST (Altschul et al. 1990) and was found to be 99% 
similar to EU267181, barley cellulose synthase-like CslF6 
mRNA. The average relative distance of a cDNA FISH site 
from the centromere was measured and calculated on five 
chromosomes using the MicroMeasure 3.3 software (Reeves 
and Tear 2000). To paint barley chromosomes using FISH, 
a probe to barley-specific copia-like retroelement BARE-1 
(Manninen and Schulman 1993; Waugh et al. 1997; Wicker 
et al. 2009) was developed using sequence Z17327 and 
BARE LTR primers (Table 1). Chromosome preparations 
were mounted and counterstained with propidium iodide 
(PI) or 4′,6- diamidino-2-phenylindole (DAPI) in Vectash-
ield (Vector Laboratories, Burlingame, CA, USA).

Images were captured using a Zeiss Axioplan 2 micro-
scope with a cooled charge-coupled device camera CoolS-
NAP HQ2 (Photometrics, Tucson, AZ, USA) and Axio-
Vision 4.8 software (Carl Zeiss, Thornwood, NY, USA). 
Images were processed using the Adobe Photoshop software 
(Adobe Systems Incorporated, San Jose, CA, USA).

Molecular markers analysis

Genomic DNA was isolated from leaves of 2-week-old 
seedlings using a BioSprint 96 workstation according to the 
Qiagen BioSprint DNA Plant Handbook protocol (QIAGEN 
Inc., Valencia, CA, USA).

The 8-µl Kompetitive Allele Specific PCR (KASP) reac-
tion mixture contained 4 µl of DNA sample with a con-
centration of 10–20 ng/μl, 0.11 μl of 72 × primer mix and 
4 μl of a 2 × KASP master mix (LGC Genomics, Beverly, 
MA, USA). The KASP PCR used a PTC-221 MJ Research 
thermal cycler under following conditions: primer pair 
5—initial denaturation 94 °C, 15 min and 45 cycles of 
94 °C—20 s, 56 °C—1 min; primer pair 10—initial dena-
turation 94 °C—15 min, then 10 cycles 94 °C—20 s, 63 °C 
(drop 0.6º C every cycle) for 1 min followed by 43 cycles 

of 94 °C—20 s, 56 °C—1 min. The PCR results were read 
using a BioRad CFX96 machine (BioRad Laboratories, 
Inc., Hercules, CA, USA), after reading cycle: 37 °C for 
1 min, with Bio-Rad CFX Manager 3.1 software. KASP 
PCR primer sequences are listed in Table 1. Primers were 
synthesized by Integrated DNA Technologies, Inc. (Coral-
ville, IA, USA). For developing KASP markers, sequences 
with determined physical positions were selected on wheat 
cytogenetic map (Danilova et al. 2014) or barley physical 
map (Mayer et al. 2012; Kersey et al. 2016).

Compensation test and β‑glucan content

The ability of barley chromosome arms 7HS and 7HL to 
compensate for a homoeologous part of wheat genome was 
tested on plants homozygous for the RobTs. To estimate 
fertility and test compensation, plants were grown in a 
greenhouse with a 16 h light: 8 h dark photoperiod at 21 °C 
day and 18 °C night until spike emergence; then tempera-
tures were increased to 28 °C day and 23 °C night until 
maturity. Fertility was estimated by the average number of 
seed per spikelet calculated from three heads harvested from 
five plants. Confidence intervals were calculated for a level 
equal to 95%.

Seed used for β-glucan measurements were collected 
from plants grown in two growth chambers CMP6050, (Con-
viron, Canada) with photoperiod 14 h light: 10 h dark and 
temperature settings 20 °C day, 17 °C night till plants start 
heading (45 days); after that temperatures were changed in 
one chamber to 30 °C day and 20 °C night till maturity, 
while in the other chamber stayed unchanged. The β-glucan 
content on a dry weight basis was measured in whole grain 
flour in four replicates using a β-Glucan Assay Kit for mixed 
linkage 1,3:1,4-β-d-glucan in cereal grains (Megazyme, Ire-
land) according to the manufacturer’s instructions (AACC 
Method 32-23.01). The grain samples were milled using a 
coffee grinder. Because the uniform, fine milling is essential 
for the test, we verified the size of the flour particles using 
0.5-mm sieve and found that samples passed the 0.5-mm 
mesh. For the test, grain from five plants of each genotype, 

Table 1  PCR and KASP primers

Marker Forward primer Reverse primer PCR 
pro-duct, 
bp

Sequence Position on 
chromo-
some

AK353650 TGC AGA ACT AGC ACA AGT ATC CAT AG GAT GTG GGG AGT TGA TGA TGAC 106 AK353650 7HS 0.9
TGC AGA ACT AGC ACA AGT ATC CAC T

13b07 TCA GAT TCT AAG AGT ATT GGA TTC TGGA CCT GGA AGC TGA ATC GAA TTTAC 69 tplb0013b07 7WL 0.2
TCA GAT TCT AAG AGT ATT GGC TTC CGGG

BARE LTR5 GGG AGT GAC GAA TGG GTT AGC AAG AGA GAC GGA AAG GTAGA 498 Z17327
BARE LTR3 GCC CCT GCG CAG GAT AAG AGA CGA TCT AGT GCC GAA CGG ACGAC 456
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grown under the same conditions, was combined in equal 
ratios to 20-g samples which were used for the moisture 
measurement, calculation of 1000 kernel weight (TKW) and 
grinding. Moisture was measured in the grain using near 
infrared light spectroscopy with DA 7250 NIR Analyzer 
(Perten, Sweden) in three replicates; the average moisture 
value was used for all calculations. Statistical data analysis, 
calculation of average values, confidence at level equal 95% 
and correlation coefficients were performed using Microsoft 
Excel functions and ANOVA analysis tools.

Results

Physical mapping of CslF6 gene and barley cDNA

The HvCslf6 cDNA AK365097 FISH probe was hybrid-
ized to the wheat–barley chromosome 7H addition line 
and signals were detected near the centromere (relative 
distance 0.1) on the long arms of all group-7 wheat and 
barley chromosomes (Fig. 1). This result is in agreement 
with BLASTN search (Altschul et al. 1990) against the CS 
wheat flow-sorted chromosome sequence database (Mayer 
et al. 2014); sequences with approximately 95% nucleotide 
identity to cDNA AK365097 were found in the 7L arms of 
all three wheat genomes.

FISH was used to verify the physical position of cDNA 
sequences selected for molecular marker development. The 
barley cDNA AK353650 used for the development of 7HS-
specific marker was detected on the distal ends of chromo-
some arms 7HS, 7AS, 7DS and 4AL at relative distance 

0.9 (supplemental Fig. S1). The presence of this probe on 
the long arm of chromosome 4A is explained by a species-
specific cyclic translocation involving chromosomes 4A, 5A 
and 7B, which is present in all accessions of T. turgidum 
L. and T. aestivum (Naranjo et al. 1987; Devos et al. 1995; 
Mickelson-Young et al. 1995; Miftahudin et al. 2004).

Development of 7H‑specific KASP markers

KASP markers with determined physical positions were 
developed for barley and wheat chromosome arms 7S and 
7L using sequences of wheat cDNA tplb0013b07 physically 
mapped on 7L near the centromere (fraction length (FL) 
0.2) (Danilova et al. 2014) and barley cDNA AK353650, 
physically mapped on 7HS close to the telomere (FL 0.9), 
respectively. The position of the barley sequence AK353650 
was detected on the barley physical map of chromosome 7H 
and verified by FISH as described above. Barley sequences 
of cvs. Morex, Barke and Bowman (Mayer et al. 2012) cor-
responding to cDNAs tplb0013b07 and AK353650 were 
compared with the wheat A-, B-, and D-genome orthologous 
sequences from the flow-sorted wheat CS sequence data-
base (Mayer et al. 2014) to reveal SNPs and develop KASP 
primers (Table 1). The KASP assays correctly discriminated 
between barley cv. Betzes, plants heterozygous for wheat and 
barley alleles (ditelosomic addition lines TA3588 for 7HS 
marker AK353650 and TA3587 for 7HL marker 13b07), 
and wheat CS (Fig. 2) and were used for further screenings.

Development of wheat–barley translocation lines

The monosomic stocks CSM7A, CSM7B and CSM7D 
were crossed with the 7H addition line TA3697 and three 
sets of double monosomic lines with 2n = 42 chromo-
somes were selected from the  F1 plants. The progenies 
of plants from three double monosomic populations were 
screened with KASP markers, and plants with a disas-
sociation of barley 7HS and 7HL markers were analyzed 
by GISH. In total, 1281 seedlings from three populations 
were screened (supplemental Table S1). The number of 
seedlings without the barley chromosome (both 7HS and 
7HL molecular markers were negative) and with a com-
plete barley chromosome (both 7HS and 7HL molecular 
markers were positive) were similar in the three popu-
lations, ranging from 40 to 45% each. The remaining 
15–20% of the seedlings had broken barley chromosome, 
represented by telosomes, isochromosomes, RobTs and 
dicentric chromosomes (supplemental Table S1). These 
data demonstrate that in 80–85% of the pollen mother cells 
of double monosomic plants, wheat and barley group-7 
chromosomes segregate normally, and at least in 15–20% 
of the cells, the barley chromosome was broken at the 
centromere. Most of the broken 7H chromosomes were 

Fig. 1  FISH mapping. CslF6 loci (cDNA AK365097) were detected 
near the centromere on the long arms of all group-7 wheat and bar-
ley chromosomes. The chromosomes were identified based on pat-
tern produced by simultaneous labeling of (GAA)n- and pAs1-repeats 
(green signals). CslF6 is labeled in red, chromosomes counter-
stained with DAPI are blue. The average distance of CslF6 sites from 
the centromere was measured for 7HL at 0.13  ±  0.03; for 7AL at 
0.11 ± 0.03; for 7BL at 0.04 ± 0.02 and for 7DL at 0.11 ± 0.02
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stabilized as telosomes and only 2–3% fused and formed 
RobTs or structures with two centromeres (dicentric chro-
mosomes). The frequency of group-7 compensating trans-
location chromosomes was 0.3–0.9%.

To verify the structure of the translocation chromo-
somes, we combined molecular marker and cytogenetic 
analyses. The barley 7HS and 7HL chromosome arms 
were identified by KASP markers and confirmed cyto-
logically by (GAA)n-banding to distinguish the short arm 
of barley chromosome 7H, which has a distinctive inter-
stitial (GAA)n site (Figs. 1, 3). The wheat chromosome 
arms were identified using FISH with cDNA tplb0015e09 
probe 7S-4 physically mapped on chromosome arms 
7S, combined with probes to pAs1 and (GAA)n repeats 
(Fig. 3). The CS chromosome arm 7AL has a much weaker 
(GAA)n signal located more proximal than the (GAA)n 
signal on 7AS. The wheat 7DL arm has a distinctive inter-
stitial (GAA)n band, that is absent in 7DS (Fig. 3). The 
wheat 7BL arm was also identified by its specific (GAA)n 
pattern. Compensating RobTs involving all six wheat 
group-7 chromosome arms and barley 7H arms and one 

non-compensating T7BS·7HS was recovered (Table 2, 
Fig. 3). Independent breakage-fusion events resulted in 
two T7HS·7DL and three T7DS·7HL RobTs.

Plants with RobTs were self-pollinated and homozy-
gous progenies were selected by KASP markers and con-
firmed by cytogenetically (Fig. 4). These plants were used 
for further analyses.

Fig. 2  Genotyping with chromosome 7 KASP markers. The co-dom-
inant KASP assays correctly identified plants homozygous on barley 
alleles (cv Betzes, yellow circles), heterozygous on barley alleles 
(green triangles) and homozygous on wheat alleles (cv CS, blue 
squares). a 7HS marker AK353650, heterozygote—7HS ditelosomic 
addition line TA3588; b 7HL marker 13b07, heterozygote—7HL 
ditelosomic addition line TA3587. Black diamonds are blank controls 
(no call). c Physical positions of the markers on group 7 chromo-
somes are shown

Fig. 3  Cytogenetic analysis of translocation chromosomes. a Short 
arms of wheat group-7 chromosomes in translocation chromosomes 
T7WS·7HL were identified by FISH with cDNA probe 7S-4 and 
probes to (GAA)n- and pAs1-repeats. FISH images are shown on the 
left, GISH images are on the right. b Long arms of wheat group-7 
chromosomes in translocation T7HS·7WL were identified by their 
(GAA)n pattern (on the left). FISH: (GAA)n and pAs1 repeats are 
shown in green; cDNA probe 7S-4 is red; chromosomes counter-
stained with DAPI are blue. GISH: barley chromatin is labeled in 
green; (GAA)n-repeat is shown in white pseudocolor; chromosomes 
counterstained with PI are red

Table 2  Compensation test: fertility

*Difference from the wheat control is statistically significant

# RobT Accession Average number of 
kernels per spikelet, 
P = 0.05

Average grain 
weight per plant, 
g

1 7HS·7AL TA5791 2.69 ± 0.33 14.7
2 7HS·7BL TA5793 2.37 ± 0.17 12.1
3 7HS·7DL TA5796 L1 2.42 ± 0.29 12.1
4 7HS·7DL TA5796 L2 2.26 ± 0.42 9.9
5 7AS·7HL TA5790 2.14 ± 0.12 9.1
6 7BS·7HL TA5792 2.03 ± 0.14* 11.6
7 7DS·7HL TA5795 L1 2.39 ± 0.31 10.1
8 7DS·7HL TA5795 L2 2.46 ± 0.16 12.8
9 7DS·7HL TA5795 L3 2.21 ± 0.34 10.5
10 7HS·7BS TA5794 0.74 ± 0.24* 1.3
13 Control CS 2.42 ± 0.19 15.1
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Characterization of wheat–barley translocation lines

To evaluate the ability of barley chromosome arms 7HS and 
7HL to compensate for the loss of homoeologous wheat 
arms, the sporophytic compensation was determined as seed 
set per spikelet. The fertility of all homozygous translocation 
lines did not differ significantly from the CS wheat control 
(Table 2), except a non-compensating T7BS·7HS line, where 
it was very low. We observed that plants with RobTs involv-
ing 7HS tended to be more vigorous, have longer spikes and 

a slightly higher grain yield per plant than plants with 7HL 
(Table 2, Fig. 5).

The β-glucan content in grain from plants homozygous 
for the wheat–barley translocation chromosomes involving 
barley 7HL and grown under two temperature conditions 
was measured. Analysis of variance showed a significant 
influence of both genotype and temperature on β-glucan con-
tent and their interaction (p value < 0.01) with a stronger 
genotype influence (supplemental Table  S2). In plants 
grown under higher temperatures, β-glucan increased by 

Fig. 4  Chromosomes of plants, 
homozygous on compensat-
ing RobTs. a, b, e, f GISH: 
barley chromatin is shown in 
green, (GAA)n-repeat is shown 
in white pseudocolor, chro-
mosomes counterstained with 
PI are red; c, d FISH: BARE-
repeat hybridized to barley 
chromatin is shown in green, 
pAs1-repeat is red, (GAA)n-
repeat is shown in white 
pseudocolor
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14–40% above the CS wheat control, depending on the 
RobT involved. In plants grown under lower temperatures, 
the β-glucan content increased by ~ 30% above the wheat 
control in two lines and was the same as in wheat in line with 
T7DS·7HL (Table 3, Fig. 6). The TKW was higher in lines 

grown under lower temperatures and seemed to correlate 
negatively with β-glucan content (the correlation coefficient 
was − 0.43). 

Discussion

Wheat is a substantial part of the human diet, as a source 
of starch, energy and essential nutrients, such as protein, 
vitamins, minerals and dietary fiber (Shewry and Hey 
2015). The wheat grain dietary fiber includes mostly arabi-
noxylan, whereas the content of soluble β-glucan, the most 
health beneficial component, is very low. Barley has high 
content of soluble β-glucan, but is not a popular grain in 
the human diet (Fincher and Stone 1986; Cui et al. 2000; 
Collins et al. 2010). Introgression of desirable traits into 
wheat from wild and cultivated relatives, including barley is 
possible by interspecific hybridization followed by directed 
chromosome engineering, the strategy reducing the size of 
the introgressed alien chromatin by induced homoeologous 
chromosome recombination (reviewed in Sears 1981; Friebe 
et al. 1996; Qi et al. 2007; Molnár-Láng and Linc 2015).

We reduced the size of introgressed barley chromatin 
harboring a gene of interest, HvCslF6, to the size of a chro-
mosome arm by producing the complete set of six compen-
sating whole-arm translocation chromosomes. The physical 
position of HvCslF6 near the centromeric region of barley 
chromosome arm 7HL and three wheat orthologues on chro-
mosome arms 7AL, 7BL, 7DL was shown by FISH and con-
firmed the substitution of one copy of wheat CslF6 by barley 
orthologue in each of the RobTs. The increase of β-glucan 
in grain of the translocation lines indicates that HvCslF6 is 
functional in a wheat background, which is in agreement 
with previous reports (Cseh et al. 2011, 2013). Though 
the grain β-glucan content substantially increased in some 
translocation lines, it was still much lower than in the barley 
parent. As previously reported, the grain β-glucan content 
in barley is controlled by several QTLs. Though the HvC-
slF6 was reported as a major QTL with 21–39% impact, the 
genetic control of β-glucan content and metabolic pathways 
are not fully understood (reviewed in Burton et al. 2008; 

Fig. 5  Spike morphology of plants homozygous on wheat–barley 
translocation chromosomes involving 7H. CS—cv Chinese Spring, 
1—T7HS·7AL, 2—T7AS·7HL, 3—T7HS·7BL, 4—T7BS·7HL, 5—
T7HS·7DL, 2—T7DS·7HL

Table 3  Average β-glucan content and 1000 kernel weight (TKW) 
on a dry weight basis from plants grown at different temperatures

*Difference from the wheat control is statistically significant

Chromosome con-
stitution, accession

30 °C/20 °C 20 °C/17 °C

β-Glucan, % TKW, g β-Glucan, % TKW, g

7AS·7HL, TA5790 1.01 ± 0.03* 18.3 0.89 ± 0.02* 31.0
7BS·7HL, TA5792 0.82 ± 0.05* 40.3 0.87 ± 0.01* 34.6
7DS·7HL, TA5795 

L1
0.85 ± 0.04* 19.5 0.65 ± 0.02 24.2

7H, TA3697 1.03 ± 0.01* 19.0 0.88 ± 0.09* 25.9
Chinese Spring 

(wheat)
0.72 ± 0.02 24.3 0.67 ± 0.02 34.5

Betzes (barley) 5.81 ± 0.15* 40.2 5.56 ± 0.13* 55.4

Fig. 6  a β-Glucan content, % 
and b 1000 kernel weight, g 
(TKW) on a dry weight basis at 
different temperatures
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Doblin et al. 2009) and other barley genes could be essen-
tial for the high accumulation of β-glucan in endosperm 
cell walls. The interreaction of the barley polysaccharide 
synthase with wheat enzymes involved in biosynthesis of 
endosperm cell wall polysacharides is not known. It was 
shown that the suppression of a TaCslF6 gene significantly 
reduces the β-glucan content in wheat grain (Nemeth et al. 
2010), but it is still not known whether all three wheat copies 
are equally important for β-glucan biosynthesis. The dif-
ference in β-glucan content in the three translocation lines 
(Table 3) may indicate the possible unequal impact of the 
three wheat TaCslF6 genes.

The significant influence of growing conditions on 
β-glucan content in barley grain has been well documented 
(Swanston et al. 1997; Molina-Cano et al. 2007; Li et al. 
2008; Kim et al. 2011). Higher β-glucan content with an 
increased soluble portion was observed under higher tem-
perature and lower precipitation conditions during grain fill-
ing (Swanston et al. 1997; Molina-Cano et al. 2007). The 
same conditions resulted in a decrease in 1000 kernel weight 
(Swanston et al. 1997). The β-glucan content in the wheat 
translocation lines in our contrasting temperature experi-
ment was in agreement with these data. Plants grown under 
higher temperatures after spike emergence till maturity had a 
lower TKW and higher grain β-glucan content (Table 3). The 
difference in TKW may correlate with grain size, plump-
ness and chemical composition. In our experiment, grain 
with a lower TKW was either plump, but smaller in size, 
or shrunken. These two types of grain may have different 
endosperm/aleurone tissue ratio or different amount of cell 
wall components per grain. Considering that β-glucan con-
tent and solubility in wheat grain differ between the aleu-
rone layer and endosperm, TKW may correlate with both 
β-glucan content and quality.

A significant increase in β-glucan content in barley grain 
after increasing the HvCslF6 copy number in plants, trans-
formed with a construct containing HvCslF6 cDNA was 
shown (Burton et al. 2011). We are presently using ph1b-
induced homoeologous recombination to shorten the bar-
ley chromatin in T7AS·7HL, T7BS·7HL, and T7DS·7HL 
lines. Because HvCslF6 is located close to the centromere, 
it should be feasible to produce wheat–barley recombinant 
chromosomes consisting of wheat goup-7 short arms, the 
proximal part of the long arm derived from barley with the 
HvCslF6 gene and the distal part of this arm derived from 
wheat of group-7 long arm (rec7AS·7HL-7AL, rec7BS·7HL-
7BL and rec7DS·7HL-7DL). Because meiotic metaphase-I 
pairing in wheat is controlled by homology at the chromo-
some end, two or three recombinant chromosomes can be 
combined in one wheat line, which is expected to have a 
regular bivalent pairing. This will allow combining two or 
three copies of HvCslF6 and possibly double or triple the 
β-glucan content in wheat grain. We observed reduction of 

grain yield (Table 3) in lines with barley RobTs, which may 
be caused by incomplete compensation of a 7H chromosome 
arm for substituted wheat chromatin. Reduction of barley 
chromatin may reduce the plant yield penalty caused by 
incomplete compensation.

The lines with RobTs involving 7HS have longer spikes. 
QTLs, associated with spike length have been mapped on 
chromosomes 2H and 7H of barley (Wang et al. 2016) and 
a gene, involved in the determination of spike length was 
allocated to the genetic centromere of barley chromosome 
7H (Shahinnia et al. 2012). Increased tillering capacity and 
earlier flowering time were observed in wheat–barley 7H 
addition lines (Farkas et al. 2014). A stipe rust-resistance 
gene was mapped on barley chromosome arm 7HL (Li et al. 
2016). Thus, the lines produced during our experiment may 
carry valuable genes for agronomic performance and disease 
resistance, that can be screened using the stable homozygous 
RobT of this immortalized germplasm resource.
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