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Abstract

Key message Wheat-barley group-7 recombinant chromosomes were selected using molecular cytogenetics and
SNP markers; increased grain f3-glucan content was observed in wheat plants with two and four copies of HvCsIF6.
Abstract The soluble dietary fiber (1-3)(1-4) mixed linked p-p-glucan from cereal grains is a valuable component of a
healthy diet, which reduces risks of coronary disease and diabetes. Although wheat is an important cereal crop providing a
substantial portion of daily calories and protein intake in the human diet, it has a low level of B-glucan. Owing to the plasticity
of the polyploid wheat genome, agronomically important traits absent in the wheat primary gene pool can be introgressed
from distant relatives. Barley (Hordeum vulgare L..) has a high grain B-glucan content. Earlier, we introgressed this trait into
wheat in the form of whole arm compensating Robertsonian translocations (RobT) involving group-7 chromosomes of barley
and all three sub-genomes of hexaploid wheat (Triticum aestivum L). In the presented research, we shortened the barley 7HL
arms in these RobTs to small pericentromeric segments, using induced wheat—barley homoeologous recombination. The
recombinants were selected using SNP markers and molecular cytogenetics. Plants, comprising barley cellulose synthase-like
F6 gene (HvCslF6), responsible for f-glucan synthesis, had a higher grain f-glucan content than the wheat control. Three
wheat—barley group-7 recombinant chromosomes involving the A, B and D sub-genomes laid the basis for a multiple-copy
gene introgression to hexaploid wheat. It is hypothesized that further increases in the p-glucan content in wheat grain can
be obtained by increasing the number of HvCslF6 copies through combining several recombinant chromosomes in one line.
The wheat lines with four copies of HvCslF6 exceeded the f-glucan content of the lines with two copies.

Introduction diabetes, and colorectal and breast cancer (Reynolds et al.

2019). In human diets, cereal fiber is the largest contributor

With increasing interest in healthy eating, development
of products with health benefits becomes more impor-
tant. Dietary fiber from the plant cell wall is an essential
component of healthy foods. Higher intake of dietary
fiber decreases the risk of cardiovascular diseases, type 2
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to total dietary fiber consumption. A soluble fiber (1-3)(1-4)
mixed linked p-p-glucan from cereal grains such as oat and
barley has been shown to reduce the risk of coronary disease
and diabetes through cholesterol-lowering effects and attenu-
ation of glycaemic and insulin responses (Brown et al. 1999;
Cui et al. 2013; Sibakov et al. 2013).

Wheat is one of the world’s most important cereal crops,
accounting for a substantial portion of total production and
in daily calories and protein intake (FAO 2018), but wheat
grain has a low level of soluble B-glucans (Collins et al.
2010; Havrlentova and Kraic 2006). Although the p-glucan
content ranges between 3—20% in oats and 3-7% in barley on
a dry weight basis in whole meal, in wheat it is less than 1%
(Beresford and Stone 1983; Collins et al. 2010; Havrlentova
and Kraic 2006). Furthermore, no germplasm resources with
high grain B-glucan have been found in hexaploid wheat
(Triticum aestivum L. 2n=6x=42, genome AABBDD) or
its closest relatives from the primary and secondary (Friebe
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et al. 1996) gene pools. A survey of more than 500 germ-
plasm accessions of diverse origin including primitive,
synthetic and elite lines of tetraploid and hexaploid wheats
and diploid relatives indicated insufficient genetic diversity
to initiate a breeding program for high p-glucan (Marcotuli
et al. 2019; Pritchard et al. 2011). Wheat grain quality can be
changed through introgressing of genes of distantly related
wild and cultivated relatives from the tertiary gene pool via
interspecific hybridization and chromosome engineering
(Cseh et al. 2011, 2013; Danilova et al. 2018a; Rakszegi
et al. 2017; Turkosi et al. 2018). High p-glucan content (up
to 7%) was found in some Aegilops species from the ter-
tiary gene pool (diploid Ae. umbellulata Zhuk., Ae. markrafii
(Greuter) Hammer and tetraploid species containing U and
C genomes) (Marcotuli et al. 2019; Rakszegi et al. 2017).
Among species from the wheat tertiary gene pool success-
fully used in interspecific hybridization, barley has the high-
est grain f-glucan content.

Barley grain p-glucan is a quantitative trait controlled by
several genes with different impacts. Genes from the Cel-
lulose synthase-like (Csl) F gene family HvCslF4, HvCslF6
and HvCslF9 mapped on chromosome arms 2HS, 7HL and
1HS significantly influence grain p-glucan content in bar-
ley. The transcripts of HvCslF6 and HvCsIF9 predominate
in the endosperm during grain development with higher
expression of HvCslF6 (Burton et al. 2008; Doblin et al.
2009; Schreiber et al. 2014). A mutation in the HvCslF6
locus caused complete lack of B-glucan in grain (Tonooka
et al. 2009). Overexpression of HvCslF4 and HvCslF6 in
transgenic barley with extra copies of these genes resulted
in more than 50% and 80% increase in grain $-glucan con-
tent, respectively (Burton et al. 2011). Additional candidate
genes influencing synthesis of grain f-glucan are HvGlbl
and HvGIb2, which code for the (1,3;1,4)- p-p-glucan endo-
hydrolase isoenzymes EI and EII and co-localize with QTLs
on 1HL (Han et al. 1995) and 7HL (Li et al. 2008; Kim
et al. 2011; Houston et al. 2014). An increase of HvGIbl
transcripts at the beginning of endosperm development was
observed in some barley cultivars (Burton et al. 2008).

Several barley genes were introgressed to bread wheat,
expressed in a wheat background and resulted in an increase
of grain B-glucan. The expression of HvCslF9 and HvCslF6
in wheat 1HS ditelosomic and 7H disomic addition lines
was detected in grain (Cseh et al. 2013). HvCsIF6 intro-
gressed in the form of compensating and non-compensating
Robertsonoan translocations (RobT) resulted in 1.5-2-fold
increase of B-glucan in wheat grain, depending on the wheat
or barley genotype (Cseh et al. 2011, 2013; Danilova et al.
2018a; Turkosi et al. 2018). It is not known how wheat and
barley genes, controlling synthesis of f-glucan and other
grain cell wall components interact in introgression lines. In
hexaploid wheat, ten sets of TaCslF sequences similar to ten
barley HvCslF genes were found in all three wheat genomes
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and were located on the same homoeologous chromosomes
as in barley. HvCslF6 was mapped by FISH at the peri-
centromeric region of 7HL (Danilova et al. 2018a). Three
sequences, similar to HvCslF6, were located in the peri-
centromeric region on the long arms of all wheat group-7
chromosomes (Danilova et al. 2018a; Schreiber et al. 2014).
Nemeth et al. (2010) showed the influence of TaCslF6 genes
on B-glucan content in grain of hexaploid wheat by RNA
interference suppression, which resulted in 30-52% decrease
in f-glucan. In tetraploid durum wheat (Triticum turgidum
subsp. durum, 2n=4x=28, genome AABB), Marcotuli et al.
(2018) found a positive correlation between expression of
CslF6 and B-glucan content in grain. Neither Marcotuli et al.
(2018) nor Nemeth et al. (2010) investigated the expression
and impact of A-, B- or D-genome Cs/F6 homoeologues on
B-glucan synthesis in wheat grain.

The hexaploid nature of the bread wheat genome gives
an opportunity to double and triple doses of introgressed
barley gene HvCslF6 in wheat by chromosome engineering
and possibly significantly increase the grain p-glucan con-
tent. Earlier, we reported the construction of a complete set
of wheat—barley group-7 RobT chromosomes T7AS-7HL,
T7BS-7HL and T7DS-7HL containing HvCs/F6 (Danilova
et al. 2018a). If combined, these RobTs would not be trans-
mitted stably to the progenies because of meiotic abnormali-
ties and low fertility due to paring between the shared 7H
arms on different wheat homoeologues. Interstitial recom-
binants for the wheat-barley group-7 homoeologues, con-
sisting of a 7HL segment at the proximal region of the long
arm and a wheat segment at the distal end (T7WS-7HL-
7WL), can be combined in one wheat line resulting in four
or six doses of HvCslF6. Here, we report construction of
a complete set of these recombinant chromosomes and
increased grain pB-glucan content in wheat lines with two or
four copies of HvCsIF6.

Materials and methods
Plant material

The material used in this study included the wheat cv.
Chinese Spring (CS) TA3008, the phlb mutant stock in
CS background TA3809, the set of three wheat lines with
RobTs T7AS-7HL, T7BS-7HL and T7DS-7HL contain-
ing HvCslF6 gene from barley cv. Betzes, accessions
TAS5790, TA5792 and TA9795L1 (Danilova et al. 2018a)
and the translocation line with an inactivated barley cen-
tromere T7AS-7ALdel-7HL containing both HvCslF6 and
a wheat TaCslF6 orthologue in a 7AL pericentromeric
segment (Danilova et al. 2018b). All lines are maintained
by the Wheat Genetics Resource Center at Kansas State
University. The lines, homozygous for RobTs T7AS-7HL,
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T7BS-7HL and T7DS-7HL, were crossed twice with the
phlb stock. From these crosses, plants homozygous for
phlb and heterozygous for a RobT were selected and self-
pollinated. Their progenies were screened by molecular
markers to find putative wheat—barley recombinant chro-
mosomes and verified cytologically.

Cytogenetic analyses

Chromosome preparations, probe labeling and the flu-
orescent in situ hybridization (FISH) were performed
as described previously (Kato et al. 2004, 2006) with
minor modifications (Danilova et al. 2012). FISH with
HvCslF6 and barley specific copia-like retroelement
BARE-1 (Manninen and Schulman 1993; Waugh et al.
1997; Wicker et al. 2009) probes was used to confirm
the presence of gene HvCslF6 on recombinant chromo-
somes. Preparation of BARE probe was described earlier
(Danilova et al. 2018a). The HvCsIF6 probe (cDNA clone
AK365097 from the Genebank of the National Institute
of Agrobiological Sciences, Tsukuba, Japan) was labeled
with Texas red-5-dCTP and the BARE probe was labeled
using Fluorescein-12-dUTP (PerkinElmer, Waltham, MA,
USA).

Genomic in situ hybridization with the addition of
FISH probes (FGISH) oligonucleotide Cy5-(GAA)q and
TEX-pAsl (Danilova et al. 2012), labeling microsatellite
(GAA), and D-genome-specific Afa-family tandem repeat
(Nagaki et al. 1995) was used to identify chromosomes
and confirm recombination events. The FGISH probe
mixture (10 pl/slide) in 2 X SSC — 1 X TE buffer contained
30 ng of barley gDNA probe labeled with Fluorescein-
12-dUTP, 6 ng of Cy5-(GAA),, 35 ng of TEX-pAsl (syn-
thesized by Integrated DNA Technologies, Inc., Coral-
ville, IA, USA) and 750 ng of autoclaved salmon sperm
DNA. The mixture was added to a slide and covered with
a 22 x 22 plastic cover slip. Slides were placed in metal
tray floating in boiling water bath for 5 min to denature
the probe and chromosomal DNA as described by Kato
et al. (2004, 2006) and transferred to 55 °C oven for over-
night hybridization. Slides were washed in 2 X SSC buffer
for 5 min at room temperature and 20 min at 55 °C. Chro-
mosome preparations were mounted and counterstained
with 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 AxioVi-
sion 4.8 software (Carl Zeiss, Thornwood, NY, USA) and
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). We used Single Nucleotide Poly-
morphism (SNP) to distinguish barley and wheat alleles. The
8 ul PCR Allelic Competitive Extension (PACE) reaction
mixture contained 4 ul of DNA sample with a concentra-
tion of 10-20 ng/pl, 0.11 pl of 72x primer mix and 4 pl of a
2x PACE Genotyping Mastermix, standard ROX — 150 nM
(3CR Bioscience Ltd, Welwyn Garden City, UK). The 72x
SNP-specific primer mix contained two allele-specific for-
ward primers and one common reverse primer. PACE PCR
was performed in a PTC-221 MJ Research thermal cycler
under the following conditions: initial denaturation 15 min
at 94 °C, then 45 cycles of 94 °C —20s, 56 °C — 1 min and
held at 10 °C. The PCR results were read using a Bio-Rad
CFX96 machine (Bio-Rad Laboratories, Inc., Hercules, CA,
USA) after reading cycle: 37 °C for 1 min, with Bio-Rad
CFX Manager 3.1 software. PACE PCR primer sequences
are listed in Table 1. Primers were synthesized by Integrated
DNA Technologies, Inc. (Coralville, IA, USA). For devel-
oping PACE markers, sequences with determined physi-
cal positions were selected on the wheat cytogenetic map
(Danilova et al. 2014) or barley physical map (Mayer et al.
2012; Kersey et al. 2016).

Measuring B-glucan content

Seeds used for B-glucan measurements were collected from
plants grown in CMP6050 chambers (Conviron, Canada)
with a 14 h light: 10 h dark photoperiod and temperature
settings of 20 °C day, 17 °C night until heading (45 days),
then temperatures were set to 30 °C day and 20 °C night
until maturity. The p-glucan content on a dry weight basis
was measured in whole-grain flour in four replicates using a
B-Glucan Assay Kit for mixed linkage 1,3:1,4-p-p-glucan in
cereal grains (Megazyme, Ireland) according to the manu-
facturer’s instructions (AACC Method 32-23.01). Grain
samples were milled using a coffee grinder. The size of the
flour particles was verified using 0.5 mm sieve to confirm
that flour passes the 0.5 mm mesh. For the test, grain from
3-5 plants of each genotype was combined in equal ratios
into 15 g samples, which were used for grain moisture meas-
urement, calculation of 1000 kernel weight (TKW) and
grinding. Moisture was measured in the grain using the near
infrared light spectroscopy with a DA 7250 NIR Analyzer
(Perten, Sweden) in four replicates. The average moisture
value was used for all calculations. Statistical data analysis,
calculation of average values and confidence at level equal
95% were performed using Microsoft Excel functions and
ANOVA analysis tools.
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Table 1 PCR primers

Marker Forward primer 5'-3' Reverse primer 5'-3' PCR Sequence Position on chromosome
product,
bp

46ALcent HEX-TTACTACTAGTTGCA CCCTTGGTAAATTCGATTCA 63 tplb0013b07*  7WL 0.1-0.2
GTTAGGGGA

46HLcent FAM-TCCTTTACTACTAGT 65
TGCAGTTAGGT

43ALdist HEX-CATGTTCAGTGACAG TGAATGATGGACCAAATA 64 tplb0007014 7WL 0.9
AAGGTT CTGC

43HLdist FAM-TACATGTTCAGTGTC 68
TGGGGA

30BLcent HEX-TTGTGTATGTGATCC TCGACAAGTACAGGTAAC 56 tplb0013b07 7WL 0.1-0.2
TGCCATC CATCTT

30HLcent FAM-TTGTGTATGTGATCC
TGCCAAT

25BLdist HEX-AGTACATATTTAGCG CAAGCAGTGACTAGTAAT 55 EST BE490073 7BL7-0.63-0.78, 7DL3-0.82-1.00
ATGATTTTTTG TAAGCC

25HLdist FAM-AGTAGATCTTTAGCC 7H phys. map 653 532 254: 653 580 997
ATGATATTTTTC

35DLcent HEX-GTGTCCAATAGAGGG ATGCTACCAGCTCCTTCA 80 tpIb0013b07 7WL 0.1-0.2
AGAAAGGTAG CAAATAC

35HLcent FAM-GTCCAATAGAGtGAG 78
AAAGGTACCC

40DLdist HEX-GAGCCATCCTTCCCA GGCAAAGATAATGGGGAG 65 tplb0007014 TWL 0.9
TCACTTCCA AGCAAC

40HLdist FAM-AGAGCCATCCTTGCC 66
ATCACTTCT

tplb0013b07 wheat cDNA; position on 7H physical map is 397,635,373 bp
Hordeum vulgare CslF6 mRNA (EU267181) position on 7H physical map is 378,385,072 bp

http://plants.ensembl.org/Hordeum_vulgare/Tools/Blast/Results

Results

Development of barley and wheat
homoeologue specific shifted SNP markers

Previously, we produced a set of wheat lines with RobT
chromosomes consisting of wheat group-7 short arms and
7HL of barley (Danilova et al. 2018a). Recombination events
between 7HL and wheat group-7 long arms can be detected
by the disassociation of molecular markers located in the
proximal and distal regions of a targeted chromosome arm.
Pairs of co-dominant SNP markers were developed for bar-
ley 7HL and each of the wheat homoeologues 7AL, 7BL
and 7DL using genic sequences corresponding to physically
mapped wheat cDNAs (Danilova et al. 2014) or sequences
selected from the barley physical (Mayer et al. 2012; Kersey
et al. 2016) and wheat deletion maps (Qi et al. 2004).

To identify barley specific SNPs, conservative among
different cultivars, two sequences from barley cvs. Morex,
Barke or Bowman (Mayer et al. 2012) were aligned with
orthologous sequences of the wheat A-, B- and D-genomes
from the flow-sorted wheat CS sequence database (Mayer
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et al. 2014) using NCBI BLAST functions (Altschul et al.
1990). To ensure selection of wheat SNPs that are not CS
specific, but conservative among different wheat cultivars
and distinctive for a particular wheat sub-genome, we
added into alignments orthologous sequences of closest
diploid wheat relatives (Triticum urartu Tumanian ex Gan-
dilyan (Ling et al. 2018), Aegilops speltoides Tausch (Alaux
et al. 2018) and Ae. tauschii Coss. (Luo et al. 2017) for A-,
B- and D-genome alignments, respectively). Only SNPs
present in both a wheat sub-genome and a corresponding
diploid genome and in both barley cultivars were selected
for designing primers for the PACE genotyping array. In
alignments analyzed, we found very few three-genome SNPs
(that differentiated barley and one out of three wheat sub-
genomes) present in one site and suitable for primer design.
Two of them were used to develop markers 25BHLdist and
30BHLcent. In contrast, two SNPs, specific for barley and
one out of three wheat sub-genomes located several nucle-
otides apart were quite common (Fig. 1). We used these
closely located SNP pairs to develop PACE assays consist-
ing of two “shifted” forward primers specific for barley and
one of wheat sub-genomes and one common reverse primer.
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Fig.1 Development of barley and wheat homoeologue-specific
shifted SNP markers. Alignment of wheat, barley, and Ae. speltoides
sequences (tplb0013b07). 1. Barley and B/S-genome specific SNPs

The shifted co-dominant barley—wheat homoeologue spe-
cific SNP primers were developed for all three wheat sub-
genomes and barley at proximal and distal positions of the
long arm of group-7 chromosomes (Table 1, Fig. 2) and used
in PACE genotyping assays for further screenings for puta-
tive recombinants in the phlb background. With these SNP
assays, we run two PCRs for each plant. We demonstrated
the approach with shifted primer sets to be effective for dif-
ferentiating closely related wheat sub-genomes and barley.

Screening for wheat-barley recombinant
chromosomes

The progenies of three sets of plants, homozygous for phib
and heterozygous for each RobT, were screened using
PACE genotyping assays. Putative recombinant plants with
a disassociation of distal and proximal 7L markers or with
undetermined results were verified by FGISH. In total, 2525
seedlings from three populations were screened (Table 2).

At the beginning of the experiment, we screened the first
population for a 7AL-7HL recombination with a set of four
dominant SNP markers: two 7HL markers (distal and proxi-
mal) and two 7AL markers (not shown). Genotyping from
four PACE reactions accumulated a high portion of undeter-
mined results, which explains the high percentage of plants
from population-1, checked by FGISH (32.6% Table 2). We
therefore switched to pairs of co-dominant SNP markers,
and two PACE reactions had fewer undetermined results,
which reduced the amount of FGISH screenings almost by
three times. Even without taking into consideration undeter-
mined results, the percentage of plants with marker disasso-
ciation was higher than the percentage of targeted 7WL-7HL
recombinations confirmed by FGISH. Cytological analysis
showed that a recombination between wheat 7L. homoeo-
logues resulted in the ‘false’ marker disassociation.

For each wheat genome, we found targeted wheat—bar-
ley recombinant chromosomes containing proximal barley

B
T EEEN

are located 1 bp apart (shifted). 2. Three SNPs specific for genomes
B/S, H and A/D are located at the same site

segment and additional recombinants containing distal
barley segments of different lengths (Fig. 3, Table 2).
Previously, we located the HvCslF6 gene on 7THL very
close to the centromere (relative distance ~0.13) using
FISH (Danilova et al. 2018a). According to the BLAST
results, the sequence of HvCslF6 gene (EU267181) is
more proximal than the barley orthologue of wheat cDNA
tplb0013b07 used for designing pericentromeric molecu-
lar markers (Table 1); their positions on the 7H physical
map are 378,385,072 bp and 397,635,373 bp, respectively
(Ensembl Plants release 42—Dec 2018 © EMBL-EBI;
Kersey et al. 2018). Provided the correct ordering of the
barley physical map, the recombinant barley transloca-
tion segments, detected by tplb0013b07-based markers
should contain the HvCslF6 gene. In the recombinant
chromosomes T7AS-7HL-7AL and T7BS-7HL-7BL bar-
ley segments were very short, and we additionally verified
the presence of HvCs/F6 gene by multicolor FISH. We
found that in both recombinant chromosomes the HvC-
sIF6 probe signals were located within the barley translo-
cation (Fig. 3). A sizable barley segment in recombinant
chromosome T7DS-7HL-7DL was long enough (~ 75% of
7DL) to contain HvCslF6 (Fig. 3).

The selected plants with recombinant chromosomes were
self-pollinated to produce homozygous introgression lines
for preliminary p-glucan test. They also were crossed with
CS to eliminate the phlb mutant allele. Plants with recombi-
nant chromosome T7AS-7HL-7AL were crossed with RobTs
T7BS-7HL and T7DS-7HL, and their progenies were self-
pollinated. Homozygous progenies were selected by PACE
genotyping assays and confirmed by FGISH (Fig. S1). The
spikes of these plants are shown in Fig. 4. We observed
karyotype abnormalities in some plants homozygous for
phlib and translocation chromosomes T7AS-7HL-7AL and
T7DS-7THL-7DL (Fig. S1), which did not involve the barley
chromatin. Meiosis irregularity caused by the absence of
the major homologous pairing locus Phl can explain these

@ Springer
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Fig.2 PACE genotyping assays. Co-dominant barley—wheat sub-
genome specific SNP markers with known physical positions (des-
ignations correspond to Table 1). Left column—distal markers,
right column—pericentromeric markers. Physical position of each
sequence on group-7 wheat chromosomes is shown as a relative dis-
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RFU for Allele 1 - FAM

tance from the centromere (Danilova et al. 2014); 2SBHLdist—EST
BE490073 position is shown (Qi et al. 2004). Plants homozygous on
barley alleles-blue squares, heterozygous on barley alleles-green tri-
angles and homozygous on wheat alleles-yellow circles
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Table 2 Screening for wheat-barley recombinant chromosomes

RobT Total Plants Number of 7WL- % of
plants screened by  7HL recombinants  recom-
screened FGISH found binants

TAS-THL 620 202 (32.6%) 3 0.48

7BS-7HL 1183 160 (13.5%) 2 0.17

7DS-THL 722 72 (10.0%) 1 0.14

a 7AL-7THL
3
- <«
b 7BL-7THL C 7DL-7HL

2
> S -
=

Fig.3 Wheat-barley recombinant and translocation chromosomes.
Summary. a Three 7AL-7HL recombinant chromosomes were found
(1-3); translocation chromosome T7AS-7ALdel-7HL is also shown
(4); b, c. Two 7BL-7HL and one 7DL-7HL recombinant chromo-
somes were found (bottom panel). The CsIF6 gene (arrows) was
detected within barley pericentromeric chromatin on recombinant
chromosomes T7AS-7HL-7AL and T7BS-7HL-7BL. FGISH images
a (1-3,4),b (1, 2) and c: barley chromatin is green, (GAA)n repeat
is white, pAsl repeat is red, chromosomes counterstained with DAPI
are shown in orange. FISH images a 3, b 2: barley chromatin is green,
CslF6 gene is labeled in red, chromosomes counterstained with DAPI
are blue

abnormalities. As a result, plants with T7DS-7HL-7DL had
a low seed set (Fig. 4).

B-Glucan content in grain of wheat-barley
translocation lines

We measured the 3-glucan content in grain from three sets of
plants homozygous for the wheat—barley recombinant chro-
mosome and containing two copies of the HvCslF6 gene
from barley, substituting wheat orthologues from each of A,
B or D wheat genomes; in two sets of plants containing four
copies of HvCslF6 substituting four wheat orthologues and
in plants homozygous for translocation chromosomes with
an inactivated barley centromere T7AS-7ALdel-7HL, con-
taining two copies of HvCslF6 in addition to wheat CslF6
A-genome orthologues.

Plants were grown under high-temperature conditions,
because previous experiments showed a higher B-glucan
content under higher temperatures during grain filling
(Swanston et al. 1997; Molina-Cano et al. 2007; Danilova
et al. 2018a). Lines homozygous for the RobT translocations
containing 7HL as well as the lines carrying HvCslF6 in
recombinant chromosomes showed statistically significant
16-20% increase in p-glucan content above the wheat con-
trol (Table 3). We did not observe any significant differ-
ence between plants homozygous for RobTs T7AS-7HL and
T7BS-7HL and plants with the corresponding recombinant
chromosomes, indicating that the HvCslF6 gene carried in
the proximal recombinant translocations is indeed conferring
the increased p-glucan content. Grain from plants with RobT
T7DS-7THL contained less B-glucan than plants with the cor-
responding recombinant chromosome. Grain from the line
with T7AS-7ALdel-7HL contained slightly more p-glucan
than the lines with HvCslF6 substituting wheat 7A-orthol-
ogous gene, but it had TKW lower than T7AS-7HL-7AL.
Considering the negative correlation between TKW and
B-glucan content (Danilova et al. 2018a), the low TKW of
T7AS-7ALdel-7HL can explain the difference in p-glucan.
Thus, transfer of HvCslF6 in the interstitial recombinants is
largely or completely responsible for the observed increased
grain p-glucan.

Two lines with four copies of HvCslF6 (homozygous for
T7AS-7THL-7AL, RobTs T7BS-7HL and T7AS-7HL-7AL,
T7DS-7HL) significantly exceeded the f-glucan content of
the CS wheat control and the corresponding lines with two
copies of HvCslF6 by 70-90% and 25-57%, respectively.
Considering the highest TKW of the line, homozygous for
T7AS-7THL-7AL and RobTs T7BS-7HL (Table 3), the high-
est B-glucan content in this line can be attributed to the pres-
ence of four HvCslF6 copies.

Discussion

Shortening barley segments through induced
homoeologous recombination

We used directed chromosome engineering to reduce the
size of the introgressed barley chromatin by phlb-induced
homoeologous chromosome recombination (reviewed in
Sears 1981; Friebe et al. 1996; Qi et al. 2007; Molnar-Lang
and Linc 2015) in set of three wheat-barley compensating
RobTs (Danilova et al. 2018a). Detection of wheat—alien
homoeologous recombinants requires screening of large
populations and is the most time and labor consuming step
of chromosome engineering (Lukaszewski 2000; Lukasze-
wski et al. 2004; Qi et al. 2007). Application of PACE geno-
typing assays with co-dominant SNP markers proved to be
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Fig.4 Spike morphology.
Plants homozygous on wheat—
barley recombinant and translo-
cation chromosomes involving
7HL and their combinations are
shown. 1. T7AS-7ALdel-7HL,
2. T7AS-7THL-7AL, 3.
T7BS-7HL-7BL, 4. T7DS-7HL-
7DL, CS - cv Chinese

Spring, 5. RobT7AS-7HL,

6. RobT7BS-7HL-7BL, 7.
RobT7DS-7HL, 8. T7AS-7HL-
7TAL+RobT7BS-7HL,

9. T7AS-7THL-

7AL +RobT7DS-7HL.
Bar=1cm

Table 3 Average p-glucan content and 1000 kernel weight (TKW) on
a dry weight basis

Chromosome constitution®, accession B-glucan, %° TKW, g

0.82+0.05¢ 20.8
0.79+0.05¢ 18.4
0.81+0.01¢ 16.0
0.97 +£0.044 17.4
1.29+0.07¢ 21.1
1.15+0.06¢ 14.4
0.92+0.05¢ 17.8
0.80+0.03¢ 16.7
0.72+0.04 16.8
0.68+0.03 18.4
5.56+0.13¢ 33.6

T7AS-7THL-7AL®
T7BS-7HL-7BL®
T7DS-7HL-7DL®
T7AS-7ALdel-7HL
T7AS-7THL-7AL, RobT 7BS-7HL
T7AS-7HL-7AL, RobT 7DS-7HL
RobT 7AS-7HL, TA5790

RobT 7BS-7HL, TA5792

RobT 7DS-7HL, TA5795 L1
Chinese Spring (wheat)

Betzes (barley)

2All lines were homozygous on the listed translocation chromosomes
®Lines were homozygous for the p/ /b mutation
“Confidence intervals are shown

dDifference from the wheat control is statistically significant (confi-
dence =95%)

highly accurate, effective and significantly decreased time
and effort, including cytological screening.

Chromosome rearrangements resulting in loss of colin-
earity between homoeologues may hinder meiotic pairing
(Lukaszewski et al. 2004; Nasuda et al. 1998). Rey et al.
(2018) found the 36 Mbp deletion at the terminal region of
chromosome arm 7AL in CS addition line with 7H from
barley Betzes produced by Islam et al. (1981) and used in
our work. This rearrangement could prevent meiotic pair-
ing and recombination between 7AL and 7HL. Crossing
plants homozygous for RobT T7AS-7HL with the phlb CS
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mutant stock allowed us to avoid this problem. The targeted
wheat—barley recombinant chromosomes containing proxi-
mal barley segment and comprising the HvCslF6 gene were
obtained for all three wheat sub-genomes. The presence of
HvCslF6 was confirmed by marker positions, cytological
analysis and p-glucan tests.

Rate and position of homologous recombination are
affected by many factors: they have genetic control and are
influenced by chromosome structure, genome sequence fea-
tures and growing conditions (Darrier et al. 2017; Higgins
et al. 2012; Jordan et al. 2018; Morgan et al. 2017; Phillips
et al. 2015; Saintenac et al. 2011). The rate of phlb-induced
homoeologous recombination between wheat and alien
chromosomes, originating from distantly related species
of tertiary gene pool, such as barley, is even more unpre-
dictable. It can be chromosome arm and genome specific
and can vary significantly between the different genomes
and chromosomes of wheat and alien introgressions. For
example, in a chromosome engineering experiment involved
a member of tertiary gene pool Thinopyrum intermedium
(Host) Barkworth & D.R. Dewey (2n=6x=42, JIF'J’SS),
we observed a 0.06% yield of phlb-induced homoeologous
recombinants (per plant basis) between chromosome arms
7BL and 7S#3L (Danilova et al. 2017b). The yield of phlb-
induced recombinants between arms 4DS and 4J°S from
Th. intermedium was 2% (Friebe et al. 2009). Twofold dif-
ferences were observed in the recombination frequencies
between rye (Secale cereale L.) chromosome arm 1RS and
wheat 1BS or 1DS in RobTs T1RS-1BL and T1RS-1DL, as
well as a substantial seasonal variation (Lukaszewski 2000).

In our experiment, the recombination frequency
between group-7 arms from the T7WS-7HL RobTs,
estimated as the yield of plants with wheat—barley
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recombinant chromosomes (per plant basis), was rela-
tively low for the B and D genomes (0.17 and 0.14%) and
higher for A genome (0.48%). In spite of the low recom-
bination rate between 7HL and its wheat homoeologues,
two out of six recombination events occurred in the peri-
centromeric region, although recombination at the distal
ends was observed as well. This was surprising, because
even crossovers between homologues preferentially hap-
pen at the distal ends during both wheat and barley meio-
sis (Darrier et al. 2017; Gutierrez-Gonzalez et al. 2019;
Higgins et al. 2012; Jordan et al. 2018). Genetic factors
influence recombination in wheat and barley (reviewed in
Morgan et al. 2017; Phillips et al. 2015). Several QTLs
influencing recombination rate and position were detected
in long arms of wheat group-7 chromosomes, includ-
ing QTLs influencing either total recombination rate, or
recombination at pericentromeric regions (Jordan et al.
2018). Possibly, orthologous genes influencing position
of recombination are present in barley 7HL and may affect
pericentromeric crossovers. On the other hand, pairing
among homoeologues may not follow the recombina-
tion patters described for homologues. Lukaszewski et al.
(2004) observed a significant difference in the frequency
and location of phlb-induced recombination between rye
chromosome arms 2RS and 2RL from RobTs T2RS-2BL,
T2BS-2RL, respectively, and wheat chromosome 2B. The
recombination between arms 2RL-2BL was shifted toward
the terminal 25% of the arm and had frequency 14.65%
(per plant basis). Unlike 2RL, rye chromosome arm 2RS
lost colinearity to wheat homoeologues because of rear-
rangements present at the distal segment, namely terminal
translocations from 6S and 7S (Devos et al. 1993; Martis
et al. 2013). Thus, 2RS-2BS pairing should be reduced or
absent. However, some 2RS-2BS recombination (0.48%
per plant basis) was observed but was absent at the ter-
minal region and shifted to the proximal 65%-segment of
the arm. Lukaszewski et al. (2004) assumed that the fact
of 2RS-2BS recombination and its shift to the intersti-
tial and pericentromeric regions can result from a disrup-
tion of normal terminal pairing initiation between 2RS
and 2BS. Possibly, under specific conditions, including a
phlb-induced homoeologous pairing or pairing of trun-
cated homologues (Curtis et al. 1991; Jones et al. 2002; Qi
et al. 2002), it may be initiated at random points along the
arm or progress from the opposite arm of a RobT.

The influence of growing conditions on recombination
rate makes the success of chromosome engineering even
more unpredictable (Lukaszewski 2000). Temperature
affects both rate and chromosome position of a crossover
(reviewed in Morgan et al. 2017). In barley, a moderate
temperature increase during meiosis results in significant
shift in chiasmata distribution from distal to interstitial/

proximal positions and influences different chromosome
arms unequally (Higgins et al. 2012; Phillips et al. 2015).

Finally, sequence features, including the presence of par-
ticular recombination-associated repetitive motifs or genic
sequences, can influence position and frequency of recom-
bination events in wheat and barley (Darrier et al. 2017;
Higgins et al. 2012; Saintenac et al. 2011).

B-Glucan content in grain

The Healthy U.S. Style Eating Pattern proposes about 100 g
of whole grain daily intake for adults (U.S. Department of
Health and Human Services and U.S. Department of Agri-
culture 2015). To obtain a significant decrease in total and
LDL cholesterol, at least 2 g per day of soluble fiber should
be consumed (Brown et al. 1999). If wheat whole-meal flour
is a main source of soluble fiber, the target level of f-glucan
in wheat grain should be 2% per dry weight. Wheat grain
dietary fiber includes mostly arabinoxylan, whereas the con-
tent of soluble p-glucan is lower than 1% (Beresford and
Stone 1983; Havrlentova and Kraic 2006; reviewed in Col-
lins et al. 2010). Wheat germplasm resources do not contain
genetic variation for a breeding program to generate elite
wheat varieties with f-glucan content of 2% per dry weight
or higher (Pritchard et al. 2011). In this situation, broadening
of wheat germplasm diversity through alien gene introgres-
sion from the tertiary gene pool can be helpful.

High B-glucan content was detected in grain of some
Aegilops species from the tertiary gene pool, Ae. umbel-
lulata, Ae. markrafii and tetraploid species containing U, M
and C genomes (Marcotuli et al. 2019; Rakszegi et al. 2017).
Wheat disomic addition lines containing chromosomes 5U,
7U and 7M from Ae. geniculata Roth and Ae. biuncialis
Vis. exceeded p-glucan content of parental wheat line (Rak-
szegi et al. 2017, 2019). Introgression of this trait to wheat
by induced homoeologous recombination can be challeng-
ing for some Aegilops species because C and U genomes
are known to be rearranged, i.e., not colinear to wheat and
the structure of other genomes still need to be established
(Danilova et al. 2017a; Molnar et al. 2016; Zhang et al.
1998). Barley chromosomes preserved colinearity and can
recombine with wheat homoeologues. Barley was inten-
sively studied as a donor of high grain -glucan for wheat.
Wheat-barley addition, substitution and RobT lines showed
increased p-glucan content (Cseh et al. 2011, 2013; Danilova
et al. 2018a; Turkosi et al. 2018).

Earlier, we introgressed barley HvCslF6 to wheat in the
form of three compensating RobTs T7AS-7HL, T7BS-7HL
and T7DS-7HL and increased the grain f-glucan content
to 0.8-1%. Although these values statistically exceeded the
wheat control, they were still much lower than the 5.8%
of the barley parent (Danilova et al. 2018a) or a target of
2%. Burton et al. (2011) showed that addition of HvCslF6
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copies in transgenic barley results in a more than 80%
increase in grain pB-glucan content. We therefore hypoth-
esized that increasing the number of HvCsIF6 copies in
hexaploid wheat by combining several engineered wheat
homoeologous chromosomes with barley introgressions
could significantly increase the total p-glucan content. How-
ever, because meiotic pairing in wheat relies on homology
at the telomeric chromosome ends, two or three pairs of
RobTs with 7HL present in one plant, would cause meiotic
abnormalities (formation of multivalents) and lead to low
fertility. We had produced a few plants with four copies of
HvCslF6 by combining RobTs T7AS-7HL and T7DS-7HL
and selecting homozygous lines, but they have karyotype
abnormalities and their fertility was so low, that we were
not able to produce enough seeds for f-glucan test (data not
shown). In contrast, interstitial recombinant chromosomes
can be combined in one wheat line and have regular biva-
lent pairing, because the respective wheat distal ends have
been restored. Furthermore, large translocations can have
negative impact on yield. Lines with barley RobTs showed a
decrease in grain yield, which may be caused by incomplete
compensation of 7H for the substituted wheat chromatin
(Danilova et al. 2018a). Reduction of the barley chromatin
might solve this problem. We have produced wheat—barley
recombinant chromosomes consisting of wheat goup-7 short
arms, the proximal part of the 7HL arm harboring the HvC-
sIF6 gene and the distal part derived from a wheat group-7
long arm (7AS-7HL-7AL, 7BS-7HL-7BL and 7DS-7HL-
7DL). These lines exceeded the wheat control for p-glucan
content and were similar to lines with wheat—barley RobTs.
We did not estimate the productivity of the recombinant
lines, because they were homozygous for phlb and had
some karyotype abnormalities that resulted in lower fertil-
ity. In the preliminary experiment, we combined two differ-
ent RobTs with recombinant chromosome 7AS-7HL-7AL
to analyze p-glucan content in plants with four copies of
HvCslF6 and normal fertility. These two lines had signifi-
cantly higher grain pB-glucan content than plants with two
copies of HvCsIF6.

It has been reported that the wheat genes orthologous
to barley HvCslF6 located on the long arm of all group-7
chromosomes (Schreiber et al. 2014, Danilova et al.
2018a), expressed in grain and influenced p-glucan content
(Marcotuli et al. 2018; Nemeth et al. 2010). It is not known
which of the wheat CsIF A-, B- or D-genome orthologues
are functional and more important for f-glucan synthe-
sis in grain and how wheat and barley genes, controlling
synthesis of grain cell wall components, would interact in
introgression lines. To verify whether HvCslF6, present
together with all three wheat orthologous genes, shows a
higher p-glucan content over lines where HvCslF6 sub-
stituted for one of wheat orthologues, we included to the
analysis a line homozygous for T7AS-7ALdel-7HL and
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containing both 7A TaCslF6 and barley HvCslF6. This
line had B-glucan content similar to the RobT T7AS-7HL
and statistically higher than three lines homozygous for
recombinant chromosomes. However, this exceeding may
be explained by a variation in grain size, as p-glucan
content has been shown negatively correlating with
TKW (Danilova et al. 2018a). Both T7AS-7ALdel-7HL
and RobT 7AS-7HL had a lower TKW than recombi-
nant 7AS-7HL-7AL. Thus, most likely, the substitution
of wheat 7A-Cs/F6 by barley orthologue HvCslF6 does
not influence negatively the p-glucan content in wheat
grain. In our current and previous experiment (Danilova
et al. 2018a), the line with RobT 7DS-7HL showed lower
B-glucan than two other RobTs. Among 2 lines with four
copies of HvCsIF6, the line with barley segment present
in 7AL and 7DL showed lower B-glucan than the line with
HvCslF6 substituting wheat orthologues in 7AL and 7BL.
According to Marcotuli et al. (2019), grain p-glucan of
hexaploid wheat (genome AABBDD) exceeded that of
tetraploid wheats (genome AABB) by almost twofolds.
Similary grain f-glucan of Ae. tauschii (genome DD)
exceeded A-genome diploids, 7. urartu Tumanian ex Gan-
dilyan and T. monococcum L. almost 4 times. Based on
these data, we may assume that the D-genome Cs/F6 gene
contributes more to grain f-glucan synthesis in hexaploid
wheat than the two other orthologues.

Here, we have shown that replacement of the proximal
region of the long arm of wheat group-7 chromosomes
with the homoeologous barley region carring the HvCslF6
gene gives a marked increase in B-glucan. The replacement
of the wheat TaCsIF6 genes in several sub-genomes of
wheat opens possibilities for stacking multiple copies of
HvCslF6. We demonstrated that combining four copies of
the allele gives a further marked increase in $-glucan. Our
results open up prospects for a further increase in p-glucan
in lines with multiple copies of HvCslF6 and production
of heart healthy whole-wheat products. Work is now in
progress for transferring and combining wheat—barley
recombinant chromosomes in elite wheat lines.
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