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using previously developed markers for HvGR-RBP1 
and HvNAM1 and a novel marker for HvNAM2. 
Based on a single-nucleotide polymorphism (SNP) 
in the first intron, the utilized marker differentiates 
NAM2 alleles of low-grain protein variety ‘Karl’ and 
of higher protein variety ‘Lewis’. We demonstrate 
that the selection of favorable alleles for each gene 
impacts heading date, senescence timing, grain size, 
grain protein concentration, and malt quality. Specifi-
cally, combining ‘Karl’ alleles for the two NAC genes 
with the ‘Lewis’ HvGR-RBP1 allele extends grain fill 
duration, increases the percentage of plump kernels, 
decreases grain protein, and provides malt quality sta-
bility. Molecular markers for these genes are therefore 
highly useful tools in malt barley breeding.

Keywords Barley (Hordeum vulgare L.) · 
Flowering · Senescence · Grain quality · Malt 
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Abstract Malt barley (Hordeum vulgare L.) is 
an important cash crop with stringent grain qual-
ity standards. Timing of the switch from vegetative 
to reproductive growth and timing of whole-plant 
senescence and nutrient remobilization are critical 
for cereal grain yield and quality. Understanding the 
genetic variation in genes associated with these devel-
opmental traits can streamline genotypic selection of 
superior malt barley germplasm. Here, we determined 
the effects of allelic variation in three genes encoding 
a glycine-rich RNA-binding protein (HvGR-RBP1) 
and two NAC transcription factors (HvNAM1 and 
HvNAM2) on malt barley agronomics and quality 
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Introduction

Barley (Hordeum vulgare L.) is an important crop 
grown worldwide with more than 40 million hectares 
of annual production (FAOSTAT, accessed at https:// 
www. fao. org/ faost at/ en/# home). Barley has been used 
as the main ingredient of alcoholic beverages such as 
beer and whiskey for many centuries (Homan 2004). 
Today, about 20% of barley produced is used by the 
malt industry (Baik and Ullrich 2008; Nice et  al. 
2019). The value of malt barley can reach twice that 
of feed barley, but malt barley production is demand-
ing (Chappell et  al. 2017). In the USA, the region 
suitable for malt barley production is mainly limited 
to states with dry and cool climates such as Idaho, 
Montana, and North Dakota (USDA Small Grains 
Annual Summary, accessed at https:// usda. libra ry. 
corne ll. edu/ conce rn/ publi catio ns/ 5t34s j573). Even 
in that region, malt barley production requires care-
ful management to meet the high standards for grain 
quality. Despite such management efforts, only ~ 25% 
of barley grown for malt is accepted by maltsters, 
resulting in a substantial revenue loss to farmers 
(O’Donovan et al. 2008; Stevens et al. 2015).

Stringent barley quality requirements are due to 
variable grain quality impacting the malting pro-
cess. Malting consists of several steps, starting with 
the steeping of barley seeds in water to initiate ger-
mination. Barley grains store proteins (10–17%) and 
starch (65–68%) inside cell walls that are in part com-
posed of β-glucans (~ 4 to 9%); all these components 
are degraded during germination (Fang et  al. 2019; 
Gupta et  al. 2010). The conversion rate of storage 
compounds to amino acids and sugars during malt-
ing is key to malt quality. This rate is directly related 
to grain characteristics including grain protein and 
starch contents (Fang et  al. 2019). Physical proper-
ties (grain size, grain width, and grain hardness) also 
impact malt quality (Gupta et  al. 2010), justifying 
the analysis of kernel plumpness as a basis for malt 
acceptance. The physical and compositional char-
acteristics of grains are quantitative traits; they are 
determined by the complex interaction of genotype 
and environment (Brouwer et al. 2016; Burger et al. 
1979; Eagles et al. 1995; Elía et al. 2010).

Numerous studies have genetically dissected grain 
traits (e.g., grain protein concentration (GPC), kernel 
size, and kernel width) (Ayoub et al. 2002; Fan et al. 
2017; Pauli et al. 2015; Stevens et al. 2015). Several 

authors have concluded that genes controlling plant 
development also impact grain characteristics and 
thereby malt quality (Walker et al. 2013). For exam-
ple, genes controlling flowering time (Bingham et al. 
2007; Coventry et  al. 2003), onset or rate of whole-
plant senescence (Distelfeld et  al. 2014), and grain 
fill duration (Coventry et al. 2003) have a vital impact 
on grain quality. An important quantitative trait locus 
(QTL) on chromosome 6H which influences GPC 
(See et  al. 2002; Jukanti et  al. 2008) controls both 
flowering time and whole-plant senescence (Lac-
erenza et  al. 2010). Using barley reference genome 
information (Mascher et  al. 2017), we demonstrated 
that the impact of this QTL on plant development is 
due to linkage between a flowering time controlling 
gene, HvGR-RBP1, and a senescence controlling 
gene, HvNAM1 (Alptekin et al. 2021).

Glycine-rich RNA-binding proteins (GR-RBPs) 
including HvGR-RBP1 are small (< 20 kD) proteins 
with an N-terminal RNA-binding domain and a C-ter-
minal glycine-rich domain (Ciuzan et al. 2015; Tripet 
et  al. 2014). The best-understood plant GR-RBP is 
Arabidopsis thaliana glycine-rich RNA-binding pro-
tein 7 (AtGRP7). This protein binds both RNA and 
DNA, with a preference for single-stranded nucleic 
acids (Schüttpelz et al. 2008), and has several known 
functions (Cao et  al. 2006; Kim et  al. 2008; Yang 
et al. 2014). AtGRP7 is a component of the flowering 
autonomous (or earliness per se) pathway which pro-
motes floral transition, as demonstrated by late-flow-
ering knockout mutants (Steffen et al. 2019; Streitner 
et al. 2008). Previous biochemical and genetic analy-
ses by our lab suggest that HvGR-RBP1, similarly to 
AtGRP7, preferentially binds single-stranded nucleic 
acids and that it is involved in flowering time control 
(Tripet et al. 2014; Parrott et al. 2012).

HvNAM1 is a member of the NAC gene family, 
a large family of plant-specific transcription factors 
with functions in developmental regulation, abi-
otic stress control, and defense (Jensen and Skriver 
2014). The importance of NAC genes for senescence 
regulation has emerged from several studies. Muta-
tions in the wheat TtNAM-B1 gene, or loss of this 
gene, are associated with delayed senescence and 
lower grain protein and micronutrient (Fe, Zn) con-
tents (Uauy et  al. 2006; Waters et  al. 2009). The 
sequences of HvNAM1, and of a second barley NAC 
gene, HvNAM2, are highly similar to wheat TtNAM-
B1 (Uauy et  al. 2006). HvNAM1 is located within 

https://www.fao.org/faostat/en/#home
https://www.fao.org/faostat/en/#home
https://usda.library.cornell.edu/concern/publications/5t34sj573
https://usda.library.cornell.edu/concern/publications/5t34sj573
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the chromosome 6H grain protein QTL mentioned 
above, in a region that is co-linear with the wheat 
TtNAM-B1 region (Distelfeld et al. 2008), and allelic 
variation in this barley gene controls senescence 
timing and GPC (Jukanti and Fischer 2008; Jukanti 
et  al. 2008; Alptekin et  al. 2021). Interestingly, a 
QTL for malt quality has been identified on chro-
mosome 2H near HvNAM2 (Pauli et  al. 2015), and 
Cai et  al. (2013) identified an association between 
HvNAM2 allelic state and GPC.

In this study, we designed a molecular marker 
which allows the distinction between HvNAM2 alleles 
of the low-GPC variety ‘Karl’ (Burger et  al. 1979; 
Wesenberg et  al. 1976) and a higher-GPC variety, 
‘Lewis’ (Hockett et al. 1985), parents of a cross previ-
ously used for GPC QTL mapping (See et  al. 2002; 
Mickelson et  al. 2003). We utilized this marker by 
itself and in combination with previously established 
molecular markers for HvNAM1 (Distelfeld et  al. 
2008) and HvGR-RBP1 (Alptekin et al. 2021) to dis-
sect effects of allelic differences in these developmen-
tal genes on barley grain and malt quality.

Materials and methods

Plant material and malt phenotyping

In this study, we re-analyzed a subset (95 lines) of 
the plant material described as the “Malt Panel” by 
Pauli et  al. (2015). That panel represents elite malt-
ing germplasm of the Montana State University 
(Bozeman, MT, USA) breeding program. It is derived 
from crosses between advanced-generation malting 
lines (Online Resource 1, pedigree), with the par-
ents having desirable malting quality. The panel was 
genotyped in the  F6 generation, using 384 markers 
showing, as expected, ~ 3% remaining heterozygosity 
(Pauli et al. 2015). Analysis of 95 lines from the Malt 
Panel was performed here to understand the impact of 
allelic differences in three genes on agronomics and 
malt phenotype: two genes coding for senescence-
controlling NAC transcription factors (HvNAM1 and 
HvNAM2) and a gene coding for a flowering-time 
controlling RNA-binding protein (HvGR-RBP1). The 
set of 95 lines is designated as experiment 1 through-
out the rest of this manuscript (Online Resource 
1). The plant material was grown in 2012 at the 
Arthur Post Research Farm, Bozeman, MT, USA 

(45°40′40.78  N, 111°09′07.14  W) under both dry-
land and irrigated conditions, in two replicates, but 
only one replicate of material grown under irrigated 
conditions was submitted for malt phenotyping at the 
United States Department of Agriculture–Agricul-
tural Research Service (USDA-ARS) Cereal Crops 
Research Unit, Madison, WI. All traits were collected 
based on the American Society of Brewing Chemists 
protocols (https:// www. asbcn et. org/ metho ds/ pages/ 
defau lt. aspx). Traits measured in this study were the 
following: kernel weight (mg), kernel plumpness 
(percent of kernels retained by a 6/64th inch/2.38 mm 
sieve), GPC (%), malt extract (%), wort protein (%), 
soluble to total protein ratio (S/T) (%), diastatic 
power (DP) (°ASBC), α-amylase activity (20 dextrin-
izing units [°DU]), β-glucans (ppm), and free amino 
nitrogen (FAN) (ppm) (Pauli et al. 2015).

To investigate the effect of gene × environment 
interactions on physiological/agronomic character-
istics, a smaller set of barley lines and varieties was 
grown under irrigated and dryland conditions, and 
under two nitrogen fertilization levels, in the same 
field (experiment 2). This set consists of 13 varie-
ties and lines including some parental lines (Online 
Resource 1). Experiment 2 was grown for three loca-
tion-years, namely Bozeman-2016, Bozeman-2017 
(Arthur Post Research Farm, Bozeman, MT, USA; 
45°40′40.78  N, 111°09′07.14  W), and Conrad-2017 
(Western Triangle Agricultural Research Station, 
Conrad, MT, USA; 48°18′26.05 N, 111°55′29.24 W). 
The plant material was grown with three replicates 
for each location-year and treatment as described by 
Alptekin et al. (2021). Raw agronomic data for exper-
iments 1 and 2 are shown in Online Resources 2 and 
3, respectively, while malt quality data for experiment 
1 are provided in Online Resource 4.

HvNAM2 genomic DNA sequencing and analysis

Prior to sequencing and genotyping, DNA was iso-
lated as previously described (Alptekin et  al. 2021) 
using young barley leaves. The isolated DNA was 
quantified with a NanoDrop ND-2000c spectropho-
tometer (Thermo Fisher Scientific, Waltham, MA, 
USA) and diluted to 100 ng µl−1.

For sequencing, DNA was isolated from barley 
varieties ‘Karl’ (Wesenberg et  al. 1976; Burger 
et al. 1979) and ‘Lewis’ (Hockett et al. 1985). The 
HvNAM2 sequence (DQ869679) was obtained 

https://www.asbcnet.org/methods/pages/default.aspx
https://www.asbcnet.org/methods/pages/default.aspx
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from NCBI and used to identify the gene in the 
reference barley genome (HORVU2Hr1G039640) 
(Mascher et  al. 2017). Primers amplifying a 3  kb 
region encompassing the HvNAM2 coding region 
(exons and introns), 700 bp of upstream, and 800 bp 
of downstream sequences were designed using 
the Integrated DNA Technologies (Coralville, IA, 
USA) PrimerQuest Tool (https:// www. idtdna. com/ 
Prime rQuest/ Home/ Index) (Online Resource 5). 
Amplicons of 667 to 794  bp were generated for 
each genotype using Taq 2 × Master Mix (New 
England Biolabs, Ipswich, MA, USA) following 
the manufacturer’s guidelines with a BIO-RAD 
(Hercules, CA, USA) CFX96 real-time PCR sys-
tem. The PCR cycling program included an initial 
denaturation step for 5 min at 95 °C, followed by 35 
cycles each of 30 s at 94 °C (denaturation), 1 min at 
annealing temperature (3 °C above the melting tem-
perature of primer), 30 s at 72 °C (extension), and 
a final extension of 5 min at 72 °C. PCR amplicons 
were then loaded on 1% agarose gels to visualize 
DNA bands with expected sizes, quantified by fluo-
rometry (Qubit, ThermoFisher Scientific, Waltham, 
MA, USA), and normalized to 4 ng μl−1 for Sanger 
sequencing by the Genomics Core Laboratory at 
the University of Montana (Missoula, MT, USA) 
(https:// hs. umt. edu/ dbs/ labs/ genom ics/ labor atory- 
servi ces/ defau lt. php).

HvNAM2 sequences were analyzed using the 
“Clustal Omega” multiple sequence alignment 
tool (https:// www. ebi. ac. uk/ Tools/ msa/ clust alo/) 
(Madeira et al. 2019) with default settings to iden-
tify differences between ‘Karl’, ‘Lewis’, and the 
reference genome sequence from variety ‘Morex’ 
(HORVU2Hr1G039640) (Mascher et  al. 2017). 
Sequences were also compared with those in Cai 
et  al. (2013); the resulting alignment is shown as 
Online Resource 6.

Genotyping for HvGR-RBP1, HvNAM1, and 
HvNAM2

Based on sequence analysis, two molecular markers 
differentiating ‘Karl’ and ‘Lewis’ HvNAM2 alleles 
were developed. For the first marker (primers shown 
as HvNAM2 marker 1 in Online Resource 5), a 404 bp 
region was amplified using GoTaq DNA polymerase 
(Promega, Madison, WI, USA) and the following PCR 

protocol: 95  °C for initial denaturation, 30 cycles of 
95 °C for 1 min, 63 °C for 1 min, 72 °C for 1 min per 
kb, and 5 min of final elongation at 72 °C. Amplicons 
were then digested using BtsCI (New England Biolabs, 
Ipswich, MA, USA), and digested amplicons were 
visualized on 2% agarose gels to differentiate digested 
and undigested bands (Fig. 1). For the second marker, 
primers amplifying a 1171  bp region in lines carry-
ing the ‘Karl’ allele were designed (Online Resources 
5 and 6), with no amplification in lines carrying the 
‘Lewis’ allele (Online Resource 7), using the same 
PCR reagents and cycling conditions as for sequenc-
ing. All lines in experiments 1 and 2 were screened 
with both markers; for the three lines for which the two 
markers apparently disagreed (MT124113, MT124659, 
MT124118), allele assignments were based on marker 
1, which allows the detection of heterozygous lines.

Germplasm was also genotyped to identify the 
allelic states of HvGR-RBP1 (HORVU6Hr1G055440) 
and HvNAM1 (HORVU6Hr1G019380) as previously 
reported by Alptekin et al. (2021), using the primers 
and enzymes listed in Online Resource 5. Detection 
of HvNAM1 ‘Lewis’ and ‘Karl’ alleles using mark-
ers uhb6 and uhb7 is based on SNPs which can be 
detected by restriction digests using MwoI and Hpy-
CH4III, respectively (Online Resource 5; Distelfeld 
et al. 2008). For HvGR-RBP1, PCR amplification of 
a region ~ 1  kb upstream of the translation start site 
results in DNA fragments with ~ 400  bp size differ-
ence, due to the presence of an insert in the ‘Karl’ 
sequence which is absent in ‘Lewis’ (Alptekin et  al. 
2021); the marker therefore readily distinguishes 
homo- and heterozygous lines.

The genotypes for HvNAM2, HvGR-RBP1, and 
HvNAM1 of all lines and varieties used in this study 
are provided in Online Resource 1.

Statistical analysis

In this study, the statistical significance of collected 
agronomic, developmental, and malt quality data was 
investigated with R software (https://r- proje ct. org) 
using the methods described in Alptekin et al. (2021). 
Experiment 1 was treated as a randomized incomplete 
block design with a 2-level irrigation treatment (Pauli 
et  al. 2015). Experiment 2 was treated as a rand-
omized complete block design with 2-level irrigation 
and 2-level nitrogen fertilizer treatments.

https://www.idtdna.com/PrimerQuest/Home/Index
https://www.idtdna.com/PrimerQuest/Home/Index
https://hs.umt.edu/dbs/labs/genomics/laboratory-services/default.php
https://hs.umt.edu/dbs/labs/genomics/laboratory-services/default.php
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://r-project.org
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In both experiments, due to the non-independence 
of the barley lines with shared pedigrees, the genetic 
relatedness of lines used in the study was taken into 
consideration. For this purpose, we performed analy-
sis of variance (ANOVA) with the R package lme4qtl. 
This package considers the genetic relatedness of 
individual lines as a random factor (Ziyatdinov et al. 
2018).  For experiment 1, a relationship matrix was 
constructed from the SNP genotypes consisting of 
333 markers obtained by Pauli et al. (2015). Method-
of-moments estimators were used to construct a kin-
ship matrix, Gn×n where n is the number of genotypes 
and the kinship estimate between the most distant 
subpopulations is zero on average using the R pack-
age popkin (Ochoa and Storey 2021). The following 
linear mixed model was fitted to these data:

Yijk = � + alleleCombinationi + irrigationj+

(alleleCombination × irrigation)ij + genotypek + �ijk,

where Yijk is a single phenotypic observation; � 
is the grand mean; alleleCombinationi is a dummy 
variable capturing the effect of the allele combina-
tions at loci HvGR-RBP1, HvNAM1, and HvNAM2; 
irrigationj is the effect of the jth irrigation treat-
ment; (alleleCombination × irrigation)ij is the effect 
of the interaction between the ith alleleCombina-
tion and the jth irrigation treatment; genotypek is 
the effect of the kth genotype following N (0,Gn×n); 
and �ijk is the random error following N (0,�2 ). The 
model terms allelic combination and irrigation were 
modeled as fixed effects, and the other terms were 
modeled as random effects.

For analyzing the agronomic and developmen-
tal data from experiment 2, the pedigree of the 13 
utilized varieties and lines was obtained from T3/
Barley (https:// triti ceaet oolbox. org/ barley/) with 
manual extraction until there was an “unknown” 
ancestor for the variety as previously described 
in Alptekin et  al. (2021). The genetic relatedness 
matrix Gn×n where n is the number of genotypes 

Fig. 1  HvNAM2 molecular marker design. a A single-nucle-
otide polymorphism (SNP) located at the 307th position from 
the start codon (within the first intron) was used to design 
a molecular marker allowing the differentiation of ‘Karl’ 
and ‘Lewis’ alleles. A BtsCI restriction digest site is pre-
sent in variety ‘Karl’ but absent in ‘Lewis’. b Amplification 
of a 400  bp long region covering the SNP in position 307 is 
shown. Digestion of the amplicon in variety ‘Karl’ resulted 

in two bands of 300 and 100  bp. The ‘Lewis’ amplicon is 
not digested. c The molecular marker was used for genotyp-
ing of barley lines and varieties used in this study. Varieties 
‘Amsterdam’ and ‘Craft’ and lines M124069, MT124073, and 
MT124093 carry the ‘Lewis’ allele, while line MT124659 car-
ries the ‘Karl’ allele. Sequencing information including loca-
tion of PCR primers and SNPs is shown in Online Resource 6, 
and complete genotyping data are given in Online Resource 1

https://triticeaetoolbox.org/barley/
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was then built using this information with the R 
package synbreed with the kin function (Wimmer 
et al. 2012). The following linear mixed model was 
fit to these data:

where Yijkl is a single phenotypic observation; � is 
the grand mean; alleleCombinationi is a dummy 
variable capturing the effect of the allele combina-
tions at loci HvGR-RBP1, HvNAM1, and HvNAM2; 
irrigationj is the effect of the jth irrigation treat-
ment; nitrogenk is the effect of the kth nitrogen 
treatment; (alleleCombination × irrigation)ij is the  
effect of the interaction between the ith allele-
Combination and the jth irrigation treatment; 
(alleleCombination × nitrogen)ik is the effect of the 
interaction between the ith alleleCombination and 
the kth nitrogen treatment; (irrigation × nitrogen)jk 
is the effect of the interaction between the jth irri-
gation treatment and the kth nitrogen treatment;  
and (alleleCombination × irrigation × nitrogen)ijk cap-
tures the three-way interaction among these factors. 
genotypel is the effect of the lth genotype following 
N (0,Gn×n), and �ijkl is the random error following  
N (0,�2 ). The factor allelic combination, irrigation, 
and nitrogen were modeled as fixed effects, and the 
other terms were modeled as random effects.

During analysis of agronomic and developmen-
tal data, the normality of model residuals was tested 
with the R package “fitdistrplus” (Delignette-Muller 
and Dutang 2015), and datasets that did not fit a nor-
mal distribution were normalized via the R package 
“bestNormalize” (Peterson and Cavanaugh 2020).

Statistical analyses agnostic to the pedigree 
were also performed. Pairwise comparisons 
between different allelic groups and treatments 
were made with the Wilcoxon test, with α = 0.05; 
no multiple testing corrections were performed. 
Multiple comparisons were made after one-way 
ANOVA for allelic groups using Tukey’s test 
except where assumption violations occurred. In 
those cases, Kruskal–Wallis one-way ANOVA 
tests were performed, followed by Dunn’s test for 
multiple comparisons with α = 0.05.

Yijkl = � + alleleCombinationi + irrigationj + nitrogenk+

(alleleCombination × irrigation)ij+

(alleleCombination × nitrogen)ik+

(irrigation × nitrogen)jk+

(alleleCombination × irrigation × nitrogen)ijk + genotypel + �ijkl,

Results

Characterization of HvNAM2 alleles

It has previously been reported by Cai et al. (2013) 
that the HvNAM2 gene consists of three exons 
and two introns. Those authors identified several 
single-nucleotide polymorphisms (SNPs) located 
in both introns, in exon 2, and in exon 3 between 
domesticated and wild barley types, but varieties 
‘Karl’ and ‘Lewis’ were not included in their anal-
ysis. Recently, Hagenblad et  al. (2022) sequenced 
exons and introns (start to stop codon) of HvNAM2 
and (and also HvNAM1) in 80 accessions of Nor-
dic barley using ‘Karl’ and ‘Lewis’ for compari-
son, reporting that HvNAM2 sequences of all these 
accessions were identical to variety ‘Lewis’. For 
this study, we sequenced exons and introns of 
HvNAM2, as well as ~ 700  bp of upstream (from 
the start codon) and ~ 800 bp of downstream (from 
the stop codon) sequence in varieties ‘Karl’ and 
‘Lewis’. Sequence comparison identified two 
SNPs, one in each intron, in positions for which 
variability has previously been identified in the 
germplasm analyzed by Cai et  al. (2013) (Online 
Resources 6 and 8). The SNP in position 307 (from 
the start codon) was utilized to develop a molecular 
marker (Fig. 1). Additionally, sequencing revealed 
that variety ‘Karl’ possesses a variable number 
tandem repeat (VNTR) composed of two repeats 
of a 20-bp sequence located 587 bp upstream from 
the HvNAM2 start codon (Online Resources 6 
and 7). Variety ‘Lewis’ and the reference genome 
sequence (variety ‘Morex’) contain only a single 
copy of this sequence in the corresponding region. 
This difference was exploited for the development 
of a second molecular marker, with amplification 
of an 1171-bp DNA fragment observed in varie-
ties and lines carrying the ‘Karl’ HvNAM2 allele, 
but not in those carrying the ‘Lewis’ allele (Online 
Resources 6 and 7). As mentioned under the 
“Materials and methods” section, all lines in exper-
iments 1 and 2 were screened with both markers. 
For the three lines for which the two markers disa-
greed (MT124113, MT124659, MT124118), allele 
assignments shown in Online Resource 1 are based 
on marker 1, which allows distinction of homo- and 
heterozygous lines. For future studies, particularly 
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those analyzing panels in which substantial het-
erozygosity is expected, the 20 bp VNTR could be 
exploited for development of an InDel marker to 
increase throughput.

Allele frequencies for HvGR-RBP1, HvNAM1, and 
HvNAM2 indicate linkage or selection at these loci

We genotyped all varieties and lines used in 
experiments 1 and 2 for HvGR-RBP1, HvNAM1, 
and HvNAM2, differentiating between the ‘Karl’ 
allele (K) and the ‘Lewis’ allele (L) for each 
gene (Online Resource 1). Analyses of HvGR-
RBP1 and HvNAM1 allelic state have previously 
been reported by Alptekin et  al. (2021). Since the 
original panel was part of a breeding program, we 
focused on lines that had been advanced. Geno-
typing this germplasm showed that the K allele 
for HvNAM1 was present in a large fraction of the 
lines (80 lines out of 103) (Online Resource 1), 
which demonstrates its value in controlling GPC. 
For HvNAM2, perhaps surprisingly, the L allele 
was more frequent (72 lines); the small negative 
(albeit not significant in our dataset; Table 1) yield 
effect of the K allele may have led to elimination of 
lines carrying it in the breeding process. The fact 
that the (desirable) L allele for HvGR-RBP1 occurs 

more frequently than expected from its linkage to 
HvNAM1 (in 43 out of 103 lines) has previously 
been discussed by Alptekin et al. (2021).

Comparison of allelic combinations for the 
three genes showed that some genotypes are miss-
ing, such as KLL and KLK, where the allelic 
states are shown for HvGR-RBP1, HvNAM1, and 
HvNAM2, respectively. The best-represented 
allelic combinations were KKL and LKK with 42 
and 25 lines possessing these genotypes, respec-
tively (Online Resource 1, bottom). The KKK 
allelic combination was present only in one line 
(MT124688). With only a single representative 
line for this allele combination in experiment 1 
(and none in experiment 2), comparison with the 
other allele combinations is not appropriate. We 
therefore removed KKK from further analyses.

The allelic state of HvNAM2 influences plant 
development and agronomics

Plants carrying the L allele for HvNAM2 had an 
average heading date of 188.5 ± 1.9  days, while 
those with the K allele headed one day earlier 
(187.3 ± 2.2  days) in experiment 1 (Table  1). 
Similarly, the K allele for HvNAM2 was associ-
ated with earlier anthesis (1.2  days) and delayed 

Table 1    Influence of HvNAM2  alleles on agronomic and physiological traits in experiments 1 (95 lines) and 2 (13 varieties and 
lines)

Data represent mean values and standard deviations averaged across treatments (experiment 1) and across location-years and treat-
ments (experiment 2). Two-sided differences between the means were calculated using the Wilcoxon test (p-value < 0.05) and are 
represented with superscript letters. The “K” symbol indicates the ‘Karl’ allele and the “L” symbol denotes the ‘Lewis’ allele of 
HvNAM2
n.d., not determined. dap, days after planting

Experiment 1
Gene/

allele
Number of 

lines
Heading 

[Julian 
days]

Maturity 
[Julian 
days]

Grain fill 
[days]

Height [cm] Plump ker-
nels [%]

Test 
weight 
[kg 
 hL−1]

Grain 
protein 
[%]

Yield [kg 
 ha−1]

HvNAM2K 28 187.3 ± 2.2b n.d n.d 64.9 ± 9.9b 74.5 ± 15.0a 67.8 ± 1.7a 12.2 ± 0.6b 5622 ±  1735a

HvNAM2L 67 188.5 ± 1.9a n.d n.d 68.4 ± 11.8a 62.8 ± 14.0b 66.7 ± 1.7b 12.8 ± 0.7a 5884 ±  1786a

Experiment 2
Gene/

allele
Number of 

lines
Anthesis 

[dap]
Maturity 

[dap]
Grain fill 

[days]
Height [cm] Plump ker-

nels [%]
Test 

weight 
[kg 
 hL−1]

Grain 
protein 
[%]

Yield [kg 
 ha−1]

HvNAM2K 5 57.5 ± 3.9b 94.1 ± 3.6a 36.5 ± 4.1a 70.6 ± 9.3a 84.2 ± 12.7a 65.2 ± 2.3a 11.9 ± 1.7b 6398 ±  1478a

HvNAM2L 8 58.7 ± 2.8a 93.1 ± 3.3b 34.0 ± 2.6b 71.5 ± 9.7a 76.5 ± 16.7b 64.5 ± 2.5b 12.7 ± 2.0a 6451 ±  1602a
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maturity (1 day), together resulting in an increase 
in grain fill duration in experiment 2 (2.5  days; 
Table  1). The HvNAM2 K allele was also associ-
ated with reduced plant height (in experiment 1), a 
substantially higher percentage of plump kernels, 
reduced GPC, and increased test weight in both 
experiments (Table 1).

Combined effects of HvGR-RBP1, HvNAM1, and 
HvNAM2 on plant development and agronomics

HvGR-RBP1 and HvNAM1 separately and 
together impact plant development and agronom-
ics (Alptekin et  al. 2021). Therefore, we aimed to 
determine their interaction with HvNAM2. Lines 
with the L allele for HvGR-RBP1 and the K allele 
for HvNAM2 (LKK and LLK) had the earliest 
heading dates, shortest plants, highest percentage 
of plump kernels, and highest test weight in experi-
ment 1 (Table  2). Although these two genotypes 
vary for HvNAM1, the lack of a significant differ-
ence for heading date, height, percentage of plump 
kernels, and test weight between LKK and LLK 
suggests that the allelic difference for HvNAM1 
does not significantly impact these traits. Lines 
with the LKK genotype had the lowest grain pro-
tein, confirming the impact of HvNAM1 on that 
trait. In experiment 2, plants with the LKK geno-
type had the longest grain fill duration, highest 
percentage of plump kernels, highest test weight, 
and lowest grain protein, confirming that this allele 
combination is favorable for malt barley (Table 2).

Grain fill duration is typically shorter under 
dryland than under irrigated conditions, and the 
percentage of plump kernels, test weight, and yield 
are lower, while GPC is higher (Online Resource 
9). Irrigation shows significant effects on all 
analyzed traits in experiment 1 and on maturity 
dates, grain fill duration, plant height, test weight, 
and yield in experiment 2 (Online Resource 10). 
Importantly, plants with the LKK and LLK allele 
combinations performed well both in dryland and 
irrigated plots, with the highest percentages of 
plump kernels and highest test weight in experi-
ment 1. For experiment 2, the LKK combination 
(represented by 4 varieties/lines) had the longest 
grain fill duration, the highest percentage of plump 
kernels, and the highest test weight in both dryland 

and irrigated plots (Online Resource 9). These 
results suggest that selection for the alleles/molec-
ular markers analyzed in our study allows identi-
fication of germplasm with stable quality under 
varying environments.

Statistical analysis (Online Resource 10) further 
dissects the influence of alleles, allele combina-
tions, and combinations of alleles and environmen-
tal conditions on measured traits. The HvNAM2 
allelic state influences all measured traits in experi-
ment 1 and impacts maturity, percentage of plump 
kernels, test weight, grain protein, and yield in 
experiment 2. Importantly, analysis of both experi-
ments suggests a significant influence of the HvGR-
RBP1*HvNAM1*HvNAM2 allele combination on all 
analyzed developmental and agronomic parameters.

Effects of HvGR-RBP, HvNAM1, and HvNAM2 on 
malt quality

The individual effects of HvGR-RBP1 and 
HvNAM1 on agronomic traits were previously 
reported by Alptekin et  al. (2021), where the L 
allele of HvGR-RBP1 significantly increased seed 
size and the K allele of HvNAM1 decreased GPC. 
The L allele of HvGR-RBP1 is also associated 
with higher malt extract, lower diastatic power 
(DP), lower β-glucan levels, and higher free amino 
nitrogen (FAN) levels, while HvNAM1 is not sig-
nificantly associated with any malt quality trait in 
experiment 1 (Table  3). In contrast to HvNAM1, 
HvNAM2 allelic identity significantly impacts all 
the malt quality traits, with the K allele increas-
ing kernel weight, malt extract, wort protein, the 
ratio of soluble to total protein (S/T), α-amylase 
activity, and FAN, while decreasing GPC, diastatic 
power, and β-glucan levels (Tables 1 and 3).

Table 4 reports the combined effects of HvGR-RBP1, 
HvNAM1, and HvNAM2 on malt quality. Malt extract 
was highest in lines with the L allele for HvGR-RBP 
and K alleles for HvNAM1 and HvNAM2 (LKK). These 
lines also had the highest wort protein, ratio of soluble 
to total protein (S/T), and free amino nitrogen (FAN), 
with low β-glucan levels, indicating that the malt was 
better modified than in grains sourced from the other 
allelic combinations. LKK lines also had the highest 
α-amylase activity but the lowest diastatic power.
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Discussion

HvNAM2 sequencing and marker development

The influence of NAC genes on senescence, nitro-
gen remobilization, and grain protein concentration 
(GPC) has emerged from several studies, starting 
in 2006 (e.g., Distelfeld et  al. 2014; Guo and Gan 
2006; Jukanti et al. 2008; Mao et al. 2017; Podzim-
ska-Sroka et al. 2015; Uauy et al. 2006). NAC gene/
protein function is often associated with accelerated 
senescence, although examples of senescence-delay-
ing NAC transcription factors also exist (Sakuraba 

et al. 2015; Wu et al. 2012). Numerous studies have 
dissected the molecular underpinnings of flowering 
time control, with both environmental and endog-
enous (or autonomous) inputs controlling this devel-
opmental transition (e.g., Freytes et  al. 2021; Hill 
and Li, 2016; Woods and Amasino, 2015). Previ-
ous work in Arabidopsis and in barley indicates that 
AtGRP7 and HvGR-RBP1 are involved in autono-
mous flowering control, with loss-of-function result-
ing in delayed flowering (see Introduction; Alptekin 
et al. 2021; Steffen et al. 2019; Streitner et al. 2008). 
The timing of both flowering and senescence deter-
mines grain yield and quality; local adaption of these 

Table 3  Individual effects of HvGR-RBP1, HvNAM1, and HvNAM2 alleles on malt attributes in experiment 1 (94 lines) under irri-
gated conditions

Data represent mean values and standard deviations. Differences were analyzed by two-sided comparisons between the means of dif-
ferent alleles for each gene using the Wilcoxon-test (p-value < 0.05) and are represented with superscript letters

Gene HvGR-RBP1 HvNAM1 HvNAM2

Allele Karl Lewis Karl Lewis Karl Lewis

Number of lines 41 53 76 18 27 67
Kernel weight [mg] 40.7 ± 2.8b 42.1 ± 2.8a 41.4 ± 3.0a 41.9 ± 2.4a 42.9 ± 2.8a 40.9 ± 2.7b

Malt extract [%] 77.4 ± 1.2b 78.2 ± 1.9a 77.8 ± 1.6a 77.7 ± 1.8a 79.0 ± 1.6a 77.3 ± 1.4b

Wort protein [%] 4.3 ± 0.6a 4.6 ± 0.7a 4.4 ± 0.7a 4.6 ± 0.6a 4.8 ± 0.7a 4.3 ± 0.6b

S/T [%] 33.8 ± 4.9a 36.2 ± 6.1a 35.2 ± 5.9a 34.8 ± 4.9a 38.7 ± 6.3a 33.7 ± 4.8b

DP [°ASBC] 152 ± 34.2a 135 ± 39.9b 139 ± 38.3a 159 ± 34.4a 119 ± 27.6b 152 ± 38.1a

α-amylase[°DU] 72.5 ± 18.9a 78.4 ± 18.9a 76.4 ± 19.8a 73.6 ± 15.5a 86.3 ± 19.4a 71.6 ± 17.3b

β-glucans [ppm] 302 ±  140a 233 ±  136b 263 ±  135a 264 ±  171a 179 ± 91.6b 298 ±  144a

FAN [ppm] 151 ± 41.0b 173 ± 44.9a 162 ± 45.8a 169 ± 38.8a 190 ± 45.7a 152 ± 39.4b

Table 4  Influence of HvGR-RBP1/HvNAM1/HvNAM2 allele combinations on malt quality traits in experiment 1 (94 lines) under 
irrigated conditions

Statistical assessments of the effects of allelic combinations on different malt traits were calculated using one-way ANOVA. If 
assumptions of one-way ANOVA were not met, the Kruskal–Wallis test was used. Allele combinations which show significant dif-
ferences were further analyzed with an appropriate post hoc test. p values are represented by one star (*) for p < 0.05, two stars (**) 
for p < 0.01, or three stars (***) for p < 0.001. Differences between the means of allele combinations were analyzed using 1Tukey’s 
HSD or 2Dunn’s test, with superscript letters indicating significant differences (p-value < 0.05). For allele combinations, the “K” 
symbol represents the ‘Karl’ allele, and the “L” symbol denotes the ‘Lewis’ allele of HvGR-RBP1, HvNAM1, and HvNAM2, respec-
tively

Allele com-
bination

Number 
of lines

Kernel weight 
 [mg]1

Malt extract 
[%]1

Wort protein 
[%]2

S/T [%]2 DP [°ASBC]2 α-amylase 
[°DU]2

β-glucans 
 [ppm]2

FAN  [ppm]2

LKK 23 42.9 ± 3.1a 79.2 ± 1.6a 4.8 ± 0.7ab 39.3 ± 6.3ab 117.2 ± 27.2ab 88.4 ± 19.2ab 180.1 ± 95.5a 192.8 ± 46.5b

KKL 41 40.7 ± 2.8b 77.4 ± 1.3b 4.3 ± 0.6c 33.8 ± 4.9c 151.9 ± 34.3c 72.6 ± 18.9c 302.0 ± 140.1b 150.6 ± 41.0c

LKL 12 41.0 ± 2.3ab 76.9 ± 1.5b 4.1 ± 0.5c 32.1 ± 4.0c 133.7 ± 51.3bc 66.6 ± 13.8c 290.5 ± 114.7b 140.4 ± 29.5c

LLK 4 42.7 ± 0.4ab 78.0 ± 1.7ab 4.5 ± 0.7bc 35.2 ± 5.7bc 129.9 ± 31.1bc 74.4 ± 18.7bc 169.2 ± 76.4a 171.5 ± 41.9bc

LLL 14 41.6 ± 2.7ab 77.6 ± 1.8b 4.6 ± 0.6bc 34.6 ± 4.9bc 166.9 ± 31.6c 73.3 ± 15.2bc 290.4 ± 182.1b 168.1 ± 39.5bc

* *** * *** *** ** ** **



Mol Breeding           (2022) 42:59  

1 3

Page 11 of 15    59 

Vol.: (0123456789)

traits is therefore of primary importance in crop 
breeding (Bingham et al. 2007; Coventry et al. 2003; 
Distelfeld et al. 2014).

Barley variety ‘Karl’ has been used in malt bar-
ley breeding programs since the 1980s to decrease 
GPC and to improve the performance of malting 
genotypes (Wesenberg et  al. 1976; Burger et  al. 
1979). Molecular markers for the differentiation 
of HvNAM1 ‘Karl’ and ‘Lewis’ alleles on chromo-
some 6H were designed previously and have enabled 
selection for the delayed-senescence/low-GPC ‘Karl’ 
allele (Distelfeld et  al. 2008). The recent creation 
of a marker for HvGR-RBP1 has allowed the analy-
sis of a second gene on chromosome 6H, which is 
linked to HvNAM1 (Alptekin et  al. 2021). Here, we 
have developed a marker for HvNAM2, which is 
associated with an important chromosome 2H QTL 
influencing grain size, grain weight, and grain length 
(Pauli et al. 2015; Walker et al. 2013), and malt traits 
such as malt extract, β-glucans, S/T, and α-amylase 
activity (Pauli et al. 2015). The two SNPs identified 
by comparing HvNAM2 in ‘Karl’ and ‘Lewis’ were 
also identified by Cai et al. (2013) in a population of 
cultivated and wild Tibetan barley genotypes (158 
genotypes, 59 cultivated, and 99 wild barley varie-
ties; Online Resource 8). Hagenblad et  al. (2022) 
recently analyzed a group of Nordic barley varie-
ties and reported that their HvNAM2 sequences are 
monomorphic, matching the ‘Lewis’ sequence. How-
ever, 5′ and 3′ flanking sequences were not analyzed 
by those previous studies. In the present study, a 
VNTR was identified in the 5′ flanking region, with 
two repeats of a 20  bp sequence in variety ‘Karl’, 
whereas the sequence is present only once in vari-
ety ‘Lewis’ and in the reference genome sequence 
(Online Resources 6 and 7). While the emphasis of 
work presented here was on marker development 
and genotyping, bioinformatic analysis indicates that 
both the single and the repeated sequences may serve 
as targets for different transcription factors (Online 
Resource 11). Variation in repeat number may 
also enable binding of transcription factor dimers, 
with head to tail protein dimers recognizing direct 
sequence repeats (Strader et  al. 2022). Implications 
of the identified VNTR for HvNAM2 function, if any, 
remain to be identified in future studies.

The new finding on HvNAM2, together with our 
recent identification of an ~ 400  bp insertion in the 
5′-flanking region of the ‘Karl’ HvGR-RBP1 gene 

(Alptekin et al. 2021), emphasizes the importance of 
analyzing gene flanking regions. For future studies, 
particularly those analyzing panels in which sub-
stantial heterozygosity is expected, the 20 bp VNTR 
will allow development of an InDel marker with 
increased throughput.

HvNAM2 allelic state influences plant development, 
kernel plumpness, grain protein, and malt quality

Data presented here indicate that the ‘Karl’ HvNAM2 
allele is associated with earlier heading and delayed 
senescence, thereby increasing the duration of grain 
filling (Table  1). Delayed senescence is also associ-
ated with the ‘Karl’ HvNAM1 allele (Alptekin et  al. 
2021; Jukanti et  al. 2008). Although we cannot 
exclude the possibility that genes linked to HvNAM2 
are responsible for some of the effects observed here, 
the newly developed HvNAM2 marker allows selec-
tion of germplasm with a higher percentage of plump 
kernels, higher test weight, and lower GPC (Table 1). 
Plant development could impact these traits, with 
early transition to reproduction and delayed senes-
cence extending grain fill duration, allowing the 
development of larger seeds with lower GPC. This 
study validates the impact of HvNAM2 on GPC (Cai 
et al. 2013) and adds its impact on kernel plumpness. 
As seed size and GPC are known to affect malt qual-
ity (Eagles et al. 1995; Daba et al. 2019), it is not sur-
prising that HvNAM2 influences every malt quality 
trait tested (Table 3). The impact of the K allele was 
mostly positive; it is associated with more extract, 
higher modification, higher α-amylase activity, and 
lower β-glucan levels. One problem related to low 
GPC is reduced diastatic power, which may be suf-
ficient for all-malt but not for adjunct-malt brewing.

Grain and malt quality is improved by selecting 
favorable allele combinations of HvGR-RBP1, 
HvNAM1, and HvNAM2

The three genes we interrogated, HvGR-RBP1, 
HvNAM1, and HvNAM2, both separately and together 
impact barley flowering, senescence, agronomics, 
and malt quality. Our data confirm previous reports 
indicating that the HvNAM1 ‘Karl’ allele delays 
senescence and lowers GPC (Jukanti et al. 2008; Lac-
erenza et  al. 2010; Distelfeld et  al. 2014). Alptekin 
et  al. (2021) have recently reported the effect of 
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HvGR-RBP1 on heading date and seed size and the 
combined effects of HvGR-RBP1 and HvNAM1 on 
grain fill duration. The L allele of HvGR-RBP1 and 
the K allele of HvNAM2 are associated with earlier 
heading and larger seeds, which improve malt qual-
ity. K alleles for HvNAM1 and HvNAM2 are associ-
ated with lower GPC (Tables  1 and 2) (Alptekin 
et  al. 2021). The observation that HvNAM1 primar-
ily impacts GPC and HvNAM2 affects both GPC and 
seed size may indicate that the two NAC genes reg-
ulate overlapping but not identical gene sets or that 
observed effects of HvNAM2 allelic state are partially 
due to the activity of linked genes.

One confounding factor could be the linkage 
between K alleles for HvNAM1 (low protein) and 
HvGR-RBP1 (smaller seeds). However, the crea-
tion of the marker for HvGR-RBP1 (Alptekin et  al. 
2021) allows breaking this linkage; here, we iden-
tify lines with the favorable alleles for both HvGR-
RBP1 (L) and HvNAM1 (K). In fact, 36% of the lines 
tested were recombinants between HvGR-RBP1 and 
HvNAM1 (Online Resource 1), indicating selection 
for the LK combination on chromosome 6H. The 
observation that previously developed low-GPC lines 
also had a low percentage of plump seeds compared 
to high-protein lines (Weston et  al. 1993) may be 
explained by the negative effects of linkage between 
HvGR-RBP1 (K) and HvNAM1 (K) alleles.

In experiment 1, HvNAM1 had little effect on malt 
quality (only impacting GPC), while HvGR-RBP1 
impacted kernel weight and plumpness, extract, 
β-glucan levels, and FAN, and HvNAM2 impacted 
seed size, GPC, and all malt quality traits (Tables  1 
and 3) (Alptekin et  al. 2021). More importantly, the 
combination of favorable alleles for all three genes 
improved malt quality significantly. The LKK geno-
type had the lowest GPC, highest extract, and best malt 
modification, although diastatic power (DP) was too 
low for adjunct brewing (Tables  2 and 4). However, 
observing the effects of HvNAM1 and HvNAM2 on DP 
individually and in combination suggests that DP can 
be modulated by selection for these two genes. Choos-
ing the K allele of either HvNAM1 or HvNAM2 should 
result in higher DP than including both, and from their 
individual effects, it appears that the HvNAM1 K allele 
has a less negative effect on DP than the HvNAM2 K 
allele (Table 3). An additional advantage of the LKK 
genotype may be its performance under dryland con-
ditions, where grain fill duration was extended, seeds 

were larger, and GPC lower than most genotypes 
under irrigation, suggesting more stable malt quality 
from dryland agriculture (Online Resource 9). Analy-
ses performed for this study indicate that the recently 
released variety ‘Buzz’ (https:// www. monta na. edu/ 
barle ybree ding/ learn ing- center/ barley- varie ty- dicti 
onary/ two- row/ buzz- barley. html) possesses the LKK 
allele combination, providing improved malt quality.

Concluding remarks

Taken together, data from this study support previ-
ous findings regarding the association of the stud-
ied chromosome 2H region with malt phenotype 
traits and provide a new marker allowing selection 
for the ‘Karl’ HvNAM2 allele in breeding programs. 
The study also indicates that selection for favorable 
allele combinations of three genes influencing bar-
ley flowering and senescence, namely HvGR-RBP1, 
HvNAM1, and HvNAM2, improves both agronomic 
and malt quality parameters.
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