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ARTICLE INFO ABSTRACT

Grain protein content (GPC) is a crucial quality trait determining the nutritional, rheological, and end-use
properties characteristics of wheat. Breeding programs for GPC were hindered by complex genetic control, the
strong influence of environmental factors, and the negative correlation between GPC and grain yield. To identify
stable quantitative trait loci (QTL) associated with increased GPC without decreasing grain yield, a recombinant
inbred lines population of durum wheat was genotyped with a 25K SNP array and evaluated for GPC and yield-
related traits in four field trials. Six QTL for GPC were identified on chromosomes 1B, 2B (two loci), 4B, 5A, and
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ﬁz:ﬁ:d;heat 6A, consistently expressed across environments, four of which had antagonistic effects on grain yield per spike
Grain protein content (GYS). Two QTL (QGpc.mgb-5A and QGpc/TKW.mgb-2B.2) on 2B and 5A chromosomes were independent of GYS
Grain protein deviation variations and could be used in marker-assisted selection (MAS) for GPC improvement. Identifying and utilizing
QTL beneficial QTL/genes for wheat improvement requires careful consideration of the inverse relationship between

GPC and yield-related traits, and phenotypic data collected across multiple environments. MAS or genomic se-
lection techniques can effectively target favorable alleles for GPC enhancement while minimizing the impact on
grain yield.

the high prices of N fertilizers and the negative environmental effects of
1. Introduction nitrate leaching and nitrous oxide emissions through denitrification
have prompted interest in the possibility of reducing the total amount of
N applied to cereal cropping systems while retaining the high produc-
tivity of modern cultivars.

Linkage mapping investigations using biparental populations and
association mapping (Genome-Wide Association Study, GWAS) based on
germplasm collections allowed the identification of several QTL con-
trolling GPC on all wheat chromosomes (reviews by Kumar et al., 2018;
Rapp et al., 2018). Genes involved in N uptake from the soil, controlling
the enzymes of amino acid metabolism, or potentially involved in the
transfer of N to the protein in the grain have been also considered for
increasing GPC (Nigro et al., 2019). The pathway for nitrogen meta-

Grain protein concentration and composition are major traits of
baking properties of common wheat (Triticum aestivum L. ssp. aestivum)
and of pasta-making technology characteristics of durum wheat (Triti-
cum turgidum L. ssp. durum Desf.), as well as for the nutritional value and
sensorial quality of wheat end-products. In general, high protein and
gluten content or moderate protein levels with high gluten quality are
associated with superior pasta cooking quality. Considering the various
pasta drying methods, D’Egidio et al. (1990) found that protein content
and gluten quality were both significant factors in determining the
quality of cooked pasta at low drying temperatures, while only protein
content was crucial at high drying temperatures. Under normal culti- bolism is complex, covering multiple steps like nitrate uptake, reduc-
vation conditions, wheats have a low GPC which generally varies from tion, assimilation into amino acids, and translocation throughout the

10% to 16%. During the last decades, the increase in GPC has been plant, each process involving numerous genes and transcription factors.

primarily achieved by increasing nitrogen (N) fertilization. However, The activities of the overall involved genes and enzymes could be
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Abbreviations

GPC Grain protein content
GPD Grain protein deviation
GY Grain yield

GYS Grain yield per spike
TKW Thousand kernel weight

HD Heading time

PH Plant height

QTL Quantitative trait loci

LOD Logarithm of odds

PVE Phenotype variance explained

GWAS  Genome-wide association study

ICIM Inclusive Composite Interval Mapping
SNP Single nucleotide polymorphism

MAS Marker-assisted selection

potential targets for improving the nitrogen-use efficiency of crops.
Indeed, some investigations showed the relationships between these
genes and GPC QTL in bread and durum wheat (e.g. Habash et al., 2007;
Nigro et al., 2019).

Multiple QTL interact with one another and with the environmental
factors affecting complex traits such as GPC and grain yield. Practical
breeding efforts have faced challenges in simultaneously selecting for
both traits, and limited progress has been made in recent decades toward
developing new wheat varieties with improved grain protein content
and high grain yield. The genetical increase of GPC has been particularly
hindered by the strong influence of environmental factors and by the
significant negative correlation between GPC and grain yield and yield-
related components in segregating populations and germplasm collec-
tions across all cereal genotypes cultivated under comparable N avail-
ability regimes (e.g., Simmonds 1995; Bogard et al., 2010). According to
Munier-Jolain and Salon (2005), the physiological basis of this inverse
relationship can be attributed to the competition between carbon and
nitrogen for energy as well as the dilution of nitrogen by carbon-based
substances. This would explain why high-yielding modern cultivars
generally have lower GPC than older genotypes (Simmonds, 1995).

The majority of GPC QTL/genes were discovered in single mapping
populations and/or under specific environments, and without taking
into account the relationships with yield-related characteristics. To
identify GPC loci without pleiotropic effects, that are not closely asso-
ciated with genes for low yield-related traits, recent studies evaluated
GPC and grain yield components on the same genetic materials
(reviewed by Kumar et al., 2018; Nigro et al., 2019). To take into ac-
count the negative relationship between GPC and grain yield and
identify genotypes with higher GPC than the expected one at the
respective yield level, Monaghan et al. (2001) proposed the “grain
protein deviation (GPD)” index based on the analysis of residuals from
the regression of GPC on grain yield. GPD can be used to detect lines that
have a positive GPD among wheat collections or segregant populations
(Bogard et al., 2010) as well as genotypes with greater GPC than ex-
pected from their GY (Monaghan et al., 2001). QTL mapping for grain
protein deviation in durum and bread wheat resulted in the identifica-
tion of some GPC QTL independent or partially independent of grain
yield (GY) which were considered for potential use in MAS to identify
high GPC and high-yielding wheat genotypes (Blanco et al., 2012; Rapp
et al., 2018; Nigro et al., 2019; Ruan et al., 2021). Because GPC and GY
are regulated by numerous genes, QTL studies should show the in-
teractions between QTL/genes regulating related traits, while discov-
ering genetic sources of increased protein content without undesirable
pleiotropic effects might be helpful for simultaneously enhancing GPC
and GY.

The objectives of the current study were to: i) map quantitative trait
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loci for GPC and yield-related traits in a biparental population of durum
wheat evaluated in four field trials and genotyped with a 25K SNP array;
and ii) identify stable QTL/genes associated with increased protein
content without decreasing grain yield. The potential to develop closely
related markers to be used in marker-assisted wheat breeding can be
performed by the identification of loci controlling GPC. This is expected
to provide information on the genetic relationships between GPC and
yield-related traits, as well as on the genetic resources available to
breeders to improve technological properties and the nutritional value
of wheat end-products.

2. Materials and methods
2.1. Plant materials and phenotyping

The Ethiopian durum wheat line PG2 and the Italian durum cultivar
Grecale were crossed, and single Fy plants were advanced to the F;
generation by the single seed descent method, resulting in a segregant
population of 144 recombinant inbred lines (RILs). PG2 was developed
through genealogical selection from the Ethiopian landrace CI14629,
kindly provided by the USDA-ARS. Grecale, an elite Italian durum
cultivar, is known for its outstanding grain qualities, including a sub-
stantial presence of carotenoid pigments.

The RIL population and the parental lines were grown in four field
trials at the experimental fields of the Department of Soil, Plant and
Food Sciences, University of Bari, Italy, over three growing seasons
(2020, 2021, and 2022) in Valenzano, Italy (designated VAL_2020,
VAL 2021, and VAL_2022) and one year (designated BA_2021) in Bari,
Italy. A randomized complete block design with three replications was
used for each trial. In each replication, the parental lines PG2 and
Grecale were replicated three times. The experimental unit was
composed of a 1-m row, spaced 30 cm apart, sown with 30 germinating
seeds. Standard cultivation techniques were used, and 12 g/m? of ni-
trogen (N) was applied during the growing season. Heading time (HD)
was determined as the number of days from March 1-50% ear-
emergence from the flag leaf ligule. Plant height (PH) was measured
at maturity from the ground to the top of the spike not including the
awns. Plots were hand-harvested at maturity and grain yield per spike
(GYS) was determined from 10 to 12 representative spikes shelled using
a micro-thresher. The thousand kernel weight (TKW) was calculated
from a 15-g seed sample per plot. The grain protein concentration (GPC)
was evaluated by near-infrared reflectance spectroscopy on a 3-g sample
of whole-meal flour and expressed as a percentage on a dry weight basis.
Indices derived from GPC were calculated for each trial on a mean basis.
According to Monaghan et al. (2001), GPC indices were defined as the
linear regression of GPC on GYS (GPC/GYS), TKW (GPC/TKW), PH
(GPC/PH), and HD (GPC/HD).

2.2. DNA Extraction and molecular markers

The GeneElute Plant Genomic Miniprep Kit (Sigma, USA) was
employed to isolate DNA from fresh leaves of both parental and re-
combinant inbred lines.DNA concentration and quality were checked by
agarose gel-electrophoresis and NanoDrop2000 (Thermo Scientific™,
Waltham, USA). DNA samples diluted to 50 ng/pL were sent to Trait-
Genetics GmbH (Gatersleben, Germany) for the genotyping assays with
the optimized [lumina Infinium 25K wheat array developed by SGS
Institut Fresenius TraitGenetics section (SGS IF TG). The 25K wheat
array contains 24,145 SNPs (17,229 markers from the Illumina 20K
array, 6681 markers from the 135K Axiom array, and an additional 235
candidate genes). SNP discovery was performed with the GenomeStudio
Project software package (Illumina, San Diego, USA).

2.3. Genetic linkage map

A comprehensive description of the mapping procedure was
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provided by Sgaramella et al. (2023). Briefly, a total of 5942
high-quality single nucleotide polymorphism (SNP) markers were
retained in the data set and used for subsequent analyses after applying
quality control procedures, such as filtering for marker segregation
distortion (p > 0.001), number of missing values (20%), minor allele
frequency (0.05). Seven RILs were excluded for the high percentage of
missing data. The software QTL IciMapping v. 4.2 (Meng et al., 2015)
was used for grouping the markers and determining the linear order of
loci. Physical SNP positions on the durum wheat Svevo reference
genome v1.0 (Maccaferri et al., 2019) were provided by TraitGenetics
GmbH or determined by BLAST-ing the 100 bp sequences including the
SNP against the durum wheat Svevo reference genome.

2.4. Statistical and QTL analyses

The software IciMapping v. 4.2 (Meng et al., 2015) was used to
determine means, and descriptive statistics and to perform the analysis
of variance (ANOVA) for each trait for each field experiment. The Best
Linear Unbiased Estimator (BLUE) values for the combined data across
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trials were determined to consider the presence of random effects
(environment) in the quantitative trait loci (QTL) mapping. Genetic
variance, environmental variance, genotypic x environmental variance,
and broad-sense heritability were all calculated using the variance
component estimations. The parental line means were compared using
the Student t-test. To discover possible correlated effects of detected GPC
QTL on yield-related traits, the mean values of each trait across envi-
ronments (BLUE values) of the two groups of RILs with a different ge-
notype at the two alleles of each GPC QTL were compared by Fisher’s
LSD test at p < 0.001. The nearest SNP marker to each QTL was used for
the genotype assignment to each RIL. The Pearson phenotypic correla-
tion coefficients (r) for all traits for each environment and across envi-
ronments were calculated.

IciMapping v. 4.2 was also used to perform QTL mapping utilizing
the Inclusive Composite Interval Mapping (ICIM) methodology (Meng
et al., 2015). The mean values of each phenotypic variable for each field
trial and the overall mean (BLUE) across the four trials were used for the
QTL analysis. QTL was declared significant when one or more markers
were linked to the trait with a threshold P value of >0.001 (log10(P)

Table 1

Descriptive statistics and heritability of nine traits of the recombinant inbred lines population derived from the cross PG2 x Grecale grown at four environments.

Trait” Environment Durum wheat parental lines RIL population
PG2 Grecale Mean Standard Error Minimum Maximum Variance h2
GPC VAL _2020 13.4 15.34 1.29 12.23 18.19 1.65 0.82
VAL_2021 12.5 14.21 1.18 11.68 17.81 1.40 0.81
BA_ 2021 15.1 16.43 1.03 13.74 18.92 1.05 0.76
VAL_2022 . 15.6 16.31 1.22 13.87 19.53 1.49 0.83
Across environment” 17.2%* 14.1 15.56 0.95 13.55 18.29 0.91 0.84
GPC/GYS VAL _2020 0.00 1.20 —2.61 2.28 1.44 0.45
VAL 2021 0.01 1.05 —-2.21 3.22 1.10 0.48
BA_2021 0.00 1.00 —2.68 2.44 0.99 0.56
VAL _2022 0.00 1.11 —2.07 2.58 1.23 0.20
Across environment” 0.01 0.86 -1.79 213 0.75 0.52
GPC/TKW VAL_2020 —0.01 1.26 -3.15 2.83 1.58 0.76
VAL_2021 0.00 1.18 —2.50 3.69 1.39 0.80
BA_2021 —0.01 1.00 —2.51 2.97 0.99 0.73
VAL_2022 —0.03 1.21 —2.55 3.59 1.46 0.83
Across environment” —0.01 0.92 -1.96 3.14 0.84 0.82
GPC/PH VAL_2020 —0.02 1.22 -3.11 2.90 1.50 0.40
VAL _2021 —0.01 1.04 —-2.18 3.36 1.08 0.44
BA_2021 —0.01 0.97 -2.73 2.87 0.95 0.54
VAL_2022 —0.03 1.10 —2.48 3.44 1.20 0.25
Across environment” —0.02 0.82 —-1.92 2.66 0.67 0.39
GPC/HD VAL_2020 -0.01 1.24 -3.16 2.83 1.54 0.59
VAL_2021 0.00 1.18 —2.50 3.66 1.40 0.77
BA_2021 —0.01 1.01 —2.82 2.48 1.03 0.68
VAL_2022 —0.02 1.20 —2.48 291 1.44 0.48
Across environment” —0.01 0.95 —2.00 2.78 0.90 0.69
GYS VAL _2020 1.86** 3.52 2.38 0.49 1.36 3.85 0.24 0.72
VAL_2021 2.18%** 4.03 2.64 0.49 1.81 4.42 0.24 0.88
BA_ 2021 1.80%* 2.52 1.94 0.32 1.36 2.95 0.10 0.67
VAL_2022 1.26%* 2.42 1.66 0.36 0.63 2.67 0.13 0.82
Across environment” 1.78%* 3.12 2.11 0.34 1.27 3.21 0.11 0.84
TKW VAL _2020 43.7 45.5 44.32 5.72 31.05 62.20 32.76 0.87
VAL_2021 46.8 47.3 44.90 4.87 35.57 58.85 23.75 0.86
BA_ 2021 43.3 44.1 42.05 4.83 30.73 56.07 23.35 0.90
VAL_2022 37.7*% 41.5 38.06 4.49 28.36 53.57 20.13 0.89
Across environment” 43.1 44.4 41.89 4.27 32.71 52.12 18.23 0.90
PH VAL_2020 109.9%* 85.6 99.01 15.60 69.00 132.50 243.25 0.91
VAL _2021 109.2%* 85.4 97.58 15.94 63.33 136.00 254.14 0.97
BA_2021 101.6%* 76.0 88.46 13.18 60.33 113.00 173.79 0.96
VAL_2022 91.3%* 77.4 86.86 12.39 62.00 110.67 153.40 0.92
Across environment” 103.0** 81.1 92.45 13.26 64.42 118.41 175.84 0.94
HD VAL_2020 22.0%* 16.0 18.00 5.22 7.33 30.00 27.20 0.98
VAL_2021 14.2 19.57 7.59 8.33 33.00 57.62 0.99
BA_2021 36.7 38.70 2.90 32.00 49.00 8.44 0.97
VAL_2022 20.9 21.34 3.83 14.00 30.00 14.68 0.97
Across environment” 21.9 27.26 4.14 19.52 37.31 17.15 0.87

** Significantly different at p < 0.01 with the Student’s t-test.
@ HD, heading date (days from April 1st); PH, plant height (cm); GYS, grain yield per spike (g); TKW, thousand kernel weight (g); GPC, grain protein content (%);
GPC/HD, GPC/PH, GPC/GYS, GPC/TKW, residuals from regression of GPC on HD, PH, GYS, TKW, respectively.
b Across environment: overall means calculated by the Best Linear Unbiased Estimator (BLUE).
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3.0). QTL are reported when significant in the mean across environ-
ments and in at least one environment to decrease the discovery of false
positives. For each identified QTL, the additive effect and the percentage
of phenotypic variance explained (PVE%) were estimated. The Inter-
national Rules of Genetic Nomenclature for Wheat were used for QTL
designation and the software MapChart v. 2.2 was used for the graphical
representation of linkage groups and QTL.

3. Results
3.1. Phenotypic data and traits correlations

Grain protein content and yield-related traits (grain yield per spike,
thousand-kernel weight, heading date, plant height) were evaluated in a
segregating population of 144 RILs which was grown in replicated trials
in four environments in southern Italy. The mean of parental lines and
mean, standard error, range, genetic variance, and broad-sense herita-
bility of the RIL population in each environment and across environ-
ments are reported in Table 1. The Student’s t-test indicated that the
parental lines were significantly different for GPC in each environment,
the line PG2 always had higher values (from 16.3% to 18.4%) than those
of Grecale (from 12.5% to 15.6%). The two lines were also significantly
different for grain yield per spike and for plant height and heading date.

Each of the four trials showed considerable segregation for all
examined traits, and the phenotypic means of the RILs were normally
distributed with no appreciable skewness or kurtosis (Fig. 1). Average
values of parental lines and RILs population varied between trials con-
ducted in different environments because of the significant influence of
climatic conditions. The RIL population showed mean values of GPC
(from 14.2% to 16.4%) and yield-related traits that were included be-
tween the means of the parental lines in all environments (Table 1).
Highly significant differences were detected in each of the four field
trials among RIL genotypes for GPC, yield-related traits, and for the GPC-
derived indices GPC/GYS, GPC/TKW, GPC/PH, GPC/HD determined by
covariance analysis (Table S1). The correlations between the GPC mean
values in different environments were significant and varied from r =
0.46*** to r = 0.68*** (Table S2), which was consistent with the strong
environmental effects on the phenotypic expression of GPC. The com-
bined ANOVA across environments showed significant differences for
genotypes, environments, and environment x genotypes interaction for
each examined trait (Table S1). The amount of variance of the different
sources of variation indicated a stronger influence of the environments
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on GPC and yield-related traits in comparison to the genotype effects.
Relatively high heritability (h?) values (calculated by mean) were found
for GPC (from 0.76 in BA_2021 to 0.83 in VAL_2022) and across envi-
ronments (0.84), as well for the examined yield-related traits. The
derived GPC indices GPC/TKW and GPC/HD showed h? values superior
to 0.48, while lower h? values ranging from 0.20 to 0.56 and from 0.25
to 0.54 were observed for GPC/GYS and GPC/PH, respectively (Table 1).

GPC was negatively correlated with GYS and positively correlated
with plant height in all four environments and across environments. GPC
was also found positively correlated with TKW in two environments
(VAL_2020, BARI_2021) and the mean across environments (Table 2,
Table S3). As expected, GPC was always highly correlated with all GPC-
derived indices in each environment and across environments.

3.2. QTL mapping

QTL were determined by the Inclusive Composite Interval Mapping
(ICIM) based on the PG2 x Grecale linkage map including 5942 SNP
markers described in Sgaramella et al. (2023). Putative QTL, detected in
the mean across environments (BLUE) and in at least one environment,
are reported in Table 3 and depicted in Fig. 2 with their main charac-
teristics (confidence interval, adjacent markers, genetic position, addi-
tive effects, and percentage of phenotypic variance explained). Physical
positions (bp) are also reported according to the durum wheat Svevo
reference genome (Maccaferri et al., 2019). Five QTL for GPC (QGPC.
mgb-1B, QGPC.mgb-2B, QGPC.mgb-4B, QGPC.mgb-5A, QGPC.mgb-6A)
were detected on chromosomes 1B, 2B 2, 4B, 5A and 6A, with LOD
scores ranging from 3.1 to 9.3 and PVE from 5.6% to 18.7%. The positive
alleles (increased GPC) were all contributed by the Ethiopian line PG2
with allelic effects ranging from 0.22% to 0.40% (Table 3, Fig. 2).

Three QTL were detected for grain yield per spike (QGYS.mgb-1B.1,
QGYS.mgb-1B.2, QGYS.mgb-2B) on chromosomes 1B (2 QTL) and 2B_2,
four QTL for the thousand-grain weight (QTKW.mgb-2A, QTKW.mgb-3B,
QTKW.mgb-5A, QTKW.mgb-7A) on chromosomes 2A, 3B, 5A and 7A,
three QTL for plant height (QPH.mgb-1A, QPH.mgb-4B, QPH.mgb-5A) on
chromosomes 1A, 4B and 5A, and three QTL for heading date (QHD.mgb-
1B, QHD.mgb-2A, QHD.mgb-7B) on chromosomes 1B, 2A and 7B,
(Table 3, Fig. 2).

In order to consider the genetic interdependence between GPC and
yield-related traits, the QTL analysis was also performed on the residuals
from the regression of GPC on yield-related traits. This analysis detected
one or more QTL for GPC-derived indices located at the same genetic
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Table 2
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Phenotypic correlation coefficients using best linear unbiased estimators (BLUEs) among nine traits of the recombinant inbred lines population PG2 x Grecale grown at

four environments.

Trait HD PH GYS TKW GPC GPC/HD GPC/PH GPC/GYS
PH 0.07

GYS 0.10 —0.12

TKW —0.19* 0.42%** 0.24%*

GPC 0.03 0.51%** —0.41%** 0.28%**

GPC/HD 0.02 0.43%** -0.3 0.21* 0.87**

GPC/PH 0.12 0.24** —0.29%** 0.04 0.71*

GPC/GYS 0.09 0.36%** —0.08 0.22%* 0.58%** 0.73%**

GPC/TKW 0.03 0.49%** —0.45%** 0.19* 0.99%* 0.72%** 0.55%***

*, x|k significant at 0.05P, 0.01P and 0.001P, respectively.

HD, heading date (days from April 1st); PH, plant height (cm); GYS, grain yield per spike (g); TKW, thousand kernel weight (g); GPC, grain protein content (%); GPC/
HD, GPC/PH, GPC/GYS, GPC/TKW, residuals from regression of GPC on HD, PH, GYS, TKW, respectively.

position or within the same confidence interval of four GPC QTL. In
particular, two GPC/GYS were detected on chromosomes 4B and 5A,
four QTL for GPC/TKW on chromosomes 2B_2 (two QTL), 4B and 6A,
and four QTL for GPC/HD on chromosomes 2B 2, 4B, 5A and 6A
(Table 3, Fig. 2). One additional QTL for GPC/TKW (QGPC/TKW.mgb-
2B.2) was detected on the distal end of the long arm of chromosome
2B 2.

The possible correlated effects of the six detected GPC QTL on yield-
related traits were also investigated by comparing the two haplotypes of
each QTL for the examined trait (BLUE means across environments) by
the Fisher’s LSD test at p < 0.001. Results are reported in Fig. 3 and
Table S4. As expected, highly significant differences were found be-
tween the two alleles of each GPC QTL, with mean phenotypic effects
ranging from 0.35% (QGPC.mgb-1B) to 0.83% (QGPC.mgb-4B), the PG2
allele always showing the higher mean than Grecale. Differences for GYS
were significant between the two haplotypes of four GPC QTL (QGPC.
mgb-1B, QGPC.mgb-2B.1, QGPC.mgb-4B, QGPC.mgb-6A), the Grecale
allele always showing the higher mean than PG2, thus indicating
antagonistic effects of GPC and GYS. Interestingly no significant differ-
ences for GYS were found for the haplotypes of QGPC/TKW.mgb-2B.2
and QGPC.mgb-5A. The two haplotypes of each GPC QTL showed no
significant differences in TKW, PH, and HD, excluding the two haplo-
types of QGpc.mgb-4B for TKW and PH, and QGpc.mgb-2B.1 for PH.

3.3. Plant height and GPC

Considering the well-known effects of the semi-dwarfing genes Rht
on grain yield, seed weight, and GPC caused by an increased partitioning
of assimilates to developing spikes, the possible influence of plant height
on GPC and yield-related traits was carefully analyzed in the mapping
population PG2 x Grecale. The parental lines significantly differed for
PH in individual environments and across environments, the PG2 line
being always taller than Grecale by up to 22 cm. ICIM analysis detected
three PH QTL on chromosomes 1A, 4B, and 5A, contributing 69.1% of
the phenotypic variance. Most of the plant height variation could be
attributed to QPh.mgb.4B, which was identified as the semi-dwarfing
gene Rht-B1 being mapped by the gene-derived marker TG0010. Rht-
B1 was significantly detected in each of the four environments and the
BLUE mean across environments and accounted for 41.6-59.5% of PH
variation. Based on the functional marker TG0010, the PH effect was
estimated to be 9.4-12.3 cm in individual environments and 11.3 cm
across environments. The additional detected PH loci QPh.mgb.1A and
QPh.mgb.5A explained 4.5-5.1% of phenotypic variation and affected
PH by 3.1 cm and —3.3 cm, respectively. Comparing the BLUE mean
values of each trait of the two groups of RILs with a different genotype at
Rht-B1, as expected we found a significant effect of the Grecale allele
(Rht-B1) in decreasing PH, but we also found negative correlated effects
on GPC, GPC/GYS and TKW and a positive effect on GYS (Fig. 3). The
dominant allele Rht-B1 was associated with a 1.00% decrease in GPC
and a 0.85% decrease in GPC/GYS in the combined data. The same

phenotypic effects were shown by QPh.mgb.4B mapped about 10 cM
downstream of Rht-BI and its derived marker TG0010.

4. Discussion
4.1. QTL for grain protein content

In this study, we used a high-density SNP map to detect QTL for GPC
and yield-related traits in a recombinant inbred line population of
durum wheat. The RIL population showed wide variation for GPC and
yield-related traits in each environment, and the combined ANOVA
across environments revealed significant differences for genotypes, en-
vironments, and environment x genotype interaction for all examined
traits (Table S1). GPC was always negatively correlated with GYS in all
four environments and across environments. Overall, five QTL for GPC,
significant across environments and in at least one environment, were
detected on five chromosomes with the positive alleles (increased GPC)
all contributed by the line PG2. Fourteen QTL were detected for the
examined grain-yield related traits: four QTL for grain yield per spike,
four for the thousand-grain weight, three for plant height, and three for
heading date (Table 3, Fig. 2).

To consider the possible genetic interdependence between GPC and
yield-related traits, the QTL analysis was also performed on the residuals
from the regression of GPC on yield-related traits. According to Mon-
aghan et al. (2001), such a procedure can allow a QTL analysis to be
carried out independently from variation in yield-related traits. This
analysis detected one or more QTL for GPC-derived indices located
within the same confidence interval of the five detected GPC QTL
(Fig. 2). Taking into account the GPC-derived index GPC/GYS, which
considers the variations of the major yield-component trait GYS, nega-
tively correlated with GPC, we found that the GPC QTL located on
chromosomes 1B, 2B, and 6A (QGPC.mgb-1B, QGPC.mgb-2B, and QGPC.
mgb-6A) failed to show significant effects. These three GPC QTL were
overlapping or close to three QTL for decreasing effects on GYS (QGYS.
mgb-1B.1, QGYS.mgb-2B, QGYS.mgb-6A), thus indicating comigrating
loci with opposite pleiotropic effects on both traits. QGPC.mgb-4B was
overlapping with the GPC-derived indices GPC/TKW and GPC/HD
(QGPC/TKW.mgb-4B, QGPC/HD.mgb-4B) and located at 12 cM from
QGPC/GYS.mgb-4B and QGPC/PH.mgb-4B, suggesting a strong interac-
tion with the major reduced plant height Rht-B1. QGPC.mgb-5A was
coincident with QGPC/GYS.mgb-5A and QGPC/HD.mgb-5A, thus indi-
cating its independence from variation of GYS and HD. One additional
QTL for GPC/TKW (QGPC/TKW.mgb-2B.2) was detected on the distal
end of the long arm of chromosome 2B_2 most likely due to the reduction
of variance in the residuals of the regression of GPC on TKW which
lowers the detection threshold. A TKW QTL was detected in the same
genetic interval in two environments but not reported in Table 3 based
on the adopted criteria of declaring a QTL significant across environ-
ments and at least in one environment.

The possible correlated effects of the six detected GPC QTL on yield-
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Table 3
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Quantitative Trait Loci (QTL) for grain protein content and yield-related traits detected in the recombinant inbred line (RIL) mapping population of durum wheat PG2 x

Grecale across four environments (BLUE)°.

Trait QTL Chrom.  Genetic Confidence Left Marker Right Marker ~ Left Marker Phys. Right Marker LOD PVE Add
position interval pos.” Phys. pos.”
cM ID ID bp bp (%)
GPC QGPC.mgb-1B 1B 10 9.5-10.5 AX- IWB12475 19,272,289 19,318,453 3.9 7.0 0.24
94961642
GPC QGPC.mgb-2B 2B 2 38 33.5-39.5 IWB11285 IWB32005 130,360,301 134,636,889 6.3 12.7 0.32
GPC QGPC.mgb-4B 4B 51 36.5-52.5 IWB23253 IWB72792 26,879,575 84,559,368 9.3 18.7  0.40
GPC QGPC.mgb-5A 5A 53 51.5-53.5 AX- IWB7120 na 399,255,782 3.9 7.0 0.24
158564968
GPC QGPC.mgb-6A 6A 55 54.5-56.5 AX- IWB72208 67,435,252 75,863,290 3.1 5.6 0.22
95025823
GPC/ QGPC/GYS. 4B 39 37.5-52.5 IWB23253 IWB72792 26,879,575 84,559,368 10.9 126 0.34
GYS mgb-4B
GPC/ QGPC/GYS. 5A 53 51.5-53.5 AX- IWB7120 na 399,255,782 7.1 7.5 0.26
GYS mgb-5A 158564968
GPC/ QGPC/TKW. 2B 2 37 32.5-39.5 IWB11285 IWB32005 130,360,301 134,636,889 7.1 9.8 0.34
TKW mgb-2B.1
GPC/ QGPC/TKW. 2B 2 201 199.5-201.5 AX- AX- 763,589,992 764,393,129 4.0 4.7 0.24
TKW mgb-2B.2 95116218 94702510
GPC/ QGPC/TKW. 4B 51 36.5-52.5 IWB23253 IWB72792 26,879,575 84,559,368 5.8 7.5 0.30
TKW  mgb-4B
GPC/ QGPC/TKW. 6A 55 54.5-56.5 AX- IWB72208 67,435,252 75,863,290 4.2 5.3 0.25
TKW mgb-6A 95025823
GPC/ QGPC/HD. 2B 2 38 33.5-39.5 IWB11285 IWB32005 130,360,301 134,636,889 6.6 13.2  0.33
HD mgb-2B
GPC/ QGPC/HD. 4B 51 36.5-52.5 IWB23253 IWB72792 26,879,575 84,559,368 9.1 18.1 0.39
HD mgb-4B
GPC/ QGPC/HD. 5A 53 51.5-53.5 AX- IWB7120 na 399,255,782 3.6 6.4 0.23
HD mgb-5A 158564968
GPC/ QGPC/HD. 6A 55 52.5-56.5 AX- IWB72208 67,435,252 75,863,290 3.3 5.8 0.22
HD mgb-6A 95025823
GYS QGYS.mgb- 1B 9 5.5-9.5 IWB14060 AX- 15,320,002 17,029,294 3.0 5.5 —0.08
1B.1 158557069
GYS QGYS.mgb- 1B 67 64.5-67.5 IWB59128 IWB35239 482,809,613 486,755,800 5.2 10.3 —-0.10
1B.2
GYS QGYS.mgb-2B 2B 2 56 54.5-56.5 IWB4614 IWB50296 178,740,650 189,583,615 3.2 6.2 —0.08
GYS QGYS.mgb-6A 6A 54 51.5-56.5 AX- AX- 60,166,448 67,435,252 3.3 6.3 —0.08
158527841 95025823
TKW QTKW.mgb- 2A 97 96.5-97.5 IWA32 IWB2234 560,730,776 568,233,451 10.4 14.5 1.63
2A
TKW QTKW.mgb- 3B 147 146.5-148.5 IWB10631 IWB47344 749,353,433 756,364,388 5.5 7.0 -1.13
3B
TKW QTKW.mgb- 5A 170 164.5-176.5 AX- IWB12226 581,455,166 595,046,558 3.8 5.6 -1.00
S5A 110445262
TKW QTKW.mgb- 7A 32 31.5-32.5 AX- AX- 40,432,035 41,335,224 4.5 5.4 —1.00
7A 158567256 158591662
HD QHD.mgb-1B 1B 168 167.5-168.5 IWB5319 AX- 672,461,254 677,461,678 6.1 6.2 -1.04
95199802
HD QHD.mgb-2A 2A 40 39.5-40.5 AX- IWB7033 36,543,717 40,185,401 31.5 545 3.08
158561966
HD QHD.mgb-7B 7B 11 10.5-11.5 AX- AX- 8,375,941 9,381,377 4.4 4.9 -0.91
95072534 95164074
PH QPH.mgb-1A 1A 61 60.5-61.5 IWA5083 AX- 363,191,947 363,486,267 4.7 4.5 3.07
158539847
PH QPH.mgb-4B 4B 39 38.5-39.5 IWB23253 TG0010b 26,879,575 29,293,179 35.7 59.5 11.34
PH QPH.mgb-5A 5A 168 163.5-172.5 AX- IWB12226 581,455,166 595,046,558 3.8 5.1 —3.28
110445262

Left CI and Right CI: confidence intervals for start and end respectively; LOD: Logarithm of Odds; PVE(%): Percentage of the phenotypic variance explained; Add:
additive effect of a QTL, where the negative sign (—) indicates the allele from parent Grecale and the absence of sign indicates the allele from parent PG2. Suggestive

QTL below the threshold (2.8 < LOD <3.0) are reported in italics.

@ Phys. pos.: Physical position (bp) according to the durum wheat Svevo reference genome (Maccaferri et al., 2019). na: not available.

related traits were also examined through haplotype analysis using the
mean of each trait across environments (BLUE values) by the Fisher’s
test. As expected, the comparison confirmed the significant difference
between the two alleles of each GPC QTL as found by the previous ICIM
analysis and indicated that four high GPC QTL alleles (QGpc.mgb-1B,
QGpc.mgb-2B.1, QGpc.mgb-4B and QGpc.mgb-6A) had significant

negative effects on GYS determined by loci comigrating or with opposite
pleiotropic effects on both traits (the alleles for high GPC co-localize
with alleles for low GYS). The two alleles of QGpc.mgb-5A and QGpc/
TKW.mgb-2B.2 were not significantly different for GYS, TKW, PH, and
HD, and then could be considered independent from grain-yield related
trait variations. Interestingly, these two GPC QTL had additive effects as



D. Nigro et al. Journal of Cereal Science 117 (2024) 103894

1A 1B 2A 2B_1 3B
0.0—F— IWB525 0 [WBt0em 5 '8 0.0 —F— AX-158609092 00 IWB42101 0.0 —{— AX-94745543
58 sIWEMOSO _% |_bd
20 AX-168557069 3 IWB61616
o7 \ Ninizrs 2 % LA N et . 204 AX-94909290
1 A 107 % oL .4 —— AX
24 AX-94472344 S o o 282
.9 —{-— IWB9435 = 9
0.0 IWB73417 = IWB39005 1 -~ U
IWB24583 WB54203 . .0 —F— AX- NN
G WB28131 AX158561966 @ 02 eSS
i IWB39078 N IWB7033 2
IWB35084 5 2 IWA4214 12 %5 AMX; 750325;35989 %
{} | WAS084 3 % 27 AX-100913211 2 P
608~ /1iwas083 o g‘g :m;sz?oss s H_ | ax-158557418 31.0 WB11285 2 8 8 602— -1 wB72222
AX158530847 3 O iwasza -3 0.8 AX-158573311 AX107943 5 QB
611 IWB31640 ¥ 73 \WB51671 =3 = |wB32006 o
AX109963861 > ’ IWB27300 a 24 wesos 1S Bz W3
H £l [ 81.9 IWB42663 = |wB32007 @ 35
80.2 —— AX-108897448 kstf 58521152 N " |IWB10154 + IWB60585 T & & 81.0 —— IWA3021
782 astesm %.4 IWA32 9 40.2 22543 B & 5
g WA33 z 53.0 = AX-110374564 o B
LY 1wB2234 — 53.8 7/ N\ WB4384 =
100.0 —— AX-168569223 1003 —— AX-95247332 WB23044 2 546 WB4614 -y 100.2 ——{— AX-158541450
’ 97.6 WB11422 4 5.6 IWB50296 S
IWB59834 R 7.0 IWA439 -
H_lwsess16 a
1153 —— IWA773
L ax 1 1143 AX-109978841 4
118.4 AX-111693746 1207 IWAS915 85.4—— IWB69363 -]
134.4—— AX-158568870 N 1403 AX94966754 2
140.7 —— AX-158570261 141.3—1 wassas 1008 WB21895 03] |- Rstoser El
= | IWB32805 -§
.3 —-{— AX-158555535 IWB25749
= IWB6291 o 21, WB52020 b IWBA7S44 %
A1 . Iwss0513 8
3 a1
167.7~\| | /[IWBs319 S ter4 L 1603 AX-158563324
167.3 —— IWA1644. = IWB71548 -3
168.5-7/00™ AX-05199802 -1
1708 AX-94432058 X5 138.7 — 11— IWB56162
s 181.9 —-— IWB46343 181.6 ——— IWB34424
198.0 —— AX-111488787 L axe
161.7 AX-94760904 2014 —-|— tweasoss
182.3 —— IWB34817 ) 217.2 —— AX-94463677
8
3
199.1 WB30421 3
199.8 = AX-95116218 .g '
201.0 AX-94702510 5
207.4| [N\ AX-95089775 3
. 1AX-158546491 b4
220.1 —— AX-94734962 o
4B 5A 6A 7A 7B
0.0—— IWB73506 0.0—— IWA4445 0.0 —— IWB10558 0.0—F— IWB71284 o
I
208 IWA834 L =z
AX-108807981 320 it (Rosoross B
R 7.7 —— AX- ] |1 4 2 IWB9078 & - ?
202 WB6168 5 3 N 19.4 IWB40518 R oL HN g 29 Ax"‘:‘g:‘n“z 3
2 3 1 axe AX-158591096 2
| P % e 8 8 o B o skl 3244/ {AX 108034980 == 20 AX-95164074
i ‘me me gS -3 ®4 AX-94663690 . O 8 INBTS1E8 & & i H " |ax-110s71295 ~ 3 128 IWB11170
T SHc B: B —2 T |wBsa2s O O @ %8 + B 2 8 AX-158591662 ¥ 41.7—— wBe7979
4247 Axtseseasas - WG W2 WG ¢ %20 AX-158564%68 @ 3 O Axaseszredl B whl 198 3RE 10h..oy \|IWB38357 3 .
4407/ |1\ WB11928 s HSHS Bz & IWB28606 Vo T & ) L I i L S |AX-94812864
513 IWB72792 ToE el e Al we7120 -5 oG B\|Weetes8 O T ml mx WS
5217 | |\Ax15854237 ® § ¢ L 3.5 AXA58550608 @ 3 51.27 4 \WB13914 SO T .
602 AX-158561561 & & © B46475 g & 3 IWB13089 & 3 5 5 € 608—{{—AX111095679 61.6 —-— WB72169
i @ T IWB10234 ¢ 8 & ¢
> 9 AX-158527867 > 9 & 3
51.5 AX-158527841 2 5
82.8 —— AX-94644979 80.7 —— AX-158584522 8417 lm;fga??:’ 80.2 ——— IWB47576 80.1 —|—— AX-158554043
WB8016
Lo \\[ w2261
\llwse203
i T 103.5 —|— AX-110020452 66.54 |\ | AX-95025823 101.0 —1— IWB13689 101.4 —— IWB71468
: 80.1 IWB36100
91 AX-110988092
o T 121.5—H— WA12 120.9 —|-— AX-158600321 193 —— AX-168565438 120.5 —|-— WB71577
Sl s 140.3 AX-158558692 140.0 WB29924
2 M 1422 —— IWB11795 i | | ke
160.1 —— AX-94486277 1003 N Ax4ssss1ots § o Pl A T | e
163.1 N AX-110445262 Ig ; 164.9 ——— IWB11684
1727 ~ - WB12226 s W5
IWA4238 ).
1709 /7\{ WA2113 b3 & 180.2—{1— AX-110979382 1IE8 TR
AX-89554493
201.7 AX-94405899
T\ |AX-158542602 204.1 ——— AX-110577975
IWB14077
2032 AX-109348871
|| |ax-9a742567
218.9— 7" IWA2642 219.0 —-— IWB64099
240.2 —— IWB54715

Fig. 2. Genetic map and QTL for grain protein content (GPC), grain yield per spike (GYS), thousand-kernel weight (TKW), plant height (PH), heading date (HD), and
for the residuals of the regression of GPC on GYS (GPC/GYS), TKW (GPC/TKW), PH (GPC/PH), HD (GPC/HD). Each chromosome map is represented by the first and
the last SNP marker and by an SNP marker every about 20 cM. Markers are indicated on the right side and cM distances are on the left side of the bar. QTL are
represented by bars on the right of each chromosome. QTL names indicate the trait; the closest SNP marker to each QTL is shown in red. QTL significant across
environments and at least one environment at LOD>3.0 are reported with a positive or negative sign before the QTL name indicating the additive effect associated
with an increased or decreased effect from the PG2 allele. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version
of this article.)

shown by comparing the RILs group with both the PG2 alleles (QGpc/ identifying co-located QTL among a large number of publications is

TKW.mgb-2B.2.a and QGpc.mgb-5A_a) with the RILs group with the difficult because different researchers have often used different types of

Grecale alleles (QGpc/TKW.mgb-2B.2_b and QGpc.mgb-5A_b) (Table S4). markers in the QTL analysis and there are no consensus positions for

many of the published associated markers; additionally, the mapping

populations vary greatly in their level of genetic resolution. In tetraploid

4.2. Comparison of detected QTL with previous studies and candidate wheat, such difficulties can be partly overcome by using the recently

genes developed high-quality reference genome sequences of durum wheat

(Maccaferri et al., 2019) and the durum SNP-based consensus map

Identifying QTL that are shared between independent segregant developed by Maccaferri et al. (2014) which includes more than 30

populations can help to improve the confidence interval of QTL and thousand SNP markers and several hundreds of microsatellites markers
confirm the detected effects in different genetic backgrounds. However,
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Fig. 3. Correlated effects of GPC QTL alleles and the semi-dwarfing gene Rht-BI on yield-related traits. a and b indicate the QTL alleles of the parents PG2 and
Grecale, respectively. *, **, ***: significantly different at the 0.05, 0.01, and 0.001 probability levels, respectively, by the Fisher test. ns: not significant.

useful for comparisons with previously developed maps. By linking the
genetically mapped SNP markers to the physical location of the durum
wheat Svevo genome (Fig. S1), we were able to identify co-localizing
QTL detected in previous studies and identify candidate genes. The
GPC QTL detected in this study were putatively considered co-localized
with previously reported QTL if the confidence intervals completely or
partially overlapped. Dozens of genes were uncovered within each
confidence interval. To narrow down the candidate genes responsible
for the identified QTL, we prioritized genes and gene families that had
been previously linked to GPC or GPC-derived indices in durum wheat
experiments, and the high-confidence genes coding for nitrogen
metabolism-related enzymes reported by Nigro et al. (2019) and Geyer
et al. (2022).

4.2.1. QGPC.mgb-1B

QGPC.mgb-1B was physically located on chromosome arm 1BS at
19,272,289-19,318,453 bp. A GPC QTL associated with the DaRT
marker wPt-0655 at 17,438,822 bp was detected by Giraldo et al. (2016)
in a structured collection of T. turgidum including the subspecies durum,
turgidum, and dicoccum. In the same region, Suprayogi et al. (2009)

identified the QTL QGpc.usw-B1 (9,706,246 bp) in a double haploid
population significant in one of the six tested environments. Because of
their close physical distance, the three QTL could imply the same
functional gene, while they should be different from the QTL QGpc.
spa-1B.1 reported by Ruan et al. (2021) at 51,853,437 bp.
QGPC.mgb-1B was adjacent to the loci Glu-B3 (TRITD1Bv1G008290,
chrom. 1B: 19,410,963-19,411,436 bp) coding for low-molecular
weight glutenin subunits and near to Gli-BI (TRITD1Bv1G001870,
chrom. 1B: 4,313,476-4,519,819) coding for gamma-gliadin subunits.
Glutenin and gliadin are the main storage proteins in wheat and exist in
a wide range of variable components responsible for the gluten strength
and the quality of wheat-based products. The structures, properties, and
genetics of these proteins have been extensively investigated to unravel
the biochemical and molecular underpinnings of their functional prop-
erties and to facilitate improvements through plant breeding, processing
conditions optimization, and genetic engineering (Shewry et al., 2003).

4.2.2. QGPC.mgb-2B.2
QGPC.mgb-2B.2, detected on a region of about 4.3 Mb of the chro-
mosome arm 2BS (130,360,301-134,636,889 bp), was also detected by
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the GPC indices GPC/TKW and GPC/HD (QGPC/TKW.mgb-2B.2 and
QGPC/HD.mgb-2B.2). The confidence interval of this QTL overlaps with
the GPC and GPC/GYS QTL reported by Nigro et al. (2019) in a collec-
tion of T. turgidum accessions including seven subspecies, and with
QGPC.spa-2B.1 detected in the interval INB6607— IWB22630 (126,073,
126-153,482,566 bp) in a Canadian durum population of 162 doubled
haploid lines derived from the cross Pelissier x Strongfield (Ruan et al.,
2021).

QGPC.mgb-2B.2 was found close to the gene Fd-GOGAT
(TRITD2Bv1G047890, chrom. 2B: 120,766,653-120,782,876 bp), which
encodes the enzyme ferredoxin-dependent glutamine-oxoglutarate
amidotransferase involved in nitrogen metabolism. Glutamate synthase
(GOGAT) plays a pivotal role in glutamate synthesis by catalyzing the
transfer of the amide group of glutamines to 2-oxoglutarate, producing
two molecules of glutamate. Plants harbor two forms of GOGAT based
on the electron donor: ferredoxin-Fd-dependent and NADH-dependent.
GOGAT, in conjunction with glutamine synthetase (GS), ensures the
flow of nitrogen from NH4 " to glutamine and glutamate, which are then
utilized in various aminotransferase reactions for amino acid synthesis.
Fd-GOGAT was previously found associated with GPC QTL in the Svevo x
Ciccio durum RIL population evaluated in five environments and vali-
dated in near-isogenic lines (Nigro et al., 2020).

4.2.3. QGPC/TKW.mgb-2B.2

A QTL controlling the GPC/TKW index (QGPC/TKW.mgb-2B.2) was
found on the distal end of the long arm of chromosome 2B
(763,589,992-764,393,129 bp) showing an additive effect of 0.24 of
GPC percentage units and 4.7% of PVE. In proximity to its confidence
interval AX-95116218-AX-94702510, two QTL for GPC were previously
reported in a collection of Canadian durum wheat germplasm (N’Diaye
etal., 2017), and in the Canadian durum Pelissier x Strongfield mapping
population (Ruan et al., 2021), respectively.

QGPC/TKW.mgb-2B.2 was at about 3 Mbp from the GInE gene
(TRITD2Bv1G254550, chrom. 2B: 760,383,403-760,390,399 bp) coding
for the bifunctional glutamine synthetase adenylyltransferase/adenylyl-
removing enzyme that catalyzes the initial step in ammonium assimi-
lation, converting it into glutamine, a crucial precursor in amino acid
biosynthesis.

4.2.4. QGPC.mgb-4B and Rht-B1

QGPC.mgb-4B was identified in a large confidence interval
(36.5-52.5 cM, 26.9-84.6 Mbp) on the short arm of chromosome 4B also
including three QTL for GPC-derived indices (QGPC/GYS.mgb-4B,
QGPC/TKW.mgb-4B, and QGPC/HD.mgb-4B). In this interval, Fatiukha
et al. (2020) detected a GPC QTL in a mapping population derived from
a durum x wild emmer wheat cross evaluated in five environments. The
large confidence interval indicates that the positions of the two QTL are
uncertain, and therefore it cannot be definitively determined whether
they represent the same functional gene or different QTL.

Among the several HC genes annotated within this 4BS region, the
semi-dwarfing reduced height (Rht-B1) and the teosinte branchedl
(TB1-B1) genes were found. The Rht-1 genes established the beginning
of the green revolution in wheat by decreasing plant height and
increasing productive tillers. Rht-1 encodes for a DELLA (aspartic acid-
—glutamic acid-leucine-leucine-alanine) protein. Two widely used
allelic variants (Rht-B1b and Rht-D1b) confer no responsiveness to gib-
berellic acid, both reducing plant height by 20% and increasing grain
yield by 5-10%. In addition to several other pleiotropic effects, Rht-1
variants were shown to negatively affect grain weight and GPC (Fowler
et al., 2016). Considering that the cultivated parental line Grecale pos-
sesses the Rht-B1 dwarf allele, while the tall line PG2 has the recessive
allele, it is reasonable to infer that this gene played a substantial role in
shaping several bio-agronomic traits in the examined biparental popu-
lation. In this study, a substantial portion of PH variation was attributed
to the identified QTL QPH.mgb-4B, which was tightly linked to the
gene-derived marker TG0010, ultimately confirming its association with
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the semi-dwarfing gene Rht-B1. The effects of Rht-B1 were consistently
observed across all four field trials, with an estimated effect of 11.3 cm
across environments and 59.5% of PVE. Although QGPC.mgb-4B was
mapped downstream of the semi-dwarfing gene Rht-BI and its func-
tional marker TGO010 by 22.1 Mbp, Rht-B1 remains the most likely
candidate gene.

Another important gene, the teosinte branched 1 TB-BI
(TRITD4Bv1G012050, chrom. 4B: 28,796,177-28,797,241), closely
linked to Rht-B1, was demonstrated to play a key role in regulating plant
architecture and inflorescence development, including height and
tillering (Dixon et al., 2020). Wheat genotypes expressing higher levels
of TB-1 were found to show an extra-branched phenotype due to a
slowed development of meristem tissue, with paired spikelets at each
floret rather than one (Dixon et al., 2020).

Interestingly, another putative candidate gene, GSe-4B, encoding for
the cytosolic glutamine synthetase enzyme (TRITD4Bv1G013920,
chrom. 4B: 33,110,340-33,112,982 bp) is localized within the confi-
dence interval of QGPC.mgb-4B and at about 3.9 Mb downstream to Rht-
B1. GSe facilitates the ATP-driven conversion of ammonium into
glutamate (Glu) to generate glutamine (GIn). Because of its crucial
function in absorbing and utilizing ammonium (NH4"), glutamine
synthetase has become a significant focus of crop research aimed at
enhancing nitrogen use efficiency (NUE) (Li et al., 2011). GSe-4B was
previously identified to be associated with GPC (Gadaleta et al., 2013)
and GPD (Nigro et al., 2019) in durum wheat and with GPC in bread
wheat (Geyer et al., 2022).

4.2.5. QGPC.mgb-5A

QGPC.mgb-5A, detected in the confidence interval AX-158564968-
IWB7120 on the chromosome arm 5AL, was found coincident with
QGPC/GYS.mgb-5A indicating that the expression of GPC is independent
from GYS variation. As the left flanking marker AX-158564968 was not
mapped on the Svevo reference genome, the closest and comigrating one
at 52.0 cM (IWB8428) in the PG2 x Grecale map was considered to
delimit the physical confidence interval (395,919,086-399,255,782 bp).
Within this interval, a GPC QTL (QGpc.mgb-5A.1) associated with
IWB28350 was previously detected in the durum Duilio x Avonlea RIL
mapping population (Marcotuli et al., 2017).

The confidence interval of QGPC.mgb-5A covered a region of 3.3 Mb
in which 41 high-confidence genes were detected. Among them, 8 genes
encoding for glutamate receptors and one for S-adenosyl-L-methionine-
dependent methyltransferases superfamily protein were noteworthy.
These candidate genes are potentially involved in the carbon and ni-
trogen (C/N) balance during plant growth. While carbohydrates provide
the energy and the carbon skeletons necessary for ammonium assimi-
lation during amino acid biosynthesis, amino acids and proteins repre-
sent the cells’ key building blocks. So far, the two metabolisms are
coordinated with each other during the plant’s entire life cycle through a
sophisticated regulatory system controlling the expressions of genes
involved in both C and N pathways. Indeed, plant C/N status can in-
fluence the expression of several genes, including the ones responsible
for the biosynthesis of key-role molecules, such as sucrose (Suc), glucose
(Glc), 2-oxoglutarate, glutamine (Gln), glutamate (Glu), NO3, and NH}
(Goel et al., 2016).

4.2.6. QGPC.mgb-6A

Chromosome arm 6AS contained a region with overlapping QTL for
GPC and the derived indices GPC/TKW, GPC/PH and GPC/HD, but it
also comprised a QTL for decreasing GYS. QGPC.mgb-6A was detected in
a physical interval (chrom. 6A: 67,435,252-75,863,290 bp) including
the gene Gpc-Al (TRITD6Av1G032560, 75,452,544-75,454,973 bp), a
putative NAC transcription factor (NAM-A1). Four genes (Gpc-Al, Gpc-
B1, Gpc-A2, and Gpc-B2) were found to be located on the homoeolo-
gous chromosome groups 2 and 6 in tetraploid wheat and shown to play
a role in nutrient remobilization, the process of moving nutrients from
senescing leaves to developing grains during grain filling (Avni et al.,



D. Nigro et al.

2014). Gpc-B1, a homolog of Gpc-A1, was identified and cloned by Uauy
et al. (2006) and found to encode a NAC transcription factor (NAM-B1)
that regulates GPC in wheat. The wild-type allele of this gene is asso-
ciated with elevated GPC, accelerated plant senescence, and higher Zn
and Fe levels in grains compared to the mutant allele However, its
impact on grain weight and grain yield varies across different environ-
ments and genetic backgrounds (Avni et al., 2014). Gpc-A1 may have the
same pleiotropic effects on yield as Gpc-B1, as evidenced by the fact that
a GYS QTL (QGYS.mgb-6A) with antagonistic effects with GPC was
detected in the same region.

5. Conclusions

Grain protein content is a crucial trait that significantly impacts the
pasta-making characteristics and baking performance of durum wheat,
directly influencing the nutritional benefits of durum-based products. In
this study, GPC and yield-related traits were evaluated in a RIL popu-
lation in replicated trials across four environments. The combined
ANOVA showed significant differences for genotypes, environments,
and environment x genotype interaction for each trait; however, the
amount of variance of the different sources of variation indicated a
stronger influence of the environments on GPC and yield-related traits in
comparison to the genotype effects. GPC was negatively correlated with
GYS and positively correlated with TKW and PH in all four environments
and across environments. Six GPC QTL were identified that were
consistently expressed in the mean across all environments and at least
in one environment. These QTL consistently exhibited relatively low
additive effects and explained small or medium amounts of phenotypic
variance. Remarkably, some QTL co-localized with N-related candidate
genes. Two out of six detected GPC QTL were significantly associated
with increased grain protein deviation, suggesting that selecting for GPC
may not necessarily affect final grain yield per spike. These findings
highlight that identifying and utilizing beneficial QTL/genes for GPC
improvement in commercial durum wheat cultivars requires careful
consideration of the generally inverse relationship between GPC and
yield-related traits. Additionally, marker-trait association analysis
should be conducted on phenotypic data collected across multiple en-
vironments to identify stable QTL that could be effectively used in
breeding programs. Marker-assisted selection or genomic selection
techniques can effectively target favorable alleles for GPC enhancement
while minimizing the impact on grain yield.
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