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Abstract

The content and composition of the grain storage proteins in wheat determine to
a high extent its end-use quality for pasta and bread production. This study aimed
to evaluate the content and composition of the grain storage proteins in Ethiopian
landraces and cultivars to contribute to future breeding toward improved pasta
quality. Thus, 116 landraces and 34 cultivars originating from Ethiopia were
grown in three locations, and the protein parameters were analyzed using size
exclusion-high performance liquid chromatography (SE-HPLC). A considerable
variation in the amount of the analyzed protein parameters was found. The geno-
types, environments, and interactions contributed significantly (p <0.001) to the
differences obtained. The broad-sense heritability was high (0.75-0.98) for all
protein parameters except for unextractable small monomeric protein (uSMP).
Using the principal component analysis (PCA) to evaluate the impact of protein
parameters and using either PCA or unweighted pair group method with arith-
metic mean (UPGMA) to assess the impact of the genetic composition, the culti-
var group was found to form a separate cluster. This indicates that durum wheat
improvement in Ethiopia has relied on exotic materials, which might result from
a narrow genetic base. Unlike most landraces, most released cultivars showed a
high and stable gluten strength across environments. Two landraces, G057 and
G107, were found genetically distinct from the released cultivars but with high
and stable gluten. The two selected landraces might be of extremely high value
for future use in durum wheat breeding programs, as they might be adapted to
wide-ranging Ethiopian growing conditions, they might carry genes of relevance
to withstand abiotic and biotic stresses, and they seem to hold essential protein

properties, which might result in high-quality grains for industrial processes.
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1 | INTRODUCTION

Durum wheat (Triticum turgidum, L. var. durum Desf.) is
worldwide the second most produced and consumed type
of wheat (Johansson et al., 2020; Shewry & Hey, 2015). The
genome size of durum wheat is 12 Mbp, and the species
is a disomic polyploid (2n=4x=28, AABB) (Maccaferri
et al.,, 2019), which is primarily utilized for pasta prod-
ucts (Alvarez & Guzman, 2018; Johansson et al., 2020).
In Ethiopia, durum wheat has also been used to prepare
traditional food, which includes “difo-dabo” (bread made
from a thick fermented dough), “kitta” (thin unleavened
bread), “injera” (a flat and spongy bread made from a fer-
mented dough), “kinche” (boiled coarse-ground grains),
“nifro” (boiled whole grains), “kollo” (roasted grains), “da-
bo-kollo” (small roasted pieces of unleavened dough), as
well as traditional drinks, such as “tella” (fermented filtered
or unfiltered drinks) and “areke” (a strong liquor) (Badebo
et al., 2009; Tsegaye & Berg, 2007). The unique technologi-
cal and nutritional features of durum wheat are a result of a
high protein content, amber color, carotenoid pigments, vit-
reous grains, and semolina quality (Kadkol & Sissons, 2016;
Mastrangelo & Cattivelli, 2021). Furthermore, the hardness
of the durum wheat kernels is highly important, impacting
the milling quality and enabling a high yield of semolina,
resulting in high-quality pasta (Samaan et al., 2006).

Due to the importance of durum wheat's technological
and nutritional quality, the compositions of wheat storage
proteins are known to correlate with several technological
traits of wheat (Johansson et al., 2020; Malik et al., 2013;
Rajnincova et al., 2018). The ability of the proteins to form
polymers in the grain and during processing is essential
for the end-use quality of wheat (Ceresino et al., 2020;
Lafiandra & Shewry, 2022; Markgren et al., 2022). Previous
studies have shown that the amount and size distribution
of polymeric and monomeric proteins in the wheat grain,
as determined by SE-HPLC (Helguera et al., 2020; Shewry
& Lafiandra, 2022), have an effect on the end-use quality of
the wheat (Gupta et al., 1993; Johansson et al., 2005, 2020;
Malik, 2012). The two parameters determined by SE-HPLC
that are mostly related to the end-use quality of wheat
are: total sodium dodecyl sulfate (SDS)-extractable pro-
teins (TOTE) and percentage of total unextractable poly-
meric protein in total polymeric protein (%UPP). Previous
studies have shown that TOTE correlates with total grain
protein concentration, whereas %UPP correlates with glu-
ten strength (Johansson et al., 2004, 2013; Labuschagne
et al., 2004; Malik et al., 2011). Both parameters are highly
affected by genotype, environment, and genotype-by-en-
vironment interactions (Gulia & Khatkar, 2015; Husenov
et al., 2015; Johansson et al., 2013, 2020; Malik et al., 2011;
Vida et al., 2014).

Wheat landraces are vital genetic resources that may
contain desirable genes with an impact on grain quality,

which in turn might result in novel products satisfying the
preferences of consumers and manufacturers (Adhikari
et al., 2022; Requena-Ramirez et al., 2021). Ethiopia
is the major center of durum wheat genetic diversity
(Harlan, 1969; Negisho et al., 2021; Savage et al., 1994).
Previous studies have shown that the Ethiopian durum
wheat gene pool is genetically distinct from the durum
wheat gene pools of the Mediterranean region and other
parts of the world (Alemu et al., 2020; Dejene et al., 2016;
Kabbaj et al., 2017; Kidane et al., 2019). More than 7000
accessions of durum wheat landraces have been conserved
ex situ at the Ethiopian Biodiversity Institute (EBI) gene
bank and are available for research and use in breeding
programs. Traditionally, durum wheat breeding in Ethiopia
has focused on improving grain yield, wide adaptation, and
host plant resistance to fungi diseases, insects, and weeds
(Badebo et al., 2009; Tesemma & Bechere, 1998). Only a
limited number of studies have focused on determining
the amount and size distribution of the storage proteins in
durum wheat grown in the country. This is despite the fact
that some novel alleles of specific proteins have been found
in local durum wheat germplasm (Hailegiorgis et al., 2020;
Hailu et al., 2006). Also, the amount and size distribution of
polymeric and monomeric proteins utilizing SE-HPLC have
only been evaluated in a few studies that utilized a small
number of local genotypes (Hailu et al., 2016; Labuschagne
et al., 2004). Overall, research that targets the evaluation
of a sufficient representation of the country’'s durum wheat
gene pool for protein content and composition is lacking.
This is particularly true for determining grain protein com-
position in terms of end-use quality and finding germplasm
for use in breeding programs for developing novel cultivars
with improved end-use qualities comparable with those
from other parts of the world. Hence, this study aimed at (i)
evaluating a large set of Ethiopian durum wheat landraces
and cultivars to determine the amount and size distribu-
tion of monomeric and polymeric proteins using SE-HPLC;
(ii) evaluating genotype-by-environmental interactions
and population structure in relation to the variation in the
amount and size distribution of monomeric and polymeric
protein; (iii) evaluating the relationship between genetic
diversity in the material, the protein composition, and glu-
ten strength of the material; and (iv) identifying germplasm
suitable for use in Ethiopian durum wheat breeding pro-
grams targeting end-use qualities.

2 | MATERIALS AND METHODS

2.1 | Plant material

A total of 116 landraces and 34 released cultivars (jointly
designated as genotypes for simplicity hereafter) of
Ethiopian durum wheat (Table S1) were used for the
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present study. The 150 genotypes were sown at three
selected experimental sites within well-known durum
wheat cultivation areas in Ethiopia (Sinana, Kulumsa, and
Chefe Donsa), following an alpha lattice design (Patterson
& Williams, 1976). However, one of the genotypes was ex-
cluded from the analyses due to its poor agronomic per-
formance at the three sites. The landrace genotypes were
selected from the durum wheat accessions conserved at
the EBI gene bank and are a subset of accessions described
in Mulugeta et al. (2022). These landrace genotypes were
grouped into ten populations (Table 1) based on their geo-
graphical regions of origin (collection sites) and genetic
background. The cultivars used in this study were devel-
oped by national and regional research centers and regis-
tered as cultivars by the Ethiopian Ministry of Agriculture
(MoA) after their distinctness, uniformity, and stability
(DUS) were confirmed. Most of the selected cultivars are
currently widely cultivated in Ethiopia. The cultivars were
treated as a single population for simplicity; hence, the
entire set of genotypes was grouped into 11 geographical
regions of origin-based populations (Table 1). The geno-
types were coded as G001 to G149 from now and onward.

2.2 | Field phenotyping
2.2.1 | Phenotypic traits
Eight phenotypic traits described previously (Mulugeta

et al., 2022) for the genotypes were used in this study to
evaluate their relationship with the protein composition
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parameters evaluated here. The phenotypic traits in-
cluded were morphophenological traits (days to heading
and maturity), plant architecture traits (plant height (cm),
spike length (cm), and number of tillers per plant), grain
yield (tha™), and yield components (numbers of spikelets
per spike and thousand kernel weight (gm)), all of which
as described in the wheat descriptors (IBPGR, 1985).

2.3 | Grain storage protein composition
analysis
2.3.1 | Flour preparation and

protein extraction

Grains of each genotype (10 grams) harvested from all
of the three field trial sites were separately sampled and
milled using an Ultra Centrifugal Mill ZM 200 RESTCH
at 16000rpm with a distance sieve size of 0.5mm.
Following milling, the whole grain flour of each sample
was adequately mixed and freeze-dried. Each flour sam-
ple was then further sampled in triplicate as described
by Hu et al. (2017) and separately weighed for protein
extraction, followed by determining the amount of poly-
meric proteins and their size distributions. Hence, each
durum wheat genotype is represented by nine flour sam-
ples (samples from the three sites and their triplicates).

The protein extraction was performed using a two-step
procedure described by Gupta et al. (1993) with modi-
fications described in Johansson et al. (2001, 2008). For
the protein extraction, 16.5mg of each flour sample was

TABLE 1 Description of the geographical regions of origin and the corresponding number of genotypes, as well as the ranges of altitudes

and geographical positions of the sampling sites of the durum wheat populations used in this study.

Geographical positions (UTM)

The geographical Altitudinal

Population code region of origin NGP range (m.a.s.l)
AB* Arsi-Bale 16 1660-3100
ANSH?* A/North Shewa 8 2260-3020
EH? East Hararge 8 2040-2415
ESH* East Shewa 29 1675-2680
GOJ* Gojam 8 2050-2610
GOWO?* Gonder-Wollo 11 1790-2960
ONSH?* O/North Shewa 20 2400-2933
SAJ? South and Jimma 5 2000-2650
Tig" Tigray 5 1960-2687
WSH? West Shewa 6 1772-2567
MVar® Modern Cultivars 34

Latitudinal range

07°00"00" - 08°35’00"
08°48'00" - 09°49'00”
09°16'00” - 09 °46'00"
08°20'00" - 09 °47'00"
10°18'00” — 11°05'00”
10°25'00” — 12 °55’00”
09°03'00"” - 09°58'00”
06°34'00" - 09 °50'00"
13°30'00” — 14°10"00”
08°51'00" - 09°04'00"

Longitudinal range
39°58'00" - 40°43'00"
39°12/00” - 39°42'00"
41°41'00” - 42°07'00"
38°49'00” - 39°16'00"
37°29'00" - 38°12'00”
37°29'00" — 39°45'00”
38°04'00" - 39°20'00"
36°28'00" — 38°23'00”
38°29'00” - 39°33'00”
37°51'00” - 38°52'00"

Abbreviations: m.a.s.l, meter above sea level; NGP, number of genotypes in the population, UTM, Universal Transverse Mercator coordinate system.

“Landraces.

bCultivars.
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added to a 1.0mL solution of 0.5% (w/v) SDS and phos-
phate buffer (pH6.9) in a 1.5mL Eppendorf tube and
mixed by vortexing for 10s. Then, the samples were shaken
for 5min at 2000rpm using an ICA VIBRAX VXR basic
shaker and centrifuged for 30min at 10,000rpm using
Thermo Fisher Scientific SORVALL LEGEND MICRO 17
Centrifuge to obtain the protein-containing supernatant.
The supernatant containing the SDS-extractable proteins
was then transferred to 1.5mL vials to run SE-HPLC. To
extract SDS-unextractable proteins, the pellet remaining
in the Eppendorf tube was resuspended in 1.0mL of 0.5%
(w/v) SDS and phosphate buffer (pH6.9) and thereafter
sonicated using a MSE Soniprep 150 ultrasonic disintegra-
tor at an amplitude of 5 for 45s. The samples were then
centrifuged for 30 min at 10000rpm to collect the super-
natant, which was then transferred to 1.5mL vials to run
SE-HPLC.

2.3.2 | SE-HPLC separation and integration
The amount and size distribution of the monomeric and
polymeric proteins were determined using SE-HPLC, ac-
cording to Johansson et al. (2005). The SE-HPLC was car-
ried out on a Waters HPLC system (Milford, NH, USA)
with a Phenomenex BIOSEP SEC-4000 column. The
eluent consisted of 50% (v/v) of each acetonitrile and ul-
trapure water comprising 0.1% (v/v) trifluoroacetic acid
(TFA), and a flow rate of 0.2 mL/min for 30 min was used
(Johansson et al., 2008). The proteins were quantified by
measuring UV absorbance at 210nm. After separation,
the chromatograms were divided into four different parts
based on the time scale (Figure 1), and the area under the
chromatogram was used to calculate large polymeric pro-
teins (LPP), small polymeric proteins (SPP), large mon-
omeric proteins (LMP), and small monomeric proteins
(SMP) (Kuktaite et al., 2004). Following previously used
approaches (Gupta et al., 1993; Johansson et al., 2005),
TOTE, TOTU, %UPP, total protein content (TPC) and
%LargeUPP were calculated as follows:

a. Total SDS-extractable proteins (TOTE), which is the
total area under the chromatogram of SDS-soluble
polymeric and monomeric proteins:

TOTE = eLPP + eSPP 4+ eLMP + eSMP

b. Total SDS-unextractable proteins (TOTU), which
is the total area under the chromatogram of SDS-
unextractable polymeric and monomeric proteins:

TOTU = uLPP + uSPP + uLMP + uSMP

c. The percentage of large unextractable polymeric pro-
teins in the total large polymeric proteins (%LargeUPP),

which is the SDS-insoluble large polymeric proteins in
the total large polymeric proteins:

uLPP

%LargeUPP = —————— x
(uLPP + eLPP)

100
d. The percentage of total unextractable polymeric pro-
tein (%UPP) in total polymeric proteins is the propor-
tion of total SDS-unextractable polymeric proteins in
the total polymeric protein extracts of the two steps of
extraction:
uLPP + uSPP

% UPP = x 100
eLPP + eSPP + uLPP + uSPP

e. The total protein content (TPC=TOTU+TOTE) was
determined by adding the total SDS-extractable pro-
teins (TOTE) and total SDS-unextractable proteins
(TOTU), and TPC here refers to the total protein con-
centration as determined by HPLC rather than NIR.

2.4 | Molecular characterization

2.4.1 | Genotyping and quality control

To genotype the Ethiopian germplasm, young leaf tis-
sue was sampled and shipped to TraitGenetics (Gmbh)
for DNA extraction. All samples were analyzed with a
new high-density Illumina Infinium 25K wheat SNP
array developed at Trait Genetics (Gmbh). For the qual-
ity control, strict filtering was applied by removing the
SNP markers with a missing value above 5% and minor
allele frequency below 5% using TASSEL v 5.2.67 software
(Bradbury et al., 2007). Similarly, samples with low qual-
ity were checked across all the markers, no samples were
found to have a missing rate per sample greater than 1%,
and all genotyped samples were used in the analysis. After
stringent quality control, 8139 SNPs were used for further
analysis.

2.5 | Statistical analysis

Analysis of variance (ANOVA), principal component
analysis (PCA), and Spearman rank correlation (r) analy-
sis were carried out using the R packages Ime4 with Imer
() function (Bates et al., 2016), factoextra with fviz_pca_
biplot () function (Kassambara & Mundt, 2020), and psych
with corPlot () function (Revelle, 2019), respectively, to es-
timate the levels of similarities and differences between
the genotypes. Before conducting PCA, the data for each
protein component were standardized to a variance of the
unit and zero means. The ANOVA results were used to
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FIGURE 1 SE-HPLC chromatograms of genotype G011 displaying (a) SDS-soluble proteins divided into four parts comprising
extractable large and small polymeric proteins (eLPP and eSPP), and extractable large and small monomeric proteins (eLMP and eSMP),
and (b) SDS-insoluble proteins consisting of insoluble large and small polymeric proteins (uLPP and uSPP), and insoluble large and small

monomeric proteins (uLMP and uSMP).

estimate heritability in a broad sense (H?) as (Gongalves-
Vidigal et al., 2008):

2
o
H?= £

[a§+ <0§l/l)+(a§/lr)]

2 . . . 2 . .
where'a 2 s ge'l’lOtypl(f variance, f; ol genotype-by—en\.llron-
ment interaction variance, ag is environmental variance,
[ is the number of environments, and r is the number of

replications.

Additive main effect and multiplicative interaction
(AMMI) stability value (ASV) and AMMI rank stability
value (rASV) were computed as described in Mulugeta
et al. (2022) to evaluate the stability of the genotypes
across the test sites in terms of their protein content and
composition.

Based on the genotypic data, cluster analysis (un-
weighted pair group method with arithmetic mean
(UPGMA)) and PCA were carried out to identify ge-
netic relationships between the genotypes. Pairwise
Nei's standard genetic distance between the genotypes
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(Nei, 1972) was computed and used for cluster analysis
using Power Marker v.3.25 (Liu & Muse, 2005). The gen-
erated tree was viewed with MEGA version x (Kumar
et al., 2018).

3 | RESULTS

3.1 | Genotype performance and
variation

The combined analysis of variance revealed highly signifi-
cant (p <0.001) variation among the 149 genotypes for all
protein factors evaluated (Table 2). Generally, the culti-
vars had a significantly higher TOTU than the landraces,
while the landraces had a higher TOTE than the culti-
vars (Table S1). TOTE, which is known to correlate with
grain protein concentration, varied two-fold among the
genotypes, with the lowest level recorded for G125, G126,
G122, G137, G119, G144, G130, and G145, and the highest
level for G081, G032, G010, G080, G039, G060, G101, and
G88. More than half of the genotypes (55%) had a higher
amount of TOTE, on average, than the overall mean
TOTE amount across genotypes and test environments.
TOTU varied ten-fold with the lowest level recorded for

G094, G010, G032, G102, G025, G098, G060, G001, G024,
and G005, and the highest level for G147, G125, G122,
G146, G137, G141, G128, G142, G126, G107, and G131.
On average, 42% of the genotypes had a higher amount
of TOTU than the overall mean TOTU amount across all
genotypes and test environments. For %LargeUPP, 36% of
the genotypes had a higher percentage, on average, than
the overall mean of 21.7% across all genotypes and test en-
vironments. A 12-fold variation was found for %UPP, with
the lowest level recorded for genotypes G085, G010, G032,
G094, G060, G025, G098, G001, and G107 and the highest
level recorded for G125, G147, G057, G122, G137, G114,
G146, G142, G130, and G144 (Table S1). The estimated
broad-sense heritability was generally high (0.87-0.99) for
all evaluated protein fractions except for uSMP (H2=0.32;
Table 2).

3.2 | Effect of cultivation
environmentsandgenotype-by-environment
interaction on protein quality

The combined ANOVA revealed a highly significant
(p<0.001) impact of cultivation environments and gen-
otype-by-environment interaction (GEI) on all protein

TABLE 2 Mean squares of the combined analysis of variance and broad-sense heritability for different protein characteristics of the

durum wheat genotypes determined through SE-HPLC analysis.

Source of variation

Protein characteristics G (DF=148) L (DF=2)
SDS-extractable proteins
eLPP (10'%) 85.0 130.0
eLPP (10'%) 84.0 340.0
eLMP (10") 54.0 283.0
eSMP (10*%) 9.4 115.0
SDS-unextractable proteins
uLPP (10'%) 80.0 172.0
uSPP (10'2) 64.7 579.0
uLMP (10"%) 49.0 4150.0
uSMP (10') 41.0 998.0
TOTE (10%) 134.0 4307.0
TOTU (10") 53.3 1059.0
%LargeUPP 673.5 720.3
%UPP 624.0 1281.9

Pooled error

G x L (DF=296) (DF =894) H
28.5 1.10 0.90
15.0 1.10 0.94
16.5 1.12 0.91

6.5 0.50 0.98
10.3 0.45 0.96
65.0 0.50 0.75
20.9 1.80 0.87
25.7 0.63 0.32
38.4 2.85 0.91

8.9 0.70 0.99
62.2 3.80 0.97
48.5 3.45 0.97

Note: All main effects were highly significant (p <0.001) for measured protein components.

Abbreviations: %LargeUPP, percentage of large unextractable polymeric protein in total large polymeric protein; %UPP, percentage of total unextractable
polymeric protein in total polymeric proteins; DF, degrees of freedom; eLMP and eSMP, extractable large and small monomeric proteins, respectively; eLPP
and eSPP, extractable large and small polymeric proteins, respectively; G x L, genotype x environment interaction; G, genotype; H, broad-sense heritability;
L, location; TOTE, total SDS-extractable protein; TOTU, total SDS-unextractable protein; uLMP and uSMP, unextractable large and small monomeric protein,
respectively; uLPP and uSPP, unextractable large and small polymeric protein, respectively.
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factors analyzed (Table 2). Consequently, the perfor-
mance of the genotypes differed across test sites, with var-
ying protein concentration (TOTE) and gluten strength
(%UPP) in the genotypes at specific test sites.

3.3 | Genotype stability for
SE-HPLC-based protein factors

The evaluated genotypes differed largely in AMMI sta-
bility value (ASV) and rank ASV (rASV) across the test
environments for SE-HPLC-based protein factors. For
TOTE, genotypes G137, G139, G132, G127, G081, G010,
G036, G019, G077, G108, and G078 were stable across
environments. In contrast to this, the genotypes G025,
G022, G093, G095, G006, G011, G107, G104, G040,
G026, G052, and G143 had low stability across environ-
ments for this trait (Table 3). For TOTU, %Large UPP,
and %UPP, genotypes G137, G146, G122, G121, G128,
G107, G125, G147, G138, G119, G126, G142, G057, and
G141 were stable across environments, while geno-
types G045, G022, G053, G019, G123, G122, G119, G118,
G062, G026, G141, and G143 showed low stability across
the environments for these traits (Table 3). Based on the
overall average performance, for TOTE, G081 was the
winner genotype at Chefe donsa and Kulumsa, while
genotype G032 won at Sinana. For TOTU, %Large UPP,
and %UPP, G147, G125, G045, and G057 were the win-
ner genotypes at all three sites.

3.4 | Correlations between protein
parameters and phenotypic traits

Spearman rank correlation analyses (Figure 2) revealed
a significant (p<0.001) negative correlation for TOTE
with %UPP (r=-0.70), TOTU (r=-0.53), thousand
kernel weight (r=-0.25), and grain yield (r=-0.21).
Furthermore, TOTE correlated significantly (p<0.001)
and positively with TPC (r=0.78), days to heading
(r=0.48), days to maturity (r=0.23), and plant height
(r=0.39, Figure 2). TOTU revealed positive significant
associations with %UPP (r=0.94) and thousand Kker-
nel weight (r=0.27). In contrast, TOTU correlated sig-
nificantly (p <0.01) and negatively with days to heading
(r=-0.60), days to maturity (r=—0.24), and plant height
(r=-0.40). %UPP showed significant positive correla-
tions with thousand kernel weight (r=0.29) (Figure 2)
and highly significant negative correlations with days
to heading (r=-0.62), days to maturity (r=-—0.27), and
plant height (r=—0.43, respectively). Moreover, a highly
significant positive correlation was obtained between TPC
and TOTE (r=0.78).

CWILEY-L

3.5 | Variation and relatedness
among genotypes

Food and Energy Security

A PCA using SE-HPLC-based protein factors revealed that
the main part of the variation was clearly explained along
the first principal component (PC1; 64.61%), while the sec-
ond principal component (PC2) only contributed 34.61%
of the total variation (Figure 3a). The variation explained
within PC1 was mainly contributed by TPC and TOTE
protein parameters. However, TOTE, TOTU, %UPP, and
TPC were traits to contribute more to PC2 (Figure 3b). The
PCA based on protein factors grouped the genotypes into
four main clusters (Figure 3a) by differentiating the geno-
types based on their gluten strength. Cluster 2 consisted of
genotypes (all cultivars plus three landraces (G045, G057,
and G108)) with high %UPP and %LargeUPP (Figure 3a),
while clusters 1, 3, and 4 contained genotypes particularly
landraces having the lowest gluten strength. The highest
TOTE was found in genotypes with clusters 1 and cluster
4 (mainly landraces).

A PCA based on genotypic (SNP) data produced compa-
rable results to the PCA based on SE-HPLC-based protein
factors, with PC1 describing the majority of the variation
(67%) and PC2 contributing 11.5%. In addition, the geno-
types were again clearly distinguishable as four clusters,
with the majority of the cultivars in cluster 4 (Figure 4). In
both the PCA analyses, the landraces did not follow their
geographical origin and were scattered across clusters 1, 3,
and 4 (Figure 3a; Figure 4).

A standard Nei's genetic distance-based UPGMA clus-
ter analysis (using SNP-based genotypic data) following
the average linkage algorithm resulted in the grouping of
149 genotypes into five major clusters. The modern cul-
tivars were all grouped in cluster II (CI - II), while the
genotypes from the same geographical origin-based popu-
lations (inner labels keys) were inconsistently distributed
across the UPGMA clusters (Figure 5). All genotypes with
the highest gluten strength (PCA cluster 2, outer labels'
key), using PCA grouping based on HPLC protein fac-
tors, were found in the UPGMA cluster II, except forG057
and G045, which belong to Cl-V and are a landrace from
Tigray and North Shewa, respectively (Figure 5). In the Cl-
II, mainly consisting of modern cultivars, only G069, with
the weakest gluten strength performance (cluster 2 outer
labels' key), was found (Figure 5).

Except for G057, G118, G134, and G149, no geno-
types with strong gluten performance were found in the
UPGMA clusters beside CI-II, although genotypes with
relatively high gluten strength (cluster 1 outer labels’ key)
were found in CI-IV and CI-V (Figure 5). No consistency
was found among the geographical origin-based popu-
lations and these genotypes with relatively high gluten
strength.
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FIGURE 2 Spearman rank correlation for protein fraction parameters and some phenotypic traits. %UPP, percentage of total
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weight; TOTE, total SDS-extractable proteins; TOTU, total SDS-unextractable proteins and TPC, total protein content.

4 | DISCUSSION

The present study, evaluating the genetic diversity using
genotyping by SNP array and variation in amount and
size distribution of the wheat grain polymeric protein,
clearly pinpointed the considerable variation in Ethiopian
durum wheat genotypes. Interestingly, all the evaluated
cultivars were more closely genetically related than they
were with the landraces, the latter not closely related to
each other based on geographical origin. Furthermore, de-
spite the fact that all cultivars did not belong to the group
with the highest gluten strength, the cultivars were gener-
ally found with higher gluten strength than the landraces.
Gluten strength is highly relevant for the pasta and bak-
ing industries (Johansson et al., 2013). The present study
thereby indicates that most of the landraces used in this
study have low gluten strength compared to cultivars to
be of interest to be incorporated in a breeding program
designed for high-quality industrial production. However,
some potential candidate landraces were identified as of
interest for breeding high-quality wheat for industrial ap-
plications, specifically, the genotypes G057, G108, G045,
and some genotypes with medium gluten strength in clus-
ters IV and V from the UPGMA analyses, where especially
G107 with high stability in gluten strength across environ-
ments is of interest.

The present study evaluated variation in grain protein
composition in a large set of Ethiopian wheat genotypes
using HPLC, and similarly to other studies, genotypic
(Francki et al., 2009; Hailu et al., 2016; Husenov et al., 2021;
Johansson et al., 2003; Tsilo et al., 2013), environmental

(Hailu et al., 2016; Johansson, 2002; Kuktaite et al., 2004;
Labuschagne et al., 2004; Lindeque et al., 2018; Ohm
et al., 2017; Tsilo et al., 2013), and genotype-by-environ-
ment interaction (Ohm et al., 2017; Tsilo et al., 2010, 2013)
effects were evident. However, the range of variation was
exceptional in the present study for the protein factors
evaluated: TOTE (7.9% 107 (G040) to 2.08x10® (G032)),
TOTU (1.6x10” (G010) to 7.8 x10® (G147)), %LargeUPP
(4.9% (G085) to 61.2% (G125)), and %UPP (4.3% (G010) to
56.9% (G125)). The highest values of TOTU, %LargeUPP,
and %UPP were found in the Ethiopian cultivars, while the
highest values for TOTE were found in Ethiopian landra-
ces. Previous studies have shown that TOTE positively cor-
relates to wheat grain protein concentration (Johansson
et al., 2004, 2013; Labuschagne & Aucamp, 2004; Malik
et al.,, 2011). Similarly, %UPP has been positively cor-
related to gluten strength (Husenov et al., 2021; Johansson
et al., 2020; Malik et al., 2011, 2013). Previous studies on
less wide collections of Ethiopian wheat than were used in
the present study have also reported a high variation in the
amount and size distribution of the proteins in Ethiopian
genotypes (Hailu et al., 2016; Labuschagne et al., 2004).
Unlike previous studies (Malik et al., 2013), where days
to heading and maturity have been positively correlated
to %UPP and negatively correlated to TOTE in Swedish
bread wheat, the opposite relationships prevailed in the
Ethiopian durum wheat. A delayed crop maturation time
of wheat grown in Sweden is generally connected to a
more extended period of biomass accumulation in the
plants, which is then transported to the grains and accu-
mulated as starch (Johansson et al., 2013). Increases in
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FIGURE 3 (a)PCA biplot showing the grouping patterns of genotypes based on SE-HPLC-based protein factors, and (b) contribution of
protein factors traits for principal components 1 (PC1) and 2 (PC2). Genotypes are coded as 1 to 149 by removing the preceding G (e.g., G001

is coded as 1 and G149 as 149).

starch accumulation to the grain result in decreased grain
protein concentration (TOTE) and increases in %UPP as a
secondary result (Johansson et al., 2013). Two major en-
vironmental differences are evident for the production of
wheat in Ethiopia as related to Sweden: (i) The cultivation
conditions are drier in Ethiopia than in Sweden, where the
conditions typically are humid, and (ii) the wheat might
be subjected to heat stress conditions during grain filling
in Ethiopia which seldom happens in Sweden. Thus, the
dry conditions may affect biomass accumulation, so starch
accumulation is not higher in the grain despite delayed
crop maturation. Furthermore, heat stress during grain

maturation may decrease %UPP due to the formation of
heat shock proteins, as reported in, for example, Australia
(Blumenthal et al., 1998). Thus, the two mentioned dif-
ferences in growing conditions may be the causes of the
lack of similarity between the effects of maturity data with
grain protein content and composition.

In this study, a high broad-sense heritability (H*>90%)
was obtained for all the protein traits evaluated (except
for uSMP), which indicates that these traits are highly
heritable, which has also been reported by others (Tsilo
et al., 2013). Consequently, opportunities are available to
transfer desirable genotypes and develop cultivars with
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FIGURE 4 PCoA based on 8139 SNPs data illustrating the grouping pattern of the genotypes along the first two PCs. Genotypes are
coded as 1 to 149 by removing the preceding G in this figure (e.g., G001 is coded as 1, and G149 is coded as 149).

suitable grain protein concentration and composition.
Despite the high level of heritability, differences in sta-
bility across environments were reported in this study for
the amount and size distribution of the protein. However,
the genotypes found most stable across environments for
factors indicating high gluten strength, that is, TOTU,
%LargeUPP, and %UPP (G137, G146, G122, G121, G128,
G107, G125, G147, G138, G119, G126, G142, G057, and
G141), were all cultivars that belonged to CI-II, except for
the landraces G057 (Cl-V) and G107 (CI-IV). Furthermore,
these stable cultivars across environments also all be-
longed to cluster 4 (genotypes with the highest gluten
strength) except for G121 (cluster 1), G107 (cluster 1), and
G138 (cluster 3). The two landraces with high (G057) and
relatively high (G107) gluten strength, which was stable
across environments, are of particular interest to be used
in breeding programs to develop high-quality Ethiopian
durum wheat cultivars.

The present study used both genetic information and
protein data to group the genotypes evaluated in the pres-
ent study. Grouping based on both pieces of information
clearly clustered most cultivars into one cluster. This is in-
teresting from two perspectives: (i) The importance of a
high gluten strength in durum wheat cultivars is obvious
and must have been a selection criterion (although it may
not be clearly understood), as most of the cultivars were
grouped in the same cluster based on this criterion, and
(ii) limited genetic variation was found among the culti-
vars as they all clustered together based on their genetic
information. Also, previous studies have shown cultivars

being clustered together and differently from landraces
based on genetic information (Asmamaw et al., 2019;
Balfourier et al., 2018; Baloch et al.,, 2017; Kabbaj
et al., 2017; Mahboubi et al., 2020; Negisho et al., 2021).
Thus, there is a clear need to incorporate novel lines into
Ethiopian durum wheat breeding programs to broaden
the genetic base, which is essential to secure yield through
breeding for resistance/tolerance to abiotic and biotic
stresses. Also, previous studies have reported that plant
breeding of cultivars contributes to a decrease in genetic
variation (Louwaars, 2018; Rauf & Silva, 2010; Sansaloni
et al., 2020). In order to broaden the genetic base of
Ethiopian durum wheat cultivars, landraces are extremely
important. This study highlights the opportunities to use
landraces with high and stable gluten strength, for exam-
ple, G057 and G107, in the Ethiopian durum wheat breed-
ing programs for high quality.

The lack of grouping of the landraces based on their
geographical regions of origin may result from events of
demographical factors such as gene flow through germ-
plasm accompanying human movements during new
settlements, trade routes, and through a step-by-step
seed exchange among farmers. The separate grouping of
modern cultivars indicates the involvement of exotic ger-
mplasm in the national durum wheat breeding programs
to develop improved cultivars. Consequently, the allelic
diversity available within local landraces has probably
been underutilized for developing modern durum wheat
cultivars. The present study searched opportunities to use
landraces in durum wheat breeding for quality. However,
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FIGURE 5 Unweighted pair group method with arithmetic Mean (UPGMA) dendrogram constructed based on Nei's standard genetic
distance depicting the relationship between the 149 genotypes as well as the distribution of the genotypes across the five clusters (Cl-I to
Cl-V) in terms of the eleven geographical origin-based populations and the four protein profile-based PCA clusters. For easy space usage,
genotypes are coded as 1 to 149 by removing the preceding G (e.g., G001 is coded as 1 and G149 as 149).

genes for other traits, such as disease resistance and abi-
otic stress tolerance, might also be available in the durum
wheat landrace lines used in the present study, which
need to be further evaluated. With novel genomic meth-
ods evolving, the transfer of genetic material from landra-
ces or alien introgression lines has become more precise,
reliable, and faster (Johansson et al., 2021).

5 | CONCLUSIONS

Protein quality is one of the most critical factors in deter-
mining the premium quality of durum wheat cultivars.
Ethiopian durum wheat landraces vary widely in grain
protein content and composition. However, only a few
landraces show protein quality, primarily concerning glu-
ten strength, comparable to released cultivars in Ethiopia.
Among the 116 landraces evaluated here, only four
(G057, G045, G108, and G107) were found to have high

and stable gluten strength across environments. The four
identified landraces were found genetically distant from
the Ethiopian-released cultivars, although with exciting
protein quality attributes. Therefore, these four landraces
are of specific importance to be included in future breed-
ing programs in Ethiopia. The robust sole grouping of re-
leased cultivars in Ethiopia indicates a need to broaden
the genetic base of cultivars to secure significant resist-
ance and tolerance genes in the material to protect against
future biotic and abiotic stresses.
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