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Abstract Markers linked to quantitative trait loci
(QTL) must be validated in diverse genetic materi-
als before they can be reliably used in molecular
breeding programs. Here, 30 simple sequence repeat
markers linked to QTL for grain iron content (GFeC),
grain zinc content (GZnC), and grain protein content
(GPC) were analyzed in 56 diverse dicoccum wheat
genotypes. Seven markers were validated, includ-
ing four (Xwmc617, Xbarc67, Xwmc283, Xgwm361)
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for grain iron content, one (Xbarcl46) for both
grain iron and protein contents; one more for grain
protein (Xgwm408) and one for grain zinc content
(Xgwm271). The segregating F, population devel-
oped from the high-quality local landrace GPM DIC
87, and the high-yielding low-quality commercial
cultivar (HW 1098) was used to revalidate the identi-
fied QTL-linked markers. As a result, Xgwm271 and
Xbarc67 were re-validated in the F, population, with
values for phenotypic variation explained (PVE) of
56.50% and 72.78%, respectively. These two markers
may serve as ideal candidates for molecular breeding
programs to improve grain micronutrient contents.
Additionally, the evaluation of the F, population for
agro-morphological, physiological, and quality traits,
revealed large variability that can be useful for trait
improvement. This population generated rare trans-
gressive segregants with desirable allelic combina-
tions that may be ideal for improving grain yield,
grain quality, and physiological efficiency.

Keywords Dicoccum wheat - Grain iron - Grain
zinc - F, population - Single marker analysis
Introduction

The consumption of staple foods that are low in
essential minerals and vitamins leads to micronutri-

ent deficiency in humans, which is also referred to
as hidden hunger (Liu et al. 2019). Approximately
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two billion people worldwide are reportedly affected
by malnutrition due to micronutrient dietary insuf-
ficiency, particularly of iron and zinc (Gupta et al.
2021; Von Grebmer et al. 2014). Further, children
and women are the most vulnerable groups to micro-
nutrient deficiencies (Darnton-Hill et al. 2005). Iron
(Fe) is an essential micronutrient, and an insufficient
Fe intake causes impaired cognitive ability, reduced
immunity, birth weight, and severe anemia, resulting
in maternal and child mortality. In turn, zinc (Zn) is
another essential micronutrient required for vari-
ous biological processes, and Zn deficiency causes
retarded growth and reduced immunity to infectious
diseases; furthermore, it increases infant mortality,
and pregnancy and childbirth complications (Krebs
et al. 2014).

Specifically, micronutrient deficiency is most
prevalent in Africa, south of the Sahara, and the
South Asian subcontinent (Black et al. 2013). Glob-
ally, a deficiency of at least one of three micronu-
trients (Fe, Zn, and vitamin A) prevails among 56%
(372 million) and 69% (1.2 billion) of pre-school
children and non-pregnant women at reproductive
age, respectively. The highest number of micronutri-
ent deficiencies affects preschool children living in
South Asia (99 million), followed by those living in
sub-Saharan Africa (98 million), East Asia, and the
Pacific (85 million). In turn, more than half (57%) of
non-pregnant women at reproductive age suffering
from micronutrient deficiencies live in East Asia and
the Pacific (384 million), or South Asia (307 million)
(Stevens et al. 2022).

Grain protein is an important trait in wheat because
of its nutritional significance, as it plays a key role in
industrial processing and end-product quality. Spe-
cifically, wheat serves as a dietary cornerstone for
nearly 2.5 billion people worldwide (Listman et al.
2019), a staple food for 30% of the global popula-
tion (Lobell et al. 2011). Notably, wheat contributes
substantially to the daily caloric intake, representing
over one-fifth of the global dietary energy consump-
tion. Given its pivotal role in global nutrition, wheat
biofortification has emerged as a strategic approach
to combating micronutrient malnutrition. Success-
ful crop biofortification breeding programs rely on
valuable germplasm diversity and a comprehensive
understanding of genetic architecture. In particular,
the status of grain micronutrients such as grain iron
content (GFeC) and grain zinc content (GZnC) in the
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germplasm, advanced breeding lines, and mapping
populations has been studied in wheat (Krishnappa
et al. 2022; Rathan et al. 2022; Gopalareddy et al.
2015; Morgounov et al. 2007; Chhuneja et al. 2006;
Cakmak et al. 2000; Monasterio and Graham 2000).
Although efforts have been made to explore and uti-
lize the existing germplasm diversity, the limited
variability in modern wheat cultivars emphasizes
the need for further exploration and incorporation of
diverse genetic resources. A case in point, nutrition-
ally rich hulled-wheat (T. turgidum ssp. dicoccum) is
one of the oldest crop species, however, its cultiva-
tionis currently restricted to the mountainous regions
of Europe and Asia. Nonetheless, dicoccum wheat is
gaining importance because of its high nutritional and
therapeutic values (Hammed and Simsek 2014; Lach-
man et al. 2012).

Although the enhancement of the nutritional
status of modern wheat cultivars through conven-
tional breeding approaches has been successful, and
many high yielding biofortified cultivars have been
released for commercial cultivation, breeding of
nutrient-rich wheat cultivars through such conven-
tional approaches is time consuming and curtailed
for various reasons, including linkage drag, slow
response to selection, and the quantitative nature of
the relevant traits. Alternatively, the integration of
molecular tools to the breeding scheme is a powerful
and promising approach in the development of nutri-
ent-rich wheat cultivars. Indeed, the development of
molecular markers and their application in marker-
assisted selection (MAS) in crop plants through the
tagging of major genes, particularly for qualitative
traits, have yielded many commercial cultivars of
diverse crops (Krishnappa et al. 2024). Furthermore,
mapping of quantitative trait loci (QTL) and genome-
wide association study (GWAS) are the most efficient
methods for dissecting complex quantitative traits.
Thus, over the last decade, several QTL have been
identified in different genetic backgrounds using vari-
ous marker systems for quality traits in wheat (Gupta
et al. 2021). However, except for the major QTL,
Gpc-B1, most of the identified QTL are not used in
MAS. Exceptionally, the wild emmer accession of
Israel, i.e., FA15-3, is an extensively used genetic
resource for many high-protein genes, including
Gpc-Bl, which can accumulate approximately 40%
protein under sufficient nitrogen application (Avivi
1978). Specifically, the Gpc-BI gene, identified on
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the 6BS chromosome, encodes the NAC transcrip-
tion factor (NAM-BI), which has a pleiotropic effect
and increases GFeC, GZnC, and grain protein content
(GPC) (Distelfeld et al. 2007) through the remobiliza-
tion of nutrients from source to sink organs by accel-
erating senescence (Uauy et al. 2006).

The major bottleneck in the utilization of QTL
in cultivar development is the lack of validation of
the identified QTL in different genetic backgrounds
and production conditions through multi-environ-
ment evaluations. Furthermore, many investigations
have several limitations, including limited mapping
population size, low marker coverage, and a lack of
robust phenotyping, altogether making it difficult to
validate the identified QTL. Furthermore, there are
very few validation research compared with mapping
research. Molecular markers must be validated by
testing for their presence in a range of cultivars and
other important diverse genotypes for their utilization
in MAS (Spielmeyer et al. 2003; Sharp et al. 2001).
MAS-based transfer or pyramiding of QTL for qual-
ity traits in wheat has not been accomplished owing
to the lack of validation. Hence, the objectives of
this study were: i) to assess the genetic variability of
agro-morphological, physiological, and quality traits
in a segregating population derived from two highly
diverse parents of tetraploid wheat; ii) to validate pre-
viously identified QTL for GFeC, GZnC, and GPC in
a set of 56 diverse tetraploid wheat genotypes, and iii)
to revalidate the validated QTL in the segregating F,
population derived from the HW 1098 x GPM DIC
87 biparental cross.

Materials and methods
Plant material and field experiments

The plant material used for the validation of pre-
viously identified QTL consisted of 56 dicoccum
genotypes, including 34 germplasm lines, 13 breed-
ing lines, and nine commercial cultivars. Details of
the genetic material are provided in our previous
study (Biradar et al. 2023). This diverse set of geno-
types was tested at All India Coordinated Research
Project (AICRP) on wheat, University of Agricul-
tural Sciences, Dharwad, State of Karnataka, India
(15°31" N; 75° 07" E; elevation: 678 m above mean
sea level) for one year in 2020-21. Each genotype

was sown in six rows (3 m in length) with two rep-
licates in an alpha-lattice experimental design. The
materials under study were planted under irrigated
production conditions during the first fortnight of
November 2020. To revalidate the validated QTL, a
biparental F, population was developed by crossing
the micronutrient rich local collection, GPM DIC
87, with the commercial dicoccum cultivar, HW
1098 (high yielding cultivar with low GFeC and
GZnC).This population was evaluated in 2020-21.

Estimation of grain micronutrients and protein

At physiological maturity, a random sample of
21-24 spikes was manually harvested in both the
diversity panel of 56 genotypes and the F, popula-
tion, and threshed. Approximately 20 g of the grain
sample from each entry was collected to estimate
GFeC and GZnC contents. An Energy Dispersive
X-ray Fluorescence (ED-XRF) instrument avail-
able at the ICAR-Indian Institute of Wheat and Bar-
ley Research, Karnal, India, was used to estimate
GFeC and GZnC. Meanwhile, GPC was estimated
by a nondestructive method using a near-infrared
transmittance-based protein analyzer and expressed
at 12.0% moisture level.

Agro-morphological and physiological parameters

Phenotypic characteristics were recorded for the F,
population at different stages of crop growth. Agro-
morphological traits viz., days to 50% flowering
(DFF), days to maturity (DM), plant height (PH),
spike length (SL), number of spikelets per spike
(SPS), number of grains per spike (GPS), number
of productive tillers per plant (PTPP), 1000-grain
weight (TGW), and grain yield (GY) were recorded.
Similarly, physiological traits such as soil plant
analysis development (SPAD) for chlorophyll con-
tent were recorded at three different stages, namely,
booting (SPAD 1), anthesis (SPAD II), and grain
filling (SPAD III). Similarly, other physiological
parameters, such as, the normalized difference veg-
etation index (NDVI), were recorded at three differ-
ent crop growth stages: booting (NDVI I), anthesis
(NDVI II), and grain-filling (NDVI III).
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Genotyping

Thirty simple sequence repeat (SSR) markers
(Table 1) available in the public domain and linked
to the QTL for GFeC, GZnC, and GPC were screened
for polymorphism among the set of 56 diverse geno-
types. All 30 SSR primers were amplified; however,
only nine markers were polymorphic among the
genotypes and these nine polymorphic markers were
used for genotyping the 56 genotypes. Further, seven
markers (Xbarcl146, Xwmc617, Xbarc67, Xwmc283,
Xgwm361, Xgwm271, Xgwm408) validated in the set
of 56 diverse genotypes were used to genotype the
F, population. Among these seven validated mark-
ers, only two (Xgwm271 and Xbarc67) showed both
polymorphism and no segregation distortion in the F,
population; therefore, these two markers were further
used for genotyping 200 genotypes.

Statistical analysis

The phenotypic coefficient of variation (PCV) and
genotypic coefficient of variation (GCV), broad-
sense heritability (h? bs), and genetic advance over
the mean (GAM) were computed using the formulas
recommended by Burton and De Vane (1953), Han-
son et al. (1956), and Johnson et al. (1955). Single-
marker analysis (SMA) was conducted to assess the
significance and contribution of SSR markers to the
variation in grain micronutrient levels. Analysis of
variance (ANOVA) and linear regression, as outlined
by Haley and Knott (1992), were used in the single-
marker analysis. These statistical methods were used
to determine the significance of the markers and cal-
culate the coefficient of determination (R?) for each
marker. The R? values served as indicators of the
proportion of phenotypic variation associated with
the linked markers, aiding in the understanding of
their impact on the observed trait variations. All phe-
notypic and marker analyses were performed using
SPSS v21.0 and Microsoft Excel.

Results
Phenotypic variation

The mean performance of the 56 genotypes suggested
the presence of large variation for grain yield, GFeC,
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and GZnC in the genotypes under study. The top
20% of high yielding genotypes included five checks
(DDK 1001, DDK 1025, Amruth, DWR 1006, and
DDK 1029) and six germplasm lines (DDK 50404,
DDK 50382, DDK 50422, DDK 50529, DDK 50533,
and DDK 50377). Further, among the check cultivars,
DDK 1001 was the best yielding genotype with high
GFeC (41.2 mg/kg) and GZnC (39.0 mg/kg) con-
tents, followed by DDK 1025 (GFeC: 40.8 mg/kg
and GZnC: 39.1 mg/kg), Amruth (GFeC: 41.1 mg/
kg and GZnC: 36.1 mg/kg), DWR 1006 (GFeC:
40.4 mg/kg and GZnC: 47.0 mg/kg), and DDK
1029 (GFeC: 44.7 mg/kg and GZnC: 32.4 mg/kg).
Similarly, among the high yielding germplasm lines,
DDK 50404 showed the highest yield, with a GFeC
of 51.9 mg/kg and GZnC of 44.3 mg/kg, followed by
DDK 50382 (GFeC: 55.7 mg/kg and GZnC: 43.4 mg/
kg), DDK 50422 (GFeC: 49.7 mg/kg and GZnC:
36.0 mg/kg), DDK 50529 (GFeC: 46.1 mg/kg and
GZnC: 33.6 mg/kg), DDK 50533 (GFeC: 43.7 mg/
kg and GZnC: 29.2 mg/kg), and DDK 50377 (GFeC:
52.5 mg/kg and GZnC: 36.9 mg/kg).

The genetic variability parameters of the F, pop-
ulation for the agro-morphological, physiological,
and quality traits analyzed are shown in Table 2. A
wide range of variability was observed for all studied
traits; i.e., DFF (61.0-101.0), DM (105.0-136.0), PH
(52.6-110.0 cm), PTPP (4.0-31.0), SL (6.5-13.5 cm),
SPS  (14.0-28.0), GPS (21.0-54.0), TGW
(18.5-57.5 g), GY (8.0-65.0 g), SPAD I (43.5-65.0),
SPAD 1I (41.3-57.6), SPAD III (37.3-54.4), NDVI
I (0.50-0.8), NDVI II (0.5-0.8), NDVI III (0.4-0.7),
GFeC (35.0-66.8 mg/kg), GZnC (35.7-74.2 mg/kg),
GPC (14.0%-18.6%). PCV and GCV were highest for
GY (PCV, 68.4%; GCV, 46.8%), followed by PTPP
(PCV, 54.2%; GCV, 46.6%), GPS (PCV, 21.9%; GCV,
21.9%), whereas the lowest PCV was observed for
GPC (7.3%) and lowest GCV for SPAD III (5.7%).
Similarly, broad-sense heritability was observed at
more than 80.0% for eight traits, including the high-
est for TGW (90.3%), followed by SL (89.4%), SPS
(88.5%), PH (86.2%), GZnC (86.1%), GFeC (83.9%),
GPS (83.4%), and DFF (82.7%), whereas the lowest
heritability values were recorded for GY (46.5%).
Additionally, 10 traits recorded GAM of more than
20.0%, with the highest being for PTPP (82.5%), fol-
lowed by GY (65.7%), GPS (37.8%), SPS (33.6%),
SL (32.7%), TGW (32.2%), GZnC (29.8%), PH
(25%), GFeC (23.7%), and DFF (22.9%), whereas,
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Table 1 List of simple sequence repeat markers used in the study

SN Marker Chr Forward sequence (5°-3’) Reverse sequence (3°-5’) Traits References
1 Xbarc83 1A AAGCAAGGAACGAGCAAG TGGATTTACGACGACGAT GFeC Moradi et al. 2014
AGCAGTAG GAAGATGA
2 Xbarc67 3A GCGGCATTTACATTTCAG TGTGCCTGATTGTAGTAACGT GFeC Moradi et al. 2014
ATAGA ATGTA
3 Xbarci24b 2A TGCACCCCTTCCAAATCT TGCGAGTCGTGTGGTTGT GFeC Moradi et al. 2014
4 Xbarc48 4D GCGAGCTGCAGAGGTCCATC GCGTTAGTCTTCTTGGTCAAT GFeC Moradi et al. 2014
CAC
5 Xbarcl80 5A GCGATGCTTGTTTGTTAC GCGATGGAACTTCTTTTTGCT GPC Xu et al.2012
TTCTC CTA
6  Xbarcl46 6B AAGGCGATGCTGCAGCTAAT GGCAATATGGAAACTGGA GFeC & GZnC Moradi et al.2014
GAGAAAT
7 Xbarci86 SA GGAGTGTCGAGATGATGT CGCAGACGTCAGCAGCTC GFeC Xu et al. 2012
GGAAAC GAGAGG
8  Xbarc98 4D CCGTCCTATTCGCAAACC GCGGATATGTTCTCTAACTCA GFeC Moradi et al. 2014
AGATT AGCAATG
9  Xgwm3 3D GCAGCGGCACTGGTACATTT AATATCGCATCACTATCCCA  GFeC Moradi et al. 2014
10 Xgwm397 4A TGTCATGGATTATTTGGTCGG CTGCACTCTCGGTATACC GZnC Genc et al. 2009
AGC
11 gwm271b 5B CAAGATCGTGGAGCCAGC AGCTGCTAGCTTTTGGGACA GZnC Genc et al. 2009
12 Xgwm63 7A TCGACCTGATCGCCCCTA CGCCCTGGGTGATGAATAGT GZnC Genc et al. 2009
13 Xgwml60 4A TTCAATTCAGTCTTGGCTTGG CTGCAGGAAAAAAAGTAC GFeC Moradi et al. 2014
ACCC
14 Xgwm46 7B GCACGTGAATGGATTGGAC TGACCCAATAGTGGTGGTCA GFeC Moradi et al. 2014
15 Xgwm473 2A TCATACGGGTATGGTTGGAC CACCCCCTTGTTGGTCAC GFeC & GZnC Moradi et al. 2014
16 Xwmc617 4A CCACTAGGAAGAAGGGGA ATCTGGATTACTGGCCAA GFeC Moradi et al. 2014
AACT CTGT
17 Xwmc 479 TA GACCTAAGCCCAGTGTCA AGACTCTTGGCTTTGGAT GFeC & GZnC Quarrie et al. 2006
TCAG ACGG
18 Xcfd 31 7A  GCACCAACCTTGATAGGGAA GTGCCTGATGATTTTACCCG GFeC & GZnC Singh et al. 2007
19 Xwmcl82 TA GTATCTCACGAGCATAAC GAAAGTGTATGGATCATT GFeC Moradi et al. 2014
ACAA AGGC
20 Xwmc289 5B CATATGCATGCTATGCTG AGCCTTTCAAATCCATCC GFeC Moradi et al. 2014
GCTA ACTG
21 wmsi49 4B CATTGTTTTCTGCCTCTAGCC CTAGCATCGAACCTGAAC GZnC Genc et al. 2009
AAG
22 Xgwm408 5B TCGATTTATTTGGGCCACTG GTATAATTCGTTCACAGC GPC Fyroj 2017
ACGC
23 Xgwmd445 2A TTTGTTGGGGGTTAGGATTAG CCTTAACACTTGCTGGTA - -
GTGA
24 Xwmc283.1 TA TGGAGGAAACACAATGGA GAGTATCGCCGACGAAAG Yield Quarrie et al. 2006
TGCC GGAA
25  Xcfd190 6A CAATCAGAAGCGCCATTGTT CCCTGATGTTTTCTTTTT GPC Manish et al. 2014
CTCC
26 Xgwm36l 6B GTAACTTGTTGCCAAAGGGG ACAAAGTGGCAAAAGGAG GPC Manish et al. 2014
ACA
27 Xgwml93 6B CTTTGTGCACCTCTCTCTCC  AATTGTGTTGATGATTTG GPC Manish et al. 2014
GGG
28 Xgwm499 5B ACTTGTATGCTCCATTGA GGGGAGTGGAAACTGCATAA -
TTGG
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Table 1 (continued)

SN Marker Chr Forward sequence (5°-3’) Reverse sequence (3’-5) Traits References

29 Xgwml8 IB TGGCGCCATGATTGCATTATC GGTTGCTGAAGAACCTTA GFeC Moradi et al. 2014
TTC TTTAGG

30 Xbarcl4l 5A GGCCCATGGATAATTTTT CAATTCGGCCAAAGAAGA GPC Xu et al. 2012
GAAATG AGTCA

GFeC grain iron content, GZnC grain zinc content, GPC grain protein content

Table 2 Mean, range, and estimates of genetic variability parameters in the second filial (F,) population of the cross
HW1098 x GPM DIC 87

Traits Parental mean Population (HW 1098 x GPM DIC 87)
HW 1098 GPM DIC 87 Mean+S.D Range PCV (%) GCV (%) h? (BS) GAM (%)

DFF 74.6 69.6 71.8+9.67 61.0-101.0 13.5 12.3 82.7 22.9
DM 119.6 104.4 115.5+8.99 105.0-136.0 7.8 6.8 75.6 12.1
PH (cm) 88.8 101.6 77.2+10.88 52.6-110.0 14.1 13.1 86.2 25.0
PTPP 54 6.0 11.2+6.05 4.0-31.0 54.2 46.6 739 82.5
SL (cm) 9.3 9.9 9.3+1.64 6.5-13.5 17.8 16.8 89.4 32.7
SPS 222 23.6 20.9+3.85 14.0-28.0 18.4 17.3 88.5 33.6
GPS 41.6 474 39.0+8.58 21.0-54.0 21.9 20.1 83.4 37.8
TGW (g) 33.9 44.9 42.7+7.39 18.5-57.5 17.3 16.4 90.3 32.2
GY (g/plant) 31.5 30.1 26.4+12.65 8.0-65.0 68.6 46.8 46.5 65.7
SPAD 1 50.3 49.4 51.9+4.36 43.5-65.0 8.4 6.7 64.3 11.1
SPAD II 48.5 47.1 49.0+3.95 41.3-57.6 8.1 6.3 61.8 10.3
SPAD III 46.5 45.3 45.6+3.67 37.3-54.4 8.0 5.7 50.4 8.3
NDVI 1 0.8 0.8 0.7+0.07 0.50-0.8 9.4 8.3 77.2 14.9
NDVI I 0.7 0.7 0.6+0.07 0.5-0.8 11.1 9.2 68.6 15.7
NDVI III 0.7 0.7 0.6+0.07 0.4-0.7 11.5 9.2 63.9 15.1
GFeC (mg/kg) 42.5 48.5 46.2+6.31 35.0-66.8 13.7 12.5 83.9 23.7
GZnC (mg/kg) 46.4 58.1 48.6+8.18 35.7-74.2 16.8 15.6 86.1 29.8
GPC (%) 15.0 15.9 16.7+1.21 14.0-18.6 7.3 5.9 67.9 10.2

DFF days to 50% flowering, DH days to maturity, PH plant height; PTPP productive tillers per plant, SL Spike length, SPS spike-
lets per spike, GPS grains per spike, TGW thousand grain weight, GY grain yield, SPAD soil plant analysis development, NDVI I, II
and 11l normalized difference vegetation index I (booting stage) II (anthesis stage) III (grain filling stage), GFeC grain iron content,
GZnC grain zinc content, GPC grain protein content. PCV phenotypic coefficient of variation, GCV genotypic coefficient of varia-
tion, h” (BS) broad sense heritability, GAM genetic advance as percentage of mean

the lowest was observed for SPAD III (8.3%). The (F,) population of the cross HW1098 x GPM DIC

mean performance of the F, population for the vari-
ous agro-morphological, physiological, and quality
traits is illustrated in the box plot in Fig. 1. Trans-
gressive segregants that surpassed both parents were
observed for all studied traits.

Correlations

The correlation coefficients of agro-morphological,
physiological, and quality traits in the second filial
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87 are shown in Table 3. GPC was significantly and
positively correlated with four agro-morphological
traits (DFF, DM, SL, and SPS) and two quality traits
(GFeC and GZnC), whereas GPC was negatively cor-
related with TGW. In turn, GZnC, had a significant
positive correlation with DFF, DM, SL, and GFeC.
Another micronutrient, GFeC, showed a significant
positive correlation with SPS, GPS, GZnC, and GPC.
Further, the important physiological trait, NDVI, had
a significant positive correlation with PH and GY at
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Fig. 1 Box plots for agro-morphological, physiological, and
quality traits in the second filial (F,) population of the cross
HW1098x GPM DIC 87. DFF days to 50% flowering, DH
days to maturity, PH plant height (cm), PTPP productive tillers
per plant, SL Spike length (cm), SPS spikelets per spike, GPS
grains per spike, TGW thousand-grain weight (g), GY grain

all three growth stages sampled; however, NDVI I
(booting stage) had a significant negative correla-
tion with DFF. Similarly, SPAD I (anthesis stage),
was significantly and positively associated with SL,
whereas SPAD I (booting stage) was significantly
and negatively associated with PTPP. Meanwhile, GY
had a significant positive association with PH, PTPP,
SPS, GPS, and TGW, and with NDVI at anthesis
and grain-filling. In turn, GPS was significantly and
positively associated with DFF, DM, PH, SL, SPS,
and GY. Another Spike-related trait, SL, was signifi-
cantly and positively associated with DFF, DM, PH,
SPS, GPS, SPAD II, GZnC, and GPC. Lastly, PH was
significantly and positively associated with DM, SL,
SPS, GPS, GY, and NDVI.

Validation of markers linked to GFeC, GZnC, and
GPC

A list of markers linked to GFeC, GZnC, and GPC,
validated in a set of 56 wheat genotypes, is shown
in Table 4. Seven markers, including one linked to
two traits, were validated in this study. Four mark-
ers, Xwmc617 (4A), Xbarc67 (3A), Xwmc283 (4A),
and Xgwm361 (6B), were linked to GFeC, with a
phenotypic variation explained (PVE) of 23.70%,

.

B PTPP
B SPADII B SPADIII B GFeC

* o0 o

——

2f

M SPS
B GZnC

B GPS
| GPC

B SL B TGW

yield (g/plant), SPAD soil plant analysis development, NDVI
I, II and III normalized difference vegetation index I (booting
stage) Il (anthesis stage) III (grain filling stage), GFeC, grain
iron content (mg/kg), GZnC grain zinc content (mg/kg), GPC
grain protein content (%)

13.20%, 7.65%, and 7.47%, respectively. One marker,
Xbarcl46 (6A), was linked to both GFeC and GPC,
with PVE of 23.94% and 7.11%, respectively; one
SSR marker, Xgwm408 (5B) was linked to GPC
with PVE of 11.09%. Similarly, one marker on 5B
(gwm271) was linked to GZnC, with PVE of 7.11%.

Revalidation of markers linked to GFeC and GZnC

Identification of true hybrids and genotyping
of the F, population

Two SSR markers, Xgwm?271 and Xbarc67, were
used to confirm the true hybrid nature of the HW
1098 x GPM DIC 87 cross. These two polymorphic
markers were used to screen F, plants to select true
hybrids and avoid selfed progenies. The banding
patterns of the parental genotypes and true hybrids
are shown in Fig. 2. Subsequently, 12 plants veri-
fied as true F;s were subjected to selfing to generate
F, seeds, and the F, population was further evalu-
ated. Two informative SSR markers (Xgwm271 and
Xbarc67) were used to genotype 200 plants from the
F, population of the HW 1098 x GPM DIC 87 cross.
A representative banding pattern of the F, population
is shown in Fig. 3A and 3B.
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Table 4 The list of markers linked to grain micronutrients and protein identified by single marker analysis using 56 tetraploid wheat

genotypes

SN Trait Markers Chromosome Probability value R* (%) Z-test
1 GFeC Xbarc146 6A 0.00012%** 23.94 4.00%*
2 GFeC Xwmc617 4A 0.00014%* 23.70 7.60%*
3 GFeC Xbarc67 3A 0.0059%* 13.20 4.29%:*
4 GFeC Xwmc283 4A 0.0390%* 7.65 3.88%:*
5 GFeC Xgwm361 6B 0.0414* 747 6.66%*
6 GZnC gwm271 5B 0.0469* 7.11 9.74%:*
7 GPC Xgwm408 5B 0.0121%* 11.09 9.85%:*
8 GPC Xbarcl46 6A 0.0469* 7.11 5.18%:*

GFeC grain iron content, GZnC grain zinc content, GPC grain protein content, *Significant at 5% level of significance, ** Significant
at 1% level of significance. R%: coefficient of determination (R* values served as indicators of the proportion of phenotypic variation
associated with the linked markers i.e., phenotypic variation explained (PVE)

Fig. 2 Identification of true first filial (¥,) of the cross HW 1098 x GPM DIC 87 using Xgwm271 marker

Single marker analysis

The SMA was conducted on the F, population derived
from the HW1098 X GPM DIC 87 cross to assess the
correlation between grain micronutrients and linked
SSR markers. This analysis involved the computation
of the F statistic and a simple regression coefficient,
as outlined by Haley and Knott (1992). The extent to
which phenotypic variance was accounted for by the
markers was expressed as the phenotypic variance
explained (PVE), and measured as R%. A comprehen-
sive analysis leveraging genotypic and phenotypic
data was conducted on each F, individual resulting
from the cross between HW 1098 and GPM DIC 87
to analyze GFeC and GZnC. Notably, the marker

Xgwm 271 exhibited a significant association with
GZnC, demonstrating a PVE of 56.63%. Similarly,
the marker Xbarc 67 was found to be closely linked
with GFeC, showing a significantly high PVE value
of 72.78% (Table 5).

Discussion

Genetic improvement or response to selection for a
particular trait depends mainly on heritability, selec-
tion intensity, and genetic variability, particularly
additive genetic variance (Krishnappa et al. 2021;
Singh and Narayanan 2013). The maximum vari-
ability measured as PCV and GCV, h? bs, and GAM

@ Springer
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Ly r
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B. Genotyping of the F, population with Xgwm27] marker

n

Fig. 3 Genotyping of second filial (F,) population HW 1098 x GPM DIC 87 using Xbarc6 marker (A) and Xgwm 271 marker (B)

were observed for agro-morphological traits (except
DM and GY), followed by quality traits (except GPC)
and physiological traits. Although GCV was compa-
rable for both GY (GCV: 46.8%) and PTPP (GCV:
46.8%), the GAM of the two traits is not comparable
due to the influence of heritability, as the heritability
of the GY was very low compared to the heritability

Table 5 Single marker analysis of associated markers
for grain micronutrients using F, population of the cross
HW1098 x GPM DIC 87

SN Trait Markers Chromosome R?(%) F value
1 GZnC gwm271 5B 56.50 37.01%
2 GFeC  Xbarc 67 3A 72.78 76.22%*

GFeC grain iron content, GZnC grain zinc content, R coef-
ficient of determination R? values served as indicators of the
proportion of phenotypic variation associated with the linked
markers i.e., phenotypic variation explained (PVE). *indicates
significant at 5% level of significance

@ Springer

of PTPP. Conversely, despite the higher heritability of
grain micronutrients, the genetic advancement of the
trait was low due to lower GCV and PCV. Therefore,
the genetic improvement of a trait requires both high
variability and heritability (Fyroj et al. 2020; Tazeen
et al. 2009; Paul et al. 2006).

The population developed between contrasting par-
ents enabled the identification of several transgressive
segregants for most traits, predominantly grain qual-
ity traits (GFeC, GZnC, and GPC). These segregants
were identified based on the superior performance of
the progenies, surpassing the population mean in a
desirable direction for each individual trait. Individu-
als who exhibit trait values that surpass those of the
better parent indicate that the combination of alleles
from the parental lines resulted in novel and poten-
tially advantageous trait expression (Lephuthing et al.
2021; Rieseberg et al. 1999). Additionally, the occur-
rence of transgressive segregants is crucial in breed-
ing programs, as it implies the availability of genetic
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variation that can be harnessed to select individuals
with improved or unique trait combinations. Among
quality traits and GY, a maximum of 50% were trans-
gressive segregants for GPC, followed by 28.33% for
GFeC, 13.33% for GZnC, and 10.0% for GY. A large
number of transgressive segregants were observed for
grain quality traits due to diverse parental allelic com-
binations, in which one parent was a high-yielding,
well-adapted cultivar with a low micronutrient status
and the other parent was a local germplasm collection
with a very high micronutrient status. The efficient
selection of nutrient-rich lines with favorable allelic
combinations in further segregating generations
would pave the way for the development of high-per-
forming and nutritionally enhanced wheat cultivars.
Historically, wheat-quality breeding has been slow
and curtailed, compared with other economic traits,
particularly grain yield (Krishnappa et al. 2019).
Furthermore, quality evaluation of breeding material
generally starts from advanced fixed lines, e.g., F,.
During generation advancement, directional selec-
tion for high GY and disease resistance will eliminate
much of the variability for grain quality traits, par-
tially because of the difficulty in testing large segre-
gating populations for quality parameters; the same
holds true for physiological traits.

The significant positive correlations between GY
and key morpho-physiological attributes (PH, PTPP,
SPS, GPS, TGW, and NDVI) in the F, population
underscore the importance of these traits in influenc-
ing the overall GY. It is well established that GY and
quality parameters are inversely related. Indeed, in
this study, the association of GY with grain micronu-
trients was negative, although non-significant; similar
to the case of another important quality trait, GPC,
which had a positive but non-significant associa-
tion with GY. Gene action and trait association also
depend on the type of genetic material used. In the
population used herein, the non-significant associa-
tion between GY and quality traits makes this F, pop-
ulation suitable for the simultaneous improvement of
both GY and quality traits. Another important physi-
ological parameter, NDVI, showed a significant posi-
tive correlation with GY. NDVI is an important and
easily measurable physiological parameter that pro-
vides ground coverage quantification and crop nitro-
gen status; it is an important physiological tool that is
highly correlated with grain yield, total biomass, and
nitrogen status in wheat (Crain et al. 2012). Hence,

the genetic potential of the genotypes for nitrogen
use efficiency may influence the expression of related
traits, such as NDVI and GPC (Krishnappa et al.
2023). Lastly, a significant and positive correlation
was observed among quality traits (GFeC, GZnC, and
GPC), suggesting a simultaneous improvement. Pre-
vious research has also reported the co-localization of
genomic regions governing GFeC, GZnC, and GPC
in wheat (Krishnappa et al. 2017; Uauy et al. 2006).
A set of nine polymorphic markers was used in the
SMA in a set of 56 diverse genotypes to assess the
linkage between those markers and traits. Of the nine
polymorphic markers, seven (four markers for GFeC,
one marker for GFeC and GPC, and one marker for
GPC and GZnC) were identified. Among the seven
markers above, Xbarcl46, Xwmc617, and Xbarc67
were identified by Moradi et al. (2014), while the
remaining four markers, Xwmc283, Xgwm361l,
Xgwm271, Xgwm408, were identified by Quarrie
et al. (2006), Manish et al. (2014), Genc et al. (2009),
and Fyroj (2017). To revalidate the validated mak-
ers, the F, population was developed by comparing
the parents HW 1098 and GPM DIC 87. Among the
seven validated markers, one marker i.e., Xgwm271
linked to GZnC, was re-validated in the F, popula-
tion, with a PVE of 56.50%, and the second marker
i.e., Xbarc67, linked to GFeC, was also re-validated,
with a PVE of 72.78%. Previously, Krishnappa et al.
(2018) validated three GZnC markers and two GFeC
markers in a diverse set of 48 bread wheat genotypes.

Conclusion

The validation of molecular markers linked to QTL
through MAS is an essential step in gene-pyramiding
programs. Although several QTL have been identified
in different investigations by using various marker
systems and genetic materials, these novel QTL have
seldom been validated in different genetic back-
grounds. In this study, seven markers were validated
in a set of 56 diverse dicoccum genotypes. Among
these seven validated markers, two (Xgwm271 and
Xbarc67) were revalidated in the F, population,
which are ideal candidates to use in MAS. In addi-
tion, the large variability generated between local
landraces and popular cultivars will serve as potential
genetic material for selecting high-yielding genotypes
with high nutritional value. We believe our study

@ Springer
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makes a significant and unique contribution because
it coupled conventional and molecular approaches
to enhance the potential of plant breeding programs
aimed to develop nutrient-rich, high-yielding wheat
cultivars. Additionally, it re-validated two markers in
a segregating population.
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