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Abstract Root system architecture (RSA) has positive
effects on wheat growth and its yield performance. As
root features are difficult to manipulate through conven-
tional breeding strategies, marker-trait association
(MTA) could be helpful for the improvement of RSA.
In the present study, 112 durum wheat genotypes were
investigated for several root system features as well as
some agronomic traits. The population was genotyped
using a 15K SNP and a total of 3321 markers were used
in the association analysis. A total of 581 significant
marker-trait associations were identified in all of the 14
chromosomes. The percentages of phenotypic variation
(R?) of measured traits varied between 8.76 and 24.81%.
Out of 581 associated markers, 125 loci were linked
with multiple traits. The most significant associations on
measured traits were detected for genome B compared
to genome A (61% vs 39%). Also, major associated loci
existed on chromosomes 1A, 1B, 2B, 3B, and 5B,
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which could be considered in the future breeding pro-
grams to manipulate relevant traits using marker-
assisted selection procedures. Among associated SNP
markers, most markers were related to the number of
days to spike heading (181), anthesis (53), booting (69),
physiological maturity (41), water use efficiency (109),
and transpiration efficiency (24). Furthermore, the large
number of QTLs (167 in total) for RSA and agronomic
traits were detected. The highest numbers of QTLs were
related to WUE (23), DAS (23), DB (21), and DA (20)
than other traits. Among the detected QTLs, 16 QTLs
for RSA overlapped with different agronomic traits, as
well as 6 QTLs co-located with other RSA traits in at
last one trait. These results are helpful for better under-
standing the genetic basis of root system features and
agronomic traits. Furthermore, these results could be
valuable for facilitating pyramiding of the ideal alleles
using the MAS approach for favorable plant-type and
high water use efficiency in the future durum wheat
breeding programs.

Keywords Root system - Water use efficiency - Grain
yield - Association analysis

Introduction

Among cereal crops, wheat is a widespread species with
a major contribution to the human diet, providing die-
tary proteins, carbohydrates, fiber, calcium, zinc, fats,
and energy (Mwadzingeni et al. 2017; Boukid et al.
2019). Durum wheat (Triticum turgidum var. durum
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Dest.) is an allotetraploid species (2n = 4x = 28) with the
genomic constitution of AABB, comprising the full
diploid complement of chromosomes from 7. urartu
Ghandilyan (A genome) and Aegilops speltoides Tausch
(putative B genome). It has been reported that the durum
wheat production is approximately 40 million tons in
2016 (Giunta et al. 2019).

Root system architecture (RSA)—the hidden half of
a plant—which plays a vital role in crop growth, anchors
the aboveground plant tissues, uptake of water and
nutrients necessary of the deep layers of the soil, and
is the biosynthetic site of phytohormones required for
plant development and even yield (Ma et al. 2017; Ju
et al. 2018). During the first green revolution, the de-
velopment of the new wheat varieties has mainly been
achieved based on selection for above-ground organs,
whereas the roots were mainly neglected (Waines and
Ehdaie 2007). The main reason for the neglect of
selecting root system in breeding programs is due to
the difficulty of assessing field-grown plants for these
features, especially when dealing with a large number of
genotypes required for association analysis or quantita-
tive trait loci (QTL) mapping (Cane et al. 2014). None-
theless, quantifying RSA is important to achieve high
productivity in wheat because yield performance is in-
fluenced by the accessibility and availability of nutrients
and water, which are heterogeneously distributed in
field soil (Ehdaie et al. 2016; Ren et al. 2017).

A study on phenotypic variability of RSA and its
relationship with genetic diversity in the durum wheat
germplasm provides the various perspectives for utiliz-
ing unexploited traits that can be used to increase the
yield of durum cultivars across a range of environmental
conditions. Lack of the high-throughput methods for
phenotypic investigation of the root features is the main
challenge in the breeding programs that can offer a
proxy for field performance; therefore, developing
marker-assisted selection (MAS) will support breeders
to select the desirable root traits followed by the selec-
tion of the best genotypes with an efficient acquisition of
water and nutrients from soils (Ren et al. 2017). Indeed,
having molecular markers for the root system and archi-
tecture features would be a powerful tool for direct
selecting for desired root traits in wheat breeding pro-
grams. Nowadays, there is increasing interest in genetic
dissection of RSA to focus on the associations among
genes and root traits. Several types of molecular
markers, such as amplified fragment length polymor-
phisms (AFLP), simple sequence repeats (SSR),
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diversity arrays technology (DArT), sequence-tagged
sites (STS), and single-nucleotide polymorphisms
(SNP), have been developed for dissecting molecular
variability and association analysis in durum wheat
germplasm (e.g., Siosemardeh et al. 2012; Can et al.
2014; Hu et al. 2015; Baloch et al. 2017; Huang et al.
2018). Of these systems, SNPs are the most common
polymorphisms among individuals of various crops
(Deschamps and Campbell 2010). The accessibility of
SNP genotyping platforms would simplify the genetic
dissection of important traits and the application of
marker-assisted and genomic selection (Trebbi et al.
2011). SNPs are the most frequent form of DNA varia-
tions and they can be converted into genetic markers
amenable to high-throughput assays (Varshney et al.
2009). Hence, SNPs are the valuable markers to use in
assessing population structure, genetic diversity, and
association analyses in numerous organisms (Hu et al.
2015).

Association analysis is an approach based on linkage
disequilibrium (LD) and is used to dissect the relation-
ship between phenotypic and genotypic data (Flint-
Garcia et al. 2003). Several advantages, such as archive
to a higher density of molecular data in a short time and
development of markers with minimum costs, have
resulted in association analysis being used as an alter-
native method to the mapping of QTLs and genes in
many crops (Mackay and Powell 2007; Zhu et al. 2008).
Although many reports are available on the population
structure patterns and association analysis in durum
wheat germplasm (Hu et al. 2015; Baloch et al. 2017,
Mwadzingeni et al. 2017; Huang et al. 2018;
Sukumaran et al. 2018; Ruiz et al. 2018), there are few
reports on root trait-marker associations in this cereal
crop (Maccaferri et al. 2016; Alahmad et al. 2019).
Hence, the main goal of the present study is to disclose
associations between the root system features with the
SNP markers in the core collection of durum wheat.

Materials and methods
Plant materials and growing conditions

A total of 112 durum wheat genotypes collected from
different regions of Iran and various countries
(Table 1) were evaluated for phenotypic and genotyp-
ic diversity in the root system and architecture fea-
tures (Table 2). These materials consisted of landraces



Mol Breeding (2020) 40: 55

Page3 of 17 55

Table 1 The passport of 112 durum wheat genotypes used in this study

No. Genbank code Origin No. Genbank code Origin No. Genbank code Origin
1 650 Iran 39 694 Iran 77 754 Iran
2 651 Iran 40 695 Iran 78 759 Iran
3 652 Iran 41 696 Iran 79 760 Iran
4 653 Iran 42 697 Iran 80 761 Iran
5 654 Iran 43 698 Iran 81 762 Iran
6 655 Iran 44 699 Iran 82 763 Iran
7 656 Iran 45 700 Iran 83 764 Iran
8 657 Iran 46 701 Iran 84 765 Iran
9 658 Iran 47 702 Iran 85 766 Iran

10 659 Iran 48 703 Iran 86 767 Iran

11 660 Iran 49 704 Iran 87 768 Iran

12 661 Iran 50 705 Iran 88 769 Iran

13 662 Iran 51 706 Iran 89 770 Iran

14 663 Iran 52 707 Iran 90 771 Iran

15 664 Iran 53 708 Iran 91 772 Iran

16 665 Iran 54 709 Iran 92 773 Iran

17 666 Iran 55 710 Iran 93 774 Iran

18 667 Iran 56 711 Iran 94 775 Iran

19 668 Iran 57 712 Iran 95 776 Iran

20 669 Iran 58 713 Iran 96 7717 Iran

21 670 Iran 59 717 Iran 97 778 Iran

22 671 Iran 60 728 Iran 98 779 Iran

23 678 Iran 61 729 Iraq 99 780 Iran

24 679 Iran 62 730 Iran 100 781 Iran

25 680 Iran 63 731 Iran 101 782 Iran

26 681 Yugoslavia 64 732 Iran 102 783 Iran

27 682 Afghanistan 65 733 Iran 103 784 Iran

28 683 Iran 66 740 Iran 104 785 Iran

29 684 Iran 67 741 Iran 105 786 Italy

30 685 Portugal 68 742 Iran 106 787 Italy

31 686 Afghanistan 69 743 Iran 107 788 Italy

32 687 Bulgaria 70 744 Iran 108 945 Iran

33 688 Argentina 71 745 Iran 109 790 Italy

34 689 Australia 72 748 Iran 110 791 Italy

35 690 Bulgaria 73 749 Iran 111 792 Italy

36 691 Iran 74 750 Iran 112 793 Italy

37 692 Iran 75 751 Iran

38 693 Iran 76 753 Iran

and cultivated genotypes that were preserved in the
gene bank at the Ilam University. Seeds of each ge-
notype were planted in polyvinyl chloride (PVC)
tubes in a greenhouse at the Department of Agronomy
and Plant Breeding, Ilam University, Ilam, Iran

(Latitude 33° 39" N, Longitude 46° 22’ E) during
2015-2016. In this work, we measured root system
traits at two stages—the seminal roots (7-day-old
seedlings) and advanced root growth (35-day-old
seedlings)—along with some agronomic traits.
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Table 2 Description of measured root system feature and agronomic traits in a set of durum wheat genotypes

Abb. Trait Stage Reference

NSR The number of seminal roots number 7-day-old seedlings Zadoks et al. (1974)
MRL Length of maximum seminal root 7-day-old seedlings Measured using a ruler
MSR Average of seminal root length 7-day-old seedlings Measured using a ruler
TSR Sum of seminal root length 7-day-old seedlings Measured using a ruler
RFW Root fresh weight 35-day-old seedlings Hajabbasi (2001)
RDW Root dry weight 35-day-old seedlings Hajabbasi (2001)

RL Root length 35-day-old seedlings Newman (1966)

RSA Root surface area 35-day-old seedlings Newman (1966)

RF Root fineness 35-day-old seedlings Hajabbasi (2001)

RD Root diameter 35-day-old seedlings Schenk and Barber (1979)
RSD Root surface density 35-day-old seedlings Hajabbasi (2001)

SRL Specific root length 35-day-old seedlings Mahanta et al. (2014)
RLD Root length density 35-day-old seedlings Mahanta et al. (2014)
RTD Root tissue density 35-day-old seedlings Paula and Pausas (2011)
RV Root volume Whole plant Gould (1955)

DAS Days to appearance of spike Whole plant IBPGR (1985)

DA Days to anthesis Whole plant IBPGR (1985)

DB Days to booting Whole plant IBPGR (1985)

DPM Days to physiological maturity Whole plant IBPGR (1985)

GFP Grain filling period Whole plant IBPGR (1985)

GPS Number of grains per spike Whole plant Manually measured
GS Grain size Whole plant Manually measured
GW 100-grains weight Whole plant IBPGR (1985)

GY Grain yield Whole plant IBPGR (1985)

WUE Water use efficiency Whole plant Bramley et al. (2013)
TE Transpiration efficiency Whole plant Bramley et al. (2013)

Key root system features and agronomic traits
phenotype

For measuring the seminal root traits, a pot experiment
was performed. Seeds of each genotype were kept at 4 °C
for 48 h. Four seeds from each genotype were sown
under 2 cm mixture of sand and soil in a ratio of 1:3 into
plastic pots (10 cm diameter, 20 cm height). All geno-
types were germinated and their seedlings were grown in
controlled conditions with an optimal growing photope-
riod cycle (16 h day and 8 h night) and temperature
(25 °C day and 20 °C night). The pots were arranged in
a randomized complete block design with two replica-
tions. Ten days after sowing, the number of seminal roots
(SRN) was recorded when the first leaf emerged (Zadoks
et al. 1974). Seminal root traits were measured 10 days
after planting. For this purpose, in each pot, shoots were
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cut at the base then pots were emptied and the roots
washed carefully from soil. In the second experiment,
the seedling root traits were measured 5 weeks after
planting. For this purpose, four seeds of each genotype
were planted into polyvinyl chloride (PVC) tubes (65 cm
long, 10 cm diameter) filled with a mixture of sand and
soil in a ratio of 1:3. All tubes were arranged into a
randomized complete block design with three replica-
tions. Plants were irrigated twice weekly with tap water.
At the three-leaf stage of seedling growth, in each tube,
two plants were retained and others removed. At the end
of the 35-day dry-down period, plants were uprooted,
thoroughly washed, and their root system were subjected
to manual/visual phenotyping (Table 2).

In the third experiment, several agronomic traits and
root traits were measured at the whole plant stage. Similar
to previous experiments, four seeds of each
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genotype were sown into PVC tubes filled with a mixture
of soil and sand. The used tubes in this experiment
characterized using 1 m long and 14 cm in diameter.
All tubes were arranged into a randomized complete
block design with three replications. After establishing
of plants, seedling plants were thinned to one plant per
tube. Plants were irrigated twice weekly with tap water.
During growth, the several phonological and agronomic
traits were recorded. Finally, each tube was emptied and
roots washed carefully from the soil, and several root
traits were measured. All measured root system features
and agronomic traits are listed in Table 2.

DNA isolation and SNP genotyping

Genomic DNA of the 112 genotypes was isolated from
fresh leaves following the method described by Doyle
and Doyle (1990) with minor modifications. DNA qual-
ity and concentration were determined using electropho-
resis on 1% agarose gel. SNP genotyping was per-
formed by Trait Genetics GmbH (http://www.
traitgenetics.com/en/), using a 15k Illumina SNP chip
developed from the 90k iSelect chip described by Wang
et al. (2014). SNPs with minor allele frequency (MAF)
<0.05 and missing values > 10% were removed from
the subsequent analysis which left a set of 3321 poly-
morphic SNP markers.

Statistical analysis

Descriptive statistics were computed based on mean
values for measured root system features and agronomic
traits across all genotypes using XLSTAT software
(XLSTAT 2017). The coefficient of variation (CV)
was estimated by dividing the standard deviation (SD)
to the mean value multiplied by 100 (Bashiri et al.
2017). Pearson correlation coefficients were used to
determine the general relationship between measured
trait pairs. Variability in agronomic traits and root sys-
tem features was determined by a principal component
analysis (PCA). Population structure analysis was com-
puted based on a Bayesian model using STRUCTURE
v2.3.4 software (Pritchard et al. 2000). To allocate the
genotypes into sub-populations (K), a continuous series
of K were tested from 1 to 10 in 10 independent runs
using 10,000 burn-in iterations followed by 100,000
Markov Chain Monte Carlo (MCMC) iterations. Online
available STRUCTURE HARVESTER (Earl and
vonHoldt 2012) was used to determine the most likely

number of K. TASSEL ver5.2.32 (Bradbury et al. 2007)
was employed to compute the association analysis.
Linkage disequilibrium (LD) was investigated using
3321 SNP markers with known map position across
14 durum wheat chromosomes. Pairwise LD was esti-
mated using the squared allele frequency correlations
(r2) between markers. Associations between all traits
described above and SNPs were analyzed with a mixed
linear model (MLM) by incorporating genotypes, phe-
notypes, the Q-matrix (Q), and the kinship matrix (K)
[MLM (Q + K)]. A LOD value >3 was used as a
threshold P value for both SNP-marker-trait associa-
tions (Hwang et al. 2014).

Results
Phenotypic assessment

The phenotypic performance of the recorded root system
features and agronomic traits for the durum wheat popu-
lation under controlled growth conditions is shown in
Table 3. In addition, distribution histograms of the mea-
sured traits are presented in Figs. S1-3. The value of the
coefficients of variance (CV) for measured traits varied
between 3.25 (the number of days to physiological ma-
turity [DPM]) and 50.34% (transpiration efficiency
[TE]). Eleven traits had CV values >30% (Table 3).
Pearson correlation coefficient analysis on the 26 mea-
sured traits indicated a high association among some of
the individual traits. The number of traits significantly
associated to individual traits ranged from 2 to 10 at P <
0.5 and P<0.01 (Table 3). For instance, root fresh
weight (RFW) significantly correlated with all root traits
except the number of seminal roots (NSR), maximum
seminal root length (MRL), mean of seminal roots
(MSR), and total seminal root length (TSR). Besides, a
significant positive correlation was observed between
grain yield (GY) with the number of grain per spike
(GPS), grain size (GS), 100-grains weight (GW), water
use efficiency (WUE), and TE (Table S1).

To account for these associations, multivariate traits
were computed using principal component analysis
(PCA), resulting in eight PCs with eigenvalues > 1.
The number of root traits and agronomic characters
allocated to an individual PC varied between 1 and 11,
with PC7 and PC8 containing only grain filling period
(GFP) and GW, respectively, and PC1 containing sev-
eral root traits including RFW, root dry weight (RDW),
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Table 3 Description of 26 root system features and agronomic traits obtained across 112 durum wheat genotypes

Trait Min  Max Mean Median SD Ccv Correlated trait  PC ~ MTA?® MTA position
(%) no.

NSR 1.67 6.00 421 425 0.75 1790 4 3 0o -

MRL 0.57 1250 591 5.76 2.00 33.77 5 3 1 2A

MSR 0.47 916 409 4.02 1.55 3797 5 3 1 2A

TSR 130 3323 1843 18.05 6.51 3534 4 1 1 1B

RFW 0.69 257  1.63 1.60 040 2453 10 1 1 4A

RDW  0.06 058 015 0.15 0.06 38.67 8 1& 6 2B,5B

RL 3825 6563 56.69 57.838 6.13 10.81 8 1&5 8 1A, 6B

RSA 1996 6440 4281 42.71 8.15 19.04 10 1 0o -

RF 917 6875 2648 24.46 993 37.52 8 1 1 7B

RD 0.14 024 019 0.19 0.02 11.44 8 1 3 2B,7B

RSD 19.12  44.86 33.65 33.84 523 1554 10 1 0o -

SRL 212.02 1630.77 46391 41534 190.36 41.03 9 1 13 2A, 6A, 2B, 3B4B, 5B, 7B

RLD 0.01 0.02 002 0.02 0.02 10.83 1&5 13 1A, 4A, 6B

RTD 209.94 2029.39 533.59 507.35 206.36 38.67 1& 6 2B,5B

RV 0.75 6.00 271 250 0.89 32.68 10 1 1 7B

DAS 143.00 171.00 156.43 156.00 6.10 390 4 2&3 181  All chromosomes (except of 3A, 4A, and
4B)

DA 152.00 176.50 163.42 163.50 5.80 3.55 3 2&3 53 All chromosomes (except 3A and 4A)

DB  131.00 159.00 146.29 146.00 570 389 4 2&3 69  All chromosomes (except 3A, 4A, and
4B)

DPM 167.00 188.00 177.55 20.50 578 325 4 2&3 41 1A, 2A, 5A, 7A, 1B, 2B, 3B, 6B, 7B

GFP  13.00 33.00 21.12 177.00 3.74 1770 2 7 2 6B

GPS 4045 188.50 91.67 90.00 25.19 2747 4 2&4 7 6A,2B,3B,4B

GS 0.14 034 024 024 0.03 1454 2 8 6 5A,7A,3B,5B

GW 254 13.76 478 477 1.16 2426 6 5&8 15  3A,7A,2B, 3B, 4B, 5B, 6B, 7B

GY 1.77 848 431 4.10 129 2990 5 2&4 17  3A,5A, 6A, 1B, 2B, 3B,4B

WUE  0.13 0.80 030 029 0.11 36.73 5 2&4 109 1A, 2A, 3A, 5A, 6A, 2B, 3B, 4B, 5B

TE 0.26 1.96 0.69 0.60 035 5034 3 2 26  2A,3A, 6A, 2B, 3B, 4B, 6B

Minimum, maximum, mean, median, and CV values for each trait are given. CV values > 30 are in bold. Number of significantly correlated
traits at P <0.05 and P<0.01 are given for each trait according to Pearson correlation coefficient analysis

NSR the number of seminal roots, MRL length of maximum seminal root, MSR average of seminal root, 7SR sum of seminal root length,
RFW root fresh weight, RDW root dry weight, RL root length, RSA root surface area, RF root fineness, RD root diameter, RSD root surface
density, SRL specific root length, RLD root length density, RTD root tissue density, RV root volume, DAS days to appearance of spike, DA
days to anthesis, DB days to booting, DPM days to physiological maturity, GFP grain filling period, GPS number of grains per spike, GW
100-grains weight, GY grain yield, WUE water use efficiency, 7E transpiration efficiency

#Number of significant marker-trait associations

volume (RV), length (RL), surface area (RSA), fineness
(RF), diameter (RD), surface density (RSD), length
density (RLD), specific length (SRL), and tissue density
(RTD). Overall, eight components accounted for
83.51% of the total phenotypic variation (Table S2).
Among these, the first two PCs (PC1=23.86% and
PC2 =15.24%) represented the highest contribution in
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explaining the total variation. Hence, the scatter plot was
rendered based on these PCs. As shown in Fig. 1, all
measured traits grouped into three clusters (CI-CIII). CI
consisted of all agronomic traits along with seminal root
features except GFP, CII consisted of all seedling root
traits except RF and SRL, and two last root traits along
with GFP grouped into CIII.
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Fig. 1 PCA-based biplot-based first two PCs. a Distribution of
the 112 durum wheat genotypes based on the two first compo-
nents. b Circle of correlations for a PCA conducted on the 112
durum wheat genotypes and 26 traits. NSR the number of seminal
roots, MRL length of maximum seminal root, MSR average of
seminal root, 7SR sum of seminal root length, RFW root fresh
weight, RDW, root dry weight, RL root length, RSA root surface

Population structure and genetic relationships

SNP markers were used for estimating the genetic struc-
ture of the durum genotypes using the Bayesian cluster-
ing model implemented in the STRUCTURE software
and an ad hoc statistics (AK) calculation was used to
estimate the true number of sub-populations. The

0
PC1 (23.87%)

area, RF root fineness, RD root diameter, RSD root surface density,
SRL specific root length, RLD root length density, RTD root tissue
density, RV root volume, DAS days to appearance of spike, DA
days to anthesis, DB days to booting, DPM days to physiological
maturity, GFP grain filling period, GPS number of grains per
spike, GW 100-grains weight, GY grain yield, WUE water use
efficiency, TE transpiration efficiency

maximum value of AK was obtained at K=3, and
consequently, genotypes fell into three sub-populations
with 14, 35, and 63 genotypes, respectively (Fig. 2).
Each of these sub-populations (SPI-SPIII) consisted of
diverse genotypes originating from different regions, so
that grouping of genotypes was not in accordance with
their origins. The genetic divergence among the three
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450 Summary of population structure analysis for 112 durum wheat genotypes
400 R Genetic distance between sub-
350 Sub- Number of .

30 opulation genotypes Fsr populations

250 pop ' SPI SPII___ sPIII
150 SPI 14 0.80 - 0.15 0.18
100 SPII 35 0.03 0.15 - 0.12
X — SPII 63 0.56 0.18 0.12 -

“

Fig. 2 Population structure based on 112 durum wheat genotypes and 3321 SNP markers. Each colored bar per genotype estimates the
membership fraction to each of the three populations. See Table 1 for codes of genotypes

sub-populations was estimated through pair-wise Fgr,
which varied between 0.03 for SPII and 0.80 for SPL

LD decay analysis

In order to identify differences in intra-chromosomal
LD across all 14 chromosomes, the average 7 values
between pairs of markers were classified into five
groups (intervals) based on the genetic distance between
them (Table 4). The LD analysis showed a difference in
the /* values of the chromosome groups. The highest
LD was for markers with distance less than 5 ¢cM. For
genetic distances less than 5 ¢M, the highest LD was
observed on 6A chromosome, while the lowest was for
1B and 6B chromosomes. For marker pairs with an
inter-marker distances more than 50 cM, chromosomes
5A, 4B, and 3A presented higher LD than others. The
plots of the LD decay for all 14 durum wheat chromo-
somes are illustrated in supplementary Fig. S4. LD
analysis was also conducted at the whole genome level.
To visualize the extent of LD in the whole genome,
average LD decay was derived so that intra-
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chromosomal 7 values were plotted against the genetic
distance (cM) between markers (Fig. S4).

Marker-trait associations

An overview and additional information of marker-trait
associations (MTAs) under the MLM model are shown
in Table S2. The result indicated 581 significant associ-
ations in total for 26 agronomic and root system traits.
Large numbers of associated SNP markers, 181, 109,
53, 41, and 26, were found for the number of days to
appearance of spike (DAS), WUE, the number of days
to booting (DB), the number of days to anthesis (DA),
DPM, and TE, respectively. In contrast, only one SNP
marker was significantly associated with RV, RF, MRL,
MSR, TSR, and RFW, and no significant SNPs were
found for NSR, RSA, and RSD (Fig. 3a). The most
significant association for measured traits were detected
for chromosomes B relatives to chromosomes A (61%
vs. 39%) (Fig. 3b). Among all of the 14 chromosomes,
SA and 2B embraced the most significant SNPs (Fig. 3c,
d). Most of these significant SNPs (73%) can describe
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Table 4 Average linkage disequilibrium (%) at different marker distances on durum wheat chromosome

Chromosome ~ Number of markers ~ Length (¢cM)  Average linkage disequilibrium (#*) between pair of markers
D<5cM D=510cM D=10-20cM D=20-50 cM D>50cM

1A 181 106 0214 0.094 0.069 0.048 0.035
1B 249 101.5 0.127 0.044 0.043 0.039 0.034
2A 206 119.7 0.147 0.041 0.092 0.037 0.032
2B 391 144.2 0.149 0.083 0.065 0.043 0.041
3A 184 163.4 0.264 0.099 0.051 0.052 0.047
3B 340 137 0.139 0.052 0.055 0.038 0.035
4A 168 161.8 0.238 0.029 0.33 0.023 0.039
4B 150 107 0.147 0.044 0.036 0.044 0.048
5A 193 106.7 0217 0.077 0.049 0.037 0.061
5B 270 179.6 0.250 0.062 0.038 0.033 0.031
6A 240 120.2 0317 0.047 0.153 0.040 0.034
6B 231 1104 0.127 0.46 0.041 0.038 0.039
TA 251 165.9 0.149 0.043 0.043 0.031 0.040
7B 267 142 0.145 0.049 0.042 0.041 0.032

individually over 10-24% of the total phenotypic vari-
ation. Also, 12 trait-SNP association pairs indicated a R*
higher than 15%. Furthermore, there were 125 SNPs
associated with multiple traits (two to five) (Table S4),
while a total of 456 unduplicated SNPs were found for
26 root system and agronomic traits (Table S3).

MTAs for seminal root traits

Association analysis was done for four seminal root
traits across the first seedling stage (7-day-old seed-
lings). Only one duplicated and unduplicated SNP
markers, Kukri 62142 683 and Ku c106533, were
significantly associated with MRL, MSR, and TSR,
respectively. These SNPs were located on 2A and 1B
chromosomes, respectively. No significant SNP marker
was found for the NSR trait (Table S3).

MTAs for seedling root traits

The results of the association analysis for this stage
indicated that 52 SNP markers were significantly asso-
ciated with the measured traits at the second stage of
seedlings growth (35-day-old seedling) (Table S3). One
significant SNP marker, wsnp Ex cl10550 17231294,
was duplicated for RV and RF. The marker explained
11.92 and 13.53% of the total phenotypic variation for

these traits, respectively, and was located on chromo-
some 7B. Only one SNP marker,
Excalibur ¢74397 238, was significantly associated
with RFW and this marker was located on chromosome
4A. Eight markers in total were found to be significantly
associated with RL. The percentage of phenotypic var-
iation explained by these markers (Marker R?) ranged
from 10.36 (BS00089894 51) to 24.74%
(wsnp_Ex _rep _cl109742 92411838 and wsnp_Ku-
c21316 _31053745). Apart from SNP marker
Excalibur _¢35713 106, which was located on chromo-
some 6B, other markers were located on chromosome
1A. For RD, three significant markers were detected on
chromosomes 2B (RFL_Conting4856_71) and 7B
(Kukri_c50071 1084 and Excalibur c21739 688). Six
SNPs were found to be significantly associated with
RTD. Marker R* for these SNPs ranged from 9.73
(RACS875 ¢34512 685 and RACS875 ¢34512 493) to
15.50% (BS000068200_51). These markers were locat-
ed on 2B and 5B chromosomes. A total of 13 SNPs were
significantly associated with RLD. The highest R
values were observed for SNP markers wsnp Ex-
rep cl109742 92411838 and wsnp Ku-
c21316 31053745 (24.81%) while the lowest were for
BS00089894 51 (10.36%). The SNPs associated with
RLD were located on 1A, 4A, and 6B chromosomes.
Thirteen different SNPs were significantly associated
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Fig. 3 Summary of marker-trait associations (MTAs). a Number
of MTAs for each trait. b Pie chart showing the percentage of
MTAs in different genomes. ¢ Pie chart showing the percentage of

with SRL and they had the same R* value (varied
between 10.27 and 11.84). These markers were located
on2A, 6A, 2B, 3B, 4B, and 7B chromosomes. Six SNPs
were significantly associated with RDW, and all of them
were located on 2B and 5B chromosomes. Of these,
SNP marker BS000682 51 had the highest phenotypic
effect of R* = 15.50%.
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MTAs in the different A chromosomes. d Pie chart showing the
percentage of MTAs in the different B chromosomes

MTAs for agronomic traits

In total, 500 SNP markers were significantly associated
with the measured phenological and agronomic traits at
the whole plant stage (Table S3). One hundred eighty-
one markers were identified to be significantly associat-
ed with DAS. The coefficient of determination (R?) was
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ranged from 8.76 to 19.4%. These DAS-associated
SNPs were located on all of the 14 chromosomes except
3A and 4A. The SNP marker wsnp FEx-
21092 30220342 explained the highest phenotypic
variation (19.44%). DA was significantly associated
with 53 SNP markers. These markers were distributed
on 12 of the 14 chromosomes, 1A, 2A, 5A-7B. The
lowest and highest R* were observed for SNP markers
Excalibur ¢3730_2098 (9.3%) and
Tdurum_contingl1613 329 (21.6%), respectively. In
total, 69 SNPs were found to be significantly associated
with DB. For these markers, the R? coefficients were
varied between 8.9 (wenp Ku ¢22358 32187765) and
17 (Excalibur _c12996 775 and BS00109319 51).
These markers were located on all of the 14 chromo-
somes except 3A and 4A. Forty-one SNP markers
showed significant association with DPM and all of
them were distributed on chromosomes 1A, 2A, 5A,
7A, 1B, 2B, 3B, 6B, and 7B. The R? coefficients ranged
from 9.14 (Tdurum_conting51640 847) to 18.14
(wsnp_Ex_¢21092 30220342). Unlike other phonolog-
ical traits, only two SNP markers, Ku_¢32100 105 and
BS00067983 51, were detected to be significantly as-
sociated with GFP. These GFP-associated SNPs were
located on chromosome 6B. The association analysis for
GPS revealed seven significant SNP markers on chro-
mosomes 6A, 1B, 2B, and 4B. Of these, SNP marker
BS00104364_51 showed the highest value of R*
(13.34%). For GS, six significant SNPs were detected
on chromosomes 5A, 7A, 3B, and 5B. The coefficients
of determination for these markers ranged from 9.57
(IACX6007) to 10.84% (RFL_Conting3811 _3709). In
total, 15 and 17 SNP markers were indicated to be
significantly associated with GW and GY, respectively.
The GW-associated SPNs were located on chromo-
somes 3A, 7A, 2B, 3B, 4B, 5B, 6B, and 7B. Of these,
six SNPs, Excalibur cl19499 948,
BobWhite ¢9711 71, Kukri ¢94033 432, TA002682-
0717, BobWhite ¢13098 526, and
Excalibur ¢28715 447, showed a R* > 15%. The GY-
associated SNP markers mainly were located on chro-
mosome 2B (9 SNPs); however, the chromosomes 3A,
5A, 6A, 1B, 3B, and 4B were included 1, 1, 1, 1, 2, and
2 SNP markers, respectively. The R* for GY-associated
SNPs ranged from 9.69 (RAC875 ¢7540 _366) to
14.81% (wsnp_Ex_¢7203_12370983). For TE, 26 sig-
nificant SNP markers were identified. These markers
were located on chromosomes 2A, 3A, 6A, 2B, 3B,
4B, and 6B with a range of R between 9.50 and

17.21%. The highest R* belonged to SNP marker
BobWhite c1196 297 and was located on chromosome
3B. Furthermore, association analysis for WUE showed
109 significant SNPs on chromosomes 1A, 2A, 3A, 5A,
6A, 2B, 3B, 4B, and 5B. The R? values ranged from
9.41 to 22.49% and the SNP markers
wsnp_Ex ¢7203 12370983 and Excalibur c¢3171 416
showed the highest and lowest values, respectively.

GWAS-QTL detection

Genome-wide association analysis (GWAS) revealed
167 significant QTLs across the different chromo-
somes (Table 5). From genome viewpoint, B genome
had more QTLs compared to A genome (102:65). The
range of detected QTLs varied between 2 and 20, and
the minimum and maximum numbers were related to
chromosomes 4A and 3B, respectively. In total, we
identified 23 and 143 QTLs for RSA and agronomic
traits, respectively. Among 23 QTLs, 16 QTLs over-
lapped with QTLs for agronomic traits. Of these, 4, 3,
3,2,2, 1, and 1 QTLs were identified on chromo-
somes 3B, 2B, 5B, 2A, 6A, 1A, and 7B, respectively.
Furthermore, six QTLs co-located with other RSA
traits in at least one trait. Among 143 QTLs for agro-
nomic traits, 38 QTLs co-located with other traits.
The highest numbers of QTLs were related to WUE
(23), DAS (23), DB (21), and DA (20) than other
traits; however, there are no QTLs for NSR, RSA,
and RSD.

Discussion

Durum wheat is one of the most important cereal crops
in the world. The knowledge on genetic bases of com-
plex traits in this crop provides an opportunity for future
breeding programs (Mwadzingeni et al. 2017). To com-
plement the growing need for such knowledge, the
present work disclosed the population structure and
association between genomic regions with several root
system features, phonological and agronomic traits in a
diverse population of durum wheat genotypes. The phe-
notypic evaluation revealed a high coefficient of vari-
ance (CV >30) for MRL, MSR, TSR, RFW, RDW, RF,
SRL, RTD, RV, GY, TE, and WUE (Table 3). These
results suggest that there is a broad genetic potential that
these genotypes can be used to mine alleles for improve-
ment of root system architecture and grain yield into
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Table 5 GWAS-QTL detection for root system feature and agronomic traits in a set of durum wheat genotypes

Abb. Trait QTL(s) Chromosome position (Mb)
No.*
NSR  The number of seminal 0 -
roots number
MRL Length of maximum 1 2A (80)
seminal root
MSR  Average of seminal root 1 2A (80)
length
TSR Sum of seminal root 1 1B (55)
length
RFW Root fresh weight 1 4A (115)
RDW Root dry weight 2 2B (2), 7B (46)
RL Root length 2 1A (72), 6B (40)
RSA  Root surface area 0 -
RF Root fineness 1 7B (80)
RD  Root diameter 2 2B (79), 7B (80)
RSD  Root surface density 0 -
SRL  Specific root length 6 2A (65), 6A (122), 2B (26), 3B (63), 4B (32-43), 7B (43)
RLD Root length density 4 1A (72), 4A (115), 6B (28 & 40)
RTD Root tissue density 2 2B (2), 5B (46)
RV  Root volume 1 7B (80)
DAS Days to appearance of 23 1A (63-66), 2A (60 & 80-86), SA (17), 6A (62 & 122), 7TA (2,2-7,90), 1B (13-17, 41,
spike 72-86, 112), 2B (46, 70, 136), 3B (41 & 73), 5B (24), 6B (47 & 70-75), 7B (64-72 &
81-88)
DA Days to anthesis 20 1A (66 & 96), 2A (18 & 64), 5A (17), 6A (105), 7TA (67 & 90), 1B (41 & 86), 2B (46), 3B
(42 & 65), 4B (66), 5B (24, 23, 93), 6B (47-55), 7B (61-72 & 81-88)
DB  Days to booting 21 1A (63—66 & 96), 2A (80), SA (17), 6A (37, 62, 122), 7TA (7, 90, 145), 1B (16, 41, 85, 112),
2B (46 & 64-70), 3B (54 & 78), 5B (93), 6B (47-48), 7B (72-88)
DPM Days to physiological 16 1A (66 & 96), 2A (64 & 86), TA (2,2-7,90), 1B (41, 85-86, 110), 2B (46-50), 3B (63), 6B
maturity (55 & 70), 7B (64 & 81)
GFP  Grain filling period 1 6B (75)
GPS  Number of grains per 7 2B (136), 3B (63), 4B (66), 5B (51), 6B (8 & 48), 7B (80)
spike
GS Grain size 4 S5A (36), 7A (90), 3B (24), 5B (46)
GW  100-grains weight 12 3A (12),7A (91),2B (17 &114), 3B (13 & 71), 4B (61), 5B (46 & 129), 6B (25), 7B (64 &
76)
GY  Grain yield 8 3A (2), 5A (97), 6A (62), 1B (46), 2B (78-80), 3B (54 & 63), 4B (63)
WUE Water use efficiency 23 1A (6676, 78-84, 96), 2A (113), 3A (2, 17-20, 45-52, 52-61), 5A (36 & 97), 6A (2-8,
34-37, 51-52), 2B (64-72 & 78-88), 3B (5, 47-54, 63, 78), 4B (12, 32, 63—66), 5B
(165-167)
TE Transpiration efficiency 8 2A (113), 3A (52), 6A (34), 2B (78-80), 3B (5 & 53-54), 4B (66), 6B (105)

 Associate SNPs located at one chromosome close together, have been considered as one QTL

elite durum wheat lines. Our results are in line with Cane
et al. (2014) and Sabiel et al. (2017), who also found a
high variation for root system traits as well as grain yield
and other related traits. Furthermore, El Hassouni et al.
(2018) revealed that grain yield has a strong association
with root ratio and root angle under drought stress
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conditions. Hence, this finding may provide new in-
sights for future studies by focusing on the root features.
Besides, the highly significant and positive correlations
(Table S1) were observed among root traits and agro-
nomic characters, confirming the value of the data in the
present MTA analysis.
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Root system features and agronomic traits commonly
reveal a high degree of phenotypic diversity, and this
may confuse the identification of genotypic variation in
these traits (Fitter 2002). Multivariate approaches pro-
vide efficient classifiers to capture phenotypic diversity
and can recognize distinct groups related to the regional
origin and functional plant adaptation to different envi-
ronments (Bodner et al. 2013). In the present study,
principal components analysis (PCA) showed that mea-
sured root and agronomic traits captured almost all of
the variability (83.51%), indicating that the measured
traits here were efficient in classifying distinctive groups
among the tested genotypes (S2 Table). The biplot-
based PCA indicated characteristics groups of traits
and distribution of genotypes based on the two first
PCs (Fig. 1). As shown by the angles among traits’
vectors, all seminal root features were positively corre-
lated with grain yield and other phonological and agro-
nomic traits (except GFP). Also, these traits positively
correlated with PC2 axis. All of the seedling root traits
showed a positive correlation with each other and also
displayed a strong association with the PC2 axis. For-
merly, these interrelationships were confirmed by coef-
ficients correlation matrix for studied traits. Hence, suit-
able genotypes can be chosen based on the high values
of PC1 and PC2. Accordingly, the top-right quarter was
mostly occupied by desirable genotypes. Likewise, sev-
eral studies showed that PCA is an efficient multivariate
approach to intercept relationships among measured
trait and selection of superior genotypes (Ruiz et al.
2014; Khalili et al. 2013; Phung et al. 2016; Pour-
Aboughadareh et al. 2017; Ahmadi et al. 2018a, b, ¢).

Familial relatedness and population structure can
result in false positives in GWAS (Maulana et al.
2018). Therefore, when GWAS is performed, these
parameters need to be considered in the model. In this
study, the genetic structure was investigated by
STRUCTURE analysis. Results from the clustering of
genotypes indicated that our panel is structured into
three major groups. These results will be suitable for
tracking potential parents that could be useful for future
breeding programs (Mwadzingeni et al. 2017). It has
been reported that the identification of SNPs associated
with traits varies depending on the used model and traits
(Gurung et al. 2014). To MAT analysis, although the
general linear model (GLM) and the mixed linear model
(MLM) are two statistical approaches that are used to
identify SNPs associated with measured traits, the MLM
model, due to its ability to control false positives, was

selected to perform population structure and K matrix.
Association analysis of important root system features
and agronomic traits in durum wheat genotypes re-
vealed that the MLM model was effective in detecting
significant MTAs. This finding is consistent with the
findings of Hu et al. (2015), Huang et al. (2018), and
Maulana et al. (2018). Therefore, SNP markers identi-
fied based on this model may be explored by candidates
for future studies through marker-assisted selection
(MAS). In the present study, a total of 581 significant
SNP markers associated with studied root and agronom-
ic traits were detected in all of the 14 chromosomes
(Table S3). This will add to previously identified geno-
mic regions influencing similar or complementary traits
(Le Gouis et al. 2012; Edae et al. 2013; Hu et al. 2015;
Mwadzingeni et al. 2017; Huang et al. 2018;
Sukumaran et al. 2018). The explained coefficient of
determination for the detected associations was high
(range 8.76-24.80%), revealing numerous genes con-
tributing a very huge amount to a quantitative trait. A
large number of associations indicated a moderate var-
iation (R?<15%) for each trait (S3 Table); hence, this
may be attributed to markers exhibiting rare alleles,
small quantitative effect, and or complex allelic interac-
tions (Debibakas et al. 2014). Moreover, the most sig-
nificant associations were observed between SNP
markers and some of the agronomic traits such as
DAS, DB, DA, DPM, WUE, and TE (Fig. 3a), suggest-
ing that these SNPs are specifically distributed across
the whole genome of durum wheat (Sabiel et al. 2017).
As a result, more associated markers were observed in
genome B than A (356 vs. 225) (Fig. 3b). This contra-
dicts what was reported previously by Peng et al.
(2011); genome A has more genes controlling important
agronomic traits. Likewise, Mwadzingeni et al. (2017)
and Maulana et al. (2018) reported that chromosome B
harbors a large number of associated markers with var-
ious agronomic traits.

Many SNP markers (125 SNPs) revealed significant
association with more than one trait (Table S4), which
would be reflected co-localized marker—trait associa-
tions (Sun et al. 2015) and might be the result of pleiot-
ropy or co-expression caused by expression quantitative
trait loci (eQTLs) (House et al. 2014). Moreover, Sun
et al. (2015) reported that this situation provides effec-
tive strategies to improve several traits simultaneously.
In the present study, for instance, seven SNP markers—
Excalibur_c5064_765, Excalibur_c6807 11535,
Excalibur_rep c67411 210, Kukri_c6552 4243,
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RAC875 ¢7540 366, wsnp Ex ¢7203 12370983, and
wsnp Ex rep c68194_66973531—showed simulta-
neously high significant associations with TE, WUE,
and GY. These SNPs demonstrate great importance in
genetic control of grain yield along with transpiration
and water use efficiency and can be used for the MAS
for the grain yield in durum wheat. Furthermore, we
found that three loci——BS00094057 51,
RACS875 ¢24767 132, and
wsnp_CAPI2 rep c4278 1949864—had a strong as-
sociation with WUE and GY. One SNP marker,
BobWhite c1196 297, showed significant association
with traits DAS, TE, WUE, and GY. The SNP marker
BS00048754_51 was closely associated with four agro-
nomic and one root trait, DAS, DB, GY, and SRL. In
general, this information is quite helpful for MAS and
marker-assisted improvement (MAI) in durum wheat.
Among RSA features, RLD, SRL, and RTD are very
important. Root extension and distribution can be
expressed as RLD (Gao et al. 2010). This trait is one of
the crucial parameters required for the uptake of nutrients
and water by a plant (Pierret et al. 2000). RTD is one of
the most important root traits which is related to several
features of plant growth and survival. Genotypes with
high RTD devote the considerable assimilates to build
up one unit of root volume. Thus, this enables plants to
extend their root system, resulting in high acquisition
capacities for belowground resources (Wahl and Ryser
2000; Ahmadi et al. 2018b). We identified 13 SNP loci
associated with RLD. Out of these, nine SNPs were
distributed on chromosome 1A. Also, our results detected
six significant markers associated with RTD, which were
mainly distributed on chromosome 5B (Table S3). Previ-
ously, it has been reported that chromosomes 1A and 5B
harbor a region controlling several root features and agro-
nomic traits such as root length, the number of main roots,
plant height, seeds per spike, and spike length (Edae et al.
2013; Cane et al. 2014; Mwadzingeni et al. 2017; Sabiel
et al. 2017; Maulana et al. 2018). In addition to RLD and
RTD, SRL is another important root trait, and a higher
amount of this parameter shows a higher proportion of
fine root length. Accordingly, genotypes with a fine root
system achieve a higher SRL and exploit a higher volume
of soil per unit of root biomass (Ryser 2006). Despite the
important roles of these features, estimation of RLD,
RTD, and SRL is hard in the field. Hence, the identifica-
tion of marker associated with these parameters is an
indirect way to select suitable genotypes for these traits.
Our results indicated 13 significant markers associated
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with SRL traits, and mainly they were distributed on
chromosomes 2A and 4B (Table S3). These SNPs dem-
onstrate significant roles in genetic control of RSA and
can be combined with other root trait-associated SNP
markers for MAI of the wheat root system. Similarly,
Cane et al. (2014) and Bai et al. (2013) revealed that most
of the genome regions conferring root features were in
chromosomes 1B, 2A, 5A, and 6A.

Moreover, among agronomic traits, the most signif-
icant associations were detected for DAS (181 SNPs)
followed by WUE (109 SNPs), DB (69 SNPs), DA (53
SNPs), and DPM (41 SNPs), respectively (Table 3). Of
these, WUE is a crucial trait in breeding for drought
tolerance (Wehner et al. 2016). Indeed, this parameter
dissects the amount of biomass production per unit
water supplied. Therefore, WUE is not highly appropri-
ate for yield improvement but gives valuable informa-
tion on water deficiency tolerance (Blum 2009; Robredo
et al. 2007). In this study, we found that SNP markers
associated with WUE were distributed on chromosomes
1A, 2A, 3A, 5A, 6A, 2B, 3B, 4B, and 5B, which might
reveal that different genes regulate WUE. Similarly,
Lewien et al. (2016) using 750 recombinant inbred lines
of spring wheat detected several genomic regions for
WUE on chromosomes 1A, 6A, and 4B. Furthermore,
we detected 15 and 17 associated SNP markers for GW
and GY on different chromosomes (Table S3). Out of
these SNPs, most loci were distributed on chromosome
2B. Because genotypes with high grain weight and grain
yield are valuable for wheat breeding, the effectiveness
of these regions could be very helpful for durum breed-
ing programs. In accordance with this result, an earlier
study on durum wheat identified the main controlling
regions for GW and GY on chromosome 2B
(Maccaferri et al. 2008; Sukumaran et al. 2018).

The large number of QTLs (167 in total) for RSA and
agronomic traits evidenced in our study underlines the
complexity of the genetic control of these traits already
at each growth stage.

The numerous studies have revealed striking differ-
ences as to the role of specific QTLs on specific traits
when the genetic dissection was based upon QTL and
association mapping (Maccaferri et al. 2008; Maccaferri
et al. 2011; Graziani et al. 2014). Therefore, a more
comprehensive search for novel haplotypes governing
the key root system and agronomic features in durum
wheat should deploy larger and more genetically diverse
panels such as landraces or genotypes which derived
from wild relatives more likely to carry novel alleles for
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these features conferring adaptation to diverse environ-
ments especially drought conditions (Cane et al. 2014).
The use of high-density SNP maps coupled with se-
quencing information will facilitate the identification
of novel QTLs and in some case may also provide
valuable clues on the possible candidates (Trebbi et al.
2011).

Our results revealed that approximately 10%
(16:167) of RSA-QTLs simultaneously overlapped with
agronomic traits including phonological (days to
booting, anthesis, and physiological maturity), agro-
nomic (water use efficiency and transpiration efficien-
cy), and grain yield or its components (100-grains
weight, number of grains per spike, and grain size)
(Table 5), thus showing a notable evidence to the impli-
cations of the root system variability at seedling growth
stage on the adult performance of durum wheat. This
result is in accordance with Christopher et al. (2013) and
Cane et al. (2014), which reported that several root
system architectures have overlapped with agronomic
traits in both bread and durum wheats.

Conclusions

This study detected a total of 581 highly significant SNP
marker-trait associations. Some SNPs were associated
(125) with multiple traits, suggesting a certain pleiotro-
py in the RSA and agronomic trait of durum wheat.
These associations specifically were distributed across
the genome, with a considerable number in B (356) than
in A (225) genome. The results further approve the
strong genetic control and the possibility of genetic
improvement of the studied traits. Also, major associat-
ed loci existed on chromosomes 1A, 1B, 2B, 3B, and
5B, which could be used in durum wheat breeding
programs to manipulate related traits using MAS proce-
dures. In addition, the large number of QTLs (167 in
total) for RSA and agronomic traits evidenced in our
study, so that among them 16 QTLs for RSA overlapped
with different agronomic traits. Therefore, our results
contribute to understanding the genetics and breeding
for key RSA features and agronomic traits.
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