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Abstract

Root system architecture (RSA), shoot architecture, and shoot-to-root biomass allo-
cation are critical for optimizing crop water and nutrient capture and ultimately grain
yield. Nevertheless, only a few studies adequately dissected the genetic basis of
RSA and its relationship to shoot development. Herein, we dissected at a high level
of details the RSA—shoot QTLome in a panel of 194 elite durum wheat (Triticum
turgidum ssp. durum Desf.) varieties from worldwide adopting high-throughput
phenotyping platform (HTPP) and genome-wide association study (GWAS). Plants
were grown in controlled conditions up to the seventh leaf appearance (late tiller-
ing) in the GROWSCREEN-Rhizo, a rhizobox platform integrated with automated
monochrome camera for root imaging, which allowed us to phenotype the panel for
35 shoot and root architectural traits, including seminal, nodal, and lateral root traits,
width and depth, leaf area, leaf, and tiller number on a time-course base. GWAS
identified 180 quantitative trait loci (QTLs) (—log p-value > 4) grouped in 39 QTL
clusters. Among those, 10, 11, and 10 QTL clusters were found for seminal, nodal,
and lateral root systems. Deep rooting, a key trait for adaptation to water limiting
conditions, was controlled by three major QTLs on chromosomes 2A, 6A, and 7A.
Haplotype distribution revealed contrasting selection patterns between the I[CARDA
rainfed and CIMMYT irrigated breeding programs, respectively. These results pro-
vide valuable insights toward a better understanding of the RSA QTLome and a more

Abbreviations: BLUE:s, best linear unbiased estimates; BW, bread wheat; CI, confidence interval; CIMMYT, International Maize and Wheat Improvement
Center; DW, durum wheat; GWAS, genome-wide association study; ICARDA, International Center for Agricultural Research in the Dry Areas; LD, linkage
disequilibrium; QTL, quantitative trait locus; RD75, root depth, 75th percentile (cm), whole root system; RSA, root system architecture; RSDW, root and

shoot dry weight (g); RSL, root seminal length (cm), whole root system; RTL, root total length (cm), total root system; RW, root system width (cm), total root
system; SDW, shoot dry weight (g); SLA, shoot, total leaf area (cmzlleaf); SNP, single nucleotide polymorphism; SPAD, chlorophyll content; SSR, simple

sequence repeat.
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effective deployment of beneficial root haplotypes to enhance durum wheat yield in

different environmental conditions.

Plain Language Summary

Root system architecture (RSA) and shoot-to-root partitioning are key for efficient
crop use of water and nutrients. Optimizing RSA is a main breeding objective.
Knowledge of the RSA QTLome is limited and RSA dissection in adult plants
remains challenging. Therefore, it requires high-throughput phenotyping platforms
(HTPPs). The GROWSCREEN-rhizo HTPP was used to phenotype a worldwide
panel of 189 elite durum wheat varieties for up to 35 shoot and root traits. A
GWAS detected 39 quantitative trait locus (QTL) clusters for multiple traits, includ-
ing 10, 11, and 10 QTL clusters for seminal, nodal, and lateral root traits, mapped
on the Svevo v1.0 reference genome. Three QTL clusters were prioritized. Single
nucleotide polymorphism-based haplotypes were defined for the prioritized QTL
clusters. Haplotype distribution revealed contrasting selection patterns between the
ICARDA -rainfed and the CIMMY T-irrigated breeding programs. These results con-
tribute to a better understanding of the RSA QTLome and deployment of beneficial

haplotypes.

1 | INTRODUCTION

Durum wheat (DW) (Triticum turgidum subsp. durum Desf.)
is the main carbohydrate source for the Mediterranean diet,
one of the UNESCO-protected Intangible Cultural Heritages
of Humanity. Durum represents around 7% only of the global
wheat production (International Grain Council data, https://
www.igc.int). However, DW ranks 10th worldwide among
crops with an annual production of over 40 million t (Sall
et al.,, 2019) and is a main cereal for semi-arid, rainfed-
agricultural system areas, like the Mediterranean Basin,
including Southern Europe, North African countries, Western
and Central Asia like Turkey and Kazakhstan, Canada, North
Dakota, Mexico, and India. Durum is an allotetraploid wheat
(2n = 4x = 28, BBAA) that shares two-thirds of its genome
with the hexaploid common or bread wheat (BW) (Triticum
aestivum, 2n = 6x = 42, BBAADD). Besides its economic
value, durum and other tetraploid wheat represent a simplified
polyploid model for wheat genetic studies and a large source
of diversity for trait introgression in BW (Maccaferri et al.,
2019; Mazzucotelli et al., 2020).

Global warming and drought waves are increasingly chal-
lenging agricultural crop productions, particularly in the
semi-arid areas (Choudhari et al., 2019). Additionally, agri-
cultural systems are called to increase their overall environ-
mental and economic sustainability (Basso & Antle, 2020;
Cooper & Messina, 2021; Liang et al., 2024). Therefore, main
targets for contemporary breeding are improving resilience

to abiotic stresses and efficiency of nutrient and water use
(Hawkesford, 2017; Rebetzke et al., 2019; Varshney et al.,
2020). In this frame, studies on root architecture and anatomy
are crucial to understand the physiology and genetics of crops’
adaptation to drought and limited nutrient availability, includ-
ing their plasticity of growth response (Manschadi et al., 2006,
2008; Tuberosa & Salvi, 2006; Collins et al., 2008; Fleury
et al., 2010; Lynch, 2013; Palta et al., 2011; Tuberosa, 2012;
Wasson et al., 2012; Rich et al., 2016; Ober et al., 2021; Le
Roux et al., 2024; Magbool et al., 2022; Reynolds et al., 2021;
Vadez et al., 2024; Wehis et al., 2024; Zeng et al., 2023).

As for drought, when crop development relies on the water
stored in deep soil layers, as in rainfed Mediterranean and
Mediterranean-like climates, the capability of the roots to
access the deep soil layers and therefore the residual, stored
water improves water uptake and efficiency of water use
(Olivares-Villegas et al., 2007). This can be reached mainly
based on enhanced root gravitropism, narrow root growth
angle (RGA), and/or maintenance of root elongation (Ober
et al., 2021; Fusi et al., 2022). Concerning narrow RGA, the
most successful and notable example is the identification and
exploitation of DROI allele for steeper and deeper root sys-
tem architecture (RSA) in rice (Uga et al., 2013), therefore
increasing the ability to better cope with limited availability of
water (Kitomi et al., 2020). Conversely, shallow root systems
and greater root density in topsoil could be beneficial when
the crop relies on drip irrigation or grows in shallow soils (El
Hassouni et al., 2018; Ober et al., 2021; Nehe et al., 2021;
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Odone et al., 2025; H. Li et al., 2025). As of today, several
studies have shown how wheat varieties selected for growing
in drought-prone environments are characterized by deeper
roots, densely branched in the deepest soil layers (El Hassouni
et al., 2018; Manschadi et al., 2006; Rich et al., 2016). RSA is
also critical for efficient nutrient foraging in variable agro-
nomic soil conditions (reviewed in Lynch, 2013; Koevoets
et al., 2016). It is also well known that root-to-shoot ratio
increases in response to low nutrient availability (de Souza
Campos et al., 2019; Gioia et al., 2015).

Temperate small grain cereals like wheat are character-
ized by typical fibrous root systems (Diggle, 1988) defined
by seminal, nodal/adventitious, and lateral roots with differ-
ent ontogenesis, growing time, and variable number of axes
and initiation times, growth rates, and branching (Manske &
Vlek et al., 2002). Modeling and phenotyping are both chal-
lenging when dealing with fibrous root systems. The three
root types of the wheat RSA have different ontogenesis and
a partially different genetic control as well as different adap-
tive relevance (Diggle, 1988; Ito et al., 2006; Atkinson et al.,
2015; Chen et al., 2019; Del Bianco & Kepinski, 2018; J.
Guo et al., 2018; Kadam et al., 2015; Kenobi et al., 2017;
York et al., 2018; Yu et al., 2016; Nouraei et al., 2024). Sem-
inal roots develop earlier and can reach very deep soil layers
(Howell et al., 2018); thus, seminal roots can be considered
relevant for the plastic response to soil water deficits (Trejo
et al., 2018). Nodal adventitious roots develop under post-
embryonic development and contribute to most of the root
biomass in the upper soil layers and nutrient and water forag-
ing. Nodal root emission and development have been shown
to respond to flood, heavy metal, water, and nutrient avail-
ability (Steffens & Rasmussen, 2016). Lateral roots show a
wide variation and high plasticity in both number and length,
and capacity to grow and elongate, particularly in response to
water and nitrogen (Atkinson et al., 2015; Peng et al., 2019;
Olatunji et al., 2017; Passot et al., 2018).

Direct phenotyping of thin and fibrous roots, such as those
of small grain cereals and especially at the adult plant stage,
poses serious practical problems and represents a bottleneck
for genetics studies and drought-tolerance breeding (Nehe
et al.,, 2021). It has been demonstrated that selecting cooler
canopy temperature and senescence dynamics in the field is
a promising and robust approach for indirectly screening for
deeper root systems (Reynolds et al., 2009; Odone & Thorup-
Kristensen, 2025). Direct adult plant-based investigation and
RSA phenotyping under field conditions have been pheno-
typed with two main approaches, namely, excavation followed
by imaging, also referred as shovelomics (reviewed in Joshi
et al., 2022; Lynch, 2022; Nehe et al., 2021) and soil core-
breaking methods (reviewed in Ober et al., 2021; Zhang et al.,
2020), both labor- and cost-intensive methods. Based on these
phenotyping bottlenecks, high-throughput phenotyping plat-
forms (HTPPs) dedicated to RSA investigation (Nagel et al.,
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Core Ideas

* Root system architecture (RSA) and shoot-to-root
biomass allocation are key for efficient crop use of
water and nutrients.

* Knowledge on the genetic control underlying the
RSA QTLome is limited and accurate dissection is
challenging.

* GROWSCREEN-Rhizo was used to phenotype
a worldwide panel of 194 elite durum wheat
accessions for 35 traits.

* GWAS detected 39 multi-trait quantitative trait
locus (QTL) clusters, including 10, 11, and 10 for
seminal, nodal, and lateral roots, respectively.

* Single nucleotide polymorphism (SNP) haplotype
distribution showed contrasting selection patterns
in rainfed and irrigated breeding programs.

2012; Nakhforoosh et al., 2021; Poorter et al., 2023) have
been developed, including automated rhizotrons and rhizo-
tubes. HTPPs have the potential to allocate a larger number
of individuals and allow deeper phenotyping of seminal and
adult root systems (Colombo et al., 2022; H. Liu et al., 2021;
Nakhforoosh et al., 2021), also in time-course experiments
(Parasurama et al., 2023).

One of the advantages of HTPP approaches is that they
allow wider populations or germplasm collections to be
screened at higher detail levels, thus enabling accurate
genome-wide linkage and association mapping (GWAS) stud-
ies (Atkinson et al., 2019; Singh et al., 2019; Tardieu
et al., 2017). HTPPs are therefore technologies relevant for
increasing traits’ heritability (Tuberosa, 2012) and perform-
ing non-destructive, accurate root system observations as
required for GWAS. Once the loci and alleles controlling
the beneficial RSA traits are identified, selection efficiency
can be improved by molecular tools, in particular molecu-
lar markers tightly associated to loci/alleles controlling proxy
root traits directly related to a more complex target pheno-
type (e.g., RGA, final root length density distribution, related
to drought tolerance). In individuals and populations, native
nucleotide variants (including single nucleotide polymor-
phism [SNP] and INDEL [INsertion-DELetion) at nucleotide
level) are organized in chromosomal haplotypes (Kimura &
Crow, 1964). Molecular haplotypes, particularly gene-based
haplotypes, are the functional units ultimately underlying phe-
notypic traits and alleles (Rafalski, 2002). Additionally, long-
range and genic haplotypes are inherited through generations
and are continuously subjected to recombination. Haplotypes,
differently from single SNP, can be traced in pedigrees and
in populations based on the identity-by-descent theory (Zhou

85U801 7 SUOLUWIOD aA11e81D) 3ol jdde ay) Aq pausenob ae Siie YO ‘8sn JO SaInJ 10} Aeiq 1T 8UIUO /8|1 UO (SUOTHPUOD-PUR-SLLIBY WD A8 |IMARe.q Ul |uo//Sdiy) SUonIpuoD pue swie 1 ay) 8es *[9202/20/92] Uo Arigiauluo /1M '00q 3 vedia IweisIS ealy Aq 910, 26d1/200T 0T/I0p/wW00" A8 1M Ake.q | pui|uo'ssesde//sdny Wwoly pepeoumod ‘v ‘520z ‘ZLES0v6T



4 of 32 The Plant Genome &

SCIARA ET AL.

et al., 2020). Therefore, haplotype-based genome-wide asso-
ciation mapping, haplotype-based genetic dissection of QTL
effects, and downstream haplotype-based breeding applica-
tions such as marker assisted selection and genomic selection
are considered among the most advanced tools currently avail-
able to molecularly informed breeders (Bath et al., 2021;
Langridge et al., 2022; Maccaferri et al., 2022).

In this study, we investigated root and shoot growth in rhi-
zoboxes at a developmental stage previously unexplored in
wheat GWAS studies. The experiment enabled the assessment
of phenotypic variation and inheritance of seminal, adventi-
tious, and lateral root development in elite DW cultivars and
advanced lines from globally. We genetically characterized
the panel using the Illumina iSelect 90K wheat SNP array
(Wang et al., 2014). The study evaluated constitutive car-
bon partitioning based on above- and below-ground biomass.
Additionally, this study investigated the co-location between
QTL for different root and shoot traits using the “QTL cluster”
approach with the aim of deciphering and, possibly, discrimi-
nating between pleiotropy, at both shoot and root levels, versus
independency of factors affecting the plant growth. In con-
clusion, the analysis of QTL haplotype segregation within
population structure groups enabled us to infer the selective
pressure favoring RSA alleles over successive breeding and
selection cycles.

2 | MATERIALS AND METHODS

2.1 | Plant material and experimental design
The population included a total of 194 DW cultivars from
Italy, Spain, Morocco, Tunisia, Southern United States, CIM-
MYT (International Maize and Wheat Improvement Center),
and ICARDA (International Center for Agricultural Research
in the Dry Areas) selected to (i) evenly represent genetic
diversity of the elite DW germplasm and (ii) limit head-
ing date variation within a 10-day window in Mediterranean
environments. The 194 cultivars were thoroughly genotyped
with simple sequence repeats (SSRs), DArTs (Diversity Array
Technology(R) markers; Maccaferri et al., 2011) and, later,
with the Illumina iSelect 90K wheat SNPs array (Wang et al.,
2014). The genetic position of the markers was assessed
according to a DW consensus map constructed using the same
genotyping technology (Maccaferri et al., 2015) and the ref-
erence DW Svevo genome assembly v1.0 (Maccaferri et al.,
2019). Importantly, the same genetic material was character-
ized for grain yield, yield components, and other phenological
and morpho-physiological traits in 16 field trials throughout
different locations of the Mediterranean basin (Maccaferri
etal., 2011).

The UNIBO (University of Bologna) association durum
panel (UNIBO-DP) was previously characterized for RSA

and shoot traits at the seedling stage (Cane et al., 2014;
Maccaferri et al., 2016). Population structure of the panel
phenotyped in the rhizoboxes consisted of five main groups
representing the main breeding lineages detectable in the
DW elite germplasm. These main groups corresponded to
ICARDA_dry, ICARDA, and Italian accessions for dryland
areas from the native Syrian and North African germplasm;
ICARDA_temp, ICARDA accessions bred for temperate
areas; Italian, with cultivars related to “Valnova” and “Creso”
founders and subsequently bred with CIMMYT and South-
western US accessions (Desert Durum); CIMMYT_70, widely
adapted early CIMMYT germplasm introduced to several
Mediterranean countries (‘““Yavaros_C79” CIMMYT founder,
released as Karim in North Africa and Latino and Duilio in
Italy; CIMMYT 80, more recent high-yield-potential CIM-
MYT germplasm (“Altar_C84” founder). Details are reported
in Maccaferri et al. (2011). Additional main lineages related
to the North American and French germplasm were removed
from the experiment though present in the UNIBO-DP
because of a strong population structure effect on phenology,
which acts as a confounding side effect, related to a differen-
tial partitioning of Ppd-Al and Ppd-B1 photoperiod-sensitive
alleles.

To screen the entire population, three distinct sub-
experiments were carried out. Four plants of two different
cultivars were transplanted in each rhizobox (see below) and
each cultivar was replicated in two different rhizoboxs for
a total of four plants per cultivar. The most representative
lines of the five population structure groups were replicated
in the three sub-experiments as control lines. Thus, 63 acces-
sions and five checks were screened in each of the three
sub-experiments. The 63 accessions were chosen to uniformly
sample the genetic diversity evidenced by population struc-
ture. Within each of the main population structure groups,
accessions were randomly sampled and assigned to each of
the three sub-experiments.

2.2 | Growing conditions and phenotyping
For each accession, healthy seeds with uniform size were
pre-germinated on filter paper into individual Petri dishes.
To guarantee germination uniformity, seeds were allowed
to pre-germinate in dark and cold rooms (4°C) for a week.
After pre-germination, uniform and vital seedlings were trans-
planted into the rhizoboxes. Rhizoboxes were filled with ~18
L of dark and nutrient-rich peat-based compost. Each rhi-
zobox was watered twice per day using 100 mL of water.
Plants were allowed to grow for 4-5 weeks after transplanting
up to the stage at which the longest roots reached the bottom
of the rhizoboxes (corresponding to the Zadock scale 16, on
average).
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FIGURE 1

GROWSCREEN-Rhizo rhizoboxes and wheat
genotypes in the high-throughput phenotyping platform (HTPP).

Plants were grown in the GROWSCREEN-Rhizo phe-
notyping facility at the IBG-2: Plant Science Institute,
Forschungszentrum Jiilich, Germany. A detailed description
of the platform is presented in Nagel et al. (2012). Briefly,
GROWSCREEN-Rhizo comprises two rows of 36 frames,
totaling 72 slots where peat-filled “rhizoboxes” (90 cm X 70
cm X 5 cm) are inserted (Figure 1). Rhizoboxes are paral-
lelepipeds measuring 90 cm X 70 cm X 5 cm, with one of
their primary surfaces constructed from transparent plastic,
facilitating the dynamic assessment of the root system. The
entire structure is placed in the Phytec Greenhouse at IBG-2
Plant Science. Images of the rhizoboxes were collected with
an automated imaging cabinet. Given the relatively large size
and depth of the rhizoboxes, plants were grown up to the
full tillering stage (Zadock Z29-30) before the deepest roots
reached the bottom of the rhizobox (Gioia et al., 2015). Plants
were allowed to grow for 5 weeks after transplanting, corre-
sponding to the Z25, on average. Plants were grown under
semi-controlled conditions, with a 16/8 h light/dark photope-
riod (400 microEinstein per m? on average at plant level) with
day/night temperatures of 24/18°C. Linear measurements of
leaf length and width were collected twice a week in the first
2 weeks of growth and once a week in the following 2 weeks
of the experiment. In parallel to shoot phenotyping, images
of the root system were collected and length of seminal, lat-
eral, and nodal roots, as well as root system distribution by
soil depth parameters, were obtained using GrowScreen Root
software (Nagel et al., 2012). Dynamic traits were estimated
from the joint analysis of all measurements collected through-
out the experiment. Leaf chlorophyll content was estimated
twice using the SPAD (chlorophyll content)-502 chlorophyll
meter (Minolta Corp.) at the Z14 and Z15 growth stages.
Shoot dry weight (SDW) was measured after drying the tis-
sues for 4 days at 65°C. Roots were collected and stored at 4°C
in water at the end of the experiment. After accurate wash-
ing and removal of substrate particles, roots were dried in an
oven at 65°C for at least 4 days and subsequently weighed.

Simple traits were collected for the sake of dissection of com-
plex traits, thus improving genetic association power. The
conceptual dissection of the most complex trait measured in
this experiment (root and shoot dry weight [RSDW]) into
traits of progressively lower level of complexity is reported
in Figure 2.

Traits measured in this experiment are grouped in final-
point and dynamic. Final-point traits were either collected the
day before harvest or in the next few days. Dynamic traits were
estimated from the joint evaluation of all the measurements
collected during the experiment. Simple traits were collected
for the sake of dissection of complex traits, thus improving
genetic association power. In Figure 2, we report the con-
ceptual dissection of the most complex trait measured in this
experiment (RSDW) into simpler traits. Leaf area (SLA) was
scored by manually measuring the length (SLL) and the max-
imum width (SLW) of each leaf of the plants. SLA per each
leaf was then calculated according to the well-known formula
given as follows (Kemp, 1960; Masle & Passioura, 1987):

SLA = SLL x SLW x 0.858

Tiller and leaf counts were performed as well. These mea-
surements were taken twice a week in the first 2 weeks of
growth and once a week in the last weeks of the experiment
as well as the day before harvesting. The root system was
separated from the shoot at ground level at the end of the
experiment. Shoot fresh weight was assessed at harvest, while
SDW was measured after drying the tissues for 4 days at 65°C.
Roots were collected and stored at 4°C in water at harvest.
After an accurate cleaning of root systems from residuals of
compost, roots were dried in an oven at 65°C for at least 4 days
and weighed.

Pictures of the visible root system were taken daily but we
analyzed only those pictures taken the same days when shoots
were phenotyped. Images of the root system were analyzed by
the software GrowScreen Root (Nagel et al., 2012). Briefly,
GrowScreen Root allows to digitally draw the root system, dis-
tinguishing the three different root classes. We classified roots
as seminal, nodal, and lateral. The outputs provided by the
software are root length for each root class, maximum depth
and width of the root system, and root length density for each
chosen root class at different depths.

Dynamic traits have been calculated from the joint evalu-
ation of data from all the phenotyping sessions carried out
during the experiment. Growth curves for leaf area expansion,
total root system elongation, and root system depth were fit-
ted using Gompertz’s growth curve as a model (Gompertz,
1825). Briefly, Gompertz’s growth curve is a special logistic
curve asymmetrical around the flex point. The characteris-
tic parameters of Gompertz’s curves are lag phase duration
(lambda, 1), maximum growth rate (mu, ), inflection point
time (t0), and upper asymptote (A0). We extrapolated from
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growth curves the maximum leaf expansion rate (u-SLA), the
maximum root elongation rate (u-rlen), maximum root deep-
ening rate (u-dep), and day of root deepening inflection point
(t0-dep).

The reported root density traits were referred to the day
before harvest.

Leaf chlorophyll content was estimated twice using the
SPAD-502 chlorophyll meter (Minolta Corp.) at stages Z13
and Z14 of the Zadok scale. A summary of the mean, range,
repeatability, and description of the evaluated traits is reported
in Table 1.

2.3 | Data analysis
Data analysis was carried out using the R statistical soft-
ware (The R Core Team, 2016). Since phenotype distributions
were not always normal (Figure S1), all data were trans-
formed using the quantile normalization technique (Hicks
etal., 2017).

Mean cultivar repeatability (h*) was calculated using the
following formula:

where Oy is the genetic variance; o, is the residual variance; r
is the number of replicates, four in this study.

Data for heritability evaluation were first corrected for
the sub-experiment effect. To remove the effects due to the
subsequent sub-experiments and spatial variation, best lin-
ear unbiased estimates (BLUEs) were calculated using the
line ID as fixed effect while sub-experiments and spatial vari-
ables were considered as random effect variables. The mixed
models were fitted using the Ime4 R package (Bates et al.,
2015).

2.4 | Linkage disequilibrium decay analysis
and population genetics

We fitted the SNP decay curve according to Rexroad and
Vallejo (2009) and Sved (1971), who based the analysis on
the known relationship between linkage disequilibrium (LD)
as measured by R? (squared correlation of allele frequencies
at a pair of loci) and effective population size N,.

2\ _ 1 1
E(r)_a+chc+n

where c is the recombination rate between loci and » is the
experimental sample size. In the absence of mutation, the con-
stant o was set to 1 (Sved, 1971). The constant k was set to 4

for autosomes. Knowing R? LD values and ¢, we estimated N,
by fitting this nonlinear regression model:

1
where y;; = r> — 1/n is the observed LD (adjusted for chro-
mosome sample size n) for marker pair i in chromosome j,
and c;; is the recombination rate from two-point linkage anal-
ysis for marker pair i in chromosome j. The parameter f; is
the estimator of effective population size for chromosome j,
where

The parameters a; and §; were estimated iteratively by using
nonlinear modeling.

The decline of LD with distance (recombination rate in
Morgans) was estimated by fitting the nonlinear regression
model again

1
Yi T T kb, v d;,
where y; ;= -1 /n is the observed LD between markers,
the constant k = 4 for autosomes, dij is the recombination
rate from two-point linkage analysis for marker pair 7 in chro-
mosome j, bj is the estimate of effective population size for
chromosome j, and e is a random residual. The estimates of
R? for pairs of markers were adjusted for experimental sample
size.

To assess the significance threshold to include a marker
in the QTL model, we first calculated the upper LD thresh-
old for the background LD caused by population structure by
inspecting the distribution of LD values for unlinked marker
pairs (>50 cM genetic distance in the consensus maps) and by
selecting as threshold the R? corresponding to the 95th per-
centile distribution. This R> value was used to spot, through
the tagger function in the software Haploview (Barrett et al.,
2005), a set of fully unlinked tag SNPs.

Population structure was estimated on the basis of the
microsatellite and DaRT markers profile using the software
Structure 2.3.4 (Pritchard et al., 2000). Kinship matrix was
estimated as IBS on the basis of SSR markers.

2.5 | Genome-wide association study

Multi-locus mixed-model (MLMM) algorithm as imple-
mented into the “mlmm” package (Segura et al., 2012) was
used for phenotype/genotype association using both the kin-
ship and population structure matrices as covariates. Briefly,
this algorithm performs, in a first step, single-marker mixed-
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TABLE 1

rhizobox experiment performed on the UNIBO elite durum panel from worldwide.

Phenotype

End-point phenotypes

Complexity level: 1
RSDW

Complexity level: 11
SDW

RDW

SRR

Complexity level: 111
SLA

SLSW

RTL

RSW

Complexity level: 1V
SLN

SALA

RSL

RNL

RLL

RNS

Complexity level: V
STN

SLT

SALL

SALW

Deep rooting traits
RW

RD

RD75

RTT

RST

RNT
RLT
RTD
RSD

RND
RLD
RMDD

Dynamic traits
RMDR
RMGR

RDFP
SMLER

Description

Shoot and roots dry weight (g)

Shoot dry weight (g)
Root dry weight (g)
Shoot/root ratio (g/g)

Leaf area (cm?)

Leaf specific weight (g/m?)
Total root length (cm)

Root specific weight (g/m)

Total leaf number (nb)
Average leaf area (cm?/leaf)
Seminal root length (cm)
Nodal root length (cm)
lateral root length (cm)

Nodal/seminal ratio (cm/cm)

Tiller number (no.)

Average leaf number per tiller (no.)
Average leaf length (cm)

Average leaf width (cm)

Root system width (cm)

Root system depth (cm)

Depth of the 75° percentile of total roots (cm)
Density of roots above 35 cm (cmxcm?)

Density of seminal roots above 35 cm
(cmxcm?)

Density of nodal roots above 35 cm (cmxcm?)
Density of lateral roots above 35 cm (cmxcm?)
Density of roots below 35 cm (cm~cm?)
Density of seminal roots below 35 cm
(cm~cm?)

Density of nodal roots below 35 cm (cm~cm?)
Density of lateral roots below 35 cm (cmxcm?)

Depth of maximum density of the root system
(cm)

Maximum root deepening rate (cm/day)
Maximum root growth rate (cm/day)
Flex point of the deepening curve (day)

Maximum leaf expansion rate (cm?/day)

Min

0.03

0.30
0.04
0.54

22.87
9.47

80.96
0.005

1.99
50.0
0.00
0.00
0.00

1.0
5.0
7.2
0.27

5.51
34.09
17.03
0.1
0.03

S o © o

5.68

1.45
2.74
224
1.18

The Plant Genome

Mean Max
0.41 1.02
0.56 0.91
0.06 0.11
7.34 17.68
99.51 204.84
35.82 62.22
331.03 833.34
0.016 0.077
16.94 37
5.98 13.5
246.4 555.0
61.75 366.67
23.13 187.85
0.26 2.36
53 11.0
7.2 12.5
12.9 17.7
0.44 0.60
16.46 55.26
61.91 75.91
36.35 58.67
0.42 1.12
0.27 0.58
0.13 0.69
0.02 0.2
0.16 0.52
0.15 0.44
0.003 0.096
0.02 0.24
17.56 70.02
35 6.3
14.34 30.44
6.05 15.8
8.6 183.15

. @

7 of 32

Description, minimum, mean, maximum “nominal values” and heritability regarding the shoot and root traits measured in the

h2

0.48

0.48
0.56
0.60

0.64
0.35
0.60
0.43

0.44
0.71
0.47
0.63
0.68
0.58

0.49
0.85
0.77
0.76

0.48
0.65
0.66
0.62
0.42

0.62
0.6

0.63
0.61

0.31
0.71
0.42

0.47
0.43
0.58
0.58

(Continues)
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TABLE 1 (Continued)
Phenotype Description
Other trait
SPAD Chlorophyll content

Min Mean Max h?

23.92 36.4 50.15 0.74

Note: Root and shoot biometric traits measured in the rhizobox experiment are dissected and reported based on their categorization into five “complexity levels,” an
empirical classification taking into account the developmental timeframe, the segmentation of the complex traits into their components corresponding to different organs,
and the related genetic control of traits and sub-traits, which can range from pleiotropy to almost complete independence. Traits are categorized as: Complexity Level
I, corresponding to the highest complexity, e.g., whole plant biomass; Complexity II, divides between shoot and root biomass; Complexity III, divides between the

area/length and specific weight; Complexity IV, addresses leaf number at the shoot level and divides between seminal, nodal, and lateral root types; Complexity V, address
tiller number, leaf length, and wide at the shoot level, and parameters to estimate the root depth distribution.

Trait complexity level dissection

I Il 1 v \
Tiller number
STN*
Leaf number .
SLN* \ Leaf number pertiller
SLT
Total leaf area Average leaf length
SLA*
SALL
Shoot dry biomass AxeLr:ge leaf area
SDWW* S Average leaf number
Leaf specific weight SALW

Plant dry biomass —

Shoot-to-Rootratio  SLSW

RSDW* SRR Seminal Root length (RSL)*
\ Total root length 7_ Nodal root length (RNL)*
¢ 3
Bk Lateral root length
Root dry biomass (RNS)y*
RDW*
Root specific weight

RSW

FIGURE 2

Conceptual dissection of the most complex trait measured in this experiment into simpler traits. Traits marked with an asterisk (*)

have been directly measured while the other have been derived by calculation.

model association tests between phenotypic and genotypic
scores using population structure and kinship as covariates. In
the second step, those markers having the association p-value
lower than a defined threshold are used to fit a global model
including all the significant markers plus population structure
and kinship. The global fit allowed us to exclude completely
or partially redundant markers, maintaining in the model only
the most informative markers. In the next steps, the procedure
is repeated except that the global model found in the second
step is used as covariate. This allowed us to account for the
masking effect that major effect loci might have on minor
QTL. The procedure is interrupted when no improvement is
made in terms of explained heritability. Significance thresh-
old for phenotype/genotype association was adjusted using the
Bonferroni correction for multiple independent tests (Bonfer-
roni, 1936). The number of independent tests was set equal
to the number of independent SNPs. Bonferroni correction
for multiple tests on the MLMM was applied to allow the
algorithm to account for marker effects in the GWAS-QTL
model. Confidence intervals (ClIs) were assessed by infer-

ring the genetic distance where, on average, LD decayed to
R? value < 0.3. The tag markers associated with phenotypes
falling within the same CI were considered and discussed as
belonging to a unique QTL cluster. We also reported those
QTLs with a significance p-value higher than the genome-
wide threshold but lower than 0.001 considering them as
putative QTL (Maccaferri et al., 2016). QTL effect direction
was reported according to the +/— sign of the allelic effect of
the QTL, which showed higher average LD with other markers
of the same cluster. QTL effects are reported as a percentage
of the mean population value.

Haplotypes were computed using the LD spline algorithm
(Bush et al., 2009) implemented in the Haploview soft-
ware (Barrett et al., 2005). We used the following setup to
obtain a number of haploblocks compatible with what was
expected from LD decay study: blockCutHighCI = 0.98,
blockCutLowCI = 0.7, blockRecHighCI = 0.7. To ensure
the evaluation focused on well-represented, non-rare haplo-
types, those with a frequency of less than 5% were excluded
from further analysis, in accordance with standard and widely
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accepted GWAS methodology. To assess haplotype rela-
tionships, we first computed the genetic distances using
the function “dist.dna” of the R package “ape” (Paradis &
Schliep, 2018); in a second step, we grouped the haplotypes
according to the Ward’s criteria implemented in the function
“hclust” from the fastcluster R package (Miillner et al., 2013).

To assess the relevance of each locus in defining the popula-
tion structure, we computed discriminant analysis of principal
component (DAPC) using the “adegenet” package (Jombart,
2008). We chose to consider the number of principal compo-
nents as necessary to explain 90% of the genetic variance. This
resulted in a Baesian information criterion of the grouping
minimized between five and six clusters. We choose to group
accessions in five clusters to reflect the breeding and environ-
mental history of the panel and previous literature references.
For the first three principal components of genetic diversity,
the calculated marker loadings of each PC were standardized
based on the maximum observed value of the given PC. Sig-
nificance was established as 95, 99, and 99.9 quantiles of the
standardized marker loadings for each PC.

2.6 | Candidate gene analysis, GO
enrichment, and gene network exploration

The T. turgidum ‘Svevo’ genetic intervals of QTL clusters
QCls3.ubo-1B, QClIs25.ubo-6A, and QClIs32.ubo-7A were
explored looking for candidate genes, gene ontology (GO)
terms, and enrichment and gene networks involved in root
morphology, development, and RSA. The QTL clusters’
genetic intervals were explored from the Ensembl plant
database (Dyer et al., 2024) using T. turgidum ‘Svevo’ as refer-
ence genome (Maccaferri et al., 2019), collecting information
about gene function description, GO terms, and gene ortho-
logues in Arabidopsis thaliana, T. aestivum ‘Chinese Spring’
RefSeq v1.1 (The International Wheat Genome Sequencing
Consortium (IWGSC) et al., 2018) and Triticum dicoccoides
‘Zavitan’ v1.0 (Avni et al., 2017), as well as paralog and
homoeologue genes from Svevo genome. Furthermore, the
GO enrichment was performed on the same genetic interval
from the three main QTL clusters separately, using gPro-
filer tool (Raudvere et al., 2019). Basically, GO terms were
divided in molecular function (MF), biological process (BP),
and cellular compartment (CC) and filtered for GO terms
with a statistically significant association p-value < 0.05.
Results were then plotted using a custom R script with dplyr
(Wickham et al., 2022) and ggplot2 (Wickham et al., 2025)
packages.

Further candidate gene characterization was performed
exploring gene networks associated with root development,
morphology, and RSA. In order to restrict the CI, a genetic
region corresponding to +1 Mb from the GWAS Tag SNP
of each QTL cluster (QCls3.ubo-1B, QCls25.ubo-6A, and

QCls32.ubo-7A) was considered. For each interval, the ortho-
logue genes of T. aestivum ‘Chinese Spring’ RefSeq vl.1
collected from Ensembl plant database were used in Knet-
miner software (Hassani-Pak et al., 2021). The gene networks
were obtained and filtered for correspondence to root mor-
phology, development, and RSA, retaining the significantly
associated networks with p < 0.05. In order to further char-
acterize the QTL cluster intervals and the gene functions,
a transcriptomic atlas exploration was performed on 7. aes-
tivum, A. thaliana, and Oryza sativa subsp. japonica species
orthologue genes. The A. thaliana and O. sativa subsp. japon-
ica orthologues were filtered for the alignment coverage
higher than O to select only the most reliable orthologue genes.
The following expression atlas was explored for each species:
exVIP for T. aestivum (Borrill et al., 2016; Ramirez-Gonzalez
et al., 2018), and EMBL expression atlas for A. thaliana and
O. sativa subsp. Japonica (Moreno et al., 2022). From each
expression atlas, leaf, shoot, and root tissues at seedling and
adult plant stages were explored and expression values were
extracted in transcript per million normalization values.

3 | RESULTS

3.1 | Root and shoot trait variation,
heritability, and correlations

In total, 35 root and shoot traits were measured and
adjusted BLUEs were subsequently subjected to GWA anal-
ysis (Table 1), with traits decomposed by four hierarchic
biological and genetic complexity levels, from the most
complex—total plant biomass, Level I—down to the single
shoot and root components—Level IV and V. A wide range
of variation was observed for most of the traits as well as for
each of the three main root classes (seminal, nodal, and lat-
eral). Repeatability, reported as 4%, ranged from 0.31 to 0.85
for length of visible nodal roots below 35 cm and average leaf
number per tiller, respectively.

At the end of the experiments (growth stage Z31), the sem-
inal root apparatus extended in rhizoboxes through most of
the allowed vertical space (maximum root system depth from
34.1 to 75.9 cm), while the nodal roots were mostly confined
to the top 35-cm layer. Considering the final length of the
three root classes, the seminal root apparatus reached a maxi-
mum of 555.0 cm/plant compared to a maximum of 366.7 and
187.8 cm for the nodal and lateral roots, respectively. Total
root system width showed a wide range of variation, from very
narrow (5.0 cm) to wide root systems (up to 55.3 cm). Root
dry weight ranged from 0.04 to 0.11 g/plant.

In total, 11 static and three dynamic root traits directly
or indirectly (proxies) related to the deep rooting complex
trait were considered (Table 1). In addition to the simple root
system depth, we considered traits potentially related to the
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a) PCA traits

Dimt (16.9%)

FIGURE 3

b) PCA genotypes

PCAZ

Principal component analysis (PCA) biplot graphs of shoot and root traits measured in the rhizobox and paper-sheet experiments

and genotypes of the UNIBO elite durum panel from worldwide. 3A reports PC1-PC2 dimensions; 3B reports PC1 and PC2 dimensions of

genotypes; acronyms and arrows for rhizobox traits (this study) are reported in black font while those for paper-sheet experiments (Cane et al., 2014)

are reported in gray font.

capacity of the crop to extract water from the deep layers,
specifically depth of the 75th percentile of total roots, root
density in the deep layers (below 35 cm, for the total appara-
tus and for the seminal, nodal, and lateral roots, respectively),
and total root system width. Root density was recorded for
both shallow (<35 cm) and deep soil layers (>35 cm) as well
as for the seminal, nodal, and lateral root systems separately.

Among the dynamic traits considered as proxies for deep
rooting, the maximum root deepening rate (or maximum
root elongation rate) varied between a minimum of 1.45-
6.30 cm/day, while the day of deepening point varied between
2.24 and 15.8 days after germination. The root maximum
elongation rate varied consistently from 2.74 to 30.44 cm/day.

The shoot-to-root ratio ranged from 0.54 to 17.68 with an />
value of 0.60. The shoot development in terms of biomass at
the end of the growth cycle varied considerably among acces-
sions (from 0.30 to 0.91 g/plant), concomitantly with final
tiller number (TN) (from 1 to 11 tillers/plant).

Shoot and root trait distribution approached the normal dis-
tribution in most cases (Figure S1). However, several nodal
and lateral root traits (namely, lateral root length, nodal root
length, maximum nodal root density, maximum lateral root
density, and root system width) showed positively skewed
distributions.

3.2 | Traits from seminal, nodal, and lateral
root classes showed limited correlations

Principal coordinate analysis (PCA) biplot graphs and sin-
gle genotypes among rhizobox and paper-screen traits are
reported in Figure 3.

PCA showed clearly that (i) root traits from the two rhi-
zobox and seedling paper-screen methods are highly distinct,
as expected to some extent, (ii)) RGA traits as measured on
seedling roots in paper-screen are more related to the root
system width (RW) among the traits related to deep root-
ing observed in rhizoboxes, (iii) traits observed in rhizoboxes
did not cluster into clearly distinct subgroups indicating
a relatively low degree of correlation among single traits.
Shoot-to-root ratio, depth of the 75th percentile of total roots,
and root system width were the most distinct traits among the
others (Figure 3a).

The correlogram (Figure S2) confirmed PCA preliminary
indications. More in detail, seminal, nodal, and total lateral
root length were poorly correlated to each other (seminal
length vs. nodal length, » = 0.17%; seminal length vs. lat-
eral length, r = 0.29%**; nodal length vs. lateral length,
r = 0.27*%*%*), indicating that the inheritance of the three root
types is only moderately related. Shoot and root dry weight
were strongly correlated at » = 0.74***, indicating a partial
common inheritance for the two traits, as expected. Shoot-to-
root ratio was significantly correlated with root dry weight but
not with SDW (r = —0.53*** and 0.15, respectively). Nodal
root length was positively correlated with TN (r = 0.38%%*)
and other shoot traits. Maximum root density depth and depth
of the 75th percentile of roots showed stronger correlation
with nodal root traits, underlining the importance of these
root classes in shaping root spatial distribution. Among root
dynamic traits, maximum deepening rate and maximum elon-
gation rate correlated positively and highly significantly (r
from 0.40 to 0.85) with total root length, root dry weight, max-
imum root depth, seminal root at depth, and total roots at top.
These results indicate that both root growth dynamic traits
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could be considered good proxies for root end-point traits
related to total root system development and depth, thus allow-
ing the development of models able to estimate these traits at
an earlier growth stage (i.e., within 21 days after germination)
in defined environmental conditions.

Based on the availability of RSA data quickly assessed at
the seedling stage in filter paper sheets on the same panel
(Cane et al., 2014), the pattern of correlations between the
traits obtained in the paper sheet and rhizobox experiments
was assessed (Figure S2). The seedling root system angle
assessed in paper sheet (RSW-screen [root seedling width],
RSA-screen) showed highly significant positive correlations
with the root system width of adult plants in rhizoboxes
(r =0.37***) and negative correlations with total root length,
nodal and lateral total root length (r = —0.15, —0.20).
Additionally, the seminal root number at the seedling stage
showed a moderate positive highly significant correlation
with both root density (RTT) in rhizoboxes and depth of
the 75th percentile of total roots (RD75) at the adult stage
(r =0.24 and 0.27, respectively).

3.3 | Shoot and root traits have been
differently shaped by breeding programs
conducted in relation to environments

Figure 4 reports the biplot of the first two PCs and k-
means grouping of population structure as computed by the
DAPC (Jombart et al., 2010). Figure 4 reports the loading
coefficients of the first three PCs for all the markers. Red
lines indicate markers with loadings in the top 1%, indica-
tive of chromosome regions with SNP showing the highest
correlations to the overall germplasm population structure.
Genetic relationships among cultivars and breeding lines
defined five groups of cultivars/lines, whose root and shoot
phenotypic differences correlated to population structure,
mainly corresponding to known breeding lineages. Table S1
reports Tukey’s least significant difference grouping of the
five subpopulations for all traits. As to root classes, semi-
nal root traits showed high differentiations among the most
important subpopulations/breeding programs, while no dif-
ferences between subpopulations were observed for lateral
root traits. Nodal root differentiation was observed between
Italian and ICARDA_temp subpopulations for nodal root
density below 35 cm. Overall, Italian, ICARDA-dry and
ICARDA-temp subpopulations showed a root-oriented and
deep-rooting behavior, resulting in the top subpopulations for
root depth, seminal and nodal density at depth, and total root
length. Moreover, the accessions of these three subpopula-
tions showed negatively skewed root system width values,
indicating a higher than average frequency of accessions
with longer and geotropic root systems. Remarkably, the Ital-
ian subpopulation showed among the lowest shoot-to-root

ratio and root-specific weight. Conversely, the CIMMYT_80
subpopulation showed a markedly shoot-oriented carbon
partitioning, being by far the subpopulation with the high-
est shoot-to-root ratio, SDW, SPAD, and leaf-specific weight.
In addition to this, all CIMMYT 80 accessions were con-
sistently classified as top-ranking for positively skewed root
system width values, indicating a prevalence of shallow roots
in this widely used subpopulation. Additionally to RW, the
CIMMYT _80 subpopulation showed the lower seminal and
total root length, and value close to the average for root
depth.

3.4 | Dissecting complex traits to simpler
components allows for a more detailed
characterization of their genetic architecture

A total of 180 QTL peaks were detected for the 35 analyzed
traits, with an average of 5.14 QTLs per trait. Table S2 reports
detailed metrics for each QTL detected in this experiment.
Table 2 reports a summary of the QTL model results for
the analyzed traits. For each phenotype, we report the R> of
the global QTL model and minimum, mean, and maximum
adjusted R? of the single QTL detected for each phenotype.
Major QTLs with R? values exceeding 10% were detected for
28 out of 35 traits. Single QTL R? values ranged between
3.96% and 29.48% for nodal/seminal length ratio and aver-
age leaf width, respectively. Overall, a higher than average R?
of the QTL models was detected for traits at a lower degree
of complexity. A comparable trend was observed in terms of
partial R* explained by a single QTL. Similarly, the number
of QTL signals that reached significance was higher for sim-
pler traits (Table 2). As an example, six QTLs were detected
for total root length at Complexity Level III, while 10 QTLs
in total were identified for the root length dissected into the
three main root system components, namely, seminal, nodal,
and lateral root length, at Complexity Level IV. Similarly, two
QTLs were detected for leaf area, while up to five and eight
QTLs were detected when leaf area was broken down into leaf
number and average leaf area, which in turn when dissected
into average leaf length and width, showed to be controlled by
14 and 13 QTLs, respectively.

3.5 | Co-localization of QTL suggests a
mostly independent genetic basis for main root
classes

We defined as major QTL clusters those chromosome regions
showing co-location of three or more distinct single-trait
QTLs, with overlapping supporting intervals. Thus, a total
of 39 QTL clusters were detected in all chromosomes but
3B and 4A (Table 3; Figures 5 and 6) with 117 out of 180

85U801 7 SUOLUWIOD aA11e81D) 3ol jdde ay) Aq pausenob ae Siie YO ‘8sn JO SaInJ 10} Aeiq 1T 8UIUO /8|1 UO (SUOTHPUOD-PUR-SLLIBY WD A8 |IMARe.q Ul |uo//Sdiy) SUonIpuoD pue swie 1 ay) 8es *[9202/20/92] Uo Arigiauluo /1M '00q 3 vedia IweisIS ealy Aq 910, 26d1/200T 0T/I0p/wW00" A8 1M Ake.q | pui|uo'ssesde//sdny Wwoly pepeoumod ‘v ‘520z ‘ZLES0v6T



12 of 32

TABLE 2

The Plant Genome

28, @

SCIARA ET AL.

Cumulative variance accounted for by multi-quantitative trait locus (QTL) models regarding the shoot and root traits measured in the

rhizobox experiment performed on the UNIBO elite durum panel. R? values are reported for the QTL model only (without population structure), for

the population structure, and the global model including population structure and multi-QTL.

Multi-QTL Population
Trait R? (%) structure R? (%)
Complexity level 1
RSDW 16.79 1.71
Complexity level II
SDW 17.44 1.76
RDW 15.6 0.28
SRR 29.01 0.51
Complexity level III
SLA 14.1 1.00
SLSW 44.34 15.37
RTL 35.27 0.33
RSW 20.45 1.01
Complexity level IV
SLN 31.26 0.88
SALA 4591 1.31
RSL 23.59 1.78
RNL 15.03 2.14
RLL 24.5 0.77
RNS 16.21 2.04
Complexity level V
STN 10.71 0.37
SLT 9.34 10.43
SALL 65.73 1.71
SALW 53.88 2.13
Root distribution/deep rooting traits
RW 47.78 1.59
RD 20.58 6.98
RD75 23.11 1.94
RST 25.57 0.79
RNT 11.93 2.23
RLT 28.79 1.25
RSD 2242 6.11
RND 22.88 1.94
RLD 51.34 0.07
RTT 19.47 0.74
RTD 35.13 4.26
Dynamic traits
RMDR 32.97 3.01
RDFP 32.71 0.5
RMGR 16.47 0.51
SMLER 28.15 0.03
RMDD 19.38 2.73

Global R?

(%)

22.28

23.09
18.13
30.58

15.5

50.36
37.58
22.71

33.06
53.37
2491
13.84
29.89
15.04

21.39
45.72
65.83
67.51

46.89
25.92
23.62
33.53
12.92
30.09
26.72
22.84
54.29
30.96
38.96

37.98
32.47
15.46
28.28
19.88

Min QTL
R* (%)

6.34

5.96
2.3
6.57

9.46
9.15
6.03
3.16

6.62
9.91
6.78
5.06
7.34
3.46

6.97
9.01
4.55
4.46

4.69
5.04
7.07
3.78
3.55
4.61
6.5

2.28
6.88
6.25
3.38

4.69
4.46
6.79
6.74
6.13

Mean QTL
R* (%)

8.76

9.12
3.85
9.54

9.97
12.87
9.92
6.24

9.68
14.57
9.73
6.47
10.09
3.75

8.35

12.39
14.92
16.72

11.24
7.76
9.06
7.59
5.05
9.68
9.2
5.36
11.74
10.55
8.62

9.38
7.92
8.84
9.48
7.60

Max QTL
R (%)

11.21

11.82
493
11.36

10.47
16.33
1591
10.68

15.55
21.79
14.64
8.83
16.34
3.96

9.96

18.29
28.88
29.58

22.74
13.1

13.22
14.33
6.27

19.77
13.76
13.06
16.22
13.21
17.82

13.46
13.37
10.88
12.81
10.35

QTL number

(no.)
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(Continues)
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TABLE 2 (Continued)
Multi-QTL Population Global R?
Trait R? (%) structure R? (%) (%)
Chlorophyll-related traits
SPAD 52.88 23.51 59.41

Min QTL Mean QTL Max QTL QTL number
R? (%) R? (%) R* (%) (no.)
8.84 15.35 20.34 7

Note: RD, root depth (cm), whole root system; RD75, root depth, 75th percentile (cm), whole root system; RDFP, root deepening curve flex point (day), whole root
system; RDW, root dry weight (g), whole root system; RLD, root dry weight (g), whole root system; RLL, root lateral length (cm), whole root system; RLT, density of

nodal roots (cm/cm?); RMDD, root maximum density, depth (cm), whole root system;

RMDR, root maximum deepening rate (cm/day); RMGR, maximum root growth

rate (cm/day); RND, root density in the deep layer, below 35 cm (cm~em?), nodal root system; RNL, root nodal length (cm), whole root system; RNS, root nodal-to-seminal
ratio (cm/cm); RNT, density of nodal roots (cm/cm?); RSD, root density in the deep layer, below 35 cm (cmxcm?), seminal root system; RSL, root seminal length (cm),
whole root system; RST, density of seminal roots (cm/cm?); RSW, root seedling width; RTD, root density in the deep layer, below 35 cm (cmxcm?), total root system;
RTL, root total length (cm), total root system; RTT, density of total roots (cm/cm?); RW, root system width (cm), total root system; SALA, shoot, average leaf area (cm?);
SALL, shoot, average leaf length (cm); SALW, shoot, average leaf width (cm); SLA, shoot, total leaf area (cm?/leaf); SDW, shoot dry weight (g); SLN, shoot, leaf number
per tiller (no.); SLSW, shoot, specific leaf weight (g/mz); SLT, shoot, average leaf number per tiller (no.); SMLER, shoot, maximum leaf expansion rate (sz/day); SPAD,

chlorophyll content; SRR, shoot-to-root ratio (g/g); STN, shoot, tiller number (no.).

QTLs found in clusters. Venn’s diagrams in Figure 7a show
the overlap between QTLs for root and shoot traits, as well
as among QTLs for the three main root types (namely, sem-
inal, nodal, and lateral roots) and shoot traits (Figure 7b).

In 19 cases, QTL clusters included QTL for both root and
shoot traits, indicative of major loci for whole plant vigor
and architecture and/or major QTL affecting the shoot-to-root
ratio. In total, we found 11 root-trait-specific QTL clusters
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FIGURE 4

Chromosome

Graphical representation of population genetic structure in the durum wheat elite association panel and relationship between

population structure and selected root and shoot trait. Distinct breeding lineages are identified by their origin/institution and decade.
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(Continued)

TABLE 3

Single

component

QTL

R? range

Effect
(%)

-log,((»)

(range)
3.2-3.8
3.1-5.7

3.1-49

CI right
(Mb)

CI left
(Mb)

CI_peak
(Mb")

CI right
(cM)
120.4
168.1

CI left

(cM)
111.6
158.7
181.1

QTL peak

Chr.
(no.)
7B

Tag marker
(SNP)

QTL cluster

range (%)
9.6-11.2
7.2-13.6
7.6-12.3

position (cM*?)

(acronym)
RLL, RLT

(acronym)

7.3-8.2

593.69

574.08

583.84

114.2
161.7

IWB54467

QCls37ubo-7B

2.3-18.3
2.8-10.5

682.15

675.36

676.78

7B
7B

IWB34900
IWB72833

RND, SLT

QCls38ubo-7B

700.02

696.33 693.58

189.3

186.0

RND, SLSW

QCls39ubo-7B

Note: RD, root depth (cm), whole root system; RD75, root depth, 75th percentile (cm), whole root system; RDFP, root deepening curve flex point (day), whole root system; RDW, root dry weight (g), whole root system; RLD, root

SCIARA ET AL.

dry weight (g), whole root system; RLL, root lateral length (cm), whole root system; RLT, density of nodal roots (cm/cm?); RMDR, root maximum deepening rate (cm/day); RMGR, maximum root growth rate (cm/day); RND,

root density in the deep layer, below 35 cm (cm~cm?), nodal root system; RNL, root nodal length (cm), whole root system; RNS, root nodal-to-seminal ratio (cm/cm); RNT, density of nodal roots (cm/cm?); RSD, root density in
the deep layer, below 35 cm (cm~cm?), seminal root system; RSL, root seminal length (cm), whole root system; RST, density of seminal roots (cm/cm?); RSW, root seedling width; RTD, root density in the deep layer, below 35 cm

(cmxem?), total root system; RTL, root total length (cm), total root system; RTT, density of total roots (cm/cm?); RW, root system width (cm), total root system; SALA, shoot, average leaf area (cm?); SALL, shoot, average leaf

length (cm); SALW, shoot, average leaf width (cm); SLA, shoot, total leaf area (cm?/leaf); SDW, shoot dry weight (g); SLN, shoot, leaf number per tiller (no.); SLSW, shoot, specific leaf weight (g/mz); SLT, shoot, average leaf

number per tiller (no.); SMLER, shoot, maximum leaf expansion rate (cm?/day); SPAD, chlorophyll content; SRR, shoot-to-root ratio (g/g); STN, shoot, tiller number (no.).

Abbreviation: CI, confidence interval.

2As from the reference consensus genetic map for tetraploid wheat published in Maccaferri et al. (2015).

b As from the reference genome assembly of tetraploid wheat cultivar Svevo published in Maccaferri et al. (2019).

and nine shoot-trait-specific clusters (Table 3). No QTL show-
ing a common effect to all three root types was found. In two
cases, QTL for seminal and lateral roots shared the same CI
(QCls3.ubo-1B and QCls32.ubo-7A). The large majority of
QTL in clusters showed root class-specificity. No differences
were observed in terms of preferential overlapping between
root classes and shoot QTL, with QTL of the three root classes
clustering with shoot QTL in five cases each (Figure 7).
Three QTL clusters on chromosomes 1A (QClsl.ubo-1A),
1B (QCls3.ubo-1B), and 7A (QCls32.ubo-7A) showed exten-
sive concomitant effects on 5, 10, and 9 traits, respectively
(Table 3; Figures 5 and 6; Table S2).

Additionally, we projected platform-phenotyped wheat
RSA QTL CIs found in two recent studies (Colombo et al.,
2022; Ma et al., 2022) where authors screened BW and DW
diversity panels at the adult plant stage in soil culture, using
rhizo-tubes and pots, respectively (Figure 6).

3.6 | QTL clusters for plant vigor and/or
deep rooting

Based on the increased impact of drought on cereal produc-
tion worldwide due to climate change, deep rooting at the
adult plant stage is one of the most interesting root traits. Five
QTL clusters (QCls1.ubo-1A, QCls3.ubo-1B, QCls8.ubo-2B,
QCls25.ubo-6A, and QCls32.ubo-7A) were particularly inter-
esting based on their major effects on either proxy or adult
stage traits.

QClsl.ubo-1A, a major QTL cluster localized at 75.1—
84.5 cM on chr. Arm 1AL, affected maximum root depth
(+15.8%), seminal and total roots below 35 cm (+17.3% and
+13.1%), total root length (+11.8%), and root system width
(+12.9%) with consistent direction of allelic effects.

A second major QTL cluster (QCls3.ubo-1B) for whole
plant vigor, localized on chr. arm 1BL between 79.6 and 87.1
cM. QCls3.ubo-1B, affected 10 traits (Figure 8; Table S2 for
details) showing concordant effects in all cases. QCls3.ubo-
1B mainly affects deep rooting and the entire plant vigor with
relative effects stronger in roots than shoots but not root sys-
tem width. Therefore, it should be considered as a major QTL
for root growth rate rather than a QTL for RGA. Interest-
ingly, overlapping RSA QTL was found in the same region
by Colombo et al. (2022) in two independent BW and DW
panels (Figure 7a).

A QTL cluster for deep rooting (QCls8.ubo-2B) was iden-
tified on chr. arm 2BL specifically influencing maximum root
deepening rate (—13.3%) and depth of root 75th percentile
(+9.6%). A major QTL cluster for deep rooting was found on
chr. arm 6AL (QCls25.ubo-6A), showing the strongest effect
on root system width (R> = 26.1%) and other root density dis-
tribution traits such as depth of the 75th percentile, maximum
root density depth, seminal roots at the top of the rhizoboxes,
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with opposite directional effect, as expected, and average leaf
width and leaf area. As QCls25.ubo-6A impacted deep root-
ing mainly through RGA, it could be considered a QTL cluster
rather specific for this trait.

Two additional QTL clusters for deep rooting were found
on chromosome arm 7AL. The first (QCls32.ubo-7A) was a
major QTL cluster involved in deep rooting, including nine
QTLs in a 1.4-cM interval on chr. arm 7AL at position 109.7—
117.6 cM. It is a major QTL cluster with significant effects
on nine individual traits, including maximum root depth and
total length of visible roots at depth (+15.7%, +14.9%), while
showing contrasting effects for shoot-to-root dry biomass
ratio (—12.9%), root-specific weight (—10.7%), and maximum
leaf expansion rate (—7.8%). This cluster can therefore be
considered as a major controller of shoot-to-root growth and
biomass partitioning. A second cluster on chromosome 7A
(QCls33.ubo-7A) was located on the 127.4- to 140.7-cM inter-
val of the consensus map and showed specific effects for root
system width and nodal root density in the deep layer, max-
imum root system width, nodal roots at depth, and TN. This
QTL was also identified at the seedling stage in Maccaferri
et al. (2016).

Most QTLs for deep rooting affected seminal root traits.
In addition to deep-rooting QTL clusters, QClsI0.ubo-2B
showed a strong effect on root-to-shoot-biomass ratio with
two prevailing alleles with contrasting effects on alleles favor-
ing one or the other and affecting seminal root length and total
root density below 35 cm.

A diagram of allelic effects for the main clusters and
traits is depicted in Figure 5, while Table S3 reports detailed
genotype ID, population structure ADMIXTURE Q member-
ship coefficients, and best linear unbiased estimates (BLUEs)
of phenotypic traits for the genotypes considered in rhi-
zoboxes (this study) and in paper-screen evaluation (Cane
et al., 2014). A major QTL cluster (QClsi15.ubo-3A) affect-
ing SDW, RSDW, lateral roots at depth, and leaf-specific
weight was positioned on chromosome 3A at position 97.2—
108.3 cM. Cluster QCls30.ubo-7A spanned a 11.7 cM wide
c.i. (50.3-57.9 cM) and positively affected SDW, RSDW,
root system width, nodal roots at depth, and nodal to sem-
inal length ratio. Additionally, two major QTL clusters
were located on chromosome arm 7AL (QCls32.ubo-7A
and QCIs33.ubo-7A), making the distal region of chro-
mosome 7A a hot spot for root and shoot developmental
QTL.

3.7 | QTL clusters specific for seminal,
nodal, and lateral roots

Importantly, the rhizobox platform allowed us to discriminate
between seminal, nodal, and lateral root trait apparatus, hence

allowing us to identify QTL clusters with specific effects for
each of the three root types. Few QTL/QTL clusters were
specifically observed for seminal root only, whereas nodal
and lateral roots showed a more specific genetic control. The
development of the nodal (adventitious) roots is a compo-
nent of the adult root apparatus also related to the plasticity
of response to water and nutrient availability (C. Li et al.,
2021). Contrary to seminal roots, nodal roots showed 10
QTLs with high specificity, including one singleton and six
QTL clusters (QCls2.ubo2-1B, QCls12.ubo-3A, QCls19.ubo-
5A, QCls23.ubo-6A, QClIs29.ubo-7A, and QCls30.ubo-7A).
However, these six QTL clusters were all highly specific for
nodal root traits, except for QCls29.ubo-7A. Eighteen lateral
roots QTLs/QTL clusters were identified, four as singletons
and five as QTL cluster components, with one showing high
specificity for lateral root traits (QCls4.ubo-1B). Interestingly,
QCls4.ubo-1B can be classified as a major QTL with R?
values of 16.3% for lateral root length and 19.8% for lateral
root length (see Table S2).

As to the remaining QTL clusters, lateral root length
QTL co-mapped with leaf area (opposite sign effect, one
QTL) for the shoot traits and with total root length, root
system width, total root length, and RSDW, always with a
concordant sign effect (three QTLs), suggesting that most
probably the determinants of these QTL clusters are loci
involved in general root vigor, rather than loci specifi-
cally targeting lateral root emission. Conversely, the lateral
root singletons are most probably encoded by loci with a
more direct and exclusive lateral root-specific effect (per se
effect).

3.8 | QTL clusters for shoot traits

While most of the QTL clusters for shoot traits showed
effects on both shoot and root traits, nine QTL clusters only
affected shoot traits. These included QTL clusters specific
for (i) TN, leaf number, and leaves per tiller (QCls6.ubo.2A,
QCls16.ubo.3A, QCls33.ubo.7A, and QCls38.ubo.7B) and
(ii) leaf traits related to leaf area index, chlorophyll
content, and photosynthetic capacity as QClsl7.ubo.4B,
QCls19.ubo.5A, QCls23.ubo.5B, and QCls29.ubo.7A. In par-
ticular, QCls29.ubo.7A had major effects for SPAD and leaf
anatomy.

Among known phenology genes, PPD-A1 CI did not over-
lap with any QTL, probably because plants were grown under
long-day conditions. PPD-BI partially shared its CI with the
QTL QRtt.ubo-2B.2, affecting total root length. VRN-A1 was
found to overlap with the QTL cluster QCls21.ubo-5A includ-
ing two QTLs for total root length and leaf number. The other
analyzed phenology genes, such as VRN3(FT) homologs did
not overlap with any QTLs detected in this study.
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Summary results of the quantitative trait locus (QTL)-cluster analysis. R*> and direction effect of the detected QTL clusters (more

than two traits QTL in the same confidence interval). Cluster ID, tag marker, and its chromosome and position on the Maccaferri et al. (2015)

consensus map, positions of the two most external significant markers of the QTL cluster, max —log10 (p).

3.9 | Haplotype analysis at the main QTL
clusters suggests different selection strategies
driven by different breeding environments

In this report, we present and analyze the haplotype effect and
distribution of three prominent QTL clusters: QCls3.ubo-1B,
which encompasses QTLs for a number of traits; QCls25.ubo-
6A, with the most significant impact on root system width
and RGA; and QClis32.ubo-7A, affecting both the shoot and
root system with the strongest effect on shoot-to-root ratio.
Haplotype analysis at these three major QTL clusters exhib-

ited differential segregation patterns between the population
structure groups, suggesting a role of these genomic regions
in shaping RSA and its consequent response to breeding
pressure.

At QCls3.ubo-1B, three haplotypes were detected in at
least 5% of the population. Haplotypes QClis3.ubo-1B-2 and
QCls3.ubo-1B-3 were genetically less distant than haplotype
QCls3.ubo-1B-1 (Figure 8). The similarity between haplo-
types 2 and 3 is confirmed by comparable and positive
phenotypic effects suggesting the QTL causal mutation(s)
predated the SNP mutations causing the divergence between
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FIGURE 6 Root and shoot quantitative trait locus (QTL) clusters
mapped on the physical map of Svevo durum wheat reference genome
(Maccaferri et al., 2019). QTL confidence interval are reported for this
study (green-bars, projected on chromosomes) and for root QTL
identified by Ma et al. (2022) and Colombo et al. (2022), reported as
red- and blue-bars, respectively. Chromosomes are partitioned in
centromeric, pericentromeric, and distal regions using half-tone grays

of increasing intensity, according to Maccaferri et al. (2019).
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Shoot QTL Root QTL
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FIGURE 7 Venn’s diagrams reporting the total quantitative trait
locus (QTL) number and shared QTL number identified at different
degrees of phenotype trait dissection for the shoot and root trait
apparatus. (a) overlap between QTL for root and shoot traits, (b)
overlap between the three main root types (namely, seminal, nodal and
lateral roots) and shoot traits.

haplotypes 2 and 3. Haplotype 1 showed average phenotypic
means lower than haplotypes 2 and 3 consistently across
RDFP (root deepening curve flex point (day), whole root sys-
tem), RDL, RMGR (maximum root growth rate [cm/day]),
RTD (root density in the deep layer, below 35 cm [cm~em?],
total root system), and RSD (root density in the deep layer,
below 35 cm [cmxcm?], seminal root system). As to haplo-
type distribution in the panel, QClis3.ubo-1B-1 prevailed in
91.3% of accessions of CIMMYT_80 subpopulation, while
QCls3.ubo-1B-2 and QCls3.ubo-1B-3 prevailed in the other
subpopulations.

At QClIs25.ubo-6A, five haplotypes grouped into
two clusters, the first including QCIs25.ubo-6A-2 and
QCls25.ubo-6A-5, while the second included QCls25.ubo-
6A-1, QCis25.ubo-6A-3, and QClIs25.ubo-6A-4. Unlike
QCls3.ubo. 1B, haplotype effects did not reflect their phy-
logeny. QCIs25.ubo-6A-2 and QClIs25.ubo-6A-4 showed
similar positive effects on root system width, maximum root
density depth, depth of the 75th percentile, average leaf width,
and leaf area, while showing negative effects on seminal
roots. Haplotypes QCls25.ubo-6A-1 and QCls25.ubo-6A-3
had opposite effects: they negatively affected root system
width, average leaf width, and leaf area but positively affected
seminal roots. Finally, the rare haplotype QCls25.ubo-6A-5
decreased root system width, while increasing seminal roots,
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average leaf width, and leaf area. As regards to haplotype
distribution, the Italian subpopulation was largely dominated
(87%) by the narrow-root system haplotype at QClis25.ubo-
6A-1. The wide-root haplotypes QClIs25.ubo-6A-4 and

QCIs25.ubo-6A-2 were predominant in ICARDA_dry
and CIMMYT_80 (85.7% and 80%), respectively, while
CIMMYT_70 subpopulation showed prevalence of the
narrow-root QCls25.ubo-6A-1 (46.2%) haplotype followed
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by both QCIs25.ubo-6A-2 and QClIs25.ubo-6A-4 (both
narrow-root haplotypes) and QCls25.ubo-6A-3 (22.5%).

Among the four main QTL clusters, QCls32.ubo-7A only
was observed to include, in its CI, markers among the
top 1% in terms of PCI, PC2, and PC3 loadings of pop-
ulation structure. The marker IWB57877 was the most
predictive of population structure among the SNPs included
in QCls32.ubo-7A. All markers of the corresponding hap-
loblock, including IWB57877, were included in QCls32.ubo-
7A. This haploblock showed four distinct and unrelated
haplotypes. Summaries on the haplotypic effects are reported
in Figure 8. QCls32.ubo-7A haplotype effects confirmed the
significant marker-trait association identified by GWA. Hap-
lotypes 1 and 3 showed the strongest effect on root deepening,
positively affecting maximum root depth, seminal roots at
depth, seminal root length, total roots at depth, and total root
length while negatively affecting root-specific weight and
maximum leaf expansion rate. Haplotypes 1 and 3 showed
high genetic similarity and were largely prevalent in the
ICARDA_temp and Italian subpopulations, where they were
detected in 100% and 86.3% of the accessions. Haplotype
2, prevalent in the two CIMMYT_70 and CIMMYT_80 sub-
populations, was associated to a more shoot-oriented carbon
partitioning, favoring shoot-to-root ratio and maximum leaf
expansion rate at the expense of root-deepening traits such as
maximum root depth, lateral roots at depth, seminal roots at
depth, seminal root length, total root at depth, and total root
length. Haplotype 4, the rarest one, was largely represented
in the ICARDA_dry subpopulation (69.2% of the accessions)
and showed the strongest root-favorable carbon allocation, as
well as the lowest root-specific weight of the four haplotypes.
Nonetheless, this haplotype did not result in improved deep
rooting.

Furthermore, deep rooting-related traits such as RW, RSL
(root seminal length [cm], whole root system), and RTL (root
total length [cm], total root system) were considered for the
presence of genotypes with a concomitance of combined and
consistent haplotype effects on the associated QTL clusters
for each trait, as shown in Table 3 (Supporting Information
Data 1). Based on the trait variability, positive or negative
haplotype effects were determined for each QTL cluster
at genotype level. The linear correlation between allelic
effects and trait variability was low (R? between 3% and
18% for RW, 3% and 8% for RTL, and 3% and 10% for
RSL), suggesting additional minor QTL and/or epistatic
QTL-QTL interactions and unaccounted environmental
effects concurred together. However, several examples
of genotypes showing a cumulation of either positive or
negative haplotype effects (multi-locus haplotypes) con-
sistent with the corresponding phenotypic values can be
observed. For example, for RW trait, four QTL clusters
were associated with trait variability, namely, QClslubo-
1A, QClIs7ubo-2B, QClIs25ubo-6A, and QClIs33ubo-7A.

Considering these QTL clusters in varieties at multi-locus
level, Gallareta (= Altar_C84), Arcobaleno, Bolenga,
CIMMYT 30th IDSN-23 (Bisu_l/Patka_3), CIMMYT
30th IDSN-52 (Kulrengi-Balikcil_8; Vanrikkse_6.2//1A-1D
2+12-5/3*WB881), Illora, INRA-1805 = Nassira, and
Lahn showed a remarkable coincidence between cumulative
haplotypes with positive effect at three-to-four RW QTLs
and wide RW at phenotypic level. Interestingly, the above-
mentioned cultivars with wide RW were mostly varieties of
CIMMYT_80 origin/pedigree, related to Altar_C84 founder,
known to be selected under bed-planting systems, and
irrigation. Additionally, some old varieties directly related
to some earlier Mediterranean landraces like Messapia,
Trinakria, and Valbelice, also showed cumulative wide
RW haplotypes and phenotypes. Consistently, genotypes
that cumulated three-to-four QTL haplotypes estimated
to have negative effects on RW in respect to the mean
showed lower-than-average RW, as in the case of CIM-
MYT 30th IDSN-41 (DUKEM/3/RUFF/FGO//YAV79),
CIMMYT 30th IDSN-266, Geromtel-1, Marsyr-1, and
Moulsabil 2, mostly from the ICARDA breeding program, as
expected.

As regards to RTL and RSL, two phenotypes correlated
together and also related to efficient use of water, QTL
clusters QClslubo-1A, QCls3ubo-1B, QClsllubo-2B, and
QCls32ubo-7A were considered for association to trait vari-
ation. Genotypes like Arcangelo, Gargano, Geromtel-1, and
INRA-1808 = Amria, Tarek, ICA L 304-Lagonil-2, Lesina,
Ofanto, and Telset-5 showed a concomitance and prevalence
of positive haplotype effects associated to high RTL/RSL, and
are all Italian and ICARDA genotypes adapted to drought
conditions. Conversely, genotypes showing cumulative neg-
ative haplotype effects confirmed low RTL and RSL values
and were identified as Aldeano, Aric_31708.70/3/Bo//C.de
Chile/Br/4/Cit/Gta (ICARDA 78), Aus-1, Blk2, Borli, Cha-
can, Canyon, KRS/HAUCAN, Illora, INRA-1807 = Chaoui,
INRA-1809 = Marouane, Ort-1, and Torrebianca (Support-
ing Information Data 1). These are a miscellanea of genotypes
both of CIMMYT origin (Aldeano, Borli, Canyon, and Illora),
consistent with the observation for RW as above, while sev-
eral others are genotypes of mostly ICARDA origin, known
to show a good resilience to drought and heat stress. In this
case, we cannot rule out the possibility that their resilience to
drought and heat is caused by physiological mechanisms other
than deep rooting.

In summary, haplotype segregation patterns among and
within subpopulations at the aforementioned QTL clusters
exhibited a clear differentiation between the Italian and CIM-
MYT_80 materials. Notably, while the latter predominantly
comprised haplotypes associated with diminished root sys-
tem vigor (haplotype 1 at QCls3.ubo-1B), wide root system
development (haplotype 2 at QCls25.ubo-6A), and elevated
shoot-to-root ratio (haplotype 2 at QCls32.ubo-7A), the Ital-
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ian group was characterized by a pronounced prevalence
of haplotypes that shaped RSA in a contrasting manner,
that is, vigorous and narrow root system and low shoot-
to-root ratio. The cumulative haplotype analysis for deep
rooting traits reveals additive positive and negative effects
for the multiple QTL clusters affecting RW, RSL, and RTL
traits. Some examples of genotypes showing a remarkable
prevalence of either positive or negative haplotype effects
across all QTL clusters for each specific root trait corre-
lated with extreme positive or negative RW, RSL, and RTL
phenotypic values. In other cases, genotypes showing dif-
ferent and balanced combinations of QTL haplotypes with
positive and negative effects at the selected QTL clusters were
also observed, this time associated to variable trait expres-
sion. Although some genotypes showed a high consistency
between cumulative haplotype effect and trait expression, oth-
ers did not show a clear genotype—phenotype relationships
suggesting that minor QTL effects, QTL interactions, or envi-
ronmental variables influence the trait expression, thereby
reducing the overall heritability and accuracy of QTL-based
predictions.

3.10 | Candidate gene analysis and GO
enrichment of the main QTL clusters

The genetic intervals of the main QTL clusters QCls3.ubo- 1B,
QCls25.ubo-6A, and QCls32.ubo-7A were explored for can-
didate gene analysis inspection. For each QTL cluster, the CI
was obtained from Table 3 extracting all the genes included in
the genomic region of 7. turgidum ‘Svevo’ reference genome.
A total number of 1910 genes among the three QTL clus-
ters was obtained, namely, 594 for QCls3.ubo-1B, 368 for
QClIs25.ubo-6A, and 948 for QCls32.ubo-7A, together with
information on gene description, GO information, gene ortho-
logues in A. thaliana, T. aestivum ‘Chinese Spring’ RefSeq
1.1, T. dicoccoides ‘Zavitan’ v1.0 genomes, and paralogue
genes on 7. turgidum ‘Svevo’ genome (Table S4). In order to
better describe the main gene categories of the QTL clusters,
a GO enrichment analysis was performed obtaining infor-
mation on the GO terms for MF, BP, and CC (Figure 9).
As regards the GO:BP, the most significant GO enrichment
(» < 0.01) included response to stress and defense response
for QClIs25.ubo-6A, and development of root/shoot and plant
structure for QCls32.ubo-7A. With regard to QCls3.ubo-1B,
GO enrichment categories (p-value < 0.05) were identified
into the main categories of secondary metabolism, purine, and
ATP biosynthesis process (Figure 9; Table S5).

The GO:MF enrichment (p < 0.01) highlighted oxidore-
ductase activity for QCls3.ubo-1B and chromatin binding
and polysaccharide binding for QCIs25.ubo-6A. Further-
more, MFs regarding secondary metabolism and biosyn-
thesis activity, namely, protein transferase and ion bind-

ing activities, were enriched but with lower significance
(» < 0.05) (Figure 9; Table S5). Finally, as regards
GO CC (GO:BP) enrichment analysis, QClIs3.ubo-1B and
QCls25.ubo-6A showed significant associations (below <0.1)
for CCs belonging to signaling pathways and protein arginila-
tion. As toQCls32.ubo-7A, high significance (p < 0.001) was
detected for root system development architecture (Figure 9;
Table S5). To summarize, the GO enrichment analysis high-
lights BPs and MFs mainly involved in plant development,
root development, metabolic activities, and biosynthesis
processes.

In order to better discriminate candidate gene functions
and networks, a restricted CI was identified by calculating +2
Mb from the Tag SNP of QTLs QClIs3.ubo-1B, QCls25.ubo-
6A, and QCls32.ubo-7A (Table 3). The restricted CIs were
explored for gene networks related to root development,
morphology, and architecture by using Knetminer software,
filtering for gene-to-gene network correspondence with
p < 0.05 (Table S6). As regards QCls3.ubo-1B, the gene
interval includes genes involved in root and lateral root
morphology/development and embryonic differentiation,
with a key phenotypic trait corresponding to gravitropism
and root hair development (Table S6). The QCis25.ubo-6A
gene network is highly significantly associated with root
morphology, namely, root mass development, root meristem,
root hair elongation, and lateral root morphogenesis. (Table
S6). Finally, the genetic interval of QCIs32.ubo-7A includes
gene networks associated with root meristem and lateral root
apical meristem (Table S6). The QTL clusters QCls3.ubo-1B,
QCls25.ubo-6A, and QClIs32.ubo-7A were explored also
for transcriptomic expression on 7. aestivum ‘Chinese
Spring” RefSeq 1.1, A. thaliana, and O. sativa subsp.
Japonica (Supporting Information Data 2). As to QCls3.ubo-
IB, the gene interval (from TRITDIBvIGI158060 to
TRITD1BvI1G188240) shows high expression values in roots
in comparison to other tissues for 7. aestivum orthologues,
especially for TRITDIBvIG158720, TRITDIBvIG160180,
TRITD1BvIG160350, TRITDI1BvIG162440, and
TRITDIBvIG163000 corresponding to ribosomal proteins,
signaling proteins involved in gene transcription and cell dif-
ferentiation. Similar results were identified also in A. thaliana
orthologue expression atlas, where TRITDIBvIG158560
MYB transcription factor), TRITDIBvIG159460
(Ataxin-3-like protein), TRITDIBvIGI160180 (Adenine
nucleotide alpha hydrolases-like superfamily protein), and
TRITDIBvIG168260 (Abscisic acid receptor) showed a
high expression in root tissues at the seedling stage and
also in leaves at both the adult and seedling stages. On the
other hand, as regards O. sativa sub japonica samples, higher
expression in roots was detected for TRITD1BvIG165150 and
TRITDIBvIG165190 corresponding to Aminotransferase-
related family protein. As to QCls25.ubo-6A, the gene interval
between TRITD6AvIG216230 and TRITD6AvIG227040
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FIGURE 9 Gene onthology (GO) analysis on gene interval for three main quantitative trait locus (QTL) clusters QCls3.ubo-1B,

QCls25.ubo-6A, and QClIs32.ubo-7A. Genes were grouped for biological process (BP) and molecular functions (MF). Enriched functions were

filtered for p-value < 0.1.

genes was explored. 7. aestivum orthologue expres-
sion for TRITD6AviG219240  (O-methyltransferase)
and TRITD6AvIG223080 (Aquaporin) showed high
expression in root tissues. In A. thaliana a high level
of expression in root tissue was detected only for
TRITD6AvIG223140 (peptidyl-prolyl cis-trans isomerase)
and TRITD6AvIG218040 (germin-like protein 1-1) at the
seedling stage. Oryza sativa subsp. japonica root tissue
showed high expression in roots for TRITD6AvIG218680
(nicotianamine synthase). As regards QCls32.ubo-7A,
the gene network interval from TRITD7AvIG085750 and
TRITD7AvIG180450 showed high gene expression in
T. aestivum root tissue for TRITD7AviG176380 (Aqua-

porin) and TRITD7AvIGI176900 (Transcription activator
BRGI1 G). As regards A. thaliana root tissue, increased
expression was detected for TRITD7AviG105030 (basic
helix-loop-helix ~DNA-binding  superfamily  protein),
TRITD7AvIG133200  (polyadenylate-binding  protein),
TRITD7AvIGI160830 (60S acidic ribosomal protein
P0), TRITD7AviG163420 (glyceraldehyde-3-phosphate
dehydrogenase), TRITD7AvIG165740 (calmodulin),
TRITD7AvIG174230 (CASP-like protein). Oryza sativa
expression atlas showed increased gene expression for
root at the seedling stage for TRITD7AvIGI71220 (gly-
colipid transfer protein domain-containing protein) and
TRITD7AvIG177730 (caffeic O-methyltransferase).
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4 | DISCUSSION

4.1 | Root and shoot trait variation and
related QTL clusters

For highly heritable traits with relatively simple genetic con-
trol, such as RGA, screening and selection of germplasm
and segregating populations can be performed earlier at the
seedling stage, thus allowing for quicker and higher through-
put experiments (Sanguineti et al., 2007; El Hassouni et al.,
2018). Conversely, other root traits such as adventitious and
lateral root features, including final root density, root area,
and specific root length, can be meaningfully assessed in adult
plants only.

Once the biological and physiological relationships
between the main trait and proxy traits are defined, whole-
genome genotype data could be used to map on a unique
framework multiple QTLs (QTLome, Salvi & Tuberosa,
2015) and QTL clusters for multiple traits (Solovieff et al.,
2013; Mackay & Anholt, 2024). Therefore, knowledge on
presence of QTLs and their alleles in crop germplasm has the
potential for assisting breeders for a more informed choice
of parents for mating (e.g., breeding by design, Peleman
& Voort, 2003; genomics-assisted breeding, Sun et al.,
2023).

In this study, we investigated both root and shoot traits.
Although root dry weight and SDW traits showed high cor-
relations, QTL clusters specific for root and shoot traits were
also identified, highlighting the presence of genetic speci-
ficities, particularly at single root system component such as
lateral and nodal (adventitious) roots (Freschet et al., 2021).

None of the detected QTL explained more than 30% of
variance, which, in combination with 42 values ranging from
0.31 to 0.77, confirms the quantitative nature of all traits
herein considered. This is also confirmed by the limited over-
lap observed between the QTL CI reported in this study and
the projected RSA QTL recently reported for independent BW
and DW panels phenotyped at the adult plant stage in pheno-
typing platforms (Colombo et al., 2022; Ma et al., 2022).

Herein, despite a moderate correlation (r = 0.33*) was
found between trait heritability and the variance explained
by the QTL, the linearity between the 4> and total QTL
R? varied greatly among phenotypes, a well-known issue in
GWAS, referred as “missing heritability” (Manolio et al.,
2009). Remarkably, dissecting the complex traits into compo-
nent traits of supposedly simpler genetic inheritance allowed
us to enhance the dissection of the QTLome complexity
and the accuracy of QTL discovery. Additionally, HTPP and
RSA dissection for specific root traits on plants at advanced
growth stages were made possible using HTPP and its imag-
ing system, which is able to capture root system images at
a frequency and resolution practically impossible to achieve
with alternative phenotyping systems. Furthermore, we could

dynamically investigate root classes development and their
reciprocal relationships and effects on shoot growth.

From a breeding perspective, with the aim of maximizing
selection efficiency and cost-effectiveness, it is highly rele-
vant to prioritize traits and QTL as yield and stress adaptation
proxies, particularly in view of their heritability (Tuberosa,
2012). As expected, at least for major QTL/QTL clusters, it
is possible to identify to a certain degree the correspondence
between RSA measured at the seedling stage with paper-roll
or blue paper pouches and/or acrylic sheets and RSA traits
observed at the late tillering stage in rhizoboxes (Cane et al.,
2014; Maccaferri et al., 2016; Sanguineti et al., 2007) and, in
the case of RGA, also in the field (Maccaferri et al., 2016),
indicating that for some traits, cheaper and quicker phenotyp-
ing techniques might be suitable for breeding (Richard et al.,
2015). QCls3.ubo-1B on chr. 1B at 79.6-87.1 cM, is one of
the most notable QTL clusters reported also by Maccaferri
et al. (2016). In this earlier study conducted in paper-roll and
paper-screen, the 1B QTL cluster affected several below- and
above-ground traits, including total root number, average root
length, primary root length, and 1000-kernel weight in field
experiments (Maccaferri et al., 2011). The role of this region
in the control of root architecture has been confirmed in a
durum X emmer biparental population (Iannucci et al., 2017).
Interestingly, a study conducted on hexaploid wheat found the
syntenic region of QCls3.ubo-1B to affect root dry weight (Y.
Guo et al., 2012), and recently, the QTL was also identified
by Colombo et al. (2022) and Ma et al. (2022). It would be,
therefore, valuable to pursue QClIs3.ubo-1B characterization
in future studies and eventually its cloning.

QCls7.ubo-2BL (chromosome 2B, position 12.2-17.7 cM)
affected total root length in the top 35 cm, lateral roots at
depth, and root system width. Other experiments conducted
on BW (Atkinson et al., 2015; Cao et al., 2014; Hamada et al.,
2012; Ren et al., 2012), and DW (Maccaferri et al., 2016)
confirm the involvement of this region in the control of root
growth.

In the distal region of the long arm of chromosome 2B, we
identified QCls10.ubo-2B, a major QTL cluster for total root
length, total root length at depth, and total root length in the
first 35 cm, which colocalized with major QTL for average
root length, primary root length, and total root length found
in paper-screen (Maccaferri et al., 2016).

Notably, QCls25.ubo-6A with the highest R? for RGA in
paper-screen, mapped on chr. 6A with a QTL peak at 122.1
cM = 600.48 Mb, corresponded to the QTL with the highest
R? (22%) for root system width in the rhizobox experiment,
confirmed also by concomitant significant effects on RDMD,
RST (density of seminal roots [cm/cmz]), and RD75. Notably,
the 6A QTL also showed a significant effect on active osmotic
adjustment in controlled drought-stressed field trials carried
out with the same DW panel herein considered (Condorelli
et al., 2022). Interestingly, the 6A RGA QTL effect was never
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identified in BW, neither at the seedling stage nor at adult
plant, making this QTL a valuable case study for marker-
assisted introgression in the BW germplasm toward ridging
the genomic information and leveraging the valuable alleles of
DW and BW gene pools (Maccaferri et al., 2015; Mazzucotelli
et al., 2024). This QTL cluster aligned precisely with the cor-
responding RGA QTL found on the same durum materials
characterized for RGA at seedling (Maccaferri et al., 2016).
Additionally, the same QTL was identified in a durum elite
nested association mapping population (Alahmad et al., 2019;
Kang et al., 2024) and in an Ethiopian DW collection (Alemu
et al., 2021). Interestingly, this very stable and robust RGA
QTL is specific to tetraploid wheat, as it has not been reported
yet in any QTL study targeted to seedling and/or adult RSA in
BW. Thus, the effect of this major QTL deserves a more care-
ful characterization, both with regard to its genetic control and
direct exploitation in breeding for deep rooting.

An interesting QTL is QCls32.ubo-7A, the QTL cluster
with significant effects on the highest number of investigated
traits (nine). Located in the peri-centromeric region of chr.
7TA, QCls32.ubo-7A affected most of the deep-rooting traits
(Figure 7) and, importantly, also affected shoot-to-root ratio,
an important trait in determining plant adaptation capability.
Notably, Maccaferri et al. (2016), using the same association
panel, showed that the same region was associated to a
putative QTL for primary root length only; furthermore, the
same authors report a QTL cluster in the same region for
primary root volume and diameter and total root surface on a
biparental RIL.

In the last decade, QTL studies have focused on semi-
nal roots, observed at an early growth stage, for phenotyping
capacity constraints (Christopher et al., 2013; Atkinson et al.,
2015; Alemu et al., 2021). Only recently, the small grain
cereal scientific community started to carry out genetic stud-
ies at more advanced growth stages, thus allowing them
to better characterize more complex root trait phenotypes,
such as root branching and lateral root emission (Beyer
et al.,, 2018; L. Li et al.,, 2019). As an example, Howell
et al. (2014) showed that a wheat/rye polymorphism on chro-
mosome 1B/1R substitution region influenced seminal root
length that was associated with a developmentally regulated
arrest of the root apical meristem at a relatively late develop-
mental stage. This is an example of how precise phenotyping
is key to better characterizing nontrivial QTL effects.

In this study, similarly to Howell et al. (2014) and Colombo
et al. (2022), phenotyping with the GROWSCREEN-Rhizo
platform allowed us to characterize nontrivial phenotypes
such as deep rooting and the relative ratio among seminal,
nodal, and lateral roots in a wide range of genotypes, suitable
for GWA analysis.

Recently, in view of their relevance for water and nutri-
ent uptake, the role of nodal and, particularly lateral roots is
being increasingly characterized by using advanced physio-

logical, genetical, and genomics tools in Arabidopsis and in
crops (Yu et al., 2016; Miiller et al., 2024; Gonin et al., 2019;
H. Guo et al., 2021; Tuberosa et al., 2021). The present study,
particularly with the identification of major QTL clusters for
deep rooting and lateral roots, aims to contribute toward the
advancement in this area.

4.2 | Haplotypes analysis for the prioritized
QTL clusters

Switching from simple bi-allelic SNP analysis to multi-SNP
and multi-allelic haplotypes allowed for more accurately
defining the allelic effects of QTL clusters on RSA traits.
Selection history was associated to divergence for root traits
in the wheat association panel.

At the two main QTL clusters, QCIs25.ubo-6A and
QCls32.ubo-7A, in both cases CIMMYT_80 varieties car-
ried haplotypes conferring reduced root depth and/or vigor.
Conversely, in the Italian subgroup, haplotypes for deep
rooting and root-oriented carbon partitioning prevailed. Coin-
cidence between selection history/geography and root traits
was observed in a wheat association panel. Interestingly,
haplotype frequency seems to reflect the strategy used in
the main breeding programs. Haplotypes 1 and 3, associ-
ated with the deep-rooting phenotype, prevailed in Italian
and ICARDA_temp subpopulations. Conversely to CIMMYT-
derived lines, those belonging to the two above-mentioned
groups were selected under rainfed Mediterranean condi-
tions, where the deep-rooting phenotype allows for a better
deep-water uptake. Notably, CIMMYT breeding programs
have been traditionally conducted using artificial irrigation;
in such conditions, haplotype 2, prevalent in CIMMYT
subpopulations, could be beneficial due to a more shoot-
oriented carbon partitioning and, finally, better agronomical
performance. Accordingly, deep-rooting phenotypes could be
useless, if not deleterious, in those conditions where water
and nutrients are mainly present in the soil top layers as
usually occurs under irrigation. Nevertheless, the evalua-
tion of the effects of these QTL clusters on grain yield in
a multi-environmental experimental setup remains challeng-
ing, particularly in an association mapping population due to
the concomitant effects of other QTLs contributing to yield
formation. Furthermore, a combined haplotype analysis was
performed among QTL clusters shared by deep-rooting phe-
notypes such as RW, RTL, and RSL. Even if there is not a
consistent correlation between trait variability and additive
selected QTL clusters, it can be concluded that, in several
cases, QTL clusters have all positive (or negative) effects for
the related traits and have a strong positive (or negative) phe-
notypic value. Characterization of larger panels such as the
Global Durum Panel (Mazzucotelli, Sciara et al., 2020) could
provide further insights into the origin and spread of the most
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promising haplotypes. In this perspective, further characteri-
zation is needed also for candidate gene analysis, exploiting
larger panels to increase the recombination rate, refining the
QTLs CIs, and screening favorable haplotypes genotypes with
key molecular markers (such as KASP assays) tagging infor-
mative QTL clusters. However, the GO analysis, RNASeq
database exploration, and gene network analysis showed
interesting candidate genes and cellular pathways involved
in root development, transcription factors and cellular sig-
nalling pathways, and root morphology traits. Namely, some
of these MFs and gene categories overlapped with already
known genes identified in previous root experiments, such
as F-box domains of transcription factors, peroxidase, glyco-
syltransferases, peroxidases, and transporter proteins (Soriano
& Alvaro, 2019). However, ad hoc transcriptomics and gene
editing experiments with proper germplasm material need to
be carried out to understand the key root trait regulators using
larger germplasm resources.

S | CONCLUSIONS

The GROWSCREEN-Rhizo platform allowed for an accurate
and unprecedented genetic dissection of the QTLome govern-
ing the variability of root and shoot traits in DW. Additionally,
HTP phenotyping allowed us to concomitantly investigate the
development of seminal, nodal, and lateral roots up to the
seventh leaf stage in adult plants. Genome-wide association
analysis identified 39 QTL clusters for deep rooting and traits
specific to the nodal and lateral roots, hence contributing
to expand our knowledge on the genetic control of impor-
tant root traits directly involved in water and nutrient uptake.
Comparison with previous experiments based on different
phenotyping protocols highlighted several QTLs consistently
identified using different methodologies and genetic back-
grounds, hence providing desirable targets for marker-assisted
selection aimed at tailoring RSA.

The analysis of haplotype frequency at three QTL clus-
ters suggested their putative role in DW breeding as related
to the prevailing conditions targeted by breeding programs as
to soil moisture availability and/or agronomic management.
The most interesting haplotypes are being tested in biparental
genetic backgrounds to more accurately define the environ-
mental and management conditions able to optimize yield and
yield stability. Notably, the haplotype frequency of two chro-
mosome 6A and 7A clusters was significantly associated with
root system depth, root specific weight and shoot/root ratio.
Haplotype frequency analysis in different breeding lineages
at chromosome 7A revealed a strong and contrasting selec-
tion pattern between the rainfed and the irrigated breeding
programs conducted at [CARDA and CIMMYT, respectively,
suggesting an indirect but important role of RSA features on
grain yield in DW breeding and environmental adaptation.

Advances in genomics will allow us to more precisely iden-
tify the genetic determinants of complex traits governing crop
resilience to stresses, and more efficiently exploit beneficial
alleles through marker- and haplotype-based selection, also
across gene pools, as in the case of durum and BW. More
detailed approaches, including plant modeling, transcrip-
tome and metabolome characterization, and carbohydrates
homeostasis, will allow us to better understand the physio-
logical mechanisms underlying important drought-adaptive
traits.
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