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Abstract: Understanding the changes in the root system architecture of bread wheat under phospho-
rus (P)-limited conditions is critical for identifying specific traits contributing to improved P uptake.
Phenotypic variability in root, biomass, and P index-related traits among 204 diverse wheat genotypes
at the seedling stage was examined under low and optimum P treatments. Strong genotypic and
phenotypic associations between P utilization efficiency (PUtE) and total root volume, dry weight of
root and shoot, total P uptake, and total plant biomass were observed under optimum P. Under low
P, strong positive correlations between PUtE and total root length, total root volume, total surface
area, and total biomass were observed, while it was negatively correlated with average diameter.
These traits exhibited medium to high heritability. Under low P, average root diameter, primary
root length, root mass ratio, total root tips, and surface area showed high Shannon-Weaver diversity
index (H’) values (>0.79). The agglomerative hierarchical clustering analysis grouped the genotypes
into four distinct clusters. The best performing genotypes in Clusters I and II indicated their strong
relationship with P use efficiency due to higher percent increases in total root length, total surface
area, total root volume, total root tips, total biomass, P efficiency ratio, specific root length, and PUtE
under low P as compared to optimum P conditions. The present study identified specific root system
architectural traits and P use-efficient genotypes (SHANGHALI, Pavon F76, BWL 5233, SONALIKA,
KHARCHIA LOCAL, WH 102, BWL 4425, HD 2888.2, CBW 12, MN75136/PGO, KRL 19, and WH
1022) associated with efficient P uptake and utilization. These identified genotypes and traits may
be useful in wheat breeding programs to develop P-efficient varieties with better adaptations for
sustainable agriculture.

Keywords: abiotic stress; bread wheat; hydroponics; ICP-OES; root system architecture; phenotypic
variation; phosphorus uptake efficiency

1. Introduction

Bread wheat (Triticum aestivum L.) is the third most extensively cultivated cereal crop
and a staple food for about one-third of the world’s population [1-3]. Global cultiva-
tion of wheat is around 220.0 million hectares (Mha), with an annual production of over
700.0 million tons (Mt), leading to an annual export worth around US$ 50 billion in 2019 [4].
For optimum grain yields, wheat removes a substantial amount of phosphatic fertilizer
(c.a. 2.5 to 8.0 kg P tonne ! grain) as compared to other food crops [5]. However, phos-
phorus (P), being a key macronutrient, is essential for crop growth and productivity. It is a
structural component of nucleic acids and membranes, with crucial roles in energy transfer
reactions, signal transduction, and enzyme activation [6,7]. In wheat, P nutrition is critical
to seed germination, seedling establishment, tillering, uniform heading, spike formation,
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and uniform maturity [8,9]. The P requirement in wheat varies between 0.2 and 0.5%
on a dry weight basis. Its deficiency during the early growth stage can cause significant
reductions in tiller growth, spike formation, and yield [8,10]. Considering the role of wheat
as a major dietary global food crop and its P requirement, there is a need to develop wheat
varieties with enhanced P uptake efficiency (PUpE) and P utilization efficiency (PUtE) that
require less frequent repletion of P fertilizer for global food security [11,12].

Phosphatic fertilizers are solely derived from natural ‘non-renewable’ sources, that
is, phosphate rock. Global rock phosphate reserves are limited and are estimated to last
for next 300 to 400 years [13]. The poor P use efficiency (15 to 20%) of plants further adds
to the complexity of P nutrient availability. Besides the natural efficiency of individual
plants, excessive P fertilizer application contributes to low P use efficiency. The excess P is
fixed with oxides and hydroxides of iron (Fe) and aluminum (Al) in acidic soil and with
calcium (Ca) in alkaline soil [14] and is lost through run-off, ending up in water bodies,
causing adverse effects on water quality [6,14,15]. The problems of resource limitation,
unscrupulous use, and the diminishing available P status of global agricultural land raise
serious concerns. A total of 29% of the worldwide cropping area is P deficient, while 71%
has excess soil P content [11,16]. To safeguard future agriculture and to sustain present day
agricultural productivity, P resources must be used judiciously. Nonetheless, increasing the
P use efficiency of plants is the most viable solution to achieve this goal.

Under P deficiency, one of the morphological adaptations plants exhibit is alteration
of the root system architecture (RSA), which enhances soil exploration through improved
root—soil contact, thus improving PUpE. However, until recently, root traits have mostly
gone unnoticed by plant breeders and are not targeted as selection criteria. Understanding
RSA, therefore, holds potential for the detection, manipulation, and exploitation of root
traits to increase crop yield and ensure soil health [17,18]. Targeted breeding for root traits
tailored to diverse soils needs a detailed study of the implications of diverse root system
types for these environments and the genetics underlying RSA [18,19]. Once heritable
characters associated with P use efficiency are identified, they can be used to create P
use-efficient genotypes with high grain yield [20]. The root system modifications include
increases in root length, root angle, root branching, lateral root number and length, and
root hair density and length to increase the root surface area in plant species when they
sense P scarcity [21-23]. A higher root-to-shoot ratio is the most evident alteration in the
majority of plants in response to low P stress [24,25]. Therefore, improved root adaptive
responses could be the way to enhance the P absorption and uptake capacity of plants [26].
Root hair length and density are increased significantly under low P stress in wheat [23]
and soybean (Glycine max L. Merr.) [27]. Root traits including total surface area, total root
length, and total root volume are moderately heritable in maize under low P stress [28].
Harnessing these crucial RSA traits is one of the strategies to improve plant P foraging
ability and thus P use efficiency.

Breeding for P use efficiency in bread wheat can be achieved through improving
PULE or assimilation efficiency and PUpE or P acquisition efficiency. PUtE governs the
internal allocation or mobilization of P and is typically characterized by the amount of
P accumulated per unit of biomass [29], whereas PUpE defines the inherent capacity of
roots to obtain P from the soil [30]. Wheat accessions with shallow root systems exhibit
better PUpE. Hence, modeling root traits is undoubtedly a useful strategy for enhancing
PUpE in bread wheat [31]. Despite its importance, besides reports from our laboratory with
a fewer number of genotypes [32,33], not much work has been undertaken with respect
to root system trait variability and responses to P starvation in a large number of bread
wheat accessions. In the present study, we aimed to characterize the phenotypic variability
in the root system and P-related traits in a diverse set of 204 bread wheat genotypes
grown with low and optimum P levels using a hydroponic system and to determine the
interrelation and selection criteria for efficient P acquisition. We used a hydroponic system
for phenotyping mainly because measuring root traits in soil during the stages of seedling,
tillering, flowering, and grain development is highly challenging [34,35]. Since hydroponics
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offers practical advantages over soil in terms of regulating fertilizer or nutrient availability
and measuring uptake rates, we employed the hydroponic method.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

The seeds of 204 bread wheat (Triticum aestivum L.) genotypes were procured from
the Indian Institute of Wheat and Barley Research, Karnal (India), Punjab Agricultural
University, Ludhiana (India), CIMMYT, El Batan (Mexico), Australian Winter Cereals
Collection, Tamworth, (Australia), and the ICAR-Indian Agricultural Research Institute,
New Delhi (ICAR-IARI) (India) (Table S2; Figure S1). This panel comprised 127, 21, 13, and
2 genotypes, sharing origins from India, Australia, Mexico, and China, respectively. Six
genotypes were from the USA, Iran, Egypt, Brazil, and Germany, and information was not
available for the remaining 35 genotypes.

The seeds were surface-sterilized with 0.1% (w/v) HgCl, and germinated in moist-
ened paper towel. After 5 days, the uniform and healthy seedlings were transplanted
to 5 cm thick polystyrene foam sheets mounted on plastic trays holding 12 1 of nutrient
solution. Two P levels were maintained using H3PO,4 as optimum P (500 uM) and
low P (5 uM) (Figure 1a) [33]. The nutrient solution contained salts of (NH4),SO4
(0.5 mM), KNOj3 (5.0 Mm), Ca (NO3); (5.0 mM), and MgSO;4 (2.0 mM) and micronu-
trients Fe-EDTA (0.02 mM), H3BO3 (1.0 uM), ZnSO,4.7H,0 (7.0 uM), MnCl,.4H,O
(0‘5 },LM), (NH4)6 M07024.4H20 (0.075 },LM), and CuSO4.5H20 (0.2 }lM) [33].

Figure 1. (a) Wheat plants grown in hydroponic system with optimum (500 uM P) and low (5 uM) P
conditions. Root morphology under (b) optimum P and (c) low P conditions for genotype NP 172.

The whole set up was placed inside growth chambers at the National Phytotron Facility,
ICAR-TARI, Pusa Campus, New Delhi, with the following environmental parameters:
22/18 °C day/night temperature, 11/13 h day/night photoperiod, 400 umol m—2 s~!
photon flux density, and 85% relative humidity. The nutrient solution was maintained
at pH 5.8 using either 1.0 N HCl or 1.0 N KOH, which was monitored regularly using a
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portable hand-held pH meter (EUTECH EcoTestr pH1 Pocket pH Tester- ECOPHTEST1).
The solution was aerated continuously with an aquarium air pump and renewed every
third day. All root-related traits were recorded in 21-day-old seedlings.

2.2. Root Trait Measurements

Twenty-one-day old roots of wheat seedlings were sampled to record observations on
root traits. Roots were carefully separated in an acrylic tray holding water for digitization
of root images. The root system was scanned using a root scanner (EPSON professional
scanner) and greyscale images obtained in TIFF format were analyzed with WinRhizo
software (Pro version 2016a; Regent Instrument Inc., Quebec, QC, Canada). Root traits
including total root length (TRL), total root surface area (TSA), root volume (RVL), average
diameter (AVD), and total root tips (TIP) were recorded. Primary root length (PRL) was
measured manually using a scale.

Shoots and roots were separated carefully and dried at 60 °C in a hot air oven until a
constant dry mass was obtained to record root dry weight (RDW) and shoot dry weight
(SDW). Total biomass (TBM) and root mass ratio (RMR) were calculated from SDW and
RDW. The specific root length (SRL) was derived from TRL and RDW (Table S1).

2.3. Tissue P Status and P-Related Indices

Digestion of dried tissue was performed with di-acid mixture (HNO3:HClO3, 9:4).
The P concentration (P CON) was determined by using inductively coupled plasma optical
emission spectrometry (ICP-OES) (Agilent VDV5110, Singapore) and expressed in ppm.
Other P index traits [TPU (total P uptake), PUtE (P utilization efficiency), and PUpE
(P uptake efficiency)] under both P treatment conditions were derived from P CON, root,
and biomass traits (Table S1).

2.4. Statistical Analysis

The hydroponics experiment was conducted in a completely randomized design with
two factors, P level and genotype. Four replications were maintained for each genotype
x P level combination for root and biomass trait measurements and three replications for
other P index traits. Descriptive statistics and heritability (h?) were calculated for all traits.
Two-way analysis of variance was calculated using the package “palmerpenguins’ version
0.1.0 in R-Studio version 3.5.1 (R Foundation for Statistical Computing, Vienna). Phenotypic
and genotypic correlations were calculated using META-R version 3.5.1 [36]. Principal
component analysis (PCA) was carried out using the package ‘factoextra’ version 1.0.7 in
R-Studio version 3.5.1. Broad-sense heritability (h?) was calculated using the equation:

%
(U§+1732) /r
(03403 ) /e)+(03) /7e))

Broad-sense heritability h? =

Broad-sense heritability (combined) h? =

where ’(72g ' ‘02, and '(ngg' are the genetic, residual, and genotype x environment inter-

action variances, respectively; and ‘e’ and ‘+’ represent the number of environments and
the number of experimental replications, respectively [37,38]. From ANOVA, genetic and
residual variances were calculated. A polymorphic diversity index, the Shannon-Weaver
diversity index (H’), was calculated for each trait [39-41] using the formula:

H =-— le.zl pi(Inpi)

where ‘pi” is the proportion of individuals belonging to the ‘i class, and ‘s’ is the total
number of genotypes. A dendrogram of agglomerative hierarchical clustering (AHC) was
derived using ward.D, with the squared Euclidean distance as the interval of measurement
for relative values under low P and optimum P conditions of 15 traits using ‘factoextra’
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version 1.0.7. Box and whisker plot were plotted using GraphPad Prism version 10.2.0
(GraphPad Software, La Jolla, CA, USA).

2.5. Identification of P Use-Efficient and -Inefficient Genotypes

The stress tolerance of wheat genotypes under low P level was estimated by the
relative value calculated as the ratio of trait values under low P to optimum P conditions.

The ranking value of the PCA was utilized to assess the stress tolerance of genotypes
under various P conditions. For each bread wheat genotype, the ranking value was
calculated by the formula [42]:

PCA-ranking value = (Contribution of PC-1 (%) x PC-1) + (Contribution of PC-2 (%) x PC-2) +

(Contribution of PC-3 (%) x PC-3) + (Contribution of PC-4 (%) x PC-4).

3. Results
3.1. Variability in Root System, Biomass, P Concentration, and P Indices

All 16 traits (Table S1) measured in 204 genotypes revealed significant variation due to
P levels (Table 1). The phenotypic variation of the 16 traits observed under two P levels
is visualized using box and whisker plots (Figure 2a—p). Marked increases in total root
length (TRL), total root surface area (TSA), total root volume (RVL), total root tips (TIP),
root dry weight (RDW), root mass ratio (RMR), P efficiency ratio (PER), and P utilization
efficiency (PUtE) were observed at low P as compared to control or optimum P. However,
total biomass (TBM), shoot dry weight (SDW), average diameter (AVD), primary root
length (PRL), tissue P concentration (P CON), total P uptake (TPU), specific root length
(SRL), and P uptake efficiency (PUpE) were reduced under low P treatment (Table 1).
Under low P, among all traits, TRL showed a maximum 16% increase relative to the
optimum P condition.

Among the genotypes, two Indian genotypes (WH1022, WH102) and one Mexican
genotype (PAVON F76) exhibited >58% increases in TRL at low P in comparison to op-
timum P (Table S2). Similarly, >36% increases in TSA under low P were observed in
two Indian-origin genotypes (WH1022, and PBW590) and one American-origin genotype
(MN75136/PGO) (Tables 1 and S2).

AVD decreased by an average of 7.5% under low P as compared to optimum P
conditions. The variation in number of root tips, where a root link ends without any
other connection, was significantly higher under low P (Figures 1b,c and 2e). The number
of TIP increased by >60% in genotypes of Indian (WH1022, HS 277, and NP 824) and
Mexican (Kater-1) origins under low P as compared to optimum P conditions. Among
genotypes, the biomass-related traits (RDW, SDW, and TBM) showed variations in the
response to P treatment. Indian-origin genotypes (WH 1022, KHAPLI, K 9465, and BWL
5202) showed >54% increases in RDW, whereas four genotypes (Indian—RA]J 4248 and HD
2888.2; Mexican—DHARWAD DRY and Bacanora F-88) exhibited >60% decreases in RDW
under low P in comparison to optimum P conditions. Further, a 39% reduction in TBM
was noted at low P relative to optimum P treatment. Among genotypes, three of Indian
origin (K 9465, WH 1022, and BWL 5202) and one of Australian origin (Kulin) showed
>20% increases in TBM under low P treatment (Tables 1 and S2). Overall, RMR increased
by 36% at low P relative to optimum P treatment.

The reduction in P CON in plant tissue and TPU per plant at low P was obvious
as compared to optimum P. The reduction in TPU was >8.2-fold at low P. The average
PUE under low P was 16.7% (Table 1). Increases in PUtE by more than 87.5% were
observed in four Indian (KRL-1-4, PBW 746, HD 3086, and IC 335700) and one Mexican
(Vee/Myna) genotype. However, >55.5% increases in PUtE were observed in two Indian-
origin genotypes (DL 1266-5 and HD 2888.1) and three genotypes (EC 252874, BWL 0814,
and BWL 5487) for which the origin details were not available. Likewise, PUpE ranged
from 31.7 to 104.98 mg P g root dry matter ! under optimum P, with a mean of 64.9 mg P g

root dry matter 1.
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Table 1 shows the descriptive statistics, with the coefficient of variation ranging from
11.5% for TSA to 39.2% for PUtE under optimum P, whereas it ranged from 15.4% for RMR
to 41.2% for PUE under low P. The traits with lower CV values showed less variability and
high stability in response to P treatment as compared to those with higher CV values. A CV
value up to 30 is acceptable but more than 30 is not acceptable. High (>0.80) broad-sense
heritability (hz) was observed for AVD, RVL, RDW, TBM, PUtE, and SDW when the data
under low and optimum P were pooled (Table 1). However, it was observed that under
low P, h%2 was more than 0.90 for TRL, AVD, P CON, PER, and PUpE, while under optimum
P, it was less than 0.90 for all traits (Table S3).

Table 1. Summary of ANOVA results (F-value), descriptive statistics, coefficient of variation,
and heritability (h?) of root, biomass, and phosphorus index traits measured under two different
P treatment conditions.

Genotype

Trait PLevel Genotype P Level LzVI;I f/tij'ti](?: Mean Minimum Maximum CV (%) Heri(thazl;ility
A S C 0 S v -
AL Lp S w7 w2 D5 G g% sle s 088
AVD TP Tesett B9 R0 e 0% 0 ast dos 09
L[y R @7t 207 el g5 g 0w ows O
L S A EC S vy S O I I
ROW [p T2 6T S0 g0n g oo oo s 0%
TEM T SSLTOS62 SR gue om0 an w7 OF
W T 6T SMO™TSSO g g ogp  ga e 08
N R A TR YR VIR I A
PRLp 20 asmeN 407 S s ng sy w1 07
o Lp 0TI i g on a s 06
TPUDp 0SB0 WS gy oo g% g s O
PR Qp 06t e 009 g gy ta g 07
I - Y YO S v S S S
PUE [p some el erse ol D e i oan 08
I L I T

TRL, Total root length; TSA, Total root surface area; AVD, Average diameter; TIP, Total root tips, RVL, Total root
volume; PRL, Primary root length; RDW, Root dry weight; SDW, Shoot dry weight; TBM, Total biomass; RMR,
Root mass ratio; P CON, Tissue P concentration; TPU, Total P uptake, PER, P efficiency ratio; PUtE, Phosphorus
utilization efficiency; PUpE, P uptake efficiency; SRL, Specific root length, CV(%), coefficient of variation; OP,
optimum P; LP, low P. *** significance at 0.0001; * significance at 0.01; NS, non-significant.
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Figure 2. Box and whisker plots showing phenotypic variation under different phosphorus
levels. (a) Total root length, (b) Total surface area, (c) Total root volume, (d) Average diameter,
(e) Total root tips, (f) Root dry weight (g) Total biomass, (h) Shoot dry weight, and (i) Root mass
ratio (root-to-shoot ratio), (j) Primary root length (PRL), (k) P concentration (P CON), (1) Total
P uptake (TPU), (m) P efficiency ratio (PER), (n) P utilization efficiency (PUtE), (o) P uptake
efficiency (PUpE), (p) Specific root length (SRL). Horizontal lines inside boxes, median; box
hinges, first and third quartiles; whiskers, full range of the data; dots represent outliers.
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3.2. Phenotypic and Genotypic Correlations

Phenotypic and genotypic correlations carried out separately between all 16 traits
under two P levels revealed significant associations at P < 0.05, P < 0.01, and P < 0.001.
Under optimum P levels, significant and positive genetic correlations were obtained, for
example, between TRL and TSA (r = 0.72), TRL and RVL (r = 0.36), TIP and TSA (r = 0.43),
RDW and RVL (0.85), RMR and RVL (r = 45), PRL and TSA (r = 0.73), PRL and TIP (r = 0.47),
TPU and RVL (r = 0.76), TPU and RDW (r = 0.86), and SRL and PUpE (r = 0.56) (Table S4a).
Similarly, under low P, highly significant and positive genetic correlations were obtained
between various traits, as presented in Table S4b. Under both conditions, PUtE showed
significant genetic correlations with TRL, RVL, RDW, TBM, SDW, and PER. Furthermore,
under the low P condition, AVD showed significant and negative genetic correlations with
TSA, PRL, TIP, P CON, TPU, and PUpE (Table S4b). TIP under the low P condition showed
strong positive correlations with P CON and TPU (Table S4b).

Under optimum P, significant phenotypic correlations were obtained between RVL
and RDW (r = 0.77), TBM and RVL (r = 0.76), TVL and SDW (r = 0.74), RVL and RMR (0.38)
RVL and TPU (r = 0.70), TSA and TIP (r = 0.40), RDW and TBM (r = 0.94), SDW and TBM
(r =0.90), TBM and TPU (r = 0.89), TBM and PUtE (r = 0.93), PER and PUtE (r = 0.61),
and SRL and PUpE (r = 0.56) (Table S4c). Whereas under low P, significant phenotypic
correlations were obtained between TRL and RDW (r = 0.47), TRL and TBM (r = 0.49), TRL
and PUE (r = 0.50), TRL and PER (r = 0.47), TRL and SRL (0.64), TIP and TPU (r = 0.36),
RDW and PER (r = 0.51), RDW and PUtE (r = 0.73), TBM and PUtE (0.84), and RVL and
PER (r = 0.59) (Figure S4d).

Phenotypic correlations between TRL and TSA and between TRL and RVL were similar
under both treatment conditions. Highly significant and negative phenotypic correlations
were found between traits like AVD and TIP, AVD and PRL, AVD and P CON, AVD and
TPU, and AVD and PUpE, and a similar trend was observed in the genotypic correlations
(Table S4). The results showed that PRL exhibited a similar relationship with TRL and TSA
under both P conditions.

3.3. Trait-Based Diversity Pattern among the Genotypes

The Shannon-Weaver diversity index (H') was calculated to study the diversity among
the 16 traits for all 204 genotypes (Table 2). The H' values varied for all traits, with an
average of 0.70 for all 204 genotypes. Under optimum P, traits such as TSA (0.81), RVL (0.78),
PER (0.77), P CON (0.76), PUtE (0.76), TRL (0.73), RDW (0.73), and TBM (0.73) showed
higher H' values, whereas SRL (0.59), RMR (0.62), TIP (0.64), and PUpE (0.68) showed
lower H’ values. Similarly, under the low P condition, PRL (0.84), TSA (0.80), RMR (0.80),
AVD (0.79), TIP (0.79), TBM (0.78), and SDW (0.78) exhibited higher H" values, whereas
PUpE (0.38), P CON (0.55), TPU (0.60), and SRL (0.6) showed low H’ values. Most of the
root morphological traits (TRL, PRL, TSA, AVD, and TIP) and biomass traits (TBM, SDW,
and RDW) under low P displayed significant variations because they possessed higher H’
values as compared to optimum P (Table 2).

Table 2. The Shannon-Weaver diversity index (H’) and performance categories under optimum (OP)
and low (LP) phosphorus conditions.

Performance of All 204 Wheat Genotypes

Traits Treatment
Low Medium High H’
OP 19 75 9 0.73
OP 21 65 17 0.81
AVD OP 9 78 16 0.71

LP 10 64 29 0.79
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Table 2. Cont.

Performance of All 204 Wheat Genotypes

Traits Treatment Low Medium High H’
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3.4. Principal Component Analysis for Root, Biomass, P Concentration, and Phosphorus Indices

The PCA for traits under optimum P treatment showed that the first two principal
components (PCs) explained 43.7% and 18.8% of the total variations, respectively, whereas
under low D, the first two PCs explained 40.1% and 20.9%, respectively (Figure 3a,b; Table 3).

The PC1 for optimum P revealed that AVD, RDW, TBM, SDW, PUtE, and SRL were
the most contributing traits, as evident from their high loading matrix values of 0.31, 0.37,
0.36, 0.35, 0.36, and —0.33, respectively, while under the low P condition, traits like AVD,
TBM, SDW, P CON, PER, PUtE, and PUpE contributed significantly, with loading matrix
values of 0.32, 0.32, 0.32, —0.34, 0.35, 0.37, and —0.31, respectively (Table 3).

The PC2 for optimum P revealed traits like TRL, TSA, RVL, TIP, and PRL as highly
contributing traits, with loading values of 0.38, 0.44, —0.36, 0.35, and 0.47, respectively,
whereas under low P, variables like TSA, RVL, TIP, PRL, and TPU were the most con-
tributing variables, with loading scores of 0.34, —0.41, 0.46, 0.43, and 0.33, respectively
(Table 3).

Under both P conditions, AVD had highly negative correlations with most traits. But
AVD was the most contributing trait under the low P condition, with a loading matrix
value of 0.32 (Table 3). Under optimum P, TRL showed strong and significant correlations
with TSA, TIP, PRL, and PER. Moreover, PUtE exhibited high correlations with RDW, TPU,
TBM, SDW, and RVL under optimum P, whereas under low P, TRL exhibited significant
and strong correlations with TSA, RDW, TBM, SDW, RVL, PUtE, and PER. Moreover, TIP
exhibited a high and strong correlation with TPU (Figure 3a,b).
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Figure 3. Principal component (PC) analysis showing the contributions of 16 traits under (a) optimum
P and (b) low P conditions. Arrows represent the direction of loading for each trait and color-coding

shows their contribution to the percentage variation of the component.

Table 3. Principal component analysis and identification of most contributing traits to P use efficiency
in wheat seedlings grown under low and optimum P treatments.

Traits Optimum P Low P
PC1 PC2 PC1 PC2
TRL 0.10 0.38 0.26 0.20
TSA 0.03 0.44 0.16 0.34
AVD 0.31 0.01 0.32 0.08
RVL 0.16 —0.36 0.15 —0.41
TIP —0.05 0.35 —0.07 0.46
RDW 0.37 —0.05 0.30 0.19
TBM 0.36 0.01 0.32 0.16
SDW 0.35 0.02 0.32 0.15
RMR 0.17 —0.17 —0.02 0.04
PRL —0.01 0.47 —0.01 0.43
PCON —0.18 —0.25 —0.34 0.17
TPU 0.30 —0.10 —0.11 0.33
PER 0.18 0.25 0.35 —0.14
PUtE 0.36 0.07 0.37 —0.01
PUpE —0.25 —0.09 —0.31 0.15
SRL —0.33 0.13 0.03 0.08
Variation proportion
Standard deviation 2.7 1.73 2.53 1.83
Variance percent 43.7 18.8 40.0 21.0
Cumulative variant % 437 62.5 40.0 61.0
TRL, TSA, AVD, RVL, TIP, TSA, AVD, RVL, TIP, TBM, SDW,
Most contributing traits RDW, TBM, SDW, PRL, PRL, P CON, TPU, PER,
PUtE, SRL PUtE, PUpE

For each trait, the large variable loading score appears in bold; OP, optimum P; LP, low P.
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3.5. Identification and Differential Responses of Contrasting Groups to Low and Optimum P

Based on the PCA ranking values, the top 11 genotypes with higher rank values
were grouped as P use efficient and the bottom 11 accessions with low rank values were
grouped as P use inefficient (Tables 4 and S5). The P use efficient genotypes possessed
ranking values higher than 268.87, while the P-inefficient genotypes showed ranking
values lower than 127.13 (Table S5). The phenotypic and genotypic variations in P use
efficient and inefficient genotypes under different P levels are visualized in the bar plots
(Figures 4a-i and S2a-g). Among P use-efficient genotypes, six were Indian and three geno-
types had their origins in Mexico, China, and India, respectively, while the origins of two
genotypes were not available. Likewise, six Indian genotypes were P use inefficient, while
the details of the other five P-inefficient genotypes were not available (Tables 4 and S2). All
of the P use-efficient genotypes showed >53% increases in TRL and >29% increases in
TSA under low P as compared to optimum P (Figure 4a). Similarly, other traits like
TIP, RMR, PRL, PER, PUtE, and SRL also showed >31%, >8%, >25%, >2%, >87%, >77%,
and >63% increases, respectively, in all P use-efficient genotypes under low P as compared
to optimum P conditions (Figures 4 and 52). On the other hand, the P use-inefficient
genotypes showed >69% increases in PER and PUtE under low P compared to optimum P.
Reductions in SRL (>42%) were observed in the P use-inefficient genotypes. Further, the P
use-inefficient genotypes showed 14% and 27.2% decreases in TBM and SDW, respectively,
in response to low P as compared to optimum P conditions (Figure 4g,h).

Table 4. P use-efficient and P use-inefficient wheat accessions (11 each) based on their responses to
optimum P and low P treatments.

S.No. P Use-Efficient Genotypes P Use-Inefficient Genotypes
1 SHANGHAI HS 365
2 Pavon F76 WH?760
3 BWL 5233 IEPERA RAFE
4 SONALIKA IC 212185
5 KHARCHIA LOCAL NIA 845
6 WH 102 K 9465
7 BWL 4425 MACS 2496
8 HD 2888.2 IC 335732
9 CBW 12 1C 118737
10 MN75136/PGO HB 490
11 KRL 19 BWL 0814

These accessions were identified on the basis of PCA ranking using loading scores from
relative values under low and optimum P conditions. The ranking values are presented in
Table S5.

3.6. Grouping Genotypes Based on Root, Biomass, and P Indices

The dendrogram of the AHC analysis revealed four distinct groups of genotypes based
on their relative values under optimum and low P for six root-related (TRL, TSA, RVL,
TIP, PRL, and SRL), three biomass-related (RDW, TBM, RMR, and SDW), and five P index
traits (P CON, TPU, PER, PUpE, and PUtE) using ward.D. Out of 204 wheat genotypes,
22, 100, 65, and 17 genotypes were grouped into Clusters I, 11, III, and IV, respectively.
Out of 22 genotypes in Cluster I, 16 were Indian, 2 Australian, 1 Mexican, 1 German, and
2 were genotypes for which the origin information was not available. Out of 100 genotypes
in Cluster II, 57 were Indian, 14 Australian, 9 Mexican, 1 Brazilian, 1 of Chinese origin,
and 17 were genotypes for which the origin information was not available. Likewise,
46 Indian, 3 Australian, 3 Mexican, 1 Chinese, 1 Iranian, and 10 genotypes for which the
origin information was not available formed Cluster III. Out of 17 genotypes in Cluster
IV, nine were Indian, one Australian, one of Egyptian origin, and six were genotypes for
which the origin information was not available (Figure 5). These results confirmed that
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genotypes from the same origin were not always clustered into the same or close group(s).
Clusters I and II showed maximum increases in TRL, TSA, RVL, TIP, RDW, TBM, PER,
PUtE, and SRL as compared to other clusters. All 11 P use-efficient genotypes were grouped
in Clusters I and II, while most of the P use-inefficient genotypes were present in Cluster IV.
Root morphological traits like TRL, RVL, TIP, and P index trait PUtE showed significant
increases under low P compared to optimum P conditions in all clusters.
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Figure 4. Responses of P use-efficient and -inefficient genotypes to low and optimum P in terms of:
(a) Total root length, (b) Total surface area, (c) Average diameter, (d) Total root volume, (e) Total root
tips, (f) Root dry weight, (g) Total biomass, (h) Shoot dry weight, and (i) Root mass ratio. Bar plots
represent mean values and bars indicate standard error.
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Figure 5. Grouping of 204 wheat genotypes into four distinct clusters by agglomerative hierarchical
cluster analysis using the relative values of 15 traits. Plants were grown under optimum and low P
conditions. The details of the genotypes are mentioned in Table S2.

4. Discussion

In the present study, we examined the influence of low P on root morphology, biomass,
and P-related indices of 204 diverse wheat genotypes and investigated the various root
(TRL, TSA, RVL, TIP, PRL, AVD and SRL), biomass (RDW, SDW, RMR, and TBM), and P
index traits (P CON, PER, TPU, PUpE, and PUtE). A common response to low P stress, in
terms of increased RMR, was due to better stimulation of the root at the expense of shoot
growth [43]. TRL represents the sum of primary, seminal, crown, basal, and lateral roots.
The various components of RSA were also selected as important traits for the screening of
genotypes under P deficiency. We found significant variations, medium to high heritability,
and significant correlations for various traits. Low CV and high heritability of these studied
traits showed the genetic stability of the traits in the genotypes. Our results are in agreement
with earlier reports [10,44,45]. The extensively used indicators TRL, TSA, RVL, and AVD
were highly heritable under low P, suggesting that they are reliable parameters for PUE
(Table S2). Higher root length and root density in the topsoil of wheat crops was reported to
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be the most important root trait for P uptake [10,46], which was positively correlated with
enhanced recovery of fertilized P. Allocation of resources toward greater TRL, TSA, and soil
exploration rather than radial thickening of roots is especially important for exploration of
soil domains where growth limiting resources are confined [10,47].

The traits such as TRL, TSA, RVL, TIP, RDW, TBM, SDW, PRL, PUtE, and SRL identified
from principal component analysis were responsible for higher phenotypic variation at the
seedling stage under the OP condition of tested wheat genotypes (Figure 3a). But under
the low P condition, AVD, TSA, RVL, TIP, TBM, SDW, PRL, P CON, TPU, PER, PUtE, and
PUpE were responsible for higher phenotypic variation (Figure 3b). Earlier reports also
found similar results, with traits such as TRL, TSA, RDW, TIP, and AVD identified as the
major traits for selection of wheat genotypes under different P levels [10,32]. The higher
loading matrix values in the PCA demonstrated that the phenotypic variation was more
due to TIP, PRL, TPU, P CON, PER, and PUtE under low P as compared to optimum P
conditions (Figure 3; Table 3). Moreover, TRL, TSA, RVL, TBM, SDW, PER, SRL, and RDW
showed strong associations with PUtE under low P rather than optimum P conditions.
Finally, we suggest phenotypic traits like TRL, RDW, TPU, P CON, PER, PUtE, TBM, TSA,
TIP, and AVD as potential physiological markers for the selection of bread wheat genotypes
for P use efficiency.

The PCA, genetic, and phenotypic correlations showed that TRL was significantly and
positively correlated with TSA, RVL, and PUtE under both P levels, but negatively corre-
lated with AVD typically under the low P condition. Identified P use-efficient genotypes
also showed a decrease in AVD under low P rather than optimum P. This demonstrated
that AVD plays a key role in P availability as compared to other root-related traits at the
seedling stage. Reduction in AVD leads to thinner roots and diverts the energy toward
increasing length, so that the roots can extend to unexplored soil regions to forage for
more P [48,49]. Reduced AVD under low P compared to optimum P was reported in
maize (Zea mays L.) [45], sorghum (Sorghum bicolor (L.) Moench) [47], wheat [10,50], and
Aegilops tauschii [51]. Similarly, enhanced TRL under low P was observed in wheat grown
in hydroponics [32,44,52] and field conditions [53]. Thus, suppression of root secondary
growth (reduction in average diameter of the root) decreases the metabolic (i.e., carbon,
nutrient, and energy) costs of producing and sustaining root length and has been proposed
to be an adaptive strategy to improve the metabolic efficiency of soil exploration [47,53,54].
Another key trait, root surface area, has a close association with the nutrient absorption
rate. Vigorous root growth with high TRL and TSA guarantees the effective absorption of
macro and micronutrients at the early growth stage of the plant. TSA and TRL are mainly
influenced by the root diameter [10,27,55]. In addition, TRL and root number were also
positively correlated with biomass and grain yield [56,57]. Other noticeable genotypic and
phenotypic correlations were between TSA and TIP, PRL, and PUtE, which were typically
higher under low P. Further, RVL, RDW, and TBM also showed higher correlations with
PULE under both P levels (Table S4, Figure 3). Therefore, water and nutrient uptake from
the soil is proportional to the contact area between the root surface and soil [58]. The higher
values of PUtE under the optimum P condition were attributed to high values of TPU for
the studied genotypes. The presented results are in good synchronization with the earlier
reports of PULE in rice [59] and wheat [44,50,60].

The multivariate analysis, like PCA, identified traits like TBM and SDW as highly
dependent variables for PUtE under optimum P, whereas under low P, TBM, PER, PUpE,
AVD, and TIP were highly dependent variables for PUtE. Furthermore, PCA and genotypic
correlation studies emphasized the TIPs positive associations with TPU, and PUpE, as
well as SRL relationships with PCON, and PUpE. The root meristem exhaustion under
low P probably perturbs auxin circulation in the root tip and consequently impacts lateral
branching in older parts of the root. This increases the absorptive surface area for nutrients.
A plastic response of lateral root proliferation (increase in number of root ends or tips) was
induced in wheat and maize in response to P deprivation [25,44,61]. The plastic responses
of P use-efficient and -inefficient genotypes in root, biomass, and P index traits under
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different P conditions are depicted in Figure 6. SRL, the length to mass ratio of roots,
represents how the root mass can be used for nutrient acquisition. An increase in SRL
would increase the volume of soil explored per unit of biomass invested in the fine roots,
which is dependent on environmental changes [62—-64]. These findings indicate that PUtE,
TIP, AVD, PUpE, RDW, SRL, and TBM are key root traits differentiating P availability
among the studied traits.

P use efficient genotype LS eLic M eiolibe P use inefficient genotype
under OP condition under LP condition under LP condition
- TRL * TRL | . TRL |
+ TSA ¢ - TsA - TSA ||
© TP ) - TIp ] + TIP )
e AVD ﬂ * AVD l' « AVD l
. RVL ﬂ * RVL ﬂ « RVL l
« TBM ﬂ  TBM ﬁ « TBM l
- TPU {} - TPU . TPU ||
. PRLH] - PRL @ . pRL@
. SRL@ + SRL Hﬂ + SRL @
« PUPE{ + PUpE {] - PUpE|
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- PUE | . _I’/UtEk_ﬁ . pue |l

more thinner roots leads to higher root volume and root surface area

higher RSA, and RVL leads to higher soil exploration

4

higher soil exploration leads to higher TPU, PER, PUpE, and PUtE

Figure 6. Root architectural adaptation mechanisms for P use efficiency based on the current study.
[Note: upward green arrow indicates a positive response, curved brown arrow indicates a minor or no
response, and downward red arrow indicates a negative response to the local P nutrient availability.
OP, optimum phosphorus; LP, low phosphorus].

Phosphorus use efficiency is the dry biomass formed per unit of P uptake. It is well
known that both P uptake and utilization are vital for high P use efficiency. Generally, PUtE
is low under optimum P and high under low P conditions (Table 1). Genetic variation for
better P uptake and utilization under P-deficient conditions has been reported in various
wheat genotypes [65-67].

Among the traits, PRL, TSA, AVD, TRL, RMR, TIP, TBM, RDW, and RVL showed
high H" index values under the low P condition, whereas under optimum P, traits like
TSA, RVL, PER, PUtE, P CON, and TBM showed higher H" index value. The Shannon-
Weaver diversity index has been previously used to describe root trait diversity in rice [68],
maize [69], mung bean [70], and wheat [71]. Greater root diameter diversity is attributed
to an improvement in the fine root dispersion by root diameter class, regardless of root
length [72]. The presence of high H’ values in this study showed the presence of significant
phenotypic diversity and balanced frequency distribution [57,73].
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Among genotypes, WH 1022, WH 102, and PAVON F76 exhibited the highest percent
increases in TRL under low P in comparison to optimum P. Furthermore, these genotypes
possessed higher PCA ranking values (>210.5) (Table S5). Therefore, these genotypes may
be included in the wheat breeding program to develop P nutrient use-efficient genotypes
with enhanced TRL and PUtE. Genotypes from different geographic origins showed some
variations in root, biomass, and P index traits (Figure S3a—p), which reflects potential
ecological and climatic linkages that require further exploration.

5. Conclusions

Large phenotypic and genotypic variability in root, biomass, and P index traits in
diverse wheat genotypes under low and optimum P treatments was observed at the
seedling stage using a hydroponic phenotyping platform. Screening a large set of genotypes
in hydroponics provided the least environmental influences. Moreover, it was previously
demonstrated that the selection of genotypes via hydroponic screening is likely to be
relevant in the field too [33]. Phenotypic and genotypic differences and trait correlations
may be useful for breeding wheat cultivars with efficient acquisition of P with better root
architectural adaptations to resource-depleted environments. Further, the genotype WH
1022 along with P use-efficient and -inefficient genotypes (Table 4) may be used to identify
the genes/genomic regions for P use efficiency by developing mapping populations to
design suitable markers for molecular breeding programs. Our results indicate that the P
use-efficient genotypes showed increased fine root anatomy and their adaptation strategy
to low P conditions. The studied traits like TIP, RVL, TSA, AVD, TRL, P CON, TBM,
RDW, PUtE, and PER showed higher phenotypic variation and heritability under the low
P condition, which can be used as physiological markers for evaluating the responses
of wheat accessions to P nutrient stress conditions. More shoot-associated traits, such
as phenological development and shoot morphophysiological characteristics, could be
measured in the coming studies.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/agriculture14030447/s1, Table S1: Description of the 16 root,
biomass, and phosphorus index traits accessed in the study [7,27,48,58,70,74,75]; Table S2: Pedigree
details of 204 diverse wheat accessions originating from nine countries grown in hydroponics cul-
ture under low P and optimum P conditions (Source: http://wheatpedigree.net/) (accessed on 6
April 2023); Table S3: Genotypic and phenotypic variance and broad-sense heritability (H2) for all
traits measured under low P and optimum P conditions for all 204 accessions; Table S4a: Genetic
correlations among 16 tested traits under optimum P for all 204 accessions; Table S4b: Genetic corre-
lations among 16 tested traits under the low P condition for all 204 accessions; Table S4c: Phenotypic
correlations among 16 tested traits under the optimum P condition for all 204 accessions; Table 54d:
Phenotypic correlations among 16 tested traits under the low P condition for all 204 accessions;
Table S5: The PCA ranking values derived from principal components (PC) 1 to 4 using 15 traits of
wheat under two P levels; Figure S1: Geographic origin of 204 wheat accessions used in the present
study. Color indicates the country of origin. The geographic distributions of accessions are visualized
by https://www.mapchart.net/world-advanced.html (accessed on 2 March 2023); Figure S2: Bar
plot showing variations of P use-efficient and -inefficient genotypes under low and optimum P in
(a) Total P uptake (TPU), (b) P concentration (P CON), (c) P utilization efficiency (PUtE), (d) P efficiency
ratio (PER), (e) P uptake efficiency (PUpE), (f) Primary root length (PRL), and (g) Specific root length
(SRL). Bar plots show the means and error bars indicate standard error; Figure S3a—p: Variations
among the nine countries of origin in (a) Total root length, (b) Total surface area, (c) Average diameter,
(d) Total root volume, (e) Total root tips, (f) Root dry weight, (g) Total biomass, (h) Shoot dry weight,
(i) Root mass ratio, (j) Primary root length, (k) P concentration, (1) Total P uptake, (m) P efficiency ratio,
(n) P utilization efficiency, (o) P uptake efficiency, and (p) specific root length in 204 wheat genotypes
grown in a hydroponic phenotyping platform for 21 days. The boxplots are confined to the first and
third quartile with the middle lines being the median. The number of genotypes in each country
varied and ranged from 1 to 127 (see Table S2).
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