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Abstract
Identification of “donors” possessing superior traits to adapt to low phosphorus (P) soils is a primary requirement to develop
efficient crop plants for sustainable agricultural production. Diverse wheat (Triticum aestivumL., 89) and triticale (×Triticosecale
Wittmack, 15) genotypes were phenotyped in soil with low and sufficient P for two seasons and once in the hydroponic system.
Principal component analysis of relative biomass and grain weight revealed four clusters each for wheat and triticale. In low P
soil, genotypes in the efficient cluster showed lesser reduction in total biomass, grain weight, total P uptake, and harvest index
(HI), and improved P acquisition efficiency (PAE) and P harvest index (PHI) as compared to the inefficient cluster. In hydro-
ponics, reduction in total biomass was less while root biomass and PAE increased at low P in the efficient genotypes. Out of 22
(soil) and 38 (hydroponics) P-efficient wheat genotypes, nine were overlapping in both screens while in P-inefficient cluster, out
of 23 (soil) and 5 (hydroponics), three were common. A few P-efficient genotypes identified were DL784-3, DBW 16, and GW
322 and triticale TREAT, whereas P inefficient were C306 and ABACUS PVR (triticale). The selections in hydroponics are
likely to be relevant in the field as demonstrated by overlapping of genotypes in both the mediums. Genotypic variations in P
efficiency were strongly associated with P utilization rather than P uptake.

Keywords Hydroponics and soil culture . Phosphorus acquisition efficiency . Low phosphorus stress . P harvest index . Bread
wheat . Triticale

1 Introduction

Phosphorus (P) is one of the macro-nutrients essential for crop
growth and development, energy transfer reactions, and cellu-
lar metabolism. Plants acquire P as orthophosphate anions
(HPO4

2− and H2PO4
−) from the soil solution; however, its

concentration is <5 μM in most soils (Conyers and Moody
2009). Bioavailability of P is a constraint in the agricultural
production system due to its slow diffusion and high P-
fixation in soils. Worldwide 50 million tons of P fertilizer
per annum is required for crop cultivation (Lopez-
Arrendondo et al. 2014). Because of the non-renewable nature
of P reserves and extensive consumption, the cost of P fertil-
izer will continue to increase making the availability of P
fertilizer worse in the future (Cordell et al. 2009). The practical
and economical solution to P nutrition of crop plants can be
achieved through genetic improvement of P efficiency rather
than relying on chemical fertilization alone. Thus, the devel-
opment of crop varieties that can efficiently acquire and utilize
soil P would decrease the over-reliance on P fertilizers and,
hence, reduce its impact on the ecosystem.
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Phosphorus efficiency is defined as the ability of genotypes
to grow and yield relatively better even under low P stress as
compared to sufficient P conditions. Ideally, an efficient ge-
notype should exhibit comparable yields under low P as well
as an efficient response to P fertilization. P efficiency has been
defined as relative shoot growth (Gunes et al. 2006; Ozturk
et al. 2005) or relative grain yield (Graham 1984) suggesting
that screening for P efficiency includes a direct comparison of
shoot biomass and grain yield at low and sufficient P levels.
Hence, an efficient genotype is the one that produces a high
relative biomass and/or grain yield. Further, P efficiency
mainly depends on two components, acquiring P from soils
involving root trai ts and belowground processes
(Elanchezhian et al. 2015; Lambers et al. 2006; Wang and
Lambers 2019), and utilization of P which refers to mecha-
nisms at cellular level involving Pi remobilization (Vance
et al. 2003; Wang et al. 2010). For breeding P-efficient grain
crops, mostly the P acquisition traits have been widely
exploited (Wissuwa et al. 2009); however, there is a need to
explore the traits governing P utilization efficiency.

Worldwide, wheat (Triticum aestivum L.) is grown as a
staple food crop and consumes large (16.1%) amounts of
phosphatic fertilizer which is greater than P consumption in
other crops (Heffer 2013).Wheat is mainly cultivated in acidic
soils of tropical and subtropical regions and the calcareous
soils of temperate regions; hence, an important problem in
wheat production is its lack of tolerance to low P stress (stress
resulting from low P availability). Similarly, slow response to
P fertilization and low P fertilizer recovery are important con-
straints to enhance P efficiency in wheat genotypes.
Improvement of P efficiency in wheat through breeding is
imperative for sustainable agricultural production (Godfray
et al. 2010). For developing improved varieties, there is a need
to identify genotypic variability for specific traits adapted to
low P soils. Apart from wheat, high P uptake of triticale along
with low P utilization provided better adaptation under low P
environment (Osborne and Rengel 2002). Triticale (×
TriticosecaleWittmack) is a synthetic self-pollinated crop de-
rived from a cross between wheat (Triticum sp., AABB or
AABBDD) and rye (Secale cereale, RR). One of the parents
of triticale, rye, was reported to be an excellent performer in
soils deficient in micronutrients (Cakmak et al. 1997), acidic
conditions (Mergoum and Gómez-Macpherson 2004), Al tox-
icity (Slaski 1994), and low P stress (Pandey et al. 2005) due
to its superior physiological mechanisms such as extensive
root growth and root exudation.

In most studies, a limited number of wheat genotypes have
been evaluated for genetic variation in P efficiency and toler-
ance to low P stress (Batten 1986; Bilal et al. 2018; Gunes
et al. 2006; Jones et al. 1989; Korkmaz et al. 2009; Pandey
et al. 2005; Wang et al. 2008). However, only a few studies
have screened more than forty diverse wheat genotypes using
soil as well as solution culture (Liao et al. 2008; Manske et al.

2000; McDonald et al. 2015; Osborne and Rengel 2002;
Ozturk et al. 2005). The P efficiency mechanisms can vary
between the genotypes of a given plant species. Hence, the
primary requirement is to use a large number of diverse geno-
types for screening to understand the low P tolerance mecha-
nism related to P efficiency. In earlier reports, the screening
medium usedwas either soil or solution culture (hydroponics).
Both mediums have their drawbacks: in soil, a precise P con-
centration is difficult to achieve while in hydroponics, the
roots do not have a mechanical support. Results obtained in
soil have rarely been compared to hydroponics or vice-versa.
In the present study, a diverse set of 89 bread wheat
(T. aestivum) and 15 triticale genotypes were phenotyped to
understand their response in terms of P efficiency (relative
biomass and grain weight) using soil and hydroponics medi-
um. We also demonstrated whether the selections in hydro-
ponic screen would be relevant in the field and whether the
growth medium affects the genetic differences in P efficiency.

2 Materials and Methods

2.1 Experiment 1: Phenotyping for P Efficiency in Soil

Eighty-nine wheat (Triticum aestivum) and 15 triticale (×
Triticosecale) genotypes (Supplementary Table S1) were
grown for two consecutive seasons (2016 and 2017) in sandy
loam soil at low and sufficient P levels. Plants were sown in
pots in the third week of November each year. Low P soil was
collected from the site in our institute mapped as low P
(https://www.iari.res.in/files/IARI_Soil_Fertility_Maps.pdf)
and divided into two parts; in one-part, single super phosphate
was added as per recommended dose (referred to as “sufficient
P” treatment), while the other part was used as “low P.”
Recommended doses of nitrogen and potassium through
urea (116 mg N kg−1 soil) and muriate of potash
(30 mg K kg−1 soil) respectively were added to both soils.
After thorough mixing and sieving, soil analyses for various
properties were carried out. The pH of soil in water (soil:water
:: 1:2) was 7.1 and the electrical conductivity was 1.4 mS cm−

1. The available P (Olsen et al. 1954) was 42.2 mg kg−1 soil in
the sufficient P and 2.67 mg kg−1 soil in the low P treatment.
Table 1 shows other soil properties including N, K, S, and
DTPA extractable micronutrient (Fe, Mn, Zn, and Cu) con-
tents. Earthen pots of size 30 cm diameter × 30 cm height were
filled with low and sufficient P soil and kept in the net-house
under natural condition at the Indian Agricultural Research
Institute, New Delhi, India, located at 28.08° N and 77.12°
E and 228.61 m above mean sea level. The mean maximum
and minimum temperatures were 25.0 and 8.9 °C, respective-
ly, in 2016 and 24.7 and 9.1 °C, respectively, in 2017. The
total rainfall received during the crop season recorded was 19.
2 mm and 81.9 mm in years 2016 and 2017, respectively. Six
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seeds were sown in each pot, and after emergence of 3–4
leaves, only four healthy plants per pot were retained.

Morpho-physiological observations on plants were record-
ed at the time of anthesis. Flag leaf area was measured with a
leaf area meter (LI-3000; LI-COR, Lincoln, NE, USA) and
expressed as cm2 plant−1. Relative amount of chlorophyll in
flag leaf was measured by SPAD (SPAD-502 Meter; Konica-
Minolta, Japan). Plant height, peduncle length, and number of
productive tillers plant−1 were measured after attainment of
physiological maturity. Total biomass (g plant−1), total grain
weight (g plant−1), number of spikes plant−1, and 1000 grain
weight (g) were recorded after harvest. Concentration of P in
shoot and grain was estimated by ascorbic acid method
(Murphy and Riley 1962) after wet-digestion with diacid mix-
ture (HNO3 9 part: HClO4 4 part) (Bhargava and Raghupathi
1998). Total P content was calculated by multiplying tissue P
concentration by total dry weight (shoot dry weight or grain
weight) and expressed as mg P plant−1. P acquisition efficien-
cy (PAE) was calculated as the ratio of P content at low P to
sufficient P, and expressed as percentage (Lopez-Arrendondo
et al. 2014). Relative biomass or grain yield of genotypes was
calculated as the ratio of yield (total biomass or total grain
yield) at low P to the yield at optimum P condition (Ozturk
et al. 2005). Harvest index (HI) was calculated by dividing the
grain weight with total biomass (sum of grain weight and
shoot weight) while P harvest index (PHI) as the ratio of P
content in grain to the P content in grain plus shoot (Jones
et al. 1992). Both PHI and HI were expressed as percentage.

2.2 Experiment 2: Phenotyping in Hydroponics Media

Seeds were surface sterilized with 0.1% HgCl2, rolled in ger-
mination paper, and kept in the dark at 22 °C for germination.
After emergence of coleoptiles (5 days after sowing), seedlings

were transferred to Hoagland solution with sufficient (500 μM)
and low (5 μM) P (Pandey et al. 2018). The plants were sup-
ported on Styrofoam sheets (5 cm thickness) and grown in
plastic containers with 10 L of nutrient solution each. There
were four replicates of each treatment. The solution was aerated
continuously using aquarium pumps and PVC tubing. The so-
lution was changed every third day, and pH (5.6–5.8) was
maintained throughout the experiment using 1.0 N HCl or
1.0 N KOH. The composition of nutrient solution used was as
follows: macronutrients (in mM) KNO3 5.0, Ca(NO3)2 1.5,
NH4NO3 1.0, MgSO4 2.0, H3PO4 0.5; micronutrients (in μM)
H3BO3 1.0, MnCl2·4H2O 0.5, ZnSO4·7H2O 1.0, CuSO4·5H2O
0.2, (NH4)6Mo7O24·4H2O 0.075, Fe-EDTA 10.0.
Orthophosphoric acid was used to supply P. The experiment
was conducted in a glasshouse at the National Phytotron
Facility, ICAR-IARI, New Delhi, with day-night temperatures
at 22 °C–12 °C, photoperiod of 10 h, and relative humidity
maintained at 70%. Plants were sampled at 22 days after trans-
fer to nutrient solution into root and shoot and were dried in hot
air oven until a constant weight was obtained. Total P uptake
(mg P plant−1) and PAE were estimated as described above.

2.3 Statistical Analyses

The experiment was conducted in a completely randomized
design with two factors, P and genotypes. In soil culture, one
replication unit consisted of three pots and each pot contained
four plants while for hydroponics study, four replications were
taken. Data analysis was carried out by two-way analysis of
variance (ANOVA). Principal component analysis (PCA) and
hierarchical cluster analysis were carried out using statistical
software R version 3.5.1 (R Foundation for Statistical
Computing, Vienna 2005). PCA was carried out using 16
quantitative traits (pooled mean of 2 years), and the parame-
ters that differentiated genotypes for P efficiency were identi-
fied by the components of eigenvectors. Genotype and geno-
type × trait analysis was carried out in R using the package
GGE Biplot GUI version 1.0-9. Clustering based on Ward’s
method was executed using squared Euclidean distance ma-
trix of genotypic relative biomass and relative grain yield for
soil experiment while for hydroponics experiment, it was
based on relative biomass and P acquisition efficiency.
Graphs were plotted using GraphPad Prism version 5.01
(GraphPad Software, La Jolla, CA, USA).

3 Results

3.1 Evaluation of Wheat and Triticale Genotypes for P
Efficiency in Soil Culture

Traits were recorded for two consecutive years and data was
subjected to analysis of variance. Significant (P < 0.001)

Table 1 Properties of soil used in the experiment to screen wheat
(Triticum aestivum) and triticale (×Triticosecale) genotypes for low
phosphorus stress tolerance

Soil property Values (after fertilizer addition)

Organic carbon (%) 0.58

pH (in water) 7.10

Available KMnO4-N (mg kg−1 soil)
Available P (mg kg−1 soil)

194.00
2.67*/42.2**

Available K (mg kg−1 soil) 428.90

Available S (mg kg−1 soil) 6.87

Available DTPA-Fe (mg kg−1 soil) 4.80

Available DTPA-Zn (mg kg−1 soil) 1.52

Available DTPA-Mn (mg kg−1 soil) 9.60

Available DTPA-Cu (mg kg−1 soil) 2.29

Soil texture Sandy loam

*Available P in “low P” treatment. **Available P in “sufficient P”
treatment
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effects of genotype and P levels were observed for various
traits in both years (Supplementary Table S2). The P × geno-
type interaction for triticale during 2016 was non-significant
for the number of tillers, spikes plant−1, and grain P content
while in 2017, P level showed no significant effect on 1000
grain weight both in wheat and triticale genotypes. Pooled
mean (2 years) for traits like plant height, flag leaf area, num-
ber of tillers and spikes, total biomass and grain weight per
plant, 1000 grain weight, shoot and grain P concentration and
content, total P uptake and HI in low P soil in both triticale and
wheat genotypes showed a significant reduction as compared
to sufficient P (Table 2). However, a significant increase was
noted in SPAD value, PHI, and peduncle length at low P both
in wheat and triticale genotypes. The reduction in total bio-
mass of wheat and triticale at low P was 20 and 24% respec-
tively, and the reduction in grain weight was 24 and 30%
respectively as compared to sufficient P treatment. Total P
content decreased significantly by 53% and 58% in wheat
and triticale respectively at low P in comparison to sufficient
P. Likewise, the number of tillers was also reduced by 22%
both in wheat and triticale genotypes at low P.

Growth responses of wheat and triticale genotypes at suf-
ficient and low P levels were analyzed by principal component
analysis (PCA) taking into consideration pooled mean for 2-
year (2016 and 2017) data of 16 variables as mentioned in
Table 2. Analysis of genotype and genotype × trait exhibited
that PC1 and PC2 governed 51.2% variability at sufficient P

and 52.8% at low P (Fig. 1a, b). At low P (Fig. 1b), the biplot
revealed distinct groups and the most contributing traits to P
efficiency were found to be total biomass, HI, PHI, total grain
weight, 1000 grain weight, P content in grain and shoot and
total plant P uptake. Traits which explained genotypic vari-
ability at sufficient P in PC1 were PHI (18.0%), P percentage
in shoot (15.4%), shoot P content (11.7%), HI (11.7%), and
total grain weight (10.0%). Similarly, under low P, total plant
P uptake (17.0%), total grain weight (16.1%), P content in
grain (15.7%), total biomass (12.7%), and 1000 grain weight
(11.6%) contributed to genotypic variability. Within PC2, the
maximum genotypic variation was contributed by total bio-
mass (16.7%) at sufficient P and PHI (19.1%) at low P.
Similarly, in PC2, the total plant P uptake contributed to ge-
notypic variability by 13.4% at sufficient P. Other traits which
explained genotypic variability at low P in PC2 were HI
(16.0%) and number of tillers (13.4%). Since the analysis of
biplots at sufficient and low P revealed that grain weight and
biomass governed maximum genetic variability, cluster anal-
ysis was done using relative values for grain weight and bio-
mass (Fig. 2a, b).

Clustering of genotypes resulted in four distinct groups
(Fig. 2a) in wheat as efficient (average relative biomass 88.5
and grain weight 86.0), moderately efficient (average relative
biomass 87.3 and grain weight 75.2), moderately inefficient
(average relative biomass 76.0 and grain weight 79.7), and
inefficient (average relative biomass 71.2 and grain weight

Table 2 Mean values of various traits recorded in wheat (Triticum aestivum) and triticale (× Triticosecale) genotypes grown under sufficient (SP,
42.2 mg P kg−1 soil) and low (LP, 2.67 mg P kg−1 soil) phosphorus soil

Traits Triticum aestivum (89 genotypes) × Triticosecale (15 genotypes)

2016 2017 Pooled mean 2016 2017 Pooled mean

SP LP SP LP SP LP SP LP SP LP SP LP

Plant height (cm) 87.35 86.15 92.68 83.10 90.01 84.63 89.15 87.36 96.16 85.66 92.65 86.51

Peduncle length (cm) 9.20 11.03 9.80 8.76 9.50 9.90 12.07 13.86 10.97 10.62 11.52 12.24

Flag leaf area (cm2) 21.77 18.16 24.01 21.57 22.89 19.87 21.08 15.52 19.80 17.31 20.44 16.42

SPAD value 46.24 48.10 47.66 48.74 46.95 48.42 49.37 53.34 51.29 52.35 50.33 52.85

Number of tillers plant−1 7.0 6.0 9.0 7.0 8.0 6.0 7.0 6.0 9.0 7.0 8.0 6.0

Number of spikes plant−1 6.0 6.0 8.0 7.0 7.0 6.0 6.0 5.0 8.0 6.0 7.0 6.0

Total biomass (g plant−1) 24.89 19.74 30.30 24.40 27.60 22.07 23.55 18.93 32.03 23.26 27.79 21.10

Total grain weight (g plant−1) 11.21 8.08 13.62 10.84 12.42 9.46 11.07 7.95 14.38 9.80 12.73 8.88

1000 grain weight (g) 32.68 26.83 39.88 40.04 36.28 33.43 31.93 25.88 39.62 40.80 35.78 33.34

P percentage in shoot (%) 0.21 0.13 0.28 0.10 0.24 0.11 0.22 0.13 0.29 0.09 0.25 0.11

P content in shoot (mg plant−1) 52.06 24.78 83.71 23.87 67.89 24.33 49.79 23.94 91.89 21.54 70.84 22.74

P percentage in grain (%) 0.39 0.33 0.37 0.29 0.38 0.31 0.46 0.37 0.37 0.29 0.41 0.33

P content in grain (mg plant−1) 43.10 27.00 50.66 31.62 46.88 29.31 50.05 29.00 52.88 28.40 51.46 28.70

Total P content (mg plant−1) 95.16 51.79 134.38 55.49 114.77 53.64 99.83 52.94 144.77 49.94 122.30 51.44

Harvest index (%) 31.09 29.01 30.93 30.69 31.01 29.85 32.07 29.65 31.07 29.64 31.57 29.64

P harvest index (%) 46.59 52.34 38.51 57.27 42.55 54.81 51.37 55.16 37.05 57.84 44.21 56.50
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64.2). Out of 89 wheat genotypes, 22 were included in the
efficient cluster, 18 were classified as moderately efficient,
26 belonged to moderately inefficient, and 23 were classified
as inefficient. A significant difference was found among these
groups with respect to total biomass, grain weight, P content
in shoot and grain, total P content, HI, PHI, and PAE. In
genotypes belonging to efficient cluster, the reduction in total
biomass was 11.7%whereas, in moderately efficient cluster, it
was 12.6% at low P. Compared to efficient and moderately
efficient clusters, low P significantly reduced total biomass of
genotypes classified under moderately inefficient (24%) and
inefficient (29%) clusters (Fig. 3). Similarly, the efficient,
moderately efficient, moderately inefficient, and inefficient
clusters showed a reduction in grain weight at low P as com-
pared to sufficient P by 14, 21, 25, and 36% respectively. A
significant reduction in shoot and grain P content was noted at
low P in comparison to sufficient P in all four clusters, with the

highest reduction of 69.7% (shoot P content) and 46.8% (grain
P content) in the inefficient cluster. Low P treatment signifi-
cantly influenced total plant P uptake in all clusters with max-
imum reduction (60.6%) in inefficient cluster whereas effi-
cient cluster exhibited 47.4% reduction as compared to suffi-
cient P. The HI and PHI did not vary consistently among the
groups at either P levels; however, the latter was increased
under low P as compared to sufficient P and the contrasting
clusters exhibited more than 20% increase. The PAE also
varied distinctly among different clusters; it was 54.9, 51,
49.5, and 41.8% in the efficient, moderately efficient, moder-
ately inefficient, and the inefficient cluster respectively.
Among other traits, decreases in 1000 grain weight and spike
numbers were less in the efficient cluster at low P as compared
to sufficient P (Supplementary Fig. S1).

Similar to wheat, triticale genotypes were also grouped into
four clusters (Fig. 2b), efficient (average relative biomass 88.4

PPERS
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SPIKES        

PL
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b) Low phosphorus

Fig. 1 Genotype and genotype ×
trait interaction biplot at (a)
sufficient (42.2 mg P kg−1 soil),
and (b) low (2.67 mg P kg−1 soil)
phosphorus. Biplot analysis
identified 51.15% of variability at
sufficient P and 52.80% of
variability at low P. Serial number
corresponds to genotype ID in
Supplementary Table 1S. PH,
plant height; PL, peduncle length;
TBM, total biomass; TGW, total
grain weight; 1000GW, 1000
grain weight; PCONTS, P content
in shoot; PCONTG, P content in
grain; SPIKE, number of spikes
plant−1; TILLER, number of
tillers plant−1; PPERS, P
percentage in shoot; PPERG, P
percentage in grain; PCONT, total
P content; PAE, P acquisition
efficiency; SPAD, SPAD value;
HI, harvest index; PHI, P harvest
index; FLA, flag leaf area
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and grain weight 85.1), moderately efficient (average relative
biomass 82.4 and grain weight 69.7), moderately inefficient
(average relative biomass 64.8 and grain weight 71.5), and
inefficient (average relative biomass 66.7 and grain weight
58.9). Out of 15 triticale genotypes, three belonged to effi-
cient, five in moderately efficient, two as moderately ineffi-
cient, and five were in the inefficient cluster. Significant var-
iation was observed among these clusters with respect to total
biomass, grain weight, P content in shoot and grain, total plant
P uptake, HI, PHI, and PAE (Supplementary Table S2). Low
P treatment significantly reduced total biomass in all clusters
with maximum reduction observed in inefficient (33.2%)
whereas it was only 11% in the efficient cluster (Fig. 4).
Likewise, reduction in total grain weight was 15% in the effi-
cient cluster as against 41% in the inefficient cluster.
However, in moderately efficient and moderately inefficient
clusters, a 30% reduction in grain weight was observed at low
P. The total plant P uptake at low P decreased by 52.5, 56.7,
51, and 65.6% in the efficient, moderately efficient, moder-
ately inefficient, and inefficient clusters, respectively.
Phosphorus content in shoot and grain decreased significantly
at low P compared to sufficient P in all clusters, with maxi-
mum reduction (73.2% in shoot P and 55.3% in grain P)
observed in the inefficient cluster. Likewise, significant

reduction in HI was noted in the inefficient cluster at low P.
However, the PHI was enhanced by 26% in the inefficient as
against 45.7% for the efficient cluster at low P. The PAE was
enhanced by 47.7% in the efficient cluster and 37.5% in the
inefficient cluster. Besides these traits, the reduction in plant
height observed at low P was less whereas no reduction was
observed in the efficient cluster as against inefficient cluster
which showed significant decrease in both traits
(Supplementary Fig. S2).

3.2 Evaluation of Wheat and Triticale Genotypes for P
Efficiency in Hydroponics Culture

The same set of wheat and triticale genotypes were
phenotyped in hydroponics solution at seedling stage with
precise P concentration. The genotype and P levels signifi-
cantly (P < 0.001) influenced total biomass, root and shoot
dry weight, root-to-shoot ratio, and total P content plant−1 both
in wheat and triticale genotypes (Table 3). Total biomass,
shoot dry weight, and total P content decreased significantly,
but root dry weight and root-to-shoot ratio increased at low P
both in wheat and triticale genotypes as compared to sufficient
P concentration. Total P uptake was reduced by more than
70% at low P concentration in wheat and triticale genotypes

Inefficient Moderately
inefficient

Moderately
efficient

Efficient

Moderately
inefficient

Inefficient Efficient Moderately
efficient

(a) 89 genotypes Tri�cum aes�vum

(b) 15 genotypes of ×Tri�cosecale

Fig. 2 Clustering of (a) wheat (Triticum aestivum), and (b) triticale genotypes by Ward’s method using squared Euclidean distance matrix of relative
biomass and relative grain weight. Plants were grown in soil with sufficient (42.2 mg P kg−1 soil) and low (2.67 mg P kg−1 soil) phosphorus
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in comparison to sufficient P. The root-to-shoot ratio was
increased at low P in both cereals, and it was proportionately
more in triticale, inferring that this change contributes to better
efficiency in triticale.

Clustering based on relative biomass and PAE revealed
four groups each of wheat and triticale genotypes
(Fig. 5a, b). In wheat genotypes, the four clusters were as
efficient (average values for relative biomass 95.7 and PAE
32.5), moderately efficient (average values for relative bio-
mass 85.7 and PAE 24.9), moderately inefficient (average
values for relative biomass 72.1 and PAE 23.0), and inefficient
(average values for relative biomass 56.0 and PAE 17.6). Out
of 89 wheat genotypes, 38 belonged to the efficient cluster, 28
in moderately efficient, 18 in moderately inefficient, and five
were included in the inefficient cluster (Fig. 5a). Significant
variation was observed among these clusters with respect to
total biomass, total P content, shoot and root dry weight, and
root-to-shoot ratio (Fig. 6). The reduction in total biomass at
low P treatment in the efficient cluster was non-significant
compared to sufficient P, but a significant decrease was

observed in moderately efficient (15.0%), moderately inef-
ficient (28.1%), and inefficient clusters (43.6%). Similarly,
low P treatment resulted in a marked reduction in total P
content which was 83.3% in the inefficient cluster against
68% in the efficient cluster. Root dry weight increased by
34.5% at low P compared to sufficient P in the efficient
cluster while genotypes in other clusters did not show any
significant increase.

Clustering of triticale genotypes also revealed four groups
(Fig. 5b) as efficient (average relative values for biomass
102.1 and PAE 35.1), moderately efficient (average relative
values for biomass 97.3 and PAE 32.3),moderately inefficient
(average relative values for biomass 93.2 and PAE 30.5), and
inefficient (average relative values for biomass 77.4 and PAE
24.6). Out of 15 triticale genotypes, two were classified as
efficient, one as moderately efficient, seven as moderately
inefficient, and five as inefficient. In the efficient cluster, total
biomass was not influenced by low P while in the inefficient
cluster, 22.3% reduction was observed (Fig. 7). The total P
content was reduced significantly at low P compared to

Fig. 3 Box and whisker plot showing difference in wheat (Triticum
aestivum) genotypes with respect to total biomass, number of tillers
plant−1, total grain weight, shoot P content, grain P content, total plant
P content, harvest index, P harvest index, and P acquisition efficiency
screened in soil with sufficient (42.2 mg P kg−1 soil) and low (2.67 mg P

kg−1 soil) P. Horizontal lines inside boxes, median; +, mean; box hinges,
first and third quartiles; whiskers, full range of the data; black dots
represent outliers. Clustering of genotypes was performed based on
Ward’s method using squared Euclidean distance matrix of genotypic
relative biomass and relative grain yield
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Fig. 4 Difference in triticale (× Triticosecale) genotypes with respect
total biomass, number of tillers plant−1, total grain weight, shoot P
content, grain P content, total plant P content, harvest index, P harvest
index, and P acquisition efficiency screened in soil with sufficient
(42.2 mg P kg−1 soil) and low (2.67 mg P kg−1 soil) P. Clustering of

genotypes was performed based on Ward’s method using squared
Euclidean distance matrix of genotypic relative biomass and relative
grain yield. C I, efficient; C II, moderately efficient; C III, moderately
inefficient; C IV, inefficient

Table 3 Mean values of various traits recorded in wheat (Triticum
aestivum) and triticale (× Triticosecale) genotypes grown under
sufficient P (SP, 500 μM) and low P (LP, 5 μM) concentration in

hydroponics. Significance of F-values derived from analysis of variance
for recorded traits with two factors: P and genotype (G), as treatment
effects. *P < .05; **P < .01, ***P < .001

Traits Mean F-value

Triticum aestivum
(89 genotypes)

×Triticosecale
(15 genotypes)

Triticum aestivum (89 genotypes) ×Triticosecale (15 genotypes)

SP LP % change
at LP

SP LP % change
at LP

P G PXG P G PXG

Total biomass
(g plant−1)

0.278 0.235 −15.53 0.255 0.227 −10.97 499.22*** 73.54*** 5.52*** 48.03*** 39.24*** 3.10***

Shoot dry weight
(g plant−1)

0.244 0.191 −21.48 0.227 0.184 −19.18 803.32*** 55.94*** 5.57*** 137.53*** 33.21*** 4.56***

Root dry weight
(g plant−1)

0.034 0.044 29.92 0.028 0.044 58.45 1105.79*** 81.26*** 10.62*** 370.97*** 37.80*** 13.36***

Root-to-shoot ratio 0.138 0.237 71.32 0.121 0.248 104.40 1556.63*** 10.52*** 9.75*** 553.54*** 25.79*** 25.7***

Total P content
(mg plant−1)

1.30 0.343 −73.64 1.14 0.326 −71.40 14,972.09*** 43.40*** 23.75*** 2344.82*** 8.63*** 6.34***
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sufficient P in all clusters with 75.8% reduction observed in
the inefficient cluster. Root dry weight increased by 89.8%

while shoot dry weight exhibited no significant effect of low
P concentration in the efficient cluster.

Inefficient Moderately inefficient Moderately efficient

(a) 89 genotypes Triticum aestivum

(b) 15 genotypes  of ×Triticosecale

Inefficient Efficient

Efficient

Fig. 5 Clustering of (a) wheat (Triticum aestivum), and (b) triticale
genotypes by Ward’s method using squared Euclidean distance matrix
of genotypic relative biomass and P acquisition efficiency. The plants

were grown in hydroponics at sufficient (500 μM) and low (5 μM)
phosphorus concentrations for 22 days

Fig. 6 Box and whisker plot showing difference in wheat (Triticum
aestivum) genotypes with respect to total biomass, shoot dry weight,
root dry weight, root-to-shoot ratio, total P content, and P acquisition
efficiency at sufficient (500 μM) and low (5 μM) phosphorus (P).

Horizontal lines inside boxes, median; +, mean; box hinges, first and
third quartiles; whiskers, full range of the data; black dot represents
outliers. Genotypes were classified on the basis of relative biomass and
P acquisition efficiency
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3.3 Identification of Low P Stress Tolerant and
Sensitive Wheat and Triticale Genotypes

From cluster analysis, common genotypes in both cereal spe-
cies that responded consistently in soil and hydroponic exper-
iments with respect to low P stress tolerance, were identified
(Table 4). For cluster analysis, relative biomass was the com-
mon trait in both screening mediums. In wheat, the proportion
of lines that overlapped in the efficient cluster in soil screen
was 40.9% while in hydroponics, it was 23.7%. In both
screens, nine genotypes DBW 39, DBW 16, DL 784-3, HD
2967, RAJ 3077, BWL 5202, EC-556434, RAJ 3765, and
MACS 6222 were efficient. These common genotypes
showed percent reduction in biomass between < 4 and 20%
in soil whereas in hydroponics, it was zero to 9% only.
Besides total biomass, other contributing traits for these geno-
types were total grain weight, HI, total P content, P content in
grain, 1000 grain weight, and PAE as evident from Fig. 1b.
Similarly, in the moderately efficient cluster, the overlapping
genotypes in soil and hydroponics were 16.7 and 10.7% re-
spectively, which were SUNCO, SUNMIST, and STILLETO.
In the moderately inefficient cluster, the proportion of com-
mon genotypes in soil and hydroponic screen was 30.8 and
44.4% respectively which included DBW 88, HD 2687, BWL
5200, ROLLER-1, NI-5439, OLYMPIC, DATATINE, and
KYPO-328. The inefficient cluster exhibited 13.0 and 60.0%
of overlapping genotypes in soil and hydroponic screens re-
spectively and those were C 306, CULICANT 89, and
ARRINO. These genotypes in the inefficient cluster exhibited
poor performance at low P. There was significant reduction in

biomass, grain weight, and total P uptake while PAE was <
50% in soil culture. Similar poor performance was exhibited
by these genotypes for total biomass, shoot biomass, and total
P content in hydroponics culture.

There were a few genotypes which changed the category
from efficient in one screen to inefficient in another screen.
For example, PBW 502, PBW 550, UP 2425, PBW 677,
PBW 660, PBW 644, PBW 396, EC 463394, EC 574376,
and SAMNGP 408 were grouped under efficient cluster in
hydroponics fell into inefficient cluster in soil screen. In hy-
droponics screening, these genotypes exhibited < 12% reduc-
tion in total biomass and 24 to 184% increase in root biomass
but in low P soil, a significant reduction in biomass (21 to
38%) and grain yield (28 to 55%) was observed. Similarly,
HD 3090, ATTILA, GUTHA, PBW 175, and RAJ 3777
which were grouped in the efficient cluster in soil were cate-
gorized into moderately inefficient cluster in hydroponics.
E igh t g eno type s (VEE /MYNA, CARAZINHO,
BENCUBBIN, HD 2891, WH 1105, GW 322, WARIGAL,
and RAJ 3777) that were efficient in soil moved to moderately
efficient cluster in hydroponics screening. These genotypes
exhibited 4 to 18% reduction in biomass with PAE > 45% in
low P soil as compared to sufficient P whereas in hydroponics
the reduction in biomass was up to 21% with PAE < 30%.

Among triticale genotypes, there was no overlapping be-
tween soil and hydroponics in the efficient cluster; however,
SPL-TCL-8 and TREATwhich were in the efficient and mod-
erately efficient clusters respectively in soil fall under moder-
ately efficient cluster in hydroponics (Table 4). Triticale
TREAT exhibited a reduction in total biomass (23%), grain

Fig. 7 Difference in triticale (× Triticosecale) genotypes with respect to
total biomass, shoot biomass, root biomass, root-to-shoot ratio, total P
content, and P acquisition efficiency at sufficient (500 μM) and low
(5 μM) phosphorus (P). Genotypes were classified on the basis of

relative biomass and P acquisition efficiency in four clusters, CI,
efficient; CII, moderately efficient; CIII, moderately inefficient; CIV,
inefficient
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weight (29%), and total P content (60%) in low P soil whereas
PAEwas > 45%. In hydroponic culture, TREAT showed non-
significant change in total biomass, while a reduction in total P
content (68%) and low PAE (32%) were observed. The pro-
portion of genotypes overlapped in both soil and hydroponic
experiments under inefficient cluster was 60%which included
T-3866, ABACUS PVR, and SPL-TCL-4. Among these,
ABACUS PVR showed a maximum reduction in total bio-
mass (37%), grain weight (36%), and total P content (67%)
while PAE was < 45%. In hydroponics, ABACUS PVR ex-
hibited a significant reduction in total biomass (22%), P con-
tent (85%), and PAE (15%). Likewise, the proportion of over-
lapping in moderately efficient cluster was 20 and 100% in
soil and hydroponics respectively whereas in the moderately
inefficient cluster, it was 100 and 28.6% in soil and hydropon-
ics respectively (Table 4). It was noted that T-3861 in hydro-
ponic screen changed its group from efficient to inefficient in
soil screen, as in former medium, it produced relatively higher
biomass with no reduction in shoot dry weight. However, in
low P soil medium, it could not sustain growth till maturity
and, therefore, reduction in total biomass (31%) and grain
yield (40%) as well as P uptake (62%) was higher.
Similarly, the genotypes T-3849 and TL-2942 in the efficient
group in soil changed to the inefficient in hydroponics screen.
These two genotypes in soil showed lesser reduction in rela-
tive biomass and grain yield with > 50% decrease in P uptake
while in hydroponics, significant reduction in shoot biomass
and P uptake (> 75%) was observed.

4 Discussion

The present study showed that more than 16% of genetic
variability to P nutrition was explained by total biomass and
grain weight in soil experiment. Under low P, a small reduc-
tion in total biomass was observed both in wheat and triticale
genotypes belonging to the efficient cluster in comparison to
inefficient cluster. Our result corroborates with earlier reports
where accumulation of biomass in P-efficient genotypes was
higher than that in P-inefficient genotypes of maize (Zea
mays) (Fageria and Baligar 1997a), rice (Oryza sativa)
(Fageria et al. 1988; Fageria and Baligar 1997b), wheat
(Osborne and Rengel 2002; Ozturk et al. 2005), and soybean
(Glycine max) (Krishnapriya and Pandey 2016). Low P con-
centration significantly reduced total biomass in wheat geno-
types belonging to the inefficient cluster. Ahmad et al. (2001)
reported that a small difference in total biomass between suf-
ficient P and low P conditions in cotton genotypes would be
suited for cultivation in P-limited areas. So, total dry matter
production can be used as a criterion for screening genotypes
of wheat for P efficiency (Fageria and Baligar 1999; Osborne
and Rengel 2002). Genotypes with higher relative biomass
produced higher dry matter under low P which demonstrates
that it is a superior trait for low P stress screening as reported
in other crops such as soybean (Furlani et al. 2002), pigeon
pea (Cicer arietinum) (Vesterager et al. 2006), dry bean
(Phaseolus vulgaris) (Fageria et al. 2010), and cotton
(Gossypium hirsutum) (Ahmad et al. 2001).

The total grain weights both in wheat and triticale
genotypes were reduced under low P, but a lesser reduction
was observed in the efficient cluster, while it was significantly
reduced in the inefficient cluster both in wheat and triticale
genotypes under low P. Horst et al. (1993) attributed reduction
in grain yield to inhibition of tillering causing lack of assim-
ilate production under low P. But in the present study, differ-
ences in percent reduction in tiller number in the efficient
(18%) and inefficient (20%) clusters were similar. The traits
governing grain yield in the efficient genotypes at low P
may be attributed to 1000 grain weight, PAE, grain P con-
tent, and total plant P uptake (Fig. 1b). Similarly, a less
relative reduction in grain yield under low P stress in P-
efficient Brassica oleracea genotypes was reported
(Hammond et al. 2009). Other reports on P-efficient geno-
types of groundnut (Arachis hypogea) showed high pod
yield and P uptake at low P (Singh and Basu 2005).
Wide variation in sink strength was observed between ef-
ficient and inefficient groundnut genotypes. Enhanced sink
strength (seed size) was reported due to low P stress toler-
ance in legumes (Liao and Yan 1999). Likewise, common
bean genotypes producing relatively higher dry matter at
low P soil (efficient) and also responded well to added P
(responsive) were most desirable to yield well under P-
limited conditions (Fageria and da Costa 2000).

Table 4 Common genotypes obtained among wheat (Triticum
aestivum) and triticale (× Triticosecale) after validation in both soil and
hydroponics experiments with respect to low P stress tolerance

Efficient Moderately efficient Moderately
inefficient

Inefficient

Triticum aestivum

MACS 6222 SUNMIST HD 2687 ARRINO

DBW 16 SUNCO OLYMPIC CULIACANT 89

DL 784-3 STILLETO DBW 88 C 306

HD 2967 ROLLER-1

DBW 39 NI-5439

EC-556434 BWL 5200

RAJ 3077 DATATINE

RAJ 3765 KYPO-328

BWL 5202

× Triticosecale

TREAT SPL-TCL-3

SPL-TCL-8 T-2969

ABACUS PVR

T-3866

SPL-TCL-4

SPL-TCL-5
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In the present experiment, P content in shoot and grain re-
duced significantly at low P as compared to sufficient P in all
four clusters but the reduction was higher in the inefficient
cluster in both cereal genotypes. Low P treatment also signifi-
cantly influenced total plant P uptake in all groups with maxi-
mum reduction in the inefficient cluster whereas the efficient
cluster showed only a smaller reduction in total P uptake in
comparison to sufficient P. The P content is dependent on bio-
mass accumulation indicating that the P utilization efficiency
decreased in the inefficient genotypes at low P (McDonald et al.
2015). Similar lesser reduction in total biomass exhibited by
efficient soybean genotypes grown in low P soil was due to
maintaining high P content as compared to the inefficient ge-
notypes (Krishnapriya and Pandey 2016). Ozturk et al. (2005)
observed that the total biomass and total P uptake at low P
levels were the most reliable traits for assessing wheat geno-
types for P efficiency. However, many of the wheat and triticale
genotypes with a high P efficiency ratio (relative biomass) ex-
hibited low P content in shoots due to differences in P utiliza-
tion between P-efficient and P-inefficient genotypes (Rengel
1999). Reports in wheat showed that the P uptake and root
dry weight of the efficient genotypes were superior to the inef-
ficient genotypes (Fageria and Baligar 1999). Higher grain
yield in wheat was observed as a result of large total P uptake
(Jones et al. 1992) which is possibly due to the efficient root
system architecture at low P (Gahoonia and Nielsen 2004).

In general, a reduction in HI at low P as compared to suf-
ficient P both in wheat and triticale genotypes was observed.
But very less variation was seen in HI among the efficient and
inefficient clusters in both groups. Sandana and Pinochet
(2011) also observed only slight variation in HI between dif-
ferent P treatments and showed no direct response to P-limited
condition. Grain yield response to P supply in wheat was not
related to HI (Manske et al. 2001) which is also reflected in
our results. Hence, partitioning of photosynthates towards
grain filling showed little contribution to grain yield under
low P. Aulakh et al. (2003) reported that grain yield was high-
ly correlated with total biomass rather than HI in soybean and
wheat genotypes. On the contrary, PHI was found to be en-
hanced under low P as compared to sufficient P both in wheat
and triticale. PHI is a measure of the partitioning of P in crop
plants that indicates how efficiently the plant had utilized the
acquired P for grain production. It measures the partitioning of
P to the grain in relation to total P uptake of the plant, and so
the PHI was negatively correlated with shoot P content but
positively with grain P content in both cereal species irrespec-
tive of soil P concentration. High PHI value was observed for
the inefficient wheat and triticale genotypes while low PHI
value was exhibited by the efficient genotypes. Our result
corroborates with the previous report where low PHI value
was observed by efficient wheat genotypes due to its high
yielding potential which reduced the grain P concentration
as an effect of dilution (Gill et al. 2004).

The PAE of genotypes belonging to the efficient cluster
was higher than that of the inefficient cluster in wheat and
triticale at low P in both soil and hydroponic media.
Generally, plant P uptake under low P stress is the sum of
physiological and biochemical adaptations. Physiological ad-
aptations include changes in root system architecture which
mainly influences acquisition efficiency (Krishnapriya and
Pandey 2016; Lambers et al. 2006; Raghothama and
Karthikeyan 2005). The adaptive mechanism under low P
stress includes a higher ratio of root to shoot growth, increased
root length, and enhanced number of root hairs in wheat
(Horst et al. 1993) besides the physiological processes in-
volved in P mining (Krishnapriya and Pandey 2016;
Lambers et al. 2013; Pandey et al. 2014; Pandey et al. 2018;
Wang et al. 2008). In P-efficient maize genotypes, higher root
growth and shoot P content were obtained than P-inefficient
genotypes (de Sousa et al. 2012). Our results are in agreement
with that of P-efficient rapeseed genotypes which exhibited
higher biomass under low P condition due to increased P
acquisition (Akhtar et al. 2008; Hu et al. 2010). Similarly,
higher yield in P-efficient wheat genotypes was correlated to
an increase in PAE and biomass (Fageria and Baligar 1999;
Gill et al. 2004). There is a need to study the root system and
other P mining traits in these P-efficient wheat and triticale
genotypes.

In hydroponics, low P concentration significantly reduced
total biomass of genotypes in the moderately inefficient and
inefficient clusters as compared to efficient and moderately
efficient clusters. Similar results were exhibited by P-
efficient soybean genotypes which produced higher biomass
compared to P inefficient under low P condition in hydropon-
ics (Krishnapriya and Pandey 2016; Zhou et al. 2016). Low P
stress significantly reduced total P uptake in all groups with a
maximum reduction in the inefficient cluster. The root dry
weight was highest in the efficient cluster in comparison to
the inefficient cluster. Our results are in agreement with earlier
reports in maize (Zhu et al. 2010) and common bean plants
(Ciereszko et al. 1996) where low P stress typically showed
enhanced biomass allocation to roots and altered the root sys-
tem due to increased root length, surface area, and volume.
The enhanced biomass partitioning to root under low P con-
centration causes a reduction in total biomass per plant due to
greater respiratory burden of root cells (Hansen et al. 1998).
But P-efficient rice plants showed the ability of preferential
distribution of P to roots, which enhanced root growth and P
uptake, thus improving tolerance to low P stress (Wissuwa
et al. 2005).

Our work consisted of a number of common genotypes that
have been assessed for P efficiency in earlier experiments
(Liao et al. 2008; McDonald et al. 2015; Osborne and
Rengel 2002). The genotypes ranked as efficient by Osborne
and Rengel (2002) based on shoot dry weight at deficient P
supply were CARAZINHO, EGRET, SILVERSTAR,
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STRETTON, and GUTHA. Out of these, CARAZINHO and
GUTHA performed consistently well in terms of relative bio-
mass and grain yield and grouped as P efficient in our study as
well as by McDonald et al. (2015). Genotypes EGRET and
SILVERSTAR were moderately efficient whereas
STRETTON was inefficient in the present study. Another
set ranked as moderate to P efficient (SUNMIST,
STILLETO, SUNSTATE, BLADE, WARIGAL,
DATATINE, ARRINO, CALINGIRI, TAMMIN, and
CARNAMAH) by Osborne and Rengel (2002) were compa-
rable with our study. We found SUNMIST, STILLETO, and
SUNSTATE grouped as moderately efficient while
DATATINE, TAMMIN, CARNAMAH, and BLADE as
moderately inefficient. Further, WARIGAL fell in the effi-
cient cluster whereas BROOKTON, ARRINO, and
CALINGIRI were grouped as P inefficient. Among genotypes
BANKS, JANZ, SUNCO, and BT SCHOMBURGK catego-
rized as inefficient by Osborne and Rengel (2002), we found
only JANZ in the inefficient cluster while BANKS and BT
SCHOMBURGK were moderately inefficient, and SUNCO
as moderately efficient in soil experiment. Interestingly,
BROOKTON and JANZ, common in our study and others
(Liao et al. 2008; McDonald et al. 2015; Osborne and
Rengel 2002), performed consistently poor in biomass pro-
duction at low P irrespective of growth media. Apart from
wheat, triticale TREAT performed well in terms of shoot dry
weight at deficient P supply and was grouped as efficient by
Osborne and Rengel (2002) which also agrees with our result.
However, they grouped triticale ABACUS PVR as moderate-
ly P efficient but, in present study, it performed poorly in both
mediums. Thus, it provides a strong evidence that a few ge-
notypes performing consistently across the continents should
be included in the breeding program for developing P-efficient
wheat cultivars.

Earlier reports found no correlation between field and hy-
droponics screening for low P stress tolerance (Hayes et al.
2004; Rose et al. 2011, 2015), but it was shown that most of
the soil “efficient” genotypes were also ranked either efficient
or moderately efficient in hydroponic conditions. Meena et al.
(2021) evaluated 100 diverse mungbean accessions for low P
tolerance in hydroponics, and the selected ten accessions were
further validated in soil. Significant relationship between the
two methods was observed, and out of ten, eight mungbean
accessions stayed in their efficient/inefficient category when
evaluated in soil. Panigrahy et al. (2014) showed comparable
results in rice (Nagina 22 mutants) under low P conditions in
field and nutrient solution experiments. They suggested that
traits, viz., root biomass, root length, and root/shoot fresh
weight, in response to P deficiency in hydroponically grown
seedlings can be used as indicators for identification of P-
efficient genotypes under low P soil. Our study showed that
in hydroponics, the reduction in biomass under low P stress
was higher as compared to soil screen. It may be argued that

the P uptake from soil is limited by the rate of P diffusion to
root surface, and therefore roots explore greater soil volume
whereas in hydroponics, P moves to root surface via mass
flow without any hindrance. Moreover, the root exudates
and microbial fauna in soil grown plants help to acquire
non-available P but such interaction is absent in nutrient solu-
tion culture (McNear 2013). Moreover, there is no scope for
roots to improve P acquisition in hydroponics since the low P
concentration is fixed. All these factors result in faster de-
crease in plant biomass under limited P supply in solution
culture. Despite these differences in P uptake mechanisms,
the inherent genetic potential of a variety at seedling stage in
hydroponics, and till maturity in soil screen, cannot be
ignored.

5 Conclusions

The present study suggests that the selection of genotypes in
hydroponics was expected to be relevant in the field, or at
least, would not lead to inappropriate selections and rejections
as we found some overlapping of genotypes within the con-
trasting groups in both the mediums. The results showed that
seedling traits, viz., root biomass, total biomass, and phospho-
rus acquisition efficiency, of hydroponically grown plants in
response to low P may be used as component traits which are
controlled genetically and would be effective in plants grown
till harvest in low P soil. Further, it was observed that the P
efficiency differences among the genotypes were strongly
governed by P utilization rather than uptake as evident from
the differences obtained in relative biomass (P efficiency ra-
tio) between the efficient and inefficient genotypes. The en-
hanced P harvest index under low P also indicated that the
acquired P was efficiently utilized for grain production. The
genotypes identified in this study may be utilized as “donors”
by the breeders to develop low P stress tolerant cultivars in
wheat and triticale.

Abbreviations P, Phosphorus; PAE, Phosphorus acquisition efficiency;
HI, Harvest index; PHI, Phosphorus harvest index; PCA, Principal com-
ponent analysis
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