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Abstract
Low phosphorus (P) availability is a major problem for cotton production. Identification of low P tolerant and efficient
genotypes would best address these problems. In this regard, thirty cotton genotypes were categorized for dry matter
production and P use efficiency (PUE) under low and normal P conditions. The results showed that cotton genotypes
displayed considerable variations in root morphology, dry matter production, photosynthesis, PUE, and antioxidant system
in response to low and normal P conditions. Genotypes Jimian169, Zhongzhimian2, and Lumianyan16 produced more
dry matter have high PUE and were considered strong low P tolerant and efficient, whereas genotypes DES926, TM-1,
and CCRI10 have low dry matter and PUE and were proved to be weak low P tolerant and inefficient. Based on various
classification methods, genotypes Jimian169 and DES926 were considered strong and weak low P tolerant cotton genotypes,
respectively. For most of the traits, the heritability was high, suggesting that selection under low P is more reliable than
under the normal P condition. The use of the identified cotton genotypes and traits could improve cotton breeding activities
and help to improve sustainable cotton production.
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Introduction

Cotton is growing mainly as a fiber crop, providing raw
materials to the textile industry (Chen et al. 2019; Iqbal
et al. 2022a). China is one of the leading cotton producers,
consumers, and importers in the world (Asif et al. 2021;
Niu et al. 2020). In China, most of the cotton is shifted
from the Yellow River and Yangtze River valley to Xin-
jiang province (Iqbal et al. 2022b). However, Xinjiang is an
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arid region having low precipitation and high surface evap-
oration and are therefore facing the issues like scarcity of
water resources (Li et al. 2015) and low nutrient availabil-
ity, especially phosphorus (P) (Iqbal et al. 2022c). Studies
have found that the availability of P is very poor in Xin-
jiang soil due to its calcareous nature, which causes slow
shoot development, dark green leaves, flower bud necrosis,
yellowing of older leaves, and finally affects cotton yield
and quality (Zhang et al. 2020). As a result, the growers
applied a huge amount of P fertilizers, however, the sol-
ubility and availability of P are low and it is easily fixed
by metal ions (Amanullah et al. 2019) and therefore the
P use efficiency (PUE) in a growing season is only 10–20%
(Iqbal et al. 2019a). This poor availability of P not only in-
hibits plant growth but also increases the cost of production
and environmental pollution (Iqbal et al. 2020c). In addi-
tion, low P activities various physiological responses, such
as increased root surface area and density that can assist
more P uptake (George et al. 2006). The response variation
among different cultivars suggests that the genotype which
performed better under low P is a better choice rather than
increasing P fertilizers (Zhang et al. 2012). There is a huge
gap between the crop potential and the actual yield under
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low P condition, indicating that identification and develop-
ment of low P tolerant and efficient genotypes are needed
to address these issues (Cattivelli et al. 2008).

P plays a vital role in plant growth and development as
it is an important component of ATP, phospholipids, and
nucleic acid (Wang and Liao 2010). Usually, plants suffer
from P deficiency because root hairs can only uptake the
available P, however, the solubility, mobility, and availabil-
ity of P are very low (Wang et al. 2021). In addition, 80% of
the applied P fertilizer is not available for the plants (Iqbal
et al. 2019a) due to its fixation with iron and aluminum in
acidic soils and calcium and magnesium in alkaline soils
(Wang et al. 2015). As a result, the use of chemical fertil-
izer is increased in the last few decades and it may increase
by a further 2% if current yields are to be maintained (Niu
et al. 2013). Moreover, the increase in P fertilization will
increase the cost of production and environmental pollu-
tion (Ghaffar et al. 2017). In addition, the production of
phosphate fertilizer consumes about 85% of the mined rock
phosphate every year. According to the statistics of the In-
ternational Fertilizer Development Center (IFDC), in 2010,
the resources of China’s phosphate rock accounted for only
5.8% of the world’s, and the supply was insufficient, and
a large amount of it was de-pendent on imports. However,
the world’s proven rock phosphate resources can only be
mined at the current rate for 50–70 years (Sandaña and
Pinochet 2016). Therefore, identification and development
of genotypes with high PUE are the crucial need for high
crop production (Chowdhury and Zhang 2021).

Tolerance to low P requires maintenance of plant growth
and biomass with limited available P and is reported to
occur by two distinct routes namely P uptake efficiency
(PUpE) and P utilization efficiency (PUtE) (Iqbal et al.
2019b). PUpE is the plant’s ability to extract P from the
soil and is expected to be related to root system traits
that increase root surface area or facilitate P acquisition
(Rausch and Bucher 2002). PUtE is a function of plant
growth, remobilization, and physiological traits that trans-
late P acquired by the roots into yield. Therefore, P effi-
ciency is defined as the ability of plants to produce higher
biomass or yield, and/or take up more P under inadequate
P conditions (Sandaña and Pinochet 2016). Therefore, an
increase in P absorption by a good root system is the
best approach for low-input agriculture (Mori et al. 2016).
Plants evolved a number of adaptation measures to en-
counter low P through morphological and metabolic mod-
ification, especially in roots that play a great role in the
absorption of a poor mobile soil P (Bello 2021). The PUpE
mechanism consists of elongation in the root system, re-
duction in primary root growth, and increased lateral root
surface area, root thickness, root hair length, root shoot
ratio, and shallow axial root growth (Ruiz et al. 2020).
In addition, root size, root dry matter (Srinivasarao et al.

2006), root vigor, and photosynthesis (Ali et al. 2002) are
also important for P absorption (Huang et al. 2017). P-ef-
ficient genotypes have a shallow-rooted system that im-
proves P absorption in response to surface P fertilization
(Yang et al. 2019). The increase in root morphology at the
seedling stage is more important than the reproductive stage
because grain yield is ensured by P remobilization from the
senescing tissues (Lynch 2019). Although under low P, sci-
entists have focused on root morphology (Sandaña 2016),
and suggested that extensive root systems may increase the
ability of plants to improve the uptake of P (Bilal et al.
2018). Several researchers have studied that an extensive
root system under low P increases the ability of plants to
improve root volume for the uptake of more P (Srinivasarao
et al. 2006).

PUtE is the ability of plants to convert the uptake P
into dry matter or yield and therefore, utilization of the up-
take P is very important, especially under low P condition
(Sandaña and Pinochet 2016). Since P deficiency restricts
plant growth by decreasing leaf photosynthesis and sink
capacity, low P affects the shoot more than the root (Iqbal
et al. 2019a). P regulates ribulose-1,5-biphosphate regen-
eration, carboxylation, energy supply, stomatal size, and
conductance, therefore, low P inhibits photosynthesis and
carbon metabolism followed by a poor biomass accumula-
tion (Taliman et al. 2019), due to non-stomatal limitations
(Carstensen et al. 2018). Under low P, 60–90% of root P is
remobilized from senescing tissues to the developing seeds
(Masoni et al. 2007), however, the P remobilization is low
under normal P condition (Mazlouzi et al. 2020). Although,
the non-stomatal inhibition of photosynthesis is known (Tal-
iman et al. 2019), but the importance of P remobilization
for increasing PUtE is still to be elucidated.

Previously, the importance of genetic variation in low
P tolerance and PUE has been identified in maize (Bayuelo-
Jiménez and Ochoa-Cadavid 2014), potato (Sandaña 2016),
wheat (Bilal et al. 2018), lentil (Aski et al. 2022), pearl mil-
let (Gemenet et al. 2015), rice (Inthapanya et al. 2000), bras-
sica (Irfan et al. 2020), mung bean (Reddy et al. 2021), and
sorghum (Manske et al. 2000). However, the contribution of
PUpE and PUtE greatly varies among various crops, soil P
availability, and the environment. It was found in the previ-
ous studies that PUpE was more critical than PUtE in com-
mon bean (Beebe et al. 2006), wheat (Osborne and Rengel
2002), and maize (Parentoni and Souza Júnior 2008), while
PUtE contributed more to PUE in maize (Corrales et al.
2007) and potato (Balemi and Schenk 2009a). Under low P,
PUpE is more important for variation in yield and PUE,
while PUtE is more important under normal P condition
(McDonald et al. 2015). The variation among genotypes
for PUE in cotton greatly depends on traits and methods of
screening. Consequently, various methods and criteria have
been proposed by different researchers to screen genotypes
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under low P such as total P uptake (Sandaña 2016), dry mat-
ter production per unit P (Rahim et al. 2010), and the ratio
of physiologically active P to total P (Aziz et al. 2014). The
complexity of PUpE and PUtE showed that an increase in
PUE might be obtained through various contributing traits
instead of a single trait. Therefore, it is important to know
the key traits contributing to PUE that could help in the
classification and identification of contrasting low P toler-
ant and efficient cotton genotypes. In this regard, the cur-
rent study was aimed to (1) evaluate the variation in cotton
genotypes for low P tolerance and (2) identify the key traits
contributing to PUE that could facilitate the selection of
P-efficient cotton genotypes.

Materials andMethods

Plant Materials

Based on the multi-year P fertilizer experiments in the ex-
perimental farm of the Cotton Research Institute of the Chi-
nese Academy of Agricultural Sciences (CRI, CAAS), we
have found that the amount of available P (3± 0.5mg kg–1)
in the soil is low and the cotton genotypes respond dif-
ferently during the cotton growth period. Therefore, the
current study is very important to understand the genotypic
difference under low and normal P conditions. Moreover,
the selection of the best contrasting P-efficient cotton geno-
types is the basis for the current study. Previously, we stud-
ied the agronomic performance and P use efficiency (PUE)
of 384 cotton genotypes under low (0.01mM KH2PO4) and
normal (1mM KH2PO4) P conditions, and based on dry
biomass and PUE, 30 genotypes were selected for further
screening. The present study was designed to use the se-
lected 30 cotton genotypes to identify the best contrasting
P-efficient cotton genotypes under low and normal P con-
ditions in hydroponic and pot cultures.

Hydroponic Experiment

Thirty cotton genotypes (Table S1) were categorized for
various morphophysiological traits under low (0.01mM
KH2PO4) and normal (1mM KH2PO4) P conditions in hy-
droponic culture. The experiment was conducted in the
greenhouse at CRI, CAAS, Anyang, China (36°060 N,
114°210 E). The healthy seeds of each genotype were
grown in 50% sand and vermiculite for one week. Af-
ter germination, uniform seedlings were transplanted into
a plastic container (7L) in the condition of 16/8h light/
dark cycle, 28°C temperature, and 60% relative humidity.
During the first week, a half-strength Hoagland solution
was applied followed by a full-strength solution as men-
tioned in our previous study (Iqbal et al. 2019a). Further,

seedlings with two true leaves were exposed to low and
normal P conditions. The seedlings were aerated with an
electric pump and the solutions were changed every week.
After obvious morphological variation, the four-week-old
seedlings were harvested and various morphophysiological
traits were measured.

Pot Experiment

A pot experiment was conducted in the greenhouse at the
CRI, CAAS, Anyang, Henan province, China (36°060 N,
114°210 E). The test soil of 0–20cm low-fertile arable soil
was collected from the cotton field and sterilized before
the experiment. The thirty cotton genotypes were grown in
a black plastic bucket (diameter: 12cm, height: 10cm) hav-
ing soil collected from the cotton field under low (0.01mM
KH2PO4) and normal P (1mM KH2PO4) conditions. The
other nutrients were used at the recommended levels. Ex-
cept for P treatments, other cultivation and management
measures will remain the same for each pot.

MorphologicalMeasurements

The shoot length (cm) of six randomly selected plants from
each replication was measured with the help of a ruler and
the average has been worked out as the mean shoot length
(Iqbal et al. 2020a). After harvesting, the plants were di-
vided into roots and shoots and subsequently dried at 105°C
for 1h followed by 80°C for 48h. After complete drying,
the shoot, root, and total dry matter were determined us-
ing an electric balance. At the same time, the roots of half
of the plants from each genotype were scanned and ana-
lyzed through WinRhizo root analyzer system (Iqbal et al.
2020b).

Determination of Leaf Photosynthetic and
Chlorophyll Traits

The photosynthetic traits were measured from the third fully
expanded leaf by using a portable photosynthesis system
(Li-Cor 6800; Li-Cor, Inc., Lincoln, NE, USA) from 9:00
to 11:00 a.m. (Iqbal et al. 2020a). About 50mg of fresh
leaf sample was used to measure chlorophyll and carotenoid
contents. The collected samples were cut into small pieces
and incubated overnight in acetone: ethanol (1:1) solution
for 48h at 25°C. Further, the absorbance for chlorophyll
and carotenoid was measured according to the standard pro-
tocols (Iqbal et al. 2020a).

Phosphorus Concentration and Use Efficiency

P concentration in root and shoot tissues were measured
according to Kjeldahl method (Iqbal et al. 2022b; Iqbal et
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al. 2020d). The grounded sample of 0.2g from each tissue
was digested with H2SO4-H2O2, and the final P concen-
tration was analyzed using the Bran+Luebbe Continuous-
Flow AutoAnalyzer III (AA3-Australia). The various PUE-
related definitions were measured according to our previous
study (Iqbal et al. 2019a).

P accumulation = P concentration � biomass

NUpE =
total P accumulation

root dry matter

PUtE =
total plant dry matter

P concentration

Determination of Malonaldehyde Contents and
Antioxidant Enzymatic Activities

The malonaldehyde (MDA) content in root and shoot was
measured by the thiobarbituric acid (TBA) reactions ac-
cording to the standard protocol (Li et al. 2022). The sam-
ples (0.2g) were extracted in 2ml of 0.25% TBA prepared
in 10% TCA. The extract was heated at 95°C for 30min,
and then, quickly cooled on ice. The collected extract was
centrifuged at 10,000g for 10min and absorbance was mea-
sured at 532nm.

For measuring the enzymatic activities, about 0.5g of
root and shoot samples were crushed in liquid nitrogen
and 10ml of 50mM sodium phosphate buffer consisting
of 1% polyvinyl pyrrolidine, 0.2mmol · L–1 ethylenediamine
tetra acetic acid, and 10mmol · L–1 magnesium chloride was
added. The solution was then centrifuged at 12,000g for
12min at 4°C. Finally, the collected supernatant was stored
at 4°C and the POD activity was measured according to the
protocol mentioned in the earlier study (Iqbal et al. 2020a).

SOD activity was assayed using the photochemical NBT
method. The assay mix (1ml) contained 50mM phosphate
buffer (pH 7.8), 9.9mM methionine, 57mM NBT, 0.025%
Triton X-100, and 0.0044% riboflavin. The photoreduction
of NBT was measured at 560nm. One unit of SOD was
defined as the volume of extract that causes inhibition of
the photoreduction of NBT by 50%.

Catalase activity was determined in the homogenates by
measuring the decrease in absorption at 240nm as H2O2 and
enzyme activity expressed as µmol H2O2 oxidized min–1 g–1

protein. In this case, 50µl enzyme extract was added to
a mixture that contained 50mM sodium phosphate buffer
(pH 7.0) and 10mM H2O2 to make the volume to 3ml.
Catalase activity was calculated by using an extinction co-
efficient of 39.4mM–1 cm–1.

Finally, the collected supernatant was stored at 4°C, and
the SOD, POD, and CAT activities were measured accord-
ing to the protocol mentioned in earlier studies (Wang et al.
2022).

Methods for Classification of Cotton Genotypes

Method 1 In this method, the genotypes were divided into
three groups such as efficient (E), medium (M), and ineffi-
cient (I) based on values assigned to each genotype using
mean (m) and standard deviation (SD) of each trait un-
der low and normal P in hydroponic and pot culture (Os-
borne and Rengel 2002) and (Aziz et al. 2011), the mung
bean genotypes were classified into. The genotype was con-
sidered efficient, if the mean value is more than m+ SD,
medium if the value is ranging between m= SD and m-SD,
and inefficient when the mean value is less than m-SD. The
score was assigned as 3 to efficient, 2 to medium, and 1 to
inefficient for each trait and finally the score of all traits
were sum up for each genotype.

Method 2 According to this method, the classification of
cotton genotypes was performed using shoot dry matter
and PUtE under low and normal P conditions (Fageria and
Baligar 1993). The genotypes were classified based on ef-
ficiency and responsiveness to normal and low P condi-
tions. The genotype having high dry matter than the mean
dry matter of all genotypes was considered efficient, while
the genotype having high PUtE than the mean PUtE of all
the genotypes was considered responsive. Thus the geno-
types were divided into four groups such as (i) efficient
and responsive (ii) efficient and non responsive (iii) ineffi-
cient and responsive and (iv) inefficient and nonresponsive
(Kosar et al. 2003).

Method 3 In this method, the genotypes were classified on
the basis of efficiency and responsiveness (Gerhardt et al.
2017). Based on the deviation of mean shoot dry matter of
each genotype in relation to mean shoot dry matter under
both low and normal P conditions. The data were plot-
ted in a scatter plot, showing deviation under normal P
(responsiveness) on the x-axis and deviation under low P
(efficiency) on the y-axis. This method also classified the
genotypes into four groups such as (i) efficient and respon-
sive (ii) efficient and non-responsive (iii) inefficient and
responsive and (iv) inefficient and non-responsive.

Method 4 This method is based on the stress tolerance
score calculated from the total dry matter of each geno-
type as shown in the following equations (Negarestani et al.
2019) and (Grzesiak et al. 2019).

Stress susceptibility index .SSI/ = .1−T=C/=.1−xT=xC/

Mean productivity index .MPI/ = .C + T /=2
Geometric mean productivity index .GMPI/ =p
C � T

p
C � T

Harmonic mean index .HMI/ = 2.C � T /=.C + T /
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Stress tolerance index .STI/ = .C � T /=.xC /2

Tolerance index .TI/ = C − T

Stress index .SI/ = T=C

Where, C and T represent the total dry matter (TDM) of
genotypes under normal and low P conditions, respectively.
xC and xT showed mean total dry matter of genotypes un-
der low and normal P conditions, respectively. Finally, the
values of all indices were summed up to get the value of the
stress tolerance score as shown in the following equation
(Negarestani et al. 2019).

Stress tolerance score .STS/ =

SSI +MPI +GMPI +HMI + STI + TI + SI:

Method 5 The cluster ranking groups were obtained based
on cluster analysis (Ravikiran et al. 2018) using various
studied morphophysiological traits subjected to Hierarchi-
cal cluster analysis in Origin Pro 2018 (Iqbal et al. 2019a).

Statistical Analysis

Genetic traits were measured from analysis of variance for
all the studied traits in thirty cotton genotypes under low
and normal P conditions in both hydroponic and pot cul-
tures. All the traits were measured from the mean square
between cotton genotypes and P conditions such as the phe-
notypic variance component, with the estimator σ2P=MSg /
r (MSg stands for the mean square of the genotypes and r for
replications); genotypic variance component, with the esti-
mator σ2G= (MSg–MSe) / r (MSe is the error mean square);
coefficient of experimental variation, with the estimator
CVe%= 100.(MSe)1/2 / µ (where µ is the average of treat-
ments); coefficient of genotypic variation, with the estima-
tor CVg%= 100.(σ2G)1/2 / µ; variation index, with the esti-
mator VI= CVg / CVe; and heritability, with the estimator
H2= σ2G / σ2P (Almasy and Blangero 2010).

The experiment was laid out on a randomized complete
block design having three replications and the obtained data
were analyzed using Statistix 8.1. The means were sepa-
rated by the least significant value at a 5% level of signifi-
cance. Figures were drawn in Origin Pro 2018 (Origin Lab
Corporation, Northampton, MA, USA).

Results

Descriptive Statistics and Analysis of Variance of
Measured Traits

The descriptive statistics of measured traits as explanatory
variables of PUE among 30 cotton genotypes grown in low

and normal P conditions are presented in Tables S2 and S3.
A high range of differences among the studied traits was
recorded, demonstrating that P affects the agronomic, phys-
iological, and biochemical traits in cotton genotypes (Ta-
bles S2 and S3). In hydroponic culture, the highest per-
centage reduction was noticed for net photosynthetic rate
(–38.76) followed by shoot P accumulation (–33.52) and
shoot PUpE (–33.52) under low P condition compared to
normal P condition. Whereas the highest gain was noticed
for root volume (179.65) followed by root surface area
(62.09), and root shoot ratio (43.45) under low P condi-
tion (Table S2). Among the 30 genotypes, the total PUpE
ranged from 8.96 to 10.34 and 6.21 to 7.62 under normal
and low P conditions, respectively, whereas PUtE ranged
from 197.9 to 244.9 and 165.4 to 204.3 under normal and
low P conditions, respectively. In pot culture, the highest
percentage reduction was noticed for chlorophyll b (–53.68)
followed by shoot P accumulation (–41.70) and shoot PUpE
(–41.70) under low P compared to that of normal P condi-
tions. Whereas the highest gain was noticed for root volume
(213.15) followed by root surface area (78.34), and root
length (60.24) under low P condition (Table S3). Among
the 30 genotypes, the total PUpE ranged from 3.67 to 4.43
and 2.17 to 2.84 under normal and low P conditions, re-
spectively, whereas PUtE ranged from 163 to 209 and 133
to 201 under normal and low P conditions, respectively.

Classification of Cotton Genotypes for Phosphorus
Use Efficiency

Method 1 Among various studied traits, shoot dry mat-
ter, root dry matter, root shoot ratio, net photosynthetic
rate, PUpE, and PUtE were selected for genotype classi-
fication. Cotton genotypes showed significant differences
for the selected traits considered for scoring under both
low and normal P conditions. In hydroponic culture, the
genotypes Jimian169, Zhongzhimian2, and Lumianyan16
recorded the highest score (17 out of 18), while the lowest
score was recorded from DES926 and TM-1 (7 out of 18)
under low P condition. Whereas under normal P condition,
Jimian169, Zhongzhimian2, and Lumianyan16 recorded the
highest score (17 out of 18), while the lowest score was
recorded from DES926 and TM-1 (7 out of 18) followed
by Dalingmian69 (8 out of 18), and CCRI10 and Nong-
damian7 (9 out of 18) (Table S4). Finally, the points score
of cotton genotypes under both low and normal P was
summed up to know the overall genotypic performance
(Table S4). For overall performance among the genotypes,
Jimian169, Zhongzhimian2, and Lumianyan16 recorded the
highest score (34 out of 36), while the lowest score was
recorded from DES926 and TM-1 (14 out of 18) followed
by Dalingmian69 (16 out of 36) and CCRI10 (18 out of 36)
(Table S4).
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In pot culture, the highest score was recorded from geno-
types Jimian169 and Zhongzhimian2 (17 out of 18), while
the lowest was from DES926, TM-1, CCRI10, and Daling-
mian69 (7 out of 18) under low P condition. Under normal
P condition, Jimian169, Zhongzhimian2, and Lumianyan16
recorded the highest score (17 out of 18), while the low-
est score was recorded from DES926, TM-1, and CCRI10

Fig. 1 Classification of cotton
genotypes based on P utilization
efficiency and shoot dry matter
under low (a) and normal (b)
P condition in hydroponic cul-
ture according to Fageria and
Baligar (1993). This classifi-
cation divides genotypes into
four groups i.e., ER efficient and
responsive, IR in-efficient but
responsive, ENR efficient but
non-responsive, INR in-efficient
and nonresponsive. Numbers
from P1 to P30 represent cot-
ton genotypes mentioned in
Table S1

(7 out of 18) (Table S5). The sum of the score under low P
and normal P conditions showed that genotypes Jimian169
and Zhongzhimian2 have the highest score (34 out of 36),
while DES926, TM-1, and CCRI10 have the lowest score
(14 out of 18) followed by Dalingmian69 (16 out of 36)
(Table S5).
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Method 2 In this method, the 30 cotton genotypes were
categorized for P efficiency and responsiveness into four
groups based on shoot dry matter and PUtE under both
low P and normal P. In hydroponic culture, the geno-
types Jimian169, Zhongzhimian2, Lumianyan16, Delta-
pine15, CCRI60, CCRI41, Lumianyan28, Lumian1138,
CCRI16, and CCRI35 under low P condition and genotypes

Fig. 2 Classification of cotton
genotypes based on P utilization
efficiency and shoot dry matter
under low (a) and normal (b)
P condition in pot culture ac-
cording to Fageria and Baligar
(1993). This classification di-
vides genotypes into four groups
i.e., ER efficient and responsive,
IR in-efficient but responsive,
ENR efficient but non-respon-
sive, INR in-efficient and non-
responsive. Numbers from P1
to P30 represent cotton geno-
types mentioned in Table S1

Jimian169, Zhongzhimian2, Lumianyan16, M-8124-1159,
CCRI17, Zhongyuan9114, CCRI60, CCRI19, CCRI41,
Jia-1-7, ZhongzhimianBD13, and Lumianyan28 under
NP condition were classified in ER group. Moreover,
the genotypes DES926, TM-1, CCRI10, Nongdamian7,
Dalingmian69, CCRI12, Zhongzhimian86-1, Xinluzao49,
Zhongyuan9114, Yuekangmian10, Jimian11, Xinluzhong5,
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and CCRI50 were grouped in the INR under low P con-
dition (Fig. 1). However, under NP conditions genotypes
DES926, TM-1, CCRI10, Dalingmian69, Nongdamian7,
CCRI35, CCRI12, Xinluzhong5, CCRI16, Zhongzhimi-
an86-1, Lumian1138, Yuekangmian10, CCRI49, Jimian11,
Xinluzao49, and Deltapine15 were grouped into INR
(Fig. 1b). Similarly, genotypes Jimian169, Zhongzhimian2,
Lumianyan16, and CCRI60 were grouped in ER under both
low P and normal P conditions. While genotypes DES926,
TM-1, CCRI10, Nongda-mian7, Dalingmian69, CCRI12,
Zhongzhimian86-1, Xinluzao49, Yuekangmian10, Jim-
ian11, and Xinluzhong5 were categorized in INR under
both P conditions (Fig. 1).

In pot culture, the genotypes Jimian169, Zhongzhimian2,
Lumianyan16, Lumianyan28, CCRI41, Xinluzao49,
CCRI19, Lumian1138, CCRI60, Zhongyuan9114,Yuekang-
mian10, and Deltapine15 were grouped in ER under low

Table 1 Phosphorus deficiency tolerance indices calculated for 30 cotton genotypes grown under low and normal phosphorus conditions in
hydroponic culture

Genotypes SSI MPI GMPI HMI STI TI SI STS

Jia-1-7 1.15 4.33 18.47 4.27 6.33 1.00 0.79 36.34

M-8124-1159 1.47 5.66 31.31 5.53 10.72 1.72 0.74 57.14

DES926 0.65 3.20 10.17 3.18 3.48 0.40 0.88 21.96

CCRI16 0.35 4.59 21.02 4.58 7.20 0.30 0.94 38.97

ZhongzhimianBD13 0.83 5.00 24.83 4.97 8.50 0.80 0.85 45.77

Jimian 169 1.28 6.59 42.75 6.48 14.64 1.71 0.77 74.22

Lumian1138 0.35 4.23 17.85 4.22 6.11 0.28 0.94 33.98

Zhongzhimian 86-1 0.98 3.93 15.30 3.89 5.24 0.76 0.82 30.93

Xinluzhong5 0.45 4.40 19.30 4.39 6.61 0.37 0.92 36.43

TM-1 0.78 3.34 11.12 3.33 3.81 0.51 0.86 23.75

CCRI50 1.12 4.44 19.46 4.38 6.66 1.00 0.80 37.87

Lumianyan28 1.39 5.81 33.09 5.69 11.33 1.66 0.75 59.72

CCRI35 –0.05 4.27 18.21 4.27 6.23 –0.04 1.01 33.89

CCRI10 0.70 3.62 13.08 3.61 4.48 0.49 0.87 26.85

CCRI41 1.13 5.11 25.74 5.04 8.81 1.15 0.80 47.78

Nongdamian7 1.01 3.50 12.13 3.47 4.15 0.70 0.82 25.77

CCRI12 1.17 3.77 14.02 3.72 4.80 0.89 0.79 29.16

CCRI60 1.34 5.62 31.01 5.52 10.62 1.53 0.76 56.41

Yuekangmian10 0.44 4.56 20.73 4.55 7.10 0.37 0.92 38.66

CCRI19 1.19 5.24 27.06 5.16 9.26 1.25 0.79 49.95

Lumianyan16 1.44 6.13 36.74 5.99 12.58 1.82 0.74 65.45

CCRI49 0.59 4.74 22.41 4.73 7.68 0.53 0.89 41.57

Zhongzhimian2 1.15 6.15 37.32 6.07 12.78 1.42 0.79 65.68

Zhongyuan9114 1.65 5.21 26.29 5.05 9.00 1.81 0.70 49.72

Dalingmian69 0.90 3.49 12.09 3.46 4.14 0.62 0.84 25.54

CCRI17 1.11 4.49 19.89 4.43 6.81 1.00 0.80 38.52

Jimian11 0.89 4.56 20.65 4.53 7.07 0.79 0.84 39.34

Handan284 1.22 4.78 22.55 4.71 7.72 1.18 0.78 42.94

Deltapine15 0.82 4.39 19.14 4.36 6.55 0.70 0.85 36.81

Xinluzao49 0.99 4.85 23.31 4.81 7.98 0.94 0.82 43.71

SSI stress susceptibility index, MPI mean productivity index, GMPI geometric mean productivity index, HMI harmonic mean index, STI stress
tolerance index, TI tolerance index, SI stress index, STS stress tolerance score

P condition (Fig. 2). Similarly, genotypes Jimian169,
Zhongzhimian2, Lumianyan16, CCRI19, Xinluzao49,
CCRI17, CCRI60, CCRI41, M-8124-1159, Lumianyan28,
Handan284, Jia-1-7, CCRI50, ZhongzhimianBD13, and
Yuekangmian10 were categorized in ER under normal
P condition (Fig. 2). The genotypes DES926, TM-1,
CCRI10, Zhongzhimian86-1, CCRI12, CCRI50, Nong-
damian7, Dalingmian69, CCRI17, Jimian11, CCRI49,
Xinluzhong5, and CCRI35 under low P condition and
genotypes DES926, TM-1, CCRI10, Dalingmian69, Nong-
damian7, CCRI16, Xinluzhong5, CCRI12, CCRI35, Jimi-
an11, and Zhongyuan9114 while under normal P condi-
tion were grouped in INR. Except, Lumian1138, Zhong-
yuan9114, and Deltapine15, the genotypes placed in ER
under low P condition were similar to that under normal
P condition (Fig. 2). Moreover, the genotypes categorized
in INR under low P condition were similar to that of nor-
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mal P except Zhongzhimian86-1, CCRI50, CCRI17, and
CCRI49.

Method 3 In this method, cotton genotypes were clas-
sified for P efficiency and responsiveness based on the
deviation of the mean PUtE of each genotype in rela-
tion to mean PUtE under both low and normal P con-
ditions (Figs. S1a and S1b). In hydroponic culture, the
graph showed that genotypes Jimian169, Zhongzhimian2,
Lumianyan16, Lumianyan28, CCRI60, CCRI41, Jia-1-7,
ZhongzhimianBD13, CCRI19, and CCRI17 were cate-
gorized in ER suggesting that the mean PUtE is higher
than the mean under both low P and normal P condi-
tions. Moreover, genotypes DES926, TM-1, CCRI10, Xin-
luzao49, Nongdamian7, Yuekangmian10, Dalingmian69,
Xinluzhong5, CCRI12, Jimian11, Zhongzhimian86-1, and
Handan284 were classified as INR indicating their mean

Table 2 Phosphorus deficiency tolerance indices calculated for 30 cotton genotypes grown under low and normal phosphorus conditions in pot
culture

Genotypes SSI MPI GMPI HMI STI TI SI STS

Jia-1-7 1.65 2.51 5.94 2.37 5.49 1.17 0.62 19.76

M-8124-1159 1.11 3.22 10.14 3.15 9.38 0.94 0.74 28.69

DES926 1.49 1.43 1.96 1.37 1.81 0.59 0.66 9.31

CCRI16 0.43 2.68 7.14 2.67 6.60 0.28 0.90 20.69

ZhongzhimianBD13 0.96 2.96 8.62 2.91 7.97 0.73 0.78 24.93

Jimian 169 0.70 4.11 16.76 4.08 15.50 0.72 0.84 42.71

Lumian1138 0.84 2.94 8.57 2.91 7.92 0.63 0.81 24.62

Zhongzhimian 86-1 2.05 2.24 4.53 2.02 4.19 1.38 0.53 16.94

Xinluzhong5 0.56 2.63 6.87 2.61 6.35 0.36 0.87 20.24

TM-1 1.45 1.48 2.11 1.42 1.95 0.59 0.67 9.67

CCRI50 1.69 2.55 6.13 2.40 5.66 1.22 0.61 20.26

Lumianyan28 0.61 3.51 12.26 3.49 11.33 0.53 0.86 32.60

CCRI35 0.66 2.57 6.55 2.55 6.05 0.42 0.85 19.64

CCRI10 1.39 1.50 2.15 1.44 1.99 0.57 0.68 9.73

CCRI41 0.87 3.32 10.88 3.28 10.06 0.73 0.80 29.94

Nongdamian7 0.99 1.91 3.59 1.88 3.32 0.49 0.77 12.94

CCRI12 1.35 2.06 4.10 1.99 3.79 0.76 0.69 14.74

CCRI60 0.97 3.31 10.78 3.26 9.96 0.83 0.78 29.89

Yuekangmian10 0.57 3.05 9.26 3.04 8.56 0.43 0.87 25.76

CCRI19 1.07 3.20 10.05 3.14 9.29 0.89 0.76 28.39

Lumianyan16 0.70 3.80 14.33 3.77 13.25 0.66 0.84 37.35

CCRI49 1.20 2.75 7.37 2.68 6.81 0.88 0.73 22.40

Zhongzhimian2 0.71 3.96 15.56 3.93 14.39 0.71 0.84 40.10

Zhongyuan9114 0.32 2.99 8.95 2.99 8.27 0.23 0.93 24.69

Dalingmian69 0.59 1.79 3.20 1.78 2.96 0.26 0.87 11.44

CCRI17 1.66 2.60 6.37 2.45 5.89 1.22 0.62 20.81

Jimian11 1.21 2.70 7.10 2.63 6.56 0.88 0.72 21.81

Handan284 0.93 3.12 9.62 3.08 8.90 0.74 0.79 27.18

Deltapine15 1.54 2.49 5.90 2.37 5.46 1.06 0.65 19.46

Xinluzao49 0.68 3.50 12.14 3.47 11.22 0.59 0.84 32.43

SSI stress susceptibility index, MPI mean productivity index, GMPI geometric mean productivity index, HMI harmonic mean index, STI stress
tolerance index, TI tolerance index, SI stress index, STS stress tolerance score

PUtE is lower than the combined mean under both low and
normal P conditions (Fig. S1a). Likewise, in pot culture, the
graph showed that genotypes Jimian169, Zhongzhimian2,
Lumianyan16, CCRI19, Lumianyan28, CCRI60, CCRI41,
Xinluzao49, Handan284, ZhongzhimianBD13, Yuekang-
mian10, CCRI49, and Deltapine15 were placed in ER,
while DES926, TM-1, CCRI10, Dalingmian69, Nong-
damian7, Xinluzhong5, CCRI12, and Jimian11 were cate-
gorized as INR (Fig. S1b).

Method 4 This method is based on the stress tolerance
score (STS) calculated from total dry matter with seven
stress tolerance indices. In hydroponic culture, the highest
STS score was recorded by Jimian169 (74.22) followed by
Zhongzhimian2 (65.68) and Lumianyan16 (65.45). While
the lowest was recorded by DES926 (21.96) followed by
TM-1 (23.75), Dalingmian69 (25.54), and Nongdamian7
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Fig. 3 Hierarchical cluster anal-
ysis of 30 cotton genotypes
based on morphophysiological
traits grown in hydroponic (a)
and pot (b) cultures

(25.77) (Table 1). Similarly, in pot culture, the highest STS
score was obtained by Jimian169 (42.71), Zhongzhimian2
(65.68), and Lumianyan16 (37.35). However, genotypes
DES926 (9.31), TM-1 (9.67), and CCRI10 (9.73) have the
lowest STS values (Table 2).

Method 5 The hierarchical cluster analysis was performed
to classify cotton genotypes based on various morphophys-
iological traits contributing to PUE (Fig. 3). As shown

in the figure, thirty cotton genotypes were classified into
four main groups. The hierarchical cluster classification
showed that genotypes Jimian169, Zhongzhimian2, and
Lumianyan16 were grouped in cluster 1, while DES926,
TM-1, and CCRI10 were grouped in cluster 4 indicating
their contrasting behavior under both hydroponic and pot
experiments (Fig. 3).
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Genetic Parameters and Multivariate Analysis for
Key Traits Mining

In the hydroponic experiment, the coefficient of genetic
variation (CVg) varies between 3.14 and 41.52%. The
highest genetic variation was observed in root diameter
(41.52%), root P accumulation (41.18%), total P accumula-
tion (38.53%), and shoot P accumulation (38.39%), while
the lowest in intercellular CO2 concentration (3.14%). In
case of heritability (H2), the highest H2 was recovered
for root length (1.00%), root surface area (0.99%), shoot
P accumulation (0.97%), and total P accumulation (0.97%),
while the lowest for carotenoid contents (0.42%), transpira-
tion rate (0.43%), and root volume (0.48%). Generally, the
CVg, VI, and H2 values were high for most of the studied
traits, except for intercellular CO2 concentration, transpi-

Table 3 Genetic parameters for all the studied traits in cotton genotypes under low and normal P conditions in hydroponic culture

Traits σ2P σ2G CVe CVg VI H2

Shoot length 14.38 13.07 11.10 20.28 1.83 0.91

Shoot dry matter 0.10 0.09 12.19 26.46 2.17 0.93

Root dry matter 0.01 0.01 10.11 27.17 2.69 0.96

Total plant dry matter 0.17 0.16 8.82 25.94 2.94 0.96

Root shoot ratio 0.00 0.00 18.23 14.06 0.77 0.64

Root length 4.96 4.96 0.93 16.43 17.67 1.00

Root surface area 394 390 3.42 20.33 5.95 0.99

Root volume 0.13 0.06 25.05 14.01 0.56 0.48

Root diameter 0.06 0.06 12.89 41.52 3.22 0.97

Chlorophyll a contents 0.87 0.71 6.61 8.15 1.23 0.82

Chlorophyll b contents 0.87 0.71 11.02 13.59 1.23 0.82

Carotenoid contents 0.12 0.05 15.70 7.67 0.49 0.42

Photosynthesis 0.87 0.71 9.74 12.00 1.23 0.82

Stomatal conductance 0.00 0.00 5.77 7.75 1.34 0.84

Transpiration rate 0.12 0.05 14.84 7.48 0.50 0.43

Intercellular CO2 concentration 95.03 92.44 0.91 3.14 3.45 0.96

Root P concentration 0.42 0.39 8.06 15.11 1.88 0.91

Shoot P concentration 0.51 0.48 5.79 12.36 2.13 0.93

Total P concentration 1.86 1.72 6.47 13.51 2.09 0.93

Root P accumulation 0.53 0.51 15.30 41.18 2.69 0.96

Shoot P accumulation 6.54 6.32 12.25 38.39 3.13 0.97

Total P accumulation 10.43 10.17 10.70 38.53 3.60 0.97

P uptake efficiency 1.86 1.72 6.47 13.51 2.09 0.93

P utilization efficiency 1132 848 14.39 14.37 1.00 0.75

Root malondialdehyde content 70.13 65.77 11.91 26.72 2.24 0.94

Shoot malondialdehyde content 67.07 62.45 10.32 21.89 2.12 0.93

Root superoxide dismutase activity 599 571 5.62 14.73 2.62 0.95

Shoot superoxide dismutase activity 472 450 4.18 10.97 2.62 0.95

Root peroxidase activity 269756 258920 10.07 28.43 2.82 0.96

Shoot peroxidase activity 271557 260721 9.19 26.02 2.83 0.96

Root catalase activity 46.35 42.16 8.09 14.82 1.83 0.91

Shoot catalase activity 49.26 45.07 5.76 10.91 1.89 0.92

σ2P phenotypic variance component, σ2G genotypic variance component, CVe coefficient of experimental variation, CVg coefficient of genotypic
variation, VI variation

ration rate, carotenoid contents, and stomatal conductance
(Table 3). Similarly, in the pot experiment, the CVg range
from 3.01 to 55.94%. The highest genetic variation was
observed in root P accumulation (55.94%) shoot P accumu-
lation (53.84%), and total P accumulation (53.29%), and
the lowest was in intercellular CO2 concentration (3.01%).
Following the results of the hydroponic experiment, the
highest H2 was observed for root length (1.00%) and root
surface area (0.99%), and the lowest for root shoot ratio
(0.05%) (Table 4).

Principal component analysis was performed using dif-
ferent studied traits to identify the key traits. In hydroponic
culture, the PC1 contributed 59.5% and was associated with
P conditions, while cotton genotypes were associated with
PC2 and shared 18.5% of the total variation. Shoot dry mat-
ter, shoot P accumulation, and total P accumulation were
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Table 4 Genetic parameters for all the studied traits in cotton genotypes under low and normal P conditions in pot culture

Traits σ2P σ2G CVe CVg VI H2

Shoot length 14.04 12.51 16.98 28.10 1.65 0.89

Shoot dry matter 0.06 0.06 17.56 37.29 2.12 0.93

Root dry matter 0.01 0.01 14.71 34.18 2.32 0.94

Total dry matter 0.11 0.11 12.47 35.50 2.85 0.96

Root shoot ratio 0.02 0.00 49.88 6.65 0.13 0.05

Root length 4.96 4.96 1.74 30.71 17.67 1.00

Root surface area 394 390 4.06 24.15 5.95 0.99

Root volume 0.16 0.14 13.01 22.75 1.75 0.90

Root diameter 0.04 0.04 12.54 40.28 3.21 0.97

Chlorophyll a contents 0.87 0.71 9.74 12.00 1.23 0.82

Chlorophyll b contents 0.87 0.71 16.82 20.74 1.23 0.82

Carotenoid contents 0.12 0.05 19.03 9.30 0.49 0.42

Photosynthetic rate 0.84 0.68 11.55 13.73 1.19 0.81

Stomatal conductance 0.01 0.01 5.77 7.75 1.34 0.84

Transpiration rate 0.12 0.05 15.33 7.49 0.49 0.42

Intercellular CO2 concentration 95.0 92.4 0.9 3.01 3.45 0.97

Root P concentration 0.51 0.48 13.36 26.98 2.02 0.92

Shoot P concentration 0.57 0.53 9.00 19.68 2.19 0.93

Total P concentration 2.06 1.92 10.44 22.15 2.12 0.93

Root P accumulation 0.17 0.16 20.87 55.94 2.68 0.96

Shoot P accumulation 1.96 1.90 16.95 53.84 3.18 0.97

Total P accumulation 3.12 3.04 14.63 53.29 3.64 0.98

P uptake efficiency 16.66 11.50 31.41 27.04 0.86 0.69

P utilization efficiency 1499 891 24.40 17.06 0.70 0.59

Root malondialdehyde content 41.44 36.96 14.49 24.01 1.66 0.89

Shoot malondialdehyde content 67.12 61.94 12.80 25.55 2.00 0.92

Root superoxide dismutase activity 604 575 7.32 18.62 2.54 0.95

Shoot superoxide dismutase activity 467 444 4.74 12.17 2.56 0.95

Root peroxidase activity 267249 256413 11.71 32.89 2.81 0.96

Shoot peroxidase activity 268965 258128 10.53 29.67 2.82 0.96

Root catalase activity 54.57 47.91 8.01 12.40 1.55 0.88

Shoot catalase activity 58.98 52.32 6.08 9.84 1.62 0.89

σ2P phenotypic variance component, σ2G genotypic variance component, CVe coefficient of experimental variation, CVg coefficient of genotypic
variation, VI variation

the key traits contributing to PC1, and root morphological
traits like root surface area, root dry matter, root length,
root volume, and root diameter mainly contributed to PC2
(Fig. 4a and Table S6). In pot culture, the loading plot
of PC1 and PC2 contributed 59.5 and 20.1%, respectively.
The traits like shoot P accumulation, root P accumulation,
shoot dry matter, total plant dry matter, transpiration rate,
root, shoot, and total P concentration contributed to PC1.
However, shoot MDA, root MDA, root surface area, root
length, root diameter, and root volume contributed to the
PC2 (Fig. 4b and Table S6). The greater distance between
the low and normal P conditions showed that cotton geno-
types are highly responsive to P, especially in low P condi-
tions.

Further correlation analysis was performed to reveal the
relationship between various morphophysiological and bio-
chemical traits with PUE (Fig. 5). In the hydroponic experi-
ment, PUE traits had a strong positive correlation with max-
imum traits except for root shoot ratio, transpiration rate,
and intercellular CO2 concentration. PUpE had a strong pos-
itive correlation (r> 0.56) with shoot dry matter, total plant
dry matter, root surface area, root diameter, stomatal con-
ductance, shoot P accumulation and total P accumulation.
Similarly, PUtE had a strong positive correlation (r> 0.70)
with shoot dry matter, total plant dry matter, root diameter,
shoot P concentration, shoot P accumulation, total P ac-
cumulation, and PUpE (Fig. 5a). In the pot experiment,
except root shoot ratio, transpiration rate, and intercellular
CO2 concentration, all other studied traits have a positive
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Fig. 4 Principal component analysis (PCA) biplot of morphophysi-
ological traits of 30 cotton genotypes grown under low and normal
P conditions in hydroponic (a) and pot (b) cultures. The eigenvec-
tors are shown in Table S1. (SL Shoot length, SDM shoot dry matter,
RDM root dry matter, TDM total dry matter, RSR root shoot ratio,
RL root length, RSA root surface area, RV root volume, RD root
diameter, Chl a chlorophyll content, Chl b chlorophyll b contents,
Car carotenoid contents, Pn photosynthetic rate, gs stomatal con-
ductance, E transpiration rate, Ci intercellular CO2 concentration,
RP root P concentration, SP shoot P concentration, TP total P con-
centration, RPA root P accumulation, SPA shoot P accumulation,
TPA total P accumulation, PUpE P uptake efficiency, PUtE P utiliza-
tion efficiency, RMDA root malondialdehyde content, SMDA shoot
malondialdehyde content, RSOD root superoxide dismutase activity,
SSOD shoot superoxide dismutase activity, RPOD root peroxidase
activity, SPOD shoot peroxidase activity, RCAT root catalase activity,
SCAT shoot catalase activity)

relationship with PUE traits. PUpE had a strong positive
correlation (r> 0.65) with shoot dry matter, total plant dry
matter, root diameter, shoot P concentration, shoot P ac-
cumulation, and total P accumulation. Similarly, PUtE had
a strong positive correlation (r> 0.80) with shoot dry matter,

total plant dry matter, root diameter, shoot P accumulation,
and total P accumulation (Fig. 5b).

Discussion

The morphophysiological variation at the seedling stage in
the controlled condition is a reliable approach to screen
genotypes for stress tolerance and future breeding program
(Duangpan et al. 2018). Low P stress affects plant growth
and productivity (Zhang et al. 2014). Previously, it was ob-
served that low P response varied among species as well as
in different genotypes of the same specie (Bilal et al. 2018).
Currently, genotypic variation in thirty cotton genotypes
was analyzed using various morphophysiological traits to
identify the P-efficient and low P-tolerant genotypes. In
both hydroponic and pot cultures, cotton genotypes showed
a considerable variation in various morphophysiological
traits under low and normal P conditions, which are in line
with the results obtained from the previous study (Neji et al.
2015). The variation among the traits was high under low P
which is consistent with the variation in agronomic traits
among sugarcane genotypes (da Silveira et al. 2014). Thus,
abiotic stress, especially low P stress resulted in a great
genotypic variation, suggesting that each genotype shows
a different stress response. However, the variation among
genotypes under both low and normal P conditions was
more as compared to the earlier studies (Neji et al. 2015).

Different criteria have been proposed to evaluate PUE,
such as total plant P (Sandaña and Pinochet 2016), dry mat-
ter production per unit P application (Rahim et al. 2010),
and the ratio of active P to P uptake by the plant (Aziz et al.
2014). In chickpea, great variation was noted in tissue dry
matter, tissue P concentration, PUpE, and PUtE under low
P condition (Pang et al. 2018). In the current study, we used
root dry matter, shoot dry matter, net photosynthetic rate,
root shoot ratio, PUpE, and PUtE to identify the contrast-
ing P-efficient cotton genotypes. The main reason is relying
on one or two traits is not sufficient and the aim must be
clear before starting the classification of genotypes for PUE
or breeding for P-efficient genotypes (Aziz et al. 2011). On
the basis of the selected traits, cotton genotypes were classi-
fied into three groups such as P-efficient, P-inefficient, and
medium P-efficient as suggested by earlier studies (Manske
et al. 2000). However, this classification is not perfect and
the genotype may be efficient under low P but could not
produce sufficient dry matter under normal P condition.
Therefore, genotype classification was performed on both
low and normal P conditions and genotypes performed bet-
ter under both conditions is desired hence the point scores
were summed for classification (Tables S4 and S5). Finally,
genotypes Jimian169, Zhongzhimian2, and Lumianyan16
recorded the highest score and were considered P-efficient,
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Fig. 5 Relationships between
morphophysiological traits of
30 cotton genotypes grown un-
der low and normal P conditions
in hydroponic (a) and pot (b)
culture. Where red color shows
a positive correlation and blue
color shows a negative cor-
relation. * shows significant
differences at p< 0.05. All the
traits have been defined in Fig. 4

while the lowest score was recorded from DES926, TM-1,
and CCRI10 and was classified as P-inefficient, the remain-
ing genotypes were considered as medium P-efficient (Ta-
bles S4 and S5).

Similarly, in another method, genotypes were catego-
rized into four groups based on P efficiency and respon-
siveness such as genotype with a high dry matter under
low P and positive response to P application was consid-
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ered P-efficient and responsive (ER), and genotypes with
low dry matter and positive response to P was classified as
P-inefficient and responsive (IR), genotypes with the high
dry matter but no response to P application were grouped
into P-efficient and nonresponsive (ENR), and genotypes
with low dry matter and no response to P application
were presented as inefficient and nonresponsive (INR)
(Neto et al. 2016). Among these groups, ER is the most
desirable for breeding, followed by ENR, while INR geno-
types were considered undesirable (Akhtar et al. 2008).
Based on this classification, cotton genotypes Jimian169,
Zhongzhimian2, and Lumianyan16 were mainly classified
in ER, while that DES926, TM-1, and CCRI10 as in the
INR group in both hydroponic and pot culture. The reason
behind this might be that genotypes DES926 and TM-1 are
American genotypes, while Jimian169, Zhongzhimian2,
and Lumianyan16 are developed in China. Thus, it was
suggested that the performance of cotton genotypes in
low P is linked to the environmental variables, climatic
conditions, and soil physicochemical properties where the
genotypes have been developed. Importantly, according to
this classification, our results indicated that the American
genotypes DES926 and TM-1 performed poor than Chinese
origin genotypes Jimian169, Zhongzhimian2, and Lumi-
anyan16 and therefore these genotypes might be used as
model genotypes for breeding P-efficient and low P tolerant
genotypes.

Moreover, some scientists have classified genotypes
based on the stress tolerance index using total plant dry
matter as each genotype under low and normal P condi-
tions (Grzesiak et al. 2019). This includes SSI, TI, and SI as
susceptibility indices and presents a negative relationship
with dry matter and thus dividing the genotypes into tol-
erant and susceptible (Sareen et al. 2012). However, MPI,
GMPI, and STI are the tolerance indices indicating positive
relation with dry matter and classify the genotypes with
high dry matter and stress tolerance (Khodarahmpour et al.
2011). In the present study, it was clear that two indices
MPI and SSI were able to explain the most percent of
the variation among the studied indices. However, GMPI,
MPI, and STI are the suggested indices to classify tolerant
genotypes (Mohammadi et al. 2011). Conversely, tolerance
and susceptible indices separately cannot identify tolerant
genotypes with high dry matter (Khayatnezhad et al. 2010),
therefore, a combination of both will be used to identify
tolerant genotypes. In the current study, the highest stress
tolerance score was noted for Jimian169 and was consid-
ered a low P tolerant genotype, while the lowest score was
recorded for DES926 and was considered a low P suscep-
tible genotype (Tables 1 and 2). Previously, STI was used
to screen genotypes for drought tolerance in wheat, mil-
let, and sorghum (Grzesiak et al. 2019; Negarestani et al.
2019) and for PUE in mung bean. This method classifies

genotypes with high dry matter production and resilience
under stress conditions. The current study provides new
insights into genotypes screening and identification of the
genotypic response of cotton genotypes under low and
normal P conditions.

PCA and hierarchical cluster analysis has also been used
for the identification of P-efficient genotypes based on var-
ious morphophysiological traits (Pan et al. 2008). In ad-
dition, various studies have investigated that the PUE of
a genotype is contributed by various morphophysiological
traits that help in increasing the P uptake (PUpE) and its
utilization to maintain growth and produce more dry mat-
ter under low P (PUtE) (Balemi and Schenk 2009b). In
the current study, the PCA and hierarchical cluster anal-
ysis, with a strong relationship between dry matter and
PUE, divided the genotypes into P-efficient and P-ineffi-
cient characterized by a difference in various morphophys-
iological traits in response to low and normal P conditions
under hydroponic and pot culture. Moreover, the rest of
the genotypes that showed distinct responses to low P, such
as a decrease in dry matter and an increased shoot to root
ratio (Frydenvang et al. 2015), were classified as medium
P-efficient genotypes. Interestingly, P-efficient cotton geno-
types established a good root system and high antioxidant
enzymatic activities than P-inefficient cotton genotypes, es-
pecially under low P. The increase in root proliferation and
development of a better root system is an adaptive strategy
of the plants against low P to increase P uptake (Iqbal et al.
2019a). In addition, comparatively high antioxidant enzy-
matic activities of P-efficient genotypes under low P play
a key role in low P tolerance. Thus, it was considered that
the dry matter and antioxidant enzymatic activities could be
used for classification of tolerant, efficient, and responsive
genotypes under low P condition (Akhtar et al. 2008).

Heritability is an important breeding component that
shows the relative contribution of genetic and environmen-
tal factors in the genetic variation of a trait and its trans-
mission into further generations (Mazid et al. 2013). The
results of the current study showed that the heritability of
most of the studied traits was high in both low and normal
P conditions (Tables 3 and 4), indicating that the variation
among genotypes for the traits was under strong genetic
control. Among the studied traits, a high heritability was
recorded for root morphological and PUE traits, suggest-
ing that the selection of these traits directly under low P
would be more effective than the indirect selection under
normal P (Gemenet et al. 2016). In line with our result,
high heritability for growth and PUE traits were recorded
in many crops (Ao et al. 2010). Conversely, a low heritabil-
ity was recorded for photosynthetic traits (Tables 3 and 4),
suggesting that variation in these traits was mainly con-
trolled by the environment and cannot be used for breed-
ing programs. This is supported by the contrasting perfor-
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mance of the genotypes as American genotypes DES926
and TM-1 performed poorly than that of Chinese origin
genotypes Jimian169, Zhongzhimian2, and Lumianyan16.
These results were in line with the results obtained from
B. hybridum germplasms, where low heritability was found
for photosynthetic traits and suggested that the lines were
developed in a different bioclimatic conditions as photosyn-
thesis is mainly controlled by environmental factors (Guru-
rani et al. 2015). Thus, we hypothesized that the photosyn-
thesis of each genotype fit to the environment where it has
been developed.

A strong positive relationship has been observed between
dry matter and PUE traits that could be very useful for
breeders to select genotypes with high dry matter and PUE.
Similarly, a previous study has reported a negative relation-
ship between dry matter and P concentration, suggesting
that selection under such conditions may provide unde-
sirable low-yield genotypes (Missaoui and Young 2016).
Moreover, root morphological traits have a poor relation-
ship with PUE traits which is supported by the results of
an earlier study (Ao et al. 2010). Despite the significant
increase in root length under low P, there was an obvious
difference in root dry matter between low and normal P.
This pattern suggested a contrasting dry matter partitioning
between the shoot and root and a preferential translocation
of P to the shoot as an adaptive mechanism under low P
(Ao et al. 2010).

Conclusions

Classification of cotton germplasms is critical to understand
P-efficient and low P-tolerant genotypes under low and nor-
mal P conditions is important for breeding PUE. A signif-
icant genotypic variation among the genotypes was found
for root morphology, dry matter production, photosynthetic
traits, PUE traits, and antioxidant enzymatic activities under
low and normal P conditions. The P efficiency and tolerance
of cotton genotypes to low P vary with traits and classifi-
cation methods. The classification of cotton genotypes into
different groups by using the described methods is impor-
tant to know the minor discrepancy in the genotypes for low
P tolerance and efficiency. Among these methods, the stress
tolerance score is the method that visualizes the contrast-
ing behaviors among the genotypes for dry matter produc-
tion and resilience to low P. Based on various classification
methods, genotype Jimian169 was found strong low P tol-
erant and efficient, while DES926 as weak low P tolerant
and inefficient genotypes. In addition, traits like root dry
matter, shoot dry matter, root to shoot ratio, net photosyn-
thetic rate, P uptake efficiency, and P utilization efficiency
are important in the categorization of cotton genotypes for
PUE. The current study has laid the foundation for breed-

ing a P-efficient cotton genotype that could grow well under
low P fertilization and hence reduce the cost of production
and environmental pollution.
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