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Abstract: Phosphorus (P) plays a pivotal role in cotton by enhancing the reproductive growth and
yield formation. Cotton cultivars vary greatly in response to P availability, especially under P-deficient
conditions. So, we hypothesized that the increasing P level promotes the reproductive growth in
cotton cultivars varying with P sensitivity. For this, two cotton cultivars, Lu-54 (sensitive to low P)
and Yuzaomian-9110 (tolerant to low P), in response to three different P levels (P0: 0 (control), P1:
100, and P2: 200 kg P2O5 ha−1) were studied at 39, 52, 69, 83, and 99 days after transplanting during
2017 and 2018. The results revealed that the seed cotton yield was improved in P1 and P2 treatments
by 23.9%–34.5% and 30.8%–52.3% in Lu-54, and 16.6%–25.6% and 20.6%–38.5% in Yuzaomian-9110
during 2017 and 2018, respectively. The accumulation of reproductive organ biomass was 21.0%–52.1%
and 28.5%–56.8% higher in Lu-54 and 24.2%–56.8% and 34.8%–69.1% higher in Yuzaomian-9110 in P1
and P2 over the control, respectively. During the fast accumulation period, the average accumulation
of N, P, K, and biomass across the years in P2 were recorded as 0.75, 0.6, 0.5, and 120.5 kg ha−1 d−1 in
Lu-54, while they were 0.65, 0.5, 0.8, and 98.5 kg ha−1 d−1 in Yuzaomian-9110. Overall, a longer period,
in terms of reproductive biomass accumulation, was recorded for Yuzaomian-9110 compared with
Lu-54 in 2017 and vice versa across the 2018 growing season. The results suggested that increasing P
rate improved yield, reproductive organ biomass, as well as nutrient accumulation in both cotton
cultivars. However, low P-sensitive cultivar (Lu-54) was more responsive to P application compared
with low P-tolerant cultivar.

Keywords: cotton; phosphorus sensitivity; phosphorus; reproductive organ biomass; nutrients
accumulation; yield

1. Introduction

Cotton (Gossypium hirsutum L.) is globally considered as one of the most important commercial
crops. Being a cash crop, it is grown worldwide for the purpose of oil, lint, and feed for animals [1].
About 30 million hectares of fertile land is engaged in cotton cultivation in almost 70 different countries
of the world [2]. China is the world’s largest cotton producer and consumer [3,4], with an average lint
yield of 14.38 g m−2 during 2013 followed by the US, India, and Pakistan [5]. Due to its indeterminate
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growth habit, cotton exhibits morphological adaptation, such as modifying the canopy arrangement
with phosphorus (P) application [6]. The morphological adaptations in terms of light capture, sink
to source relationship, and photoassimilates distribution, are the main reasons of enhancing seed
cotton yield [7,8]. For the last two decades, cotton yield per unit area remained stagnant in spite of
the introduction of new high yielding cultivars [7,8]. Utilization of mineral fertilizers is sought as an
effective strategy to improve soil nutrient and boost cotton yield.

The use of increased fertilization has influenced the crop production over the last several years
because of its effect on soil nutritional status and fertility characteristics [9]. Phosphate fertilizer
is central to crop productivity with a higher P requirement that is not in competition with soil P,
especially at sub-optimal level compared with other nutrients [10]. Phosphorus is very important in
crop production after nitrogen (N); however, its resources are limited worldwide [11]. The P application
improves root architecture by increasing length, width, and diameter of root. Hence, P uptake by the
plants is predominantly controlled by the availability and acquisition of P [12–14]. Therefore, the P
deficiency inhibits cotton growth and development by declining the biomass accumulation, leading to
lower seed cotton yield [15].

Crop growth requires nutrients’ availability and constant supply throughout the growing season.
Cotton yield responds positively to the availability of the nutrients, especially P [16]. The availability of
P in the soil affects the nutrient accumulation and dry matter accumulation in the cotton plant parts [17].
The existence of varietal differences also fluctuated the accumulation of nutrient and biomass with
greater tendency towards the vegetative organ [18]. Improving the cotton cultivars with better nutrient
management to obtain higher economic yield is of great importance to minimize the environmental
impact of inorganic fertilizers.

The cotton cultivars respond differently to the P availability and results in the increase of seed
cotton yield [19,20]. Different plant cultivars show genetic diversity in the utilization and absorption
of P ratios. Cotton cultivars showing sensitivity to low P may increase plant performance by the
application of more P as compared to cultivars with low P tolerance [21]. The stunted growth and
low yield resulted by P deficits in cotton [16] have been reported, but data regarding cotton cultivars
with different P sensitivity under different P rates are still lacking. Screening and using P-efficient
cotton cultivars with better uptake of P can provide a base to increase P utilization in plants [22,23].
The current study is aimed at evaluating the response of P application, P, N, and K relationship due to
P fluctuation, and to estimate P’s role in accumulating different nutrients in the reproductive organ
(RO) of the plant. The evaluation was carried out at different days after transplanting (DAT) with 39,
52, 69, 83, and 99 at Squaring “SQ”, first bloom “FB”, peak bloom “PB”, boll setting “BS”, and boll
opening “BO” in two different cotton cultivars having different response to inorganic P (i.e., sensitive
versus tolerant to low P) and different P rates. The objectives of the present study were to assess the
effects of different P regimes on different P-efficient cotton cultivars in their yield, nutrient, biomass
accumulation, and allocation in the RO of cotton.

2. Materials and Methods

2.1. Experimental Site and Field Conditions

A 2-year field experiment was conducted at Pailou Research Station (118◦50′ E, 32◦02′ N), Nanjing
Agricultural University, Jiangsu, P.R. China. The soil of the experimental field was mixed, acidic
clay, thermic, and typic Alfisols (Udalfs; FAO Luvisol). The pre-planting soil samples were collected
from 0–20 and 20–40 cm depth. Soil properties (Table 1) of the collected samples were determined by
following Yang et al. [24]. Weather data of mean monthly air temperature and rainfall during 2017 and
2018 are given in Figure 1.



Agronomy 2020, 10, 153 3 of 21

Table 1. Soil fertility status of the experimental site during 2017 and 2018. Data of soil samples collected from topsoil (0–20 cm) and subsoil (20–40 cm) depths
before planting.

pH
(H2O)

Bulk Density
(g cm3)

TN
(g kg−1)

EC
(µS cm−1)

SOM
(g kg−1)

AN
(NH4

+)(mg kg−1)
AN

(NO3−1)(mg kg−1)
AP

(mg kg−1)
AK

(mg kg−1)
TP

(g kg−1)
TK

(g kg−1)

Year 2017
topsoil

(0–20 cm) 6.84 1.35 1.03 170 18.0 61.21 11.32 16.91 139.4 0.61 5.81

subsoil
(20–40 cm) 7.45 1.29 0.95 185 17.7 59.32 11.21 16.72 135.6 0.48 4.87

Year 2018
topsoil

(0–20 cm) 6.94 1.44 1.11 183 19.1 64.92 13.91 17.85 144.3 0.69 5.87

subsoil
(20–40 cm) 7.54 1.32 1.06 190 18.4 61.01 12.1 17.02 140.6 0.52 4.21

TN: Total nitrogen; EC: Electrical conductivity; SOM: Soil organic matter; AN: Available nitrogen; AP: Available phosphorus; AK: Available potassium; TP: Total phosphorus; TK:
Total potassium.
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Figure 1. Mean monthly air temperature and rainfall during 2017 and 2018. 

2.2. Experimental Design, Treatments, and Crop Management 

The experiment was designed in a split-plot arrangement with two cotton cultivars (Lu-54: low-
P-sensitive and Yuzaomian-9110: low-P-tolerant) [25] in main plots and three P rates (P0: 0, P1: 100, 
and P2: 200 kg P2O5 ha−1) in subplots with three replications. Cotton seeds were sown in the middle 
of April which attained a three true leaf stage at 30 to 35 days. These seedlings were transplanted to 
the field on May 24, 2017 and 2018. Fertilizer, such as N and K, were applied at a rate of 225 kg ha−1 
of each to every experimental plot. All of the K was applied at pre-planting while N was applied in 
four different splits as basal dose (20%), start of flowering (25%), bloom stage (40%), and end of 
flowering (15%), according to the stages described by Baker et al. [26]. Other field and plant 
management practices were adopted according to the local cotton production practices. 

2.3. Soil and Plant Sampling 

Before seedlings transplanting, soil samples (0–20 and 20–40 cm) were collected at three different 
locations from the field to make a composite sample from each plot. These sample were sealed and 
kept in an ice box immediately after collection. In the laboratory, the sample was divided into two 
equal parts. One portion was kept at –20 °C in a freezer and the other portion was kept outside in 
order to dry. The dried sample was meshed to make fine powder which was used for further analysis. 

The plant samples were collected at five different times, i.e., squaring “SQ” (39 days after 
transplanting), first bloom “FB” (52 DAT), peak bloom “PB” (69 DAT), boll setting “BS” (83 DAT), 
and boll opening “BO” (99 DAT). Three plants from each plot were randomly collected and RO (bolls) 
were separated. The collected material was oven dried at 70 °C and dry matter was calculated on the 
base of per unit land area. 

2.4. Nutrients and Biomass Accumulation 

Total N, P, and K were determined by the H2SO4-H2O2 extraction method. The samples were 
weighed, put in a glass tube, and heated at 350 °C. H2SO4 was added followed by H2O2 in addition 
with pure water. Lastly, the solution was filtered, and filtrate was stored for further analysis. 

Reproductive organ biomass was determined through destructive sampling by randomly 
selecting three cotton plants from each replication of treatments. Reproductive organs were separated 
from the plants and divided into three different parts (seed, bur, and lint). These parts were oven-
dried first at 105 °C for 30 min and then at 80 °C until constant dry weight and expressed as kg ha−1. 
The process of N, P, K, and biomass accumulation was described and calculated by the following 
logistics formulas [27]. 

Figure 1. Mean monthly air temperature and rainfall during 2017 and 2018.

2.2. Experimental Design, Treatments, and Crop Management

The experiment was designed in a split-plot arrangement with two cotton cultivars (Lu-54:
low-P-sensitive and Yuzaomian-9110: low-P-tolerant) [25] in main plots and three P rates (P0: 0,
P1: 100, and P2: 200 kg P2O5 ha−1) in subplots with three replications. Cotton seeds were sown in
the middle of April which attained a three true leaf stage at 30 to 35 days. These seedlings were
transplanted to the field on May 24, 2017 and 2018. Fertilizer, such as N and K, were applied at a rate
of 225 kg ha−1 of each to every experimental plot. All of the K was applied at pre-planting while N
was applied in four different splits as basal dose (20%), start of flowering (25%), bloom stage (40%),
and end of flowering (15%), according to the stages described by Baker et al. [26]. Other field and plant
management practices were adopted according to the local cotton production practices.

2.3. Soil and Plant Sampling

Before seedlings transplanting, soil samples (0–20 and 20–40 cm) were collected at three different
locations from the field to make a composite sample from each plot. These sample were sealed and
kept in an ice box immediately after collection. In the laboratory, the sample was divided into two
equal parts. One portion was kept at –20 ◦C in a freezer and the other portion was kept outside in
order to dry. The dried sample was meshed to make fine powder which was used for further analysis.

The plant samples were collected at five different times, i.e., squaring “SQ” (39 days after
transplanting), first bloom “FB” (52 DAT), peak bloom “PB” (69 DAT), boll setting “BS” (83 DAT), and
boll opening “BO” (99 DAT). Three plants from each plot were randomly collected and RO (bolls) were
separated. The collected material was oven dried at 70 ◦C and dry matter was calculated on the base of
per unit land area.

2.4. Nutrients and Biomass Accumulation

Total N, P, and K were determined by the H2SO4-H2O2 extraction method. The samples were
weighed, put in a glass tube, and heated at 350 ◦C. H2SO4 was added followed by H2O2 in addition
with pure water. Lastly, the solution was filtered, and filtrate was stored for further analysis.

Reproductive organ biomass was determined through destructive sampling by randomly selecting
three cotton plants from each replication of treatments. Reproductive organs were separated from
the plants and divided into three different parts (seed, bur, and lint). These parts were oven-dried
first at 105 ◦C for 30 min and then at 80 ◦C until constant dry weight and expressed as kg ha−1.
The process of N, P, K, and biomass accumulation was described and calculated by the following
logistics formulas [27].

Y =
K

1 + aebt
(1)
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where “t” denotes to the DAT, Y (g) represents the accumulation of K at t, K (g) signifies the higher
accumulation biomass value for K, while “a” and “b” are constants.

From Equation (1), the following formulas can be derived;

t1 =
1
b

ln
(
2 + √3

)
(2)

t2 =
1
b

ln
(
2− √3

)
(3)

tm = −ln
a
b

(4)

The starting point denotes (t1), ending point (t2), and (T = t2 − t1) represents the difference of
starting and ending time.

VM =
−bk

4
(5)

VT =
∆Y
∆t

= (Y2 −Y1)(t2 − t1) (6)

The fast accumulation period (FAP) can be explained as the period accumulating N, P, K, and
biomass that starts and ends with an average speed of (VT), average maximum speed (VM) during
FAP. Whereas Y1 and Y2 represent weight (N, P, K, and biomass) at t1 and t2, respectively, and can be
calculated as above.

In each subplot, two rows were selected for seed cotton yield. Opened bolls were hand-picked
from the two rows, seeds were removed to calculate seed yield, and expressed as kg ha−1.

2.5. Data Analysis

Data were processed by using Microsoft Excel 2013. Statistical analysis was carried out by Statistix
8.1 (Analytical Software, Tallahassee, FL, USA). Mean difference between the treatments were separated
by the least significant difference (LSD) test at the probability level of 0.05. Origin 9.1, Sigma plot 12.0
(Systat Software Inc., San Jose, CA, USA), and R 3.6.1 were employed to draw figures.

3. Results

3.1. Seed Cotton Yield

Phosphorus application expressively affected the seed cotton yield with a different trend in 2017
and 2018 (Figure 2). Seed cotton yield in 2017 was significantly higher than in 2018. The control
treatment showed the lowest seed cotton yield compared with the other P application (Figure 2).
Comparison of treatments showed that P1 and P2 increased the seed cotton yield by 23.9%–34.5%
and 30.8%–52.3% for Lu-54 and 16.6%–25.6% and 20.6%–38.5% for Yuzaomian-9110 during 2017 and
2018, respectively.

3.2. Nitrogen Accumulation in Reproductive Organ

Nitrogen accumulation in RO of cotton plant represents a sigmoid curve with DAT. The early
growth stage showed a quick average speed of accumulation of N and then gradually decreased in
the later stage (Figure 3). The P application had a drastic effect on the accumulation of N content
arrangement in the RO of cotton throughout the growing period after transplanting. Compared with
the control, the final amount of N accumulation in P treatments (100 and 200 kg P2O5 ha−1) increased
by 24.0%–46.9% and 23.3%–47.1% in Lu-54 and 36.9%–67.9% and 21.8%–58.2% in Yuzaomian-9110
during 2017 and 2018, respectively. The RO N content was drastically increased with the increasing
DAT and was highest at 83 DAT and continued to present the same accumulation at 99 DAT. During
2017, cotton plant accumulated comparatively more N in the RO than 2018. The difference of weather
between the two years might be a big reason for change in N accumulation. Similarly, P2 showed
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higher N accumulated in the RO as compared with the control during 2017 and 2018, respectively
(Figure 3).
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Figure 2. Seed cotton yield (kg ha−1) as affected by phosphorus (P) levels during 2017 and 2018 in
Lu-54 (low P sensitive) and Yuzaomian-9110 (low P tolerant). P0, P1, and P2 indicate P levels of 0, 100,
and 200 kg P2O5 ha−1, respectively. Whereas P, V, and P×V represent phosphorus, cultivar, and their
interaction, respectively. While ** and NS show highly significant and non-significant, respectively.
Vertical bars on the columns indicate standard errors of the mean (n = 3). The bars showing different
letters are statistically significant at p ≤ 0.05.
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Figure 3. The accumulation of total N contents (kg ha−1) in reproductive organ of cotton plant for
Lu-54 and Yuzaomian-9110 in 2017 and 2018. The treatments P0, P1, and P2 represent the P levels, i.e.,
0, 100, and 200 kg P2O5 ha−1. The data are the means of three replications ± standard error.

3.3. Simulation of N Accumulation

Calculating overall data and fitting these into Formula (1) resulted in overall determination
coefficients being high (R2

≥ 0.9383**, p < 0.01, Table 2), concluding that logistic function was the
most suitable for accumulation of N. The K in the P application treatments (P1 and P2) over control
was increased by 14.0%–69.8% and 27.2%–66.8% for Lu-54 and 40.2%–39.0% and 20.3%–65.4% for
Yuzaomian-9110 during 2017 and 2018, respectively. Calculations based on Formulas (2)–(6) indicated
that the T was increased consistently by increasing P application in both cultivars during 2017 and
2018. The VT and VM calculated in the P application treatments were higher compared with the control
treatment for both cultivars in both growing seasons. Based on the calculations from Formulas (2)–(6),
it was indicated that initiation and termination day of 77 and 57, fast accumulation period of N
accumulation in the RO was 26 and 22 and 104 and 79 DAT for Lu-54 and 65 and 55 d FAP for
N accumulation was 35 and 27 and 101 and 82 DAT for Yuzaomian-9110, during 2017 and 2018,
respectively. The fluctuating trend was observed across two years in different treatments with an
average maximum speed (VM) recorded higher than the average speed (VT). The P0 began FAP last at
39 DAT and terminated at 119 DAT, stayed for 80 d with the maximum average speed of 0.8 kg ha−1
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d−1, which was the same as the average speed of P1 with different starting and termination DAT in
Lu-54 during 2017; however, the P2 began the fast accumulation period the earliest at 15 DAT and
terminated at 84 DAT, and stayed for 69 d with the VM of 0.6 kg ha−1 d−1 during 2018, which was
recorded lower than in 2017. The same trend was observed for Yuzaomian-9110 with a lower average
speed than Lu-54 during 2017 and 2018.

3.4. Phosphorus Accumulation in Reproductive Organ

Accumulation of P in RO of cotton cultivars showed a sigmoid curve with DAT (Figure 4).
The average speed of P accumulation in RO increased in the early growth stages and then slowed a little
at the late period. The P supply had a significant effect on the P accumulation pattern throughout the
growth period after transplanting of cotton. Compared with the control, the amount of accumulated
P in P application treatment (P1 and P2) increased by 43.5%–91.0% and 30.4%–65.3% for Lu-54 and
50.3%–108.7% and 52.9%–100.6% for Yuzaomian-9110 during 2017 and 2018, respectively. The P content
in the RO of cotton was drastically increased with the increase of DAT and recorded the highest at
99 DAT in 2017; however, in 2018, it was recorded the highest at 83 DAT and continued with same
the trend at 99 DAT. The P accumulated in the RO were recorded higher in 2017 compared with 2018.
The P2 resulted in higher P in RO of cotton as compared to P0 in both cropping seasons (Figure 4).
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3.5. Simulation of P Accumulation

The determination coefficient derived from the data fitting into Formula (1) indicated that it
was low (R2

≥ 0.9495**, p < 0.05, Table 3) and high (R2
≥ 0.9956**, p < 0.01, Table 3), and confirmed

the best indication of logistic function to define P accumulation in RO of cotton. The K in the
P application-supply treatments was increased by 70.3%–202.7% and 14.2%–56.9% for Lu-54 and
181.1%–145.7% and 185.7%–136.1% for Yuzaomian-9110 in comparison with the control during 2017 and
2018, respectively. The calculation regarding T from Formulas (2)–(6) grounded in Table 3 confirmed
the increased T with increasing P levels in 2017 and 2018 for both cultivars. The VT and VM were
recorded as higher in the P application treatments compared with the control for both the cultivars
(Table 3). On an average basis across all the treatments, the accumulation of P which initiated and
terminated the fast accumulation period of 56 d were at 48 DAT and 104 DAT for Lu-54, while at 61
d, they were at 58 DAT and 119 DAT for Yuzaomian-9110 during 2017, respectively. During 2018, P
accumulation starting and finishing the 46 d were 40 DAT and 86 DAT for Lu-54, while at 54 d, they
were at 48 DAT and 103 DAT for Yuzaomian-9110 during 2017 and 2018, respectively. The increasing
P application increased the VM compared to VT across the two years. The increased P application
linearly increased the VM and VT during 2017 and 2018, respectively (Table 3).
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Table 2. Dynamic models and the maximum accumulation rate of N (VM), average speed of N accumulation (VT), start time of the N rapid-accumulation period (t1),
termination time of the N rapid-accumulation period (t2), duration of the N rapid-accumulation period (T), and occurrence time of maximum accumulation rate of N
(tm) in reproductive organ of cotton plants for Lu-54 and Yuzaomian-9110 in 2017 and 2018.

Year Variety P Levels
(kg ha−1)

Regression Equation R2
Fast Accumulation Period

T (d)
VT

(kg ha−1 d−1)
Fastest Accumulation Point

t1 (d) t2 (d) Vm (kg ha−1 d−1) tm (d)

2017

Lu-54

P0 W = 76.9/(1 + 13.41e−0.0327t) 0.9856 ** 39.1 119.5 80.4 0.8 0.87 79.3
P1 W = 87.72/(1 + 9.56e−0.0435t) 0.9685 ** 21.6 82.2 60.6 0.8 0.95 51.9
P2 W = 130.65/(1 + 6.28e−0.0290t) 0.9766 ** 17.9 108.7 90.8 0.9 0.95 63.3

Mean 26.2 103.5 77.3 0.8 0.92 64.8

Yuzaomian-9110

P0 W = 65.54/(1 + 23.43e−0.0425t) 0.9946 ** 43.3 105.3 62.0 0.6 0.70 74.3
P1 W = 91.91/(1 + 14.97e−0.0374t) 0.9806 ** 37.2 107.7 70.5 0.8 0.86 72.5
P2 W = 91.11/(1 + 10.86e−0.0414t) 0.9555 ** 25.8 89.4 63.6 0.8 0.94 57.6

Mean 35.4 100.8 65.4 0.7 0.83 68.1

2018

Lu-54

P0 W = 48.89/(1 + 25.35e−0.0614t) 0.9787 ** 31.2 74.2 42.9 0.5 0.75 52.7
P1 W = 62.17/(1 + 8.54e−0.0446t) 0.9720 ** 18.6 77.6 59.1 0.5 0.69 48.1
P2 W = 81.53/(1 + 6.55e−0.0381t) 0.9387 ** 14.8 83.9 69.1 0.6 0.78 49.3

Mean 21.5 78.6 57.0 0.6 0.74 50.0

Yuzaomian-9110

P0 W = 42.35/(1 + 37.06e−0.0616t) 0.9901 ** 37.2 80.0 42.7 0.5 0.65 58.6
P1 W = 50.94/(1 + 14.06e−0.0513t) 0.9681 ** 25.9 77.2 51.4 0.5 0.65 51.5
P2 W = 70.04/(1 + 6.83e−0.0366t) 0.9383 ** 16.5 88.4 71.9 0.5 0.64 52.5

Mean 26.5 81.9 55.3 0.5 0.65 54.2

The treatments P0, P1, and P2 represent the P levels, i.e., 0, 100, and 200 kg P2O5 ha−1. ** represents highly significant.
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Table 3. Dynamic models and the maximum accumulation rate of P (VM), average speed of P accumulation (VT), start time of the P rapid-accumulation period (t1),
termination time of the P rapid-accumulation period (t2), duration of the P rapid-accumulation period (T), and occurrence time of maximum accumulation rate of P
(tm) in reproductive organ of cotton plants for Lu-54 and Yuzaomian-9110 in 2017 and 2018.

Year Variety P Levels
(kg ha−1)

Regression Equation R2
Fast Accumulation Period

T (d)
VT

(kg ha−1 d−1)
Fastest Accumulation Point

t1 (d) t2 (d) Vm (kg ha−1 d−1) tm (d)

2017

Lu-54

P0 W = 27.92/(1+56.75e−0.0596t) 0.9955 ** 45.7 89.8 44.2 0.3 0.42 67.7
P1 W = 47.57/(1+33.64e−0.0481t) 0.9956 ** 45.8 100.7 54.9 0.5 0.57 73.3
P2 W = 84.52/(1+28.50e−0.0391t) 0.9937 ** 52.2 119.8 67.6 0.7 0.82 86.0

Mean 47.9 103.5 55.6 0.5 0.60 75.7

Yuzaomian-9110

P0 W = 24.70/(1+68.20e−0.0538t) 0.9636 ** 54.0 102.9 48.9 0.3 0.33 78.4
P1 W = 69.44/(1+18.79e−0.0383t) 0.9798 ** 42.2 110.9 68.7 0.4 0.67 76.5
P2 W = 60.69/(1+28.89e−0.0401t) 0.9933 ** 51.0 116.7 65.7 0.5 0.61 83.9

Mean 58.2 119.3 61.1 0.4 0.54 88.8

2018

Lu-54

P0 W = 30.99/(1+53.32e−0.0569t) 0.9846 ** 46.7 92.9 46.2 0.4 0.44 69.8
P1 W = 35.41/(1+40.24e−0.0616t) 0.9687 ** 38.6 81.3 42.7 0.4 0.55 60.0
P2 W = 48.60/(1+27.26e−0.0555t) 0.9737 ** 35.8 83.2 47.4 0.5 0.68 59.5

Mean 40.4 85.8 45.5 0.4 0.55 63.1

Yuzaomian-9110

P0 W = 18.44/(1+59.68e−0.0627t) 0.9716 ** 44.2 86.2 42.0 0.2 0.29 65.2
P1 W = 52.69/(1+28.02e−0.0388t) 0.9495 ** 51.9 119.7 67.8 0.4 0.51 85.8
P2 W = 43.54/(1+28.22e−0.0494t) 0.9606 ** 41.0 94.3 53.4 0.5 0.54 67.7

Mean 48.1 102.5 54.4 0.4 0.45 75.3

The treatments P0, P1, and P2 represent the P levels, i.e., 0, 100, and 200 kg P2O5 ha−1. ** represents highly significant.
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3.6. Potassium Accumulation in Reproductive Organ

Cotton plant potassium uptake increased with the advancement in growth stages following
a normal exponential growth curve with DAT (Figure 5). A momentous effect of phosphorus
application on K status of plant at different growth stages after transplanting of cotton seedlings was
observed. Compared with the control treatment, P1 and P2 increased K in RO by 27.0%–46.0% and
23.3%–47.1% in Lu-54 and 21.0%–40.9% and 21.8%–58.2% in Yuzaomian-9110 during 2017 and 2018,
respectively. Along with the plant age, P application increased the accumulation of K until 83 DAT and
then remained constant until 99 DAT.
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3.7. Simulation of K

The experimental data were used in a Formula (1) to determine the simulation of K accumulation
with cotton growth stages. The accumulation of K as a normal sigmoid curve were the best fitted in the
logistic function since all the determination coefficients were high (R2

≥ 0.9408 **, p < 0.01, Table 4).
The K in the P1 and P2 treatments were increased by 26.5%–63.5% and 27.2%–66.8% in Lu-54 and
20.7%–43.1% and 20.3%–65.4% during 2017 and 2018 respectively, over the control. Data obtained
from Formulas (2)–(6), exhibited that the starting and ending day of K uptake for cultivars and P
application showed that T was higher with the application of P in 2017 while it was inconsistent across
2018 in Lu-54 and Yuzaomian-9110, respectively (Table 4). The VT and VM were relatively higher in
P application over the control for both cultivars. Data obtained from Formulas (2)–(6) revealed that
initiation and termination day of 58 d FAP for accumulation of K was 17 and 75 DAT averaged across
the treatments for Lu-54, while 60 d was 15 DAT and 75 DAT averaged for Yuzaomian-9110 in 2017,
respectively. In 2018, 66 d FAP of K was 19 and 85 DAT for Lu-54 while 48 d was 29 DAT and 77 DAT
for 48 d was 29 DAT and 77 DAT for Yuzaomian-9110, respectively. The VM was recorded as higher
than VT with different inclination between the treatments during two cropping seasons. The longer
period (80–73 d) was observed in Lu-54, while Yuzaomian-9110 showed a relatively shorter period
(60–69 d) at P2 treatment compared with the P0 and P1 during 2017 and 2018, respectively.
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Table 4. Dynamic models and the maximum accumulation rate of K (VM), average speed of K accumulation (VT), start time of the K rapid-accumulation period (t1),
termination time of the K rapid-accumulation period (t2), duration of the K rapid-accumulation period (T), and occurrence time of maximum accumulation rate of K
(tm) in reproductive organ of cotton plants for Lu-54 and Yuzaomian-9110 in 2017 and 2018.

Year Variety P Levels
(kg ha−1)

Regression Equation R2
Fast Accumulation Period

T (d)
VT

(kg ha−1 d−1)
Fastest Accumulation Point

t1 (d) t2 (d) Vm (kg ha−1 d−1) tm (d)

2017

Lu-54

P0 W = 46.13/(1 + 13.92e−0.0577t) 0.9665 ** 22.8 68.4 45.6 0.42 0.67 45.6
P1 W = 58.34/(1 + 12.09e−0.0546t) 0.9865 ** 21.5 69.8 48.2 0.52 0.80 45.6
P2 W = 75.43/(1 + 4.75e−0.0329t) 0.9568 ** 7.3 87.2 79.9 0.52 0.62 47.3

Mean 17.2 75.1 57.9 0.49 0.69 46.2

Yuzaomian-9110

P0 W = 43.21/(1 + 21.62e−0.0602t) 0.9758 ** 29.1 72.9 43.7 0.45 0.65 51.0
P1 W = 52.13/(1 + 16.21e−0.0561t) 0.9761 ** 26.2 73.1 46.9 0.51 0.73 49.6
P2 W = 61.81/(1 + 7.21e−0.0437t) 0.9698 ** 15.0 75.2 60.2 0.49 0.68 45.1

Mean 23.4 73.7 50.3 0.48 0.69 48.6

2018

Lu-54

P0 W = 53.17/(1 + 9.58e−0.0364t) 0.9615 ** 25.9 98.3 72.3 0.44 0.48 62.1
P1 W = 52.57/(1 + 11.49e−0.0510t) 0.9555 ** 22.0 73.7 51.6 0.48 0.67 47.9
P2 W = 66.28/(1 + 5.25e−0.0359t) 0.9408 ** 9.5 82.9 73.3 0.48 0.59 46.2

Mean 19.2 84.9 65.8 0.46 0.58 52.0

Yuzaomian-9110

P0 W = 33.54/(1 + 55.41e−0.0692t) 0.9764 ** 39.0 77.0 38.0 0.41 0.58 58.0
P1 W = 40.41/(1 + 34.96e−0.0724t) 0.9702 ** 30.9 67.3 36.4 0.44 0.73 49.1
P2 W = 59.06/(1 + 7.37e−0.0385t) 0.9442 ** 17.7 86.1 68.5 0.47 0.57 51.9

Mean 29.2 76.8 47.6 0.44 0.63 53.0

The treatments P0, P1, and P2 represent the P levels, i.e., 0, 100, and 200 kg P2O5 ha−1. ** represents highly significant.
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3.8. Biomass Accumulation in Reproductive Organ

Cotton plant biomass accumulation followed a sigmoid curve with DAT (Figure 6). The average
speed of biomass accumulation was the fastest at DAT and then recorded a similar accumulation with
83 DAT and 99 DAT in 2017, while in 2018, a higher biomass accumulation was recorded with the
passage of the growth period. The significant effect by P application was observed on the accumulation
of RO biomass throughout the growth period. The P1 and P2 improved RO biomass over the control,
by 21.0%–52.1% and 28.5%–56.8% for Lu-54 and 24.2%–56.8% and 38.5%–69.1% for Yuzaomian-9110
during 2017 and 2018, respectively.

Agronomy 2020, 10, 153 12 of 21 

Agronomy 2020, 10, 153; doi:10.3390/agronomy10020153 www.mdpi.com/journal/agronomy 

3.8. Biomass Accumulation in Reproductive Organ 

Cotton plant biomass accumulation followed a sigmoid curve with DAT (Figure 6). The average 
speed of biomass accumulation was the fastest at DAT and then recorded a similar accumulation 
with 83 DAT and 99 DAT in 2017, while in 2018, a higher biomass accumulation was recorded with 
the passage of the growth period. The significant effect by P application was observed on the 
accumulation of RO biomass throughout the growth period. The P1 and P2 improved RO biomass 
over the control, by 21.0%–52.1% and 28.5%–56.8% for Lu-54 and 24.2%–56.8% and 38.5%–69.1% for 
Yuzaomian-9110 during 2017 and 2018, respectively. 

 
Figure 6. The accumulation of biomass in reproductive organ of cotton plant for Lu-54 and 
Yuzaomian-9110 in 2017 and 2018. The treatments P0, P1, and P2 represent the P levels, i.e., 0, 100, 
and 200 kg P2O5 ha−1. The data are the means of three replications ± standard error. 

3.9. Simulation of Biomass Accumulation 

The experimental data fitting into Formula (1) showed a normal logistic organism growth 
pattern and revealed that all the coefficients were high (R2 ≥ 0.9481**, p < 0.01, Table 5). The value of 
K in the P1 and P2 treatments over the control were improved by 11.3%–44.0% and 32.4%–53.3% for 
Lu-54 and 20.3%–60.9% and 38.5%–67.5% for Yuzaomian-9110 during 2017 and 2018, respectively. 
Total biomass accumulation calculated by putting the data into Formulas (2)–(6) grounded in Table 
5 indicated that the T was unreliable across the years in both of the cultivars. The VT and VM were 
recorded as relatively higher in the P treatments compared with the control in both of the cultivars. 
Averaged across the treatments, the initiation and termination of the fast accumulation point of 34 d 
was 55 DAT and 88 DAT for Lu-54 and for 38 d was 55 DAT and 93 DAT for Yuzaomian-9110 in 2017, 
respectively. In 2018, RO biomass initiated and terminated the 28 d fast accumulation period at 65 
DAT and 93 DAT for Lu-54, and the 27 d fast accumulation period of biomass at 63 DAT and 90 DAT 
for Yuzaomian-9110, respectively. Maximum and average speeds were apart from each other with 
higher maximum speed, followed by average speed averaged across the treatments in two cropping 
seasons. The P application increased the maximum and average speed by increasing the P level. The 
Lu-54 performance is better than Yuzaomian-9110 during 2017 and 2018, respectively (Table 5). 

3.10. Allocation of N, P, K, and Biomass in Cotton 

The total N, P, K, and biomass accumulation increased with the increase in P application in both 
cotton cultivars (Table 6). The accumulation of percentage of N in RO increased with the P treatments 
while cotton cultivars showed non-significant differences during 2017 and 2018. There were no 
understandable differences in the P and K accumulation of the RO recorded, neither with the 
application of P nor in cotton cultivars. Similarly, P treatment had no significant effect on the 
accumulation of biomass in the RO in 2017. However, in 2018, the cultivars showed a significant effect 
with a higher biomass accumulation in Lu-54 compared with Yuzaomian-9110 in P treatments over 
the control.

Figure 6. The accumulation of biomass in reproductive organ of cotton plant for Lu-54 and
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3.9. Simulation of Biomass Accumulation

The experimental data fitting into Formula (1) showed a normal logistic organism growth pattern
and revealed that all the coefficients were high (R2

≥ 0.9481**, p < 0.01, Table 5). The value of K in the
P1 and P2 treatments over the control were improved by 11.3%–44.0% and 32.4%–53.3% for Lu-54 and
20.3%–60.9% and 38.5%–67.5% for Yuzaomian-9110 during 2017 and 2018, respectively. Total biomass
accumulation calculated by putting the data into Formulas (2)–(6) grounded in Table 5 indicated that
the T was unreliable across the years in both of the cultivars. The VT and VM were recorded as relatively
higher in the P treatments compared with the control in both of the cultivars. Averaged across the
treatments, the initiation and termination of the fast accumulation point of 34 d was 55 DAT and 88
DAT for Lu-54 and for 38 d was 55 DAT and 93 DAT for Yuzaomian-9110 in 2017, respectively. In 2018,
RO biomass initiated and terminated the 28 d fast accumulation period at 65 DAT and 93 DAT for
Lu-54, and the 27 d fast accumulation period of biomass at 63 DAT and 90 DAT for Yuzaomian-9110,
respectively. Maximum and average speeds were apart from each other with higher maximum speed,
followed by average speed averaged across the treatments in two cropping seasons. The P application
increased the maximum and average speed by increasing the P level. The Lu-54 performance is better
than Yuzaomian-9110 during 2017 and 2018, respectively (Table 5).

3.10. Allocation of N, P, K, and Biomass in Cotton

The total N, P, K, and biomass accumulation increased with the increase in P application in
both cotton cultivars (Table 6). The accumulation of percentage of N in RO increased with the P
treatments while cotton cultivars showed non-significant differences during 2017 and 2018. There
were no understandable differences in the P and K accumulation of the RO recorded, neither with
the application of P nor in cotton cultivars. Similarly, P treatment had no significant effect on the
accumulation of biomass in the RO in 2017. However, in 2018, the cultivars showed a significant effect
with a higher biomass accumulation in Lu-54 compared with Yuzaomian-9110 in P treatments over
the control.
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Table 5. Dynamic models and the maximum accumulation rate of biomass (VM), average speed of biomass accumulation (VT), start time of the biomass
rapid-accumulation period (t1), termination time of the biomass rapid-accumulation period (t2), duration of the biomass rapid-accumulation period (T), and occurrence
time of maximum accumulation rate of biomass (tm) in reproductive organ of cotton plants for Lu-54 and Yuzaomian-9110 in 2017 and 2018.

Year Variety P Levels
(kg ha−1)

Regression Equation R2
Fast Accumulation Period

T (d)
VT

(kg ha−1 d−1)
Fastest Accumulation Point

t1 (d) t2 (d) Vm (kg ha−1 d−1) tm (d)

2017

Lu-54

P0 W = 6029/(1 + 267e−0.072t) 0.9616 ** 59.4 96.0 36.6 77.3 108.41 77.7
P1 W = 6710/(1 + 393e−0.085t) 0.9481 ** 54.7 85.6 30.9 86.6 142.95 70.1
P2 W = 8681/(1 + 187e−0.075t) 0.9796 ** 52.3 87.4 35.2 105.9 162.60 69.8

Mean 55.4 89.7 34.2 89.9 137.99 72.6

Yuzaomian-9110

P0 W = 4427/(1 + 234e−0.073t) 0.9879 ** 57.0 93.2 36.2 56.2 80.46 75.1
P1 W = 5328/(1 + 127e−0.067t) 0.9925 ** 52.7 92.0 39.3 63.4 89.26 72.3
P2 W = 7125/(1 + 176e-0.071t) 0.9803 ** 55.4 93.2 37.8 88.0 124.00 74.3

Mean 55.0 92.8 37.8 69.2 97.91 73.9

2018

Lu-54

P0 W = 6173/(1 + 2159e−0.098t) 0.9540 ** 64.9 91.8 26.9 89.6 151.16 78.4
P1 W = 8174/(1 + 1183e−0.088t) 0.9756 ** 65.4 95.3 29.9 115.3 179.90 80.4
P2 W = 9462/(1 + 1323e−0.092t) 0.9729 ** 63.6 92.1 28.5 134.5 218.39 77.9

Mean 64.7 93.1 28.4 113.1 183.15 78.9

Yuzaomian-9110

P0 W = 4529/(1 + 1785e−0.095t) 0.9692 ** 64.7 92.3 27.6 65.2 108.07 78.5
P1 W = 6271/(1 + 1545e−0.10t) 0.9892 ** 63.4 91.1 27.7 89.7 149.02 77.3
P2 W = 7588/(1 + 1993e−0.10t) 0.9935 ** 61.9 87.8 25.9 109.1 192.56 74.9

Mean 63.3 90.4 27.1 88.0 149.88 76.9

The treatments P0, P1, and P2 represent the P levels, i.e., 0, 100, and 200 kg P2O5 ha−1. ** represents highly significant.
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Table 6. Total N, P, K, and biomass percentage allocation in reproductive organ for Lu-54 and
Yuzaomian-9110 in 2017 and 2018.

P Levels (kg ha−1)
2017 2018

RNR1 (%) RPR (%) RKR (%) RBR (%) RNR (%) RPR (%) RKR (%) RBR (%)

Lu-54
P0 50.6b2 51.2 44.6 59.0 49.9 54.8 47.5 66.2abc
P1 51.2ab 51.6 46.1 56.5 50.4 53.7 46.9 69.9a
P2 52.9a 53.2 46.4 58.4 51.4 54.2 47.2 67.6ab

Mean 51.6 52.0 45.7 58.0 50.6 54.2 47.2 67.9

Yuzaomian-9110
P0 49.3b 52.9 46.4 58.4 51.4 54.0 46.1 61.6d
P1 51.6ab 53.8 46.6 56.7 50.1 54.6 46.9 63.6cd
P2 53.4a 54.8 46.3 56.0 52.1 53.7 47.5 64.0bcd

Mean 51.4 53.8 46.4 57.1 51.2 54.1 46.8 63.1

Significance of factors
Variety NS3 NS NS NS NS NS NS **
P levels ** NS ** NS NS NS NS NS

Variety × P level NS NS NS NS NS NS NS NS
1 RNR: the percentage of total N in reproductive organ; RPR: the percentage of total P in reproductive organ; RKR:
the percentage of total K in reproductive organ; RBR: the percentage of biomass in reproductive organ. 2 For each
cultivar, values followed by a different letter within the same column are significantly different at p < 0.05 probability
level. Each value represents the mean of three replications. 3 NS means non-significant. ** Indicates significant
difference at p < 0.01 probability level. The treatments P0, P1, and P2 represent the P levels i.e., 0, 100, and 200 P2O5
kg ha−1.

3.11. Inter-Trait Relationship

The RO biomass, N, and K content showed a positively linear relationship with the P content
accumulated in the organ. However, the slope of the fitted line varied for biomass (R2 = 0.9064–0.9021),
N content (R2 = 0.9430–0.9474), and K content (R2 = 0.9081–0.9261) in 2017 and 2018 respectively,
as presented in Figure 7a–c. Similarly, the N, P, K, and biomass accumulation in the RO showed
a positive correlation between each other (Figure 8), but the strength of this correlation varied between
2017 and 2018 cropping seasons.
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Figure 7. Relationship between accumulation of N, P, K, and biomass during 2017 and 2018
cropping seasons.
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4. Discussion

The present study was based on the effect of different P application rates on biomass and nutrients
accumulation in RO of two cotton cultivars differing in P sensitivity. In the present study, P application
had a significant effect on nutrients (N, P, and K) and biomass accumulation in the RO. Both cotton
cultivars significantly varied for the aforementioned parameters during 2017 and 2018. This change
in nutrients’ accumulation might be due to a good balance between N, P, and K contents in the soil,
resulting in a higher uptake of the nutrients by the roots. Similarly, higher P application treatments
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might increase the available P contents in the soil, leading to a well-established transport of water and
nutrients towards the areal parts of the plant. These results are in line with the findings of Widowati
et al. [28], who found that the proper and balanced inorganic nutrients promoted the fertility of the soil
which enhanced the crop productivity. The availability of proper nutrients to the cotton plants might
help in leaf growth and development followed by its proper functions with the application of P1 and
P2 over the control. Li et al. [23] also reported similar results that a good nutrients balance improved
the crop growth. In the present study, cotton cultivars showed a different behavior regarding nutrient
uptake that might be due to their sensitivity and tolerance to P deficiency. The patterns of N, P, and K
were similar with a slight change between two growing seasons. The increase in the nutrients at early
39 DAT, which reached to a peak at 83 DAT, was consistent. The possible reason for the trend might
be that the plant demand for NPK was higher at later stages. These results are in a good agreement
with the findings of Yang et al. [29] and Hu et al. [30]. The difference of NPK in the RO of different
treatments was due to different levels of P supply from the soil to plants. Furthermore, higher P content
in plant RO helped to improve the N and K, and a similar phenomenon was recorded in the present
study (Figure 7b,c). The improved N, P, and K contents are also linked to the RO biomass; hence,
it enhanced the boll biomass in the present study (Figure 7a). However, two cotton growing seasons
(2017 and 2018) showed a slight variation that might be due to the difference of weather conditions
during both years (Figure 1). Alterations in the nutrient application and weather conditions changed
the nutrient accumulation, speed, initiation, and termination time during the fast accumulation period
(FAP) and significantly affected the yield of cotton [31].

In cotton, RO biomass is considered as one of the most important factors directly influencing
the yield. In the present study, the cultivar differences in P utilization showed a significant change in
the RO biomass accumulation, which might create the yield difference (Figure 2). The RO biomass
attained a peak at 83 DAT with a clear difference in P application treatments (Figure 6). After 83 DAT,
the RO biomass did not change because at this stage, bolls reached near to a maturation stage. This
biomass increase with the increase in P application might be attributed to the higher P supply that
favored the nutrients (N and K) and photosynthates translocation toward the reproductive part rather
than vegetative organs. These finding are in accord with the conclusion of Cao et al. [32] and Stewart
et al. [33], that P application restricts the photoassimilates’ translocation from vegetative organs and is
increasingly directed towards the RO. Singh et al. [34] concluded that the accumulation of dry matter
was higher due to better photosynthesis, which resulted in a better supply of photosynthates and
assimilates to the fruit. In the present study, higher biomass accumulation was recorded in the RO of
the cotton in Lu-54 during 2018 compared to Yuzaomian-9110 (Figure 6). These findings were similar to
previous results presented by Wang et al. [35], that dry matter accumulation was different in different
cotton cultivars with different partitioning to vegetative and reproductive parts. The main reason
behind this phenomenon was that the P application might increase the N, P, and K contents in leaf and
other parts which influence the nutrients’ availability to the plants, establishing a better source–sink
relationship. A well-established source–sink balance guarantees the better RO development, resulting
in an increase in final yield [36].

The accumulation of nutrients in cotton plant parts and its distribution to the sink play a vital
role in the production of seed cotton yield. In the present study, nutrients (N, P, and K) and biomass
in cotton RO significantly increased with the P application and advancement of growth stages at
higher speed compared to the control (Table 2, Table 3, Table 4, and Table 5). These results might
be due to the proper P nutrient application which increased the N, P, K, and biomass accumulation
average maximum speed (VM) and average speed (VT) during the FAP. A similar result was stated
by Tung et al. [31] and Yang et al. [37], that the fluctuation in the nutrient application and rate along
with management practices in cotton affected the accumulation of different nutrients and its speed to
the RO.

The N and K are the highly absorbable nutrients in soil compared with the P [38]. However, P
availability influenced the accumulation of N and K in the plants by increasing the pool of ATP [39].
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The current study revealed a higher accumulation of N and K in the RO of cotton in the P2 treatment in
Lu-54 during 2017 compared to the cultivar Yuzaomian-9110 (Figures 3 and 5). Similarly, the average
speed (VT) at FAP was observed to be higher at P2 treatment in Lu-54 during 2017 compared to other
treatments (Tables 2 and 4). These results might be due to the availability and accumulation of N and
K from the soil in the presence of a higher application of P compared to the control, which enhanced
the performance of cultivar to respond better to P fertilizer. Similarly, the results presented by Yang
et al. [37] revealed that increases in yield occurred with higher inorganic fertilizer, which could be
interlinked with the extended growing season by promoting the growth period of cotton by getting
more P compared to the control. The current results are also in line with the finding of Gebaly et al. [40],
who reported that cotton accumulated a high rate of K from the soil. Plenty of studies have reported
that cotton cultivars showed different variations in partitioning of dry matter between vegetative
and reproductive parts [27,41–43]. Cultivars with a greater dry matter partitioning ability to their
reproductive parts are usually considered as efficient in increasing seed cotton yield.

The P accumulation in cotton resulted higher in Lu-54 at P2 treatment at 99 DAT during 2017
compared to the control (Figure 4), which improved the biomass of RO and resulted in a higher yield.
This might be due to the better availability of P and mobility of photoassimilates to RO of cotton
with the advancement of growth stages. Similarly, increased P uptake improved the plants’ growth
and resulted in increased yield in other crops, such as maize [44]. In the current study, P application
promoted the average speed (VT) and average maximum speed (VM) of P accumulated in Lu-54 during
2017 compared to Yuzaomian-9110 in the RO of cotton (Table 3), which might be due to the better
availability of P nutrients and unexpected weather condition to prolong the growing period of cotton.
Similarly, uptake of P and its distribution to the cotton boll resulted in a higher increase in boll biomass
(Table 5), with higher VT and VM [45]. However, Gill et al. [46] reported that P deficiency promoted
dry matter accumulation in cotton, which might be due to different soil and climatic conditions as
well as difference of cultivar P sensitivity. Nitrogen and K concentration in the RO remained higher
compared with the control because these nutrients are easily taken up by the plants. Similar results
were reported by Blom-Zandstra et al. [47] and Hsiao et al. [48], showing that the concentration of
N and K remained the same due to their ionic solution forms that played a pivotal role in osmotic
adjustment. Further, P-deficient conditions resulted in a stagnate growth and increased the P level in
petiole sap. On other hand, P application improved nutrients’ concentration and biomass in the plants,
leading to an increase in reproductive growth, such as improving flowerings [49] and to extend the
growing season of cotton [36,37]. The P deficiency strongly constrains the translocation of nutrients;
however, it mainly affects the biomass because cotton growth responded highly to ambient weather,
better supply of nutrients, and availability of water in the soil [50,51]. This leads to a better equilibrium
among vegetative and reproductive growth by supplying a higher P to establish a good and balanced
source–sink relationship.

Nutrients are still limiting factors in agro-ecosystem, although human activities increased N,
P, K [52–54], and micronutrients [55,56]. In the present study, the boll biomass, by the combined
effect of all the three major nutrients, increased with the combination of N, P, and K, especially
under P1 and P2 application in Lu-54 compared to Yuzaomian-9110 during the 2018 growing season
(Figure 6). Initiation and termination days for biomass accumulation changed with the application
of P, while VM and VT were increased with the application of P2 compared to the control in both
the cultivars (Table 5). The percent allocation of N and K varied significantly with the application
of P; however, the cultivar was not significantly affected in 2017 (Table 6). Contrary to this, for the
P and biomass allocation in 2017, while N, P, and K allocation in 2018 did not vary significantly in
both cultivars and P application, the biomass, however, was significantly affected by cultivars and
showed no effect with the P application (Table 6). These results might be due to the synergistic effect of
nutrients which increased the biomass and alternately affected the yield of cotton. Opposite to the P
deficiency, the higher rate of P application negatively affected the biomass of RO in cotton [23]. This
reduction is due to a disturbance in the source–sink relationship under P imbalance [57]. Marshner
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and Rengel [58] reported synergistic effects of major nutrients on cotton boll biomass. On the other
hand, Zahreddine et al. [59] reported that the exceeded nutrients’ concentration from optimal, reduced
the biomass production. Extension in the growing period occurred due to a loss of fruiting structures,
which resulted in leaf expansion, photosynthetic capacity, and increased carbon assimilation [60–62].
The photoassimilates were accumulated with the continued growth period, with a better supply, rate,
and quantity of nutrient accumulation with differed growth periods [63]. Crops benefited from the fast
N uptake during initial to peak flowering stage. Cotton yield and growth were strongly affected by
uptake of nutrients and its speed at FAP [64]. Many reports, including Jenkins et al. [65], assumed
that the change from vegetative to reproductive growth was earlier in new cultivars. Various studies
also reported a different response of cultivars in biomass production and dry matter partitioning
between vegetative and reproductive growth [63,66,67]. Due to indeterminate growth of cotton, the
nutrients’ deposition varies with the time and with the advancement of growth stages. A higher
and faster accumulation of nutrients in the RO of cotton with higher biomass accumulation occurs.
Nutrient accumulation and biomass production in RO of cotton data would be useful for growers to
take management decisions for maximizing the seed cotton yield.

5. Conclusions

The present study evaluated the response of two cotton cultivars with different P sensitivity to
P application. The results concluded that: higher accumulation of nutrients was reported in Lu-54
compared to Yuzaomian-9110. Higher total N, P, and K accumulation was found with the incorporation
of high P level at 83 DAT, and then remained constant at 99 DAT in both used cultivars during 2017
and 2018, respectively. Higher nutrient accumulation was recorded in total N and K forms while P
remained lower in all parts of the reproductive organ of cotton cultivars. Total biomass accumulation
was recorded higher at 83 DAT and remained stable until 99 DAT in response to P application. Cotton
cultivar Lu-54 produced higher reproductive organ biomass as compared with the Yuzaomian-9110.
The increment in seed cotton yield was associated with higher N, P, K, and RO biomass. Conclusively,
200 kg P2O5 ha−1 (P2) application could be a sufficient level with a boll opening stage at 99 DAT for
the better yield performance in Lu-54 compared to Yuzaomian-9110.
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