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Abstract: Low nitrogen-use efficiency (NUE) is a serious issue for cotton production and envi-
ronmental sustainability in arid climates. A pot study was conducted to evaluate the effect of K
nutrition on NUE and performance of low- and high-K-efficiency cotton cultivars under two mois-
ture regimes. Treatments included two soil moisture levels—i.e., normal irrigation, 100% available
water content (AWC); reduced irrigation, 50% AWC—three levels of nitrogen (N)—i.e., 0, 375, and
750 mg N pot_l—and two K levels, i.e., 0 and 208 mg K pot_l. Results reveal that 208 mg K po’c_1
application with nitrogen significantly enhanced the N-use efficiency, growth, and yield attributes
of both cotton cultivars compared with sole N fertilization. Similarly, the combined application of
NK@375N + 208 Kmg pot_1 caused up to 83% increase in NUE under AWCs¢9, and AWCjqgq,, as
compared with NK control (0 N + 0 K). Compared with the control, imposed low-moisture stress
caused a decrease of 13.9% in stomatal conductance (gs), 2.5% in transpiration rate (E), and 6.5% in
net photosynthetic rate (Py), respectively. The physiological water use efficiency (Py/E) decreased
by 13.2% under AWCjsq9,. Applied NK @ 375 N:208 K, mg pot~! caused 27.39 and 27.56% improve-
ment in the Py /E in HKE and LKE cultivars under AWCsqs,, respectively. The HKE cultivar, i.e.,
CIM-554, maintained the highest g and Py than FH-901, that was low-K-efficiency cultivar. The
study suggests that varietal selection and adequate K fertilization have the prospects to improve
NUE and save considerable quantities of fertilizer and irrigation water in cotton production under
arid environments.
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1. Introduction

Mineral nutrition plays a critical role in crop production. Nitrogen is the first most
important yield-limiting nutrient, while K is the third most important macronutrient after
phosphorus (P) [1]. Potassium is termed a quality element as it governs the health and
quality attributes of a crop. Potassium is the most abundant cation in plants and contributes
up to 10% in dry biomass [2]. Improved root growth, stalk strength, activation of enzymes,
regulation of plant cell turgidity, translocation of sugar and starch, protein biosynthesis,
and control of diseases and insect pest attacks have been attributed to adequate K supply
in crops [3]. The growth, yield, and quality of crops decline in K-deficient soils [4,5]. About
60% of agricultural soils in Pakistan are K-deficient (have less than 80 ppm K). Cotton is
generally a sensitive crop to low K and often shows deficiency symptoms in soils with
marginal K availability [6]. The major reasons for K deficiency in soils are high cropping
intensity, shortage of canal irrigation water, inadequate application of organic matter,
coarse soil texture, and low or no use of K fertilizers [7]. Similarly, phosphorus application
improved the leaf area, plant height, number of bolls per plant, and yield of seed cotton.
Therefore, NPK has a significant effect on cotton yield [8].

In soils with deficient K, the imbalanced or excessive use of N without K fertilization is
a serious issue in crop production and environmental sustainability in developing countries.
Owing to the imbalanced use and misuse of fertilizers, N losses can be up to 70% of the total
available nitrogen, as reported from agriculture [9]. These excessive N losses do not only
result in very low nitrogen-use efficiency (NUE) and poor crop production but also a threat
to the environment and climate through greenhouse gas emissions. The NUE is closely
associated with the status of indigenous K in agricultural soils [10]. As the indigenous soil
K falls below the critical target level, in the range of 150-200 kg K,O ha—1[11], the crop’s
efficiency of utilizing N fertilizer also significantly reduces. Although K depletion in the
soil solution enhances ammonium-nitrogen (NH4 *N) uptake in plants, it also decreases
the absorption, translocation, and assimilation of nitrate-nitrogen (NO3™N), which, in turn,
lowers leaf nitrate reductase activity (NRA) [12]. In all soil types, except those of rice fields,
NRA plays a significant role in improving NUE because most of the applied NHy4-N is
oxidized to NO3-N due to the high rate of the nitrification process. Moreover, K triggers the
activity of the enzymes responsible for NH4* assimilation and amino acids translocation
in plants [12]. Optimal N:K ratios favor healthy plant growth and development, while an
imbalanced supply of N and K is unfavorable to good crop production [13]. Nitrogen-use
efficiency, with respect to potassium fertilization, was calculated using the difference in
nitrogen use between a plot treated with K fertilizer and without K, divided by amount
of nitrogen applied. Applied K improves nitrogen-use efficiency on potassium-based
fertilizers (NUEKk) through enhanced N uptake and utilization by plants, thus ultimately
resulting in higher crop yields [14]. Therefore, without sufficient K supply to plant roots,
the objective of efficient utilization of NH4-N and NOs-N for obtaining a potential yield
of crops cannot be achieved on calcareous/alkaline soils [14]. The application of potassic
fertilizers has been proven to activate more than sixty enzymes in plants [15]. The combined
application of N and K fertilizers has been reported to produce higher crop yields and
higher quality of produce [11-15]. However, improvements in NUE due to K fertilization
also depend on the level of N nutrition, soil moisture regimes, crop responsiveness to K,
plant genotype, and crop growth stage [16-18].

Among limiting factors, drought stress is the key factor that adversely affects many
physiological and morphological traits of the cotton crop, including yield and fiber qual-
ity [19]. However, the impact of drought stress depends on the degree and duration of
stress, genotypic background, and growth stage of the plant [20]. The root growth, rate
of K" movement, and absorption are decreased in soils under droughted conditions. The
absorption of water reduces due to low K concentration in the root cells, which ultimately
reduces plant tolerance to drought stress. Low K content reduces leaf area expansion,
CO; assimilation rate, net photosynthetic rate, transpiration, water use efficiency [21], and
biomass production in cotton [22]. Integrated nutrient management including K may help
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overcome the negative effects of drought stress and improve nitrogen-use efficiency (NUE)
and fiber quality of cotton [23].

This study aims to evaluate the nitrogen-use efficiency (NUE) and morphophysiologi-
cal performance of two cotton cultivars through integrated N and K management under
two moisture levels.

2. Materials and Methods

Background research: A series of preliminary hydroponic studies were conducted
under controlled conditions at deficient (0.26 mM K in nutrient solution) and adequate
K (3.33 mM) levels at the Central Cotton Research Institute (CCRI), Multan, Pakistan, for
the screening and selection of high-K-efficiency (HKE) and low-K-efficiency (LKE) cotton
cultivars. From 46 screened cultivars, CIM-554 as HKE cultivar and FH-901 as LKE cultivar
were selected, based on dry matter and K-utilization indices, to further evaluate the effect
of integrated NK nutrition on NUE, and the morphological and physiological parameters
of cotton under normal and reduced (AWCso,) irrigation conditions.

2.1. Experimental Growth Condition, Treatments, Design, and Management

A pot study was conducted to evaluate the effect of N with and without K on different
morphological and physiological parameters of two selected cotton cultivars at normal
[100% of available water content (AWCj(g,) was applied] and reduced irrigation levels
[50% of available water content (AWCsqe,) was applied]. The study was performed in a
wire house, having control over insects and rainfall. Treatments comprised of 3 factors;
N:K levels, i.e., N levels (0, 375 and 750 mg N pot’l); K levels (0 and 208 mg K pot’l);
2 irrigation levels (reduced irrigation, i.e., AWCsq9,, and normal irrigation, AWCjqg9,) with
two pre-selected cotton cultivars (CIM-554 and FH-901). The study was planned under a
completely randomized design (CRD) with a factorial arrangement and each treatment
had three replications. There were total of 72 pots used in this study. The environmental
condition of the wire house was maintained as the outside environmental condition. The
average monthly temperatures were 38.6 °C (3043 °C) in May, 38.9 °C (31-44 °C) in June,
36.6 °C (31-39 °C) in July, 35.8 °C (34-38 °C) in August, 34.9 °C (29-39 °C) in September, and
29.3 °C (23-35 °C) in October, respectively, during the cotton growing season. The top layer
of the soil (0-30 cm) was sampled from the field of CCRI, ground, sieved through a 2 mm
sieve, analyzed (Table S1), and used to fill the pots of 10 kg capacity. Each pot had 25 and
22 cm height and diameter, respectively. Four healthy cotton seeds were sown in each pot.
After one week of germination, only one cotton plant of the same vigor was maintained in
each pot, while the remaining plants were removed and incorporated in the respective pots.
In each pot, all the calculated P and K were applied as a basal dose, while N was applied in
3 splits: 1st at 35 days after sowing (DAS), 2nd at 65 DAS, and the 3rd application at 85 DAS.
The nitrogen was applied as top dressing in each pot. Two irrigation levels, i.e., AWCsge,
and AWCjq9,, were employed after the seedling establishment. AWC was calculated
from water retention curve that was developed using pressure membrane apparatus. The
Oawc was 0.244 cm® and the soil water content was maintained at proposed levels by
monitoring soil moisture every alternate day with the help of a soil moisture equipment—
Theta Probe (Delta-T Devices Ltd., Cambridge, UK)—that works on the principle of time
domain reflectometry [24].

2.2. Data Collection
2.2.1. Growth, Development, and Seed Cotton Yield

Data related to growth and development, such as leaves, stalks, roots dry matter
weight (DMW), gas exchange characteristics, and seed cotton yield and yield components
were recorded at maturity.
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2.2.2. Gas Exchange Characteristics and Water Use Efficiency

A portable photosynthesis system (CI-340 CID, Camas, WA, USA) was used to record
data concerning gas exchange characteristics, such as net photosynthetic rate (Py), stomatal
conductance (gg), and transpiration rate (E). All observations were recorded from the
fourth fully expanded leaf on the main stem from the top of the plant between 10:00 a.m.
and 12.00 p.m. at the peak flowering stage. The climatic data included 1500 mol m~2s~!
quantum flux, 38.5 + 2 °C leaf temperature, 380 + 5 umol mol~! CO, concentration, and
65 £ 5% relative humidity. Instantaneous water use efficiency IWUE) was calculated by
using the following formula [20]:

PN (y mol CO,m=2571)
E (mmol H,O m—2S-1)

IWUE [pumol CO, /mmolH,0] =

2.2.3. Leaf Relative Water Content and Leaf Area

The leaf area was measured from three randomly selected leaves (top, middle, and
bottom leaf) from one plant per replication per treatment, using an area measurement sys-
tem (Delta-T Devices, Burwell Cambridge, England). Leaf relative water contents (LRWC)
were determined by collecting topmost fully expanded leaves from every replication after
60 days of sowing. The sampled fresh leaves were weighed, soaked in water overnight,
and dried at 70 °C for 24 h, or until constant weight. Finally, LRWC was calculated using
the following formula [25]:

FW — DW

LRWC (0/0) == m X 100

where: FW—fresh weight; TW—turgid weight; DW—dry weight.

2.3. Plant Analysis for N and K

The sampled leaves and roots were washed with distilled water, dried at 65 °C for 48 h
in a forced-air-driven oven, and stored under desiccation until weighing for dry biomass
and then ground to obtain the fine powder. From ground samples, N was analyzed
according to Jackson [26], while K concentration was estimated by taking a 0.5 g dry sample
and digesting it in a 10 mL diacid mixture of nitric acid and perchloric acid with a ratio of
3:1. K concentration (Kc) (mg g~ 1) in the digested samples was determined on the flame
photometer (PFP-7, Jenway England, Staffordshire, UK), as described by Zia-ul-Hassan [27].

2.4. Estimation of Nutrients Uptake and Use Efficiency Indices

Nutrient uptake and nutrient-use efficiency indices were calculated using the following
formulae [28-31].

NUE Indices Formulae

Nutrient uptake (mg plant~1) =
(NUP) Nutrient concentration x Dry matter

Agronomic efficiency (AE; mg mgfl) = SNCKf:S\T%C
Physiological efficiency (PE; mg mg_l) = E]% = EII\I/[JE
Apparent recovery efficiency (ARE; %) = ﬁgg:ﬁgi x 100

Utilization efficiency (UE; mg mgfl) = PE x ARE

Internal utilization efficiency (IE; mg mgfl) = %
Nitrogen-use efficiency with respect to K (%) (NUEg) = [%} x 100

Note: SCY¢—seed cotton yield of fertilized treatment; SCY.—seed cotton yield of control treatment; NAg—quantity
of nitrogen in fertilized treatment; NA.—control treatment; NUgs—nitrogen uptake in K fertilized pot; NUg.—
nitrogen uptake in K control pot, BM—biomass of fertilized treatment; BM. —biomass of control treatment.
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2.5. Statistical Analysis

The data were statistically analyzed using the three-factor factorial analysis of variance
(ANOVA). The data were subjected to the homogeneity test before analysis of variance. The
main effects and interaction means were compared using the least significant difference
test (Fisher’s LSD) at the 95% confidence interval (p < 0.05), by using STATISTIX 8.1
(Analytical Software, Inc., Tallahassee, FL, USA). Pearson correlation was used to determine
correlations among various traits by using the window-based SPSS 10th edition software
(SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Effect of Applied Nitrogen and Potassium on Plant Dry Biomass of Two Cotton Cultivars
under Varied Irrigation Levels

Application of K, along with N, significantly improved all the components of plant dry
weight (PDW) in both cotton cultivars, i.e., CIM-554 and FH-901, at normal and reduced
irrigation levels compared with the sole application of N or K (Figure 1a—d). However,
the HKE cultivar, CIM-554, showed significantly higher PDW as compared with the LKE
cultivar, FH-901, at both irrigation levels. Figure 1 also explains that HKE and LKE cultivars
produced leaves dry weight (LDW) of 9.5 and 8.5 g plant ! in a sole N application, which
increased to 20.7 and 17.8 g plant !, respectively, at combined levels of NK@750:208 under
the normal irrigation level of AWCjqg9,. A similar trend was also observed in LDW under
AWCs5qe, in LKE cultivar due to the application of K compared with a sole N application.
The combined application of N and K caused 2-3-fold increase in shoot dry weight (SDW)
plant_1 in both HKE and LKE cultivars at AWCjgg,, respectively. The SDW in both
cultivars was also improved at AWCsg9,, due to the combined application of N and K.
Like LDW and SDW, root dry weight (RDW) also showed significant increases in both
cultivars at normal and reduced irrigation levels, due to the addition of K along with N
rate. A synergetic effect was observed between N and K, as K efficiency for enhancing
dry matter increased with an increase in N rate (Figure 1). Overall, the addition of N
to K rates significantly increased the total plant dry weight (TPDW) by 139% and 117%
in HKE and LKE cultivars at AWCjqg9,, respectively, whereas, HKE and LKE cultivars
showed 112% and 131% higher TPDW, respectively, at AWCjqq,. It was observed that HKE
cultivar produced higher LDW (15.8%), SDW (17.4%), RDW (20.9%), and TPDW (17.8%)
at AWCjg, due to K fertilization, which was statistically at par when comparing these at
reduced irrigation level (AWCsg9,). The effect of N:K rates of 375:208 and 750:208 mg pot !
were statistically non-significant but were the highest among the treatments.

3.2. Gas Exchange Characteristics and Physiological Water Use Efficiency

The effect of K addition was significant on leaf gas exchange characteristics, such
as net photosynthetic rate (Py), transpiration rate (E), stomatal conductance (gs), and
physiological water use efficiency (PWUE). There was a significant difference among K-
treated and untreated plants for gaseous exchange characteristics and water use efficiency
(WUE) (Table 1). At AWCjggy, treatment N:K (750:208) showed 46% and 32% increase
in Py in HKE and LKE cotton cultivars compared with control treatment, respectively.
Similar improvements in Py at AWCsp9, were also noted due to the combined appli-
cation of K and N. The similar changes were also recorded in the transpiration rate of
both cultivars at normal and reduced irrigation levels (Table 1). The g increased from
60.1 to 86.6 mmol CO, m~25~! in HKE cultivar and from 54.3 to 72.4 in LKE cultivar, under
AWC g9, with the increase in N:K levels from 0:0 to 750:208, respectively. Under AWCsqq,,
gs increased from 53.1 to 71.1 in HKE cultivar and from 47.7 to 66.7 in LKE cultivar as the
N:K levels were increased from 0:0 to 750:208, respectively. The PWUE increased from
7.34 t0 9.62 in HKE and from 7.27 to 8.42 LKE cultivar under AWC1(ge,, while in AWCsq,,
PWUE increased from 6.38 to 8.30 in HKE and from 5.97 to 8.13 in LKE in N:K levels of
750:208 over control (ON:0K). A comparison of data for gas exchange characteristics and
PWUE showed that the applied N:K levels 375:208 and 750:208 were statistically similar to
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but superior to all other N:K levels and significantly (p < 0.05) better in both cultivars and
irrigation levels. The moisture regime AWC5;(9, showed an average decrease of 16.9% in
PN, 2.61% in E, 12.9% in g, and 14.9% in PWUE in HKE cultivar, while there was a 19.6%,
9.66%, 17.2%, and 11.1% decrease in Py, E, g5, and PWUE, respectively, in the LKE cultivar.
A comparison of both the cultivars shows that HKE cultivar exhibited higher Py by 12.9%,
E by 1.69%, gs by 24.4%, and PWUE by 11.1% at AWCj¢g,, while increases of 16.8%, 9.63%,
30.9%, and 6.29% were found in Py, E, gs, and PWUE, respectively, at AWCsq, than LKE,
on an average basis.

50 50
(a) HKE-AWC 100% (b) HKE-AWC 50%
| | —&— Lpw ]
40 —o— sDW 40
— —y— RDW
S 30 A 30
2
g
g 20 20
>
a
10 10 -
ol "7 e e e
40 (c) LKE-AWC 100% 40 (d) LKE-AWC 50%
. 30 30 -
C
8
o
o)
© ]
= 20 - 20
S
>
a
10 10
e i e AR B S i, e
0-0 375-0 750-0 0-208 375-208750-208 0-0 375-0 750-0 0-208 375-208750-208
N-K Treatments N-K Treatments

Figure 1. Variations in dry matter of different growth components i.e., HKE—AWC 100% (a),
HKE—AWC 50% (b), LKE—AWC 100% (c), LKE—AWC 50% (d), as affected by N:K levels mg pot*1
under varied irrigation levels. Note: LDW—leaves dry weight; SDW—stalk dry weight; RDW—root
dry weight.
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Table 1. Effect of applied N:K levels on gas exchange characteristics and PWUE in cotton cultivars
under varied irrigation levels.

N-K PN (u mol CO, m—2 S-1) E (mmole H,Om—2 S-1)
Levels X100% AWC Y 50% AWC X100% AWC Y 50% AWC
(mg pot—1) Mean Mean
HKE LKE HKE LKE HKE LKE HKE LKE

0-0 293 + 3.1 28.0 £ 3.6 243 +22 21.3+1.2 27.8d 3.99 +0.3 3.85+0.2 3.81+03 3.55+0.2 39b
375-0 34.0 £ 5.6 30.0 + 3.6 27.0+ 3.1 23.0+ 3.1 31.2c¢ 4.06 +£0.3 3.96 + 0.1 394 +0.2 3.68+0.7 29ab
750-0 403+ 45 350+23 333+35 28.7 £ 6.1 35.7b 412 +0.2 4.08 £ 0.5 405+02 372404 42a
0-208 33.0+1.1 31.3+55 27.7 + 4.1 23.6 £ 6.1 31.3 ¢ 417 £03 412+ 04 4.10 £0.2 378+ 03 3.9ab

375-208 413 +£3.1 36.0 £ 5.5 35.0 £ 2.0 29.0 £4.2 37.2 ab 443 +£0.1 437+ 04 432+0.2 382+0.7 41ab
750-208 430+30 3704+22 363+42 313427 389a 447 +£04 441403 436+03 38+04 4.1ab
Cv X MR 36.8 a 32.5bc 34.1b 31.2c¢ 39a 40a 4.0a 4.1a
Mean MR 34.7 a 326 b 41a 4.0a
Mean Cv HKE = 35.5a, LKE=31.9b HKE =4.1a, LKE=39a
gs (m mol CO, m~—2S8~1) PWUE [umol CO, mmol~! H,0]

0-0 00, 543:15 531424 437408  528d 734408 727405 63811 59711 72d
375-0 643+ 1.8 58.6 + 25 54.8 +1.8 495+ 13 56.6 ¢ 837+ 1.0 7.58 £ 0.9 6.88 +£1.2 6.30 £ 1.2 8.0 cd
750-0 684+ 2.6 60.2 +£2.5 592 +33 514 +22 59.3 b 9.78 +1.2 826 £ 1.1 822 +1.2 7.67 +1.3 8.4 bc
0-208 58.0 + 3.5 553+23 52.0+23 473 +24 53.1 cd 791 +£0.9 7.60 + 0.8 6.62 + 1.0 6.24 + 0.8 7.9 cd

375-208 828 +2.5 70.5 + 3.5 69.3 + 2.1 63.9 + 3.6 71.7 a 936 +1.4 8.26 £ 1.2 813+ 1.0 7.62+1.1 9.2 ab
750-208 86.6 + 3.6 724 +24 711+ 49 66.7 + 4.8 744 a 9.62+1.3 840+ 1.2 8.30 + 0.9 813+ 1.2 94 a
Cv X MR 70.0 a 61.9b 60.0 b 53.7 ¢ 93a 85b 8.0 bc 7.5¢
Mean MR 66.0 a 56.9 b 83a 72a
Mean Cv HKE =65.2 a, LKE=57.8b HKE=89a,LKE=7.8Db

Means not sharing the same letter within a column differ significantly at p < 0.05 by LSD test. *~Full available
moisture contents (100% irrigation); ¥—50% reduced available moisture content.

3.3. Leaf Relative Water Content (LRWC) and Leaf Area (LA)

Significant variations in LRWC and LA were recorded due to the combined application
of N and K rates in both cotton cultivars at 100% and 50% AWC (Figure 2a,b). At AWCygge,
N:K (750:208) combination increased LRWC in HKE cultivar by 39%, while in the LKE
cultivar, it was 52% when compared with the control treatment. Contrary to control
(0-0 N-K), LRWC under AWCsgy, were enhanced by 49% in HKE, while this was 52%
in LKE cultivar in response to combined application of 750-208 mg/pot N-K (Figure 2a).
Similar changes in LA were also recorded due to the combined application of N-K compared
with control in both cultivars of cotton at 100% and 50% moisture levels (Figure 2b). In a
nutshell, N-K applied as 375-208 and 750-208 were statistically at par, but were the best
among the treatments, significantly (p < 0.05) improving LRWC and LA in both cultivars
and at two water regimes. The moisture regime AWCs(9, reduced the studied parameters,
thereby causing an average decrease of 7.7% in LRWC, and 12.2% in LA in the HKE
cultivar, whereas in the LKE cultivar, the decreases in LRWC and LA were 8.2% and 11.7%,
respectively. Results also indicated that HKE cultivar had 3.7% and 27.3% higher LRWC
and LA than LKE, respectively, under normal irrigation levels, while they had 4.3% and
26.5% more LRWC and LA, respectively, at reduced irrigation levels, when compared with
the LKE cultivar (Figure 2).

3.4. Plant Nutrient Contents and Uptakes

Fertilization of K also significantly promoted N contents and N uptake compared with
treatments without K application (Figure 3a,b). Significant variations in N and K contents
and uptake were recorded in two cotton cultivars. Figure 3 showed the higher nutrient con-
tents and uptake in HKE cultivars compared with LKE cultivars. Although moisture levels
affect N and K contents/uptake yet the differences at AWCjgg9, and AWCsq9,, moisture
levels were not significant, indicating that genetic variation in cultivars can be exploited to
select and develop cultivars efficient in use of N and K fertilizers (Figure 3a,b). On average,
across cultivars, HKE cultivar maintained 6.7% and 18.6% in N:K contents under AWC g9,
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while maintaining 12.1% and 13.3% in N:K contents, under AWCs ¢,, respectively, com-
pared with LKE (Figure 3a,b). Similar trends were also observed in N:K uptakes between
HKE and LKE cultivars at both irrigation levels (Table 2).

140 @) 140 - (b)
Bl HKE-AWC 100%
EEE HKE-AWC 50%
B LKE-AWC 100%
120 7 g LKe-AWC 50% 120
g
©
S 100 & 100
S §
o N
s ©
14 o
- 80 & 80
‘G
0
-
60 60 -
40 - 40 -
0 375\0 750_0 0‘208 375"208 750_208 0 375_0 750~0 0-208 375‘208 750_208
N-K Combinations N-K Combinations
Figure 2. Interactive effects of N:K levels on leaf relative water content (a) and leaf area (b) of HKE
and LKE cultivars of cotton at AWCygge, and AWCso, irrigation levels (only the effect of NKx MRx
Cv is given). Error bars are showing the standard error of mean.
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Figure 3. Interactive effects of N:K levels on leaf N and K contents in HKE and LKE cultivars of
cotton at AWCjgge, (a) and AWCso, (b) irrigation levels. * ANOVA significant at p < 0.05; ** ANOVA
significant at p < 0.01. Error bars are showing the standard error of mean.
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Table 2. Effects of N:K levels on N and K uptake in cotton cultivars under varied irrigation levels.

N Uptake (mg Plant~1) K Uptake (mg Plant—1)
N:K Levels X100% AWC ¥ 50% AWC X100% AWC Y 50% AWC
(mg pot~) Mean Mean
HKE LKE HKE LKE HKE LKE HKE LKE
0-0 194 £ 30 149 £ 15 152 £ 16 106 £ 18 150 d 180 £+ 16 134 £ 18 134 +£13 101 £17 137 d
375-0 387 £31 261 £21 308 £ 26 201 £ 32 289 ¢ 267 £ 34 171 £ 11 181 +9 122 +23 186 ¢
750-0 648 + 30 393 + 50 527 + 27 297 £ 29 466 b 355 +13 215+ 18 251 £21 149 £10 243 b
0-208 272 £ 62 185 £ 16 207 £16 124 + 15 197 d 293 + 38 211 +£18 223 +£7.7 154 +24 220 bc
375-208 799 + 72 612 £ 81 641 £ 55 488 + 69 635 a 614 + 69 468 £+ 33 499 + 74 366 £+ 63 487 a
750-208 855 + 40 664 + 67 699 + 50 531 + 32 687 a 641 + 46 505 + 49 522 + 49 381 + 40 5123 a
Cv X MR 526 a 422 b 377 b 292 ¢ 392a 302 b 284 b 212 ¢
Mean MR 474a 335b 347 a 248 b
Mean Cv HKE =452 a, LKE =357 b HKE =338 a, LKE =257 b
Means not sharing the same letter within a column differ significantly at p < 0.05 by LSD test. *—Full available
moisture contents (100% irrigation); Y—50% reduced available moisture content.
3.5. Yield Components and Seed Cotton Yield
The data shown in Table 3 elucidates that applied N-K levels significantly (p < 0.05)
affected the seed cotton yield (SCY) and mean boll weight (MBW) in both cotton cultivars at
AWC 99, and AWCsge,. Compared with the control treatment (0:0), applied N:K (750:208)
significantly enhanced SCY from 10.5 to 31.5 g plant~! in HKE and from 8.3 to 25.8 g
plant~! in LKE cultivar. Similar variations in SCY were also observed under AWCss, in
both cultivars of cotton. The total number of bolls and an average weight per boll were
also increased due to the combined application of N and K rates compared with the sole
application of N in both cultivars (Table 3).
Table 3. Effect of applied N:K levels on seed cotton yield and mean boll weight of HKE and LKE
cultivars of cotton under varied irrigation levels.
Seed Cotton Yield (g Plant~1) Mean Boll Weight (g Plant—1)
N:K Levels ano o anno o
1 100% AWC Y 50% AWC 100% AWC Y 50% AWC
(mg pot~) Mean Mean
HKE LKE HKE LKE HKE LKE HKE LKE
253 £+ 241 £ 2.38 + 235+
0-0 105+ 2.6 83+35 8.8 £ 2.07 57+13 8.36d 001 0.03 0.03 0.04 242 e
2.67 £ 2.55 £+ 2.53 + 245 +
375-0 156+34 125+38 122428 99+34 13.26 bc 0.05 0.07 0.04 0.05 2.55d
275+ 2.62 £ 2.61 £ 2.57 £
750-0 189+45 148+33 166+16 11.6+£37 1547 b 0.07 0.04 0.05 0.06 2.64 c
251 + 252 + 242 + 241 +
0-208 152+21 121+£22 131+£04 103+£26 12.64 ¢ 0.06 0.05 0.06 0.04 247 e
312 £ 275+ 295+ 2.62 +
375-208 298+3.0 234+45 248+63 193439 24.08 a 0.03 0.06 0.10 0.07 2.86 b
3.16 = 2.85 £ 3.02 + 272 +
750-208 31.5+40 258+50 266+53 215+36 26.30 a 0.10 013 0.12 0.07 294 a
Cv X MR 20.23 a 16.58 b 16.86 b 13.06 ¢ 2.79a 2.62b 2.65b 2.52¢
Mean MR 18.41 a 14.96 b 270 a 2.59b
Mean Cv HKE =18.5a, LKE=14.82b HKE = 2.72 a, LKE =2.57 b

Means not sharing the same letter within a column differ significantly at p < 0.05 by LSD test. *—Full available
moisture contents (100% irrigation); Y—50% reduced available moisture content (drought stress).

The comparison of both the cultivars shows that HKE cultivar produced greater SCY
by 25.3%, number of bolls by 28.6%, and mean boll weight by 6.48% in AWCjg,, while
there was 29.8%, 40.0%, and 5.16% more SCY, number of bolls, and mean boll weight, in
AWC59,, respectively, compared with the LKE cultivar. The statistical analysis ranked N:K
@375:208 and N:K@750:208 mg pot~! as the most effective treatments, based on the main
and interactive effects of N:K levels, cotton cultivars, and irrigation levels.
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3.6. Nutrient-Use Efficiency Indices and Their Correlation Traits and in PCA Biplot

Recovery efficiency is an indicator of nutrient recovery from soils by plant roots. Mean
N apparent recovery efficiency (NARE) ranged from 36 to 41% in sole N application, which
was increased from 64 to 89% under combined application of N and K (Table 4). Similarly,
the mean K apparent recovery efficiency (KARE) was 46% under sole K application but
increased to 137% when K was applied with N (Table 4). This indicates how N and K
synergistically affect each other’s apparent recovery efficiency. Ata 100% available moisture
level, the values of NARE and KARE were higher than these values at reduced moisture
level (Table 4). Similarly, mean N-utilization efficiency in sole N treatments ranged from
7.5 to 8.0 mg mg~! but it ranged from 9.4 to 16.2 mg mg~! in combined NK treatments
(Table S3). Similarly, 10.2 mg mg~! mean K-utilization efficiency in sole K treatment was
increased to 15.6 and 29.2 mg mg ! due to application of K along with N, respectively. Table
S3 also reveal that the K-utilization efficiency at reduced moisture level (9.40 mg mg~1)
was higher than at the 100% available moisture level (8.75 mg mg~!), and a reverse trend
was observed in N-utilization efficiency (Table S3). This explains the physiological role of
K in NUE under drought stress conditions. Higher physiological nutrient-use efficiency
indicates the poor conversion of absorbed nutrients into plant biomass. Physiological
nitrogen-use efficiency showed a significant reduction due to K application (Table S4).
The values of NPUE in sole N treatments were higher, i.e., 17.9-18.2 mg mg~!, which
reduced to 14.0 and 16.7 mg mg~! due to combined application of N and K fertilizers.
Similarly, higher KPUE (17.1 mg mg ') was found in sole K treatment, while lower KPUE
(9.9 to 15.4 mg mg~') was found in combined NK treatments (Table S4). The effect of
moisture level on NPUE and PKUE was statistically significant. Table 5S4 showed lower
values at 100% available moisture level, while higher values were found at reduced moisture
level (Table S4). Similar trends were found in NIE and KIE variations (shown in Table S4)
and are discussed in the sections on NAUE and KAUE in Table 4.

Table 4. Effect of applied N:K levels on apparent recovery efficiency in HKE and LKE cotton cultivars
under varied irrigation levels.

N:K Levels

N Apparent Recovery Efficiency (%)

K Apparent Recovery Efficiency (%)

1 X100% AWC ¥ 50% AWC X100% AWC ¥ 50% AWC
(mg pot~) Mean Mean
HKE LKE HKE LKE HKE LKE HKE LKE
0-0 - - - - - - - - - -
375-0 52 41 28 24 36d - - - - -
750-0 60 48 32 25 41 ¢ - - - - -
0-208 - - - - - 90 38 33 22 46 ¢
375-208 105 85 92 75 89 a 159 143 136 110 137 a
750-208 76 65 62 53 64 b 129 115 128 105 119b
Cv X MR 49 a 40b 36 ¢ 30d 63 a 49b 50 b 39¢
Mean MR 445a 33.0b 56.0 a 445b
Mean Cv HKE =42.5 a; LKE = 35.0 b HKE = 56.5 a; LKE= 44.0 b

Means not sharing the same letter within a column differ significantly at p < 0.05 by LSD test. *—Full available
moisture contents (100% irrigation); Y—50% reduced available moisture content (drought stress).

It was observed that the N and K uptake was strongly correlated with water use
efficiency under both irrigation levels (Supplementary Figure S1). Among cotton culti-
vars, the HKE cultivar showed a strong positive correlation (r = 0.97**) (p < 0.01) be-
tween water use efficiency (WUE) and nitrogen and potassium uptake, while a low value
of correlation coefficient was recorded in the LKE cultivar when WUE has correlated
with N and K uptake (Supplementary Figure S2). Similarly, a strong positive correlation
(Table S2) was observed (r = 0.966** and 0.970**) (p < 0.05) between seed cotton yield
(5CY) and N and K uptake at AWCjge,, whereas it was r = 0.987** and 0.985** at AWCsqe,
(Table S5). Most of the nutrient-use efficiency indices showed a positive correlation between
each other at AWCs5q,, as presented in Table S5. The seed cotton yield was also showed
positive correlation with NAE (nitrogen agronomic efficiency), KAE (potassium agronomic
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efficiency), NARE (nitrogen apparent recovery efficiency) and KARE (potassium apparent
recovery efficiency) at AWCsge, Table 5. The principal component analysis (PCA) biplot
of different morphophysiological traits of HKE and LKE cultivars (Figure 4a,b) showed
that two PCs were explaining 98.81% and 97.32% of the variation, respectively. The first
PC explained 94.38% and 93.16% variation in HKE and LKE cultivar, respectively. The
loading of variables in different components are presented in Figure 4a,b, which show the
interrelationship of active variables and active observations.

Table 5. Pearson’s correlation matrix for nutrient-use efficiency indices determining nutrient efficiency
of cultivars under AWC-50%.

Parameters SCY NAE KAE NARE KARE
SCY 1

NAE 0.882 ** 1

KAE 0.947 ** 0.867 ** 1

NARE 0.882 ** 0.994 ** 0.838 ** 1

KARE 0.946 ** 0.860 ** 0.995 ** 0.830 ** 1

SCY—seed cotton yield; NAE—nitrogen agronomic efficiency; KAE—potassium agronomic efficiency; NARE—
nitrogen apparent recovery efficiency; KARE—potassium apparent recovery efficiency. ** indicates highly
significant correlation at p < 0.01.
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Figure 4. Performance of (a) HKE (CIM-554; high-K-efficiency cultivar) and (b) LKE (FH-901; low-K-
efficiency cultivar) cotton cultivars, as affected by N:K levels under varied irrigation levels.

4. Discussion
4.1. Interaction between Growth and Yield of Cotton with NK Nutrition under Varied Soil
Mositure Levels

Significant improvements were recorded in cotton production due to the combined
application of NK nutrients as compared with a sole application of N or K. For better
understanding, Pearson’s correlations among different growth traits and yield parame-
ters, nutrient uptake, and nutrient-use efficiency are given in Supplementary Materials,
Tables 52 and S5. It is well known that dry biomass is positively correlated with seed cotton
yield [32] due to its strong association with N and K uptake. Significant differences in
growth and yield occurred due to the combined application of NK as compared with a sole
N or K application. These effects might be due to the physiological roles of K in plants in
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enzyme activation and nutrient balances, and the synergistic effects of K on N uptake [33].
Poor growth and yield of plants treated with sole N might be due to the inactivation of
certain enzymes, which might have been activated when the plants received adequate K
supply. Pearson’s correlation also suggests a strong relationship between K-use efficiency,
growth, and yield parameters in both cultivars [34].

It is well documented that the K uptake in plants is under genetic control and consid-
erable variation has been reported even within species [32]. This revealed that K had an
important role in a plant to mitigate the adverse effect of reduced irrigation (AWC50%).
Similar findings were also reported in earlier studies, where K stimulated translocation of
photosynthates towards reproductive organs in cotton [35] and rice [32].

4.2. Interaction between Morphophysiological Traits and NK Nutrition under Varied Soil
Moisture Regimes

The maintenance of comparatively higher RWC (%) by HKE cultivars with supplied
NK levels permitted greater stomatal conductance (gs) and elevated CO, intake compared
with LKE cultivars under no K application (Figure 2). The role of K in regulation of stomatal
opening by altering the osmotic potential of the guard cells is a well-recognized mecha-
nism [36]. In our study, HKE cotton cultivars, on an average basis, showed 6.3% greater
water use efficiency (WUE) under AWCs(9, as compared with LKE cultivars. Similarly,
the HKE cultivars recorded a 31% average increase in WUE over the control when pro-
vided with N:K@ 750:208; meanwhile, on average, with the HKE and LKE cultivars, there
was an increase of 22% in WUE when supplemented with N750:K208, as compared with
N750:K0, and a positive correlation was noted (r = 0.98) among WUE and K uptake under
low moisture level of AWCsge, (Supplementary Figure S1). The increase in WUE under
reduced irrigation might be due to enhanced K uptake, which controlled the regulation of
the opening and closing of the stomata—in turn, reducing the loss of water by transpira-
tion [22]. K is also involved in enzyme activation and other physiological processes, which
improve the water use efficiency in plants [37]. Similar findings have been documented
in earlier studies, where K nutrition improved the morphophysiological traits of cotton
cultivars [22,35,38-41].

4.3. Relations between NUEI and Nutrient Uptake with NK nutrition under Varied Soil
Moisture Regimes

There are number of indices which are used to assess the efficiency of applied nutri-
ents [28,29,42—44] and exhibit crop response to NK application. In this study, agronomic
efficiencies (NAE and KAE), recovery efficiencies (NARE and KARE), and utilization effi-
ciencies (NUE and KUE) are suitable indices for evaluation of NUE, when crop yield in NK
treatments applied was different from the control under variable irrigation levels. Similarly,
physiological efficiencies (NPE and KPE) and internal utilization efficiencies (NIE and KIE)
could be used for comparisons among cultivars under specific growth conditions. The AE,
PE, and IUE for both N and K decreased with the increase in the levels of NK under varied
moisture regimes (Table 4, Tables S3 and S4).

This means that K-efficient cultivar produced maximum yields under both irrigation
levels at all NK nutrient ratios applied, and can manage with a limited water environ-
ment without yield loss. Our results are in line with previous studies, as reported in the
literature [8,28-30].

4.4. Interaction between Potassium and Nitrogen-Use Efficiency under Varied Soil
Moisture Regimes

The integrated NK application proved to be a low-cost technology to achieve the
highest yield, crop quality, and NUE in agriculture [8]. Nitrogen-use efficiency was reported
to be increased from 10% to 90% with the K application on K deficient soils [44]. In our
study, the APR efficiency of N was improved from 85 to 105% in the HKE cultivar with
the application of N:K @375:208 mg pot~! at AWCjgqe, (Table 4). A positive interaction
between N and K was recorded for N uptake and utilization by plants that ultimately affect
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the quality and yield of crops [45]. The high K-efficiency (HKE) cotton cultivars showed
greater potential to maintained physiological processes under reduced irrigation. The
positive correlation of integrated NK application in cotton crop can reduce the dose and
cost of nitrogen fertilizer and ensure food security for the fast-growing global population.
Therefore, the application of an optimal dose of N with K, at the right time, can improve
NUE and reduce emissions of greenhouse gases in the environment—mitigating climate
change. Furthermore, the combined application of NK can reduce irrigation water demand
up to 35% in cotton without significant yield loss in arid climates. Our results revealed
(Table S5) that the total nitrogen uptake (NU) was highly correlated with total potassium
uptake (KU). Our results are in line with previous studies [8,45].

5. Conclusions

Our findings suggest that the selection of HKE cultivars with adequate K application
has the potential to improve nitrogen-use efficiency and save considerable quantities of
fertilizer and irrigation water, up to 35% in cotton, without yield loss under arid climatic
conditions. A positive interaction exists between N and K for N uptake and utilization by
cultivars for production of biomass and increased seed cotton yield under reduced irriga-
tion, which is ultimately more profitable for farmers. Therefore, it can be concluded that the
application of N:K@375:208 mg pot~! to HKE cotton cultivars under reduced irrigation is
helpful in maintaining the yield of cotton under arid and semi-arid environments. This also
mitigates climatic change by reducing the greenhouse gas emissions, through increasing
nitrogen-use efficiency in intensive agriculture production systems. Therefore, to achieve
greater NUE and to save our environment, the application of K along with N nutrition, in
balanced quantities, is important.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /agronomy12020502/s1, Table S1. Soil analysis characteristics
used in pot. Table S2. Pearson’s correlation matrix for nutrient use efficiency indices determining
nutrient efficiency of cultivars under AWC-100%. Table S3. Effect of applied N: K levels on nutrient
utilization and agronomy efficiency in cotton cultivars under varied irrigation levels. Table S4.
Effect of applied N: K levels on physiological and internal utilization efficiency in cotton cultivars
under varied irrigation levels. Table S5. Pearson’s correlation matrix for nutrient use efficiency
indices determining nutrient efficiency of cultivars under AWC-50%. Figure S1. Correlation between
water use efficiency and nitrogen and potassium uptake of cultivars under varied irrigation levels.
Figure S2. Correlation between water use efficiency and nitrogen and potassium uptake of cultivars.
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