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Abstract

The quantity and availability of potassium (K) are declining in soils of the world and becoming a serious issue for
successful cotton production. Considerable variation for K acquisition has been reported in cotton germplasm. Therefore,
exploiting the genotypic variation for K uptake and utilization could be useful for the development of K efficient cultivars. Nine
pre-selected cotton cultivars were evaluated for their potassium use efficiency (KUE) and growth response under low (0.26
mM) and adequate (3.33 mM) K levels. Cultivars were grown for six weeks in a hydroponics system supplying with half-
strength Hoagland’s solution with the above-mentioned levels of K.Cultivars showed variable response for biomass production,
shoot tissue K concentration, K uptake, KUE at low and adequate K levels. Leaves, stalk and root biomass productions were
significantly reduced due to low K stress. A significant positive correlation (R?= 0.95", p<0.01) was found between shoot dry
matter (SDM) and KUE at a low K supply level in cotton cultivars. Overall reduction of net photosynthetic rate (Py) in cultivars
due to low K stress was 38.7% compared with adequate K level. Furthermore, the correlations of K utilization index and
KUEwith the net photosynthetic rate (Py, were positive and highly significant (R?=0.95"", R>=0.85"", p<0.01), respectively, at a
low K level. Therefore, the potassium utilization efficiency (KUTE) trait can be used as a criterion for the selection of K-
efficient cotton cultivars. The results exhibit significant variability for K uptake and KUEin the indigenous cotton cultivars
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which can be exploited to develop promising cultivars for low K input environments.
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Introduction

Most of the world's soils are exhausted in the supply
of micronutrients including potassium due to the use of
hybrid varieties and intensive cropping (Zorb et al.,
2014). Cotton crop is generally more sensitive to low
potassium (K) availability in soils with poor fertility
(Hussain et al., 2021; Gilani et al., 2020). In Pakistan,
about 43% of agricultural soils are K deficient (K<80
ppm), mainly due to high cropping intensity, monoculture
cropping patterns, low soil organic matter and shortage of
canal irrigation water (Hassan et al., 2008). Therefore,
less K availability in soils severely affects the growth and
yield of cotton. However, K uptake in plants is under
genetic control and considerable variation has been found
in many crop plants for potassium use efficiency (KUE)
by many scientists (Aamir et al., 2014).

Cotton is an important fiber crop of Pakistan. The
total area of the world under cotton cultivation is 33.2
million hectares with an average annual production of
18.9 million tons. In Pakistan, cotton is grown on an area
of 2.54 million hectares with an average seed cotton yield
of 830 kg ha™ (Anon., 2020). Globally, Pakistan ranked
4" largest among seed cotton-producing countries during
the year 2016-17. It provides the raw material for the
local textile industry and contributed 1.4%to the country’s
GDP (Ahmad et al., 2021). The area and production of
cotton are declining in Pakistan due to many challenges
including low vyielding varieties, low nutrient use
efficiency, heavy insect pest attacks, changing climate,
and environmental stresses, particular, heat and drought
stress, all widening the gap between the actual and
potential yield of cotton cultivars.

The selection and development of efficient cotton
cultivars for low-K-input environments may improve
crop yield and reduce the demand for K fertilizers.
Potassium is a quality nutrient and plays a vital role in
crop production. The slow release from minerals and
fixation under certain conditions also reduce K uptake in
crops (Gill et al., 2005). The intermittent response of
crops for K wuptake is one of the major factors
responsible for low K fertilization by the farmers.
Therefore, alternate approaches must be explored to
increase K use efficiency in agriculture. The selection
and development of efficient K cultivars are particularly
important for developing countries with inadequate
potassium reserves. Under the current situation, farmers
need K-efficient cotton genotypes that perform better
than others with the same K inputs (Nawaz et al., 2006;
Hassan et al., 2011; Irfan et al., 2020). Crop plants have
developed physiological, biochemical, and molecular
adaptive mechanisms to manage low K stress. The
improved plants met their K demand through uptake by
an efficient transport system from the soil and
translocation into other plant parts. The transport of K
across membranes is mediated by K channels and
transporters. Potassium transporters in plants are
generally, classified into three families of membrane
proteins: the K™ uptake permeases (KT/HAK/KUP), the
K" transporters (Trk/HKT) family and the cation proton
antiporters (CPA) (Maser et al., 2001).

Potassium is one of the dynamic nutrients for the
plant kingdom. It constitutes about 10% of the total plant
biomass (Azeem et al., 2021), and is involved in various
physiological and morphological processes including
water relations, enzyme activation, and quality of
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produce. Considerable genetic variability has been
reported among cotton cultivars for K uptake and K
utilization efficiency (Mahmood et al., 2001; Aamir et al.,
2014). The variable capacity forK acquisition in cotton
cultivars, in turn, improves the efficiency of the
photosynthetic system and root development. Plants use
adaptive mechanisms such as alteration of root
architecture to explore more soil volume, increased
carboxylate exudation containing phosphatases, the
release of nucleases and various organic acids to tolerate
low K stress. Plants utilize these strategies to extract more
K from exchangeable pools in the soil. Therefore, the
selection and development of cultivars with improved K
use efficiency could be an alternate strategy to overcome
problems of low K availability in soils (Hassan et al.,
2010). Zhang et al., (2007) also reported that improved
plant growth under low K availability inefficient plants is
attributed to the enlarged root system, efficient
physiological and transport mechanisms. Cotton cultivars
with enhanced K-use efficiency may be helpful in the
development of high-yielding cotton cultivars in national
breeding programs. The selection and development of
cultivars with the potential to grow under low K
conditions can improve cotton yield. Therefore, a
hydroponics experiment was performed to evaluate the
indigenous cotton cultivars for KUE and other growth
traits under low K environment.

Materials and Methods

Experimental site, treatments and design: The
hydroponic culture experiment was conducted in the
glasshouse at Central Cotton Research Institute, (CCRI)
Multan-Pakistan during the growing season 2018-19. The
treatments plan included two levels of K (adequate and
low) and nine cultivars. The experiment was laid out in
CRD with two factorial arrangements with 3 replications.
Based on results from the preliminary sand -culture
experiment, nine cotton cultivars with variable K
efficiency were selected to further test their response at
low K (0.26 mM) and adequate (3.33mM) levels.
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Set up of hydroponic system and management:
Nursery of cotton cultivars was grown in iron trays filled
with washed river sand. At the two-leaf stage, the
uniform-sized seedlings of cotton were transplanted into
holes of the thermopore sheets floating on half-strength
Hoagland’s solution (Hoagland & Arnon, 1950)
amended with desired potassium (K) levels in the iron
tubs lined with the polythene sheet. The hydroponic
system was comprised of six iron tubs (1.5 x 1.5 x 0.5
ft) of 50 L capacity. Three tubs were kept as adequate K
levels and the other three as low K levels. Twenty-seven
plants were maintained in each tub randomly repeating
three plants of each cultivar in equally spaced numbered
holes, moreover, every plant was properly tagged.
Aecration was provided with the help of aeration pumps.
The pH of the Hoagland’s solution was maintained at
6.5+0.2 daily with the help of pH meter (Hanna, Japan)
by using 1.0 M NaOH or 1.0 M HCI. Harvesting was
done after six weeks of transplanting.

Data collection and K analysis: Agronomic data were
taken about growth parameters i.e. shoot- root dry matter
and root: shoot ratio while gas exchange characteristics
were recorded by using a handheld portable
photosynthesis system (CL-340 CID, USA) at the age of
40 days after transplanting. Harvested plants were washed
with distilled water and dried with the help of blotting
paper. Leaf, stalk and roots were separated and
immediately stored in the paper bags before air drying in
the laboratory. Later, plant material was dried at 70°C for
48 hours in a drying oven and the oven-dry weights were
recorded and finally ground to get the fine powder. From
ground plant samples, K concentration was determined by
using the ion extraction method on flame photometer
Jenway PFP-7 (Munns et al., 2010).

Estimation of potassium use efficiency indices: K use
efficiency indices were calculated using the following
formulas:

NUE indices

Formula

References

Potassium uptake

= K concentration (mg) X Dry matter (g)

Hassan et al., (2011)

Shoot dry weight at adq. K — Shoot dry weight at low K

Potassium use efficiency (KUE) =

Shoot K uptake at adq. K- Shoot K uptake at low K

Fageriaet al., (2001)

K uptake in shoot at low K

Relative K accumulation (RKA) =

. . Value at low K
K efficiency ratio (KER) =

Value at adequate K

X
K uptake in shoot at adequate K

Shoot dry weight at adq.K—Shoot dry weight at low K><

100 Yang et al., (2003)

Hassan et al., (2011)
Gunes et al., (2006)

Potassium stress factor (K =

Shoot dry weight at adequate K

100 Irfan et al., (2020)

Total fresh biomass at low K

K utilization efficiency (KUTE) =

Total fresh biomass at adequate K

Dry matter yield index

K utilization index (KUI) =

Potassium use efficiency

Dry matter yield index (DMYT) =

Total dry biomass at low K

100 Irfan et al., (2020)

100 Aamir et al., (2014)

Fageria et al., (2010)

Total dry biomass at adequate K

Mean of cultivars

Mean of cultivars

Fageria et al., (2010
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Fig. 1. Shoot length (a), root length (b), total fresh biomass (c) and total dry biomass (d) of nine cotton cultivars at two K levels under
hydroponic conditions. Values are means of three replicates (n = 6) and presented with standard error.

Statistical analysis

The recorded data were subjected to statistical
analysis and the treatment means were compared by using
the least significant difference test (LSD) at a significance
level of p<0.05. Two tail correlations and curve fittings
were carried out with SPSSsav (version 16.0) and MS
Excel software using the Statistical Analysis ToolPak
(Microsoft Co.).

Results

Comparison of cotton cultivars for shoot length, root
elongation and total fresh biomass: Low K supply
caused a reduction in both shoot and root elongation of
cotton cultivars as compared with adequate K treatment
(Fig. 1 a & b), however, the effect was more pronounced
on a shoot than on root length. A highly significant
variation (p<0.05) was observed among treatments,
cultivars and their interaction for the shoot and root
lengths as well as for total fresh biomass under adequate
and low K supplies levels.

At the low K level, shoot length was ranged from
16.0 cm for cultivar BH-212 to 31.0 cm for Cyto-124 with
a mean value of 25.1 cm (Fig. 1a), whereas, at adequate K
level, shoot length was ranged from 23.0 to 40.7cm in

BH-212 and MNH-886, with a mean shoot length of 31.3
cm, respectively. Low K supply caused a 19.9% reduction
in overall shoot length compared to control. The relative
shoot length was >75% in seven cultivars including, CIM-
707 (90.5%), FH-142 (85.1%), CIM-554 (85.0%), IUB-
2013 (83.4%), CIM-599 (81.1%), Cyto-124 (78.9%) and
MNH-886 (74.7%), respectively. The root length of
cotton cultivars was increased at a low K level relative to
adequate K, which might be an adaptive strategy of the
cultivars to thrive in K starving conditions. At the low K
level, root length was ranged from 8.3 cm for cultivar
BH-212 to 27.2 cm for MNH-886 with a mean value of
19.9 cm (Fig. 1b), whereas, at adequate K level, root
length was ranged from 15.3 to 35.3 cm with a mean root
length of 26.8 cm, respectively. At low K supply
treatment, the overall reduction in root length of cotton
cultivars was 19.7% compared with adequate K supply
level. The mean total plant length (root and shoot) was
45.0 cm at the low K level compared with adequate K
level, resulting in the reduction of 22.6%. Similarly, at the
low K level, total fresh biomass was ranged from 7.3g for
cultivar BH-212 to 35.1g for MNH-886 (Fig. lc),
whereas, at adequate K level, it was ranged from 20.9 to
51.0g in BH-212 and MNH-886, respectively. Low K
supply caused a 37.2% reduction in overall total fresh
biomass compared with control.
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Table 1. Plant dry biomass of nine cotton cultivars at two K supply levels in hydroponic culture.

Dry matter production (g plant™)

Cotton cultivars Leaves Stalk Root
Adequate K| Low K | KER % |Adequate K| Low K | KER % |Adequate K| Low K |KER %

MNH-886 8.90+0.37 6.00+1.04 674 3.63+0.07 2.00+0.04 55.1 453+045 3.50+0.28 77.3
Cyto-124 8.23+0.52 5.17+0.27 628 3.97+0.08 2.17+0.04 54.7 423+0.28 3.20+0.17 75.7
CIM-707 5.37+0.87 3.10+0.25 57.7 3.17+0.06 1.20+0.02 379 3.67+0.07 2.23+0.45 60.8
FH-142 7.00+031 5.03+0.19 719 4.63+0.09 1.70+0.03 36.7 443+0.38 3.30+0.34 74.5
BS-13 6.00+0.36 4.43+0.35 73.8 4.03+0.08 1.73+0.03 42.9 4.03+0.10 2.63+0.12 65.3
CIM-554 7.03+134 4.67+0.19 664 430+0.08 2.00+0.04 46.5 4.17+0.28 3.13+0.12 75.1
CIM-599 527+0.61 3.27+0.10 62.0 2.93+0.06 1.13+0.01 38.6 3.53+0.14 2.20+0.47 62.3
BH-212 393+0.18 1.80+0.28 458 1.67+0.03 0.70+0.01 41.9 3.07+0.03 1.47+0.26 47.9
FH-901 457+0.29 223+020 48.8 2.83+0.05 0.50+0.01 17.7 343+044 1.55+0.22 452
Mean | 6.26 3.97 61.9 3.46 1.46 41.3 3.90 2.58 64.9
F test:
Cultivars (C) 37.02%* 24.69%* 58.74%*
K levels (K) 7.57%* 1.39%* 5.77%*
C X K interaction 0.22ns 0.31ns 0.21ns
LSD — value
Cultivars (C) 1.56 1.74 0.72
K levels (K) 0.73 0.82 0.34

Data are shown as means of three replication along with standard error with six plants for each replication. Means of cultivars, K levels and K
x C are presented by using the F test. **; significant and ns; non-significant at p<0.05 whereas KER is the potassium efficiency ratio

Comparison of cotton cultivars for plant dry matter
accumulation in leaf, stalk, root and total dry matter (g
plant™): The exposure to low K level caused a reduction in
the production of leaves dry matter (LDM), however, a
significant variation for LDM (p<0.05) was observed
among cotton cultivars (Table 1). The overall reduction in
LDM of cotton cultivars was 36.6% when K supply was
decreased from adequate (3.33 mM) to low K level (0.26
mM KCl). Leaves dry matter at low K supply level ranged
from 1.80 to 5.17 g plant” in cultivar BH-212 and Cyto-
124, respectively, with a mean LDM value of 3.97 g plant™.
The comparison made based on relative LDM shows that at
low K level, out of 9 cultivars, six cultivars viz: MNH-886,
Cyto-124, CIM-554, FH-142, TUB-2013 and CIM-599
were >60% of their respective controls in decreasing order.
The cultivars which were below 59% of control included
CIM-707, BH-212 and FH-901 in decreasing order,
respectively. At low K level, the production of stalk dry
matter (SDM) cultivars ranged from 0.50g plant” in BH-
212 to 2.17g plant” for MNH-886 with a mean value of
1.46g plant™ for the cultivars. On exposure to low K level
the minimum reduction in the SDM was recorded in
cultivar MNH-886 (44.9%) followed by Cyto-124 (45.3%),
CIM-554 (53.5%), IUB-2013 (57.1%), and BS-212
(58.1%), respectively, whereas, reduction in SDM was
highest (82.3%) in FH-901. Compared with adequate K
control treatment the overall reduction in SDM of cotton
cultivars was 57.9% at low K level (Table 1).

The production of root dry matter (RDM) of cotton
cultivars at low K level ranged from 1.47g plant™ in BH-
212 to 3.50g plant” for MNH-886 with a mean value of
2.58 g plant” (Table 1). The reduction in RDM was
minimum in cultivar MNH-886 (22.7%) followed by
Cyto-124 (24.4%), CIM-707 (24.9%), IUB-2013 (25.5%),
BH-212 (34.7%), CIM-554 (37.9%) and CIM-599
(39.2%), respectively, whereas, it was highest in FH-901
(54.8%) and FH-142 (52.1%), respectively. There was a
64.8% reduction in overall RDM in cultivars at a low K

level when compared with adequate K treatment. At low
K level, the total plant dry matter (PDM) (root, stalk and
leaves) of cotton cultivars ranged from 3.97g plant” in
BH-212 to 17.50g plant” in MNH-886, with a mean value
of 8.0 g plant” (Fig. 1d). The minimum reduction in plant
dry matter was in cultivar MNH-886 (32.6%) followed by
Cyto-124 (35.6%), CIM-599 (36.8%), CIM-707 (37.5%),
IUB-2013 (37.6%), CIM-554 (43.7%) andFH-142
(54.2%), respectively,whereas, it was highest in FH-901
(60.5%).0Overall, MNH-886, Cyto-124, FH-142 and CIM-
554 produced higher PDM than BH-212. The variety FH-
901 produced less PDM at low K level accounting 57.2%
reduction when compared with adequate K level.

Comparison of cotton cultivars for K concentration
and tissue-specific distribution in leaves, stalk, root
and total K concentration (mg g'dw): The statistical
analysis explained that the variance for K concentration in
leaves, stalk, root and total concentration is significantly
varied among treatments, cultivars and treatment X
cultivar interaction (p<0.05) (Table 2). Generally, the K
concentration was higher in the leaves followed by stalks
and roots at both low and adequate K supply levels.

The data indicate that the K concentration of leaves
(14.5 mg g-'dw) at a low K level was significantly
decreased (30.7%) compared with concentration (21.0 mg
¢'dw) at an adequate K supply level. The K concentration
was ranged from 5.4 to 18.8 mg g'dw in cultivars BH-
212 and CIM-554, with a mean concentration of 14.5 mg
g"1 dw at low K level, whereas, it was ranged from 16.3 to
23.0 mg g dw in BH-212 and MNH-886, with a mean
value of 21.0 mg g'dw at adequate K level (Table 2). The
comparison of cotton cultivars based onKER for K
concentration indicates that five cultivars including CIM-
554 (84.3%), Cyto-124 (81.5%), FH-142 (81.6%), MNH-
886 (81.3%), and IUB-2013 (78.6%) were more than 75%
of their respective controls, whereas, rest of the four
cultivars CIM-599 (69.5%), CIM-707 (59.1%), FH-901
(38.5%), and BH-212 (33.1%) were <70% of control,
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respectively. There is 29.2% decrease in K concentration
of stalk tissue at a low K supply level compared to
adequate K level in cotton cultivars. At low K level, the
stalk K concentration was ranged between 3.9 to 13.4 mg
g'dwin cultivars BH-212 and MNH-886, with a mean
value of 10.8 mg g, respectively. The seven cultivars
which maintained more than 70% of their KER for stalk
K concentration, at low K supply level include Cyto-124,
CIM-544, FH-142, MNH-886, CIM-707, TUB-2013 and
CIM-599, respectively. Generally, the K concentration in
the shoot was higher than stalk and root at both adequate
and low K levels. The root K concentration was ranged
between 1.2 to 9.3 mg g'dw in cultivars with a mean
concentration value of 6.8 mg g'dw, at a low K level.
There was a 33% decrease in K concentration of root at
low K supply level compared to adequate K level in
cotton cultivars. The seven cultivars which sustained
more than 60% of their KER for K concentration, at low
K level include Cyto-124, CIM-544, FH-142, MNH-886,
IUB-2013, CIM-707 and CIM-599, respectively (Table 2).

The low K supply to cotton cultivars caused a 30.7%
reduction in K concentration when compared with adequate
K level, however, the response of cultivars was variable. At
low K level, the total K concentration was ranged from
10.5 to 41.4 mg g"'dw in BH-212 and MNH-886, with the
mean value of 32.1 mg g’ dw. At adequate K level, the
total K concentration was recorded from 34.9 to 52.4 mg g
'dwin cultivars, with a mean value of 46.3 mg g dw. The
comparison of cotton cultivars on the basis of KER for the
total K concentration shows that seven cultivars including
CIM-544 (80.8%), FH-142 (79.5%), Cyto-124 (79.3%),
MNH-886 (79.0%), IUB-2013 (77.2%), CIM-599 (74.8%)
and CIM-707 (68.2%) were more than 65% of their
respective controls. The cultivar BH-212 experienced
maximum reduction (69.1%) in total K concentration under
low K supply treatment.

Comparison of cotton cultivars for tissue K uptake and
specific distribution in leaves, stalk, root and total K
uptake (mg plant’ dw'): The cultivars varied significantly
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(p<0.05) in K uptake in different plant parts when grown
under adequate and low K levels (Table 3). Generally, the
K uptake was higher in the leaves followed by stalk and
root at both low and adequate K supply levels. A total of
55.7% overall reduction in plant K uptake was observed at
low K level than an adequate K level.

The data regarding K uptake of leaves at low K level
depicts that there was a decrease of 52.3% compared with
K uptake at adequate K supply level. At low K level, the K
uptake of leaves in cotton cultivars was ranged from 10.0 to
112 mg plantdw in cultivars BH-212 and MNH-886, with
a mean K uptake of 63.9 mg plant' dw, whereas, it was
ranged from 64.0 to 205.0 mg plant” dw, with a mean value
of 134.0 mg plant'dw at adequate K level. The comparison
of cultivars based onKER for K uptake in leaves indicated
that five cultivars including, FH-142 (58.3%), IUB-2013
(58.3%), CIM-554 (56.1%), MNH-886 (54.6%) and Cyto-
124 (51.3%) were more than 50% of their respective
controls, whereas, four cultivars CIM-599 (43.0%), CIM-
707 (33.9%), FH-901 (19.3%), and BH-212 (15.6%) were
<45% of control, respectively (Table 3).

There is a 68.0% decrease in K uptake of stalks at
low K supply level compared to adequate K level in nine
cotton cultivars. The stalk K uptake was ranged from 2.2
to 28.8 mg plant'dwin cultivars (FH-901 and Cyto-124)
with a mean value of 17.5 mg plant™ dw, respectively. At
low K level, only six cultivars maintained more than 30%
of their KER for K uptake in stalks includes Cyto-124,
CIM-544, MNH-886, CIM-707, IUB-2013 and CIM-599,
respectively. On an overall basis at a low K level, there
was 51% less K uptake in roots compared with adequate
K level. The root K uptake was ranged from 1.8 to 32.6
mg plant” dw in cultivars BH-212 and MNH-886, with a
mean uptake value of 19.6 mg plant™ dw, respectively at
low K level. The seven cotton cultivars which maintained
more than 40% of their relative K uptake at low K level
include Cyto-124, CIM-544, FH-142, MNH-886, CIM-
707, CIM-599 and IUB-2013, respectively (Table 3).

Table 2. K concentration in different plant organs of nine cotton cultivars at K supply levels in hydroponic culture.

K concentration (mg/g)

Cotton cultivars Leaves Stalk Root

Adequate K| Low K | KER % |Adequate K| Low K | KER % | Adequate K| Low K [ KER %
MNH-886 23.0+0.47 18.7+1.19 81.3 18.0+0.34 13.4+0.26 74.4 11.4+£022 93+0.18 81.6
Cyto-124 22.7+0.98 18.5+0.24 81.5 17.8+0.34 13.3+0.25 74.7 11.2+£0.19 92+0.16 82.1
CIM-707 21.5+0.85 12.7+0.98 59.1 13.3£0.25 11.2+£0.21 84.2 9.9+0.19 6.6+0.13 66.7
FH-142 223+0.72 182+1.16 81.6 17.7+£0.34 13.1+0.25 74.0 11.1£021 93+0.15 83.8
BS-13 220+047 173+£0.98  78.6 17.2+0.33 12.8+024 744 109+0.20 8.6+0.13 78.9
CIM-554 223+0.72 18.8+1.06 84.3 17.5+033 13.2+£0.25 75.4 11.2+0.21 9.2+0.18 82.1
CIM-599 20.3+0.98 14.1 +1.87 69.5 13.0+0.25 11.6+0.22 89.2 9.5+0.18 6.3+0.12 66.3
BH-212 163+0.72 54+0.28 33.1 11.0£0.21 3.9+0.07 355 7.6+0.14 1.2+0.02 15.8
FH-901 182+0.59 7.0+1.93 38.5 11.3+£0.22 4.4+0.08 38.9 8.2+0.16 1.3+0.03 159
Mean | 21.0 14.5 67.5 15.2 10.8 69.0 10.1 6.8 63.7
F test:
Cultivars (C) 17.27%* 96.25%* 110.06**
K levels (K) 116.89** 384.77** 511.78**
C x K interaction 2.93%* 7.65%* 17.40%*
LSD-value
Cultivars (C) 2.56 0.96 0.63
K levels (K) 1.21 0.45 0.30

Data are shown as means of three replication along with standard error with six plants for each replication. Means of cultivars, K levels and K
x C are presented by using the F test. **; significant and ns; non-significant at p<0.05 whereas KER is the potassium efficiency ratio
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Table 3. K uptake in different plant organs of nine cotton cultivars at K supply levelsin hydroponic culture.

K uptake (mg plant™)

Cotton cultivars Leaves Stalk Root

Adequate K| Low K | KER % | Adequate K | Low K I KER % | Adequate K| Low K | KER %
MNH-886 205+20.03 112+£25.8 54.6 654+194 268+0.80 41.0 51.7+4.70 32.6+2.87 63.1
Cyto-124 187+11.37 96+5.20 513 70.6£2.10 288+0.86 40.8 474+322 294+2.15 620
CIM-707 115+22.75 39+5.27 339 4214125 134+£040 318 36.3+0.06 14.7+£3.03 405
FH-142 156 £4.67 91+£6.97 58.3 82.0+244 223+0.66 272 492+4.89 30.7+3.71 624
BS-13 132+£9.99 77+£10.2 58.3 69.4+2.06 222+0.78 32.0 440+1.78 22.6+147 514
CIM-554 157+26.6 88+2.18 56.1 753+223 264+0.21 351 46.7+2.31 288+094 61.7
CIM-599 107£17.25 46+4.87 43.0 38.1+£1.13 13.1+0.08 344 33.6+0.76 13.9+2.74 414
BH-212 64 +5.46 10+ 1.77 15.6 183+£0.54 2.7+0.06 14.8 233+£0.26 1.8+031 7.70
FH-901 83 +5.29 16 £5.82 19.3 320+095 2.2+0.66 6.9 282+4.18 2.0+£0.36 7.11
Mean | 134.0 63.9 43.4 54.8 17.5 29.3 40.0 19.6 44.1
F test:
Cultivars (C) 13.48** 3.18** 23.57**
K levels (K) 87.62%* 51.26%* 183.79**
C X K 0.49ns 0.99ns 0.29ns
interaction
LSD- value
Cultivars (C) 32.21 23.75 6.50
K levels (K) 15.18 11.19 3.06

Data are shown as means of three replication along with standard error with six plants for each replication. Means of cultivars, K levels and K
x C are presented by using the F test. **; significant and ns; non-significant at p<0.05 whereas KER is the potassium efficiency ratio

The low K supply to cultivars caused a 55.8%
reduction in total K uptake as compared with an adequate
K level. Total K uptake was ranged from 14.5 mg plant
'dw in BH-212 to 171.4 mg plant'dw in MNH-886, with
a mean value of 101 mg plant'dw at low K level,
whereas, at adequate K level the total plant K uptake was
recorded from 105 to 322 mg plant” in cultivars BH-212
and MNH-886, with a mean value of 228 mg plant” dw,
respectively. The comparison of cultivars based on KER
for total K uptake shows that five cultivars including
MNH-886 (53.2%), CIM-554 (51.3%), Cyto-124
(50.6%), FH-142 (50.1%) and CIM-599 (40.9%) were
more than 50% of their respective controls at low K level.

Comparison of cotton cultivars for photosynthetic rate
and gas exchange characteristics: The reduction of K in
the solution results in lowering of net photosynthetic rate
in the cotton -cultivars, however, cultivars differed
significantly (p<0.01) for net photosynthetic rate (Py) at
both K supply levels (Table 4). At low K level, Py ranged
from 11.0 to 23.3 pmol (CO,) m”S™in cultivars with a
mean value of 19.4 pmol (CO,) m”S’. However,
interestingly cultivar MNH-886 retained higher Py than
the other cultivars at low K level. At adequate K level, it
was ranged from 22.3 to 38.6 umol (CO,) m™S™" with a
mean value of 31.6 pmol (CO,) m™>s™. Overall reduction
in Py among cultivars due to low K stress is 38.7%
compared with the adequate control level. The
transpiration rate (E) of nine cotton cultivars was also
significantly and negatively affected by low K level.
There is 48% reduction in transpiration rate due to low
supply of K compared to an adequate K level. At low K
level, the E ranged from 1.27 to 2.70 mmol H,O m™ s’
with a mean E value of 2.1 mmol H,O m™ s in cotton
cultivars. At low K level the minimum reduction in
transpiration rate of 42.1 mmol H,O m™ s™' was recorded
in cultivar CIM-554, followed by IUB-2013 (43.8), FH-

142 (46.0), MNH-886 (46.7), CIM-599 (47.2), Cyto-124
(48.4), CIM-707 (49.4) and FH-901 (53.3), whereas, the
maximum reduction of 59.3% was noted in BH-212,
respectively. The limited supply of K caused 19.1%
reduction in the rate of stomatal conductance (gs) in nine
cotton cultivars. However, there was significant variation
among cultivars for gs and it ranged from 38.1 to
71.3mmol H,0 m? s with the mean value of 60.5mmol
H,O m™ s at a low K level. The comparison of cultivars
based on KER values of stomatal conductance indicated
that the cultivars Cyto-124 and MNH-886 maintained a
higher rate of gs (84% of control) than the rest of the
cultivars (Table 4).

Comparison of cotton cultivars for K use efficiency
indices: Potassium use efficiency (KUE) is expressed asK
utilization efficiency (KUTE), potassium efficiency ratio
(KER), relative K accumulation (RKA), potassium
utilization index (KUT) and potassium stress factor (KSF).
The cotton cultivars also showed variations for K use
efficiency indices at both K supply levels (Fig. 2 a & b).

KUE is a quantity of biomass production per unit of
tissue K concentration. This parameter can help classify
the cultivars that can thrive under a low concentration of a
particular nutrient supply. The KUE ranged from 5.1 to
21.6 g SDWmg g' K uptake at low and adequate K
supply levels, respectively (Fig. 2 a). The overall KER in
cultivar Cyto-124 showed the maximum (80.5%)
followed by MNH-886 (80.4%), CIM-554 (83.7%), CIM-
599 (75.9%) and CIM-707 (66.5%), respectively,
whereas, FH-901 and BH-212 showed 42.9 and 34.6 %
KER, respectively at low K supply.

Plants take up K by roots and then translocate in
other plant parts for various key physiological processes,
particularly for adaptation to low K environments.
Therefore, the KUTEtrait is an important marker to
evaluate potential under low K supply. It is found that the
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KUTEvaries from 42 to 70% in cotton cultivars with a
mean value of 64.8% (Fig. 2b). The cultivar MNH-886
accumulated 68% higher KUTE than cultivar BH-212.
Similarly, relative K accumulation (RKA) in cultivars was
ranged from 15.4 to 51.3% (Fig. 2b). The MNH-886
showed more RKA, followed by Cyto-124 < IUB-2013 <
CIM-554 < FH-142, CIM-707 < FH-901and BH-212. The
increase in the K stress factor caused a decrease in RKA
(%) of cotton cultivars.
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The potassium utilization index designates the
relative reduction in the KUE as the K concentration in
the growth medium is reduced from adequate to low K
level. Data regarding KUI (Table 5) presented that MNH-
886 shows the maximum KUI (5.2%) value, therefore
seemed to have high plasticity in adjusting to a K stress
environment. Whereas BH-212 and FH-901 showed low
values (0.7 and 0.9) of KUI at adequate and low K levels,
respectively.

Table 4. Gas exchange characteristics of nine cotton cultivars at K supply levelsin hydroponic culture.

Net photosynthetic rate

Cotto cultivars Py (umol CO, m’s™)

Transpiration rate (E)
E(mmol H,0 m?s™)

Stomatal conductance
C(mmol CO, mZs™)

Adequate K| Low K | KER % | Adequate K| Low K [ KER % |Adequate K| Low K [KER %
MNH-886 38.67+1.76 23.33+0.88 603  5.07+032 270+026 533  847+361 714+326 843
Cyto-124 3533+£1.72 21.67+1.45 613 450040 2324045 516  769+567 664+3.67 864
CIM-707 31.67+1.86 2033+1.76 642  3.87+0.39 1.96+029 506 73.3+542 58.0+4.87 79.1
FH-142 36.67+1.76 22.33+0.88 609  4.63+032 2.50+035 540 88.0+349 734+471 834
BS-13 32.67+1.20 20.67+1.45 633  4.00+038 225+0.54 563  784+329 64.6+485 824
CIM-554 3433+£1.45 21.67+0.88 63.1  420+021 243+0.84 579 825+695 69.0+2.46 83.6
CIM-599 2833+0.88 19.67+0.87 694  3.60+029 1.90+035 528  67.9+3.12 48.6+4.06 71.7
BH-212 2233120 11.00+0.58 493  3.12+0.09 127+0.17 407  59.1+3.26 382+3.61 64.6
FH-901 2433120 13.67+0.89 562  3.17+0.03 1.48+0.08 467 623+4.15 41.5+2.98  66.6
Mean | 316 | 194 ]| 609 | 402 | 209 | 515 [ 748 [ 590 | 780
F test:
Cultivars (C) 26.92%* 5.90%* 13.55%*
K levels (K) 389.91%* 155.17%* 56.51%*
C X K 6.21%* 0.27ns 0.34ns
interaction
LSD- value
Cultivars (C) 2.66 0.66 9.04
K levels (K) 1.25 0.31 4.26

Data are shown as means of three replication along with standard error with six plants for each replication. Means of cultivars, K levels and K
x C are presented by using the F test. **; significant and ns; non-significant at p<0.05 whereas KER is the potassium efficiency ratio

Table 5. Potassium utilization index of nine cotton cultivars
at K supply levelsin hydroponic culture.
Cotton cultivars | Potassium utilization index (KUI %)

MNH-886 5.21
Cyto-124 4.72
CIM-707 2.10
FH-142 3.75
BS-13 2.99
CIM-554 3.53
CIM-599 1.57
BH-212 0.58
FH-901 0.88
Mean | 2.81
F test:
Cultivars (C) 8.10%*

LSD for cultivars (C) = 1.6746
Means of cultivars are presented by using the F test. **;
significant and ns; non-significant at p<0.05

Discussion

K takes part in the various morpho-physiological
process throughout plant life. The quantity and availability of
nutrients including K is declining in soils of the world and
becoming a serious issue for cotton production (Tan et al.,
2005). The K deficiency results in poor root development,
reduced seed cotton yield and low quality produce. However,
it has been found that K uptake is under genetic control and
considerable variation has been reported in cotton cultivars
(Aamir et al., 2014). An adequate supply of K significantly
(p<0.05) affected morphological and physiological

characteristics of cotton seedlings compared to control. The
findings explored that low K supply caused a reduction in
length (~23%) and biomass (~37%) of cotton seedlings than
control treatment (Fig. 1, Table 1). The possible reason for
the reduction in length and biomass in low K supply
seedlings might be a hindrance in the physiological role of K
(Tan et al., 2005). Zhang et al., (2007) and Azeem et al.,
(2021) witnessed the variations in plant growth under low K
availability. However, variations in growth parameters
occurred (Fig. 1 a, b, ¢ & d) that might be due to genetic
variations as reported earlier that plant response to K uptake
and K utilization efficiency varied with the type of cultivars
(Mahmood et al., 2001; Aamir ef al., 2014). Considerable
variations in LDM, SDM, RDM and PDM were found
associated with the type of cultivar even at the same K
supply (Table 1). Such variations are also highlighted by
different researchers because K uptake is under genetic
control (Aamir et al., 2014). The findings were further
supported by leaf K contents in cultivars (Table 2). The
higher but variable K contents in cultivars CIM-554, Cyto-
124, FH-142, MNH-886, and IUB-2013 compared to their
respective controls might be due to K physiological role in
uptake under strict control of genetic makeup. These findings
are in line with the findings of Fageria et al, (2001).
Significant higher dry mass and K contents were observed in
plants having adequate K supply (Tables 1, 2). Like
agronomic parameters, a significant reduction in K uptake
and use efficiency were also recorded due to Low K supply
(Tables 1, 2 & 3), quite in line with findings of Zhang et al.,
(2007), Hassan et al., (2010) and Irfan et al., (2020). Thus,
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the existence of genetic variation in cotton germplasm is
important for the development of varieties with high nutrient
use efficiency and these traits can be used in future breeding
programs as screening markers. The selection and
development of cultivars efficient in K uptake and use
efficiency at low K input is one of the key strategies to
sustain cotton production. Therefore, improving K uptake
and use efficiency in cotton is a major target of breeders in
the development of promising cotton cultivars.

According to Fageria ef al., (2001) and Abbadi (2017),
KUE is closely linked to the dry matter yield index because
the same species differ extensively in their capacity to
remove the nutrient under deficient environments. The
contents of Tables 3 & 4 also explored the same findings.
Our findings suggest that cultivars with less reduction in
biomass under low K stress are supposed to be more K-
efficient. This is because under a low nutrient environment
plants either adapt to compatible nutrients or use some
efficient transport mechanisms to extract that particular
nutrient from the soil (Fageria et al, 2003; Zhang et al.,
2007). There are several ways to express KUE like KUI,
KUTE, RKA, and KER (Fig. 2 a & b), however, both
acquisition and utilization are imperative. We focused on
acquisition because it is more important in situations where
the nutrient application is very low and the risk of fixation is
high (Irfan et al., 2020). The K-efficiency relations of cotton
cultivars are affected at both low and adequate K supply
levels in the current study. Potassium utilization efficiency
(KUI) is a key tool to measure the plasticity of a cultivar to
adjust to a low K environment. Our findings also reveal how
KUI varied within cultivars (Table 5). The K efficient
cultivars i.e., MNH-886, CIM-554, Cyto-124, FH-142,
CIM-707 and IUB-2013 had up to four-folds higher KUI
than K inefficient cultivars i.e. BH-212 and FH-901 (Table
5), indicating that K efficient cultivars inherited greater
plasticity in adjusting to a low K stress environments
(Aamir et al., 2014; Abbadi 2017). Higher KUTE and RKA
found in K efficient cultivars (Fig. 2 a, b) are also in line
with the findings of Aamir et al., (2014). We also reported
higher PDM, KUTE, and RKA in cultivar MNH-886 (K-
efficient) compared to cultivar BH-212 (K-inefficient)
(Table 6). Yang et al., (2004) and Irfan et al., (2020)
proposed that the above-mentioned traits are associated with
the efficiency of K acquisition and internal utilization and
could be useful for the development of K efficient
genotypes with improved K uptake ability under soils with
low fertility. These variations in KUE might be due to
differential response from K uptake membrane transporters
and variable partitioning patterns within the plants as also
reported by Fageria et al., (2010) in upland rice.

The role of K in gas exchange is one of the crucial
phenomena. A close link between gas exchange
characteristics and KUE was also observed in the current
study (Table 6) which might be due to the improved
regulation of K' ionic concentration in guard cells. A
similar relationship was also reported by Zhang et al.,
(2007). A similar response was also documented by Zhao et
al., (2001); Perviz et al., (2004) and Wang et al., (2012).

It was observed that K efficient cultivars responded
well to low K supply compared to K inefficient cultivars
(Tables 1 & 6). The possible reasons might be plant make-
up as plants take up K from the soil through root
epidermal and cortical cells and then transported to shoot
via xylem uploading (Nawaz et al., 2006; Zhang et al.,
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2007; Hassan et al., 2011). Under a low K environment,
the uptake and distribution pattern of K in the plant is
mediated through different transport proteins and K
channels (Wang et al., 2013). The transport proteins can
be classified into two main groups as high- affinity
transporters, which are active at low concentrations of
external K, and low-affinity transport systems which
operate at higher external K concentration (> 0.3 mM K)
(Wang et al., 2013). Generally, K concentration in the soil
solution is relatively low and ranged from only 0.1 to 5.0
mM K. Therefore, usually plants are exposed to low K
stress during most of the growth periods. The first
reported Ktransporter involved in nutrient uptake was the
Shaker-like, voltage-gated and K'- selective cation
channel AKT1 (Hirsch et al., 1998). However, AtAKT1
and AtHAKS are two main transporters that contribute to
K" uptake in roots. Another trait of interest is the K stress
factor (KSF) which can be used to evaluate the relative
tolerance of crop cultivars to low K stress. Cultivars with
higher KSF values have low potential to grow under K
limiting conditions while cultivars with low KSF values
are thought to be more adaptable for low input sustainable
agricultural systems (Fig. 2b). Therefore, KSF showed a
negative relationship with KUE (R? = — 0.95") among
cotton cultivars at low K supply level (Table 6).
Furthermore, a scatter diagram and liner fit regression
model was found good in the classification of cultivars for
high K efficient and low K efficient cultivars based on
KUE, KSF, KUI and dry matter yield index (DMYI)
(Figs. 3a & b). These results are in agreement with Gill et
al., (2005) and Fageria et al, (2008). Biomass
partitioning is also an important approach under low K in
which plants tend to invest more in active plant organs
including young leaves, stalks and roots. A positive
correlation (R” = 0.99"") between total K uptake and total
plant dry matter (Table 6) was also reported by Nawaz et
al., (2006), Zhang et al., (2007) and Hassan et al., (2011).
Similarly, a positive correlation between KUE and SDW
was also observed (R =0.95") at a low K level A linear
fit regression model showed a strong relationship (R?
=0.98 ) between DMYI and KUIindifferent cotton
cultivars (Fig. 3a) which is supported by many
researchers (Yang et al., 2003; Fageria et al., 2010;
Hassan et al., 2011; Irfan et al., 2020) who documented
that high yielding cultivars produced more dry matter due
to existence of efficient ion transport system controlled by
many genes. The root traits such as root elongation,
density and root surface area play a key role in water and
nutrients extraction and in turn, affect K uptake efficiency
in plants. However, the taproot system in cotton is
reported to be less efficient in K uptake, which makes it
sensitive to low K availability (Dong et al., 2004; Tian et
al., 2008; Yang et al., 2011).

The results revealed the existence of genetic variation
in cotton cultivars for biomass production, K uptake, K
partitioning and KUE at a low K level. The cotton cultivars
MNH-886, FH-142, CIM-554, Cyto-142, and 1UB-2013
produced greater biomass at low and adequate K levels.
These cultivars may thrive in low K environments without
compromising the seed cotton yield. The variation in K
uptake and K utilization efficiency in cotton cultivars is
also found in previous studies (Gill et al., 1997, Sabir et al.,
2003; Makhdum et al., 2007; Zhang et al., 2007; Hassan et
al.,2011; Aamir et al., 2014).
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Fig. 2. (a) Potassium use efficiency of nine cultivars (lowest value of cultivars showed high KUE), (b) Relationship among K
utilization efficiency, relative K accumulation and K stress factor of nine cotton cultivars. All values are means of three replicates (n =

6) and presented with standard error.
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among cultivars). All values are the means of three replicates (n = 6).

Conclusion

It is concluded that cotton cultivars showed variable
responses in biomass production and allocation at low and
adequate K levels in the nutrient solution. The increased
growth at low K levels in some cultivars might be
attributed to K uptake by the high-efficiency K transport
system. The tolerant cultivars exhibited higher KUTE at
low K supply level. Therefore, KUTE in cotton is a
promising trait to select promising cotton cultivars at
early growth. The cultivars MNH-886, Cyto -124, FH-
142, CIM-554, TUB-2013, and CIM-707 were classified
as K efficient group due to production of higher dry
matter, enhanced K uptake, greater relative K
accumulation, more KUI, and improved gas exchange
characteristics at low K level. These cultivars have the
potential to grow under low K soils with little yield
reduction. These findings also provide baseline

information on the variability of K acquisition and
utilization in indigenous cotton germplasm for its use as
donors in breeding programs for cotton improvement.
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