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Abstract

The increasing demand for high-quality horticultural produces in global markets has driven
the growing crop production under protected cropping, which are usually more efficient in
fertilizer use compared to field cultivation. As one of the key macronutrients, available
potassium (K*) resources have decreased due to the expansion of intensive agriculture and
excessive use of K fertilizers. Currently, limited strategies have been adopted to improve
crop quality in protected cropping with sustainable use of K' fertigation and its
comprehensive understanding at physiological and molecular levels. Therefore, we highlight
the importance of optimal use of K* in fertigation in protected cultivation that may also
enhance crop quality characteristics. We review different K* channels and transporters
from various protein families responsible for K absorption and distribution across different
plant tissues. An analysis of the literature on transcriptome, ionome, proteome and
metabolome profiles of crops suggests the crucial roles of K in maintaining ion
homoeostasis and modulating stress responses. It reveals that optimal K* fertigation levels
in protected cropping not only aids in maintaining the overall crop growth and production
but also participates in maintaining the fruit quality. This review can potentially guide crop
production and resource use efficiency in protected cropping, contributing to global food

security and a better sustainable agricultural and environmental future.
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environmental conditions and increasing price of inputs (e.g.,
fertilizers, pesticides and energy) that are directly or indirectly

The demand for agricultural produces is increasing due to rise in
global population and greater per capita incomes anticipated
through mid-21st century (Tilman et al., 2011). Increasing global
population in turn demands to produce more food using different
farming systems such as protected cultivation, and hydroponics
(Ragaveena et al., 2021). Some problems behind the rise of food

cost are due to the cultivation of crops in unfavourable

related to global climate change. One of the potential solutions is
an approach of protected cropping using low- (poly tunnels, net
houses, screen houses) medium- (semiautomated polyhouses and
glasshouses), and high-tech (highly automated glasshouses) green-
houses to grow different types of crops (Abdalla et al., 2022). Here,
we provide an overview of the big potential of protected cropping

for sustainable food production.
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Protected cropping covers many fields of science and technology
such as agronomy, plant physiology, plant biotechnology, entomol-
ogy, plant pathology, engineering, computer science, economics and
other disciplines (Mahlein et al., 2012). Protected cropping uses low-,
medium- and high-tech structures, which act as a guard to crops in a
controlled environment and protect them from unfavourable climatic
conditions (Morgan, 2021). These protected cropping structures
provide viable and efficient means to control internal climatic factors
such as light, temperature, humidity, CO, and nutrients (Rabbi
et al., 2019) and also crop can be isolated from the external climatic
and environmental variation such as wind, rain, high solar radiation,
drought, soil salinity, pests and diseases (Akter et al., 2022). As a
result of which from the past few decades, protected cultivation, has
become one of the most popular methods for producing horticultural
crops such as tomatoes, cucumbers, capsicums and lettuce both
qualitatively and quantitatively (Sabir & Singh, 2013). According to
United Nations Food and Agriculture Organisation (FAO 2018), the
estimated production of vegetables under protected cultivation is on
the rise in key crops such as tomato (182 million tonnes), cucumber
(75 million tonnes), eggplant (54 million tonnes).

Appropriate fertigation (fertiliser +irrigation) management in
protected cropping is critical for improving crop quality, minimizing
water and fertilizer use and reducing leaching beneath root depth
(Hasanuzzaman et al., 2018). The optimal utilization of nutrients and
water is subject to variation among plant species and their respective
developmental stages. Consequently, it is essential to regulate
nutrient concentrations for different crop species during specific
developmental stages, taking into account the relative proportions
required for optimal plant growth and development (Savvas &
Gruda, 2018). Electric conductivity (EC) of the nutrient solution is
the measure of nutrient availability to the plants and should be
regulated according to the plant needs. High EC can result in
the reduction of mass flow in plants due to less entry of water
inside the root zone and low EC can lead to root cell rupture due to
the generation of high imbalance of osmotic gradient across the
membrane (Adams & Ho, 1992). Moreover, plant water consumption
depends on nutrient assimilation, fertigation levels and the climatic
conditions in greenhouses. The ability of plants to selectively take up
nutrients according to different nutritional needs at different growth
stages optimizes plant growth in a precise manner (Neocleous &
Savvas, 2022).

Potassium (K) is one of the most abundant plant nutrients,
account for 2.6% in the earth's crust. On average the soil constitutes
0.04%-3% K, but most of the K* in the soil is incorporated in crystal
lattice structure of minerals and thus not directly available for plant
uptake (Demidchik et al., 2014). Application of K* fertilizer enhances
the water holding capacity and the structural stability of soil. K*
fertilizer also helps in maintaining the electrolyte concentration in
plants under greenhouse environment (Nieves-Cordones et al., 2014).
Moreover, the capacity of plants to maintain cytosolic K* at a specific
level and alterations in K" concentrations in the vacuoles and
apoplast are important factors for the growth and productivity of
crops (Shen et al., 2017). To achieve maximum efficiency, it is
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essential to deliver of K fertilizer and other nutrients at the

appropriate rate, time, and place in the root zone of plant. Crops
growing under protected cropping can be a leading approach to
minimizes fertilizers loss and ensuring adequate nutrient supply at
each stage of development. Considering the key role of K* in plant
growth, an appropriate supply of this nutrient can maintain adequate
photosynthesis and boost off-season production of good-quality
fruits (Babla et al., 2023; Maier et al., 2022). Thus, better under-
standing of K* acquisition efficiency and its transport in plants can
contribute to the exploration of biological function of K* in regulating
overall plant growth for optimization of the K" fertigation manage-
ment in protected cropping.

Potassium use efficiency in greenhouse crops is less studied. We
review different physiological changes and crop yield in protected
cropping caused by high or low K nutrient concentrations. We
further synthesize the insight on K* nutrition connected to important
genes, proteins, metabolites, and ions, which provides a basis for
understanding essential molecular signalling pathways in response to
altered potassium levels in greenhouse crops. This review focuses on
understanding the importance of potassium in balancing plant growth
by minimizing the dose of K* fertigation can be a primary approach of

preserving natural resources and protected biodiversity.

2 | POTASSIUM FERTIGATION
MANAGEMENT FOR GREENHOUSE CROPS

In the context of climate change, protected cropping provides an
approach to increase food production by utilizing less resources and
providing nutritious food to consumers. Fruit quality and yields can
be effectively improved by managing the glasshouse environment,
including its microclimatic, structural, mechanical and fertigation
aspects (Shamshiri et al., 2018). The major environment factors that
impact greenhouse crop growth are root zone temperature, moisture,
electrical conductivity, nutrient levels, light quality and relative
humidity (Maier et al., 2022). Humidity level in greenhouse plays a
vital role in controlling the moisture level of plants. High humidity
results in suppression of the transpiration and reduces uptake of
nutrients including K*. In contrast, low humidity increases vapour
pressure deficit in leaves that will reduce stomatal opening and
photosynthesis (Ahmed et al., 2019). Low light and high light affect
greenhouse crop vyield that is partial related to the reduced
accumulation of K in plant (Babla et al., 2023; He et al., 2022). High
and low temperatures influence stomatal movement, which in turn
influences growth, transpiration, photosynthesis and yield (Babla
et al., 2023; Rabbi et al., 2019). Some modern glasshouse facilities
incorporate specialized glass technologies and efficient cooling
systems, which have the potential to reduce power use (He
et al., 2022). Therefore, these developments can facilitate the
protected cropping sector in shifting to a sustainable and cost-
effective level of energy efficiency thereby maintaining crop quality,
nutritional content and reducing adverse environmental impacts

(Figure 1).
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FIGURE 1 Schematic representation of different approaches for sustainable potassium use efficiency. Several potential steps can be taken
to grow potassium efficient crop by adopting unique fertigation strategies like drip irrigation and hydroponics under protected cropping. By
genetic engineering approaches deeper understanding of potassium-related genes, their translocation, metabolic regulation, ionic response in
plants is improving its sustainable use efficiency in maintaining the food security.

2.1 | Potassium fertilizer for crop production in
protected cropping

One of the major challenges for agriculture is to increase the crop
yield in a resource efficient way. Fertigation regulates crop growth,
yield and quality, which is influenced by fertiliser type, concentration
and frequency of the application to the plants (Tsafaras et al., 2021).
Potassium forms a significant part of salts for the EC in protected
cropping, which counterbalances increase and decrease concentra-
tion of other ions (Dorai et al., 2001). With respect to fertilizer
management, greater K levels stimulate shoot development and
enhance fruit production, indicating its increased supply during the
fruiting stage facilitates higher yield and productivity in protected
crops. K fertilizer application in protected cropping can be managed
by monitoring the degree of fertigation in accordance with flower,
shoot and root growth of the crop (Wang et al., 2013). Knowing the
nutritional status of the plants growing in soilless culture is essential
to determine the effectiveness of fertigation management strategies
to identify overall growth of plants (Johnson et al., 1985). EC of a
solution serves as a measure and the amount of ions available to
plants in the root zone is associated with the EC of the nutrient
solution (Nemali & van lersel, 2004). Abrupt, substantial changes to
the EC of the root zone can have a detrimental impact on the growth
of the roots and plants as well as the quality of the fruits.
Correspondingly, optimized nutrient solution and EC considers as a

fundamental route for improved crop production, plant physiology,
growth and development of crop. Optimal EC providing a great
means of saving fertilisers in large-scale greenhouses (Ding
et al., 2018). The concentration of nutrients such as K" in the root
zone has paramount importance as it directly impacts the plants
(Gruda, 2011). Potassium is one of the three most important
macronutrients (N, P, K) essential to all plants (Schachtman &
Shin, 2007) including vegetable crops in protected cropping.
Therefore, optimal K fertigation for a range of crop species
significantly improves resource use efficiency and yield in protected
cropping.

Almost 40% of the world's K* fertilizers are currently used by
China, USA, India and other countries to increase crop yield and
quality. The largest proportion of K* fertilizer use globally is in cereal
crops (37%) such as wheat, rice and maize, followed by fruits and
vegetables (22%), oilseeds (16%), sugar and cotton (11%) and other
crops (14%) (United Nations FAQ, 2015). Potassium chloride (KCI) is
the major form of fertilizer used these days, but potassium nitrate
and potassium sulphate are preferred for the crops that are sensitive
to chloride such as vegetables and fruits (Abou-el-Seoud & Abdel-
Megeed, 2012). Being a cation molecule potassium comprises 10% of
a plant's dry weight. Potassium concentration in plant varies between
0.4% and 4.3% whereas its subcellular distribution of K* are around
0.1 mM in apoplast, 100 mM in cytosol, and 50 mM in vacuole (Chen
et al, 2012; Hills et al., 2012; Zo6rb et al., 2014). The minimum
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acceptable K* content for many crops is between 0.5% and 2% in dry
matter. High accumulation of K* under regulated environmental
conditions enables plants to smoothly perform all photochemical
reactions (Ahmad & Maathuis, 2014). When there is an optimal
supply of potassium, sink tissues utilised K* and photoassimilate in
reproductive plant organs for better yield production (Bruns &
Ebelhar, 2006). Potassium contributes as a key step regulator in most
of the steps of protein synthesis, initiating from activation of
enzymes and ending through ribosome synthesis by mRNA turnover
during posttranslation process. Therefore, harvest index of the crop is
directly related with crop yield and biomass per unit of K™ applied
(Tighe-Neira et al., 2018). In plants, K* is a dominant cation for the
counterbalance of different anions in intracellular (e.g., cytoplasm,
chloroplast and vacuoles) and intercellular (e.g., apoplast, xylem and
phloem) spaces (Waraich et al., 2012). Potassium is highly mobile in
phloem of plants along with the loading of several photo-assimilates
(Schifer et al., 2018). It is essential to have adequate supply of K*
redistributes itself toward growing tissues like developing leaves and
fruits (Nieves-Cordones et al., 2014). Therefore, optimal supply of K*
fertilizer owing its fundamental roles towards plant performance
could be an important goal for geneticists to develop plants that use

K more efficiently.

2.2 | Role of potassium in photosynthesis, yield
and quality

K* is essential to both the Calvin Benson cycle and the Hill reaction in
photosynthesis. lonic equilibria, electron transport and proton-motive
force are the key processes in which K* is engaged especially in the
Hill reaction, which is primarily connected with the production of
NADPH (nicotinamide adenine dinucleotide phosphate hydrogen)
and ATP (adenosine triphosphate) (Tighe-Neira et al., 2018). Lack of
potassium increases mesophyll resistance and lowers the activity
of the enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase
(Rubisco), and ultimately leads in a reduction of total photosynthesis
rate (Cakmak, 2000). Some studies suggest that when plants were
given a significant amount of K*, sucrose content in the leaves
increased by several folds (Lu et al., 2017). Therefore, potassium
contributes its specific role in plant growth and development by
regulating the photosynthetic performance of plants.

The market value of a crop, in terms of both yield and quality,
plays a pivotal role in determining the overall crop quality and total
yield (Pettigrew, 2008). Potassium is indirectly involved in regulating
the protein metabolism of plants. Furthermore, it has been studied
that transport of amino acids in plants is enhanced by higher K* levels
especially when the plant is in its reproductive stages (Bai et al., 2021).
Potassium contributes as a key step regulator in most of the steps of
protein synthesis, initiating from activation of enzymes and ending
through ribosome synthesis by mRNA turnover during posttransla-
tion process. One of the visual phenotypes that can be seen in plants
is the reduction in leaf area of plants when K is insufficient to plants
(Rengel & Damon, 2008). This leaf area reduction results in lowering

of the photosynthetic efficiency and reduction in canopy light
interception (Jordan-Meille & Pellerin, 2004). Potassium is essential
for transport of assimilates during photosynthesis which includes
sugar transport and metabolism, that ultimately raises crop output
and enhanced fruit quality. Accumulation of assimilates and their
transport to different plant tissues has been associated with
increased vyield, fruit size, fruit colour and increased shelf life of fruit
(Lester et al., 2010). It has been found that the plant's potassium
uptake is higher during vegetative stages whereas in some of plants
its uptake has been found to be significant during developmental
stages (Rengel & Damon, 2008). Coupling of these factors, K*
deficiency reduces photo-assimilation efficiency, affecting crop
quality and yield.

3 | POTASSIUM TRANSPORT IN PLANTS

Potassium greatly contributes in maintaining the plant growth and
metabolism (Wang & Wu, 2013) and membrane potential, anion
neutralization and signal transduction (Thornburg et al., 2020). Its
concentration in soil ranges from 0.01 to 20 mM, but in cytosolic
K* concentration ranges from 80 to 100 mM. Plant absorbs K*
from the soil through its root system and moves in a source-to-sink
direction. (Xu et al., 2020). Small changes in cellular K* concentra-
tion can affect the transcript levels of many K channels and
transporters in plants, that affects the direct regulation of
potassium sensing in plants (Armengaud et al., 2009). Under
potassium deficient conditions plants increase their capacity and
affinity to assist the remobilisation and redistribution of stored
nutrients to support growth and homoeostasis in plants. The
overall regulation of potassium is controlled by complex network
of gene families encoding shaker type K channels, two-pore K*
channels, putative K*/H* antiporters, K* uptake permease (KUP),
high-affinity potassium transporter (HAK/HKT) and potassium
transporters (KT) (Feng et al., 2020; Isayenkov et al., 2011;
Pettigrew, 2008; Wang et al., 2022). Here, we discuss the roles of

the important K* transporters in plants (Figure 2).

3.1 | K" channels

Shaker-type K* channels are mostly found at the plasma membrane
and involve K* selective voltage-gated channels. These channels
activate by voltage-gated currents in the membrane and participates in
hyperpolarization and depolarization of membrane in response to K*
availability (Shabala & Cuin, 2008). Shaker-type K* channels operate
for low-affinity transport of K* and subdivided into three different
subfamilies: (1) hyperpolarization-activated inward-rectifying channels
(AKT1, KAT1 and KAT2), (2) weakly inward-rectifying channels
(AKT2/3), and (3) depolarization-activated outward-rectifying channels
(SKOR and GORK) (Shabala et al., 2020). Both AKT1/2 channels are
present in roots and thus helps in K* uptake into mesophyll cells and
root hairs through phloem loading. K* absorption in plant roots is
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FIGURE 2 Potential mechanism of plant uptake and response at high and low K* concentration. At high potassium concentration in plants
the outward rectifying channels of K* like GORK facilitates the fine-tuning of plasma membrane electric potential and do repolarization of

membrane under stress conditions whereas channels like SKOR releases potassium into xylem vessels for its delivery towards the shoots (a).
Furthermore, K* stored in the vacuole released back into the mesophyll cells by the activation of NHX exchangers, this facilitates K* unloading in
xylem and activation of AKT 2 channels to release into phloem for its transport towards the roots and allows the assimilation of photosynthates
in the phloem sap. On contrary under low K* circumstances (b), CIPK23 phosphorylates AKT1, increasing K* absorption, and activates high

affinity potassium transporters like HAK5, mediated by ROS. This stimulates transcription of HAK5 nuclear responsive genes, which results in
increased K" absorption under deficit conditions. AKT, Shaker type K* channels; CBL2/3, calcium binding like proteins; CIPK6, CBL-interacting
protein kinases; CNGC, cyclic nucleotide-gated channel; GORK, guard cell outward rectifying channel; HAK/KUP, high affinity K* transporters;
KEA4/5/6, potassium antiporters; NHX 1/2, sodium/hydrogen exchanger; PP2CA, phosphatase 2A catalytic subunit; ROS, reactive oxygen

species; TPK, tonoplast two pore K* channel.

controlled by AKTs when on exogenous [K*] in the soil is relatively
high (Huang et al., 2021; Véry & Sentenac, 2002). In plants when
external potassium concentration drops, the permeable pathways for
potassium channels get unstable. During that time shaker-type
potassium channel 1AKT1 heteromeric proteins collapses and blocks
the passage of potassium in unfavourable conditions (Geiger
et al, 2009), which in turn activate the high-affinity K* transport.
GORK (gated outwardly rectifying K* channel) and SKOR (stelar K*
outward rectifier) are considered as two main members of potassium
shaker family that help in facilitating the transport of K* ions for
stomatal regulation and xylem loading, respectively (Maser et al., 2001;
Sharma et al., 2013). For instance, SKOR is triggered by membrane
depolarisation and offers a route for K efflux for its function in
membrane pericycle and xylem parenchyma of plant cells (Garcia-Mata
et al., 2010). When the external concentration of K is high the
structural pore region of SKOR interacts with the responsive
transmembrane domain of the channel and the channel is stabilized
in closed state (Johansson et al., 2006). Thus, SKOR may help in
transporting K* between tissues under the K* deficit conditions to
regulate source-to-sink relationship a better yield and quality of
greenhouse crops. Whether Shaker Type K* channels have these
potential functions will require substantial research work in the future.

Potassium transport is also regulated by the two-pore
potassium channels (TPK) which in some species named as Kir
like channel potassium inward rectifier and in some named as
KCO (Dabravolski & Isayenkov, 2021). TPK activity is modulated
by cytoplasmic pH, phosphorylation and helps in the membrane
trafficking of integral tonoplast proteins to Golgi bodies
(Dabravolski and Isayenkov, 2021). TPKs are clustered into two
clades with Clade 1 comprises the most recent TPK members
found in embryophyte and flowering plants. In Arabidopsis, it has
been reported that some of the TPKs are targeted to the plasma
membrane, but other TPKs are found to be in tonoplast. For
example, TPK1 regulates ABA-dependent stomatal closure by
mediating K* released from vacuoles with activation via cyto-
plasmic calcium (Ca2*). TPK1 phosphorylation in the guard cell is
mediated by KINASE 7 (KIN7) like receptors that regulates its
transport from plasma membrane to the tonoplast in response to
ABA (Gobert et al., 2007; Shabala & Pottosin, 2014; Shimazaki
et al., 2007). Moreover, sufficient supply of K* derives assimilate
transport into plant by maintaining a high photosynthesis rate.
Regulation of photosynthesis light utilization is controlled by
TPKs through ion counterbalancing and proton motive force
(Kunz et al., 2014; Wang & Wu, 2015).
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3.2 | K* transporters

In plants, KUP/HAK/KT transporters, expressed both in tonoplast
and plasma membrane, participate in both low- and high-affinity
potassium uptake to maintain K* homoeostasis (Bafiuelos et al., 2002).
KUP/HAK/KT family mainly clustered into four different groups.
Cluster | and Il members mainly present in most of the plants (Shabala
& Cuin, 2008). Cluster | possesses high affinity potassium during low
K* availability and Cluster Il facilitates potassium efflux from plants
and localized in tonoplast of plant cell (Maser et al., 2001). Evolu-
tionary analysis of these plant transporters revealed their possible
origin from streptophyte algae (Chen et al., 2017; Feng et al., 2020).
For instance, the proton-driven H*/K" co-transporter HAKS5 is
responsible for potassium uptake at external K* concentration below
0.01 mM as discussed in Figure 2, whereas, HAK5 and AKT1 both
participate in potassium uptake is in between 0.01 and 0.05mM
(Grabov, 2007).

K*/H* antiporters (also called Na*/H" antiporters, NHXs)
mediate secondary active transport across the membrane and derives
by maintaining electrochemical difference in plant cells, acting as key
regulators in osmotic adjustment of plant under stress conditions
particularly salinity (Shabala et al., 2020). The regulation of NHXs on
cell-specific activity of potassium by accumulating in root tissues and
controls the salinity tolerance in plants (Shabala et al., 2016). It mainly

mediates K* influx in exchange of H* efflux from vacuoles and
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maintains intracellular pH of plants. Some of the studies also revealed
that K*/H" antiporters also help in maintaining ionic homoeostasis in
plants under saline conditions. Essential cellular processes like
regulation of pH in organelles of the secretory pathway relies on
the presence of K*/H"* antiporters using the readily available K* in
vacuole (Bassil & Blumwald, 2014; Chen et al., 2007). Evolutionary
analysis revealed that their origin found to be from chlorophyte algae
and streptophyte algae (Cai et al., 2017). Further study confirmed
that K*/H" transporters translocate K* from root to shoot under low
K" conditions.

HKT transporters are another type of high-affinity K* transport-
ers and were first found in wheat. Proteins of HKT functions
generally in alkali cation transport system and help in maintaining
osmotic regulation in plants in response to salinity (Platten
et al., 2006). In plants, Clade 1 HKTs (Figure 3) mediate the Na*
transport and activates Na* selective transporters at both low and
high availability of K" and Clade 2 HKTs are also selective for K (Han
et al., 2018; Mian et al., 2011). For instance, HKT1 in the root stele,
results in the reduction of Na* and in the increase of K*
concentration in the shoots of plants under salinity stress (Uozumi
et al., 2000) and HKTs undergo depolarization of plasma membrane
and activates K* efflux channels which in turn releases K" into the
xylem (Chen et al., 2016).

However, studies on K* channels and transporters are still limited

for vegetable crops, particularly in the context of protected cropping.

Regulatory role of HKT transporters in plants
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FIGURE 3 Function and phylogenetic analysis of HKT proteins in seven different species. By using protein sequences of seven different
vegetable species phylogenetic tree was obtained by ClustalW multiple sequence alignment including different HKT groups. Genes included in
HKT1 were found in Arabidopsis thaliana, Capsicum annum, Oryza sativa japonica and Brassica oleracea and Cucumis sativus (ATHKT1, CsaHKT1,
T459HKT1, BoHKT1 and OsHKT1). HKT 3, 4, 7, 6 and 9 were only found in O. sativa japonica (OSHKT3, OSHKT4, OSHKT7, OSHKTé and
OSHKT9) whereas HKT-like proteins were present in Cucumis sativus, Capsicum annum, Solanum lycopersicum, Oryza sativa japonica and Citrus
clementina (CsaHKTa, CsaHKTb, SolyHKTa, SolyHKTb, T459HKTa, OsHKTa, OsHKTb, CICLEHKTa, CICLEHKTb and CICLEHKTc), Anthoceros angustus
(AANG002954 AANG004064 AANG012700 as the Outgroup). HKT transporters are selective mainly for Na* and protects the plant from stress
by inhibiting excess accumulation of Na* in leaves.
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Given the rapid advancement in protected cropping technologies, it is
suggested that we should investigate the K* transport in greenhouse
vegetables to understand their roles in K use efficiency, source-to-
sink relationship, and fruit quality, contributing to the improvement
of vegetables with better adaptation to protected cropping

environment.

4 | OMICS PERSPECTIVE OF POTASSIUM
USE EFFICIENCY IN PLANTS

4.1 | Transcriptomics perspective of potassium use
efficiency in plants

Recent development and advancement in technology has developed
greater insight towards high throughput sequencing, high-resolution
mass spectrometry and different biological processing technologies
to explore different cellular phenomena in plants (Chen et al., 2017;
Zhang et al., 2022). Transcriptomics can improve our understanding
on gene network that activates signalling transduction pathways
(Kunz et al., 2014). Under potassium deficit conditions plants
activates different calcium-binding proteins and their target kinases
such as CBLs and CIPKs to regulate AKT1 in crops, which can be a
good approach to improve K* transport efficiency for crop yield and
quality (Chen et al., 2021). Ethylene is necessary for the formation of
root systems. When plants are exposed to low-K* stress, both
ethylene synthesis and transcription of ethylene-related genes
enhances root hair elongation and primary root development.
Ethylene signalling responds to low potassium with significant
transcriptional changes and plays a positive role towards its uptake
and regulation in root zone areas (Li et al., 2006). Some of the auxin
transcriptional activators like ARF genes (auxin-responsive factor)
controls low potassium-dependent lateral root development through
auxin signalling (Shin et al., 2007). Moreover, sufficient K* reduces
the accumulation of amino acid and lipid metabolic products by
reducing lipid peroxidation. Adequate supply of K* promotes
antioxidant-related transcript expression (e.g., genes associated with
glutathione-S-transferase production becomes highly expressed),
which activates the antioxidant defence system in plants (Zhang
et al., 2021). In summary, there has been rapid advancement in
transcriptome research in response to plant K™ nutrition as it relates
to global food security, especially when it comes to identifying traits

more promptly.

4.2 | Proteomics perspective of potassium use
efficiency in plants

Proteins are vital in response to abiotic stresses and such as low and
high K* concentrations, involving in shaping the final phenotype of
plant (Bazargani et al., 2011; Kamal et al., 2012; Rollins et al., 2013).
Proteomics provide useful information in terms of protein functional

groups participating in signalling, metabolism and stress response.

Potassium availability in plants leads modifications in synthesis and
metabolism of proteins in response to its deficit and excess ratios
(Kamal et al., 2012). Under optimum supply of K*, differentially
expressed proteins include Ubiquinone-NADH dehydrogenase, mito-
chondrial dicarboxylate/tricarboxylate transporter, y-aminobutyrate
transaminase that are involved in controlling the cellular-like
mitochondrial metabolism in plant (Ahmad & Maathuis, 2014). Recent
studies revealed that increased K* content in leaves of plant is
associated with increase in sucrose synthesis proteins like UDP-sugar
pyro phosphorylase, HHL1 (hypersensitive to high light 1), NADPH
quinone oxidoreductase (Amo et al., 2023). Low K" induces proteins
like peptidases, ribosomal proteins, signal recognition particle
proteins, chloroplast ribosome binding factor that are involved in
secondary metabolism of plants (Cui et al, 2019). Activities of
proteins like Rubisco, ATP synthase, Calvin cycle enzymes are
significantly reduced when potassium availability is low (Alseekh &
Fernie, 2018). Whereas lack of K* availability is linked with loss in
ATP generation which reduces proteins of photosynthesis and
photorespiration like glutamate glyoxylate, rubisco activase and
sucrose phosphatase transketolase, thus halts growth of plants (Zeng
et al., 2015) and Aconitase, cytochrome c oxidase, 3-isopropylmalate
dehydratase inhibits mitochondrial metabolism in cotton (Zhang
et al, 2021). In this regard, differential supply of potassium has
significant impact on proteomics of plants. Thus, the contribution of
proteomics to understand the crop complexity regarding different
factors participating in plant growth will be a prospective in

improvement of crop breeding programs as well.

4.3 | Metabolomics perspective of potassium use
efficiency in plants

The important role of metabolites and the factors governing
metabolic variations among plants provides an insight to understand
plant physiology and biology for better crop improvement in terms of
yield and quality (Hong et al., 2016; Nakabayashi & Saito, 2015; Shen
et al., 2023). Proteomics and metabolomics are both based on three
technologies: fractionation to simplify complex mixtures; mass
spectrometry (MS) of individual peptides and metabolites for their
identification and quantification and bioinformatics analyses of
observed data to corelate with genomic or metabolite databases
(Singh et al., 2016). By integrating metabolomics and proteomics, it is
feasible to reveal the changes of metabolic and protein composition
in a plant, tissue and/or cell that allow plants to exhibit phenotypic
plasticity. For example, proteins associated with carbohydrate
metabolism and proteins associated with carotenoid biosynthesis
can be jointly analysed for better understanding of changes during
plant development (Raza et al., 2022). In regard to past studies, it has
been revealed that high and low efficiency of potassium utilization
can have the direct impact on plant metabolites (Jo et al., 2022). It has
been studied that high, low and medium concentrations of potassium
affect biomass and yield of crops via some metabolic responses such

as the low availability of potassium-affected glycolysis (de Bang
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et al., 2021) and some catabolic processes to increase of polyamines
like putrescine (Armengaud et al., 2009). Amino acid and nucleotide
metabolism are also closely connected with plant stress tolerance
(Shen et al., 2017). However, under reduce K* the modifications in
amino acid metabolism leads to decrease in some of the essential
amino acids like asparagine and serine (Zhang et al., 2022), which also
affected the accumulation of certain organic acids (Serra et al., 2015).
Therefore, metabolomics study is providing mechanisms and char-
acteristics of different metabolites thereby establishing a direct link
between plant phenotype and genotype so that multi-omics data can

be fully and efficiently used in crop improvement.

4.4 | lonomic perspective of potassium use
efficiency in plants

The distribution and transport of different elements mediated by
xylem and phloem transportation system known to have depen-
dency between each of them in relation to growth of plant (Du
et al., 2020; Salt et al., 2008; Watanabe et al., 2016). lonomics, or
the study of the ionome, entails quantitative and simultaneous
evaluation of the elemental composition as well as changes in this
composition in response to physiological stimuli, developmental
status and genetic alterations in plants (Ali et al., 2021). The fruit/
leaf ratio for the concentration of each element may reflect its
mobility in the phloem and the efficiency of xylem transport of
the element into the fruit. In line with this high amount of K*
participates in regulating ionic balance in leaf tissue by being
ionically associated with organic anions (i.e., malate, malonate and
aspartate) (Singh et al., 2013). lonic profiling revealed that B
(Boron) and Zn (Zinc) participates in stomatal opening whereas
Mn (Manganese) and Cd (Cadmium) helps in its closure (Cui
et al., 2019). lonomic study on wheat under salinity stress unveil
that for maintaining Na/K* ratio at K* accumulation, Ca?*
mediates it's role to reduce any stress-induced injury (Watanabe
et al.,, 2022). K* deficiency in plants causes oxidative stress,
leading up in over-reduction of the photosynthetic electron
transport chain and high accumulation of cations (Zeng
et al., 2015). K* deficiency rises the expression of HAKS5, this
transporter of potassium also transports Ca?* with itself effi-
ciently and regulates pH and homoeostasis (Du et al., 2020). Low
K* supply in plants also coordinates with Mg due to their
functional similarity in translocating the ions towards root zone,
osmoregulation and enzyme activation (Cotrim, 2022). Further-
more, research regarding ionomic response in relation to Low K*
stress in wheat revealed that Ca (calcium), Mg (magnesium) and
Na (sodium) contents increases significantly in the shoot and root
tissues (Xiao-Li et al., 2008). These findings indicated that these
cations substitute K" to carry out specific physiological and
metabolic functions in plants under low K* situations (Ma
et al.,, 2012). In broader sense ionomics is an approach of
quantifying elemental changes, influencing genetic, metabolic
and developmental changes in plant tissue or target organs.

4.5 | Integration of omics profiling for potassium
use efficiency in plants

The strategies of integrating metabolomics, transcriptomics proteo-
mics and ionomics are to gain better understanding of the links
between plant performance and molecular regulators (genes,
proteins, ions and metabolites) that holds pivotal roles in plant
biology. Therefore, multi-omics approaches provide an insight into
such complex and intricate processes when plants are under different
environmental stresses (Xiao et al., 2021). Therefore, ionomics and
transcriptomics could be an important research approach to under-
stand element-gene and element-environment relationship of physi-
ological and biochemical function of certain genes associated with K*
(Raza et al., 2022). Furthermore, by integrating metabolomics and
transcriptomics, we can also reveal the relationship between
genotype and phenotype of an organism, by unveiling the role of
essential genes participating in specific metabolic pathways regulated
by K* (Deshmukh et al., 2014). Some studies revealed the response of
different Differentially expressed genes (DEGs) and metabolites in
wheat under low K* (potassium) conditions. Genes like
TraesCS4B02G047400 and TraesCS4A02G063800 encoding for glu-
tamine synthetase (GS) regulate glutamate metabolism in plants (Ma
et al,, 2012; Xiao-Li et al., 2008; Zhao et al., 2020). Identification of
candidate genes of K* transporters with their associated proteins and
metabolites will provide an interesting approach to understand the
plant response and its integrated mechanisms for crop improvement

in terms of yield and quality in protected cropping.

5 | CONCLUSIONS

Some of the future crop improvement targets are shifting towards
plant species and varieties that require low nutrient inputs and are
resilient to stresses as well as adaptation to greenhouse and indoor
cropping systems. This shift in plant breeding is due to the side
effects of extensive fertilizer use and its high cost and the increasing
impact from climate change. As a result, a comprehensive under-
standing of how K" is retained and better utilised in plants and the
mechanisms involved in K* transport will be achieved via the
multidisciplinary approaches. The new knowledge of K* transport
system and its efficient use in agriculture will help researchers to
proceed translational research like molecular breeding and genome
editing to feasibly develop K" efficient crops. This potential
translational research will help farmers to transfer alleles of interest,
to crops of interest, thus allowing sustainable recirculation system of
nutrients for the crop growth. This will also create new genotypes
growing under protected cropping in nutrient efficient manner for
better yield, quality and economic benefits to growers and consumers

in the future.

AUTHOR CONTRIBUTIONS
Sonali: Conceptualization; writing—original draft; visulization. Samsul

Huda: Writing—review and editing, funding acquisition. Vijay

85U8017 SUOWILIOD BAIE8.D 3|qedt(dde au Aq peusenob ae seolle YO 8Sn JO S9N 10} ARig 1T 8UIjUO /8|1 UO (SUONIPUOD-PUB-SWLBH W00 A8 | 1M AteIq1 Ul |UO//SANy) SUORIPUOD pue swie 1 8y} &8s *[20z/20/0T] uo AkidiTauluo A8|im ‘AiseAlun feed Aq G90ZT Z9es/200T 0T/I0p/wod A8 | im Ariqipul|uoy//sdny woly pepeojumod ‘g ‘€202 ‘XSE0.L9.Z



SONALI ET AL

Jayasena: Writing—review and editing; supervision. Talaat Ahmed:
Writing—review and editing. Zhong-Hua Chen: Conceptualization;

writing—orignial draft, review and editing; funding acquisition.

ACKNOWLEDGEMENTS

This work was supported by MME grant MMEQ1-0826-190018 from
the Qatar National Research Fund, Horticulture Innovation Australia
(VG16070, VG17003 and LP18000) and CRC Future Food Systems
(P2-012, P2-016 and P2-018). Zhong-Hua Chen was funded by
Australian Research Council (FT210100366). Open access publishing
facilitated by Western Sydney University, as part of the Wiley -
Western Sydney University agreement via the Council of Australian

University Librarians.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT

This is a review article that does not contain any new data.

ETHICS STATEMENT
Not applicable.

ORCID

Zhong-Hua Chen http://orcid.org/0000-0002-7531-320X

REFERENCES

Abdalla Z, Bayoumi Y, El-Bassiony AE-M, Shedeed S, Shalaby T,
Elmahrouk M, et al. Protected farming in the era of climate-smart
agriculture: a photographic overview. Environ Biodivers Soil Sec.
2022;6(2022):237-59.

Abou-el-Seoud Il, Abdel-Megeed A. Impact of rock materials and
biofertilizations on P and K availability for maize (Zea maize) under
calcareous soil conditions. Saudi J Biol Sci. 2012;19(1):55-63.

Adams P, Ho LC. The susceptibility of modern tomato cultivars to blossom-
end rot in relation to salinity. J Hortic Sci. 1992;67(6):827-39.

Ahmad |, Maathuis FJM. Cellular and tissue distribution of potassium:
physiological relevance, mechanisms and regulation. J Plant Physiol.
2014;171(9):708-14.

Akter A, Geng X, Endelani Mwalupaso G, Lu H, Hoque F, Kiraru Ndungu M,
et al. Income and yield effects of climate-smart agriculture (CSA)
adoption in flood prone areas of Bangladesh: farm level evidence.
Clim Risk Manag. 2022;37:100455.

Ali S, Tyagi A, Bae H. lonomic approaches for discovery of novel stress-
resilient genes in plants. Int J Mol Sci. 2021;22(13):7182.

Alseekh S, Fernie AR. Metabolomics 20 years on: what have we learned
and what hurdles remain? Plant J. 2018;94(6):933-42.

Amo J, Martinez-Martinez A, Martinez V, Nieves-Cordones M, Rubio F.
Potassium transport systems at the plasma membrane of plant cells.
tools for improving potassium use efficiency of crops. In: Plant
lonomics: Sensing, Signaling, and Regulation. 2023. p. 120-47.

Armengaud P, Sulpice R, Miller AJ, Stitt M, Amtmann A, Gibon Y.
Multilevel analysis of primary metabolism provides new insights into
the role of potassium nutrition for glycolysis and nitrogen assimila-
tion in Arabidopsis roots. Plant Physiol. 2009;150(2):772-85.

Babla MH, Donovan-Mak M, Cazzonelli Cl, Tissue DT, Chen Z-H. Linking
high light-induced cellular ionic and oxidative responses in leaves to
fruit quality in tomato. Plant Growth Regul. 2023;101:267-84.

Bai Q, Shen Y, Huang Y. Advances in mineral nutrition transport and signal
transduction in rosaceae fruit quality and postharvest storage. Front
Plant Sci. 2021;12:620018.

de Bang TC, Husted S, Laursen KH, Persson DP, Schjoerring JK. The
molecular-physiological functions of mineral macronutrients and
their consequences for deficiency symptoms in plants. New Phytol.
2021;229(5):2446-69.

Bafiuelos A, Garciadeblas B, Cubero B, Rodriguez-Navarro A. Inventory
and functional characterization of the HAK potassium transporters
of rice. Plant Physiol. 2002;130(2):784-95.

Bassil E, Blumwald E. The ins and outs of intracellular ion homeostasis:
NHX-type cation/H* transporters. Curr Opin Plant Biol. 2014;22:
1-6.

Bazargani MM, Sarhadi E, Bushehri A-AS, Matros A, Mock H-P, Naghavi M-
R, et al. A proteomics view on the role of drought-induced senescence
and oxidative stress defense in enhanced stem reserves remobiliza-
tion in wheat. J Proteomics. 2011;74(10):1959-73.

Bruns HA, Ebelhar MW. Nutrient uptake of maize affected by nitrogen
and potassium fertility in a humid subtropical environment. Commun
Soil Sci Plant Anal. 2006;37(1-2):275-93.

Cai S, Chen G, Wang Y, Huang Y, Marchant DB, Wang Y, et al.
Evolutionary conservation of ABA signaling for stomatal closure.
Plant Physiol. 2017;174(2):732-47.

Cakmak I. Tansley review no. 111 possible roles of zinc in protecting plant
cells from damage by reactive oxygen species. New Phytol.
2000;146(2):185-205.

Chen F, Dong G, Wang F, Shi Y, Zhu J, Zhang Y, et al. A B-ketoacyl carrier
protein reductase confers heat tolerance via the regulation of fatty
acid biosynthesis and stress signaling in rice. New Phytol.
2021;232(2):655-72.

Chen Z, Pottosin Il, Cuin TA, Fuglsang AT, Tester M, Jha D, et al. Root
plasma membrane transporters controlling K*/Na* homeostasis in
salt-stressed barley. Plant Physiol. 2007;145(4):1714-25.

Chen Z-H, Chen G, Dai F, Wang Y, Hills A, Ruan Y-L, et al. Molecular
evolution of grass stomata. Trends Plant Sci. 2017;22(2):124-39.

Chen Z-H, Hills A, Batz U, Amtmann A, Lew VL, Blatt MR. Systems
dynamic modeling of the stomatal guard cell predicts emergent
behaviors in transport, signaling, and volume control. Plant Physiol.
2012;159(3):1235-51.

Chen Z-H, Wang Y, Wang JW, Babla M, Zhao C, Garcia-Mata C, et al.
Nitrate reductase mutation alters potassium nutrition as well as
nitric oxide-mediated control of guard cell ion channels in
Arabidopsis. New Phytol. 2016;209(4):1456-69.

Cotrim G. Effect of potassium availability on soybean metabolism by
integrated metabolomics and ionomics analysis. Master thesis 2022.
https://repositorio.unesp.br/handle/11449/236878

Cui J, Abadie C, Carroll A, Lamade E, Tcherkez G. Responses to K
deficiency and waterlogging interact via respiratory and nitrogen
metabolism. Plant Cell Environ. 2019:42(2):647-58.

Dabravolski SA, Isayenkov SV. New insights into plant TPK ion channel
evolution. Plants. 2021;10(11):2328.

Demidchik V, Straltsova D, Medvedev SS, Pozhvanov GA, Sokolik A,
Yurin V. Stress-induced electrolyte leakage: the role of K-
permeable channels and involvement in programmed cell death
and metabolic adjustment. J Exp Bot. 2014;65(5):1259-70.

Deshmukh R, Sonah H, Patil G, Chen W, Prince S, Mutava R, et al.
Integrating omic approaches for abiotic stress tolerance in soybean.
Front Plant Sci. 2014;5:244.

Ding X, Jiang Y, Zhao H, Guo D, He L, Liu F, et al. Electrical conductivity of
nutrient solution influenced photosynthesis, quality, and antioxidant
enzyme activity of pakchoi (Brassica campestris L. ssp. Chinensis) in a
hydroponic system. PLoS One. 2018;13(8):e0202090.

Dorai M, Papadopoulos AP, Gosselin A. Influence of electric conductivity
management on greenhouse tomato vyield and fruit quality.
Agronomie. 2001;21(4):367-83.

85U8017 SUOWILIOD BAIE8.D 3|qedt(dde au Aq peusenob ae seolle YO 8Sn JO S9N 10} ARig 1T 8UIjUO /8|1 UO (SUONIPUOD-PUB-SWLBH W00 A8 | 1M AteIq1 Ul |UO//SANy) SUORIPUOD pue swie 1 8y} &8s *[20z/20/0T] uo AkidiTauluo A8|im ‘AiseAlun feed Aq G90ZT Z9es/200T 0T/I0p/wod A8 | im Ariqipul|uoy//sdny woly pepeojumod ‘g ‘€202 ‘XSE0.L9.Z


http://orcid.org/0000-0002-7531-320X
https://repositorio.unesp.br/handle/11449/236878

SONALI ET AL

Du F, Liu P, Wang K, Yang Z, Wang L. lonomic responses of rice plants to
the stresses of different arsenic species in hydroponics.
Chemosphere. 2020;243:125398.

Feng X, Wang Y, Zhang N, Wu Z, Zeng Q, Wu J, et al. Genome-wide
systematic characterization of the HAK/KUP/KT gene family and its
expression profile during plant growth and in response to low-K*
stress in Saccharum. BMC Plant Biol. 2020;20:20.

Garcia-Mata C, Wang J, Gajdanowicz P, Gonzalez W, Hills A, Donald N,
et al. A minimal cysteine motif required to activate the SKOR K*
channel of Arabidopsis by the reactive oxygen species H,O,. J Biol
Chem. 2010;285(38):29286-94.

Geiger D, Becker D, Vosloh D, Gambale F, Palme K, Rehers M, et al.
Heteromeric AtKC1- AKT1 channels in Arabidopsis roots facilitate
growth under K*-limiting conditions. J Biol Chem. 2009;284(32):
21288-95.

Gobert A, Isayenkov S, Voelker C, Czempinski K, Maathuis FJM. The two-
pore channel TPK1 gene encodes the vacuolar K* conductance and
plays a role in K" homeostasis. Proc Natl Acad Sci USA.
2007;104(25):10726-31.

Grabov A. Plant KT/KUP/HAK potassium transporters: single family-multiple
functions. Ann Botany. 2007;99(6):1035-41.

Gruda N. Current and future perspective of growing media in Europe.
Acta Horticult. 2011;960:37-43.

Han Y, Yin S, Huang L, Wu X, Zeng J, Liu X, et al. A sodium transporter
HVvHKT1;1 confers salt tolerance in barley via regulating tissue and
cell ion homeostasis. Plant Cell Physiol. 2018;59(10):1976-89.

Hasanuzzaman M, Bhuyan MB, Nahar K, Hossain MS, Mahmud JA,
Hossen MS, et al. Potassium: a vital regulator of plant responses and
tolerance to abiotic stresses. Agronomy. 2018;8(3):31.

He X, Chavan SG, Hamoui Z, Maier C, Ghannoum O, Chen Z-H, et al.
Smart glass film reduced ascorbic acid in red and orange capsicum
fruit cultivars without impacting shelf life. Plants (Basel, Switzerland).
2022;11(7):985.

Hills A, Chen Z-H, Amtmann A, Blatt MR, Lew VL. OnGuard, a
computational platform for quantitative kinetic modeling of guard
cell physiology. Plant Physiol. 2012;159(3):1026-42.

Hong J, Yang L, Zhang D, Shi J. Plant metabolomics: an indispensable
system biology tool for plant science. Int J Mol Sci. 2016;17(6):767.

Huang Y-N, Yang S-Y, Li J-L, Wang S-F, Wang J-J, Hao D-L, et al. The
rectification control and physiological relevance of potassium
channel OsAKT2. Plant Physiol. 2021;187(4):2296-310.

Isayenkov S, Isner J-C, Maathuis FJ. Rice two-pore K* channels are expressed
in different types of vacuoles. Plant Cell. 2011;23(2):756-68.

Jo HE, Son SY, Lee CH. Comparison of metabolome and functional
properties of three Korean cucumber cultivars. Front Plant Sci.
2022;13:882120.

Johansson |, Wulfetange K, Porée F, Michard E, Gajdanowicz P,
Lacombe B, et al. External K* modulates the activity of the
Arabidopsis potassium channel SKOR via an unusual mechanism.
The Plant J Mol Biol. 2006;46(2):269-81.

Johnson H, Hochmuth GJ, Maynard DN. Soilless culture of greenhouse
vegetables. Bulletin/Florida Cooperative Extension Service; 1985.

Jordan-Meille L, Pellerin S. Leaf area establishment of a maize (Zea mays
L.) field crop under potassium deficiency. Plant Soil. 2004;265(1-2):
75-92.

Kamal AHM, Cho K, Kim D-E, Uozumi N, Chung K-Y, Lee SY, et al.
Changes in physiology and protein abundance in salt-stressed wheat
chloroplasts. Mol Biol Rep. 2012;39:9059-74.

Kunz H-H, Gierth M, Herdean A, Satoh-Cruz M, Kramer DM, Spetea C,
et al. Plastidial transporters KEA1,-2, and-3 are essential for
chloroplast osmoregulation, integrity, and pH regulation in Arabi-
dopsis. Proc Natl Acad Sci USA. 2014;111(20):7480-5.

Lester GE, Jifon JL, Makus DJ. Impact of potassium nutrition on
postharvest fruit quality: melon (Cucumis melo L) case study. Plant
Soil. 2010;335:117-31.

Li L, Kim B-G, Cheong YH, Pandey GK, Luan S. A Ca*? signaling pathway
regulates a K* channel for low-K response in Arabidopsis. Proc Natl
Acad Sci USA. 2006;103(33):12625-30.

Lu T, Meng Z, Zhang G, Qi M, Sun Z, Liu Y, et al. Sub-high temperature and
high light intensity induced irreversible inhibition on photosynthesis
system of tomato plant (Solanum lycopersicum L.). Front Plant Sci.
2017;08:365.

Ma TL, Wu WH, Wang Y. Transcriptome analysis of rice root responses to
potassium deficiency. BMC Plant Biol. 2012;12:161.

Mahlein A-K, Oerke E-C, Steiner U, Dehne H-W. Recent advances in
sensing plant diseases for precision crop protection. Eur J Plant
Pathol. 2012;133:197-209.

Maier CR, Chen Z-H, Cazzonelli Cl, Tissue DT, Ghannoum O. Precise
phenotyping for improved crop quality and management in
protected cropping: a review. Crops. 2022;2(4):336-50.

Méiser P, Thomine S, Schroeder JI, Ward JM, Hirschi K, Sze H, et al.
Phylogenetic relationships within cation transporter families of
Arabidopsis. Plant Physiol. 2001;126(4):1646-67.

Mian A, Oomen RJFJ, Isayenkov S, Sentenac H, Maathuis FJM, Véry AA.
Over-expression of an Na+- and K+-permeable HKT transporter in
barley improves salt tolerance: HKT over-expression enhances
barley salt tolerance. Plant J. 2011;68(3):468-79.

Morgan L. editor. Greenhouses and protected cropping structures. In:
Hydroponics and protected cultivation: a practical guide. Wall-
ingford: CABI; 2021. p. 11-29.

Nakabayashi R, Saito K. Integrated metabolomics for abiotic stress
responses in plants. Curr Opin Plant Biol. 2015;24:10-6.

Nemali KS, van lersel MW. Light intensity and fertilizer concentration: I.
Estimating optimal fertilizer concentrations from water-use effi-
ciency of wax begonia. HortScience. 2004;39(6):1287-92.

Neocleous D, Savvas D. Validating a smart nutrient solution replenish-
ment strategy to save water and nutrients in hydroponic crops.
Front Environ Sci. 2022;10:965964.

Nieves-Cordones M, Aleman F, Martinez V, Rubio F. K* uptake in plant
roots. The systems involved, their regulation and parallels in other
organisms. J Plant Physiol. 2014;171(9):688-95.

Pettigrew WT. Potassium influences on yield and quality production for
maize, wheat, soybean and cotton. Physiol Plant. 2008;133(4):670-81.

Platten JD, Cotsaftis O, Berthomieu P, Bohnert H, Davenport RJ,
Fairbairn DJ, et al. Nomenclature for HKT transporters, key determi-
nants of plant salinity tolerance. Trends Plant Sci. 2006;11(8):372-4.

Rabbi B, Chen Z-H, Sethuvenkatraman S. Protected cropping in warm
climates: a review of humidity control and cooling methods.
Energies. 2019;12(14):2737.

Ragaveena S, Shirly Edward A, Surendran U. Smart controlled environ-
ment agriculture methods: a holistic review. Rev Environ Sci Bio/
Technol. 2021;20(4):887-913.

Raza A, Tabassum J, Zahid Z, Charagh S, Bashir S, Barmukh R, et al.
Advances in “omics” approaches for improving toxic metals/
metalloids tolerance in plants. Front Plant Sci. 2022;12:794373.

Rengel Z, Damon PM. Crops and genotypes differ in efficiency of
potassium uptake and use. Physiol Plant. 2008;133(4):624-36.

Rollins JA, Habte E, Templer SE, Colby T, Schmidt J, Von Korff M. Leaf
proteome alterations in the context of physiological and morpho-
logical responses to drought and heat stress in barley (Hordeum
vulgare L.). J Exp Bot. 2013;64(11):3201-12.

Sabir N, Singh B. Protected cultivation of vegetables in global arena: a
review. Indian J Agricult Sci. 2013;83(2):123-35.

Salt DE, Baxter |, Lahner B. lonomics and the study of the plant ionome.
Annu Rev Plant Biol. 2008;59:709-33.

Savvas D, Gruda N. Application of soilless culture technologies in the
modern greenhouse industry—a review. Eur J Hortic Sci. 2018;83(5):
280-93.

Schachtman DP, Shin R. Nutrient sensing and signaling: NPKS. Annu Rev
Plant Biol. 2007;58:47-69.

85U8017 SUOWILIOD BAIE8.D 3|qedt(dde au Aq peusenob ae seolle YO 8Sn JO S9N 10} ARig 1T 8UIjUO /8|1 UO (SUONIPUOD-PUB-SWLBH W00 A8 | 1M AteIq1 Ul |UO//SANy) SUORIPUOD pue swie 1 8y} &8s *[20z/20/0T] uo AkidiTauluo A8|im ‘AiseAlun feed Aq G90ZT Z9es/200T 0T/I0p/wod A8 | im Ariqipul|uoy//sdny woly pepeojumod ‘g ‘€202 ‘XSE0.L9.Z



SONALI ET AL

Schafer N, Maierhofer T, Herrmann J, Jgrgensen ME, Lind C, von Meyer K,
et al. A tandem amino acid residue motif in guard cell SLAC1 anion
channel of grasses allows for the control of stomatal aperture by
nitrate. Curr Biol. 2018;28(9):1370-9.

Serra A-A, Couée |, Renault D, Gouesbet G, Sulmon C. Metabolic profiling
of Lolium perenne shows functional integration of metabolic
responses to diverse subtoxic conditions of chemical stress. J Exp
Bot. 2015;66(7):1801-16.

Shabala S, Bose J, Fuglsang AT, Pottosin I. On a quest for stress tolerance
genes: membrane transporters in sensing and adapting to hostile
soils. J Exp Bot. 2016;67(4):1015-31.

Shabala S, Chen G, Chen Z-H, Pottosin I. The energy cost of the tonoplast
futile sodium leak. New Phytol. 2020;225(3):1105-10.

Shabala S, Cuin TA. Potassium transport and plant salt tolerance. Physiol
Plant. 2008;133(4):651-69.

Shabala S, Pottosin I. Regulation of potassium transport in plants under
hostile conditions: implications for abiotic and biotic stress toler-
ance. Physiol Plant. 2014;151(3):257-79.

Shamshiri RR, Jones JW, Thorp KR, Ahmad D, Man HC, Taheri S. Review
of optimum temperature, humidity, and vapour pressure deficit for
microclimate evaluation and control in greenhouse cultivation of
tomato: a review. Int Agrophys. 2018;32(2):287-302.

Sharma T, Dreyer I, Riedelsberger J. The role of K* channels in uptake and
redistribution of potassium in the model plant Arabidopsis thaliana.
Front Plant Sci. 2013;4:224.

Shen C, Wang J, Jin X, Liu N, Fan X, Dong C, et al. Potassium enhances the
sugar assimilation in leaves and fruit by regulating the expression of
key genes involved in sugar metabolism of Asian pears. Plant Growth
Regul. 2017;83:287-300.

Shen C, Wang J, Shi X, Kang Y, Xie C, Peng L, et al. Transcriptome analysis
of differentially expressed genes induced by low and high potassium
levels provides insight into fruit sugar metabolism of pear. Front
Plant Sci. 2017;8:938.

Shen S, Zhan C, Yang C, Fernie AR, Luo J. Metabolomics-centered mining
of plant metabolic diversity and function: past decade and future
perspectives. Mol Plant. 2023;16(1):43-63.

Shimazaki K, Doi M, Assmann SM, Kinoshita T. Light regulation of
stomatal movement. Annu Rev Plant Biol. 2007;58:219-47.

Shin R, Burch AY, Huppert KA, Tiwari SB, Murphy AS, Guilfoyle TJ, et al.
The Arabidopsis transcription factor MYB77 modulates auxin signal
transduction. Plant Cell. 2007;19(8):2440-53.

Singh S, Parihar P, Singh R, Singh VP, Prasad SM. Heavy metal tolerance in
plants: role of transcriptomics, proteomics, metabolomics, and
ionomics. Front Plant Sci. 2016;6:1143.

Singh UM, Sareen P, Sengar RS, Kumar A. Plant ionomics: a newer
approach to study mineral transport and its regulation. Acta Physiol
Plant. 2013;35:2641-53.

Thornburg TE, Liu J, Li Q, Xue H, Wang G, Li L, et al. Potassium deficiency
significantly affected plant growth and development as well as
microRNA-mediated mechanism in wheat (Triticum aestivum L.).
Front Plant Sci. 2020;11:1219.

Tighe-Neira R, Alberdi M, Arce-Johnson P, Romero J, Reyes-Diaz M,
Rengel Z, et al. Role of potassium in governing photosynthetic
processes and plant yield. In: Plant Nutrients and Abiotic Stress
Tolerance. 2018. p. 191-203.

Tilman D, Balzer C, Hill J, Befort BL. Global food demand and the
sustainable intensification of agriculture. Proc Natl Acad Sci USA.
2011;108(50):20260-4.

Tsafaras |, Campen JB, Stanghellini C, De Zwart HF, Voogt W, Scheffers K,
et al. Intelligent greenhouse design decreases water use for
evaporative cooling in arid regions. Agricult Water Manag.
2021;250:106807.

United Nations FAO. World fertilizer trends and outlook to 2018. Rome:
United Nations FAO, 2015.

Uozumi N, Kim EJ, Rubio F, Yamaguchi T, Muto S, Tsuboi A, et al. The
Arabidopsis HKT1 gene homolog mediates inward Na*+ currents in
Xenopus laevis oocytes and Na* uptake in Saccharomyces cerevisiae.
Plant Physiol. 2000;122(4):1249-60.

Véry A-A, Sentenac H. Cation channels in the Arabidopsis plasma
membrane. Trends Plant Sci. 2002;7(4):168-75.

Wang M, Zheng Q, Shen Q, Guo S. The critical role of potassium in plant
stress response. Int J Mol Sci. 2013;14(4):7370-90.

Wang Y, Wu W-H. Potassium transport and signaling in higher plants.
Annu Rev Plant Biol. 2013;64:451-76.

Wang Y, Wu W-H. Genetic approaches for improvement of the crop
potassium acquisition and utilization efficiency. Curr Opin Plant Biol.
2015;25:46-52.

Wang Y, Zeng FR, Wang Y, Xu S, Chen Z-H. Potassium transporters and
their evolution in plants under salt stress. In: Upadhyay SK, editor.
Cation transporters in plants. Academic Press; 2022. p. 63-83.

Waraich EA, Ahmad R, Halim A, Aziz T. Alleviation of temperature stress
by nutrient management in crop plants: a review. J Soil Sci Plant
Nutrit. 2012;12(2):221-44.

Watanabe T, Maejima E, Yoshimura T, Urayama M, Yamauchi A,
Owadano M, et al. The ionomic study of vegetable crops. PLoS
One. 2016;11(8):e0160273.

Watanabe T, Okada R, Urayama M. Differences in ionomic responses to
nutrient deficiencies among plant species under field conditions.
J Plant Nutr. 2022;45(10):1493-503.

Xiao W, Liu P, Wang K, Yang Z, Wang L. Relationship between ionomics
and transcriptomics of rice plant in response to arsenite stress.
Environ Exper Bot. 2021;189:104565.

Xiao-Li T, Gang-Wei W, Rui Z, Pei-Zhu Y, Liu-Sheng D, Zhao-Hu L.
Conditions and indicators for screening cotton (Gossypium hirsutum
L.) varieties tolerant to low potassium. Acta Agronom Sin.
2008;34(8):1435-43.

Xu X, Du X, Wang F, Sha J, Chen Q, Tian G, et al. Effects of potassium
levels on plant growth, accumulation and distribution of carbon, and
nitrate metabolism in apple dwarf rootstock seedlings. Front Plant
Sci. 2020;11:904.

Zeng J, He X, Quan X, Cai S, Han Y, Nadira UA, et al. Identification of the
proteins associated with low potassium tolerance in cultivated and
Tibetan wild barley. J Proteomics. 2015;126:1-11.

Zhang J, Lu Z, Ren T, Cong R, Lu J, Li X. Metabolomic and transcriptomic
changes induced by potassium deficiency during Sarocladium oryzae
infection reveal insights into rice sheath rot disease resistance. Rice.
2021;14(1):81.

Zhang X, Xue H, Khan A, Jia P, Kong X, Li L, et al. Physio-biochemical and
proteomic mechanisms of coronatine induced potassium stress
tolerance in xylem sap of cotton. Ind Crops Prod. 2021;173:114094.

Zhang Y, Guo J, Ren F, Jiang Q, Zhou X, Zhao J, et al. Integrated
physiological, transcriptomic, and metabolomic analyses of the
response of peach to nitrogen levels during different growth stages.
Int J Mol Sci. 2022;23(18):10876.

Zhao Y, Sun R, Liu H, Liu X, Xu K, Xiao K, et al. Multi-omics analyses reveal
the molecular mechanisms underlying the adaptation of wheat (Triticum
aestivum L.) to potassium deprivation. Front Plant Sci. 2020;11:588994.

Zorb C, Senbayram M, Peiter E. Potassium in agriculture-status and
perspectives. J Plant Physiol. 2014;171(9):656-69.

How to cite this article: Sonali, Huda S, Jayasena V, Ahmed T,
Chen Z-H. Potassium transport and use efficiency for
sustainable fertigation in protected cropping. J Sustain Agric
Environ. 2023;2:346-356.
https://doi.org/10.1002/sae2.12065

85U8017 SUOWILIOD BAIE8.D 3|qedt(dde au Aq peusenob ae seolle YO 8Sn JO S9N 10} ARig 1T 8UIjUO /8|1 UO (SUONIPUOD-PUB-SWLBH W00 A8 | 1M AteIq1 Ul |UO//SANy) SUORIPUOD pue swie 1 8y} &8s *[20z/20/0T] uo AkidiTauluo A8|im ‘AiseAlun feed Aq G90ZT Z9es/200T 0T/I0p/wod A8 | im Ariqipul|uoy//sdny woly pepeojumod ‘g ‘€202 ‘XSE0.L9.Z


https://doi.org/10.1002/sae2.12065

	Potassium transport and use efficiency for sustainable fertigation in protected cropping
	1 INTRODUCTION
	2 POTASSIUM FERTIGATION MANAGEMENT FOR GREENHOUSE CROPS
	2.1 Potassium fertilizer for crop production in protected cropping
	2.2 Role of potassium in photosynthesis, yield and quality

	3 POTASSIUM TRANSPORT IN PLANTS
	3.1 K+ channels
	3.2 K+ transporters

	4 OMICS PERSPECTIVE OF POTASSIUM USE EFFICIENCY IN PLANTS
	4.1 Transcriptomics perspective of potassium use efficiency in plants
	4.2 Proteomics perspective of potassium use efficiency in plants
	4.3 Metabolomics perspective of potassium use efficiency in plants
	4.4 Ionomic perspective of potassium use efficiency in plants
	4.5 Integration of omics profiling for potassium use efficiency in plants

	5 CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ETHICS STATEMENT
	ORCID
	REFERENCES




