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Abstract Potassium (K) is the third most important plant nutrient required in
higher amounts by plants. It plays role in charge balancing, osmotic adjustments
and enzyme activation in plant cells. It is highly mobile in the plant because it is not
the structural part of plant tissue, but is present in ionic form in the plants. Although
about 2.3 % of the earth’s crust consist of K, but most of its parts bound with clay
minerals and is not available to plants. Release of K from micaceous soils not only
provides an essential plant element, but also converts mica into illite and vermiculite
with more sites for K absorption. Therefore, K fertilization in such soils may cause
K fixation and most of K applied become unavailable or slowly available to plants.
Potassium is also named as a quality element because it improves the agricultural-
product quality. Potassium also develops resistance against different environmental
stresses and has ability to mitigate biotic and abiotic stresses developing immunity
in the plants. In human and animal nutrition, K has significant role and its deficiency
in humans can cause cardiovascular and nervous diseases. The ultimate source of K
in human nutrition is the soil which provides K to plants and is then used by humans
and animals. Potassium fertilizers need to be applied to the soils to replenish the
exchangeable K and non-exchangeable K for sustainable soil fertility, otherwise
severe deficiency of K may happen which will be even more difficult to cure. As K
has strong interaction with clay minerals, therefore it is intensely recommended to
apply K fertilizers based on soil mineralogy and K dynamics in the soil. Although
K in soil is evaluated by three standard methods, including visual observations, soil
analysis and plant tissue analysis, however, for sustainable agriculture site-specific
K recommendations based on soil mineralogy are direly needed to have a better
crop response and economical agricultural productions.

Keywords Sustainable agriculture ¢ Plant nutrients ¢ Potassium ¢ Crop yield ¢
Fertilizers

1 Introduction

Potassium (K) plays a key role as inorganic osmoticum and its impact on leaf move-
ment, stomatal regulation, axial growth and tropisms are well recognized (Marschner
1995; Shabala 2003; Ahmad et al. 2013). Among the mineral nutrients, K is the 2nd
most abundant element in plants and contributes 2—10 % of plant dry weight (Tisdale
et al. 1993). Potassium is a counter ion for the charge balance and ion transport
across the plasma and intra-organelle membranes (Dreyer and Uozumi 2011;
Shabala 2003). Potassium also controls the process of photo assimilates loading
into the phloem (Ache et al. 2001; Gajdanowicz et al. 2011). There are over 70
enzymes, the activities of which were shown to be sensitive to K (Marschner 1995).
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Over 250 years, K fertilizers were derived from wood ashes and livestock
manure, traditionally. However, since 2000, global potash demand has grown by
40 %, with over 50 million tons of potash produced in 2012. Globally, above ground
parts of annual crops contain 60 million tons of K.

1.1 Potassium Dynamics in Soil

Most of the soils are abundant in K because 2.3 % of the earth’s crust is occupied
with the K-minerals; however, this part of the K is mostly bound to clay minerals
and is not available for plant growth. Soil solution concentration represents the most
available form of K to plants. Potassium released from exchangeable as well as non-
exchangeable to solution form improves soil solution concentration. Capacity of
soil represents the total K amount in soil which is readily available to plants, while
soil intensity represents concentration of K in soil solution which is readily avail-
able for plants. Mica minerals contain 6-9 % K while alkali feldspars contain 3.5—
12% K and both represent major natural reserves for plant available K after
weathering. Potassium uptake by plants reduces its concentration in rhizosphere in
the roots vicinity which ultimately stimulates the K-release from the minerals
(Kuchenbuch and Jungk 1984). That release of K not only provides nutrition to
plants but also change micas to illite and then to vermiculite as explained in Fig. 1
(Havlin et al. 1999; Wakeel et al. 2013). Application of K fertilizers to such soils
may lead to fixation of K to those soil minerals, making them slowly available or
unavailable for plants (Scott and Smith 1987). Nevertheless, fixed form of K is
again released and is available to plants when K concentration of K in soil solution
is lowered (Cox et al. 1999). Smectites are also K-fixing clay minerals with layer
charge of 0.2-0.6 per half unit-cell, CEC 0.8—1.2 mol (+) kg™! soil and layer thick-
ness 1.0-2.0 nm (Bohn et al. 2001).

Therefore, in K fixing soils, sometimes, higher recommended levels of K fertil-
izer do not show improvements in plant growth; but a much higher fertilizer dose is
required to get a response (Doll and Lucas 1973; Mengel and Kirkby 2001). Such
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Fig. 1 Release of K during mineral weathering and its fixation by clay minerals. CEC cation
exchange capacity (Havlin et al. 1999)
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soils are rich with vermiculite and illite clay minerals with high CEC and fixed most
part of applied K which is unavailable to plants.

1.2 Potassium Dynamics in Plants

Potassium is an essential plant element and higher plant required in large amounts.
It is highly mobile in the plant, as it is not the structural part of plant and is present
in ionic form in plant tissue. In the plant cell, cytosol maintains highest K concen-
tration in the range of 130-150 mM (Leigh 2001), while the K range is 20-100 mM
in the vacuole, which also indicate supply of K to the plants (Fernando et al. 1992).
Potassium is performing three main functions viz. osmoregulation, enzyme activa-
tion and charge balance in the plants (Schubert 2006).

Potassium ions assumed to bind to the enzyme surfaces to activate them by
changing their conformations. These enzymes basically involved in many vital
functions of plant cell, including ribosomal polypeptide synthesis (Jones and Pollard
1983). It has been reported that K is centered with six oxygen atoms in the corner in
an octahedron of enzyme dialkyl-glycine decarboxylase (Miller 1993; Fig. 2).

The electrochemical difference between the outer medium and cytosol is basi-
cally a main process for ion transport. Plant membranes are relatively permeable for
K due to the presence of K selective channels, developing ease for K to play its role
in charge balancing to maintain various activities in the cells. When an electro-
chemical potential is lower in the cytosol than outer medium, K ion move into the
cell to maintain electrical balance. K ion import improves the electrochemical
potential and attains the final equilibrium (Mengel and Kirkby 2001). The cytosolic
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Fig. 2 Potassium complexed by organic molecules of which the oxygen atoms are oriented to
positive charge of K* (Adapted from Miller 1993)
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negative charge is sustained by the activity of proton pumps. Released H* ions by
plasmalemma H* pumps from the cytosol into the apoplast sustain the negative
charge in the cytosol maintaining it in the range of 120-200 mV.

Similarly, K enters into the stroma for charge balance using the charge gradient
produced by the H* pumped out of the stroma (Berkowitz and Peters 1993).

Potassium may accumulate in the vacuoles at high concentration (Hsiao and
Lauchli 1986), where K also functions as an osmoticum and maintain turgor poten-
tial in the guard cell by water uptake from the soil (Moran et al. 1988) and in the
phloem (Mengel and Haeder 1977; Smith and Milburn 1980).

1.3 Potassium vs. Other Cations

The main cations essential for plant growth include ammonium, calcium, magne-
sium, and K. Among others, sodium (Na) and aluminum (Al) have significant
impact on crop growth by influencing soil pH. Plants have cation transport systems
at plasma membrane which are cation specific as well as non-specific. In soil a cer-
tain ratio between K and other cations such as Ca, Mg, and Zn etc. should be main-
tained for better nutrient uptake. Application of too much Ca and Mg can cause a K
deficiency due to the competition between Ca, Mg and K. A realistic ratio between
K and Ca or Mg is 2 or above for optimum K uptake by plants. However, excessive
application of K can also decrease the uptake of Ca and Mg, as well as micronutri-
ents such as Zn. Therefore, K/Ca or K/Mg ratio should be less than 10 for optimum
Ca and Mg uptake. It is particularly important to take into account of this interaction
when using hard water with a high calcium and magnesium concentration.

Potassium and ammonium (NH,") both have the same size and valence proper-
ties, consequently always compete with each other for non-exchangeable and
exchangeable soil-particles sites. Nitrogen fertilizer may affect the availability of K*
in long as well as short term usage. In case of long term activities, NH,* fertilization
depleted non-exchangeable and exchangeable K* from the soil, while in short term
activity, soil solution K* concentration may increase with increase in NH,* fertiliza-
tion. K transport through plant membranes is mainly affected by NH," because of
direct competition between NH,* and K* for different transporters (Zhang et al.
2010).

Numerous investigations have concluded that only K is the monovalent cation
which is essential in all higher plants; however, Na may also promote the biomass
production of some plant species without meeting the criteria of essentiality
(Flowers et al. 1977). Elements having similar physicochemical properties may per-
form equally well in a metabolic process and it appears that K and Na may replace
each other partially for few nonspecific osmotic or unspecific metabolically active
functions. Various studies have revealed that plants may require K in lower amount
particularly for cytoplasmic activities which cannot be replaced by any other cation,
however, about 90 % of total K localized in vacuoles performing osmotic functions
can be substituted by some other cations having similar physicochemical properties
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(MacRobbie 1977; Leigh and Jones 1986). In some halophytic plant species, Na
may stimulate the plant growth by cell expansion and replace K partially for osmotic
functions (Nunes et al. 1983).

1.4 Ionic Uptake and Homeostasis

Water and nutrients move towards stele through root cells by two ways, (1) through
apoplast and/or (2) via symplast (Fig. 3). Although, before being part of stele, cas-
parian strip due to its hindrance may enhance ions to enter into the symplast. Then
these translocated ions enter into epidermal or cortex cell through symplastic way,
and loaded into the stele which made up of living cells of parenchyma and elements
of dead trachea for further translocation to the shoot. Because dead elements have
no cytoplasm continuity and through the crossing plasma membrane, ions must
leave the symplast (Taiz and Zeiger 2006).

The Na influx distorted the plants ionic ratio through K transporters or pathways.
This similarity of both monovalent K and Na ions make it tough for cells to dis-
criminate between each other. Sodium enters into the plant cell through two path-
ways i.e. either through non-selective cation channels (NSCC; Amtmann and
Sanders 1999) or through high-affinity K transporters HKT1 (Rus et al. 2001).
NSCC also allows calcium to pass through. Transport of cations in maize to xylem
may control through an outward-rectifying cation channels (ORCC) via root stellar
cells (Roberts and Tester 1997). Although outward-rectifying cation channels
(ORCC) are highly K selective channels, but also allows Na and Ca to move through
in lesser extents (Cramer et al. 1994). Sodium also interferes with Ca uptake in

Plasmodesmata

Symplast Apoplast

(_‘asimri:m strip

Fig. 3 Two pathways of nutrients movement within root cells to the stele
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gramineous plants, and sugar beet plants have also shown Ca deficiency symptoms
when Na was increased in the soil, even in a very small concentration (Abd-El-
Motagally 2004; Wakeel et al. 2010).

2 Potassium in Agriculture

Potassium functions and requirements are specific for all crops. It maintains cell
turgor by increased water content, movement of water and nutrients relationship
through the plant and sugar transport to storage organs i.e. beet roots, grains, fruits,
tubers etc. Potassium is also named as ‘quality element’ which ensures the quality
agricultural produce. Here we review and discuss the role of K for crop yield
enhancement, quality crop produce, resistance against environmental stresses and
sustainability of agricultural lands.

2.1 Crop Yield Enhancement

Potassium fertilization affected plant density, which consist of leaf length, width,
total number of leaves, stem diameter, plant height, dry leaf yield and yield attri-
butes of tobacco affecting its leaf length, width, stem diameter, total number of
leaves, plant height, and total biomass. Foliar and soil application of K together
increased wheat grain yield (Arabi et al. 2002). Only a foliar application may not
provide the amounts required for a macro nutrient such as K to show high effects. In
K deficient soils, the increased grain yield may be attributed to a significant increase
in the number of tillers, plant height, leaf area index, spike length, 1000 grain
weight, and water use efficiency (Mesbah 2009). It was concluded that K applica-
tion at different growth stages with different rates may improve growth and yield of
wheat crop.

Potassium also promoted plant growth, development and biomass yield of maize
(Davis et al. 1996). Balanced fertilization can improve the plant growth; however,
most of the farmers use higher amounts of nitrogen and phosphorus with lower K
fertilizers. Application of K increased 17 % rice yield, generally reported from dif-
ferent parts of the rice grown area (IPI 1986). Bhatti et al. (1981) determined that K
fertilizer applied at the rate of 90 kg ha™! for paddy rice proved economical dose for
better crop growth. Recommended economical dose of K fertilizer at the rate of
60 kg ha™! was also recommended for rice grown on different soil (Rehman et al.
1982; Krishnan 1977). Khattak and Bhatti (1986) studied the effect of K and phos-
phorus on wheat and maize yield and reported that phosphorus was applied during
first season, which was sufficient for further 2—3 seasons but potash was sufficient
for 4th and even 5th crop. Siddique et al. (1997) reported that a K fertilizer dose of
110 kg ha™! was optimum for wheat yield. Potassium fertilization of 40 kg ha™! can
increase 21-35 % of paddy and wheat yield (Hussain and Yasin 2003). Foliar appli-
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cation of K fertilizer also increased different parameters of wheat crop, and increase
straw- and grain yield as was observed with the application of 1% or 5 % KClI solu-
tion (Abdi et al. 2002).

Most K uptake in wheat takes place as the shoot is undergoing its rapid phase of
growth (Gregory et al. 1979). For cereals, more than 70 % of K remains in the straw.
Data from a long-term fertilization experiment demonstrate that this value is not
fixed, but depends on cereal species and fertilization level. The K concentration in
straw was strongly increased by K fertilization in barley and in wheat (Fig. 3). In
practical agriculture, straw and thus significant amounts of K may remain on the
field or be removed as a source of biomass. How crop residues are handled is, there-
fore, very important when calculating the fertilizer requirements.

2.2  Product Quality

The crop quality is a versatile parameter and might combine complex parameters
such as a certain metabolite concentration, nutritional value, taste, processing prop-
erties, appearance, shelf life and technological quality. Plant product quality is the
main focus of the producer’s revenue, it serves as a major point for the price of the
product in market and quality of the product is more important for consumers
(Pettigrew 2008). All these quality parameters are controlled by genetic makeup
and physiological impact; however, K also plays a special role in quality formation
because of its involvement in protein synthesis and transport of Photo-assimilates
from source to sink (Allen and David 2007). It is necessary to balance other nutri-
ents with K for better product quality. Although, product quantity is the principal
function driving the producer’s revenue stream, product quality is important for
consumers and often serves as a criterion for the market price of the crop (Pettigrew
2008). This is most evident for highly processed products such as wine, but also for
other crops (Zorb et al. 2014). Although, a huge world population is striving for
only food without considering the quality, but at the same time consumers nowa-
days also require better quality produce, and are willing to pay even more for good
quality food. Balanced nutrition with adequate supply of K fertilizers depicts ben-
eficial effect on the harvested product quality and improves nutritional value such as
protein content, vitamins and oil contents. Optimum supply of K in crops may lead
to better taste, flavor and appearance, and food production without- or less disease
and pests attack. Application of K ensures the quality and yield of cotton, tobacco,
banana, potato and many food crops. For example, K nutrition substantially influ-
ences the concentration of reducing sugars in potato, which are critical precursors
for acrylamide formation during frying. An inverse relationship of reducing sugar
concentration and K supply has been observed in most cases (Marschner and Krauss
1980). Gerendas et al. (2007) clearly demonstrated that tubers grown with high N
and low K fertilization accumulated most precursors for acrylamide formation dur-
ing frying. As reviewed in Zorb et al. (2014), K plays an essential role for grapevine
growth and yield as well as for wine quality (Mpelasoka et al. 2003). Grape berries
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function as a strong sink for K, especially during the onset of ripening and volume
increase, thus their juice contains this ion as major cation. However, the too high K
concentration decreases free organic acids, increases the overall pH, lowers the
tartrate-to-malate ratio, increases the tartrate precipitation during winemaking and
reduces the overall wine quality (Somers 1977). In cereals it increases grain size and
improves starch quality. Potassium improves color and flavor in vegetables and
increases sugar contents, vitamin C and size of fruits. In addition, it helps in the
maintenance of quality of storage, transportation and prolongs the shelf life (e-ifc,
2007). For export to developed countries, quality production is very critical, because
the quality parameters include nutritive as well as healthy products. Therefore, K
has significance for healthy agricultural productions.

2.3 Potassium and Environmental Stresses

Environmental stresses are great contributors to yield reductions of different crops.
Potassium develops the abilities in plants to resist against biotic and abiotic stresses
like pathogens, insects, salinity, drought and other abiotic stresses. The role of K is
very significant and clear to develop immunity in plants and is discussed briefly.

2.3.1 Biotic Stresses

Biotic stress is stress caused by living organisms such as bacteria, viruses, fungi and
insects which damage the plant. Pathogen attack activates the superoxide-generating
NADPH-oxidases (Bolwell and Wojtaszek 1997; Lamb and Dixon 1997); however,
K nutrition has a significant impact on the plant to develop resistance against these
pathogens and decrease the incidence of diseases (Prabhu et al. 2007). Adversely, K
deficiency can cause defense signaling reduces the crop growth (Amtmann et al.
2008), therefore, K supply during early growth could strengthen the inherent
defense potential of plants to pathogens. Potassium transport systems are consid-
ered to be very important for plant responses to viral infection and the virus-host
recognition. In recent studies, significant changes in K fluxes have been observed in
response to microbial inoculation and Ca?* signaling seems to be less essential in
recognition of the early stages of viral infection (Shabala et al. 2010). Such K fluxes
are assumed to be performed by outward rectifying channels abundantly formed in
the plasma membrane in response to viral infection. The physiological rationale
behind may be the ejection of viral DNA into the host cells by reduced cell turgor
pressure. Potassium fertilization decreases the disease and insect attack in plants.
Perrenoud (1990) reviewed that use of K fertilizers reduces the insects and mite
infestation by 63 % and increase the yield up to 36 %. Increased synthesis of high-
molecular-weight compounds in K-sufficient plants and decreased production of
low-molecular-weight compounds inhibit the insect attack (Marschner 2012).
Higher K* concentrations also decrease the chance of insect infestation by develop-
ing stronger cell walls (Mengel 2001).
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2.3.2 Abiotic Stresses

Potassium concentration may vary in different parts of plant-cell such as cytoplasm,
vacuole etc. (Leigh and Jones 1984). K concentration in the cytoplasm is main-
tained and remain constant (Leigh 2001) but in vacuole its concentration substan-
tially varies depending on the provision of K* to plants. Plant performance was
better under cold stress, when K concentration was a luxury in consumption in plant
(Bergmann and Bergmann 1985). Before stress initiation, K concentration was not
a luxury in plants, but plant allows surviving with different strategies under sudden
hidden abiotic stresses (Kafkafi 1990). When K supply was low in early vegetative
growth of plants, its structure suffers completely and express frost damage and
lodging to unhealthy plants as compared to healthy.

(a) Drought stress

Soil moisture availability in arid and semi-arid regions is a major limiting factor
for crop production. The root elongation rate is crucial for uptake of nutrients and
water which have usually low concentration in soil-solution and are adsorbed strongly
to the soil (Kafkafi 1991). Drought and heat stress effects can be mitigated by increas-
ing K concentration in soil (Kafkafi 1990; Cakmak 1994). Under low moisture con-
dition, K fertilization increased growth and yield (Sharma et al. 1996; Yadav et al.
1999; Egilla et al. 2001). Drought stress affects the protein synthesis, enzyme activa-
tion, water relation and stomatal conductance in plants (Marschner 1995). Optimum
K fertilization increased water potential and minimize leaf osmotic potential of Vigna
radiata (Table 1) as compared to untreated plants (Nandwal et al. 1998), wheat (Pier
and Berkowitz 1987; Sen-Gupta et al. 1989) and maize (Premachandra et al. 1991)
grown under drought. Nitrogenase activity, dry matter and nodulation increased with
a supply of incremental K at % of field capacity moisture level in broad beans (Abd-
Alla and Wahab 1995). Potassium plays a major role in osmotic adjustment and
accumulated higher amount of solutes in soybean, tropical grasses and maize under
drought condition (Ford and Wilson 1981; Itoh and Kumara 1987; Premachandra
et al. 1991). Stomata control water plant water loss through transpiration stream.
Under K-deficient condition, stomatal function disturbed and water losses cause
injurious effects on the plant at damaging levels (Gething 1990).

Under water stress, stomata close and efficiency of carboxylase activity reduced
in chloroplasts. This long time closure of stomata leads to photo-reduction of O,

Table 1 Effect of K* on water and osmotic potentials and relative water content in Vigna radiata
leaves under water stress condition

Water potential Osmotic potent Relative water
("MPa) ("MPa) content
K* application (mmol dm=) | Control Stress Control Stress Control Stress
0.65 0.55 0.84 1.34 1.55 80.9 72.3
3.20 0.47 0.78 1.30 1.76 84.2 74.7

4.50 0.50 0.79 1.22 1.73 86.1 76.9
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into toxic species. Though, drought stress causes a more severe effect during the
inadequate K supply (Humble and Raschke 1971). Water stressed plants require
more K because K play protective role against stress induced photo-oxidative dam-
age. The K in the protective role under drought stress is well documented (Pier and
Berkowitz 1987; Sen-Gupta et al. 1989). Plants photosynthetic efficiency is drasti-
cally (Table 2) reduced due to dehydration of chloroplast under drought stress
(Berkowitz and Kroll 1988).

(b)Salt stress

Salt-affected soils have a higher concentration of Na* as compared to Ca*" and K*
ions, which results in Na* passive accumulation in shoot and root (Bohra and
Doerffling 1993). Higher Na levels, disturbed cell membrane integrity and K ions
selectivity uptake displace Ca through root membranes (Cramer et al. 1985, 1987).
K ion loading into xylem is generally regulated by uptake of K from external K
solution (Engels and Marschner 1992). This specifically reduced K uptake under
salinity stress interferes K movement towards the shoot resulting in lower K uptake
in the shoot and increased K concentration in the root (Table 3). This inhibitory
effect on K translocation within plant was reduced by K supply at higher concentra-
tion; yet in maize grown in nutrient solution was stronger with application of low K
fertilization (Botella et al. 1997).

Similarly, application of K fertilizer increased K concentration in spinach tis-
sues, reduced growth differences among plants grown in high and low salt concen-
tration (Chow et al. 1990). The salt concentration induced shoot-growth inhibition

Table 2 Effect of water stress and K* supply on net photosynthesis rate in wheat leaves

Photosynthesis (pmol CO, m™ s7!)

K* application (mM) Low water stress Mild water stress Severe water stress
0.2 38 11 2

2.0 47 42 21

6.0 46 45 28

Source: Sen-Gupta et al. 1989

Table 3 Concentration of Na* and K* (mmol kg-' DW) in shoot and root of 19 days maize
seedlings in response to salinity and potassium applications

NaCl (1 mM) NaCl (100 mM)
0.1 mM KNO; 1 mM KNO; | 0.1 mM KNO; |1 mM KNO;
Shoot | K* 630 1310 426 731
Na* 33.8 34.4 2128 1625
K*/Na* ratio 20.8 42.5 0.21 0.45
Root K* 396 689 630 813
Na* 89 72 1447 1203
K*/Na* ratio 4.48 9.82 0.44 0.68

Source: Botella et al. 1997
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and cause Na toxicity and K deficiency in plants when low K level available in root
medium (Zorb et al. 2005). Cell growth may also reduce due to leakage of K out of
the cell under stress and lead to cell death. Salt stress limits essential nutrient trans-
port from root to shoot (Termaat and Munus 1986) and lowers the net transport of
different nutrients such as Ca**, NH,*, Mg*" and mainly K* in plants. The plant toler-
ance mechanism is the selectivity of K ions over Na* (Cuartero et al. 1992) and also
partially linked with a Na* concentration in leaf (Taleisnik and Grunberg 1994).
Plants have the ability to adopt different mechanism to avoid entry of Na* reaching
to leaves: controlling influx of Na* through root cells to plasmalemma (Jacoby and
Hanson 1985); Na* sequestration into lower parts of the stem and root parenchyma
cells and Na* removing from xylem streams (Johanson and Cheesman 1983) and
Na* re-translocation via phloem from shoots to roots (Jacoby 1979). Decreased K
supply in plants reduced the photosynthesis sharply due to disturbance in photosys-
tem II (Chow et al. 1990). The higher requirement of K under 250 mM NacCl salt
stress than lower salt stress level (50 mM NaCl) may not be ignored. Addition to K
supply to roots at increased salt stress can ameliorate reductions in plant and shoot
biomass and overwhelmed Na ion toxicity.

(c) Crop Lodging

Lodging is the stems displacement from upright position. Lodging may be par-
tially disturbance or permanent, depends on extent of bending level of stem. Plants
affected by two type of lodging: (a) shoot/stem lodging, lower culm internodes
bending, (b) root lodging-root system disturbance cause crown leaning (Pinthus
1973) mainly occurs in cereals. Two stages are more critical for lodging, early grain
development and heading stage for yield losses due to lodging. This may be due to
the interactive factors of plant type, soil and environmental conditions and nutrient
management strategies. Plant becomes susceptible for lodging because stem diam-
eter was decreased in K-deficient plants. In K-deficient stem woody parenchyma
and sclerenchyma fiber cell form poorly thin lignified cell walls which reduced its
diameter (Mulder 1954; Wakhloo 1975). Optimum application of K fertilization
increased sclerenchyma tissue layers thickness in rice (Vaithilingam and
Balasubramanian 1976). Wheat internode cross section (Fig. 4a) shows that opti-
mum K fertilization has improved thick stalk walls of plants. Improved stem thick-
ness and stability associated with low senescing pith parenschyma and highly active
plant defense mechanism with optimum K nutrition (Abney and Foley 1971).
Addition of K fertilizer improves the growth of root length which ultimately sup-
ports the plant stand strengthening (Fig. 4).

K increased resistance against lodging in different crop species especially in rice
(Datta and Mikkelsen 1985), corn (Welch and Flannery 1985; Csatho 1991), oilseed
rape (Sharma and Kolte 1994) and wheat (Beaton and Sekhon 1985; Khurana and
Bhaya 1990). Recently, Zaman et al. (2015) found that application of K fertilizer
reduced the basal node length of rice plants, which is very supportive parameter to
conclude the role of K fertilization in strengthening the stem strength.
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Fig. 4 Cross-section of 3rd internode of wheat plant with low (left) and high (right) K* nutrition
(a), application of potash develop more intensive roots which may strengthen plant stand (b)
(Source: Melis and Farina (1984) and International Potash Institute Switzerland)
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Fig. 5 Distribution of different forms of potassium in an agricultural system (modified from
International Potash Institute Switzerland)

2.4 Potassium for Sustainable Soil Fertility

Potassium is present in soil in four distinctly different pools from where plants
accessibility is differently and this should be considered while understanding the
soil K availability to plants (Syers 2003). The conceptual understanding of K cycle
in soil is illustrated in Fig. 5. Main pathway for K movement towards plants is via
soil solution and soil solution K contributes only 5 % of total crop demand. In soil,
it is about 0.1-0.2 % of the total soil K, however, this fraction is immediately avail-
able to the plants and replenished quicker than the exchangeable and non-
exchangeable K pools. Exchangeable and non-exchangeable K make up about
1-2% and 1-10% of the total K respectively, and are the main contributors to K
uptake by plants. Non-exchangeable form of K is slowly available to plants and is
released from wedge sites of lattice weathered micaceous clay minerals (Mengel
and Kirkby 2001). The main pool stock holds the bulk of K i.e. 90-98 % of the total
soil K and release slowly because it is held in primary K bearing minerals structure.
In Fig. 5 all possible sources of K have also been shown with their contribution to
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K cycle. Although, the soils are considered very rich in K, however the available
fraction is very low which is also decreasing very rapidly due to cultivation of high
yielding crops. Potassium fertilizers need to be applied to soils to replenish the
exchangeable K and non-exchangeable K for sustainable soil fertility, otherwise
severe deficiency of K may occur which will not be easily cured because of strong
interaction of K with soil minerals and huge quantity may be required to get response
on crop growth (Wakeel et al. 2013).

3 Potassium and Human Health

Potassium is one of the electrolytes (chloride, calcium, magnesium, sodium and
phosphorus) which play a very important role in human body. It is vital for optimum
functioning of body cells, tissues and organs. Therefore, an optimum dose of K is
required for human body on daily basis. According to the American National
Academies of Food and Nutrition, an adequate intake of K is 4.7 g per person per
day. Food enriched with K was always consumed by humans; however K mining
from soils due to high yielding verities/hybrids and increased use of processed food
which has removed the K from the food chain (He and MacGregor 2008).
Furthermore, reduction in the consumption of fruits and vegetables has decreased
the K in human food especially in developed countries. In developing countries less
food availability and poor quality food based on less nutritive food has caused the
issue of K deficiency in humans. Optimum use of K in human food has beneficial
effects on human health (He and MacGregor 2008). Potassium normalizes the nerve
and muscle functions and lowers the development of kidney stones due to reduced
urinary Ca excretion. As K reduces the Ca excretion, therefore strengthen the bones.
Diet containing sufficient K lowers the blood pressure decreasing the risk of cardio
vascular diseases. Hypo serum K is causing glucose intolerance, and increasing K
intake may prevent the development of diabetes (He and MacGregor 2008).
Peoples of developing/poor countries who have very less food diversity and low
fruit and vegetables intake are even more susceptible to K deficiency. Use of fruits
and vegetables rich in K can eliminate its deficiency in humans (Fig. 6). As also
mentioned earlier, a very significant reason for such deficiency is also K depletion
from soils due to high yielding intensive cropping without addition of K-fertilizers.
Promoting biofortification of agricultural products through application of K fertiliz-
ers is essentially required for better human nutrition and its impact on human health.

4 Potassium Evaluation in Soils

Potassium evaluation in soils is like other nutrients and three standard methods are
used which are based on time and resources available. These three evaluation pro-
cesses includes visual observations, soil analysis and plant tissue analysis.
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Fig. 6 Potassium concentration in fruits and vegetables (Source: National Institute of Nutrition,
Hyderabad, India)

4.1 Visual Observations of Plants

Higher and lower concentrations of nutrients in soils lead to nutrient deficiencies
and toxicities in plant which show unusual appearance which can be observed on
plant leaves, stems or fruits. Generally, deficiency symptoms appears as stunted
growth, interveinal chlorosis, chlorosis, red or purple discoloration and necrosis.
However, to determine the deficiency or toxicity symptoms, it is necessary to under-
stand essential role of nutrient and its mode of mobility in plant. Mobile nutrients
deficiency symptoms first appear in older, lower leaves, whereas immobile nutrients
deficiencies symptoms appear in younger, and upper leaves. Potassium is very
mobile in plants, therefore its specific symptoms appears in older leaves first.
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Plate 1 Chlorosis at old leaf margins of maize due to potassium deficiency (Source: International
potash institute Switzerland)

Plate 2 Pottassium-deficiency symptoms due to sucrose accumulation in leaves of Phaseolus
vulgans (Source: Cramer et al. 1994)

Chlorosis at the margins of older leaves appears firstly which leads to necrosis and
ultimately cause plant tissue death (Plate 1).

As K is also involved in transport of sugar produced in leaves, therefore its defi-
ciency may cause sucrose accumulation in leaves and typical symptoms may appear
(Plate 2).

Deficiency symptoms of K are usually observed in early growth stages. In maize
plant, at vegetative stage, K deficiency symptoms appear as brown or yellow leaf
margins, however deficiency symptoms of K are difficult to recognize at harvest
stages. At harvesting stages, maize shows some visual hints of K deficiency such as
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broken stalk, smaller cobs and unfilled cobs tips, which can be used to plan fertil-
izers for coming season.

Visual observation is diagnostic tool but not an authenticated method and can be
limited by various factors, including pseudo deficiencies and hidden hunger.
Therefore, plant and soil analytical testing is crucial to verify soil nutrient status and
nutrient stress symptoms. Visual symptoms evaluation in field is quick and an inex-
pensive method to identify or detect deficiency or toxicity of nutrients in crops.

4.2 Soil Testing

Soil testing is a quantitative analysis of soil for its physicochemical properties. Soil
analysis gives the precise amount of all nutrients; however the methods of analysis
may be different for different elemental analysis. Good soil test report is much
dependent on a truly representative soil sample. If soil seems homogeneous, one
representative sample may be sufficient, but when abnormal growth areas present,
then one sample must be taken from the normal area and from the problem area,
each. Potassium is extracted from soils generally by NH,-acetate method which
includes the water soluble and NH, replaceable K in the soil, which are considered
as readily available forms of K. The other method used is ammonium bicarbonate
diethylene triamine penta acetic acid (AB-DTPA) method which also includes
exchangeable and water soluble K; however its value is relatively lower than NH,-
acetate exchangeable K.

Usually, when K is less than 150 mg Kg', it is classified as low K and K concen-
tration in range between 250 and 800 ppm is considered high to excessive. However,
soils are much diverse and crop response to K fertilizers is variable even at optimum
K levels because of a close relation of K to soil minerals plants can reveal deficien-
cies. Along with so0il-K concentration, K-fixing capacity of soils and soil mineral-
ogy should also be considered while recommending potassic fertilizers.

4.3 Plant-Tissue Analysis

In the nineteenth century, several elements were recognized as essential nutrients
for plant growth by different scientists. Justus von Liebig and later on others scien-
tist started to analyze mineral contents in plants. The idea was conceived by
Weinhold (1862) to analyze plant to determine the available nutrient supply. Goodall
and Gregory (1947) concluded that much of the work done prior to 1947 could be
classified into one of four categories in terms of research as well as plant analysis
utility in crop production. These are categorized as: (a) To detect nutritional disor-
der caused by certain deficiency symptoms, (b) Field trials results interpretation, (c)
Use of advanced testing methods for advisory work, (d) Plant analysis for interpre-
tation of nutritional survey.
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Plant analysis of different parts is a valuable service for crop management prac-
tices. Alone, this makes proper fertilizer recommendation used for certain crops,
fruit trees and also for grapes. Plant tissue analysis and soil testing in combination
is a best approach for detecting nutrient deficiency symptoms and fertilizer recom-
mendations. Plant analysis alone is not a substitute of soil testing method but plant
tissue analysis is more effective in conjunction with soil analysis. Several environ-
mental and soil characteristics contribute soil fertility and influence nutrient uptake
in plant. These factors herbicide damage, soil pH, drought, waterlogging, air tem-
peratures, diseases, insects, soil compaction etc. can reduce the nutrient uptake by
plants, therefore only addition of deficient nutrient in soil may not tell the true
availability of nutrients to plants. Plant tissue analysis represent the actual avail-
ability of nutrients to plants. Plant analysis is also useful tool when small field area
is discolored or show stunted growth.

K concentration in plant tissues can be determined from fresh material, (i.e. plant
tissue analysis), and also from total dry plant matter. This test is basically qualitative
method and appropriately quick for growing crops. Two methods for tissue analysis
are used that are wet digestion and dry-ashing. Dry-ashing is simple digestion
method, less expensive and non-hazardous as compared to wet digestion with
HNO;-HCIO,. Plant analysis with dry ashing for Ca, Mg, Na, P and K. Different
micronutrients cations (Zn, Mn, Cu and Fe) can also be determined by dry-ashing
method but sophisticated for low silica contents crops (legumes). The wet digestion
with HNO;-HCIO;, is required for micronutrient full recovery method in that plant
tissue which has high silica contents (like barley, wheat, sugarcane and rice etc.).

After digesting the plant sample, K concentration can easily be detected by flame
photometer. The general optimum concentration in plant sample is >1.5 % dry plant
materials, however the actual optimum concentration varies with plant species. The
optimum concentration in different plant species is given in Table 4.

5 Conclusion and Recommendations

Role of K in crop growth and yield development is clear; however the K fertilization
may not be required at all agricultural sites because deficiency of K may not be
observed at all agricultural sites. However, there is a need to ensure the site-specific
balanced fertilization based on soil analysis. Application of K fertilizers should be
dealt more aggressively because in addition to direct crop-growth promoting effects,
it also improves the nutrient use efficiency of plants and better N use efficiency has
been observed at K fertilized agricultural sites. As K has ameliorating effects under
various environmental stresses, such as drought, salinity and lodging, therefore this
aspect should be more highlighted. Soils are being mined for K due to its higher
concentrations in harvested crop parts, the removal of available K must be replen-
ished for agricultural sustainability. In human and animal nutrition K has significant
role and its deficiency in humans can cause cardiovascular and nervous diseases.
The ultimate source of K in human nutrition is the soil which provides K to plants
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Table 4 Sufficient range of K concentration in plant parts for optimum plant growth

Concentration range

Plant species (mg K/g DM)
Cereals, young shoot 5-8 cm above soil surface

Wheat (Triticum aestivum) 35-55
Rice (Oryza sativa)? before anthesis 20-30
Oat (Avena sativa) 45-58
Barley (Hordeum vulgare) 35-55
Maize (Zea mays)* 20-35
Rye (Secale cereale) 28-45
Dicotyledonous field crops

Forage and sugar beets (Beta vulgaris) 35-60
Sunflower (Helianthus annuus)? at anthesis 30-45
Potato (Solanum tuberosum)* at flowering 50-66
Soya bean (Glycine max) 25-37
Phaseolus beans (Phaseolus vulgaris) 20-30
Cotton (Gossypium) anthesis to fruit setting 17-35
Rape (Brassica napus)* 28-50
Forage Crops

Total shoot at flowering 5 cm above soil surface, Dactylis glomerata, 25-35
Poa pratensis, Phleum pratensis, Lolium perenne, Festuca pratensis

Vegetables

Lettuce (Lactuca sativa)* 42-60
Spinach (Spinacia oleracea) 35-53
Pepper (Capsicum annuum)* 40-54
Watermelon (Cirulus vulgaris)? 25-35
Tomatoes (Lycopersicon esculentum)?® at first fruit setting 30-40
Onions (Allium cepa) at mid vegetation stage 25-30
Carrot (Daucus carota sativus)* 27-40
Asparagus (Asparagus officinalis) fully developed shoot 15-24

Berry fruits*

From anthesis until fruit maturation Fragaria ananassa, Rubus idaeus, 18-25
Ribes rubrum, Ribes nigrum, Ribes grossularia

Miscellaneous crops

Tea (Camellia sinensis)* at the mid of the vegetation season 16-23
Tobacco (Nicotiana tabacum)* at the mid of the vegetation season 25-45
*Young fully developed leaf

Source: W. Bermann, Nutritional Disorders of Crop Plants. VEB Gustav Fischer Verlag,. Jena
1986

and is then used by humans and animals. In a developing world, it is required to
optimize the K concentration in staple crops to fulfill the nutritional needs. Precise
recommendation of K is very critical as K has strong interactions with clay miner-
als, therefore, while recommending K fertilizers soil minerals should be considered
for better agricultural returns; otherwise plants may not respond to K fertilizers due
to its unavailability to plants.
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