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Part I
Concepts of Plant Nutrients Uptake



Chapter 1
Essential Plant Nutrients and Recent Concepts
about their Uptake

Gyanendranath Mitra

Abstract Plants acquire a number of mineral nutrients essential for their metabo-
lism and growth from soil or any other rooting medium. The nutrients have to get
through the plasma membrane of root hair cells for use in plant metabolism.
According to recent concepts this process is strictly regulated by large groups of
genes, which are specific for each nutrient. These genes produce m-RNA transcripts
which translate sets of transporter proteins specific for each nutrient. The trans-
porter proteins are lodged inside minute pores located on the plasma membrane.
They regulate passage of each nutrient into the cytoplasm. A large number of meta-
bolic enzymes are up- or down-regulated in response to deficiency or sufficiency of
plant nutrients. Amino acids, plant growth regulators, intermediate metabolites, and
the nutrients themselves are involved in the induction or repression of transporter
encoding genes as well as post-translation modification of transporter proteins.

Keywords Nutrient uptake ¢ Plant growth » Nutrient transporters * Abiotic stress

1.1 Essential Plant Nutrients

Plants take up several mineral elements in their ionic forms from the soil or any
other growth medium for their metabolism and growth. Some of these elements are
called essential since absence or low concentrations of them interfere with plant
metabolism and growth and show characteristic deficiency symptoms, which can be
corrected by their application. So far 18 elements, C, H, O, N, P, K, Ca, Mg, S, Fe,
Zn, Cu, Mn, B, Cl,, Mo, Co and Ni, have been considered essential for plant nutri-
tion (NRCCA 2010). They are further classified into Macro- and micronutrients.

This article is a brief account on the subject and mostly based on the information given in the book
Regulation of Nutrient Uptake by Plants: A Biochemical and Molecular Approach by Gyanendranath
Mitra, Springer, 2015, with updates from recent research publications.

G. Mitra (2)

Faculty of Agriculture, Department of Agricultural Chemistry, Soil Science and Biochemistry,
Orissa University of Agriculture and Technology (OUAT), Bhubaneswar, India

e-mail: gnmitra@gmail.com

© Springer International Publishing AG 2017 3
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1. The Macronutrients, applied in larger quantities to the plants, consist of

(a) Structural elements: C, H, and O
(b) Primary nutrients: N, P and K
(c) Secondary nutrients: S, Ca and Mg.

2. The Micronutrients, applied in small quantities to plants, consist of: Zn, Fe,
Mn, Cu, B, Mo, CI~, Co and Ni.

1.1.1 Beneficial Plant Nutrients

They are not essentially required for all the plants. Some of them are essential for
some of the plants but others are beneficial to a few plants, and animals who con-
sume these plants. These include Na, Co, Si, Se and V.

Sodium (Na*) is essential for halophytes, which accumulate salt in vacuoles to
maintain turgor and growth. A few of the C4 plants (except corn and sorghum) need
Na* essentially for specific functions, such as in the concentration of CO,. Other
beneficial effects of Na* include greener and glossy leaves due to increased cuticu-
lar wax formation and improvement of taste and texture of crops (Brownell and
Crossland 1972). Silicon strengthens the stem and provides protection to plants
from biotic and abiotic stress. Cobalt is involved in nitrogen fixation by root nodule
bacteria and other diazotrophs. Consumption of Selenium rich crop plants such as
cabbage, mustard, onion and broccoli provides protection to human beings against
cancer and heart disease. The importance of V is due to the discovery in 1980 that it
can act as an insulin-mimetic agent.

1.1.2 Non-essential Plant Nutrients

Plants often survive in hostile ionic environment in mineral-rich soils. In their ionic
form,

AP, Au®,Cd* ,Cu”,Cu** ,Co™ ,Cr** ,Fe** ,Fe*,
Hg* ,Mn** ,Ni**,Pb** ,Sn** \W*" and Zn**

become toxic to plants at different threshold concentrations. Among them, Zn,
Fe, Mn, Cu, B, Mo, Co and Ni are micronutrients and essential for plant growth at
low concentrations but become toxic beyond a threshold concentration.

Elements such as Cr, V, W, As, Ag, Hg, Sb, Cd, Pb and U with no known function
in plant metabolism have been found to be taken up by plants (Godbold and Hiittermann
1985; Breckle 1991; Nies 1999; Schiitzendiibel and Polle 2002). If the soil or growth
medium is rich in one or more of the non-essential elements, these elements are likely
to be taken up by plants to a tolerable, or sometimes toxic concentrations. These ele-
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ments may be of geological origin or accumulated in the soil due to anthropogenic
causes. Soils around mining sites or nearer to solid waste dumps from mineral-based
industries may contain elements toxic to plants. Use of untreated effluents from indus-
tries, use of sewage and sludge from urban centres and use of polluted water as source
of irrigation and atmospheric deposits of radioactive isotopes from any overground
nuclear activities on soils and plants are other sources of non-essential elements.
When food crops are grown on these soils the non-essential elements are likely to be
taken up by the plants and may enter into the food chain of man and animals (Greger
2004; Kabta-Pendias and Szdeke 2015). Higher plants have built-in cellular mecha-
nisms for metal detoxification and tolerance to protect them from uptake of these toxic
nutrients, such as (1) restriction of metal movement to roots by mycorrhizal associa-
tion, (2) binding the metals to cell wall and to root exudates, (3) reduce influx across
plasma membrane, (4) active efflux into apoplast, (5) scavenging by root border cells,
(6) chelation in cytosols by various legands, and (7) transport of accumulated metals
to the vacuole. Further an elaborate membrane transport system regulates movement
of metal ions across plasma membrane (Mitra 2015).

1.1.3 Radioactive Nuclides

Radioactive nuclides are a part of the terrestrial environment emanating from radio-
active substances present in the earth’s crust and from cosmic rays. Recently there
has been enrichment of specific nuclides in the environment due to (1) manufacture
and testing of nuclear weapons, (2) extensive construction of nuclear power plants,
(3) commercial fuel reprocessing (4) nuclear waste disposal, (5) Uranium mining
and enrichment and (6) nuclear accidents. (Major accidents happened in Chernobyl
in USSR, 26th April, 1986, caused by explosion in nuclear power plant due to oper-
ational error and in Daiichi Fukushima, Japan, on 11th March, 2011, due to melt-
down of nuclear power plant damaged by Tsunami).
The radioactive nuclides released by nuclear weapon tests include

140 14 141 144 137 55 3 131 54

Ba,” C,” Ce,™ Ce,”" Cs,” Fe,” H,” 1,”" Mn,
239 241 103 106 125 89 91 96

Pu,” Pu, ” Ru, " Ru,” Sb,” Sr,” Y,” Zr.

Some of these and/or their daughter nuclides are released in other operations as
described above. The four most harmful radio-nuclides released due to Chernobyl
disaster were *'I (¢, = 8.02 days, causes thyroid cancer), **Cs (z,, = 2.07 years, accu-
mulates in heart), *’Cs (¢, = 30.2 years) and *°Sr (¢,,, = 28.8 years, accumulates in
bones). The radioactive nuclides monitored from Fukushima Daiichi explosions were
BT and ¥'Cs. The regulatory levels fixed by Japan were 2 Bg/g for *'T and 0.5 Bg/g
for 1¥7Cs. There were soil contaminations with these two nuclides. Soils of a large area
of eastern and north-eastern Japan were contaminated with '¥’Cs. Chernobyl accident
data have shown that '¥’Cs adsorbed on the top soil layer can remain there for long
years making the soil unfit for crop production (Yasunari et al. 2011).
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Soon after the Chernobyl disaster four square kilometres of pine forest directly
downwind of the reactor turned red and died. The radiation level caused by
Chernobyl disaster is still very high and 30 km around the factory has been declared
as ‘Zone of alienation’. It may take 20,000 years to become fit for human habitation.
The area however has reverted to become a natural forest and overrun by wildlife
due to lack of competition from humans for space and resources. This indicates that
plants and animals can survive in a relatively high radiation zone. A study was con-
ducted on progeny of Arabidopsis plant collected from Zone of alienation with dif-
ferent levels of contamination. The study indicated a significantly higher resistance
of progeny Arabidopsis plants to mutagens. There was increased expression of radi-
cal scavenging genes CATI and FSD3 and DNA repair genes RADI and RADS1-
like in these plants (Kavalchuk et al. 2004).

According to World Nuclear Association (2015) the human environment has
always been radioactive and accounts for 85% of annual radiation dose, 2.4 mSv/year.
The radiation dose received from all nuclear activities accounts for less than 1%.

1.2 Recent Concepts about Nutrient Uptake by Plants

Globally arable soils are deficient in one or more of plant nutrients. The concentration
of plant nutrients in soil solution depends on characteristic of the soil, local climatic
conditions, nutrient removal due to increased intensity of cropping and management
practices such as excessive or less fertiliser use, inadequate irrigation and drainage.
The agronomic field operations also change the nutrient profile of the soil.

The requirements of plants for nutrients change with their growth stages, which
do not often match with nutrients available in soil solutions. The nutrients available
may be in excess or deficient. It has recently been found that plants adopt special
mechanisms to acquire nutrients to meet their needs irrespective of their concentra-
tion in soil solution.

Plants take up mineral nutrients for their metabolism and growth. As a first step
the mineral nutrients need to be transported across plasma membrane of root hair
cells into cytoplasm for use in plant metabolism. Recent research indicates that this
process is under strict genetic control. There are different groups of genes for each
nutrient, which encode transporter proteins whose functions include acquiring spe-
cific nutrient from the soil solution and transporting them across plasma membrane
of root hair cells for use in plant metabolism. There are different sets of genes,
which are induced due to deficiency or sufficiency of a plant nutrient. They produce
mRNA transcripts for translation of transporter proteins. Induction or repression of
these genes is caused by amino acids, plant growth regulators, intermediate metabo-
lites or nutrients themselves (Orsel et al. 2002; Hammond et al. 2004; Rodriguez-
Navarro and Rubio 2006; Miller et al. 2008).

A large number of genes, which are involved in encoding transporter proteins for
uptake of different nutrients, have been identified for a number of plants. The amino
acid sequence and structure of corresponding transporter proteins and their mecha-
nism of action have been reported.
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Fig. 1.1 Pores on plasma membrane and cross section of a pore (adapted from Mitra 2015)

The transporter proteins have been classified as (1) Chanel proteins and (2)
Transporters.

1.2.1 Ion Channels and Transporters

There are a large number of pores on the plasma membrane of cells, which allow
passage of specific nutrient ions or molecules and do not allow any others to pass
through them. Such selectivity is ensured by large molecules of intrinsic trans-
membrane transporter proteins with fixed topology, which are lodged across the
pores of the plasma membrane (Fig. 1.1). They are too large to move across the
membrane. The transporter proteins consist of

1. Channel proteins and
2. Transporters (Carriers) proteins.

1.2.1.1 Channel Proteins

Channel proteins are large molecules with multiple trans-membrane a-helices. They
alternate between open and closed conformations (gating). There is conformational
change of the channel protein due to any one of the extrinsic factors, such as (1)
changes in membrane potential (2) binding of a small regulatory molecule or (3)
membrane stretch (e.g. via link to the cytoskeleton) (Dubyak 2004; Rainer 2012).
These factors determine if the channel is in a gated state (open for transport) or
closed state (incapable of ion transport). The extrinsic factors control the accessibil-
ity of ions to the pore domain, which acts as a pathway for movement of ions from
one side of the membrane to the other side. Since there are no energetic interactions,
between channel protein and the transported ion, the rate of transport of ion is fast.
There is probably no binding site within the pore to restrict their movement. Even if
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Fig. 1.2 Ton channel, with transporter proteins lining the pore of plasma membrane (adapted from
Mitra 2015)

they exist they are shallow and separated by small free energy barriers (Roux et al.
2011).

All channels mediate passive transport of ions down their chemical or electro-
chemical gradient across the membrane due to difference in concentrations of ions
on each side of the membrane as well as any electrical potential across the mem-
brane (Fig. 1.2).

1.2.1.2 Ion Transporters (Carriers)

Transporter proteins are ‘vectoral’ enzymes (Dubyak 2004). Their functioning
involves (1) a selective recognition/binding of the ion to be transported, (2) confor-
mational changes in carrier protein due to binding of the ion and (3) physical move-
ment of the ion across the membrane caused by such conformational changes. Ion
transporters can catalyse movement of ions against their electro-chemical gradient
(not ion channels) deriving energy from ATP hydrolysis. There are three types of
ion transporters:

1. Uniporters: They transport one type of ion across the membrane, e.g.: P-type
ATPases, Ca2+-ATPase.

2. Symporters (co-transporters): They transport more than one type of ion across
the plasma membrane, e.g.: NRTs (2H*/NO;~ co-transport), TaHKT1 (K/Na
co-transporter).

3. Anti-porters (Exchangers): There is exchange of one ion for the other, which
moves in opposite directions, e.g.: CHX (K*/H* anti-porter), CAX (Ca?*/H* anti-
porter) (Fig. 1.3).
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Fig. 1.4 Water channel, with aquaporins lining the walls of the pore across plasma membrane,
(adapted from Mitra 2015)

1.3 Mechanism of Uptake of Water

Water is taken up into cells through water channels. Aquaporins, a large protein
family found in both eukaryotes and prokaryotes, control movement of water
through the narrow channels located on the plasma membrane. Molecules with
proper orientation are selectively allowed to pass through the channel. Ions carrying
charges such as (H*) and (H;O") are prevented from passage. Smaller uncharged
molecules such as glycerol and urea are allowed passage through the channel.
Glycerol molecules, which are larger than water molecules, appear to move in a
single file through the amphipathic channel where NPA motifs play a critical role
(Chaumont et al. 2000) (Fig. 1.4).

Plant genomes contain a large number of aquaporin (AQP) genes to cope up with
adverse water regimes encountered by them during their growth period. Arabidopsis has
38 AQP genes of 2-3 kb size (Johanson et al. 2001; Quigley et al. 2002), maize 33
(Chaumont et al. 2000), barley 23 (Katsuhara et al. 2002), rice 34 (Nguyen et al. 2013),
wheat 35 (Forrest and Bhave 2008) and soybean 66 (Zhang et al. 2013) AQP genes.

The proteins coded by AQP genes belong to a major intrinsic protein (MIP) fam-
ily. MIPs are classified into five sub-families such as PIP (plasma membrane intrin-
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sic protein), TIP (tonoplast intrinsic protein), NIP (Nod 26-like intrinsic protein),
SIP (small basic intrinsic protein), and XIP. (Recently, XIP genes have been reported
to be involved in the transport of a wide range of hydrophobic solutes (Venkatesh
et al. 2015)). The members of the families are not confined to the location as indi-
cated by their names. They may be found elsewhere.

1.4 Primary Nutrient (N, P and K)

The primary nutrients, Nitrogen (N), Phosphorus (P) and Potassium (K), are
required in relatively large quantities by plants for their metabolism and growth.
Arable soils do not contain sufficient reserve of these nutrients to meet the require-
ments of crops grown on the same patch annually. Crop removal of these nutrients
needs to be replenished every year by adding required doses of fertilisers containing
these nutrients to harvest optimum yields of crops. There is significant reduction of
crop yield due to deficiency of any of these nutrients.

1.4.1 Uptake of Nitrogen (N)

Surface soils generally contain 0.03—0.4% of total N, 95% of which is in the organic
form. Plants contain about 1-6% of N of their dry weight. Nitrogen is primarily
taken up by plants as NO;~ or NH,* ions. Unfertilised soils may contain NO;™ at a
concentration of <1 mM but application of fertilisers may raise it >70 mM.
Concentration of N is more or less constant within cytoplasm. Nitrate concentra-
tion in cytoplasm is limited to about 2—5 mM and 5-75 mM inside vacuole (Miller
and Smith 1996). NH," is toxic and is not allowed to accumulate within the plants.
Nitrogen is a constituent of amino acids, proteins, purine and pyrimidine rings of
nucleic acids, chlorophyll and enzymes. All of these compounds are involved in
plant metabolism and growth. Adequate nitrogen supply results in vigorous growth
of plants and the leaves turn dark green due to high photosynthetic activity.
Deficiency of N causes impaired photosynthesis and degradation of chloroplasts.
This appears first as yellowing of older leaves while growing leaves remain green.

1.4.1.1 Mechanism of N Uptake

Plants take up N primarily as NO;~ and NH,*. Acquisition, uptake, transport and redis-
tribution of both of them are under strict genetic control (Siddigi et al. 1990; King
et al. 1993). The primary event of NO;™ uptake is its transport through plasma mem-
brane of root epidermal and cortical cells. This is carried out by a favourable H* (pro-
ton) electrochemical gradient maintained by the plasma membrane (PM) H*-ATPases
(Proton pumps) (Miller and Smith 1996; Quaggiotti et al. 2003; Sperandio et al.
2014). PM H*-ATPase activity maintains membrane potential (A'¥) and proton motive
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force (Ap) necessary for ion transport. Both for high and low affinity transport system
NO;™ uptake takes place by symport of 2H*/NO;~ (Crawford and Glass 1998).

1.4.1.2 Nitrate Transport Genes

There are four families of genes involved in transport of NO;™ across plasma mem-
brane in Arabidopsis such as (1) NRT1 (Nitrate Transporter1/Peptide Transporter
family, 53 members), (2) NRT2 (7 members), (3) CLC (Chloride channel, 7 mem-
bers) and (4) SLACI/SLAH (Slow Anion Channel-Associated 1 homologues, 5
members) (Krapp et al. 2014). The four families have a total of 73 genes out of
which 60 are from NRT1/PTR and NRT?2 families. Out of 35 genes characterised 24
are nitrate transporters (Krapp et al. 2014).

1.4.1.3 Nitrate Transporters (NRTSs)

There are three different nitrate transport systems in plants. When the external NO;~
concentration is high (1-50 mM), an essentially unregulated and constitutively
expressed Low Affinity Transport system (LATS) operates (Crawford and Glass
1998). A High Affinity Transport (HATS) system operates, when external NO;~
concentration is low (<0.2 mM). Some of them are constitutively expressed (cHATS)
and others induced by NO;~ (iHATS) (Fig. 1.5).

The NRT'1 genes encode low affinity transporters (LATS), when the NO;~ concentra-
tion in the soil is high (>1 mM, Orsel et al. 2002). The NRT2 genes encode high affinity
nitrate transporters at low NOs~ concentration (<0.2 mM). Some of the NRT2 genes are
inductive (HATS) and others constitutive (cHATSs). AtNRT1;1 (CHL1) is a dual affinity
nitrate transporter, switched off and on by phosphorylation/dephosphorylation of threo-
nine T101 in its polypeptide chain (Liu et al. 1999). The CBL (calcineurin B-like) inter-

Plasma membrane
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H AY - 150 mV Cytosol
High Affinity Transporters (HATS) ATP pH=7.2
Soil NOy < 0.2mM NOy : 5
g NOs' NRT2 NOs = 1.5 mM
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Fig. 1.5 Mechanism of nitrogen uptake by plants (adapted from Mitra 2015)
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acting protein kinase, CIPK23 (SnRK3;23), phosphorylates T101 under low nitrate
conditions, allowing NRT1;1 to act as a high affinity nitrate transporter (Ho et al. 2009).
Dephosphorylated NRT1;1 is a low affinity nitrate transporter.

Nitrate transport in Arabidopsis is carried out by two transporters from NRT1 family,
AINRTI;1 and AtNRT1;2, and two from NRT2 family, AtNRT2;1 and AtNRT?2;2.
When external NO;~ concentration is low, NRT2;1 proteins localised on the plasma
membrane constitute the major component of HATS (72%) activity (Li 2006). It requires
a second protein NAR?2 for its stability. AtNRT2;1 and AtNAR2;1 form a tetramer with
two subunits each, which constitute the active NO;™ transporter (Yong et al. 2010).

In higher plants NRT2 genes isolated so far are preferentially expressed in the
roots (Tsay et al. 2007). OsNRT1 expressed in epidermal cells of rice roots is a
homologue of Arabidopsis AtNRT1;1(CHL1) (Lin et al. 2000). Four HATSs
OsNRT2;1, OsNRT2;2, OsNRT2;3 and OsNRT2;4 and two NAR proteins
OsNAR2;1 and OsNAR2;2 have been isolated from rice (Feng et al. 2011; Sperandio
et al. 2014). In maize Zm NRT2;1 is involved in influx activity and ZmNRT2;2 in
xylem loading process (Trevisan et al. 2008).

OPTs and PTRs: Some members of NRT1 are peptide transporters called OPTs
(oligopeptide transporters) involved in transport of tetra- and penta-peptides. Some
of the OPTs transport glutathione, glutathione conjugates, phytochelatins and met-
als (Tsay et al. 2007). PTRs are di- and tri-peptide transporters. Seven families of
NRT1/PTRs have been identified. They transport nitrate, di- and tri-peptides, auxins
and carboxylates (Fan et al. 2014). During seed germination of barley, HvPTR1
expressed in plasma membrane of scutellar epithelial cells, transport peptides pro-
duced by hydrolysis of endosperm storage proteins to the developing embryo.

1.4.1.4 Ammonium Transporters

The AMT1 family of high affinity NH4* transporters contains five members in
Arabidopsis, of which AtAMT1;1, AtAMT1;2 and AtAMT 1,3 have been studied in
detail. In rice four NH,* transporter genes have been identified (Suenaga et al.
2003). OsAMTT1;1 is expressed in roots and shoots. OsAMT1;2 is root specific and
induced by NH,*". OsAMT 1,3 is root specific and depressed by nitrogen application
(Sonoda et al. 2003). Two rhizodermis localised transporters ZmAMT1;1 and
ZmAMT1;3 have been identified from maize.

1.4.1.5 Regulation of Nitrate and Ammonium Transporters

Some of the genes encoding nitrate transporters are subjected to transcriptional regu-
lation through inductive effects of NO;~, while both encoding NO;~ and NH,* trans-
porters are subject to down-regulation by glutamine (Anthony et al. 2002). Nitrate and
glutamine concentration constitute an intricate N regulatory network at the root tip
that is responsible for orchestrating changes in root growth rate and root architecture.
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Nitrate stimulates primary root growth, both directly and by antagonising inhibitory
effect of glutamine, which stimulates root branching (Walch-Liu and Forde 2008).
Ammonium transporters are oligomeric proteins. They undergo conformational cou-
pling among monomers for ammonium uptake. This provides a mechanism for tight regu-
lation of ammonium transporters. Rapid shut off mechanism is required to prevent toxic
accumulation of NH,*. Application of higher levels of NH,* blocks NO;~ uptake by roots.

1.4.1.6 Biotechnological Approach to Increase N-Use Efficiency

The current biotechnological approach to improve NUE includes manipulation of
genes involved in (1) N-uptake, (2) N-assimilation and (3) N-translocation to the
edible/useful parts of the crops.

No correlations have yet been observed between over-expression of nitrate trans-
porters and NUE. Over-expression of either the NR or the NiR gene in plants
increases mRNA levels, and often affects N uptake but does not seem to increase the
yield or growth of the plants regardless of the nitrogen source available.

Egami et al. (2012) introduced fungal glutamate dehydrogenase (gdh A) gene
encoding NADP(H) dependent glutamate dehydrogenase from A. nidulans into
potato. The GDH potato had higher photosynthetic rate irrespective of N-supply
and resulted in higher tuber yield and NUE. A similar claim was made by (Naohiro)
Aoki et al. (2009) of the same group for rice and potato (Mitra 2015).

Shrawat et al. (2008) introduced a barley AlaAT (alanine aminotransferase)
cDNA driven by a rice tissue-specific promoter (OsAntl) into rice plants. The trans-
genic plants had significant increases in the biomass and grain yield as compared to
control plants when plants were well supplied with nitrogen. Significant progress is
yet to be made in improving NUE through genetic manipulation.

1.4.2 Uptake of Phosphate (Pi)

Total P in surface soils varies from 0.005 to 0.15%, 50% of it in organic form. Pi
(phosphate) content of plants is in the range of 0.05-0.5% of their dry weight.
Phosphorus is primarily taken up by plants in the forms of phosphate ions. The
forms of phosphate ions available to plants are HPO,?~, H,PO,~ and PO,*~ based on
the pH of rhizosphere. At pH 7.2 H,PO,~ ~ HPO,?", above pH 7.2 HPO,*~ > H,PO,",
but below pH 7.2, H,PO,~ dominates and is more than HPO,>~. The concentrations
of phosphate ions, HPO,>~, H,PO,, in soil solution are very low (0.1-10 uM). Plant
uptake of HPO,*~ is much slower than H,PO,~ (Mitra 2015). Cellular Pi content is
in the range of 2-20 mM (Bieleski 1973; Schachtman et al. 1998).

Phosphorus is a constituent of high energy compounds such as nucleoside tri-
phosphates (ATP, GTP, CTP, UTP), phosphoenolpyruvate, creatinine phosphate,
etc., which supply energy to drive endergonic metabolic reactions. Energy storage
and energy transfer are the major biochemical functions of the high energy phos-
phorylated compounds.
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A common symptom of Pi deficiency in plants is dark green or purple shoot due
to anthocyanin accumulation. Phosphate deficiency causes induction of enzymes
involved in synthesis of anthocyanins (Vance et al. 2003; Fang et al. 2009), which
protects nucleic acids from UV damage and chloroplast from photo-inhibitory dam-
age (Zeng et al. 2010).

Phosphate deficiency results in starch accumulation in the cells. Low cellular Pi
removes allosteric inhibition of the enzyme ADP Glc-pyrophosphorylase involved
in starch biosynthesis in cells. Pi deficiency up-regulates some of the glycolytic
bypass enzymes such as pyrophosphate (PPi)-dependent phosphofructokinase, PPi-
phosphoenol pyruvic kinase, pyruvate phosphate dikinase and the tonoplast H
*-pyrophosphatase (Plaxton and Podesta 2006). Glycolysis appears to be bypassed
by avoiding those reactions requiring P. Under severe Pi deficiency a large decline
of ATP and ADP (up to 80%) and other nucleoside phosphates occurs. Plants
respond by adopting alternate metabolic pathways (Plaxton and Tran 2011).
Moderate Pi deficiency causes significant reduction in glutamine synthetase and
nitrate reductase enzymes and affects amino acid metabolism and N-assimilation
(Calderon-Vazquez et al. 2008).

Mechanisms of Pi Uptake by Plants: Plants respond to Pi deficiency through
(1) morphological adaptations, (2) metabolic changes and (3) genetic responses.

1. Morphological Adaptation of Plants due to Pi-Deficiency: Under conditions of
Pi-deficiency plants adapt themselves suitably through modification of their
roots and shoots so as to acquire more Pi from soil and use them frugally to sup-
port plant growth. Rhizosphere is a critical region around roots, where intense
interactions among plant roots, soil and microorganisms take place. Deficiency
of Pi has profound effects on root growth and its architecture. These are modified
suitably to explore a larger volume of soil so as to absorb more P to meet the
P-demand of plants. Pi-deficiency causes delayed leaf development, reduction in
number of leaves and leaf expansion, decreased photosynthetic capacity, stunted
growth (reduced auxiliary shoot emergence and elongation), impaired flower
development and an increased root/shoot ratio of the plants (Vance 2010). Pi
from lower and older leaves translocates to newer leaves. Enhanced uptake of Pi
by roots and translocation to shoots results in excess Pi accumulation in older
leaves and may cause chlorosis and necrosis of leaf tips due to Pi-toxicity.

2. Metabolic Changes: Plant roots exude a variety of organic compounds under
normal conditions of growth. These include: sugars, organic acids, amino acids,
growth hormones, phenolics, proteins etc., which affect rhizosphere chemistry
and alter plant-microbe interaction, allelopathy and nutrient acquisition by plants.

Excretion of organic acids in response to Pi deficiency lowers pH in the rhizo-
sphere by 2-3 units than the bulk of the soil. This may increase dissolution of spar-
ingly soluble soil-P (Marschner 1995). While the protons excreted through organic
acids lower the pH, the carboxylate anions react with Fe**, AI** and Ca** present in
insoluble compounds of Pi-containing minerals. They form chelates with the cat-
ions and release Pi for uptake by the plants. This results in an increase of soil solu-
tion Pi concentration by about 1000-fold (Plaxton and Tran 2011). Under conditions
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of Pi-deficiency, plants recycle P from older tissues to new tissues. Plants also remo-
bilize from non-essential uses to essential uses.

Genetic Response to Phosphate Deficiency: Phosphate deficiency results in coor-
dinated induction of hundreds of genes encoding enzymes, which maximise capac-
ity of plants to acquire phosphate more efficiently from external sources and
reprioritize internal use of phosphorus (Plaxton and Tran 2011).

Phosphate Transporters: Plants have both low and high affinity transport systems
encoded by corresponding genes. The low affinity transport systems are constitutive
and operate at higher Pi concentration. High affinity phosphate transporters are
located primarily in plasma membrane of root hairs and operate at low Pi concentra-
tion. The high affinity transporters are induced when Pi is deficient.

Mechanism of Phosphate Transport: The transporters, which are H,PO,/H* sym-
porters, move Pi against the steep concentration gradient of about 10,000-fold or
higher (concentration of Pi in soil solution ~ 0.1-10 pM and cellular concentration
inside roots ~ 2-20 mM) through active transport with energy derived from
ATP. The movement from root surface to xylem is symplastic and is at a rate of
about 2 mM h~! (Bieleski 1973). Transport of Pi to above ground parts is through
xylem flow and to cells in tissues through symplastic transport. Movements of Pi
through plasma membrane into cells and into vacuole within cells are carried out by
H,PO,/H* symporters with energy derived from ATP.

Genes Involved in Pi Acquisition and Transportation: Genes of four transporter
families, PHT1, PHT2, PHT3 and PHTA4, are found in Arabidopsis. Members of
PHT1 gene family are expressed in root epidermal cell and the encoded transporters
are located on the plasma membrane (Lin et al. 2009). They are high affinity H,PO,~/
H* symporters and function to acquire Pi from the rhizosphere.

Early Genes and Late Genes: Genes that respond to P deficiency can be grouped
into ‘Early genes’ that respond rapidly and often non-specifically to Pi deficiency,
or ‘Late genes’ that impact on the morphology, physiology or metabolism of plants
upon prolonged Pi deficiency (Vance et al. 2003, Hammond et al. 2004).

PHO Regulon Genes: There is a Pi-starvation-inducible rescue system in plants
with their promoter region, the PHO regulon genes, under a common regulatory sys-
tem (Goldstein et al. 1988). The Pi-responsive genes, TPSI1 from tomato and Mt4
from Medicago truncatula, have cis-regulatory elements ‘GCACG (G/T)’ in their
binding sites. The AtPHR1 (phosphate starvation response 1) gene from Arabidopsis
has a motif, a cis-element ‘GNATATNC’ (P1BS, PHR1 specific binding sequence,
cis-element ‘GNATATNC’), which is shared by several Pi-responsive genes.

Late Genetic Response to Pi Deficiency: PHRI1 is involved in coordinated regula-
tion of many ‘late’ Pi starvation genes, such as RNases, phosphatases, TPSI/Mt4
family (Franco-Zorrilla et al. 2004, Hammond et al. 2004) and OPSI1 (Wasaki et al.
2006), which have PHRI1 binding sites. PHR1 binds as a dimer to the promoter of
‘late’ Pi-starvation genes. Most of the Pi taken up by roots is subsequently trans-
ported through xylem to shoots.
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Sugar Signalling: Miiller et al. (2007) have identified 149 transcripts of Pi induced
genes, which are regulated by the interaction between Pi deficiency and sucrose
availability. Many of these genes encode proteins involved in carbohydrate metabo-
lism and P re-mobilisation.

Micro RNA (miRNA): MicroRNAs (miRNAs) containing 19-25 nucleotides are
found in all animals and plants but not in fungi. They are post-transcriptional regu-
lators encoded by specific genes, several at a time or by some portions of the
introns of genes, whose m-RNA they regulate. They either completely destroy the
m-RNA if their sequences exactly match (usually in plants) or repress the transla-
tion of m-RNA if there is a partial match. In the later case several of them simul-
taneously bind to the UTR (un-translated) region of m-RNA. In plants they may
target the coding region itself (He and Hannon 2004).

miRNA and Phosphate Deficiency: Phosphate deficiency causes up-regulation of
miR399, which decreases rapidly on Pi addition (Fujii et al. 2005, Bari et al. 2006).
Over-expression of Arabidopsis miR399 in tomato results in increased accumula-
tion of Pi. There is also augmented excretion of acid phosphatases and protons by
roots, which facilitates Pi acquisition from soil (Gao et al. 2010). Homologues of
miR399 have been found in rice, tomato, common bean (Phaseolus vulgaris) and
Medicago truncatula (Kuo and Chiou 2011).

Methods Adapted to Improve Phosphate Use Efficiency: Phosphate (Pi) use effi-
ciency (PUE) of crops is generally low (15-20%) due to various soil and plant related
factors. Some of the methods adopted to improve PUE are as follows: (1) Growing
suitable plant associations with high and low Pi-uptake capacities, (2) facilitation of
Pi availability by one crop to the other through rhizosphere acidification, (3) manipu-
lating expression of genes enabling growth in low-P environments.

1.4.3 Uptake of Potassium (K)

Potassium content of soils is in the range of 0.5-2.5%. Plants contain about 2—-10%
of K of their dry weight. Cytoplasmic concentration of K* is maintained at approxi-
mately 100 mM, although vacuole may contain 20-200 mM of K* (Gierth and
Miser 2007). Apoplastic concentration of K* may vary between 10 and 200 mM
and may increase up to 500 mM (White and Karley 2010, Wang et al. 2013).

Potassium activates about 60 enzymes involved in various metabolic processes, such
as photosynthesis, protein synthesis, oxidative metabolism etc., and improves quality
and stress tolerance of crops. It is also involved in osmo-regulation, turgor driven move-
ments and maintenance of the plasma membrane potential. Within the cytosol, K* ion
neutralises the soluble and insoluble macromolecular anions and stabilises pH at about
7.2, which is optimal for most enzymatic reactions (Marschner 1995).
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Genes involved in K uptake: A large number of proteins encoded by their corre-
sponding genes are involved in K* transport in plants. According to Transporter
Classification (TC) System there are two major pathways for K* acquisitions by
plants, Class 1: Channels and other low-affinity systems effective at concentrations
near | mM and above, Class 2: High-affinity systems operate at K* concentrations
in the pM range. Channels also contribute to high-affinity K* uptake.

Pathways of K* Acquisitions by Plants: The pathways fall into several distinct
categories as follows: (a) K* channels consisting of three families: Shaker-type
channels, KCO channels (a total of 15 genes in Arabidopsis) and cyclic-nucleotide-
gated channels (CNGC, 20 genes in Arabidopsis) (Very and Sentenac 2002). (b) Trk/
HKT transporters [Na*/K* symporter] (Schachtman 2000), one gene in Arabidopsis;
(c) KUP/HAK/KT transporters [H*/K* symporter] (Kim et al. 1998); 13 genes in
Arabidopsis. (d) K*/H* antiporter homologue; six genes in Arabidopsis; and (e) glu-
tamate receptors (GLRs; 20 genes in Arabidopsis) (Very and Sentenac 2002).

Shaker Channels: Plant voltage-gated channels belonging to the Shaker family
participate in K* uptake from the soil solution, long-distance K* transport in the
xylem and phloem, and K* fluxes in guard cells during stomatal movements (Chérel
2004). Hyper-polarisation-activated channels are inwardly rectifying (i.e. mediating
an inward K* current). Depolarisation-activated channels are outwardly rectifying
(allowing K* efflux from the cell).

SKOR and GORK Channels: The Shaker-type channels are further subdivided
into SKOR and GORK channels (both depolarisation-activated), KAT channels and
AKT channels. AKT channels contain an ankyrin-binding motif, which is lacking in
KAT type channels (Maser et al. 2001). Once K* has been taken up, its secretion
into the root xylem for delivery to the shoot involves the outwardly rectifying SKOR
channel, which could mediate the delivery of up to 50% of the K* in the xylem sap.
Outwardly rectifying Shaker, GORK, is expressed in guard cells. AKT and KAT
channels: AKT1 gene encodes an inwardly rectifying channel, which plays a role in
K* uptake from the soil solution. AKT?2 has a role in the control of the phloem cell
membrane potential, and in the regulation of sucrose loading/unloading into/from
the phloem sap. The AKT2 channel also accounts for about 50% of K* permeability
of mesophyll cells, AKT1 being responsible for the remaining 50%. Inwardly recti-
fying Shakers, KAT1 and KAT?2, are expressed in guard cells.

KCO channels and cyclic-nucleotide-gated channels (CNGC): KCO channels are
components of slow vacuolar (SV) double-pore K* channels located in the tonoplast.

Trk/HKT Transporters (TC: 2-A-38): HKT (High Affinity K* transporters) pro-
teins of plants are part of the Trk superfamily of cation transporters and are topo-
logically related to K* channels. Plant HKT amino acid sequences group into two
subfamilies, and the genes of subfamily one have longer introns than those of sub-
family two (Platten et al. 2006). Subfamily two exclusively contains monocot genes;
subfamily one includes monocot genes and all known HKT's from dicots.

KUP/HAK/KT Transporters (TC: 2:A-72): All plant genomes contain genes
encoding KUP (potassium uptake permeases)/HAK (high affinity potassium trans-
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porters)/KT (potassium transporters) (given different acronyms by different research
groups) transporters (not found in Protista and Animalia). All KT/KUP/HAK trans-
porters can be grouped into four distinct clusters. Plants have Cluster I or Cluster 11
transporters. Cluster III genes are found only in Arabidopsis and rice. Cluster IV is
the smallest in number, which comprises only of four rice genes. Cluster I transport-
ers have high affinity for K* and play a key role in potassium acquisition, when K*
availability is low. Cluster II transporters facilitate low-affinity K* transport comple-
menting potassium channels. These transporters are localised in the tonoplast and
facilitate K* efflux from the vacuole. Under conditions of K* deprivation, export of
K* from the vacuole is mediated by a K*/H* symporter with a 1:1 stoichiometry for
the maintenance of K* homeostasis.

K*/H* Antiporter Homologues: Also known as CHX (Cation/H" eXchanger), a mem-
ber of the family, AtCHX17 expressed in the cortex and epidermis of the mature root is
involved in K* acquisition and homeostasis rather than Na* transport. Glutamate recep-
tors (GLR): GLRs are non-selective cation channels involved in Ca** influx and are
differentially activated by amino acids especially glutamic acid and glycine. All of the
20 genes of Arabidopsis are grouped into three clades and expressed in roots.

1.5 Secondary Nutrients

Calcium (Ca), magnesium (Mg) and sulphur (S) are considered as the secondary
nutrients for plants. Soils in many locations contain reasonable amounts of these
nutrients. Hence farmers do not apply these nutrients on a regular basis to their
crops as NPK.

1.5.1 Uptake of Calcium (Ca**)

Calcium is the fifth most abundant element and constitutes about 3.5% of the earth’s
crust. Most of the soils are moderate to rich in Ca*? (0.7-1.5%), except strongly acidic
tropical soils (0.1-0.3%) and calcareous soils in arid and semi-arid regions (1-30%).
There is an equilibrium among solution Ca*?, exchangeable Ca*? and mineral Ca*.

Mineral Ca®" — Solution Ca®>* & Exchangeable Ca*".

Healthy plants growing with adequate Ca** supply have a Ca*? content of 0.1-5%
of their shoot dry weight. A steady supply of 1-10 mM Ca?* is required for normal
plant growth (Gilroy et al. 1993). Plants have been classified according to their Ca**
requirements: ‘Calcifuges’, which grow in acid soils with low Ca’* and capacity to
tolerate toxic concentrations of Fe, Al and Mn (Crassulaceae, Brassicaceae and
Fabaceae); ‘Calcicoles’, which grow in calcareous soils with high Ca*" and toler-
ance to deficiency of P and Fe (Apiales and Asterrales).
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Acidic pectin residues (galacturonic acid) of cell wall bind Ca** and impart rigid-
ity to it. The carboxylic groups of galacturonic acid of cell wall pectins in the middle
lamella are responsible for root CEC. Cell wall provides an enormous reservoir of
Ca?* (10 pM—-10 mM) in contrast to cytosol (100-200 nM). High concentration of
Ca* (0.1-1.0 mM) is required on the outer surface of plasma membrane to maintain
its structural and functional integrity (Hepler 2005).

Since Ca?* at higher concentration is cytotoxic, its movement through phloem is slow
and its distribution unequal within the plants. The older leaves contain more Ca’* than
the younger ones. Most of the Ca?* transported through xylem (300 pm and 16-5 mm) is
sequestered and locally deposited. Excessive Ca’* within cytoplasm, which, move to
vacuole, are deposited as insoluble salts of oxalic, phosphoric and phytic acids.

Calcium regulates various fundamental processes such as cytoplasmic streaming,
thigmotropism, gravitropism, cell division, cell elongation, cell differentiation, cell
polarity, photomorphogensis, and plant defence and stress responses (Song et al. 2010).
Cytoplasmic concentration of Ca’* needs to be strictly regulated at nano molar (nM)
range (100-200 nM). Cytoplasmic streaming is permitted at a low Ca?* concentration of
0.1 puM but an elevated concentration of 1 pM inhibits the process (Hepler 2005).

Various abiotic stresses such as cold, heat, salinity, drought, osmotic and oxida-
tive stresses, and physical stimuli such as touch and swaying of the plants by wind
cause transient perturbations of cytosolic Ca’* concentration, which are restored to
basal levels within minutes (White 2003, Reddy et al. 2011).

1.5.1.1 Genes Involved in Ca** Homeostasis

Calcium homeostasis in cytoplasm is achieved through regulation of influx/efflux of
Ca?* ion by (1) calcium channels, (2) Ca**/H* antiporters and (3) Ca-ATPases.
Influx of Ca* ions takes place through voltage gated channels, such as (1) hyper
polarisation activated cation channels (HACC), (2) depolarisation activated cation chan-
nels (DACC), (3) voltage independent cation channels (VICC), (4) ligand gated chan-
nels (cyclic nucleotide gated channels, CNGCs) and (5) glutamate receptors (GLRs).
Efflux of Ca® from cytosol is carried out by (1) Ca/H* antiporters (CAX1),
which mediate a high affinity low turnover efflux and found in tonoplasts of
Arabidopsis (CAX1-CAX11 & MHX), VCAXI in mungbean, OsCAXla in rice,
GmCAXT1 in soybean and (2) P-type Ca-ATPase, which mediate a low affinity high
capacity efflux of Ca?*. There are two types of Ca-ATPases: (a) P2A found in ER,
Golgi and Endosomes and (b) P2B in ER, plasma membrane, plastid envelop.

1.5.1.2 Ca* Regulated Gene Expression in Response to some Specific
Abiotic Stress

Drought: Exogenous Ca’* has been reported to enhance drought resistance, inhibit
synthesis of activating oxides, protect the structure of plasma membrane, maintain
normal photosynthesis and regulate the metabolism of plant hormones. Cellular
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Ca* as a second messenger transmits drought signal and induces physiological
response to water stress.

Cold: Ca* permeable channel proteins have been reported to be primary tempera-
ture sensors in plants and are involved in plant response to cold stress. A large num-
ber of genes of CBF regulon are induced during the process of cold acclimation.

Heat: Plants in response to higher temperature synthesise heat shock proteins
(HSPs), a number of which has been characterised. Their transcription is tightly
regulated by TFs. Elevation of cellular Ca** due to heat changes expression of sev-
eral genes including Ca** sensors.

Mechanical Stimuli, such as touch and wind, induce elevation of cytosolic Ca**

concentration (Braam 2005). Different types of mechanical stimuli induce distinct
type of Ca?* response in Arabidopsis roots. Touch stimuli induce monophasic eleva-
tion of cytosolic Ca** concentration at the touch site. Bending induces biphasic tran-
sient elevation of cytosolic Ca** concentration on the convex (stretching) side
(Fig. 1.6).

1.5.2 Uptake of Magnesium (Mg**)

Mg?* has the smallest ionic radius, highest charge density and largest hydrated
radius. There is a 400-fold difference between volumes of hydrated and non-
hydrated states (Li et al. 2001, Geberta et al. 2009). Earth’s crust contains about
1.93% of Mg. The Mg content of soil may vary from 0.1% coarse-textured humid
soils to 4% in fine-textured soils from arid or semi-arid region. Mg?* ions unlike
Ca?* are more susceptible to leaching since they are not as strongly adsorbed to clay
minerals or organic matter due to their large hydrated radius.

Mg?* concentration in crops varies from 0.1 to 0.4%. The critical limit of Mg>* in
dry banana leaves has been reported to be 0.3% and of coconut 0.2% (14th fond)
(Mitra 2006). The free Mg?* level in the cytosol is strictly regulated due to its role
in photosynthesis and on membrane ionic currents (Shaul 2002). The concentration
of Mg?* in the metabolic pool of leaf cells (cytoplasm and chloroplast) is reported to
be 2-10 mM (Leigh and Wyn-Jones 1986). Free Mg?* concentration is considerably
less. About 90% of Mg?* is complexed with cytoplasmic ATP.
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Mg?* acts as cofactor of many enzymes, such as RNA polymerase, ATPases,
protein kinases, phosphatases, carboxylases and glutathione synthetase. It is
required for aggregation of ribosomes and is the central atom of chlorophyll mole-
cule. During the process of chlorophyll formation, insertion of Mg into the por-
phyrin structure is catalysed by Mg**-chelatase (Walker and Weinstein 1991;
Papenbrock et al. 2000). Mg** is involved in both light and dark reactions of photo-
synthesis. Mg?* deficient leaves are therefore highly photo-sensitive (Shaul 2002).
Mg?* deprivation elicits rapid Ca?* uptake and activates Ca’*/calcineurin signalling
(Wiesenberger et al. 2007). Low magnesium concentrations may become a limiting
factor for functional intracellular communication (Geberta et al. 2009).

Mg Transporters: CorA (cobalt resistant phenotype of bacterial mutants) is involved
in the transport of Mg*" across biological membranes and has unique structures
(Moomaw and Maguire 2008; Geberta et al. 2009). CorA appears to be a constitutive
gene since it is not transcriptionally regulated. CorA homologue proteins have been
found in all living organism including plants. It has been observed that grasses and cere-
als treated with AI** show Mg?* deficiency (Tan et al. 1991) and application of higher
levels of Mg?* can alleviate AI** toxicity (Tan et al. 1991; Matsumoto 2000). It has also
been shown that AI** inhibits Mg?* uptake by roots (Rengel and Robinson 1989). The
hydrated radius of Mg?* and AI** are similar (Bose et al. 2011). At milli-molar concen-
tration Mg?* can effectively compete with AI** for the same binding sites of the roots.

1.5.3 Uptake of Sulphur (S)

Soil derives S from the S bearing minerals, S-containing fertilisers and from atmo-
sphere, which is enriched by S containing gases primarily SO, from industrial emis-
sions. About 30-40% of S in top soil at Rothamsted, UK, is derived from atmospheric
deposition (Zhao et al. 2001). Globally soils of many countries are deficient in S and
need application of S to meet the crop demand for maintaining their yield and quality
parameters (McGrath et al. 1996). S deficiency is generally found in coarse-textured
alluvial soils (Entisols and Inceptisols), red and lateritic soils (Alfisols) and Vertisols.
Application of S-fertilisers in optimum doses does not have any residual effect since
clay minerals do not bind sulphate and it is leached out of soil. Annual application of
S as sulphate >50 kg S ha™' for more than 150 years in the Broadbalk Experiments in
Rothamsted did not result in any build up of S in the soil (Zhao et al. 2001).

Sulphur (S) is an essential plant nutrient and is considered as the fourth major
nutrient after N, P and K (TSI 2008). It is also of importance in human and animal
nutrition. The total S content of plant tissues has been reported to be 0.5-1.5% of
the dry weight of the plants (Zhao et al. 1993; Marschner 1995; Burandt et al. 2001).
Sulphur is a constituent of various organic plant constituents.

Sulphur is a constituent of amino acids cysteine and methionine, which are
involved in maintaining protein structure and conformation. It is a constituent of
coenzymes and prosthetic groups such as lipoic acid, coenzyme A and thiamine.



22 G. Mitra

Sulphur compounds are involved in response to abiotic and biotic stress, such as
glutathione in the detoxification of active oxygen species. Sulphur plays an impor-
tant ecological role in defence against herbivores and pathogens.

Effects of S on Yield and Quality of Crops: Field experiments at Rothamsted
show that yield loss due to S-deficiency in oilseed rape can be up to 70% and in
cereals up to 50% (Zhao et al. 2001). Oil seed crops generally have a higher
requirement of S as compared to other crops. S-deficiency also affects quality of
crops. Under limiting S availability, wheat grains accumulate low sulphate storage
proteins such as w-gliadin and high molecular weight subunits of glutenin at the
expense of S-rich proteins. Such changes in protein composition affect dough rheol-
ogy. The oil content of oil seeds is reported to increase due to S-application as fol-
lows: sunflower, 3.8%; linseed, 6%; soybean, 9.2%; mustard, 9.2%; and groundnut,
11.3% (TSI, 2008).

Plant Sulphate Transporters: Plasma membrane sulphate transport is probably
a pH-dependent proton coupled co-transport involving 3H*/SO,*~ stoichiometry.
The sulphate transporter protein expressed in the plasma membrane of root cells
consists of a single polypeptide chain of around 70-74 kD. A large number of
sulphate transporter genes have been identified from Arabidopsis, rice and other
plants.

In Arabidopsis the gene family consists of 14 isoforms, subdivided into five groups.
Wheat, Brassica oleracea and rice have similar gene groups and are close homo-
logues with similar functions. Group-1, high affinity transporters, is located in the
plasma membrane. Group-2, low affinity transporters, is located in the plasma
membrane. Group-3, of unknown function, may be associated with hetero-dimer
association (Kataoka et al. 2004a). Group-4 is involved in efflux of sulphate across
tonoplast of vacuole into cytoplasm (Kataoka et al. 2004b). Group-5, a member,
Sultr 5;2 is probably an intracellular transporter involved in Mo metabolism in
Arabidopsis and named as mot1 (Shinmachi et al. 2010).

Regulation of Sulphate Uptake: S uptake is closely coordinated with N and C
metabolism. There is an induction of the genes of high affinity sulphate transporters
due to addition of sucrose. Nitrogen deficiency strongly reduces sulphur uptake and
consequently a significant reduction in accumulation of transcripts of high affinity
sulphate transporters AtSultrl;1 and AtSultrl;2. However S-deficiency does not
decrease total N content although there is an increase in O-acetyl serine (OAS),
which is the precursor for synthesis of cysteine and has a role in the regulation of
sulphate uptake and reduction (Hawkesford 2003). Addition of OAS (O-acetyl ser-
ine) to plants with adequate supply of sulphate leads to an increase in mRNA levels
of sulphate transporters, sulphate uptake rates and tissue content of glutathione and
cysteine. While sulphate, cysteine and glutathione act as negative regulator of sul-
phate transporter gene expression, OAS overrides such effects and acts as a positive
regulator (Smith et al. 1997). The set of genes regulated under S-deficient condi-
tions differs considerably between leaves and roots (Hirai et al. 2003).
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miRNA (microRNA): Expression of miR395 is significantly up-regulated during
S-deficiency. Two families of genes involved in sulphate metabolism are targeted by
miR395. (1) The APS genes coding ATP sulphurylase isoforms: ATPS1, ATPS3,
ATPS4 and (2) The genes of low affinity sulphate transporters, Sultr2;1, which are
located in the xylem parenchyma cells of roots and shoots. Sultr2;1 is cleaved by
miR395 (Liang et al. 2010).

1.6 The Micronutrients

Zinc (Zn), Iron (Fe), Manganese (Mn), Copper (Cu), Boron (B), Molybdenum (Mo),
Chloride (Cl7), Cobalt (Co) and Nickel (Ni) are considered as micronutrients. They
are applied in small quantities to plants but are essential for plant growth. When pres-
ent in less than optimal quantities they show characteristic deficiency symptoms.
However they become toxic to the plants beyond a threshold concentration.

1.6.1 Uptake of Zinc (Zn**)

Lithosphere contains about 80 ppm of Zn. The Zn content of soil is within a range
of 10-300 ppm. Zinc deficiency is generally observed in low land soils, since low
redox potential causes precipitation of Zn** as zinc sulphide, zinc carbonate and
zinc oxy-hydroxides. In aerobic soils Zn** is readily available to plants on cation
exchange sites. However calcareous soils tend to become Zn deficient even under
aerobic conditions. Short-term flooding of these soils may make Zn readily avail-
able at an intermediate redox potential (Rose et al. 2013).

Zinc (Zn) is essential for plant growth. Zinc concentration less than 15-20 pg in
leaves per gram of dry leaf tissues leads to Zn deficiency. About one third of world’s
population suffers from mild Zn deficiency. Zinc deficiency causes impaired brain
development, dysfunction of the reproductive system, anorexia, immune disorders,
hair loss, skin lesions and loss of taste and smell (Fernandez 2007; Song et al. 2010).

Zinc is an essential catalytic component of over 300 enzymes such as alkaline
phosphatase, alcohol dehydrogenase, carbonic anhydrase and Cu—Zn superoxide
dismutase. Zn plays an important role in transcriptional and post-transcriptional
processes, in protein degradation and protein-protein interactions (Broadley et al.
2007, Song et al. 2010). Several transcriptional regulatory proteins have motifs sta-
bilised by Zn, such as Zn finger, Zn cluster and RING finger domains.

Mechanisms of Zn Uptake by Plants: Rice varieties with higher efficiency for Zn
uptake secrete citrate and malate at an increased rate in response to Zn deficiency in
soil. The amount of citrate and malate excreted is however not enough to mobilise
Zn from Zn deficient soil (Rose et al. 2013). Zn deficiency in barley plants is
reported to induce synthesis and secretion of mugeniec acids, which are effective in
Zn uptake from the soil (Suzuki et al. 2006).
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Zn*-Transporters: It is essential to maintain Zn** homeostasis within plants and
their various organs at an acceptable physiological limit since Zn is toxic beyond a
threshold concentration. This is carried out by a coordinated expression of Zn*
transporters, which are involved in Zn?* uptake from the soil, translocation of Zn**
to various organs and tissues, in intracellular sequestration and transport to
vacuole.

The transporters involved belong to several groups, such as HMAs (heavy metal
transporters) of P-type ATPase superfamily (HMA?2 and HMA4); PCRs (plant cad-
mium resistance transporters (PCR2); MTPs (metal transporter proteins) of CDF
family and the ZIP (ZRT and IRT like protein family) (ZIP1, ZIP3 and ZIP7).

TFs (transcription factors) have been reported to be involved in molecular con-
trol of Zn>* homeostasis in plants under Zn?** deficiency such as bZIPs (basic-region
leucine zipper), bZIP19 and bZIP23.

1.6.2 Uptake of Iron

Iron constitutes about 5% of earth’s crust. Most of the soils around the world are
rich in iron. Iron in soil is present in the form of an amorphous Fe (OH); precipitate,
which is the immediate source of iron uptake by plants. Availability of Fe to plant
roots depends on redox potential and pH of the soil. Plant tissue concentration of
1-5 pM Fe is considered sufficient and a concentration below 1 pM is likely to
cause deficiency. A concentration above 10 pM may cause toxicity with reduction
of growth parameters (Mitra et al. 2009). However these limits may vary consider-
ably among different plant species and their genotypes.

Fe is a constituent of a number of enzymes and proteins (ferritin, farataxin, Fe—S
cluster, etc.). Several flavoproteins contain firmly bound Fe** ion such as succinic
FADH, dehydrogenases, dihydroorotic acid dehydrogenase, and xanthine and alde-
hyde oxidases. Iron is a structural component of a number of molecules with por-
phyrin ring such as cytochromes, hemes, ferrichromes and leghemoglobin. Most of
the Fe-containing enzymes are involved in oxidation-reduction reactions in respira-
tion and photosynthesis.

Mechanism of iron uptake by plants: There are two distinct iron-uptake systems
based on the response of plants to Fe deficiency, Strategy-I and Strategy-I1.
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Strategy-I plants: These include all dicots and non-graminaceous monocots. Fe
deficiency causes a decrease in rhizosphere pH of these plants to facilitate release of
Fe?** ion from insoluble sources. The sparingly soluble ferric iron is then reduced at
the root surface by membrane-resident NADPH-dependent ferric chelate reductase.
Reduced ferrous iron is absorbed into root cells by the high affinity Fe**-transporter,
IRT1, a member of the ZIP metal transporter family. IRT1-like Fe**-transporters
have been isolated from several dicotyledonous species.

Strategy-II plants: These are limited to graminaceous monocots. These plants
release mugineic acid-family (MAs) phytosiderophores to the rhizosphere, where
they solubilise sparingly soluble iron by chelation. The chelated complex is then
absorbed into the roots. Rice plants use MAs to acquire Fe from the rhizosphere.
Synthesis of MAs and uptake of MA chelated iron are strongly induced under iron
deficient conditions.

Iron Transporters: The transporters involved in Fe uptake are (1) IRTs of ZIP family
(AtIRT1, AtIRT2; OsIRT1, OsIRT?2 etc.) involved in high affinity iron uptake by roots, (2)
Nramps (AtNrampl, AtNramp3, AtNramp4, OsNramp5, LeNrampl, AhNrampl etc.
found in various plants) involved in Fe transport, (3) ABC transporter [AtABCB25
(AtATM3) is a mitochondrial ABC transporter involved in biogenesis Fe-S clusters in
plants], (4) H*-ATPase (expressed in the root epidermis release protons to the rhizosphere,
which lowers pH and make iron more soluble. Fe deficiency up-regulates the H*-ATPases,
AHA1, AHA2 and AHA7 in the root epidermis) and (5) the YSL transporter (YS1 found
in Poaceae roots is a proton coupled symporter of Fe(III)-PS complexes).

1.6.3 Uptake of Manganese (Mn**)

Earth’s crust contains an average of 1000 pg g=' of Mn. Total Mn in soils varies
between 20 and 3000 pg g~! with an average of about 600 pg g='.Mn in the form of
its oxides and hydroxides is coated on soil particles along with iron oxides and other
constituents. Mn can exist in various oxidation states (0, II, III, IV, VI and VII). In
biological systems Mn occurs preferably in the oxidation states of II, III and IV
(Guest et al. 2002). The concentration of Mn?* in soil is controlled primarily by
MnO, and ranges within 1 ppm.

MnO, +4H" +2e~ = Mn> +2H,0.

About 90% of solution Mn** exists as organic complexes.

Mn is a component of photosynthetic proteins and enzymes. Its deficiency espe-
cially in chloroplast affects water splitting mechanism of Photo-system II (PS-II),
which provides electrons for photosynthetic electron transport (Buchanan et al.
2000). Mn is involved in some of the essential metabolic processes, such as photo-
synthesis, respiration, activation of hormones (IAA through IAA oxidase, Burnell
1988) and synthesis of amino acids (Millaleo et al. 2010).



26 G. Mitra

Mn is a cofactor of about 35 enzymes such as Mn-superoxide dismutase,
Mn-catalase, pyruvate carboxylase and phosphoenolpyruvate carboxykinase. Mn is
essential for synthesis of chlorophyll, ATP synthesis, bio-synthesis of fatty acids,
acyl lipids and proteins, synthes tyrosine and secondary products, flavonoids and
lignin. It is involved in RuBP carboxylase reactions and biosynthesis of isoprenoids
and assimilation of nitrate. Mn is involved in some of the essential metabolic pro-
cesses, such as photosynthesis, respiration, activation of hormones, IAA through
TAA oxidase and synthesis of amino acids (Millaleo et al. 2010).

Mechanism of Mn?* Uptake: Cellular Mn?* uptake is carried out by a number of
transporter proteins.

Mn Transporters: The gene families involved in Mn transport include the following:

(1) Cation/H* antiporter: The Arabidopsis AtCAXI1 is a vacuolar high affinity
Ca*/H* antiporter. AtCAX2 has low affinity for Ca®* and possibly transports Mn?*
and Cd** across the tonoplast (Hirschi et al. 1996, 2000). (2) AtNramp1, AtNramp3
and AtNramp4 can transport Fe, Mn and Cd. (3) ZIP5, ZIP6 and ZIP9 transport Mn
alone. (4) The proteins of CDF family are involved in efflux of transitional metal
cations, Zn?*, Cd**, Co**, Ni** or Mn** from cytoplasm to outside of the cell or into
sub-cellular compartments to maintain metal homeostasis and tolerance to their
toxic effects (Hall and Williams 2003; Hanikenne et al. 2005).

1.6.4 Uptake of Copper (Cu**)

Copper content of earth’s crust is about 50-70 pg g='. Total Cu content of soils var-
ies between 1 and 40 pg g=! with an average of 9 pg g=!. Copper (Cu?*) is chemically
adsorbed to the surface of clays, and Fe, Al and Mn oxides. It is one of the divalent
cations, which is most strongly adsorbed to oxides of Fe and Al, forming Cu-O-Fe
and Cu-O-Al surface bonds. It also forms such bonds with clay minerals. In soil
solution the dominant ion at pH below 7.0 is Cu?** and above pH 7.0 Cu (OH),. The
solubility of Cu** decreases with an increase in pH (Lindsay 1979).

Cu** +2H,0 = Cu(OH), +2H".

Copper concentration in plant tissues is about 1-5 pg g=! of dry weight and in
leaves 5-20 pg g=! of dry weight. Under physiological conditions, copper exists as
Cu* and Cu** forms. The Cu?* form is often bound by N in histidine side chain and Cu*
preferably to S in cysteine or methionine. Both deficiency and toxicity of Cu adversely
affect crucial physiological processes in plants. It is essential that Cu concentrations
in tissues and cells need to be controlled within a narrow physiological range. This
involves uptake of Cu from soil, transport to different parts of the plants and regulation
of its concentration in tissues, cells and intra-cellular organelles.

Cu is involved in photosynthetic and respiratory electron transport chain, cell wall
lignification, Vit-C metabolism, ethylene perception, carbohydrate metabolism, nitro-
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gen fixation, fatty acid de-saturation and hydroxylation, protection from oxidative
stress, pathogen defence and biogenesis of molybdenum cofactor. Cu is an integral
part of plastocyanin a protein involved in photosynthetic electron transport and of
cytochrome ¢ oxidase involved in respiratory electron transport chain. Deficiency of
Cu reduces plastocyanin biosynthesis, which affects PSI electron transport. Several
enzymes need Cu ion as a cofactor such as polyphenol oxidases, ascorbate oxidase,
diamine oxidases and laccase. The detoxification of superoxide radicals are carried
out by the enzyme Cu/Zn superoxide dismutase. Cu is involved in oxidative phos-
phorylation, iron mobilisation, signalling transcription and protein trafficking machin-
ery (Yruela 2003, Pilon et al. 2006, Puig et al. 2007). Redox reactions between Cu*
and Cu* can catalyse production of highly toxic hydroxyl radicals (HO"), which frag-
ments Cu/Zn SOD and causes damage to cell membranes, nucleic acids, proteins and
other bio-molecules. Damage to cell membrane causes ion leakage such as K* ion
leakage from the excised roots of Agrostis capillaris. Oxidative damage caused by Cu
toxicity interferes with various cellular processes such as photosynthesis, pigment
synthesis and number of other metabolic processes resulting in stunted growth of
plants. Cu toxicity causes destruction of thylakoid structure in chloroplast and signifi-
cant modification of protein and lipid composition of thylakoid membranes.

Genes involved in Cu Uptake: A wide range of gene families and proteins have
been identified, which are involved in Cu homeostasis. Some of them are (1) copper
transporter proteins (COPT) (transport of Cu from exterior into cytoplasm), (2)
P-type ATPases (trans-membrane transport of Cu), (3) the YSL transporters (Cu
delivery from vascular tissues to seeds along with iron (Yruela 2009)) and (4) CCH
(copper chaperones), involved in symplastic Cu transport through plasmodesmata.

miRNA: When there is excessive Cu, transcription of miR398 is a down-regulated
as otherwise it would have cleaved mRNA of CSD1 and CSD2, which are involved
in detoxification of Cu-induced oxidative stress.

1.6.5 Uptake of Boron (B)

Boron occurs on earth’s crust in most of the igneous rocks at a concentration less
than 10 pg g~'. The primary B mineral in soil is Tourmaline, a relatively insoluble
borosilicate. Total B concentration in soils is mostly around 7-80 pg g=!. About
95% of soil B is not available to plants. About 0.1 pg g=! of B in soil solution is
considered adequate for most of the monocots (Havlin et al. 2007). Availability of
B decreases with an increase in pH above pH 6.3-6.5. Liming acid soils may cause
temporary B deficiency. High Ca?* concentration in alkaline soils or recently over
limed soils negatively affects B availability. Application of higher doses of
K-fertilisers may also affect B availability. H;BOj; is the preferred form in which
roots absorb B. Boron concentration in monocots varies between 6 and 18 pg g™
and in dicots from 20 to 60 pg g~'. Boron deficiency occurs at <20 pg g7 B in
mature leaf tissues. B is not readily translocated from older to younger leaves.
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Boron is essential for cell wall structure and functions. Primary cell wall of higher
plants consists of cellulose, hemicelluloses (xyloglucan and arabinoxylan) and pectic
polysaccharides. The major components of pectic matrix are homogalacturonan (HG),
rhamnogalacturonan-I (RG-I) and rhamnogalacturonan-II (RG-II). Boron forms cross
links in pectic polysaccharides through borate-diol bonding of two rhamnogalacturo-
nan-II (RG-II) molecules in the cell wall. RG-II is present in primary cell wall.

Boron Transporters: Two types of B-transporters have been identified in
Arabidopsis thaliana, which are involved in B-uptake under conditions of B defi-
ciency, NIP5;1 and BOR1. NIP5;1 gene is up-regulated under B limiting conditions.
NIP5;1 protein is localised in the plasma membrane. BOR1 encodes a plasma mem-
brane protein, which is involved in boron efflux from cells (Takano et al. 2002).

1.6.6 Uptake of Molybdenum (Mo)

The average molybdenum content of earth’s crust is about 2 pg g=! and of soil 0.2-5
pg g7l CaMoQ, is the major form in which Mo is found in both acidic and alkaline
soils. Various forms of Mo found in soil solution are MoO, 2, HMoO,~ and H,MoO,
depending upon pH. Availability of Mo increases with increase in soil pH. Mo is
strongly adsorbed by Fe/Al oxides and may form insoluble compounds, which
become unavailable to plants.

2Fe™ +3M004™ = Fe,(MoO,),.

Plants containing <0.2 pg g=! of dry weight are likely to show Mo deficiency.
However this concentration may vary in different plant species.

Mo is taken up by plants as MoO,~2, which is then used for synthesis of pterin-
based Mo cofactor (Moco). Mo in Moco is covalently bound to two S atoms of a
unique tricyclic pterin moiety known as molybdo-pterin. All forms of life contain
Mo enzymes, which are involved in global cycling of C, S and N. All of these
enzymes are activated by Moco except nitrogenase. Moco becomes unstable when
it is dissociated from the protein part of the enzymes (Basu and Burgmayer 2011).
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Structure of Moco (adapted from Mitra 2015).

Mo Transporter: A member of group-5 sulphate transporter, Sultr 5;2 is probably
anintracellular transporter involved in Mo (molybdenum) metabolism in Arabidopsis
and is named as MOT1. MOT1 is expressed in all tissues of wheat (Shinmachi et al.
2010). MOTT is a high affinity Molybdate transporter specific for Mo and allows
plant to take up Mo from the scarce resource of Mo in soil.

Mo deficiency affects N and S metabolism in a manner different from N and S
deficiency. There is a significant accumulation of phosphate in plants due to Mo
deficiency.

1.6.7 Uptake of Nickel (Ni**)

Ni constitutes about 3% of earth’s crust. Total concentration of Ni in soil is around
5-500 mg kg~! with an average of 50 mg kg=!. Arable soils contain 3—1000 mg kg~!
of Ni (Liu et al. 2012). Nickel becomes available to plants in the form of Ni*? ions.
Nickel is readily oxidised in soil and becomes unavailable to plants above pH 6.7.
Nickel concentration > 10 pg g~! is generally considered toxic to sensitive plants.

Nickel is a constituent of enzyme urease (Dixon et al. 1975), which is present in
a large number of plants. It has been observed in several plants that Ni deficiency
results in accumulation of toxic concentration of urea in the leaves due to depres-
sion of urease activity. Nickel acts as a cofactor of enzyme urease and is essential
for conversion of urea into NH," for use by plant tissues.

Ni
NH,-CO-NH, +3H,0 o 2NH,” +CO, +20H".

Studies with ®*Ni on wheat plants showed that there was quick movement of *Ni
from labelled part of roots to newly developed roots and transiently to expanding
younger leaves. There was also rapid redistribution of ®Ni from older to younger
leaves indicating a high mobility through phloem (Page and Feller 2005).

Nickel Transporters: AtIRT1 (Iron Regulated Transporterl), a member of ZIP
family, is possibly the major transporter involved in high affinity iron uptake by
roots of Arabidopsis. It has been suggested that AtIRT1 also transports Ni (Nishida
et al. 2011).

1.6.8 Uptake of Chloride (CI")

Broyer et al. (1954) established Chlorine (Cl,) in the form of CI~ ion as an essential
plant micronutrient in 1954. Chloride concentration in earth’s crust is around 0.02—
0.05%. It occurs in igneous and metamorphic rocks. Sea water contains about 3.5%
of NaCl (Na*, 1.08%; C1-, 1.94%; SO, 0.27%; Mg**, 0.13%; Ca**, 0.04% and K*,
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0.04%) (Munns 2002). Chloride is added to soil along with potassic fertiliser KCl,
which constitutes 92% of world potassium consumption in agriculture. Chlorine
exists as chloride (CI7) ion in soil solution and is in the range of 0.5 ppm in acid
soils and more than 6000 ppm in saline and sodic soils.

Concentration of chloride in higher plants is usually 0.2-2.0% but may go up to
10% in saline soils (Fixen 1993).

Chloride (CI") is involved in (1) osmotic adjustments (cell turgor and stomatal
movements and regulation of water loss), (2) transport of nutrients in plants (Ca, Mg
and K), (3) increases yield of cereal crops, (4) regulation of function of several
enzymes, (5) photosynthesis and (6) reduces disease attack (suppresses stem rot,
sheath blight in rice, common root rot, stripe rust in wheat, downy mildew in pearl
millet, stalk rot in corn etc.). Chloride constitutes an important part of nutrient man-
agement for crops like coconut and oil palm.

Minimum concentration of chloride in plant tissue essential for biochemical
reactions is about 100 mg kg=! of dry wt. Chloride is a major osmotically active ion
in the vacuole and is involved in turgor and osmo-regulation. Chloride is reported to
act as an inhibitor of malic enzyme. Chloride acts as an activator of a number of
enzymes. Chloride dependent a-amylases, angiotensin converting enzymes (ACE)
and photosystem-II are activated by bound chloride.

1.6.8.1 Chloride Transporters and Chloride Channel Gene (CLC)

CCC (Cation Chloride Transporters) family of proteins occur in animals, plants,
fungi and bacteria. They are KCI/NaCl symporters. The generalised transport reac-
tion of CCC symporters is:

{Na* or K" +CI"} (out) 22 {Na" or K* +CI"} (in).

Other transporters involved in chloride channels are (1) Al**-activated Malate
Transporter and (2) NRTs (Nitrate Transporters).
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Chapter 2
Nutrient Uptake, Removal, and Cycling
in Eucalyptus Species

Akbar Ali, M. Naeem, Tariq Ahmad Dar, Mohd. Idrees, M. Masroor A. Khan,
Moin Uddin, Prem Kumar Dantu, and Teg Bahadur Singh

Abstract Eucalyptus (family Myrtaceae), represented by over 900 species distrib-
uted throughout the world, are well known for their essential oils. Nutrient supply is
treated as a dynamic variable which is related to relative growth rate. Plants take up
the nutrients from the soil and use them for various metabolic processes. The genetic
constitution of plants plays a superior role in determining the way assimilates are
partitioned between roots, stems, and leaves. Different growth stages of the trees are
reflected in processes of change that contribute to the control of nutrient demand,
storage, and distribution. The amount of litterfall and nutrient return depends on the
degree of biomass production and nutrient uptake in the stand. Cycling of nutrient
is an important aspect as significant amounts of nutrients are returned to the soil
through different mode and become available for cycling.
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2.1 Introduction

The genus Eucalyptus comprises of more than 900 species and various hybrids and
varieties. These are well known for their essential oils. The Eucalyptus genus
because of its high growth rate is presented as great soil nutrients demanding
(Camara et al. 2000). The nutrients absorption by eucalyptus trees is essential to
their development and reproduction. Most metabolic reactions are not possible
without mineral elements’ presence. Different growth stages of the plant are
reflected in processes of change that contribute to the control of nutrient demand,
storage, and distribution in trees. Deficiency of important nutrients for tree metabo-
lism determine according level its weakening (and therefore susceptibility increase
to plagues and diseases), poor growth, not reaching sexual maturity or even death
(Foelkel 2005). Among many roles of plant nutrients are constituents of plants’ tis-
sues, catalysts in various reactions, osmotic regulators, constituents of buffer sys-
tems, and regulators of membrane permeability (Pallardy 2008). Tree nutrition is
important throughout development; the nutritional demands are larger from plant-
ing to canopy closure because this early stage of growth is predominantly the
chlorophyll-producing tissues formation (Gémez 2006).

The circulation of nutrients in forests and plantations has received increasing
attention over the past two to three decades with the major emphasis on the biologi-
cal cycle between plant and soil of nutrient uptake, nutrient reabsorption before leaf
senescence, nutrient use efficiency, etc. (Ovington 1965; Attiwill 1981; Bargali
et al. 1992; Bisht 1993). Nutrient use efficiency can be estimated as the amount of
aboveground net primary production per kilogram of nutrient taken up (Binkley
et al. 1992).

The gross annual supply of a given nutrient from the soil is equal to the net
annual demand of the stand. It is assumed that the total amount of the nutrient
returned annually in the biogeochemical cycle from forest stand to soil is again
available to the stand. The balance between the input of a nutrient in rainfall and the
output in stream water (the geochemical cycle) is also considered as an available
amount of nutrient. All these processes are ecologically important because plant
nutrient uptake and nutrient recovery from senescing leaves are major components
of ecosystem nutrient cycles.

In the beginning the gross productivity proportion of the plants is highest in the
crown (leaves and branches), with high nutrient concentrations. Redistribution of
nutrients linked to leaf senescence is small during this period and great amounts of
nutrients are absorbed from the soil. This stage is characterized by increased nutri-
ent accumulation rates, which peak during the crown closing phase (Attiwill 1981;
Grove et al. 1996). The second stage includes crown closing when leaf biomass is
stable or slightly decreasing and the heartwood generates most of the primary gross
production. The heartwood nutrient content is low and this leads to a decrease in the
nutrient accumulation rate of the tree. This is the phase of maximum soil exploita-
tion by the fine roots and cycling processes are very intense. During the third growth
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Table 2.1 Percentage of nutrients at different age in E. grandis plantation (Source: Bellote et al.
1980)

Age (years)/% of the total extracted nutrients

Nutrients 1 2 3 4 5 6 7

N 21.6 34.6 47.7 60.8 73.9 86.9 100
P 21.8 28.1 46.6 69.7 90 99.9 100
K 13.4 27.8 422 56.7 85.6 85.6 100
Ca 8.2 15.9 32.7 49.5 83.2 83.2 100
Mg 1.1 18.7 36.2 53.8 89 89 100
S 9.9 249 39.9 54.9 85 85 100

stage of the tree, the greatest part of gross primary productivity is associated to the
maintenance of the produced biomass (Miller 1984; Grove et al. 1996).

Annual nutrient uptake = annual nutrient increment + annual nutrient return.

Annual nutrient return = ) (aboveground litterfall biomass of tree each month in
the stand x nutrient concentration in litterfall each month.

Cycling coefficient (%) = (annual nutrient return/annual nutrient uptake) x 100%.

2.2 Nutrient Uptake

Plants take up the nutrients from the soil and use them for various metabolic pro-
cesses. Some of the plant parts such as leaves, branches, seeds, fruits, and roots are
returned to the soil during the plant’s growth. The nutritional factor can be expressed
as a “flux density” or the amount of nutrient available per unit of time and unit of area.

In the beginning the gross productivity proportion of the plants is highest in the
crown (leaves and branches), with high nutrient concentrations. The processes regu-
lating nutrient transfers that require basic knowledge are as follows:

1. The geochemical cycle (in the soil)
2. The biogeochemical cycle (between tree and soil)
3. The biochemical cycle (inside the trees)

The eucalyptus can achieve a high biomass production on a low nutrient uptake.
The nutrient use efficiency of eucalyptus increased with the decrease of the avail-
ability of the nutrient in the soil (FAO 2011). The majority of the nitrogen, phospho-
rus, and potassium were found in the eucalyptus trees. Laclau et al. (2000) showed
that more than half of the nitrogen and 35% of the potassium in a stand of Eucalyptus
alba hybrids had accumulated in the tree biomass by the time the stand reached 2
years. Bellote et al. (1980) reported the Eucalyptus grandis on the evolution of the
nitrogen, phosphorus, potassium, calcium, magnesium, and sulfur content as
function of age (1-7 years). The data nutrient content for each year shows as a per-
centage of totals extracted at the end of 7 years (Table 2.1).
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All nutrients showed a maximum accumulation at 7 years old (increasing trend
with increasing age) with the exception of phosphorus, which at 6 years had already
accumulated 99.9% of the total extracted. By the fourth year more than 50% of the
total of all nutrients have been removed except calcium, with an accumulation at
that age of 49.5%. Schumacher and Caldeira (2001) reported the nutrient content in
different compartments of forest biomass in 4-year-old E. globulus. The tree stem
represents 69% of total biomass, which contained only 29% of the nitrogen, 28% of
the phosphorus, 40% of the potassium, 12.5% of the calcium, and 34% of the mag-
nesium. However leaves with 15% of the total biomass (larger canopy proportion
than in other studies because are young trees in this instance) contained 60% of the
nitrogen, 45% of the phosphorus, 33% of the potassium, 23% of the calcium, and
29.5% of the magnesium. On the other hand, bark was the element that accumulated
55.3% of the total calcium, representing only about 9% of total biomass.

George (1984) reported that 120 t ha™! of total biomass in Eucalyptus plantation
constituted 69% aboveground biomass and accumulated 42, 50, and 35% N, P, and
K of total uptake amounting to 168, 47, and 104 kg ha!, respectively. Nitrogen
status of plants affects growth mainly via light interception by strongly influencing
the partitioning of assimilates between roots, stem, and leaves (Agren and Ingestad
1987; Ingestad and Agren 1988). The concentration of potassium but generally not
of nitrogen and calcium is significantly lower in heartwood than in sapwood in both
eucalyptus and conifers (Turner 1981; Wright and Will 1958).

The decreasing concentrations of Ca and Mg in the bark with increasing tree age
may indicate a reduced availability of these nutrients for plants due to exhaustion of
their exchangeable forms in the soil, as well as retranslocation of nutrients from this
tissue as trees grew older. The reduction of K, Ca, and Mg concentrations in the
stem wood, however, may have been caused by stronger supply restrictions by the
soil, just as much as by higher internal cycling rates stimulated by higher heartwood
production rates with increasing age (Reis and Barros 1990). Plants are opportunists
and, when possible, take up more nutrients than actually required for growth of new
tissues. A positive correlation between the tissue content of minerals and plant
growth is generally observed also under field conditions (Aronsson and Elowson
1980; Pereira et al. 1989; Snowdon and Benson 1992; Rytter and Ericsson 1993;
Nilsson and Wiklund 1994, 1995).

2.3 Nutrient Removal

The percentage return of nutrients varies with species, site conditions, plant age, etc.
(Sugur 1989). Nutrient withdrawal from senescent leaves to stems and roots is cer-
tainly an important mechanism by which plants make more efficient use of a limited
nutrient resource. Between one-third and two-thirds of the leaf nitrogen and phos-
phorus contents can in this way be transported back to woody tissues and stored for
use in the coming season (Bernier 1984; Ericsson 1984; Pereira et al. 1989; van den
Driessche 1984). Stem harvest with de-barking in the intensively fertilized
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treatment would result in removal of 127 kg ha™! nitrogen, 13 kg ha~! phosphorus,
and 65 kg ha~! potassium reported by Rudhe (2014). Similar values have been esti-
mated by Laclau et al. (2000) where stem harvest with de-barking of E. alba hybrids
for pulpwood resulted in exports of 82 kg ha™! nitrogen, 23 kg ha~! phosphorus, and
31 kg ha™! potassium. Without knowing all sources of nutrient input to the ecosys-
tem, it is difficult to know if the removal will result in a depletion of nutrients in the
long term. Similarly reported by many researchers (Qui et al. 2011; Carneiro et al.
2008; Brady and Weil 2007; Gongalves et al. 2004), keeping as much biomass as
possible at the site could be important to sustain the productivity. As the result indi-
cates, much of the available plant nutrients are received from the litter and the bio-
mass, and if too large amounts of nutrients are removed from the ecosystem,
depletion of nutrients in the soil could be expected.

2.4 Nutrient Cycling

Nutrient dynamics in soil-plant system are studied under a common term called
“nutrient cycling.” Cycling of nutrient is an important aspect as significant amounts
of nutrients are returned to the soil through litterfall and become available for
cycling.

Cycling processes in forest ecosystems have been defined (Switzer and Nelson
1972) in terms of:

1. The biogeochemical cycle between plant and soil
2. The biochemical cycle of internal transfer within the forest stand
3. The geochemical cycle of import export to the forest ecosystems

In the process of internal biological cycle, there are two important pathways: The
first is tree to soil—along this nutrients are transported to forest floor via leaf/lit-
terfall, twig, fruits, and flower drop, etc. The other pathway is movement of nutrient
elements from soil to tree through the activity of root systems.

Nutrient cycling in forest plantations can be defined as the exchange of nutrient
elements between the living and nonliving components of the forest ecosystem. The
uptake of nutrients by plant roots, their incorporation into living tissue, and the
release of nutrients from organic matter through decomposition causes nutrients to
cycle within terrestrial ecosystems. Therefore, the nutrient cycling process involves
nutrient uptake and storage in vegetation in perennial tissues, litter production, litter
decomposition, nutrient transformation by soil fauna and flora, nutrient input from
the atmosphere, and the weathering of primary minerals and nutrient export from
the site by harvest and other removals, leaching, erosion, and gaseous transfers.

Nutrient retranslocation from senescing or dead tissue (leaves, heartwood, or
bark) to growing tissues is one of the ways to increase utilization efficiency of lim-
ited nutrients by trees. Nutrient retranslocation from leaves means the largest
contribution to the biogeochemical cycle of nitrogen, phosphorus, and potassium
(mobile nutrients), followed in importance by retranslocation due to duraminization
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process and in lesser extent by redistribution from the outer bark (Grove et al. 1996).
Nutrient retranslocation proportion due to leaf senescence depends on the initial
concentration and mobility of nutrient in the phloem. Eucalyptus trees are particu-
larly efficient in phosphorus retranslocation in wood during heartwood formation,
finding for various species concentrations from five to thirty times higher in sap-
wood than in heartwood. Potassium generally follows the same behavior as phos-
phorus, while nitrogen has smaller concentration differences between sapwood and
heartwood. Calcium retranslocation in duraminization process shows significant
differences depending on species and site. Therefore in cases where the internal
calcium redistribution is small, the tree requires continuous absorption from the soil
of this nutrient (Turner and Lambert cited by Grove et al. 1996).

The depletion of soil nutrients is one of the most commonly cited criticisms
associated with the eucalyptus (Jagger and Pender 2003). In contrast to other trees
commonly used, such as Leucaena and Acacia, Eucalyptus species do not fix nitro-
gen from the atmosphere as the leguminous species do. According to some authori-
ties, monoculture plantation forestry may affect soil chemical properties in two
ways: nutrient depletion from the soil into the tree components and change in the
chemical status of the soil surface as the litter layer is dominated by leaf fall derived
from one species. Forest management practices can aggravate or reduce the magni-
tude of these effects. For example, the nutrient cycle at a site can be improved by
mixing Eucalyptus species with nitrogen-fixing species such as Acacia.

Forrester et al. (2005) have compared monocultures of E. globulus (E) and
Acacia mearnsii (A) and mixtures of these species planted in a species replacement
series: 100% E, 75% E + 25% A, 50% E + 50% A, 25% E + 75% A, and 100%
A. The result indicated that highest and the lowest aboveground biomass was
obtained from 50:50 mixtures and monoculture, respectively.

The concentrations in the physiologically active leaves and litterfall leaves dif-
fered after 4.5 years, indicating the magnitude of biochemical nutrient cycling that
occurs during the process of leaf senescence. Values of —43.8%, —63.6%, —53.3%,
+24.0%, —22.2% were found for N, P, K, Ca, and Mg, respectively, showing the
release sequence: P > K > N > Mg and the absence of Ca mobility. The same
sequence was observed for leaves and leaf litter (consisting mainly of leaves) after
2.5 years, (—62.9%, —56.7%, +10.6%, and —18.0% for P, K, Ca, and Mg, respec-
tively) (Leite et al. 1998). For E. diversicolor and E. marginata, the nutrient per-
centage retranslocated from senescent to younger leaves was —56.0%, —71.1%,
—63.0%, +30.0%, and —4.0% for N, P, K, Ca, and Mg, respectively (Grove et al.
1996). Attiwill (1981) reported that the remobilized N and P quantities of senescent
eucalyptus leaves are greater than in other annual or woody species.

There are other minor routes like stem flow, crown/canopy washed, and through
rainfall in which the nutrients are dissolved in rains as atmospheric input into for-
est soil. Nutrient remobilization (on a mass base) from the bark and stem wood has
the greatest contribution to the biochemical cycle in eucalyptus trees (Grove et al.
1996).

The nonmobile nutrients in the phloem, similar to Ca in the trunk, are retrans-
ferred outward during heartwood formation or from the outer bark to tissues in



2 Nutrient Uptake, Removal, and Cycling in Eucalyptus Species 43

growth process. This process is not observed in leaves, where Ca is retained in the
aging tissues (Grove et al. 1996). Calcium remobilization in trunk and branches
seems to be the greatest source of Ca in many species with marked differences of Ca
concentrations between heart- and sapwood or between inner and outer bark, par-
ticularly when Ca absorption by the roots is limited. A large fraction of the nutrients
required for growth of new tissues can be met by internal cycling of nutrients. The
ability to use the same nutrients over and over again, before they are finally dis-
carded in litter or immobilized in heartwood, is a characteristic which is particularly
well developed in trees. Although trees are very efficient at cycling nutrients from
old to young tissues, sooner or later part of the nutrients contained in the living
biomass will be lost in the litterfall.

The contribution of biochemical cycling to gross annual demand is the amount
of a given nutrient which is moved from the sapwood before its transition to physi-
ologically inactive heartwood, plus the amount of that nutrient which is moved from
that portion of the stand which is to fall as litter. The external geochemical cycle
encompasses input of nutrient elements by various means such as precipitation,
weathering of rocks, biological N, fixation, fertilization, etc., and output of nutrients
through harvest, forest fire, volatilization, leaching, drainage, erosion, etc.

The nutrients that most frequently limit forest growth are nitrogen (N) and phos-
phorus (P) (Fisher and Binkley 2000). Nutrient availability can alter growth rate
through changes in dry mass partitioning, in specific leaf area, or in the assimilation
rate per unit leaf area (Kirschbaum et al. 1992; Madeira et al. 2002; Sands et al.
1992; Xu et al. 2002).
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Chapter 3
Biochar’s Influence as a Soil Amendment
for Essential Plant Nutrient Uptake

Viraj Gunarathne, Sonia Mayakaduwa, and Meththika Vithanage

Abstract Biochar has recently become an interesting option for soil management
in terms of nutrients depleted lands, which is now emerging as an increasing global
concern. Since biochar is derived from biomass, they are high in carbon and may
contain a range of plant macro- and micronutrients. In addition, the physical micro-
structure of biochar may crucially influence the role of biochar on plant nutrient
uptake determining access to mineralized elements by soil solution, microorgan-
isms, and plant roots. The beneficial use of biochar as a soil amendment in terms of
increased crop yield and improved soil quality has been reported. This book chapter
extensively discusses the influential nutrients in biochars and their effects on plant
nutrient uptake. Further, alteration of the mechanism of nutrient uptake via biochar
modification and the effect on nutrient transformation in soil have been reviewed.
Biochar impacts on nutrient uptake by different plants under different environmen-
tal and soil conditions are not fully understood yet. This chapter will provide insights
for future research directions in order to establish an effective biochar-plant nutrient
interaction.
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3.1 Introduction

The threats of nutrient depleted soils that are associated with poor agricultural prac-
tices, deforestation, overgrazing, and industrialization are in growing global con-
cern. Increasing soil-nutrient depletion leading to plant nutrient deficiencies has
been reported elsewhere (Sanchez 2002). Shortage of essential plant nutrients and
subsequent yield reduction may create severe impacts on food security and eco-
nomic development in the world. The traditional way to enhance soil nutrients is the
application of mineral fertilizers (Sanchez 2002). However, due to surface runoff
and leaching, nutrient concentration drops in soil, which motivates the farmers for
repetitive application of chemical fertilizers. At the same time, the soil may have
been enriched in chemical fertilizers. However, plant uptake is minimal due to low
bioavailability. These can cause detrimental effects on the soil biology and the envi-
ronment (Bah et al. 2014).

Although several options have been proposed to overcome the issue of excessive
application of nutrients, low availability, and nutrient loss, beneficial solutions are
minimal (Eghball and Power 1999; Withers et al. 2001). Biochar has become the
most recent interest for soil nutrient management inclusive contaminated soils other
than many of its application for environmental remediation and carbon sequestra-
tion (Atkinson et al. 2010; Sohi et al. 2010). Biochar technology has received atten-
tion in soil research due to its extraordinary potential for improving soil structure
and plant nutrient availability (Glaser et al. 2002). Several researchers have docu-
mented effective plant responses under biochar amendment (Steiner et al. 2007;
Major et al. 2010; Uzoma et al. 2011). Biochar can positively influence plant nutri-
ent uptake directly as a result of its nutrient content and release characteristics, as
well as indirectly via enhanced sorption of nutrients (Lehmann et al. 2003a);
increase in soil pH (Rondon et al. 2007); improved soil cation exchange capacity
(Liang et al. 2006); increased soil physical properties (Chan et al. 2008a), including
an increase in water retention (Laird et al. 2010); and alteration of soil microbial
populations and functions (Pietikdinen et al. 2000). Furthermore, biochar amend-
ments may facilitate efficient use of fertilizers by retention and thereby reducing
nutrient leaching from soil (Lehmann et al. 2003a). Nevertheless, modern agricul-
ture rarely uses biochar for its agronomic value regarding crop response, and at the
same time, soil health benefits are yet to be quantified.

In this chapter, we focus on explaining the possible impacts of biochar on plant
nutrient uptake, existing information on biochar nutrient properties, the effect on
nutrient transformation, and biochar characteristics that determine plant nutrient
availability. Moreover, future research potentials on modifications to biochar that
may improve plant nutrient uptake, long-term biochar stability, and subsequent
plant nutrient responses are highlighted.
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3.2 Biochar

Biochar refers to the carbon-rich solid coproduct of pyrolysis, which is the thermal
degradation of biomass under oxygen-limited conditions. The origin of biochar is
connected to the slash and char techniques used by ancient farmers in Amazon River
basin area. They created biochar that was referred to as Terra Preta, by incomplete
combustion of plant debris in pits, and had found that Terra Preta could retain soil
fertility for centuries (Marris 2006). During last few decades, biochar received
increasing attention due to its potential for the significant reduction of atmospheric
greenhouse gas levels (Lehmann 2007), remediation of contaminated soil/water
(Beesley et al. 2010), and improving soil productivity (Steiner et al. 2008). Despite
its organic origin, biochar is recalcitrant to decomposition due to its highly aromatic
carbon structure. Thus, biochar has been used for agriculture, in order to increase
nutrient availability (Asai et al. 2009), cation exchange capacity (Chan et al. 2008a),
and soil water-holding capacity (Masulili et al. 2010) in soil. In particular, biochar
has a high surface area and porosity compared to other chemical or biological
amendments enabling adsorb/retain nutrients/water or to provide habitats for bene-
ficial soil microorganisms (Glaser et al. 2002; Lehmann et al. 2006).

e Production and physicochemical properties

Different biomass varying from agricultural residues to municipal solid waste can be
used as feedstocks for biochar production (Cao et al. 2014). Recently, it has been
identified that pyrolytic conversion of organic materials to biochar is an alternative
waste management option (Jayawardhana et al. 2016a, b). During pyrolysis, limited
oxygen supply may prevent the complete combustion and thereby inhibit the carbon
volatilization and ash production to a great extent. Heat released from the pyrolysis
facilitates the volatilization of hydrogen and oxygen along with some of the carbon
within the biomass. The resulted carbonaceous material may consist of poly-aromatic
hydrocarbons with oxygenated functional groups (Warnock et al. 2007). The physical
microstructure of biochar may crucially affect the role of biochar on plant nutrient
uptake determining access to mineralized elements by soil solution, microorganisms,
and plant roots. Biochar pore size distribution is highly variable encompassing nano-
(<0.9 nm), micro- (<2 nm) to macropores (>50 nm) (Downie et al. 2009) determining
surface area. Due to the porous nature, biochar provides habitats for beneficial soil
organisms including mycorrhizae and bacteria. Moreover, the porosity and surface
area of biochar may create critical effects on its nutrient retention capacity by surface
binding of both cations and anions to its surfaces. The polycyclic aromatic structure
of biochar hinders biological decomposition and chemical oxidation, which explains
its persistence over centuries in the environment (Glaser et al. 2000).

However, the parameters as feedstock type, pyrolysis temperature, residence
time, and heating rate are crucial in determining physicochemical characteristics of
biochar produced. Yet, some researchers had suggested that pyrolysis temperature
and feedstock might pose the greatest effect on biochar quality (Kloss et al. 2012).
It has been reported that an increase in pyrolysis temperature increases biochar’s
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pH, BET surface area, and carbon content (Demirbas 2004). Moreover, the effects
of feedstock type on biochar surface area, pores, elemental composition, and func-
tional groups have been highlighted (Sohi et al. 2010; Sun et al. 2014).

* Nutrient availability and concentrations

Since biochars are derived from biomass, they are high in carbon and may contain
arange of plant macronutrients (nitrogen (N), phosphorous (P), calcium (Ca), mag-
nesium (Mg), potassium (K), and sulfur (S)) and micronutrients (copper (Cu), iron
(Fe), manganese (Mn), and zinc (Zn)) (Chan and Xu 2009; Hossain et al. 2011).
Researchers have shown that the nutrient content of the biochar is attributed to the
feedstock type (Chan et al. 2008a). Particularly, total P and N content were found to
be higher in biochar derived from a feedstock of animal origin (e.g., sewage sludge,
broiler liter) than those from plants (e.g., wood/green waste) (Chan et al. 2008a).
However, nutrient elements in feedstock tend to mineralize, co-stabilize with car-
bon, or volatilize to form condensable products during pyrolysis. For instance,
potassium and K are largely conserved after converting into inorganic forms,
whereas nitrogen is volatilized in proportion to carbon or associated with carbon in
the resident fraction (Chan and Xu 2009). Both P and K vaporize at pyrolysis tem-
peratures above 760 °C, whereas magnesium and calcium are lost above 1107 and
1240 °C, respectively. Thus, recent studies have suggested that the biochar pro-
duced at low temperatures is suitable for agricultural uses, whereas high-temperature-
derived biochar can be effectively used to contaminant adsorption in soils (Agrafioti
et al. 2013). Hence, nutrient element concentrations in feedstock materials are not a
reliable measure of biochar nutrient value (Angst and Sohi 2013).

Furthermore, the total elemental composition of nutrients does not necessarily
reflect the availability of these nutrients to plants. Although phosphorus is mainly
found in the ash fraction, pH-dependent reactions and presence of chelating sub-
stances often control its solubilization (DeLuca et al. 2015). Availability of magne-
sium is similar to that of phosphorous. However, according to some research
findings, magnesium can be partially volatilized into gaseous or condensable liquid
fractions that are not available for plants (Angst and Sohi 2013). In contrast, K
availability in biochar is typically high, and researchers confirmed the increase in K
uptake by plants after biochar applications (Lehmann et al. 2003a; Chan et al.
2008a). Furthermore, studies have indicated a low nitrogen availability as most of
the nitrogen in biochar is present as heterocyclic nitrogen (Knicker et al. 1996).
Nevertheless, heterocyclic nitrogen has found to be less resistant than generally
assumed as parts of them seemed to be available for plants (De la Rosa et al. 2011).
Table 3.1 summarizes nutrient element composition of biochars derived from differ-
ent feedstocks.

Moreover, nutrient availability in biochar also depends on the environmental
conditions and soil type where biochar is used as an amendment. Eventually, even
fixed nutrients may break down with time releasing small quantities to the soil solu-
tion (Lehmann et al. 2006). As long as the soil is dry, some nutrients remain trapped
within mineral layers, and once the soil gets wet, they are released to the soil solu-
tion (Esposito 2013).
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¢ Role as a soil amendment

Terra Preta had been used to boost soil fertility and improve soil quality as a soil
amendment at least 2000 years ago. To date, these soils have found to be highly
fertile compared to other soils in the region containing as much as four times more
organic matter in the top layer of the soil (Filiberto and Gaunt 2013). Biochar’s
greater resistance to microbial decay than other soil organic matter is resulted by its
particular chemical structure (Smernik et al. 2002), whereas the high nutrient
retention is derived from specific chemical and physical properties such as high
charge density (Liang et al. 2006; Lehmann et al. 2003b). Thus, biochar has been
highlighted as more stable than any other amendment to soil, and they have a nutri-
ent availability beyond a fertilizer effect. Consequently, researchers have indicated
that biochar is not comparable with other types of compost or manure that is used
for the improvement of soil properties as it is much more efficient than any other
organic soil amendment in improving soil quality (Lehmann and Joseph 2015). The
beneficial use of biochar as a soil amendment in terms of increased crop yield and
improved soil quality has been reported (Major et al. 2010; Haefele et al. 2011).
Further, a review of previous research indicated a wide range of biochar application
rates (0.5—-135 ton/ha of biochar) as well as a huge range of plant responses (—29—
324%) (Glaser et al. 2002). According to several researchers, such impacts are
attributed to direct nutrient addition or nutrient retention by biochar and their effects
on soil pH (Rondon et al. 2007; Yamato et al. 2006). It has been observed that along
with crop yield, soil organic carbon, soil pH, and total nitrogen also increased after
biochar amendment (Zhang et al. 2012). In addition, an increase in the water-
holding capacity of soil was reported after biochar amendments, whereas nutrient
leaching was found to be decreased (Glaser et al. 2002; Sohi et al. 2009). Biochar’s
critical role in increasing retention of nutrient and thereby reducing their leaching
has been widely investigated (Eghball and Power 1999; Lehmann et al. 2003a;
Steiner et al. 2008). The retention of cations is enhanced by the high surface charge
density of biochar, whereas high surface area, internal porosity, and the presence of
both polar and nonpolar surface sites facilitate the retention of organic and associ-
ated nutrients (Atkinson et al. 2010).

Moreover, biochar is being used for soil remediation as the extent of oxygen
containing carboxyl, hydroxyl, and phenolic surface functional groups in biochar
effectively binds soil contaminants reducing their mobility in soils (Sohi et al.
2010). Particularly, organic contaminants have been proven to adsorb into the car-
bonaceous fraction of biochar through electrostatic attractions and polar or hydro-
phobic interactions (Lehmann et al. 2006; Mayakaduwa et al. 2016a, b). Biochar
produced from woodchips and cotton straw could decrease the dissipation of organic
pesticides including chlorpyrifos, carbofuran, and fipronil from soil reducing their
bioavailability (Sun et al. 2014; Chan and Xu 2009). Besides, PAHs and steroid
hormones in soil had been effectively remediated using biochar so that the risk of
the pollutants leaching to groundwater and entering food chains could reduce (Chan
et al. 2008a; Hossain et al. 2011). Several researchers have confirmed that even a
small amount of biochar addition may appreciably reduce the accumulation of
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organic contaminants in soil (Lentz and Ippolito 2012; Prendergast-Miller et al.
2014). On the other hand, biochar can stabilize heavy metals in contaminated soils
that are not biodegradable and persistent for a long time. The retention of heavy
metals as Pb, Cd, and Ni by alkaline soil amended with broiler litter biochar has
been reported. Bandara et al. (2017b) reported immobilization of Ni, Mn, and Cr in
woody biochar-amended serpentine soil. Furthermore, the potential of tea waste
biochar on immobilizing Cr in tannery waste contaminated soils has been found to
be in high potential (Vithanage et al. 2016). It has been suggested that the mineral
composition of biochar as phosphates and carbonates may be crucial in the stabili-
zation of heavy metals due to the reason that they may precipitate with heavy metals
reducing their bioavailability (Bandara et al. 2017b). Moreover, cation release and
metal complexation may also involve in heavy metal removal in contaminated soil
(Liu et al. 2014; Manolikaki and Diamadopoulos 2016).

Additionally, biochar amendments in soil have been highlighted as a possible mean of
reducing atmospheric greenhouse gas levels (Bandara et al. 2017a). Annual net emissions
of CO,, N,O, and CH, had reduced by 12% after application of woody biochar (Bailey
etal. 2011). The enhanced nitrogen retention by biochar may prevent or limit the produc-
tion of N,O (Du et al. 2014). Further, biochar amendments may slow carbon and nitrogen
release while sequestering carbon in soil (Jin et al. 2016). Such effects including chemi-
cal, physical (abiotic), or microbiological (biotic) interactions between biochar and soil
have not been clearly explained (Yanai et al. 2007). Nevertheless, a recent study has suc-
cessfully used biochar with co-inoculation of fungi and bacteria to enhance enzyme
activities that may be crucial in organic matter decomposition and nutrient cycling
(Bandara et al. 2017a). Also, Bailey et al. (2011) indicated the potential stimulation of soil
enzymes by switchgrass biochar although their effects on enzymes can be variable.

3.3 Biochar Effects on Plant Nutrient Uptake

Although evaluation of plant responses to biochar may be complicated, researchers
have indicated the biochar-induced changes in nutrient concentrations in soil and
plant tissues (Lehmann et al. 2011). A very high rate of nutrient uptake by maize
grown in infertile acidic soils under field conditions has been reported after a single
biochar application (Major et al. 2010). The authors have suggested that biochar
may increase crop growth through enhanced pH in studied acidic soil or high base
cation retention in the root zone. It has been reported that large surface area, high
negative surface charge, and greater charge density of biochar determine its higher
capacity of cation adsorption per unit carbon than other kinds of soil organic matters
(Liang et al. 2006). In addition, microbiological or soil physical mechanisms driven
by biochar may contribute to enhance crop growth. Similarly, increased concentra-
tions of several nutrients in plant tissues following biochar applications have been
highlighted (Masto et al. 2013). Again, the influences depend on the production
variables of biochar and complex physiochemical properties which may involve in
the biochar-soil-plant interacting system (Masto et al. 2013). Besides biochar
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Fig. 3.1 Possible effects of biochar on plant nutrient uptake

characteristics, their interactions with climate, fertilization status, and soil type may
affect on uncertainty in how biochar influence on nutrient uptake mechanisms
(Biederman and Harpole 2013). Moreover, Biederman and Harpole (2013) high-
lighted that biochar’s dark color alters thermal dynamics in plant-soil interactions
that may lead to an influence on nutrient uptake. Biochar amendments can reduce
the bulk density in soils leading to increase root penetration that allows the uptake
of nutrients from soil solution (Glaser et al. 2002; Lehmann and Joseph 2015).
Besides, biochar-induced soil water permeability and water-holding capacity raise
the amount of available water for plants (Glaser et al. 2002; Asai et al. 2009). Thus,
elevated plant-available fraction of soil water via biochar application may pose
direct impacts for plant nutrient uptake. Biochar CEC is another crucial parameter
that might pose modifications on nutrient uptake. Although such types of interac-
tions have not been studied yet, it has been suggested that biochar can slow cation
loss by inducing a shift in soil water nutrient transport from bypass to matrix flow
(Biederman and Harpole 2013). However, such possible physiochemical reactions
of biochar on plant nutrient uptake should be properly identified through further
research. Figure 3.1 depicts the possible biochar effects on plant nutrient uptake.
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3.4 Macronutrients

Nitrogen (N), phosphorous (P), calcium (Ca), magnesium (Mg), potassium (K), and
sulfur (S) are considered as plant macronutrients because plants require them in
relatively high amounts (>0.1% of dry mass). Those macronutrients are essential for
plants to complete their life cycles. Generally, plant roots absorb the ionic forms of
those mineral nutrients, which are dissolved in the soil solution. Plant-available
form of calcium, magnesium, and potassium is Ca*, Mg?*, and K*, respectively,
whereas nitrogen as NO;~ or NH,*, phosphorous as PO,*", and sulfur as SO,*
(Maathuis 2009).

3.4.1 Nitrogen

In crop cultivation, N is considered as the key annual input regarding fertilizer for
crop nutrition, inorganic or organic. Although biochar may not supply N directly, as
N is eliminated during pyrolysis or integrated into stable aromatic structures, they
interact with soil mineral N that is accessible for plants and depends on the dynamic
balance between microbial usage, plant uptake, and mineralization. It has been
reported that the total N recovery in crops is higher in charcoal amended plots
(18.1%) in comparison to compost treatments (16.5%). Steiner et al. (2008) reported
the increased N retention by charcoal amendments more than compost. Application
of poultry litter biochar without N fertilizer had resulted in yield increase of radish
from 42 to 96% in comparison with control, indicating the enhanced N availability
and uptake (Chan et al. 2008b). These researchers have proved that biochar addi-
tions significantly increased plant N concentrations. Even at low biochar application
rate (10 ton/ha), plant N uptake increased from 41 to 45%, compared to control and
N uptake increased further with increasing application rate. Similarly, research find-
ings of Uzoma et al. (2011) indicated that the rate of biochar application improved
the rate of N uptake in maize. Researchers have suggested that enhanced N uptake
at higher biochar addition rates can be attributed to the increased K, since K is con-
sidered as the counter cation accompanying the uptake of N as nitrate ions (Chan
et al. 2008b). Moreover, aged biochar influences N availability in a different manner
than fresh biochar. Particularly, aged biochar-containing oxygenated functional
groups (e.g., carboxyl and hydroxyl) have more capacity to absorb NH,* than fresh
biochar (Zheng et al. 2013).

Additionally, the leaching of N or lose as gaseous N in agriculture fields after
fertilizer use has become a major limitation for improving production by increasing
nitrogen utilization efficiency (Yanai et al. 2007; Ding et al. 2010). Smith and
Tibbett (2004) had used sewage sludge as a soil amendment and found that loss of
N by NH; volatilization or NO;~ leaching may limit benefits of sludge amendments.
Such nutrient losses can be mitigated by amending the soil with biochar which
increases the N fertilizer use efficiency (Uzoma et al. 2011). Decreased N losses can
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be explained by either electrostatic adsorption to exchange sites in biochar facilitat-
ing enhanced retention of NH," (Steiner et al. 2008) or absorption of NHj; to biochar
relying on the biochar surface area and their acid functional group content (Clough
et al. 2013). Biochar application levels between 10 and 20% by weight have been
shown to reduce NH,* losses in soils (Lehmann et al. 2003a). Another researcher
observed the similar results in radish plants (Major et al. 2010). Slavich et al. (2013)
showed that feedlot manure biochar had enhanced agronomic nitrogen use effi-
ciency by 23% and thus increased total pasture productivity by 11%. It was observed
that N uptake of corn plants was increased by 15% after biochar application with
recommended fertilizers (Rajkovich et al. 2012). Similarly, an increased uptake of
N by several crops grown in soils amended with biochar and N fertilizer was
reported (Van Zwieten et al. 2010a). Nevertheless, biochar application might involve
for the limitation of soil N availability for plants in N-deficient soils. It had been
suggested that biochar’s high C/N ratio might pose negative effects on N immobili-
zation (Lehmann et al. 2003a; Asai et al. 2009).

3.4.2 Phosphorous

In soil, more than 80% of the P remains immobile and unavailable for plant uptake
as a result of adsorption, precipitation, or conversion to the organic form. Yet,
numerous studies commented that the biochar application increases plant-available
P in soil (Asai et al. 2009; Yamato et al. 2006). Application of biochar to the root
zone of the P-deficient soil increased plant growth by 59% and P uptake by 73%
(Shen et al. 2016). Lehmann et al. (2003a, b) also revealed that increasing biochar
application rates also increase the P concentration and uptake in plants. In addition,
an increase in grain yield has been recorded from after addition of biochar to rice
fields with low available P (Asai et al. 2009). Researchers have explained that
microbial biomass is crucial for organic P to be bioavailable and biochar-amended
soils are rich in microbial biomass carbon (Lehmann et al. 2011; Masto et al. 2013).
High microbial biomass carbon starts to get high amounts of ortho-P for its meta-
bolic functions, leading to having high concentrations of bioavailable P in soil
(Masto et al. 2013). On the other hand, P uptake by plants may depend on the asso-
ciation between plants and mycorrhizal fungi which secrets extracellular phospha-
tases and P-solubilizing organic acids making organic P plant available. Several
researchers revealed that biochar encourages mycorrhizal colonization of plant
roots by facilitating habitats for them and thereby indirectly promote P solubility
(Warnock et al. 2007; Gul and Whalen 2016). Another assumption is that nutrients
in biochar increase the production of P-solubilizing organic acids. Deb et al. (2016)
have stated that this effect is greater in nutrient poor soils than fertile soils. In addi-
tion, enhanced P uptake by maize grain with the application of cow manure biochar
had been attributed to the increased P availability dynamics as a result of increased
soil pH by biochar (Uzoma et al. 2011). Enhanced soil pH may facilitate increase
alkaline extracellular phosphatase activities. For instance, corncob biochar had
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increased alkaline phosphatase activity ~2 to ~3 times (Du et al. 2014), while swine
manure biochar had contributed to a 28.5% increase in alkaline phosphomonoester-
ase activity (Jin et al. 2016).

Moreover, organic amendments including manure, compost, and sludge have
long been applied to assure P sustainability and thereby to increase crop productiv-
ity. However, the high mobility of P in organic amendments may not only limit the
nutritional benefits but also cause serious environmental issues like eutrophication
(Dai et al. 2016). According to previous studies, after manure application, 78% of
input P had released to the top soil, whereas biochar application had released almost
1% (Dai et al. 2016). In biochar production, most P fractions become stable during
pyrolysis. As a result, biochar may provide a long lasting P source to crop fields
(Dai et al. 2015). In addition, P fertilizers are commonly used in crop cultivations to
increase yield, and P leaching similar to N is significantly experienced. Thus, the
addition of fertilizers along with biochar might be an effective measure that should
be confirmed by further evaluations.

3.4.3 Potassium

Plants are known to uptake potassium (K) from relatively dilute soil solutions.
However, as biochar can increase soil CEC, thereby they can increase the ability of
soil to hold K and store them in the soil for plant uptake. In addition, biochar may
inherently contain exchangeable K for plant uptake. One year after biochar applica-
tion, K content in plant biomass had increased by 57%, whereas manure application
had increased 43% during the same period (Lentz and Ippolito 2012). A great avail-
ability of K in soil, soon after biochar application, has been reported (Cheng et al.
2008). Further, K uptake by maize grain was significant after the application of cow
manure biochar (Uzoma et al. 2011). Several researchers suggested that increased K
availability in soil could be attributed to enhanced soil pH by biochar (Manolikaki
and Diamadopoulos 2016; Smider and Singh 2014). The increase in soil pH may
force on less available K* that remains strongly attached to the clay particles to be
released into the soil solution. An increase of rice and cowpea biomass by the K
provided from biochar has been reported (Lehmann et al. 2003a). Biochar produced
from plant biomass increased K uptake in common bean (Rondon et al. 2007). In
addition, enhanced concentrations of K in legume biomass had been reported after
addition of grass-derived biochar. In the same study, it had been found that available
K in biochar applied treatment soils was even exceeding concentrations in the treat-
ments that received K fertilizer (Oram et al. 2014). The authors had highlighted that
decrease in net nitrification resulted reduced N uptake and thereby enhanced K
uptake as there could be a competition in legume plants for N and K. Particularly,
fresh biochar is considered to have available K that can be rapidly taken by plants
(Karer et al. 2013). However, some researchers have suggested that high availability
of K for plants with biochar may not persist beyond the year after application
(Steiner et al. 2007).
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3.4.4 Calcium

The potential of Ca uptake by plants is also related to root cation exchange capacity.
Organic soil amendments and some clay can adsorb Ca?* as they have negatively
charged sites on their surfaces. Then the soil has the potential of exchanging Ca*
with plant root. A significant increase in exchangeable Ca level and enhanced Ca
uptake after addition of cow manure was reported (Uzoma et al. 2011). Nevertheless,
calcium becomes readily available in the soil after biochar application; biochar has
a greater negative surface charge, charge density, and higher surface area than other
organic amendments (Somebroek 1993). On the other hand, Ca content in biochar
may replace monomeric Al species on soil mineral or soil organic matter exchange-
able sites enhancing Ca availability for plants (Novak et al. 2009). According to
some research findings, excess Ca levels in the soil after harvesting indicates that Ca
release from biochar may exceed even plant requirements (Ma and Matsunaka
2013). A field trial done by Chan et al. (2008a, b), during 4 years of the period with
0, 8 and 20 ton/ha of biochar application rates indicated increased available Ca over
time. Further, the available Ca concentrations increased over time, from 101 to
320% and up to 30 cm depths suggesting leaching of Ca is minimum with the appli-
cation of biochar (Major et al. 2010). However, it was reported that significant
increases in plant-available Ca could be observed only at biochar applications
higher than 50 ton/ha without fertilizer application (Chan et al. 2008a). Furthermore,
biochar, rich in cations as K*, Na*, and NH,*, may directly or indirectly depress Ca
uptake particularly at low Ca concentrations.

3.4.5 Magnesium

Magnesium (Mg) amount that can be uptaken by plants in soil depends on soil pH,
and it becomes less available under low pH conditions. Since most of the biochar
applications enhance soil pH, magnesium can be easily available for plant uptake.
Uzoma et al. (2011) observed the significantly high level of exchangeable Mg in
biochar-amended soil than control (Uzoma et al. 2011). Consequently, they found
that cow manure biochar is responsible for an increment of Mg concentration in
maize grain, which was attributed to increasing of exchangeable Mg in soil with
higher biochar application rates. In contrast, some researchers reported that the
addition of biochar reduced the uptake of Mg and reduced the yield of corn silage
(Lentz and Ippolito 2012).
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3.4.6 Sulfur

It has been estimated that up to 95% of S present in agricultural soils remains as
sulfate esters or sulfonates being unavailable to the plant. Such organic forms need
conversion into inorganic forms via desulfurization carried out by microbes. Thus,
some research hypothesis indicates that biochar amendment provides refuges for
such microbial populations and thereby enhance S mobilization allowing plants to
uptake more S (Fox et al. 2014). It has been reported that compost amendment
enhanced available S, thereby S uptake (Chowdhury et al. 2000). Nevertheless, no
detailed studies have assessed biochar effect on S uptake yet. Although studies have
revealed the changes in biochar that might increase S availability for plants, some
studies indicated the decreases of available S observed after adding of even small
amounts (i.e., 0.36-0.5%) of biochar to the field (Namgay et al. 2010). Increased
soil pH after biochar amendments may negatively affect S oxidation, biochar might
add S uptake inhibitors to the soil, or they inhibit microbial activities of S oxidation.
Furthermore, organic amendments with high C/S ratio (e.g., rice husk) have been
found to result in severe S deficiency of plant due to S immobilization in soil
(Chowdhury et al. 2000).

3.5 Micronutrients

Micronutrients such as boron (B), chlorine (Cl), copper (Cu), iron (Fe), manganese
(Mn), molybdenum (Mo), nickel (Ni), and zinc (Zn) can be vital for the normal
healthy plant growth (Alloway 2008). Since biochar is mentioned as an ideal amend-
ment for metal retention, they may pose impacts on such nutrient uptake. The mech-
anisms involved in metal retention can be attributed to biochar-induced soil cation
exchange capacity, acid neutralization in soil, and biochar’s high specific surface
area (Beesley et al. 2010; Asai et al. 2009). In addition, it is worthwhile to mention
that enhanced soil pH due to biochar additions can cause micronutrient deficiencies
which occur at high pH (>6). The application of biochar was reported to reduce the
availability of Cd and Zn in mine-contaminated soil thereby decreasing uptake rate
of Zn by Jack bean (Canavalia ensiformis) and Mucuna aterrima plants (Puga et al.
2015). Similarly, the exchangeable Zn concentrations decreased marginally (from
13 to 10 mg/kg) with increasing biochar application rates indicating high Zn sorp-
tion capacity of biochar (Jayawardhana et al. 2016a). Another study had shown that
B and Zn contents in wheat plant tissues decreased after biochar applications which
could be explained by high adsorption capacity of biochar as well as enhanced soil
pH leading to precipitate Zn and make B less available (Kloss et al. 2012). As well,
compost amendments had contributed to decreasing Zn availability by improving
soil porosity, particle size distribution, and cracking patterns allowing the formation
of stable water aggregates and thereby limiting the dispersion (Park et al. 2011).
Moreover, a combination of biochar and manure had synergistic positive effect for



60 V. Gunarathne et al.

Mn availability in soil (Lentz and Ippolito 2012). Some other researchers found that
addition of biochar can stimulate or inhibit the activity of microorganisms which
affect the availability of Mn by alterations in microorganism population and activity
(Meek et al. 1968; Abou-Shanab et al. 2003). Novak et al. (2009) observed that Mn
concentration in biochar-amended soil has increased, whereas those in biochar
leachates have decreased. This can be attributed to the great retention of Mn with
different organic and inorganic forms during pyrolysis (Novak et al. 2009; Amonette
and Joseph 2009). Further, reduction of Cu uptake by corn silage after biochar
application was observed (Lentz and Ippolito 2012). Nevertheless, some research-
ers reported that the concentration of Cu was not affected significantly by the addi-
tion of pecan shell biochar (Novak et al. 2009). Reduction of Cu availability had
been reported after biosolid amendments indicating the formation of inorganic
metal complexation leading to immobilize available Cu (Park et al. 2011). The Ni
uptake in spinach had increased at 3% biochar application compared to the control
and decreased significantly at 5%. However decreased Ni uptake had resulted in an
increase in biomass production from 29 to 36% (Jayawardhana et al. 2016b).
Further, uptake of Fe also had decreased with biochar amendments which may be
due to the precipitation of Fe thereby reducing its mobility into phloem cells for
long distance translocation (Kloss et al. 2012). However, the low uptake efficiency
of the micronutrients after biochar additions suggests that they may prevent toxicity
accumulations in plants.

3.6 Effect of Biochar on Nutrient Transformation in Soil

Specific biochar characteristics including large surface area, highly porous struc-
ture, and cation exchange capacities may affect nutrient transformation processes in
soil. However, only a limited research attention has been given to the influence of
biochar on such processes (DeLuca et al. 2015). Biochar additions to soil may alter
soil microbial populations or provide habitat for them those are actively giving a
contribution to transformations of nutrients including N, P, or S (DeLuca et al.
2015). Net nitrification in acidic forest soil had significantly increased after biochar
application which may be due to the reason that autotrophic nitrifying bacteria may
favor less acidic soil conditions (Warnock et al. 2007). Further, Rondon et al. (2007)
showed a considerable increase of nitrogen fixation in common beans after biochar
amendments. Comparably, Dai et al. (2016) have reported an increase in N miner-
alization nearly two times higher than the control after biochar application in a let-
tuce plantation. They have indicated the positive correlation of N mineralization
with biochar H/C ratio and explained that since less recalcitrant biochar with high
H/C ratio can enhance mineralization as they easily decompose releasing N into the
mineral pool (Dai et al. 2016). On the contrary, reduced N mineralization has been
reported by several studies (Masto et al. 2013; Dai et al. 2015). The authors have
shown that the high C/N ratio of the biochar may inhibit N mineralization potential
which is likely to depend on the biochar feedstock. Nevertheless, biochar derived
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from wood or N-limited feedstock along with high C/N ratios tends to immobilize
nitrogen by converting their organic forms to inorganic (Lentz and Ippolito 2012).
In addition, having a similar cycle to N, S in the soil also may be significantly influ-
enced by biochar (DeLuca et al. 2015). Biochar would increase soil pH declining
populations of autotrophic microorganisms involved in organic S oxidation as they
favor low pH conditions. Thus, oxidation and mineralization of sulfur may reduce
after biochar applications (Jayawardhana et al. 2016a).

A number of studies have proven that biochar modifies soil pH particularly
increasing soil pH in acidic soils (Lehmann et al. 2003a; Manolikaki and
Diamadopoulos 2016). As soil pH strongly determines precipitation reactions of P,
biochar applications to soil may convert P into insoluble pools. Further, ionic P
interactions with Al*3, Fe3, and Ca*? can be altered or adsorbed organic molecules
onto biochar that may act as chelating agents precipitating P. For example, simple
organic/phenolic acid or complex proteins/carbohydrates have the potential of sorb-
ing to the hydrophobic or charged biochar surface, chelating Al*?, Fe*?, and Ca*?,
and thereby they can modify the P solubility (DeLuca et al. 2015). Further, as bio-
char ages, cation exchange capacities are altered by increasing negative charge sites
and decreasing positive charge sites. Hence, aged biochar may reduce the availabil-
ity of Al** and Fe*® in soil promoting the recycling of labile P fractions (DeLuca
et al. 2015). Moreover, biochar is reported to influence on P mineralization and
phosphatase enzyme activities (Jin et al. 2016). To illustrate, research findings has
confirmed that the biochar may enhance phosphatase activity that hydrolyzes
organic P and converts them into different inorganic forms (Oram et al. 2014).

3.7 Environmental Considerations

As discussed earlier, biochar effects on soil and plants not only depend on the qual-
ity of biochar but also on the soil characteristics (e.g., soil pH, texture, organic mat-
ter). Most of the research efforts that have been taken were concerned on highly
weathered infertile tropical soils (Sohi et al. 2010; Glaser et al. 2002; Blackwell
et al. 2009). Though such studies had revealed the positive effects of biochar on
both soil and plants, these effects might be somewhat attributed to the depletion of
Al toxicity in rhizosphere resulted by enhanced soil pH (Kuka et al. 2013). Thus, the
same effects cannot be expected from other soils in different climatic regions (Major
et al. 2010). Soil researches in temperate regions have demonstrated that biochar
effect on plant and soil is very small, short lived, or undesirable (Jones et al. 2012;
Kloss et al. 2014). Research evidence convinced that biochar might even reduce
plant growth which may be due to the unfavorably high pH of biochar (Van Zwieten
et al. 2010b).

Although biochar has been reported as an effective multifunctional soil amend-
ment, it is essential to establish rigorously monitored supply networks and to ensure
that feedstocks come from sustainably managed lands and waste materials. If not
properly monitored, the production of biochar could lead to deforestation and pro-
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cessing of non-sustainable feed stocks, exacerbating the problems of decreasing
biodiversity and increasing carbon emissions. In many cases, feedstock waste mate-
rials are not much valuable, or their disposal may demand cost. However, it is cru-
cial to ensure that contaminants present in the pyrolysis feedstock (e.g., sewage
sludge/municipal waste) are eliminated or modified to become more or less avail-
able in the biochar product. In the case of such types of feedstock, evaluation of
phytotoxicity is an important consideration. On the other hand, biochar itself may
serve as a source of combustion-related contaminants such as poly-nuclear aromatic
hydrocarbons (PAHs) and dioxins which are produced during the production pro-
cess. Kookana et al. (2010) revealed that biochar amendment to soil could poten-
tially lead to accumulation of contaminants residues in soil. Furthermore, the
maximum amount of biochar that can be applied for a sustainable crop production
is questionable. In spite the fact that numerous biochar research has shown increased
crop yield with increasing biochar additions, some researchers have stated that bio-
mass production and crop yield decrease at high biochar concentrations (Kloss et al.
2012). Overall, biochar characteristics, as well as specific soil productivity con-
straints, are indispensable factors to be taken into account before biochar
application.

3.8 Remarks

Biochar impacts on plant nutrient uptake deserve a greater attention as no studies
directly asses such interactions. Although increased crop production after biochar
application has been reported, the explanation for these benefits has not been fully
described, and neither the quantitative variability in nutrient uptake and influence on
soil microbiology nor the durability of the effects has been specified. According to
previous work, biochar is significantly variable in composition and availability of
nutrients depending upon feedstock material and pyrolysis conditions. Further, neg-
ative surface charge and CEC of biochar may increase with biochar aging. Also, the
labile organic carbon in biochar and its intrinsic nutrient supply may be depleted
throughout the aging process. Thus, the changes in biochar-nutrient properties and
effects on nutrient cycling in biochar-mediated soil over biochar aging should be
studied in detail.

However, reported effects on the plant nutrient uptake are not directly attributed
to the nutrient composition of biochar but may depend on indirect mechanisms
between biochar and soil. Thus, further research is needed to identify and quantify
indirect nutrient aspects of biochar produced from different feedstock under differ-
ent pyrolysis conditions and how the nutrient retention capacities may vary with
time. At the same time, strong interest is present at this moment to modify biochar
using different physical and chemical techniques to be applied in soil (e.g., sul-
fur char for saline soil). However, it is important to determine how such modifica-
tions influence the macro- and micronutrient availability as well. Moreover, studies
on biochar impacts on soil microbial populations, and their activities that may deter-
mine plant nutrient uptake are limited. Some hypotheses have been put forward
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explaining that biochar may provide habitats for microbes, supply protection from
predators, or provide a substrate for nutrient requirements. However, the underlying
reason why biochar stimulates microbial activities should be fully assessed. On the
other hand, soil quality parameters are vital to contribute to the biochar perfor-
mance, and nutrient status in soil and biochar-nutrient interactions in soil may fluc-
tuate with time. In addition, research opportunities exist to evaluate responses of
different plants to different biochar. Hence, long-term data in relation to specific soil
parameters and specific plants is critical to promote biochar use in plant productiv-
ity. Such research gaps are key challenges to address in order to establish an effec-
tive approach on biochar-induced plant nutrient uptake.
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Chapter 4
Nutrients Requirement of Medicinal Plants
of Dhofar Region of Oman

Mohd. Idrees, Israr Ul Hassan, M. Naeem, Tariq Aftab,
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Abstract Dhofar region of Oman has unique position in Arabic peninsula due to
Kharif (monsoon) season. During the season, the area receives sufficient water
required for development of various type of vegetation including medicinal plants.
Medicinal plants of xerophytic nature can survive for a long period. Some of them
are perennial like Frankincense and Myrrh, both are considered as the indicators of
the region. The other medicinal plant of region includes olive, camel grass, Nerium,
Aloe vera, Eshvarak, rubber bush, etc. The whole region is covered by calcareous
soil which has approximately 15% CaCOs;. The soil is very poor in nutrient, and all
major nutrients like nitrogen, phosphorus, and potassium are found in very low
amount or almost absent. Fertilizer application is generally needed to satisfy plant
requirements of nutrient for obtaining profitable production. Most of the previous
studies on soil are related soil amendment dealt with water scarcity. Little research
has been conducted on nutrient application in both timing and doses of application
in subtropical arid climates, such as that of Oman. However, some scientist tried to
explain the requirement of nutrients of regional medicinal plants including the prob-
lem related to absorption of the nutrients, leaching, maintaining soil carbon level,
nutrient carbon balances, and fertilizer effect. We tried to collect the information of
previous work related to the role of nutrient in development of medicinal plants of
Dhofar region and presented in this chapter briefly.
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4.1 Introduction

The Sultanate of Oman is situated on the southeastern shore of the Arabian
Peninsula. The tactical topographical position of the Sultanate made it one of main
points of the region in the international maritime trade sector. Business relationships
with other countries are due to high plant diversity of Dhofar region. The Dhofar
(Zufar) Governorate lies in Southern Oman, on the eastern border with Yemen.
Historically the region was the chief source of frankincense in the world. Dhofar is
directly exposed to the southeast monsoon from mid-June to mid-September, which
is known as the Khareef, and hence has a subtropical climate. Due to its climatic
condition, it has high diversity of green plants including herbs and shrubs. Dhofar’s
momentarily rainy climate contrasts abruptly with the adjoining unproductive
Empty Quarter Desert. The Salalah plain was once a sound cultivated area with a
cultured irrigation system. Rainfall on the seashores and on the inner plains ranges
from 20 to 100 mm (0.8-3.9 in.) a year and falls during mid- and late winter. Rainfall
in the mountains, particularly over Jebel Akhdar, is much higher and may reach
900 mm (35.4 in.). Development of crop growth and productivity in low-fertility
nonsaline soils is rather easy to achieve and largely depend on economics.

Supply of mineral nutrition, according to the plant needs, is important one among
various field technique to enhance production. Dose, form, and time of nutrition
supply plays important role to increase growth and development. In case of medici-
nal plants, supply of nutrition can affect the accumulation of secondary metabolites
or active molecules. Six macroelements (N, P, K, Mg, Ca, S) and seven microele-
ments (Fe, Mn, Zn, B, Cu, Mo, Cl) are indispensable for normal physiological and
biochemical parameters of the plants. An adequate mineral nutrition in the initial
phase of plant growth and development is the most important. Early reports have
established that supply of both organic and inorganic nourishments augmented
growth and yield of crop (Ghanta and Mitra 1993; El-Sheikh 2013a, b). It is a known
fact that supply of salt in the root zone can disturb the capacity of plants to take the
nutrients from soil and might be the reason of cell toxicity which can reduce plant
development (Munns 2002; Parida and Das 2005; Massa et al. 2009). Therefore, an
improvement of the saline-root zone (Burn et al. 2001; Massa et al. 2009) can coun-
ter salinity stress. Grattan and Grieve (1999) favored supply of big quantities of
manures in the root zone to regulate the stress on growth and metabolism of the
plant. This chapter summarized nutrient status and requirements of medicinal plants
of Oman in general and of Dhofar region in particular as well as contributions of
various workers on same issue.

4.2 Salalah Plain

Salalah plain is seaside expanse of the southern province of Dhofar. Dhofar is the
only area in Oman to that has advantage of rainfall from the southern monsoon
Kharif. The usual 110 mm rainfall is recorded annually; however, sometime it can
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be recorded from 70 to 360 mm. The period of 2 months (July—August) is normally
the “wet” period. Some of the spring water is utilized by falaj (irrigation system) to
provide irrigation water for parts of the plain. Recharge is by underflow from the
mountains and from the springs. Modern irrigation techniques are in operation in
large commercial farms mainly for the production of forage crops such as alfalfa
and rhodes grass. Boswellia sacra, Cammiphora myrrha, Azadirachta indica,
Catharanthus roseus, and Aloe vera are medicinal plants of the region.

4.3 Dhofar Jebel

The Jebel Mountain forms a separate agroclimatic zone. The Jebel Mountain
received highest rainfall in the region which might be up to 600-700 mm that favors
survival of various plant species.

4.3.1 Texture and Nutrient Status of Soil of Dhofar Region

More than 90% of land in Oman is inappropriate for cultivation; most is barren land,
stony, or sandy and infertile. Only a minor portion (about 1.4 million ha) is used for
cultivation of wild grasses for fodder. Agricultural soils are located on plains, coastal
areas, and mountain (The Oman Soil Atlas 1992). Oman lacks truly fertile agricul-
ture soils. Its best soils are the alluvial soils washed down from the mountain in the
interior and along coast (El-Sheikh 2013a, b). Information collected from soil
assessments on the basis of requirement of particular crop or plant species can be
used for nutrient recommendations. Soil survey of 1990-1991 recognized 38 types
of soils in various region of Oman. The soils of Dhofar region are bristly coarse
(sandy or coarse loamy) with weak water-holding capacity. The soil pH is soberly
to strong alkaline and the content of organic matter is very less. These qualities
made most soils nonsaline to slightly saline with low fertility. The major compo-
nents of soil exchange complex are calcium and magnesium that provide average
cation exchange capacity to topsoil. Moderate quantity of potassium and phospho-
rus are available in the soil. Various reports indicate that organic matter is available
in higher quantity in comparison to other region but still less than that of interna-
tional standards. Approximately 0.6% organic carbon content was found in topsoil
with minor quantities of iron, manganese, and copper. For cultivation of any crop,
soil organic matter whether it is fresh or composted has important role in nutrient
status of the soil and thus has effect on plant growth and productivity (Duong et al.
2011). Organic matter plays major role in soils with low fertility where it can
improve physical chemical and biological features by providing soil organism and
nutrients (Anderson and Domsch 1980; Marinari et al. 2000; Sall et al. 2003; Nyberg
et al. 2006). Soil microorganisms obtained from microbial biomass are responsible
to decompose organic matter to provide nutrient to soil (Benbi and Richter 2002;
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Jedidi et al. 2004). Several factors like type and quality of soil, pH, temperature, and
moisture have direct or indirect effect on the process of decomposition and miner-
alization of organic matter (Joergensen 2000; Hartz et al. 2000; Griffin et al. 2005;
Flavel and Murphy 2006).

4.4 Flora of the Oman

For nearly two and a half millennia ago, botanists, naturalists, and travelers had
explored flora of Oman. The interest of the world explorer/taxonomist started in 420
BC, when frankincense was exported from Dhofar to Europe via Egypt. PR.M. Aucher-
Eloy, a Frenchman, a well-known taxonomist and plant collector had visited Oman in
1938 and collected more than 250 species from various parts of Oman, among these
species, some were considered new at that time. The cloud forest of the Dhofar
Mountains is classified as a center of plant diversity in the Arabian Peninsula, with
approximately 750 species, of which some 60 are endemic (Radcliffe-Smith 1980;
Miller 1994). At present more than 12,000 species of flowering plant are present in
Oman. Dhofar region works as reserve area for some plant species and has nearabout
50 members of endemic plant species which belong to two endemic genera. Some
important medicinal plants species are the following (Ghazanfar and Al-Sabahi 1993):

Boswellia sacra, Commiphora myrrha, Olea europaea, Cymbopogon schoenan-
thus, Nerium oleander, Aloe vera, Rhazya stricta, Calotropis procera, Cassia ital-
ica, Carthamus tinctorius, Capparis spinosa, Carica papaya, Ricinus communis,
Ocimum basilicum, Medicago sativa, Thymus vulgare, Acacia ehrenbergiana,
Azadirachta indica, Acacia nilotica, Moringa peregrine, Piper nigrum, Myrtus
communis, Nigella sativa, Zingiber officinale, etc.

4.5 Nutrient Management

The reports of various researchers on nutrients management for various medicinal
plants are described briefly in the following paragraphs.

4.5.1 Frankincense (Boswellia sacra) and Myrrh
(Commiphora myrrha)

The major species of important medicinal plants of Dhofar region are Boswellia
sacra and Commiphora myrrha, commonly known as frankincense and myrrh
(Commiphora myrrha), respectively. Frankincense and myrrh are the members of
same family (Burseraceae) and both are shrub-like trees. The resin of both plants
has been used medicinally and for spiritual practices for over 5000 years. Myrrh is
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obtained from gum resin of Commiphora sp. and has various uses in medicinal,
cosmetic, and aroma industry. Both as a resin or essential oil, frankincense is useful
to provide relax for both the body and mind. The species of Boswellia sacra is an
indicator of the Dhofar region in Oman and is found in plenty on the steep, precari-
ously eroding slopes in the mountains of Dhofar. B. sacra can survive in the most
life-threatening conditions and frequently nurtures on rocky hills, commonly in cal-
careous soil. Generally calcareous soils have near about 15% CaCOs in the soil that
might be presented as powdery, nodules, and crusts forms. Calcareous soils are
wildly distributed in drier areas of Oman. Calcareous soil, managed with sufficient
water and nutrient supply, has high prospective efficiency for local crop. The soil
texture and nutrient status of Dhofar soil indicated in Table 4.1.

Data showed in Table 4.1 indicated that calcareous soils have very low organic
matter content and other nutrient. Reports on nutrient management of calcareous
soils suggested different strategy for each plant. Nitrogen is one of the significant
elements that play an important role in plant growth and metabolism. It is present in
the structure of amino acids and hence the proteins. Plants cannot absorb nitrogen
directly from the atmosphere. Calcareous soil has more than 15% CaCO; which
directly or indirectly affect the chemistry and availability of nitrogen (N), phospho-
rus (P), magnesium (Mg), potassium (K), manganese (Mn), zinc (Zn), and iron (Fe).
It is better to apply nitrogen fertilizer just before planting and after sprouting in split
doses up to plant establishment. Application of nitrogen through side-dressing to
the growing crop is an efficient way of nitrogen application. Most of calcareous
soils has negligible amount of phosphorous. The soluble form of phosphorus like
triple superphosphate, monoammonium phosphate, diammonium phosphate, and
ammonium polyphosphate can be effective on calcareous soils. The optimum dose
of phosphorus for frankincense tree is not available in the literature, but it should be
according to time of plant development. It must be near about 500 times during a
developing stage to complete the nutritional requirements (Diez et al. 1992). Excess
exogenous supply of phosphorus can cause deficiency of iron and zinc. Zinc sulfate
can be used to avoid the deficiency of zinc.

Table 4.1 Status and S.N. | Parameters Status/requirement
requiremgn tof nutrients of 1 Soil type Calcareous soils
Dhofar soil
2 Sand 45-50%
3 Silt 35-40%
4 Clay 10-15%
5 pH 9-10.5
6 CaCO, 15%
7 Organic Very low/exogenous supply require
matter
8 Nitrogen Very low/exogenous supply require
9 Phosphorus | Very low/exogenous supply require
10 Zinc Very low/exogenous supply require
11 Iron Very low/exogenous supply require
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4.5.2 Oleaeuropaea

The olive (Olea europaea) is a short perennial tree that flourishes mostly in
Mediterranean region but also cultivated other parts of the region with suitable cli-
mate. Olive trees (Olea europaea) easily grow in calcareous soil (rich in calcium
carbonate), which is generally found in slopes, mountains, and coastal areas (Jose
et al. 2006). Martinez et al. (2006) conducted an experiment to study the pattern of
nutrient loss at mountains slopes for Olea europaea. Martinez et al. (2006) used
three different type of soil as follows:

1. Non-tillage with barley strips of 4 m width (BS)
2. Conventional tillage (CT)
3. Non-tillage without plant strips (NT)

They realized about total NPK losses (sediments and runoff) in BS type
were around 0.87, 0.07, and 0.72 kg/ha, in CT type 1.82, 0.11 and 0.97 kg/ha
and in NT type 3.15, 0.29 and 2.45 kg/ha, respectively. Further they noticed
that quantity of nutrients was higher in runoff surface than that of standard in
CT and NT regarding water quality for NO;, N-NH, and soluble P. The effect
of slurry fertilization on two olive (Olea europaea L.) groves has been studied
by Monge et al. (2000) for one season. They used land sprayed slurry at 15
and 30 m?/ha for non-irrigated olive stand while 30 and 60 m3/ha used for irri-
gated olive. They obtained higher concentration of micronutrient in young
leaves than old leaves. Monge et al. (2000) concluded that supply of slurry has
not any significant effect on accumulation of nutrients and plant growth.
Osman (2010) studied effect of mineral, bio-NPK soil application on cultivars
of young olive trees, and foliar fertilization on leaf and shoot chemical com-
position. Results obtained by Osman (2010) indicated that Coronaiki cultivar
of olive has higher concentration of minerals in leaves than that of Manzanillo
olive. Coronaiki cultivar showed high C/N ratio than that of other cultivars.
Further, he noticed that supply of NPK fertilizer enhanced amino acid, carbo-
hydrate, and mineral in treated olive.

4.5.3 Cymbopogon schoenanthus

Cymbopogon schoenanthus L. Spreng is a sweet-smelling herb used in raw sal-
ads and in cooking of several recipes. The properties of Cymbopogon schoenan-
thus like antioxidant activity and chemical composition were evaluated by
Khadria et al. (2008). Mohamed (2005) used fertilizer like urea and chicken
manure on growth and metabolism yield of Cymbopogon schoenanthus. He
observed that there is no significant effect of treatment on flowering, growth,
and yield.
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4.5.4 Nerium oleander

Nerium oleander belongs to dogbane family Apocynaceae. Oleanders are very toler-
ant of a various soil types. Plants can survive in soil with higher concentration of
sodium, chloride, and salts. Nerium oleander can also tolerate high pH and alkalinity.
The tolerant capacity of oleander makes it evergreen plant of Gulf region. However,
oleander can grow easily without proper supply of fertilizer, but application of nitro-
gen fertilizer may be useful for some cultivar at the time of sowing. Generally, very
low amount of phosphorus is recommended for oleander to avoid excess of phospho-
rus in soil. Vijaiananth and Rameshkumar (2012) observed that supply of NPK
enhanced growth parameters and yield of oleander. Pedrinho et al. (2007) reported
linear effect of nitrogen fertilizer on growth and accumulation of glycosides.

4.5.5 Aloe vera

Aloe vera is a member of family Liliaceae and has medicinal properties (Anselm
2004; Aloe India 2007; International Aloe Science Council 2007). Egbuchua and
Enujeke (2015) observed that fertilizers containing nitrogen and phosphorus had
significant effect on overall performance of A. vera. Growth parameters including
leaf numbers, leaf length, and fresh weight significantly increased in plants treated
with nitrogen and phosphorus at the rate of 75 and 40 kg/ha. Further, data indicated
that no significant effect was found for combined doses of nitrogen and phosphorus.
Tawaraya et al. (2007) investigated the effect of colonization of arbuscular mycor-
rhizal on nutrient (N and P) uptake and development of A. vera. Results obtained by
Tawaraya et al. (2007) indicated that colonization of arbuscular mycorrhizal
enhanced uptake of nitrogen and phosphorus and hence increased growth and
metabolism of A. vera. Nutrient like phosphorus and nitrogen played major role in
somatic growth and production of A. vera (Pareek et al. 1999), signifying the impor-
tance of P and N sustenance for growth of A. vera. It is a well-known fact that Aloe
vera is capable to bear xerophytic conditions that is why it can flourish on saline soil
of sea coast and on tropical and subtropical areas of world (Rahi et al. 2013). Under
salt condition, the additional supply of silicate (Si) to nutrient combination reduced
the concentrations of sodium (Na) and chloride (Cl) in leaves, stem, and roots of A.
vera though it enhanced potassium content and ratio of potassium and sodium (K/
Na) significantly. The additional supply of silicate enhanced the capability of root
and stem to absorb and translocate potassium, respectively, in A. vera (Xu et al.
2006). Salighehdar et al. (2013) observed growth parameters increased significantly
in A. vera received nutrient solution containing highest amount of nitrogen. Hazrati
et al. (2012) studied the role of different fertilizers containing nitrogen on various
physiological and morphological properties of A. vera. Their findings suggested
that supply of nitrogen significantly increased leaf parameters such as number area
and thickness of leaves in A. vera. The gradual increase in nitrogen supply played
positive role on the accumulation of aloin concentration.
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4.5.6 Catharanthus roseus

Periwinkle (Catharanthus roseus L.) is a perennial plant and can easily grow in
tropical and subtropical arid climate such that of Oman, belonging to family
Apocynaceae. However, there is no reference on Catharanthus roseus in available
literature related to Oman region, but some workers conducted experiments to find
out its requirement of nutrients in subtropical arid condition similar to Oman. Van
Iersel et al. (1999) found that nitrogen content in shoot was correlated to the shoot
dry mass of Catharanthus roseus seedlings. At the same time, P and K had minute
or no effect on shoot growth; henceforth, P and K can be decreased in fertilization
for the cultivation of C. roseus. Pre- and posttransplant growth of C. roseus was
upgraded equally by supplement of nitrogen in pretransplant fertilizer (Van Iersel
et al. 1999). The concentrations (0.25 mM) of P and K are required for the develop-
ment of best-quality seedlings of C. roseus. The best outcome of NPK fertilization
and improved vinblastine content were noted when potassium was not supplied with
chloride form. As opposite to this, Smith et al. (1987) noted more intra-cell collec-
tion of catharanthine and other indole alkaloids of C. roseus. Biosynthesis and accu-
mulation of secondary plant metabolites were affected by environmental factors (De
Luca and St. Pierre 2000). Combination of foliar and soil drenching application of
nutrient delivered not only a rise in yield but also improved absorption of nutrients
by leaves, thus decreasing the risk of losses by leaching, fixing, volatilization, and
pollution of ground water by nitrates (Narkiewicz-Jodko et al. 1989).

4.6 Conclusion

The beneficial effect of mineral supply to soil according to the crop requirement to
increase growth has been well known in cultivation for more than two centuries. The
situation of Arab region especially Oman is somewhat different from rest of the
world regarding the study of mineral nutrition for plants in general and particular
for medicinal plants. A large area of fertile soil is covered with calcareous soils that
support the vegetations capable to tolerate CaCO;. However, some soil amendment
reports are available, but most of these are related to water-holding capacity and soil
tolerance. Only very few plants species, i.e., Boswellia sacra, Olea europaea, Aloe
vera, and Cammiphora myrrha, are explored in terms of mineral nutrition.
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Chapter 5
Quantitative Attributes of Nutrient Uptake
and Use Efficiency

Manish Mathur and Arti Goel

Abstract Nutrient uptake and their utilization efficiencies are the two central con-
templations for identification and assessment of most suitable cultivars and for their
ideal cultivation practices. Several endeavors have formularized quantitative attri-
butes for these two important traits both at ecosystem as well as at species level
across the globe under control conditions as well as on natural habitats. However,
much confusion has been caused by the use of different terminology. Even the
application of the most common terms, such as nutrient use efficiency, may differ
among authors, leading to fundamental disagreement over interpretation of the
same data. Thus, the present chapter is shaped with some important scattered attri-
butes like definition of nutrient uptake and use efficiency, concept and levels of their
measurements (ecosystem and species levels), technical terminology, and quantita-
tive aspects for nutrient use and uptake efficiencies. Twenty-seven quantitative
approaches with some supportive parameters like construction cost, resorption, and
mechanistic models have also been described. The present chapter will give updated
and comparative tools to researchers to facilitate their experiment layout, quantita-
tive evaluation of their data sets, and their interpretation.

Keywords Nutrient measurement * Nutrient utilization ® Nutrient uptake  Technical
attributes

5.1 Defining Nutrient Uptake and Use Efficiency

Efficiency concepts in plant mineral nutrition have been characterized in light of the
procedure by which plants acquire, transport, store, and use the nutrient in order to
produce dry matter or grain, at low or high level of nutrient supply (Ciarelli et al.
1998). The definition of nutrient efficiency changes enormously, and it’s a helpful
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parameter to measure the capacity of a plant to acquire and utilize nutrients for
production of timber, crops, or forages. Bridgham et al. (1995) defined nutrient
uptake efficiency as the proportion of available soil nutrients acquired by plants and
nutrient use efficiency as total net primary productivity per quantity of nutrients
acquired during the same periods. Rathke et al. (2006) had characterized it as the
ratio of seed yield to the amount of nutrient in the aboveground parts of plant, while
Tittonell et al. (2007) defined nutrient use efficiency as dry matter produced (kg) by
each kg of nutrient uptake. Weih et al. (2011) have depicted it as the process of
carbon gain and loss in connection with the procedure related to gain and loss of the
major growth-limiting nutrients.

With respect to yield parameters, nutrient efficiency has been characterized as the
capacity to deliver a high plant yield in a soil or other media that would somehow limit
the production of a standard line (Graham 1984; Gourley et al. 1994). Then again, it
is by and large characterized as aggregate plant biomass produced per unit nutrient
absorbed, which is comparable to the reciprocal of nutrient concentration in whole
plant (Baliger et al. 1990). Further, nutrient acquisition efficiency and nutrient internal
utilization efficiency are the two noteworthy segments of plant nutrient use efficiency
related to capacity of plant to gain nutrient from the dirt and to plant internal ability to
produce yield units per unit nutrient in plant (Good et al. 2004).

Overall nutrient use efficiency in plants is governed by the inundation of ions
from the soil to the root surface and by the influx of ions to roots followed by their
transport to the shoots and remobilization to plant organ (Jothimani et al. 2007).
There are two ways that nutrient use efficiency of the individuals composing the
system can influence nutrient use efficiency of the whole system. The first is through
its influence on competitive interaction among species. Plant with high nutrient use
efficiency should be able to tolerate lower nutrient availabilities: thus, they should
be effective competitors in diverse communities where nutrients are in short supply
(Tilman et al. 1997). A system made up of such individuals should therefore have a
higher productivity per unit of nutrient supplied by the soil than one made up of
individuals with low nutrient use efficiencies. The second way that plant nutrient
use efficiency can influence ecosystem nutrient use efficiency is through its influ-
ence on litter nutrient return (Hobbie 1992). Vitousek (1982) developed the theory
of nitrogen use efficiency, and according to it, plant communities on the N-poor
soils are less productive but more efficient in their use of N than communities on
N-rich soils.

5.2 Concept and Levels of their Measurement

The concept of nutrient use efficiency is central to understanding ecosystem func-
tioning because it is the step in which plants can influence the return of nutrients to
soil pool and the quality of the litter (Yuan et al. 2006). Ecologist studied nutrient
use efficiency at three scales, most commonly those of the leaf and whole plant
(Mathur 2013). At the leaf level, nutrient use efficiency is the ratio of photosynthetic
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rate to concentration of nutrient in the leaf lamina (Field and Mooney 1986); at the
plant level, it is the ratio of growth to nutrient uptake (Hirose 1975). Ecosystem
nutrient use efficiency depends on two component indexes: (a) plant-level nutrient
use efficiency (i.e., the NPP of the individuals that make up the system per unit of
nutrient taken up by them) and (b) uptake efficiency (i.e., total uptake by the indi-
viduals that make up the system per unit of nutrient supplied by the soil) (Shaver
and Melillo 1984). Plant adaptation to resource availability is often expressed as
resource use efficiency or ratio of production to uptake of certain limited resources
(Garnier and Aronson 1998; Pastor and Bridgham 1999; Binkley et al. 2004).

Theory suggested that nutrient efficiency increases unimodally with declining soil
resources. Yuan et al. (2006) have experimentally demonstrated that whole-plant
nitrogen use, uptake, and response increased monotonically with decreasing soil
nitrogen and water, being higher on infertile (dry) habitat than on fertile (wet) habitats.
They further explained that nutrient use efficiency differed among sites and was often
affected by trade-off between net productivity (NP) and mean residence time (MRT,
the ratio between the average nutrient pool and the annual nutrient uptake or loss),
where plants and communities had adapted in a way to maximize either NP or MRT,
but not both concurrently. Further, comparisons of species (Vazquez de Aldana and
Berendse 1997; Eckstein and Karlsson 2001), community (Nakamura et al. 2002;
Silla and Escudera 2004), and ecosystem levels (Hiremath and Ewel 2001) have sug-
gested that nitrogen use efficiency increases as soil N availability declines. Most of the
studies related to utilization efficiency of various nutrients so far exclusively addressed
the species in lowland mires, subarctic tundra, or tropical rain forest (Yuan et al.
2006), while few such studies have also been conducted in the semiarid region of the
world, particularly northern China (Yuan et al. 2005).

5.2.1 Ecosystem-Level Approaches

By definition, the ecosystem is the system developed through interaction between
biotic and abiotic components. From nutrient use efficiency point of view, whole-
ecosystem experimental manipulation indicates an alteration of an ecosystem in
which either the entire habitat itself is experimentally altered or a subset of the habi-
tat is altered, the response to which is expected to be ecosystem wide (Fayle et al.
2015). Studies have examined the efficiency of plant nutrient uptake and use at
multiple levels, from leaves to ecosystem (Garnier and Aronson 1998; Hiremath
1999; Aerts and Chapin 2000; Yuan et al. 2003). Vegetation structure in natural
ecosystems is determined by both biotic factors (e.g., competition, facilitation, and
predation) (Hacker and Gaines 1997) and abiotic ones (Valverde et al. 1996; Hahs
et al. 1999) although the effect of these factors depends on the habitats where plants
grow (McAuliffe 1994). A complete assessment of ecosystem productivity and
nutrient dynamics requires measuring above- and belowground patterns of biomass
increment, turnover, and nutrient content. In fact, a proper evaluation of NUE
requires data at the whole-plant level, because patterns of aboveground NUE are not
necessarily similar to the whole-plant NUE (Aerts and Chapin 2000; Mathur 2015).



84 M. Mathur and A. Goel

Generally environmental components that impose restrictions on plant develop-
ment (e.g., water stress, high temperatures, and salinity) assume vital roles in the
community structure (Interli and Kilham 2001). For instance, in arid environments,
water availability and low levels of nutrients in soil are the main environmental fac-
tors affecting the development of plant communities and consequently plant abun-
dance and productivity (Flores and Briones 2001). Ecological theory suggests that
species in a mixture may exploit resources of a site more completely and efficiently
than a single species would be able to do, leading to greater overall productivity.

To accomplish greater productivity in mixed stands, the species constituting the
stands need to show contrasts in their requirements (niches) and the way they utilize
site assets and (or) positively affect the growth of each other. This concept of niche
separation implies that if two species are too similar in their requirements, they
would eventually compete intensely to exclude the other. The mixed stands may
experience less intense interspecific than intraspecific light competition as a conse-
quence of the differences in shade tolerance among species. Such a stratified canopy
would, in theory, maximize the use of light because of increased light interception
and light use efficiency (Kelty 1992), leading to greater total productivity than in
pure stands (Smith et al. 1997). This type of response has been found in studies by
Montagnini et al. (1995), Montagnini (2000), DeBell et al. (1997), Man and Lieffers
(1999), Garber and Maguire (2004), and Mathur (2015).

Hiremath and Ewel (2001) have examined the impact of monoculture and poly-
culture types on ecosystem nutrient use efficiency. They have inferred that three
species significantly influenced nutrient use efficiency by whole ecosystem in
monoculture, while in polyculture the additional life-form significantly increased
nutrient uptake and uptake efficiencies. They demonstrate that ecosystem nutrient
use efficiency is an outcome not only of the characteristics of the species or life-
forms that comprise the system but also of factors that affect soil nutrient supply.
They considered ecosystem nutrient use efficiency as the proportion of net primary
productivity to soil nutrient supply. They further summarized how the ecosystem-
level nutrient use efficiency increases with the richness of species or life-forms in a
community and what are the relative roles of species traits and nutrient supplying
capacity of the soil in determining nutrient use efficiency. Nutrient use efficiency at
ecosystem level revealed that NUE increase with richness of species or life-forms in
a community. However, this connection at species level has not been worked out,
especially in semiarid areas where resources are released in pulses.

Tilman et al. (1997) in the context of diversity and ecosystem productivity and
Hooper (1998) in the context of diversity and nutrient retention have suggested that
ecosystem nutrient use efficiency depends on the identity of the species making up
the system and not on a greater diversity of species per se. A complete evaluation of
ecosystem productivity and nutrient dynamics requires measuring above- and
belowground patterns of biomass increment, nutrient content, and turnover. In fact,
a proper evaluation of nutrient use efficiency requires data at the whole-plant level,
because patterns of aboveground utilization efficiency are not necessarily similar to
whole-plant utilization efficiency (Aerts and Chapin 2000).
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Be that as it may, most of the previous studies have focused exclusively on the
nutrient utilization efficiency (NUE) of fine-litter production (Vitousek 1984;
Silver 1994; Yasumura et al. 2002; Paoli et al. 2005). Destructive methods of NUE
evaluation are generally criticized; therefore, nutrient solution techniques have
been used as important tools in short-term experiments to select and identify nutri-
ent-efficient plant (Furlani and Furlani 1988; Ciarelli et al. 1998; Speher and Souza
1999). In addition, these nondestructive techniques might be useful for those spe-
cies which have low germplasm availability in nature (Furlani et al. 2002).
Ecosystem-level approaches for nitrogen and phosphorus efficiency using litter
experiments were conducted by workers like Mirmanto et al. (1999), Sayer et al.
(2006), Kaspari et al. (2008), Sayer and Tanner (2010), Sayer et al. (2012), Ashford
et al. (2013), Homeier et al. (2012), and Turner et al. (2013). Kobe et al. (2005)
have utilized global data set with regard to resorption efficiency in green and senes-
cence leaves, and they have summarized that functional relationships between
nutrient concentrations in senesced and green leaves were indistinguishable for
evergreen and deciduous species, but evergreens tended to have lower concentra-
tions in both senesced and green leaves. General relationships (across species and
environments) between senesced and green leaf nutrient concentrations and broad,
intraspecific variation in nutrient concentrations suggest that variation in resorption
efficiency and proficiency could be a result (and not necessarily a cause) of species
sorting across fertility gradients.

Resource pulses are thought to be important drivers of community dynamics in
desert ecosystem. Plants in arid and semiarid systems are primarily limited by water,
but nutrient may be co-limiting. Summer precipitation pulses can affect ecophysiolog-
ical parameters directly by increasing soil water availability and also by effects on
nutrient availability (Synder et al. 2004). Many short-term isotopic and ecophysiolog-
ical studies have demonstrated that desert plant species, functional groups, and life
stages differ in the capacity to use summer resource pulse (Schwinning et al. 2002;
Ivans et al. 2003). Mathur (2005) reported fluctuation in net negative and positive
associations among annuals as well as among perennials in 12 different successional
stages during pulse, inter-pulse, and non-pulse events. One whole-plant NUE study
from semiarid grassland in northern China was conducted by Yuan et al. (2006).
Studies of Sala et al. (1989) and Paruelo and Sala (1995) from Patagonian Steppe sug-
gested a tight link among three key elements of the functioning of ecosystems: species
composition and N and water cycles. Consequently, changes in any of these three
elements will have consequences on the other two. The tight link between N and water
capturing strategies suggest that changes in the availability of one resource may have
rapid and direct effects on the other. Anthropogenic changes in the composition of
plant types will have effects on N and water economy. If climate change results in
drier conditions in arid and semiarid regions, deep soil water resources will be reduced.
Under these conditions, results from this study predict decreased shrub density and a
less conservative nitrogen economy for the affected ecosystems. Removal of the
woody plants would convert the vegetation to one dominated by grasses with short N
residence times in biomass and therefore high N turnover. Therefore, a reduction in
the shrub component would have atmospheric consequences because N atoms are
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most vulnerable to being lost from the ecosystem via gaseous loss or leaching when
in inorganic form. Sala et al. (2012) have studied the contrasting nutrient-capture
strategies in shrubs and grasses of a Patagonian arid ecosystem. Their studies have
revealed that shrub and grass species have similar nitrogen use efficiency but that they
achieve it through opposite mechanism. Shrubs have a conservative N economy
absorbing annually only small fractions of their N content, whereas grasses have a
more open N economy.

Norris et al. (2007) have quantified nutrient use efficiency for assessment of
altered ecosystem nitrogen dynamics as a consequence of land cover changes in tall
grass prairie. They measure and compared major pools and fluxes of nitrogen in red
cedar forests and adjacent native grasslands. They reported higher ecosystem-level
nitrogen use efficiency (ANPP, leaf litter N) in forest compared to grasslands and
concluded that differences related to biogeochemistry and both nitrogen and carbon
storage throughout areas of the eastern central plain where coverage of red cedars is
increasing.

Mangroves are a diverse group of plants and are an ecological entity with little
phylogenetic association. This may lead to many intrinsic differences among coex-
isting species in nutrient uptake and nutrient use efficiency, with significant differ-
ences observed between species in their response to nutrient availability (McKee
1993; Lovelock and Feller 2003), which may be partially responsible for differen-
tial distribution of species (zonation) observed in mangrove landscapes (Feller et al.
2003). However, convergent evolution has led to similar adaptations among man-
grove species in traits such as water relations (Ball 1988; Macinnis-Ng et al. 2004)
and architecture (Tomlinson 1986). Interspecific differences in nutrient use effi-
ciency have been observed between mangrove species (Lovelock and Feller 2003)
and are also modified by plant interactions with environmental variables (Martin
et al. 2010). For example, phosphorus use efficiency differed among mangrove spe-
cies and decreased with increased nutrient availability and salinity (Martin et al.
2010). PNUE decreases with increasing salinity because under highly saline condi-
tions, mangroves achieve higher photosynthetic water use efficiency by increasing
N leaf content in order to maximize photosynthetic carbon gain when stomatal con-
ductance is low.

5.2.2 Species-Level Approaches

It is generally hypothesized that a single plant species is unable to take full advantage
of any environment, due to variables such as mineral and nutritional needs, root depth,
and metabolic by-products. Monoculture practice in the same area for extended peri-
ods depletes resources required by that plant species while neglecting available
resources other plant species can take advantage of. Perennial polyculture is a rela-
tively new model in farming practices that aims to reduce many of the ecological costs
of farming by mimicking natural ecosystems. The idea behind a “reengineered eco-
system” is to decrease soil erosion by wind and water by providing year-round ground
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cover. Perennial polyculture means creating a diverse group of plants that are inter-
mixed in the field. Most modern farming relies on monocultures, vast fields of a one
plant seeded over and over again (Glover and John 2010). There are many skeptics of
perennial polyculture as well. Some studies have found that while perennial polycul-
ture may seem a brilliant solution to agricultural dilemmas, over time, a dominant
species emerges, essentially converting the field back to a monoculture system
(Griffitha et al. 2011). In this case, the cost of regulating the polyculture field out-
weighs any benefits gained. Gama-Rodrigues et al. (2007) have concluded that growth
and yield in mixed-tree stands were higher than in pure stands owing to the combina-
tion of species with complementary ecophysiological attributes, consequently improv-
ing the efficiency in nutrient use and cycling.

The separate consideration of nutrient uptake efficiency, nutrient response effi-
ciency, and nutrient use efficiency can yield important insights into the competitive
abilities of different species along fertility gradients (Pastor and Bridgham 1999).
Yuan et al. (2006) have reported monotonic increase in nitrogen use efficiency with
decreasing soil nitrogen and water availability. Further, they reported that interspe-
cific variation in NRE of two Stipa species does not confirmed the model developed
by Pastor and Bridgham (1999). In their experiment, nutrient response efficiency
increased significantly with declining soil N and water availability and, thus, sug-
gested that unimodal response efficiency (Pastor and Bridgham 1999) may not be
applicable within species in temperate grasslands of northern China. Yuan et al.
(2008) have quantified nitrogen use efficiency in Stipa krylovii by partitioning it
into productivity (A) and the mean residence time (MRT). Their experiment sug-
gested that these three parameters, i.e., A, MRT, and NUE, were significantly related
to the soil N supply, while a negative relationship between A and MRT exists for this
species, i.e., plant with higher A had lower MRT.

A =NPP/N

Pool

MRT =N, /N

Pool Loss

NUE = AxMRT =NPP/N,,

NPP is the net aboveground biomass; Np,, is the N content in biomass and N
quantified by multiplying total liter production by its N concentration. Plant species dif-
fer in the efficiency with which they acquire and utilize phosphorus. Phosphate acquisi-
tion efficiency (PAE) relates to the different extents to which plants are able to mobilize
phosphorus from poorly soluble sources or to take up the soluble phosphorus available
in the soil solution. Higher plants show several morphological and physiological adapta-
tions that enable them to acquire phosphorus from sparingly soluble phosphorus soil
fraction. These adaptations include root system enlargement, arbuscular mycorrhiza
establishment, increased organic acid exudation, rhizosphere acidification, increase pro-
duction of phosphatases, and enhanced phosphate uptake rate (Narang et al. 2000).
Mathur (2015) had studied the impact of stand types (monoculture and polyculture) on
phosphorus acquisition efficiency and their subsequent internal utilization efficiency
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were determined at species level, in a seratonious endangered plant, Blepharis sindica.
He hypothesized that within semiarid plant communities, stand types influence nutrient
dynamics of plants and have two directions and consequently two effects: firstly, it
affects the nutrient uptake efficiency and secondly its utilization efficiency through their
various bottom-up and top-down factors. Species-level phosphorus acquisition and
internal utilization efficiency and their relation with bottom-up and top-down factors for
Corchorus depressus were carried out by Mathur (2014).

Henderson and Jose (2012) have quantified the effect of water and nutrient avail-
ability on nutrient content (kg-ha™'), resorption efficiency (%), resorption profi-
ciency (g nutrient/kg leaf litter (senesced tissue)), and leaf- and canopy-level nutrient
use efficiency of nitrogen (N), phosphorus (P), and potassium (K) for Populus del-
toides, Quercus pagoda, and Platanus occidentalis. They concluded that aboveg-
round nutrient content, nutrient resorption efficiency and proficiency, and leaf- and
canopy-level nutrient use efficiency were not influenced by increased nitrogen avail-
ability. Additionally, they also concluded that maximum biomass production was
not necessarily tied to maximum nutrient input. Production as well as nutrient
requirements are species specific and may include a compensatory mechanism pro-
viding sufficient resources available from the site, to deter nutrient imbalance.

5.3 Factors Associated with Them

Effective uptake can be achieved through four different mechanisms:

(a) Temporal partitioning such that one species takes up nutrients at a time when
others do not

(b) Spatial partitioning such that one species takes up nutrients from portions of the
habitat that are inaccessible to other species

(c) Uptake of nutrients in different proportions

(d) Uptake of different forms of the same nutrient (e.g., plant root absorb P as either
H,PO,")

Nitrogen use efficiency, in particular, has been the subject of a large number of
studies (Vitousek 1982; Shaver and Melillo 1984; Aerts and de Caluwe 1994;
Bridgham et al. 1995; Yuan et al. 2006). The fundamental tenet of NUE theory is
that plant communities on N-poor soils are less productive but more efficient in their
use of N than communities on N-rich soils. Comparison of species (Vazquez de
Aldana and Berendse 1997; Eckstein and Karlsson 2001), community (Nakamura
et al. 2002; Silla and Escudera 2004), and ecosystem level (Hiremath and Ewel
2001) has shown that NUE increases as soil N availability declines. The trade-off
between resource acquisition and conservation has been formalized in the leaf
economics spectrum (LES), which shows that relationships exist among several key
traits across a broad range of species and different climates (Funk 2013). Plant spe-
cies with low leaf mass per unit area (LMA), high rates of carbon assimilation, high
leaf nitrogen (N) content, and short leaf life span occupy one end of the spectrum



5 Quantitative Attributes of Nutrient Uptake and Use Efficiency 89

(fast return on investment), while plant species with high LMA, low rates of carbon
assimilation, low leaf N content, and long leaf life spans occupy the other (slow
return on investment). With respect to invasion, several researchers have suggested
that invasive species are positioned closer to the fast-return end of the LES (Leishman
etal. 2010; Penuelas et al. 2010; Ordonez and OIff 2012). This “fast-return” strategy
seems at odds with an ability to tolerate low-resource conditions, as species adapted
to low-resource systems often display slow growth, resource use efficiency, high
LMA, high tissue construction cost, and long-lived tissues (Craine 2009).

In particular, high nitrogen use efficiency considered advantageous under condi-
tions of low soil fertility, as it entails high biomass production per unit of N uptake
(Aerts and Chapin 2000). In addition, NUE is a useful index that integrates plant
physiological and morphological responses along nutrient available gradients.
Woody perennials exhibit a characteristic time course of phosphorus acquisition
and internal P redistribution during their life cycle (Fageria et al. 2011; White and
Veneklaas 2012). Phosphorus efficiency can be divided into P acquisition efficiency
(PAE) and P utilization efficiency (PUE). PAE refers to the ability of plants to take
up P from soils, and PUE is the ability to produce biomass or yield using the
acquired P (Wang et al. 2010). Enhancing P efficiency in plants can be achieved
through improving P acquisition and/or utilization.

However, the contribution from PAE or PUE to plant P efficiency varies with spe-
cies and environmental conditions (Wang et al. 2010). The main mechanisms related
to increased P acquisition efficiency are the root morphology and architecture, which
is based on the increase in root volume and area; the genotype ability to associate with
soil rhizosphere microorganisms, which would facilitate soil P acquisition; and the
genotype capacity to secrete organic compounds in the rhizospheres (like phospha-
tases and organic acids), which would release P from organic or inorganic soil sources.
A higher P internal utilization efficiency has been attributed to a higher grain yield per
unit of P in the grain (quotient of utilization) and to higher ability to transfer nutrient
from shoot to grain, called P harvest index (Baligar and Fageria 1997).

Several workers found varying K efficiency among different plant species and
genotypes. For example, El Dessougi et al. (2010, 2011) showed that wheat and
sugar beet had a higher agronomic K efficiency than barley. Sadana and Claassen
(1999) showed, in a pot experiment, that sugar beet is more K efficient than wheat
and maize. Hence, varying K efficiency may be due to variations in internal require-
ments of the plant or use efficiency (Trehan and Claassen 1998; Zhang et al. 1999;
Fageria et al. 2001). The internal requirement is the K concentration in plants
needed to produce a certain proportion of the maximum yield, for example, 90% as
used by Foehse et al. (1988). Other reasons for efficiency could be the K uptake
ability of the plants, i.e., acquiring K from the soil or solution and accumulating it
in the shoots. This depends on the density of roots and on the efficiency of the single
roots to take up K or the influx (El Dessougi et al. 2002; Bhadoria et al. 2004). Low
shoot growth rate and/or high root length/shoot weight ratio and a high uptake rate
per unit root are the major mechanisms employed for K efficiency by crops like
Triticum aestivum, Hordeum vulgare, Lolium perennial, Brassica napus, Beta vul-
garis, Helianthus annuus, and Zea mays (Dessougi et al. 2010).
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Proper N application timing and rates are critical for meeting crop needs and
indicate considerable opportunities for improving N use efficiency (NUE) (Dhugga
and Waines 1989; Blankenau et al. 2002). Reports have shown that split N applica-
tion in the later stages was effective in attaining higher N uptake efficiency (Kumari
et al. 2000; Ashraf and Azam 1998). NUE, grain yield produced per unit of N sup-
ply, is a complex trait comprising N uptake efficiency (NupE) and N utilization
efficiency (NUTE) (Moll et al. 1982; Ortiz-Monasterio et al. 1997). NupE reflects
the ability of the plants in obtaining N, while NUTE reflects the efficiency with
which the crop utilizes N in the plant for the synthesis of grain yield.

Tran and Tremblay (2000) reported that wheat NupE was lower in the early applica-
tions at planting and tillering than application in the later crop growth stage. Asplund
et al. (2016) studied the functional traits associated with nitrogen use efficiency in bread
wheat (Triticum aestivum ssp. aestivum); their partial least squares regression have iden-
tified six traits, namely, leaf chlorophyll of the top leaf at stem elongation, grain ear™',
ear pot™!, straw biomass pot~!, days between emergence and anthesis, and days between
emergence and completed senescence, and these are crucial for overall NUE.

Zeugin et al. (2010) from central Panama forest had linked the tree diversity with
phosphorus and nitrogen acquisition with specific objectives such as the following:
does species richness and species composition affect the size of N and P pool in the
trees? And if so, is this caused by selection or complementarity? To what extent do
the environmental variables contribute to the explanation of the N and P pool pat-
terns in the plantation? And are N and P use efficiencies affected by the tree species
and/or the species richness? They reported a positive but not consistent net effect of
biodiversity on the N and P pools, mainly explained by complementarity effects.
They also observed significantly lower PUE in the three species mixtures compared
to monoculture or the high diverse plots. They have interpreted their results with
view of competition and facilitation between species and for other resources.
Formerly, Richards et al. (2010) have provided hypotheses and measurements
related to the proportion of resource supply captured section and resource use effi-
ciency section.

5.4 Technical Attributes of Nutrient Use Efficiencies

5.4.1 Partial Factor Productivity (PFP)

This is a basic productivity expression, figured in units of crop yield per unit of
nutrient applied. It is easily calculated for any farm that keeps records of inputs and
yields. It can likewise be figured at the regional and national level, provided reli-
able statistics on input use and crop yields are available. However, partial factor
productivity values vary among crops in different cropping systems, because crops
differ in their nutrient and water needs. A comparison between crops and rotations
is particularly difficult if it is based on fresh matter yields, since these differ greatly
depending on crop moisture contents (e.g., potato vs. cereals). Thusly, geographic
areas with various cropping systems are difficult to compare with this indicator.
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5.4.2 Agronomic Efficiency (AE)

This is figured in units of yield increment per unit of nutrient applied. It more closely
reflects the direct production impact of an applied fertilizer and relates directly to
economic return. The computation of AE requires knowledge of yield without nutri-
ent input so is only known when research plots with zero nutrient input have been
implemented on the farm. If it is calculated using data from annual trials rather than
long-term trials, NUE of the applied fertilizer is often underestimated because of
residual effects of the application on future crops. Estimating long-term contribu-
tion of fertilizer to crop yield requires long-term trials.

5.4.3 Partial Nutrient Balance (PNB)

It is the simplest form of nutrient recovery efficiency, usually expressed as nutrient out-
put per unit of nutrient input (a ratio of “removal to use”). Less frequently, it is reported
as “output minus input.” PNB can be measured or estimated by crop producers as well
as at the regional or national level. Often the assumption is made that a PNB close to one
suggests that soil fertility will be sustained at a steady state. However, since the balance
calculation is a partial balance and nutrient removal by processes, such as erosion and
leaching, is usually not included, using a PNB of one as an indicator of soil fertility
sustainability can be misleading, particularly in regions with very low indigenous soil
fertility and low inputs and production, such as sub-Saharan Africa.

Likewise, all nutrient inputs are rarely included in the balance calculations, thus,
the modifier, partial, in the term. Biological N fixation, recoverable manure nutrients,
biosolids, irrigation water, and the atmosphere can all be nutrient sources in addition
to fertilizer. Values well below one, where nutrient inputs far exceed nutrient removal,
might suggest avoidable nutrient losses and thus the need for improved NUE; attain-
able values, however, are cropping system and soil specific. A PNB greater than one
means more nutrients are removed with the harvested crop than applied by fertilizer
and/or manure, a situation equivalent to “soil mining” of nutrients. This situation may
be desired if available nutrient contents in the soil are known to be higher than recom-
mended. However, in cases where soil nutrient concentration is at or below recom-
mended levels, a PNB > 1 must be regarded as unsustainable (Brentrup and Palliere
2010). Over the transient and on individual homesteads, PNB can show substantial
fluctuations due to cash flow and market conditions, especially for P and K. Longer-
term assessment of PNB over several years is therefore more useful.

5.4.4 Apparent Recovery Efficiency (RE)

Apparent recovery efficiency is one of the more complex forms of NUE expressions
and is most commonly defined as the difference in nutrient uptake in aboveground
parts of the plant between the fertilized and unfertilized crop relative to the quantity
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of nutrient applied. It is often the preferred NUE expression by scientists studying
the nutrient response of the crop. Like AE, it can only be measured when a plot
without nutrient has been implemented on the site but in addition requires measure-
ment of nutrient concentrations in the crop. And, like AE, when calculated from
annual response data, it will often underestimate long-term NUE.

5.4.5 Internal Utilization Efficiency (IE)

It is defined as the yield in relation to total nutrient uptake. It varies with genotype,
environment, and management. A very high IE suggests deficiency of that nutrient.
Low IE suggests poor internal nutrient conversion due to other stresses (deficiencies
of other nutrients, drought stress, heat stress, mineral toxicities, pests, etc.).

5.4.6 Physiological Efficiency (PE)

This is defined as the yield increase in relation to the increase in crop uptake of the
nutrient in aboveground parts of the plant. Like AE and RE, it needs a plot without
application of the nutrient of interest to be implemented on the site. It also requires
measurement of nutrient concentrations in the crop and is mainly measured and
used in research.

5.4.7 Resorption

Nutrient resorption amid senescence, through its role in reducing nutrient loss, is an
important component of plant nutrient conservation strategy (Aerts and Chapin
2000). There are two essential parameters that can be utilized to evaluate this proce-
dure: nutrient resorption proficiency (the level to which a nutrient is reduced during
senescence, RP) and nutrient resorption efficiency (the proportional nutrients
withdrawn from senescing tissues prior to abscission, RE). RP is generally nega-
tively related to nutrient availability (Killingbeck 1996; Wright and Westoby 2003;
Rejmankova 2005; Richardson et al. 2005), while RE shows inconsistent patterns in
response to nutrient availability in soils (Aerts 1996; Huang et al. 2012). The varied
relationships between RE and nutrient availability reported in previous studies (e.g.,
Singh 2004; Yuan et al. 2005) may be attributed to the different methods for estimat-
ing nutrient resorption. The most generally utilized strategies incorporate leaf mass-
based (e.g., Oleksyn et al. 2003; Quested et al. 2003; Rejmankova 2005; Cardenas
and Campo 2007) and leaf area-based (e.g., Renteria et al. 2005; Kazakou et al.
2007) estimations (leaf level).
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However, substantial mass loss and leaf shrinkage have been observed, resulting
in underestimates in RE by using these leaf-level methods. For example, mass losses
ranging from 1.5 to 57% among 4 graminoid species (Vernescu et al. 2005), 24-55%
among 18 herbaceous species in southern France (Kazakou et al. 2007), and 8-38%
among 10 graminoid species at Dutch and Swiss wetland sites (Giisewell 2005), as
well as considerable leaf shrinkage (up to 20%) during senescence (van Heerwaarden
et al. 2003), have been observed. Thus, van Heerwaarden et al. (2003) suggested
that leaf cohorts can be a better approach. This approach has been widely used in
some studies (e.g., Giisewell 2005; Aerts et al. 2007) but still yielding inconsistent
results. For perennial herbaceous species, their entire aboveground portions die off
completely, and nutrients in these tissues will be transported to roots or rhizomes for
storage during senescence (Tagliavini et al. 1998). Thus, leaf level-based (such as
leaf mass, leaf area, etc.) estimates might not be appropriate for nutrient resorption
estimation at a whole-plant level.

Resorption proficiency (the amount of nutrient remaining in senesced leaves)
and resorption efficiency (ration of nutrients resorbed relative to green leaf concen-
trations) are the two related terms. Foliar nutrient resorption, a mechanism by which
plants can recycle nutrients internally, also varies with latitude. Tropical trees have
lower N resorption and greater P resorption than temperate and boreal trees (Yuan
and Chen 2009). However, there is marked variability in foliar nutrient resorption
within plant communities (Mayor et al. 2014), particularly for P (Reed et al. 2012).
This reflects the wide range in P availability and taxonomic diversity in tropical
forests (Alvarez-Clare et al. 2013).

Previous studies mostly focused on the nutrient resorption from leaves, and the
contributions of non-leaf tissues resorption have largely been overlooked (Freschet
et al. 2010). Yuan et al. (2005) suggested that taking all of the aboveground portions
as a nutrient pool to calculate nutrient resorption might be appropriate because
nutrients resorbed from non-leaf tissues can be included when estimating nutrient
resorption. However, this hypothesis has not yet been tested in field experiments. It
is assumed that many N-limited ecosystems are shifting toward P limitation because
of increased atmospheric N deposition and climate change. Such shift can lead to
lower P concentrations both in green and in senescing leaves, due to growth dilution
of the P in leaves.

The process of nutrient resorption decreases the possibility of mineral loss in
litter fallen on the forest floor, and afterward, the withdrawn nutrients are redepos-
ited in developing tissues such as leaves or productive structures (like seeds) or
stocked for further usage. Resorption is an integrated part of the well-predicted
process of leaf senescence and seems to occur in many species (Wright and Westoby
2003). Mineral resorption parameters are essential for determining the correctness
of ecological system and biogeochemical patterns (Vergutz et al. 2012; Liu et al.
2014; Bilgin et al. 2016). The usability of nitrogen (N) and phosphorous (P) is of
special significance for the functioning of most terrestrial plant associations. Since
resorption contributes to decreasing a plant’s dependence on available mineral sup-
ply, it could potentially be as substantial to a plant’s mineral economy as absorption
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by roots and is one of the most significant strategies used by plants to preserve
minerals (Chapin and Kedrowski 1983; Aerts 1996; Killingbeck 1996; Aerts and
Chapin 2000; McGroddy et al. 2004; Ratnam et al. 2008).

It is estimated that about 50% of leaf N and P is recycled through resorption
across a broad range of perennial life models (Aerts 1996; Aerts and Chapin 2000;
Ratnam et al. 2008). Resorption proficiency is a parameter used for measuring nutri-
ent resorption. Resorption proficiency appears to be more responsive than resorp-
tion efficiency to mineral availability. Some studies revealed that N fertilization
resulted in higher N contents in the litter of many species (Van Heerwaarden et al.
2003). Resorption efficiency can be calculated as the percentage of nitrogen (NRE)
and phosphorus (P-RE), and it was recovered from senescing leaves (Orgeas et al.
2002; Rejmankova 2005; Bilgin et al. 2016). Nitrogen resorption proficiency
(N-RP) and phosphorus resorption proficiency (P-RP) were the concentration of
nutrient in senescent leaves (Killingbeck 1996).

5.4.8 Construction Cost

Construction cost is a quantifiable measure of energy demand for biomass produc-
tion (Song et al. 2007). It has been defined as the amount of glucose required to
provide carbon skeletons, reductant, and energy for the synthesis of organic com-
pounds. In general, low construction cost is associated with high relative growth
rates; even small differences in construction cost can lead to substantial differences
in growth rate. Leaf construction cost per unit of mass (CC,, equivalent to gram
glucose per gram dry mass) is calculated through

(0.06968AHc —0.065)x (1—ash)+ 7.5(1( N ]
cc 14.0067

mass
E

G

In this equation, & is the oxidation state of N substrate (+5 for nitrate or —3 for
ammonium), and Ej is the growth efficiency. Eg can be estimated to be 0.087 across
species. This parameter for Mikania micrantha, Lantana camara, Urena lobata, and
Iin relation to NUE was quantified by Song et al. (2007), while Petritan et al. (2010)
quantified this for Fagus sylvatica, Acer pseudoplatanus, and Fraxinus excelsior.
Geng et al. (2013) have quantified this attribute for Alternanthera philoxeroides by
using parameters like mineral concentration (Min) and acid alkalinity:

s 1000 — Min 1000 1000
and Min = Ash— AAx30 + Nitrate

M N
cc ={—1.041+5.077>< ¢ }1000 M’”+(5.325x ”’gJ



5 Quantitative Attributes of Nutrient Uptake and Use Efficiency 95
5.4.9 Mechanistic Models

A mechanistic model assumes that a complex system can be understood by examining the
workings of its individual parts and the manner in which they are coupled. Potassium
uptake and supply level of the soil can be described by a mechanistic model (Claassen and
Steingrobe 1999). The model calculates the diffusive and convective transport of nutrients
toward the root under consideration of sorption and desorption processes. The uptake rate
into the root is calculated by Michaelis-Menten kinetics. Applying a nutrient uptake model
to wheat plants, it was shown that where calculated transport and uptake agreed well with
measured data, the high K uptake efficiency of wheat was mainly due to its large root
system. Dessougi et al. (2010) found that sugar beet had fewer roots, but it could realize
much higher influx than calculated by the model. Samal et al. (2010) have quantified
potassium uptake efficiency and dynamics in the rhizosphere of maize, wheat, and sugar
beet by using mechanistic model. Plant parameters for model calculation are as follows:
Mean root radius: Mean root radius (r,) calculated from fresh root weight (FRW)
in gram and root length (RL) in cm, assuming a specific gravity for roots of 1 gcm=:

/ FRW
r, =
T xRL

Average half distance between neighboring roots (r;) can be quantified through

Soil volum(cmS)
n=
7 X root lenght (cm)

Water influx: Assuming that young plant has exponential root growth, water
influx (vp) is quantified through
RA
ln( ZJ
Tz _Tl « RAl

° RA,-RA, t,-1

where T, — T, is the amount of water (cm?) transpired between f, and ,, and RA is the

root surface area (cm?). Total evapotranspiration loss of water is determined from the

water loss from the pots with plants minus the water loss from the unplanted pots.
Relative shoot and root growth rate:

SDW,

Inx| ——=

SDW,
RGR=—>—-2

L -

Inx RL,
(__ \RL

L=
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In the above equations, SWD is the shoot dry weight in gram and is the mean of
three replications, ¢ is the time of harvest in seconds, and RL is the root length in cm.
Further, relationships between net K influx (/) and K concentration at the root sur-
face (CL) determine the K uptake kinetics, and this relation can be described by
modified Michaelis-Menten function:

_ Imax (CLO B CLmin )

! Km +CL0 _CLmin
Maximum net influx (/,,,) was obtained from the influx measured from the treatment
with the highest K level for each crop. This gives the maximum net K influx of plants
well supplied with K for the growing conditions. Plants of lower K supply may have a
higher 1,..,, but to which extend this may be important and will be studied through a
sensitivity analysis on /,,,,. As the influx was calculated per cm of root, it was recalcu-
lated per cm? of total root surface area including the surface area of root hairs per cm
root. Root surface area (RSA) and root hair surface area (RHSSA) are quantified through

RSA =271 RL
where ry is the root radius and RL is root length,
RHSA =2rrh,RHL

where rhy is the root hair radius (0.0005 cm as reported by author), and RHL is the
total root hair length per cm of root. Samal et al. (2010) took RHL value from Hofbauer
(1990 see Samal et al. 2010). Minimum solution concentration (C; ;) is the concen-
tration at which net influx equals zero, and they took this from Meyer (1993). The
Michaelis constant (K,) is the difference between concentration at which influx is half
of I,.,x and Cy ;.- The values were taken from Meyer (1993 see Samal et al. 2010).

Net K influx: Potassium influx is the net amount of K taken up per unit root
length (or root surface area) per unit time. K influx (/) quantified through

[RL2 J
Inx
_U-U, RL,

" RL,-RL,~ t,—t,

where U is K content in pmol plant~!, RL is root length per plant in cm, # is time of harvest
in seconds, and the subscripts 1 and 2 refer to the first and second harvest, respectively.

5.5 Quantitative Aspects for Nutrient Use Efficiency

Much confusion has been caused by the use of different terminologies. Even the appli-
cation of the most common terms, such as nutrient use efficiency, may differ among
authors, leading to fundamental disagreement over interpretation of the same data
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(Knops et al. 1997). Therefore, it is important to choose an appropriate index.
Furthermore, because of a general lack of comprehensive data, Vitousek (1982, 1984),
Bridgham et al. (1995), Hiremath and Ewel (2001), Fioretto et al. (2003), Perez et al.
(2003), and Pavon et al. (2005) used leaf litter and its nutrient content as alternative
measures of net primary production and nutrient uptake, respectively. The evaluation of
NUE is useful to differentiate the plant species, genotypes, and cultivars for their ability
to absorb and utilize nutrient for maximum yields. The NUE is based on (1) uptake
efficiency (acquisition from soil, influx rate into roots, influx kinetics, radial transport in
roots are based on root parameters per weight or length, and uptake is also related to the
amount of the particular nutrient applied or present in soil), (2) incorporation efficiency
(transport to shoot and leaves are based on shoot parameters), and (3) utilization effi-
ciency (based on remobilization, whole plant, i.e., root and shoot parameters).

5.5.1 Nutrient Use Efficiency (NUE) (Vitousek 1982)

NUE:E
N,

ac

where NPP = net primary productivity; N,. = nutrient available in soil. NUE
(Berendse and Aerts 1987):

NUE =P
N

ac

where P = productivity (g cm~2 year™'); R,. = rate of resource uptake or acquisition
by plant (g N m~2 year—'.

5.5.2 Nitrogen Use Efficiency Traits

Moll et al. (1982) and Ortiz-Monasterio et al. (1997) reported formulas for N use
efficiency and its component traits:

Nif (kgha™ )

Ns (kg ha™ ) <100

N uptake efficiency (%) =

where Ntf = total aboveground N content at maturity of fertilized treatment; Ntc =
total aboveground N content at maturity of control treatment; Ns = N supplied.
N biomass production efficiency (kg kg'N )
TDWf (kgha™*)~TDWc(kgha™")
- Ntf (kg ha™ ) - Ntc(kg ha™ )
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where TDWT = total dry weight of fertilized treatment; TDWc = total dry weight of
control treatment.

N utilization efficiency (kg kg™ N)

= Harvest index x Nbiomassproduction efficiency

N useefficiency,;, i (kg kg"N)

= N uptake efficiency x N utilization efficiency
GDWf (kg ha™" )~ GDWe (kgha™ )

- Ns (kg ha™ )

where GDWT = grain dry weight of fertilized treatment; GDWc = grain dry weight
of control treatment.

5.5.3 Nutrient Efficiency Ratio (NER)
(Gerloff and Gabelman 1983)

(Units of Yield, kg) o
NER = kg kg
(Units of elements intissue, kg)

NER is generally utilized to differentiate genotypes into efficient and inefficient
nutrient use.

5.5.4 Physiological Efficiency (PE)

(Yield F kg —Yield C, kg)
(Nutrient uptake F, kg — Nutrient uptake C, kg)

PE = =kg kg™

where F is the plant receiving fertilizer and C is the plant receiving no fertilizer.
Factors like genotypes, environmental and management practices govern the ability
of a species to transform nutrients acquired from fertilizer into economic yield
(grain). Low PE suggests suboptimal growth (nutrient deficiencies, drought stress,
heat stress, mineral toxicities, and pests).

5.5.5 Agronomic Efficiency (AE kg Yield Increase per kg
Nutrient Applied)

It is the product of nutrient recovery from mineral or organic fertilizer (RE) and the
efficiency with which the plant uses each additional unit of nutrient (PE). AE
depends on management practices that affect RE and PE:
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(Yield F kg —Yield C.kg) .
E= =kgkg
(Qnantity of nutrient applied, kg)

Nutrient uptake F,kg — Nutrient uptake C,
kg (Yield F kg —Yield C.kg)

AE
(Quantity of nutrient applied, kg)

=x100=%

5.5.6 Agro-Physiological Efficiency (APE)

APE is defined as the economic yield (grain) obtained per unit of nutrient absorbed:

(Yield F,kg —Yield C,kg)

APE =
( Nutrient uptake F, kg Straw + grain)

- (Nutrient uptake C,kg Straw + grain)
=kgkg™

5.5.7 Apparent Nutrient Recovery Efficiency (ANR)

(R, —R,,)xNPP
ANR =

ac

where NPP = net primary productivity; N,. = nutrient available in soil; R,. = rate of
resource uptake or acquisition by plant (g N m=2 year~"). ANR reflects the plant’s
ability to acquire applied nutrient from soil.

5.5.8 Apparent Nutrient Use Efficiency (Murthy et al. 2010)

Apparent nutrient use efficiency (%)

_ Uptakein treated plot —uptakein control plot <100

Fertilizer dose

5.5.9 Apparent Nitrogen Use Efficiency

Sistani et al. (2010) have quantified this parameter by applying the following for-
mula for Cynodon dactylon:

( total N uptake of alitter — total N uptake of the control )

ANUE =
total N applied as litter
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5.5.10 Apparent Nutrient Recovery (Paul et al. 2014)

ANR reflects the plant’s ability to acquire applied nutrient from soil. RE depends on
the congruence between plant demand and nutrient release from fertilizer. RE is
affected by the application method (amount, timing, placement, N form) and factors
that determine the size of the crop nutrient sink (genotype, climate, plant density,
abiotic/biotic stresses):

Apparent Recovery
Nutrient uptkaein fertilizer treatment ( Un)
—Nutrient uptake in control (U c)

= x100
Ammount of nutrient applied ( Fa)

Apparent Zn recovery efficiency (ARE-Zn) can be quantified as (Fageria and
Baligar 2005)

Apparent Znrecovery efficiency =

Zuuptake in grain+ strawinmg pot at higher znlevel

—znuptake in grain + straw inmg pot at lower znlever

Quantity of Zn appliedin mg pot™

Nutrient harvest index can be quantified through

(Nutrient uptake in grain)

Nutrient harvest index =
(Total uptake by crop)x 100

5.5.11 Apparent Nutrient Balance (Liu et al. 2003 and Salam
etal. 2014)

Apparent nutrient balance = (nutrient uptake by crop) - (nutrient additions).
Sorgona et al. (2006) have quantified nitrogen use efficiency by using three parame-
ters, viz., (a) nitrogen efficiency ratio as total plant dry weight divided by total nitrogen
accumulation (g TDW mg~"' N), (b) nitrogen utilization efficiency quantified as total
plant dry weight divided by nitrogen concentration (g2 TDW mg~! N), and (c) nitrogen
uptake efficiency calculated as total nitrogen accumulation divided by root dry weight
(mg N g~ RDW). They also described NER trend in response to nitrate availability:

C‘NER (NO37)

NER(gTDW mg ™' N)= A, + By ¢
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where Anegr (€ TDW mg~! N) indicates the NER value at the equilibrium and Bygg
(g TDW mg~! N) indicates the difference between the maximum NER value and
Anxgr, While Cyewr (mM™) is the decay constant that indicates the nitrate concentra-
tion in which the half maximum NER is obtained. Tateno and Takeda (2010) have
quantified nitrogen uptake and nitrogen use efficiency at leaf level, leaf litter,
aboveground, belowground, and whole stand level. They quantified N concentration
at the stand level by using basal area of species and it can be described as

(N, xBA,)
> BA,

N; is the N concentration of species I, and BAI is the total basal area of species i
in each plot. And N resorption efficiencies of leaves are calculated as (green leaf N
content-leaf litter N content)/green leaf N content x 100. Fageria et al. (2010) have
quantified nitrogen harvest index by using the following equation:

N concentration at the stand level = Z

. . Nitrogenuptakein grain
Nitrogen harvest index = genvp g

Nitrogenuptakein grain and shoot
Similarly, zinc harvest index can be calculate through

Znuptakein grain

Zn HI (mg pot™ ) =
( &P ) Znuptakein grain + straw

5.5.12  Nutrient Uptake Efficiency (NupE) (Shaver and Melillo
1984; Bridgham et al. 1995 and Pastor and Bridgham 1999)

N
NupE = —=
p N,

av

where N, = is the amount of nutrient uptake by plant; N,, = is the available nutrient
in soil.

5.5.13 Net Primary Productivity (NPP) (Bridgham et al. 1995)

(Rac _Rmin)XNPPmax
NPP = -

ac min +oc

where R, is the estimated minimum resource requirement for positive growth,
NPP,.x is the production asymptote, and « is the half-saturation constant with
respect to resource.
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5.5.14 Nutrient Use Efficiency (NUE)

(Rac _Rmin)XNPPmax
(R.-R XN,

ac min +oc )

NUE =

This equation was parameterized using data for NPP and resource and nonlinear
regression to estimate R, NPP,,., and « using appropriate software. Utilization
efficiency (UTE kg kg=! N) and nitrogen use efficiency (NUE kg kg=! N) were
assessed for upland rice varieties in northwestern Amhara region of the Ethiopia
(Lake et al. 2015):

x 100

UPE - {BNYF - BNYO}

UTE - { GYf -GY0 }
BNYf - BNY0
NUE = UPE xUTE
GNC xGY
100 j
SNCx(BY -GY)
100
BNY =(GNY +5NY)

NHI(%)[gxi

GNY:(

SNY =

X 100:|

where BNYT = biomass N yield in N-fertilized plot (kg ha™!); BNYO = biomass N
yield in non-N-fertilized plot (kg ha=!); Nf = N fertilizer applied (kg ha™'); GYf =
grain yield in N-fertilized plot (kg ha™!); GYO = grain yield in non-N-fertilized plot
(kg ha=!); GNC = grain N concentration (%); GY = grain yield (kg ha™!); SNC =
straw N concentration (%); and BY = biomass yield (kg ha™!).

5.5.15 Nutrient Response Efficiency (Bridgham et al. 1995)

NRE is the product of nutrient use efficiency (P/R,.) and nutrient uptake efficiency,
which is a proportion of potentially available nutrient in the environment (R,., g
nutrient m~2 year~!) that plant actually taken up (R,/R.,):

R R
NRE:Ri:ix « A
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Thus, nutrient response efficiency depends on productivity (A), the residence
time of the plant nutrient pool (1/L,), the nutrient uptake rate (R,.), and the abilities
of different plants to compete for available nutrient (R,./R,,).

5.5.16 Productivity at a Given Level of Resource
Availability [P(R,,)]

Production at a given resource availability can be approximated by a Michaelis-
Menten equation for resource uptake, if one assumes a direct coupling between
uptake of a limiting resource and production:

5.5.17 Leaf-Level Potential Photosynthetic Nutrient Use
Efficiency (Kuijk and Anten 2009)

(PPNUE = light-saturated photosynthetic rate\leaf nutrient content).

At leaf level, NUE is often quantified as the ratio between photosynthetic capac-
ity and leaf nitrogen (nutrient) content. PPNUE = Py/N,, where P, is the maximum
photosynthetic rate (pmol C m~2 s7!) of young fully exposed leaves and Nj is the
nitrogen content per unit area of young fully exposed leaf (mmol N m~2). According
to Henderson and Jose (2012), leaf-level and canopy-level nutrient use efficiency is
calculated by using the following formula:

Leaf level nutrient use efficiency ( gg” )

= [ 1 J x(1-resorption)

leaf level nutrient content g g

FOliarilive) - Foziariliner)
Resportion (%) = x100

F oliar(h.ve)

Canopy-level nutrient use efficiency (CNUE) can be calculated by using aboveg-
round biomass produced in year divided by the peak production (peak foliar produc-
tion was determined from monthly leaf litter collection) and nutrient content of
green leaves for each species in each treatment (Henderson and Jose 2012), and this
can be expressed as CNUE (Mg kg™") = Mg/(Kgiage X kg kg™' (nutrient)).
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5.5.18 Whole-Canopy NUE (mol C Mmol N7)

Canopy — NUE = (P,,,, x LLS)/((N,,,,,)x(1-r))

where the numerator is the whole-canopy daily carbon gain (P, mol C g leaf-
mass~' day~!) multiplied by the leaf life span (LLS) in days. The denominator is the
amount of nitrogen invested in a gram lead over its life span and the lost from the
plant, i.e., the product of whole-canopy foliar nitrogen content (N, mmol g=') and
the fraction of nutrients not resorbed before leaf abscission [(1 — r), in which r
indicates resorption]. The above equation can be divided into two parts, i.e., whole-
canopy photosynthetic nitrogen productivity (PNP, mol C mmol N~ day~!) and
mean residence time (MRT) of nitrogen in a plant (the inverse of nitrogen turnover
when plant growth is at steady state): PNP = P\ ;o

MRT =LLS /(1-r)
According to Hiremath and Ewel (2001), MRT is not useful for intraspecific
variation. However, this formula is based on the calculation for cumulative PNUE

in Hiremath and Ewel (2000) with the main exception that carbon gain and nitrogen
content are determined for whole canopy, thus including leaves of different age.

5.5.19 Nutrient Influx Rate (in) (Baligar 1986)

L,=[(U,=U) (I, = T)) x [LLL, - I, L)/L, — Ly)].
where I, = nutrient influx rate (pmoles cm™' s7'); U = given ion quantity in a
whole plant (mmoles\plants); and L, and L, = relative root length.

5.5.20 Phosphorus Use Efficiency Index (EI) (Siddiqi
and Glass 1981)

EI = [(total DM ) 2] / total P content

5.5.21 Partial Nutrient Balance (PNB)

PNB=UH/F

where UH = quantity of nutrient removed in harvest crop portion to the quantity of
nutrient applied. The primary goal of this measure of efficiency is to determine how
close a system is to one. A PNB value close to 1 indicates that mass balance exists—
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nutrient application to a unit of land approximately equals nutrient removal. Such a
balance is necessary for the fertility level of a system to be sustained.

5.5.22 Agronomic Efficiency of a Profitable Maintenance
Application (Jat et al. 2013)

rY

maint F

where F.i, 1s the maintenance rate, r is the rate of nutrient removal per harvested
crop unit, and Y is the fertilized crop yield. When efficiencies are examined, it is
often difficult to know how to interpret them. How much efficiency can reasonably
be expected?

5.5.23 Nutrient Re-translocation Efficiency (Finzi et al. 2001
and Biswas and Khan 2011)

NRE (%) _ {Nutrient in greenleaves — Nutrient inleaf litter } <100

Nutrient in greenleaves

The relative importance of P acquisition efficiency and P internal utilization effi-
ciency in the P use efficiency (PUE) was investigated according to Moll et al. (1982).
This methodology was developed to investigate the relative importance of two vari-
ables (PAE and PUTIL), obtained experimentally, over a third variable (phosphorus
use efficiency) which is obtained by the multiplication of PAE and PUTIL. This
information could be valuable to utilize weight for each of two variables (PAE and
PUTIL) that to be used in selection program related to P use efficiency. The same is
also exercised for two variables related to P internal utilization efficiency and PHI.

5.5.24 Phosphorus Acquisition Efficiency (PAE)

PAE — Phosphorus in plant

Phosphorus in soil

5.5.25 Phosphorus Internal Utilization Efficiency (PUTIL)

Seed dry matter produced (seed biomass)
PUTIL = k
Phosphorus in plant
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5.5.26 Quotient of Phosphorus Utilization (QUTIL)

Seed biomass

QUTIL = -
Phosphorusin seed

5.5.27 Phosphorus Harvest Index

Phosphorus in seed

PHI =
Phosphorus in plant

Mathur’s (2014) study on species-level phosphorus acquisition and internal uti-
lization efficiency of desert woody perennial Corchorus depressus revealed that for
PUE at low P environmental conditions, PAE was 10-37 times more important than
PUTIL. Similarly for PUTIL, QUTIL was 17-56 times more important than
PHI. Kaiser-Meyer-Olkin test (0.597) and Bartlett’s test of sphericity indicated
appropriate use of factor analysis (PCA) and significant correlation between vari-
ables in the present study, respectively. Ordination analysis showed lack of correla-
tion between PAE and PUTIL, indicating that selection of one of these should not
affect the other. Percent cover of plant, seed output, root length, and root collar
diameter exhibit various relationships with different P variables. Regression analy-
sis between P variables and community factors revealed that at species level, domi-
nance of C. depressus reflects its higher P acquisition efficiency; however, as the
community diversity (richness, Shannon and Wiener index and evenness) increases,
the P internal utilization and PUE were inhibited. It can be concluded that P internal
utilization and PUE of C. depressus are largely influenced by temporal factors
(increase and decrease of community diversity during pulse and non-pulse events,
respectively). As a result, this species achieved effective nutrient use through tem-
poral partitioning, through which it fulfilled P requirements during low resource
availability. Among the soil variables, soil nitrogen supported PUTIL, PUE, and
QUTIL, while soil moisture and soil pH favored PHI and soil N, and PHI showed
negative relationship.

Overall crop nitrogen use efficiency as suggested by Weih et al. (2011), and
according to them, can be broken down into three major components: NUE = Uy x
Ey, x Cy,. The mean N uptake efficiency (Uy) is the mean N content during major
growth period per unit N content in seed grain (g N (gN)™!). In the calculation of the
Uy, the seed N (Ns) can be replaced by fertilizer or soil N to obtain a measure of the
N uptake and, ultimately, NUE on basis of fertilizer and or soil N. The grain-specific
N efficiency (Ey,) reflects the grain biomass produced per unit of mean plant N
content during major growth period (g biomass (g N)~!), and the grain N concentra-
tion (Cy,) reflects N conservation or storage (g N (g biomass)™"). The grain N con-
centration of other relevant components, to obtain a NUE measure expressing the
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yield of the component of the interest per unit of seed N (or soil N, if seed N is
replaced by soil N):

N, ( R, 1)
© lnN}. —-InN,
,where R, ————

This divides the Uy into N uptake efficiency prior to major growth period and the
relative N uptake rate during major growth period (Ry); Ey, = Ey...B g. This allows
the analysis of relationships between Ey, g whole-plant N efficiency, and biomass
allocation to grains (i.e., harvest index):

The measures refer to ground area basis and year, e.g., N content of seed grains
in g~2 year™!, if not specified differently. The components of the above equation can
be quantified by using:

Plant biomass (g) at final harvest stage (B)

Biomass (g) of produced grains at final stage (B,)

Plant N concentration (N/B; g g™!) at final harvest stage (Cy)

Grain N concentration (Ny/B,; g g7') at final harvest (Cy.g)

Plant N (B/N' g g™") efficiency (Ey)

Grain-specific N (B,/N' g g™") efficiency (Ey.g)

Plant N content (g) at final harvest (N)

N content (g) of seed grain ()

N content (g) of produced grain at final stage (N,)

Mean plant N content during major growth period

N; which is the initial plant N content at the beginning of major growth period (g)
N/ which is the final plant N content at the end of the major growth period (g)
Mean relative N accumulating rate during major growth period (R)

Grain biomass allocation at final harvest, i.e., equal to the harvest index (7B g)
Grain N allocation at final harvest (ry g)

Duration of major growth period (days or weeks; 7)

Mean N uptake efficiency during major growth period per N content in seed grain (Uy)

These parameters are quantified as follows: divides the Uy into the N uptake
efficiency prior to major growth period and the relative N uptake rate during major
growth period (RN); allows the analysis of relationships between Ey x g whole-
plant N efficiency and biomass allocation to grain (i.e., harvest index); and facili-
tates insight into N conservation aspects. The measures refer to ground area basis
and year, e.g., N content of seed grains in gm~2 year™'; if not specified differently
according to Xu et al. (2014), some agronomic indices commonly used to describe
NUE include agronomic efficiency (AE, kg crop yield increase per kg nutrient
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applied), apparent recovery efficiency (RE, kg nutrient taken up per kg nutrient
applied), and partial factor productivity (PFP, kg crop yield per kg nutrient applied)
(Dobermann 2007; Liu et al. 2011; Xu et al. 2014):

Y-Y
AE, =—( )
Fx
pe, - U=0)
Fx
Y
PFP, = u
Fx

where X is the nutrient (N, P, or K); F is the amount of fertilizer applied (kg ha');
Y (kg ha™') is the yield with optimum management (OPT) or farming practices (FP);
Y, is the yield (kg ha™!) in the control treatment with no N, P, or K; U is the total
plant nutrient uptake in aboveground biomass at maturity in an OPT or FP plot (kg
ha=!); and Uj is total plant nutrient uptake in aboveground biomass at maturity in a
plot with no N, P, or K(kg ha™").

5.6 Conclusion

Nutrient use efficiency is often misunderstood or misinterpreted if it is discussed as
an isolated issue and not in the context of the efficiency of the total production sys-
tem. It is important to remember that efficiency and economic viability of total food
production system are objectives within which the various components need to be
optimized to achieve overall goals. The present chapter enlisted 27 indices and 12
formulas additionally. Further review of these quantitative approaches raveled that
mathematical expression of impact of competition, facilitation, surrounding of alien
species, root morphology, and root architecture need to be incorporated in NUE
studies. Among the nutrients, N, P, and K have largely being explored, and mathe-
matical expression of their nutrient efficiency traits was sufficiently addressed;
however, studies related to zinc, iron, and other important micronutrient need to be
conducted.
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Chapter 6
Nutrient Use Efficiency

Dibyendu Sarkar and Lohit K. Baishya

Abstract Sustainable crop production delivering high yield to meet ever increasing
demand for food requires optimum use of fertilizers (nutrients) by crops. Since
fertilizers are costly both financially and environmentally, increasing efficiency of
applied fertilizers is a prerequisite. Nutrient use efficiency (NUE) may be defined as
yield per unit fertilizer input or in terms of recovery of applied fertilizer. The most
appropriate expression of NUE is, however, determined by the question being asked
and often by the spatial or temporal scale of interest for which reliable data are
available. Analysis of global temporal trends in NUE for N, P and K showed that
partial factor productivity (units of crop yield per unit of applied nutrient) and par-
tial nutrient balance (units of nutrient uptake per unit of applied nutrient) for Africa,
North America, Europe and the EU-15 are trending upwards, while in Latin America,
India and China, they are trending downwards. Typical NUE values for crops are
best set locally within the appropriate cropping system, soil, climate and manage-
ment contexts. Development of new cultivars with higher NUE, coupled with the
best management practices, will contribute to sustainable agricultural systems.
Improvement in NUE thus requires simultaneous consideration of multiple aspects
like crop improvement as well as crop management involving a multidisciplinary
approach.
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6.1 Introduction

World population is expected to grow from 6.0 billion in 1999 to 9.0 billion by
2050. It is estimated that the world will need 60% more cereal production between
2000 and 2050 (FAO 2009) to meet the demand for food required to feed future
generations. Sustainable crop production delivering high yield to meet ever-
increasing demand is a major challenge for the agricultural production system.
Fertilizers have been used by the farmers to harvest the desired crop yield. However,
imbalanced and/or excessive use of fertilizers in crop production remains a great
concern. Nutrient mining is a major cause for poor crop yield in developing coun-
tries, particularly in Africa. Therefore, increasing agricultural production as well as
nutrient use efficiency (NUE) continues to be a major challenge for world agricul-
ture. Nutrient use efficiency is largely impacted by fertilizer management as well as
soil, plant and environmental factors. This indicates potential for nutrient losses to
the surrounding environment from agroecosystems and is important for evaluating
the health of crop production systems. Application of fertilizers to crops is costly—
in terms of financial cost of production and transport and also in terms of environ-
mental pollution (e.g. eutrophication, C foot print). These necessitates for increased
NUE for economic viability and environmental sustainability of agroecosystem.

6.2 Concept of Nutrient Use Efficiency

Nutrient use efficiency may be defined in terms of production outputs relative to
nutrient inputs or in terms of recovery of applied nutrients. Estimation of NUE is
based on (a) nutrient uptake efficiency (acquisition from soil, influx rate into roots,
transport in roots) and (b) utilization efficiency (transport and remobilization in
shoots and leaves based on plant parameters). Evaluation of NUE is useful to dif-
ferentiate soils for their capacity to supply nutrient to crops and to differentiate crop
species and cultivars for their ability to absorb and utilize nutrient for producing
maximum yields. Definitions commonly used in agronomic research to evaluate the
efficiency of applied nutrient in the form of fertilizer (Cassman et al. 2002;
Dobermann 2007) are described here.

6.2.1 Partial Factor Productivity (PFP)

Partial factor productivity is defined as units of crop yield per unit of applied nutri-
ent. It can be easily estimated by the farmers who keep records of inputs and outputs
of their farm. If the information on inputs (fertilizer used) and outputs (crop yield)
are available, it can also be calculated at regional and national levels. The values of
PFP vary among crops across the cropping systems, because crops differ in their
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nutritional requirements based on soil fertility, fertilizer application and water
demands.

6.2.2 Partial Nutrient Balance (PNB)

Partial nutrient balance is a simple form of estimation of NUE, usually expressed as
nutrient output per unit of nutrient input (a ratio of nutrient removal to nutrient use).
The value of a PNB close to one assumes that soil fertility will be sustained at a
steady state. Values well below one, where nutrient inputs far exceed nutrient
removal, might suggest avoidable nutrient losses and thus the need for improved
NUE. A PNB greater than one means more nutrients are removed with the harvested
crop than applied by fertilizer and/or manure, a situation equivalent to ‘soil mining’
of nutrients. This situation may be desired if available nutrient contents in the soil
are known to be higher than recommended.

6.2.3 Agronomic Efficiency (AE)

Agronomic efficiency is defined as units of yield increase per unit of applied nutri-
ent. It shows the direct impact of applied fertilizer on crop yield. Estimation of AE
requires information of yield without nutrient input so is only known when research
plots without nutrient input have been included in the study. Calculation of AE
using data from short-term (e.g. annual, biennial) trials rather than long-term trials
often underestimates NUE because residual effects of fertilizer application are over-
looked in short-term trials.

6.2.4 Apparent Nutrient Recovery Efficiency (ANR)

Apparent nutrient recovery efficiency is a complex form of NUE index and is
defined as the difference in nutrient uptake in above-ground parts of the plant grown
in the fertilized and unfertilized plots relative to the quantity of nutrient applied. It
is often preferred by researchers studying crop response to applied nutrient. Like
AE, it can only be calculated when a plot without nutrient has been maintained on
the experimental site but in addition requires determination of nutrient concentra-
tions in the crop.
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6.2.5 Internal Utilization Efficiency (IUE)

Internal utilization efficiency is defined as the yield in relation to total nutrient
uptake. It varies with crop/species, environment and management. A very high IUE
suggests deficiency of that nutrient, whereas low IUE suggests poor internal nutri-
ent conversion due to stresses (e.g. deficiencies and toxicities of other nutrients,
biotic and abiotic stresses).

6.2.6 Physiological Efficiency (PE)

Physiological efficiency is defined as the increased yield in relation to the increase
in crop uptake of nutrient. Similar to AE and ANR, it requires a plot without appli-
cation of the nutrient. It also requires determination of nutrient concentrations in the
crop and is mainly used by researchers.

Because each of the indices discussed above has different interpretations, fertil-
izer research should include measurements of several indices to understand the fac-
tors governing nutrient uptake and fertilizer efficiency to evaluate different
management strategies. Interpretation must also consider other crop management
factors. For example, AE and ANR are not appropriate indices of NUE when com-
paring cropping practices such as crop establishment methods or different water
management regimes. In this case the crop yield in control plots (Y) differs signifi-
cantly because of these management practices. In these cases, PFP is more appro-
priate index for making comparisons. Likewise, comparisons of ANR and PE
among genotypes should use quality varieties, which are adapted to particular
growth conditions. Caution is required when using AE, ANR or PE for assessing
trends in NUE in long-term experiments, because depletion of indigenous soil nutri-
ent resources in permanent nutrient omission plots (0-N, 0-P or 0-K plots) will lead
to overestimation of the true NUE in fertilized plots (Dobermann 2007).

Other indices are sometimes used (Gourley et al. 1993; Huggins and Pan 1993),
but they have no additional advantages for understanding efficient fertilizer man-
agement. More detailed studies on the fate of nutrients in agroecosystems often
involve isotopes, which are particularly useful for understanding loss, immobiliza-
tion, fixation and release mechanisms. Determination of ANR in research plots is
usually done by the calculation described in Table 6.1. An alternative method for
estimation of ANR for N involves using the N isotope as a tracer in the fertilizer to
determine the proportion of fertilizer applied that was taken up by the crop. The two
methods are usually related; however, ANR determined by the "N method will usu-
ally be lower than the difference estimates (Table 6.1) due to cycling of the N
through microbial processes in soil (Cassman et al. 2002). Tracers are more useful
when recovery is measured in the soil as well as in the plant, particularly in the long
term. Ladha et al. (2005) reported a range of 5.7-7.1% ANR for N from several
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Table 6.1 Summary of commonly used concepts of nutrient use efficiency

Definition Formula

Partial factor productivity (PFP) is units of crop yield per unitof | PFP =Y/F or
applied nutrient PFP = (Y(/F) + AE
Partial nutrient balance (PNB) is units of nutrient uptake per unit | PNB = Up/F

of applied nutrient

Agronomic efficiency (AE) of applied nutrient is units of crop AE = (Yr—Y,)/F or
yield increase per unit of applied nutrient AE = ANR x PE

Apparent nutrient recovery efficiency (ANR) is increase in units ANR = (Ug - Uy)/F
of nutrient uptake per unit of applied nutrient

Internal utilization efficiency (IE) of a nutrient is units of crop IE = Yu/Ug

yield per unit of nutrient uptake

Physiological efficiency (PE) of applied nutrient is increase in PE = (Y- Y)/(Up - Uyp)
units of crop yield per unit increase in nutrient uptake from

fertilizer

F, amount of nutrient applied (kg ha™'); Yy and Y,, crop yield with and without applied nutrient (kg
h™"), respectively; Ur and Uy, total nutrient uptake in above ground biomass at maturity (kg ha=")
in fertilized and unfertilized control plot, respectively

studies where N was used to estimate N recovery by five subsequent crops, exclud-
ing the first growing season.

6.3 Status of Nutrient Use Efficiency

Nutrient use efficiency in terms of PFP and PNB for N differs considerably in
regions (Table 6.2). The highest values of the two estimates occur with the lowest N
rates for the regions of Africa and Eastern Europe/Central Asia. These regions also
characterized by the lowest average cereal yields and PNB values for N are much
greater than one, which indicated mining of N from native soil N pools, and such
cereal production systems may not be sustainable. Even with the extremely high
average PNB in sub-Saharan Africa, the region experiences great intercountry vari-
ability with generally higher values in the east and lower values in the central and
western part of the continent (Smaling et al. 1997). Farms having good access to
resources will have PNB values often less than one (nutrient input exceeds removal),
while those with fewer resources will be greater than one. East Asia shows the low-
est PNB for N (0.46) at the highest average N input rate. This suggests the potential
for improving NUE while maintaining productivity.

Research plots typically generate comprehensive information on nutrient uptake
and removal at crop harvest for fertilized and unfertilized plots, enabling estimation
of all the NUE indices (Table 6.1). Research reports often include measurements of
more than one NUE expression, because each of those indices addresses different
questions and has different interpretations. Estimation of NUE in research plots is
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Table 6.2 Regional partial factor productivity and partial nutrient balance for N applied to cereals
along with average N rates and crop yield during 1999-2002/2003 (adapted from Dobermann and
Cassman 2005; Fixen et al. 2015)

N rate kg | Cereal yield Grain®* N kg | PFP PNB for
Region ha~! Mg ha™! ha™! forN |N
Sub-Saharan Africa 9 1.1 17 122 1.80
Eastern Europe, Central Asia 25 2.1 32 84 1.30
Oceania 48 1.9 29 40 0.59
Latin America 55 2.9 44 53 0.79
South Asia 58 24 36 41 0.62
Southeast Asia 65 3.2 48 49 0.74
West Asia, North Africa 68 2.3 35 34 0.51
Northeast Asia (Japan, 89 6.1 92 69 1.03
S. Korea)
North America 112 5.1 77 46 0.68
‘Western Europe 113 5.5 83 49 7.30
East Asia (China, Vietnam, 155 4.8 72 31 0.46
Korea DPR)
World 70 3.1 47 44 0.66

*Assuming 1.5% N in cereal grain; PFP for N, units grain yield per unit of applied N; PNB for N,
units grain N per unit of applied N

generally greater than those in farmers’ field (Dobermann 2007). Differences in
agronomic management contribute to such differences between research plots and
farmers’ fields.

Whether trials are in farmers’ fields or on research stations, high-yield cereal
systems tend to have higher AE than those with lower yield levels. This should not
be surprising since the higher nutrient requirements of crops at high yield levels are
likely to exceed the nutrient supplying ability of unfertilized control plots to a
greater extent than at lower yield levels. This increases the difference between the
yield of the fertilized and unfertilized crop. Additionally, a crop with a faster nutri-
ent accumulation rate may reduce the potential for nutrient losses from the produc-
tion field. While analysing data from diverse summaries of NUE of cereal systems
elsewhere, Fixen et al. (2015) reported that 36% variability in AE for N could be
explained simply by average grain yield.

6.3.1 Nitrogen Use Efficiency

Ladha et al. (2005) conducted an extensive review of 93 published studies and
reported an average ARN for N of 55%, which compares well to other global
estimates of 50% by Smil (1999) and 57% by Sheldrick et al. (2002) and to
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Fig. 6.1 Regional partial factor productivityPartial factor productivity (PFP):for N for N over a
25-year (1983-2007) period (adapted from Fixen et al. 2015)

estimates reported from the USA and Canada of 56% (Howarth et al. 2002) and
52% (Janzen et al. 2003), respectively. Fixen et al. (2015) followed a systematic
approach in estimating regional trends in NUE around the world over a 25-year
period (1983-2007). With the available information (FAO 2012; IFA 2012), they
were constrained to estimate PFP and PNB only. World PFP and PNB for N levels
have shown a very slight increase over the 25-year period. Regional temporal
trends in PFP are in most cases similar to PNB for N, but trends among global
regions clearly differ (Figs. 6.1 and 6.2). Africa and Latin America in 1985 had by
far the highest PFP and PNB for N values but with trends in opposite directions.
The values of PFP for N show that both these regions have extremely high produc-
tivity per unit of applied N fertilizer. However, the excessive PNB values for
Africa show that it is becoming more dependent on non-fertilizer sources to bal-
ance crop removal of N, an unsustainable situation. In contrast, Latin America has
maintained very high productivity per unit of N but has also moved towards a
more sustainable nutrient balance. In general, PNB and PFP for Africa, North
America, Europe and the EU-15 are trending upwards, while Latin America, India
and China are trending downwards. It is interesting to note that PNB for Europe
during the last decade appears to have levelled off at around 70% and that PNB
for Latin America, India and China has been declining at about the same rate for
the 25-year period.
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Fig. 6.2 Regional partial nutrient balance for N over a 25-year (1983-2007) period (adapted from
Fixen et al. 2015)

6.3.2 Phosphorus Use Efficiency

While most of the benefits and recovery of N fertilization occur during the year of
application, much of the benefits of P and K application on many soils were realized
in subsequent years (Syers et al. 2008). Appropriate evaluation of the current status
and long-term trends of P use efficiency needs to consider these residual effects.
Short-term AE, ANR and PFP for P are usually best interpreted within the context
of current soil fertility status and associated PNB, which indicates future soil fertil-
ity status, if the current PNB remains unchanged. Global PFP and PNB for P have
increased over a 25-year period (1983-2007) with PFP in the last 5-year period
(2003-2007) approaching 195 kg production per kg P and PNB approaching 70%
(Figs. 6.3 and 6.4). Regionally, Africa has markedly separated itself from all other
regions in terms of both PFP and PNB. During 1983-1987, Africa, India and China
had nearly identical PNB of around 90% but moved in opposite directions over the
25-year period with PNB in Africa doubling to 180%, while China and India
dropped to approximately 50%. The PNB values for Africa indicate extreme mining
of soil P, while the values in China and India indicate that soil P levels should be
increased. These figures do not take into account changes in the use of local rock
phosphate, but there is no evidence that this was significant. There is a paucity of
reliable information on the use of rock phosphate as a direct application fertilizer in
Africa, but various sources indicate that amounts used have remained very low.
Average application rates at the country level are less than 0.5 kg ha!, even for
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countries with the highest application rates, indicating insignificant P contribution
from rock phosphates. In general, PNB and PFP for Africa, North America, Europe
and the EU-15 are trending upwards while for Latin America, India and China are
trending downwards, just as was the case for N.

6.3.3 Potassium Use Efficiency

Information on K use efficiency is limited than that on either N or P. First year
recovery efficiency for K is generally higher than that for P, with the exception of
some strongly K-fixing soils. First year recovery of applied K has been reported in
the range of 20-60% (Baligar and Bennet 1986). Dobermann (2007) summarized
average recovery efficiencies in field trials conducted in Asia in the range of
38-51%. Jiyun (2012) summarized field trials on cereal crops in China and showed
ANR for K in the 25-32% range and average AE values of 8—12. Dobermann (2007)
suggested that AE for K of 10-20 were realistic targets for cereals on soils that are
low in available K content. As with N and P, world PFP and PNB for K have
increased over the 25-year (1983-2007) period, with PFP in the last 5-year period
(2003-2007) approaching 145 kg of production per kg K and PNB approaching
140% (Figs. 6.5 and 6.6). Globally, non-forage crops were removing 40% more K
than was being applied as commercial fertilizer during this 5-year period. Regionally,
across the 25-year period, China underwent the greatest change in PNB from about
500-100%. For Africa, both PFP and PNB increased markedly across the 25 years
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Fig. 6.5 Regional partial factor productivity for K over a 25-year (1983-2007) period (adapted
from Fixen et al. 2015)
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Fig. 6.6 Regional partial nutrient balance for K over a 25-year (1983-2007) period (adapted from
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with a PNB of 600% during 2003-2007 indicating that crops removed more than six
times the amount of K that was applied as fertilizer. In general, PNB and PFP for
Africa, North America, Europe and the EU-15 are trending upwards in K, while
Latin America, India and China are trending downwards, just as was the case for N
and P. The absence of forage crop production and K removal in these NUE esti-
mates impacts some regions much more than others and should be kept in mind in
comparing the absolute values of the expressions. Differences in temporal trends
(slopes of the lines) are likely to be more reliable.

6.4 Factors Influence Nutrient Use Efficiency

Studying the basic mechanisms which influence the efficiency of applied nutrient
through fertilizers is essential. Nutrient use efficiency in any cropping system is a
function of capacity of soil to supply adequate levels of nutrients in plant available
form and ability of plant to acquire, transport in roots and shoot and to remobilize
to other parts of the plant. Therefore, NUE is governed by a complex set of factors
including (a) soil properties, (b) crop characteristics, (c) climate and (d) manage-
ment issues (Fig. 6.7).



130 D. Sarkar and L.K. Baishya

* Native pool
 Loss/transformation
« Organic matter * World agriculture
* Toxicity/deficiency * Food security
* Uptake
* Root
* Cropping
* Sustainability
¢ Environmental
* type, timing quality
* Ammendments
* Irrigation

* Pest control

* Financial cost

* Government
policy

* Public concern

« Efficiency
* Requirement
* End product

Fig. 6.7 Factors and issues for improving nutrient use efficiency

6.4.1 Soil Factors

Soil factors that largely influence NUE through nutrient transformation (adsorption/
desorption, mineralization/immobilization) and their losses (leaching and volatil-
ization) are texture, organic matter (OM) content, cation exchange capacity, pH,
moisture, temperature, aeration, compaction, flora and fauna. Nutrient use effi-
ciency and crop production in any agroecosystem are thus controlled by nutrient
supplying capacity of soil which is governed by chemical, physical and biological
qualities of the soil.

6.4.1.1 Nutrient Availability in Soil

Crop response to applied nutrient is dependent on the capacity of soil to supply that
nutrient to meet the crop requirement. Chemical tests have been used over decades
to estimate available nutrient status in soils to predict the probability of obtaining an
economic response to applied nutrient. Soil testing for available nutrient helps in
adjusting the quantity of fertilizer to be applied to crop and in improving NUE. Some
nutrient pools not estimated by conventional soil tests may supply considerable
amounts of nutrients during crop growth. In sandy soils, mica may supply adequate
amount of K even though the soil tests indicate low available K. Crop responses to
K on these soils are not expected in short period but may be recorded in long term.

Concentrations of heavy metals (e.g. Cd, Cr, Ni, Pb, Cu, Zn, As, Co and Mn) in
some agricultural soils have been increasing due to the use of soil amendments,
pesticides and other anthropogenic activities like indiscriminate industrialization
and urbanization (Alloway 1995; Ha et al. 2014). These heavy metals, if present at
excess levels, pose phytotoxicity and can reduce plant growth, nutrient uptake and
eventually NUE (Marschner 1995; Baligar et al. 2001). The availability of these
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heavy metals to plants is influenced by soil pH, temperature, redox potentials,
ligand-exchange mechanisms and composition of soil solution.

6.4.1.2 Nutrient Loss and Transformation

The amount of available nutrients estimated by soil tests may not be entirely avail-
able to crops because of their loss through leaching, volatilization, denitrification
and transformation to unavailable forms. Leaching loss is important for NO;—-N,
because it is not held by exchange sites in soil. Leaching loss of nutrients, in gen-
eral, occurs in light-textured soil coupled with heavy rain. Leaching of Ca, K, Mg,
B and SO,* is common in acid soil. Volatilization of ammonia in high soil pH is
considerable when urea is applied at the surface. Denitrification loss of N mainly
occurs under submerged rice cultivation, particularly at higher temperature, and in
the presence of easily decomposable OM. Transformation of available nutrients into
unavailable forms is largely influenced by soil characteristics.

6.4.1.3 Soil Organic Matter

Soil OM increases NUE by improving physical, chemical and biological properties
of soil, protecting surface soil from erosion and providing reservoir of plant nutri-
ents. In tropics, the maintenance of soil OM is very difficult because of its rapid
decomposition due to high temperature. Land preparation for conventional cultiva-
tion with ploughing disturbs the soil affecting the distribution and stability of soil
aggregates. This facilitates oxidation of OM in soils and results in a decrease in its
contents. In cultivated soils prevalent cropping system and associated agronomic
practices influence the level at which organic C stabilize in a particular
agroecosystem.

6.4.1.4 Chemical Constraints in Soil

Salinity, acidity and low OM content in soil are the major chemical constraints
which result in deficiency/toxicity of essential nutrients. Acidic soils are character-
ized by the presence of phytotoxic levels of Al, Mn, Fe and H and deficient levels of
N, P, K, Ca, Mg, Mo, B and Zn to support good plant growth (Patiram 2007). These
factors are largely responsible for poor crop growth and lower NUE. Salinity
reduces availability of N, P, K or essential ions due to high concentrations of Ca,
reduces uptake of K and Ca because of high Na concentrations (in sodic soils), and
reduces uptake of NOs—N due to excess levels of SO,>~ and CI- in the soil (Ogle
et al. 2004). Deficiencies/toxicities of essential minerals can affect root length,
thickness, surface areas, density, root hairs, root growth (in terms of biomass) and
root to shoot ratios and in turn affect nutrient uptake and NUE.
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6.4.1.5 Physical Conditions of Soil

Despite adequate nutrient supply, unfavourable physical conditions such as high
bulk density, presence of hard pan in upper layers, poor structure and texture,
surface sealing and crusting, high or low water holding capacity, water logging
and extreme drying or poor aeration can lead to poor crop growth and also
reduce NUE. These factors can affect mineralization and immobilization,
adsorption and precipitation mechanisms, leaching, runoff and gaseous losses
via denitrification and ammonification (Bhattacharyya et al. 2015). A greater
influence of sodic soils on crop growth may be from the degradation of soil
physical properties rather than from soil chemical properties. Physical deterio-
ration of sodic soils can be either crusting or hardpan formation, which contrib-
utes to reduced permeability of roots, consequently decreasing water and
nutrient uptake.

The basic requirements for crop growth in terms of physical soil conditions of
soil are adequate soil moisture and aeration, optimum soil temperature and freedom
from mechanical stress. Soil aeration is a vital component for active root growth and
its function. Changes in the oxidative and reductive state of soil have an influence
on the availability of plant nutrients. Similarly, soil temperature plays a vital role in
the growth and function of plant roots and availability of plant nutrients. Soil aera-
tion and temperature largely influence efficiency of applied nutrients by influencing
plant, soil parameters and microbial activities. Soil moisture influences root growth,
plant nutrient absorption and NUE. Nutrient absorption is influenced directly by
soil moisture and indirectly by the effect of water on plant metabolic activities, soil
aeration and concentration of nutrients in soil solution. If soil moisture becomes a
limiting factor during the critical stage of crop growth, fertilizer application may
adversely affect crop yield and nutrient recovery. The efficiency of applied nutrient
depends on the rate of applied nutrient and the amount of water supply. These neces-
sitate defining optimum nutrient requirement for crops in relation to available rain-
fall and irrigation water.

6.4.1.6 Biological Conditions

Rhizobia, diazotrophic bacteria and mycorrhizae in the rhizosphere are beneficial in
improving root growth by fixing atmospheric N,, suppressing pathogens, producing
phytohormones to facilitate uptake of less mobile nutrients such as P and micronu-
trients and in mobilization/solubilization of unavailable nutrients. Ladha et al.
(1996) reported that free-living and/or associated phototrophs and heterotrophs in
irrigated rice can fix from 50 to 100 kg N ha~!, contributing to the increased supply
and efficiency of N. Arbuscular mycorrhizal fungi form a beneficial symbiosis with
roots, thereby increases root surface area, which assists roots to explore larger soil
volumes to bring more ions closer to the roots and contributing to higher nutrient
inflow. Primary benefits of arbuscular mycorrhizae are enhanced acquisition of
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mineral nutrients; plant tolerance to soil acidity, salinity and alkalinity; and increased
ability of plants to withstand or exclude elements toxic to plant growth. Other ben-
efits for the host plants are the improvement in water uptake and the resistance to
drought. Phosphorus uptake in plant is most affected by arbuscular mycorrhizal
interaction, but it can also directly increase the uptake of Zn, Cu and N (Abbott and
Robson 1984).

Weeds compete with crop plants for water, nutrients and sunlight, thereby
reduce crop yield and consequently NUE. Allelopathic interactions of weed and
crop plants are quite common. Infections of diseases and insects also reduce
crop yield and NUE. Soil-borne pathogens such as actinomycetes, bacteria,
fungi, nematodes and viruses present in the rhizosphere lead to pathogenic
stress and bring changes in the morphology and physiology of roots and shoots
that reduces plants’ ability to absorb nutrients effectively. Diseases and insects
that infect plant leaves reduce photosynthetic activity resulting in lower utiliza-
tion of absorbed nutrients (Fageria 1992). Plant diseases are greatly influenced
by environmental factors, including deficiencies and/or toxicities of essential
elements. The severity of obligate and facultative parasites on plants is influ-
enced by the level of N and P available to plants. Lack of Ca, Mg, Zn, B, Mn,
Mo, Ni, Cu, Fe and Si is known to induce various diseases in plants (Graham
and Webb 1991).

6.4.2 Crop Factors
6.4.2.1 Nutrient Uptake

Genetic variability of crop has been reported to cause the differences in NUE and
nutrient uptake. Such differences in growth and NUE in plants have been related to
differences in absorption, translocation, shoot demand, dry matter production per
unit of nutrient absorbed and environmental interactions. Overall NUE in plants is
governed by the flux of ions from the soil to the root surface and by the influx of
ions into the roots followed by their transport to the shoots and remobilization to
plant organs. Plants and microorganisms exude inorganic and organic substances
that may alter soil pH as well as directly influence nutrient availability through
transformation. Root exudates can also exert a direct influence on rhizosphere
microorganisms. Plants and microorganisms compete for uptake of available nutri-
ents in the rhizosphere. Most plant species can increase their capacity to access
nutrients by altering root morphology (increasing surface area by growing long, thin
roots with numerous, and long, root hairs) and by changing the capacity and/or
affinity of plasma membrane-embedded transporters capable of carrying nutrients
into the cytosol.
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6.4.2.2 Root Characteristics

Roots are the principal organs for nutrient absorption from soil. The root morpho-
logical factors such as length, thickness, surface area and volume have profound
effects on the plant’s ability to acquire and absorb nutrients in soil. These parame-
ters influence the ability of the roots to penetrate high-density soil layers and to
tolerate temperature and moisture extremes and toxicities and deficiencies of ele-
ments. Additionally, the ability to modify the rhizosphere pH and the nutrient uptake
kinetics is also affected by root morphology. Sauerbeck and Helal (1990) summa-
rized root activities that affect nutrient availability in the rhizosphere as follows: (a)
modification of rhizosphere pH; (b) exudation of organic acids, chelators, reduc-
tants and oxidants; (c) extracellular enzymes to turn over organically bound nutri-
ents; and (d) providing substrate for microbial biomass.

6.4.2.3 Crop Rotation

The nature of cropping sequence greatly influences fertilizer requirement and its
efficiency. Crops have differential feeding capacities on applied as well as native
nutrients. The crops like maize and potato require high levels of fertilizer, and
they may not fully utilize the applied fertilizer. Because of this some amount of
nutrient is left in the soil as residual which can be utilized by the succeeding crop
in the sequence. The magnitude of residual effect is dependent on the rate and
kind of fertilizer, the cropping, the management regime followed and the soil
conditions. Crops have a tendency for luxury consumption of N and K and may
not leave any residual effect of excess fertilizer added. The reduced doses of fer-
tilizer application crop may leave the soil in an exhausted condition, and the fertil-
izer requirement of the succeeding crop may increase. Legumes in the cropping
sequence result N-rich root residues in the soil for the succeeding crop and thus
reduce its N requirement.

6.4.3 Climate Factors

Temperature, solar radiation and precipitation during crop growth influence nutrient
availability in soil and plants’ ability to utilize the nutrients and produce yield. Soil
temperature influences the rate of nutrient release from organic and inorganic
reserves and the uptake by roots and subsequent translocation and utilization in
plants. Solar radiation has a direct influence on photosynthesis, which in turn influ-
ences demand of nutrients for plant. The quality of radiation and crop shading
reduces crop growth, N, fixation and ion uptake (Fageria 1992). Total rainfall is not
as important for crop production and higher NUE as is the distribution of rainfall
during the growing season and how fertilizers interact with the water balance at the
root zone. To a larger extent, climatic variables cannot be changed, but cultivar
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selection and crop management must be tailored to prevailing climatic conditions.
In a breeding program, it is vital to include physiological traits that improve the
plants’ ability to tolerate multiple climatic stress factors.

6.4.4 Management Factors

Changes in the soil nutrient reserve and alteration in root systems under different
crop management systems might have direct bearing on the nutrient availability,
uptake by crops and NUE. The recovery efficiencies of fertilizers are also influ-
enced by amendments such as lime and OM due to their effects in nutrient dynam-
ics. Best management practices such as source, rate, method of application and split
application of nutrients should be optimized based on soil, plant and climatic factors
to reduce nutrient losses due to leaching, denitrification, ammonia volatilization,
runoff and fixation. Minimum tillage, no tillage, conservation tillage and traditional
tillage can bring profound changes in soil quality, soil OM and nutrient availability
in soils. Rooting pattern, water holding capacity, water infiltration, aeration, soil
compaction and soil temperature are also influenced by the type of tillage practices.
Crop rotation, use of cover crops and green manure crops are known to improve soil
fertility.

6.5 Approaches for Increasing Nutrient Use Efficiency

Increasing NUE requires a diverse set of approaches from agronomy to molecular
plant breeding. This includes germplasm screening, transgenic and genetic
approaches and a consideration of abiotic and biotic stresses. Improvement in NUE
thus requires the simultaneous consideration of multiple aspects of crop perfor-
mance, involving a multidisciplinary approach.

6.5.1 Agronomic Approach

Optimization of agronomic managements for a crop under any agroecosystems is
prerequisite for improving NUE.

6.5.1.1 Soil Amelioration

Addition of OM to soil maintains good soil physical, chemical and biological
conditions which largely governs NUE. The SOM helps to maintain good aggre-
gation and increase water holding capacity and exchangeable K, Ca and Mg. It
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also reduces P fixation and leaching of nutrients and decreases toxicities of Al
and Mn. Best management practices such as addition of crop residues, green
manure, compost, animal manure, use of cover crops, reduced tillage and avoid-
ing burning of crop residues can significantly improve the level of soil OM and
contribute to the sustainability of the cropping systems and higher NUE. Results
from long-term fertilizer experiments have shown that the integration of organic
manures with chemical fertilizers can maintain high productivity and organic C
status in soil (Mandal et al. 2007). There is a significant increase in soil organic
C due to incorporation of rice or wheat straw into the soil instead of removing
or burning it.

Liming is an effective way to correct soil chemical constraints. It improves the
availability of Ca, Mg, Mo, P, soil structure and cation exchange capacity. The fixa-
tion of atmospheric N, by free-living and symbiotic organisms like rhizobium is
increased. Potential toxicity of Al and Mn is reduced. Lime has very low mobility
in soil, and when surface applied it does not reduce the acidity of sub-surface soil
horizons. Contrary to lime, gypsum (CaSO,) has a greater downward movement,
and when applied to the surface, it can still impact and reduce the acidity of the
subsoil (Ritchey et al. 1980). Downward movement of Ca in soil has resulted in
increased rooting depth and in higher uptake rates of N, Ca, Cu, P and Mn by corn
(Zea mays L) grown in Cerrado acid Oxisol of Brazil (Sousa et al. 1992). Reduction
of subsoil acidity usually leads to deeper rooting and higher water and mineral
uptake by plants.

6.5.1.2 Improving Physical Conditions of Soil

Tillage, mulching, irrigation, addition of OM and amendments like gypsum in
sodic soil are major management techniques that create suitable physical condi-
tion for crop growth. Changes in the soil nutrient reserve and alteration in root
systems under different tillage systems might have direct bearing on the nutrient
availability and its use efficiency for crops. Tillage practices such as conventional,
conservation and no-tillage can make changes in soil OM, nutrient concentra-
tions, bulk density, water holding capacity, soil temperature and soil aeration.
Greater availability of P, Ca, K and N has been reported under no-tillage than
those under conventional tillage (Ismail et al. 1994; Mahboubi et al. 1993).
Minimum tillage enhances root growth for barley (Hordeum vulgare L) and oat
(Avena sativa L) cropping systems (Ehlers et al. 1983; Ellis et al. 1977). Minimum
tillage has also been reported to increase root weight, length and density, increas-
ing the nutrient and water use efficiencies (Adkinson 1990). Such improved root
parameters contributed to higher yields and uptake efficiencies of N, P, Ca, S, Cu,
Fe and Zn. Crop rotation and use of cover crops and green manure crops are
known to improve soil fertility and physical properties and to minimize pest and
weed problems (Delgado et al. 1999).
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6.5.1.3 Fertilizer Management

While applying fertilizers selection of the right source of nutrients for application at
the right rate, at the right time and in the right place is important for achieving
adequate nutrient use efficiency. Fertilizer source, rate, timing and placement are
interdependent and are interlinked with other agronomic management practices
involved in a crop production. Interactions among nutrient source, rate, time and
place are also considered in managing fertilizers for controlling soil fertility.

6.5.1.3.1 Right Source of Fertilizers

Any nutrient applied through fertilizers must be in plant available forms or in a form
that changes into a plant available form in the soil. The source of fertilizer should be
selected based on (a) soil physical and chemical properties (e.g. application NOs—N
to flooded rice soils or broad casting urea on soil with high pH should be avoided),
(b) synergisms among nutrient elements and sources should be understood (e.g. P x
Zn interaction, liming vs. P, Zn and B availability, fertilizer complementing manure),
(c) blending compatibility of fertilizer materials must be recognized because certain
combinations of fertilizer sources absorb, (d) granule size should be similar to avoid
product segregation, (e) benefits and sensitivities to nutrient element in fertilizers
also need to be appropriately assessed, (f) accompanying ion/element in the fertil-
izer along with target nutrient element (e.g. chloride ions accompanying K in muri-
ate of potash (KCI) are beneficial to maize but can be detrimental to tobacco and
some fruits; sources of P fertilizer may contain plant available Ca and S) and (g)
effects of nonnutritive elements (e.g. natural deposits of rock phosphate are enriched
in several metals like Cd).

Since nitrates are easily leached and lost by denitrification, retardation of nitrifi-
cation of ammonium-containing or ammonium-producing fertilizers by using nitri-
fication inhibitors in submerged rice field helps in increasing N use efficiency.
Chemical nitrification inhibitors that are widely used are N-serve [2-chloro-6-
(trichloromethyl) pyridine], AM [2-amino-4-chloro-6-methylpyrimidine], DCD
(dicyandiamide), 4-amino-1,2,4-6-triazole-HCI1 (ATC), 3,4-dimethylpyrazole phos-
phate (DMPP), carbon disulphide (CS2) and ammonium thiosulphate [(NH,),S,0;].
Neem (Azadirachta indica) cake-coated urea was shown to have nitrification inhib-
iting properties. Application of PPD (phenyl phosphorodiamidate) and NBPT
[N-(n-butyl) thiophosphoric triamide] with urea has been suggested to reduce the
rate of urea hydrolysis and improve its efficiency (Prasad and Power 1995).
Nitrification inhibitor DCD has the potential to reduce N,O emissions and increase
NUE of irrigated systems of barley (Delgado and Mosier 1996). Slow- and
controlled-release fertilizers have added advantages in increasing nutrient recovery
by plants, lowering N,O and NH; emissions and NOs-N leaching from cropping
systems. Slow-release N fertilizers such as isobutylidenediurea (IBDU), crotonalde-
hydediurea (CDU) and polyolefin-coated urea (POCU) are currently available in the
market. Further research and development is needed to continue developing new
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products that can increase the recovery of fertilizers while maintaining and or
increasing yields and protecting the environment.

6.5.1.3.2 Right Rate of Fertilizers

Scientific methods are involved to evaluate soil nutrient supply to crops to work out
fertilizer application rates. Soil and plant analysis and crop response studies are use-
ful tools in this regard. Quantity and plant availability of nutrients in all available
indigenous nutrient sources such as manure, composts, biosolids, crop residues and
irrigation water need to be determined. In estimating fertilizer application rates,
consideration of NUE is important because some loss of nutrients from soil-plant
system is unavoidable. If the removal of nutrients from a cropping system exceeds
applied amount for years together, loss of soil fertility may occur. This aspect also
needs to be considered while working out fertilizer application rates. For nutrients
unlikely to be retained in the soil, the most economic rate of application is where the
last unit of nutrient applied is equal in value to the increase in crop yield it generates
(law of diminishing returns). For nutrients retained in the soil, their residual effect
to future crops should be considered. Assessment of probabilities of predicting eco-
nomically optimum rates is crucial.

6.5.1.3.3 Right Timing of Fertilizers

Fertilizers should be applied to match the crop nutrient demand, which depends on
the date of planting, crop growth characteristics and sensitivity to nutrient deficien-
cies at particular growth stages. For example, to increase B use efficiency, the time
of supplying B to the crops should synchronise with the stages of their growth when
the requirements for B are most critically important (Sarkar et al. 2007). Such need
for B varies for different crops and their stages of growth. In the case of grain crops
like cereals and oilseeds, the supply of B is more important during reproductive
development rather than during the vegetative growth stage. Whereas in the case of
root crops like potato, tapioca (Manihot esculenta C.) and sugar beet (Beta vulgaris
L.) where translocation of photosynthates from source to sink is needed for a longer
period, a steady and prolonged supply of B throughout their growth period may be
necessary. Application of nutrient late in the cropping season may be associated
with its accumulation in the economic produce of the crop (e.g. grain) rather than in
the leaves or stalk. Therefore, nutrient application late in the cropping season may
increase both quality and quantity of grain yield. For example, top dressed of N at
tillering stage of wheat has been found to increase both yield and protein content of
wheat, especially at low levels of soil N.

Fertilizer timing is also governed by dynamics of nutrient supply in soil.
Mineralization of soil OM makes some nutrient elements available to crops, but if
mineralization does not occur during the critical crop growth stages requiring that
nutrient, deficiencies may limit productivity. Similarly timing of weather factors
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influencing nutrient loss will govern fertilizer timing (e.g. leaching losses tend to be
more frequent during monsoon season). Logistic of field operations will also influ-
ence the timing of fertilizer application (e.g. multiple applications of nutrients may
or may not combine with those of crop protection products, and nutrient applica-
tions should not delay time-sensitive operations such as planting).

6.5.1.3.4 Placement of Fertilizers

Placement of fertilizer needs to ensure that nutrients are adequately intercepted by
roots. An example is the band placement of P fertilizer for wheat, ensuring sufficient
nutrition of the young seedling, increasing yield substantially, even though amounts
applied and taken up are small. Fertilizer placement should take into account that
soils vary in nutrient supplying capacity and nutrient loss potential. Logistic of soil
preparation also needs to be recognized, and fertilizer placement should fit the
needs of tillage system. In conservation tillage systems, subsurface fertilizer appli-
cations need to ensure that soil coverage by crop residues is maintained. The effi-
ciency of the applied fertilizers can be improved considerably if the rooting habits
of various plants during early growth stages are known. This is particularly true for
immobile nutrients. If a plant produces taproot system early, fertilizer can best be
placed directly below the seed. On the other hand, if lateral roots are formed early,
side dressing of fertilizer would be efficient. Mycorrhizal fungi often associated
with plant roots increase the ability of plants to absorb nutrients particularly under
low soil fertility. In tropical regions the major soil problems in rain-fed systems that
affect crop production are low soil fertility, salinity, alkalinity, acidity, Fe toxicity
and P and Zn deficiencies. Nutrient use efficiency in these soils is improved by fer-
tilizer placement and timing to critical crop growth stages (Baligar et al. 2001).

6.5.1.4 Integrated Nutrient Management

Integrated plant nutrient management (IPNM) is another approach to enhance
NUE. The basic concept of IPNM is the maintenance of soil fertility and health for
sustained crop production on long-term basis and use of chemical fertilizers along
with different organic sources available at the farm to meet nutrient requirement.
Consequently, the major focus is on the management of soil OM and plant nutrients
through integrated use of mineral fertilizers, green manures, sewage sludge and
food industry wastes. In the case of legumes as a green manure or a dual-purpose
crop (grain + green manure) such as mung bean (Vigna radiata) and cowpea (Vigna
unguiculata) residue left after one picking of pods applied to rice can contribute
40-120 kg N ha™! in rice-wheat system and thus reduce fertilizer N application to
crops. Legume residues decompose fairly fast under subtropical and tropical condi-
tions especially under submerged conditions and make N readily available to the
rice crop. Similarly, application of different organic manures can supply 40-120 kg
N ha™! in different cereal-based cropping systems. Apart from soil, climate and
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cropping, N supply from organic sources depends on their C:N ratio and rate of
application.

6.5.1.5 Site-Specific Nutrient Management

Site-specific nutrient management is a dynamic field specific to nutrient manage-
ment in particular cropping season to optimize the supply and demand of nutrient
based on its cycling through soil-plant system. Dobermann et al. (2002) reported
that field-specific management of macronutrients increased nutrient uptake, yield
and NUE in irrigated rice farms in Asia. Site-specific technology in the future might
help to develop sound management systems that lead to reduced fertilizer inputs,
thereby improving efficiency of costly fertilizer input and the degradation of the
environment.

6.5.2 Crop Improvement Approach
6.5.2.1 Breeding

Most of the breeding programmes focussed on yield improvements and protection
of that yield with resistance to biotic and abiotic constraints. Nutrient use efficiency
itself has seldom been a target. However, increased yield without increase in applied
nutrient will result in increased NUE; therefore, the target of increasing yield has
resulted in increased NUE. When nutrient supply from soil is suboptimal (e.g. acid-
and salt-affected soils), the efficiency with which mineral nutrients are used by
plants is important in overall NUE. Breeding programmes should consider plant
characteristics such as the ability to produce near maximum yields at low nutrient
levels and extensive root systems efficient in exploring large soil volumes to pro-
duce cultivars with high NUE that can contribute to sustainability and environmen-
tal protection. Conventional plant breeding has enhanced N use efficiency in rice
cultivars (Fischer 1998), but new methods are needed that can advance how specific
traits are identified and pass from one cultivar to the other or from one species to
another.

Among macronutrients, breeding for adaptation to low-nutrient environ-
ments has advanced mainly for P and to some extent N and K. In the case of
micronutrients, some breeding efforts have been reported for Fe, Mn, Zn, Cu
and B (Rengel 2005). Breeding for such nutrient-efficient genotypes adapted to
low-input agricultural ecosystems should be prioritized. Growing nutrient-effi-
cient crop genotypes on soils of low nutrient availability represents an environ-
mental friendly approach that would reduce land degradation by minimizing
application of fertilizers to crop production (Rengel 2001). Such novel approach
would reduce the danger of exhaustion of soil nutrient resources through ‘land
mining’ at least for P and micronutrients because the total soil supply of these
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elements is sufficient for hundreds of years of sustainable cropping by new,
efficient genotypes that can acquire the soil nutrient pools not available to inef-
ficient genotypes.

6.5.2.2 Genetic Control

Targeted manipulation of key genes controlling NUE would be an ideal approach,
and considerable effort has been expended in identifying and testing possible key
steps improving NUE. For NO; assimilation attention has focussed on primary
assimilation, for example, nitrate reductase and glutamine synthetase (McAllister
et al. 2012). Another key enzyme showing promise is alanine amino transferase.
This enzyme catalyses the transfer of an amino group from glutamate to oxaloace-
tate and has been shown to increase biomass accumulation at suboptimal N inputs
when overexpressed in a tissue-specific manner in Brassica napus, thus improving
NUE (Good et al. 2007).

Because of limiting physiological processes, application of ever-increasing fer-
tilizer to crop does not necessarily result in a linear increase in yield or uptake of
nutrients. Targeting these limiting processes is key areas for crop improvement for
yield and NUE (Gaju et al. 2011). The relative importance of these processes varies
during crop development. To increase NUE through genetic approach, the primary
targets are root, canopy and grain (Hawkesford 2012).

6.5.2.2.1 Root

Target traits are early root proliferation, shallow root proliferation to capture applied
fertilizer and deep roots and their proliferation to access nutrient reserves at lower
depth. Cluster roots (Neumann and Martinoia 2002) are designed to facilitate local
soil acidification and to enable access to soil nutrient pools not normally plant avail-
able, particularly phosphate. Efficient root systems also require efficient mecha-
nisms for uptake of nutrients from soil. Uptake from the soil depends upon cell
membrane ion transporters, production of exudates or extracellular compounds to
facilitate nutrient uptake. Transporters are involved within the plant to optimize
translocation or storage of nutrients in roots, shoots and storage organs. Direct
breeding for root characteristics is extremely difficult and has seldom been
attempted. Laboratory screens are usually limited to seedlings, often in the absence
of soil, and field screens involve cumbersome excavations or invasive and laborious
coring techniques.

A study on P use efficiency in Brassica indicated high efficiency in current com-
mercial varieties, most likely principally due to breeding for yield; however, P use
efficiency and root trait QTLs were found to be associated in a mapping population
(Hammond et al. 2009).
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6.5.2.2.2 Canopy

Nutrient uptake during vegetative development is required to make and maintain a
photosynthetically active canopy, a prerequisite for yield optimization. Early uptake
of nutrients, especially N, helps canopy development and eventual closure.
Auvailability of N will determine the canopy size. Maximal light capture produces
photosynthate destined for storage organs such as the grain. As crop matures, the
canopy often senesces, decreasing photosynthetic capacity but facilitating remobili-
zation of minerals, including N, to grain. Breeding targets may be early canopy
closure, a closed canopy with a lower need for N, a canopy with improved photo-
synthetic activity (Parry et al. 2011) or extended canopy longevity. Delaying canopy
senescence during storage organ generation (e.g. grain filling) may be beneficial for
higher yield but will impact negatively on the remobilization processes, and sink
tissues may suffer from nutrient deficiency.

6.5.2.2.3 Grain

Although adequate nutrition is required for optimum grain yield, both to produce
photosynthesising canopy and then to support sink organ growth, a large sink will
also have a higher mineral nutrient demand. This demand is driven by the require-
ments for sink synthesis but is also required for nutritional quality (mineral nutrient
content). However, decreased mineral nutrient content in modern wheat grain com-
pared to older varieties is the fact due to increased grain yield but with reduced
redistribution of mineral to the grain (Fan et al. 2008). These necessitate urgent need
for improved mineral nutrient partitioning in grain, particularly minerals important
for human and animal diets (e.g. Fe, Zn and Se). Future breeding programmes thus
need to consider acquisition of nutrients by crop and their redistribution to grain in
addition to crop yield.

6.5.2.3 Selection of Genotypes

Plant genotypes differ in the mechanisms for acquisition of nutrients from environ-
ments with low nutrient availability. Genotypes with higher NUE may have an
increased capacity (a) to exploit the soil (large root surface area), (b) to convert
non-available nutrient forms into available forms and/or (c) to take up nutrients
across the plasma membrane. Therefore, the key approach for breeding crops for
high NUE is to identify and exploit variation in existing germplasm. Recent screen-
ing experiments indicated considerable variation in key NUE traits, for example, in
wheat (Gaju et al. 2011) and barley (Bingham et al. 2012), and for P use efficiency
(Hammond et al. 2009). Use of mapping populations and QTL analysis enables the
dissection of sub-traits contributing to the overall complex traits such as NUE. Yield,
nutrient uptake and NUE all have multiple identifiable QTL, and some of these
overlap with QTL contributing to other traits such as anthesis date and plant height
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(Bogard et al. 2011). Where overlaps exist, this indicates a link between the traits
and possibly the same gene or allele contributing to that complex quantitative trait.
For example, in a study on wheat, 233 QTLs were identified for traits related to
NUE and yield (Laperche et al. 2007). De-convoluting these complex multigene
traits is a need of the hour, which will facilitate breeding for higher NUE.

6.6 Conclusions

Increasing NUE in plants is important for enhancing yield and quality of crops,
reducing fertilizer input cost and environmental sustainability. The NUE in plants
should be clearly defined and carefully selected to reflect the end use. Plant species
and cultivars within species differ in absorption and utilization of nutrients, and
such differences are attributed to morphological, physiological and biochemical
processes in plants and their interaction with climate, soil, fertilizer and manage-
ment practices. An improved NUE in plants can be achieved by careful manipula-
tion of plant, soil, fertilizer, environmental and management practices. There is a
great need for a multidisciplinary effort of plant breeders and physiologists, agrono-
mists and soil scientists to formulate an effective way to increase NUE in plants.

References

Abbott, L. K., & Robson, A. D. (1984). The effect of mycorrhizae on plant growth. In C. L. Powell
& D. J. Bagyaraj (Eds.), A mycorrhizae (pp. 113—130). Boca Raton, FL: CRC Press.

Adkinson, D. (1990). Influence of root system morphology and development on the need for fer-
tilizer and efficiency of use. In V. C. Baligar & R. R. Duncan (Eds.), Crops as enhancers of
nutrient use (pp. 411-451). San Diego, CA: Academic Press.

Alloway, B. J. (Ed.). (1995). Heavy metals in soils (2nd ed.). New York: Wiley.

Baligar, V., & Bennet, O. (1986). Outlook on fertilizer use efficiency in the tropics. Fertilizer
Research, 10, 83-96.

Baligar, V. C., Fageria, N. K., & He, Z. L. (2001). Nutrient use efficiency in plants. Communications
in Soil Science and Plant Analysis, 32, 921-950.

Bhattacharyya, R., Ghosh, B. N., Mishra, P. K., Mandal, B., Rao, C. S., Sarkar, D., et al. (2015).
Soil degradation in India: Challenges and potential. Sustainability, 7, 3528-3570.

Bingham, I. J., Karley, A. J., White, P. J., Thomas, W. T. B., & Russell, J. R. (2012). Analysis of
improvements in nitrogen use efficiency associated with 75 years of spring barley breeding.
European Journal of Agronomy, 42, 49-58.

Bogard, M., Jourdan, M., Allard, V., Martre, P., Perretant, M. R., Ravel, C., et al. (2011). Anthesis
date mainly explained correlations between post-anthesis leaf senescence, grain yield, and
grain protein concentration in a winter wheat population segregating for flowering time QTLs.
Journal of Experimental Botany, 62, 3621-3636.

Cassman, K. G., Dobermann, A., & Walters, D. T. (2002). Agroecosystems, nitrogen-use effi-
ciency, and nitrogen management. Ambio, 31, 132—140.

Delgado, J. A., & Mosier, A. R. (1996). Mitigation alternatives to decrease nitrous oxides emis-
sions and urea-nitrogen loss and their effect on methane flux. Journal of Environmental Quality,
25, 1105-1111.



144 D. Sarkar and L.K. Baishya

Delgado, J. A., Sparks, R. T., Follett, R. F., Sharkoff, J. L., & Riggenbach, R. R. (1999). Use of
winter cover crops to conserve soil and water quality in the San Luis Valley of south Central
Colorado. In R. Lal (Ed.), Soil quality and soil erosion (pp. 125-142). Boca Raton, FL: CRC
Press.

Dobermann, A. (2007). Nutrient use efficiency—Measurement and management. In /FA interna-
tional workshop on fertilizer best management practices (pp. 1-28). Brussels, Belgium: IFA.

Dobermann, A., & Cassman, K. G. (2005). Cereal area and nitrogen use efficiency are drivers of
future nitrogen fertilizer consumption. Sci China., 48, 745-758.

Dobermann, A., Witt, C., Dawe, D., Abdulrachman, S., Gines, H. C., Nagarajan, R., et al. (2002).
Site-specific nutrient management for intensive rice cropping systems in Asia. Field Crops
Research, 74, 37-66.

Ehlers, W., Kope, U., Hess, F., & Bohm, W. (1983). Penetration resistance and root growth of oats
in tilled and untilled loess soil. Soil and Tillage Research, 3, 261-275.

Ellis, P. B., Elliott, J. G., Barness, B. T., & Howse, K. R. (1977). Comparison of direct drill-
ing, reduced cultivation and ploughing on the growth of cereals. 2 spring barley on a sandy
loam soil: Soil physical conditions and root growth. The Journal of Agricultural Science, 89,
631-642.

Fageria, N. K. (1992). Maximizing crop yields. New York: Marcel Dekker.

Fan, M.-S., Zhao, E.-]., Fairweather-Tait, S. J., Poulton, P. R., Dunham, S. J., McGrath, S. P, et al.
(2008). Evidence of decreasing mineral density in wheat grain over the last 160 years. Journal
of Trace Elements in Medicine and Biology, 22, 315-324.

FAO. (2012). FAOSTAT. FAO Statistics Division. http://faostat3.fao.org.

FAO (Food and Agriculture Organization of the United Nations). (2009). FAOSTAT. FAO Statistics
Division. http://faostat3.fao.org.

Fischer, K. S. (1998). Toward increasing nutrient use efficiency in rice cropping systems: The next
generation of technology. Field Crops Research, 56, 1-6.

Fixen, P., Brentrup, F., Bruulsema, T. W., Garcia, F., Norton, R., & Zingore, S. (2015). Nutrient/
fertilizer use efficiency: Measurement, current situation and trends. In P. Drechsel, P. Heffer,
H. Magen, R. Mikkelsen, & D. Wichelns (Eds.), Managing water and fertilizer for sustainable
agricultural intensification (1st ed., pp. 8-38). Paris, France: IFA, IWMI, IPNI and IPI.

Gaju, O., Allard, V., Martre, P., Snape, J. W., Heumez, E., LeGouis, J., et al. (2011). Identification
of traits to improve the nitrogen-use efficiency of wheat genotypes. Field Crops Research, 123,
139-152.

Good, A. G., Johnson, S. J., De Pauw, M., Carroll, R. T., Savidov, N., Vidmar, J., et al. (2007).
Engineering nitrogen use efficiency with alanine aminotransferase. Canadian Journal of
Botany, 85,252-262.

Gourley, C. J. P, Allan, D. L., & Russele, M. P. (1993). Defining phosphorus efficiency in plants.
In N. J. Barrow (Ed.), Plant nutrition—From genetic engineering to field practice (pp. 363—
366). Dordrecht, Netherlands: Kluwer Academic Publishers.

Graham, R. D., & Webb, M. J. (1991). Micronutrients and disease resistance and tolerance in
plants. In J. J. Mortvadt, F. R. Cox, L. M. Shuman, & R. M. Welch (Eds.), Micronutrients in
agriculture, Soil Science Society American book series (Vol. 4, 2nd ed., pp. 329-370). Madison,
WI: Soil Science Society America. Inc..

Ha, H., Olson, J. R., Bian, L., & Rogerson, P. A. (2014). Analysis of heavy metal sources in soil
using Kriging interpolation on principal components. Environmental Science & Technology,
48, 4999-5007.

Hammond, J. P, Broadley, M. R., White, P. J., King, G. J., Bowen, H. C., Hayden, R., et al. (2009).
Shoot yield drives phosphorus use efficiency in Brassica oleracea and correlates with root
architecture traits. Journal of Experimental Botany, 60, 1953—-1968.

Hawkesford, M. J. (2012). Improving nutrient use efficiency in crops. In eLS. Chichester: John
Wiley & Sons, Ltd. doi:10.1002/9780470015902.a0023734.

Howarth, R. W., Boyer, E. W., Pabich, W. J., & Galloway, J. N. (2002). Nitrogen use in the United
States from 1961-2000 and potential future trends. Ambio, 31, 88-96.


http://faostat3.fao.org
http://faostat3.fao.org
http://dx.doi.org/10.1002/9780470015902.a0023734

6 Nutrient Use Efficiency 145

Huggins, D. R., & Pan, W. L. (1993). Nitrogen efficiency component analysis - an evaluation of
cropping system differences in productivity. Agronomy Journal, 85, 898-905.

IFA (International Fertilizer Industry Association). (2012). IFA statistics. http://www.fertilizer.org/
Statistics.

Ismail, I., Blevins, R. L., & Frye, W. W. (1994). Long-term no tillage effects on soil properties and
continuous corn yields. Soil Science Society of America Journal, 58, 193—198.

Janzen, H. H., Beauchemin, K. A., Bruinsma, Y., Cambell, C. A., Desjardins, R. L., Ellert, B. H.,
et al. (2003). Th, E.G. the fate of nitrogen in agroecosystems: An illustration using Canadian
estimates. Nutrient Cycling in Agroecosystems, 67, 85—102.

Jiyun, J. (2012). Changes in the efficiency of fertilizer use in China. Journal of the Science of Food
and Agriculture, 92, 1006—-1009.

Ladha, J. K., Kundu, D. K., Angelo-van Coppenolle, M. G., Peoples, M. B., Carangal, V. R., &
Dart, P. J. (1996). Legume productivity and soil nitrogen dynamics in lowland rice-based crop-
ping systems. Soil Science Society of America Journal, 60, 183-192.

Ladha, J. K., Pathak, H., Krupnick, T. J., Six, J., & van Kessel, C. (2005). Efficiency of fertil-
izer nitrogen in cereal production: Retrospects and prospects. Advances in Agronomy, 87,
85-156.

Laperche, A., Brancourt-Hulmel, M., Heumez, E., Gardet, O., Hanocq, E., Devienne-Barret,
F., et al. (2007). Using genotype x nitrogen interaction variables to evaluate the QTL
involved in wheat tolerance to nitrogen constraints. Theoretical and Applied Genetics,
115,399-415.

Mahboubi, A. A., Lal, R., & Faussey, N. R. (1993). Twenty-eight years of tillage effects on two
soils in Ohio. Soil Science Society of America Journal, 57, 506-512.

Mandal, B., Majumder, B., Bandyopadhyay, P. K., Hazra, G. C., Gangopadhyay, A., Samantaray,
R. N, et al. (2007). The potential of cropping systems and soil amendments for carbon seques-
tration in soils under long-term experiments in subtropical India. Global Change Biology, 13,
357-369.

Marschner, H. (1995). Mineral nutrition of higher plants. San Diego, CA: Academic Press.

McAllister, C. H., Beatty, P. H., & Good, A. G. (2012). Engineering nitrogen use efficient crop
plants: The current status. Plant Biotechnology Journal, 10, 1011-1025.

Neumann, G., & Martinoia, E. (2002). Cluster roots—An underground adaptation for survival in
extreme environments. Trends in Plant Science, 7, 162-167.

Ogle, D., Majerus, M., & St. John, L. (2004). Plants for saline to sodic soil conditions. http://www.
plant-materials.nrcs.usda.gov/pubs/idpmstn5465.pdf.

Parry, M. A. J. P, Reynolds, M., Salvucci, M. E., Raines, C., Andralojc, P. J., Zhu, X., et al. (2011).
Raising yield potential of wheat. II. Increasing photosynthetic capacity and efficiency. Journal
of Experimental Botany, 62, 453—-468.

Patiram. (2007). Management and future research strategies for enhancing productivity of crops on
the acid soils. Journal of the Indian Society of Soil Science, 55, 411-420.

Prasad, R., & Power, J. F. (1995). Nitrification inhibitors for agriculture, health and environment.
Advances in Agronomy, 54, 233-281.

Rengel, Z. (2001). Genotypic differences in micronutrient use efficiency in crops. Communications
in Soil Science and Plant Analysis, 32, 1163-1186.

Rengel, Z. (2005). Breeding crops for adaptation to environments with low nutrient availability.
In M. Ashraf & P. J. C. Harris (Eds.), Abiotic stresses: Plant resistance through breeding and
molecular approaches (pp. 239-276). New York: The Haworth Press.

Ritchey, K. D., Sousa, D. M. G., Laboto, E., & Correa, O. (1980). Calcium leaching to increase
rooting depth in a Brazilian savannah Oxisols. Agronomy Journal, 72, 40-44.

Sarkar, D., Mandal, B., & Kundu, M. C. (2007). Increasing use efficiency of boron fertilizers by
rescheduling the time and methods of application for crops in India. Plant and Soil, 301, 77-85.

Sauerbeck, D. R., & Helal, H. M. (1990). Factors affecting the nutrient efficiency in plants. In
N. E. Balsam, M. Dambroth, & B. C. Loughman (Eds.), Genetic aspects of plant mineral nutri-
tion (pp. 11-17). Dordrecht, Netherlands: Kluwer Academic Publisher.


http://www.fertilizer.org/Statistics
http://www.fertilizer.org/Statistics
http://www.plant-materials.nrcs.usda.gov/pubs/idpmstn5465.pdf
http://www.plant-materials.nrcs.usda.gov/pubs/idpmstn5465.pdf

146 D. Sarkar and L.K. Baishya

Sheldrick, W. E,, Syers, J. K., & Lindgard, J. A. (2002). Conceptual model for conducting nutri-
ent audits at the national, regional, and global scales. Nutrient Cycling in Agroecosystems, 62,
61-72.

Smaling, E. M., Nandwa, S. M., & Janssen, B. H. (1997). Soil fertility in Africa is at stake. In
P. Sanchez & R. Buresh (Eds.), Replenishing soil fertility in Africa: Special publication (Vol.
51, pp. 47-62). Madison, WI: Soil Science Society of America.

Smil, V. (1999). Nitrogen in crop production: An account of global flows. Global Biogeochemical
Cycles, 13, 647-662.

Sousa, D. M. G., Lobato, E., Ritchey, K. D., & Rein, T. A. (1992). Response of annual crops and
leucaena to gypsum in the Cerrado. In 2nd seminar on the use of gypsum in agriculture (Vol. 2,
pp- 277-306). Brazil: IBRAFOS.

Syers, J. K., Johnson, A. E., & Curtin, D. (2008). Efficiency of soil and fertilizer phosphorus
use: Reconciling changing concepts of soil phosphorus behaviour with agronomic information,
FAO-fertilizer and plant nutrition bulletins (Vol. 18). Rome: Food and Agriculture Organization
of the United Nations.



Chapter 7
Understanding the Dynamics of Phosphorus
Starvation and Plant Growth
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Abstract Phosphorus is one of the essential macronutrients required in relatively large
quantities by the plants for normal growth and development and to complete their life
cycle. It is an important constituent of biomolecules like nucleic acids, phospholipids,
enzymes and adenosine triphosphate. Phosphate signaling allows higher plants to
respond and adapt to the phosphate-deficient conditions efficiently. Phosphorus defi-
ciency in the soil produces responses and adaptive changes in the plants like changes in
root morphology and architecture, improved uptake and utilization of P, metabolic
changes, exudation of organic acids, and numerous enzymes for the solubilization of the
inorganic and organic reserves of P in the rhizosphere (phosphate mobilization).
Therefore, the understanding of the proper mechanisms of the adaptation of plants to
low P availability will help in the selection and breeding to improve productivity under
P-limited environments. The present review gives an overview of the plant responses to
P-limited environments and the developments made so far in this area of study.
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7.1 Introduction

Phosphorus is one of the essential macronutrients required for normal plant growth
and development constituting about 0.2% of plant dry matter (Harrison et al. 2002).
It plays several essential roles in plants and is the key constituent of important bio-
molecules like nucleic acids, phospholipids, enzymes, and adenosine triphosphate
(ATP) (Marschner 2012). Plants obtain phosphorus from the soil in the form of
inorganic phosphate (H,PO,™) (Vance et al. 2003). Although the amount of phos-
phorus present in the soil may be large, it is fixed into other forms which are not
taken by the plants ultimately resulting in phosphorus deficiency. Hence, P is one of
the most unavailable and unapproachable macronutrients in the soil (Vance et al.
2003) and often limits plant growth. Therefore different types of phosphate fertil-
izers are added to the soil to overcome P deficiency.

7.2 Response of Plants to Phosphorus Deficiency

To overcome the phosphorus deficiency, plants adapt different mechanisms to
improve the acquisition of phosphorus from the soil (Fig. 7.1).

7.2.1 Changes in Root System

The root design plays an important role in inorganic phosphorus (Pi) acquisition. The
root systems with more surface area are able to explore a given volume of soil more
effectively and hence much efficient Pi acquisition (Lynch 1995). Under Pi deficiency
one of the most common response of plants is the increase in root growth instead of
shoot growth, which results in increasing root-to-shoot dry weight ratio (Hermans
et al. 2006), and this occurs as a result of change in the distribution pattern of photo-
synthates between roots and shoots which is brought about by plant hormones (Nacry

Organic acids|

secretion
A
Degradation of Lateral root formation |
phospholipids
Galactolipid Pi deficiency Increase in lateral
synthesis root length
Anthocyanin | Respiratory bypasses|
accumulation

N
| Acid phosphatases |

Fig. 7.1 Morphological and physiological responses of plants to phosphorus deficiency
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et al. 2005), sugar signaling (Vance 2010), and nitric oxide in white lupin (Wang et al.
2010). It has been found in Arabidopsis that under Pi starvation conditions, there is
inhibition of primary root growth (Lopez-Bucio et al. 2003), while the growth of lat-
eral roots is stimulated (Lopez-Bucio et al. 2003; Nacry et al. 2005). The plants grow-
ing under P-deficient conditions have much branched root system with enhancement
in the number and length of root hairs (Bates and Lynch 1996; Ma et al. 2001) which
significantly enhances surface area for the efficient Pi acquisition (Bates and Lynch
2001a, b). Such plants are also known to have increased lateral root development and
are much more efficient in acquiring Pi from the soil to maintain their growth (Zhu
et al. 2010). The modifications in the root system in response to deficiency of P are
known to be controlled by the plant growth regulators especially auxins, ethylene, and
cytokinins (Casson and Lindsey 2003). Ethylene is known to be a positive regulator
of root hair development (Michael 2001) and controls root design by showing molec-
ular cross-talk with auxin. The production of ethylene is known to be stimulated in
response to the P deficiency (Borch et al. 1999) which may be the reason for the
enhanced root hair formation in P-deficient plants (Michael 2001). The inhibition of
primary root is mediated by the genes, low phosphate root 1 (LPR1) and low phos-
phate root 2 (LPR2), which are known to encode two multicopper oxidase enzymes,
and the mutants of these two genes Ipil and Ipi2 do not have a typical primary root
inhibition induced by Pi starvation, and both genes are suggested to be required in the
regulation of root development under Pi starvation (Guimil and Dunand 2006).

7.2.2 Increasing Phosphate Mobilization and Its Utilization

Only inorganic form of phosphorus (Pi) is available to plant cells because of the pres-
ence of Pi transporters located on the plasma membrane, while as due to lack of trans-
porters, organic forms like phosphomonoesters and nucleic acids cannot be
translocated. Therefore mobilization of these organic forms is needed to release Pi
which is brought about by hydrolases like acid phosphatases and ribonucleases.
During Pi-deficient conditions, there is increased secretion of phosphatases which
ultimately results in mobilization of phosphorus and its subsequent uptake by the
plant. Plants grown in Pi-limited environment have upregulation of the genes encod-
ing purple acid phosphatases (PAPs) and ribonucleases (RNases). The secreted acid
phosphatases from plants have high activity and transcription under Pi-deficient con-
ditions (Li et al. 2002). The genes encoding these acid phosphatases are known to be
upregulated under P deficiency like the expression of AtsAPase gene in Arabidopsis,
which is enhanced in P deficiency (Haran et al. 2000), and the expression of purple
acid phosphatase genes AtPAP11 and AtPAPI?2 increased in P-deficient Arabidopsis
suspension cells (Li et al. 2002). There are about 29 purple acid phosphatase (PAP)
genes identified in Arabidopsis genome, and about 11 of these are upregulated (Misson
et al. 2005) during Pi-deficient conditions which confirm the vital role of acid phos-
phatases during phosphorus deficiency. Ribonucleases are known to cause mobiliza-
tion and release of the organic P in soil for the ready availability of the plants (Bariola
et al. 1994; Duff et al. 1994). In Arabidopsis about three genes have been identified
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which produce S-like RNAases which bring about Pi mobilization, namely, AfRNS1,
AtRNS2, and AtRNS3 (Taylor and Green 1991; Bariola et al. 1994). According to
Marschner (2012), roots cause acidification of the rhizosphere which results in dis-
solution of sparingly available soil P. The factors which determine the pH of rhizo-
sphere include cation/anion uptake ratios and nitrogen assimilation. The availability
of ammonium to plant roots decreases pH as the supply of nitrates causes increase in
pH of rhizosphere. In response to P deficiency, the plants of lupin are known to stimu-
late the release of protons and citrate exudation by roots accompanied with the inhibi-
tion of nitrate uptake (Shen et al. 2005). The effects of the release of organic acids on
Pi acquisition have been well documented (Vance et al. 2003; Hinsinger et al. 2005).
Roots are also known to exudate a variety of molecules in response to Pi defi-
ciency including P-mobilizing compounds such as organic acids in Arabidopsis
(Narang et al. 2000) and rice (Begum et al. 2005), protons, and phosphatases.
Pi-deficient rape typically releases malic acid near its root tips or at sites in contact
with insoluble rock phosphate. The organic acids are produced during TCA cycle,
and it has been found that the enzymes involved in TCA cycle like citrate synthase,
phosphoenolpyruvate carboxylase, and malate dehydrogenase are upregulated
under Pi-deficient conditions which ultimately results in the production and release
of more organic acids into the rhizosphere (Wu et al. 2003). Organic acids like
malate and citrate are involved in the release of Pi from Al-, Fe—, and Ca—P com-
plexes (Ryan et al. 2001). Plant growth-promoting rhizobacteria including phospho-
rus solubilizing bacteria (PSB) lead to enhancement of the P acquisition by
increasing solubilization of Pi to plants (Richardson et al. 2009). They are known to
impart this effect through acidification of soil surrounding the roots and release of
enzymes like phosphatases and phytases (Zhang et al. 2010), or they may produce
carboxylates like oxalate, citrate, and gluconate (Jones and Oburger 2011).

7.2.3 Regulation of Inorganic Phosphate (Pi) Transporters

A range of genes are involved in mediating adaptations to Pi deficiency through the
regulation of Pi acquisition, remobilization of internal phosphorus, Pi transport pro-
cesses, and changes in the metabolism and signaling of Pi (Fang et al. 2009).
Phosphate transporter (PT) is a major group of genes which are induced in different
plant species under P deficiency (Miller et al. 2001). During Pi deficiency the ability
of the roots to uptake Pi is enhanced (Mimura et al. 1998), and the mechanism
involved is the induction of Pi transporters. It has been revealed by experiments that
the Pi deficiency-induced genes are regulated by the concentration of Pi inside the
plant and not the Pi status of the soil surrounding the roots (Shane et al. 2003). The
regulatory cascades involving transcriptional factors are known to coordinate the
changes in gene expression. Several transcription factors have been identified by the
transcriptional profiling methods that are increased under Pi-deficient conditions
(Wu et al. 2003). The expression of the genes encoding Pi transporters of the Phtl
subfamily is increased along with the increase in the size of the plant root system,
thereby increasing the surface area (Smith et al. 2003). With the proper
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understanding about the regulatory signaling cascades, genes involved in plant
responses to P deficiency, and the identification of transcription factors, it would be
possible to develop crops with improved phosphorus utilization efficiency (PUE).

7.2.4 Changes in Metabolism

In response to a number of environmental and developmental signals including Pi
deficiency, accumulation of anthocyanins in different plant tissues is reported (Steyn
et al. 2002), and the genes involved in the biosynthetic and regulatory pathway of
anthocyanins are upregulated during Pi deficiency (Steyn et al. 2002; Misson et al.
2005; Morcuende et al. 2007). It is also believed that Pi starvation-induced anthocy-
anin accumulation requires PHR/ (Rubio et al. 2001). The cellular respiratory path-
ways are also adjusted in response to Pi deficiency (Fang et al. 2009). Prolonged
deficiency of inorganic phosphate reduces the cytoplasmic Pi, ATP, and ADP which
ultimately results in the disturbance of the normal glycolytic and oxidative phosphor-
ylation pathways. To overcome such situation, plants modify these respiratory path-
ways by bypassing the ADP-/ATP-/Pi-dependent reactions (Theodorou and Plaxton
1993; Plaxton 1996). The enzyme activity data in Pi-starved Brassica nigra suspen-
sion cells has revealed that the glycolytic pathways are modified with induction of the
activities of the enzymes like phosphoenolpyruvate (PEP) phosphatases, UDP glu-
cose pyrophosphorylase, PEPC, and non-phosphorylating NADP-dependent glycer-
aldehyde 3-phosphate dehydrogenase, while the metabolic byproduct PPi serves as an
alternative donor of energy to withstand the shortage of ATP concentration. Also in
response to low Pi, normal oxidative phosphorylation pathway is modified. Lipid
composition of plant membranes undergoes drastic changes during Pi starvation with
decrease in the content of phospholipids and an increase of non-phosphorous lipids in
several species, including photosynthetic bacteria (Benning et al. 1993) and
Arabidopsis (Essigmann et al. 1998). Sulfolipids are known to increase in thylakoid
membranes (Essigmann et al. 1998), while the galactolipids increase in extraplastidic
membranes (Hartel et al. 2000) as well as in thylakoid membranes in Arabidopsis in
response to Pi starvation. The degradation of phospholipids in response to Pi starva-
tion is consistent with the upregulation of phospholipase C and phospholipase D
genes accompanied with the downregulation of the genes like phosphoethanolamine
N-methyltransferases involved in biosynthesis of phospholipids. Auxin signaling is
believed to be essential for the induction of MGD2/3 which is involved in the synthe-
sis of galactolipid digalactosyl diacylglycerol (DGDG) during Pi starvation.

7.3 Phosphate Signaling

The mechanism of sensing the level of inorganic phosphate by plants is not clearly
understood yet; however, the knowledge in this field is growing rapidly. The concept
that plants sense the Pi concentration comes from the Pi sensing and signaling
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systems in unicellular organisms like Escherichia coli (Torriani 1990; Wanner
1993) and Saccharomyces cerevisiae (Persson et al. 2003; Mouillon and Persson
2006) in which PhoR and PHOS1 act as sensors of Pi deficiency and regulate down-
stream signaling networks, respectively. There is also the possibility of the existence
of the similar Pi sensing systems in higher plants which has been supported by using
phosphite (H,PO;7), an analog of Pi. Application of phosphate in Arabidopsis
represses the typical Pi deficiency responses like anthocyanin accumulation, pro-
motion of lateral roots and root hairs, alteration in the composition of lipids of
membranes, and upregulation of Pi deficiency-inducible genes (Ticconi et al. 2001;
Varadarajan et al. 2002) as well as root proteoid formation in white lupin (Gilbert
et al. 2000) The Pi deficiency is believed to trigger the transcriptional, biochemical,
and physiological changes that ultimately result in better absorption of P from the
soil and improves the P use efficiency (Amtmann et al. 2005; Hammond and White
2008). One of the transcription factors, miRNAs, is believed to be responsible for
the homeostasis and signaling of Pi through the identification and characterization
of PSR miRNAs under P-deficient conditions (Kuo and Chiou 2011).
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Chapter 8

Response Pattern of Selected Tropical
Perennials to Organic and Inorganic
Fertilizers Based on Empirical Data

K.P. Baiyeri and F.D. Ugese

Abstract Tropical perennials have immense nutritional, social and economic
significance. However, the environment of their growth often limits their productiv-
ity and ultimate utilization. The ability of tropical soils to support plant growth is
severely restricted by such properties as poor structure and drainage, low inherent
fertility and nutrient imbalances. Socio-economic pressures often lead to more
intensive soil cultivation and widespread adoption of inappropriate practices that
further degrades the soil. Crop response under such circumstances is generally sub-
optimal. These soils merit peculiarly appropriate nutrient management options.
These include development and utilization of fertilizer technologies uniquely suited
for the tropics rather than direct transfer of those intended for the temperate environ-
ment and application of organic manures wholly or in combination with inorganic
fertilizers. Available evidence indicates the favourable impact of organic manure
application on soil properties leading to improved plant response in terms of pro-
ductivity, produce quality, including postharvest attributes. This is suggestive of the
strategic role of organic sources of nutrients in improving the ability of tropical soils
to support plant growth and productivity indefinitely while also ensuring human
health and environmental quality. In this chapter, empirical data on response pattern
of some selected tropical perennials to organic and inorganic fertilizers are pre-
sented and discussed.
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8.1 The Tropical Environment and Crop Productivity

According to Amberger (2006), the tropics geographically refer to the areas lying
between latitude 23.5°N and 23.5°S. In other words, they are areas lying between
the tropic of Cancer and that of Capricorn. Average temperature in the tropics
exceeds 18 °C throughout the year. Tropical soils have many weaknesses as far as
agricultural productivity is concerned. They are dominated by Oxisols and Ultisols,
which cover approximately 51% of the total tropical landscape. These soils are
characterized by high weathering and drainage, low cation exchange capacity
(CEC) and lack the capacity to adsorb large quantities of K from applied fertilizers
on their exchange sites. They also have low pH, base status and available P (Baligar
and Bennett 1986; Kaddar et al. 1984). The usefulness of these soils in crop produc-
tion is limited by high acidity levels and low fertility exacerbated by intense leach-
ing of essential nutrients and lack of primary minerals. The Ultisols and Oxisols
generally have problems bordering on Al toxicity, poor nutrient content, nutrient
imbalances and multiple nutrient deficiencies (Sanchez et al. 1997). In addition,
tropical soils are loose in structure, highly drained and low in essential elements
needed for normal plant functions (Baligar and Bennett 1986). The use of acid-
tolerant crops on such soils, though commendable, is not sustainable since soil
reserves of essential minerals are so low that it can be quickly depleted. Thus, a
more integrated approach is better such as use of suitable genotypes, appropriate
soil amendments and sound management practices.

With such traits as described above, application of fertilizers to tropical soils to
improve crop productivity is imperative. However, mineral fertilizer use is present-
ing daunting challenges of different dimensions. The fertilizer technology in use in
the tropics has been directly transferred from the temperate region for which it was
initially and specifically developed functions (Baligar and Bennett 1986). Its suit-
ability is therefore questionable. Even when these fertilizers are produced, the rising
cost of importation and transportation is an obstacle to profitable utilization in many
parts of the tropics.

8.2 Fertilizer Use and Crop Response in the Tropics

Global increase in food production in the last 50 years or so has been attributed to
agricultural intensification with the use of mineral fertilizers as an important com-
ponent (FAO 2006). This has helped to feed the population that has increased by
close to 90% within the period while per capital area dropped from 0.42 to 0.25 ha.
For obvious reasons, a large proportion (70-80%) of future increases in food pro-
duction in developing countries are still expected from land intensification rather
than increase in area under cultivation. Of the about fivefold increase in the use of
fertilizers since 1960 (FAO 2006), contribution by fertilizer N in per capita food
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production has been estimated at 40% (Smil 2002), representing the most signifi-
cant contribution in this regard.

It is evident that the dramatic increase in mineral fertilizer use which stemmed
from high population pressure and quest for better nutrition was based on the per-
ceived failure of existing agricultural practices to meet such demands. Traditional
practices were dependent mainly on organic matter for the supply of needed nutri-
ents. Although organic sources still constitute an important component of soil nutri-
ent globally, their contribution is less than that of mineral fertilizers. Currently,
animal manures are known to contribute only 11% of total N required for global
food production (Smil 1999).

Fertilizer use efficiency, which refers to the extent to which applied nutrients are
taken up by the crop in question (Singh and Ryan 2015), is generally low in the trop-
ics. In contrast to temperate crops, fertilizer nutrient recovery by tropical crops is
lower (Baligar and Bennett 1986). The efficiency of added N, P and K is about 50%,
10% (or less) and 20—40%, respectively. Losses of N are due largely to ammonia
volatilization, leaching and denitrification; P losses are mostly due to fixation, while
K is lost mainly by leaching. A twin problem to the low fertilizer use efficiency in
tropical areas is the high cost of production of mineral fertilizer (FAO 1977). In
developing countries, 64% of the energy used in agriculture is channelled towards
fertilizer production of which almost all of it is monopolized by N production. Even
in the developed countries, 35% of the energy used in agriculture is still expended
on fertilizer manufacture with N production gulping the lion share. With the rising
cost of fossil fuels, the strain on developing economies is considerable. This is even
more worrisome when viewed in the context of prevailing poverty levels particularly
among the farming communities in most of these regions. Unfortunately it has been
difficult to find a less costly process of N fixation than the Haber-Bosch process
(Nelson 1974), a situation that has endured to the present time.

In the tropics, subsistence farming is still widespread, with farmers scarcely
affording mineral fertilizers. In some of these regions, recourse is still made to land
fallowing for soil fertility restoration. However, with increasing population pressure,
fallow periods have become too short to make any reasonable impact on soil fertility
build up (Amberger 2006). Continuous cropping on soils without replenishing nutri-
ents lost through crop harvest results in nutrient mining, a condition that leads to
declining yields and degraded soils (Amberger 2006; Singh and Ryan 2015).

8.3 The Consequences of Mineral Fertilizer Use

As noted earlier, drastic increases in global food production and better nutrition can
be ascribed largely to the use of fertilizers. However, their use particularly that of N
has been linked with some issues bordering on soil health and productivity as well
as overall environmental quality.



158 K.P. Baiyeri and F.D. Ugese
8.3.1 Soil Acidification

One of the undesirable effects of nitrogenous fertilizers is the soil acidifying effect.
Acidification imposes serious limitation on the supply of phosphorus to plants and
the effectiveness of phosphate fertilizers (Kotschi 2013). The major synthetic nitro-
gen fertilizers, namely, urea, ammonium sulphate, ammonium nitrate, monoammo-
nium phosphate and diammonium phosphate, have high acidity index (Hart 1998).
Acidity index defines the quantity of lime that must be added to soil to neutralize
1 kg of N fertilizer (Kotschi 2013). Of the fertilizers mentioned above, ammonium
sulphate has the highest acidity index of 1.10, followed by urea (0.71), while diam-
monium phosphate has the least (0.37). Closely associated with soil acidification is
Al toxicity prevalent under highly acidic soils and deficiency of a number of nutri-
ents such as P, Ca and Mg (Akinrinde 2006). Al toxicity alone (Akinrinde 2006) or
in combination with P deficiency (Amberger 2006) has been indicated as the most
important factor limiting crop performance in acid soils.

Soil acidification is a global issue. However, acidifying effect of synthetic N on
soils in the tropics is viewed more seriously. This is because severe leaching and
weathering which characterize the humid tropics are known to worsen soil acidifica-
tion problems. Secondly, the practice of liming which tends to address soil acidity
problems is not widespread in the tropics (Kotschi 2013). This could be due to lack
of awareness or the high cost of liming materials.

8.3.2 Environmental Quality Deterioration

Rising global temperatures have been linked to greenhouse gas emissions especially
CO, (Oyebade et al. 2010). Agriculture has been reported to account for 12%
(Smith and Reuther 2007) or 15% (Leakey 2009) of all greenhouse gas emissions.
Close to half (47%) of this proportion is due to clearing and burning of forest land
for farming purposes, while one-third (17%) is due to nitrous oxide released into the
atmosphere from N fertilization (Smith and Reuther 2007).

Apart from the industrial production of N fertilizers which generates significant
quantities of CO,, the industrial process itself is energy demanding, requiring 1.2%
of the world’s energy demand. The manufacture of synthetic N gulps up to 90% of
the energy used in the fertilizer industry (Kongshaugh 1998). Besides, the produc-
tion of nitric acid, an important component in the synthesis of N fertilizer, releases
considerable amounts of nitrous oxide into the atmosphere (Kotschi 2013). Low
soil pH as enhanced by synthetic N application also promotes the production of
nitrous oxide through the processes of nitrification and denitrification (Singh and
Ryan 2015).

It has been reported that globally, more synthetic N is used than actually needed.
Nitrogen takes up three-quarters of mineral fertilizer use globally (Kotschi 2013).
Excessive application of synthetic N fertilizers encourages leaching loses of nitrate
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and cations to groundwater and surface water bodies impacting negatively on their
quality. Subsoil oxidation of pyrite by leached nitrates could release sulphate and
trace elements such as nickel, copper, lead, etc. (Singh and Ryan 2015).

8.3.3 Controversial Role in Organic Matter Depletion

The role of applied synthetic N fertilizers in organic matter decomposition is at
best controversial. Understandably, application of N has been noted to enhance
plant growth leading to greater biomass that subsequently increases organic matter
content of the soil (Singh and Ryan 2015). On the other hand, decomposition of
organic matter has been linked with the presence of synthetic N in the soil, the rate
of decomposition being proportional to the amount of N applied to the soil. Khan
et al. (2009) and Mulvaney et al. (2009) demonstrated from long-term experiments
across the globe the organic matter-reducing effect of continuous N application.
This position has however being hotly disputed by Ladha et al. (2011) and Geiseller
and Scow (2014) who have faulted the premise (time-response ratio) on which
such conclusions were drawn. By adopting the time by fertilizer response approach,
they demonstrated increases in organic matter content of soils receiving doses of
synthetic N over time. Closely linked to this is the role of mineral N fertilizers on
soil biological life. Predominant evidence seems to suggest temporary reduction
in biological life after application of synthetic N. The situation however normal-
izes after few weeks. On the whole, biological life is better enhanced in fertilized
than non-fertilized plots (Geiseller and Scow 2014). From all indications, the last
is yet to be heard about the real impact of synthetic N on the decomposition of soil
organic matter. At present, it might be necessary applying some caution in the use
of synthetic N as we await more definitive conclusions from scientific
investigations.

8.4 Considerations for Soil Nutrient Supply in the Tropics

Fertilizer application in the tropics must take cognizance of pertinent issues if it
must ensure sustainable agricultural productivity as well as human and environmen-
tal well-being. Some of such issues deemed relevant are briefly stated below:

8.4.1 The Uniqueness of Tropical Soils

It has been noted earlier that a significant proportion of tropical soils have high acid-
ity, low native fertility status, loose structure and high weathering capacity and are
easily drained. Fertilization will have to take into account the need to improve soil
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structure, reduce acidity and increase nutrient content for enhanced productivity
(Kotschi 2013). Inorganic fertilizers make more meaning when applied in combina-
tion with organic manure under degraded soil conditions.

8.4.2 Climatic Variables

Under tropical conditions, the vagaries of climate take their toll on nutrient effi-
ciency. Prevailing high temperatures accelerate organic matter decomposition
(Webster and Wilson 1980) and its logical depletion as well as soil weathering. High
amounts of rainfall equally significantly contribute to leaching losses of soluble
nutrients.

8.4.3 Low Fertilizer Efficiency

As indicated earlier, there is low rate of applied nutrient recovery, particularly
N. On a general note, fertilizer nutrient recovery by crops is lower in the tropics
compared to the temperate environment (Baligar and Bennett 1986). This is
because tropical soils are different from temperate soils and need fertilizers spe-
cifically prepared to suit their conditions. Presently, fertilizers developed have
been for the temperate regions. It is obvious that to increase nutrient recovery rate
in tropical soils, suitable fertilizer materials and application methods must be
adopted. In other words, fertilizer materials and application methods customized
for tropical areas will drastically reduce nutrient wastage and enhance plant uptake
and overall performance. In acid soils N loses are dominated by denitrification and
leaching, while in alkaline soils, ammonium volatilization predominates (Baligar
and Bennett 1986).

8.4.4 Economic Constraints

FAO (2006) has identified obstacles to fertilizer use as including, among others, the
discouraging crop produce price relative to fertilizer price and the limited purchas-
ing power of small-scale resource-poor farmers. At present, there is no viable alter-
native to the Haber-Bosch process of synthetic N production, which is very costly
in terms of materials and energy (Nelson 1974; Kotschi 2013). This adds to the cost
of fertilizers when they eventually arrive. Obviously, fertilizer materials that are
cheap and readily available would make more sense at least from the economic
standpoint.
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8.5 Description of Selected Tropical Perennials

8.5.1 Musa Species

Banana and plantain belong to the family Musaceae. While bananas refer to all
members of the genus Musa, plantains are considered a subset of bananas. The latter
are not necessarily cooked before consumption particularly when ripe, but the for-
mer are almost exclusively cooked before being consumed. Originating primarily in
Malaysia, Indonesia, the Philippines and Papua New Guinea, Musa species are now
cultivated throughout the tropics and some parts of the subtropics. They are the
leading fruit in terms of global production and trade (Daniells et al. 2011). Musa
species are considered a rich energy source with carbohydrate making up 22 and
32% of fruit weight of banana and plantain, respectively (Honfo et al. 2011). In sub-
Saharan Africa, they make appreciable contribution to food security as they provide
more than 25 and 10% of the daily intake of carbohydrates and calories, respec-
tively, to more than 70 million people (IITA 2000).

Daniells et al. (2011) describe Musa plant as a giant perennial monocotyledon-
ous herb reaching heights of 2-9 m. In the mature state, it consists of an under-
ground rhizome having roots and suckers, a pseudostem and a bunch with several
fruits. The rhizome is considered to be the plant’s true stem (Hartmann et al. 1981).
The pseudostem consists of overlapping leaf sheaths and could support a canopy of
10-15 expanded leaves. Flowering occurs after vegetative growth phase, eventually
resulting to individual fruits and bunches.

8.5.2 Citrus Species

Citrus species (Citrus sinensis) probably originated in North Eastern India, Burma
and the surrounding areas from where the species crossed into China, the North East
and to the Mediterranean region. From the Mediterranean, it was carried to other
parts of the world. The production of citrus particularly the sweet orange cultivars is
more heavily concentrated in subtropical and warm temperate areas. Tropical areas
are also producing sizeable quantities of other citrus species (Davies et al. 1994).

The global production of citrus, which is about 102 million metric tonnes per
year, is much greater than that of other tropical and subtropical fruits, including
banana, mango, apple, pear and peach. The subtropical regions produce much of the
best quality fruits with Brazil and the United States supplying up to 45% of the total
world orange production. The United States on the other hand accounts for up to
40% of grapefruit production in the world (FAO 2004).

Citrus species are small- to medium-sized evergreen trees, reaching a height of
5-15 m. The leaves are unifoliate, margins entire with petioles that are most often
winged. The leaves, oval and glossy, are alternately arranged on the shoot.
The flowers, which are strongly scented, occur singly (solitary) or in small clusters.
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The fruit of citrus is a specialized berry (hesperidium) with segmented inner fleshy
parts with an outer rind. The fruit exocarp and mesocarp have a leathery texture. The
fruit is more or less spherical or somewhat elongated. Each of the easily separated
segments or carpels or sections has many juice cells and several seeds covered by a
leathery skin (exocarp) containing many oil glands. Some, like the tangelo, have no
seeds, while some have only few seeds. Rind colour may be yellow to orange when
ripe (Baiyeri and Ugese 2011).

8.5.3 Passiflora edulis

The passion fruit is a woody perennial climbing plant with tendrils. The leaves are
green, alternate, finely toothed and glossy on the upper side, duller on the underside,
oval in shape and 7.5-20 cm long. Fully developed leaves have three deep lobes.
The leaves, young stems and tendrils have red or purple taints. Flowers are fragrant,
solitary, 5—10 cm in diameter, positioned at the nodes. They have three bracts, green
in colour; five sepals, greenish white in colour; and five white petals. Flowers gener-
ally are predominantly purple. Fruits are oblong, 4-7.5 cm in diameter, green brown,
dark purple or light yellow in colour, with a smooth but tough rind. The juicy flesh
is yellow or orange and could hold up to 250 seeds. The seeds are small, hard brown
or black in colour.

The plant has a shallow root system (Baiyeri and Ugese 2011). In most parts of
the world, its major utilization is as fruit juice (Ani and Baiyeri 2008). Apart from
human and animal nutrition, passion fruit is credited with a number of industrial and
medicinal uses (Morton 1987).

8.5.4 Carica papaya

It is a soft-wooded evergreen tree, 5—10 m tall, usually unbranched. The leaves
occur at the top position of the trunk and are spirally arranged. Characteristically,
the tree has compound or palmately lobed leaves with each leaf having seven lobes.
Usually, leaves are large, 50-70 cm in diameter and borne on exceptionally long
hollow petioles. Scars of former leaves and fruits are normally noticeable on lower
sections of the trunk (Baiyeri and Ugese 2011).

The plant is dioecious and has small unisexual flowers occurring in leaf axils.
Fruits could be spherical or elongated, measuring 15-45 c¢cm long and 10-30 cm
wide, and could weigh up to 9 kg. Many shiny black or greyish-black seeds are
contained in the large central cavity of the fruit. When ripe the skin of the fruit
becomes amber or orange in colour. Production statistics from 2002 to 2010 have
placed Nigeria fourth after India, Brazil and Indonesia, contributing 6.79% of global
production (Evans and Ballen 2012). The ripe fresh fruits are consumed directly or
in fruit salads. They are used in making soft drinks, jams, ice cream flavouring or
canned in syrup, while unripe fruit is used as a vegetable. Papain, processed from
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plant latex, is useful as a meat tenderizer, for manufacture of chewing gum and as a
digestive aid. Papaya also has a number of other medicinal values (Olarewaju 2004).

8.5.5 Vitellaria paradoxa

The shea butter tree (Vitellaria paradoxa, C. F. Gaertn Synonym: Butyrospermum
parkii) belongs to the family Sapotaceae and is indigenous to the West African
savannah within which it is widely distributed (Opeke 1987; Keay 1989). The spe-
cies is naturally distributed from Upper Gambia to Uganda, but dispersal to other
parts of the world has been made possible by man (FAO 1989). In Nigeria, V. para-
doxa is found scattered through the Guinea and Sudan savannah zones although
occurrence has been reported in isolated parts of Western Nigeria (Keay 1989).

Vitellaria paradoxa has great nutritional and socio-economic significance. The
fleshy mesocarp, which constitutes 50-80% of the fruit, is sweet and edible when
ripe, while the white kernel of the nut is rich in oil known as shea butter. In Europe,
the oil is utilized in the cosmetic industry (Vickery and Vickery 1969) and in choco-
late production and in pastry (Boffa et al. 1996). Locally, shea butter is used for cook-
ing, particularly in Northern Nigeria (Keay 1989), and has been rated the second
most important oil crop in Africa after oil palm, assuming greater importance in those
areas climatically unsuitable for oil palm production (ICRAF 2000). It is also locally
used as illuminant and in soap, candle and pomade preparations (Awoleye 1995).

The tree is generally small to medium in size, 7-25 m tall with a short bole. The bark
is thick, rough deeply fissured, greyish in colour and fire resistant. The simple, leathery,
glossy leaves are oblong or obovate-oblong, glabrous when mature with a wavy mar-
gin. Leaves are arranged spirally in dense clusters of 20-30 at the tips of branches. The
flowers are yellow green or creamy white and fragrant and occur in clusters at the end
of twigs. Fruit is a berry, round or oval shaped, normally 10-60 g, but occasionally
larger especially if multiple seeded. Fruit colour is green, turning yellowish green when
mature although colour change may not be drastic enough to be easily noticed. The nut,
embedded in the mesocarp is brown, smooth, and shiny, with a testa and a hilum.
Vitellaria paradoxa has a long taproot, while most lateral roots are concentrated at the
top 10 cm depth but could extend outwards to a distance of 20 m. Secondary lateral
roots can grow vertically downwards to the same depth as the taproot.

8.6 Fertilizer Response Patterns of Selected Perennials

8.6.1 Musa Species

Banana and plantains are heavy feeders and easily deplete nutrient resources after
just few years of cultivation (Wilson 1987; Baiyeri and Tenkouano 2007). Application
of large amounts of external nutrient inputs is therefore required for sustainable
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production (Hossner and Juo 1999). In West Africa in particular, banana production
is dominated by organic manure-based cultivation with plots receiving organic matter
and nutrients from household refuse (Swennen 1990). It is obvious that to maintain
acceptable levels of production, proper nutrient management practices are critical.

8.6.1.1 Mining Abilities of Musa Genotypes

An insight into the nutrient mining abilities of Musa genotypes is critical to promot-
ing informed fertilizer recommendations and nutrient management for enhanced
productivity.

Existing fertilizer recommendations in Musa production as, for instance, that by
van Ee (1999) appear to be largely blanket with little or no consideration for geno-
typic variations. On the contrary, Musa genotypes have been shown to exhibit
marked variation in nutrient mining abilities. A study by Ortese et al. (2011) to
determine nutrient absorption of six Musa genotypes by measuring residual nutrient
concentration at specific growth stages was carried out in Nigeria. The cultivars,
namely, Agbagba, PITA 22, Nsukka Local, FHIA 17, Fougamou and BITA 7, exhib-
ited marked variation in the extent and pattern of nutrient absorption (Table 8.1). Of
the six macronutrients (N, P, K, Ca, Mg, S) investigated, only N did not show sig-
nificant change in mean residual content with advance in age of the crop even
though it tended to increase with age. Residual values of P and K were highest at the
fourth month of growth of previous crop, decreasing thereafter. In contrast, residual
concentrations of Ca, Mg and S increased progressively from the fourth to the sixth
month of growth of banana and plantain genotypes.

Table 8.1 Effect of six Musa genotypes and duration of their growth on mean values of residual
nutrient concentration (mg/100 g) in growth medium previously cropped with the six Musa
genotypes at Nsukka, Nigeria

Genotype N P K Ca Mg S
Agbagba 1.2 53.4 159.7 2731.4 1461.6 10.3
PITA 22 1.1 19.6 180.7 1206.7 269.8 9.6
Nsukka local 0.9 35.2 184.7 1129.5 524.5 6.4
FHIA 17 1.2 23.3 91.5 747.5 595.7 52
Fougamou 1.4 332 135.3 1327.1 2477.1 54
BITA 7 1.3 22.8 84.7 969.8 414.0 6.2
Control 1.9 18.3 8.15 1900.0 346.7 11.2
LSD (0.05) 0.1 1.1 5.1 65.7 34.2 0.5
Growth duration (months)

4 1.2 42.7 307.8 631.0 291.4 2.7
5 1.3 27.6 32.7 1737.0 1086.3 9.1
6 1.3 17.9 21.5 1922.9 1232.0 11.5
LSD (0.05) NS 0.7 34 43.0 224 0.3

NS no significant difference
Adapted from Ortese et al. (2011)
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Higher residual amounts of nutrients implied lower root absorption and vice
versa. As such genotypes are expected to absorb more of P and K after the fourth
month of growth, while more active absorption of Ca, Mg and S could be expected
to occur at this stage (fourth month). By implication, timing of application of par-
ticularly single fertilizers could be tailored towards coinciding with the period of
more active root absorption. Fortunately, P and K had similar pattern of uptake by
the crop, while uptake of N did not vary significantly from the fourth to the sixth
month. Thus the compound fertilizer NPK could still be applied following this prin-
ciple. This aspect of nutrient application timing is most critical where inorganic
fertilizers are involved. Organic matter by its nature undergoes continuous mineral-
ization releasing nutrients for crop use. The issue of application timing is therefore
less critical. The latter is also less susceptible to leaching losses of nutrients. Thus
correct timing of fertilization is imperative in curtailing nutrient loses, enhancing
plant uptake and promoting crop productivity.

In the study reported above (Ortese et al. 2011), it was even more interesting
that the absorption of certain nutrients by the banana and plantain genotypes was
not uniform (Fig. 8.1a, b). In media that were previously grown to Fougamou and
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Fig. 8.1 (a) Residual concentration (mg/100 g) of N, P and K of growth media previously cropped
with six Musa genotypes. Adapted from Ortese et al. (2011). (b) Residual concentration (mg/100 g)
of Ca, Mg and S of growth media previously cropped with six Musa genotypes. Adapted from
Ortese et al. (2011)
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Fig. 8.1 Continued

BITA 7, residual N increased up to the fifth month and then levelled off. However,
in media earlier cropped with FHIA 17, slight increases in N content were
observed after the fifth month. In the rest of the cultivars, N concentration had an
inverse relationship with age of previous crop. All genotypes exhibited fairly sim-
ilar response in terms of P and K. In respect of Ca, even though a general increase
in quantity was observed with age of previous crop, Agbagba had the highest
values, while FHIA 17 had the least. Thus Agbagba could be viewed as having the
least desire for Ca in sharp contrast to FHIA 17. Fougamou and Agbagba also
showed greater aversion in absorbing Mg relative to other genotypes. Agbagba,
PITA 22 and to some extent FHIA 17 showed reticent absorption of S throughout
the period of evaluation, while the behaviour of the other genotypes was not
consistent.

The overall picture has great implications for decision-making in Musa produc-
tion. Fertility status of prospective sites for Musa cultivation, determined through
soil test, could be used to identify or select the best cultivar for planting on such
sites or the amount of particular nutrients to be added. Generally, cultivars with shy
feeding ability with prospects of high yield will be greatly valued as they could
reduce or eliminate the cost of additional fertilizer input. This would be a great
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relief to resource-poor farmers. It is therefore needful that the nutrient absorption
abilities of different genotypes be investigated, particularly of the more popular
varieties.

8.6.1.2 Fertilizers and Placement Method

Although heavy deployment of external nutrient inputs is a necessary requirement
for sustainable Musa production (Hossner and Juo 1999), proper placement is
equally important to enhance uptake, reduce losses and enhance crop performance.
In a screen house trial, Baiyeri and Tenkouano (2008) evaluated three manure place-
ment methods on root growth and nutrient uptake of a plantain hybrid—PITA 14. A
control treatment with no manure application was included for comparison. In the
first treatment (T'1), full dose of manure was applied as top dressing. In the second
treatment (T2), the dose was applied as bottom dressing that is 20 cm below surface
of the pot and covered with soil substrate, while the third placement (T3) was a split
combination whereby 50% of manure was top-dressed and the remaining 50% bot-
tom dressed. The control treatment (T4) had no manure application. The substrate
used for the screen house evaluation consisted of 60 kg of topsoil with the equivalent
of 20 t/ha poultry manure (about 7.5 kg) filled into cylindrical pots of dimensions
80 x 60 cm. Effect on root and shoot growth, biomass production and distribution
and nutrient uptake were assessed at 3 and 5 months after transplanting (MAT).

Results indicated significant effect of manure placement on root and shoot
growth although specific leaf area (SLA) was not affected, but its values for the
control were inferior to those of manure treatments. Surface application triggered
impressive growth 3 MAT, but this could not be sustained up to the fifth month. At
this later period, T3, which had split application of manure at the top and bottom,
showed superior growth and was followed by T2, T1 and the control (T4) in that
order. Biomass production followed similar pattern with T1 taking the lead 3MAT
but being overtaken by T3 later (5 MAT). Plants that received no manure application
had longer and more numerous roots, which could not confer any advantage on
shoot growth as it showed the least shoot growth. Split placement of manure facili-
tated greater uptake of N, P and K with higher accumulation of the three elements
in the leaves and highest amounts of N in the roots. Plants had the highest amounts
of P and K in the roots when manure was top-dressed. Expectedly, control plants
had the least amounts of NPK in their leaves and roots. Plants with high amounts of
NPK in their roots also showed high biomass production. This is exciting when
considered in relation to yield. Although yield was not assessed in the study under
consideration, positive significant relationship between growth and yield has already
been established in Musa species (Stover and Simmonds 1987; Baiyeri and Mbah
1994; Baiyeri et al. 2000).

Field evaluation conducted later using the same treatments employed in the
screen house with inclusion of inorganic fertilizer (urea) provided further insights
into its influence on growth, crop phenology, dry matter partitioning and yield
(Baiyeri et al. 2011a, b). While effect of manure placement was marginal in the
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plant crop, the ratoon crop showed significant growth response to manure placement.
The effect of black sigatoka disease was severely attenuated in plants that received
doses of manure. Similarly, plants that received organic manure exhibited earlier
flowering and fruit maturity compared to those that received either inorganic fertil-
izer or no fertilizer at all (Table 8.2). Split placement of manure led to 6 and 25 days
earlier flowering and 9 and 24 days earlier maturity compared with top dressing the
manure and bottom dressing singly, respectively. The number of day’s differential
in flowering and maturity occasioned by placement methods is too large to be
ignored and could make all the difference even in economic terms when early har-
vest may attract premium prices.

In the plant crop, bunch yield and yield components were statistically similar but
found to be superior to those of control plants that received no fertilizer application.
In the ratoon crop however, split placement of manure at the top and bottom of the
planting holes triggered production of bunches and fruits with heaviest weights.
Fruits were also longer under this treatment. Inorganic fertilizer or lack of manure
produced fruits that were very light and with small circumference. Such results
serve to confirm the popular notion that organic fertilizers are better than the inor-
ganic types in tropical soils as the former, apart from releasing nutrients more slowly
and over a longer period, also improve soil physical characteristics. Nitrogen loses
due to volatilization are expected to be more severe when the material is top-dressed.
Volatilization could account for up to 50% losses in nitrogen (Mattila and Joki-
Tokola 2003). With split placement of manure, volatilization losses are minimized.
Besides, bottom placement of manure could attract lower nitrification and mineral-
ization due to lower temperatures and oxygen levels at such depths (Baiyeri et al.
2011a). This method, apart from being more productive, is also more sustainable.

Dry matter partitioning pattern normally responds to manure placement. In the
case under consideration (Baiyeri et al. 2011b), split placement of manure facili-
tated more dry matter allocation to above-ground portion of the plant. However,
genotypic differences in the particular manner of above-ground allocation of assim-
ilate became evident. Thus while BITA 3 partitioned a greater percentage of its
assimilate to the pseudostem and leaves, PITA 14 allocated a greater proportion of
its photosynthate to the edible portion. Little wonder that this manure placement
method led to higher economic yields subsequently.

8.6.1.3 The Role of Mycorrhiza

Beneficial effect of ectomycorrhiza on growth of Musa species has been strongly
suspected. In a study, Ortese et al. (2011) observed that when maize was grown on
media previously cropped to two Musa genotypes (PITA 22 and BITA 7) on which
ectomycorrhiza growth had been earlier noticed, the maize plants showed luxuriant
growth by exhibiting remarkable greenness. Mycorrhizal association with plant
roots could either be intracellular as in the case of arbuscular mycorrhizal fungi
(AMF) or extracellular as in ectomycorrhizal fungi. In either case, it increases active
absorptive surface area of roots and stimulates greater nutrient and water uptake
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even in moisture stress areas. Among other benefits, it also increases host plant
disease resistance (Naher et al. 2013; Zachée et al. 2008). Beneficial effects of
mycorrhiza have been reported in fruit crops such as banana (Grant et al. 2005) and
citrus (trifoliate orange) (Wu and Zou 2012). With the potential of mycorrhiza to
improve growth and upgrade yield of Musa genotypes, it merits greater studies
towards deliberate colonization of plant roots by these organisms. The impover-
ished nature of most tropical soils further justifies this consideration.

8.6.2 Nutrition of Passiflora edulis

The yellow passion fruit is a shallow-rooted perennial, which climbs by means of
tendrils and is reputed as a heavy feeder (Knight and Sauls 1994). Because of its
shallow roots, it does not explore nutrients and moisture at deeper levels of the soil,
making adequate nutrition and moisture supply a prime concern. Cultivation of yel-
low passion fruit is still at its early stage in Nigeria although its prospects are bright.
As such a comprehensive package for its nutrition is yet to be developed. However
initial experience with poultry manure is exciting and promising. Ani and Baiyeri
(2011) found progressive increase in growth aspects of the plant as poultry manure
rate increased from O to 15 t/ha. Poultry manure application also shortens the time
to flowering. This is attributable to the high content of N and K in the manure
(Thomson and Troeh 1978) and their release over a longer period of time. Nakasone
and Paull (1999) and Araujo et al. (2006) have indicated that N and K are the most
important nutrients in passion fruit.

Apart from growth and flowering phenology, addition of poultry manure has
marked effect on fruiting, fruit yield and juice content. Generally, increase in poultry
manure rates show at least corresponding marginal increases in yield attributes such
as number of fruits, pulp weight, weight and volume of juice and juice yield index
(Table 8.3). However, 10 t/ha poultry manure seems to give highest values of weight
and volume of fruit juice (Ani and Baiyeri 2011). As pointed out earlier, passion
fruit is a heavy feeder, and its shallow root system restricts the ability of its roots to
exploit growth resources at lower soil depths. As such poor nutrition could have a
telling effect on its performance. In the case cited above, control plants did not only
delay flowering but also failed to bear fruits in the first season of harvest. On the
contrary, where poultry manure was applied, there was better fruit and juice yield in
the first and second seasons. Generally adequate plant nutrition impacts favourably
on flowering, fruit set and final yield (Araujo et al. 2006; Mohammed 2002).

One of the most prized products from passion fruit is the fruit juice. The quality
of the juice is often determined from the field (Wills et al. 1998) since after harvest
no amount of postharvest treatment can improve poor quality of produce (Seymour
et al. 1993). Addition of poultry manure, apart from its effect on growth, reproduc-
tion and yield of passion fruit also exert significant influence on juice quality. Ani
and Baiyeri (2008) found increase in juice pH and protein content with increasing
levels of poultry manure (0-15 t/ha). Fat content and total soluble solids did not
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vary significantly in the first season of harvest but did show such variation in the
second season (Table 8.3). Titratable acidity and vitamin A and C contents also
increased with level of poultry manure. Antinutritional factors did not respond in
any consistent manner to addition of the manure. In the first season, concentration
of hydrogen cyanide and phytate increased with increase in poultry manure rate, but
in the second season of harvest, there was an inverse relationship. Tannin content
had linear relationship with poultry manure rate in the first season, but in the second,
tannin presence was not detected in the juice of fruits that received poultry manure
application. What is particularly important is that none of the antinutritional factors
were found in concentrations considered harmful to human health in both seasons.

Similarly, addition of poultry manure did not increase juice pH and titratable
acidity beyond acceptable levels specified by Morton (1987) and Nakasone and
Paull (1999) as acceptable. Soil moisture content could play a decisive role in the
seasonal variation in juice quality traits. Thus generally manure application
improved juice content and quality indices with 15 t/ha rate found most suitable for
juice quality (Ani and Baiyeri 2008). It is interesting that this rate produced the
highest fruit yield that was statistically at par with that of 10 t/ha. For economic
reasons, Ani and Baiyeri (2011) recommended 10 t/ha.

Effect of fertilizer is far reaching and has great impact on seed quality through its
influence as an important component of the environment of mother plant (Cardwell
1954). Seed quality could be assessed by considering such traits as seed weight or
germination/seedling parameters. Fertilization of mother plants of yellow passion
fruit has been found to produce seeds with superior attributes compared to the non-
fertilized plants (Baiyeri et al. 201 1c¢). In the present case, a combination of organic
and inorganic fertilizers was found to exert the best influence on seed and resulting
seedling quality. Thus the treatment 20 t/ha poultry manure +50 kg N/ha + 150 kg K/
ha has been found to be better than either 30 t/ha or 20 t/ha poultry manure or inor-
ganic fertilizer alone (200 kg N/ha + 600 kg K/ha) or the various other combinations
of poultry manure and inorganic fertilizer. Mother plants that received a combina-
tion of 20 t/ha poultry manure, 50 kg N/ha and 150 kg K/ha produced seeds that
recorded best germination in terms of amount and speed of germination, emergence
and early seedling growth attributes.

8.6.3 Nutrition of Citrus Species

Citrus trees are grown on a wide range of soil types. Consequently, availability and
inherent levels of nutrients may vary widely. In most areas, supplemental nutrients
are needed to obtain commercially acceptable growth and yields. Citrus species do
benefit from application of external nutrient inputs. But generally specific rate of
nutrients to be applied to citrus trees is dependent on such factors as temperature and
rainfall regimes, growing region, fertility status of soil, age of tree and bearing status
(Davies and Albrigo 1994). Generally a total of 12 nutrient elements comprising six
macronutrients, N, P, K, Ca, Mg and S, and six micronutrients, Mn, Cu, Zn, B, Fe
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and Mo, are needed by citrus apart from C, H and O. This is particularly needed
when citrus is grown on impoverished soil. In soils adjudged suitable for citrus pro-
duction, only N and K could be supplemented because of their leachable nature
(Davies and Albrigo 1994). In addition N and K represent the largest component of
nutrients removed from the soil by the fruit on an annual basis (Alva et al. 2006).
Fruit quality of citrus is greatly influenced by nutrition and fertilization practices
with N and K having greater influence in situations where other elements are also
available and do not pose limitations on tree performance (Embleton et al. 1978).

Growth region also affects the amount of supplemental nutrition required.
Regions with high rainfall and temperatures are more likely to lose nutrients from
the soil due to leaching or volatilization. Crop load is also closely tied to fertiliza-
tion programmes for mature trees since many nutrients are removed by harvesting
the fruit. For example, a tonne of ‘Valencia’ oranges contains 1.31 kg N, 0.91 kg P
and 1.8 kg K (Smith and Reuther 2007). Therefore, an orchard producing 50 tonnes
ha™! would require 66, 9.5 and 90 kg ha™' of N, P and K, respectively, to replenish
nutrients lost during harvest. This estimate does not account for losses due to leach-
ing or volatilization or utilization of nutrients for vegetative growth (Gmitter and Hu
1990). Although a useful advice is to use NPK mixed fertilizer 12-8-18, or some-
thing close to the formula (Samson 1980), another rule is to fertilize in such a way
that nutrient losses per unit of harvested product are compensated for. It must how-
ever be noted that since nutrient uptake efficiency ranges from 20 to 50% in citrus
groves, nutrient application must exceed the minimum requirement of the tree.
However, split application of 2-3 times per year has been advocated for, to avoid
placing a large amount of fertilizer in the soil and thereby encouraging leaching
loses (Alva et al. 2006).

Even though citrus produced in Nigeria does not enter international trade, the
country occupies the ninth position among the top 10 citrus producer countries
(UNCTAD 2010). There is evidence that farmers in Benue State, recognized as
Nigeria’s most important citrus zone (Avav and Uza 2002), have some level of
familiarity with citrus fertilization. About 98% of growers apply fertilizer in their
orchards due to its positive influence on tree growth, fruit yield and quality. Of the
proportion that applies fertilizer, the greatest number (68.3%) use NPK compound
fertilizers, while only 5% use organic manure (Ortese et al. 2012). A limitation in
fertilizer application types employed by farmers is the highly restricted number of
nutrients involved. Among fertilizer types used, only NPK and of course poultry
manure can supply up to three nutrient elements. At present, the use of poultry
manure in citrus cultivation is not widespread among Benue farmers. In the face of
rising cost of inorganic fertilizer and even non-availability, farmers need to be
encouraged to utilize different sources of organic manure to increase yields.

An important scientific study on citrus (sweet orange) fertilization in Nigeria
(Ortese 2014) has noted the pattern of response to fertilization and the influence of
previous orchard management level on such response. Effect of fertilization becomes
more pronounced after the third year of fertilizer application. Compared to other
treatments, namely, control (no fertilizer application), 600 kg/ha NPK 15:15:15,
300 kg/ha NPK 15:15:15 + 5 t/ha poultry manure and 600 kg/ha NPK 15:15:15 +20t/
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ha rice hull mulch, 10 t/ha poultry manure had higher fruit weight, peel weight and
residue weight, but this was significantly so only with respect to the control. The
10 t/ha poultry manure generally favoured best fruit metric traits and fruit yield and
reduced fruit weight loss although this was marginal.

Nutritional quality of juice was significantly (p < 0.05) influenced by farm man-
agement during each of the 3 years of evaluation. After 1 year of fertilizer treatment,
well-managed orchard had the highest ash, potassium, moisture, sodium, sugar, vol-
ume of fruits juice and vitamin C contents in the fruits. By the second year, poorly
managed orchard gave fruits that had the highest acidity, potassium, sugar and total
soluble solids, whereas fairly managed orchard produced fruits that had the highest
sodium, pH and vitamin C. Results of fertilization on fruit quality traits were not
consistent from year to year. However, it was evident that 10 t/ha poultry manure,
300 kg/ha NPK 15:15:15 + 5 t/ha poultry manure and 600 kg NPK/ha + 20 t/ha rice
hull mulch enhanced fruit juice quality traits. It is obvious that while fertilization
has great potential in increasing yields and improving quality of fruit in Nigeria,
more extensive evaluations will have to be done for more definitive conclusions.

8.6.4 Nutrition of Vitellaria paradoxa

Vitellaria paradoxa is a highly valued tree of the African savannah. Some of the
reasons discouraging its cultivation are the slow growth rate and long gestation
period (Umali and Nikiema 2002). The extremely slow growth rate has been consid-
ered as an added impetus to a comprehensive fertilization package for the species
(Ugese et al. 2012). Presently fertilizer recommendation appears very scanty. For
instance, Umali and Nikiema (2002) have recommended application of 2.5 kg
ammonium sulphate, 1.5 kg calcium phosphate and 1.5 kg potassium chloride for
ten trees.

For effective development of fertilization package to address nutrient require-
ments of plants, the first stage is a proper understanding of nutrient deficiency
symptoms (Chweya 1982). This is a necessary step since for every plant species;
expression of deficiency of particular nutrients is specific (Wallace 1961). Ugese
et al. (2012) investigated the effect of macronutrient deficiencies on growth, dry
matter and foliar attributes of shea seedlings. Deficiency of all the nutrients pro-
duced plants with smaller leaf areas (Table 8.4). Fewer number of leaves resulted
from seedlings starved of N, P and K. Apart from S, dry matter content of normal
seedlings was generally higher than that of nutrient-deficient seedlings. The absence
of N and P in sand culture led to stunting of seedlings, while deficiency of all nutri-
ents except Ca produced some noticeable foliar colour change. Imbalances in foliar
nutrient concentration were observed with deficiency of each nutrient. Normal
growth and dry matter production of seedlings with adequate provision of the mac-
ronutrients points to the critical role that fertilization could play in the general per-
formance of this species.
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Table 8.4 Effect of macronutrient deficiencies on growth of Vitellaria seedlings

Nutrient Number Leaf area | Plant Total shoot | Stem Total root
solution of leaves | (cm?) height (cm) | length (cm) | girth (cm) | length (cm)
Complete 5.7 29.2 6.3 13.0 0.32 71.3

— Nitrogen 4.3 13.5 5.2 11.8 0.25 54.8

— Phosphorus | 3.7 12.9 4.0 10.5 0.29 73.7

— Potassium 4.5 20.0 54 114 0.31 48.3

— Calcium 4.7 24.2 5.9 12.2 0.32 59.3

— Magnesium | 4.8 15.0 34 10.1 0.26 48.5

— Sulphur 5.5 19.5 5.2 11.1 0.29 31.5

LSD (05 1.3 35 1.0 22 0.05 7.2

Adapted from Ugese et al. (2012)

Seedling growth in Vitellaria paradoxa has been shown to be strongly influenced
by potting media. For seedling plants, emergence speed and growth can be enhanced
by suitable growth medium (Baiyeri 2003). Growth medium is considered the most
important determinant of seedling quality (Baiyeri and Mbah 2006). In the shea tree
(Vitellaria paradoxa), Ugese et al. (2011) found out that among growth media used
in raising shea seedlings, medium 1:2:3 (rice hull/poultry manure/river sand) gave
better seedling performance than the rest of the media. Even medium (2:3:1 rice
hull/poultry manure/river sand) with lower bulk density, higher water holding
capacity and total porosity and which had better nutritional content did not perform
as much. Some of the above-mentioned physical properties reportedly favoured
seedling performance of African breadfruit (Baiyeri and Mbah 2006) and nutmeg
(Abirami et al. (2010). However, some of the physical properties of the medium in
question particularly its high water holding capacity may have presented less than
optimum conditions for shea seedling growth (Ugese et al. 2011). Vitellaria para-
doxa is typically a savanna species and does not tolerate waterlogged conditions.
This underscores a basic principle in formulating growth media for plant species.
Thus not only nutrient content is taken into consideration but also the physical con-
ditions of the medium. This is informative for proper management of this important
species even in the field.

8.6.5 Nutrition of Carica papaya

Carica papaya is very responsive to fertilizers, and yields could be significantly
influenced by fertilizer application (Rice et al. 1986). However, fertilizer recommen-
dation in papaya does not seem to be so definite. Samson (1980) reports that in
Queensland, 1250 kg NPK 12-34-12/ha is broadcast and ploughed in, while 40 kg N/
ha is given every 2 months thereafter. Organic manure application in planting holes
and annually is also recommended. In Australia, 0.9—1.4 kg of NPK 8-12-6 or equiv-
alent per tree per annum at three split applications is recommended. In addition, the
species hardly responds to higher levels of fertilization by giving vegetative growth
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at the expense of fruit yield as is the case with many other tree crops (Rice et al.
1986). As such it is capable of utilizing heavy doses of fertilizer to give reasonable
output. General recommendation by van Ee (1999) is based on plant uptake which
fertilizer application is supposed to compensate for. Fruit harvest of 20 t/ha removes
from the soil 35.4 kg N, 9.2 kg P,0Os, 102.2 kg K,0, 9.8 kg CaO and 6 kg MgO per
year. It is easily observable that nutrient removal is dominated by N and K. In Nigeria,
fertilization of papaya is not well defined probably because the plant is hardly grown
on plantation level. However one or few stands are maintained around the household
with ample supplies of domestic refuse. With the uptake of large quantities of N and
K by the crop, organic matter, particularly poultry manure, is likely to benefit the
crop immensely since it is dominated by N and K (Thomson and Troeh 1978).

Results of early trials on papaya fertilization in Nigeria are quite promising.
Olajide (2016) evaluating 12 accessions of papaya at three levels of poultry manure
(0, 5, 10 t/ha) observed positive effect on tree growth attributes with increasing per-
formance as poultry manure rate increased (Table 8.5). Flowering and fruiting phe-
nology were also affected by application of poultry manure. Days to flower budding,
anthesis, first fruit set and first fruit maturity were reduced with poultry manure
application. Proportion of plants that bore fruits increased with increase in rate of
manure. There was no significant difference between fruit number and yield of plants
that received 5 and 10 t/ha of poultry manure although the higher rate tended to give
numerically higher values. It was however noteworthy that plants that received zero
application of poultry manure failed to bear fruit altogether within the time under
consideration. This underscores the need for proper nutrition of plants for enhanced
productivity. In Passiflora edulis, poor nutritional status undermined the ability of
plants to bear fruits on time (Ani and Baiyeri 2011). Unfortunately poultry manure
rates evaluated had little influence on post-harvest behaviour of papaya fruits.

8.7 Conclusions and Future Outlook

There is convincing evidence of differential nutrient mining abilities of Musa culti-
vars with agreeable implications for fertilization timing, nutrient management and
crop yield. It is evident that placement of manure at the top and bottom of planting
hole has more favourable effect on growth, phenology and yield of Musa species.
The clear superiority of organic manure as against inorganic fertilizers in influenc-
ing the performance of banana and plantains is obvious. As such given the fragile
nature of tropical soils, greater attention needs to be given to this nutrient source in
the supply of growth resources in Musa cultivation. Combinations of organic and
inorganic fertilizers for profitable cultivation of this species will however need to be
considered in cases where organic manure is scarce. What is apparent is that for
high productivity levels to be sustained with soil and consumer health in focus,
organic manure must be involved in production of banana and plantains. The impact of
various fertilizer combinations on storability and quality attributes of fruits would
need to be assessed. Similarly early signs of ectomycorrhizal benefits in Musa
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production need to be more closely investigated owing to the serious promise it
holds in beefing up crop yields at low cost.

Fassiflora edulis, a new entrant with promising future in Nigeria, requires rea-
sonable levels of fertilizer for optimum performance. The species has shown favour-
able response to fertilization with poultry manure. Generally, manure application
hastens growth and reproduction and increases yield of the crop. Application rates
of 10 and 15 t/ha of poultry manure have been found most suitable for yield of pas-
sion fruit. However, best fruit juice quality indices are obtained with application of
15 t/ha. Thus in situations in which fruit juice quality is not too critical, production
can be executed at manure rates of 10 t/ha which appears more economical than the
15 t/ha. A combination of 20 t/ha poultry manure, 50 kg N/ha and 150 kg K/ha has
been adjudged the best for quality seed production. It might be necessary to assess
a wider array of combinations of nutrient or nutrient source combinations for opti-
mum seed quality of Passiflora edulis.

Like banana/plantains and Passiflora edulis, citrus species respond to fertiliza-
tion. Response, particularly to organic fertilizers, may not be as dramatic as in the
other species. Usually, marked impact becomes more evident after the third year of
application. However, it impacts favourably on fruit yield, juice content and quality.
Poultry manure at the rate of 10 t/ha gives marginally higher fruit weight, peel
weight and residue weight over varying combinations of poultry manure and NPK
fertilizer. This rate (10 t/ha poultry manure) also favour best fruit metric traits and
fruit yield and minimal fruit weight loss. Generally, fruit juice quality indices are
improved when plants are supplied with combinations of poultry manure and NPK
fertilizer in varying proportions. It is clear that in citrus, the issue of fertilization is
a bit more complex as such factors as management history, age of plantation and
season could play critical roles in determining response to applied external nutrient
inputs. Accordingly, this has to be considered in future efforts at enhancing citrus
nutrition. Additionally, effect of application of poultry manure or other organic
amendments could last beyond 3 years. This aspect needs to be conclusively inves-
tigated to better guide nutrient management in this important species.

Vitellaria paradoxa is an invaluable tree species but is not yet fully domesticated.
Although it benefits from fertilization and its slow growth rate is an added impetus
to nutrient addition, such practice is still at infancy. Nutrient deficiency symptoms
as found in the species are a clue to the important role proper nutrition that could
play in the proper functioning and ultimate productivity of this species. Preliminary
results suggest the need for proper balance between nutrient content and physical
properties of growth medium for optimum tree performance. Considerations as
indicated here are expected to guide further work in this regard to arrive at informed
fertilization package for Vitellaria. In addition, fertilization of adult trees for fruit
yield and quality needs to be investigated.

Carica papaya, though a pleasant fruit crop, is not yet widely cultivated at plan-
tation level particularly in Africa. This scenario may change as societies come to
better appreciate and exploit the industrial potentials of this species as is the case
with the industrial extraction of papain in Tanzania (Rice et al. 1986). It however
has credentials as a suitable fertilization candidate. This includes its capacity to take
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up large quantities of manure without readily tilting towards vegetative growth at
the expense of fruit yield. Applications of 0—10 t/ha of poultry manure have already
shown favourable impact on vegetative growth, reproductive development and fruit
yield. Since the species has capacity to absorb large quantities of fertilizer without
adverse effect on fruit yield, it might be needful to experiment with higher doses of
this manure. The suitability of other manures in the fruit yield of papaya also needs
to be explored. Unfortunately, poultry manure did not exert beneficial effect on
post-harvest behaviour of papaya fruits such as delay in fruit ripening or reduced
incidence of rot. The highly climacteric nature of this fruit is one of the key reasons
limiting its distant marketing and hence plantation establishment. Solutions to this
challenge may however have to be sought using other approaches.

The overall picture tilts towards greater emphasis on utilization of organic
sources of nutrients in the cultivation of tropical perennials. These organic materials
are more suitable in improving the physical and chemical properties of the largely
fragile and weak soils of the tropics and thus ensuring soil health and productivity.
These fertilizers, compared to inorganic types, have superior influence on crop
growth, yield and produce quality. They are also cheaper, relatively more accessible
and environmentally friendlier. They therefore deserve the focus of attention in the
cultivation of fruits in the tropics.
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Chapter 9

Unravelling the Impact of Essential Mineral
Nutrients on Active Constituents of Selected
Medicinal and Aromatic Plants

Minu Singh, Arlene Asthana Ali, and M. Irfan Qureshi

Abstract Humans for centuries have used plants to relieve discomfort and treat various
health ailments. Medicinal herbs are used throughout developed and developing coun-
tries as home remedies, over-the-counter drug products and raw materials for the phar-
maceutical industry, and represent a considerable proportion of the universal drug
market. The medicinal value of plant depends on the nature of plant constituents, known
as active principal or active constituent, present in it. Active constituents are those chem-
ical substances, which are exclusively responsible for remedial activity of plant and
serve as lead compounds in drug discovery and design. Traditional systems of medicine,
modern medicines, folk medicines, food supplements, nutraceuticals, pharmaceutical
intermediates and synthetic drugs are invariably dependent on the proportionate pres-
ence of active constituents found in plants. Nutrition plays an important role in the
growth and development of all crop plants. The contribution of macro- and micronutri-
ents in building indispensable organic compounds and in almost all plant life processes
shows the noteworthy and diversified role of these minerals in the modification of plant
metabolism. Severity or insufficiency of these minerals causes varied effects in plant
metabolism. The role and contributions of various mineral elements can be revealed
through their regulatory role played in metabolism of medicinal and aromatic plants.
Secondary plant metabolism is a function of concentrations of minerals in the soil.
Important mineral elements present in soil are transferred to plant areas where their need
arises, thereafter governing various physiological activities. Therefore, biosynthesis and
accumulation of these bioactive molecules in a plant system are broadly dependent on
the availability and accessibility of mineral elements in the soil. This review chapter is
an attempt to understand how essential mineral nutrients affect active constituents of
selected medicinal and aromatic plants viz. fennel (Foeniculum vulgare), mentha
(Mentha arvensis, Mentha piperita, Mentha citrata), lemongrass (Cymbopogon flexo-
sus), Artemisia (Artemisia annua), tarmeric (Curcuma longa), ginger (Zingiber offici-
nale), periwinkle (Catharanthus roseus), Aloe vera (Aloe barbadensis).
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9.1 Introduction

Medicinal and aromatic plants (MAPs) have been used since approximately 5000
BC for their preservative and medicinal properties, in addition to enhancing the
aroma and flavor of foods (Silviya et al. 2016). They are important factors in sus-
tainable development, environmental protection and public health. A major segment
of the world flora includes MAPs which are the source of raw materials used in the
pharmaceutical, fragrance, cosmetic, flavour and perfumery industries (Bogers et al.
2006; Miguel et al. 2004). Aromatic and medicinal plants play a significant role in
the life of people and are present in innumerable forms. Their use continues undi-
minished today, and according to the World Health Organization (WHO), nearly
80% of the planet’s population, especially in developing countries, still depends on
plant produced medicines for their healthcare (Collin 2006; Craker and Gardner
2006; Craker et al. 2003; Gurib-Fakim 2006). Interest in MAPSs is increasing all over
the world because of their lesser side effects as compared to the synthetic drugs
besides cost-effectiveness and easy availability (Newman and Cragg 2007; Smillie
and Khan 2010). Promoters of natural products have the opinion that herbal medi-
cines are safe enough, and even if the desirable therapeutic response is not achieved,
their use is not dangerous to health because of their natural origin. Now, the medici-
nal plants as a whole occupy a stable position in modern medicine, since the phar-
maceutical industry is showing special interest in using or synthesizing natural
substances extracted from the plants. The quality of MAPs can be primarily esti-
mated by their active constituent(s) that produce a desirable therapeutic response.

9.2 Active Constituents and Their Significance for Medicinal
Purposes

Active constituents are chemicals produced by plants in a vast diversity of more than
200,000 structures (Hartman 2007). The active constituents are often referred to as
“secondary metabolites” of which there are several classes including alkaloids, fla-
vonoids, coumarins, glycosides, gums, polysaccharides, phenols, tannins, terpenes
and terpenoids (Gottlieb 1990; Grindberg et al. 2007; Nunnery et al. 2010; Okwu
2004). Moreover, aromatic plants contain odorous, volatile, hydrophobic and highly
concentrated compounds called essential oils (or volatile or ethereal oils) which are
complex mixtures of secondary metabolites consisting of low-boiling-point phenyl-
propenes and terpenes. These are obtained from various parts of the plant such as
flowers, buds, seeds, leaves, twigs, bark, wood, fruits and roots. Researchers have
revealed that terpenes are synthesized via the mevalonic pathway from precursor
acetyl-CoA, while phenolic compounds are aromatic substances formed via the shi-
kimic acid pathway or the mevalonic pathway. Moreover, nitrogen-containing active
constituents (alkaloids) are synthesized primarily from aliphatic amino acids derived
from the tricarboxylic acid pathway or aromatic acids derived from the shikimic
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acid pathway, via acetyl-CoA, mevalonic acid. Contrary to primary metabolites,
secondary metabolites are not essential for growth processes but facilitates the plant
in adapting to the environment, e.g., by serving as feeding deterrents against herbi-
vores, protective agents against pathogens or abiotic factors, pollinator attractants,
antioxidants, or chemical signals. Reports also suggest their specific role in various
parasitic, pathogenic or symbiotic interactions (Croteau et al. 2000; Wink 2003).
These active constituents owing to their bioactivity play an important role in the
modern pharmacy and medicine. They range from general antioxidant agents which
provide some protection against cancer or cardiovascular disease incidence. They
appear to neutralize free radicals, inhibit enzymes that activate carcinogens, and
activate enzymes that detoxify carcinogens (Mathai 2000; Meagher and Thomson
1999). They also demonstrate efficacy against specific human ailments such as
depression, anxiety, or microbial infection, etc. (Percival 2000; WHO 1999). Active
constituents play a significant role in modulation of hormone metabolism and
detoxification of enzymes and in stimulation of the immune system (Rao 2003).
They are also helpful in treatment of diabetes and high blood pressure (Modak et al.
2007; Tabassum and Ahmad 2011). Despite the use of MAPs and demand for plant-
derived compounds, their availability is a major blockage in supplying the pharma-
ceutical needs. The biosynthesis of secondary metabolites, though controlled
genetically, is strongly affected by soil and climatic and agricultural factors (Briskin
2000). Therefore, it is logical that their production can be stimulated or altered using
physical or chemical environmental triggers, including the nutritional changes.

9.3 Regulatory Role of Some Essential Mineral Nutrients
on Plant Metabolism and Active Constituents

Minerals have diversified functions in medicinal plant metabolism. The role and
contributions of various mineral elements can be revealed through their regulatory
role played in metabolism of MAPs. Severity or scarcity of these causes multifari-
ous effects in plant metabolism. Plants obtain a number of inorganic mineral ele-
ments from their environment to ensure successful growth and development of both
vegetative and reproductive tissues. These minerals serve numerous functions: as
structural components in macromolecules, as cofactors in enzymatic reactions, as
osmotic solutes needed to maintain proper water potential, or as ionized species to
provide charge balance in cellular compartments. Minerals can be divided into two
classes, based on the relative amounts needed for plant growth. The macronutrients
include nitrogen (N), potassium (K), calcium (Ca), magnesium (Mg), phosphorus
(P) and sulphur (S); these are generally found in plants at concentrations greater
than 0.1% of dry tissue weight. The recognized micronutrients include iron (Fe),
zinc (Zn), manganese (Mn), copper (Cu), boron (B), chlorine (Cl), molybdenum
(Mo) and nickel (Ni); these generally are found at concentrations less than 0.01% of
dry tissue weight. These 14 minerals, along with the elements carbon (C), hydrogen
(H) and oxygen (O), are broadly accepted as essential for the growth of all plants.
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Among various nutrients, N, P, Ca, Mg, P and S are considered to be of prime
importance. These nutrients play several important roles in metabolic and regula-
tory process in plants (Marschner 2002). Fertilizer treatment is known to be one of
the main factors increasing the yield and quality of plants. It affects the accumula-
tion and mineralization of organic matter added to the soil and determines plant
production potential. Fertilization also determines the concentration of bioactive
plant chemicals (Said-Al Ahl et al. 2009) in MAPs. A number of studies reported
the effects of agricultural practices on the secondary metabolites in medicinal and
aromatic plants (Ashraf et al. 2006; Ozguven et al. 2002; Ozgﬁven et al. 2008;
Sekeroglu and Ozguven 2006). Fertilization also influences the volatile oil content
and constitution of medicinal and aromatic plants. The production of essential oils
not only depends upon the metabolic state and preset developmental differentiation
programme of the synthesizing tissue but also is highly integrated with the physiol-
ogy of the whole plant. Thus, the plant nutrition plays a vital role in enhancing
morphological and phytochemical characteristic of plants.

The regulatory roles of some important mineral nutrients are briefly described
below.

9.3.1 Nitrogen

Nitrogen is the fourth most abundant element in plants after carbon, hydrogen and
oxygen. It is absorbed by plants as nitrate ions (NO;_), ammonium ions (NH,*) and
urea. As a constituent of all amino acids and proteins (and thus all enzymes), nitro-
gen serves a central role in cellular metabolism. Additionally, as a component of
nucleotides and nucleic acids deoxyribonucleic acid (DNA) and ribonucleic acid
(RNA), nitrogen is critical for the transcription, translation and replication of genetic
information. Nitrogen also plays an important role in the production of the chloro-
phyll and is therefore necessary for photosynthesis. Physiological maturity and
yield of many crops have been governed by the N supply to the crops.

Several studies conducted on different MAPs show that N fertilization signifi-
cantly contributes to an enhancement in active constituents and composition of
essential oil, through their effect on biomass yield, plant height, leaf area and pho-
tosynthetic rate (Arabaci and Bayram 2004; Sreevalli et al. 2004; Ashraf et al. 2006;
Sekeroglu and Ozguven 2006; Daneshkhah et al. 2007; Mahfouz and Sharaf-Eldin
2007; Daneshian et al. 2009; Zheljazkov et al. 2010; Hendawy and Khalid 2011).
Kiferle et al. (2013) conducted an experiment in hydroponic culture in order to
study the response of N nutrition on biomass and rosmarinic acid (RA). The treat-
ment consisted of different NO5;~ concentrations (0.5, 5.0 and 10.0 mol m™3) or
NO;_/NH," molar ratios (1:0, 1:1 and 0:1; total N concentration was 10.0 mol m~).
The concentration of other nutrients was as follows: 1.0 mol m=* P-H,PO,_10.0 mol
m~ K*; 3.0 mol m~ Ca*; and 1.5 mol m~ Mg** plus trace elements. Their results
revealed that application of 5.0 mol m™ NOs_ concentration proved optimum for
plant growth and RA production. However, the addition of NH,* to the nutrient
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solution was found detrimental to both growth and RA production. In another study
carried out by Nguyen and Niemeyer (2008) on three cultivars of basil, viz. dark
opal, Genovese and sweet Thai, it was found that the lowest level of N (0.1 mM)
fertilization resulted in significantly higher rosmarinic and caffeic acid concentra-
tions as compared to higher N level (5.0 mM). Said-Al Ahl et al. (2009) in their
study showed that the application of the highest N rate (1.2 g N-10 kg™' of soil)
proved the best with respect to herbage yield and essential oil production in
Origanum vulgare L. Azizi and Dias (2004) conducted a field study to determine
the effect of N and P fertilizer on the flavonoids (chlorogenic and isochlorogenic
acid, apigenin, biapigenin, rutin, quercetin, isoquercetin and amentoflavone) con-
tent of Hypericum perforatum. They reported that 125 kg N ha~! and 50 kg P,Os
ha™! proved optimum for production of high dry herb yield and flavonoids content
in comparison with control treatment. Jabbari et al. (2011) performed a field trial to
study the response of Thymus vulgaris L. to N and Fe application. Treatments com-
prised of soil and foliar application of N and P at the rate of 50 kg ha™! and 5 g m?,
respectively. The results obtained indicated that foliar application of N enhanced
thymol percentage (2.56%) and thymol (19.56 Kg ha™!), carvacrol (0.53 Kg ha™!)
and p-cymene (1.18 Kg ha™') yield. Similar results were also reported by
Barnauskiene et al. (2003) in thyme. They found that thymol, carvacrol and
p-cymene were significantly affected by different N fertilizer levels; however the
related percentages of these and other compounds in thyme herb subjected to differ-
ent fertilization doses were not significantly affected. Arabaci et al. (2007) reported
that nitrogen fertilizer increased linalool content in the essential oil of Lavandula
hybrida; nevertheless same condition decreased linalyl acetate content. While
Ashraf et al. (2006) reported that concentration of p-cymene in the essential oil of
black cumin seed increased on application of nitrogen fertilizer, no change in the
level of a-pinene or f-pinene was observed at varying level of nitrogen. Moreover,
Puttanna et al. (2010) in their experimental study also noticed a significant increase
in rosemary oil yield with N and K application. Nurzyska-Wierdak (2012) reported
that foliar feeding of nitrogen in the form of urea contributed to an enhanced con-
centration of linalool and epi-a-cadinol as well as a decreased content of 1,8-cineole,
geraniol and eugenol in the oil of Ocimum basilicum L. This correlation could be
explained by the complicated pathways of biosynthesis of terpene and aromatic
compounds present in volatile oils and by the effect of quickly absorbed nitrogen on
the biosynthesis of particular oil components.

9.3.2 Phosphorus

Phosphorus is often the limiting element in the soil. It is present in fixed forms as
organic and inorganic molecules in the soil and is absorbed by plants as monovalent
(H,PO,4") or divalent (HPO,2) anions. It is a structural component of numerous
macromolecules, including nucleic acids, phospholipids, certain amino acids and
several coenzymes. It has a significant role in energy transfer via the pyrophosphate
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bond in ATP, and the attachment of phosphate groups to many different sugars pro-
vides metabolic energy in photosynthesis and respiration. P aids in root develop-
ment, flower initiation and seed and fruit development. Seeds have the highest
concentration of P in a mature plant, and P is required in large quantities in young
cells, such as shoots and root tips, where metabolism is high and cell division is
rapid. P has been shown to reduce disease incidence in some plants and has been
found to improve the quality of certain crops.

Ram et al. (2003) reported the increase in essential oil yield of Mentha arvensis
with the foliar application of phosphate. Similarly Harendra and Yadav (2007) in
another study recorded significant increase in the oil content of mustard with
increase in P level from 0 to 39.3 kg P,Os ha™!. Thirty percent of oil content was
recorded at 39.3 kg which was significant over all other levels including control.
Ramezani et al. (2009) recorded a significant increase in essential oil content of
basil with P application. Ram et al. (2003) reported the increase in essential oil yield
of Mentha arvensis with the foliar application of phosphate. Boroomand et al.
(2011b) reported significantly higher oil content of basil (2.40%) at 100 Kg P,Os
ha~! which was superior over all other P levels. Prasad et al. (2012) noticed a signifi-
cant amelioration with P application in oil yield of rose-scented geranium and also
in the content of citronellol and 10-epi-y-eudesmol. Lu et al. (2013) examined the
response of different levels of P fertilization on root growth and production of bio-
active compounds in Salvia miltiorrhiza. They found that application of 0.4 g P per
plant significantly enhanced the root growth and accumulation of bioactive com-
pounds, viz. danshensu, (0.055%), salvianolic acid B, (4.50%), cryptotanshinone,
(0.056%), tanshinone II A (0.127%) and total tanshinone (0.226%) as compared to
the other P treatments.

9.3.3 Calcium

Calcium (Ca), one of the essential nutrients for plants, plays a major role in the
initiation of many signal transduction processes in higher plant cells, including
bud formation, polar growth, gas exchange, regulation, secretion, movements and
light and hormone-regulated growth and development. Calcium is involved in cell
elongation and cell division, influences the pH of cells and also acts as a regula-
tory ion in the source-sink translocation of carbohydrates through its effects on
cells and cell walls (Hirschi 2004). Calcium is absorbed by plants as a divalent
cation (Ca?") and as a constituent of cell walls in the form of calcium pectate.
Numerous investigations confirm the beneficial effect of Ca fertilization on growth
and essential oil yield in treated plants (Dordas et al. 2007; Lee and Yang 2005;
Mumivand et al. 2011; Suh and Park 2000; Supanjani Tawaha et al. 2005). In
Chrysanthemum coronarium Supanjani Tawaha et al. (2005) reported that total
dried weight, plant height, essential oil content and yield increased significantly
by increasing lime application up to 2 t ha~!. Studies of Heidari et al. (2014) also
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showed that foliar Ca(NOs;), application rates significantly augmented essential
oil content and yield of Artemisia dracunculus. Prasad et al. (2008) in another
study found that the herbage yield and oil content and yield of geranium
(Pelargonium sp.) showed a significant enhancement with the foliar application of
calcium chloride. Results of the hydroponic experiment conducted by Alaghemand
et al. (2013) in their study revealed that content of hyoscyamine and scopolamine
in leaf was enhanced with the Ca. application. Furthermore, Lee and Yang (2005)
in their studies also found that CaCO; significantly increased total plant yield,
stem diameter, flower P content and essential oil content and yield of
Chrysanthemum boreale up to 1.5 t ha™!.

9.3.4 Potassium

Potassium is abundantly present in soluble form in the cytoplasm and in the vacu-
olar cell sap. It is absorbed by plants as the monovalent cation (K*). K ion serves to
activate number of enzymes, notably those involved in photosynthesis and respira-
tion. It is the most abundant cation in the cytoplasm, and because it is not metabo-
lized, its accompanying anions contribute significantly to the osmotic potential of
cells. Thus, potassium functions in plant water relations processes and affects cell
extension and growth through the regulation of turgor, leaf gas exchange through
the control of stomatal opening/closing and long-distance nutrient flow through
pressure-driven phloem translocation. Potassium promotes the translocation of pho-
tosynthates (sugars) for plant growth. It has been shown to improve disease resis-
tance in plants, improve the size of grains and seeds and improve the quality of
fruits and vegetables. There are several supporting studies which proves that K fer-
tilization have beneficial effect on MAPs, regarding active constituents, essential oil
yield and composition (Davies et al. 2009; Ezz El-Din et al. 2010; Jeliazkova et al.
1999; Said-Al Ahl et al. 2009). Lu et al. (2013) reported that K treatment at the rate
of 1.25 g K per plant improved growth and accumulation of bioactive compound
(danshensu, 0.52% and salvianolic acid B, 4.13%) in S. Miltiorrhiza, as compared
to the other K treatments. In basil, the essential oil content in herbage was found
significantly higher in plants fertilized with the higher K (0.8 g Kdm™) rather than
the lower rate (0.4 g Kdm=?). Also, higher amount of potassium contributed to an
enhanced percentage of 1.8-cineole, linalool, eugenol and y-cadinene in basil oil
(NurzyEska-Wierdak and Borowski 2011). In case of Rosa damascena Mill., the
application of the medium rate of potassium (30 kg ha™") contributed to maximum
essential oil concentration as reported by Daneshkhah et al. (2007). Conversely, a
negative effect was observed in the accumulation of cryptotanshinone, tanshinone II
A and total tanshinone. Also, findings of some researchers showed that application
of K fertilization did not influence the essential oil contents of patchouli (Singh and
Ganesha Rao 2009), palmarosa (Singh 2008), rosemary (Singh et al. 2007) and
lemongrass (Singh et al. 2005).
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9.3.5 Magnesium

Magnesium (Mg) is an indispensable plant nutrient. It has a wide range of key roles in
many plant functions. One of the magnesium’s well-known roles is in the photosyn-
thesis process, as it is a building block of the chlorophyll, which makes leaves appear
green. Magnesium also is a necessary activator for many critical enzymes, including
ribulose bisphosphate carboxylase (RuBisCO) and phosphoenolpyruvate carboxylase
(PEPC), both essential enzymes in carbon fixation. Thus low amounts of Mg lead to a
decrease in photosynthetic and enzymatic activity within the plants. Additionally Mg
plays a key role in protein synthesis, phloem loading, phloem loading, partitioning
and utilization of photoassimilates and generation of reactive oxygen species.
Consequently, many critical physiological and biochemical processes in plants are
adversely affected by Mg deficiency, leading to impairments in growth and yield.
Magnesium is also crucial in stabilizing ribosome structures; hence, a lack of magne-
sium causes depolymerization of ribosomes leading to pre-mature aging of the plant.

Szoke et al. (2004) in their study showed that addition of MgSO, to the solid and
liquid MS media, respectively, favourably affects the biomass and essential oil produc-
tion of chamomile organized cultures and hairy root cultures. The total essential oil
content of hairy roots increased with higher Mg concentration, but in contrast, the rela-
tive percentile distribution of the main essential oil components (e.g. tr-B-farnesene,
a-farnesene) declined while that of other terpenes improved. Zamborine et al. (2016)
examined the effects of different fertilizers on biomass, drug yield and essential oil con-
tent of lemon balm (Melissa officinalis L.) under field conditions. They reported that the
treatment with 150 kg ha™! N + 22 kg ha~! P supplemented by 36 kg ha~! Mg resulted in
25-27% higher folium mass compared to both untreated and N + P treated plots.
Similarly, supplementary dosages of 36 kg ha™' Mg + 149 kg ha™' K assured by 24%
more folium yield compared to untreated and 10% more yield compared to N + P fertil-
ized control. Furthermore, the beneficial effect of Mg fertilization on secondary metabo-
lites of Phyllanthus niruri was also reported by Hanudin et al. (2012).

9.3.6 Sulphur

Sulphur is an essential nutrient for plant growth. Although it is considered a second-
ary nutrient, it is now becoming recognized as the ‘fourth macronutrient’, along
with N, P and K. Sulphur is essential for chlorophyll formation. It is a major con-
stituent of one of the enzymes required for the formation of the chlorophyll mole-
cule. Sulphur is a constituent of the amino acids three amino acids (cysteine, cystine
and methionine), which are the building blocks of protein. About 90% of plant S is
present in these amino acids. Some of the most important functions of S include its
role in specialized peptides, such as glutathione and thioredoxins, in redox reac-
tions, and the role of disulphide bond (S-S) formation in the stabilization of protein
structure. Sulphur is necessary for the efficient fixation of nitrogen by the
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leguminous plants. Aziz et al. (2010a) reported that S fertilization enhanced the
essential oil yield and changed the level of secondary metabolites in dragonhead
plants. Similar results were observed by Zheljazkov et al. (2008) where S applica-
tion caused a rise in production of essential oil and eucalyptol content in basil oil.

9.4 Effect of Essential Mineral Nutrients on Active
Constituents of Selected MAPs

9.4.1 Fennel

Fennel (Foeniculum vulgare Mill) is a medicinal plant which acts as a stimulant, diuretic,
carminative, sedative, galactagogic, emmenagogic, expectorant and antispasmodic
(Kandil et al. (2002). Fennel fruits are effective in the treatment of diseases like cholera,
bile disturbances, nervous disorder, constipation, dysentery and diarrhoea (Leung and
Foster 1996). The fruits are also used as a standard medicinal tea for dyspepsia in
Germany (EMEA 2008). The essential oil (EO) of fennel is used in perfumery industry,
in confectionery and in food flavouring as well. The EO, majorly contains anethole, i.e.
1-methoxy-4-(1-propenyl) benzene, fenchone, i.e. (+) trimethyl (2,2,1) bicycloheptan-
2-one and limonene, i.e. 4-isopropenyl-1-methylcyclohexene, terpenic compounds and
minor compounds like 4-pinene and a-pinene (Mahfouz and Sharaf-Eldin 2007).

Studies of Kandil et al. (2002) demonstrated that ammonium nitrate-treated
plants produced the highest limonene content. Anethole content effectively increased
using organic nitrogen sources (compost, compost/Azotobacter and chicken manure)
in comparison to applying ammonium nitrate. However, fenchone and estragole
content were found insignificant with different nitrogen fertilization. Generally fer-
tilization with phosphorus sources such as superphosphate and rock-P/S was more
effective than rock-P alone in increasing the fenchone and anethole content.
Fertilization with feldspar as a potassium source increased anethole content by 43%
compared with the anethole content in plants grown with potassium sulphate.
Feldspar effectively increased the fenchone content of fennel EO. The speculated
reason is feldspar can release K at slower rates than soluble K fertilizers do (Bakken
et al. 1997) apart from containing Fe, Mn, Cu, Mn and Zn. Ohallorans et al. (1993)
found that fertilization with chicken manure increased both the available N and
exchangeable K in the soil. But fennel fruits oil components (limonene, fenchone,
estragole and anethole) were not significantly affected by the different treatments of
N, P and K (Buntain and Chung 1994; Desmarest 1978). It is to be noted that organic
fertilization gave similar fennel fruit oil quality as observed after chemical fertiliza-
tion. The recommended fertilization dose of F. vulgare Mill plants is 40 kg ha™! P
and feldspar at the rate of 50 kg ha™' K to get higher yields of fruits and better
essential oil quality (Kandil et al. 2002). The highest anethol in fennel essential oil
occurred with the half dose of N, P and K (357 kg ammonium sulphate +238 kg
calcium super phosphate +60 kg potassium sulphate ha™!) and inoculation with
Bacillus megaterium (Mahfouz and Sharaf-Eldin 2007).
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9.4.2 Mentha

Peppermint, an important aromatic plant, is grown for production of essential oil, an
important aromatic agent. The use of its essential oil in a number of consumer prod-
ucts such as herbal teas, chewing gum, toothpaste and mouthwashes and in pharma-
ceuticals, confectionary and aromatherapy (Mint Industry Research Council 2015).
The essential oil content and composition of peppermint are important economi-
cally for the peppermint industry and for consumers. The volatile oil from pepper-
mint comprises primarily monoterpenes, with less than 2% sesquiterpenes (Croteau
et al. 1972a). High menthol (>45%), low menthofuran (<1-3%), low menthone
(15-25%) and high menthyl acetate (4-9%) are generally considered as indicators
of supreme quality of peppermint oils. Carvone (76.65%) comprises the major com-
ponent of essential oil of Mentha spicata, the other constituents being limonene
(9.57%) and 1,8-cineole (1.93%). The trace constituents are Z-f-ocymene, cis-
muurola-4 (14), 5-diene and bicyclogermacrene (<0.01%) (Chauhan et al. 2009).

It has been known that fertilization affects peppermint essential oil composition
and content (Scavroni et al. 2005; Zheljazkov et al. 2009). The optimum N fertiliza-
tion rate has been decided to be 250 Ib./a since there was no significant difference in
oil yield between 250 Ib./a and higher rates (Mitchell and Farris 1996). The effect of
N, P and K on the essential oil of three Bulgarian cultivars was studied (Jeliazkova
et al. 1999). With the increased fertilizer rates, an increased essential oil yield (16 to
119% compared to the control) was evident, the highest yield obtained using treat-
ments of N 533.6, P,Os 182 and K,0 240 kg ha~!. The GC study of the oil from dif-
ferent variants revealed that with increasing fertilizer application, the menthol content
of cv. Zefir and cv. Tundja increased, supporting other reports (Marotti et al. 1994).
The content of other active constituents did not have a significant change with the
tested fertilizer rates. In an attempt to evaluate the effect of N on peppermint produc-
tivity, oil content and its composition, Zheljazkov et al. (2009) noticed N at 80 kg ha™!
did not have an effect on the oil content, constituents or yield of the oil constituents
compared with 0 kg ha~!. The lack of N response to essential oil constituents (—)-men-
thol, (—)-menthone, (+)-menthofuran and eucalyptol in their study may be ascribed to
the residual N in the soil, relatively low N application rate (80 kg ha™!) and the vari-
ability within the experiment, which might have shrouded the effect of N.

9.4.3 Cymbopogon

The tropical aromatic herb, Cymbopogon, commonly known as lemongrass, belongs
to the family Poaceae (true grasses). Species well known for their good quality
essential oils (EOs) are Lemongrass (Cymbopogon flexuosus), wild lemongrass (C.
citratus), palmarosa (C. martinii) and citronella (C. winterianus). EOs of most
Cymbopogon spp. comprises of compounds like citral, geraniol, citronellol, citro-
nellal, linalool, elemol, 1,8-cineole, limonene, b-caryophyllene, methyl heptenone,



9 Unravelling the Impact of Essential Mineral Nutrients on Active Constituents... 193

geranyl acetate and geranyl formate (Ganjewala and Gupta 2013; Ganjewala et al.
2008). Citral is responsible for the characteristic lemon-like fragrance of the plant
(Husain 1994). Lemongrass extract, oil, citral and citral derivatives have potent bio-
activities like antimicrobial (Kim et al. 1995), allelopathic (Chaimovitsh et al.
2012), antihelmintic (Kumaran et al. 2003), anti-inflammatory (Katsukawa et al.
2010), anticancer (Sharma et al. 2009), antioxidant (Khadria et al. 2008) and insect
and mosquito repellent (Kalita et al. 2013).

It was observed that phosphorus nutrition had a positive effect on the formation
of EOs in Cymbopogon nardus and C. winterianus (Katiyar et al. 2011; Ranaweera
and Thilakaratne 1992a). P and Mg have a synergistic effect on oil production when
applied together. This positive effect of P and Mg nutrition on the essential oil pro-
duction could be explained by the involvement of these ions in the biosynthesis of
EOs. P nutrition alone or P with Mg also increased the ‘total geraniol’ in oil indi-
cated by the increase of its constituents: borneol, linalool and methyl isoeugenol
(Ranaweera and Thilakaratne 1992b). The increase of total geraniol was always
accompanied by the decrease of total hydrocarbons, which indicates the better utili-
zation of monoterpenes in biosynthesis of constituents of total geraniol in oil as a
result of phosphorus nutrition. Under soilless conditions, the optimal ratio of N:P:K
in the nutrient solution for C. citratus Stapf. EO output was found to be 50:35:15
atom % (Mairapetyan et al. 1997). Field experiments were conducted at Mississippi,
to evaluate the effects of N (0, 40, 80 and 160 kg N ha™") (as NH,NO;) and S (0, 30,
60 and 90 kg S ha~! as sulphur bentonite, 90% S) on lemongrass biomass productiv-
ity, content and yield of EO and its composition (Zheljazkov et al. 2011). N x S
interaction affected % neral and yields of 7-caryophyllene, neral and geranial; N x
harvest interaction affected percent and yield of essential oils, % t-caryophyllene
and neral and yields of ¢-caryophyllene, neral and geranial; and S X harvest interac-
tion affected dry weight yield, % neral, and the yields of neral and geranial. The N
x S x harvest interaction effect on % geranial was also significant (p < 0.05). The
lack of clear trend indicates the presence of factors other than N, S and harvest that
affect the concentration of geranial in lemongrass essential oil. The average essen-
tial oil content at Verona varied from 0.34 to 0.55% depending on the N x harvest
combination, with the highest content obtained from the third harvest (regrowth) at
either 40 or 80 kg N ha~!. The interaction of N application rate and harvest also
affected geranial yield, with the second harvest, with an N application rate of 160 kg
ha™! giving the largest yield. Within each S application rate, due to the greater essen-
tial oil content in the third harvest (regrowth), the total amount of essential oil yield
from Harvest 1 and Harvest 3 (regrowth) would be greater than the yield from the
single harvest system, Harvest 2. Application of Zn combined with Fe (100 ppm
each) produced the highest content of EO, soluble sugars and phenolic compounds.
There was a proportionate increase of the principal compounds of geranial and neral
with increasing levels of ZN or Fe-EDTA as compared with control (Aziz et al.
2010b). Pinzén-Torres et al. (2014) performed a study to analyze the quality and
yield of the EO obtained of the C. martini crop under three types of fertilizers:
Nutrimon® 14-14-14, organic fertilizer and mineral NPK granular fertilizer
{(ammoniacal nitrogen 10%, nitric nitrogen (4%), phosphorus (P,Os) (14%) and
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water soluble potassium (K,O) (14%)}. Relatively high percentages of geraniol
were obtained (second harvest organic and 3rd harvest NPK6 + organic, 84%; 2nd
harvest NPK2, 83%, and first harvest NPK6, 82%, respectively). The high percent-
ages of geranyl acetate were obtained from the first harvests with organic (33%),
green manure + organic (31%), green manure + NPK2 (32%), green manure +
NPK4 (30%) and green manure (32%) that supports the advantages of using organic
or green manure over mineral fertilizer for C. martini crops. Field experiments were
conducted by Jemal and Abebe (2016) to investigate the effect of biochar rate appli-
cation on yield and yield components of C. citratus L. The value of C content, avail-
able P and total N is high as expected from charred materials. The value of
exchangeable cations (K, Ca and Mg) from biochar is medium to high. The highest
EO yield was obtained by the application of 15 ton/hectare biochar rate from sugar
factory followed by the application of 15 ton/hectare biochar rate from coffee husk.
Biochar prevents nutrients from leaching, thereby improving the efficiency of nutri-
ents applied alongside biochar (Major et al. 2010).

9.4.4 Artemisia

Artemisia annua L., a traditional Chinese herb of the family Compositae, is a popu-
lar medicinal plant. The plant is a storehouse of an array of bioactive compounds
including flavonoids, coumarins, steroids, phenolics, purines, lipids, aliphatic com-
pounds, monoterpenoids, triterpenoids and sesquiterpenoids. The principal active
compound artemisinin or ginghaosu (0.1-0.6% dry weight) is a sesquiterpene lac-
tone (Davies et al. 2011). Artemisinin is stored in low concentrations (0.1-0.6% dry
weight), along with other sesquiterpenoids such as artemisinin, dihydroartemisinic
acid, artemisinic acid and arteannuin B in the glandular leaf and inflorescence tri-
chomes (Brisibe et al. 2009; Covello 2008). Artemisinin shows bioactivity against
chloroquine-resistant and chloroquine-sensitive strains of Plasmodium falciparum
and is used to treat celebral malaria (Liu et al. 2003). Semi-synthetically prepared
derivatives of artemisinin such as dihydroartemisinin, artesunate, artemether,
arteether and artemisinin show unique pharmacological activities against many
parasites (Brisibe et al. 2009; Dhingra et al. 2000).

Singh (2000) reported an increase of 26.2 and 40.1% in herb, oil and artemisinin
yields compared with control by application of 50 and 100 kg N ha~!, respectively.
Artemisinin concentration of the dried leaves notably increased from 6.3 to 27.5 mg
100 g~' with different nitrogen treatments (0, 40, 80 and 120 kg ha™") (Ozgiiven
et al. 2008). For shoot cultures and leaves, the optimum total nitrogen concentration
for artemisinin production using A. annua L. was found to be 45 mM (Liu et al.
2003) and 106 mg L', respectively, beyond which the artemisinin decreased
(Davies et al. 2009). In studies with A. annua hairy roots, a high nitrate to ammonia
ratio and low nitrogen in the medium favoured artemisinin accumulation (Liu et al.
1997; Wang and Tan 2002). N combined (80 mg kg~' soil) with foliar GA; amplified
the content and yield of artemisinin in the treated plants over the control (Aftab
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et al. 2011a). Above 200 mg/L phosphate, there was a significant decrease in the
artemisinin content (Liu et al. 2003). Davies et al. (2011) concluded that P applica-
tion rate of 30 mg P L™! is optimum and avoids economical and environmental wast-
age. Artemisinin content was also maximized in the plants fertilized with P and
inoculated with AM fungi (Kapoor et al. 2007). Ferreira (2007) reported that K
deficiency significantly increases the concentration of artemisinin. The artemisinin
concentration was significantly higher (75.5%) in K-deficient plants as compared to
plants under the complete nutrient treatment. Thus, a mild potassium deficiency is
fruitful for A. annua farmers to attain gains in artemisinin/ha while saving on K
fertilization. But K did not change the leaf artemisinin concentration or leaf artemis-
inin yield (Davies et al. 2009).

9.4.5 Turmeric

Popularly known as turmeric, the rhizomatous plant Curcuma longa L. from the
Zingiberaceae family is grown in many warm regions of the world. India fares well
in the world turmeric market with 80% of the production and trade share of more
than 60% (Turmeric World 2014). A large number of phytochemical compounds are
involved in the varied metabolic pathways of this medicinal herb which gives tur-
meric powder its value in the marketplace (Xie et al. 2009). The terpenoid-rich rhi-
zomes contain carbohydrates (69.4%), fat (5.1%), protein (6.3%) and minerals
(3.5%), volatile oil (5.0-6.0%) and oleoresin (7.9—10.4%). Curcuminoids, the char-
acteristic orange—yellow compounds found in turmeric include curcumin, or diferu-
loylmethane (2.5-6.0%) consisting of 94% curcumin (curcumin I), 6%
demethoxycurcumin (curcumin IT) and 0.3% bisdemethoxycurcumin (curcumin III)
(Chempakam and Parthasarathy 2008). Turmeric finds its use in medicine, condi-
ment, dye and cosmetic. It has tremendous pharmaceutical properties such as anti-
inflammatory, antioxidant, anticarcinogenic, antimalarial, antitumour, antibacterial,
anti-HIV and anti-Alzheimer (Green and Mitchell 2014; Prasad et al. 2014). The
extract is used to treat some diseases like gastritis, ulcers, osteoarthritis, atheroscle-
rosis, cardiac disease and diabetes (Sarker and Nahar 2007).

Nutrients especially N, P and K should be applied during the active growth phase
(Fourth and fifth month) of the plant because uptake of nutrients is effective in this
period (Sivaraman 2007). Singh et al. (2011) performed two pot experiments to
study the response of turmeric to N and P application. Treatments comprised of
basal application of different doses of N, viz.0, 30, 60, 90 and 120 kg N ha! and P,
viz. 0, 15, 30, 45 and 60 kg P per ha, respectively. The results obtained showed that
application of N and P on curcumin content was found effective over the control.
Treatment Ny, proved optimum and caused an increase of 33.5 and 27.2% at 120
and 180 days after planting (DAP), respectively, over the control, whereas treatment
P,s significantly increased curcumin content by 21.2 and 19.8% at 120 and 180
DAP, respectively, over the control (Py). Sadanandan and Hamza (1996c¢) reported
that NPK at 60, 50 and 120 kg ha™! with micronutrients were optimum for varieties
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Suvarna, Suguna and Alleppey, whereas NPK at 50, 40 and 100 kg ha~! with micro-
nutrients was optimum for Sudarshana, for rhizome yield and curcumin production.
Soil N is the precursor for phenyl propanoid pathway involving curcumin synthesis
in turmeric since N forms the structural unit of many proteins (Sandeep et al. 2015).
On application of N (maximum 30 kg N ha™') and P the volatile oil content of
Curcuma amada Roxb. increased significantly, but it decreased at higher levels of K
application. Maximum nonvolatile ether extract (NVEE) was acquired at 45 kg N
ha™'. For P and K, a gradual decline in NVEE was observed with increasing levels
of the nutrient (Mridula and Jayachandran 2001). In vitro studies of turmeric with
different concentrations of mineral nutrients ( PO 437 , Ca?*, Mg and KNO;) revealed
that in the high fertilizer treatments, the highest concentrations of curcumin and
demethoxycurcumin were obtained with 1.25 mM PO 437 ,3mM Ca?*, 1.5 mM Mg*
and 60 mM KNO;. Reducing KNO; concentration to 20 mM at 1.5 mM Mg>*and 9
mM Ca?* maximized bisdemethoxycurcumin concentration to 25.0 + 2.6 pg/g with
9 buds/vessel. In the low input fertilizer treatments, the best induction media for
high concentrations of all three curcuminoids (curcumin, demethoxycurcumin and
bisdemethoxycurcumin) was with 6.25 mM PO 437 , 3 mM Ca*, 1.5 mM Mg* and
60 mM KNO; (El-Hawaz et al. 2016). The quality of turmeric measured in terms of
its active constituents did not show any significant variations among these three
nutrient management systems, viz. organic nutrient management (ONM), conven-
tional nutrient management (CNM) and integrated nutrient management (INM)
(Srinivasan et al. 2016).

9.4.6 Ginger

Ginger, an important spice used all over the world, has strong medicinal and aro-
matic properties. It belongs to Zingiberaceae family which is characterized by
tuberous or non-tuberous rhizomes (Chen et al. 2008). Saponins are characteristic
of ginger rhizomes, whereas tannins are less (Adanlawo and Dairo 2007). The major
active constituents are the gingerols of which [6] gingerol [5-hydroxy-1-(4-hydroxy-
3-methoxy phenyl) decan-3-one] is the most abundant. The volatile oil of ginger
rhizome consists of mainly mono and sesquiterpenes: camphene, beta-phellandrene,
curcumene, cineole, geranyl acetate, terpineol, terpenes, borneol, geraniol, limo-
nene, linalool, alpha-zingiberene (30-70%), beta-sesquiphellandrene (15-20%),
beta-bisabolene (10-15%) and alpha-farnesene. Oleoresin consists zingiberol, the
main component responsible for aroma and pungent substances, namely, gingerol,
shogaol, zingerone and paradol as well as zingiberene, gingediol, diarylheptanoids,
vitamins and phytosterols (Polasa and Nirmala 2003). Ginger has many medicinal
properties against a variety of ailments including arthritis, rheumatism, sore throats,
muscular aches, constipation, nausea, diarrhoea, hypertension, dementia, infectious
diseases and respiratory disorders. Antioxidation, antimicrobial, anticancer, and
anti-larval effects are also known (Kalaivani et al. 2012; Zhao et al. 2011). Shogaol
tackles neuroinflammatory responses in cortical astrocytes (Shim et al. 2011).
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Volatile oil content of ginger increased when nitrogen was applied but up to a
certain level. Excess of nitrogen decreased its content (Xizhen et al. 1998).
Application of 120 kg N per hectare increased the essential oil content (Singh et al.
2014). The concentration of essential oil was the highest with the treatment N600
and N450 at two different soil fertilities, respectively (Lu-jiu et al. 2010). The ame-
liorative role of basal application of N on essential oil content could be attributed to
the central roles played by N in plants like enhancing the amount of biomass yields
per unit area, leaf area development and photosynthetic rate (Sangwan et al. 2001;
Sharma and Kumar 2012). Studies on sustained nutritional condition for ginger
showed that 50 kg K,O ha™! besides 20 tonnes of farmyard manure as basal and 25
tonnes green leaf mulch together with NPK at 75, 50 and 50 was optimum for oleo-
resin production (Sadanandan et al. 2002). The combined treatments M3P3 (bokashi
60%, charcoal husk 20%, coco peat 20% with organic fertilizer concentrations
4.5%) gave the best response to Zingeron level (1.88%) (Soeparjono 2016).

9.4.7 Periwinkle

Madagascar-native periwinkle (Catharanthus roseus (L.) G. Don, synonym Vinca
rosea L., belonging to Apocynaceae family has vast medicinal properties owing to
its ability to synthesize a variety of terpenoid indole alkaloids (TIAs), unevenly
distributed in all parts of the plant. Vinblastine and vincristine, present in the leaves,
are anticarcinogenic indoles, whereas root-derived ajmalicine and serpentine are
used as antihypertensives and sedatives. Vindoline and catharanthine found in leaves
and in leaves and roots, respectively, have diuretic properties (Hassan et al. 2009;
Lata 2007).

Catharanthus roseus needs a high nitrogen supply along with other nutrients to
obtain a high content of biologically active substances. The total alkaloid concentra-
tion and its yield increased up to a higher level than the herbal yield, i.e. up to 300 N
dm™ (Lata and Sadowska 1996a). Janishevskii and Dzhaparidze (1990) witnessed
nearly the same results. A rise of herb yield due to fertilization (Rajeswara and
Singh 1990) rather than an increase of the alkaloid content is responsible for the
increased alkaloid production (Sreevalli et al. 2004). It is to be noted that the total
alkaloid content depends on the source of nitrogen. N-NOj resulted in a 50%
increase of the alkaloid concentration, whereas a mixture of N-NO; and N-NH,
diminished the concentration by 45% (Miranda-Ham et al. 1996). Application of
nitrogen as amides and nitrates yielded better results. Foliar application of N-NH,
+ P and N-NH, + Zn increased the alkaloid content by 59% and 75%, respectively
(Lata and Sadowska 1996b). The formation of indole alkaloids ajmalicine and ser-
pentine was curbed by nitrogen containing mineral salts with composition identical
to MS-medium [KNO; (18.9 x 107 M) together with (NH,)NO;(20 x 10~ M)] or
phosphate [KH,PO, (1.2 x 10=* M)] . For illuminated cultures, highest accumula-
tion of alkaloids, anthocyanins and total phenolics was observed in the absence of
phosphate and mineral nitrogen. CaCl, and MgSO, salts and other micronutrients
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and vitamins of the M S-medium did not affect alkaloid accumulation (Knobloch
et al. 1982; Knobloch and Berlin 1980). These studies elucidate the role of nitrogen
and phosphate containing mineral salts for the formation of secondary compounds
by Catharanthus cells. The general augment of secondary compounds under
medium conditions which limit growth (low auxin, phosphate and nitrogen) advo-
cates the principle that growth and secondary metabolism are regulated antagonisti-
cally by competing for the common precursor amino acids for protein synthesis and
secondary metabolite production (Vining 1990). Contradictory results were obtained
by Mendonca Freitas et al. (2015) in their study where deficiency of N, P, Mg and S
reduced ajmalicine concentration. Potassium deficiency increased ajmalicine con-
centration in C. roseus roots. Potassium, when not applied in the chloride form,
increased the vinblastine content of C. roseus. Contradictorily, higher intracell
accumulation of catharanthine and other indole alkaloids was observed when KCl
was added to the suspension cultures (Lata 2007). On doubling the concentration of
Mg and increasing the concentration of Co by five times of the original nutrient
medium, alkaloid biosynthesis in callus tissue increased by 33% and 35%, respec-
tively (Boldyreva and Velichko 2003). One of the many ways by which C. roseus
plants overcome drought stress was by accumulation of indole alkaloids in shoots
and roots triggered by the application of CaCl, (Jaleel et al. 2007a; Jaleel et al.
2007b). Sprays of B, B and Zn or Zn and Fe led to an 80% increase and a 55%
decrease of the total alkaloid content in the roots and leaves, respectively. Zn is a
requisite for the synthesis of tryptophan, the precursor of indole alkaloids (Lovkova
et al. 2005). Nitrogen plays an important role in the biosynthesis and accumulation
of alkaloids in plants. Abdolzadeh et al. (2006) studied to evaluate of the effects of
varied sources of nitrogen (2.75, 5.5, 11, 22 and 32 mM) on growth and the total
alkaloids content of C. roseus including that of vincristine and vinblastine.
According to their study, the highest content of amino acids, proteins, total nitrogen,
total alkaloids, vincristine and vinblastine was noticed in plant supplied with nitrate
plus ammonium. In another study of Hassan et al. (2009), effect of N and K on
growth, yield and alkaloid content in C. roseus was studied under field conditions.
Significant improvement in all the parameters was recorded to the highest extent in
plants fertilized with 150 Kg/fed of N and 25 Kg/fed of K.

9.4.8 Aloe vera

Aloe vera (Aloe barbadensis Miller) belonging to the family Liliaceae is an industri-
ally important and traditional plant known to produce a gel with medicinal value
(Hamman 2008). Short growth period and its high economic value make it quite
valuable (Gantait et al. 2014). Water constitutes a considerable part (99-99.5%) of
the plant. The rest (0.5-1.0%) of the solid material contain more than 75 different
compounds of potent bioactivity including water- and fat-soluble vitamins, miner-
als, enzymes, simple/complex polysaccharides, phenolic compounds and organic
acids (Abdulrahman 2016). Glucomannans and acemannan are the notable
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carbohydrate polymers present in Aloe vera (Eshun and He 2004). Phenolic com-
pounds found are chromone, anthraquinone (including the hydroxyanthracene
derivatives, aloin A and B, barbaloin, isobarbaloin and aloe emodin) or anthrone
derivatives. Other recognized active components include bradykininase, magne-
sium lactate and salicylic acid (Atherton 1998; Klein and Penneys 1998). The Aloe
latex (aloe), aloe gel (Aloe vera) and aloe whole leaf (aloe extract) each with differ-
ent chemical composition have different therapeutic use. Aloe latex acts as a laxa-
tive; Aloe gel heals wounds, burns and frostbites, with addition to possessing
anti-inflammatory, antifungal, hypoglycaemic and gastroprotective properties; and
aloe extract can be used to combat cancer and AIDS (Mukherjee et al. 2014).

Ji-Dong et al. (2006) and Hazrati (2012) reported that the application of N helped
increase the growth and concentration of the phenolic compound aloin of Aloe vera
plants. In yet another study, the aloin and barbaloin increased in leaf latex with the
nitrogen application (Saradhi et al. 2007). Out of the many tested phosphorus levels,
a considerably higher gel content of Aloe vera was recorded at 150 Kg P,Os ha™!
(Boroomand et al. 2011). Tawaraya et al. (2007) from their study found that inocula-
tion of soil with mycorrhizal fungi enhanced the ability of Aloe to acquire P and N
from soil thus decreasing application of P and N fertilizer. Cardarelli et al. (2013)
performed an experiment represented by pre plant fertilization, reduced-4 g/L and
standard-8 g/L [fertilizer containing 60.0 g kg™' N, 65.5 gkg™' P,24.9 gkg' K, 12.0
g kg™ Mg, 7.1 g kg™ Ca and trace elements], and post plant fertilization, standard
fertilization regime (nutrient solution 120 mg L~' N, 100 mg L=' K, 72 mg L' Ca,
30 mg L' Mg and trace elements) and reduced fertilization regime (50% of stan-
dard nutrient solution). Doubling the fertilizer dose from 50 to 100% increased
plant growth but reduced the leaf bioactive compounds, in A. barbadensis, by
decreasing the aloin and the b-polysaccharide concentration. This suggests that the
secondary metabolism of plant was endorsed by low nutrient availability as observed
by Rouphael et al. (2012b). Equivalent nutrient level of N80P40K80 organic sources
of fertilizer treatments worked better than inorganic source (Abdulrahman 2016)
suggesting the prospect of growing organic Aloe vera in a commercial cultivation as
a better marketable product.

9.5 Conclusion

Owing to the bioactivity of active constituents, medicinal and aromatic plants
(MAPs) have been utilized as therapeutics for thousands of years. Most of these
compounds are secondary metabolites produced by the plants only in low amounts
from natural sources. Although many studies are focused on the effect of minerals
on the overall growth, development and yield of the MAPs, comparatively few stud-
ies have been done to evaluate the direct role of minerals on active constituents of
these plants. Secondary metabolites which are a source of important pharmaceuti-
cals are used by plants to adapt to the environment. The involvement of macro- and
micronutrients in building basic organic compounds and in almost all plant life
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processes and the results of the presented agronomic studies show the important
role of these minerals in the amendments of active constituents. The response to
macro- and micronutrients application varied depending on the crop and its variety.
The rate of application of macronutrients like nitrogen, phosphorus, potassium, sul-
phur, calcium, magnesium and microelements and the synergistic or antagonistic
interactions between these minerals determine the essential oil yield and its chemi-
cal composition. Usually N, P and K nutrients gave better oil yields when applied in
some definite combinations rather than individual applications of these major nutri-
ents. Some plants required a specific element in much higher concentration than
others, and others were able to tolerate a much higher concentration of an essential
element that would prove detrimental to a different species. Hence, fertilization by
mineral nutrients influences the biogenesis of secondary plant substances, thereby
determining the quantity and composition of active constituents. It could be con-
cluded that an optimal and balanced mineral fertilization, customized for individual
MAPs, according to their nutritional requirements and growing conditions, is an
important cultivation factor determining the therapeutic and medicinal values of the
MAPs. Contradictory results obtained by different authors in general may be
ascribed to different experimental conditions, and harvesting dates, to residual pres-
ence of the tested nutrients already in the soil or to unawareness of the ontogenesis
of the substances. The soil buffer ability for the nutrient might hint us about plant
uptake and specific fertilizer requirements. Inoculation of biofertilizers like mycor-
rhizal fungi or bacteria into the soil could enhance the availability and uptake of
fertilizer from the soil, thus decreasing the amount of fertilizer application.
Identification of medicinal and aromatic plant varieties which are efficient absorb-
ers of soil fertilizers/mineral nutrients (absorb less mineral nutrients per unit yield
or active compounds produced), without compromise of the oil quality, is recom-
mendable to farmers.

References

Abdolzadeh, A., Hosseinian, F., Aghdasi, M., & Sadgipoor, H. (2006). Effects of nitrogen sources
and levels on growth and alkaloid content of periwinkle. Asian Journal of Plant Sciences, 5,
271-276.

Abdulrahman, E. M. E. (2016). Impact of nutrients and bio-stimulants on growth and yield of Aloe
vera plants. Doctoral dissertation, Sudan University of Science and Technology.

Adanlawo, I. G., & Dairo, F. A. S. (2007). Nutrient and anti-nutrient constituents of ginger
(Zingiber officinale, roscoe) and the influence of its ethanolic extract on some serum enzymes
in albino rats. International Journal of Biological Chemistry, 1, 38—46.

Aftab, T., Khan, M. M. A_, Idrees, M., Naeem, M., & Moinuddin, M. (2011a). Optimizing nitrogen
levels combined with gibberellic acid for enhanced yield, photosynthetic attributes, enzyme
activities and artemisinin content of Artemisia annua. Frontiers of Agriculture in China, 5,
51-59.

Alaghemand, A., Ghorbanpour, M., Asli, D. E., & Moghaddasian, B. (2013). Calcium fertiliza-
tion effects on hyoscyamine and scopolamine accumulation in henbane (Hyoscyamus niger L.)
under hydroponic culture. European Journal of Experimental Biology, 3, 228-232.



9 Unravelling the Impact of Essential Mineral Nutrients on Active Constituents... 201

Arabaci, O., & Bayram, E. (2004). The effect of nitrogen fertilization and different plant densities
on some agronomic and technologic characteristic of Ocimum basilicum L. (basil). Journal of
Agronomy, 3, 255-262.

Arabaci, O., Bayram, E., Baydar, H., Savran, A. F., Karagodan, T., & Ozay, N. (2007). Chemical
composition, yield and contents of essential oil of Lavandula hybrida Reverchon grown
under different nitrogen fertilizer, plant density and location. Asian Journal of Chemistry, 19,
2184-2192.

Ashraf, M., Qasim, A., & Zafar, . (2006). Effect of nitrogen application rate on the content and
composition of oil, essential oil and minerals in black cumin (Nigella sativa L.) seeds. Journal
of the Science of Food and Agriculture, 86, 871-876.

Atherton, P. (1998). Aloe vera: magic or medicine? Nursing Standard, 12, 49-52.

Aziz, E. E., El-Danasoury, M. M., & Craker, L. E. (2010a). Impact of sulphur and ammonium
sulphate on dragonhead plants grown in newly reclaimed soil. Journal of Herbs Spices &
Medicinal Plants, 16, 126—135.

Aziz, E. E., Ezz El-Din, A. A., & Omer, E. A. (2010b). Influence of zinc and iron on plant
growth and chemical constituents of Cymbopogon citratus L. grown in newly reclaimed land.
International Journal of Academic Research, 2, 278-283.

Azizi, M., & Dias, A. (2004). Nitrogen and phosphorus fertilizers affect flavonoids contents of
St. John’s wort (Hypericum perforatum L.). Proceedings of 4th International Iran & Russia
Conference, Shahrkurd, Iran 458-462. Retrieved from http://iirc.narod.ru/4conference/
Fullpaper/20003.pdf

Bakken, A. K., Gauteb, H., & Myhr, K. (1997). The potential of crushed rocks and mine tailings
as slow releasing K fertilizers assessed by intensive cropping with Italian reygrass in different
soil types. Nutrient Cycling in Agroecosystems, 47, 41-48.

Barnauskiene, R., Rimantas Venskutonis, P., Visykelis, P., & Dambruskiene, E. (2003). Influence
of nitrogen fertilizers on the yield and composition of thyme (Thymus vulgaris). Journal of
Agricultural and Food Chemistry, 51, 7751-7758.

Bogers, R. J., Craker, L. E., & Lange, D. (Eds.). (2000). Medicinal and aromatic plants:
Agricultural, commercial, ecological, legal, pharmacological and social aspects (Wageningen
UR Frontis series). Dordrecht: Springer.

Boldyreva, Y. A., & Velichko, N. A. (2003). Effect of the compounds of mineral nutrition on the
Catharanthus roseus Callus tissue growth and synthesis of alkaloids. Biotekhnologiya, 19, 53-62.

Boroomand, N., Marezi, A., & Sadat, H. G. M. (2011b). Effect of organic and phosphorus on min-
eral and yield of Ocimum basilicum. 7th Iranian Congress of Horticultural Science, Isfahan,
Iran.

Boroomand, N., Nakhaei, M., & Sadat, H. G. M. (2011a). Effect of potassium and phosphorous
on growth and yield of Aloe vera L. 7th Iranian Congress of Horticultural Science, Isfahan,
Iran. 375-381.

Brisibe, E. A., Umoren, U. E., Brisibe, F., Magalhdes, P. M., Ferreira, J. F.,, Luthria, D., Wu, X., &
Prior, R. L. (2009). Nutritional characterisation and antioxidant capacity of different tissues of
Artemisia annua L. Food Chemistry, 115, 1240-1246.

Briskin, D. (2000). Medicinal plants and phytomedicines. Linking plant biochemistry and physiol-
ogy to human health. Plant Physiology, 124, 507-514.

Buntain, M., & Chung, B. (1994). Effects of irrigation and nitrogen on the yield components of fen-
nel (Foeniculum vulgare Mill.) Australian Journal of Experimental Agriculture, 34, 845-849.

Cardarelli, M., Rouphael, Y., Rea, E., Lucini, L., Pellizzoni, M., & Colla, G. (2013). Effects of
fertilization, arbuscular mycorrhiza, and salinity on growth, yield, and bioactive compounds of
two aloe species. HortScience, 48, 568-575.

Chaimovitsh, D., Stelmakh, R. O., Altshuler, O., Belausov, E., Abu-Abied, M., Rubin, B., Sadot,
E., & Dudai, N. (2012). The relative effect of citral on mitotic microtubules in wheat roots and
BY2 cells. Plant Biology, 14, 354-364.

Chauhan, R. S., Kaul, M. K., Shahi, A. K., Kumar, A., Ram, G., & Tawa, A. (2009). Chemical
composition of essential oils in Mentha spicata L. Accession [IIIM (J) 26] from north-west
Himalayan region, India. Industrial Crops and Products, 29, 654—656.


http://iirc.narod.ru/4conference/Fullpaper/20003.pdf
http://iirc.narod.ru/4conference/Fullpaper/20003.pdf

202 M. Singh et al.

Chempakam, B., & Parthasarathy, V. A. (2008). Turmeric. In V. A. Parthasarathy, B. Chempakam,
& T.J. Zachariah (Eds.), Chemistry of spices (pp. 97-123). Oxfordshire: CABI.

Chen, I. N., Chang, C. C., Ng, C. C., Wang, C. Y., Shyu, Y. T., & Chang, T. L. (2008). Antioxidant
and antimicrobial activity of Zingiberaceous plants in Taiwan. Plant Foods for Human
Nutrition, 63, 15-20.

Collin, H. (2006). Herbs, spices and cardiovascular disease. In K. V. Peter (Ed.), Handbook of
herbs and spices (Vol. 3, pp. 126—137). Cambridge: Woodhead Publishing Limited.

Covello, P. S. (2008). Making artemisinin. Phytochemistry, 69, 2881-2885.

Craker, L. E., Gardner, Z., & Etter, S. C. (2003). Herbs in American fields: A horticultural perspec-
tive of herb and medicinal plant production in the United States, 1903 to 2003. HortScience,
38,977-983.

Craker, L. E., & Gardner, Z. E. (2006). Medicinal plants and tomorrow’s pharmacy: An American
perspective. In R. J. Bogers, L. E. Craker, & D. Lange (Eds.), Medicinal and aromatic plants:
Agricultural, commercial, ecological, legal, pharmacological and social aspects (Vol. 17,
pp- 29—41). Dordrecht: Springer.

Croteau, R., Burbott, A. J., & Loomis, W. D. (1972a). Biosynthesis of mono-and sesqui-terpenes in
peppermint from glucose — *C and “CO,. Phytochemistry, 11, 2459-2467.

Croteau, R., Kutchan, T. M., & Lewis, N. G. (2000). Natural products (secondary metabolites). In
B. Buchanan, W. Gruissem, & R. Jones (Eds.), Biochemistry and molecular biology of plants
(pp- 1250-1318). Rockville: American Society of Plant Physiologists.

Daneshian, A., Gurbuz, B., Cosge, B., & Ipek, A. (2009). Chemical components of essential oils
from basil (Ocimum basilicum L.) grown at different nitrogen levels. International Journal of
Natural & Engineering Sciences, 3, 8—12.

Daneshkhah, M., Mohsen, K., & Nikbakht, A. (2007). Effects of different levels of nitrogen and
potassium fertilizers on flower yield and essential oil content of Rosa damascena Mill. From
Barzok of Kashan. Iranian Journal of Horticultural Science and Technology, 8, 83-90.

Davies, M., Atkinson, C., Burns, C., Woolley, G., Hipps, N. A., Arroo, R. R. J., Dungey, N.,
Robinson, T., Brown, P., Flockart, 1., Hill, C., Smith, L., & Bentley, S. (2009). Enhancement
of artemisinin concentration and yield in response to optimization of nitrogen and potassium
supply to Artemisia annua. Annals of Botany, 104, 315-323.

Davies, M. J., Atkinson, C. J., Burns, C., Arroo, R., & Woolley, J. (2011). Increases in leaf artemis-
inin concentration in Artemisia annua in response to the application of phosphorus and boron.
Industrial Crops and Products, 34, 1465-1473.

Desmarest, P. (1978). New aspects of fennel cultivation in France. Acta Horticulturae, 73,289-295.

Dhingra, V., Pakki, S. R., & Narasu, M. L. (2000). Antimicrobial activity of artemisinin and its
precursors. Current Science, 78(6), 709-713.

Dordas, C., Apostolides, G., & Goundra, O. (2007). Boron application affects seed yield and seed
quality of sugar beets. The Journal of Agricultural Science, 145, 377-384.

El-Hawaz, R., Tharayil, N., Bridges, W., & Adelberg, J. (2016). Mineral nutrition of Curcuma
longa L. in bioreactors affects subsequent development of curcuminoids following transfer to
the greenhouse. Industrial Crops and Products, 83, 186—193.

Eshun, K., & He, Q. (2004). Aloe vera: A valuable ingredient for the food, pharmaceutical and
cosmetic industries-a review. Critical Reviews in Food Science and Nutrition, 44, 91-96.

European Medicines Agency (EMEA). (2008). Committee on herbal medicinal products (HMPC).
Assessment report on Foeniculum vulgare miller. Emea/Hmpc/137426/2006.

Ezz El-Din, A. A., Hendawy, S. F.,, Aziz, E. E., & Omer, E. A. (2010). Enhancing growth yield and
essential oil of caraway plants by nitrogen and potassium fertilizers. International Journal of
Academic Research, 2, 192—-197.

Ferreira, J. F. (2007). Nutrient deficiency in the production of artemisinin, dihydroartemisinic acid,
and artemisinic acid in Artemisia annua L. Journal of Agricultural and Food Chemistry, 55(5),
1686-1694.

Ganjewala, D., & Gupta, A. K. (2013). 8 Lemongrass (Cymbopogon flexuosus Steud.) Wats essen-
tial oil: Overview and biological activities. RPMP, 37, 235-271.



9 Unravelling the Impact of Essential Mineral Nutrients on Active Constituents... 203

Ganjewala, D., Kumari, A., & Khan, K. H. (2008). Ontogenic and developmental changes in
essential oil content and compositions in Cymbopogon flexuosus cultivars. In B. N. Prasad
& L. Mathew (Eds.), Recent advance in biotechnology (pp. 82-92). New Delhi: Excel India
Publishers.

Gantait, S., Sinniah, U. R., & Das, P. K. (2014). Aloe vera: A review update on advancement of in
vitro culture. Journal Acta Agriculturae Scandinavica, Section B—Soil & Plant Science, 64,
1-12.

Gottlieb, O. R. (1990). Phytochemicals: Differentiation and function. Phytochemistry, 29,
1715-1724.

Green, C. E., & Mitchell, S. A. (2014). The effects of blanching, harvest time and location (with
a minor look at postharvest blighting) on oleoresin yields, percent curcuminoids and levels
of antioxidant activity of turmeric (Curcuma longa) rhizomes grown in Jamaica. Modern
Chemistry & Applications, 2, 2-9.

Grindberg, R. V., Shuman, C. F., Sorrels, C. M., Wingerd, J., & Gerwick, W. H. (2007). Neurotoxic
alkaloids from cyanobacteria. In E. Fattorusso (Ed.), Modern Alkaloids POT-S (pp. 139—-170).
Weinheim: Wiley-VCH.

Gurib-Fakim, A. (2006). Medicinal plants: Traditions of yesterday and drugs of tomorrow.
Molecular Aspects of Medicine, 27, 1-93.

Hamman, J. H. (2008). Composition and applications of Aloe vera leaf gel. Molecules, 13,
1599-1616.

Hanudin, E., Wismarini, H., Hertiani, T., & Sunarminto, B. H. (2012). Effect of shading, nitro-
gen and magnesium fertilizer on phyllanthin and total flavonoid yield of Phyllanthus niruri in
Indonesia soil. Journal of Medicinal Plants Research, 6, 4586—4592.

Harendra, K., & Yadav, D. S. (2007). Effect of phosphorus and sulphur levels on growth, yield
and quality of Indian mustard (Brassica juncea) cultivars. Indian Journal of Agronomy, 52,
1541-1157.

Hartman, H. (2007). Consumer culture and the future of organic usage. The Hartman Group, Inc.
Retrieved from www.hartmangroup.com/products/HB/2006_11_01.html.

Hassan, R. A., Habib, A. A., & El-Din, A. E. (2009). Effect on nitrogen and potassium fertil-
ization on growth, yield and alkaloidal content of periwinkle (Catharanthus roseus G. Don).
Medicinal and Aromatic Plant Science and Biotechnology, 3, 24-26.

Hazrati, S. (2012). Effects of various levels of N on productivity of Aloe barbadensis L. and its
inhibitory effect on Trichophyton rubrum. Advances in Horticultural Science, 24(4), 187-190.

Heidari, S., Soltani, F., Azizi, M., & Hadian, J. (2014). Foliar application of Ca and K improves
growth, yield, essential oil yield and nutrient uptake of tarragon (Artemisia dracunculus L.)
grown in Iran. International Journal of Biosciences, 4, 323-338.

Hendawy, S. F., & Khalid, K. A. (2011). Effect of chemical and organic fertilizers on yield
and essential oil of chamomile flower heads. Medicinal and Aromatic Plant Science and
Biotechnology, 5, 43—48.

Hirschi, K. D. (2004). The calcium conundrum: Both versatile nutrient and specific signal. Plant
Physiology, 136, 2438-2442.

Husain, A. (1994). Palmarosa. In Essential oil plants and their cultivation (pp. 58-66). Lucknow:
Central Institute of Medicinal and Aromatic Plants (CIMAP).

Jabbari, R., Dehaghi, M. A., Sanavi, A. M. M., & Agahi, K. (2011). Nitrogen and iron fertilization
methods affecting essential oil and chemical composition of thyme (Thymus vulgaris L.) med
plant. Advances in Environmental Biology, 5, 433-438.

Janishevskii, F. V., & Dzhaparidze, N. M. (1990). The effect of potassium fertilizer form on
Catharanthus roseus. Subtropicheskie Kul’tury, 2, 131-135.

Jaleel, C. A., Manivannan, P., Kishorekumar, A., Sankar, B., Gopi, R., Somasundaram, R., &
Panneerselvam, R. (2007a). Alterations in osmoregulation, antioxidant enzymes and indole
alkaloid levels in Catharanthus roseus exposed to water deficit. Colloids and Surfaces. B,
Biointerfaces, 59, 150-157.

Jaleel, C. A., Manivannan, P., Sankar, B., Kishorekumar, A., Gopi, R., Somasundaram, R., &
Panneerselvam, R. (2007b). Water deficit stress mitigation by calcium chloride in Catharanthus


http://www.hartmangroup.com/products/HB/2006_11_01.html

204 M. Singh et al.

roseus: Effects on oxidative stress, proline metabolism and indole alkaloid accumulation.
Colloids and Surfaces. B, Biointerfaces, 60, 110-116.

Jeliazkova, E. A., Zheljazkov, V. D., Craker, L. E., Yankov, B., & Georgieva, T. (1999). NPK fertil-
izer and yields of peppermint, Mentha x piperita. Acta Horticulturae, 502, 231-236.

Jemal, K., & Abebe, A. (2016). Determination of bio-char rate for improved production of lemon
grass (Cymbopogon citratus L.) International journal of Advanced Biological and Biomedical
Research, 4, 149-157.

Ji-Dong, W., Zaho-pu, L., Qing-song, Z., Ling, L., & Feng-zhi, P. (2006). Effects of different N
levels on seedling growth, nitrate and its secondary metabolites in Aloe vera seeding. Plant
Nutrition and Fertilizer Science, 12, 864-868.

Kalaivani, K., Senthil-Nathan, S., & Murugesan, A. G. (2012). Biological activity of selected
Lamiaceae and Zingiberaceae plant essential oils against the dengue vector Aedes aegypti L.
(Diptera: Culicidae). Parasitology Research, 110(3), 1261-1268.

Kalita, B., Bora, S., & Sharma, A. K. (2013). Plant essential oils as mosquito repellent-a review.
International Journal of Research and Development in Pharmacy & Life Sciences, 3(1),
741-747.

Kandil, M., Ahmed, S., Sator, C., & Schnug, E. (2002). Effect of organic and inorganic fertilisa-
tion on fruit and essential oil yield of fennel (Foeniculum vulgare Mill.) grown in Egypt. In
Proceeding Fachtagung fiir Heil- und Gewuerzpflanzen Ahrweiler (im Druck).

Kapoor, R., Chaudhary, V., & Bhatnagar, A. K. (2007). Effects of arbuscular mycorrhiza and
phosphorus application on artemisinin concentration in Artemisia annua L. Mycorrhiza, 17,
581-587.

Katiyar, R., Gupta, S., & Yadav, K. R. (2011). Cymbopogon winterianus: An important spe-
cies for essential java citronella oil and medicinal values. In National Conference on Forest
Biodiversity: Earth’s living treasure FRI Kanpur.

Katsukawa, M., Nakata, R., Takizawa, Y., Hori, K., Takahashi, S., & Inoue, H. (2010). Citral,
a component of lemongrass oil, activates PPAR4 and 4 and suppresses COX-2 expression.
Biochimica et Biophysica Acta, 1801, 1214-1220.

Khadria, A., Serralheirob, M. L. M., Nogueirab, J. M. F., Neffatic, M., Smitia, S., & Araujob,
M. E. M. (2008). Antioxidant and antiacetylcholinesterase activities of essential oils from
Cymbopogon schoenanthus L. Spreng. Determination of chemical composition by GC—mass
spectrometry and 13C NMR. Food Chemistry, 109, 630-637.

Kiferle, C., Maggini, R., & Pardossi, A. (2013). Influence of nitrogen nutrition on growth and
accumulation of rosmarinic acid in sweet basil (Ocimum basilicum L.) grown in hydroponic
culture. Australian Journal of Crop Science, 7,321-327.

Kim, J. M., Marshall, M. R., Cornell, J. A., Preston, J. F., & Wei, C. L. (1995). Antibacterial activity
of carvacrol, citral, and geraniol against Salmonella typhimurium in culture medium and on fish
cubes. Journal of Food Science, 60, 1364—1368.

Klein, D. K., & Penneys, N. S. (1998). Aloe Vera. Journal of the American Academy of Dermatology,
18, 714-720.

Knobloch, K. H., Bast, G., & Berlin, J. (1982). Medium-and light-induced formation of serpen-
tine and anthocyanins in cell suspension cultures of Catharanthus roseus. Phytochemistry, 21,
591-594.

Knobloch, K. H., & Berlin, J. (1980). Influence of medium composition on the formation of sec-
ondary compounds in cell suspension cultures of Catharanthus roseus (L.) G. Don. Zeitschrift

fuer Naturforschung, 35¢, 551-556.

Kumaran, A. M., D’Souza, P., Agarwal, A., Bokkolla, R. M., & Balasubramaniam, M. (2003).
Geraniol, the putative anthelmintic principle of Cymbopogon martini. Phytotherapy Research,
17, 957-960.

Lata, B. (2007). Cultivation, mineral nutrition and seed production of Catharanthus roseus (L.)
G. Don in the temperate climate zone. Phytochemistry Reviews, 6, 403-411.

Lata, B., & Sadowska, A. (1996a). Effect of nitrogen level in the substrate on yield and alkaloid
concentration in Catharanthus roseus L. (G.) don. Folia Horticulturae, 8, 59-69.



9 Unravelling the Impact of Essential Mineral Nutrients on Active Constituents... 205

Lata, B., & Sadowska, A. (1996b). Effect of N, P, K, and Zn foliar fertilization on the yield of
Catharanthus roseus L. (G.) don. Folia Horticulturae, 8, 51-58.

Lee, K. D., & Yang, M. S. (2005). Changes in mineral and terpene concentration following calcium
fertilization of Chrysanthemum boreale M. Research Journal of Agriculture and Biological
Sciences, 1,222-226.

Leung, A. Y., & Foster, S. (1996). Encyclopaedia of common natural ingredients used in food,
drugs and cosmetics (2nd ed.). New York: John Wiley and Sons, Inc.

Liu, C. Z., Guo, C., Wang, Y., & Ouyang, F. (2003). Factors influencing artemisinin production
from shoot cultures of Artemisia annua L. World Journal of Microbiology and Biotechnology,
19, 535-538.

Liu, C. Z., Wang, Y. C., Ouyang, F, Ye, H. C., & Li, G. F. (1997). Production of artemisinin by
hairy root cultures of Artemisia annua L. Biotechnology Letters, 19, 927-930.

Lovkova, M. Y., Buzuk, G. N., Sokolova, S. M., & Buzuk, L. N. (2005). Role of elements and
physiologically active compounds in the regulation of synthesis and accumulation of indole
alkaloids in Catharanthus roseus L. Applied Biochemistry and Microbiology, 41, 299-305.

Lu, L., He, C., Jin, Y., Zhang, X., & Wei, J. (2013). Effects of the applications of phosphorus and
potassium fertilizers at different growth stages on the root growth and bioactive compounds of
Salvia miltiorrhiza Bunge. Australian Journal of Crop Science, 7, 1533-1543.

Lu-jiu, L. I., Rong-le, L. 1., Fang, C. H., Ji-yun, J. L., Jia-jia, W. A., Dian-li, Y. A., & Dong-ping,
L. I. (2010). Effect of different N application rates on yield, qualities and N uptake of ginger.
Plant Nutrition and Fertilizer Science, 2, 019.

Mahfouz, S. A., & Sharaf-Eldin, M. A. (2007). Effect of mineral vs. biofertilizer on growth,
yield, and essential oil content of fennel (Foeniculum vulgare Mill). International
Agrophysics, 21, 361.

Mairapetyan, S. K., Tadevosyan, A. H., Alexanyan, S. S., & Stepanyan, B. T. (1997). Optimization
of the N: P: K ratio in the nutrient medium of some soilless aromatic and medicinal plants. In
II WOCMAP Congress medicinal and aromatic plants, part 3: Agricultural production, post
harvest techniques. Biotechnology, 502, 29-32.

Major, J., Rondon, M., Molina, D., Riha, S. J., & Lehmann, J. (2010). Maize yield and nutrition dur-
ing 4 years after biochar application to a Colombian savanna oxisol. Plant and Soil, 333, 117-128.

Marotti, M., Piccaglia, R., Giovanelli, E., Deans, S. G., & Eaglesham, E. (1994). Effects of plant-
ing time and mineral fertilization on peppermint (Mentha x piperita L.) essential oil composi-
tion and its biological activity. Flavour and Fragrance Journal, 9, 125-129.

Marschner, H. (2002). Mineral nutrition of higher plants (2nd ed.). New York: Academic Press
Inc..

Mathai, K. (2000). Nutrition in the adult years. In L. K. Mahan & S. Escott-Stump (Eds.), Krause’s
food nutrition and diet therapy (Vol. 271, 10th ed., pp. 274-275).

Meagher, E., & Thomson, C. (1999). Vitamin and mineral therapy. In G. Morrison & L. Hark
(Eds.), Medical nutrition and disease (2nd ed., pp. 33-58). Malden: Blackwell Science.

Mendonca Freitas, M. S., Gama, M. C., Monnerat, P. H., De Carvalho, A. J. C,, Lima, T. C., &
Vieira, L. J. C. (2015). Induced nutrient deficiencies in Catharantus roseus impact ajmalicine
bioproduction. Journal of Plant Nutrition, 39, 835-841.

Miguel, G., Simoes, M., Figueiredo, A. C., Barroso, J. G., Pedro, L. G., & Carvalho, L. (2004).
Composition and antioxidant activities of the essential oils of Thymus caespititius, Thymus
camphorates and Thymus mastichina. Food Chemistry, 86, 183—188.

Mint Industry Research Council. (2015). Retrieved Oct 15, 2016 from, http://usmintindustry.org/

Miranda-Ham, M. L., Gomez, 1., & Loyola-Vargas, V. M. (1996). Effect of inorganic nitrogen
source on ammonium assimilation enzymes of Catharanthus roseus plants. Python Buenos
Aires, 58(1/2), 125-133.

Mitchell, A. R., & Farris, N. A. (1996). Peppermint response to nitrogen fertilizer in an arid cli-
mate. Journal of Plant Nutrition, 19, 955-967.

Modak, M., Dixit, P., Londhe, J., Ghaskadbi, S., & Devasagayam, T. P. A. (2007). Indian herbs and
herbal drugs used for the treatment of diabetes. Journal of Clinical Biochemistry and Nutrition,
40, 163-173.


http://usmintindustry.org

206 M. Singh et al.

Mridula, K. R., & Jayachandran, B. K. (2001). Quality of mango-ginger (Curcuma amada roxb.)
as influenced by mineral nutrition. Journal of Tropical Agriculture, 39, 182—183.

Mukherjee, P. K., Nema, N. K., Maity, N., Mukherjee, K., & Harwansh, R. K. (2014). Phytochemical
and therapeutic profile of Aloe vera. Journal of Natural Remedies, 14, 1-26.

Mumivand, H., Babalar, M., Hadian, J., & Fakhr Tabatabaei, M. (2011). Plant growth and essential
oil content and composition of Satureja hortensis L. cv. Saturn in response to calcium carbon-
ate and nitrogen application rates. Journal of Medicinal Plants Research, 5, 1859-1866.

Newman, D. J., & Cragg, G. M. (2007). Natural products as sources of new drugs over the last 25
years. Journal of Natural Products, 70, 461-477.

Nguyen, P. M., & Niemeyer, E. D. (2008). Effects of nitrogen fertilization on the phenolic compo-
sition and antioxidant properties of basil (Ocimum basilicum L.) Journal of Agricultural and
Food Chemistry, 56, 8685-8691.

Nunnery, J. K., Mevers, E., & Gerwick, W. H. (2010). Biologically active secondary metabolites
from marine cyanobacteria. Current Opinion in Biotechnology, 21, 787-793.

NurzyEska-Wierdak, R., & Borowski, B. (2011). Changes in the content and chemical composi-
tion of sweet basil essential oil under the influence of fertilization of plants with nitrogen and
potassium. Annales Universitatis Mariae Curie-Sklodowska Sectio DDD, Pharmacia, 24(3),
133-145.

Nurzyska-Wierdak, R. (2012). Sweet basil essential oil composition: Relationship between cul-
tivar, foliar feeding with nitrogen and oil content. Journal of Essential Oil Research, 24,
217-227.

Ohallorans, J. M., Munoz, M. A., & Colberg, O. (1993). Effect of chicken manure on chemical
properties of a Mollisil and tomato production. Journal of Agriculture of the University of
Puerto Rico, 77, 181-191.

Okwu, D. E. (2004). Phytochemicals and vitamin content of indigenous spices of south eastern
Nigeria. Journal of Sustainable Agriculture and Environment, 6, 30-34.

Ozguven, M., Kirpik, M., & Sekeroglu, N. (2002). Determination of the optimal sowing time
and nitrogen fertilization for lavender (La-vandula angustifolia Mill.) in the Cukurova condi-
tions, In Proceedings of the Workshop on Agricultural and Quality Aspects of Me-dicinal and
Aromatic Plants, Adana, Turkey (Vol. 2000, pp. 217-223).

Ozgﬁven, M., Sener, B., Orhan, I., Sekerglu, N., Kirpik, M., Kartal, M., Pesin, 1., & Kaya, Z.
(2008). Effects of varying nitrogen doses on yield, yield components and artemisinin content
of Artemisia annua L. Industrial Crops and Products, 27, 60-64.

Percival, S. (2000). Use of Echinacea in medicine. Biochemical Pharmacology, 60, 155-158.

Pinzon-Torres, J. A., Porras, C., Jovany, N., Duran Garcia, D. C., Martinez Morales, J. R., &
Stashenko, E. (2014). Green biomass production and quality of essential oils of palmarosa
(Cymbopogon martini Roxb.) with application of synthesis fertilizers and organic fertilizers.
Acta Agronomica, 63, 335-342.

Polasa, K., & Nirmala, K. (2003). Ginger: Its role in xenobiotic metabolism. /CMR Bulletin, 33,
57-62.

Prasad, A., Chattopadhyay, A., Yadav, A., & Kumari, R. (2008). Variation in the chemical composi-
tion and yield of essential oil of rose-scented geranium (Pelargonium sp.) by the foliar applica-
tion of metallic salts. Flavour and Fragrance Journal, 23, 133-136.

Prasad, A., Kumar, S., Pandey, A., & Chand, S. (2012). Microbial and chemical sources of phos-
phorus supply modulate the yield and chemical composition of essential oil of rose-scented
geranium (Pelargonium species) in sodic soils. Biology and Fertility of Soils, 48, 117-122.

Prasad, S., Tyagi, A. K., & Aggarwal, B. B. (2014). Recent developments in delivery, bioavailabil-
ity, absorption and metabolism of curcumin: The golden pigment from golden spice. Cancer
Research and Treatment, 46, 2—18.

Puttanna, K., Praksa Rao, E. V. S., Singh, R., & Ramesh, S. (2010). Influence of nitrogen and
potassium fertilization on yield and quality of rosemary in relation to harvest number.
Communications in Soil Science and Plant Analysis, 41, 190—198.

Rajeswara, R. B. R., & Singh, M. (1990). Effect of NPK fertilizers and spacing on periwinkle
(Catharanthus roseus) under irrigated and rained conditions. Herba Hungarica, 29, 1-2.



9 Unravelling the Impact of Essential Mineral Nutrients on Active Constituents... 207

Ram, M., Singh, R., Ram, D., & Sangwan, R. S. (2003). Foliar application of phosphate increased
the yield of essential oil in menthol mint (Mentha arvensis). Australian Journal of Experimental
Agriculture, 12, 1263-1268.

Ramezani, S., Rezaei, M. R., & Sotoudehnia, P. (2009). Improved growth, yield and essential
oil content of basil grown under different levels of phosphorus sprays in the field. Journal of
Applied Biological Sciences, 3, 105-110.

Ranaweera, S. S., & Thilakaratne, W. P. (1992a). Mineral nutrition of Cymbopogon nardus (L)
Rendle: Part 1. Effects of magnesium and phosphorus nutrition on growth and the yield of
essential oil. Vidyodaya Journal of Science, 4, 201-208.

Ranaweera, S. S., & Thilakaratne, W. P. (1992b). Mineral nutrition of Cymbopogon nardus (L)
Rendle: Part II. Effects of magnesium and phosphorus nutrition on the fractional composition
of essential oil. Vidyodaya Journal of Science, 4,209-219.

Rao, B. (2003). Bioactive phytochemicals in Indian foods and their potential in health promotion
and disease prevention. Asia Pacific Journal of Clinical Nutrition, 12, 9-22.

Rouphael, Y., Cardarelli, M., Lucini, L., Rea, E., & Colla, E. (2012b). Nutrient solution concentra-
tion affects growth, mineral composition, phenolic acids and flavonoids in leaves of artichoke
and cardoon. HortScience, 47, 1424—-1429.

Sadanandan, A. K., & Hamza, S. (1996¢). Studies on nutritional requirement of bush pepper (Piper
nigrum L) for yield and quality. In N. M. Mathew & J. Kuruvilla (Eds.), Development in plan-
tation crops research (pp. 223-227). New Delhi: Allied Publishers Ltd.

Sadanandan, A. K., Peter, K. V., & Hamza, S. (2002). Role of potassium nutrition in improving
yield and quality of spice crops in India. In N. S. Pasricha, & S. K. Bansal (Eds.), Potassium
for sustainable crop production (pp. 445-454). Gurgaon, Haryana: Potash Research Institute
of India; Switzerland: International Potash Institute.

Said-Al Ahl, H., Hasnaa, A. H., Ayad, S., & Hendawy, S. F. (2009). Effect of potassium humate
and nitrogen fertilizer on herb and essential oil of oregano under different irrigation intervals.
Journal of Applied Sciences, 23, 319-323.

Sandeep, 1. S., Nayak, S., & Mohanty, S. (2015). Differential effect of soil and environment on
metabolic expression of turmeric (Curcuma longa cv. Roma). Indian Journal of Experimental
Biology, 53,406—411.

Sangwan, N. S., Farooqi, A. H. A., Shabih, F., & Sangwan, R. S. (2001). Regulation of essential oil
production in plants. Plant Growth Regulation, 34, 3-21.

Saradhi, V. S. P,, Khanam, S., Shivananda, B. G., Vasantha, K. T., & Shivananda, T. N. (2007).
Effect of NPK fertilizers on chemical constituents of Aloe vera leaves. Journal of Natural
Remedies, 7, 258-262.

Sarker, S., & Nahar, L. (2007). Bioactivity of turmeric. In P. Ravindran, K. Nirmal Babu,
& K. Sivaraman (Eds.), Turmeric the Genus Curcuma (pp. 257-296). Boca Raton: CRC
Press.

Scavroni, J., Boaro, C. S. F.,, Marques, M. O. M., & Ferreira, L. C. (2005). Yield and composition
of the essential oil of Mentha piperita L. (Lamiaceae) grown with biosolid. Brazilian Journal
of Plant Physiology, 17, 345-352.

Sekeroglu, N., & Ozguven, M. (2006). Effects of different nitrogen doses and plant densities on
yield and quality of Oenothera biennis L. grown in irrigated lowland and un-irrigated dryland
conditions. Turkish Journal of Agriculture and Forestry, 30, 125-135.

Sharma, P. R., Mondhe, D. M., Muthiah, S., Pal, H. C., Shahi, A. K., & Saxena, A. K. (2009).
Anticancer activity of an essential oil from Cymbopogon flexuosus. Chemico-Biological
Interactions, 179, 160—168.

Sharma, S., & Kumar, R. (2012). Effect of nitrogen on growth, biomass and oil composition of
clary sage (Salvia sclarea Linn.) under mid hills of north western Himalayas. Indian Journal of
Natural Products and Resoures, 3, 79-83.

Shim, S., Kim, S., Choi, D. S., Kwon, Y. B., & Kwon, J. (2011). Anti-inflammatory effects of
[6]-shogaol: Potential roles of HDAC inhibition and HSP70 induction. Food and Chemical
Toxicology, 49, 2734-2740.



208 M. Singh et al.

Silviya, R. M., Dabhi, B. K., Aparnathi, K. D., & Prajapati, J. B. (2016). Essential oils of herbs
and spices: Their antimicrobial activity and application in preservation of food. International
Journal of Current Microbiology and Applied Sciences, 5, 885-901.

Singh, M. (2000). Effect of nitrogen, phosphorus and potassium nutrition on herb, oil and artemis-
inin yield in Artemisia annua under semi-arid tropical conditions. Journal of Medicinal and
Aromatic Plant Sciences, 22, 368-3609.

Singh, M. (2008). Effect of nitrogen and potassium fertilizer on growth, herbage and oil yield of
irrigated Palmarosa (Cymbopogon martinii [roxb.] wats. Var. motia burk) in a semi-arid tropi-
cal climate. Journal of Agronomy and Crop Science, 54, 395-400.

Singh, M., & Ganesha Rao, R. S. (2009). Influence of sources and doses of N and K on herbage,
oil yield and nutrient uptake of patchouli [Pogostemon cablin (Blanco) Benth.] in semi-arid
tropics. Industrial Crops and Products, 29, 229-234.

Singh, M., Ganesha Rao, R. S., & Ramesh, S. (2005). Effects of nitrogen, phosphorus and potas-
sium on herbage, oil yield, oil quality and soil fertility of lemongrass in a semi-arid tropical
region of India. The Journal of Horticultural Science and Biotechnology, 80, 493-497.

Singh, M., Ganesha Rao, R. S., & Ramesh, S. (2007). Effects of N and K on growth, herbage, oil
yield and nutrient uptake pattern of rosemary (Rosmarinus officinalis L.) under semi-arid tropi-
cal conditions. The Journal of Horticultural Science and Biotechnology, 82, 414-419.

Singh, M., Khan, M. M. A., & Naeem, M. (2011). Mineral nutrition of turmeric (Curcuma longa
L.) - a commercial spice crop. Germany: Lambert Academic Publishing House.

Singh, M., Khan, M. M. A, & Naeem, M. (2014). Effect of nitrogen on growth, nutrient assimila-
tion, essential oil content, yield and quality attributes in Zingiber officinale Rosc. J Saudi Soc.
Agricultural Sciences, 15, 171-178.

Sivaraman, K. (2007). Agronomy of turmeric. In P. N. Ravindran, K. Nirmal Babu, & K. Sivaraman
(Eds.), Turmeric-The genus Curcuma (pp. 129-153). Boca Raton: CRC Press.

Smillie, T. J., & Khan, I. A. (2010). A comprehensive approach to identifying and authenticating
botanical products. Clinical Pharmacology and Therapeutics, 87, 175-186.

Soeparjono, S. (2016). The effect of media composition and organic fertilizer concentration on the
growth and yield of red ginger rhizome (Zingiber officinale Rosc.) Agriculture and Agricultural
Science Procedia, 9, 450-455.

Sreevalli, Y., Kulkarni, R. N., Baskaran, K., & Chandrashekara, R. S. (2004). Increasing the con-
tent of leaf and root alkaloids of high-alkaloid-content mutants of periwinkle through nitrogen
fertilization. Industrial Crops and Products, 19, 191-195.

Srinivasan, V., Thankamani, C. K., Dinesh, R., Kandiannan, K., Zachariah, T. J., Leela, N. K.,
Hamza, S., Shajina, O., & Ansha, O. (2016). Nutrient management systems in turmeric: Effects
on soil quality, rhizome yield and quality. Industrial Crops and Products, 85, 241-250.

Suh, E. J., & Park, K. W. (2000). Effect of calcium ion in nutrient solution on the content and
composition of essential oil of sweet basil in hydroponics. Journal of Korean Society of
Horticultural Science, 41, 598-601.

Supanjani Tawaha, A. R. M., Yang, M. S., Han, H. S., & Lee, K. D. (2005). Role of calcium in yield
and medicinal quality of Chrysanthemum coronarium L. Journal of Agronomy, 4, 186—190.
Szoke, E., Maday, E., Kiss, S. A., Sonnewend, L., & Lemberkovics, E. (2004). Effect of magne-
sium on essential oil formation of genetically transformed and non-transformed chamomile

cultures. Journal of the American College of Nutrition, 23, 763S-767S.

Tabassum, N., & Ahmad, F. (2011). Role of natural herbs in the treatment of hypertension.
Pharmacognosy Reviews, 5, 30—40.

Tawaraya, K., Turjaman, M., & Ekamawanti, H. A. (2007). Effect of Arbuscular mycorrhizal colo-
nization on nitrogen and phosphorus uptake and growth of Aloe vera L. Horticultural Science,
42, 1737-1739.

Turmeric World. (2014). Retrieved October 1, 2016 from http://turmericworld.com/production.
php

Vining, L. C. (1990). Functions of secondary metabolites. Annual Review of Microbiology, 44,
395-427.


http://turmericworld.com/production.php
http://turmericworld.com/production.php

9 Unravelling the Impact of Essential Mineral Nutrients on Active Constituents... 209

Wang, J. W., & Tan, R. X. (2002). Artemisinin production in Artemisia annua hairy root cultures
with improved growth by altering the nitrogen source in the medium. Biotechnology Letters,
24, 1153-1156.

WHO. (1999). WHO monographs on selected medicinal plants (Vol. 1). Geneva: WHO.

Wink, M. (2003). Evolution of secondary metabolites from an ecological and molecular phyloge-
netic perspective. Phytochemistry, 64, 3—19.

Xie, Z., Ma, X., & Gang, D. (2009). Modules of co-regulated metabolites in turmeric (Curcuma
longa) rhizome suggest the existence of biosynthetic modules in plant specialized metabolism.
Journal of Experimental Botany, 60(1), 87-97.

Xizhen, A., Zhifeng, C., Jingran, Q., Liping, C., & Dewan, Z. (1998). Effects of different lev-
els of supplying fertilizer on ginger quality. Journal of Shandong Agricultural University, 29,
183-188.

Zamborine, E. N., Szabo, K., Rajhart, P., Lelik, L., Bernath, J., & Popp, T. (2016). Effect of nutri-
ents on drug production and essential oil content of lemon balm (Melissa officinalis L.) Journal
of Essential Oil Bearing Plants, 18(6), 1508-1515.

Zhao, X., Yang, Z. B., Yang, W. R., Wang, Y., Jiang, S. Z., & Zhang, G. G. (2011). Effects of gin-
ger root on laying performance and antioxidant status of laying hens and on dietary oxidation
stability. Poultry Science, 90, 1720-1727.

Zheljazkov, V. D., Cantrell, C. L., Astatkie, T., & Cannon, J. B. (2011). Lemongrass productivity,
oil content, and composition as a function of nitrogen, sulfur, and harvest time. Agronomy
Journal, 103, 805-812.

Zheljazkov, V. D., Cantrell, C. L., Astatkie, T., & Ebelhar, M. W. (2010). Peppermint productiv-
ity and oil composition as a function of nitrogen, growth stage, and harvest time. Agronomy
Journal, 102, 124—-128.

Zheljazkov, V. D., Cantrell, C. L., Ebelhar, M. W., Rowe, D. E., & Coker, C. (2008). Productivity,
oil content, and oil composition of sweet basil as a function of nitrogen and sulphur fertiliza-
tion. Horticultural Science, 43, 1415-1422.

Zheljazkov, V. D., Cerven, V., Cantrell, C. L., Ebelhar, W. M., & Horgan, T. (2009). Effect of nitro-
gen, location, and harvesting stage on peppermint productivity, oil content, and oil composi-
tion. Horticultural Science, 44, 1267-1270.



Part 111
Plant Nutrition and Abiotic Stress



Chapter 10
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Abstract With the increase of global population, the demand for food crops, oil,
fiber and other by-product yielding crops is increasing. In contrast to this increasing
demand, abiotic stresses hinder the productivity of plants. Abiotic stresses some-
times reduce more than half of the crop yields. To attain global food security, under-
standing of plant responses to abiotic stresses is crucial because this is the prerequisite
for developing approaches/tools for improving plant stress tolerance. Trace ele-
ments are nutrients required in small quantities to facilitate a range of physiological
functions. These elements stimulate growth but are not essential. Some are essential
only for certain plant species or required under a given condition. Trace elements
not only improve plant physiological processes and growth but play roles in improv-
ing plant stress tolerance. However, the actual physiological functions of trace ele-
ments in conferring abiotic stress tolerance are still under study. This chapter focuses

M. Hasanuzzaman ()
Molecular Biotechnology Group, Center of Molecular Biosciences, Tropical Biosphere
Research Center, University of the Ryukyus, 1 Senbaru, Nishihara, Okinawa 903-0213, Japan

Department of Agronomy, Faculty of Agriculture, Sher-e-Bangla Agricultural University,
Dhaka 1207, Bangladesh
e-mail: mhzsauag @yahoo.com

K. Nahar
Department of Agricultural Botany, Faculty of Agriculture, Sher-e-Bangla Agricultural
University, Dhaka 1207, Bangladesh

Laboratory of Plant Stress Responses, Faculty of Agriculture, Kagawa University,
Miki-cho, Kita-gun, Kagawa 761-0795, Japan

A. Rahman
Department of Agronomy, Faculty of Agriculture, Sher-e-Bangla Agricultural University,
Dhaka 1207, Bangladesh

Laboratory of Plant Stress Responses, Faculty of Agriculture, Kagawa University,
Miki-cho, Kita-gun, Kagawa 761-0795, Japan

© Springer International Publishing AG 2017 213
M. Naeem et al. (eds.), Essential Plant Nutrients,
DOI 10.1007/978-3-319-58841-4_10


mailto:mhzsauag@yahoo.com

214 M. Hasanuzzaman et al.

on the roles of trace elements emphasizing especially the recent advances on the
actions of biological trace elements in plant abiotic stress tolerance.

Keywords Abiotic stress ® Trace elements ¢ Antioxidants ¢ Phytoprotectants ®
Metabolites

10.1 Introduction

With the increase of global population, the demand of food crops, oil, fiber, and
other by-product yielding crops is increasing (Condon et al. 2004; Morison et al.
2008). In contrast to this increasing demand, abiotic stresses hinder the produc-
tivity of plants. Abiotic stresses sometimes reduce more than half of the crop
yields (Wang et al. 2003). Climate prediction models demonstrate the frequency
of occurrence of different abiotic stresses including salinity, drought, flooding,
extreme temperature, UV radiation, ozone, and metal toxicity that have increased
to a great extent, compared to the previous decades (IPCC 2008; Mittler and
Blumwald 2010). Under stressful conditions, plants are subjected to various
physiological and metabolic changes throughout their life cycles starting from
germination to final harvest. These changes include inhibition of germination,
decreased growth, less photosynthesis, lower dry matter assimilation, water
imbalance, impaired nutrient uptake, and ultimate reduction of yield and quality
(Hasanuzzaman et al. 2012a, b, 2013a, b, ¢, d, 2014a, b, 2015, 2016). To attain
global food security, understanding of plant responses to abiotic stresses is cru-
cial because this is the prerequisite for developing approaches/tools for improv-
ing plant stress tolerance (Condon et al. 2004; Morison et al. 2008). In response
to abiotic stresses, antioxidants, hormones, osmoprotectants, and many other
essential metabolites are altered which have major roles to defend abiotic
stresses. Traditional crop improvement methods are time-consuming, costly,
sometimes uncertain, or unsuccessful and sometimes cause crop loss due to

J.A. Mahmud
Laboratory of Plant Stress Responses, Faculty of Agriculture, Kagawa University,
Miki-cho, Kita-gun, Kagawa 761-0795, Japan

Department of Agroforestry and Environmental Science, Faculty of Agriculture, Sher-e-
Bangla Agricultural University, Dhaka 1207, Bangladesh

M.S. Hossain * M. Fujita
Laboratory of Plant Stress Responses, Faculty of Agriculture, Kagawa University,
Miki-cho, Kita-gun, Kagawa 761-0795, Japan

M.K. Alam
School of Veterinary and Life Sciences, Murdoch University, Perth, WA, Australia

H. Oku
Molecular Biotechnology Group, Center of Molecular Biosciences, Tropical Biosphere
Research Center, University of the Ryukyus, 1 Senbaru, Nishihara, Okinawa 903-0213, Japan



10  Actions of Biological Trace Elements in Plant Abiotic Stress Tolerance 215

evolution or genetic degradation. The use of exogenous phytoprotectants includ-
ing micronutrient or trace elements is potent approaches to improve plant abiotic
stress tolerance (Hasanuzzaman et al. 2011a, b, 2013a, b, ¢; Nahar et al. 2015a).

Trace elements are nutrients required in small quantities to facilitate a range of
physiological functions. These elements stimulate growth but are not essential.
Some are essential only for certain plant species or required under a given condi-
tion. The micronutrients or trace elements may include iron (Fe), zinc (Zn), cop-
per (Cu), manganese (Mn), molybdenum (Mo), chromium (Cr), cobalt (Co),
nickel (Ni), selenium (Se), silicon (Si), etc. Trace elements not only improve plant
physiological processes and growth but play roles in improving plant stress toler-
ance. For instance, Si has been proved to improve plants’ tolerance against
drought, salinity, high temperature, chilling, UV radiation, nutrient imbalance,
and metal toxicity (Raven 2001; Liang et al. 2007; Ma and Yamaji 2008;
Hasanuzzaman and Fujita 2011; Ahmed et al. 2012). Plant species supplemented
with Se have shown enhanced resistance to salinity (Hawrylak-Nowak 2009;
Hasanuzzamanetal.2011a,b), drought (Hasanuzzaman et al. 2010; Hasanuzzaman
and Fujita 2011), extreme temperature (Djanaguiraman et al. 2010; Hawrylak-
Nowak et al. 2010), metal toxicity (Hasanuzzaman et al. 2012b), and UV radiation
(Yao et al. 2010). Selenium enhances reactive oxygen species (ROS) and oxida-
tive stress tolerance (Hasanuzzaman et al. 2010; Hasanuzzaman and Fujita 2011).
Exogenous Zn improved cadmium (Cd) tolerance and increased biomass accumu-
lation by reducing its uptake and Cd-induced membrane damage (Wu and Zhang
2002). Zinc application reduced sodium uptake, enhanced antioxidants, and
reduced salt-induced lipid peroxidation and electrolyte leakage (Aktas et al. 2006;
Tavallali et al. 2010). Zinc also increased seed yield and thousand kernels weight
against drought stress (Monjezi et al. 2012). Exogenous application of boron (B)
conferred drought tolerance (Moeinian et al. 2011; Abdel-Motagally and El-Zohri
2016), salt tolerance (Salim 2014), and aluminum (Al) tolerance (Zhou et al.
2015). Salt (Pandya et al. 2004), Cd (Pal’ove-Balang et al. 2006; Peng et al. 2008;
Sebastian and Prasad 2015), and drought (Upadhyaya et al. 2012) stresses were
alleviated by exogenous manganese (Mn) application. However, the actual physi-
ological functions of trace elements in conferring abiotic stress tolerance are still
under study. Considering their importance, this chapter focuses on the roles of
trace elements emphasizing specially the recent advances on the actions of bio-
logical trace elements in plant abiotic stress tolerance.

10.2 Abiotic Stress: The Worst Enemy for Plants

Unlike animals, plants are sessile organisms and thus are bound to grow in the
same habitat fighting with various environmental factors termed as abiotic stress.
In the era of climate change, plants are constantly suffering from various abiotic
stresses like salinity, drought, extreme temperature, flooding, metal toxicity, air
pollution, ozone, UV radiation, and so on. These episodes are becoming more
common due to rapid changes in climate. These stressors, alone or in
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UV-radiation
Causes growth inhibition,
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photosynthesis, changes in ion
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Fig. 10.1 Major abiotic stresses for plants and their general effects (Hasanuzzaman et al. 2016;
With Permission from Elsevier)

Flooding
Causes hypoxia, programmed cell death
and oxidative stress. Sometimes inhibits
nutrient uptake and metabolism.

combination, attack plants, and thus the consequence is often unpredictable and
becomes more severe than we expect. These effects are also greatly varied with
the type and duration/extent of stresses and also depend on the plant species and
genotypes (Pandey 2015). Therefore, it is very difficult to generalize the common
effect of abiotic stress in plants. However, the major effects of abiotic stress in
plants includes loss of seed germination, growth inhibition, disruption of energy
assimilation and photosynthesis, imbalance in metabolism, imbalance in nutrient
homeostasis and nutrient uptake, reduction of crop yield, and deterioration in crop
quality (Fig. 10.1). One of the most common effects of abiotic stress in plants is
oxidative stress which is described separately in a section later in this chapter.

10.3 Plant Responses to Abiotic Stresses

10.3.1 Salinity

Among these abiotic stresses, salinity/salt stress is considered as one of the most
destructive stresses which reduces the land area and production of crop (Yamaguchi
and Blumwald 2005; Shahbaz and Ashraf 2013). Salinity has terrible effects on the
germination, vigor, and yield of the crop (Munns and Tester 2008). Genotype, growth
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stage, intensity, as well as duration of stress are some of the most important factors
which are accountable for the response of the plant to salt stress. When plant exposed
to high salinity, it suffers from osmotic stress, ionic specificity, nutritional and hor-
monal disorders, changing metabolic and physiological processes, and finally oxida-
tive damage (Munns 2002; Zhu 2007). Cellular membrane disorder, photosynthesis
reduction, different toxic metabolite synthesis, nutrient unavailability, and ultimate
plant death are some common consequences of salt stress in plants (Mahajan and
Tuteja 2005). Thus, there are three main ways of affecting plants through salt stress,
e.g., by developing osmotic stress through the reduction of soil water potential, creat-
ing the ionic imbalance within the cell, lowering the concentration of some ions spe-
cially potassium (K*) and calcium (Ca?*), and ultimately causing sodium (Na*) and
chloride (Cl7) ions’ toxicity. Under salt stress, increased Na* interferes with K+ uptake
which is very much important for protein synthesis by acting as binding material, and
thus insufficient concentrations of K* reduces the protein synthesis (Blaha et al. 2000).
Increased Na*-K* ratio and reduced K* availability result in the disruption of many
enzymatic processes. Two major stresses called osmotic and ionic stresses are associ-
ated with salt stress. A usual response of plant to salt stress is growth inhibition which
is caused by the changing concentration of soluble salt and osmotic potential of soil
solution (Tavakkoli et al. 2011). Plant exposure to salt stress causes inhibition of water
uptake and decreases cell expansion and lateral growth due to immediate osmotic
stress occurring in the root medium (Munns and Tester 2008). Under salt-induced
osmotic stress, development of shoot is severely affected compared to the root. Slower
and reduced development of leaf area compared to root might be the reason behind it
(Munns and Tester 2008). Impaired chlorophyll (chl) synthesis due to CI~ ion results
in the chlorotic toxicity. Significant reduction of growth and water use efficiency are
also resulting from the excess accumulation of CI~. Germination is one of the most
important phases of plant life cycle determining the final plant density. Germination
and establishment of seedling are reported to decrease by salinity and considered as
one of the major problems of the salt affected area. Salinity directly acts as a limiting
factor for seed germination by delaying the germination time and reducing the final
germination percentage and also limiting plant growth (Rahman et al. 2000). Extended
salinity inhibited seed germination, while a dormant state was observed when seeds
were subjected to lower level of salt stress (Khan and Weber 2008) and it was also
revealed that germination process inhibited by salt stress due to lower osmotic poten-
tial of the growth medium. Salt stress also negatively affects the metabolism of nucleic
acid (Gomes-Filho et al. 2008), proteins (Dantas et al. 2007), and seed food reserve
utilization (Othman et al. 2006). An experiment was conducted by Kaveh et al. (2011)
with S. lycopersicum, and he found significantly reduced germination when subjected
to salinity. The gradual retardation and reduced germination of Hordeum secalinum
were observed with an increase in NaCl concentrations. It was also concluded that
40% and 38% reductions in germination rate occur when treated with 400 and 500
mM NaCl, respectively (Lombardi and Lupi 2006). Bordi (2010) reported that differ-
ent levels of NaCl treatments significantly reduced the germination percentage of B.
napus. Some probable reasons of above-mentioned germination inhibition caused by
salt stress are ionic imbalance, osmotic stress, and reduced seed water uptake. A study
with four rice cultivars also showed remarkable germination reduction when
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subjected to different salinity levels, and germination was also more significantly
reduced in sensitive cultivar compared to tolerant one (Hasanuzzaman et al. 2009).
Salt stress primarily affects plant by reducing the rate of the plant growth. Firstly, the
water uptake capacity of the plant is reduced, and thus growth rate of plant also
reduced quickly due to salinity. There are two phases involved in the salt-induced
growth reduction. Osmotic stress is the reason behind the first-phase growth reduc-
tion, and second phase of growth reduction is caused by excess accumulation of salt
and its toxicity to plants (Munns 2002). The second one ultimately affects the yield by
decreasing the supply of photosynthate in plants and causing death of leaves. Delayed
flowering and reduced crop yield are the results of this growth reduction caused by
salt stress (Munns and Tester 2008). Moreover, alteration of plant water relation also
caused by salinity resulting in cell turgor loss. At the same time, water uptake becomes
more difficult because of the more negative water potential caused by increased salts
present in the root zone (Munns 2002). Stomatal closure is one effective strategy of
osmotically stressed plants for managing loss of water (James et al. 2008). Reduction
in CO, uptake and restricted carboxylation reaction of leaf are executed by closing of
stomata. Therefore, the reduction of carbohydrate production takes place during pho-
tosynthesis which negatively influences the plant growth and crop yield. The reduc-
tion of photosynthesis along with the reduced chl a, chl b, and carotenoid (Car)
pigments were observed under salt stress in rice (Amirjani 2011), mustard (Ahmed
et al. 2012), and many other crops (Hasanuzzaman et al. 2012a). Plants when under
salt stress become unable to take nutrients and water from the soil due to physiological
drought, reduces cell expantion, leaf growth, stomatal closure, and photosynthesis as
well. Salt stress causes the premature yellowing, senescence, and ultimate death of the
older leaf tissues resulting from the increased concentration of toxic ions which
adversely affects photosynthesis (Munns 2002; Munns and Tester 2008). Thus,
reduced photosynthesis is a remarkable effect of salt stress (Leisner et al. 2010;
Raziuddin et al. 2011). Higher Na* and K* toxicity in chloroplasts also inhibits the
photosynthesis process. It has been revealed that salinity involved a positive growth
inhibition which is associated with a marked inhibition of photosynthesis (Fisarakis
et al. 2001). Again, salt stress may affect carbon metabolism or photophosphorylation
(Sudhir and Murthy 2004). High salt stress remarkably hinders crop yield due to
impaired growth and physiological development. In Vigna radiata, reduction in pod
per plant, seed per pod, and seed weight was observed under high salinity (Nahar and
Hasanuzzaman 2009). However, plant tolerance to salt stress is a complicated process,
and it depends on the plants age, growth phase, and environment. To endure the stress
of salinity, plants have developed well-organized adaptive features at the biochemical
level and have antioxidant defense system to fight against the adverse condition.
Usually, under salt stress, plants accumulate osmoprotectants of different types like
proline (Pro), betaines, glycerols, sucrose, trehalose, etc. (Budak et al. 2013). The
mechanisms how plant responds to salt stress are very complex and are still a matter
of further research. It is an urgent task for the plant biologists to explore the possible
ways of alleviating the damaging effects of salt stress.
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10.3.2 Drought

Drought stress remained the greatest constraints for plant productivity throughout the
world due to the increasing shortage of water. Drought stress limits plant growth sig-
nificantly though the reduction of plant growth depends upon the degree of osmotic
stress, stages of crop growth, and cultivar (Budak et al. 2013). Reduction in root and
shoot growth is greater in susceptible soybean genotype because tolerant genotype
can hold much water than susceptible one (Hossain et al. 2014). A study on growth of
six bedding plants under drought stress revealed that plant dry weight, leaf area, and
plant height differ significantly depending on species. Here, a significant reduction
was observed in dry weight of Cineraria maritima L, Petunia x hybrida, and Plumbago
auriculata under water-deficit condition, whereas leaf area reduced in Plumbago and
plant height reduced in Plumbago and Vinca compared to control (Niu et al. 2006).
Sapeta et al. (2013) reported the growth (stem diameter, stem length, leaf number,
etc.) of two Jatropha curcas was reduced due to drought stress. Similarly, upon rehy-
dration both genotypes showed tolerance to drought. In another study, two varieties of
barley exposed to drought (50% field capacity, FC) showed significant reduction in
leaf area and leaf appearance rate (Thameur et al. 2012). Reduction in water uptake
and energy supply, impaired enzyme activities, loss of turgor, and reduction in cell
division and expansion are considered as reasons for inhibited growth under water
shortage condition (Taiz and Zeiger 2006; Hasanuzzaman et al. 2014c¢). Photosynthesis,
the most sensitive physiological process to dehydration, is considered as physiologi-
cal basis of crop yield (Luo et al. 2016). Several factors influence photosynthesis such
as leaf area, stomatal opening and closure, water status in the leaf tissues, rate of CO,
assimilation, electron transport and CO, assimilation reactions, and ribulose bisphos-
phate (RuBP) generation. Alteration in any of these factors upon dehydration condi-
tion affects photosynthesis (Ahmad et al. 2014; Hasanuzzaman et al. 2014b). The
reduction in photosynthesis under deficit soil moisture condition in potato is due to
stomatal closure, reduction in CO, assimilation, and excess production of ROS (Li
et al. 2015; Obidiegwu et al. 2015). Comparative study between two maize cultivars
revealed that photosynthetic activity was higher in drought-tolerant maize cultivar
Giza 2 than susceptible Trihybrid 321 cultivar under water shortage condition (Moussa
and Abdel-Aziz 2008). Reduction in photosynthetic pigments, changes in gas
exchange characteristics, damage to photosystems, and reduced activity of enzymes
related to photosynthesis are the common responses under water shortage condition
and thus affect photosynthesis (Ashraf and Harris 2013). Marcinska et al. (2013)
reported the reduction in chl content and photosynthesis under drought stress in wheat.
Accumulation of compatible solutes is a common response of plant under water short-
age condition. Sugar, sugar alcohol, glycine betaine, amino acids, and Pro are com-
mon compatible solutes in plant involved in osmotic adjustment, ROS scavenging,
and protection in protein and cell structure (Budak et al. 2013). In recent years, Pro,
glycine betaine, and total free amino acids were found to be increased in plant under
dehydration condition to maintain leaf turgor and to improve water uptake in drying
soil (Ajithkumar and Panneerselvam 2013). Water shortage significantly affects water
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relation in plants. Water relation can be understood by some attributes such as relative
water content (RWC), leaf water potential, and transpiration rate (Nahar et al. 2017).

10.3.3 Waterlogging

Among the abiotic stresses, excess water or flooding that causes submergence or
waterlogging conditions is also harmful and even lethal for plant (Nishiuchi et al.
2012). Submergence is the condition when a plant is completely covered with water
or remain under water and subjected to anaerobic from aerobic condition (Jackson
and Ram 2003; Nishiuchi et al. 2012). In anaerobic submerged condition, plants
also subject to other secondary stresses such as low light, impaired gas exchange,
and unavailability of plant nutrients (Ram et al. 1999). On the other hand, water
logging is the condition of soil when excess water limits gas diffusion in plant root
zone (Setter and Waters 2003). Excess water or waterlogging condition caused by
heavy rainfall, poor drainage, and irrigation practices subjected plants in complex
changes in several environmental parameters and plant suffered from deficiency of
oxygen, light, and nutrient. Deficiency of oxygen occurred by waterlogged condi-
tion due to limited gas diffusion and rapid consumption of oxygen by soil microor-
ganism leads to hypoxia and progressively to anoxia within few hours. Due to
hypoxia or anoxia, one of the immediate responses of water logging is closing of
stomata to avoid water loss that inhibits respiration (Garcia-Sanchez et al. 2007).
Inhibited respiration consequently downregulates photosynthetic machinery which
decreases chl content (Damanik et al. 2010). Water logging and submergence also
decrease leaf water potential, stomatal conductance, and gas exchange which also
decrease photosynthetic pigment (Arbona et al. 2008). In addition, under submerged
condition, due to oxygen shortage, plant accumulates volatile ethylene which has
both toxicity and signaling effect (Steffens et al. 2011). Although the mechanism is
still unclear, hypoxic condition also results in oxidative stress through overproduc-
tion of ROS (Kumutha et al. 2009; Sairam et al. 2011).

Excess water damages most crops with exception of rice and some other aquatic
plants (Bailey-Serres and Colmer 2014). Compared with other plants, rice has some
adaptive potentiality for submergence tolerance like formation of aerenchyma and
leaf gas film which contribute internal aeration during submergence. Besides these,
tolerant rice cultivars survive under complete submergence using special strategies
of growth control, namely, quiescence and escape strategy. Though rice can be grown
well under flooded and waterlogging conditions, it is not well adapted to sudden and
total submergence when sustained for several days (Nishiuchi et al. 2012; Jackson
and Ram 2003). The visible injury symptoms in rice seedlings appeared with faster
elongation of pseudostem and yellowing of older leaves (Jackson and Ram 2003).
Banerjee et al. (2015) showed some biochemical changes in rice seedlings under
submergence condition (7 days) like decrease in lipid peroxidation and increase of
protein oxidation, phenol content, and flavonoid content. Rice seedlings are also
damaged by oxidative stress in post submergence condition due to massive oxygen
burst and higher light intensity relative to submerged conditions. At recovery stage,
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Ella et al. (2003) showed higher lipid peroxidation and lower chl content in rice
seedlings after 7 days of submergence. Short-term (24 h) water logging condition in
wheat induced transient N deficiency which reduced growth and yield (Robertson
et al. 2009). After 72 h of waterlogging at three-leaf and jointing stage, growth and
yield attributes of summer maize decreased in field condition (Ren et al. 2014).
Kumutha et al. (2009) observed higher lipid peroxidation and growth inhibition
in pigeon pea seedlings due to activation of DPI-sensitive NADPH oxidase under 4
days of waterlogging condition. It also produced smaller and chlorotic leaves which
senesce earlier. Kumar et al. (2013) studied the physiological and morphological
response of tolerant and sensitive cultivars varies in V. radiata after 3, 6, and 9 days
of waterlogging. Growth inhibition and yield reduction were higher in sensitive cul-
tivar (Pusa Baisakhi & MH-1 K-24) compared to tolerant cultivar (T 44 & MH-96—
1) because of poor maintenance of leaf respiration rate and lower formation of
adventitious root. Waterlogging and post-waterlogging condition induced oxidative
stress and decrease photosynthetic rate in citrus seedlings (Hossain et al. 2009).

10.3.4 High Temperature

Increasing global temperatures in last few decades is responsible for severe crop
loss in different countries throughout the world (Long and Ort 2010). Global tem-
perature is expected to increase up to 2.5-5.4 °C by year 2100 (Ciscar 2012).
Intensity, duration, and the rate of increase of temperature are important factors to
create damage effects on plants (Wahid et al. 2007). Reduced germination and bio-
mass, increased tillering, chlorosis, necrosis, early senescence of floral bud, prema-
ture death, and senescence of fruit are some common damage effects of high
temperature (HT, Wahid et al. 2007). Heat stress during seed development results in
structural disintegration and physiological disorders which further reduces germi-
nation and vigor, emergence, and seedling establishment (Akman 2009). High tem-
perature hindered seed germination in rice by reducing a group of proteins involved
in methionine metabolism, amino acid biosynthesis, energy metabolism, reserve
degradation, and protein folding (Liu et al. 2014). Germination of maize is inhibited
beyond 37 °C due to mutilation of protein synthesis whereas coleoptile growth is
completely stopped at 45 °C (Riley 1981; Akman 2009). Increase of soil tempera-
ture beyond 45 °C causes germination failure and epicotyl emergence in sorghum
(Peacock et al. 1993). In tomato, seedling emergence stops beyond 30 °C (Camejo
et al. 2005). In rice, between 15 and 37 °C germination was 90%. But no germina-
tion occurred at 8 and 45 °C (Hartmann et al. 1997). Seed germination of Phacelia
tanacetifolia inhibited by 2.7%, 5.8%, 84.0%, 89.0%, and 91.5% at temperatures of
20, 25, 30, 35, and 40 °C, respectively, compared to 15 °C (optimum for germina-
tion) (Tiryaki and Keles 2012). Lack of plasma membrane reorganization, cytoplas-
mic ion channel maintenance, and inhibition of the reactivation of the metabolic
processes for mobilization of ions from a bound to a free form are responsible for
germination reduction under HT in Phacelia seeds (Pirovano et al. 1997). High
temperature adversely affects soil-plant- water relation, nutrient uptake,
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photosynthesis, transpiration, and respiration, disrupts source/sink balance, and hin-
ders translocation of assimilate. As a result, growth and development are negatively
affected (Prasad et al. 2011). Plants suffer from HT damages are often characterized
by decreased water content and accumulation of osmoprotectant molecules. High
temperature reduced water content in trifoliate orange seedlings (Fu et al. 2014). An
increase of Pro level was noticed in transgenic plant grown under HT condition
(Cvikrova et al. 2013). High temperature (31/18 °C and 34/22 °C, day/night) was
found to decrease total dry weight and harvest index in wheat (Prasad et al. 2011).
Enzymes are thermolabile. Catalytic properties of most enzymes are lost because of
which denature of enzyme under HT. Biosynthesis of proteins and enzymes are
hampered under HT. Severe HT results in complete denaturation of protein,
enzymes, and membrane function and causes cell death (Allakhverdiev et al. 2008).
Structural disorganization of thylakoids and swelling of stromal lamellae are
HT-induced damages (Zhang et al. 2005). Chlorophyll content decreased by 19% in
wheat subjected to HT (31/18 °C and 34/22 °C, day/night) (Prasad et al. 2011).
Increase of temperature from 22 to 32 °C decreases photosynthesis rate and transpi-
ration (Zhang et al. 2010). Solubility of oxygen increases more compared to carbon
dioxide under HT. Oxygen becomes more concentrated for which oxygenation of
RuBP occurs at HT that is termed as photorespiration. Under HT stress, gross pho-
tosynthesis is inhibited but respiration and photorespiration increase for which net
photosynthesis decreases (Allakhverdiev et al. 2008; Mittler et al. 2012). As HT
stress continues with decreasing net photosynthesis, plant begins to use up carbohy-
drate reserves that cause growth reduction. Inhibition of photosynthesis during HT
stress is related to reduction of activity of RuBisCo (Allakhverdiev et al. 2008). The
functioning of photosystem II (PS II) is inhibited by HT (Mittler et al. 2012) due to
decrease of electron transport, removal of external proteins, and release of calcium
and magnesium ions from binding site (Wahid et al. 2007; Zlatev and Lidon 2012).
The singlet oxygen is overproduced under HT that damage D1 and D2 proteins
(Yoshioka et al. 2006). HT restricts conversion of photosynthetic assimilates into
starch that ultimately hampers grain development of cereal or seed development of
legume (Stone and Nicolas 1994). Reproductive development has been long recog-
nized as extremely sensitive to heat stress and most important reason for decreasing
plant productivity (Thakur et al. 2010). The male gametophyte is more sensitive to
HT in contrast to pistil or the female gametophyte (Hedhly 2011). In tomato flowers
due to reduction of anthers and pollen viability, the successful fertilization is seri-
ously hampered which further hinders development of the embryo (Barnabds et al.
2008). High temperature reduced soluble sugars in the anther and pollen grains
which decreased pollen viability (Ismail and Hall 1999). In barley and Arabidopsis,
anther development is hampered under HT (30-35 °C) due to arrest of cell prolif-
eration, anomalous vacuoles, and mitochondrial and chloroplast development
(Sakata et al. 2010). Decrease of water use efficiency during reproductive develop-
ment of wheat results in decrease of photosynthesis and leaf area. As a result grain
weight and sugar content of kernels decreased (Shah and Paulsen 2003) which also
modulated nutritional flour quality (Hedhly et al. 2009). High-temperature stress
adversely affects xylem and phloem loading which reduces water transportation and
nutrient uptake (Taiz and Zeiger 2006). High-temperature stress (38 °C, 4 days)
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significantly increased the transpiration rate of tomato plant (Cheng et al. 2009).
Increases of temperature may result in yield reduction between 2.5 and 10% in dif-
ferent agronomic species throughout twenty-first century (Hatfield et al. 2011). A
decrease of 6.7-10% yield in rice (Peng et al. 2004; Lyman et al. 2013) and 10%
reduction of yield in wheat (You et al. 2009) has been predicted with increase of
1 °C temperature in growing periods. Maize pollen viability decreases in tempera-
tures above 35 °C (Dupuis and Dumas 1990). High temperature above 30 °C
decreased seed production in soybean (Lindsey and Thomson 2012) and common
bean (Porch 2006) grown in tropical humid regions. Seed set on male-sterile,
female-fertile soybean plants decreased when day time temperature increased by
30-35 °C (Wiebbecke et al. 2012). In Citrus sinensis, temperatures higher than 30
°C increased fruit drop (Cole and McCloud 1985). In wheat, HT (31/18 °C and
34/22 °C, day/night) reduced grain numbers by 56% and individual grain weight by
25% which decreased grain yield significantly (compared to control temperature,
24/14 °C) (Prasad et al. 2011). Failure of fertilization, reduced panicle size, and
damaged floral primordia were correlated to 54—64% loss in seed set in sorghum
(Jain et al. 2007).

10.3.5 Chilling

In general, chilling stress indicates the low-temperature injury without forming ice
crystals, and freezing stress indicates injury due to ice formation within plant tis-
sues. Tolerance to chilling or freezing stresses is dependable to plant species.
Chilling temperature reduces crop productivity by affecting several aspects of plant
growth and developmental processes (Sanghera et al. 2011). Early growth stages of
plant are often adversely affected by chilling stress. Optimum temperature range for
germination of rice seed is 20-35 °C. According to Yoshida (1981), the temperature
of 10 °C is minimum critical value, and below this temperature, rice seeds did not
germinate. In B. napus, for 50% germination, it took 3 days at 8 °C, whereas it took
13 days at 2 °C (Angadi et al. 2000). The maximum seed germination and vigor
index was reported in 7. aestivum plants at 20-30 °C, compared to the temperature
below 20 °C (Buriro et al. 2011). Gossypium hirsutum exposed to low temperature
(LT) below 20 °C showed delayed and reduced germination (Krzyzanowski and
Delouche 2011). In T. aestivum, the germination was drastically reduced at tem-
perature below 8-10 °C (Zabihi-e-mahmoodabad et al. 2011). Chilling temperature
causes seedling growth inhibition and abnormal phenotype of seedlings including
stem discoloration, leaf yellowing or whitening, white patches/spots, withering, and
reduced tillering at their vegetative stage (Nahar et al. 2012). Seedling growth and
dry weight of mung bean seedlings decreased under chilling temperature (6 °C).
These seedlings also showed abnormal phenotypic appearance (Nahar et al. 2015b).
Nahar et al. (2009) observed cold (11 °C) injury symptoms in rice. Stunted growth,
leaf chlorosis, irregular number of tiller, and malformed and discolored grain symp-
toms were commonly observed in chill affected rice plant. Lower temperature
reduced growth duration, decreased biomass accumulation, and harvested index,
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seed number and seed weight of soybean (Calvifioa et al. 2003). Male gametophyte
developmental process, meiosis, and tapetal hypertrophy are distorted under chill-
ing stress. Pollen grain becomes distorted and short, anther protein degrades, and
pollen tubes are deformed under chill temperature which causes pollen sterility.
Fertilization and further development of fruit and seed are hampered due to chill-
induced inhibition of male and female gametophyte development which is mainly
due to reduced size of reproductive organs and anomalous structures of embryo sac
(Jiang et al. 2002). Delayed flowering, bud abscission, sterile flowers, aborted
embryo, and unfilled grain are evident in chill affected rice and other grain crop
(Jiang et al. 2002; Thakur et al. 2010). Low temperatures (—2° to —5.5 °C) reduced
the number of flower bud in Simmondsia chinensis (Nelson and Palzkill 1993).
Premature flowering development in Chinese cabbage is increased by chilling tem-
perature (Kalisz and Cebula 2001). Distorted panicle initiation and emergence,
delayed heading, and sterile and malformed spikelet were noticed in rice genotypes
under chilling stress of 11 °C (Nahar et al. 2009). Delayed flowering, delayed
blooming, and higher rate of pollen shed and pod abortion were noticed in different
genotypes of canola under chilling stress (Miller et al. 2001).

Chilling temperature damages cell membrane by protein denaturation, disrupting
protein lipid structure and precipitation, and disrupting membrane permeability
(Wang and Li 2006). Chilling stress thus converts the membrane into solid gel
phase. Ion leakage, imbalanced anion/cation exchange, disruption of anions and
cataions homeostasis, disruption of osmosis, and diffusion processes become the
fate of chill affected plant (Farooq et al. 2009). Chill temperature inhibits photosyn-
thesis due to disruption of thylakoid membrane and chloroplast structure. Electron
transport, carbon cycle metabolism and stomatal conductance are hampered by
chilling temperature. The PS II is considered as the primary target of chill-induced
damage. Chilling temperature highly decreases the quantum efficiency of
PS II. Chilling temperature restricts RuBisCO regeneration and confines the photo-
phosphorylation (Allen and Ort 2001). Total chl content reduced by 50% in rice due
to exposure to LT (15/10 °C, 14 days) (Aghaee et al. 2011). Total chl (a + b) of
mung bean plants reduced by 32% and 38%, after 2 and 3 days of chilling tempera-
ture (6 °C) exposure, respectively, compared to the control seedlings (Nahar et al.
2015b). Wheat plants exposed to chill temperature of 3 °C (for 48 and 72 h) showed
decreased chl, CO, assimilation, and transpiration rates (Yordanova and Popova
2007). Dehydration stress may also result from freezing of cell constituents, solutes,
and water (Yadav 2010). In temperatures below 0 °C, ice formation is started in
intracellular spaces that are also the vital reason for hindering the solute transporta-
tion (Thomashow 1999; Yadav 2010). Damaging the root system chill temperature
reduces water and nutrient uptake and causes dehydration and osmotic stress
(Chinnusamy et al. 2007). Damaged root system and stomatal closure were
described as cause of chill-induced dehydration stress (Yadav 2010). Cucumber
root showed chill-induced damage in cortical cells. Chill temperature also increased
density of cytoplasm and damaged the endoplasmic reticulum (Lee et al. 2002).
Decreased root hydraulic conductance, leaf water, and turgor potentials are com-
mon effects of chill temperature in sensitive plants (Aroca et al. 2003). During chill-
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induced dehydration, stress plant metabolic functions are altered which include
accumulation of enzymes and isozymes (Hurry et al. 1994). Low-temperature-
induced yield reduction is a common occurrence to plants due to its adverse effects
on vegetative and reproductive phases (Nahar et al. 2009; Kalbarczyk 2009; Riaz-
ud-din et al. 2010). In rice, chilling temperature significantly reduced yield which
was due to flower abortion, pollen and ovule infertility, distorted fertilization, poor
seed filling, and seed setting (Thakur et al. 2010). Other study revealed that chilling
temperature reduced yield by 30—40% in temperate regions (Andaya and Mackill
2003). Rice varieties of BRRI dhan46 and BRRI dhan31 showed 16 and 37% yield
reduction, respectively, due to late sowing mediated chilling stress (Nahar et al.
2009). Low temperature induced anomalous seed structure in B. napus and B. rapa.
Low temperature reduced diameter and created white patches, white reticulation,
red-brown pigmentation, folded seed, and shriveled seed (Angadi et al. 2000). Seed
weight in G. max plants decreased by 5% under chill temperature of 13/23 °C (day/
night) as reported by Rasolohery et al. (2008). Chilling stress of 11 °C caused yield
reduction in maximum genotypes of rice, and only 23 genotypes were screened out
among the 244 genotypes which showed higher yield and had better phenotypic
appearance in terms of vegetative and reproductive development (Nahar et al. 2009).

10.3.6 Toxic Metals

World population is increasing day by day together with fast industrialization. As a
result, big amount of toxic metals is turned out and enter into the environment (Sarma
2011). Increasing environmental pollution caused by toxic metals is becoming a sig-
nificant problem in the modern world (Sun et al. 2005). Nowadays, losses in agricul-
tural yield are very common because of soil contamination by toxic metals, and it is a
serious threat for wildlife and humans health (Sharma and Dubey 2007; Sharma and
Dietz 2008). Due to high reactivity of toxic metal, they can easily influence growth,
development, and energy synthesis processes of organisms. So, metal toxicity is one
of the key abiotic stresses leading to dangerous health effects in plants and animals
(Maksymiec 2007). Excessive toxic metal uptake may occur by plants, which possi-
bly will part take in many physiological and biochemical reactions of plants that will
be able to break the normal growth of the plant by upsetting absorption, translocation,
or their synthetic processes (Hasanuzzaman and Fujita 2012a,b). Plant suffered a lot
by toxic metal/metalloids from germination to final seed yield. Seed germination is
the primary stage of plant life, and so it is very sensitive to many environmental
stresses. Germination of seeds of Salicornia brachiata was affected badly by different
doses of Cd, Ni, and As (Sharma et al. 2011). In addition, some scientists reported that
growth of seedling is very susceptible to heavy metals (Hg, Pb, Cu, Zn, etc.) in com-
parison to germination of seed, while Cd is the exception, because it disturbed both
processes at same concentrations (Li et al. 2005). Different toxic metal/metalloids
cause oxidative stress in plants. The generation of ROS is the primary response of
plants under metal stress. A variety of metals can directly generate ROS through
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Haber-Weiss reactions. Moreover, ROS overproduction and oxidative stress occur-
rence in plants may occur due to indirect consequence of heavy metal toxicity
(Wojtaszek 1997; Mithofer et al. 2004). Lipid peroxidation of cells is the most detri-
mental effects under heavy metal stress, which can cause biomembrane deterioration
directly. Hasanuzzaman et al. (2012b) observed that Cd stress (1 mM CdCl,, 48 h)
increased malondialdehyde (MDA) content by 134% and H,O, content by 60% in
rapeseed seedlings. Toxic metals/metalloids also altered the activities of antioxidant
enzymes of plants as reported by several researchers. Nahar et al. (2016) reported that
Cd stress in mung bean plants reduced growth, damaged chl, decreased leaf RWC and
altered proline (Pro), and enhanced oxidative damage [lipid peroxidation, H,O, con-
tent, O,"~ generation rate] by disrupting activities of nonenzymatic (AsA and GSH)
and enzymatic [catalase (CAT), superoxide dismutase (SOD), ascorbate peroxidase
(APX), glutathione reductase (GR), mono dehydro-ascorbate (MDHAR), dehydro-
ascorbate reductase (DHAR), glutathione peroxidase (GPX), and glutathione
S-transferase (GST)] antioxidants. Similar kinds of physiological disorders were
observed in rice plant under Cd stress (Rahman et al. 2015) and wheat plant under
arsenic (As stress) (Hasanuzzaman and Fujita 2013).

10.3.7 Ozone

Ozone (0s) is a heterogenous air pollutant framed in the troposphere layer. In pres-
ence of sunlight, O; is developed due to oxidation of oxides of nitrogen, volatile
organic hydrocarbons, and carbon monoxide those generate primarily from gas
motors and burning/blazing of other fossil fuels (Kesselmeier and Staudt 1999).
Expanding levels of surrounding ozone may force destructive impacts on human,
animals, and plants. The harming influence of O; to plant species might be acute or
chronic. Acute damage is created by a high concentration of O; (>150 ppb) inside a
brief timeframe (Gillespie et al. 2011) and brought about foliar injuries and impels
an array of biochemical and physiological reactions in plants (Tsukahara et al.
2015). Chronic damage to lower O; concentrations is portrayed by decreasing
growth and development without noticeable harm (Gillespie et al. 2011). Crops
demonstrate differential intra and interspecific phenotypic responses to O; (Biswas
et al. 2008; Brosche et al. 2010). The obvious indications of O; damage have been
evaluated in foliage part. Chlorotic or necrotic injuries on leaves, reduced biomass
production, and yield reduction are common consequences of O; stress (Wilkinson
et al. 2012). The reproduction process of plants is greatly hampered due to exposure
of tropospheric Os. Grain characteristics of rice, wheat, and maize crops are nega-
tively affected under O; stress (Biswas and Jiang 2011). It is estimated that elevated
O; can reduce grain yield of different rice cultivars by 4.2-5.2% (Sawada et al.
2016) and yield of soybean by 23-27% (Wang and Mauzerall 2004). The fruits of
different types of plants are affected differentially under O; stress. Pod development
is adversely affected by O; which results in reduction of number and size of pod.
Tuber number and yield have been demonstrated to decrease as affected by O; in
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tuber crops (Wilkinson et al. 2012). In potato, tuber number and total tuber yield
decreased by 38% and 45%, respectively, due to exposure of O; (Foster et al. 1983).
Pollen germination and tube development are adversely affected by Os; abscissions
of bud or flower and individual ovules or seeds are commonly occurred phenome-
non under Oj stress (Black et al. 2000).

10.3.8 Ultraviolet Radiation

Solar radiation supplies the essential energy for growth and development of plant
via photosynthesis but high light and particularly its integral ultraviolet (UV) frac-
tion cause stress potentially leading to severe injury to cellular components of plants
even the DNA and proteins (Miiller-Xing et al. 2014). The ultraviolet radiation from
sunlight is divided into three broad classes: UV-A (320400 nm), UV-B (290-320
nm), and UV-C (280-100 nm) light. UV-A and UV-B can easily reach to the surface
of earth, but UV-C is filtered out in the atmosphere (Biedermann et al. 2011).
Stratospheric ozone layer does not affected by the UV-A, because it is not attenu-
ated by ozone layer. The wavelength of UV-C is shorter than 280 nm, and it cannot
arrive at ground level, and this is not expected to change. The UV-B radiation gets
top most importance by the researcher and geologist, because ozone absorbed it.
Among UV radiation types, even though UV-B is only a negligible constituent of
the total solar radiation (less than 0.5%), due to its high energy, its potential for
causing biological damage is remarkably high, and even little raise could lead to
considerable biological damage (Zlatev et al. 2010). Due to large-scale production
of anthropogenic pollutants, intensities of UV-B radiation in the sunlight are slowly
increasing in the world as a result of depletion is going on in the stratospheric ozone
layer. Previous research on UV-B radiation confirmed that it has significant photo-
biological consequences on growth, development, and other biochemical activities
of plants (McNamara and Hill 2000). The intensities of UV-B vary with the angle of
sun and thickness of stratospheric ozone layer. So, all organisms of the earth are
exposed to UV-B radiation in different intensities. The rate of enhance UV-B inten-
sity depends on latitude, and higher amount of UV-B is recorded in antarctic and
arctic regions (Zlatev et al. 2010).

Frequent discharge of chlorofluorocarbons and other pollutants due to anthropo-
genic activities is increasing the amount of ultraviolet radiation in the earth surface
which is the main reason of stratospheric ozone layer depletion (Dai et al. 1997,
Sharma et al. 1998). The stratospheric ozone depletion and increased solar UV radia-
tion cause injury to plants and animals (Costa et al. 2002; Ravindran et al. 2010).
Sunlight is obligatory for photosynthesis of terrestrial plants, so they are mostly vul-
nerable to UV radiation (Greenberg et al. 1996; Sharma et al. 1998). The UV-A radia-
tion shows less harmful effect to organism among all the UV radiations. In addition,
also UV-C radiation does not show much harmful effects on the biota because it is
observed by the oxygen and ozone layer (Barta et al. 2004). The impact of UV radia-
tion on most cultivated plants is negative and unfavorable to plant growth and devel-
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opment (Vysniauskien¢ and Rancelien¢ 2014). UV radiation creates oxidative stress
(Costa et al. 2002), which come up from the detrimental effects of ROS, and they react
with lipids, proteins, and nucleic acid (Dai et al. 1997). Plants have many enzymatic
and nonenzymatic detoxification systems under normal healthy growth condition to
efficiently scavenge or detoxify the ROS or their secondary reaction products (Bartling
et al. 1993). Nasibi and M-kalantari (2005) carried out an experiment regarding the
action of the antioxidant defense system in Brassica napus, under different ultraviolet
radiation (UV-A, UV-B, and UV-C). This experiment demonstrated that UV-B and
UV-C radiation induced oxidative stress. Because, they increased the lipid peroxida-
tion and total ascorbate content of cells. The treatments of UV-B and UV-C signifi-
cantly increased flavonoids and anthocyanins levels compared with control and
UV-A-treated plants. These compounds perform as internal filters and also have an
antioxidant action against ROS such as H,O,. Protein content increased under UV-B
and UV-C, which probably related to the synthesis of different defense proteins such
as HSP. On the other hand, treatment of UV-B radiation for 8 days on maize plants
(Zea mays L. cv. SC. 704, 21 days old) increased lipid peroxidation (MDA content)
and decreased RWC. UV-B stress also increased carotenoid content and activity of
some enzymes (APX and GPX) Javadmanesh et al. (2012). In addition, plants under
adverse conditions decreased their protein content in root tissue but not in shoot tissue.
Vysniauskiené and Rancelien¢ (2014) reported that compared to the control, the plant
height of early potato cultivars reduced after the UV-B exposure. However, fresh and
dry weight of leaves, chlorophyll a and b, and carotenoid contents in potato cultivars
remained unaffected after UV-B treatment. Antioxidative enzymes also increased due
to exposure of UV-B in potato cultivars which prove the active response of plant to
UV-B-induced stress. They also suggested that response and tolerance depend on the
plant genotype. Similar kind of reduction in photosynthetic parameters was observed
in cotton plant under UV-B stress (Reddy et al. 2003). UV radiation reduces the total
mass and yield of different plants (Gao et al. 2004; Liu et al. 2013). A field experiment
was carried out with three soybean cultivars [Hai339 (H339), Heinong 35(HN35), and
Kennong18 (KN18)] by exposing them to higher UV-B radiation. The UV-B radiation
reduced height of plant, dry weight of individual stem, and yield per plant. Pod num-
ber per plant was the most responsible component for yield change under UV-B radia-
tion in the 2-year study. UV-B radiation reduced pod number per plant of three soybean
cultivars by 43.5% for KN18, 30.4% for HN35, and 29.6% for H339. They also stated
that seed number per pod was less affected than the pod number per plant under UV-B
light treatment. The UV-B radiation had no noteworthy effect on effective filling
period, but seed size was negatively impacted by this radiation, and it reduced 12.3%
for all the cultivars of soybean. UV-B radiation decreased the cotyledon cell number,
as a result seed size was decreased. No significant effect on cell volume of cotyledon,
cell weight, or cell growth rate of soybean varieties was observed under enhanced
UV-B radiation (Liu et al. 2013). Similarly Gao et al. (2004) reported that higher
UV-B radiation caused a considerable declination in the growth, yield, and quality of
maize. Besides the yield and biomass reduction, UV-B radiation altered the nutrient
status of plants (Yue et al. 1998).
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10.4 Abiotic Stress-Induced Oxidative Stress

Reactive oxygen species are unavoidable by-products derived from the reduction of
molecular oxygen (O,) and include some free radicals: superoxide (O,™), hydroxyl
radical (OH"), alkoxyl (RO"), and peroxyl (ROO") and some non-radical products, H,O,,
singlet oxygen ('O,), etc. (Gill and Tuteja 2010; Sandalio et al. 2013). Chloroplast,
mitochondria, and peroxisomes are the main source of ROS production, chloroplast
being the main source (Apel and Hirt 2004). Physical and chemical activation is
involved in ROS generation. Physical activation involves transfer of energy from photo
activated pigment such as excited chl (chl triplet state, *chl) that involved in the transfer
of its excitation energy onto O, to make 'O,. Chemical activation involves univalent
reduction of dioxygen or triplet oxygen (molecular oxygen) to water; four electrons and
four protons are engaged which leave three major ROS, viz. O,", H,0O, and *OH (Gill
and Tuteja 2010; Sandalio et al. 2013). Under normal or nonstress environment, elec-
tron flow from excited PS centers is transferred to NADP* which is reduced to
NADPH. This NADPH enters Calvin cycle where it reduces final electron acceptor
(COy). Calvin cycle recycles NADP (Vaskova et al. 2012). But under stress conditions,
NADP recycling is impaired, electron transport chain (ETC) can be over loaded, and
electron leakage from ferredoxin is converted to O,, reducing it to O, through Mehler
reaction (Elstner 1991). The O, can be converted into more reactive H,O, by SOD
activity in outer stromal membrane surface (Gill and Tuteja 2010). In presence of Fe?*,
H,0, is transformed into extreme reactive OHe through Fenton reaction (at Fe-S cen-
ters) (Gill and Tuteja 2010; Sharma et al. 2012). Peroxisome metabolic processes are
chiefly involved in the production of H,O,. The O, can also be produced in peroxi-
some (Noctor et al. 2002). Mitochondrial electron transport chain (ETC) is also an
important source of ROS production in plant cells. Mitochondrial ETC and ATP syn-
theses are coupled strongly, and stress-induced imbalance between these two may lead
to over-reduction of electron carriers as a result of which ROS overproduce (Noctor
et al. 2007; Blokhina and Fagerstedt 2010). NADPH-dependent electron transport pro-
cess is involved with Cyt P,5, and O,"~ generation in the endoplasmic reticulum (Mittler
2002). In cell wall, plasma membrane, and apoplastic area, ROS including OH" and
H,0, can be overproduced through ranges of biochemical reactions (Heyno et al. 2011).

Under normal growing (nonstress) condition, ROS is kept in a balance state by well-
equipped antioxidant defense system. In contrast, under environmental stress condition,
excess ROS generation leads to oxidative stress. The ROS can cause membrane lipid
peroxidation, protein oxidation, and DNA damage. Cell structure and biochemical and
physiological process are disrupted by ROS-induced oxidative stress and, at extreme
state, gradually lead to programmed cell death (Gill and Tuteja 2010; Hasanuzzaman
et al. 2012a). ROS-induced oxidative stress is a common phenomenon under different
abiotic stresses. The ROS production under salt stress might be increased by three-fold.
The level of H,O, can be increased by 30-fold under salt stress (Singh and Flowers 2010).
Salinity-induced oxidative stress was documented in different plant species. Salt stress
significantly increased H,O, and MDA levels in mung bean seedlings (Nahar et al. 2014).
Salt affected wheat seedlings showed high level of H,O, by 60%, compared to control.
Lipid peroxidation in those wheat seedlings increased by 27 and 73% at 150 mM and 300
mM NaCl, respectively (Hasanuzzaman et al. 2011a, b). Drought is one of major stresses
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contributing the major ROS and causing severe oxidative stress within the plants. More
than 70% of total H,O, were demonstrated to produce due to photorespiration under
drought stress condition (Noctor et al. 2002). Cellular membrane damage was related to
significant rise in O, and H,0O, in leaves of drought affected Malus spp. (Wang et al.
2012). Similar results were demonstrated in mung bean seedlings under PEG-induced
drought stress (Nahar et al. 2017). High-temperature raised ROS production in wheat
seedlings. The H,O, contents in wheat seedlings were 0.5, 0.58, 0.78, and 1.1 pmol g~
FW in response to 22, 30, 35, and 40 °C (2 h) temperature stresses, respectively (Kumar
et al. 2012). Mung bean seedlings exposed drought and high-temperature stress sepa-
rately or in combined increased H,O, and O,"~ production which was evidenced from
higher cellular H,O, and O,"~ contents and increased number of spots of these ROS in
leaves, compared to control. The H,O, level, O,"~ generation rate, lipoxygenase (LOX)
activity, and MDA contents under combined HT and drought stress were 122, 146, 108,
and 120%, respectively, in contrast to control (Nahar et al. 2016a). Low temperature cre-
ates imbalance between light absorption and light use due to inhibition of C; cycle which
enhances ROS production. ROS generation also increased due to increased photosyn-
thetic electron flux to O, as well as the over-reduction of respiratory ETC (Hu et al. 2008).
Waterlogging or flooding induces hypoxic or anoxic environment. Under waterlogging
stress, ROS can be produced when plants go through a hypoxia/anoxia from normoxic
conditions and also under the condition when plants return to an aerobic environment
(Irfan et al. 2010). Enhanced accumulation of H,O, or lipid peroxidation under anoxic
conditions was reported previously (Sairam et al. 2011). Plants under heavy metal expo-
sure cause a significant increase of ROS production and subsequent oxidative stress.
Redox-active metals such as Fe, Cu, Cr, V, and Co initiate redox reactions in the cell and
directly involved in the formation of OH' via Haber-Weiss and Fenton reactions (Sharma
and Dietz 2008). Other metals also generate ROS and cause oxidative stress in different
ways (Hasanuzzaman et al. 2012a; Nahar et al. 2016). Heavy metal-dependent activation
of LOX also leads to lipid peroxidation (Nahar et al. 2016). Mung bean seedlings exposed
Cd stress showed a higher level of ROS generation including H,O, and O,™, a higher
LOX activity, and increased lipid peroxidation (Nahar et al. 2016). Wheat seedlings
exposed to As; 0.25 and 0.5 mM showed 41 and 95% increase of H,O, and 58 and 180%
increase of lipid peroxidation level, respectively, compared to control (Hasanuzzaman
and Fujita 2013). Ozone (Os) being strong oxidant interacts with apoplastic constituents
in generating ROS (Yan et al. 2010). Different studies designated that elevated O; highly
increased the levels of O,"~, H,0, and lipid peroxidation in plants (Yan et al. 2010; Feng
etal. 2011). UV-B radiation also generates ROS and results in damage to proteins, lipids,
nucleic acids, and associated enzymes (Du et al. 2011; Singh et al. 2011).

10.5 Highlights of Potent Micronutrients and Trace
Elements Associated with Plants’ Functions

Micronutrients and trace elements are required in small amount but equally impor-
tant for plant functions as like macronutrients. Their major functions in plants are
summarized in Table 10.1. Plants show some deficiency symptoms due to lack of
these nutrients as shown in Fig. 10.2.
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Table 10.1 Major functions of trace elements/micronutrients in plants

Elements Functions

Copper Essential for carbohydrate and nitrogen metabolism also plays roles in lignin
synthesis for cell wall strengthening. It plays an important role in chl
synthesis. It also activates some enzymes by playing role as coenzyme

Iron It plays role in nitrogen reduction and fixation and lignin formation.
Important for chlorophyll synthesis and energy transfer
Zinc Important for energy production, formation of chlorophyll, and plant

hormone like indole acetic acid (IAA). Helps in protein synthesis, better seed
quality, and uniform crop maturity

Boron Helps in carbohydrate transport, cell wall formation, pollen formation

Manganese Important for enzyme activity and other metabolic processes. Important for
nitrogen metabolism, pollen tube growth, and root hair formation

Molybdenum Essential for pollen formation, fruit and grain formation. It can convert
nitrate into usable form

Cobalt Promotes to auxin formation and nitrogen fixation. It is also essential for the
development of bud, plant stem, and coleoptiles. It also increases drought
resistance to seed

Nickel Component of some plant enzymes, most notably urease, which metabolizes
urea nitrogen into useable ammonia within the plant. It plays role in root
nodule growth. Essential part of glyoxalase system

Silicon Strengthens cell walls, stimulates plant growth. Performs as essential
function in healing plants in response to environmental stress
Selenium It stimulates nitrogen assimilation and regulates the water status of plants.

Acts as antioxidant and stress protectants

Boron: Discoloration of leaf bud.

BiCalolg arid droppiia o Hods Ao 2N __——Nickel: Leaf chlorosis.

Leaf tip necrosis.

Iron: Leaves pale. No spots.
: Major veins green.
Manganese: Leaves pale in 1)5‘ '
color. Veins and venules dark
green and reticulated
___——Copper: Pale pink between
the veins. Wilt and drop

Zinc: Leaves pale, narrow
and short. Dark veins. Dark
spots on leaves and edges.

Molybdenum: Leaves light
green/lemon/yellow/orange.
« «_ Spots on whole leaf except
# = veins. Sticky secretions

= from dorsal leaf.

Fig. 10.2 Visualization of deficiency symptoms of major trace elements in plants
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10.6 Functional Role of Trace Elements in Conferring
Abiotic Stress Tolerance

Although trace elements are required in small amount, their essentialities are the
same as macronutrients. Although several trace elements have not yet been identi-
fied as essential elements, they have some vital functions in plant growth and devel-
opment (Fig. 10.3). In addition, these elements have specific metabolic functions
and diverse roles in stress tolerance (Table 10.2). However, these elements showed
toxicity in plants when exposed to high concentration.

10.6.1 Copper

Due to its presence in multiple oxidation states in vivo, Cu is involved in many
physiologic conditions. The role of Cu in plants stress tolerance is well considered
due to its functions as structural element of photosynthetic electron transport, cell
signaling, and metabolism as well as participation in enzymatic activities (Yruela
2005). It is important that both deficiency and abundance of Cu negatively affect
plant processes. For instance, photosynthetic ETC is hampered under both Cu

! } ! ! }

Components Nutrient Nutrient Antioxidant P
) . . Fortification
of enzymes homeostatis homeostatis functions

t

Enhanced Better plant Better plant Stress
metabolic health health tolerance
functions

Ve PR
N-fixation [ Stress ] Seed Chlorophyll
and protein resistance formation formation
_synthesis

Better food Better plant Better
reserve survival hotosynthesis

Fig. 10.3 Different aspects of the beneficial roles of trace elements in boosting plant growth,
yield, and quality
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Table 10.2 Beneficial effects of trace elements supplementation in plants grown under adverse
environmental conditions

Plant species | Trace elements | Stress Beneficial effects References
Hordeum 300 pM 0.1-10 pM CdCl, * Reduced Cd Wu and Zhang
vulgare ZnSO, (10-22 DAS) uptake and MDA | (2002)
¢ Increased biomass
Capsicum 2 and 10 mg Salt, 0.5 and 1.5%, |+ Reduced Na Aktas et al.
annuum ZnSO, kg™ NaCl, 20 days uptake (2006)
soil
Pistacia vera | 5-20 mg Salt, NaC10.8-3.2 g |+ Reduced lipid Tavallali et al.
ZnSO, kg™! kg~! soil, 100 days peroxidation and | (2010)
soil LOX activity
¢ Reduced
electrolyte leakage
e Increased
phenolic contents
Triticum Zn and Fe Drought, stop e Increased seed Monjezi et al.
aestivum watering at yield and kernel | (2012)
pollination and weight
seed-filling stage
T. aestivum 50 mg B L! Drought, 50, 75, e Increased chl Abdel-
and 100% irrigation and Car Motagally and
o Decreased H,0, | El-Zohri (2016)
and Pro content
T. aestivum B (0,0.5,1%) | Drought, irrigation | Improved LAI, Moeinian et al.
withdrawal CGR, and NAR | (2011)
Zea mays Foliar spray of | Salt, 4% NaCl e Increased plant | Salim (2014)
50 and 100 height, leaf
ppm boric acid number, shoot
dry weight, and
grain weight
Citrus 2.5and 20 pM | Al stress, 1.2 mM e Higher dry Zhou et al.
grandis H;BO; AICl;, 18 week weight, root (2015)
citrate secretion,
root malate
secretion
H. vulgare 2.0 mmol m— | Salt stress, 125 mM | ¢ Increased NAR, | Cramer and
Mn NaCl and 9.6 mM RGR, Nowak (1992)
CaCl,, 24 days photosynthesis,
Mn uptake in
salt-stressed
seedlings
H. vulgare 3 mM Mn, 1 Salinity, 8 dS m™; e Increased dry Pandya et al.
WAS two weeks after weight, NAR, (2004)
sowing (WAS) RGR, leaf area
ratio
Oryza sativa |5 and 25 pM Cd, 5 and 25 pM e Increased chl, Sebastian and
MnCl, CdCl,, 7 days Car, AsA, and Prasad (2015)
sugar content
e Decreased Cd
uptake, MDA

content, CAT, and

POD activity

(continued)
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Plant species

Trace elements

Stress

Beneficial effects

References

Z. mays

100 pM
MnSO,

Cd, 10 pM CdCl,,
12h

e Increased root
length and
decrease Cd
uptake

Pal’ove-Balang
et al. (2006)

Phytolacca
americana

1-5 mM
MnCl,

Cd, 10 and 50 pM
CdCl,

¢ Increased root,
stem, and leaf
dry weight and
decreased Cd
content

Peng et al.
(2008)

Camellia
sinensis

50 and 100
pM MnCl,

Drought, Irrigation
withdrawal

e Increased dry
mass and RWC,
total phenolic
and AsA content

Upadhyaya
et al. (2012)

C. annuum

1.8 mM
K,SiO;

Salinity, 50 mM
NaCl

e Improved growth

¢ Increased
photosynthesis
rate, stomatal
conductance

e Decreased
electrolyte leakage

e Decrease ROS
production and
lipid peroxidation

¢ Increased activities
of antioxidant
enzymes

Manivannan
etal. (2016)

Anethum
graveolens

1.5 mM
Na,Si;0;

Salinity, 10 dS m~!

¢ Improved growth

¢ Increased K*
content and
reduced Na*
content

* Reduced lipid
peroxidation

¢ Increased activities
of antioxidant
enzymes

Shekari et al.
(2015)

Z. mays

1.5 mM
NaZO3Si.5H20

Alkalinity, 25-75
mM N32C03

e Improved
growth

¢ Enhancement in
leaf RWC and
levels of
photosynthetic
pigments

¢ Increased soluble
sugars, soluble
proteins, total free
amino acids and K|

¢ Enhanced
activities of SOD,
CAT, and POD

Latef and Tran
(2016)

(continued)



10  Actions of Biological Trace Elements in Plant Abiotic Stress Tolerance

Table 10.2 (continued)

235

Plant species

Trace elements

Stress

Beneficial effects

References

0. sativa

350 kg ha™! of
Si fertilizer

Drought, —0.050 or
—0.025 MPa

Increased Pro
content

Increased
peroxidase activity

Mauad et al.
(2016)

Saccharum
officinarum

2 mM Ca,SiO,

Salinity, 100 mM
NaCl

Reduced tissues
Na*
concentration

Improved K*
uptake, K*/Na*
ratios and Ca*
content

Increased shoot
and root dry
matter

Ashraf et al.
(2010)

Vitis vinifera

4 mM Si
Na,Si,0,

Salinity, 20 mM
NaCl

Reduced stomatal
resistance

Reduced MDA
and H,0, contents

Increased APX
activity

Soylemezoglu
et al. (2009)

Brassica
napus

2 and 4 mM
K,SiO;

Salinity, 300 mM
NaCl

Increased leaf
area, leaf fresh
weight, seed
yield, and
photosynthesis

Increased APX
and NR activities

Increased chl
content

Bybordi (2012)

Z. mays

0.4,0.8,1.2,
1.6,2.0,2.4,
2.8,and 3.2

mM Si(OH),

Salinity, 150 mM
NaCl

Improved
growth

Increased net CO,
assimilation rate,
stomatal
conductance (g,),
transpiration, and
leaf sub-stomatal
CO, concentration

Parveen and
Ashraf (2010)

Spartina
densiflora

500 pM
NazsiO3

Salinity, 171 and
680 mM NaCl

Improved
growth
associated with
higher net
photosynthetic
rate, water-use
efficiency, and g

Reduced tissue
Nat*content

Mateos-Naranjo
etal. (2013)

(continued)
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Trace elements

Stress

Beneficial effects

References

Solanum
lycopersicum

2.5 mM
K,Si0;

Drought, 10% PEG

Improved water
balance

Increased growth
and
photosynthesis

Decreased ROS
production

Enhanced
activities of SOD
and CAT

Increased level of
AsA and GSH

Shi et al. (2016)

T. aestivum

Si 50 mg kg™!
and 150 mg
kg™

Drought, 50%, 75%
and 100% FC

Increased plant
biomass, plant
height, and spike
weight

Increased tissue Si
concentration and
uptake

Ahmad et al.
(2007)

Z. mays

0.8 mM
Na,SiOs

Drought, 50% water
deficit

Increased dry
mass, tissue
nutrient content,
water use
efficiency

Reduced leaf
wilting

Janislampi
(2012)

Glycine max

1.70 mM
Na,SiOs

Drought , —0.5 MPa

Increased root
and shoot dry
matter and the
ratio of root/
shoot

Increased leaf
water potential,
growth

Increased net
photosynthetic
rate, gs, chl
content

Decreased free
Pro content, lipid
peroxidation, and
electrolytes
leakage

Shen et al.
(2010)

S. bicolor

200 mg L' Si

Drought,
withholding
irrigation

Increased net
photosynthetic
rate

Decreased shoot
to root ratio by
increasing root
growth

Ahmed et al.
(2011)

(continued)
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Plant species

Trace elements

Stress

Beneficial effects

References

Oryza sativa

1.5 mM
Na,SiO;

HT, 39 °C

Increased
number of
pollen grain
those were with
higher diameter

Increased anther
dehiscence
percentage,
pollination, and
fertilization

Li et al. (2005)

Z. mays

10 mM
K,SiO;

Chilling, 2/3 =1 °C

Enhanced
photosynthesis

Reduced ROS
production

Enhanced AsA
and GSH pool

Habibi (2016)

Cucumis
sativus

0.1 and 1 mM
K,SiO5

Chilling (15/8 °C)

Reduced leaves
withering

Increased activities

of SOD, GPX,
APX, MDHAR,
GR, GSH

Increased AsA
content

Decreased levels
of H,0,, O, and
MDA

Liu et al. (2009)

T. aestivum

0.1 and 1.0
mM K,SiO;

Freezing, =5 °C

Increased leaf

water content

Improved
activities of
antioxidant
enzymes AsA,
GSH, SOD, and
CAT

Reduced H,0,,
free Pro, and
MDA content

Liang et al.
(2008)

C. limon

50, 150 and
250 mg L'
K,SiO;

Freezing, 0.5 °C for
28 days

Increased
phenolics and
flavonoids
concentration

Improved fruit
quality

Reduced chilling
injury

Mditshwa et al.
(2013)

(continued)
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Trace elements

Stress

Beneficial effects

References

0. sativa

0.6 mM
Si(OH),

Heavy metal (HM),
10 pM CdCl,, 4
days

Improved plant
growth

Improved
photosynthesis

Maintenance of
nutrient
homeostasis

Stimulation of the
AsA-GSH pathway

Farooq et al.
(2016)

S. nigrum

1.0 mM
Na,Si0;

HM, 100 pM CdCl,

Decreased Cd
accumulation

Reduced
electrolyte leakage

Increased
activities of SOD,
POD, CAT, and
APX

Liu et al. (2013)

0. sativa

1.25,and 2.5
mM Na,SiOs

HM, 100 uM
K,Cr,0,

Increased
seedling height,
dry biomass,
and soluble
protein content

Reduced Cr
uptake and
translocation

Improved
antioxidant defense

Zeng et al.
(2011)

B. chinensis

1.5 mM
K,SiO;

HM, 0.5 and 5 mg
L' CdCl,

Increased shoot
and root biomass

Decreased Cd
uptake and
root-to-shoot
transport

Increased SOD,
CAT, APX,
reduced MDA,
and H,0O,
concentrations

Song et al.
(2009)

C. sativus

1 mM Na,SiO,

HM, 100 pM CdCl,

Reversed
chlorosis,
protected the
chloroplast from
disorganization

Increased pigment
contents,
intercellular CO,
concentration, gs
and net
photosynthetic rate

Improved water

use efficiency

Feng et al.
(2010)

(continued)
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Plant species

Trace elements

Stress

Beneficial effects

References

Z. mays

1 mM Si as
Si(OH),

HM, 200 or 500 pM

MnSO,

Ameliorated
chloroplast
damage and
photoinhibition

Improved
detoxification and
compartmentation
of Mn

Doncheva et al.
(2009)

Picea abies

0.2, 0.5 and
1.0 mM Si

HM, 0.2, 0.5 and
1.0 mM Al

Ameliorated
adverse effects
on cell wall
thickening,
degree of
vacuolation, and
the degeneration
of mitochondria,
golgi bodies,
endoplasmic
reticulum, and
nucleus

Reduced cell
death

Prabagar et al.
(2011)

V. vinifera

4 mM
Na,Si;0,

HM, 20 mg kg™!
H;BO;

Reduced tissue
B concentration

Increased
activities of CAT
and APX

Reduced Pro,
H,0,, and MDA
content

Soylemezoglu
et al. (2009)

O. sativa

Si fertilizer
(CaSi0;) @
40 gm™

UV-B radiation,
250-350 nm

Improved cell
walls of
sclerenchyma,
vascular bundle
sheath, and
metaxylem
vessel cells,
cellulose,
non-cellulosic
polysaccharides,
lignin, and
phenolic acids

Goto et al.
(2003)

G. max

1.70 mM Si

UV-B radiation,
290-320 nm

Increased root
and shoot dry
weight and their
ratio

Increased net
photosynthetic
rate and gs

Decreased H,0O,
content

Shen et al.
(2010)

(continued)
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References

Vigna
unguiculata

5-10 pM
Na,SeO,

Salinity, 100 mM
NaCl

Improved
photosynthetic
pigments

Increased Pro and
soluble sugar
content and PAL

Improved growth
and yield

Manaf (2016)

L.
esculentum

5-10 pM
NaQSeO3

Salinity, 25-50 mM
NaCl

Improved the
integrity of cell
membrane

Increased leaf
RWC

Enhanced
antioxidant
defense system

Mozafariyan
et al. (2016)

L.
esculentum

50 pM
NazseO3

Salinity, 100 mM
NaCl

Improved
photosynthetic
efficiency

Decreased ROS
production

Enhanced
antioxidant
defense

Diao et al.
(2014)

B. napus

25 uM
Na,Se0,, 48 h

Salinity, 100 and
200 mM NaCl, 48 h

ncreased AsA
and GSH
contents, GSH/
GSSG ratio, and
activities of APX,
MDHAR,
DHAR, GR,
GST, GPX, and
CAT

Reduced levels of
H,0, and MDA

Hasanuzzaman
etal. (2011b)

C. sativus

5,10, or 20
UM Na,SeO,,
11 days

Salinity, 50 mM
NaCl, 11 days

Decreased
content of Cl~ in
the shoots tissues

Increased Pro
accumulation

Enhanced
antioxidant
defense

Decreased lipid
peroxidation

Hawrylak-
Nowak (2009)

(continued)
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Plant species

Trace elements

Stress

Beneficial effects

References

Rumex
patientia X R.
tianshanicus

1-5 pM
Na,SeO,, 43
days

Salinity, 100 mM
NaCl, 43 days

Stimulated
growth

Increased
activities of SOD
and POD

Increased
accumulation of
water-soluble
sugar

Kong et al.
(2005)

S. vulgare

20 mg L' Se

Drought, 35-70%
FC

Improved
growth

Increased
photosynthesis

Increased yield

Aissa et al.
(2016)

T. aestivum

15 pg Lt
NaZSeO4

Drought, 20% FC

Increased dry
matter
accumulation

Protection of leaf
photochemical
event

Increased
photosynthesis

Hajiboland et al.
(2016)

T. aestivum

7.06 M Se

Water deficit

Increased stress
tolerance index

Increased biomass

Nawaz et al.
(2014)

Trifolium
repens

5 pM
Na,SeO,, 0-5
days

Drought, PEG 6000
(=1.0 MPa), 0-5
days

Decreased levels
of H,O,,
TBARS, DHA,
and GSSG

Increased the
levels of AsA and
GSH and AsA/
DHA and GSH/
GSSG ratios

Improved the
activities of
MDHAR, DHAR,
and GR

Wang et al.
(2011)

B. napus

15and 30 g
L 'as
Na,SeO;

Drought, limited
irrigation at early
stem elongation

Increased plant
height

Increased pod and
seed development

Increased yield

Zahedi et al.
(2009)

T. aestivum

Se (Na,SeOs)
0.5 mg kg™,
20 days

Drought, 30% FC

Increased root
activity

Increased Pro
content

Increased
activities of POD
and CAT

Xiaoqin et al.
(2009a)

(continued)
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References

T. aestivum

1.0, 2.0, and
3.0 mg kg™!
NazseO:;, 20
days

Water stress of 30%
FC, 20 days

e Increased root
activity

¢ Increased chl,
carotenoids and
Pro content

¢ Increased
activities of POD

and CAT activities

¢ Decreased MDA
content

Xiaoqin et al.
(2009b)

Fagopyrum
esculentum

lgm™
Na,SeO,, 7-8
weeks

Reduction of water
by 50%, 8 weeks

e Improved gs,
potential
photochemical
efficiency of PS
11, respiratory
potential

* Increased yield

Tadina et al.
(2007)

Z. mays

20¢g
ha—'Na,SeO,

Drought,
withholding water

¢ Enhanced
activities of
SOD

¢ Reduced MDA
content

* Improved grain
yield

Sajedi et al.
(2011)

T. aestivum

0, 25, 50, 75,
and 100 uM of
NazseO4, 30
or 60 min

Drought,
withholding water
for 1 week

¢ Increased root
length and total
biomass

¢ Increased stress
tolerance index

¢ Increased total
sugar content and
total free amino
acids

Nawaz et al.
(2013)

B. napus

25 M Se
(Na,Se0,), 48
h

Drought, 10 and
20% PEG-6000, 48
h

¢ Increased
activities of
APX, DHAR,
MDHAR, GR,
GST, GPX, and
CAT

¢ Decreased GSSG
content, H,0,

e Decreased lipid
peroxidation

Hasanuzzaman
and Fujita
(2011)

Z. mays

5-15 M
Na,SeO; -
5H,0

Drought, 25% PEG

e Unregulated
AsA-GSH cycle

¢ Decreased ROS
production

Yildiztugay
et al. (2016)

(continued)



10 Actions of Biological Trace Elements in Plant Abiotic Stress Tolerance

Table 10.2 (continued)

243
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Trace elements

Stress

Beneficial effects

References

Z. mays

5-15 pM
Na,SeO; -
5H,0

HT (2444 °C)

e Upregulated
AsA-GSH cycle

e Decreased ROS
production

Yildiztugay
et al. (2016)

T. aestivum

2-4mg L' Se

HT, 38 +2°C

* Improved
growth and
photosynthesis

e Increased yield
attributes and
yield

¢ Increased
nonenzymatic
antioxidants

¢ Enhanced
activities of
antioxidant
enzymes

Igbal et al.
(2015)

S. bicolor

NazseO4
(75 mg L"),
7-28 days

HT, 40/30 °C, 7-28
days

¢ Increased
antioxidant
enzyme

¢ Decreased ROS
levels and
membrane
damage

¢ Increased
antioxidant
defense

e Increased grain
yield

Djanaguiraman
et al. (2010)

C. sativus

2.5,5,10, or
20 pM
NaZSeO4

LT, 10 °C/5 °C for
24 h, day

* Improved shoot
fresh weight

¢ Increase of Pro
content

¢ Reduced MDA
level

Hawrylak-
Nowak et al.
(2010)

T. aestivum

0.5, 1.0, 2.0,
3.0 mg kg™!
Na,SeO;, 72 h

LT,4°C,72h

¢ Increased
biomass

e Increased chl,
anthocyanins,
flavonoids, and
phenolic
compounds

¢ Increased
activities of POD
and CAT

Chu et al.
(2010)

(continued)
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T. aestivum

Se (5 mg Se
L), 5, 10,
and 15h

LT,3or5°C, 14
days

e Enhanced
growth

¢ Increased chl,
anthocyanin,
sugar, and Pro
contents

¢ Enhanced
antioxidant
defense system

¢ Decreased
membrane
damage

Akladious
(2012)

S. bicolor

Se(3and 6
pM L-!
Na,Se0,), 6 h

LT, 4-8 °C, 7 days

¢ Enhanced
growth

¢ Increased levels of
chl, anthocyanin,
sugar, Pro, and AsA

e Increased
enzymatic activities

e Diminished lipid
peroxidation

Abbas (2012)

C. frutescens

0,3 and 7 pM
Na,SeO;

HM, 0.25-0.5 mM
CdCl,

e Improved
growth

e Improved
photosynthetic
pigments

¢ Decreased Pro

e Enhanced CAT
activity

Shekari et al.
(2016)

B. napus

50 and 100
pM Se
(Na,SeO,), 24
h

HM. 0.5 and 1.0
mM CdCl,, 48 h

¢ Increased the
AsA and GSH
contents, the
GSH/GSSG ratio

e Increased activities
of APX, MDHAR,
DHAR, GR, GPX,
and CAT

¢ Reduced the
MDA and H,0,
levels

Hasanuzzaman
et al. (2012b)

B. napus

2 uM
Na,SeO,, 14
days

HM, 400 and 600
pM, CdCl,, 14 days

¢ Reduced
oxidative stress
by modulating
SOD, CAT, APX,
GPX activities

¢ Prevented
Cd-induced
alteration of DNA
methylation pattern

Filek et al.
(2008)

(continued)
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Plant species | Trace elements | Stress Beneficial effects References
Pteris vittata | 5, 10 uM of HM, 150 or 300 pM | » Improved Srivastava et al.
Na,SeO,, 5 of Na,HAsO,, 10 antioxidant (2009)
and 10 days days system including
thiol and GSH
levels
¢ Reduced As
uptake
B. oleracea I mgL-! HM, | mg L' * Increased chl Pedrero et al.
Na,Se0;, 10 CdCl,, 40 days content (2008)
and 40 days  Improved
a-tocopherol level
and reduced
oxidative damage
Lolium 1.0, 1.5, 2.0, HM, 0.2 mM AICl;, |+ Improved POD Cartes et al.
perenne 5.0 and 10 pM | 20 days activity (2010)
Na,SeO;, 20 ¢ Reduced O, and
days lipid peroxidation
T. aestivum 1.0 and 2.0 mg | UV-B, 40 W, 305 ¢ Increased root Yao et al. (2009)
Sekg™', 8h nm, 8 h weight and root
activity
¢ Increased
flavonoids and Pro
content
¢ Increased
activities of POD
and SOD
¢ Reduced MDA
and O,
Euglena 107, 1078, UV-A, 320-400 nm, | Improved Ekelund and
gracilis 102 and 107 | 40 min light-enhanced Danilov (2001)
M, Na,SeO; - dark respiration
5H,0, 40 min and
photosynthesis

deficiency and excess Cu conditions (Yruela 2005). Copper is found to be actively
involved in many antioxidant enzymes in plants. Growth, protein content, and anti-
oxidant enzymes’ activities showed differential responses under different concen-
trations of copper (0-800 pM) as reported by Gao et al. (2008). Higher activities of
enzymes in Jatropha curcas seedlings were observed at the concentration of 200—
400 pM. However, it was also dependent of plant organs. Azooz et al. (2012)
observed the effect of Cu in wheat and found that 2 mM Cu showed optimum growth
and biochemical parameters, while no changes were observed up to 10 mM Cu, and
thereafter, the growth and biochemical parameters were significantly reduced. The
activities of antioxidant enzymes such as CAT, POD, APX, and SOD were increased
in dose-dependent manners. This effect of Cu in plants was associated with the
biosynthesis of free amino acids and Pro (Azooz et al. 2012).
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10.6.2 Zinc

Since 1932, Zinc has been considered as a vital micronutrient for plants because its
participation as a functional component of around 200 enzymes and transcription
factor involved in biomolecule synthesis and metabolism of nucleic acid and lipid.
Furthermore, Zn plays role in biomass production, chl formation, pollen function,
and fertilization (Ebrahimian and Bybordi 2011; Hafeez et al. 2013). Zn (at low
concentration 1-2 pM) increases plant growth, chl content, and crude protein
(Samreen et al. 2013). Role of Zn in conferring drought stress tolerance maintaining
water use efficiency was described by Waraich and his group (Waraich et al. 2011a,
b). They proposed that Zn can enhance the auxin level directly or indirectly by
increasing tryptophan which is a precursor of auxin. Then auxin increased the root
growth under drought condition. In addition, Zn decreases the activity of membrane-
bound NADPH oxidase; for this reason, ROS generation decline and SOD, CAT,
and POD activities increase to protect cell from oxidative damage under drought
stress. Cd-induced damage can be restored by using Zn. Wu and Zhang (2002)
reported Cd-induced reduction in root and shoot biomass, micronutrient imbalance
(Cu, Fe, and Zn), and higher amount of Cd uptake reduced by the application of 300
pmol L=! Zn. Exogenous Zn prevented the Cd uptake by making block, maintained
micronutrient (Cu, Fe, and Zn), reduced MDA, and, at the same time, increased
antioxidant enzyme activity to protect barley plant from Cd toxicity. Supplemental
Zn can reduce salinity-induced oxidative stress by reducing MDA, H,0,, and lipox-
ygenase activities as well as increasing APX and CAT activity in pistachio seedling
(Tavallali et al. 2010). Application of Zn increased fresh and dry weight and Pro
content and enhanced the activities of CAT, SOD, and GST under salt stress in sun-
flower leaves (Ebrahimian and Bybordi 2011). Role of Zn in abiotic stress tolerance
is still ambiguous. Further study is required to find out mechanism of Zn-induced
abiotic stress tolerance and elucidate nature of interaction among Zn and other
nutrient elements.

10.6.3 Nickel

Although the biological functions of Ni in plants have been reported since long
time, its essentiality has been established recently due to its role as an activator of
the enzyme urease (Fabiano et al. 2015). However, its role as protectants of plant
stress is rarely available rather than its toxic effects. Recent studies have shown that
Ni may activate OsGLY11.2 (an isoform of glyoxalase I), which is the first line of
enzymes in the degradation of cytotoxic methylglyoxal (MG) (Mustafiz et al. 2014),
a cytotoxic compound which is produced in high concentration under stress. This
MG is detoxified via glyoxalase system where both Gly I and Gly II enzymes are
involved. Importance of Ni for the activity of Gly I not only suggest its role in MG
detoxification but also the redox state of GSH which is a strong antioxidant and vital
player in metal tolerance. Fabiano et al. (2015) studied the role of Ni in the
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relationship between the MG cycle and GSH homeostasis and stated that Ni may
have a key participation in plant antioxidant metabolism, especially in stressful situ-
ations (Fabiano et al. 2015). However, further study is necessary to elucidate the
actual functions of Ni in conferring stress tolerance to plants.

10.6.4 Boron

Though the physiological role of B in plant is still unclear, it is evident that both the
deficiency and toxicity of B resulted in many anatomical, biochemical, and physi-
ological changes in plants (Herrera-Rodriguez et al. 2010). The deficiency of B in
plant affects growth and reduces yield, whereas sufficient supply results in better
growth and good yield (Shabaan 2010). As an essential element, B is required for
many essential functions of plant such as maintaining cell structures and functions
as well as cell division, sugar transport, hormone development, respiration, carbo-
hydrate metabolism, membrane transport, and transportation and metabolism of
other essential plant nutrients (Shabaan 2010, Herrera-Rodriguez et al. 2010).
Boron can also play role in fruit and seed development by increasing fertility, pollen
tube growth, and carbohydrate utilization (Blevins and Lukaszewski 1994).
Therefore, deficiency of B causes many physiological and biochemical changes in
plant that affect plant growth and yield (Shabaan 2010). It is also revealed that exog-
enous B can develop stress tolerance by regulating physiological and biochemical
attributes under environmental stress condition. Foliar application of B improves
growth and yield of wheat by increasing chl and Car content and decreasing H,O,
and Pro content under drought stress condition (Abdel-Motagally and El-Zohri
2016). Moeinian et al. (2011) also showed that foliar application of B improve
growth, yield, and grain quality of 7. aestivum under drought stress condition by
improving leaf area index (LAI), crop growth rate (CGR), and net assimilation rate
(NAR). Foliar application of B alleviates salinity and improves growth and yield
attributes in maize seedlings under salt stress by regulating phenols, proline, amino
acids, and soluble sugar (Salim 2014). Zhou et al. (2015) reported that gene related
to ROS and aldehyde detoxification and metabolism, cell transport, Ca signaling,
and hormone and gene regulation play role in B-induced alleviation of aluminum
toxicity in Citrus grandis seedlings.

10.6.5 Manganese

As an essential trace element, manganese (Mn) is associated with various plant meta-
bolic processes. It plays an important role in plant photosynthesis, respiration, and hor-
mone activation. It also takes part in synthesis of protein, lipid, fatty acids, amino acids,
ATP, flavonoids, etc. (Lidon et al. 2004; Millaleo et al. 2010). Usually Mn presents in
soil as free Mn** which is only available form for plant and readily taken up by plant via
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an active transport system in epidermal root cells. Deficiency of Mn is dangerous for
plant, because it weakens structural resistance against pathogen and decreased tolerance
ability toward abiotic stresses such as heat and drought stress. In addition, Mn deficiency
also affects the water-splitting system of photosystem II (PS II) that provides electron
directly for photosynthesis which also makes plant vulnerable toward stress (Gherardi
and Rengel 2003; Millaleo et al. 2010). On the other hand, the presence of excess Mn in
plant root zone also extremely toxic to plant. Higher accumulation of Mn by plant alters
various physiological and metabolic processes which causes chlorosis, necrosis, oxida-
tive stress, and growth and yield reduction (Ducic and Polle 2005; Millaleo et al. 2010;
Arya and Roy 2011). Considering the beneficial role of lower amount and toxic effect of
excess amount, Mn plays dual role in plant system: essential micronutrient and toxic
element, respectively (Ducic and Polle 2005; Millaleo et al. 2010).

However, among the beneficial roles that we discussed, Mn also plays role directly
against various abiotic stresses. Being a divalent cation, Mn can compete with other
divalent toxic ion and reduced their uptaken and transportation within plant as they are
uptaken by active transporter and have some common transporter during uptake and
transportation (Hirschi et al. 2000; Pittman 2005). In addition, Mn also acts as cofactor
in Mn-CAT and Mn-SOD enzymes that participates in plant antioxidant defense system.
Although it is not clear but assumed that Mn acts as O, and H,0, scavenger (Ducic and
Polle 2005). Moreover, many studies revealed that supplemental Mn plays positive role
in conferring stress tolerance under various abiotic stress conditions (Table 10.2).
Supplementation of Mn in Cd-treated plant improves growth and chl and Car contents
and decrease lipid peroxidation by reducing Cd uptake and enhancing antioxidant
defense system (Pal’ove-Balang et al. 2006; Peng et al. 2008; Sebastian and Prasad
2015). Exogenous application of Mn in barley seedlings confer salt stress tolerance and
improve growth by increasing net assimilation and photosynthetic rate under salt stress
condition (Cramer and Nowak 1992; Pandya et al. 2004). Upadhyaya et al. (2012)
reported that Min plays positive role on post-drought stress recovery in tea by influencing
growth and antioxidative response. To observe the protective effect of Mn under salt
stress condition, we have grown 12-day-old O. sativa seedlings under 150 mM NaCl for
3 and 6 days under controlled environment. Salt stress resulted in marked increase in
Nat*, MDA, H,0,, O,"~, and Pro and MG content which in turns exhibited chlorosis and
growth inhibition in time-dependent manner (Rahman et al. 2016). On the other hand,
Mn supplementation (0.5 mM MnSO4) reduced oxidative stress by lowering the levels
of MDA and H,0, and enhancing the activities MDHAR, DHAR, SOD, CAT, Gly I, and
Gly II and improving the contents of nonenzymatic antioxidants. Exogenous Mn also
maintains low Na* and high K* content and thus maintained ion homeostasis.

10.6.6 Silicon

Although it is not considered as essential for plant function, in rice, Si showed some
essential functions, and it is absorbed from soil in amounts that are even higher than
those of the essential macronutrients (Datnoff et al. 2001). There are plenty of
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evidences on the role of Si in plant stress tolerance (Hasanuzzaman et al. 2014b).
Beneficial effects of exogenous Si in enhancing abiotic stress resistance are reported
in many plant studies (Table 10.2). The protective effect of Si under abiotic stress
are mainly due to the deposition of Si as SiO,.nH,O in leaves and stems of plants
and partly by the interaction between Si(OH), and other elements such as Al It is
also suggested that the function of Si in plants might involve mechanical defense
rather than physiological changes (Fig. 10.4; Ma and Yamaji 2008; Hasanuzzaman
et al. 2014b).

Hydroponically supplemented Si (1.8 mM K,SiO;) significantly increased
growth and alleviated salinity stress (50 mM NaCl) in C. annuum which was due the
enhancement of antioxidant defense, improvement of photosynthesis, and mainte-
nance of the nutrient balance (Manivannan et al. 2016). For example, electrolyte
leakage potential in salt stress treatment by 38% upon exposure illustrated the
NaCl-induced cell membrane damage, which, in turn, was reduced by 33% upon Si
supplementation. Similarly, the addition of Si mitigated the oxidative damage by
decreasing the MDA content by 29% and H,O, content by 26% which efficiently
minimized the oxidative burst. While investigating the beneficial role of Si in salt
stressed (10 dS/m) Anethum graveolens, Shekari et al. (2015) observed that exoge-
nous Si (1.5 mM) could be able to improve the salt-induced inhibition of growth and
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Fig. 10.4 Silicon-induced abiotic stress tolerance in plants (Source: Hasanuzzaman et al. 2014b,
with permission from Elsevier)
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Na/K ratio. Silicon also reduced lipid peroxidation which was associated with
enhanced activities of antioxidant enzymes. Mateos-Naranjo et al. (2013) observed
that Si could ameliorate nutrient imbalances in salt affected Spartina densiflora.
The K*/Na* ratio of leaves of Spartina densiflora was greater in Si-treated plants,
and these plants also had higher levels of essential nutrients (Si, Al, Cu, Fe, K, and
P) in their tissues (Mateos-Naranjo et al. 2013). In B. napus, Si (2 and 4 mM) was
found to be effective in enhancing antioxidative enzyme activities and photosynthe-
sis (Bybordi 2012). Protective role of Si in drought stress tolerance was reported by
many authors. These effects were mainly due to the maintenance of water balance,
cellular integrity, and antioxidant defense. However, little information is available
on its role in water uptake and in less Si-accumulating plants. Silicon also provided
better protection under alkali stress (2575 mM Na,CO;). After 25 days of stress
growth parameters, leaf RWC, and the contents of photosynthetic pigments, soluble
sugars, total phenols and potassium ion (K*), as well as potassium/sodium ion (K*/
Na") ratio were decreased, while the contents of soluble proteins, total free amino
acids, proline, Na* and MDA, as well as the activities of SOD, CAT, and POD were
increased. On the other hand, seed priming with 1.5 mM Na,0;Si.5H,0 improved
growth of stressed plants, which was accompanied by the enhancement in leaf RWC
and levels of photosynthetic pigments, soluble sugars, soluble proteins, total free
amino acids and K*, as well as activities of SOD, CAT, and POD enzymes.
Furthermore, Si supplement resulted in a decrease in the contents of Pro, MDA, and
Na*, which together with enhanced K* level led to a favorable adjustment of K*/Na*
ratio, in stressed plants relative to plants treated with alkaline stress alone. In a
recent report, Shi et al. (2016) found increased water uptake and less oxidative dam-
age in S. lycopersicum under drought stress (10% PEG) when Si (2.5 mM) was
applied. Silicon addition significantly recovered the growth and photosynthetic
inhibition and improved water status in plants compared to water stress alone. There
was a marked increase in ROS accumulation under water stress, while added Si
ameliorated these by enhancing the activities of SOD and CAT and maintaining the
AsA and GSH levels higher (Shi et al. 2016). Mauad et al. (2016) reported that
Si-induced drought stress tolerance was developed due to increased Pro synthesis
and peroxidase (POX) activity.

In Z. mays, foliarly applied Si (10 mM K,SiO; metasilicate) could enhance chill-
ing tolerance to low-temperature (3 = 1 °C) stress (Habibi 2016). Maize plants
grown under low temperature resulted in marked reduction of plant growth and
RWC, increased the production of ROS, and depleted the photosynthetic parameters.
However, Si supplemented plants showed revisable effect, i.e., decrease in lipid
peroxidation and increase in maximum quantum yield of PS II (Fv/Fm) and photo-
synthetic pigments. Silicon supplementation also maintained the AsA and GSH
pool (Habibi 2016). Several studies indicated that Si is also effective in mitigating
metal toxicity in plants. Hydroponically grown rice plants exposed to 10 pM CdCl,
showed inhibition of plant growth and photosynthesis as well as disruption of ion
homeostasis and antioxidant defense (Farooq et al. 2016). However, when the plants
were supplemented with 0.6 mM Si(OH),, it reversed the effects of Cd by improv-
ing plant growth, photosynthesis, nutrient homeostasis, and enhancement of anti-



10  Actions of Biological Trace Elements in Plant Abiotic Stress Tolerance 251

oxidant defense system, especially AsA-GSH cycle, and thus readjusting cell redox
homeostasis (Farooq et al. 2016). In S. nigrum, Si-induced Cd stress tolerance was
associated with the activation of antioxidant defense and reduction of Cd uptake as
reported by Liu et al. (2013). They observed that Cd markedly enhanced the produc-
tion of ROS and showed higher electrolyte leakage and accumulated higher amount
of Cd in shoot and root. In contrary, Si reduced H,0, accumulation and prevented
cell death and the electrolyte leakage and H,O, concentration in functional leaves.
Si supplementation also enhanced the activities of SOD, CAT POD, and APX (Liu
et al. 2013).

10.6.7 Selenium

After the intense research of past few decades, the beneficial roles of Se in plants
have been observed, but the question is still unresolved whether Se is an essential
micronutrient for plants (Terry et al. 2000). However, it is still recognized as an
essential micronutrient (Hasanuzzaman et al. 2014b). In many plant species, Se
exerts a positive effect on plant growth, physiology, and productivity under abiotic
stress (Hasanuzzaman et al. 2010, 2011b, 2012b, 2014a, b; Table 10.2). One of the
roles of Se in exerting beneficial effects on the stress tolerance is the enhancement
of the antioxidant capacity (Hasanuzzaman et al. 2014a, b).

Several research results have shown that Se at low concentration provided pro-
tection to different plant species against salt stress. Selenium-induced growth pro-
motion and improvement of photosynthesis and antioxidant defense system in
salt-treated tomato plants were reported by Diao et al. (2014). Under salt stress (100
mM NaCl), plant growth and photosynthetic attributes were inhibited while Se sup-
plementation (50 pM Na,SeO;) reversed the effects. Se treatment also limited the
ROS generation which was mainly due to the enhanced activities of SOD, GR,
DHAR, MDHAR, and GPX and the redox pool of AsA and GSH (Diao et al. 2014).
In pot culture Se (5-10 pM) supplemented V. unguiculata showed enhanced toler-
ance to salt stress (50 mM NaCl) through the highest values of photosynthetic pig-
ments, proline, phenylalanine ammonia lyase (PAL), and total soluble sugar as well
as growth and yield attributes (Manaf 2016). In a recent study, we found that exog-
enous Se (5-10 uM) could alleviate salt (25-50 mM NaCl)-induced damages by
improving the integrity of cell membranes and by increasing leaf RWC, and photo-
synthetic pigments under stress conditions and subsequently increasing plant bio-
mass and yield (Mozafariyan et al. 2016). Under high salt concentration (50 mM
NaCl) 10 pM Se performed well than other dose.

Kong et al. (2005) reported that low concentrations (1-5 pM) of Se stimulated
growth and enhanced antioxidant enzyme (SOD and POD) activities in leaves of
sorrel (R. patientia x R. tianshanicus) seedlings under salt stress. In contrast, at
higher concentrations (10-30 uM), Se showed fewer beneficial effects. In C. sativus
leaves, Se treatments (5—10 pM) increased the growth, synthesis of photosynthetic
pigments, and Pro levels under salt stress (Hawrylak-Nowak 2009). In our recent
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study, we observed beneficial effects of exogenous Se (25 pM Na,SeO,) in salt (100
and 200 mM NaCl)-stressed B. napus seedlings (Hasanuzzaman et al. 2011a, b).
Selenium treatment increased the components of AsA-GSH cycle and other antioxi-
dant enzymes and maintained the AsA and GSH pool which reduced levels of H,O,
and MDA when compared to plants exposed to salt stress alone (Hasanuzzaman
et al. 2011a, b). So far the confirmation about which form of Se is more effective is
yet to be elucidated. In a recent study Hawrylak-Nowak (2015) reported that Se
application, especially in the form of selenite, could upregulate the antioxidant
defense in salt-treated lettuce. It was also found that the root growth and increase in
photosynthetic pigment were increased upon Se supplementation.

Several plant studies that focused on the protective effects of Se under drought
stress indicated that the effects of Se are due to its ability to regulate the water status
of plants under water-deficit condition. In wheat, Se supplementation improved dry
matter and grain yield under both well watered and a drought condition which was
mainly due to enhancement of photosynthesis rate, protection of leaf photochemical
events, accumulation of organic osmolytes, and improvement of water use effi-
ciency. Selenium was also able to increase root length and diameter which made the
plant able to uptake more water and maintaining higher water content in leaves
(Hajiboland et al. 2016). Nawaz et al. (2014) reported that the growth and biomass
of wheat seedlings increased under drought due to Se fertigation. Se supplemented
seedlings showed higher stress tolerance index and biomass with 7.06 pM Se.
Kuznetsov et al. (2003) reported that the addition of 0.1 or 0.25 mM Se caused a
2-6% increase in leaf water content, thereby increasing the drought resistance. The
Se-induced improvement in leaf tissue water status was accompanied by a sharp
(two to fourfold) inhibition of stress-induced accumulation of Pro and a significant
inhibition of POX activity (Kuznetsov et al. 2003). Wang et al. (2011) examined the
effect of Se (5 pM Na,SeQO,) on the AsA-GSH cycle in Trifolium repens seedlings
subjected to drought. They observed that Se application decreased the lipid peroxi-
dation and H,O, by maintaining the higher AsA and GSH pool higher. Selenium
supplementation significantly increased the activities of MDHAR, DHAR, and
GR. Among the enzymes, GR showed the highest increase in activity compared to
DHAR and MDHAR. In our laboratory, we studied the beneficial role of Se pre-
treatment (25 pM Na,SeO,, 48 h) in B. napus seedlings under drought stress (10 and
20% PEG-6000) (Hasanuzzaman and Fujita 2011). Drought-stressed seedlings
showed increases in GSH and GSSG content; however, the AsA content increased
only under moderate stress (Table 8). The MDHAR and GR activities increased
only under moderate stress (10% PEG). The activities of DHAR, GST, and GPX
significantly increased at all levels of drought, while CAT activity decreased.
Drought stress resulted in a marked increase in the levels of H,O, and MDA. In
contrast, Se-pretreated seedlings exposed to drought stress showed a rise in AsA and
GSH content and upregulated activities of CAT, APX, DHAR, MDHAR, GR, GST,
and GPX when compared with the drought-stressed seedlings without Se. In turn,
the Se-treated seedlings showed a considerable decrease in the levels of H,0O, and
MDA and considerable alleviation of oxidative stress (Hasanuzzaman and Fujita
2011). Very recently, Nawaz et al. (2013) found beneficial role of Se priming in
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conferring drought stress tolerance. In their experiment, seeds of 7. aestivum were
soaked in distilled water or Na,SeO, solutions (25, 50, 75, and 100 pM) for 30 or 60
min, followed by re-drying and subsequent sowing. Priming with Se significantly
increased root length, stress tolerance index, and total biomass of germinated seed-
lings. Yildiztugay et al. (2016) observed that exogenous Se could upregulate the
AsA-GSH cycle in heat-exposed Z. mays plants and minimized the overproduction
of ROS which in turns protected the plants from oxidative stress induced by drought
(25% PEG).

Recent studies also indicated the protective role of Se under HT stress. Yildiztugay
et al. (2016) observed that exogenous Se could upregulate the AsA-GSH cycle in
heat-exposed Z. mays plants and minimized the overproduction of ROS which in
turns protected the plants from oxidative stress induced by HT (24-44 °C).
Exogenously applied Se also found to be effective under HT stress in spring wheat
under field condition. Heat stress (38 + 2 °C) significantly depleted the antioxidative
potential, affected growth, photosynthetic pigments, and grain yield of wheat which
were satisfactorily reversed by Se supplementation which helped the wheat plants
to increase fertility and hence avoid reduction of grain yield under HT stress (Igbal
et al. 2015). Djanaguiraman et al. (2010) reported that beneficial effect of foliarly
applied Se (75 mg L~!) could enhance photosynthesis, membrane integrity, and anti-
oxidant defense which improved the yield components and grain yield of S. bicolor
plants grown under HT stress (40/30 °C). Se application increased photosynthetic
rate and stomatal conductance in HT-stressed plants by 13.2 and 12.4%, respec-
tively, compared to non-supplemented plants under stress, while the O,", H,0, and
MDA content decreased by 11.5, 35.4 and 28.4%, respectively. Recently, we found
that Se could minimize HT-induced damages to B. napus seedlings by enhancing
antioxidant defense and glyoxalase systems (Hasanuzzaman et al. 2014b). Heat (38
°C, 24 and 48 h)-exposed seedlings exhibited marked decrease in the chl content
and increased RWC, MDA, H,0,, Pro, and MG contents in time-dependent man-
ners. Selenium supplemented HT-treated seedlings recovered these damages which
were evident with decrease level of MDA, H,0,, and MG which was correlated with
enhanced ecaivities of CAT, GPX, MDHAR, DHAR, GR, Gly I, and Gly II as well
as higher redox balance of AsA and GSH (Hasanuzzaman et al. 2014b). Protective
role of Se under LT stress has been reported in few plant studies, but the effect was
mostly dose dependent. According to Djanaguiraman et al. (2005), Se was able to
increase the tolerance of G. max plants to LT stress by promoting antioxidant capac-
ity, and it improved growth and developmental processes of that plant under
LT. Recently, Abbas (2012) found that SeO,*" at low concentrations (3 and 6 mg
L~!) enhanced growth, levels of chl, anthocyanin, sugar, Pro, and AsA, and enzy-
matic activities in S. bicolor seedlings subjected to LT stress. However, high levels
of Se0,>~ (12 mg L) resulted in toxic effects. Low levels of SeO,* (3 and 6 mg
L") also diminished lipid peroxidation by enhancing the activities of APX and
GPX.

Selenium has been documented to reduce metal toxicity in several research stud-
ies. The modes of action were varied and are still unclear; however, some suggested
reasons included improvement of the antioxidant defense system, reduction of
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metal uptake, formation of nontoxic Se-metal complexes, and phytochelatin activity
(Vorobets and Mykiyevich 2000; Sun et al. 2010). Moreover, Se is effective at sus-
taining physiological activities, growth, and developmental processes even in HM
toxic environments (Pedrero et al. 2008; Cartes et al. 2010). A study on peeper
showed that Se supplementation diminished Cd toxicity on photosynthesis pigment
(Shekari et al. 2016). The application of Selenium at 7 uM significantly increased
leaf area in the plants grower at 0.25 mM Cd. The application Se at 3 pM with 0.25
mM Cd and Se 3 and 7 pM with 0.5 mM Cd increased the activity of CAT. Selenium
7 pM decreased Pro content of pepper leaves exposed to Cd 0.5 mM (30%).
Selenium significantly enhanced antioxidant activity of leaves which was diminished
by Cd toxicity. In general, Se has beneficial effect on plant growth and antioxidant
enzymes of pepper under Cd stress and nonstress conditions (Shekari et al. 2016).
In B. oleracea, Cd phytotoxicity resulted in elevated MDA level and decreased pho-
tosynthetic pigment and tocopherol concentrations, but Se treatment effectively
alleviated these adverse effects (Pedrero et al. 2008). In B. napus, Se (2 pM) con-
ferred tolerance to Cd (400 and 600 uM) stress by reducing lipid unsaturation and
peroxidation, modulating the activity of antioxidative enzymes (SOD, CAT, APX,
GPX), and preventing Cd-induced changes in the DNA methylation pattern (Filek
et al. 2008). Sun et al. (2010) showed that enhanced Cd tolerance by Se might be
due to removal of Cd from metabolically active cellular sites, induction of Se to
scavenge the Cd-induced ROS generated, and the regulation phytochelatin synthe-
sis associated enzymes induced by of Se. In our recent study, we observed that
rapeseed seedlings grown under Cd stress (0.5 and 1.0 mM CdCl,) showed substan-
tial increases in MDA and H,0O, levels (Hasanuzzaman et al. 2012b). The AsA con-
tent of the seedlings decreased significantly upon exposure to Cd stress. The amount
of GSH increased only at 0.5 mM CdCl,, while GSSG increased at any level Cd
with concomitant decreases in the GSH/GSSG ratio. The activities of antioxidant
enzymes also reduced under Cd stress. Importantly, Se-pretreated seedlings exposed
to Cd showed increases in the AsA and GSH contents, GSH/GSSG ratio, and the
activities of APX, MDHAR, DHAR, GR, GPX, and CAT. However, in most of the
cases, pretreatment with 50 pM Se showed better results compared to 100 pM Se.
These results indicated that the exogenous application of Se at low concentration
increased the tolerance of the plants to Cd-induced oxidative damage by enhancing
their antioxidant defenses (Hasanuzzaman et al. 2012b).

Selenium improves plant growth and survival under UV radiation, as reported in
several studies. Se (0.01 and 0.05 mg kg~! soil) improved the antioxidative capacity,
protected chloroplast enzymes, and increased shoot yield in Lactuca sativa under
combined UV-B and UV-C stress (Pennanen et al. 2002). Significant increases in
the activities of POD and SOD, together with reduced MDA and O, levels, were
documented in 7. aestivum under UV-B radiation. Selenium also increased root
activity, flavonoid, and Pro contents in this plant (Yao et al. 2010). Recently, we
completed a pot experiment with three rice varieties, viz., BRRI dhan45, BRRI
dhan47, and Nipponbare grown under different concentration of salt water (50-150
mM). Salt stresses reduced the plant height and tillers hill~!, leaf relative water con-



10  Actions of Biological Trace Elements in Plant Abiotic Stress Tolerance 255

BRRI dhan45

. otl

50 mM NaCl  50mM NaCk0.5 mM Se 50 mM NaCl  50mM NaCH0.5 mM Se 50mM NaCl  50mM NaCk0.5 mM Se

Fig. 10.5 Effect of Se supplementation in mitigating adverse effects of salt stress in different rice
cultivars. Plants were subjected to 50 mM NaCl throughout its life cycles with or without 0.5 mM
Na,SeO;

tent, and chl content in dose-dependent manner. Salt stress also reduced the effec-
tive tillers hill™!, number of filled grains panicle™!, 1000-grain weight, grain yield,
and straw yield. However, when the plants were supplemented with 0.5 mM Se
(sodium selenite, Na,SeOs), these observed parameters were significantly increased
compared to salt treatment alone. Importantly, the beneficial effect of Se on salt
stress tolerance was prominent up to 100 mM NacCl, while it could not be more
beneficial above this level of salt concentration (Naim 2015). The response of rice
plant to Se and salt stress greatly varied in different cultivars (Fig. 10.5).

10.7 Molecular Approaches to Manipulate the Genes
Associated with Trace Elements Actions in Plants

Plant cannot synthesize inorganic molecule including macronutrient, micronutrient,
and heavy metals. But plant can uptake inorganic molecule from growing medium
using root. To get entry into root or to be translocated, metal ions are needed to cross
both cellular and organellar membranes. These membranes contain different trans-
porter proteins which show specificity to particular inorganic elements (Guerinot
2000). For example, IRT1 is a transporter protein which shows specificity to Fe, but
Mn and Zn can also be transported using this transporter. Similarly ZIP1, ZIP2, and
ZIP3 act as Zn transporter in plant and AtECA1 for Ca** and Mn?**, AtNramp3 for
Mn?*, Fe?* and Cd** in Fe-deficiency conditions, AtOPT3 for possible transport of
Cu?* and Fe?* and Mn*, and so on (Millaleo et al. 2010). Many genes already identi-
fied those encode these transporter proteins. Expression of transporter gene depends
on the presence or absence of a particular ion. Regulation of genes at transcriptional
and posttranscriptional level controls metal uptake as excessive accumulation metal
ions cause toxicity to plants. For instance, sensing the intracellular Zn level,
Zn-responsive transcriptional activator protein ZAP1 induces gene expression to
uptake Zn. On the other hand, Zn uptake reduced by endocytosis of ZRT1 trans-
porter protein (Guerinot 2000).

Abiotic stress limits ion uptake in plants. The roles of trace element in different
types of abiotic stresses are well discussed in previous sections. But with the
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blessing of modern science, it is possible to manipulate the genes related to trace
element uptake. Increasing trace element content in plant by overexpression of
gene may enhance tolerance against drought, salinity, and heavy metal toxic-
ity (Table 10.3). Very limited literatures are found in this research area. Li et al.
(2011) found that overexpressed Na*/H* antiporter (At/NHXS5) gene induced
extreme dehydration tolerance in paper mulberry. The AtNHX5-overexpressing
plants survived under drought and salinity, whereas the wild-type (WT) plants
could not survive. Under salt stress, AtNHX5-overexpressed plant contained
higher amounts of Na* and K* in leaves compared to WT. Higher leaf water con-
tent and leaf chl contents, Pro and soluble sugars, and less membrane damage
were observed in transgenic plants than the WT plants under both drought and
saline conditions. They suggested the possibility of AtNHX5 gene in improving
the tolerance against abiotic stresses in paper mulberry plants. In another study,
Sasaki et al. (2016) reported that overexpression of OsHMA3 showed Cd toxicity
tolerance. OsHMA3-overexpressed line alleviated the Cd-inhibited growth.
Higher amount of Cd found in the roots of OsHMA3-overexpressed line than
shoots of wild type and vector control line. This result suggests the role of
OsHMA?3 in enhancing vacuolar sequestration of Cd in the roots. Furthermore, the
OsHMA3-overexpressed line constitutively upregulates five transporter genes
belonging to the ZIP family. They finally proposed that overexpression of
OsHMA3 is an efficient way to reduce Cd accumulation in the grain and to enhance
Cd tolerance in rice.

Table 10.3 Overexpressed transporters that enhance abiotic stress tolerance

Transporter

gene Effects References

NcZNT1 Overexpression of NcZNT1 conferred tolerance against high | Lin et al. (2016)
Cd and Zn in A. thaliana

ZTP29 Arabidopsis zinc transporter ZTP29 was involved in the Wang et al.
response to salt stress, may be due to Zn-induced (2010)
upregulation of the UPR pathway

NIP5;1 Enhanced expression of NIP5;1 in A. thaliana promoted Kato et al.
root growth under B deficiency condition (2009)

AtNHX1 Overexpression of this gene enhanced salinity stress Xue et al.
tolerance in wheat by reducing Na* (2004)

OsNHX1 Overexpressed OsNHX1 increased K* under salinity thus Chen et al.
contributed to salt stress tolerance and promoted growth of (2007)
maize

NtCBP4 This gene was responsible for Ni toxicity by reducing Ni** Arazi et al.
uptake in transgenic tobacco plant (1999)

CAX2 Overexpression of this gene increased Cd and Mn toxicity Hirschi et al.
though transgenic tobacco plant accumulated more Cd and (2000)
Mn

CsMTPS High or low amount of Mn-induced upregulation or Migocka et al.
downregulation improved Mn homeostasis in cucumber (2014)
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10.8 Conclusions and Outlooks

The trace elements are not critical for all plants but may improve plant growth and
yield through their different beneficial influences on plants’ physiological and mor-
phological mechanisms. Essential trace elements or micronutrients are elements
necessary for maintaining the life processes in plants. The continous hammering on
soil for producing more foods without allowing time for natural replenishment of
the nutrients uptaken by plants from the same piece of land has led to evolution of
newer elements essential for plants. Trace elements present at very low concentra-
tions in agroecosystems are essential to plant growth and development. Both defi-
ciency and toxicity of trace elements occur in agroecosystems. However, the range
of essential to lethal for these elements is rather thin. Application of trace elements
in fertilizers is effective in correcting micronutrient deficiencies for crop produc-
tion, whereas, though costlier, remediation of soils contaminated with metals
through phytoremediation appears promising as a cost-effective approach. Stressed
plant suffering from due by far but not limited to climatic change/aberrations, sea-
sonal rotations, or geographical positions around the globe are galore (Hasanuzzaman
et al. 2014b). Plants also develop physiological and morphological mechanisms for
adaptations with the stressful conditions. On reflection of the research works have
been conducted so far, it can be said that participation of trace elements in mecha-
nisms of stress tolerance in plants is very vital (Hasanuzzaman et al. 2011b). To be
more specific, under adverse environmental conditions, supplementing trace ele-
ments have mostly beneficial effects in plant survival, vegetative growth, and repro-
ductive growth and productivity (yield), unless they are in toxic concentration in
soil-plant systems. As for example, 50 mg B L~! foliar spray at booting and anthesis
stage of Triticum aestivum reduces drought stress effects on plants through increas-
ing chl and Car and decreasing H,O, and Pro content (Abdel-Motagally and El-Zohri
2016). Abiotic stress-induced oxidative stress is another phenomena that plants
experienced under different stress conditions such as waterlogging, drought, salin-
ity, heat, ozone, UV-B radiation, redox-active metals, etc. but trace elements can
mitigate through different ways, for example, by reducing the production of ROS
and other radicals. Besides these, the actions of trace elements on a wide range of
crops (Euglena gracilis to Oryza sativa) have been tested in terms of tolerance or
avoidance of abiotic stresses, and the results were positive to a great extent.

Trace elements are indispensable part for either physiological, biochemical or
molecular approach of stress tolerant mechanism development in plants. To exem-
plify, Arabidopsis zinc transporter ZTP29 was involved in the response to salt
stress through Zn-induced upregulation of the unfolded protein response (UPR)
pathway, and overexpression of AfNHXI gene reduced Na* content in plant and
enhanced salinity stress tolerance in wheat. The reviewed research results on role
of trace elements on abiotic stress tolerance in plants predict that trace elements
are only trace for their presence, but they are huge for their actions and overlook-
ing them as trace elements will results in failure of developing tolerance in plants
to abiotic stresses.
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However, thorough actions of trace elements on abiotic stress avoidance, toler-
ance, or resistance mechanisms by plants are still poorly understood for drawing out
a full panorama. Foolproof researches focusing on the equilibrium of trace elements
in an agroecosystem and elaboration of soil biochemical and molecular approaches
that can be used to diagnose trace elements responsible for stress control and to use
for future use are urgently needed. Besides these, most of the experiments con-
ducted around the world on actions of beneficial trace elements on plant tolerance
of abiotic stresses are confined mostly to laboratory conditions and short-term stud-
ies only. Field performances of the biochemical, molecular approaches along with
agronomic management practices are also needed to strengthen the science of plants
tolerance to abiotic stresses.
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Chapter 11
The Rhizosphere and Plant Nutrition Under
Climate Change

Tarek Alshaal, Hassan El-Ramady, Abdullah H. Al-Saeedi, Tarek Shalaby,
Tamer Elsakhawy, Alaa E.-D. Omara, Aliaa Gad, Eman Hamad,
Ayman El-Ghamry, Ahmed Mosa, Megahed Amer, and Neama Abdalla

Abstract The plant root—soil interfaces could be considered the rhizosphere area,
which is the most important active zone in the soils for different microbial activities,
biodegradation of pollutants and plant nutrition. Polluted soils are characterized by
low organic matter content, limiting their microbial activity, nutrient availability and
degradation of pollutants. Soil phyto- and/or bioremediation is mainly based on the
use of plant roots and their associated soil microorganisms, whereas conventional
approaches are based on physico-chemical methods in soil remediation. Plant root
exudates are the most important compounds in the rhizosphere, which play a crucial
role in the interactions between plant roots and soil microbes. It is worthy to mention
that several plant species and soil microbes have been used in soil remediation for
different pollutants. The role of rhizosphere and its significance in plant nutrition are
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mainly controlled by the change in climatic attributes including temperature, mois-
ture content, precipitation, etc. Therefore, global warming and climate changes do
have a great and serious effect on the agricultural production through their effects
on the rhizosphere and in turn plant nutrition. Hence, the aim of this review is to
evaluate the significance of rhizosphere in plant nutrition under the changing climate.
Soil biological activity and its security will be also highlighted.

Keywords Plant nutrition ¢ Rhizosphere ¢ Climate change * Root exudates
* Pollution

11.1 Introduction

It is well known that the rhizosphere is a very complex, important zone surrounding
the plant roots (Otero et al. 2015; Kumar et al. 2016a; Jia et al. 2017), which is
responsible for the diversity and structure of soil microbial community (Oyelami
and Semple 2015; Schlich and Hund-Rinke 2015; Jia et al. 2017; Li et al. 2017) and
represents the great and vital soil microbial activity, where different soil microbes
are classified into three groups, namely, passive, negative and neutral microbes
(Baetz 2016; Mohammadi et al. 2017). The most important and beneficial soil
microbes include plant growth-promoting microbes such as Azotobacter, pseudo-
monads, phosphate solubilizers and AM fungi (Yazdani et al. 2009; Noori and Saud
2012; Sabannavar and Lakshman 2009; Kumar et al. 2016a; Verbon and Liberman
2016; Vergani et al. 2017). Several investigations have been conducted about the
diversity of microbial community and its beneficial aspects as well as the economic
importance of agricultural crops including maize, wheat, rice, oilseed rape, vegeta-
bles and medicinal plants (Solanki et al. 2011; Kumar et al. 2013; Kumar et al.
2016a; Cerevkovd et al. 2017; Chen et al. 2017b; Herndndez et al. 2017).

Due to anthropogenic activities, environmental pollution has occurred, which
includes soil (Imadi et al. 2016; Liu et al. 2017b; Huang et al. 2017b), water (Han
et al. 2016; Saha et al. 2017; Smith et al. 2017), sediment (Bertrand et al. 2015; Gao
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et al. 2016; Gubelit et al. 2016; Palanques et al. 2017), air (Achakzai et al. 2017; Fu
and Gu 2017; Sammarco et al. 2017), etc. Large areas from agricultural lands around
the universe have deteriorated due to soil pollution, which leads to a decline in soil
biodiversity and decrease in crop productivity and poses several risks to human
health (Lu et al. 2015; Balkhair and Ashraf 2016; Zhang et al. 2017d). It is believed that
climate changes have direct and indirect effects on plant—soil-microbe—pollutant
interactions and on the remediation of polluted soils (Abhilash et al. 2013a, b;
Tripathi et al. 2015; Bojko and Kabala 2017), which means that elevated CO, may
increase the photosynthetic rate of plants thereby enhancing its productivity, the
exudation of roots and the rhizospheric soil microbial activity (Gomoryova et al.
2013; Abhilash and Dubey 2014; Abhilash et al. 2015; Duan et al. 2015; Xu et al.
2016; Lee and Kang 2016; Huang et al. 2017a; Xue et al. 2017) and also a decrease
in soil pH as well as an increase in the soil content of dissolved organic matters,
which will accelerate the secretion of plant root that enhances the availability of
pollutants in the soil for uptake by plants as well as the degradation by soil microbes
(Kim and Kang 2011; Rajkumar et al. 2013; Tripathi et al. 2015; Guarino and
Sciarrillo 2017). Therefore, further investigations are essential to understand the
nexus of plant and microbe pollutants in soils under different climatic change condi-
tions (Rajkumar et al. 2013; Tripathi et al. 2015; Yadav et al. 2015).

Therefore, the main target of this review is to collect different links between
climate changes and their impacts on the rhizosphere zone on one hand and differ-
ent soil biological processes for plant nutrition on the other hand. The rhizosphere
also will be highlighted including the effects of pollutants, root exudates and plant
nutrition as well as the security of soils.

11.2 The Rhizosphere: More than a Treasure for Plant
Nutrition

The rhizosphere is a place where the most important plant—soil interactions happen
including beneficial, antagonistic or neutral interactions (Baetz 2016). It is a real
treasure in plant nutrition due to its significance in fate, behaviour and uptake of
nutrients by plants (Kayler et al. 2017; Rugova et al. 2017). Several biological and
ecological processes or transformations take place in the rhizosphere area that con-
trol microbial activity and plant growth as well as nutrient uptake by plants (Callesen
et al. 2016; Huang et al. 2016). Processes in the rhizosphere definitely differ in the
bulk soil (Ibekwe et al. 2017; Rugova et al. 2017). The rhizosphere area has very
dynamic interfaces between (1) soil and plant roots; (2) plant root systems, soil and
their microorganisms; and (3) soil, plant roots and invertebrates (e.g. Bais et al.
2006; Hartmann et al. 2008; Singh et al. 2016; Rugova et al. 2017). The fate and
behavior of organic compounds, which released by the plant roots and soil microor-
ganisms is controlled by the rhizosphere conditions (Cai et al. 2017). The rhizo-
sphere area is very rich in several compounds including low-molecular-weight root
exudates and high-molecular-weight humic substances, such as mucilage or poly-
saccharides and proteins (Jha et al. 2015). Low-molecular-weight compounds are a



278 T. Alshaal et al.

water-soluble fraction that include various secondary metabolites like flavonoids,
glucosinolates and terpenoids (Jha et al. 2015; Baetz 2016), gaseous molecules like
CO, and H,, inorganic ions (e.g. HCO;~, OH~, H*), amino acids (Zhang et al.
2017a), organic acid anions and carbohydrates (Haichar et al. 2014; Montiel-Rozas
et al. 2016; Rugova et al. 2017).

The plant root exudates represent a wide range and complex mixture of hundreds of
organic compounds, which could be classified into different categories based on their
molecular weight and solubility in water (Strickland et al. 2012; Huang et al. 2014;
Zhang et al. 2014; Mommer et al. 2016). Moreover, root exudates play great roles in the
amelioration of plant stresses (Doornbos et al. 2012; Baetz and Martinoia 2014; Nalam
and Nachappa 2014; Xu et al. 2015; Baetz 2016; Dubrovskaya et al. 2017), in the
increase of soil microbial activity (Singh and Mukerji 2006; Nannipieri et al. 2008;
Mommer et al. 2016; Swamy et al. 2016; Shcherbakova et al. 2017), in the biodegrada-
tion of pollutants (Liu et al. 2015; Jha et al. 2015; Hou et al. 2016; Jia et al. 2016; Verbon
and Liberman 2016; Dubrovskaya et al. 2017; Vergani et al. 2017) and in plant nutrition
(Neumann 2007; Cesco et al. 2010, 2012; Chen et al. 2016; Meier et al. 2017). Therefore,
they have several functions in the beneficial ecological interactions with soil microbial
communities in the rhizosphere, including interactions between plants and soil microor-
ganisms (Chen et al. 2016; Lareen et al. 2016) and plant—plant communication (Mommer
et al. 2016; Cai et al. 2017), as well as the tripartite interactions (Haichar et al. 2014;
Hardoim et al. 2015; Baetz 2016; Vergani et al. 2017).

Therefore, rhizosphere is not only a real treasure for the nutrition of plants but
also a very important area in the protection of plants through the action of plant root
exudates. Day by day, a lot about the rhizosphere have been newly discovered due
to promising “omics” tools that aid in further understanding different interactions
among plants, soil and their microbes for sustainable production and productivity in
agriculture.

11.2.1 The Plant Root Exudates and Plant Stresses

It is well documented that about 40% from photosynthetically fixed carbon may be
released as a plant root exudate (Doornbos et al. 2012). Many biotic stressors on
plant roots within the rhizosphere area have been reported including plant diseases
or pathogens (e.g. virus, fungi, bacteria), insects and nematodes (Baetz and
Martinoia 2014; Alexander et al. 2016). Furthermore, several plant stresses includ-
ing abiotic (e.g. soil salinity, drought, flooding, freezing, pollutants like trace
elements and/or petroleum, crude oil) and biotic stresses (attack by herbivores or
pathogens) hugely damage cultivated plants. So plant root exudates represent one of
the most important belowground plant defences (Bruce and Pickett 2007; Doornbos
et al. 2012; Nalam and Nachappa 2014; Baetz 2016; Le Fevre and Schornack 2016;
Johnson et al. 2016; Zuverza-Mena et al. 2017; Arpaia et al. 2017). These phyto-
chemicals or plant root exudates have a direct or indirect potential to protect plants
against pathogens. It is reported that some plant root exudates have the ability to
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mimic or behave like pesticides or antibacterial or antifungal agents and are released
from the damaged roots to protect the plants (Baetz 2016).

Some plant root exudates also attract beneficial soil microorganisms, which release
secondary metabolites like antibiotics that protect plants against soilborne diseases
(Baetz 2016). Several studies have been published regarding root exudates and their
roles in plant stresses or belowground plant defence (De Coninck et al. 2015;
Alexander et al. 2016; Baetz 2016; Johnson et al. 2016; Le Fevre and Schornack 2016;
Plouznikoff et al. 2016; Vos and Kazan 2016; Dubrovskaya et al. 2017). Conclusively,
several strategies are employed by plants as belowground defence against biotic and
abiotic stresses. There is an urgent need for a comprehensive understanding of the
interactions between plant roots and pathogenic and beneficial microorganisms in
order to increase crop productivity and minimize crop losses (Vos and Kazan 2016).

11.2.2 The Plant Root Exudates and Soil Microbial Activity

Soil microbial activity is the main source of the vital activities in soil besides plant
root exudations. Hence, soil microbial populations in the rhizosphere have different
and continuous flow of both low- and high-molecular-weight organic substances
derived from plant roots, which control soil microbial activity and different commu-
nity structures (Nannipieri et al. 2008). Soil microbial activity and its diversity in the
rhizosphere have been extensively studied in numerous books, chapters and articles
(e.g. Bashir et al. 2016; Hakeem and Akhtar 2016; Hakeem et al. 2016; Kumar et al.
2016a; Swamy et al. 2016; de Medeiros et al. 2017). These studies depend mainly on
the interaction between cultivated plants and rhizosphere properties, which include:

1. Effects of applied pesticides (e.g. Alvarez-Martin et al. 2016; Franco-Andreu
et al. 2016; Lv et al. 2017; Mauffret et al. 2017)

2. Effects of soil earthworm in presence of plants (Aghababaei et al. 2014;
Aghababaei and Raiesi 2015; Lv et al. 2016; Zhang et al. 2016a; Kim et al.
2017; Liu et al. 2017b)

3. Effects of soil pollution including organic and inorganic pollutants (Parelho
et al. 2016; Hansda et al. 2017; Le et al. 2017; Tong et al. 2017; Wang et al.
2017b)

4. Effects of different soil characterizations like soil organic matter, soil redox
potential, etc. (Khan et al. 2016; Su et al. 2017; Xiao et al. 2017)

5. Effects of climate change (Bojko and Kabala 2017; Zhang et al. 2016b, 2017b)

6. Effects of plant characterization (Li et al. 2017; Mohammadi et al. 2017; Zhang
et al. 2017c¢)

7. Effects of application of soil amendments and fertilizers (Meena et al. 2016;
Abad-Valle et al. 2017; Wang et al. 2017c, d)

8. Effects of applied nanomaterials (Nogueira et al. 2012; Oyelami and Semple
2015; Schlich and Hund-Rinke 2015; Schlich et al. 2016; Liang et al. 2017)

9. Effects of different stresses (Cheng et al. 2016; Lee and Kang 2016; Xue et al.
2017; Wu et al. 2017)
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10. Effects of tillage and other agricultural practices (Kabiri et al. 2016; Tautges
et al. 2016; Leon et al. 2017; Yuan et al. 2017)

11. Effects of transgenic plants on microbial diversity in the rhizosphere soil
(Chaudhry et al. 2012; Canfora et al. 2014; Sahoo et al. 2015; Turrini et al.
2015; Guan et al. 2016; Arpaia et al. 2017)

Therefore, there is a crucial understanding for the principles of interaction among
microbes—plants and microbes—microbes. Hence, the communication among
microbes and plants could provide the researchers with the most important and ben-
eficial microbial populations for agricultural sectors. Moreover, the associated
plants with microbial communities can be considered essential for both plant growth
and its health (Berg et al. 2014; Mueller and Sachs 2015; Cai et al. 2017). A great
progress has been achieved regarding different interactions between plant and soil
microbes and their rhizosphere microbiomes (Berendsen et al. 2012; Ofek et al.
2014; Ai et al. 2015; Mueller et al. 2016; Cai et al. 2017). These interactions could
be characterized by (1) the competition between plants and soil microorganisms for
nutrients, (2) the dynamics of nutrients and their function in the rhizosphere, (3) the
activity of enzymes in the rhizosphere, (4) soil respiration and its rates and (5) the
biodiversity of microorganisms in the rhizosphere (Nannipieri et al. 2008; Duan
et al. 2015; Cavagnaro et al. 2016; Zhu et al. 2017).

Therefore, the microbial activity in the rhizosphere mainly depends on cultivated
plant species because of the different compositions in plant root exudates. Rhizosphere
microbes could be classified into three groups in accordance to their interactions with
plants: (1) microbes that have negative effects on plants, e.g. phytopathogens; (2)
microbes that have positive effects on plants, i.e. promotion of plant growth and sym-
biosis; and (3) microbes that have neutral effects or no benefits. Symbiosis represents
the most important interaction between plants and rhizobia, arbuscular mycorrhizal
fungi (AMF), plant growth-promoting rhizobacteria (PGPR) and plant growth-pro-
moting endophytic fungi (PGPF). These symbioses or beneficial microbial inoculums
are mainly used in producing sustainable agri-biotechnological products including
biopesticides, biofertilizers, bioremediators and phyto-stimulators. It is worthy to
mention that plant roots can modify the soil microbial structure and its communities.
The best approach to study these modifications can be achieved through using specific
compounds occurring in root exudations. Several environmental factors including soil
pH, light intensity, soil temperature, soil aeration, soil texture, nutrient status and soil
microbes could be considered as the main qualitative and quantitative factors control-
ling the composition of root exudates.

11.2.3 The Plant Root Exudates and Biodegradation
of Pollutants

It is estimated that about 25 and 44% from global soils are highly and moderately
degraded, respectively, because of different pollutants including metals, metalloids,
persistent organic pollutants, pesticides, radionuclides, etc. (Tripathi et al. 2015).
Plant roots and their biochemistry, biology and genetic evolution have been
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intensively reported during the last decades, but some rhizosphere processes for
these roots including root exudations and root border cells are not well understood
(Bashir et al. 2016). The plant root system and its engineering were and are still one
of the most important topics in plant sciences including the rhizosphere and its
microbiomes as well as metabolomics for plant growth and its health (Berendsen
et al. 2012; Chapman et al. 2012; Abhilash and Dubey 2015; Mueller and Sachs
2015; Dessaux et al. 2016; van Loon 2016; van Dam and Bouwmeester 2016;
Freund and Hegeman 2017). Furthermore, the rhizosphere plays a great and signifi-
cant role in enhancing both phytoremediation and biodegradation processes of dif-
ferent pollutants (Liu et al. 2017e) (Fig. 11.1).

Soil pollution was and is still one of the challenges facing the universe, and day
by day, new approaches are needed for remediation processes. The major sources of
pollutants or xenobiotic compounds include (1) agrochemicals (e.g. pesticides, min-
eral fertilizers), (2) industrial pollutants (pollutants from chemical, petrochemical
and pharmaceutical industries), (3) mining wastes and (4) chlorinated organic com-
pound (Jaiswal and Verma 2016). The degradation of different pollutants in the rhi-
zosphere has been conducted using terrestrial plants and their surrounding soils
(Alvarez et al. 2012; Bertrand et al. 2015; Kahlon 2016; Jaiswal and Verma 2016;
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Fig. 11.1 The rhizosphere and its importance for plant nutrition starting from root exudates to the
role of plant growth-promoting Rhizobium (PGPR), the role of different soil microbial communi-
ties, the potential of soil organic matter in this area and effects of plant—soil-microbe interactions
on the uptake of nutrients by plant roots
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Guarino and Sciarrillo 2017). Conventional approaches in soil remediation are based
on the physico-chemical methods, whereas the bioremediation techniques are based
on plant roots and their associated microorganisms. Furthermore, bioremediation is
the most promising, cost-effective, efficient and more sustainable technology (Jaiswal
and Verma 2016). Common soil bioremediation process includes removing organic
pollutants (e.g. polycyclic aromatic hydrocarbons or pesticides) and heavy metals as
presented in several studies, for example, by Lee et al. (2012), Edwards and Kjellerup
(2013), Masciandaro et al. (2013), Winarso et al. (2016), Alvarez et al. (2017), Liu
et al. (2017e) and Jia et al. (2017).

Remediation of pollutants by plant root exudates, or rhizodegradation, includes
three aspects: (1) many enzymes released from roots and other materials, which par-
ticipate as organic pollutants (Sun et al. 2013; Kvesitadze et al. 2015; Tripathi et al.
2015; Tiwari et al. 2017), (2) root exudates that increase the bioavailability of pollut-
ants as surfactants by reducing their sorption (Mitton et al. 2012; Jia et al. 2016; Guo
et al. 2017) and (3) plant root exudates that enhance the growth of soil microbes and
then promote soil microbial communities (Meng and Zhu 2011; Liu et al. 2017b; Guo
et al. 2017). Due to the difficulty of the remediation process in soil contaminated with
multiple pollutants, more advanced studies should be conducted to properly under-
stand the degradation and accumulation of these pollutants using the omics technol-
ogy (e.g. genomic, metagenomic, proteomic, metabolomic approaches). Definitely,
the use of suitable plants in soil remediation is the most important factor in controlling
the phyto-uptake of pollutants from soils and enhancing soil microbial activity
(Tripathi et al. 2015; Jia et al. 2016; Guo et al. 2017). Therefore, interactions between
selected plants and associated microbes should be kept in mind in sustainable reme-
diation for soils contaminated with multiple pollutants (Tripathi et al. 2015).

11.2.4 The Plant Root Exudates and Plant Nutrition

As mentioned before, the rhizosphere is an essential zone for plant growth and its
production, and it also plays a vital and significant role in the nutritional and physi-
ological functions of crops (Kumar et al. 2016a). In general, there is a very close
relationship between plant roots and their exudations and plant nutrition. There are
direct and indirect effects of plant root exudates on the nutrition of plants including
the uptake, transformation, translocation and accumulation of different soluble
compounds in the rhizosphere (Neumann 2007; Nannipieri et al. 2008; Doornbos
et al. 2012; Bashir et al. 2016; Liu et al. 2017c; Meier et al. 2017). Moreover, the
bioavailability and uptake of various nutrients in the rhizosphere are influenced by
different characterizations of soil, plant root exudates and nutrient speciation as
well as the microbial interactions with both soil and plants (Kumar et al. 2016a;
Rashid et al. 2016; Nguyen et al. 2017). The nutrient transfer from plant cells to
microbial cells and its dynamics are mainly impacted by the physiological aspects
of the microbe—plant interactions (Munroe et al. 2015; Callesen et al. 2016; Das
et al. 2017; Nietfeld et al. 2017). The diffusion of different nutrients and their
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supplements in the rhizosphere are mainly controlled by the gradient in diffusion of
nutrients between soil surfaces and root surfaces (Kumar et al. 2016a).

Under the frame of plant nutrition, the complex interactions among plants, soils
and microbes should be understood. These interactions could control the uptake,
mobilization, transfer, translocation, accumulation of nutrients and their bioavailabil-
ity (Lambers et al. 2009; Miki 2012; Kumar et al. 2016a) and biogeochemistry cycles
and formation of soils in the rhizosphere or terrestrial ecosystem (Maheshwari et al.
2012; Perlatti et al. 2016). These interactions also include all botanical characteriza-
tion, which—in turn—alters the growth and reproduction of plants (Miki 2012;
Compant et al. 2016). On the other hand, several compounds called root exudates have
been identified from the rhizosphere zone, which have many roles in plant nutrition:

1. Acquisition of both nutrients and water through rhizosphere modification and soil
with mucilage, fetchers (i.e. seeking and fetching like phytosiderophores), modi-
fiers (i.e. rthizosphere modification with protons and reductants) and ectoenzymes
(i.e. converting unusable organic forms into usable ones like phosphatases)

2. Protection against physical stress and pathogens through amelioration of the rhi-
zosphere, modification of soil interfaces and production of both phytoalexins
and antibiotics

3. Protection against toxic elements and competition through complexation of toxic
elements like aluminium or sequestering like sodium as well as the root exudates
that could modify the rhizosphere through phyto-actives like allelochemicals

4. Establishment of symbiotic relationships with microbes such as Rhizobium,
mycorrhiza (AMF), Azotobacter/Azospirillum through nitrogen fixation and
phosphorus and mineral uptake (Maheshwari et al. 2012).

Therefore, plant root exudates are one of the most important sources for plant nutri-
tion, which help plants directly or indirectly through promoting soil microbial activity
and protecting them against pathogens. Plant nutrition processes should start from the
rhizosphere and its plant root exudates. Hence, further researches are essential for inves-
tigating the role of plant root exudates in the nutrition and protection of plants.

11.3 Soil Enzymes in Rhizosphere and Their Role for Plant
Nutrition

It is well known that soil enzymes are the most important soil quality indicator,
which play a role in the transformation of elements in the soil and biochemical func-
tions in the dynamics of organic matters in soils (Bakshi and Varma 2017; Maddela
et al. 2017). The main sources of soil enzymes include soil animals, dead and living
microbes, plant roots and plant and animal residues (Table 11.1).

These soil enzymes could be released through extracellular enzymes from micro-
bial activities and plant roots in the soil. The main function of soil enzymes is catalys-
ing many reactions including the cycling of nutrients, the decomposition of organic
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Table 11.1 Some important soil enzymes and their functions in both nutrient cycling and soil

organic matter decomposition

Enzyme Substrate Enzyme reaction Significance of enzyme
1. Nutrient cycling
Amidase Carbon and N N-mineralization Plant available NH,*
compounds
Phosphatase Phosphorous Release of PO,** Plant available P
Sulphatase Sulphur Release of SO, Plant available S
Urease Nitrogen Release of NH; Plant available NH,*
and CO,
1. Decomposition of organic matter
B-glucosidase Carbon Cellulose Energy for microorganisms
compounds hydrolysis
Fluorescein Organic matter Carbon and Energy for microorganisms
diacetate (FDA) various nutrients as measure of microbial
hydrolysis biomass

Source: Yang et al. (2012)

Table 11.2 Effects of climatic zone and soil characterization on soil biological, physical and
chemical properties in three cities: Germany, Hungary and Egypt

Germany Hungary Egypt (Kafr
Element or parameter (Braunschweig) (Kolontar) El-Sheikh)
Chemical soil properties
Soil EC (dS m™) 1.25 3.47
Soil pH (1:2.5 suspension) 5.2 7.86 7.88
Physical soil analysis
Soil texture Loam Loam Silty loam
Biological soil assessments
Microbial counts (CFU)
Bacteria 4.1%x10° 5.40 x 10° 5.1 %107
Actinomycetes 1.3x10° 3.37 x 10° 3.3x10°
Fungi 1.4 x10* 145 x 10° 1.6 x 10°
Dehydrogenase activity 53.5 55.21 6.91
(ng TPF g7' DM d™")
Alkaline phosphatase activity 191 0.53 355
(ug p-NP g™')
Climatic zone Temperate seasonal Continental Arid climate
climate climate

EC soil salinity, TPF triphenylformazan, p-NP p-nitrophenol
Sources: Germany (El-Ramady 2008), Hungary (Alshaal et al. 2013) and Egypt (El-Ramady et al.

2014a)

wastes and the formation of organic matter (Burke et al. 2011; Mele 2011; Yang et al.
2012; Gul and Whalen 2016). Due to their important roles in nearly all biological
activities in soils, soil enzymes need more better understanding of their roles in agro-
ecosystems as well as the proper response under different global changes (Mele 2011;
Yang et al. 2012; Burns et al. 2013; San Emeterio et al. 2016; Allen and Allen 2017).
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It is worthy to mention that soil enzymes are the main driving force in the circulation
of materials and the flow of energy in the agroecosystems (Shan et al. 2008; Yang et al.
2012). There are several factors influencing the activity of soil enzymes including soil
texture, soil fertility, plant diversity and its community composition, temperature, soil
pH, soil salinity (EC), soil organic matter, soil enzyme synthesis and secretion, etc.
(Table 11.2). Therefore, it would be so helpful to achieve an appropriate strategy in
order to conserve the biodiversity of soil in a sustainable manner, and change detec-
tion studies also should be performed (Jain and Pandey 2016).

Several investigations have been conducted concerning the relationship between
soil enzymes and plant nutrition or soil fertility (Yang et al. 2012; Burns et al. 2013;
Prasanna et al. 2016; Allen and Allen 2017; Guangming et al. 2017; Touceda-
Gonzidlez et al. 2017; Wang et al. 2017a). Therefore, soil enzymes and their activi-
ties are close to different properties of soils and global environmental changes.
These enzymes could be considered also very important indicators for both soil
quality and its biological activities. Hence, it is a crucial issue to investigate differ-
ent factors influencing the activities of soil enzymes.

11.4 The Biological Activities in Rhizosphere Under Climate
Change

Many soil biological activities have been recorded as indicators for soil quality
including soil enzymes, soil organic matter, soil microbial biomass, soil respira-
tion and potentially mineralizable N (Allen et al. 2011; Bojko and Kabala 2017;
Xue et al. 2017). They are mainly controlled by environmental conditions includ-
ing temperature, water potential and pH and likely to be responsive to atmospheric
warming and more frequent and extreme variations in precipitation patterns
(Burns et al. 2013). Therefore, climate changes will have important effects to dif-
ferent functions of agroecosystem including nutrient cycling and different plant—
microbe interactions, which will ultimately affect the productivity and net balance
of carbon (Burns et al. 2013; Dutta and Dutta 2016; Zhang et al. 2016b; Bojko and
Kabala 2017). Due to climate change and global warming, many global environ-
mental problems arise such as high concentration of CO,, elevated global tem-
perature, sea level rise and some extreme weather events including droughts,
rainfall and flooding (Coffey et al. 2016; Dutta and Dutta 2016; Sofi et al. 2016;
Ennigrou et al. 2017). Thus, climate changes could be characterized mainly
through fluctuations in both global temperature and moisture including elevated
CO, and temperature as well as sea level rise (Drigo et al. 2008; French et al.
2009; Balser et al. 2010; Todd-Brown et al. 2012; Park et al. 2014; Saleem et al.
2015; Dutta and Dutta 2016;). Therefore, changing of climate could affect soil
biological activities.

Many issues on soil biological activity and changing climate should be addressed
including different impacts of global change on soil biota, environmental stress and
its effects on soil enzymes under elevated temperature and CO,. Different strategies
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should be mitigated for soil biological activities under global change. Facts and
perspectives are listed as follows (Dutta and Dutta 2016):

1.

2.

Nearly 3.1 x 10° kg of carbon can be found in the soil representing more than the
two-thirds from the total C in the terrestrial environments (Davidson et al. 2006).
About 10% of the atmospheric carbon dioxide (CO,) annually passes through the
soil.

. Every year, 5-7.5 Mg of carbon could be emitted or released from the terrestrial

surface flux as a carbon dioxide.

. Every year, about 1.2 x 10" kg of C is taken up by the soil autotrophic microbes,

whereas the soil heterotrophic microbes cumulatively emit about 1.19 x 10" kg
of C (Singh et al. 2010).

. The global CO, content in the atmosphere recorded 380 and 407.69 ppm in 2005

and 2017, respectively, as below:

Atmospheric | Dec. Dec. Dec. Dec. Dec. Dec. Dec. Jan.
CO, content | 1983 1993 2003 2013 2014 2015 2016 2017
Part per 343.05 | 35691 | 375.99 | 396.84 | 398.91 | 401.85 | 404.48 | 406.07
million

(ppm)

Source: https://www.co2.earth/annual-co2 accessed on 1 February 2017

6.

10.

11.

12.

13.

14.

The amount of nitrous oxide (N,O) represents more than one-third from the
greenhouse gases produced from the nitrification and denitrification from
agricultural lands (IPCC 2007).

. The emission rate ranges from 1 to 5% N,O and deposition rate 10-50 kg N,O

from each 1000 kg fertilizer (Singh et al. 2010).

Soil biological processes may produce some greenhouse gases including CH,,
N,O and CO, beside the soil represents the pool for C in the terrestrial lands.
The annual natural emission rate of methane (NH,) is nearly 250 million tons
produced by rumens, termite, oceans and paddy rice (Singh et al. 2010).

It is predicted that the sea surface temperature or the global warming will be
increased from 1.18 to 6.48 °C under low and high CO, emission, respectively
(Meehl et al. 2007; Dutta and Dutta 2016).

The global annual amount of C produced from the decomposition of soil
microbes is 7.5-9 times the anthropogenic emissions (Crowther et al. 2015).
The annual production of CO, from decomposition of plant organic matter,
microorganisms in soil, is 5.5 x 102 kg eight times more than that by humans
(Zimmer 2010; Dutta and Dutta 2016).

Climate changes could cause some modifications and complex changes in the
soil microbial communities (Castro et al. 2010) and their diversity (Shade et al.
2012; Zhang et al. 2016b; Zhang et al. 2017c).

Climate change (i.e. elevated temperature under different levels of soil mois-
ture) could increase soil respiration, which is very sensitive to changes in cli-
mate including soil temperature and moisture as well as precipitation (Aanderud
et al. 2013; Brye et al. 2016; Feng et al. 2017).
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15. Different fluctuations in soil moisture and its temperature can change soil bio-
logical activities including enzymatic and microbial activities (Schimel et al.
2007; Rezanezhad et al. 2014; Daou et al. 2016).

16. Climate changes including drought, flooding, freezing stresses as well as rain-
fall could cause the variability in soil moisture and its respiratory activity
(Aanderud et al. 2011, 2013; Classen et al. 2015a, b; Zhang et al. 2017e).

17. The elevated atmospheric CO, could increase the photosynthetic rate of plants,
hence accelerating soil biological activities, and carbon availability for soil
microbes enhancing soil respiration which in turn releases carbon to the atmo-
sphere (Bardgett et al. 2008; Tao et al. 2017).

18. Due to the importance of soil carbon, the Framework Convention on Climate
Change (COP21) in Paris (2015) has adopted an initiative called “four per thou-
sand”. This initiative is already planned to enhance the content of soil organic
carbon in world soils at the rate of 0.4% per year to a 40 cm soil depth (Lal
2016; Minasny et al. 2017).

19. The strategy of this initiative depends on promoting the soil organic C through
adoption of some recommended agro-management practices including restora-
tion of degraded soils, conservation agriculture, agroforestry, improved graz-
ing, cover cropping, biochar, etc. (Lal 2016; Habtemariam et al. 2017).

20. The main target of the “four per thousand” proposal that includes the concept
of both soils and agriculture are the main solutions in handling the global issues
of changing climate, the insecurity of foods and the environmental pollution
(Lal 2016; Lozano-Garcia et al. 2017).

21. It is reported that the global temperature will increase by 1 °C in the next
25 years (by the end of 2040) and 2—4 °C degrees by the end of 2100 (IPCC
2014; McCarl 2015, 2017).

Therefore, the changing in climate could directly and indirectly impact on the
soil biological activities through the effects of elevated CO,, global warming, fluc-
tuation in precipitation (flooding and drought), etc. Thus, different global and
national strategies in dealing with this changing in climate should be mitigated to
promote more soil biological activities.

11.5 Plant Nutrition Under Climate Change

No doubt that soil fertility and plant nutrition were and are still one of the most
important fields in agricultural sciences (ElI-Ramady et al. 2014a, b). Therefore, due
to the limitations in both natural water and land resources as well as the need for
improving the quantity and quality of food supply worldwide, a new dimension for
the importance of plant nutrition is needed. Under global climate change, there is a
great and serious threat for the global agricultural production. Hence, several issues
should be addressed under the umbrella of plant nutrition including environmental
sustainability, cropping systems, climate changes and human health and well-being
(EI-Ramady et al. 2014b; Lal 2016; Tao et al. 2017). Furthermore, the relationship
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between changing of climate and plant nutrition is very complex, where all plant
growth stages including development, biochemistry, physiology and yield of plants
are influenced by climatic conditions (El-Ramady et al. 2015a, b; Lal et al. 2015;
Wang et al. 2017b). In more details, indirect effects of climate changes on plants
include many changes in botanical processes such as the structure, function of plant
roots and its biodiversity as well as activity of rhizosphere microbes (El-Ramady
et al. 2015b; Short et al. 2016; Ferrarini et al. 2017; Zhang et al. 2017e). It is worthy
to mention that climate is the main factor controlling the biogeochemistry, transfor-
mation, uptake and behaviour of plant nutrients in the rhizosphere (ElI-Ramady et al.
2015b; Bilton et al. 2016; Huang et al. 2017a).

More than 1132 books have been published on Springer websites of which 52 are
already published on January 2017. The most important published books by
Springer are listed as follows:

1. Chen et al. (2017a): Handbook of Climate Change Mitigation and Adaptation

2. Kolokytha et al. (2017). Sustainable Water Resources Planning and Management
Under Climate Change

3. Uitto et al. (2017). Evaluating Climate Change Action for Sustainable
Development

4. Ahmed and Stockle (2017). Quantification of Climate Variability, Adaptation
and Mitigation for Agricultural Sustainability

5. Salawitch et al. (2017). Paris Climate Agreement: Beacon of Hope

Several studies have been conducted regarding the effects of climate changes
(e.g. elevated CO, and temperature) on plant nutrition such as the studies by
Bielenberg and BassiriRad (2005), Abenavoli et al. 2012; Iversen and Norby (2014),
Aljazairi and Nogués 2015; Wu and Malmstrom (2015), Gruwez et al. (2016), Wu
et al. (2016), etc. These studies include different topics or issues like effects of cli-
mate change on root morphology and its architecture, changes in the kinetics and
uptake of nutrients by roots and effects of elevated CO, or temperature on many
plant physiological processes including nutrient availability by plant roots. The gen-
eral and most important figures concerning the relationship between climate change
and plant nutrition are as follows:

1. Itis well known that the atmospheric CO, could be assimilated into the organic
compounds through the photosynthesis and then allocated to several processes
within the plants (Iversen and Norby 2014; Chen et al. 2015).

2. The four main global change factors controlling plant productivity are elevated
CO,, elevated temperature, changes in precipitation regimes and deposition of
nitrogen (Short et al. 2016; Rao et al. 2017).

3. The response of plants to climate change represents very complex interactions
including a change in the composition of plant communities, the competition
and different interactions with insect herbivores (Iversen and Norby 2014;
Bilton et al. 2016; Ferrarini et al. 2017).

4. There is a strong relation between CO, content in plant leaf and its interaction
with temperature through the biochemistry of photosynthesis, where this inter-
action may effect on the whole plant as well as agroecosystem (Xu et al. 2016;
Greer 2017).
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5. Itis very difficult to follow the effects of temperature on plant productivity and
C allocation compared with the effects from elevated atmospheric CO, (Xu
et al. 2016; Shi et al. 2017).

6. It is very difficult to study the response of plant metabolism to increased tem-
perature (drought) alone without considering other factors such as the avail-
ability of nitrogen or nutrients and water (Liu et al. 2017a).

7. There is a difference between the response of plant production to elevated
temperature (drought) and the response of the agroecosystem or the net C
balance in the tropical areas because the warming action may increase the CO,
efflux from the soil (soil respiration) more than this response in case of plant
productivity (Xu et al. 2016; Anandhi and Blocksome 2017).

8. The changes in precipitation patterns have many effects on plant productivity
mainly representing soil moisture levels depending on some processes like the
rainfall rate, the soil-plant evapotranspiration rate, the soil water transport and
the water redistribution in the soil profile by plant roots (Liu et al. 2017d).

9. The elevated precipitation rate leads to increase in plant above- and below-
ground productivity (aboveground > belowground production), resulting in a
decrease in the root/shoot ratio (Wu et al. 2011; Wang et al. 2015; Skarpaas
et al. 2016).

10. The increase in both air and soil temperature leads to the acceleration of evapo-
ration rates from soils. So it is important to investigate the effects of the ele-
vated temperature and the soil water availability on the plant productivity alone
and in different combinations (Iversen and Norby 2014; Kumar et al. 2016b).

11. Itis expected that the changing in climate may shift crop zones, and some zones
will become unsuitable for some crops, and others will be projected to reduce
their productivity (McCarl 2017).

Therefore, plant nutrition like other plant biological processes totally depends on
the climatic attributes including temperature, precipitation and so on. These climatic
attributes have direct and indirect impacts on the whole plant growth stages starting
from the germination of seeds up to the postharvest and dandling plant products. This
impact definitely is different from plant to other and the growth conditions from soil
to other growth media as well as the microclimate surrounding cultivated plants.

11.6 Soil Security and Plant Nutrition Under Climate
Change

Because soil is the main source for food, feed, fibre and fuel production, soil and
agriculture must be reconnected together in order to meet the needs of humanity. At
the same time, there is an urgent need to enhance as well as sustain the agricultural
productivity, mitigation of global climate changes, restoration of soil and water
resource quality and improvement of the global biodiversity (Lal 2009; Koch 2017).
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As reported by McBratney et al. (2014), soil security depends on the previous global
environmental problems or challenges (security of water, food and energy, the
abatement of global climate changes, global biodiversity protection and delivery of
ecosystem service) through the main functions of soil including:

. The production of biomass

. Storing, filtration and transformation of substances and nutrients as well as water
. Acting as a carbon pool

. Acting as a biodiversity pool

. Acting as a physical and cultural environments

. Acting as a source of raw materials

. Archiving of the geological and cultural heritage (McBratney et al. 2014)

~N N R W=

It is well known that several environmental challenges faced by humanity nowa-
days include the security of water, energy and food, protection the global biodiver-
sity and climate change (Bouma and McBratney 2013; Zhang and Vesselinov 2017).
Due to the importance of security item, many global securities have been identified
including water security, environment security, food security and energy security.
The main target of all previous securities involves how to provide all population
worldwide with enough, proper and safe food, water and energy (Koch et al. 2012;
Bouma and McBratney 2013; Koch et al. 2013; McBratney et al. 2014; Carr¢ et al.
2017; McBratney et al. 2017; Field 2017; Lewis et al. 2017; McCarl 2017; Murphy
2017). Soil security is defined in the great book, Global Soil Security, edited by
Field et al. (2017), which is based on the rationale (McBratney et al. 2017), soil
dimensions (Field 2017) including soil capability (Bouma et al. 2017), soil condi-
tion (Lewis et al. 2017), soil capital (McCarl 2017), connectivity (Carré et al. 2017)
and finally codification (Koch 2017) as well as the securitization (McBratney and
Jarrett 2017). Also, soil security could be defined as “the maintenance and improve-
ment of the world’s soil resource to produce food, fibre and fresh water, contribute
to energy and climate sustainability and maintain the biodiversity and the overall
protection of the ecosystem” (McBratney et al. 2017).

The relationship between soil security and plant nutrition can be distinguished
from the seven functions for soil through the acting of this soil as a source for all
plant growth needs, as well as the source for the proposal environment for almost
plant nutrients. Hence, there is a need for integrating new perspectives to address
the global soil security including the integral ecology (Grunwald et al. 2017a), the
integration economics (McCarl 2017) and the integrative soil security (Grunwald
et al. 2017b). Therefore, all previous approaches related to soil security will lead to
the security of plant nutrition because plant nutrition is a part and parcel of the soil
(ElI-Ramady et al. 2014a, b). Finally, there is no way to make any progress in agri-
culture through plant nutrition without integral soil security (Grunwald et al. 2017b;
Koch 2017). Furthermore, any agriculture policy must include all soil security
frameworks, and any achievement in the agriculture sector should be performed
through a secure agricultural soil resource, and the connectivity between soil secu-
rity and plant nutrition must be addressed (Koch 2017).
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Several climate attributes including temperature, precipitation, extreme events
and others have great effects on the security of soil (McCarl 2017). These effects
include the mitigation and adaptation to climate change as follows:

1. Crop management should be changed to include new agenda for dates of plant-
ing, harvesting and the whole growing seasons, where the longer growing sea-
sons may allow to add double cropping (Seifert and Lobell 2015; McCarl 2017).

2. The link between climate change and soil security is closed to the other types of
securities such as the security of water (Misra 2014; Leong 2016; Ludwig and
Roson 2016; Duran-Encalada et al. 2017; Francés et al. 2017; Tan et al. 2017),
energy (Almeida Prado et al. 2016; De Llano-Paz et al. 2016; Matsumoto and
Andriosopoulos 2016; Partridge et al. 2017), food (Misra 2014; Marza et al.
2015; Adl 2016; Ali and Erenstein 2016; Pérez et al. 2016; Rigolot et al. 2017)
and environment (Kang et al. 2017).

3. It is very common to notice that one or two securities can be interacted with the
climate change, for example, water and food security (Misra 2014; Gohar and
Cashman 2016), water and energy security (Markovska et al. 2016) or food,
water and energy security (Taniguchi et al. 2015; Gondhalekar and Ramsauer
2016; Zhang and Vesselinov 2017). This reflects the significant role of climate
change and its effects on agriculture, which in turn includes water, food and
energy resources.

4. Tt could be concluded that climate change and energy, food and water securities
do have consequences for soil and its security positive and negative relation-
ships. That means the soil and its security differ from the long-term to short-term
involving different agricultural practices considering the rhizosphere zone.

5. The relationship between climate change and soil security or plant nutrition may
face great challenges including the ability of the society to save the healthier soil,
feed, food, fuel and cleaner water as well as the climate mitigation (McCarl 2017).

11.7 Conclusion

The rhizosphere zone was and is still one of the hotspots in soil sciences, where
great interactions between plant roots and soil as well as soil microbes occur. This
area is the main place for plant root exudations, which are the most important source
for nutrition and protection of plants and soil microbial activity as well and can also
help the plant directly and/or indirectly in its nutrition through promoting soil
microbial activity and protecting them against some pathogens. The study of plant
nutrition processes should be started from the rhizosphere and its plant root exu-
dates. Hence, further researches are essential for investigating the role of plant root
exudates in the nutrition and protection of plants. Concerning climate changes, soil
biological activity and its security should be addressed including different impacts
of global change on soil biota, environmental stress and its effects on soil enzymes
under elevated temperature and CO,. Different strategies should be mitigated for



292 T. Alshaal et al.

soil biological activities under global change. Furthermore studies are needed to
explore different impacts of climate changes on rhizosphere interactions and the
agroecosystem processes including soil security.
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