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Nutrient Use Efficiency in Plants:
An Overview

V.C. Baligar and N.K. Fageria

Abstract

In modern agriculture use of essential plant nutrients in crop production is

very important to increase productivity and maintain sustainability of the

cropping system. Use of nutrients in crop production is influenced by cli-

matic, soil, plant, and social-economical condition of the farmers. Overall,

nutrient use efficiency by crop plants is lower than 50 % under all agro-

ecological conditions. Hence, large part of the applied nutrients is lost in the

soil-plant system. The lower nutrient use efficiency is related to loss and/or

unavailability due to many environmental factors. The low nutrient use

efficiency is not only increase cost of crop production but also responsible

for environmental pollution.Nutrient use efficiency in the literature is defined

in several ways. The most common nutrient use efficiency is designated as

nutrient efficiency ratio, agronomic efficiency, physiological efficiency,

agrophysiological efficiency, apparent recovery efficiency, and utilization

efficiency. Definition and methods of calculation of these deficiencies are

presented. Improving nutrient use efficiency is essential from economic and

environmental point of view. The most important strategies to improve

nutrient use efficiency are the use of adequate rate, effective source, timing,

andmethods of application. In addition, decreasing abiotic and biotic stresses

and use of nutrient efficient crop species and genotypes within species are

also important in increasing nutrient use efficiency.

Keywords

Nutrient use efficiency • Physiology • Fertilizers • Abiotic stress agron-

omy • Management • Soils

1 Introduction

World agriculture is faced with serious challenge

of feeding adequate and healthy food for over

7 billion (B) people and by 2050 world popula-

tion expected to reach over 9 B (FAO 2013).
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Such an increase in population growth will inten-

sify the pressure on world’s resource base (land,

water, air) to achieve higher food production.

Expanding the land under crops and by increas-

ing yield per unit area could help in increasing

food production. According to estimate of FAO

(2013), about 1.54 billion ha of worlds land is

arable and is under permanent crops. Most of the

land that could be brought under cropping has

been utilized with exception of some land areas

of sub-Saharan Africa and South America which

are very fragile to degradation to bring under any

forms of cultivation.

Soil degradation due to inappropriate manage-

ment and intensive cultivations and increased

abiotic and biotic stresses have posed serious

challenges to achieve reasonable good yields of

annual and perennial crops worldwide. Adequate

water and soil nutrients (fertilizers) along with

superior genetic materials (cultivars, genotypes)

are vital to achieve higher yields and high-quality

food materials. Many of the world soils are

deficient in many of the essential nutrients and

contain often toxic elements to achieve higher

crop yields (Table 1) (Dudal 1976; Clark 1982;

Baligar et al. 2001). Salinity, alkalinity, acidity,

anthropogenic processes, nature of farming, and

erosion can lead to soil degradation and lowering

of soil fertility. In the world, close to four billion

ha of the ice-free land area is considered having

soil acidity and about 950 million ha of land

area is salt affected and to bring some of these

large areas of land under cultivation require

enormous costly inputs such as irrigations, soil

amendments, and fertilizers. On degraded and

infertile soils addition of fertilizers and/or

amendments are essential for proper nutrient sup-

ply and to achieve higher yields.

Table 1 Potential element deficiencies and toxicities associated with major soil ordersa

Soil order/US taxonomy

Soil group,

FAO

Element

Deficiency Toxicity

Alfisols/Ultisols (Albic) (poorly drained) Planosol Most nutrients Al

Alfisols/Aridisols/Mollisols (Natric) (high alkali) Solonetz K, N, P, Zn, Cu, Mn, Fe Na

Andisols (Andepts) Andosol P, Ca, Mg, B, Mo Al

Aridisols Xerosol Mg, K, P, Fe, Zn Na

Aridisols/Arid Entisols Yermosol Mg, K, P, Fe, Zn, Co, I Na, Se

Aridisols (high salt) Solonchak B, Na, Cl

Entisols (Psamments) Arenosol K, Zn, Fe, Cu, Mn

Entisols (Fluvents) Fluvisol Al, Mn,

Fe

Histosols Histosol Si, Cu

Mollisols (Aqu), Inceptisols, Entisols, etc. (poorly

drained)

Gleysol Mn Fe, Mo

Mollisols (Borolls) Chernozem Zn, Mn, Fe

Mollisols (Ustolls) Kastanozem K, P, Mn, Cu, Zn Na

Mollisols (Aridis) (Udolls) Phaeozem Mo

Mollisols (Rendolls) (shallow) Rendzina P, Zn, Fe, Mn

Oxisols Ferralsol P, Ca, Mg, Mo Al, Mn,

Fe

Spodosols (Podsols) Podzol N, P, K, Ca, and

micronutrients

Al

Ultisols Acrisol N, P, Ca, and most other Al, Mn,

Fe

Ultisols/Alfisols Nitosol P Mn

Vertisols Vertisol N, P, Fe S

aModified from Baligar et al. (2001), Clark (1982), Dudal (1976) and personal communications, Buol SW North

Carolina State University, Raleigh, NC and Eswaran H USDA, NRCS, Washington, DC
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Currently, world uses about 105 million tons

of N, 20 million tons of P, and 23 million tons of

K for crop production (FAO 2013). Recovery of

applied fertilizer efficiency is low, and overall

efficiency of applied fertilizer have been about

or lower than 50 % for N, less than 10 % for P,

and about 40 % for K (Baligar and Bennett

1986a, b). Lower efficiency of applied fertilizer

is attributed to leaching and run-off, gaseous

losses, fixation by soil, and use of inefficient

nutrient absorbing/utilizing plant species or

cultivars. Nutrient losses can potentially contrib-

ute to degradation of soil and water and degrada-

tion of environment.

In this overview, the plant, soil, fertilizer,

agronomic, abiotic, and biotic factors how they

affect nutrient use efficiency (NUE) and remedial

measures adaptable to improve NUE in plant

is being presented. No attempt has been made

to cover the extensive literature published in

these areas and readers can refer or consult to

some of the excellent publications (Alam 1999;

Baligar and Duncan 1990; Baligar and Fageria

1997; Baligar et al. 2001; Blair 1993; Fageria

and Baligar 2005; Fageria et al. 2002, 2008;

Gerloff and Gabelman 1983; Marshner 1995;

Mengel and Kirkby 2001; Vose 1987). Fageria

et al. (2006) have covered extensively on the

physiological basis of macro-micro nutrient

nutrition in crop plants. In this review we only

present the overview of the issue.

2 Estimation of NUE in Plants

The NUE in plants is profoundly influenced by

genetic and physiological components and their

influence on plants ability to absorb and utilize

nutrients under various environmental and eco-

logical conditions. Determination of NUE is use-

ful to differentiate plant species genotypes and

cultivars for their ability to absorb (uptake) and

utilize (assimilation) nutrients for maximum pro-

duction of dry mater/yields. The NUE is based on

(a) uptake efficiency (acquire 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 amounts

of the particular nutrient applied or present in

soil), (b) incorporation efficiency (transports to

shoot and leaves are based on shoot parameters),

and (c) utilization efficiency (based on remobili-

zation, whole plant, i.e., root and shoot

parameters). Generally, NUE in plant can be

defined as the maximum economic yield or dry

matter produced per unit of any nutrient that is

applied or unit of that particular nutrient taken

up. Graham (1984) defined nutrient use effi-

ciency of a genotype (for each element sepa-

rately) as the ability to produce a high yield in a

soil that is limited in that element for a standard

genotype. Clark (1990) defined nutrient efficient

crop species or genotypes within species as those

that produce more dry matter or have a greater

increase in harvested portion per unit time, area,

or applied nutrient, have fewer deficiency

symptoms, or have greater incremental increases

and higher concentrations of mineral nutrients

than other plants grown under similar conditions

or compared to a slandered genotype. Blair

(1993) defined nutrient efficiency as the ability

of a genotype/cultivar to acquire nutrients from

growth medium and/or to incorporate or utilize

them in the production of shoot and root biomass

or utilizable plant material (seed, grain, forage).

Gourley et al. (1994) defined nutrient efficient

plants as germplasm that requires fewer nutrients

than an insufficient one for normal metabolic

process. Fageria et al. (2008) defined efficient

plant as that produces higher economic yield

with a determined quantity of applied or

absorbed nutrient compared to other or a stan-

dard plant under similar growing conditions.

Commonly used NUE definitions are given

below, and for extensive coverage of this area,

readers are referred to Baligar and Duncan

(1990); Baligar et al. (2001); Blair (1993);

Fageria et al. (2008); and Gerloff and

Gabelman (1983).

Nutrient Efficiency Ratio (NER) The NER was

suggested by Gerloff and Gabelman (1983) to

differentiate genotypes into efficient and ineffi-

cient nutrient utilizers. It can be defined as the

yield in kg per unit of nutrient in kg. The equa-

tion for calculating NER is:
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NER kg kg�1
� � ¼ Yield in kg

Nutrient in plant tissue in kg

Agronomic Efficiency (AE) Is defined as the

economic production obtained per unit of nutri-

ent applied. It can be calculated by using the

following equation:

Physiological Efficiency (PE) Is defined as the

biological yield obtained per unit of nutrient

uptake. It can be calculated by using the follow-

ing equation:

PE kg kg�1
� � ¼ BYf in kg� BYuf in kg

NUf in kg� NUuf in kg

where BYf ¼ biological yield (grain plus straw)

of fertilized plot, BYuf ¼ biological yield

of unfertilized plot, NUf ¼ nutrient uptake

in grain and straw of fertilized plot, and

NUuf ¼ nutrient uptake in grain and straw of

unfertilized plot.

Agrophysiological Efficiency (APE) Is defined

as the economic production obtained per unit of

nutrient uptake. It can be calculated by using the

following equation:

APE kg kg�1
� � ¼ GYf in kg� GYuf in kg

NUf in kg� NUuf in kg

where GYf ¼ grain yield of fertilized plot,

GYuf ¼ grain yield of unfertilized plot, NUf ¼
nutrient uptake in grain plus straw of fertilized

plot, and NUuf ¼ nutrient uptake in grain plus

straw of unfertilized plot.

Apparent Recovery Efficiency (ARE) Is defined

as the quantity of nutrient uptake per unit of

nutrient applied. It can be calculated by using

the following equation:

ARE %ð Þ ¼ NUf � NUuf

Quantity of nutrient applied
� 100

where NUf ¼ nutrient uptake in grain plus straw

of fertilized plot and NUuf ¼ nutrient uptake in

grain plus straw of unfertilized plot.

Utilization Efficiency (EU) Is product of physi-

ological efficiency and apparent recovery

efficiency.

UE kg kg�1
� � ¼ PE� ARE

where PE ¼ physiological efficiency and ARE is

apparent recovery efficiency as defined above.

3 Factors That Influence the NUE
and Ways to Manipulate Them
to Improve NUE

The efficiency of nutrient acquisition, transport,

and utilization by plants grown in soil is con-

trolled by (a) the capacity of the soil to supply

the nutrients and (b) the ability of the plants to

absorb, utilize, and remobilize the nutrients and

this is referred to as NUE in plants. The NUE is

partitioned into uptake efficiency (nutrient

uptake/capture by roots, transport through roots,

and shoot) and utilization efficiency (nutrient

conversion to dry matter and grain).

3.1 Plant Factors

Selection of improved genotypes/cultivars adapt-

able to wide range of soils and climatic changes

has been a major contributor to the overall gain in

crop productivity. Crop genetic improvement

through breeding and with improved manage-

ment practices are the major contributors for

achieving higher yields of crops during second

half of the twentieth century. However average

yields of many important crops at farm level are

still two to four times lower than the recorded

maximum yield potentials (Baligar et al. 2001).

AE kg kg�1
� � ¼ Yield of fertilized plot in kg� Yield of unfertilized plot in kg

Quantity of nutrient applied in kg
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Borlaug and Doswell (1994) stated that soil fer-

tility is the single most important factor that

limits crop yields and as much as 50 % of the

increase in crop yields worldwide during the

twentieth century is due to the use of chemical

fertilizers. High or low crop yield in different

parts of the world could be correlated to level

of fertilizer use per unit of land (Table 2).

Genetic variability within plant species and

cultivar within species is responsible for the

differences in NUE and such differences in

NUE in plants could be related to differences in

absorption, translocation, shoot demand, dry

matter production per unit nutrient absorbed,

and plant environmental interactions. Genotypic

differences for uptake and utilization efficiency

of nutrients are governed by different soil and

plant mechanisms and processes (Table 3)

(Baligar et al. 2001). Adkinson (1990) and

Fageria et al. (2002) state that plant factors such

as root and root hair morphology (length,

density, surface area); root-induced changes

(secretion of H+, OH�, HCO3
�); root exudation

of organic acids (citric, malic, tartaric, oxalic,

phenolic), sugars, and non-proteinogenic amino

acids (phytosiderophores); secretion of enzymes

(phosphatases); plant demand; plant species/

cultivars; and microbial associations (enhanced

CO2 production, rhizobia, mycorrhizae,

rhizobacteria) have profound influences on

plant’s ability to absorb and utilize nutrients

from soil.

Fageria et al. (2008) states that capacity of some

plant species or cultivar/genotypes within species

to absorb nutrients at higher rate at low nutrient

concentration of the growth medium is one of the

mechanisms responsible for efficient nutrient use

by plants. Plant induces several changes in rhizo-

sphere as follows: (a) modification of rhizosphere

pH; (b) oxidation potentials; (c) exudation of

Table 2 Total population, NPK use, total arable, and cropped land and fertilizer use/ha in 2010a

Region

Population

(106)

N-P-K use

(106 Mg)

Arable and cropped

land (106 ha)

Fertilizer

use (kg/ha)

Africa 1,022 3.83 256.4 14.93

Eastern 324 0.80 69.4 11.51

Middle 127 0.03 27.3 1.04

Northern 209 2.01 47.4 42.31

Southern 58 0.55 14.5 38.02

Western 304 0.43 97.8 4.39

America 935 33.03 395.4 83.54

Northern 344 19.24 210.8 91.26

Central 156 1.95 36.2 53.93

Southern 392 11.60 141.2 82.13

Caribbean 42 0.24 6.9 34.07

Asia 4,164 90.54 553.4 163.60

Central 61 0.91 32.6 27.97

Eastern 1,574 48.19 135.4 335.88

Southern 1,704 28.81 231.5 124.47

Western 232 2.44 43.7 55.79

South Eastern 593 10.19 110.2 92.50

Europe 738 18.55 290.7 63.83

Northern 99 2.97 19.3 153.64

Southern 155 3.06 39.6 77.31

Eastern 295 7.20 196.4 36.67

Western 189 5.31 35.3 150.35

Oceania 37 2.29 45.2 50.67

World 6,896 148.25 1,541.1 96.20

aSource: FAO FAOSTAT, 2013. Available at http://faostat.fao.org/Rome
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organic acids, chelators, reductants, and oxidants;

(d) extracellular enzymes to turn over organically

bound nutrients; and (e) providing substrate for

microbial biomass (Fageria et al. 2008; Sauerbeck

and Helal 1990).

Breeding programs 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 develop cultivars with

high NUE. Breeding cultivars for high tolerance

to low levels of nutrient supply and abiotic and

biotic constraints will have a better chance of

improving NUE (Baligar et al. 2001). Breeding

plant cultivars with superior NUE depends upon:

(a) the genetic variability present for particular

trait (s) that governs NUE and (b) development

of methodology to accurately quantify the physi-

ological parameters that reflect the efficient NUE

(Baligar et al. 2001; Fageria et al. 2008; Duncan

and Baligar 1990; Duncan and Carrow 1999;

Fageria and Baligar 1994; Gerloff 1987; Gerloff

and Gabelman 1983; Vose 1984, 1987).

Recent reviews have summarized broader

aspects of identified genes responsible for NUE

and plant environment on the expression of these

genes (Agrama 2006; Masclaux-Daubresse

et al. 2010; Pathak et al. 2011; Xu et al. 2012).

Vinod and Heuer (2012) state that molecular

breeding now provides a real opportunity to

develop varieties with multiple tolerance traits—

provided that large-effect QTLs/genes are avail-

able. Extensive discussion on molecular aspects

of NUE is beyond the scope of this review.

It has been well documented the presence of

most efficient (E) and most in efficient (I) NUE

plants in different species and cultivars/

genotypes within species (Baligar and Duncan

1990; Clark and Duncan 1991; Baligar

et al. 2001; Fageria and Baligar 2005; Fageria

et al. 2008; Gerloff and Gabelman 1983). Table 4

lists the E and I for nutrient efficiency ratio

Table 3 Components of NUE and processes that influence genotypic differences in NUE in plantsa

A. Nutrient acquisition

1. Diffusion and mass flow in soil: buffer capacity, ionic concentration, ionic properties, tortuosity, soil moisture, bulk

density, temperature

2. Root morphological factors: number, length, root hair density, root extension, root density

3. Rhizosphere modification

4. Physiological: root: shoot ratio, root microorganisms (rhizobia, azotobacter, mycorrhizal fungi), nutrient status, water

uptake, nutrient influx and efflux, nutrient transport in roots and shoots, affinity to uptake (Km), threshold concentration

(Cmin)

5. Biochemical: enzyme secretion (phosphatase), chelating compounds, phytosiderophores, proton exudates, organic

acid exudates (citric, trans-aconitic, malic acid)

B. Nutrient movement in root

1. Transfer across endodermis and transport within root

2. Compartmentalization/binding within roots

3. Rate of nutrient release to xylem

C. Nutrient accumulation and remobilization in shoot

1. Demand at cellular level and storage in vacuoles

2. Retransport from older to younger leaves and from vegetative to reproductive tissues

3. Rate of chelates in xylem transport

D. Nutrient utilization and growth

1. Nutrient metabolism at reduced tissue concentration

2. Lower element concentration in supporting structure, particularly stem

3. Elemental substitution (Na for K, Fe for Mn, Mo for P, Co for Ni)

4. Biochemical (nitrate reductase for N-use efficiency, glutamate dehydrogenase for N metabolism, peroxidase for Fe

efficiency, pyruvate kinase for K deficiency, metallothionein for metal toxicities, ascorbic acid oxidase for Cu, carnonic

anhydrase for Zn)

aModified from Baligar et al. (2001), Duncan and Baligar (1990), Fageria and Baligar (2005)
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(NER) in different crop species for P, K, Ca, and

Mg. In all these species efficient entries for N, P,

and N for NUE were far superior in utilization of

absorbed nutrients than the inefficient entries.

NUE parameters are influenced by levels of

soil applied nutrients (Baligar and Fageria 1997;

Fageria and Baligar 2005; Fageria et al. 2008)

and genotypes and level of soil fertility for N, P,

and K (Table 5). Based on plant response to

nutrient levels, Gerloff (1987) and Blair (1993)

grouped genotype/cultivars as follows (Fig. 1):

(a) efficient responders, plants that produce

high yields at low levels of nutrients and that

respond to higher levels of nutrient additions;

(b) inefficient responders, plants with low yields

at low levels of nutrition and that have a high

response to high levels of added nutrients;

(c) efficient nonresponders, plants that produce

high yields at low levels nutrition but do not

respond to nutrient additions; and (d) inefficient

nonresponders, plants that produce low yields at

low levels of nutrition and do not respond to

nutrient addition. Such type of classifications

will help in identification of genotypes/cultivars

that are efficient in nutrient use under stresses or

non-stressed systems. Superior genotypes with

high NUE are useful in breeding of nutrient use

efficient cultivars that are adaptable to stress

ecosystems and to produce reasonable higher

crop yields.

3.2 Soil Factors

Production potentials of many soils in the world

are decreased by low supplies of essential

nutrients from adverse soil physical (bulk

density, hardpan layers, structure and texture,

Table 4 Variations in Nutrient Efficiency Ratio (NER)

values for P, K, Ca, and Mg of most efficient (E) and

inefficient (I) entries of selected crop speciesa

Species Efficiency

NER (kg kg�1)

P K Ca Mg

Rice E 1,125 – – –

I 563 – – –

Maize E 625 46 256 476

I 171 18 115 333

Wheat E 188 – – –

I 125 – – –

Sorghum E 1,000 44 208 417

I 476 23 123 278

Bean E 671 294 – –

I 562 154 – –

Red clover E 1,012 104 91 670

I 470 61 53 476

Alfalfa E 1,369 113 57 689

I 25 16 37 428

Tomato E – 357 434 –

I – 173 381 –

aModified from Baligar et al. (2001)

Table 5 Various nutrient use efficiency parameters

for N, P, and K of irrigated rice genotypes at medium

soil fertility (MFL) and high soil fertility (HFL) levels in a

low land acid soil of central Brazila

Genotypes

N P K

MFL HFL MFL HFL MFL HFL

Nutrient efficiency ratio (NER) (kg kg�1)

Alianca 104 77 183 167 72 85

Metica I 81 108 140 236 56 120

Physiological efficiency (PE) (kg kg�1)

Alianca 158 121 360 324 89 97

Metica I 130 113 491 458 89 121

Agronomic efficiency (AE) (kg kg�1)

Alianca 48 43 93 99 76 87

Metica I 50 51 95 117 78 102

Agrophysiological efficiency (APE) (kg kg�1)

Alianca 69 61 158 162 39 49

Metica I 73 51 252 207 37 54

Apparent nutrient recovery efficiency (ANR) (%)

Alianca 71 63 51 52 81 92

Metica I 61 99 30 52 61 99

aModified from Baligar and Fageria (1997)

Fig. 1 Classes of plant relative to yield responses to

nutrient level in the growth medium (Gerloff 1987; Blair

1993)
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surface sealing and crusting, water holding

capacity, water-logging, drying, aeration,

temperature) and chemical (salinity, acidity, ele-

mental deficiencies/toxicities, low SOM)

constraints. These soil constraints affect transfor-

mation (mineralization, immobilization), fixation

(adsorption, precipitation), and leaching or sur-

face runoff of indigenous and added nutrients

(Barber 1995; Baligar and Fageria 1997; Fageria

et al. 2002, 2008; Dudal 1976) and reduce nutri-

ent bioavailability.

Mineral nutrient deficiencies and toxicities

due to extreme soil pH affect growth (dry mass,

root: shoot ratio) and morphology (length, thick-

ness, surface area, density) of roots and root hairs

(Baligar et al. 1998). Such changes in root

growth and morphology affect plant ability to

absorb and translocate minerals from soil to

meet plant demands (Fageria 2013).

Acid soil occupy close to 3.95 billion ha of

area world’s ice-free land area (von Uexkull and

Mutert 1995). Poor plant productivity on acid

soils is due to combination of toxicities of Al,

Mn, and H and deficiencies of N, P, K, Ca, Mg,

and some micronutrients (e.g., Fe, Zn). Additions

of lime and fertilizers are an effective way to

correct soil acidity constraints. Plant species

and genotypes/cultivars within species differ

widely in tolerance to soil acidity constraints

(Foy 1983, 1984; Baligar and Fageria 1997,

1999). Baligar and Fageria (1997) reported that

Al-tolerant genotypes had lower NER for essen-

tial nutrients in sorghum (except Ca) and red

clover (except P) and had higher NER in maize

(except K) and alfalfa (except Ca and MG) than

Al-sensitive genotypes. However efforts in selec-

tion of acid soil-tolerant plant cultivars with high

dry matter accumulations and NUE is very much

unknown.

The total area of salt-affected soil has been

estimated at about 952 million ha (Szabolcs

1979). Saline soils contain predominantly

chlorides and sulfates of Na, Ca, and Mg, and

alkaline soils contain excess of NaHCO3 and

exchangeable Na and these ions are commonly

occurring in toxic concentrations and are very

toxic to plants (Gupta and Abrol 1990). In saline

soils, plants are affected by water deficit, ion

toxicity (Cl, Na), and nutrient imbalances due

to depression in uptake and transport. In alkaline

soils, Fe deficiency, B toxicity, and salinity are

the most obvious problems for successful crop

production. Large differences in salt tolerance

have been reported for plant species and cultivars

within species (Maas 1986; Marshner 1995).

During growth cycle in both acidic and salt-

affected soils short- or long-duration drought

adversely affects physiological processes, shoot

and root morphology, and NUE. Use of salt-

tolerant species and cultivars could help in

overcoming moderate soil salt toxicity and

improving crop yields and NUE.

Soils in many areas of the world have toxic

levels of heavy metals (Cd, Cr, Ni, Hg, Pb, Cu,

Zn). Heavy metals that alter root growth, mor-

phology, and roots’ ability to absorb nutrients

from soil and interfere in these changes have

significant effects on nutrition and NUE in plants

(Baligar et al. 1998; Mengel and Kirkby 2001;

Marshner 1995). By adapting soil amendments

addition (lime, organic matter, fertilizers) and

use of hyper metal accumulator by adapting

phytoremediation techniques, toxic levels of

heavy metals in agricultural soils could be

remediated (Fageria et al. 2011).

Use of improved and high-yielding crop spe-

cies and genotypes/cultivars within species, in

combination with improved best management

practices for acid soils (lime, fertilizers, organic

matter) and saline/alkali soils (irrigation, organic

matter, macro-micronutrient fertilizers), is an

important strategy to reduce cost of production

and improve crop yields and NUE in various

types of soils. Detail discussions of and reviews

of plant and soil factors that affect nutrient

uptake and NUE are available (Baligar

et al. 2001; Barber 1995; Clark and Baligar

2000; Fageria et al. 2002; Marshner 1995;

Mengel and Kirkby 2001).

3.3 Fertilizer Factors

Barber (1976) defined fertilizer efficiency as the

amount of increase in yield of the harvested

portion of the crop per unit of fertilizer nutrient
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applied where high yields are obtained. Fertilizer

recovery efficiency could be improved by

selecting right type of fertilizer formulation,

correcting soil adverse chemical constraints by

applications of soil amendments, and adjusting

the method, dose, and time of application based

on soil, plant, and climatic factors to reduce

losses (leaching and runoff, denitrification,

ammonia volatilization, fixation). Single- or

multi-nutrient slow release fertilizers (SRF) and

controlled release fertilizers (CRF) have added

advantages in improving the recovery efficiency

by plants, by lowering rate of release, thereby

limiting emissions/volatilization (N2O, NH3) and

leaching losses (NO3-N, K), reducing P fixation,

and providing constant availability of nutrients

during the entire plant growing season. CRF are

designed to synchronize nutrient availability

(rate of release) to the plant nutrient uptake.

However there is a need for research to

understand the efficiency of these fertilizer

formulations and their interaction.

Over the year several nitrification inhibitors

have been developed and widely used: N-serve/

nitropyrin [2-chloro-6 (trichloromethyl) pyri-

dine], AM [2-amino-4-chloro 6 methyl pyrimi-

dine], DCD [dicyandiamide cyanoguanidine],

and DMPP (3,4-dimethylpyrazole phosphate)

(Hauck 1985; Peoples et al. 1995; Prasad and

Power 1995; Subbarao et al. 2006; Trenkel

2010) to reduce N loss. Nitrification inhibitors

delay bacterial oxidation of ammonia ion thereby

control the loss of nitrate by leaching or the

production of nitrous oxides by denitrification

(Trenkel 2010). Urease inhibitors such as

NBPT [N-(n-Butyl) thiophosphoric triamide],

PPD/PPDA [phenylphosphorodiamidate], and

hydroquinone have been widely used

(Hendrickson 1991, 1992; Kiss and Simihaian

2002; Trenkel 2010) and have improve applied

urea efficiency by preventing or suppressing the

transformation of amide-N in urea to ammonium

hydroxide and ammonium through the hydrolytic

action of the enzyme urease (Trenkel 2010).

Application of NBPT with urea is successful in

reducing the rate of urea hydrolysis and improves

its efficiency (Hendrickson 1991, 1992). Site-

specific (precision) technology along with

sound management systems could lead to

reduced fertilizer inputs, thereby improving

costs of fertilizer input and the degradation of

the environment.

Under certain circumstances of adverse soil

(extreme pH, low SOM) and climatic (extreme

rainfall and temperatures) conditions, plants

develop nutrient disorders (deficiencies) that

can affect plants’ growth, development, and

NUE. Timely application of nutrients through

foliar is the most effective methods to correct

specific nutrient disorder and to improve plant

growth and NUE. Extensive discussions on foliar

fertilization and their impact on NUE are given

by Fageria et al. (2009) and Kannan (1990).

3.4 Agronomic/Management

Soil quality parameters (physical, chemical,

biological), SOM, and nutrient distribution

throughout different soil horizons are influenced

by nature of tillage operations such as traditional

tillage, no tillage, minimum tillage, and conser-

vation tillage. Tillage methods have impact on

rooting pattern, water holding capacity, water

penetration, aeration, soil compaction, soil tem-

perature, and soil microbial activities. Such

changes greatly affect nutrient bioavailability

and subsequently affect NUE in plants. Inclusion

of cover crops either in crop rotation or alongwith

main crops could reduce soil erosion, improve

soil fertility and SOM, and suppress weeds. Ben-

eficial effects of cover crops include increased

soil organic matter content, improved soil quality

parameters and availability nutrients, increased

concentration of nutrients at surface layers,

reduced leaching losses of nutrients, better ero-

sion control, improved soil structure and texture,

decreased soil acidity and compaction, cut fertil-

izer input costs, improvedwater holding capacity,

increased biological activities, weed suppression,

decreased disease, and reduced pest problems

(Fageria et al. 2011). Improved nutrient cycling

and soil quality parameters by the use of cover

crops will improve crop growth and NUE.
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3.5 Abiotic Stresses

Invariably plants are subjected to various degrees

of abiotic (soil acidity, mineral deficiencies

and/or toxicities, drought/floods, light quality/

shade, temperatures extremes) and biotic stresses

(pest, diseases, weeds). These stresses have tre-

mendous effect on plant growth and development

resulting in lower absorption and utilization of

absorbed nutrients and consequently to reduced

NUE (Fageria et al. 2008; Lyda 1981). Cultivars/

genotypes of plants that have high macro-micro-

nutrient use efficiency ratio under abiotic and

biotic stresses may have advantage in adapting

mineral stress ecosystems and in overcoming the

prevailing abiotic and biotic stresses.

Cultivar selection, crop improvement, and

management practices must be tailored to

prevailing climatic conditions. In crop improve-

ment programs (selection and breeding), it is

vital to incorporate physiological traits that

improve the plants’ ability to tolerate multiple

climatic variables and their extremes. Precipita-

tion, solar radiation, and temperature have major

impact on nutrient transformation and availabil-

ity in soil and plants’ ability to take up and utilize

the nutrients (Baligar and Fageria 1997; Baligar

et al. 2001; Barber 1995; Fageria et al. 2006,

2011; Marshner 1995). Drought stress is a

major constraint to crop production and yield

stability. Impact of water stress is a function of

duration crop growth stage, type of crop species

or cultivar, soil type, and management practices.

Water deficit has adverse effects on plant growth

(dry matter accumulation), morphology (reduc-

tion of cell growth and enlargement, leaf expan-

sion, increased leaf thickness, root growth,

epicuticular wax), physiology (photosynthesis,

stomatal regulation, protein metabolism, synthe-

sis of amino acids, nitrate reductase), NUE, and

yield (flowering, anthesis, grain fill/pod fill).

Fageria et al. (2006) have covered extensively

on the nature of short- and long-duration drought

and their impact on crop plant growth, develop-

ment, and yields. The amount of solar radiation

has a direct effect on photosynthesis which in

turn influences demand for nutrient uptake and

utilization of absorbed nutrients. Adequate solar

radiation maximizes the NUE in plants. Rate of

nutrient release in soil from organic and inor-

ganic sources, uptake of nutrients by roots, and

subsequent translocation and utilizations are

influenced by soil and aerial temperatures. Avail-

ability of most nutrients tend to decrease at low

soil temperature and low soil moisture contents

because of reduced root activity and low rates of

dissolution and diffusion of nutrients.

3.6 Biotic Stresses

Infection of diseases and insects reduce crop

growth and yield and consequently NUE.

Diseases and insects mostly affect leaves, stem,

and roots. Infection of leaves reduces photosyn-

thetic activity leading to reduced utilization of

absorbed nutrients. Soil-borne pathogens such as

actinomycetes, bacteria, fungi, nematodes, and

viruses present in the soil around roots lead to

pathogenic stress and bring changes in morphol-

ogy and physiology of roots and shoots, thereby

reducing roots’ ability to absorb nutrients from

the soil and using absorbed nutrients more effec-

tively (Baligar et al. 2001; Fageria 1992; Lyda

1981). Deficiency/toxicity of nutrients in soil

greatly that influences extent and severity of

plant diseases and balance nutrition has an

important affect in determining plants’ resistance

or susceptibility to diseases (Huber 1980). Defi-

ciency of Ca, Mg, Cu, Fe, B, Mn, Mo, Ni, and Si

is known to induce various diseases in plants

(Engelhard 1989; Fageria et al. 2011; Graham

and Webb 1991; Huber 1980). Adequate levels

of nutrients in plant tissue increase resistance by

maximizing the inherent resistance of plants,

facilitating disease escape through increased

nutrient availability or stimulated plant growth,

and altering external environments to influence

survival, germination, and penetration of

pathogens (Huber 1980; Engelhard 1989; Fageria

et al. 2011).Micronutrient concentrations in plants

are important in host ability to resist or tolerate

infectious pathogens (Fageria et al. 2002). Insects,

mites, aphids, and nematodes are harmful to the
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health of the plant. One of the major roles of

nematodes played in ecosystem is the release of

nutrient in soil for plant uptake (Coleman et al.

1984). Proper biological, chemical, physical, and

cultural management practices can be used to alle-

viate the pathogenic stress.

The soil fauna consist of microfauna, meso-

fauna, and macrofauna. Soil microfauna play an

important role in decomposition of crop residues,

nutrient cycling, and plant nutrient availability

(Paul and Clark 1996). Therefore meso- and

microfaunal activities should be included in the

assessment of NUE in plants as these organisms

greatly affect the nutrient cycling, soil biochemical

processes, and physical characteristics of soil and

eventually affecting plant growth and develop-

ment. Microorganisms in soil play a key role in

biochemical cycling process that tend to regulate

nutrient cycling through decomposition (release)

and sequestration/binding (retention) process

thereby sustaining natural ecosystems and agricul-

tural production. Rhizobia, diazotrophic bacteria,

andmycorrhizae in the rhizosphere have improved

root growth by fixing atmospheric N2, suppressing

pathogens, producing phytohormones, enhancing

root surface area to facilitate uptake of less mobile

nutrients such as P and micronutrients and mobili-

zation, and solubilizing of unavailable organic/

inorganic nutrients (Baligar et al. 2001).

Microorganisms in soil and rhizosphere have pro-

found influence on plant growth through their

phyto-effective metabolic activities (Curl and

Truelove 1986).Rhizospheremicroorganisms pro-

duce plant growth regulators (PGR) that results in

modifications in plant growth and development

and NUE.

Mycorrhizal fungi are involved in ecosystem

processes such as litter decomposition, ammonifi-

cation, of organic N and nitrification, weathering

of soil minerals, and influence on soil structure

(Sturmer and Siqueira 2006). Arabuscular mycor-

rhizal fungi (AMF) live in symbiotic association

with plant roots thereby increasing root surface

area which assist roots in exploring larger soil

volumes thereby bringing more ions closure to

roots and contributing to higher nutrient in floe

(Sanders et al. 1977; Smith et al. 1993). Weeds

compete with crop plants for water, nutrients, and

sunlight, thereby reducing crop yields and conse-

quently NUE. Appropriate weed control methods

(chemical, manual, crop rotations) should be

followed to alleviate weeds.

Conclusions

Nutrient deficiency is one of the most yield

constraints in crop production in most of the

agro-ecological regions of the world. It is

estimated that overall contribution of essen-

tial plant nutrients in increasing crop yields is

about 40 % in low fertility soils when

other productions factors (suitable cultivar,

availability of adequate water, control of

diseases, insects and weeds) are at an ade-

quate levels. Overall, cost of fertilizer inputs

in modern agriculture is about 30 %. Further-

more, the recovery efficiency of applied

fertilizers is very low. It is estimated that

in cereals N recovery efficiency is about

33 % worldwide. Similarly, the recovery

efficiency of P is less than 20 % and K less

than 40 %. In addition the recover efficiency

of micronutrients varied from 10 to 15 %.

Hence, most of the nutrients applied as

inorganic fertilizers are lost in soil-plant

system or unavailable to crops. Under these

situations, improving nutrient use efficiency

is important not only to increase crop yields

but also to reduce cost of crop production and

environmental pollution. Important manage-

ment strategies to improve nutrient use

efficiency are judicious use of fertilizers

(adequate rate, effective source, methods,

and time of application), supply of adequate

water, and control of diseases, insects, and

weeds. In addition, planting nutrient-efficient

crop species and/or genotypes/cultivar within

species is an important strategy in improving

nutrient use efficiency in crop plants.
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Nutrients as a Key Driver of Nutrient Use Efficiency



Soil and Input Management Options
for Increasing Nutrient Use Efficiency

B.N. Ghosh, Raman Jeet Singh, and P.K. Mishra

Abstract

Public interest and awareness of the need for improving nutrient use

efficiency is great, but nutrient use efficiency is easily misunderstood.

Four indices of nutrient use efficiency are reviewed, and an example of

different applications of the terminology shows that the same data set might

be used to calculate a fertilizer N efficiency of 21 or 100 %. Fertilizer N

recovery efficiencies from researcher-managed experiments for major grain

crops range from 46 to 65 %, compared to on-farm N recovery efficiencies

of 20–40 %. Fertilizer use efficiency can be optimized by fertilizer best

management practices that apply nutrients at the right rate, time, and place

and accompanied by the right agronomic practices. The highest nutrient use

efficiency always occurs at the lower parts of the yield response curve,

where fertilizer inputs are the lowest, but effectiveness of fertilizers in

increasing crop yields and optimizing farmer profitability should not be

sacrificed for the sake of efficiency alone. There must be a balance between

optimal nutrient use efficiency and optimal crop productivity.

Keywords

Balanced fertilization • Fertilizer best management practices • Nitrogen

efficiency • Right rate • Right time • Right place

1 Introduction

Awareness of an interest in improved nutrient

use efficiency has never been greater. Driven by

a growing public belief that crop nutrients are

excessive in the environment and farmer

concerns about rising fertilizer prices and stag-

nant crop prices, the fertilizer industry is under

increasing pressure to improve nutrient use

efficiency (Dibb 2000). However, efficiency

can be defined in many ways and is easily

misunderstood and misrepresented. Definitions

differ, depending on the perspective. Environ-

mental nutrient use efficiency can be quite differ-

ent than agronomic or economic efficiency and

maximizing efficiency may not always be
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advisable or effective. Agronomic efficiency

may be defined as the nutrients accumulated

in the above-ground part of the plant or the

nutrients recovered within the entire soil-crop-

root system (Fageria et al. 2008). Economic effi-

ciency occurs when farm income is maximized

from proper use of nutrient inputs, but it is not

easily predicted or always achieved because future

yield increases, nutrient costs, and crop prices are

not known in advance of the growing season

(Tilman 2000). Environmental efficiency is site-

specific and can only be determined by studying

local targets vulnerable to nutrient impact.

Nutrients not used by the crop are at risk of loss

to the environment, but the susceptibility of loss

varies with the nutrient, soil and climatic

conditions, and landscape. In general, nutrient

loss to the environment is only a concern when

fertilizers or manures are applied at rates above

agronomic need. Though perspectives vary, agro-

nomic nutrient use efficiency is the basis for eco-

nomic and environmental efficiency. As

agronomic efficiency improves, economic and

environmental efficiency will also benefit.

In the past decades, an increase in the con-

sumption of nitrogen and phosphorus fertilizers

has been observed globally. By 2050, nitrogen

fertilization is expected to increase by 2.7 times

and phosphorus by 2.4 times on a global scale

(Tilman 2001). However, increased fertilizer

application rates exhibit diminishing marginal

returns such that further increases in fertilizer

are unlikely to be as effective in increasing cereal

yield as in the past. A declining trend in global

nitrogen efficiency of crop production (annual

global cereal production divided by annual

global nitrogen application) is shown in Fig. 1

(Tilman et al. 2002). It is estimated that today

only 30–50 % of applied nitrogen fertilizers

(Smil 2002; Ladha et al. 2005) and 45 % of

phosphorus fertilizers (Smil 2000) are used for

crops. For example, only 20–60 % of nitrogen

fertilizers applied in intensive wheat production

is taken up by the crop, 20–60 % remains in the

soil, and approximately 20 % is lost to the envi-

ronment (Pilbeam 1996). The phosphorus-use

efficiency can be as high as 90 % for well-

managed agroecosystems (Syers et al. 2008) or

as low as 10–20 % in highly phosphorus-fixing

soils (Bolland and Gilkes 1998).

2 Nutrient Use Efficiency
Terminology

Nutrient use efficiency can be expressed in sev-

eral ways. Mosier et al. (2004) described four

agronomic indices commonly used to describe

nutrient use efficiency: partial factor productivity

(PFP, kg crop yield per kg nutrient applied);

agronomic efficiency (AE, kg crop yield increase

per kg nutrient applied); apparent recovery effi-

ciency (RE, kg nutrient taken up per kg nutrient

applied); and physiological efficiency (PE, kg

yield increase per kg nutrient taken up). Crop

Fig. 1 Global nitrogen

fertilizer efficiency of

cereal production (annual

global cereal production in

tonnes divided by annual

global nitrogen fertilizer

production in tonnes for

domestic use in agriculture)

(Source: Tilman

et al. 2002)
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removal efficiency (removal of nutrient in

harvested crop as percent of nutrient applied) is

also commonly used to explain nutrient effi-

ciency. Available data and objectives determine

which term best describes nutrient use efficiency.

Fixen (2005) provides a good overview of these

different terms with examples of how they might

be applied.

Understanding the terminology and the con-

text in which it is used is critical to prevent

misinterpretation and misunderstanding. For

example, Table 1 shows the same maize data

from the north central USA can be used to esti-

mate crop recovery efficiency of nitrogen (N) at

37 % (i.e., crop recovered 37 % of added N) or

crop removal efficiency at 100 % (N removed in

the grain was 100 % of applied N) (Bruulsema

et al. 2004). Which estimate of nutrient use effi-

ciency is correct? Recovery of 37 % in the above-

ground biomass of applied N is disturbingly low

and suggests that N may pose an environmental

risk. Assuming the grain contains 56 % of the

above-ground N, a typical N harvest index; only

21 % of the fertilizer N applied is removed in the

grain. Such low recovery efficiency prompts the

question – where is the rest of the fertilizer going

and what does a recovery efficiency of 37 %

really mean?

In the above data, application of N at the

optimum rate of 103 kg ha�1 increased above-

ground N uptake by 38 kg ha�1 (37 % of 103).

Total N uptake by the fertilized maize was

184 kg ha�1; 146 from the soil and 38 from the

fertilizer. The N in the grain would be 56 % of

184, or 103 kg ha�1: equal to the amount of N

applied. Which is correct – a recovery of 21 % as

estimated from a single-year response recovery

in the grain or 100 % as estimated from the total

uptake (soil N + fertilizer N) of N, assuming the

soil can continue to supply N in long term? The

answer cannot be known unless the long-term

dynamics of N cycling are understood.

Fertilizer nutrients applied, but not taken up by

the crop, are vulnerable to losses from leaching,

erosion, and denitrification or volatilization in

the case of N, or they could be temporarily

immobilized in soil organic matter to be released

at a later time, all of which impact apparent use

efficiency. Dobermann et al. (2005) introduced

the term system level efficiency to account for

contributions of added nutrients to both crop

uptake and soil nutrient supply.

3 Current Status of Nutrient
Use Efficiency

A recent review of worldwide data on N use

efficiency for cereal crops from researcher-

managed experimental plots reported that

single-year fertilizer N recovery efficiencies

averaged 65 % for corn, 57 % for wheat, and

46 % for rice (Ladha et al. 2005). However,

experimental plots do not accurately reflect the

efficiencies obtainable on-farm. Differences in

the scale of farming operations and management

practices (i.e., tillage, seeding, weed and pest

control, irrigation, harvesting) usually result in

lower nutrient use efficiency. Nitrogen recovery

in crops grown by farmers rarely exceeds 50 %

and is often much lower. A review of best avail-

able information suggests average N recovery

efficiency for fields managed by farmers ranging

from about 20 to 30 % under rainfed conditions

and 30 to 40 % under irrigated conditions.

Cassman et al. (2002) looked at N fertilizer

recovery under different cropping systems and

reported 37 % recovery for corn grown in the

north central USA (Table 2). They found N

recovery averaged 31 % for irrigated rice grown

by Asian farmers and 40 % for rice under field-

specific management. In India, N recovery

Table 1 Fertilizer N efficiency of maize from 56 on-farm

studies in north central USA

Average optimum N fertilizer rate, kg ha�1 103

Fertilizer N recovered in the crop, kg ha�1 38

Total N taken up by crop, kg ha�1 184

N removed in the harvested grain, kg ha�1 103

N returned to field in crop residue, kg ha�1 81

Crop recovery efficiency (38 kg N recovered/

103 kg N applied), %

37

Crop removal efficiency (103 kg N applied/103 kg N

in grain), %

100

Cassman et al. (2002), source of data, Bruulsema

et al. (2004), source of calculations
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averaged 18 % for wheat grown under poor

weather conditions, but 49 % when grown

under good weather conditions. Fertilizer recov-

ery is impacted by management, which can be

controlled, but also by weather, which cannot be

controlled. The above data illustrate that there is

room to improve nutrient use efficiency at the

farm level, especially for N.

While most of the focus on nutrient efficiency

is on N, phosphorus (P) efficiency is also of

interest because it is one of the least available

and least mobile mineral nutrients. First-year

recovery of applied fertilizer P ranges from less

than 10 % to as high as 30 %. However, because

fertilizer P is considered immobile in the soil and

reaction (fixation and/or precipitation) with other

soil minerals is relatively slow, long-term recov-

ery of P by subsequent crops can be much higher.

There is little information available about potas-

sium (K) use efficiency. However, it is generally

considered to have a higher use efficiency than

N and P because it is immobile in most soils and

is not subject to the gaseous losses that N is or the

fixation reactions that affect P. First-year recov-

ery of applied K can range from 20 to 60 %.

4 Optimizing Nutrient Use
Efficiency

The fertilizer industry supports applying

nutrients at the right rate, right time, and in the

right place as a best management practice (BMP)

for achieving optimum nutrient efficiency.

Right Rate Most crops are location and season

specific depending on cultivar, management

practices, climate, etc., and so it is critical that

realistic yield goals are established and that

nutrients are applied to meet the target yield.

Over- or under-application will result in reduced

nutrient use efficiency or losses in yield and crop

quality. Soil testing remains one of the most pow-

erful tools available for determining the nutrient

supplying capacity of the soil, but to be useful for

making appropriate fertilizer recommendations,

good calibration data is also necessary. Unfortu-

nately, soil testing is not available in all regions of

the world because reliable laboratories using

methodology appropriate to local soils and crops

are inaccessible or calibration data relevant to

current cropping systems and yields are lacking.

Other techniques, such as omission plots, are

proving useful in determining the amount of

fertilizer required for attaining a yield target

(Witt and Dobermann 2002). In this method, N,

P, and K are applied at sufficiently high rates to

ensure that yield is not limited by an insufficient

supply of the added nutrients. Target yield can be

determined from plots with unlimited NPK. One

nutrient is omitted from the plots to determine a

nutrient-limited yield. For example, an N omis-

sion plot receives no N, but sufficient P and K

fertilizer to ensure that those nutrients are not

limiting yield. The difference in grain yield

between a fully fertilized plot and an N omission

plot is the deficit between the crop demand for N

and indigenous supply of N, which must be met

by fertilizers.

Nutrients removed in crops are also an impor-

tant consideration. Unless nutrients removed in

harvested grain and crop residues are replaced,

soil fertility will be depleted.

Table 2 Nitrogen fertilizer recovery efficiency by maize, rice, and wheat from on-farm measurements

Crop Region Number of farms Average N rate, kg ha�1 N recovery, %

Maize North Central USA 56 103 37

Rice Asia – farmer practice 179 117 31

Asia – field-specific management 179 112 40

Wheat India – unfavorable weather 23 145 18

India – favorable weather 21 123 49

Cassman et al. (2002)
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Right Time Greater synchrony between crop

demand and nutrient supply is necessary to

improve nutrient use efficiency, especially for N

(Johnson et al. 1997). Split applications of N

during the growing season, rather than a single,

large application prior to planting, are known to

be effective in increasing N use efficiency

(Cassman et al. 2002). Tissue testing is a well-

known method used to assess N status of growing

crops, but other diagnostic tools are also avail-

able. Chlorophyll meters have proven useful in

fine-tuning in-season N management (Francis

and Piekielek 1999), and leaf color charts have

been highly successful in guiding split N

applications in rice and now maize production

in Asia (Witt et al. 2005). Precision farming

technologies have introduced, and now

commercialized, on-the-go N sensors that

can be coupled with variable rate fertilizer

applicators to automatically correct crop N

deficiencies on a site-specific basis.

Another approach to synchronize release of

N from fertilizers with crop need is the use of

N stabilizers and controlled-release fertilizers.

Nitrogen stabilizers (e.g., nitrapyrin, DCD

[dicyandiamide], NBPT [n-butyl-thiophosphor-

ictriamide]) inhibit nitrification or urease

activity, thereby slowing the conversion of the

fertilizer to nitrate (Havlin et al. 2005). When

soil and environmental conditions are favorable

for nitrate losses, treatment with a stabilizer

will often increase fertilizer N efficiency.

Controlled-release fertilizers can be grouped

into compounds of low solubility and coated

water-soluble fertilizers.

Most slow-release fertilizers are more expen-

sive than water-soluble N fertilizers and have

traditionally been used for high-value horticul-

ture crops and turf grass. However, technology

improvements have reduced manufacturing costs

where controlled-release fertilizers are available

for use in corn, wheat, and other commodity

grains (Blaylock et al. 2005). The most

promising for widespread agricultural use are

polymer-coated products, which can be designed

to release nutrients in a controlled manner. Nutri-

ent release rates are controlled by manipulating

the properties of the polymer coating and are

generally predictable when average temperature

and moisture conditions can be estimated.

Right Place Application method has always

been critical in ensuring fertilizer nutrients are

used efficiently. Determining the right placement

is as important as determining the right applica-

tion rate. Numerous placements are available,

but most generally involve surface or subsurface

applications before or after planting. Prior to

planting, nutrients can be broadcast (i.e., applied

uniformly on the soil surface and may or may not

be incorporated), applied as a band on the sur-

face, or applied as a subsurface band, usually

5–20 cm deep. Applied at planting, nutrients

can be banded with the seed, below the seed, or

below and to the side of the seed. After planting,

application is usually restricted to N and place-

ment can be as a topdress or a subsurface

sidedress. In general, nutrient recovery efficiency

tends to be higher with banded applications

because less contact with the soil lessens the

opportunity for nutrient loss due to leaching or

fixation reactions. Placement decisions depend

on the crop and soil conditions, which interact

to influence nutrient uptake and availability.

Plant nutrients rarely work in isolation.

Interactions among nutrients are important

because a deficiency of one restricts the uptake

and use of another. Numerous studies have

demonstrated those interactions between N and

other nutrients, primarily P and K, impact crop

yields, and N efficiency. For example, data from

a large number of multi-location on-farm field

experiments conducted in India show the impor-

tance of balanced fertilization in increasing crop

yield and improving N efficiency (Table 3).

Adequate and balanced application of fertil-

izer nutrients is one of the most common

practices for improving the efficiency of N fertil-

izer and is equally effective in both developing

and developed countries. In a recent review

based on 241 site-years of experiments in

China, India, and North America, balanced fer-

tilization with N, P, and K increased first-year

recoveries an average of 54 % compared to
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recoveries of only 21 % where N was applied

alone (Fixen et al. 2005).

A variety of practices and improvements are

suggested in the scientific literature to increase

nutrient use efficiency in agriculture, such as the

adoption of multiple cropping systems, improved

crop rotations, or intercropping. Because of

escalating costs of chemical fertilizers, the nutri-

ent uptake and utilization in field crops should be

most efficient to cause reductions in the cost of

production and achieve greater profit for

resource-poor farmers. To arrive at these

objectives, it is important to understand and

enhance nutrient use efficiency. Singh and

Ahlawat (2012) concluded that substitution of

25 % recommended dose of N (RDN) through

FYM recorded the greatest Agronomic Use Effi-

ciency (ANUE) and Apparent Nitrogen Recovery

(ANR) followed by 100 % RDN through urea,

whereas 50 % RDN substitution recorded the

least ANUE and ANR (Table 4). Substitution of

50 % RDN followed by 25 % RDN substitution

recorded the greatest Physiological Nitrogen Use

Efficiency (PNUE), whereas 100 % RDN through

urea recorded the least PNUE. Sole cotton

maintained the greatest Nitrogen Efficiency

Ratio (NER), Physiological Efficiency Index of

Nitrogen (PEIN), and Nitrogen Harvest Index

Table 3 Effect of balanced fertilization on yield and N agronomic efficiency

Crop

Yield, t ha�1 Agronomic efficiency, kg grain kg N�1

Control N alone +PK N alone +PK Increase

Rice (wet season) 2.74 3.28 3.82 13.5 27.0 13.5

Rice (summer) 3.03 3.45 6.27 10.5 81.0 69.5

Wheat 1.45 1.88 2.25 10.8 20.0 9.2

Pearl millet 1.05 1.24 1.65 4.7 15.0 10.3

Maize 1.67 2.45 3.23 19.5 39.0 19.5

Sorghum 1.27 1.48 1.75 5.3 12.0 6.7

Sugarcane 47.2 59.0 81.4 78.7 227.7 150.0

Assumes a typical N harvest index of 56 %

Table 4 Effect of cropping system and fertility level on

agronomic N use efficiency, physiological N use effi-

ciency, apparent N recovery, N efficiency ratio,

physiological efficiency index of N, and N harvest index

in Bt cotton (mean data of 2 years)

Treatment

ANUE (kg seed

cotton kg N�1)a
PNUE (kg seed

cotton kg N�1)b
ANR

(%)c
NER (kg DM kg

N uptake�1)d
PEIN (kg seed cotton

kg N uptake�1)e
NHI

(%)f

Cropping system

Sole cotton – – – 46.25 17.0 38.0

Cotton + groundnut

(1:3)

– – – 44.1 13.8 33.5

Fertility level (recommended dose of N: 150 kg ha�1)

Control (0N) – – – 55.8 15.1 35.3

100 % urea 8.2 11.8 69.3 41.7 13.7 32.9

75 % urea + 25 %

FYM

9.5 11.44 83.3 40.0 13.4 37.6

50 % urea + 50 %

FYM

5.27 13.17 40.0 50.0 14.5 42.6

a(Yield in treatment plot-yield in control)/kg N applied
b(Yield in treatment plot-yield in control)/(N uptake in treatment plot�N uptake in control)
c(N uptake in treatment plot�N uptake in control)/kg N applied
d(Dry matter yield/N accumulated at harvest)
e(Seed cotton yield/N absorbed by biomass)
f(N uptake by seed cotton/N uptake by whole plant)*100
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(NHI) over cotton + groundnut. The greatest

NER, PEIN, and NHI were recorded in the unfer-

tilized control treatment followed by 50 % RDN

substitution through FYM. The least NER, PEIN,

and NHI were recorded with 25 % RDN substitu-

tion. The greatest ANUE and ANR by application

of 25 % RDN substitution through FYM could be

attributed to increase in seed cotton yield with

combined application of inorganic and organic

sources of N (Bandyopadhyay et al. 2009; Rao

et al. 1991). Another reason might be that it

improved N uptake of crop because of the

increased humus content of soil, which would

have slowed down release of ammoniacal N and

its conversion to nitrates, thereby reducing the

leaching loss of N (Silvertooth et al. 2001; Fritschi

et al. 2004). High N availability in 25 % RDN

substitution through FYM stimulated the devel-

opment of larger plants and a more extensive root

system capable of supplying the increased water

and nutrients demanded by the larger plants. The

cotton crop, therefore, drew from a larger pool of

both added and indigenous N, which influenced

the efficiency of fertilizer N (recovery vs. applied)

as well overall N efficiency (Boquet and

Breitenbeck 2000). The greatest NER, PEIN,

and NHI were attributed to the better physical,

chemical, and biological properties of soil that

would have caused greater nutrient uptake and

yield, leading to better fertilizer use efficiencies.

Mohanty et al. (1998) observed relatively

higher NUE of rice with urea as compared with

combined use of GM and urea up to 80 kg N ha�1

(Table 5). However, the trend was reverse at

120 kg N ha�1.

Agroforestry, which includes trees in a crop-

ping system, may improve pest control and

increase nutrient- and water-use efficiency.

Also, cover crops or reduced tillage can reduce

nutrient leaching. Nutrient use efficiency is

increased by appropriately applying fertilizers

and by better matching temporal and spatial nutri-

ent supply with plant uptake (Tilman et al. 2002).

Applying fertilizers during periods of highest

crop uptake, at or near the point of uptake (roots

and leaves), as well as in smaller and more fre-

quent applications have the potential to reduce

losses while maintaining or improving crop

yield quantity and quality (Cassman et al. 2002).

However, controlled release of nitrogen (e.g., via

using nitrogen inhibitors) or technologically

advanced systems such as precision farming

appear to be too expensive for many farmers in

developing countries (Singh 2005).

Many of the aforementioned management

practices can be supported by targeted research

(e.g., on improving efficiency and minimizing

losses from both inorganic and organic nutrient

sources; on improvements in timing, placing, and

splitting of fertilizer applications, as well as

by judicious investments, for example, in soil

testing).

4.1 Efficient Does Not Necessarily
Mean Effective

Improving nutrient efficiency is an appropriate

goal for all involved in agriculture, and the fertil-

izer industry, with the help of scientists and

agronomists, is helping farmers work toward

that end. However, effectiveness cannot be

sacrificed for the sake of efficiency. Much higher

nutrient efficiencies could be achieved simply by

sacrificing yield, but that would not be economi-

cally effective or viable for the farmer, or the

environment. This relationship between yield,

nutrient efficiency, and the environment was

ably described by Dibb (2000) using a theoretical

example. For a typical yield response curve, the

lower part of the curve is characterized by very

low yields, because few nutrients are available or

applied, but very high efficiency. Nutrient use

Table 5 Nitrogen use efficiency in rice through

integrated nutrient management

Treatment

ANR(%) AE PE

1st rice 2nd rice 1st rice 1st rice

N0

GM-N40 + N0 24.8 28.0 18.0 72.7

N40 43.3 44.9 23.5 54.5

GM-N40 + N40 35.6 35.7 15.5 43.5

N80 46.3 43.9 17.1 37.0

GM-N40 + N80 44.3 45.6 14.4 32.5

N120 31.8 30.8 10.3 31.4

GM-N40 + N120 34.4 38.7 9.7 28.2
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efficiency is high at a low yield level, because

any small amount of nutrient applied could give a

large yield response. If nutrient use efficiency

were the only goal, it would be achieved here in

the lower part of the yield curve. However, envi-

ronmental concerns would be significant because

poor crop growth means less surface residues to

protect the land from wind and water erosion and

less root growth to build soil organic matter. As

you move up the response curve, yields continue

to increase, albeit at a slower rate, and nutrient

use efficiency typically declines. However, the

extent of the decline will be dictated by the

BMPs employed (i.e., right rate, right time,

right place, improved balance in nutrient inputs,

etc.) as well as soil and climatic conditions.

The relationship between efficiency and effec-

tive was further explained when Fixen (2006)

suggested that the value of improving nutrient

use efficiency is dependent on the effectiveness

in meeting the objectives of nutrient use,

objectives such as providing economical optimum

nourishment to the crop, minimizing nutrient

losses from the field, and contributions to system

sustainability through soil fertility or other soil

quality components. He cited two examples.

Saskatchewan data from a long-term wheat study

where 3 initial soil test levels were established

with initial P applications followed by annual

additions of seed-placed P. Fertilizer P recovery

efficiency, at the lowest P rate and at the lowest

soil test level, was 30%, an extremely high single-

year efficiency. However, this practice would be

ineffective because wheat yield was sacrificed.

The second example is from a maize study in

Ohio that included a range of soil test K levels

and N fertilizer rates. N recovery efficiency can

be increased by reducing N rates below optimum

yield that is sacrificed. Alternatively, yield and

efficiency can be improved by applying an opti-

mum N rate at an optimum soil test K level.

Nitrogen efficiency was improved with both

approaches but the latter option was most effec-

tive in meeting the yield objectives.

5 Different Computation
Methods

5.1 Nitrogen Fertilizer Use Efficiency

In isotopic-aided fertilizer experiments, a labeled

fertilizer is added to the soil and the amount of

fertilizer nutrient that a plant has taken up is

determined. In this way different fertilizer

practices (placement, timing, sources, etc.) can

be studied.

1. Percent nitrogen derived from fertilizer

(Ndff):

The first parameter to be determined when

studying the fertilizer uptake by a crop by

means of the isotope techniques is the fraction

of the nutrient in the plant derived from the

(labeled) fertilizer, i.e., fdff (fraction derived

from fertilizer).

Y ¼ S=F� 100;

where Y ¼ Amount of labeled fertilizer N in

sample (%Ndff)

S ¼ Atom % 15N excess in sample

F ¼ Atom % 15N excess in the labeled fertilizer

2. Uptake of nitrogen by plants:

The grain and straw uptake of nitrogen is

calculated as follows:

Uptake by grain or straw kg=hað Þ ¼ %N content in grain or straw� grain or straw yield kg=hað Þ
100
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3. N use efficiency (NUE):

¼ Total N uptake kg=hað Þ � % Ndff

Rate of fertilizer N applied kg=hað Þ

4. Residual fertilizer N in soil (kg ha�1):

¼ Total N in soil kg=hað Þ � % Ndff

100

5. Unaccounted fertilizer N (%):

¼ 100� fertilizer� N recovery %ð Þ½
þ residual fertilizer� N in soil�

15N as tracer studies have yielded valuable

information on the aspects of:

• Availability of native soil N to crops

• Influence of N carriers associated with the

plant recovery studies.

• Impact of immobilization in soil on plant

uptake

• Studies of biological interchange in which

mineralization and immobilization proceed

simultaneously in the same system

• Denitrification loss in or from soil

• Influence of added available N on

mineralization

• The relative uptake of NH4
+ and NO3

� ions

by crop plants and microorganisms

• Placement position in root zone on availabil-

ity of N fertilizer to crops

• Balance studies as influenced by time and

method of N application

5.2 Phosphorus Fertilizer Use
Efficiency

Generally phosphorus losses are largely from

erosion and surface runoff (Shepherd and With-

ers 2001). However, P leaching can occur where

soil P sorption is low as in sandy soils and with

repeated P fertilizer application. The problem of

P leaching is accelerated under high input P, and

with frequent and heavy rainfall events (Sims

et al. 1998). In a sandy loam soil with low P

sorption saturation, P leaching was higher than

from a clay (Djodjic et al. 2004). Phosphorus

from inorganic fertilizer can be leached to

beneath 1.1 m soil depth (Eghball et al. 1996).

6 Nutrient Efficient Plants

Soil Science Society of America (1997) defined

nutrient efficient plant as a plant that absorbs,

translocates, or utilizes more of a specific nutri-

ent than another plant under conditions of rela-

tively low nutrient availability in the soil or

growth media. In the twenty-first century, nutri-

ent efficient plants will play a major role in

increasing crop yields compared to the twentieth

century, mainly due to limited land and water

resources available for crop production, higher

cost of inorganic fertilizer inputs, declining

trends in crop yields globally, and increasing

environmental concerns. Nutrient efficient plants

are defined as those plants, which produce higher

yields per unit of nutrient, applied or absorbed

than other plants (standards) under similar agro-

ecological conditions (Fageria et al. 2008). Dur-

ing the last three decades, much research has

been conducted to identify and/or breed nutrient

efficient plant species or genotypes/cultivars

within species and to further understand the

mechanisms of nutrient efficiency in crop plants.

However, success in releasing nutrient efficient

cultivars has been limited. The main reasons for

limited success are that the genetics of plant

responses to nutrients and plant interactions

with environmental variables are not well under-

stood. Complexity of genes involved in nutrient

use efficiency for macro- and micronutrients and

limited collaborative efforts between breeders,

soil scientists, physiologists, and agronomists to

evaluate nutrient efficiency issues on a holistic

basis have hampered progress in this area.

Hence, during the twenty-first century agricul-

tural scientists have tremendous challenges, as

well as opportunities, to develop nutrient effi-

cient crop plants and to develop best manage-

ment practices that increase the plant efficiency

for utilization of applied fertilizers. During the

twentieth century, breeding for nutritional traits
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has been proposed as a strategy to improve the

efficiency of fertilizer use or to obtain higher

yields in low-input agricultural systems. This

strategy should continue to receive top priority

during the twenty-first century for developing

nutrient efficient crop genotypes (Fageria

et al. 2008).

Conclusion

Improving nutrient efficiency is a worthy goal

and fundamental challenge facing the fertil-

izer industry and agriculture in general. The

opportunities are there and tools are available

to accomplish the task of improving the effi-

ciency of applied nutrients. However, we

must be cautious that improvements in effi-

ciency do not come at the expense of the

farmers’ economic viability or the environ-

ment. Judicious application of fertilizer

BMPs, right rate, right time, right place, and

right agronomic practice targeting both high

yields and nutrient efficiency will benefit

farmers, society, and the environment alike.

References

Bandyopadhyay KK, Prakash AH, Sankranarayanan K,

Dharajothi B, Gopalkrishnan N (2009) Effect of irri-

gation and nitrogen on soil water dynamics, produc-

tivity and input use efficiency of Bt cotton in a Vertic

Ustropept. Indian J Agric Sci 79(6):448–453

Blaylock AD, Kaufmann J, Dowbenko RD (2005) Nitro-

gen fertilizer technologies. In: Proceedings of the

western nutrient management conference, vol 6, Salt

Lake City, Utah, 3–4 March 2005, pp 8–13

Bolland MDA, Gilkes RJ (1998) The chemistry and agro-

nomic effectiveness of phosphate fertilizers. In:

Rengel Z (ed) Nutrient use in crop production.

Haworth Press, New York, pp 139–163

Bruulsema TW, Fixen PE, Snyder CS (2004) Fertilizer

nutrient recovery in sustainable cropping systems.

Better Crops 88:1517

Bouquet DJ, Breitenbeck GA (2000) Nitrogen rate effect

on partitioning and dry matter of cotton. Crop Sci

40:1685–1693

Cassman KG, Dobermann A, Walters D (2002)

Agroecosystems, nitrogen-use efficiency, and nitrogen

management. AMBIO 31:132–140

Dibb DW (2000) The mysteries (myths) of nutrient use

efficiency. Better Crops 84:3–5

Djodjic F, Bo¨rling K, Bergstro¨m L (2004) Phosphorus

leaching in relation to soil type and soil phosphorus

content. J Environ Qual 33:678–684

Dobermann A, Cassman KG, Waters DT, Witt C (2005)

Balancing short- and long-term goals in nutrient man-

agement. In: Proceedings of the XV international plant

nutrient colloquium, 14–16 September 2005, Beijing,

China

Eghball B, Binford GD, Baltensperger DD (1996) Phos-

phorus movement and adsorption in a soil receiving

long-term manure and fertilizer application. J Environ

Qual 25:1339–1343

Fageria NK, Baligar VC, Li YC (2008) The role of nutri-

ent efficient plants in improving crop yields in the

twenty first century. J Plant Nutr 31(6):1121–1157.

doi:10.1080/01904160802116068

Fixen PE (2005) Understanding and improving nutrient

use efficiency as an application of information tech-

nology. In: Proceedings of the symposium on infor-

mation technology in soil fertility and fertilizer

management, a satellite symposium at the XV interna-

tional plant nutrient colloquium, 14–16 September

2005, Beijing, China

Fixen PE (2006) Turning challenges into opportunities.

In: Proceedings of the fluid forum, fluids: balancing

fertility and economics. Fluid Fertilizer Foundation,

12–14 February 2006, Scottsdale, Arizona

Fixen PE, Jin J, Tiwari KN, Stauffer MD (2005)

Capitalizing on multi-element interactions through

balanced nutrition—a pathway to improve nitrogen

use efficiency in China, India and North America.

Sci China Ser C Life Sci 48:1–11

Francis DD, PiekielekWP (1999) Assessing crop nitrogen

needs with chlorophyll meters. Site-specific manage-

ment guidelines. Potash & Phosphate Institute.

SSMG-12. Reference 99082/Item#10-1012

Fritschi FB, Roberts BA, Rains DW, Travis RL,

Hutmacher RB (2004) Fate of nitrogen-15 applied

to irrigated Acala and Pima cotton. Agron J

96:646–655

Havlin JL, Beaton JD, Tisdale SL, Nelson WL (2005) Soil

fertility and fertilizers. An introduction to nutrient man-

agement. Pearson Education, Inc, Upper Saddle River

Johnson JW, Murrell TS, Reetz HF (1997) Balanced

fertility management: a key to nutrient use efficiency.

Better Crops 81:3–5

Ladha JK, Pathak H, Krupnik TJ, Six J, Kessel CV (2005)

Efficiency of fertilizer nitrogen in cereal production:

retrospects and prospects. Adv Agron 87:85–156

Mohanty SK, Panda MM, Mosier AR, Mahapatra PK,

Reddy MD (1998) 15N balance studies in a rice-

green gram cropping system. J Indian Soc Soil Sci

46:232–238

Mosier AR, Syers JK, Freney JR (2004) Agriculture and

the nitrogen cycle. Assessing the impacts of fertilizer

use on food production and the environment, Scope-

65. Island Press, London

26 B.N. Ghosh et al.

R
E
T
R
A
C
T
E
D

C
H
A
PT

E
R

http://dx.doi.org/10.1080/01904160802116068


Pilbeam CJ (1996) Effect of climate on the recovery in

crop and soil of 15N-labelled fertilizer applied to

wheat. Fertil Res 45:209–215

Rao ACS, Smith JL, Papendick RI, Parr JF (1991) Influ-

ence of added nitrogen interactions in estimating

recovery efficiency of labeled nitrogen. Soil Sci Soc

Am J 55:1616–1621

Shepherd MA, Withers PJ (2001) Phosphorus leaching

from liquid digested sewage sludge applied to sandy

soil. J Agric Sci (Camb) 136:433–441

Silvertooth IC, Navarro JC, Nortan ER, Gladima A (2001)

Soil and plant recovery of labeled fertilizer nitrogen in

irrigated cotton. Arizona Cotton Report, University of

Arizona, College of Agriculture and Life Sciences,

index at http://ag.arizona.edu/Pubs/Crops/az1224/

Sims JT, Sinnard RR, Joern BC (1998) Phosphorus loss in

agricultural drainage: historical perspective and cur-

rent research. J Environ Qual 27:277–293

Singh U (2005) Integrated nitrogen fertilization for inten-

sive and sustainable agriculture. J Crop Improv

15:259–288

Singh RJ, Ahlawat IPS (2012) Dry matter, nitrogen, phos-

phorous, and potassium partitioning, accumulation

and use efficiency in transgenic cotton based cropping

systems. Commun Soil Sci Plant Anal 43

(20):2633–2650. doi:10.1080/00103624.2012.716125

Smil V (2000) Phosphorus in the environment: natural

flows and human interferences. Annu Rev Energy

Environ 25(1):53–88

Smil V (2002) Nitrogen and food production: proteins for

human diets. AMBIO 31(2):126–131

Soil Science Society of America (1997) Glossary of

soil science terms. Soil Science Society of America,

Madison

Syers JK, Johnston AE, Curtin D (2008) Efficiency of soil

and fertilizer phosphorus use, FAO fertilizer and plant

nutrition bulletin 18. Food and Agriculture Organiza-

tion of the United Nations, Rome

Tilman D (2000) Causes, consequences and ethics of

biodiversity. Nature 405:208–211

Tilman D (2001) Forecasting agriculturally driven global

environmental change. Science 292:281–284

Tilman D, Cassman K, Matson P (2002) Agricultural

sustainability and intensive production practices.

Nature 418:671–677

Witt C, Dobermann A (2002) A site-specific nutrient

management approach for irrigated, lowland rice in

Asia. Better Crops Int 16:20–24

Witt C, Fairhurst TH, Griffiths W (2005) Proceedings of

5th national ISP seminar, Johor, Bahru, Malaysia,

27–28 June 2005. Incorporated Society of Planters,

pp 1–22

Soil and Input Management Options for Increasing Nutrient Use Efficiency 27

R
E
T
R
A
C
T
E
D

C
H
A
PT

E
R

http://ag.arizona.edu/Pubs/Crops/az1224/
http://dx.doi.org/10.1080/00103624.2012.716125


Nutrient and Water Use Efficiency in Soil:
The Influence of Geological Mineral
Amendments

Binoy Sarkar and Ravi Naidu

Abstract

Mineral amendments are known to improve the physical, chemical and

biological properties of soil, which in turn can enhance the efficiency of

nutrient and water use by plants. This chapter discusses the current state

of the knowledge regarding the application of geological mineral

amendments in soil which either helps to retain nutrients in soils or

prevents losses of nutrients from soil and directly or indirectly contributes

to improve the overall nutrient use efficiency (NUE). A critical analysis of

the currently available research information recommends a site-specific

(precision) management approach in order to explore the most beneficial

effects of the mineral materials for increasing plants’ nutrient and water

use efficiency. The management practices should include an integrated

plant nutrition system (IPNS) for the best utilisation of resources includ-

ing mineral materials, fertilisers and organic inputs. This holds the poten-

tial for leading to a reduced fertiliser input in modern agriculture and

therefore may lower the cost of agricultural production without impacting

the crop yield.

Keywords

Nutrient use efficiency • Mineral amendments • Integrated plant nutrition

system • Agricultural production

1 Introduction

Numerous agricultural soils in the world are

inherently deficient in one or more essential

nutrients which are required as part of a sustain-

able crop production system. In the current era

where scientific developments are being made

almost weekly, the most intensive farming

systems ever known are being introduced to
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meet the food requirements of the growing global

population, which is projected to reach between

8.3 and 10.9 billion by 2050. However, intensive

cultivation systems invariably lead to numerous

soil degradation issues (e.g. salinity, acidity,

alkalinity, erosion, pollution and water scarcity).

Numerous natural and synthetic inputs including

chemical fertilisers have been successfully

applied as part of best practice for improving

soil fertility and productivity. Amongst the

numerous inputs, chemical fertilisers are one of

the most expensive items commonly used by

farmers in order to increase crop yields. How-

ever, the recovery and utilisation of applied

nutrients by plants in many soils is generally

low. It has been estimated that the overall effi-

ciency of applied fertilisers is approximately

50 % or lower for N, less than 10 % for P and

20–40 % for K (Baligar and Bennett 1986a,

1986b). Losses by different processes such as

leaching, run-off, gaseous emission and fixation

by soil are the significant factors that lower the

use efficiencies of the applied nutrients (Baligar

et al. 2001). These losses not only lower the crop

yields, but they also contribute to potential soil

degradation and can impair the local water qual-

ity (Baligar et al. 2001). Therefore, this chapter

discusses the current state of the knowledge

regarding the application of geological mineral

amendments in soil which either helps to retain

nutrients in soils or prevents losses of nutrients

from soil and directly or indirectly contribute to

improve the overall nutrient use efficiency

(NUE).

2 NUE and Soil Properties
Affecting It

Several authors have discussed the topic of plant

NUE (Epstein 1972; Vitousek 1982; Blair 1993;

Baligar et al. 2001; Hawkesford 2011). The

NUE is defined as the ability of a genotype/

cultivar to acquire nutrients from growth

medium and/or to incorporate or utilise them in

the production of shoot and root biomass or

utilisable plant material (e.g. seed, grain, fruit

and forage) (Blair 1993). Under heterogeneous

environmental and ecological conditions, the

genetic and physiological traits of a crop plant

primarily control its NUE. Furthermore, numer-

ous soil properties directly or indirectly affect

the NUE by plants (Baligar et al. 2001). Soil

properties encompass a range of physical, chem-

ical and biological factors (Fig. 1). By applying

geological mineral amendments to the soil,

many of these properties can be enhanced or

repaired, which results in improved NUE by

plants.

Fig. 1 Soil properties which directly or indirectly reduce NUE by plants
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3 Geological Mineral
Amendments

The amendment of soils with geological minerals

can directly or indirectly influence the nutrient

transformation, nutrient retention, nutrient

losses, water retention and their use by plants.

Table 1 summarises a number of examples of

geological mineral amendments which are used

to retain nutrients in composted materials, which

improve crop NUE post application. The most

commonly used mineral amendments to soils

include clay minerals, zeolites, calcite and dolo-

mite, gypsum, phosphate rock, pyrite, alum,

waste mica and mineral mixtures in some other

industrial by-products (e.g. fly ash and red mud).

3.1 Clay Minerals

Water holding capacity (WHC) is an important

factor which affects nutrient chemistry and,

hence, availability to plants. Light-textured soils

usually have poor WHC. In some parts of the

world, especially in arid or semiarid regions,

soils can become water repellent due to capping

of the soil particles by some hydrophobic organic

compounds. In those soils, the application of

clays or clay-rich subsoils, commonly known as

‘claying’ or ‘clay spreading’, has been reported

to be very effective in adequately preserving the

soil moisture for crop production. The clay is

spread over the organic coated sand grains,

masking the hydrophobic sand surface and

exposing a hydrophilic clay surface (Ward and

Oades 1993; Cann 2000). Approximately

43 years ago, Clem Obst, a South Australian

farmer, accidentally discovered the ability of

clays to counteract the effects of water-repellent

sand (Cann 2000). More than 37,000 ha of land

in South Australia is now clay spread, of which

32,000 ha is in the south-east of South Australia

(Cann 2000). The application of clay to those

soils has improved the nutrient and moisture

retention in the topsoil, the germination, the

establishment and yield of pasture plants and

crops and increased the effectiveness of preemer-

gent herbicides (Cann 2000).

Claying (the addition of clay-rich subsurface

soils) and deep ripping (breaking up the

compacted soil layers using tines down to a

depth of 35–50 cm to loosen hard layers of soil)

in water-repellent sand plain soils improve water

and nutrient retention and are therefore an effec-

tive long-term management technology for

Table 1 Use of mineral amendments for retaining nutrients in compost materials

Mineral Compost type

Nutrients

form retained Retention mechanism References

Pyrite Phosphocompost NH4
+-N and P pH reduction reduces NH3 volatilisation Bangar

et al. (1988)

Alum Swine manure

compost

NH4
+-N pH reduction reduces NH3 volatilisation Bautista

et al. (2011)

Clinoptilolite Swine manure

compost

NH4
+-N Zeolite exchange sites adsorb NH4

+-N Bautista

et al. (2011)

Clinoptilolite

and sepiolite

Pig slurry and

wheat straw

compost

NH4
+-N Zeolite exchange sites adsorb NH4

+-N Bernal

et al. (1993)

Clinoptilolite Municipal solid

waste compost

NH4
+-N Zeolite exchange sites adsorb NH4

+-N Gamze Turan

and Nuri Ergun

(2007)

Clinoptilolite Cattle manure

applied to soil

NH4
+-N and

NO3
�-N

Zeolite exchange sites adsorb NH4
+-N and render

it unavailable to nitrifying bacteria; NO3
�-N

leaching is therefore reduced

Gholamhoseini

et al. (2013)

Goethite,

gibbsite and

allophane

Poultry manure

compost

Potentially

mineralisable

N

Clay materials stabilise C in the composts Bolan

et al. (2012)
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increasing crop NUE. The low organic carbon

and clay content of sand plain topsoils results in

poor nutrient-holding capacity (CEC < 3) (Hall

et al. 2010). Research has shown that the effects

of claying include increased concentrations of

organic carbon by 0.2 %, potassium (K) by

47 mg kg�1 and cation exchange capacity

(CEC) by 1.3 cmol (p+) kg�1 in the topsoil

(Hall et al. 2010), respectively. The authors

reported that claying improved the yield of

canola, lupin and barley by as much as 102 %

in soils; however, it reduced the rainfall-limited

yield potential of these soils to 30–50 %

(Hall et al. 2010). The increase in yield was

due to a combination of effects including higher

plant emergence, improved plant nutrition

(in particular K) and near surface water infiltra-

tion and distribution (Hall et al. 2010). Full yield

potential could not be achieved due to higher soil

strength as a result of the clay being applied.

Deep ripping may increase the yield by

11–20 % (Hall et al. 2010). A time period of up

to 6 years may be required before the combina-

tion of claying and deep ripping technologies

fully overcomes the water-repellent nature

of soils (Hall et al. 2010). The addition of

beneficiated bentonite (bentonite saturated with

Ca2+, Mg2+ and K+ in a ratio of 8:4:1) at a rate up

to 40 t ha�1 to degraded Oxisol and Ultisol in

tropical Australia permanently improved the

basic surface charge which concomitantly caused

a significant and sustained increase in forage

sorghum yields on both the soil types (Noble

et al. 2001). Similarly, acid waste bentonite

(a by-product from vegetable oil bleaching)

co-composted with rice husk, rice husk ash and

chicken litter showed a highly significant

increase in maize yields over two consecutive

cropping cycles grown on a degraded soil in

northern Thailand (Soda et al. 2006).

The increase in organic carbon contents of

soil due to the application of clays occurs by

the physical binding and protection of organic

materials from microbial decomposition by the

added minerals (Hall et al. 2010; Bolan

et al. 2012; Churchman et al. 2013). The addition

of goethite, gibbsite and allophane could poten-

tially increase the half-life of poultry manure

compost from 139 days to 620, 806 and

474 days, respectively (Bolan et al. 2012). The

stabilisation of carbon in compost by clays was

not reported to impair the quality of composts in

terms of their ability to improve post-application

soil quality parameters (e.g. potentially

mineralisable nitrogen and microbial biomass

carbon) (Bolan et al. 2012). Following applica-

tion to soils, these clay-rich composts improve

the organic carbon content of soil and reduce

carbon loss as CO2.

The water use efficiency of plants is closely

related to the NUE and hence the crop yield.

The application of clay to light-textured soils is

known to improve the water use efficiency,

growth and yield of crop plants (Al-Omran

et al. 2005, 2007, 2010; Ismail and Ozawa

2007). Desirable crop performance can be

obtained by applying clays to sandy soils which

have poor irrigation utilisation efficiency.

Remarkable improvement was achieved in

cucumber and maize yields (2.5 times as com-

pared to control) through improved water reten-

tion and water use efficiency when sandy soils

were amended with a clay-rich soil which

contained 21 % clay (Ismail and Ozawa 2007).

Either by overlaying or incorporating methods

(in top 20 cm depth), the clay application reduced

water usage by approximately 45–64 % in

areas under cucumber and maize cultivation

(Ismail and Ozawa 2007). The water content

distributions in the root zone area of squash

(Cucurbita pepo) grown in sandy calcareous

soils under surface, and subsurface drip irrigation

was significantly improved by the amendment

with clay deposits (Fig. 2), which provided a

yield increment up to 13 % (Al-Omran

et al. 2005).

Microorganisms play crucial roles in the

cycling of nutrients in soils. Some specific

microorganisms take part in nutrient transforma-

tion and make them available to the growing

plants, and therefore, the NUE of plants is

improved. The most widely used organisms are

Rhizobium and Bradyrhizobium spp., which have
the capacity to fix atmospheric N2 into soil in a

symbiotic relationship with leguminous plants

(Elsas and Heijnen 1990). In addition to N
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nutrition, the available P status of soils can

also be improved by certain species of bacteria,

for example, Bacillus polymyxa, Bacillus

megaterium and Pseudomonas fluorescens.
To obtain the optimum effect in desired nutrient

transformation, an application method that

facilitates the survival of a sufficiently high

number of bacteria in the soils for a longer period

of time is required (Elsas and Heijnen 1990;

Heijnen and van Veen 1991; Heijnen

et al. 1992). At an application rate of 5 %, ben-

tonite clay was successful in improving the

survival of Rhizobium leguminosarum biovar

trifolii which was introduced into a loamy sand

soil through creation of large amount of

microhabitats which protected the bacterium

from protozoan predation (Heynen et al. 1988;

Heijnen and van Veen 1991). Provided the rhizo-

bial culture and the clay were mixed thoroughly

before introduction into soil, concentrations as

low as 0.5 % bentonite improved rhizobial sur-

vival compared to a control without bentonite

amendments (Heijnen et al. 1992). With the use

of less clay, some deleterious effects of clay

Fig. 2 Water content distributions in the root zone area of squash (Cucurbita pepo) grown in sandy calcareous soils

amended with Rawdat clay deposit (59 % clay; high smectite content) under surface and subsurface drip irrigation. The

control treatment contains no clay amendment. The black rectangle represents the position of the irrigation emitter

(Al-Omran et al. 2005)
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addition including excessive swelling of the

soil could be avoided (Heijnen et al. 1992). The

protective effects of clay on the survival of

introduced bacteria in soil were the result of an

increase in the number of pores (almost doubled)

with an equivalent neck diameter <6 μm
(Heijnen et al. 1993). The growth and survival

of bacterial species including Pseudomonas

fluorescens and Bacillus subtilis, which are

known to improve soil available P, was also

better supported in clay-rich fine-textured soil

as compared to silt loam and coarser loamy

sand soils (van Elsas et al. 1986).

3.2 Zeolites

The addition of zeolite in combination with pure

organic amendments (e.g. cellulose) improved

the nitrogen use efficiency in calcareous sandy

soils under citrus cultivation (He et al. 2002).

With the application of clinoptilolite and cellu-

lose (both 15 g kg�1), ammonia volatilisation

from NH4NO3-, (NH4)2SO4- and urea-treated

soils (applied at the rate 200 mg N kg�1 soil)

decreased by 4.4-, 2.9- and 3.0-fold, respectively,

compared to soils without amendments

(He et al. 2002). The organic input in the form

of cellulose provided favourable conditions for

microbial growth and increased the microbial

biomass, which consequently caused N retention

by microbial immobilisation. The mineral zeolite

improved the N retention further by adsorption of

NH4
+-N in the ion-exchange sites. The interac-

tive effect of cellulose and zeolite amendment

was additive on soil microbial biomass which

improved nutrient retention and availability of

nutrients to microorganisms and citrus plants.

The application of zeolite along with cattle

manure was shown to improve the N use effi-

ciency directly in sunflower grown in sandy soils

under semiarid conditions (Gholamhoseini

et al. 2013). The treatment which combined

urea, cattle manure and clinoptilolite (14–21 %)

was considerably more effective than urea alone

or urea with cattle manure with respect to

improving the most quantitative and qualitative

traits of sunflower (Gholamhoseini et al. 2013).

Zeolites are usually reported to adsorb the

NH4
+-N contained in composts in their pores.

The nitrifying bacteria, which use NH4
+-N as

the precursor for NO3
� production, cannot

access the zeolite pores (Gholamhoseini

et al. 2013). Thus, zeolites render NH4
+-N

unavailable to the nitrifying bacteria and

decrease the transformation of NH4
+ to NO3

�,
hence preventing NO3

� leaching. Since zeolite

reduces N leaching in such conditions, it

increases the plant-available N and consequently

the N use efficiency. In addition, the application

of clinoptilolite reduced P leaching; however, the

effect was more prominent in reducing the N

leaching (Gholamhoseini et al. 2013).

As a naturally occurring mineral, zeolite has

the potential to stabilise nutrients in various com-

post materials (Bernal et al. 1993; Lefcourt and

Meisinger 2001; He et al. 2002; Gholamhoseini

et al. 2013). The degree of retention of NH4
+-N

by zeolites may vary depending on the pore

diameter of these materials. For example,

clinoptilolite has a higher capacity for water

adsorption than phillipsite due to its larger pore

diameter (Hayhurst 1978), and NH4
+-N adsorp-

tion by zeolites is inversely related to water

adsorption capacity (Bernal et al. 1993). In

these materials, the adsorbed water blocks the

internal channels against NH4
+-N adsorption.

Therefore, the effectiveness of zeolites in

retaining NH4
+-N, and consequently their opti-

mum rate of application, is largely dependent

on the water loss characteristics during the

composting process.

3.3 Calcite and Dolomite

The application of calcite (CaCO3) and dolomite

(CaMg(CO3)2) as liming materials is well known

for the management of acid soils (Haynes and

Naidu 1998; Naidu et al. 1990a, b; Naidu and

Syers 1992; Fageria and Baligar 2008). The

application of lime increases the soil pH at

which a negative charge on the surface clay

colloids develops and a repulsive force between

soils particles dominates (Naidu et al. 1990b;

Haynes and Naidu 1998). It also causes an
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increase in both the Ca2+ concentration and the

ionic strength in the soil solution. As a result, a

compression of the electrical double layer occurs

which promotes flocculation of the soil particles

at a higher lime rate (Haynes and Naidu 1998).

This improves the quantity and quality of organic

matter, the soil structure and the congenial nutri-

ent transformation in soils subsequently.

In addition, weathering of silicate minerals is

a significant source of plant nutrients in soils.

Bacteria primarily take part in this type of min-

eral weathering. Amendment with calco-

magnesium mineral (liming) in mountainous for-

est soils (which typically have a high organic

matter content and acidic pH) could improve

the weathering rate of phyllosilicate minerals by

bacteria compared to that in the unamended soils

(Balland-Bolou-Bi and Poszwa 2012). The

calco-magnesium mineral amendment increased

the availability of some existing nutrients in the

soils, which subsequently enhanced bacterial sil-

icate mineral weathering potential (Balland-

Bolou-Bi and Poszwa 2012).

The decline of forest vegetation due to anthro-

pogenic acidification is a common problem in

mountainous soils in Europe and elsewhere.

The application of dolomite in those soils raises

the pH and the concentrations of the base cations

(Ca and Mg), which concomitantly decreases

heavy-metal toxicity to plants (Ingerslev 1997).

The diversity of the acidobacterial and gram-

positive groups declines, and the diversity

of the proteobacterial community improves,

due to dolomite application to soils (Clivot

et al. 2012). The ratio between Proteobacteria

and Acidobacteria, which increases as a result of

dolomite application, serves as a microbial indi-

cator of soil quality improvement (Hartman

et al. 2008; Clivot et al. 2012).

The application of calcite (CaCO3) to soil as a

liming material can result in long-term changes

in the humus structure of soils. Soil humus can be

classified into three types, namely, mor, moder

and mull (Green et al. 1993). Mor is the type

of humus which arise under conditions of

low-biological activity in soil and contains a C:

N ratio of more than 20 and sometimes 30–40.

Moder is a transitional form of humus between

mull and mor; it has a C:N ratio of 15–25. Mull is

a well-humified organic matter, which is pro-

duced in biologically very active habitat and

contains a C:N ratio of 10. After approximately

22 years of application, one study reported that

the humus structure in calcite-treated forest soils

receiving NPK fertilisers evolved from the

‘moder’ to the ‘mull-moder’ type as compared

to the moder-type humus in control soils

(Deleporte and Tillier 1999). This subsequently

altered the soil faunal communities; the

lumbricid population (epigeic species) in those

calcite-treated soils increased (Deleporte and

Tillier 1999).

3.4 Gypsum

Gypsum (CaSO4�2H2O) is a key mineral material

for maintaining agricultural production in soils

affected by sodicity. The altered electron and

proton activities (pE and pH) in sodic soils,

which are produced as a result of a degraded

soil structural environment, create nutrient

constraints in such soils (Naidu and Rengasamy

1993). Upon application to sodic soils, gypsum

increases the stability of soil organic matter,

leads to the formation of more stable soil

aggregates, improves water penetration into the

soil and facilitates more rapid seed emergence

(Wallace 1994). The application of gypsum

is known to increase the growth and yield

of numerous crops (e.g. wheat (Whitfield

et al. 1989; Thomas et al. 1995), sorghum

(Thomas et al. 1995), maize (Toma et al. 1999)

and alfalfa (Toma et al. 1999)). Gypsum helps

to improve soil structure by better flocculation

and aggregation and rupture soil strength

(Rengasamy and Olsson 1991; Rengasamy

et al. 1993). The long-term effects of gypsum

application to soils are the alteration of soil pH

and increased amounts of exchangeable Ca and

SO4
2� (Toma et al. 1999). Soil pH plays a crucial

role in the transformation of fertilisers in soils;

the loss of NH3 from nitrogenous fertiliser as a

result of volatilisation is accelerated in an alka-

line soil, and thus, the N use efficiency is reduced

(Bolan et al. 2004). In such cases, the correction
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of soil pH which results from applying

amendments can improve NUE by plants.

3.5 Phosphate Rock

The mineral constituents in phosphate rocks are

generally apatites, crandallites, millisites, silica

and calcite. Amongst these hydroxyapatite,

(Ca10(PO4)6(OH)2) is considered as the most

important P-containing mineral which can sup-

ply P to plants following direct application to

soils. However, the agronomic effectiveness of

phosphate rocks depends on many factors: (a) the

chemical nature and physical form of the prod-

uct, (b) soil properties, (c) type of crop species

grown, (d) climatic conditions, and (e) method

of measuring reactive P in phosphate rock and

soil (Bolan et al. 1990; Chien and Menon 1995).

The agronomic effectiveness is assessed against

a standard P-supplying fertiliser (e.g. SSP) as

shown below (Eq. 1) and referred to as relative

agronomic effectiveness (RAE) (Bolan

et al. 1990).

RAE ¼ 100

� Yield with phosphate rockð Þ � Yield in controlð Þ½ �
Yield with SSPð Þ � Yield in controlð Þ½ �

ð1Þ

Aluminium (Al) toxicity in acid soils and

associated low P availability can be effectively

addressed by direct application of phosphate

rocks to soils (Easterwood et al. 1989; Rajan

et al. 1996). This mineral amendment is ideally

suited for long-term crops such as permanent

pastures and plantation crops, but can show imme-

diate seasonal effects in plants grown under acidic

soil conditions (Rajan et al. 1996). Since

depending on their sources phosphate rocks

might contain significant amount of heavy trace

elements, care should be taken for their direct

application to soils for avoiding a potential

heavy-metal build-up (Raven and Loeppert 1997).

The low reactivity of phosphate rocks (less

plant-available P fraction) in certain soil types

(neutral and alkaline) can be overcome by simple

partial acidulation, co-composting and inocula-

tion with microorganisms (Begum et al. 2004;

Biswas and Narayanasamy 2006; Biswas

et al. 2009; Biswas 2011). Microorganisms such

as fungi including arbuscular mycorrhiza and

P-solubilising bacteria have been proved to

be efficient inoculant for increasing P availability

from phosphate rocks both in soils and

compost materials (Vassilev et al. 1995; Toro

et al. 1997; Biswas and Narayanasamy 2006;

Park et al. 2010).

3.6 Pyrite and Alum

Some mineral materials (e.g. pyrite and alum)

have the ability to correct high pH and reduce

nutrient loss from compost materials during their

production and after application to soils. Approx-

imately 33–62 % of the initial total N of manure

may be lost during composting if some critical

parameters (e.g. pH, moisture content and tem-

perature) are not properly controlled (Kithome

et al. 1999). The loss of N from phosphocompost

enriched with nitrogenous compounds is signifi-

cantly reduced by amending the compost with

Fe-bearing mineral (e.g. pyrite (FeS2)) (Bangar

et al. 1988). Since a high pH value promotes N

loss through NH3 volatilisation, the role of pyrite

in retaining N in compost is attributed to a

pH reduction effect. The addition of other

amendments like alum and zeolite to swine

manure also offers a high potential for reducing

NH3 loss and increases the stability of the final

compost (Bautista et al. 2011). A systematic

application of these two amendments can reduce

NH3 emissions by 85–92 %, with the final com-

post retaining three fold more NH4
+-N than the

unamended control (Bautista et al. 2011). Fur-

thermore, by sequestering 44 % of the retained

NH4
+-N at exchange sites, zeolite remarkably

improves the quality of the compost, which acts

like a slow-release fertiliser upon application to

agricultural soils (Bautista et al. 2011). Thus,

mineral-amended composts after application to

soils improve the NUE by plants.

The application of pyrite to some problem

soils (e.g. calcareous soils) can increase the
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availability of certain trace elements to crops,

increase the nutritive parameters of forages and

increase overall dry matter production. This is a

very effective strategy to revegetate abandoned

mine site soils. An example of the successful

application of pyrite occurs in calcareous

Cambisol soils in western Portugal (Castelo-

Branco et al. 1999). The pyrite did not appear to

pollute the surface waters or promote toxicologi-

cal problems in grazing animals (Castelo-Branco

et al. 1999). Thus, pyrite obtained from the ore

milling industry was effective both as a soil

amendment and a fertiliser for agricultural crops.

3.7 Waste Mica

Waste mica is generated during the processing of

raw micas. Low-grade waste mica contains about

8–10 % K which is not readily available to

plants. Most of the K in waste mica exists

as structural and non-exchangeable forms.

However, waste mica can effectively supply K

nutrition to plants following suitable chemical

and/or biological modifications. Composting

has recently evolved as an efficient technology

for bringing the unavailable K in waste mica

into plant-available forms (water soluble and

exchangeable) (Nishanth and Biswas 2008;

Biswas et al. 2009; Basak and Biswas 2009,

2010; Biswas 2011). The acidic environment

which prevails during composting facilitates the

process (Nishanth and Biswas 2008; Biswas

et al. 2009). In addition, bio-intervention of

waste mica with K-solubilising bacteria (Bacillus

mucilaginosus), N-fixing bacteria (Azotobacter
chroococcum) and fungi (Aspergillus awamori)

in the presence or absence of phosphate rock was

effective in providing K, N and P nutrition to

various crops (sudan grass, wheat and maize)

(Nishanth and Biswas 2008; Basak and Biswas

2009, 2010; Singh et al. 2010).

3.8 Mineral Mixtures in Other
Industrial By-Products

Several mineral-rich industrial by-products have

been applied to agricultural soils in the recent

years. These mainly include fly ash and red

mud; the former is a by-product of coal-fired

thermal power plants, whereas the latter is

generated in bauxite refining factory.

3.8.1 Fly Ash
The mineralogical composition of fly ash is

highly heterogeneous, depending on the raw

materials (lignite, bituminous coal, etc.) and the

composition and source of the coal used. Fly-ash

components may include feldspars, calcite, anhy-

drite, quartz, calcium silicates, silica, alumina,

iron oxides and high amounts of amorphous

phases (Koukouzas et al. 2007; Kostakis 2009;

Mishra and Das 2010). Fly ash typically contains

both available and fixed forms of nutrient

elements. It can be used as a more efficient

source of plant nutrients than chemical fertiliser,

because of the availability of nutrient elements in

the former over a longer period of time (Ramesh

et al. 2007; Pandey et al. 2009; Pandey and

Singh 2010; Ukwattage et al. 2013). However,

excessive application may cause deleterious

effects including an increase in heavy-metal

concentrations and the immobilisation of

nutrients (Ramesh et al. 2007; Singh et al.

2008). If applied judiciously to agricultural

soils, fly ash has been proven to be beneficial to

crops in terms of nutrient availability and

improved water retention. The beneficial effects

of fly-ash application on crop productivity and

nutrient uptake are improvements to soil texture

and water holding capacity (WHC), reduced soil

crusting and increased availability of nutrients

(Srivastva and Chhonkar 2000; Gaind and Gaur

2002; Seshadri et al. 2013). A judicious applica-

tion of fluidised bed combustion (FBC) ash could

increase P nutrition to Indian mustard (Brassica

hirta L.) by mineralising organic P into available

P forms and immobilising inorganic P and later

mobilising the bound P into available P for the

second crop (Seshadri et al. 2013). A list of agri-

cultural crops grown with fly-ash amendment in

soils is given in Table 2.

Fly-ash application has distinctive effects on

the soil physical properties that promote crop

growth and yield. Its application to texturally

variable soils (e.g. sandy clay loam, sandy and

sandy loam soils) increased moisture retention at
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field capacity, whereas the reverse trend was

noted for clayey soil (Kalra et al. 2000). The

moisture retention at wilting point, however,

improved in all the soils with fly-ash application

(Kalra et al. 2000). The incorporation of the ash

in soils created significant modification in the

macro- and microparticles in the soils and their

pore sizes, which consequently improved the

moisture retention constants (Kalra et al. 1997,

2000; Yunusa et al. 2011).

Table 2 Application of fly ash for growing agricultural crops

Crop Amendment Reason for increased production Toxicity consideration References

Rice (Oryza
sativa L.)

Fly ash applied to

soil

Fly ash supplies plant-available

silicate

Boron toxicity was avoided at a

fly-ash application rate of

120 t ha�1

Lee

et al. (2008)

Fly ash applied to

soil

Fly ash improved physical

properties of the soil, improved

the germination percentage of

rice seeds and improved uptake

of K, P, Mn, Zn and Cu

Rice grain accumulated heavy

metals below allowable limits at

a fly-ash application rate of

10 t ha�1

Mishra

et al. (2007)

Wheat

(Triticum
aestivum L.)

Fly ash applied

as foliar spray

Fly ash reduced the infestation of

Alternaria triticina and improved

the uptake of S, P, K and Ca

No adverse effect was observed

at a fly-ash application rate of

5.0 g plant�1 day�1

Singh and

Siddiqui

(2003)

Fly ash applied to

soil

Fly ash reduced the hydraulic

conductivity and improved

moisture retention at field

capacity and wilting point and

marginally increased the uptake

of micronutrients

Wheat yield increased without

any adverse effects at an

application rate of up to 20 t ha�1

Kalra

et al. (1998)

Maize (Zea
mays L.)

Fly ash applied to

soil

Fly ash reduced the hydraulic

conductivity and improved

moisture retention at field

capacity and wilting point and

marginally increased the uptake

of micronutrients

Maize yield increased up to an

application rate of 10 t ha�1

without any adverse effects

Kalra

et al. (1998)

Fly ash applied to

soil

Fly ash raised the pH of acidic

soils and helped to reduce the

metal solubility and availability

to plants

Maize yield increased without

any adverse effects up to an

application rate of 5 t ha�1

Shende

et al. (1994)

Soybean

(Glycine max
L.)

Fly ash applied to

soil along with

Pseudomonas
striata

P. striata solubilised P from fly

ash and improved P uptake by

grain

A does rate of 40 t ha�1 did not

adversely affect the inoculated

bacteria and improved the yield

Gaind and

Gaur (2002)

Mustard

(Brassica
juncea L.)

Fly ash applied to

soil

Fly ash reduced the hydraulic

conductivity and improved

moisture retention at field

capacity and wilting point;

however, it marginally increased

uptake of micronutrients

Mustard yield increased without

any adverse effects up to an

application rate of 10 t ha�1

Kalra

et al. (1998)

Palak (Beta
vulgaris L.)

Fly ash applied to

soil

Negatively impacted the palak

growth and yield

An application rate of 5 % was

unsuitable for leafy vegetable

production; plants accumulated

toxic level of heavy metals

Singh

et al. (2008)

Tomato

(Lycopersicon
esculentum)

Fly ash applied to

soil

Fly ash increased porosity, water

holding capacity, pH,

conductivity, CEC, sulphate,

carbonate, bicarbonate,

chloride, P, K, Ca, Mg, Mn, Cu,

Zn and B uptake

An application rate of 60 % gave

optimum growth without any

toxic effect

Khan and

Khan

(1996)
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The dose at which the application of fly ash to

soils is not harmful in the soil-plant systems

depends largely on the soil type. For example,

an application rate of up to 100 t ha�1 fly ash was

believed to be safe for the microbial communities

living in a tropical red lateritic soil (Roy and Joy

2011). The grain yield of maize and mustard

increased in fly-ash-amended soils with a maxi-

mum dose of 10 t ha�1 (Kalra et al. 1998). The

P- and S-mineralising microbial functions

(e.g. phosphatase and aryl sulphatise enzyme

activities) were unaffected by comparatively

higher application rates of fly ash in soils (Roy

and Joy 2011; Seshadri et al. 2013).

Fly ash may promote heavy-metal accumula-

tion in soils and their increased uptake by plants

(Singh et al. 2008). A number of studies have

reported the immobilisation or stabilisation of

heavy metals by fly ash in contaminated soils

and reduced plant uptake (Dermatas and Meng

2003; Bertocchi et al. 2006). The risk of

entrenching heavy metals in the food chain

through the application of fly ash could be

avoided if the material is used judiciously at the

optimum dose, or it is used to grow nonedible

economic plants (e.g. trees in the forest). A con-

siderably greater dose of fly ash (66 % by vol-

ume) mixed with compost was reported to be a

better alternative source of nutrients and a good

amendment for the creation of more favourable

soil conditions in dry land forests (Ramesh

et al. 2007). The growth of teak (Tectona

grandis) and leucaena (Leucaena leucocephala)
was enhanced by an increased availability of

major nutrients (e.g., P, K, Ca and Na) as sup-

plied by fly ash which was mixed with compost

(Ramesh et al. 2007). The enhanced growth of a

biodiesel plant Jatropha curcas (measured in

terms of chlorophyll content in the leaves) was

reported as a result of soil amendment with fly

ash at a dosage of up to 20 % (Mohan 2011).

There is evidence that fly ash promotes

biological activities in soils and thereby improves

plant nutrient uptake. At an application rate of up

to 40 t ha�1, fly ash was compatible with

P-solubilising bacteria (PSB) (e.g., Pseudomonas

striata) in a sandy loam soil and significantly

improved soybean productivity by increasing P

supply (Gaind and Gaur 2002). The nitrogen

uptake by willow plants (Salix spp.) grown in a

fly-ash dump was greatly improved by inocula-

tion with Sphingomonas sp. which stimulated

the formation of ectomycorrhizae with an autoch-

thonous Geopora sp. strain (Hrynkiewicz

et al. 2009). This significantly increased the

shoot growth of two Salix viminalis clones and

the root growth of a S. viminalis� caprea hybrid
clone grown on fly-ash-amended soil

(Hrynkiewicz et al. 2009). A greater yield of

maize was achieved in soil layers overlying coal

fly ash which was colonised by two arbuscular

mycorrhizal fungi (Glomus mosseae and Glomus

versiforme) (Bi et al. 2003). The results were

attributed to the greater absorption of nutrients

by the mycorrhizal plants than the

non-mycorrhizal controls grown in fly-ash-

amended soil (Bi et al. 2003).

3.8.2 Red Mud
India is amongst the major producers of alumina

in the world and also produces approximately

4million tons of redmud as a by-product annually

(Samal et al. 2013). The mineral constituents

in red mud include boehmite (AlOOH), kaolinite

(Al2Si2O5(OH)4), quartz (SiO2), anatase/rutile

(TiO2), diaspore (AlO(OH)), haematite

(α-Fe2O3), calcite (CaCO3), goethite (FeO(OH)),

muscovite (KAl2(AlSi3O10)(F,OH)2) and

tricalcium aluminate (Ca3Al2O6) (Liu et al.

2011). In the recent years, red mud has received

significant research attention in order to promote

its use as an amendment for pollutants in solid

(soils) and liquid (wastewater) phases (Bhatnagar

et al. 2011; Liu et al. 2011; Feigl et al. 2012;

Samal et al. 2013). It can also play a crucial role

in reducing the eutrophication of rivers and

waterways by retaining nutrients on infertile

sandy soils (Ward and Summers 1993; McPharlin

et al. 1994; Summers et al. 1996b; Snars

et al. 2004). Red mud can also contribute

to improved water retention in light-textured

soils and can neutralise acidic soils (Ward and

Summers 1993).

Like fly ash, red mud also poses a pollution

risk to plants due to an extremely high pH and

dispersion of soil particles due to excessive

Nutrient and Water Use Efficiency in Soil: The Influence of Geological. . . 39



sodium. The potential harm to plants caused by

a high pH value is often addressed by the

incorporation of gypsum into the red mud

(Summers et al. 1996a, b). A judicious applica-

tion rate is required to harness the optimum

effects. Red mud improved pasture production

in a coarse acidic sandy soil in Western

Australia when applied at rates less than

80 t ha�1 (Summers et al. 1996a). The improve-

ment in production was attributed to the liming

effect of the remnant alkali in red mud (present as

Na2CO3 which is more soluble than traditional

lime CaCO3) (Summers et al. 1996a). The

high pH value of red mud-amended soil can

also be managed by biological intervention

which can subsequently improve the crop yield.

A phosphate-solubilising fungi Aspergillus

tubingensis was effective in reducing the alkalin-
ity of red mud (pH values dropped by 2–3 units)

after its application to soil and improved growth

and yield of maize (Krishna et al. 2005). The

production of edible crops in red mud-amended

soils has not obtained much interest, possibly due

to the potential adverse effects of red mud. How-

ever, some success has been achieved in

revegetating land that was believed to be uncul-

tivable and barren (Chauhan and Ganguly 2011).

A combination of 55 % red mud, 25 % farm yard

manure (FYM), 15 % gypsum and 5 % vegeta-

tive dry dust, inoculated with bacteria and

mycorrhizae, resulted in good growth of tree

species (e.g. kikar (Acacia nilotica), karanj

(Pongamia pinnata) and babul (Prosopis
juliflora)) (Chauhan and Silori 2010; Chauhan

and Ganguly 2011).

3.9 Other Commercial Materials

If applied to soil, a number of other mineral

materials can act as a direct source of nutrients

to plants. For example, granite meal is an organic

fertiliser which is rich in K and contains a high

concentration of silica. It greatly enhances

soil structure and promotes healthier plants.

Upon application, it does not alter the soil

pH. Similarly, aragonite (94 % CaCO3) is a rich

source of calcium which is a secondary nutrient

for plants. Few mineral materials can act as a

source of micronutrients in soils (e.g. Azomite

contains more than 67 elements beneficial to

plant growth). Greensand is another organic

source of K and approximately 30 trace

elements. It acts as a slow-release K fertiliser.

Granite powder (<70 μm) could also act as a

slow-release K fertiliser and improved the yields

of clover and ryegrass grown on acidic sandy

soils over control treatment (Coroneos

et al. 1995). Few siliceous volcanic rocks

(e.g. perlite) and basaltic or andesitic rock

(e.g. scoria) have also recently found their lim-

ited applications in gardening and landscaping

activities. However, many of these minerals are

expensive and not commonly used by the farmers

in routine cultivation practices.

Conclusions

Mineral amendments to soils can improve the

efficiency of nutrient use by plants by directly

or indirectly influencing soil physical, chemi-

cal and biological parameters, which in turn

control the nutrient transformation processes

in soils. This amendment provides additional

advantages in light-textured soils than in

clayey soils, as many of the beneficial effects

are due to an improvement in the physical

characteristics of soils. Another direct influ-

ence can be observed where problem soils are

reclaimed, by using mineral amendments.

However, site-specific (precision) manage-

ment technology is required to explore the

beneficial effects of the mineral materials for

increasing plants’ NUE. The suitable applica-

tion rate of various mineral amendments

under heterogeneous soil and climatic

conditions is also an important topic for fur-

ther research. This will lead to reduced

fertiliser inputs and therefore lower the cost

of agricultural production. Management

practices should include an integrated plant

nutrition system (IPNS) for the improved

utilisation of resources including mineral

materials, fertilisers and organic inputs.
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Resource Conserving Techniques for
Improving Nitrogen-Use Efficiency

Anchal Dass, Shankar Lal Jat, and K.S. Rana

Abstract

The use of nitrogen fertilisers has played an instrumental role in enhanc-

ing agricultural productions the world over including India. Currently,

about 83 million tons N is used in agriculture globally. A large portion of

applied N is lost through leaching, volatilisation and runoff, and only

50 % of applied N is assimilated by the crop plant. Recently, there have

been serious concerns about environmental footprints of N fertilisers,

particularly greenhouse gas emissions from the rice fields and escalating

costs of fertilisers beyond farmers’ reach. To meet the growing need for N

fertilisers due to the rise in food requirement for ever multiplying popula-

tion on the one hand and an increasing environmental and atmospheric

pollution on the other, improving nitrogen-use efficiency (NUE) appears

to be a viable solution. Certain resource conserving techniques, such as

laser land levelling, zero or minimum tillage (save fuel), direct seeding,

permanent or semi-permanent residue cover, new varieties that use plant

nutrients more efficiently, furrow irrigated raised bed (FIRB) technology,

system of rice intensification (SRI), direct seeded rice (DSR), precision

farming techniques, use of leaf colour chart (LCC), chlorophyll meter,

GreenSeeker, etc. have been shown to increase crop yields and NUE. For

example, the use of optical sensors like GreenSeeker, chlorophyll meter

and FIRB saved 25–50 % N. Even laser levelling has been reported to

increase NUE by 6–7 % in India. Hence the use of such resource conserv-

ing technologies should be facilitated and supported for the sustainability

of agricultural production and the natural resource base (land and water).
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1 Introduction

Nitrogen (N) is the most important plant nutrient

determining the crop production. The doubling

of agricultural food production worldwide over

the past four decades has been associated with a

seven-fold increase in the use of N fertilisers.

Over the years, wide spread deficiency of N in

soil has become a serious concern the world over

as 50 % of the human population relies on N

fertiliser for food production. This has led to

greater use of N fertilisers. The present use of N

in the world is 83 m t which is a 100-fold increase

over the last 100 years. Although all crops

(except leguminous crops) require large amounts

of N for producing high yields, 60 % of global N

fertiliser is used for producing the world’s three

major food crops, such as rice, wheat, and maize.

As the world population is multiplying at a very

fast rate and it will reach 9.3 billion by 2050,

50–70 % more cereal grain will be required by

2050 to ensure food security. This population and

food requirement scenario of the world points to

the fact that the N requirement for crop produc-

tion is going to increase sharply. This can be met

by either enhancing the nitrogen-use efficiency

and/or by pouring in more amounts of N fertiliser

and manures. Numerous studies have shown that

N fertiliser-recovery efficiency by the first crop is

30–50 %. Some quantity of the unutilised N gets

deposited in soil. The recovery of this N in the

succeeding crops is very limited (<7 % of

applied N up to six consecutive crops). Some

portion of the unutilised chunk of applied N

gets dissociated from the soil-plant system and

causes environmental problems, like atmo-

spheric pollution, groundwater pollution, global

warming, etc. It has been observed that gener-

ally, 50 % of the N applied is not assimilated by

the plant and is a potential source of environmen-

tal pollution. Many N15 recovery experiments

have reported losses of N fertiliser in cereal pro-

duction from 20 to 50 %. These losses were

ascribed to joint effect of denitrification,

volatilisation, and/or leaching.

Both the recent and future intensification of

the use of N fertilisers in agriculture already has

and will continue to have major detrimental

impacts on the diversity and functioning of the

nonagricultural neighbouring bacterial, animal,

and plant ecosystems. The most typical examples

of such an impact are the eutrophication of fresh-

water (London 2005) and marine ecosystems

(Beman et al. 2005) as a result of leaching

when high rates of N fertilisers are applied to

agricultural fields (Tilman 1999). In addition,

there are also gaseous emission of N oxides

reacting with the stratospheric ozone and the

emission of toxic ammonia into the atmosphere

(Ramos 1996; Stulen et al. 1998). Despite the

detrimental impact on the biosphere, the use of

fertilisers (N in particular) in agriculture,

together with an improvement in cropping

systems, mainly in developed countries, has

provided a food supply sufficient for both animal

and human consumption (Cassman 1999). How-

ever, declining N fertiliser-use efficiency (NUE)

continuously in cereal production is a serious

concern in twenty-first century. Therefore, the

challenge now and for the next decades will be

to accommodate the needs of the expanding

world population by developing a highly produc-

tive agriculture, while at the same time preserv-

ing the quality of the environment. Furthermore,

farmers are facing increasing economic pressures

with the rising fossil fuel costs required for the

production of N fertilisers. All these factual

issues compel the agricultural researchers as

well as practitioners of agriculture to find out

the feasible means that would enhance fertiliser

NUE, especially for the main cereals of the

world, that is, rice, wheat, and maize. Much
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research has been conducted during the past

decades to improve N-use efficiency by develop-

ing fertiliser management strategies based on

better synchronisation between the supply and

requirement of N by the crop. Importantly,

some of these techniques are being adopted on

a large scale by the farmers. For further adoption

of the N-efficient agronomic practices, the skills

and knowledge of farmers are needed to be

improved, and the techniques also need to be

fine-tuned and made cost-effective, user friendly,

and ecofriendly.

2 Causes of Low N-Use
Efficiencies

2.1 Loss from the Plant Tissue

Cereal plants release N from plant tissue, chiefly

in the form of NH3 after anthesis (Harper

et al. 1987; Francis et al. 1993). Plant N losses

have accounted for 52–73 % of the unaccounted

N using 15N in corn research (Francis et al. 1993)

and between 21 % (Harper et al. 1987) and 41 %

(Daigger et al. 1976) in winter wheat. Gaseous

plant N loss in excess of 45 kg N/ha/year has also

been documented in soybean [Glycine max (L.)

Merr.] (Stutte et al. 1979).

2.2 N Loss Due to Denitrification

Reported gaseous N losses due to denitrification

from applied N fertiliser include 9.5 % in winter

wheat (Aulakh et al. 1982), 10 % in lowland rice

(De Datta et al. 1991), and 10 % (conventional

tillage) to 22 % (no till) in corn (Hilton

et al. 1994). Incorporation of straw and/or appli-

cation of straw on the surface of zero-till plots can

double denitrification losses (Aulakh et al. 1984).

2.3 N Losses by Surface Runoff

N fertiliser losses in surface runoff have been

reported to range between 1 % (Blevins

et al. 1996) and 13 % (Chichester and Richardson

1992) of the total N applied and are generally

lower under no tillage. When urea fertilisers are

applied to the surface without incorporation,

losses of N fertiliser as NH3 can exceed 40 %

(Fowler and Brydon 1989; Hargrove et al. 1977)

and are generally greater with increasing temper-

ature, soil pH, and surface residue. From a finger

millet plot with 2 % slope, available N loss

through sediment loss due to water erosion was

6.7 kg/ha/year in eastern India (Dass and

Sudhishri 2010).

2.4 Leaching Losses of N

Leaching of N, mostly in the form of NO3, causes

huge losses of applied N fertiliser. Particularly,

when the rate of N fertiliser application is in

excess of the crop requirement, NO3 leaching, is

high. In cooler temperate climates, NO3 through

tile drainage has approached 26 kg/ha/year under

conventional-tillage corn when only 115 kg N/ha

was applied (Drury et al. 1996).

3 Nitrogen-Use Efficiency and
Expression

Nitrogen-use efficiency may be defined in vari-

ous terms and their approximate value over

region and crop basis is shown in Table 1.

Terms Used in Describing N-Use Efficiency

(Dobermann 2005)

1. Agronomic efficiency (AEN): It may be

defined as increase in grain yield kg grain

kg�1 N applied. Its value ranges from 18 to

24 kg grain kg�1 N applied and was the

smallest in maize and largest in rice.

2. Apparent nitrogen recovery (ANR): It may be

defined as per cent increase in the uptake of N

in fertilised crop as compared to control where

no N was applied. Its value ranges from 10 to

70 % across region and various crops.

3. Physiological efficiency (PEN): It is defined as
increase in grain yield Kg grain kg�1 N

absorbed. Its value ranges from 20 to 52 across

various regions and crops.
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Partial Factor Productivity of N (PFPN) It is

the gain in grain yield per kg N applied to the

crop. Its value ranges between 39 and 72, which

means by application of one kg of N, 39–72 kg

grain yield can be gained across various

continents and crops.

4 Resource Conserving
Techniques

Resource conservation means management of

the human use of natural resources, such as soil,

water, nutrients, etc. to provide the maximum

benefit to current generations while maintaining

capacity to meet the needs of future generations.

Conservation includes both the protection and

rational use of natural resources. Resource con-

serving techniques (RCTs) refer to those

practices that conserve resources and ensure

their optimal utilisation and enhance resource or

input-use efficiency. For example, a cultivar or

any plant type which uses plant nutrients, such as

nitrogen, phosphorus, potassium, etc. efficiently

can be an RCT. There can be a large number of

RCTs. The term RCTs should not be confused

with conservation agriculture. Conservation agri-

culture, in fact, refers to the RCTs that involve

(1) soil cover, particularly through the retention

of crop residues on the soil surface; (2) sensible,

profitable rotations; (3) a minimum level of soil

disturbance, e.g. reduced or zero tillage; and

(4) the dimension of conservation agriculture in

the minimum compaction of soil surface.

The important RCTs usable in agriculture

include laser land levelling, zero or minimum

tillage (save fuel), direct seeding, permanent or

semi-permanent residue cover, new varieties that

use plant nutrients more efficiently, furrow

irrigated raised bed (FIRB) technology, system

of rice intensification (SRI), direct seeded rice

(DSR), precision farming techniques, use of leaf

colour chart (LCC), chlorophyll meter,

GreenSeeker, etc. Some important RCTs useful

in enhancing N-use efficiency have been

discussed in this chapter.

4.1 Laser Land Levelling

Land levelling is generally done in irrigated agri-

culture for uniform application or retention of

water. Accurate levelling of agricultural land

has been a challenge tillage recent past. The

advent of laser leveller has made it possible to

achieve complete and precise levelling of land.

Laser land levelling (LLL) was first introduced in

India in 2001 in western Uttar Pradesh. However,

the number of laser land levellers rose to 925 and

the acreage under LLL grew to 200,000 ha in

2008. Laser land levelling is, basically, a precur-

sor of resource conserving technique and a pro-

cess of smothering land surface (�2 cm) from its

average elevation using laser-equipped dragged

buckets. It levelled the surface having 0–0.2 %

slope that leads to uniform distribution of water

throughout the field and enhance resource-use

efficiency. The potential benefits of laser land

levelling are a 3–6 % rise in an area under culti-

vation due to removal of bunds and channels,

saving of 10–30 % water due to uniform distri-

bution, a 3–19 % increase in yield, a 6–7 %

increase in nitrogen-use efficiency (Jat

et al. 2009), reduction of cost of production,

and enhancement of productivity.

Table 1 Descriptive statistics of various NUE terms for

cereals in various continents

Region/crop AEN REN15 PEN PFPN

Africa 13.9 0.37 22.9 39.3

Australia 8.0 0.41 – 54.0

Europe 21.3 0.61 27.7 50.4

America 19.6 0.36 28.4 49.6

Asia 21.5 0.44 46.6 53.5

Average/total 19.6 0.44 40.6 51.6

Maize 24.2 0.40 36.7 72.0

Rice 22.0 0.44 52.8 62.4

Wheat 18.1 0.45 28.9 44.5

Average/total 20.6 0.44 40.6 51.6

Agronomic efficiency (AEN), physiological efficiency

index of N (PEN), partial factor productivity (PFPN),

recovery efficiency (REN15)
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4.2 Zero Tillage

Zero tillage is an extreme form of conservation

tillage (CT) in which mechanical soil manipulation

is reduced to traffic and sowing only. The no-till

system is a specialised type of conservation tillage

consisting of a one-pass planting and fertiliser

operation in which the soil and the surface residues

are minimally disturbed (Parr et al. 1990). It helps

in paradigm shift in crop production. The current

and potential area is 2.0 m ha and 10 m ha under

zero tillage in India, respectively. It is very helpful

in the area of intensive cultivation where a turn-

around period between two crops is really very

less and thus it can facilitate timely sowing.

Advantages of the zero tillage include saving of

fuel and labour cost, reduction of cost of cultiva-

tion, and saving of approximately Rs. 3,000/- ha�1

towards field preparation; timely planting gave

yield advantage approximately 2 q ha�1 for a

week advanced sowing in wheat crop and reduces

soil erosion and improves soil health. Soils in

no-till systems tend to be more moist than

ploughed soils. Soil moisture ultimately affects

nitrogen management. A layer of crop residues

on the soil surface reduces evaporation from the

soil surface. Alternatively, tillage promotes evapo-

ration and dries out soil to the depth of tillage. A

wetter soil also tends to be a cooler soil. Thus,

no-till soils tend to be wetter and cooler, so that

they reduce microbial activity and the

mineralisation of crop residues and organic matter.

The results of a 10-year study showed that

N-mineralisation rates were higher in annual crop-

ping systems under no tillage than under conven-

tional tillage (Wienhold and Halvorson 1999).

Increased N stored as labile organic forms causes

this increased mineralisation. Increased amounts

of organic N will supply more nitrogen to crops,

which will result in less N required from fertilisers

as well as reduced leaching.

In a rice-wheat cropping system, zero tillage

gave higher PFPN as compared to conventional

tillage at all levels of fertiliser application.

Application of nitrogen beyond 120 kg/ha reduced

PFPN, but yield was more at subsequent level

under zero-tillage treatment than the conventional

tillage (Table 2). This demonstrates that zero

tillage results in better crop responses to higher

N doses and also leads to greater PFPN (Sharma

et al. 2005).

In an experiment set to study the effects of

methods of tillage on the corn in corn-oat rota-

tion in silty loam soil in South Dakota (USA), N

was applied at 112 kg/ha as ammonium nitrate

either injected (IN) or broadcasted (B), and in

no-till plots N was applied by modified anhy-

drous ammonia knives prior to planting as urea

ammonium nitrate (28 % N). This experiment

showed higher residue accumulation on the sur-

face of the no-till plots, which provides greater

carbon substrate for microbial activity (Table 3).

Residue increases soil-surface wetness and forms

the C-source to microbes near the surface where

high soil temperature favours denitrification. The

zone of denitrifying activity was closer to the soil

surface in the no-till treatment than for the other

tillage treatments. Even with surface disturbance

with ploughing or disking, some residue remains

in the surface in chisel plough or mouldboard

Table 2 Effect of NPK on wheat productivity across the

tillage methods

NPK level

kg ha�1

Tillage practices

Zero tillage Conventional tillage

Yield

(q ha�1) PFPN

Yield

(q ha�1) PFPN

120:60:40 40.6 33.8 36.0 30.0

150:75:50 48.5 32.3 41.0 27.3

180:90:60 49.6 27.6 43.3 24.1

CD (0.05) Tillage operations 1.9

Fertiliser level 3.8

Source: Sharma et al. (2005)

Table 3 Effect of residue cover, tillage practices, and N

fertilisation methods on residual soil NO3
�

Tillage

Organic

matter

(g kg�1)

Residue

cover

(%)

Residual soil NO3
� N

0–15 cm

kg Nha�1
15–60 cm

kg Nha�1

No till (B) 32.0 43.0 29 74

No till (I N) 32.0 41.0 15 58

Chisel

plough (B)

32.0 25.0 40 124

Mouldboard

plough (I N)

32.0 14.0 52 123

Source: Hilton et al. (1994)
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plough treatment. N loss in wheel track

(WT) area was 1.6 times higher than the

non-wheel track area (NWT), and this, as

shown by regression coefficient which is high in

NWT area as compared with WT area due to

anaerobiosis, occurs after rainfall (Hilton

et al. 1994).

Howard and Essington (1998) conducted an

experiment for 12 years in silty loam soil in

no-till corn. They applied N at 168 kg ha�1 within

5 days after planting of corn as UAN (46 % N).

This study showed that NUE as leaf N g kg�1 was

low in all treatment with application of lime at

1.12 t ha�1 as compared to no application

(Table 4), as lime application causes N loss by

both NH3 volatilisation and immobilisation of N

by surface mulch, while in no-lime application

there is immobilisation only. Application of

fertilisers by broadcasting caused more N loss

and less N recovery as compared to incorporation

of fertilisers. So, lime application and broadcast-

ing of fertiliser should be avoided to reduce N

losses and increase NUE in no-till system.

4.3 Rotary Till Drill

This machine is a combination of rotavator, seed-

cum-fertiliser drill and light planker-cum-driving

wheel at the back. All the operations like sowing,

ploughing, and incorporation of residues and

green manure crops can be performed under sin-

gle operation by using rotary tillage drill.

Advantages of the rotary tillage drill are as

follows:

• Low energy, time, and labour requirement.

• Useful to incorporate green manure crop,

weeds, and residues.

• Simultaneous land preparation and sowing.

• Useful in intercultural operation in horticul-

tural crops.

• Puddling can also be done with single

operation only.

4.4 Leaf Colour Chart

Leaf colour chart popularly known as LCC has

been used in determination of leaf nitrogen con-

tent based on chlorophyll content in the leaves at

different growth stages. An LCC value of

4 indicates that there is 1.4–1.5 mg N/g leaf

weight. The critical LCC value for rice hybrids

and HYVs is 4 and for and basmati rice is

3. These values have to taken from 7–10 DAS

or 20–25 DAT to heading. This simple and cost-

effective device has been largely used by the

south Asian farmers for efficiently managing N

fertilisers (Singh et al. 2010). Singh et al. (2007)

summarised the data of 350 trials and reported

that use of LCC significantly reduced the N

requirement without causing any reduction in

yield of rice compared to farmers’ practice

(Fig. 1).

Shukla et al. (2006) computed the agronomic

efficiency, recovery efficiency, and physiological

efficiency in two varieties of rice and wheat, each

under different fertiliser application methods

involving LCC at PDFSR, Meerut (Tables 5

and 6), and reported that in sandy loam soil

NUE increased with application of N using

LCC as compared to the recommended N and

farmers’ practice (Table 7). However, NUE

decreased with increase in critical value of LCC

from <3 to 5. This could be due to the fact that

use of LCC as an RCT in rice and wheat

restricted N leaching losses. Similarly, at several

Table 4 Effects of lime and N on corn under no tillage in

silt loam soil

N treatments

Lime

Mg ha�1
Leaf N

g kg�1
Yield

Mg ha�1

Urea ammonium nitrate

– broadcasted

0 10.22c* 27.6b

1.12 9.93cd 27.3b

Urea ammonium nitrate

– incorporated

0 11.55a 30.3a

1.12 11.21a 30.8a

Urea – broadcasted 0 9.58d 25.4d

1.12 8.90f 24.4d

Urea – incorporated 0 9.33de 26.2c

1.12 9.36d 26.7c

Ammonium nitrate –

incorporated

0 11.31a 29.4a

1.12 10.91ab 29.0a

Source: Howard and Essington (1998)

*Within columns, means followed by the same latter are

not significantly similar at α ¼ 0.05

50 A. Dass et al.



other places in India, higher NUE was observed

when N applications were scheduled using LCC

compared to farmers practices (Table 8). Overall,

in wheat, applying 30 kg N/ha each time with an

LCC score of 4 with a total application of

120 kg N/ha resulted in higher PFPN, N uptake,

and NUE than using the same quantity of N in

three fixed time splits. The same things were also

reported in the case of rice (Ladha et al. 2005).

Fig. 1 Average N fertiliser

applied and grain yield of

rice in 350 on-farm trials

compared (Source: Singh

et al. 2007)

Table 5 Nitrogen-use efficiencies of wheat varieties grown under different N management

N management

treatment (kg ha�1)

Grain yield

(t ha�1)

Total N uptake

(kg ha�1)

AE (kg grain

kg�1 N

applied) RE (%)

PE (kg grain

kg�1 N

absorbed)

PBW 343 (early sown)

No N control (zero) 2.15 44.5

LCC � 3, no basal N (60) 4.20 85.5 34.2 68.3 52.4

LCC � 4, no basal N (120) 5.65 120.0 29.2 62.9 46.4

LCC � 5, no basal N (160) 6.05 132.5 24.4 55.0 44.3

Recommended N (120) 5.05 105.5 24.2 51.0 47.5

Farmers’ N practice (150) 5.10 100.0 19.7 41.0 48.0

PBW 226 (late sown)

No N control (zero) 1.80 35.5

LCC � 3, no basal N (90) 4.05 84.5 25.0 54.4 45.9

LCC � 4, no basal N (120) 4.45 98.0 22.1 52.1 42.4

LCC � 5, no basal N (160) 4.70 108.0 18.1 45.3 40.0

Recommended N (120) 4.00 88.5 18.3 44.2 41.5

Farmers’ N practice (150) 4.05 91.5 15.0 37.3 40.2

CD (0.05) varieties 0.43 5.1 NS 5.2 3.1

N management 0.78 8.3 4.1 8.9 5.6

V � N 1.01 11.4 5.9 12.6 8.4
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4.5 Optical Sensors, Like Chlorophyll
Meter and GreenSeeker

These sensors are useful tools in guiding precise

application of inputs and reducing the GHG

emissions from the crop fields. Data in Table 8

shows that SPAD-based N applications resulted

in about 50 % N saving in rice and improved

agronomic efficiency of N and partial factor

productivity by 2.5 times compared to local

recommended practice of N application

(IRRI-CREMNET 2000). In winter season maize

crop, SPAD-based (�37)N application resulted in

a saving of 55 kg N ha compared to soil test crop

response equation-based N application without

any yield reduction. Agronomic efficiency was

higher (Dass et al. 2012). In wheat, timely N

application at SPAD value �42 resulted in 9 %

Table 6 Nitrogen-use efficiencies of rice varieties grown under different N management

N management treatment

(kg ha�1)

Grain yield

(t ha�1)

Total N uptake

(kg ha�1)

AE (kg grain

kg�1 N applied) RE (%)

PE (kg grain

kg�1 N absorbed)

Basmati 370

No N control (zero) 2.75 60.5

LCC � 2, no basal N (20) 3.30 74.5 27.5 70.0 39.3

LCC � 3, no basal N (80) 4.30 108.0 19.3 59.4 32.6

LCC � 4, no basal N (100) 4.00 111.5 12.5 50.0 24.5

Recommended N (80) 3.75 98.5 12.5 47.5 26.3

Farmers’ N practice (100) 3.65 102.0 9.0 41.5 21.7

PHB 71

No N control (zero) 3.80 61.5

LCC � 3, no basal N (90) 6.30 114.5 27.8 58.9 47.2

LCC � 4, no basal N (130) 7.50 136.5 26.0 53.5 48.0

LCC � 4, no basal N (150) 7.70 143.0 24.7 52.0 47.5

Recommended N (150) 6.85 125.5 20.3 42.7 46.9

Farmers’ N practice (180) 7.00 129.5 17.8 37.8 47.1

CD (0.05) varieties 0.21 6.1 2.4 4.8 3.8

N management 0.30 11.4 3.9 9.2 7.3

V � N 0.43 16.7 4.8 11.4 9.8

Table 7 Total N used and grain yield with farmers’ practice (FP) and LCC-based N management at different stations,

India

Stations

Practice of N

management

N used

(kg ha�1)

Grain yield

(t ha�1)

PFPN (kg kg�1 N

applied)

Haryana, 155 farms, wheat Farmers’ practice 149 6.4 42.9

LCC 4 124 6.4 51.6

Tamil Nadu, 20 farms,

wheat

Farmers’ practice 142 5.0 35.2

LCC 4 108 4.9 45.4

Modipuram, Basmati 370 Farmers’ practice 100 3.7 37.0

LCC 4 100 3.9 39.0

Modipuram, Saket 4 Farmers’ practice 150 5.6 37.3

LCC 4 120 6.1 50.8

Modipuram, Hybrid 6111 Farmers’ practice 180 6.9 38.3

LCC 4 150 7.4 49.3
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higher wheat yield with 20 kg/ha N saving

compared to recommended soil-based N supply

(Dass et al. 2012) (Plates 1, 2, and 3). Studies on

GreenSeeker optical sensor- based Nmanagement

in rice (cultivar PR 118) revealed that applying

20 kg N as basal, 60 kg at 21 days after

transplanting (DAT) and 12 kg at 42 DAT,

returned the highest grain yield (6.68 t/ha) and

saved 28 kg N/ha compared to recommended

schedule of N application (120 kg N /ha in three

equal splits) (Gupta 2006).

Table 8 Comparison of fixed threshold (SPAD-35) chlorophyll meter value-based N management practice with local

or soil test crop response correlation recommendations

Treatment N used (kg ha�1) Grain yield (t ha�1) AEN
a PFPN

b

India: old Cauvery delta, Padugai soil series (Kuruvai)

Control 0 4.9 b – –

Local recommendation 125 7.3 a 18.6 58.1

SPAD-35 65 7.6 a 41.2 117.2

India: new Cauvery delta, 1996 DS (Kuruvai)

Control 0 5.3 b – –

Local recommendation 125 6.4 a 8.8 b 51.6 b

SPAD-35 60 7.1 a 51.0 a 118.4 a

India: new Cauvery delta, 1998 DS (Kuruvai)

Control 0 3.6 b – –

STCR Recom 142 5.0 a 10.3 35.4

SPAD-35 110 5.0 a 12.9 45.4

Source: IRRI-CREMNET (2000)
aAEN: agronomic efficiency of applied N (kg additional grain over control per kg applied N)
bPFPN: partial factor productivity for applied N (kg grain yield per kg applied N)

Plate 1 Taking observation with chlorophyll meter in

wheat crop

Plate 2 Chlorophyll meter-based N application

Plate 3 Soil test-based recommended practice
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4.6 Furrow Irrigated Raised Bed
(FIRB) Planting

Crops are sown on 40 cm wide raised beds and

irrigation providing in 30 cm wide furrows. The

number of crop rows to be adjusted on beds is

three for wheat; two each for peas, mung bean,

soybean, and mustard; and one for maize and

pigeon pea. Wheat after pigeon pea, maize,

soybean, and peas and mung bean after mustard

and wheat can be sown just by reshaping of

beds. Advantages of the FIRB planting are as

follows:

1. It promotes crop diversification.

2. Saves irrigation water by 25–35 %.

3. Saves N and seed rate up to 25 %.

4. It helps in decreasing weed infestation as well

as easy weeding.

5. It provide easy passage for drainage of excess

water.

6. It facilitates easy rouging in the field crops.

4.7 Surface Seeding

Surface seeding is the simplest method of zero-

tillage systems being promoted in eastern India,

Nepal, and Bangladesh. It is mostly suitable in

lowland areas where sowing is delayed due to

excessive soil moisture. The benefits of surface

seeding are given below:

• No equipment needed for surface seeding.

• Very well suitable for heavy textured soils.

• It is boon for the areas where land preparation

is very difficult and costly.

4.8 Crop Rotation

Crop rotation is one of the core principles of con-

servation agriculture. It helps in efficient

utilisation of resources and enhances use effi-

ciency of resources like nutrients, water, etc.

Chettri and Bandhopadhaya (2005) studied the

influence of different fertiliser management

practices on yield efficiency, agronomic

efficiency, and nutrient recovery efficiency in dif-

ferent rice-based crop rotations in clay loam soil at

Kalyani West Bengal, India (Table 9), and

reported that the maximum grain yield can be

obtained with either green gram or lathyrus

incorporated in situ before rice transplanting in

addition to 75 % RDN + 10 t FYM/ha. Higher

AE is observed in rice crop grown after mung

bean or lathyrus as fodder crop, with 75 %

recommended dose of NPK + 10 t FYM/ha. This

could likely be due to the combined application of

all these sources that increased the availability

of the nutrients and gave luxurious crop. The

inclusion of dual-purpose summer legumes in

rice-wheat cropping systems has beneficial effects

on the NUE of the system (Jat 2010) (Table 10).

4.9 Efficient N Management

Apart from the rate of application, the time and

method of N application play a very important

role in utilisation of applied N by crops and

consequently govern NUE. Placement of N was

more important than time of N application in

influencing yields in the semiarid regime. Deep

banding N fertiliser (0.1–0.15 m deep) resulted in

superior spring wheat yield as compared to

broadcast application. The rate of yield increase

was determined by partial derivative of yield

equation of soil and N fertiliser. Generally it

increases with increase in soil water availability.

It indicated that each added N is used less and

less efficiently and the rate of yield increase with

per unit increase in soil N is greater than the N

fertiliser. It shows that an NUE increment is

directly related to water uptake and generally to

soil N but inversely related to N fertiliser.

NUE increases with year at <50 kg ha�1, but

converse was true at higher dose. This is due to

increase in n supplying power of soil with

increasing cropping years (Campbell et al. 1993)

(Tables 11) The important tools and tactics with

their relative benefits and limitations in enhancing

the NUE are presented in (Ladha et al. 2005)

(Table 12).
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Table 10 Agronomic efficiency and recovery fraction of fertiliser use in different cropping sequence with rice at

different levels of fertiliser management

Cropping sequence

Yield

(kg ha�1)

Agronomic

efficiency

Recovery

fraction

At 100 % of the RD of N, P, and K (urea, DAP, and MOP)

Kharif rice-oat F – boro rice-green gram GM 8,062 18.75 1.72

Kharif rice-lathyrus GM – boro rice-maize Fallow (F) 8,205 19.08 1.75

Kharif rice-lathyrus F – boro rice-green gram F 7,990 21.03 1.80

Kharif rice-oat F – boro rice-maize F 6,714 17.67 1.69

At 75 % of the RD of N, P, and K (urea, DAP, and MOP)

Kharif rice-oat F – boro rice-green gram GM 7,590 22.65 2.13

Kharif rice-lathyrus GM – boro rice-maize F 7,620 22.75 2.17

Kharif rice-lathyrus F – boro rice-green gram F 7,345 25.77 2.22

Kharif rice-oat F – boro rice-maize F 6,225 21.84 2.13

At 75 % of the RD of N, P, and K (urea, DAP, and MOP) + FYM at 10 t ha�1

Kharif rice-oat F – boro rice-green gram GM 9,975 25.91 2.14

Kharif rice-lathyrus GM – boro rice-maize F 10,820 28.10 2.21

Kharif rice-lathyrus F – boro rice-green gram F 9,808 29.28 2.23

Kharif rice-oat F – boro rice-maize F 8,008 23.90 2.10

CD (0.05) for grain yield – at the same level of C 0.219

CD (0.05) for grain yield – at the same level of F 0.292

Source: Chettri and Bandhopadhaya (2005)

Table 9 Evaluation of GreenSeeker based N recommendation in rice at Ludhiana (cultivar PR 118)

Fertilizer N applied (kg N/ha) DAT Total N applied

(kg/ha)

Rice grain yield

(t/ha)

Total N uptake

(kg/ha)0 7 15 21 28 35 42 49 56

0 3.85 68.1

40 40 40 120 6.19 132.3

20 40 28* 88 6.23 127.8

20 60 12* 92 6.83 131.7

30 30 32* 92 5.63 119.2

30 50 14* 94 6.28 125.7

40 40 24* 104 6.34 131.8

30 50 29* 109 6.29 135.8

20 40 29* 89 5.97 126.9

20 60 19* 99 6.59 133.5

30 30 32* 92 5.66 120.8

30 50 17* 97 6.25 133.7

40 40 20* 100 6.50 138.0

40 40 20* 100 5.80 120.3

40 40 1* 81 4.97 106.9

LSD (P=0.05) 0.774 14.65

Source: Gupta (2006)
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Conclusions

Use of nitrogen in agriculture is indispensable

as it is an important constituent of plant mate-

rial and human food, and its contribution in

food production is the largest among all other

plant nutrients. More than 50 % of applied N

is lost through various processes, and

nitrogen-use efficiency remains below 50 %

in most crops. Certain resource conserving

techniques (RCTs) are now available that

can help reduce the N requirement, improve

N utilisation, reduce losses, and finally

enhance NUE. However, RCTs are more

effective in combinations rather than their

individual application. Among various RCTs,

research work is mostly available on tillage

practices, mulching, LCC, and some work on

chlorophyll meter and GreenSeeker sensors.

Although laser land levelling and rotary till-

age seem to be potential technologies, infor-

mation of research work carried out on these

aspects is only meagrely available. LCC and

chlorophyll meter could reduce N application

rates by 25–50 %. Zero tillage is more respon-

sive to applied N as compared to CT in coarse

textured soils and increases NUE. Retention

of residues increases N uptake and thereby

increases NUE in different cropping systems.

Table 12 Tools/tactics of enhancing N fertiliser-use efficiency

Tools/tactics Benefit: cost Limitations

SSNM High Infrastructure for every site

Chlorophyll meter High Initial high cost

LCC Very high None

Breeding strategy Very high Varieties yet to be developed

N fixation in nonlegumes High Tech. yet to be developed for field scale

Precision farming technology High Tech. need to be fine-tuned

Resource conserving techniques High Tech. need to be evaluated for long-term impacts

Integrated crop management High Tech. need to be evaluated for long-term impacts

Table 11 Effect of time, method, and rate of application of N fertiliser on N-use efficiency of zero-tilled spring wheat

Crop year Time or method of application

Rate of N fertiliser (kg ha�1)

25 50 75 100 Mean

NUE Kg grain kg�1 N

1 Band 38 30 31 21 30

Broadcast 37 26 29 20 28

2 Fall (30–35 DAS) 32 24 20 17 23

Spring (120–125 DAS) 41 28 21 17 27

3 Mean 15 8 6 5 9

4 Mean 13 8 5 4 8

5 Mean 35 26 22 18 25

6 Band 27 20 17 14 19

Broadcast 24 17 14 11 17

7 Fall 10 7 5 4 7

Spring 10 7 5 4 6

8 Fall 31 24 20 17 23

Spring 34 27 19 16 24

9 Fall 37 27 21 17 25

Spring 39 27 20 17 26
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Denitrification rates are high in no tillage in

high rainfall area due to creation of anaerobic

condition here N is broadcasted. In humid

environment and with finer textured soil,

potential loss with surface residue appears to

be minimised by fertiliser management.
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Strategies for Enhancing Phosphorus
Efficiency in Crop Production Systems

Avishek Datta, Sangam Shrestha, Zannatul Ferdous,
and Cho Cho Win

Abstract

Phosphorus (P) is the second important key element after nitrogen as a

mineral nutrient for crop production. An adequate supply of P during early

phases of plant development is essential for the root establishment and

growth as well as for laying down the primordia of plant reproductive

parts. Although abundant in soils in both organic and inorganic forms, P is

the least available to plants due to its high fixation in most soil conditions

and slow diffusion. Therefore, P can be a major limiting nutrient for plant

growth on many soils across the world. Agricultural productivity will be

lower without P, and consequently less food will be produced per unit area

of land, especially in the least developed and developing countries where

access to P fertilizers are restricted due to the rising costs of P fertilizer.

Therefore, P is essential for the intensive agricultural production systems

and thus contributes significantly to the present and future global food

production and security. P is usually added to soil as chemical P fertilizer

to satisfy the nutritional requirements of crop; however, plants can use

only a small amount of this P since 75–90 % of added P is precipitated by

metal–cation complexes and rapidly becomes fixed in soils. There is an

increasing concern about the sustainability of P in agricultural production

systems largely due to shortage of inorganic P fertilizer resources and

environmental effects of agricultural P use beyond the field in the form of

eutrophication. Such environmental concerns have led to the search for

sustainable way of P nutrition of crops. Enhancing the efficiency of P in

plants can be obtained through improving P acquisition by plants from the
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soil, internal plant utilization, or both. Hence, this review mainly focuses

on three aspects: (1) we provide a brief overview on the holistic under-

standing of P dynamics in soil, (2) we discuss the role of microorganisms

in increasing the availability of P to plants, and (3) we speculate on

sustainable management strategies to enhance P use efficiency (PUE) in

modern agriculture. Sustainable response strategies are required to

improve PUE and recovery in order to cover the losses from the entire

food production and consumption chain. An integrated strategy rather

than a single strategy should be employed to enhance PUE and to recover

unavoidable P losses.

Keywords

Soil P • P efficiency • P acquisition • P utilization • P use efficiency • Plant

root development • Soil microorganisms

1 Introduction

The global demand for food is on rise from an

ever-decreasing resource base, both in terms of

quality and quantity, primarily due to an ever-

growing population and increasing consumption

of calorie- and meat-intensive diets (Mueller

et al. 2012). Crop yield is largely controlled by

fertilizer use and irrigation. Phosphorus (P) is by

far the most important mineral nutrient for crop

production, after nitrogen (N). Compared to other

major nutrients, P is the least available to plants

due to its high fixation in most soil conditions and

slow diffusion (Ramaekers et al. 2010; Shen

et al. 2011). Therefore, P can be a major limiting

nutrient for plant growth and development on

many soils across the world. Agricultural produc-

tivity will be lower without P, and consequently

less food will be produced per unit area of land,

especially in the least developed and developing

countries where access to P fertilizers are

restricted due to the rising costs of P fertilizer

(Lynch 2007; Richardson et al. 2011; Richardson

and Simpson 2011). Therefore, P is essential for

the intensive agricultural production systems and

thus contributes significantly to the present and

future global food production and security

(Richardson et al. 2011).

While analyzing the flow of P from “mine to

fork”, Cordell et al. (2009a, 2011) showed that a

greater proportion of P is lost along the way

when passing from mine to field to fork. The

losses are significant from agricultural stand-

point. The overall major losses in absolute

amounts occur primarily from two main

subsystems: arable land and livestock production

(Tirado and Allsopp 2012). Inefficiencies in farm

management are responsible for the arable land

losses, where about 33 % of the P entering the

soil is lost by both wind and water erosions. The

harvested crops generally uptake between 15 and

30 % of the applied P fertilizer. Improper man-

agement of manure causes P loss at the livestock

production level. It has been estimated that

almost 50 % of the P entering the livestock sys-

tem is lost into the environment (Tirado and

Allsopp 2012).

Overall, P efficiency is divided into P acquisi-

tion efficiency (PAE) and P use efficiency (PUE).

Enhanced P efficiency in plants can be achieved

by improved PAE and/or PUE (Manske

et al. 2001; Veneklaas et al. 2012). PAE refers

to the ability of crops to uptake P from soils, and

PUE is defined as the ability to produce biomass

or yield, which is produced per unit of acquired P

(Hammond et al. 2009; Wang et al. 2010). How-

ever, the contribution from PAE or PUE to crop P

efficiency varies with crop species and environ-

mental conditions (Wang et al. 2010). Sustain-

able response strategies are required to improve

PUE and recovery in order to cover the losses

from the entire food production and consumption
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chain (Schroder et al. 2011). An integrated strat-

egy should be employed to enhance PUE and to

recover unavoidable P losses. Cordell

et al. (2009b) pointed out that the long-term P

demand of the world could be possibly met

through increased PUE by an order of 70 % and

the remaining 30 % could be from high recovery

and reuse of P from all resources.

This paper will mainly serve three purposes:

(1) we provide a brief overview on the holistic

understanding of P dynamics in soil, (2) we dis-

cuss the role of microorganisms in increasing the

availability of P to plants as microorganisms

contribute significantly to plant P nutrition, and

(3) we speculate on sustainable management

strategies to enhance PUE in modern agriculture.

This paper will advance our existing knowledge

about P efficiency with respect to crop produc-

tion and will present better general guidelines to

improve PUE in farms (involve both crops and

animals) in managing a sustainable environmen-

tal system.

2 Holistic Understanding of P
Dynamics in Soil

Soil P exists in organic (Po) and inorganic (Pi)

forms, which also differ in their fate and behavior

in soils (Hansen et al. 2004). In most soils, the

surface horizon contains more P than the subsoil

due to the greater activities of microorganism

and higher accumulation of organic materials in

the surface layer. However, soil P content varies

with parent material and management practices

followed. These factors also govern the relative

amount of Po and Pi in a soil. Although Pi can

vary from 10 to 90 %, it usually accounts for

35–70 % of total P in soil (Harrison 1987).

Soils naturally contain 300–1,000 ppm of total

P. The Pi forms are dominated by various

minerals that include hydrous sesquioxides,

amorphous and crystalline aluminum (Al) and

iron (Fe) compounds in acidic, noncalcareous

soil, and calcium (Ca) compounds in alkaline

calcareous substrate. These Al, Fe, and Ca

phosphates vary in their dissolution rates,

depending on the size of mineral particles and

soil pH (Shen et al. 2011). Hinsinger (2001)

mentioned that the solubility of Al and Fe

phosphates increases and those of Ca phosphate

decreases with increasing pH, except pH values

>8. All these P forms are not generally discrete

entities but exist in complex equilibrium as

transformations between the forms occur contin-

uously with each other, representing from very

stable, sparingly available, to plant available

pools such as labile P and solution P in soils

(Shen et al. 2011).

In general, Po accounts for 30–65 % of the

total P in soils (Harrison 1987). The P from Po
can be released through mineralization facilitated

by soil microorganisms and plant roots in associ-

ation with phosphatase secretion (Shen

et al. 2011). Po mineralization dynamics are

largely determined by environmental factors

(e.g., soil moisture, temperature) and soil factors

(e.g., pH, Eh). Like N, Pi can also be

immobilized, which is the reverse reaction of

mineralization. During immobilization, micro-

organisms convert Pi to Po, which are then

assimilated into their living cells. Therefore, the

availability of P is greatly complex as it is highly

associated with P dynamics and conversion

among various P pools (Shen et al. 2011).

3 Microbial Contribution to
Enhance P Availability in Soil

3.1 Potential of Plant and Microbial
Strategies to Improve PAE

As many soils worldwide have a moderate to high

capacity to retain P, most of the fertilizer and

manure applied to soil for P are rapidly bound

by the soil minerals that are not subject to rapid

release. Thus, soil solution P concentration is very

low. There is a need to develop plants that are

more P efficient at low soil P and P-deficient soil,

especially in the least developed and developing

countries. P-efficient plants are required to reduce

inefficient use of various P inputs and to minimize

potential P loss to the environment (Richardson

et al. 2011). Soil microorganisms can also influ-

ence the availability of P (phosphate) to plant
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roots as they are involved in a number of pro-

cesses that affect P transformation in soil

(Richardson 2001). Microorganisms can mediate

the distribution of P between the available P in

soil solution and the total soil P (inorganic and

organic pools) through solubilization and miner-

alization reactions. Microbial processes mediate

the availability of P to plants by directly

influencing several important processes in the P

cycle (Oberson and Joner 2005; Richardson and

Simpson 2011). It has been estimated that the

microbial biomass of soil contains a P pool rang-

ing from 0.5 to 7.5 % of total P in grassland soils

and, in case of arable soils, the range is between

0.4 and 2.4 % of total P (Oberson and Joner 2005).

Therefore, soil microorganisms are critical for the

transfer of poorly available form of P to plant

available form and consequently play an impor-

tant role in maintaining P in readily available form

in soil. These processes are dominant in the rhizo-

sphere of plants (Richardson 2007).

The concept of using soil microorganisms to

enhance P availability to plants is actually an old

thought (Richardson and Simpson 2011). Indeed,

soil and microbial interactions are complex and

often difficult to manipulate (Richardson 2001).

Therefore, a greater knowledge of the processes

and understanding microbial ecology are essen-

tial to better exploit soil microorganisms for P

mobilization in soils.

3.2 Mechanisms Governing
Mobilization of Soil P by
Microorganisms

Microorganisms directly influence the ability of

plants to acquire P from soil through a number of

mechanisms that include (1) an increase in the

surface area of roots by either an extension of

existing root systems (e.g., mycorrhizal

associations) or by hormonal stimulation of root

growth, branching, or root hair development, i.e.,

phytostimulation (Richardson et al. 2009a);

(2) by modification of sorption equilibria that

may result in increased net transfer of phosphate

ions into soil solution or an increase in the mobil-

ity of organic P either directly or indirectly

through microbial turnover (Seeling and Zasoski

1993); and (3) through stimulation of metabolic

processes that are effective in directly

solubilizing and mineralizing P from poorly

available forms of inorganic and organic P in

soil (Richardson et al. 2009a). These processes

include the excretion of protons (hydrogen ions),

the release of organic acids, the production of

siderophores, and the release of phosphatase

and cellulolytic enzymes that are able to hydro-

lyze organic P (Richardson 2007).

3.3 Interactions Between Plant
Roots and Microorganism on P
Availability

Microorganisms decompose and mineralize

organic material as well as release and transform

inorganic nutrients; therefore, they play a domi-

nant role in nutrient cycling (Marschner

et al. 2011). Microorganisms can further influ-

ence nutrient availability in soil by different

reactions such as solubilization, chelation, and

oxidation/reduction when they require a specific

nutrient. Bacteria and fungi generally release

nutrients from their biomass as they undergo

turnover or are fed upon by protozoa (Marschner

et al. 2011). Most of the soil is low in P avail-

ability; thus, microorganisms and plants have

developed similar mechanisms for mobilization

and uptake of P. Microbes are more competitive

than plants for the uptake of P in the rhizosphere

(Marschner et al. 2011). In addition,

microorganisms can affect plant growth and

nutrient uptake by release of growth-stimulating

or growth-inhibiting substances that influence

root physiology and root system architecture

(Govindasamy et al. 2009; Ryu et al. 2005).

Lack of carbon limits the growth and activity

of microorganisms in soil (Demoling et al. 2007;

De Nobili et al. 2001). This is due to the complex

nature of soil carbon resulting in poor decompos-

ability of the soil organic matter. Soil microbial

growth can be stimulated by applying a carbon

amendment to a soil. However, this process will

also result in a concurrent rapid decrease of soil

solution P concentration due to the temporary
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immobilization of P in microbial biomass

(Bunemann et al. 2004; Oehl et al. 2001). It is

possible for the microbial biomass to grow rap-

idly and to multiply when readily degradable

carbon is available even under low-P conditions

(Bunemann et al. 2004). Root exudates, on the

other hand, are easy to decompose due to their

lower molecular weight. Therefore, microbial

density and metabolic activity will be greater in

the rhizosphere than bulk soil with the release of

exudates by roots (Soderberg and Baath 1998).

Agricultural soil can maintain higher soil

organic carbon levels when animal manures are

applied to the soil on a regular basis (Leifeld

et al. 2009). Soil microbial biomass and activities

are also reported to be greater in manure soil

compared with soil managed with mineral fertil-

ization (Joergensen et al. 2010). This translates

into a higher soil microbial P pool with faster

turnover under organic cropping systems (Oehl

et al. 2001). Plants and microorganisms require

mineralization or hydrolysis of substrates by

phosphatase enzymes (either plant or microbial

origin) to utilize organic P (Richardson and

Simpson 2011). P deficiency results in an

increased activity of phosphatases, which is

designated as part of P starvation responses

(Richardson and Simpson 2011). Extracellular

phosphatases are released from roots of plants

and are important for capture and recycling of

organic P (Richardson et al. 2005). Up to 60 % of

the total organic P may be hydrolyzed by

phosphatases with the highest amounts being

released by phytases (Bunemann 2008).

Higher microbial activity is responsible for the

increased mineralization of soil organic matter

associated. This occurs in the rhizosphere as a

result of a microbial priming effect due to utiliza-

tion of exudate C with subsequent mineralization

of nutrients from soil organic matter (Cheng 2009).

Mineralization and immobilization of P depend to a

greater extent on C:P or C:organic P ratios as C:N

ratios are reasonably constant across different soils

having various levels of organic matter (Kirkby

et al. 2011). This has implications for competition

between plants and microorganisms for nutrient

uptake within the rhizosphere, resulting in

either a net immobilization or mineralization of P

(Richardson and Simpson 2011).

The activity of microorganisms in the soil is

different under various management practices. It

has been estimated that the recovery of fresh

manure P by ryegrass (Lolium spp.) (24–35 %)

was lower than the recovery of mineral P

(37–43 %) (Oberson et al. 2010). The available

P content of the soil influenced the recovery of

fresh manure P where the recovery was lower in

soils with higher plant available P (Simpson

et al. 2011). Uptake of residual P was greater

from conventionally managed soils than from

organically managed soils. It is important to note

that the total and available P contents of soil were

depleted less in the conventional systems than in

organic systems (Oehl et al. 2002).

3.4 Significance of Plant and
Microbial Interactions on P
Acquisition

The ability of crops to take up P from soil is

referred to as P acquisition (Wang et al. 2010).

The enhancement of crop P efficiency is depen-

dent on various physiological and biochemical

traits. Root morphological characteristics and

architecture are the most important traits in P

acquisition (Richardson et al. 2009b; Wang

et al. 2010). One of the important strategies to

improve soil P acquisition is “topsoil foraging”

by root systems (Lynch 2011; Ramaekers

et al. 2010; Richardson et al. 2011). Surface soil

strata or topsoil generally has greater P availabil-

ity than subsoil strata in most natural soils

(Lynch 2011; Ramaekers et al. 2010). Therefore,

root traits that enhance topsoil foraging will be

able to acquire more P. Plant species greatly

differ in their ability for topsoil foraging. Root

architectural traits associated with enhanced top-

soil foraging include shallower growth angles of

axial roots, enhanced adventitious rooting, a

greater number of axial roots, and greater disper-

sion of lateral roots (Lynch 2011). For example,

P-efficient common bean (Phaseolus vulgaris L.)

genotypes produce shallower basal roots under

low P availability compared with P-inefficient

genotypes, where P acquisition significantly

correlates with basal root shallowness (Liao

et al. 2001). It has been estimated that variation
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in root growth angle among closely related

genotypes is associated with up to 600 %

increase in P acquisition and 300 % increase in

yield in common bean (Liao et al. 2001). Studies

have also shown that in maize (Zea mays L.) and

soybean [Glycine max (L.) Merr.], shallower

growth angles of axial roots (basal roots in

legumes, seminal and crown roots in maize)

increase topsoil foraging and thereby P acquisi-

tion (Lynch 2011; Zhu et al. 2005).

The abundance of root exudates stimulates

microbial growth and activity and attracts more

soil microorganisms to the root surface in the

rhizosphere (Marschner et al. 2011). Root

exudates (e.g., sugars, organic acid anions, and

amino acids) are released primarily in the root

zone immediately behind the root tip and in the

distal elongation zone under nutrient deficiency

(Marschner et al. 1997a, b). These are also the

sites where microorganisms are the least abun-

dant but the most active (Nguyen and Guckert

2001).

Only a small proportion of P is readily avail-

able to plants and microorganisms as P is mainly

present in forms that are unavailable to them, but

the total amount of P in the soil generally is high

(Hinsinger 2001; Richardson 2001). The solubil-

ity of poorly soluble Pi can be increased by plants

and microorganisms through releasing protons,

OH�, or CO2 and organic acid anions such as

citrate, malate, and oxalate (Hinsinger 2001;

Roelofs et al. 2001). Plants and microorganisms

can mineralize Po by release of various phospha-

tase enzymes (Neble et al. 2007).

Crops can also extend their P uptake capacity

through a symbiosis with beneficial fungi

(Schroder et al. 2011). Association of crop plants

with mycorrhizal fungi can increase plant P

uptake through extension of plant root system

with mycorrhizal hyphae, which increase the

soil volume explored (Bucher 2007). Arbuscular

mycorrhizal (AM) fungal species colonize the

most land plant species (70–90 %) and contribute

significantly in the P nutrition, especially in soils

with low available P (Parniske 2008). P is taken

up by the hyphae and transported to roots, where

it is moved across the fungus–plant interface into

the host cell. In exchange for P and other

nutrients supplied to the plant, the fungus

receives reduced carbon (Smith and Read

2008). AM fungal hyphae extend further from

roots than root hairs and are also active in the

more mature regions of the root (Richardson

et al. 2011; Smith and Read 2008). Therefore,

AM plants can exploit larger soil volume, and

this is the primary reason for the greater P uptake

in low-P soil (Richardson et al. 2011).

4 Management Measures to
Improve PUE

4.1 Reducing P Losses from
Agricultural Systems

P is lost from arable lands mostly by erosion

(both by wind and water), runoff, crop uptake

and removal, as well as leaching. Modern

agroecosystems not only deplete finite resources

(land, “fossil” water, fossil energy, and fossil

phosphate) but also contaminate a larger part of

our planet with reactive N and P, which damage

environmental quality including biodiversity

(Correll 1998). Agriculture alone is responsible

for the depletion of about 19 Mt year�1 of P from

phosphate rock for the production of fertilizer

(Heffer and Prud’homme 2008).

Loss of P from agricultural soil can be

minimized by preventing soil erosion and

subsequent losses of P to water bodies. Verheijen

et al. (2009) classified erosion as water erosion,

wind erosion, tillage erosion, and the erosion

resulting from soil particles adhering to lifted

crops. It has been estimated that around 12 % of

the total European land area suffers from water

erosion and 4 % from wind erosion (Louwagie

et al. 2009). The amounts of soil lost via erosion

for an average European arable soil range from

5–40 Mg ha�1 year�1 (Verheijen et al. 2009) to

10 Mg ha�1 year�1 at most for the major part of

Europe (Louwagie et al. 2009). Greater propor-

tion of P is contained by the light and more easily

erodible soil fraction (clay) compared with the

coarse fraction (Quinton 2002). Ruttenberg

(2003) estimated that about 20–30 Mg year�1

of P is lost via erosion at a global scale, which

is equivalent to an annual loss of 15–20 kg P ha�1

when erosion from land other than arable land is
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negligible. Both soluble (dissolved) and particu-

late (eroded soil particles) forms of soil P can be

removed through water moving across the sur-

face or through soils resulting in an increase in

the concentration of bioavailable P in surface

waters (Schroder et al. 2011). Soils with high

concentrations of P will transport high

concentrations of P to surface streams if

sediments are washed into streams. Surface run-

off is the second largest potential cause of

dissolved P loss after erosion. Runoff of excess

P from agricultural fields can enhance the fertil-

ity status of natural waters that can contribute to

eutrophication, the increase in the growth of

algae and other aquatic plants. Eutrophication

can start from a P concentration in water of

around 0.10 g total P m�3 (Correll 1998). P loss

by leaching is usually considered less important

than surface runoff.

Conservation practices that can be used to

minimize soil erosion and surface runoff include

reduced tillage without removal of crop residues,

terracing on sloping land, cultivation and planting

along the contour, cover crop establishment, agro-

forestry, or complete reforestation (Schroder

et al. 2011). Practices that minimize losses of P

by runoff include applying P when soil is best able

to capture it. Application of phosphate fertilizers

or manures should be avoided to frozen or snow-

covered land or to soils that are dry and hard or

waterlogged (Schroder et al. 2011). Placement of

fertilizer should be made as close as possible to

where the roots of the crop plants are growing

(Schroder et al. 2011). Moreover, it is also neces-

sary to maximize the use of P in manure for

maintaining soil fertility in croplands and pastures

and adjusting livestock diets, which will in turn

reduce P losses. This will simultaneously work for

recovering the P and other nutrients being lost

when they are not incorporated into crop plants

(Tirado and Allsopp 2012).

4.2 Application of Manure P in
Agricultural Soil

Building P fertility can be accomplished by

manure application to soil (Shen et al. 2011).

However, matching crop P needs with manure

can be challenging as the total P content in

manure varies widely (depends on manure type)

and about 70 % of total P in manure is labile. The

Pi contents of manure can range from 50 to 90 %

(Dou et al. 2000). Turner and Leytem (2004)

mentioned that manure also comprises a substan-

tial amount of Po (e.g., nucleic acids and

phospholipids), which can be released by miner-

alization to increase soil Pi concentrations.

Organic substances like manure can greatly

reduce the chance of P adsorption by soil

particles as the humic acids contain large number

of negative charges (e.g., carboxyl and hydroxyl

groups), which strongly compete for the adsorp-

tion sites with Pi (Shen et al. 2011). In addition,

manure can modify soil P availability by chang-

ing soil pH. However, PUE does not depend on

the food source of the livestock producing

manure; it does not matter whether livestock are

fed home-produced feeds or imported feeds

(Schroder et al. 2011).

It is important to maintain high soil organic

matter levels in order to achieve the best use of P

added to the soil (Tirado and Allsopp 2012).

Microorganisms play a dominant role in releas-

ing P from the stored P in organic form, which

then become available to plants. P application to

pastures on low-P soils results in an accumula-

tion of organic matter and consequently organic

P in the soil (Simpson et al. 2011). A relationship

exists between soil organic carbon accumulation

and P fertilizer use (Chan et al. 2010). However,

the accumulation of organic P is influenced by

the farming system and/or management practices

followed (Simpson et al. 2011). Bunemann

et al. (2006) estimated that a wheat (Triticum
aestivum L.)–pasture rotation accumulated

~2 kg P ha�1 year�1 as organic P in soil, whereas

there was zero accumulation of organic P in soil

under continuous cropping rotations.

4.3 Improving P Fertilizer
Recommendations and
Management

In plant, P is essential and performs a number of

physiological functions related to energy

transformations. P is a part of many cell
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constituents and plays a major role in several key

physiological processes that include photosyn-

thesis, respiration, energy storage and transfer,

cell division, and cell enlargement. An adequate

amount of P is required for the early root estab-

lishment and growth. Crop P requirement varies

depending on the type of crops grown. It is nec-

essary to adopt soil test-based P fertilizer recom-

mendation as the nutrient supplying capacity of

the soil varies. Producers may adjust/alter this

amount depending on fertilizer costs, yield

goals, management intensity, or different

expectations in soil P levels (e.g., sufficiency,

or maintenance, or buildup). The P fertilization

amount is important for improving the PUE. The

amount of P fertilization at any one time should

be selected in such a way that it matches with P

uptake in the harvested crop when the soil tests

result in a critical soil P level. Eutrophication is a

major and common problem worldwide, caused

mostly by the overuse of P and N fertilizers

(Tirado and Allsopp 2012). Proper management

of P fertilizer applications is essential in order to

optimize crop yield and protect water quality.

Various management practices that increase P

availability include banding (band placement

method), increasing organic matter through

manure applications, conservation tillage

practices, and applying fertilizers as close as

possible to meet the peak crop uptake.

McDonald et al. (2011) compared P imbalances

across all regions globally and reported that about

29 % of the global cropland area had overall P

deficits, whereas 71 % of the cropland area had

overall P surpluses. They also mentioned that the

present P fertilizer use may be contributing to soil

P accumulation in some rapidly developing areas

together with relatively low PUE although devel-

oping countries, on an average, had P deficits

during the mid-twentieth century (Bennett

et al. 2001; MacDonald et al. 2011). Cakmak

(2002) reported that yields on about 67 % of the

global farmland are limited by insufficient soil P

levels. Therefore, most producers apply P in their

farms in the form ofmanures, composts, biosolids,

or mineral fertilizers, just alone to compensate

for the P that is exported to the final produce

(Schroder et al. 2011).

4.4 Improving Timing and
Placement Methods of P
Fertilizer

P fertilizer should be applied at the time of the

maximum P uptake by the crop. Banding or deep

placement of P near the expanding root system of

the crop row is recommended over broadcast

applications (Schroder et al. 2011). This is

because P banding essentially saturates the soil

with P in a small localized area, which provides

plant roots an easy access of the P readily avail-

able after the initial P–soil reactions take place.

In contrast, P will come in contact with much

more surface area of soil when P is applied

through broadcast method, which will ultimately

lead to high levels of P sorption and low levels of

available P. Havlin et al. (2011) recommended

that the recovery of fertilizer P can be signifi-

cantly improved by placing fertilizer with the

seed or in a band close to it, especially in the

year of application.

4.5 Soil Moisture and P Availability

Moisture content of the soil influences the effec-

tiveness and rate of availability of applied

P. Soils at field capacity dissolve about

50–80 % of P fertilizer within 24 h compared

with 20–50 % for soils at 2–4 % moisture within

the same time (Havlin et al. 2011). The response

to granular phosphates of high water solubility is

greater under wet conditions compared with that

from powdered materials. However, powdered

materials provide better results under dry

conditions (Havlin et al. 2011).

There is an increase in available P after

flooding in most soils. This is largely due to the

conversion of Fe3+–P minerals to more soluble

Fe2+–P minerals. Other mechanisms which are

involved for increasing the availability of P after

flooding include dissolution of occluded P,

release of P from insoluble Fe and Al

compounds, some dissolution of Ca phosphates

at higher CO2 levels in the soil solution, and

greater P diffusion (Havlin et al. 2011). The

66 A. Datta et al.



release of P by these processes can take several

weeks after flooding (Snyder and Slaton 2002).

There is a decrease in available P after field

draining of the flooded soils. The Fe and Al

compounds that became soluble after flooding

will react with native and applied fertilizer P to

form insoluble P compounds as soils started dry-

ing after field draining. They rapidly adsorb sol-

uble phosphates, and the availability of P will

decrease (Snyder and Slaton 2002).

4.6 Development of More Efficient
Crop Genotypes for P
Acquisition and Use

P is one of the most limiting factors for crop

production as it is the least mobile and least

available mineral nutrient to plant under most

soil conditions. Generally, soil and fertilizer P

are easily bound by either soil organic matter or

chemicals, making it unavailable to plants unless

hydrolyzed to release Pi (Akthar et al. 2008).

Therefore, successful P management can be

obtained by breeding crop varieties that can

grow and yield better under low P supply (Shen

et al. 2011; Wang et al. 2010). These cultivars or

genotypes will be more efficient in P acquisition

and use.

The crop P efficiency can be defined as the

ability to produce biomass or yield under certain

available P supply conditions (Wissuwa

et al. 2009). Improving the efficiency of P fertil-

izer use for crop growth requires enhanced P

acquisition by plants from the soil (PAE) and

enhanced use of P in processes that lead to faster

growth and greater allocation of biomass to the

harvestable parts (internal PUE) (Veneklaas

et al. 2012). Therefore, it is important to focus

on different mechanisms of crop plants that help

improve their P acquisition and utilization effi-

ciency. Plants are divided into monocot and dicot

members where their root systems are distinct

and very diverse. Their root architecture differs

quite significantly; however, the main adaptive

root traits correlated with enhanced P acquisition

are common among all vascular plant species for

enhancing P acquisition (Niu et al. 2013;

Ramaekers et al. 2010). P is a relatively immo-

bile and the least available element in the soil.

Therefore, the foremost strategy used by plants

for the greatest P acquisition comprises of maxi-

mal and continued soil exploration through pro-

liferation and extension of all root types (Lynch

and Ho 2005). The greater preference for P

acquisition is for metabolically efficient roots

that can obtain P from the soil actively.

Genotypic differences affect the ability of

plants to absorb P (Schroder et al. 2011). Geno-

type differs in its response to limiting Pi avail-

ability in terms of its allocation of assimilates to

either aboveground parts or roots, extension rates

of root growth, branching of root systems, lateral

root formation, or distribution of a given root

length through the soil profile (Abel et al. 2002;

De Willigen and Van Noordwijk 1987; Gaxiola

et al. 2011). PUE of crops is governed by the

uptake efficiency and the utilization inside the

plant once the P is taken up (Schroder

et al. 2011). For example, studies with the

model plant Arabidopsis thaliana have shown

that plants grown in low Pi develop root systems

with higher numbers of lateral roots and larger

root hairs (Lopez-Bucio et al. 2002, 2003). In

addition to morphological shifts in the roots, P

deficiency also results in the change of the phys-

iological and cellular traits of the roots (Gaxiola

et al. 2011). Yan et al. (2002) demonstrated that

white lupine (Lupinus albus L.), a plant with a

very efficient Pi scavenging capacity, upregulates

the abundance and activity of the P-ATPase

enzyme as a response to limiting Pi.

Breeding crop cultivars or genotypes more effi-

cient for P acquisition and use is one of the impor-

tant strategies for successful P management (Shen

et al. 2011). Researchers from China have

identified crop varieties for high PUE by utilizing

traditional plant breeding programs. An example

of such an efficient genotype was the soybean

variety “BX10” that produced superior root traits

enabling better adaptation to low-P soils (Yan

et al. 2006). Some important root genetic traits

have been identified that have the potential to

utilize in breeding P-efficient crops, including
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root exudates, root hair traits, topsoil foraging

through basal, or adventitious rooting (Gahoonia

and Nielsen 2004).

Conclusion

P is an essential macronutrient for all living

organisms. P plays a vital role in different

physiological processes of plants including

photosynthetic regulation, energy conserva-

tion, and carbon metabolism (Abel

et al. 2002). Plants absorb orthophosphate

(Pi) either as H2PO4
� or HPO4

2� depending

on pH of the soil. The amounts of H2PO4
� and

HPO4
2� are similar in soil at pH 7.2; however,

the uptake of H2PO4
� is much faster in plants

than HPO4
2� uptake (Gaxiola et al. 2011).

The Pi concentration of average agricultural

soil solution is about 0.05 ppm, but this con-

centration varies widely among soils (Havlin

et al. 2011). The deficiency of Pi is critical in

highly weathered soils of tropics and subtrop-

ics, as well as calcareous/alkaline soils of the

Mediterranean basin (Hinsinger 2001). Pi can

be adsorbed or precipitated by Ca salts or Fe

and Al oxide complexes. These processes

greatly reduce the availability of Pi as it

becomes trapped in minerals (Holford 1997).

Suboptimal levels of Pi result in crop yield

losses, although the severity and economical

relevance of the losses vary from crop to crop

(Gaxiola et al. 2011).

There is an increasing concern about the

sustainability of P in agricultural production

systems. This is due to shortage of inorganic P

fertilizer resources and environmental effects

of agricultural P use beyond the field in the

form of eutrophication that is caused by runoff

from fertilized fields (Gaxiola et al. 2011;

Wang et al. 2010). It is important to note

that the availability of P in the soils of many

developing countries such as India, Spain,

Australia, etc., is at a critical low point

(Gahoonia and Nielsen 2004). A greater

understanding of P dynamics in the soil/rhizo-

sphere/plant continuum is of utmost impor-

tance as it can provide a significant basis for

optimizing P management to improve PUE in

crop production (Shen et al. 2011). It will be

challenging to obtain greater insight on the

mechanisms and regulation of P acquisition

and internal utilization efficiency. The

research thrust should be directed toward the

improvement of P efficiency that often

features more to PAE under limited P supply

and to PUE under high-P conditions (Wang

et al. 2010). Therefore, the perfect breeding

approach should take into account the

improvement of both P acquisition and P uti-

lization efficiency in the given species under

different P supply conditions in various soil

types (Wang et al. 2010). It is important to

establish an integrated P management strategy

that involves manipulation of soil and rhizo-

sphere processes, development of P-efficient

crops, and improving P recycling efficiency in

the future (Shen et al. 2011).
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Efficiency of Soil and Fertilizer Phosphorus
Use in Time: A Comparison Between
Recovered Struvite, FePO4-Sludge,
Digestate, Animal Manure, and Synthetic
Fertilizer

Céline Vaneeckhaute, Joery Janda, Erik Meers,
and F.M.G. Tack

Abstract

The aim of this study was to evaluate the phosphorus use efficiency (PUE)

based on the plant reaction and changes in soil P bioavailability status in

time by land application of recovered bio-based fertilizers, including

struvite, FePO4-sludge, digestate, and animal manure, compared to syn-

thetic triple super phosphate (TSP). First, product characteristics and P

fractionations were assessed. Then, a greenhouse experiment was set up to

evaluate plant growth and P uptake, as well as changes in P availability on

sandy soils with both high and low P status. P soil fractions were deter-

mined in extracts with water (Pw), ammonium lactate (PAl), and CaCl2
(P-PAE) and in soil solution sampled with Rhizon samplers (Prhizon).

Struvite demonstrated potential as a slow release, mixed nutrient fertilizer,

providing a high P availability in the beginning of the growing season, as

well as a stock for delayed, slow release. The addition of FePO4-sludge

was not interesting in terms of P release, but resulted in the highest PUE

regarding biomass yields. The conversion of animal manure by anaerobic

(co)digestion and subsequent soil application of digestate improved the

PUE. Finally, the additional use of Rhizon samplers is proposed for better

understanding and categorization of different inorganic and organic P

fertilizers in environmental legislation.
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Abbreviations

PAE Plant available elements, phosphorus

extracted with CaCl2
PAl Phosphorus extracted with ammonium

lactate

PE Phosphorus efficiency

Pw Phosphorus extracted with water

TSP Triple super phosphate

1 Introduction

Phosphorus (P) is an essential nutrient for the

sustainability of all life on earth (EFMA 2000).

The worldwide demand for P in agriculture is

high and still increasing due to the rising world

population, increasing meat consumption, and

the cultivation of energy crops (Godfray

et al. 2010; Syers et al. 2008). Many studies,

however, have shown that worldwide P resources

are finite on a human timescale (Elser and

Bennett 2011; Scholz and Wellmer 2013). It is

predicted that the production of high-quality

phosphate rock will reach its peak this century,

possibly as early as the next few decades, despite

growing demand for P fertilizers (Neset and

Cordell 2012). This will cause an extreme rise

in price for fossil reserve-based mineral P

fertilizers, consequently resulting in a decrease

of their agricultural use (Oskam et al. 2011). On

the other hand, importation of animal feed and

the resulting manure excesses, either or not in

combination with the (unnecessary use) of min-

eral fertilizers, have led to surplus fertilization

and P accumulation in many soils worldwide.

This has caused pollution of terrestrial and

aquatic ecosystems, hence stimulating the intro-

duction of continually more stringent fertiliza-

tion levels for P application to agricultural

fields (Kang et al. 2011; Ranatunga et al. 2013).

Also the P content in animal feed and conse-

quently in animal manure is decreasing and will

continue to decrease in the future (Schröder

et al. 2011). Because of this expected decrease

in the P supply to agricultural fields, the effective

use of soil phosphate, mineral fertilizer, and ani-

mal manure, as well as the cradle-to-cradle

recycling by P recovery from municipal, agricul-

tural, and other waste products as green, renew-

able fertilizer with high PUE, has become highly

important (Huang et al. 2012; Ma et al. 2011;

Syers et al. 2008). Pathways could be the recu-

peration of P as struvite (Hong-Duck et al. 2012),

iron phosphate sludge (Sano et al. 2012), phos-

phate ashes (Stark et al. 2006), etc. Moreover, in

P-saturated regions the extraction of P from agri-

cultural fields is relevant to export the recovered

P towards P-deficient regions and/or for indus-

trial purposes. In this way sustainable

alternatives for the use of depleting phosphate

rock can be provided.

There are several different P fertilizer types,

such as granular vs. liquid fertilizers, water solu-

ble vs. insoluble fertilizers, quick vs. slow release

fertilizers, and single vs. mixed nutrient

fertilizers (Erro et al. 2011). Their use depends

on the P status of the soil, the soil characteristics

including the P fractionation in the different soil

pools, and the P demand of the agricultural crop.

On a daily basis, a rapidly growing crop takes up

the P2O5 equivalent of about 2.5 kg ha�1. How-

ever, it is estimated that only a small proportion

(15–20 %) of the total amount of P in the plant is

directly provided by the fertilizer applied to that

crop. The remainder comes from soil reserves. It

is therefore clear that there must be adequate

reserves of readily available P in the soil (Syers

et al. 2008). The P status of European soils is

estimated by routine analysis, and for many

countries some 25 % (5–55 %) of soils test as

very low and low in readily available P. Such

soils require significantly more P to be applied

than is removed by the crop to increase soil

reserves and thus soil fertility. On the other

hand, in many countries some 40 % (15–70 %)

of soils test as high and very high in readily

available P. On such soils, when crops are

grown that have small, inefficient root systems

but a large daily intake of P at critical growth

stages, it may be necessary to apply more P. On

soils with a medium P analysis value,

applications need to sustain the P status. This

may require a small extra amount of P over and

above that removed with the harvested crop

(EFMA 2000).
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In order to evaluate the agricultural potential

and efficiency of new P fertilizers, insights in their

P release with time are thus highly important. The

performance of a fertilizer can be evaluated via

product fractionation, the plant reaction, and/or

chemical soil analysis. It can be expressed as

bioavailability indices, such as the phosphorus

use efficiency (PUE), which can be based on the

fresh weight (FW) and dry weight (DW) yield, the

growth rate (FW, DW), the P uptake (rate), and

the degree and rate in which the P status of the soil

changes, as determined by chemical methods

(Van Dam and Ehlert 2008). A fractionation of

fertilizers based on the solubility of P is, in gen-

eral, based on using solvents with different

strength and selectivity. The most important

solvents in the frame of EU legislation are, ranked

from strong to weak, mineral acid, neutral ammo-

nium citrate solution, and water (EU 2003). Fur-

thermore, soil measurements can be conducted.

The measured P content varies from actual avail-

ability to total P reserve in the soil. The analysis

can be divided in P capacity and P intensity of the

soil, based on the strength of the extraction

method. The P intensity gives an indication of

the total amount of inorganic P which is directly

available for the plant during a short period of

time, while the P capacity gives an indication of

the amount of P that may be released in the long

term (Dekker and Postma 2008).

In some European countries, e.g., the

Netherlands, fertilizer recommendations are

based on the P status of the soil, measured as

PAl and Pw number. These measures are based

on an extraction with ammonium lactate and

water, respectively (Sissingh 1971). The PAl

number is a measure of the P capacity of the

soil and is conceived to be P in the soil that can

become available for crops over a long period of

time. The Pw number is a combination of the

capacity and intensity of the soil. However, the

PAE method (plant available elements) is inter-

nationally receiving more and more attention as a

simple alternative for the many extraction

procedures that are currently used for single

nutrients. It concerns a multielement extraction

with 0.01 M CaCl2 (Houba et al. 2000). For

phosphorus (P-PAE), this extraction is believed

to give an indication of the P intensity.

A current limitation of all these methods is

that root formation, soil compaction, and miner-

alization of organic matter are not taken into

account (Ehlert et al. 2006). The use of Rhizon

soil moisture samplers (Rhizon SMS) allows to

assess the total amount of P in the soil solution,

including dissolved organic and inorganic forms

(Eijkelkamp 2003). Besides convenience,

Rhizon SMS for direct extraction of soil moisture

also overcomes disadvantages related to tradi-

tional sampling using ceramic cups such as the

exchange of (divalent) cations and phosphate

(Grossmann and Udluft 1991).

The first aim of this study was to evaluate the

phosphorus use efficiency (PUE) based on the

plant reaction and changes in soil P

bio-availability status (PAl, Pw, P-PAE) in time

by application of different bio-based fertilizers as

compared to a control and reference fossil

reserve-based mineral fertilizer, triple super

phosphate (TSP, Ca(H2PO4)2.H2O). To this end

a physicochemical characterization and P frac-

tionation of the products was conducted and a

greenhouse experiment was set up. The green

renewable fertilizers under study were struvite

(MgNH4PO4.6H2O), iron phosphate sludge

(FePO4), digestate from codigestion, and pig

manure. Two soils were involved, a nutrient-

rich sandy soil with high P status (Pw > 55;

Alterra 2012) and a nutrient-poor, P-deficient

Rheinsand (Pw < 36; Alterra 2012) to allow to

assess the available P effectively provided by the

fertilizers. A second aim was to overcome the

limitations of the current soil extraction methods

by using Rhizon SMS to determine the P delivery

to the plant in the short term. The plant under

study was maize, which has a high P demand.

Based on the findings, the potential use of the

renewable P fertilizers in agriculture is evaluated

with reference to traditional triple super phos-

phate fertilizer.

2 Material and Methods

2.1 Experimental Setup

An overview of the experimental setup can be

found in Fig. 1. At first, a physicochemical

Efficiency of Soil and Fertilizer Phosphorus Use in Time: A Comparison. . . 75



characterization and P fractionation of the

products was conducted (Sect. 2.2). Then, a

greenhouse experiment (Sect. 2.3) was set up in

order to evaluate the plant reaction and soil P

bio-availability status in time (Sect. 2.4). Based

on the obtained results, average phosphorus use

efficiencies (PUEs) were calculated for use of the

different bio-based fertilizers as compared to a

control and a reference triple super phosphate

(TSP) (Sect. 2.5).

2.2 Product Characterization
and P Fractionation

Dry weight (DW) content was determined as

residual weight after 72 h drying at 80 �C,
while organic carbon (OC) was determined

after incineration of the dry samples during 4 h

at 550 �C in a muffle furnace (Van Ranst

et al. 1999). Conductivity and pH were deter-

mined potentiometrically using a WTW-LF537

(GE) electrode and an Orion-520A pH-meter

(USA), respectively. The solid samples were

first equilibrated for 1 h in deionized water at a

5/1 liquid to dry sample ratio and subsequent

filtered (MN 640 m, Macherey–Nagel, GE).

Total N content was determined using the

Kjeldahl method, and total P was determined

using the colorimetric method of Scheel (Van

Ranst et al. 1999). Ca, Mg, and K were analyzed

using ICP-OES (Varian Vista MPX, USA) (Van

Ranst et al. 1999). Ammonium was determined

using a Kjeltec-1002 distilling unit (Gerhardt

Vapodest, GE) after addition of MgO to the

sample and subsequent titration (Van Ranst

et al. 1999). Furthermore, a P fractionation in

frame of EU regulation was conducted. The

determination of the fraction of P soluble in

water, mineral acid (mixture of saltpeter acid

and sulfuric acid), and neutral ammonium citrate

was determined as described in EU (2003).

2.3 Greenhouse Experiment

Soils used for the greenhouse experiment were a

sandy soil from Ranst, Belgium (pH ¼ 5.0,

EC ¼ 111 μS cm�1, density ¼ 1.262 kg L�1)

and laboratory-grade Rheinsand (pH ¼ 7.9,

EC ¼ 67 μS cm�1, density ¼ 1.612 kg L�1).

TSP was collected at Triferto (Ghent, Belgium),

struvite at the water treatment plant of Clarebout

Potatoes (Nieuwkerke-Heuvelland, Belgium),

and FePO4-sludge at the piggery of Innova

Manure (Ichtegem, Belgium). Animal manure

was sampled at the piggery of Ivaco (Gistel,

Belgium), and digestate was sampled at the bio-

gas plant SAP Eneco Energy (Merkem,

Belgium). The latter concerns an anaerobic

codigestion plant with an influent feed consisting

of animal manure (30 %), energy maize (30 %),

and organic-biological waste from the food

industry (40 %). The samples were collected in

polyethylene sampling bottles (5 L), stored cool

(4 �C), and transported to the laboratory for

physicochemical analysis. The data were used

to calculate the maximum allowable dosage for

the different cultivation scenarios with respect to

the Flemish Manure Decree (FMD 2011).

Fig. 1 Overview experimental setup

76 C. Vaneeckhaute et al.



Plastic containers (2 L) were filled with 1 kg

of soil, and the soil moisture solution was

brought to field capacity (23 % for sand, 19 %

for Rheinsand). After 2 days of equilibration

(March 16, 2012), an equivalent product dose

of 80 kg P2O5 ha
�1 was applied in all containers

(Table 1), which is the maximum amount for

manure application on a sandy soil in Flanders

(FMD 2011). Simultaneously, a control treat-

ment without P fertilization was set

up. Differences in N, K, Ca, and Mg application

between the different scenarios were corrected

by adding the appropriate amount of a 1 M

NH4NO3, K2SO4, MgSO4.7H2O, and

CaSO4.2H2O solution, without exceeding the

field capacity. Moreover, the Flemish fertiliza-

tion advice of 135 kg effective N ha�1, 250 kg

K2Oha
�1, 50 kg MgO ha�1, and 70 kg Ca ha�1

was respected.

Soils were homogenized and soil moisture

content was brought to field capacity with

deionized water. Each treatment was repeated

four times, resulting in a total of 48 containers

(5 amendments and 1 control, 2 soil types,

4 replications). After 4 days of equilibration

(March 21, 2012), seven energy maize seeds of

the species Atletico KWS were sown in each

container at a depth of 2 cm. The containers

were covered with a perforated plastic in order

to reduce evapotranspiration. When the plants

reached the height of the plastic, the plastics

were removed and the plants were thinned out

to five plants per container. In each container a

Rhizon SMS was inserted diagonally from the

top soil through the soil column. The

48 containers were randomly placed on a green-

house bench at � 20 �C. The plants were light-

ened with Brite-Grow bio-growing lamps (36 W)

50 cm above the plants (LUX 1500) in a

day-night cycle (6 AM till 8 PM). Daily the

soils were weighed and the soil moisture content

was brought to field capacity. After 1 week, leak-

age of soil solution was visible in two containers:

one struvite and one control treatment, both on a

sandy soil. These two containers were eliminated

from the experiment.

Homogeneous soil samples (10 g) were taken

for analysis of PAl, Pw, and P-PAE by means of

a soil auger the first 2 weeks and the last 2 weeks

of the experiment. Rhizon soil moisture extracts

were sampled weekly during the experiment and

the P concentration of the soil solution, as well as

the pH were each time analyzed. Furthermore,

the length of the plants was measured weekly.

After 5 weeks of growth, the plants were

harvested, their yield was determined, and plant

samples were taken for physicochemical analy-

sis. The soils were maintained on the greenhouse

bench and were moisturized every 2 weeks up to

field capacity. Finally, PAl, P-PAE, and Pw in

the soils were measured again after 6 months.

2.4 Plant and Soil Analysis

Dry weight (DW) biomass content was deter-

mined as residual weight after 1 week drying at

65 �C. Macronutrients (N, P, K, Ca, Mg) in the

Table 1 Product and macronutrient dosage to soil by

bio-based fertilizer application (standardized to 80 kg

P2O5 ha
−1); Differences in N, K, Ca and Mg application

were corrected by adding the appropriate amount of a 1 M

NH4NO3, K2SO4, MgSO4.7H2O and/or CaSO4.2H2O

solution

Fertilizer

type

Product

(t DWa ha−1)

Total N

(kg ha−1)

Effective N

(kg ha−1)

Total P2O5

(kg ha−1)

Total K2O

(kg ha−1)

Total Ca

(kg ha−1)

Total Mg

(kg ha−1)

OCb

(kg ha−1)

TSPc 0.19 0.09 0.06 80 0.36 26 0.40 3.0

Struvite 0.27 14 9.2 80 3.0 0.16 24 78

FePO4-

sludge

3.08 169 92 80 357 29 15 770

Pig

manure

1.51 159 112 80 112 44 21 559

Digestate 2.76 185 124 80 160 72 17 938

aDW dry weight, bOC organic carbon, cTSP triple super phosphate
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biomass were determined in the same way as

described for the products (Sect. 2.2). Soil pH

and conductivity were determined in the same

way as described for the products (Sect. 2.2).

Field capacities were determined in accordance

with CSA (2012). For the determination of Pw,

4 g of soil and 240 mL of distilled water were

mixed in a 250 mL flask, shaken for 1 h, and

filtered until colorless (EL&I 2009; Sissingh

1971). For PAl, 2.5 g of soil was mixed with

50 mL of ammonium lactate solution (pH 3.75),

shaken for 4 h, and filtered until colorless (CSA

2012). For P-PAE, 1 g of dry soil was mixed with

25 mL 0.01 M CaCl2 in a 40 mL centrifuge tube,

shaken for 1 h, centrifuged during 10 min at

4,000 t min�1, and filtered (Van Ranst

et al. 1999). Finally, the total P content in the

filtered extraction solutions as well as in the

Rhizon SMS extracts was determined by the

method of Scheel (Van Ranst et al. 1999).

3 Phosphorus Use Efficiency
(PUE)

Phosphorus use efficiencies (%) of the bio-based

fertilizers were calculated based on the plant

reaction and the soil status using the following

equation:

PUE parameterð Þbio‐fertilizer
¼ parameterbio‐fertilizer � parametercontrolð Þ

parameterreference � parametercontrolð Þ
� 100

where “bio-fertilizer” refers to the bio-based

fertilizers under study, “control” to the blank

treatment, and “reference” to the TSP treatment

and where “parameter” can refer to:

– The plant P uptake and the plant fresh and dry

weight yield: PUE(uptake), PUE(FWyield), and

PUE(DWyield). Here the PE refers to the per-

centage of phosphate in the bio-based fertilizers

that has the same effectiveness as the reference

fossil reserve-based mineral P fertilizer TSP.

– The PAl number, the Pw number, the P-PAE

number, and the P concentration in the soil

solution extracted with Rhizon SMS: PUE

(PAl), PUE(Pw), PUE(PAE), and PUE

(Prhizon). Here the PE refers to the increment

in soil P status by application of the bio-based

fertilizers as compared to the increment by

application of the reference fossil reserve-

based mineral P fertilizer TSP.

4 Statistical Analysis

Statistical analysis was conducted using SAS 9.3.

A one-way Anova procedure was used to deter-

mine the effect of fertilizer type on the different

plant and soil parameters per measurement. Fur-

thermore, a two-way Anova was used to deter-

mine significant differences of the different plant

and soil parameters in time, as well as to deter-

mine significant differences between the differ-

ent treatments over the whole experimental

period. Significance of effects was tested by use

of an F-test and post hoc pair-wise comparisons

were conducted using Tukey’s HSD test

(α ¼ 0.05). The condition of normality was

checked using the Kolmogorov Smirnov test

and QQ-plots, whereas equality of variances

was checked with the Levene test. Significant

parameter correlations were determined using

the Pearson correlation coefficient (r).

5 Results

5.1 Product Characterization
and P Fractionation

At first, it must be noticed that TSP and struvite

were dry, granular products, while the other

products were liquids. The amount of P soluble

in water was low for struvite (1.7 %) and FePO4-

sludge (4.0 %) as compared to TSP (96 %), while

the amount of P soluble in mineral acid was in

the same line as the reference (Table 2).

Digestate had approximately the same P

solubility’s in the different extraction reagents

as animal manure (79–85 %). Compared to

TSP, the P solubility of these products in water

was lower, while it was higher in mineral acid.
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The solubility of P in neutral ammonium citrate

was high for all fertilizers (91–100 %). Further-

more, the pH of TSP and FePO4-sludge was low

(2.6–4.6), while for struvite and digestate it was

alkaline (8.4–8.6). The pH of pig manure was

quasi neutral. Finally, struvite, FePO4-sludge,

digestate, and pig manure added significantly

more organic carbon to the soil as compared to

TSP.

5.2 Plant Reaction

On the sandy soil, at the harvest, all treatments

had a significantly higher FW biomass yield

( p < 0.0001), DW biomass yield ( p ¼ 0.0002),

and length ( p ¼ 0.0007) as compared to the ref-

erence TSP, while the DW content and P content

(mg kg�1 DW) of the biomass was significantly

higher ( p < 0.0001) for the TSP treatment. The

absolute P uptake (mg P) was, however, for the

TSP treatment only significantly higher

( p ¼ 0.012) as compared to the control. The

PUE(FWyield) and PUE(DWyield) on the

sandy soil were mostly negative as the yield of

the reference TSP was lower than the control

(Table 3). The best average PUE based on the

crop yield was observed for FePO4-sludge and

digestate, the latter simultaneously showing the

highest PUE(uptake).

On Rheinsand, no significant differences

( p > 0.1) were observed in the biomass length

and DW yield. The DW content was significantly

lower ( p < 0.0001) for TSP and FePO4-sludge

as compared to the control and digestate, while

FePO4-sludge had a significantly higher FW

Table 2 Product physicochemical characterization and phosphorus fractionation, n ¼ 2

Parameter TSPa Struvite FePO4-sludge Pig manure Digestate

pH 2.6 8.4 4.6 7.7 8.6

Conductivity (mS cm�1) 29 547 15 35 37

DWb (%) 100 100 2.0 � 0.0 6.2 � 0.1 9.8 � 0.0

OCc (% on DW) 1.6 � 0 29 � 0 25 � 0 38 � 1 34 � 1

P2O5 (g kg�1FWd) 430 � 5 293 � 3 0.51 � 0.02 3.3 � 0.0 2.9 � 0.0

P2O5 water (g kg�1FWd) 413 � 1 5.0 � 0.0 0.02 � 0.00 2.8 � 0.1 2.3 � 0.0

P2O5 NAC
e (g kg�1 FWd) 410 � 1 282 � 3 0.50 � 0.01 3.0 � 0.0 0.50 � 0.01

P2O5 MAf (g kg�1FWd) 398 � 1 288 � 5 0.46 � 0.00 3.2 � 0.0 0.46 � 0.00

N (g kg�1FWd) 0.49 � 0.03 52 � 2 1.1 � 0.0 6.5 � 0.0 6.6 � 0.2

NH4-N (g kg�1 FWd) 0.23 � 0.06 28 � 1 0.25 � 0.00 4.6 � 0.1 3.8 � 0.0

Effective N (g kg�1FWd) 0.31 � 0.04 34 � 1 0.59 � 0.02 4.6 � 0.1 4.4 � 0.1

K2O (g kg�1 FWd) 1.9 � 0.3 11 � 0 2.3 � 0.1 4.6 � 0.4 5.7 � 0.10

Effective N / P2O5 / K2O 0.00072/1/0.0044 0.12/1/0.038 1.1/1/4.5 1.4/1/1.4 1.5/1/2.0

Ca (g kg�1 FWd) 138 � 1 0.58 � 0.00 0.19 � 0.00 1.8 � 0.0 2.6 � 0.0

Mg (g kg�1 FWd) 2.1 � 0.0 87 � 1 0.10 � 0.00 0.90 � 0.00 0.60 � 0.00

aTSP triple super phosphate, bDW dry weight, cOC organic carbon, dFW fresh weight, eNAC neutral ammonium citrate,
fMA mineral acid

Table 3 Average phosphorus use efficiency (PUE) based on the plant reaction in time (%) for the different bio-based

fertilizers; PUE(control) ¼ 0 %; PUE(TSP) ¼ 100 %

PUE (%)

PUE(FWyield) PUE(FWyield) PUE(DWyield) PUE(DWyield) PUE(uptake) PUE(uptake)

Sand Rheinsand Sand Rheinsand Sand Rheinsand

Struvite �21a 75 10a 67 22 42

FePO4-sludge �68a 159 �16a 233 16 3.3

Animal manure �46a �8.9 �8.5a �67b 37 80

Digestate �67a �45b �90a �100b 80 63

aTSP < control; bbio-fertilizer < control
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yield than the control, pig manure, and digestate

( p ¼ 0.003). The use of TSP, pig manure, and

digestate resulted in a significantly higher

( p < 0.0001) P content (g kg�1 DW) and abso-

lute P uptake (mg P) as compared to the control

and FePO4-sludge. Also, the plant P uptake for

the struvite treatment was significantly lower as

compared to the reference TSP. In terms of effi-

ciency, the PUE(FWyield) and PUE(DWyield)

were the highest for FePO4-sludge; however, its

PUE(uptake) was the lowest (Table 3). The PUE

(uptake) for animal manure and digestate were

the highest, yet their PUE(FWyield) and PUE

(DWyield) were negative as the yields were

slightly lower than the control.

5.3 Soil Bio-availability Analysis

5.3.1 Chemical Extractions: P-PAE, PAl,
and Pw Number

At first, it must be remarked that P-PAE and Pw

could only be detected on the sandy soil, as the

values on Rheinsand were lower than the detec-

tion limits of the spectrophotometer

(0.66 mg P L�1), as well as the continuous flow

analyzer (0.05 mg P L�1). Over the whole exper-

imental period, the average P-PAE (mg P kg�1

soil) was significantly higher ( p < 0.0001) for

TSP as compared to the other treatments and the

control, as well as for struvite compared to the

control, digestate, and FePO4-sludge. The effect

of FePO4-sludge on the P-PAE number was in

average significantly lower ( p < 0.0001) than

that of all other treatments. The two-way Anova

for P-PAE indicated a significant ( p < 0.0001)

decrease for all treatments from weeks 2 to 4 and

weeks 4 to 5. After 6 months, no more significant

differences were observed between the

treatments ( p ¼ 0.15).

Over the whole period of time, the average Pw

(mg P2O5 L�1 soil) for TSP, digestate, and

struvite was significantly higher ( p < 0.0001)

than for the control and FePO4-sludge. There

was a significant decrease ( p ¼ 0.0021) in

week 2 for all treatments as compared to the

other weeks. After 6 months, the control had a

significantly higher Pw number than struvite, pig

manure, and FePO4-sludge ( p ¼ 0.0069). Over-

all, the average PAl (mg P2O5 100 g�1 soil) for

TSP was significantly higher ( p < 0.0001) than

for the other treatments. On Rheinsand, PAl for

TSP was over the whole experimental period

significantly higher ( p ¼ 0.030) as compared to

FePO4-sludge, but not to the control. Both on

sand and Rheinsand, no significant changes in

the weekly average PAl ( p > 0.1) were found.

Also after 6 months the PAl number was not

significantly different for the different treatments

( p > 0.05).

In terms of efficiency, on the sandy soil all

fertilizers had a lower PUE(PAE) and PUE(PAl)

than the reference TSP during the whole experi-

mental period (Table 4). Struvite had the highest

PUE(PAE), while the P-PAE number for FePO4-

sludge was even lower than the control. The PUE

(Pw) increased in time for struvite and digestate,

compared to the reference TSP. For FePO4-

sludge, it was negative and decreasing.

5.3.2 Rhizon Soil Solution Extracts:
Prhizon

On the sandy soil, the average P2O5 content

(mg L�1) over time in the soil solution measured

with Rhizon SMS was significantly higher

( p < 0.0001) for pig manure as compared to

struvite, the control, and FePO4-sludge. The lat-

est showed significantly lower values

( p < 0.0001) than the other treatments and the

control. The average values in week 1 were sig-

nificantly higher ( p < 0.0001) than in weeks

3, 4, and 5, as well as in week 2 compared to

week 4. On Rheinsand, no detectable amount of

P2O5 in the soil solution was found for the con-

trol, while for FePO4-sludge it was only detect-

able during the first 2 weeks. For the other

treatments, a significant decrease ( p < 0.0001)

in P2O5 concentration over time was observed.

The values were significantly higher

( p ¼ 0.0002) for pig manure as compared to

struvite and FePO4-sludge, as well as for TSP

compared to struvite. On sand, the average pH

over time was significantly lower ( p < 0.0001)

for animal manure as compared to all other

treatments, as well as for TSP compared to

struvite, FePO4-sludge, the control, and
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digestate. The latest showed a significantly

higher ( p < 0.0001) average pH than the other

treatments, both on sand and Rheinsand. More-

over, there was a strongly significant

( p < 0.0001) decrease in pH from weeks 3 to

4 for all treatments.

In terms of efficiency (Table 3), the PUE

(Prhizon) was very high for pig manure on both

sand and Rheinsand. On sand, the curve for

struvite showed a similar pattern as for pig

manure up to week 3. However, on Rheinsand

the values for struvite were always lower as

compared to the reference and pig manure.

6 Discussion

6.1 Evaluation of Biomass Yield
and P Uptake in Time

The use of digestate, pig manure, FePO4-sludge,

and struvite on an acidic sandy soil with high P

status (Pw control > 55) resulted in higher bio-

mass yields and lengths as compared to fossil

reserve-based mineral fertilizer TSP. The lower

yield and length found for TSP fertilization can

be explained by the fact that most of the P was

water soluble (96 %) and therefore partly cap-

tured by Al and Fe hydroxides in the soil (Van

Dam and Ehlert 2008). It should be remarked that

if in practice the amount of water soluble P

applied is higher than the crop demand on soils

low in Fe and Al, the excess supply will cause a

high risk of leaching in the field (Kang

et al. 2011; Yang et al. 2012). On Rheinsand,

which had a low P level (Pw control < 36), the

application of FePO4-sludge resulted in similar

FW biomass yields as compared to TSP, while

the P uptake was significantly lower. This was

likely due to the better implantation of roots in

the soil and enhanced growth of mycorrhizal

mycelia by poor P availability (Nieminen

et al. 2011). The use of pig manure and digestate

resulted in a plant P uptake comparable to TSP

on a P-deficient soil, indicating that the absolute

fertilizer effect in terms of direct available P was

similar.

6.2 Evaluation of Soil P Status
in Time

The P solubility in water of struvite was much

lower as compared to the reference TSP, whereas

the solubility in mineral acid was relatively high,

indicating that struvite has slow-release

properties. This is in line with the slow-release

properties of this product for NH4-N found in

literature (Hong-Duck et al. 2012) and with the

bioavailability curve for Prhizon on P-deficient

Rheinsand. In spite of this, struvite demonstrated

a relatively high efficiency in terms of direct

available P on the P-rich sandy soil, which was

also confirmed by the significant correlation

between the PAE for struvite and TSP on the

sandy soil (r ¼ 0.625, p ¼ 0.030). The high

PUE(PAE) and PUE(Prhizon) may be attributed

to the higher amount of NH4-N relative to P2O5

in struvite (Table 3). The uptake of NH4
+ by the

roots and the nitrification of NH4
+ into NO3

� are

acidifying processes, which can increase soil P

mobilization and uptake in the rhizosphere

(Diwani et al. 2007). Indeed, during the first

3 weeks of growth, the pH in the soil solution

was the lowest, while the amount of direct avail-

able P was the highest. Other potential reasons

Table 4 Average phosphorus use efficiency (PUE) based on soil analysis in time (%) for the different bio-based

fertilizers; PUE(control) ¼ 0 %; PUE(TSP) ¼ 100 %

PUE (%)

PUE(PAE) PUE(Pw) PUE(PAl) PUE(PAl) PUE(Prhizon) PUE(Prhizon)

Sand Sand Sand Rheinsand Sand Rheinsand

Struvite 57 374 1.6 �94b 145 60

FePO4-sludge �41a �46a 23 �606b �131a 3.2

Animal manure 21 24 34 �215b 130 114

Digestate 14 212 �3.0a 453b 71 81

aBio-fertilizer < control; bno significant difference with the control because of high standard error
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are the presence of Mg in struvite (Hong-Duck

et al. 2012) and/or its high salt content (Hartzell

et al. 2010). At the end of the growing season,

PUE(PAl) increased, indicating that struvite

addition increased the P reserve in the soil for

release in the longer term. This phenomenon was

also reflected in the high significant correlation

between the PAl number on the sandy soil for

struvite and FePO4-sludge (r ¼ 0.86,

p < 0.0001).

FePO4-sludge was clearly not interesting for

use as starter fertilizer for crop growth, as it had

a very low P solubility in water. In agreement to

Nieminen et al. (2011), the solubility in neutral

ammonium citrate was 100 %. Accordingly, the

efficiency of this compound to supply direct avail-

able P was low. On the other hand, the P capacity

over time was slightly increasing, indicating that

the addition of FePO4-sludge increased the

amount of P that can be released in the longer

term. Although the product’s ability to fixate P is

not interesting regarding the imminent depletion

of P reserves (Scholz and Wellmer 2013), there is

a high interest to use FePO4-sludge for forestry on

drained peat- and wetlands in order to reduce P

leaching and increase P adsorption (Nieminen

et al. 2011). Nevertheless, Nieminen et al. (2011)

have reported that a long study period will be

required because of the slow development of

active root/mycorrhiza associations that may be

necessary for significant P release and because the

duration of the growth response after P fertiliza-

tion may be over 30 years.

The efficiency of digestate in supplying direct

available P was slightly increasing during the

greenhouse experiment, indicating that P from

digestate was released more slowly than from

the reference TSP. The product had, though

lower than TSP, a relatively high P solubility in

water, while the solubility in mineral acid was

100 %. The PUE(Pw) was therefore high. Pig

manure released immediate available P some-

what faster than digestate, as the PUE was higher

after 1 week, but equal after 4 weeks. In addition,

its P solubility in water was slightly higher as

compared to digestate, while the solubility in

mineral acid was slightly lower. This is in line

with the observed bioavailability indices: P-PAE

and Prhizon were higher for pig manure than for

digestate, whereas Pw was slightly lower. All

these results correspond to literature data and

indicate that anaerobic (co)digestion of animal

manure reduces the fraction of immediate inor-

ganic plant available P in the soil solution,

whereas it increases the fraction of easily avail-

able soil phosphate that can be released in the

short term (Möller and Müller 2012). This would

be caused by the enhanced formation and precip-

itation of calcium phosphate, magnesium phos-

phate, and/or struvite by mineralization of N, P,

and Mg in combination with a substantial

increase of the manure pH (Möller and Müller

2012). In this perspective, it should also be

noticed that the bioavailability curve for direct

available P (P-PAE) was highly significant and

well correlated for struvite and digestate

(r ¼ 0.90, p < 0.0001), as well as the pH in the

soil solution (r ¼ 0.85, p < 0.0001). The con-

version of animal manure by anaerobic (co)diges-

tion and the subsequent use of digestate on

agricultural fields may thus offer a solution to

control water soluble P in soils, meanwhile sup-

plying sufficient P to support plant growth.

Another interesting remark is that the P inten-

sity of the soil measured as P-PAE was lower for

digestate and pig manure than for TSP, while

Prhizon was relatively higher, especially for pig

manure. It is likely that this extra amount of

soluble P for the organic fertilizers, digestate

and pig manure is attributed to the release of

organic P2O5 in the soil solution (Roboredo

et al. 2012), which cannot be measured with the

PAE method. Indeed, the P-PAE number was

significantly correlated for struvite and TSP

(r ¼ 0.63, p < 0.0001), but no significant corre-

lation was found between P-PAE for the other

products. On the other hand, the correlations of P

in the soil solution on Rheinsand between TSP

and pig manure (r ¼ 0.76, p < 0.0001) and TSP

and digestate (r ¼ 0.73, p < 0.0001) were sig-

nificant, although only a weak correlation was

found between TSP and struvite (r ¼ 0.59;

p ¼ 0.01). Nevertheless, Huang et al. (2012)

emphasized that this organic water soluble P in

soils also plays a role in plant P utilization. As

PUE(Prhizon) was much higher for pig manure
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than for TSP, both on sand and Rheinsand, and

since pig manure is a liquid fertilizer, application

of this product might cause a higher risk of

leaching in the field. Furthermore, as also the

yield and the P uptake on sand were much higher

for digestate than for pig manure, treating animal

manure by anaerobic (co)digestion before appli-

cation to the field, and meanwhile producing

renewable energy, appears as an interesting

option from an environmental point of view.

Finally, an interesting point is that all

bio-based fertilizers, especially digestate, added

significantly more organic carbon to the soil

compared to TSP (Table 1). Application of

these products could therefore also contribute to

the struggle against organic carbon depletion in

many agricultural soils worldwide.

6.3 Practical Implications

In the wastewater and manure treatment industry,

Fe salts are often used for P removal. However,

results indicate that the production of FePO4-

sludge for fertilizer use is not very interesting in

terms of P release for crop growth, unless it can

be used on drained soils. In the transition

from nutrient removal to nutrient recovery, alter-

native P recovery techniques are therefore

recommended, such as anaerobic digestion

and/or struvite production. There is evidence

that these recovered bio-based products can be

used as a sustainable substitute for synthetic P

fertilizers in agriculture. However, marketing of

these green renewable fertilizers will also depend

on the economic viability of the nutrient recovery

technique in question and the economic compet-

itiveness of the products as compared to fossil

reserve-based mineral fertilizers. Another impor-

tant bottleneck is that all derivatives produced

from animal manure are currently still categorized

as animal manure in (European) environmental

legislation and can therefore not or only spar-

ingly be returned to agricultural land. The need

exists for greater differentiation between soil,

crop, and fertilizer types in the advice given on

P fertilizer requirements. For this purpose, a

combination of the soil chemical P status and

the fertilizer properties, as well as the P demand

of the agricultural crop, is recommended.

Regarding the aim to reduce P leaching and run-

off, the most important parameter will be the

measurement of direct available P. As the

P-PAE method does not take the release of solu-

ble organic P into account, the measurement with

Rhizon SMS appears to be an interesting com-

plementary method. Hence, a combination of

these two methods for direct available P is pro-

posed for better categorization of different inor-

ganic and organic P fertilizers in EU legislation.

Conclusions

Results indicate clearly that there are

perspectives for reuse of recovered bio-based

products as renewable P fertilizers in agricul-

ture. Struvite can be used as a slow-release,

mixed-nutrient fertilizer, indirectly providing

a high P availability for the plant in the begin-

ning of the growing season, as well as a stock

for delayed, slow release. The addition of

FePO4-sludge as starter fertilizer was not inter-

esting in terms of P release. Application of this

product, however, resulted in the highest effi-

ciency regarding biomass yields. Furthermore,

the sustainable use of P from animal manure

could be improved by anaerobic (co)digestion

in order to create digestate for application to

the field. As added benefits, negative environ-

mental impacts of untreated animal manure are

avoided, renewable energy is produced, and

important amounts of organic carbon are

added to the soil. Finally, based on all results,

the additional use of Rhizon soil moisture

samplers for determination of direct available

P is proposed for better understanding and

categorization of different inorganic and

organic P fertilizers in environmental legisla-

tion. This may attribute to an improved differ-

entiation between soil, crop, and fertilizer types

in the advice given on P fertilizer requirements,

thereby moving towards a more efficient and

sustainable use of P in agriculture.

Efficiency of Soil and Fertilizer Phosphorus Use in Time: A Comparison. . . 83



Acknowledgements This work has been funded by the

European Commission under the InterregIVb Project

Arbor (accelerating renewable energies through valoriza-

tion of biogenic organic raw material) and by the Envi-

ronmental and Energy Technology Innovation Platform

(MIP) under the project Nutricycle.

References

Alterra (2012) Classification of phosphate categories.

Report no. BO-12.12-002-006, Alterra, Wageningen

UR

CSA (2012) Compendium for sampling and analysis for

the implementation of the waste and soil remediation

decree. Flemish Ministerial Order of 18.01.2012 (Jan

18, 2012)

Dekker PHM, Postma R (2008) Verhoging efficiëntie
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Strategies for Enhancing Zinc Efficiency
in Crop Plants

P.C. Srivastava, Deepa Rawat, S.P. Pachauri,
and Manoj Shrivastava

Abstract

Zinc is an essential micronutrient for both plants and animals. Zinc

deficiency, widely recorded in many parts of the globe, not only leads to

poor yield levels but also causes reduction in the quality of produce and

malnutrition in animals and humans. Higher Zn efficiency in crops could

be achieved by adopting suitable measures like proper soil and fertilizer

management, efficient use of traditional/modified new Zn sources at

appropriate time using proper method of application, an appropriate

rhizosphere management for harnessing the potential of microbial

relationships with host crops, and development of Zn-efficient crop

genotypes. In the present chapter, an attempt has been made to encompass

each of these options. Wide genotypic variations in Zn efficiency exist in

many crops, and a better understanding of the mechanism of Zn tolerance/

efficiency and Zn enrichment in edible plant parts of Zn-efficient

genotypes could help in identifying key traits/genes which are useful in

developing Zn-efficient crop varieties by traditional breeding or genetic

engineering methods. More concerted joint efforts of agronomist, soil

scientists, plant physiologist, and plant breeders/biotechnologists are

required for enhancing Zn efficiency in food crops.

Keywords

Absorption by roots • Biochemical utilization • Chemical fertilization •

Nutrient interactions • Rhizosphere • Zinc transporters

Zinc is an essential micronutrient for both plants

and animals. It is an integral constituent of sev-

eral important enzymes having role in anabolic

and growth processes of the plant. Its deficiency

not only leads to poor yield levels but also causes

reduction in the quality of produce. Among the

micronutrients, Zn deficiency is a widespread

micronutrient disorder affecting food production

over many countries including Australia, India,
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Turkey, and the USA (Sillanpaa 1990; Alloway

2004). Alkaline soil pH, coarse soil texture, low

soil organic carbon content, high calcareousness

in soil, and application of heavy dose of phos-

phatic fertilizers to soil are some of the factors

which adversely influence the availability of both

native and added Zn fertilizers in soil. Zinc defi-

ciency is common under both aerobic and

submerged conditions. Soil submergence reduces

the availability of Zn to rice crop due the reaction

of Zn with free sulfide (S2�) (Mikkelsen and

Shiou 1977), increase in soil pH due to gleying

process, and also owing to the formation of some

insoluble zinc compounds with Mn and Fe

hydroxides. Under the submerged soil

conditions, Zn (both native soil Zn or Zn applied

through fertilizer) is trapped into amorphous

sesquioxide precipitates or franklinite

(ZnFe2O4) (Sajwan and Lindsay 1988). The cor-

rection of Zn deficiency in soils involves soil or

foliar application of Zn fertilizers. Zinc fertilizers

applied to soil are subjected to chemical transfor-

mation, depending upon the nature of Zn fertil-

izer and soil characteristics/conditions. These

chemical transformations often lead to a reduc-

tion in Zn availability with passage of time and

consequently result to poor use efficiency of

added Zn fertilizer. The necessity of enhancing

Zn efficiency in agriculture is, firstly, to achieve

twin objectives of sustainable crop production in

low-input agriculture and/or in Zn-deficient area

and, secondly, to reduce cost of cultivation as Zn

fertilizers are one of the costly inputs in

agriculture.

Since plant roots occupy only about 1 or 2 %

of the soil surface volume, therefore, the amount

and proportion of applied nutrients including Zn

that reach plant roots determine the efficiency of

uptake. Hence, the nutrient absorption efficiency

is a function of both the ability of the soil to

supply Zn+2 and the capacity of plant to absorb

Zn+2. The following approaches need to be tried

for enhancing Zn efficiency in crop production:

1. Modification of the rhizosphere environment

using soil amendments

2. Choice of Zn fertilizer sources and the

modifications in method and time of application

3. Utilization of nutrient interactions

4. Increasing the efficiency of crop plants to

absorb and utilize Zn

Each of these available options needs to be

exploited in a synchronized way to achieve higher

use efficiency of this important micronutrient.

1 Modification of the
Rhizosphere Environment
Using Soil Amendments

Soil factors such as soil texture, nature of soil

clays, organic matter content, cation exchange

capacity, soil pH, moisture, temperature, aeration,

soil compaction, and availability of other plant

nutrients in soil influence the availability, trans-

formation, and fixation (sorption) of Zn

(Srivastava and Gupta 1996). The bioavailability

of Zn in soil is controlled by adsorption-

desorption process and/or precipitation-

dissolution reactions which in turn are dependent

upon pedogenic properties of soils and soil man-

agement (Plate 1). Since the mobilization of Zn

from soil to plant root is dominantly through dif-

fusion, Barber (1976) pointed out three important

soil parameters to be responsible for governing the

rate of supply of Zn from the soil to the root:

diffusion coefficient, concentration in soil solu-

tion, and buffer capacity. The diffusion coefficient

is the most important factor, and its magnitude is

influenced by volumetric soil water content, the

tortuosity of the diffusion path, and the buffer

capacity. By increasing the water content of the

soil, the tortuosity factor is reduced, while the

cross-sectional area available for Zn diffusion is

increased to result in higher diffusion coefficient

of Zn in soil. Karaman et al. (2013) studied the

effect of different matric potentials on the

response of Zn doses and Zn uptake of five soy-

bean genotypes (A-3735, A-3127, SA-88, S-4340,

and Ilisulu-20) and reported that soil moisture

stress significantly decreased physiological

responses of soybean genotypes to Zn doses,

indicating thereby a close relationship between

soil moisture levels and Zn use efficiency as

there were significant differences among the soy-

bean genotypes in their ability to accumulate Zn.
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Calcareous and alkaline soils having higher

pH values maintain very low solubility of both

native and added Zn, and the efficiency of Zn

fertilizers on such soils is also poor. In such soils,

addition of chemical fertilizers and amendments

capable of reducing the soil pH and promoting

root growth would certainly help in the enhance-

ment of use efficiency of Zn fertilizers (Mortvedt

and Kelsoe 1988). Soil organic matter content

has an influence on the exchange capacity of

soil and helps to retain ions on the exchange

complex at much lower tenacity as compared to

soil minerals. In soils dominated by iron oxides

and oxyhydroxides and amorphous oxides of iron

and aluminum such as Ultisols and Oxisols or in

calcareous and alkaline soils, the added Zn fertil-

izer is irreversibly retained and poor use effi-

ciency of Zn fertilizers could be faced. In such

soils, the transformation of added Zn to the

chemical fractions of poor availability can be

limited by band application of Zn fertilizers to

reduce their contact with the soil and by a liberal

application of organic manures. It has been

demonstrated that the presence of humic

substances like humic and fulvic acids

pre-sorbed on goethite (α-FeOOH) decreased

Zn sorption capacity and increased the desorp-

tion of sorbed Zn (Anupama et al. 2005). In

a neutral soil, combined application of 2.5 kg

Zn + 5 t farmyard manure ha�1 to pearl millet-

wheat cropping system in alternate years gave

significantly higher Zn uptake by crops as com-

pared to application of 10 kg Zn ha�1 in alternate

years and brought about tenfold increase in the

apparent Zn fertilizer use efficiency (Chaube

et al. 2007). Similarly, application of 2.5 t press

mud compost + 5 kg Zn ha�1 to sugarcane

increased apparent recovery of applied Zn by

the sugarcane ratoon (Siddiqui et al. 2005).

Sahai et al. (2006) also evaluated the possibility

of further reducing the dose of organics using

some readily decomposable matters such as

fresh cow dung in place of farmyard manure

and observed that the application of a mixture

of 2.5 kg Zn with 200 kg of fresh cow dung

preincubated for 1 month ha�1 to rice crop in

rice-wheat rotation gave a total Zn uptake of

517 g Zn ha�1 by rice-wheat rotation which

was significantly higher than the total Zn uptake

obtained with application of 2.5 kg Zn alone ha�1

(471 g Zn ha�1); the effect was ascribed to the

complexation of Zn by organic acids formed

during the decomposition of fresh cow dung.

All these researches indicated that the addition

of organic matter to soil along with conventional

Zn fertilizer like zinc sulfate heptahydrate helps

Plate 1 Scheme of

modifications in

rhizospheric environment

to enhance Zn availability

to growing plants
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in improving efficiency of Zn applied to soil.

However, depending upon the nature of organic

manure, some insoluble organic complexes may

also form which may strongly bind with Zn and

reduce the availability of Zn to plants. Therefore,

the effect of manure on the bioavailability of Zn

depends on the characteristics of the manure and

also on the specific circumstances involved.

However, studies on the effect of manure on the

bioavailability of Zn and other micronutrients in

cereal grain from human nutrition point of view

are too rare to support a conclusion.

In acid soils, though the solubility of Zn is not

poor yet, these soils are often poor in Zn due to

overall poor status of Zn in soils as these soils are

developed over highly weathered sandy parent

materials. Liming of acidic soils decreases the

availability of Zn. The efficiency of applied Zn

may be relatively also poor mainly because of

poor root growth under toxic levels of Al and

Mn; therefore, the use of lime/organic manure in

these soils helps in reducing the toxicities and

modifying soil conditions for better root growth

and could help in achieving higher use efficiency

of applied Zn by crops grown in acidic soil.

2 Choice of Zn Fertilizers and the
Modifications in Method of
Application

Zinc sulfate (20–22 % Zn for heptahydrate form

and 35 % Zn for monohydrate form) is the most

commonly used water-soluble Zn fertilizer.

Some less soluble sources like ZnO, ZnCO3,

and Zn3(PO4)2 give better performance on acid

soils. Insoluble forms like ZnS and Zn frits can

also perform well on acidic soils, if these are

used in finally divided form. Zinc-EDTA (14 %

Zn) is manyfold costlier than ZnSO4; therefore, it

is less popular among farmers in the developing

countries. Being a chelate compound, Zn-EDTA

results relatively higher mobilization efficiency

than ZnSO4 in neutral soils (Srivastava

et al. 1999). Beside these Zn fertilizers, there

are several other organic preparations of Zn in

the literature which have been reported to give

higher use efficiency of applied Zn fertilizers

owing to lesser fixation of soluble Zn in soil.

Low-yield ammonium-based lignosulfonate Zn

complex (5 % Zn) resulted in about more than

double recovery of added Zn by beans as com-

pared to ZnSO4 (Singh et al. 1986). Kar

et al. (2007) compared some preparations of

organo-complexes of Zn like Zn-fulvate,

Zn-humate, and Zn-humate-fulvate with ZnSO4

in a glasshouse experiment with maize (Zea mays

L.) and reported that the near-optimum concen-

tration of Zn in maize tissue (�30 mg Zn kg�1

dry matter) could be attained at 10 mg Zn as

ZnSO4, 5.0 mg Zn as Zn-humate, 2.5 mg Zn as

Zn-humate-fulvate, and 1.0 mg Zn as Zn-fulvate

kg�1 soil (Fig. 1). Srivastava et al. (2008) studied

the kinetics of desorption, transformation, and

availability of Zn applied to soil through 65Zn-

tagged zinc-enriched bio-sludge from distillery

molasses (ZEMB) or as zinc sulfate heptahydrate

(ZSH) to rice crop and subsequently grown

wheat. These workers demonstrated that the

desorption rate coefficient (K) and desorbed

amount of Zn were significantly higher with

ZEMB than with ZSH. The ZEMB maintained

relatively higher proportion of applied Zn in

available forms as compared to ZSH as the for-

mer Zn source had major proportion of water-

soluble Zn (85.78 % of total water-soluble Zn) in

association with the dissolved organic matter

which allowed a faster diffusion of Zn to the

plant roots. The ZEMB source also maintained
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Fig. 1 Effect of Zn oragano-complexes and ZnSO4

levels on Zn concentration in maize plants (35 days after

sowing) (Adopted from Kar et al. 2007)
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relatively higher proportion of applied Zn into

such chemical fractions of Zn in soil which were

likely to release Zn for utilization by plants as

compared to ZSH (Fig. 2). The effect could be

ascribed to the presence of soluble organic matter

in the ZEMB having good complexation or che-

lation ability to maintain a high content of solu-

ble Zn in the soil solution and suppressing the

hydrolysis of Zn+2 so as to discourage the strong

sorption of Zn+2 by soil constituents. In compari-

son to conventional zinc sulfate fertilizer (ZSH),

the use of ZEMB increased the utilization of

applied fertilizer Zn by rice and subsequent

wheat crops (Table 1). In the follow-up 2 years

field experiments with rice-wheat rotation,

Srivastava et al. (2009) noted that the apparent

Zn utilization efficiency of ZEMB at 5.00 kg Zn

ha�1 dose was more than twofold higher

(7.12 %) than ZSH (3.22 %) (Fig. 3). The values

of apparent Zn utilization efficiency of ZEMB at

lower doses (1.25 and 2.50 kg Zn ha�1) were still

higher than the value observed at 5.00 kg Zn ha�1

dose. These findings indicate that Zn applied as

organo-complex to soil remains available to

crops for a longer period of time than conven-

tional inorganic Zn fertilizer like ZnSO4.

As regards the methods of soil application of

Zn fertilizers, only broadcast and band applica-

tion are common, the latter method ensures the

better utilization of applied Zn in soils of high Zn

fixation capacity (calcareous and alkaline soils),

and it can be easily practiced in wide row crops.

Foliar application of water-soluble Zn fertilizers

certainly ensures manyfold higher use efficiency

than soil application as it is directly spayed on

crop foliage and skips irreversible retention in

the soil or chemical transformation of Zn into

poorly available chemical fractions of Zn in the

soil. Investigations carried out by the authors

revealed that foliar application of Zn gave higher

apparent Zn utilization efficiency as compared to

soil application, and the magnitude of increase

varies with the crop and sensitivity of the variety

to Zn deficiency and also the level of other criti-

cal nutrients supplied to the crop (unpublished

data). However, foliar application of Zn should

not be treated as an alternative to soil application

because it is often resorted practically after the

appearance of the deficiency symptoms, a time

by which yield damages are already inflicted on

the crop.

3 Utilization of Nutrient
Interactions for Increasing Zn
Use Efficiency

The relationship among some nutrients in plant

may be additive or synergistic or antagonistic or

nonexistent. In soils of low to medium supply of a

critical nutrient, the additive or synergistic

relationships can be utilized for higher yields and

Fig. 2 Percent distribution of added Zn fertilizer among

different chemical fractions of Zn (F1 water-soluble +

Exch, F2 carbonate bound, F3 organically bound, F4
reducible, F5 residual fraction) in Zn-enriched bio-sludge
(Adopted from Srivastava et al. 2008)

Table 1 Effect of Zn fertilizer sources on percent utili-

zation of fertilizer Zn by first rice crop and subsequent

wheat plants (Srivastava et al. 2008)

Zn fertilizer sources

Percent utilization of

fertilizer Zn (%)

First rice

crop

Subsequent

wheat crop

5.00 kg Zn as

Zinc sulfate ha�1
0.162 0.184

1.25 kg Zn as ZEMBa ha�1 0.610 0.441

2.50 kg Zn as ZEMB ha�1 0.433 0.341

5.0 kg Zn as ZEMB ha�1 0.290 0.293

C.D. ( p � 0.05) 0.047 0.080

aZinc-enriched post-methanation bio-sludge from

molasses-based distillery
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acquisition of Zn by crops to enhance the use

efficiency of Zn in crop production. Some of

such synergistic relationships have been observed

in respect of N, P, K, and S. The synergistic

relationship of acid producing N fertilizers on Zn

utilization is attributed to an improvement in the

solubility of Zn in soil and promotion of plant and

root growth (Giordano 1979); however, at high

doses of ammonium fertilizers, the relationship

may turn to be antagonistic due to poor biochemi-

cal utilization of Zn (Srivastava and Gupta 1996).

In soils deficient in P supply, the application of

normal dose of phosphatic fertilizer enhances the

absorption of Zn by the crop due to better root

growth and results in improved Zn use efficiency.

In Basmati rice-wheat rotation, Srivastava

et al. (2013b) reported that an increase in P levels

up to 17.5 kg P ha�1 increased apparent utilization

efficiency of soil or foliar-applied Zn (Fig. 4).

However, a very high level of P fertilization may

adversely influence Zn efficiency due to reduction

in root surface area, absorption, and translocation

of Zn (Ali et al. 1990). The interaction of Zn and

K also influences utilization efficiency of Zn

applied to crops. Srivastava et al. (2013a) reported

that soil application of K ensured higher apparent

use efficiency of Zn especially, that of foliar-

applied Zn in rice-wheat rotation (Fig. 5). A

synergistic relationship between Zn and S has

been reported in the literature (Kumar and Singh

1980; Bowman and Olsen 1982). In mustard, S

fertilization has been reported to increase Zn flux

to crop due to increased root surface area and

solubilization of Zn in soil (Sharma et al. 1990).

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

7.12

8.05

8.09

3.22

Apparent Zn Utilization Efficiency (%)

5.0 kg Zn as ZEMB ha–1

2.50 kg Zn as ZEMB ha–1

1.25 kg Zn as ZEMB ha–1

5.00 kg Zn as ZEMB ha–1

Fig. 3 Apparent Zn

utilization efficiency (%)

for conventional zinc

sulfate heptahydrate (ZSH)

and zinc-enriched post-

methanation bio-sludge

(ZEMB) after two cycles of

rice-wheat rotation. The

numerical values in front of

bars indicate % Zn

utilization efficiency

(Adopted from Srivastava

et al. 2009)

Fig. 4 Apparent

utilization of Zn (%)

applied through soil or

foliar application of Zn by

Basmati rice-wheat

rotation at varying levels of

soil application of

phosphatic fertilizer

(Pooled data of 2 years)

(Adopted from Srivastava

et al. 2013b)
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4 Increasing the Efficiency of
Crop Plants to Absorb and
Utilize Zn

Different crop plants vary in their Zn use effi-

ciency. Fageria et al. (2008) reported that Zn

use efficiency for grain production was higher

for corn followed by rice and the minimum for

soybean. Within a crop, different cultivars of

rice (Jiang et al. 2007; Hafeez et al. 2010),

wheat (Cakmak et al. 2001), and Chinese cab-

bage (Wang et al. 2011) have been reported to

differ in their Zn efficiency. Differential Zn

utilization efficiency of crops and also among

different genotypes within a crop can be related

to the differences in the “morpho-chemo-socio-

physiological” behavior of the plant roots in a

Zn-deficient soil environment. Plant roots have

different strategies for the enhancement of Zn

absorption. These include bestowing special

features in root architecture, alterations in the

rhizosphere chemistry to effect greater solubi-

lization of Zn in the rhizosphere so as to main-

tain higher absorption rate even in Zn-deficient

soil, maintaining microbial associations in the

rhizosphere for higher Zn absorption, and phys-

iological adjustments for remobilization of Zn

and efficient metabolic utilization of Zn

(Plate 2). Each of these aspects needs to be

understood for breeding Zn-efficient genotypes

and also adopting supplementary cultural

measures to achieve higher Zn efficiency in

crop production.

4.1 Root-Induced Rhizospheric
Changes to Increase Labile Pool
of Zn

Since the solubility of Zn in soil is governed by

pH, any change in pH of the rhizosphere is likely

to alter the solubility and ultimate availability of

Zn to the growing plants. Lowering of rhizo-

spheric pH induced by plant roots is a result of

exudation of H+ due a cation-anion imbalance in

the plant body or formation of HCO3
� ions upon

dissolution of CO2 released by roots due to respi-

ration of roots or tendency of roots to exude

lowmolecular-weight organic acids in the

rhizosphere.

Proton exudation or acidification of rhizo-

sphere by plant roots has been reported to mobi-

lize Zn from soil to plant roots. In case of

lowland rice plant, acidification of the rhizo-

sphere is possible in two ways: (i) exudation of

Fig. 5 Apparent

utilization of Zn applied

through soil or foliar

application at varying

levels of soil application of

potassium fertilizer by rice-

wheat rotation (Pooled data

of 2 years) (Communicated

by Srivastava et al. 2013a)
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H+ due to imbalance of cation and anion uptake

in rice which preferentially absorbs NH4
+ and

(ii) as a result of radial oxygen loss from roots

which causes oxidation of Fe2+ to Fe+3 with

release of two protons (H+). In rice, we observed

that the roots of young seedling (20 days after

germination) of NDR359, a cultivar highly sus-

ceptible to Zn deficiency, showed proton exuda-

tion ability in Zn-deficient growing medium

(Plate 3). Proton exudation in the rhizosphere is

likely to enhance the solubility of Zn especially

in calcareous and alkaline soils; however,

whether proton exudation capacity of a genotype

can be utilized as a genetic trait for breeding

efficient genotypes still remains doubtful.

The roots of certain plants exude low-

molecular-weight organic acids (LMWOAs)

and phytochelators to solublise. Zn in the rhizo-

sphere. The exudation of several LMWOAs like

citrate (Hoffland et al. 2006) or malate (Gao

et al. 2009; Rose et al. 2011) or oxalate (Bharti

et al. 2014) by plant roots has been reported.

However, the results could not be related to Zn

efficiency of the genotypes in many instances.

Besides that the phenomenon of exudation of

LMWOAs has been also reported to be a result

of radical oxygen stress leading to root mem-

brane damage (Rose et al. 2011, 2012) rather

than as an adaptive mechanism induced under

Zn deficiency. Further, it has also been argued

that the concentration of LMWOAs reported in

root exudates (0.01–1 mM) may not be sufficient

to mobilize the required amount of Zn in the

plant rhizosphere (Gao et al. 2009; Rose

et al. 2011).

Some cereals release nonprotein amino acids

(phytosiderophores), which are capable of che-

lating micronutrients like Fe and Zn (Marschner

1995). A number of studies have reported the

release of phytosiderophores by cereal roots. In

solution culture experiment, durum genotypes of

wheat which are sensitive to Zn deficiency have

been reported to exude relatively smaller

amounts of phytosiderophores as compared to

Plate 2 Scheme of root-

induced and other plant-

induced changes to

influence Zn availability to

growing plants
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bread wheat genotypes which are tolerant of Zn

deficiency (Walter et al. 1994). Similarly, the

secretion of phytosiderophores has been noted

under Zn deficiency in wheat (Cakmak

et al. 1994) and also in barley (Suzuki

et al. 2008). However, other workers failed to

notice significant release of phytosiderophores

in those cultivars of barley (Gries et al. 1995)

and wheat (Pedler et al. 2000) which have

already been reported to release phytosidero-

phores under Zn deficiency. Deoxymugineic

acid released by cereals under Fe deficiency

(Ishimaru et al. 2011) could also help uptake of

Zn in rice genotypes tolerant to Zn deficiency

(Ptashnyk et al. 2011). It, therefore, appears that

more scientific evidences are still required to

prove the utility of deoxymugineic acid as a

genetic character in Zn-efficient genotypes of

cereals.

Zuo and Zhang (2009) reviewed the potential

role of intercropping of dicot plants with cereals

for Fe and Zn biofortification and opined that

intercropping could be a practical, effective,

and sustainable practice in developing countries

for enhancing Zn efficiency. In a field experi-

ment conducted on a low Zn soil in Turkey,

Gunes et al. (2007) observed higher concentra-

tion of Zn in both wheat and chickpea under

intercropping system than in the monocropped

system. Similarly, in Chinese peanut/maize

intercropping, the excretion of phytosidero-

phores by maize into the rhizosphere played an

important role in improving Fe and Zn nutrition

of the peanut crop (Zuo and Zhang 2008).

4.2 Role of Rhizospheric
Microorganisms in Enhancing Zn
Acquisition

The microorganisms in the rhizosphere play an

important role in governing Zn uptake of plants

and Zn efficiency (Plate 4). Rengel (1997)

observed that Zn deficiency increased the num-

bers of fluorescent pseudomonads in the rhizo-

sphere of all wheat genotypes tested, and the

effect was particularly more pronounced in

genotypes tolerant of Zn deficiency. These

reports hint at some significant relation between

microbial communities in rhizosphere of differ-

ent genotypes and their tolerance to Zn stress.

The effect might be a reaction to the altered root

exudation pattern under Zn deficiency. However,

whether these changes actively contribute to the

acquisition of Zn or passively appear in response

to direct tolerance mechanisms of efficient

genotypes has to be investigated further. In labo-

ratory and glasshouse conditions, many rhizo-

spheric microorganisms have been reported to

stimulate acquisition of Zn by plants (Tariq

et al. 2007). The effect could be attributed

directly to the production of plant hormones

such as indole acetic acid (IAA), gibberellic

acid (GA) and cytokinin, phosphate solubili-

zation, Zn solubilization, and nitrogen fixation

and indirectly to plant growth promotion through

suppression of soilborne or foliar pathogens.

Vaid et al. (2013) examined three bacterial

strains, namely, Burkholderia sp. strain SG1

(BC), Acinetobacter sp. strain SG2 (AX), and

Acinetobacter sp. strain SG3 (AB), isolated

from the rhizosphere of rice plant growing in a

Zn-deficient Typic Hapludoll for gluconic acid

production, Zn solubilization, and IAA

Plate 3 Proton exudation under Zn stress by young

(20 days after germination) seedling of rice

(cv. NDR359; a variety; susceptible to Zn deficiency).

The symbols –Zn and +Zn indicate no Zn (0.00 mg Zn

l�1) and the presence of Zn (0.05 mg Zn l�1) in agar

medium mixed with bromothymol blue; the initial pH of

the medium was adjusted to 7.0 in both –Zn and +Zn

treatments before transfer of the seedling. A change

from green to yellow color in Zn-deficient medium and

relatively high intensity of yellow color near the surface

of roots can be seen under –Zn treatment
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production in vitro cultures. These workers noted

that among the three bacterial isolates, the

highest gluconic acid production (25.9 mM)

after 48 h of inoculation, Zn solubilization, and

IAA production (5.79 mg L�1) was recorded

with Acinetobacter sp. and these effects were

relatively lower for the other two strains. In a

follow-up greenhouse study, the effect of seed

inoculation with these strains alone or in combi-

nation was evaluated on yields, and total Zn

uptake by two wheat varieties (VL 804, sensitive

to Zn deficiency, and WH 1021, tolerant to Zn

deficiency) and the highest grain yield was noted

with inoculation of AX + AB in WH 1021 and

with BC + AX in VL804. These inoculations

also increased total Zn uptake significantly over

the control (no Zn application).

In nature, mycorrhizal plants are known to

take up higher amount of Zn and other nutrients

like P and Cu as compared to their

non-mycorrhizal counterparts. The beneficial

effect of mycorrhizal fungi on Zn uptake of

host plants has been reported in pigeon pea

(Wellings et al. 1991), wheat (Ryan and Angus

2003), and tomato (Cavagnaro et al. 2010).

Mycorrhization brings changes in the root

architecture, and the extramatricular hyphae are

likely to extend the effective zone of root explo-

ration further (Kothari et al. 1991). Sharma and

Srivastava (1991) demonstrated that vesicular-

arbuscular mycorrhizal fungi (AMF) (Glomus

macrocarpum) inoculation of green gram

increased the mobilization of Zn through diffu-

sion process. Cavagnaro (2008) concluded that

the improvements in the Zn nutrition of plants

colonized by AMF could be attributed to direct

uptake of Zn by AMF and/or indirect effects due

to alteration in morphological and physiological

characteristics of roots. Mycorrhizal inoculation

as a tool to improve Zn efficiency of plants holds

much promise for vegetable and horticultural

crops which can be easily inoculated in the nurs-

ery. However, as genetic differences in Zn effi-

ciency are independent of mycorrhizal

associations, the role of mycorrhizae in

governing Zn efficiency of a genotype remains

doubtful.

Despite these claims, the effectiveness of

rhizospheric microorganisms under field condi-

tion has yet to be proved. However, there lies a

possibility that a better understanding of micro-

bial dynamics in the rhizosphere of different

Plate 4 Scheme of

changes induced by

microorganisms to enhance

Zn availability to growing

plants
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genotypes of varying Zn deficiency tolerance

might lead to further exploration of opportunities

for enhancing the root acquisition of Zn in future.

4.3 Role of Root Architecture in
Enhancing Zn Acquisition

Since the dominant process of Zn mobilization to

the plant roots is a diffusion-controlled process,

therefore, root architecture is likely to play an

important role in Zn uptake. Dong et al. (1995)

opined that root architecture has profound influ-

ence on Zn efficiency of plants. Thinner roots

with higher surface area explore the soil more

thoroughly and may increase the availability of

Zn and also of other nutrients (Rengel and

Graham 1995). In dryland cereals like wheat

and barley, the formation of root hairs and the

ability to produce longer and finer roots has also

been linked to enhanced Zn uptake (Dong et al.

1995; Genc et al. 2007). Hoffland et al. (2006)

observed that the higher number of rice plants

per hill showed an improvement in Zn nutrition

of crop. The observed effect could be a result of

increased localized concentrations of root

exudates for affecting Zn solubilization and

higher chances of efficient capture of solubilized

Zn diffused in the vicinity of intertwined roots.

Ptashnyk et al. (2011) noted that root length

density in rice was the most important parameter

to govern the uptake of Zn solubilized and che-

lated by the deoxymugineic acid. In nutrient

uptake modeling of rice crop, Kirk (2003)

envisaged that rice roots having a coarse aeren-

chymous primary root along with numerous fine,

short lateral roots are likely to offer the optimum

combination to meet the twin requirements of

root aeration and nutrient uptake. It has been

also observed that rice cultivars tolerant to Zn

deficiency maintained higher number of crown

roots as compared to cultivars sensitive to Zn

deficiency (Widodo et al. 2010). The difference

in crown root emergence among different rice

genotypes can be detected as early as 3 days

after transplanting, and therefore, this trait

could be an independent character responsible

for tolerance mechanism rather than being an

adaptive trait. This trait is being targeted in

breeding for enhanced tolerance to Zn

deficiency.

4.4 Role of Zn Transporters to
Increase Zn Uptake Efficiency

Zinc ions diffuse in the free space of cell wall,

and their further passage across the plasma mem-

brane occur through ion transport proteins.

Besides that, an alternative mechanism involving

uptake of Zn-phytosiderophore complex (Zn-PS)

has also been recorded in cereals (Kochian 1993;

von Wiren et al. 1996). In cereals, both high-

velocity, low-affinity system operational at

higher concentrations of Zn and a low velocity,

high affinity system functional at low concen-

trations of Zn are observed (Hacisalihoglu

et al. 2001; Hacisalihoglu 2002). The ZIP family

transporters are known to facilitate entry of Zn

into the root cells. These ZIP transporter genes

are reported to be upregulated under Zn defi-

ciency stress (Ishimaru et al. 2011). However, a

conclusive evidence proving greater expression

of particular Zn transporters in roots of

Zn-efficient genotypes is still warranted (Bowen

1987; Hacisalihoglu et al. 2001).

Zinc retranslocation from old parts to the

young parts of shoot has been also suggested as

a possible mechanism affecting zinc efficiency in

common bean (Hacisalihoglu et al. 2004), wheat

(Torun et al. 2000), and rice (Hajiboland

et al. 2001). Zinc efficient barley genotype has

been reported to remobilize greater amounts of

Zn from vegetative to reproductive tissues as

compared to a Zn-inefficient genotype (Genc

and McDonald 2004). Gao et al. (2005)

correlated Zn efficiency significantly

(P < 0.05) with Zn uptake (R2 ¼ 0.34), Zn

translocation from root to shoot (R2 ¼ 0.19),

and shoot Zn concentration (R2 ¼ 0.27), and

these workers could explain only 53 % of varia-

tion in zinc efficiency calculated on the basis of

Zn uptake and Zn translocation to the shoots.

Similarly, a large unexplained variation in Zn

efficiency has been reported in wheat (Cakmak

et al. 2001). Holloway et al. (2010) also showed
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that wheat variety “Gatcher” produced 47 %

more dry weight of tops and double root length

density at maturity as compared to “Excalibur.”

However, “Excalibur” variety was found to be

much more efficient in Zn uptake by roots and

sevenfold more efficient than “Gatcher” in

partitioning Zn to grain production.

4.5 Efficient Biochemical Utilization
of Zn

The unexplained variation in Zn efficiency

among different genotypes might also be related

to differences in biochemical Zn utilization and

Zn retranslocation from older into younger

tissues in shoots (Hacisalihoglu and Kochian

2003). Zinc is an essential component of some

antioxidant and homeostatic enzymes (Broadley

et al. 2007). Zinc efficiency was found to be

positively correlated with the activity of the

Zn-requiring enzyme like carbonic anhydrase in

rice (Rengel 1995) and Cu/Zn superoxide

dismutase (SOD) in wheat (Cakmak et al. 1997;

Hacisalihoglu et al. 2003) and black gram

(Pandey et al. 2002). These findings suggest

that Zn-efficient genotypes may be able to main-

tain a normal functioning of these enzymes under

low Zn conditions. These works provide some

circumstantial evidence in support of efficient

biochemical utilization of Zn in efficient crop

genotypes as compared to inefficient genotypes.

On the molecular level, it can be interpreted as

higher expression of genes responsible for these

enzymes. It is also expected that alterations in the

Zn-dependent regulation of the expression of

these key Zn-requiring enzymes might have a

role in Zn efficiency of crop plants.

Besides these enzymes, there are a number of

proteins which bind to Zn and are likely to play

some role in Zn homeostasis and trafficking.

Some of these proteins also appear to be respon-

sible in the regulation of expression of genes

involved in Zn metabolism (Berg 1990). A

plant homologue of metal response element-

binding transcription factor-1 (MTF1) already

reported in mammals (Andrews 2001) could pos-

sibly regulate the transcription of MT genes and

coordinate cellular Zn homeostasis in crop

plants. There is need to elucidate further the

molecular mechanisms of these possible Zn

sensors in Zn homeostasis and efficiency in

crop plants.

Conclusion

The objective of enhancing Zn efficiency in

agriculture is to achieve sustainability in crop

production from Zn-deficient geographical

areas and to reduce the cost of cultivation as

Zn fertilizers are costly inputs in agriculture.

An enhancement in the concentration of Zn in

grains and straw of staple food crops is desir-

able for alleviating Zn malnutrition in human

and cattle population. Higher Zn efficiency in

crops could be achieved by suitably tailoring

in the various available options which include

proper soil and fertilizer management, effi-

cient use of traditional and new/modified Zn

sources at right time using appropriate method

of application, and proper rhizosphere man-

agement to harness the potential of microbial

relationships with host crops. Use of

Zn-efficient genotypes in cultivation is the

most simple and economic solution to achieve

higher Zn efficiency in agriculture. In view of

some genotypic variations which exist in

many crops, a better understanding of the

mechanism of Zn tolerance and Zn enrich-

ment in edible plant parts in Zn-efficient

genotypes could help in identifying key

traits/genes which are likely to be useful in

developing Zn-efficient crop varieties by

employing traditional breeding or genetic

engineering methods.
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Nitrification Inhibitors: Classes and Its Use
in Nitrification Management
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Abstract

The explosive expansion of human activity during the last two centuries

through industrial and agricultural pursuits has resulted in massive

changes in the nitrogen (N) cycle of the planet. Based on the projected

population growth and food demand, the N-fertilizer inputs into agricul-

tural systems need to be doubled in the near future which would lead to

further increase in the amount of N lost to the environment. If production

agriculture continues to move towards high-nitrification agricultural

systems with the expansion and intensification of agricultural activities,

there is potential for catastrophic consequences to our planet due to the

destruction of the ozone layer, global warming, and eutrophication. It is

therefore imperative to manage the nitrification in agricultural systems for

minimizing N leaks into the environment which are not only a serious

economic and energy drain on society but also potentially have long-term

ecological and environmental consequences. Currently, more than 60 %

of the total N applied to agricultural systems is lost, amounting to an

annual economic loss equivalent to US$17 billion worldwide. Wide

substrate range of ammonia monooxygenase (AMO), an important

enzyme involved in nitrification, has enabled a range of chemicals or

chemical formulations that can be effectively deployed as additives to N

fertilizers to regulate nitrification. These chemicals by augmenting the

efficiency of N-fertilizer use help us to achieve higher food production for

catering the ever increasing population and minimize fertilizer-related

pollution of the environment. This paper overviews N transformations in

agricultural systems and the salient agrochemicals employed for manage-

ment of nitrification, the most important transformation, in particular.
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1 Introduction

Nitrogen (N) is vital for life. It is an essential

element for plant growth and reproduction and is

one of the most widely distributed elements in

nature, with atmosphere as the main reservoir. Of

the total naturally available N, 99.96 % is present

in the atmosphere. Biosphere contains only

0.005 % out of the remaining 0.04 %. In spite

of being present in small proportion in living

beings, N is most often the restrictive nutrient

for crop production since only a fraction of atmo-

spheric nitrogen is made available to the plants

through biological nitrogen fixation. However,

the use of chemical nitrogenous fertilizers has

resulted in significant increase in crop yields.

These fertilizers are one of the key contributors

in improving agricultural productivity globally.

Ammonium-based fertilizers including urea

are the widely used N source for field crops.

However, fertilizer N is not an unmixed blessing

as the commonly used nitrogenous fertilizers,

especially urea, suffer from low nitrogen use

efficiency (NUE) and contribute towards envi-

ronmental pollution and health hazards. World-

wide, the NUE for cereal production (wheat,

corn, rice, barley, sorghum, millet, oat, rye etc.)

is approximately 33 %. The global annual eco-

nomic loss due to low NUE is about US$17

billion (Subbarao et al. 2006; Raun and Johnson

1999; Prasad 1998).

The soil accounts for a small fraction of the

lithospheric N. It is, however, the main source of

plant-available N. Out of the total soil N, only a

small portion is available to plants as ammonium

and/or nitrate. Although the majority of plants

are capable of using both ammonium-N and

nitrate-N, the latter is the predominant form

utilized by the plants under arable/terrestrial

conditions. This is primarily because of compul-

sion rather than preference due to rapid

conversion of most of the ammonium-N to nitrate

under favorable conditions. Consequently,

ammonium-N is available to the plants only for

a limited period of time. Plant roots encounter

mainly nitrate-N as source of N in the soil.

Nitrification is a key process in managed agri-

cultural ecosystems because the conversion of

ammonium to nitrate can lead to substantial loss

of agricultural N by leaching and/or denitrifica-

tion. The fertilizer N loss is of concern because

of economic reasons and associated environmen-

tal and health hazards. Some of the hazards of

excessive use of nitrogenous fertilizers include:

(1) “blue baby” syndrome (methemoglobinemia)

in infants and ruminants due to nitrate and nitrite

in waters and food; (2) gastric cancer, goiter,

birth defects, and heart diseases due to nitrites

and nitrosamines; (3) respiratory illness due to

nitrate, nitrite, and nitric acid in aerosols;

(4) eutrophication due to N in surface waters;

(5) accumulation of various oxides of nitrogen

in the atmosphere contributing to ozone layer

destruction, global warming, and acid rain;

(6) plant toxicity due to high levels of nitrite

and ammonium in soils; and (7) excessive plant

growth due to more available N. Therefore, con-

certed efforts have been and are being made for

improving the use efficiency of N fertilizer and

plant N uptake (Prasad 1998; Prasad and Power

1995; Azam and Farooq 2003).

Multidisciplinary approaches followed to

increase N use efficiency include: (a) breeding

crop varieties with higher fertilizer use effi-

ciency; (b) improved agronomic practices;

(c) use of controlled or slow-release fertilizers,

urease, and nitrification inhibitors; and

(d) supplementation/ integration of fertilizer N

with organic manures. These approaches have

helped to alleviate the problems arising as a

result of fertilizer N use. Fertilizer management

through improved formulations, mode and time
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of application and placement, etc., has also been

found helpful to mitigate some of the problems.

Likewise, a large variety of chemicals have been

tested as potent inhibitors of specific N transfor-

mation process including urea hydrolysis and

nitrification. These inhibitors improved the fer-

tilizer N use efficiency along with significant

reduction in losses due to ammonia volatiliza-

tion, denitrification, and nitrate leaching. Nitrifi-

cation inhibition could lead to: (1) increased

rhizospheric microbial activities, (2) enhanced

mineralization of native soil N, (3) increased

fertilizer N use efficiency, and (4) greater photo-

synthate partitioning to the rhizosphere, thus

enriching the soil with organic matter. It is

important, therefore, to develop an understand-

ing of the nitrification process, factors affecting

nitrification, methods to regulate the process, and

its implications to ecosystem functioning

(Abalos et al. 2014).

2 The Nitrification Process

Nitrification has been defined as the oxidation of

any reduced nitrogen form (organic or inorganic)

to nitrate. The microorganisms carry out this

oxidation process. Being the only link between

reduced and oxidized nitrogen compounds, the

nitrification process is of major importance for

the nitrogen cycle in aquatic and terrestrial

environments. In soils, the nitrification process

oxidizes the immobile ammonium to nitrate, a

mobile ion.

The biological oxidation of ammonia to

nitrate is a two-step process mediated by autotro-

phic bacteria. It is first oxidized to nitrite and

then to nitrate, as follows:

NH3 þ O2 ! NO2
� þ 3Hþ þ 2e�

NO2
� þ H2O ! NO3

� þ 2Hþ þ 2e�

The source of ammonium-N could be soil

organic matter (mineralization by soil micro-

organisms) and/or chemical fertilizers. In the

case of soil, organic N is used by the ammonifiers,

while chemical fertilizers contain either ammo-

nium as such or its precursors.

The oxidation of reduced organic or inorganic

nitrogen to nitrate mediated by heterotrophic

organisms has been named heterotrophic nitrifi-

cation, whereas the oxidation of reduced inor-

ganic nitrogen to nitrate by autotrophic

organisms is called autotrophic nitrification.

Several genera and species of ammonium and

nitrite-oxidizing heterotrophs including fungi

(Aspergillus flavus, Neurospora crassa, Penicil-
lium sp.), actinomycetes (Streptomycetes sp.,

Nocardia sp.), and bacteria (Arthrobacter sp.,

Azotobacter sp., Pseudomonas fluorescens,
Aerobacter aerogenes, Bacillus megaterium,

Proteus sp.) have been reported (Koops

et al. 1991; Purkhold et al. 2000; Regan

et al. 2002). However, autotrophic nitrifiers are

the main organisms responsible for most of the

nitrification. Ammonium-oxidizing autotrophs

include Nitrosomonas, Nitrosolobus, and

Nitrosospira. These organisms have been

isolated from a variety of soil environments

with ubiquitous distribution. Nitrite produced

by the ammonium-oxidizing autotrophs is rap-

idly oxidized to nitrate by Nitrobacter species

(Hovanec and Delong 1996).

All nitrifiers are obligate aerobes and hence

a restricted nitrification under waterlogged

or aquatic environments can be observed. In addi-

tion, these microorganisms, especially Nitrobacter,

are fairly sensitive to acidic pH. As a result nitrifi-

cation is inhibited in climax ecosystems like forest

soils with thick layer of leaf litter and zones of

acidic pH. The process of nitrification itself may

lead to lowering of pH of the medium due to

release of H+ as shown in the equation above.

As stated earlier, the autotrophic bacteria

mostly carry out the nitrification process. These

utilize reduced inorganic nitrogen as energy

source and carbon dioxide as carbon source.

Hence, this nitrification process may more

correctly be called chemolithoautotrophic nitrifi-

cation. The substrate for the enzyme ammonia

monooxygenase (AMO) involved in the first

part of the chemolithoautotrophic nitrification

process is ammonia (Norton and Stark 2011)

rather than ammonium but an acidity-dependent

equilibrium always exists between ammonia and
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ammonium. It is mediated by two distinct groups

of bacteria, ammonia-oxidizing bacteria (AOB),

and nitrite-oxidizing bacteria. Both groups are

dominated by autotrophic metabolism; however,

some nitrite oxidizers may also use organic

compounds as carbon sources (mixotrophs)

(Norton and Stark 2011).

3 Chemolithoautotrophic
Ammonia-Oxidizing Bacteria
(AOB)

The AOB carry out a specific environmental

function of oxidation of ammonia to nitrite. All

AOB that have been isolated and characterized

are gram-negative, obligate aerobic, and obligate

chemolithoautotrophs. Together with the nitrite-

oxidizing bacteria, they make up the family

Nitrobacteraceae. Five different genera for

AOB, namely, Nitrosomonas, Nitrosospira,

Nitrosococcus, Nitrosolobus, and Nitrosovibrio

were defined on the basis of classical morpholog-

ical characteristics (Tomiyama et al. 2001). Most

AOB described belong to the ß-Proteobacteria
(ß-AOB), but a few marine isolates of

Nitrosococcus, not known from soil, belong to

the γ-Proteobacteria (γ-AOB). Recent research
based on sequences of 16S rDNA suggests that

the ß-AOB can be divided into only two major

phylogenetic lineages, the Nitrosospira and the

Nitrosomonas. New results showed similar, but

not identical, evolutionary relationships of

ß-AOB when using the 16S rRNA gene or a

functional gene (amo-A) as marker genes for

phylogenetic analysis (Purkhold et al. 2000).

Hence, except for a few marine Nitrosococcus
strains, all known AOB are of monophyletic

origin. The high correlation between function

and phylogeny is rather unique for AOB when

compared to other functional groups of

microorganisms in soil, e.g., denitrifiers (Bothe

et al. 2000).

Two key enzymes mediate the ammonia oxi-

dation in AOB – ammonia monooxygenase

(AMO) and hydroxylamine oxidoreductase

(HAO) – and both are codependent because

they generate substrate and electrons, respec-

tively, for each other (Bothe et al. 2000).

Oxidation of Ammonia to Hydroxylamine

(AMO)

NH3 þ O2 þ 2Hþ þ 2e� ! NH2OHþ H2O

Oxidation of Hydroxylamine to Nitrite

(HAO)

NH2OHþ H2O ! NO2
� þ 5Hþ þ 4e�

The AMO enzyme consists of three subunits

with different sizes (Bothe et al. 2000) –

AMO-A, AMO-B, and AMO-C – and mainly

the gene (amo-A) encoding the A subunit which

carry the active site of AMO has been

investigated (Purkhold et al. 2000). The AMO

enzyme may catalyze co-oxidation of a broad

range of substrates (McCarty 1999). Hence, this

enzyme has been in focus when exploiting the

role of AOB in bioremediation (Duddleston

et al. 2000). Many similarities between AMO of

AOB and particulate methane monooxygenase

(pMMO) found in methane-oxidizing bacteria

have been reported (Bedard and Knowles 1989)

and the similarity of nucleotide sequences

encoding the enzymes indicate a common evolu-

tionary origin (Holmes et al. 1995).

4 Nitrification Inhibition or
Regulation

Nitrification being one of the key N cycle pro-

cesses under most arable situations on land, a

need to inhibit nitrification in order to maintain

the economy of agroecosystems has been always

felt as discussed below.

Groundwater Pollution Uncontrolled and

excessive nitrification may lead to groundwater

contamination with nitrate and nitrite as well as

increased concentration of the later in eatables,

especially vegetables leading to human health

hazards. Nitrate itself is not a threat, while nitrite

is definitely a potential health hazard and that

too when found in places at a wrong time.
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Consumption of water and vegetables containing

excessive amounts of nitrate may lead to

the production of nitrite in the stomach and the

later becomes particularly dangerous for the

babies. Methemoglobinemia (blue baby syn-

drome) may occur in 1-year old babies taking

diet with too much nitrate. Methemoglobinemia

is the condition in the blood which causes infant

cyanosis or blue baby syndrome. Methemoglobin

is probably formed in the intestinal tract of an

infant when bacteria convert the nitrate ion to

nitrite ion. One nitrite molecule then reacts with

two molecules of hemoglobin to form methemo-

globin. In acid mediums, such as the stomach, the

reaction occurs quite rapidly. This altered form

of blood protein prevents the blood cells from

absorbing oxygen which leads to slow suffoca-

tion of the infant which may lead to death.

Because of the oxygen deprivation, the infant

will often take on a blue or purple tinge in the

lips and extremities, hence the name, blue baby

syndrome. Other signs of infant methemoglobi-

nemia are gastrointestinal disturbances, such as

vomiting and diarrhea; relative absence of dis-

tress when severely cyanotic but irritable when

mildly cyanotic; and chocolate-brown-colored

blood. Stomach and gastrointestinal cancer has

also been associated with the concentration of

nitrate in potable water. Again, it is nitrite that

reacts with amines to form N-nitroso compounds,

which are reported to cause stomach cancer.

Such an illness may result from consumption of

vegetables containing high concentrations of

nitrate originating from soil or irrigation water.

In water bodies, however, nitrate and other

forms of N may encourage the growth of algae

and subsequently the bacteria leading to exhaus-

tion of molecular oxygen, thereby affecting

animal life. Indeed, whole ecological balance of

water bodies may change due to the so-called

eutrophication.

Nitrous Oxide Production Nitrous oxide is

produced naturally in soils through the microbial

processes of nitrification and denitrification.

Since 1750, the global atmospheric

concentrations of nitrous oxide have risen by

approximately 18 % and are continuing to do so

at 0.25 % per annum. This increase is attributed

mainly to biospheric processes. Flood irrigation

leads to rapid nitrification and denitrification

resulting in considerable amounts of atmospheric

nitrous oxide emission, which may amount to

35–45 % of the applied N. On the global level,

>65 % of the atmospheric nitrous oxide comes

from the soil, which is twice the amount pro-

duced by burning fossil fuels and four times the

amount evolved from the oceans. Being a green-

house gas, nitrous oxide contributes substantially

to the destruction of stratospheric ozone (Azam

and Farooq 2003). N2O is approximately

300 times more powerful than CO2 at trapping

heat in the atmosphere.

Nitrification and denitrification are the main

contributors (Azam et al. 2002) to atmospheric

nitrous oxide. However, since the two processes

occur simultaneously, it is difficult to ascertain

the real contribution of either to the observed

nitrous oxide fluxes. Nevertheless, nitrification

is reported to make a substantial contribution to

the nitrous oxide emission under aerobic

conditions. Higher nitrous oxide emissions are

often reported from fertilized than unfertilized

soils, rates of emission being greatest following

application of ammonium or ammonium-

forming fertilizers (Azam et al. 2002). In several

studies, using isotope methodology and nitrifica-

tion inhibitors, this increase is attributed to losses

of N2O occurring during the process of nitrifica-

tion (Abbasi and Adams 2000). Estimates of the

amount of N2O resulting from nitrification are

variable but generally account for <1 % of the

fertilizer N applied. In the case of anhydrous

NH3, however, the losses may increase to

6–7 %. In most studies, the onset of N2O emis-

sion is observed very early during the incubation,

while nitrification continues for extended periods

of time. Williams et al. (1998) reported active

nitrification 7–12 days after application of

ammonium nitrate, while a flush of N2O emis-

sion from soil was observed around day

1, followed by a decline. These researches

(Abbasi and Adams 2000; Azam et al. 2002;

Williams et al. 1998) showed very low molar
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ratios of NO to N2O and suggested that denitrifi-

cation was the dominant process involved in N2O

emission.

Contribution of nitrification to nitrous oxide

emissions may be high under the semiarid

agroclimatic conditions and with the use of urea

as major N fertilizer. Urea is rapidly hydrolyzed

followed by a quick nitrification of the resultant

ammonium especially under relatively warmer

conditions. Thus, nitrification not only

contributes to nitrous oxide emissions, but the

process of denitrification is fairly well supported

by sustained availability of nitrate. In most soils,

formation and emissions of nitrous oxide to the

atmosphere are enhanced by an increase in avail-

able mineral N through increased rates of nitrifi-

cation and denitrification. Therefore, addition of

N in organic or inorganic compounds eventually

leads to enhanced N2O emissions.

Nitrification Inhibition and Ecosystem
Functioning Nitrification inhibition and conse-

quent accumulation of ammonium would lead to:

(1) increased microbial activities including

biological nitrogen fixation, (2) greater photo-

synthate partitioning to the rhizosphere,

(3) enhanced mineralization of native soil N,

and (4) increased efficiency of fertilizer N use

by plants.

Ammonium is preferred over nitrate as a

source of N by microorganisms. As not all

organisms possess nitrate reductase to enable

them to assimilate nitrate, while almost all of

them will be able to assimilate ammonium, so

this preference is consequential rather than the

reason. In addition, assimilation of nitrate is

more energy intensive than ammonium. Hence,

sufficient easily oxidizable C will be required for

efficient assimilation of nitrate. Studies involving

the use of glucose as a C source indeed reveal

similar assimilation of both ammonium and

nitrate by the soil microorganisms. Nevertheless,

the presence of ammonium leads to an enhance-

ment in microbial activities in terms of respira-

tory response. In experiments aimed at studying

the mineralization of native soil N, ammonium-N

is reported to have a significantly higher effect as

compared to nitrate-N. This so-called “priming”

effect or added nitrogen interaction has been

found to increase with the amount of applied

N. An indirect effect of chemical fertilizers as

well as green manures is their positive influence

on the mineralization and plant availability of N

from the soil organic reserves.

Most of the plants utilize both the ammonium-

and nitrate-N with varied preference for one form

over another. However, ammonium as an exclu-

sive source of N may cause growth inhibition in

many species, particularly in those grown under

arable conditions (Marschner 1999). Under these

conditions, nitrification is generally quite rapid

and hence deleterious effects of ammonium are

avoided. Under saline conditions also, ammo-

nium increases the sensitivity of plants whereas

nitrate has been reported to moderate the nega-

tive effects of salinity (Khan et al. 1994). How-

ever, the plants are bound to face higher

concentrations of ammonium under saline

conditions because of the inhibitory effects of

salts on the process of nitrification. Therefore,

nitrification inhibition would be a blessing for

arable plants grown on normal agricultural

soils, whereas it may be an added problem for

those grown on salt-affected lands. Several stud-

ies indeed show a positive effect of nitrification

inhibitors on plant growth and N use efficiency4

by decreasing the loss of N through denitrifica-

tion and nitrate leaching and conservation of the

applied N through enhanced immobilization.

The form of N plays a significant role in

affecting root growth, rhizodeposition, and the

concomitant changes in different rhizospheric

microbial functions including root-induced N

mineralization. In wheat and maize, root growth

may be restricted in ammonium compared to

nitrate-fed plants and may be attributed to an

increased root respiration, greater allocation of

photosynthates to nitrogenous than structural

component, and increased export of carbon

(probably as amino acids) from root to shoot

than that occurring under nitrate nutrition
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(Azam and Farooq 2003). In addition, ammo-

nium nutrition leads to a higher rhizodeposition,

thereby enlarging the below-ground sink for

photosynthates, most probably at the expense of

plant tops thereby reducing the biomass yield.

However, increase in rhizodeposition due to

increased/sustained availability of ammonium

may also prove beneficial to plants in terms of

increased microbial activities, especially the

mineralization of native soil N. In laboratory

experiments, a significant increase in the miner-

alization of soil N has been observed5 following

addition of easily oxidizable C.

It has also been suggested above that mineral-

ization of N from soil organic matter is more

intense in the presence of ammonium than nitrate.

Jenkinson et al. 1985 attributed this to “pool

substitution” whereby the native N stands proxy

for the applied N giving the impression of

enhanced mineralization of the latter. The fact

remains, however, that applied N (especially

ammonium) leads to an increase in the availabil-

ity of soil N. Inhibition of nitrification may there-

fore lead to a higher mineralization of native soil

N thereby augmenting N supplies to plants. In

addition, microorganisms responsible for the syn-

thesis of aggregation-adhesion macromolecules

may be encouraged by higher availability of car-

bonaceous materials in the rhizosphere. This will

result in better soil structure as well as improved

moisture-holding capacity of the soil at the root

surface. The latter may help the plants withstand

drought stress at least temporarily. Thus, in spite

of the negative effects of ammonium, inhibition

of nitrification may still exert beneficial effects on

plant growth. The negative effects can be over-

come to a significant extent by developing plant

types more efficient in using ammonium, the

so-called ammoniphilic plants. Plants like rice

and sugarcane growing under high soil moisture

conditions can be considered as ammoniphilic

plants. Efforts are needed to engineer arable

crops (like wheat) for improved tolerance to

ammonium while employing nitrification

inhibitors.

Another aspect worth consideration is the sus-

ceptibility of nitrate to leaching beyond the

effective root zone after being converted to cal-

cium nitrate {Ca (NO3)2} in the presence of ionic

calcium (Ca). Hence, in calcareous soils the

conditions are quite conducive to this mode of

nitrate escape especially following organic

amendment that helps in the release of Ca. The

leaching is more pronounced in clayey soils at

near neutral pH as negative charge on the clays

repels nitrate, thereby facilitating the process of

leaching. Hence, not only the use efficiency of

nitrate will remain low under these conditions

but also N economy of the system will be nega-

tively affected.

5 Management Practices to
Reduce or Regulate
Nitrification

Various approaches have been suggested to

improve the use efficiency of nitrogenous

fertilizers. These include the improved agronomic

practices, use of coatings, chemical additives, and

the various chemical and physical modifications.

Improved Agronomic Practices Split applica-

tion, placement, foliar application, fertigation,

etc. are some of the agronomic techniques by

which NUE of nitrogenous fertilizers can be

increased (Raun and Johnson 1999).

Controlled or Slow-Release Fertilizers By

using specific fertilizer formulations to release

N in synchrony with plant requirement, it should

be possible to provide sufficient N in a single

application to satisfy the plant’s need, yet main-

tain low concentrations of mineral N in the soil

throughout the growing season. If this could be

done, losses would be small because of the lim-

ited amount of N in the substrate.

Several slow-release forms of N (Shaviv and

Mikkelsen 1993) have been suggested. These

include:
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• Coated fertilizers: Soluble urea is coated with

an insoluble, slowly permeable but generally

biodegradable material to achieve controlled/

delayed release of urea-N. Several organic

and inorganic coating materials such as sulfur,

gypsum, lac, latexes, polyolefins, resins,

plastics, polyurethanes, rock phosphates, etc.

have been attempted using three types of coat-

ing processes, namely, rolling bed, falling

curtain, and fluidized bed.

• Complex organic N compounds with rela-

tively less solubility in water than urea: This

group of compounds consisting of urea-

formaldehyde complexes (38 % N), oxamide

(30 % N), isobutylidenediurea (IBDU, 30 %

N), urea-Z (35 % N), etc., are only slightly

soluble in water. The rate of nitrogen release

from these compounds depends upon water

solubility, microbiological action, and chemi-

cal hydrolysis.

• Urea supergranules (USG): The USG

consisting of 1–2 discrete urea particles is

not so efficient, but its proper deep placement

(1 USG for 4 hills at 7–10 cm soil depth with

the hole at the placement site closed) makes it

efficient.

Many of these fertilizer formulations have

been utilized to grow plants in diverse

environments. The influence of slow-release

forms on levels of soil mineral N and the recov-

ery of fertilizer N have been assessed for upland

crops and lowland rice. The use of these

formulations has generally decreased the total

loss of fertilizer N.

5.1 Use of Inhibitors

Fertilizer use efficiency could be greatly

increased if the hydrolysis of urea to ammonium

by soil urease could be retarded by the use of

urease inhibitors or if nitrate accumulation dur-

ing the cropping phase could be regulated by

nitrification inhibitors.

Urease Inhibitors These reduce the hydrolysis

of urea by inhibiting soil urease activity and thus

prevent rapid development of high partial pres-

sure of NH3 and high pH of floodwater in rice

fields and eventually reduce NH3 volatilization

losses. A large number of compounds have been

tested for their ability to inhibit soil urease but

most are ineffective or do not persist in soil. The

phosphoroamides, such as phenylphosphoro-

diamidate (PPD) and N-(n-butyl) thiophosphor-
ictriamide (NBPT), have shown promise for

limiting the hydrolysis of urea in laboratory and

greenhouse studies when used singly or in com-

bination. Relatively few studies have been done

on their ability to reduce NH3 volatilization and

increase grain yield in the field.

Studies using PPD and NBPT as urease

inhibitors in flooded rice fields have shown little

reduction in NH3 loss. The reasons for the failure

of PPD in flooded soils seem to be its rapid

hydrolysis under the alkaline conditions

generated in the floodwater by photosynthetic

algae and its decomposition due to the high

temperatures reached in the floodwater. The

reasons for the failure of NBPT in flooded soils

have not been completely explained, but the

results of laboratory studies with non-flooded

soils suggest that it must be converted to the

oxygen analogue to inhibit urease activity. Stud-

ies with another thiophosphorictriamide,

thiophosphoryl triamide, showed it too to be a

relatively weak inhibitor of urease activity.

Appreciable inhibition was achieved only after

it had been converted to the oxon analogue.

These studies indicate that the thiophosphoric-

triamides do not inhibit urease activity, but that

the phosphorictriamides are its potent inhibitors.

Field studies in Thailand show that the activ-

ity of PPD can be prolonged, and NH3 loss

markedly reduced, by controlling the floodwater

pH with the algicide terbutryn. In addition, a

mixture of NBPT and PPD in the presence of

terbutryn was even more effective than PPD

alone. It appears that during the time when the
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PPD was effective, NBPT was being converted

to its oxygen analogue. This inhibited urease

activity when PPD lost its capacity to do

so. The combined urease inhibitor-algicide treat-

ment reduced ammonia loss from 10 to 0.4 kg N

ha�1 (Freney et al. 2011).

In a laboratory study, cyclohexylphosphoric-

triamide (CHPT) was found a very effective

inhibitor of urease activity and the same was

confirmed in a field experiment with flooded

rice in Thailand (Freney et al. 2011). The oxon

analogue of NBPT, N-(n-butyl) phosphoric-

triamide, was compared with CHPT. The two

markedly reduced urea hydrolysis, the CHPT

being more effective. Its addition maintained the

ammoniacal N concentration of the floodwater

below 2 g m�3 for 11 days, reduced NH3 loss

by 90 %, and increased grain yield. Application

of NBPT with urea resulted in increase in cotton

yield by 14 % and it was also recommended that

NBPT cannot be used in combination with DCD

(Kawakami et al. 2012). Whereas, in maize crop,

NBPT did not significantly increase the grain

yield and it was also concluded that effectiveness

of NBPT + DCD combination is influenced by

management practices (Sanz-Cobena et al. 2012).

Nitrification Inhibitors The nitrification

inhibitors (NIs) decrease the availability of

nitrate and consequently its vulnerability to

escape mechanisms. A lot of work has been

reported on the ways to retard/inhibit the rate of

nitrification not only to reduce fertilizer N losses

(Prasad and Power 1995) but also to prolong the

persistence of fertilizer N in ammoniacal form

(Prasad and Power 1995; McCarty 1999). Since

ammonia or ammonium-producing compounds

are the main source of fertilizer N, maintenance

of the applied N in the ammonium form should

mean that less N is lost by denitrification. One

mechanism of maintaining added N as ammo-

nium is to use a nitrification inhibitor with the

fertilizer.

Numerous substances have been tested for their

ability to inhibit nitrification (Table 1), and several

of these have been patented. Only a limited

number of chemicals are available commercially

for use in agriculture. These include 2-chloro-6-

(trichloromethyl) pyridine (nitrapyrin),

sulfathiazole, dicyandiamide, 2-amino-4-chloro-

6-methyl pyrimidine, 2-mercaptobenzothiazole,

thiourea, and 5-ethoxy-3-trichloromethyl-1,2,4-

thiadiazole (terrazole). Unfortunately, most of

these compounds have limited usefulness. For

example, the most commonly used nitrification

inhibitor, nitrapyrin, is seldom effective because

of sorption on soil colloids, hydrolysis to

6-chloropicolinic acid, and loss by volatilization.

Nitrapyrin Nitrapyrin [2-chloro-6-

(trichloromethyl)-pyridine, I] was developed by

Table 1 Some commercial and extensively tested syn-

thetic nitrification inhibitors

Nitrapyrin [2-chloro-6-(trichloromethyl)-pyridine]

2-Amino-4-chloro-6-methylpyrimidine (AM)

Dicyandiamide (DCD)

Etridiazole (5-ethoxy-3-trichloromethyl-

1,2,4–thiadiazole)

N-(2,5-dichlorophenyl succinamic acid) (DCS)

Potassium azide (KN3)

3-Amino-1,2,4 triazole (ATC)

Thiourea (TU)

MBT (2-mercaptobenzothiazole)

2-Ethynyl pyridine

MPC (3-methylpyrazole-1-carboxamide)

ST (2-sulfanilamidothiazole)

Carbon disulfide

3-Mercapto-1,2,4-triazole

Sodium diethyldithiocarbamate

Acetylene

Gaseous hydrocarbon, e.g., methane, ethane, and ethylene

Ammonium thiosulfate

Thiophosphoryl triamide

4-Mesyl benzotrichloride

4-Nitrobenzotrichloride

Guanyl thiourea

2,4-Diamino-6-trichloromethyl triazine

Potassium trithiocarbonate

Sodium thiocarbonate

2-Amino-4-methyl-6-trichloromethyltriazine (MAST)

2-Benzothiazole sulfone morpholine

3,4-Dimethylpyrazole phosphate
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Dow Chemical Company. It is marketed under the

trade name “N-Serve 24 nitrogen stabilizer”

(a.i. 240 g L�1) and “N-Serve 24E nitrogen stabi-

lizer” (a.i. 240 g L�1). The rates of application

advised by Dow Chemical Company for band and

row placement are 1.125–1.25 L ha�1 of N-Serve

24E for cotton, maize, sugar beet, sorghum, and

wheat and 4.50–6.75 L ha�1 for potatoes before or

after planting or sowing. For broadcasting, the rate

of application has to be increased considerably.

When granulated fertilizer is used, it can be

applied at 0.2–1.0 % of the amount of fertilizer

N (Kawakami et al. 2012). Because of its high

vapor pressure, nitrapyrin cannot be granulated

with solid-N fertilizer like urea without loss of

the inhibitor during processing, storing, and

handling. Nitrapyrin sometimes shows poor activ-

ity due to sorption on soil colloids, hydrolysis to

6-picolinic acid, and loss by volatilization.

AM 2-Amino-4-chloro-6-methylpyrimidine (II)

is another well-known nitrification inhibitor

developed by Toyo Kaotsu Industries Inc. (now

Mitsui Toatsu) of Japan. Pure AM is a white

crystalline substance (mp, 182 �C) and is soluble

in water but unlike nitrapyrin; it is relatively

insoluble in organic solvents. AM is less volatile

and less effective than nitrapyrin. AM is effec-

tive (Prasad and Power 1995) when applied at

5–6 kg ha�1.

Etridiazole 5-Ethoxy-3-trichloromethyl-1, 2, 4-

thiadiazole (Terrazole, Etridiazole, Dwell, III) is

an effective nitrification inhibitor developed by

Olin Corporation, Baltimore, USA. This product

is available as a wettable powder or technical

grade liquid with 35 % and 95 % a.i., respec-

tively. As a coating on ammonium sulfate and

urea, terrazole 95 % a.i. is used up to 1.5 % by

weight. The recommended rates of compound for

crops like potatoes, sugar beet, lettuce, and

onions are 0.6–1 kg ha�1 (Slangen and Kerkhoff

1984). Besides this compound, some other

thiadiazoles are also known to inhibit ammonia

oxidation. Among them 3, 4-dichloro-1, 2, -

5-thiadiazole is noteworthy.

Dicyandiamide (DCD, IV) It has been developed

both as a slow-release nitrogen source as well as

nitrification inhibitor (Slangen and Kerkhoff 1984).

In Japan, it is added to mixed fertilizer and a

product urea-form plus containing 10 % by weight

of DCD is produced. A fertilizer containing urea

and DCD in a 4: 1 ratio is commercially available

in West Germany. DCD is toxic to plants, but the

effect differs with plant species. This compound is

effective over a period of 1–3 months. When

applied at 10–15 % of applied nitrogen, it remains

active for a period of 2 months. Cost of production

of DCD is lower than the corresponding cost of

nitrapyrin and etridiazole. It has the advantage of

completely decomposing in soil to CO2 and NH4
+

over several weeks and thereby acts as a high

analysis (66.7 % N) slow-release N fertilizer.

Compounds containing ammonium sulfate and

dicyandiamide are available in granulated and

coated form from Suddeutsche Kalksticksoff-

Werke AG, Trostberg, Germany, and Sisco

Corporation, Japan, and recommended as slow-

release fertilizers. Increase in NUE of urea by

DCD in field studies on different crops has been

reported by various workers (Ma et al. 2013). In a

recent study, DCD was found highly effective in

reducing N2O emissions by 58–63 % in a dairy

pasture (Ball et al. 2012).

CMP [1-Carbamoyl-3-methylpyrazole, V] has

been found to be an effective nitrification inhibi-

tor (McCarty 1999). Under flooded conditions,

CMP affected almost total inhibition of nitrifica-

tion and prevented buildup of nitrite and nitrate

in floodwater. In pure culture studies, CMP

inhibited the growth of Nitrosomonas at

concentrations as low as 1 ppm.

ST A group of thiazoles such as sulfathiazoles

and especially 2-sulfanilamidothiazole (ST, VI)
were introduced as nitrification inhibitors by

Mitsui Toatsu Chemicals Inc., Japan. ST is

more stable than AM and can be formulated

with both acidic and basic fertilizers. It is appar-

ently more volatile than AM. ST is commercially

used in Japan on a limited scale.
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ATC Many triazoles particularly 1, 2, 4-triazoles

are reported to have nitrification inhibition activ-

ity. Among these, 4-amino-1, 2, 4- triazole

(ATC, VII) is the most potent inhibitor but not

as effective as nitrapyrin. ATC was produced

from formic acid and hydrazine by Ishihara

Industries, Japan. It completely checks nitrifica-

tion of urea for four weeks at a concentration of

5 % by weight of urea.
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Pyridines Among the various pyridines tested,

2-ethynylpyridine (VIII) and nitrapyrin (I) are the
most potent inhibitors of nitrification, but other

compounds also possess this activity. Among

those, 2-chloropyridine, 2, 6-dichloropyridine,

and 6-chloro-2-picoline significantly inhibited

ammonia oxidation in soil, whereas compounds

containing carboxylic group (6-chloropicolinic

acid) had little effect (Ball et al. 2012). In a wheat

crop, chlorinated pyridine performed better than

DCD in yield enhancement and reduction in N2O

emission (McCarty and Bremner 1989).

3, 4-Dimethylpyrazole Phosphate (DMPP, IX)

It is a new nitrification inhibitor with highly

favorable toxicological and ecotoxicological

properties and shows several distinct advantages

compared to the currently used nitrification

inhibitors. Application rates of 0.5–1.5 kg ha�1

are sufficient to achieve optimal nitrification

inhibition. It can significantly reduce nitrate

leaching, without being liable to leaching itself

(Zerulla et al. 2001). Significant reduction in

N2O production was observed when DMPP was

used as NI (Menendez et al. 2012).

5.2 Indigenous Nitrification
Inhibitors

Furan Derivatives Sahrawat and Mukerjee

(1977) after observing the effect of furan ring

on nitrification inhibition screened some furano

compounds like furfural (X) and furfural alcohol

(XI) for possible effect on nitrification. Twenty

to 30 % concentrations of these compounds

matched 5 % karanjin (the major furanoflavonoid

constituent of Pongamia glabra) in nitrification

inhibition during 45–60 days. The inhibition of

nitrification decreased after 45 days, while

karanjin remained effective even after this

period. Furfural alcohol was a better inhibitor of

nitrification of ammonium sulfate than that

of urea.

Kuzvinzwa et al. (1984) tested derivatives of

furfural along with a natural furanocoumarin –

psoralen –for nitrification inhibition in laboratory

incubation studies. 5-Nitrofurfural oxime (XII),
furfural oxime (XIII), and furfural

semicarbazone (XIV) were the most effective

followed by 5-nitrofurfural semicarbazone

(XV), 50-nitro-3-chloro-2-furanilide (XVI), and

psoralen (XVII). Only 5-nitrofurfural oxime

approached nitrapyrin in effectiveness. The

nitro derivatives tended to become general

bactericides and became effective against

Nitrobacter species also, thereby causing accu-

mulation of nitrite nitrogen.

3-Chlorofurananilide and furfural oxime caused

very little accumulation of nitrite even at the

highest concentration (15 %, N-basis).

Datta et al. (2001) examined three series of

furfural derivatives, namely, N–O–furfural

oxime ethers (XVIII), furfural Schiff bases

(XIX), and furfural chalcones (XX), as possible

nitrification inhibitors in laboratory incubation

study. Furfural oxime ethers and Schiff bases

showed potential activity, but furfural chalcones

were only mildly active. N-O-Ethyl furfural

oxime among the oxime ethers and

furfurylidine-4-chloroaniline among Schiff

bases performed the best. These two compounds

showed more than 50 % nitrification on the 45th

day at 5 % dose as compared to 73 % by

nitrapyrin.

Activity of the ethers decreased with increase

in N-O-alkyl chain length and introduction of

chlorine in phenyl ring of furfurylidene anilines

increased the activity of Schiff base. Schiff bases

derived from 2, 4/2, 6-dichlorobenzaldehyde

and 2/3/4-fluoroaniline were also reported as

potent nitrification inhibitors (Aggarwal

et al. 2009).
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Acetylenic Compounds Acetylene was first

found to inhibit ammonia oxidation in pure

cultures of Nitrosomonas europaea and then

established as a potent inhibitor of nitrification

(McCarty 1999). However, because it is a gas,

there are problems in introducing it into the soil

in field and sustaining its availability during the

growing period at a concentration required to

limit nitrification. The problem has been over-

come by the use of calcium carbide coated with

layers of wax and shellac to provide a slow-

release source of acetylene. Addition of

wax-coated calcium carbide to the fertilized soil

has reduced nitrification and increased yield, or

recovery of N, in irrigated wheat, maize, cotton,

and flooded rice (Banerjee et al. 1990).

Another way of overcoming the problem of

applying gaseous acetylene is to use substituted

acetylenes such as 2-ethynylpyridine or phenyl

acetylene, which are liquids at ambient

temperatures. These two compounds have

proved as effective inhibitors in laboratory stud-

ies. The use of 2-ethynylpyridine in irrigated

cotton has resulted in greatly increased recovery

of applied N (Freney et al. 2011).

Sulfur Compounds A broad range of

S-containing compounds including thiosulfates,

thiocarbamates, xanthates, S-containing

amino acids, and several pesticides including

fungicides inhibit nitrification. Specific

compounds include: S-benzyl isothiouronium

salts (Kumar et al. 2004; Bhatia et al. 2010), car-

bon disulfide (CS2), thiourea, allyl thiourea, guanyl

thiourea, 2-mercaptobenzothiazole, 3-mercapto-1,

2, 4-triazole, thioacetamide, sodium diethyl-

dithiocarbamate, sodium thiocarbonate,

thiosemicarbazide, thiocarbohydrazide,

diphenylthiocarbazone, dithiocarbamate, s-ethyl

dipropyl thiocarbamate, ethylene-bis-dithiocarba-

mate, and N-methyl dithiocarbamate.

Heterocyclic Compounds Several strong

inhibitors of ammonia oxidation in soil can be

classified by their heterocyclic ring structures.

This class of compounds includes some of the

more potent inhibitors of nitrification in soil,

namely, nitrapyrin, etridiazole, 2-ethynyl pyri-

dine, 4-amino-1, 2, 4-triazole,

3-methylpyrazole-1-carboxamide and recently

reported furan derivatives (Datta et al. 2001),

1, 3, 4-oxa/thiadiazoles (Kumar et al. 2005;

Saha et al. 2010), 3, 4-dimethyl pyrazole phos-

phate (Zerulla et al. 2001), and naphthyridine

derivatives (Aggarwal et al. 2010). The

heterocycles involved in general are: furan,

pyrazole, pyridine, pyridazine, benzotriazole,

1, 2, 4-triazole, thiadiazoles, 1, 3, 5-triazines,

and s-tetrazines. Several of the heterocyclic N

compounds found to inhibit ammonia oxidation

are structurally similar in that they contain chloro

(Cl) and/or trichloromethyl (CCl3) groups

substituted on carbon atom(s) adjacent to a ring

N [e.g., nitrapyrin {2-chloro-5-(trichloromethyl)

pyridine}, etridiazole (5-ethoxy-3-

trichloromethyl-1, 2, 4-thiadiazole),

2-chloropyridine, 2,6-dichloropyridine,

6-chloro-2-picoline, and 3,4-dichloro-1,3,4-

thiadiazole].

Inhibitors of Natural Origin Synthetic nitrifi-

cation inhibitors, though expensive, can

efficiently inhibit nitrification. Certain

allelochemicals released by plants are also

reported to have an inhibitory effect. Rice

postulated that because inhibition of nitrifica-

tion results in conservation of both energy and

nitrogen, vegetation in late succession or climax

ecosystems contains plants that release

allelochemicals that inhibit nitrification in soil

(Rice 1984). Some natural products from neem

(Azadirachta indica, A. Juss), karanja

(Pongamia glabra, Vent.), mint (Mentha
spicata, Mentha arvensis L.), and mahua

(Madhuca longifolia, L.) are reported to inhibit

the activity of nitrifiers (Sahrawat and Parmar

1975; Prasad et al. 1993; Prasad et al. 2002;

Saxena et al. 1999; Kumar et al. 2007, 2008,

2010, 2011; Sahrawat 1982; Majumdar 2008;

Patra and Chand 2009; Opoku et al. 2014).

Among them, neem-based products like Nimin,

Neemex, and Neem Gold-A are commercially

available in the Indian market.
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Nonedible oilseeds like neem (Azadirachta
indica A. Juss.), karanja (Pongamia glabra

Vent.), and mahua (Madhuca indica,
M. latifolia) have been extensively studied for

nitrification inhibition properties. Oil cakes in

general and nonedible cakes in particular have

been known to possess certain minor nonfatty

biologically active constituents which make

them unsuitable for human consumption. These

oilseeds have been traditionally used as slow

nutrient release manures or in admixture with

manures to regulate the nutrient release.

Neem The utility of neem cake in improving the

nitrogen use efficiency of prilled urea in different

crops has been exhaustively demonstrated

(Sahrawat and Parmar 1975; Prasad et al. 1993).

Due to the poor shelf life of neem cake, its indus-

trial production did not merit attention (Prasad

et al. 2002). Neem oil-coated urea (NOCU) on

the other hand was found to be more suited

(Saxena et al. 1999; Kumar et al. 2007, 2008,

2010, 2011). Its efficacy has been demonstrated

at two-fertilizer plants in India, viz., KRIBHCO,
Hazira, and Shriram Fertilizers and Chemicals,

Kota. M/s National Fertilizer Ltd., Panipat, have

claimed independently produced neem oil-coated

urea. The production of NOCU has been grown to

over 2.0 million tonnes per year and neem-coated

urea is manufactured by: (1) National Fertilizers

Ltd., (2) Shriram Fertilisers and Chemicals Lim-

ited, (3) Indo Gulf Fertilisers, (4) Tata Chemicals

Ltd, (5) Chambal Fertilisers and Chemicals Ltd,

and (6) Mangalore Chemicals and Fertilizers Ltd

as per Ministry of Agriculture Notification No:

S.O. No. 2073 (E) dated August 10, 2009

(Agricoop 2009).

Karanja A number of physiologically active

furanoflavonoids (Sahrawat 1982; Sahrawat

et al. 1974; Majumdar 2008, 2002) are found in

seeds, bark, and leaves of the tree Pongamia
glabra Vent. The hot ethanol extract of the

defatted seeds (applied at 20 and 30 % of applied

N) had maximum nitrification inhibitory activity

followed by bark extract (prepared with 40:

60, v/v, mixture of petroleum ether and acetone),

and leaves had negligible effect. The alcohol

extract of seeds was effective in retarding nitrifi-

cation for 60 days when applied at 20 % of the

fertilizer nitrogen dose. The percentage inhibi-

tion of nitrification of urea in soil was 47–55 %

even after 45 days of application of seed extract.

Karanjin, present in karanja seeds, is a potent

inhibitor of nitrification. The inhibition of nitrifi-

cation of urea or ammonium sulfate was around

43 % after 8 weeks of incubation with its dose of

5 % of applied fertilizer nitrogen. Comparative

evaluation of karanjin and three commercial

inhibitors (nitrapyrin, AM, and DCD) when

applied in a sandy loam soil at 5 mg kg�1 of

soil reduced the nitrification rate as:

Nitrapyrin > Karanjin > AM > DCD

The furan ring of karanjin was responsible for

nitrification inhibition property. This information

led to the study of several furan derivatives

(Sahrawat and Mukherjee 1977; Kuzvinzwa

et al. 1984; Datta et al. 2001) as nitrification

inhibitors (described above the synthetic

compounds).

Mahua Seed cake and extracts of Bassia

latifolia Roxb., Madhuca indica J.F. Gmel, and

Madhuca latifolia L. are known to possess nitri-

fication inhibition property. The seed cake and

extracts contain saponins, responsible for nitrifi-

cation inhibition. In an incubation study

employing clay loam soil, the inhibitory effect

of mahua cake extract persisted only for 20 days

(Slangen and Kerkhoff 1984).

Miscellaneous Many other plants and plant

products from Citrullus colocynthis Schrad., Sal

(Shorea robusta), Eucalyptus globosus, Ricinus

communis, Acacia catechu, Calotropis gigantea,
Onosma hispidum, Mentha arvensis, Mentha

spicata, Artemisia annua, Chrysanthemum

cinerariifolium, Tagetes erecta, Catharanthus
roseus, Ricinus communis L., turmeric powder,

tea waste, and cashew shell powder have been
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reported to show varying degree of nitrification

inhibition.

6 Biological Nitrification
Inhibitor: Concept

Biological nitrification inhibition is a

rhizospheric process where different class of

compounds released by plant roots act as nitrifi-

cation inhibitor (Subbarao et al. 2013). It was

hypothesized that it can improve N uptake due

to its inhibitory effects on nitrification by

improving NUEagronomic mostly contributed by

the improvement in crop N uptake.

Primary productivity is positively impacted in

the tropical savannas dominated by native Afri-

can grasses such as Hyparrhenia diplandra
which appear to have a significant ability to sup-

press nitrification (Boudsocq et al. 2009).

Recent studies by Boudsocq et al. (2011)

reported the role of biological nitrification inhi-

bition in controlling nitrification in temperate

and tropical grasslands and contrasting

preferences for NH4+ or NO3� between two

plant species. The ability of one species to con-

trol nitrification (i.e., to stimulate or inhibit)

could enhance their ability to compete for min-

eral N with other species. This is consistent with

the results of the studies suggesting that

biological nitrification inhibition strongly affects

plant invasions (Hawkes et al. 2005; Rossiter-

Rachor et al. 2009).

Several compounds belonging to different

chemical groups have been successfully isolated

and identified from plant tissue or root exudates

using bioassay-guided purification approaches

and are reported to be biological nitrification

inhibitor (Subbarao et al. 2013). The identified

compounds from the aerial parts of Brachiaria

humidicola are the unsaturated free fatty acids,

linoleic acid (XXI), and α-linolenic acid (XXII).
They are relatively weak inhibitors of nitrifica-

tion. In root tissues of B. humidicola, two phenyl

propanoids, methyl-p-coumarate (XXIII) and

methyl ferulate (XXIV), were identified as

major biological nitrification inhibitor

(Gopalakrishnan et al. 2007). From root exudates

of hydroponically grown sorghum, a

phenylpropanoid, methyl 3-(4-hydroxyphenyl)

propionate (XXV) has been identified as the

biological nitrification inhibitor (Zakir

et al. 2008). Bachialactone, a cyclic diterpene,

was identified from the root exudates of

B. humidicola (Subbarao et al. 2013). Further,

sorgoleone, a p-benzoquinone exuded from sor-

ghum roots, has a strong inhibitory effect on

Nitrosomonas sp. and contributes significantly

to nitrification inhibition capacity in sorghum.

In a recent review (Subbarao et al. 2013),

karanjin was also included as the biological nitri-

fication inhibitor. It seems that there is an overlap

of compounds known to be biological nitrifica-

tion inhibitors. Some compounds are secondary

metabolites produced and stored in the different

parts of plant, and the compounds released as

root exudates.
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Conclusion

Several nitrification inhibitors have been

reported in literature from time to time. Most

of these are not fully satisfactory due to one or

more of the following disadvantages:

– Complicated synthesis and related prepara-

tion steps

– High volatility, leading to low persistence

and high losses into the atmosphere unless

introduced in soil using technically com-

plicated processes (e.g., by probe)

– High toxicity or ecotoxicity
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– Low stability against hydrolysis, reducing

the duration of action in soil and the shelf

life

– High application rates

– Requirement of further modification of the

active molecule

– Addition of costly formulants

– High cost

Therefore, an ideal nitrification inhibitor is

still elusive. It needs to be simple, safe, effi-

cient, persistent, specific, and economical in

use. It implies that the nitrification inhibitor

should have specificity to nitrifying bacteria

responsible for conversion of ammonium to

nitrite. Inhibition of Nitrobacter is not desir-

able as it leads to accumulation of nitrite. The

inhibitor should be nontoxic to other soil

organisms, fish, mammals, and crops and be

safe to the environment. It should be effective

throughout the nitrogen-soil interaction zone

and be sufficiently persistent in action so that

nitrification is inhibited for an adequate period

of time. Furthermore, it should be a low cost

additive to the fertilizer.

A major consideration during the selection

of nitrification inhibitors (NI) is their high

effectiveness at the lowest possible applica-

tion rate with a minimum of undesirable side

effects. The availability of an inhibitor at

effective concentration is essential. This can

be achieved by coating fertilizer granules with

the inhibitor or by incorporating it into

granules (Slangen and Kerkhoff 1984). The

aim of both the approaches is to ensure an

intimate and uniform interaction of the sub-

strate with the inhibitor. The application of an

effective concentration of an NI to soil,

together with N fertilizer, is a difficult task

since it involves different crops, forms, and

rates of N application. It leads to different

concentrations of NI reaching the nitrifiers,

particularly if N is applied as granules.

While application of chemical fertilizers to

agricultural crops has resulted in tremendous

increase in yield, problems arising due to

escape to the environment of different nitro-

gen species, especially N2O, nitrite, and

nitrate, have raised serious economic and

environmental concerns. Of the different

processes responsible for these, nitrification

and denitrification are of prime importance.

Hence, efforts have to be made to regulate the

process of nitrification (major source of dif-

ferent N species) as a means to enhancing the

use efficiency of N, decreasing environmen-

tal/economic concerns, and optimizing the

functioning of agroecosystems. Use of nitrifi-

cation inhibitors has been helpful in

mitigating the negative effects of fertilizer

application. However, continued efforts need

to be made for finding more efficient and

environment-friendly products to suit the

ever-changing agroclimatic conditions.
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Role of Microorganisms in Plant Nutrition
and Health
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Abstract

Microbes are the key components of soil nutrient cycling. Status of soil

health and richness of soil nutrient pool depend on structure and

functions of soil microbial community. Microbes play an important

role in nutrient mobilisation and uptake. They promote plant growth

and suppress disease by their various activities. Phosphate and sulphate

solubilisation, plant growth promotion, siderophore production, nitrogen

fixation, denitrification, immune modulation, signal transduction and

pathogen control are some of the well-recognised microbial mediated

processes which promote the plant growth and protect them from pests.

Current chapter starts with a brief introduction of plant nutrients and

their classification and mechanisms of nutrient uptake by the plants.

After that we discussed the importance of microbes in plant nutrient

uptake and mobilisation. In addition, importance of different classes of

microorganisms (fungi, bacteria, cyanobacteria) in plant nutrition and

health has been discussed in detail under different sections. In the end we

conclude the role of microorganisms in sustainable agriculture and

environment and suggested for the promotion and use of microbial-

based formulations instead of chemical fertilisers. We also emphasised

on cultivation and preservation of agriculturally and environmentally

important but not yet cultured organisms for sustainable development in

agriculture and environment.
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1 Introduction

Plant growth and health depends upon availabil-

ity of right composition and concentration of

nutrients in soil. Inadequate supply, limitations,

imbalance and excess presence of these nutrients

in soil system affect plant growth, fertility and

productivity. A total of 17 nutrients including

carbon (C), hydrogen (H), oxygen (O), nitrogen

(N), phosphorus (P), potassium (K), sulphur (S),

magnesium (Mg), calcium (Ca), iron (Fe), boron

(B), manganese (Mn), zinc (Zn), molybdenum

(Mo) and copper (Cu) are essential for plant

growth and health (soil nutrient). Based on the

requirements, these elements are classified as

macronutrients and micronutrients or trace

elements (Hodges 2010). Plants need macronu-

trient in large quantity while micronutrients or

trace elements are required in minimal amount

and work as cofactors for enzymatic activities.

Based on the function C, H and O are considered

as structural element; N, P and K are primary

nutrients; Ca, Mg and S are considered second-

ary; while others (Mn, B, Cu, Co, Mo, Zn) are

micronutrients and trace elements (Hodges 2010;

Microbes 2010). Except, carbon, hydrogen and

oxygen, plants take these nutrients from soil by

their roots in the form of soluble ions (Marschner

1995; Microbes 2010). Availability and uptake

of nutrient from soil depends on several factors

including chemistry and composition of soil and

environmental factors like pH, moisture, soil tex-

ture, temperature and microbial community com-

position. Plant takes nutrient from soil in the

form of soluble ions using different mechanisms

including direct contact of plant root and nutrient

(root interception), movement of dissolved nutri-

ent towards plant root (mass flow) and movement

of nutrient from zone of higher concentration to

zone of low concentration by the process of dif-

fusion (Morgan and Connolly 2013). It’s not the

total nutrient pool but availability of bioavailable

form of nutrient affects plant growth and produc-

tivity. For instance, rich pools of phosphate and

sulphate are available in the soil, but the plant

only utilised soluble form of these nutrients and

the rest are not used for plant utilisation (Solo-

mon et al. 2003). Past data indicated that most of

the soil sulphur (>95 %) is present as sulphate

ester or sulphonate form while amount of inor-

ganic sulphur (sulphur available for plant nutri-

ent) present in the soil is very little (Solomon

et al. 2003). Plant growth follows the Liebig’s

Law of minimum which explains that plant

growth is limited by the short supply of nutrients

and cannot be achieved by excess supply or

availability of other nutrients (Sinclair 1999)

(http://forums2.gardenweb.com/forums/load/con

tain/msg0921071615772.html). Past study

indicated that nutrient-deficient soil produced

less nutritious food. Addition of chemical

fertilisers, pesticides and herbicides for restora-

tion of soil nutrient for better crop production

and yield is in extensive practice. Excess use of

chemicals to improve the crop yield disturbed the

balance of natural microbial population and con-

sequently geochemical cycling of nature and cre-

ated environmental pollution. Use of biofertiliser

and bipesticides to promote the crop yield and

restore the soil nutrients for sustainable agricul-

ture and environment is the better alternative for

chemicals and right tool for sustainable environ-

ment and agriculture (Bertin et al. 2003).

2 Plant Nutrients and Microbes

Soil microbes are the vital component of soil,

health, functionality, sustainable environment

and for survival of animals and plants on planet

Earth. The notion “Microbes eat, we eat and

microbes die, we die” seems absolutely true.

According to eminent microbiologist CR

Woese, “If we wiped off all the multicellular

126 O. Prakash et al.

http://forums2.gardenweb.com/forums/load/contain/msg0921071615772.html
http://forums2.gardenweb.com/forums/load/contain/msg0921071615772.html


organisms (plant and animals) from the surface

of earth then it would barely affect the microbial

community whereas the destruction of microbial

community would lead to instant death of all life

forms on earth” (http://www.nytimes.com/2013/

01/01/science/carl-woese-dies-discovered-lifes-

third-domain.html?_r¼0). Living soil is a

dynamic ecosystem and homes for divers’ range

of microbes including bacteria, actinobacteria

(previously actinomyces), cyanobacteria, fungi,

archaea, viruses, protozoa and microalgae. Bio-

diversity of soil is the measure of soil health. A

healthy soil will harbour more diverse population

of microorganisms in terms of species richness. It

is speculated that 1 gram of soil contains more

than 108–109 cells of bacteria, 107–108 cells of

actinobacteria and 105–106 cells of fungi with

thousands of different species (Microbes 2010).

Microbes are active players of biogeochemi-

cal cycling of materials of the nature and affect

the composition and concentration of soil

nutrients. Carbon, nitrogen, sulphur and iron

cycles of the natures are driven and mediated

by microorganisms. Microbes create nutrient-

like carbon, nitrogen, oxygen, hydrogen, phos-

phorus, potassium, trace elements, vitamins and

amino acids and make them available for plant in

right form for their growth and health. Bacteria

and fungi are the major decomposer on earth and

crucial component for composting and humus

formation. Mineralisation of dead and decaying

plant and animal residues releases carbon dioxide

in the atmosphere and rejuvenates the nutrient

pool of the soil. Compost is the best source for

trace element and rich source of plant nutrition

(Mehta et al. 2013). Compost retains the soil

moisture, binds soil particle together and protects

plants from disease and maintains soil pH by its

buffering action and ideal component for soil

restoration (Mehta et al. 2013). In addition to

decomposition and mineralisation, microbes pro-

vide valuable nutrients to plants by their plant

growth-promoting activity, phosphate and

sulphate solubilisation, nitrogen fixation, etc.

Rhizospheric and rhizoplane bacteria and fungi

also produce valuable components like vitamin,

amino acids, signalling compounds, growth

hormones and many more unknown compounds

for plant growth and disease suppression (Bertin

et al. 2003; Bais et al. 2006; Lugtenberg and

Kamilova 2009). It has been found that several

microorganisms especially mycorrhizal fungi

assist in signal transduction and plant to plant

communication and act as natural defence sys-

tem for plant. Microbial community residing in

the vicinity of plant roots and on the surface of

root is known as rhizospheric and rhizoplane

microbial community, respectively. Study of

plant microbes’ interaction in terms of

rhizospheric and rhizoplane microbial commu-

nity in plant health, nutrient uptake, disease sup-

pression and growth yield is the area of special

interest among the plant scientists (Ryu

et al. 2003; Bais et al. 2006; Morgan and

Connolly 2013). In addition to maintaining the

nutrient pool of the soil and promoting and

suppressing the plant growth by its various

activities, microbes also act as a source of nutri-

ent for plant. A recent study conducted on

Arabidopsis thaliana and Lycopersicon

esculentum demonstrated that plant roots take

the microbes, digest it and use it as a source of

nutrient. Thus it is clear that microbes are essen-

tial constituents of soil and crucial for soil health

and plant growth (Sparling et al. 1997). Plant

microbes’ interaction and study of structure of

soil microbial community is the area of interest

for soil and agricultural microbiologist. In the

current chapter we focused on description of

different classes of microorganisms and their

role in supporting the plant nutrient for sustain-

able agriculture.

Study of structure and function of soil

microbial community using Metagenomic and

next-generation sequencing along with plant

micro interaction is the area of interest for soil

microbiologists across the globe (Prakash et al.

2013b). Due to development of cheap sequencing

technologies, good progress towards mapping the

soil microbiome has been made (Lou et al.

2013). Now it is essential to cultivate the valuable

but not yet cultured microorganism and reintro-

duce them to the soil for restoration of nutrient

and support the sustainable environments and

agriculture. Destruction of natural microbial pop-

ulation by excess tilling, overuse of chemicals,
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addition of manuring, composting, etc. impacted

soil health and natural turnover of nutrient in the

soil. Now the scientific community across the

globe think that microbes are better alternative

of chemicals and trying to maintain the natural

microflora of soil and also practising for inocu-

lation of beneficial microorganisms isolated from

outside for restoration of soil nutrient, promotion

of plant growth and suppression of diseases for

sustainable agriculture and environment.

3 Role of Fungi in Plant Growth
and Nutrition

Scientists are trying to increase agricultural pro-

duction by keeping the concept of sustainable

agriculture and environment protection in their

mind. Different environmental friendly

approaches including the use of natural micro-

organisms which promote plant growth and pro-

vide disease resistance capacity by producing

different kinds of new compounds are being

regularly used. Various groups of fungi including

endophytic, ectomycorrhizal, arbuscular, etc.

(Fig. 1) play an important role in increasing

plant growth and obtaining nutrition. It also

helps in survival by increasing resistance against

pathogens and tolerance to different kinds of

stresses such as drought and salt. Fossil records

indicate that plants have been associated with

endophytic (Krings et al. 2007) and mycorrhizal

(Redecker et al. 2000) fungi for >400 million

years (Myr) more importantly when plants

colonised surface of the Earth. These

associations helped in survival and adaptation

of plants during various ecological changes,

benefiting them in various aspects. Thus, fungal

symbiotic association is considered to be one of

the helpful agents responsible for adaptation of

plant from aquatic habitat to land. The plant-

fungal interaction has been the topic of study

for long. And in the past two decades, the

research has been focussed to explore these

interactions on physiological, molecular and

genetic backgrounds for their better biotechno-

logical exploitation. It can be termed as ‘naturo-

pathy for plants’, minimising ecological

disturbances, reducing dependency on inorganic

fertilisers and increasing production in crops and

even survival of artificial and natural forest

plantations.

We all know that plant in itself is a complex

system and multiple factors govern its survival. It

is very difficult to study about one factor without

considering the others. Hence the role of fungi

alone does not govern better plant survival; it is

the interaction of many factors put together to

bring the final output, i.e. better survival of plant

in the environment. In this section we discuss the

role of fungi in plant survival by helping them in

different ways: induced systemic resistance;

plant growth promotion; resistance of hosts to

insect feeding; disease resistance; solubilisation

of phosphorus; production of plant growth-

promoting hormones; increased above ground

photosynthesis; plant tolerance to abiotic stresses

such as drought, salt, heavy metals; etc. (Fig. 2).

Here we talk about various benefits provided by

arbuscular, ectomycorrhizal and endophyte fungi

to plant.

4 Arbuscular Mycorrhizal Fungi

Obligate symbiosis or association of arbuscular

mycorrhizal (AM) fungi particularly members of

Glomeromycota with angiosperms (excluding

Pinaceae), bryophytes, pteridophytes and

gymnosperms is one of the oldest (>450 Myr)

and most common (>80 %) type of terrestrial

symbiosis on the Earth (Smith and Read 2008).

Most of the crop plants belonging to family

Arbuscular 
Mycorrhizal Fungi 

(AMF) 

Ectomycorrhizal 
Fungi (ECM) 

Endophy�c Fungi 
(EF) 

Plant Growth 
Promo�ng Fungi 

(PGPF) 

Plant growth, 
nutri�on and survival 

Fig. 1 Different kinds of fungal partners associated with

plant growth, survival and nutrition
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Gramineae, Palmae, Leguminosae, and Rosaceae

are frequently associated with this type of symbi-

osis. Due to widespread occurrence of AM associ-

ation with crop plant, now we know that it is in

fact a rule instead of exception especially for

plants growing in fields. It facilitates exchange

of nutrients like carbon, phosphorus, nitrogen,

etc. (Smith and Smith 2011a, b, 2012), protects

the plants from pathogen and insects, provides

tolerance to different kinds of environmental

stresses and plays a major role in soil biogeo-

chemical cycling of nutrients. Initially researchers

did not pay attention to AM fungi due to difficulty

in cultivation and maintenance, but in the past

decade, techniques have been developed to main-

tain them in pot and root culture. Consequently,

understanding in the area of signalling and cellular

interaction between the symbionts, functional

studies of AM fungi and gene expression, molec-

ular identification and role of individual members

in ecosystem services have improved (Cavagnaro

et al. 2003; Karandashov et al. 2004). This has

become possible because of physiological experi-

ments, molecular studies and ultrastructural stud-

ies using modern equipment, viz., advance

microscopes, HPLC, GC-MS, etc. It is understood

that there is a perifungal membrane surrounding

the arbuscule inside the cytoplasm of plant cell.

The extra-radical mycelium gathers nutrition from

vast distances and supplies to the plant cell

through cortical cells and perifungal membrane.

AM fungi are important because they sequester

the nutrients bound with soil matter and particles

even in low-nutrient soils and exert beneficial

effects (Fig. 3) onto many agricultural crops,

viz., maize, potato, sunflower, onion, wheat, soy-

bean, Jatropha, etc.

4.1 Role of AM in Plant Nutrient
Uptake and Growth

The importance of AM in plant growth and nutri-

tion has been reported elsewhere by several

researchers (Bianciotto and Bonfante 2002; Wu

et al. 2005; Gosling et al. 2006; Vyas et al. 2007;

Rahi et al. 2009), and they considered that AM

facilitate mobilisation and uptake of those

minerals or compounds to the plants which are

less soluble and have low mobility (Baslam

et al. 2011a; Alizadeh 2012; Baslam and

Goicoechea 2012; Baslam et al. 2013a, b, c).

Although most of the work has been done on P

(phosphorus) and N (nitrogen), AM also

mobilises other minerals such as Zn, Mg, S,

Ca, K, etc. (Allen et al. 2003; Hodge 2003).

AM are known to supply P (90–100 % of plant P

demand) to plants and in return fungi take C

Fig. 2 Beneficial effects

of ECM, AM, PGP and

endophytic fungi
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(carbon) from plant in the form of hexose,

sucrose and fructose (van der Heijden

et al. 2006. The perifungal membrane contains

Pi and NH4+ transporter, and it has been

shown that the Pi intake is much faster

with AM-associated plants than NM

(non-mycorrhizal) plant. Increased growth of

plant is attributed to the absorption of Pi by

AM fungi. The reason may be that the Pi intake

by AM fungi is at a distance from the depletion

zone formed near the root and root hairs. Studies

have shown that the AM fungi help plant to

absorb Pi and in turn receive C from plant. It is

observed that the AM reduces the P absorption if

the C flow from plant to AM fungi is reduced.

Moreover, the supply of P also depends on the

species of AM fungi (Abiala et al. 2013). But the

AM is considered to be more effective in

absorbing P than an NM plant root (Fig. 5)

which can be 3–5 times more than direct root

absorption. And even the complete P uptake can

be taken by AM only (Smith et al. 2003). Studies

have demonstrated the fact that AM-infected

plant roots absorb and accumulate more P as

compared to NM roots of plant, when grown in

soils low in P (Smith and Read 2008). The effect

of AM has been studied in many economically

important crops, viz., cassava, potatoes, cocoyam

and yam (Nisha and Rajeshkumar 2010;

Srinivasan and Govindasamy 2014). AM associ-

ation is not only important in nutrient-deficient

but also essential in nutrient-rich soil as most

plant roots are not capable of sequestering the

nutrient even from nutrient-rich soil. Generally,

extra-radical mycelia of AM fungi absorbed the

nutrients and transported them to cortical AM

cells and finally transferred to intraradical

mycelia. The intracellular mycelia interact with

plant cells at apoplast region and transfer

nutrients to plant cells through nutrient

transporters. It is estimated that AM fungi

increases surface of absorption many times by

extending the mycelia up to several metres to

obtain the same nutrients which plant roots are

trying from the vicinity. Due to fine structure of

AM hyphae (10 μm diameter) than root

(1–3 mm), it penetrates easily within the soil

granules and increases the surface area for

absorption and helps in growth and development

of associated plant community/crop. Cavagnaro

Benefits of AM 
fungi 

Fig. 3 Various effects of

AM fungi on plant
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and his group have studied AM effect by using a

mutant variety of non-mycorrhizal tomato rmc

(Cavagnaro et al. 2008). Cavagnaro and Martin

(2010) showed that the Zn absorption was more

in AM plants (243 � 18 μg/plant) than in NM

plants (77 � 15 μg/plant) highlighting the effect

of AM. Research on grapevine has improved

shoot and root growth, tissue concentrations of

P and water relations.

It has been proved that although P is the most

studied nutrient absorption by AM roots, some

reviews have also published related to absorp-

tion of other nutrients (Mohammadi et al. 2011;

Alizadeh 2012). Effect of AM fungi improves

in collaboration with other organisms. Bacteria

have been reported to enhance spore germina-

tion and root colonisation efficiency of AM

(Miransari 2011). In their studies Vafadar

et al. (2014) have tested several bacterial spe-

cies, viz., Azotobacter chrococcum, Pseudomo-

nas putida and Bacillus polymyxa along with

AM fungus Glomus intraradices on Stevia

rebaudiana. Studies showed that synergistic

effect of AM and bacteria improves growth,

nutrient absorption, phytohormone production

and chlorophyll production and increases bio-

mass (Vasanthakumar 2003; Hemavathi

et al. 2006; Aseri et al. 2008). In addition Glo-

mus fasciculatum, G. mosseae and several other

AM fungi have been studied in association with

bacteria to enhance plant growth (Das

et al. 2007; Singh et al. 2012). In AM plant

symbiosis, plants get easy supply of nutrients

and invest less energy; consequently it

increases the photosynthetic rate and overall

biomass of the plant. Improvement in the

nutritional quality of greenhouse-grown lettuce

by AM fungi is also extensively studied

(Baslam et al. 2011b, 2013a, b, c; Baslam and

Goicoechea 2012).

In addition to P, AM fungi increase the uptake

of nitrogen (Hawkins et al. 2000; Blanke

et al. 2005), assist in assimilation of N in plants

(Toussaint et al. 2004; Mortimer et al. 2009) and

induce better biological N fixation. AM fungi

also induces production of chemicals like

diterpenoids (Brandle and Telmer 2007; Banchio

et al. 2010; Awasthi et al. 2011) which exert

stimulatory effect on plant growth due to

enhanced photosynthesis.

4.2 Role of AM in Stress Tolerance,
Weed Control and Protection
from Insect Pest

AM fungi help plants to overcome and resist

various kinds of biotic and abiotic environmental

stresses thus protecting plants from metal toxic-

ity. AM fungi acts as a sink for heavy metals and

also induces the expression of metal-tolerant

genes in plants. Consequently it reduces the

metal concentrations near root and root hairs

and provides better tolerance, protecting plants

from metal toxicity and stress (Andrade

et al. 2010). In addition, the positive effect of

AM on water stress has been well documented

(Wu and Zou 2010; Zhu et al. 2010; Mohammadi

et al. 2011). For example, Glomus intraradices
and G. claroideum are known to help plant to

overcome drought conditions. It is generally

observed that AM fungi symbiosis is specialised.

It recognises and establishes symbiosis with all

the plants of same population and derecognises

others. Thus plants with AM association will be

healthy while others (weeds) will be weak, and

this concept can be used for weed control

programme in the field. It has been found that

AM fungi suppresses the competitive ability of

weeds in sunflower field (van der Heijden

et al. 2008) and can be exploited for biological

weed control.

There are several studies demonstrating that

AM fungal association protects plants from her-

bivore insects (Borowicz 2009; Gehring and

Bennett 2009; Vanette and Hunter 2011; Roger

et al. 2013). It is considered that AM association

increases plant nutrition and health providing

better protection from insect pests in comparison

to NM plant. Hartley and Gange (2009) have

shown that the insect herbivores are negatively

affected by colonisation of AM fungi to plants

while Roger et al. (2013) did not get any signifi-

cant difference between the NM and mycorrhizal
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infected plants when attacked by insect herbi-

vore. In our view the AM fungi do not provide

any direct protection to the plant from insect

herbivory, but stimulate restabilisation of the

plant after insect attack due to better nutrition

and health.

4.3 Protection from Plant Pathogens

AM fungi protects plant from pathogen invasion

using different mechanisms including growth

inhibition, enhancing plant nutrition and health,

increasing colonisation of plant growth-

promoting rhizobacteria (PGPR), improving

mineral nutrition and phytohormone production,

etc. Among them reduction in mycorrhizospheric

proliferation and intraradical replication of

pathogenic fungi by AM fungi have been

demonstrated and discussed earlier (Lioussanne

2010). Members of Glomaceae are more

involved in protection from the pathogen (Sikes

et al. 2009). During initial colonisation of patho-

genic organisms, AM fungi protect plants by

preventing the access sites (physical effect) to

pathogen. Indirectly it protects by releasing the

chemicals like siderophores, salicylic acid (SA),

abscisic acid (ABA), jasmonic acid (JA) and eth-

ylene thus enhancing the defence and stress toler-

ance capacity of host. Additional studies on the

effect of AM fungi against fungi, bacteria, virus,

nematode and pathogens are required before

drawing any substantial conclusion.

Synergistic association of bacteria and AM

fungi helps plant to fight against plant patho-

genic organisms. Pseudomonas fluorescence

CHA0 is known to help control plant disease

in association with AM fungi (Mukerji and

Ciancio 2007). Fiorilli et al. (2011) showed

that AM fungi reduce pathogenicity of Botrytis
cinerea to tomato plants with the help of ABA

production and also suppress the symptoms of

Xanthomonas campestris (Liu et al. 2007). The

effect of root-infecting pathogenic bacteria was

reduced in apple trees by inoculation of Glomus

fasciculatum and G. macrocarpum (Pal and

Gardener 2006). Many bacterial species live

inside AM fungi as endophyte or on the wall

of hyphae (mycosphere). For instance, members

of Burkholderia have been reported as endo-

symbionts of species of Gigaspora and

Scutellospora (Bonfante 2003). Thus many

beneficial effects of AM fungi to the plant can

be attributed due to the associated bacteria.

AM fungi reduced the symptoms of Alternaria
alternata, root rot or wilting caused by fungal

pathogens (Rhizoctonia, Verticillium, Fusarium,

Pythium, Aphanomyces, Phytophthora) and

Phytophthora parasitica on tomato plant

(Lycopersicon esculentum) (Vigoa et al. 2000;

Fritz et al. 2006). Mechanism known for disease

protection by AM is by competitive interactions

with pathogenic fungi, anatomical or architectural

changes in root structure, change in the microbial

community structure in rhizoplane or rhizosphere,

activation of plant defence via JA, ET and SA

signalling pathways or improved nutrient status

of plant (Pozo et al. (2008). Most common

among them are enhanced nutrient uptake and

compensation of the loss caused by pathogen. It

may be due to increased colonisation of AM on

plant roots and increased local and systemic resis-

tance. Some researchers group believe that AM

fungi alone are not responsible for pathogen pro-

tection, but accumulation of defensive plant

compounds like phenylpropanoid, chitinases and

glucanases and expression of defence-related

genes also play an important role in disease sup-

pression (Pozo et al. 2008).

Although the role of AM fungi is well

established in plant nutrient uptake, pathogen and

insect control and in weed control (Fig. 4), most of

the biocontrol agents do not contain AM fungi due

to lack of knowledge and non-popularity ofmycor-

rhizal fungi (Whipps 2004). Thus, to exploit them

for commercial production and extensive use in

agricultural practice, extensive research in field

experiments is necessary. However, scientists and

farmers should promote exploitation of this sym-

biotic association for agriculture and its sustain-

able development (Cardoso and Kuyper 2006;

Cavagnaro and Martin 2010).
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5 Ectomycorrhizal Fungi

An ectomycorrhiza (ECM) is a mutualistic sym-

biotic relationship characterised by a root-fungus

association in which the fungus grows on root

surface and penetrates the cortex intercellularly

(in between the cells) to produce a network.

Three features are generally recognised during

this association: (1) formation of a mantle or

sheath of fungal hyphae, (2) development of

hyphae between root cells to form Hartig net

and (3) hyphae that grow into surrounding soil

(extra-radical mycelium). Although the main

interface of nutrient exchange in most ECM is

Hartig net, the repeated branching of inner man-

tle hyphae suggests their involvement in bidirec-

tional movement of nutrients. The mantle hyphae

may accumulate compounds including lipids,

protein and/or phenolics and polyphosphates,

while deleterious metals may be bound to poly-

phosphates and other vacuolar deposits in the

mantle, thereby preventing their uptake into

roots. This observation is of particular relevance

when polluted sites are being planted with tree

seedlings inoculated with ECM fungi. The com-

pact nature of mantles of some ECM may contri-

bute to protection of roots from water loss (as

soils dry) and ingress of pathogenic organism.

Since the mantle interfaces with the soil, it poten-

tially regulates the transport of water and nutrient

ions into the root. The Hartig net is involved in

nutrient exchange as the fungal hyphae absorb

most of the sugars, minerals and water which are

also passed to root cells. Hyphae-forming Hartig

net also functions as a depository for soluble and

insoluble carbohydrate, lipids, phenolic com-

pounds and polyphosphates. The most obvious

function of fine hyphae that comprises much of

the extra-radical mycelium is the mobilisation,

absorption and translocation of mineral nutrients

and water from the soil substrate to plant roots.

In species with rhizomorphs, connecting fine

hyphae passes water and dissolved nutrients to

these structures for more rapid translocation

through the wide diameter central hyphae (vessel

hyphae) to root (Agerer 2001). Experiments with

radioactive isotopes of phosphorus (P) (13P-

labelled orthophosphate) have shown that P can

be translocated for over 40 cm through rhizo-

morphs to roots of colonised plants and subse-

quently to the shoot system (Peterson

et al. 2004). Production and final biomass of

Laccaria bicolor basidiocarps is correlated with

the higher rate of photosynthesis of their host

Pinus strobus. Bacteria are known to associate

with extra-radical hyphae to form “biofilms”

(layers of bacteria embedded in secreted

Fig. 4 Diagrammatic depiction of beneficial effects of AM fungi
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polysaccharides) and break down petroleum

hydrocarbons and other soil pollutants, as bacte-

ria emanating from Pinus sylvestris-Lactarius
rufus mycorrhizal interface proliferated in

patches of soil contaminated with petroleum

hydrocarbons (Poole et al. 2001). Studies have

shown that several ECMmushrooms are found in

India and role of Cantharellus has been studied

on plant growth and nutrition (Sharma and Rajak

2011). The various aspects for the plant growth

enhancement through ECM are discussed in

detail below.

5.1 Effect of ECM on Growth and
Nutrient Uptake

It has been shown that mycorrhizal fungi contri-

bute to plant diversity, nutrient cycling, acquisi-

tion to nutrient sources previously thought not

available to plants and finally to ecosystem func-

tioning. As a rule, mycorrhizal infection

enhances plant growth by increasing nutrient

uptake via increase in the absorbing surface

area, by mobilising sparingly available nutrients

sources or by excretion of chelating compounds

or ectoenzymes. Depending on tree species, a

varied proportion of root supply of mineral

nutrients from the soil may occur via fungal

hyphae (Smith and Read 2008). Some ECM has

mycelial cords which transport water and

nutrients over long distances and, in some

cases, via specialised non-living hyphae. Bidi-

rectional transfer of nutrients between plant and

fungus is typical of ECM (including other

mycorrhizal types) and is. It is also the basis for

prolonged compatible interactions in such

symbioses. Many genes are up-regulated

exchanging amino acids, oligopeptides and

polyamines (Martin and Nehls 2009). At cellular

level, interfaces in all types of mycorrhizas are

composed of membranes of both partners,

separated by an apoplastic region. The interface

is simple, intercellular, wall to wall contact in

ECM, but fungal partner remains in apoplast

outside the plant protoplast. In Hartig net region

hyphae branch profusely and septa formation

becomes irregular or incomplete to give a

characteristic labyrinthine system (Martin

et al. 2008). Surface fibrils and acid phosphatase

activity present in the mantle disappear as

hyphae become tightly pressed against host cell

walls. Adjacent fungal and host walls become

indistinguishable from each other, forming a

homogenous interfacial matrix (Bonfante 2001).

Extracellular material is also deposited around

hyphae of ECM and accumulates in intercellular

spaces of the fungal sheath in ECM of trees.

Nature of the compounds transferred between

the symbionts has been reviewed previously

(Simard and Durall 2004). Sugars are important

in carbohydrate transfer. Hydrolysis of sucrose

(or trehalose in orchid mycorrhizas) and synthe-

sis of characteristic “nonrecyclable” carbo-

hydrates (e.g. mannitol in ECM) are important

steps in polarising transport in favour of one

symbiont. ECM has a major influence on N and

less effect on P nutrition. There is evidence that

inorganic orthophosphate is the major form in

which phosphorus is transferred. In ECM, the

coexistence of ATPase activity on plant and fun-

gal plasma membrane at Hartig net interface

suggests that two systems work cooperatively in

bidirectional nutrient exchange. Pi transferred to

host tissue in excised beech ECM is through

active transport by the sheath hyphae (Bücking

and Heyser 2003).

Growth responses following seedling inocu-

lation under controlled conditions with beneficial

ECM fungi like Pisolithus and Rhizopogon spe-

cies have been repeatedly observed (Menkis

et al. 2011). Plant growth responses have been

extensively studied using different ECM

mushrooms, viz., Tuber, Lactarius, Laccaria,
Scleroderma, Cenoccocum, Thelephora, Cantha-

rellus, Paxillus, Amanita, Hebeloma, Suillus, etc.

(Menkis et al. 2011). Although ECMs are com-

monly assumed to enhance water uptake by their

hosts, few researchers have addressed this exper-

imentally. Some mycorrhizal fungi grown

in vitro showed survival at water potentials

below the permanent wilting point of their host,

and this capacity varies widely among species.

As mycorrhizal association is a bidirectional

movement of nutrients, the C from the host

plant flows to the fungus and nutrients derived
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from fungus flow to the plants. The

ECM-infected plants explore the areas beyond

the root hair zone by extra-radical hyphae and

absorb the nutrients for the host plant.

It has been shown that symbiosis between

fungus and tree is essential to P nutrition of the

latter in soils of low P availability. Phosphatase

activity in ectomycorrhizal fungi (Fig. 5) has

been shown to vary with species (Alvarez

et al. 2009; Sharma et al. 2010). Although rate

of excretion largely depends on composition of

growing medium, variation may also occur due

to fungal species. Wallander et al. (2013) using

particle-induced X-ray emission (PIXE) analysis

of element contents suggested that ECM species

of Rhizopogon has the ability to mobilise P and K

to host trees. A large fraction of the P in most

temperate forest soils occurs in organic forms,

such as inositol phosphates, nucleic acids and

phospholipids. Host access to organic P sources

may depend on its association with a range of

ECM fungi that produce extracellular enzymes

capable of acquiring P in organic forms. How-

ever, mycorrhizal infection does not always

increase plant growth or reproduction. Possible

reasons include high efficiency of P acquisition

or low P requirement of plants. P acquisition can

be reduced when external hyphae are destroyed

by grazing soil animals, soil disturbance or

fungicides.

Many studies have shown that ECM fungi can

utilise organic N sources through the production

of extracellular acid proteinases. Mycorrhizal

infection can provide host plants with access to

N sources which are normally unavailable to

non-mycorrhizal roots (Plassard et al. 2000). Fur-

ther, proteolytic capacity may vary greatly

between fungal isolates. Perhaps all fungi can

assimilate ammonia by a combination of the

glutamate dehydrogenase and glutamine synthe-

tase pathways. In contrast only a smaller number

of species can efficiently reduce nitrate. Ammo-

nia and nitrate is rapidly assimilated in the extra-

radical hyphae (Hawkins et al. 2000; Martin and

Plassard 2001) and N is transferred to the host

primarily as glutamine. Analysis of ECM

genomes showed that the free-living mycelium

has the potential to import organic and inorganic

N sources, including nitrate, ammonium and

peptides from the soil (Bonfante and Genre

2010). ECM symbiosis alters metabolic path-

ways of N assimilation in the fungal symbiont

(He et al. 2005). Not much is known on the role

of mycorrhiza in uptake of K, Ca, Mg and S. The

majority of studies on ECM and micronutrient

uptake are focused on the protection from

Fig. 5 Different mode of nutrient absorption by non-mycorrhizal (NM) and mycorrhizal (ECM and AM) fungi.

Left-non-mycorrhizal and right-mycorrhizal
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excessive uptake of Cu and Zn on soils high in

heavy metals. Production of siderophores is also

widespread among ECM. However, boron is

essential for the growth of fungi and perhaps

ECM may help increase concentrations in the

host plants.

Sequencing of genomes of Lactarius bicolor

and Tuber melanosporum has given an opportu-

nity to study the genes expressed after the ECM

association in the plant and fungi. In the poplar

tree, out of approx. 39,000, nearly 3,000 genes

are differentially expressed due to L. bicolor
association. Genome sequencing has changed

the way we look at ECM fungi and has now

become the model for plant-microbe interactive

study. Now we know the determinants of the

factors which are responsible for the way a

fungi behaves as saprotroph, pathogen or mycor-

rhizal. These studies have also highlighted on the

mechanism behind fungal nutritional strategies.

5.2 Stress Tolerance

In nature, plants face several stresses like

drought, acidification metal tolerance, etc. for

which they have evolved several mechanisms to

avoid them including ECM formation (Ortega

et al. 2004). Various metals are important for

plant growth at low concentration but become

toxic at high levels (Zn, Cu, Mn, etc.) whereas

others (Hg, Cd, Pb, etc.) are not required at all

and toxic even in low concentration (Menkis

et al. 2011). The hyphae of ECM are known to

contain vacuolar polyphosphates which are

known to absorb toxic metals and help plants

adapt to pollutants. The mechanism by which

ECM helps in metal tolerance is extracellular

(chelation and cell-wall binding), intracellular

(binding to non-protein thiol) and/or detoxifi-

cation mechanism (Bellion et al. 2005). These

include reducing uptake into cytosol by extra-

cellular chelation or binding onto cell-wall

components, intracellular chelation of metals in

cytosol by a range of ligands (glutathione,

metallothioneins) or efflux from cytosol into

sequestering compartments. Although it is diffi-

cult to study metal tolerance in symbiosis, the

data of full genome of fungi will help to know

complete range of genes involved in it. Studies in

this regard have been undertaken on various

ECM fungi, viz., Paxillus, Lactarius, etc.

(Jentschkea and Godbold 2000; Gadd 2010). It

has been observed by various workers that the

water absorbance is more in mycorrhizal plants

than NM plants. Moreover, when subjected to

sudden drought, mycorrhizal plants behaved bet-

ter than NM plants.

5.3 Protection from Pathogens

The hyphae of ECM fungi provide increased

surface area of their host root system not only

for nutrient absorption but also for interactions

with other microorganisms and provide an

important pathway for translocation of energy-

rich plant assimilates (products of photosynthe-

sis) to the soil (Finlay 2004). The interactions

may be synergistic, competitive or antagonistic

and may have applied significance in areas such

as sustainable forestry, biological control or bio-

remediation. Bacteria with potential to fix nitro-

gen have been discovered growing in association

with tuberculate roots of ECM plants. The extent

to which interactions between ECM mycelia and

other microorganisms influence different organic

or mineral substrates is still unclear. Further

experiments are needed to distinguish between

the activity of ECM hyphae themselves and

facilitated ECM uptake of compounds mobilised

by the activities of other organisms.

The microbiota of forest soils is dominated by

ECM and saprotrophic decomposer fungi

involved in supply of nutrients to trees and

decomposition of woody plant litter, respec-

tively. Basidiomycete mycelia (of which many

are ECM) are ubiquitous in forest soils where

they fulfil a range of key ecological functions

(Cairney 2005). Interactions between the two

groups of fungi are important in both managed

forests and in natural forests. However, there are

important differences between the two groups,

saprotrophs obtain their C from decaying organic

matter while the ECM fungi obtain most of their

C directly from their host plants (Leake and
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Johnson 2004). ECM mycelia of six different

species reduced bacterial activity, estimated as

thymidine incorporation, in experiments with

sandy soil. Moreover, exudation and reabsorp-

tion of fluid droplets at ECM hyphal tips has

already been demonstrated by Sun et al. (1999)

which showed an important mechanism for con-

ditioning the hyphal environment in the vicinity

of tips creating interface for soil environment and

other microorganisms. Fungi are known to

produce effector molecules which help the plant

to form association with the fungi. Hence

effector molecules help in the association for-

mation as compared to pathogenic fungi (Martin

et al. 2008).

Mycorrhizal fungi also modify the inter-

actions of plants with other soil organisms, both

pathogenic (nematodes and fungi) as well as

mutualists (nitrogen-fixing bacteria) (van

Tichelen et al. 2001). Pathogenic fungi may

invade roots but mycorrhizal fungi alter host

response to these pathogens. Some bacterial

strains isolated from the soils and rhizosphere

significantly interacted either positively or nega-

tively with growth of Rhizopogon luteolus myce-

lium along the root surface of Pinus radiata

seedlings grown in vitro. Laccaria bicolor
prevented spread of Fusarium oxysporum in

Douglas-fir roots as a result of flavonoid wall

infusions. Role of bacteria in promoting mycor-

rhizal formation and soil animals grazing exter-

nal mycelium are among the important areas in

functioning of symbiosis. For example, specific

bacteria stimulate ECM formation in conifer

nurseries and are called mycorrhization helper

bacteria as found in Pinus sylvestris-Lactarius
rufus, P. sylvestris-Hebeloma or Amanita (Vik

et al. 2013; Kozdr�oj et al. 2007; Kluber

et al. 2011). Wild sporocarps of Laccaria bicolor
and L. laccata always contain large populations

of bacilli and pseudomonads, while on the other

hand species such as Hebeloma cylindrosporum
do not contain bacteria in nature and form

sporocarps in aseptic conditions. Earlier, Danell

et al. (1993) have also reported relation of

pseudomonads with Cantharellus cibarius.

Mycorrhizal fungi colonise feeder roots

thereby interacting with root pathogens that

parasitise same tissue. In a natural ecosystem

where uptake of P is low, a major role of mycor-

rhizal fungi may be the protection of root system

from endemic pathogens such as Fusarium spp.

Mycorrhizal fungi may reduce the incidence and

severity of root diseases. The mechanisms pro-

posed to explain this protective effect include:

(1) development of a mechanical barrier – espe-

cially the mantle of the ECM; (2) production of

antibiotic compounds that suppress the pathogen;

(3) competition for nutrients with the pathogen,

including production of siderophores; and

(4) induction of generalised host defence

mechanisms. Over the last 40 years, there has

been an increasing interest in the potential role

that ECM and AM fungi play in control of plant

diseases. Various aspects of this concept have

been reviewed by many workers. More than

80 disease biocontrol products are on the market

worldwide, but none of these contain mycor-

rhizal fungi. This is despite ample evidence that

both AM and ECM can control a number of plant

diseases. A focused approach should now be

taken with ECM systems, which seem to have

suffered from a lack of funding in this area,

which is evident by the paucity of research

published. It is possible to exploit these inter-

actions in two ways. First, the effects of other

organisms on mycorrhizal fungi may be modified

to improve mycorrhizal function. Second, the

ability of mycorrhizal fungi to interfere with

pathogens might be used as a form of biological

control.

6 Endophytic Fungi

Endophytic fungi have been known to benefit

plant by secreting several chemicals, producing

growth hormones, etc. Nowadays a fresh study

has been started to re-evaluate the beneficial

effects of plants as it is considered that it may

the activity of endophytes. It is a bipartite sym-

biosis wherein both the members benefit each

other (Fig. 6). Here we discuss how endophytes

help plants in growth, nutrition and survival in

tough conditions.
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6.1 Plant Growth-Promoting Effect

Endophytic fungi live in symbiosis with plant and

play a crucial role in plant growth promotion. Fungi

produce plant hormones, viz., gibberellins (GA),

abscisic acid and auxin. Gibberellin is known to be

produced by Gibberella fujikuroi, Phaeosphaeria

sp., Neurospora crassa, Aspergillus sp., Penicil-
lium sp. and Paecilomyces formosus (Hamayun

et al. 2009c; Khan et al. 2009b, 2012). Screening

35 endophytic fungi for plant growth-promoting

hormones found that Penicillium sp. produced

more gibberellins. Waito-C rice mutant variety

with deficient gibberellins was used for the study.

Khan et al. (2012) observed that the culture filtrate

of Paecilomyces formosus LHL10 when screened

on gibberellin-deficient mutant rice Waito-C and

normal gibberellin rice Dongjin-byeo, it increased

the growth as compared to the one on which no

filtrate was applied (devoid of other nutrients). The

presence of Indole Acetic Acid (IAA) and GA

suggested the presence of IAA and GA pathways.

Similar effectwas observedwith cucumber.Waqas

et al. (2012) also observed that endophytic fungi

Phoma glomerata LWL2 and Penicillium

sp. LWL# significantly increased plant biomass

and other growth-related factors by secreting GA

and IAA. P. indica is also known to improve the

growth rate of various plants. It is also known to

activate nitrate reductase responsible for nitrogen

acquisition (Waller et al. 2005; Singh et al. 2011).

Previous reports have confirmed that endophytes

can produce both GA and IAA which improve

plant growth and crop production (Yuan

et al. 2010). Several other fungi have been reported

for gibberellins production, viz., Sphaceloma
manihoticola (Bomke et al. 2008), Phaeosphaeria

sp., Sesamum indicum (Choi et al. 2005),

Phaeosphaeria sp. L487, Penicillium citrinum,
Chrysosporium pseudomerdarium (Hamayun

et al. 2009a), Scolecobasidium tshawytschae
(Hamayun et al. 2009b), Aspergillus fumigatus

and Penicillium funiculosum (Khan et al. 2012).

Beauveria bassiana and Metarhizium anisopliae
are two entomopathogenic fungi which are used

commercially for biocontrol of insect pests.

Researchers have tried to use them on crop

plants where it lives endophytically inside host

tissue and promote growth apart from harbouring

protection against insects. Many other workers
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have demonstrated similar findings (Ownley

et al. 2008). Elena et al. (2011) experimentally

showed that M. anisopliae had plant growth-

promoting effect on tomato plants. Although they

were applied from outside, they entered the host

plant forming endophytic symbiosis and finally

helping in plant growth. This shows that the

entomopathogenic fungi do not lose their virulence

against target insect when inside plant tissue as

endophyte. This capability of fungi can be

exploited commercially by introducing potential

fungal strains at the time of seed preparation.

This kind of study can be of much interest to

plant breeders looking for resistance varieties

against insect or microbial pests. Plants treated

with endophytes are healthier than untreated

ones which could be due to the phytohormones

secreted by the fungi. Endophytic fungi

living in various parts of plant and producing

growth-regulating compounds influence develop-

ment of plant thus increasing survival in tough

conditions.

6.2 Resistance to Hosts to Insect
Feeding

During the course of evolution, plants have

developed mechanism, made structural changes

and formed relationship with fungi and other

microbes to protect themselves from herbivores.

They defend themselves by their defence mecha-

nism or increasing effectivity of insect’s natural

enemy (Schoonhoven et al. 2005). Plants tend to

support a system which promotes maximum

growth by microbial interaction and minimum

damage due to insects. Studies have shown that

fungal endophytes increase hosts’ resistance to

insect feeding (Van Bael et al. 2009; Saikkonen

et al. 2010). It has been reported that endophytes

affect herbivores directly, decreasing their sur-

vival on host plant or indirectly affecting them by

inducing the delays in developmental time,

fecundity or foraging behaviours (van Bael

et al. 2009; Bittleston et al. 2011). Endophytes

also produce metabolites which are toxic to

herbivores (Hartley and Gange 2009). Tanaka

et al. (2005) have showed that peramine (fungal

metabolite) protects plant from herbivores.

Endophytes are also known to discourage mam-

malian herbivores from feeding (Li et al. 2004).

Faeth et al. (2006) reported that Achnatherum

robustum (sleepy grass) produces lysergic acid

amide (causing sleepiness in animals) and there-

fore animals avoid them. Achnatherum inebrians

is infected by Neotyphodium gansuense which is

avoided by animals (Li et al. 2004). Schardl

et al. (2004) also found that Neotyphodium

colonises Festuca arundinacea (grass) and

provides tolerance to the host against environ-

mental factors and also produces alkaloids toxic

to cattles. Similar observations have been made

by Panaccione et al. (2006) with rabbits showing

differential feeding habits for plants with and

without alkaloids produced by endophyte. van

Bael et al. (2009) have shown that endophytic

fungi reduce leaf beetle, Chelymorpha alternans,

towards plants. Moreover, Bittleston et al. (2011)

experimentally demonstrated that Atta ants (Atta
colombica) feeds on leaves of Cordia alliodora

plants with less load of endophyte than leaves

with more endophytic load. In other words endo-

phytic fungi reduced the likelihood of leaf

removal. Recently, Estrada et al. (2013) showed

that ants cut about one-third more area of cucum-

ber leaves with lower densities of endophytes.

They also concluded that it is the change in the

chemical composition of leaves (caused by endo-

phytic Colletotrichum tropicale) that are respon-

sible for the above different choice by ants. It

removed 20 % more paper disks impregnated

with the extracts of those leaves compared with

leaves and disks from plants hosting the fungus.

However, C. tropicale colonisation did not cause
detectable changes in the composition of volatile

compounds, cuticular waxes, nutrients or leaf

toughness. van Bael et al. (2011) had earlier

demonstrated that different compounds of plant

leaves (metabolites, volatile compounds, toxins)

determine the host selection by insects. More-

over, these compounds can be produced in dif-

ferent quantities as single fungus produces

different metabolites in different media. Multiple

species and strains present inside tissues compli-

cate the issue. Analyses of compounds correlated

with increased fungal biomass will help to
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identify the fungi acting as deterrent factor

against insects. Moreover, chitin of fungal cell

wall may also play an important role in this,

making it more tough for insects to break. It is

possible that for ants, leaves hosting fungal

endophytes take longer to process than those

free of the symbiont (van Bael et al. 2012).

That means digesting the leaves with endophytic

fungi may be difficult for insects and ants. We

think the difference is same as organic and inor-

ganic food and young and old plant. Since most

of the metabolites are volatile, compounds with

smell may also play a major role in the same.

Mycotoxin compounds released from endophytic

fungi may also play a role. Toxicity of meta-

bolites released by endophyte to specific insect

or herbivore or mammal may tell the exact rea-

son for the deterrence of animals from plants, just

as naphthalene, an insect repellent, is produced

by Muscodor vitigenus, a novel endophytic fun-

gus (Daisy et al. 2002).Muscodor albus produces
volatile organic compound which is effective

against insects (Riga et al. 2008; Lacey

et al. 2009). Detailed studies in these aspect are

lacking, but many other factors affect (positive or

negative) the role of beneficial fungi. Plant

developmental stage may also influence plant

defences against herbivores. Gange et al. (1994)

had shown that different combinations ofGlomus

species had different effects on host acceptance

by a leaf-mining insect (Chromatomyia syngene-

siae) and seed-feeding insect (Tephritis neesii

and Ozirhincus leucanthemi). It has been

observed that mycorrhizal fungi have positive

or neutral effect on phloem feeders & specialist

chewers and negative effect on mesophyll

feeders & general chewing insects (Gehring and

Bennett 2009; Hartley and Gange 2009;

Koricheva et al. 2009; Pineda et al. 2010). Thus

species composition and abundance also plays a

key role in it. Environmental stress also changes

the effects of fungal endophytes on mortality of

plant-feeding insects, for example, endophytic

fungus Acremonium strictum enhanced the mor-

tality of whitefly (Trialeurodes vaporariorum)
feeding on tomato plants during drought (Vidal

1996). Physiology and genetic mechanisms

related to the effect of various fungi on plant

growth promotions and defence against plant

pests need to be investigated in detail. Studies

on effects of endophytic fungi on sap composi-

tion of plants and in tissue regeneration are

understudied (Pineda et al. 2010). The outcome

of the plant-fungi-insect interaction depends on

several points, viz., type of plant, type of insect

(generalist or specialist in terms of host prefer-

ence), feeding habit of insect (piercing-cutting of

host or chewing insect), abiotic and biotic envi-

ronmental factors, amount of symbiosis/mutual-

ism and mechanism of action (toxin production/

enhanced growth/volatile metabolite production,

etc.). It still needs exploitation for biotechno-

logical purpose in agriculture and forestry.

These endophytic fungi can provide an effective

solution to pest control and breeding-resistant

varieties of crops or forest tree varieties apart

from stress tolerance.

6.3 Disease Resistance

Another reason of endophytes becoming popular

especially in the field of plant pathology, is their

ability to resist pathogens (bacteria, fungi or

nematodes) thus keeping plant healthy. It has

been reported that plants harbouring endophytes

show more resistance to pathogens in compari-

son to plant without or with low density of

endophytes. Many endophytic fungi have

shown antagonistic actions against plant

pathogens in dual plate assays. Although it is

difficult to relate the in vitro inhibition of

pathogens by endophytes with actual in vivo

conditions, studies have demonstrated that

endophytes give resistance to plant against plant

pathogens. Several studies have shown that endo-

phytic fungi can help plants in protection against

pathogens (Park et al. 2005a, b; Kim et al 2007).

Clark et al. (2006) and Bonos et al. (2005) have

shown that endophyte-infected turf grass showed

more resistance to Sclerotinia homoeocarpa
(dollar spot disease) and Laetisaria fuciformis

(red thread disease). Acremonium strictum
isolated from Dactylis glomerata (grass) is

found to be a mycoparasite of Helminthosporium

solani causing disease in potato (Rivera Varas
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et al. 2007). Epichloe festucae provides resis-

tance against Sclerotinia homoeocarpa (causing

dollar spot disease) in Festuca rubra (Clark

et al. 2006). Barley inoculated Piriformospora

indica shows resistance to Fusarium culmorum

(vascular pathogen), Blumeria graminis (leaf

pathogen) (Waller et al. 2005) and Phytophthora

sp. (Arnold et al. 2003). Many entomopathogenic

fungi, viz., Beauveria bassiana and Lecani-
cillium spp., found as endophytes (Vega

et al. 2008) also suppress plant disease (Goettel

et al. 2008; Ownley et al. 2008). However, it has

been questioned by several researchers about

reason behind resistance to disease, whether it

should be attributed to antifungal compounds of

endophyte, compounds produced by the plant in

response to the endophyte or combination of

other factors. Researchers from several different

laboratories have already demonstrated the effect

of fungal endophytes to protection against nema-

tode to host plant. Studies in the past demon-

strated that endophytes utilise various

mechanisms to protect the plant from invasion

of pathogen. It includes secretion of antibiotic

or antifungal metabolites, increased host

immune response, competition, antibiosis, myco-

parasitism, providing of systemic resistance, etc.

Muscodor albus have shown to produce volatile

organic compounds against microbes (Strobel

2006). Many endophytes produce antibiotics

which are effective against bacterial pathogens

(Wang et al. 2007). Studies have also shown that

if extract of an already present endophytic fungi

is sprayed to plants, it colonises plant tissues and

provides protection against pathogens. An

important beneficial aspect of these endophytes

is that they are mostly not host specific; however,

some are reported to be one. As these endophytes

are transferred vertically, seeds infected with

them can be produced which can reduce the

seed treatment practice by inorganic fertilisers.

However, the mechanism is still not known

completely as there are only few studies in this

regard (Bordallo et al. 2002; Vu et al. 2006).

It seems that inside environment of plant is

unique and harbours various kinds of fungi

together. Moreover, many fungal species can

live together protecting their host tissue

“livelihood” from plant pathogens. Antibacterial

and antivirus effects of endophytes have also

been observed by researchers (Lehtonen

et al. 2006; Wang et al. 2007). Systematic studies

looking for diversity of endophytes in crop spe-

cies and varieties at various geographic and cli-

matic regions are necessary. Evaluation of their

potential against pathogens (fungi, bacterial,

nematodes, virus) will help the plant breeders to

come up with resistant varieties and reduce load

on inorganic pesticides. With cost of pesticides

increasing and many pesticides failing to control

pathogens, it can be a cost-effective solution for

farmers too and a step towards sustainable

agriculture.

6.4 Stress Tolerance of Endophytes

Endophytes are known to help plants by various

means. One of the beneficial effects of endo-

phytes is the stress tolerance caused by biotic

and abiotic factors. Plant faces various kinds of

stress in the environment, viz., drought, heat,

cold, oxidative stress, salinity, heavy metal toxi-

city, etc. With time and evolution, plant has

developed various means and mode to overcome

the same. For long time, plants were considered a

single organism, but research in past few decades

has highlighted the fact that it contains popu-

lations of multiple organisms which have helped

them to adapt to various changes in environ-

mental conditions in evolution. Abiotic stresses

are a serious threat to crop plants and one of the

major causes of loss of crop productivity around

the world (Singh et al. 2011). These stresses

cause considerable damage to plants in the form

of disruption of cellular function, metabolic path-

ways, damaging structure of proteins, etc. (Wang

et al. 2000). It is a common observation in crop

fields that water stress at the time of branching,

flowering and/or seed formation affects crop pro-

duction (e.g. chickpea). In previous studies,

Piriformospora indica has been experimentally

shown to protect host plant from various stresses

(Waller et al. 2005; Schäfer et al. 2007). We

think that any kind of associations which had

occurred during the evolution may be due to
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some or other reasons. Stress environments, viz.,

drought, high salt, etc. have forced plants and

fungi to form associations to come out of the

situation. Kuldau and Bacon (2008) have studied

such beneficial effect of clavicipitaceous

endophytes on host plants. In cacao plant,

Trichoderma spp. occurs as endophyte and act

against abiotic stress by inducing stress-tolerant

gene expression (Bailey et al. 2006; Bae

et al. 2009). Wilberforce et al. (2002) observed

that some non-mycorrhizal fungi are found in

roots in more quantities than mycorrhizal during

stress environment indicating their role in toler-

ance. Fusarium culmorum and Curvularia

protuberata (Redman et al. 2002). Rodriguez

et al. (2008) observed that the plant and endo-

phyte does not survive temperature above 40 �C
and when in symbiotic association can tolerate

up to 65 �C. Similar effect is observed between

F. culmorum and host plant in context to high salt

tolerance. The role of individual component of

endophytic diversity in overcoming stress by a

plant will help to elucidate this fact. It is possible

that different component of endophytic diversity

may be delivering different benefits. P. indica is

an unusual fungus which has been shown to

provide multiple benefits to host plants including

stress tolerance (Waller et al. 2005). Redman

et al. (2002) have shown that some plants do

not tolerate the stress condition in the absence

of endophytic fungi.Dichanthelium lanuginosum

shows increased tolerance to heat due to

Curvularia sp. Fungi are also known to provide

tolerance to multiple hosts (Waller et al. 2005).

Endophytes of grasses also provide protection to

abiotic stresses. Fungi have also been involved in

tripartite symbiotic association, where presence

of bacteria/virus inside the endophytic fungi

triggers its beneficial effect to host. In the

absence of the third partner (bacteria/virus), it

fails to provide protection to abiotic stress

(Singh et al. 2011). Similar observation is

observed with Piriformospora (Nautiyal

et al. 2010). The molecular mechanism for the

same is not much and needs further study. Yuan

et al. (2010) has very nicely reviewed the stress

tolerance benefits of endophytic fungi on plants.

Studies have shown that the plants secrete

various stress-tolerant chemicals/compounds

like antioxidant enzymes, stress-tolerant hor-

mones, metabolites, etc. Endophytic fungi help

in stress-tolerating gene expression, viz.,

DREB2A, CBL1, ANAC072, RD29A, CAS pro-

tein, etc. The kind of mechanism adapted by the

plant will depend on the plant and fungi involved

and kind of stress. Trehalose an antioxidant, is

one of the main stress-tolerant molecule pro-

duced by most plants which forms adaptive

mode of stress tolerance mechanism. The other

one is avoidance by growing roots to deeper

region. The in vivo production of trehalose is

considered to be an effect of endophytic fungal

association. Trehalose is part of stress-tolerant

mechanism for most plants. The kind of signal

crosstalking which goes inside plant tissue

against any stress condition is amazing to under-

stand the complexity that goes during the

process.

These can be crucial for drought-tolerant crop

varieties for water scarce areas, an important

aspect which plant breeders should look into

and exploit. The ability of certain endophytic

fungi originally isolated from grasses providing

stress tolerance to tomato plants (genetically dis-

tant group of plants) (Chaw et al. 2004) is an

important aspect in crop protection. With vertical

transmission being a yes, these endophytic fungi

can be exploited while developing new varieties.

Moreover, different varieties for different

regions (having different stress) with different

compositions of endophytic diversity may help

to solve regional environmental problems of

crops.

7 Role of Bacteria in Soil
Nutrient Mobility and Uptake

The effects of microorganisms on plants are well

established for several microorganism-plant

pairs, and interference with plant health and

growth has been reported (Babalola 2010; Berlec

2012). The mechanisms behind beneficial plant-

microbe interactions are complex phenomena

involving a combination of direct and indirect

mechanisms (Kloepper et al. 1989; Rodrı́guez

142 O. Prakash et al.



et al. 2008; Son et al. 2009; Lugtenberg and

Kamilova 2009; Compant et al. 2005; Berlec

2012). The direct beneficial effects of PGPB

strains include enhancing phosphorus availabil-

ity fixing atmospheric nitrogen (Bashan

et al. 2004); mobilisation of potassium (Singh

et al. 2010); sequestering iron for plants by pro-

duction of siderophores (Bakker et al. 2007);

producing plant hormones (Gutierrez-Manero

et al. 2001; Spaepen et al. 2007) such as

gibberellins, cytokinins, and auxins; and

synthesising the enzyme ACC-deaminase,

which lowers plant levels of ethylene, thereby

reducing environmental stress on plants (Glick

et al. 2007). The indirect mechanisms of plant

growth promotion by PGPB include antibiotic

production, depletion of iron from the rhizo-

sphere, synthesis of antifungal metabolites, pro-

duction of fungal cell-wall lysing enzymes,

competition for sites on roots and induced sys-

temic resistance (Sayyed and Chincholkar 2009).

Many PGPB possess multiple plant growth-

promoting attributes which influence plant

growth at different developmental stages (Naik

et al. 2008; Poonguzhali et al. 2008; Gulati

et al. 2009).

7.1 Nitrogen

The nitrogen cycle is an essential and complex

biogeochemical cycle that has a great impact on

soil fertility (Jetten 2008). The cycle is domi-

nated by four major microbial processes: N fixa-

tion, nitrification, denitrification, and N

mineralisation (Ogunseitan 2005). Microbial

inoculants have demonstrated significant roles

in N cycling and plant utilisation of fertiliser N

in the plant-soil system (Briones et al. 2003;

Adesemoye et al. 2009). The biological nitrogen

fixation (BNF) has a great practical importance

because the use of nitrogenous fertilisers has

resulted in unacceptable levels of water pollution

(increasing concentrations of toxic nitrates in

drinking water supplies) and the eutrophication

of lakes and rivers (Sprent and Sprent 1990). It

has been reported that fertiliser is usually applied

in large doses, up to 50 % of which may be

leached, while BNF can be tailored to the needs

of the organism (Sprent and Sprent 1990). A

wide range of organisms have the ability to fix

nitrogen including 87 species in 2 genera of

archaea, 38 genera of bacteria and 20 genera of

cyanobacteria (Sprent and Sprent 1990; Zahran

et al. 1995).

In legumes the bacteria (rhizobia) reside in

small growths on the roots called nodules and

fix nitrogen which is absorbed by the plant.

Rhizobia-legume symbioses have been reported

to provide well over half of the biological source

of fixed nitrogen and are the primary source of

fixed nitrogen in land-based systems (Tate 1995).

A renewable source of N for agriculture has been

represented by the atmospheric nitrogen fixed

symbiotically by the association between Rhizo-

bium species and legumes (Peoples et al. 1995).

Impressive values ranging from 200 to 300 kg N

ha�1 year�1 have been estimated for various

legume crops and pasture species (Peoples

et al. 1995). Inputs of fixed N for alfalfa, red

clover, pea, soybean, cowpea and vetch have

been estimated about 65–335 kg of N ha�1 year�1

(Tate 1995). Preference for cheap and sensitive

acetylene reduction assay for measuring nitrogen

fixation has been suggested over the accurate and

expensive 15N isotopic method (Hardy

et al. 1973; Sprent and Sprent 1990). Nodulation

and nitrogenase activity have been employed as

major traits for the evaluation of rhizobia-legume

symbiosis and to select potential strains of

rhizobia (Younis 2007).

In addition to symbiotic nitrogen fixation, bac-

teria also have nitrogen-fixing ability under free-

living condition. The free-living nitrogen-fixing

bacteria are widely distributed among phylo-

genetically diverse bacteria such as Acetobacter,

Arthrobacter, Azoarcus, Azospirillum, Azoto-
bacter, Bacillus, Burkholderia, Enterobacter,

Herbaspirillum, Klebsiella and Pseudomonas

associated with some agronomically important

crops. Although the root-nodulating bacteria are

known for their capacity to fix atmospheric

nitrogen, they are not considered as plant

growth-promoting rhizobacteria due to their

highly specific symbiotic interactions. Free-living

nitrogen-fixing bacteria have been considered as
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an alternative for inorganic nitrogen fertiliser for

promoting plant growth (Park et al. 2005a, b). An

increasing supply of N through dinitrogen fixation

has been reported to increase crop production in

saline habitats (Yao et al. 2010).

7.2 Phosphorus

Phosphorus is another plant growth-limiting

nutrient as it affects plant structure at cellular

level and stimulates growth and hastens maturity.

Plants with P deficiency exhibit stunted growth,

wilting of leaves, delayed maturity and reduced

yield (Mallarino et al. 2002; Loria and Sawyer

2005). Although most agricultural soils have

large amounts of inorganic and organic P, these

are immobilised and mostly unavailable. Hence,

only a very low concentration of P is available to

plants, and many soils are actually P deficient

(Fernández et al. 2007). One major reason that

P is not readily available to plants is because of

the high reactivity of P with some metal

complexes such as iron (Fe), aluminium (Al),

and calcium (Ca) leading to the precipitation or

adsorption of between 75 and 90 % of P in the

soil (Igual et al. 2001; Gyaneshwar et al. 2002).

Even upon the application of P fertilisers to soils,

75 % of the soluble phosphate may be bound in

soil or become sparingly soluble in form by reac-

tion with the free Ca2+ ions in high pH soils or

with Fe3+ or Al3+ in low pH soils, resulting in less

than sufficient amount of P available for crop

growth and yield (Gyaneshwar et al. 2002).

PGPB play significant roles in the solubilisation

of inorganic phosphate and mineralisation of

organic phosphates. Several strains have been

reported from different environments with the

capacity to solubilise mineral phosphate (Nautiyal

et al. 2000; Gyaneshwar et al. 2002; Gulati

et al. 2008; Patel et al. 2008; Khan et al. 2009a, b;

Park et al. 2009; Son et al. 2009; Hariprasad and

Niranjana 2009; Singh et al. 2010a). Bacteria

belonging to Achromobacter, Aerobacter,

Agrobacterium, Bacillus, Burkholderia, Erwinia,
Flavobacterium,Gluconacetobacter,Micrococcus,

Pseudomonas, Ralstonia, Rahnella, Rhizobium,

Serratia and others have been reported for the

conversion of insoluble inorganic phosphates into

soluble forms (Pandey et al. 2006; Pérez et al. 2007;

Gulati et al. 2008; Poonguzhali et al. 2008; Linu

et al. 2009; Vyas et al. 2010; Zabihi et al. 2011).

The principal mechanism for the phosphate

solubilisation capacity has been reported as pro-

duction of organic acids (Patel et al. 2008; Park

et al. 2009). Gluconic acid has been the major

organic acid produced by most of phosphate-

solubilising bacteria. Direct periplasmic oxi-

dation of glucose to gluconic acid is considered

as the metabolic basis of inorganic phosphate

solubilisation by many gram-negative bacteria

as a competitive strategy to transform the readily

available carbon sources into less readily utili-

sable products by other microorganisms

(Goldstein and Krishnaraj 2007). Other organic

acids including 2-ketogluconic, acetic, citric,

glycolic, isovaleric, isobutyric, lactic, malonic,

oxalic, propionic and succinic acids have also

been detected during phosphate solubilisation

(Vyas and Gulati 2009). The organic acids pro-

duced by the microorganisms reduce pH and act

as chelating agents, forming complexes with Ca,

Fe or Al and thereby releasing the phosphates to

solution. Other mechanisms of solubilisation

comprise the release of other chelating sub-

stances and inorganic acids such as sulphuric,

nitric and carbonic acids. Secretion of phospha-

tase enzymes (acid and alkaline phosphatase,

phytase, phosphohydrolase) by phosphobacteria

has also been recorded as a common mode of

conversion of insoluble forms of P to available

forms and thus enhances plant P uptake and

growth (Kohler et al. 2007).

The solubilisation of phosphates has been

found in several species of root-nodulating bac-

teria of different legumes (Alikhani et al. 2006;

Rivas et al. 2007). The process of formation of

the nitrogen-fixing nodule has been reported to

be limited by the availability of P (MacDermott

1999). High positive response has been recorded

to P supplementation in legumes like alfalfa,

clover, common bean, cow pea and pigeon pea

(Al-Niemi et al. 1997; Deng et al. 1998). The

nitrogen-fixing potential of aquatic legumes

Sesbania rostrata, an important constituent of

the green-manure technology for rice, has also
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been limited by P (Ladha et al. 1992; Ventura

and Ladha 1997). The root-nodulating bacteria

with phosphate-solubilising ability have been

proved to be good plant growth-promoting bac-

teria for non-legumes (Yanni et al. 2001). In

addition to the beneficial effects of rhizobia on

legume and non-legume plants, inoculation and

inoculant production technologies are already

available, and they have been used with legumes

for many years without causing harm to the envi-

ronment or to farmers.

The rhizosphere bacteria pose the beneficial

effect on plant growth by their potential for phos-

phate solubilisation. The phosphate-solubilising

bacteria isolated from the rhizosphere of various

plants have been known to be metabolically more

active than those isolated from sources other than

rhizosphere (Baya et al. 1981; Gyaneshwar

et al. 2002). The studies on the diversity analysis

of phosphate-solubilising microorganisms in

rhizosphere and bulk soils collected from rock

phosphate in Tachira, Venezuela, have conclu-

ded that numbers of phosphate-solubilising micro-

organisms were higher in the rhizosphere than in

the bulk soil (Reyes et al. 1999). Increased plant

growth, biomass and yield of different crops and

plants have been recorded upon the inoculation of

phosphate-solubilising rhizobacteria (Hariprasad

and Niranjana 2009; Vyas and Gulati 2009).

Although phosphorus solubilisation is one of the

important mechanisms through which PGPB pro-

mote plant growth, many workers have suggested

the consideration of other ways of plant growth

promotion for the selection of PGPB simul-

taneously to phosphate solubilisation (Vassilev

et al. 2006; Naik et al. 2008; Hariprasad and

Niranjana 2009; Gulati et al. 2009).

7.3 Potassium

Potassium (K) is essential macronutrient for plant

growth and plays significant roles in activation of

several metabolic processes including protein syn-

thesis, photosynthesis and enzymes, as well as in

resistance to diseases and insects (Rehm and

Schmitt 2002). Though it is present in soil as an

abundant element or is also applied to fields as

natural or synthetic fertilisers, only 1–2 % of it is

available to plants, the rest being bound with other

minerals and therefore unavailable to plants. The

most common soil components of potassium,

90–98 %, are feldspar and mica (McAfee 2008).

Composting of mica along with rice straw and

rock phosphate inoculated with Aspergillus

awamori has been used as a viable technology,

where significant amount of insoluble K present in

waste mica are mobilised into plant available form

of K and used as a source of potassium in crop

production, which could help to reduce the reli-

ance on costly chemical fertilisers. Several soil

microorganisms are able to solubilise unavailable

form of K-bearing minerals, like mica, illite and

orthoclases, by excreting organic acids which

either directly dissolve mineral K or chelate sili-

con ions to bring the K into the solution (Friedrich

et al. 1991; Ullman et al. 1996; Bennett

et al. 1998). Three PGPR Bacillus mucilaginosus,

Azotobacter chroococcum and Rhizobium
sp. (specific to sunn hemp) exhibited their poten-

tial in mobilisation of K from waste mica under

hydroponic cultivation of maize and wheat

(Singh et al. 2010b). Significant increase in

plant assimilation of K has been reported by

the use of potassium-solubilising microorganisms

(Goldstein and Liu 1987; Sheng 2005).

7.4 Iron

Iron (Fe) is a structural component of many of

the proteins involved in important processes such

as photosynthesis and nitrogen fixation. A large

portion of the soil Fe is in highly insoluble form

of ferric hydroxide which acts as a limiting factor

for plant growth even in iron-rich soils. Although

the total Fe content in soils usually far exceeds

plant requirement for Fe, its bioavailability in the

soil, especially in calcareous soils, is often

severely limited.

Under conditions of Fe limitation, micro-

organisms and plants commonly rely on chelating

agents to solubilise and transport inorganic

Fe. The siderophores produced by micro-

organisms and phytosiderophores produced by

few Fe-efficient grasses are among the most
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important naturally occurring biosynthetic

chelates (Crowley et al. 1991). An important role

of soil microbial activity in favouring Fe uptake

has been suggested by plant growth experiments

on sterile and non-sterile soils (Masalha

et al. 2000; Jin et al. 2006). Variation in the

rhizosphere microbial community has been

observed with plant’s Fe nutritional status (Yang

and Crowley 2000). It has been found that, when

the soil solution of a calcareous soil was incubated

on an agar plate containing phenolic root exudates

from Fe-deficient red clover, only a few microbial

species thrived while growth of the rest is

inhibited, and the majority of the microbes

which thrived can secrete siderophores under

Fe-deficient conditions (Jin et al. 2006, 2010).

Siderophores produced by soil microbes are

seen as one of the microbial functions most sup-

portive of Fe acquisition by plants, because

siderophores have a high affinity for chelating

Fe (III), and the resulting chelates have been

proven to be an efficient bioavailable Fe source

for plants. Higher Fe accumulation by plants

supplemented with siderophore-Fe than by

those supplemented with EDTA-Fe has been

recorded in both shoots and roots suggesting the

incorporation of siderophore-Fe in the roots in a

more efficient way (Jin et al. 2010). Previously,

higher Fe concentration has been observed in the

Arabidopsis plants fed with Fe-pyoverdine than

in those fed with EDTA-Fe (Vansuyt et al. 2007).

From the studies on the plant Fe status on micro-

bial communities, it has been concluded that the

phenolic compounds exuded from plant roots

under Fe-deficient conditions may selectively

modify the microbial community structure in

favouring more siderophore-secreting microbes,

which helps to improve the solubility of insolu-

ble iron and plant iron nutrition via microbial

siderophores (Jin et al. 2010).

A total of approximately 500 different sidero-

phore structures have been described so far which

mainly consist of one or more ligand structures

(Fig. 7) (Haselwandter and Winkelmann 2007).

The three common functional groups that coordi-

nate to Fe3+ in siderophores are hydroxamic acids,

catechols and α-hydroxy-carboxylic acids

(Zawadzka et al. 2006). Based on the functional

groups, siderophores are classified into hydrox-

amate, catecholate or carboxylate types (Baakza

et al. 2004). Catecholate- and hydroxamate-type

siderophores have been widely reported in bacteria

including Aeromonas hydrophila, Azotobacter,

Methylobacterium spp., Pseudomonas fluorescens,
P. aeruginosa, P. pseudomallei, P. putida,

P. stutzeri and Pseudomonas sp. (Thirumurugan

et al. 2006; Storey et al. 2006; Lacava

et al. 2008). Carboxylate-type siderophores have

been reported in a few bacteria including Pseudo-

monas mediterranea, Pseudomonas sp. and Rhizo-
bium meliloti (Baakza et al. 2004; Tian et al. 2008,

2009). Catecholate-type siderophores have been

reported for stronger binding to iron than

hydroxamate-type siderophores (Matzanke 1991).

The ability to acquire iron by siderophore

mediation is greatly advantageous to root-

nodulating bacteria as iron is the structural com-

ponent to many proteins involved in nitrogen

fixation including nitrogenase, leghemoglobin

and hydrogenase. Strains belonging to the group

rhizobia have been reported to produce a variety

of siderophores; some of these siderophores are

unique in their functional group (Smith

et al. 1985; Patel et al. 1988; Persmark

et al. 1993). Nine rhizobia have been found posi-

tive for siderophore production out of 84 strains

of rhizobia isolated from different legumes

(Derylo and Skorupska 1992). Stimulated Fe

uptake and shoot transport has been observed in

clover plant on the application of purified rhizo-

bial siderophore isolated for Rhizobium
leguminosarum bv. trifolii (Derylo and

Skorupska 1992). Strong antagonism has been

observed against Macrophomina phaseolina by

the siderophore producing strains RMP3 and

RMP5 of Rhizobium meliloti (Arora et al. 2001).

Several microorganisms including Alcaligenes,
Azotobacter, Azospirillum, Bacillus, Enterobacter,

Pseudomonas and Rhizobium produce sidero-

phores under low-iron conditions (Yang

et al. 2009; da Silva and de Almeida 2006; Storey

et al. 2006; Sayyed and Chincholkar 2009).

Siderophore-producing rhizobacteria suppress fun-

gal pathogens by making iron unavailable for fun-

gal growth (Mahmoud and Abd-Alla 2001; Sharma

and Johri 2003; Sayyed et al. 2007; Sayyed and
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Chincholkar 2009). These bacteria also enhance

availability of P to the plants through the

solubilisation of iron-bound phosphorus in the soil

(Duponois et al. 2006; Jing et al. 2007). Sidero-

phore-mediated competition for iron is also a

major factor in determining the interaction among

bacterial strains during rhizosphere competence by

PGPR (Loper and Henkels 1999; Jing et al. 2007).

8 Role of Cyanobacteria in Crop
Nutrition

Cyanobacteria are ancient, large and diverse

group of prokaryotic autotrophs, which exhibit

oxygenic photosynthesis. Some are also capable

of a photoheterotrophic mode of nutrition

(Rippka 1972). In addition to their oxygenic

photosynthesis, many cyanobacteria also per-

form biological nitrogen fixation, thereby using

atmospheric N2 as their sole nitrogen source,

although they readily switch over to other

sources of nitrogen (combined nitrogen), if avail-

able. In the rice fields, cyanobacterial genera

such as Anabaena, Nostoc, Scytonema,

Calothrix, Gloeotrichia and Fischerella are

abundant, apart from unicellular forms (Roger

and Kulasooriya 1980). Cyanobacteria such as

Nostoc, Anabaena, Calothrix, Aulosira and

Plectonema are found to be ubiquitous while

Hapalosiphon, Scytonema and Cylindrospermum

are found to be localised in distribution

(Venkataraman 1972; Kannaiyan 1985).

Contribution of cyanobacteria in agriculture is

not restricted to its ability to carry out biological

nitrogen fixation; it also helps in solubilisation of

phosphorous and improves soil physical proper-

ties by exopolysaccharide production, addition of

organic matter in the soil and production of plant

growth-promoting substances. Ability of cyano-

bacteria in mobilising the inorganic phosphates

in laboratory condition as well as soil is

well documented (Roychoudhury and Kaushik

1989; Natesan and Shanmugasundaram 1989;

Fig. 7 Types of

siderophores
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Yandigeri and Pabbi 2005). Kleiner and Harper

(1977) reported that soils with cyanobacterial

cover showed more extractable phosphates

than in nearby soils without cover. The produc-

tion of phthalic acid as a possible mode of

P-solubilisation by cyanobacteria was proposed

by Yandigeri et al. (2011). Application of

cyanobacteria to rice crop was investigated

extensively even though their application to

other crops has also been shown interest in recent

years.

8.1 Role of Cyanobacteria in Paddy
Cultivation

As early as in 1939, attributing cyanobacteria for

the maintenance of soil fertility in rice fields by

De was the first report recognising the agronomic

potential of cyanobacteria. Venkataraman (1972)

termed ‘algalization’ as the inoculation of algae in

rice fields at various localities and demonstrated

the positive effect on grain yield of rice. Nitrogen-

fixing cyanobacteria are known to play an impor-

tant role in maintaining and improving the pro-

ductivity of rice fields (Kaushik 1994). The

application of cyanobacteria with reduced nitrog-

enous fertiliser gave yield equivalent to that of full

dose nitrogenous fertiliser (Swarnalakshmi

et al. 2006). Venkataraman (1981) reported the

estimate of N2-fixed as a result of cyanobacterial

inoculation in the range of 20–30 kg ha�1. Wet

land flooded condition of soil supports sustenance

of nitrogen fertility than dry land conditions

(Watanabe and Roger 1984). Since the rice field

ecosystem supplies all the vital requirements for

cyanobacterial growth such as light, moisture,

and mineral nutrients; the nitrogen-fixing cyano-

bacteria dominate in the Indian paddy fields. The

favourable conditions of rice fields for the fixation

of atmospheric nitrogen are one of the reasons for

maintaining higher yields of paddy crop under low

land conditions. Algalization increases the

fertiliser use efficiency of crop plants and reduces

the loss of nitrogen and above all provides these

benefits for a longer duration (Goyal 1993).

Out of the various symbiotic associations

between plants and the cyanobacteria, Azolla-
Anabaena azollae symbiosis is the most

important with respect to application in agricul-

ture. The free floating fern Azolla is endowed

with microsymbiont Anabaena azollae, a hetero-
cystous nitrogen-fixing cyanobacteria. Azolla is

widely applied as an organic fertiliser in the

tropical rice fields of India, China, Vietnam etc.

It not only supplies the fixed nitrogen but also

valuable organic matter to the soil which in turn

boost the growth of other plant growth-

promoting bacteria in the soil (Gaur 2006).

When applied in suitable conditions, Azolla is

able to fix nitrogen up to 1.1 kg N h�1 day�1.

Becking (1979) showed that the maximum bio-

mass produced by Azolla ranged from 0.8 to 5.2 t

dry matter per day. Under reduced nitrogen

levels of nitrogen, Azolla application maintains

the higher rice yield (Yanni 1992).

Various researchers reported the cyanobacterial

exudates showed increase in seed germination, root

and shoot growth, weight of rice grains and their

protein content (Venkataraman and Neelakantan

1967; Mishra and Kaushik 1989). There are differ-

ent views on the nature of bioactive agents in the

cyanobacterial exudates. The presence of both IAA

and amino acids in the culture filtrates of cyano-

bacteria has already been reported (Karthikeyan

2006; Karthikeyan et al. 2009).

8.2 Wheat Production and
Cyanobacteria

In the recent years, interest on utilising nitrogen-

fixing cyanobacteria for wheat crop has gained

importance as wheat requires large quantities of

fertiliser nitrogen to achieve good yields. Spiller

and Gunasekaran (1990, 1991) reported that

cyanobacteria could enhance the growth of

wheat crop under nitrogen-free hydroponic sys-

tem. Under Saudi Arabian soil conditions, Kabli

et al. (1997) conducted experiment to test the

efficiency of cyanobacteria in wheat crop and

concluded that Nostoc commune and Anabaena
cylindrica could supply atmospheric nitrogen to

wheat to maintain its vegetative growth. At

Indian Agricultural Research Institute, New

Delhi, the beneficial effects of cyanobacterial

application to other crops notably wheat have

been addressed by many workers. It has been
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found that yield of wheat crop with treatment

including 1/3 N + full dose of P and K plus

cyanobacterial culture was equivalent to wheat

crop treated with full dose of NPK (Karthikeyan

et al. 2007). They also reported the soil fertility

improvement by the application of cyano-

bacteria. Investigation on performance of

cyanobacteria and bacterial combination for

wheat crop (variety HD 2687) under pot culture

condition was evaluated by Nain et al. (2010).

They reported that combination of cyanobacteria

and bacteria isolated from wheat rhizosphere

exhibited plant growth promotion and increase

in yield. The soil microbiological properties like

dehydrogenase activity, FDA hydrolase, alkaline

phosphatase and microbial biomass were also

found to be enhanced by the application of

cyanobacteria and bacteria combinations. Simi-

lar results in wheat crop were also reported

(Manjunath et al 2011; Rana et al. 2012).

Swarnalakshmi et al. (2013) evaluated biofilmed

preparation of cyanobacterium Anabaena

torulosa with agriculturally beneficial bacteria

such as Azotobacter, Mesorhizobium, Serratia
and Pseudomonas in wheat crop in which

single super phosphate (SSP) was supplied as P

source. Results indicated that nitrogen fixation in

terms of acetylene reduction (ARA) was

enhanced even 14 weeks after inoculation.

Application of SSP showed beneficial role in

terms of increasing nitrogen fixation as well as

increased P uptake by plant. Cyanobacterial con-

sortium for the organic cultivation of wheat-rice

cropping sequence was also investigated for their

agronomic potential (Prakash et al. 2013a).

8.3 Other Crops

The attempt to use cyanobacteria for vegetable

crops was done by Dadhich et al. (1969). They

studied the efficiency of cyanobacterium

Calothrix anomala on Capsicum annum and

Lactuca sativa and found that yield and percent-

age nitrogen was increased significantly in the

treatment that included the combination of

cyanobacteria and urea. Application of culture

filtrate of Aulosira fertilissima to tomato crops

enhanced vegetative growth of tomato

significantly than the control (Rizvi and Sharma

1994). Similar enhancement in growth para-

meters of tomato seedlings was reported by

Al-khiat (2006). Increase in vitamin C content

of tomato by the application of cyanobacteria to

tomato crop was reported by Kaushik and

Venkataraman (1979).

Kumar et al. (2013) evaluated the potential of

eight thermotolerant bacteria (seven Bacillus
spp. and one actinobacterium Kocuria sp.) and

two cyanobacteria (Anabaena laxa and Calothrix

elenkinii) as plant growth-promoting (PGP)

agents for seed spices, such as coriander, cumin

and fennel, under controlled conditions in potting

mix fortified with microbial cultures and found

that germination percentage of cumin was

enhanced by 25 % over control in treatment

containing A. laxa while Calothrix enhanced

root/shoot length significantly in all the three

crops, especially fennel. Plant dry weight and

peroxidase activity of shoots and roots were

enhanced by five- to tenfold in all the microbe-

inoculated treatments. Enhancement of soil ferti-

lity is imperative to achieve maximum as well as

sustainable crop yields to meet the growing

demand for food. Cyanobacteria are proven

biofertilisers for wetland crop like rice. But its

utility is expanding to other crops such as wheat,

vegetables and spice crops. They form an in-

expensive farm grown input which helps in better

crop nutrient management while working in per-

fect harmony with nature. Cyanobacteria provide

a holistic approach to improve soil physical,

chemical and biological properties when com-

bined with other plant growth-promoting

microorganisms.

Conclusion

Supply of adequate amount of food and provi-

sion of healthy environment for expanding

global human population without changing

the quality of natural ecosystem are the

major challenges for agricultural as well as

environmental scientists. Good status of soil

health and adequate supply of bioavailable

nutrients in the soil are crucial for plant dis-

ease suppression, production of nutritious

food and to improve the crop yield. In order

to protect the crops from diseases and to
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improve their yield, chemical fertilisers and

pesticides have been extensively used in the

recent past. Although use of chemical

fertilisers and pesticides has increased the

crop yield, it has simultaneously destroyed

the quality of soil, disturbed the natural com-

munity structure of soil microbial population

and the natural cycling of materials and ham-

pered the concept of sustainability. In addi-

tion, excess use of chemicals not only affected

the diversity of soil microflora but also indi-

rectly distracted the quality of underground

water table as well as surface water bodies

by the processes of leaching and surface

run-off, respectively. Data from past research

indicated that microbes play valuable role in

plant nutrition and disease suppression by

their diverse activities like phosphate and

sulphate solubilisation, production of signal-

ling compounds and growth hormones, nitro-

gen fixation, etc. It is an established fact that

microbial-based biofertilisers and biopesti-

cides are the better alternative of chemicals

and beneficial for human health and environ-

ment. Unfortunately microbial-based formu-

lation lacks universality in their effects and

activity and gives different results in different

geographical and climatic conditions. More

research and extra efforts are required to dis-

cover the better microbes for effective

formulations. Recent advances in sequencing

technology and soil metagenomics have

revealed that vast majority of microbial popu-

lation of the soil are unidentified and function-

ally not characterised. Despite all the effort

microbiologists are only able to cultivate the

1�10 % of microbes, and the rest 90–99 % are

not yet cultured (Rappe and Giovannoni

2003). Study of soil microbiome using next-

generation sequencing further widened the

windows of uncultured soil microbial diver-

sity. Here it is advisable to first of all trace out

the black box of microbial diversity either

using the soil metagenomics or by soil micro-

biome study. After that, formulate the strategy

for isolation of ecologically and agricul-

turally important organisms under laboratory

conditions using modern cultivation

approaches (Prakash et al. 2013a) and pre-

serve them for commercial formulations

(Prakash et al. 2013b). After cultivation and

functional characterisation, select the

ecologically beneficial microorganisms like

PGPR, diazotroph phosphate solubiliser and

pesticide degraders for the formulation of bio-

pesticide, biofertilisers, biocomposting and/or

biodegradation of environmental pollutants

for sustainable agriculture and environment

(Lugtenberg and Kamilova 2009; Chandler

et al. 2008).

Initially it was considered that due to small

size and universal distribution, ecological

disturbances do not affect the microbial diver-

sity and its conservation. Therefore, the con-

cept of microbial diversity conservation got

less attention than plant and animal diversity

conservation. Now it is established that eco-

logical disturbances like addition of chemi-

cals, climatic variations and tillage affect the

structure and functions of soil microbial com-

munity and even cause the permanent loss of

valuable microorganisms from the habitats.

Progress in microbial ecology has proved

that microbial diversity is more valuable and

needs conservation. Preservation of cultivable

organisms under culture collection or bio-

resource centres has been optimised, but con-

servation of not yet cultured but ecologically

valuable microorganisms is a challenging task

and needs more attention. Conservation of

intact habitats is a good option for conser-

vation of not yet cultured microorganism.

Therefore, not only cultivation, screening

and preservation of ecologically and agri-

culturally important microorganisms are

important but conservation of valuable but

not yet cultured organisms are equally impor-

tant for better future and sustainable

development.
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Role of Cyanobacteria in Nutrient Cycle
and Use Efficiency in the Soil

Manish Kumar, D.P. Singh, Ratna Prabha, and Arun K. Sharma

Abstract

Cyanobacteria are ancient key photosynthetic prokaryotic organisms

playing critical role in the biological nutrient cycling in different habitats.

They have tremendous capabilities for the management of agroecosystem.

The organism possesses various attributes that directly or indirectly not

only improve nitrogen (N), phosphorus (P), potassium (K), iron (Fe), and

other mineral content in the soils but facilitate plants to make better use of

such minerals in plant growth promotion for enhanced crop production.

Although much work has been carried out on the nitrogen fixation

mechanisms of cyanobacteria, its direct implication in the field is still

awaited. Similarly continuous research work is required on the identifi-

cation of efficient strains of cyanobacteria to make better utilization of

them in improving macro- and micronutrients use efficiency by the plants.

Keywords

Cyanobacteria • Nitrogen cycle • Nutrient use efficiency • PGPRs •

Microbes • Agroecology

1 Introduction

During the last several decades, agriculture is

heavily dependent of the increasing doses of

chemical fertilizers and synthetic nutrient

supplements for enhancing soil fertility and

thereby, increasing crop production although

this has many times negatively affected the com-

plex biogeochemical cycle of the agroecosystem

(Perrott et al. 1992; Steinshamn et al. 2004). Due

to the excessive usage of chemical fertilizers,

problems like leaching, segregation, or runoff

of nutrients, particularly nitrogen and phospho-

rus, are critical leading to the degradation of the

agroecology and the underground water quality

(Gyaneshwar et al. 2002). The most important

reasons behind this problem are the low use

efficiency of the chemical fertilizers by the plants

and low retention of these fertilizers by the soils

to make it available to the crops for a longer

duration. Since the world population is growing

at a faster pace, there will remain a high demand

of chemical fertilizers in the future to cope up
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with the increased food production for the

increasing population. This will again stimulate

high quantities of chemical fertilizers for the

forthcoming agriculture and keep on excessive

pressure on the environment and sustainability of

the agroecosystem (Adesemoye and Kloepper

2009). In the last several years, the rate of the

application of N, P, and K has increased

tremendously, and although this has helped in

increasing agriculture production, it has also cre-

ated severe problems to the fertility of soils,

native flora, and fauna including microbial

communities and belowground water. The chal-

lenge, therefore, is to keep on increasing agri-

cultural productivity without creating harm

to the agroecology and disturbing environment

due of the excessive use of chemical fertilizers

(Vitousek et al. 2002).

Nutrients remain in the environment in three

basic forms including gaseous form (e.g., N2 and

CO2), minerals (such as apatite, P-containing

mineral Ca5(PO4)3, iron, etc.), and organic form

(nutrients bound with carbon (C)-based

compounds in living or dead organisms and

their products like composts). Enhanced crop

productivity either in low fertility soils or in the

soils with plenty of nutrients but not being avail-

able to the plants due to various reasons is a

challenge to cover increasing food demand.

Nutrient use efficiency (NUE), i.e., the capacity

of a plant to acquire or utilize nutrients, can be

considered to emphasize productivity or internal

nutrient requirement of the cells (Gourley

et al. 1994). Plant nutrient uptake usually occurs

in ionic forms and animals through the consump-

tion of living or dead organic forms, while

microbes can use both minerals and organic

materials. The proper interconversion between

various nutrient forms generally reflects a sign

of balanced ecosystem function which predomi-

nantly requires the role of microorganisms.

Nutrient cycling is the rotation of various

minerals and nutrients among various abiotic

and biotic biological entities from the water and

soil to organisms (plants, animals, or microbes)

to the environment. During the course of the

plant growth and development in a particular

soil habitat, elements are regularly extracted by

the plants from the soils or fixed from the

environment within plants and soils and ulti-

mately return to the same environment. Huge

diversity of organisms greatly influences nutrient

cycling by creating various physical structures

and mechanisms to regulate fluxes of nutrients

among different compartments of the environ-

ment. These structures and environmental pro-

cesses limit losses and excessive transfer of

nutrients by acting as buffers (Lavelle

et al. 2005). During the past several decades,

the cycling of the key elements like phosphorus,

nitrogen, carbon, potash, zinc, iron, silicon, and

other micronutrients also has seen substantial

deterioration with less positive and more nega-

tive impact over a range of ecosystem and their

functioning because of the ongoing industrial-

ization, chemicalization, and human inter-

ferences in the agricultural ecosystems.

Imbalances in the nutrient cycling have largely

affected the quality and fertility of soils, dimi-

nished agroecosystems, affected crop producti-

vity, and made poor availability of nutrients to

the crops.

In general, NUE covers diverse physiological

processes including relation between nutrient

content of the plant and its growth rate, availa-

bility of nutrients and minerals in the soil, soil

processes and biological factors to make existing

nutrients available to the plants, partitioning of

nutrients between the litter fall from plants and

resorption pathways, and role of microbes in

regulating nutrient cycling in the soils

(Aerts 1990).

The principles of nutrient use efficiency are

rooted in the judicious availability of nutrients in

agroecosystem, proper nutrient cycling, and uti-

lization of the nutrients by the crop plants.

Nutrients in any form required by the crops are

not in plenty as is largely believed by the public.

Because of the rising prices of the chemical

fertilizers and imbalances in the prices of the

produced crops in return, farming fraternity is

also becoming conscious about the economics

of the fertilizer used and the crop yield. This

has actually put pressure on the fertilizer

industries on one hand to develop better

fertilizers with high nutrient release and loss

efficiency in the soils and scientists on the other

hand to develop strategies to search for the viable
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methods for better NUE. Since the issue of the

plant nutrition is related to the biological compo-

nent of the soils where microbes have to play a

critical role in improving nutrient availability

to the plants and, thus, enhancing the nutrient

use efficiency of the plants especially in the

nutrient-poor soil, it is aimed to discuss the

role of microbes and especially cyanobacteria in

the nutrient cycling and use efficiency.

Cyanobacteria are the most natural inhabitants

of the agroecosystem and are dominant photo-

trophic organisms in water (fresh and marine

water, hot springs) and soil. Their long evolu-

tionary history in the environment and abilities

for adaptation in almost all kinds of natural

habitats make these organisms ubiquitous in

nature. Their presence has been reported from a

wide range of soils with a variety of character-

istics (normal, saline, alkaline, acidic soils, etc.).

These organisms have largely been considered

for possessing various characteristics to contri-

bute to the productivity of the agricultural crops,

fertility of soils, and balance of the ecosystems.

2 Microbial Role in Nutrient Use
Efficiency

Like soil and water, a great diversity of microbial

resources available in the soils also play a critical

role in the uptake and acquisition of the nutrients

by the plants. It is usually believed that the huge

diversity of themicrobial communities associated

with the rhizoplane in the rhizosphere and

phylloplane helps plants to acquire minerals,

organic substances, and many other small mole-

cule metabolites including amino acids, phyto-

hormones, etc. to improve plant productivity.

The role of the microbes in the soils has been

emphasized as nitrogen fixers (Bashan et al.

2004), P-solubilizers (Rodriguez and Fraga

1999), potassium solubilizer and mobilizers

(Basak andBiswas 2009), siderophore production

for iron sequestration in plants (Bakker et al.

2006), plant hormone producers (Prasanna et al.

2011), and 1-aminocyclopropane-1-carboxylate

(ACC) deaminase producers that alleviate biotic

stresses in the plants (Adesemoye and Kloepper

2009). Their interactions with the plants have

been shown to improve plant growth and impart

biological control against biotic and abiotic

stresses, and much work is available on these

aspects (Bhardwaj et al. 2014). The basic concept

of organic farming has its roots in the role of

microbial indigenous communities that silently

work to improve biogeochemical cycle in the

natural ecosystem. Plant growth-promoting

rhizobacteria (PGPRs) and the arbuscular mycor-

rhizal fungi (AMF) are known to improve nutrient

status of the soils that will ultimately be available

to the crop plants (Adesemoye and Kloepper

2009), and their formulations applied as seed

treatment or soil inoculants are supposed to mul-

tiply manyfolds in the soils and participate in the

nutrient cycling to benefit crop improvement

(Singh et al. 2011). Inoculations with PGPR and

AMF have been shown to enhance nutrient use

efficiency of fertilizers (Bhardwaj et al. 2014),

and various combinations of chemical fertilizers

with PGPRs and AMF have been reported to have

impact on fertilizer usage and management in the

soils (Han and Lee 2005; Adesemoye et al. 2008).

Application of soybean residues andAzospirillum
brasilense inoculation with or without inorganic

N-fertilizer in poor fertility sandy soils showed a

significant increase in N-accumulation in wheat

shoots or grains. Improved phosphorus use effi-

ciency is reported in French bean when rock

phosphate was applied with farmyard manure

(FYM) or vermicompost (1:2 ratio) along with

phosphate-solubilizing bacteria (Manjunath

et al. 2006). It is shown that the application of

phosphate-solubilizing bacteria (PSB) signifi-

cantly increased available phosphorus in an acidic

soil (oxisol) (Setiawati and Handayanto 2010).

Mycorrhizal association may help to improve

early season P-acquisition in crops. The AM

endophytes are not host-specific in general,

although preferential associations are observed

with some host plants (Jansa et al. 2013).

It has largely been considered that tripartite

interactions of plant-PGPR-AMF may facilitate
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nutrient uptake by the plants (Barea et al. 1998)

and such interaction seems promising although

the association between PGPRs and AMF

may become synergistic or antagonistic, and there-

fore, investigations in this direction are required

(Adesemoye and Kloepper 2009). The mecha-

nisms behind plant-microbe (PGPR or AMF)

interaction is a complex phenomenon involving

various direct and indirect molecular and bio-

chemical cellular processes (Berg 2009), but a

clearer understanding of such processes will defi-

nitely help in identifying how such interactions

can benefit nutrient uptake by the plants.

3 Cyanobacteria and Nitrogen
Fixation

Cyanobacteria are considered to have a direct

impact on improving soil fertility and conse-

quently enhance growth and production of rice

crop (Song et al. 2005). They play important

roles in increasing soil physical structure, poro-

sity and retaining soil moisture due to their

filamentous structure and production of muci-

laginous substances, production and release into

the soil phytohormones, vitamins, amino acids,

secondary metabolites like phenolics, flavonoids,

etc. (Roger and Reynaud 1982; Rodriguez et al.

2006), improving mineral sequestration (N and

P) in the soils and accumulating organic biomass

in the soil which improves soil organic level after

their decomposition (Wilson 2006; Saadatnia

and Riahi 2009). Besides all, they have an

indigenous potential to fix atmospheric nitrogen

into the habitat they belong and thereby increase

direct fertility of the soils. In the early eco-

systems, fixed nitrogen was limited due to

bacteria nitrification and anaerobic ammonia oxi-

dation, while oxygen levels were still compa-

ratively low in the atmosphere. Cyanobacteria,

being the primary producers on the Earth, were

able to provide their own fixed nitrogen

continued to outcompete other microorganisms

and to oxygenate the Earth (Antonia 2008). Since

nitrogen limitation is among the major factors

limiting crop production, a large proportion of

the energy budget of the developed and

developing world is being spent on the produc-

tion of N-based fertilizers. At the same time, it is

also a fact that the overuse of N-based fertilizers

is a serious matter as it not only affect the cost of

production but create problems of polluting

drinking and recreational water bodies and low

fertility of the soils. Plenty of nitrogen in the

gaseous form (78 % by volume, 3.9 � 1015

tonnes) is available in Earth’s atmosphere,

but only a few number of prokaryotic organisms

are known to fix atmospheric nitrogen. These

organisms are called nitrogen fixers or diazo-

trophs, and many of them have been applied in

enhancing agricultural productivity since

long back.

Many of the cyanobacterial species have the

intrinsic ability to fix atmospheric nitrogen with

the help of a very specialized cell called hetero-
cyst (Fay et al. 1968). These specialized cells are

relatively very enlarged than the usual vegetative

cells and are present terminally or intercalary in

the filamentous cyanobacterial organisms (Sah

2008). Cyanobacterial nitrogen fixation is a pro-

cess coupled by the generation of hydrogen gas

(H2) at the same time, and 40 % of the evolved

H2 is recycled with the help of hydrogen-uptake

gene (hup gene) (Margheri et al. 1990), while the

rest 60 % can be used as a source of green fuel

(Dutta et al. 2005). Heterocysts are tri-layered

specialized cellular structures in which the

outer fibrous and middle homogenous layers

are comprised of noncellulosic polysaccharide,

while the inner laminated layer is composed of

glycolipids (Lang 1968). The specialized cell

wall of the heterocyst permits atmospheric nitro-

gen gas to diffuse inside but restricts the atmo-

spheric oxygen to come inside. The enzyme

cascade nitrogenase catalyzes biological N2 fixa-

tion inside the heterocysts, and since this enzyme

is highly sensitive to oxidation in the presence of

oxygen, the cell wall of the heterocyst checks the

diffusion of the oxygen inside the cells. Hetero-

cysts are so specialized in their physiology that

they lack photosystem II (PS II) in it because in

PS II photolysis occurs with the generation of

free oxygen. Heterocyst possesses photosystem

I (PS I) which generates ATP that facilitates in

nitrogen fixation. Even in the conditions of the
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external oxygen entering inside the hetero-

cystous cells through polar plugs, these cells

make a reaction of entering oxygen with that of

hydrogen molecules present inside the cells to

make molecules of water and, thereby, maintain

the internal environment of the cells as reducing

and not oxygenating to facilitate nitrogen fixa-

tion (Sah 2008). Some filamentous cyanobacteria

(e.g., of the genera Anabaena and Nostoc) con-
fine the nitrogen fixation activity to the special-

ized heterocysts which is containing nitrogenase

enzyme; other unicellular and filamentous forms

express nitrogenase activity in the dark periods

of light-dark growth cycle (Herrero et al. 2001).

Another example is Trichodesmium sp. which

fixes nitrogen aerobically and expresses nitro-

genase activity in the light period of light-dark

growth cycle (Capone et al. 1997). Symbiotic

biological nitrogen fixation also occurs with

the water fern Azolla living symbiotically with

a cyanobacterium Anabaena azollae which

colonizes the base of Azolla fronds. These sym-

biotic cyanobacteria fix significant amount of

nitrogen in their heterocystous cells and remained

prominent as biofertilizers in the wetland paddy

fields over so many years in the Southeast Asia

(Wagner 2011). In many areas, paddy fields are

typically covered with the blooms of Azolla that

fix as high as 600 kg N per ha per year during the

rice-growing season (Postgate 1982; Fattah 2005).

4 Cyanobacteria to Improve
Nutrient Use Efficiency

Nitrogen (N2) is essential for all life forms in

which it helps the biosynthesis of amino acids,

proteins, and other nitrogenous organic bio-

molecules and formation of chlorophyll to sup-

port photosynthesis and, thus, plant growth.

Although chemical fertilizers, especially urea,

are extensively being used as a source of nitro-

gen for the crops, farmyard manure (FYM), com-

post and vermicompost, legume cover crops, and

off-farm fertilizers like fish emulsion, poultry

wastes, etc. are largely being used by organic

practitioners to meet out the demand of nitrogen

in organic crops. Limitations of the FYM or

other manures or composts lie in their nutrient

composition which varies widely depending on

the source and method of production, plenty of

availability at the farms, and, simultaneously,

the cost of transportation. In this regard, bio-

logical nitrogen fixation (BNF) usually per-

formed by a number of free-living or symbiotic

microorganisms, especially by bacteria in the

soil ecosystem, is again an alternative option to

cover up the demand of nitrogen fertilizer,

although to a limited extent (Shridhar 2012).

Cyanobacteria offer an ecologically sound and

economically impressive alternative to the ever-

increasing usage of chemical fertilizers for

increasing crop productivity especially in the

rice cultivation (Mishra and Pabbi 2004). They

play an important role in the maintenance of soil

fertility in the rice fields to yield enhanced crop

production (Song et al. 2005). The application of

N2-fixing cyanobacteria (as individual organism

or in consortia) as a potential N2-biofertilizer

source in the field, especially paddy as an alter-

native to the commonly used organic fertilizers,

can be of great value and is becoming popular

day by day (Thajuddin and Subramanian 2005;

Choudhary 2011; Prasanna et al. 2011; Hasan

2012; Sahu et al. 2012). Most of the rice fields

inhabit a natural population of cyanobacterial

strains that act as a potential source of nitrogen

fixation in the field. Ammonia produced within

the cells as a product of nitrogen fixation is taken

up by passive diffusion or as ammonium ion by

specific uptake mechanism. Alternatively amino

acid alanine, asparagine, and glutamine can

also act as sources of nitrogen for the plants.

There was a study on the performance of selected

bacterial strains, namely, Providencia sp.,

Brevundimonas sp., and Ochrobactrum sp. in

combination with two species of Anabaena and

one Calothrix sp. in pot experiment with rice

variety Pusa 1460 comprising 51 treatments and

recommended fertilizer as control (Prasanna

et al. 2011). This study illustrated positive

impact of co-inoculation of bacterial and cyano-

bacterial strains for integrated nutrient manage-

ment of rice crop.
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Soil incubation and greenhouse studies were

conducted to evaluate the impact of nitrogen

availability from mineralizable nitrogen on dif-

ferent types of soil textures on the growth of

lettuce crop. N-mineralization potential of

cyanobacterial biofertilizers was compared with

the traditionally used fertilizers in two soils with

contrasting textures in an experiment at constant

temperature (25 �C) and 60 % moisture content

for 140 days (Sukor 2013). Results indicated

that in comparison to the commonly used

organic fertilizers (compost and fish emulsion),

N availability facilitated by cyanobacterial bio-

fertilizers was fairly efficient in sandy soils, and

it also enhanced lettuce growth and lettuce root

response on N use efficiency. The use of foliar

cyanobacterial biofertilizer in combination with

soil applied, solid and liquid cyanobacterial bio-

fertilizers showed higher percentage of fertilizer

recovery and NUE at 56 kg N ha�1 compared to

the composted manure that correspond to lettuce

yield component which was higher in fish emul-

sion compared to the composted manure (Sukor

2013).

It was demonstrated at Central Rice Research

Institute, Cuttack, India, that application of cyano-

bacterium Aulosira sp. with soil at a rate of

60 kg ha�1 (fresh weight) caused significant

change in the content of soil nitrogen content.

Nitrogen content in the soil was increased by

13–14 % under field conditions by the incorpo-

ration of cyanobacteria, and the soil amended

with cyanobacteria releases almost 50 % of its

ammonium nitrogen at 50 days of flooding

(Syiem 2005). The rate of nitrogen released by

cyanobacteria was recorded to be 12 and 35 %

after 7 and 35 days of flooding in field, respec-

tively. Apart from Aulosira, Nostoc muscorum,

Nostoc commune, and Anabaena sp. also

enhanced the release of inorganic nitrogen into

the soil. N content in the soil incorporated with

cyanobacteria was found to be higher when it was

exposed to light (due to N gain from cyano-

bacteria) than that of the unexposed soil. A signi-

ficant increase in total inorganic nitrogen content

was also reported in pots inoculated with

Tolypothrix tenuis (Mishra and Pabbi 2004).

Cyanobacteria potentially secrete substantial

amount of extracellular nitrogenous compounds

into the medium. Different cyanobacterial strains

(Calothrix ghosei, Westiellopsis, Hapalosiphon
intricatus, and Nostoc sp.) isolated from the rhi-

zosphere of wheat were analyzed for their physio-

logical attributes (Karthikeyan et al. 2007). Soil

enriched with cyanobacterial isolates helps in

enhancing soil fertility and makes it suitable for

cultivation.

Cyanobacteria were also used as biofertilizer

in wheat crops (a major staple crop) (Abd-Alla

et al. 1994), lettuce (Sukor 2013), and maize to

enhance the nutrient use efficiency by increasing

the nitrogenase activity. There are some reports

in which cyanobacterial biofertilizers along with

some chemical fertilizers (N40P30K30) had inter-

esting and promising results treated with wheat

crop (var HD 2687). Cyanobacterial inoculants

along with vermicompost lead to the increase in

nitrogenase activity, and Azotobacterwith cyano-

bacteria increases the extent of chlorophyll.

Calothrix, Anabaena, Oscillatoria, and Phor-

midium are abundant cyanobacterial community

reported in wheat crop soil ecosystem (Prasanna

et al. 2009). In some study, root sections of wheat

seedlings cocultured with Calothrix ghosei

showed short filaments inside the root hairs and

cortical region (Karthikeyan et al. 2007). The

higher crop yield in clayey soil types, which are

expected to absorb more available nutrients than

sandy soil, can be obtained by the application of

cyanobacteria as biofertilizers. Usually, crops sel-

dom utilize more than 40 % of the applied N, and

the increasing use of N-fertilizer decreases nutri-

ent use efficiency (Dobermann 2005). Nitrogen

use efficiency depends on the time of application

of fertilizer, keeping in view the demand of plant

growth. It has also been observed that nutrient use

efficiency initially increases when the supplied

rate of N reaches up to a maximum and then

declines when nutrient transport in plants is

regulated to ensure sufficient absorbing rate of

nutrient to cover plant growth demand (Bloom

et al. 2006). Cyanobacteria, being the producers

of mucilage and enhancers of organic matter con-

tent in the soils, also help in the slow release

process of the nutrients and minerals present in

the soils or being absorbed by themselves and
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made available to the plants after the decay of

their cells.

5 Other Attributes of
Cyanobacteria

The use of cyanobacterial biofertilizer led to

increase in microbial diversity in soil and subse-

quently improve the fertility of soils because it

was found to increase organic matter content and

enzymatic activity carried out by microbes

(dehydrogenase and nitrogenase activities)

(El-Gaml 2006). Cyanobacteria also excrete

indole-3-acetic acid (IAA) and amino acids

which can stimulate the growth of microbial

populations in soil (Song et al. 2005;

Karthikeyan et al. 2007). An increased microbial

activity in the rhizosphere is reported to increase

microbial colonization of plant roots and help

plants to acquire N from soils. Phytohormones

(IAA) are important factors that contribute to

enhance root system in the plants (Spaepen

et al. 2007) and, thus, increase the possibility of

enhanced nutrient acquisition by the roots

that can support plant growth. This could be the

indirect impact of cyanobacterial biofertilization

in the soils to improve plant growth and crop

yield.

There are reports of possible increase in the

NUE due to co-inoculation of cyanobacteria

with bacteria on crop yield. Prasanna et al.

(2011) explained C–N sequestration in soil

under rice crop after co-inoculation. The syner-

gistic effect of rhizobacteria and cyanobacteria

in promoting yield of rice was demonstrated to

result in 30–40 kg nitrogen savings in terms of

chemical fertilizers (Prasanna et al. 2011).

Moreover positive influence on carbon seques-

tration in soil was also reported. Enhanced agro-

nomic efficiency and utility in integrated

nutrient management of rice–wheat cropping

sequence was documented using cyanobacteria

and rhizobacteria together as inoculants. Signi-

ficant enhancement was reported in organic car-

bon in plants inoculated with microbes and

correlated it with MBC (microbial biomass car-

bon) values (Prasanna et al. 2011). Several

enzyme activities were also significantly corre-

lated with soil microbial carbon. These enzymes

play important roles in nutrient cycling. Treat-

ment of cyanobacteria and bacterial strains to

crop plants not only enhanced C/N ratio but

provided an indication that in combination, the

use of plant growth-promoting bacteria and

cyanobacteria can aid in carbon sequestration

in soils and adjust nutrient imbalance in soils

with mineral deficiencies (Prasanna et al. 2009).

Cyanobacterial carbon-sequestering ability leads

to a significant role in the carbon enrichment of

soils (Jaiswal et al. 2010). Biomineralization of

carbon dioxide by CaCO3 precipitation using

cyanobacteria is demonstrated to offer strategies

for point-source carbon capture and seques-

tration (Tabita and Colletti 1979; Jansson and

Northen 2010). Carbon sequestration is an impor-

tant process in carbon cycling and involves cap-

turing and storing of carbon and its subsequent

removal from the global carbon cycle. Nostoc
muscorum is supposed to act as an ecosystem

manager by creating an environment within the

soil system that is suitable for plant and microbial

growth. N. muscorum leads the formation of

stable soil aggregates and, thus, help in increas-

ing nutrient use efficiency.

Conclusion

Cyanobacteria, being a key photosynthetic

microorganism in the biological nutrient

cycling, have tremendous capability for the

agroecosystem management. The organism

possesses various attributes that directly or

indirectly not only improve nitrogen, phos-

phorus, iron, and other mineral content in the

soils but facilitate plants to make better use of

such minerals in plant growth promotion for

enhanced crop production. Although much

work has been carried out on the nitrogen

fixation mechanisms of cyanobacteria, its

direct implication in the field is still awaited.

Similarly continuous research work is

required on the identification of efficient

strains of cyanobacteria to make better utili-

zation of them in improving P, K, and Fe use

efficiency by the plants in the soils.
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Trichoderma Improves Nutrient Use
Efficiency in Crop Plants

Sayaji T. Mehetre and Prasun K. Mukherjee

Abstract

Trichoderma spp. are better known as suppressor of plant diseases.

Trichoderma-based formulations thus dominate the biofungicide market.

Intense researches however identified many traits in Trichoderma that

extends the applications beyond plant protection. Various species of

Trichoderma are capable of enhancing root growth and development,

imparting tolerance to abiotic stresses, and improving uptake and use

efficiency of micro- and macronutrients, culminating in enhancing crop

productivity. Microbe-mediated improvement of nutrient use efficiency is

gaining a lot of importance in the context of gradual loss of soil fertility/

productivity that has resulted from intensive agriculture. Trichoderma

spp. can enhance crop productivity by virtue of both enhanced decompo-

sition of biomass and improving uptake of inorganic fertilizers, the topics

of discussion in the current review.

Keywords

Trichoderma • Growth promotion • Nutrient use efficiency • Composting

• Biodegradation

1 Introduction

Nutrients play important role in crop productiv-

ity. These nutrients are categorized as primary,

secondary, and micronutrients depending on the

requirement to the crops. Nutrient use efficiency

in crop is yield per unit of nutrient supplied (from

the soil and/or fertilizer). This is usually divided

into two components: uptake, or the ability of the

plant to extract the nutrient from the soil, and

utilization/use efficiency, the ability of plant to

convert the absorbed nutrient into yield. It also

covers transport, storage, mobilization, and

usage of nutrients within the plant and depends

on the environment. The nutrients that most com-

monly limit plant growth are N, P, K, S, and

micronutrients.

Nutrient availability to the plant is influenced

by microorganism present in the soil and the

rhizosphere. The omnipresent Trichoderma spp.

play significant role in nutrients recycling and
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nutrient availability to plants. Most Trichoderma
spp. are rhizosphere competent and hence have

competitive advantages as far as colonization of

roots/rhizosphere is concerned (Chet et al. 1981;

Elad 2000; Harman 2006). Apart from its ability

to accelerate the nutrient uptake, by virtue of

being prolific producers of plant cell wall

degrading enzymes, Trichoderma has also

shown to enhance the process of composting

in soil. This in turn enhances the nutrient avail-

ability to the crops. Root colonization by

Trichoderma spp. frequently enhances root

growth and development, thus directly

contributing to improved nutrient uptake.

2 Enhancement of Plant Growth
by Trichoderma

Use of Trichoderma spp. has very often resulted

in higher growth of plant and improved the yield

of several crops. This has been well studied and

documented over the period of time, but the exact

mechanism is not clearly understood. A possible

mechanism for increased plant growth is an

increase in nutrient transfer from soil to root,

which is supported by the fact that Trichoderma

can colonize the interior of roots (Kleifield and

Chet 1992). Several mechanisms, by which

Trichoderma spp. influences plant development,

were suggested, such as production of growth

hormones (Windham et al. 1986), solubilization

of insoluble minor nutrients in soil (Altomare

et al. 1999), and increased uptake and transloca-

tion of less-available minerals, in addition to

suppression of minor pathogens (Baker 1989).

Growth stimulation is evidenced by increases in

biomass, productivity, stress resistance, and

increased nutrient absorption (Hoyos-Carvajal

et al. 2009). Certain Trichoderma strains have

been shown to stimulate plant growth through

the production of plant-growth-promoting

(PGP) compounds (Chang et al. 1986; Ousley

et al. 1994; Contreras-Cornejo et al. 2009; Vinale

et al. 2009).

There are many reports of enhanced plant

growth and yield due to application of

Trichoderma spp. Application of Trichoderma

spp. under glasshouse conditions increased seed-

ling height by 26–61 %, root exploration by

85–209%, leaf area 27–38%, and root dry weight

by 38–62 % within 15 days after the treatments in

bitter gourd (Lo and Lin 2002). Chang

et al. (1986) demonstrated that T. harzianum
strains improved tomato seedling growth. There

were differences between the untreated control

and the treatments for all of the growth

parameters at 4 weeks after inoculation with the

exception of root fresh and dry weight. In another

study, T. harzianum was applied to cucumber and

pepper seedlings as a peat-bran preparation

incorporated into the propagative mixture in a

commercial production nursery. Significant

increase of 23.8 and 17.2 % in seedling height,

96.1 and 50 % in leaf area, and 24.7 and 28.6 % in

plant dry weight was observed in cucumber and

pepper seedlings, respectively, as compared to

their non-treated counterparts. Trichoderma-

treated seedlings were much more developed

and vigorous and had higher chlorophyll contents

(Inbar et al. 1994). Windham et al. (1986) showed

the production of growth regulating factors for

enhanced plant productivity due to application

of Trichoderma spp.

Effect of T. harzianum on seed germination

was studied in maize and beans. Maize seeds

coated with Trichoderma inoculum and planted

in soils without fertilizer addition recorded the

highest germination rate of 82.7 % followed by

seeds coated with the inoculum and planted in

soils treated with manure (82.2 %). Combination

of the inoculum and fertilizer performed better at

improving maize seed germination compared

with fertilizers applied singly (Okoth

et al. 2011). The yield was also enhanced signifi-

cantly at the end of experiment. Adams

et al. (2007) investigated if T. harzianum Rifai

(1295-22) could be used to enhance the estab-

lishment and growth of crack willow (Salix

fragilis) in a soil containing no organic or metal

pollutants and in a metal-contaminated soil by

comparing this fungus with non-inoculated

controls and an ectomycorrhizal formulation.

Results showed saplings grown with

T. harzianum (T22) produced shoots and roots

that were 40 and 20 % longer than those grown
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with ectomycorrhiza. T. harzianum (T22) treated

saplings produced more than double the dry bio-

mass of controls.

Several species of Trichoderma promoted

growth and development of seedlings of vegeta-

ble and non-vegetable crops as well as straw-

berry (Bal and Altintas 2006, 2008; Elad

et al. 2006). Zhang et al. (2012) showed that the

putative T. harzianum mutant (T-E5) enhanced

the production of IAA and plant colonization

ability in cucumber and thus enhanced the yield

over control.

Recently, some researchers have reported the

effect of Trichoderma isolates directly on the

plant growth parameters in some commercial

crops (Shanmugaiah et al. 2009; Bal and

Altintas, 2008; Babeendean et al. 2000; Zheng

and Shetty 2000; Phuwiwat and Soytong 1999,

Lynch et al. 1991). Chacon et al. (2007) showed

that T. harzianum is able to promote tomato plant

growth by colonizing the roots, increasing the

foliar area and secondary roots, as well as chang-

ing the root architecture under sterile condition

(Bjorkman et al. 1998). In contrast, Bal and

Altintas (2006) demonstrated that application of

T. harzianum did not increase yield in tomato,

thus revealing a strain specificity. De facto, the

effect of Trichoderma on plant growth improve-

ment is not the result of Trichoderma isolate and

plant species but also the complex interaction of

many factors that may have an influence on the

Trichoderma-plant interaction such as environ-

mental parameters, soil microorganisms, and

soil-plant interactions (Harman et al. 2004).

Mehetre et al. (2008) studied the value addi-

tion of the biogas manure with microbial

enrichments with Azotobacter, Rhizobium, and

Trichoderma and evaluated its performance

under field condition on Mungbean (Vigna
radiata L.). The results revealed that there was

significant increase in microbial population of

bacteria, fungi, rhizobium, and azotobacter dur-

ing entire period of crop growth in biogas manure

treated plot as compared to urea treated and

control plots. All the biological and agronomical

parameters were significantly stimulated in bio-

gas manure enriched with Trichoderma as com-

pared to only manure treatment. Barakat and

Al-Masri (2009) studied the effect of

T. harzianum (Jn14) in combination with an

amendment of sheep manure on the soil suppres-

siveness of Fusarium wilt of tomato. In addition

to disease control, the treatment also increased

tomato plant fresh weights by 52 % after

28 months, and the 10 % amendment increased

fresh weights by 56, 40, and 63 %, after 18, 24,

and 28 months, respectively, over controls.

In addition of being root colonizers, several

Trichoderma isolates (many are new species)

have been reported to be “true” endophytes

(Druzhinina et al. 2011). Some of these isolates

not only promoted growth of plants but also

imparted tolerance to biotic and abiotic stresses

(Bae et al. 2009, 2011; Bailey et al. 2009). This is

an emerging area and needs to be investigated

thoroughly to explore the discovery of more

novel strains/ species of endophytic Trichoderma

and making use of them in improving crop

health.

3 Nutrient Use Efficiency

3.1 Nitrogen

Nitrogen is a primary nutrient and is the most

ephemeral of the key plant nutrients. Nitrogen is

critical for plant growth as it is a fundamental

part of chlorophyll, and when leaves contain

sufficient nitrogen, photosynthesis occurs at

high rates. Application of Trichoderma spp.

increases nitrogen use efficiency (NUE) in

plants. Simple seed treatment with Trichoderma

can reduce the requirement of nitrogen applica-

tion to the extent of 30–50 % (Harman 2011;

Shoresh et al. 2010; Harman and Mastouri 2010;

Shoresh and Harman 2008). Singh et al. (2010)

studied the effect of a formulation based on

T. harzianum (Th 37) (applied @ 20 kg/ha) on

the stubbles at the ratoon initiation stage of sug-

arcane and found that the treatment increased the

availability of nitrogen (N), phosphorus (P), and

potassium (K) by 27, 65, and 44 %, respectively.

Improvements in uptake of nutrients and growth

due to application of Trichoderma were also

noticed in sugarcane (Srivastava et al. 2006;
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Yadav et al. 2008; Shukla et al. 2008). A com-

bined inoculation of T. harzianum and Pseudo-

monas fluorescens recorded the maximum

nitrogen uptake (61.28 mg plant�1) in vanilla

(Sandheep et al. 2013).

3.2 Phosphorus

Phosphorus is one of the essential nutrients for

plant growth. Its functions cannot be performed

by any other nutrient, and an adequate supply of

P is required for optimum growth and reproduc-

tion. Altomare et al. (1999) showed for the first

time the ability of a T. harzianum Rifai 1295-22

(T-22) to solubilize insoluble or sparingly solu-

ble minerals via three possible mechanisms

including acidification of the medium, produc-

tion of chelating metabolites, and redox activity.

This strain was able to solubilize MnO2, metallic

zinc, and rock phosphate (mostly calcium

phosphate) in a liquid sucrose yeast extract

medium, as determined by inductively coupled

plasma emission spectroscopy. Solubilization of

tricalcium phosphate and other forms of phos-

phorus by Trichoderma spp. has been well stud-

ied in different crops, and the results of such

trials clearly demonstrated enhanced phosphorus

availability to plants (Rudresh et al. 2005, Anil

and Lakshmi 2010, Azarmi et al. 2011,

Saravanakumar et al. 2013). Trichoderma also

has been shown to increase the root length, total

biomass, and seed production of wheat, probably

as a consequence of an increased efficiency in the

absorption of phosphorus and nitrogen from the

soil (Behl et al. 2003; Gupta and Baig 2001).

Cuevas (2006) showed that the treatment with

Trichoderma at 0 N fertilizer yielded grains sig-

nificantly higher than that treated with 90 kg

N/ha but without the fungus. Soil chemical

analyses after rice harvest showed that yield

was negatively correlated with available soil P

and Zn, significant at 1 % level. Treatment plots

with high yields had lower available P and

Zn. These two studies showed that presence of

the fungus in the soil in sufficient population

resulted in more mineral nutrient availability

especially P and Zn for plant use that increased

crop growth and yield.

3.3 Potassium

Potassium is an essential plant nutrient and is

required in large amounts for proper growth and

reproduction. Potassium regulates the opening

and closing of the stomata by a potassium ion

pump. Several recent reports indicate that the

fungi enhances tolerance to abiotic stresses dur-

ing plant growth (Yildirim et al. 2006), in part

due to improved root growth, improvement in

water-holding capacity of plants, or enhancement

in nutrient uptake (i.e., potassium), whereas, in

the absence of stress, plant growth may or may

not be enhanced. Mohammadi et al. (2010)

applied T. harzianum in combination with other

biofertilizers and showed significant increase

in N, P2O5, K2O, Fe, and Mg content in leaves

and grains of chick pea.

3.4 Micronutrients

Micronutrients though required in small quantity

have major role in crop productivity. Slight

decrease in the availability of such nutrients

hampers the yield of the crop significantly.

Santiago et al. (2011) studied the effect of

T. asperellum inoculation on the uptake of Fe,

Cu, Mn, and Zn by wheat (Triticum aestivum L.)

grown in a calcareous medium. Results showed

the inoculation with T34 increased Fe concentra-

tion in Fe-deficient media, thus revealing a posi-

tive effect of this microorganism on Fe nutrition

in wheat. Harman (2000, 2001) reported that

T. harzianum (1295-22) could also solubilize

a number of poorly soluble nutrients, such as

Mn4+, Fe3+, Cu2+ etc. As mentioned before, in

addition to N, P, and K, T. harzianum improved

the availability of some of the micronutrients,

viz., Cu, Fe, Mn, and Zn, that were enhanced,

respectively by 6, 100, 79, and 66 % in ratoon

sugarcane (Singh et al. 2010).
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4 Enhanced Composting
and Carbon Recycling

Compost contains humus or humified organic

matter, which serves as a “bank” or “reserve”

for important plant nutrients. Composting is a

very complex process and requires lot of time

and involves variety of microorganisms. The

benefit from increased soil organic matter and

composting includes:

i. Nutrients being available to crops during

times when there are minimal or zero external

inputs

ii. Reduced need for commercial fertilizers

iii. Improved plant health, which is an important

line of defense against pests, diseases, and

environmental stress

iv. Better retention of fertilizers and reduced

runoff

v. Soil buffering, because the organic matter in

compost neutralizes both acidic and alkaline

soils and brings pH levels to the optimum

range for nutrient availability to plants

Thus, composting is an important process of soil

organic matter degradation and has role in nutrient

availability to the different crops. Trichoderma spp.

have the ability to accelerate the composting pro-

cess and play positive role in the process of humifi-

cation of compost. There are several reports on the

use of Trichoderma alone or in combination with

different organic manure and compost for better

availability of nutrients. Haque et al. (2010) studied

the effects of Trichoderma enriched biofertilizer on

mustard (Brassica campestris) under field condi-

tion. Results showed increased seed yield per

plant (by 5.34 %) with Trichoderma enriched

biofertilizer.Mokhtar et al. (2013) studied the effect

of T. harzianum and some essential oils alone or in

combination with compost on the peanut crown rot

disease under field conditions. All the treatments

significantly reduced the peanut crown rot disease.

The highest reduction was obtained with combined

treatments (compost + T. harzianum + thyme and

compost + T. harzianum + lemongrass) which

reduced the disease incidence at both pre- and post-

emergence growth stages, respectively. Espiritu

(2011) studied the effect of compost prepared

from coconut coir dust/chicken manure along with

T. harzianum and applied to mung bean. The com-

bination treatment gave highest plant fresh biomass

and number of nodules over control. Trichoderma

hamatum (GD12) isolated from soil in Devon, UK,

promoted plant growth in low pH and nutrient-poor

peat and displayed biological protection against

pre- and postemergence diseases of lettuce

seedlings, caused by Sclerotinia sclerotiorum and

Rhizoctonia solani under the same conditions

(Thornton 2005, 2008; Ryder et al. 2012).

Conclusions

Trichoderma species are free-living fungi that

are common in soil and root ecosystems and

have been known for decades as biocontrol

fungi (Mukherjee et al. 2013). Apart from its

biocontrol activity, recent studies have

demonstrated that Trichoderma has many

other useful attributes including enhanced

nutrient uptake and availability and plant

growth promotion. There are clear indications

and experimental evidences for increased

nutrient up take by application of Trichoderma
spp. The nutrients include nitrogen, phospho-

rus, potassium, and micronutrients. Nutrient

use efficiency has gained lot of significance

recently due to loss of soil productivity.

There is also an increase in demand for organic

inputs in agriculture, and nutrient availability

plays a major role in organic farming. Com-

pared to the attention that Trichoderma spp.

received as biofungicides, little in-depth

research has been done on the other attributes

of these plant-beneficial fungi, like the

mechanisms of nutrients uptake as well as

plant growth promotion. Recent advances in

genetics and genomics would unravel some

of these mechanisms and which, in turn, will

enhance our capability to fully realize the

potential of Trichoderma beyond biocontrol

(Mukherjee et al. 2013).
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Bio-priming Mediated Nutrient Use
Efficiency of Crop Species

Amitava Rakshit, Kumai Sunita, Sumita Pal, Akanksha Singh,
and Harikesh Bahadur Singh

Abstract

Soil contamination and environmental hazard from the indiscriminate and

excessive application of agrochemicals on crops have been key issues for

the present-day agriculture. Additionally, the risk to human health has also

led to stringent regulatory framework around the use of synthetic

chemicals in agriculture. Bio-inoculants have emerged as the most feasi-

ble eco-friendly solution to these issues and have been gaining consider-

able consumer acceptance since the time they were first introduced.

Bioagents are substances containing living microorganisms which pro-

mote plant growth and maintain the soil and crop health by increasing the

supply or availability of primary nutrients to the host plant. Bio-priming

which involves seed priming in combination with low dosage of beneficial

microorganisms is becoming a potentially prominent technique to induce

profound changes in versatility of plant performance, encourage desired

attributes in crop growth, and stabilize the efficacy of biological agents in

the present fragile setup of agriculture by reducing dependency on chemi-

cal inputs and offers an attractive option for resource-poor farmers being

an easy and cost effective method. The most prominent contributors in

fungi and bacteria which are used extensively in bio-priming include

Trichoderma, Pseudomonas, Glomus, Bacillus, Agrobacterium, and

Gliocladium. Here in this review, we discuss the potential of
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bio-priming for improving crop growth and nutrient use efficiency and

provide an assessment of bioagents currently used with crop species and

key limitations involved.

Keywords

Biological agents • Bio-priming • Crop growth improvement

1 Introduction

The fertilizer industry presents one of the most

energy-intensive sectors within the Indian econ-

omy and is therefore of particular interest in the

context of both local and global environmental

discussions (GOI 2011). During fertilizer produc-

tion energy is consumed in the form of natural gas,

associated gas, naphtha, fuel oil, low sulfur heavy

stock, and coal (Phylipsen et al. 1998). In the

present-day scenario, there are more than 57

large-sized and 64 medium- and small-sized

chemical fertilizer production units in India

which have performed a significant role in

enabling the increased supply of essential nutrients

to plants to achieve the objective of being self-

sufficient in the production of food grains.

There is no denying the fact that over the

years increased usage of fertilizer has played a

significant role in the increase of agriculture pro-

ductivity. Current trends in agricultural output,

however, depict that the marginal productivity

of soil in relation to the application of fertilizers

is declining. Decline in soil organic matter

and deficiency of secondary nutrients and

micronutrients were major issues which led to

yield stagnation. The comparatively high usage

of straight fertilizers as against the complex

fertilizers (NPK) which are considered to be

agronomically better including low or

non-usage of secondary nutrients and

micronutrients has also probably contributed

towards slowdown in fertility and growth of pro-

ductivity. The declining fertilizer use efficiency

is also one of the factors for low productivity.

The chemical and synthetic fertilizers, particu-

larly nitrogen, phosphorous, and potassium

(NPK), are highly subsidized (Table 1), and the

amount have quadrupled over the past 10 years.

Further the fertilizer sector needs Rs 40,000 crore

to address the current payment crisis due to sub-

sidy over dues. The pricing of subsidized

fertilizers is also probably responsible for higher

usage of straight fertilizers and skewed usage of

nutrients. Huge amount of subsidy allocation

provided directly to the industry has led to indis-

criminate production and availability while

neglecting the locally available knowledge on

soil nutrient management. Widespread usage of

such fertilizers has resulted in the degradation of

natural resource base, especially soil.

In recent years environmental pollution is a

serious global problem, and plants are more and

more subjected to a variety of stresses. Among

these stresses, biotic and abiotic factors like low

soil fertility, drought, and temperature extremes

are very common. And with this, present context

low-input agricultural systems have gained atten-

tion due to rising interest for the conservation of

natural resources, reduction of environmental

degradation, and escalating price of inorganic

fertilizers. Conventional farming systems with

lower application of fertilizers and pesticides

have been developed and perfected for many

crops under varied agroecological conditions.

Moreover, advances in science and technology

enabled us to apply the potential of biological

diversity for pollution abatement which is termed

as bioresource management. A more appropriate

management of microorganism in agriculture is

expected to allow a substantial reduction in the

amount of minerals used without losses in pro-

ductivity while permitting a more sustainable

production system.

The negative consequences of environmental

damage, land constraints, population pressure,

and institutional deficiencies have been

reinforced by a limited understanding of the
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biological processes necessary to optimize nutri-

ent cycling, minimize use of external inputs, and

maximize input use efficiency and plant protec-

tion particularly in tropical and subtropical agri-

culture. The overall strategy for increasing crop

yields and sustaining them at a high level must

include an integrated approach to the manage-

ment of soil nutrients, along with other comple-

mentary measures of plant protection. Integration

of chemicals, plant extracts, biotic agents along

with priming agents are some of the novel

approach for a holistic management reducing

the cost and pollution hazards while causing

minimum interference with biological equilib-

rium (Papavizas 1973).

Research on the use of bioagents for use in

agriculture has a history of more than 70 years,

and considerable attention has been directed to

biological seed and transplant treatments (Lewis

and Lumsden 2001). Bioagents, especially bene-

ficial bacteria and fungi, have shown promise in

many seed enhancement studies, and its use is

consistent with the development of integrated

crop management systems.

2 Seed: A Basic and Critical Input
for Agricultural Production

Seed is an important facet of agriculture,

contributing greatly to the successful production

of food and feed crops worldwide, and yet it

faces challenges like production, storage, and

quality control of seeds. Such challenges along

with inadequate soil moisture and soil salinity

lead to poor and unsynchronized seedling emer-

gence, poor establishment of crop stand, and a

reduction in crop yield and/or total crop failure.

To overcome these challenges, a number of seed

technologies (priming, pelleting, coating, etc.)

that enhance germination and synchronization of

seedling emergence under adverse environmental

conditions such as drought have been developed

(Rakshit et al. 2013; Roy and Srivastava 2000;

Ashraf et al. 2011; Basra et al. 2005; Tzortzakis

2009). One seed treatment method has proven

successful after Heydecker (1973) attempted ini-

tial experimentation to improve germination and

emergence under stressful conditions. The tech-

nique is known as priming. Priming, by definition,

is the process by which the physiological pro-

cesses of seed germination are partially activated

to point that is inhibitive for radical emergence

(Ashraf and Foolad 2005). The technique involves

pre‐soaking seeds in aerated solutions or solid

matrices for a specific period of time and then

re‐drying before field planting. Currently, it is an

important tool for accelerating seed germination

rate, ensuring uniform seedling emergence, and

improving stand establishment and seedling

vigor (McDonald 2000; Nascimento and Pereira

2007). Priming is becoming an extremely widely

used method in agriculture. In general, most kinds

of seeds experimented with so far have shown an

overall advantage over seeds that are not primed.

Seed priming can be accomplished through differ-

ent methods such as hydropriming (water), solid

matrix priming or matripriming (hydrated sand,

peat, and vermiculite), osmopriming (soaking in

osmotic solutions such as PEG or inorganic salts),

thermopriming (treatment with low or high

temperatures), and plant growth inducers.

Several investigations across varied agro eco-

logical situations confirmed that seed priming

has many benefits including break of seed

dormancy, uniform emergence, deeper roots,

Table 1 Input statistics in agriculture

Input

Usage

(106 tonnes)

Subsidy

(Rs. billion)

Size of the industry

(Rs. billion)

Energy involvement (MJ kg�1)India Global India Global India Global

Fertilizer 24.5 170 750 – 30 5,000 78.2(N);17.5(P);13.8(K)

Pesticide 0.85 2.6 – – 180 2,500 215 (herbicide), 238 (insecticide),

and 92 (fungicide)

Biopesticide 0.25 25 – – 2 200 –

Biofertilizer 0.28 200 – – 4 180 0.01(liquid); 0.3(solid)

Source: Mihov and Ttringovska (2010), www.bccresearch.com, http://www.nic.in/agri
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higher resource use efficiency, better competition

with weeds, early flowering and maturity and

grow faster under stress conditions (Bajehbaj

2010). This method can be useful to farmers

because it saves them the money and time spent

for fertilizers, reseeding, and weak plants. It is a

form of seed planting preparation, in which seeds

are soaked before planting. However, because of

environmental concerns with chemical control

strategies and a potential for toxic residues to

accumulate in soil, biological control strategies

with antagonistic fungi and rhizobacteria have

been developed. However, among the viable

options available with priming, bio-priming is

the most evolved process of resource conserva-

tion by mutual interaction of plant/plant

propagules and suitable microbial flora.

3 Bio-priming

Bio-priming is a process of biological seed treat-

ment that refers to combination of seed hydration

(physiological aspect of disease control) and

inoculation (biological aspect of disease control)

of seed with beneficial organism to protect seed.

Seed treatments with biocontrol agents along

with priming agents may serve as important

means of managing many of the soil and seed-

borne pathogens and diseases and improving

nutrient use efficiency, the process often known

as bio-priming. Bio-priming is a relatively new

and emerging seed and/or seedling treatment tool

that can be used to induce systemic resistance in

treated crops against abiotic and biotic stresses

(Rakshit et al. 2014). In most cases, microbial

inoculants such as plant growth-promoting rhizo-

sphere or endophytic microbes (bacteria or fungi)

are used. Like other seed priming techniques, this

technology has proven to be of paramount impor-

tance in improving seed quality and performance

as well as in promoting plant growth (Aliye

et al. 2008; Rajkumar et al. 2010, 2012). Seeds

may be treated with microorganisms in a specific

concentration for a specific duration or by coat-

ing with microbes. The use of bioagents or

botanicals with priming agents has become an

inevitable method of disease control, particularly

in crops and in the absence of resistant cultivars.

Some biocontrol agents applied as seed dressers

are capable of colonizing the rhizosphere, poten-

tially providing benefits to the plant beyond the

seedling emergence stage (Nancy et al. 1997). As

a result, bio-priming holds a tremendous scope

most likely to be exploited by seed companies

and organic farmers in the format of sustainable

agriculture where seed-microbe association will

be in a position to survive and thrive in stressful

man-made environments.

4 Bio-priming-Mediated Nutrient
Use Efficiency

Improving NUE is an important goal to harvest

better crop yield on sustained basis (Rakshit

et al. 2002). According to statistics, the worldwide

transaction amount of fertilizer is roughly US$40

billion. Of this, 135 million metric tons of chemi-

cal fertilizer is applied each year, with sales vol-

ume of about US$30 billion (http://www.

fertilizer.org/Statistics). Although there are no

clear application statistics for biofertilizer, how-

ever, its sales volume is estimated to be as much

as US$3 billion. Microbial inoculants play a

critical role in this by taking part in regulating

enzyme activities followed by nutrient dynamics

in the rhizosphere. Further, the protective effect of

microbes against a broad range of stress has

been well documented and is the reason for

their multifaceted use in sustainable agriculture.

Different mechanisms have been reported to

explain alleviation of stress by microbes includ-

ing biochemical changes in plant tissues, micro-

bial changes in rhizosphere, nutrient status,

anatomical changes to cells, and changes to

root system morphology.

Studies have shown that the growth-promoting

ability of microbes may be highly specific to

certain plant species, cultivar, and genotype

(Table 2) (Bashan 1998; Gupta et al. 2000; Lucy

et al. 2004). PGPR can affect plant growth by

different direct and indirect mechanisms (Glick

1995; Gupta et al. 2000). Some examples of these

mechanisms (Table 3), which can probably be

active simultaneously or sequentially at different

stages of plant growth, are (1) increased mineral

nutrient solubilization and nitrogen fixation,
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Table 2 Experiments on bio-priming of seed carried out in series of crop species

Primer Effective against Mechanism/responsible metabolites References

Pseudomonas fluorescens Alternaria blight

(Alternaria helianthi) of
sunflower

Production of bacterial

allelochemicals, antibiosis

(antibiotics)

Rao

et al. (2009)

Pseudomonas aureofaciens
AB254

Damping off (Pythium
ultimum) of sweet corn

Production of bacterial

allelochemicals, antibiosis

(antibiotics), lytic enzymes

Callan

et al. (1990)

Enterobacter cloacea
(Jordan) + Trichoderma spp.

Damping off (Pythium
ultimum) of tomato and

cucumber

Antibiosis (antibiotics), biocidal

volatiles, lytic enzymes,

detoxification enzymes

Harman and

Taylor (1988)

Pseudomonas fluorescens
strains: UTPf76 and UTPf86

Sunflower seed

germination and

promotion of seedling

growth

Production of bacterial

allelochemicals, indirect

promotion through induced

systemic resistance

Moeinzadeh

et al. (2010)

Pseudomonas fluorescens
AB254

Sweet corn Production of bacterial

allelochemicals, antibiosis

(antibiotics), indirect promotion

through induced systemic

resistance

Callan

et al. (1991)

Rhizopseudomonads strain

7NSK2

Maize and barley Biocidal volatiles, antibiosis

(antibiotics), lytic enzymes,

detoxification enzymes

Iswandi

et al. (1987)

Pseudomonas putida Canola rapeseed Production of bacterial

allelochemicals, lytic enzymes,

detoxification enzymes

Lifshitz

et al. (1987)

Pseudomonas fluorescens Growth of pearl millet Production of bacterial

allelochemicals, antibiosis

(antibiotics), indirect promotion

through induced systemic resistance

Raj et al. (2004)

Fluorescent pseudomonads Take-all of wheat

(Gaeumannomyces
graminis)

Production of bacterial

allelochemicals, antibiosis

(antibiotics), indirect

promotion through induced

systemic resistance

Weller and

Cook (1983)

Serratia plymuthica (strain

HRO-C48) + Pseudomonas
chlororaphis (strain MA 342)

Blackleg disease

(Leptosphaeria

maculans) in oilseed

rape

Production of bacterial

allelochemicals, including iron-

chelating siderophores, antibiosis

(antibiotics)

Ruba

et al. (2011b)

Serratia
plymuthica + Pseudomonas
chlororaphis

Verticillium
longisporum infection in

oilseed rape

Production of bacterial

allelochemicals, including iron-

chelating siderophores, antibiosis

(antibiotics)

Ruba

et al. (2011a)

Pseudomonas Corn, sorghum, and

wheat

Production of bacterial

allelochemicals, antibiosis

(antibiotics), indirect

promotion through induced

systemic resistance

El-Meleigi

(1989)

Enterobacter cloacae Rots caused by Pythium
in pea and cucumber

Biocidal volatiles, lytic enzymes,

and detoxification enzymes

Hadar

et al. (1983)

T. harzianum, T. viride,
T. hamatum, B. subtilis,
B. cereus, and P. fluorescens

Faba bean root rot by

Rhizoctonia solani,
Fusarium solani, and
Sclerotium rolfsii

Production of bacterial

allelochemicals, including iron-

chelating siderophores, antibiosis

(antibiotics), biocidal volatiles

El-Mougy and

Abdel-Kader

(2008)

(continued)
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making nutrients available for the plant;

(2) repression of soilborne pathogens (by the pro-

duction of hydrogen cyanide, siderophores,

antibiotics, and/or competition for nutrients);

(3) improved plant stress tolerance to drought,

salinity, and metal toxicity; and (4) production

of phytohormones such as indole-3-acetic acid

(IAA) (Gupta et al. 2000). Moreover, some

PGPR have the enzyme 1-aminocyclopropane-1-

carboxylate (ACC) deaminase, which hydrolyses

ACC, the immediate precursor of ethylene in

plants (Glick et al. 1995). By lowering ethylene

concentration in seedlings and thus its inhibitory

effect, these PGPR stimulate seedlings root

length (Glick et al. 1999).

Nonetheless, these research findings suggest

that bio-priming with different beneficial

microbes may not only enhance seed quality but

also boost seedling vigor and ability to withstand

abiotic and biotic stressors and thus offer an

innovative crop protection tool for the sustain-

able improvement of crop yield.

Table 2 (continued)

Primer Effective against Mechanism/responsible metabolites References

Clonostachys rosea Carrot seed infected with

seed-borne Alternaria
spp.

Production of bacterial

allelochemicals, including iron-

chelating siderophores, antibiosis

(antibiotics), biocidal volatiles,

lytic enzymes, detoxification

enzymes, indirect promotion

through induced systemic

resistance

Jensen

et al. (2004)

Pseudomonas cepacia or

P. fluorescens
Pythium damping off

and Aphanomyces root
rot of peas

Production of bacterial

allelochemicals, antibiosis

(antibiotics), indirect promotion

through induced systemic

resistance

Parke (1991)

Agrobacterium rubi strain
A 16 + Burkholderia gladii
strain

Radish under salinity Production of bacterial

allelochemicals, antibiosis

(antibiotics), biocidal volatiles,

lytic enzymes

Kaymak

et al. (2009)

BA 7 + Pseudomonas putida strain

BA 8 + Bacillus subtilis strain BA

142, and Bacillus megaterium strain

M 3

Beneficial microorganisms Carrot and onion Production of bacterial

allelochemicals, including iron-

chelating siderophores, antibiosis

(antibiotics), biocidal volatiles,

lytic enzymes, detoxification

enzymes, indirect promotion

through induced systemic

resistance

Bennett

et al. (2009)

PGPR like Azotobacter
chroococcum + Azospirillum
lipoferum + Azotobacter
chroococcum + Azospirillum
lipoferum

Hybrid maize Production of bacterial

allelochemicals, including iron-

chelating siderophores, antibiosis

(antibiotics), indirect promotion

through induced systemic

resistance

Sharifi Raouf

Seyed (2011)

Trichoderma harzianum + T. virens
and + Pseudomonas aeruginosa

Damping off

(Colletotrichum
truncatum) in soybean

Production of bacterial

allelochemicals including iron-

chelating siderophores, antibiosis

(antibiotics), biocidal volatiles

Begum

et al. (2010)
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Table 3 Bio-priming-mediated nutrient use efficiency

S. No. Crop Bioagent

Nutrient use efficiency References

Primary (N, P, K)

Secondary

(Ca, Mg)

Micro (Cu, Fe,

Zn, Mn)

1. Rice (Oryza
sativa)

A. amazonense N (3.5–18.5 %) Rodrigues

et al. (2008)

2. Wheat-rice
and wheat-
black gram
rotations

Natural mycorrhiza

consortium + Pseudomonas
fluorescens (strains
R62 + R81)

0.695 PUE [kg P

grain kg�1 P

fertilizer]

Mäder

et al. (2011)

3. Maize (Zea
mays)

T. harzianum 8.8–9.76 % N in

root; 3.5 % N in

shoot

Akladious

and Abbas

(2012)

4. Sugarcane

(Saccharum
officinarum)

Fluorescent Pseudomonas
strains R62 + R81

0.719 PUE [kg P

grain kg�1 P

fertilizer]

Yadav

et al. (2013)

5. Soybean

(Glycine max)
Trichoderma harzianum

AS19-2

N (15.8 %) Zn (8.24 %); Fe

(57.82 %)

Entesari

et al. (2013)

Trichoderma virens As10-5 N (5.2 %) Zn (21.6 %); Fe

(14.81)

Trichoderma atroviride
As18-5

N (11 %) Zn (37.25 %);

Fe (14.6 %)

6. Cucumber

(Cucumis
sativus)

Trichoderma asperellum
strain T 34

Cu (25 %); Zn

(11.4 %); Zn

(29.5 %); Mn

(58.6 %); Cu

(10.5 %); Fe

(85.7 %)

Santiago

et al. (2012)

7. Cucumber

(Cucumis
sativus)

T. harzianum N (13 %); P

(12 %); K

(11.7 %)

Ca (13.5 %);

Mg (3.7 %)

Fe (9 %); Mn

(8.2 %); Cu

(35 %); Zn

(5.7 %)

Moharam

and Negim

(2012)

Trichoderma viride Tv2 N (5.9 %); P

(1.2 %); Ca

(5.3 %)

Fe (7.5 %); Mn

(1.1 %); Cu

(13.8 %); Zn

(1.4 %)

8. Cucumber

(Cucumis
sativus)

Trichoderma harzianum P (30 %) Zn (25 %); Mn

(70 %)

Yedidia

et al. (2001)

9. Tomato

(Lycopersicon
esculentus)

T. harzianum T22 K (9.7 %); P

(38 %); N (2.5 %)

Ca (22 %);

Mg (20 %)

Fe (46 %); Zn

(27 %)

Molla

et al. (2012)

BioF/liquid (broth of spores

suspension of T. harzianum
T22)

K (15.3 %); P

(24.7 %)

Ca (18.2 %);

Mg (24.4 %)

Fe (64.6 %); Zn

(45 %)

10. Tomato

(Lycopersicon
esculentus)

T. harzianum T969 P (65.85 %); K

(324.35 %)

Azarmi

et al. (2011)

T. harzianum T447 P (359.53 %); K

(782.97 %)

Ca

(528.63 %);

Mg

(220.86 %)

T. harzianum T969 P (42.98 %); K

(162.82 %)

Ca

(31.46 %);

Mg

(38.98 %)

(continued)
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5 Present Status

Apart from the general issues relating to the need

to use integrated approaches to promotion, local

access to the materials and up-front cost of some

of the materials used can be a bottleneck to

adoption in rural areas. On the contrary

measuring the correct quantities, repackaging

and selling the small quantities of bio inoculums

needed by farmers offers opportunities as well

for disadvantaged people to generate income.

However, a holistic approach to rural develop-

ment is necessary, which is something that sec-

toral line agencies may find difficult. A second-

approach more readily available materials are

Table 3 (continued)

S. No. Crop Bioagent

Nutrient use efficiency References

Primary (N, P, K)

Secondary

(Ca, Mg)

Micro (Cu, Fe,

Zn, Mn)

11. Broccoli

(Brassica
oleracea)

AM fungi N (102.08 %); P

(53.33 %)

Tanwar

et al. (2013)

P. fluorescens N (235.42 %); P

(163.33 %)

T. viride N (735 %); P

(210 %)

12. Melon

(Cucumis
melo)

T. harzianum N (27.03 %), P

(137.8 %); K

(27.96 %)

Martı́nez-

Medina

et al. (2009)

Glomus constrictum under

reduced fertilization dosage

N (11.05 %); K

(32.2 %)

Glomus mosseae under
reduced fertilization dosage

N (31.05 %), P

(67.56 %), and K

(46.6 %)

Glomus claroideum under

reduced fertilization dosage

N (9.47 %); P

(27.02 %); K

(27.96 %)

Glomus intraradices under
reduced fertilization dosage

N (7.89 %); P

(21.62 %); K

(13.55 %)

Trichoderma harzianum
under conventional

fertilization dosage

N (20.6 %); K

(30 %)

Glomus constrictum under

conventional fertilization

K (30 %)

Glomus mosseae under
conventional fertilization

N (1.26 %); K

(29.16 %)

Glomus claroideum under

conventional fertilization

N (9.47 %); P

(27 %); K

(27.96 %)

Glomus intraradices under
conventional fertilization

N (7.89 %); P

(21.62 %); K

(13.56 %)

13. Tea (Camellia
sinensis)

Trichoderma harzianum N (44 %); P

(50 %); K (16 %)

Thomas

et al. (2010)

Azospirillum brasilense N (65 %); P

(25 %); K (14 %)

Pseudomonas fluorescens N (52 %); P

(67 %); K (18 %)
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being evaluated as an alternative source for

priming. The need for commercialization of the

supply of biological agents is a problem that will

need to be addressed. There is also an opportu-

nity for seed producers to develop a value-added

process if the technology can be refined to allow

longer-term storage of bio-primed seeds.

Conclusions

Bio-priming is a smart practice that is consis-

tent with sustainable agriculture goals.

Although chemical seed treatment constitutes

a low-volume pesticide use, today’s growers

are considering ways to continue to combat

stress while reducing synthetic chemical

inputs. Biological seed treatment using natu-

rally occurring soil microorganisms has the

potential to provide safe, nonpolluting, and

environmentally sound disease control. The

development of a delivery system for

biological seed protectants that reliably

furnishes the grower with a healthy seedling

stand aids in making bio-priming competitive

with chemical seed treatment. Findings sug-

gest that bio-priming with different beneficial

microbes may not only enhance seed quality

but also boost seedling vigor and ability to

withstand abiotic and biotic stresses and thus

offer an innovative crop protection tool for the

sustainable improvement of crop yield. Pri-

vate and public sector research scientists are

making valuable improvements in the effi-

cacy, reliability, and utility of bio-priming

for various crop species with reference to

long shelf life, high density of viable

propagules, stability under stress, ease of

application to seed, and economy of produc-

tion. Many areas are yet to be explored further

looking at the work and progress with

bioagents applied to seed as a subset of micro-

bial ecology.
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Unrealized Potential of Seed Biopriming
for Versatile Agriculture

Kartikay Bisen, Chetan Keswani, Sandhya Mishra,
Amrita Saxena, Amitava Rakshit, and H.B. Singh

Abstract

Seeds are the crucial input in agriculture as most of the world food crops are

grown from seeds and they are circulated at large scale in international trade.

However, many plant pathogens can be seed transmitted, and seed distribu-

tion is an extremely capable way of introducing plant pathogens into fresh

areas as well as a means of endurance of the pathogen between growing

seasons. In past decades, chemicals are widely used for seed treatment as a

potent approach towards disease control; however, rising concern about their

negative impact on the environment and human health minimizes their use

and promotes biological control for plant pathogens. Biopriming is a currently

popular approach of seed treatment which includes inoculation of seed with

beneficial microorganisms (biological aspect) and seed hydration (physiolog-

ical aspect) to protect the seed from various seed- and soilborne diseases.

Biopriming treatment is able to incite changes in plant characteristics and

facilitate uniform seed germination and growth associated with microorgan-

ism inoculation. Seed priming and osmo-priming are commonly being used

in many horticultural crops to amplify the growth and uniformity of germina-

tion. However, it may be used alone or in combination with biocontrol agents

to advance the rate of seed emergence and minimize soilborne diseases. On

the other hand, some biocontrol agents are used as seed dressers and are able

to colonize the rhizosphere, helping seeds to resist various abiotic stresses
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such as salinity, drought, low fertility and heavy metal stress, etc. Therefore,

biopriming is becoming a viable alternative for inorganic chemicals.

Keywords

Seed • Biopriming • Bioinoculants • Plant growth • Biotic stress • Abiotic

stress • PGPR

1 Introduction

Seed priming technique is used for improving the

vigor, establishment, and efficiency of seedlings

in the fields. The early stage of seed germination

requires suitable conditions; however, various

biotic and abiotic factors hinder the process of

germination. Therefore, the new concept of seed

biopriming emerged that amalgamates biological

and physiological aspects together. Seed

biopriming using beneficial and eco-friendly

biological agents could lead to improved physi-

ology of seeds resulting into enhanced vigor of

the seedlings (Ghassemi-Golezani 2008).

Plethora of plant pathogens ranging from

viroids to parasitic higher plants is responsible

for various diseases in crops. The detrimental

effect of diseases may range from placid

symptoms to disaster in which large planted

areas of food crops are damaged. Control of

plant pathogens is difficult because their

populations are unpredictable in time, space,

and genotype. Additionally, pathogen-infected

seeds also contribute to the establishment of

diseases and make the control strategy tedious.

As the agricultural production is largely based on

the seed (essential input), until and unless the

purity, superiority, and seed standards are

maintained, any production program cannot be

deemed successful. Most crops are raised from

seed each year, producing more than 2.3 billion

tons of grains (Reddy et al. 2011). Seeds must

germinate and seedlings emerge, speedily and

constantly throughout the field so that water,

light, and soil nutrients can be used with utmost

efficiency. If seeds emerge and grow slowly after

germination, they often become weak and

stunted and more vulnerable to pathogens

which may result in low production. Apart from

dealing with plant disease control, seed

biopriming also helps in alleviating various abi-

otic stress conditions, viz., salinity, drought, low

fertility, heavy metals, etc.

As a consequence of both industrialization

and increasing population, the earth’s atmo-

sphere and ecosystems are no longer enough for

absorption and breakdown of waste that we pro-

duce. As a result, the atmosphere is gradually

more fouled with various toxic metals and

compounds. The global increases in both human

population demands and environmental damages

have a significant outcome that worldwide pro-

duction of food may soon become unsatisfactory

to feed all of the global population (de Rosa

et al. 2006). It is therefore necessary that agricul-

tural productivity be considerably boosted within

the next few decades. In this context, agricultural

practices are shifting towards a more sustainable

approach of using transgenic plants, plant

growth-promoting bacteria, nanoformulations,

biofertilizer, and biocontrol agents for enhancing

crop productivity (Berg et al. 2010; Adesemoye

and Egamberdieva 2013; Mishra et al. 2014).

2 Consequences of Seed-Borne
and Soilborne Diseases

Approximately 90 % of all the worlds’ food

crops are grown from seeds (Schwinn 1994),

and seeds are widely disseminated in national

and international trade. Germplasm is also dis-

persed and traded in the form of seeds for breed-

ing purpose. However, many plant pathogens can

be seed transmitted, and seed distribution is an

extremely capable way of introducing plant

pathogens into fresh areas as well as a means of

endurance of the pathogen between growing

seasons. Plant diseases causing micro-organisms

(usually fungi, bacteria, viruses, and nematodes)
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may be carried with, on or in seeds and, in appro-

priate environmental conditions and may be

transmitted to cause disease in developing

seedlings or plants. Currently, two viable options

for increasing crop productivity are by firstly

introducing high-yielding varieties and secondly

avoiding crop disease incidence. However, the

benefits of using high-yielding variety may be

nullified by seed-borne diseases. These diseases

may be guilty for about 10 % losses in chief crops

in India (Neergaard 1979).

Interactions between pathogenic soil

organisms and plants may result in death of

young seedlings and even adult trees. Many

organisms target younger plants, but others

appear as problems at mature plant. Other

pathogens are able to cause disease in many

different plant species. The soil organisms that

have the potential to be plant pathogens include

fungi, bacteria, viruses, nematodes, and protozoa.

Some pathogens of the aboveground parts of

plants survive in the soil at various stages in

their life cycles. Regardless of having a severe

infection caused by soilborne pathogens, mostly

host plants do not exhibit symptoms of the dis-

ease. Usually, plant diseases occur in unfavorable

condition or when a new soilborne pathogen is

unexpectedly introduced in the vicinity of

susceptible crop.

3 History of Seed Treatment

Most primitive documented use of seed treatment

dates back to 60 A.D. when wine and crushed

cypress leaves were used to maintain seed free

from storage insects. Recently, scientists have

given credibility to this practice because hydrogen

cyanide evolves under these conditions which kill

insects. Coincidently in the seventeenth century, a

ship transporting large amount of food grains met

with a catastrophic accident causing the grains be

soaked with seawater. Seed recovered from the

ship produced a crop that showed significantly

lesser infection of stinking smut than in neighbor-

ing fields planted with unsoaked seed (https://

www.apsnet.org/edcenter/advanced/topics/Pages/

CerealSeedTreatment.aspx). Although this obser-

vation was described and acknowledged at that

time, it was not until 1750 that Tillet

demonstrated scientifically the advantage of

using salt and lime in controlling common bunt

in wheat. Seed treatment has since evolved into a

more complex science. The arrival of the organic

mercurial in 1920s started a new era in seed

treatment that has resulted in the many commer-

cial contact and systemic fungicides (Goggi

2011). However, recent awareness about the envi-

ronmental hazard of mercurial compounds has led

to their global injunction.

4 Worldwide Status of Seed
Treatment

Seed treatment market is categorized under

fungicides, insecticides, biocontrol seed

treatments, and other seed treatment chemicals.

It is further divided as chemical and nonchemical

nature of products. Bio-based seed treatment, a

part of nonchemical share that includes natural

active ingredients, is likely to be one of the

greatest emerging seed treatment segments in

the near future (Nautiyal 1999). Chemical-

based seed treatments are further divided as

fungicides and insecticides. Globally, about

51.7 % of the total required seed treatment in

2012 was covered by only insecticides. Growth

rate of the international fungicide seed treatment

market is of 9.2 % CAGR (compound annual

growth rate) and is projected to attain $1,367.8

million by 2018. The global insecticide seed

treatment market, rising at a CAGR of 10.8 %,

is expected to reach $2,182.8 million by 2018

(http://www.marketsandmarkets.com). One of

the significant success issues in the market is

the ability of a market contestant to innovate an

absolute protection solution against various abi-

otic and biotic stresses in a single product.

5 Status of Seed Treatment in
India

Biological seed treatment has grown from 3 to

5 % for agricultural and horticultural crops in

2012–2013 (http://nsai.co.in/). However, chemi-

cal treatment still accounts for 90–95 % of the
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total seed treatment component. The seeds of

self-pollinated crops are treated to the extent

of 10–15 % on an average. Seed treatment

estimated to enhance productivity by 8–10 %

with minimal cost.

6 Seed Priming

Priming could be defined as “controlling the

hydration level within seeds so that the metabolic

activity necessary for germination can occur

but radicle emergence is prevented.” Different

physiological activities within the seed occur at

different moisture levels (Leopold and Vertucci

1989; Taylor 1997). The last physiological activ-

ity in the germination process is radicle emer-

gence. The commencement of radicle emergence

necessitates high seed water content. By restric-

tive seed water content, the entire metabolic

steps essential for germination can occur without

the unalterable act of radicle emergence. Prior to

radicle emergence, seeds are considered dehy-

dration tolerant, thus the primed seed moisture

content can be reduced by drying. Primed seeds

can be stored until time of sowing after drying.

For practical purposes, seeds are primed for the

following reasons:

• To triumph over or improve phytochrome-

induced dormancy in plants

• To reduce the time required for germination

and for successive emergence to take place

• To promote and stand uniformity in order to

simplify production management

6.1 Seed Biopriming

The prime objective behind seed treatment is to

increase seed performance in many of the follow-

ing ways: (1) eliminate any threat posed by seed-

and soilborne phytopathogens; (2) meet the

needs of thinning seedlings, especially in case

of mechanical planters; and (3) enhance germi-

nation rates. In general crop production, chemi-

cal fungicides are often used which reduce seed

and seedling losses due to seed-borne and soil-

borne diseases. For organic growers, most of the

seed protectants are not a viable alternative; how-

ever, there are some seed treatments, such as

priming, pelletizing, and the use of hot water

treatment, that can be used by organic farmers

to improve seed performance.

Biopriming is a new fangled technique of seed

treatment (Fig. 1) that incorporates biological

inoculation of seed with beneficial micro-

organisms to guard seeds and regulate seed hydra-

tion for biotic and abiotic stress management. It is

the modern method for controlling major seed-

and soilborne pathogens. Seed priming was used

commercially in many horticultural crops as a

means to boost speed and uniformity of germina-

tion and advance final stand. Seed priming alone

or in combination with low dosage of fungicides

and/or biocontrol agents has been used to improve

the rate and uniformity of seed emergence and to

diminish diseases.

Biological control agents as seed treatments

are being vigorously developed by a number of

companies across the globe. These products may

also offer a limited solution for protection against

specific pathogens. It should be strained that

effectiveness of biological seed treatment is cur-

rently distant in replacing chemical seed treat-

ment; nevertheless, biocontrol agents offer dual

advantage of crop protection and plant growth

promotion simultaneously. If the global demand

for organic crops elevates, then these products

may have an ecological advantage over their

chemical counterparts for crop protection.

Biological management of plant diseases

relies on both potential biocontrol organisms

and methods of introducing the organism in

high-incidence regions. Regardless of the activ-

ity of the biocontrol agents, the methods used to

produce, formulate, and deliver these organisms

may profoundly affect their efficacy under field

conditions. One of the popular methods of

introducing biological control agents is seed

treatment (Fig. 1). Applying microorganisms to

seed is an attractive proposition because of the

combination of specific effect and limited envi-

ronmental impact. In the familiar saying, seed

treatment has the potential to deliver agents “in

the right amount, at the right place, and at the

right time” (McQuilken et al. 1998).
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6.2 Benefits of Seed Priming with
Bioinoculants

6.2.1 Disease Suppression
Bioinoculants help in disease suppression by

utilizing differentmechanisms such as siderophore

production, antimicrobial secondary metabolite,

and secretion of lytic enzymes (Keswani et al.

2014). Even though contest between bacterial

and fungal plant pathogens for space or nutrients

has been known to exist as a mechanism of bio-

control for many years, the furthermost attention

recently has involved competition for iron.

Siderophores (Greek: “iron carrier”) are small,

high-affinity iron-chelating compounds secreted

by microorganisms such as bacteria, fungi, and

grasses. Siderophores are among the strongest

soluble Fe3+-binding agents known (Leong

1986). Certain strains of fluorescent Pseudomonas
increase yield or control biologically one or more

soilborne pathogens when applied as seed or seed

inoculants to agricultural crops (Burr and Caesar

1984). It is well documented that Pseudomonas

siderophores improve biocontrol and simulta-

neously enhance plant growth by the production

of fluorescent siderophores that chelate molecular

iron in rhizosphere, making it less assessable

for other competing microorganisms (Singh et al.

2011, 2014; Jain et al. 2012). Biopriming treat-

ment is potentially prominent to induce profound

changes in plant characteristics and to encourage

more uniform seed germination and plant growth

associated with fungi and bacteria coatings

(Entesari et al. 2013).

6.2.1.1 Parasitism and Production of

Extracellular Enzymes

The use of specific mycolytic soil micro-

organisms to control plant pathogens is an eco-

logical approach to overcome the problems

caused by standard chemical methods of plant

protection. The ability to produce lytic enzymes

is a widely distributed property of rhizosphere-

competent fungi and bacteria (Viterbo

et al. 2002). Trichoderma spp. are active

mycoparasites against a range of economically

Fig. 1 General procedure

of seed biopriming
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important soilborne plant pathogens and are suc-

cessfully used as a biocide in greenhouse and

field applications (Chet 1987; Papavizas 1985;

Nayak et al. 2009). This is well complimented

by the secretion of extracellular hydrolytic

enzymes such as chitinases (Carsolio

et al. 1994; de la Cruz et al. 1992; Harman

et al. 1993), β-glucanases (Haran et al. 1995;

Lora et al. 1995; Lorito et al. 1994), and proteases

(Geremia et al. 1993). The effect of these

compounds in phytopathogenic fungi includes

degradation of the cell wall (Harman

et al. 2004). Biopriming propagules with some

plant growth-promoting rhizobacteria (PGPR)

can also offer systemic resistance against broad-

spectrum plant pathogens.

6.2.1.2 Systemic Acquired Resistance (SAR)

Certain bacterial species induce a systemic

response in host plant known as induced sys-

temic resistance (ISR) that is phenotypically

alike systemic acquired resistance (SAR). SAR

occurs when plants activate their defense mecha-

nism against primary infection by a pathogen,

particularly when a pathogen induces a hypersen-

sitive reaction and becomes limited in a local

necrotic lesion (Van Loon et al. 1998). PGPR-

elicited ISR was first studied on carnation with

declined susceptibility to Fusarium wilt

(Van Peer et al. 1991) and on cucumber to

Colletotrichum orbiculare (Wei et al. 1991).

6.2.2 Plant Growth Promotion
The amount of total phosphorus in the soil is

generally high (400 and 1,200 mg kg�1 of soil),

and most of this phosphorus is insoluble and not

accessible to the plant. The insoluble phosphorus

is found as an inorganic mineral and in organic

forms including inositol phosphate, phospho-

monoesters, and phosphotriesters (Khan

et al. 2007). The limited accessibility of phos-

phorus combines with the fact that this element is

crucial for plant growth (Feng et al. 2004).

Therefore, phosphorus mineralization and solu-

bilization are an important trait in almost all plant

growth-promoting microbes (Richardson 2001;

Rodrı́guez and Fraga 1999).

The positive effects of siderophores on the

plants’ growth have been documented in differ-

ent types of experiments. For example, (i) the use

of labeled iron siderophores as a sole source of

iron demonstrated that plants are able to obtain

the labeled iron (Lope and Buyer 1991; Duijff

et al. 1994; Jin et al. 2006; Siebner-Freibach

et al. 2003), (ii) plants inoculated with the

siderophore-producing Pseudomonas and raised

under iron-limiting conditions expressed lesser

chlorotic symptoms and an increased chlorophyll

level (Sharma et al. 2003), and (iii) Arabidopsis
plants showed an enhanced iron concentration in

plant tissues and better growth when treated with

Pseudomonas fluorescens which synthesized

Fe-pyoverdine complex (Vansuyt et al. 2007).

Overall, the seed biopriming results in enhanced

plant growth through the abovementioned

mechanisms adopted by microbes (Fig. 2).

6.2.3 Effect on Abiotic Stresses
Abiotic stresses are responsible for reduced agri-

cultural production and slow microbial activity

in the soil. Microorganisms may play a signifi-

cant role in adaptation strategies and increase of

forbearance to abiotic anxiety in agricultural

crop plants. Different microorganisms are united

with plant roots and alleviate the force of abiotic

stresses on plants by formation of biofilm and

exopolysaccharide production (Selvakumar

et al. 2012). Induction of osmoprotectors and

heat shock proteins is also an important mecha-

nism by which microorganisms help plants to

stand firmly when exposed to stress

(Hasanuzzaman et al. 2013). Studies have

shown that certain microbial species induced tol-

erance to plants against different abiotic stresses

such as drought, salinity, nutrient deficiency, and

high concentration of heavy metals (Rajapaksha

et al. 2004; Grover et al. 2010; Milošević

et al. 2002; Dimkpa et al. 2009).

6.2.3.1 Drought/Excessive Moisture Stress

Drought stress bounds crop growth and produc-

tivity, particularly in arid and semiarid areas.

Some microbes that inhabit the plant rhizosphere

use different methods to restrain the side effects

of drought on plants (Table 1). According to
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Grover et al. (2010), certain microbial species

may mitigate the effect of drought by several

mechanisms such as inducing resistance genes,

improving water movement within the plant, pro-

duction of exopolysaccharides, and synthesizing

ACC deaminase, indoleacetic acid (IAA), and

proline.

Seed inoculation with Bacillus amyloli-

quefaciens results in the production of

exopolysaccharides (EPS) which have the ability

to improve soil structure by aiding the formation

of macroaggregates. This leads to amplified plant

resistance to stress due to scarcity of water

(Milošević et al. 2002). Macroaggregates are

custodians of soil fertility, because they preserve

equilibrium between aerobic and anaerobic states

and make sure a steady uptake of nutrients from

soil reserves. Bacteria like Pseudomonas keep on

surviving under stress by the production of EPS,

which protects microbes from hydric stress, and

by enhancing water withholding and diffusing

carbon in environment (Sandhya et al. 2009).

EPS own elite water holding and cementing

properties and play an imperative role in the

Process of seed biopriming using normal 
seeds and its effect on plant health

Untreated 
control

Bioprimed
seeds

Fig. 2 Process of seed

biopriming using

Trichoderma harzianum
and its effect on plant

health

Table 1 Effect of microorganisms on drought mitigation in crops

Microorganisms Crop Mechanism References

Pantoea agglomerans Wheat Production of EPS which affects the structure of

rhizospheric soil

Amellal

et al. (1998)

Rhizobium sp. Sunflower Production of EPS which affects the structure of

rhizospheric soil

Alami

et al. (2000)

Pseudomonas sp. Pea ACC deaminase activity Arshad

et al. (2008)

Phyllobacterium brassicacearum
STM196

Arabidopsis Induction of physiological changes and

reproductive delay

Bresson (2013)

Pseudomonas mendocina Lettuce Enhanced phosphatase activity and proline

accumulation

Kohler

et al. (2008)

Paenibacillus polymyxa and

Rhizobium tropici
Bean Hormonal balance and stomatal conductance Figueiredo

et al. (2008)
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formation and stabilization of soil aggregates and

mobilization of nutrients and water flow across

plant roots through biofilm formation (Roberson

and Firestone 1992; Tisdall and Oadea 1982).

6.2.3.2 High-Temperature Stress

Temperature is a crucial factor for agricultural

production as it affects most of the physiological

function in plants. Extreme high and low

temperatures are limiting factor to the production

and geographical distribution of agricultural

plants. Some bacterial species and strains affect

plant tolerance to high temperature. Pseudomo-
nas sp. induces thermotolerance in sorghum

seedlings by synthesizing high molecular weight

proteins and enhancing plant biomass (Grover

et al. 2010).

6.2.3.3 Salinity Stress

Soil salinity has an insightful effect on seed ger-

mination, which is the most imperative phase of

thriving crop production. Under such

circumstances, it is necessary to encourage seed

germination and growth. The most relevant solu-

tion in such condition is to use salt-tolerant bac-

terial inoculants that generate auxins and

gibberellins and encourage plant growth in salin-

ity conditions (Mayak et al. 2004) (Table 2). Giri

and Mukerji (2004) demonstrated that, in saline

soil, higher absorption of P in inoculated plants

may advance their growth rate and salt tolerance

and restrain the unfavorable effect of salinity

stress.

6.2.3.4 Low Fertility Stress

Soil microbes play an essential role in determin-

ing soil fertility by recycling soil nutrients (Glick

2012). Therefore, this is an important aspect

because soil fertility directly affects the agro-

nomic efficiency by serving as nutrient inputs.

Nowadays major emphasis is being given on

plant nutrient management system by integrating

biological components in the form of agricultur-

ally important microbes. Previous findings have

clearly reported the significant contribution of

plant growth-promoting microbes in enhancing

the supply of major nutrients N, P, and K and

other elements leading to enhanced plant growth

(Joo et al. 2004; Sheng and He 2006; Glick

et al. 2007).

These studies enlighten the use of beneficial

microorganisms in combating low fertility stress

in soil system. Soil is the major source of

nutrients, and water required for plant growth

and soil microbes have great influence in nutrient

cycling (Nannipieri et al. 2003). Hence, seed

biopriming using such nutrient-supplying

microbes could yield better crop growth. For

example, seed inoculation with nitrogen-fixing

bacteria facilitate supply of nitrogen to the plants

(Deaker et al. 2012; Kloepper et al. 1992; Bashan

et al. 2004). Likewise, phosphate-solubilizing

bacteria such as Azotobacter, Bacillus, Pseudo-

monas, and Serratia supply P to the plants to

stimulate the efficiency of nitrogen-fixing

microbes and enhance the availability of other

trace elements (Zaidi et al. 2009; Bhattacharyya

and Jha 2012). In another report by Entesari

Table 2 Effect of microorganisms on imparting salinity stress tolerance to crops

Crop Microorganisms Effect Reference

Sorghum AM fungi Increased water circulation Feng et al. (2002) and Grover

et al. (2010)Corn Improved osmoregulation and proline

accumulationClover

Wheat Rhizobium sp.,

Pseudomonas sp.
Restricted Na+ uptake Grover et al. (2010)

Sorghum AM fungi Improved water relation Cho et al. (2006)

Tomato Achromobacter
piechaudii

Reduced levels of ethylene and improved

plant growth

Mayak et al. (2004)

Groundnut Pseudomonas fluorescens Enhanced ACC deaminase activity Saravanakumar and Samiyappan

(2007)

Cotton Pseudomonas putida Reduced uptake of Na2+ from the soil Yao et al. (2010)
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et al. (2013), seed biopriming with Trichoderma

sp. and Pseudomonas sp. increased uptake of Fe,

Zn, and N. In the present scenario, reduced soil

fertility has become major problem and thus

recently concept of nutrient use efficiency is

gaining much attention. In this context, seed

biopriming using beneficial microbes could ful-

fill the increasing demand of nutrient availability.

6.2.3.5 Heavy Metal Stress

Heavy metal toxicity in cultivated land has

become a serious environmental concern due to

their possible adverse effects on ecology. Large

part of agricultural soils throughout the world is

contaminated by heavy metal toxicity. These

metals include Cd, Cu, Zn, Ni, Co, Cr, Pb, and

As. Several factors such as industrial waste, sew-

age sludge, domestic waste materials, and long-

term use of phosphatic fertilizers in agricultural

lands are responsible for heavy metal stress (Bell

et al. 2001; Schwartz et al. 2001). Heavy metal

toxicity in plants results in poor plant growth,

leaf chlorosis, restricted nutrient uptake, dis-

turbed plant metabolism, reduced ability to fix

atmospheric nitrogen in legume plants, and ulti-

mately yield reduction (Bazzaz et al. 1974;

Chaudri et al. 2000; Broos et al. 2005).

A wide range of soil fungi including

Trichoderma are important tools for bioremedia-

tion of heavy metal-stressed soil (Errasquı́n and

Vazquez 2003). Trichoderma can remove the

heavy metal ions, and sorption was acknowledged

as the main mechanism of uptake (Kacprzak and

Malina 2005; Yazdani et al. 2009; Srivastava

et al. 2011). Several microbes are reported

(Table 3) in bioremediation of heavy metal-

contaminated soil and induction of resistance in

plants against heavy metals.

7 Key Challenges in Production
and Application of Inoculants
to Seed

There are several barriers and problems that must

be overcome before the registration and commer-

cialization of microbes and microbial products

(Mathre et al. 1999; Gardener and Fravel 2002).

These include maintaining stability, efficacy,

and quality of the product during upgrading and

production of the organism under commercial

condition. The key factors that must be for

formulation development are compatibility of

microbial product with application methods,

shelf life, expenditure, and easiness of

application.

7.1 Seed

Seed is a capable release vehicle for the test

application of microbes to soil; it is a very com-

posite substrate. Water relationships between the

seed and coatings are not well understood. Seeds

are stored under clean and dry conditions as rise

in moisture content may lead to increased seed

respiration rate and consequently heat, thus

reducing their shelf life. Many microbial

inoculants have a need of some hydration to

stay viable, and this may be unfavorable to the

seed during storage. Other physical restrictions

include the nature of the seed coat and size of

seed where smaller seeds carry lesser priming

agent in comparison to larger seeds. This is fur-

ther challenged by natural seed microflora that

may fight for space on the surface of the seed.

Some legume seeds release inhibitory exudates

Table 3 Effect of bioinoculants in heavy metal remediation

Bioinoculants Heavy metals References

Pseudomonas spp. Cr, Cu, Cd, Ni, Zn Hussein et al. (2004)

Trichoderma atroviride Zn, Ba, Fe Kacprzak and Malina (2005)

Trichoderma harzianum Zn, Cd, Hg Krantz-Rülcker et al. (1993)

Arbuscular mycorrhiza Cu, Cd Liao et al. (2003)
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that can cause restriction in endurance of

bioinoculants on seed (Deaker et al. 2004).

7.2 Shelf Life of Bioinoculants

Limited understanding of the survival of biocon-

trol agents on seed surface and also during seed

storage is a major challenge limiting commercial

success of bioprimed seed. The causes responsi-

ble for cell deaths during storage are poorly

understood. Microorganisms’ survival is

enhanced on seed surfaces at low temperatures

(Callaghan et al. 2006), but this is not often

commercially practicable.

Conclusion

Rising concern among scientists and general

public regarding serious health hazards on

human health associated with the use of chem-

ical in food supplies has propelled research for

eco-friendly alternative approaches for plant

disease management and overall growth pro-

motion and performance (Wilson and

Wisniewski 1994; Gerhardson 2002). Seed

biopriming using biological control agents

and growth promoter may be an appropriate

alternate choice of fungicides to control soil-

and seed-borne fungi (Harman and Taylor

1988). Biopriming creates a complimentary

environment for seed bioinoculants by

increasing nutrient uptake from seed exudates

and initial moisture of the seeds which can

contribute to the proliferation of microbes on

the seed surface (Wright et al. 2003). Seed

biopriming is a phenomenal technique used

globally for the management of seed- and

soil-borne phytopathogens of many economi-

cally important crops. This practice is being

used since past decades effectively in the field

and offers better or equal results over conven-

tional fungicides (Callen et al. 1990; Callen

and Mathre 2000; Niranjan Raj et al. 2004).

Seed biopriming through beneficial

microorganisms can be regarded as direct sub-

stitute of seed treatment with agrochemicals.

Moreover, this technique could be an efficient

part of an integrated system, mingling both

microorganisms and pesticides for successful

plant disease management.

Advances have been achieved through a

greater understanding of the control

mechanisms used by biocontrol agents against

seed and soil borne pathogens (Glare et al.

2011). Interestingly, seed biopriming can act

as a model system for the delivery of dense

population of beneficial microorganisms to

soil, where they can colonize emerging roots

of crop plants. However, the major constrain

associated with seed biopriming is

maintaining the high numbers of

microorganisms on seed surface during seed

treatment and storage. Therefore, better

understanding of the interactions between

microorganisms, seed, and formulation

components is required for developing func-

tional microbial inoculants.
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Improving Nutrient Use Efficiency by
Exploiting Genetic Diversity of Crops

S.P. Trehan and Manoj Kumar

Abstract

Low nutrient use efficiency by crops needs to be increased to have lower

unit crop production costs, higher economic returns and minimal negative

environmental impact. In the twenty-first century, nutrient-efficient plants

will play a major role in increasing crop yields compared to the twentieth

century, mainly due to limited land and water resources available for crop

production, higher cost of inorganic fertiliser inputs, declining trends in

crop yields globally and increasing environmental concerns. Many studies

have reported large genetic variation for nutrient efficiency in different

crop species and cultivars. The efficient cultivars gave higher yield under

nutrient stress and had higher agronomic use efficiency (AUE) than less

efficient cultivars. The variation in nutrient efficiency of different crop

cultivars was due to both their capability to use absorbed nutrients to

produce yield and to their capacity to take up more nutrient per unit soil.

The indication of higher expression of ammonium transporter, cyto-

chrome oxidase and asparagine synthetase in potato leaves had been

reported to be used as parameters to screen potato genotypes for high

metabolism, utilisation, transport and storage of N. There is a need to

establish linkage of nutrient efficiency with root and shoot parameters/

DNA markers/genes to have/breed multi-nutrient-efficient crop varieties.

Keywords

Agronomic use efficiency (AUE) • Nitrogen • Nutrient uptake efficiency

(NUE) • Phosphorus • Potassium • Physiological use efficiency (PUE) •

Potato • Yield • Varieties

1 Introduction

The crop yield gap is observed at several stages:

between the genetic potential and the yield

maximisation on station research, between yields

on station experiments and in on-farm trials,

between on-farm trials and farmers’ fields in a
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given environment and between farmers’ fields

in a given environment or in comparable

environments. Large-yield gaps are observed

not only between on-station and on-farm trials,

but also at the farm level. The differences in yield

are due to many factors. These include

differences in the crops/cultivars, the soil, the

crop production inputs including seed and

nutrients, poor water management and the level

of crop husbandry. The farmer’s yield is often

low due to neglect of many factors. In addition,

many farmers may not have access to adequate

and timely resources to make full use of the

production potentials made available by

research. The aim of technology transfer and

crop management including efficient nutrient

supply/use should be to enable farmers to come

as close as possible to on-station yields, keeping

in mind the economics of the operation. Increas-

ing nutrient use efficiency can reduce these yield

gaps to some extent.

Adequate crop nutrition is a key component of

improved production technology. The gap

between nutrients required by the crops and

amounts expected to be made available from

soil nutrient supplies has to be bridged through

external nutrient application. This can be done

through a number of organic, microbial and min-

eral sources, often in an integrated manner.

Fertilisers are by far the most important source

of plant nutrients and have made a place for

themselves in intensive cropping by helping

obtain and sustain high crop yields. Balanced

and efficient use of fertilisers, organics and

bio-fertilisers is the key step which results in

lower unit crop production costs, higher eco-

nomic returns and minimal negative environ-

mental impact. The four watch words around

which the plant nutrition needs and strategies

should be built are optimum, balance, efficiency

and effectiveness. This is possible by putting

proven scientific findings into practices on indi-

vidual farm holdings and revitalising support

services such as soil and plant testing, fertility

monitoring, matching product supply with soil

nutrient deficiencies and taking care of all

production inputs.

The definition of fertiliser use efficiency

(FUE) is using all nutrients applied without

leaving any residue in the soil. So it reduces

leaching and run off losses and also avoid

luxury consumption of particularly K thereby

reducing nutrient imbalance in crop like K-Mg

and K-Ca interactions and saving wastage of

fertilisers. So to reduce pollution of ground

water with NO3 and save quality of produce

due to excessive accumulation of NO3 in

produce, nutrient use efficiency needs to be

increased.

2 Techniques for Increasing
Fertiliser/Nutrient Use
Efficiency

Many techniques and methods can be used to

enhance nutrient/fertilisers efficiency for

improved nutrient management in crops. Nutri-

ent use efficiency can be increased by applying

the right source (which supply nutrients in plant-

available forms, suit soil physical and chemical

properties, recognise synergisms among nutrient

elements and sources, recognise blend compati-

bility, recognise benefits and sensitivities to

associated elements and control effects of non-

nutritive elements), at the right rate (by using

adequate methods to assess soil nutrient supply,

assessing all indigenous nutrient sources avail-

able to the crop, assessing crop demand for

nutrients, predicting fertiliser use efficiency, con-

sidering soil resource impacts and considering

rate-specific economics), at the right time

(by assessing timing for crop uptake, assessing

dynamics of soil nutrient supply, recognising

timing of weather factors influencing nutrient

loss and evaluating logistics of field operations)

and at the right place (by recognising root-soil

dynamics, managing spatial variability within

fields and among farms, fitting needs of tillage

system and limiting potential off-field transport

of nutrients). In addition, nutrient use efficiency

can also be improved by exploiting genetic diver-

sity of crops.
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3 Need for Exploiting Genetic
Diversity of Crops for Better
Nutrient Use Efficiency

In the twenty-first century, nutrient-efficient

plants will play a major role in increasing crop

yields compared to the twentieth century,

mainly due to limited land and water resources

available for crop production, higher cost of

inorganic fertiliser inputs, declining trends in

crop yields globally and increasing environ-

mental concerns. These factors will enhance

the importance of nutrient-efficient cultivars

that are also higher producers (Fageria

et al. 2008).

A nutrient-efficient cultivar, in an agronomic

sense, is a cultivar that is able to grow and yield

well in soils too deficient for a standard cultivar

(Graham 1984). Different crop cultivars may

have different capability to use nutrients from

soil/fertilisers/organic manure/waste and show

differential response to them. Differential

responses among cultivars can provide some

insight into the mechanism of tolerance to nutri-

ent deficiency. More importantly, characteristics

of efficient cultivars may ultimately be useful as

criteria for selecting tolerance to nutrient defi-

ciency in crops.

4 Genomics Approaches to
Improve Nutrient Use
Efficiency

Recent progress in plant molecular biology has

imposed both opportunity and challenge to plant

biology research, resulting in the emergence of

many new areas of studies. Among these root

biology is a new frontier of plant biology for

systematic studies of the many processes

involved in plant nutrient mobilisation, uptake,

transport, translocation as well as their effects

on plant growth, development and adaptability

to adverse soil conditions. The ultimate objec-

tive of root biology is to facilitate the develop-

ment of nutrient-efficient, stress-tolerant and

high-quality crop varieties that will contribute

to the agricultural sustainability, food security

and environmental safety in the world.

Nitrogen Nitrogen is a crucial plant macronutri-

ent and is needed in the greatest amount of all

mineral elements required by plants. Plants con-

sume much less than half of the N fertilisers

applied, while majority of N fertilisers are lost to

the environment, which causes increasingly

severe pollutions. Excess of nitrogen in the plant

also has negative effects on the eating and cooking

quality of produce. Moreover, fertiliser applica-

tion has now become the major cost in the produc-

tion, which greatly affects the income of the

farmers. Thus, developing crops that are less

dependent on the heavy application of N fertilisers

is essential for the sustainability of agriculture.

Many studies have reported large genetic vari-

ation for N efficiency in different crop species and

cultivars (Trehan 2006, 2007, 2009a, b; Kumar

et al. 2009; Trehan and Singh 2013). The potato

cv. Kufri Pukhraj was the most N-, P- and

K-efficient cultivar among ten cultivars tested in

the absence as well as presence of green manure

(Trehan 2009a). The efficient cultivars gave higher

tuber yield under N, P and K stress (i.e. with less

dose of N, P and K fertiliser) and had higher AUE

than less efficient cultivars. Mean AUE of N of

different cultivars varied between 62 and 97 kg

tubers/kg N without green manure and between

68 and 100 kg tubers/kg N with green manure.

Mean AUE of Kufri Pukhraj was 97 and 100 kg

tubers/kg N without and with green manure,

respectively, which was significantly higher than

all other cultivars. The main cause of higher nitro-

gen efficiency in the presence of green manure was

the capacity of a genotype to use/absorb more N

per unit green manured soil, i.e. the ability of the

root system of a genotype to acquire more N from

green manured soil (NUE). Most P-efficient

cv. K. Pukhraj produced yield of 300 q/ha

without P, whereas K. Badshah and K. Ashoka

needed 100 kg P2O5/ha to produce yield of

270 and 304 q/ha, respectively, in the same field.

Similarly most K-efficient cv. K. Pukhraj pro-

duced yield of 364 q/ha without K, whereas

K. Badshah and K. Sutlej needed 80 kg K2O/ha
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to produce yield of 361 and 370 q/ha, respectively,

in the same field. The variation in phosphorus and

potassium efficiency of different potato cultivars

was due to both their capability to use absorbed P

and K to produce potato tubers and to their capac-

ity to take up more P and K per unit soil. In the

presence of green manure, nitrogen efficiency of

different potato cultivars was mainly related to

their capability to use nitrogen from green

manured soil. More N-efficient cultivars took up

higher nitrogen per unit soil than less efficient

cultivars. The mean nitrogen uptake by more

N-efficient cvs., K. Pukhraj, K. Sutlej, K. Bahar,

K. Ashoka and K. Sindhuri was significantly

higher (171–214 kg/ha) than other less

N-efficient cultivars (139–149 kg/ha)

In a recent study, the potato hybrid JX 576,

now released as cv. Kufri Gaurav, has been

shown to be more N efficient than other cultivars

(Trehan and Singh 2013). The hybrid JX 576 pro-

duced significantly higher tuber yield than other

five cultivars tested particularly under nitrogen

stress (Fig. 1). For example, in 2008–2009, it

gave 6.5–12.5 t/ha higher tuber yield under N

stress (No N applied), than other five cultivars.

It required lower doses of N than other cultivars

to produce particular fixed tuber yield in the

same field. For example, It gave a yield of

45.9 t/ha with 160 kg N/ha in 2008–2009,

whereas Kufri Pushkar and Kufri Pukhraj needed

240 kg N/ha to produce a yield of 44.1 and

46.2 t/ha, respectively. Mean AUE of different

cultivars/hybrid varied between 51 and 90 kg

tubers/kg N for nitrogen (Fig. 2). The hybrid JX

576 had the highest AUE of N among the six

cultivars tested at all rates of nutrient application,

whereas cv. Kufri Jyoti had the least AUE. The

hybrid JX 576 showed about 10–24 % greater

AUE of N than best control Kufri Pukhraj and

Kufri Pushkar during different years. The higher

efficiency of hybrid JX 576 was mainly because

of its better utilisation of absorbed nitrogen for

potato production (i.e. higher PUE) than other

cultivars (Fig. 2).

A large spectrum of organisms are able to

directly take up urea and subsequently utilise it

as a nitrogen source for growth. In agricultural

crop production, urea is quantitatively the most

important N fertiliser worldwide. However, due to

processes that cause N losses, such as ammonia

volatilisation and denitrification, which might

occur after urea hydrolysis into ammonium by

urease that is released from soil microorganisms,

the N use efficiency (NUE) of urea-based

fertilisers in crop production was reported to be

less than 50 % of the total N applied. Although

ammonium and nitrate can be effectively taken up

via a variety of transport system indicating AMTs

and NRTs (Gazzarrini et al. 1999; Forde 2000),

higher plants are likely to be able to directly

absorb or transport urea through protein-mediated

pathways such as the active urea transporter

AtDUR3 and some MIP proteins (Liu

et al. 2003a, b). Therefore, the exploration of

urea transport mechanisms at the molecular level

in crops will not only provide a fundamental

knowledge to understand urea movement into

and/or within the crop plants, but may also prom-

ise a significant strategy to manipulate crop urea

transport pathways, enhancing effective uptake of

urea prior to its external degradation.

Root and Shoot Parameters of Crops/

Cultivars for High N Efficiency Sattelmacher

et al. (1990) stressed the importance of root

length and surface area for nitrogen acquisition

by potato cultivars from soils. Information on

nitrate uptake kinetic parameters, and their varia-

tion among cultivars, is lacking for potato. Mehdi

and Bernie (2006) suggested that Imax in combi-

nation with root morphology may be important in

controlling differences in N uptake efficiency

among potato cultivars.

In another study, results showed that potato

cv. Kufri Pukhraj was more N efficient than other

cultivars, Kufri Jyoti and Kufri Jawahar, because

it produced higher tuber and total dry matter at

lower N rates (Trehan 2009b). The cause/mecha-

nism of its higher N efficiency was its ability to

maintain higher N influx (N uptake rate per unit

root) than other cultivars (Table 1). At

3.58 m mol N kg–1, the N influx in to the roots

of more N-efficient cv. Kufri Pukhraj was 119 �
10–14 mol cm–1 S–1 in comparison to 39 and 81�
10–14 mol cm–1 S–1 in less N-efficient cvs., Kufri

Jyoti and Kufri Jawahar, respectively. Total
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uptake of N by all the cultivars was higher than

the amount of N applied at all N rates (Table 2).

Kufri Pukhraj was able to maintain higher N

influx than other cultivars because of its capacity

to use higher amount of N from the soil. At

3.58 m mol N kg–1, Kufri Pukhraj used 13.3 %

of total soil organic N in comparison to 6.4 and

10.0 % used by Kufri Jyoti and Kufri Jawahar,

respectively.

Phosphorus The development of P-efficient

crop varieties that grow and yield better with

low P availability is key to the crop production.

Many studies have demonstrated substantial
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Fig. 1 Tuber yield of

different potato cultivars/

hybrid as affected by N

application (The CD (0.05)

was 1.60, 1.22 and 3.20 in

2007–2008 and 1.85, 1.50

and 3.71 in 2008–2009 and

1.76, 14.3 and 3.53 in

2009–2010 for cultivar

mean, N rate mean and

cultivar � N rate,

respectively)
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genetic variation for P efficiency in potato and

soybean, and these crops have been bred for

adaptation to low P soils.

Liu et al. (2005) discovered that sugars and

photosynthates are critical effectors for enhanced

expression of P-deficiency-induced genes in

cluster roots. P-deficiency-induced genes and

genes involved in sugar metabolism and/or sens-

ing seem to be co-regulated by P status as well as

by light/dark conditions.

Plant growth and P uptake by a diverse range

of cereal genotypes differed considerably,

indicating that breeding for P uptake efficiency

in wheat is possible (Liao Mingtan et al. 2005).

The close correlations between shoot biomass

and plant P uptake suggest that shoot biomass
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Fig. 2 Mean (3 years)

agronomic use efficiency

(kg tubers produced/kg

nutrient supply), uptake

efficiency (kg nutrient

uptake/kg nutrient supply)

and physiological use

efficiency (kg tuber

produced/kg nutrient

absorbed) of N by six

potato cultivars/hybrid CD

(0.05): 4.4, 0.028 and 20.9

for AUE, UE and PUE,

respectively

Table 1 Influx of nitrogen (uptake rate per unit root) in

to roots of three potato cultivars

Rate of N

applied

(μ mol kg�1)

N influx (10�14 mol cm�1 s�1)

Potato cultivars

K. Pukhraj K. Jyoti K. Jawahar

0 12 16 12

1,790 54 30 42

3,580 119 39 81

7,160 319 116 141
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is a reliable parameter for screening wheat

genotypes in soils for P-uptake efficiency.

It would be far more reliable and preferable to

identify and select specific traits that are directly

related to P efficiency. In recent years systematic

experiments in the field, greenhouse and labora-

tory were set out to investigate the physiological,

genetic and molecular aspects of important root

traits conferring better P efficiency in soybean

and potato.

P efficiency of potato genotype CGN 17903was

related to higher P utilisation efficiency and that of

CIP 384321.3 to both higher P uptake efficiency in

terms of root-shoot ratio and intermediate

utilisation efficiency (Schenk and Balemi 2009).

The number of leaves of P utilisation-

inefficient genotype CGN 18233 was reduced

by 40 %, whereas that of the P utilisation-

efficient genotype CGN 17903 was not affected

by P deficiency. This might be due to the ability

of the P utilisation-efficient genotype to maintain

cell division at shoot meristems to optimum level

under lower P concentration leading to mainte-

nance of optimum leaf number per plant (Lynch

et al. 1991; Chiera et al. 2002). On the other

hand, leaf area of the P-inefficient genotype,

was reduced by 70 %, whereas for the two

P-efficient genotypes, it was reduced by only

15 % due to low P supply (Balemi 2009). Thus,

in P stress-sensitive genotype, the leaf area was

the most severely affected plant morphological

parameters by P deficiency. Significant

differences in root number, length and surface

area were found. There was significant correla-

tion between glasshouse and field measures; sto-

lon root number from the glasshouse screen

could be used to indicate total root length in the

field (Wishart et al. 2009). There is therefore

increased interest in using root traits as a selec-

tion criterion for improving yields (White

et al. 2005; Lynch 2007).

P Efficiency and Root Exudates In sand cul-

ture, uptake of P from sparingly soluble rock

phosphate was higher in P-efficient plants than

in P-inefficient maize. In sand, but not in solution

culture, higher citrate concentrations were

detected in the rhizosphere of P-efficient than of

P-inefficient maize. Quartz sand amended with

rock phosphate was a better substrate than nutri-

ent solution for revealing the varietal differences

in P acquisition efficiency in short-term

experiments (Corrales et al. 2007). Organic

acids in root exudates can enhance phosphorus

availability. Two methods to identify and quan-

tify twelve aliphatic and eleven aromatic organic

acids in the rhizosphere, using chromatographic

methods with UV/Vis detection, were developed.

Dechassa and Schenk (2004) concluded that the

high P efficiency of cabbage could be due to its

ability to exude large amounts of citrate, which

mobilises soil P for plant uptake.

Iron To meet iron demand for growth and

development, two effective iron acquisition

systems known as strategy I and strategy II

Table 2 Utilisation of soil nitrogen by different potato cultivars at 63 days after emergence

Rate of N

applied

(μ mol kg�1) Total uptake of N (μ mol kg�1)

Extra uptake of N from soil

(μ mol kg�1) Percent of soil organic N used

(A)

(B) (B�A)
B�Að Þ�210½ � x 100a

22, 500

K. Pukhraj K. Jyoti K. Jawahar K. Pukhraj K. Jyoti

K. Jawa-

har K. Pukhraj K. Jyoti K. Jawahar

0 1,565 1,621 1,832 1,565 1,621 1,832 6.0 6.3 7.2

1,790 3,990 3,763 3,726 2,200 1,973 1,936 8.8 7.8 7.7

3,580 6,790 5,218 6,034 3,210 1,638 2,454 13.3 6.4 10.0

7,160 11,925 9,038 8,437 4,765 1,878 1,277 20.2 7.4 4.7

aWhere 210 μ mol N kg�1 is NO3-N in the soil at the beginning and 22,500 μ mol N kg�1 is organic N assuming C:N

ratio of 20: 1 in 0.63 % organic carbon present in the soil at the beginning
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(Roemheld and Marchner 1986) have been

evolved in higher plants. Tomato uses the strat-

egy I mechanism to acquire iron from the soil.

The cores of this strategy are acidification of

rhizosphere by enhanced extrusion of proton to

increase solubility of ferric iron, activation of

ferric-chelate reductase reducing Fe3+ to Fe2+

on root surface in the subapical region, induction

of the high-affinity Fe2+ transporter system to

absorb ferrous iron from the soil into the roots

as well as morphological changes of roots, such

as thickening of the subapical root zone,

increased formation of root hairs and so on.

These iron-deficiency responses must be care-

fully regulated because excess iron can be toxic.

Prom-uthai et al. (2005) investigated the varia-

tion in total extractable phenol and tannin content

among five rice varieties and their relationship

with Fe bioavailability. Total extractable phenols

and tannin contents are inhibitory to Fe bioavail-

ability. The bioavailability of Fe in rice grain may

be enhanced by eliminating organic compounds

through storage and processing.

Zinc Complexation of Zn by phytic acid, the

storage form of P in seeds, has a strong negative

effect on Zn absorption by the human body

(Lonnerdal 2000). It can reduce the bioavailabil-

ity of Zn to less than 3 % of total Zn in the grain

(Bosscher et al. 2001). Therefore, the phytate/Zn

molar ratio of seeds has often been used as a

predictor for Zn bioavailability in foods. Usually,

ratios above 20 are supposed to induce Zn defi-

ciency (Cakmak et al. 1999).

The seed phytate content has been shown

highly dependent on P uptake and transport and,

therefore, on P availability in the soil. Conse-

quently, phytate-Zn molar ratios are highly sen-

sitive to P fertilisation. Application of P can

increase phytate-zinc molar ratios in millet

grain from the critical level of about 20 to almost

30 (Buerkert et al. 1998).

Mechanism of High Zinc Efficiency Tolerance

to Zn deficiency is still poorly understood and

many potential mechanisms have been proposed.

Tolerant rice cultivars may be better capable of

taking up Zn from Zn-deficient soils. Citrate

exudation could increase the availability and

uptake of Zn in two ways; (i) it is exuded by

plant roots together with protons, for reasons of

electro-neutrality. These protons reduce the rhi-

zosphere pH, which increase Zn bioavailability,

especially in alkaline soils where Zn deficiency

problems are most severe (Kirk and Bajita 1995),

and (ii) citrate can form a weak complex with Zn

and complexation of Zn may also increase Zn

bioavailability. Rice plants are known to exude

low-molecular-weight organic anions, including

citrate (Aulakh et al. 2001). Synthesis and exu-

dation of citrate are increased under P deficiency

in rice (Kirk et al. 1999).

In a study with potato to find mechanism of

high Zn efficiency, three cultivars, Kufri

Badshah, Kufri Jyoti and Kufri Chandramukhi,

were grown in low Zn soil in the absence and

presence of Zn (Trehan and Sharma 2003). Two

harvests were taken to obtain final dry matter

accumulation (DMA), rates of shoot and root

growth and Zn uptake rate per unit root length

per unit time (Zn influx). Taking the yield of the

unfertilised relative to the fertilised plant as a

measure of Zn efficiency, i.e. capacity to grow

under low soil Zn supply, cv. Kufri

Chandramukhi was less Zn efficient producing

71 % total dry matter (shoot + tubers) as com-

pared to cv. Kufri Jyoti and Kufri Badshah pro-

ducing 81 and 102 %, respectively. Low Zn

uptake efficiency of Kufri Chandramukhi was

due to its low root length-shoot weight (DMA)

ratio (4.7 m/g) than Kufri Badshah (13.4 m/g)

and Kufri Jyoti (7.7 m/g). Zinc influx did not

differ significantly among cultivars in the

absence of Zn. The results showed that response

to Zn differed greatly among potato cultivars.

The cv. Kufri Chandramukhi had a lower Zn

uptake efficiency than other cultivars because of

its lower capacity to absorb Zn at limiting Zn

supply due to its lower root-shoot (DMA) ratio.

This shows that root-shoot ratio was an important

factor of Zn efficiency of the potato cultivars

since their Zn influx did not differ significantly

in the absence of Zn. The root-shoot (DMA) ratio

among the cultivars varied by a factor of more
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than 2. Fohse et al. (1988) have also reported low

P uptake efficiency of some crop plants due to

their low root-shoot ratio.

Potassium The variation in potassium effi-

ciency of different potato cultivars has been

reported due to both their capability to use

absorbed K to produce potato tubers and to

their capacity to take up more K per unit soil

(Trehan 2009a). Most K-efficient cv. K. Pukhraj

took up highest K (109 kg K/ha), and less

K-efficient cvs. Jyoti, Bahar and Badshah took

up less K (81–88 kg K/ha) from the soil under

K-deficiency conditions, i.e. in the absence of K

fertiliser. The cv. K. Sutlej also took up the same

amount of K (109 kg K/ha) as K. Pukhraj in the

absence of K fertiliser, but it was less K efficient

than K. Pukhraj because it produced less tuber

yield per kg of K absorbed (2.9 q tubers/kg K)

than K. Pukhraj (3.4 q tubers/kg K).

The potassium-efficient cultivars like Kufri

Pukhraj give high potassium efficiency but deplete

the soil and create imbalance particularly of K. On

the other hand, the addition of organic material to

the soil do improve OC status to maintain soil

health, productivity and nutrient balance, but the

problem is of slow release of nutrients from

OM/waste which do not match with the required

rate of uptake of nutrients by plants. So use of both

efficient cultivars along with OM/waste and

fertilisers can maintain nutrient balance and soil

health as well as increase nutrient use efficiency.

Plants do not recognise boundaries of inorganic and

organic manures because plants take nutrients in

ionic form. So we need to tailor our varieties

which can convert nutrients from organic to ionic

form and increase rate of release/uptake of nutrients

from organic material or from the soil which can

eventually be compensated by release of nutrients

from organic materials over a period of time.

5 Genes Controlling Nutrient
Efficiency

Identification of characters/parameters/genes and

their variation in available biodiversity (plant

species and cultivars – Fauna and Flora) is essen-

tial for developing nutrient-efficient cultivars,

since variety improvement is not possible until

we have identified characters/genes. In the past

decade, use of molecular markers has emerged as

a powerful tool in plant science. Molecular

understanding of the inheritance of agriculturally

important traits has created new opportunities to

streamline the process of altering plant

genotypes. Molecular markers permit the study

of any morphological, physiological or develop-

mental process in which genetic variants exist

with a minimum of prior information. The first

towards marker-assisted selection of a trait of

interest, be it monogenic or polygenic, is gene

mapping through DNA markers. Now when a

particular genotype is saturated with DNA

markers, one can look forward to locating genes

influencing a trait along the chromosomes. The

utility of DNA markers in plant breeding is based

on finding tight linkages between the markers

and genes of interest. Such linkage permits one

to infer the presence of a desirable gene by

assaying for the marker. Disease resistance traits

have been frequently transferred from one

genetic background to another. Traditionally,

progenies are being screened for the presence of

disease resistance genes by inoculation with the

pathogen. In contrast, detecting disease resis-

tance genes by their linkage to DNA marker

makes it practical to screen for many different

disease resistance genes simultaneously without

the need to inoculate the pathogen. Of particular

potential value to the plant breeder is DNA

marker-assisted diagnostic of traits which are

difficult to measure like nutrient efficiency, nem-

atode resistance, etc. The introduction of DNA

marker-aided selection promises to overcome

major limitations of backcross breeding. If the

genes to be transferred are marked by tightly

linked DNA markers, segregating populations

of plants can be screened at the seedling stage,

before the trait is expressed, for the presence of

the gene(s) of interest. Since the DNA markers

can be used to mark quantitative trait loci (QTL)

as well as major genes, there are no limitations to

the types of characters that can be manipulated

by marker-based selection. Without linked
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markers it would be extremely difficult and time

consuming to monitor the flow of such genes in a

breeding programme. DNA marker-aided

backcrossing has been very widely used by com-

mercial firms – saving of even 1–2 generations

means that an improved cultivar reaches the mar-

ket place sooner. Smith (1997) showed that

uptake rate of a particular nutrient was controlled

by a specific gene or group of genes and also

identified several plant genes responsible for

sulphate uptake and located the plant genes

responsible for phosphate transport. Recent

study done at the institute on gene expression

analysis gave encouraging results.

Gene Expression Analysis The real-time gene

expression of ammonium transporter (AMT),

cytochrome oxidase (COX1), asparagines syn-

thetase (AS), nitrate reductase (NR) and nitrite

reductase (NIR) was analyzed in leaves of potato

cultivars under N stress and other field conditions

at the appropriate level (Trehan and Singh 2013).

Results showed that gene expression of AMT,

AS and COXI in leaf tissues particularly under

N stress successfully explained the variation of N

efficiency in three cultivars, Kufri Gaurav,

Kufri Pukhraj and Kufri Jyoti, which differ

widely in N efficiency (Figs. 3 and 4). Ammo-

nium is taken up by plant cells via ammonium

transporters in the plasma membrane and

distributed to intracellular compartments such

as chloroplasts, mitochondria and vacuoles prob-

ably via different transporters in each case.

Ammonium is also produced by plant cells

during normal metabolism, and ammonium

transporters enable it to be moved from intracel-

lular sites of production to sites of consumption.

Results showed that most N-efficient cv. Kufri

Gaurav had the highest activity of this enzyme

than Kufri Pukhraj and Kufri Jyoti (Fig. 3). It

indicated that Kufri Gaurav is better equipped for

ammonium utilisation in the plant cells than

Kufri Pukhraj and Kufri Jyoti. The higher

expressions of AMT, COX1 and AS in leaves

can be used as parameters to screen potato

genotypes for high metabolism, utilisation, trans-

port and storage of N.
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MicroRNA-Based Approach to Improve
Nitrogen Use Efficiency in Crop Plants

Subodh K. Sinha, R. Srinivasan, and P.K. Mandal

Abstract

Nitrogen is one of the most important plant nutrients, which is made

available for agricultural crops other than legumes. Most of the N added

to the soil is lost to the environment, with an average of only 30–50 %

being taken up by the plants depending on the species and cultivar. One of

the current strategies at improving crop nitrogen use efficiency (NUE)

using modern genetic manipulation techniques and transgenic approaches

involves manipulating the expression of genes involved in N and N/C

metabolism. In this chapter, we have presented an overview of the recent

advances in understanding the regulatory roles of microRNAs (miRNA)

in nitrogen metabolism with a view toward engineering crops with

increased NUE. We also discuss how miRNAs that influence N metabo-

lism could be engineered. Finally the future prospect of involving miRNA

approach for NUE in crop plants has been discussed.

Keywords

Nitrogen • Use efficiency • Metabolism • NUE • Uptake • Transporter •

MicroRNA • Genetic manipulation

1 Introduction

The ever-growing world population, which is

supposed to reach around 11 billion by 2050 as

per United Nation estimates (Anonymous 2011),

poses a great challenge to feed them in a most

economical and environment-friendly ways. The

recent trend of rise in price index of food grains

and fertilizer at global level reflects significant

increase in the cost of cultivation. The remark-

able increase in crop productivity observed over

the last 50 years is linked with a 20-fold increase

in the global use of N fertilizer applications

(Glass 2003). The global nitrogen fertilizer use

is likely to increase further, at least threefold by

2050 (Good et al. 2004). As nitrogen (N) is a key

nutrient for the growth of any crops, the primary

goal of using nitrogenous fertilizers, these are

applied to the economic optimum level to

increase the yield output of a crop per unit of

land area (Firbank 2005). Because of the very

S.K. Sinha • R. Srinivasan • P.K. Mandal (*)

National Research Centre on Plant Biotechnology,

New Delhi 110012, India

e-mail: subsinha@gmail.com; srinivasan53@gmail.com;

pranabkumarmandal@gmail.com

A. Rakshit et al. (eds.), Nutrient Use Efficiency: from Basics to Advances,
DOI 10.1007/978-81-322-2169-2_15, # Springer India 2015

221

mailto:subsinha@gmail.com
mailto:srinivasan53@gmail.com
mailto:pranabkumarmandal@gmail.com


mobile nature of the available form of N

compounds, i.e., nitrate and ammonium in the

soil, the percentage of N fertilizer actually used

by crops has been very low, and crop plants are

able to utilize only 30–40 % of the applied N

(Raun and Johnson 1999). Thus, more than 60 %

of the soil N is lost through a combination of

processes like leaching, surface runoff, denitrifi-

cation, volatilization, and microbial consump-

tion, which further causes considerable impact

on environments throughout the world. The envi-

ronmental concerns together with the increasing

cost of N fertilizer has prompted the plant

biologists throughout the world to look for

crops that are better able to uptake, utilize, and

remobilize the nitrogen available to them. There

have been several approaches adopted to develop

nitrogen use efficient crop plants. One among

them is transgenic approach using candidate

gene of nitrogen metabolism. As nitrogen use

efficiency is widely believed to be a complex

trait including various subcomponents in it, regu-

latory factors involved in this metabolic pathway

have always been considered as one of the favor-

able target genes for manipulation. One of the key

regulatory factors is small RNAs, specifically the

microRNAs, which play significant role in gene

regulation in almost all aspects of plant life.

2 Why Do We Need Nitrogen Use
Efficient Plants: The Rationale?

Nitrogen is taken up from the soil and utilized by

plants for various metabolic processes such as

biosynthesis of proteins, nucleic acids, cofactors,

as well as signaling and storage molecules. Nitro-

gen is therefore quantitatively one of the most

important nutrients and limiting factors for the

growth and development of plants (Kraiser

et al. 2011). It is mainly absorbed from the soil

in the form of nitrate (NO3
�), ammonium

(NH4
+), or urea. Insufficient nitrogen severely

affects yields of crops, while surplus has no

significant effect on yield and mainly contributes

in N pollution (Liao et al. 2012; Amiour

et al. 2012). In field condition, however, it has

been widely observed that on an average only

30–50 % of applied N is actually taken up by

plants depending on species and cultivars and the

rest of the applied N to the soil is lost to the

environment (Garnett et al. 2009). Leaching and

surface runoff of inorganic nitrogen in freshwater

can cause algal blooms that in turn result in

eutrophication of aquatic ecosystems. On the

other hand, denitrification of previously fixed N

carried out by soil microbes results into the emis-

sion of nitrous oxide (N2O, �300 times more

potent greenhouse gas than CO2) which has led

to a steady increase in the level of this gas at the

rate of 5–7 % per decade in the atmosphere since

1979 (Montzka et al. 2011). In addition, the

energy required to produce much of the N in

commercial fertilizers, through the Haber–Bosch

process, is estimated to utilize approximately

1 % of the worlds’ annual energy supply, adding

to the cost of food production (Smith 2002).

Apart from energy cost and environmental

issues, the intake of nitrate-contaminated water

leads to the incidence of stomach cancer in

humans, particularly infants (Abrol et al. 1999;

Hill et al. 1973; Weisenburger 1991). The unac-

counted percentage of N represents loss of N

fertilizer worth Rs. 720 billion annually (NAAS

2005). For the country like India, manufacturing

of nitrogenous fertilizers involves huge amounts

of foreign exchange and considerable consump-

tion of large quantities of nonrenewable energy

resources such as naphtha, natural gas, coal, etc.

(NAAS 2005). Whatever may be the chemical

nature of N fertilizer, in most of the cases the

applied nitrogen finally gets converted to nitrate

form. This form of N is not held tightly by soil

particles and hence leaches out from the soil

during excessive rains, especially in light-

textured soil. Furthermore, the strategies to

boost yields using more and more nitrogen

fertilizers have plateaued as there is a limit for

every crop to metabolize nitrogen and that limit

we probably have crossed. Naturally, there is a

growing interest in reducing fertilizer N inputs

by improving plant N use efficiency.
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3 A Brief Idea of Nitrogen
Metabolism

NUE in plants is a complex trait that depends on

nitrogen availability in the soil and the way

plants use nitrogen throughout their life span.

The use of nitrogen by plants involves several

steps, including uptake, assimilation, transloca-

tion, and, at the time of plant aging, recycling,

and remobilization. Soil nitrogen availability

generally fluctuates greatly with both space and

time due to factors such as precipitation, temper-

ature, wind, soil type, and pH. Plants that are

adapted to low pH and reducing soils as found

in mature forests or Arctic tundra tend to take up

ammonium or amino acids, whereas those

adapted to higher pH and more aerobic soils

prefer nitrate (Maathuis 2009). Apart from this,

some higher plants also take up amino acids

under particular conditions of soil composition

(Bick et al. 1998; Neelam et al. 1999; Schwacke

et al. 1999).

3.1 Nitrogen Uptake

For nitrate uptake which occurs at the root level,

two nitrate transport systems have been shown to

coexist in plants which work coordinately to take

up nitrate from the soil and distribute it within the

whole plant. It is generally assumed that the

nitrate transporter 1 (NRT1) gene family

mediates the root low-affinity transport system

(LATS), with the exception of the AtNRT1.1,

which is both a dual-affinity transporter (Wang

et al. 1998; Liu et al. 1999) and a nitrate sensor

(Ho et al. 2009). In Arabidopsis, 53 genes belong

to the NRT1family. AtNRT1.1 (formerly known

asChl1) is the most extensively studied gene as

far as nitrate transporters are concerned. The

protein is located on the plasma membrane, and

the gene is expressed in the epidermis of the root

tips and in the cortex and endodermis in the more

mature part of the root (Huang et al. 1999).

AtNRT1.2 is constitutively expressed only in the

root epidermis and participates in the constitutive

low-affinity system (Huang et al. 1999). Once

taken up by root cells, nitrate must be transported

across several cell membranes and distributed in

various tissues. The AtNRT1.4 gene is only

expressed in the leaf petiole, and in the mutant

the level of nitrate content in the petiole is half

that in the wild type (Chiu et al. 2004).

AtNRT1.5, located on the plasma membrane of

root pericycle cells close to the xylem, is

involved in long-distance transport of nitrate

from the root to the shoot (Lin et al. 2008). The

AtNRT1.6 gene, expressed in the vascular tissue

of the silique and funiculus, is thought to deliver

nitrate from maternal tissue to the developing

embryo (Almagro et al. 2008).

The high-affinity transport system (HATS),

acting when the external nitrate concentration is

low, relies on the activity of the so-called NRT2

family genes (Williams and Miller 2001).

AtNRT2.1, in interaction with a nitrate

assimilation-related 2 (NAR2) protein (Orsel

et al. 2006), has been found as a major compo-

nent of the HATS in Arabidopsis, as evidenced

by the fact that a mutant disrupted for the

AtNRT2.1 gene has lost up to 75 % of the high-

affinity NO3
� uptake activity and showed a

lower leaf nitrate content (Filleur et al. 2001).

Another AtNRT2 gene, i.e., AtNRT2.7, is

expressed in aerial organs and also highly

induced in dried seeds. In two allelic atnrt2.7

mutants, less amount of nitrate is accumulated

in the seeds, while seeds from plants

overexpressing AtNRT2.7 accumulate more

nitrate (Chopin et al. 2007).

With functional complementation of a yeast

mutant defective in methylammonium uptake

and recent efforts in sequencing the genome of

model species, 6 genes belonging to the same

family of ammonium transporters were found in

Arabidopsis (Gazzarrini et al. 1999); 10 in rice

(Sonoda et al. 2003), a species adapted to take up

nitrogen in the form of ammonium (Yoshida

1981); and 14 in poplar (Couturier et al. 2007).

The physiological and ammonium influx studied

carried out on single, double, triple, and quadru-

ple mutants showed the involvement of several

ammonium transporters (AMT) with varying

capacities in Arabidopsis, e.g., AMT1.1, AMT1.2,

AMT1.3, and AMT1.5 (Yuan et al. 2007). Forward
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and reverse genetic approaches resulted in the iden-

tification of transporters involved in amino acid

uptake in the roots (Hirner et al. 2006; Svennerstam

et al. 2007). For instance, LHT1 (lysine/histidine

transporter), belonging to the ATF (amino acid

transport) family, is crucial for the uptake of acidic

and neutral amino acids in the roots. The AAP1

(amino acid permease 1) protein was also shown to

transport uncharged amino acids, but only when

they are supplied at high concentrations in the

external medium (Lee et al. 2007). In Arabidopsis,

the uptake of cationic amino acids such as L-lysine

or L-arginine is mediated by AAP5 within the

concentration range relevant for field conditions

(Svennerstam et al. 2008).

3.2 Nitrogen Assimilation

Nitrogen assimilation requires the reduction of

nitrate to ammonium, followed by ammonium

assimilation into amino acids. Nitrate reduction

takes place in both roots and shoots but spatially

separated between the cytoplasm and plastids/

chloroplasts where nitrate and nitrite reduction,

respectively, takes place. Nitrate reduction into

nitrite is catalyzed in the cytosol by the enzyme

nitrate reductase (NR) (Meyer and Stitt 2001).

After nitrate reduction, nitrite is translocated to

the chloroplast where it is reduced to ammonium

by the second enzyme of the pathway, the nitrite

reductase (NiR). Ammonium, originating from

nitrate reduction, is mainly assimilated in the

plastid/chloroplast by the so-called GS/GOGAT

cycle (Lea and Miflin 1974; Lea and Forde

1994). The glutamine synthetase (GS) fixes

ammonium on a glutamate molecule to form

glutamine. This glutamine reacts subsequently

with 2-oxoglutarate to form two molecules of

glutamate, and this step is catalyzed by the glu-

tamine 2-oxoglutarate aminotransferase

(or glutamate synthase, GOGAT). Two classes

of nuclear genes code for GS: the GLN2 and

GLN1 genes.GLN2, presented as a single nuclear

gene in all the species studied so far, codes for

the chloroplasticGS2, thought to be involved in

the primary assimilation of ammonium coming

from nitrate reduction in both C3 and C4 plants.

Conversely, the GLN1 gene family codes for

cytosolic GS1 isoforms, present in different

organs such as roots or stems and thought to be

involved in ammonium recycling during particu-

lar developmental steps such as leaf senescence

and in glutamine synthesis for transport into the

phloem sap (Bernard and Habash 2009). Two

different forms of glutamate synthase are present

in plants: Fd-GOGAT and NADH-GOGAT use

ferredoxin and NADH as the electron donors,

respectively (Vanoni et al. 2005). Fd-GOGAT

is predominantly localized in leaf chloroplasts,

whereas NADH-GOGAT is primarily located in

plastids of non-photosynthetic tissues, such as

roots, etiolated leaf tissues, and companion

cells. In addition to the GS/GOGAT cycle,

three enzymes probably participate in ammo-

nium assimilation. Cytosolic asparagine synthe-

tase (AS) catalyzes the ATP-dependent transfer

of the amido group of glutamine to a molecule of

aspartate to generate glutamate and asparagine

(Lam et al. 2003). Arabidopsis has three genes

which encode AS (ASN1, ASN2, and ASN3).

Asparagine has a higher N/C ratio than glutamine

and can be used as a nitrogen compound for long-

range transport and storage, especially in

legumes (Rochat and Boutin 1991). AS in certain

situations could compensate for the reduced

GS-dependent ammonium assimilatory activity.

Apart from asparagine and glutamine, citrulline

and arginine are also synthesized from

carbamoyl phosphate by the action of carbamoyl

phosphate synthase (CPSase) within plastids

using bicarbonate, ATP, and ammonium or the

amide group of glutamine. Another enzyme the

mitochondrial NADH-glutamate dehydrogenase

can alternatively incorporate ammonium into

glutamate in response to high levels of ammo-

nium under stress (Skopelitis et al. 2006). How-

ever, the major catalytic activity for GDH in

plant cells has been reported to be deamination

of glutamate (Masclaux-Daubresse et al. 2006;

Purnell and Botella 2007). For ammonium

assimilation, carbon skeletons and especially

keto-acids are essential for the synthesis of

organic nitrogen as amino acids. Therefore met-

abolic processes such as photosynthesis, respira-

tion, and photorespiration are essential as these
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pathways provide the carbon skeletons, ATP,

Fdx (ferredoxin), and NADH for ammonium

condensation.

4 The Role of MicroRNA
in N Starvation

MicroRNAs (miRNAs) are a class of short,

single-stranded, noncoding RNAs which nega-

tively regulate gene expression at the posttran-

scriptional level in plants (Bartel 2007;

Filipowicz et al. 2008; He and Hannon 2004). It

is now well known that miRNAs are involved in

regulating almost all biological and metabolic

processes, such as stem cell maintenance and

differentiation, organ development, signaling

pathways, disease resistance, and response to

environmental stress (Bushati and Cohen 2007;

Jones-Rhoades et al. 2006; Leung and Sharp

2010). Apart from its role in the regulation of

developmental processes, recent functional

analyses have demonstrated that several plant

miRNAs play vital roles in plant resistance to

biotic as well as abiotic stresses including nutri-

ent stresses.

Majority of miRNAs are 21–23 nucleotides

long; however, 16–29-nucleotide-long microRNAs

have also been observed (Bartel 2007; Zhang

et al. 2007). In contrast to animal miRNA genes,

which are located anywhere in genomes including

coding regions, majority of plant miRNA genes are

predominantly located at intergenic regions (Millar

and Waterhouse 2005; Zhang et al. 2007). miRNA

genes are transcribed by RNA polymerase II (RNA

Pol II) (Jones-Rhoades et al. 2006; Lee et al. 2004),

and in some cases, they can be transcribed by RNA

polymerase III also (Faller and Guo 2008). The

initial miRNA transcripts thus produced are called

primary miRNAs (pri-miRNAs). RNA Pol II

generates capped and polyadenylated pri-miRNAs

in both plants and animals (Lee et al. 2004). Based

on the current findings of several homologues to

animal genes coding for enzymes involved in

miRNA biogenesis in plants, it is believed that

the mechanism of production of mature miRNA

from pri-miRNA is somewhat similar. Once

pri-miRNAs are transcribed, it is stabilized by an

RNA-binding protein known as DAWDLE (DDL),

to prevent its degradation which also enhances

its conversion from pri-miRNAs to miRNA

precursors (pre-miRNAs) and further to mature

miRNAs. The dicer-like 1 (DCL1) enzyme cuts

off the imperfectly folded ends of pri-miRNAs to

generate pre-miRNAs with stem-loop hairpin sec-

ondary structures (Kurihara et al. 2006; Kurihara

and Watanabe 2004). This process is ongoing in a

nuclear processing center called the D-body or

SmD3/SmB body, which requires the concerted

action and physical interactions of several enzymes

and/or proteins, including the double-stranded

RNA-binding protein hyponastic leaves1 (HYL1),

the C2H2-zinc finger protein serrate (SE), the

nuclear cap-binding complex (CBC), and DCL1

(Voinnet 2009; Xie 2010; Zhu 2008).

Pre-miRNAs are once again subjected for cleavage

by DCL1 and HYL1 into an miRNA:miRNA*

duplex in the nucleus (Kurihara et al. 2006; Song

et al. 2007). A small RNA methyltransferase,

called Hua enhancer 1 (HEN1), immediately

methylates the 30 terminal nucleotides of each

strand of the duplexes to prevent their uridylation

and subsequent degradation by a class of

exonucleases called small RNA degrading nuclease

(SDN) (Ramachandran and Chen 2008), and

thereby the miRNA:miRNA* duplexes are

stabilized (Yu et al. 2005). After it is released

from the pre-miRNA, the miRNA:miRNA* duplex

is transported from the nucleus into the cytoplasm

by HASTY, the nuclear pore, in an ATP-dependent

manner (Park et al. 2005). HASTY is the plant

homologue of exportin-5 that transports

pre-miRNAs from the nucleus into the cytoplasm

in animals (Murchison and Hannon 2004). In the

cytoplasm, the miRNA:miRNA* duplex is

separated; the miRNA strand is incorporated into

the RNA-induced silencing complex (RISC) and

forms an miR-RISC complex (Chen 2005), in

which argonaute 1 (AGO1) cleaves the target

mRNA in the middle of the mRNA–miRNA

duplex. On the contrary, the miRNAs* are

degraded by an unknown mechanism. However,

some miRNA* may also function as regular

miRNA sequences to target the expression of spe-

cific genes (Guo and Lu 2010). Unlike miRNAs in

animals, the majority of plant miRNAs cleave their
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target mRNAs instead of inhibiting protein transla-

tion (Zhang et al. 2007).

Recent studies have shown the changes in the

expression level of some of the miRNA level in

nitrogen limitation/starvation condition in crop

plants such as maize, rice, Arabidopsis, common

bean, etc. (Trevisan et al. 2012; Xu et al. 2011;

Zhao et al. 2011, 2012; Jeong et al. 2011; Nischal

et al. 2012). The identity and expression profile

of different miRNAs involved in such situation

reveal several common features among these

species. In majority of the cases, it has been

observed that some miRNAs are upregulated,

while others are downregulated under N starva-

tion condition, commonly to all these species.

For instance, miR156 in maize, rice, and

Arabidopsis and miR160 and miR447 in rice

and Arabidopsis get upregulated, while miR169,

miR397, miR399, and miR408 in maize, common

bean, and Arabidopsis; miR398 in common bean,

rice, and Arabidopsis; and miR827 in maize

and Arabidopsis are downregulated. However,

miR164 shows peculiar expression pattern. It

gets downregulated in bean, whereas upregulated

in maize (Fischer et al. 2013).

4.1 MicroRNA-Based Engineering:
Potential and Prospects

Current trends of improving crop NUE through

transgenic approaches focus mainly on the alter-

nation of N uptake, translocation, assimilation,

and remobilization processes. These include

transgenic expression of genes that encode the

autophagy-related factor 8c (Xia et al. 2012),

isopentenyl transferase (Rubio-Wilhelmi

et al. 2011), the early nodulin factor ENOD93-1

(Bi et al. 2009), sucrose non-fermenting-1-

related protein kinase 1 (Wang et al. 2012), ala-

nine aminotransferase (Shrawat et al. 2008), tran-

scription factor Dof1 (Yanagisawa et al. 2004;

Kurai et al. 2011), glutamine synthetase (Brauer

et al. 2011), NADH-glutamate synthase

(Chickova et al. 2001), NADP(H)-glutamate

dehydrogenase (Abiko et al. 2010), aspartate

aminotransferase (Zhou et al. 2009), asparagine

synthetase (Lam et al. 2003), NAD kinase

2 (Takahashi et al. 2009), type I H+-PPase

(Paez-Valencia et al. 2013), and nitrogen trans-

porter homologue PTR9 (Fang et al. 2012). Apart

from utilizing these genes, the expression of

additional factors involved in carbon–nitrogen

balance and signaling may also serve the purpose

of improving NUE (McAllister et al. 2012).

However, transgene-targeted metabolic engi-

neering approaches pose great limitation by com-

plexity and interconnectedness of many related

metabolic processes. Transgene expression prob-

ably has less effect than it is expected on plant

metabolism due to various feedback mechanisms,

such as gene silencing that maintains homeostasis

within a plant cell (Brosnan and Voinnet 2011;

Kasai et al. 2012). Despite continuous efforts, the

regulatory aspects of genes involved in N metabo-

lism and the N starvation response are not fully

characterized so far. Here in this section, we have

attempted to discuss recent advances in under-

standing the regulatory role of miRNAs in plant

N metabolism with a view toward finding more

effectivemeans to engineer nitrogen use efficiency

in crops. The different miRNAs which get differ-

entially expressed under nitrogen starvation con-

dition in major crops have been given in Table 1.

4.1.1 miRNAs Downregulated Under
N Starvation

4.1.1.1 miR397, miR398, miR408,

and miR857

miR397 targets members of the laccase family

(LAC2, LAC4, and LAC17), which are copper-

containing enzymes that catalyze the oxidation

of phenolic compounds and the concomitant

reduction of oxygen to water (Jeon et al. 2012).

Laccases are involved in a diverse range of

functions related to defense and cell wall lignifi-

cation (Jeon et al. 2012; Mayer and Staples

2002). miR397 and miR398 are involved in

both N and Cu homeostasis; however, in the

former case, they get downregulated by N star-

vation, while in the later conditions, they get

upregulated in response to Cu deficiency

(Abdel-Ghany and Pilon 2008). miR408 and

miR857 also target members of the laccase fam-

ily in which condition they get downregulated
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under N starvation in Arabidopsis (Liang

et al. 2012). These miRNAs target plantacyanin,

LAC3, LAC12, LAC13 (miR408), and LAC7

(miR857) mRNAs (Abdel-Ghany and Pilon

2008). Plantacyanin is a Cu-containing regu-

latory factor involved in plant reproduction, and

overexpression of this protein in Arabidopsis

caused defects in the reproductive organ

development (Dong et al. 2005). The expression

of plantacyanin under N stress would therefore

inhibit reproduction. As far as the mechanism of

regulation of laccase through miR397, miR408,

and miR857 is concerned, it has been

hypothesized that they are involved in

maintaining C:N homeostasis. Under N starva-

tion condition, it is presumed that excess fixed C

Table 1 Expression pattern of different miRNAs under nitrogen starvation condition

Expression

pattern

Maize

(Ref. Trevisan

et al. 2012; Xu

et al. 2011; Zhao

et al. 2012)

Rice

(Ref. Cai

et al. 2012;

Jeong

et al. 2011)

Common bean

(Ref. Valdés-L�opez
et al. 2010)

Arabidopsis (Ref.
Zhao et al. 2011;

Pant et al. 2009;

Gifford et al. 2008;

Liang et al. 2012) Root/shoot

Upregulated miR164a–h miR167e, f,j

miR171h,k miR172a–f

miR394a, b miR827

miRC1:1–3 miRC7:1–6

miRC19 miRC11:1–6

miRc37

miR396 – Shoot

miR162 miRC5 miR156e,g

miR157d

miR399i

miR447

– miR156e,g miR157d

miR160 miR169d–g

miR447c miR780

miR826 miR842

miR846

Both

(Liang

et al. 2012)

miR156g, miR159c,d

miR160a–i,f,

miR164e–h,l,

miR167a–d, miR168a–c

miR169f–h, miR171g,

miR319a–e, miR393b,

miR395a,b,d–j,n,

p miR399d,j miRC12,

miRC71:p,q

miR1508 miR1509

miR1511

Root

Downregulated miR164f miR169d,e,f–h,

m,n miR397a,b

miR398a,b,c miR827

miRC23

miR164 miR168

miR390 miR393

miR398 miR399

miR1509 miR1510

miR1511 miR1513

miR1515 miR1516

miR1526 miR2119

Shoot

miR164h miR169

miR397b miR399d,j

miR408 miR528a,b

miR398a

miR530

miR319 miR397

miR408 miR156

miR157 miR159

miR169

miR167d

miR169a–c,h–n

miR171 miR395

miR397 miR398

miR399 miR408

miR827 miR857

Both

(Liang

et al. 2012)

miR166j,k,n miR167a–d,

n,o–t miR169b,j–l,

p miR169i,j,k miR395a,

b,d–l,n–p miR396e,f

miR399a,c,h,g miR408b

miR827 miRC16

miRC50

miR3979 miR1514a Root
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gets incorporated into lignin through increased

laccase activity. For instance, it has been

observed that tobacco plants grown in

N-limiting conditions are highly lignified (Fritz

et al. 2006). Further another report suggests that

sugarcane laccase SofLAC which can comple-

ment Arabidopsis LAC17mutants is coordinately

expressed with several phenylpropanoid biosyn-

thesis genes (Cesarino et al. 2013), suggesting a

potential role for laccases in phenylpropanoid

and perhaps anthocyanin production too,

whereas miR398 targets Cu/Zn superoxide

dismutases (CSD1 and CSD2) mRNA which

imparts oxidative stress tolerance

(Jagadeeswaran et al. 2009; Sunkar et al. 2006),

as well as a cytochrome C oxidase subunit

(COX5b-1) and copper chaperone (CCS1) (Zhu

et al. 2011; Bouché 2010). Overexpression of

CSD2 in Arabidopsis confers tolerance to high

light and oxidative stress (Sunkar et al. 2006),

which suggests that the downregulation of

miR398 under N starvation may provide toler-

ance to ROS generated by N stress. miR398

downregulation may therefore protect photosyn-

thetic machinery for long-term N remobilization.

4.1.1.2 miR399

miR399 has been reported to target the PHO2

gene that encodes a ubiquitin-conjugating E2

enzyme UBC24 (Fujii et al. 2005) which gets

upregulated in phosphate-limiting condition.

However, N starvation conditions cause

downregulated expression of miR399. The

ubiquitin-conjugating activity of UBC24

(PHO2) is responsible for the degradation of

PHO1, a membrane-associated putative Pi trans-

porter (Liu et al. 2012). The downregulated

expression of miR399 presumably permits

higher-level expression of UBC24 which may

enhance proteasome-mediated N remobilization

of other unidentified targets such as Rubisco.

Alternatively, decreased phosphate transport

could represent an additional mechanism that

conserves plant resources in the form of high-

energy phosphate compounds. The cross talk

between N and P metabolism is not well

characterized, but recent data indicates that the

N:P link is regulated by PHO2, NLA, miR399,

and miR827 (Kant et al. 2011).

4.1.1.3 miR827

Apart from its role in phosphate homeostasis,

miR827 also targets the nitrogen limitation adap-

tation gene NLA in Arabidopsis, which encodes

an E3 ubiquitin ligase, though this is not a

conserved target in rice (Kant et al. 2011; Lin

et al. 2010). The disruption of NLA in

Arabidopsis caused plants to undergo early

senescence under limiting N conditions,

impaired anthocyanin production, and reduced

photosynthetic capacity (Peng et al. 2007,

2008). Both N remobilization and anthocyanin

biosynthesis are key features of N starvation

tolerance. Thus, the downregulation of miR827

under N stress may be crucial in both increasing

anthocyanin levels and N remobilization in con-

junction with miR399 through the ubiquitin-

mediated 26S proteasome degradation pathway

(Kant et al. 2011).

4.1.2 miRNAs Upregulated Under
N Starvation

4.1.2.1 miR156/157

The squamosa promoter binding-protein (SBP)

or SBP-like (SPL) gene family (Gandikota

et al. 2007) functions to regulate flowering, veg-

etative phase change, fertility, and leaf formation

(Wu and Poethig 2006; Wang et al. 2008, 2009;

Wu et al. 2009; Xing et al. 2010) which are found

to be targeted by miR156/157. The effect of

enhanced expression of miR156 resulted into

prolonged juvenile phase, stunted growth, and

delayed flowering in transgenic plants of switch-

grass, rice, Arabidopsis, tomato, torentia, and

maize (Wu and Poethig 2006; Xie et al. 2006;

Chuck et al. 2007; Zhang et al. 2011; Fu

et al. 2012; Shikata et al. 2012). In case of trans-

genic tomato, the enhanced expression of

miR156 resulted into reduction in yield (Xie

et al. 2006; Zhang et al. 2011). It has further

been observed that the expression of miR156 is

linked to increased anthocyanin biosynthesis

(Gou et al. 2011), which is a key feature of the

plant N starvation response. Relatively modest
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upregulation of miR156 expression has been

speculated to have a positive effect on NUE in

grain crops by promoting anthocyanin produc-

tion. It would be of interest to examine whether

mild ectopic expression of miR156 would have a

positive effect on plant growth under N starva-

tion. The expression patterns of miR156 and

miR172 are interrelated in which the former

downregulates the expression of the latter via

the expression of transcription factors SPL9 and

SPL10. Consequently members of the

APETALA2-like (AP2-like) family of transcrip-

tion factors, such as TOE1 and TOE2, get

regulated (Wu et al. 2009). TOE1 reportedly

functions as a negative regulator of flowering in

Arabidopsis (Glazińska et al. 2009). Therefore,

as miR172 levels decrease under N starvation,

the resulting changes in AP2-like factor expres-

sion would further delay plant development.

4.1.2.2 miR160

Transgenic overexpression of miR160 in

Arabidopsis plants resulted in reduced sensitivity

to abscisic acid (ABA) as well as abnormal root

morphology, including increased production of

adventitious roots and a lack of gravitropic

response in root tips (Liu et al. 2007; Gutierrez

et al. 2009; Wang et al. 2005). However, the

transgenic expression of miR160-resistant form

of ARF10 gives rise to abnormal leaves, siliques,

and flowers and demonstrated impaired seedling

growth (Liu et al. 2007). Furthermore, such

plants also had increased levels of mRNAs that

encode seed storage protein, seed maturation,

and ABA-responsive genes (Liu et al. 2007).

Likewise, Arabidopsis plants that demonstrated

increased levels of ARF17 mRNA due to

impaired miR160 regulation had severe develop-

mental defects, including the production of

fewer lateral and adventitious roots (Mallory

et al. 2005; Du et al. 2012). These findings sug-

gest that under N starvation conditions, miR160

upregulation may have a role in promoting lateral

root growth in order to access additional N. As

with the expression of miR156, strong

overexpression of miR160 in Arabidopsis plants

under the control of the CaMV 35S promoter

produces undesirable traits, while a modest

upregulation of miR160 levels may promote

root exploration for other nutrients in addition

to nitrogen. Interestingly, the expression of

miR160 gets suppressed by high sucrose

concentrations in Arabidopsis (Ren and Tang

2012), suggesting a key regulatory role for

miR160 in regulating the plant C:N balance.

miR160 that gets upregulated in N starvation

has also been postulated to target R2R3-MYB

family of transcription factors in maize

(Du et al. 2012).

4.1.2.3 miR164/miR167

miR164 controls lateral root growth in

Arabidopsis by regulating the expression of

NAM/ATAF/CUC (NAC) transcription factor

1 (Guo et al. 2005). Plants with downregulated

expression of miR164 (and thus upregulated

NAC1 expression) produced more lateral roots

compared to wild-type plants (Guo et al. 2005).

Whereas miR167, which targets ARF6 and

ARF8, downregulates these positive regulators

of adventitious root growth (Mallory

et al. 2005), miR167 also targets the geneIAR3,

which encodes a factor that hydrolyzes the inac-

tive auxin derivative indole-3-acetic acid-alanine

into bioactive auxin (Kinoshita et al. 2012). Fur-

ther it has been observed that there exists a com-

plex spatial regulation of miR160 and miR164

which may be responsible for specific root archi-

tecture. Interestingly, miR167 precursors get

either up- or downregulated under N stress in a

tissue-specific manner. For example, miR167a is

downregulated in Arabidopsis under N starvation

(Liang et al. 2012).

4.1.2.4 miR447

miR447 has been found to target mRNAs that

encode a 2-phosphoglycerate kinase (2PGK)

(Allen et al. 2005). This enzyme catalyzes the

nucleotide-dependent phosphorylation of

2-phosphoglycerate to form

2,3-bisphosphoglycerate. N starvation condition

would therefore downregulate this gene (2PGK)

and consequently alters the production of pyru-

vate which will affect downstream energy

metabolism, including the production of carbon

skeletons for amino acid biosynthesis.
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4.1.2.5 miR826

miR826 reportedly targets AOP2 which encodes

2-oxoglutarate-dependent dioxygenase involved

in glucosinolate biosynthesis (Liang et al. 2012).

Under N starvation condition, the expression of

miR826 is dramatically induced in roots and

shoots (Liang et al. 2012). Glucosinolates are a

group of plant secondary metabolites produced

mainly in Brassica, and these compounds are

rich in nitrogen and sulfur. They are involved in

the production of the nitrogenous glucosinolate

defense compounds and are highly expressed in

photosynthetic tissue (Neal et al. 2010). There-

fore, the suppression of AOP2 by miR826 could

decrease the production of glucosinolates, which

results in the decrease of N demand. The

downregulation of secondary biosynthetic

pathways such as glucosinolate production may

represent yet another means of tolerating N

starvation.

4.1.3 miRNAs Up- and Downregulated
Under N Starvation

4.1.3.1 miR169

miR169 targets nuclear transcription factor Y

subunit alpha (NFYA) gene family like NFYA1,
NFYA2, NFYA3, NFYA8, NFYA9, and NFYA10,

some of which encode nitrate transporter in

Arabidopsis NRT1.1 and NRT2.1. In N starvation

condition, the expression of miR169 gets

downregulated which in turn enhances the

expression of its target gene (Zhao et al. 2011).

Transgenic overexpression of miR169 caused

Arabidopsis plants to accumulate less N, and

plants showed more severe symptoms when

grown under N-limiting conditions (Zhao

et al. 2011) by reducing the production of nitrate

transporters. Similar expression pattern of

miR169 and its corresponding target gene have

also been observed in maize under N starvation

(Xu et al. 2011; Zhao et al. 2012). However,

some members of the miR169 family get

upregulated during N starvation, while others

show little differential expression in Arabidopsis
(Liang et al. 2012). For example, miR169a, b,

and c are downregulated under N, P, and S star-

vation, whereas miR169d–g are significantly

upregulated only by N starvation and

miR169h–n show little change either way

(Liang et al. 2012), whereas overexpression of

miR169c in tomato conferred drought resistance

in plants. These observations suggest that endog-

enous promoter-specific regulation might be

playing a significant role in regulating these

miRNAs (Fischer et al. 2013).

5 Future Prospects

As far as biochemical function is concerned,

miRNAs seem to act as transcription factors as

it also controls the expression of its target genes.

Additionally, transcription and processing of

miRNAs are presumably less energy intensive

compared to transcriptional and translational

activation (Zhang et al. 2012). Therefore,

microRNA-based engineering for modification

of miRNA expression is an attractive alternative

to overexpression of mRNAs for engineering

NUE in plants, particularly in light of recent

studies on miRNA expression patterns in

response to N starvation (Fischer et al. 2013).

However, the expression pattern of different

microRNAs associated with a particular pheno-

type under certain circumstances differs from

organism to organism. For instance, in

Arabidopsis, N starvation causes increase in the

expression of miR160 and miR171, while

miR167 is repressed (Liang et al. 2012). In

maize roots, expressions of miR167a–d, g–i,

and miR164e–f are upregulated (Zhao

et al. 2012). miR160a–e, g–i, and m expressions

are upregulated under transient N starvation in

maize roots, while miR167 is downregulated

under chronic N stress (Xu et al. 2011). Consid-

ering this fact, miRNA-based engineering under

such circumstances may limit its application in

NUE improvement as these miRNAs exhibit

complex temporal regulation of root develop-

ment in species-specific manner. Furthermore,

high-level expression of miRNAs under the con-

trol of the CaMV 35S and Ubi promoters can

result in undesirable traits such as stunted

growth, reduced yield, delayed flowering, and
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infertility. NUE may be enhanced but at the cost

of adverse plant development.

It has been demonstrated that NUE improve-

ment could be achieved by involving the expres-

sion of miRNAs that are upregulated by N

starvation along with overexpression of factors

that are involved in the N deprivation response

(Fischer et al. 2013). For instance, the simulta-

neous overexpression of miR156 and NLA (the

target of miR827) could provide increased NUE

(Fu et al. 2012; Gou et al. 2011). Another exam-

ple would be to upregulate miR156 in rice that

already expresses the maize transcription factor

Dof1 (Yanagisawa et al. 2004; Kurai et al. 2011),

whichmay increase biomass while improvingNUE.

As we discussed above that moderate

overexpression of miR156 in switchgrass

improved N uptake and increased biomass,

whereas high expression levels resulted in

severely stunted plant growth (Fu et al. 2012).

Experiments in which miRNAs are significantly

overexpressed under the control of the CaMV

35S or Ubi promoters produce plants with severe

undesirable developmental phenotypes. Distinct

differences in miRNA expression levels under N

starvation have been observed based on deep

sequencing results, with miR156 clearly being

the most abundantly expressed species (Liang

et al. 2012). Constitutive and inducible tissue-

specific expression, as well as promoter strength,

must therefore be carefully evaluated, taking into

account the variability of endogenous plant

miRNA responses. Thus, in order to manipulate

nitrogen use efficiency, expression levels of vari-

ous miRNAs have to be carefully selected and very

finely tuned with the use of specific promoters.
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Glazińska P, Zienkiewicz A, Wojciechowski W,

Kopcewicz J (2009) The putative miR172 target

gene In APETALA2-like is involved in the

photoperiodic flower induction of Ipomoea nil. J

Plant Physiol 166:1801–1813

Good AG, Shrawat AK, Muench DG (2004) Can less

yield more? Is reducing nutrient input into the envi-

ronment compatible with maintaining crop produc-

tion? Trends Plant Sci 9:597–605

Gou J, Felippes F, Liu C, Weigel D, Wang J (2011)

Negative regulation of anthocyanin biosynthesis in

Arabidopsis by a miR156-targeted SPL transcription

factor. Plant Cell 23:1512–1522

Guo L, Lu ZH (2010) The fate of miRNA* strand through

evolutionary analysis: implication for degradation as

merely carrier strand or potential regulatory molecule?

PLoS One 5:e11387

Guo H, Xie Q, Fei J, Chua N (2005) MicroRNA directs

mRNA cleavage of the transcription factor NAC1 to

down regulate auxin signals for Arabidopsis lateral

root development. Plant Cell 17:1376–1386

Gutierrez L, Bussell JD, Pacurar DI, Schwambach J,

Pacurar M, Bellini C (2009) Phenotypic plasticity of

adventitious rooting in Arabidopsis is controlled by

complex regulation of AUXIN RESPONSE FACTOR

transcripts and microRNA abundance. Plant Cell

21:3119–3132

He L, Hannon GJ (2004) MicroRNAs: small RNAs with a

big role in gene regulation. Nat Rev Genet 5:522–531

Hill MJ, Hawksworth G, Tatterstall G (1973) Bacteria,

nitrosamines and cancer of the stomach. Br J Cancer

28:562–567

Hirner A, Ladwig F, Stransky H et al (2006) Arabidopsis

LHT1 is a high affinity transporter for cellular amino

232 S.K. Sinha et al.



acid uptake in both root epidermis and leaf mesophyll.

Plant Cell 18:1931–1946

Ho C, Lin S, Hu H, Tsay Y (2009) CHL1 functions as a

nitrate sensor in plants. Cell 18:1184–1194

Huang NC, Liu KH, Lo HJ, Tsay YF (1999) Cloning and

functional characterization of an Arabidopsis nitrate

transporter gene that encodes a constitutive compo-

nent of low-affinity uptake. Plant Cell 11:1381–1392

Jagadeeswaran G, Saini A, Sunkar R (2009) Biotic and

abiotic stress down-regulate miR398 expression in

Arabidopsis. Planta 229:1009–1014

Jeon J, Baldrian P, Murugesan K, Chang Y (2012)

Laccase-catalysed oxidations of naturally occurring

phenols: from in vivo biosynthetic pathways to green

synthetic applications. Microb Biotechnol 5:318–332

Jeong DH, Park S, Zhai J, Gurazada SG, De Paoli E,

Meyers BC, Green PJ (2011) Massive analysis of

rice small RNAs: mechanistic implications of

regulated microRNAs and variants for differential tar-

get RNA cleavage. Plant Cell 23:4185–4207

Jones-Rhoades MW, Bartel DP, Bartel B (2006)

MicroRNAs and their regulatory roles in plants.

Annu Rev Plant Biol 57:19–53

Kant S, Peng M, Rothstein S (2011) Genetic regulation by

NLA and microRNA827 for maintaining nitrate-

dependent phosphate homeostasis in Arabidopsis.

PLoS Genet 7:e1002021

Kasai M, Koseki M, Goto K, Masuta C, Ishii S, Hellens

RP, Taneda A, Kanazawa A (2012) Coincident

sequence-specific RNA degradation of linked

transgenes in the plant genome. Plant Mol Biol

78:259–273

Kinoshita N, Wang H, Kasahara H, Liu J, MacPherson C,

Machida Y, Kamiya Y, Hannah M, Chua NH (2012)

IAA-Ala Resistant3, an evolutionarily conserved tar-

get of miR167, mediates Arabidopsis root architecture
changes during high osmotic stress. Plant Cell

24:3590–3602

Kraiser T, Gras DE, Gutiérrez AG, González B, Gutiérrez
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Guiderdoni E, Chiou TJ, Echeverria M (2010) Complex

regulation of two target genes encoding SPX-MFS

proteins by rice miR827 in response to phosphate

starvation. Plant Cell Physiol 51:2119–2131

Liu KH, Huang CY, Tsay YF (1999) CHL1 is a dual-

affinity nitrate transporter of Arabidopsis involved in

multiple phases of nitrate uptake. Plant Cell 11:865–874

Liu PP, Montgomery TA, Fahlgren N, Kasschau KD,

Nonogaki H, Carrington JC (2007) Repression of

AUXIN RESPONSE FACTOR10 by microRNA160

is critical for seed germination and post-germination

stages. Plant J 52:133–146

Liu TY, Huang TK, Tseng CY, Lai YS, Lin SI, Lin WY,

Chen JW, Chiou TJ (2012) PHO2-dependent degrada-

tion of PHO1 modulates phosphate homeostasis in

Arabidopsis. Plant Cell 24:2168–2183

Maathuis F (2009) Physiological functions of mineral

nutrients. Curr Opin Plant Biol 12:250–258

Mallory AC, Bartel DP, Bartel B (2005) MicroRNA-

directed regulation of Arabidopsis AUXIN

RESPONSE FACTOR17 is essential for proper devel-

opment and modulates expression of early auxin

response genes. Plant Cell 17:1360–1375

Masclaux-Daubresse C, Reisdorf-Cren M, Pageau K

et al (2006) Glutamine synthetase-glutamate synthase

pathway and glutamate dehydrogenase play distinct

roles in the sink-source nitrogen cycle in tobacco.

Plant Physiol 140:444–456

Mayer A, Staples R (2002) Laccase: new functions for an

old enzyme. Phytochemistry 60:551–565

McAllister C, Beatty P, Good A (2012) Engineering

nitrogen use efficient crop plants: the current status.

Plant Biotechnol J 10:1011–1025

Meyer C, Stitt M (2001) Nitrate reductase and signalling.

In: Lea PJ, Morot-Gaudry J-F (eds) Plant nitrogen.

Springer, New York, pp 37–59

MicroRNA-Based Approach to Improve Nitrogen Use Efficiency in Crop Plants 233



Millar AA, Waterhouse PM (2005) Plant and animal

microRNAs: similarities and differences. Funct Integr

Genomics 5:129–135

Montzka S, Dlugokencky E, Butler J (2011) Non-CO2

greenhouse gases and climate change. Nature 476:43–50

Murchison EP, Hannon GJ (2004) miRNAs on the move:

miRNA biogenesis and the RNAi machinery. Curr

Opin Cell Biol 16:223–229

NAAS (2005) Policy option for efficient nitrogen use.

Policy Paper No. 33, National Academy of Agricul-

tural Sciences, New Delhi

Neal C, Fredericks D, Griffiths C, Neale A (2010) The

characterisation of AOP2: a gene associated with the

biosynthesis of aliphatic glucosinolates in Arabidopsis

thaliana. BMC Plant Biol 10:170

Neelam A, Marvier AC, Hall JL, Williams LE (1999)

Functional characterization and expression analysis

of the amino acid permease RcAAP3 from castor

bean. Plant Physiol 120:1049–1056

Nischal L, Mohsin M, Khan I, Kardam H, Wadhwa A,

Abrol YP, Iqbal M, Ahmad A (2012) Identification

and comparative analysis of microRNAs associated

with low-N tolerance in rice genotypes. PLoS ONE

7:e50261

Orsel M, Chopin F, Leleu O et al (2006) Characterization

of a two-component high-affinity nitrate uptake sys-

tem in Arabidopsis. Physiology and protein–protein

interaction. Plant Physiol 142:1304–1317

Paez-Valencia J, Sanchez-Lares J, Marsh E, Dorneles LT,

Santos MP, Sanchez D, Winter A, Murphy S, Cox J,

Trzaska M, Metler J, Kozic A, Facanha AR,

Schachtman D, Sanchez CA, Gaxiola RA (2013)

Enhanced proton translocating pyrophosphatase activ-

ity improves nitrogen use efficiency in romaine let-

tuce. Plant Physiol 161:1557–1569

Pant B et al (2009) Identification of nutrient-responsive

Arabidopsis and rapeseed microRNAs by comprehen-

sive real-time polymerase chain reaction profiling and

small RNA sequencing. Plant Physiol 150:1541–1555

Park MY, Wu G, Gonzalez-Sulser A, Vaucheret H,

Poethig RS (2005) Nuclear processing and export of

microRNAs in arabidopsis. Proc Natl Acad Sci U S A

102:3691–3696

Peng M, Hannam C, Gu H, Bi YM, Rothstein S (2007) A

mutation in NLA, which encodes a RING-type

ubiquitin ligase, disrupts the adaptability of

Arabidopsis to nitrogen limitation. Plant J 50:320–337

Peng M, Hudson D, Schofield A, Tsao R, Yang R, Gu H,

Bi YM, Rothstein SJ (2008) Adaptation of

Arabidopsis to nitrogen limitation involves induction

of anthocyanin synthesis which is controlled by the

NLA gene. J Exp Bot 59:2933–2944

Purnell M, Botella J (2007) Tobacco isozyme 1 of NAD

(H)-dependent glutamate dehydrogenase catabolizes

glutamate in vivo. Plant Physiol 143:530–539

Ramachandran V, Chen X (2008) Degradation of

microRNAs by a family of exoribonucleases in

Arabidopsis. Science 321:1490–1492

Raun WR, Johnson GV (1999) Improving nitrogen use

efficiency for cereal production. Agron J 91:357–363

Ren L, Tang G (2012) Identification of sucrose-

responsive microRNAs reveals sucrose-regulated cop-

per accumulations in and SPL7-dependent and inde-

pendent manner in Arabidopsis thaliana. Plant Sci

187:59–68

Rochat C, Boutin JP (1991) Metabolism of phloem-borne

amino acids in maternal tissues of fruit of nodulated or

nitrate-fed pea plants (Pisum sativum L.). J Exp Bot

42:207–214

Rubio-Wilhelmi MM, Sanchez-Rodriguez E, Rosales

MA, Blasco B, Rios JJ, Romero L, Blumwald E,

Ruiz JM (2011) Cytokinin-dependent improvement

in transgenic PSARK::IPT tobacco under nitrogen

deficiency. J Agric Food Chem 59:10491–10495

Schwacke R, Grallath S, Breitkreuz KE, Stransky E,

Stransky H, Frommer WB, Rentsch D (1999) LeProT1,

a transporter for proline, glycine betaine, and γ-amino

butyric acid in tomato pollen. Plant Cell 11:377–391

Shikata M, Yamaguchi H, Sasaki K, Ohtsubo N (2012)

Overexpression of Arabidopsis miR157b induces

bushy architecture and delayed phase transition in

Torenia fournieri. Planta 236:1027–1035
Shrawat A, Carroll R, DePauw M, Taylor G, Good A

(2008) Genetic engineering of improved nitrogen use

efficiency in rice by the tissue-specific expression of

alanine aminotransferase. Plant Biotechnol J 6:722–732

Skopelitis D, Paranychianakis N, Paschalidis K,

Pliakonis E, Delis I, Yakoumakis D, Kouvarakis A,

Papadakis A, Stephanou E, Roubelakis-Anfelakis K

(2006) Abiotic stress generates ROS that signal

expression of anionic glutamate dehydrogenases to

form glutamate for proline synthesis in tobacco and

grapevine. Plant Cell 18:2767–2781

Smith BE (2002) Nitrogenase reveals its inner secrets.

Science 297:1654–1655

Song L, Han MH, Lesicka J, Fedoroff N (2007)

Arabidopsis primary microRNA processing proteins

HYL1 and DCL1 define a nuclear body distinct from

the Cajal body. Proc Natl Acad Sci U S A

104:5437–5442

Sonoda Y, Ikeda A, Saiki S, Yamaya T, Yamaguchi J

(2003) Feedback regulation of the ammonium trans-

porter gene family AMT1 by glutamine in rice. Plant

Cell Physiol 44:1396–1402

Sunkar R, Kapoor A, Zhu JK (2006) Posttranscriptional

induction of two Cu/Zn superoxide dismutase gene in

Arabidopsis is mediated by down regulation of

miR398 and important for oxidative stress tolerance.

Plant Cell 18:2051–2065

Svennerstam H, Ganeteg U, Bellini C, Nasholm T (2007)

Comprehensive screening of Arabidopsis mutants

suggests the lysine histidine transporter 1 to be

involved in plant uptake of amino acids. Plant Physiol

143:1853–1860

Svennerstam H, Ganeteg U, Nasholm T (2008) Root

uptake of cationic amino acids by Arabidopsis

depends on functional expression of amino acid per-

mease 5. New Phytol 180:620–630

Takahashi H, Takahara K, Hashida SN, Hirabayashi T,

Fujimori T, Kawai-Yamada M, Yamaya T,

234 S.K. Sinha et al.



Yanagisawa S, Uchimiya H (2009) Pleiotropic modu-

lation of carbon and nitrogen metabolism in

Arabidopsis plants overexpressing the NAD kinase2

gene. Plant Physiol 151:100–113

Trevisan S, Nonis A, Begheldo M, Manoli A, Palme K,

Caporale G, Ruperti B, Quaggiotti S (2012) Expres-

sion and tissue-specific localization of nitrate-

responsive miRNAs in roots of maize seedlings.

Plant Cell Environ 35:1137–1155

Valdés-L�opez O et al (2010) MicroRNA expression pro-

file in common bean (Phaseolus vulgaris) under nutri-

ent deficiency stresses and manganese toxicity. New

Phytol 187:805–818

Vanoni M, Dossena L, van den Heuvel R, Curti B (2005)

Structure–function studies on the complex iron-sulfur

flavoprotein glutamate synthase: the key enzyme of

ammonia assimilation. Photosynth Res 83:219–238

Voinnet O (2009) Origin, biogenesis, and activity of plant

microRNAs. Cell 136:669–687

Wang R, Liu D, Crawford NM (1998) The Arabidopsis

CHL1 protein plays a major role in high-affinity

nitrate uptake. Proc Natl Acad Sci U S A

95:15134–15139

Wang J, Wang LJ, Mao YB, Cai WJ, Xue HW, Chen XY

(2005) Control of root cap formation by microRNA-

targeted auxin response factors in Arabidopsis. Plant

Cell 17:2204–2216

Wang J, Schwab R, Czech B, Mica E, Weigel D (2008)

Dual effects of miR156-targeted SPL genes and

CYP78A5/KLUH on plastochron length and organ

size in Arabidopsis thaliana. Plant Cell 20:1231–1243

Wang J, Czech B,Weigel D (2009) miR156-regulated SPL

transcription factors define an endogenous flowering

pathway in Arabidopsis thaliana. Cell 138:738–749

Wang X, Peng F, Li M, Yang L, Li G (2012) Expression

of a heterologous SnRK1 in tomato increases carbon

assimilation, nitrogen uptake and modifies fruit devel-

opment. J Plant Physiol 169:1173–1182

Weisenburger DD (1991) Potential health consequences

of ground-water contamination by nitrates in

Nebraska. In: Bogorad I, Kuzerka RD (eds) Nitrate

contamination: exposure consequences and control,

NATO ASI series G: Ecological sciences 30. Springer

Verlag, Berlin, pp 309–331

Williams L, Miller A (2001) Transporters responsible for

the uptake and partitioning of nitrogenous solutes.

Annu Rev Plant Physiol Plant Mol Biol 52:659–688

Wu G, Poethig R (2006) Temporal regulation of shoot

development in Arabidopsis thaliana by miR156 and

its target SPL3. Development 133:3539–3547

Wu G, Park MY, Conway SR, Wang JW, Weigel D,

Poethig RS (2009) The sequential action of miR156

and miR172 regulates developmental timing in

Arabidopsis. Cell 138:750–759

Xia T, Xiao D, Liu D, Chai W, Gong Q, Wang NN (2012)

Heterologous expression of ATG8c from soybean

confers tolerance to nitrogen deficiency and increases

yield in Arabidopsis. PLoS ONE 7(5):e37217

Xie Z (2010) Piecing the puzzle together: genetic

requirements for miRNA biogenesis in Arabidopsis

thaliana. Methods Mol Biol 592:1–17

Xie K, Wu CC, Xiong L (2006) Genomic organization,

differential expression, and interaction of

SQUAMOSA promoter-binding-like transcription

factors and microRNA156 in rice. Plant Physiol

142:280–293
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Biofortification for Selecting and
Developing Crop Cultivars Denser in Iron
and Zinc

Sushil Kumar, Nepolean Thirunavukkarasu, Govind Singh,
Ramavtar Sharma, and Kalyani S. Kulkarni

Abstract

Deficiency in minerals especially iron and zinc is a global burden chiefly

in developing countries due to poverty and lack of awareness. Among

current interventions such as food dietary diversification, supplementa-

tion, and fortification available for incorporating micronutrients into diet,

breeding-based biofortification is the most feasible and best alternative. It

involves the exploitation of genetic diversity present in the mineral-dense

germplasm, land races, and wild species to create micronutrient denser

lines/variety. In present genomics era, molecular breeding approaches

employing molecular markers are being extensively utilized for marker-

assisted selection (MAS) to develop mineral-denser lines mainly for iron

and zinc. Currently, the focus of plant science is on quantitative trait locus

(QTL) detection followed by MAS for the development of mineral-dense

crops predominantly wheat, rice, maize, and pearl millet through bioforti-

fication. Several QTLs have been mapped for micronutrient concentration

in grain/leaf using various mapping population and different marker

systems. However, the success of this strategy requires long time and

trials as increasing the mineral can cause yield penalty. Thus, a
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combinatorial approach encompassing the identification and introgression

of micronutrient-rich line into locally adapted variety, detection of

allergenicity/toxicity, withstanding of nutrient during postharvest

processing, and acceptance of new variety by farmers and consumers for

a cost-effective intervention is required for the successful development of

micronutrient-rich cultivars/lines. Biofortification strategies should be

further enhanced with the support from governments for the populariza-

tion of varieties through extension workers to reach to the farmers and

ultimately acceptance in market.

Keywords

Biofortification • Breeding • Hunger • Malnutrition • Mineral deficiency •

Poverty • QTL

1 Introduction

Micronutrients deficiency is a global burning

health problem pervasive in both urban and rural

areas. About three billion people in world are

deficient in key vitamins andminerals, particularly

vitamin A, iodine (I), iron (Fe), and zinc

(Zn) (Dahiya et al. 2008). Poverty, lack of

affordability to diverse and balanced foods, lack

of awareness about optimal dietary practices, and

high incidence of infectious diseases are some of

the factors leading to micronutrient deficiency. In

the developing countries, micronutrient deficiency

is the major underlying causes of numerous human

health problems, and therefore, the situation of

nutrient deficiencies is more drastic industrialized

countries (Welch and Graham 2004). Moreover,

modern agricultural practices including the

improved cultivars of crops following the green

revolution have further contributed and aggravated

the malnutrition in the resource-poor populations

by greater removal and exhaustion of major- and

micro-plant nutrients in soil. Hence, in the present

genomic era, plant nutrition research needs a new

paradigm for agriculture and nutrition to meet the

global demand for sufficient food production with

enhanced nutritional value (Cakmak 2002).

The consumption of less diverse and monoto-

nous food leads to deficiencies in micronutrients,

especially iron (Fe), zinc (Zn), iodine (I), selenium

(Se), and vitamin A. Among trace elements, Fe

and Zn are essential for a variety of metabolic

processes (Underwood 1977; Prasad 1978). The

main sources of Zn in poor population are staple

cereals, starchy roots, tubers, and legumes which

are low either in quantity or bioavailability of Zn

(Gibson 1994). Cereals contribute up to 50 % of

the Fe intake in the poorest households. This

means that doubling the Fe or Zn density of food

staples could increase total intakes by �50 %

(Ruel and Bouis 1998).

Fe deficiency is estimated to affect about 30 %

of the world population, making Fe by far the

most deficient nutrient worldwide (Lucca

et al. 2001). Zn deficiency has subsequently

been reported from all over the world and could

be ascribed to the removal of high amounts of Zn

from the soil due to the intensive cultivation of

high yielding varieties (Takkar and Walker

1993). The intake of Fe and Zn appears to be

below the recommended dietary allowance for an

average Indian adult; this was observed in partic-

ularly low-income rural households in the

pearl millet-consuming regions (ICMR 2002;

Parthasarathy Rao et al. 2006). Fe deficiency is

often accompanied by Zn deficiency as both of

these nutrients are derived from similar sources

in the diet (Welch 2001). In addition, minerals

are essential for plant growth and reproduction,

and nutrient deficiencies can limit yield potential

and plant products that represent an important

source of minerals in the human diet.

238 S. Kumar et al.



2 Importance of Fe and Zn
in Human Nutrition

Fe has several vital functions in the human

metabolism, viz., synthesis of the oxygen trans-

port proteins (hemoglobin and myoglobin) and

formation of heme enzymes and other

Fe-containing enzymes, which are particularly

important for energy production, immune

defense, and thyroid function (Roeser 1986).

The other key functions for the Fe-containing

enzymes include the synthesis of steroid

hormones and bile acids, the detoxification of

foreign substances in the liver, and signal

controlling in some neurotransmitters such as

the dopamine and serotonin systems in the

brain. Zinc is involved in the functioning of

more than 300 enzymes and is an essential com-

ponent of many Zn-dependent enzymes. Zn plays

a major role in gene expression and acts as a

stabilizer of membrane structures and cellular

components (Palmgren et al. 2008). Although

body Zn homeostasis can be maintained over a

wide range of Zn intakes by increasing or

decreasing both intestinal Zn absorption and

endogenous intestinal Zn excretion; ultimately

low Zn intake and/or bioavailability results in

Zn deficiency. Meat and seafood are good

sources of Zn (Sanstead 1995). However, in

many parts of the developing world, most Zn is

provided by cereals and legume seeds. These

plant foods are high in phytic acid, which is a

potent inhibitor of Zn absorption (Navert

et al. 1985).

3 Micronutrient Deficiency
in Soil and Its Implication
on Human Nutrition

In enhancing agricultural productivity and qual-

ity, micronutrient supply is of critical importance

as both agricultural production and quality are

constrained by the deficiencies of plant nutrients

and nutrient imbalances. Therefore, the informa-

tion on the micronutrient status of soil and crop

edible tissues is crucial (Mahnaz et al. 2010;

Sahrawat et al. 2010). Research has been

conducted to address the relationship between

soil micronutrient status and crop yield and qual-

ity (Welch and Graham 2004; Gupta 2005).

In fact, intensified land use, without the

addition of fertilizers, has apparently resulted in

substantial removal of minerals (Sahrawat

et al. 2007). Instead of judicious application,

the imbalanced use of fertilizers has the

problems, especially in the developing countries.

Furthermore, it is reported that soils are becom-

ing Zn and Fe deficient worldwide (Ghorbani

et al. 2009; Sahrawat et al. 2007). The low avail-

ability of Fe, Zn, and copper (Cu) in calcareous

or alkaline soils is also considered as the cause

for the low mineral concentrations in edible plant

parts (White and Brown 2010; Sahrawat

et al. 2008). Thus, a successful breeding program

for the biofortification of crops with grains

denser in minerals will very much depend on

the size of plant available mineral pool in soil

(Cakmak 2008).

Zinc deficiency is an increasingly important

risk factor to the global agriculture and human

health, especially in the arid and semiarid regions

of world (Nayyar et al. 1990; Sahrawat

et al. 2007). Among the cereals, wheat and rice

in particular suffer from Zn deficiency. Duffy

(2007) reported that 30 % yield loss was common

in wheat, rice, maize, and other staple crops

grown on Zn-deficient soils. Hence, the wide-

spread deficiency of Zn has serious implications

for human health in countries where dominant

diet is cereal based and also equally important for

all forms of life including plants and animals.

Moreover, low solubility of Zn in soils rather

than the total amount of Zn is the major reason

for the widespread occurrence of Zn-deficiency

problem in crops (Cakmak 2008; Sahrawat

et al. 2007). Total mineral concentrations in

many infertile soils are often sufficient to support

mineral-dense crops, if only the minerals are in

the plant available form (Graham et al. 1999).

It is indicated that soils on which cereals are

regularly grown for human rations are actually

low in native nutrient reserves, and thus, it may

lead to a situation in which nutrient deficient

crops will be food of poor people. Moreover,
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the availability of Fe is lower in soils of the arid

and semiarid regions, and as a result, grains pro-

duced on these soils have lower Fe content

(Singh 2009). Frequent application of herbicide

glyphosate could lead to the shortage of energy

needed to maintain root growth and initiate

ferric-reductase activity, and this may lead to

Fe deficiency. A likely reason for this is that

glyphosate interferes with root uptake of Fe by

inhibiting ferric-reductase activity in plant roots,

required for Fe acquisition by dicot and

non-grass species (Ozturk et al. 2008).

Eventually, we have come to understanding of

micronutrient deficiency in human is derived

from the deficiencies of trace elements in soils

and foods. Therefore, it is a multifaceted vicious

cycle among the soil-plant-human system. Soil is

the base medium for all living things; thus, sick

soil means sick plants, sick animal, and sick

people (http://www.ecoorganics.com/sick-soil/).

It is simpler to cure the sick soils than the sick

people. Nevertheless, not all soils are nutrition-

ally sick; in such cases, an improvement in plant

uptake and efficiency by genetic modulation is an

imperative strategy to combat the mineral defi-

ciency in plant as well as humans.

4 Bioavailability of Fe and Zn
and Factors Affecting It

The nutritional quality of a diet can be deter-

mined based on the concentration of individual

nutrients as well as by the interactions of other

elements, promoters, and antinutrients, which

affect the bioavailability of micronutrients

(Khoshgoftarmanesh et al. 2010). Bioavailability

is a term used to describe the digestion, absorp-

tion, and subsequent utilization of dietary

compounds (Linder 1991). Not all ingested

minerals are completely absorbed and utilized

in humans and livestock, leading to certain

segments of vegetarian population at risk for Fe

and Zn and other trace element deficiency

(Grusak and Cakmak 2004). Thus, just producing

the mineral-dense food does not mean an

improved nutrient status of people as the bio-

availability of micronutrients needs also to be

improved. That is why, for effective bioforti-

fication of food, the understanding of bioavail-

ability of minerals to humans is a prerequisite

(Dahiya et al. 2008).

The levels of bioavailable mineral in staple

food crop seeds and grains are as low as 5 % and

25 %, respectively; thus, breeder should consider

the bioavailability of micronutrients while consid-

ering breeding program (Bouis and Welch 2010).

The micronutrients interact with various types

of biochemical substances which promote or

inhibit the bioavailability of minerals (Khoshgof-

tarmanesh et al. 2010). Inhibitory substances,

called antinutrients, reduce, whereas promotive

substances, called promoters, enhance/stimulate

micronutrient bioavailability to humans (Graham

et al. 2001). Amounts of both antinutrients and

promoters in grains depend on genetic and envi-

ronmental factors (Welch and Graham 2004;

White and Broadley 2005).

The bioavailability of dietary Fe and Zn is

generally impaired by the phytic acid, fiber,

and possibly other constituents of some plant

foods (Hunt 2002; Mendoza 2002), while

oxalate (Sotelo et al. 2010), polyphenolics

(Ma et al. 2010), and to certain extent calcium

(Zamzam et al. 2005) inhibit Fe absorption.

Dietary phytate can influence the bioavailability

of several minerals, because of its capacity to

form insoluble precipitates which cannot cross

the membrane transporters on the surface of

enterocytes, making nutrients unavailable

(Wise 1995). Negatively charged phytate is the

primary storage form of phosphorus in most

mature seeds and grains and complexes with

positively charged Fe and Zn ions, inhibiting

their uptake (Zhou and Erdman 1995). Being a

monogastric creature, humans do not synthesize

the phytate-degrading enzyme, phytase, as a

result digestive tract cannot absorb, but can

excrete (Lott et al. 2000).

Zn bioavailability can be predicted by consid-

ering phytate-to-Zn molar ratios in foods and has

been widely used for zinc bioavailability (Inter-

national Zinc Nutrition Consultative Group

IZiNCG (IZiNCG) 2004; Gargari et al. 2007).

Zinc absorption in the intestine is reduced at

ratios above a value of around 20 (Frossard
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et al. 2000). A bioavailability model should be

used to screen a large number of promising lines

of micronutrient-enriched genotypes identified in

breeding programs before advancing them as it is

impractical to test the bioavailability of

micronutrients in genotypes of staple plant

foods generated in plant-breeding programs

(Welch and Graham 2004).

Earlier reports in humans revealed that cyste-

ine had a positive effect on mineral absorption,

particularly Zn (Snedeker and Greger 1981,

1983; Martinez-Torres and Layrisse 1970),

while Fe and copper were less affected by the

sulfur-amino acids. Further research is required

to focus on the effects of protein and sulfur-

containing amino acids on Zn and non-heme Fe

bioavailability in diets.

5 Biofortification: A Vital Device
for Alleviating Micronutrient
Malnutrition

Nutrition-related research has reached to micro-

nutrient level, yet translation of these

achievements into macro level community action

is limited only to the supplementation of Fe and

folic acid (IFA) tablets or fortification of some of

the food items. For addressing micronutrient

malnutrition, a combination of strategies involv-

ing food fortification and pharmaceutical supple-

mentation and food diversification has been

emphasized. The successful implementation of

these exogenous fortification strategies requires

safe delivery systems, stable policies, appropri-

ate social infrastructures, and continued financial

support (White and Broadley 2005). However,

dietary modifications are promising but require

behavioral changes that depend on education,

communication, social marketing, and invest-

ments. Furthermore, fortification is difficult for

each micronutrient, especially for Fe as the forti-

fication of Fe leads to its rapid oxidation as well

as increases the loss of iodine (I).

Unfortunately, none of the strategies have

been successful against hidden hunger (Bouis

2003; Lyons et al. 2003). Agriculture is a vital

tool for ameliorating micronutrient malnutrition

(Singh 2009). Therefore, alternatively, problem

can be tackled through agricultural methods of

crop cultivation by adding fertilizers – agro-

nomic fortification – in farming system (White

and Brown 2010) known as fertifortification

(Prasad 2010). Fertifortification depends upon

sufficient amount of available minerals in the

soil (Cakmak 2008). Despite its success in

Finland and Turkey, fertifortification is not prac-

ticable in the developing countries because of

financial and ecological considerations (Ju et al.

2009) as well as it requires specific agricultural

practices with regular application of nutrients.

Additionally, they are not effective for Zn and

Fe due to their limited mobility in phloem

(Marschner 1995) and do not always increase

mineral concentrations in edible or economic

parts to the desired level and increase the cost

of cultivation (Dai et al. 2004; White and

Broadley 2005). Complementarily, agronomic

fortification can be used as an approach to

increase the mineral content in edible plant

parts. A substitute approach, endogenous fortifi-

cation is used by the accumulation of trace

minerals directly in cereal grains using breeding.

This complimentary solution termed “bioforti-

fication” by Bouis (2003).

Crop improvement through breeding has been

the key in the past successes of agricultural pro-

duction (Beddington 2010). Although, breeding-

based strategy for biofortification is unproven as

yet, it has the potential to become sustainable and

cost-effective and to reach remote rural

populations (Mannar and Sankar 2004; Genc

et al. 2005). It is argued that once mineral-dense

lines have been developed, there will be little

additional cost in incorporating them into ongoing

breeding programs (Welch and Graham 2004). It

has been reported that the seed of mineral-dense

crops produce more vigorous seedlings on infer-

tile soils (Rengel and Graham 1995). High trace

mineral density in seed produces more viable and

vigorous seedlings in the next generation, and the

efficiency in the uptake of trace minerals improves

disease resistance (Welch 1999; Yilmaz et al.

1997). Variety, land races, and wild species are

being explored for their mineral levels, and this

knowledge is further used to create new varieties
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with higher micronutrient content (Ghandilyan

et al. 2009). Hence, plant-breeding approaches

utilize existing genetic variation coupled with

marker-/genomics-assisted selection.

6 Relationships Among Grain
Minerals and Yield

Biofortification to address nutrient deficiencies is

an enticing concept, but there is much to under-

stand about the potential impact on other impor-

tant traits. For instance, it is not clear whether

selection for increased mineral micronutrient

content negatively affects yield or other impor-

tant agronomic and end-use characters. This

could occur if genes that increase mineral content

are linked with genes that have a deleterious

effect on other desired traits, or it could occur

as a consequence of trait associations. Correla-

tion between grain Fe and Zn has been studied in

several crops, with results showing similar

trends. For instance, positive and highly signifi-

cant correlation between Fe and Zn concen-

trations had been observed in many crops

(Gregorio et al. 2000; Ozkan et al. 2007; Velu

2013). Such correlations among micronutrients

indicate that improvement in one element may

simultaneously improve the concentration of

other element (Ozkan et al. 2007). However, in

few studies, negative correlations between the

concentrations of Zn in grain and grain yield

were reported in wheat (Oury et al. 2006; Zhao

et al. 2009) and indicate the difficulty to breed

wheat with high Zn concentration and high grain

yield. Positive correlations among micro-

nutrients suggest that similar transport and che-

lation process affect the accumulation of

elements in seeds (Ding et al. 2010). The

correlations among different minerals implement

pleiotrophy for genes controlling the accumula-

tion of these minerals or have close linkage of

genes (Wu et al. 2008). Moreover, the positive

correlation between Fe and Zn concentrations in

grain is less affected by environment and can be

combined with other agronomic traits (Banziger

and Long 2000; Welch 2005).

7 Exploiting Existing Genetic
Variation: Prerequisite for
Biofortification

Genetic variation in wild, landraces, and

cultivated species is the most important basic

resource to generate new plant types with desir-

able traits for effective crop improvement

programs (Vreugdenhil et al. 2004). Observed

variation among crop plants can either be quali-

tative, caused by one or two major loci, or quan-

titative, caused by the combined effects of

multiple loci (Salt et al. 2008). Germplasm of

crops differs in the grain mineral content, and

the selection followed by utilization of mineral-

rich germplasm for breeding is an important

component of research for increasing the grain

mineral content. Thus, genetic resources enable

plant breeders to create novel plant gene

combinations and select crop varieties more

suited to the needs of diverse agricultural

systems (Glaszmann et al. 2010). With the aim

to improve nutritional value of food for human

beings, researchers in the past decade have

shown much interest in developing cultivars of

staple food with higher mineral content (Graham

et al. 1999; Grusak and DellaPenna 1999; White

and Broadley 2005; Cakmak 2008; Tiwari

et al. 2009; Norton et al. 2010), but very little

attention has been paid in breeding for grain

mineral content (Vreugdenhil et al. 2004). The

identification of “left behind” valuable alleles in

the wild ancestors of crop plants and their rein-

troduction into cultivated crops is the target of

modern plant breeding (Tanksley and McCouch

1997; Chatzav et al. 2010).

Dissecting the variation is prerequisite to uti-

lize the natural diversity through molecular

breeding for crop improvement. Therefore,

research on the screening of natural genetic

variability for seed mineral concentrations in

various crop species in order to use selected

lines for breeding has also been conducted

(White and Broadley 2009). Identification of

genotypes with differing nutrient efficiencies

generally includes investigation of the potential

morphological, physiological, and biochemical
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mechanisms involved therein (Khoshgof-

tarmanesh et al. 2010). Growing evidences indi-

cate that the wild and primitive genotypes show

large and useful genetic variation for grain

concentrations of Zn and Fe (Ghandilyan

et al. 2006). The genetic variations for Fe and

Zn in major food crops are explained as

followed.

Wheat (Triticum spp.), a major staple food

crop having significant impact on human health,

contributes 28 % of the world’s edible dry matter

and up to 60 % of the daily calorie intake in

several developing countries (Grusak and

Cakmak 2005; FAOSTAT 2008). To examine

genetic variation for Fe and Zn with other trace

minerals, 132 wheat germplasm accessions at the

CIMMYT were screened (Monasterio and

Graham 2000). The variability in grain Fe ranged

from 28.8 to 56.5 mg kg�1 and from 25.2 to

53.3 mg kg�1 for Zn. In a set of 30 T. tauschii,

Monasterio and Graham (2000) reported mean

Fe concentration of 76 mg kg�1 and a maximum

value of 99 mg kg�1. Similarly, Oury

et al. (2006) identified wheat cultivars with Zn

concentration ranging from 15 to 35 mg kg�1,

but the grain Zn increased to 43 mg kg�1 in

selected germplasm. Fe concentration ranged

from 20 to 60 mg kg�1 and was 88 mg kg�1 in

non-adapted material. A total of 154 genotypes,

including wild emmer accessions were evaluated

for Fe and Zn by Chatzav et al. (2010) and

reported that Fe ranged from 36 to 69 mg kg�1

with a mean of 52 mg kg�1. Similarly, grain Zn

concentrations ranged from 35 to 90 mg kg�1

with a mean of 58 mg kg�1. The results of other

studies (Balint et al. 2001; Morgounov

et al. 2007) clearly showed the existence of

alleles for mineral diversity within wheat germ-

plasm to improve the food value.

Rice is a dominant cereal crop accounting for

50 % of the worldwide consumption in many

developing countries (Lucca et al. 2001). How-

ever, currently polished rice is a poor source of

essential micronutrients such as Fe and Zn (Bouis

and Welch 2010) and contains average of only

2 parts per million (ppm) iron (Fe) and 12 ppm

of zinc (Zn). Experts estimate that a rice-based

diet should contain 14.5 μg g�1 Fe in endosperm,

the main constituent of polished grain, but breed-

ing programs have failed to achieve even half of

that value. Low mineral concentration in rice may

be attributed to low level of minerals in endo-

sperm and the loss during grain polishing as

well. Since 1992, genetic difference for grain Fe

has been explored by researchers at the IRRI

(Gregorio et al. 2000; Graham et al. 1999).

Gregorio et al. (2000) evaluated 1,138 brown

rice genotypes for Fe and Zn content and reported

that grain Fe and Zn contents ranged between 6.3

and 24.4 mg kg�1 and 13.5–58.4 mg kg�1, respec-

tively. On the other hand, aromatic rice exhibited

consistently more grain Fe (range 18–22 mg kg�1)

and Zn (24–35 mg kg�1) content than the nonaro-

matic rice genotypes. Research at the International

Rice Research Institute (IRRI) showed that local

varieties had iron content up to 2.5 times higher

than that of the common high yielding varieties

(Kennedy and Burlingame 2003). Glahn

et al. (2002) evaluated 15 selected Fe-dense and

normal genotypes of unpolished rice from the

IRRI and reported that the Fe concentration

ranged from 14 to 39 mg kg�1. These results

indicated that “aromatic and brown rice germ-

plasm” as a potential reservoir of micronutrients

which can be harnessed to improve existing

micronutrient levels in rice.

Maize is the world’s leading staple food along

with rice and wheat due to its diverse functionality

as a food source for both humans and

animals (Grusak and Cakmak 2005; Nuss and

Tanumihardjo 2010). Unfortunately, even though

maize kernels supply many macro- and

micronutrients necessary for human metabolic

needs, the amounts of some essential nutrients

with phytic acid are ill balanced or inadequate

for consumers who rely on maize as a major

food source (Grusak and Cakmak 2005; Nuss

and Tanumihardjo 2010). The range of Fe and

Zn in maize kernels is not as high as in other

cereals, but considerable variation in the grain

micronutrient content has been reported (Welch

and Graham 2004). Menkir (2008) evaluated

149 lowland and 129 mid-altitude maize inbred

lines at the IITA, Nigeria, and showed that the

lines varied between 11 and 34 mg kg�1 in Fe and

14 and 45 mg kg�1 in Zn. The best-inbred line in
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each trial had a kernel Fe concentration that

exceeded the average of all the inbred lines by

37% in trial-1, 32% in trial-2, 52% in trial-3, 39%

in trial-5, 42% in trial-6 and 78% in trial-7. Simi-

larly, the best-inbred line in each trial had

14–180 % greater concentrations of Zn and other

mineral elements than the average of all inbred

lines. This represents a broad range of variability

in adapted maize germplasm available in the

maize breeding program at the IITA. During an

F4-mapping population, Simic et al. (2009)

reported good range of Fe (17–34 mg kg�1) and

Zn (17–28 mg kg�1).

Jambunathan (1980) reported an average Fe

concentration of 59 mg kg�1 with a range of

26–96 mg kg�1, while grain Zn varied between

19 and 57mg kg�1 with an average of 33 mg kg�1

in the samples of 100 varieties of sorghum. At the

ICRISAT, Reddy et al. (2005) screened

84 accessions of sorghum for grain Fe and Zn

content. The grain Fe and Zn varied from 20.1 to

37 mg kg�1, and grain Zn content varied from

13.4 to 31 mg kg�1. Kayode et al. (2006)

evaluated 76 farmers’ varieties of sorghum for

Fe and Zn concentrations. The Fe and Zn concen-

tration of the grains ranged from30 to 113mgkg�1

and 11 to 44 mg kg�1, respectively. These

varieties exhibited fourfold range in grain Fe and

Zn concentrations. In most genotypes, grain Fe

was higher than Zn, the difference being one- to

fivefold. The level of Fe found in the Kayode

et al. (2006) study is in agreement with values

reported in the literature. Waters and Pedersen

(2009) also reported a wide range in grain Fe

(24–73 mg kg�1) and Zn (15–59 mg kg�1) in

sorghum.

Pearl millet is an important staple food in arid

and semiarid regions of Asia and Africa and

serving as a major source of dietary energy in

these regions (Velu et al. 2006). Like other

cereals, no much work has been done on the

genetic variation of Fe and Zn content and the

potential to improve it through plant breeding in

pearl millet. Preliminary studies were conducted

by Jambunathan and Subramanian (1988) in

27 pearl millet genotypes and Hulse et al. (1980)

which reported as high as 38 mg kg�1 of Fe and

16 mg kg�1 of Zn. Similar studies for genetic

variation for grain Fe and Zn content have been

reported by Khetarpaul and Chauhan (1990),

Kumar and Chauhan (1993), and Abdalla

et al. (1998). Higher micronutrient densities in

African pearl millet landraces were comparable

to those reported in improved varieties and hybrid

lines. This demonstrated the potential of landraces

for breeding pearl millet with grains denser in

Fe and Zn (Buerkert et al. 2001). The genetic

variation is presently being exploited in breeding

program at different CGIAR centers under

HarvestPlus program coordinated by IFPRI and

CIAT (Bouis 2003).

8 Genetics of Fe and Zn Content
in Grain

Understanding the nature of gene action and

inheritance of seed mineral content is crucial

to develop effective breeding strategies for

micronutrients (Cichy et al. 2005). Very limited

information has been generated on the inheri-

tance of grain Fe and Zn content in crops. The

genetic bases responsible for the uptake of some

micronutrients, especially Fe uptake, in crop

plants is now much better understood. Research

on the genetics of kernel micronutrient density

of maize described additive gene action in the

1960s and 1970s (Gorsline et al. 1964; Arnold

and Bauman 1976). The recurring feature of

micronutrient efficiency characters are single,

major-gene inheritance (Epstein 1972). Weiss

(1943) demonstrated this by detecting single

major dominant gene while working with Fe

efficiency in soybeans. Since Weiss’s pio-

neering study, another study in soybean

indicated that several minor additive genes

contributed to Fe efficiency (Fehr 1982).

Cichy et al. (2005) reported a single dominant

gene controlling the high seed Zn in navy bean.

Velu et al. (2006) found the prevalence of addi-

tive gene action in pearl millet, controlling

grain Fe and Zn content. Based on the inheri-

tance study, selection during breeding should be

undertaken in a later generation (such as F5),

where the dominance effect (unfixable genes) is

not present.
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9 Molecular Breeding:
Maximizing the Exploitation
of Genetic Variation

Genetic diversity offers opportunity to utilize

various genomic sources and technologies in an

effort to manipulate mineral levels in crop edible

parts (Grusak and Cakmak 2005). But character-

ization of genetic variation within natural

populations and among breeding lines is crucial

for effective conservation and exploitation of

genetic resources for crop improvement

programs (Varshney and Tuberosa 2007). The

development of molecular marker techniques

has lead to a great increase in our knowledge of

cereal genomics and our understanding of struc-

ture and behavior of the cereal genomes (Gupta

and Varshney 2000). Renewed interest in the use

of markers was generated when studies with

maize and tomato demonstrated that some

markers explained much of the phenotypic vari-

ance of complex traits (Anderson et al. 1993).

DNA-based molecular markers having no known

effects on phenotype, unaffected by environmen-

tal conditions and gene interactions, proved to be

powerful and ideal tools for examining quantita-

tive traits and genetic research (Beckmann and

Soller 1986). A variety of genetic models and

designs including the analysis of mating designs

in segregating population are being used to study

the quantitative traits to estimate the effective

factors applying biometrical or molecular marker

methods (Lynch and Walsh 1998; Zeng

et al. 1990).

In this genomic era, molecular markers have

been proven to be useful in characterization of

the available germplasm and estimation of

genetic diversity with the aim of using this infor-

mation for the selection of parents for

hybridization programs (Roy et al. 2002; Kalia

et al. 2011). Furthermore, the recent develop-

ment in quantitative genetics by employing of

molecular markers allow the development of

linkage map to determine the map position and

effect of different loci/genes of metric characters

known as quantitative trait loci (QTL). This

development is to expedite the use of markers

for tagging genes/QTLs for qualitative and quan-

titative traits and for marker-assisted selection

(MAS) (Sharma 2001; Yadav et al. 2002).

Thus, molecular breeding can enhance the pace

of genetic variation exploitation.

10 Mapping QTLs Associated with
Grain Mineral (Fe and Zn)
Concentrations

Quantitative trait locus (QTL) analysis provides

a powerful approach to understand the genetic

factors and to unravel the genes underlying the

natural variation for Fe and Zn concentrations

(Ghandilyan et al. 2006). The identification and

tagging of major QTLs for grain micronutrients

with large effects would be helpful in the selec-

tion of the QTLs in early generations with MAS

technique and will greatly accelerate wheat cul-

tivar development for improving mineral con-

centration in grain (Ortiz-Monasterio et al.

2007). Using various populations, many QTLs

for micronutrient concentration in grain/leaf

have been mapped in recent years (Table 1).

Brief results of various QTL studies in major

staple crops are described in brief in the later

sections.

10.1 Rice

In a rice double haploid (DH) population, two

QTLs for phytate concentration (explaining 24 %

and 15 % of total phenotypic variation), three

QTLs for Fe concentration (explaining 17 %,

18 %, and 14 % of total phenotypic variation),

and two QTLs for Zn concentration (explaining

15 % and 13 % of total phenotypic variation)

were identified by Stangoulis et al. (2007) and

reported that Zn concentration QTL co-localized

with the Fe QTL. Garcia-Oliveira et al. (2009)

reported 31 putative QTLs for eight mineral

elements (Fe, Zn, Mn, Cu, Ca, Mg, P, and K) in

seeds of introgression lines (IL) by single-point

analysis, out of which, 17 QTLs were observed

during both years. QTLs associated with Zn and

Si content in rice was identified by Biradar
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Table 1 QTL/s associated with concentrations of essential mineral elements in various crop species

Crop species Tissue Elements

Mapping

population

Number

of lines

Number of

markers

Number

of QTLs References

Rice (Oryza
sativa)

Grain Fe, Zn DH 129 582 3 Fe, 2 Zn Stangoulis et al.

(2007)

Fe, Zn, RIL 241 221 3 Zn, 2 Fe Lu et al. (2008)

Fe, Zn BIL 85 179 2 Fe, 3 Zn Garcia-Oliveira

et al. (2009)

Fe, Zn RIL 79 164 4 Fe, 4 Zn Norton et al.

(2010)

Zn DH 127 243 2 Zhang et al. (2011)

Zn DH 93 254 6 Biradar et al.

(2007)

Zn, Fe BC1F1 115 93 2 Zn, 3 Fe Susanto (2009)

Fe, Zn RIL 168 110 7 Fe, 6 Zn Anuradha

et al. (2012)

Wheat

(Triticum spp.)

Grain Zn DH 119 39 11 Shi et al. (2008)

Fe, Zn DH 90 470 4 Zn, 1 Fe Genc et al. (2009)

Fe, Zn RIL 152 690 6 Zn, 11 Fe Peleg et al. (2009)

Fe, Zn RIL 93 169 3 Fe, 2 Zn Tiwari et al. (2009)

Fe, Zn,

Mn

RIL 168 477 1 Fe, 2 Zn,

2 Mn

Ozkan et al. (2007)

Barley (Hordeum
vulgare)

Grain Zn DH 150 417 5 Lonergan et al.

(2009)

Zn DH 150 302 2 Sadeghzadeh

et al. (2010)

Maize (Zea mays) Grain Fe RIL 232 1,338 3 Lungaho et al.

(2011)

Fe, Zn F4 294 121 3 Fe, 1 Zn Simic et al. (2012)

Fe, Zn RIL 113 47 7 Fe, 11 Zn Beebe et al. (2000)

Fe Zn F2:3 218 240 4 Zn, 1 Fe Jin et al. (2013)

Bean (Phaseolus
vulgaris)

Seed Zn RIL 73 5 Two

markers

associated

with Zn

Gelin et al. (2007)

Fe, Zn RIL 87 236 13 Fe, 13

Zn

Blair et al. (2009)

Fe, Zn RIL 77 6 Fe, 4 Zn Cichy et al. (2009)

Fe, Zn RIL 110 114 8 Fe, 9 Zn Blair et al. (2010)

Fe, Zn RIL 100 122 6 Fe, 3 Zn Blair et al. (2011)

Fe, Zn F2:3 120 57 1 Zn, 2 Fe Guzman-

Maldonado

et al. (2003)

Soybean

(Glycine max)
Seed Ca F2:3 178 148 4 Zhang et al. (2009)

Oilseed Rape

(Brassica napus)
Seed Fe, Zn RIL 124 553 10 Zn, 9 Fe Ding et al. (2010)

B. oleracea Leaf Ca, Mg DH 90 547 11 Mg, 17

Ca

Broadley et al.

(2008)

B. rapa Leaf Fe, Zn DH 183 287 2 Zn, 1Fe Wu et al. (2008)

Pearl millet

(Pennisetum
glaucum)

Grain Fe, Zn RIL 106 305 1 Fe, 1 Zn Kumar (2011)

Fe, Zn RIL 317 234 11 Fe, 8 Zn Kumar (2011)

DH Double haploid, RIL Recombinant inbred line, BIL Backcross inbred lines, F2:3 F2 derived F3, BC1 First

Backcross generation
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et al. (2007) in DH population. Based on the

interval mapping results, one QTL was detected

for Si. Similarly, a total of 6 QTLS were detected

for Zn content using SMA explaining 1–10 % of

total phenotypic variation.

Lu et al. (2008) reported ten QTLs for Cu, Ca,

Mn, Zn, and Fe in a RIL population in grains and

reported three QTLs for Zn content. Among

these QTLs, the major QTL accounted for 19 %

of phenotypic variation, whereas two QTLs for

Fe accounted for 37 % phenotypic variation.

Gregorio et al. (2000) and Avendano (2000)

also detected QTL for Fe and Zn, respectively,

on same chromosomes.

Using a mapping population consisting of

85 backcross inbred lines (BIL), two QTLs for

increasing grain cadmium (Cd) concentration

were detected by Ishikawa et al. (2010). A

major effect QTL accounted for 35 % of all

phenotypic variation. A putative QTL for grain

Fe concentration explained 15 % of the pheno-

typic variation, whereas no QTL for grain Zn

concentration was found. Three QTLs for straw

Fe concentration and two QTLs for straw Zn

concentration were found. Grain concentration

QTL was not genetically related to any QTL for

other mineral concentration or those for agro-

nomic trait, suggesting that QTL was specific

for Cd.

10.2 Wheat

Peleg et al. (2009) identified 82 significant QTLs

for nine grain mineral nutrient concentrations

including four secondary mineral nutrients and

proteins. GEI was exhibited by 38 QTLs. A total

of six significant QTLs were associated with Zn

explaining 1–13 % of variance with three QTLs

showing significant GEI, while a total 11 signifi-

cant QTLs were associated with Fe, explaining

2–18 % variance with GEI for five QTLs, out of

which three QTLs for Zn were in agreement with

the results reported in previous studies (Ozkan

et al. 2007; Shi et al. 2008; Distelfeld et al. 2007;

Genc et al. 2009). Similarly, two out of 11 QTLs

have been mapped (Ozkan et al. 2007; Distelfeld

et al. 2007). In another study, Tiwari et al. (2009)

detected Zn concentration QTL on same region

as reported by Shi et al. (2008). The QTL for

grain Fe and Zn mapped in the study conducted

by Tiwari et al. (2009) explained 25–30 % of the

total phenotypic variation with significant corre-

lation between both elements.

10.3 Maize

Three modest QTLs for grain Fe concentration

(FeGC) were detected by Lungaho et al. (2011),

indicating that FeGC was controlled by many

small QTLs. Ten QTLs for FeGB were identified

54 % of the variance observed in samples from a

single year/location. Three of the largest FeGB

QTLs were isolated in sister derived lines, and

their effect was observed in three subsequent

seasons in New York. The results indicated that

iron biofortification of maize grain is achievable

using specialized phenotyping tools and conven-

tional plant breeding techniques. The analysis of

variance indicated that environment played a

strong role in influencing grain Fe concentration.

By using 294 F4 lines of a biparental popula-

tion taken from field trials of over 3 years, Simic

et al. (2009) revealed 32 significant QTLs (three

for Fe and one for Zn). Significant additive

effects with no significant dominant effects

suggested that biofortification traits in maize

were predicted by a simple additive model and

mostly controlled by numerous small-effect QTLs.

10.4 Pearl Millet

Using 106 RILs (ICMB 841-P3 � 863B-P2),

two co-localized QTLs for Fe and Zn

concentrations on LG 3 were identified in pearl

millet by Kumar (2011). Fe and Zn QTLs

explained 19 % and 36 % of observed phenotypic

variation, respectively. Likewise, Kumar (2011)

also detected 19 putative QTL for grain Fe and

Zn concentration in ICMS 8511B � AIMP

92901-derived-08 RIL population (317 RILs)

on the base of single environment data, of

which 11 were for Fe (66 % of phenotypic varia-

tion) and eight were for Zn (60 % of phenotypic
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variation). LG 1 harbored two co-localized

main effect putative QTLs for Fe and Zn

concentrations.

11 Issues and Conclusions

Micronutrient deficiency is prevalent in

populations depending on nondiversified plant-

based diets eventually leading to hidden hunger.

Breeding-based crop biofortification is a feasible

and most economical approach for overcoming

“hidden hunger” catalyzed through hastening the

breeding efficiency aided by identification of the

genes/loci responsible for mineral uptake and

translocation to the economic part of plant. How-

ever, success of this long, multistage strategy

will depend on local dietary patterns as well as

technology efficacy. For successful and cost-

effective biofortification strategy, few facts

must be satisfied like:

1. Identification of micronutrient-rich germ-

plasm/line(s) to introgress gene/QTL(s) into

locally adapted varieties through breeding

methods for the establishment of nutritional

efficacy (biological impact under controlled

conditions) and effectiveness (biological

impact in real life) of a biofortified crop

2. Detection of allergenicity and toxicity

3. Withstanding of nutrient during postharvest

processing

4. Acceptance of new variety by farmers and

consumers for a cost-effective intervention

Simultaneously, to enhance the effectiveness

of biofortification strategies, governments should

recognize the benefits and consider providing

structure through nutrition and agricultural

policies. Furthermore, like health consequences

of malnutrition, the effect of biofortified staple

crops should be quick to make a difference.

Even after the development of biofortified

varieties, it will be essential to address various

socioeconomical and sociopolitical challenges to

popularize their cultivation by farmers (market

price premium) and ultimately their public accep-

tance to combat malnutrition by biofortification.

Euphorically, emerging evidences of this fast-

evolving practice supporting the endurable and

cost-effective breeding-based strategy will answer

the many important unresolved problems to meet

the nutritional needs of malnourished

communities throughout the world. Eventually, a

multi-tiered network and interdisciplinary

research will play a pivotal role for successful

breeding-based biofortification strategy to address

mineral malnutrition in humans and other animals.
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Understanding Genetic and Molecular
Bases of Fe and Zn Accumulation Towards
Development of Micronutrient-Enriched
Maize

H.S. Gupta, F. Hossain, T. Nepolean, M. Vignesh,
and M.G. Mallikarjuna

Abstract

Micronutrient malnutrition is a global problem afflicting billions of people

worldwide. The effects are more prevalent in developing countries where

people rely upon cereal-based diets that are inherently deficient in

micronutrients. Micronutrients are required in less quantity but play

critical role in the growth and development of humans. Since human

body cannot synthesize micronutrients, they must be made available

through diet. Among micronutrients, deficiency of iron (Fe) and zinc

(Zn) has profound effects and require urgent attention. Development of

micronutrient-rich staple plant foods through plant breeding, a process

referred to as “biofortification,” holds promise for sustainable food-based

solutions to combat micronutrient deficiency. Maize is the third most

important crop of the world, serving as staple food to billions of people

in sub-Saharan Africa, Latin America and Asia. The development of Fe-

and Zn-rich maize cultivar(s) would therefore have positive effects on

health and well-being of humans. Wide variability has been reported for

Fe and Zn in maize, which can be explored for genetic improvement of the

trait. Genetics of Fe and Zn has been well elucidated, and genes/QTLs

governing high Fe and Zn accumulation in maize have been identified.

Moreover, by targeting the genes involved in Fe and Zn uptake, transpor-

tation and translocation, concentration of the same can be increased in

the maize endosperm. Further, manipulating genes for promoter and

antinutritional factors, bioavailability of Fe and Zn can be enhanced.

Quality protein maize (QPM) genotype reported to have higher
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concentration of Fe and Zn provides opportunity to develop multinutrient-

rich maize through a systematic breeding approach. We discussed here

available genetic variation for Fe and Zn and their interactions with

environments, relationship among micronutrients and grain yield, sum-

mary of research efforts with specific emphasis on mechanism of uptake

and translocation, genetic and molecular basis of Fe and Zn accumulation,

and the strategies that can be explored to breed for high Fe and Zn maize.

Keywords

Micronutrient deficiency • Maize • Fe and Zn • Variability • Accumula-

tion • Bioavailability • Genetic improvement

1 Global Status of Micronutrient
Malnutrition

Significant progress in agricultural research

worldwide has resulted in manifold increase of

food grain productions, yet over half of the

global population is afflicted by micronutrient

deficiency popularly phrased as “hidden hunger”

(Khush et al. 2012; Stein 2010). Micronutrient

malnutrition is a global problem but is particu-

larly prevalent in developing countries where

people rely upon cereal-based diets that are

inherently deficient in micronutrients (Bouis

and Welch 2010; Pfeiffer and McClafferty

2007). Micronutrients play a critical role in cel-

lular and humoral immune responses, cellular

signaling and function, work capacity, reproduc-

tive health, learning and cognitive functions

(Guerrant et al. 2000; Kapil and Bhavna 2008).

Since human body cannot synthesize micro-

nutrients, they must be made available through

diet. Inadequate consumption of these nutrients

leads to adverse metabolic conditions resulting in

poor health, impaired growth and socio-

economic losses, besides having profound effects

on cognitive development, reproductive perfor-

mance and work productivity (Bouis 2002;

Welch and Graham 2004). Among the various

micronutrients, the effects of deficiency caused

by iron (Fe) and zinc (Zn) have been quite promi-

nent (Dalmiya and Schultink 2003). It is esti-

mated that over 60 % of the world’s six billion

people are Fe deficient, while it is 30 % for Zn

(White and Broadley 2009). These deficiencies

affect people of all ages, but their effects appear

more devastating in pregnant women and chil-

dren especially infants. Considering the impor-

tance of the widespread micronutrient deficiency,

Millennium Development Goals (MDGs) were

adopted by the General Assembly of the UN,

and ‘child mortality’ and ‘maternal health’ were

included among the problems affecting the world

population the most; and currently micronutrient

malnutrition is considered to be one of the major

public health challenges to humankind (Black

et al. 2008; UNSCN 2004).

2 Role of Fe and Zn in Humans
and Deficiency Symptoms

2.1 Iron

Humans require Fe for basic cellular functions

and proper functioning of the muscle, brain and

red blood cells (Roeser 1986). It serves as oxy-

gen carrier to the tissues from the lungs by red

blood cell haemoglobin and transport medium

for electrons within cells and is an integral part

of important enzyme systems in various tissues

(Brock et al. 1994; Hallberg 1982). Most of the

Fe in the body is present in the erythrocytes as

haemoglobin, and it comprises of four units, each

containing one haem group and one protein

chain. Myoglobin, the Fe-containing oxygen

storage protein and several other Fe-containing
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enzymes, like cytochromes, has one haem group

and one globin protein chain. These enzymes act

as electron carriers within the cell and transfer

energy within the cell during the oxidative meta-

bolism. Fe-containing enzymes such as cyto-

chrome P450 plays a vital role in the synthesis

of steroid hormones and bile acids and are

responsible for detoxification of foreign sub-

stances in the liver (Mascotti et al. 1995).

Anaemia is considered as one of the hallmarks

of Fe deficiency in human (DeMaeyer and Adiels-

Tegman 1985). Fe-deficiency anaemia is present

in all age groups and, thus, is a public health

problem in most regions of the world. Worldwide,

the highest prevalence of Fe deficiency is found in

infants, children, adolescents and especially preg-

nant women (Lozoff et al. 1991). About one-fifth

of perinatal mortality and one-tenth of maternal

mortality in developing countries, particularly in

Africa and Asia, are mainly due to Fe deficiency.

Fe-deficiency anaemia in early childhood reduces

intelligence in mid-childhood, and under most

severity, it will also lead to mild mental retarda-

tion (Scrimshaw 1984). Besides, Fe deficiency

also causes goitre and eye problems along with

profound effects on cognitive development,

growth, reproductive performance and work pro-

ductivity (Bouis 2002).

2.2 Zinc

Zn is an essential mineral for humans, animals

and plants for many biological functions. It plays

a crucial role in more than 300 enzymes in the

human body, for the synthesis and degradation of

carbohydrates, lipids, proteins and nucleic acids

(Sandstorm 1997). Zn is found in all parts of the

body, viz., organs, tissues, bones, fluids and cells.

Muscles and bones contain most of the body’s

Zn; particularly high concentrations of Zn are in

the prostate gland and semen (Frossard

et al. 2000). Zn stabilizes the structure of cellular

components and membranes and plays a critical

role in the maintenance of cell and organ integ-

rity. Furthermore, Zn plays an essential role in

transcription and thus in the process of gene

expression (Sandstorm 1997). It also plays a cen-

tral role in the immune system, affecting a

number of aspects of cellular and humoral immu-

nity (Hambidge 1987; Shankar and Prasad 1998).

The clinical symptoms of severe Zn defi-

ciency in humans are growth retardation, delayed

sexual and bone maturation, skin lesion, diar-

rhoea, impaired appetite, increased susceptibility

to infections mediated via defects in the immune

system and the appearance of behavioural

changes (Prasad 1996). A reduced growth rate

and impairments of immune defence are so far

the only clearly demonstrated signs of mild form

of Zn deficiency in humans. Severe form of Zn

deficiency is characterized by short stature,

hypogonadism, impaired immune function, skin

disorders, cognitive dysfunction and anorexia

(Brown et al. 1998; Goldenberg et al. 1995).

Besides, depression, psychosis, altered reproduc-

tive biology and gastrointestinal problems are

some of the important symptoms that are caused

due to Zn deficiency (Solomons 2003).

Thus, micronutrient deficiency has become

one of the challenging problems affecting people

across age groups causing significant socio-

economic losses. Though strategies such as forti-

fication, supplementation and dietary diversifi-

cation have been in place worldwide to

ameliorate the micronutrient deficiency in

humans, development of micronutrient-enriched

or biofortified crops holds immense promise due

to its sustainability, cost-effectiveness and the

ability of micronutrient to reach the target

group in pure form (Banziger and Long 2000;

Bouis and Welch 2010). In this context, under-

standing the extent of genetic variability, nature

of inheritance, interactions with the environment,

genetic factors affecting accumulation and bio-

availability of micronutrients holds importance

to develop an effective breeding strategy

towards development of micronutrient-rich

maize cultivars.

3 Mechanism of Uptake,
Transportation and
Translocation

Increased uptake of minerals by roots or leaves,

effective redistribution of minerals within the

plants and accumulation of minerals in edible
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portion of the plants are the three important

regulations that are mainly responsible for

enhancement of micronutrients (Welch and

Graham 2005). The molecular mechanisms

involved in uptake, transportation and trans-

location are tightly regulated and governed by

complex regulation of multiple genes

(Ghandilyan et al. 2006). A brief overview of

mechanisms involved in the uptake and distri-

bution of mineral elements in plants are

described below.

3.1 Uptake of Minerals from
Rhizosphere

The minerals present in the rhizosphere are

required to be mobilized by plants so that they

become available for uptake by plants. Among the

various molecular and physiological mechanisms,

membrane-bound transport systems such as

ATP-powered pump, channel proteins and

co-transporter are responsible for uptake of

minerals from the soil. While ATP-powered

pump in the plant root cell generates proton

motive force across the plasma membrane leading

to the ion uptake, channel proteins facilitate diffu-

sion of water and ions. In case of co-transporter,

the different type of membrane transport proteins

can move solutes either up or down gradients

(Chrispeels et al. 1999). The basic mechanisms

of uptake of Fe and Zn by plants are described

below.

3.1.1 Iron
Mechanism of Fe uptake differs quite signifi-

cantly in dicots and monocots in the plant system

(Frossard et al. 2000; Graham and Stangoulis

2003). In case of dicots and non-graminaceous

monocots, a membrane-bound ferric reductase

that is linked to a divalent ion transporter or

channel and ATP-driven proton extrusion pump

plays a pivotal role. Reduction of ferric (Fe3+) to

ferrous (Fe2+) form on the root surface is the

most important process for Fe absorption from

soil in this group of plants (Yi and Guerinot

1996). The ferric reductase reduces the Fe3+ to

readily absorbable Fe2+ form, and with the help

of ATP-driven proton extrusion pump, the Fe2+ is

absorbed within the root cells. The Fe2+ is taken

up by the Fe transporter (IRT), a member of

ZIP-like transporter (Hell and Stephan 2003).

Genes, responsible for ferric chelate reductase

(FRO2) and an ion transport protein (IRT1),

have been cloned and once expressed in

Arabidopsis; increased uptake of Fe was reported

in an Fe-deficient soil (Eide et al. 1996; Guerinot

and Yi 1994: Robinson et al. 1999). The expres-

sion of FRO3 like FRO2 is strongly induced

upon Fe deficiency, which suggests that the latter

gene has a similar function (Wu et al. 2005).

This strategy acts as the constitutive system of

supply of Fe in a well-aerated healthy and

Fe-sufficient soil.

In case of graminaceous monocots, plant

synthesizes and releases non-proteinaceous

amino acids known as phytosiderophores (struc-

tural derivatives of mugineic acid). Phytosidero-

phores once released in the soil chelate with the

Fe3+ and form stable Fe in soil (Roberts

et al. 2004). A highly specific Fe transport system

then transports Fe3+- phytosiderophores across the

plasma membrane of the root cell (Graham and

Stangoulis 2003). This highly specific Fe transport

system is unique, and genes encoding this trans-

porter belong to yellow stripe1 (YS1)-like protein

family (Curie et al. 2001) or natural resistance-

associated macrophage protein (NRAMP) family

(Curie et al. 2000; Thomine et al. 2003) or the

interferon-y-responsive transcript (IRT-1) family

(Eide et al. 1996). The first gene YS1 encoding

Fe3+-phytosidophores has been identified in maize

(Curie et al. 2001). YS1 belongs to the

oligopeptide transporter (OPT) family, and 8 and

19 homologs (yellow stripe like: YSL) have been
found in Arabidopsis and rice, respectively

(Curie et al. 2001; Jean et al. 2005). Although

phytosiderophores predominantly bind to Fe, it

can also transport Zn, Cu and Mn across the cell

membrane (Ueno et al. 2009).

3.1.2 Zinc
Zn prefers to enter the graminaceous system

as divalent cation (Zn2+) rather than phytosidero-

phore-mediated chelated complex (Bell

et al. 1991; Halvorson and Lindsay 1977; Norvell

and Welch 1993). However, Von-Wiren

et al. (1996) demonstrated that roots of
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Fe-efficient maize do absorb Zn in the form of

Zn-phytosiderophores. Higher uptake rates of

free Zn compared to its chelated species imply

that free Zn2+ remains the preferential form for

Zn uptake even in the presence of Zn2+-

phytosiderophores (Frossard et al. 2000). This

could be attributed to the higher transport capac-

ity of the Zn2+ transporter over phytosiderophore

transporter for Zn2+-phytosiderophores. Two Zn

transporters (ZIP1 and ZIP3) from A. thaliana

have recently been cloned, and they express in

roots in response to Zn deficiency (Grotz

et al. 1998). As a response to low Zn availability,

graminaceous plants can induce the release of

phytosiderophores (Cakmak 2008; Walter

et al. 1994), which may accumulate in the rhizo-

sphere to concentrations of up to 1 μm (Shi

et al. 2008). Von-Wiren et al. (1996) argued

with regard to the coincidence of Fe and Zn

deficiencies in calcareous soils, the direct

uptake of Zn2+-phytosiderophores via the phyto-

siderophore transporter might be an ecological

advantage for graminaceous plants to cover

their demand for Zn.

3.2 Transportation of Minerals from
Root to Shoots

Once Fe and Zn are absorbed within the root cells,

they are transferred to xylem vessels for trans-

portation to shoot portions. There are several

transporters identified that mediates translocation

of Fe and Zn in plants (Clemens et al. 2002; Hall

and Williams 2003; Maser et al. 2001). The heavy

metal ATPase (HMA) genes like AtHMA2,

AtHMA3 and AtHMA4 expressed in the vascular

tissue play a role in transportation of Zn (Axelsen

and Palmgren 2001; Eren and Arguello 2004;

Hussain et al. 2004). The FRD3 gene plays signi-

ficant role in transportation of Zn, and in the

absence of functional FRD3 protein, the root to

shoot transportation of Fe is severely inhibited

(Green and Rogers 2004). However, not all the

amount of Fe and Zn absorbed by the roots are

transported to the shoot portion. Some amount of

the minerals are stored in the root itself, probably

in the vacuoles, and once the demand from the

shoot increases, the stored Fe and Zn are then

again transported to the shoot portion (Ghandilyan

et al. 2006). The natural resistance-associated

macrophage protein (NRAMP) transporters are

most likely controlling the mobilization of metals

to and from the vacuolar pool (Thomine

et al. 2003). Interestingly, while being transported

through the xylem vessels, the positively charged

cations can be withdrawn from the xylem vessels

by binding the negatively charged cell wall

components along the stem. This is very evident

in case of polyvalent Ca2+ which is mostly with-

drawn midway of the travel to the leaf blades. On

the contrary, Fe and Zn ions are generally

complexed with low-molecular-weight organic

compound which protects them from being with-

drawn midway and their concentration remains

high in the leaf blade.

3.3 Partitioning of Minerals to
Different Plant Parts

Though minerals are distributed over all the

tissues, certain plant parts accumulate more

minerals than the others. Partitioning of minerals

also depends upon the stage of the crop growth

(Akman and Kara 2003) and the position of the

storage organ in the plant (Calderini and Ortiz-

Monasterio 2003). Carbohydrates produced in

the green leaves due to the activity of photosyn-

thesis are loaded into the phloem for transporta-

tion to all parts of the plants either for direct

usage or for storage for future purposes. During

loading into the phloem vessels, the minerals

such as Fe and Zn are also loaded along with

the carbohydrates for their transportation to dif-

ferent parts. Fe is found to make complex with

nicotianamine and move as a chelate

(Von-Wiren et al. 1999), and loading of Fe in

the phloem is conditioned by the availability of

the chelator rather than the availability of Fe ions

(Grusak 2000). However, the dependency of the

Zn loading on the Zn-chelator is yet to be

established, although both the Fe and Zn are

easily transported through phloem. Interestingly,
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during the deficiency, remobilization of Fe and

Zn from the rich older leaves takes time till the

senescence is initiated in the older tissue, and

thus, the deficiency symptoms become more

prominent in the younger leaves rather than the

older leaves.

In general mineral concentration in the leaf

blades on a dry matter basis is higher than in

other tissues (Frossard et al. 2000). Minerals

after uptake from soil move from root to shoot

via xylem tissue that ends at leaf blades. Accu-

mulation of minerals such as Fe is mainly deter-

mined by transpiration rate of the leaves

(Marschner 1995). The leaf blades are the sites

of high metabolic activity pertaining to photo-

synthesis and transpiration and therefore require

higher amount of Fe and Zn. Leaf chloroplasts

contains nearly 80 % of the Fe which is mainly

utilized for photosynthetic redox reactions (Terry

and Low 1982). Zn acts as cofactor in many of

the important enzymes that are involved in

photosynthetic processes and detoxification of

oxygen-free radicals produced when light energy

is absorbed and photosynthetic redox activity is

high (Frossard et al. 2000). The concentration of

Fe and Zn in the seeds is less as compared to the

leaf; however, consumption of larger amount of

cereal grains makes it important as a source of Fe

and Zn. Accumulation of Fe in grain involves

several genes that are involved in the processes

such as chelation, membrane transport and depo-

sition of phytate (Graham and Stangoulis 2003).

The deposition of Fe and Zn in the roots is

probably least due to the fact that minerals are

supplied by phloem rather than xylem and the

metabolic activity is also much less as compared

to the green leaves.

4 Distribution of Fe and Zn
in Kernel

Maize kernel is constituted of embryo (12 %),

endosperm (82 %) and pericarp (6 %) (Watson

and Ramstad 1987). Concentration of micro-

nutrients like Fe and Zn in maize is reported to

be highest in the seed coat and scutellum as

compared to endosperm (Bityutskii et al. 2002).

However, since endosperm occupies greater

proportion of the maize kernel, the total content

of these micronutrients are much higher in the

endosperm (60–80 %), followed by scutellum

(15–35 %) and seed coat (8–12 %). In contrast,

seed coat contains more than 50 % of the micro-

nutrient in the wheat kernels (Moussavi-Nik

et al. 1998). Hence, endosperm and scutellum

are the major micronutrient reserves in the

maize kernel as compared to other cereal grains

(Bityutskii et al. 2001, 2002).

Major portion of Fe and Zn is located in the

aleurone, the outer most layer of the endosperm

just beneath the pericarp and an integral part of

maize bran (Banziger and Long 2000; Ortiz-

Monasterio et al. 2007; Puga and Kutka 2012;

Wang et al. 2013). Aleurone layer in maize ker-

nel is made up of single-layered cells; however,

occasional doubling of individual aleurone layer

has been reported in some of the yellow dent

maize (Wolf et al. 1972). Multiple aleurone

layers (MAL) with an average of 2.0–3.7 layers

per kernel and maximum of six layers in some of

the kernels have been reported in Coroico maize

landrace found in Bolivia, Peru, Ecuador and

Brazil (Wolf et al. 1972). Cells of the outer

most aleurone layer were quite large, while cell

size in the inner layers was progressively smaller

in size. Shen et al. (2003) later reported the

presence of seven layers of aleurone cells in

supernumerary aleurone-1 (sal-1) maize mutant.

While sal-1-1 showed up to seven layers of aleu-

rone cells, sal-1-2 had 2–3 layers of aleurone

cells. MAL appeared to be inherited by a single

gene with partial dominance (Wolf et al. 1972;

Nelson and Chang 1974). The cloning of sal1

gene suggested that it is a homolog of human

chromatin-modifying protein-1 (Chmp1) that is

responsible for vacuolar protein sorting respon-

sible in membrane vesicle trafficking.

Since majority of Fe and Zn is located in the

aleurone layers, increase in proportion of aleu-

rone layers in relation to starchy endosperm is

advantageous in increasing the micronutrient

concentration (Wolf et al. 1972). Welch

et al. (1993) studied maize genotypes with single

and multiple aleurone layers for various micro-

nutrients in kernels. Genotypes with single aleu-

rone layer had 22.3 mg/kg of Fe, while the same

was found to be 26.5 mg/kg in MAL with an
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increase of 19 % Fe. In case of Zn, 31.3 mg/kg

was observed in MAL as compared to 22.5 mg/

kg in single aleurone genotypes, with a 39 %

increase of Zn. Similar observations of signifi-

cant increase in concentration in MAL were also

observed in case of Mn, Cu and Ca (Welch

et al. 1993).

5 Variability of Fe and Zn

Based on the estimated average requirement

(EAR) of 1,460 μg/day of Fe in nonpregnant

and non-lactating women, the target level of Fe

in maize on dry weight basis (having 90 % reten-

tion after processing and 5 % bioavailability) has

been fixed at 60 μg/g (Bouis and Welch 2010). In

case of Zn, with EAR of 1,860 μg/day and having
90 % retention and 25 % bioavailability, the

same has been fixed at 38 μg/g. It is therefore

important to look for existing natural variations

for kernel Fe and Zn in maize that can be poten-

tially utilized in the development of cultivar

enriched with kernel micronutrients. Various

research groups worldwide have studied the

extent of genetic variation for kernel Fe and Zn

among diverse maize genotypes that included

core collection, landraces, populations, varieties,

inbreds and hybrids (Table 1).

5.1 Kernel Fe

Banziger and Long (2000) at CIMMYT, Mexico,

evaluated 1,814maize germplasm under 13 differ-

ent trials in Zimbabwe and Mexico. These germ-

plasm included white landraces from CIMMYT’s

core collection, white and yellow pools and

populations, active breeding germplasm of

CIMMYT-Zimbabwe breeding program and

released white cultivars of South Africa. Kernel

Fe among these diverse germplasm varied from

9.6 to 63.2 mg/kg during 1994–1999. Similar

range of wide variability (0–71 mg/kg) among

2019 diverse inbred lines from Brazil was also

observed by Guimaraes et al. (2004). In India,

Prasanna et al. (2011) and Agrawal et al. (2012)

reported significant variation for kernel Fe with a

range of 11.28–60.11 mg/kg and 20.38–54.29 mg/

kg, respectively, while evaluating inbred lines and

local landrace collections. Chen et al. (2007)

generated 36 maize hybrids from high Fe

inbreds of China and reported a range of

45.9–69.1 mg/kg. However, much broader range

of 13.60–159.43 mg/kg was found by Maziya-

Dixon et al. (2000) among 109 mid-altitude and

lowland inbred lines evaluated at Ibadan, Nigeria.

In contrast, much narrower range (~10–40 mg/kg)

of kernel Fe was observed among inbred lines,

hybrids and OPVs evaluated in Africa (Long

et al. 2004; Menkir 2008; Oikeh et al. 2003a, b,

2004a), Ethiopia and Mexico (Pixley et al. 2011),

Brazil (Queiroz et al. 2011), Croatia (Brkic

et al. 2003) and India (Chakraborti et al. 2009,

2011a, b).

5.2 Kernel Zn

Kernel Zn among elite inbred lines developed at

IITA for the mid-altitude and lowland agro-

ecologies of West and Central Africa varied from

11.65 to 95.62 mg/kg (Maziya-Dixon et al. 2000).

Banziger and Long (2000) reported that kernel Zn

concentration ranged from 12.9 to 57.6 mg/kg

among diverse set of heterogeneous and homoge-

neous maize germplasm in Zimbabwe and

Mexico. Similar range of 15.14–52.95 mg/kg,

4–63 mg/kg, 15–47 mg/kg, 13.44–46.39 mg/kg,

17.57–49.14 mg/kg, 21.85–40.91 mg/kg,

14–45 mg/kg and 17.5–42.0 mg/kg were observed

by Prasanna et al. (2011), Guimaraes et al. (2004),

Ortiz-Monasterio et al. (2007), Chakraborti

et al. (2009, 2011a, b), Menkir (2008) and Queiroz

et al. (2011), respectively, amongmaize genotypes.

However, much smaller range of 19.3–30.9 mg/kg

(Pixley et al. 2011), 16.0–23.6 mg/kg (Brkic

et al. 2003), 16.5–20.5 mg/kg (Oikeh

et al. 2003a); 16.5–24.6 mg/kg (Oikeh

et al. 2003b), 19.4–24.6 mg/kg (Oikeh

et al. 2004a), 18.1–29.8 mg/kg (Long et al. 2004),

3.81–35.83 mg/kg (Guleria et al. 2013) and

7.01–29.88 mg/kg (Agrawal et al. 2012) were also

observed.

The presence of considerable variability for

kernel Fe and Zn among diverse maize genotypes

suggests that using natural variations, it is
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possible to achieve the target levels set by

HarvestPlus in maize (Bouis and Welch 2010).

5.3 Ear-Leaf Fe and Zn

Mineral concentration in the leaves has been

found to be much higher as compared to grain

(Frossard et al. 2000). Fewer studies on

variability for leaf Fe and Zn in maize have

been reported worldwide. Chen et al. (2007)

found that ear-leaf Fe concentration varied from

219 to 636 mg/kg among the inbred lines, while

the same for hybrids were 287–653 mg/kg.

Kovacevic et al. (2004) evaluated 20 maize

hybrids in Croatia during 2000–2001. Ear-leaf

Fe among the hybrids varied from 137 to

222 mg/kg during 2 years, with a mean of

184 mg/kg and 147 mg/kg during 2000 and

2001, respectively. In case of Zn, much smaller

range of 16.6–30.0 mg/kg in ear leaf was

observed, with a mean of 22.5 mg/kg across

trials.

The genetic control of mechanism pertaining

to accumulation of Fe and Zn in leaf blade and

grain may be quite different (Chen et al. 2007).

This is also evident from the fact that Gorsline

et al. (1964) found no association between grain

and ear-leaf Fe and Zn concentration in maize

and hypothesized that genetic factors controlling

Table 1 Details of variability of kernel Fe and Zn in selected studies since 2000

S. No.

Range

Type of germplasm

No. of

germplasm

Place of

evaluation ReferencesFe (mg/kg) Zn (mg/kg)

1. 9.6–63.2 12.9.1–57.6 Landrace, pools,

population, active

breeding germplasm,

released cultivar

1,814 Zimbabwe and

Mexico

Banziger and Long

(2000)

2. 13.60–159.43 11.65–95.62 Inbred lines 109 Nigeria Maziya-Dixon

et al. (2000)

3. 13.6–30.3 16.0–23.6 Hybrids 28 Croatia Brkic et al. (2003)

4. 15.5–19.1 16.5–20.5 Varieties 20 Nigeria Oikeh et al. (2003a)

5. 16.8–24.4 16.5–24.6 Varieties 49 Nigeria Oikeh et al. (2003b)

6. 19.2–24.4 19.4–24.6 Varieties 20 Nigeria Oikeh et al. (2004a)

7. 15.9–28.1 18.1–29.8 Inbreds 14 Zimbabwe Long et al. (2004)

8. 0–71 4–63 Inbreds 2009 Brazil Guimaraes

et al. (2004)

9. 45.9–69.1 – Inbreds, hybrids 9, 36 China Chen et al. (2007)

10. 11–39 15–47 Improved genotypes,

core accessions

1,400 - Ortiz-Monasterio

et al. (2007)

11. 11–34 14–45 Inbreds 310 Nigeria Menkir (2008)

12. 13.23–40.09 13.44–46.39 Inbreds 25 India Chakraborti

et al. (2009)

13. 12.02–38.46 17.57–49.14 Inbreds, hybrids 7, 42 India Chakraborti

et al. (2011a)

14. 13.95–39.31 21.85–40.91 Inbreds 31 India Chakraborti

et al. (2011b)

15. 12.9–26.5 19.3–30.9 Hybrids 42 Mexico and

Ethiopia

Pixley et al. (2011)

16. 11.28–60.11 15.14–52.95 Inbreds, landraces 30 India Prasanna

et al. (2011)

17. 12.2–36.7 17.5–42.0 Inbreds 22 Brazil Queiroz et al. (2011)

18. 20.38–54.29 7.01–29.88 Inbreds, landraces 67 India Agrawal

et al. (2012)

19. – 3.81–35.83 Inbreds, landraces 81 India Guleria et al. (2013)
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the accumulation of micronutrients in two differ-

ent tissues were independent. It is also interesting

to note that although QTLs for Fe and Zn in

maize kernel and cob are co-localized, there

was no significant correlation observed between

Fe and Zn concentration of kernel and cob. This

emphasizes the existence of complex molecular

mechanism in mineral mobilization and accumu-

lation in various tissues (Qin et al. 2012).

6 Genetics of Accumulation of Fe
and Zn in Kernel

The polygenic nature of gene action on accumu-

lation of kernel Fe and Zn in maize was observed

by Gorsline et al. (1964) and Arnold and Bauman

(1976). Recently, QTL mapping experiments by

Baxter et al. (2013), Lungaho et al. (2011), Qin

et al. (2012) and Simic et al. (2011) provided

further insight to the genetics of accumulation

of kernel Fe and Zn in maize, where it was

found that it is under the control of numerous

genetic loci. Partitioning of genetic variance has

direct bearing upon the choice of breeding

procedures to be followed. Several studies have

been aimed at exploring the nature and magni-

tude of gene action worldwide. Gorsline

et al. (1964) and Arnold and Bauman (1976) in

their diallel studies reported that additive gene

action was more important than nonadditive gene

action for both kernel Fe and Zn concentration.

Long et al. (2004) generated 91 hybrids and

evaluated them at six locations in Zimbabwe

during 1999–2000. Significant GCA effects

were observed in flour Fe and Zn concentration,

while SCA effects were nonsignificant,

indicating the importance of additive gene

action. Brkic et al. (2003) evaluated 28 diallel-

based hybrids and also reported preponderance

of additive gene action for kernel Fe and Zn. The

importance of additive gene action was similarly

observed by Pixley et al. (2011) and Simic

et al. (2011). Preponderance of additive gene

action has also been the feature of ear-leaf Fe

and Zn (Chen et al. 2007; Gorsline et al. 1964).

Significant contribution of GCA effects in major-

ity of the studies suggested that in general per se

performance of inbreds should be a good indica-

tor of hybrid performance.

In contrast, Qin et al. (2012) in QTL mapping

experiment reported that genetic effects for ker-

nel Fe and Zn was predominantly of partially

dominant and overdominant nature. On the

other hand, Chakraborti et al. (2010) observed

that additive gene action was of higher magni-

tude as compared to dominance for kernel Fe,

while dominance was relatively higher in case of

kernel Zn. Besides, epistatic interaction such as

additive � dominance component was signifi-

cant for kernel Fe, whereas additive � additive

component was predominant for kernel Zn. Thus,

the best inbred lines selected from different trials

can be used as parents to exploit both additive

and nonadditive gene actions to increase the con-

centration of minerals in kernels (Menkir 2008).

Heritability is one of the important parameters

that determine the success of selection for the

target trait in the breeding program. Qin

et al. (2012) found that heritability for kernel Fe

was <0.60, while the same for kernel Zn was

>0.70. Simic et al. (2011) could find heritability

for kernel Fe and Zn as 0.64 and 0.60, respec-

tively. Similar values of heritability for kernel Zn

(0.59) and much lesser value for kernel Fe (0.46)

were observed by Simic et al. (2009). Pixley

et al. (2011) and Lungaho et al. (2011) found

heritability of Fe as 0.73 and 0.74, respectively.

Baxter et al. (2013) found that heritability for Fe

and Zn were 0.55 and 0.69, respectively, from the

QTL mapping experiments with IBM popu-

lations derived from B73 � Mo17. The extent

of heritability found in different studies suggests

considerable influence of genes/QTLs in deter-

mining kernel Fe and Zn in maize. Transgressive

segregants were also observed in F2:3 families

primarily due to segregation and recombination

of minor QTLs (Qin et al. 2012). Lungaho

et al. (2011) also detected the same for kernel

Fe from a cross between B73 � Mo17. Trans-

gressive segregants for kernel Fe and Zn caused

primarily due to additive effects have also been

recovered in different crosses attempted in India

under the Maize Biofortification Program (Per-

sonal communication by Dr. P.K. Agrawal,

VPKAS, Almora, India). Segregants from high
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� high crosses hold considerable promise in

developing lines with enhanced Fe and Zn

concentration.

7 Relationship of opaque2 Allele
with Kernel Fe and Zn

Maize storage proteins, zeins are deficient in two

essential amino acids, lysine and tryptophan. The

recessive opaque2 allele was found to alter the

amino acid composition of the endosperm pro-

tein, resulting in enhanced concentration of

lysine and tryptophan (Mertz et al. 1964). This

finding led to the development of high lysine

maize, popularly called as quality protein maize

(QPM) (Bjarnason and Vasal 1992; Gupta

et al. 2009, 2013a, b; Prasanna et al. 2001).

Besides, opaque2 mutant was found to have

pleotropic effect on the accumulation of

micronutrients in maize. Arnold et al. (1977)

compared normal and opaque2 kernels of a het-

erozygous population of maize for various

micronutrients. Kernel Fe and Zn in normal

kernels were 15.64 mg/kg and 19.40 mg/kg,

while in opaque2 kernels, the same were

17.71 mg/kg and 23.90 mg/kg, respectively.

Besides, the correlation between lysine and ker-

nel Zn was significantly positive in both homo-

zygous opaque2 and heterozygous population

segregating for opaque2 allele. Welch

et al. (1993) compared five maize lines, B8,

NY821, OH51A, W23 and W64A with their

opaque2 (o2) version for several micronutrients

including Fe and Zn. B8-o2 showed 19 % and

35 % increase in Fe and Zn concentration,

respectively, over B8, while the increase for

W64A-o2 was 3 % and 16 %, respectively.

Other inbreds OH51A-o2 had 16 % increase in

Zn, but it did not show any change for kernel

Fe. Chakraborti et al. (2009) reported significant

difference between normal and QPM inbreds for

kernel Zn concentration, although the same could

not be found for kernel Fe. The enhanced con-

centration of Zn in maize kernel could be due to

the direct influence of opaque2 and other closely

linked genes (Arnold et al. 1977). Besides, modi-

fier genes that are influencing the opaque2 gene

in lysine concentration may also be influencing

the Zn concentration. The greater concentration

of kernel Fe was attributed to lower kernel den-

sity of opaque2 kernels (Arnold et al. 1977).

Interestingly, Welch et al. (1993) found that

some of the opaque2 version of the inbreds

showed less kernel Fe and Zn concentration as

compared to normal version, thereby suggesting

that although opaque2 may play an important

role, there might be other favourable loci that

are required to be present along with the opaque2

gene for the enhancement of micronutrients.

8 Association of Kernel Fe, Zn
and Grain Yield

Several studies have reported significant positive

correlation between kernel Fe and Zn (Arnold

et al. 1977; Baxter et al. 2013; Brkic

et al. 2003; Chakraborti et al. 2009; Guimaraes

et al. 2004; Lungaho et al. 2011; Maziya-Dixon

et al. 2000; Menkir 2008; Oikeh et al. 2003a, b).

This could be possibly due to linkage between

the genes affecting the accumulations or pleo-

tropic effects of the genes governing the accumu-

lation of micronutrients. A large number of genes

encode metal transporter proteins and some of

which transport multiple metals (Qin et al. 2012).

Positive correlation was observed between ker-

nel Fe and Zn by Qin et al. (2012), and interest-

ingly, QTLs for both the traits were found to

co-localize on bin 2.08 and 9.07, thereby

suggesting the feasibility of simultaneous improve-

ment of the both. In contrast, Simic et al. (2009)

reported weak association between kernel Fe and

Zn, while no association was observed in studies

by Agrawal et al. (2012), Arnold and Bauman

(1976) and Prasanna et al. (2011). This suggests

that different sets of genes governing the accumu-

lation of micronutrients are there, and genetic

improvement could be undertaken independent of

each of the traits. This is evident from the fact that

majority of the QTLs identified for kernel Fe and

Zn are unique (Simic et al. 2011). This contrast

could be attributed to the inherent nature of the

specific type of germplasm used in these studies.

Pixley et al. (2011) could find significant positive
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correlation only in testcross hybrid trial, while the

same was not observed in other two hybrid trials.

Grain yield is one of the most important

characters that determine the acceptability of a

cultivar among the farming community, and it is

thus imperative to understand the genetic rela-

tionship of grain yield with kernel

micronutrients. Banziger and Long (2000)

observed negative correlation between grain

yield and kernel micronutrients (Fe and Zn) in

various experiments conducted between 1994

and 1998–1999. The negative association

resulted into many low yielding maize germ-

plasm having high kernel Fe and Zn. Increased

carbohydrate content in the grain of high yielding

genotypes possibly dilutes the concentration of

the micronutrients (Banziger and Long 2000).

Three differential doses of N fertilizer were

applied in soil, and negative correlation was

observed between doses of N fertilizer with accu-

mulation of Zn in kernel (Feil et al. 2005). Dilu-

tion effect caused due to higher grain yield as a

result of fertilizer application contributed to the

inverse relationship. The extent of relationship

may also be affected by specific environments

(Simic et al. 2009). For example, correlation

coefficients of grain yield with kernel Fe and

Zn varied from �0.60 to 0.16 and �0.44 to

�0.03, respectively, across 12 maize trials

(Banziger and Long 2000). Besides, nature of

germplasm is also an important factor in deter-

mining the degree and extent of association.

Pixley et al. (2011) reported negative correlation

between kernel Fe and grain yield in only one of

the three trials, while kernel Zn did not show any

correlation with grain yield across all three trials.

Long et al. (2004) found negative correlation

between grain yield and kernel Fe; however, no

association was found between grain yield and

kernel Zn. Baxter et al. (2013) found negative but

weak association between kernel weight and ker-

nel Fe and Zn. Despite negative relationship of

grain yield with one or both micronutrients, it is

possible to potentially select for high yielding

maize germplasm that also possess high Fe and

Zn concentration (Banziger and Long 2000).

On the other hand, Brkic et al. (2003),

Lungaho et al. (2011), Menkir (2008) and Simic

et al. (2009) detected no association between

grain yield and that of kernel Fe and

Zn. Chakraborti et al. (2009) and Mi et al.

(2004) also observed no association between

grain yield and kernel Fe. This suggested that

improvement of kernel Fe and Zn can be

undertaken without reducing the yield potential.

In contrast, Chakraborti et al. (2009) observed

positive correlation between grain yield and ker-

nel Zn. This could be due to the fact that micro-

nutrient dense seeds are associated with greater

seedling vigour and in turn would produce more

yield (Ruel and Bouis 1998). Besides, micronu-

trient efficient variety normally has better and

deeper root system in micronutrient-deficient

soil and is better able to tap subsoil water and

mineral. This would ensure better absorption of

minerals and water from the deep into the soil,

thereby making the variety more disease resistant

and drought tolerant. Zn-efficient variety would

increase the disease resistance due to higher

uptake of Zn and would in turn reduce the cost

of fungicides (Ruel and Bouis 1998).

9 Stability of Kernel Fe and Zn
Expression

The extent of interaction of genotypes with

environments is one of the key factors that deter-

mine the course of breeding program. A

promising genotype with stable trait expression

can effectively be utilized as common donor or

directly used as parent in the crossing program,

across environments. Menkir (2008) reported no

significant genotype � location (G � L) inter-

action for kernel Fe (except one out of eight

trials) and Zn concentration in maize. Similar

stable nature of kernel Fe and Zn across locations

was also observed by Pixley et al. (2011). How-

ever, Oikeh et al. (2003a, b), while evaluating

20 early and 49 late-maturing maize varieties,

respectively, at three locations detected signifi-

cant G � L interactions for both kernel Fe and
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Zn. Long et al. (2004) also detected significant

G � L interactions in a set of 91 maize hybrids

evaluated at six sites of Zimbabwe during

1999–2000. Significant G � L interactions for

both kernel Fe and Zn concentration in maize

have also been reported by Chakraborti

et al. (2009) while experimenting with a set of

inbred lines at two locations. Oikeh et al. (2004b)

further evaluated 20 maize hybrids in three

locations representing main growing agro-

ecologies of West and Central Africa during

2000 and 2001. Significant effects of genotypes

� year (G � Y) and G � L interactions for ker-

nel Fe, and genotype � year � location (G � Y

� L) interactions for kernel Zn, were detected.

Qin et al. (2012) observed that there were some

of the QTLs for both kernel Fe and Zn that could

be detected in either of the two locations,

suggesting strong QTL � location interaction.

Interestingly, significant effects of year on kernel

Fe and Zn was observed by Prasanna et al. (2011)

and Agrawal et al. (2012) in a set of maize

genotypes evaluated during 2006, 2007 and

2008. While Simic et al. (2009) reported signifi-

cant G � Y kernel Fe, Guleria et al. (2013)

detected the same for kernel Zn. Significant QTL

� year interaction for kernel Zn in maize was

also reported by Simic et al. (2011).

Oikeh et al. (2003b) found that proportion of

sum of square of G � E over total sum of square

(TSS) was 8 % for kernel Fe and 28 % for kernel

Zn, respectively. Oikeh et al. (2004b) observed

that same for kernel Fe was 28 %, while it was

35 % for kernel Zn. Similar trend with much

higher proportion of G � E variance (kernel

Fe: 31.77 % of TSS; kernel Zn: 58.37 % of

TSS) was observed by Prasanna et al. (2011).

Greater proportion of G � E variance in case of

kernel Zn than the kernel Fe is perhaps

indicative of the sensitivity of kernel Zn to the

soil and microclimatic conditions. In contrast,

Chakraborti et al. (2011b) reported that the sum

of square for G � E interaction for Fe consisted

of 47.71 % of the TSS, while the same was

35.35 % for the Zn concentration. Agrawal

et al. (2012) also found that proportion of

G � E variance for kernel Fe concentration was

38.62 % of TSS, while for the kernel Zn concen-

tration, it was 27.67 %. Oikeh et al. (2003a), on

the other hand, reported almost equal proportion

of G � E variance for both kernel Fe (17 % of

TSS) and Zn (19 % of TSS). Among various

environments, location was found to have more

effects on kernel Fe and Zn than the effects of

years/seasons. Oikeh et al. (2004b) observed that

in case of kernel Fe, G � L constituted 55 % of

G � E variance, while the same for G � Y and

G � Y � L were 23 % and 22 %, respectively.

For kernel Zn, variance for G � L, G � Y and

G � Y � L were 38 %, 28 % and 34 % of total

G � E variance, respectively. This suggested

that although location remains the major

contributing factor for G � E, variations in dif-

ferent year also contributes considerably towards

total variations.

Micronutrient concentration is mainly

affected by various factors such as soil type and

fertility, soil moisture, environmental factors and

interactions among nutrients (Arnold and

Bauman 1976; Arnold et al. 1977; Feil et al.

2005; Gorsline et al. 1964; Qin et al. 2012). Feil

et al. (2005) conducted experiments with four

maize varieties of Thailand and evaluated them

in two water regimes (irrigated and drought) and

three N fertilizer regimes (0, 80 and 160 N ha�1).

The study revealed significant effect of doses of

N fertilizer application on kernel Zn

micronutrients, while water regimes did not

show any effects. Higher doses of N fertilizer

resulted in indirect reduction of kernel Zn, pri-

marily due to dilution effects caused due to

higher grain yield achieved in high N soil.

Chiripa et al. (1999) evaluated four Romanian

maize hybrids under four water regimes (opti-

mum, 60 % of optimum, 30 % of optimum and

nonirrigated) and recorded kernel Fe and Zn

concentration of plant samples in 3–4 leaf

stage, flowering stage and maturity stage. Inter-

estingly kernel Fe registered higher concentra-

tion with the increase of water supply, and in

contrast kernel Zn was higher with increase of

water stress. Agrawal et al. (2012) evaluated

maize genotypes under similar soil profile during

2006–2008 in Northern Himalayan hilly region

of India. Year 2006 experienced 548.5 mm of

total rainfall during the crop growth period,

while it increased substantially during 2007

(613.5 mm) and 2008 (748.5 mm). Mean kernel
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Fe among genotypes was found to be the highest

during 2008, while 2006 experienced highest

mean for kernel Zn. Ferreira et al. (2012)

reported similar observation among 10 corn

cultivars grown at Rolandia County, Parana

State, Brazil, during 2006 and 2007. Kernel Fe

concentration was significantly higher during

2007, a year that experienced higher rainfall

than the preceding year, while Zn concentration

in maize kernel was higher during 2006 which

experienced comparatively dry. Temporary

water logging could have favoured reduction

reactions thereby increasing available Fe to the

plants during 2007 (Ferreira et al. 2012).

Prasanna et al. (2011) and Guleria et al. (2013)

also reported the effect of dry season on higher

accumulation of kernel Zn in maize. The study

emphasized significant effects of soil water avail-

ability on grain nutrient concentration.

The performance of a genotype is a function

of genotypic constitution, its interaction with

environment, and the possible involvement of a

complex network of diverse factors related to soil

dynamics and microclimates (Feil et al. 2005;

Gorsline et al. 1964; House et al. 1996). Even

minor changes in one factor in combination with

other factors may also lead to significant varia-

tion in micronutrient traits. It is important to note

that even microenvironmental variations, such as

spatial and temporal variation, and system

variations caused due to differential management

practices can significantly affect the accumula-

tion of micronutrients (Pfeiffer and McClafferty

2007). Planting seasons and planting dates within

a specific season in crops such as rice, pearl

millet and wheat have been found to have the

significant effects on the kernel mineral

concentrations. Despite considerable G � E

interactions for kernel Fe and Zn in maize,

major proportion of variation is caused due to

genetic factors, and it is possible to identify the

genotypes with stable mineral concentrations

across environments (Agrawal et al. 2012;

Guleria et al. 2013; Prasanna et al. 2011).

Besides, it is also feasible to combine high

micronutrient traits with high yield (Gregorio

2002).

10 Bioavailability of Fe and Zn
in Human

Bioavailability is defined as the amount of a

micronutrient that is available for absorption in

the gastrointestinal tract and in turn utilized for

normal metabolic function (Welch and Graham

2004). Different bioavailability assays are avail-

able that reliably estimate the amount of

micronutrients available for absorption in the

gut. Among in vitro systems, Caco-2 assay is

one of the most abundantly used systems to mea-

sure bioavailable Fe. This assay typically mimics

absorption of non-haem Fe from plant-based

foods in human body and has been found to be

rapid and cost-effective (Glahn et al. 1998;

Jovani et al. 2001). Caco-2 cell reduces Fe+3 to

Fe+2 during the uptake and causes synthesis of

intracellular Fe storage protein, ferritin, that is

regarded as an indicator of bioavailable

Fe. Besides, it also behaves in similar manner

in response to antinutritional and promoting

factors. Various researchers (Lungaho

et al. 2011; Oikeh et al. 2003a, b, 2004a; Pixley

et al. 2011; Tako et al. 2013) have studied Fe

bioavailability in maize using Caco-2 cell line.

Besides, molar ratios of P/Fe and Zn/P have been

used as indicator of bioavailability (Simic

et al. 2011). Phytic acid has been found to be

the major antinutritional factors that reduce the

bioavailability of Fe and Zn. Since more than

80 % of total cellular P in cereals such as maize

is present as phytate, so P can be used as reliable

indicator of bioavailability of Fe and

Zn. Bioavailability of Fe and Zn decreases

when dietary phytate/Fe and phytate/ Zn molar

quotients achieve value >1 and >6, respectively

(Lonnerdal 2002). Researchers such as Simic

et al. (2009) and Simic et al. (2011) estimated

Fe and Zn bioavailability in maize using P as the

indicator. In vivo poultry (Gallus gallus) model

of Fe bioavailability has also been found to be

useful due to its faster growth rate, simple anat-

omy, smaller size and low cost to maintain the

birds (Tako et al. 2010). Tako et al. (2013) com-

pared Fe bioavailability in maize using poultry
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model and Caco-2 cell line. These results indi-

cate that this model exhibits the appropriate

responses to Fe deficiency and has potential to

serve as a model for Fe bioavailability.

Various factors that determines the level of

bioavailability includes food type, inherent status

of micronutrients in the body, pH level of the gut,

state of health, transit time of food in the gut,

competition between different ions for the com-

mon transporters and levels of different

antinutritional and promoting factors (Bohn

et al. 2004; Frossard et al. 2000; Lopez

et al. 2002; Welch and Graham 2004). The

major factors that determines the bioavailability

in human is described below.

10.1 Type of Food

The mechanism of Fe uptake in the gut of human

differs with (i) haem and (ii) non-haem Fe

(Lynch et al. 1985). While, haemoglobin and

myoglobin in animal products provide haem Fe,

non-haem Fe is taken predominantly from plant

sources. The absorption of haem Fe is high, pri-

marily due to the lack of inhibition by the chelat-

ing agent such as phytate (Frossard et al. 2000;

Lynch et al. 1985). Its contribution varies from

10 to 20 % of the dietary Fe but may contribute

up to 50 % (Carpenter and Mahoney 1992). On

the other hand, antinutritional factors bind with

the non-haem Fe, thereby reducing the bioavail-

ability to a great extent. Interestingly, on an

average, staple food grains such as maize contain

Fe having only 5 % bioavailability in human gut

(Bouis and Welch 2010). However, absorption of

non-haem Fe may vary from <1 % to >50 %,

depending on the composition of dietary

components, Fe status of the individual, gastric

acidity, transit time, mucus secretion and overall

health status (Bohn et al. 2008; King et al. 2000).

In the developed countries, seafood, meat and

dairy products are the primary sources of Zn in

the diet (Sandstead 1995). However, in the devel-

oping countries, where intake of animal-based

food is limited, plant-based foods like cereals

and pulses provide the most of dietary Zn (King

et al. 2000). In cereals including maize, 25 % of

Zn has been found to be bioavailable to humans

(Bouis and Welch 2010). Among various factors,

presence of phytic acid is regarded as one of

the important factors that determine its bio-

availability. King et al. (2000) reported that at

low Zn level with no inhibitory agents, Zn

absorption can be as high as 50 %. Since the

diet pattern of the developed countries is mainly

based on animal food, it is likely to be sufficient

in micronutrients, while countries where consid-

erable sections of the people are dependent on

vegetarian food are likely to have deficiency.

10.2 Physiological Status of Body

The gut is the site of the absorption of minerals in

humans, and any abnormalities or diseases that

influence the normal functioning of intestine and

stomach could affect iron status (Bohn

et al. 2008). Fe levels in the body besides,

blood oxygen concentration and inflammation

in the body regulates the synthesis hormone

hepcidin from the liver and in turn affects Fe

uptake in the gut (Atanasiu et al. 2007; Nicolas

et al. 2002). Level of acidity in the human gut is

also one of the important factors for absorption of

minerals. Lower pH is required for solubilization

of mineral ions for their absorption, while higher

pH causes synthesis of insoluble salts and lower

rate of absorption (Bohn et al. 2008; Lopez

et al. 2002). At intestinal pH, Fe2+ is more solu-

ble than Fe3+ (Salovaara et al. 2003). Besides,

proteins get denatured due to high acidity, and Fe

is released from protein complexes due to the

activity of pepsin. During absorption in the gut,

carrier proteins undergo competitions among

ions for binding. Copper (Cu) competes with Fe

to bind with protein transfer molecule, transfer-

rin. Higher concentration of Cu may displace

already bound Fe and thereby reduces the

absorption (Lopez et al. 2002). Similarly, cobalt

(Co) competes with Zn for binding with

carboxypeptide enzyme in the body and causes
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decrease in activity, that in turn affects overall

mineral absorption in the gut.

10.3 Antinutritional Factors

Among various antinutritional components,

phytic acid/phytate plays the major role in reduc-

ing the bioavailability of minerals such as Fe and

Zn. Other substances such as oxalic acids,

haemagglutinins, goitrogen, heavy metals (Cd,

Hg, Pb, etc.), tannins and polyphenols, and fibres

act as antinutrients and considerably reduce the

bioavailability of Fe and Zn in the human body

(Bouis and Welch 2010; Ortiz-Monasterio

et al. 2007; Welch and Graham 2004). The

basic mechanism of reduction of bioavailability

of micronutrients mainly lies with chelating or

reducing the solubility of the nutrients. Phytic

acid is one of the important metabolites that are

found to accumulate in cereal grains in signifi-

cant amount, and in maize more than 80 % of the

total phosphorus is present as phytic acids

(Frossard et al. 2000; Raboy 1997). Although

the primary function of the phytate in seeds is

to store phosphorus as energy source and

antioxidants essentially required for the

germinating seeds, the negative charge of phytic

acids significantly chelates positively charged

minerals and forms insoluble complexes in the

gut (Raboy 2001). Among various phenolic

compounds, tannins are one of the abundantly

found phenolics in plant (Klopfenstein and

Hoseney 1995). Tannins form insoluble

complexes with Fe3+ and makes the minerals

unavailable for absorption in the gastrointestinal

tract (Gillooly et al. 1984). Dietary fibres, such as

insoluble polysaccharides and lignin, bind to

mineral ions and in turn reduce the bioavailabil-

ity of minerals (Charalampopulos et al. 2002). It

binds directly with minerals and may form com-

plex interaction with substance, such as phytate,

tannin and oxalate, and reduces the availability

of minerals (Harland 2006). Besides, it speeds up

the passage time through gastrointestinal tract

and thereby reduces the time available for nutri-

ent absorption. Oxalic acids form insoluble

complexes with cations and reduce their absorp-

tion (Savage 2002).

10.4 Promoting Factors

Carotenoids such as β-carotene, lutein and zea-

xanthin; organic acids like ascorbic acid, fuma-

rate, malate and citrate; certain amino acids like

methionine, cysteine, histidine and lysine; and

inulin and other non-digestable carbohydrates

enhance the bioavailability of both Fe and Zn

(Bouis and Welch 2010; Graham et al. 2001;

Ortiz-Monasterio et al. 2007; Welch and Graham

2004). Besides this, while haemoglobin increases

the absorption of Fe, long-chain fatty acids like

palmitic acids enhance the bioavailability of Zn

(Bouis and Welch 2010).

Carotenoids especially β-carotene, lutein and

zeaxanthin have been found to enhance the

absorption of Fe in human (Ortiz-Monastario

et al. 2007). Enhancement of bioavailability

could be due to formation of soluble complex

or indirect effects of carotenoids on Fe absorp-

tion (Walezyk et al. 2003). Besides, β-carotene
also have the capacity to somewhat negate the

effects of certain inhibitors like phytates and

polyphenols (Garcia-Casal et al. 2000; Layrisse

et al. 2000). Vitamin C or ascorbic acid has been

identified as the important factor that enhances

the absorption of minerals (Welch and Graham

2004). It increases bioavailability of Fe mainly

by reducing Fe3+ to Fe2+ and thereby preventing

precipitation of Fe as ferric hydroxides. It also

increases the acidity in the gut and creates

favourable conditions for absorption. Besides

Fe3+-ascorbate, chelate remains stable and solu-

ble in higher pH (Teucher et al. 2004). Since the

seed of major cereals including maize is devoid

of ascorbic acids, additional intake of fruits and

vegetables rich in vitamin C is required to

increase the bioavailability of Fe of cereal-

based diets (Frossard et al. 2000). Meat is one

of the important factors for increasing the bio-

availability of non-haem Fe. The mechanism of

enhancement is possibly due to myosin peptides

generated upon degradation by pepsin in the gut,

which binds Fe in solution and/or reduction of
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Fe3+ to Fe2+ ions by sulphydryl group of cysteine

amino acids that induce the gastric juice produc-

tion thereby increasing the acidic condition (Car-

penter and Mahoney 1992; Mulvihill and

Morrissey 1998; Storcksdieck et al. 2007).

Around 15 % of the plants including cereals

such as rice, wheat and maize store starch as

fructans, while the majority of the plant stores

starch in the form of carbohydrates (Brinch-

Pedersen et al. 2007). Oligofructans and inulins

are the non-digestible oligosaccharides and have

been found to increase the absorption of minerals

(Gibson et al. 1995). Short-chain fatty acids pro-

duced due to fermentation lowers the pH of the

intestine, thereby increases the solubility of the

minerals. Besides, it also forms complexes with

the minerals and in turn enhances the absorption

(Scholz-Ahrens and Schrezenmeir 2002).

Since the humans lack the phytase enzyme

responsible of hydrolysis of phytate, the addition

of phytase enzyme increases the bioavailability

of minerals. Phytase hydrolyzes the phytate and

thereby separates minerals which can be readily

absorbed in the gastrointestinal tract of the

humans. Phytase is found in diverse organism

such as bacteria, fungi and plant. Supplemental

microbial phytase has been found to increase Zn

bioavailability in the growing pigs and reduced

the demand of Zn by one-third (Revy et al. 2006).

Among plants phytase have been purified from

cereals including maize (Bohn et al. 2008). Thus,

increasing of phytase activity either by natural

selection or transgenic approach is becoming a

tool for increasing mineral bioavailability.

11 Genetics of Kernel Fe and Zn
Bioavailability in Maize

Significant variation for bioavailable Fe and Zn

was observed among diverse maize genotypes.

Oikeh et al. (2003a, 2004a) while working with

Caco-2 cell assay found bioavailable Fe ranged

from 4 % and 14 % below and 49 % and 43 %

above the reference variety, respectively. On the

other hand, Oikeh et al. (2003b) found that mean

bioavailable Fe varied between 30 % below and

88 % above the reference control variety. Similar

observation of significant variation has also been

reported by Lungaho et al. (2011) and Pixley

et al. (2011). In case of Zn, bioavailability as

measured by relative proportion of P and Zn

showed significant variations among maize

genotypes (Simic et al. 2009, 2011). Thus, it is

possible to identify maize genotypes that can

provide more bioavailable Fe and Zn than other

genotypes having low bioavailability. Studies on

the evaluation of maize genotypes at multiple

locations revealed that bioavailable Fe may

vary with the environments. While Oikeh

et al. (2003a, 2004a) and Simic et al. (2011) did

not find any significant G � E interaction, Pixley

et al. (2011) observed lesser importance of

G � E interaction, thereby suggesting that Fe

bioavailability is more or less consistent across

environments. On the contrary, Simic

et al. (2009) reported significant G � E

interactions for P/Fe and P/Zn molar quotients,

while Simic et al. (2011) did not detect any

G � E interactions for Fe/P and Zn/P.

Bioavailable Fe in the maize kernel did not

show any association with kernel Fe concentra-

tion (Lungaho et al. 2011; Oikeh et al. 2003b,

2004a; Pixley et al. 2011). The lack of correla-

tion suggested that the two traits are possibly

under different genetic control as there was not

much agreement between the traits in relation to

having common QTLs (Lungaho et al. 2011;

Simic et al. 2011). Besides, P/Fe and P/Zn

displayed very weak association, suggesting

that genetic control of bioavailability of Fe and

Zn is quite different (Simic et al. 2009). How-

ever, Simic et al. (2011) found that QTLs for

Fe/P and Zn/P were co-localized on chromosome

3. SSR marker, bnlg1456 linked to these QTLs

on chromosome 3, is present close enough to the

location of phys1 and phys2 genes that encode

phytase which in turn release available P, Fe and

Zn. Significant negative relationship was

detected between kernel P concentration and bio-

available Fe, indicating that Fe became less

available due to increased phytate content

(Oikeh et al. 2003a). On the contrary, Lungaho

et al. (2011) found that phytate was not a signifi-

cant determinant for differences in Fe bioavail-

ability in IBM RI population. Kernel Zn did not
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show any association with Fe bioavailability

(Lungaho et al. 2011; Oikeh et al. 2003b). How-

ever, negative correlation between kernel Zn

with bioavailable Fe was observed in some stud-

ies, thereby suggesting that Zn may act as inhibi-

tor of Fe bioavailability (Glahn et al. 2002; Hunt

2005; Pixley et al. 2011). Besides, Fe and Zn

bioavailability did not show any correlation

with grain yield, a feature that suggests that bio-

availability can be increased without compromis-

ing the grain yield potential (Pixley et al. 2011;

Simic et al. 2009).

Heritability of Fe bioavailability has been

found to be moderate in degree. Simic

et al. (2011) found that heritability for Fe/P and

Zn/P was 66.3 % and 52.9 %, respectively, while

it was 0.53 each for the P/Fe and P/Zn molar ratio

(Simic et al. 2009). Pixley et al. (2011) could find

heritability ranging from 0.18 to 0.65 for various

ferritin-related parameters that were used to

assess bioavailable Fe among maize hybrids.

The IBM (B73 � Mo17) population used by

Lungaho et al. (2011) identified transgressive

segregants for bioavailable Fe, a feature that is

indicative of preponderance of additive gene

action. Pixley et al. (2011) found significant

GCA effects for bioavailable Fe, while SCA

effects were nonsignificant.

Three QTLs were detected for kernel Fe,

while 10 QTLs were found for Fe bioavailabil-

ity in maize (Lungaho et al. 2011). Simic

et al. (2011) also found that seven QTLs

governed Fe bioavailability, while three QTLs

could be related to the accumulation of Fe in

kernel, thereby suggesting that bioavailable Fe

is controlled by more loci than the Fe in maize

kernel. However, Lungaho et al. (2011)

concluded that Fe bioavailability is more simply

inherited than the kernel Fe, as greater number

of larger QTLs was detected for bioavailable Fe

than kernel Fe, where QTLs were having minor

effects. Backcross progenies derived from

crosses between RI lines of IBM populations

(B73 � Mo17) were genotyped with SSR

markers that were linked to three QTLs on chro-

mosome 3, 6 and 9. Progenies with high Fe

bioavailability selected based on Caco-2 assay

were found to possess superior alleles, thereby

suggesting the modest effects of QTLs

pertaining to Fe bioavailability. However, for

Zn, the number of loci detected for Zn/P and

Zn was one each, and each of them was located

on different chromosomes (Simic et al. 2011).

12 Strategies to Develop
Micronutrient-Rich Cultivar

The success of biofortified crop in order to ame-

liorate hidden hunger mainly depends on the

adaptation of nutritionally improved cultivars

by farmers and acceptance among target popu-

lation (Ruel and Bouis 1998). Micronutrient-

rich crops should possess acceptable grain

yield that is at par with the popular variety; it

should show stable performance across the

environments for micronutrient concentration

and finally the variety should be free from any

sort of undesirable characters. An effective

breeding strategy for the development of

biofortified crop includes (i) search for genetic

variation, (ii) identification of genes/QTLs, (iii)

their effective utilization in breeding program,

(iv) generation of elite inbreds and (v) develop-

ment of heterotic maize hybrids with high

kernel Fe and Zn. Strategies depicting diverse

options to breed maize cultivars with high

kernel Fe and Zn have been shown in Fig. 1.

Some of the strategies where progress/lead is

available in relation to improvement of kernel Fe

and Zn, are discussed here.

12.1 QTLs for Kernel Fe and Zn

Quantitative trait loci (QTL) analysis provides a

greater insight to unravel the genes and genetic

basis of the accumulation of Fe and Zn in

kernels (Simic et al. 2011; Xu et al. 2011). Mod-

est QTLs (for kernel Fe and Zn) that are consis-

tently expressed under multiple environments

can be used in marker-assisted selection

(MAS) and transferred into desirable genetic

backgrounds. In maize, several researchers

(Baxter et al. 2013; Lungaho et al. 2011; Qin

et al. 2012; Simic et al. 2011) have reported
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several QTLs for kernel Fe and Zn concentra-

tion (Table 2). QTLs for leaf micronutrient traits

have also been mapped in maize (Soric

et al. 2011). The QTL studies also unravel the

possible reasons behind the correlation between

kernel Fe and Zn concentration either by their

co-localization or pleotropic effect of QTLs

which control the network of metal uptake,

transportation and accumulation mechanisms

(Clemens 2001; Qin et al. 2012). The report of

different QTLs for kernel Fe and Zn in terms of

their position and numbers further indicates

complex nature of trait that is under the influ-

ence of genetic background and environment.

The significantly large effect QTLs are required

to be fine mapped and cloned to understand the

mechanism of accumulation of Fe and Zn in

kernel.

12.2 Candidate Genes for Kernel Fe
and Zn

Isolation of gene(s) for a target trait is one of the

prominent objectives in molecular genetics in

order to put them in use via various breeding

methodologies. Classical methods of gene iso-

lation including positional cloning and inser-

tional mutagenesis have been used successfully

for isolation of major genes (Prioul et al. 1999;

Tanksley et al. 1995). At this juncture, the candi-

date gene approach serves as one of the potential

alternative strategies. Plant genome codes for

large number of metal transporters that vary in

their substrate specificities, expression patterns,

mineral uptake, mobilization and redistribution

in plant and accumulation in seeds; each of these

steps is under the control of several genes,

Fig. 1 Strategies to develop Fe- and Zn-enriched maize cultivar
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making the accumulation of minerals including

Fe and Zn in seeds as a complex polygenic trait

(Colangelo and Guerinot 2006; Qin et al. 2012;

Sharma and Chauhan 2008). Recent develop-

ments in genomic approaches coupled with bio-

informatic tools have enabled the sequencing of

various grass genomes; these sequence data pro-

vide greater insight to identify genes for various

traits including mineral accumulation, viz.,
cesium (Payne et al. 2004) and selenium (Zhang

et al. 2006). Using rice and maize genome

sequence data, candidate genes were predicted

for Fe and Zn transporters in maize (Chauhan

2006; Sharma and Chauhan 2008).

12.3 Omics of Fe and Zn Homeostasis

The breakthrough developments in molecular

genetics and biological research lead to founda-

tion of various omics approaches, viz., genomics,

transcriptomics, proteomics, metabolomics and

ionomics. These approaches can be employed to

determine the underlying genetic, physiological

and molecular mechanisms and gene(s) respon-

sible for expression of any trait of interest. Geno-

mics research is critical to any major crop

improvement program. Genes function for Fe

and Zn homeostasis can be tackled by various

genomics-based approaches. With the availabil-

ity of voluminous sequence information, genes

can be predicted by using comparative genomics,

by assigning homology to genes with functions

that are better known in related species

employing novel bioinformatics tools and geno-

mic databases of various species (Chauhan 2006;

Sharma and Chauhan 2008). Transcriptomics is

another important approach, which emphasizes

on the experiments that are framed to monitor

and manipulate the dynamics of gene expression

events that occur for a particular treatment as

against the control (Coram et al. 2008). The

most powerful applications of transcriptomics

are the study of gene expression patterns, for

various treatments under question that survey a

wide array of cellular responses and phenotypes

in addition to the development of gene expres-

sion markers that can be used to predict toleranceT
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or adaptation for a particular treatment (Coram

et al. 2008; Pollock 2002). Genome-wide

transcriptome analysis enabled understanding of

interaction among minerals and detection of can-

didate genes engaged in homeostasis. The exis-

tence of negative correlation between Fe and P

interaction was confirmed at genome level in

terms of regulation of genes engaged in homeo-

stasis of these elements (Zheng et al. 2009). The

results from root proteomics and transcriptomics

studies in maize for Fe starvation not only

yielded the differential protein profiles and

genes but it also accounted for allelic diversity

leading to qualitative peptide differences that

might have an impact on functional variation

(Urbany 2012). In maize, transcriptomic

analyses identified candidate genes for the ys3

mutant, where unspliced introns of ZmTOM1 is

found in ys3 mutant but not in its wild counter-

part, suggesting that ZmTOM1 may be involved

in the ys3 phenotype (Nozoye et al. 2013).

Metabolomics and ionomics approaches are

performed as potential postgenomic tools in

quantitative trait loci (mQTL) analysis, metabo-

lite or ionome profiling of plants, identification

and assignment of functions to genes and evalu-

ation of genetically modified crops (Keurentjes

et al. 2006; Riedelsheimer et al. 2012; Schauer

et al. 2006; Weckwerth et al. 2004). Ionome

profiling was successfully employed in maize

RILs (B73 � Mo17) to detect QTLs for kernel

minerals including Fe and Zn (Baxter et al.

2013).

12.4 Transgenics for High Kernel Fe
and Zn

Transgenic breeding approach possesses unique

advantage over conventional breeding methods,

in terms of no limitation of gene pool and its

direct application to improve cultivar using

targeted expression of genes in desired organs

(Zhu et al. 2007). Maize yellow stripe1 (YS1)

gene in yeast Fe uptake mutant restores growth

specifically on Fe3+-phytosiderophore-sufficient

media and translocate Fe that is bound either by

phytosiderophore or by the related compound

like nicotianamine (Curie et al. 2001). Thus,

ZmYS1 is involved in both primary Fe acqui-

sition and intracellular transport of Fe and other

metals in maize (Roberts et al. 2004; Ueno

et al. 2009). Thus, overexpression of genes for

these several transporters and chelating com-

pounds leads to higher accumulation of Fe and

Zn in sink. For instance, over expression of

nicotianamine synthase (NAS) and nicoti-

anamine aminotransferase (NAAT) leads to

increased phytosiderophore synthesis (Zheng

et al. 2010). Aspergillus niger phytase in maize

resulted in decrease in phytate by up to 95 %

while increase in Fe content by 20–70 %

(Drakakaki et al. 2005). Expression of soybean

ferritin transgene in maize endosperm altered the

expression of native Fe homeostasis genes and

accumulated significantly higher concentrations

of calcium and magnesium in addition to Fe

(Kanobe et al. 2013). The above approaches can

be coupled with expression of phytase which

breakdown the antinutritional factor and facili-

tate the Fe absorption during digestion.

12.5 Breeding for Reduced Level
of Antinutritional Factors

Phytic acid is one of the potential antinutritional

factors present in cereal grains including maize,

which hinders the absorption of Fe and Zn by

digestive system. Low-phytic acid (lpa)
mutations were isolated in several cereal grains:

maize (Raboy et al. 2000), barley (Hordeum

vulgare) (Larson et al. 1998) and rice (Oryza
sativa) (Larson et al. 2000). In maize more than

20 lpa, mutants have been isolated, which

resulted in reductions in seed phytic acid-P rang-

ing from 55 to 66 % (lpa 1–1 and lpa 2–1), but in

some lines up to 90 % (lpa 241) reduction was

observed (Pilu et al. 2003; Raboy 2001). How-

ever, the usage of mutations such as lpa 241 has

been limited by severe negative effects on seed

viability and germination and plant growth,

resulting in various levels of yield penalty (Pilu

et al. 2003, 2005). To develop a commercial
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product, it is necessary to obtain plants that have

low-phytic acid along with robust agronomically

desirable characteristics. Recent advances in

genomics and genetic engineering helped in the

development of transgenic line in several crops

which fulfils these requirements by expressing

exogenous phytase genes (Brinch-Pedersen

et al. 2006; Chen et al. 2008; Kuwano

et al. 2009; Nunes et al. 2006). Maize transgenics

with phyA2 gene from Aspergillus niger resulted

in 50-fold increase in phytase activity as com-

pared to nontransgenic maize seeds without

affecting agronomic performance of a line

(Chen et al. 2008). Drakakaki et al. (2005) also

reported expression of Aspergillus niger phytase
gene in maize resulted in decreases in phytate by

up to 95 %. Hence, transgenic technology in

breeding will serve as one of the potential tools

in breeding low kernel phytic acid maize

cultivars.

However, the effects of lowering antinutri-

tional factors in plants are not devoid of

problems and required to be addressed with

cautions (Bouis and Welch 2010; Welch and

Graham 2004). In plants, many of the factors

such as phytate and polyphenols are part of

plant metabolism and play a major role in plants’

response to different abiotic stresses, besides

possessing positive effects on imparting resis-

tance against pathogens and insect pests (Graham

et al. 2001; Welch and Graham 2004). Phytic

acid is also required for higher seedling vigour

and reduced aflatoxin development in grain

(Morris 1995). Besides, phytate has been found

to protect seeds against oxidative stress during

the seed’s life span (Doria et al. 2009).

12.6 Breeding for Increased Level of
Bioavailability Promoting Factors

Dietary substances that promote/enhance the

absorption of plant minerals by the human diges-

tive system can be increased using genotypes

having suitable genes (Bouis and Welch 2010;

Gibson 2007; Graham et al. 2001). Reports by

several researchers suggest the synergistic effect

of opaque2 allele in enhancing the concentration

of micronutrients especially Zn (Arnold et al.

1977; Chakraborti et al. 2009; Welch et al.

1993). Besides, Zn-deficient rats showed

increase in absorption of Zn from 64 to 69 %

with lysine supplementation (House et al. 1996).

Thus, breeding for quality protein maize (QPM)

which possesses higher lysine has the potential to

enhance the kernel Zn concentration and its

absorption in digestive system. Yellow/orange

maize contains high amount of carotenoids as

compared to other cereals and thus possesses

built-in system of enhancing bioavailability of

minerals (Harjes et al. 2008). The utilization of

rare natural mutants of crtRB1 gene in maize has

led to the significant increase of β-carotene by

nearly 10–24 folds (Babu et al. 2013; Gupta

et al. 2013b; Vignesh et al. 2012; Yan

et al. 2010; Zhang et al. 2012). In maize, the

presence of β-carotene increased the Fe absorp-

tion level up to 1.8-fold (Garcia-Casal

et al. 2000). Besides, the addition of lutein in

maize-based diet increased the bioavailability

of Fe by twofolds (Garcia-Casal 2006). Maize

transgenics developed by overexpressing bacte-

rial genes crtB (for phytoene synthase) and crtI
(for the four desaturation step) under the control

of a γ-zein endosperm-specific promoter,

resulted in 34-fold increase in total carotenoids

with a preferential accumulation of β-carotene in
the maize endosperm (Aluru et al. 2008). Zhu

et al. (2008) used genetic engineering approach

to develop carotenoid-rich maize line in a genetic

background of WTM37W which resulted in the

accumulation of 57.35 μg/g β-carotene. Maize

variety M37W (white endosperm) lines

transformed with (i) maize phytoene synthase

(psy1) cDNA driven by wheat LMW glutenin

promoter, (ii) Pantoea ananatis (formerly

Erwinia uredovora) crtI gene (encoding carotene

desaturase) driven by barley D-hordein promoter

(to increase carotene level), (iii) rice

dehydroascorbate reductase (dhar) cDNA driven

by barley D-hordein promoter (to increase ascor-

bate level), (iv) E. coli folE gene encoding GTP

cyclohydrolase (GCH1) driven by barley

D-hordein promoter (to increase folate level)

and (v) selectable marker bar led to the synthesis

of β-carotene (~60 μg/g) with nearly 169-fold

increase as compared to non-transformed lines

(0.35 μg/g). It also enhanced the levels of
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ascorbate (106.94 μg/g) and folate (1.95 μg/g) in
the transformed lines (Naqvi et al. 2009).

Addressing antinutrients and promoter

substances in crops could be an effective

approach for biofortification of Fe and Zn, as

fewer genes with profound effects have been

found to operate in their biosynthesis and metab-

olism as compared with the complex mechanism

of uptake, transport and deposition of Fe and Zn

in kernels, where it involves large number genes

with minor effects. An increase of bioavailable

Fe from 5 to 20 % would in turn relate to fourfold

increase in total Fe (Bouis and Welch 2010). A

minor change in the levels of antinutrients and

promoter may lead to significant effects on the

bioavailability of micronutrients.

Thus, with the availability of (i) wide genetic

variations for kernel Fe and Zn, (ii) understand-

ing of the genetic behaviour of QTLs/genes

underlying the traits, (iii) scope of manipulating

genes for antinutritional and promoting factors to

increase their bioavailability and (iv) availability

of suitable breeding and biotechnological tools, it

is possible to develop Fe- and Zn-enriched maize

cultivars.
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Nutrient Use Efficiency of Crop Species



Nitrogen Uptake and Use Efficiency in Rice

N.K. Fageria, V.C. Baligar, A.B. Heinemann, and M.C.S. Carvalho

Abstract

Rice is a stable food for a large proportion of the world’s population. Most

of the rice is produced and consumed in Asia. Rice is produced under both

upland and lowland rice systems, with about 76 % of the global rice

produced from irrigated-lowland rice systems. Nitrogen (N) is one of

the most important inputs in the production of rice. Recovery efficiency

of N is less than 50 % in both upland and lowland systems. Most of the

applied N is lost due to volatilization, leaching, denitrification, and soil

erosion. In addition, fertilizers account for almost half of energy used in

world agriculture, and the manufacture of N fertilizer is about 10 times

more energy intensive than that of P and K fertilizers. Therefore, improv-

ing N use efficiency is important not only to improve yield and reduce cost

of production but to avoid environmental pollution and to maintain

sustainability of the cropping system. Production practices which can

improve N use efficiency are liming acid soils, supplying N in adequate

rates, use of proper sources, use of suitable methods and time of appli-

cation, use of crop rotation, use of cover crops, adopting conservation

tillage system, planting N efficient genotypes, and control of diseases,

insects, and weeds.

Keywords

Rice ecosystems • Nitrogen harvest index • Water use efficiency •

Genotypes • Nutrient use efficiency

1 Introduction

Rice is the staple food for more than 50 % of the

world population. Xiong et al. (2013) reported

that rice is the staple food for about 60 % of the

population in China. Furthermore, rice provides

35–60 % of the dietary calories consumed by
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nearly 3.5 billion people (Fageria et al. 2003a). It

occupies about 23 % of the total area under cereal

production in the world (Wassmann et al. 2009;

Jagadish et al. 2010). Rice is produced and con-

sumed in all the continents, except Antarctica.

However, major part of the rice is produced and

consumed in Asia. In Asia, India and China are

the major producers as well as consumers of rice.

Rice is also consumed in large quantities in

North America and Europe by native and

immigrants from Asia, Africa, and South Amer-

ica. The population in Africa and South America

consume substantial amount of rice. In South

America, rice is eaten everyday with dry bean

(Phaseolus vulgarsi L.) by all section of society

(Fageria 2013).

Nitrogen is one of the most yield-limiting

nutrients in rice production in all rice-growing

regions worldwide. Uptake of N is maximum by

rice (sometimes equal to K) compared to other

essential nutrients. Recovery efficiency of N is

lower than 50 % in most cropping systems

(Fageria et al. 2011; Fageria 2013). The major

part of N in soil is lost through volatilization,

leaching, denitrification, and soil erosion

(Fageria and Baligar 2005). Low recovery of N

is not only responsible for higher cost of crop

production but also for environmental pollution.

Hence, improving N use efficiency (NUE) is

desirable to improve crop yields, reduce cost of

production, and maintain environmental quality.

To improve N efficiency in agriculture,

integrated N management strategies that take

into consideration improved fertilizer along

with soil and crop that includes improved fertil-

izer application timing and methods along with

soil and crop management practices are neces-

sary (Fageria and Baligar 2005).

By the year 2025, it is estimated that it will be

necessary to produce about 60 % more rice than

what is currently produced to meet the food needs

of a growing world population (Fageria 2013).

Similarly, Normile (2008) reported that increase

of 1.2 % per year of rice production will be

required to meet the growing demand for food

that will result from population growth and

economic development in the next decade.

Enhancement of rice production and sustainability

are important features of grain production to

benefit the world’s 3.5 billion people who depend

on rice for their livelihood and as their basic food.

Adequate amounts of essential nutrients are

needed by modern rice cultivars with improved

cultural practices to achieve higher yields. In this

context, efficient use of inputs is vital to safely

produce the additional food from limited

resources with minimal adverse impact on the

environment. The objective of this chapter is to

discuss nitrogen uptake and use efficiency and a

summation of best management practices that

could help scientists and rice farmers to develop

practical, integrated recommendations that

improve nitrogen use efficiency in various types

of rice production systems.

2 Rice Ecosystems

Ecosystem is defined as the environmental

factors around the crop plants. The main environ-

mental factors which influence rice growth are

related to climatic and soil conditions. Rice is

mainly grown under two ecosystems known as

upland and lowland. Upland rice is defined as

the rice grown on undulated well-drained soils,

without water stagnation in the plots or fields,

and totally depends on rainfall for its water

requirements. Upland rice is also known as aero-

bic rice because it is grown on well-drained soils.

Lowland rice is defined as the rice grown on flat,

saturated soils, with water stagnation in the plots

or field for most of the growing season, and

generally has controlled irrigation. Lowland

rice is also known as irrigated, flooded, or

submerged rice. Such systems of productions

contributes about 76 % of the total world rice

production (Fageria et al. 2003a). The yield of

upland rice is relatively low compared to lowland

rice, because many abiotic and biotic stresses are

associated with low yield. The main abiotic

stresses in upland rice are drought, low soil ferti-

lity, and use of low technology by the farmers.

The main biotic stresses are diseases, insects, and

weeds.

For example, in Brazil, yield of upland rice is

less than half of lowland rice. Average yields of
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lowland rice in Brazil is about 5.5 Mg ha�1,

whereas average yields of upland rice is about

2.2 Mg ha�1. In upland rice blast disease is a

serious constraint in reducing yield in most of the

upland rice growing areas. In addition upland

rice in Brazil is mainly cultivated in the central

part of Brazil, locally known as “Cerrado”

region. Most soils of the Cerrado region are

acidic and deficient in most of the essential

plant nutrients (Fageria and Baligar 2008).

3 Soil Used for Rice Cultivation

The Soil Science Society of America (2008)

defined soil as the unconsolidated mineral or

organic material on the immediate surface of

the earth that serves as a natural medium for the

growth of plants. Soil quality is an important

factor in crop production. Soil quality is mainly

determined by crop yields. When a determined

soil produces higher crop yields, it indicates a

productive soil. Soil quality is defined in terms of

its physical, chemical, and biological properties.

Physical properties which determine soil quality

are texture, structure, bulk density, and water

infiltration rate or porosity, whereas chemical

properties of soil are mainly associated with

soil fertility. The biomass of a soil is represented

by its microbial population. The microbes may

be beneficial or may be harmful for the growth of

plants. Soils are classified into orders and

according to US soil taxonomy, there are

12 soil orders. These soil orders are Alfisols,

Andisols, Aridisols, Entisols, Gelisols, Histosols,

Inceptisols, Mollisols, Oxisols, Spodosols,

Ultisols, and Vertisols. Rice can be grown on

all the 12 soil orders. Detailed discussion of

characteristics of these soils under rice

cultivations are given by Fageria (2014).

4 Functions and Deficiency
Symptoms

Nitrogen plays significant role in many physio-

logical and biochemical processes in the plants.

It improved tillering in rice and consequently

panicle density. Nitrogen also increases panicle

length and grain weight and reduces spikelet

sterility (Fageria and Baligar 2001a; Fageria

2007). Adequate rate of nitrogen improves root

growth (Fig. 1) in rice which is very important

for the absorption of water and nutrients (Fageria

2013). In rice N deficiency symptoms are

characterized by yellowing of the leaves. Since

nitrogen is mobile nutrient in the plants, hence,

deficiency symptoms first start in the older

leaves. If deficiency persists longer, all the leaves

become yellow. Figure 2 shows growth of two

lowland rice genotypes at low and high N rates.

Nitrogen deficiency symptoms are very clear at

low level of N.

5 Nitrogen Uptake and
Partitioning

Uptake of N is maximum in rice, except K. It is

absorbed in the form of NO3
� and NH4

+ by

plants. In oxidized soil NO3
� is the dominant

form of N uptake and in reduced soils N is mainly

absorbed as NH4
+. The topic of NO3

� vs. NH4
+

uptake of N by rice is discussed in detail by

Fageria (2014).

5.1 Nitrogen Concentration

Uptake of N is expressed in concentration which

is defined as the N content per unit of dry matter.

The unit of N concentration in plants is generally

g kg�1 or percentage. Generally, concentration

values are used to diagnose nutrient sufficiency,

deficiency, or excess in plants. Nutrient concen-

trations can be extrapolated or used for identi-

fying nutritional disorders in the same crop

species from different agroecological regions.

This is possible because nutrient uptake in plants

is an integral part of all factors affecting nutrient

availability.

One of the most important considerations in

defining adequate concentrations is plant age

(Fig. 3). Fageria (2003) determined a relation-

ship between dry matter yield of shoots or grain

and N concentration in the shoot or grain of
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lowland rice at different growth stages. Based

on this relationship, optimum N concentrations

in shoots at different growth stages and in

the grain at harvest were determined in rice.

Optimum N concentrations in shoots varied

from 43.4 g kg�1 at initiation of tillering to

6.5 g kg�1 at physiological maturity. The N

concentration in the grain at physiological

maturity was 11 g kg�1. Hence, optimal N

concentration in shoots of rice decreased with

Fig. 1 Influence of low

and high N levels on root

growth of two upland rice

genotypes

Fig. 2 Growth of two lowland rice cultivars at two N levels
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advanced plant age. During grain filling, N con-

tent of non-grain tissue generally decreases,

while grain N content increases (Fageria and

Baligar 2005). However, shoot dry weight

increased with age advancement up to the

flowering growth stage and then decreased

(Fageria 2003). Decreases in shoot dry weight

at harvest was related to translocation of assimi-

late to the panicle from flowering to maturity

(Fageria and Baligar 2005). In rice, 60–90 % of

the total C accumulated in panicles at the time

of harvest was derived from photosynthetic

after heading, and the flag leaves are the organs

that contribute most to grain filling (Yoshida

1981).

5.2 Nitrogen Accumulation

When dry matter or grain yield is multiplied by

concentration, the results are a measure of nutri-

ent uptake and expressed in accumulation or

uptake units. Under field conditions, the nutrient

uptake or accumulation unit is kg ha�1 for

macronutrients and g ha�1 for micronutrients.

Nutrient uptake values are useful indicators of

soil fertility depletion and are related to crop

yield levels. Nutrient accumulation patterns in

crop plants, including rice, followed dry matter

accumulation (Fageria 2004). A study was

conducted at the National Rice and Bean

Research Center of EMBRAPA, Santo Antônio

de Goiás, Brazil, to study the association

between dry matter and grain yield of lowland

rice and N accumulation during growth cycle

(Table 1). The N uptake into shoots as well as

into grain of lowland rice was significantly

related to shoot dry weight and grain yield

(Table 1). Fageria and Baligar (2005) reviewed

the literature on this topic and reported that accu-

mulation of N in cereals, including rice, dry

matter production, is closely related to N accu-

mulation. Nitrogen uptake as well as shoot dry

weight increased up to the flowering stage

(Fageria 2003). At harvest, more N was accumu-

lated in grain than in dry matter. Yoshida (1981)

reported that during plant ripening, about 70 % of

the N absorbed by the straw will be translocated

to the grain and maintain N contents of the grain

at certain percentages. Nitrogen absorbed by rice

during the vegetative growth stage contributes to

growth during the reproductive and grain filling

growth stages via translocation (Fageria and

Baligar 2005).

Accumulation and distribution of N in the

vegetative and reproductive organs of rice are

Fig. 3 Nitrogen

concentration in principal

crop species during growth

cycle (Source: Adapted

from Fageria 2004)
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the important processes in determining grain

yield (Fageria 2014). Xiong et al. (2013) reported

that super high yielding early cultivars had

higher total N content at heading and maturity

compared to ordinary early rice cultivars. Xiong

et al. (2013) also reported that the differences in

N translocation parameters among rice varieties

or variety group were associated with the N

accumulated in plants before heading. Mae

(1997) reported that the amount of N absorbed

by the plant during grain-filling period is much

smaller than the amount of N accumulated in

mature grain, and a large part of grain N is

translocated from vegetative organs. Nitrogen

distribution studies showed that 30–80 % of the

N accumulated in the rice grain originated from

translocation from vegetative tissue after heading

(Ntanos and Koutroubas 2002).

5.3 Nitrogen Harvest Index

Nitrogen harvest index (NHI) is defined as the

portioning of total plant N into grain. It is

calculated by N accumulation in grain divided

by N accumulation in grain plus straw. It is an

important index in defining rice yield. Because it

is positively related to grain yield (Fageria and

Baligar 2005; Fageria 2007; Fageria et al. 2011).

In addition, it is also an important index in

measuring N partitioning in crop plants, which

provide an indication of how efficiently the plant

utilizes acquired N for grain production (Fageria

and Baligar 2005).

The NHI values varied from crop species to

crop species and among genotypes of the same

species. This trait is important for selecting crop

genotypes for higher yield. Fageria (2007)

reported that NHI in lowland rice varied from

0.53 to 0.64, with an average value of 0.60.

5.4 Nitrogen Use Efficiency

Efficiency is defined as the output divided by

input. The higher the output value, the higher is

the efficiency. In case of N use efficiency in crop

plants, it can be defined as the maximum eco-

nomic yield produced per unit of N applied,

absorbed, or utilized by the plant to produce

grain and straw. However, nutrient use efficiency

has been defined in several ways in the literature,

although most of them denote the ability of a

system to convert inputs into outputs. Definitions

of nutrient use efficiencies have been grouped or

classified as agronomic efficiency, physiological

efficiency, agrophysiological efficiency, apparent

recovery efficiency, and utilization efficiency.

Fageria and Baligar (2001a) calculated these

efficiencies for lowland rice and results are

Table 1 Relationship between grain yield (Y ) and N uptake in the shoot and grain of lowland rice at different growth

stages

Plant growth stage Regression R2
N uptake for maximum

shoot or grain yield (kg ha�1)

IT (22) Y ¼ 166.46 + 9.4552X � 0.1565X2 0.61NS 16

AT (35) Y ¼ �391.29 + 63.8885X � 0.5898X2 0.93** 54

IP (71) Y ¼ 40.32 + 101.2576X � 0.3939X2 0.97** 129

B (97) Y ¼ �2069.44 + 185.7829X � 0.6725X2 0.94** 138

F (112) Y ¼ �367.39 + 167.8636X � 0.4528X2 0.97** 185

PM (140) Y ¼ �2330.74 + 335.1191X � 2.3641X2 0.99** 71

PM (140)a Y ¼ �3547.09 + 261.4988X � 1.7099X2 0.99** 76

Source: Adapted from Fageria (2003)

Where regression equation was nonsignificant, average value across the N rates was considered as quantity of N uptake

for maximum yield

Values are averages of 3 years field experimentation

**, NS, Significant at the 1 % probability level and nonsignificant, respectively. IT initiation of tillering, AT active

tillering, IP initiation of panicle, B booting, F flowering, PM physiological maturity. Values in the parentheses represent

age of the plants in days after sowing
aIn this line, values are for grain yield
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presented in Table 2. The determination of NUE

in crop plants is an important approach to evaluate

the fate of applied chemical fertilizers and their

role in improving crop yields.

6 Management Practices
to Improve Nitrogen Use
Efficiency

Recovery efficiency of applied fertilizer N is less

than 40 % for lowland rice (Fageria and Baligar

2001a; Fageria 2014). It is reported by Raun and

Johnson (1999) that average world N recover

efficiency of cereals is about 33 %. Hence, a

large part of the N is lost in the soil-plant system

by leaching, denitrification, volatilization, and

surface runoff. Improving nitrogen use efficiency

(NUE) is fundamental to improve crop yield,

reducing crop production cost and keeping

clean environment. Nitrogen use efficiency of

rice can be improved with the adoption of appro-

priate soil, fertilizer, and plant management

practices. These management practices that

could improve NUE are discussed in the

succeeding sections.

6.1 Liming Acid Soils

Soil acidity is one of the major constraints in crop

production throughout the world. Acid soils are

found over extensive areas in the tropics, sub-

tropics, and temperate zones. Globally, soil acid-

ity affects land area of about 3.95 billion hectares

(Sumner and Noble 2003). This is about 30 % of

the world’s ice-free land area. Soil acidity is a

main constraint in crop production in South

America. In South America, 85 % of the soils

are acidic, and approximately 850 million ha of

such land area is underutilized (Fageria and

Baligar 2001b). Liming is the most economical

and effective practice to reduce soil acidity. Lim-

ing has many beneficial effects in the soils. These

includes improvement in soil physical (struc-

ture), chemical (Ca, Mg, pH), and biological

properties. In addition, liming also neutralize

Al, Mn, and H+ ions toxicity (Fageria 2001).

All these practices improve N use efficiency in

crop plants.

6.2 Use of Effective Source,
Appropriate Method, and
Timing of Application

Use of effective source of N is fundamental in

improving N use efficiency and consequently

achieving higher yields of crops. There are sev-

eral sources of nitrogen. Urea and ammonium

sulfate are the main nitrogen carriers worldwide

in annual crop production. However, urea is gen-

erally favored by the growers over ammonium

sulfate due to lower application cost because urea

Table 2 Nitrogen use efficiencies as affected by N fertilizer rate

N rate (kg ha�1) AE (kg ha�1) PE (kg ha�1) APE (kg ha�1) ARE (%) UE (kg kg�1)

30 35 156 72 49 76

60 32 166 73 50 83

90 22 182 75 37 67

120 22 132 66 38 50

150 18 146 57 34 50

180 16 126 51 33 42

210 13 113 46 32 36

Average 23 146 63 39 58

R2 0.93** 0.62* 0.87** 0.82** 0.90**

Source: Fageria and Baligar (2001a)

AE agronomic efficiency, PE physiological efficiency, APE agrophysiological efficiency, ARE apparent recovery

efficiency, UE utilization efficiency

*, ** Significant at the 0.05 and 0.01 probability levels, respectively
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has a higher N analysis than ammonium sulfate

(46 % vs. 21 % N). In developed countries like

the USA, anhydrous NH3 is an important N

source for annual crop production. At normal

pressures, NH3 is a gas and is transported and

handled as liquid under pressure. It is injected

into the soil to prevent loss through volatili-

zation. The NH3 protonates to form NH4
+ in the

soil and becomes XNH4
+ which is stable (Foth

and Ellis 1988). The major advantages of anhy-

drous NH3 are its high N analysis (82 % N) and

low cost of transportation and handling. How-

ever, specific equipment is required for storage,

handling, and application. Hence, NH3 is not a

popular N carrier in developing countries.

Stanford (1973) and Campbell et al. (1995)

reported that ammonium nitrate is generally

superior to urea which may volatilize easily.

Nitrogen is a mobile nutrient in soil-plant

system and different from P and K which are

immobile in the soil-plant system. Hence, it can

be moved from distance to plant roots and can be

absorbed. However, if it is broadcast and there is

no rainfall or irrigation, it may be lost due to

evaporation or volatilization. Hence, application

in the band or incorporating into the soil may

reduce its loss and improve N use efficiency

(Fageria 2009). Campbell et al. (1995) also

reported that banding of N fertilizers is superior

to broadcasting.

To improve applied fertilizer efficiency, for

different cropping systems and environmental

conditions, fertilizer industries are manufacturing

slow release fertilizers (SRF) and controlled

release fertilizers (CRF) either with single nutrient

or with multiple nutrients. These fertilizers when

added to soil improve recovery efficiency by

plants by lowering the rate of release, thereby

reducing leaching losses (NO3) and emission/

volatilization (N2O, NH3) and providing N during

the entire plant growing season (Trenkel 2010).

Nitrification inhibitors (N-Serve, Nitropyrin,

DCD, DMPP) improve applied fertilizer effi-

ciency by keeping N in ammonia form longer,

thereby control loss of nitrate by leaching

(Peoples et al. 1995; Prasad and Power 1995;

Trenkel 2010). Urease inhibitors (NBPT, PPD/

PPDA, hydroquinone) improve urea efficiency

by suppressing the transformation of urea to

ammonia and ammonium hydroxide thereby

preventing volatile losses of ammonia to air

(Hendrickson 1992; Trenkel 2010).

Timing of N application during crop growth is

an important strategy in improving N use effi-

ciency. The N application according to plant

needs may improve its efficiency and avoid its

loss from soil-plant system, In other words,

synchronizing of N application with N demand

of plants. It has been reported by Matson

et al. (1996) and Tilman et al. (2002) that nutrient

use efficiency is increased by appropriately

applying fertilizers and by better matching tem-

poral and spatial nutrient supplies with plant

uptake. Applying fertilizer during periods of

highest crop uptake, at or near the point of uptake

(roots and leaves), as well as smaller and more

frequent applications have the potential to reduce

losses while maintaining or improving crop yield

quantity and quality (Matson et al. 1996;

Cassman et al. 2002). Rose and Bowden (2013)

reported that split application of N fertilizer after

crop emergence improves N use efficiency.

Because plant roots had a chance to penetrate to

depth and crop sink sizes are sufficient to take up

significant quantities of the soil-mobile nitrate.

6.3 Use of Adequate Rate

Use of adequate rate of N is very important to

increase yield and reduce cost of crop production

and environmental pollution. Since N is a mobile

nutrient in the soil-plant system, field trials are

required to determine adequate rate for a given

crop under given agroclimatic conditions. Fageria

and Baligar (2001a) conducted field experiment

involving lowland rice with different N rates in

a Brazilian Inceptisol. Based on regression

equations, in the first year, maximum grain yield

(6,937 kg ha�1) was obtained at 209 kg N ha�1, in

the second year maximum grain yield

(6,958 kg ha�1) was obtained at 163 kg N ha�1,

and in the third year maximum grain yield of

5,682 kg ha�1 was obtained at 149 kg N ha�1.

The average data of 3 years showed that
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maximum grain yield of 6,465 kg ha�1 was

obtained with the application of 171 N ha�1.

Singh et al. (1998) reported that maximum

average grain yield of 7,700 kg ha�1 of 20

lowland rice genotypes was obtained at

150–200 kg N ha�1 at the International Rice

Research Institute in the Philippines. Results of

this study fall more or less in the same range as

reported by Fageria and Baligar (2001a). In our

fertilizer experimentations, however, 90 % of

maximum rice yield is considered as an econom-

ical rate (Fageria and Baligar 2001a); in the first

year it was (6,298 kg kg�1) achieved at

120 kg N ha�1. In the second and third years,

90 % of the maximum grain yields (6,345 and

5,203 kg ha�1) were achieved at 90 and

78 kg N ha�1, respectively. The average of

3 years data showed that 90 % of the maximum

grain yield (5,731 kg ha�1) was obtained at

84 kg N ha�1. This means, that there was a

residual effect of N application in lowland rice

grown on an Inceptisol. The increase in grain

yield of lowland rice at the economical rate

(120 kg N ha�1) in the first year was 76 % as

compared to control N treatment. Similarly, the

increase in grain yield in the second and third

years at the economical N rates (90 and

78 kg ha�1) was 69 and 41 %, respectively. The

average increase of grain yield across the 3 years

was 56 % at the economical N rate of 84 kg ha�1.

At the zero N level, the grain yield was 3,579,

3,754, and 3,702 kg ha�1 in the first, second, and

third years, respectively. The average value of

grain yield across the 3 years was 3,678 kg ha�1

at zero N rates. This means rice grain yield under

the control treatment (no N application) was

quite good during 3 years of experimentation.

In control N treatment, rice yields increased dur-

ing the second and third years of cultivation as

compared to the first year of cultivation. Fageria

and Baligar (1996) also reported significant

increases in grain yields of lowland rice grown

on an Inceptisol in the central part of Brazil.

These authors reported that an average yield of

3 years (5,523 kg ha�1) of lowland rice was

achieved with the application of 100 kg N ha�1

and that in grain yields at low soil fertility level

increased with succeeding cropping years.

6.4 Use of Crop Rotation

Planting rice in rotation with legumes can

improve crop yield, reduce N application rates

and nitrate leaching from soil-plant system. In

Brazil rice is rotated with dry bean or soybean to

get beneficial effects of legume-cereal rotation.

Randall et al. (1997) reported that changing from

continuous corn to a corn-soybean rotation has

been shown to reduce NO3
� leaching. Crop rota-

tion also controls diseases, insects, and weed

infestations which may improve N use efficiency

(Fageria 1992). Dinnes et al. (2002) reported that

diversifying crop rotation can reduce nitrate

leaching and consequently improved nitrogen

use efficiency.

6.5 Use of Conservation Tillage

Tillage improved microbial oxidation of organic

matter and improved nitrification processes in the

soil profile. Nitrogen mineralization increased

with tillage. If nitrification or N mineralization

exceeds the N demand of the plant, nitrate

leaching may occur. On the other hand, conser-

vation tillage may reduce microbial activities and

release the nitrate slowly. In addition, conserva-

tion tillage reduces soil erosion and conserves

more moisture in the soil profile. These favorable

effects may improve plant growth and conse-

quently higher N use efficiency.

6.6 Use of Cover Crops

Use of cover crops with main crops or cash crops

is an important strategy in reducing nitrate

leaching from soil-plant system. Cover crops

function by accumulating the inorganic soil N

between main crop seasons and holding it in an

organic form, thus preventing it from leaching

(Magdoff 1991; Dinnes et al. 2002). The N is

subsequently released to the next crop as the

cover crop residue decomposes. Cover crops

also protect against soil erosion and thus

preventing N losses from soil-plant systems.
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In addition, organic matter of soil can be

increased by the decomposed cover crop residues

which help in improving physical, chemical, and

biological properties of the soil and improve N

use efficiency.

6.7 Improve Water Use Efficiency

Soil moisture is one of the most important factors

affecting nutrient use efficiency in crop plants

(Fageria 2009, 2013). The solubility and trans-

port of nutrient in the rhizosphere is controlled

by water availability to plants. Soil moisture at

field capacity known to improve nutrient move-

ment and availability to plants. If soils are defi-

cient in water, nutrient use efficiency decreased

significantly.

6.8 Use of Efficient Genotypes

Planting N-efficient genotypes is an important

strategy. Differences in N uptake and use

efficiency of upland and lowland rice genotypes

has been reported widely (Fageria et al. 2011;

Fageria 2013, 2014). Figure 4 shows different

responses of four lowland rice genotypes. Two

were having quadratic responses and two were

having linear responses when N was applied in

the range of 0–200 kg ha�1. The difference in N

uptake and utilization may be associated with

better root geometry, ability of plants to take up

sufficient nutrients from lower or subsoil

concentrations, plants’ ability to solubilize

nutrients in the rhizosphere, better transport,

distribution and utilization within plants, and

balanced source-sink relationships (Fageria

et al. 2008).

6.9 Control of Diseases, Insects,
and Weeds

Diseases, insects, and weeds of agricultural crops

are as old as agriculture itself (Fageria 1992). The

resultant losses in economic terms are impossible

to estimate accurately because the severity of

diseases, insects, and weeds varies greatly from

place to place, crop to crop, season to season, and

year to year owing to changes in environmental

factors (Fageria 1992). Kramer (1967) estimated

Fig. 4 Response of

lowland rice genotypes to

N fertilization (Source:

Fageria et al 2003b)
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that average worldwide losses for the main agri-

cultural crops were 11.8 % for diseases and

12.2 % for insect pests. The average combined

losses caused by diseases, insects, and weeds are

put at 33.7 %. Control of diseases, insects, and

weeds is an important factor in improving N use

efficiency in crop production (Fageria and Gheyi

1999). Crops infested with diseases, insects, and

weeds have lower photosynthetic efficiency,

lower rate of absorption of water and nutrients,

and competition for light, water, and nutrients,

consequently reducing yields and resulting in low

N use efficiency.

Conclusions

In the twenty-first century, improving nutrient

use efficiency, including N, will play a major

role in increasing crop yields compared to the

twentieth century, mainly due to limited land

and water resources available for crop produc-

tion, higher cost of inorganic fertilizer inputs,

declining trends in crop yields globally, and

increasing environmental concerns. Further-

more, at least 60 % of the world’s arable

lands have mineral deficiencies or elemental

toxicity problems, and on such soils fertilizers

and lime amendments are essential for achiev-

ing improved crop yields. Fertilizer inputs are

increasing cost of production of farmers, and

there is a major concern for environmental

pollution due to excess fertilizer inputs.

Higher demands for food and fiber by increas-

ing world populations further enhance the

importance of improving nitrogen use effi-

ciency. Rice is the staple food for more than

50 % world population, and use of N balanced

with other essential nutrients is fundamental

to improve rice yield and to maintain sustain-

ability of cropping system. In this chapter N

uptake and use efficiency and adopting

practices which can improve N use efficiency

are discussed.

Yields of modern cultivars is primarily

source limited (supply of carbohydrates), and

the source capacity should be increased,

either genetically or by adopting appropriate

cultural practices. More information should be

generated about physiological and biochemical

mechanisms involved in the efficient use of

nutrients by crop plants. The use of biotechno-

logy in identifying and creating nutrient-

efficient crop species or genotypes offers excit-

ing potential. However, this needs to be put in

appropriate perspective.
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Nutrient-Use Efficiency in Sorghum

J.S. Mishra and J.V. Patil

Abstract

Sorghum [Sorghum bicolor (L.) Moench] is an important crop of dryland

agriculture. With the threat of climate change looming large on the crop

productivity, sorghum being a drought hardy crop will play an important

role in food, feed and fodder security in semi-arid tropics. With the

development of improved sorghum cultivars, the NPK consumption in

sorghum has increased from merely 4 kg/ha during 1974 to 47.5 kg/ha

during 2003–2004. The nutrient-use efficiency (NUE) of grain sorghum is

quite low (7.06–7.22 kg grain/kg NPK applied). Declining factor produc-

tivity, soil health, input-use efficiency and profitability and increasing

costs of inputs and their timely availability are the major concerns of

resource-poor farmers. Soils of the sorghum-growing regions are deficient

in organic carbon, N and Zn, besides shallow in depth, low in water

holding capacity, alkaline in reaction and prone to degradation. A system

approach that includes sorghum cultivars with high NUE, coupled with

best management practices, viz. soil health management, conservation

tillage, integrated nutrient management including micronutrients, foliar

application of nutrients, inclusion of legumes in sorghum-based cropping

systems and efficient weed management, will be required for enhancing

the NUE in sorghum.

Keywords

Sorghum •Nutrient-use efficiency • NUE • Nutrient deficiency symptoms •
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1 Introduction

Sorghum, the fifth most important cereal crop on

the globe and native to sub-Saharan Africa, is

traditionally grown for grain both as food (Africa
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and India) and as animal feed (developed

countries like USA, China, Australia, etc.) and

stalks as animal fodder, building material and

fuel. Sorghum is called various names in differ-

ent places in the world. In Western Africa, it is

called ‘great millet’, ‘kafir corn’ or ‘guinea corn’,

which represents a connection with corn or mil-

let. It is called ‘jowar’ in India, ‘kaolian’ in China

and ‘milo’ in Spain. It is the dietary staple of

more than 500 million people in 30 countries

(Kumar et al. 2011). Sorghum grain is mostly

used for food purpose (55 %) followed by feed

grain (33 %). Of late, sweet sorghum is emerging

as a potential feedstock for biofuels. Because of

its drought adaptation capability, sorghum is a

preferred crop in tropical, warmer and semi-arid

regions of the world with high temperature and

water stress (Paterson et al. 2009). With the

threat of climate change looming large on the

crop productivity, sorghum being a drought

hardy crop will play an important role in food,

feed and fodder security in dryland economy.

Sorghum grain has high nutritive value, with

70–80 % carbohydrate, 11–13 % protein, 2–5 %

fat, 1–3 % fiber and 1–2 % ash. Protein in sor-

ghum is gluten free, and thus, it is a specialty

food for people who suffer from celiac disease,

as well as diabetic patients (Prasad and

Staggenborg 2009). Sorghum fibers are used in

wallboard, fences, biodegradable packaging

materials and solvents. Dried stalks are used for

cooking fuel, and dye can be extracted from the

plant to colour leather (Maunder 2000).

2 Nutrient Use in Sorghum
in India

Adequate supply and balance of mineral

elements are required for proper growth and

development of sorghum plant. Sorghum is gen-

erally grown under less favourable conditions,

and meagre amounts of fertilizers are applied.

Prior to 1950s relatively very little or no fertilizer

was used on sorghum. In a survey during

1968–1971, sorghum accounted for 3.5 % of the

total fertilizer used with overall nutrient con-

sumption of 4 kg/ha N + P2O5 + K2O (NCAER

and FAI 1974). However, with the development

of improved sorghum cultivars and other

improved production practices, the average nutri-

ent consumption reached to 5.5–22.7 kg/ha dur-

ing 1978–1980 (Tandon and Kanwar 1984) and

47.5 kg/ha (29.2, 14.2 and 4.1 kg N + P2O5 +

K2O) in 2003–2004 as against 60.2 kg/in maize,

119.1 kg/ha in paddy and 136.7 kg/ha in wheat

(FAO 2005). Development of better adapted,

high-yielding sorghum cultivars has increased

the yield potential and the amounts of plant

nutrients required by the crop. Consequently,

the fertilizer application in sorghum has

increased substantially. However, increasing fer-

tilizer prices and decreasing purchasing power of

the resource-poor sorghum farmers are the major

reasons for less fertilizer use in sorghum.

Improving plant efficiency for fertilizer use is

important to reduce costs of crop production

(Bernal et al. 2002). Policy interventions to

reduce fertilizer cost and improve grain market-

ing efficiency will further enable smallholders to

increase fertilizer use for substantial increases in

sorghum production.

3 Nutrients Removal
by Sorghum

Many factors are involved in determining the

mineral requirement of sorghum (Maiti 1996).

1. Amount of available and residual mineral

elements in soil.

2. Physicochemical properties of soil.

3. Availibility of soil moisture.

4. Yield and end product desired.

Cultivars producing large amounts of biomass

remove greater quantities of soil nutrients. Sor-

ghum crop producing 5.5 t/ha grain removes a

total of 335kgnutrients (149kgN + 61kgP2O5 +

125 kg K2O)/ha from soil. High-yielding

varieties of sorghum removed 22 kg N,

9 kg P2O5 and 30 kg K2O to produce 1.0 t of

grain (Tandon and Kanwar 1984). Sorghum crop

yielding approximately 8 t of grain/ha removes

about 250 kg N, 40 kg P2O5, 160 kg K2O,

45 kg Mg and 40 kg S/ha from soil (Maiti

1996). Nutrients removed by sorghum hybrid
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‘CSH 5’ in Alfisols under rainfed conditions is

given in Table 1 (Vijayalakshmi 1979). Further

studies revealed that sorghum grown in India

removes on an average 22 kg N, 13.3 kg P2O5

and 34 kg K2O to produce one tone of grains

(Kaore 2006).

Large quantities of N and P and some potas-

sium are translocated from the other plant parts

to the grain as it develops. Unless adequate

nutrients are available during grain filling, this

translocation may cause deficiencies in leaves

and premature leaf loss that reduce leaf area

duration and may decrease yields (Roy and

Wright 1974). Nitrogen and P accumulation by

whole plants increased almost linearly until

maturity, but K accumulation was more rapid

early in the season. Nitrogen, P and K accumula-

tion rates were higher during the 35th to 42nd

day and 70th to 91st day which coincided with

the peak vegetative growth period and the grain-

filling stage, respectively. In unfertilized plants

relatively higher translocation of N and P from

the vegetative parts to the developing grain

occurred. Little K was translocated. A much

smaller percentage of total K was found in the

head and more K accumulated in the stem than N

and P.

A grain crop of 8.5 t/ha contains (in the total

aboveground plant) 207 kg of N, 39 kg of P and

241 kg of K (Vanderlip 1972). Pal et al. (1982)

reported that in early stage of crop growth, N and

P accumulated slowly compared with the rapid

accumulation of K. In later stages, uptake of K

decreased relative to that of N and P.

4 Nutrient Deficiency Symptoms
in Sorghum

There is a widespread deficiency of nitrogen,

phosphorus, iron and zinc under both rainfed

and irrigated conditions. Nitrogen, phosphorus,

potassium and magnesium are phloem-mobile

elements. When a deficiency of these elements

occurs, plants tend to withdraw these elements

from older leaves and redistribute them to young,

actively growing parts of the plant through

phloem (Robson and Snowball 1986). Hence,

the first and most obvious symptoms of defi-

ciency of these elements occur on lower, older

leaves. Elements such as calcium, iron, manga-

nese and boron are phloem-immobile elements

and, hence, are not redistributed to any great

extent under deficiency conditions (Robson and

Snowball 1986). The first and most obvious

symptoms of deficiency of these elements occur

on young, actively growing parts of the plant,

including root tips. The nutrient elements such

as sulphur, zinc, copper and molybdenum often

have variable mobility in the phloem (Robson

and Snowball 1986). Hence, for these elements,

symptoms may appear on young or old growth

depending on the species, nitrogen supply, etc.

However, Grundon et al. (1987) reported that in

grain sorghum, only sulphur and zinc exhibited

variation in the location of visible symptoms of

deficiency and then only when the deficiency was

very severe and persisted for some period. The

key deficiency symptoms of nutrient elements in

sorghum are listed in Table 2.

5 Nutrient-Use Efficiency (NUE)

Nutrient-use efficiency may be defined as ‘the

mass of nutrient required to produce a given

quantity of biomass’. It is estimated that the

overall efficiency of applied fertilizer is about

or lower than 50 % for N, less than 10 % for P

and about 40 % for K (Baligar et al. 2001). The

worldwide nitrogen-use efficiency for cereal pro-

duction including sorghum was approximately

33 %, and the unaccounted 67 % represents a

Table 1 Nutrients removal by rainfed hybrid sorghum

Nutrients Grain yield (t/ha)

Total uptake by

grain and stover

N 4.4 78 kg

P2O5 4.4 35 kg

K2O 4.4 117 kg

Caa 2.6 28 kg

Mga 2.6 17 kg

Fe 4.4 705 g

Mn 4.4 447 g

Zn 4.4 132 g

Cu 4.4 37

aVertisols (CSH 1) (Lakhdive and Gore 1978)
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$15.9 billion annual loss of N fertilizer (Raun

and Johnson 1999). The loss of N results from

soil denitrification, surface runoff, leaching and

volatilization. Continued low NUE in crops

could have a drastic impact on land use and

food supplies worldwide (Frink et al. 1999). Effi-

cient plants absorb and utilize the nutrients and

increase the efficiency of applied fertilizers,

Table 2 Visible symptoms of nutrient deficiency in sorghum

Nutrients Deficiency symptoms

Nitrogen Deficient plants appear pale green to pale yellow in colour, stunted growth and thin and spindly

stem and often show delayed flowering and maturity

Nitrogen is mobile in plants and under conditions of low soil supply; it is easily mobilized from

older to younger leaves. Hence, the deficiency symptoms appear first on older leaves and then

advance up the stem to younger leaves

The leaf blades progressively become pale green with pale yellow chlorosis and pale brown

necrosis

Phosphorus Phosphorus deficiency symptoms appear first on the older leaves with purple suffused pigmentation

and progress upwards

Affected plants appear stunted with thin stems and dark green leaves

Under severe deficiency, plant growth is greatly reduced and dark green older leaves turn purple or

purple-red in colour

Potassium Potassium deficiency symptoms appear first on older leaves with marginal yellow chlorosis and

brown necrosis

Deficient plants lose stalk strength and are prone to lodging

The internodes are shortened and thin and the older leaves develop a marginal necrosis

Magnesium Older leaves are pale green to yellow in colour with many brown lesions. The symptoms advance

upwards to younger leaves

In case of severe deficiency, the whole plants appear pale green or pale yellow in colour

Calcium Young leaves with torn or serrated leaf margins and leaf tips deformed, missing or joined together

Under severe deficiency, the upper internodes may be very short and the young leaves crowded

together to give the appearance of ‘rosette’

Sulphur Sulphur is not easily mobilized from older to younger leaves; the deficiency symptoms appear first

on younger leaves

Young leaves faint yellow interveinal chlorosis and turn pale green in colour, while older leaves

remain dark green

Iron Sorghum is the best indicator plant for iron deficiency

Prominent pale yellow or white interveinal chlorosis, leaving the veins green and prominent on

young leaves

Zinc Young leaves with broad yellow or white bands between the margins and midvein in lower half

leaf. In case of severe deficiency, the chlorosis extends towards the leaf tip and often turns nearly

white or pale brown

Shortening of internodes resulting in stunted plants

Delayed flowering and maturity

Boron Young leaves with transparent white interveinal lesions

Shortening of internodes and stunted plant growth

Short, erect and dark green leaves

In case of severe deficiency, apical meristem often dies and tillers develop

Manganese Plants are pale green to yellow in colour with thin spindly stem

Young leaves with yellow interveinal chlorosis and red-brown interveinal lesions

Copper The young leaves and the leaves which are still within the whorl turn pale green in colour

The whorl of the expanding leaves may remain tightly rolled and become bent to one side

Young leaves with brown twisted leaf tips

Stunted plant growth with thin stems and pale green foliage
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reduce cost of inputs and prevent nutrient losses

to ecosystems and reduce environmental pollu-

tion. The overall NUE of a cropping system can

be increased by achieving greater uptake effi-

ciency from applied N inputs, by reducing the

amount of N lost from soil inorganic and organic

pools or both.

6 Nutrient-Use Efficiency Indices

Nutrient-use efficiency can be expressed in many

ways. Prasad (2009) described 4 agronomic

indices in relation to nutrient-use efficiency.

These are as follows: agronomic efficiency

(AE), recovery efficiency (RE), physiological

efficiency (PE) and partial factor productivity

of fertilizers (PFPf). Details of different indices

are given in Chap. 1.

7 Factors Affecting NUE
in Sorghum

Production practices that lead to affect crop

yields will have impact on nutrient-use effi-

ciency. Nutrient requirements and NUE in sor-

ghum vary with soil, climate, cultivar and

management practices.

7.1 Soil Factors

Sorghum is grown on diverse range of soils. This

range is so wide that some soils are unusually

low in certain nutrients or have excessive

quantities of certain nutrients. Nutritional stress

problems in soils are often related to the type of

parent material and the soil-forming processes

characteristic of that soil (Dudal 1976; Clark

1982a, b). Acid soils (oxisols, ultisols and some

entisols, alfisols and inceptisols) are usually low

in exchangeable bases. Acidity increases the sol-

ubility of iron, aluminium and manganese, and

hence, these elements may reach to the toxic

levels. However, acid soils are deficient in phos-

phorus, calcium, magnesium, molybdenum and

zinc (Clark 1982a). Alkaline soils (mollisols,

vertisols and some inceptisols) often contain

fairly high concentration of salt in the soil profile.

These soils are rich in calcium, magnesium and

potassium but deficient in sulphur. The defi-

ciency symptoms of iron, zinc and manganese

are the most common in sorghum grown on alka-

line soils (Tandon and Kanwar 1984). The

nutrient-use efficiency in these soils is greatly

influenced by the time and method of fertilizer

application. High bulk density, poor soil struc-

ture and crust formation, low water holding

capacity, water logging and poor soil aeration

can also reduce NUE.

Soil management practices like crop rotations

and intercropping systems that affect the soil

carbon balance will also affect the N balance

because the C/N ratio of soil organic matter is

relatively constant. In such cropping systems, the

overall NUE of the cropping system must include

changes in the size of the soil organic and inor-

ganic N pools. When soil-N content is increas-

ing, the amount of sequestered N contributes to a

higher NUE of the cropping system, and the

amount of sequestered N derived from applied

N contributes to a higher NUE. Any decrease in

soil-N stocks will reduce the NUE.

7.2 Tillage

After harvest, lots of sorghum stubbles are left

in/on the soil. Decomposition of these stubbles

prior to planting the next crop is usually

desirable. These residues/stalks should be

incorporated as soon after harvest as possible.

Proper decomposition of residues before planting

next crop reduces the problems with tillage and

other planting operations. The early decomposi-

tion also makes plant nutrients found in residues

available for the subsequent crop. Undecom-

posed stubbles may lead to N immobilization

due to high C:N ratio, and N deficiency may

occur early in the growth of subsequent crop. A

C:N ratio greater than 20 indicates that soil

microorganisms feeding on the stubble will

require some N from the soil in addition to the
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N in stubble for decomposition to occur. The C:N

ratio in grain sorghum ranges from 40:1 to 80:1.

Nitrogen may be applied to the stubbles to speed

up the decomposition and prevent the temporary

N deficiency. The amount of N applied usually

ranges between 4.5 and 6.8 kg per 450 kg of

stubbles produced (Bennett et al. 1990).

Leaving crop residues on the soil surface is

the most cost-effective method of reducing soil

erosion. Covering 20 % of the surface with crop

residues can reduce soil erosion caused by rain-

fall and runoff water by 50 % compared to

residue-free condition (Shelton et al. 1995).

Stubbles also control wind erosion and assists in

soil moisture conservation. However, N manage-

ment becomes even more important in high resi-

due (no-till) farming.

7.3 Climate and Weather Factors

Nutrient availability in soil and the ability of

plants to absorb and utilize the nutrients and

subsequent yields are greatly influenced by tem-

perature, solar radiation, and rainfall during crop

growth (Arkin and Taylor 1981; Baligar and

Fageria 1997). The rate of nutrient release from

organic and inorganic sources and the uptake by

roots and subsequent translocation and utilization

in plants is influenced by soil temperature (Cooper

1973). Solar radiation directly affects photosyn-

thesis which in turn influences a plants’ demand

for nutrients (Baligar et al. 2001). Higher rainfall

and humid weather during the growing season

favours weed growth and more attack of insect

pests and diseases in sorghum, which reduces crop

yields and nutrient-use efficiency.

7.4 Cultivars

In semi-arid tropics where sorghum is an impor-

tant crop, inorganic fertilizer use is limited due to

high cost and non-availability and limited soil

moisture availability. To reduce the impact of

nutrient deficiency on sorghum production, the

selection of genotypes that are superior in the

utilization of available nutrients either due to

enhanced uptake capacity or because of more

efficient use of the absorbed nutrients in grain

production can be a desirable option. Sorghum

cultivars differ in growth, rooting pattern, matu-

rity duration, etc., and hence the nutrient uptake

pattern and the efficiency are also likely to differ.

Exploiting these differences in nutrient demand

and efficiency is a possible alternative for reduc-

ing the cost and reliance upon fertilizer. Gardner

et al. (1994) demonstrated the genetic diversity

for N-use efficiency in grain sorghum and

concluded that the differences among sorghum

cultivars for higher NUE mechanisms were

associated with individual morphological,

anatomical and biophysical traits, viz. larger

canopies comprised of fewer but larger leaves

with low N concentration, thicker leaves, larger

leaf phloem transactional area, rapid solubiliza-

tion and remobilization of N from older to youn-

ger leaves and lower dark respiration rates. At

low N levels (50 kg N/ha), the improved geno-

type had the highest nitrogen-use efficiency and

the commercial hybrid had the lowest. However,

at high levels of N (200 kg N/ha), the commercial

hybrid showed the highest NUE (Bernal

et al. 2002). Landrace cultivars that have adapted

to low N environments may possess different

stress-coping mechanisms than do domesticated

cultivars developed in contemporary breeding

programme (Pearson 1985). Indian improved

line M35-1 was found superior in NUE among

all environments, and the traits related to high

NUE included larger canopies comprised of

fewer but larger leaves with low N concentration,

thicker leaves, larger leaf phloem transactional

area, rapid solubilization and remobilization of N

from older to younger leaves and lower dark

respiration rates (Gardner et al. 1994). The

nutrient-use efficiency of rainy season grain sor-

ghum was influenced by nutrient levels. Hybrid

sorghum ‘CSH 16’ had maximum NUE (7.06 kg

grain/kg NPK applied) with 150 % RDF

(150:60:60 kg NPK/ha) (Fig. 1), but sorghum

variety ‘SPV 462’ recorded maximum NUE

(7.22 kg grain/kg NPK applied) at 100 % RDF

(80:40:40 kg/ha) (AICSIP 2010–11).
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7.5 Fertilizer Management

The nutrient-use efficiency is affected by fertil-

izer dose, sources of nutrients, method and time

of application, interaction of different nutrients,

soil moisture, mycorrhiza and others. The avail-

ability and recovery efficiency are greatly

influenced by addition of organic matter, liming,

inclusion of legumes in sorghum-based cropping

systems and others.

7.5.1 Nitrogen
The availability of nitrogen is a primary factor

limiting the growth of sorghum plant. Nitrogen is

one of the most abundant mineral nutrients

required for sorghum growth. The level of nitro-

gen fertility has more influence on the growth

and yield of grain sorghum than any other single

plant nutrient. The amount of fertilizer N

required will vary depending on the yield poten-

tial of the cultivar and the amount of residual N

available in the soil prior to planting. Preplant

soil analysis can be very useful in estimating the

nitrogen need of the crop. Most of the sorghum-

growing soils contain low amount of nitrogen

and hence require supplemental nitrogen applied

in the form of fertilizer for optimal productivity.

The previous studies have shown that most crop

plants utilize less than half of nitrogen added to

the soil. According to Maiti (1996), only about

50 % of the N applied to soil is taken up and used

by plants. The reminder is left for microbial use,

leaching, denitrification or incorporated into the

organic fractions through immobilization and

many other reactions and processes occurring in

the soil. It has been estimated that 1.95–3.2 t soil/

ha is lost annually due to wind and water erosion

in sorghum belt (ICRISAT 1986). This eroded

soil carries away precious nutrients and reduces

topsoil depth. Alfisols, vertisols and red lateritic

soils where sorghum is prominently grown are

prone to soil erosion (Sharda and Singh 2003).

Therefore, appropriate nutrient management

strategies need to be adopted for improving soil

health, N-use efficiency and productivity.

Vitousek (1982) reported that the nitrogen-use

efficiency decreased with increasing nitrogen

availability. In sweet sorghum N-use efficiency

defined as theoretical ethanol yield per unit of N

taken up decreased with increasing total N

uptake (Wiedenfeld 1984). Sawargaonkar

et al. (2013) observed that in sweet sorghum

NUE increased with N application rate up to

90 kg N/ha and then NUE decreased as N appli-

cation rate increased.

7.5.1.1 Nitrogen Concentration in Plant

Tissues

Nitrogen accumulation in sorghum plants usually

continued until maturity of the crop (Srivastava

and Singh 1971). The young plants accumulate

relatively high concentration of N, and the N

content decreases in the various plant parts with

age. Most of the plant N is absorbed during the

vegetative and by early grain filling stages. Singh

and Bains (1973) observed a continuous decline
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in N content in whole plant tissues until 75 days

after planting followed by increased N content up

to maturity. This late season increase in N con-

tent in whole plant after boot leaf stage was the

result of the build-up of N in grains. The N

content in plant tissues is influenced by the dose

and time of fertilizer application, plant popula-

tion, variety, irrigation and other management

practice. There was a strong association between

N content in whole plant at 30 and 60 days after

sowing and grain yield (Hariprakash 1979).

Jones (1983) reported that the N concentration

in sorghum grain ranged from 1.02 to 3.20 %

(mean 1.67 %) and in stover 0.36–1.26 %

(mean 0.80 %).

7.5.1.2 Nitrogen Uptake

The N-uptake curve is generally similar to sig-

moidal growth curve in sorghum (Fig. 2). Nitro-

gen accumulation rate by the whole plant was

usually slower in the early growth stage, became

faster in the log phase of crop growth and again

slowed down at maturity (Table 3) (Srivastava

and Singh 1971). Upon reaching the maximum

accumulation in the vegetative plant parts,

coinciding mostly with heading stage, nitrogen

from vegetative parts starts getting translocated

Fig. 2 NPK uptake pattern in grain sorghum (Source: R. L. Vanderlip, How a Sorghum Plant Develops, Kansas State
University, January 1993. (http://www.nasecoseeds.com/products/sorghum/47.html))
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into the panicles (Singh and Bains 1973a, b).

More N is translocated from leaves than from

stem. Earheads contain the major portion of the

N accumulated by the whole plant. Only

12–47 % of applied N is utilized by sorghum

(Pal et al. 1982). The recovery of N influenced

by the rates and method of N application, soil

types, variety, soil moisture and management

practices. The results from a study with 15N
labeled urea at ICRISAT, 1982 and 1983,

revealed that sorghum recovered 62.5 % of

added N in the alfisol and 55.0 % in the vertisol.

About 27.1 % of applied N was distributed in the

alfisol profile and 38.6 % in the vertisol profile

accounting to 89.6 % and 93.6 % N by the soil +

crop system. In alfisols crop recovery of N

varied from 46.3 to 51.1 % as N levels increased

from 40 to 160 kg N/ha. At the highest N level

tested, soil + crop system could account for

78.9 % of added N, as compared to 93.2 % at

40 kg N/ha. Although considerable fertilizer N

was present in the soil profile after the harvest of

rainy season sorghum, this residual N was of

limited value either for safflower grown in the

post-rainy season or for sorghum grown in the

following rainy season (Moraghan et al. 1984).

The N response (kg grain/kg nitrogen applied) of

rainfed sorghum to optimum or near optimum

levels of N during rainy season varied from

21.7 kg in alfisols, 18.32 kg in vertisols 11.9 kg

in molisols and 20.15 kg in entisols (Tandon and

Kanwar 1984). A significant positive interaction

between nitrogen and moisture has been well

established in sorghum, and this interaction is

stronger in an alfisol than in a vertisol (Kanwar

1978). Nitrogen uptake was also improved by P

and Fe fertilization in calcareous soils (Patil

1979).

7.5.1.3 Nitrogen � Moisture Interaction

Moisture availability, moisture use and nutrient

supply to the plants are closely interacting factors

influencing plant growth and yield production

(Viets 1972). There is a significant and positive

correlation between fertilizer N and soil moisture

for sorghum grain yield. The response was more

in alfisols than that of vertisols (Kanwar 1978).

Water application in the alfisols probably

compensates for it comparatively shallow depth

and low moisture storage, as compared with the

vertisol. With 58 or 120 kg N/ha, grain yield in

nonirrigated vertisol was similar to those in the

alfisol irrigated at 50 % moisture depletion

(Tandon and Kanwar 1984).

7.5.1.4 Nitrogen � Genotype Interaction

Sorghum genotypes greatly influence the nutrient

accumulation in plants due to variation in rate of

absorption, translocation and accumulation of

nutrients in plant tissues. Genotypic difference

in N uptake partitioning and NUE (unit dry mat-

ter per unit N in dry matter) has been reported for

grain sorghum (Maraanville et al. 2002). The

varietal differences for N and P uptake might be

due to additive gene action for N and nonadditive

for P (Krishna et al. 1985). In general hybrids

deplete greater amount of nutrients than that of

varieties. Sorghum genotypes vary significantly

for various root characteristics which may affect

the nutrient uptake (Seetharama et al. 1990). Sor-

ghum genotypes, viz. CSH 1, CSH 5 and CSV

3, were highly responsive to phosphorus (7.8 kg

grain/kg P) compared to CSV 5 (3.5 kg grain/

kg P) (Krishna 2010). Long-term studies

conducted in vertisols indicated that sorghum

absorbs mere 5 % of the total N during first

5 weeks followed by rapid N uptake. The crop

accumulated 88 kg N/ha in 40–70 days, at the

rate of about 3 kg N/ha/day (ICRISAT 1986).

7.5.1.5 N � P Interaction

Long-term studies have indicated positive inter-

action between N and P in sorghum. The

response to N may subside, if sufficient levels

of P are not maintained on vertisols and alfisols.

The positive N � P interactions have resulted in

Table 3 N accumulation rates by sorghum (CSH-1)

Growth stages

(days after sowing)

N accumulation rates

(mg N/plant/day)

0–30 4.05–5.14

30–45 17.24–21.75

45–60 18.53–23.75

60–75 20.00–21.10

75–90 6.47–6.71

90-full maturity 0.40–2.10
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net advantage of 300–500 kg grains/ha

(ICRISAT 1986). N � P interactions may con-

tribute up to 48–50 % of total response of sor-

ghum to nutrient supply (Tiwari 2006).

7.5.2 Phosphorus
Phosphorus is important in plant bioenergetics.

As a component of ATP (adenosine triphos-

phate), phosphorus is needed for the conversion

of light energy to chemical energy during photo-

synthesis. There is widespread deficiency of

phosphorus in soils of semi-arid tropics. It is

estimated that only about 10 % of the P added

to the soil is absorbed by plants and remaining

90 % become unavailable in the soil by adsorp-

tion or fixation by various soil fractions. Phos-

phorus accumulates extensively in the kernels

(as phytin). A small fraction (16–22 % of total

P uptake) of P is accumulated during early

growth of the crop (42 days after sowing)

owing to slower accumulation rate, whereas the

major portion of the P is accumulated during

later stages of crop growth (Roy and Wright

1974).

Phosphorus uptake is enhanced by P fertiliza-

tion. Excess P can interact with other nutrients

(especially, Fe, Zn and Cu) and depress plant

growth but causing deficiency of other plant

nutrients. The response of phosphorus

(kg grain/kg P2O5 applied) varies with soil

types in order of alfisols (17–32 kg) > entisols

(11–34 kg) > vertisols (7–27 kg). In post-rainy

crop, a response of 11 kg grain/kg P2O5 was

obtained in vertisols. Vertisols may require

higher P application than other soils because of

their high clay content and greater reactive

surfaces/components (Rao and Das 1982). On

calcareous soils, P uptake by hybrid sorghum

was highest when phosphatic fertilizers were

applied on the surface, followed by 5 and 10 cm

deep placement, but the reverse was the case in

non-calcareous soils (Venkatachalam

et al. 1969). Apart from soil types, response to

P is strongly affected by the yield potential of the

cultivars, level of N applied, available soil P and

favourable environment. The residual response

of P applied to sorghum on succeeding wheat

crop is small and not consistent (Tandon and

Kanwar 1984). In general, 40–50 kg P2O5/ha is

recommended for rainfed kharif sorghum and

20–30 kg/ha for rabi sorghum grown in medium

and deep soils. In irrigated rabi sorghum,

40–50 kg P2O5/ha is recommended.

7.5.3 Potassium
Among the essential plant nutrients, potassium

assumes greater significance since it is required

in relatively larger quantities by plants. Besides

increasing the yield, it largely improves the qual-

ity of the crop produce. Potassium regulates the

opening and closing of stomata. Since stomata

are important in water regulation, adequate

potassium content in plants is associated with

higher tolerance to drought and higher resistance

to frost and salinity damage and resistance to

fungal diseases.

Potassium deficiency may not be a serious

problem for sorghum in Indian soils. In general,

black soils with higher clay and CEC showed

high levels of exchangeable K and medium to

high non-exchangeable K content; alluvial soils

with higher contents of K-rich mica with light

texture showed medium in exchangeable K and

high in non-exchangeable K content; and red and

lateritic soils with kaolinite as a dominant clay

mineral and light texture showed low in

exchangeable as well as non-exchangeable K

content (Srinivasarao et al. 2011). However,

recent studies indicated an application of

40–50 kg K2O/ha in rainfed kharif and irrigated

rabi sorghum.

Similar to N and P, K content in plant tissues

also decreases as the crop advances from seed-

ling stage (2.16–2.26 % in the leaves) to maturity

(1.33 % in the leaves), and the earheads contain

less K than the leaves (Gopalkrishnan 1960). At

harvest, the K content in grain declined from

0.41 to 0.39 % and increased in stover from

1.24 to 1.29 % (Venkateswarlu 1973). The potas-

sium accumulated in sorghum plants rapidly dur-

ing the early growth period and slowly at later

stages (Roy and Wright 1974). They further

observed that 50–60 % of the total K uptake

was completed before heading and around

68–78 % of total K was contained in the vegeta-

tive parts and 22–32 % in the heads.
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7.5.4 Micronutrients
Among micronutrients, deficiency of zinc is

more widespread in sorghum-growing areas. Of

the 2,51,660 soil samples analyzed for

micronutrients, 49 % were deficient in Zn and

12 % in Fe content (Singh 2001). Most Zn in

sorghum is taken by the early grain-fill stage.

Next to Zn, iron nutrition to sorghum has impor-

tance in some soils. Sorghum is sensitive to iron

stress and is less efficient in its absorption and

translocation. Since Fe uptake decreases with

increased CaCO3 content of the soil, the problem

of Fe deficiency is more on calcareous soils.

Soils containing more than 1.2 ppm Zn and

3–5 ppm Fe (critical limit for sorghum) did not

respond to Zn/Fe application (Tandon and

Kanwar 1984). Application of 20 ppm Fe as

FeSO4 increased the grain yield by 0.9 t/ha

(Babaria and Patel 1981). Koraddi et al. (1969)

observed complete recovery from lime-induced

chlorosis and obtained higher sorghum yield with

spraying of FeSO4. Singh and Vyas (1970)

reported 5.1 % and 13.9 % increase in grain

yields application of manganese and zinc,

respectively, in Jodhpur. Joshi (1956) reported

significant increase in yield of sorghum due to

CuSO4 application in Maharashtra. Kanwar and

Randhawa (1967) observed 35 % and 40 %

increase in the yield of sorghum due to applica-

tion of boron and boron (B) + manganese (Mn).

Foliar application of MnSO4 @ 10 kg/ha was

found to increase the sorghum grain yield by

24–35 % (Gill and Abichandani 1972).

Experiments conducted under All India Coordi-

nated Sorghum Improvement Project (AICSIP)

revealed that deficiency of Zn and Fe can be

corrected either through soil application of

respective sulphate forms or through foliar appli-

cation (Table 4).

An antagonistic relationship was reported

with Fe and Cu, Zn and Mn, whereas Cu showed

antagonism with Fe and Zn and synergism with

Mn in sorghum shoot (Singh and Yadav 1980)

7.5.5 Biofertilizers
A biofertilizer is a substance which contains liv-

ing microorganisms which, when applied to seed,

plant surfaces or soil, colonizes the rhizosphere

or the interior of the plant and promotes growth

by increasing the supply or availability of pri-

mary nutrients to the host plant (Vessey 2003).

Biofertilizers add nutrients through nitrogen fix-

ation, solubilizing phosphorus and stimulating

plant growth through the synthesis of growth

promoting substances. Biofertilizers can be

expected to reduce the use of chemical fertilizers

and pesticides. Through the use of biofertilizers,

healthy plants can be grown while enhancing the

sustainability and health of soil. Biofertilizers

form an important component in the integrated

nutrient management. A number of biofertilizers,

viz. Azotobacter, Azospirillum, vermicompost,

etc., are now commercially available for cereals.

Field research on using microorganisms on

increasing nutrient-use efficiency was started

during 1970s. Various strains of microorganisms

like Azotobacter, Azospirillum, Phosphobacterin

and Mycorrhiza were found promising. Senthil

Kumar and Arockiasami (1995) reported that

arbuscular mycorrhizas (AM) inoculated sor-

ghum seedlings contained 11.5 mg Zn/g dry

root but non-mycorrhizal seedlings had 7.5 mg

Zn/g dry root. Sorghum genotypes also vary with

regard to AM mycorrhizal colonization in roots

and P uptake (Seetharama et al. 1988). The net

advantage from AM symbiosis to sorghum seems

to be 10–20 kg P/ha (Krishna et al. 1985). Studies

conducted at TNAU, Coimbatore, revealed

that fertilizer-N application could be reduced by

inoculating with Azospirillum (TNAU 2003).

In sorghum-chickpea system, biofertilizer

[Azospirillum and phosphate-solubilizing bacte-

ria (PSB)] gave significantly higher grain and

fodder yields (Gawai and Pawar 2006).

7.5.6 Method and Time of Fertilizer
Application

Nitrogen fertilizers should be applied in a

method that ensures a high level of N availability

to the crop and high N-use efficiency. It should

be placed as close to planting as possible. Fertil-

izer placement below the soil surface should be

more effective than broadcasting or banding on

the soil surface, both in ensuring quick
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availability and in enhancing N-use efficiency. In

no-till grain sorghum, Lamonds et al. (1991)

reported higher yields with knifed UAN (urea-

ammonium nitrate) than broadcast. Placement of

urea or diammonium phosphate with or near the

seed is not recommended due to the risk of seed-

ling injury due to ammonia toxicity. Nitrogen

utilization by sorghum plant is quite rapid after

the plant reaches to five-leaf stage, with 65–70 %

of the total N accumulated by the bloom stage of

growth (Cothren et al. 2000). Apparent N recov-

ery was also markedly improves when N is

applied in 2 or 3 splits in a high rainfall year

(Venkateswarlu et al. 1978). Sorghum yields are

adversely affected if the dose of N at planting is

either reduced to less than 50 % of the total dose

or the top dressing is delayed beyond the flower

primordia initiation stage (Tandon and Kanwar

1984). Application of half amount of N at plant-

ing and half at 30 days after sowing produced

significantly higher yields of hybrid sorghum

(Lingegowda et al. 1971; Sharma and Singh

1974; Turkhede and Prasad 1978). However, in

light soils and in high rainfall areas, three splits

of N fertilizer, 50 % at sowing, 25 % at floral

primordial initiation and 25 % at flowering, has

been found beneficial (Choudhary 1978). In

heavy black soils of Maharashtra, Bodade

(1964, 1966) concluded that the application of

50 % N through foliar application was as effec-

tive as the full dose of N through soil application.

Choudhary (1978) recommended 2 equal splits

of N for foliage application: first at floral primor-

dial initiation and second at mid-bloom stage of

crop. Narayana Reddy et al. (1972) reported 6 %

concentration of urea solution as the best for

foliar spray. It is generally recommended that

all phosphatic and potassium fertilizers should

be applied as basal and deep placed.

7.5.7 Integrated Nutrients Management
(INM)

Continuous application of only mineral fertilizer

ultimately results in yield declines. However,

with a combination of mineral and organic

sources of nutrients yield levels can be

maintained (Bationo and Buerkert 2001). It is

widely accepted that addition of organic is essen-

tial to maintain soil health. Importance of the use

of organic sources of nutrients along with chem-

ical fertilizers for maintaining soil health has

been emphasized by Katyal (2000). The use of

Table 4 Effect of iron and zinc on grain and dry fodder yield of sorghum (AICSIP 2011)

Treatment

Grain yield (kg/ha)

Coimbatore Parbhani Akola Dharwad Surat Mean

RDF + ZnSO4 25 Kg (soil application) 1,833 2,737 3,178 2,462 3,045 2,651

RDF + FeSO4 25 Kg (soil application) 1,502 2,312 3,114 2,862 3,491 2,656

RDF + 0.2 % ZnSO4 foliar spray at 15 and 30 DAS 1,730 2,328 2,609 2,289 2,955 2,382

RDF + 0.5 % FeSO4 foliar spray at 15 and 30 DAS 1,553 2,197 2,525 2,466 3,024 2,353

RDF + ZnSO4 15 kg (soil application) + 0.20 % as foliar

spray at 15 and 30 DAS

1,936 2,662 3,136 2,882 2,826 2,689

RDF + FeSO4 15 kg (soil application) + 0.50 % as foliar

spray at 15 and 30 DAS

1,562 2,009 3,093 2,598 2,971 2,447

RDF + soil application of 15 kg ZnSO4 + 15 kg FeSO4 1,636 2,793 4,798 2,953 3,676 3,171

RDF + foliar application of 0.20 % ZnSO4 + 0.50 % FeSO4 1,698 2,036 2,925 3,184 3,367 2,642

RDF (80:40:40 kg NPK/ha) alone 1,438 1,847 2,883 2,939 2,868 2,395

Mean 1,567 2,252 3,072 2,509 3,028 2,486

C.D. (P ¼ 0.05) 160 437 643 355 228 482

CV% 5.94 11.3 12.2 8.24 4.38 15.1

RDF: Recommended Dose of Fertilizers

Source: (AICSIP 2010–2011)
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chemical fertilizer or biofertilizer has advantages

and disadvantages in the context of nutrient sup-

ply, crop growth and environmental quality. The

advantages need to be integrated in order to make

optimum use of each of the fertilizers to achieve

balanced nutrient management for crop growth

(Jen-Hshuan 2006). Combined use of inorganic

and organic manures improves physical and

chemical properties of soils. At a dose equivalent

to 40 kg N/ha, crop yield was better secured with

organic N than with urea N. Combining organic

and mineral sources of nutrients do not have only

additive effects but real interaction, which signif-

icantly affect crop yield and water-use efficiency

(Ouedraogo and Mando 2010). Application of

sorghum stubbles, sun hemp and Gliricidia has

recommended dose of fertilizer resulted in maxi-

mum response with only 50 % under rainfed

condition. Application of 75 % recommended

dose of fertilizer (RDF) + farmyard manure

(FYM) + biofertilizer [Azospirillum and

phosphate-solubilizing bacteria (PSB)] gave sig-

nificantly higher plant height, dry mater, yield

attributes and grain and fodder yields of sorghum

and was on a par with application of 100 % RDF

through inorganics alone showing 25 % saving of

nutrients (Gawai and Pawar 2006; Patil

et al. 2008). Incorporation of FYM, wheat straw

and Gliricidia leaves for 25 or 50 % N substitu-

tion in conjunction with balanced dose of NPK

fertilizers increased infiltration rate, water stable

aggregates and organic matter, the values of

which ranged from 0.88 to 0.92 cm h�1, 0.82 to

0.96 mm and 1.10–1.27 %, respectively, whereas

bulk density decreased from 1.32 to

1.22 Mg m�3. The soil reaction and electrical

conductivity remained unaffected while the

organic carbon content increased appreciably

and ranged from 0.68 to 0.74 %. The available N,

P2O5 and K2O status improved after harvest of

both the crops due to integrated nutrient manage-

ment by the application of 50 % recommended

dose of fertilizers and 50 % N equivalent with

FYM to sorghum in kharif and recommended

dose of fertilizers to wheat in rabi than the con-

tinuous application of recommended dose of

fertilizers to both the crops (Bhonde and Bhakare

2008). Crop residue recycling is a vital aspect of

sorghum cultivation as it reduces run-off induced

soil and nutrient loss (Dhruvanarayan and

Rambabu 1983). Among the residues, prunings

from Leucaena and Gliricidia enhance carbon

sequestration better than cereals residue. Integra-

tion of vermicompost at 2 t/ha + 50 % RDF was

found on a par with RDF in sorghum – chickpea/

field pea/lentil system (AICSIP 2007). Similarly,

integration of organic and inorganic sources of N

to supplement N requirement of sorghum signifi-

cantly improved the productivity of succeeding

chickpea crop as compared to applying 100 % N

through inorganic fertilizer (AICSIP 2014). Min-

imum tillage with 80:40:40 kg NPK/ha or con-

ventional tillage with 60:30:30 kg NPK/ha, of

which 75 % through inorganic + PSB +

Azospirillum + dhaincha incorporation/

mulching at 30 DAS were found promising

(Mishra et al. 2012a). In rabi sorghum, studies

were conducted three consecutive years under

All India Coordinated Sorghum Improvement

Project (AICSIP) to see the effect of INM

practices on N-use efficiency. Results revealed

that growing cowpea/green gram/dhaincha in

preceding kharif season (Fig. 3) significantly

improved the productivity of succeeding rabi

sorghum and could save 20–40 kg N/ha as com-

pared to kharif fallow. Growing short duration

legume crops during kharif season significantly

improved the NPK content (Fig. 4) and popula-

tion of soil microflora (Table 5).

7.6 Weed Management

Sorghum is grown on marginal lands with poor

fertility. Weeds compete with the sorghum for

available nutrients and make the crop deprive of

the essential nutrients resulting in poor crop

growth and lower NUE. Uncontrolled weeds in

sorghum removed 29.94–51.05, 5.03–11.58 and

30.38–74.34 kg/ha NPK, respectively, from soil

(Satao and Nalamwar 1993; Mishra et al. 2012b).

Effective management of weeds is therefore
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very essential for increasing the NUE. Kondap

et al. (1985) reported that increasing levels of

nitrogen decreased the population of Cyperus
rotundus and Panicum emeciforme in sorghum.

This study revealed the possibility of saving

30–90 kg N/ha by adopting either chemical or

manual weed control. Okafor and Zitta (1991)

observed that reduction in grain yield due to

weed competition by 51.0, 37.8 and 32.2 % at

zero, 60 and 120 kg N/ha, respectively,

indicating that yield reduction due to weeds

decreased at higher N levels.

Preceding kharif crops (Greengram, Dhaincha)

Green manuring with Dhaincha

Succeeding Rabi sorghum

Fig. 3 Showing the effect

of preceding legume crops

on succeeding rabi
sorghum
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Conclusion

With the increasing cost of chemical

fertilizers and decreasing nutrient-use effi-

ciency, it is very important to find out the

solutions to address this problem either

through developing nutrient efficient

genotypes to effectively utilize supplemental

nitrogen added to the soil or through develop-

ing alternative crop and soil management

practices that will minimize the nutrient loss.

Genotypes and management conditions can

significantly influence nutrient-use efficiency

in sorghum. Post flowering drought-tolerant

genotypes have been reported to have

improved nitrogen-use efficiency over

senescent genotypes. Some plant morphologi-

cal attributes such as leaf thickness and spe-

cific leaf weight have been shown to be

positively related to nitrogen-use efficiency.

While such information are useful for better

targeting the problem in future research, most

of the results so far generated are based on a

small set of entries with relatively narrow

genetic backgrounds. Evaluation of larger set

of genotypes representing an array of genetic

backgrounds having contrasting

characteristics for traits assumed to be related

to nitrogen-use efficiency may help generate

more robust information.
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Improving Nutrient Use Efficiency
in Oilseeds Brassica
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Abstract

The food and edible oil demand is increasing continuously and is expected

to be doubled by 2050, while the production system and natural resources

are continuously deteriorating. In this context enhancing nutrient use

efficiency is the need of the hour for increasing crop productivity and

reducing the nutrient waste, which is very high presently. The efficiency

means the ability of a system to convert inputs into preferred outputs or to

minimize input requirement losses. Enhancement of nutrient use effi-

ciency (NUE) by plants could lessen fertilizer input, reduce the nutrient

losses, and boost up the crop productivity. There is scope to increase the

mustard productivity up to 2,000.0 kg/ha, from present national average of

1,145 kg/ha enhancing input use efficiency in which fertilizers nutrient

sources have great role to play. Nutrient use efficiency enhancement is

prerequisite not only for primary nutrients but also for secondary and

micronutrients for oilseeds Brassica. Mustard, in general, is very sensitive

to micronutrient deficiency, specially zinc and boron. The response of

various ideotype to the applied micronutrients varies considerably. The

precise information of the bio-physiological mechanism for adaptation to

nutrient stress will help in enhancing NUE at plant level. It is important to

exploit the potential of organic manures, composts, crop residues, agri-

cultural wastes, bio-fertilizers, and their synergistic effect in combination

with chemical fertilizers. This is needed for improving balanced nutrient

supply and their use efficiency for increasing productivity, sustainability

of agriculture, and soil health. INM improves the nutrient uptake by

mustard and hence enhances the use efficiency of various nutrients from

the soil.
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1 Introduction

The food demand by 2050 is expected to double

globally the background of continuous deteriora-

tion of natural resources. India needs to double

the food grain production from limited arable

land. Annually, India is losing nearly 0.8 million

tonnes of nitrogen, 1.8 million tonnes of phos-

phorus and 26.3 million tonnes of potassium

thereby deteriorating quality and health of soil

which is something to be checked. Problems are

further aggravated by imbalanced application of

nutrients (especially nitrogen, phosphorus and

potash) and excessive mining of micronutrients,

leading to deficiency of macro- and micro-

nutrients in the soils (Vision 2030 2011). Due

to the imbalanced use of plant nutrients, mining

of nutrients is considered as the main cause for

decline in crop yield and crop response ratio.

About 8–10 million tonnes of NPK is mined

annually in India. Soils are also being depleted

of secondary and micronutrients. About 42 % of

the soils are deficient in sulphur, 48.5 % deficient

in zinc and 33 % deficient in boron (Gupta

et al. 2007).

Nutrient use efficiency has been defined in

many ways in diverse contexts (Clark 1990;

Blair 1993). Most definitions refer efficiency as

the ability of a system to convert inputs into

preferred outputs or to minimize input waste.

Genetic and physiological components of plants

have profound effects on their abilities to absorb

and utilize nutrients under various environmental

and ecological conditions. In nutrient efficiency,

supply or amount of a mineral nutrient is consid-

ered as input, while plant growth, physiological

activity or yield as typical outputs. Efficiency is

the relationship of output to input. This is

expressed as a simple ratio, such as kg yield per

kg fertilizer or g of plant dry weight per mg of

nutrient, but as the amount of input and output

varies, the ratio between them is rarely fixed, so

efficiency is most comprehensively described by

the entire relationship of output as a function of

input. Agricultural productivity could only be

enhanced through increasing resource use effi-

ciency and soil fertility. Rapeseed-mustard area,

production and productivity in India during

2011–2012 was 5.92 M ha, 6.78 mt and

1,145 kg/ha. Enhancement of NUE by plants

could lessen fertilizer input costs, reduce nutrient

losses and boost up crop productivity. There is

scope to increase the mustard productivity up to

2,000 kg/ha by enhancing input use efficiency of

the fertilizer nutrients.

2 Nutrient Use Efficiency

It is difficult to explain nutrient use efficiency

due to the fact that there is no sole or generally

accepted definition of nutrient use efficiency.

Different definitions are available in literature

to describe the agronomic and physiological

range of nutrient use efficiency which refers to

external and internal nutrient statuses. However,

the evaluation of NUE is useful to differentiate

plant species, genotypes and cultivars for their

ability to absorb and utilize nutrients for maxi-

mum yields. Baligar et al. (2001) reported that

NUE is based on (a) uptake efficiency (acquire

from soil, influx rate into roots, influx kinetics,

radial transport in roots, based on root parameters

and uptake related to the amounts of the parti-

cular nutrient applied or present in soil),

(b) incorporation efficiency (the transportation

to shoot and leaves based on shoot parameters)

and (c) utilization efficiency (based on remobili-

zation, whole plant, i.e. root and shoot para-

meters). Most definitions of nutrient use efficiency

refer to the external nutrient supply in terms of the

agronomic meaning benchmarking seed yield as
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the essential objective. Nutrient-efficient cultivars

are resulting in high seed yield under conditions of

limited nutrient supply (Graham 1984).

2.1 Mechanisms for Enhancing Plant
Nutrient Use Efficiency

Nutrient-efficient crops/cultivars, uptake effi-

ciency, root morphology, root architecture,

root-shoot ratio, root hairs, root radius, cluster

root formation, association of roots with

arbuscular mycorrhizae, root exudation as

organic acids, utilization efficiency and cytoplas-

mic homeostasis are some of the plant adap-

tations required to face nutritional stress and

increasing nutrient use efficiency. Nutrient-effi-

cient cultivars produce reasonably high yield in

low nutrient soils through either ways and thus

can reduce mineral nutrient fertilizer input

requirement in agricultural production.

2.1.1 Root System and Nutrient Use
Efficiency

Among the morphological plant characteristics

associated with the adaptation to N-depleted

soils, the qualitative and quantitative significance

of the root system in taking up N under

N-limiting conditions has been reported (Kamara

et al. 2003). Root architecture refers to the com-

plexity of root spatial configurations that arise in

response to soil conditions (Vance et al. 2003).

Some plant species/genotypes alter the architec-

ture of their root systems for efficient nutrient use

within them (Richardson et al. 2011). Efficient

genotypes develop an architecture that places

active roots in regions of the soil more likely to

contain available P (Smith 2001). Root morpho-

logy parameters such as length, thickness, sur-

face area density, root hairs and root growth rate

expressed as dry mass and/or root-shoot ratios

are affected by deficiencies and/or essential

minerals and/or excess of essential minerals

(Baligar et al. 1998; Bennett 1993).

2.1.2 Root-Shoot Ratio
The nutrient-efficient cultivars have the ability to

exploit greater soil volume for accessing more

nutrient through larger root system (higher root-

shoot ratio), longer root hairs or by forming asso-

ciation with arbuscular mycorrhiza (AM). The

ability of a crop/genotype to give higher yield

under P-limiting condition may be related to the

plant to take up more P from the soil under

P-limiting condition (uptake efficiency) or the

ability to produce higher dry matter per unit of

P in the plant tissue (utilization efficiency) or a

combination of both (Gahoonia and Nielsen

1996). Plant species as well as genotypes within

the same species may differ in efficiency (Gunes

et al. 2006). Difference in P uptake efficiency

between crop species (Fohse et al. 1988) and

genotypes was noticed, which was accounted to

difference in root-shoot ratio.

2.1.3 Optimum Uptake and Nutrient Use
Efficiency

Optimum uptake of nitrate is the first step to

enhance N use in any plant. It has been esta-

blished from a number of physiological studies

that plants acquire their nitrate from the soil

through the combined activities of a set of high-

and low-affinity transporter systems, with the

influx of NO3
-being driven by the H+ gradient

across the plasma membrane. For increased P

uptake efficiency, plant species/genotypes may

use various adaptation mechanisms to gain

access to previously unavailable soil P reserves

such as through altered root morphology, exu-

dation of chemical compounds into the rhizo-

sphere and association of roots with mycorrhiza

(Vance et al. 2003; Lambers et al. 2006). Higher

P uptake efficiency is usually related to either

larger root system size (usually higher root-

shoot ratio) or to higher uptake rate per unit of

root length (Fohse et al. 1988). The optimal root-

shoot ratio corresponding to the optimal leaf-

nitrogen concentration which maximize relative

growth rate are reported quantitatively as a func-

tion of root- specific activity assumed to be

governed by soil nitrogen availability. The plants

respond optimally to soil nitrogen with higher

root-shoot ratio (David 1989).

Because of low mobility of phosphorus in the

soil, some plant species/genotypes develop larger

root systems that allow a plant to have access to
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greater soil volume so that higher quantity of soil

P can reach the root surface for being taken up

(Jungk 2001). Preferential root growth thus helps

the stressed plants to acquire more nutrients from

the ambient environment. Root surface area

alone may not be adequate to feed plants, espe-

cially with nutrient of low mobility like phospho-

rus. The presence of root hairs is also equally

important for the acquisition of poorly mobile

nutrients such as P. Root hairs substantially

increase the root surface area for ion uptake

(Jungk 2001).

2.1.4 Root Hairs
Root hairs form as much as 77 % of the root

surface area of field crops (Parker et al. 2000).

Some plant species/genotypes are adapted to pro-

duce longer and more number of root hairs under

nutrient-deficient conditions (Eticha and Schenk

2001). Under nutrient-deficient condition, plant

species/genotypes produce fine roots that facili-

tate a contact of larger soil volume per unit of

root surface area, thereby increasing nutrient

uptake rates (Fohse et al. 1988). Thus, plant

species/genotypes with thinner roots may be

more effective in absorbing soil nutrient.

2.1.5 AM Association and Nutrient Use
Efficiency

Association of roots with AM of Brassica species

results in better nutrient use efficiency. The vast

majority (82 %) of higher plant species have the

capacity to form a symbiotic association with

mycorrhizal fungi. The symbiotic association of

plant roots with AM enhances the uptake of

nutrients with low mobility like P especially

when the species has a root system that is rela-

tively coarse with few root hairs. A significant

contribution of AM fungi to plant P uptake has

been reported especially for soils with low P

content and with high P fixing capacity

(Marschner and Dell 1994). Increased P and

other nutrient absorption by mycorrhizal hyphae

is related to both increased physical exploration

of the soil and modification of the root environ-

ment (Smith and Read 1997; Tinker and Nye

2000).

2.1.6 Well-Designed Biochemical
Mechanisms and Physiological
Adaptations

Many plants have developed elegant biochemical

mechanisms to solubilize P from insoluble P

complexes thereby increasing the pool of P avail-

able for uptake (Raghothama and Karthikeyan

2005). Besides increased acquisition of soil

nutrients, efficient utilization of acquired nutrient

is also considered an important adaptation for

plant growth on poor soils. Nutrient utilization

efficiency refers to the ability of a plant species/

genotype to produce higher dry matter per unit of

nutrient absorbed (Blair 1993; Richardson

et al. 2011). A portion of the nitrate taken up is

utilized/stored in the root cells, while the rest is

transported to other parts of the plant. Due to

the abundant availability of photosynthetic

reductants, leaf mesophyll cells are the main

sites of nitrate reduction. Cytoplasmic P homeo-

stasis is the physiological adaptations for P stress

to maintain cytoplasmic Pi either through effec-

tive buffering with vacuolar Pi (Plaxton and

Carswell 1999; Raghothama 1999) or possibly

through selective allocation of Pi between cyto-

plasm and vacuole to constantly keep sufficient

Pi in metabolically active compartment (cyto-

plasm) despite P stress (Lauer et al. 1989). The

efficiency of this process is, however, dependent

on the relative permeability of the tonoplast to Pi

and may vary between different plant species.

Thus, the decline in cytoplasmic Pi, due to the

absence of effective Pi homeostasis directly

affects sugar-phosphate export from the chloro-

plast (Flügge et al. 1980).

3 Enhancement of NUE
in Oilseed Brassica

Nutrient use efficiency in oilseed Brassica is

greatly influenced by the rate, source and method

of fertilizer application. The rate of a particular

nutrient to be applied depends upon the initial

soil status, climate, topography, cropping system

in practice and crop. In plants, N management

can be divided into two main phases: the first
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phase, vegetative, during which sink organs

(roots, young leaves) evolve for the assimilation

of inorganic N via nitrate assimilatory pathway

(Hirel and Lea 2001). In oilseed rape, the

requirement for N per kg produce is higher than

in cereal crops (Hocking and Strapper 2001).

Oilseed rape has a high capacity to take up nitrate

from the soil (Lainé et al. 1993), which is

accumulated and stored in the vegetative parts

at the beginning of flowering. However, in oil-

seed rape, yield is half of wheat, due to the

production of oil. Since N content in the seed of

rape is not much high (3 % in oilseed rape and

2 % in wheat on average), a significant portion of

the N stored in the vegetative organs is not used.

Moreover, a large quantity of N is also lost in

early falling of leaves (Malagoli et al. 2005).

3.1 Plant Breeding for
Enhancing NUE

There exists considerable genotypic difference in

rapeseed-mustard cultivars for nutrient response.

The advancement in plant breeding and molecu-

lar genetics research improved developments of

genotypes with improved characteristics under

conditions of high N supply. Genotypic variation

in N efficiency is attributed to high N uptake

and/or high N utilization. The development of

small cultivars (dwarf, semidwarf) is of interest.

Actually partitioning of N and carbohydrates into

seeds can be improved. But, despite of reductions

in stem formation resulting in increased HI, yield

formation and N uptake are reduced compared

with commercial cultivars. Growing of

N-efficient cultivars might contribute to inte-

grated nutrient management strategies in both

low-input (improving crop productivity) and

high-input (reduction of environmental pollu-

tion) agriculture (Wiesler et al. 2001). Habekotte

(1997) and Horst et al. (2002) suggested that

ideotype characters be combined with the aim

of simultaneously increasing sink and source

capacity for seed filling, providing best prospects

for boosting yield increase. An N-efficient

ideotype is characterized by reduced vegetative

growth until the beginning of flowering; high N

uptake and less dry mass reduction during the

reproductive growth mainly attributed to the

interaction between shoot and root during yield

formation.

3.2 Improved Agro-Techniques for
Enhancement of Nutrient Use
Efficiency

Nutrient use efficiency in oilseed Brassica is

greatly influenced by the rate, source and

method of fertilizer application. Improved agro-

techniques also enhance nutrient use efficiency

of oilseed Brassica (Table 1).

Conservation tillage is also more productive

and enhances nitrogen use efficiency (AICRP-

RM 2007). Increase in the nitrogen level up to

60 kg N/ha consistently and significantly

increased the number of primary branches, num-

ber of seeds per siliqua and 1,000 seed weight

(Sharma et al. 2007), while, increasing the nitro-

gen level up to 90 kg/ha increase the number of

secondary branches per plant, seed and straw

yields (Sah et al. 2006). Split application of

total nitrogen in three equal doses, one each as

basal, second at first irrigation and remaining

one-third at second irrigation, also leads to max-

imum increase in yield attributes and yield of

Brassica juncea compared to application of total

nitrogen in two split doses (Reager et al. 2006).

Top-dressing of N fertilizers should be done

immediately after first irrigation. Delaying of

first irrigation results in yield reduction of

mustard crop. The application of nitrogen with

pre-sowing irrigation is superior (Sidhu and

Sandhu 1995).

The dry matter/plant significantly enhanced

with the application of phosphorus up to 60 kg/

ha. P application up to 40 kg/ha increased the

plant height, branches per plant and leaf chloro-

phyll content. The uptake of NPK and sulphur by

both seed and stover increased significantly with

successive increase in nitrogen levels up to

120 kg N/ha, sulphur levels up to 60 kg S/ha

and P2O5 level up to 60 kg P2O5/ha. Seed yield

and yield attributes increased, while oil content

decreased with increasing level of nitrogen up to
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120 kg/ha. Different levels of phosphorus

increased seed yield, maximum being at 80 kg

P/ha due to higher number of secondary

branches/plant and consequent siliquae/plant.

Oil content also increased with increase in levels

of N, P2O5 and S. Activities of all nitrogen

assimilating enzymes, viz. nitrate reductase,

nitrite reductase, glutamine synthetase and gluta-

mate synthetase, were found to be maximum at

100 kg N/ha. Nitrogen plays a crucial role in

many critical physiology and biochemical mecha-

nism of rapeseed-mustard as components of

amino acids and proteins (which form enzymes),

genetic material (nucleotides and nucleic acids)

and other components found inmembranes (such as

amines), coenzymes and others. The majority of the

N in green plant tissue is present as enzyme protein

in chloroplasts where chlorophyll is located. Thus,

plant biomass and its partitioning in seed depend on

nitrogen. By harvest, the majority of the N in a

canola plant is found as seed protein. The relative

N proportions in the plant changes over time and

growth stage.

3.3 Sulphur Fertilization and
Nutrient Use Efficiency

Among the oilseed crops, rapeseed-mustard has

the highest requirement of sulphur which

promotes oil synthesis. It is an important consti-

tuent of seed protein, amino acid, enzymes and

glucosinolate and is needed for chlorophyll for-

mation (Holmes 1980). Sulphur increased the

yield of mustard by 12–48 % under irrigated

and by 17–124 % under rainfed conditions

Table 1 Integrated N-management strategies affecting nutrient use efficiency in plant production

S. No. Techniques Aim

1 Cropping system Increased uptake and utilization of soil and fertilizer

nutrient by cultivation of nutrient-specific efficient

crops, reduction of fallow frequency and rotation of

shallow/deep rooting crops. Uptake of soil nutrient and

mineralized plant residue nutrient thereby reducing

nutrient losses by leaching and increasing supply to

succeeding crops

2 Oilseed Brassica cultivar Increased uptake and utilization of soil and fertilizer

nutrient by cultivation of nutrient-efficient cultivars

3 Irrigation and soil management practices Increased uptake and utilization of soil and fertilizer

nutrient by well-grown crops. Timing, intensity and

depth of soil cultivation control the soil mineral nutrient

release.

4 Precise forecast of fertilizer nutrient requirement

(e.g. soil and plant nutrient tests, sensor-controlled

fertilization, modelling soil nutrient supply)

Increased uptake and utilization of soil and fertilizer

nutrient by considering available soil mineral nutrient

at the beginning of the growing season and nutrient

mineralization during the growing season

5 Form of fertilizer (e.g. mineral fertilizer vs. organic

manure, urea vs. ammonium vs. nitrate, use of urease

and nitrification inhibitors)

Avoidance of nutrient losses caused by specific nutrient

forms/nutrient transformations in the soil, increased

physiological efficiency of nutrient by considering

plant specific preferences of certain forms of N

(NH4 + vs. NO3)

6 Timing of nutrient application Reduction of nutrient losses (as in the case of NO2,

NO3, N2) at the beginning of the growing season,

increased physiological efficiency by specific

stimulation of harvestable organs

7 Technique of fertilizer nutrient application

(e.g. surface vs. incorporation vs. broadcast

vs. banded)

Reduction of losses (NH2), improved spatial

availability of nutrient, reduction of N immobilization

8 Management of crop residues Control of N mineralization during fallow and

immobilization of soil mineral nutrients
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(Aulakh and Pasricha 1988). In terms of agro-

nomic efficiency, each kilogram of sulphur

increases the yield of mustard by 7.7 kg (Katyal

et al. 1997).

Oil content in Canola-4 and Hyola-401 is 3 %

higher than the hybrid ‘PGSH-51’ due to the

effect of various doses of nitrogen and sulphur,

while the oleic acid content in these hybrids is

double than ‘PGSH-51’ which has erucic acid

ranging from 23.2 to 29.4 %. Higher sulphur

level causes 2–3 % reduction in erucic acid con-

tent, while lower level of nitrogen reduces erucic

acid content by 3 % with a concomitant increase

in oleic acid (Table 2). Higher doses of sulphur

along with low doses of nitrogen affect the chain

elongation enzyme system thereby leading to

reduction in erucic synthesis.

A significant increase in yield is observed

with increase in sulphur levels up to 40 kg S/ha

in mustard-based cropping system. At Bawal the

highest seed yield of mustard is reported to be in

green gram-mustard cropping sequence with the

lowest (2,686 kg/ha) being in pearl millet-

mustard sequence. In rice-mustard sequence,

the optimum seed yield of mustard has been

found at 40 kg S/ha at Berhampore and for

black gram-mustard at Dholi. Each successive

increase in S level increases seed yield up to

20 kg S/ha at Dholi and Ludhiana, 40 kg S/ha at

SK Nagar and 60 kg S/ha at Berhampore and

Morena conditions (AICRP-RM 2008).

3.4 Role of Micronutrients in
Enhancing Nutrient Use
Efficiency of Oilseeds Brassica

Mustard, in general, is very sensitive to micro-

nutrient deficiency, specially zinc and boron. The

increase in seed yield has been found 8.5 % at

12.5 kg ZnSO4/ha. The harvest index (HI) was

significantly affected by Zn application, although

seed yield generally showed diminishing return

with additional ZnSO4 doses (Table 3).

The response of various ideotypes to the

applied micronutrients varies considerably. The

response of Indian mustard varieties, viz. ‘Pusa

Bold’ and ‘Vardan’, to applied zinc has been

found higher (AICRP-RM 2000) than Varuna,

RH- 30 and Aravali.

The concentration of Zn at flowering, pod

formation stage, in straw and grain at maturity

of Indian mustard increased significantly with

increases in Zn level (Gupta and Kaushik

2006). Similarly, the seed yield increases signifi-

cantly (16–47 %) with the application of boron.

The average response to boron application ranges

from 21 to 31 %. The yield increase is due to an

increase in seeds/siliqua and 1,000 seed weight,

which indicates its role in seed formation

(AICRP-RM 2005).

4 Integrated Approaches for
Enhancing Nutrient Use
Efficiency of Oilseed Brassica

It is important to exploit the potential of organic

manures, composts, crop residues, agricultural

wastes, fertilizers and their synergistic effect on

productivity, sustainability soil health and envi-

ronmental safety. Balanced fertilization at the

right time by proper method increases nutrient

use efficiency in mustard. Experiments have

been conducted at different AICRP centres with

the integrated use of organic manure, green

manure, crop residue and bio-fertilizers along

with inorganic fertilizers, which show that INM

not only reduces the demand of inorganic

fertilizers but also increases the efficiency of

applied nutrients due to their favourable effect

on physical, chemical and biological properties

of soil. The introduction of leguminous crops in

the rotational and intercropping sequence and use

of bacterial and algal cultures play an important

role in increasing the nutrient use efficiency

(Prasad et al. 1992).

INM improves the nutrient uptake by mustard

and hence enhances the use efficiency of various

nutrients from the soil. The incorporation of

25 % nitrogen through FYM + 75 % by chemical

fertilizer + 100 % sulphur has been found to

significantly enhance the uptake use efficiency

of nitrogen and sulphur in both seed and stover

(Bhat et al. 2005). The highest mustard equi-

valent yield, which includes converted yield of
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other crops into mustard seed yield based on

market price of the crops (24.88 q/ha), net mone-

tary returns (Rs. 15,537/ha), B-C ratio (2.07) and

agronomic efficiency (16.1), is achieved by the

application of 100 % recommended N in the

rainy season through FYM and 100 % recom-

mended NP in the winter through inorganic

fertilizers (Kumpawat 2004).

4.1 Organic Sources of Nutrients

Bulky organic manures are applied to improve

overall soil health and reduce evaporation losses

of soil moisture. Depending upon the availability

of raw material and land use conditions various

organic sources, viz. cluster bean (green

manure), Sesbania (green manure), mustard

straw at 3 t/ha and vermicompost (5–7.5 t/ha)

have been evaluated at Bharatpur. Green manure

with Sesbania produces significantly higher mus-

tard seed yield at Bharatpur and Bawal and

improves soil environment (AICRP-RM 2006).

Many bio-stimulants also encourage higher

production. Spray of bioforce (an organic

formulation) at 2 ml/l at the flowering and siliqua

formation stage enhances mustard seed yield

(2,059 kg/ha) (AICRP-RM 2007).

4.2 Growth Promoter, Bio-fertilizer
as a Component of INM

Bio-fertilizers are inoculants or preparations

containing microorganism that apply nutrients

especially N and P. Two types of N-fixing

microorganisms, viz. free living (Azotobacter)

and associative symbiosis (Azospirillum), and

two P supplying microorganisms, viz. phosphate

solubilizing bacteria and AM, have been exten-

sively tested. Inoculation of mustard seeds with

efficient strains of Azotobacter and Azospirillum

enhances the seed yield up to 389 and 305 kg,

respectively, with 40 Kg N/ha. The total NPK

uptake also increases with Azotobacter inocu-

lation. The combined application of 10 t FYM

90-45-45 NPK kg/ha with Azotobacter inocu-

lation produces the highest B-C ratio of 1.51.

At lower N levels, without inoculation, the seed

yield declines as compared to seed inoculation.

Table 2 Effect of N and S levels (kg/ha) application on fatty acid composition and glucosinolate content in Brassica
juncea cv. Varuna at Ludhiana

N (kg/ha) S (kg/ha)

Glucosinolate content

(μ moles/g in defatted

meal)

Palmitic

acid

Stearic

acid

Oleic

acid

Linoleic

acid

Linolenic

acid

Eicosenoic

acid

Erucic

acid

75 0 64 2.61 1.17 11.78 14.99 6.48 50.91 11.80

75 20 72 2.88 1.31 10.15 14.53 5.14 52.75 12.28

100 0 52 2.58 1.58 13.16 15.31 7.01 49.55 10.57

100 20 42 2.91 1.65 11.94 15.06 6.13 49.63 12.18

125 0 52 3.01 1.33 12.19 16.17 5.91 47.71 12.26

125 20 42 4.42 1.31 16.12 16.55 6.57 44.77 9.55

Source: AICRP-RM (2007)

Table 3 Effect of Zn on yield and yield attributes of Indian mustard

ZnSO4 (Kg/ha)

levels

Seed yield

(kg/ha)

Secondary

branches/plant

Oil

content

(%)

Oil yield

(kg/ha)

Protein

(%)

Protein yield

(kg/ha)

Harvest

index (%)

0 1,161 6.5 40.2 465.6 22.1 255.2 21.6

12.5 1,260 8.1 39.9 501.1 22.5 281.9 22.4

25.0 1,336 9.6 39.9 532.4 22.6 301.6 22.9

50 1,414 12.4 39.9 570.0 22.5 318.6 22.2

CD at 5 % 33 0.7 NS 22.8 NS 18.8 0.8

Source: AICRP-RM (2000)
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Growth promoter formulations like bioforce and

bio-power containing bio-amino acid, plant

growth promoting terpenoid, siderophores and

attenuated bacteria fortified with BGA help

increase water and nutrient absorptions from the

soil. Similarly, bioforce having natural free

amino acid, phytohormones, macro- and micro-

elements and plant growth promoting terpenoid

activates the cell division and stimulates plant

growth and photosynthate translocation. RDF

(80:40:0) along with 25 kg bio-power/ha + spray

of bioforce (1 l in 500 l of water) at 50 %

flowering and pod filling stage produces higher

yield of mustard than other combinations

(AICRP-RM 2005). Premi et al. (2012) reported

a synergistic effect of PSB and PSB + VAM and

antagonistic effect of VAM in agronomic P effi-

ciency and apparent recovery efficiency.

4.3 Effect of INM on Quality of
Mustard Oil

At Kanpur, INM studies have been evaluated in

maize-mustard, bajra-mustard and fallow mustard

sequences. In maize-mustard sequence, 100/75 %

of RDF + 2 t FYM have produced the highest

seed yield and quality of the oil (Table 4).

At Bharatpur and Jobner, 17.8 and 8.6 %

increase in seed yield was recorded with 50 %

RDF + 50 % N through FYM and vermi-

compost. Sole organic-treated plot recorded

29.9 % lesser seed yield over RDF at Jobner

(AICRP-RM 2008). Amount of available phos-

phorus increased over initial value when organic

manures and crop residues were incorporated.

Organic carbon status builds up in organic

source-incorporated plots. The application of

10 t FYM/ha in addition to recommended dose

of fertilizer (RDF) benefits soil physical condi-

tion by improving aggregation, increased

saturated hydraulic conductivity, reduced bulk

density and penetration resistance of the surface

soil (Hati et al. 2006). Nutrient use efficiency of

primary, secondary and micronutrient can be

enhanced through sound, crop soil-based inte-

grated nutrient management of oilseed Brassica

especially rapeseed-mustard crops.

Conclusion

Increased NUE of oilseed Brassica is vital to

enhance the yield and quality of crops, reduce

nutrient input cost and improve soil, water and

air quality. Selection of nutrient-efficient

genotypes and incorporation of these in breed-

ing programs will result in better NUE. None-

theless, the poorly developed nutritional

genetics of crop plants and its response to

external environmental factors and the com-

plexity of identifying nutrient efficiency traits

by rapid, reliable techniques have contributed

to a lack of progress and success in breeding

plant cultivars with high NUE. The different

Table 4 Effect of INM on quality of mustard (Kanti-RK 9807) under maize-mustard sequence

Treatment Legends

Oil

content (%)

Fatty acid composition (%)

16:1 18:1 18:2 18:3 20:1 22:1

Palmitic

acid

Oleic

acid

Linoleic

acid

Linolenic

acid

Eicosenoic

acid

Erucic

acid

RDF (120-40-40) T1 40.4 2.8 18.4 10.1 10.6 4.3 52.7

T1 + 10 t FYM/ha T2 40.9 2.8 16.3 13.3 10.4 4.1 52.2

T2 + 40 Kg S/ha T3 40.4 2.9 18.0 14.4 12.2 3.2 48.6

T3 + Zn SO4

25 kg/ha

T4 40.3 2.8 17.8 14.9 10.1 6.1 47.3

T4 + B 1 kg/ha T5 40.7 2.7 23.0 16.2 9.0 5.2 43.3

T1 + Crop residue

(Maize)

T6 40.1 2.7 20.0 14.3 9.2 4.4 48.6

75 % RDF 40.4 2.6 17.8 15.1 7.9 6.3 49.7

Source: Modified from AICRP-RM (2002)
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crop cultivars differ in absorption and utiliza-

tion of nutrients and such differences are

attributed to morphological, physiological

and biochemical processes in plants and their

interaction with climatic, soil, fertilizer,

biological and agronomic practices. Nutrient

use efficiency of oilseed Brassica can be

enhanced by cautious manipulation of plant,

soil, fertilizer, biological, environmental

factors and best management practices.
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Strategies for Higher Nutrient Use
Efficiency and Productivity in Forage Crops

P.K. Ghosh, D.R. Palsaniya, A.K. Rai, and Sunil Kumar

Abstract

Adequate supply of quality forage is essential for sustainable livestock

production and productivity. There is a net deficit of 35.6 % green fodder

and 10.95 % dry fodder in India at present. This gap in forage supply can

effectively be reduced through integrated crop management practices with

greater emphasis on nutrient management. However, nutrient management

is specific and dynamic in nature in forage crops viz-a-viz grain crops due to

factors such as seasonality, perenniality, fodder as end product and multicut

behaviour. High-intensity cropping has led to the multi-nutrient deficiencies

in forage-based cropping systems. Area-specific nutrient management stud-

ies involving NPK along with S, Zn, B and Mo has been attempted to

correct the deficiency and balancing the nutrient for quality fodder and

livestock health. This chapter thoroughly reviews and discusses the nutrient

management strategies in annual and perennial cultivated forage crops,

range grasses and legumes, forage-based intercropping and cropping

systems and rotations. Integration of secondary and micronutrients has

been considered for increased quality biomass production. Application of

40 kg S/ha in sorghum shows significant increase in the Zn, Fe, Cu and

cellulose content while decrease in NDF and ADF content of fodder. The

efficiency of fertilizer N, P, K, S and micronutrients is reported as 50–60,

15–20, 60–80, 8–12 and 5 %, respectively, in most crops. The nutrient use

efficiency can be increased further in forage crop-based cropping system by

adopting conservation agriculture, balanced nutrient management, use of

biological fertilizers and synergizing the cropping system approaches.
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1 Introduction

Forages include a variety of crops grown both

under irrigated and rainfed conditions. The

importance of forages in integrated farming sys-

tem, crop diversification, watershed manage-

ment, restoration of degraded lands and

climate-resilient agriculture is increasingly

being recognized. At present, India faces a net

deficit of 35.6 % green fodder, 10.95 % dry crop

residues and 44 % concentrate feed ingredients

and is likely to encounter a demand of 1,012 and

631 million tonnes of green and dry fodder,

respectively, by the year 2050 (IGFRI Vision

2050). Further, there are also seasonal and

regional imbalances in the fodder production in

the country. The gap in feed and forage supply

can effectively be reduced through suitable soil

and agronomic management options. Due to

multiplicity of region- and season-specific

nature, resource management in forages becomes

dynamic in nature. The nutrient management

practices in fodder crops slightly differ from

that of food and other crops. The end product or

economic part in forage crops is foliage which

largely affects the nutrient management practices

for these crops. Further, nutrient management in

forage crops is also governed by soil type, cutting

regimes, availability of water for irrigation, plant

density, etc. The proper nutrient management of

forage-based cropping system is one of the most

crucial management practices to obtain higher

yields and quality of forage species. The nutrient

management strategies in forage crops aim at

increasing herbage yield per unit area per unit

time and also insure improved quality of forages

for healthy and productive livestock (Menhi and

Tripathi 1987).

2 Nutrient Management
in Forages

The nutrient requirement and management

strategies in forage crops are influenced by many

factors like type of forage crop, variety (single,

double or multicut), irrigation water availability,

cutting management, soil type, crop rotations and

cropping systems followed and other management

practices. Indian soils have low total nitrogen;

however, uptake of nutrients by forage crops is

much higher. Therefore, forages are to be ade-

quately supplemented with nitrogen through

available organic and inorganic sources so that

higher biomass is obtained from the unit piece of

land. The nutrient requirement of forages under

multicut system is much higher than under single

cut. Several workers have worked out the nutrients

schedule, sources of supplementation, application

time and methods of application of NPK and

sulphur to forage crops. The work on nutrition to

forages with reference to secondary nutrients like

Ca and Mg is meagre. However, with emerging

multi-nutrient deficiencies in specific areas, NPK

along with S-, Zn-, B- and Mo-based nutrient

management has been attempted to correct the

deficiency and balancing the nutrient for quality

fodder and livestock health (Kumar and Faruqui

2010).

3 Nutrient Management in
Cultivated Forage Crops

3.1 Primary Nutrients

3.1.1 Nitrogen (N)
N is the most important primary nutrient for

forage crops, and its management has great sig-

nificance due to its role in enhancing luxuriant

vegetative growth, higher biomass and quick

regeneration following cutting or defoliation.

Further, optimum N nutrition improves leaf-

stem ratio, succulence and palatability of forage

crops. Studies conducted at IGFRI, Jhansi

revealed that N application increases the crude

protein, widens the ratio of true protein to NPN

and increases NO3
�1 content and metabolizable

energy of fodder (Mannikar 1980). Application

of 100 kg N/ha in pearl millet increased the green

fodder yield (29.2, 19.5 and 10.9 %) and dry

matter yield (21.5, 16.0 and 8.7 %) over 25, 50

and 75 kg N/ha, respectively (Puri and Tiwana

2005). Similarly, Hazra and Tripathi (1994)

worked out N requirement as 30, 60 and 90 kg/
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ha for barley, oat and triticale, respectively. Fur-

ther, the placement of nitrogen at 10 cm depth or

its combination with foliar spraying improved

the forage yield. Shukla and Lal (1994) obtained

response of applied nitrogen up to 25 kg/ha to oat

grown under rainfed condition. Among sources

of N, CAN was found better than urea and FYM

in acid soils (Tripathi and Mannikar 1985).

Neem/Mahua-coated urea gave better response

with combined application of urea and FYM on

50 % N basis along with P application (Tripathi

et al. 1991). In round the year fodder production,

the availability of soil nutrients (N and P) was

more after rabi legume cultivation than after

kharif legume system.

3.1.2 Phosphorus (P)
Phosphorous is especially critical at initial crop

growth stage. Forage legumes require substantial

amount of P for higher biomass yield and persis-

tency. Several workers have reported positive

response of P nutrition to cereals, legumes and

cereal – legume mixtures in different agro-

climatic situations. Doses, sources, time and

method of application of P in forages have been

thoroughly researched upon. Patel and Kotecha

(2008) found that application of 40 and 80 kg

P/ha increased dry matter yield of forage sor-

ghum by 8.5 and 12.4 %, respectively, over con-

trol at Anand (Gujarat).

Band placement of fertilizer at 5 cm depth was

better than traditional fertilizer application

practices (surface broadcasting) or placing at

10 cm depth (Minhas and Gill 1984). In normal

to alkaline soil, single super phosphate (SSP)

and, in acid soil, basic slag and rock phosphate

were reported to be superior for forages. In

vertisol of Bundelkhand, combined form of

organic (FYM) and inorganic P (SSP) source in

1:1 ratio showed better response (103.5 kg/kg P)

in giving higher dry fodder yield (Tripathi and

Hazra 1986). Application of SSP with rock phos-

phate + phosphoric acid (partially acidulated) in

the ratio of 60:40 was found beneficial for direct

effect on berseem and for the residual effect on

maize (Marwah et al. 1981). In another study,

Shukla et al. (1973) reported that young sorghum

crop (30–40 days) developed HCN toxicity to

animals. This can be reduced to safer limit by

the application of P @ 50 kg P2O5/ha and irriga-

tion at 50 % available soil moisture. Efficacy of P

application during rabi + zaid season was higher

than zaid + kharif and kharif + rabi season

(Tripathi and Tripathi 2001).

3.1.3 Potassium (K)
Potassium is required in fairly large quantities by

tropical grasses. However, K nutrition to

cultivated forages is rarely reported. Perennial

grass like napier bajra hybrid and guinea grass

in association with Leucaena leucocephala under
agroforestry system depleted available K content

of the soil considerably, and the K fertilization

was recommended (Rawat and Hazra 1990).

Similarly, Menhi Lal and Tripathi (1987)

elucidated the beneficial effect of K in holding

higher concentration of nonstructural carbo-

hydrates (soluble carbohydrates) in root, which

is essential for regeneration of lucerne crop fol-

lowing cuttings. Tripathi et al. (2004) reported

that combined application of 40 kg N/ha through

half as urea and the rest half as FYM slurry along

with 80 kg K2O/ha produced significantly higher

forage yield of Cenchrus ciliaris + Stylosanthes

hamata grass (11.40 t/ha) with highest K (116 %)

and N use efficiency (260 %). At Anand, Patel

and Kotecha (2007) recorded maximum green

fodder yield with the application of 300 kg

K2O/ha to the tune of 15.71 and 10.16 % higher

than 50 kg and 150 kg K2O/ha, respectively.

3.1.4 NPK Application
It was observed that combined application of N,

P and K is more beneficial to all forages. The

combined application of N and P yielded signifi-

cant results in comparison to the application of N

alone in oat with improvement in available N, P

and organic carbon in calcareous red soil

(Tripathi et al. 1989) and black soil (Tripathi

et al. 1991). Nanjundappa et al. (1994) reported

that application of 50–75 kg K2O/ha decreased

yield in the absence of N but increased yield

when applied together with N. Uptake of K was

increased by applied N but slightly decreased by

K fertilizer. Sharma and Agrawal (2003a)

reported that application of NPK (90, 40,
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30 kg/ha) under semiarid conditions significantly

increased green fodder (62.1 t/ha), dry matter

(12.74 t/ha) and crude protein yield (0.8 t/ha) in

forage sorghum (Table 1).

3.2 Secondary Nutrients

Ca, Mg and S are essential secondary nutrients

required by crops. The work on Ca and Mg

nutrition to forages is meagre, though legumes

in particular have high demand for calcium and

magnesium. Sulphur is essential not only in

increasing fodder yields but maintaining desired

levels of protein, sugar, amino acid and mineral

salts also. Sulphur nutrition is more important for

maximum production particularly in crop where

sulphur removal is more, viz., pasture legume

(6.5–16.9 kg/kg S), than in cultivated legumes

(4.6–7.6 kg/kg S). Legume removes 20–24 kg S/

ha against 8–10 kg/ha by grasses (Singh

et al. 1979). A series of experiments conducted

at IGFRI (Hazra and Tripathi 1994; Rawat

et al. 1999) on red sandy loam soils indicated

higher response to S application for rabi fodder

crops (15–71 kg dry fodder/kg S) than kharif

(14–30 kg dry fodder/kg S) and zaid fodder

crops (14–46 kg dry fodder/kg S).

Among different sources of S, SSP is the most

effective source than pyrite, gypsum and elemen-

tal sulphur for cultivated rabi fodder crop (Hazra

and Tripathi 1994). Effectiveness of sources like

pyrite may be enhanced by addition of rock

phosphate. The yield of range legumes like

Siratro and Stylsanthes were improved by

34–40 %, respectively, with NPK fertilizer

along with 20 kg S/ha over fertilizer NPK with-

out S addition (Gill et al. 1986). In stress mois-

ture condition, sorghum grown on S-deficient

soil was found to have excess concentration of

HCN. Application of S @ 30 kg/ha is advanta-

geous in preventing and reducing toxic effect of

HCN on animal growth (Singh 1992). The N:S

ratio in important forage crops and range species

has been well documented. The optimum N:S

ratio for ruminants is considered to be 10:1 or

less. Not much difference was observed among

the sources of S in terms of its effect on sugar

content, while ammonium sulphate was signifi-

cantly superior to pyrite and elemental sulphur in

methionine content. In general, the NDF and

ADF content of fodder sorghum decreased and

cellulose content increased with S addition

(Tripathi et al. 1992). The application of S helped

in the uptake of Zn, Fe and Cu in plants.

Although there was a numerical increase from

20 to 80 kg/ha, it was in diminishing pattern after

40 kg/ha with significant increase in the plant

contents of Zn, Fe and Cu up to 40 kg S/ha

(Tripathi et al. 1992, 1993).

3.3 Micronutrients and Balanced
Fertilization

Fe, Mn, Cu, Zn, B, Mo and Cl are micronutrients

essential for forage crops. Balanced nutrition to

forage crops plays a very important role in

increasing fodder production, protein content,

mineral contents and their ratios. Most of the

range species, cereals straw (major source of

forages) and wheat flour are comparatively low

in Ca, Mg, Cu and Zn and considered as deficit in

these nutrients, when compared to their critical

levels for animal nutrition. Forage crops like oat,

cowpea and berseem have optimum concentration

of Cu and Zn. The Indian soils are becoming

deficient of micronutrients like Zn, Mo and B in

many pockets where intensive cultivation is

practiced with straight fertilizers. The adoption

of proper cropping systems (inclusion of legume

crop in cropping cycle), use of farm yard manure,

green manure crops, vermicomposting, use of

Table 1 Green, dry fodder and crude protein yield of

sorghum as affected by primary nutrients (mean of

2 years)

Treatment

Green fodder

yield (t/ha)

Dry fodder

yield (t/ha)

Crude protein

yield (kg/ha)

N0P0K0 30.1 6.51 396.7

N30P20K10 40.8 8.77 542.1

N60P30K20 54.6 11.67 726.6

N90P40K30 62.1 12.74 804.6

SEm 1.3 0.28 18.1

C.D.

( p ¼ 0.05)

2.6 0.57 36.9
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proper strain of biofertilizer, shifting from straight

fertilizers to multiple NPK fertilizers, recycling of

crop residues, industry by-products, selection of

crops and their varieties according to soil fertility

status and soil amendments may help in rectifying

micronutrient deficiency in Indian soils.

The reports from various researchers indicated

positive response of S, Zn and Mn at many

locations. Verma et al. (2005) from Pantnagar

reported optimum dose of N and Zn as 108.3 kg

and 1.36 kg/ha, respectively, for sorghum; how-

ever, maximum yields were with the application

of 126.67 and 5.53 kg/ha, respectively. Tripathi

et al. (2007) while working at Jhansi (Table 2)

reported that application of sulphur (@40 kg/ha),

Zn (@20 kg/ha) and Mn (@10 kg/ha) along with

recommended NPK to sorghum gave significantly

higher yield by 16.5 % (dry fodder) over NPK

alone (32.52 t/ha green and 8.48 t/ha dry fodder).

In most of the Zn-deficient situations, the

yield increase ranged from 12 to 27 % with the

application Zn. However, the combined appli-

cation of Zn with gypsum + FYM further added

45 % yield over Zn application alone. In sodic

and acidic soils, micronutrient-based studies

have been conducted by many workers. Proper

Cu and Mo ratio is of vital significance in

pastures and feed. Application of Mo to first

crop of berseem is sufficient for next crop of

maize. In pasture grasses, the soil application of

Zn, Fe, Cu, Mo and B along with nitrogen proved

better in C. ciliaris (Hazra 1992). Micronutrients

particularly Mo and B are found to influence the

seed production positively in forage legumes.

Application of B and Mo is beneficial for seed

crop of berseem and lucerne in all growing areas.

At Palampur, in soil of pH 5–5.2, application of

5 t/ha of lime with 40 kg S/ha and 1 kg MoO4/ha

helped in seed production of red clover and

lucerne (Kumar and Faruqui 2010). In acid soils

of Jharkhand, application of lime @ 5 t/ha once

in 3 years and Boron @ 3 kg/ha and 1 kg MoO4/

ha annually help in increased lucerne seed pro-

duction by about 10 times (Prasad 2002).

3.4 Integrated Nutrient
Management

Judicious integration of organic and inorganic

sources of nutrients as well as bio-fertilizers is

essential for optimum growth and quality of

forages, sustainability of production system and

soil health. The chemical fertilizers supply nutri-

ent for immediate need of plants and give high

production during initial years only, but factor

productivity declines in subsequent years. Further,

continuous application of chemical fertilizers

alone in an intensive fodder production system

deteriorates soil health and affects crop productiv-

ity. At Anand, Yadav et al. (2007) observed that

by application of 75 kg N through urea + 25 kg N/

ha through farm yardmanure (FYM), there was an

increase of 11.1–18.6 % in dry matter yield and

19.4–20.0 % in crude protein yield of sorghum

over application of 100 kg N/ha through urea.

Gangwar and Niranjan (1991) obtained 71.66

and 36.7 % increase in dry matter yield of sor-

ghum with of 60 kg N + 13 kg P2O5 and 6 t

FYM/ha, respectively, under rainfed condition at

Jhansi. Similarly, Sunil Kumar et al. (2005)

reported that application of vermicompost and

Table 2 Effect of S + micronutrients application on forage yield (q/ha) and some important fodder quality parameters

(based on 3 years data)

Treatment

Green (dry) forage yield

(q/ha)

Crude protein

(%)

NDF

(%)

ADF

(%)

IVD

(%) N:S

T1 – Control-NPK 325.2 (84.7) 8.8 71.9 44.4 45.4 12.0

T2 – S 345.7 (91.3) 9.3 71.4 44.2 46.9 9.1

T3 – S + Zn 358.8 (95.5) 9.4 70.8 43.6 47.9 8.6

T4 – S + Zn + Mn 375.9 (98.7) 9.8 71.1 43.9 47.4 8.3

T5 – S + Zn + Mn + Cu 379.9 (100.5) 9.8 70.9 43.9 47.8 8.1

T6 –

S + Zn + Mn + Cu + Mo

380.1 (99.8) 9.9 70.9 43.7 47.7 8.2

C.D. ( p ¼ 0.05) at 5 % 15.2 (3.2) – – – – –
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FYM @ 5 t/ha to sorghum recorded higher NP

uptake than other levels with inorganic sources

only except the 100 % recommended dose of

NP. At Coimbatore, Jayanthi et al. (2002) found

that application of 50 % recommended NPK (40:

20: 0 kg/ha) fertilizer + vermicompost + FYM

each at 5 tonnes/ha recorded significantly

higher yield of oats. Similarly, application of N

@ 150 kg/ha along with 40 kg P2O5/ha and

dual inoculation of seed with Azotobacter
chroococcum (N fixer) + Pseudomonas striata

(phosphate solubilizer) in multicut fodder oat

improved the vegetative growth.

Under arid situation of Rajasthan, Singh

(2002) found that application of FYM @

5 tonnes/ha to the preceding crop of cluster

bean increased wheat-grain-equivalent yield by

20 % over control. The highest benefit/cost ratio

(3.63) and net returns over the control (Rs 5,040)

were also accrued with the application of FYM

5 @ tonnes/ha in cluster bean-wheat cropping

systems. Pahwa (1995) from Jhansi reported an

added benefit of combined inoculation of Rhizo-

bium trifolii + Azospirillum brasilense as well as

R. trifolii + Azotobacter. The higher nodule

number (46/plant), green fodder (724.8 q/ha),

dry fodder (93.1 q/ha) and crude protein

yield (15.5 q/ha) was obtained with Rhizobium +

Azospirillum inoculation in presence of

20 kg N/ha as compared to uninoculated control.

Application of 60 kg P2O5/ha, phosphate

solubilizing bacteria (Pseudomonas striata) and

11 t gypsum or 50 t FYM/ha or gypsum + FYM

to berseem in highly sodic soils realized yields of

9.49, 1.74 and 31.89 t/ha, respectively (Sharma

andAgrawal 2003b). Application of 20 kgN + 60

kg P + mixture of Rhizobium trifolii and phos-

phate solubilizing bacteria (PSB) recorded

highest green fodder (65.45 t/ha), dry matter

yield (16.98 t/ha) and protein content (19.71 %)

of berseem (Meena and Mann 2006). At Jhansi,

considering the yield and economics, application

of 50 % N through FYM and rest 50 % NPK

through inorganic fertilizer to berseem proved to

be economically viable as compared to 100 %

NPK through fertilizer (Kumar et al. 2007). Sunil

Kumar and Shiva Dhar (2006) reported that

application of 50 % recommended dose of

NPK, 5 t/ha vermicompost and 5 t/ha FYM may

be adopted for getting higher, sustainable and

quality fodder from single cut oat under irrigated

condition (Table 3).

Effect of inorganic and biofertilizer on napier

bajra hybrid grass at Coimbatore revealed

that highest green (323.9 t/ha) and dry fodder

(79 t/ha) yield could be obtained with the appli-

cation of biofertilizer mixture (Azospirillium +

Phosphobacterium) along with 100 %

Table 3 Yield, quality and economics of forage oat as influenced by organic and inorganic sources of nutrient (pooled

mean of 3 years)

Treatments

Yield (q/ha) Cost of

cultivation

(Rs/ha)

Gross return

(Rs/ha)

Net return

(Rs/ha)

Benefit/

cost ratio

Green

fodder

Dry

matter

Crude

protein

Control 21.7 4.7 3.8 6,110 10,850 4,740 0.78

Vermicompost 10 t/ha 32.8 7.5 7.1 10,096 16,400 6,304 0.62

FYM 10 t/ha 31.1 7.0 6.4 8,015 15,550 7,535 0.94

100 % NPK 37.6 8.9 8.6 7,225 18,800 11,575 1.60

50 % NPK 33.0 7.4 6.6 6,530 16,650 10,120 1.55

Vermicompost 5 t/ha 29.8 6.7 6.1 8,270 14,900 6,630 0.80

FYM 5 t/ha 26.3 5.8 5.3 7,375 13,150 5,775 0.78

50 % NPK + vermicompost

5 t/ha

35.7 8.8 8.4 9,279 17,850 8,571 0.92

50 % NPK + FYM 5 t/ha 35 8.6 8.5 7,680 17,500 9,820 1.28

50 % NPK + vermicompost

5 t/ha + FYM 5 t/ha

40.6 10.2 10.4 9,488 20,300 10,812 1.14

C.D. ( p ¼ 0.05) 4.5 1.1 0.6 1,582 560 0.04
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recommended dose of N and P fertilizer

together (Chellamuthu et al. 2000). Application

of 40 kg N/ha to the freshly introduced velvet

bean of a natural grassland of Kangra Valley of

Himachal Pradesh recorded 5.8 t/ha green for-

age herbage (Sood et al. 1994). Application of

50 % recommended N through inorganic

sources along with 25 % vermicompost and

25 % sheep manure in cowpea + Cenchrus
(2:1) ratio and in aonla-based intercropping

under semiarid conditions improved the dry

matter yield by 122.35 % over 100 % organic-

inorganic supplementation (Meena et al. 2011).

Fly ash application @ 50 t/ha in sorghum + cow-

pea (2:2) –oat (red soils) and sorghum + cowpea

(2:2) – berseem (black soil) in combination with

manure, fertilizer and biofertilizer registered sig-

nificant increase in yield than no fly ash (Das

et al. 2007).

4 Nutrient Management in
Range Grasses and Legumes

The application of fertilizer plays an important

role in improving herbage productivity of range

grasses and legumes. Nitrogen application in

Sehima, Heteropogon and Iseilema grasslands

significantly increased herbage production. The

economically optimum dose was found to be in

the range of 40–60 kg N/ha, the lower dose

during periods of subnormal rainfall and the

higher dose when more soil moisture is available.

In northeastern region, Singh (1999) reported

that Guatemala grass and guinea grass

cv. Hamil, Gatton and Makueni responded up to

200 kg N/ha, while broom grass, guinea grass

cv. PGG -1, palm grass and thin napier produced

maximum dry matter at 100 kg N/ha. Application

of N increased the specific root length and root

length density in most of the grasses.

Earlier workers reported that response to

applied phosphorus was of lower order while

potassium did not play any role in increasing

forage production in pastures (Dabadghao

et al. 1965; Rai 1990; Kanodia 1995). Rathore

et al. (1998) at Barmer (Rajasthan) reported that

application of N + P (40,20) kg/ha to C. ciliaris

resulted in significantly high forage yield (4.66 t/

ha) and crude protein (0.22 t/ha). In a natural

grassland at Palampur, Premi and Sood (1999)

observed that the application of 80 kg N + 60 Kg

P/ha to Setaria produced 18.38 t/ha green fodder

and 3.32 t/ha dry matter yield, which was 114.9

and 115 % higher over no fertilization. Sunil

Kumar et al. (2007) also reported that application

of 60 kg N + 40 kg P/ha to Sehima resulted in

higher green fodder (21.3 t/ha), dry matter (8.2 t/

ha) and crude protein yield (0.4 t/ha) registering

an increase of 22.25 % over control. Niranjan

et al. (2004) while working at Jhansi reported

that application of 90 kg N and 60 kg P2O5/ha

to both TSH (Trishankar hybrid) and

Stylosanthes recorded maximum green and dry

fodder and protein yield (Table 4). In range

grasses and legumes, N supplementation plays a

significant role in forage production. Split appli-

cation of N was superior in coarse-textured soil

while basal application proved better in fine-

textured soil (Verma et al. 2005).

With the intercropping of Stylosanthes in

Dinanath grass, saving of additional 40 kg N/ha

was achieved (Prasad and Mukherjee 1987). In

agroforestry system, an additional dose of

Table 4 Biomass and crude protein yields of grass and

legumes as influenced by N and P2O5

Treatments

Biomass

yields (t/ha) Crude protein

yields (kg/ha)Green Dry

Crops

TSH 38.7 9.58 717

Stylosanthes 23.4 6.62 654

TSH + stylosanthes 33.5 8.37 794

C.D. ( p ¼ 0.05) 1.8 0.31 27

Nitrogen level (kg/ha)

0 26.4 6.69 602

30 30.3 7.76 683

60 33.4 8.71 561

90 37.5 9.61 842

C.D. ( p ¼ 0.05) 1.50 0.26 23

Phosphate level (kg/ha)

0 29.2 7.30 659

30 31.8 8.27 724

60 34.7 9.00 783

C.D. ( p ¼ 0.05) 1.0 0.28 19
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50 % N over recommended dose was found ben-

eficial in cereal + legume mixture. Application

of nitrogen @ 60 kg/ha improved the dry matter

yields of Cenchrus, Panicum and Setaria.

Sulphur-coated urea proved more effective over

prilled urea. Setaria responded positively to N

and P application up to 120 and 60 kg/ha, respec-

tively (Rai and Kanodia 1981), while Panicum

maximum responded significantly up to 80 kg/ha

to biomass production and the CP content

increased up to 120 kg/ha (Singh and Rai

1984). The result on method of application

indicated the placement of fertilizer in root

zone which is beneficial for cereal fodder crops.

Similarly, Hazra and Tripathi (1989) noted the

beneficial effect of P application to sweet clover

on increased yield and soil parameters both under

Albizia lebbeck tree and open-field situation at

90 kg P2O5/ha in red soils. The integration of

forage bushes/perennial grasses in a fixed geom-

etry successfully supplied the green fodder round

the year from rainfed fields. The cultivation of

sorghum (fodder) + pigeon pea (grain) in 3 m

wide alleys formed with planting two rows each

of subabul + TSH yielded 53.27 tonnes green

and 13.28 tonnes dry matter/ha, respectively.

The nutrient supplementation to the system as

75 % organic + 25 % inorganic sources was bet-

ter as compared to other combinations of

organics and in organics (Agrawal et al. 2007).

5 Nutrient Use Efficiency in
Forages

The nutrient use efficiency of all the major, sec-

ondary and micronutrients is low in India and is a

major challenge for sustainability and profitabil-

ity. The efficiency of fertilizer N, P, K, S and

micronutrients is reported as 50–60, 15–20,

60–80, 8–12 and 5 %, respectively, in most

crops. Large acreage under rainfed cropping,

unscientific water application in irrigated agri-

culture, imbalanced fertilization, tropical cli-

mate, cultivation of traditional crops and

varieties, poor weed management and investment

capacity of farmers result in low nutrient use

efficiency in India. Adoption of best forage

husbandry practices is a prerequisite for higher

input use efficiency and profitability.

6 Strategies for Enhancing
Nutrient Use Efficiency

Nutrient use efficiency depends on several agro-

nomic factors including tillage, sowing time,

planting or seeding techniques, appropriate crop

variety, irrigation management, weed control and

balanced and proper nutrient use. These factors

largely influence nutrient use efficiency, either

individually or collectively. Two pronged strate-

gies can be adopted to improve nutrient use effi-

ciency in forages as well: (a) product strategy
where focus is on fertilizer product features such

as coated fertilizers, slow-release fertilizers, nitrifi-

cation inhibitors and urease inhibitors and

(b) management strategy where focus will be on

nutrient management practices like split appli-

cation, balanced application, integrated appli-

cation, soil or plant test-based application,

conservation agricultural practices, variable rate

technology or precision farming, etc.

6.1 Slow-Release Fertilizers

Application of slow or controlled release ferti-

lizers (S/CRFs) is a very good approach for

minimizing non point contamination in agri-

culture and achieving higher nutrient use effi-

ciency. They release nutrients slowly as per the

crop requirement and thus reduce the losses due

to leaching, denitrification and volatilization. A

number of fertilizer products supplying plant

nutrients have been developed offering a variety

of nutrient contents, physical forms and other

properties to meet farmer’s needs. Much of the

work has been done on N and urea as source. The

approaches have been to manipulate the granule

size, coatings with neem or coal tar or sulphur or

modifiers or additives to control the nutrient

release rate (Aulakh and Malhi 2005).

A slow-release and superabsorbent N fertilizer

(SSNF) was synthesized by Liu et al. (2005)

which could improve both fertilizer and water
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use efficiency simultaneously. The neem-coated

urea of National Fertilizers Limited recorded bet-

ter shelf life, slow dissolution as well as nitrifi-

cation inhibition property, and with marginal

additional cost for coating, it increased NUE in

Punjab, Uttar Pradesh and Himachal Pradesh

(Mangat 2004). New gel-based CRFs were devel-

oped by mixing and processing N, P and K

fertilizers with natural and seminatural organic

materials and inorganic materials (Hong and

Zhang 2006). The gel-based CRFs increased dry

biological yield of maize by 26.8–42.3 % and

improved N use efficiency by 17.0–31.7 %, P

use efficiency by 8.0–16.0 % and K use efficiency

by 4.6–18.3 %. Besides, the nutrients (N, P and K)

in gel-based fertilizers were leached more slowly

into the soil than common fertilizers. The IARI’s

urea coating technology employing neem oil

emulsion needing 0.5–1.0 kg neem oil per tonne

of urea was found superior to prilled urea (Prasad

et al. 2001).

Large granular forms of N and P fertilizer

found better than powdered and prilled forms

for increasing nutrient uptake and yield. The

nitrogen use efficiency can also be increased

through suitable modification of urea by

compacting it with acid- and non-acid-producing

fertilizers such as NH4Cl, KCl, ZnSO4 and DAP

or industrial by-product like PG. Compacting

phosphogypsum (PG), diammonium phosphate

(DAP), ZnSO4 and KCl separately with urea

slowed down urea hydrolysis and reduced NH3

volatilization loss (Purakayastha and Katyal

1998). The polymer coating on monoammonium

phosphate (MAP) in barley improved plant

recovery of fertilizer P and provided modest

grain yield advantage compared to uncoated

MAP (Malhi et al. 2002).

6.2 Nitrification Inhibitors

The use of nitrification inhibitors contribute to

increased NUE or apparent N recovery effi-

ciency. Nitrification inhibitors (ethylene

diamine-based chelating agents) like ethylene

diamine tetra acetic acid (EDTA), diethylene

triamine pentaacetic acid (DTPA) and ethylene

diamine (EDA) inhibit ammonium oxidation

(Hu et al. 2003). Subbarao (2006) found out

that some forage crops, e.g. Brachiaria grasses,

have the ability to regulate nitrification in soils

by releasing inhibitors through root exudates

which minimize N losses associated with nitrifi-

cation and improve NUE. This self-generated

inhibitory activity of plants is termed as

biological nitrification inhibition (BNI). Mainte-

nance of more NH4
+ available in the soil might

also increase P absorption and therefore increase

P use efficiency (Ortega 2006). The use of

ammonium N sources with the nitrification inhi-

bitor 3, 4- dimethylpyrazole phosphate (DMPP)

shows promise to increase NUE and PUE.

6.3 Nanotechnology for Higher
Nutrient Use Efficiency

The nutrient use efficiency in major crops can be

improved through nanotechnology. Nano ferti-

lizers (scale below 100 microns) are being devel-

oped for slow release and efficient use of plant

nutrients. The nanoporous zeolites are being

utilized for slow release and efficient dosage of

water and fertilizer for plants. Fudao et al. (2006)

tried different nanoparticles (clay polyester,

humus polyester and plastic starch) in China for

slow release of N to wheat and reported 4.5 %

increase in yield due to clay and plastic (nano-

material coating) over chemical fertilizer appli-

cation. At the same time, it also reduced leaching

losses of N fertilizer.

6.4 Crops and Cropping Systems for
High Nutrient Use Efficiency

Different crops, varieties and cropping systems

differ in their nutrient use efficiency capability.

The beneficial effect of important legumes on

increasing productivity and nutrient use effi-

ciency in various systems was recently reviewed

by Ghosh et al. (2007). Fodder legumes in gen-

eral are more potent in increasing the producti-

vity of succeeding cereals. Symbiotic N2 fixation

with compatible rhizobial strains resulted in
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carryover of N for succeeding crops to the tune of

60–120 kg in berseem, 75 kg in Indian clover,

75 kg in clusterbean, 35–60 kg in fodder cowpea,

68 kg in chickpea, 55 kg in urdbean, 54–58 kg in

groundnut, 50–51 kg in soybean, 50 kg in

Lathyrus and 36–42 kg/ha in pigeon pea.

Legumes with indeterminate growth habit are

more efficient in N2 fixation than determinate

types.

6.5 High Nutrient Use Efficiency
Through Organic Farming and
Integrated Nutrient
Management

Organic sources of plant nutrients maintain buff-

ering capacity, physical and biological properties

of soil and also affect soil temperature and mois-

ture and influence nutrient release and adsorption

in soil. The build-up or depletion of soil organic

matter affects N mineralization and immobiliza-

tion potential, which in turn controls nutrient

availability and use efficiency. It was found that

interactions among inputs (manure, cover crops

and fertilizer) and soil organic matter influence

the rate of soil N mineralization (Horwath

et al. 2006). It is also well known that N from

many organic fertilizers often shows little effect

on crop growth in the year of application because

of the slow-release characteristics of organically

bound N. Nitrogen immobilization after applica-

tion can occur, leading to enrichment of the soil

N pool. This process increases the long-term

efficiency of organic fertilizers.

6.6 Balanced Fertilization for Higher
Nutrient Use Efficiency

Balanced fertilizer use is a prerequisite for high

nutrient efficiency. With the adoption of exhaus-

tive cropping systems, widespread deficiencies

of S, Zn and B and sporadic deficiencies of Fe

and Mn have been noticed in intensively

cultivated areas. Acharya and Sharma (2008)

made a detailed review on integrated input man-

agement for improving N use efficiency and crop

productivity. Application of S along with N, P

and K to pulses and oilseeds showed greater

response than cereals. Sulphur not only improved

grain yield but also improved the quality of crops

(Hegde and Sudhakara Babu 2004). Interactions

of S with N and P are positive, while its appli-

cation decreases the contents of Zn, B and Mo in

plant system.

6.7 High Nutrient Use Efficiency
Through Conservation
Agriculture

Conservation agricultural practices like reduced

tillage, crop rotations, residue management,

mulching and cover cropping are known for

enhancing nutrient and other input use effici-

encies. Nitrogen use efficiency was lower on

zero till plots when straw was either burned or

removed compared with straw incorporation and

straw mulch treatments, particularly at low N

rates (Singh et al. 2006). A higher N recycling

efficiency was observed when residues were

incorporated (Sakonnakhon et al. 2005). Alfalfa

mulch holds promise for low-input cropping

systems, when used on wheat-oat cropping sys-

tem @ 3.9–5.2 t/ha. It registered higher N uptake

and grain yield compared with ammonium

nitrate. Nitrogen use efficiency of mulch sup-

plied N by wheat and oats was between 11 and

68 %. The higher nutrient use efficiency

achieved through mulching was due to weed

suppression and increased soil moisture conser-

vation (Wiens et al. 2006). Nitrogen use effi-

ciency for maize could be improved when

Gliricidia sepium prunings were incorporated

4 weeks ahead of maize planting. Addition of

small doses of inorganic N fertilizer increased

N uptake and yield (Makumba et al. 2006).

Reducing tillage and optimizing N fertil-

ization are important strategies for soil and

water conservation and N use efficiency for sus-

tainable agriculture. Based on soil type, it is clear

that no tillage system does not require increased

amounts of N fertilizer for barley production

(Angas et al. 2006). Conservation tillage and

deep tillage increased N, P and K uptake
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compared to minimum tillage. Availability of

nutrients and water at different growth stages of

sorghum was increased by deep tillage (Patil and

Sheelavantar 2006). Nitrogen use efficiency and

N uptake efficiency were greater with conven-

tional tillage than with no tillage (L�opez-Bellido
and L�opez-Bellido 2001). In general, crop yields

under no-till practices are more stable than under

tilled systems with greater efficiency in the use of

nutrients (Martin 2006).

Improper land levelling is the serious cause

for losses in water, nutrients and erratic popu-

lation resulting in low yields and profits.

Choudhary et al. (2002) observed higher ferti-

lizer use efficiency in wheat in laser-levelled

fields. On-farm investigations in western Uttar

Pradesh showed significant improvement in

NUE in rice-wheat cropping system from 45.1

to 48.4 and 34.7 to 36.9 kg grain/kg applied N in

rice and wheat, respectively. A significant

increase in the uptake efficiency as well as appar-

ent recovery fraction of the applied N, P and K in

rice was observed due to precision land levelling

(Pal et al. 2003).

7 Future Thrust Areas in Nutrient
Management in Forage Crops

The relevance of nutrient management in present

day forage production systems is increasing fast,

and their management for integrated crop-

livestock model needs more in-depth system

analyses for greater production sustainability

and quality forage. From the above discussion,

it is imperative to conclude that nutrient manage-

ment research on forages has made great strides

over the last few decades. However, in the chang-

ing scenario, following thrust areas are identified

for making forage nutrient management research

more rewarding and problem solving in nature.

• Agro techniques for higher nutrient use effici-

encies for forage and food-fodder cropping

systems

• Nutrient management practices especially

under tree-forage crop-food crop-livestock-

based integrated farming system situations

and understanding the nutrient recycling and

balances

• Residual effect of nutrients especially under

fodder-based long-term cropping sequences

• Soil microbial consortia and rhizospheric

interactions studies for enhancing nutrient

acquisitions

• Soil test-based balanced use of nutrients for

sustainable herbage production

• Nutrient dynamics studies in silvipasture,

hortipasture and perennial fodder production

systems

• Nutrient management studies in periurban for-

age production with special emphasis on use

of sewage and sludge and heavy metal

toxicities

• Nutrient interaction studies under intensive

forage-based cropping systems

• Nutrient management strategies with refer-

ence to climate change
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Integrated Nutrient Management in Potato
for Increasing Nutrient-Use Efficiency and
Sustainable Productivity

D.C. Ghosh

Abstract

Sustainable agricultural production uses the natural resources to generate

increased output and income, especially for low-income groups, without

depleting the natural resource base. In this context, integrated nutrient

management (INM) integrates the use of all natural and man-made

sources of plant nutrients in an efficient and environmentally benign

manner to increase crop productivity without sacrificing soil productivity

for future generations. Sufficient and balanced application of organic

manures and inorganic fertilizers is a major component of INM in potato.

The integrated use of organic manures, chemical fertilizers and

biofertilizers in potato was found encouraging not only for increasing

tuber productivity and nutrient-use efficiency but also for improving soil

fertility and sustaining crop productivity at high level.

Keywords

INM • Potato productivity • Nutrient-use efficiency • Sustainability

1 Introduction

The world population is estimated to rise to 9–10

billion by 2050. The proportion of land devoted

to agriculture is generally more than one-third of

the land in most countries, and there is no scope

to further increase the availability of agricultural

land. On the other hand, there is an increasing

pressure on land to build new homes, public

institutions (schools, colleges, health centres,

community halls, etc.), roadways, railways and

others to accommodate the growing which and

that may decrease the availability of agricultural

land in the future. The global food security is,

thus, heavily dependent upon technological

advances in order to avoid Malthusians scenario

of poverty and famine due to overpopulation

(Hole et al. 2005). The effective maintenance of

soil quality, residue and waste management,

water infiltration, soil moisture retention, runoff

and erosion control and carbon sequestration are

all dependent on sustainable agricultural

systems. Increased and sustainable food produc-

tion is a must for food security of the growing
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population. We have to search for possible ways

of increasing food production in a sustainable

manner without deteriorating the soil quality.

Modern large-scale conventional agriculture

with intensive monoculture often results in unac-

ceptable soil erosion, in runoff and in associated

losses of plant nutrients. The highly productive

fertilizer and seed technologies introduced over

the past four decades are now reaching almost a

point of diminishing returns (Cassman

et al. 1995; Dawe et al. 2000). Possibilities of

converting marginal lands into productive arable

land (Crosson and Anderson 1992; Das

et al. 2000; Karforma et al. 2012) as an option

for yield improvement are now becoming more

and more limited. The genetically engineered

plants also may not be the major factors in

increasing food production in the near future

(Peng et al. 1994; Hazell 1995). A sustainable

system that can maintain crop productivity at

higher level without deteriorating the ecosystem

is the need of the hour (Dobermann and White

1999).

Organic farming has potential for reducing

some of the negative impacts of conventional

agriculture on the environment. The nutrient

availability in soil can be increased by improving

organic carbon status of the soil through the use

of organic manures and green manures (Trehan

and Grewal 1983). Organic farming avoids

depletion of soil organic matter and plant

nutrients (Gaur 2001). It can reduce the need of

chemicals for pest and disease control.

Govindakrishnan and Kushwah (2003) and

Kumar et al. (2005) recorded prolonged effect

of organic manures on soil fertility and soil mois-

ture balance. Hole et al. (2005) also identified a

wide range of beneficial effects of organic farm-

ing on agriculture. But organic farming alone

may not meet the increased food requirement

and other problems in agriculture.

Soils in India are often not only ‘thirsty’ but

also ‘hungry’. What we need is a reduction in the

use of costly market-purchased chemical inputs.

In this context, low-cost integrated system of

nutrient supply suitable for easy adoption like

crop rotations, green manure, biofertilizers and

biodynamic systems that make significant use of

compost and humus will help to improve soil

structure and fertility (Corselius et al. 2001;

Anonymous 2003). Highly weathered (oxisols/
ultisols/alfisols) soils, being inherently low in

nutrient reserves, must have a regular nutrient

supply to facilitate intensive cultivation for

increased food production. Intensive land use

and high yields on soils of low inherent fertility

can be achieved only by raising the nutrient

levels through the use of organic amendments,

nutrient recycling, biofertilizers and inorganic

fertilizers (Barrios et al. 2006). Many small

land holders and resource-poor farmers can

afford the expense of this low-cost nutrient man-

agement technology. Further, it can avoid the

overdependence on synthetic fertilizers and

other agricultural chemicals in crop production

(Place et al. 2003; Mugwe et al. 2009a). A com-

bination of organic amendments, nutrient

recycling, inorganic fertilizers and biofertilizers

is, therefore, a useful strategy to minimize depen-

dence on synthetic fertilizers in increasing crop

yield and enhancing soil structure, soil fertility

and sustainability (Dixit and Gupta 2000; Cobo

et al. 2010; Kato and Place 2011).

The accelerated agricultural progress based on

the principles of sustainable intensification, value

addition and diversification is the best safety

against hunger and poverty in rural areas. It is

essential to improve soil fertility and soil health

through better utilization of natural resources

along with balanced use of chemical fertilizer

and other inputs (Swaminathan 2004). An appro-

priate combination of organic and inorganic

sources of plant nutrients has been found to be

the best option for increasing crop productivity,

improving soil quality and maintaining

sustainability. Sustainability of agricultural pro-

ductivity and environmental safety are the prior-

ity issues for increasing the food production to

fulfil the food requirement of the burgeoning

population. There is a need to develop and dem-

onstrate the balanced use of organic manures and

chemical fertilizers to avoid wastages of precious

natural resources and to minimize the environ-

mental damage. This will not only improve the

crop production in sustainable way but also

economize the production system. Higher food
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production needs higher amount of plant

nutrients. As no single source is capable of sup-

plying the required amount of plant nutrients,

integrated use of all sources of plant nutrients is

a must to supply the balanced nutrition to crops

(Arora 2008; Ngetich et al. 2011).

Integrated nutrient management (INM) refers

to making the best use of inherent soil nutrient

stocks, locally available soil amendments (for

instance, crop residues, compost, animal manure,

green manure) and inorganic fertilizers to increase

productivity while maintaining or enhancing the

agricultural resource base (Nkonya et al. 2004). It

is a holistic approach to soil fertility research that

embraces the full range of driving factors and

consequences – biological, physical, chemical,

social, economic and political – of soil degrada-

tion (Barrios et al. 2006). Strategically targeted

fertilizer use together with organic nutrient

resources to ensure fertilizer use efficiency and

crop productivity at farm scale are basic principles

of INM (Vanlauwe and Giller 2006). Although

INM recognizes the absolute necessity of mineral

fertilizer use (Rufino et al. 2006), it advocates the

best combination of available nutrient manage-

ment technologies that are economically profit-

able and socially acceptable to different

categories of farmers (Gentile et al. 2009). It is

rapidly becoming more accepted by development

and extension programs and, most importantly, by

smallholder farmers (Rufino et al. 2006; Mugwe

et al. 2009b). Beneficial effects of INM on soil

fertility have been shown to increase nutrient-use

efficiency associated with combined nutritional

and non-nutritional effects of organic and inor-

ganic inputs compared to inorganic fertilizer

applied alone (Sanginga and Woomer 2009;

Bekunda et al. 2010; Kumar et al. 2012).

Potato (Solanumtuberosum L.) gives excep-

tionally high yield per unit area and time than

many other crops. It is cultivated over an area of

18.6 million hectares in 150 countries of the

world with a total production of 322 million

tonnes (Singh 2008). It is widely cultivated in

China, India, Russian Federation, Poland, USA,

Germany and Spain. It plays an important role in

food security of the world population. In India,

potato is cultivated in about 1.86 million hectares

with a total production of about 42.34 million

tonnes (Anonymous 2012). Potato is a short

duration heavy feeder crop and takes

90–100 days to produce 25–30 t/ha tubers in the

subtropical plains. A mature potato crop yielding

25–30 t/ha removes about 165–200 kg N,

14–17 kg P and 185–225 kg K/ha (Baishya

et al. 2010b). Therefore, high amount of chemi-

cal fertilizers is generally applied in potato.

Indiscriminate use of chemical fertilizers and

adoption of nutrient-responsive high-yielding

varieties though boost up potato production

cause degradation of soil and environment (Ali

et al. 1997; Mondal et al. 2007; Islam

et al. 2009). The introduction of input-intensive

agricultural technologies, in which high-yielding

varieties, water supply and vast amount of only a

few major nutrients were added round the year,

led to increase not only the yields of various

crops but also mining of all kinds of plant

nutrients. This resulted in decrease in soil

organic matter, imbalances in plant nutrients in

soil and decline in soil fertility. The chain reac-

tion of undesirable consequences of high input

agriculture is becoming insurmountable. The soil

fertility and environmental quality can be

restored by integrated nutrient management

(INM). The INM systems envisage the use of

different sources of plant nutrients such as

organic manures, chemical fertilizers and

biofertilizers. A number of diverse organic

sources are available for use in agriculture.

These sources can reduce the mining of soil

nutrient and improve overall soil productivity

(Thind et al. 2007; Khan et al. 2008; Kumar

et al. 2012). This system improves the physical

condition of the soil such as structure, aggregate

stability, soil moisture retentivity and hydraulic

conductivity that contribute to soil fertility and

productivity. In acid soils, biofertilizers (Azoto-

bacter and phosphate-solubilizing bacteria, PSB)

play an important role in the productivity of

potato (Singh 2002). The beneficial effects of

organic manuring are manifested through

increase in soil organic matter and humus over

the period. Soil organic matter and humus acts in

several ways; it serves as slow-release source of

plant nutrients and increases water-holding
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capacity to help maintain the water regime of the

soil, and it acts as a buffer against change in pH

of the soil (Upadhayay and Singh 2003). Its dark

colour increases absorption of sun energy and

regulates heat of the soil. It acts as ‘cement’ for

water-holding clay and soil particles together;

this contributing to the crumb structure of the

soil providing resistance against soil erosion binds

micronutrient metal ions in the soil to check

leaching out of surface soils. Organic constituents

in the humic substances also act as plant growth

stimulants (Singh et al. 1997; Thind et al. 2007).

However, organic source alone may not supply the

huge amount of N required for potato within short

period. Even in N-rich soils of temperate and sub-

tropical high-altitude region, potato requires chem-

ical fertilizers because of slow mineralization rate

of organic matter due to low temperature prevailing

during its growing period.

Phosphorus (P) is regarded as the most impor-

tant soil nutrient after nitrogen (N) for plant

growth and development. It plays key roles in

plant metabolism, structure and energy transfor-

mation. The P dynamics in soils and cycling in

agro-ecosystems are of increased interest due to

its contribution to the current environmental,

agronomic and economic issues (Sharpley and

Tunney 2000). P involves in a wide range of

plant processes like cell division, development

of root system, providing resistance to late blight

and enhancing crop maturity. Its application

increases the number of medium-size tubers

which have special significance to the seed crop

(Ghosh 1985; Mondal et al. 2005). The P cycle in

soil is a cohesive dynamic system under the

influence of long-term chemical transformations

and short-term changes due to plant uptake or

cropping. The leaching of bases, the removal of

carbonates and the increasing Fe and Al activity

cause a shift from primary to secondary Pi forms

and also influence the stabilization of organic

matter and its associated Po (Zheng et al. 2002;

Zhang et al. 2004). Soil organic carbon

contributes energy for microbial activity and

promotes processes involved in P transformation.

Long-term organic residues or manure applica-

tion increases microbial activity and mineraliza-

tion of soil organic matter (Wright 2009). This

mineralization of Po during the growing season

is very important for P availability to plants

(Zheng et al. 2004; Zhang et al. 2006). The P

transformation in soils plays important roles in P

bioavailability and mobility. Integrated nutrient

supply, tillage and cropping systems affect P

transformation (Zheng and Zhang 2011).

Crop response to potassium (K) is highly

inconsistent and variable due to inherent soil K

status and dynamic K transformations. K extrac-

tion from lower depth in the soil profile also

influences K balance and its uptake from soil. K

management requires long-term strategy for

working out the required K inputs as biological

and chemical transformations do not add or

deplete K from the rhizosphere easily (Praharaj

et al. 2007). K increases plant height, crop vigour

and impart resistance to drought, frost and

diseases in potato (Baishya 2009). It activates a

number of enzyme systems involved in photo-

synthesis, carbohydrates metabolism and protein

formation, control of ionic balance, regulation of

plant stomata and water use activation of plant

enzyme and many other processes (Marschner

1995). Thus, a judicious combination of organic

and inorganic sources of plant nutrient helps in

obtaining high economic return and improving

soil health (Sud and Grewal 1990; Hedge and

Dwivedi 1993; Reddy and Reddy 2002). INM is

an essential tool for balanced fertilization and

sustainability of crop production on long-term

basis (Roy et al. 2001; Praharaj et al. 2002;

Arora 2008; Baishya et al. 2013).

2 Integrated Nutrient
Management on Potato
Productivity and Profitability

The INM practices in potato conducted in the hilly

region of northeastern India showed that potato

plants that received 75 % NPK through chemical

fertilizers and 25 % N through FYM resulted in

increased tuber yield and net profit (Table 1). Fur-

ther increase in organic N supply considerably

decreased the tuber productivity and profit. Slow

mineralization rate of organic matter at low tem-

perature condition prevailing in potato-growing
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season in the northeastern hill region might not

meet the nutrient demand of the crop and, thus,

decreased the tuber production (Kumar

et al. 2005). The tuber yield decreased by 9.1,

12.6 and 25.6 % due to replacement of 50, 75 and

100 % N through FYM, respectively, when com-

pared to that of 25 % N supply through FYM

(Baishya et al. 2010a). However, Kumar

et al. (2011) noticed that 50%NPK through chem-

ical fertilizers and 50 % N through organic

manures [FYM/poultry manure (PM)/

vermicompost (VC)] enhanced tuber yield and

paid greater profit comparable to that of the crop

having only chemical fertilizers (Table 2). Seed

treatment with biofertilizers (Azotobacter/PSB/
Azotobacter + PSB) also exerted beneficial effect

on tuber yield and profit as compared to the crop

without seed treatment. Seed treatment with both

Azotobacter and PSB produced higher tuber yield

and paid greater profit than that of having only

Azotobacter or PSB.
The benefit of seed treatment with biofertilizer

was noticed even in control plots where no plant

nutrient was added. Integrating fertility treatments

(organic and inorganic) with biofertilizer showed

significant interaction effect on potato productiv-

ity and profitability (Table 3). Integrated use of

50 % N as organic manures (FYM/PM/VC) and

50 % NPK as chemical fertilizers and seed treat-

ment with biofertilizers (Azotobacter + PSB)

seemed to be very promising in enhancing tuber

productivity and profitability (Kumar et al. 2013).

Seed treatment with biofertilizer under integrated

organic–inorganic nutrient management might

enhance the availability of N from FYM due to

higher microbial activities, which led to increase

crop productivity and profitability (Singh 2002;

Zaller and Köpke 2004; van Diepeningena

et al. 2006; Singh et al. 2007). The tuber yield

and net profit of potato increased significantly by

integrated use of organic manure and chemical

fertilizers (Mondal et al. 2005). The highest yield

(25.2 t/ha) and the maximum marginal

benefit–cost ratio were achieved with the use of

3 t/ha PM along with reduced rate (70 %) of the

recommended dose of chemical fertilizers (Islam

et al. 2013). Narayan et al. (2013) also found that

integrated use of inorganic and organic sources of

nutrients significantly improved the yield of

potato and paid high profit. They further reported

that application of biofertilizers provided addi-

tional benefits and VC proved better than FYM

in improving the tuber yield of potato under tem-

perate condition of Kashmir valley.

Integrated use of organics (FYM, PM, poultry

manure, green manure and crop residues) with

chemical fertilizers in major cropping systems of

subtropical northwestern India made better syn-

chrony of crop N needs because of slower miner-

alization of organics and reduced N losses due to

denitrification and nitrate leaching; thus, it pro-

duced significantly greater crop yields over that

of recommended dose of chemical fertilizers

(Aulakh 2010). Similarly, Sharma et al. (2013)

revealed that substitution of 25 % NPK through

FYM and 75 % NPK through chemical fertilizers

along with 5 kg Zn/ha and PSB plus Azotobacter

increased grain yield ofwheat and enhanced profit.

These findings suggest that integrated use of

organic manure, chemical fertilizers, biofertilizers

andmicronutrients is necessary for increasing crop

yield, improving crop quality and profitability.

Table 1 Effect of integrated nutrient management on tuber yield and economics of potato cultivation

Nutrient management practices

Tuber yield (t/ha) Net return (INR/ha) Benefit–cost ratio

2005 2006 2005 2006 2005 2006

25 % organic N (FYM) + 75 % inorganic fertilizer 24.25 26.59 30,143 33,051 3.83 4.37

50 % organic N (FYM) + 50 % inorganic fertilizer 22.35 24.96 27,781 31,025 3.26 3.16

75 % organic N (FYM) + 25 % inorganic fertilizer 21.15 24.70 26,289 30,702 2.94 2.77

100 % organic N (FYM)a 19.27 21.84 23,953 27,147 2.09 1.69

100 % inorganic fertilizer 24.00 26.30 29,832 32,691 3.74 4.11

Control 16.57 17.57 20,597 21,840 – –

LSD (0.05) 0.83 1.02 3,126 2,827 0.32 0.35

a100 % organic N ¼ 120 kg N/ha through farm yard manure (FYM); 100 % inorganic fertilizers ¼ 120 kg N, 120 kg

P2O5 and 60 kg K2O/ha (recommended dose) through chemical fertilizers (Source: Baishya et al. 2010a)
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3 Integrated Nutrient
Management on Nutrient
Uptake and Nutrient-Use
Efficiency

The nutrient management practices in potato

showed significant effect on nutrient uptake and

nutrient-use efficiency by the crop. The use of

100 % recommended dose of NPK through

chemical fertilizers recorded the highest NPK

(193.8, 16.56 and 213.1 kg/ha N, P and K,

respectively) uptake and nutrient-use efficiency

(27.0 kg/kg) and was comparable to those of the

crop having 75 % recommended dose of NPK

through chemical fertilizers along with 25 % N

through FYM (Table 4). The above treatments

significantly outperformed the other nutrient

Table 2 Effect of nutrient management and biofertilizers on tuber yield and economics of potato

Nutrient management practices

Tuber yield (t/ha) Net return (INR/ha)

2005 2006 2007 2005 2006 2007

Control 10.60 9.64 9.64 23,665 27,880 27,950

100 % organic N (FYM)a 15.65 16.25 16.67 36,719 40,104 41,984

100 % organic N (PM) 16.46 17.05 17.08 37,210 41,670 42,045

100 % organic N (VC) 16.09 16.64 16.88 33,480 36,205 37,295

50 % organic N (FYM) + 50 % inorganic fertilizers 21.37 21.85 21.92 64,196 68,871 69,831

50 % organic N (PM) + 50 % inorganic fertilizers 22.18 22.85 23.17 69,724 71,194 71,814

50 % organic N (VC) + 50 % inorganic fertilizers 22.01 22.27 22.21 66,582 67,292 68,457

100 % inorganic fertilizers 21.64 22.38 22.58 67,879 71,559 71,664

LSD (0.05) 1.61 1.62 1.56 4,993 5,309 5,388

Biofertilizer

Azotobacter 17.69 17.93 18.09 46,695 49,597 50,406

Phosphate-solubilizing bacteria (PSB) 18.05 18.29 18.66 48,688 51,315 53,724

Azotobacter + PSB 19.12 19.62 19.55 54,413 58,380 57,509

LSD (0.05) 0.80 0.88 0.89 4,589 4,715 4,657

a100 % organic N ¼ 120 kg N/ha through farm yard manure (FYM)/poultry manure (PM)/vermicompost (VC); 100 %

inorganic fertilizers ¼ 120 kg N, 120 kg P2O5 and 60 kg K2O/ha (recommended dose) through chemical fertilizers

(Source: Kumar et al. 2011)

Table 3 Interaction effect of nutrient management and biofertilizer on tuber yield and net return from potato

Biofertilizer

Tuber yield (t/ha) Net return (INR/ha)

Azotobacter PSB Azo + PSB Azotobacter PSB Azo + PSB

Nutrients management

Control 9.41 9.77 10.70 25,036 25,984 28,475

100 % organic N (FYM)a 15.54 16.03 17.00 38,006 39,222 41,579

100 % organic N (PM) 16.01 16.60 17.98 38,275 39,679 42,971

100 % organic N (VC) 15.86 16.25 17.50 34,193 35,040 37,746

50 % organic N (FYM) + 50 % inorganic

fertilizers

21.09 21.49 22.56 65,690 66,944 70,264

50 % organic N (PM) + 50 % inorganic

fertilizers

22.09 22.54 23.58 68,894 70,300 73,538

50 % organic N (VC) + 50 % inorganic

fertilizers

21.50 21.98 23.01 65,432 66,874 70,025

100 % inorganic fertilizers 21.60 21.97 23.03 68,466 69,638 72,998

LSD between N M at same biofertilizer 1.53 4,854

LSD between biofertilizer at same/diff. N M 1.65 5,215

a100 % organic N ¼ 120 kg N/ha through farm yard manure (FYM)/poultry manure (PM)/vermicompost (VC); 100 %

inorganic fertilizers ¼ 120 kg N, 120 kg P2O5 and 60 kg K2O/ha (recommended dose) through chemical fertilizers

Source: Kumar et al. (2011)
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management treatments with respect to nutrient

recovery and nutrient-use efficiency. Nutrient

uptake and nutrient-use efficiency decreased

steadily due to proportional decrease in nutrient

supply through inorganic fertilizers, and the crop

receiving 100 % N through FYM (only organic

source) recorded the lowest nutrient uptake

(121.0, 10.45 and 136.7 kg/ha N, P and K,

respectively) and nutrient-use efficiency

(7.6 kg/kg) among the other fertility treatments

(Baishya et al. 2010a).

High NPK uptake and nutrient-use efficiency

in potato were also found by Islam et al. (2013)

due to integrated use of 3 t/ha PM along with

70 % recommended dose of chemical fertilizers.

Significant effect of nutrient management

practices in potato on nutrient uptake and

nutrient-use efficiency were noted by Kumar

et al. (2012). The highest NPK uptake by the

crop and nutrient-use efficiency was obtained

with application of 50 % organic N (PM) and

50 % through chemical fertilizers (60 kg N, 60 kg

P2O5 and 30 kg K2O/ha) but was statistically

similar to those obtained from the crop at 50 %

organic N (VC) and 50 % NPK through chemical

fertilizers or 100 % NPK through chemical

fertilizers (Table 5). Replacement of 50 % N

through FYM was found less effective in com-

parison to the above treatments. Replacement of

100 % N through organic manures (PM, VC or

FYM) further reduced NPK uptake by the crop

and their use efficiency but increased markedly

over that of the control plots. Seed treatment with

both biofertilizers (Azotobacter, PSB and Azoto-

bacter + PSB) exerted beneficial effect on NPK

uptake and their use efficiency in potato and use

of both Azotobacter and PSB proved superior to

either Azotobacter or PSB. The results

emphasized the need of integrated use of

50 % N through organic manures (PM/VC/

FYM) and 50 % NPK through chemical

fertilizers in addition to seed treatment with

biofertilizers (Azotobacter + PSB) for enhancing

the NPK uptake and their use efficiency in

potato. Favourable effect of integrated nutrient

management through organic manures and inor-

ganic fertilizers on increasing NPK uptake and

their use efficiency in potato was also noticed by

Thind et al. (2007) and Baishya (2009). The

study clearly showed that integrated use of

organic manure, chemical fertilizers and

biofertilizers not only increased tuber productiv-

ity but also enhanced nutrient uptake and

nutrient-use efficiency in potato.

4 INM on Soil Fertility

The overall fertility status of the soil improved

considerably due to integrated use of organic

manures and chemical fertilizers. The soil fertil-

ity status increased steadily by increasing the rate

of organic manuring (Jayaram et al. 1990;

Mondal et al. 2007; Mohapatra et al. 2008).

Application of 100 % N through organic sources

recorded maximum increase in organic carbon

and available NPK contents in soil over the ini-

tial values (van Diepeningena et al. 2006;

Baishya et al. 2010b). They noticed that this

benefit was gradually decreasing with

Table 4 Effect of integrated nutrient management on nutrient uptake by potato (average value of 2 years)

Nutrient management practices

Nutrient uptake by the crop (kg/ha)

Nutrient-use efficiencyN uptake P uptake K uptake

Control 99.1 8.78 109.2 –

25 % organic N + 75 % inorganic fertilizer 191.0 16.25 210.4 24.2

50 % organic N + 50 % inorganic fertilizer 167.1 14.17 182.2 18.2

75 % organic N + 25 % inorganic fertilizer 149.7 12.50 168.8 14.9

100 % organic Na 121.0 10.45 136.7 7.6

100 % inorganic fertilizer 193.8 16.56 213.1 27.0

LSD (0.05) 5.0 0.70 5.1 4.1

a100 % organic N ¼ 120 kg N/ha through farm yard manure (FYM); 100 % inorganic fertilizers ¼ 120 kg N, 120 kg

P2O5 and 60 kg K2O/ha (recommended dose) through chemical fertilizers (Source: Baishya et al. 2010a)
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proportionate reduction in organic manuring.

They further observed that nutrient management

(100 % NPK) through only chemical fertilizers

helped in improving the above soil parameters to

a less extent, and the control plot showed consid-

erable negative nutrient balance in soil (Table 6).

In another study, Kumar et al. (2012) noticed

that total organic carbon (TOC), soil microbial

biomass carbon (SMBC) and ratio of SMBC to

TOC varied significantly among the different

nutrient management treatments (Table 7). The

TOC varied from 9.13 in the control to 14.43 g/

kg of soil in 100 % organic N (FYM) plots,

whereas the SMBC ranged from 121.5 in the

control to 197.0 mg/kg of soil in 100 % organic

N (VC)-treated plots. Both TOC and SMBC

reduced substantially in the control plots from

their initial values (12.3 g/kg and 145.0 mg/kg

of soil, respectively). The ratio of SMBC to TOC

increased over its initial value (11.79 mg/g) due

to different fertility management treatments

except in plots receiving 100 % NPK through

inorganic fertilizers alone which recorded

SMBC to TOC ratio much below the control

and initial value. Maximum values of TOC and

SMBC were recorded with the application of

100 % N through organic manures (PM, VC

and FYM), which were markedly higher than

Table 5 Effect of integrated nutrient management on nutrient uptake by potato (average value of 3 years)

Nutrient management practices

Nutrient uptake by the crop (kg/ha)

Nutrient-use efficiencyN uptake P uptake K uptake

Control 58.1 12.46 74.8 –

100 % organic N (FYM)a 84.9 20.50 108.5 20.76

100 % organic N (PM) 89.9 22.65 113.7 23.02

100 % organic N (VC) 88.1 21.10 112.2 21.93

50 % organic N (FYM) + 50 % inorganic fertilizers 109.9 29.64 142.6 39.18

50 % organic N (PM) + 50 % inorganic fertilizers 118.8 33.63 150.4 42.58

50 % organic N (VC) + 50 % inorganic fertilizers 114.9 31.66 148.0 40.68

100 % inorganic fertilizers 116.0 32.89 148.6 40.80

LSD (0.05) 4.6 2.25 6.3 3.56

Biofertilizer

Azotobacter 95.3 23.67 120.8 26.48

Phosphate-solubilizing bacteria (PSB) 97.7 25.79 125.5 27.91

Azotobacter + PSB 99.6 27.23 128.3 31.57

LSD (0.05) 2.7 1.23 4.5 3.45

aRDN (recommend dose of N) ¼ 120 kg N/ha; RD (recommend dose) ¼ 120 kg N/ha, 120 kg P2O5/ha and 60 kg K2O/

ha, respectively (Source: Kumar et al. 2012)

Table 6 Effect of integrated nutrient management on fertility status of the soil after end of the experiment (two-crop

cycle)

Fertility management practices

Soil properties of the experimental field

Organic C (%) Av. N (kg/ha) Av. P2O5 (kg/ha) Av. K2O (kg/ha)

Initial 0.69 163.00 13.05 390.13

Control 0.52 142.67 9.20 361.93

25 % organic N + 75 % inorganic fertilizer 0.83 188.98 20.98 423.70

50 % organic N + 50 % inorganic fertilizer 0.86 200.41 23.01 436.33

75 % organic N + 25 % inorganic fertilizer 0.93 218.93 25.93 453.48

100 % organic Na 1.04 235.42 29.02 467.34

100 % inorganic fertilizer 0.75 203.23 19.95 420.30

LSD (0.05) 0.14 38.39 3.10 53.63

a100 % organic N ¼ 120 kg N/ha through farm yard manure (FYM); 100 % inorganic fertilizers ¼ 120 kg N, 120 kg

P2O5 and 60 kg K2O/ha (recommended dose) through chemical fertilizers (Source: Baishya et al. 2010b)
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those of 50 % NPK through inorganic fertilizers

and remaining 50 % N through organic manures.

Both the treatments again significantly increased

TOC and SMBC over their initial values and also

over those of the control plots. Kumar

et al. (2012) further observed that the available

NPK contents in the soil increased due to the

application of the recommended dose of nutrients

either through inorganic fertilizers or through

integrated application of inorganic fertilizers

and organic manures. The highest available

NPK contents in soil were obtained with the

application of 50 % NPK through inorganic

fertilizers, and the remaining 50 % N through

PM and were comparable to those of 50 % NPK

through inorganic fertilizers and remaining

50 % N through VC or FYM. These treatments

recorded markedly higher NPK contents in soil

than those of 100 % NPK through only inorganic

fertilizers (Table 7). Application of 100 % N

either through organic manures (PM, VC and

FYM) or through inorganic fertilizers also

enhanced the available NPK status of soil over

its initial values and those of the control plots.

The control plots recorded negative balance of

available NPK status in the soil. Biofertilizers

treatments did not exert significant effect on

TOC, SMBC, ratio of SMBC/TOC and available

NPK status of the soil under the study. Similar

favourable effects of integrated nutrient manage-

ment involving inorganic fertilizers and organic

manures on improving organic carbon pool and

available NPK status of the soil have been

noticed by Manna et al. (2006), Kumar

et al. (2008), Ghosh et al. (2009) and Zaman

et al. (2011).

A combination of organic manures and chem-

ical fertilizers along with biofertilizers is, there-

fore, a useful strategy to minimize dependence

on synthetic fertilizers, enhance soil physico-

chemical properties and improve its quality

(Iqbal et al. 2002; Jiang et al. 2006; Kumar

et al. 2013). The rate of application of inorganic

fertilizers can also be reduced by minimizing

Table 7 Effect of integrated nutrient management on fertility status of the soil after the end of the experiment (three-

crop cycle)

Nutrient management

Soil properties of the experimental field

pH

TOC

(g/kg)

SMBC

(mg/kg)

SMBC/TOC

(mg/g)

Av. N

(kg/ha)

Av. P

(kg/ha)

Av. K

(kg/ha)

Control 5.40 9.13 121.5 13.31 172.0 11.23 190.2

100 % organic N (FYM)a 5.55 14.43 196.4 13.61 244.8 21.91 263.6

100 % organic N (PM) 5.73 14.33 193.8 13.52 246.7 22.70 264.7

100 % organic N (VC) 5.53 14.23 197.0 13.84 244.0 21.60 262.0

50 % organic N (FYM) + 50 %

inorganic fertilizers

5.56 13.73 173.2 12.61 252.0 24.85 269.2

50 % organic N (PM) + 50 %

inorganic fertilizers

5.61 13.63 171.4 12.58 253.3 26.37 271.1

50 % organic N (VC) + 50 %

inorganic fertilizers

5.58 13.63 175.4 12.87 251.6 24.01 268.8

100 % inorganic fertilizers 5.52 13.13 143.9 10.96 236.5 21.63 252.8

LSD (0.05) 0.12 0.37 10.75 1.60 10.8 1.51 14.2

Biofertilizer

Azotobacter 5.53 13.09 170.4 13.02 237.0 21.32 259.1

Phosphate-solubilizing bacteria

(PSB)

5.55 13.25 172.0 12.98 237.5 21.66 260.7

Azotobacter + PSB 5.60 13.51 173.9 12.87 238.3 22.10 261.3

LSD (0.05) NS NS NS NS NS NS NS

Initial value 5.30 12.30 145.0 11.79 179.5 13.35 195.1
aRDN (recommend dose of N) ¼ 120 kg N/ha; RD (recommend dose) ¼ 120 kg N/ha, 120 kg P2O5/ha and 60 kg K2O/

ha, respectively. TOC ¼ Total Organic Carbon; SMBC ¼ Soil Microbial Biomass Carbon (Source: Kumar et al. 2012)
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losses and increasing the recycling of nutrients

(Lal 2006; Shafi et al. 2009; Shafi et al. 2012).

Losses of nutrients can be controlled through

nutrient recycling and organic manuring (Shaaban

2006; Gopinath et al. 2008). There are some

advantages in substituting biological nitrogen fixa-

tion for inorganic fertilizers (Singh et al. 2007;

Kumar et al. 2012). However, the economics of

growing nitrogen versus buying nitrogen have to

be carefully evaluated in terms of land scarcity and

efficiency of nitrogen availability (Aulakh 2010;

Baishya et al. 2013; Sharma et al. 2013).

Sustainable agricultural production

incorporates the idea that natural resources

should be used to generate increased output and

income, especially for low-income groups, with-

out depleting the natural resource base. In this

context, INM maintains soils as storehouses of

plant nutrients that are essential for growth and

productivity of crops (Stephen 2001; Prasad

et al. 2002; Premi 2003).

Conclusion

INM’s goal is to integrate the use of all natural

and man-made sources of plant nutrients, so

that crop productivity increases in an efficient

and environmentally benign manner, without

sacrificing soil productivity for future

generations (Mondal et al. 2007; Zaman

et al. 2011; Kumar et al. 2012). INM relies

on a number of factors, including appropriate

nutrient application and conservation and the

transfer of knowledge about INM practices to

farmers and researchers. Sufficient and bal-

anced application of organic and inorganic

fertilizers is a major component of INM. In

potato, the beneficial effect of the integrated

use of organic manures and chemical

fertilizers on improving soil fertility was

noticed by Mondal et al. (2007), Kumar

et al. (2008), Baishya (2009) and Zaman

et al. (2011) and on soil quality (TOC,

SMBC and SMBC/TOC ratio) by Manna

et al. (2006), Ghosh et al. (2009) and Kumar

et al. (2012) and was found to be responsible

for sustaining crop productivity.
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Part V

Specialised Case Studies



Enhancing Nutrient Use Efficiencies
in Rainfed Systems

Suhas P. Wani, Girish Chander, and Rajneet K. Uppal

Abstract

Successful and sustained crop production to feed burgeoning population

in rainfed areas, facing soil fertility-related degradation through low and

imbalanced amounts of nutrients, requires regular nutrient inputs

through biological, organic or inorganic sources of fertilizers. Intensifi-

cation of fertilizer (all forms) use has given rise to concerns about

efficiency of nutrient use, primarily driven by economic and environ-

mental considerations. Inefficient nutrient use is a key factor pushing up

the cost of cultivation and pulling down the profitability in farming while

putting at stake the sustainability of rainfed farming systems. Nutrient

use efficiency implies more produce per unit of nutrient applied; there-

fore, any soil-water-crop management practices that promote crop pro-

ductivity at same level of fertilizer use are expected to enhance nutrient

use efficiency. Pervasive nutrient depletion and imbalances in rainfed

soils are primarily responsible for decreasing yields and declining

response to applied macronutrient fertilizers. Studies have indicated

soil test-based balanced fertilization an important driver for enhancing

yields and improving nutrient use efficiency in terms of uptake, utiliza-

tion and use efficiency for grain yield and harvest index indicating

improved grain nutritional quality. Recycling of on-farm wastes is a

big opportunity to cut use and cost of chemical fertilizers while getting

higher yield levels at same macronutrient levels. Best management

practices like adoption of high-yielding and nutrient-efficient cultivars,

landform management for soil structure and health, checking pathways

of nutrient losses or reversing nutrient losses through management at

watershed scale and other holistic crop management practices have great

scope to result in enhancing nutrient and resource use efficiency through

higher yields. The best practices have been found to promote soil organic
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carbon storage that is critical for optimum soil processes and improve

soil health and enhance nutrient use efficiency for sustainable intensifi-

cation in the rainfed systems.

Keywords

N use efficiency • Nutrient efficient genotypes • P use efficiency • Rainfed

agriculture • Soil health • Sustainable intensification

1 Introduction

Awareness of and interest in enhancing nutrient

use efficiency have never been greater than as of

today mainly due to the need to produce more

food from limited land and to protect the envi-

ronment through sustainable intensification.

Regular nutrient inputs through chemical

fertilizers have become an integral component

of the production systems as the systems have

become open to exporting of nutrients through

food production areas (rural farming areas) to

urban areas as well as to outside countries as

against the traditional closed systems wherein

nutrients were recycled. It is essential to recog-

nize that in rainfed production systems, even

with relatively low productivity level, the quan-

tity of nutrient removal is quite substantial over

the years, as these soils did not receive balanced

nutrient applications. Furthermore, the quantum

of nutrients available for recycling via crop

residues and animal manures is grossly inade-

quate to compensate for the amounts removed

in crop production. Thus, mineral fertilizers

have come to play a key role where increased

agricultural production is required to meet grow-

ing food demand and particularly in soils having

low fertility. Though the consumption of chemi-

cal fertilizers has increased steadily over the

years, the use efficiency of nutrients applied as

fertilizers continues to remain awfully low. A

review of best available information suggests

that the average N recovery efficiency for fields

managed by farmers ranges from about 20 to

30 % under rainfed conditions and 30 to 40 %

under irrigated conditions (Roberts 2008).

Improving nutrient efficiency is a worthy goal

and fundamental challenge. The opportunities

are there, and tools are available to accomplish

the task of improving the efficiency of applied

nutrients. However, we must be cautious that

improvements in efficiency do not come at the

expense of the farmers’ economic viability or the

environment. Judicious application of nutrients

targeting both high yields and nutrient efficiency

will benefit farmers, society and the environment

alike.

2 Importance of Rainfed
Agricultural Systems

Addressing rainfed agricultural systems is very

important as 80 % of the cultivated area world-

wide is rainfed and contributes to about 60 % of

the world’s food (Wani et al. 2012a). Rainfed

regions are the homes to the world’s poor and

malnourished people, and maximum population

growth (95 %) is taking place here (Wani

et al. 2012a). In India also, the rainfed-cropped

areas comprise about 60 % (89 million ha) of the

net-cultivated area (Wani et al. 2008). Irrigated

regions in India have reached a productivity pla-

teau, and today there is a big issue of concern to

feed the burgeoning population. In spite of best

efforts to increase irrigation, around 45 % of

cultivated will still continue to remain rainfed

by the year 2050 (Bhatia et al. 2006;

Amarasinghe et al. 2007). There is no option of

increasing arable land, and with burgeoning pop-

ulation, per capita arable land availability in

India has decreased from 0.39 ha in 1951 to

0.12 ha in 2011 and is expected to be 0.09 ha

by the year 2050 (Ministry of Agriculture, Gov-

ernment of India 2013; FAOSTAT 2013). Within

existing land and water constraints, India must

360 S.P. Wani et al.



sustainably increase the productivity levels of the

major rainfed crops to meet the ever-increasing

demand of food to around 380 million tonnes in

2050 (Amarasinghe et al. 2007). Moreover, due

to the role of agriculture in economic develop-

ment and poverty reduction (Irz and Roe 2000;

Thirtle et al. 2002; World Bank 2005), the

upgradation of rainfed agriculture is priority of

the government. So, in current context of

suboptimal input use in rainfed systems, a regular

use of nutrient inputs through chemical

fertilizers is going to be increased with needs

and opportunities for enhancing nutrient use

efficiencies.

3 Large Yield Gaps and
Untapped Potential

Yield gap analyses for major rainfed crops in

semi-arid tropics (SAT) in Asia (Fig. 1) and

Africa reveal large yield gaps, with farmers’

yields being a factor of two- to fourfold lower

than achievable yields for major rainfed crops

grown in Asia and Africa (Rockström

et al. 2007). At the same time, the dry subhumid

and semi-arid regions experience the lowest

yields and the lowest productivity improvements.

Here, yields oscillate between 0.5 and 2 t ha�1,

with an average of 1 t ha�1, in sub-Saharan

Africa and 1–1.5 t ha�1 in SAT Asia (Rockström

and Falkenmark 2000; Wani et al. 2003a, b;

Rockström et al. 2007). Farmers’ yields continue

to be very low compared with the experimental

yields (attainable yields) as well as simulated

crop yields (potential yields), resulting in a very

significant yield gap between actual and attain-

able rainfed yields. The difference is largely

explained by inappropriate soil, water and crop

management options used at the farm level, com-

bined with persistent land degradation and inap-

propriate institutional and policy mechanisms.

The vast potential of rainfed agriculture needs

to be unlocked through knowledge-based man-

agement of soil, water and crop resources for

increasing productivity and nutrient use effi-

ciency through sustainable intensification.

4 Intensification to Bridge Yield
Gaps and Environmental
Implications

The intensive use of chemical fertilizers during

the past four to five decades undoubtedly quadru-

pled global food grain production but has created

implications for the environmental safety

(Tilman et al. 2001, 2002; Hungate et al. 2003;

Sutton et al. 2011). Worldwide, chemical fertil-

izer consumption has increased fourfold during

the last 50 years (FAO 2011). As regards to N

fertilizers, the increase in agricultural food pro-

duction worldwide over the past four decades has

been associated with a sevenfold increase in the

use of N fertilizers (Rahimizadeh et al. 2010),

with 33 % nitrogen use efficiency (Raun and

Johnson 1999). Similarly, an overview of agri-

culture in India indicates that since the late 1960s

(1966–1971), the period that coincides with the

launch of green revolution, the food grain pro-

duction is more than doubled during 2006–2009

with almost no change in area but accompanied

by more than 12 times increase in nitrogenous

fertilizer consumption (Ministry of Agriculture,

Government of India 2013). High nitrifying

nature of intensive production systems results in

loss of nearly 70 % of the overall N-fertilizer

inputs (Peterjohn and Schlesinger 1990; Raun

and Johnson 1999). Rapid and unregulated nitri-

fication from agricultural systems results in

increased N leakage to the environment

(Schlesinger 2009). Nitrogen-fertilizer-based

pollution is also becoming a serious issue for

many agricultural regions (Garnett et al. 2009).

Inefficient use of N fertilizer is causing serious

environmental problems associated with the

emission of NH3, N2 and N2O (the last being an

important greenhouse gas implicated both in the

global warming and ozone layer depletion in the

stratosphere) to the atmosphere. N2O is a power-

ful greenhouse gas having a global warming

potential (GWP) 300 times greater than that of

CO2 (Kroeze 1994; IPCC 2007), while the

earth’s protective ozone layer is damaged by

NOs that reach the stratosphere (Crutzen and

Ehhalt 1977). The loss of NO3 from the root
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zone and NO3 contamination of ground and sur-

face water via nitrate leaching or run-off are

major environmental concerns (Singh and

Verma 2007; Tilman et al. 2001; Galloway

et al. 2008; Schlesinger 2009). Current estimates

indicate that N lost by NO3 leaching from agri-

cultural systems could reach 61.5 Tg N year�1 by

2050 (Schlesinger 2009). Excessive fertilizer

run-off in water bodies results in growth of

algal blooms leading to eutrophication, shifting

the state of lake systems from clear to turbid

water (Carpenter 2003). It was recently

documented by Rockstorm et al. (2009) that

planetary boundaries for nitrogen cycle have

already crossed the biophysical thresholds. Simi-

larly excessive phosphate fertilizer can be a sig-

nificant contributor of potentially hazardous

trace elements such as arsenic, cadmium and

lead in croplands. These trace elements have

the potential to accumulate in soils and be trans-

ferred through the food chain (Jiao et al. 2012).

In response to continually increasing economic

and environmental pressures, there is an urgent

need to enhance efficient use of nitrogenous

fertilizers and increase profitability by develop-

ing sustainable farming systems (Mahler

et al. 1994).

5 Potential for Sustainable
Intensification

Evidence from a long-term experiment at the

International Crops Research Institute for the

Semi-Arid Tropics (ICRISAT), Patancheru,

India, since 1976 demonstrated the virtuous

cycle of persistent yield increase through

improved land, water and nutrient management

in rainfed agriculture. Improved systems of sor-

ghum + pigeon pea intercrops produced higher

mean grain yields (5.1 t ha�1) through increased

rainwater use efficiency compared with

1.1 t ha�1, the average yield of sole sorghum in

the traditional (farmers’) post-rainy system,

where crops are grown on stored soil moisture

(Figs. 2 and 3). The annual gain in grain yield in

the improved system was 70 kg ha�1 year�1

compared with 20 kg ha�1 year�1 in the tradi-

tional system. The large yield gap between

attainable yield and farmers’ practice as well as

between the attainable yield of 5.1 t ha�1 and

potential yield of 7 t ha�1 shows that a large

potential of rainfed agriculture remains to be

tapped. Moreover, the improved management

system is still continuing to provide an increase
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in productivity as well as improving soil quality

(physical, chemical and biological parameters)

along with increased carbon sequestration

which is very much required to promote soil

organic carbon storage critical for optimum soil

processes to enhance nutrient use efficiency.

Long-term studies at ICRISAT showed that an

improved system having balanced fertilization not

only increased crop productivity but also

increased soil organic C and nutrients like total

and available N and Olsen P (Wani et al 2003a) in

the system. This study showed that an additional

quantity of 7.3 t C ha�1 (335 kg C ha�1 year�1)

was sequestered in soil under the improved system

compared with the traditional system over the

24-year period. With an increase in biomass C

(89 %), there was 83 % increase in mineral N,

105 % increase in microbial biomass N and about

18 % increase in total N in the improved system

compared with the traditional system. Microbial

biomass is one of the most labile pools of organic

matter and serves as an important reservoir of

plant nutrients such as N and P (Jenkinson and

Ladd 1981). Biomass C, as a proportion of total

soil C, serves as a surrogate for soil quality

(Jenkinson and Ladd 1981). ICRISAT long-term

study showed that under improved management

practices, biomass C constituted a higher propor-

tion of soil organic C up to 10.3 % as compared

with 6.4 % under farmers’ practice. Biomass N is

Fig. 2 Effects of improved

management and farmers’

management systems on

crop yields during

1976–2012 at ICRISAT,

Patancheru, India (Source:

Wani et al. 2012a)
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comprised of about 2.6 % of total soil N in

the improved system, whereas in the traditional

system, it constituted only 1.6 %.

6 What Does Increased Nutrient
Use Efficiency Imply?

Nutrient use efficiency can be defined in many

ways and is easily misunderstood and

misrepresented. Definitions differ, depending on

the perspective. Increased nutrient use efficiency

implies the following:

• Lesser nutrient need for obtaining a given

level of production or more produce per unit

of nutrient applied

• Lower cost of production per unit of produce

• Higher returns per $ invested on nutrient use

• Reduced risk of environmental pollution

Over- or under-application of needed nutrients

will result in reduced nutrient use efficiency or

losses in yield and crop quality. Improving nutri-

ent efficiency is an appropriate goal for all

involved in agriculture. However, maximizing

efficiency may not always be advisable or effec-

tive, and effectiveness cannot be sacrificed for

the sake of efficiency. Much higher nutrient

efficiencies could be achieved simply by

sacrificing yield, but that would not be economi-

cally effective or viable for the farmer or the

environment. For a typical yield response curve,

nutrient use efficiency is high at a low yield level,

because any small amount of nutrient applied

could give a large yield response. If nutrient use

efficiency were the only goal, it would be

achieved here in the lower part of the yield

curve. As we move up the response curve, yields

continue to increase, albeit at a slower rate, and

nutrient use efficiency typically declines. How-

ever, the extent of the decline is dictated by the

best management practices (BMPs) employed

(i.e. right rate, right time, right place, improved

balance in nutrient inputs, etc.) as well as soil and

climatic conditions and is the target area of

researchers to enhance the nutrient use efficiency

through optimization of BMPs.

6.1 Measures of Nutrient Use
Efficiency

The nutrient use efficiency is measured in differ-

ent ways depending upon the perspective in which

it is computed and considered. The agronomists,

soil scientists, plant physiologists and agricultural

economists use different expressions/measures for

nutrient use efficiency. Taking nitrogen (N) as an

example of plant nutrients, different measures of

nutrient use efficiency can be defined as follows

(Delogu et al. 1998; Lopez-Bellido and Lopez-

Bellido 2001):

Nitrogen uptake efficiency (NUpE) is worked

out by dividing total plant N uptake with N

supply (Eq. 1).

NUpE kg kg�1
� � ¼ Nt=N supply ð1Þ

where Nt is the total plant N uptake and is deter-

mined by multiplying dry weight of plant parts

by N concentration and summing over parts for

total plant uptake. N supply is the sum of soil N

content at sowing, mineralized N and N fertilizer.

N supply is defined (Limon-Ortega et al. 2000) as

the sum of (i) N applied as fertilizer and (ii) total

N uptake in control (0 N applied).

Nitrogen utilization efficiency (NUtE) is

worked out by dividing grain yield with total

plant N uptake (Eq. 2).

NUtE kg kg�1
� � ¼ Y=Nt ð2Þ

where Y is grain yield.

Nitrogen use efficiency (NUE) is estimated by

dividing grain yield with N supply (Eq. 3).

NUE kg kg�1
� � ¼ Y=N supply ð3Þ

The nitrogen harvest index (NHI) is determined

by dividing total grain N uptake with total plant

N uptake and multiplying by 100 (Eq. 4).

NHI %ð Þ ¼ Ng=Ntð Þ � 100 ð4Þ
where Ng is the total grain N uptake. Ng is

determined by multiplying dry weight of grain

by N concentration.

There are some incremental efficiency measures

under Reddy (2013).

Agronomic efficiency of N (AEN) is the

increase in crop yield per unit of N applied,
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i.e. ratio of the increase in yield to the amount of

N applied (Eq. 5).

AEN kg kg�1
� � ¼ YN � Y0ð Þ=N applied ð5Þ

where YN (kg ha�1) is the economic yield with N

application, Y0 (kg ha�1) is the economic yield

without N application and N applied (kg ha�1) is

the amount of N applied.

Recovery efficiency of N (REN) refers to the

increase in N uptake by plant (aboveground

parts) per unit of N applied (Eq. 6).

REN %ð Þ ¼ NnNoð Þ=N applied� 100 ð6Þ
where Nn (kg ha�1) is the N uptake by crop with

N application and No (kg ha�1) is the N uptake

by crop without N application.

Physiological efficiency of N (PEN)

indicates the efficiency with which the plant

utilizes the absorbed N to produce economic

yield (Eq. 7).

PEP kg kg�1
� � ¼ YN � Y0ð Þ= NnNoð Þ ð7Þ

Economic efficiency of N (EEN) refers to agro-

nomic efficiency (AEP) expressed in monetary

terms (Eq. 8). It can be equated with most popu-

larly used benefit to cost ratio.

EEP ¼ YN � Y0ð Þ=N applied

� Value of the produce Rsð Þ
=Cost of the nutrient Rsð Þ ð8Þ

Partial factor productivity for N (PFPN) from

applied N is the ratio of grain yield to amount

of N applied (Eq. 9).

PFPN kg kg�1
� � ¼ Y=N applied ð9Þ

7 Enhancing Nutrient Use
Efficiency Through Bridging
Yield Gaps

Crop yield directly or indirectly is the numerator

in different terms of nutrient use efficiency, and

the practices that increase crop yield may there-

fore increase nutrient use efficiency. The soil-

water-crop management practices that promote

crop productivity at the same level of fertilizer

use are expected to enhance nutrient use effi-

ciency. Similarly, all the management practices

that minimize nutrient requirement while achiev-

ing desired productivity targets would also lead

to increased nutrient use efficiency.

7.1 Integrated Watershed
Management

In rainfed areas, watershed management is the

approach used for conservation of water and

other natural resources as well as for sustainable

management of natural resources while enhanc-

ing ecosystem services such as provisioning pro-

duction (food, fodder and fuel), erosion control,

groundwater recharge, transportation of

nutrients, recreation, etc. Watershed manage-

ment is the process of organizing land use and

use of other resources in a watershed to provide

desired goods and services to people while

enhancing the resource base without adversely

affecting natural resources and the environment

(Wani et al. 2001). The soil and water manage-

ment measures in the treated watershed include

field bunding, gully plugging and check dams

across the main watercourse, along with

improved soil, water, nutrient and crop manage-

ment technologies.

In Adarsha watershed in Kothapally, Andhra

Pradesh, India, there was a significant reduction

in run-off from the treated watershed compared

to the untreated area in 2000 and 2001 (Table 1).

In high rainfall year (2000), run-off from the

treated watershed was 45 % less than the

untreated area. During a subnormal rainfall year

(2001), run-off from the treated watershed was

29 % less than the untreated area. Of the 3 years

during 1999–2001, 2 years (1999 and 2001) were

low rainfall years. Besides low rainfall, most of

the rainfall events were of low intensity. This

resulted in very low seasonal run-off during

1999 and 2001. Generally, during the low

run-off years, the differences between the treated

and untreated watersheds are very small. During

good rainfall, i.e. 2000, a significant difference in
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the run-off was seen between treated and

untreated watersheds (Table 1). The soil loss

was measured both from treated and untreated

watersheds during 2001. There was a significant

reduction in soil loss from treated watershed

(only 1/3 soil loss) compared to untreated water-

shed in 2001. Thus, integrated watershed man-

agement is an important vehicle of technologies

to check nutrient losses or reversing nutrient

losses through run-off water or along with soil

lost. Thus, management at watershed scale is

another important aspect that needs urgent atten-

tion to enhance efficiency of inherent nutrients in

soil and added through fertilizers and manures.

More infiltrations through reduced run-off

under watersheds (Wani et al. 2012b) also

strengthen the green-water sources to create syn-

ergy with nutrients to get higher yields and nutri-

ent use efficiency. For food production

worldwide, the consumption of green water is

almost threefold more than blue water (5,000

vs. 1,800 km3 year�1) (Karlberg et al. 2009)

and thereby changes in it can result large impact

on yields and also nutrient use efficiencies.

Evidences from different watersheds (Table 2)

have shown substantial productivity improve-

ment as compared to non-watershed regions

leading to efficient nutrient and resource use

efficiency. As a result of watershed interventions,

the rainwater use efficiency by different crops

increased by 15–29 % at Xiaoxincun (China),

13–160 % at Lucheba (China) and 32–37 % at

Tad Fa (Thailand), which brought in substantial

productivity improvement (Table 2). The

watershed interventions which improve substan-

tially the green-water resources apparently led to

better utilization of available water resources in

productive transpiration and resulted in more

food per drop of water. The run-off water

harvested in tanks facilitated supplementary irri-

gation at critical stages and brought a change in

production scenario. The results proved that

integrated soil, crop and water management

with the objective of increasing the proportion

of the water balance as productive transpiration,

which constitutes one of the most important rain-

water management strategies to improve yields

and water productivity, is effectively addressed

through participatory watershed interventions. In

addition to long-term sustainable benefits, crop

production with watershed intervention is also a

profitable option in terms of benefit: cost ratio.

7.2 Soil Health Management and
Nutrient Use Efficiency

7.2.1 Widespread Soil Fertility
Degradation Resulting Low Crop
Yields and Nutrient Use Efficiency

Land degradation represents a diminished ability

of ecosystems or landscapes to support the

functions or services required for sustainable

intensification. Agricultural production over a

period of time particularly in marginal and frag-

ile lands has resulted in degradation of the natu-

ral resource base, with increasing impact on

productivity and nutrient use efficiency. Perva-

sive nutrient depletion and nutrient imbalances in

agricultural soils are primary causes of decreas-

ing yields and declining response to applied

fertilizers. This depletion of selected soil

nutrients often leads to fertility levels that limit

production and severely affect nutrient use effi-

ciency. Shorter fallow periods do not compensate

for losses in soil organic matter and nutrients,

leading to the mining of soil nutrients. In many

African, Asian and Latin American countries, the

nutrient depletion of agricultural soils is so high

that current agricultural land use is not

sustainable.

Table 1 Seasonal rainfall, run-off and soil loss from the

Adarsha watershed in Kothapally, Andhra Pradesh, India,

1999–2001

Year

Run-off (mm) Soil loss (t ha�1)

Rainfall Untreated Treated Untreated Treated

1999 584 16 NR – –

2000 1,161 118 65 1.04 –

2001 612 31 22 1.48 0.51

Source: Sreedevi et al. (2004)

Untreated ¼ control with no development work; treated

¼ with improved soil, water and crop management

technologies; NR ¼ not recorded
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Nutrient depletion is now considered the chief

biophysical factor limiting small-scale produc-

tion in Africa (Drechsel et al. 2004). Recent

characterization of farmers’ fields in different

states across India revealed a widespread defi-

ciency of zinc (Zn), boron (B) and sulphur (S) in

addition to known deficiencies of macronutrients

such as nitrogen (N) and phosphorus (P) (Table 3).

New widespread deficiencies of secondary and

micronutrients are apparently the reason for

holding back the productivity potential

(Sahrawat et al. 2007, 2011; Wani et al. 2012b;

Chander et al. 2013a, b, 2014a, b) and declining

response to macronutrients and so decreasing

nutrient use efficiency. In view of observed

deficiencies, the application of major

nutrients N, P and K as currently practiced is

important for the SAT soils (El-Swaify

Table 2 Crop yield and rainwater use efficiency during pre- and post-watershed interventions in watersheds in China

and Thailand

Crop

Pre-project period Post-project period

Crop yield

(kg ha�1)

RWUE

(kg mm�1 ha�1)

B:C

ratio

Crop yield

(kg ha�1)

RWUE

(kg mm�1 ha�1)

B:C

ratio

Xiaoxincun, China

Rice 5,800 9.5 1.9 6,300 11.2 2

Maize 4,500 7 1.9 5,200 8.1 2.2

Groundnut 1,400 2.2 1.8 1,800 2.8 2.2

Watermelon 10,500 16.4 3.4 12,500 19.5 3.9

Sweet

potato

19,500 30.4 2.5 22,500 35.1 3

Lucheba, China

Vegetables 36,900 28.8 1.4 41,900 32.6 1.8

Watermelon 11,300 8.8 1.5 29,300 22.8 1.6

Tad Fa, Thailand

Maize 3,218 2.7 2.3 4,500 3.7 2.7

Cabbage 36,343 29.8 3.9 49,063 40.2 4.3

Chillies 2,406 2 4 3,188 2.6 4.6

Source: Wani et al. (2012a)

Table 3 Soil fertility status of farmers’ fields in rainfed semi-arid tropics of India

State

No. of

farmers

% deficiency (range of available nutrients)

Org-C Av P Av K Av S Av B Av Zn
aAndhra

Pradesh

3,650 76 (0.08–

3.00)

38 (0.0–248) 12 (0–1,263) 79 (0.0–

801)

85 (0.02–

4.58)

69 (0.08–

35.6)
bGujarat 82 12 (0.21–

1.90)

60 (0.4–42.0) 10 (30–635) 46 (1.1–

150)

100 (0.06–

0.49)

85 (0.18–

2.45)
cKarnataka 92,904 52 (0.01–

9.58)

41 (traces-

544)

23 (traces-

3,750)

52 (0.9–

237)

62 (0.02–

4.60)

55 (traces-

235)
aMadhya

Pradesh

341 22 (0.28–

2.19)

74 (0.1–68) 1 (46–716) 74 (1.8–

134)

79 (0.06–

2.20)

66 (0.10–

3.82)
aRajasthan 421 38 (0.09–

2.37)

45 (0.2–44) 15 (14–1,358) 71 (1.9–

274)

56 (0.08–

2.46)

46 (0.06–

28.6)
bTamil

Nadu

119 57 (0.14–

1.37)

51 (0.2–67.2) 24 (13–690) 71 (1.0–

93.6)

89 (0.06–

2.18)

61 (0.18–

5.12)

Source: aWani et al. (2012b), bSahrawat et al. (2007), cWani et al. (2011)

The figures in the parentheses indicate the range of nutrients % for Org-C and mg kg−1 for P, K, S, B and Zn
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et al. 1985; Rego et al. 2003), but very little

attention has been paid to diagnose and take

corrective measures for deficiencies of secondary

nutrients and micronutrients in various crop pro-

duction systems (Rego et al. 2005; Sahrawat

et al. 2007, 2011; Wani et al. 2012b) followed

in millions of small and marginal farmers’ fields

in the rainfed SAT. The role of soil organic

carbon (C) in maintaining soil health is also

well documented (Wani et al. 2012c). However,

low soil organic C in SAT soils is another factor

contributing to poor crop productivity (Lee and

Wani 1989; Edmeades 2003; Ghosh et al. 2009;

Materechera 2010; Chander et al. 2013a). Soil

organic matter, an important driving force for

supporting biological activity in soil, is very

much in short supply, particularly in tropical

countries. Management practices that augment

soil organic matter and maintain it at a threshold

level are needed (Chander et al. 2013a). There-

fore, there is need to identify and promote man-

agement interventions with high carbon

sequestration potential to promote soil organic

carbon storage which is very critical for optimum

soil processes to enhance nutrient use efficiency.

7.2.2 Soil Health Management: An
Important Driver for Enhancing
Nutrient Use Efficiency

Often, soil fertility is the limiting factor to

increased yields in rainfed agriculture. With

experiences of green revolution and in a quest

to get higher yields, farmers have started adding

macronutrients in quantities higher than required

and getting declining response to nutrient inputs.

Based on soil analysis results, ICRISAT-led con-

sortium has designed and is promoting balanced

nutrient management practices which also

include deficient secondary nutrients and

micronutrients. Soil test-based fertilizer

recommendations are designed at cluster of

villages called block, a lower administrative

unit in a district, by considering practical aspects

like available infrastructure, human power and

economics in research for impact for

smallholders in the Indian SAT. Fertilizer

recommendations at block level cater well to

soil fertility needs in contrast to current blanket

recommendations at state level. We recommend

to apply full dose of a particular nutrient if its

deficiency was on >50 % farms in a block and

half dose of a nutrient if its deficiency was on

<50 % farms. This way of nutrient recommen-

dation was adopted to manage existing risks in

rainfed agriculture in the SAT while targeting

optimum yields to improve livelihoods of poor

SAT farmers. Scaling up of such soil test-based

balanced fertilization through farmer participa-

tory trials in rainfed systems in India and partic-

ularly in Karnataka through extensive

government support has shown substantial

increase (~20–70 %) in crop yields after micro-

and secondary nutrient amendments and at same

levels of primary macronutrients indicating

enhanced use efficiency of macronutrients

(Fig. 4).

Based on diagnosed deficiencies and using

soil test-based nutrient management, on-farm

trial results indicated improvements in soil fertil-

ity parameters in spite of getting higher yields

(Fig. 5). In simple terms soil test-based balanced

fertilization not only enhances nutrient use

efficiencies of macronutrients through increased

yields under same levels of macronutrients but

also captured more nutrients in the soil system.

On-farm studies have shown residual benefits of

soil test-based applied secondary nutrients and

micronutrients as increased yields over farmers’

practice plots up to three succeeding seasons

(Chander et al. 2013a, 2014a), and thereby

enhancing use efficiencies of macronutrients on

a sustainable basis.

7.2.3 Nitrogen and Phosphorus Use
Efficiency Under Balanced Nutrition

Nitrogen is often the most limiting nutrient for

crop yield in many regions of the world and, in a

quest to achieve high yields, is applied in large

quantity from external sources resulting in low-N

use efficiency. Along with N, the deficiencies of

P are common in SAT soils (Sahrawat

et al. 2007, 2010), and P is the next nutrient

added in large quantities. On these soils, it can

be necessary to apply up to fivefold more P as

fertilizer than is exported in products (Simpson

et al. 2011) due to extensive fixation in the soil.
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Phosphorus fertilizer is expensive for

smallholder farmers, and given the finite nature

of global P sources, it is important that such

inefficiencies be addressed. Plant nutrients rarely

work in isolation. Interactions among nutrients

are important because a deficiency of one

restricts the uptake and use of another. We

hypothesized that multiple nutrient deficiencies

could result into low-nutrient use efficiency in N

and P and therefore studied different aspects of it.

Nutrient uptake efficiency (NUpE/PUpE)

reflects the efficiency of the crop in obtaining it

from the soil (Rahimizadeh et al. 2010). Uptake

of supplied nutrient is the first crucial step and an

issue of concern worldwide, and hence, increased

nutrient uptake efficiency has been proposed as a

strategy to increase nutrient use efficiency by

Raun and Johnson (1999). Nutrient utilization

efficiency (NUtE/PUtE) reflects the ability of

the plant to transport the nutrient uptakes into

grain (Delogu et al. 1998). The nutrient harvest

index (NHI/PHI), defined as nutrient in grain to

total nutrient uptake, is an important consider-

ation in cereals. The NHI/PHI reflects the grain

Fig. 4 Maize grain yield

response to improved

management and farmers’

management practices in

various districts of

Karnataka during 2011

rainy season

Fig. 5 Postharvest soil

fertility status after 2010

rainy season groundnut in

Nalgonda (Source:

Chander et al. 2014a)
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nutritional quality (Hirel et al. 2007). The results

showed that the addition of deficient S, B and Zn

recorded the highest uptake efficiency, utiliza-

tion efficiency, use efficiency and harvest index

in N and P in maize (Tables 4 and 5). The

treatment N, P plus 50 % S, B and Zn added

every year proved best over generally followed

100 % S, B and Zn addition once in 2 years. The

nutrient uptake efficiency is positively correlated

with plant dry matter and grain yield (Lee

et al. 2004), which were favourably affected

under S, B and Zn addition and explain the

increase in NUpE. The findings showed that the

balanced nutrition is the best strategy to increase

cereal nitrogen uptake efficiency and thereby

minimize N loss and environmental damage.

Similar findings were also recorded in case of

P. The study proved here that balancing N and P

with deficient nutrients (Potarzycki 2010), which

in current context are S, B and Zn in the SAT

soils, is an important strategy to improve utiliza-

tion efficiency, use efficiency and harvest index

in both N and P.

7.2.4 Recycling Nutrients in On-farm
Wastes

In view of widespread low levels of soil organic

carbon in rainfed soils, additions through organic

sources of nutrients are very important to maintain

optimum soil processes and enhance nutrient use

efficiencies. Presently in India, about 960 million

tonnes of solid wastes are being generated annu-

ally as by-products during municipal, agricultural,

industrial, mining and other processes, and solely

350 million tonnes are organic wastes from agri-

cultural sources (Pappu et al. 2007). Such large

quantities of organic wastes can be converted

through simple vermicomposting technique

into valuable manure called vermicompost (VC)

(Wani et al. 2002; Nagavallemma et al. 2004).

Vermicomposting is faster than other composting

processes due to biomass breakdown while pass-

ing through the earthworm gut and enhanced

microbial activity in earthworm castings. Some

earlier studies showed that vermicompost is an

enriched source of nutrients with additional plant

growth promoting properties and vermicompost

application can improve nutrient availability,

crop growth, yield and nutrient uptake

(Nagavallemma et al. 2004). So, the on-farm pro-

duced vermicompost can enhance soil health and

save costs of chemical fertilizers leading to nutri-

ent use efficiency and economic productivity

improvement.

Enriched vermicompost may be prepared

from on-farm organic wastes and cow dung.

Rock phosphate being a cheap source of P is

added at 3 % of composting biomass to improve

P content in vermicompost due to solubilization

action of humic acids and phosphate solubilizing

bacteria (Hameeda et al. 2006) during the

vermicomposting process. Eudrilus eugeniae
and Eisenia foetida species of earthworms are

used for vermicomposting. The mature

vermicompost is contained on an average of

1.0 % N, 0.8 % P, 0.7 % K, 0.26 % S, 110 mg

Table 4 Effects of balanced nutrient management

strategies on nitrogen efficiency indices in maize at

ICRISAT, Patancheru, India, 2010 rainy season

Treatment NUpE NUtE NUE NHI

Control 1.00 60.2 60.2 46.8

NP 0.37 80.7 30.1 67.3

NP + SBZn (every year) 0.46 78.5 36.0 60.5

NP + 50 %SBZn (every

year)

0.51 92.5 47.3 65.8

NP + SBZn (alternate year) 0.47 84.4 39.7 69.3

NP + 50 %SBZn (alternate

year)

0.42 80.8 34.1 67.0

LSD (5 %) 0.11 17.4 8.85 11.3

Source: Chander et al. (2014b)

Table 5 Effects of balanced nutrient management

strategies on phosphorus efficiency indices in maize at

ICRISAT, Patancheru, India, 2010 rainy season

Treatment PUpE PUtE PUE PHI

Control 1.00 172 172 60.4

NP 0.49 228 111 83.5

NP + SBZn (every year) 0.41 328 134 83.9

NP + 50 %SBZn (every year) 0.51 343 176 87.9

NP + SBZn (alternate year) 0.53 281 146 90.1

NP + 50 %SBZn (alternate

year)

0.44 299 125 84.9

LSD (5 %) 0.15 83.7 38.6 9.40

Source: Chander et al. (2014b)
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B kg�1, 60 mg Zn kg�1 and 14 % organic C

(Chander et al. 2013a).

On-farm results showed that with the use of

vermicompost, the use and cost of chemical

fertilizers can be reduced up to 50 % while get-

ting higher productivity as compared to balanced

nutrition solely through chemical fertilizers

(Table 6), thereby enhancing nutrient use effi-

ciency. More nutrients are captured as plant

uptake under BN and INM practices due to

enhanced contents and yields (Table 7). This is

expected due to synergy created through nutrient

balancing and specific roles of roles of nutrients

like B which is necessary to maintain membrane

integrity (Cakmak et al. 1995) and hence can

enhance the ability of membranes to transport

available nutrients. The INM practice results in

economic benefits and efficient resource utiliza-

tion including on-farm wastes and so is a sound-

scalable technology.

7.3 Landform Management

Through efficient in situ water management

using landform management like broad bed and

furrow (BBF) or conservation furrow (CF) in

poorly drained Vertisols, nutrient and other

inputs can be efficiently utilized to get higher

crop yields (Dwivedi et al. 2001; Sreedevi

et al. 2004; Wani et al. 2003a). Rainwater man-

agement practices in rainfed agriculture are very

critical particularly when most rainfall occurs in

a limited period of the year. Initial downpours

distort soil structure and also adversely affect

water infiltration into soil and thereby ultimately

negatively affect crop productivity and thereby

resource use efficiency. Participatory evaluation

clearly showed that landform management like

BBF and CF keeps soil surface intact for more

effective infiltration and safely allows excess

run-off through furrows. The landform manage-

ment practices in Sujala watersheds in

Karnataka, India, increased crop yields over the

farmers’ practice of cultivating on flatbed by

12–20 % with CF and 30 % with BBF (Table 8).

7.4 Supplemental Irrigation

Water scarcity is a major limiting factor under

rainfed agriculture, and thus the role of lifesaving

one or two irrigations through harvested water in

enhancing crop productivity and nutrient use effi-

ciency is well understood and documented. How-

ever, studies have indicated micro-irrigation

practices more effective than traditional flood

irrigation practices in enhancing yields, nutrient

and water use efficiency. On-station experiments

at ICRISAT headquarter at Patancheru recorded

significantly higher yields under drip irrigation as

compared to flood irrigation (Table 9). The drip

irrigation practice proved economically more

remunerative while saving water resources also.

Table 6 Effects of nutrient managements on soybean

(Glycine max) grain yield, benefit/cost ratio under rainfed

conditions in Madhya Pradesh, India, during 2010 rainy

season

District

Grain yield (kg ha�1) LSD

(5 %)

Benefit/cost

ratio

FP BN INM BN INM

Guna 1,270 1,440 1,580 34 1.31 4.58

Raisen 1,360 1,600 1,600 115 1.85 3.55

Shajapur 1,900 2,120 2,410 69 2.99 10.2

Vidisha 1,130 1,410 1,700 640 2.16 8.43

Source: Chander et al. (2013a)

Note: FP farmers’ practice (application of N, P, K only),

BN balanced nutrition (FP inputs plus S + B + Zn),

INM integrated nutrient management (50 % BN

inputs + vermicompost)

Table 7 Effects of nutrient managements on soybean

(Glycine max) grain nutrient contents and total nutrient

uptake in Raisen district, Madhya Pradesh, India, during

2010 rainy season

Treatment

Total nutrient uptake

N P K S B Zn

kg ha�1 g ha�1

FP 98 9.71 53.5 5.78 88 101

BN 134 12.5 61.8 8.20 103 156

INM 138 13.8 65.1 9.29 108 179

LSD (5 %) 26 2.96 8.53 1.71 20 30

Source: Chander et al. (2013a)

Note: FP farmers’ practice (application of N, P, K only),

BN balanced nutrition (FP inputs plus S + B + Zn),

INM integrated nutrient management (50 % BN

inputs + vermicompost)
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7.5 Integrated Genetic and Natural
Resource Management

Cultivation of low-yielding cultivars in rainfed

semi-arid tropics is one of the major factors for

low yields leading to inefficient use of nutrient

resources. This is a big opportunity to enhance

nutrient use efficiencies through replacing

low-yielding cultivars with high-yielding ones.

On-farm research showed enhanced nutrient use

efficiencies with high-yielding cultivars

(Table 10). However, nutrient imbalances do

not allow the high-yielding varieties to show

potential, and participatory trials showed the

highest yields and use efficiency of nutrients

under integrated approach of improved variety

and balanced nutrition.

7.6 Improved Genotypes and
Nutrient Use Efficiency

7.6.1 Need for Exploring Genotypic
Diversity

Nitrogen use efficiency is a fundamental issue

when discussing crucial topics related to yield

improvements with fertilizer nitrogen applica-

tion in an eco-friendly manner. The efficient

use of nitrogen is important for the economic

and environmental sustainability of production

systems. Improving nitrogen uptake and

partitioning to grain reduces the amount of nitro-

gen at risk of loss to the environment (Raun and

Table 8 Effects of land form management practices on crop yield in Sujala watersheds, Karnataka, India, 2006–2007

District/watershed Crop

Crop yields (kg ha�1)

Farmers practice

Cultivation across slope

with conservation furrow

Broad bed and

furrow

Haveri

Aremallapur Maize 3,110 3,610 (16)* –

Hedigonda Maize 4,030 4,560 (13)

Dharwad

Parsapur Soybean 1,500 1,800 (20)

Kolar

Diggur Groundnut 1,010 1,200 (19) –

Venkatesh Halli Groundnut 950 1,070 (12) –

Chitradurga

Toparamalige Maize 3,530 – 4,560 (30)

Source: ICRISAT (2007)

*Note: Figures in () indicate per cent increase over the farmers’ practice

Table 9 Pooled data on yield of maize-chickpea crop-

ping system (2009–2011) at ICRISAT, Patancheru

Treatment

Maize

(t ha�1)

Chickpea

(t ha�1)

Maize equivalent

yield (t ha�1) B:C

Flood

irrigation

3.87 1.99 9.15 2.97

Drip

irrigation

3.97 2.24 9.91 3.26

LSD

(5 %)

NS 0.14 0.33

Source: Sawargaonkar et al. (2012)

Table 10 Integrated improved crop cultivar and bal-

anced nutrient management enhance maize grain yield

and RWUE in different districts of Rajasthan during

2009 rainy season

District

Yield (kg ha�1) LSD

(5 %)

B:C

ratioFP IC IC + BN

Tonk 1,150 1,930 3,160 280 4.26

Sawai

Madhopur

1,430 2,030 3,000 420 3.33

Bundi 1,380 2,180 4,240 714 6.05

Bhilwara 2,990 4,340 6,510 860 7.45

Jhalawar 2,550 3,520 4,960 316 5.11

Udaipur 2,530 3,090 6,320 509 8.03

Source: Chander et al. (2013b)
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Johnson 1999). Enhanced grain N recovery is

important for maintaining protein concentrations

in high-yielding crops (Cox et al. 1986). In cereal

cropping systems, nutrient use efficiency can be

improved through two main strategies: by

adopting more efficient farming techniques and

by breeding more nutrient use-efficient cultivars

(Ortiz-Monasterio et al. 1997). The efficient crop

management practices have been discussed.

Breeding strategies include identification and

selection of desirable traits which increase the

uptake and/or utilization efficiency of the crop

(Foulkes et al. 2009) and identifying quantitative

trait loci for NUE (Hirel et al. 2007). Therefore,

development of N-efficient cultivars is needed to

sustain or increase yield and quality while

reducing the negative impacts of crop and fertil-

izer production on the environment (Hirel

et al. 2007).

7.6.2 Genotypic Diversity for NUE
Components

Genotypic diversity for NUE is well documented

in wheat (Cox et al. 1985; Gooding et al. 2012),

corn (Chevalier and Schrader 1977), sorghum

(Maranville et al. 1980) and pearl millet (Wani

et al. 1992; Uppal et al. 2014). As discussed

earlier NUE can be expressed by two

components NUpE and NUtE which express dif-

ferently at various N input conditions. Various

studies worldwide have identified genetic associ-

ation between cereal grain yield and NUE

components under contrasting conditions of high

and low-N input supply. Some studies indicate

that NUpE accounts for more genetic variations

in NUE under low-N supply (Ortiz-Monasterio

et al. 1997; Le Gouis et al. 2000), some indicate

NUtE accounts for NUE in low-N supply (Wani

et al. 1992; Alagarswamy and Bidinger 1982),

whereas some studies conclude that both NUpE

and NUtE contribute equally to NUE at all levels

(Dhugga and Waines 1989). For NUE, genetic

variability and genotype � nitrogen interactions

reflecting differences in responsiveness have

been observed in several studies on maize (Moll

et al. 1982; Bertin and Gallais 2000), pearl millet

(Wani et al. 1992) and sorghum. In addition, it

has been found that correlations among various

agronomic traits such as grain protein yield and

its components are different according to the

level of nitrogen fertilization. At high N input,

genetic variation in NUE was explained by vari-

ation in N uptake, whereas at low-N input, NUE

variability was mainly due to differences in nitro-

gen utilization efficiency. This suggests that the

limiting steps in N assimilation may be different

when plants are grown under high or low levels

of nitrogen fertilization.

Millets are staple food for millions of people

in semi-arid tropics of Asia and sub-Saharan

Africa which are generally grown on poor soils

and low rainfall conditions with low fertilizer

inputs. Genotype screening and selection for tol-

erance to low N and low P is an important strat-

egy to increase productivity in nutrient-stressed

environment. Various experiments on fertility

management in pearl millet indicate that

response of pearl millet varies widely among N

studies with optimum rates from 0 to greater than

150 kg ha�1 N (Gascho et al. 1995). Most of the

studies concluded that genotype � fertility inter-

action for grain yield and N utilization efficiency

depends on grain production efficiency,

i.e. cultivars yielding ability at a given level of

fertilizer. A study conducted at two sites in

ICRISAT with 12 genotypes and two N and P

levels reported that millet hybrids have higher N,

P and K use efficiency than composites and

landraces which are conferred by higher harvest

index and translocation of nutrients to develop-

ing grain in hybrids (Wani et al. 1992). The

correlation between grain yield and NUtE

suggests that direct selection for NUE may have

value in improvement of yielding ability under

low-fertility conditions (Alagarswamy and

Bidinger 1982). A recent attempt to resynthesize

earlier data sets from strategic research

experiments on pearl millet reveals that NUtE is

a more important contributor to NUE than NUpE

under low to medium N supply (Uppal

et al. 2014) (Fig. 6).

Similarly in a study at different agroecologi-

cal systems, 15 genotypes of sorghum were

evaluated for N and P concentrations at different

growth stages in low-N or low-P Alfisols.

Hybrids and improved varieties produced higher
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biomass and grain yield. In P-stressed situations,

P from leaves and stem reserves is rapidly and

efficiently translocated to support grain filling

(Adu-Gyamfi et al. 2002). A P32 study revealed

that in low-P conditions, P-efficient genotype

translocates more P from roots to flag leaves

(Adu-Gyamfi et al. 2002). In a study three

maize genotypes that were grown in two sites

with different soil types revealed that

N-efficient trait of genotype is closely related to

its adaptability to soil characteristics and water

availability. ICRISAT’s long-term experiments

on sorghum reveal that genotypic diversity for

NUE and its components exist among sorghum

genotypes and genotypes with higher yield

potential have higher NUE in Alfisols which are

low in N and P (Table 11).

There is a lot of controversy about the perfor-

mance of landraces, and farmers preferred

varieties compared to hybrids and improved

varieties in a low-nutrient environment. Various

studies have showed that hybrids and new

cultivars have more yield potential than

landraces and old cultivars due to improved effi-

ciency to fertilizer application (Wani et al. 1992;

Adu-Gyamfi et al. 2002). On the contrary, some

studies (Bationo et al. 1989; Payne et al. 1995)

reported that local landraces or farmer-selected

local lines of sorghum and pearl millet are better

adapted to low-fertility regimes. There are vari-

ous biotic and abiotic factors that influence the

adaptation of crop plants to low-nutrient

environments. Also crop response to nutrients

depends on agronomic traits of the cultivar

which contribute to grain yield and nitrogen

use. Improvement in grain yield is more closely

associated with grain N uptake in pearl millet

(Fig. 7) leading to higher NHI (Uppal

et al. 2014). Wani et al. (1992) found that selec-

tion for improved HI in modern pearl millet

cultivars has inadvertently improved traits for

NUE resulting in improved nutrient use

efficiencies and nutrient translocation indices

(Fig. 8).

Selection for nutrient-efficient cultivars is typ-

ically conducted under favourable field

conditions with only the difference in soil nutri-

ent availability. However, in practical field

conditions, variation in soil types and/or seasonal

weather conditions may have a strong influence

on soil nutrient dynamics and plant growth and,

therefore, nutrient uptake and its subsequent uti-

lization in plants. Screening should take into

Fig. 6 Linear regression

of N uptake efficiency

(NUpE)

(y ¼ 3.39 + 9.189;

R2 ¼ 0.016) and N

utilization efficiency

(NUtE) (y ¼ 0.788 + 1.93;

R2 ¼ 0.72) on nitrogen use

efficiency among four pearl

millet cultivars. Symbols

represent cultivar means

over N rates (◆) ¼ 700256,

(■) ¼ BJ 104, (~) ¼ Ex-

Bornu and (●) ¼ GAM 73.

Regression was significant

for b

Table 11 Sorghum grain yield (GY, kg ha�1), above-

ground dry matter (AGDM, kg ha�1), harvest index (HI),

N uptake efficiency (NUpE ¼ kg aboveground dry matter

kg soil available N�1), N utilization efficiency (NUtE ¼
kg grain yield kg aboveground dry matter�1) and nitrogen

use efficiency (NUE ¼ NUpE � NUtE ¼ kg grain yield

soil available N�1) in a long-term trial (1978–1986)

Cultivar GY AGDM HI NUpE NUtE NUE

FLR101 1,899 3,913 0.33 1.03 46.06 47.48

CSV5 1,017 4,690 0.18 0.94 26.95 25.43

CSH5 2,173 5,037 0.30 1.11 48.97 54.33

IS889 1,405 2,203 0.39 0.84 41.84 35.13

DIALL 1,666 4,101 0.29 0.98 42.39 41.65
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Fig. 7 Linear regression of aboveground N uptake (y ¼ 4.28x + 806.79; R2 ¼ 0.58) and grain N uptake (y ¼ 10.06

+ 869.8; R2 ¼ 0.70) on grain yield among four pearl millet cultivars. Symbols represent cultivar means over N rates

(◆) ¼ 700256, (■) ¼ BJ104, (~) ¼ Ex-Bornu and (●) ¼ GAM 73

Fig. 8 Relationship between (a) grain yield and total dry matter (y ¼ 84 + 0.380x; R2 ¼ 0.67), (b) grain yield and

harvest index (y ¼ 472 + 60.10x; R2 ¼ 0.28), (c) harvest index and nitrogen translocation index (NTI) (y ¼ 1.41 +

0.589x; R2 ¼ 0.44), (d) harvest index and phosphorous translocation index (PTI) (y ¼ 7.86 + 0.478x; R2 ¼ 0.38) and

(e) harvest index and phosphorous use efficiency (y ¼ 8.64 + 0.162x; R2 ¼ 0.48) of pearl millet genotypes
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consideration the interaction of nutrients, water,

soil type, climatic variables and cropping system.

7.6.3 Candidate Traits for High NUE and
Mechanism

Promising traits for selection by breeders to

increase NUE have been identified which include

increased root length density, higher N uptake,

low-leaf lamina N concentration, more efficient

post-anthesis N remobilization to developing

grain and reduced N concentration in feed crops

may be of particular value for increasing NUE.

We will be discussing N remobilization in detail

as it affects the nitrogen harvest index of

the crop.

During leaf senescence NH3 is liable to be

lost from plants by volatilization. This loss can

be reduced by high glutamine synthetase (GS1)

activity (Mattsson et al. 1998). A positive rela-

tionship between GS1 activity and NUtE and

grain yield has been reported in maize grown

under low-N conditions (Masclaux et al. 2001),

and QTLs for NUE and a structural gene for GS1

are co-localized (Hirel et al. 2007). Over 80 % of

the aboveground N at harvest can be present in

the aboveground crop at flowering and can

account for 50–80 % of the nitrogen accumulated

in the grains at maturity depending on crop spe-

cies (Hirel et al. 2001). N remobilization is an

important trait affecting the utilization of

canopy N, and the efficiency of the N remobili-

zation from aboveground parts to the grain can

be measured by the nitrogen harvest index (NHI).

The NHI is a heritable characteristic (Cox

et al. 1985). The nitrogen harvest index has a

positive association with N uptake by grain and

a negative trend with straw N concentration and

quantity (Tripathi et al. 2004).

7.7 Integrated Pest Management

Crop diseases, insects, weeds are one of the

major constraints to increase food production

and higher resource use efficiency. Though reli-

able estimates on crop losses are limited, Oerke

et al. (1995) brought out about 42 % loss in

global output due to insect pests, diseases and

weeds despite the use of plant protection options.

In India, the pre-harvest loss was up to 30 % in

cereals and pulses, and it can be up to 50 % in

cotton and oilseed crops (Dhaliwal and Arora

1993).

In rainfed systems, unawareness about and

lack of good agronomic practices is leading to

low yields resulting in poor nutrient use effi-

ciency. Participatory trials in Dharwad District

of Karnataka, India, showed that foliar disease

severity was low in holistic integrated disease

management (IDM) plots of groundnut variety

ICGV-91114 than non-IDM plots of local culti-

var. Its mean severity was 5.5 on a 1–9 rating

scale in IDM plots compared to an 8.3 rating in

non-IDM plots (Table 12). Under IDM plots, pod

yield was significantly higher as compared to

non-IDM plot under the same level of nutrient

use.

The agricultural sector in India or elsewhere

has long been recognized for its dependence on

chemical control for the management of biotic

stresses (insects, diseases and weeds). The exces-

sive dependence on chemical pesticides led to the

development of resistance in pests to pesticides,

outbreaks of secondary pests and pathogens/

biotypes and occurrence of residues in the food

chain (Ranga Rao et al. 2009). To overcome such

situations and minimize damage to human and

animal health, several organizations have started

Table 12 Severity of foliar diseases, pod and haulm yields of IDM and non-IDM plots in a watershed in Dharwad

District, Karnataka, 2006 rainy season

District

FD score 1–9 scale Pod yield (kg ha�1) Haulm yield (kg ha�1)

IDM Non-IDM IDM Non-IDM IDM Non-IDM

Dharwad 5.5 8.3 860 660 1,530 1,140

Source: ICRISAT (2007)

Note: FD ¼ foliar diseases; IDM ¼ improved dual purpose cultivar ICGV 91114; seed treatment with bavistin +

thirum (1:1) @ 2.5 g kg�1 seed; foliar application of fungicide kavach/bavistin at 60–65 DAS; Non-IDM ¼ farmers’

practice
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advocating the concept of IPM with better

profits. Studies have indicated that crop- and

need-based IPM technologies which are very

effective tools to reduce chemical use, also result

into better pest control (Ranga Rao et al. 2009;

Chuachin et al. 2012) to get higher productivity

and nutrient use efficiency.

8 Conclusions and Way Forward

The rising use of nutrient inputs to meet future

food security is unavoidable. However, in current

scenario as discussed in this chapter, there is lot

of scope to improve nutrient use efficiency

through optimizing crop-growing environment

and other inputs to get the maximum productiv-

ity. Scientific awareness and solutions to most

problems are available and, however, have not

reached on farmers’ fields particularly in rainfed

systems. Ensuring implementation of holistic

solutions at farm level through consortium of

technical institutions should be the priority of

all stakeholders. Strengthening of on-farm

research for impact and innovative extension

systems is a very important aspect that needs

immediate attention to see changes on ground.
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Dynamics of Plant Nutrients, Utilization
and Uptake, and Soil Microbial Community
in Crops Under Ambient and Elevated
Carbon Dioxide

Shardendu K. Singh, Vangimalla R. Reddy,
Mahaveer P. Sharma, and Richa Agnihotri

Abstract

In natural settings such as under field conditions, the plant-available soil

nutrients in conjunction with other environmental factors such as solar

radiation, temperature, precipitation, and atmospheric carbon dioxide

(CO2) concentration determine crop adaptation and productivity. There-

fore, crop success depends on the intricate balance among these multiple

environmental factors. Plant nutrients are the major constraint for crop

productivity worldwide because it must be supplied externally to achieve

maximum production. The depleting natural resources of mineral

nutrients in addition to the global changes in climate caused by the

emission of green house gases including CO2 are among the major

concerns of crop production and food security. Moreover, crop demand

for nutrients has been increased due to use of modern cultivars and

improved irrigation facilities and is expected to be even higher under

elevated CO2. Soil microorganisms including arbuscular mycorrhizal

(AM) fungi partly enhance crop nutrient availability and acquisition in

many soil types through symbiotic or non-symbiotic relationships. Atmo-

spheric CO2 concentration is expected to be doubled from its current level
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of 400 μmol mol�1 at the end of this twenty-first century. Elevated CO2

increases growth and yield of many crops upon which humans depend for

food and clothing. However, plant nutrient availability exerts major con-

trol on the degree of stimulation by elevated CO2 on crop growth and

yield. One of the objectives of this chapter is to provide a summary of crop

responses to plant nutrients mainly nitrogen, phosphorus, and potassium

and underline in part the dynamics of soil microorganisms including AM

fungi in the nutrient accessibility under current and elevated CO2

concentrations. Regardless of the CO2 levels, nutrient deficiencies nega-

tively affect crop photosynthesis, growth and biomass production, yield,

and yield quality. Elevated CO2 tends to compensate, at least partly, for

the losses caused by nutrient deficiency especially by increasing plant

growth due to improved efficiency of nutrient acquisition and utilization.

However, crop species, deficiency of the specific nutrient, and its severity

greatly influence the nutrient efficiency in crop plants. The critical tissue

nutrient concentration required to achieve 90 % of maximum productivity

of some plant nutrients is likely to be higher at elevated CO2. Another

objective of this chapter is to discuss the influence of crop species, soil

nutrient status, and elevated CO2 on the dynamics of nutrient uptake and

utilization efficiency and resultant tissue nutrient concentration. Future

research methods utilizing the combined effect of plant nutrient status and

elevated CO2 on crops will improve our understanding of the complex

relationships among various plant processes leading to efficient use of

nutrient under field conditions.

Keywords

Arbuscular mycorrhizal fungi • Climate change • Critical nutrient concen-

tration • Crop growth and productivity • Nutrient deficiency • Nutrient use

efficiency

1 Introduction

Plant primary nutrients such as nitrogen (N),

phosphorus (P), and potassium (K) are needed

in the large quantities. These nutrients are essen-

tial for plant metabolism and components such as

chlorophyll pigments, enzymes, proteins, and

nucleic acid; are required for energy transfer

and enzyme activation; and act as anion and

cation to maintain the osmotic balance in plant

cells. Their deficiency causes stunted growth,

decreased leaf greenness and canopy area,

reduced photosynthesis, and thus reduces crop

yield.

The natural soil reserves for many of these

nutrients are limited, and often their addition to

the rhizosphere results in the improved growth

and high yield. For nutrients such as N, almost all

the agricultural land is deficient and extra N

supply is needed to obtain optimum crop yield.

P deficiency in soils is a limiting growth factor in

over 30 % of crop lands, and a major production

constraint in acidic soils comprising up to 70 %

worldwide (Vance et al. 2003; Cordell

et al. 2009; Lenka and Lal 2012). In the recent

past, the nutrient requirement of agricultural

crops has been increased due to the use of mod-

ern high-yielding cultivars and improved
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irrigation facilities. Moreover, the nutrient

demand of crops is expected to be even higher

under rising atmospheric carbon dioxide (CO2)

concentration due to increased plant growth

(Rogers et al. 1993; Lewis et al. 1994). The

current atmospheric CO2 of approximately

400 μmol mol�1 is projected to be doubled by

the end of twenty-first century (IPCC 2007).

Crops grown under nutrient deficiency lead to

decreased biomass and crop yield, whereas oppo-

site is the case for plants grown under elevated

CO2. However, plant nutrition status exerts a

major control in the degree of growth stimulation

by elevated CO2. Therefore, the degree of crop

growth enhancement under CO2-enriched envi-

ronment is expected to be greatly influenced by

nutrient availability (Cure et al. 1988; Campbell

and Sage 2006; Lenka and Lal 2012; Singh

et al. 2013a, b). Thus, the deficiency of mineral

nutrients such as N, P, and K in the soil and

elevated CO2 often has opposite effect on crop

growth, and their coexistence under natural

conditions is inevitable. This leads to the need

for developing suitable crop cultivars that can

efficiently utilize plant-available nutrients by

enhancing nutrient uptake and utilization effi-

ciency under current and projected atmospheric

CO2 concentration.

Nutrient deficiency often reduces the degree

of crop response to elevated CO2. Increased

growth at elevated CO2 is often associated with

increased plant size, leaf area, photosynthesis at

the leaf and canopy levels, and higher efficiency

for nutrient utilization. However, the stimulatory

effect of elevated CO2 on crop growth is highly

impacted under nutrient deficient conditions.

For instance, over 80 % increase in soybean

dry mass observed under elevated CO2 was not

observed when grown under P-deficient environ-

ment (Sa and Israel 1998). Similar results have

also been observed in other legumes (Lam

et al. 2012). However, the degree of crop

response to elevated CO2 depends on the severity

of P deficiency (Cure et al. 1988). The decreased

growth response at elevated CO2 under nutrient

deficiency may also include accumulation of

nonstructural carbohydrates and reduced

utilization of the starch in the leaves (Sa and

Israel 1998).

Enhanced stress tolerance potential for

increasing crop productivity has become prereq-

uisite for fulfilling the food needs of the growing

population. The global climate is said to be

influenced by the changes in soil carbon

(C) pools which act as carbon sink and affect

the CO2 concentration in the atmosphere (Drigo

et al. 2009). The composition and functioning of

soil microbial communities in rhizosphere is

affected by temperature and atmospheric CO2

concentration. Plant-associated microorganisms

including arbuscular mycorrhizal fungi

(AM) influence plant responses to various soil

and environmental factors by helping plants cap-

ture nutrients from the soil (Compant

et al. 2010). Terrestrial ecosystems are intimately

associated with atmospheric CO2 levels through

photosynthetic fixation of CO2, sequestration of

C into the organic carbon in soil and plants, and

subsequent release of CO2 through respiration

and decomposition of organic matter (Deng

et al. 2012). Relationships exist between hetero-

trophic soil respiration and soil moisture, CO2

and elevated temperature as with the rise in tem-

perature the wetter soils may emit more CO2 into

the atmosphere (Moyano et al. 2013). The AM

fungi are one of the most important consumers of

plant-derived carbon in plant-soil systems

(Staddon 2005). The symbiotic relationship

between AM fungi and roots of higher plants

contributes significantly to plant nutrition and

growth (Sharma and Adholeya 2004). The role

of AM fungi in stress mitigation has been

suggested via several mechanisms such as alter-

ing root morphology and physiology exhibiting

efficient nutrient uptake and higher enzymatic

activities (Ahanager et al. 2014). Changes in

microbial biomass and community structure

(fungi to bacteria ratio) were found to relate

with moisture-induced changes and increase in

soil respiration rate by 10 �C rise in temperature

(Zhou et al. 2014).

Increased efficiency of nutrient acquisition

and utilization by plants under both the

nutrient-rich and nutrient-poor soils are of an
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urgent global need. In the following sections the

crop response to N, P, and K nutrition, their

uptake and utilization efficiency, and the influ-

ence of soil microbial community on nutrient

dynamics under ambient and elevated CO2 con-

centration are discussed. The possible effect of

nutrient deficiency and elevated CO2 in the qual-

ity of edible part of the crop production and

future perspective of the crop improvement in

relation to the nutrient acquisition and utilization

has also been highlighted.

2 Crop Response to N, P, K Under
Ambient and Elevated CO2

Plant growth response to mineral nutrition should

be viewed by taking into account both the avail-

ability and the tissue concentration. Large uncer-

tainty exists about the changes in the mineral

availability and the response of the tissue nutrient

concentration under elevated CO2 conditions

(Sinclair 1992). Nutrient acquisition and assimi-

lation in plants are strongly influenced by ele-

vated CO2. Elevated CO2-mediated decreases in

the tissue nutrient concentration have commonly

been observed in many crops while grown under

similar nutrient supply as of ambient CO2 (Cure

et al. 1988; Conroy 1992; Singh et al. 2013a).

However, the decreases in the tissue nutrient

concentration under elevated CO2 were not

associated with the limitation to growth or pho-

tosynthetic processes albeit increased the nutri-

ent utilization efficiency especially for nitrogen

(N) (Barrett and Gifford 1995; Prior et al. 1998;

Singh et al. 2013b). The beneficial effect of ele-

vated CO2 on plant growth often declines under

nutrient-deficient conditions. The dynamics of

the mineral nutrition of nitrogen and nitrogenous

fertilizers in the crops has frequently been stud-

ied; however, nutrients such as P and K have

received lesser attention. This is partly due to

the nitrogen-driven increase in the crop produc-

tivity that has been main focus in the fertilizer

industry and for farmers as well. However, the

contribution of other nutrients such as P and K

and micronutrients for maximizing crop yield are

also important under current and future climatic

conditions (Sinclair 1992). For example, com-

pared to N nutrition, the interactions between

P and CO2 have been largely unexplored in agro-

nomic crops. The limited studies indicate that

higher foliar concentration of phosphorus in the

CO2-enriched environment may be needed for

maximum growth in many agronomic crops and

trees (Conroy et al. 1990; Rogers et al. 1993).

2.1 Physiological and Biochemical
Processes

Photosynthetic processes in crop plants are one

of the primary metabolic processes influenced by

either nutrient deficiency or CO2 enrichment.

This leads to changes in the assimilation and

utilization of organic and inorganic compounds

and the biochemical alterations inside the plant

including modification and adjustment in cellular

components such as chlorophyll and mineral

nutrient concentration and the amount and func-

tionality of protein and enzymes. The rate of

photosynthesis in many C3 crop species is lim-

ited by the current atmospheric CO2 concentra-

tion. Moreover, growth stimulation by elevated

CO2 is expected to increase the overall plant

demand for mineral nutrients such as nitrogen

and phosphorus. Elevated CO2 tends to increase

total nutrient accumulation in plants but

decreases their tissue concentration leading to

alterations in nutrient uptake and use efficiency

(Rogers et al. 1993; Lenka and Lal 2012; Singh

et al. 2013a).

The acclimation/downregulation of photosyn-

thetic processes to long-term CO2 enrichment

has been observed in many crops and may be

partly caused by imbalance between CO2 fixation

and assimilate utilization (Barrett and Gifford

1995; Singh et al. 2013b). The elevated CO2

mediated alteration in the photosynthetic pro-

cesses may also be adjusted by distribution of

absorbed light energy between photochemical

and non-photochemical processes in the chloro-

plast. Gas exchange and chlorophyll fluorescence

phenomena are integral parts of photosynthetic

processes in leaves which can be divided into

light-dependent and carbon-fixation reactions.
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The absorbed light energy that exceeds the pho-

tochemical processes of CO2 fixation can be

either dissipated as heat or reemitted as chloro-

phyll a fluorescence (Maxwell and Johnson

2000). The extent of changes in the chlorophyll

a fluorescence parameters has been shown to be

influenced more by nutrients than CO2 (Betsche

1994; Singh and Reddy 2014). One of the impor-

tant photosynthetic responses of crop plants to

rising CO2 is the reduction in photorespiration.

This can partly lead to the lower energy demand

at elevated CO2 versus ambient CO2 and excess

radiant energy may also lead to thylakoid energi-

zation causing reduction in photochemical

quenching without having any detrimental effect

on the CO2 assimilation (Edwards and Baker

1993; Betsche 1994; Singh et al. 2013b). The

reduction in the carboxylation efficiency of pho-

tosynthesis has often been observed in many C3

crops due to photosynthetic acclimation and

downregulation. However, at elevated CO2 con-

centration, the decrease in photosynthetic capac-

ity due to nutrient deficiency is partly offset by

the compensatory growth processes such as rapid

growth rate, increased leaf area, and rate of net

canopy photosynthesis leading to stimulation of

plant growth.

The deficiency of one nutrient may also alter

the dynamics of other nutrients. Previous studies

suggested that nutrient deficiency and elevated

CO2 may also alter biomass partitioning and

allocation of nutrients in the plant organs affect-

ing the assimilation of other nutrients such as

nitrogen (Israel et al. 1990; Rufty et al. 1991;

Reddy and Zhao 2005; Fleisher et al. 2012; Singh

et al. 2013a). Using isotopic N sources (15N),

Rufty et al. (1993) reported that P deficiency

increased the root dry weight and decreased

the rate of nitrate uptake while accumulating

more absorbed 15N in the roots. Additionally,

increased tissue N concentration at the severe P

deficiency has been previously reported

suggesting decrease of the N mobility and utili-

zation inside the plant (Singh et al. 2013a, 2014).

P deficiency may cause an increase in soluble-

reduced N in leaves which fails to incorporate

into cellular components such as chlorophyll,

proteins (thus, enzymes), and nucleic acids

(Israel and Rufty 1988). Nitrogen is considered

as one of the most mobile element in plants

(Marschner 1986). Generally, at the early stage,

plant leaves act as a sink for mineral nutrients,

while later they becomes nutrient sources for the

new growth and development of seeds

(Himelblau and Amasino 2001). Hanway and

Weber (1971) reported mobilization of approxi-

mately half the nutrients from vegetative parts to

seeds. Lauer et al. (1989) found that P concentra-

tion of the vacuole in the leaf cell depleted first

followed by P concentration in the cytoplasm

during seed development. The increased tissue

N in P-deficient plants may also increase the

tissue N:P ratio leading to adjustment in the N

assimilation and reduced mobility inside the

plant (Rufty et al. 1993). Singh et al. (2014)

reported a N:P ratios between 11 and 16 for

optimal growth in soybean regardless of ambient

or elevated CO2 concentration. A higher than this

N:P ratio exhibits P limitations in soybean and

other crops (Koerselman and Meuleman 1996;

Güsewell 2004; Singh et al. 2014).

2.2 Morphological Processes

The stunted plants with lower number of main

stem nodes and leaf area under nutrient defi-

ciency are commonly observed morphological

changes in the crop plant (Reddy and Zhao

2005; Fleisher et al. 2012; Singh et al. 2013a).

Soybean grown under low nutrient conditions

produced fewer flowers, pods, and seeds and

caused flower abscission and pod senescence

(Sionit 1983). Deficiencies of N severely inhibit

synthesis of cellular components such as chloro-

phyll, proteins, and enzymes that need to sustain

plant growth. Radin and Eidenbock (1984)

reported that P deficiency limits cell expansion

by reducing hydraulic conductance inside plants

which may lead to reduced plant size and leaf

area expansion. The smaller plant stature under

nutrient deficiency is mainly associated with

smaller leaf area and decreased canopy photo-

synthesis which may result in lower biomass and

reduced yield. Compared to N and P, plant

response to K nutrition is highly dependent on
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the growth processes. Often, the photosynthesis

and vegetative growth are not influenced by a

medium K deficiency but suddenly deceases to

the minimum at very low level of tissue K con-

centration (Reddy and Zhao 2005).

The specific leaf weight (leaf dry weight per

unit of leaf area) can be used as an indication for

leaf thickness and can also have major influence

on the tissue nutrient concentration (Singh

et al. 2013a). Nutrient deficiency such as P and

elevated CO2 can also lead to increased leaf

thickness in soybean (Sionit 1983; Prior and

Rogers 1995). However, cotton has not shown a

consistent increase in leaf thickness under P defi-

ciency (Longstreth and Nobel 1980; Singh

et al. 2013a). The expression of leaf tissue nutri-

ent concentration either based on leaf mass or

leaf area may influence its relationship with other

parameters such as photosynthesis. Singh

et al. (2013a) found no significant difference in

the leaf P concentration across CO2 when

expressed on leaf area basis in cotton leaves

indicating the dilution of the nutrients due to

increased leaf thickness. Specific leaf weight

has also been reported to increase in response to

elevated CO2 in a wide range of plant species

(Gifford et al. 2000).

The beneficial effect of CO2 enrichment on

crop plants is anticipated even under stress

conditions such as nutrient deficiency (Norby

et al. 1986; Fleisher et al. 2012; Pérez-L�opez

et al. 2012), because elevated CO2 increases

plant carbohydrate supply by stimulating CO2

assimilation, thus reducing the pressure on

energy (carbohydrate) demand of plants coping

with stresses (Ahmed et al. 1993; Pérez-L�opez
et al. 2010). For instance, elevated CO2 reduced

the diffusive and photo-biochemical limitations

to photosynthesis caused by P deficiency in cot-

ton (Singh et al. 2013b) and salinity stress in

barley (Hordeum vulgare L.) (Pérez-L�opez

et al. 2012).

Elevated CO2 tends to compensate, at least

partly, the decrease in the growth and yield

caused by nutrient deficiency. However, the

degree of compensation by elevated CO2 mainly

depends on the severity of the nutrient defi-

ciency. Under moderate nutrient deficiency,

stimulation of growth, photosynthesis, and yield

at elevated CO2 can still be observed, but at a

lesser extent as compared to the stimulation

observed under optimum nutrient conditions.

However, under severe nutrient-deficient

conditions the growth stimulation by elevated

CO2 is none causing similar or sometimes even

more decrease in growth and crop yield as

observed under ambient CO2. The increased

growth at elevated CO2 is mainly associated

with increased leaf area, photosynthesis, and

nutrient utilization efficiency. The increased

canopy photosynthesis due to increased leaf

area and the rate of photosynthesis to the indivi-

dual leaves contributed most to the increased

growth under P nutrition (Cure et al. 1988;

Singh et al. 2013a). Total biomass accumulation

for all plant organs under elevated CO2 leads

to stimulation of growth and higher nutrient utili-

zation efficiencies. The biomass partitioning to

seeds reflects the harvest index and has not been

found to be affected by elevated CO2 across

P nutrition in soybean (Cure et al. 1988). Thus,

the increase in the number of pods and seeds

rather than the seed size contributes to higher

seed yield under elevated CO2 conditions. Prior

and Rogers (1995) also reported that the number

of seed per plant increased at elevated CO2

regardless of different water regimes. The seed

size appeared to be insensitive to moderate

nutrient deficiency due to the plant capacity to

support the fewer number of seeds formed. The

seed size tends to be fairly stable across tissue P

concentrations except at very low P indicating

plants’ ability to support more seed if they had

been set, as suggested in previous studies

(Cassman et al. 1981; Cure et al. 1988).

2.3 Biomass Partitioning and
Nutrient Allocation Among
the Plant Parts

One of the major impacts of plant nutrition and

growth CO2 on plants is the alteration in the

biomass partitioning and nutrient allocation

among plant parts such as leaves, stems, roots,

pods, and seeds (Prior et al. 1998; Reddy and
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Zhao 2005; Fleisher et al. 2012). Moreover, the

composition of other nutrients such as N in plant

tissues may be altered due the deficiency of other

nutrients leading to more complex interactions

with the elevated CO2 (Prior et al. 1998; Fleisher

et al. 2012, 2013; Lenka and Lal 2012). Thus, the

deficiency of one nutrient may also alter the

metabolism of another. For instance, increased

tissue N concentrations have been reported under

P deficiency in many agronomic crops indicating

relatively greater N uptake and accumulation in

plant organs (Almeida et al. 2000; Fleisher

et al. 2012; Singh et al. 2013a).

The highest biomass partitioning is generally

towards the fruiting structures and seed followed

by leaves and then stems (Mullins and Burmester

1990). However, an increased root to shoot ratio

has commonly been observed under nutrient defi-

ciency such as P, and elevated CO2 (Radin and

Eidenbock 1984; Fleisher et al. 2012; Singh

et al. 2013a). Under stress conditions (e.g. low

water or nutrient), plants allocate biomass

towards the organ (e.g. roots) associated with

acquiring the limited resources (Bazzaz 1997).

Moreover, due to the nutrient deficiency, the

growth of aboveground organs are generally

affected sooner than the roots because roots are

closer to the sources of the deficient nutrients

(Brouwer 1962). Increased biomass partitioning

to roots under stress conditions such as nutrient

deficiency signifies the allocation of more dry

matter to the roots and may be a mechanism to

exploit below-ground resources in an effort to

supply plant demand for nutrients. Similarly,

under elevated CO2, increased above-ground

growth is often associated with increased root

biomass, thus indicating adjustment between

above- and below-ground plant growths (Lenka

and Lal 2012). Nutrient concentrations are often

reported to be lower in the stems compared to

other plant organs which might be explained by

the high mobility of N, P, and K in the stem as it

largely serves as a medium for the translocation

between root, leaf, and reproductive parts (Prior

et al. 1998). Mullins and Burmester (1990) also

reported lower shoot N and P concentration as

compared to leaves and fruiting structures of

cotton.

The reductions in plant tissue nutrient under

elevated CO2 across P treatments have been

commonly reported; however, large variability

also exists (Prior et al. 1998; Gifford

et al. 2000; Prior et al. 2003). Factors such as

dilution of tissue nutrients due to increased car-

bon assimilation and leaf thickness, decreased

nutrient demand such as N, and restricted uptake

and lower transpiration may contribute to the

lower tissue nutrient at elevated CO2 (Gifford

et al. 2000; Taub and Wang 2008; Singh

et al. 2013a, 2014). This clearly demonstrates

that alteration in the uptake and utilization of

nutrients under nutrient deficient condition and

under elevated CO2 (Bloom et al. 2010;

Kawakami et al. 2013).

3 Nutrient Uptake and
Utilization Efficiency

In general, nutrient efficiency reflects the nutrient

acquisition and utilization by plants (Marschner

1986). The genotypic differences for nutrient

efficiency offer an opportunity for crop improve-

ment. The nutrient acquisition may be defined by

the rate of uptake per unit of root area, length, or

per unit of root mass. The nutrient uptake effi-

ciency (NUpE; mg nutrient g�1 root mass) can be

estimated using the equation

NUpE ¼ Total amount of nutrient in plant

mg plant�1
� �

=Root dry mass g plant�1
� �

ð1Þ
Similarly, the nutrient utilization efficiency

(NUE, g2 dry mass mg�1 nutrient) refers to the

total biomass production per unit of the nutrient

present in the biomass and can be estimated as

per Siddiqi and Glass (1981)

NUE ¼ Total plant dry mass g plant�1
� �

=

Plant nutrient concentration mgg�1 dry mass
� �

ð2Þ
Often, the nutrient concentration is determined

separately for various plant parts. Therefore, con-

sidering the relative dry mass and nutrient
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concentration for each plant part is crucial in the

estimation of total amount of nutrients in the

plant (Eq. 1) and plant nutrient concentration

(Eq. 2). For example, plant nutrient concentra-

tion is not exactly the mean of the nutrient con-

centration in the leaf, stem, and root. Therefore,

the plant nutrient concentration should be

estimated as the weighted sum of the products

of dry mass of each plant parts and their nutrient

concentration divided by total biomass. When

estimation from the plant parts (e.g. leaf, stem,

and root) is required, the total amount of the

nutrient in plant (as in the Eq. 1) can be calcu-

lated as

Total amount of nutrient in plant mg plant�1
� �

¼ LDM� LNCð Þ þ SDM� SNCð Þ
þ RDM� RNCð Þ ð3Þ

where LDM, SDM, and RDM are the dry mass

(g) of the leaves, stems, and roots, respectively.

The LNC, SNC, and RNC are the nutrient con-

centration (mg g�1) of the leaves, stems, and

roots, respectively. Then the plant nutrient con-

centration (as in the Eq. 2) can be calculated as

Plant nutrient concentration

¼ Total amount of nutrient in plant=

Total plant dry mass

ð4Þ

The nutrient utilization efficiency of photosyn-

thesis [NUEPnet, g (μmol CO2 m�2 s�1) fixed

mg�1 nutrient] is a good metric to study the

differences in the effectiveness of nutrients on

photosynthesis (Singh and Reddy 2014). The

estimation of the NUEPnet requires measurement

of photosynthesis and tissue nutrient concentra-

tion from the same leaf or plant canopy and can

be estimated as

NUEPnet ¼ Photosynthetic rate

μmolCO2m
�2 s�1

� �
=Nutrient concentration

mg g�1
� � ð5Þ

In a dynamic system like plants, a minimum

concentration of nutrient element is required for

metabolic reactions to occur. Therefore, the NUE

takes the tissue concentration into account

because plant growth actively depends on the

tissue nutrient concentration rather than the abso-

lute amount (Siddiqi and Glass 1981). However,

in agronomic point of view, the nutrient effi-

ciency is often defined by the gain in the harvest-

able yield per unit of nutrient applied especially

when grown under nutrient-deficient soil. The

NUE of N, P, and K have been reported to

increase when grown under deficient condition

in several crops. However, severe nutrient defi-

ciency may also lead to decrease in NUE (Cure

et al. 1988). An increased NUE of N in cotton

(Prior et al. 1998), P in soybean (Cure

et al. 1988), and K in cotton (Reddy and Zhao

2005) have been reported. While studying the

effect of salinity which also causes unavailability

of macro nutrients, Pérez-L�opez et al. (2014)

reported increased N and K use efficiency but

decreased P use efficiency in barley across CO2

levels. Singh et al. (2014) found decreased

P utilization efficiency across CO2 levels in cot-

ton as external phosphorus supply was reduced.

Thus, when grown under nutrient-deprived

conditions, the NUE varies and depends on the

crop species and the severity of the deficiency.

The biomass accumulation and tissue nutrient

concentration are the two main factors which

determine NUE as shown in the Eq. 2. Increase

in biomass or decrease in tissue nutrient will lead

to the higher NUE. However, under deficient

conditions, both the biomass and the tissue nutri-

ent will decrease, and it is their relative rate of

reduction that determines the absolute changes in

NUE. Therefore, plant growth and nutrient

acquisition response to a particular nutrient-

deficient situation is critical to improve NUE.

This can be clearly illustrated by simulating two

scenarios where in the first scenario Species-A

showed lesser decrease in biomass versus tissue

nutrient concentration, while in the second sce-

nario Species-B showed higher decrease in the

biomass than tissue nutrient concentration in

response to a given nutrient deficiency (Fig. 1a,

b). This clearly resulted into an increased NUE

for Species-A while decreased NUE for Species-

B in response to nutrient deficiency (Fig. 1c).
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When grown under P deficient condition, studies

have found NUE of P either increased in soybean

(Cure et al. 1988; Singh et al. 2014) or decreased

in cotton (Singh and Reddy 2014). This is further

illustrated by calculating the percentages change

in plant biomass and tissue P concentration

obtained under a range of P deficient conditions

as compared to the P sufficient condition from

previous studies utilizing soybean (Cure

et al. 1988; Singh et al. 2014) and cotton (Singh

et al. 2013a; Singh and Reddy 2014). When

percentage change in biomass was plotted

against the percentage change in the tissue nutri-

ent concentration, soybean showed lesser

decrease in biomass versus tissue P concentration

(Fig. 2). However, cotton showed greater

decrease in biomass than in the tissue P concen-

tration (Fig. 3). In this example, aforementioned

Species-A and Species-B could represent the

soybean and the cotton, respectively. The

contrasting results obtained between these two
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Fig. 1 Simulation of the two contrasting species (Sp.-A

and Sp.-B) differing in their nutrient utilization efficiency

(NUE, g2 dry mass mg�1 nutrient) when grown into

deficient condition. For comparison, here, both the spe-

cies are assumed to have 8 mg nutrient g�1 dry mass when

grown under sufficient condition and have a similar bio-

mass. Both Sp.-A and Sp.-B responded to the nutrient

deficiency by decreasing the total biomass and the defi-

cient nutrient simultaneously (a). The percentage of

decrease (% change) in the biomass versus tissue nutrient

was lower in Sp.-A, but higher in Sp.-B (b). This resulted
an increase in NUE of Sp.-A whereas a decrease in the

NUE for Sp.-B under deficient condition (c)
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Fig. 2 The percentage changes in total biomass versus

plant P concentration in soybean at 44 days after planting

(Cure et al. 1988, unfilled symbols) and at maturity (Singh

et al. 2014, filled symbols). Both studies were conducted

under controlled environment growth chambers with a

range (sufficient to deficient) of external P supply each

under 350 and 700 (unfilled symbols) or 400 and

800 ( filled symbols) μmol mol�1 CO2 representing ambi-

ent (circles) and elevated (triangles) growth CO2. For the

unfilled symbols, the percentage changes were estimated

as in Cure et al. (1988) after excluding the lowest external

P supply of 0.005 mM
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Fig. 3 The percentage changes in cotton total biomass

versus plant P concentration (unfilled symbol) and rate of

leaf photosynthesis (Pnet) versus leaf P concentration

( filled symbol). The data are 91–112 (unfilled symbols)
and mean value of 57–112 ( filled symbols) days after

planting estimated from Singh et al. (2013a). The study

was conducted in controlled environment growth

chambers with a range of external P supply each under

400 (ambient, circles) and 800 (elevated, triangles)
μmol mol�1 CO2
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species might be explained by their growth habit.

Soybean is an annual crop while cotton is geneti-

cally a perennial which might exhibit a slower

growth rate than soybean especially under nutri-

ent deficiency. Therefore, under P deficiency the

pace of cotton growth versus nutrient acquisition

might have been much slower than it was in

soybean resulting in decreased NUE of P in cot-

ton. Another explanation for the higher NUE of P

under P deficiency or lower NUE in the soybean

at the higher tissue P concentration (or higher

external P supply) is the fact that the tissue P

continued to increase without any additional

growth or biomass accumulation (Cure

et al. 1988; Singh et al. 2013a). This might also

occur in the case of Species-A. Similar to the

total biomass or yield as an assessment of NUE,

the rate of photosynthesis (Pnet) can also be used

to estimate the NUE of photosynthesis using

Eq. 5 as also shown in the Fig. 3. Cotton Pnet
also decreased more than the leaf tissue P con-

centration. Therefore, the NUE of Pnet also

followed a similar tend as of biomass production

and decreased under P deficiency in cotton across

both CO2 levels (Singh et al. 2013a; Singh and

Reddy 2014).

Plants may be more efficient in the nutrient

acquisition and utilization under elevated CO2

due to increased growth and development and

decrease in the tissue nutrient concentration

(Rogers et al. 1993; Prior et al. 1998; Pérez-

L�opez et al. 2014). Moreover, the increased root

proliferation and mass under elevated CO2 also

support the stimulated growth by increasing

nutrient acquisition. Previous studies reported

an increased N, P, and K utilization efficiency

in agronomic crops such as soybean and cotton

under elevated CO2 (Cure et al. 1988; Prior

et al. 1998; Singh and Reddy 2014). However,

under nutrient limited supply this response of

elevated CO2 may be limited (Cure et al. 1988;

Pérez-L�opez et al. 2014; Singh and Reddy 2014).

Pérez-L�opez et al. (2014) did not find a

consistant evidence that nutrient use efficiency

was affected by CO2 concentration in barley

(Hordeum vulgare L.) grown in either normal

or saline conditions. Therefore, the degree of

influence by elevated CO2 on NUE might be

determined by crops species and the severity of

nutrient deficiency (Cure et al. 1988; Singh and

Reddy 2014). Under a given condition, the

stimulated growth and decreased tissue nutrient

concentration at elevated versus ambient CO2

should result in higher NUE. However, an

increase in NUE can also be achieved under

elevated CO2-mediated higher biomass produc-

tion, without reduction in the tissue nutrient con-

centration at elevated versus ambient CO2. This

has been demonstrated in Fig. 4 using a

simulated data set across ambient and elevated
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Fig. 4 Simulation of a species exhibiting different nutri-

ent utilization efficiency (NUE, g2 dry mass mg�1 nutri-

ent) due to growth differences under ambient versus

elevated CO2 concentration when grown into deficient

condition. For comparison, here, the species are assumed

to have 8 mg nutrient g�1 dry mass at both CO2 levels

when grown under sufficient condition and the biomass

was higher under elevated CO2 versus ambient CO2. The

species responded to the nutrient deficiency by decreasing

the total biomass and the deficient nutrient simultaneously

at both CO2 levels (a). The percentage of decrease (%

change) as compared to the plant grown at the sufficient

nutrient supply in the biomass versus tissue nutrient was

also similar at both CO2 levels (b). However, the NUE

was higher at elevated versus ambient CO2 concentration
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CO2. Plants grown at elevated CO2 tended to

have higher biomass with similar tissue nutrient

concentration as compared to the ambient CO2

(Fig. 4a). In addition, the biomass and tissue

nutrient concentration declined similarly at both

CO2 to a given nutrient deficiency (Fig. 4b).

However, due to growth stimulation, elevated

CO2 showed an increased NUE (Fig. 4c).

The resulting overall nutrient efficiency of a

species or a cultivar in an agronomic point of

view is essentially determined by the combina-

tion of both the nutrient acquisition or uptake and

the nutrient utilization efficiency. The former

relates to the nutrient absorption via roots from

soil and translocation into the shoots, whereas the

latter signifies the assimilation and utilization of

the absorbed nutrient in the plants to support the

plant metabolism in the synthesis of the tissues

and organs. An increased root to shoot ratio in

plants grown under nutrient deficient or elevated

CO2 as observed in many of the previous studies

might increase the nutrient acquisition, thus

providing more root surface for nutrient absorp-

tion and enhanced nutrient uptake to support the

aboveground biomass (Prior et al. 1998; Singh

et al. 2013a). Most importantly, the NUE

increases even under declined nutrient uptake

efficiency due to favored root growth and overall

increase in the total amount of nutrient uptake

(Cure et al. 1988; Rogers et al. 1994; Singh

et al. 2013a).

4 Influence of Elevated CO2 on
the Critical Tissue Nutrient
Concentration

The critical tissue nutrient concentration (CTNC)

is dependent upon the crop species and physio-

logical, growth, and development processes. The

critical tissue concentration may be defined as

the concentration to achieve 90 % of maximum

productivity (Conroy 1992; Rogers et al. 1993;

Reddy and Zhao 2005). This is generally derived

by plotting measured growth processes (such as

biomass accumulation, rates of photosynthesis,

leaf area expansion, node addition and stem elon-

gation, and yield) versus tissue nutrient

concentration (usually leaf or whole plant). The

CTNC for N, P, and K for biomass accumulation

in cotton may vary as 51, 4.1, and 12 g kg�1 dry

weight, respectively, near ambient CO2 concen-

tration (Rogers et al. 1993; Reddy and Zhao

2005). Similarly, the CTNC of N and P for bio-

mass production in 36-days-old wheat is reported

to be 45 and 3.9 g kg�1 dry weight under ambient

CO2 (Rogers et al. 1993). In addition, the CTNC

of K for the growth process such leaf area expan-

sion is higher (17 g kg�1 dry weight) than photo-

synthesis and dry matter accumulation (Reddy

and Zhao 2005). However, variability for

CTNC also exists for a given growth process

and may be attributed to the stage of growth

measurements and experimental conditions

(Reddy and Zhao 2005).

Previous studies indicate that elevated CO2

increases the overall nutrient demand and a

higher concentration of P and K may be required

for maximum plant productivity (Conroy 1992;

Rogers et al. 1993; Reddy and Zhao 2005; Singh

et al. 2014). As a result, the critical leaf P and K

concentration is likely to be higher in plants

grown under elevated CO2. The critical leaf tis-

sue concentration of N has often been reported to

decrease under elevated CO2; however, it is not

always true for P and K (Conroy et al. 1990;

Conroy 1992; Rogers et al. 1993). Rogers

et al. (1993) reported that for biomass production

critical N concentration decreased from 51 to

32 g kg�1 in cotton and 45 to 38 g kg�1 in

wheat grown between 350 and 900 μmol mol�1

CO2, whereas the critical P concentration

increased from 4.1 to 7.8 g kg�1 in cotton and

3.9 to 5.3 g kg�1 in wheat from ambient to

elevated CO2 concentration in the same study.

Similarly, the critical leaf K concentration

increased from 12 g kg�1 at ambient

(360 μmol mol�1) CO2 to 19 g kg�1 dry weight

at elevated (720 μmol mol�1) CO2 for photosyn-

thesis and biomass production in cotton (Reddy

and Zhao 2005). This clearly suggested that it is

not only the nutrient demand but also the sensi-

tivity of crop that may be increased especially for

P and K nutrition under a CO2-enriched atmo-

sphere of the future. The lower demand of N but

higher requirement of P or K under elevated CO2
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might be one of the major causes for the observed

differences of the critical nutrient concentrations

among N, P, and K. Therefore, the current under-

standing of tissue nutrient concentration to

achieve optimum crop growth and yield under

ambient CO2 is likely to change into the CO2-

enriched atmosphere of the future. Thus a reas-

sessment will be imperative. Overall this

suggests that a lower N but higher foliar concen-

tration of P and K may be needed to attain maxi-

mum growth in many agronomic crops and trees

(Conroy et al. 1990; Rogers et al. 1993; Reddy

and Zhao 2005; Singh et al. 2014).

5 Effect of Elevated Temperature
and CO2 on Soil Microbial
Communities

The effects of increased atmosphere CO2 con-

centration on soil microbial habitat are mainly a

result of alteration in the responses of plant

communities to elevated CO2. In higher plants,

elevated CO2 primarily increases biomass and

residues and altered tissue compositions

(e.g. minerals, nutrients, proteins) and root exu-

dation upon which soil microbes depend for their

food and energy. Therefore, elevated CO2 indi-

rectly affects various processes in soil including

nitrification, denitrification, emission of trace

gases (methane and nitrous oxides), decomposi-

tion, rhizoremediation, and rhizodeposition pro-

cesses depending upon the moisture and

temperature of the soil (Freeman et al. 2004;

Sadowsky and Schortemeyer 1997). Elevated

CO2 is known to stimulate soil respiration across

various plant communities (King et al. 2004).

The plant derived carbon in rhizosphere is pri-

marily used by microorganism including those

associated with the root systems. Drigo

et al. (2008) pointed out that soil microbial

communities, especially in the vicinity of roots,

including mycorrhiza, bacteria, and fungi are

altered due to plant metabolisms and root secre-

tion driven by elevated CO2. Greater plant debris

or organic matter production under elevated CO2

has also been attributed to alteration of soil

microbial community composition (Lesaulnier

et al. 2008). Under elevated CO2, the rate of

plant residue decomposition may become limited

by lower N concentration which may reduce the

release of nitrogen from decomposing organic

material.

Runion et al. (1994) found increased total

microbial activity under free-air-enriched CO2

in a selected group of rhizosphere and

phyllosphere of cotton. In a Mojave Desert eco-

system, under elevated CO2 there was a signifi-

cant decrease in the operational taxonomic units

for Firmicutes (bacteria) and Basidiomycota
(fungi), and qRT-PCR (quantitative real time

polymerase chain reaction) analysis revealed

that under elevated CO2 there was a 43 %

decrease in the population of gram-positive

microorganisms (Nguyen et al. 2011). Drigo

et al. (2009) observed that under elevated CO2

Bacillus and slow-growing microorganisms like

actinomycetes remain unaffected, but the genera

of Pseudomonas and Burkholderia were highly

affected depending up on soil types and plant

species.

The elevated levels of CO2 which results in

higher carbon assimilation by plants may support

higher abundance of fungi and higher activities

of soil carbon degrading enzymes by the addi-

tional carbon accumulation and increased micro-

bial utilization of soil organic matter (Carney

et al. 2007). The CO2 enrichment significantly

increases above- and below-ground plant bio-

mass which as a soil residue may result in an

additional organic matter and mineral elements

to the existing C pool of the soil. Previous results

have suggested that with conservation manage-

ment in the CO2 enriched environment, greater

residue amounts could increase soil C storage as

well as increased ground cover (Prior

et al. 2005). The increases in air and soil temper-

ature are most likely to affect soil microbial

community by its direct influence on the meta-

bolic processes. Higher temperature leads to

higher rate of changes in phospholipid fatty

acids (PLFA) pattern of bacteria and activity

(Pettersson and Baath 2003). Sugawara and

Sadowsky (2013) studied the influence of ele-

vated atmospheric CO2 on Bradyrhizobium

japonicum in soybean rhizosphere and presented

392 S.K. Singh et al.



transcriptome data which suggested that an influ-

ence on the gene expression resulting into alter-

ation of carbon/nitrogen metabolism, respiration,

and nodulation efficiency. Nelson et al. (2010)

reported a shift in soil biochemical processes

affecting archaeal community composition in

soybean rhizosphere under elevated CO2 condi-

tion. He et al. (2013) studied the distinct response

of soil microbial communities to elevated CO2

and O3 (ozone) in soybean agro- ecosystem and

found that it affects their functional composition,

structure, and metabolic potential.

6 Effect of Elevated Temperature
and CO2 on Mycorrhizal
Communities

The fungi that are most predominant in agricul-

tural soils are arbuscular mycorrhizal (AM) fungi

(phylum Glomeromycota). They account for up

to 50 % of the biomass of soil microbes (Olsson

et al. 1999) and almost all crops are mycorrhizal,

and many, if not most, are strongly responsive to

AM fungi (Cardoso and Kuyper 2006). However,

only a few families and genera of plants do not

generally colonized by AM fungi; these include

Brassicaceae (their root exudates are possibly

even toxic to AM fungi), Caryophyllaceae,

Cyperaceae, Juncaceae, Chenopodiaceae, and

Amaranthaceae (although each of these families

has some representatives that are usually

colonized by AM fungi). The AM association

has received attention as essential component of

soil biological community for increasing the

sustainability of agricultural systems. The ability

of AM fungi to enhance host–plant uptake of

relatively immobile nutrients, in particular P,

and several micronutrients, has been highly

recognized. AM colonization also protects plants

against biotic and abiotic stresses (Charest

et al. 1993). However, the research on the influ-

ence of elevated temperature and CO2 on AM

fungi and its functions in agro-ecosystems are

limited.

Drigo et al. (2008) in their review concluded

that the main effects of elevated atmospheric

CO2 occur via plant metabolism and root

secretion especially in C3 plants thereby directly

affecting the mycorrhizal, bacterial, and fungal

communities in the close vicinity of the roots.

Moreover, under CO2 enrichment, fungal food

chain is more strongly stimulated than bacterial

food chain, and AM fungi root infection

increases at community level (Rillig

et al. 1999). In fact, due to elevated CO2 and

nitrogen deposition, mycorrhizal tissues have

been demonstrated to have a significant fraction

of soil organic matter and may act as a carbon

sink (Treseder and Allen 2000). As a conse-

quence of elevated CO2 there is an increase in

labile and stable soil C pool, an increased effi-

ciency in the degradation of organic pollutants by

rhizoremediation processes. There is also an

enhancement in C inputs and mycorrhizal colo-

nization which stimulates both microbial and

plant N acquisition (Formánek et al. 2014). How-

ever when a mycocentric model was used to

study the mycorrhizal fungal and plant

responses, it was observed that ectomycorrhizal

systems respond more strongly than AM systems

to elevated CO2 (Alberton et al. 2005).

From the long-term effect of elevated atmo-

spheric CO2 study where a nonmycorrhizal plant

Carex arenaria and a mycorrhizal plant Festuca
rubra were grown, Drigo et al. (2013) reported

that mycorrhizal plant exert a greater influence

on bacterial and fungal communities. Moreover,

the fatty acid biomarker data confirmed that the

rhizodeposited carbon is first processed by AM

fungi and subsequently transferred to bacterial

and fungal communities in rhizospheric soil.

Over the course of three years there was a delay

in transfer of carbon to bacterial communities.

The 13C isotope pulse chase experiment revealed

that an increase in 13C enrichment in AM fungi.

However, in a Chaparral ecosystem (shrubland or

heathland plant community) with CO2 enrich-

ment, there were no changes in mycorrhizal col-

onization and hyphal length except an increase in

the amount of carbon, glomalin, and hyphae of

Scutellospora and Acaulospora within macro

aggregates (Allen et al. 2005). In the experiments

of Bunn et al. (2009), AM fungi were found to

ameliorate temperature stress in variety of plants

tested and the AM colonization levels and length
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of extraradical hyphae increased with soil tem-

perature. Under the future climatic scenarios

simulating high CO2 and temperature, a stimula-

tion in the mycorrhizal colonization is expected

(Büscher et al. 2012). Therefore, mycorrhizal

communities tend to support plant growth under

the conditions of elevated temperature and car-

bon dioxide.

7 Influence of Nutrient Stress
and CO2 Enrichment on the
Quality of Harvestable Crop
Yield

There has been strong evidence of lower mineral

nutrients in the seeds of many crops when grown

under CO2-enriched environment (Loladze 2014;

Myers et al. 2014). The reduced nutrients in

seeds impact not only the human or animal food

nutrition but also the early crop growth when

seeded for the next crop. For instance, seeds

with high P content might help to produce greater

proliferated roots when planted under field con-

dition, thus increasing the nutrient uptake (Riley

et al. 1993). The quality of seed yield, fruits, and

vegetables is also affected by plant nutrition and

elevated CO2 concentration. Grain and seed

quality of several crops such as corn, soybean,

rice, and wheat is reduced due to their small size

and wrinkled seed with altered nutrient composi-

tion especially when grown under nutrient-poor

soils. Although the genetic character of a crop

species determines the seed composition, factors

such as plant nutrition and growth CO2 can dras-

tically alter the seed composition (Conner

et al. 2004).

The well-known growth- and yield-

stimulating effect (quantity) of rising atmo-

spheric CO2 also appears to cause reduction in

the quality of the crop harvestable products. Ele-

vated CO2 decreases protein content due to

reduction in total nitrogen and storage protein

and mineral nutrients such as P, zinc (Zn), and

iron (Fe) in wheat, rice, peas, and soybean affect-

ing the overall taste and quality of many food

products (Loladze 2014; Myers et al. 2014).

These effects have mostly observed in the C3

species which are the most responsive to the

increased CO2 as comparison to the C4 species

such as corn (Zea Maize L.). The C4 species has

already developed CO2-concentrating mecha-

nism inside the mesophyll and therefore shows

minor or insignificant response to increased

atmospheric CO2. Myers et al. (2014) reported

roughly up to 12.7 % lower Zn and Fe in almost

all the C3 grasses and legumes when grown under

elevated versus ambient CO2 concentration.

Reduction of these mineral elements in the edible

portion of the food crops will have profound

effect for human nutrition and animal feed. Pop-

ulation living in the countries where staple food

from these crops are the major component of

their everyday diet and main source of the min-

eral nutrition are and will be affected the most.

As noted above, decline in the nutrients such as N

and P in the plant biomass may also lead to low

protein content and reduce the quality of feed,

affecting animal health. Thus, elevated CO2-

mediated changes in the dynamics of the mineral

nutrition in the edible plant products are of a

global concern that requires an immediate

attention.

Future Perspective and Concluding Remark

It is established that the nutrient deficiency

and elevated CO2 have inverse effect on crop

productivity. However, increase in nutrient

efficiency is commonly observed under ele-

vated CO2 and also in nutrient-deficient con-

dition in several crops such as soybean. This

provides an opportunity for crop improvement

by enhancing plant nutrient metabolism in the

CO2-enriched environment of the future.

Crop productivity depends on the plant-

available nutrients in the rhizosphere. There

are two primary ways to increase the quantity

and quality of crop production on a given

piece of land. Firstly, this can be achieved

by the increase of the nutrient supply. This is

not a sustainable option albeit an expensive

one in the terms of both farmer’s economics

and economy of the environment. The second

option is to enhance the efficiency of nutrient

acquisition and utilization. This option is sus-

tainable, plausible, and inexpensive but not an
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easy solution to the problem as it involves

identifying existing cultivars or developing

new ones with the desirable traits that are

related to efficient uptake and use of the

nutrients. Even using both aforementioned

options is far better than just pertaining to

the first option.

Since crops grown under elevated CO2

show an increased total amount of nutrient

uptake and utilization efficiency, better pre-

paredness is required to reap the complete

benefit of rising atmospheric CO2 concentra-

tion. For instance, a near optimum soil fertil-

ity will be prerequisite to harness the full

potential and to avoid the loss in the degree

of growth stimulation caused by elevated

CO2. In addition, active breeding programs

are needed that involves the identification of

desirable cultivars or traits and incorporate

these traits via traditional breeding and/or

genetic engineering into crop improvements

aimed to nutrient deficient and CO2-enriched

environments. The existing cultivar

differences in the nutrient uptake and utiliza-

tion provides opportunity for breeding even

under nutrient-deficient condition. This can be

achieved by screening a large number of

genotypes for the desirable traits in a crop

species grown under a specific nutrient-

deficient condition. These traits may include

nutrient uptake and utilization efficiency,

enhanced root system, increased photosynthe-

sis, biomass, or yield. Then a breeding pro-

gram can be designed that incorporates these

traits in the improved cultivars suitable for a

wide range of environments. This is a chal-

lenging task, which requires several years and

state-of-the-art facilities especially when ele-

vated CO2 is considered as component in the

genotype screening and other resources.

The existing crop production, thus the pro-

ductivity on per unit of land must increase to

meet the food demand for the growing world’s

human population. A lot of existing resources

such as water, nutrients, and energy needed

for the human recreation and consumption

must be diverted toward improving agricul-

tural production. In the past, extensive uses of

fertilizers have contributed immensely to the

increased crop productivity. The production

costs of these fertilizers are enormous and

challenge the sustainability of agriculture.

The fertilizer application in the crops also

leads to the air pollution and contamination

of water. Other harmful environmental effects

include the release of gases such as nitrous

oxide, CO2, methane, and ammonia that cause

greenhouse effect and involve in the depletion

of ultraviolet-B protective gases such as

stratospheric ozone and causes eutrophication

of the aquatic system due to the release of

nitrates and phosphates in the water body. In

addition, the natural reserves for the phos-

phate rocks that are being used to produce

phosphate fertilizers are depleting and may

be exhausted within next 25–100 years.

Therefore, elucidating the dynamics of

nutrients as affected by soil, plant, and the

environment are a daunting challenge.

Climate change is already affecting the

natural resources such as terrestrial vegeta-

tion, animal husbandry, and fisheries that

societies depend on to provide food, fiber,

fuel, several industrial products, and recrea-

tional services (World-Bank 2010). There-

fore, among all, world’s food supply for the

growing population, which is primarily

depending on the agriculture, has become a

major concern. The current world’s human

population of approximately 7.2 billion is

expected to increase to 8.0 billion by 2025,

about 9.6 billion by 2050, and about 10.6

billion by 2100 (United Nations 2013).

About 86 % of this growth is expected to

occur in less developed countries where a

quarter of population is still living in extreme

poverty. This increase in population requires

almost double the current agricultural produc-

tion to meet the future food demand while

minimizing the associated environmental

damage. Moreover, this vast increase in the

productivity must be achieved in the face of

changing climate, diminishing natural

resources such as plant nutrients and global

conflict. The pressure for increased food pro-

duction will be more in the developing
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countries. Since there is no new arable land

available to bring into agriculture, an inten-

sive cultivation of the exiting arable land will

be the primary option by using modern agri-

cultural methodologies. The world will face

intensified competition among the human

needs for usage of land, water, energy, and

other natural resources to produce more food

in a sustainable manner. Water has to be used

efficiently among the competing demands for

human personal usage such as energy and

urban consumption, recreation purposes, agri-

culture, fisheries, and healthy ecosystem. Fur-

thermore, in the face of competing demand for

the use of natural resources by growing

human population, the vulnerability of the

global climates will be critical due to deplet-

ing natural reserves needed for fertilizer pro-

duction, soil erosion, desertification, emission

of greenhouse gases, destruction of natural

habitat, and pollution to soil, air, and water.
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Pérez-L�opez U, Robredo A, Lacuesta M, Mena-Petite A,
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Muñoz-Rueda A (2014) Responses of nutrient dynam-

ics in barley seedlings to the interaction of salinity and

carbon dioxide enrichment. Environ Exp Bot

99:86–99

Pettersson M, Baath E (2003) Temperature-dependent

changes in the soil bacterial community in limed and

unlimed soil. FEMS Microbiol Ecol 45:13–21

Prior SA, Rogers HH (1995) Soybean growth response to

water supply and atmospheric carbon dioxide enrich-

ment. J Plant Nutr 18:617–636

Prior SA, Torbert HA, Runion GB, Mullins GL, Rogers

HH, Mauney JR (1998) Effects of carbon dioxide

enrichment on cotton nutrient dynamics. J Plant Nutr

21:1407–1426

Prior SA, Rogers HH, Mullins GL, Runion GB (2003)

The effects of elevated atmospheric CO2 and soil P

placement on cotton root deployment. Plant Soil

255:179–187

Prior SA, Runion BG, Rogers HH, Torbert HA, Reeves

DW (2005) Elevated atmospheric CO2 effects on bio-

mass production and soil carbon in conventional and

conservation cropping systems. Glob Chang Biol

11:657–665

Radin JW, Eidenbock MP (1984) Hydraulic conductance

as a factor limiting leaf expansion of phosphorus-

deficient cotton plants. Plant Physiol 75:372–377

Reddy KR, Zhao DL (2005) Interactive effects of elevated

CO2 and potassium deficiency on photosynthesis,

growth, and biomass partitioning of cotton. Field

Crops Res 94:201–213

Riley MM, Adcock KG, Bolland MDA (1993) A small

increase in the concentration of phosphorus in the

sown seed increased the early growth of wheat. J

Plant Nutr 16:851–864

Rillig MC, Field CB, Allen MF (1999) Soil biota

responses to long-term atmospheric CO2 enrichment

in two California annual grasslands. Oecologia

119:572–577

Rogers GS, Payne L, Milham P, Conroy J (1993) Nitrogen

and phosphorus requirements of cotton and wheat

under changing atmospheric CO2 concentrations.

Plant Soil 155–156:231–234

Rogers HH, Runion GB, Krupa SV (1994) Plant responses

to atmospheric CO2 enrichment with emphasis on

roots and the rhizosphere. Environ Pollut 83:155–189

Rufty TW, Siddiqi MY, Glass ADM, Ruth TJ (1991)

Altered 13NO3
� influx in phosphorus limited plants.

Plant Sci 76:43–48

Rufty TW, Israel DW, Volk RJ, Qiu J, Sa T (1993)

Phosphate regulation of nitrate assimilation in soy-

bean. J Exp Bot 44:879–891

Runion GB, Curl EA, Rogers HH, Backman PA,

Rodriguez-Kabana R, Helms BE (1994) Effects of

free-air CO2 enrichment on microbial populations in

the rhizosphere and phyllosphere of cotton. Agric For

Meteorol 70:117–130

Sa T, Israel DW (1998) Phosphorus-deficiency effects on

response of symbiotic N2 fixation and carbohydrate

status in soybean to atmospheric CO2 enrichment. J

Plant Nutr 21:2207–2218

Sadowsky MJ, Schortemeyer M (1997) Soil microbial

responses to increased concentrations of atmospheric

CO2. Glob Change Biol 3:217–224

Sharma MP, Adholeya A (2004) Influence of arbuscular

mycorrhizal fungi and phosphorus fertilization on the

post-vitro growth and yield of micropropagated straw-

berry in an alfisol. Can J Bot 82(3):322–328

Siddiqi MY, Glass ADM (1981) Utilization index: a

modified approach to the estimation and comparison

of nutrient utilization efficiency in plants. J Plant Nutr

4:289–302

Sinclair TR (1992) Mineral nutrition and plant growth

response to climate change. J Exp Bot 43:1141–1146

Singh SK, Reddy VR (2014) Combined effects of phospho-

rus nutrition and elevated carbon dioxide concentration

on chlorophyll fluorescence, photosynthesis and nutri-

ent efficiency of cotton. J Plant Nutr Soil Sci, in press.

doi:http://dx.doi.org/10.1002/jpln.201400117

Singh SK, Badgujar GB, Reddy VR, Fleisher DH, Timlin

DJ (2013a) Effect of phosphorus nutrition on growth

and physiology of cotton under ambient and elevated

carbon dioxide. J Agron Crop Sci 199:436–448

Singh SK, Badgujar G, Reddy VR, Fleisher DH, Bunce

JA (2013b) Carbon dioxide diffusion across stomata

and mesophyll and photo-biochemical processes as

affected by growth CO2 and phosphorus nutrition in

cotton. J Plant Physiol 170:801–813

Singh SK, Reddy VR, Fleisher DH, Timlin DJ (2014)

Growth, nutrient dynamics, and efficiency responses

to carbon dioxide and phosphorus nutrition in soy-

bean. J Plant Interact 9:838–849

398 S.K. Singh et al.

http://dx.doi.org/http://dx.doi.org/10.1002/jpln.201400117


Sionit N (1983) Response of soybean to two levels of

mineral nutrition in CO2-enriched atmosphere. Crop

Sci 23:329–333

Staddon PL (2005) Mycorrhizal fungi and environmental

change: the need for a mycocentric approach. New

Phytol 167:635–637

Sugawara M, Sadowsky MJ (2013) Influence of elevated

atmospheric carbon dioxide on transcriptional

responses of Bradyrhizobium japonicum in the soy-

bean rhizoplane. Microbes Environ 28:217–227

Taub DR, Wang X (2008) Why are nitrogen

concentrations in plant tissues lower under elevated

CO2? A critical examination of the hypotheses. J

Integr Plant Biol 50:1365–1374

Treseder K, Allen MF (2000) Mycorrhizal fungi have a

potential role in soil carbon storage under elevated

CO2 and nitrogen deposition. New Phytol

147:189–200

United Nations, Department of Economic and Social

Affairs, Population Division (2013) World population

prospects: the 2012 revision, volume I: comprehensive

tables. United Nations, New York

Vance CP, Uhde-Stone C, Allan DL (2003) Phosphorus

acquisition and use: critical adaptations by plants for

securing a nonrenewable resource. New Phytol

157:423–447

World-Bank (2010) World development report 2010:

development and climate change. The World Bank,

Washington, DC

Zhou W, Hui D, Shen W (2014) Effects of soil moisture

on the temperature sensitivity of soil heterotrophic

respiration: a laboratory incubation study. PLoS One

9:e92531

Dynamics of Plant Nutrients, Utilization and Uptake, and Soil Microbial. . . 399



Phytometallophore-Mediated Nutrient
Acquisition by Plants

Tapan Adhikari

Abstract

Soils in many agricultural areas are alkaline and have high amounts of

calcium carbonate, resulting in low availability of micronutrients. Plant

nutrient uptake is influenced by root architecture, the presence of mycor-

rhizal fungi, proton exudation from roots, and release of phytometal-

lophores. Some genotypes are able to release phytometallophores from

roots to the surrounding rhizosphere soil, which increases the solubility of

nutrients and as a result, its availability for plant uptake. Phytomet-

talophore (PM) release occurs under nutrient deficiencies in representative

Poaceae and has been speculated to be a general adaptive response to

enhance the acquisition of micronutrient metals. Many vascular plant

species are unable to colonize calcareous sites. The inability of calcifuge

plants to establish in limestone sites could be related to a low capacity of

such plants to solubilize and absorb Fe from these soils. Under Fe defi-

ciency, species of Poaceae enhance their Fe uptake by releasing

non-proteinogenic amino acids, phytometallophores (PM), from their

roots which mobilize Fe from the soil by forming a chelate that is then

taken up by the root. Phytometallophore release and uptake is thought to

be specific for Fe deficiency. However, a universal role of phytometal-

lophores in the acquisition of micronutrient metals is established. Since

PM form stable chelates with Zn, Mn, and Cu, they extract considerable

amounts of Zn, Mn, and Cu from calcareous soils and deficiencies of Zn,

Mn, and Cu are quite common on calcareous and non-calcareous soils. Fe

deficiency in the shoot triggers the production of phytometallophores.

Although PM release under nutrient deficiency is not a specific response,

it could still have ecological significance. Studying metal extraction by

PM from a wide range of calcareous and non-calcareous soils indicated

that PM preferentially mobilize Fe but also significant quantities of Zn and
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Cu from soils. Considering that plant Cu demand is much lower than Fe

demand, the amounts of Cu mobilized appeared sufficient to meet plant

requirements for this metal. This suggests that PM release would be an

advantage for plants growing on soils low in available Cu. PM release in

response to deficiencies of micronutrient metals is not restricted to Fe and

Zn, but might be more widespread than previously thought. The mecha-

nism seems to be specific for Fe and Cu deficiencies, but not for Zn or Mn

deficiency in crop. The release of PM under nutrient deficiency could have

an ecological significance, regardless of whether it is indirectly caused by

impaired metabolism or as a specific response mechanism. Also, it

remains to be examined whether nutrient-deficiency-induced PM release

is a general phenomenon in crop species.

Keywords

Phytometallophore • Zinc • Copper • Iron • Manganeese • Plants • Soil

1 Introduction

During the past five decades, the role of fertilizer

in enhancing food grain production has been

widely recognized in both the developed and

developing countries. It has been highlighted

that fertilizer is the kingpin of the green revolu-

tion and the best hope for meeting the food secu-

rity challenges in future. Despite considerable

progress made in the field of fertilizer use

research, the recovery efficiency of applied fer-

tilizer nutrients hardly exceeds 50 % and consid-

erable amount is lost from the soil system.

Though the consumption of chemical fertilizers

in India increased steadily over the years, the use

efficiency of nutrients applied through fertilizers

continues to remain low (in the range of 30–50 %

for N, 20 % for P, 55 % for K, and 2–5 % for Zn,

Fe, and Cu) owing to nutrient losses from soils or

conversions of nutrients into slowly cycling/

recalcitrant pools within soil. Improvement in

fertilizer use efficiency, therefore, is necessary

to increase crop productivity and reduce environ-

mental pollution. The nutrient use efficiency may

be improved by regulating the supply from the

fertilizer material and enhancing the uptake and

utilization efficiencies by the plant. Efficient use

of nutrients in agriculture may be defined differ-

ently when viewed from agronomic, economic,

or environmental perspectives. Proper definition

for the intended use is essential to understand

published values and have meaningful discus-

sion. It is a fallacy that the highest possible

nutrient efficiencies should be the ultimate goal

of fertilizer users. The highest “efficiency”

occurs when small amounts of nutrients are

applied in deficient soils. While efficiency may

be very high in this condition, crop growth in this

region is generally stunted and profitability is

low, compared with the situation where balanced

and appropriate nutrition is provided. Another

example of inadequate understanding of “effi-

ciency” is when an insufficient quantity of

nutrients is regularly added to meet crop needs.

In this condition, soil productivity will gradually

decline as crop production continues to be

increasingly reliant on nutrient stocks from soil

reserves. Nominal nutrient use efficiency may be

very high under these circumstances, but it is

clearly a non-sustainable scenario.

2 Nutrient Use Efficiency

Nutrient efficiency can be classified into three

groups, viz., agronomic efficiency, physiological

efficiency, and apparent recovery efficiency. The

agronomic efficiency is defined as this economic
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production obtained per unit of nutrient applied.

It can be calculated with the help of following

equation:

Sometime, agronomic efficiency is also called

economic efficiency. If the efficiency is deter-

mined under greenhouse conditions, the agro-

nomic efficiency may be expressed in g g�1 or

mg mg�1.

Physiological efficiency is defined as the

biological production obtained per unit of nutri-

ent observed. Sometimes, it is also known as

biological efficiency or efficiency ratio. It can

be calculated with the help of the following

equation:

The apparent recovery efficiency is defined as

the quantity of nutrient absorbed per unit of

nutrient applied. It can be calculated with the

help of the following expression:

Physiological and recovery efficiency can be

combined to obtain the nutrient use efficiency:

Nutrient use efficiency ¼ physiological effi-

ciency � recovery efficiency

In addition to agricultural intensification on

the best arable land, management practices need

to be identified for rational utilization of mar-

ginal lands for agriculture for enhancing sustain-

able crop production in developing countries (Lal

2000). In these context possibilities of harnessing

newly emerging concepts, mechanisms, and

techniques in cellular and molecular biology

need to be explored for better understanding of

tolerance mechanisms to stress so that appropri-

ate strategies could be developed for identifica-

tion of crop genotypes with superior resource use

efficiency. Integration of such crops into crop

rotations in conjunction with improved manage-

ment practices will play an increasingly impor-

tant role in enhancing crop production especially

under conditions of low availability of nutrients

and other stresses. Significant progress has been

made in understanding the physiological traits of

several crop species responsible for tolerance to a

wide range of nutrient deficiencies in soils. Pre-

liminary studies have shown that inclusion of

such promising crop species into crop rotations

or to intercropping would be a useful strategy to

improve nutrient use efficiency, crop nutrition,

and yields (Hocking 2001).

2.1 What Is Phytometallophore?

In response to iron-deficiency stress conditions,

roots of cereals (Poaceae family) release non-

proteinogenic amino acids, called phytometal-

lophores or phytosiderophores that solubilize

Apparent recoveryefficiency

¼ Nutrient uptake byfertilized crop� Nutrient uptake byunfertilized crop

Quantity of fertilizer applied
� 100%

Agronomicefficiency ¼ Grainyieldof fertilizedcrop inkg� Grainyieldof unfertilizedcrop inkg

Quantityof fertilizer applied inkg

¼ kgkg�1

Physiologicalefficiency

¼ Total dry matter yield of fertilized crop in kg� Total dry matter yield of unfertilized crop in kg

Nutrient uptake byfertilized crop in kg Nutrient uptake byunfertilized crop in kg

¼ kgkg�1
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and chelate inorganic Fe. In cereal, Fe (III) is

taken up in toto as the Fe (III)-phytometallophore

complex. Apparently, there are specific recogni-

tion sites on the plasma membrane of the root

cells which allow the binding and transport of the

metal-phytometallophore (PM) complex across

the plasma membrane and into the cystosol.

Absorption across the plasma membrane is

thought to be via an amino acid cotransport sys-

tem. In addition to their role in Fe acquisition, it

has been hypothesized that PM has a universal

role for acquisition of other trace metals such as

Zn, Mn, and Cu that also have low solubilities in

alkaline soils. Recent study reported that Zn (II)-

PM complexes (i.e., 2-deoxymugineic acid,

epi-hydroxymugineic acid, and mugineic acid)

were readily absorbed by corn roots. These

results suggest that corn root-cell plasma mem-

brane binding sites are not highly specific for Fe

(III)-phytometallophore, allowing the transport

of other transition metals into cell. PM release

may vary with the physiological status and age of

the plant and with severity of the deficiency. PM

release rates generally increase at first and after-

wards decrease with plant age. Photoperiod and

temperature also directly influenced by diurnal

release patterns. PM release rates and their

recovery may be influenced by nonspecific root-

microbial interaction and by the physical envi-

ronment of the roots such as aeration or root

contact that may influence root morphology and

exudation rates.

2.2 Biosynthesis of PM

In graminaceous species (strategy II), these iron-

deficiency-induced morphological and physio-

logical changes are absent. Instead, roots release

phytosiderophores (PS) are chelators for Fe (III).

The pathway of PS biosynthesis is understood

reasonably well. L-Methionine is the dominant

precursor, and three molecules of it are used to

form one molecule of nicotianamine which, after

deamination and hydroxylation, is converted into

2-deoxymugineic acid and further to PS,

depending upon plant species. Nicotianamine

(NA) is not only a precursor of PS biosynthesis

but is also a strong chelator of Fe (II), but not of

Fe (III). It is also essential for the proper func-

tioning of Fe (II)-dependent processes.

Nicotianamine might be the link between the

two strategies of iron-deficiency-induced root

responses, perhaps reflecting differences in

codon usage in genes of dicots in comparison

with monocots. From DMA, the biosynthesis

pathway may diverge in different plant species,

resulting in different PS being exuded into the

rhizosphore of different species. The PS is

synthesized mainly in root tips, even though bio-

synthesis may occur in the meristematic tissue of

the shoot as well. In either case, PS are

synthesized continuously and are stored in roots

for release into the rhizosphore during a defined

period of the day. An increased exudation of PS

under Fe deficiency occurs in a distinct diurnal

rhythm, with a peak exudation after the onset of

illumination, the light ensuring the continuous

supply of assimilates from photosynthetically

active plant parts. More detailed studies on the

diurnal rhythm revealed that it is an increase in

temperature during the light period, rather than

the onset of light itself, which causes an increase

in PS exudation.

2.3 Strategy I and Strategy II Plants

Classical studies of Fe nutrition in plants have

resulted in the division of plants into various

strategies.

Strategy I, dicotyledonous plants respond to

iron stress by inducing a cell surface reduction

system and in some instances can be

accompanied by the release of protons and

reductants that alter chemical conditions in the

rhizosphere to increase inorganic Fe solubility.

Strategy I is typically for dicots and

non-graminaceous monocots and characterized

by at least two distinct components of iron-

deficiency response, increased reducing capacity,

and enhanced net excretion of protons. In many

instances also the release is enhanced of reducing

and/or chelating compounds, mainly phenolics.

These root responses are often related to changes

in root morphology and anatomy, particularly in
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the formation of transfer cell-like structures in

rhizodermal cells. The most sensitive and typical

response is the increase in activity of a plasma

membrane-bound reductase in the rhizodermal

cells. The supposed existence of two reductases,

a constitutive (basic) reductase with low capac-

ity, and an iron-deficiency-induced high capacity

reductase increases the activity Marschner et al.

(1989). Although the transmembrane redox

pump may contribute to the net excretion of

protons, the strongly enhanced net excretion of

protons under iron deficiency is most probably

the result of higher activity of the plasma mem-

brane proton efflux pump and not of the reduc-

tase. The activity of the reductase (R) which is

strongly stimulated by low pH, i.e., enhanced

proton excretion by the ATPase, is important

for the efficiency in Fe (III) reduction. Accord-

ingly, high concentrations of HCO�3 counteract

this response system in strategy I plants.

Strategy II, monocotyledonous grasses,

responds to Fe stress by production of Ps that

are secreted into the rhizosphere and which are

subsequently transported by a specific uptake

system on the root surface. Strategy II is confined

to graminaceous plant species and characterized

by an iron-deficiency-induced enhanced release

of non-proteinogenic amino acids, so-called

phytosiderophores. The release follows a distinct

diurnal rhythm and is rapidly depressed by resup-

ply of iron. The diurnal rhythm in release of PS in

iron-deficient plants is inversely related with the

volume of a particular type of vesicles in the

cytoplasm of root cortical cells. PS such as

mugineic acid form highly stable complexes

with Fe (III); the stability constant in water is in

the order of 1023. As a second component of

strategy II, a highly specific constitutive trans-

port system translocator is present in the plasma

membrane of root cells of grasses which transfers

the Fe (III) PS into the cytoplasm. In plant spe-

cies with strategy I, this transport system is also

lacking. Although PS form complexes also with

other heavy metals such as Zn, Cu, and Mn, the

translocator in the plasma membrane has only a

low affinity to the corresponding complexes.

Nevertheless, release of PS may indirectly

enhance the uptake rate of these other metals by

increasing their mobility in the rhizosphere and

in the root apoplasm. Under iron deficiency not

only the release of phytosiderophores is

increased but also the uptake rate of the Fe (III)

PS complexes indicating a higher transport

capacity due either to an increase in number of

the turnover rate of the translocator. Although

this PS system resembles features of the

siderophore system in microorganism, its affinity

to PS is two to three orders of magnitude higher

than for siderophores such as ferrioxamine B or

for synthetic iron chelates such as FEEDDHA.

3 Methodology

A rapid, simple, and accurate method of deter-

mining concentrations of Fe-chelating agents in

solution was developed Shenker et al. (1995).

The assay employs Cu-CAS (chrome azurol S)

complex as a testing agent and measures the

equilibrium concentration of this complex in the

presence of other Fe chelators. This method is of

particular importance for colorless chelates,

which are very difficult to determine otherwise.

The Cu-CAS assay—a proposed protocol to

quantify unknown chelate concentration.

1. Cu-CAS reagent preparation:

Prepare a stock solution of the Cu-CAS

reagent consisting of: 200 μM CuCl2, 210 μM
CAS, 40 mM MES, pH adjusted to 5.7 with

NaOH. This solution is stable for a long period

(months).

2. Sampling of unknown chelate solution:

Prepare a series of six 1.5 mL microtubes for

each chelate solution to be assayed. Add an accu-

rate volume containing approximately 140 nmol

of the unknown chelate to the first microtube and

add distilled water to a final volume of 1.4 mL.

3. Preparation for dilution step:

Add 700 μL of distilled water to each of the

other microtubes.

4. Constructing a 1:1 serial dilution of the tested

chelate:

Prepare 1:1 serial dilution by transferring

700 μL from each microtube to the next. Ensure

good mixing after each dilution step.
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5. Ligand exchange color reaction and absor-

bance reading:

Add 700 μL of Cu-CAS assay solution to each

microtube, including reference microtubes

containing 700 μL of water, and read absorbance

at 582 nm.

6. Plotting of results:

Plot the ratio of Abs(sample)/AbS(ref) vs. the

actual chelate solution volume in each microtube

(similar to Fig. 7, where x axis is sample volume

rather than concentration). Note that one-half of

the initial volume added in step 2 is taken for the

next microtube in the dilution step (4).

7. Calculations and interpretation:

Calculate chelate concentration according to

sample volume at the intercept with the x axis at
y ¼ 0, the Cu-known concentration (100 μM),

and the Cu/ligand ratio of the complex.

3.1 Diurnal Rhythm of Release of PS

The rate of PS release in the Fe-deficient plants

showed a distinct diurnal rhythm with a maxi-

mum value about 4 h after the onset of the light

period. In contract to the Fe-deficient plants, in

the Fe-sufficient plants the release of PS was very

low and nearly constant throughout the daytime.

Among graminaceous plants examined, there are

two patterns for the secretion of phytosidero-

phores. A distinct diurnal rhythm in secretion

has been reported in barley (Takagi et al. 1984),

wheat (Zhang et al. 1991),Hordelymus europaeus

(Gries and Runge 1992), and Festuca rubra
(Ma et al. 2003). In other species, such as maize

(Yehuda et al. 1996) and rice (Inoue et al. 2009),

there is no diurnal rhythm in the secretion. Species

with diurnal secretion patterns have different

times of peak secretion rate. For example, in bar-

ley and wheat, maximum secretion rates occurs

4 h after the onset of light period (Takagi

et al. 1984; Zhang et al. 1991). On the other

hand, the secretion peak occurred at 5.5 h in

Hordelymus europaeus (Gries and Runge 1992)

and between 2 and 5 h in Festuca rubra

(Ma et al. 2003). Since the growth conditions are

different in these previous studies, it is difficult to

conclude whether the differences in the secretion

time results from the growth conditions or from

species itself. In the present study, the secretion

pattern between P. pratensis and L. perenne
under the same growth conditions was compared.

P. pratensis and L. perenne secrete different

kinds of phytosiderophores in response to Fe

deficiency; P. pratensis secretes DMA, AVA,

and HAVA, while L. perenne secretes DMA,

HDMA, and epiHDMA (Ueno et al. 2007). The

amount of these phytosiderophore secreted is

higher in P. pratensis than in L. perenne, but

the secretion amount increased with the progres-

sion of Fe deficiency in both species (Ueno

et al. 2007). Since the growth rate was different

between the two species tested and the

experiments were conducted in different seasons,

we had to use plants of different ages and with

different lengths of Fe-deficiency duration in

order to obtain sufficient amounts of

phytosiderophores for quantitative determina-

tion. However, P. pratensis and L. perenne
showed distinct diurnal rhythms in the secretion

of phytosiderophores irrespective of plant age

and the duration of Fe deficiency, with a differ-

ence of 2–3 h in the secretion peak between the

two species. Experimental results revealed that

comparing ten cultivars of perennial grasses but

with fewer collection times, the secretion pattern

differed between the species, but not cultivars

(Ueno et al. 2007). These results indicated that

the secretion time differ consistently between

P. pratensis and L. perenne. The diurnal rhythm

in the secretion of phytosiderophore was

suggested to be affected by both temperature and

light (Ma et al. 2003; Reichman and Parker 2007).

Earlier secretion was correlated with increased

temperature; however, shading experiments

revealed that phytosiderophore secretion is not

triggered by light in both perennial grass species.

Furthermore, the temperature of the rooting zone,

but not the air temperature, controls secretion

time. These results support the idea that the initia-

tion of phytosiderophore secretion is triggered by
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the temperature around the roots. By using a

square-wave light regime, Reichman and Parker

(2007) concluded that the secretion of

phytosiderophores in wheat is mainly mediated

by changes in light rather than temperature. How-

ever, in their study, plants were shaded for a

longer time, which may have affected

phytosiderophore biosynthesis. Therefore, the

lack of secretion of phytosiderophores under dark-

ness may be the result of decreased synthesis.

Another possibility is that phytosiderophore secre-

tion time is controlled differently between wheat

and perennial grasses. The mechanism responsible

for diurnal rhythm of phytosiderophore secretion

is still unknown. Recently, diurnal changes were

reported in the expression of some genes involved

in biosynthesis of phytosiderophores in rice

(Nozoye et al. 2004) and uptake of Fe (III)-

phytosiderophore complex in rice and barley

(Inoue et al. 2009). Some elements associated to

the diurnal change have been proposed to be pres-

ent in the promoter region of these genes. Since

the gene responsible for the secretion of

phytosiderophore has not been cloned yet, it

remains to be examined whether similar elements

are involved in the diurnal rhythm of

phytosiderophore secretion or the secretion is

regulated independent of biosynthesis and uptake.

Phytosiderophore secretion by grasses may

increase Fe availability for coexisting species.

Recently, it was reported that citrus can utilize

Fe effectively from Fe(III)-phytosiderophore

complex secreted from Poa (Cesco et al. 2006).

Moreover, the combination of three perennial

grasses, F. rubra, L. perenne and P. pratensis,

has been shown to prevent Fe deficiency more

effectively compared to single species. The secre-

tion peak time of F. rubra is between those of

L. perenne and P. pratensis (Ma et al. 2003).

When these perennial grass species are grown

together in an orchard, the combined effect of

different secretion peak times may maintain Fe

availability for orchard trees for longer period of

time relative to single grass species.

4 Role of the PM in Acquisition
of Different Nutrients in Plants

In addition to their role in Fe acquisition, it has

been hypothesized that PS have a universal role

for acquisition of other trace metals such as Zn,

Mn, and Cu that also have low solubilities in

alkaline soils. In support of this hypothesis, it

has been shown that PS form stable chelates

with Zn, Mn, and Cu and are effective in

extracting these elements from calcareous soils.

Production of PS has also been shown to be

induced by Zn deficiency in wheat. However,

the importance of PS as a general response to

trace metal deficiencies remains uncertain. Pres-

ently there are no data on root chelator exudation

for Poaceae species subjected to Cu and Mn

deficiencies, and PS release rates under Zn defi-

ciency reported by Zhang and coworkers were

considerably lower than those typically observed

with Fe-stressed wheat. MA enhanced the solu-

bility of Fe (III) between pH 4 and 9, when added

to nutrient solution MA strongly stimulated the

uptake of Fe by “Fe-inefficient” rice seedlings.

Commonly used chelating agents such as EDTA,

EDDHA, and citrate, etc. had no stimulative

effects. The MA-mediated Fe uptake proved to

be dependent on metabolic energy. These results

suggest the possibility of MA as a

phytosiderophore for graminaceous plants.

4.1 Iron

Graminaceous species acquire Fe by releasing PS

with a high binding affinity for Fe and by taking

up ferreted PS through a specific transmembrane

uptake system. An increased mobilization of Fe

from a calcareous soil, even as far away from the

root surface as 4 mm, demonstrated a high capac-

ity of PS to mobilize Fe. The rate of PS exudation

from roots (an average exudation rate of

2.9 nmol cm�1 root h�1) is possibility related to

tolerance of different species and genotypes to Fe

deficiency, Zuo et al. (2000) which formed a

basis for screening plants for their relative Fe

uptake efficiencies. In general, the broad trend
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seems to be that plants which release low levels

of PS in response to Fe deficiency are adapted

poorly to Fe-limiting soils. It has been well

established that the undissociated Fe (III)-PS

complex is taken up by corn and rice roots. The

uptake of Fe (III)-PS was inhibited by metabolic

inhibitors (DCCD or CCCP) and chilling,

indicating that the transport of the Fe (III)-PS

complex across the plasma membrane is an

energy-dependent process. Aciksoz (2011)

reported that root release of phytosiderophores

(PSs) is an important step in iron (Fe) acquisition

of grasses, and this adaptive reaction of plants is

affected by various plant and environmental

factors. The results show that the root release of

PS, mobilization of Fe from 59Fe(OH)3, and root

uptake and shoot translocation of Fe(III)-PS by

durum wheat are markedly affected by N

nutritional status of plants. The complex forma-

tion properties of mugineic acid, which is a bio-

logically important molecule for iron uptake,

were studied using the density-functional

methods combined with the IEF-PCM continuum

solvation model. In particular, it has been found

that the inclusion of explicit water molecules

interacting with mugineic acid is a key factor

for obtaining reliable computational results. The

present computational results show that the metal

coordination structure is somewhat different

between the Fe II-mugineic acid and Fe

III-mugineic acid complexes; the former has a

five-coordinated structure while the latter has a

nearly octahedral binding structure. Sugiura

et al. have suggested that the reduction of the

Fe III complex into the Fe II complex is an

important first process in the iron release mecha-

nism in organism’s cell since the iron ion can be

easily released from the weakly bonded ferrous

complex [Fe II(HMA)] formed in the reduction

process. The structural difference theoretically

predicted in this work may play a role in this

iron release mechanism although the detailed

mechanism has not yet been understood at a

molecular level. The characterization of

phytosiderophore secretion patterns of perennial

grasses provides important information for

designing an optimal combination of species that

can be used for effective correction of Fe-induced

chlorosis of crops grown on calcareous soils.

4.2 Zinc

Exudation of PM from roots increases under Zn

deficiency in a range of plant species. However,

an equivocal experimental proof that PM play a

role in mobilization and uptake of Zn from

Zn-deficient soils has yet to be reported. This is

especially important because PM has a greater

affinity for Fe than for Zn (e.g., DMA has a

twofold higher stability constant for Fe than for

Zn). Either Zn or Fe deficiency may stimulate

production of PM in wheat. However, an

increased release of PM under Zn deficiency

might be due to an indirect effect, for example,

as a response to impaired translocation of Fe

from roots to shoots under Zn deficiency. Such

an imbalance in Fe circulation in plants might

cause hidden physiological Fe deficiency,

resulting in the increased PM release. For

wheat, recent cause study suggested a model in

which PM, released across plasma membrane,

mobilize Zn in the apoplasm of root cells, But

dissociation of the Zn (II)-PM complex occurs at

the plasma membrane, and only Zn is taken up

into the cytoplasm. However, more recent

research has indicated that not only splitting of

Zn (II)-PM complex as the plasma membrane

and uptake of ionic Zn (II) occur but that the Zn

(II)-PM complex can also be taken up undissoci-

ated, at least by corn roots. In addition to exuda-

tion of PM, Zn deficiency increases root

exudation of amino acids, sugars, and phenolics

in a range of plant species, including wheat. The

importance of this exudation has yet not been

assessed in terms of increasing plant capacity to

acquire Zn from soils with low Zn availability.

Sorghum and wheat plants increased the release

of phytosiderophore in response to Zn deficiency

but corn did not. The total amount of

phytosiderophore released by the roots was in

the order wheat > sorghum > corn. The total

Zn uptake by the species in this study decreased

in the order corn > sorghum > wheat, which is
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inversely related to their tolerance to Zn defi-

ciency. The absence of a “phytosiderophore”

response to Zn deficiency in corn, coupled with

the evidence that this species accumulates more

Zn than wheat or sorghum, provides an explana-

tion for why Zn deficiencies are more prevalent

for corn than wheat or sorghum. Soils in many

agricultural areas are alkaline and have high

amounts of calcium carbonate, resulting in low

availability of Zn (Welch et al. 1991). Wheat

grown on such soils suffers from Zn deficiency,

although tolerance to Zn deficiency largely

varies among wheat genotypes (Khoshgoftar

et al. 2006). Wheat genotypes differ in their

mechanisms for improved root Zn uptake under

Zn-deficient conditions (Hacisalihoglu and

Kochian 2003). These differences in the ability

of genotypes for root uptake means the available

pools of Zn in soil may vary for different

genotypes (Marschner 1995). Plant Zn uptake is

influenced by root architecture, the presence of

mycorrhizal fungi, proton exudation from roots,

and release of phytosiderophores (Hacisalihoglu

and Kochian 2003). Some genotypes are able to

release phytosiderophores from roots to the

surrounding rhizosphere soil, which increases

the solubility of Zn and, as a result, its availabil-

ity for plant uptake (Hacisalihoglu and Kochian

2003). To date, nine mugineic acids have been

identified in different graminaceous plants (Ueno

et al. 2007). Under Zn-deficiency stress, the rate

of phytosiderophore release differs among and

within cereal species (Cakmak et al. 1996). The

well-known differences among durum and bread

wheat genotypes in Zn efficiency are closely

related to the differences in the rate of

phytosiderophore release from roots (Cakmak

et al. 1996). Soil salinity is frequently associated

with alkaline soils, which are commonly defi-

cient in available Zn (Khoshgoftar et al. 2006).

Salinity may reduce Zn uptake by plant roots due

to competition of other cations, e.g., Ca and Na,

at the root surface (Marschner 1995). For all

three of the wheat genotypes studied, salinity

stress resulted in greater amounts of

phytosiderophores exuded by the roots. In gen-

eral, for Kavir, the greatest amount of

phytosiderophores was exuded from the roots at

the highest salinity level (120 mM NaCl).

Greater phytosiderophore exudation under

Zn-deficiency conditions was accompanied by

greater Fe transport from root to shoot. The rela-

tionship between Fe transport to shoots and dif-

ferential exudation of phytosiderophores by

wheat genotypes has been proposed as a physio-

logical mechanism behind differential genotypic

tolerance to zinc deficiency (Rengel and Graham

1995). Under such circumstances, decreased

transport of Fe toward leaves under Zn defi-

ciency would result in physiological Fe defi-

ciency in leaves that would trigger increased

exudation of phytosiderophores into the rooting

medium by genotypes tolerant to Zn deficiency.

In contrast, genotypes sensitive to Zn deficiency

would transport relatively large amounts of Fe to

leaves, thus avoiding physiological Fe deficiency

and lacking a trigger for increasing root exuda-

tion of phytosiderophores. Many vascular plant

species are unable to colonize calcareous

sites. Thus, the floristic composition of adjacent

limestone and acid silicate soils varies greatly.

The inability of calcifuge plants to establish

in limestone sites could be related to a low

capacity of such plants to solubilize and

absorb Fe from these soils. Under Fe deficiency,

species of Poaceae enhance their Fe uptake

by releasing non-proteinogenic amino acids,

phytosiderophores (PS), from their roots which

mobilize Fe from the soil by forming a chelate

that is then taken up by the root (Römheld and

Marschner 1986). In previous research it was

shown that calcicole grasses are better adapted

to low Fe availability on calcareous sites, as a

consequence of higher PS release rates and lower

tissue Fe demand. Phytosiderophore release and

uptake is thought to be specific for Fe deficiency.

However, a universal role of phytosiderophores

in the acquisition of micronutrient metals has

been proposed (Crowley et al. 1987), since PS

form stable chelates with Zn, Mn, and Cu

(Nomoto et al. 1987; Murakami et al. 1989);

they extract considerable amounts of Zn, Mn,

and Cu from calcareous soils (e.g., Treeby

et al. 1989), and deficiencies of Zn, Mn, and Cu

are quite common on calcareous and

non-calcareous soils. Enhanced PS release in Zn
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deficient wheat has been reported by Zhang

et al. (1989, 1991). The effect of zinc nutritional

status of the plant on the release of zinc

mobilizing root exudates was studied in various

dicotyledonous (apple, bean, cotton, sunflower,

tomato) and graminaceous (barley, wheat) plant

species grown in nutrient solutions. In all spe-

cies, zinc deficiency increased root exudation of

amino acids, sugars, and phenolics. However, the

root exudates of zinc-deficient dicotyledonous

species did not enhance zinc mobilization from

a synthetic resin (Zn chelate), or a calcareous

soil, although mobilization of iron from FeIII

hydroxide was increased. By contrast in the

graminaceous species, root exudates from zinc-

deficient plants greatly increased mobilization of

both zinc and iron from the various sources.

These differences in capability of mobilization

of zinc and iron between the plant species are the

result of an enhanced release of

phytosiderophores with zinc deficiency in the

graminaceous species.

Ptashnyk et al. (2011) reported that rice

(Oryza sativa L.) secretes far smaller amounts

of metals complexing phytosiderophores

(PS) than other grasses. But there is increasing

evidence that it relies on PS secretion for its zinc

(Zn) uptake. After nitrogen, Zn deficiency is the

most common nutrient disorder in rice, affecting

up to 50 % of lowland rice soils globally. A

mathematical model was developed of PS secre-

tion from roots and resulting solubilization and

uptake of Zn, allowing for root growth, diurnal

variation in secretion, decomposition of the PS in

the soil, and the transport and interaction of the

PS and Zn in the soil.

4.3 Manganese

Environmentally controlled changes in redox

potential occur when oxygen is depleted; NO3
�,

Mn, and Fe then serve as alternative electron

acceptors for microbial respiration and are

transformed into reduced ionic species. This pro-

cess greatly increases the solubility and avail-

ability of Mn and Fe but is not under direct

control of the plant. In some circumstances,

such as in poorly aerated soils, this results in

Mn and Fe toxicities to plants. Manganese avail-

ability may be further influenced by the activity

of Mn-oxidizing and Mn-reducing bacteria that

colonize plant roots. Since differential Mn effi-

ciency can only be demonstrated for plants grow-

ing in soil, but not for those growing in the

nutrient solution, it appears obvious that a

change in the biology and/or chemistry of the

rhizosphere precedes an increase in Mn availabil-

ity to plants. However, the nature and activity of

root exudates components that might be involved

in mobilization on Mn is still unclear. Further

research on root exudates effective in mobilizing

Mn from the high-pH substrates for uptake by

plants roots is warranted.

4.4 Copper

Phytosiderophore (PS) release in H. europaeus
was rapidly induced in response to both Fe and

Cu deficiencies. This is the first reported case of

Cu-deficiency-induced PS release in grasses. Fe-

and Cu-deficient plants were able to maintain

release rates well above background levels even

when growth was reduced to 6 or 31 % of the

control, respectively. However, the plants in the

metal-deficiency treatments progressed from

normal growth to severely deficient in 30 day.

For the induction of Cu deficiency, this is in

agreement with Gries et al. (1995) but contrary

to the findings of Bell et al. (1991), who

suggested that Cu deficiency could only be

obtained using a combined BPDS-HEDTA che-

lator-buffered system. Theoretically, other non-

specific chelators such as citric acid, which has

some affinity for Cu and is present in root

exudates of Fe- and Cu-deficient H. europaeus,
could contribute to the Fe-mobilizing capacity of

root exudates under Cu deficiency. The fact that

almost the same constant ratio between the two

assay methods was found for root exudates from

both Fe-deficient and Cu-deficient plants

suggests that the same chelators are produced

under Cu deficiency as under Fe deficiency.
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Several studies using wheat (Triticum aestivum
and Triticum durum) have demonstrated that PS

release is enhanced under Zn deficiency (Zhang

et al. 1989, 1991) and can reach levels compara-

ble to those of PS release by Fe-deficient barley

(Cakmak et al. 1994). Theoretically, the same

could be true for the response to Cu deficiency

that was observed. The hypothesis that PS release

is a physiological response to Cu deficiency is

further supported by the fact that Cu-deficient

plants were able to maintain high rates of PS

exudation throughout the experiment even when

growth was reduced to less than one-third of the

control. Also, the diurnal pattern of PS release

under Cu deficiency was identical to that known

from Fe-deficient H. europaeus plants (Gries and

Runge 1992). In combination, these findings sug-

gest that PS release in response to Cu deficiency

is a well-regulated mechanism. In barley, uptake

rates of PS-complexed Cu are tenfold lower than

those of the PS-Fe complex (Ma et al. 1993),

suggesting that the PS system functions primarily

for Fe transport. This preferential recognition of

Fe-PS complexes remains to be examined for

H. europaeus. Nonetheless, even tenfold lower

uptake rates of Cu-PS could still be sufficient to

meet plant Cu demand. Based on calculations of

plant yield and tissue Cu concentration, the

quantities of chelators released under Cu defi-

ciency greatly exceed the Cu uptake rate required

for normal growth. Studying metal extraction by

PS from a wide range of calcareous and

non-calcareous soils revealed that PS preferentially

mobilized Fe but also significant quantities of Zn

and Cu from soils. Considering that plant Cu

demand is much lower than Fe demand, the

amounts of Cu mobilized appeared sufficient to

meet plant requirements for this metal. This

suggests that PS release would be an advantage

for plants growing on soils low in available

Cu. Release of PS under Cu deficiency could have

an ecological significance, regardless of whether it

is indirectly caused by impaired metabolism or as a

specific response mechanism. This question needs

further study. Also, it remains to be examined

whether Cu-deficiency-induced PS release is a gen-

eral phenomenon in native grass species.

5 Intercropping and
Phytosiderophore Release

Micronutrient deficiency in plants is becoming

an increasingly important global problem. Proper

metal transport and homeostasis are critical for

the growth and development of plants and in

order to potentially fortify plants preharvest.

Also, improvement in Fe and Zn content in the

edible portions of the plant will be helpful for

alleviating human nutritional disorders world-

wide (Welch and Graham 2002; Grotz and

Guerinot 2006). reported that peanut

intercropping with different gramineous species

not only improved the iron nutrition of the peanut

but also enhanced the Cu and Zinc content in the

peanut shoot in the greenhouse experiment.

Although, this was not statistically significant

difference in the field experiment, the Cu and

Zinc content in peanut shoot of intercropping

showed a general increasing trend, which means

that agronomic intercropping helps mobilize and

uptake limiting nutrient elements as well as

provides benefits through effects on plant

growth, development, and adaptability to adverse

environments. The possible reason for such dif-

ferential effects on Cu and Zn concentrations of

peanut plants caused by intercropping could be

root exudates from gramineous species. Specifi-

cally, production and release from

phytosiderophores of gramineous species may

improve solubility of Fe, Zn, and Cu by chela-

tion, which helps plants obtain those essential

elements from the soil (Inal et al. 2007). The

release of phytosiderophore by strategy II plants

also improves Zn nutrition (Khalil et al. 1997). In

the current study, Zn and Cu nutrition of peanut

was improved by the associated maize, barley,

oats, and wheat. Enhanced production of

phytosiderophore by maize might be responsible

for the increases in Zn and Cu concentration of

peanut. On the other hand, one metal deficiency

might cause an excess of another metal to be

absorbed. We have learned from studies to date

that the transporters involved in Fe uptake can

transport a variety of divalent cations such as Zn

and Cu. However, Mn concentration of the
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peanut shoot is significantly enhanced by serious

iron deficiency of peanut in monocropping. The

higher Mn concentration may be caused by the

enhanced Mn uptake by the peanut roots due to

increased reducing capacity of peanut roots in

monoculture in conjunction with the appearance

of Fe-deficiency chlorosis symptoms in young

leaves. Peanut plants have similar uptake

mechanisms of Fe and Mn that require the reduc-

ing capacity of the root to accumulate Mn2+ and

Fe2+ ions in the rhizosphere soil. The peanut

intercropped with strategy II plants could not

only improve iron nutrition of peanut but also

enhance other critical micronutrients, such as Zn

and Cu, which are critical metals for the growth

and development of plants. However, systemic

mechanisms might be involved in adaptation to

these nutrient stresses at the whole plant level.

Reasonable intercropping system of nutrient-

efficient species should be considered to prevent

or mitigate iron and zinc deficiency of plants in

agricultural practice.

6 Ecological and Soil Chemical
Factors Affecting the Efficacy
of PS

The mechanism by which plants acquire Fe

from siderophores in soils is not yet known.

Many indirect processes such as extracellular

reduction, chelate degradation, or passive dif-

fusion may also contribute to root uptake of Fe

mobilized by PS. Soil chemical and ecological

factors can also affect the efficacy of PS in

soils. Among the most obvious soil factors are

Fe mineral dissolution rates, exchange kinetics

for Fe complexed by organic matter, and solu-

tion pH of Fe redox potential. Physical structure

and soil moisture content influence the diffu-

sion path of the Fe and are important in soil

aeration. Soil clay and organic matter strongly

adsorb PS. Important biological factors include

plant growth rates which affect Fe demand and

the consequent induction of responses to Fe

stress.

7 Summary

The availability of nutrients in plants is deter-

mined by the type of soil, climate conditions, and

crop species, and the cultivars within the species

determine the availability of nutrients in plants.

Those crop species or cultivars that have the

ability to absorb large amounts of nutrients and

convert them into useful dry matter on highly

enriched soils, in which a less-efficient species

of cultivars reaches a yield plateau, have been

described as the nutrient-efficient species or

cultivars. However, with recent economic

developments and the large potential of infertile

soils that are located in developing regions of the

world, it has been realized that the most signifi-

cant contribution to world food production must

come from crops grown on soils with relatively

low fertility. More emphasis is now being given

to that plant species or cultivars that should pro-

duce more on soils having a low fertility. Plant

species or cultivars that produce higher yields

under low nutrient supply have evolved one or

more of the characteristics like an efficient inter-

nal economy, which may result from efficient

redistribution within the plant, or lower

requirements at functional sites. Due to

escalating cost of chemical fertilizers, the nutri-

ent uptake and utilization in crop plants should

be most efficient to cause reduction in the cost of

production and in achieving a higher profit for

the farmers,. To arrive at these objectives, it is

important to understand nutrient use efficiency,

the factor effecting it, and ways of enhancing it in

modern crop production system without reducing

the crop/yields. To improve the nutrient use effi-

ciency by crop plants, one of the strategies is to

screen out the plants’ (high nutrient efficiency)

group which can secret phytometallophores.

Phytometallophores help the plants in greater

absorption of the nutrients under sub-optional

supply conditions. Phytometallophores (PM) are

released in graminaceous species (Gramineae)

under iron (Fe)- and zinc (Zn)-deficiency stress

and are of great ecological significance for acqui-

sition of Fe and presumably also of Zn. The

potential for release of PS is much higher than
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reported up to now. Rapid microbial degradation

during PM collection from nutrient solution-

grown plants is the main cause of this

underestimation. Due to spatial separation of

PM release and microbial activity in the rhizo-

sphere, a much slower degradation of PM can be

assumed in soil-grown plants. Concentrations of

PM up to molar levels have been calculated

under non-sterile conditions in the rhizosphere

of Fe-deficient barley plants. Besides Fe, PM

mobilize also Zn, Mn, and Cu. Despite this

unspecific mobilization, PS mobilizes apprecia-

ble amounts of Fe in calcareous soils and arc of

significance for chlorosis resistance of gramina-

ceous species. In most species the rate of PS

release is high enough to satisfy the Fe demand

for optimal growth on calcareous soils. In con-

trast to the chelates, ZnPM andMnPM, FePM are

preferentially taken up in comparison with other

soluble Fe compounds. In addition, the specific

uptake system for FePM (translocator) is

regulated exclusively by the Fe nutritional status.
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