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Abstract
Global cereal demand will increase up to 38% by 2025, and to achieve it in a 
sustainable way, 60% increase in global nitrogen (N) use will be necessary. In 
cereals ~30 to 50% of the applied N is taken up by the crop, and the rest is lost in 
the environment causing pollution. Hence, improvement of N use efficiency 
(NUE) in cereals is really important. The NUE is the total biomass or grain yield 
produced per unit of applied N fertilizer. Soil and plant management practices 
play a key role toward enhancing N recovery, but again it greatly depends on 
environmental conditions. Another option for improvement of NUE is the genetic 
strategy. Broadly, NUE has two components, N uptake efficiency (NUpE), which 
is N acquisition by the plant per unit of available N in the soil, and N utilization 
efficiency (NUtE), which is yield per unit of acquired N by the plant. As NUtE is 
directly related to the crop yield, it depends on subcomponent N assimilation, 
remobilization, and finally efficient utilization of assimilated N for starch bio-
synthesis in the grain. Understanding the mechanisms and gene regulating of 
these processes, exploiting genotypic variant in each subcomponent (N uptake, 
assimilation, and remobilization) to find genes and superior alleles is crucial for 
the improvement of NUE in crop plants. In addition, the studies on starch metab-
olism during grain filling are an important factor for N utilization. To study this, 
genotypes with similar background of uptake and assimilation but differing in 
grain filling should be taken into consideration. Global metabolomic profiling of 
these genotypes, transcriptome profiling, identification, and mapping of quanti-
tative trait loci (QTLs) in combination with marker-assisted selection (MAS), 
analyzing mutants defective in their normal response to N limitation, and study-
ing plants that show better growth under N-limiting conditions are different 
options to study the N-utilization efficiency and gene identification. In the first 
topic, we have highlighted the N application and its effect on yield in cereals. 
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Introduction of N-responsive genotype during green revolution has enhanced 
yield, but indiscriminate use of fertilizer mainly N fertilizer has caused severe 
damage to environment. In the subsequent topic, we have defined NUE as a 
whole; later the main focus was on biological NUE and their different compo-
nents. Thereafter we described strategies for genetic improvement to reduce N 
use without much compromising yield. Primarily we tried to highlight candidate 
genes and their role in NUE reported in cereals as well as model plant system. 
We have also described the advance molecular techniques to identify the gene in 
strategic manner. As a part of molecular breeding, QTL identification and its 
introgression are described in one of the topics at the last part.
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Abbreviation

AAP	 Amino acid permease
ABA	 Abscisic acid
ADP	 Adenosine diphosphate
AE	 Agronomic efficiency
AFG	 Auxin signaling F-box
AGPase	 ADP glucose pyrophosphorylase
AlaAT	 Alanine aminotransferase
AMT	 Ammonium transporter
ARE	 Apparent recovery efficiency
AS	 Asparagine synthase
ATF	 Amino acid transporter
BE	 Branching enzyme
BNF	 Biological nitrogen fixation
C	 Carbon
CaMV	 Cauliflower mosaic virus
cDNA	 Complimentary DNA
CGs	 Candidate genes
CLC	 Chloride channel family
CPSase	 Carbamoyl phosphate synthase
CRISPR-Cas9	 Clustered regularly interspaced short palindromic repeats
DNA	 Deoxyribonucleic acid
Dof	 DNA binding with one zinc finger
EMS	 Ethyl methanesulfonate
G-1-P	 Glucose-1-phospate
GBSS	 Granule-bound starch synthase
GDH	 Glutamate dehydrogenase
GMPase	 GDP mannose pyrophosphorylase
GOGAT	 Glutamine-2-oxoglutarate aminotransferase or glutamate synthase
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GS	 Glutamine synthetase
H+	 Hydrogen
HAT	 High-affinity transport system
HSN1	 Hypersensitive to NH4

+

HYVs	 High-yielding varieties
ISA	 Isoamylase
LATS	 Low-affinity transport
LHT	 Lysine/histidine transporter
MAS	 Marker-assisted selection
miR	 micro RNA
MPSS	 Massively parallel signature sequencing
mQTLs	 Metabolic QTLs
N	 Nitrogen
N2O 	 Nitrogen oxide
NAD(P)H	 Nicotinamide adenine dinucleotide phosphate
NAGK	 N-acetyl glutamate kinase
NH3	 Ammonia
NIL	 Near-isogenic lines
NiR	 Nitrite reductase
NO	 Nitric oxide
NO3

−	 Nitrate
NPF	 Peptide transporter family
NpUE	 N physiological use efficiency
NR	 NO3

− reductase
NRA	 NO3

− reductase activity
NRT	 NO3

− transporter
NUE	 Nitrogen use efficiency
NUpE	 N uptake efficiency
NUtE	 N utilization efficiency
PEP	 Partial factor productivity
PEPC	 Phosphoenolpyruvate carboxylase
PNB	 Partial nutrient balance
PTST	 Protein targeting to starch
QTL	 Quantitative trait loci
RNA	 Ribonucleic acid
RNAi	 RNA interference
RS	 Root system
RSA	 Root system architecture
SAGE	 Serial analysis of gene expression
SAV	 Senescence associated vacuoles
SBE	 Soluble starch branching enzymes
SG	 Starch granules
SLAC/SLAH	 Slow anion-associated channel homolog
SS	 Starch synthase
SSH	 Suppression subtractive hybridization
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T-DNA	 Transfer DNA
TALEN	 Transcription activator-like effector nucleases
TCA	 Tricarboxylic acid
TIP	 Tonoplast intrinsic protein
TOR	 Target of rifampicin
UI	 Usage index
WUE	 Water use efficiency
ZFN	 Zinc finger nucleus

6.1	 �Introduction

During last 50 years, the global human population has increased from 5 billion to 9 
billion, which primarily compelled to increase the staple foodstuff production. 
Population in India has increased from 0.36 billion to 1.21 (fourfold). The major 
two cereals (rice and wheat) production has increased from 21 to 103 million tonnes 
and from 6 to 88 million tonnes in India (GOI 2012). These two cereals occupy the 
major cultivated area and are used as staple food throughout the world. Wheat alone 
provides nearly 55% of the carbohydrate and 20% of the calories consumed glob-
ally (Breiman and Graur 1995).

Nitrogen (N) is a key element involved in various life processes of plants like 
biosynthesis of amino acid, nucleic acid, chlorophyll, cofactors, etc. Plants uptake 
on average 40–50 mg N to produce 1 kg of dry weight, whose limited supply in soil 
affects its availability to plant making it a critical limiting element for growth and 
development (Robertson and Vitousek 2009). External supply of N in the form of 
chemical fertilizers has become necessarily a need to sustain food production. In the 
last five decades, cereal production has boosted up to 260%, but this increase in 
production was at the cost of sevenfold increase in N fertilizer application (Ladha 
and Chakraborty 2016). As per the input survey data of 2006–2007, the average N 
fertilizer use of wheat in India is 122 kg ha−1 which makes it the third most N fertil-
izer consumable crop after sugarcane and cotton. Presently, India stands second in 
N fertilizer use with 17.2 million tonnes after China. The global N fertilizer demand 
is expected to increase from a total of 105.3 million tonnes in 2011 to 119 million 
tonnes in 2018 (FAO 2015). At the same time, global cereal demand is also expected 
to increase up to 38% by 2025, and to achieve this, 60% increase in global N use 
will be needed till that time (Dobermann 2005). In case of the wheat crop, the nitro-
gen use efficiency (NUE) is 40%, whereas in rice, it varies from 20–40% (under 
submergence condition) to 40–60% (under upland condition) (Raghuram et  al. 
2007); the remaining N gets lost in the environment and cause pollution. Intensive 
use of N fertilizers in agricultural production is continuing, leaving the negative 
consequence to environment. Because of these consequences, the diversity and 
functioning of nonagricultural system are facing detrimental effect, i.e., eutrophica-
tion of freshwater and marine water due to leaching of N (Hirel et  al. 2007). In 
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addition to environmental effect, N fertilization also increases input cost because 
the Haber-Bosch process of N production consumes natural gas as high as 873 m3 
for producing 1 metric ton of fertilizer N (Xu et al. 2012). One percentage increase 
in NUE for cereal production could save around 1731 crore rupees ($234) fertilizer 
cost (Mosier and Syers 2004). Hence, developing cultivar which can efficiently use 
N is important to render these problems.

Nitrogen use efficiency has several definitions, but for plant biologists and breed-
er’s, definition and expression given by Moll et al. (1982) is mostly used. The NUE 
is calculated by dividing grain weight to total available soil N. Nitrogen use effi-
ciency is the multiplication of two components, N uptake efficiency (NUpE) and N 
utilization efficiency (NUtE). The NUpE is calculated by dividing N in plant harvest 
to total available N in soil, whereas NUtE is obtained by dividing grain dry mass to 
total N in plant harvest. In totality, NUE is defined as the total biomass or grain yield 
produced per unit of available N, which mostly comes from applied fertilizer in case 
of cereals.

Genetics and biochemical mechanisms involved in each component of N use 
have been widely studied in model plants as well as cereal crops to identify many 
key genes and regulators which are potential targets for improving crop NUE and 
also understanding genetic basis of NUE.

6.2	 �Nitrogen Application and Yield Enhancement in Cereals

Nitrogen derives from atmosphere which is subsequently transformed and trans-
ported to pedosphere and hydrosphere through the process of biological nitrogen 
fixation (BNF). Therefore, N is unique among major nutrient elements which mostly 
form by weathering of rocks and hence also present in less amount in soil. 
Atmosphere contains a large, well-mixed, biologically non-available N pool, a rela-
tively small part of which is converted into a biologically available or reactive N 
pool primarily through BNF.  Industrial N fixation has, however, become more 
important in agriculture, since taking care of the developing demand for sustenance 
has resulted in huge increments in the utilization of N fertilizer.

Nitrogen is one of the nutrients that most often limits crop production, particu-
larly in the major staple cereals. In the tropics, lowland rice produces an approxi-
mate yield of 10–15 qha−1 using naturally available N derived from processes like 
BNF by diazotrophs and mineralization of soil N and wet and dry depositions from 
the atmosphere. Similarly, wheat and maize yields of 10–15 qha−1 were obtained 
without any fertilizer application (Janssen et al. 1990; Witt et al. 1999; Pathak et al. 
2003). Such agro-systems have been sustained, though with low yields, for numbers 
of years without external N supplement (Fischer 2000). Whether it is good or bad, 
environmentally friendly or not, that is a matter of debate, but additional N applica-
tion is necessary to increase the yield to three- to fourfold to feed the ever-increasing 
population (Lassaletta et al. 2014).
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6.3	 �Green Revolution and Effect of Nitrogen Fertilizer 
in Environment

During Green Revolution the major emphasis was on genetic improvement of crop 
to produce high-yielding varieties (HYVs). Another aspect was intended to shorten-
ing of maturity time in cereal to ultimately achieve greater cropping intensity. Rice-
wheat system adopted in the Indo-Gangetic Plain is contribution of shorter crop 
growing period. And lastly improved inputs, including fertilizer, irrigation, and, to a 
certain extent, pesticides, also contributed significantly in the Green Revolution.

Therefore, this increased N fertilization resulted in many negative impacts on the 
environment. Added N allows farmers to simplify plant community by displacing 
need of N fixing plant. Addition of N to soil system also interferes with their inhab-
iting microbial community and their associated processes like decomposition, nitri-
fication, denitrification, etc. (Robertson and Vitousek 2009). Other than this, losses 
of fertilizer N to the soil and atmospheric environment cause serious pollution 
which is the fact why the plant use efficiency of N fertilizers is lower and thus 
higher cost of cultivation. Environmental pollution includes eutrophication of fresh-
water (London 2005) and marine ecosystems (Beman et al. 2005) which leads to 
augmentation of algal growth. Subsequently, after the death and decomposition of 
algae in water bodies, the content of organic matter in the water increases. In turn, 
this consumes higher amount of oxygen, causing drop in its level and creating con-
ditions of hypoxia or dead zone. In absence of adequate oxygen availability, the 
aquatic organisms like fish, crabs, and others die (Rabalais et al. 2002). Some solu-
ble portion of N leaches down as nitrate (NO3

−) and pollute groundwater reserve 
(Powlson et al. 2008). In addition to leaching losses, reactive N can also lose to the 
atmosphere in the form of N-containing gases like ammonia (NH3), nitrogen oxide 
(N2O), nitric oxide (NO), etc. causing buildup of greenhouse gases (Robertson and 
Vitousek 2009).

6.4	 �Definitions of Nitrogen Use Efficiency (NUE)

The simplest definition of NUE is “the ratio of yield either in terms of grain or bio-
mass to the total N (soil N and fertilizer applied)” (Good et al. 2004). However, 
NUE is a complex concept, and its expression and measurement must be context 
dependent. Complexity in meaningful definition and expression of NUE is depen-
dent on many factors: (i) nutrient source including soil N, manure/fertilizer, or 
atmosphere and (ii) factor influencing crop nutrient demand like environmental fac-
tor, crop management practices, or genotypic makeup of plant. In addition to these 
factors, variation in NUE expression also depends on (iii) kind of data available and 
(iv) scale of interest (for plant breeder, interest may be a single plant, and for policy-
making it may be as large as a country). Some of the measurements of NUE are 
partial factor productivity (PEP), agronomic efficiency (AE), partial nutrient bal-
ance (PNB), apparent recovery efficiency (RE), and N physiological use efficiency 
(NpUE) (Dobermann 2005, 2007; Fixen et al. 2015) which mainly denote efficiency 
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of fertilizer input and are used by agronomist and policy-makers (these are explained 
briefly below). Plant biologist and breeders are mostly interested in another concept 
of NUE where it is mainly presented as plant phenotypic trait. Plant NUE (Xu et al. 
2012) is a combination of two plant physiological components NUpE and 
NUtE. This book chapter is mainly focused on plant NUtE, and it is elaborated later 
in the section.

Partial Factor Productivity (PEP)  It is the expression of production efficiency cal-
culated as amount of crop yield produced per unit of nutrient added. The PEP can 
be calculated at farm, regional, or national level if proper statistical record of fertil-
izer input as well as crop yields is available. It is also dependent on cropping sys-
tem, which mainly explains productivity of a cropping system within a region in 
comparison to its N input and is a long-term indicator of trend.

Agronomic Efficiency (AE)  It is calculated as unit of grain yield increased per unit 
of nutrient added. It denotes degree of gain in productivity by nutrient input. Usually 
short-term impact of applied nutrient on productivity is indicated by AE, but if long-
term trials are conducted, then contribution of fertilizer input to crop yield can also 
be indicated by AE.

Partial Nutrient Balance (PNB)  It is denoted as nutrient output per unit of nutrient 
input. It expresses the amount of nutrient being removed from the system in relation 
to amount of application. So basically, it expresses nutrient recovery rate. If PNB is 
close to 1, then it is assumed that fertility of soil will be sustained at steady state. 
However, there is lacuna in this assumption because removal of N from soil by 
means of losses like leaching and erosions is not considered. It indicates trends in 
long term and is more advantageous when used along with soil fertility record.

Apparent Recovery Efficiency (RE) or Apparent N Recovery Rate (ANR)  It is the 
relative amount of nutrient uptake in aboveground parts of fertilized and unfertilized 
crop plants as a function of quantity of applied nutrient. It tells what amount of 
fertilizer N is acquired by the plant, hence also indicating potential nutrient loss 
from that cropping system and management practice.

N Physiological Use Efficiency (NpUE)  It is the ratio of net increased grain weight 
to net increased N uptake in aboveground plant parts with and without application 
of fertilizer N. It is more like uptake efficiency denotes ability of plants to transform 
nutrients acquired by soil and fertilizer to economic yield. This expression also used 
to denote plant NUE.
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NUE as Phenotypic Trait  Many people presented different definitions and evalua-
tion methods for NUE (reviewed in Good et al. 2004; Fageria et al. 2008), but the 
appropriate way to estimate it depends on the crop, its harvest product, and whether 
the researcher wants to analyze specific physiological processes involved in 
NUE. The most common and widely used definition among plant breeders is the 
definition given by Moll et al. (1982). He defined it as grain production per unit of 
N available in the soil, and its expression is as follows:

	 Gw Ns Nt Ns Gw Nt/ / /= ( )( )	
where Gw, grain weight; Ns, N supply (gplant-1); and Nt, total N in plant at matu-

rity. Ratio of Gw and Ns denotes NUE which is the multiplication of its two compo-
nents NUpE (Nt/Ns) and NUtE (Gw/Nt).

Another definition is usage index (UI). Usage index is calculated by multiplying 
total plant biomass to the ratio of the total plant biomass and total plant N. For cere-
als, NUE is to be described as NUEg, which is the grain production per unit of N 
available and is a more appropriate presentation than UI plant could produce a lot of 
biomass for every unit N (high UI) without changing over the procured N to seed 
production; therefore, in spite of having high UI, it should have a low NUEg. Crop 
improvement mainly focused on the improvement of cereal yield is the main driver 
to bring economic prosperity in developing countries like India from the last five 
decades (Conant et al. 2013). Scientific approach to plant breeding accelerated its 
rate during this period, but this increase in crop production per unit area also owed 
intensive use of N nutrient input in the form of synthetic N fertilizers. All the selec-
tion for high-yielding, lodging-resistant, short-stature cultivars of cereals are carried 
out in high N environment which results in high N-responsive varieties, which 
means giving more yields with increased N input. Although cereal boosted the food 
production by about 260%, the contribution of N fertilizer to N input increased by 
45% (Ladha et al. 2016). Annually 100 million tonnes of N fertilizers are applied in 
cropland and pastures, globally. Approximately half of this N input is taken by three 
major cereal crops, namely rice, wheat, and maize (Ladha and Chakraborty 2016). 
By seeing the rate of increase in N fertilizer input in these crops for the last 50 years, 
it is assumed that to meet 3 million tonnes of global requirement of cereal by 2050 
and with 7% increase in crop land area, fertilizer N input will increase by 65% in 
these three crops with no change in NUE. Synthetic fertilizer production would also 
increase two times by 2050 (Ladha et al. 2016).

6.5	 �Components of Nitrogen Use Efficiency (NUE)

6.5.1	 �Nitrogen Uptake

The factors like soil type, pH, temperature, precipitation, and wind affect the N 
availability and its ionic form in soil both spatially and temporarily. Therefore, the 
N form to be taken by plant will depend on its adaptability to soil condition. Forest 
soils are mostly acidic; hence plant adapted to this condition prefers ammonium and 
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amino acids, similarly plants adapted to more aerobic soil and high pH prefer NO3
− 

form as in the case of most of crop plants except lowland rice because it grows in 
anaerobic condition. For N uptake transporters and root system architecture plays a 
crucial role.

6.5.1.1	 �Nitrate Transporters
Nitrate form taken by the plants through H NO+ −/ 3 (hydrogen/nitrate) cotransports 
mechanism (Ullrich 1987). Many experiments showed NO3

− uptake causes alkaliza-
tion of medium due to strong ionic difference (Mistrik and Ullrich 1996); this occurs 
due to 2:1 stoichiometry between H NO+ −/ 3 cotransporter. Nitrogen availability in 
soil fluctuates, and to counteract this plants have developed two types of transporter 
systems (Epstein 1972). They are called low-affinity transport system (LATS) and 
high-affinity transport system (HATS). For both the forms, inducible and constitu-
tive types coexist and act coordinately to uptake nutrient from soil through roots and 
distribute it all over the plants. Low-affinity uptake system acquires nutrients in 
high external substrate concentration (>0.5 mM for NO3

−), while the high-affinity 
system uptakes substrate at low external concentrations (< 0.2 for NO3

−). Along with 
these, some dual-affinity transporters are also reported which act as both LATS and 
HATS (Liu et al. 1999). In model plant Arabidopsis thaliana, transport system for 
NO3

− is well studied. Four families, namely, nitrate transporter 2 (NRT2) transport-
ers, NRT 1/peptide transporter family (NPF) transporters, chloride channel family 
(CLC) transporters, and slow anion-associated channel homolog (SLAC/SLAH) 
(Orsel et al. 2002a; Negi et al. 2008; Barbier-Brygoo et al. 2011; Krapp et al. 2014; 
Léran et al. 2014), are responsible for NO3

− uptake, distribution, and storage. Among 
these, transporters from NPF and NRT2 family are responsible for NO3

− uptake from 
root. In addition to it, some members in NPF and NRT2 are also involved in NO3

− 
sensing and signaling. The NRT2 family consists of high-affinity NO3

− transporters 
(Krapp et al. 2014). A total of seven members are known from Arabidopsis NRT2 
family. The NRT2.1 and NRT2.2 exclusively express in root, while the NRT2.5 and 
NRT 2.6 express in leaves along with root, whereas NRT2.7 expresses in leaves 
(Orsel et al. 2002b). Many NRT2 gene expressions are regulated by availability of 
NO3

− and some other factors (Zhuo et al. 1999; Orsel et al. 2002b, 2006). AtNRT2.1 
interacts with another protein NAR2 and forms two component NO3

− uptake systems 
(Orsel et al. 2006). The ZmNRT2.1 and ZmNRT2.2 are the main transports control-
ling high-affinity NO3

− uptake in maize plant (Garnett et  al. 2013). Lupini et  al. 
(2016) showed ZmNRT2.1 expression and localization influenced by ZmNAR2.1; 
expression of these two genes was also correlated by NO3

− influxes. Five members 
of NRT2 family are characterized in rice (Feng et al. 2011), unlike Arabidopsis each 
showing different affinities to NO3

− and N supply dependent regulation also differs. 
Three NRT2 transporters (NRT2.1, NRT2.2, and NRT2.3a) interact with OsNAR2.1 
at messenger RNA (mRNA) as well as protein levels to influence NO3

− uptake over 
both high- and low-concentration ranges (Yan et al. 2011).

For low-affinity uptake, one family of NO3
− transporters, NPF (NRT1), is respon-

sible, but the exception is NRT 1.1/NPF6.3/CHL1 which is a dual-affinity 
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transporter (Wang et al. 1998; Liu et al. 1999); along with it, NRT1.1 also act as 
NO3

− sensor (Ho et al. 2009). Fifty-three NRT genes have been reported till date in 
Arabidopsis, of which 51 gene families may have unique functions of each because 
its expression is found to be limited to a specific tissue (Tsay et al. 2007). The NRT 
1.1 initially discovered as low-affinity transporter by Tsay et al. (1993) was later 
found to act as high-affinity transporter at low NO3

− concentration after phosphory-
lation of Thr101 (Liu and Tsay 2003). The protein complex CIPK23-CBL9 (CIPK, 
CBL-interacting protein kinase; CBL, calcineurin B-like protein) phosphorylates 
Thr101 at low NO3

− condition which results in switching of NRT1.1 to HAT (Liu and 
Tsay 2003; Ho et al. 2009). Another protein ABI2, a phosphatase, also regulates 
NRT1.1 and enhances rate of transport by inhibiting CIPK23-CBL1 complex phos-
phorylation (Léran et al. 2015). The location of NRT1.1 is plasma membrane of 
epidermis and root tip, because gene expression is observed in these locations along 
with it in mature part of root; it is also located in the cortex and endodermis (Huang 
et al. 1999). Another member NRT1.2/NPF4.6/AIT1 is also involved in soil NO3

− 
uptake, and it constitutively is expressed in root epidermis, but it comes under LATS 
(Liu et  al. 1999). Interestingly NRT1.2 also transports abscisic acid (ABA) and 
plays an important role in transpiration and seed dormancy (Kanno et  al. 2012). 
After uptake from soil, NO3

− is transported and distributed to all tissue. For root-to-
shoot transport of NO3

− across several cell membranes, it is carried out by NRT1.5, 
NRT1.8, and NPF2.3 (Lin et al. 2008; Li et al. 2010; Taochy et al. 2015). Another 
NRT1 family member, NPF2.7/NAXT1, involves in NO3

− efflux to maintain NO3
− 

homeostasis (Segonzac et al. 2007).

6.5.1.2	 �Ammonium Transporter
Nitrogen is also taken up as ammonium ion (NH4

+) by plants growing under anaero-
bic condition. The ammonium transporters (AMT) are responsible for uptake and 
transport of NH4

+. In Arabidopsis, six genes from this family have been reported 
(Gazzarrini et al. 1999), whereas in rice, which is a species well-adapted to NH4

+ 
nutrition, ten genes are reported (Sonoda et al. 2003). Analysis of single and multi-
ple mutants from this gene family in Arabidopsis revealed AMT1.1 and AMT1.3 as 
main transporters conferring 30–35% transport followed by AMT1.2 which confers 
18–25%. The AMT 1.5 has lower Km than that of the previous two transporters 
(AMT 1.1 and 1.3), but in spite of that, it is a low-capacity transporter (Yuan et al. 
2007). Spatial organizations of these AMT transporters are also very interesting. 
Outer root cells and root hairs contain transporters with highest NH4

+ affinity (AMT 
1.3, AMT1.5) to take NH4

+ from soil. The electrochemical gradient between the 
vacuole and cytosol is responsible for NH3 import in exchange of NH4

+ exported to 
the external side of the vacuole. An intrinsic protein TIP in tonoplast plays an 
important role in NH3 import to vacuole (Loque et al. 2005).

6.5.1.3	 �Amino Acid Transporters
Plant also takes up amino acid from soil in very trace amount. Rentsch et al. (2007) 
reported that at least 5 gene families comprised of a total of 65 genes are considered 
as putative transporter of amino acid. A member of ATF (amino acid transporter) 
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family, LHT1 (lysine/histidine transporter), is important for uptake of neutral and 
acidic amino acid by roots. Under high external concentration of amino acids, the 
uptake of uncharged amino acids is taken care of by AAP1 (amino acid permease 1) 
(Lee et  al. 2007). The AAP5 is responsible for uptake of cationic amino acids 
(Svennerstam et al. 2008).

6.5.1.4	 �Root System Architecture
Root system architecture is an important trait which affects the performance of crop 
in various stresses like drought, nutrient, and mineral toxicity and has implication in 
providing tolerance from these stresses (Manske and Vlek 2002). Tendency of 
plants to capture limited resources in soil is greatly influenced by the capacity of its 
root system to explore and forage. The root system architecture (RSA) mainly com-
prises of primary roots, lateral roots, and accessory roots. These are the key deter-
minants of NUE and water use efficiency (WUE). At minor scale, root hairs are also 
included in root system (RS). It alleviates uptake of water and nutrient by increasing 
surface area. Many factors influence RSA, one of which is the form and concentra-
tion of N (Marschner 1995). Localized supply of NH4

+ and NO3
− is responsible for 

initiation and elongation of lateral roots, respectively (Zhang and Forde 1998; Lima 
et al. 2010). Nitrate-dependent root elongation is regulated by miR393 (micro RNA 
393) and AFG3 (auxin signaling F-box 3), and AFG3 is induced by NO3

− itself and 
miR399 by N metabolites (Vidal et  al. 2010). In addition to these, NRT1.1 also 
regulates lateral root proliferation. It senses external N and also induces N signaling 
pathway by activating ANR1 (MAD box gene) (Remans et al. 2006; Ho et al. 2009). 
The NH4

+-regulated root growth is governed by some AMTs like AMT1.3 and a 
GMPase (GDP mannose pyrophosphorylase) which is encoded by HSN1 (hypersen-
sitive to NH4

+) (Qin et al. 2008; Lima et al. 2010).

6.5.2	 �Nitrogen Assimilation

Nitrogen assimilation is a vital process in controlling growth and development of 
plants. Plants take N from soil in the form of NO3

−, ammonium (NH4), and in small 
amount as amino acid. Ultimate substrate for amino acid biosynthesis is NH3; there-
fore NO3

− form has to first reduce to NH4
+. Reduction of NO3

− to NH4
+ takes place in 

two steps. In the first step, NO3
− reduced to form NO2

− (nitrite) in cytosol by the action 
of enzyme nitrate reductase (NR) (Meyer and Stitt 2001). After that, NO2

− is trans-
ported to chloroplast where it gets reduced to NH4

+ by nitrite reductase enzyme (NiR). 
Inorganic NH3 is then assimilated to amino acid glutamine and glutamate which 
serve to translocate organic N from source to sink (Peoples and Gifford 1993; Roche 
et  al. 1993; Lam et  al. 1996). Enzyme NR is homodimer, and each monomer is 
attached to three prosthetic groups: (i) flavin adenine dinucleotide [cytochrome b 
reductase, binding NAD(P)H] (nicotinamide adenine dinucleotide phosphate), (ii) a 
heme (cytochrome b), and (iii) a molybdenum cofactor (MoCo) (site for NO3

− bind-
ing and reduction). The nitrate reductase activity (NRA) is considered as the rate-
limiting step in the NO3

− assimilating pathway, and different genotypes of a species 
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differ in NRA (Gniazdowska-Skoczek 1997; Bussi et al. 1997; Marwaha 1998). The 
NRA is induced by light in plants (Li and Oaks 1994; Kronzucker et al. 1995), but 
effect of light can be replaced by glucose, sucrose, or acetate (Galvan et al. 1996; 
Pajuelo et al. 1997; Sivasankar et al. 1997; Gniazdowska et al. 1998). Two classes of 
genes, Nia and Cnx, code for NR apoenzyme and MoCo cofactor, respectively. Most 
of the reports showed NR localized in cytoplasm, but there is some evidence of its 
localization in plasma membrane also (maize root and barley) (Ward et al. 1989). 
The next enzyme of pathway, NiR, is located in chloroplast and encoded by Nii gene 
whose number varies from one to two in different species (Meyer and Stitt 2001).

Ammonium is further assimilated to form amino acid. Nitrate reduction, photo-
respiration, or breakdown of amino acid generates NH4

+ which is assimilated in plas-
tid/chloroplast by GS (glutamine synthetase)/GOGAT (glutamine-2-oxoglutarate 
aminotransferase or glutamate synthase) cycle. The first step of fixation of NH4

+ to 
amino acid is catalyzed by GS. It fixes NH4

+ group to the δ-carboxylic group of glu-
tamate to form glutamine. This step consumes an ATP. The second enzyme GOGAT 
transfers δ-amide group of glutamines to 2-oxoglutarate and forms two molecules 
of glutamate. Therefore, the net outcome of GS/GOGAT cycle is glutamate which 
further forms another amino acid by transferring its amino group to other carbon (C) 
skeletons with the help of aminotransferases or transaminases (Forde and Lea 
2007). All N-containing molecules like chlorophyll, protein, secondary metabolites, 
nucleic acid, cytochrome/phytochrome, etc. are subsequently synthesized by a spe-
cific amino acid precursor. As we see, N metabolism requires energy and C skele-
tons, which comes from C-metabolism, so there must be crosstalk between these 
two pathways. Evidences in support of it are as follows: (a) Reduction of NO3

− also 
requires parallel C oxidation to form 2-oxoglutarate through respiratory pathway 
(Foyer et al. 2011). (b) Correlation between starch and protein contents has been 
always found in plants (Sulpice et al. 2009). (c) N availability affects partitioning of 
assimilated C between carbohydrates and organic acids (Foyer et al. 2011).

Enzymes GS and GOGAT exist in the form of different isoenzymes, and indi-
vidual isoenzymes have been proposed to play a role in three major NH3 assimila-
tion processes: primary N assimilation, re-assimilation of photorespiratory NH3, 
and re-assimilation of recycled N (Lam et al. 1996). Traditional assignment of GS/
GOGAT isoenzyme functions is based on their organ-specific distribution. 
Chloroplastic GS2 and Fd-GOGAT (ferredoxin-GOGAT) are predominant 
GS-GOGAT enzymes located in leaves therefore proposed to involve in primary 
assimilation of NH3 to glutamine and glutamate. Photorespiratory mutants also 
show they are specifically defective in enzyme GS2, hence the also highlighted role 
of these two isoforms in photorespiratory NH3 re-assimilation. Catabolic processes 
include protein breakdown, deamination of amino acid, and biosynthetic pathways 
which release ammonia (met hionine, isoleucine, phenylpropanoid, and lignin bio-
synthesis) (Miflin and Lea 1976; Lea 1993). These processes are highest during 
seed germination and senescence of leaf. Cytosolic GS1 and NADH-GOGAT are 
involved in these processes (Stewart et al. 1980; Lea et al. 1990). In higher plants, 
chloroplastic GS2 is coded by a single nuclear gene GLN2 and cytosolic GS1 by 
multiple GLN1 genes (Peterman and Goodman 1991; Oliveira and Coruzzi 1999). 
Expression of GLN2 is primarily observed in leaves and is regulated by light via 
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phytochrome (Peterman and Goodman 1991; Oliveira and Coruzzi 1999). By con-
trast, the GLN1 genes encoding cytosolic GS1 isoenzymes are expressed at higher 
levels in roots (Oliveira and Coruzzi 1999).

In addition to glutamine synthase and GOGAT, three more enzymes playing 
important roles in NH4

+ assimilation are cytosolic asparagine synthase (AS), car-
bamoyl phosphate synthase (CPS), and mitochondrial NADH-glutamate dehydro-
genase (GDH). The AS catalyzes ATP-dependent transfer of amide group of 
glutamines to aspartate and generates glutamate and asparagine. Some evidences 
also showed utilization ofNH3 as substrate (Lam et al. 2003; Masclaux-Daubresse 
et al. 2006). Three genes ASN1, ASN2, and ASN3 encode AS. Asparagine is suitable 
for long-distance transport and storage of fixed N because it has high N/C ratio than 
glutamine (Rochat and Boutin 1991; Lam et al. 2003), but all four molecules gluta-
mate, glutamine, aspartate, and asparagine have shown to be used for translocation 
from source to sink in different plant parts (Lea and Miflin 1980; Peoples and 
Gifford 1993).

The CPSase synthesizes carbamoyl phosphate, using NH4
+ or amide group of 

glutamine, bicarbonate, and ATP. Synthesis of carbamoyl phosphate is carried out 
within plastid which further acts as a precursor of arginine and citrulline. The 
CPSase is a heteromeric enzyme, and its small and large subunits are encoded by 
genes CarA and CarB, respectively (Potel et  al. 2009). Mitochondrial NADH-
glutamate dehydrogenase (GDH) transaminates glutamate reversibly in response to 
high NH4

+ concentration under stress (Skopelitis et al. 2006). However, glutamate 
deamination has been shown as major catalytic activity of this enzyme in plant cells 
(Masclaux-Daubresse et al. 2006) (Fig. 6.1).

6.5.3	 �Nitrogen Remobilization

Recycling of N by-product of various catabolic processes is necessary for efficient 
utilization of primary assimilated N (Lam et al. 1996). These catabolic processes 
embody protein catabolism, amino acid deamination, and specific synthesis reac-
tions related to methionine, isoleucine, phenylpropanoid, and lignin biosynthesis 
(Miflin and Lea 1980; Lea 1993). In plant’s entire growth period, there are two 
foremost times when re-assimilation of cast-off NH3 to glutamine and glutamate is 
maximum. First is germination, when seed storage proteins are catabolized and 
amino acids are transferred to growing seedling (Lea and Miflin 1980), and second 
is during senescence of leaves where amino acids are transported to developing seed 
(Miflin and Lea 1976). Increased activity of cytosolic GS1, NADH-GOGAT, AS, 
and GDH during this process supports involvement of these enzymes in remobiliza-
tion (Stewart et al. 1980; Lea et al. 1990). Enormous N is obtained during leave 
senescence due to extensive degradation of photosynthetic proteins of leaves. Plants 
can tap this N to enhance the nourishment of developing organs, for example, new 
leaves and seeds. Up to 95% of seed protein is taken from amino acids that are 
traded to the seed after the degradation of existing proteins in leaves (Taylor et al. 
2010). Glutamine and asparagine play key roles in rendering N available for remo-
bilization from the senescing leaves (Masclaux-Daubresse et al. 2008). These amino 
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acids are carried from source tissue to sink via phloem. Rate of phloem loading is 
determined by activity of amino acid transporters present in sieve element (Tilsner 
et al. 2005). Phloem loading of amino acids is taken care of by members of AAP 
which are the nonspecific amino acid transporters (Koch et  al. 2003). Uptake of 
amino acids by root is facilitated by LHT1 transporter which is lysine/histidine 
transporter with very less Km. This xylem-derived amino acids are supplied to 
mesophyll cell by the same transporter (Hirner et al. 2006). Induced expression of 
LHT1 gene during leaf senescence highlights its role in N remobilization. One NH4

+ 
transport AMT1.1 and a NO3

− transporter NRT2.5 also showing enhanced expres-
sion during leaf senescence suggests that inorganic N might also be mobilized in 
senescing tissues. A key step for economical N remobilization is phloem loading; 
however, whether or not it’s limiting for NUE remains to be evidenced. Other pro-
cesses, like sink strength, may be limiting steps for economical N remobilization 
from senescing leaves (Fig. 6.2).

Fig. 6.1  Schematic presentation of key enzymes involved in primary N assimilation. Various 
transporter imports NO3

−, NH3, and trace amount of urea into cytoplasm. Cytoplasm located in NR 
reduces NO3

− to NO2
−, and urease converts urea into NH3. NO2

− and NH3 are transported to plastid 
where enzyme NiR GS2, fd-GOGAT CPSase, incorporates the NH3 into amino acids. Carbon 
skeleton for amino acid biosynthesis is obtained by mitochondrial respiratory pathway. Amino 
acids are transported in the form of glutamine and asparagine through phloem
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6.6	 �Strategies for Genetic Improvement

6.6.1	 �Playing with Candidate Genes (CGs)

Nitrogen use efficiency in crop plants is genetically controlled, and therefore natural 
variation in NUE in different genotype of a crop species is common phenomena and 
reported in many crops. This variation arises either due to one or more components 
of NUE including total N uptake, post-anthesis N uptake, N remobilization, and N 
assimilation. Therefore, genotypes must be screened for its performance for indi-
vidual traits. Some NUE components are developmental-specific like N uptake, so 
screening for uptake efficiency must be at different developmental stages. Another 
important aspect is the screening of NUE variant in different N regimes as different 
genotypes behave differently in low- and high-N doses. Under present scenario 
there is a need to find out genotypes which are efficient in N use under low-N dose 
and also give acceptable yield. Maintaining acceptable yield is important because 
plant will still be called N use-efficient if it requires less N and also gives less yield 
(as NUE is ratio between yield and available N). Once genotypes/germplasm for 

Fig. 6.2  Schematic representation of N remobilization process and key enzymes involved in it. 
During senescence degradation of chloroplast and other proteins occurs, degraded products are 
transported to vacuole for further degradation via SAV (senescence-associated vacuoles). Similarly 
recycling of NH3 occurs in different organelles (mitochondria, cytosol) of mesophyll and compan-
ion cell. These events generate NH3 which is reduced to glutamine glutamate and asparagine by the 
action of enzyme GDH, GS1, NADH-GOGAT, and AS. Schematic presentation of key enzymes 
involved in N assimilation remobilization
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this is identified, it will be exploited to identify the genes and pathways underling 
NUE, mapping quantitative trait loci (QTLs) and markers associated with NUE, and 
ultimately introgression of genes and QTLs in the background of elite cultivars. 
Gene underlying NUE can be identify and validated by various techniques. Here we 
categorized these techniques into following groups:

	 (i)	 Expression-based gene identification: Global expression profile of different 
genotypes and different N treatment helps to uncover differentially expressed 
genes which will further be functionally validated for its role in NUE. This 
technique includes suppression subtractive hybridization (SSH) (Rounsley 
et al. 1996), serial analysis of gene expression (SAGE) (Velculescu et al. 1995), 
massively parallel signature sequencing (MPSS) (Brenner et al. 2000), micro-
array (Katagiri and Glazebrook 2009) and RNA (ribonucleic acid) sequencing 
(Wang et al. 2009) as discussed below.
Suppression subtractive hybridization (SSH): This is a hybridization-based 

transcriptome analysis technique to identify differentially expressed genes. 
It allows comparison of two cDNA (complimentary DNA) populations 
(derived from transcripts) and isolation of a fraction enriched in differen-
tially distributed molecules. An advantage of this technique is that it allows 
the detection of low-abundance differentially expressed transcript, whereas 
limitation includes false-positives and possibility of only pairwise 
comparison.

SAGE (serial analysis of gene expression): The main principle is a short 
sequence tag (10–14 bp) developed from individual mRNA which contains 
sufficient information to uniquely identify a transcript. Sequence tags are 
then linked together to form long serial molecules that can be cloned and 
sequenced. The number of times a particular tag is observed provides the 
information about expression level of the corresponding transcript.

Microarray: Microarray technology is based on the fact that complementary 
sequences of cDNA can be used to hybridize immobilized cDNA mole-
cules. Here in this technique, probe-target hybridization is usually detected 
and quantified by detection of fluorophore or chemiluminescence-labeled 
targets to determine relative abundance of nucleic acid sequences in the 
target. An advantage of this technique includes large data generation in a 
single experiment. Its limitation includes cost, escape of rare allele detec-
tion, need for sequence information to generate microarray chip, do not 
detect unique genes, and analysis is tedious.

RNA sequencing: RNA sequencing is a comparatively new and high-throughput 
technique of NGS-based sequencing cDNA. It works by sequencing every 
RNA molecule and profiling the expression of a particular gene by counting 
the number of its transcript, thereby correlating phenotype with CGs. The 
advantages of this technique are high reproducibility, prior sequence infor-
mation may not be required, discovery of rare alleles, and unique genes are 
possible, although this technique has complexity of analysis and cost.
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	(ii)	 Discovery of gene and its functional validation by mutation and transgenic 
studies: Artificial mutant population and natural variants both can be used to 
discover a gene which has a role in NUE. In addition, the functional validation 
of putative NUE-governing gene is also possible by targeted mutation of that 
gene. After determining a phenotype which is associated with NUE, the very 
first step is creating mutagenized population and then screening for the plant 
showing mutated phenotype of desired trait. Mutation can be point or inser-
tion. The insertion mutation can be further divided into insertion leading to loss 
of function and insertion resulting into gain of function mutation. At last the 
gene is recovered through map-based cloning approach. The mutagenized pop-
ulation may be created by EMS (ethyl methanesulfonate), T-DNA, or transpo-
son tagging/activation tagging. However, NUE is a complex trait defining a 
single phenotype for it will be misleading.

	(iii)	 T-DNA/transposon tagging: Insertional mutagenesis is useful since flanking 
site information; in other words the disrupted gene, can be retrieved easily but 
limited by gene redundancy, lethal knockouts, and inability to target the 
inserted element to a specific gene.

	(iv)	 Activation tagging: Through activation tagging, gain of function phenotype 
can be obtained because it contains four copies of enhancer elements of CaMV 
35S (cauliflower mosaic virus 35S) which can mediate transcriptional activa-
tion of nearby genes. It is mainly useful for genes having redundant function. 
However, activation tagging may fail because every gene may not have an 
overexpression phenotype. After identification of genes, its function should be 
validated either by disruption of its function or by overexpression. Disruption 
of gene can be carried out by the following techniques:
RNA interference (RNAi): RNA interference (abbreviated RNAi) is a mecha-

nism for RNA-guided regulation of gene expression in which double-
stranded ribonucleic acid inhibits the expression of genes with 
complementary nucleotide sequences. It has several specific advantages 
over forward genetics. Targeted, requiring only a few transformants per tar-
get gene. It facilitates the study of essential genes whose inactivation would 
lead to lethality. But there are some disadvantages too, like it requires prior 
sequence information and has leaky expression.

	(v)	 Other methods for gene disruption are techniques such as site-directed muta-
genesis, gene knockout through homologous recombination, T-DNA insertion, 
targeted genome modification through TALEN (transcription activator-like 
effector nucleases), ZFN (zinc finger nucleus), and CRISPR-Cas9 (Cas9-
clustered regularly interspaced short palindromic repeats) systems. The over-
expression is carried out by expressing the gene with a strong promoter (CaMV 
35S).

6.6.1.1	 �Gene for Nitrogen Acquisition
Many CGs for N uptake and RSA are known which are exploited to improve NUE 
in the past decades either by overexpressing them or by knockout mutation. The 
CKX1 gene code for cytokinin oxidase/dehydrogenase is responsible for 
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degradation of cytokinin (negative regulator of root growth). Root-specific overex-
pression of this gene in Arabidopsis and tobacco leads to increase in root length, 
branching, and root-to-shoot ratio without affecting shoot growth and development 
(Werner et al. 2010). N accumulation is not estimated in this study, which highlights 
the sufficiency of a single dominant gene to alter complex trait like root growth. The 
ANR1 is a transcription factor involved in NO3

− signaling pathway to induce NO3
−

-stimulated lateral root growth. The ANR1 overexpression can stimulate lateral root 
growth, but presence of NO3

− and posttranscriptional modification of ANR1 is pre-
requisite (Walch-Liu and Forde 2008). Root-based traits can provide exquisite 
opportunities for future improvements in NUE for cereals, but direct evidence in 
terms of gene manipulation is still lacking. Overexpression of NO3

− and NH4
+ trans-

porter is also documented. The NRT2.7 overexpression in Arabidopsis enhanced 
NO3

− accumulation and improved seed germination (Chopin et  al. 2007). In rice, 
OsNRT2.1 overexpression showed improved seedling growth without any effect on 
N uptake (Katayama et al. 2009). This may be due to absence of required amount of 
OsNAR2.1, as we know NRT2.1 interacts with NAR2.1 to form functional trans-
porter. The expression of OsNRT2.3b may increase rice yield and total N uptake (Xu 
et al. 2012). Overexpression of AMT1enhances NH4

+ uptake capacity, but probably 
due to its toxicity, the plant biomass gets reduced. Therefore, AMT1 can be a poten-
tial gene under low-NH4

+ condition (Hoque et al. 2006). Transporter and RSA con-
trolling gene may be the potential candidate to increase NUE, provided utilization 
of acquired N should be efficient. So, introgression of these genes in the genotypic 
background efficient in N utilization might be useful to meet the need of NUE 
genotype.

6.6.1.2	 �Genes for Nitrogen Utilization
The improvement of N utilization can improve grain yield per unit of N acquired. 
The first step of NO3

− reduction by NR has been long known as rate-limiting step. 
The utility of NR/NiR overexpression is to improve how NUE is limited. 
Overexpression of NR in tobacco showed retention of NR activity for a longer 
period and some advantage during water stress (Ferrario-Mery et al. 1998). Similar 
result showed with NiR overexpression in Arabidopsis, potato, and tobacco. It 
reduces NO3

− concentration in plant tissues but does not show effect on seed or tuber 
yield. This may be due to regulation of these enzymes in posttranscriptional level 
(Pathak et al. 2009). The GS1 overexpression studies are more numerous than GS2, 
and in many cases it resulted in higher growth yield in biomass in low N supply 
(Habash et al. 2001; Oliveira et al. 2002). Overexpression of ASN1in Arabidopsis 
enhances plant fitness and growth in low N condition and also increases total protein 
content (Lam et al. 2003). Under anaerobic condition (i.e., flooding), alanine is the 
major storage amino acid. The AlaAT (alanine aminotransferase) catalyzes the syn-
thesis of alanine and 2-oxoglutarate from pyruvate and glutamate. Expression of 
barley AlaAT in rice with the help of rice tissue-specific promoter showed improved 
NUpE, biomass, and yield and hence NUE (Shrawat et  al. 2008). In addition to 
enzymes of N assimilation and amino acid metabolism, the attempts have been 
made to generate plants modified for expression of transcription factors. This is of 
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particular importance because one transcription can regulate more than one gene in 
a metabolic pathway, and hence modification in TF expression may achieve modifi-
cation of more than one gene. The Dof1 (DNA binding with one zinc finger 1) is 
reported to be one of the regulators for N metabolism by coordinated gene expres-
sion involved in TCA (tricarboxylic acid) cycle and hence C-skeleton production, 
viz., pyruvate kinase, PEP carboxylase (phosphoenolpyruvate carboxylase), citrate 
synthase, and isocitrate dehydrogenase. In Arabidopsis, expression of ZmDof1 
results in enhanced N assimilation and better adaption of transgenic plants under N 
stress (Yanagisawa 2004). In rice, transgenic plant overexpressing ZmDof1 showed 
enhanced N assimilation (Kurai et al. 2011). Similarly, in wheat and sorghum, the 
constitutive expression of ZmDof1 leads to increase in PEPC expression (Peña et al. 
2017). These effects suggest that NUE could also be improved by manipulating 
carbon metabolism pathways. Other potential regulatory proteins which could be 
subjected to further research are P-II, NPL7, and TOR (target of rifampicin). The 
P-II is a nuclear-encoded plastid protein which is homologous to bacterial P-II sig-
naling proteins known to be involved in regulation of N metabolism by regulating 
key enzyme of arginine biosynthesis pathway. N-acetyl glutamate kinase 
(NAGK.  P-II) knockout mutant in Arabidopsis showed accumulation of reduced 
ornithine, citrulline, and arginine accumulation in response to NH4

+ supply after N 
starvation (Ferrario-Mery et al. 2006). The NLP7 (NIN-like protein 7) is an impor-
tant element of the NO3

− signal transduction pathway. New regulatory protein spe-
cific for N assimilation in non-nodulating plants Arabidopsis NLP7-knockout 
mutants constitutively showed several features of N-starved plants (Castaings et al. 
2009). Target of rifampicin (TOR) kinase showed positive regulation of growth in 
Arabidopsis under environmental stress (Deprost et al. 2007) (Fig. 6.3 and Table 6.1).

6.6.1.3	 �Genes for Starch Metabolism
Although N utilization components includes N assimilation and N remobilization, 
if we see the definition of NUE, it explains grain yield per unit of N captured, i.e., 
how efficiently captured N is utilized to ultimately produce yield. So, in case of 
cereal, better N utilization means efficient grain filling by starch biosynthesis and 
accumulation because starch is the main component of grain in cereals. Good N 
utilization in cereals does not mean better partitioning of N to the grain. Better N 
partitioning may enhance protein quality of grain, but grain protein and cereal yield 
have inverse relation, so more protein/N accumulation in grain will actually lead to 
less grain filling due to less starch biosynthesis which results in low NUE. Therefore, 
the role of N in grain filling and enhancement of yield is more important in cereal to 
achieve NUE. The effect of different levels of N fertilization on dry weight parti-
tioning, grain filling, and starch metabolism activities has been investigated in 
wheat. Results indicated increase of N input within a certain extent could increase 
dry matter weights of stem and sheath at the heading and harvest stages. Activities 
of key enzymes of starch synthesis, namely, soluble starch synthase (SS), ADP 
(adenosine diphosphate) glucose pyrophosphorylase (AGPase), and soluble starch 
branching enzymes (SBE), are also influenced by N dose during grain filling. The 
study highlighted higher export and transform percentages of stem and sheath and 
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Table 6.1  Potential CGs for NUE

NUE subcomponent Potential CGs Phenotype References
Uptake RSA CKX1, codes 

for cytokinin 
oxidase/
dehydrogenase

Root-specific overexpression in 
Arabidopsis and Nicotiana 
tobacum leads to increased root 
length, branching, and 
root-to-shoot ratio

Werner et al. 
(2010)

AtANR1 Overexpressions stimulate 
lateral root growth in presence 
of NO3

−

Walch-Liu 
and Forde 
(2008)

Transporters AtNRT 2.7 Overexpression in Arabidopsis 
enhanced NO3

− accumulation 
and improved seed germination

Chopin et al. 
(2007)

OsNRT2.1 Overexpression showed 
improved seedling growth in 
rice

Katayama 
et al. (2009)

OsAMT1 Overexpression of AMT1 
enhances NH4

+  uptake capacity 
in rice; potential CG in low 
NH4

+  condition

Hoque et al. 
(2006)

Fig. 6.3  Schematic presentation of enzymes of carbon metabolism regulated by Dof1
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rate of grain filling, and activities of key enzymes of wheat grain are the physiologi-
cal basis for higher yield under an appropriate N level (Wang et al. 2013). Xiong 
et al. (2014) provided visual evidence of N effect on starch granules (SGs) in wheat 
endosperm. The results suggest that increased N fertilizer application mainly 
increased the numbers of small SGs and decreased the numbers of large SGs but 
that the results varied in different regions of the wheat endosperm. These observa-
tions give some hint of N effect on starch, but very less study is done so far. N 
assimilation is estimated only in terms of protein content, and amino acid content, 
parameters like yield and grain N, is and indicator of plant NUE so far. But in the 
cereals, to estimate utilization efficiency of N, it is more appropriate to focus on the 
factors which are responsible for starch synthesis and grain filling to give more yield 

NUE subcomponent Potential CGs Phenotype References
Utilization N assimilation NR Overexpression in tobacco 

showed retention of NR activity 
for longer period

Ferrario-
Mery et al. 
(1998)

NiR Overexpression in Arabidopsis, 
potato, and tobacco reduced 
NO3

− concentration in plant 
tissues

Pathak et al. 
(2009)

GS1 Overexpression in wheat and 
Nicotiana resulted in higher 
growth and yield in biomass in 
low N supply

Habash 
et al. (2001), 
Oliveira 
et al. (2002)

ASN1 Overexpression in Arabidopsis 
enhanced plant fitness, growth, 
and total protein content in 
low-N condition

Lam et al. 
(2003)

AlaAT Expression of barley AlaAT in 
rice showed improved NUE

Shrawat 
et al. (2008)

Carbon 
metabolism

Dof1 Expression of ZmDof1 in 
Arabidopsis and rice enhanced 
N assimilation and better 
adaption in N stress

Yanagisawa 
(2004), 
Kurai et al. 
(2011)

Signaling 
factors

P-II Knock out mutant in 
Arabidopsis showed 
accumulation of reduced 
ornithine, citrulline, and 
arginine accumulation in 
response to NH4

+  supply after N 
starvation

Ferrario-
Mery et al. 
(2006)

NLP7 Arabidopsis NLP7 knockout 
mutants constitutively showed 
features of N-starved plants

Castaings 
et al. (2009)

TOR Positive regulation of growth in 
Arabidopsis in environmental 
stress

Deprost 
et al. (2007)

Table 6.1 (continued)
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per unit of plant N. To identify these factors and genes underlying efficient grain 
filling and starch biosynthesis, it is important to screen out the genotype which does 
not differ in terms of N uptake, assimilation, and remobilization capacity, but they 
differ in grain filling, mainly due to starch accumulation. By comparing genes and 
alleles related to starch transport and metabolism, regulatory genes for starch meta-
bolic in these genotypes will help to uncover few underlying CGs which will be 
responsible for efficient grain filling and therefore yield per-unit N in cereals.

The process of starch biosynthesis and genes involved is explained here. 
Phosphoglucose isomerase and plastidial phosphoglucomutase forms glucose-1-
phospate (G-1-P) from fructose-6-phosphate derived from the Calvin cycle. The 
G-1-P forms ADP glucose by the action of AGPase enzyme. The ADP glucose is the 
substrate of starch synthases (SSs) and granule-bound starch synthase (GBSS). The 
GBSS synthesizes amylose, while soluble SSs (different types of starch synthetase 
are summarized in Table 6.2), branching enzymes (BEs), and isoamylase-type deb-
ranching enzyme (ISA), pollunase collectively synthesize amylopectin (Pfister and 
Zeeman 2016).

The SS4 is proposed to play a role in generating glucan primers required to initi-
ate starch granule synthesis (Roldán et al. 2007). The SS4 loss-of-function mutant 
showed a smaller number of granules per plastid but larger in size. Protein targeting 
to starch (PTST1) is a protein which functions to localize GBSS to starch granules 
for normal amylose synthesis. PTST2 and PTST3 control starch granule initiation 
(Seung et al. 2017). Along with these other enzymes like D-enzyme, phosphorylase, 
glucan water dikinase is also important. Studies focusing on these genes and its 
regulator including miRNA should be taken up in the genotypes differing only in 
grain filling under the same background (uptake and assimilation).

6.6.2	 �Discovery of QTLs and Genes by Mapping Studies

Mapping approaches include (a) linkage analysis in biparental mapping population 
and (b) association mapping in naturally existing population. They may not need 
any sequence information, but based on markers, they identify the position of the 
gene. Linkage analysis involves creating biparental populations, genotyping and 

Table 6.2  Types of starch synthetase and their function

Enzyme Function
SS1 (starch synthase 1) Amylopectin synthesis; to produce the short single cluster-filling 

chains [degree of polymerization (DP) -8]
SS2 (starch synthase2) Amylopectin synthesis; to produce the short single cluster-filling 

chains (DP-18)
SS3 (starch synthase 3) Amylopectin synthesis; synthesize longer cluster-spanning B 

chains; role in granule initiation, at least in absence of SS4
SS4 (starch synthase 4) Starch granule initiation
GBSS (granule-bound 
starch synthase)

Amylose synthesis
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phenotyping of segregating progeny in the populations, and testing if sequence vari-
ations in the CGs/marker co-segregate or co-localize with the loci controlling the 
trait in the populations. The main advantage of biparental mapping through linkage 
analysis is that it offers high level of confidence. Among disadvantages, it needs to 
construct mapping population, so it requires more time and resource and also cannot 
offer high resolution. Association mapping, also known as “linkage disequilibrium 
mapping,” is a method of mapping QTLs taking the advantage of linkage disequi-
librium to link phenotype to genotype. It actually discovers linked markers associ-
ated with gene controlling the trait by exploiting diverse lines from natural 
population or germplasm collection. It also has own advantages as well as disadvan-
tages. The prominent advantages over biparental mapping is (1) higher resolution, 
(2) lesser time, and that (3) it can discover additional genes or rare alleles for trait 
of interest. But it has somewhat lesser confidence because it may show association 
with spurious marker.

The QTL generally falls in two groups of genes; one is a major gene having large 
effect. These QTLs contribute to larger variation in highly heritable trait and called 
major QTLs, whereas minor QTLs have lesser effect. In this group, each QTL 
explains a small portion of total trait variation. Many agronomically important 
quantitative traits have small number of moderate effect QTLs and very large num-
ber of small effect QTLs to derive its genetic variation (Robertson 1967; Kearsey 
and Farquhar 1998). For a given study, the number of QTLs detected also depends 
on various factors like mapping population size and type, trait of interest, and effect 
of environment on that trait, in which environment phenotyping has been done as 
well as genome coverage. Major gene effect can be studied by means of segregation 
analysis, as properly as evolutionary history; however, when several genes with 
minor effect decide a trait (like in case of NUE), it is a good deal of great challenge, 
as they commonly can’t be investigated individually. Despite of these challenges, 
NUE trait has been mapped in many crop plants. Obara et al. (2001) investigated 
QTL association with NUE in rice. The main focus of their investigation is to see 
co-segregation of NUE with GS1 and NADH-GOGAT and identify seven and six 
loci for co-segregation with GS1 and NADH-GOGAT, respectively. Also, in GS2 
spanning chromosomal region in wheat and rice has been mapped for number of 
QTLs for NUE, yield, and other agronomic traits (Han et al. 2015). Therefore, intro-
gression of this chromosomal region to NUE-inefficient background in rice and 
wheat may be useful to develop cultivar with improved NUE and agronomic traits. 
The QTL association with NUE in maize has been carried out in segregating maize 
population in numerous studies (Gallais and Hirel 2004). A meta-analysis of QTLs 
for yield and yield components was carried out in low and optimum N regimes to 
identify meta-QTLs and characterize its map position. It reveled 22 QTLs under low 
N condition (Liu et al. 2012). But many researchers do not consider it the analysis 
for NUE as the selection was for yield at low N. Due to multiple QTLs for the trait 
and very low contribution of each QTL for variation, these studies point out many 
challenges. Genome-wide association mapping in 196 accession of wheat for yield 
and yield components reveled 23 N-responsive genomic regions which may be use-
ful for breeding for N responsiveness (Bordes et al. 2013). Traits such as enzyme 
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activity for N metabolism and assay of N metabolites are incorporated with QTL 
studies. It gave some metabolic QTLs (mQTLs) (Habash et  al. 2007) advantage 
from mQTL as it provides evidence to link agronomic traits with potential gene(s) 
underlying the QTLs (Hill et al. 2013). But a disadvantage is that such traits are 
vulnerable to environmental cues. Nitrogen use efficiency and grain protein content 
in wheat and barley are controlled by a common QTL known as Gpc-B1. These loci 
control N remobilization, hence resulting in significant difference in NUE.  The 
NILs (near-isogenic lines) with Gpc-B1 showed increase GPC without decreasing 
grain yield (Uauy et al. 2006; Heidlebaugh et al. 2008).

As we discussed the main objective of a mapping studies is to identify CG 
responsible for the trait, an identification of marker which can further be used to 
track trait of interest and cloning of favorable allele for the trait. Identification of 
CGs for complex trait like NUE faces challenges in spite of precision of these map-
ping studies because QTLs identified have many other genes that also co-segregate. 
Hence, further narrowing of the mapping interval to a place of the chromosome that 
carries a practical wide variety of genes may constrain. Therefore, identification of 
genes that would possibly have an effect on NUE is nonetheless based totally on our 
information of the gene’s characteristic like gene for N uptake, assimilation, remo-
bilization, etc. But there are many evidences that other types of genes completely 
unrelated to N metabolism are also associated with NUE.  For example, various 
studies describe involvement of phenology gene with NUE traits, which are semi-
dwarf gene Rht and Ppd, and Vrn (Habash et al. 2007; Laperche et al. 2007).

6.7	 �Conclusion

Nitrogen use efficiency is a complex trait regulated by many environmental factors. 
The manipulation of NUE is a difficult process in spite of genetic potential. Recent 
years have seen a tremendous increase in the number of genes found to be involved 
in the mechanisms of inorganic N uptake and utilization in plants, but maximum 
study is limited to model plant, and there is need to extend it to crop plants. The first 
component of NUE is uptake; many genes of transports are identified in Arabidopsis, 
and some of it is also utilized to develop transgenic, but none of it resulted in NUE 
phenotype so far. Improvement of N uptake may be helpful in counteracting N loss 
from the environment, but it will not necessarily generate NUE phenotype. Nitrogen 
utilization is utilizing of the acquired N to produce grain yield. Traditionally it con-
sists of N assimilation and remobilization, but for cereal, utilization of N to produce 
starch is also important. Several genes in N assimilation and remobilization have 
been reported, and some are used to overexpress in crop or model plant to achieve 
NUE phenotype. Genes of starch metabolism, which potentially affect grain filling 
in N limitation, need to identify in cereals which may further be exploited in creat-
ing NUE cereal.
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