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Abstract

Cereals are essential food crops ensuring global food and nutritional security by
providing more than 60% of global calories requirement. However, cereal pro-
duction is under threat owing to various climate change-mediated abiotic and
biotic stresses. Additionally, the low and injudicious usage of nutrients is a major
impediment to achieve nutrient use efficiency in cereals. Among essential
nutrients, nitrogen (N), phosphorus (P) and potassium (K) are the major nutrients
required in greater amounts for the proper growth and development of crops.
Besides better agronomic practices, the development of cereal cultivars with
genetically enhanced nutrient use efficiency is the most sustainable approach to
improve NUE and reduce the cost of cultivation and environmental pollution. The
availability of complete genome sequences in cereal crops has greatly contributed
to enormous molecular markers and high-density linkage maps to implement the
next-generation breeding approaches to enhance the genetic gain through nutrient
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use efficiency. Among the various genetic tools in crops, genome-wide associa-
tion studies (GWAS) and genomic selection (GS) can improve complex traits like
nutrient use efficiency traits in cereals by altering functional adaptive traits.
Further, the developments in phenotyping approaches coupled with GS and
GWAS revealed various candidate genes for nutrient use efficient adaptive traits
and their possible mechanisms in enhancing the major nutrient use efficiency in
cereals. Here, we presented key updates on the application and utility of GS and
GWAS in cereals to improve the N, P and K use efficiency in cereals.
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5.1 Introduction

Cereals play a central role in providing major food calories to the human population.
Thus, improving cereal yield to fulfil the demand of the increasing human population
is becoming a challenging task. Global cereal production is determined by various
genetic, edaphic and environmental factors. Among various crop growth
determinants, nutrients are the important factors influencing grain yield and the
nutritional profile of cereals. Nitrogen (N), phosphorus (P) and potassium (K) are
the important key nutrients capable of producing major impacts on cereal production
and the most prominent external inputs in modern agriculture. These major nutrients,
viz. N, P and K, are the essential components of protein, nucleic acid, chlorophyll,
cell wall, energy carriers, osmoregulation, photosynthesis and several secondary
metabolites (Shrivastav et al. 2020; Sanchez-Bragado et al. 2017). The external
application of NPK fertilizers has significantly increased the global cereals’ yields
and heralded the green revolution in Southeast Asia. The FAO reported the huge rise
in global demand for NPK from 186,625 thousand tonnes (2016) to 199,006
thousand tonnes (2019) (FAO 2016). However, the improper and non-judicious
application of major fertilizers results in lower NUE and environmental pollutions
(Wuebbles 2009; Pingali 2012; Ng et al. 2016). Though the use of synthetic
fertilizers appreciably improves crop performance in terms of grain yield, plants
could be able to absorb only 30–40% of the externally applied fertilizers (Curci et al.
2017).

The nitrogen utilization efficiency (NtUtE) is only 40% out of 94 million tonnes
of externally applied N fertilizers (Plett et al. 2018). Further, high application of N
fertilizers coupled with improper agronomic practices, viz. wrong irrigation,
ploughing, fertilizer application patterns, etc., is increasing the N losses through
denitrification/volatilization, leaching and immobilization and creating a global
hazard to the environment. Insufficient application of N reduces the crop yield,
whereas excess application expands the vegetative growth phase and susceptibility



to pests and diseases and creates several environmental pollutions (Dogan and Bilgili
2010; Liu and Shi 2013).
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The P is the next important major nutrient after N, and any deficiency severely
affects the crop performance (Hussain et al. 2008; Ziadi et al. 2008; Haileselassie
et al. 2014; Jeong et al. 2017). Soils with the highest P fixation show high P
deficiency and reduced crop production. The tropical regions are home to approxi-
mately 1018 million hectares (ha) of land with problems like P fixation and P
deficiency (Sanchez and Logan 1992). Nearly 67% of world agricultural land is
deficient (Batjes 1997; Hinsinger 2001). The manufacture of phosphorus mostly
depends on rock phosphate, the common and primary non-renewable source of
P. The P fertilizers’ prices are significantly inflated due to the possibility of rock
phosphate depletion in the preceding 50 to 100 years (Cordell et al. 2009). The P
availability to plants is influenced by various soil factors, viz. pH, alkalinity, acidity,
etc. (Lindsay et al. 1989; Marschner et al. 1986). Besides immobile nature in soil, the
P losses occur in sandy soils, soils with high organic content and soils with
overapplied P fertilizers. The lost P in the environment is detrimental to the aquatic
ecosystems and results in aquatic blooms (Sims et al. 1998; Ashley et al. 2011). The
third most major nutrient is K and plays a prominent role in osmoregulation, protein
metabolism, enzyme activity, photosynthesis and photoregulation (Gattward et al.
2012; Hastings and Gutknecht 1978; Schachtman and Shin 2007; Safdar et al. 2020).
Additionally, K is also known to influence NtUE, tolerance to pests and diseases and
product quality (Brar et al. 2011; Shabala and Pottosin 2014). The neglected K
management is one of the primary reasons for low productivity in the agricultural
production systems of the developing world.

To maximize the genetic gain in cereals and to discourage the high-input agricul-
ture system and minimize collateral damage to the environment and society, nutrient
use efficiency (NUE) of N, P and K remains one of the crucial strategies. Several
classical and modern breeding approaches have been devoted to improving the N, P
and K use efficiency in various cereals. Here, we have briefly discussed how plants
acquire N, P and K nutrients at the molecular level and how the use efficiency of
nutrients can be maximized by deploying molecular tools like genome-wide associ-
ation mapping and genomic selection with particular reference to major cereals.
Several techniques have been proposed at the agronomic and physiological levels to
improve high NUE. In cereals, exploring genetic variability across the various crop
gene pools could be one of the efficient and sustainable approaches to improve the
nutrient use efficiency in addition to minimizing the overusage of fertilizers that
cause environmental pollution. Multiple genetic factors influence the NUE, and the
large genotype by environment interaction makes genetic dissection quite challeng-
ing. Several genes and QTLs have been elucidated based on classical genetics and
bi-parental mapping populations in various cereal crops. To understand NUE, the
availability of high-throughput molecular markers, especially single nucleotide
polymorphisms (SNPs), can further shed light on the underlying candidate gene
(s)/QTLs controlling NUE across the whole genome level. Thus, these SNP markers
could greatly facilitate practising genomic selection to select high N, P and K use
efficient breeding lines in cereal crops.
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Likewise, breakthroughs in functional genomics and the availability of complete
genome sequences of cereal crops have greatly allowed us to pinpoint the candidate
gene(s) and their possible function controlling NUE. However, phenotyping of this
trait remains a major hurdle in improving high NUE in crops. Thus, emerging high-
throughput phenotyping and machine learning approaches could increase our under-
standing of NUE at the phenotypic level. We have also discussed the scope of
employing other powerful breeding techniques like genomic selection, genome-wide
association mapping and CRISPR/Cas9-based genome editing technology to
improve the NUE with suitable examples.

5.2 Functional Adaptive Traits for Nutrient Use Efficiency
in Cereals

Understanding the traits and metabolic and physiological processes governing NUE,
resulting in improvement in yield by any increment in nitrogen, phosphorus and
potassium application or sustaining its productivity in low or moderate nutrient
stress conditions, is vital to breed plants for nutrient use efficiency or nutrient
stress-tolerant lines. Functional traits that include morphological, biochemical,
physiological, structural, phenological or behavioural traits and their response to
the environment and effects on the ecosystem properties should be given thrust
(Violle et al. 2007). These are of two types, i.e. effect traits and response traits. Effect
traits are those that have an impact on the ecosystem and the services or disservices
that it provides to human societies. Response traits are the ones that impact the
colonization, flourishment and spread of a species and its sustainment in the chang-
ing environment. Some of the characters can act as both effect and response traits.
Functional adaptive traits are the traits that help in the survival of species in the target
environment. Various functional adaptive traits are found in the cereals, such as
relative growth rate, germination rate, leaf mass index, frost tolerance, potential
photosynthetic rate, etc., and several are associated with the NUE (Youngquist et al.
1992; Maranville and Madhavan 2002; Jia et al. 2008; Ning et al. 2013; Wang et al.
2017a, b; Silva et al. 2016; Wang et al. 2019b; Sharma et al. 2021). Nutrient usage is
divided into several stages, for instance, in the case of N, uptake phase, reduction of
N into usable forms, absorption into different components of biomolecules and
finally reallocation from different tissues to the reproductive part (Masclaux-
Daubresse et al. 2010). Similar processes are involved in P and K use in plants.
The various target phenotypes and physio-biochemical traits that are used to enhance
the major nutrient use efficiency in cereals are summarized in Table 5.1.



(continued)
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Table 5.1 Various morphological, physiological and biochemical adaptive traits for major nutrient
use efficiency in cereals

Nitrogen use
Stages efficiency Shoot-specific target traits Reference

Morphological traits Shoot and
leaf traits

• Days to germination
• Green leaf number/plant
• Yellow leaf number/plant
• Total leaf number/plant
• Number of senesced and
green leaves
• Number of purple leaves
• Days to onset of flowering
• Days to 50% flowering
• Anthesis and silking
interval
• Stem thickness
• Stalk diameter
• Plant height
• Shoot length
• Biomass (dry and fresh)
• Total seeds/panicle or ear
• Per cent unfilled and filled
ears/spikelet
• Grain weight
• Harvest index

Andresen et al.
(2016)
Bruen and Struik
(2017)
Ciampitti and Vyn
(2012)
Ehdaie et al. (2010)
Sharma et al. (2021)
Guttieri et al. (2017)
Hirel et al. (2001)
Maranville and
Madhavan (2002)
Tollenaar and Lee
(2011)
Wang et al. (2019a)

Root traits • Root length
• Root biomass
• Root density
• Number of roots (seminal)
• Fine hairs in root
• Lateral root count

Biochemical and
physiological traits

Shoot and
leaf traits

• Stay-green trait of leaf
• Chlorophyll content
• Leaf area index
• Leaf photosynthetic rate
• N/P/K uptake
• Leaf area index (LAI)
• Carbon exchange rate
• Carbon isotope ratio
• Assimilation efficiency
indices
• NADP malic enzyme
activity
• Total soluble protein
• RuBisCO activity
• Glutamine synthetase
activity
• Nitrate reductase activity
• PEPCase activity
• Nitrogen internal efficiency
• Nitrogen response
efficiency



166 B. P. Mallikarjuna et al.

Table 5.1 (continued)

Stages
Nitrogen use
efficiency Shoot-specific target traits Reference

• Nitrogen harvest index
• Nitrogen remobilization
ratio
• Nitrogen contribution ratio
• Photosynthetic nutrient use
efficiency
• Phosphorus concentration
in stems and leaves
• Phosphorus concentration
in grain
• Phosphorus harvest index
(%)
• Phosphorus acquisition
efficiency (PAE)
• Phosphorus internal
efficiency (PIE)
• Phosphorus biological ratio
(PEBR)
• K concentration in stems
and leaves
• K concentration in grain
• K harvest index (%)
•K uptake efficiency (KUpE)
• K utilization efficiency
(KUtE)

Root • Hydroponic root exudate
estimation

5.2.1 Types of Traits Associated with Nitrogen Use Efficiency
in Cereals

5.2.1.1 Morphological Traits Associated with Nitrogen Use Efficiency
NtUE is usually defined as the uptake, utilization and physiological efficiency of N
by the plants. As far as agronomical efficiency is concerned, the yield increment per
unit of N applied or the output-to-input ratio is the main criteria for NtUE (Raghuram
and Sharma 2019). There are different N-responsive traits in the plants like germi-
nation percentage, green leaf number at the vegetative and flowering stages, yellow
leaf number at the vegetative and flowering stages, total leaf number at the vegetative
and flowering stage, leaf width, stem thickness, shoot length before and after harvest,
specific leaf area, leaf life span, leaf senescence, fresh and dry biomass of root and
shoot, root length, total plant height, days to flowering, unfilled grain weight, filled
grain weight, panicle weight, filled grain percentage, harvest index, root absorption
capacity, number of ears/plant, number of grains/ear, thousand grain weight, grain
yield/plant, weight of panicle remains, etc. (Lammerts van Bueren and Struik 2017;
Sharma et al. 2021). Decreased grain yield up to 37% in low nitrogen level in



comparison to high nitrogen level was observed in experiments conducted by
Presterl et al. (2003) in European maize. Reduced kernel abortion, anthesis-silking
interval and ear number per plant were found to be stress indicators associated with
N use efficiency (Gallais and Coque 2005; Geiger 2009). A strong genetic correla-
tion between the plant height and flowering days with N use efficiency was found in
hard winter wheat (Guttieri et al. 2017). Further, the studies showed that under
limited N, the larger root system of efficient genotypes showed higher N uptake and
did not necessarily decrease significant grain yield in winter wheat (Ehdaie et al.
2010; Andresen et al. 2016). Similarly, the wheat genotypes grown in deep tube
rhizotrons under limited N showed significant differences in the spatial distribution
of root architecture and root biomass, suggesting that the improved root growth in
the initial growth phase adapts to the N starvation better (Andresen et al. 2016).

5 Genome-Wide Association Studies and Genomic Selection for Nutrient. . . 167

5.2.1.2 Physiological and Biochemical Traits Affecting Nitrogen Use
Efficiency

Various N-responsive physiological traits were studied by various researchers, such
as leaf chlorophyll concentration, carbon exchange rates (CER), PEPCase activity,
NADP-malic enzyme activity, RuBisCO activity, photosynthesis rate, plant total N
concentration, plant total protein content, leaf N content, etc. (Maranville and
Madhavan 2002; Wang et al. 2019a). N uptake efficiency (NtUpE) or N recovery
efficiency (NtRE) and N utilization efficiency (NtUtE) or nitrogen internal efficiency
(NtIE) are the components contributing to N use efficiency. Agronomically, NtUE is
the product of NtRE and NtIE, i.e. NtUE ¼ NtRE � NtIE (Moll et al. 1982;
Ciampitti and Vyn 2012). NtRE is important in high N supply environments,
whereas NtIE is imperative in low N environments. NtUpE is the amount of N
taken up from soil which usually depends on the root system architecture (RSA) and
its capacity to mine (Eghball and Maranville 1993). According to Moll et al. (1982),
NtUtE is the grain yield produced per unit of plant N. Maranville et al. (1980)
believed both grain and forage produced per unit of plant N is important in NtIE.
Ciampitti and Vyn (2011) and Ciampitti et al. (2013) explained other parameters
important in NtUE estimations such as N harvest index (NtHI), N remobilization
ratio (NtRR) and N contribution ratio (NtCR).

Wang et al. (2019a) conducted an experiment in two commercial hybrids and
their parents in maize and concluded that 52% of the total variation was accounted
by NtIE and said NtUE is ascribed by a pre-anthesis accumulation of N results in the
faster appearance of the leaves with maximum leaf area index, PtNUE and faster
remobilization of N from leaves and stalk. However, the stay-green trait and reduced
grain N concentration were also reported by Ciampitti and Vyn (2012). From this, it
could be understood that N utilization efficiency/NIE decreases the nitrogen in
grains to maintain the yield in N stress conditions. Physiological adaptation in
sorghum for NtUE was studied by Maranville and Madhavan (2002) by comparing
two high NU efficient Chinese lines and two less NU efficient US lines and
suggested that PEPCase and enzymes that are connected with phosphoenolpyruvate
production play the roles in sustaining photosynthetic efficiency under N stress
conditions. In maize, NtUE was increased by selecting genotypes with a higher



NO3
� storing capacity in leaves, leaf longevity or stay-green trait and prolonged

reproductive phase N accumulation (Hirel et al. 2001; Tollenaar and Lee 2011).
Various biochemical traits such as assimilation efficiency indices (ACi), glutamine
synthetase (GS), nitrate reductase (NR) and protein content in grain and leaf were
found to be important in NtUE (Maranville and Madhavan 2002; Vijayalakshmi
et al. 2015). Maranville and Madhavan (2002) confirmed with their experiment that
high CO2 assimilation is linked to higher biomass production in low leaf N
conditions in sorghum. In aromatic rice genotypes, the GS activity was more in
low N conditions and high NU efficient lines, whereas NR activity was more in low
NtUE genotypes (Vijayalakshmi et al. 2015). In addition, protein content in grain
was found to decrease in low N conditions. Osman et al. (2012) insisted on
improving the N uptake efficiency to maintain the grain nitrogen in bread wheat as
it is very crucial to the protein quality of bread. Increasing N application enhanced
grain protein content and protein yield in six spring wheat genotypes (Gauer et al.
1992). Tiong et al. (2021) utilized the genetically modified rice lines overexpressing
alanine aminotransferase for studying the changes in pathways for NtUE, and it was
found that carbon metabolites, especially those associated with glycolysis and TCA
(tricarboxylic acid) cycle, were significantly changed in roots suggesting high
metabolic turnover and its upregulation in low N stress conditions. This could result
in better energy production and higher N assimilation and, in turn, enhance the
biomass. Phytohormonal and secondary metabolite changes are also potential
mechanisms in the high NtUE phenotype.
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5.2.2 Types of Traits Associated with Phosphorus Use Efficiency
in Cereals

5.2.2.1 Morphological Traits Associated with Phosphorus Use Efficiency
Root traits are considered important to scavenge phosphorus from soil. Root
characteristics such as more adventitious roots and lateral root spreads, smaller
root diameter, shallower basal roots, good root biomass and longer and denser root
hair are important to improve the P uptake in soil (Wang et al. 2004; Yan et al. 2004;
Lynch 2007; Richardson et al. 2011; Silva et al. 2016). Increased axial root length
without lateral root branching is seen in maize as exploratory behaviour (Richardson
et al. 2011). Topsoil is richer in P availability; hence, shallower basal root and
increased root density in upper layers are well-balanced adaptive characteristics for
high PUE. Screening of wheat genotypes for PUE showed an increased biomass and
root/shoot ratio in P efficient genotype compared to inefficient genotype (Yan et al.
2010). Traits which originate from the stem or from other tissues, such as crown root
formation in maize, can also be helpful for phosphorus uptake (Ochoa et al. 2006).
Along with the above-mentioned traits, root and shoot fresh and dry weight, tiller
numbers per plant and root to shoot biomass are notable traits for PUE in cereals. Li
et al. (2021) reported a decline in PUE and phosphorus acquisition efficiency (PAE)
from founder to elite flints and confirmed the shorter root hair and smaller root
system at low P as beneficial traits.
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5.2.2.2 Physiological and Biochemical Traits Associated
with Phosphorus Use Efficiency

Phosphorus use efficiency is divided into two components PUE or PAE and phos-
phorus internal efficiency (PIE). Root exudates play a role in improving the PAE.
These exudates comprise protons and organic acids such as citrate, malate oxalate,
etc. Acid phosphatases and ribonucleases upon exudation are known to release fixed
P in soil (Vance et al. 2003). P transporters located in cell membranes are also
important in P acquisition. PIE depends on the optimal allocation of P inside the
plant system. In cells, P is present in two forms, i.e. free inorganic orthophosphate
and organic phosphate esters. Inorganic phosphate (Pi) is influenced by P supply
(White and Hammond 2008). Excess Pi is stored in vacuoles which will be utilized
in P-deprived conditions (Mimura et al. 1990). Organic phosphate is present in
nucleic acids, phospholipids, metabolites and proteins. Large P concentration in
the seed is not suitable for monogastric animals as their intestine cannot absorb the
phytate form of P present in seeds, and it goes to the environment and results in
pollution. Seed P concentration is decreased gradually upon breeding for high-
yielding varieties, but this will affect the seed vigour in order to compensate that
seeds can be coated with P fertilizer (Veneklaas et al. 2012). Remobilizing the P
from senescing plants to the growing plant parts and grains is also an important
criterion to improve the internal P use efficiency. Phospholipids present in the cell
membrane can be bred to be replaced by non-phosphorus compounds such as
sulpholipids and galactolipids. It can be replaced either constitutively or in response
to P deficiency (Lambers et al. 2012). Cell walls can be adapted by synthesizing
P-free polysaccharides such as cellulose (Rao and Terry 1995). Wang et al. (2017a)
concluded in their experiment in rice that low P in straw and better grain yield
indicated improved P translocation and translocation efficiency of P. Gill et al.
(2004) screened 30 spring wheat varieties for their P uptake and use efficiency and
could identify high grain yield and high P uptake genotypes (WH711 and PBW343)
and high grain yield and low P uptake varieties (Raj3765 and WH283).

5.2.3 Types of Traits Associated with Potassium Use Efficiency
in Cereals

5.2.3.1 Morphological Traits Associated with Potassium Use Efficiency
Morphological traits, especially root traits, are important to acquire soil potassium at
low K+ concentration and proliferate into deeper layers in search of K+ and its ability
to extract non-exchangeable K+ (White et al. 2013; Steingrobe and Claassen 2000;
Wang et al. 2011). A larger root system and increased root density help in greater K+

acquisition (Zörb et al. 2014). The uptake increases in roots with the larger specific
surface area, which is achieved in roots with more branches and finer root hairs
(White et al. 2013). The deeper root system helps in K+ uptake from subsoils (Ehdaie
et al. 2010). Samal et al. (2010) reported that wheat acquired more K+ due to greater
root length to shoot length. Grain yield is also known to increase in response to K+

fertigation in maize (Ebelhar and Varsa 2000). Part of yield increase may be



accounted for improved stalk strength (reduced lodging), particularly when high K+

and N fertilizers are applied (Welch and Flannery 1985). Similar results were
reported in the wheat crop (Beaton and Sekhon 1985; Haeder and Beringer 1981).
Jan et al. (2018) reported a significant effect of potassium on crop phenology, growth
and yield traits. In rice, Jia et al. (2008) observed that K+ efficient lines had more fine
roots and root surface compared to inefficient lines. Larger root/shoot biomass ratios
in rapidly growing crops have greater K+ demand, and they are often met by greater
K uptake capacities. Roots of cereals possess larger uptake capacities (Pettersson and
Jensén 1983).
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5.2.3.2 Physiological and Biochemical Traits Associated with Potassium
Use Efficiency

In agronomy terms, potassium use efficiency (KUE) is the grain yield produced per
unit of available K+, which is divided into components K uptake efficiency (KUpE)
and K utilization efficiency (KUtE). KUE is also measured in terms of the response
of grain yield to K availability, tissue K+ concentration to available K+ (White 2013)
and the response of yield to plant K+ content. Physiological K+ requirement in plant
accomplishes 90% of its growth and growth rate at critical tissue K+ concentration
(White 2013). Physiological KUtE can be improved by the replacement of vacuolar
K+ with other solutes and increasing remobilization of K from older leaves to other
growing and younger parts. Physiological K+ efficiency is also depending on K+

transport channels. Many transport proteins are involved in various cellular
membranes. These transporters are precisely regulated to modulate the K+ homeo-
stasis in cellular compartments (White and Karley 2010; Véry et al. 2014). Root
exudates also play a role in the K+ uptake capacities of species. Carboxylates such as
citrate, malate and oxalate can dissolute feldspars and micas to release potassium
(Marchi et al. 2012). Root-induced acidification of soil releases non-exchangeable K
in soil (Giles et al. 2017). All these vary significantly between species and genotypes
within species. Potassium utilization efficiency is significantly correlated with K+

translocation ability, which in turn affects the grain yield, biomass production in
seedling tillering stages and harvest index in rice (Yang et al. 2004). The malic acid
exudate was increased upon K+ supply as observed in maize by Kraffczyk et al.
(1984). The experiment in maize comparing the accumulation and remobilization of
nutrients (NPK) confirmed that new varieties took up more N, P and K during the
post-silking stage and remobilized well to the grain in comparison to old varieties
(Ning et al. 2013).

5.3 Strategies to Improve Nutrient Use Efficiency in Cereals

The demand for food is increasing every year because of the growing population and
lower rate of crop yield per unit area. Repeated cropping of high-yielding varieties
takes up excess nutrients from the soil, resulting in poor fertility, and will create
environmental stress in soil. The major challenge of feeding the population can be
achieved by increasing the production per unit area and maintaining soil health (Atiq



et al. 2017; Hussain et al. 2002; Leghari et al. 2016). Many a time, the availability of
the nutrient is the limiting factor for the yield; on the contrary, in the high input
agriculture system, farmers apply a higher dose of chemical fertilizers. Excess
chemical fertilizers created a significant environmental concern in several aspects
(Vitousek et al. 2009). Compared to biotic and abiotic stresses, nutrient management
is the least attended aspect in plant breeding, even though it was well established that
nutrient management contributes to the higher productivity of a cultivar.
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NUE refers to production of yield per unit of nutrient or fertilizers applied to field
(Ortiz-Monasterio et al. 2001). It comprises two issues: 1) the ability of crop to
uptake the nutrients from the soil through the roots and 2) the ability to mobilize
these nutrients towards an increased yield (McDonald et al. 2013). The NUE is a
complex phenomenon, where it is affected by several environmental factors, rhizo-
sphere condition, plant root architecture, genetic makeup and physio-biochemical
and biological condition of the plant. Across the world, many experiments were
performed on the effects of fertilizers on yield and soil fertility (Berzsenyi et al.
2000; Zhang et al. 2009; Duncan et al. 2018; Gulser et al. 2019).

Despite significant investments in NUE research, very few crop varieties have
been released with nutrient use efficiency. Because of the NUE-associated pheno-
logical and physiological trait complexity, there are no single or few traits for
assessing NUE. Therefore, there is a need to select several NUE- related traits and
assess the cultivars with respect to NUE. Though conventional breeding strategies to
enhance NUE were considerably applied in the important crops, like rice, maize and
wheat, very few efforts have been attempted to explore the candidate genes
associated with NUE characterization and their association with NUE phenotypes
in cereals.

5.3.1 Improving Root Architecture

The RSA contribute significantly to crop productivity, since roots extract essential
nutrients from the soil. The importance of root morphology parameters in the uptake
of a variety of nutrients was indicated by the mechanistic mathematical models based
on ion uptake, soil nutrient supply and root morphology (Barber and Cushman 1981;
Barber and Silverbush 1984). Therefore, better root growth is considered as prereq-
uisite for healthy plant growth. Differential transcriptome expression analysis of
roots in the low and high NUE crop gives an idea about the root architecture. Lateral
growth of the root in cereals enhanced the NUE, where overexpression of
OsNPF8.20(OsPTR9), a lateral root formation promoting gene, resulted in higher
lateral root formation and efficient N uptake and, as a result, increased tiller and
effective panicle number and grain yield (Fang et al. 2013). Therefore, targeting
various attributes of RSA is one of the major strategies in NUE breeding of cereals.
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5.3.2 Genetics of Root-Microbe Interaction

Nutrient uptake is determined by root growth and the bioavailability of nutrients in
the rhizosphere. When different NUE responding lines were selected for studying
microbial communities in their rhizosphere, different microbial communities and
metabolic pathways were observed. Different transcriptional activities like N min-
eralization, ammonification, nitrification and de-nitrification were evident along with
differential expression of subunits of the same genes, denoting that the two plants
with different NUE not only were chosen for particular microbial community in
rhizosphere but also induced the gene expression (Pathan et al. 2018). Dual
transcriptome analysis of the rhizosphere gives a clear picture of gene expression
and pathways. A transcription profile will help to identify genes involved in nutrient
mineralization, proper interaction, suction and assimilation of the nutrients. Many
plant growth-promoting bacteria (PGPB) improve root growth; however, their
effectiveness could be determined by the nutrient status in rhizosphere. The attrac-
tion of the microbial biome depends on the root exudates. Therefore, modifying the
cereals’ root exudates could change the nutrient uptake and is expected to enhance
NUE. The cereal genotypes showing efficient root exudates to facilitate the coloni-
zation of NPK mobilizing microbes could be an added strategy to improve NUE in
cereals.

5.3.3 Identification of Candidate Genes Related to Nutrient Use
Efficiency

Breeding efforts are to be made to enhance the NUE of crops specifically to obtain
higher yields under the low nutrient status of the soil, since there is no clear single
phenotypic characteristic or any single gene/QTL for differentiating high or low
NUE or that exclusively increases the grain yield. Nevertheless, previous QTL
studies identified genomic regions for grain quality- and quantity-related traits,
i.e. ear leaf area (ELA), plant height (PHT), grain yield (14% moisture) per plant
(GYP), number of ears per plant (EPP) and number of kernels per ear (NKE) and
kernel weight (KWT) (Agrama et al. 1999). These traits showed comparatively
higher heritability correlation >0.5 under different N levels. With respect to P
and K, there are no clearly defined phenotypic traits as of now. Since there are
very few phenotypic markers, a tremendous opportunity is available to utilize
genetic markers like SNPs, ISSRs, SSRs, etc. Once nutrient is taken up by the
plant, there will be switching on of different pathways till it reaches the yield/grain
formation stage. Recent innovations in the next-generation sequencing (NGS)
platforms made them a highly reliable tool in understanding the functional genomics
of the low and high NUE crops. Application of different ‘omics’ could hasten the
current studies on NUE. Based on the previous studies, genes related to glutamate-
pyruvate transaminase (GPT), glutamate-glyoxylate aminotransferase (GGT), high-
affinity nitrate transporters (NRT2) and the associated partner protein (NAR2)



families were considered as candidate genes for N use efficiency (Araki and
Hasegawa 2006; Cai et al. 2008; Feng et al. 2011; Hu et al. 2015).
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5.3.4 Genetic Engineering to Increase Nutrient Use Efficiency

Several NUE-related candidate genes identified can be exploited either through a
transgenic approach or through gene editing to rebuild the metabolic pathway or
increase the specific gene expression to increase the NUE. In rice, few members of
NRT1/PTR, 4 NRT2 and 2 NAR2 signal transporter gene families have been
functionally characterized. Signal transporter gene expression at the roots enhanced
the yield by 30–40% compared to their mutant (Sánchez-Calderón et al. 2006). The
comparative genomic study is helpful to explore more genes in the other cereals too.
In wheat, alanine aminotransferase gene transferred from barley enhanced the N use
efficiency in greenhouse conditions (Ahmed et al. 2020). Targeting primary assimi-
lation was also found beneficial and proven that overexpression of cytosolic gluta-
mine synthetase (GS) isoform in maize increased the kernel number and grain yield
by nearly 30% against control type (Martin et al. 2006). In rice, various transporter
gene families for the same nutrient were discovered, but allelic variation altered
uptake kinetics of nitrate transporter, and differential uptake capability (Hu et al.
2015) between two subspecies was observed. In such cases, gene editing is the best
tool to modify the targeted genes.

Only N is the most abundantly studied nutrient in model plants. Still, there is
scope to understand and identify NUE candidate genes and trait selection for
phenotyping for other nutrients. Along with genetic improvement, good agronomic
practices can effectively aid in exploiting the full genetic potential of the cultivar. It
is always advocated to conserve the optimum rhizosphere conditions such as pH,
temperature, water level, healthy synergetic microbial load and soil aeration.

5.4 Genetic Resources for Genome-Wide Association Analysis
and Genomic Selection in Cereals for Nutrient Use
Efficiency

Cereals like rice, wheat and maize are the principal sources of food and nutrition to
the human population. With the rising global population, there is a demand for
adequate production of food grains. Hence, there is a need to improve crop yields
through the efficient use of resources, including NPK fertilizers, to achieve the
sustainability of food production. Crop yield can be improved through the breeding
cultivars that high yields high with limited fertilizer inputs through utilization of
cereal genetic resources. The genetic variability in the elite germplasm is essential to
improve quantitative traits, including NUE. Decades of breeding cereals for high-
yield and high-input agriculture have developed the cultivars poorly adapted to low
nutrient availability. Interestingly, there are few reports on modern nutrient-
responsive germplasm in crops like wheat and maize (Hirel et al. 2007; Moose



and Below 2009). Therefore, it shows the presence of genetic variation for NPK use
efficiency and component traits to explore (Garnett et al. 2015; van de Wiel et al.
2016; Maharajan et al. 2021). Several nutrient use efficient genotypes were identified
in major cereals. Recently, Jia et al. (2020) reported four rice lines, viz. 99–28,
Shennong 315, Teyou 2 and Xindao 41, for NtUE through screening at four levels of
N supply 0, 104, 207 and 311 kg/ha. Similar, more than 100 rice landraces given
relatively higher yield under treatment of no N application. This study suggests the
importance of land races as source of breeding material for NUE in cereals (Rao et al.
2018).
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As compared to N, quite few reports are available on the screening of cereal
germplasm for P and K stress owing to difficulty in creation of P and K sick plots. In
rice, several lines were reported for PUE, viz. Wazuhophek (Swamy et al. 2019),
ULR026, ULR031, ULR124, ULR145, ULR180, ULR183, ULR185, ULR186,
ULR213, ULR260 and ULR305 (Chankaew et al. 2019). Similarly, in the case of
wheat, Nisar et al. (2016) reported NR-397, NR-379, NR-390, NR-403, NR-401,
NR-378 and NR-404 as the most efficient lines. Additionally, Hari-Gowthem et al.
(2019) reported wheat lines pau16059, pau16063, pau16065, pau16066 and
pau16067 for enhanced PUE. Further, heritable variations for NUE in exotic germ-
plasm and populations evolved under low input agricultural systems may also serve
as treasures of NUE genes. Unfortunately, very limited efforts were directed in the
utilization of germplasm of exotic and low input agricultural systems in the evalua-
tion and improvement of NUE or component traits, owing to lack of knowledge base
and difficulty in phenotyping of NUE phenologies (Ranjan and Yadav 2019).

The variation between genotypes can be used to select superior genotypes and/or
genes that play an important role in NUE (Mohammed 2018). Nutrient uptake
mainly depends on the genotype and the interaction between genotype and the
environment resulting in significant differences in nutrient uptake and utilization
efficiency and composition (Zhang et al. 2020). Using genotypes with more efficient
nutrient absorption efficiency at low nutrient soil leads to result in increased crop
yield (Baligar et al. 2001). Since NUE is a complex trait, the QTL mapping approach
with a huge QTL and minimal overlap between studies is of limited use for
improving NUE. Therefore, it is essential to undertake genetic dissection of NUE
traits pertinent to the cropping region using suitable mapping panels or populations.
Further, the precision can be further enhanced by the application of high-throughput
phenotyping and modern biotechnological tools.

By utilizing the genetic variation for NUE-related traits, mapping approaches
such as genome-wide association studies (GWAS) can be employed to dissect the
QTL or genes associated with important NUE traits, particularly when merged with
improved and precise phenotyping techniques (Poland et al. 2012; Cooper et al.
2014). The genomic regions and candidate genes identified through mapping
approaches can be further analysed using forward and reverse genetics and trans-
genic approaches to improve crop yield (Wan et al. 2017). Further, genetic variation
existing for agronomically important quantitative traits governed by small effect
genes can be improved by novel breeding technique, i.e. genomic selection (GS), by
predicting breeding values of individuals based on genome-wide marker data. The



implementation of novel breeding tools will fasten the rate of progress in genetic
enhancement of NUE in major cereal crops, including rice, maize and polyploid with
large and complex genomes such as wheat.
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Different types of populations were used as association panels to carry out
GWAS analysis. The existing varieties as a source of genetic variation have been
utilized for association mapping approaches. The study of Monostori et al. (2017)
used an elite germplasm set of 93 wheat varieties adapted to the Central European
region. Significant phenotypic differences were observed for 15 investigated traits,
including grain yield under low and normal N conditions. In another study, Rao et al.
(2018) used 472 rice genotypes comprising landraces and breeding lines in a GWAS
study and identified over a hundred genotypes with relative higher yield under low N
conditions. In maize, association panel consisting of inbred lines and elite introgres-
sion lines was used for GWAS analysis for dissecting N and P use efficiency-related
traits under low and optimum nutrient conditions (Xu et al. 2018; Ertiro et al. 2020;
Wang et al. 2019b; Ma et al. 2020; Sun et al. 2020). Morosini et al. (2017) used an
association panel comprising 64 inbred lines contrasting for N use efficiency and
evaluated for N use efficiency-related traits such as total root length (TRL) and low
nitrogen tolerance index (LNTI). These genetic resources possess different nutrient
uptake and utilization mechanisms which are highly useful in developing nutrient
use efficient varieties with higher grain yield. Further, well-characterized genotypes
showing nutrient-responsive component traits and harbouring important candidate
genes for NUE are valuable genetic resources for modern NUE breeding.

The analysis of QTLs with minor effects using traditional linkage mapping often
present several limitations for complex polygenic traits like NUE owing to imprecise
estimation and discrepancy in the detection of most of QTLs across mapping
populations and target environments (Xu 2010). The advances in molecular breeding
technologies helped breeders gain access to innovative genomic tools to gain high-
density markers with genome-wide distribution. The genome-wide markers facilitate
the genomic selection where genomic breeding values are estimated based on
cumulative effects of all these markers’ models. Genomic prediction affected by
the size and genetic diversity of the training population and its relationship with the
testing population (Pszczola et al. 2012). In rice, Liu et al. (2016) reported donor
parent for plant height ratio of low N/normal N (PHR) and tiller number ratio of low
N/normal N (TNR) through both the association analysis and genomic prediction
approaches. Also, this study suggested that through genomic prediction, germplasms
which have both high and low breeding values, respectively, can be selected by
combining both PHR and TNR traits. The study of Fritsche-Neto et al. (2012) used
41 single-cross maize hybrids and observed higher genome-wide selection accuracy
for root traits under low N and P stresses compared to phenotypic selection accuracy.
Further, Lyra et al. (2017) used 49 maize inbred lines contrasting for N use efficiency
to develop 738 single-cross hybrids and applied multi-trait genomic prediction for
nitrogen response indices using different selection indices. The use of historical
datasets generated from multi-environment trials in GS for N use efficiency helps to
achieve wide adaptation. A recent study by Mastrodomenico et al. (2019) evaluated
552 maize hybrids under low (0 kg Nha�1) and high N (252 kg Nha�1) conditions



across 10 environments and observed best GS in the training population when both
parents were present in the training and validation sets with larger training popula-
tion size. Similarly, Ertiro et al. (2020) evaluated testcross hybrids of maize across
9 optimum and 13 managed low N-stressed sites and obtained moderate to high
prediction accuracies for target traits under optimum and low N conditions. The
above representative studies suggest that genomic selection for NUE-related traits in
diverse cereal germplasm could benefit for NUE more than phenotypic selection and
marker-assisted selection.
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5.5 Different Genomic Approaches to Improve NUE in Major
Cereals

Nitrogen, phosphorus and potassium (N, P, K) constitute the primary macronutrients
required for optimum crop growth and yield. Plant ability to absorb and utilize
nutrients largely depends on the genetic makeup and molecular and physiological
mechanisms (Baligar et al. 2001). The in-depth knowledge on genetic basis of the
molecular pathways underlying the nutrient use efficiency (NUE)-related traits is
critical to optimize NUE and to improve crop yield. Genomic approaches such as
genetic linkage mapping and quantitative trait locus (QTL) analysis are being
performed to identify the loci governing the agronomically important traits, includ-
ing NUE traits in crop plants (Ali et al. 2018; Hartley et al. 2020; Ranjan and Yadav
2019). The advent of decoded genomes and advances in genome sequencing
technologies, along with the discovery of novel genome analysis computations,
have led to the development of high-throughput, cost-effective single nucleotide
polymorphisms (SNPs). SNP markers are widely employed for the construction of
high-resolution genetic maps to dissect complex QTLs and the annotating function
of underlying candidate genes of target traits (Alseekh et al. 2021). The GWAS
provide for high-resolution mapping using a set of diverse genotypes and map-based
cloning of complex trait genes. Genomic selection (GS) is another potential
approach that uses markers covering the entire genome to predict genomic-estimated
breeding values (GEBVs) of individuals. GS enhances the genetic gain and improves
speed and efficiency of the breeding programmes (Spindel et al. 2015). A genome-
assisted breeding approach for developing NUE efficient crop varieties is illustrated
in Fig. 5.1. This section illustrates genomic approaches such as GWAS and GS that
are being applied to genetically dissect various NUE traits in major cereal crops.

5.5.1 Genome-Wide Association Analysis

GWAS or linkage disequilibrium (LD) mapping is an approach for identifying the
associations between traits and genetic markers in a large population (Mackay and
Powell 2007). GWAS uses the diverse panel of genotypes (such as landraces, diverse
germplasm, breeding populations, doubled haploid populations, etc.) to identify
significant marker-trait associations (MTAs) with the power to identify multiple



loci with several alleles simultaneously (Wang et al. 2019b) and provides a very high
genetic resolution based on historical as well as evolutionary recombination events
(Chang et al. 2018). With the latest updates in NGS techniques coupled with
computational tools, GWAS has become a potent technique for detecting the natural
variations and QTLs governing the target phenotype. It has widely been used to
understand the genetic basis of economically important complex traits in various
crop plants including cereals (Zhao et al. 2011; Yang et al. 2014; Wang et al. 2017b;
Liu and Yan 2018). Further, GWAS have been reported to delineate the nutrients’
(N, P, K) use efficiency-related traits in different crop species, including major
cereals such as rice, wheat and maize (Table 5.2).
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Fig. 5.1 Genome-assisted breeding approach for developing NUE efficient crop varieties: The
genetic variation present in the crop germplasm pool can be identified using high-throughput
phenotyping of NUE component traits for breeding higher NUE. The advances in genomic
technologies in recent years have led to the development of large-scale genomic resources such
as genome sequences and millions of genome-wide variations (such as SNPs, indels, SVs, CNVs).
Using high-throughput genotyping and high-throughput precise phenotyping approaches, complex
traits such as NUE component traits can be dissected at the genetic level by using genomic
approaches such as QTL mapping, GWAS and whole genome prediction using genomic selection
models and marker-assisted selection for developing NUE efficient crop varieties

5.5.2 Nitrogen Use Efficiency

Nitrogen is the most crucial nutrient element required for the growth of crop plants in
natural ecosystems. Nitrogen use efficiency is reported to be a complex attribute
governed by multiple genes (Yang et al. 2017), and its expression is regulated at
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different levels by transcription factors, allosteric regulation and post-transcriptional
modification (Ranjan and Yadav 2019). Using bi-parental mapping populations,
QTLs underlying NtUE have been identified in major cereals. Several researchers
have located the genes encoding glutamate synthase (GS, GOGAT) or nitrate
reductase (NR) in identified QTLs for N uptake and remobilization in different
crop plants. In rice, Liu et al. (2016) used a population of 184 varieties and studied
NUE traits (plant height, tiller number and grain length) in low and optimum N
conditions. Association mapping, using genotyping data of 157 genome-wide simple
sequence repeat (SSR) markers, identified 8 markers showing significant association
with NUE traits. Of these, the genomic regions of two loci at RM5639 and RM3628
contained key NUE-related genes GS1:2 and AspAt3, respectively. Grain yield is
generally used as an indicator of NUE, and genotypes with higher NUE have the
capacity to uptake N efficiently and divert it for grain yield production (Ali et al.
2018). A set of 472 landraces and breeding lines of rice were screened under low and
recommended nitrogen (100 kg ha�1) in field condition (Rao et al. 2018). The study
revealed that traits such as grains on secondary branches, grain N concentration and
yield are the likely target traits for selection. Further, GWAS analysis using a set of
50 SSR markers revealed about 12 genomic regions associated with yield and related
traits under low nitrogen. Subsequent analysis of QTL regions detected three
candidate genes (2-oxoglutarate/malate translocator, alanine aminotransferase and
pyridoxal phosphate-dependent transferase) that showed enhanced expression in
high-yielding genotypes under low N conditions. Tang et al. (2019) integrated
GWAS with functional characterization of NtUE genes using a population
consisting of rice landraces and identified an OsNPF6.1HapB, a rare variant of nitrate
transporter OsNPF6.1 that enhances nitrogen use efficiency by increasing effective
panicle number and yield per plant. Recently, Rakotoson et al. (2021) reported
369 significant SNPs belonging to 46 distinct haplotype groups associated with
NtUE and yield-related component traits. Further, SNPs showing significant associ-
ation with NtUE and yield traits co-localized with the genes are involved in N
metabolism and transport. Also, the authors found that complex traits like grain
yield and nitrogen use efficiency are governed by a several number of QTLs with
minimal effects and such small effects can be captured through GWAS and genomic
selection approaches.
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In wheat, the function of the glutamine synthetase (GS) enzyme in controlling
NtUE was proved through the correlation studies (Kichey et al. 2007). Further,
haplotype studies of the genes encoding GS plastic isoforms and their association
with N use and yield-associated traits revealed four favourable TaGS2 haplotypes
(A1b, B1a, B1b, D1a) that may provide better growth, agronomic performance and
N uptake for vegetative growth (Li et al. 2011). Previous studies had mapped QTLs
related to N use and yield on the chromosomal location containing GS2 in wheat
(Yang et al. 2007; Laperche et al. 2007), indicating the importance of genomic
regions surrounding GS2 gene for breeding wheat cultivars with enhanced N use
efficiency and yield. Further, Bordes et al. (2013) used an association panel of
196 accessions of a wheat core collection for GWAS analysis and identified
23 regions, spread over 16 chromosomes, for response to nitrogen level. Similarly,



Cormier et al. (2014) identified 333 genomic regions associated with 28 traits
associated with NtUE in a panel of 214 European winter wheat varieties. These
studies not only provided new insights on NUE genetic determinism but also
assessed QTLs’ co-localizations with known N uptake or assimilation enzymes.
Recently, Monostori et al. (2017) used DArTseq markers in a GWAS study and
identified 183 marker-trait associations (MTA) affecting N use-related complex
agronomic traits. These significant genomic regions overlapped with the regions
previously mapped for N uptake (Laperche et al. 2007; Xu et al. 2014) and N
utilization efficiency (Guo et al. 2012) in wheat.
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In maize, using 64 tropical maize inbred lines in a GWAS study, Morosini et al.
(2017) showed 7 significant SNPs for low N tolerance index and total root length.
Further, the candidate genes that were predicted within the mapped region were
mostly engaged with transcriptional regulation and enzyme activity in the N cycle.
Breeding maize for NUE is hampered by costly phenotypic screenings and trait
complex nature of traits under low N. To circumvent this, Ertiro et al. (2020)
identified 38 and 45 SNPs which showed significant association with grain yield
(GY) and other traits under optimum and low N conditions, respectively, in a
testcross progeny of 411 maize inbred lines. The significant SNPs were further
analysed to predict 136 putative candidate genes. Sun et al. (2020) conducted
GWAS and candidate gene mining for maize root traits under low N stress using a
panel of 461 maize inbred lines. As a result, 328 significant SNPs associated with
root and shoot traits were obtained. Upon mining of candidate genes, four genes
within the 100-kb intervals flanking the SNPs were identified. Further, Ma et al.
(2020) grew 226 DH population of maize under growth chamber with HN
(15 mmol L�1 NO3�) or LN (1.5 mmol L�1 NO3�) and identified 51 and
33 SNPs, respectively, associated with RSA traits. Using these SNPs, candidate
genes involved in seedling, seed and root system development or N metabolism were
predicted. Recently, He et al. (2020) used a panel of 139 maize inbred lines to map
27 and 23 SNPs associated with complex NUE-related traits under normal and low N
levels, respectively. Among the candidate genes identified, two genes, viz.
Zm00001d025831 and Zm00001d004633, encode ammonium transporter 1 and
transmembrane amino acid transporter family protein, respectively.

5.5.2.1 Phosphorus Use Efficiency
Like any other nutrients, phosphorus use efficiency (PUE) has been described by two
components, viz. P uptake and P utilization efficiency (Wang et al. 2010), and
improving both components would be the appropriate approach for improved
tolerance to P deficiency. In this direction, various studies have reported genes and
QTLs controlling agronomic traits related to PUE in different crops (Bovill et al.
2013). However, relatively few studies have applied the GWAS approach to identify
genes/QTLs for PUE in crop species. Wissuwa et al. (2015) characterized the
genotypic variation for PUE using a rice panel comprising 292 diverse accessions
by using a hydroponic system. GWAS analysis using 44 K rice SNPs identified
several loci for PUE on chromosomes 1, 4, 11 and 12. Subsequent coding regions
and expression analysis between genotypes of contrasting haplotypes revealed



functional changes in two predicted nucleic acid-interacting proteins that are likely
causative factors for the observed haplotype-associated variations in PUE. In wheat,
Soumya et al. (2021) phenotyped 82 bread wheat genotypes in soil and hydroponics
at low and optimum P and performed GWAS analysis with 35 K SNPs. The study
showed 78 marker-trait associations (MTAs) and 297 candidate genes involved in
key biological processes. Maize is an important cereal showing enormous genetic
variation and rapid LD decay, which is quite appropriate for GWAS. For low P stress
tolerance, Xu et al. (2018) performed a GWAS using 2 natural populations of maize
and identified 259 candidate genes that are associated with transcriptional regulation,
scavenging of reactive oxygen species, hormone regulation and cell wall
remodelling. Similarly, using 356 diverse inbred lines of maize, Wang et al.
(2019b) obtained significant SNPs for 13 traits under P-sufficient and P-deficient
conditions. Also, natural variations and haplotypes within the low stress-responsive
genes associated with low P stress were detected for root traits. Further, different
expression levels of candidate genes in response to low P stress identified candidate
genes such as GRMZM2G466545, GRMZM2G024530, GRMZM2G398848,
GRMZM2G143204, GRMZM2G100652, GRMZM2G117250 and
GRMZM2G301738 that are previously reported by Zhang et al. (2014) under low
P stress.
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5.5.2.2 Potassium Use Efficiency
Potassium use efficiency (KUE) is a complex trait and combines of K uptake
efficiency (KUpE) and K utilization efficiency (KUtE). Therefore, the genetic
improvement of crops for KUE is carried out by identifying key genomic regions
containing QTLs/genes associated with these traits. Despite this, a few QTL studies
for KUE-related traits have been reported in major cereal crops using bi-parental
mapping populations (Hartley et al. 2020; Ali et al. 2018; Safdar et al. 2020). With
the availability of genome-wide SNP markers for the genotypes that represent the
diverse background, the information on QTLs governing KUE using the GWAS
approach is beginning to accumulate. In rice, a GWAS study with diverse genotypes
identified ten SNPs for physiological responses to low potassium stress, including a
sodium transporter gene OsHKT2;1, a key factor that impacts KUE (Hartley et al.
2020). In this study, the RGR-K signal identified on chromosome 1 overlapped with
the QTL identified previously by Fang et al. (2015). Also, the tissue sodium-
associated signals found on chromosome 6 related to Na+ uptake in this study
were earlier described by Miyamoto et al. (2012). Similarly, in wheat, the study by
Safdar et al. (2020) used a panel of 150 spring wheat varieties to identify 534 signifi-
cant associations. Further analysis of these marker-trait associations led to the
detection of 11 stable loci that are associated with potassium use efficiency and
other important agronomic traits.
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5.5.3 Genomic Selection

Most agriculturally important traits, including NUE-related traits, are reported to be
polygenic in nature and governed by many genes with minor effects accounting for a
small proportion of total genetic variances (Robertsen et al. 2019). These small effect
genes/QTLs are difficult to map and use simultaneously in the breeding through
traditional linkage and QTL mapping (Lande and Thompson 1990). As a conse-
quence, marker-assisted selection (MAS) has a limited success in improving such
traits (Heffner et al. 2009). Genomic selection (GS) is a potential tool that overcomes
the limitations of MAS for quantitative traits. GS uses genome-wide markers to
predict the individual’s genetic potential instead of identifying the specific QTL.
Advances in NGS technologies, including the availability of high-throughput, cost-
effective, informative SNP arrays and improved statistical methods to accurately
predict marker effects, have led to the application of GS in making selection
decisions in crop plants. GS greatly improves the accuracy of selection, speed and
efficiency of breeding programmes. GS has been widely applied to enhance grain
yield and other agronomical traits in major crop plants (Robertsen et al. 2019;
Srivastava et al. 2020).

Liu et al. (2016) in rice explored the potential of marker-based prediction as a
novel approach for NtUE breeding. For this, they used 157 genome-wide SSR
marker data for GS by ridge regression and best linear unbiased prediction mixed
models (RR-BLUP) to assess the genomic prediction accuracy for plant height ratio
and tiller number ratio under normal and low N conditions and found high prediction
accuracies for plant height ratio. Root traits are crucial for the uptake of nutrients in
maize. Fritsche-Neto et al. (2012) assessed the accurateness of the genome-wide
selection (GWS) in maize for root traits under N and P stress using 41 single-cross
hybrids. It was showed that, based on hybrid data, the genomic prediction Scheme
(RR-BLUP) generated higher GWS accuracy than the phenotypic selection for all
the traits. Evaluation and comparison of prediction accuracies by single- and multi-
trait models were performed in 738 maize single-cross hybrids derived from 49 trop-
ical inbred lines contrasting for N regimes. The study reported the suitability of
multi-trait genomic prediction with a combination of different selection indices and
showed the advantage of using single-trait RKHS and GK multi-trait than GBLUP
(Lyra et al. 2017). Similarly, evaluation of 552 maize hybrids under low (0 kg Nha�1)
and optimum N (252 kg Nha�1) situations across 10 environments showed improved
prediction accuracies in larger training and test population when parental lines are
included. However, the prediction accuracy on response to training population size
and composition was found to be dependent on the N use trait (Mastrodomenico
et al. 2019). Additionally, moderate to high prediction accuracies for grain yield and
other traits under low N conditions were reported in maize (Ertiro et al. 2020). For
low phosphorus stress tolerance in maize, Xu et al. (2018) validated 5 classical
genomic selection models for 11 traits under low P (0 kg/ha P2O5) and normal P
(120 kg/ha P2O5) conditions and found that traits with higher heritability had higher
prediction accuracy and, with respect to marker density, a moderate density of SNP
markers (8000 SNPs) would be appropriate to achieve precise predictions on low



phosphorus tolerance traits. Several of these studies used GWAS in conjunction with
GS and found that integrating the powerful GWAS results increased prediction
accuracy of GS and will improve breeding efficiency for higher nutrient use
efficiency.
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5.6 Prospects and Conclusion

N, P and K are the vital macronutrients required for plant growth and development,
including crop yield and quality. Injudicious use of inorganic fertilizers to meet the
nutrient demand of crop plants for achieving higher crop yields is a major cause of
environmental pollution and financial burden to the farmers. In light of scarce
resources and increased cost of fertilizer production, the development of cultivars
with higher nutrient use efficiency is the most feasible approach for sustainable crop
growth and yield, especially under low nutrient soils (Baligar et al. 2001; Sarkar and
Baishya 2017). To genetically improve nutrient uptake and utilization efficiency in
crop plants, we need to understand the molecular genetic mechanisms underlying
nutrient use efficiency in crops. Breeding for improved NUE relies on the identifica-
tion of genetic variation in component traits within germplasm lines, high-
throughput precise phenotyping of NUE-related traits in large number of germplasm
lines, molecular tagging of NUE phenotypes and finally introgressing beneficial
traits into elite cultivars or locally adapted germplasm (White 2013; White and Bell
2017). A large useful genetic variation for component traits related to N, P and K use
efficiency has been reported in major cereals (rice, wheat, maize), which provides an
opportunity to exploit diverse germplasm lines to identify efficiency alleles and
breed for genotypes with higher NUE (White 2013). Such genetic material needs to
be screened for NUE parameters using appropriate phenotyping techniques targeting
canopy, photosynthetic traits using optical sensors (Erdle et al. 2011) and crop
indices such as NDVI (normalized difference vegetation index) (Aparicio et al.
2000) to measure canopy development and canopy nutritional status with both
ground-based and aerial imagery devices (Knyazikhin et al. 2013; Li et al. 2013).
In addition, efficient uptake of nutrients by root systems is critical to improve the
NUE in cereal crops; hence, there is a scope for genetic improvement of root traits.

At the molecular level, plant NPK use efficiency is highly complex involving the
integration of many genes and regulatory elements for nutrient sensing, uptake,
translocation, assimilation and remobilization which are under the strong influence
of environmental variation (Yang et al. 2017; Wang et al. 2014; Gong et al. 2015).
Therefore, identification of large-effect QTLs/genes and molecular regulators is
challenging. Despite this, many researchers attempted to map complex NPK use
efficiency and component traits in major cereals (rice, wheat, maize) with varying
degrees of phenotypic variation using molecular markers and advanced biotechno-
logical tools. Combined genomic and phenomic studies so far identified several
QTLs and genes for NPK acquisition and transportation in variable genetic
backgrounds under diverse doses of NPK. In recent years, better statistical tools
for genetic mapping have been developed, and it has been recognized the necessity



for more careful experimental design and replicate testing (Myles et al. 2009; Tong
et al. 2014). Further, recent innovations in molecular marker tools and sequencing
chemistries have led to the development of a cost-effective integrative SNP array for
diverse breeding applications, including GWAS and GS. Several studies used the
GWAS approach by integrating ‘omics’ data and identified a number of markers
associated with NUE-related traits and key loci/genes governing plant yield along
with NPK uptake and utilization in major cereals. However, functional validation of
NUE-associated structural or regulatory genes was rarely successful. With the
availability of genome-wide SNP markers and powerful computational methods to
accurately predict marker effects, novel breeding approaches such as genomic
selection (GS) with whole genome prediction models have become convincing
strategy to select even for minor QTLs and accelerate the genetic gain. All these
efforts require a collective holistic strategy integrating with novel omics tools for the
effective implementation of NUE breeding programmes for developing well-adapted
and more nutrient-efficient cultivars.
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